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DIVISION S-1—-SOIL PHYSICS
A Simple Method for Estimating Water Diffusivity of Unsaturated Soils

Quanjiu Wang, Mingan Shao, and Robert Horton*

ABSTRACT

Numerical models have been extensively used for predicting water
and solute transport in saturated and unsaturated soils. Soil hydraulic
properties are required for quantitatively describing water and chemi-
cal transport processes in soils by the numerical models. Soil water
diffusivity is one of the important hydraulic properties. Several ap-
proaches have been developed to estimate the soil water diffusivity,
however the intensive calculations and time-consuming measurements
required by the methods for determining soil water diffusivity limit
the application of the methods. It is necessary to develop a method
with easily performed experiments for determining soil water diffusiv-
ity. In this paper, the problem of water absorption into a horizontal
soil column is solved, and the relationship between cumulative infiltra-
tion and infiltration rate with the distance of the wetting front are
obtained. Based on the relationships, a new and relatively simple
method for estimating soil water diffusivity is presented in this paper.
Experiments of water absorption into 60-cm long and 25-cm long
horizontal soil columns were conducted to evaluate the method. Esti-
mates of soil water diffusivity by the new method were in good agree-
ment with estimates by the Bruce and Klute method. With the new
method short (approximately 8 cm) soil columns can be used, and it
is possible to use the new method to estimate soil water diffusivity
of undisturbed soils. Therefore, the present method provides simplic-
ity for determining soil water diffusivity.

MATHEMATICAL MODELS have been used in research
and management to predict water and solute
transfer in soil and ground water. The accuracy of water
flow and solute transport predictions obtained with the
models depends to a large extent on the reliability and
accuracy of the soil hydraulic properties. The required

Q. Wang, State Key Laboratory of Soil Erosion and Dryland Farming
on the Loess Plateau, Institute of Soil and Water Conservation, Chi-
nese Academy of Sciences, Yangling, 712100; Institute of Water Re-
sources Research, Xi'an University of Technology, Xi’an 710048, China;
Q. Wang and M. Shao, Institute of Geographical Sciences and Natural
Resources Research (Beijing 100101) and Institute of Soil and Water
Conservation (Yangling, 712100) of Chinese Academy of Sciences,
China; R. Horton, Dep. of Agronomy, Iowa State University, Ames,
IA 50011. Received 26 Feb. 2003. *Corresponding author (rhorton@
iastate.edu).
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hydraulic properties are hydraulic conductivity, water
diffusivity, and specific water capacity (Bohne et al., 1995).
Among the three parameters, only two of them are inde-
pendent.

In recent years, there have been increased efforts to
estimate soil water diffusivities of unsaturated soils, as
one of the major soil hydraulic properties. Usually hori-
zontal infiltration experiments have been used to relate
soil water diffusivity to the volumetric water content by
the method of Bruce and Klute (1956). The method is
based on the Boltzmann transformation. The slope of
the water content distribution curve along the soil col-
umn needs to be measured to estimate the water diffu-
sivity. Kirkham and Powers (1972) described in detail
this common method for estimating soil water diffusiv-
ity. However, it is difficult to exactly determine the slope
of the water content distribution curve, and thus the
difficult estimation of the slope of the water content
distribution leads to soil water diffusivity estimation
error. Cassel et al. (1968) presented a method for esti-
mating soil water diffusivity from time-dependent soil
water content distributions in the horizontal redistribu-
tion process. Their method requires measuring water
content distribution with time and also involves both
relatively intensive calculation and time-consuming ex-
periments. Clothier et al. (1983) presented a fitting func-
tion chosen from those presented by Philip (1960) to
approximate the water distribution curve in the Bruce
and Klute (1956) method. This made possible a simple
analytical expression of the water diffusivity by avoiding
finding the slopes of the soil water distribution curve.
However, the fitting function of Clothier et al. (1983)
may not apply to all soils. McBride and Horton (1985),
based on the Bruce and Klute (1956) method, developed
a method of determining the water diffusivity from hori-
zontal infiltration experiments. However the method
involves intensive calculations. Warrick (1994) gave a
detailed review on soil water diffusivity estimation for
fixed water content at the inlet boundary. Shao and Hor-
ton (1996) developed a method to estimate the soil water
diffusivity by using a nonhysteretic analytical solution
to horizontal redistribution based on general similarity
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theory. The method only requires information on the
advance of the wetting front with time to obtain the soil
water diffusivity in the process of water redistribution.
Shao and Horton (1996) assumed a power function be-
tween the soil water diffusivity and the soil water con-
tent, however the form of their power function may not
apply to all soils. A power function relationship between
soil water diffusivity and relative water content may
have a more general application to soils than does the
Shao and Horton (1996) power function relationship.

The purpose of the present paper is to develop a
method for determining the water diffusivity of unsatu-
rated soils. To obtain an analytical expression of the
diffusivity, the problem of water absorption into a hori-
zontal soil column is solved. The relationships among
cumulative infiltration and infiltration rate and the wet-
ting front are obtained. With these relationships the soil
water diffusivity as a function of relative water content
can easily be determined. Three soils were used to evalu-
ate the method. This paper compares analytical values
of the soil water diffusivity with those obtained by the
method of Bruce and Klute (1956).

THEORY

Darcy’s equation describing one-dimensional horizontal
flow of water in unsaturated soil is

g = kG = ~DOT 1]

where ¢ is soil water flux (cm min™'), k(k) is unsaturated
hydraulic conductivity (cm min '), 4 is soil-water suction (cm),
x is the horizontal distance (cm), D(0) is the soil water diffusiv-
ity (cm? min™'), and 0 is the soil water content (cm® cm?).

The following equation was used to describe the unsatu-
rated conductivity (Brooks and Corey, 1964)

k) = k] g

where k is saturated conductivity (cm min~'), A, is air-entry
suction (cm), and m is a constant.
The soil water retention curve (Brooks and Corey, 1964) is

0 — 0, hd)"
=2 3
0, — 6, (h 3]

where 0, is the saturated soil water content (cm® cm ™), 6, is
the residual water content (cm® cm™?), n is a parameter, and
the left hand ratio is equal to the relative water content, S.

For the water absorption problem of one-dimensional hori-
zontal soil column, the general equation and the initial and
boundary conditions are

% _3/pm)
ot ox\ ox
B(X,O) = 6;
0(0,1) = 6, [4]
e(w’t) = 6i
where 6, is the initial soil water content (cm® cm ™).
Integrating Eq. [4] with respect to 6 gives,
0,
j P + D(es){"’—e] “p®®=0 5
g Of oxJg 0x

Parlange (1971) considered that the first term in Eq. [5] is
small compared with the rest of the terms in Eq. [5] and may

be neglected when soil water content is close to the saturated
water content. Eq. [5] reduces to:

a0 a0
D(es){a]s = D(e)a (6]
We can let

i=—mwg] 7]

S

Because the right side in Eq. [7], describing the soil water flux
at the soil surface, is actually infiltration rate, i, Eq. [6] becomes

i= DO 8]
ax
Converting Eq. [8] as
dh
i = k(h)— 9
(g ()
Then Eq. [9] can be integrated and converted as follows
ix = 8 pom — pymy [10]
='m

where A, is the suction at the x position. If the initial water
content is relatively small and 4, is relatively large, A ™™ is
very small at the wetting front, x = x;, and x; is the wetting
front distance and can be observed visually. Therefore Eq.
[10] can be simplified

hik hyk,

iy = (=R = [11]
- m m =l
and 7 is expressed as
e (12]
xxm—1

Equation [8] actually assumes that the flux is only a function
of time, and Eq. [12] expresses the relationship between the
infiltration rate and the wetting front distance. The infiltration
rate decreases with the advance of the wetting front.

Combining Eq. [10] with [12], a new relation is found

=1
e (ﬂ) [13]
X¢ hx

The suction, A, at a distance, x, can be calculated by Eq.
[13]. Combining Eq. [3] with [13] the soil water content at a
distance, x, can also be expressed as

m—1
= 0, — 6\ »
H=x _ ( ) [14]
Xg es - 6r

The cumulative infiltration to the wetting front can be ex-
pressed as

1= Je xdo [15]

6;

Combining Eq. [14] with [15], the cumulative infiltration is
as follows

nX¢ 1—m
I'= %00, —6) ———— (0, — 9) =
x( ) 0 1( )
m+n—1 m+n—1
-0 —e-0™E| e

If the initial water content (air-dried soil) is small, and the
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residual water is considered to equal the initial water content,
the cumulative infiltration is

1
1+ n/(m — 1)] Ll

Equation [17] shows that the cumulative infiltration is a
linear function of the distance to the wetting front.

The infiltration rate is the differential rate of the cumula-
tive infiltration

I = x;(06, — Gi)[

dr _ .

= 18
s, (18]

Combining Eq. [18] with [17] and [12]
X = heks(m + n — 1)t1/z [19]

(m* — 1)(6, — 6))

Equation [19] shows the relationship between time and the
wetting front distance. Combining Eq. [14] with Eq. [19]

o o

Let

(8) = [1 % (H)m_l] \/Z(},:fsfml)?ef——ef))

Hence

x = Q(0)" [21]

The well-known Boltzmann transform equation is x(6,7) =
A(0)"2, and Eq. [21] is similar in form to the expression of
the Boltzmann transform.

Soil water diffusivity can be expressed as a function of soil
water retention curve and unsaturated soil water conductiv-
ity curve

B = 4 [22]
do

The soil water diffusivity may be described as a power function
of relative water content, as follows for a Brooks—Corey
(Brooks and Corey, 1964) soil

(23]

_ L
D = Ds(e 9,)

0; — 9;
where D is the diffusivity of saturated soil and L is a pa-
rameter.

Combining Eq. [2] and [3] with Eq. [22] gives

m—n—1
_ kg (e - ei) n
n(ﬂs = 9,) 95 - Gi

To obtain the related parameters in Eq. [24], Eq. [24] can

be rearranged as

[24]

Table 1. Basic soil physical properties.

m—1

_[(m — 1 kshd g = Bi n !
il ( n )(m — 1)(8 — ) (es - ei) 12
Hence
_m — 1 kshd
P e -8 =
L= ’"; LN [27]

(m — 1)/n in Eq. [26] and [27] can be calculated based on Eq.
[17], and kshy/(m —1) in Eq. [26] can be estimated based on
Eq. [12]. Therefore, when the relations of the infiltration rate
and the cumulative infiltration with the wetting front distance
are known, the soil water diffusivity can be easily estimated.

To get even easier parameter expressions, Eq. [12] and [17]
are expressed as follows:

i=4 28]
Xt
[ = bx; [29]
Where
a =Dk [30]
m — 1
b=(6—6) {é] [31]
YVl +akm - 1)
Hence D, and L can be expressed as follows:
o R /(u . 1) [32]
95 e Oi b
L= 1/(95%6' - 1) -1 [33]

When a and b are obtained through the analysis of experimen-
tal data, the parameters D, and L can be estimated with Eq.
[32] and [33]. Then the soil water diffusivity can be readily
determined by Eq. [24].

MATERIALS AND METHODS

One-dimensional water absorption experiments for hori-
zontal soil columns were performed to evaluate the new
method. Experiments were conducted using a horizontal cylin-
drical column with a length of 60 cm and a diameter of 9 cm
to measure soil water content by a <y radiation attenuation
method. The relatively large soil column and the vy radiation
attenuation method were used to accommodate the Bruce and
Klute method. The new method did not require measurements
of soil water content profiles. Three soils from Shaanxi prov-
ince of China were used as the experimental materials. The
soils were Yulin sand, Shuide loam and Xian silt loam, and
the related physical properties of the three soils are listed in
Table 1. Air-dried soils were passed through a 2-mm screen,

Soil particle diameter Bulk density Initial water content
<2 mm <0.05 mm <0.01 mm <0.005 mm gem™? cm® em?
Yulin 100 11.5 5.4 4.7 1.7 0.02
Shuide 100 4.1 19.5 12.7 1.4 0.02
Xian 100 69.7 59.3 8.0 1.35 0.02
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and the columns were packed layer by layer with air-dried
soils of a given soil bulk density. A Marriotte tube was used
to supply water, and a zero water head was maintained at the
soil inlet. The volume of infiltrated water was recorded with
time. A vy radiation attenuation method (relative error <2%
for volumetric water content) was used to measure soil water
content profiles in 1-h intervals, to calculate the diffusivity by
the Bruce and Klute (1956) method. The wetting front distance
with time was observed visually based on obvious color differ-
ences at the interface of the wet and dry soil. The infiltration
rate versus time was calculated based on the cumulative infil-
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Fig. 1. Cumulative infiltration versus the wetting front distance for
three soils ([a] Yulin Sand, [b] Shuide Loam, and [c] Xian Silt
Loam).

tration with time. Using the observed data of the cumulative
infiltration versus time, the changes of infiltration rate and
the wetting front distance with time, soil water diffusivities
were calculated by the new analytical relationships presented
in the theory section. The diffusivities of the three soils were
also calculated with the Bruce and Klute method based on
the measured soil water content profile.

It is convenient to use small soil columns to estimate soil
water diffusivity. To indicate the effect of soil column size on
the new method, a horizontal infiltration experiment with
Yulin sand was also conducted using a column with a length
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Fig. 2. Infiltration rate versus the inverse wetting front distance for
three soils ([a] Yulin Sand, [b] Shuide Loam, and [c] Xian Silt
Loam).
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of 25 cm and a diameter of 4 cm. A Marriotte tube was used
to supply water, and a zero water head was maintained at the
soil inlet. The volume of infiltrated water was recorded with
time. The wetting front distance with time was observed visu-
ally. The new method was used to estimate soil water diffu-
S1vity.

RESULTS

As mentioned above, to obtain soil water diffusivity
of unsaturated soils, the advance of the wetting front
with time, cumulative infiltration and infiltration rate
are measured in the experiments. Figure 1 and 2 show
the measured cumulative infiltration versus the wetting
front distance and the infiltration rate versus the inverse
wetting front distance, respectively, for each soil. Each
data set is treated with Eq. [28] and [29]. The a and b
parameters are related to D, and L in Eq. [23], which
describes the soil water diffusivity by a power function
of relative water content. The a and b parameters are
estimated by least squares regression of fitting the ob-
served data of the cumulative infiltration versus the
wetting front distance and the infiltration rate versus
the inverse wetting front distance, respectively, for the
soils, and the results are shown in Table 2. All of the
coefficients of determination values, R?, of the fitting
are >0.97. Therefore it may be safe to say that Eq. [28]
and [29] describe the relations of cumulative infiltration
versus the wetting front distance and the infiltration
rate versus the inverse wetting front distance well. The
D, and L in Eq. [23] are calculated by using Eq. [32]
and [33], and the results are shown in Table 3. To evalu-
ate the new method, the soil water diffusivity is also
determined by the method of Bruce and Klute (1956),
and the results are also listed in Table 3.

The soil water diffusivity of the new method is deter-
mined by Eq. [32] and [33]. Because the values of D,
and L are dependent on a and b constants in Eq. [28]
and [29], it may be interesting to look at the sensitivities
of soil water diffusivity to @ and b coefficients in Eq.
[28] and [29]. The D, value depends on both a and b,
but L only depends on b. When b increases, L also
increases. For a given soil, saturated and initial water
content are constant (here 6, is assumed to 0.45 cm’
cm?, and 6;is 0.02 cm® cm ), a sensitivity analysis shows
that L increases about 10 times when b increases from
0.3 to 0.4. The values listed in Table 2 and 3 also show
that L increases as b increases. The value of L influences
the shape of the curve of soil water diffusivity, thus the
shape of the curve of soil water diffusivity is mainly
affected by the value of b. We may know from Eq. [32]
that D, linearly increases as parameter a increases for
given values of b and initial and saturated water con-
tents. For given values of parameter a, initial and satu-

Table 2. The regression parameters for three soils.

Yuling Shuide Xian
a 1.030 0.382 0.220
b 0.29 0.39 0.42
R} 0.98 0.98 0.97
R} 0.99 0.99 0.99

Where R} and R} are correlation coefficients for the infiltration rate with
the inverse wetting front distance and the cumulative infiltration versus
the wetting front distance, respectively.

Table 3. The estimated soil water diffusivity parameters for
three soils.

Soil Yuling Shuide Xian
Dy, cm? min ! 15.7 5.51 4.16
D, cm* min ! 14.5 6.05 4.50
L, 3.35 549 8.09
L, 3.29 537 8.03

Where D, and L, were estimated by the simple method, and D, and L,
were obtained by the method of Bruce and Klute (1956).

a
= 2]
c
£
o
§ of
(=]
Z
= =24
[
=
£
a
S5 4
6 v . . B )
0.0 0.2 0.4 0.6 0.8 1.0
i relative water content, S
b
2
= 0 A
£
NE
s 7]
9 4
z
=
8. I
=
a
-8
{ =4
2 |
,10 -
-12 T T v T Y
0.0 0.2 0.4 06 0.8 1.0
relative water content, S
5 -
C
£ 0
£
1S
o~
§ s
(@
2
>
E -10 |
£
5 s
-20 T T — T )
0.0 0.2 0.4 0.6 0.8 1.0

relative water content, S
Fig. 3. Comparison of the simple method with the Bruce and Klute
method ([a] Yulin Sand, [b] Shuide Loam, and [¢] Xian Silt Loam;
the solid points represent the Bruce and Klute method, the solid
curves represent the new method for large soil columns, and the
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rated water content, D, increases as b decreases. In
addition, because D, determines the magnitude of the
diffusivity function, the magnitude of the diffusivity is
affected by both parameters, a and b.

The values of soil water diffusivity estimated by the
simple approach are compared with those obtained by
the method of Bruce and Klute (1956), and the results
are shown in Fig. 3. The results indicate that the water
diffusivity estimated by the simple method is very close
to the values obtained by the method of the Bruce and
Klute (1956). The Root Mean Square Error (RMSE)
between the values estimated by the simple method and
those obtained by the method of Bruce and Klute (1956)
are analyzed. The values of the RMSE for three soils,
from Yuling sand, Shuide loam, and Xian silt loam of
Shaanxi in China, are 0.54, 0.18, and 0.13, respectively.
The small RMSE values indicate that the simple method
can be effectively used to estimate soil water diffusivity.

To analyze the effect of soil column size on the new
method, the infiltration data observed for the small soil
column are used to estimate the soil water diffusivity.
The parameters a and b for Yulin sand are 1.00 and
0.28, respectively; and the D, and L, estimated by the
new method, are 12.5 and 3.3, respectively, when the
wetting front distance is 15 cm. Figure 3a shows that
the soil water diffusivity estimated by the small and
large soil columns are very similar. The results indicate
that the new method is applicable to relatively small
soil columns.

To analyze the influence of the wetting front distance
on the soil water diffusivity, the soil water diffusivity is
also calculated with different wetting front distance, as
shown in Fig. 4. The results indicate that the soil water
diffusivity calculated at a wetting front distance of 10 cm
is nearly identical to that for a wetting front distance
of 15 cm. Likewise, soil water diffusivity calculated for
a wetting front distance of 8 cm is similar to those for
wetting front distances of 10 and 15 cm. When the wet-
ting front is <8 cm, soil water diffusivity differs from
the 15-cm wetting front values of soil water diffusivity.
This analysis implies that the new method may be ap-

4
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-8 T T T
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relative water content, S
Fig. 4. Estimated soil water diffusivities for different wetting front
distances in a soil column.

plied to soil columns having a minimum wetting front
length of 8 cm.

CONCLUSIONS

Soil water diffusivity is one of the important hydraulic
properties affecting water and solute transport rates in
soils. It is necessary to develop a simple method to deter-
mine soil water diffusivity because the current methods
have limitations. In this paper a simple method has been
developed to determine the water diffusivity of unsatu-
rated soils. The problem of water absorption into a
horizontal soil column is solved based on the assumption
of Parlange (1971), and the relationships among cumula-
tive infiltration with the wetting front distance and infil-
tration rate with the wetting front distance are analyti-
cally obtained. When the relationships are available, the
soil water diffusivity can be readily estimated. Estimates
of soil water diffusivity by the simple method are in
good agreement with estimates by the Bruce and Klute
method. The new method can be applied to disturbed
or undisturbed soil columns with 8 cm or more wetting
front length. The present method provides simplicity
for determining soil water diffusivity. The method is
applicable to laboratory determination of soil water dif-
fusivity of unsaturated soils.
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Observations and Modeling of Profile Soil Water Storage above a Shallow Water Table

Mahmood Nachabe,* Caroline Masek, and Jayantha Obeysekera

ABSTRACT

The storage capacity of a soil profile (soil water storage capacity
[SWSC]) is the depth of water required to raise a shallow water table
to the land surface. The concept of SWSC is fundamental to many
hydrological processes, including surface runoff by saturation excess,
expansion, and contraction of wetlands, and estimation of the length
of an overland flow plane. A model is introduced and tested to estimate
SWSC using simultaneous observations of shallow water table fluctua-
tions and soil moisture in a shallow, sandy soil (hyperthermic Aeric
Alaquods). The water table at the selected site fluctuated between a
shallow depth and the land surface during the summer, allowing fre-
quent observation of surface inundation and profile storage. An equa-
tion of the form SWSC = Ad? + Cd + D adequately described the
variability of SWSC with d, depth to the water table. It is shown that
parameters A, B, C, and D are easily derived from basic physical
properties of the soil horizons, including porosity and water retention.
The SWSC can be significantly limited by the capillary fringe above
the water table, encapsulated air (the volume of air trapped under
positive pressure beneath the water table), or the presence of a clay
pan at shallow soil depths. The capillary fringe had some influence
on SWSC in this sandy soil, but encapsulated air as high as 11.0% of
the soil volume was observed at the site. Encapsulated air reduced
the available soil storage and resulted in a rapid rise in water table.
Ignoring encapsulated air significantly overestimated profile storage.
Storage results including and excluding air encapsulation were com-
pared as a function of water table depth.

IN HUMID ENVIRONMENTS, like Florida and the rest of
the southeastern USA, the water table fluctuates be-
tween a shallow depth and land surface, creating a cycle
of ground surface saturation recognized as the hydro-
period of an ecosystem (Ewel, 1990). Identifying the
saturated zones of a landscape is needed to predict satu-
ration excess runoff (VanderKwaak and Loague, 2001),
to estimate the hydroperiod of wetlands (Arnold et al.,
2001), and to determine pollutant sources from an over-
land flow plane (Yan and Kahawita, 2000). Recent evi-
dence indicates that zones prone to frequent inundation
and surface saturation by rising water tables contribute
most of the rapid water and overland pollutant transport
in the watershed. Fundamental to the identification of
these variable saturation zones is the concept of SWSC,
defined as the depth (volume per unit area) of water
needed to raise a shallow water table to land surface.
The SWSC capacity is the maximum infiltration depth
that can be absorbed by the soil before the shallow
water table rises to land surface initiating ponding or
saturation excess overland flow.

Early observations of a quick and large response of
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shallow water tables were made by Meyboom (1967)
and Duke (1972). Later, Gillham (1984) and Abdul and
Gillham (1989) attributed this phenomenon to the high
degree of saturation in the capillary fringe above the
water table, resulting in a large water table rise for a
small volume of water added. The ratio of added water
depth to water table fluctuation is known as the specific
yield of the water table aquifer (e.g., Duke, 1972). Duke
(1972) introduced an equation to account for the capil-
lary fringe influence on specific yield in a shallow water
table environment. Recently, Nachabe (2002) modified
the early work of Duke to account for the influence of
large water table fluctuations on specific yield.

While the capillary fringe limits profile soil water stor-
age above a shallow water table, Fayer and Hillel (1986)
demonstrated that encapsulated air below the rising wa-
ter table reduces further storage in the pore space. In
a field study, Fayer and Hillel sprinkled water at a rate
of 12.6 mm h™! to bring the water table to land surface.
For a fine sandy loam, they found that air encapsulation
caused water table rises to be significantly higher than
a soil without air encapsulation. The mechanism of air
encapsulation is of significant importance to soil water
storage, and was recognized in the early work of Peck
(1969). Basically, when a shallow water table rises, some
pores fill up before others, due to differences in veloci-
ties at the pore scale. This leads to air bubbles trapped
below the water table, which are unable to escape to
the atmosphere. Once encapsulated, air bubbles persist
for days, even weeks, since the bubbles will dissipate
from the matrix through the slow processes of dissolu-
tion or diffusion (Peck, 1969; Fayer and Hillel, 1986).
Seymour (2000) surmised that large pores, particularly
in sandy soils, increase the likelihood of discontinuous
air bubbles being trapped in the soil matrix. This reduc-
tion in the available pore space led to the concept of
water content at natural saturation because under natu-
ral recharge conditions, the soil is considered saturated
although encapsulated air continues to fill a fraction of
the pore space. The water content at natural saturation
is the soil porosity minus encapsulated air. Wilson et al.
(1982) approximated the volume of encapsulated air for
one type of loamy sand as 15% of the porosity. Con-
stantz et al. (1988) used CO, injection during ponded
infiltration tests to measure encapsulated air. They
found that encapsulated air volumes account for 19%
of the porosity in medium Olympic sand (fine, mixed,
active, mesic Xeric Palehumults).

In this study, we monitor the water table and the soil
moisture at eight depths in a shallow Floridian sand
profile. The relatively high resolution of soil moisture
with depth allowed simultaneous observations of encap-
sulated air and SWSC above a shallow water table. The
objectives of this study were (i) to introduce an equation
for SWSC as a function of depth to water table, (ii) to

Abbreviations: SWSC, soil water storage capacity.
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assess the influences of the capillary fringe and encapsu-
lated air on SWSC, and (iii) to test and validate the
concept of SWSC with field data. The main finding of
the article is that the profile soil water storage can be
expressed as a polynomial function of the depth to water
table. The parameters of this function can be derived
from the soil hydraulic and physical characteristics. Ig-
noring encapsulated air below the water table may result
in significant overestimation of profile water storage.

THEORY

The soil water storage equation was derived as a function
of water table depth, and it incorporates physical soil hydraulic
properties. For a shallow water table environment, it is custom-
ary to assume a hydrostatic, equilibrium, water content profile
since the thin unsaturated zone is in close hydraulic connection
with the shallow water table. This assumption has been
adopted before for estimating the specific yield of shallow
water table aquifers (e.g., Duke, 1972; Nachabe, 2002), and
for determining soil water storage in calculating saturation
excess runoff (Troch et al., 1993). In this case, the capillary
pressure head is equal to elevation z above the water table.
The water content distribution in a homogenous soil profile is:

_ -\
B
95 - Bg hA
for z > h,, and
0 =0, [1b]

for z = h,, where 6(z) is soil water content (m® of water m 3

of soil) at elevation z above water table (z in m is zero at
water table and positive upward), 0, is specific retention, 6 is
saturated water content, /i, is air entry pressure (in meters of
water) and \ is the pore-size distribution index. The Brooks
and Corey (Brooks and Corey, 1964) model of water retention
is adopted in this study because representative values of its
parameters have been documented in the literature, and can
be easily estimated from soil texture data (e.g., Rawls et al.,
1993). The maximum water depth that can be absorbed by
the soil before the water table rises to the land surface is
(see Fig. 1):
d
SWSC(d) = j(es — 8(z))dz 2]
0

where SWSC(d) is profile water storage (in meters), and d
(in meters) is depth from the land surface to the water table.
Replacing [1] in [2] and integrating yields
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Fig. 1. Profile soil water storage above a shallow water table at depth
d is represented by the hatched area.

SWSC(d) = (6, — eg)[(d — hy) - 1}2‘}\ [(}%)I_A - 1”
[3]

for d > h,, and SWSC(d) = 0 for d < h,. The equation can
be rearranged into a more convenient form such as

SWSC(d) = {— (8 — %)(ﬁm)]dh)‘ +:1(0, =-0,)d
ha
1 R DS CRA ey B

which is expressed as a polynomial equation:
SWSC(d) = Ad® + Cd + D 5]

where A, B, C,and D are sole functions of soil physical proper-
ties. The entire term in the left-most set of brackets in Eq. [4]
is A, Bis 1 — \, C is the drainable porosity (6, — 6,), and D
is the term in the rightmost set of brackets. This equation accom-
modates the influence of the capillary fringe on SWSC. For
a deep water table (large d), Eq. [S] approaches a straight
line with slope equal to drainable porosity. To isolate the
influence of the pore-size distribution on SWSC, it is conve-
nient to write Eq. [4] in the dimensionless form

1 A
1* M) = e l¥)\ ~+ «
() 1=x 3 8 1—=A 6]
where [., a normalized storage equal to SWSC/[(6, — 6,)h,],
is expressed as a function of normalized depth, d., equal to (d/h,).
Equation [5] seems to capture the influence of the capillary
fringe on SWSC, but this equation has not been tested before
under field conditions with actual data. Also, this equation
should be modified to account for encapsulated air when the
water table rises to land surface. Theoretically, if encapsulated
air is ignored, 6, should be equal to the total soil porosity.
The role of encapsulated air in reducing SWSC can be accom-
modated by treating 6, in Eq. [2] as the water content at
natural saturation, equal to porosity minus the encapsulated
air volume. Currently, however, there is no systematic theory
allowing estimation of encapsulated air below the water table.
In this study, a field experiment was conducted to measure
encapsulated air and to test the goodness of fit of Eq. [5] for
profile water storage.

MATERIALS AND METHODS

The study area is in Lithia, near the planned Tampa Bay Re-
gional Reservoir in the southeastern portion of Hillsborough
County, Florida. Sandy marine sediments are the dominant
parent materials for many soils in central and south Florida.
The Myakka fine sand (sandy, siliceous, hyperthermic Aeric
Alaquods) at this site is typical of poorly drained soil in Florida
flatwoods. Carlisle et al. (1989) characterized the physical prop-
erties of Myakka fine sand, and Table 1 shows typical texture
and hydraulic conductivity distributions with depth. The soil

Table 1. Soil texture, saturated hydraulic conductivity (K,), and
bulk density (D,) with depth for Myakka fine sand, a common
Florida soil.

Depth Sand Silt Clay K, D,
cm % cmh! goem?
0-18 97.5 2.2 0.3 38.8 1.44
18-64 98.2 12 0.6 28.0 1.53
64-76 9.9 2.7 4.4 12.8 1.38
76-91 92.9 25 4.6 9.0 1.52
91-150 95.3 23 24 11.2 1.58
150-203 94.0 29 3.1 9.5 1.60
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Fig. 2. Water-table depth showing periods of saturation at the land
surface.

texture contains over 90% sand for all horizons, with slight
variation in clay content with depth. The depth to water table
at the site fluctuates between 0 and 2 m. Usually, the water
table recesses to below land surface in the dry season (Novem-
ber through May), then gradually rises to inundate the land
surface in the rainy season (June through September). Figure
2 shows the water table fluctuation at the site for a month in
the wet season of 2002.

To estimate profile soil water storage and measure encapsu-
lated air, two EnviroSCAN soil moisture probes (Sentek, Ade-
laide, Australia) were inserted within 30.5 m of each other.
Each probe had eight soil moisture sensors placed at depths
of 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1, and 1.50 m below land surface.
The sensors permitted continuous monitoring of soil moisture
profiles at 5-min time intervals. The sensors use the principle
of electrical capacitance (frequency-domain reflectometry)
and are expected to provide volumetric water content ranging
from oven dryness to saturation with a resolution of 0.1% (Buss,
1993). The default calibration equations provided by Enviro-
Scan were used in this study. Indeed, these sensors were tested
by a number of investigators in the past (e.g., Buss, 1993; Mor-
gan et al., 1999), and more recently Fares and Alva (2000)
found no significant difference in water content as measured
by the probes and the gravimetric method for fine sand in
central Florida. In addition to the moisture sensors, two
screened water table wells recorded continuously the depth
to water table every 5 min. The wells housed Instrumentation
Northwest 0 to 3.45 Pa (0-5 psi) submersible pressure trans-
ducers (Instrumentation Northwest, Inc., Kirkland, WA), ac-
curate to 34.5 Pa (0.005 psi). The wells had a total depth of
4.6 m. A typical well was made with 50.8-mm PVC pipe, with
a slotted PVC screen extending below a bentonite clay seal.
Silica sand was packed around the screen to allow only the
passage of water.

Field Estimation of Encapsulated Air
and Soil Water Storage

To illustrate how soil water storage and encapsulated air
were analyzed from the data, Figure 3 shows the soil moisture
profiles and the associated water table depths for a recharge
(rainfall) event in which the water table raised from an initial
depth of 1.37 m to a final equilibrium depth of 0.92 m below
land surface. For these sandy soils, the final equilibrium water
table depth is reached in about 1 d, when the water table be-
comes stable and ceases to exhibit any significant fluctuation
with time. As expected, the soil water content is higher close
to the water table (see Fig. 3) due to the capillary fringe effect,
and all moisture sensors recorded an increase in water content
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Fig. 3. Soil moisture resl;)nse 2 d following a storm occurring on
22-23 Feb. 2002.

above the newly risen equilibrium water table. The submerged
sensor, 1 m below the land surface, is now under the new
water table but never reached full porosity (see Fig. 3). Encap-
sulated air volume is calculated as the porosity minus the
water content measured in the submerged sensor (e.g., Fayer
and Hillel, 1986).

The profile soil water storage was estimated by numerically
integrating Eq. [2] with depth using the trapezoidal rule of
integration. Mathematically,

SWSC(d) = S[(6, = 0) + (6., — 6,.)]Az2  [7]

where 6; is the recorded water content by the sensor at eleva-
tion 7, b is the saturated water content (equal to full porosity,
if encapsulated air is neglected, or porosity minus encapsulated
air, if encapsulated air is accounted for), and Az, is elevation
distance between the moisture sensors i and i + 1. Calcula-
tions of SWSC are repeated for different values of d in Eq.
[7]. Finally, Eq. [4] was fitted using regression to this SWSC(d )
data to test the goodness of fit of this model to field obser-
vations.

In most practical applications, however, field observations
from soil moisture probes will not be available to develop the
SWSC(d) relationship. In this case, one has to use readily avail-
able soil water retention data 6(hc) for 6(z) in Eq. [7]. To test
this approach, water retention data for two Floridian soils
were selected: Immokalee fine sand (siliceous, hyperthermic
Arenic Alaquod) and Smyrna sand (Sandy, siliceous hyper-
thermic Aeric Alaquod). Water retention characteristics were
obtained from duplicate undisturbed soil cores placed in
Tempe pressure cells (Soil Measurement Systems, Tucson,
AZ), saturated and then extracted at different capillary pres-
sures (Carlisle et al., 1989). Table 2 summarizes the soil water
retention for these two soils. Once SWSC data from Eq. [7]
were calculated, we fitted Eq. [4] to this data using a least
squares regression technique.

RESULTS AND DISCUSSION

Effect of the Capillary Fringe on the Soil Water
Storage Capacity Equation

The capillary fringe reduces the available water stor-
age above a shallow water table, a behavior that can be
captured by Eq. [4], which relates storage to depth to
water table. Figure 4 shows a plot of the normalized
storage I. versus d. for three values of \. Theoretically,



722 SOIL SCI. SOC. AM. I., VOL. 68, MAY-JUNE 2004

Table 2. Water retention data for Immokalee fine sand and Smyrna sand, and soil texture, saturated hydraulic conductivity, and

bulk density.

Capillary pressure, m 0.035 0.20 0.30
Water content, m* water m * soil 0.378 0.353 0.352
Sand, % 98.7

Silt, % 0.8

Clay, % 0.5

K,cmh'! 204

Dy, g em™? 1.44

Capillary pressure, m 0.035 0.20

Water content, m* water m* soil 0.337 0.320

Sand, % 97.1

Silt, % 23

Clay, % 0.6

K,cmh! 14.8

Dy, g em™? 151

0.30
0.317

Immokalee fine sand

0.45 0.60 0.80 150 2.00
0.242 0.156 0.086 0.051 0.049

Smyrna sand

0.45 0.60 0.80 1.50 2.00
0.292 0.177 0.122 0.059 0.048

SWSC remains zero for water table depth less than
the air entry pressure, then the SWSC asymptotically
approaches a straight line as the water table gets deeper.
Indeed, by taking the derivative of Eq. [4], the slope
of the SWSC(d) relationship approaches the drainable
porosity, (6, — 8,), as d increases. For shallow water table
environments, soils with a narrow pore-size distribution
(large N\) have more SWSC than soils with a wide pore-
size distribution (small \). Also for all soil types, the
influence of the capillary fringe seems limited to eleva-
tions of about 34, above the water table (see Fig. 4).
In hydrological applications, like the estimation of water
balances for wetlands, one is usually interested in shal-
low water table environments; therefore the capillary
fringe is likely to play a significant role in reducing
profile storage in these environments.

Figure 5 shows the fit of Eq. [5] to the SWSC of
Immokalee and Smyrna sands calculated through water
retention data. Equation [5] provided a very good fit
for storage with 7 = 0.99 for both soils. The regression
constants for Eq. [S] for the Smyrna sand were A =
233, B = —0.015, C = 0.41, and D = —229 while the
constants for the Immokalee fine sand were A = 147,
B = —0.024, C = 045, and D = —144. The two soils
had a pore-size distribution index slightly larger than
one (A = 1 — B), reflective of fine sandy soils (e.g.,

Y e —

T*

0 1 2 3 4

d*
Fig. 4. Dimensionless soil water storage capacity (SWSC) equation
where I. equals the normalized soil storage and d. equals the nor-
malized water-table depth.

Brooks and Corey, 1964). The drainable porosity for
Immokalee fine sand (0.45) was larger than the drain-
able porosity for Smyrna sand (0.41), and that resulted
in a steeper slope for SWSC(d) for deep water tables
(large d values). If the influence of the capillary fringe
is neglected, then one might erroneously consider that
the volume of water to fill the soil storage would be
depth to water table multiplied by the drainable poros-
ity. For d = 0.50 m, one would then predict that the
SWSC for Smyrna sand is 0.50 X 0.41 = 0.205 m,
whereas the storage, taking into account the influence
of the capillary fringe, is <0.07 m at this depth. Clearly,
the influence of the capillary fringe on SWSC cannot
be ignored. The goodness of fit of Eq. [4] is encouraging
because soil water retention characteristics are docu-
mented in numerous references and are more readily
available.

Effect of Air Encapsulation on the Soil Water
Storage Capacity Equation

Soil water retention data, however, are often deter-
mined in the laboratory under drainage conditions, and
do not account for encapsulated air below a rising water
table. Table 3 presents the average and the standard
deviation of the observed air encapsulation at the eight
moisture sensors on each probe. The averages were cal-

0.5 == —
¢ Immokalee Fine Sand |

| — Fitted Regression

=
'S
|
\
|
|
i

A Smyrna Sand

ot
w

e
)

Soil Storage (m)

0.1 4

T T

0 0.5

Depth to Water Table (m)

Fig. 5. The soil water storage capacity (SWSC) equation applied to
two Floridian soils. The SWSC was estimated through the numeri-
cal integration of Eq. [2] using water retention data. The solid
lines show the fit of Eq. [5] to these data.
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Table 3. Air encapsulation volume as a function of depth below land surface.

Depth below land surface, m .20 30 40
Volumetric encapsulated air, % 2.6 6.5 11.0
Fayer and Hillel (1986) volumetric

encapsulated air, % - 4.8 -

.50 .60 70 90 1.0 1.10 1.20
9.2 - 9.6 9.8 8.7 3.4 -
- 6.3 - 4.7 - - 1.7

culated from 1 to 4 measurements during different re-
charge events for each sensor depth. For the sake of com-
parison, the volumetric encapsulated air determined by
Fayer and Hillel (1986) for a sandy loam soil was also
included in this table. These latter values are somewhat
smaller than those measured during our experiment,
which might be attributed to soil texture differences and
the high fraction of sand in Florida. Encapsulated air
volumes at the site increased with depth up to a maxi-
mum of 11% at 0.40 m below the land surface, then
decreased for greater depths. Similar behavior was ob-
served for the data provided by Fayer and Hillel (1986).
The relatively small value of encapsulated air at 0.20 m
below land surface could be attributed to proximity from
land surface, which facilitates the escape of air.

To assess the influence of encapsulated air on SWSC,
porosity was adjusted using the encapsulated air vol-
umes in Table 3. Figure 6 compares the SWSC(d) opti-
mized fit using Eq. [5], with and without correction for
encapsulated air. Encapsulated air reduced significantly
the profile water storage capacity. For example, with
the encapsulated air effect included, it takes only 0.07 m
of water to raise the water table from a depth of 0.75 m
to land surface (see Fig. 6). A SWSC equation that ignores
encapsulated air would predict that 0.12 m of water
would be needed to bring the water table to land surface,
an over prediction of over 70%. These differences are
large considering a water budget for a wetland or for
estimating variable saturation areas.

Field Estimated Soil Water Storage

In this section, we compare profile storage calculated
from the sensors on the moisture probes with the storage
calculated from retention data. Figure 7 shows the fit
with Eq. [5], while neglecting encapsulated air (full po-
rosity is used in Eq. [7]). Although the fit is reasonable
with an r? of 0.88, the scatter around the curve can be
attributed to at least two reasons. Equation [5] was
developed assuming a homogenous soil profile and an

B4 +— - == — S
0.35 ‘ﬂ = Without Air | -
’ ———-WithAirV_'i
0:3 1
025 4—

02 +——

Soil Storage (m)

0.15 +— —

0 0.25 0.5 0.75 1 125 1.5

Depth to the Water Table (m)

Fig. 6. Influence of encapsulated air on estimated profile soil water
storage.

equilibrium water content distribution. Both assump-
tions are not completely realistic in field conditions. The
Myakka fine sand at this site had a fairly uniform soil
texture profile with depth, which is typical of Florida’s
undeveloped soils. In well-developed soils, leaching of
clay minerals over time may result in clear textural dif-
ferences or clay pans at shallow depth, which may limit
further the applicability of Eq. [5].

Figure 8 shows the fit of the model to profile storage
calculated from retention data after correcting for en-
capsulated air. Profile storage calculated from moisture
sensors and corrected for air encapsulation is superim-
posed. The fit of Eq. [5] dropped to 0.75 when encapsu-
lated air is considered. The increase in scatter around
the fit can be attributed to the nonuniformity of encap-
sulated air with depth, which increases the variability of
the water content at natural saturation (porosity minus
encapsulated air). It is difficult to speculate on the physi-
cal mechanisms responsible for the large variability of
encapsulated air with depth. During water table rise,
microscopic variability in water velocity causes pores to
fill before others, a phenomenon that isolates and traps
air bubbles (e.g., Peck, 1969). Thus depending on the
rate of recharge and water table rise, different volumes
of air bubbles can be encapsulated. Other reasons that
may influence variability with depth are soil textural dif-
ferences in the profile, and proximity from land surface.

The regression parameters for Eq. [5] including and
excluding the effects of encapsulated air, are presented
in Table 4. The values of the Brooks—Corey parameters
are obtained from the knowledge of their relationships
to these regression parameters (see Eq. [4] and [5]), and
are thus considered effective parameters for the profile.
The pore-size distribution remained essentially the same
whether encapsulated air was included or excluded from
the regression fit. Inclusion of encapsulated air, how-
ever, increased the effective air entry pressure and re-
duced the effective drainable porosity. As expected, a

030 P ———

— Regression Without Air
0.25 - b

A Probe Data Without Air

0.20 A

Soil Storage (m)
o]

0.00 0.25 0.50 0.75 1.00 1.25 1.50

Depth to Water Table (m)

Fig. 7. The solid line is Eq. [5] with parameters estimated by optimiz-
ing soil storage from retention data. Observed soil moisture probe
storages (triangles) without correction for air are superimposed.
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Fig. 8. Equation [5] is optimized fit after correcting for air encapsula-
tion. Observed soil moisture probe storages with correction for air
are superimposed.

higher air-entry pressure and a lower drainable porosity
tend to reduce the profile soil water storage.

CONCLUSIONS

The objective of this study was to introduce and test
an equation to estimate the profile soil water storage
above a shallow water table. Estimation of this storage
is needed for prediction of variable saturation areas,
which are prone to seasonal flooding by rising water
tables. There is a growing awareness of the need to
identify these critical areas to control pollutant transport
by saturation excess overland flow.

Estimation of profile soil water storage is complicated
by encapsulated air, the capillary fringe, and soil texture
heterogeneity. Both the capillary fringe and encapsu-
lated air act to reduce the profile soil water storage.
Use of drainable porosity may substantially overesti-
mate profile storage. While we have reproduced some
representative values for encapsulated air in a sandy
profile, encapsulated air varied substantially with depth.
Future research should work on developing a coherent
theory that allows better quantification of the physical
mechanisms responsible for encapsulated air below ris-
ing water tables.

A simple equation was introduced to simulate profile
water storage above the water table in a sandy profile.
This equation assumes that (i) the soil profile is homoge-
nous, and (ii) the water content distribution is at equilib-
rium. Although this equation seemed to fit reasonably
well profile storage in this homogenous sand profile, it
is unlikely that it remains valid in profiles where soil
horizons exhibit sharp contrast in their texture (e.g., a
clay pan at shallow depth). The profile storage equation
is physically based, and the regression constants could

Table 4. Brooks and Corey parameters derived from regression
constants using Eq. [5] after optimization both without and
with inclusion of air encapsulation.

Without air encapsulation With air encapsulation

A hy 6,-0, A hy 0, — 6,
cm cm

0.959 145 0243 0955 254 0.199

A B cC D A B ¢, N

~3L6 0.041 024 327 395 0.045 020 422

be derived for a number of common soils using retention
data. This should facilitate its use by practitioners. The
equation was tested with field data and seemed to cap-
ture reasonably well the influence of capillary fringe on
profile water storage. Correcting for encapsulated air,
however, was necessary to simulate profile storage un-
der natural recharge conditions.
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Aggregate-Size Stability Distribution and Soil Stability

C. O. Marquez,* V. J. Garcia, C. A. Cambardella, R. C. Schultz, and T. M. Isenhart

ABSTRACT

A new theoretical and experimental framework that permits an
accurate determination of aggregate-size stability distribution is pre-
sented. The size-stability distribution in addition to estimating aggre-
gate-size distribution distinguishes between amounts of stable and
unstable macroaggregates (>250 pum). The determination of aggre-
gate-size stability distribution involves the assumptions that soil aggre-
gates can be categorized in terms of their size and water stability
(slaking resistance). Experimentally this procedure involves the slaked
and capillary-wetted pretreatments; and a subsequent slaking treat-
ment of aggregates >250 pm in size. We also propose the stable
aggregates index (SAI) and the stable macroaggregates index (SMal)
for studying soil stability based on aggregate resistance to slaking.
These indices account for the total weighted average of stable aggre-
gates and the total weighted average of stable macroaggregates, re-
spectively. Both the SAI and the SMal indices were shown to be
sensitive to the effects of vegetation on soil stability under different
riparian buffer communities. The SAI and the SMal indices were
higher in surface soils under cool-season grass than any of the other
treatments. These soils samples are well aggregated with SAI = 74%
and SMal = 56% followed by SAI = 55% and SMal = 37% under
existing riparian forest, SAI = 40% and SMal = 21% under 7-yr
switchgrass and SAI = 36% and SMal = 18% under cropped system.

Sou. AGGREGATE STABILITY is the result of complex in-
teractions among biological, chemical, and physical
processes in the soil (Tisdall and Oades, 1982). Factors
affecting aggregate stability can be grouped as abiotic
(clay minerals, sesquioxides, exchangeable cations), biotic
(soil organic matter, activities of plant roots, soil fauna,
and microorganisms), and environmental (soil tempera-
ture and moisture) (Chen et al., 1998). The concept of
aggregate stability depends on both the forces that bind
particles together and the nature and magnitude of the
disruptive stress (Beare and Bruce, 1993).

Several methods have been proposed to determine soil
aggregate-size distribution and stability (Kemper and
Rosenau, 1986). The suitability of these methods de-
pends on the purpose of the study. The most widely used
approaches are based on the wet-sieving method (Kemper,
1966; Kemper and Rosenau, 1986). In this method, cycli-
cally submerging and sieving soil in water emulates the
natural stresses involved in the entry of water into soil
aggregates. The moisture content of the soil aggregates
before wet sieving controls the severity of the disruption
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(Kemper and Rosenau, 1986). Several studies have used
capillary-wetted and slaked pretreatments (Elliott, 1986;
Cambardella and Elliott, 1993a; Six et al., 1998) as a
means to study soil aggregates. The capillary-wetted
pretreatment involves slowly wetting the soil aggregates
before wet sieving. This pretreatment produces minimal
disruption, because misted aggregates do not buildup air
pressure in the pores and the air escapes with minimal
aggregate disruption. In contrast, the slaked pretreat-
ment causes considerable disruption. When air-dry soil
is submerged in water; the air that is trapped inside
the soil pores is rapidly displaced with water. Weak
aggregates are disrupted as a consequence of the sudden
release of this large buildup of internal air pressure
(Cambardella and Elliott, 1993a; Gale et al., 2000).

The combined use of the capillary-wetted and the
slaked pretreatments has been used for contrasting dif-
ferences in aggregate-size distributions for soils with
different management histories and also for understand-
ing the factors that influence aggregate stability (Elliott,
1986; Cambardella and Elliott, 1993a; Six et al., 1998).
More recently, Gale et al. (2000) used the comparison
of slaked versus capillary-wetted pretreatments as a
means to differentiate stable macroaggregates from un-
stable macroaggregates based on their resistance to slak-
ing. Although the conceptualization of Gale’s idea rep-
resents an important contribution, more work is needed
to clearly separate the stable macroaggregates from the
unstable macroaggregates and accurately specify aggre-
gate-size stability distributions. The aggregate-size sta-
bility distribution is the quantity of stable and unstable
soil aggregates categorized by their size and stability
to disruption.

Existing approaches for studying soil aggregates do
not fully distinguish between stable and unstable aggre-
gates based on their resistance to slaking. In turn, this
causes significant errors in assessing soil stability by the
wet-sieve method and the dynamics of soil aggregates
and the C associated with aggregates. The disruption of
unstable macroaggregates during the slaking treatment
produces smaller constituent aggregates that are ac-
counted for in smaller aggregate-size fractions biasing
the aggregate-size distribution. In contrast, the capil-
lary-wetted pretreatment does not account for differ-
ences in stable and unstable macroaggregates because
of the lack of violent disruption.

We hypothesize that using a subsequent slaking of
the capillary-wetted soil in addition to the slaking and
capillary-wetted pretreatments should yield a more ac-
curate determination of the amount of stable and un-
stable macroaggregates. This in turn can be used to
determine the aggregate-size stability distribution. This

Abbreviations: SAI, stable aggregates index; SMal, stable macroaggre-
gates index.



