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Hydrologic Modeling of Protective Barriers: Comparison of Field Data
and Simulation Results

M. J. Fayer,* M. L. Rockhold, and M. D, Campbell

ABSTRACT

Protective harriers, which consist of layers of silt loam over sand
and gravel, have heen proposed as covers for waste sites located in
semiarid south-ceniral Washington state. The ability of an uncali-
brated model to predict water contents, water storage, and drainage
in barriers was tested for durations as long as 1.5 yr. Eight nonve-
getated lysimeters containing the barrier layering sequence have been
monitored since November 1987, The lysimeters were subjected to one
of three precipitation treatments: ambient, 2 x average, and break-
through (i.e., until drainage occurred). Distributions of measured and
simulated water contents with depth were similar; maximum differ
eces ranged from 0.023 em¥/em® for the ambient treatment to 0,089
em*/cr® near the soil-sand interface for the breakthrough treatment,
Simulated sterage followed the trend in the measured valyes, although
differences as muck as 5 cm were observed at eertain times. Generally,
the model overpredicted evaporation in the winter and underpredicted
it in the summer. Root-mean-square errors were .47 and 2.21 ¢m
for the ambient and 2 X -average treatments, respeclively. Sensitivity
fests revealed that the h_vdrau!ic-conductivil}' function, snow cover,
and potential evaporation were important to successfyl modeling of
storage in a protective barrier. When the abave parameters and
processes were adjusted {though not optimized), the root-mean-square
error for the 2x -average treatment was reduced 63% to 0.81 cm.
For the breakthrough treaiment, simulated drainage was obtained
only by using field-measured sorption and sa'turaied-cnnductivity data.
This result indicates that hysteresis is important to successful modeling
of drainage through protective barriers,

RADIOACTIVE WASTE has been disposed at a variety

of locations at the U.S. Department of Energy’s
Hanford Site in semiarid south-central Washington state,
using methods such as subsurface tanks, burial of solid
wasic, and direct application of liguids to the sedi-
ments. Some of these waste-disposal sites need to be
isolated from infiltrating water to minimize the poten-
tial for transport of confaminants from the waste to
the unconfined aquifer, which eventually discharges
into the Columbia Rjver. Multilayer protective bar-
riers have been proposed as a means of timiting the
flow of water through the waste sites (U.S. Depart-
ment of Energy, 1987).

A protective barrier consists of lavers of fine-tex-
tured soil overlying coarser textured soil. The textura}
contrast delays the drainage of water from the upper
layer when it isg unsaturated, thus lengthening the du-
ration of time during which the stored water could be
evaporated or used by plants (Miller, 1971). A mul-
tiyear research Program was designed to assess the
ability of these barriers o reduce drainage rates to the
deeper vadose zone to <0.05 cm/fyr. One aspect of
this program is to develop computer madels to predict
the barrier’s water balance, of which drainage is one

component. Mai| Shp KL-77
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Traditionally, water-balance models hay
evaluated for durations ranging from days 1o mon
for agricultural or Iemote-sensing purposes (e.g., Iz
cano et al., 1987: Sellers and Dorman, 1987 Horg,
1989; Witono and Bruckler, 1989}, To our know

mate for durations in excess of several consecuti
months. The primary objective of this study wag'
assess the ability of the UNSAT-H Version 2.0 mod
(Fayer and Jones, 1990) to simulate the water balan
of the protective barrier for durations in excess of
year without prior calibration of the model paramg
fers. A secondary objective was to colfect informatig
that could be used to improve the water-balance mode
thus allowing for better predictions of long-term drajy
age rates through the barrier. '

MODEL DESCRIPTION

The model UNSAT-H, Version 2.0,isa one-dimensional
unsaturated soil-water and heat-flow model. Because we
are still testing the heat-flow component and did not initially .
have detailed information on thermal processes affecting
evaporation at our lysimeter site, we performed the simuy
lations without directly including heat flow. )

The flow of water is caleulated using Richards® equation
for liquid water flow in response to gravitational and sue
tion-head gradients and Fick’s law for diffosive vapor flow,
The water-flow ¢quation is '

Chyoh/or = — g/az
(Krth)ohioz + Ki(h) + qur) — S@o) 1)

where  C = a6/ah, the negative of the specific water
capacity (1/cm)

6 = volumetric water content {cin¥/em3)
h = suction head, the negative of the soil
water pressure head (cm)
t = time {h)
z = depth below the s0il surface {cm)
Ky = K, + K,
K, = liguid water conductivity {cm/h)
K.n = vapor conductivity relative to a sucticn-
head gradient (cm/h)
4.7 = vapor flux induced by a thermal

gradient (cmy/h)
§ = sink term for water uptake by plants (i/h)

For this study, soil femperature was maintained consian 50
that g, was zero because heat flow was not considered,
and § was not needed because the model applications were
for protective barriers without vegelation.

The derivation of K., described by Simmons and Gee
(1981) is presented here for clarity. The derivation begins
with a form of Fick’s law of diffusion (Hiilel, 1980), which
can be written as

g = ~(Dip,} ép,faz [2)

where q. = flux of water vapor {(cm/h)

£ = density of liquid water {g/em?) ‘
= diffusion coefficient for water vapor in
soil {cm?h)
Pe = vapor density {g/cm?®)




he diffusion coefficient accounts for the tortuosity of the
Jiffusion path and the reduced cross-sectional area for flow

Jia the relationship

LU IO

D = a6, - O)D, (3]

where « is the tortuosity factor, D, is the diffusivity of
water vapor in bulk air {cm?/h), and the quantity (8, - 8)
epresents the air-filled porosity (em?fem?),

D;ffcrentiating Eq. [2] to explicitly include gradients for
quction head and temperature produces

g = — (Dip)dpJeh)anisz — (Dip.)opoT)elloz  [4]

where T is the temperature (K). The two terms on the right-
nand side of Eq. [4] are the isothermal and thermal vapor
fuxes, gvn and g, Tespectively. Under isothermal condi-
iions, ger equals zero and the total vapor flux equals g,

The vapor density at a specific point in the soil is refated
1o the saturated vapor density, p,,, and relative humidity,

RH, by

b wEl

| P = pRH [5]
n dl’ain.*:'-_ The relative humidity is determined using
RH = exp(—hMg/RT) (6]
where M is the molecular weight of water (g/mol}, g the
1sional gravitational constant (cm/s?), the R the gas constant (erg/
Cise we mol/K). Cembining Eq. [4], [5], and [6] for an isothermal
_+nitially systemn and rearranging yields
Ifecting
“e simu; Gun = (DIp)pu(Mg/RT)RH(ah/iz) (7]
Equation Eguation {7] is similar to the flux equation for liguid flow.
i sue- As such, most of the parameters can be combined to yield
flow. the isothermal vapor-conductivity term

K, = (Dp, Mg/p RTIRH 8]

that is used in Eq. [1}.

The flow equation 1s discretized using a Crank-Nicolson
finite-difference scheme similar to that used by Nimah and
Hanks {1973). The discretized equations are sclved for a
given time step using the Thomas algorithm {Wang and
Anderson, 1982). The size of the time step can vary be-
tween defined minimum and maximum values; the actual
size depends on the magnitude of the mass-balance error

) (1}

water

“ion- i:agf vas | cithe) st -head ‘O}Tﬁbn

1 (Gupta el all, 1978), "The condition depends 8i e Vilue
of-fr-the $iicion head at the surface node, relative {o the
limit, h,... If A, < h..., evaporation is set equal to the
i/h) potential cvaporation rate, which is calculated from meteo-
rologic parameters. If /1, is predicigd to be > A, at the

]
H

\nt 50 end of a time step, that particilar time step is repeated with
ered, the A, prediction fixed at the value of A, .. i.e., a fixed-
were hcad condition. The evaporanon fate ts then d funchion of

the net flux to the surface node from the node below. Dur-
ing this stage, the soil conductivity significantly affects the
evaporation rafe.

METHOD

— ad
= 2] The method used to document the ability of UNSAT-H

Version 2.0 to predict the water balance of eight nonve-
getated lysimeters, localed in the Field Lysimeter Test Fa-
n cility described by Gee et al. (1989), was to compare the
' simulation results (i.e., water contents, storage, and drain-
age) with measurements. Although they are an integral part
of the protective barricr, plants were not included in this

sl Rl
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analysis in order to simplify testing of the other components
of the model.

None of the parameters used in the simulations reported
here were calibrated. Instead, the parameters were deter-
mined independent of the simulations using standard meth-
ods to illustrate how well the model conld perform without
calibration.

Six of the eight lysimeters were cylinders with bottoms
thaf were sealed except tor a drain (Fig. 1a}. These drainage
lysimeters comprised two replicates of three precipitation
treatments: ambient (i.e., natural precipitation), 2 X aver-
age {water added to achieve twice the average precipitation
received from 1955 to 1980), and breakthrough (i.e., water
added until drainage occurred),

The remaining two lysimeters were rectangular parailel-
epipeds, 152 cm on the sides and 170 cm high. The boitoms
were sealed except for a drain. Thesc lysimeters contained
the layering sequence shown in Fig. la, except that the
lowest layer was the 0.01-m-diam. gravel. These lysimeters
rested on platform scales; hence, their designation as weighing
lysimeters. Calibration of the scales indicated an accuracy
of =0.03 cm when measuring storage changes. The weigh-
ing lysimeters were replicates of the ambient and 2 x -av-
erage treatments.

The water contents of the lysimeters were monitored bi-
weekly with & neutron probe. Based on calibration data,
the accuracy of the probe is =0.01 em®/cm?. The lysime-
ters were also monitored biweekly for drainage. Collected
drainage water was weighed to the nearest gram and ex-
pressed as volume per surface arca of the lysimeters.

Table 1 lists the lysimeter descriptions, identifiers, and
simulation periods for each treatment. Lysimeters D9 and
D11 were covered on 14 Mar. 1988 w eliminate evapora-
tion and promote breakthrough. Subsequent weekly irri-
gations eventually saturated the silt loam; as a result, the
soil surfaces subsided approximately 10 cm sometime in
July 1988, Therefore, we chose to simulate the water bal-
ance of these lysimeters for the period ending 30 Junc 1988
rather than 30 Apr. 1989 as was done for the other lysi-
meters.

Barrier Representation

in the conceptual model of the drainage tysimeters (Fig.
1b}, the two sand layers were treated as a single sand layer
and the various gravel sizes were treated as gravel with an
average diameter Of 0.01 m. The bottoms of the lysimeters
have a slope of 0.02 m/m from the 2.8%-m depth to the
drain located at 2.93 m. The simulations were made using
a uniform depth of 2.93 m and assuming that the slight
slope at the bottom would have a negligible effect on the
annual flow of water. Trial and error was used to determine
the minimum node spacing needed to producc acceptable
results yet minimize the required computer time. The cho-
sen spacing for the simulation nodes (Fig. 1b) ranged from
0.2 cm at the surface, to 2.0 cm at material interfaces, to
a high of 25 cm in the middle of the gravel. Reducing the
node spacing further did not change the simulation results
appreciably except for the breakthrough treatment, for which
the spacing in the gravel was reduced to 2 cm.

The conceptual model of the two weighing lysimeters is
identical to that of the drainage lysimeters, except that the
bottom of the weighing lysimeters is at 165 cm rather than
at 293 cm. Therefore, below 153 cm, the node spacing is
uniformly 2 ¢m down to 165 ¢m, which represents the
bottom of the weighing lysimeter. For all simulations, node
depths within the silt loam layer were the same.

Soil Properties

The silt loam material was excavated from a 5-m-thick
sediment deposit located about 10 km west of the fysimeter

%
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Fig. 1. (a) Lysimeter design and (b) conceptual model used to compare measured and simulated hydrology.

facility. The weathered portions of the sediments are gen-
erally classified as coarse-silty, mixed, mesic Xeroliic
Camborthids. The sands arc commercially available mate-
rials. More than 90% of the particles of no. 8 sand fail
between sieve sizes of 1 and 2 mm. More than 90% of the
particles of 20/30 sand fall between sieve sizes of (1.25 and
1.0 mm.

Soil water retention was described using the van Genu-
chien (1978) model

8= 0,+ (6, — )1 + ()] 191

where the subscripts s and r refer to the saturated and re-
sidual values and «, n, and m are curve-fitting parameters.
The parameter m was assumed to equal 1 - 1/n. Hydraulic

s

Table 1. Lysimeter descriptions, identifiers (iD), and simulation
periods for each treatment.

Lysimeter ID Stmulation periods

Freatment

description Drainage Weighing Beginning End

Ambient D1, D8 W2 5 Nowv. 1987 30 Apr. 1989
2% average D10, D12 W4 5 Nov. 1987 30 Apr. 1989
Breakthrough D9, D11 - 5 Nov. 1957 30 June 1988

conductivity was described using Eq. [9] and the Mualem
conductivity model (1976a):

K =K/{1 — (ahy
[+ {ay] P [1 + (eh)] e [10]

where K, is the saturated conductivity (em/h) and € is the
pore interaction term (dimensionless), which was assumed
to be 0.5.

The silt loam parameters were filted to laboratory de-
sorption data determined for this soil using_the hanging
walgr column, pressure plate, and Xgp&gﬁgzmqnmﬂh:
ods (Gee ¢t al., 1089). The prédicied conductivities agreed
reasonably with values measured in the suction-head range
from 0 to 200 cm using the steady-state flux control method
(Klute and Dirksen, 1986). e T e e

Hydraulic data for the sand and gravel were unavailable.
Because preliminary simulations revealed that the model
was relatively insensitive to their hydraulic properties, we
described the sand and gravel using proxy data. Sand pa-
rameters were fitted to a combination of retention and con-
ductivity data for two sand scparates that were numbered
4141 and 4142 in Mualem (1976b). The parlicle sizes of
the sand separates ranged from 0.5 to 1.0 mm and 0.25 to
0.5 mm in diameter, respectively. The gravel parameters




ikl Al

. were fitte

d to the estimated gravel properties reported by
Fayer &t al. (1985), whose predicted gravel condqclivit%cs
were similar (o measured values reported by Miller and
Bunger (1963). All fitting was conducted with the RETC
computer prograni (van Gcnuc]_ncn, 1985).

The parameters used to describe the desorption propertics
of each material are listed in Table 2. Unless noted, all
simulations were conducted with these desorption proper-
lies. Included in Table 2 are sorption parameters for the silt
loam. These parameters were determined using a set of
rctention data that were collected as lysimeters D9 and D11
were welting until breakthrough occurred. All of the hy-
draulic-property functions are shown in Fig. 2. In the sim-
glations, values for internodai conductivities were calculated
using the geometric mean.

Initial Conditions

The lysimeters were filled (Fig. 1a) during June 1987
and covered with plastic until 4 Nov. 1987. November 5
was the first simulated day.

The initial water contents of nodes representing the siit
toam layer in each lysimeter were derived from neutron-
probe readings taken on 4 Nov. 1987 at 15-cm depth in-
tervals from 15 to 135 cm below the soil surface. Water
contents above the 15-cm depth were set equal to the neu-
tron-probe reading at the 15-cm depth. Water contents be-
low the 135-cm depth were set cqual to the neutron-probe
rezding at the 135-cm depth. Measurement error above 15
¢m and below 135 cm was considered negligible because
1he water-content profiles measured between these two depths
were fairly uniform and the surface of the lysimeters had
been covered, preventing significant drying of the surface.

Water contents for nodes located between any two neu-
tron-probe readings were fincarly interpolated. Given the
initial water content at_gach node, the initial suchion-fead
valig(relative to atmospheric datum) was determined using
e Soi-water-Teteiition curves (Fig. Za).

Water contents were not measured in the sand and gravel
fayvers. To assign initial conditions for these layers, we sim-
ulated the redistribution of water in the lysimeters from
early June 1987, when the sand and gravel layers were
saturated and drained, til! 4 Nov. 1987. Initial water con-
tents for all eight lysimeters are shown in Fig. 3.

fo-eccirs o

o
-
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trast, the bottomn of the weighing lysimeters was only (.2
m below the silt loam layer, too close to use a unil-gradient
boundary. Therefore, the bottom boundary of the weighing
lysimeters was represented as a zero-flux condition. This
condition was appropriate for the weighing lysimeters be-
cause the simulated suction head of the bottom node never
decreased to near zero, a condition pecgssary for drainage

: -
The boundary at the soil surface was a function of the

weather and irrigation treatment ~The §ource vi-the-weather
data was thﬂ{anto?a'“MEtﬁero{)gical Station (Stone et al.,
19833, about 200 m west of the lysimeter facility. Hourly
precipitation data were used in the simulations {snow was
assumed to melt immediately). In addition to natural pre-
cipitation, Columbia River water was added to the 2-
average and breakthrough treatments using a sprinkler ir-
rigation device. The device consisted of a spray bar with
six nozzles mounted on & carriage assembly that moved
back and forth over the lysimeters. The nozzles dispersed
water in a long, narrow elliptical pattern on the soil surface
with 50% overlap (Gee et al., 1989). The addition of water
was started at 0700 h on the day of application at a rate
{nominally 0.4 cm/h} less than the saturated conductivity.
Cumulative precipitation for cach of the three precipitation
treatments is displayed in Fig. 4. The lysimeter design pre-
vented runoff; thus, all precipitation and irrigation infil-
trated.

Daily averages of the hourly meteorological data were
converted to daily potential evaporation (PE) values using
the Penman equallon i1 Loorenbos and Pruitt (1977, p. 1
144). For tietinme WhE Tysimeiers DY and D11 were cov-
ered (i.e., starting on 14 Mar. 1988), the PE values were
set to zero so that no evaporation occurred. Cumulative PE

0.5

Boundary Conditions

WATER CONTENT {em /e m’)

ifem V\iM

""'Ff}r/-modcling purposes, the two boundaries requiring

specification were the bottom of the lysimeters and the soil e .‘:-.:.-ﬂr-;‘. Iauma wsatE
surface. The bottom of the drainage lysimeters was 1.4 m LR A L
Ui below the silt loam layer. This distance was judged suffi- —
he " clent {o represent this boundary as a unit gradient. In con- = e
h . £
~ - ___Silt Leam ({desorption)
__T]ed . g: B T .- -5ilt Loam ({sorplion)
Table 2. Parameters describing the hydraulic properties of = I A o
_r_ie— materials in the lysimeters with the van Genuchten and =,
“ng Mualem functions. g
He 0 F R
< g Parametert % vt kS
= oe Material 8. f, @ n K, bt Y
od - S 10 ‘ ,
= cmem?®  ecm¥em®  liem cm/h 5 wp
Silt leam T
Laboratory desorption ¢.00 0.496 0.01178 134 4,03% E 107
Field sorption 0.06 0.411 0.0419 1.29 3.24% > L 3 N B
Sand 0010 0445 00726 280 3940 L N SN ST RPer. S, R - WO
Gravel 0.005 0.419 {%(??\;5{55 ~2.19 12600 10?7 sgt 10° 1o 1o 16° 10" it 10°

T 8. = residual velumetric water content, 8, = saturated volumetric, water
content, @and n = curve-fitling parameters, and K, = saturated hydrautic
conductivity. :

I Fitted value of saturated conductivity.

§ Average of values determined in the field with a Guelph permeameter
(Rockhold et al., 1988),

SUGTION HEAD (crm)

Fig. 2. {a) Water retention and (b) hydraulic conductivity of
the materials in the lysimeters. The values of vapor
conductivity relative to a suction-head gradient for the silt
loam at 15.3 °C are included for comparison.
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Fig. 3. Initial water contents of all lysimeters for the three precipitation treatments.

DAYS SINCE 4 NOV. 1687

Fig. 4. Cumulative measured precipitation for each of the three
precipitation treatments for the durations simulated.

is displayed in Fig. 5 for the ambient and 2 x -average pre-
cipitation treatments, with and without a snow cover (ex-
plained betow), and for the precipitation to breakthrough
treatment.

The daily PE value was distributed throughout the 24 h
of the day in the following manner. For the hours from
{1600 to 1800, 88% of the daily PE value was assigned in
proportion to the average annual receipt of solar radiation
during each of those hours. For the 12 night hours, the
remaining 129 of the daily PE value was distributed evenly.
The maximum: suction head (.} was specified as 10¢ cm
of water.

Simulation Controls

The maximum size of the time steps was specified as 1.0
h to match the hourly precipitation data. Time steps were
permitted to vary between 10-* and 1.0 h, depending on
the mass-balance crror (for more details, refer to the model
documentation in Fayer and Jones, 1990). On average, the

DAYS SINCE 4 NOV. 1887

Fig. 5. Cumulative calculated potential evaporation for each
of the three precipitation treatments for the durations
simulated.

simulations required 44 steps per day. The majority of days
required only 24 steps; days with precipitation required as
any as 350 steps.

RESULTS AND DISCUSSION
Ambient Precipitation Treatment

On 2 Nov. 1988, the measured water-content pro-
files were the driest since the lysimeters were in-
stalled. Following that date, the measured profiles were
the wettest on 14 Mar. 1989. Except for the upper 50
cm of the profile on 14 Mar., 1989, the simulated
waler contents on these dates were within 0.023 cm?/
cm® of the measured values (Fig. 6). On 14 Mar.
1989, the simulations show a pulse of water that was
smaller and higher in the profile than measured.

At each depth among the three lysimeters, the sim-
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Fig. 6. Measured and simulated water contents for the ambient precipitation treatment on (a) 2 Nov. 1988 and (b) 14 Mar. 1989.

ulated water contents on 14 Mar. 1989 were within 45
0.015 cm3cm?® of cach other, despite initial differ- Lysimetes W2
ences as large as 0.076 cm®em®. At the soil-sand A

interface, the simulated flux was upward during the
entire simulation period. No measurable drainage oc-
curred from these lysimeters.

Figure 7 shows that, during both winters, storage

creased. This pattern is typical of the Hanford Site,
which receives 52% of its precipitation in the months
of November through February, and 40% of that in
the form of snow. Compared with the measured
changes, the simulated s%hﬁ‘é“@ﬁﬁﬁg&#w&m?&ﬁ”d‘u@
ing albSEASGRSTTHIS TSt iidicates that more evap-

aratiom-ts-siititflated in the winter and less evaporation 20, 5 >00 300 Y 500 500
during the remainder of the year than actually occurs.
A comparison of predicted vs. measured daily storage
values yielded a root-mean-square error of 1.47 cm.

STORAGE (o)

DAYS SINGE 4 NOV. 1987

Fig. 7. Measured and simulated storage for the ambient :
precipitation treatment, lysimeter W2.

Twice-Average Precipitation Treatment

Figure 8 shows that the simulated water contents Similar to the ambient treatment; measured storage
on 2 Nov. 1988 were as much as 0.038 cm*/cm” higher increased during both winters and decreased during
than measured, whereas, on 14 Mar. 1989, most of the summer, and the simulated storage changes were
the simulated water contents were as much as 0.045 smaller than the measured changes throughout the
em?/cm? lower than measured. Immediately above the simulated period (Fig. 9). This result provides addi-
soil-sand interface, simulated water contenis were as tional evidence that UNSAT-H is simulating more
much as 0.067 cm?/cm?® less than measured. evaporation in the winter and less during the remain-

At each depth among the three lysimeters, the sim- der of the year than actually occurs. A comparison of
ulated water contents on 14 Mar. 1989 were within predicted vs. measured daily storage values yielded a
(.015 cm¥/cm® of each other, despite initial differ- root-mean-sguare error of 2.21 cm.
ences as large as 0.040 cm?/cm?®. The simulated flux Additional simulations of lysimeter W4 were con-
at the soil—sand interface was upward until 7 Jan. 1989. ducted to ascertain model sensitivities that might ex-
After that date, the downward flux into the sand reached plain the difference between measured and simulated
its highest value (0.0087 cm/yr) on 11 Mar. 1989. storage. In separate simulations, the value of h ., was

_ The simulated flux at the sand-gravel interface was _ set 10 15,300 cm, historically known as the wilting
-pward at all times. Similar to the ambient treatment, poi;mﬁmﬂmd-c&ch“WH
no measurable drainage occurred from these lysime- of thE Wigan daily air temperature and vapor density.
lers. Neither change resulted in a storage difference >0.5
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Fig. 8. Measured and simulated water contents for the 2 X -average precipitation treatment on {(a) 2 Nov. 1988 and (b) 14 Mar.

1989.

cm from the original simulation (Fig. 9). In separate
simulations, the values of K| and K, were individ-
ually adjusted within the entire silt foam layer accord-
ing to the mean air temperature for each day. For K|,
we used the standard viscosity correction that Hop-
mans and Dane (1986) determined to be appropriate
for soil. For K,,, we made the p,. and RH terms in
Eq. [8] functions of the air temperature. Both K, and
K., changes resulted in storage differences of <0.1
cm from the original simulation. Although diurnal
temperature changes were not represented, the results
(using daily temperatures) suggest that their effect on
K. and K, would not significantly affect the simu-
lation results. The effects of temperature changes on
water retention and the movement of vapor (see the
temperature-dependent term in Eq. {4]) were not eval-
uated.

Sensitivity tests that indicated important effects in-

45
Lysimeler W4
- - - Simulated
- pieasured
40+

~ e

\\

™~
1987 1988 1829

STORAGE {cm}

25k

20

I i I | !
o 100 200 300 400 500 600

DAYS SINCE 4 NOV. 1987

Fig. 9. Measured and simulated storage for the 2 X .average
precipitation treatment, lysimeter ‘W4,

volved variations in K, and €, the presence of a snow
cover, and a reduction in PE. The effects of each
change are described below.

Saturated Conductivity

During the curve-fitting process for the silt loam,
95% confidence intervals for the fitted value of K|
were generated using the RETC program (van Genu-
chten, 1985). The values encompassing the lower and
upper intervals are 2.16 and 5.76 cm/h, respectively,
or approximately 1.8 cm/h about the mean value. In
terms of K, these values represent 0.54K, and 1.43K,,
respectively. The results in Fig. 10a show that the
value of 0.54K, allowed for increased storage {i.c.,
reduced evaporation) during all months; the value of
1.43K, allowed for decreased storage (i.e, increased
evaporation) during all months.

Pore Interaction Term

Having no measured values of K, under dry con-
ditions to guide the selection of an appropriate value
for €, we decided to explore the effect of a value of
2ero, L.e., no pore interaction. In Fig. 2 of Mualem
(1976a), an € (n in Mualem, 1976a) value of zero was
nearly as valid as the value of 0.5 reported to be the
best average value for a variety of soils. A lower value
of € yields a higher value of K, (progressively more
so as the soil dries), which increases evaporation. Thus,
with € = 0, simulated storage decreased (i.e., evap-
oration increased) by 2.5 cm during the period from
late spring to early fall of 1988 but did not change
appreciably during the two winters (Fig. 10b). The
reason for the seasonal effect is that the winter water
contents were sufficiently high that K| values were
minimally affected by the change in €. In contrast, in
the summer, water contents were sufficiently low that
K, was significantly affected by the change in €.
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Fig. 10. Measured and simulated storage for the 2X-average precipitation treatment, lysimeter W4, showing the effects of (a)
959, confidence intervals for saturated conductivity, K., (b) the pore interaction tern, € = 0, (c) snow cover, and (d) 0.7 times

the potential evaporation {PE}.

Snow Cover

During each winter, a snow cover persisted for sev-
eral weeks (Table 3). During that time, the model
simulated more evaporation than was measured. The
high albedo of snow can significantly reduce PE. In
addition to the snow cover, average daily soil tem-
peratures measured with thermocoupies in lysimeters
W2 and W4 indicated that the 0 °C isotherm reached
the 10-cm depth during the 19871988 winter and the
50-cm depth during the 1988-1989 winter. Frozen soil

impedes cvaporation by reducing water flow to the :

evaporative surface from below and by reducing the
vapor density at the surface, thus lower the gradient
that drives evaporation.

Although not explicitly included in the model, a
snow cover was approximated by setting PE = 0 for
the snow-cover periods in Table 3 (the effect of soil
freezing could have been roughly approximated in the
same manner). This reduction in PE amounted to 6.3
cm, which represents about 3% of the total PE for the
simulation. Sublimation and the redistribution of water
in response to soil freezing were assumed to be neg-
ligible. The results in Fig. 10c show that storage in-
creased 2.0 cm in the first winter and 5.0 cm in the
second winter relative to the original simulation (Fig.
9). The effects of the increased storage in winter per-
sisted through the summer in the form of slightly highes

storage, on the order of 0.5 cm. A similar response
was noted for simulations of lysimeter W2.

Potential Evaporation

Knowing that the model was overpredicting evap-
oration in the winter, particularly when air tempera-
tures were =0 °C (Table 3), and that the Penman
equation in Doorenbos and Pruitt (1977) has not been
tested at the Hanford Site, we elected o reduce PE
by 30% {i.e., 0.7PE). The lower PE resulted in less
simulated evaporation in the months from late fall to
carly spring (Fig. 10d). Very little difference in eva-
portion was observed during the period from late spring
to early fall. Subsequent review of the results showed
that evaporation during these times was rarely at the
PE rate, whereas the winter evaporation rates were
often at PE rates, thus explaining why reduced PE
improved the correspondence with measurements dur-
ing winter. Replacing the PE concept with a direct
simulation of both water and heat flow might resolve
some of the discrepancies between predicted and mea-
sured evaporation rates.

Example Calibration

To demonstrate the potential for calibrating the model
to match the data, we conducted a final simulation of
lysimeter W4 using 1.43K,, € equal to zero, a snow
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Table 3. Periods of extended snow cover and mean daily air temperature equal to or below 6 °C.

Mean air temperature

Snow cover equal to or bejow 0°C
Simulation Starting Ending Simulation Starting Ending
days date ) date days date date

42ta T2 16 Dec. 1987 15 Jan. 1988 9t 68 13 Dec. 1987 16 Jan, 1988
411 to 422 19 Dec. 1988 30 Dec. 1988 408 to 420 16 Dec. 1988 28 Dec. 1988
4535 to 488 ¥ Feb. 1989 6 Mar. 1989 455 to 466 1 Feb. 1989 12 Feb. 1989
cover, and 0.7PE. The result in Fig. 11 shows that 45 Loamoter Wa
the model can be calibrated to significantly improve - SHnulated (1.43K,, =0, snow cover. 0.7PE)

—— Measured

the match with the measured storage values. The root-
mean-square error was 0.81 cm, which represents a
63% reduction from the original simulation in Fig. 9.

Breakthrough Treatment

Simulations using the silt loam desorption curve
produced higher water contents at the 30-cm depth
and lower water contents {by as much as 0.089 cm?/
cm?) at the 135-cm depth than measured (Fig. 12).
By 30 June 1988, the suction head at the sand-gravel
interface had been lowered to 64 cm, a value at which
a significant flux (i.e., 0.05 cm/yr) cannot enter the
gravel. Given the high suction at the interface, these
simulations with the desorption curve produced no
drainage from the lysimeters.

The simulations were repeated using the silt loam
sorption curve, assuming that this curve better rep-
resented the soil water status during the period after
lysimeters were covered on 14 Mar. 1988 and wetted
to breakthrough. Prior to being covered, these lysi-
meters were subjected to precipitation and evaporation
that probably caused the water status in the silt loam
to cycle along scanning curves between the main wet-
ting and drying curves. For this series of simulations,
however, the silt loam was assumed to be on the sorp-~
tion branch only. The results were intended to dem-
onstrate the importance of hysteresis in soil water
retention 1o modeling of the protective barrier.

Simulations with the sorption curve produced water-
content profiles that were in slightly better agreement
with the measurements on 18 May 1988 than the sim-
ulations with the desorption curve (Fig. 12a}. The
maximum difference from the measurements on that

- date was 0.061 cm?/cm?® at the 135-cm depth. On 29

June 1988, the simulated water contents were all less
than measured-(and less than those simulated with the
desorption curve), with the maximum difference from
the measurements again being 0.061 cm®cm?® at the
135-cm depth. Danc and Wierenga (1975) reported
comparable results when using either sorption or de-
sorption curves and no scanning curves (i.e., no hys-
teresis).

In the simulations, the onset of significant water
movement (i.e., »0.05 cm/yr) into the sand layer oc-
curred around Day 168 (20 Apr. 1988) when suction
heads at the silt loam—sand interface decreased below
260 cm. Stfage in the O- to 165-cm depth range

equivalent to the depth of the weighing lysimeters)
was 40.0 cm at this time. The onset of significant
water movement into the gravel layer occurred around
Day 186 (8 May 1988) when suction heads at the

STORAGE (om)

1987 1988 | 1988
| | 1 1 1
0 100 200 300 400 500 820

DAYS SINCE 4 NOV, 1887

20

Fig. 11. Measured and simulated storage for the 2 X -average
precipitation treatment, lysimeter W4, Shown is the
simulation with 1.43 times the saturated conductivity (K},
the pore interaction term, € = 0, a snow cover, and 0.7
times potential evaporation (PE).

2c0 om—> Y had Gaad

sand-gravel interfa(ﬁéif%ﬁ:}i@ibﬂmw age
in the 0- to 165-cnT depih range was 43.9 cm at this
time. Toward the end of the simulations, when drain-
age was occurring, the suction heads at the silt loam—
sand and sand-gravel interfaces were approximately
13 and 3 cm, respectively. The measurements of suc-
tion head at the silt loam-sand interface ranged be-
tween 2 and 8 cm during the same period.

The results of a 239-d simufation show that simu-
lated drainage appeared 11 to 12 d after measured
drainage {Fig. 13). The measured-drainage values were
1.15 and 0.62 c¢cm from lysimeters D9 and D11, re-
spectively, on 28 June 1988. The corresponding sim-
ulated drainages using the sorption curve for the silt
loam were 1.51 and 1.31 cm. ' .

The sensitivity of simulated drainage to uncertainty
in the value of K;, was evaluated using variations of
1.8 cm/h about the K; value. This variation rep-
resented the size of the confidence interval calculated
during curve fitting of the laboratory desorption data.
Although not based on field data, the variation is suf-
ficient to demonstrate sensitivity. The results showed
that using 1.56K, for the silt loam caused drainage t0
occur 3 d early than when using K. In contrast, using
0.56K,, delayed the start of drainage by 11 d in lysi-
meter D9 and resulted in no drainage from lysimeter
D11 (although, if the simulations were continued 1 to
2 d more, drainage would probably have occurred).
Using 1.56K,,, the simulated drainage values from
lysimeters D9 and D11 were 1.98 and 1.77 cm, re-
spectively. Using 0.56K,,, the simulated drainage val-
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Fig. 12. Measared and simulated water contents for the breakthrough treatment on (a) 18 May 1988 and (b) 29 June 1988.

ues were zero. For the two lysimeters, the simulated
drainage values bracket the measured values. These
results demonstrate the sensitivity of cumulative
drainage to jusec one soil hydraulic parameter.

CONCLUSIONS

Without any calibration to field data, the UNSAT-
H model reproduced much of the water-balance changes
that were observed in the field. Differences berween
measured and simulated values of water content and
storage were largest in winter (when evaporation was

3
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Fig. 13. Measured and simulated drainage for the hreakihrough
treatment using the silt loam sorpfion curve.

overpredicted) and summer (when evaporation was
underpredicted). Sensitivity tests demonstrated the
importance of the hydraulic-conductivity function
(specifically, K, and €), snow cover, and the calculation
of potential evaporation to successful modeling of
storage in a protective barrier. When these parameters
and processes were adjusted (though not optimized),
the root-mean-square error for the 2 X -average treatment
was reduced by 63%. This result suggests that a more
rigorous calibration in the future will probably reduce
the error further.

For the breakthrough treatment, simulated drainage
was obtained only by using field-measured sorption
and saturated-conductivity data. This result demonstrates
that hysteresis is important to successful modeling of
drainage through protective barriers.

The results presented here show how the uncalibrated
model performed and indicates areas for model
improvement. Subsequent work will be focused on
unsaturated-conducvity_measurements at Sucton-ficad
values well above 200 cm of water, hvsteresis, snow
cover, frozeéfi §oil,. the calgulation of potential
evaﬁcﬁﬁaﬁﬁmﬁd the effects of temperature variations
on water and w. This work wili include long-
téTm comparisons such as presented here as well as
short-term comparisons using hourly data from the
weighing lysimeters. Once all major processes operating
within the barrier are identified and incorporated,
parameters used 1o simulate the protective barrier will
be optimized by calibrating with a subset of the available
lysimeter data. We believe that additional
measurements, model enhancements, and.calibration
can lead to the successful prediction of drainage rates
as low as 0.05 cm/yr through layered soil in a semiarid
climate.




-k &l

iy

i

NS SANE A

700

ACKNOWLEDGMENTS

The authors gratefully acknowledge the efforts of Pacific
Northwest Laboratory and Westinghouse Hanford Com-
pany cmployees who have participated in the design, con-
struction, and monitoring of the Field Lysimeter Test Facility.

REFERENCES

Dane, J.H., and P.J. Wicrenga. 1975. Effect of hysteresis on the
prediction of infiltration, redistribution and drainage of water
in a layered soil. J. Hydrol. (Amsterdam) 25:220-242.

Doorenbos, 1., and W.G. Pruitt. 1977, Guidelines for predicting
crop water requirements. FAC Irrig. Pap. no. 24. 2nd ed. FAQ,
Rome.

Fayer, M.1., W. Conbere, R.R. Heller, and G.W. Gee. 1985,
Mode! assessment of protective barrier designs. Publ. PNL-
5604. Pac. Northwest Lab., Richiand, WA,

Fayer, M.J., and T.L. Jones. 1890. UNSAT-H Version 2.0: Un-
Saturated soil water and heat flow model. Publ. PNL-6779. Pac.
Northwest Lab., Richland, WA.

Gee, G.W., R.R. Kirkham, J.L. Downs, and M.DD. Campbell.
1989. The Field Lysimeter Test Facility (FLTF} at the Hanford
Site: Instatlation and initial tests. Publ. PNL-6810. Pac. North-
west Lab., Richland, WA.

Gupta, S5.K., K.K. Tanji, D.R. Nielsen, ].W. Biggar, C.8. Sim-
mons, and I.L. Maclstyre. 1978, Field simulation of soil-water
movement with crop water extraction. Water Sci. Eng. Pap.
nc. 4013. Dep. of Land, Air, and Water Resour., Univ. of
California, Davis.

‘Hillel, D. 1980. Fundamentals of soil physics. Academic Press,
New York.

Hopmans, I.W., and J.H. Dane. 1986. Temperature dependence
of soil hydraulic properties. Soil Sci. Soc. Am. J. 5(:4-9.

Horton, R. 1989, Canopy shading effects on soil heat and water
flow. Soil Sci. Soc. Am. J. 53:669-679.

Kiute, A., and C. Dirksen. 1986. Hydraulic conductivity and
diffusivily: Laboratory methods. p. 687-734. In A, Klute {ed.)
Methods of soil analysis. Part 1. 2nd ed. Agron. Monogr. 8.
ASA and SSSA, Madison, WJ,

Lascano, R.J., C.H.M. van Bavel, J.L. Hatfield, and D.R. Up-
church. 1987. Energy and water balance of a sparse crop: Sim-
ulated and measured soil and crop evaportion. Soil Sci. Soc.
Am. ], 51:1113-1121.

SOIL SCL. SOC. AM. 1., VOL. 56, MAY-JUNE 1992

Miller, D. 1971, Water retention and flow in layered soil profileg
n. 107-117. fn R.R. Bruce (chair) Field soil water regime
SSSA Spec. Publ. 5. 888A, Madison, Wi

Miller, D., and W.C. Bunger, 1963, Moislure retention by sp
with coarse layers in the profile. Soil Sci. Soc. Am. Proc. 27
586-589.

Mualem, Y. 1976a. A new modet for predicting the hydraulic:
conductivity of unsaturated porous media. Water Resour. Re;
12:513-522.

Mualem, Y. 1976b. A catalogue of the hydraulic properties of
soils. Res. Progr. Rep. no. 442. Technion, Israel Inst. of Tech.’
nol., Haifa.

Nimah, M.N., and R_]. Hanks. 1973. Maodel for estimating soi]
water, plant, and atrnospheric interreiations: 1. Description and
sensitivity. Soil Sci. Soc. Am. Proc, 37:522-527. :

Rockhotd, ML., M.J. Fayer, and G.W. Gee. 1988. Characteri-

-zation'ofunsatirated hydraulic conductivity at-the Hanford Site,
Publ. PNL-6488. Pac. Northwest Lab., Richland, WA

Seilers, P.J., and J.L. Dorman. 1987. Testing the simple bio-
sphere model (SiB) using point micrometeorological and bio-
physical data. J. Clim. Appl. Meteor. 26:622-651.

Simmons, C.S., and G.W. Gee. 1981, Simulation of water flow -
and retention in earthen cover materials overlying uranium mill
tailings. Publ. PNL-3877. Pac. Northwest Lab., Richiand, WA,

Stone, W.A_, I.M. Thorp, O.P. Gifford, and D.J. Hoitink. 1983,
Climatological summary for the Hanford area. Publ. PNL-4622.
Pac. Northwest Lab., Richland, WA,

U.S. Department of Energy. 1987. Final environmental impact
statement disposal of Hanford defense high-level, transuranic
and tank wastes, Hanford Site, Richland, Washington. DOE/
E1$-0113 (Vol. 3). U.S. Dep. of Energy, Washington, DC.

van Genuchten, M.Th. 1978. Csalculating the unsaturated hy-
draulic conductivity with a new closed-form analytical model.
Publ. 78-WR-08, Dep. of Civil Eng., Princeton Univ., Prin-
ceton, NI.

van Genuchten, M.Th. 1985, RETC.F77: A program to analyze
observed soil water tension and hydraulic conductivity data.
U.S. Salinity Lab. Spec. Rep. U.S. Salinity Lab., Riverside,
CA.

Wang, H.F., and M.P. Anderson. 1982. Introduction to ground-
water modeling. W.H. Freeman and Co., San Francisco.

Witono, H., and 1. Bruckier, 1989. Use of remotely sensed soil
moisture content as boundary conditions in soil-atmosphere water
transport modeling 1. Field validation of a water flow model.
Water Resour. Res. 25:2423-24335,




s0IL SCIENCE SOCIETY OF AMERICA
JOURNAL (ISSN 0361.5995)
Business and Editorial Offices at
677 South Segoe Road, Madison, WI 53711

Editorial Board, 5854
RoBeRT J. LUXMOORE, editor-in-chie/
Technical Editors
1M, Brieaam {Div, 5-5, 59)  J.H. Daxe {Div. 5-1}
D.K. CasseL {Div. 5-6)  M.5. Swrri {Div. 5.3, 5.7}
W CprIsTENSEN {Div, S-¢, 5-8) DL, Sparxs (Div. 5-2)
Associwe Editors

L.R. AHWA  R.H. LoEPPERT
M.M. ALLEY K., MCSWEENEY
M.C. AMACHER R.L. Mixxsisen
A, AMOCZEGAR« D. MorLLa
S.H. ANDERSON D.D. MyRoLD
1.5, ANGLE W.D. NeTTLeTON
1.R. BovLE C.G. Orson
§.A. BurGer T.B. Parxin
W.J. BUSSCHER D.E. Rabeurse
E.]. DIEBERT G.W. Reum
T.A. DOERGE M. ).M, ROMKENS
L.R. DREES D.G. ScuulzE
W.W, Frye A.P. Scrwaz
R.C. GRaHAM N.E. SuEck
.F. GrigaL 5.1, SMITH
R.D. BARTER J.L. STARR
R.L. Hm D.L. SUAREZ
?.M. Huang M.A. TABATABAI
G.L. HUTCHINGoN R.F. Turco
P.M. JARDINE  D.R. UpcHureH
D.B. Javnes M.J. VEPRASKAS
R.G. KACHANOSKE D.T. WESYERMANN
J.M. KeLLy R.S. Yost

WitilaM R. LUELLEN, Muanaging editor
R.F BARNES, gxecutive vice president
D.M. KRaL, assecigre execupive vice president

Pamu KASPER, associaie producrion editor
MariaN K. Viney, assisign? editor

Published bimonthly by Lhe Soil Science Society of Ameri-
ca, Inc. Second-class posiage paid at Madison, WI, and at
additionat mailing of fices, Business and editoriat of fice at 677
5. Segoe Rd,, Madison, Wi 53711 USA.

Subscription rates (nenmember): 385 per year, postpaid
within the USA; all others §94,50. Single copics, 316 USA;
elsewhere, 318, New subscriplions, rencwals, and new mem-
berships that include the SS8A Journal begin with the first
issuc of the current year, Claims for copies lost in the mail
must be reccived within 90 days of publication date for domes-
tiv subseribers, and within 26 weeks of publication date lor
foreign subscribers. Send orders wo the Business Manager.

Al least one author of each unsolicited paper submilzed to
the S55A4 Journal must be an active, emeritus, sustaining mem-
ber representative, graduate student, or dues-paying under-
graduate student member of the Soil Science Society of Ameri-
ca, Crop Science Society of America, or American Soctety of
Agronomy, Ariicles must be approved by the Editorial Board.

Contributions to the 5S5A4 Jowrnal may be {1} papers and
notes on original research; and {ii) "'Comments and Letters
\o the Editor’’ containing (&) critical comments on papers pub-
lished in one of the Society outlets or elsewhere, (&) cditorial
comment or comments by Saciety ofTicers, or {¢) personal
comments on matters having to do with soil science. Letters
1o the Editor are limited to one printed page. Contribitions
need nol have been presented at annual meetings. Original
research findings arc interpreted (o mean the outcome of scho-
larly inguiry, investigation, or experimentalion having as an
objective Lthe revision of existing concepts, the development
of new concepts, or the development of new or improved tech-
niques in some phase of soil science, Shorl, critical reviews
Or essays on timely subjects, upon invitation by the Editorial
Board, may be published on a limited basis. Refer (o S55A
Publication Policy (Soil Sci. Soc. Am. . 55(1):1-2, 1991) and
Lo the Publications Handhook and Style Manual (ASA-CSSA-
SSSA, 1988).

Manuscripts are to be sent to Dr. Robert }. Luxmoore
editor-in-chief, S8SA, Qak Ridae National Lab, P.O, Box
20418, Bldg. 1505, Oak Ridge, TN 37831.6038 (Phone: 615-
$74-7357). Four copies of the manuscripl, on line-numbered
paper, are required. All other correspondence should be
direcied to the Managing Editor, 677 8. Segoe Rd., Madison,
W1 53711,

Volunteered papers will be assessed a charge of 340 per page
for cach printed page from page one through page four; a
charge of $190 per page (395 per hail page) will be assessed
for additional pages. No charge will be assessed against in-
vited review papers o comments and letters (o the editar. The
Sociely absorbs the cost of reproducing illusirations up o $15
for each paper.

Trade names arc sometimes lisied in papers published in
this journal. Mo endorsement of these products by the pub-
lisher is intended, nor is any criticism implicd of similar
products not mentioned.

Copyright © 1992 by the Soii Science Society of America,
Inc. Permission for printing and for reprinting the malerial
contained herein has been ebtained by the publisher. Other
users should request permission from the auther(s) and noti-
fy the publisher if the **fair use™ provision of the U.5, Copy-
right Law of 1976 {P.1.. 94-553) is (0 be exceeded.

1992 OFFFICERS OF S85A

W. W, McFeg, Purdue University, West Lafayette, IN,
president

DarpzLn, W, Newson, University of Nebraska, Linceln, NE,
presidenit-efect

F. P. MiuLsr, Ohio State University, Columbus, OH,
president

R. F Bannss, ASA-CSSA-5S5A Headquariers, Madison, W1,
cxecutive viee president

Soil Science Society of America

JOURNAL

Vor. 56 May-June 1992

CONTENTS

Division S-1—8eil Physics

Moment Method Appiied to Sotute Transport with Binary and Ternary Exchange. ..
............................................ Feike 1. Leij and J.H. Dane
Infiliration Simulations among Five Hydraulic Property Models ............... ...
............................... Sam Alessi, Lyle Prunty, and W.M. Schuh
Coupled Diffusion of Exchangeable Cations in Soil ... ..._._...... Dean Rhue
Hydrologic Modeling of Protective Barriers: Comparison of Field Data and Simulation
Results .................. M.J. Fayer, M.L. Rockhold, and M.D. Campbell
Fiberglass Wicks for Sampling of Water and Solutes in the Vadose Zone..........
.................................. J. Boll, T.5. Steenhuis, and J.5. Selker
Thermally Driven Water and Octane Redistribution in Unsaturated, Closed Soif Cells
.......................................................... Lyle Prunty
Macropere and Surface Seal Interactions Affecting Water Infiltration into Soil .. ...
.................................. S.D. Ela, 5.C. Gupta, and W.J. Rawis
Bypass Water Flow through Unsaturated Microaggregated Tropical Soils._. ... ...
................... R. Radulovich, P. Sollins, P. Baveye, and E. Solérzano
Microretief and Rainfall Effects on Water and Solute Movement in Earthworm Bur-
FOWS oottt e et e M.D. Trojan and D.R. Linden
In Sity Measurement of the Effective Transport Volume for Solute Moviag through
Soil ..ol B.E. Clothier, M.B. Kirkham, and J.E. McLean

Division 8-2.-80il Chemistry

Effect of Sorption on the Biodegradation of Quinoline ...l
.................. $.C. Smith, C.C. Ainsworth, S.J. Traina, and R.J. Hicks
Significance of Soil Chemical Heterogeneity for Spatial Behavior of Cadmium in
Field Soils ....... Alexandra E.” Boekhold and Sjoerd E.A.T.M. Van der Zee
Changes in Alumisum and Phosphorus Solubilities in Response to Long-Term Fer-
Hlization .. ... i I.A. Hetrick and A.P, Schwab
Partitioning Dissolved Inorganic and Organic Phosphorus Using Acidified Molybdate
and Isobutanol ........ K. Jayachandran, A.P. Schwab, and B.A.D. Hetrick
ERRATUM

Division 8-3--Seil Microbiology & Biochemistry

Nitric Oxide and Nitrous Oxide Production from Soil: Water and Oxygen Effects ..
........................... C.F. Drury, D.J. McKenney, and W.1. Findlay
Landscape-Scale Variations in Denitrification. ............. ..ol
........... D.J. Pennock, €. van Kessel, R.E. Farrell, and R.4. Suiherland
Particulate Soil Organic-Matter Changes across a Grassland Cultivation Sequence . .
...................................... C.A. Cambardella and E.T. Elliott
Crop Rotation and Residue Management Effects on Soif Carbon and Microbial Dy-
NAMICS ..o vivannnnnn H.P. Collins, P.E. Rasmussen, and C.L. Douglas, Jr.
Grain Sorghum-Soybean Rotation and Fertilization Influence on Vesicuiar-Arbuscular
Mycorrhizal Fungi ... ... .o J.R. Ellis, W. Roder, and §.C. Mason
New Formulae for Mass Spectromelric Analysis of Nitrous Oxide and Dinitrogen
EMissiOonS ...t e JRM. Arah

Division S-4—Seil Fertility & Plant Nutrition

State-Space Approach to Spatial Variability of Crop Yield ................. e
... Ole Wendroth, A.M. Al-Omran, C. Kirda, K Reichardy, and D.R. Nielsen
Ameliorating Chtorosis-Inducing Soils with Rock Materials of Varying Porosity and
Iron Content ......ooomeoneaiiia., Gerhard Clemens and Arieh Singer
Determination of Bioavailable Phosphorus in Soil ....... S.J. Thien and R, Myers
Maize Root Distribution between Phosphorus-Fertilized and Unfertilized Soil ......
......................................... Jiancai Zhang and §.A. Barber
Cotton Response to Residual Fertilizer Potassium on Vermiculitic Soil: Organic Mat-
ter and Sodium Effects ...... K. G. Cassman, B.A. Roberts, and D.C. Bryant
Role for Potassium in the Iren-Stress Response Mechanism of Iren- ... .ooonnt
Efficient Oat .........c.oh. D.F. Hughes, V.D. Jolley, and J.C. Brown

No. 3

Page

667

675
683

690
701
707
714
721
727
733

737
747
755

758
765

766
770
777
783
789
795

801

807
814

8§19
823
836






