630 US ISSN 0197-9310

HITAHR - College of Tropical Agriculture and Human Resources « University of Hawaii




Library of Congress Cataloguing-in-Publication Data

Measurement of field-saturated hydraulic conductivity in a macroporous
ultisol, using a plot-size field monolith / by Lalit Mohan Arya.. ..
[etall

p. cm. — (Research series, ISSN 0197-9310)

Includes bibliographical references (p. ).

1. Ultisols. 2. Ultisols—Indonesia—Sitiung. 3. Soil
permeability-—Measurement. 4. Field experiments. I. Arya, Lalit
Mohan. II. Series: Research series (Hawaii Institute of Tropical
Agriculture and Human Resources)

S592.17.U48M43 1993

631.4'32—dc20 93-16738

CIP

THE AUTHORS

L. M. Arya was team leader in Sitiung, Indonesia, for the TropSoils Project, Soil
Management Collaborate Research Support Program (CRSP), University of Hawaii.

T. S Dierolf is a former research associate for TropSoils Project, Soil Management
CRSP, University of Hawaii.

A. Sofyan is a soil scientist at the Center for Soil and Agroclimate Research, Bogor,
Indonesia.

I P. G. Widjaja-Adhi is a soil scientist at the Center for Soil and Agroclimate Research,
Bogor, Indonesia.

ACKNOWLEDGEMENTS

This research was supported in part by the U. S. Agency for International Development
through a subgrant from North Carolina State University, grant No. DAN-1311-G-00-
5049-00.



Page
T LT T L R CRARRERELRRLTE 1
R T LT TeT . WU L E TR TR TR AR 1
Materials and MethodS. ... ..ovveiiereneaeiiniannainrre et stataaat et stsaraaaaeeees 3
Site DESCTAPLION . .u.vvuinenenineint e etetr e ee ettt sttt 3
Field ProCeUre. ... veennetinneennteaeraterraeerseraanesaearannasansoounisanstsunscenss 3
Laboratory Procedure ... ......ocovuveuvereneriiniiinitiri et 8
Results and DiSCUSSION ......eeveererisiitiaieaneaiae ittt senaae st 8
Field ProCeUre. ....uvoenerenueraneeeanesennaeanaaaasesasesaeaaanasessssosanoeanaosnternne 8
Laboratory Procedure ..........ocuveevineiniuiniimiaaritttnn st 14
EVAIUAL O+ nteeeeenseeeesaneneesaueeessaanaareaneaeeseseeeaunassaesanstssnnansasansnoessssnee 15
Literature Cited ..ooneeeeeirne et e it e ettt eiarar e e s it ettt 15
Tables
1. Representative physical characteristics of a Typic
Kanhapludult in Sitiung 1 A’, West Sumatra............coocoiimiiniirnnnene 4
2. Field-measured saturated hydraulic conductivities
in a Typic Kanhapludult in Sitiung, INdonesia .....covvevvvrieeiiniiiinranearerieeieiins 1
3. Comparison of field- and laboratory-measured
saturated hydraulic conductivities in an Ultisol
in Sitiung, INAONESIa .....c.ouuiniiniiritie e 14
Figures
1. Plot layout, constant rate irrigation device, and
overflow collection SYSLEM ....c.uiiiuiiniiieriniiiti i 5
2. Cumulative flow for several flow rates for the
constant rate irrigation SySteml..........coiiiiiiiiiiiiiiii e 7
3. Cumulative irrigation and runoff during the
steady-state flow for Cycle L.......oooviniiiiiiiiiii e 9
4. Soil water pressure at several depths during
the steady-state flow for Cycles 1and 2.........ooooiviiiiiniriiinniiiinceeee 10

5. Porosity and wetness of the soil profile before irrigation

and during the steady-state flow at 171 minutes (Cycle 1)

and at 260 minutes (CYCle 2).......oeiuiiriiiiirieniiiiiiii e 12
6. Distribution of potential gradients in the soil profile during

steady-state flow, 177 minutes (Cycle 1) and 259 minutes

(Cycle 2) after the start of irrigation...........ooooiiieiiiinie e 13



MEASUREMENT OF FIELD-SATURATED HYDRAULIC CONDUCTIVITY
IN A MACROPOROUS ULTISOL, USING A PLOT-SIZE FIELD MONOLITH

L. M. Arya, T. S Dierolf
A. Sofyan, and I P. G. Widjaja-Adhi

ABSTRACT

Highly weathered Ultisols in Sitiung, Indonesia, conduct water rapidly. Saturated
conductivities measured on soil cores, however, indicate a very slowly draining profile.
Therefore, a field method was devised to quantify water flow in this soil. A constant rate
of irrigation was applied to a field plot (194 cm by 145 cm) delineated to a depth of 120 cm.
The rate of irrigation was sufficient to supply water for entry into the soil, maintain a
ponding depth of 4.1 cm, and cause overflow. The difference between the irrigation and
overflow rates during steady-state water flow provided a measure of the flux entering the
soil. The flux measured at the surface was considered applicable to all depths through the
soil profile. Tensiometric measurements of soil water pressure as a function of depth
and time provided data for estimating the potential gradients.

Conductivity values obtained by this field procedure varied among depths and
ranged from 2—4 cm per hour in the surface to 4-9 cm per hour in the subsoil horizons.
Higher conductivities in the clayey subsoil indicate the presence of macropores and help
explain the observed rapid flow of water in these Ultisols.

Laboratory-measured conductivities for the stable-structured surface layer (10-20-
cm depth) agreed well with the field data. However, subsoil conductivities (at 20-30- and
40-50-cm depths) were five to 320 times lower than the field-measured values.
Macropore distribution and variations in structural stability with depth are important
factors in water flow in this soil. It seems that subsoil pore structure is preserved only as
long as it is overlain by the stable-structured topsoil. The susceptibility of the subsoil to
compaction and puddling when in contact with free water seems to have been responsible
for the highly reduced rates of water flow in the laboratory cores.

The soil profile, under ponded conditions, showed positive pressures during steady-
state water flow. Yet, the maximum wetness of the soil remained below that predicted by
the soil porosity. It seems appropriate, therefore, that the maximum measurable
conductivity at apparent field saturation should be used as a parameter to designate the
drainability of a soil.

Potential gradients during steady-state water flow deviated considerably from
unity, particularly in the top 20 cm and below 80 cm. The assumption of unit-gradient for
the field profile resulted in conductivities for two cycles of steady-state water flow (6.84
and 5.88 cm per hour) that were similar to values calculated by averaging conductivities
for all layers of the soil profile based on tensiometric-measured potential gradients (6.31
and 5.57 cm per hour). If only water flow through the entire profile were of interest, then
the assumption of a unit-gradient would be appropriate for this profile. However, if the
objective was to obtain a distribution of conductivities with depth, then the unit-gradient
assumption would be inappropriate.

INTRODUCTION acteristics are important for use in soil
classification and applications in land

Saturated hydraulic conductivity is a  use planning. Quantitative analyses of
soil hydrologic parameter often used to infiltration, drainage design, and seep-
designate the internal drainage of a soil age problems generally require data on
(Soil Survey Staff 1975). Drainage char- saturated hydraulic conductivity. A
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measured value of saturated hydraulic
conductivity is also recommended as a
matching parameter in predicting the
unsaturated hydraulic conductivity func-
tion from soil moisture characteristic
data (Kunze, Uehara, and Graham 1968).

Saturated conductivity is generally
measured on undisturbed soil cores.
However, core extraction procedures and
sample treatment may seriously alter the
soil structure (Klute and Dirksen 1986).
Even if a core is truly undisturbed, the
effects of in-situ overburden and confine-
ment cannot be represented in a small
core. Also, many measurements are
required to adequately represent the
spatial variability in field soils. For these
reasons, field measurements on plot size
areas with minimal disturbance to the
soil are preferable. Unfortunately, such
methods are not yet available.

Available field methods (Amoozegar
and Warrick 1986) require the use of
auger holes, thus altering the overburden
and confinement of the target depth. Com-
paction and sealing of the soil exposed at
the walls of the auger holes create
additional problems. It is also difficult to
make measurements on individual soil
horizons or soil layers, especially if one
desires data at small depth increments.
Also, the auger hole methods do not
overcome the problem of spatial
variability. Stibbe, Thiel, and Taylor
(1970) used large in-situ monoliths to
evaluate saturated conductivity and
reported much less variability compared
to auger hole methods. They ensured
complete saturation of the monolith and
measured hydraulic head using piezo-
meter tubes. Their method of measuring
flow velocity was, however, less precise.

Field soils generally do not saturate
completely. Therefore, it seems more
appropriate to measure conductivity at
saturation levels generally observed
under field conditions. Field-saturated
conductivity may be a more appropriate
term than saturated conductivity. Piezo-
meter tubes are of little use at incomplete

saturation. Instead, tensiometric meas-
urement of soil water pressure should
provide a more realistic measure of the
pressure gradients along the flow path.
Ahuja, El-Swaify, and Rahman (1976)
have demonstrated that in-situ measure-
ments of hydrologic properties, at appar-
ent field saturation, can be made using
double ring infiltrometers and multiple
depth tensiometers. Their measurements
were made in a 30-cm I. D. infiltration
ring with a buffer zone around it. The
estimates of flux were obtained from the
drop in water level in the infiltrometer
ring. Water was intermittently added to
the infiltrometer to attempt to maintain
the ponding depth at a constant level. A
fluctuating water level, however, cannot
result in true steady-state conditions.
Also, lateral flow at the lower depths
occurred despite the buffer zone around the
infiltrometer ring.

Lauren et al. (1988) measured field-
saturated hydraulic conductivity in field
plots on soil volumes ranging from 884
cm3 to 240,000 ecm3. As expected, the
standard deviations of the measurements
for the smallest sample volume were four
times those for the largest sample volume.
They assumed that after two to four hours
of ponding the infiltration rate was equal
to the saturated conductivity. Their as-
sumption was that the infiltration rate
obtained from the drop in height of the
ponded water level was a measure of
steady-state flux and that any variation
in the ponding depth had a negligible
effect on the potential distribution in the
soil profile.

In our judgment, such a setup is not
likely to produce steady-state flow con-
ditions. Also, for the infiltration rate at
the surface to be equal to saturated
hydraulic conductivity, it was essential
for the authors to assume a unit hydraulic
gradient throughout the profile. This
assumption implies uniform conductivity
from the top to the bottom of the soil
column. Field soils generally exhibit
considerable structural variation with



depth. Ahuja et al (1988) found that, for
both layered and uniform soils, the most
serious effect of the unit-gradient assump-
tion was in the determination of saturated
or nearly saturated conductivity in the
topsoil.

A comprehensive study of physical
characteristics of soils in the southern
region of the United States has been re-
ported by Romkens et al. (1985). This
study was conducted in several locations,
and field plots were used to measure
hydraulic conductivity—water content-
soil water pressure relationships. The
report indicates that in most instances
plots were ponded to create steady-state
conditions. However, there are no meas-
urements of flux, soil water content, or the
potential profiles during the steady-state
saturated flow. All measurements re-
ported refer to the profile wetness after the
plots had drained free of surface water.

In this paper, we describe a method for
measuring field-saturated conductivity,
which can be applied to plot size areas with
practically no disturbance of the test soil
volume. Plot-size sample volumes are
also likely to minimize spatial varia-
bility. The method allows for a precise
measurement of flux in a ponded field
plot. We show how soil wetness, soil water
pressure, and potential gradients appear
under steady-state saturated flow. The
data also allow for an evaluation of how
the assumption of unit-gradient may
affect calculations of hydraulic conduc-
tivity, especially in layered soils.

MATERIALS AND METHODS

Site Description

The procedure for measuring the
field-saturated hydraulic conductivity
described in this paper resulted from the
need to quantify water movement in the
highly weathered upland acid soils in
Sitiung, Indonesia. These soils have clay
contents ranging from 60 to 80 percent.
Bulk density and mechanical impedance
are very low throughout the profile (Arya

1990). The rainfall in the region averages
around 3000 mm per year. It rains
frequently, and rains ranging from 20 to
50 mm are common. Yet, these soils do not
flood. The highly aggregated surface soil
remains friable and can be tilled soon
after a rain. These characteristics indi-
cate the presence of an internal pore
structure that is capable of conducting
water rapidly.

Arya (1990) and Dierolf et al. (1991)
provide data showing that much of the
rainwater in these soils is drained rap-
idly via macropores. According to their
data, the fraction of the macropore vol-
ume, as a percentage of the total pore vol-
ume, decreases from 30—40 percent in the
surface to about 4-8 percent in the subsoil.
The decrease in macropore volume with
depth is, however, accompanied by an
increase in macropore size. The predomi-
nant microporous portion of the subsoil
conducts water extremely slowly and
remains near the full water-holding
capacity most of the year. When the
aggregated topsoil is removed, the exposed
subsoil surface floods readily, indicating
an unstable structure prone to puddling
and sealing.

Saturated hydraulic conductivity data
in published reports (Soil Research
Institute 1979; Fakultas Pertanian, Uni-
versitas Andalas 1982) indicated a much
more slowly draining profile than is
described by Arya (1990) and Dierolf et al.
(1991). The former data were obtained on
undisturbed soil cores using laboratory
procedures. Our experience showed that
subsoil cores, when saturated and placed
under a head of water, slaked and sealed
up quickly. There was, thus, a need for a
reliable method to measure hydraulic
conductivity.

Field Procedure

Field measurements were made at a
site near Sitiung 1 A’ in the province of
West Sumatra (approximately 2° S, 101°
E). The soil at this site is tentatively
classified as a Typic Kanhapludult,
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commonly referred to as a Red-Yellow
Podzolic in the Indonesian system of
classification (Appendix A). Important
physical properties of this soil are given
in Table 1.

A bare plot 200 cm by 150 ¢cm was
delineated by digging a trench to a depth
of 120 ¢cm around it. A double-folded
plastic sheet was wrapped and stretched
around the outer wall of the monolith. The
upper end of the plastic sheet extended
about 5 ecm above the plot surface. The
trench was then packed tightly with soil to
ensure elimination of air gaps between
the plastic and the wall of the monolith. A
wooden frame about 25 cm high, with its
inner dimensions matching the outer
dimensions of the test plot was inserted 15
cm deep between the plastic sheet and the
outer wall of the monolith. The soil ad-
jacent to the wooden frame was packed

tightly on both sides. The wooden frame
served to define an area for irrigation,
hold a depth of ponded water, and provide
controlled exit passages for overflow. The
finished internal dimension of the plot
was 194 cm by 145 cm.

One side of the wooden frame was
provided with four gates for outflow of
water. Each gate was 5.9 cm deep and 10.0
cm wide. A rectangular watertight wood-
en overflow box was attached to the outside
of each gate. A 1-cm-diameter plastic hose
drained water from the wooden overflow
boxes into a large PVC pipe. The PVC pipe
was placed in a slightly sloping trench
below the soil surface and channelled the
overflow water into 5-liter plastic con-
tainers for collection and measurement
as runoff. The plot setup, including the
wooden frame and the overflow collection
system, is shown in Figure 1.

Table 1. Representative physical characteristics of a Typic Kanhapludult in Sitiung 1 A',

West Sumatra
Upper Soil water Average
Mean Bulk Particle drained pressure pore radius Macropore
depth density density limit (UDL) at UDL at UDL? fractiont
% of

cm g cm™3 g em™3 em3 ¢cm™3 cm em porosity

3.75 0.91 2.61 0.395 -28 0.00514 39.3
15 0.93 2.61 0.483 =27 0.00533 25.0
0 1.09 2.73 0.570 -20 0.00720 5.2
45 1.05 2.73 0.577 -21 0.00686 6.2
60 1.03 2.73 0.578 -11 0.01310 7.2
5] 1.00 2.73 0.585 -18 0.00800 7.7
90 1.01 2.73 0.596 -9 0.01600 5.4

105 1.00 2.73 0.608 -10 0.01440 4.1

t Average pore radius (cm) = 26*cos@/pgh, where 6 = surface tension of water (72 dynes
em-1, ¢ = contact angle (0° for water), p = density of water (1.0 g cm™3), g = acceleration
due to gravity (980 ¢cm sec2), and h = soil water pressure (—cm H;0).

¥ Macropore fraction = ((porosity —upper drained limit)/porosity))*100
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The irrigation system consisted of
three 200-liter drums. A 20-cm-wide strip
was cut out of each drum from top to
bottom. The drums were then welded
together so that water poured in one drum
filled the entire assembly uniformly. A
constant head was created by providing in
each drum a bubble tube that terminated
about 5-cm above the outlet installed at the
base of one of the drums. The bubble tubes
were l-cm I. D. glass tubes passing
through tight-fitting rubber stoppers in-
serted in the top opening of each drum.
The flow control device was an ordinary
check valve installed at the drum outlet.
The irrigation drums were placed on a
table about 1 m above the ground. The
outlet at the base of the drum was con-
nected to a flow meter by a flexible plastic
hose. Another plastic hose con-nected to
the outflow end of the flow meter extended
into the plot. The flow meter (with a 1-liter
resolution) was used to measure the actual
delivery of water as a function of time.
Calibration of the meter showed that the
actual flow was only 0.821 of the meter
reading. Figure 2 shows the constancy of
flow for various discharge rates.

A mercury manometer-tensiometer
system as described by Arya, Farrell, and
Blake (1975) and Cassel and Klute (1986)
was used to measure the soil water
pressure as a function of depth and time.
Tensiometers were installed at nominal
depths of 2.5, 5, 10, 20, 30, 40, 50, 60, 70, 80,
90, 100, and 110 ¢cm, and were arranged in
several banks. Tensiometers for the 5- to
50-cm depths were in one bank and those
for the 60- to 110-cm depths were in
another. Two additional banks for the 20-
to 50-cm depths were installed to obtain a
measure of spatial variability. Two
tensiometers for the 2.5-cm depth were in-
stalled separately, 50 cm apart. The actual
depths of the tensiometers were deter-
mined at the end of the experiment. A
neutron-probe access tube installed near
the plot center allowed for the measure-
ment of soil water content as a function of
depth and time.

6

A thin layer of rice straw was spread
on the surface to protect the surface
aggregates during irrigation. Water was
initially applied from calibrated water-
ing cans at a rate of about 4 liters min-1.
Tensiometers in the 0-20-cm depth
responded within 4 min, and those in the
30-110-cm depth responded within 14 to 26
min. Watering with cans continued
intermittently for 98 min. By that time, a
total of 134 mm of water had been applied
to the plot. Although ponding and overflow
occurred well before 98 min, a steady state
was not reached. The constant-rate irri-
gation system was opened 104 min after
the start of irrigation. It took several
adjustments of the rate of flow before a
steady overflow from the ponded water in
the plot could be attained. The depth of
ponding was maintained at 4.1 ¢cm, and
watering continued until 194 min. The
drums were refilled and another cycle
was repeated from 228 to 322 min.

Overflow from the plot was collected
in 5-liter plastic containers as a function
of time. All of the overflow that occurred
from the start to the end of the cycle was
collected.

The flow of water in the soil had to be
strictly vertical. There was some concern
that, after prolonged ponding, water might
seep out laterally between the wooden
frame and the plastic sheet, which
delineated the plot. This did not occur, as
the moist, clayey soil packed around the
wooden frame made a tight seal. In cases
where lateral seepage is expected to be a
real problem, the plastic sheet may be
sealed to the wood with an epoxy sealant.

There was also the possibility that a
faster vertical flow occurred along the
interface between the plastic and the soil
than through the rest of the soil profile. We
are not sure if this occurred in our experi-
ment, but the problem can be minimized
only by ensuring a tight contact between
the plastic and the soil block. Covering the
sides of the soil column with plaster (Ba-
ker and Bouma 1976; Lauren et al. 1988)
may effectively eliminate the problem.
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Neutron-probe and tensiometer read-
ings began before the start of irrigation
and continued at 8- to 10-minute intervals
until several hours beyond the end of the
second irrigation cycle. Thereafter, they
were taken less frequently.

Data were analyzed to determine the
steady-state irrigation and overflow rates
as well as the time during which the
steady state existed. The difference be-
tween the steady-state irrigation and
overflow rates was considered as the
steady-state flux through all depths. Soil
water pressure readings taken during the
steady-state flow were used to calculate the
soil water potentials and potential gra-
dients. Conductivities were obtained by
dividing the flux by the gradients between
the successive tensiometers depths.

Laboratory Procedure

Soil cores (11-cm diameter by 10-cm
length) were also obtained from selected
depths to compare laboratory-measured
saturated hydraulic conductivities with
those obtained from the above field pro-
cedure. The method was a variation of the
constant head method outlined by Klute
and Dirksen (1986). For the first run,
samples were trimmed on both ends and
saturated overnight (15 to 20 hours) before
conducting the water flow experiments. A
second run was conducted in which cores
were not saturated before water flow. In
the third run, in addition to not being
saturated before water flow, cores were
covered with a 1-cm layer of coarse sand
on the surface to further minimize the
effect of puddling.

RESULTS AND DISCUSSION

Field Procedure

Any method of measuring hydraulic
conductivity requires a knowledge of the
flux and the potential gradient. In this
method, the flux was obtained as the dif-
ference between the rate of irrigation and
the rate of outflow from the plot. If a soil
has reached field saturation, and if the

rate of irrigation and overflow remain
constant with time, then the flux entering
the soil at the surface should also remain
constant with time. Furthermore, if the
conditions of saturation in the soil profile
do not change with time, then the flux at
all depths in the soil profile should be the
same as that entering the soil surface. As
long as these conditions are maintained,
the soil water potential gradients at all
depths should also remain constant with
time. Under these steady-state conditions,
it should be possible to compute field-
saturated hydraulic conductivity from
flux and potential gradient data.

Our data show that steady-state con-
ditions, outlined above, were achieved in
the test plot. Figure 3 shows a plot of
cumulative irrigation and cumulative
overflow for Cycle 1, from 154 to 194 min
after irrigation. Data show that although
the rate of irrigation was linear, the rate
of overflow showed a slight curvature.
This could have resulted from a progres-
sive sealing of the surface pores under
constant ponding. The effect on the
overflow rate is so small, however, that it
is not likely to have a material effect on
the results. The constant rate flux for this
cycle was 1.14 mm min-!. Similar con-
ditions were also achieved for Cycle 2.
However, the constant rate flux for Cycle 2
was 0.98 mm min~!, It is apparent that
some sealing of the pores probably oc-
curred from the first to the second cycle.

Figure 4 shows a plot of soil water
pressures at selected depths, as a function
of time, from 100 to 325 min after the start
of irrigation. Data show that soil water
pressures fluctuated slightly with time.
However, the fluctuations over the two
cycles representing the steady-state con-
dition of flow are very small, 2-3 cm of
water at the most. These could also be a
result of errors in the manual reading of
mercury manometers. While tensio-
meters for most of the depths indicated
positive pressures, the 10-cm and 110-cm
depths maintained a small negative pres-
sure throughout the irrigation cycles.
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These patterns probably conform to the
sequence of pore structure in the soil
profile.

Pre-irrigation soil water pressure
readings between replicated tensiometers
were very similar, showing a variability
of =1 to -3 cm. At full saturation, however,
spatial variations of +3 to +9 cm were
observed. Part of the observed variations
are because the true depths of the tensio-
meters between replications were not
identical. They varied by 1-2 c¢cm. The
remainder of the variability has to be
attributed to spatial variations in the de-
gree of saturation. The data suggest that,
even under constant ponding, uniform
saturation probably does not occur.

Figure 5 depicts the degree of satura-
tion achieved. Water content distribu-
tions with depth show that soil below the 30-
cm depth was very near its potential
saturation even before the start of irri-
gation. The addition of water raised the
water content of only the top 30 cm of the
soil and added an insignificant amount
of water to the soil below it. Amounts of
water added to the plot by 171 and 260 min
after the start of irrigation were 245 and
366 mm, respectively. It is evident that
much of the water drained rapidly through
the soil profile. A comparison of the water
content profiles with the porosity profile
indicates that the soil remained well
below complete saturation at all depths,
despite an indication of positive pressures
throughout most of the profile (Figure 4).
Porosity values, calculated from bulk
density and particle density data, show
that complete saturation did not occur.
Incomplete saturation appears to be more
common under field conditions. Chong,
Green, and Ahuja (1981) report an aver-
age of 85 percent saturation in Oxisols in
Hawaii.

Table 2 presents field-measured satu-
rated hydraulic conductivities. An aver-
age value was calculated for those depths
for which tensiometers were replicated.
For others, data pertain to a single column
of tensiometers. Results in Table 2 indi-

cate a slight decrease in the conductivity
values from the first to the second cycle.
This may be because the value of the
constant rate flux for the second cycle
(0.98 mm min-1) was slightly less than
that for the first cycle (1.14 mm min1).
Mean conductivities in the surface layer
were in the range of 2—4 cm per hour.
Elsewhere, they varied from slightly over
3.5 to over 9 cm per hour. These values of
conductivity are high and help explain
why water flow is so rapid in the Ultisols
and Oxisols of Sitiung.

Data in Table 2 also indicate that the
soil profile has layers of different con-
ductivities. The variations in conducti-
vity with depth cannot be determined if a
unit potential gradient is assumed for the
entire soil profile (Lauren et al. 1988). If
the steady-state saturated flux through all
layers of the soil profile is constant (as is
the case in the present study), then a unit-
gradient implies that all layers have the
same field-saturated conductivity. This

Table 2. Field-measured saturated hy-
draulic conductivities in a Typic Kanhap-
ludult in Sitiung, Indonesia

Depth Cycle Cycle
increment 1t at Mean
em-CM--- = =m—em=-ee- em hrol-----------
0-2.75 4.24 3.54 3.89
2.75-4.6 2.57 2.31 2.44
4.6-10.3 6.96 6.40 6.68
10.3-20.2 9.84 8.63 9.24
20.2-29.2 9.24 8.10 8.67
29.2-39.6 6.48 5.52 6.00
39.6—49.9 7.01 5.86 6.44
49.9-69.6 8.73 8.68 8.71
69.6-78.8 6.90 5.78 6.34
78.8-85.2 3.99 3.38 3.69
85.2-96.5 4.26 3.88 4.07
96.5-110.6 5.44 4.70 5.07
Profile mean 6.31 5.57 5.94

¥ Field conductivities for each cycle are means
of five values corresponding to five successive poten-
tial profiles measured during the steady-state flow.
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was not the case in our study, as indicated
by the distributions of potential gradients
for two observations during steady-state
flow (Figure 6). Data show that unit-
gradients existed from the 40-80-cm
depth. There was considerable deviation
from unity in the 0-20-cm and 80-100-cm

depths. If we had assumed unit-gradient,
then average conductivity values of 6.84
cm per hour (Cycle 1) and 5.88 cm per hour
(Cycle 2) would have been calculated for
the entire soil profile. Although these
conductivities are similar to the profile
averages indicated in Table 2, these

Water content/porosity, cmd/em3
3.40 0.45 0.50 0.55 0.60 0.65
O
2 07 Pre-irrigation
(+34  min)
540'
g
— 60+
S
8 0+
100+
120

Figure 5. Porosity and wetness of the soil profile before irrigation and during the steady-
state flow at 171 minutes (Cycle 1) and at 260 minutes (Cycle 2).
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average values will seriously over- or
underestimate conductivities for some
layers.

If only water flow through the entire
profile were of interest, then the assump-
tion of a unit-gradient would be appro-
priate for this profile. However, if the

researcher were interested in character-
izing and understanding water flow
through the various soil layers (e.g., the
effect of macropores in clayey subsoil
horizons) then the unit-gradient assump-
tion would be inappropriate. Sitiung soils
are generally clayey, with clay contents

Potential gradient

0.0 0.5 1.0 1.5 2.0 25 3.0
0 T m T 0 [ B (o I
o0
© |
20 |- <— Unit gradient
o e )
)
40 - ' 177 min
€ _v ®g——(Cycle 1)
S 259 min '
< . (Cycle 2) ,
0}
3 $o
o Z
S !
» oe
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. °
) ®0
100 '
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Figure 6. Distribution of potential gradients in the soil profile during steady-state flow,
177 minutes (Cycle 1) and 259 minutes (Cycle 2) after the start of irrigation.

13



ranging from over 50 percent in the
surface to 70-80 percent in the subsoil.
The surface layer consists of large and
highly stable aggregates and is usually
associated with the high conductivities of
these soils. OQur measurements have
shown that the subsoil horizons actually
have higher conductivities, despite their
higher clay contents. This observation
would not have been made had we
assumed a unit hydraulic gradient and
obtained only one value of conductivity
for the entire profile. The presence of con-
tinuous macropores in the clayey subsoil
has real and implied effects on drainage,
water recharge, and nutrient transport
and accumulation (Arya et al. 1992),

Laboratory Procedure

A reasonable rate of flow for the first
run was obtained only for the cores from
the 10- to 20-cm depth, which contained
large pores and stable aggregates (Table
3). Flow rates for the subsoil cores were
extremely low, suggesting puddling and
sealing of pores. Flow rates for the second

and third runs were improved, but they
still remained quite low.

Field- and laboratory-measured satu-
rated hydraulic conductivities for selected
depths are compared in Table 3. Data
show that laboratory-measured conduc-
tivities for the subsoil were 360 to 860 times
lower than the field values when the cores
were saturated before flow and the surface
was left unprotected. Flow rates were five
to 12 times lower than the field values
when cores were not saturated before flow
and had their surface protected with
coarse sand. It is apparent that the core
samples did not represent the field pore
structure, and conductivities obtained on
them cannot explain the rapid flow that
occurs in Ultisols and Oxisols in Sitiung.

Although the core samples were care-
fully extracted, subsequent saturation and
contact with free water caused sealing of
the pores. Conductivities improved when
core samples were not saturated before
water flow and a layer of coarse sand was
placed on the surface to provide protection
against puddling. The flow rates for the

Table 8. Comparison of field- and laboratory-measured saturated hydraulic conductivities

in an Ultisol in Sitiung, Indonesia.

Depth Laboratory -
increment Field? Run 1 Run 2% Run 31
--Cm-- e em/hr--------coeer o
10-20 9.24 10.33 —_ —
n #
s# 9.97
20-30 8.67 0.024 0.70 —
n 5
S 0.012 0.66
40-50 6.90 0.008 0.71 1.51
n 6 4
s 0.007 0.79 1.32

t Taken from Table 2.

t Run 1 = samples saturated before flow; surface not protected.
§ Run 2 = samples not saturated before flow; surface not protected.
1 Run 3 = samples not saturated before flow; coarse sand on the surface.

# n = number of cores; s = standard deviation.
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10-20-cm depth indicate that the stability
of the pore structure is an important factor
controlling the rate of water flow in this
soil. Laboratory-measured values for this
layer compared quite favorably with the
field data. This layer consisted of highly
stable aggregates and apparently did not
seal when in contact with free water.

EVALUATION

Data on water flow and macropore
distribution (Arya 1990; Dierolf et al.
1991) suggest that water flow in this soil
takes place primarily through well de-
fined macropore channels. The fraction
of macropores (defined as the pore volume
between maximum porosity and the upper
drained limit) decreases from 25-30
percent in the top 15 ecm of the soil to 5-8
percent in the subsoil (Table 1). However,
soil water pressures determined at the
upper drained limit decreased with depth,
indicating that the decrease in macropore
volume with depth is accompanied by an
increase in effective macropore size.

Larger values of conductivity in the
subsoil are consistent with the increase in
macropore size with depth indicated in
Table 1. It seems that the increase in the
size of the macropores in the subsoil is
adequate to accommodate the flux of water
that moves down from the surface. Field
observations of an absence of flooding,
even under heavy rainfall, suggest that
pore structure in the subsoil is preserved
when it is overlain by the stable-
structured topsoil.

The proposed method adequately
measured field-saturated hydraulic con-
ductivities for the conditions of water flow
described in this paper. The susceptibility
of the subsoil to structural alteration when
removed from its environment made this
field procedure desirable. The field setup
used in this study was adequate to create
steady-state water flow conditions in a
large field plot, and it allowed for an
accurate measurement of flux entering
the soil. One advantage of the procedure is

that large sample volumes can be meas-
ured with virtually no soil disturbance.
Measurements are made on a natural-
structure soil profile with in-situ
overburden and confinement fully repre-
sented.

The problems of sample compaction,
fracturing, puddling, and sealing asso-
ciated with small cores and auger holes
are eliminated. Because measurements
can be made in large field plots, multiple-
depth tensiometers can be used to measure
in-situ hydraulic gradients at desired
depths. Thus, the natural variations in
conductivity with depth can be determined
without the uncertainties associated with
measurements made on core samples.
Although complete saturation of the
porosity was probably not attained, satura-
tion values obtained in our investigation
are probably the maximum that occur in
similar Ultisols and Oxisols in Sitiung.
Elsewhere too, complete saturation under
field conditions is unlikely. Therefore,
we propose that the maximum measurable
conductivity under apparent field satura-
tion be considered as a valid parameter to
designate the drainage capability of a
soil.
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APPENDIX A

Profile Description of the Soil at the Study Site in Sitiung, West Sumatra, Indonesia.

Classification : clayey, kaolinitic, isohyperthermic

Typic Kanhapludult

Drainage : Well-drained

Elevation/Slope : 100 m ASL/ 1-5%

Parent Material : Acid volcanic tuff

Vegetation Grass shrub-bush, Imperata cylindrica,
Melastoma sp.

Hori D .

A 0-12 c¢m; dark yellowish brown (I0YR 3/4) silty clay; moderate fine to
medium subangular blocky; slightly sticky, slightly plastic, friable;
many fine roots distributed throughout the horizon; few to medium very
fine continuous tubular pores; extremely acid (below pH 4.5); clear smooth
boundary.

Btl 12-35 ¢cm; dark yellowish brown (10YR 4/4) clay; moderate fine to medium
subangular blocky; sticky, plastic, friable; few to medium fine roots
throughout horizon; many very fine continuous tubular pores; very
strongly acid (pH 4.5-5.0); diffuse smooth boundary.

Bt2 35-72 cm; dark brown (7.5YR 4/4) heavy clay; moderate fine to medium
subangular blocky; sticky, plastic, firm; few to medium fine roots
throughout horizon; many very fine continuous tubular pores; very
strongly acid (pH 4.5-5.0); diffuse smooth boundary.

Bt3 72-97 cm; strong brown (7.5YR 4/6) heavy clay; moderate to strong fine to
medium subangular blocky; sticky, plastic, firm; few to medium fine roots
throughout horizon; few to medium very fine continuous tubular pores;
very strongly acid (pH 4.5-5.0); clear smooth boundary.

B4 97-143 cm; yellowish red (5YR 5/8) clay; moderate fine to medium
subangular blocky; very sticky, plastic, firm; many very fine and fine
continuous tubular pores; very strongly acid (pH 4.5-5.0); gradual smooth
boundary.

Bt5 143-160 cm; 90% yellowish red (5YR 5/8) and 10% light red (10YR 6/6) clay;

moderate fine to medium subangular blocky; sticky, plastic, firm; few Mn
concretions small to medium, clear, rounded, irregular, black (§5YR 3/0),
few Fe concretions, small, clear, threadlike, irregular, yellowish red (5YR
4/6) few very fine continuous tubular pores; very strongly acid (pH 4.5-
5.0).

Profile description by CSAR staff, Bogor, Indonesia.
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