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INTRODUCTION

Duri¡g 1984-85 the North Dakota State Water Commission Appropriations

Division conducted a field study to collect data for a comprehensive set of soil hydraulic

properties and parameters on 11 sites near Oakes, in Dickey County, North Dakota (Fig.

l). The purpose of the data collection was to provide high quality input for rnodeling

studies of natural and artificial recharge. The data-acquisition program was designed to

be comprehensive, and to have broad utility, including potential incorporation into a

larger state, national and international user base. Data collected included: (1) site

description, (2) soil morphology and classification; (3) in-situ measured unsaturated

lrydraulic conducriviry tK (0/tl.r)1, water retention (0/!.r) and diffusivity I(D(O)I \n 6 to 12

inch (15 to 30 cm) depth increments; (4) laboratory water-retention cutves, including 15-

bar gravimetric water content for each depth increment; (5) laboratory unsaturated

hydraulic-conductivity and diffusivity functions for the dry range for each depth

increment; (6) soil physical data, including particle-size distribution, organic carbon and

bulk de¡sity for each depth increment; (7) soil saturation extract water chemistry,

including calcium, magnesium, sodium, potassium, carbonate, bicarbonate, chloride,

sulfate, electrical conductivity, sodium-adsorption ratio, saturation water content, and pH

for each depth increment; and (8) in-situ infiltration. Except for infiltration data, these

were published as North Dakota State Water Commission Water Resources Investigation

No. 18 (Schuh, Cline and Sweeney I99l). Many of these data are now included in the

EPA's national clata-base, compiled by the USDA National Salinity Laboratory, Riverside

CA. Eleven sites were measured (labeled A-K) at locations shown on Fig. 2. Site

descriptions are on Table 1.

Figure 1 Location of the Oakes study area in relation to North Dakota

physiographic provinces (from Bluemle 1979).
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Table 1. List of measured soil series, USDA soil classifications, and locations'

USDA classifications provided by Mike (Jlmer, USDA-NRCS, Bismarck (From SoiI

Stu.vey Staff 2003). Þrevious classifications (in italics) reprinted fi'om I4IRI No. 18,

Sclruh, Cline and Syteeney 1991.

LocationUSDA ClassifrcationDate Soil Series

Dickey County ND, Range 59 W, Sec. 26, AD feet (85.3

m) south and 100 feet (30.5 m) west ofeast quarter corner.]
Sandy, mixed, frigid Typic
Endoaquolìs
(Saud!, níxed, Jì'ígid \tPíc
Han lao u.o Il.)

Halrar Sand9128184
to
t0t23184

County ND, T 130 , Range 59 W. Sec. 26, AD [280 (85.3

rn) south and 170 feet (51.1 lr) west ofeast quarter comet .l
rnixed, frigid

Hapludolls
níxed

B 9128184
to
10123184

Hecla Loany
Sand

Dickey County T 30 N, Rânge 59 w Sec. AD [285 feet (86 9

m) south and 360 feet (109 m) west of east quarter corner .l
Salne as aboveHecla Loarny

Sand
C 9128184

to
r0t23t84

ND, T 130 N, Range Sec. 9, DAA [66 feet

rn) south and 465 feet (135.6 rn) west ofeast quarter corner. ]
Same as above6n9t85

to
7 t37t85

Hecla Loatny
Sand

D

O;"t"V C*t ty ND, T 130 N, Range 59 W, Sec' 9, DAA [355 feet

(108.2 rn) soutl and 465 feet (141.7 m) ìvest ofeast qualter comer'l
Ulen Loany-
Fine Sand

Sandy, rnixed, frigid Aeric
Calciaquoìls
(Sandy, f ipid Aet íc Calciøquoll)

E 6t19t8s
to
7 /3t 185

Dickey County ND, T 130 N, Range 59 'W Sec. 9, DAA [525 teet

(l 59.9 rn) south and 4?0 feet (143 3 rn) west of east quarter comer.]
A¡veson Fine-
Sandy
Loam

Coarse-loarny, :nixed, superactive,

frigid Typic Calciaquolls
(CoarseJoanY f igid \,Píc
Calciøqu.oll)

F 6t19t9s
to
'1/3v85

counry ND, T l3l N, Range , Sec. 25, CBB [300
(90.5 rn) south and 100 feet (30 5 m) east of west quarter comer.]

Heimdal Loam Coarse-loamy, mixed, superactive,
frigid Calcic Hapludoìls
(Co arse- lo a n )¡ nt ixed Udic
Høploboroll)

G 6t19t85
to
'1t3v85

Dickey
(298.8

ND, T 130 N, Range 59 CBB [950 feet
quarte¡ comer.]rn) south and 6 50 feet ( 198.3 m) west of east

St¡rum Fine-
Sandy Loam

Coarse-loamy, tnixed, suPeractive,
frigid Typic Natraquolls
(Coørse-lo any, nixed, f'ígí d,

TvDic Natraqu.oll)

H 8t21l8s
to
t0123185

Dickey County T 129 N, Rauge 60 W, Sec. BBB !25 feet

(38.1 m) south and 15 feet (22.8 m) east of northwest cornet.l
Eclsnan Loant Co ars e-sil¡', nLxed, s u peractive,

!'igid Calcic Hap lu d.olls
(Coarse-sí\6t, nixed, Udic
Haploboroll)

I 8t21t85
to
10123185

ND, T 130 N, Range , Sec. 18, CC [ 85

(56 5 rn) south and 90 feet (27 5 rn) east of southwest corner.]
Gardena Loatn Coarse-silty, tuixed, superactive,

frigid Pachic H:ipludolls
(Coaße-silö) ni:ed, Pachíc Udic
Haploboroll)

J 8/l 9/8s
to
l 0/2 l /85

County ND, T 130 Range W, Sec, 20, BBB [45
(13 ? rn) south and 90 leet (17.4 n) west ofeast quarter cornet

Fine, smectitic, lrigid Leptic
Natrudolls
(Ftn e, nrcntm ori ll.o n ¡tíc LePt¡c
Nalt'íltoroll)

9t28185
to
t0/2v85

Exline LoatnK

County ND, T 130 N, Range 58 W, Sec. 20, AAB [25 .6

m) south of suLveyed SWC monitoring rvell location ìabeled
, mixed, superactive,

lrigid Pachic Hapludolls
9-1 0/85 Elnbden

subsoil ottll'
RM1

Dickey County ND, I N, Range 58 W, Sec 24, AAB [50 feet

(l 5.2 rn) east ofsur.veyed SWC tuonitoring rvell location labeled
Mixed, frigid Aquic
Udipsaml¡ents

RM2 9- l0/85 AIymer
subsoil onll,

Dickey County ND, T l3 0 N, Range 58 W. Sec. 31. AAB [50 feet

(l 5.2 rn) east of surveyed

'l 300583 lAAB"l
SWC uronitoring well location Iabeled

Unclassified9- I 0/85 Unclassified
sLLbsoil ottlt,

RM3
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Most hydrologic models best employ hydraulic data in functional format. For this

reason, unsaturated soil hydraulic data were used to derive parameters for the equations

of Brooks arid Corey (1964) and Van Genuchten (1978,1980). These parameters were

published as appendicized tables to the data report (WRI No. 18). Variability of

parameters in relation to soil physical properties was discussed by Schuh et al. (1988)

and Schuh and Cline (199i).
WRI No. 18 included only hydraulic data for the desorption phase of the field

experiments. It did not include sorption hydraulic data or infiltration values. The

purpose of this supplemental report is to provide infiltration and sorption data for each of

the measured sites. Also included in this report are supplemental infiltration data

measured near Oakes as part of a project examining the feasibility of artificial recharge

(Shaver and Schuh 1990), Additional.field infiltration and field and laboratory hydraulic

data have been measured at the Carrington Research Extension Center, Carrington, North

Dakota, These will be published in a separate report.

METHODS

All infiltration measurements were made using a "double-ring" system' The

purpose of the double ring is to help assure vertical flow. During infiltration into dry soil,

negative capillary pressure tends to draw water horizontally into the surrounding soil

matrix, This causes difficulty in interpreting the spatial distribution of infiltrating waters'

Swartzendruber and Olson (I96la and 1961b) found that vertical flow was seldom fully

realized using a double-ririg infiltrometer, but that it was closely approximated under

conditiols where the diameter (r") of the outer ring, and a ring-diameter buffer index are

sufficiently large. The proposed ring-diameter buffer index is:

B = (rn-r,)/r, (1)

where r, is the diameter of the inner. They found that the practical validity of the one-

dimensional vertical flow assumption for non-layered soils was dependent on time, depth

of the wetting front, B, and rn.

Swartzendruber and Olson (1961a) also found that sensitivity to these parameters

varied with soil texture. They found that on sandy soils one-dimensional vertical flow for

the inner ring could be assumed for very small B values (very littte buffer area) provided

that rn was at least}4 inches (61 cm). For rn of 12 inches (30 cm) the same assumptions

could be made if B was sufficiently large (about 0,5). For rn < 8 inches (20 cm) no buffer

index would be sufficient to assure one-dimensional vertical flow. Swartzendruber and

Olson (196lb) indicated that the departure from vertical flow was more marked over time

and wetting depth for finer soils.
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Swartzendruber and Olson (1961b) also demonstrated that wetting depth was

important. Based on data from experiments considering a maximum wetting depth of 24

inches (61 cm) they concluded that a good rule of thumb would be to allow for an outer

buffer ring radius at least equal to the depth of infiltration'

Field Instrumentation

All measurements were made using aZ-feet(31-crn) diameter inner ring' Surface

infirtration measurements at oakes and carrington were buffered with a l0-feet (3'l-m)

outer ring. A square wooden dike was placed around the infiltration buffer area'

Applying the rule of Swartzendruber and Olson, one-dimensional vertical flow

assumptions should be valid for about l0 ft. (3.1 m), The maximum depth of

measurement on all sites (based on neutron probe and tensiometer instrumentation) was

about 6.6 ft. (2 m), and on most sites measurement depths did not exceed 5 .ft. ( 1'5 m)'

on all sites care was taken to avoid disturbing or compacting the soil surface'

This was done by scaffolding over the measured surface during site construction (Fig' 4)'

Vegetation on site was left undisturbed within the infiltrometer' Infiltrometers

constructed of PVC were placed into carefully cut 4-inch (1O-cm) deep vertical grooves

(Fig. 3). Inside borders [0.5 inches (1.3 cm)] were packed to within one inch of the

surface, as shown on Fig. 3 and on the photo in Fig. 5. The inch nearest the surface was

sealed with plaster of Pa¡is (Figures 3 and 6)'

Plaster of Par'ts
lnfihrometer Ring

Soil- 
Surfuce- -

Packed Soil

T

Gro o ve

Figure 3. Illustration of infiltrometer placement procedure'

Deep subsoil infiltration measurements were taken after excavation of most soil

profiles (Sites D through K) for morphological description' The subsoil surface was

smoothed without compacting, and inf,tltrometers were placed on the excavated suface'

A  -feet (L22-m) diameter outer ring constructed of steel flashing was used for deep

measurements (Fig' 6).

Field Procedures

Infiltration measurements were accomplished by flooding both inner ring and

buffer areas to an identicat depth using separate water supplies (Fig' 7)' water was

delivered to the outer ring through a perforated wooden box which attenuated the erosive

fo¡ce of influent waters on the soil surface. The soil surface of the inner ring was

protected by placing burlap on the soil surface. 'Water was metered and water levels

5
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Figure 4. Construction of hydraulic property measurement apparatus.

Figure 5. Placement of infiltrometer ring.

6



Figure 6. Placement of deep subsoil infiltrometer.

Figure 7. Operalion of surface infiltration measurements.
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were controlled usingfloat valves. Water levels were maintained at 3 to4 inches (7.5to
I0.2 cm) above the soil surface. Infiltration rates were measured using standpipes on

cylindrical reservoirs, with calibrated adjustments for the difference between reservoir

and infiltrometer areas. Reservoir diameters varied from 4 inches (10.2 cm) for soils with

slow infiltration rates to large (5O-gallon drums) for sandy soils. Where slow infiltration
was occurring reservoirs were covered with polyethylene sheets to prevent evaporative

loss from the reservoir. Measurements were maintained until the profile was believed to

be fully saturated. Measurement times varied from as little as 6 h on most sandy soils

(Sites A through F) to about 30 h on loamy soils (Sites G-J), and 263 hours on a fine-

textured sodic Exline soil (Site K). Detailed soil descriptions, and soil physical and

chemical data are in Schuh, Cline and Sweeney (1991),

Functional Format

Mathematical transfer functions are useful for application of infiltration data in

modeling. All infiltration data were fitted to the functional format of Phillip (1957,

1966). Phillip derived an equation of the form:

I=Strtz*l^t+Kt +Ct3t2 +DÉ +....Xn t"2 (2)

to describe cumulative infiltration (I) into a semi-infinite homogeneous vertical soil

column having uniform moisture. This is differentiable for infiltration rates (i) as:

i =A+K+ S/2 t-tz +3Cl2tLtz +2Dt+... nXn ¡2¡brz't) (3)

In many cases a two-parameter equation

I=Stttz+Att (4)

is sufficient to fit field data, where A'= (A + K).

In rigorous usage coefficients of the Philip equations have physical significance in

their derivations and can be used to estimate soil hydraulic parameters. For example, the

S coefficient is called "sorptivity, " It is related to the soil moisture status prior to

infiltration, and can be used to calculate the [D(0)] function (Kirkham and Powers 1972).

Conventionally, S is estimatèa Uy plotting I vs. t1/2 using early time data. The slope of
the linear curve portion nearest to t=0 is used to estimate S (Smiles and Knight 1976).

Varying approaches for determining S have been described by Kirkham and Powers

(1972), Smiles and Knight (1976), Talsma (1969) and others,

The approach of Smiles and Knight (1976) for analyzing the two parameter

equation consists of plotting:
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Iltltz vs. tttz (5)

The advantage of this procedure is that information about the soil and infiltration physical

attributes can often be inferred. First, the authors specify that the validity of the two-

parameter model can be tested using this relationship. In some câses, anisotropy in the

measured profile, below the measured surface can be detected. Second, the point at

whiclr Phillip's theory (Eq. 2), and long-term behavior (A approaches K) diverge can be

discerned. Where Equation 5 is linear, near t=0, Philip theory is valid. Eventually, the

curve slope increases asymptotically:

Iltttz =KtLtz (6)

Thus, both cases can be separated and used to determine appropriate parameters. Where

the above graphic conditions do not exist, conditions contrary to Philip's assumptions

may exist. It is our experience, and certainly a characteristic of the data presented in this

report, that the two-parameter Phillip model works best on sandy soils, and is seldom

sufficient on finer soils. The relationship between A' and K has been described as

varying from A' = ll3 to 213 K (Smiles and Knight 1976). Talsma (1969) observed that

A' was close to l/3 K. For our data on the Rl, R2 and R3 sites (Appendix), a 213 factor

yielded best results.

At long times, where i approximates a constant value, i itself can sometimes serve

as an estimator of K. Infiltration is driven by both gravitational gradients and by matric

potential gradients that are determined by the initial moisture disposition of the soil. As

the wetting front depth (L) advances over long times (L becomes large) the overall matric

potential gradient decreases so that the total gradient asymptotically approaches 1. Under

such conditions i must asymptotically approach K according to:

i = Q = K (t¡.r+L)/L - K(1) -K (7)

where Q is the internal flow rate through the soil profile. The estimated K is often

identified with K,u, of the soil saturation zone, However, some caution must be exercised

in such interpretations. Under field conditions, even on apparently homogeneous soil

profiles, there are usually minor impedances to flow that can desaturate the lower soil

profile. Full saturation usually only occurs from a rising water table in response to

surface infiltration. Thus, absent a rising water table, K values below the surface zone

usually correspond to a mahic potential slightly below saturation. These are, however,

usually very close to K,^,.

The Philip functions used in this report were calculated using a multiple-

regression procedure with DataDesk software (Velleman 1997). Least-squares best fits

were performed on cumulative infiltration (l vs. t) data (Eq. 2) with the constant omitted.
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Parameters for i vs. t (Eq. 3) were derived by differentiating F,q. 2. Because of the

omitted constant correlation coefficient values were not computed, Most coarse-soil

profiles we¡e adequately fitted for I and i using the two-parameter equation (Eq' 4),

while finer soils, and soils having more complex horizonation often required 3 and 4

parameter fits (Eqs. 2 and 3). In almost all cases one of the parametric combinations was

sufficient to provide an adequate functional format. Model fits were evaluated by

viewing the marginal significance of the added pararneter, and by visual fit. Visual fit is

the best method for assuring that the model conforms to the data in a desired application

range,

It is important that the user recognize that parameters derived using a

multivariate least-squares procedure are not identical to those applicable to

rigorous Philip theory. The user will see, for example, that sorptivity will change

with a difference in the number of parameters in the model. In some cases the

(A+K)t term (Eq. 2) is negative. Parameters optimized in this way, while providing

good transfer functions for model applications, are non-unique and cannot be used

for deriving physical properties, such as moisture retention or diffusivity functions.

If the user wishes to use equations of the Philip form to derive or compare soil

hydraulic properties, concise descriptions for procedures that can be applied to the

data provided can be found in Kirkham and Powers (1972).

Sorption Phase Properties and Parameters (0, !t, K,",)

Supplementary soil moisture (0), matric potential (r¡r) expressed as cm head, and

hydraulic conductivity (K) in cm/h were measured during the sorption phase and are

reported in supplementary tables and figures. Soil volumetric water content concurrent

with infiltration was measured using a neutron probe for Sites D-K. Pre-wetting and

sorption moisture data were non-concurrent with infiltration and were sparse on Sites A-

C. No moisture measurernents were collected for any of the deep infiltration

measurements. Soil water matric potential is reported for all sites. Data was concurrent

with infiltration on Sites D-K, but not on Sites A-C.

Soil matric potential was measured using tensiometers with mercury manometers.

A calibrated mbar scale (Soil Moisture Equipment Inc.rM¡ was used for all measurements'

Matric potential head, .f¡,* (where j and k are depth and time coordinates respectively)

for each depth Z¡ , wâs calculated as:

tÞi,o = r'02 9.i.u-L8'24-z¡ (8)

where tþ.,,, is the mbar scale reading, 1,02 is the conversion from mbar to cm and 18'24

is the height above ground level of the mercury in the supply vat and at the base of the

manometer.
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Hydraulic gradients are calculated as:

Grad,.o = (Ho.* - tÞ,.*)/ 4 + |
Grad,r*,,r, r*t = (tÞ.i,r. - tþ¡*t,o) I (2, - z¡*) + I

(ea)

(eb)

where H" is the depth of the water in the infiltrorneter, r.þ.i,r, is matric potential (expressed

as cm head) for depth and time coordinates j and k, and z, is depth.

K is calculated as:

K¡,*r,r, Ll = ir /Gradc+l/2, k)

where io is calculated using the best-fit function for the infiltration data corresponding to

tensiometric readings.

Interpretation and reliability of measured K depends on several factors. First, the

main water column from infiltration must have reached the bottom of the measured layer

such that steady-state flux at that depth is equal to the infiltration rate. If this condition is

not met, the measurement is spurious.

Second, it frequently occurs that the steady-state flux condition is met, but the soil

layer is not fully saturated. This can occur because of restrictions in overlying layers. In

this case a true K is measured, but it may not be a true K.u,. Rather, the measurement is

the unsaturated K(t{r), corresponding to r.l.r in the unsaturated layer. Desaturation caused

by surface impedance has been described by Bouwer et al. (1972) and Bouma (1975) for

sewage and septic tank effluent in drainage fields. Usually the degree of desaturation is

small (< 15 cm e* on many sands) under natural conditions. K(tp) between K,1 and air-

entry suction is very close to K,u,, and is treated as identical to K,u, in the models of

Burdine (1953) and Brooks and Corey (1964). Other models treat K(tp) between

saturation and air entry suction as a flat portion of an approximately sigmoid curve (Van

Genuchten 1980), or as a nearly level linear relationship (Ahuja et al. 1980),

Third, tensiometric measurements must be interpreted carefully. Various

problems have been documented, including air bubble formation. When a single

tensiometer is clearly malfunctioning we discard the suspected measurement aDd use

composite gradient measurements for the nearest two tensiometers that are functioning

properly. For example, given measurements at 15, 30 and 45 cm, if the 30-cm

tensiometer is malfunctioning, we perform computations for a 15 to 45 cm composite

layer rather than two (15 to 30 and 30 to 45 cm) layers, Mean K values on K tables are

determined using only numbers that conform well to these three criteria. K is a soil

property and should be stable within a stable grain rnatrix. But drift in actual K can occur

due to air entrapment, oxygen respiration and consequent dissolution of carbonates,

particle movement, bacterial clogging, nitrification, dissolution or precipitation of salts,

(10)
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redox changes and filtration phenomena. The soil environment undet long-term

infiltration is actually a very dynamic environment, and changes in K frequently occur.

Table 2, Summary of data and information included in this report. Y is yes,

N is no, S is sparse rleasufements, F is frequent measurements.

I !.'Site

SY N
N S NB Y

Y N S NC

Y YD Y
Y F YE Y

YF Y Y F
F YG Y Y F

H Y Y
I Y F Y

Y Y F F
Y F F YK

N NRMl N Y N
NRM2 N N N
NRM3 N N N
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SITE A (Hamar Loamy Sand: Sandy, mixed, frigid Typic Endoaquoll)

Site A was located in the non-irrigated corner of a center-pivot irrigated potato

field and was covered with a young cover crop of winter barley. The location and

description are summarized on Table 1. In-situ hydraulic measurements and site

descriptions were made during late September and October, 1984. Soil samples and soil

profile descriptions were taken approximately two weeks after completion of soil

hydraulic measurements. Soil morphology, in-situ and laboratory soil moisture-retention

data, soil physical data, soil saturated paste extract water chemistry, and in-situ and

laboratory unsaturated hydraulic-conductivity data were reported by Schuh, Cline and

Sweeney (1991), pages 36-60. Soil hydraulic parameters for Brooks and Corey (1964)

and Van Genuchten (1980, 1984) functional formats are in the same report, Appendices

1,2 and 3. Comparative analyses of unsaturated flow parameters for these data in

relation to soil textural data are discussed by Schuh and Cline (1991). Relationships

between textural models and water-retention curves for these data are discussed in Schuh,

Cline and Sweeney (1989). Infiltration rates for Site A (and also Sites B and C) were

measured in June of 1985 (eight months after the initial sorption tests) immediately

adjacent (within 5 m) of the desorption measurement site. Only surface infiltration rates

were measured.
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Infiltration, Matric Potential (tþ), and Volumetric Water Content (0) Data

Table 4.1. Cumulative infiltration (I), and infiltl'ation rate (i) for the

sufface of Site A (Harnar loarny sand) measuLed near Oakes, ND,

T
(h)

I
icm)

t
(hours)

I

(cm/hour)
T
(h)

I
ícm)

t
(hour-s)

I

(crn/hour)

0,00 0.00 0.00 0.00 1.83 30.4 t;18 16.4

6.11 1.90 31.8 t.87 18.10.142* 3.59 0.0710
15.80.189'+ 4.11 0.165 I1.0 t.99 33.2 1.95

4.80 0.211 t5.9 2.08 34.6 2.04 15.20.233
15.6 2.16 36.0 2.12 1'7.80.27'7 s.49 0.255

15.60.326 6.19 0.301 t4.2 2.43 40. I 2.29

6.88 0.353 t2.8 2.55 42.2 2.49 1'7,10.380
16.7 z;tl 45.0 2.63 16.40.466 8.26 0.423

2.78 t5.20 562 9.65 0.514 14.4 2.85 47.0

11.7 0.629 15.4 3.03 50.1 2.94 t'7.50.696
3.18 52.6 3,10 16.30;'t82 13. 1 0.739 16.1

3.28 16.30.913 t5.2 0.848 15.9 3.39 56.0
16.6 0.957 15.8 3.5 8 59.1 3.49 16.21.00

4.24 70.4 3.95 18.9Li6 19.3 1.08 17.5

16.3t.25 20;7 1.20 16.2 4.63 76.6 4.44
4.99 82.2 4.81 15.21.33 22.1 1.29 1s.8

5.16 16.1r,42 23.5 1.38 15.4 5.34 87.7
24.9 1.46 19.2 5.s9 9t.9 5.47 16.01.49

96.0 5.72 16.0t.5'7 26.3 1.53 17;l 5.86

1.74 29.0 1.66 16.3

* Italicized data not used for transfer fwtctiotts
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Table 4.2. Soil water matric potential (in cm head units) during
infil tlation (sorption),

Replicate I

Table ,4.,3, Soil volumetric water content during infiltration (sorption)

Not Measured on Site A

76.2 9r.4 106.7 121.9 137.i15.2 60.8

Time
th)

-t44.t -s9.6 -40.8 -38.40 4.9 20

65.8 -t7.9 -t7.9 -16.9 -5.72.5 l1 7.9 -2.4
-13.8 -7.',] -0.6 10.611 7.9 -3.4 -t4.2

13.78.73 11 7.9 -4.4 -r3.7 -12,8 0.5

-3.4 17.9 -4.5 -lL.7 -2.6 22.910.17 11

-t0.7 -1,5 14.7lt.4 11 -2.4 -5.5

12.r3 11 '7.9 -6.4 11.7 -7.6 -r1.7 -2.6

-2.4 -11 .5 2.6 -1 1.6 -12.8 4.5 15.',l-11.4

76.2 9r.4 t06.7 137.115.2 30.4 4s.7 60.8

Time
th)

-54.4 -59.7 -59.1 -50 -3 8.3 -37.3 -36.8-7.4 -106.4
-1 1.6 -18.9 -20.9 -182.48 3.9 4.8 4.8 -7.7

-4;l 10.66.87 4.9 4.8 4.8 -7.7 -15.8 -i 5.8

2.8 -10.6 -14.8 -10.7 -t.6 13.78.6 18.2
-13.8 -r0.7 -0.6 t4,'1r0.2 2.9 4.8 0;t -11.6

14.72.9 s.8 0.1 -9:7 -10.6 -13.8 -t0,7 -1.611.35
-10.6 -13 .8 -9.7 {.6 15.71Z

-1 3.8 -15.8 -8,7 0.4 14.7t2.72 -tr.4 -'7,45 -16.6
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Hydraulic Gradient Measurements

During sorption of an unsaturated soil layer hydraulic gradients can temporarily
increase as moisture enters the upper boundary of the layer. They then decrease as the

wetting front passes the bottom of the layer, and approach a constant value when steady-

state conditions are approximated. For a homogeneous soil profile under unsaturated

soil-moisture conditions and where flux is limited by an overlying impeding layer,

hydraulic gradients tend to approach a constant value near 1, and differences in flux are

accommodated by changes in K(Q) with variation of saturation state. 'Where impeding

boundaries occur steady-state gradients tend to be larger, while they tend to be

somewhat lower just above the boundaries because of increased moisture near the lower
boundaries. During steady-state conditions caused by surface infiltration gradients tend

to be lower in deep soil profiles approaching the water table.

Steady-state conditions appear to prevail to 15 cm within two hours, fo 76 cm

within three hours, and in all layers below at > 10 hours on Replicate I and > 8 hours on

Replicate 2. Decreasing gradients below 106 cm are likely caused by proximity to the

water table.
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Hydraul i c Conductivi ty
Cornbined tensiometric data and infiltration rates can be used to calculate

liydraulic couductivity for each layer during infiltration, provided flow througli the

measured layer is at steady state,

Hydraulic conductivity (K) on Site A is measured by matching the i vs. t function
(Figure Ã.2) to the time sequence of the measured gradients. K(sat/Q) are measured as

i/grad at times when gradients appear to be at steady state for each specified layer. Time
correspondence should not be a problem because i reaches steady state quickly.

K is a soil property and should be stable and consistent as long as the soil pore-

structure and the air and fluid composition within it remains constant. Infiltration,
however, is a highly complex process and K(sat/tp) can change through modifying
processes that include air entrapment ahead of or within the wetting fiont, purging of
entrapped air, soil swelling, soil slaking or displacement during infiltration, particulate

clogging, microbiological processes during long-term inhltration.
Steady-state K values are on Table 4. The measured K values may be saturated

(K*,) if the layer is fully saturated, or unsaturated [K(q)]. Fully saturated conditions

generally occur when a soil profile saturates from the bottom up. Unsaturated conditions
occur where an impeding layer causes perching of water and desaturation of the

underlying soil. The saturation state (s for saturated) and corresponding matric potential
(tf) for unsaturated values are included with mean K values. Standard error of the mean,

and coefficient of variation are also included.

23



Table 4.4. Vertical h),draulic conductivity (cm/h) during infiltration (sorption)
(s) is saturated, (-p) is corresponding matric potential expressed as cm head.

Replicate I

Replicate 2

9r.4-
106.7

i 06.7-
r21.9

r2t.9-
t37.1

Depth
(rm)

0-i 5.2 15.2-
30-4

30.4-
45.7

45.'7 -
76.2

76.2-
91.4

Time
ft)
7 23.3 4.05 8.96 t2.4

8.73 23.2 3.24 9.31 15.6

r0.17 23.2 2.7 10.1 14.7 T2,T 40.9 40.2 30.6
11.4 23.2 2.3t 8.3 5 15.6 12.7 40.9 48.2 30.5

15.1 40.9 34.4 61 .3t2.13 7.46+ 2.02 r 0.1 16.2

12.7'7 23.4 8.17 t 9.78 11.9 12.9 16.3* 17,4 62.3

K 20.6
(s)

3.7 5

ls)
9.43
(-01

14.4
(-7)

13.2
(-1 0)

34.7

G7\
35
(s)

46.2
(s)

2.63 0.932 0.284 0.'t4l 0.656 6.15 6.53 9.02SE

CV 0.3 13 0.609 0.074 0.126 0.099 0.3 54 0.373 0.391

76.2-
9t.4

91.4-
106.7

106.'t-
12r.9

Depth
(cm)

0-t5.2 15.2-
30.4

30.4-
45.7

45.7 -
60.8

60.8-
76.2

Time
rh)

6.87 1.25 6.54

8.6 13.2 1.16 12.8 10 13.6 14.2 20.3 48.2

r0.2 13.2 1.08 12.r 9.64 15.3 13.4 20.3 40.2

1i.35 1 1.8 1.01 12.'7 9.99 1 5.3 13.4 22.7 40.2

12 7.46 0.952 1 0.1 12.6 30.9 14.2 30.5 40.2

12.72 14 1.49 16.3 8.98 i3 i1 14.5 20.J

K 11.9
ls)

1.16
ls)

1 1.8

ls)
10.2

G7\
17.6
r-1 l)

13.2
t-1 3)

21.5
GlZ\

37.8
(-5)

0.588 2.58 4.65SE r.t7 0.079 1.33 0.618 3.3 5

CV 0.22 0 168 0,276 0.135 0.425 0.099 0.268 0.27 5
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SITE B (Hecla Loamy Sand: Sandy, mixed, frigid Oxyaquic Hapludoll)

Site B was located in the non-irrigated corner of a center-pivot irrigated potato

field, and was covered with a young cover crop of winter barley. The location and

description are summarized on Table 1. In-situ hydraulic measurements and site

descriptions were made during late September and October, 1984. Soil samples and soil

profile descriptions were taken approximately two weeks after completion of soil

hydraulic measurements. Soil morphology, in-situ and laboratory soil moisture-retention

data, soil physical data, soil saturated-paste extract water chemistry, and in-situ and

laboratory unsaturated hydraulic-conductivity data were reported by Schuh, Cline and

Sweeney (1991), pages 6l-82. Soil hydraulic parameters for Brooks and Corey 09e)
and Van Genuchten (1980, 1984) functional formats are in the same report, Appendices

I,2 and 3. Comparative analyses of unsaturated flow parameters for these data in

relation to soil textural data are discussed by Schuh and Cline (1991). Relationships

between textural models and water-retention curves for these data are discussed in Schuh,

Ctine and Sweeney (1989). Infiltration rates for Site B (and also Sites A and C) were

measured in June of 1985 (eight months after the initial sorption tests) immediately

adjacent (within 5 m) of the desorption measurement site. Only surface infiltration rates

were measured.
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Infiltration, Matric Potential (r.l.r), and Volumetric Water Content (0) Data

Table B.1. Cumulative infiltratiori (I), and infiltration rate
(i) for the suface of Site B (Hecla loamy saud) measured

near Oakes, ND.

tt

(h)
I

(cm)
t¡

(h)
I

(cm/h)
tl

(h)
I

(cm)
t¡

(h)
I

cm/h)

18.60.00 0.00 0.00 0.00 2.13 39.3 2.06

0.0190 41,5 2.43 44.9 2.28 18.40.0370 1.6t
49.0 2.54 19.40.0880 3.35 0.0630 34,2 2.65

18.20.r52 4.73 0.120 21.8 2.95 54.6 2.80
0.199 74.5 3.34 61.5 3.t4 18.10.247 6.11

65.6 3.45 18.10.327 7.50 0.287 77.3 3.J I

0.399 8.88 0.363 19.2 3.95 72.6 3;76 17.8

4.24 78.1 4.t0 19.00.488 10.3 0.443 15.6
83.6 4.41 t6.50.563 11;l 0526 18.3 4.58

22.40.713 14,4 0.638 18.5 4.70 86.4 4.64
5.06 93.3 4.88 19.50.867 17.2 0.790 18.0

100 5.24 18.5t.04 20.0 0.955 15.9 5.43
1.16 18.0 5.74 106 5.59 18.1LTl 24.t

6.06 111 5.90 t'7.01.36 25,5 r.32 t6.4
6.13 2r.91 .51 28,3 1.44 17.6 6.t9 tt4

t7.6 6.34 117 6.26 18.31.6'7 31 .0 1.s9
118 6.38 19.21.83 33.8 t.75 18.0 6.4r

1.90 17,51.98 36.6
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30.4 45.'7 60.8 '76.2 9t.4 106.'1 137.rDepth
(cm) >

t5.2

Time ûr)
3 -6 8 -15 -18 -19 -24 -i5-0.63
-19 -19 -18 -i9 -18 -22 -25 -i8(t:0)

TableB.2. Soil rvater matric potential (in crn head units) during infiltration (sorption).

Times are referenced to initiation of desorption (infiltration ends) at t=0. The soil

profile is saturated to the fullest extent, and apploximates steady-state coriditions.

Table 8.3. Soil volumetric water content during infiltration (sorption), Times are

referenced to initiation of desorption (infiltratior-r ends) at t=0. The soil profile is saturated

to the fullest extent, and approximates steady-state conditions.

I

2

I

2

60.8 76.2 91.4 t06.7 r37.1Depth
(crn) >

t5.2 30.4 45.7

Time lh)
-27-0.63 -19 11 -25 -29 -32 -29

-30 -34 -38 -33 -28(t:0) -25 -33

137.245.',t2 60.96 '76.2 9t.44 106.7 t2t.9Depth >
(cm)

30.48

Time lh)
0.344t 0.3492 0.3683-0.48 0.3'787 0.3607 0.2427 0.3 5 0.3445

0.3 5 0.36620.3666 0.3496 0.354 0.3504 0.3329 0.3477t:0

45.72 60.96 I ô.2 91.44 106.7 12r.9 t37.2Depfh>
(cm)

30.48

Time (h)
0.3119 0.366'7-0.48 0.371 I 0.3567 0.3ss9 0 3449 0.3 508 0.339

0.3423 0.3196 0.3396 0.3326 0.3443 0.3 53 3 0.3 785t:0 0.3s22
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Hydraulic Gradient Measurements

During sorption of an unsaturated soil layer hydraulic gradients can ternporarily

increase as moisture enters tlie upper boundary of the layer. They then decrease as the

wetting front passes the bottom of the layer, and apploach a constant value when steady-

state conditions are approximated. For a homogeneous soil profile under unsaturated soil

moisture conditions and where flux is limited by an overlying impeding layer, hydraulic

gradients tend to approach a constant value near 1, and differences in flux are

accommodated by changes in K(tÞ) with variation of saturation state. 'Where impeding

boundaries occur steady-state gradients tend to be larger, while they tend to be somewhat

lower just above the boundaries because of increased moisture near the lower boundaries.

During steady-state conditions caused by surface infiltration gradients tend to be lower in

deep soil profiles approaching the water table.

Hydraulic gradients in Table 8.4 are at approximate steady state'

Table 8.4. Vertical hydraulic gradient during infiltration (sorption). Times are

referenced to initiation of desorption (infiltration ends) at t=0. The soil profile is
saturated to the fullest extent, and approximates steady-state conditions.

1

2

60.8-
76.22

76.2-
9l.4

91.4-
106.'7

t06.'7-
T37.I

0-15.2 t5.2-
30.4

30.4-
45.'l

4).t-
60.8

Depth
(cm) >

Time (h)
2.05 t.2 1.07 1.33 0.704-0.63 1.33 1.59 1.13

0.934 r.26 1.2 0.7'l2.78 1 0.934 2.38(t:0)

106.'7-

13'7.1

30.4-
60.8

60.8-
76.2

76.2-
9t.4

9r.4-
t06.7

Depth
fcm) >

0-t5.2 15.2-
30.4

Tine
t.26 1,2 0.8 03 0.934-0.63 2.',l8 i.53 0.934

L26 0.671 0.83 63.17 I .53 0.901 1.26(F0)
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Hydraulic Condr-rctivity

Combined tensiometric data and infiltration rates can be used to calculate

hydraulic conductivity for each layer during infiltration, provided flow througli the

measured layer is at steady state.

Hydraulic conductivity (K) on Site B are measured by matching the i vs. t
function (Figure 8.2) to the time sequence of the measured gradients. K(sat/r.þ) are

measured as i/grad at times when gradients appear to be at steady state for each specified

Iayer. Time correspondence should not be a problem because i reaches steady state

quickly.

K is a soil property and should be stable and consistent as long as the soil pore-

structure and the air and fluid composition within it remains constant. Infiltration,
however, is a highly complex process and K(sat/r.l-r) can change through modifying

processes that include air entrapment ahead of or within the wetting front, purging of
entrapped air, soil swelling, soil slaking or displacement during infiltration, particulate

clogging, microbiological processes during long-term infiltration.
Steady-state K values are on Table 8.5. The measured K values may be saturated

(K.",) if the layer is fully saturated, or unsaturated [K(r.¡.t)]. Fully saturated conditions

generally occur when a soil profile saturates from the bottom up. Unsaturated conditions

occur where an impeding layer causes perching of water and desaturation of the

underlying soil. The saturation state (s for saturated) and corresponding matric potential
(t{-r) for unsaturated values are included with mean K values, Standard error of the mean,

and coefficient of variation are also included.

Table 8.5. Vertical hydraulic conductivity (cm/h) during infiltration (sorption). Mean matric
potential head (crn), corresponding to measured K for the depth interval, is in parentheses.

Times are referenced to initiation of desorption (infiltration ends) at t=0. The soil profile is
saturated to the fullest extent, and approximates steady-state conditions.

1

2

60.8-
'76.2

16.2-
9r.4

91.7-
106.'l

706.'7-
137.1

Depth
(cm) >

0-75.2 15.2-
30.4

30.4-
45.'l

4).t-
60.8

Time (h)
24.5
G22\

t:0 6.8
l- 19')

18.9
(-1 9)

20.2
(- 19)

7.94
(-1 9)

20.2
l-i9)

15
(-20)

t5.'7
(-24)

60.8-
76.2

76.2-
91.4

91.7 -
t06.7

106.7-13'1,1Depth
(cm) >

0-r5.2 15,2-
30.4

30.4-
60.8

Time (h)

FO 5.96
G25\

12.4
G29\

21

G32)

15

G32\
i5

(-3 6)
28.2
(-35)

22.6
(-3 1)

30



SITE C (Hecla Sandy Loam: Sandy, mixed, frigid Oxyaquic Hapludoll)

Site C was located in the non-irrigated corner of a center-pivot irrigated potato

field, and was covered with a young cover crop of winter barley. The location aud

description are summarized on Table 1. In-situ hydraulic measurements and site

descriptions were made during late September and October, 1984, Soil samples were

collected and soil profiles were described approximately two weeks after completion of

soil hydraulic measurements. Soil morphology, in-situ and laboratory soil-moisture

retention data, soil physicat data, soil saturated-paste extract water chemistry, and in-situ

and laboratory unsaturated hydraulic-conductivity data were reported by Schuh, Cline

and Sweeney (1991), pages 83-109. Soil hydraulic parameters for Brooks and Corey

09e) and Van Genuchten (1980, 1984) functional formats are in the same report,

Appendices 1,2 and 3. Comparative analyses of unsaturated flow parameters for these

data in relation to soil textural data are discussed by Schuh and Cline (1991).

Relationships between textural models and water-retention curves for these data ate

discussed in Schuh, Cline and Sweeney (1989). Infiltration rates for Site C (and also

Sites A and B) were measured in June of 1985 (eight months after the initial sorption

tests) immediately adjacent (within 5 m) of the desorption measurement site. Only

surface infiltration rates were measured.
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Infiltration, Matric Potential (r.þ), and Volumetric Water Content (0) Data

Table C.1. Cumulative infiltration (l), and infiltration rate (i)
for the surface of Site C (Hecla fine sandy loarn) measured

near Oakes, ND.

t
(hours)

I

(cm/hour)
T
(h)

I
(cm)

t

(hours) icm/hour)
T
(h)

I
(cm)

0.00 0.00 0.00 0.00 3.04 39.8 2.91 1 1.0

1.0290 2.4'7 0.0150 4'7.0 3.27 4t.9 3.16 9.01
67.8 3.43 43.7 3.35 10.8).0700 5.24 0.0500

Q.134 6.62 0.1 02 21.9 3.55 45.0 3.49 I 1.8

0.2r4 8.01 0.1'74 1',7.2 3,78 M.8 3.67 11.8
0.304 9.39 0.259 i 5.5 3.92 AOa 3.85 10.5

0.4t4 10.8 0.359 12.5 4.06 s0.6 3.99 9.44
0.528 12.2 0.4'71 t2.2 4.19 52.0 4.13 r0.7
0.654 13.5 0.591 11.0 5.61 67.2 4.90 t0.7
0,751 14.9 0.703 14.3 5.00 71.3 5.81 10.6

0.896 16.3 0.824 9.5',7 5.40 7 5.5 6.20 10.6

1.13 19.1 1.01 1 1.9 7.56 88.0 6.98 10.7

1.38 21.9 r.25 11.1 7.69 89.3 '7.63 10.8

97.7 8.09 10.4r.62 24.6 1.50 11.2 3.49

1.78 26.0 t.70 9.r5 3.75 100 8.62 10.7

1.89 27.4 1.83 12.2 9.52 109 9.t4 t0.7
2.02 28.8 1.95 11.0 9.64 110 9.58 122
2.27 3 1.5 2.t4 1 1.0 9;73 111 9.68 8.04

11.02.53 34.3 2.40 10.5 3.04 39.8 2,9t
2;79 37.l 2.66 10.7
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61 '76.2 91.4 106.7 t2r.9 137.2Depth
(crn) >

15.2 3 0.5 4\. I

Tine fh)

-780.52 -12 -36 -40 -39 70 -68 -68

-10 -29 -5 I -40 -69 -74 -68 -68 -r030.87
-6'',Ì -74 -68 -68 -831.23 -9.4 -28 -32 -26

-881.'77 -10 -28 -31 -35 -61 -73 -68 -68

-29 -31 -35 -36 -59 -67 -68 -892.3 -l I
-48 -68 -90)q -t6 -28 -31 -35 -35 -43

3.3 -42 -32 -33 2< -38 -36 -68 -88

Table C.2. Soil water matric potential (in crn head units) during infiltration (sorption)

1

2

Table C.3. Soil volumetric water content during infiltration (sorption), Times are

referenced to initiation of desorption (infiltration ends) at t=0. The soil profile is saturated
to the fullest extent, and approximates steady-state conditions.

Not Measured on Site C

Deptlr
lcm) >

t5.2 30.5 45.'7 61 76.2 9t.4 t06.7 12t.9 t3't.2

Time (h)

0.52 -14 -5 I -33 -tt -40 -52 -65 70 l4
-33 -35 -41 -47 -62 -'70 -150.87 -15 -JJ

-56 -69 -151.23 -15 -31 -30 -33 -38 -43

r.1'7 -r4 -31 -29 -33 -36 -40 -38 70 -14
-18 -31 -30 -JJ -38 -39 -34 -67 -182.3

-54 -182.9 -18 -32 -30 -33 -38 -39 -32
3.3 -24 -Jt -30 -JJ -36 -38 -31 -39 -24
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Hydrauli c Conductivity

Combined tensiometric data and infiltration rates can be used to calculate

hydraulic conductivity for each layer during infiltration, provided flow through the

measured layer is at steady state.

Hydraulic conductivity (K) on Site C are measured by matching the i vs. t

function (Figure C.2) to the tirne sequence of the measured gradients. K(sat/tþ) are

measured as i/grad at times when gradients appear to be at steady state for each specified

layer. Time correspondence should not be a problem because i reaches steady state

quickly.
K is a soil property and should be stable and consistent as long as the soil pore-

structure and the air and fluid composition within it remains constant. Infiltration,

however, is a highly complex process and K(sat/Q) can change through modifying

processes that include air entrapment ahead of or within the wetting front, purging of

entrapped air, soil swelling, soil slaking or displacement during infiltration, particulate

clogging, microbiological processes during long-term infiltration.

Steady-state K values are on Table C.4. The measured K values may be saturated

(K*) if the layer is fully saturated, or unsaturated [K(tf)]. Fully saturated conditions

generally occur when a soil profile saturates from the bottom up. Unsaturated conditions

occur where an impeding layer causes perching of water and desaturation of the

underlying soil. The saturation state (s for saturated) and corresponding matric potential

(tf) for unsaturated values are included with mean K values. Standard error of the mean,

and coefficient of variation are also included.
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Table C.4. Vertical hydraulic conductivity (crn/h) during infiltration (sorption). (s) is

saturated, (-V) is the corresponding rnatric potential expressed as cm head. SE is standard
error, CV is coefficient of variatron.

cate 2

I
12r.9-
131.2

Depth
lcm) >

0-
15,2

t5.2-
30.4

30.4-
45.7

45.7 -
60.8

60.8-
76.22

to.¿-
91.4

9r.4-
106.7-

106.7 -
r21.9

Tirne
lh)

12.4 10.7 i0.7 10.71.23 i1 I 1.5 i6.1
8.011.77 l0 10.? 11.5 6.67 t7.9 1i.5 10.7 r0.7

2.3 10 10 i 0.7 10.7 11.5 10.7 10

10.7 i 1,5 10.7 l02.9 8 I 1.5 i 0.7
10.7 r2.43.3 6.4 5.52 10 12.4 i0.7 16. I

11

c57)
t0.7
c63)

10.1

c78)
mean 9.08

c15)
9.84
(-23)

CI 1.8

3t)
10.1 (-

32)
i 0.5

c40)
12.8
(-s2)

0.898SE 0.828 r.t2 1.1 r.22 2.91 1.68 0.26'7 0

CV 0.2 0.25 0.2t 0.24 0.62 0.23 0.042 0 0.18

Depth
fcm) >

0-
15.2

15.2-30.4 30.4-45.7 45.1-60.8 60.8-7 6.22 '16.2-9r.4 91.4-t06.7 t06.7-tzt.9

Time (h)

10.'1 12.4 t3.4 12.4 13.4 14.6 17.9 11.51.23

10t;77 11.5 r0.7 1 1.5 10.7 t2.4 13.4

2,3 8.91 t0.7 10 t0.7 9.43 11.5 t4.6 13.4

2.9 10.'7 10 10.7 10.7 10.7 10.7 12.4
10.7 12.4 1 1.5 1 r.53.3 /.oJ 1 1.5 10.7

11.6
(-s0)

Ítean 9.89
(-1 8)

11,1
(-25\

11.3
(-30)

11

(-3 1)

lt.7
(-3s)

12.3
(-39)

14.r
(-36)

SE 0.706 0.411 0.585 0.34 0.708 0.7 19 r.42 0.984
CV 0. 16 0.083 0.12 0.069 0.14 0.13 0.2 0.15
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Soil Profile Response to Infiltration and Drainage Pulses

After completion of the initial wetting and drainage measurements (10:10 A.M.

on October 5,1984), Site C was subjected to two additional pulses of infiltration over a

period of 8 hours. These "post-drainage" wetting and drainage regimes were applied on

October IO, 1984, five days after completion of the main experiment. The purpose was

to collect data on water movement in a pre-wetted soil profile for use in model calibration

using field measured hydraulic parameters, The first infiltration treatment was for I hour

and 16 minutes, followed by 1.5 hours of drainage. A second infiltration treatment was

applied lor 2 hours and 55 minutes, followed by 1.25 hours of drainage, Volurnetric

watsr content and tensiometric data were monitored during these treatments. Resulting

matric potentials are on Table C.5. Corresponding soil moisture values are on Table C.6.

Second infiltration treatment values on both tables are indicated by italics. Infiltration

rates were not measured concurrent with these pulses.

Hydraulic gradients for the "post-desorption" measurements are shown on Figure

C.4. Time periods for wetting and the corresponding depth of ponding applied are

shown on Figure C.5. Because the maximum gradient for a soil layer usually occurs

when the wetting front is at the upper boundary of the layer, we use the time from

initiation of infiltration to peak gradient in each layer to measure the rate of advance of
the wetting front for both infiltration pulses. Rates of wetting-front advance are shown

on Figures C.6. Both advance rates are exponential with depth. The rate of advance of
the second pulse is faster, as would be expected from a recently wetted profile.
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Table C.5. Soil-water matric potential (in cm head) for infiltration
and drainage pulses measured on October 5, 1984.

I

fcr¡) >
Depth 15-2 30.5 45.7 61 76.2 91.4 107 t22 137

Tirne (h)

-77.8 -64.7 -63.8 -59.4 -66.8 -75.1-0.83 7 -111 -1 00 -91 .1

0.297 -29.8 -99.2 -89,1 -79.9 -68.8 -65 8 -s9.4 -66.8 -79.4
0.4r3 -27 -8 -99.2 -89.1 -73.8 -58 6 -43.4 -27.8 -12.8 2.24
0.513 -1 3.5 -98.r -89.1 -73.8 -58.6 -43.4 -27.8 -12.8 2.24
o 647 -94 -8s I -8 9.1 -73.8 -58.ó -43.4 -2'.t .8 -12.8 2.24
0.761 -7 36 -66 s -87 -71.7 -56.5 -41.3 -25.7 -t0.7 4.28

-49.s -33 9 -18.9 -3.8 80.863 -'t.36 -5 3,3 -88 -79.9 -64.7
-64 7 -49.5 -33.9 -18.9 -3.8 81 .03 -2.26 -42 -86 -79.9

1.16 -7.36 -36.9 -79.9 -79.9 -68.8 -67.8 -67.s -61 .8 -80.4

1.48 -30.8 -50.3 -79.9 -68.8 -53.6 -J0 11 -7.96

1.66 -3 1.8 -44.2 79.9 -64.'7 -49.5 -33.9 -18,9 -3.8 8

2.06 -34.9 -39.1 -68;l -68.8 -53.6 -38 -23 -7.96

2.43 -40 -39.t -53.4 -68.8 -67.8 -6't.5 <a < -37.5
3.16 -45.1 -43.1 -39.1 -34 -7 1.8 -53.6 -66.s -67.8 -65.1

3.45 -t2 5 -35 9 -40.1 -39.1 -69.8 -71.9 -67.5 -67.8 -78.3
-68.8 -74 -67 5 -67.8 -83.43.8 -t 0.4 -28.8 -J / -40.1

-66.7 -74 -67.5 -67.8 -8 3.44.16 -9.4 ,a I -3 t.9 -25.8
-60.6 -72.9 -67.5 -67.8 -88.54.7 -t0.4 -27.B -30.9 -35

5.2 6 -l 1.4 -28.8 -30.9 -35 -36.1 -58.7 -66 5 -67.8 -89.6
5.8 -l6.5 -2 7.8 -30.9 -35 -35.1 -43.4 -48.2 -67.8 -90.6
6.26 -26.7 -42 -3 t.9 -33 -35.1 -38.3 -35.9 -67.8 -88.J
683 -40 -40 -36 -36 -35.1 -37 2 -3 3.9 -6t.7 -89.6
7.25 -46 I -45.1 -40. I -38.1 -i6. l -38 3 -33 9 -44 4 -89.6

-4 L2 -40.3 -33.9 -39 39.06 -57.3 -54.3 -48.3 -45.2

2
76.2 9r.4 r0'1 t22 137Depth

lcm) >
15.2 30.5 45;7 61

Time (h)

0.297 -19.6 -96.1 -89.1 -86.1 -82.1 -82.8 -67.8 0.297
0.413 1 3.5 -94.1 -84 -68.7 -53.5 -38.3 -22.7 -7.66 0.4i 3

0.513 14.5 -92 -84 -68.7 -53.5 -38.3 aa1 -7.66 0.s 13

0 647 12.5 -84.9 -84 -68.7 -53.5 -38.3 aaa -7.66 0.647
-82.9 -89.1 -73.9 -58.7 -43.1 -28.t 0.7630.763 13.5 -t2.ó
82.9 -89. l -73.9 -58.7 -43.t -28.r 0.8630.863 - 13.5 -61.4

-72.8 -70.9 -66.5 -66.8 r.031.03 -r4.5 -47.1 -76-8 -7 6.8

-72.8 -69.9 -66.s -66.8 1.161.16 -13.5 -40 -( 5.6 -77.8

-71 I -72.8 -57.6 -41 1.481.48 -13.5 -34.9 -4t.r
-66.8 1.661.66 -1 3,5 -32.9 -36 -68.7 -73.9 -11.9 -66.5

-66.5 -66. I 2.062.06 -1 5.5 -318 -JJ -46.2 -68.8 -71.9
2.43 -t9.6 -32.9 -34 -36 -5s,5 -67.8 -66.5 -66.8 2.43

3.16 -33.9 -41 34 -35 -42.2 -67.8 -65.5 -ó6.8 3.16
- 14.5 -36.9 -33 -40.2 -52.5 -64.5 -69.9 3.45

38 -1s 5 -32.9 -33 -35 -41.2 -47 4 -6L4 -69.9 3.8
4.1 6 -15 5 -30 I -29.9 -33 -38.2 -4 3.4 -55.3 -68.9 4.r6

-33 -36.1 -40.3 -38 -69.9 4.7¿7 - 14.5 -30.8 -28.9
-38 2 -39.3 -33.9 -66.8 5.265.26 -t7.6 -30.8 -29 9 -33

J.8 - 17,6 -3 1.8 -29 9 -33 -38.2 -39.3 -3 1.8 -53.6 5.8

6.26 a2 a -30.8 -29.9 -JJ -3 6.1 -3 8.3 -30.8 -39.3 626
6.83 -29.8 -3 2.9 -29.9 -3 t.9 -37. I -38.3 -30.8 -40.3 6.83

- tõ -33 -34 -37.1 -40.3 -31.8 -.38 3 7.257.25 -36.9
-42 l -40 l -40.2 -39 3 -31.8 -37.2 9.069.06 -54 3 -50.2
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Table C,6, Soil volumetric water coutent for infiltration and drainage pulses

measured on October 5, 1984.

cate2

13'745.7 61 76.2 91.4 107 r22Depth
lcm) >

15.2 30.5

Time lh)
0.14'76 0.1 5 52 0. i 845-3.09 0,2029 0.20 5 5 0. 193 I 0.1 66 1 0,1 541 0.14i 6

0.1674 0.t502 0.t454 0.1446 0.1 s5 10.297 0.4404 0.3423 0.22s7

0.563 0.461 1 0.367 | 0.2697
0.4281 0.3558 0.2893 0.17930.697

0.2925 0.i915 0.14990 847 0.4t96 0.3 5 83

0.2081 0.14941.03 0.4158 0.3579 0.3727
0.3659 0.3r7 0.2272 0.1622r.2l 0.4i09

0.3214 0,258'7 0. l 685 0.14171.48 0.4t22 0.3 s63
0.2764 0.2148 0.t5322.06 0.3454 0.3402 0.31 15

0.2326 0.1 6562.53 0.3236 0.3287 0.3123 0.2708
0.1 5 46 0.1 5 16 0.r7620.3926 0.3 625 0.3 17 I 0.2779 0.2 5 37 0.20573.5 1

0.2852 0.2544 0.2232 0.1 696 0.1511 0.t7783.86 0.389s 0.3 523 0.3261
0.2767 0.2591 0.2112 0. I 639 0.17 24.66 0.3874 0.3 5 65 0.3256 0.29I 5

0.2698 0.2481 0.20880.3 865 0.3 525 0.3 309 0.2929 0.27 81 0.27625.7 5
0.2 5840.3602 0.3258 0.2926 0.2807 0.280s 0.2686 0.26976.3 3 0.3662

0.2921 0.2766 0.2744 0.263 5 0.2804 0.29326.78 0.3288 0.3272 0.3107
0.2803 0.29770.3364 0.32 58 0.3159 0.28 s 3 0.2738 0 2773 0.2677/.2)

61 76.2 9r.4 t07 122 t3'1Depth
lcm) >

t5.2 30,5 45.'7

Time lh'l
0.1369 0.15830.2169 0.1971 0.168 0.1527 0.1486 0.1411-3.09 0.2184

0.29'16 0.1 852 0.1 5 59 0.15 14 0.2223 0.1395 0.76540.29'7 0.4687 0.3733
0.4418 0.37 t9 0.3 i48 0.20s80.563

0.368 0.3116 0.19220.697 0.4388
0.2398 0.1s470.84'l 0.4498 0.37 t7 0.3323

0.1622i.03 0.4365 0.3679 0.3339 0.2631
0.4391 0.3672 0.3324 0.2'747 0. 1 8461.21

0.2892 0.2084 0. i48s1.48 0.3s3'7 0.3s77 0.3289
0.247 0.17 192.06 0.3421 0.3 553 0.325 0.3 003

2.53 0.3283 0.3436 0.3 154 0.2847 0,2612 0.1994
0.1423 0. I 6290.3703 0.3 31 0.305 3 0.27 3 0.24 5 0.t7893.51 0.4 I04

0.16350.3 34I 0.3091 0.2848 0.257 0. t96r 0.t 4013.86 0.4076 0.3649
0.2745 0.2388 0.1708 0.164.66 0.3948 0.3 612 0.3332 0.2669 0.288I

0.2508 0.21560.399 3 0.3 582 0.3 3 64 0.304 s 0.2822 0.2815 0.26485.7 s
0.2770.3 32 3 0.3086 0.2879 0.282 5 0.27 3 6 0.2 s 866,3 3 0.3492 0.3 s 89

0.2954 0.2904 0.27 9 3 0.265 5 0.2507 0.283 s6.78 0.3 43 5 0.3 45 5 0.3202
0.269 0 2648 0 2599 0.28577.25 0.32s8 0.3427 0.3 1 61 0.293 7 0.2762
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Figure c.5. Time and ponded depth for two infiltration
pulses on Site C.

7

-20

0

Figure C.6. Rate of wetting front advance for first and second

infiltration pulses.

a

a
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SITE D (Hecla Loamy Sand : Sandy, mixed, frigid oxyaquic Hapludoll)

Site D was located in a non-irrigated wheat field. The location and description

are summarized on Table L In-situ hydraulic measurements and site descriptions were

made during late June and July, 1985. Soil samples were collected and soil profiles were

described approximately four weeks after completion of soil hydraulic measurements'

Soil morphology, in-situ and laboratory soil moisture-rétention data, soil physical data,

soil saturated-paste extract water chemistry, and in-situ and laboratory unsaturated

hydraulic conductivity data were reported by Schuh, Cline and Sweeney (1991), pages

110-138. Soil hydraulic parameters for Brooks and Corey (1964) and Van Genuchten

(1980, Lg84) functional formats are in the same report in Appendices 1, 2 and 3'

Comparative analyses of unsaturated flow parameters for these data in relation to soil

textural data are discussed by Schuh and Cline (1991). Relationships between textural

models and water-retention curves for these data are discussed in Schuh, Cline and

Sweeney (1989).

Unlike Sites A, B and C, surface infiltration on Site D (and Sites E-K) was

measured within the area used for determining K(tÞ) during drainage; and was measured

concurrent with the initial sorption of the site, rather than after completion of field

sampling. Also, on Sites D-K, infiltration rates were measured in the deep soi[, after

excavation for sampling and description of soil morphology'
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Infiltration, Matric Potential (tÞ), and Volumetric Water Content (0) Data

Table D. L Cumulative infiltration (I), and infiltration rate (i)
for the surface of Site D (Hecla sandy loam) measured near

ND

lcm/houf(cm/hour)
T
(h)

I
(cm)

t
(hours)

T
(h)

I
(cm)

I
(hours)

6t.2 4.85 13 .80.00 0.00 0.00 0.00 4.93
9.706.86 5.24 64.2 5.090.0330 J.229 0.0170

5.38 65.1 5.31 6.851.0800 1.839 0.0570 13.0
6.130.108 32.9 5.43 65.4 5.400.136 2.67

46.7 5.60 68.1 5.5 1 15.00.162 3.89 0.149
68.5 5.62 t4.30.238 4.96 0.200 t4.1 5.64

10.10.256 8,19 5.79 70.1 5;710.2'75 5.26
18.5 5.88 7r.0 5.83 9.470.41.1 7.78 0.343

7t.6 s.92 7.470.462 8.46 0.436 13.4 5.96
t2.30.506 t3.7 6.01 '72.2 5.990,551 9.68

r4.5 6.17 74.0 6.09 12.00.667 11.4 0.609
/).J 6.23 9.760.684 11.8 0.675 26.6 6.29

9.920.726 10.9 6.48 '77.1 6.380.768 12;7
6;7r 79.2 6.59 9.200.841 13.6 0.805 12.5

81.7 6.81 t2.40.94t 14.6 0.891 9.20 6.90
9.82t.02 15.2 '7.09 83.5 7.001.10 16.9

7.24 85.0 7.16 10.31.19 18.1 t.t4 t2.4
'7.30 9.3619.1 1.23 t2.9 7.3'7 86.21.27

'7.46 86.8 7.41 6.841.34 20.0 1.30 12.5

87.0 7.47 5.381.44 2t.2 7.39 12.2 '7.49

15.0r.49 9.89 '1.76 91.2 7.621.53 22.r
10.4 t24 9.08 12.41.65 23.9 1.59 15.5

10.5 18.325.8 t;7r 15.1 10.6 tnt;77
13.3 1 1.1 133 10.8 13.37.82 26.4 1.79

138 11.3 10.527.3 1.85 12.5 11.51.89
t7,lr.95 I 1.0 11.6 139 11.52.00 28.5

12.l t47 11.9 12.32.06 29.4 2.03 16.3

t2.3 13.030.3 2.10 1 1.8 12.5 1512.13
11.92.20 '7.40 13.1 158 12.82.26 31.3

t3.2 160 I 1.¿ L0.42.38 33.6 2.32 18.3

t62 13 .3 15.134.5 2.42 t2.0 13.42.46
II.Z 13.8 167 73,6 1 1.02.56 35.6 2.51

t4.2 t7l 14.0 11.12.68 36.9 2.62 1 1.3

t74 14.3 13.82.82 38.8 2.75 12.9 t4.4
2.84 16.3 14;7 t7'7 14.5 12.32.86 39.4

14.8 179 14.7 12.13.01 40.9 2.93 9,80
r4.9 t2.443.0 3.1 1 10.5 15.0 1813.2r

1t.23.3 1 8.13 15.2 184 15.13.40 M.6
15.4 186 15.3 12.53.55 46.8 3.47 15.5

15.5 11.548.6 3.63 10.3 15.5 1883.72
10.1 15.7 189 15.6 t2.73.84 49.8 3.78

15.9 1.92 15.8 13.33.9r 50.4 3.87 9.89
t2.03.96 8.90 16.1 195 16.0401 5 1.3

16.4 198 16.3 12.04.09 52.0 4.05 7.7r
r0.74.16 13.7 16.7 201 16.54.24 54.1

18.6 226 t7.6 12.84.31 54.7 4.28 9.3t
22'7 18.6 15.04.43 55.9 4,3'7 101 18,7

9.63 t9.2 232 18.9 10.24.62 5't.8 4.53
242 19.5 14.34.74 58.7 4.68 7.34 1.9.9

r2.z 20.4 249 20.7 14.34;7'7 59.0 4.76
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Table D.2. Soil water rnatric potential (in crn head units) duling infiltration (sorption)

243.8 274.33 0.s 45.7 6i 9r.4 12t.9 152.4 182.9 213.4Depth
(cm)

t5.2

Time
(h)

-40 -450.02 -140 -161 -16s -1 18 -90 -97 -66 -62

-40 -45-i 30 -166 - 169 -t20 -90 -97 -66 -620.r2

-t69 -123 -94 -97 -66 -62 -40 -450.3 s -3.3 -t't2
-101 -78 -53 -31 -44 -80.5 5 0.81 -145 53 -t23

53 -31 -44 -80.6'7 0.81 -25 -26 -t23 -96 -10 I -78

-45 -4030 08 -3.4 -35 -94 - 101 -80 -64 -420.88
-40-8, s -91 -101 -80 -64 -42 -451.22 2.8 2.8 1.'l
-40-2.3 -35 -10 1 -80 r75 -42 -45r.52 1.8 3.9 2.7

-66 -80 -64 -42 -48 -401.87 1.8 s.9 2.7 -0.31 -18
-42 -48 -402.8 4.9 2.'7 27 -8.7 -4.',7 -80 -642.28
-43 -49 -404.9 4.9 2.'7 2.'7 -4.6 0.4 aa -652.53

-455.8 -3.6 1.4 11 1< -2r -483.7 8 49 1'7 z.'7

-1.6 -21 -24 -t9 -20 -445.3 5 5.9 6.9 2.'7 17 -4.6
-24 -18 -t9 -286.8s 4.9 6.9 2.7 3.8 -8.7 -4.'7 -20

-15 -2610 3.8 2.1 -8.'7 -5.7 -r I -25 -1914 s.9
r.'7 -8.7 -5.7 -1'7 î< -19 t4t5.2 6.9 l0 3.8

-7r -4.'7 -17 -25 -20 -i3 a1
16 5.9 10 3.8 2.'7

-20 -11 -225.9 11 3.8 1.'7 -8.',l -3.'7 -25 -2919.9

Replicate 2
Depth
("-)

ts.2 3 0.5 45.'7 6l 91.4 tzr.9 r52.4

Time
(tù

-r64 -126 -90 -111 -680.02 -t24 -1 70
-111 -680.12 -'7.3 i63 -r69 -128 -92

0.3 5 -1.2 -16 -r'71 -i3 1 -94 -1 15 -76

-4.3 -r69 -13 I -92 -1 13 760.5 5 -1 .2

-47 -92 -1 15 150.6'7 -4.3 -0.21 -1.4
-92 -1 15 '750.8 8 0.81 0.81 2.7 -11

0.81 1.8 2.7 -9.s -15 -i i 1t22
2.7 -11 -4r -11'7 78t.52 0.81 -0.21

-9.5 -i5 -111 7'71.87 0.81 1.8 2.7
-792.28 0.81 7.9 2.7 -8.5 1(

0.81 1.8 3.3 -5.4 1.5 -9.8 -1'12.53
3.6 -i 1 -i 13.78 1.8 1.8 48 -5.4

-8.8 -125.3 5 13 2.8 4.8 -4.4 4.6

-0.21 3,8 -5.4 3.6 -11 -1568s i.8
-1.3 1.5 -13 -15T4 3.9 28 2.'7

-13 -i815.2 3.9 2.8 0.71 -2.3 0.s 1

11 0.5 i -i3 -1816 4.9 28 1.'7
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Table D.3. Soil volumetric water content (0) during infiltration (sorption).

Replicate I

Replicate 2

213.4 243.8 2'74.391.4 tzr.9 t52.4 t82.930.5 45.7 6lDepth
(cm) >

t5.2

Time (h)
0.0752 0.064 0.06370.0655 0.0918 0.0913 0.09520.06n 0.0622 0.0611-0.71 0.0665
0.0752 0.064 0.06370.0672 0.0924 0.0927 0.09s20.r23 0.0791 0.06160.62 0.27'79

0,064 0.06370.092'7 0.0952 0.0'7520.2942 0.1233 0.0667 0.0918f.i1 0.6t32 0.4542
0.06370.0752 0.0640.0761 0.0931 0,0902 0.09520.6421 0.4722 0.3885 0.2872t.39
0.06370.0752 0.0640.1873 0.0931 0.0913 0.09520.6186 0.4502 0,3559 0.332t.69

0.0752 0.064 0.06370.1 055 0.0904 0.09840.4408 0.3602 0 3657 0.28'122.01 0.6097
0.06340.092 0.0938 0.0749 0.0650.3591 0.352'7 0.24372.37 0.6062 0.4583 0.3559

0.064 0.06220.2368 0.0986 0.07330.3735 0.3411 0.29692.94 0.644 0.4189 0.3602
0.06270.2618 0.0805 0.06240.35',7 0.295t 0.25560.615 0.4583 0.3 391 0.38043.52

0.2127 0.06970.2846 0.241 0.2771 0.22080.3506 0.3657 0.34634.62 0.6257 0.4502
0.234 0.25260.289 0.239s 0.2787 0.20780.3422 0.3804 0.34845.94 0.6257 0.4488
0.2189 0.26410.2374 0.2'729 0.2090.365'7 0.336 0.27218.23 0.6312 0.422'7 0.3474

0.2163 0224 0.25'790.3474 0.2978 0.2595 0.28120.4638 0.3624 039219.6 0.6608
0.2049 0.2227 0.26180.3516 0.3078 0.2556 0.29070.4982 0.3691 0.430420.9 0.6514

243.8 274.312t.9 152.4 182.9 2t3.445;7 61 91.4Depth
(cm) >

15.2 30.5

Time
0.0989 0.098410.1487 0.15M 0.1672 0.13540.09308 0.08676 0.0989-1.12 0-1061 0,1 003
0.0989 0.098410. 151 1 0.1549 0.7672 0,13540.2639 0.1634 0.099380.38 0.4898 0.4576

0.098410.1672 0.1 354 0.09890.1008 0.1544 0.15250.5166 0.4'138 0.4009 0.35560.78
0.1354 0.0989 0.098410.2t02 0.1558 0.1 553 0.16720.4'178 0.4025 0.3957l 1 0.5037
0.1354 0.0989 0.098410.357t 0.7643 0.1539 0.1 6860.4526 0.4073 0.40151.4 0;7634

0.098410.15 1 1 0.1 676 0.1325 0.09890.4036 0.3719 0.2'7631.72 0.5025 0.4559 0.3983
0.098410.1662 0 13ll 0.10420.402 0.3'734 0. i 9880.5t42 0.4'744 0.4062 0.39622.12
0.098410.2816 0.t263 0.096480.4041 o.392 0.3744 0.35910.5166 0.4727 0.4032.75

0.1032 0.099870.363'7 0.3591 0.3521 0.3 1 180.4649 0.4115 0.4009 0.40253.43 0.5118
0.3246 0.1610.3739 0.3566 0.3612 0.3420.4t73 0.4131 0.39464.43 0.5019 0.4705
0.332 0.3430.3663 0.3556 0.3495 0.32860.4015 0.4078 0.39525.77 0.5013 0.47t6

0.3460.3571 0.3295 0.32260.39'78 0.3709 0.365',70.5019 0.4688 0.4232 0.4r577.4
0.331 0.3246 03420.4041 0.3'724 0.3581 0.35710.476'7 0.4147 0.430819.2 0.5195
0.332 0,3281 0.3440.4036 0.3755 0.3612 0.35260.4'716 0.4163 0,415220.6 0.51 13
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Hydraulic Conductivity

Combined tensiometric data and infiltration rates can be used to calculate

hydraulic conductivity for each layer during infiltration, provided flow through the

measured layer is at steady state.

Hydraulic conductivity (K) on Site A are measured by rnatching the i vs' t
function (Figure D.2) to the time sequence of the measured gradients. K(saú'p) are

measured as i/grad at times when gradients appear to be at steady state for each specified

layer. Time correspondence should not be a problem because i reaches steady state

quickly.

K is a soil property and should be stable and consistent as long as the soil pore-

structure and the air and fluid composition within it remains constant. Infiltration,

however, is a highly complex process and K(sat/r.l.r) can change through modifying

processes that include air entrapment ahead of or within the wetting front, purging of

entrapped air, soil swelling, soil slaking or displacement during infiltration, particulate

clogging, microbiological processes during long-term infiltration.

Steady-state K values are on Table D.4. The measured K values may be saturated

(K.",) if the layer is fully saturated, or unsaturated [K(Q)]. Fully saturated conditions

generally occur when a soil profile saturates from the bottom up. Unsaturated conditions

occur where an impeding layer causes perching of water and desaturation of the

underlying soil. The saturation state (s for saturated) and corresponding matric potential

(r.þ) for unsaturated values are included with mean K values. Standard error of the mean,

and coefficient of variation are also included.
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Table D.4. Vertical hydraulic conductivily (cm/h) during infiltration (sorption). (s) is

saturation and (-rf) is the corresponding matric potential expressed cm head.

icate 1

Replicate 2

9t.4-
12t.9

t2t.9-
152.4

t52.4-
182.9

t82.9-
2r3.4

213.4-
243.8

243.8-
214.3

Depth
(crn)

0-
t5.2

t5.2-
3 0.5

3 0.5-
45;7

45.7
61

61-
9r.4

Time
thl

131.22 8.6
14t.52 8.1

1.87 8.1 I7 10 10

2.28 8.4 l4 11 12 8.9

2.53 9.2 t2 11 T2 9.8

11 149.1 6.2 l5 9.2 l4 6.83.78
9.s11 9.9 13 7.3 11 14 t25.3 5 9.5 13 9.4
913 8.s I4 7.9 10 15 I26.85 9 T4 9.4

13 8.6 9.3 15 t4 9.3I4 9.3 I6 8.4 11 8.6

9.3 15 t4 9.9t5.2 9.9 l5 8.4 10 8.8 13 8.6
9.3 14 15 9.3t6 9.3 t6 8.4 11 8.9 13 8.4

13

t-20)
9.4

G2s\
9.r
fs)

t2
ls)

9.1

t-8)
13

(-l l)
7.9

G12\
10

(-23\
15

(-22\
mean 9

(s)
I4
(s)

0.150.18 0.2r 0.31 0.34 0.22 0.6SE 0.18 0.5 0.5 0.53
0.094 0.083 0.03 8 0.1 0.03 5CV 0.065 0.1 1 0.16 0.t4 0.05 8 0.039

15.2-30.5 30.5-45.7 45.7 -61 6t-9r.4 97.4-12r.9 121.9-152.4Depth
(cm) >

0-15.2

Time ft)
t.z 7.8 13

i.5 7.8 11

i.9 7.7 13

z--) 7.6 9.4 '1.2 15

13 13 7.6 l62.5 '7.6

15 '7.r t'7 8 t23.8 8.0 12

8.6 1l5.3 15 7 l4 t7
1l'1.9 11 1ó 7.5 1'7 7.96.8

t2 9.1 13 7.9 11I4 8.4 il
13 8.4 9.815 8.4 l1 11

13 8.4 9.816 9.1 11 11 9.1

8.7
t-i3)

lnean 8.7
lsl

12

lsl
13

ls)
8.1
(- 1)

15
(-6)

8.2

G8)
t.2 0.7 0.37 0.67 0.t2 0.65SE 0.65

0.13 0.12 0.03 7 0.25CV 0.25 0.32 0.r7
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Deep Subsoil Infiltration
After initial infiltration measurements and measurements of water content and

tensiometric data for the draining profile, Site D was excavated for sampling and

morphological description (Schuh, Cline and Sweeney 1991). At the bottorn of the

measured excavation, in the C horizon, infiltration was again measured using a double-

ring infiltrometer. Results are in Table D.5. Cumulative infiltration and infiltration rate

are shown on Figures D.4 and D.5, with corresponding fitted functions using the method

of Philip (1957, 1966).

Table D.5. Cumulative infiltration (I), and infiltration rate (i)
for the deep subsoil of Site D (Hecla sandy loam) measured

near Oakes, ND.

I
(cm)

ti

(h)
I

(cm/h)
Il

(h)
I

(cm)
ti

(h) (cm/h)
tl

(h)

74.90 0 0 0.634 48.8 1.6160

185 0.668 51.6 1.651 810.004 0.66'7 1.002
54.4 1.687 '751.007 t.28 1.005 183 0.705

1,89 1.009 146 0.746 5'7 .1 J;726 68.31.011

59.9 J.762 85.21.017 2.5 J.014 110 J.778
J.796 J I.J3.1 1 1.019 146 1.814 62;7).02r

68.6 1.857 6s.6 1,836 68.80.03 3;72 J,025
J.8'74 75.41.037 4.33 0.034 78.4 1.891 68.2

0.042 73.2 1.893 68.4 J.892 89J.046 494
80.8 0.976 7 5.r1.054 5.55 0.05 78.4 1.06

79.16.16 0.058 68.6 1.09 83.6 1.07-7J.062
66.5 1 .13 86.4 1.113 '74.4J.072 6.77 0.067

1.15 73.80.08 '/.38 0.076 70.8 1.r'7 89.1

7 t.70.089 38.1 1.2r 91 .9 1. 1880.098 8.04
1.24 94;7 1.225 77.90.r29 I0.8 0.1 13 88.2

1.26r '75.50.136 11,4 0.t32 84.5 1.28 97.4
78.20.r4 70.8 1.35 103 1.3150 145 12

1.39 106 1.369 /6. I0.154 726 ).149 64.6
1i0 1 414 76;70.164 13.2 l.159 64.6 1.44

1.4'71 80.8t4.1 0.t7 67.2 1.5 1150.177
1.53 I1'7 1.5t4 17.10.19 15.1 ) 184 '71.6

t20 1.548 6920.2 15;7 ).1 95 61 t 5'7

).20t 85.8 1.61 123 1.588 75.80.201 15.8
84.3 r.69 t29 1.65 '/8;70.248 t9.1 ).225

1.72 132 L707 82.40 266 2t.l ).25'7 79.1

).283 80.4 1.76 135 1.742 '74.90.3 23.9
1.8 t3'7 1.78 '73.80.33'7 26.7 1.319 7 5.5

1.8 l7 '15.529.4 1.356 '73.3 1.84 r400.375
7t'7 1.87 143 1.854 72.80.4r3 32.2 ).394

2.3 165 2.085 52.20.M8 35 1.431 79.l
'75.5 2.71 196 2..503 '7s.80522 40.5 1.485

3.0'7 1a/ 2.89 / o.+0.559 43.3 J.541 73.3

1.578 '73.30 597 46.1
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Figure D.4. Cumulàtive infiltration (I) and Philip (1957)
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'r50

100

50

L

o

Eo
:

0
0 0.4 0.8 1.2 1 .6 Z 2.4

Time from lnitiation (hours)

2.8

Figure D.5, Infiltration rate (i) and Philip (1957)
pararnetric function for the deep subsoil on Site D,

- -'l =7O,27t+ 3.16tr/2, n= 65

/''

^/
.aa

a

/

Minimum 5?.?

Mãt¡mum 89.0

Points 36.0

75.6Meen

Median 75.5

5.76

Variance

Std Error

d
I

¡

I

a
I

I

It
I

a

a

aa

t 4

- - -i-70.27 +3.16Ì-'t'

K"". (PhilliÞ) - 70.3 cm / hour

(27.7 inches/hour)

55



56



SITE E (Ulen Sandy Loam : Sandy, mixed, frigid Aeric Calciaquoll)

Site E was located in a non-irrigated wheat field downslope from Site D. The

location and description are summarized on Table 1. In-situ hydlaulic measurements and

site descriptions were made during late June and July, 1985. Soil samples and soil profile

descriptions were taken approximately four weeks after completion of soil hydraulic

measurements. Soil morphology, in-situ and laboratory soil moisture retention data, soil

physical data, soil saturated-paste extract water chemistry, and in-situ and laboratory

unsaturated hydraulic-conductivity data were reported by Schuh, Cline and Sweeney

(1991), pages 140-162. Soil hydraulic parameters for Brooks and Corey (1964) and Van

Genuchten (1980, 1984) functional formats are in the same report in Appendices 1, 2 and

3. Comparative analyses of unsaturated flow parameters for these data in relation to soil

textural data are discussed by Schuh and Cline (1991). Relationships between textural

models and water-retention curves for these data are discussed in Schuh, Cline and

Sweeney (1989).

Unlike Sites A, B and C, surface infiltration on Site E (Sites -K) was measured

within the area used for determining K(rÞ) during drainage; and was measured concurrent

with the initial sorption of the site, rather than after completion of field sampling. Also,

on Sites D-K, infiltration rates were measured in the deep soil, after excavation for

sampling and description of soil morphology.
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Infiltration, Matric Potential (Q), and Volumetric'Water Content (0) Data

Table E.1. Cumulative infiltration (I), and infiltratiori rate (i)
for the suface of Site E (Ulen sandy loam) measured

near Oakes, ND.

tt

(h)
I

lcm)

ti

(h) (cm/h)
It

(h)
I

Ícm)

ti

(h)
I

(cm/h)

0.00 1.83 30.4 1.78 t6.40.00 0.00
1.90 31.8 18'7 18.10.t42 3.59 i.071 6.1 1

15.80.189 4.tl 1.1 65 11.0 1.99 33.2 195
).211 15.9 2.08 34.6 2.04 15.20.233 4.80

2.16 36.0 2.12 17.80.27'7 5.49 ).255 15.6
15.60.326 6.t9 1.301 14.2 2.43 40.1 2.29

1.353 12.8 2,55 42.2 2.49 l'1.70.380 6.88
45.0 2.63 t6.40.466 8.26 J.423 16.I 2.71

2.78 15.20.562 9.6s J.514 14.4 2.85 47.0

J.629 15.4 3.03 50.1 ¿.94 t'7.51.696 11.7
3.18 52.6 r.10 16.3).782 13. 1 ù.739 16.1

t6.31.9r3 15.2 c.848 15.9 3.39 56.0 ).28
3.58 59.1 J.49 16.21.00 16.6 0.957 15.8

70.4 1.95 18.91.16 19.3 1.08 t7.5 +.24

20.7 r.20 16.2 +.oJ 76.6 +.44 16.3L25
+.99 82.2 1.81 15.21.33 22.l r.29 15.8

16.11.42 23.5 1.38 15.4 i.34 8'7.7 5.16

t9.2 t.59 91.9 5.47 16.01.49 24.9 1.46
5.72 16.01.57 26.3 1.53 t'7.7 5.86 96.0

r.66 16.31.74 29.0
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Table E.2. Soil water matric potential (in cm head units) during infiltration (sorption).

Replicate I

t52.430.5 45'7 6i 91.4 tzr.9Deptþ
(cnr)

t5.2

Time
(h)

- 103 -78 -43.5 -36.4-0.46 -t34 -129 -1r8
-104 -'78 -46.s -37.4-0.09 - 15.5 -129 -120

-36.4z3 -L 6.82 -62.5 -106 -80. i -48.60.2
- 10.5 -45.2 -82.1 -49.6 -36.40.39 ¿4.3 8.86
-5.42 -22.8 -7 9.r -49.6 -36.405 23.2 8.86

-1 0.5 -63.8 -49.6 -37.40,87 2s.3 8.86 -3.38
2.44 -37.4I .61 26.3 '7.84 -3.3 8 -0.32 -14.8

-19.125.3 6.82 -4.4 -2.36 -12.8 -26.12.'1

-5.42 -3.3 8 -13.8 -26.1 -173.27 2s.3 6.82
-5.42 -12.8 -25.1 -1'73,78 25.3 5.8 -6.44
-6 44 -1 3.8 -3 5.3 -163.1 9 25.3 5.8 -8.48

-20 -165.'7 4 25.3 3.76 -8.48 -8 48 -2.56

-11.5 -10.s 1< -24.1 -159.3 8 26.3 2.'74

-9.5 -i 2.8 1a -16r 1.5 263 3.7 6 -i1.5

-t2.8 n1 -1 8.11'7.5 25.3 5.8 -i3.6 -9.5

-19.125.3 4;78 -8.48 -7.46 -2r.9 -30.220.5
-9.5 -9.5 -r2.8 -24.1 -1721.2 I 5.1 -0.32

Replicate 2

243.891.4 t21.9 152.4 t82.9 2r3.4Depth
(cm)

15.2 30.5 45.'7 61

Time
(h)

-50.'7 -3't.5 -42.7 - 10.3-t46 -132 -13 i -i 00 -84.3-0.41 -93
<< o -44.7 -34.6 - t.¿4-26.8 -13 3 -i40 -i 11 -87.3-0.02 -9.4

-49.8 -42.7 -9.28-63.6 -149 -1 13 -87.3 -s4.80.27 -2.26 1.'12

-42.',7 -9.28-151 -115 -87.3 -5 3.8 -48.80.44 -t 24 2.74 -22.8
-9 28-1 16 -8 8.3 -s3.8 -49.8 -42.',10.5 5 -0.22 2.74 -16.6 -135

-89 4 -54.8 <2 0 -43 .8 -9.28-1.24 |12 -11.5 -r4.6 -t 190.94
<?ô -44.8 -9.28t.'72 -10.5 -9. s -10.7 -25.1 -39.51.22 3.86
-61 -43.8 -9.28-10.5 -9.5 -10.7 -18 -29 32.'74 2.84 2.74

-9.280.5 -18 -¿o.¿ -s0.8 -42.73.32 6.92 4.78 -9.s -8.48
-¿o.¿ -41.6 -42.7 -8.264.'78 -10.5 -8.48 -9.'7 -18382 6.92
-¿ô.¿ -40.6 -42.7 -8.264.78 -i 0.5 -8.48 o'7 -16.94.23 6.92

-24.4 -6.22-i0.5 -8.6 8 -18 -26.2 -49.85.'77 6.92 58 -1i.5
-8 68 -16.9 -40.6 -24.4 -52942 6.92 6.82 -9,s -9.s

1aa -39.6 -24.4 -3. 166.82 -8.48 -'t.46 -'7.66 -181 1.6 59
-24.4 -3 16-6.44 -6.64 -18 ta 2 -39.614.2 8.96 7.84 -6.44

5r.2 -26 4 -5.2-5.42 -2.56 -r9 -29.311 .5 998 6.82

-5.2-2.56 -20 -29 3 -40 6 -25.420.5 i1 784 -4.4 -4.4
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Hydraulic Conducti vity
Combined tensiometric data and infiltration rates can be used to calculate

hydraulic conductivity for each layer during infiltration, provided flow through the

measured layer is at steady state.

Hydraulic conductivity (K) on Site E is measured by matching the i vs. t function

(Figure 8.2) to the time sequence of the measured gradients. K(sat/Q) are measured as

i/grad at times when gradients appear to be at steady state for each specified layer. Time

correspondence should not be a problem because i reaches steady state quickly.

K is a soil property and should be stable and consistent as long as the soil pore-

structure and the air and fluid composition within it remains constant. Infiltration,
however, is a liighly complex process and K(sat/r.l-r) can change through modifying

processes that include air entrapment ahead of or within the wetting front, purging of-

entrapped air, soil swelling, soil slaking or displacement during infiltration, particulate

clogging, microbiological processes during long-term infiltration'

Steady-state K values are on Table E.4. The measured K values rnay be saturated

(K.^,) if the layer is fully saturated, or unsaturated [K(tl.r)]. Fully saturated conditions

generally occur when a soil profile saturates from the bottom up. Unsaturated conditions

occur where an impeding layer causes perching of water and desaturation of the

underlying soil. The saturation state (s for saturated) and corresponding matric potential

(tÞ) for unsaturated values are included with mean K values, Standard error of the mean,

and coefficient of variation are also included.
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Table E.4. Vertical hydraulic conductivity (crn/h) during infiltlation (sorption), (s) indicates

saturation and (-!.r) is the corresponding matric potential expressed as cm of head.

Replicate 1

30.5-
45.'7

45 .'7 -
61

6I-
91.4

91.4-
12t.9

12r,9-
152.4

Depth
(cm)

0

3 0.5

Tirre
0r)
2.7 4.8 2.8

2.63.2',7 4.8
2.63.7 8 4.6

3.r9 4.6 2.5

5.8 J 5.45.74 4.3 2.6 4.7

3.2 4.8 6.69.3 8 4.r 2.4 5

5.84.2 2.3 5.4 4.2 3.61 1.5

2 6.3 4.2 3,5 5.3t'7.s 4.5
2.5 4.9 3.1 J.O 7320,5 4,3

4.2 3.4 621.2 3,7 2.9 4.6
3.6s
t-18)

6.0'7
(-21\

mean 4.39
(s)

2.52
(-e)

s.15
(-10)

4.12
(-12)

0.1 r 0.08 0.26 0.4 0.25 0.3 iSE
0.r2 0.24 0.17 0.13CV 0.08

Replicate 2

152.4-
182.9

t82.9-
2t3.4

2t3.4-
243.8

45.7-
6i

61-
91.4

91.4-
121.9

t21.9-
rs2.4

Depth
lcm) >

0-
15.2

ls.2-
30.5

3 0.5-
4s.7

Tiine
(h)

4.63.8 4.8 2.6 5.12.74
4.2 2.5 5.1 6.85.tz 4.8

2.4 5.5 4.63.82 4.8 4.2

5.5 4.54.23 4.7 4.t 2.4
29 125 3.6 3.t 1.r)s.7'1 4.7 4.4 2.2 5

10 134.7 4.8 3-t 3.5 3.29.42 47 4.6 2.2

9.3 154.6 3.5 3.6 J.J4.4 4.9 2.3 51 i.6
3.5 3.4 9,3 152.4 4.6 4.6 3.414.2 5.4 4.3
3.4 15')Á 4.6 5.i 31'7.5 5.8 3.8

3.4 9.2 I44.6 4.9 2.9 3.520.5 6.3 3.8 2.6
3.18
G27\

t3.4
G26\

I4
(-1 5)

4.97
t-8)

4.95
t-n

3.35
G12\

3.53
(-23.1)

mean 4.94
ls)

4.31
(s')

2.42
(-0)

0.520.04 0.i5 3.910.05 0.11 0.22 0.13SE 023 0.r2
0.1 1 0.66 0.090.07 0.14 0.1 0.03CV 0.1s 0.09 0.06
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Deep Subsoil Infiltration
After initial infiltration measurements and measurements of water content and

tensiometric data for the draining profile, Site E was excavated for sampling and

morplrological description (Schuh, Cline and Sweeney l99I). At the bottom of the

measured excavation, in the C horizon, infiltration was again measured using a double-

ring infiltrometer. Results are in Table E,5. Cumulative infiltration and infiltration rate

are shown on Figures 8.4 and E.5, with corresponding fitted functions using the method

of Philip (1957,1966).

Table E.5. Cumulative infiltration (I), and irrfiltration rate (i)
for the deep subsoil of Site E (Ulen Sandy Loam) measured

near Oakes, ND.

t.

(h) (cm/h)
0.5 I

(cm)
t¡

(h)
I

(cm/h)
tt

(h)
I

(cm)

0 0 0 0.486 41.6 0.47 86.7
0.518 44.4 0.502 85.90.009 0.61 0.005 64.6

86;70.014 0.915 0.0r2 61 0.55 47.2 0.534
87.8 0.582 49.9 0.s66 86.70.021 r.52 0,018

58.3 0.661 79.10.03 2.44 0.029 122 0.678
0.036 3,05 0.033 110 0:707 6t 0.692 95.9

0.804 69.3 0.756 85.20.039 3.36 0.037 99.8
890.041 3.66 0.04 110 0.873 75 0.856

110 0.97 83.3 0921 85.70.044 3.96 0.043
1.01 86.80.04'7 4.27 0.046 99.8 7.049 90.3

0.051 4.57 0.049 91.5 1.1 13 95.8 1.081 8'7.4

1.203 t04 1.158 92.30.054 4.88 0.052 9L.5
88.20.057 5.18 0.056 9r.5 1.266 110 r.234

0.061 5.49 0.059 91.5 1.3 113 t.283 91.2

1.422 t24 1.361 90.60.064 5.8 0,062 97.5
80.10.071 6.41 0.068 81.3 7.461 127 t.44r

99.8 7525 t32 1.493 81.30.074 6.71 0.073
1.59 138 r.557 84.50.078 7.01 0.076 84.5

1.607 810.082 7.32 0.08 84.5 1.624 t40
0.083 91 ,5 1.667 144 1.646 80.90.085 -7.62

t.692 t46 1.68 83.10.088 7.93 0.087 91 .5

82.40.094 8.31 0.091 62.4 1.726 749 t:709
12.9 0.12 9r.6 t.759 152 t.743 82.40.145

99.8 1.803 155 1.781 78.90.148 1.3 2 0.r47
73.30.1 55 13.9 0.i51 91 .5 1.832 157 1.8r7

15,1 0.162 81.3 1.866 160 t.849 81.70.t'7
t.9 163 1.883 810.7'77 15.7 0.r'74 78.4

0.185 16.3 0.181 84.5 1.968 168 1.934 81,4
91.5 2.021 173 1 994 84.80.186 16.4 0.185

79.60.262 22.3 0.224 '76.7 2.108 180 2.064
93,2 2.177 185 2.142 80.10.292 25 0.277

2.271 188 2.194 80.40.324 27.8 0.308 85.2

0341 83.8 2.228 189 2.22 8r.70.357 30.6
2.263 192 2.246 80.40.388 33.3 0.373 89.8

38.9 0.438 86.7 2.301 195 2.282 t3.30.454
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SITE F (Arveson Sandy Loam : Coarse-loamy, mixed, superactive, frigid Typic
Calciaquoll)

Site F was located in a depressional area of a non-irrigated wheat field down slope
from Sites D and E. The location and description are summarized on Table 1. In-situ
hydraulic measurements and site descriptions were made during late June and July, 1985.

Soil samples and soil profile descriptions were taken approximately four weeks after
completion of soil hydraulic measurements. Soil morphology, in situ and laboratory soil
moisture retention data, soil physical data, soil saturated paste extract water chemistry,
and in-situ and laboratory unsaturated hydraulic-conductivity data were reported by
Schuh, Cline and Sweeney (1991), pages 163-181. Soil hydraulic parameters for Brooks
and Corey (1964) and Van Genuchten (1980, 1934) functional formats are in the same

report in Appendices 1, 2 and3. Comparative analyses of unsaturated flow parameters
for these data in relation to soil textural data are discussed by Schuh and Cline (I99I).
Relationships between textural models and water-retention curves for these data are

discussed in Schuh, Cline and Sweeney (1989).

Unlike Sites A, B and C, surface infiltration on Site F (Sites D-K) was measured
within the area used for determining K(t|.r) during drainage; and was measured concurrent
with the initial sorption of the site, rather than after completion of field sampling. Also,
on Sites D-K, infiltration rates were measured in the deep soil, after excavation for
sampling and description of soil morphology.
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Infiltration, Matric Potential (tþ), and Volumetric Water Content (0) Data

Table F.1, Curnulative iufiltration (I), and infiltration rate (i)
for the soil suface Site F (Arveson sandy loarn) measured
uear Oakes, ND.

tt

(h)
q

(h)

0 0 (l 0 15

0.019 2( 2.139 15.8 2.012 5.44
0.108 2.53 25.2 2.5t9 3.8
0.15 1 0.r29 t4.4 2.846 18.4 2.683 3.74
0.21 3.9 12.9 19 2.944

4.51 0.244 19.6 3.t37 3.25
5.t2 6,15 3.799 21.5 3.515 J,ZZ
6.64 t2.6 3.9'.t2 2.63
t.z) 8.01
8.17 0.636 7.4'7 23.6 2,47

5.799
6.59 5.n5 2

9.85 8.891 32,9 2.2
1.15 t0.7 1.068 s.14 1.81

12 8.19 11.91 11.1.6 1,87
1.425 12.73 t.99
r.6 5.24 14.19 42.6 13.88 1'37

t4.2 1.672 4.79 M 1.81
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Table F.2. Soil water matric potential (in cm head units) during infiltration
(sorption).

Replicate I

Depth
(cm) >

15,2 30.5 45.7 6i 914 12L9 152.4

Time (h)

-0.49 -3t'7 -332 -262 -1 i6 -9s.4 -98.4 -83.7
0.i6 -102 -345 -282 -t26 -i 00 -t04 -1 05

0.46 -9.4 -1 86 -293 -129 -1 00 -i 13 -r04
0.63 -9.4 -9.4 -297 -r29 -100 -102 -102
0.94 -7.36 -8.3 8 -44.2 -127 -100 -t02 -98

t.26 -8.3 8 -6.34 -16.6 -56.4 - 100 -1 00 -9'7

1.s7 -7.36 -6.34 -t2.6 -20.7 -102 -i00 -95

1.8s -6.34 -6.34 -10.5 -'7.46 -i 00 -100 -93.9

2.1 -6.34 -6.34 -8.48 4.4 -99.5 -i00 -92.9
2.9 -3.28 -5.32 -7.46 -2.36 -42.3 -102 -90,9
4,36 -0.22 -3.28 -7.46 -3.3 8 -40.3 -35.2 -84.8

8.99 6.92 -0.22 -3.38 -5.42 -36.2 -31.I -37.8
i 0.7 5.9 1.82 -3.3 8 -'7.46 -36.2 -31.1 -3'7.8
12.1 6.92 1.82 -2.36 -8.48 -3 t.¿ -32.1 -39.9

t4.2 14.1 3.86 0.'7 -8.48 -36.2 -32.1 -39.9
15.4 14.1 4.88 0.'7 -9.s -37.2 -33.2 -39.9
18 2 8.96 t.8z -2.36 - 13.6 -J t.¿ -34.2 -3 6.8

Replicate 2

Depth
(cm) >

ls.2 30.5 45.7 61 9r.4 t21.9 1s2.4 r82.9 2t3.4 243.8

Time (h)

-0.43 -303 -313 -245 -t47 -1i5 -r02 -73.5 <a - -23.8 '7.24

0.12 -129 -33r -13 8 -1 55 -T2I -1 05 -7 6.6 -51.7 -23.8 7.24

0.34 -20.6 -337 -5 9.5 -1 59 -t23 -i 08 -76.6 -52.7 -23.8 7.24
0.6 i -7.36 -241 -35 -r59 - I Z3 -109 -76.6 <î ? -23.8 't.24

0.8 8 -5.32 -342 -3 1.9 -15'7 -122 - 108 -7 5.6 -52 7 -23.8 '7.24
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Table F.3. Soil volumetric water content (0) during infiltration (sorption)

15.2 3 0.5 45.7 61 9r.4 t21.9

13.7

15.4 J.32tl 0.329
J.3t72 ).2701 ).2802 ).3 556 ).2908 0.33I

75.2 30.5 45.7 61 tzr.9

Tirne fh)
-0.26 0.2064
t4 0.471

0.4755 0.3172
0.4t218.4*
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Hydraulic Conductivity

Cornbined tensiometric data and infiltration rates can be used to calculate

hydraulic conductivity for each layer during infiltration, provided flow through the

measured layer is at steady state.

Hydraulic conductivity (K) on Site F are measured by matching the i vs. t
function (Figure F.2) to the time sequence of the measurecl gradients. K(sat/r.l.r) are

measured as i/grad at times when gradients appear to be at steady state for each specified
layer. Time correspondence should not be a problem because i reaches steady state

quickly.

K is a soil property and should be stable and consistent as long as the soil pore-

structure and the air and fluid composition within it remains constant. Infiltration,
however, is a highly complex process and K(sat/r.þ) can change through modifying
processes that include air entrapment ahead of or within the wetting front, purging of
entrapped air, soil swelling, soil slaking or displacement during infiltration, particulate
clogging, microbiological processes during long-term infiltration.

Steady-state K values are on Table F.4. The measured K values may be saturated
(K,^,) if the layer is fully saturated, or unsaturated [K(Q)]. Fully saturated conditions
generally occur when a soil profile saturates from the bottom up. Unsaturated conditions
occur where an impeding layer causes perching of water and desaturation of the

underlying soil. The saturation state (s for saturated) and corresponding matric potential
(tþ) for unsaturated values are included with mean K values. Standard error of the mean,

and coefficient of variation are also included.
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Table F.4. Vertical hydraulic conductivity (crn/h) during infiltration (sorption).

(s) indicates satulatiol and (-qr) is the couesponding matric potential expressed

as cm ofhead.

Not Measured on Site F

0-

Time
2.9 2.08 3.02 3.01

1.98 2.24 3,91 t.29
2.14 1.43 1.74 1,04 1.09

t.54 1 r.7210.7 1.54
2.23 1,612.1 r.46 t.32
2.01 1.48t4.2 1.44 0.91

3.3t 1.05 1.32 1.01 0.882 1.9s

1.24 1.7 5 1.3I

0.1 16 0.08830.2

0.266 0.55 0.744 0.15
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Deep Subsoil Infiltration
After initial infiltration measurements and measurements of water content and

tensiometric data for the draining profile, Site E was excavated for sarnpling and
morphological description (Schuh, Cline and Sweeney 1991). At the bottom of the
measured excavation, in the C horizon, infiltration was again measured using a double-
ring infiltrometer. Results are in Table F,5. Cumulative infiltration and infiltration rate
are shown on Figures F.4 and F.5, with corresponding fitted functions using the method
of Philip (1957, 1966).

Table F.5. Cumulative infiltration (I), and infiltration rate (i)
for the deep subsoil Site F (Arveson sandy loam) measured
near Oakes, ND.

tr

(h)
I

(cm)
t¡

(h)
I

(cm/h)
tl

(h)
I

(cm)
tj

(h)
I

(cm/h)

0 0 0 0 2.01 69.2 1,972 35.9
0.009 0.865 0.004 97.3 2.086 72 2.048 36.5
0.046 3.63 0.028 74.4 2.t'75 74.8 2.13 3t.2
0.105 6.4 0.075 41.2 2,26 77.5 2.2r7 32.6
0.i8 9.17 0.142 36.8 2.422 83.1 2.341 34.2

0.258 11.9 0 2t9 35.6 2.53 86.5 2.476 31.9
0 351 14.7 0.304 29.8 259 88.6 2.56 34.8
0.43 1',7.5 0.39 35. 1 2.702 92.4 2.646 34
0.523 20.2 0.476 29.8 2.831 96.9 2;76'7 34.7
0.609 23 0.566 32 2.927 100 t 470 36.2
0.696 25.8 0.653 31.9 2.985 102 2.956 35,6
0.83 28,6 0;763 201 3.066 105 3.025 34.5

0.869 31.3 0.849 71.2 3.t57 108 3111 34
0.951 34.1 0.91 33.9 3.222 111 3.r9 1 l.'t

1.035 36.9 0.993 32.9 3.299 114 3.26 36.2
1.129 40 1.082 33.2 3,404 tt7 3.372 56.2
1.198 42.4 1.163 34,8 3.472 120 3.438 41

1.29 45.5 1.244 34.1 3.935 137 3.-703 37.4
1 366 47.9 1.328 31.8 4.468 155 4.20t 34.1
1.451 50.7 1.408 32.7 4.718 163 4.593 28.4
r,545 53.5 1 498 29.2 5.151 178 4935 34.7
1..646 56.9 1.596 34.2 5.718 t96 5.435 32.7
1.668 5'7.6 1.65"7 32.8 1.933 66.5 1.893 34.1
1.785 61.6 1.726 33.9 2.01 69.2 r972 35.9
L852 63:7 1.818 31 2.086 72 2.048 36.5
t.933 66.5 1.893 34.r
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SITE G (Heimdal Loam : Coarse-loamy, mixed, superactive, frigid Calcic Hapludoll)

Site G was located on an elevated knob in a non-irrigated cornfield, The location
and description are summarized on Table 1. In-situ hydraulic measurements and site

descriptions were made during late June and July, 1985. Soil samples and soil profile
descriptions were taken approximately four weeks after completion of soil hydraulic
measurements. Soil morphology, in-situ and laboratory soil moisture-retention data, soil

physical data, soil saturated paste extract water chemistry, and in-situ and laboratory

unsaturated hydraulic-conductivity data were reported by Schuh, Cline and Sweeney

(I99I), pages 182-201. Soil hydraulic parameters for Brooks and Corey (19Ø) and Van

Genuchten (1980, 1984) functional formats are in the same report in Appendices 1, 2 and

3. Comparative analyses of unsaturated flow parameters for these data in relation to soil

textural data are discussed by Schuh and Cline (1991). Relationships between textural
models and water retention curves for these data are discussed in Schuh, Cline and

Sweeney (1989).

Unlike Sites A, B and C, surface infiltration on Site G (and Sites D-K) was

measured within the area used for determining K(!r) during drainage; and was measured

concurrent with the initial sorption of the site, rather than after completion of field
sampling. Also, on Sites D-K, infiltration rates were measured in the deep soil, after

excavation for sampling and description of soil morphology.
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Infiltration, Matric Potential (Q), and Volumetric Wate¡ Content (0) Data

Table G,1. Cumulative infiltration (I). and infiltration rare (i) for
the surface of Site G (Heirndal loam) measured near Oakes, ND.

T
(h)

t I T
(h)

t I

0.187 45.3 1.106

).229 34 1.484 26.5
0.274 1 1.3
0.319 5.03 27.3 3.644

5.64 0,33 5;725 48.7
11.4 0.461 24.2 53.7
t4.2 57.7 2.t4

61.1 10.05
15.7 4.755 11.42 62.5 11.09 2.08

0.831 16.6 0,805 1'1.9 12.2
18.2 1.106 2.L7

t.37 45.3 t.29s
0,215 34 1.852 11.3

3.8 r JJ.J 4.83
L',t.3 48.7 5.58

5.64
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Figure G.1. Cumulative infiltration (I) and Philip (1957)
parametric function for soil surface on Site G.
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Figure G.2. Infiltration rate (i) and Philip (1957)
parametric function for soil surface on Site G.

0

-20 12 14

- - -l = g.47 t+ lo.o3 t1/2-z.o}t3tz

= 0.097t+'l8.5t1/2

= 43t- 8.14 t'/2-18,67ttt'+2.44t?

- - -i =9.47 + 5.01 t-r/z -3.11t'/'

-i:o.og7 

+9.?s r-1/2

--'-- i = 43-4.06 i'1/? - 28 iltz +4.88 iz

ifort>5h
Minimum 2.O8

Maximum 2.85

Points 5.00

?.39

Median 2.39

Std Deviation 0.305

Variance 0.0929
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Table G.2. Soil water rnatric potential (in crn head units) during infiltration (sorption)

Replicate 1 -

Depth
(cm) >

15.2 3 0.5 4s.7 61 9t.4 t22 r52 244 274

Time ûr)
-1.24 -330 -102 -371 -358 -34t -21'7 -295 -234 -205
0.99 -'7.36 6.92 -9.5 26.2 15.8 -300 -25.2 -t91 -t9.6

r.69 -4.3 1 i.0 6.82 38.4 35.2 -132 0.3 -20.5 -4.28
2.6r -0.22 i5.i 12.9 42.s 43,3 1 1.6 47.2 40.7 1.84
3.97 -r.24 14.1 14 42.5 45.4 46.3 69.7 72.3 -1.22

5.85 0.8 16 I 21.1 46.6 55.6 66.7 85 76.4 2.86
6.51 0.8 16.1 19. I 46.6 55.6 70.8 88 68.2 8.98
9.49 1.82 17. i 2t.1 46.6 5'.7.6 '7 1,8 86 64.2 11

I 1.3 r.82 1'7.1 20.1 46.6 57.6 7l.8 82.9 6 i.1 11

13.3 2.84 17 .l 22.1 47.6 59.7 7 4.9 96.2 62.t 15. I
17.8 2.84 16.1 23.t 46.6 5 8.6 74.9 83.9 64.2 16. r

t9.7 0.8 15.1 22.r 44.6 607 70.8 9'7.2 63. I 26.3

Replicate 2

Depth
(c-) t

15.2 3 0.5 45.7 61 91.4 122 152 244 274

Time (h)

-r.24 -290 -343 -341 -34t -306 -282 -274 -19't -t79

0.99 16.1 aÁ a 27.2 52.7 70.9 -317 78.8 66 63

1.69 17.1 262 3 0.3 5t.7 72.9 -I¿) 93,r 62.9 62

2.61 t9.2 28.2 3s.4 54.8 79 26.9 i11 97.6 56.9

4.02 20.2 25.2 36.4 54.8 80.1 63.6 131 129 132

5.9 23.2 28.2 415 52.7 84.1 83 142 ts6 158

7.51 23.2 25.2 40.s 56.8 84.1 89.1 143 158 i60

9.39 23,2 3s.4 42.5 s7.8 84.1 90.2 143 159 161

1i.3 21.2 24.2 42.5 55.8 81.1 90.2 141 1s8 160

13.3 23.2 27.2 466 57.8 83. I 90.2 143 1s9 162

i 7.8 21.2 25.2 46.6 s4.8 82.1 89. I 143 1s9 161

204 20.2 34.4 48.6 5 8.8 83. 1 92.2 t40 1s9 160
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Table G.3, Soil volurnetric water corìtent (0) during infiltration (sorption).

Replicate I

Replicate 2

Depth
(cm) >

ts.2 30.5 4s.7 6I 9t.4 t2r.9 t52.4 182.9 2t3.4 243.8

Tirne ûr)
-0.8 8 0.2490 0.2957 0.302 0.3142 0.2908 0.3113 0.3206 0.334s 0.3551 0.3724
t9.4 0.4973 0.4t52 0.4324 0.4'7 16 0.43 89 0.3 91 0.3 8 73 0.3842 0.3926 0.3 868

2r.7 0.5002 0.41.t9 0.4297 0.4643 0.429r 0.3 90s 0.3 863 0.382'.7 0.3822 0.3 873
22 0.4904 0.42 0.426s 0.4s87 0.4168 0.390s 0,3 817 0.3 848 0 3905 0.3926
22.7 0.4789 0.4088 0.4346 0.4699 0.4104 0.3827 0.3842 0.378 0.3 832 0.3894

Depth
lcm) >

t5.2 30.5 45.'t 61 9r.4 tzl.9 152.4 182.9 2r3.4 243.8 250

Time lh')
-o 73 0.2500 0.2923 0.2889 0.3345 0.29s2 0.3128 0.3182 0.351 0.3617 0.37 6

19.6 0.4927 0.4 i 84 0.4389 0.4598 0.4041 0.4131 0.37 6 0.3822 0.3842 0.3 899 0.3962

20.9 0.48s2 0.4rs7 0.4772 0.4548 0.4094 0.3 978 0.3724 0.3 75 5 0.3796 0.3837 0.3 899
21.1 0.48s2 0.4094 0.4367 0.4521 0.3 978 0.40s 1 0,37 t4 0.377 5 0.376s 0.3'739 0.3 9l
21.3 0.4967 0.412 0.4291 0,4526 0.3 983 0.4115 0.3't44 0.3806 0.3 837 0.3868 0.3 837
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Hydraulic Conductivity

Combined tensiometl'ic data and infiltration rates can be used to calculate

hydraulic conductivity for each layer during infiltration, provided flow through the

measured layer is at steady state.

Hydraulic conductivity (K) on Site G are measured by matching the i vs. t
function (Figure G.2) to tlie time sequence of the measured gradients. K(sat/r.1.r) are

measured as i/grad at times when gradients appear to be at steady state for each specified
layer. Time correspondence should not be a problem because i reaches steady state

quickty.

K is a soil property and should be stable and consistent as long as the soil pore-

structure and the air and fluid composition within it remains constant. Infiltration,
however, is a highly complex process and K(sat/Q) can change through modifying
processes that include air entrapment ahead of or within the wetting front, purging of
entrapped air, soil swelling, soil slaking or displacement during infiltration, particulate
clogging, microbiological processes during long-term infiltration.

Steady-state K values are on Table G.4. The measured K values may be saturated
(K,^,) if the layer is fully saturated, or unsaturated [K(tþ)]. Fully saturated conditions
generally occur when a soil profile saturates from the bottom up. Unsaturated conditions
occur where an impeding layer causos perching of water and desaturation of the

underlying soil. The saturation state (s for saturated) and corresponding matric potential
(tp) for unsaturated values are included with mean K values. Standard error of the mean,

and coefficient ofvariation are also included.
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Table G,4. Vertical hydraulic conductivity (cm/h) during infiltration (sorption).
(s) indicates saturation ard (-V) is the corresponding matric potential expressed

as cm ofhead.

Replicate I

Replicate 2

Depth
lcm) >

0- 1 5.2 t5.2-
3 0.5

30.5-
45.7

4s.7 -
9r.4

152.4-
244

244-
274

91 4-
122

t22-
1s2

Time (h)

2.6t 4.21 5.13 t5.2
3.97 3.27 4.74 T6

5.95.85 2.98 18.s

6.51 2.8 3 4.66 I 5.4 5.81 5.8 1 2.5 1.13

9.49 2.48 4.24 1 5.9 5.33 4.48 2.29 1.08

I 1.3 2.28 3.5 6 14.7 5.26 8.8 1 .91 t.04
1 3.3 2.23 39.2 3.96 10.3 4.91 1.88 0.8893.26

17.8 r.94 17 4.32 14 3.27 16.7 1.59 0.99

19.7 1.66 32.5 4.r2 1t¿t 0,824 3.26

mean 2.6s
(s)

296
(s)

4.51
(s)

15.7
(s)

4.23
(s)

7.8 i
(s)

2.24
(s)

1.03
(s)

SE 0.25 8 6.s7 0.231 0.982 0.769 2.4t 0.243 0.041

CV 0.291 0.3 85 0.1 54 0.18 8 0.44s 0.689 0.266 0.09

Depth
(cm) >

15.2-
30.5

30.5-
4s.7

45;7-
6t

61-
97.4

9r.4-
122-

t22-
244

244-
274

Tine ft')
4.02 7.02 l8 28.t

5.9 5.82 3 0.6 14.9

7 .51 3.98 34.5 4.16 7.94 3.74
9.39 i 5.5 5.88 23.2 3.88 /.1 J 3.3 5

I 1.3 3.54 22.3 l/ 4.07 6.4 3.07
1 3.3 3.57 10. i r 5.7 3.43 6.03 2.94
l't.8 2.62 4.94 22.7 298 5.i4 2.46

6.5220.4 t 0.6 3.06 4.72 2.23

mean 6.01
(s)

7.78*
ls)

11.9*
ls)

27.'7*
(s)

3.6
(s)

6.26
(s)

2.96
(s)

1.68 4.55 3.t4SE 3.04 0.27 0.479 0.228

CV 0.7 41 1.55 0.598 0.3 71 0.143 0.1 87 0.1 88
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Deep Subsoil Infiltration
After initial infiltration measurements and measurements of water content and

tensiometric data for the draining plofile, Site G was excavated for sampling and

morphological description (Schuh, Cline and Sweeney l99I). At the bottom of tl're

measured excavation, in the C horizon, infiltration was again measured using a double-

ring infiltrometer. Results are in Table G.5. Cumulative infiltration and infiltration rate

are shown on Figures G.4 and G.5, with corresponding fitted functions using the method

of Philip (7957, 1966).

Table G.5. Cumulative infiltration (I), and infiltration rate (i)
for deep subsoil of Site G (Heimdal loam) measured near Oakes, ND.

tr

(h)
I

(cm)
ti

(h)
I

(cm/h)
tr

(h)
I

(cm)
ti

(h)
I

(cm/h)

0 0 0 0 2.8t1 6.96 2.608 0.798
0.07 2.63 0.035 37.4 3.283 8.18 3.047 2.58
0.094 3.09 0.082 18.9 3;713 8.41 3.498 0.533
0.t37 3.39 0.116 '7.22 6.64',7 9.7 5.18 0A42
0.196 3.62 0 166 3.87 6.876 974 6;762 0.1 66

0.216 37 0.206 3;71 7.t48 9.82 '7.012 0.281
0.286 3.93 0.251 3.28 7.375 9.89 7.262 0.3 36
0.409 4.r9 0.3'72 3.56 7.607 9.93 '7.491 0.164
0.522 0.4664.5 2;7 10.41 10.7 9.009 0.265
0.856 5.1i 0:166 3.36 12.73 11.3 1t.5'7 0.263
1.103 5.47 0.98 1.24 74.47 11.8 13.6 0.275
1.366 5:72 1.235 1.16 16.29 12.1 15.38 0.188

1.639 6.02 t.502 r.l2 19.1 1 12.8 1'7.7 0.237
1.99 6.33 1.814 0.868 19.89 13 19.5 0.292
2.405 6.63 2.197 0.735
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Figure G.4. Cumulative infiltration (I) and Philip (1957)
parametric function for the deep subsoil on Site G.

40

?o

10

0

-10

5

30

E()

-5 n 5 10 1s

Time from lnitiation (hours)

20

Figure G.5. Infiltration rate (i) and Philip (1957)
parametric function for the deep subsoil on Site G

- - -l = -0.636 t+ 5.55 tt/z

= -1 .97 t + 7.28 l1/2 + O.?25 l3/2

t-t'

¿

ara

?.o8Minimum
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Std Error 0.1 36
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SITE H (Stirum Sandy Loam : Coarse-loamy, mixed, superactive, frigid Typic

Natraquoll)

Site H was located on a broad, nearly depressional area in a fallow field, The

location and description are summarized on Table 1. In situ hydraulic measurements and

site descriptions were made during late June and July, 1985, Soil samples and soil profile

descriptions were taken approximately four weeks after completion of soil hydraulic

measurements. Soil morphology, in-situ and laboratory soil moisture-retention data, soil

physical data, soil saturated-paste extract water chemistry, and in-situ and laboratory

unsaturated hydraulic-conductivity data were reported by Schuh, Cline and Sweeney

(1991), pages 202-225. Soil hydraulic parameters for Brooks and Corey (1964) and Van

Genuchten (1980, 1984) functional formats are in the same report in Appendices 1, 2 and

3. Comparative analyses of unsaturated flow parameters for these data in relation to soil

textural data are discussed by Schuh and Cline (1991), Relationships between textural

models and water-retention curves for these data are discussed in Schuh, Cline and

Sweeney (1989).

Infiltration on Site H (Sites D-K) was measured within the area used for
determining K(!i) during drainage; and was measured concurrent with the initial sorption

of the site, rather than after completion of field sampling. Also, on Sites D-K, infiltration

rates were measured in the deep soil, after excavation for sampling and description of soil

morphology.
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Infiltration, Matric Potential (tþ), and Volumetric Water Content (0) Data

Table H,1. Cumulative infiltration (I), and infiltration rate (i)
for the soil surface of Site H (Stirurn sandy loarn) measured

near Oakes, ND.

T
(h)

I
icm)

t

0 0 0 2.537 +.47
0.291 ¿,714 4.52

3.61 0.64 r.63 +.73 0.241
5.t 0.763 0.733 +.79 i.755

3.91 1.056 ).241 5.53 6584 0.14
3.97 6.03 14.47 0.202

1,581 4.07 1.483 14.78 6.4t 3.24 4.123
4.16 1.664 0.57 6,9r 0.142
4.26 0.464 7.54 0.141
4.35 34.54 11.1
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Figure H.1. Cumulative infiltration (I) and Philip (1957)
parametric function for soil surface on Site H.

2.5

1.5

-0.5

0-5

3

2

L
J
o

!

Eo
o5

0-5 5 10 15 20

Time from lnitiation (hours)

25 30

Figure H.2. Infiltration rate (i) and Philip (1957)
parametric function for soil surface on Site H.

- -'l =-1,47T +4.83T1/z +0,166t3t2, n=?O
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Table H.2. Soil water matric potential (in crn head ur-rits) during
infi ltration (sorption).

Replicate I

Depth
fcm) >

r5.2 30.5 45.7 61 762 9t.4 107 r52

Tirne fh)
-1.66 -224 -238 - 160 -13 1 -109 -90.3 5.9 (a

0.34 -8.3 8 1i -158 -130 -1 05 -89.3 0.8 -5.2

0.63 3 .86 25.3 -136 -13 i -106 -90.3 -t.24 -5.2
1.3 1 15. l 25,3 -62.5 -13 I -106 -91.3 1.82 -5.2
r.82 r7.1 26.3 -43.2 -130 - 10s -90.3 08 <a

2,21 1 8.1 27.3 -41.I -r28 -106 -90.3 -0.22 -5.2
3.62 t9.2 28.3 -42.1 -9.t 2 - 105 -89.3 1.82 <a

4.41 19.2 28.3 -44.2 -81.9 -i0 I -91.3 -0.22 (1

9.32 2r.2 25,3 -4t.1 -42.1 -38.2 -66.8 -6.34 -6.22
t2.9 21.2 22,2 -38.i -37 -25.9 -1t -t1,4 <l

r 8.3 23.2 22.2 -36 -35 -2t.8 - 15.8 8.96 <a

34.2 2t.2 20.2 -36 -35 -24 9 -15.8 20.2 -5.2
22.4 30,4 20.2 -37 -34 -21.8 -14.8 15.1 -3.16

50.2 30.4 t2 -36 -36 -2r.8 -i4.8 22.2 -5.2
7'1.3 2t.2 r.8z -37 34 -20.8 -1 4.8 20.2 -4.18
t25 2'7.3 -t.24 -36 -JJ -2s.9 -1 6.8 -16.s -4.1 8

126 27,3 -0.22 -36 -JJ -26.9 -i s.8 -17.6 -4.i8

Replicate 2

Depth
lcrn) >

15.2 3 0.5 45.7 6i '76.2 9t.4 107 r22 r52

Time (h)

-r.66 -339 -247 -t71 -13 6 -13 I -89.3 -6 8.6 -42.3 -9.28

0.3 9 -tr.4 -235 -168 - 133 -r29 -89.3 -64.5 -40.3 -8.26
0.6'7 9.98 4.88 -142 -134 -126 -89.3 -6 5.5 -40.3 -9.28
1 35 i 8.1 20.2 -38.1 -134 -t23 -89 3 -66.s -40.3 -1 i.3
i.84 22.2 20.2 -28.9 -13 1 -t22 -88.2 -66.s -39.3 -9.28
2.43 24.3 20.2 -27.9 -87 -126 -90.3 -62.4 -9.28-40.3

2.65 27.3 19.2 -27.9 -4t.r -r24 -8 8.2 -64.5 -39.3 -9.28
4.44 27.3 19.2 -26.8 -33 -1 i9 -8 8.2 -66.s -40,3 -11.3
9.37 28.3 18. i -15.6 -5,42 -4r.2 -64.s -40.3 -11.3

129 28.3 16.1 -11,5 -10.5 2< 1 -8.6 8 -45.t -40.3 -t i.3
18.3 28.3 t2 -12.6 -9.s -31 -4.6 -22.7 -40.3 -1 1.3

34.2 28.3 7.94 - 13.6 -),2.6 -33.i -5.62 -r9.6 -17.9 -8.26
46.4 29.4 7.94 -14.6 -12.6 -31 -5.62 -21.6 -35.2 -9.28
50.2 28.3 59 -t6.6 -i 0.5 -24.9 5.62 -19.6 -r7 9

71.4 25.3 3.86 -18.7 -10.5 -22.9 -6.64 -20.6 -17 9 -'7.24
r41 2'7.3 3.86 -16 6 -8.48 -7.56 -3.s 8 -19.6 -16.8 -'7,24

126 25.3 4.8 8 -11 .7 -9.s -8.5 8 -4.6 - 16.8 -5.2
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Table H.3. Soil volunetric water content (0) during infiltration (sorption).

Replicate 1

Replicate 2

3 0.5 45.'l 61 7 6.2 91.4 107 122 t3'7 ts2Depth
(cm) >

t5.2

Tirne lh)
0.289 0.232 0.224 0.299 0.1 84 0.t24 0.t2r 0.t62 0.29I 0,196
0.345 0.298 0.227 0.30t 0.t'tg 0.t25 0. 128 0.16 0.2930.87 0.392

0.1 86 o 194 0.30128.7 0.407 0.357 0.331 0.472 0.3 65 0.268 0.213
34.3 0.414 0.3s8 0.3 34 0.331 0.378 0.264 0.216 0.1 89 0,t97 0.311

0.335 0.3'72 0.26s 0.216 0.184 0.1 98 0.30477.4 0.416 0,3 63 0.344
0.197 0.32125 0.411 0.3 68 0.347 0.343 0.372 0.272 0.213 0.1 88

0.204 0.322r26* 0.423 0.378 0.347 0.342 0.3'Ì6 0,27 | 0.2t4 0.184

Depth
lcm) >

15.2 3 0.s 45.7 6l '76.2 91.4 107 t22 137 152

Time ft)
0.269 0.266 0.t64 0.1 33 0.r77 0.3 05-1.47 0.228 0.284 0.2t 0.238

0.3 161.03 0.40s 0.342 0.303 0.244 0.257 0.263 0.i6 0.134 0.17 5

0.432 0.3 5 0324 0.334 0.322 0.327 0.234 0.1 84 0.2 0.3 1528.9
0.34r 0.32'7 0.33'7 0.234 0.1 87 0.20t 0.3r734.4 0.428 0.347 0.33

0. 19 0.207 0.32177.5 0.429 0.3 6 0.338 0.34'7 0.3 33 0.3I 0.228
t25 0.43 5 0.3 63 0.339 0.341 0.335 0.323 0.232 0.192 0.2 0.327

0.361 0.342 0.34',7 0.334 0.335 0,237 0.195 0.208 0.325I26* 0.424
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Hydraulic Gradìent Measurements

During sorption of an unsaturated soil layer liydraulic gradients can temporarily
increase as moisture enters the upper boundary of tlie layer. They then decrease as the
wetting front passes the bottom of the layer, and approach a constant value when steady-

state conditions are approximated. For a homogeneous soil profile under unsaturated soil
moisture conditions and where flux is limited by an overlying impeding layer, hydraulic
gradients tend to approach a constant value near 1, and differences in flux are
accommodated by changes in K(tl.t) with variation of saturation state. Wrere impeding
boundaries occur steady-state gradients tend to be larger, while they tend to be somewhat
Iower just above the boundaries because of increased moisture near the lower boundaries.
During steady-state conditions caused by surface infiltration gradients tend to be lower in
deep soil profiles approaching the water table.

Low initial gradients near the surface appear to be caused by ponding over the Bt
horizon. The 15.2 to 30.4 cm layer tranverses the Bt upper boundary, which likely
impedes water movement at the upper boundary. Decreasing gradients within the 30.4 to
45.7 cm layer are also likely a response to the overlying impedance and wetting within
thelayer. Approximatesteadystateisreachedinthetoplayer after5 hoursand to76cm
after 20 hours (except for 15 to 30 cm which occur after 50 hours).
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Hydrauli c Conductivity

Combined tensiometric data and infiltration rates can be used to calculate
hydraulic conductivity for each layer during infiltration, provided flow through the
measured layer is at steady state.

Hydraulic conductivity (K) on Site H are measured by matching the i vs. t
function (Figure H.2) to the time sequence of the measured gradients. K(sat/r.p) are

measured as i/grad at times when gradients appear to be at steady state for each specified
layer. Time correspondence should not be a problem because i reaches steady state
quickly.

K is a soil property and should be stable and consistent as long as the soil pore-
structure and the air and fluid composition within it remains constant. Infiltration,
however, is a highly complex process and K(sat/r.p) can change through modifying
processes that include air entrapment ahead of or within the wetting front, purging of
entrapped air, soil swelling, soil slaking or displacement during infiltration, particulate
clogging, microbiological processes during long-term infiltration.

Steady-state K values are on Table H.4. The measured K values may be saturated
(K,"J if the layer is fully saturated, or unsaturated [K(tÞ)]. Fully saturated conditions
generally occur when a soil profile saturates from the bottom up. Unsaturated conditions
occur where an impeding layer causes perching of water and desaturation of the
underlying soil. The saturation state (s for saturated) and corresponding matric potential
(V) for unsaturated values are included with mean K values. Standard error of the mean,

and coefficient of variation are also included.
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Table H.4. Vertical hydraulic conductivity (cm/h) duling infiltlation
(sorption). (s) indicates saturation and (-!;) is the corresponding
matric potential expressed as cm of head.

Replicate 1

15,2-
3 0.5

30.5-
45.7

45.7 -

6l
6t-
I O.¿

76.2-
9r.4

r0'7-
t52

Depth
(cm) >

0-t5.2

Time fh)
9.32 t.t2

1.5612.9
0.157i 8.3 0.221 1.s7 0.341

34.2 2.4 0.249 0.692 0.s'79 0,148

0,289 1.18 0.43 0,1 6522.4
0.045 i 0.024 0.0996 1.51 0.1 85 0.0619s0.2

0.0451
ls)

0.024
r-36)

0.215
l-3 6)

|.24
G29\

0.3 84
(-1 9)

0.133
(s)

fnean 7.69
(s)

0.0408 0.201 0.0825 0.0239SE 0.37 5

CV 0.384 0.3 8 0.325 0.43 0.36

Replicate 2

30.5-
45.7

45.7 -
6l

61-
76.2

91.4-
107

1 07-
122

122-
r52

Depth
(cm) >

15.2-
30.5

Time ft)
0.259 0.08s 0.094 0.096 4.48i 8.3

0.249 0.099 0.12I 0.261 5.0434.2

0.064 0.069 0.07 5 0.20846.4 0.059 0 0s7 0.1 64

0.0947
t-1 3l

0.144
G26\

3.24
G20)

meal1 0.0s9
ls)

0.057
(-J )

0.224
(-13)

0.0827
(-22)

0.0is 0.05 8 8 1.530.03 01 0.0 i 02

0.233 0.213 0.2'75 0.707 0.8 15
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Table H.5. Curnulative infiltration (I), and infiltration rate (i)
for the deep subsoil of Site H (Stirurn Sandy Loam) rneasured near

Oakes, ND.

T
(h)

I
icm)

t
(h) (crn/h)

T
(h)

I
icm)

t

(h) (cm/h)

0 0 0 0 1.404 80.6 1.391 52.5

c.041 4.42 0.021 46.3 t.428 81.9 L416 58
0.05 80.4 r.453 83.3 t.441 56.6t.058 5.8

t.095 857 0.085 '71.2 1.503 86.1 r.491 54.8

1.1 l9 9.95 0.1 07 58 1.528 87.5 1.5 16 s6.6
1.185 14.1 0 164 65.6 1.57 5 90.3 1.563 56.6

J.211 15.5 0.198 51.9 1.602 91.6 1.589 50.9

).263 18.3 0 249 49.3 1.625 93 r.614 60,8
J.291 t9.6 0.2'77 49.8 1.776 99.9 1.701 46

1.3 l8 2I 0.305 50.9 1.819 103 L'797 63.9
0.385 48.4 t.914 108 1.891 59.70.4 25.2

).43t 26.6 0.416 43.7 r.96'7 111 1.941 51.9

J.477 29.3 0.454 61.2 2.0t6 114 1.992 56.6

32.1 0.519 48.9 2.204 t25 2.169 59.81.533

1.559 33.5 J.s46 53 2302 130 2.253 56.2

1.587 34.9 J.573 49.3 2.398 136 2.35 578
J.627 54.2 2.495 14t 2.447 5',70.64 3'7.6

i.668 39 J.654 48.4 2.597 r47 2.s46 54.6

1.691 40.4 J.6'79 62.3 2.69 153 2.643 59.s

2.787 r58 2.736 60.4).743 M.6 0.73 110

0.796 47.3 0.77 51..9 2.886 t64 2.833 53.2
r.809 s5.4 2.979 r69 2932 59.20.82t 48.7

0.928 54.3 )902 52.7 3.161 180 3.11.4 59

55.6 )942 48.9 3.25r 186 3.206 61.50.956

0.978 57 ).96'7 63.1 3.354 191 3.302 53;7

1,031 59.8 1.005 52.2 3.46 197 3.407 52.1
53.6 3.526 201 3.493 63.17.057 61.2 1.0M

r.082 62.6 1.07 54.8 3.879 222 3.702 5 8.9

1.133 65.3 t.12 53 3926 225 3.902 58.6
4.016 230 3.97r 61.31.163 66;7 1.t48 46.t

t.182 68. l 1.173 73.3 4.r11 236 4.063 58.6

r.209 69.5 1.196 51.9 4.205 241 4.158 58.6

1.245 s6.6 4.351 249 +.278 JI1.257 12.3
1.398r.282 736 L27 55.4 252 +.374 58.6

1.308 75 1.295 53 4.M 255 +.419 66.5

76.4 1.32 60.1 4.486 258 +.463 60.41.331

1.355 7'7.8 1.343 58.6
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- -'l = 4O.4 t + 1Ì.44tr/2+ 5.3'] t 3/2, n:90
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Figure H.4. Cumulative infiltration (Ð and Phitip (L957)
parametric function for the deep subsoil on Site H.
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SITE I (Eckman Silt Loam : Coarse-silty, mixed, superactive, frigid Calcic Hapludoll)

Site I was located in the non-irrigated corner of a center-pivot irrigated cornfield.

. The location and description are summarized on Table 1. In-situ hydraulic

measurements and site descriptions were made during late June and July, 1985. Soil

samples and soil profile descriptions were taken approximately four weeks after

completion of soil hydraulic measurements. Soil morphology, in situ and laboratory soil

moisture-retention data, soil physical data, soil saturated paste extract water chemistry,

and in-situ and laboratory unsaturated hydraulic-conductivity data were reported by

Schuh, Cline and Sweeney (1991), pages 226-246. Soil hydraulic parameters for Brooks

and Corey (1964) and Van Genuchten (1980, 1984) functional formats are in the same

report in Appendices 1, 2 and3. Comparative analyses of unsaturated flow parameters

for these data in relation to soil textural data are discussed by Schuh and Cline (1991).

Relationships between textural models and water retention curves for these data are

discussed in Schuh, Cline and Sweeney ( 1989).

Infiltration on Site I (Sites D-K) was measured within the area used for
determining K(qr) during drainage; and was measured concurrent with the initial sorption

of the site, rather than after completion of field sampling. Also, on Site I, as for all of
Sites D-K, infiltration rates were measured in the deep soil, after excavation for sampling

and description of soil morphology.
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Infiltration, Matric Potential ('p), and Volumetric'Water Content (0) Data

Table I.1. Cumulative infiltration (I), and infiltration rate (i)

for the soil surface of Site I (Eckman silt loam) measured near Oakes,

ND.

f,

(h)
I

(cm)
ti

(h)
t

.cmÀ)

tl
(h)

I

n 0 0 0 1.048 T.4I
).011 13.2 r.131 t.05 1.6

).033 ).027 28.2 1.203 1,06
1.23 ).041 r.41 5.35 1.342 1.13

r.54 ).059 15.5 r,553 5.5 1.481 1.07
1.84 ).085 9.31 1.821 3.09

).t24 6.91 ¿.059 t.976 0.91
)l\ ).t67 6.25 ¿.155 0.797

).246 2.91 ).217 6,4 1.359 0,703
1.336 3.37 ).29t 7.87 \.628
).M3 3.75 3.56
1.587 4.t3 1.515 2.63 7.45 0,34
).661 4.28 2.06 13.53 1i 10.85 0.264
).757 4.46 1.709 1.8 13. 1 t5.31 0.57'7

).833 4.59 ).795 t.74 26;7 t3.4 2r.9
)926 4.74 1.65 t3.4 \2.26
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TableI.2. Soil water matric potential (in crn head units) duling infiltration
(sorption).

Replicate I

Depth
(cm) >

15.2 3 0.5 45.'l 6t 76.2 9t.4 107 122 t52

Time fh)
-1.01 -26r -163 -13 I -104 -69.9 -53.3 -3 8.3 -1 1.3

-i 13 -101 -65.8 -42 a( - 10.30.37 -i 5.5 -t.24

0.69 3.86 2.84 -1 16 -99.3 -62.'1 -36.9 -19.9 -8.26

i.06 5.9 3.86 -91.1 -96.2 -61.1 -3 3.9 -1'7,9 -7.24
i.33 6.92 3.86 -48.3 -88 -60.7 -30.8 -16.8 -6.22

-58.7 -28.8 - 15.8 -6.221,7 6 6.92 3.86 -21.7 -öl_t
2.09 6.92 3.86 -r4.6 -49.3 -s6.6 -27.8 -14.8 -5.2

4.94 7.94 1.82 -8.48 -15.6 -34.2 -1 3.s |.52 19.3

8.07 11 -r.24 -s.42 -3.3 8 12.7 30.4 44.4 61. i
26 44.'7 s4.6 t5.J9.46 8.96 -2.26 -4.4 2.74

362 51.8 627 81.513.6 9.98 -2.26 -2.36 '1.84

t7.2 7.94 -3.28 2.74 '1.84 42.3 56.9 69.9 89.7

26.4 7.94 -2.26 4.78 1'7 41.3 55.9 69.9 90.7

3 8.5 -7.36 -8.3 8 J. /O 15 3 0.1 43.6 57.6 80s
59.7 80.539.3 -1s.5 -19.6 -5.42 5.8 31.1 44.7

Replicate 2

Depth
lcm) >

t5.2 30.5 45.7 61 '76.2 9r.4 t07 122 152

Time (h)

-0.93 -1 89 -16 i -r29 79.2 01 a -80.1 -64.5 -49.5 -22.5

04 0.8 -65.5 -128 -1 03 -85. I 7'7 -s9.4 -40.3 -r9.5
-17.40.73 3.86 -19.6 -r27 -l 01 -83 -'7 5 -s3.3 -36.2

1.09 2.84 -t2.5 -96.2 -9'7.Z -80 -72.9 -4'7.r -3i.1 -15.4

i.36 3.86 -tt.4 -63.6 -89, I -'14.9 -66.8 -45.1 -29.1 -t4.4
1.79 2.84 -11.4 -381 -5 8.5 -67.7 -5 8.7 -44.1 -29.1 -r3.4

2t3 2.84 -11.4 -28.9 -45.2 -5 8.6 -54.6 -43.1 -3 0.1 -r3.4
13.8 23.4499 4.8 8 -12.5 -2t.7 -i 0.5 -9.6 1.52 6.92

8.13 4.8 8 -9.4 -1J.O 7.84 14.9 29.t 365 4'1.4 62.1

9.51 2.84 -9.4 -9.5 12.9 I9 3 3.1 42.6 54.6 70.3
t3.6 5.9 -9.4 -7.46 I4 23 34.2 447 5 8.6 7 4.4

t7.2 8.96 -6.34 -0.32 18 2'7.1 40.3 51.8 63.7 82.s
26.4 5.9 -5.32 4.78 231 28.1 39.3 48.'l 61.7 84.6

8463 8.6 r.82 -6.34 -0.32 19.1 L>,L 39.3 49.8 o1./

39.3 -3.28 -8.3 8 3.'16 19.I 3t.2 4r.3 51.8 64.8 86.6
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Table L3. Soil volumetric water content (0) during infiltlation (solption).

Replicate I

Replicate 2

9t.4 106.7 121.9 r37.2 152.4Depth
lcm) >

t5.2 30.5 4s.'l 61 '76.2

Time (h)

0.3946 0.4367 0.457 6 0.4632 0.4'789 0.5002-0.9 0-2889 0.3177 0.3246 0.3926
0.4637 0.4863 0.47 55 0 4915 0.5 18314.6 0.3 868 0.4173 0.4189 0.43'13 0.4s54

0.4881 0.5r770.4173 0.4356 0.44'11 0.4521 0.466 0.483 5 0.493226.4 0.3 868
0.4152 0.446 0.4565 0.4ss9 0.4881 0.4738 0.4944 0.508338.4 0.3962 0.421

0.4909 0.4892 0.sr7239.2* 0.3 884 0.4184 0.4281 0.4433 0.4515 0.468 8 0.487s

r52.445.7 61 76.2 91.4 t06.7 12t.9 137 2Depth
(cm) >

r5.2 30.5

Time ft)
0.446 0.472'7 0.471 0.47 44 0.5201-0.76 0.3201 0.3315 0.33 5 s 0.3627 0.4157

0.4716 0.4823 0.483 5 0.4927 0.517714.8 0.3967 0.3 983 0.402 0.4211 0.4543

0.499 0.s 1830.3952 0.4147 0,4088 0.4297 0.4587 0.4858 0,4863 0.488126.5
0.4504 0.4222 0.4795 0.4863 0.492'7 0 53573 8.s 0.3973 0.4t2 0.4088 0.4259

0.4812 0.4904 0.491s 0.5025 0.5 1639.4* 0.3 85 8 0.414t 0.4088 0.4384 0.4532
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Hydraulic Gradient Measurements

During solption of an unsaturated soil layer hydraulic gradients can ternporarily
increase as moisture enters the upper boundary of tlie layer. They then decrease as the

wetting front passes the bottom of the layer, and approach a constant value when steady-

state conditions are approximated. For a homogeneous soil profile under unsaturated soil
moisture conditions and where flux is limited by an overlying impeding layer, hydraulic
gradients tend to approach a constant value near 1, and differences in flux are
accommodated by changes in K(rf) with variation of saturation state. Where impeding
boundaries occur steady-state gradients tend to be larger, while they tend to be somewhat
lower just above the boundaries because of increased moisture near the lower boundaries.
During steady-state conditions caused by surface infiltration gradients tend to be lower in
deep soil profiles approaching tlie water table.

Approximate steady state was reached to 15 cm after 2 h, 30 cm after 4 hours on

Replicate 2, and 7 hours on Replicate 1, to 91 cm after 12 hours on Replicate 1, 10 hours
to 76 cm and 20 hours to 91 cm on Replicate 2, and after 25 hours for depths greater than
91 cm. After 25 hours increasing gradients in the surface layer indicate clogging, likely
due to particulate movement. Increasing gradients in the 76 to 9I cm layer indicate
clogging, possibly involving particulate movement, but more likely involving swelling.
We note (Schuh, Cline and Sweeney, i991, Table I-1.3) that elevated SAR (> 8) values
begin at 61 cm, and increase with depth).
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Hydraulic Conducti vity
Combined tensiometric data and infiltration rates can be used to calculate

hydraulic conductivity for each layer during infiltration, provided flow through the

measured layer is at steady state.

Hydraulic conductivity (K) on Site I are measured by matching the i vs. t function
(Figure I.2) to the time sequence of the measured gradients. K(sat/p) are measured as

i/grad at times when gradients appear to be at steady state for each specified layer. Time
correspondence should not be a problem because i reaches steady state quickly.

K is a soil property and should be stable and consistent as long as the soil pore-

structure and the air and fluid composition within it remains constant. Infiltration,
however, is a highly complex process and K(sat/r.f) can change through modifying
processes that include air entrapment ahead of or within the wetting front, purging of
entrapped air, soil swelling, soil slaking or displacement during infiltration, particulate
clogging, rnicrobiological processes during long-term infiltration.

Steady-state K values are on Table I.4. The measured K values may be saturated

(K,,) if the layer is fully saturated, or unsaturated [K(tÞ)]. Fully saturated conditions

generally occur when a soil profile saturates from the bottom up. Unsaturated conditions
occur where an impeding layer causes perching of water and desaturation of the

underlying soil. The saturation state (s for saturated) and corresponding matric potential
(tþ) for unsaturated values are included with mean K values. Standard error of the mean,

and coefficient of variation are also included.
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TableI.4. Verticalhydraulic conductivity (cm/h) during infiltration (sorption).
Mean matric potential head (cm), corresponding to measured K for the depth
interval, is in parentheses. (s) indicates saturation and (-tf) is the corresponding

matric potential expressed as cm of head.

Replicate 1

Depth
(cm) >

0-15.2 t5.2-
30.5

30.5-
45.7

45.7-
61

61-
91.4

91 4-
t0'7

107-
r22

t22-
t52

Time (h)

0.37 1.39 61.4

0.69 1.8 2.37

1.06 1.5 i.68
1.33 1.36 1.36

1.76 1.11 1.11

2.09 0.9'78 0.979
0.503 0.4074.94
0.3'/2 0.1 938.07

9.46 0.272 0 167

13.6 0.1 87 0.104 0.1 86 0.57 279
0.122 0.0't94 0.229 0.208 -1 03 3.38 0.937 0.396172

L01 0.25826.4 0.0716 0.0486 0.15 I 0.41'7 0.404 L99
38.5 0.0306 0.0614 0.325 0.25 0.13 0.607 0.816 0.264

0.0517 0.9'7'7 0.25 0.391 0.608 4.98 0.20839.3 0.0245

1.94
(s)

0.282
(s)

mean * 0.374
(s)

0.339
(s)

0537
(s)

1.65
(s)

0.0402SE 0.154 0.068 0.622 0.663 1.02

0.92 0.M8 2.59 0.806 1.05 0.285CV

Replicate 2

107 -
122

r22-
r52

Depth
lcm) >

0-15 2 15.2-
3 0.5

30.5-
45.7

6i-
I O.Z 91.4

91.4-
t0'7

Time (h)

2.t3 0.788 0.598

4.99 0.423 0.264

8.13 0.25 8 0.1 78 0.271

9.51 0.197 0.16 0.287 0.479
0.0937 0.215 0.46713.6 0.1 48

0.342t't.2 0.t29 0 0686 0.228

0.551 0.32726.4 0.0639 0.046'7 0.242 0.12t 0.302 0.2r6

0.32'7
(s)

mean 0.249
(-8')

0.352
(-3)

0.302
(s)

0.2t6
(s)

0.5 51

(s)

SE 0.013 0.083

0.r2 0.472CV

* K estimates decreasing. Systematic ratlier tlian random error

renders mean values moaningless.
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Deep Subsoil Infiltration
After initial infiltration measurements and measurements of water content and

tensiometric data for the draining profile, Site I was excavated for sampling and

morphological description (Schuh, Cline and Sweeney 1991). At the bottom of the

measured excavation, in the C horizon, infiltration was again measured using a double-

ring infiltrometer. Results are in Table L5. Cumulative infiltration and infiltration rate

are shown on Figures I.4 and L5, with corresponding fitted functions using the method of
Philip (1957,1966).

Table I.5. Cumulative infiltration (I), and infiltration late (i)
for the deep subsoil of Site I (Eckman Loam) measured near Oakes, ND

tl
(h)

I
(cm)

t¡

(h) (cm/h)
tl

(h)
I

cm)
t¡

(h) cm/h)

t.00 0.00 0.00 0.00 i.92 1.54 5.48 0.345
1.22 r.99 0.286).607 1.0628 5.05 158
1.38 1.30 0 351 5.30 1.68 5.18 0.381

r74 1.058 1.56 0.210 5.64 r.77 ).41 0.286
¿.20 J.zTQ r.97 0334 5.97 1.89 5.80 0.343
L.44 J.286 2.32 0.319 7.30 2.00 7.r4 0.343
2.64 1.363 2.54 0.366 7.64 2.08 7.47 0.229
2.9'7 ).477 2.8t 0.350 16.8 +'71 t2.2 0.2'87

3.30 1.591 3.14 0.34',7 I'7.7 4.78 t7.0 0.253
3.63 1.706 3.47 0.343 r'7.5 4.90 17.3 0.2'76

3.97 1.8s8 3.80 0.458 20.5 5.72 i9.0 0.272

).9'73 4.74 20.9 5.82 10.7 0.258+.30 0.343
4.64 1.12 4.47 0.458 21.1 5.85 ¿ 1.0 0.241
5.03 1.24 4.84 0.286

1t4
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SITE J (Gardena Silt Loam : Coarse-silty, mixed, superactive, frigid Pachic Hapludoll)

Site J was located in a non-irrigated wheat field. The location and description are

summarized on Table 1. In-situ hydraulic measurements and site descriptions were made

during August through October, 1985. Because of slow infiltration rate several days

were required to fully wet the soil profile, Soil morphology, in-situ and laboratory soil

moisture retention data, soil physical data, soil saturated paste extract water chemisry,

and in-situ and laboratory unsaturated hydraulic-conductivity data were reported by Cline

and Sweeney (1991), pages 247-264. Soil hydraulic parameters for Brooks and Corey

(1964) and Van Genuchten (1980, 1984) functional formats are in the same report in
Appendices 7,2 and 3. Comparative analyses of unsaturated flow parameters for these

data in relation to soil textural data are discussed by Schuh and Cline (1991).

Relationships between textural models and water-retention curves for these data are

discussed in Schuh, Cline and Sweeney (1989).

Infiltration on Site J (as on all Sites D-K) was measured within the area used for
determining K(qr) during drainage; and was measured concurrent with the initial sorption

of the site, rather than after completion of field sampling. Also, on Site J, as for all of
Sites D-K, infiltration rates were measured in the deep soil, after excavation for sampling

and description of soil morphology.
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Infiltration, Matric Potential (tþ), and Volumetric Water Content (0) Data

Table J. L Cumulative infiltration (I), and infiltration
rate (i) for the surface of Site J (Gardena silt loarn)
measured near Oakes, ND.

Tl
(H)

I
(CM)

Tt

(u)
I

(crø/H)
Tt

(u)
I

(ctuI)

Tr

(¡r)
I

(cv/H)

0 0 0 0 ).98'7 17.8 0962 6.13
0.012 1.72 1.006 62.r r.04 i 8.1 1.013 5.75
0.018 2.33 ).017 84,5 1.096 18.4 1.068 s.46
J.022 2.63 0.02 84.5 1.2'74 19.3 L2t3 5.07
J.026 2.94 ).024 84.5 1.335 19.7 1.304 Ào1

J 029 3.24 0.027 84.5 1.465 20.3 1.432 5,17
1.033 3.55 0.031 't8.4 1.515 20.6 r.49 5.34
0.037 3.85 0.035 '78.4 7.6t2 2T l 564 3.93
0.041 4.16 0.039 73.2 1.681 21.3 1,646 5.02
0.045 4.46 0,043 '73.2 L753 21.5 1.717 )6)
0.055 5.0'7 0.053 57.8 r.842 21.8 1.798 -J.+-1

0.061 538 1.058 57.8 1..932 22.1 1.887 3.38
0.067 5.68 1.064 4'7.7 ¿.169 23.4 ¿.051 5.48
0.081 6.29 J.077 37.9 L.336 23.9 L.253 2.97
0.089 6.6 1.085 39.2 L.429 24.2 ¿.383 3.28
0.1 09 '7.21 1.103 28.2 ¿.532 24.5 2.481 3. 15

0.r21 7.51 1.1 15 24.4 2:/48 25.1 2.64 2;73
0.t49 8.12 ).741 21.1 2.97 25.7 2.859 2.75
).18 1 8.79 l.165 20.7 3.082 26 3.026 2.73
J.t94 9.4 0.19 42.2 3.324 26;7 3.203 2.6'l
).215 10 0.204 28.2 3.543 27.2 3.434 2.61
J.244 10.6 0.236 1.9.3 +323 29.1 3.933 2.35
0,261 10.9 0.252 18 +.628 30.1 4.475 3.51
0.297 11.5 0.279 16.5 5.569 32.t 5.098 2.11
0.34 t2.1 0.329 13.6 5.126 J J.¿ 5.848 1.92
0.369 t2.5 4354 13 .5 5,998 34.6 5.562 1.59
0.4t4 13.1 0.4 1 1.3 7.3t4 35.3 7.156 2.2
0.441 13.4 J.427 11.3 8.001 36.6 7.657 201
0.472 L3;7 J.456 9.89 3.679 37.6 8.34 1,43
0.54r 14.3 J.524 8.85 10.01 40.1 ).346 1,87
0.575 14.6 1.5 58 9.07 t4.61 46 12.31 1.28
0.69 15.1 0.67 t2.L ¿0.02 5r.9 r7 32 1.09
J.713 16 ).702 13.2 27.77 61.6 236 1.36
1.839 16.9 );794 6.8 28.r4 63 27.66 1.43

1.887 t7.2 0.863 6.27 31.52 67.t 29.83 1.23
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Figure J.2. Infiltration rate (i) and Philip (1957)
parametric function for soil surface on Site J.
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Figure J,1. Cumulative infiltration (I) and Philip (1957)
parametric function for soil surface on Site J.
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= -7.13 t + 23.675 Tltz + 1 .424 t3/? - o.og4 t?
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Table L2. Soil tvater matric potential (in crn head units) duling infiltration
(sorption).

Replicate I

Replicate 2

Depth
fcm) >

t5.2 305 45.7 6i 76.2 9r.4 t0'7 t22 13'l 152

Tine (h)

-0.08 -s29 -398 -r52 -365 -273 -132 -47.4 -2r4 -i 91

0.i9 -1.36 -1 16 -37 6 -63.6 -408 -250 -201 -43.4 -39.6 9.08

0.31 8.96 -34.9 -182 -12'7 -422 -247 -226 -40.3 63.4 -8.26
0.71 20.2 -16.5 -r9.7 -2t5 -445 -249 -256 -40.3 20.6 -23.6
r.36 '7.94 -15.5 -6.44 -5 1.3 -542 -173 -12.5 -35,2 22.6 -14.4

1.55 t9.2 -r0.4 -6.44 -t2.6 -33.t -6'7.8 -2.26 -32.r 21.6 -5.Z
2.11 17.1 -t2.5 -5.42 - 10.5 -96 -7.66 5.9 -18 9 21.6 18 3

2.59 19.z -13.5 -6.44 -10.5 -96 -4.6 9.98 -8.6 8 22.6 25.4

3.r2 t'7.t - 13.5 -6.44 -1 0.5 -9.6 -2 56 t4.1 |.52 24.7 25.4
3.59 19.2 - 13.5 -6.44 -i 0.5 -9.6 -4.6 9.98 -8.68 22.6 25.4
5.57 17 .t -t2.5 -5.42 -9.5 0.6 7.64 232 25 3 0.8 3 1.5

8.'72 19.2 -8.3 8 0.'1 10.9 17.9 19.9 34.5 19.9 '1 .34 r70
20.1 19.2 -2.26 10.9 20.1 23 19.9 33.4 35.2 33.9 1 8.3

2'7.4 2t.2 1.82 15 22.1 23 19.9 29.4 3 3.1 349 16.2
3t.9 2t.2 1.82 15 2t.l 22 18.9 28.3 32.r 33.9 16.2
42.8 r7t 2.84 15 24.2 22 i 7.8 29.4 30.1 29.8 t32
43.1 15.1 0.8 14 19.1 22 i 8.9 30.4 33.1 27.7 12.1

Depth
(cm) >

15.2 3 0.5 45.'1 61 76.2 9t.4 r0'7 122 t3'/ 152

Time (h)

1.3 6 16 1 4.8 8 12.9 -8.48 -'7',7 9 -1 6.8 26.3 -119 -1 10 -163

1.55 i6.i 3.86 i 0.9 -1,46 -46 3 -6.64 24.3 -88.2 - 108 - 160
2.14 l 6.1 3.86 988 -7.46 -t5.7 1.52 24.3 -35.2 '7.34 -148
2.59 I6.T 3.86 10.9 -7.46 -4.5 4.5 8 ¿ t.3 -tr.'7 -62 -1 10

3.t2 15.1 3.86 9.88 -8.48 0.6 8,66 40.6 '7.64 -3.88 -8.26
3.s9 16. I 3.86 9.88 -6.44 12.8 21.9 39.6 24 14.5 0.92

8.89 17 .1 6.92 12.9 -2.36 20 a< 48,7 13.5 3.9 8

t4.6 19.2 8.96 t'l 5.8 29.2 30.1 53.8 16.8 I 5.5 5

20.1 21.2 T7.T i9.1 10.9 32.2 33.1 s4.9 1 5.8 10.4 3.98

2'7.3 24.3 25.3 27,2 18 373 35.2 ss.9 I 1.7 t2.4 5

3L 22.2 20.2 25.2 20.1 J t.3 3s.2 60 '7.64 12.4 3.98

42.9 15. I 9.98 20.1 2tl 2'7.1 32.1 s0.8 4.5 8 8.3 6 2.96
431' 15. I 12 21.1 23.r 3t.2 33.1 51.8 8.66 I 3.5 6.02
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Table J.3. Soil volurnetric water content (0) during infiltration (sorption)

Replicate I

Replicate 2

\52.4'76.2 9r.4 t06;7 12t.9 137.215.2 30.5 45;7 6IDepth
(cm) >

Time (h)
0.470.394 0.394 0.33 0.368 0.4360.443 0.393 0.375 03620.86

0.4860.444 043 0.406 0.431 0.3070.433 0.4 0.362 0.3652.32

0.587 0.64 0.6480 493 0.48 0.s98 0 561 0.5363.8'7 0.582 0.534
0.4'780.366 0.434 0.418 0.404 0.439 0.4595.89 0.435 0.394 0.376

0.404 0.436 0.462 0.4690 396 0.366 0.361 0.44 0 4218,22 0.423
0.443 0.466 0.4730.38 0.366 0.455 0.433 0.4t14.9 0.441 0.402
0.455 0.47 0.4830.384 0.3'76 0.459 0.437 0.42420.4 0.45 0.407

0.4930.46s 0 437 0.418 0.45 0.4720.452 0.413 0.39 0.3'132'7.5
0.418 0.454 0.4'75 0.4'790.447 0.4r4 0.383 0.384 0,458 0.43432.1

0.463 0.4'76 0.4820.427 0.392 0.395 0.463 0.453 0.43343 0.462

t3'7.2 t52,461 76.2 91.4 106.7 12t.9Depth
(cm) >

15.2 30.5 45;7

Time
0.405 0.453 0.4'l0.372 0.372 0.424 0.407 0.40.99 oM3 0.396
0.43 0.458 0.4930.3'79 0.3 83 0.427 0.42r 0.4292,M 0.432 0.394

0.574 0.568 0.566 0.622 0.6360.578 0.512 0.488 0.501 0 5'753.8'7
0.424 0.469 0.4710.374 0.379 0.433 0.42 0.4226.01 o.M7 0.391

0.46 0.4680.378 0.428 0.414 0.425 0.4228.54 0.429 0.386 0.37'7

12r



Hydraulic Gradient Measurements

During sorption of an unsaturated soil layer hydraulic gradients can temporarily
increase as moisture enters the upper boundary of tlie layer. Tliey then decrease as the

wetting front passes the bottom of tlie layer, and approach a constant value when steady-

state conditions are approximated. For a homogeneous soil profile under unsaturated soil

moisture conditions and where flux is limited by an overlying impeding layer, hydraulic
gradients tend to approacli a constant value near I, and differences in flux are

accommodated by changes in K(tþ) with variation of saturation state. 'Where impeding

boundaries occur steady-state gradients tend to be larger, while they tend to be somewhat

lower just above the boundaries because of increased moisture near the lower boundaries.

During steady-state conditions caused by surface infiltration gradients tend to be lower in
deep soil profiles approaching the water table.

The rising gradient in the 0 to 15 cm layer indicates surface seal formation,

resulting in an actual K change over time. The relatively large gradient at 15 to 30 cm

indicates an impeding layer, possibly a plow pan. Decreasing gradient in that layer is
caused by gradual wetting below the impeding layer. The small gradient at 91 to 106 cm

with the large gradient in the 106 to 122 cm layer is likely caused by ponding above a

transition to a finer texture layer as indicated by a higher sand-to-silt ratio (Schuh, Cline

and Sweeney 1991, Tables J-1.2 and J-2.2). Below the textural change gradients

approach 1. Mostlayers below 30 cm approach steady state after about 10 hours.
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Hydraulic Conductivity

Cornbined tensiometric data and infiltration rates can be used to calculate

hydraulic conductivity for each layer during infiltration, provided flow through the

measured layer is at steady state.

Hydraulic conductivity (K) on Site J ale measured by matching the i vs. t function
(Figure J.2) to the time sequence of the measured gradients. K(sat/r.p) are measured as

ilgrad attimes when gradients appearto be at steady statefor each specified layer. Time
correspondence should not be a problem because i reaches steady state quickly.

K is a soil property and sliould be stable and consistent as long as the soil pore-
structure and the air and fluid composition within it remains constant. Infiltration,
however, is a highly complex process and K(sat/r.þ) can change through modifying
processes that include air entrapment ahead of or within the wetting front, purging of
entrapped air, soil swelling, soil slaking or displacement during infiltration, particulate
clogging, microbiological processes during long-term infiltration.

Steady-state K values are on Table J.4, The measured K values may be saturated
(K,^,) if the layer is fully saturated, or unsaturated [K(Q)]. Fully saturated conditions
generally occur when a soil profile saturates from the bottom up. Unsaturated conditions
occur where an impeding layer causes perching of water and desaturation of the

underlying soil. The saturation state (s for saturated) and corresponding matric potential
(tþ) for unsaturated values are included with mean K values. Standard error of the mean,

and coefficient ofvariation are also included.
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Table J.4. Vertical hydraulic conductivity (crn/h) during infiltration (sorption). Mean matric
potential head (cm), corresponding to measured K for the depth interval, is in parentheses. (s)

iridicates saturation atd (-'rÞ) is the corresponding matric potertial expressed as cm of head.

Replicate I
61-

91.4
91.4-
107

107 -
t22

r22-
t37

t37 -
152

Depth
(crn) >

0-15.2 15.2-
3 0.5

30.5-
45.7

45.'7 -
61

Tirne (h)

5.26 9.271.36
1.55 4.7 5

2.tt 3.72 298
2.59 3.17

34.93.r2 2.7 6

3.59 2.49
5.s'7 1.88 7.8 i
8.'72 L54 4.92

9.68 3.28 1.61 r.08 T2 r.4'720.1 t-J t22 0.s 39
0.95 3 306 1.532'7.4 1.15 0.8t7 0.506 8.57 2.17 1.22

13631.9 1.02 0 599 0.449 761 1.71 1.09 0.846 2.7 1

0.59 5 0 221 0.307 2.9 5 1.5 0.s2I 0.467 2.46 0.62442.8
0.3 4.34 0.876 0.723 0.482 2.4l 0.71243.l 0.582 0.205

4.53
ls)

t.14
(s)

lnean 1.33
(s)

0.42
(s)

6.63
(s)

1.9i
(s)

1.03
(s)

0.17
(s)

i.87 0 195SE 0.735 0.0498 128 0.401 0.19 r 0.r25

CV 0.5 53 0 265 0.432 0.411 0.4r3 0.364 0.924 0.382

cate2
t22-
131

137 -

r52
Depth
(cm) >

0- 15.2 15.2-
30.5

30.5-
45;7

45'7-
61

61-
76.2

76.2-
9r.4

9r.4-
101

10'7 -

122

Time (h)

r'741.36 5.26

1.55 4;75 111

2.r4 3.68 45.r
2.59 3.11 28.6

3.12 2;76 12.9

3.59 aÁ0 14.1

8.89 1.53 3.34
2.93 0.792 1,4'7 0.401 12714.6 1.38 1.96 0.824

0.845 1.38 0.364 0 95820.1 1.3 1.4 1.02 1.49
1. 15 0.964 1.24 L32 0.72 L0l 0.296 1.2127.3

0 898 L52 0.763 0.893 0.229 t .491L 1.02 0.6r9
0.443 r.76 0.634 0.919 0.881 0.146 0,78742.9 0.591 0.209

0.151 0.8s43.t 0.581 0.205 0,484 1.44 0.672 1.24 0.667
0.26
(s)

082
(s)

mean 089
(s)

0.82
(s)

1.7
(s)

0;74
(s)

11
(s)

1.1
(s)

0.284 0.13 0.24 0.032 0.13 013 0.044 0.13SE

0.3 18 0.38 0.34 0.11 0.17 0.3 0.41 0.38CV

r25



Deep Subsoil Infiltration
After initial infiltration measurefirents and lneasurements of water content and

tensiometric data for the draining profile, Site H was excavated for sampling and

morphological description (Schuh, Cline and Sweeney 1991). At the bottom of the

measured excavation, in the C horizon, infiltration was again measured using a double-

ring infiltrometer. Results are in Table J.5. Cumulative infiltration and infiltration rate

are shown on Figures J.4 and J.5, with corresponding fitted functions using the method of
Philip (1957, 1966).

Table J.5. Cumulative infiltration (I), and infiltration rate (i)
for the deep subsoil of Site J (Gardena silt loam) measured near Oakes, ND

t,

(h)
I

(cm)
ti

(h) (cm/h)
tl

(h)
I

(cm)
ti

(h)
I

(cm/h)

5.494 3.140 0 0 0 i.825 18.8

0342 1.815 ).171 3.03 5,019 19.5 5.922 3.57
0.63 1.51 1.486 2.41 14.35 43.4 10.19 2.87
1.041 2.89 1.836 -1..1 I 15.t'7 45.8 14.76 2.95

1.742 5,14 1'392 3.2 T6.21 48.6 15.69 2.67
51.7 16.78 2;72.109 6.35 1,926 J.) L I'7.36

2.985 9.12 2.547 3.16 18.03 53.8 1'7 7 3.09
3.267 9.81 3.t26 2.45 20.25 56.5 19.77 2.88
3.847 I 1.9 3 557 3.58 21.09 s9.3 20.67 3.28

4.255 t4 4.051 5.1 21.8 61.4 21145 a6Á

22.1 3.495.033 16.2 4.6M 2.88 22.39 63.5

5.163 16.7 5.098 4.03 23.12 65.9 22;76 3.32
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SITE K (Exline loam : fine, smectitic, frigid Leptic Natrudoll)

Site K was located in a nearly level, low hayfield near a sunflower field. The condition

of the sunflowers, for which the soil was unsuited because of high sodium, was poor. The

location and description are summarized on Table 1. In-situ hydraulic measurements and

site descriptions were made during August through October, 1985. Because of slow

infiltration rate several days were required to fully wet the soil profile. Soil morphology,

in-situ and laboratory soil-moisture retention data, soil physical data, soil saturated paste

extract water chemistry, and in-situ and laboratory unsaturated hydraulic-conductivity data

were reported by Schuh, Cline and Sweeney (1991), pages 265-300. Soil hydraulic

parameters for Brooks and Corey (1964) and Van Genuchten (1980, 1984) functional

formats are in the same report in Appendices 1, 2 and 3. Comparative analyses of
unsaturated flow parameters for these data in relation to soil textural data are discussed by

Schuh and Cline (1991). Relationships between textural models and water-retention curves

for these data are discussed in Schuh, Cline and Sweeney (1989).

Infiltration on Site K (as on all Sites D-K) was measured within the area used for
determining K(U) during drainage; and was measured concurrent with the initial sorption

of the site, rather than after completion of field sampling. Also, on Site K, as for all of
Sites D-K, infiltration rates were measured in the deep soil, after excavation for sampling

and description of soil morphology.
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Infiltration, Matric Potential (tl,r), and Volumetric'Water Content (0) Data

Table K.l, Cumulative infiltration (I), and infiltration rate (i)
for the soil surface of Site K (Exline loam) measured near Oakes, ND.

T
(h)

t T
(h)

I t I

0 0 0.302 6.42 0.26r
0.354 5.1t.t4 103

1.75 0.014 122 6.71 r.79
0.021 2.36 116 r,025 6.79 0.1s6
0.028 2.97 0.025 1.414 6,94

3.58 70.8 1.619 0.186
49.9 3.2 7.05

4.5 5.05

0,081 4.8 18 17.2 12.05

5.11 TL.6 131.6
0.13 6.6r 161.8

5.72 0.187 4.5 7.19
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Table K.2. Soil water matric potential (in crn head units) duling infiltration
(sorption).

Replicate I

u44Depth
(cm) >

t5.2 305 /l< 1 61 9l.4 122 152 183 213

Time (h)

-0.139 -483 11Cr -415 6'7.4-264 -430 64.8 -265 - lL3 684
0.494 -45.1 ,242 -425 -429 63.'7 -260 -11'7 603 63.3

0.844 aÁ1 -19'7 -t62 -3 83 -363 -439 -M.6 71 .5 807
r.69 -33.9 1<< -482 -287 -418 80.1 -¿3 5 -93.5 65.4 654
3.34 -26.7 -z'74 -496 -313 -4r4 648 -203 -82.3 64.4 65.4

7.01 -42 -284 515 -347 -4t3 5'7.6 -r63 -64 6t.3 65.4

17.3 -50.2 -22t -51 1 -363 -Jõð 73.9 -124 -25.2 633 66.4
126 -58.4 -85.9 -235 -381 -302 62;7 01 0 -4.8 61.3 62.3

138 -60.4 100 -231 -394 -328 66.8 -97 -15 58.2 60.3
t62 -59.8 -95.r - 183 -360 -346 39.3 -88.8 -1 1.9 62.3 64.4
263 -57.3 -71.6 - 103 -137 -285 130 -66.4 2.34 67.4 o-t.-1

283 -59.4 -83.9 -1 13 - 130 -298 r32 -72.5 -6.84 66.4 63.3

342 -64.5 1< 1 -8'7 -89.1 -243 124 1Õa -8.88 65.4 61.3

477 -68.6 -94.1 -99.3 -85 -103 t26 -81:l -13 64.4 57.2
964 -64.5 -101 -106 -86 -42.8 -'7;75 -20.1 57,'7 54.2

53. 11027 -614 -76;7 -'76.8 -59.5 -2r 9 7.04 -8 88 5'7.9

t152 -48.2 -64.6 -46.2 -6.64 1r+ o 58.2

Replicate 2

Depth
(cm) >

15.2 3 0.5 45;7 61 9r.4 122 t52 183 213 244

Time (h)

-0.1 3 9 -267 -236 -1.51 -161 351 92.3 -45'7 -43.6 72.5 82'7
0 494 131 -236 -r82 -16 I 7t I -360 -450 -45 6 63.3 '75.6

0.844 -31 8 -245 -478 -2'78 ,423 72.9 -245 -t01 66.4 66.4
-425 -4r.5 72.5 82.71.69 -55.3 -271 -226 -185 -402 -369

3.34 -50.2 -313 -2'r3 141 -434 2?O -401 -40.5 73.5 79.7
'7.01 -47.I -3'73 -341 -285 -481 -377 -366 -30.3 73.5 133

17.3 -45.1 -406 -400 -34'7 -512 -353 -2'70 0.3 80.7 82'7
126 -52.2 - 101

.r1 c) -542 -503 128 - 100 5.4 67.4 68.4

138 -r52 -r04 -2s0 -354 -s2t 123 -120 2.34 '70 5 '70.5

162 -50.2 oa1 1?ô -1 91 -506 81 1 -1 18 132 61.4 68.4
263 -18.2 '72;7 -'76.8 111 -438 128 -80.7 10.5 695 69.5

283 -47.1 -79.8 -80.9 -203 -441 100 020 3.36 69.5 684
342 -51.2 76.7 -68.7 -89 1 -3'79 r32 -69.5 ^¿-.54 654 664
4'77 -49.2 58.4 503 -60.5 -364 r32 -54.2 14.6 '7 L5 68.4

964 -60.4 -84.9 -75.8 -819 -1'73 95 -6.84 603 58.2
t0z'7 -28.3 -83.9 -'71.2 -66.6 -28,6 -85 8 -8.88 58.7 593
1r52 -57.3 -77.8 -641 -60 -20.4 -.50.1 1a< 59.8 603
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Table K.3. Soil volumetric water content (0) during infiltration (sorption)

cate 1

cateZ

91.4 I2t.9 r52.4 182.9 2t3.4 243.8Depth
fcm) >

15.2 305 45.7 6l

0.352r 0.351 0.4r47 0.44',7 t 0.s 136Time (h) 0.4t95 0.3 848
0.3999 0 4356 0.49'791.13 0.4t2 0.3853 0.3531 0.347
0.4r36 0.4356 0.51242.03 0.4222 0.3 90s 0.3526 0.342

0 50250.4189 0.3 873 0.3 5 0.347 0.4088 0.4347,21 0.4036
0.502s0.3 7 03 0.3622 0.37 65 0.4046 0.3495 0.43 89 0.4858t'7.3 0.4362 0.3941

0.4179 0.41s't 0,4493 0.496r 0.50250.433s 0.396',1 0.37 44 0.3678 0.3926282
0.4841 0.49960.3946 0.37s 0.3673 0.3946 0.412 0.4099 0.4373283 0.4163
0.499 0.4990.3926 0.3 7 55 0.3734 0.403 0.4147 0,4088 0.4494386 0 4254

0.49960.37 t4 0.4036 0.4041 0.3994 0.4413 0.4852432 0.4232 0.3926 0.3683
0.4104 0.429r 0.41 1 0.33'7 0.4915 0.s066477 0.4373 0.4009 0.3 806 0.3 688

0.4329 0.483 s 0.50420.3967 0.3791 0.3734 0.4078 0.4222 0.4025964 0.4286
243,860.96 9r.44 rzt.9 t52.4 182.9 2t3.41028 15.24 3 0.48 4s.72

243.861 9t.4 121.9 t52.4 r82,9 213.4Depth
(cm) >

t5,2 30.5 45;7

0.3848 0.3521 0.351 0.4t47 0.4471 0.5 136Time 0.4195
0.3581 0.34t 0.3905 0.4286 0.5037t.29 0.4025 0.3729
0.3M5 0 3315 0 4248 0.43t9 0.51012.14 0.3936 0.3't14

0.3744 0.348 0345 0.4254 0.434 0.5124'7.21

0347 0.3415 0.4115 0.4254 0.501377.3 0.4747 0.376
0.4179 0.35 0.4227 0.4682 0.50130.4238 0.3455 0.363'7 0.3546 0.3786282

0.4281 0.4898 0.49610.3858 0.3652 0.3586 0.3817 0.4152 0.4286283 0.42t5
0.4248 0.4'72'l 0.4990.3863 0.3561 0.3536 0.3'76 0.42 0.411386 0.4083

0.4136 0.405'7 0 4t73 0.4818 0.50660.4238 0.3915 0.3663 0.36t7 0.3863432
0.3988 0.4168 0.475 0.50020.4232 0,3853 0.3607 0.3642 0.3858 0.42t6477

0.47t 0.50310.333 i 0.3668 0.4083 0.4526 0.4163 0.4222964 0.42t6 0.3905
0.4576 0.412 0.4281 0.46'/7 0.4990.427 0.3827 0.3663 0.3683 0.40041028
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Hydraulic Gradi ent Measurements

During sorption of an unsaturated soil layer hydraulic gradients can temporarily

increase as moisture enters the upper boundary of the layer. They then decrease as the

wetting front passes the bottom of the layer, and approach a constant value when steady-

state conditions are approximated. For a homogeneous soil profile under unsaturated soil

moisture conditions and where flux is limited by an overlying impeding layer, hydraulic

gradients tend to approach a constant value near I, and differences in flux àÍe

accommodated by changes in K(tÞ) with variation of saturation state. Where impeding

boundaries occur steady-state gradients tend to be larger, while they tend to be somewhat

lower just above the boundaries because of increased moisture near the lower boundaries.

During steady-state conditions caused by surface infiltration gradients tend to be lower in
deep soil profiles approaching the water table.

Because of its sodic characteristics sorption characteristics of this soil are highly
complex. The surface layer is at steady state within 2 hours (Fig. K.3). However the

next two layers (15 to 45 cm) are imbibing water for 100 to 200 hours, and continue to

seal for the first 2 to 8 days. This is likely related to the sodium profile shown on Figure

K.4. The high gradient at 122-152 cm is related to the interface between the overlying
sodic loam and the underlying sand which seems to be causing ponding. Because of
complex pressure relationships in expanding sodic smectite clay matrices, some of the

interior gradients, particularly those indicating upward gradients, àre not clearly

understood.
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Hydraulic Conductivity

Cornbined tensiometric data and infiltration rates can be used to calculate

liydraulic conductivity for each layer during infiltration, provided flow through the

measured layer is at steady state.

Hydraulic conductivity (K) on Site K are measured by matching the i vs. t
function (Figure K.2) to the tirne sequence of the rneasured gradients. K(sat/r.p) are

measured as ilgrad at times when gradients appear to be at steady state for each specified

layer. Time correspondence should not be a problem because i reaches steady state

quickly.
K is a soil property and should be stable and consistent as long as the soil pore-

structure and the air and fluid composition within it remains constant. hifiltration,
however, is a highly complex process and K(sat/r.þ) can change through modifying

processes that include air entrapment ahead of or within the wetting front, purging of
entrapped air, soil swelling, soil slaking or displacement during infiltration, particulate

clogging, microbiological processes during long-term infiltration.
Steady-state K values are on Table K.4. The saturation state (s for saturated) and

corresponding suction (tþ) for unsaturated values are included with mean K values.

Standard error of the mean, and coefficient of variation are also included. The surface

layer appears to be at steady state after 2 hours, but continues to seal so that K steadily

decreases. K cannot ascertained in the middle layers because steady-state conditions

cannot be ascertained during the process of imbibing water with clay expansion.

Therefore, K is only estimated for the surface layer. Even in this layer, no reasonable

statistical mean can be established because of constant change in the matrix during

infiltration,

137



1

1.69
3.34

7.01

Table K.4. Vertical hydraulic conductivity
(cm/h) during infiltration (sorption).

,)

I

-0.139

1

1.76

7.07
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Deep Subsoil Infiltration
After initial infiltration measurements and measurements of water content and

tensiometric data for the draining profile, Site K was excavated for sampling and

morphological description (Schuh, Cline and Sweeney 1991). At the bottom of the

measured excavation, in the C horizon, infiltration was again measured using a double-

ring infiltrometer. Results are in Table K.5. Cumulative infiltration and infiltration rate

are shown on Figures K.5 and K.6, with corresponding fitted functions using the method
of Philip (1957, 1966).

Table K.5. Curnulative infiltration (I), and infiltration rate (i)
for the deep subsoil of Site K (Exline loam) measured near Oakes, ND.

T
(h)

I
(cm)

t
Ihouls) (cmlhour)

T
(h)

I
(cm)

t
(hours) (cm/hour)

0 0 0 0 3.486 39.1 3.36'7 11.6
0.034 0.462 0,017 4t.2 3.673 41.8 3.58 14.8
0 161 1.67 0.09'7 9.49 +.599 52.9 4.136 tz
0.2'74 3.06 0.218 t2.2 5.6t2 65.4 5 106 12.3

0.404 4.44 0.339 10.7 5.904 68.1 5.758 9.49
0.53 5.83 0.467 1t 5,2t2 70.9 6.058 898
J.66'7 '7.21 0.599 10.1 5.759 77.1 6.486 1r.4
1.806 8.6 0.73'7 9.97 7.681 87.5 7.22 11.3

J.927 9.98 0.867 1 1.5 7.825 88.9 7.753 9.66
r.162 12.7 1.045 1 1.8 3.526 97.2 8.175 1 1.8

t382 14,8 1.272 9.42 3.637 98.6 8.581 12.5

1.558 16.9 1.4'7 11.8 ).242 t07 8.94 13;7
1.93'7 21.1 1;74'7 t1 949 110 9.366 112
2.179 23,8 2.058 11.5 )124 1t2 9.607 1 1.8

z 426 26,6 2.302 11.2 14.03 147 1 1.88 8.08
2.652 29.4 2.539 72.2 16.2r 17r 15.12 11.1

3.248 36.3 2.95 11.6 18.18 193 r7.19 11
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SITE RMl (Parent rnaterials beneath Embden Sandy Loam: Coarse-loamy, tnixed,

superactive, frigid Pachic Hapludoll)

Infiltration Site RMI was located on pastureland, about 25 feel south of an

observation well (Labeled 13005820448 in the NDSWC database) located in the NW %,

NE % , NE % of Section 20,T. 130 N., R. 58 W. Measurements were made on October

17of 1985. Depthtothewatertablewas Il.I2leet(3.4m), measuredattheadjacent

observation well. The infiltration test was conducted in a pit excavated to a depth of 5.7

feet (1 .73 m). Infiltration face preparation and measurements methods were described

previously on page 5, Infiltration data are on Table RM1.1. Infiltration data with

accompanying parametric functions using the fonn of Philip (1957) are shown on Fig.

RMl.i. Description of the overlying soil horizons, and particle size data are on Tables

RM1.2 and RMl .3.

Table RMl.1. Cumulative infiltration (I), and infiltratiou rate (i) for
the deep subsoil of Site RM1 measured near Oakes, ND.

t
'hours) cm/hour)

T
(h)

I
(cm)

t
ihours)

I

cm/hour)
T
(h)

I
(cm)

0 0 0 0 1.293 35.1 1.265 24.9

1.35 I 36.5 1322 240.059 3.96 0.03 234
22.40.086 4.65 0.073 25.4 r.4'75 39.3 1,4t3

6.03 0.1 05 36.9 1.591 42 1.533 23.80.t24
1.705 M.8 1.648 24.30.161 '7.42 0 142 37.8

24;70.204 8.8 0.t82 32.2 1.817 4'7.6 1.761

29.8 1.931 50.3 1.874 24.30.25 10.2 0,227
2.032 53.1 1 982 27.40.3 11.6 0.275 27.'7

24.40.35 13 0.325 27.5 2.146 55.9 2.089
0384 20.6 2.263 58.6 2205 23.60.418 14,3

24.3 2.372 6r.4 2.3t8 25.60.531 17.1 0.4'74

0.596 18.5 0564 21.3 2.646 68.3 2.509 25.2

19.9 0.63 20.7 2.863 73.9 2;755 25.50.663
24.3 3.109 80.1 2.986 25.30.72 21.3 0.692

0.785 22.6 0;753 2r.5 3 r94 82.2 3.152 245
24 0.808 29.7 3.83 99.3 3.5r2 26.90.831

23.2 3.899 101 3.865 200.891 25.4 0.861

0.942 26.8 0.917 27.1 3.956 r02 3.928 244
0.973 22.3 4.216 109 4.086 26.61.004 28.2

1.066 29.6 1.035 22.6 4.422 I15 4.319 26.9

1.092 26.1 4.636 tzj 4.529 261.1 19 31

5 486 IM 5 061 2'/.71.179 32.3 r.149 23.1

33;7 1.208 23.61.238
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Figure RM1.1. Cumulative infiltration (I) and Philip (1951)
parametric function for the deep subsoil on Site RMl.
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Figure RM1.2. Infiltlation rate (i) and Philip (1957)
parametric function for the deep subsoil on Site RM1.
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Li tholo gic Descrip tion

Thickness

Inch

("*)

Depth

Inch

(cm)

Dark-gray sandy loam e (23) e (23)

Grayish-brorvn sandy loam 8 (20) 11 (43)

Light-gray silt¡r ls¿m' violent effen,escence because of lime accumulation 11 (28) 28 (71)

Lighlbrorvnish-gray fine sandy loam; strong effervescence because of lime accumulation 13 (2s) 4i (104)

Light-bror'vnish-gray fìne sand ; sli ght eff ervescence 25 (63) 66 (i68)
Lighlbrorvnish-gray fine sand; slight effervescence; ferv pebbles over 2 mm 30 (76) e6 (244)

Light-brolvnish-gray medium to coa.rse sand; slighyt effervescence; ferv pebbles over 2 mm. 12 (30) 108 (214)

Table RMl .2. Description of the Errbden soil profile at infiltration test Site RMl. (From
plI2, Wzu 5, Shavel and Schuh, 1990). Profile description by Michael D. Sweeney.

Table RM1.3. Particle-size distribution for soil horizons on Site RMl. (Frorn pIzI,
WRI 5, Shaver and Schuh, 1990).

Soil Horizon

Depth to top

Inches

("*)

Depth to bottom

Inches

(cm)

Depth to midpoint

Inches

(cm)

Sand %

(2,000 to

50 p)

silr %
(50 to

2w)

CIay Yo

(< 2 pt)

A 0 e (23) 4.5 (11) 68. i 24,4 7.4

Bwl 9 (23) r7 (43) 13 (33) 51.5 36.7 1 i.8

BCK t1 (43) 28 (7r) 22.s (s7) 2'7.7 s2.9 17.4

c1 28 ('7t) 41 (104)) 34.5 (88) 53.3 32.2 14.5

C2 41 (i04) 66 (168) 53.5 (136) 901 'l,5 2.4

C3 66 (168) e6 (244) 81 (206) 9t5 75 .9

C4 e6 (244) r08 (2'74) 102 (Zsg) 86.9 9.6 3.5
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SITE RM2: (Parent materials beneath Alyrner Sand: Mixed, frigid Aquic

Udipsamments)

Infiltration Site RM2 was located adjacent to a prairie trail about 50 feet east of an

observation well (Labeled 130058314-A8 in the NDSWC database) located in the NE %,

NE % , NE % of Section 31, T. 130 N., R. 58 W, Measurements were made on October

Il of 1985. Depth to the water table was 9.3 feet (2.8 m), rneasured at the nearby

observation well. The infrltration test was conducted in a pit excavated to a depth of 5

feet (1.52 m). Infiltration face preparation and measurements methods were described

previously on page 5. Infiltration data arc on Table RM2.1. Inf,rltration data with
accompanying parametric functions using the form of Philip (1957) are shown on Fig.

RM2.1. Description of the overlying soil horizons, and particle size data are on Tables

RM2.2 and RM2.3.

Table RM2.i. Cumulative infiltration (I), and inf,rltration
rate (i) for the deep subsoil of Site RM2 measured near Oakes, ND.

T
(h)

I
cm)

t
(hours)

I

icm/hour)

T
(h)

I
("*)

t
(hours) (cm/hour)

0 0 0 0 1.901 22.9 1.739 8.5 1

0.01 1 3.4'7 0.006 30.4 2.208 26.1 2.054 10.7

0.149 4.51 0.08 7.55 2.452 28.4 233 9.22
0.1 68 4.86 0.1 59 17.8 7,.'703 3 0.5 2.578 8.25
0.223 5.55 0.i95 12.8 2.963 32.9 2.833 9.33
0.265 6,24 0.244 16.4 1.284 35.7 3.t23 8.63
0.302 6.93 0.283 18.6 \.449 JI 3.367 8.3 8

0.346 7.62 0.324 15.8 ).8r2 40.3 3.631 9.06
0.469 9.0 i 0.407 1 1.3 4.05 8 42.6 3.935 9.14
0.588 10.4 0.528 116 4.311 44.8 4.1 85 8.89
0.734 1 1.8 0.661 9.49 4.544 45.5 4.428 2.98
0.86 13,2 0.797 11 4.823 48.8 4.683 1 1.8

J.999 14.5 0.929 9.93 s.077 51,2 4.9s 9,54
1.136 15.9 r.uo / 10.2 5.353 53.8 5.2r5 9.41
|.2'73 I'7,3 t.204 10. I 5.56 55.7 5.456 9.r9
1.426 1 8.7 L349 9.08 s.816 58.2 5.688 9.46
r.s7 6 z0.t i.501 9.2
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Table RM2.2. Description of the Alymer soil profile at infiltration test Site RM2. (From
p113, 'WR[ 5, Shaver and Schuh, 1990). Prof,rle description by Michael D. Sweeney.

Thickness

Inch

("-)

Depth

Inch

(cm)

Lithologic Description

Dar-k-gray fine to mediurn sand 10 (2s) 10 (2s)

Gray fine sand 8 (20) r8 (46)

Gray hne sand; iron mottles 8 (20) 26 (66)

Dar-k-gray fine to mediurn sand; buried A horizon 2 (5) 28 ('71)

Gray fine to medium sand; iron mottles 17 (43) 45 (1r4)

Dar-k-gray loamy sand; buried A horizon 4 (10) 4e (124)

Gray fine to medium sand; faint iron mottles 7 (i8) s6 (r42)

Gray fine sand; slight effervescence; iron rnottles 24 (6t) 80 (203)

Gray sandy loam; strong effewescence; iron mottles 2 (s) 82 (208)

Gray flrne to mediurn sand; slight effervescence; iron mottles 62 (1s7) t44 (366)

Very dark gray silty clay; slight effervescence 1 (3) 145 (368)

Gray fine to medium sald; slight effewescence; 1/4 -ìnch thick silty clay strata 13 (33) 1s8 (40i)

Table RM2.3. Particle-size distribution for soil horizons on Site RM2. (From pI22,
WRI 5, Shaver and Schuh, 1990).

Soil Horizon

Depth to top

Inches

(cm)

Depth to bottom

Inches

("-)

Depth to midpoiú

Inches

("-)

Sand %

(2,000 to

50 p,)

silt %

(50 to

2 pr)

Clay To

(.2 pr)

10 (2s) s (13) 97 2.4 0.6A 0

cit 10 (25) 18 (46) 14 (36) 97.4 2.4 02

26 (66) 22 (s6) 97.'l 2.1 0.2C2 18 (46)

2^b 26 (66) 28 ('71) 27 (6e) 94.4 4 t,7

2C1 28 ('7r) 45 (ii4) 36.s (e3) 96.4 3,4 0.2

3Ab 4s (114) 49 (124) 47 (11e) 69.l 27.3 3.6

3C1 4e (r24) s6 (142) 52.s (133) 91.6 6.7 r.7

3C2 s6 (r42) 80 (203) 68 (1 73) 93.9 4.5 1.7

82 (208) 9.33C3 80 (203) 8i (206) 77 13,7

3C4 82 (208) r10 (279) 96 (244) 91.4 5.1 J.5

3C5 i r0 (279) 144 (366) t27 (323) 91.1 5.4 3.5

r44 (366) 14s (368) r44.s (367) 545 26.4 19. l3C6

3C7 r45 (368) 1s8 (401) 1si.5 (385) 87.4 8 4.6
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SITE RM3: (Parent materials beneath overblown sand and bulied soil: Unclassified)

Inf,rltration Site RM3 was located adjacent to a prairie trail about 50 feet

soutlrwest of an observation well (Labeled 12905924AA8 in the NDSWC database)

located in the NE %, NE %, NW % of Section 24, T. 129 N., R. 59 W. Measurements

were made on October 18 of 1985. Depth to the water table was 8,8 feet (2J m),

measured at the nearby observation well. The infiltration test was conducted in a pit

excavated to a depth of 5.25 feet (1.6 m). Infiltration face preparation and measurernents

methods were described previously on page 5. Infiltration data are on Table RM3.1,

Infiltration data with accompanying parametric functions using the form of Philip (1957)

are shown on Fig. RM3.1. Description of the overlying soil horizons, and particle size

data are on Tables RM3.2 and RM3.3,

Table RM3.1. Cumulative infiltation (I), and infiltration rate (i)
for the deep subsoil of Site RM3 measured near Oakes ND.

T
(h)

I
(cm)

t
(hours)

I

icm/hour)

T
(h)

I
(cm)

t
ihours)

I

(cm/hour)

0 U 0 0 t.424 6.92 1.381 7.96
0.226 0.692 0.1 13 3.06 1.607 '7.6t 1.516 3;79

1.3 8 0.26 10.2 r.792 8.310.294 1.699 3;75
0.393 2.08 0.344 '7.02 1979 9 1.885 3.69
0.467 2.77 0.43 9.4 3.5 13.8 2.74 3.19
0.592 3.46 0.529 5.54 3.87t 15.2 3.685 3.73

0;763 4.r5 0.6'77 4,05 4.3'75 16.6 4.123 2.75

0.903 4.85 0.833 4.93 4.819 18 4.597 3.t2
1 ,061 5.54 0.982 4.37 5.3 19.4 5.06 2.88
r.33'7 6.23 1't99 2.51 6.35 222 5.825 2.64
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Lithologic Description

Thickness

Inch

(cm)

Depth

Inch

(cm)

Dark-gray fine sand 14 (36) 14 (36)

Dalk-grayish-growr fine sand 16 (41) 30 (76)

Gr:ayish-brown fine sand 6 (15) 36 (e1)

Light-brownish-gray fine sandy loam; violent effervescence because of lime

accumulation
16 (41) s2 (132)

Light-brownish-gray loamy fine sand; violent effervescence because of lime
accurlulation

20 (s1) 72 (183)

Light-brownish-gray sandy loam; violent effervescence because of lime accumulation 8 (20) 80 (203)

Light-brownish-gray fine to rnedium sand; sliglrt effervescence r6 (41) 96 (244)
Light-brownish-gray fine to medium sand; slight effervescence 9 (23) 105 (267)
Light-brownish-tray hne sand; iron mottles e (23) r14 (290)

Dark-gray fine sand 8 (20) 122 (3t0)

Table RM3.2. Description of the "overblown sand and buried soil" profile at infiltration
test Site RM3. (From p Il4, Wzu 5, Shaver and Scliuh, 1990). Profile description by
Michael D. Sweeney.

Table RM3.3. Particle-size distribution for soil horizons on Site RM3. (From p I23,'WR[ 
5, Shaver and Schuh, 1990).

Soil Horizon

Depth to top

Inches

(cm)

Depth to bottom

Inches

(cm)

Depth to midpoint

Inches

("m)

Sand %

(2,000 to

50 m)

silt %
(50 to

2m

Clay o/o

(<2 rn

A1 0 14 (36) 7 (18) 91 .8 5.8 2.4

A2 14 (36) 30 (76) 22 (s6) 9s9 J.¿ 0.9

A3 30 (76) 36 (91) 33 (84) 96.3 3.i 0.6

AK 36 (91) s2 (r3z) 44 (1r2) 74 12.2 13.7

ACKl s2 (132) 72 (183) 62 (ts7) 86.s 7.4 6.1

ACKZ '72 (t83) 80 (203) 7 6 (193) 71 .6 t5.4 12.9

C1 80 (203) 96 (244) 88 (224) 86.7 10.9 2.4

C2 96 (244) 10s (267) 10i (2ss) 78.',7 12.3 9

C3 10s (267) 114 (290) 10e (278) 92.5 5.1 2,4

C4 t14 (290) 122 (3r0) 1 18 (300) 95 2.3 2.7
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