FIELD EXPERIMENTS AND SIMULATIONS OF INFILTRATION-RATE RESPONSE
TO CHANGES IN HYDROLOGIC CONDITIONS FOR AN ARTIFICIAL-RECHARGE
TEST BASIN NEAR OAKES, SOUTHEASTERN NORTH-DAKOTA

By D. M. Sumner, U.S. Geological Survey,

W. M. Schuh, North Dakota State Water Commission, and

R. L. Cline, North Dakota State Water Commission

U.S. GEOLOGICAL SURVEY

Water-Resources Investigations Report 91-4127

Prepared by the U.S. GEOLOGICAL SURVEY_

in cooperation with the |

NORTH DAKOTA STATE WATER COMMISSION and the
U.S. BUREAU OF RECLAMATION

Bismarck, North Dakota

1991



U.S. DEPARTMENT OF THE INTERIOR
MANUEL LUJAN, JR., Secretary
U.S. GEOLOGICAL SURVEY

Dallas L. Peck, Director

Any use of trade, product, or firm names is for descriptiVe bdrposes
only and does not imply endorsement by the U.S. Government.

For additional information Copies of this report can be
write to: purchased from:

District Chief U.S. Geological Survey

U.S. Geological Survey Books and Open-File Reports

Water Resources Division Federal Center

821 East Interstate Avenue Box 25425

Bismarck, ND 58501 Denver, CO 80225



CONTENTS

AbstraCt-——--eemmm e e e
Introduction---—=—=c e
Infiltration-rate response------ccccmmmmmmmm e
Factors affecting infiltration-rate response--------cccomeccana—--
Comparative indeX-----=———=—ccccmmm e
Methods and materialsS==-=—-—=cm oo e
Results and disCuSSiON-—~——=————cm s e
Model development-——— === o -
Model 1 (unsaturated flow through an impeding surface
JAY O ) = e e e e e e e e
Mathematical approach-=-==--ceemecm o
Surface filter-cake layer impedance development------==--=--
Simulation strategy-----------—~-ccmmmmm e
Model-parameter estimation-----~-------cemmmmmm e
Simulated infiltration-rate response (model 1)---------ecmmcounam"
Water-table depth-------ccmcmm e
Model 2 (ground-water mound intersection of basin floor
during early stages of basin operation)-------—--cemmccomcmeo
Simulated infiltration-rate response (model 2)---------cccocmcau--
Effect of basin geometry-------~--ccccccmmmmmre e
Effect of initial water-table depth----==-cccccmmccmccco
Limiting factors-=--—c--mcmm -
Constant-drawdown approximation-—=-===e-e oo me e eme e
Ponded-depth effects on total recharge--------c-ccmcmmmmcmmcaoo
CONCTUSTOMS =~ s e e e e e
ReferenCes—=————— e e e e
Glossary of terms———--- oo e

ILLUSTRATIONS

Figure 1. Map showing location of test basin------—--—ccmmmmmcccee—-

2. Diagram showing spatial parameters for vertical

unsaturated flow through an impeding surface

soil layer and for horizontal saturated flow

during conditions of ground-water mounding------------o---
3. Diagram showing test-basin sampling and

instrumentation layout for the first

operational test------—ccem -
4, Graph showing calculated surface filter-cake layer

impedance values for the first operational test-----------
5. Graphs showing simulated steady-state surface

infiltration and drainage at the 400-centimeter

depth for the specified surface filter-cake

layer impedance after increasing ponded depth

from 60 to 120 centimeters-------c-cccmcmmmcm e

111



Figure 6.

Table 1.

2.
3.

6.

ILLUSTRATIONS, Continued

Graph showing infiltration-rate response ratio

versus surface filter-cake layer impedance

for a simulated basin condition when a

ground-water mound does not intersect the

basin fl100r--—=-—-cmmmm - 28
Graphs showing simulated steady-state pore-water

pressure head distribution with depth for the

specified surface filter-cake layer impedance

at a 60-centimeter ponded depth)and a 120-

centimeter ponded depth---------lcecciccmme e 29
Graph showing recharge rate versus height of

ground-water mound above initial water table

for simulated infiltration (using model 2 and

a constant-drawdown model) through 12.4-hectare

square, rectangultar, and circular basins having

an aquifer storage coefficient of 0.25 and an

aquifer transmissivity of 930 cubic meters per

day per square meter times meter of aquifer

thickness---------cmmcmmmm e 34
Graph showing infiltration-rate response ratio
versus initial water-table depth------o-occcccmcccccnnaa- 36
TABLES -

Unsaturated hydraulic conductivity?and soil-water
volumetric fraction of a nonclogged soil and a
clogged soil at site TI4 during the first

operational test---------mcmcmcmem e 13
Infiltration-rate response to changes in ponded

depth for the second operational test---------------cce-- 15
Infiltration-rate response to changes in ponded

depth for the third operational test----------coceccceu--- 16

Hydraulic parameters determined from field and
laboratory measurements of soil-water volumetric
fraction, pore-water pressure head at the lower
boundary of the surface soil layer, and unsaturated
hydraulic conductivity before, during, and after

the first operational test------c--occmcmccmccmcrmcce e 25
Simulated infiltration-rate response to a change
in ponded depth from 60 to 120 centimeters----------=----- 26

Model 2 simulations of infiltration-rate response to
changes in ponded depth (from 0.6 to 1.2 meters)
during conditions when a ground-water mound
intersects the basin floor in ea#ly stages of
basin operation--------ccecee--- e m e 31

iv



CONVERSION FACTORS AND ABBREVIATED WATER-QUALITY UNITS

Multiply
By To obtain
centimeter (cm) 0.394 inch
centimeter per hour (cm/h) 0.783 foot per day
cubic meter per day (m3/d) 35.32 cubic foot per day
gram per cubic centimeter 0.0361 pound per cubic inch
(g/cm3)
hectare (ha) 2.47 acre
meter (m) 3.281 foot
meter per day (m/d) 3.281 foot per day
cubic meter per day per 10.76 cubic foot per day

square meter times
meter of aquifer

thickness [(m3/d)/mZ2]m

per square foot
times foot of

aquifer thickness

Milligrams per Titer (mg/L) is a unit expressing the concentration of a
chemical constituent in solution as weight (milligrams) of solute per unit

volume (liter) of water:

1 mg/L equals 1,000 micrograms per liter (ug/L).



FIELD EXPERIMENTS AND SIMULATIONS OF INFILTRATION-RATE RESPONSE
TO CHANGES IN HYDROLOGIC CONDITIONS FOR AN ARTIFICIAL-RECHARGE
TEST BASIN NEAR OAKES, SOUTHEASTERN NORTH DAKOTA

By
D. M. Sumner, U.S. Geological Survey,
W. M. Schuh, North Dakota State Water Commission,
and
R. L. Cline, North Dakota State Water Commission

ABSTRACT

Ponded depth in an artificial-recharge basin was used as
a management option to conduct turbid water from the James River
to the Oakes aquifer. Infiltration-rate response to changes in
ponded depth was evaluated for a 15x15-meter artificial-recharge
test basin constructed in a medium-sandy soil in the irrigation
area near QOakes, southeastern North Dakota. Field experiments
conducted at the test basin indicated that the clogged soil
surface was easily scoured by currents caused by the addition of
turbid water to increase ponded depth. Field measurements and
computer-model simulations indicated that infiltration-rate
response to an increase in ponded depth would be large for a
clogged soil condition consisting of a surface filter-cake layer
0.1 centimeter in depth underlain by a sediment-clogged layer
extending from 0.1 to 23 centimeters beneath the basin floor.
Simulated infiltration-rate response to changes in ponded depth
for surface filter-cake layer impedance values ranging from 0 to
1,000 hours indicated that infiltration-rate response would
approach and remain near the maximum value for impedance values
greater than 10 hours. The smallest infiltration-rate response
would occur for impedance values less than 1 hour. For the
case of a ground-water mound intersecting the basin floor, the
percentage of infiltration-rate response to changes in ponded
depth was not influenced by basin geometry, basin surface area,
or underlying aquifer hydraulic conductivity. The simulated
infiltration-rate response to changes in ponded depth increased
when the water-table depth was shallow. Total recharge per unit
area was greater for artificial-recharge basins having a less
compact geometry than for artificial-recharge basins having a
more compact geometry, for artificial-recharge basins having a
small surface area than for artificial-recharge basins having a
large surface area, and for artificial-recharge basins where
underlying aquifer hydraulic conductivity was large rather than
small. Artificial-recharge basin conditions most conducive to an
effective infiltration-rate response to changes in ponded depth
were least conducive to an enhanced total recharge.



INTRODUCTION

The irrigation area located near Oakes in southeastern North Dakota is
part of the Garrison Diversion Unit project authorized by Congress in 1965.
A component of the Garrison Diversion Unit project calls for the diversion of
Missouri River water eastward to the James River via the McClusky Canal, the
Lonetree Reservoir, the New Rockford Canal, and the James River feeder canal
for irrigation. Because channel capacity of the James River is insufficient
to meet peak irrigation demands for the irrigation area near Oakes, the U.S.
Bureau of Reclamation proposed construction of Lake Taayer Reservoir.

In 1984, Congress passed Public Law 98-360, section 207, which required
the appointment of a 12-member commission by the Secretary of the Interior
to "examine, review, evaluate, and make recommendations with regard to the
contemporary water-development needs of the State of North Dakota."
Recommendations of the commission concerning irrigation in the Oakes area
included the assessment of the feasibility of artificial recharge to the Oakes
aquifer as an alternative to the Lake Taayer Reservoir.

In July 1985, the U.S. Geological Survey and the North Dakota State Water
Commission entered into a cooperative agreement with the U.S. Bureau of
Reclamation to investigate the feasibility of artificial recharge to the Oakes
aquifer. Phase I of the feasibility study describes the geometric, hydraulic,
and hydrochemical properties of the QOakes aquifer. Results of phase I were
presented by Shaver and Schuh (1990), and data for phase I were presented by
Shaver and Hove (1990).

Phase II of the feasibility study describes the selection, construction,
maintenance, and performance evaluation of two artificial-recharge test basins
in the irrigation area near Oakes. The test basins were operated from
September 1986 to October 1987. Phase II investigations included a detailed
evaluation of physical and hydraulic changes caused by the addition of turbid
James River water to the medium-sandy test-basin soil during the following
conditions: (1) Full renovation (complete removal of soil clogged during
previous test-basin operations), (2) natural renovation through drying
(allowing clogged soil to remain in place but allowing a period of drying to
cause cracks in the clogged soil), and (3) the use of an organic mat surface
:};gg;. Results of the detailed evaluation were presented by Schuh and Shaver

Phase III of the feasibility study describes a preliminary cost analysis
of full-project-scale and pilot-scale well fields and of artificial-recharge
test basins for the Oakes aquifer. Results of phase IIl were presented by
Shaver (1989).

Part of the phase II investigations included a detailed evaluation of
infiltration-rate response to changes in ponded depth. Infiltration-rate
response to changes in ponded depth is very complex and can be influenced by
many factors including the homogeneity of the basin soil, the strength and




elasticity of the soil grain matrix, the depth of the underlying aquifer, the
extent of ground-water mounding during basin operation, and the physical and
hydraulic changes in the basin soil caused by the addition of turbid water.

The purpose of this study was to evaluate the relative efficiency of
using deep and shallow ponded depths in an artificial-recharge basin as a
management option to conduct turbid water from the James River to the Oakes
aquifer. Infiltration-rate response to changes in ponded depth was evaluated
for an artificial-recharge test basin in the irrigation area near Oakes
(fig. 1). This report presents the results of the detailed evaluation.
Evaluations in this report are based on: (1) Field experiments conducted at
artificial-recharge test basins in the Oakes area, (2) computer simulations
based on hydraulic data measured during test-basin operation, and (3) soil and
water chemistry data measured during test-basin operation and published by
Huff and Wald (1989).

INFILTRATION-RATE RESPONSE
Factors Affecting Infiltration-Rate Response

Infiltration-rate (7) response to changes in ponded depth (H) is largely
variable and depends on the homogeneity of hydraulic properties of the
unsaturated zone, basin design and geometry, and characteristics of the
underlying aquifer. Response also varies with water-detention time in a basin
because of hydraulic-conductivity changes caused by sediment and by biological
and chemical constituents of the influent water.

For artificial recharge of an aquifer underlain by an impermeable sub-
stratum, Bouwer (1969) discussed i response to changes in H for two distinct
cases. The first case (fig. 2, case A) is that of infiltration through a
nonhomogeneous unsaturated zone in which an impeding surface soil layer causes
desaturation of the soil between the impeding layer and the water table. The
impeding material may consist of a natural preexisting soil. Frequently,
however, the impeding surface layer is formed or is strongly enhanced by
changes in the basin soil that are caused by basin operation.

The addition of turbid water to a basin commonly results in deposition of
clay within the soil pores to depths varying from 1 to 38 cm and in formation
of a surface filter-cake layer (Goss and others, 1973; Dilyunas, 1976; Schuh,
1988). The surface filter-cake layer is formed by silt particles straining
out on the surface of the basin sand and is composed of silt particles as well
as clay particles intercepted by the silt particles during late stages of
basin operation (Schuh, 1988). Sediment clogging within the soil grain matrix
commonly results in hydraulic-impedance values 10 to 100 times those of the
initial soil (Dilyunas, 1976; Schuh, 1988). Surface filter-cake layers
commonly reach impedance values two to five orders of magnitude greater than
the impedance values of nonclogged basin subsoil (Dilyunas, 1976; Schuh, 1988;
Schuh and Shaver, 1988). The impedance changes, in turn, affect 7 response to
changes in H.
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infiltration-rate response to changes in ponded depth can be calculated with
the following equation:

i' _2hyp H' + hj- 0.5 hy ’ (2)
K’ Ws Lp - 0.25 (Wp + Ws)
where
i’ = infiltration rate, in meters per day;
hm = height of ground-water mound above initial water table, in meters;
H' = ponded depth, in meters;
hj = saturated thickness of underlying aquifer before ground-water
mound formation, in meters;
K' = hydraulic conductivity, in meters per day;
Ws = width of channel at surface of ponded water, in meters;
Lp = distance from center of channel to position where ground-water

mound height effects are negligible, in meters; and
Wp = width of channel at bottom of ponded water, in meters.

However, this simplified relation applies only to a channel of infinite length
in relation to width and cannot be applied with confidence to surface
geometries of most basins.

The use of meter length units in equation 2, following the use of
centimeter length units in equation 1, is made on the basis of appropriate
spatial scale for each applied model. Applications of Darcy's law for
unsaturated-flow models usually require small length scales. It is, there-
fore, appropriate to use centimeter length units for unsaturated-flow model
applications and for presentation of the modeling results. Saturated-flow
models usually require much larger length scales and much faster flow rates.
It is, therefore, appropriate to use meter length units for saturated-flow
model applications and for presentation of the modeling results. The use
of centimeter length units for unsaturated-flow model applications and for
presentation of the modeling results and meter length units for saturated-flow
model applications and for presentation of the modeling results is maintained
throughout this report.

Other factors affecting 7 response to changes in H include increased
infiltration surface caused by the addition of nonlined basin-wall area to
the total wetted surface (Jones and others, 1974) and compression of the
basin soil, particularly the surface filter-cake layer, caused by increased
effective stress from the weight of additional ponded water (Bouwer and Rice,
1989). Baumann (1965) suggested that increasing H to more than 120 cm would
cause increased risk of consolidation. In addition, Suter and Harmeson (1960)
stated that the surface filter-cake layer can be scoured easily by currents.
In some cases, scouring by currents caused by the addition of turbid water to
increase H can result in a larger than 1:1 7 response to changes in H.



Comparative Index

In order to compare infiltration-rate (7) response to changes in ponded
depth (H) for varying basin operations, a quantitative index is required. For
this purpose, an infiltration-rate response ratio (t) is calculated with the
following equation:

v U2lin, (3)
(Hz/H])
where

T = infiltration-rate response ratio, dimensionless;

i = final infiltration rate, in centimeters per hour;

i; = initial infiltration rate, in centimeters per hour;
Hz = final ponded depth, in centimeters; and
H; = initial ponded depth, in centimeters.

Tt was used for all field-experiment comparisons of i response to changes in
H and for all computer-simulation comparisons of i response to changes in H.

In practical terms, t can be interpreted as follows. If t equals 1, i
response to changes in H is a 1:1 proportional relation. This means that i
is optimally responsive to # within the H, pore-water pressure head (S), and
thickness of surface soil layer (Lgs) pressure head components described in
equation 1 and that 7 response virtually is controlled hydraulically by
changes in H. 1In the case where t equals 1, increasing H would be most
beneficial, providing that other indirect effects of # (such as consolidation
or biochemically induced clogging) do not over(ide the direct hydraulic
benefits.

If © is greater than 1, 7 response to changes in H is greater than 1:1.
This means that 7 response is greater than could be attributed to optimal
hydraulic response based on Darcian behavior (described in eq. 1). Such an
increase in 7 can only be attributed to a change in hydraulic conductivity
(K). The change in K, in turn, must be caused by some form of disturbance,
such as perturbation of a sealing layer by currents caused by influent water.
Even though increases in i under such conditions might be large, their depen-
dence upon external perturbation indicates that they are not quantitatively
predictable and are likely to be transitory.

If © is less than 1, 7 response is determined largely by head components
(eq. 1) other than H. Such diminished sensitivity means that increases in
H are less 1ikely to provide a substantial increase in recharge. This general
response trend is indicated qualitatively for all cases where t is less than
1. However, t can be used as a quantitative scale of the sensitivity of 7 to
H only if a fixed proportion of H values is used for analytical comparison.
This is necessary because, although the maximum hydraulic-response value of t
is always 1 (provided there is not perturbation), the lowest value of t
(indicating no i response to changes in H) depends on the proportion of final




ponded depth (H7) to initial ponded depth (Hj;). For example, if H> divided by
H; equals 2, the minimum t value (indicating no response) is 0.5. However,

if Hy divided by H; equals 4, the minimum t value is 0.25. The use of T as a
quantitative scale, then, requires a similar proportion of H> to H; between
comparisons. For our application, all model comparisons use Hp divided by

H; equals 2, and all field measurements attempt to approach Hp divided by

H; equals 2 as closely as possible. Comparisons made in this study thus span
from nonresponse of 7 to changes in H at t equals 0.5 to a linear response at
T equals 1.

For a saturated surface soil layer having a constant known thickness,
a constant K, and a known S at the lower boundary, t can be calculated by
combining equations 1 and 3:

t=ﬂ(H2'$2+’-s), (4)
Hz (H1 - S1 + Ls)
where
Sy = final pore-water pressure head at lower boundary of surface soil
layer, in centimeters of water; and
S; = initial pore-water pressure head at lower boundary of surface soil

layer, in centimeters of water.

However, because S at the lower boundary of the surface soil layer was not
known and could not be estimated easily for a multilayered soil, 7 response to
changes in H during early stages of basin operation was simulated with a model
based on the one-dimensional vertical transient-flow equation:

c(s) -8 k) (B4, (5)
ot oz 0z
where
c(s) = specific-moisture capacity, in inverse centimeters;
K(S) = unsaturated hydraulic conductivity, in centimeters per hour;
t = time, in hours; and

z = depth coordinate, in centimeters.

Soil hydraulic parameters measured in the field during the test-basin clogging
process were used in the computer simulations. A computer simulation of

i response to changes in H for late stages of basin operation enabled a direct
comparison of computer-simulation results with field-experiment results and
provided a means of assessing the accuracy of the model. The model used is
described in greater detail in the section titled "Model Development."

Neither the field-experiment results nor the one-dimensional vertical
transient-flow model could be used to evaluate the case where a ground-water
mound intersects the basin floor during early stages of basin operation
(fig. 2, case B). Moreover, the simplified Dupuit-Forchheimer analysis



described in equation 2 is inappropriate for the finite lengths of most
artificial-recharge basins. For case B (fig. 2), 7 response to changes in
H can be simulated with a model based on the two-dimensional saturated
unconfined-aquifer flow equation (McDonald and Harbaugh, 1984):

& thk B hk By, (6)
ox ox oy oy ot
- where

h = saturated thickness of aquifer, in meters;

W = source-sink term, in meters per day;

Sy = aquifer storage coefficient, dimensionless;

X = length coordinate in x direction, in meters; and

y = length coordinate in y direction, in meters.

In this application, hydraulic conductivity (k') is assumed to be isotropic.

i was included in the source-sink term (W) and the height of the ground-water
mound above the initial water table (hp) at the center of the test basin was
equal to the ponded depth (#') plus the initial water-table depth (L'). The
simulated 7 response to a specified H can be used to calculate t. The
saturated-flow model is described in greater detail in the "Model Development"
section.

Simulations of t in this report are perfdrmed using a one-dimensional
vertical transient-flow model (eq. 5) for the case where the water table does
not intersect the basin floor and a two-dimensional saturated unconfined-
aquifer flow model (eq. 6) for the case where a ground-water mound intersects
the basin floor. Because different scales were used in the application of the
two models, a dilemma arises in choosing an appropriate scale for describing
model applications. This occurs because the nelatively large spatial inter-
vals for the two-dimensional saturated unconfined-aquifer flow model (eq. 6)
are conventionally applied and reported in meters. On the other hand, the
one-dimensional vertical transient-flow model (eq. 5) is not practically
adaptable to direct use in units of meters without using very small numbers,
and the convention of use (including both parameters and output) is almost
always in centimeters. Even though output of the vertical transient-flow
model could be converted to units of meters, the conversion of all parameters
for description of model applications would be much more complex and would
result in a presentation of spatial scale that is nonintuitive for the
vertical transient-flow model. For this reason, parameters and output for
each model are presented and described separately according to the actual
spatial scale used in model applications. Becﬁuse T is dimensionless, it
provides a single consistent unit of comparison for results of the two models.
Where direct comparisons are necessary, both sFa]es (centimeters and meters)
are used. )
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METHODS AND MATERIALS

From September 1986 to October 1987, a 15x15-m artificial-recharge test
basin was operated within the Garrison Diversion unit irrigation area near
Oakes, Dickey County, N.Dak. Subsoil materials ranged from fine to coarse
sand, but medium sand was predominant. Between September 1986 and August
1987, three 30-d (day) operational tests were conducted. The first opera-
tional test was conducted during September and October 1986 and was followed
by full renovation that included excavation and replacement of the test-basin
soils to a depth of 60 cm. The second operational test was conducted during
May and June 1987 and was followed by natural renovation through 10 d of
drying. The third operational test was conducted during June and July 1987.
The average suspended-sediment concentration for the influent water ranged
from 48 to 60 mg/L during the three operational tests.

Near the end of the first and second operational tests, ponded depth (H)
was increased from 60 cm to about 100 cm to evaluate infiltration-rate (7)
response to changes in H during rising-head experiment conditions. For the
third operational test, H was decreased from 62 cm to 48 cm to evaluate i
response to changes in H during falling-head experiment conditions. A then
was increased to 84 cm to evaluate a third rising-head experiment. For each
experiment, changes in i were determined with discharge measurements taken at
the test-basin intake. In addition, 7 was monitored at four local test-basin
sites using pressure head measured on tensiometers placed in the subsoil and
unsaturated hydraulic conductivity [K(S)] measured at each field site before
test-basin operation.

Prior to the first and second operationai tests, field methods of Ahuja
and others (1980) and Schuh (1988) were used to measure K(S) for soil layers
0 to 8, 8 to 22, 22 to 38, and 38 to 53 cm deep. During test-basin operation,
flow calculated from the predetermined K(S) relation of the deepest soil layer
(assumed to be unaltered) and the measured hydraulic gradient at that depth
were used to monitor changes in K(S) for each overlying soil layer. Details
of the method and instruments used to calculate the change in K(S) are
described in Schuh (1988). Further details of measurement and interpretation
of hydraulic data are described by Schuh and Shaver (1988). K(S) measurement
sites, soil-sample sites, and other test-basin monitoring sites for the first
operational test are shown in figure 3. Field-monitoring sites were similar
for the second and third operational tests. For model 1, a single set of
basin soil kK(S) field data and soil-water volumetric fraction (8) laboratory
data was selected from site TI4 and is presented in table 1. The data are
presented for the selected basin soil both before and after clogging.

Before and after the first operational test, ring samples (3 cm in length
by 5 cm in diameter) were obtained from soil layers corresponding in depth to,
but 3 m distant from, the soil layers at each of the kK(S) measurement sites
(fig. 3). Two ring samples were obtained from each depth increment with a
sampler described by Schuh (1987). To avoid damage, a buffer volume of soils
was left on each end of the ring samples, and each sample was wrapped gentiy
with several layers of aluminum foil secured with masking tape. All final

"



FIRST OPERATIONAL TEST (FALL 1986)
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J
Figure 3.--Test-basin sampling and instrumentation layout ifor the first operational test.
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Table 1.--Unsaturated hydraulic conductivity and soil-water volumetric

fraction of a nonclogged soil and a clogged soil at site TI4

during the first operational test

[S, pore-water pressure head, in centimeters of water; 8, soil-water
volumetric fraction, dimensionless; NC, nonclogged soil;
K(S), unsaturated hydraulic conductivity, in centimeters
per hour; C, clogged soil; --, no data]

S 8-NC K(S)-NC 8-C K(S)-C
5 0.3195 11.300 0.3105 2.500
10 .3195 11.300 .3105 2.500
15 .2650 11.300 .2800 2.300
20 .1951 8.000 .2405 1.800
25 .1350 4.390 .1900 1.500
30 .1132 2.750 .1385 .240
35 .1000 1.850 .1200 .060
40 .0879 1.310 .1125 .026
45 .0850 .970 .1050 .007
50 .0874 .739 .1028 .004
60 .0745 .436 .0961 --
80 .0678 .221 .0864 --
100 .0655 .125 .0819 --
120 .0633 .078 .0789 --

trimming of the samples was done in the laboratory. The undisturbed ring
samples then were used to determine the laboratory desorption/soil-moisture
retention relation according to the pressure-extraction method described by
Klute (1986). Soil bulk density was measured according to the core method
described by Blake and Hartge (1986).

RESULTS AND DISCUSSION

Field experiments of infiltration-rate (7) response to changes in ponded
depth (H) were limited to late stages of test-basin operation when changes
in surface impedance caused by clogging of the test-basin soil were minimal.
Field-experiment results, therefore, were obtained only for a well-formed
impeding surface layer. For the first operational test, # was increased

13



quickly to avoid confusion with flow-attenuatign effects resulting from
continued sediment clogging. A was increased by fully opening the gate valve
at the test-basin intake. After H was increased, the gate valve was adjusted
to an inflow rate corresponding to the calculated maximum infiltration-rate
response ratio (t = 1) for a nondisturbed test-basin floor. A T value
exceeding 3 was measured before the first operational test was terminated.
This value indicated a 1ikely disturbance of the surface filter-cake layer by

the increased flow of water into the test basin.
|

Changes in 7 response caused by increased basin-wall area were considered
unlikely because the test-basin walls were covered with polyethylene. As H
was increased, however, a large sediment plume was detected near the test-
basin intake. The sediment plume indicated 1ikely disturbance of the surface
filter-cake layer. Examination of the test-basin floor following termination
of the first operational test confirmed scour extending outward from the test-
basin intake. Because scoured soil infiltration rates were two to three
orders of magnitude larger than unscoured soil |rates, a large change in
overall 7 resulted from a relatively small scoured area.

For the second operational test, the gate valve at the test-basin intake
was opened more gradually, and a deflection board was placed beneath the
intake to avoid turbulence. Increased turbidity extending outward from the
test-basin intake again was detected. Results |of the second operational test
(table 2) indicated that substantial disturbance still was affecting 7
response to changes in H. Because of differences in tensiometer response
times, H and pore-water pressure head (S) at the lower boundary of the surface
soil Tayer were measured at each unsaturated hydraulic-conductivity [K(S)]
measurement site five times before and five times after the tensiometric
response to changes in H. The H and S values measured before the tensiometric
response then were averaged to determine the initial ponded depth (Hj;) and the
initial pore-water pressure head at the lower boundary of the surface filter-
cake layer (Sfgz). The H and S values measured after the tensiometric response
were averaged to determine the final ponded depth (42) and the final pore-
water pressure head at the Tower boundary of the surface filter-cake layer
(Sf2). This method of determining Hy, Hp, Sfy, and Sgp resulted in slight
differences between measurement sites as presented in tables 2 and 3.

The t value measured at the test-basin intake was larger than the average
T value measured at the four in-situ (TI1 to TI4) measurement sites (fig. 3).
Of the four in-situ measurement sites, the one directly in front of the
stilling basin (TI3) exhibited a t value closest to that obtained at the
intake. The two measurement sites at intermediate distance from the stilling
basin (TI2 and TI4) exhibited 1t values that also were sufficiently large to
indicate some scour. The measurement site farthest from the stilling basin
(TI1) exhibited a T value that indicated no scouring was likely. The
distribution of these data indicate that the overall increase in i caused by
an increase in H was dominated by basin scouring in the area immediately in
front of the stilling basin when H was increased.
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Because of the sensitivity of the test-basin floor to scour, a falling-
head experiment (which should not produce scouring currents) was conducted
during the third operational test. Results of the falling-head experiment are
presented in table 3. Values for t at the K(S) measurement sites varied from
0.74 to 1.03 and had a mean of 0.84. This meap agreed well with the average t
calculated for the test-basin intake (0.83).

The pore-water pressure head at the lower boundary of the surface filter-
cake layer (Sf) became more negative as H decreased because a lower H causes
less infiltration through the surface filter-cake layer. Less infiltration
through the surface filter-cake layer caused a decrease in soil-water
volumetric fraction (8) beneath the clogged layer. During the falling-head
experiment (table 3), two of the four K(S) measurement sites (TI1 and TI3) had
Sr changes that were smaller than the detection level for mercury tensiometric
measurement. One of the four measurement sites (TI4) had a small Sf change (2
cm), and one (TI2) had a large Sr change (15 cm).

|
¢+ During the rising-head experiment in the third operational test, H was
increased gradually to 97 cm. To minimize scour, the deflection board again
was placed at the intake, and a small inflow-rate increase was set. The
average t calculated for the test-basin intake| (0.83) indicated a response
similar to that of the falling-head experiment, Overall scour effects in the
rising-head experiment seem to have been minimal.

Results of the rising-head experiment in the third operational test are
presented in table 3. Values for t at the K(S) measurement sites varied from
0.97 to 1.03 and had a mean of 1.00. At sites TI1l and TI2, effects of the
rising-head experiment were close to those of the falling-head experiment
although the Sfg values measured in the rising-head experiment were smaller,
indicating that additional surface sealing 1ikely had occurred. At sites TI3
and TI4, the t values exceeded those measured in the falling-head experiment.
Factors influencing effects on sites TI3 and TI4, however, did not seem to be
influential over the entire test basin. Subsoil pore pressures increased
at each of the K(S) measurement sites.

MODEL DEVELOPMENT

During the fall of 1986 and the spring of| 1987, field experiments were
conducted at an artificial-recharge test basin to evaluate infiltration-rate
(7) response to changes in ponded depth (H4). During early stages of test-
basin operation, clogging of the test-basin sofil caused large decreases in 7,
and i response to changes in H could not be discerned accurately. For this
reason, field experiments were limited to late stages of test-basin operation
when changes in 7 caused by clogging of the test-basin soil were extremely
slow and 7 response to changes in H would not be confused with changes in
i caused by surface clogging. Because field experiments were limited to late
stages of test-basin operation, i response to changes in H was obtained only
for the case of a well-formed impeding surface layer (fig. 2, case A).
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Because of field-experiment limitations on time and clogging conditions
and because of the desirability of extending interpretations beyond the
immediate size and shape of the experimental artificial-recharge test basin,
computer models were used to simulate water movement through the basin. Two
separate models were used to simulate two conditions. The first model (model
1) consisted of a one-dimensional simulation of unsaturated flow through the
clogging basin floor to the water table during conditions of varying surface
impedance. The second model (model 2) consisted of a two-dimensional simula-
tion of recharge through the basin floor during conditions when a ground-water
mound intersects the basin floor in early stages of basin operation. The
objective of both model simulations was to determine 7 response to changes in
H during varying basin conditions rather than quantify recharge through the
test basin. Defining actual artificial-recharge quantities through a test
basin would be subject to a wide variability in field hydraulic properties and
would be of doubtful value. Spatial variability of hydraulic properties was
discussed by Schuh (1988) and Schuh and Shaver (1988).

Model 1 (Unsaturated Flow Through an Impeding Surface Layer)

The objective of model 1 simulations was to simulate infiltration-rate
(7) response to changes in ponded depth (H) for the initial stages of basin
operation. Hydraulic-parameter values for the basin were determined in the
field and in the laboratory for periods before and after basin operation.
The measured pore-water pressure head (S) at the basin floor was used as the
initial upper pressure-boundary condition. A 0O-cm S at the water table was
used as the lower pressure-boundary condition. Specifying water-table depth
(L') can be complicated by ground-water mounding during basin operation.
However, for measured experimental clogging conditions, L' variations were
limited to a few centimeters. Therefore, S at an average L' of 4 m (400 cm)
was used as the lower pressure-boundary condition. Initial S values for each
of 42 depth nodes within the simulated subsoil were specified as equal to the
node's distance above the water table.

Mathematical Approach

The computer code of Lappala and others (1987) was used to develop a
model to simulate infiltration through the subsoil. The code uses a finite-
difference method, which solves equations at discrete points rather than
continuously, to compute an approximate solution to equation 5.

The accuracy of the approximate solution is affected by the level of
spatial and temporal discretization. A total of 42 depth nodes was used in
the model simulation. Distance between nodes varied from 0.2 cm below the
surface filter-cake layer to 25 cm near the water table.

Temporal discretization was determined more by numerical stability
requirements than by desired output. To achieve a stable convergence on the
solution for equation 5, very fine resolution [as small as 10~/ h (hours)] was
required in some simulations of early stages of basin operation. Temporal
resolution then was decreased gradually, as model stability allowed, to reduce
computer time.
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Surface Filter-Cake Layer Impedjnce Development

Surface filter-cake layer impedance (Rf) is one of the key input
parameters required in model 1 simulations. Ry is defined by the following
equation:

Rf = -—fs ' (7)
K
where :
Rf = surface filter-cake layer impedance, in hours;
Lf = thickness of surface filter-cake layer, in centimeters; and

hydraulic conductivity (X) is applied to the surface filter-cake
layer.

A realistic assessment of the range of Rf values and their relation to
clogging of the basin soil surface during the application of turbid water
was required to assist in formulating a realistic simulation strategy. To
estimate Ry during formation of the surface filter-cake layer, a secondary
homogeneous layer of clogging was assumed between the lower surface filter-
cake layer boundary (0.1 cm) and 23 ¢cm. For the field hydraulic measurements,
the shallowest tensiometer was placed at 7.6 cm. The hydraulic gradient
measured for the 7.6- to 23-cm sediment-clogged layer then was extrapolated
to 0.1 cm to estimate pore-water pressure head at the lower boundary of the
surface filter-cake layer (Sf). The estimated surface filter-cake layer
impedance (Rf') then could be calculated with the following equation:

Ret o (H - S+ L}). (8)
1' i
where |
Rf' = estimated surface filter-cake layer impedance, in hours; and
Sf = pore-water pressure head at lower boundary of surface filter-cake

layer, in centimeters of water.
Equation 8 was derived by algebraically combinhng the definition for Rf
(eq. 7) with Darcy's law (eq. 1) and by applying hydraulic conductivity (K) to
the surface filter-cake layer and substituting Sf for the pore-water pressure
head (S) and substituting the thickness of the surface filter-cake layer (Lf)
for the thickness of the surface soil layer (LE). Lf was determined by
summing the product of flow and suspended solids over time to determine
specific deposit, in grams per cubic centimeter, and dividing the specific
deposit by the measured bulk density of the surface filter-cake layer (1.22
g/cm3). Each time the resulting estimated thickness was negligible in
relation to the ponded depth (H) and Sg. Final calculations of Rf: versus
time were made with the assumption that Lg is approximately equal to zero.
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Calculated Rf values for the first operational test are shown in
figure 4. The cyclical variations within the overall rising trend of the
data correspond to climatic factors influencing tensiometric measurements
(i.e., barometric pressure or air temperature) rather than to actual cyclical
alterations of the surface filter-cake layer in the process of formation. An
approximate maximum Rg' value of 25 h, which corresponds to the R¢' value of
a 0.2-cm surface filter-cake layer, was calculated for the first operational
test. If K of the surface filter-cake layer soil was constant regardless of
the depth of the layer, the maximum Rf value simulated in model 1 (Rf =
1,000 h) would correspond to the Rf value of an 8-cm surface filter-cake
layer.

Simulation Strategy

Changes in infiltration-rate (7) response and degree of subsoil satura-
tion were simulated by changing ponded depth (H) from 60 to 120 cm. Hydraulic
conditions prior to the change in H were generated by a steady-state flow
simulation. The change in 7 caused by changes in H was estimated by a
transient-flow simulation that was conducted until a new steady-state flow
regime was achieved.

Soil hydraulic-property values measured at different stages of test-basin
clogging were used as input for separate simulations (Schuh, 1988; Schuh and
Shaver, 1988). Simulated conditions included: (1) No clogging, (2) sediment
clogging to 23 cm and no surface filter-cake layer, (3) sediment clogging to
23 cm and a surface filter-cake layer having 1-h impedance, (4) sediment
ciogging to 23 cm and a surface filter-cake layer having 10-h impedance, (5)
sediment clogging to 23 cm and a surface filter-cake layer having 100-h impe-
dance, and (6) sediment clogging to 23 c¢cm and a surface filter-cake layer
having 1,000-h impedance.

The simulation conducted for sediment clogging to 23 c¢m and no surface
filter-cake layer (condition 2) was based on experimental observations of
Schuh (1988). Unsaturated hydraulic-conductivity [K(S)] data used for the
0- to 23-cm sediment-clogged layer were measured for the clogging process
during actual test-basin operation.

Surface filter-cake layer impedance (Rf) was calculated using equation 7.
During test-basin operation, the surface filter-cake layer thickened as
cumulative sediment load increased. For the first operational test, the final
measured thickness of the surface filter-cake layer (Lf) was between 0.1 and
0.2 cm.

Separate steady-state flow simulations were used because development of a
single, temporally continuous model would require a valid expression for the
relation of Rf to cumulative sediment load. Such expressions are difficult to
derive, particularly for early stages of basin operation when sediment is
penetrating into the subsoil pores, and likely would not provide greater
accuracy for the comparisons delineated in the modeling objective.
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Model-Parameter Estimation

Van Genuchten (1980) presented a closed-form functional relation for
unsaturated hydraulic conductivity as a function of the soil-water saturation
fraction [K(6')] based on the soil-moisture retention expression:

8' = 1 ]'“ (9)
(1 + (a S)M
where
o' = (8 -6r) (10)
(8s - 87)
where
0’ = soil-water saturation fraction, dimensioniess;
m = empirical exponent for van Genuchten water-retention function,
dimensionless;
a = empirical factor for van Genuchten water-retention function, in
inverse centimeters;
n = empirical exponent for van Genuchten water-retention function,
dimensionless;
6 = soil-water volumetric fraction, dimensionless;
8, = residual soil-water volumetric fraction, dimensionless; and
8s = saturated soil-water volumetric fraction, dimensionless.

The exponents n and m and the factor a are empirically determined. An
equation for specific-moisture capacity corresponding to equation 9 is
presented in Lappala and others (1987).

The following K(8') predictive equation was derived with Mualem's (1976)
theory:

K(8') = Ks (8)P [1 - (1 - (8")1/mym]2 (11)
where
K(8') = unsaturated hydraulic conductivity as a function of soil-water
saturation fraction, in centimeters per hour;
Ks = saturated hydraulic conductivity, in centimeters per hour; and
p = a pore-interaction exponent, dimensionless.

For each test-basin operation, the exponents m, n, and p and the factors a,
8s, and 6, were optimized for each combined hydraulic-conductivity (K), soil-
water saturation fraction (8'), and pore-water pressure head (S) data set
with a FORTRAN computer program (RETC) by Van Genuchten (written commun., no
date) based on a Marquardt least-squares parameter-optimization procedure.
Although field and laboratory data measured on clean sand before each test-
basin operation extended only to an S§ value of 120 cm, the range of S values
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measured during all subsequent operational tesits was fully represented.
During basin operation, measured soil S values never exceeded 120 cm.
Hydraulic parameters determined from field and laboratory measurements are
presented in table 4.

Simulated Infiltration-Rate Response (Model 1)

The simulated infiltration-rate (i) response to changes in ponded depth
(H) is presented in table 5. Changes in pore-water pressure head at the
Tower boundary of the surface filter-cake layer (Sfg, 0 to 0.1 cm) and in pore-
water pressure head at the lower boundary of the sediment-clogged layer (Ss,
0.1 to 23 cm) also are presented. Times for the system to reach steady state
after H was increased to 120 c¢cm varied from less than 1 h for the surface
filter-cake layer having an impedance value of 1 h to 100 h for the surface
filter-cake layer having an impedance value of 1,000 h (fig. 5). Steady state
was assumed when model inflow equaled model outflow. For each case, the
surface filter-cake layer infiltration rate réached a constant value almost
immediately. ‘

The simulated infiltration-rate response ratio (t = 0.82) interpolated
(fig. 6) for a surface filter-cake layer impedance (Rf) value of 25 h agrees
well with both the average t calculated for the test-basin intake (0.83) and
the mean t for the unsaturated hydraulic-conductivity [K(S)] measurement sites
(0.84) for the falling-head experiment. The simulated response also agrees
well with the average t calculated for the test-basin intake (0.83) for the
rising-head experiment. The falling-head experiment t values would be
expected to be slightly lower than the rising-head experiment t values because
of the greater magnitude of the pore-water pressure head (S; including Sf)
at lower H. The good agreement occurred despite full renovation of the test
basin and two 30-d operational tests between the time soil hydraulic
properties used in the model were measured and the time the falling-head and
rising-head experiments were conducted.

The relation of t vs. Rf for the simulated range of Rf values is shown in
figure 6. The plotted values for t are based on the assumption that a ground-
water mound does not form. The plotted value of t for an Rf value of zero was
calculated for the specific case of no filter [cake. The soil profile is fully
saturated and the hydraulic gradient is 1. As Rf values increase, the soil
profile desaturates except for the limiting sediment-clogged layers. The
result of desaturation is an increased i respdnse to changes in H. The
maximum t occurred for the simulated Rf value of 100 h. <t declined slightly
between an Rf value of 100 h and an Rf value aof 1,000 h. The greatest changes
in t occurred between an Rf value of 1 h and an Rf value of 10 h.

Water-Table Depth

A1l computer simulations were for a constant water-table depth (L') of
4 m. A different L' could alter responses. or a deeper water table, a
negligible change in the infiltration-rate response ratio (t) would be
expected when the surface filter-cake layer impedance (Rf) value is greater
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Table 4.--Hydraulic parameters determined from field and laboratory

measurements of soil-water volumetric fraction, pore-water

pressure head at the lower boundary of the surface soil

layer, and unsaturated hydraulic conductivity before,

during, and after the first operational test

[6,, residual soil-water volumetric fraction, dimensionless; 6g,
saturated soil-water volumetric fraction, dimensionless;
Ks, saturated hydraulic conductivity, in centimeters per
hour; a, empirical factor for van Genuchten water-retention
function, in inverse centimeters; n, empirical exponent for
van Genuchten water-retention function, dimensionless; m,
empirical exponent for van Genuchten water-retention
function, dimensionless; p, pore-interaction exponent,
dimensionless; NC, nonclogged soil; C, clogged soil]

Soil er 8s Ks a n m p
NC 0.0896 0.2885 11.3 0.0386 7.52 0.867 -1.09
c .0710 .2997 2.5 .5754 19.51 .176 -1.86

than 10 h. A more common case, however, is that of a rising water table
because of ground-water mound development.

For a rising water table, a negligible change in t would be expected for
an Rf value greater than 10 h provided the water table remains at least 1 m
from the basin floor. This expectation is based on the fact that steady
vertical flow through a homogeneous soil creates a unit hydraulic gradient
that results in a constant pore-water pressure head (S) except for a
transition zone near the water table. As long as the transition zone and its
larger S does not intersect the lower boundary of the surface filter-cake
layer, both § and the thickness of the surface soil layer (Ls, eq. 1) should
remain unchanged, resulting in a constant t value. For an Rf value of 10 h, a
constant S is reached within 1 m of the water table (fig. 7). For an Rf value
greater than 10 h, the transition zone is considerably less than 1 m.
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Table 5.--Simulated infiltration-rate response to a change in ponded depth

from 60 to 120 centimeters

[Rf, surface filter-cake layer impedance, in hours; Sgz, initial pore-water
pressure head at lower boundary of surface filter-cake layer, in
centimeters of water; Sfgp, final pore-water pressure head at lower
boundary of surface filter-cake layer; in centimeters of water;

Ss1, initial pore-water pressure head at lower boundary of sediment-
clogged layer, in centimeters of water; Ssp, final pore-water pressure
head at lower boundary of sediment-clogged layer, in centimeters of
water; 77, initial infiltration rate, in/ centimeters per hour; ip,
final infiltration rate, in centimeters per hour; n, final ponded
depth divided by initial ponded depth, dimensionless; 1, ip/ij,
dimensionless; t, 1/n, dimensionless; --, no data]

Rf Sf1 Sf2 Ss1 Ss2 11 i2 n 1 T
10 -- -- -- -- -- -- 2 -- 0.57
20 6 12 6 10 13.00  14.70 2 1.131 .57

1 5 11 -9 2 9.69  12.00 2 1.238 .62

10 1 4 -15 -12 5.23 8.31 2 1.589 .79
100 -23 -21 -20 -18 .84 1.41 2 1.679 .84
1,000 -29 -28 -25 -22 .09 .15 2 1.667 .83

INo clogging within the soil profile. <t was calculated directly (without
ij and 72) using equation 4. The thickness of the surface soil layer (Lg) was
the depth to the aquifer (400 cm in model 1), fand both the initial pore-water
pressure head at the lower boundary of the surface soil layer (S;) and the
final pore-water pressure head at the lower boundary of the surface soil layer
(S2) were given values of zero, representing the pore-water pressure head (S)
values at the surface of the aquifer.

2Clogged surface layer. T was calculated using model 1.
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INFILTRATION RATE, IN CENTIMETERS PER HOUR
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Figure 5.--Simulated steady-state surface infiltration and drainage at the 400-centimeter depth
for the specified surface filter-cake layer impedance after increasing ponded depth
from 60 to 120 centimeters.
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INFILTRATION-RATE RESPONSE RATIO
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Figure 6.-Infiltration-rate response ratio versus surface filter-cake layer impedance for a simulated basin condition

when a ground-water mound does not intersect the basin floor.
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DEPTH, IN CENTIMETERS
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Figure 7.--Simulated steady-state pore-water pressure head distribution with depth for

the specified surface filter-cake layer impedance at a 60-centimeter ponded
depth and a 120-centimeter ponded depth.
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Model 2 (Ground-Water Mound Intersection of Basin Floor

During Early Stages of Basin Operation)

The objective of model 2 simulations was to simulate infiltration-rate

(7') response to changes in ponded depth (H')

water mound intersects the basin floor in ear
The basin recharge rate in model 1 was limite

cake layer impedance (Rf). In contrast, the

ground-water mound intersects the basin floor
ability to move water laterally away from the

for conditions of square and rectangular basi

surface areas, various water-table depths (L'
Situational a
The movement of th
intersection with the basin floor was modeled
saturated unconfined-aquifer flow simulations

hydraulic conductivities (K').
are presented in table 6.

code of McDonald and Harbaugh (1984). Two si

set of basin geometry, L', and K'--one at a 0
Model nodes within the basin were assigned he
Model nodes outside the basin wer
Lateral bou

elevation.
values equal to the water table.
sufficient distance from the basin so as not
30-d simulation period. In all simulations,

during conditions when a ground-
ly stages of basin operation.
d primarily by surface filter-
basin recharge rate when a

is governed by the aquifer's
basin. Simulations were made

n geometries, various basin

), and various underlying aquifer
nd management options simulated
e ground-water mound upon

with two-dimensional (areal)
using the finite-difference
mulations were made for each
.6-m 4' and one at a 1.2-m H'.
ad values equal to the surface
e assigned uniform initial head
ndaries were placed at a
to be of significance during the
the aquifer storage coefficient

(Sy) of model nodes outside the basin was 0.25, and the initial saturated

thickness of the aquifer (h) was 15.24 m.
symmetrical, it was necessary to consider onl
model simulation.
the active quadrant.

For each simulation, each of the two la
50 node increments. For the 12.4-ha square

Beicause the basin was assumed to be

y one-fourth of the basin in each

Total recharge was then four times the simulated flow for

;

eral directions was divided into
asin (142 m wide by 142 m long),

increments in both directions from the basin center to the basin edge were

set at 3 m.

From the basin edge, node increments were increased by a factor
of 1.2 to an outer boundary 2,003 m from the basin center.

For the 12.4-ha

rectangular basin (45 m wide by 450 m long), node increments in the width
(45 m) direction from the basin center to the basin edge were set at 3.2 m.
From the basin edge, node increments were increased by a factor of 1.2 to an

outer boundary 37,412 m from the basin center.
(450 m) direction were set at 3 m at the basi

Node increments in the length
n edge. From the basin edge,

node increments were increased by a factor of 1.2 both inward to the basin

center and outward to an outer boundary 8,584 m from the basin center.

For

the 2.5-ha square basin and the 2.5-ha rectangular basin, node increments

were scaled proportionally so that the same n
in the corresponding 12.4-ha basin models.
one 30-d stress period divided into 35 time s
step of 0.01 d, the 35 time steps were increa
successive time step.
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Table 6.--Model 2 simulations of infiltration-rate response to changes

in ponded depth (from 0.6 to 1.2 meters) during conditions when

a ground-water mound intersects the basin floor in early stages

of basin operation

[ha, hectares; L', water-table depth, in meters; K', hydraulic conductivity,
in meters per day; 7', infiltration rate, in meters per day; t,
infiltration-rate response ratio, dimensionless (initial ponded depth,
0.6 meters; final ponded depth, 1.2 meters)]

Test basin
surface

Test basin area

geometry (ha) L' K' i T
Square 12.4 1.5 61 0.069 0.65
Rectangular 12.4 1.5 61 .091 .65
Circular? 12.4 1.5 61 .054 .64
Square 12.4 3.0 61 .122 .59
Rectangular 12.4 3.0 61 .161 .59
Circular? 12.4 3.0 61 .093 .58
Square 12.4 6.0 61 .239 .55
Rectangular 12.4 6.0 61 .316 .55
Circular? 12.4 6.0 61 .170 .55
Square 12.4 3.0 31 .076 .59
Rectangular 12.4 3.0 31 .104 .59
Circular? 12.4 3.0 31 .057 .58
Square 12.4 3.0 123 .200 .59
Rectangular 12.4 3.0 123 .258 .59
Circular? 12.4 3.0 123 .156 .58
Square 2.5 3.0 61 .395 .59
Rectangular 2.5 3.0 61 491 .59
Circular? 2.5 3.0 61 .263 .58

lestimated using constant-drawdown equation.
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|
Simuiated Infiitration-Rate Résponse (Model 2)
|
The simuiated infiitration-rate (7’) response to changes in ponded depth

(H') for various hydraulic-property and basintmanagement options is presented
in table 6. The infiltration-rate response ratio (t) indicates that
i' response to changes in H' did not vary with basin geometry (square or
rectangular), basin surface area (2.5 or 12.4 ha), or aquifer hydraulic
conductivity (K'; 31, 61, and 123 m/d). The vaiue of t for all geometry,
surface area, and K’ combinations was approximateiy constant at 0.59 when the
initial water-table depth (L’) was 3 m. This corresponds to an 18-percent
proportional increase in i’ that occurs for all simulations, regardless of the
initial value of 7', when H' is increased from 0.6 to 1.2 m. The 18-percent
proportional increase occurs despite a variation in absolute 7' vaiues caused
by various hydraulic-property and basin-management options.

The 18-percent proportional increase in i’ also occurs for the 2.5-ha
and the 12.4-ha basins having the same basin geometry and the same aquifer
K' values. Absolute i’ for the 2.5-ha basin was much larger than absolute
i' for the 12.4-ha basin. The 18-percent proportional increase in 7’ also
occurs for all aquifer X' values. Absolute 7/ vaiues increase in approximate
proportion to the log of X' for the three simulated values.

|

Relative effects of basin design and hyd#au]ic properties on enhanced
recharge are of primary interest in this study rather than absolute 7’ values.
Computer simulation of basin-design effects on absolute i’ values for the
irrigation area near Oakes would not be appropriate because of large spatial
variability of the governing soil, aquifer, water, sediment, and climatic
properties. The t value obtained with model 2 for all cases of ground-water
mounding when L’ was 3 m was 0.59. The t value obtained with model 1 for the
case of no filter cake (saturated vertical flow to the water table) was 0.57.
The slight difference between the two t values was caused by a small change in
the simuiated L’ value [model 1, L' = 4 m (400 cm); model 2, L' = 3 m] for the
two models. When L’ is properiy adjusted, the two t vailues are identical.
Given a constant L', ail simulated cases of recharge through a fully saturated
transmission zone resulted in the same i’ response to changes in H'.

Effect of Basin Gepmetry

When a ground-water mound has intersected the basin floor, the driving
force for infiltration is the height of the ground-water mound above the
initial water table (hp). Regardless of basin geometry, basin surface area,
or aquifer transmissivity (7), infiltration rate (i’') increases linearly with
hpe For example, the simuiated recharge-rate (I) change in response to
changes in hp for a 12.4-ha square basin over y1na an aquifer having a storage
coefficient (Sy) of 0.25 and a 7 of 930 [(m /d)/m¢Im is described by the
empirical equation

I = 4,293 hy (12)

where
I = recharge rate, in cubic meters per day.
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The simulated I change in response to changes in hpy for a 12.4-ha rectangular
basin having an S, of 0.25 and a 7 of 930 [(m3 /d)/m Im is described by the
empirical equation

I = 5,669 hy. (13)

The proportionality factor varies with basin geometry as shown in figure 8,
but the relation between hp and I is linear for each case.

Even though I change in response to changes in hp is iinear regardless
of basin geometry, the proportionality factor for a rectangular basin is
larger than for a square basin (fig. 8), and the proportionality factor for a
square basin is larger than for a circular basin. The difference in propor-
tionality factors has two implications: (1) For any given ground-water mound
height (provided the mound has intersected the basin floor), total I will be
larger for a retangular basin than for a square basin of identical surface
area and (2) as ground-water mound height increases, I will increase at a
larger absolute rate for a rectangular basin than for a square basin of iden-
tical surface area and conducting properties.

In more generalized terms, the basin-geometry effect can be attributed to
the difference in the ratios of basin perimeter to basin surface area for
square and rectangular basins. A large perimeter per unit surface area allows
for fast aquifer transmission of water away from the basin (Baumann, 1965;
Hantush, 1967). It can be generalized that the more compact the basin
surface, the less I change. in response to changes in hp will be. From this,
it is inferred that a circular basin would have a smaller proportionality
factor of I change in response to changes in hp than a square basin of similar
size.

Effect of Initial Water-Table Depth

The height of the ground-water mound above the initial water table (hp)
at the center of the basin is equal to the ponded depth (#') plus the water-
table depth (L’). Therefore, for the case where a ground-water mound forms
quickly, hp is larger for a larger L'. This means that for any given basin
geometry and surface area, if a ground-water mound intersects the basin
floor, infiltration rate (7') will be larger if the initial depth of the
water table beneath the basin floor is larger. It also follows that if the
ground-water mound surface reaches the ponded surface of the basin, then, for
any given ground-water mound height and ponded depth, H' must provide a
correspondingly smaller proportion of hp for a larger L'. This means that
doubling the initial H' causes a smaller relative change in hy, for a larger
L' than for a smaller L'. Because i’ is linearly dependent on hp, the smaller
relative change in hp translates directly to a smaller relative change in i’.
Similarly, for a basin having a very small L‘, doubling H' causes a very large
relative increase in i’ compared to an initial 7’.
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The effect of change in L' on the infiltration-rate response ratio (t)
can be evaluated with the empirical equation

t = 0.6759 - 0.0721 In(L’) (14)

and is shown in figure 9. The use of a 4-m L’ in model 2 rather than a 3-m
L' would result in a t value of 0.57, which is identical to the t value
obtained with model 1 for the case of a nonmounded but fully saturated soil
between the basin floor and the water table. A1l simulated cases of recharge
through a fully saturated transmission zone resulted in the same t value,
provided L' was the same.

A corollary of the empirical relation shown by equation 14 is that t
should vary with the comparative depth increments of #'. In this study,
doubling #' from 0.6 m to 1.2 m was the standard of comparison based on a
realistic depth for test-basin construction in the irrigation area near Oakes.
However, doubling H' from a much larger initial value of 2 or 3 m would result
in a larger proportion of H' in relation to the saturated thickness of the
aquifer (h) and a larger 7' response to increasing H'. In some cases, basins
constructed in old gravel pits are operated with #' exceeding several meters.

Limiting Factors

The operation of basins having a very large ponded depth (H) would seem
to be beneficial because of the linear response of infiltration rate (7') to
ponded depth (H'). However, there are biological and mechanical factors that
limit the practicality of this practice. Soil materials have limited
compressive strength; and excessive weight of water can cause collapse of the
soil grain matrix and, thus, reduce soil porosity. This is particularly true
of organic materials and of soils having large quantities of clay (Bouwer and
Rice, 1989). Baumann (1965) suggested a maximum H' of 1.2 m to avoid recharge
reduction caused by surface soil compression.

Biological limitations result from the longer water-detention times
caused by larger basin water storage during conditions of larger H'. During
some climatic and environmental conditions, longer water-detention times
enhance algae proliferation, which causes an increase in basin pH through
algal photosynthesis. Algal biomass can directly clog the basin surface. In
addition, where influent waters are near saturation or oversaturated with
solute species having a pH dependent solubility, such as dolomite or calcite,
algae activity can cause precipitation of minerals that cement the basin
surface and greatly reduce recharge. Algae-induced reduction of recharge has
been documented by Bouwer and Rice (1989) and has been detected in the Oakes
test basin during late spring and early summer recharge conditions (Schuh,
1990). Bouwer and Rice (1989) have used H' reduction as a means of decreasing
water-detention time to minimize algae proliferation and increase basin
recharge efficiency. The potential effects of biological factors are highly
variable and need to be assessed for each specific basin location and manage-
ment option.
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Constant-Drawdown Approximation

For the square and rectangular basins, increasing aquifer transmissivity
(T) caused by the rising ground-water mound resulted in a small upward
curvature of simulated (model 2) infiltration-rate (i’) response for an
increasing initial water-table depth (L'). However, the increase in
i’ response was small, and the linear approximations shown in figure 8
provided a good approximation of the relation between i’ response and L'.
Because of the linearity, a simplified model having an assumed constant
T 1ikely would be adequate for comparison of the relative effectiveness of
basin design and hydraulic properties in enhancing i’ response. Moreover,
because of the insensitivity of the infiltration-rate response ratio (t) to
basin geometry, aquifer hydraulic conductivity (K'), and L', the commonly
used equations for calculating 7 and aquifer storage coefficient (Sy) for
conditions of constant drawdown [described by Lohman (1972)] 1ikely would
provide an adequate tool for evaluating t.

The constant-drawdown equation of Lohman (1972) is

40 d rv? Sy
where
T = aquifer transmissivity, in cubic meters per day per square meter
times meter of aquifer thickness;

Q@ = well pumping rate, in cubic meters per day;
t' = time, in days;

d = constant drawdown in a discharging well, in meters; and
ry = well radius, in meters.

Application of the constant-drawdown equation for analysis of a circular

basin is made by considering the elevated ground-water mound as an inverted
cone of depression for a pumped well, such that the height of the ground-water
mound above the initial water table (hp) at the center of the basin is used

by analogy in place of the constant drawdown in a discharging well (d), the
circular basin radius (rp) is used by analogy in place of the well radius
(ry), and the recharge rate (I) is used by analogy in place of the well
pumping rate (Q).

For a circular basin, I response to changes in h, was determined by
substituting Ay for d, rp for ry, and I for Q and rearranging equation 15 to
solve for I as a function of hp. For comparison with model 2 applications on
the square and rectangular basins (shown in fig. 8), rp was specified as
263.3 m, the radius of a 12.4-ha circular basin, and time (¢') was specified
as 30 d, the same as the time specified for model 2 applications. All other
parameters of equation 15 were specified the same as for model 2. The
resulting equation for I response to changes in hyp is

I = 3,155 Ay (16)

The proportionality factor for a circular basin is shown in figure 8.
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The Tower rate of linear increase in I rLsponse with L' for a circular
basin may be caused by the more compact basin geometry as described in
comparing the rectangular and square basin relations. A slight difference
in the rate of increase also may be caused by the discrete (t' = 30 d) time
for I response calculated for the circular basin geometry compared with the
30-d mean value for I response calculated for the rectangular and square
basin geometries. Similar calculations were made for all other simulated
conditions, and the results are presented in table 6. In all simulated cases,
T values calculated using the constant-drawdown equation were nearly identical
to those calculated using model 2. It is concluded that relative i’ response
to changes in ponded depth (#') for basin-management options and hydraulic-
property schemes used in this study could be evaluated adequately with the
constant-drawdown equation.

Ponded-Depth Effects on Total Recharge

Because maximum infiltration-rate (i) response to changes in ponded depth
(H) occurs during conditions of a large surface impedance when i is small or
during conditions of a shallow water-table depth (L') when absolute 7 is
small, it is not practical to design or 1ocatﬁ an artificial-recharge basin to
enhance i response to changes in H. Rather, it may be more practical to use
a larger H to enhance total recharge where limiting factors such as a large
surface filter-cake layer impedance (Rf) or a shallow L' cannot be avoided in
basin design and location.

The range of potential gains in recharge accomplished by doubling # from
60 to 120 cm [final ponded depth (Hy) divided by initial ponded depth (Hj)
equals 2] in a basin in the Oakes area can be approximated using equation 3
and the infiltration-rate response ratio (t) values from table 5 for the
maximum and minimum response cases. When full saturation of the unsaturated
zone occurs immediately and is sustained throughout the operational period or
when a ground-water mound intersects the basin floor, t equals 0.57. Using
equation 3, the final infiltration rate (7ip) divided by the initial infiltra-
tion rate (7;) equals 1.14. Thus, a minimum increase in total recharge of 14
percent would be expected. When clogging results in immediate and sustained
desaturation of the unsaturated zone, t equals 0.84. Using equation 3,
12 divided by 7ij equals 1.68. Thus, a maximum increase in total recharge of
68 percent would be expected.

A realistic situation would include a combination of the above increases.
A minimum response would occur for the period of large flow rates before
clogging of the basin floor and desaturation of the basin subsoil. A maximum
response would occur for the period of diminished flow rates following
clogging of the basin floor and desaturation of the basin subsoil. Ignoring
the intermediate t values, which would be transitory, the following
approximation is made for overall gains in reCharge accomplished by doubling
H during the first operational test.

r
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During the first operational test, tensiometer measurements at a depth of
7.6 cm indicated that desaturation of the test-basin soil began about 187 h
after initiation of test-basin operation. Recharge for the first 187 h of
basin operation was 21.3 m when H was 60 cm. Applying the minimum increase in
recharge of 14 percent caused by doubling # from 60 to 120 cm during the
period of subsoil saturation, a total recharge of 24.3 m would be predicted
for an identical time period. Recharge from 187 to 790 h was 9.1 m when H was
60 cm. Applying the maximum increase in recharge of 68 percent caused by
doubling H from 60 to 120 cm following desaturation of the basin subsoil, a
total recharge of 15.3 m would be predicted for an identical time period. The
39.6 m of recharge predicted for the entire operational period when H was
120 cm is about 30 percent more than the 30.4 m of recharge measured during
test-basin operation when H was 60 cm.

During the second operational test, tensiometer measurements at a depth
of 7.6 cm indicated that desaturation of the test-basin soil occurred
immediately upon initiation of test-basin operation. Calculations made on the
basis of hydraulic evidence alone, as for the first operational test, indicate
that increased H# would be highly beneficial during conditions of early
desaturation and would result in a 57-percent increase in total recharge. The
clogging conditions causing the large 7 response to changes in H (carbonate
cementation at the test-basin floor) were shown to decrease total recharge
(Schuh, 1990).

In calculating infiltration-rate increases, the assumption was made that
physical, biological, and chemical effects detrimental to recharge are not
caused by doubling H from 60 to 120 cm. This is not always the case. Because
of potential consolidation, algal biomass clogging, and basin-floor cementa-
tion caused by an increase in H, the use of a larger H as a recharge enhance-
ment tool must be monitored carefully and evaluated whenever it is applied.

CONCLUSIONS

Field experiments and computer simulations of infiltration-rate response
to changes in ponded depth were used to evaluate the effectiveness of
increasing ponded depth to enhance total recharge to the Oakes aquifer,
southeastern North Dakota. A computer model (model 1) was used to simulate
the effects of basin clogging and of increasing surface filter-cake layer
impedance on infiltration-rate response to changes in ponded depth for the
case of an unsaturated soil between the basin floor and the water table or a
fully saturated soil between the basin floor and the water table. A second
model (model 2) was used to simulate the effect of various basin geometries,
basin surface areas, initial water-table depths, and aquifer hydraulic
conductivities on infiltration-rate response to changes in ponded depth when
a ground-water mound forms quickly and intersects the basin floor. An
infiltration-rate response ratio (t) was used to compare infiltration-rate
response to changes in ponded depth for various basin operations.
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Field experiments and model 1 computer simulations using soil hydraulic-
property values measured at different stages of test-basin clogging indicated
that, regardless of water-table depth (provided the water table is deeper
than the capillary-fringe length beneath the test-basin floor), the maximum t
(0.84) occurred for a surface filter-cake layer impedance value of 100 hours.
For no surface filter-cake layer and when the hydraulic gradient was equal to
1 and the water-table depth was equal to 4 meters, infiltration-rate response
to doubling ponded depth from 60 to 120 centimeters (0.6 to 1.2 meters) was
only 14 percent (t = 0.57). Infiltration-rate response increased to 24
percent (t = 0.62) for a surface filter-cake layer impedance value of 1 hour
and then to 58 percent (t = 0.79) for a surface filter-cake layer impedance
value of 10 hours. Infiltration-rate response to doubling ponded depth
reached a maximum of 68 percent (t = 0.84) for a surface filter-cake layer
impedance value of 100 hours and decreased slightly to 64 percent (t = 0.82)
for a surface filter-cake layer impedance value of 1,000 hours.

Model 2 computer simulations for the casé of a ground-water mound
intersecting the basin floor during early stages of basin operation indicated
that the relative infiltration-rate response to doubling ponded depth was
linearly dependent on the initial water-table depth. Simulated infiltration-
rate response to changes in ponded depth did not vary with basin geometry
(rectangular, square, or circular), basin surface area (2.5 or 12.4 hectares),
or aquifer hydraulic conductivity (100, 200, or 400 centimeters per hour).
The proportional increase in infiltration-rate response for all simulations
was 18 percent (t = 0.59) when the thickness of the unsaturated zone was
3 meters. When the initial water-table depth was adjusted to 4 meters, the
infiltration-rate response was identical to that of the model 1 computer
simulation for vertical transient flow.

Even though the proportional increase iniinfiltration—rate response to
doubling ponded depth did not vary with basin| geometry, basin surface area, or
aquifer hydraulic conductivity, absolute infiltration-rate response did vary.
More total recharge was effected by less compact basin geometries (circular,
square, and rectangular in order of increasing recharge); smaller basin
surface areas and larger aquifer hydraulic copductivities also increased
recharge per unit of surface area.

In general, conditions that lead to an effective infiltration-rate
response to changes in ponded depth are least! conducive to enhanced total
recharge. When a ground-water mound has not ‘intersected the basin floor, the
proportional increase in infiltration-rate response to changes in ponded depth
is largest for a heavily clogged basin having a large surface impedance, which
corresponds to an extremely slow infiltration rate. When a ground-water mound
has intersected the basin floor, infiltration-rate response to changes in
ponded depth is largest when the initial wate[-table depth is shailow.
However, the case of a shallow initial water-table depth also corresponds to
slow infiltration rates when compared with larger water-table depths.
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It is not desirable to select a site or design an artificial-recharge
basin for maximum effectiveness of use of basin depth as a management tool.
However, where certain external conditions (large surface impedance or shallow
water table depths) cannot be avoided, increasing basin ponded depth can be
an effective but limited means of increasing total recharge. The limiting
factors are: (1) The potential consolidation of the soil grain matrix and
the loss of soil porosity because of the excessive weight of water during
large ponded depths on soils of low compressive strength, and (2) the
potential biological clogging caused by increased water-detention times
during conditions of larger ponded depth. The effects of the biological
Timitations must be evaluated and monitored for each location to ensure
optimal efficiency.
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GLOSSARY OF TERMS
a, empirical factor for van Genuchten water-retention function, in
inverse centimeters.
c(s), specific-moisture capacity, in inverse centimeters.
d, constant drawdown in a discharging well, in meters.
h, saturated thickness of aquifer, in me*ers.

hj, saturated thickness of underlying aquifer before ground-water mound
formation, in meters.

hm, height of ground-water mound above ihitia] water tabie, in meters.
H, ponded depth, in centimeters. '

H', ponded depth, in meters.

Hjp, initial ponded depth, in centimeters;

Hpz, final ponded depth, in centimeters.

i, infiltration rate, in centimeters per hour.

i', infiltration rate, in meters per day.

iz, initial infiltration rate, in centimeters per hour.

iz, final infiltration rate, in centimeters per hour.

I, recharge rate, in cubic meters per day.
K, hydraulic conductivity, in centimeters per hour.

K', hydraulic conductivity, in meters per day.

K(S), unsaturated hydraulic conductivity, in centimeters per hour.

K(8'), unsaturated hydraulic conductivity as a function of soil water
saturation fraction, in centimeters per hour.

Ks, saturated hydraulic conductivity, ingcentimeters per hour,
L, thickness of unsaturated zone, in centimeters.
L', water-table depth, in meters.

Lf, thickness of surface filter-cake layer, in centimeters.
!
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GLOSSARY OF TERMS, Continued
Ly, distance from center of channel to position where ground-water mound
height effects are negligible, in meters.
Ls, thickness of surface soil layer, in centimeters.

m, empirical exponent for van Genuchten water-retention function,
dimensionless.,

n, empirical exponent for van Genuchten water-retention function,
dimensionless.

p, pore-interaction exponent, dimensionless.

@, well pumping rate, in cubic meters per day.

Rf, surface filter-cake layer impedance, in hours.

Rf', estimated surface filter-cake layer impedance, in hours.
rp, circular basin radius, in meters.

ry, well radius, in meters.

S, pore-water pressure head, in centimeters of water.

Sy, initial pore-water pressure head at lower boundary of surface soil
layer, in centimeters of water.

Sp, final pore-water pressure head at lower boundary of surface soil
layer, in centimeters of water.

Sf, pore-water pressure head at lower boundary of surface filter-cake
layer, in centimeters of water.

Sf1, initial pore-water pressure head at lower boundary of surface
filter-cake layer, in centimeters of water.

Sf2, final pore-water pressure head at lower boundary of surface filter-
cake layer, in centimeters of water.

Ss, pore-water pressure head at lower boundary of sediment-clogged layer,
in centimeters of water.

Ss1, initial pore-water pressure head at lower boundary of sediment-
clogged layer, in centimeters of water.

Ssp, final pore-water pressure head at lower boundary of sediment-clogged
layer, in centimeters of water.
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GLOSSARY OF TERMS, Continued

Sy, aquifer storage coefficient, dimensionless.
t, time, in hours.
t', time, in days.

T, aquifer transmissivity, in cubic meters per day per square meter
times meter of aquifer thickness.

W, source-sink term, in meters per day.
Wp, width of channel at bottom of ponded water, in meters.

Ws, width of channel at surface of ponded water, in meters.

X, length coordinate in x direction, in meters.

Y, length coordinate in y direction, in meters.

z, depth coordinate, in centimeters.

n, final ponded depth divided by 1n1tia1§ponded depth, dimensionless.

1\, final infiltration rate divided by initial infiltration rate,
dimensionless.

', soil-water saturation fraction, dimensionless.

8, soil-water volumetric fraction, dimensionless.

8,, residual soil-water volumetric fract#on, dimensionless.
05, saturated soil-water volumetric fraciion, dimensionless.

1, infiltration-rate response ratio (1/n), dimensionless.
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