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Influence of Seoil Microstructure on Water Characteristics of Sclected Hawaiian Soils'

G. Y. TsuJi, R. T. WATANABE, AND W. S. SAKAI®

ABSTRACT

The higher water-holding capacity of Oxisols and Ultisols
compared to that of the Vertisols and Inceptisols at 15 bars of
suction is attributed to the presence of intra-aggregate void
spaces. Existence of such voids was verified with the aid of a
scanning electron microscope. These voids are obvious in soils
with kaolinitic and oxidic mineralogy but are not evident in soils
of montmorillonitic or amorphous oxide composition.

Additional Index Words: soil water characteristics, intra-
aggregate voids.

SonL COMPOSITION, pore-size distribution and temperature
govern the retention of water in soil. Amounts of inor-
ganic and organic constituents determine differences in soil
composition. The influence of inorganic constituents on
water retention can be established by studying soils of dif-
ferent mineralogical composition.

The pore-size distribution of a soil, in most instances, can
be predicted from particle-size distribution or soil texture.
However, for some Hawaiian soils, the laboratory deter-
mination of particle-size distribution does not always cor-
respond to the apparent field texture. This is particularly
true for the Oxisols and Ultisols For example. particle-size
analyses by Kawano and Holmes (1958) showed some
Latosols (Oxisols and Ultisols) to be clays, but their water-
release characteristics were similar to material of coarser
texture at low suctions (Sharma and Uehara, 1968). Hence
reliance must be placed on physical properties other than
on texture if we are to predict the water characteristics of
these soils.

Methods of Kav-ano and Holmes (1958). Uchara et al.
(1962), and Cagauan and Uechara (1965) have been used
to studv the soil macrostructure or the inter-aggregate
arrangement of solids and voids. The existence of inter-
aggregate voids in Hawaiian soils was first reported by
Cagauan and Uchara (1965). Later, Sharma and Uchara
(1968) demonstrated how influential both inter- and intra-
aggregate voids were on the water characteristics of two
Hawalian Oxisols. The rapid release of water at low suc-
tions and the high water content at higher suctions were
attributed to the presence of inter-aggregate and intra-
aggregate voids, respectively. However, no observable evi-
dence has been presented to substantiate the size, shape
and arrangement or such intra-aggregate voids.

In this work, the soil nucrostructure or intra-aggregate
arrangement of solids and voids was studied with the scan-
ning clecton microscope (SEM). Differences. if any, in
the microstructure between soils were recorded on photo-
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micrographs and were related to differences in the wier
characteristics of each soil. Soils classified as Oxisols, Ulti-
sols, Vertisols, and Inceptisols were used in this study.

MATERIALS AND METHODS
Soils

The soils of this study. listed in Table 1, were collected from
the islands of Ouabu and Hawaii. All of ihe samples were sub-
suits. Sciediion of these soils were based on (i) therr diticrences
in chemical, physical. and mineralogical composition and (ii)
their agricultural importance to the State of Hawaii.

Soils classified as Oxisols and  Ultisols  contiun  varying
amounts of kaolin clays and hydrous oxides of iron and alumi-
num. The great group, Futrandepts of the order Inceptisols.
consists of slightly to moderateiy weathered volcanic ash. while
the great group. Hydrandepts, consists of highly weathered vol-
canic ash with decidedly more amorphous oxides of 1ron and
aluminum than the former. and is highly hydrated. The Vern-
sols are composed predominantly of montmorilionitic clays.

Scanning Electron Microscope

A Cambridge Stercoscan S-4 scanning clectron microscope
(SEM) permitted examination of surface features of individual,
intact soil aggregates at magnifications above the upper limit of
light microscopes. Lynn and Grossman (19700 and Fswaran
(1972) have used the scanning electron microscope to study
different features and types of soil fabrics.

For scanning electron microscopy, air-dried aggregates were
attached to aluminum support stubs using silver conducting
paint and gold-coated by vacuwin evaporation with o Denton
DV-502 Vacuum Fyvaporator. The samples were photographed
on Polaroid S5P M film

Outflow Measurements

The water content-suction relationships for the various soils
were determined by emiploving two types of commercidiy avail.
able pressure plate outflow apparatus: (1) Tempe pressure cell
and () 15-bar ceramic plate extrictor The Tempe pressure
cells were used exclusively in the saction range of 0 (0 1 bar.
The ceramic plate extractor wis used for suctions between |
and 15 bars.

Fxcept for the Akuka soil. which dries irreversibly, or dried
soil samples were crushed and passed through o 2-mm sieve
The ol samples were placed on saturated  roreas ceramie
plates and allowed 10 wet by capitlarity for at least 24 hours.
Mercury manometers and air pressure gauges were used 1o
measure the imposed suction. Fquilibriom between sab wiles
and imposed suction was attained when water outflow from the
soil sample ceased. In the case of the 15-bar ceramic plate ea-
tractor, the soil samples were removed and oven-dried at 105¢

Table 1—Classification of the selected soil samples. (Foote
etal.. 1972; Sato, ot al., 197.0)

Serlen Depth firder Subgrour Fumily
¢
Wahlawa 20- 40 Oxisols ‘T ropeptic b utrustox clayey, kanlinitic,
tsothe emic
Molokai 20 40 Omisobs Lyple Torrox clayey, Kaolinitice,
lsohy perthermic
Manana H3-Re Ultinols Orthoxsc Tropohumult  clayey  oxidie, tsothermi
Paaloa hhe Ultivols Humoxic | repohumult clayey, oxid.e, ssothernue
fualuale: -3 Vertiaols Ivpie 4 hromustertn veny Line, montmoril-
lonitic, isohy perthermie
Akaka LER L tneeptinnls typne Mydrandepta thixotropue, [somese
Watmes Q4. vy Inceptigoedy Iypne Butrandepts medial, isothermn
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to determine their water content. For the Tempe pressure cells,
the entire cell with soil and water was weighed after each equi-
librium step (Reginato and van Bavel, 1962). The net differ-
ence between the initial and equilibrium weights was used as
a measure of water contert at a given suction. The final water
content a. 1 bar was obtained by oven-drying the soil sample
at 105C.

RESULTS AND DISCUSSION
Oxisols and Ultisols

The rapid release of water at low suctions and the rela-
tively high water-holding capacity of Hawaiian Oxisols is
evident when the water characteristic curves for these soils
are examined (Fig. 1). Except for small differences in bulk
density, ficld cores and laboratory-packed cores had simiiar
water release curves (G. Y. Tsuji, 1587 Mcasurement and
evaluation of soil water transmission coefficients in some
Hawaiian latosols. M.S. thesis. University of Hawaii, Hono-
Julu). Sharma and Uehara (1968) concluded that water
released at low suctions was associated with inter-aggregate
void spaces while that retained by the soil at higher suctions
was held in intra-aggregate void spaces. The inter-aggregate
arrangement of solids and voids in the Molokai and
Wahiawa soils was previously shown with soil thin sections
by means of a polarizing microscope by Cagauan and
Uchara (1965) and Sharma and Uechara (1968). How-
ever, the intra-aggregate arrangement of solids and voids
was not immediately obviors.

Figures 2A and 2B are scanning clectron micrographs
of the Wahiawa and Molokai soil aggregates, respectively.
The microstructure or intra-aggregate arrangement cf void
spaces between soils is distinctly different. An array of voids
of different sizes is more clearly evident in the Wahiawa
than in the Molokai soil. This result is not unexpected since
earlier results have shown that the Molokai had a higher
bulk density than the Wahiawa (Kawano and Holmes,
1958). Furthermore, a bimodal distribution of void sizes
indicating soil aggregation becomes apparent when the
method of Childs and Collis-George (1950) is applied to
the water characteristic data of Sharma and Uehara
(1968). From Fig. 3 it is evident that the Wahiawa has a
decidedly higher frequency of intra-aggregate voids than the
Molokai. If the capillary-rise equation is assumed to be
applicable to the present soil-water system, then it can be
used to calculate approximate suction values at which water
is released from voids such as those in Fig. 2. Hence, the
greater water-holding capacity for the Wahiawa over that
for the Molokai for suctions - 0.2 bars indicates the influ-
ence of the intra-aggrepate voids on water retention.

The presence of distinet intra-aggregate voids in the
Wahiawa was attributed to the degree of its structural devel-
opment or soil anisotropy. According to Cagauan and
Uchara (1965), Oxisols with strongly developed structure
(Wahiawa) are found in high rainfall arcas whereas those
with weakly developed structure (Molckai) are found
under low rainfall conditions, Such structural developments
would surgest that soils of similar mineralogical composi-
tion, as these Oxisols, but developed under higher rainfall
may exhibit stronger microstructural development.

To test the above hypothesis, two soils classified as Ulti-
sols were examined. These soils, Manana and Paaloa, were
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Fig. 1—Soil water characteristic curves for Wahiawa (Tropep-
tic Eutrustox) and Molokai ( Typic Torrox) soils.

formed under higher and more uniformly distributed rain-
fall than the Wahiawa. Water characteristic curves of these
soils, shown in Fig. 4, are remarkably similar to that for
the Wahiawa. Water held in the inter-aggregate voids are
released at suctions of approximately 200 cm of water. As
in the Oxisols, soil water contents of > 0.20 to 0.30 at 15
bars and beyond can most likely be attributed to the micro-
structure or intra-aggregate voids. Examination of indi-
vidual aggregates under the SEM (Fig. 2C and 2D) re-
vealed a much more porous body with regularly shaped
intra-aggregate voids of more uniform size than those
observed in the Oxisols. These intra-aggregate voids are
of such radial dimensions that water contents of > 0.30 at
suctions > 15 bars is not unreasonable.

The mineralogical composition appears to be the most
obvious common denominator between the Oxisols and
Ultisols. At the family category (Soil Survey Staff, 1970),
the Wahiawa and Molokai soils are classified as clayey,
kaolinitic, isothermic and clayey, kaolinitic, ischyperther-
mic, respectively. The Paaloa and Manana are both classi-
fied as clayey, oxidic, isothermic (Foote et al., 1972).
Mineralogically, the Ultisols have more oxides of iron and
aluminum and less kaolin clays than the Oxisols. However,
the clay texture appears to be misleading when the pore
size distribution 1s evaluated from measured water charac-
teristic curves such as those in Fig. | and 4. In fact, the
Oxisols and Ultisols behave like material of coarse texture

Table 2—Sail texture data of the selected soil series

8oil Sand silt Clay
aeriea {0, 05-2 mm) {, 002-, 0% mm) (0,002 mm)

Wahlawa® 0.3 55 9.2
Molokal* 1 15.7 82,7
Manans 0,1 7.2 92,7
Pasloa 10,2 28,5 61,3
l.ulluwlel' 2.6 329 85, 2
Akaks 4.6 1 10,0
waireal 3.0 21.0 4.0

* A, A, Briones, 1969,

Physics of drained paddy eolls,

Ph. D, diss,

Universeity of

Hawall, Honolulu, Diss, Abatr, nu. 7043060,

f H,H. Tenma, 1965. Home characteristica of non-cryatalline constituents in Hawallan
scile. M,H8. thesla. University of Hawall, Honoluly,

TK N, Houng, 1964, A study on the sulls contalning amorphoun materials on the island
of Hawall, Ph,D, diss, University of Hawali, Honolulu, Diss, Abatr, no, 64-119120,
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Fig. 2——Scanning electron micrographs of the (A) Wahiawa, (B) Molokai, (C) Paaloa, and (D) Muanana soil aggregates.

at low suctions and retain water in a similar fashion to chy
soils at high suctions. Field determination of soil texture
appears to be more indicative of the pore-size distribution.
Field descriptions of these soils place them in the silty clay
or silty clay loam class. Textural data, listed in Table 2,

were obtained from soils out of the same sample container
as those used in the present study.

Hence. it is apparent that mineralogical composition and
soil structure, in relation to the development of inter- and
intra-aggregate void spaces, rather than texture would be
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Fig. 3—Frequency distribution of inter- and intra-aggregate
void sizes in the Wahiawa und Molokai soils.

hetter predictive parameters of the water-holding character-
1stic of these soils.

Vertisols and Inceptisols

The influence of mineralogical composition and soil
structure on soil water release characteristics can be ex-
amined further by considering soils in Orders where min-
cralogical composition is distinctly different from those of
the Oxisols and Ultisols. Vertisols and Inceptisols are in
that category.

Water release characteristics of two Inceptisols (Akaka
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Fig. 5——Soil water characteristic curves for Akaka { Typic

Hydrandept) and Waimea (Typic Lutrandept) soils.
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Fig, 4—Soil water characteristic curves for Manana (Orthoxic
Tropohumult) and Paaloa (Humoxic Tropohumult) soils.

and Waimea) and a Vertisol (Lualualei) are shown in Fig.
5 and 6. The water content value is based on the initial
volume of soil and water at zero suction. At suctions >
300 cm of water, the water release curves of both the
Laulualei and Akaka soils are influenced by the effect of
shrinkage. This is especially true for the Akaka, a Typic
Hydrandept, which shrank by as much as 50% in volume.
On the other hand, shrinkage in the Waimea soil, a Typic
Eutrandept, was negligible and its water release curve
strongly resembled that of a sand of uniform particle size.
SEM micrographs of both the Akaka and Waimea soils
(Fig. 7A and 7B) reveal differences in their matrix. At the
family category. the texture of the Akaka soil is classified
as being thixotropic while that of the Waimea is medial.
Because of its thixotropic nature, the structural arrange-
ment of air-dried particles in Fig. 7A should not be con-
strued to be representative of the Akaka. Unconsolidated
porous fragments appear to predominate in the Waimea
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Fig. 7—Scanning electron micrographs of the ¢4 Akaka. (B Waimea., and (€)1 Lualualei soil agpregates.

soil. For these two Inceptisois. textural difterences rather
than mineralogical composition determined their water-
retention capacity. The sum total of both organic matier
and free iron oxide content. amounted 10 357G and
12.7% for the Akaka and Waimea soils, respectively . Addi-
tion of buth values to the total separates content vielded a
value of < 100 The difference was attriboted primarils
to the loss of water of hvdration associated with oxides ot
iron and aluminum (H. H.“Tenma, 1965, Some character-
istics of non-crystallme constituents 10 Haw aitan soils M.
thesis. Univ. of Hawaii. Honolulu)

The influence of montomorillonitie mineralogy should
have an overriding effect on the water-holding character-
istics of the Lualualei. The water release curve of the
Lualualer (k1g. 6) 1s not typical of most Vertisols which
generally show smaller changes in slope with increasing suc-
tion. The reason for this behavior may be explained, in part,
by the accumulation of stable clay granules or aggregates
in the upper horizons of the Lualualei due to the excessive

shrinkage of ¢lay by the sun’s heat in the and chimate ot the
simple source. SEM photonuierographs (31g. 7C) do not
show any obvious intra-ageregate vords as those found in
the Oxasols and Ultisols

Itmay be surmised that the water-hotding capacity of the
Onasols and Ultsols at 15 bars of suchion can be attributed
to the presence of mtra-aggregate voads These vouds were
obvious i sorls wath haohmitie and oxidic ouneratogy but
were pot evident an saibs wath montmonlloniic or amor-
phous envade mmneralogy Teappears then that nuneralogical
composition plins an intluential tole in the development of
sorh microstrueture - Furthermore, because of this type of
structural deselopment. soil teature data alone are not suffi-
cient to predict the pore-size distribution of the Oxisols and
Ultsols conudered in this study. Siularly, the use of 18-
har water content data to predict clay content for these
sorls would most hkely be erroneous For example, if the
estimmate of clay content were computed according to the
relimonship of 2.5 ames the 15-bar water content, as used
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by the Soil Conservation Service (1972), clay contents of
84.3%, 51.5%, 75.0%, and 77.5%¢ would be obtained
for the Wahiawa, Molokai, Paaloa and Manana, respec-
tively. These values are very different from those listed in
Table 2. The influence of these intra-aggregate voids on
water infiltration in Oxisols and Ultisols presents an inter-
esting problem that will be a subject of further investigation,
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