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Chapter 1
Introduction

1.1 Background of the study

Podzolic soils are widely distributed from sub-arctic to tropical regions under humid
climatic conditions. They have a noticeable profile feature, that is, differentiation of eluvial
and illuvial horizons. Their forming-process has been a controversial pedological problem.
Today, podzolic soils are identified based on the existence of podzolic B or spodic horizon
rather than that of cluvial or albic horizon. In the soil classification systems of England and
Wales (Avery 1980), Canada (Canada Soil Survey Committee 1978), and USDA (Soil Survey
Staff 1975), the (Fep+Alp)/clay ratio has been employed in common as a criterion to define
the podzolic B (or spodic) horizon. Since pyrophosphate extractable Fe or Al is considered
to be organically complexed one (McKeague ct al. 1971; Farmer ct al. 1983), thc most
common concept of podzolic B horizons is an accumulation of organo—mineral complexes.

A mechanism of translocation of Al and Fe in the form of organo-mineral complexes'
has long been postulated (e.g. Stobbe and Wright 1959; De Coninck 1980; Mokma and
Buurman 1982) in the studies on podzolization and soil organic matter in podzolic soil
profiles has been studied for its ability as complexing agents of metal ions. Bloomficld (1953)
and De Long and Schnitzer (1955) observed complexing capacities of organic matter in leaf
extracts, and many complexing agents werc identified in litter or soil extracts and discussed
in relation to podzolization (e.g. Stevenson 1967; Vance et al.1986; Pohlman and McColl
1988). The Classification of Forest Soils in Japan (Forest Soils Division 1976) also employs
the organo—mineral theory in the explanation for the development of Pob soils (Dry podzolic
soils)’.

'Organo—~mineral complex theory is summarized most comprehensively by De Coninck (1980)
as follows: In soils, mobile organic substances are formed during breakdown of plant remains.
If at the top of the mineral soil enough polyvalent cations, especially Al and Fe, are available,
the mobile organic substances formed are immobilized immediately and no migration occurs.
In case insufficient amounts of Al and/or Fe are available to completely immobilize the
mobile compounds, these cations arc complexed by the mobile compounds and transported
downward. Immobilization may occur at some depth through supplementary fixation of
cations, through dessication or on arrival at a level with different ionic concentration.

’Classification of Forest Soils in Japan (Forest Soils Division 1976) describes that Pp (Dry
podzolic soil) is a subgroup of podzolic soils, which is mainly distributed in the subalpine
zones, but can be found also in mountainous regions of the temperate zone. This soil is
distributed at relatively dry sites such as mountain tops, ridges, upper convex slopes or the
edges of plateau. At these sites litter is poorly decomposed, Ao horizon is well developed, and
organic acids are released. Consequently, the soils are podzolized.



The organo-mineral complex theory, however, could not fully explain the formation
of the Bs horizons, in which amorphous Al and/or Fe compounds are illuviated without
concomitant illuviation of organic matter. As alternative explanations for pedogenetic
processes of such B horizons, formation of imogolite as a result of migration of Fe and/or Al-
Si sols (proto—imogolite)® (Farmer et al. 1980; Anderson et al. 1982), or of weathering
reactions involving carbonic acid (Ugolini and Dahlgren 1987) was proposed. These
controversies about podzol formation appeared to be caused by morphological diversity of
podzolic B horizons. Thus, a more detailed examination on the forming process of illuvial B
horizons developed under various conditions must be conducted.

1.2 Study objectives

The primary objective of this study is to investigate soils under natural forest in the
northern Kyoto region with special reference to their pedogenetic processes in comparison
with the existing podzolization theories. A secondary objective is to examine the processes
in terms of soil acidification under natural forested ecosystem.

The Ashiu Experimental Forest of Kyoto University is located in the Miyama
Township, northern Kyoto, Japan. The area is covered mainly by Brown forest soils (Bo)
(85 %), while Dry podzolic soils (Pp)* distribute along high mountain ridges (3.5 %) (Shidei
et al. 1958). In the USDA soil classification system, most of the soils with well-developed
B horizons are classified into Dystrocrepts. Hirai et al. (1988) reported that some degrees of
Al eluviation and illuviation were generally observed among the forest soils in the area,
whereas Fe also migrated in the podzolic profiles. They concluded that a weak podzolization
process was involved in the brown forest soil formation. Shidei et al. (1958) observed that
the Pp soils in the Experimental Forest were often located along ridges, stretching from north
to south, and exposed to northwesterly winds. They also reported that the Po soils were
distributed under a vegetation consisting of Cryptomeria japonica in many cases. Therefore,
such factors as topography and vegetation may be important in the podzol formation in the
Experimental Forest.

Hirai et al. (1988) reported that, in the illuvial B horizons in this area, the

*Anderson et al. (1982) described the podzol formation as follows: During the formation of
an Iron Podzol, positively charged inorganic sols carry aluminium, silicon and iron from the
A, and deposit them in the B, horizon; subsequently, with the development of an H layer,
colloidal humus migrates through the A, and precipitates on the positive colloids at the top
of the B, horizon to form a Bh horizon, in which remobilized ferric species are trapped by
the organic matter.

“This classification corresponds to the Classification of Forest Soils in Japan (Forest Soils
Division 1976).

Cp/(Fep+Alp) atomic ratio was often lower than that in typical spodic horizons, suggesting
the presence of organo-mineral complexes with metal-rich, humus—poor characteristics. It
is difficult to explain forming processes of such humus—poor B horizons with the organo-
mineral theory, in which a gradual saturation of acidic functional groups of organic matter
with metal ions is postulated as a commanding factor of their illuviation in the B horizons.
Rather, the B horizons in this area should have been formed as amorphous Al and/or Fe
compounds were illuviated without concomitant illuviation of organic matter.

In addition to the above-stated feature in the formation of illuvial B horizons, some
local factors may be involved in the pedogenesis in the Experimental Forest. For example,
this arca has clayey soils derived mainly from paleozoic shale, whereas typical podzolic soils,
or Spodosols, arc considered to develop on sandy materials (Soil Survey Staff 1975; Forest
Soils Division 1976). Because of a high clay content, the soils with Fe translocation in the
Experimental Forest fail to be classified into Spodosols in the USDA system (Hirai et al.
1988). The clayey texture may affect the process of Fe mobilization through redox reaction
and it is assumed that mechanisms of translocation of Al and Fe are considerably different
in this study area from those in ordinary podzolic soils.

Thus, the forest soils in the Ashiu Experimental Forest have two pedogenetic features
that must be clarified, i.c. forming processes of the B horizons and an effect of redox reaction
in Fe translocation.



Chapter 2
General description of the soils studied

2.1 Study area

This study was carried out in the Ashiu Experimental Forest of Kyoto University. The
clevation ranges from 355 m to 959 m and the topography is generally steep. The basement
rocks consist of paleozoic shale, sandstone, and chert, and the influence of volcanic ash
appears to be little.

The climatic data at the altitude of 637 m are as follows (Shidei et al. 1958): The
mean annual temperature is 11.4°C and the annual precipitation is about 2800 mm. Snow
covers the arca from the middle of December to the end of April and the depth ranges from
one or two meters to three meters depending on the elevation and topography. There is no
distinct dry season and the soils in the area do not seem to have been exposed to extremely
dry conditions.

The vegetation of the experimental forest is dominated by deciduous broad-leaved
species and a greater part of the areca is still covered by the natural vegetation. The present
study was carried out only in the areas at an elevation above 600 m, in which Fagus crenata
and Quercus mongolica are the dominant tree species and Cryptomeria japonica is often an
accessory species.

2.2 Site description

Ten forest soil profiles were investigated in this study. All the profiles were classified
into Inceptisols in the USDA soil classification system (Soil Survey Staff 1990). Based on the
Classification of Forest Soils in Japan (Forest Soil Division 1976), Sw-2, N-1b, H-2 and S-3
were classified as typical Brown Forest soils (Bp), whereas N-4b, H-1a, H-1b, Sw-1, Sw-3,
and Sw-4 were classified as Podzolic soils (Po or Pw@). Among the Podzolic soils, N-4b was
a weakly podzolized soil with an illuvial horizon but without a conspicuous cluvial or albic
horizon, whereas the other profiles had both eluvial and illuvial horizons. Descriptions of
these profiles are given in Appendix 1, according to the Soil Survey Handbook (Group of
Japanese Pedologists 1984). The horizon designation, however, is given after the Keys to Soil
Taxonomy (Soil Survey Staff 1990).

Most of the sampling sites were located along ridges, except for N-1b on a convex
slope. The podzolic soils were characterized by a relatively thick coarse litter layer (5 to 10
cm) compared with the brown forest soils. The A and AB horizons of the brown forest soils
had mostly a crumb structure, while the E (H-1a, H-1b, Sw-1, and Sw-4) and the AB (N-
4b) horizons of the podzolic soils had a normally sub-angular blocky structure. As for the
B horizons, the Fe-illuviated Bs horizons of the podzolic soils had a sub-angular blocky
structure and were more friable than the Bw horizons of the brown forest soils.

The vegetation type is summarized as follows: Deciduous broad-leaved species such
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as Fagus crenata and Quercus mongolica are dominant in N-4b and N-1b. They also
dominate in H-1a, H-1b, and H-2 with minor coniferous species, i.e. Cryptomeria japonica.
In contrast, Cryptomeria japonica is the dominant vegetation in -3, Sw-1, Sw-2, Sw-3, and
Sw-4,

2.3 Physico-chemical and mineralogical properties of the soils studied
2.3.1 Analytical methods

Soil samples were air—dried and crushed to pass through a 2 mm sieve, and then
examined using the following methods.

1) The pH was measured with a glass electrode pH meter using a soil to solution (H,0
or 1 M KClI) ratio of 1 to 2.5. The pH(NaF) was measured in 1 M NaF solution after stirring
for 2 min, using a soil to solution ratio of 1 to 50.

2) Exchangeable cations and CEC:

(a) Exchangeable bases were extracted with 1 M NH,OAc at pH 7.0 and then Ca and
Mg contents were determined by atomic absorption and Na and K contents by flame
photometry.

(b) Exchangeable Al and H were extracted with 1 M KCl and exchange acidity was
determined by titration with 0.01 M NaOH, and exchangeable Al by aluminon colorimetry.
The content of exchangeable H was calculated from the difference between the value of
exchange acidity and that of exchangeable Al.

(c) CEC: After replacement of exchangeable bases, washings with deionized water and
ethanol and replacement of NH," with 10% NaCl were successively performed by
centrifugation. Content of NH,~N was determined by the Kjeldahl distillation method.

3) Total carbon and nitrogen was determined by a dry combustion method using a CN
corder (Yanagimoto MT-500).

4) Extractable Al, Fe, Si, and carbon:

(a) Feo, Alo, and Sio were extracted with acid ammonium oxalate (0.2 M, pH 3.0) in
the dark (McKeague and Day 1966), and then filtered using 0.45 um millipore filter.

(b) Fed, Ald, and Sid were extracted with a citrate-bicarbonate mixed solution
buffered at pH 7.3 with the addition of sodium dithionite (DCB) at 80°C (Mehra and Jackson
1960) and then filtered using a 0.45 um millipore filter.

(c) Fep, Alp, Sip, and Cp were extracted with 0.1 M pyrophosphate (pH 10) (Schuppli
et al. 1983) and then centrifuged at 10,000*g and filtered using a 0.025 um millipore filter.

Fe, Al, and Si contents were determined by multi-channel inductively coupled argon
plasma atomic emission spectroscopy (ICP-AES: Nippon Jarrell-ash, ICAP-750). Carbon
content in the extracts was determined by a wet combustion method with a reflux condenser
attached to the flask.

5) Phosphate retention was determined by the method of Blakemore et al. (1987).

6) Zero point of charge (ZPC) and o, were determined by the STPT and PAT method
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proposed by Sakurai ct al. (1988; 1989), and expressed as 'STPT-ZPC', 'PT-ZPC, 'STPT-0,,
'PAT-0,'. Cut off time in the PAT method was 12 s for 0.01 and 120 s for 0.1 M NaCl as
the supporting clectrolyte solutions.

7) Particle size distribution was determined by a pipette method.

8) Clay minerals were identified by X-ray diffraction analysis using Cu—Ka radiation.

9) Ten major elemental oxides (SiO,, Al,O,, Fe,0,, MnO,, TiO,, CaO, MgO, K.O,
Na,0, and P,0;) were analyzed by the method of Ochi and OKashita (1987) using an X-ray
fluorescence spectroscopy.

2.3.2 Physico-chemical and mineralogical properties of the soils studied

General physico-chemical and mincralogical characteristics for the sclected four
profiles (Sw-2, N-1b, N-4b, and Sw-1) are given in Table 2.1. 2.2, and 2.3, and for the
other profiles in Appendix 2. They are summarized as follows:

1) The pH of cach site, especially in the surface horizon, was very low. Judging from
the very low base saturation (less than 5 % in most cases) and a high contribution of Al to
cffective CEC, all the soils were highly acidified. Exchangeable Al occupied most part of the
exchange acidity and was highest at the surface in the brown forest soil profiles, whereas it
was highest at E to B horizons in the podzolic profiles. This suggested that an effect of soil
acidification reached to deeper horizons in the podzolic profiles.

2) Most of the soils showed a relatively high clay content, often exceeding 40 %. As
shown in Fig. 2.1 for Sw-1 and Sw-2 profiles, the dominant clay mineral species in the
deeper horizons were 2:1-2:1:1 intergrades. In contrast, expansible 2:1 minerals such as
vermiculite and smectite dominated above the horizons with a high content of exchangeable
Al (often exceeded 10 cmol(+) kg™). Gibbsite was detected in the deeper horizons, whercas
it disappeared in the surface horizons in which smectite was dominant. Some of the C
horizons (N-1b and Sw-1) had a relatively high clay mica content as compared to the well-
developed B horizons. These results were consistent with the report by Hirai et al. (1989), in
which the alteration sequence of 2:1 type clay minerals with soil acidification was concluded
as follows: clay mica — 2:1-2:1:1 intergrades — vermiculite — high charge smectite.

3) Judging from the distribution patterns of Alo and Feo, a degree of eluviation and
illuviation of Al appeared to have occurred in most of the profiles, whereas that of Fe was
observed only in the podzolic profiles. Alp/Alo or Fep/Feo often exceeded 0.5, so that a large
part of the amorphous compounds was considered to be organically complexed. However, the
B horizons except for the Bs1 of H-1b represented a significantly lower Cp/(Fep+Alp) atomic
ratio than the chemical criterion for the spodic horizon proposed by Mokma and Buurman
(1982), that is, 5.8, suggesting a metal-rich, humus-poor characteristics of the illuvial B
horizons of the forest soils in this arca. Moreover, a general decrease of Alp/Alo and Fep/Feo
ratio in the B horizons compared with the surface horizons suggested an increase of
amorphous compounds that did not form organo-mineral complexes in the B horizons. The
Sio content of nearly zero suggested that amorphous Al-Si compounds scarcely existed. A
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clear decrease of Alo in the surface horizons with increased exchangeable Al in some profiles
was considered to show a progress of monomerization of amorphous Al in those horizons.

4) Most of the B horizons with Al illuviation (Alo > 0.9%107 kg kg™') showed bulk
density < 1.0, pH(NaF) > 10, and phosphate retention > 85 %. This was typical for the B
horizon of the brown forest soil or podzolic soil in the cool temperate forest zone, which is
characterized by a relatively high content of amorphous Al compounds in the soil, as
discussed by Hirai et al. (1991).

5) Bulk density was generally low, i.e. less than 1.0 throughout the profiles. It was
notable that the eluvial E horizon of podzols had a higher bulk density than the underlying
B horizons, suggesting some influence of soil physical properties on the pedogenetic process
including Fe translocation in the profiles. This will be discussed in detail in Chapter 5.

6) PAT- and STPT-ZPC showed a good agreement in a pH region > 4.0. The PAT-
ZPC, however, was often not determined in pH < 3.5, in which permanent charge minerals
dominated in the clay fraction, while the STPT-ZPC did exist. A relatively long equilibration
time (four days) in the STPT method in contrast to a short equilibration in the PAT method
(within three hours) might have caused further dissolution of surface oxides with a relatively
low activity. It was considered that such a disappearance of PAT-ZPC was reflected more
sensitively on the succession of clay mineral composition, that is, a gradual predominance of
permanent charge minerals such as vermiculite and/or smectite in the EB to Bs horizons of
the podzols. PAT- and STPT-o, showed values close to the sum of exchangeable bases
rather than ECEC, suggesting that exchangeable Al was kept retained on the soil particles
under the salt concentration of 0.01 to 0.1 M in these analyses.

7) Total chemical composition showed that the E horizons of the podzols became more
siliceous as a result of eluviation of Al and Fe. In all of the profiles, a high contribution of
Al in the cationic components (more than 60 % in molar basis) was notable, followed by Fe.
So that, in a long pedogenetic periods, Al was considered to be particularly important in the
acid buffering by the soil solid phase, whereas the basic cations (K, Mg, and Ca) that are low
in their contents might have been recycled within the soil and vegetation and their
contribution to acid neutralization should have been rather limited.

Table 2.1. Bricf description and general physico—chemical properties
of the soils from the selected profiles.

Site Depth Moist  Structure'  Bulk Particle size distribution Clay mineral species®
and color density Clay  Silt Fine Coarse
horizon  (cm) sand  sand

@em?) (B) () (%) (%)

Sw-2
A 0-2 7.5YRY3 2mer : 408 474 8.9 2.9 H.C.Sm > Vi, Ch, Mica, Kao
AB 2-11 7.5YR3/2 Imer 0.64 421 460 9.7 2.3 Vit > Ch, Mica, Kao
BA 11-25 7.5YR4/4 2msabk 448 45.6 7.6 2.0 2:1-2:1:1 int. > Ch, Mica, Kao, Gb

Bw  25-50 7.5YRS5/6 2msabk 0.83 4095 488 7.3 2.9 2:1-2:1:1 int, > Ch, Mica, Kao, Gb
BC 50-73 10YRS/6 2msabk 0.87 468 44.2 6.1 28 2:1-2:1:1 int, > Ch, Mica, Kao, Gb

C 73-80 10YRS/6 —— 4 324 390 122 165 2:1-2:1:1 int. > Ch, Mica, Kao, Gb
N-1b
A 0-5 7.5YR3/4 2mer : 491 323 14.7 39 H.C.Sm, Vi, 2:1-2:1:1 int, > Ch, Mica
BA  5-19 7.5YR4/6 2fer 058 40,6 39.1 175 28 2:1-2:1:1 int. > H.C.Sm, V1, Mica, Kao, Gb

Bw  19-55 7.5YRS/6  2fsabk 072 526 318 13.1 2.5 2:1-2:1:1 int. > Mica, Kao, Gb
BC 55-B6 7.5YRS/6 2cabk 0.81 54.6 328 1.5 1.2 2:1-2:1:1 int. > Mica, Ch, Kao, Gb

c 86-99 10YRG6/6 == - 33.8 353 24.1 6.8 2:1-2:1:1 int. > Mica, Ch, Kao, Gb
N-4b

A 0-6 7.5YR21 2fer . 425  46.7 9.8 1.1 H.C.Sm > Mica, Kao

AB 6-12 7.5YR3/3 2msabk 0.73 432 458 10.3 0.6 H.C.Sm > Vi, Mica, Kao

BA  12-15 7.5YR3/4 2fabk ; 4.1 442 10.9 0.8 Vt > H.C.Sm, Mica, Kao

Bs  15-30 7.5YR4/6 2fsabk 055 548 363 8.0 0.8 2:1-2:1:1 int. > VI, Mica, Kao, Gb

Bwl 30-40 7.5YRS/8  2msabk . 480 36.6 5.8 9.7 2:1-2:1:1 int. > Ch, Mica, Kao, Gb

Bw2 40-52 T7.5YR5/6  2csabk 078 463 455 6.3 1.9 2:1-2:1:1 int. > Ch, Mica, Kao, Gb

BC 52-83 7.5YRS/8 2cabk X 520 409 57 14 2:1-2:1:1 int. > Ch, Mica, Kao, Gb

C 83-100 7.5YRS/8  2cabk . 472 370 9.7 6.2 2:1-2:1:1 int. > Ch, Mica, Kao, Gb
Sw-1

A 0-2 10R21 2mer y 310 354 16.9 16.7 H.C.Sm~-Mica > Kao

E 2-10 7.5YR4/2  2msabk 1.01 332 360 16.8 140 H.C.Sm-Mica > Kao

EB  10-23 7.5YR4/4 2msabk . 40.7 330 147 116 H.C.Sm-Mica, Vi-Mica > Kao

Bs 23-45 7.5YR4/6  2msabk 0.70 49.6 31.2 10.4 8.9 Vi, 2:1-2:1:1 int, > Mica, Kao, Gh
BC 45-60 10YRS/6 Imsabk . 342 275 12.5 28 2:1-2:1:1 int. > Mica, Kao, Gb

c 60-73 10YRS5/8 =Eee - 170 162 185 484 2:1-2:1:1 int,, Mica > Kao, Gb

*Grade: 1, weak; 2, moderate; 3,strong. Size: f, fine; m, medium; ¢, coarse. Type: cr, crumb; sabk, subangular blocky; abk, angular blocky.
"Kao, kaolin minerals; Mica, clay mica; H.C.Sm, high charge smectite; V1, vermiculite; Ch, chlorite; Gb, gibbsite; 2:1-2:1:1 int,, 2:1-2:1:1
intergrade mineral; Mica-H.C.Sm, interstratified mineral of clay mica and high charge smectite; Mica-Vt, interstratified mineral of clay mica
and vermiculite.



Table 2.1. (continued)

Site Depth pH pH pH Exchangeable cations® STPT method®  PAT method®
and H,0 KCl1 NaF Na+K+ Al H prc af ZPC ot
horizon  (cm) Mg+Ca
————(cmol(+) kg')--—~ (cmol kg™) (cmol kg™)
Sw-2
A 0-2 3.82 29 7.05 8.08 10.83 231 3.18 389 <30 nd.
AB 2-11 4,05 317 848 147 11.71 0.76 3.56 232 359 0.99
BA  11-25 435 3.53 9.68 0.63 8.07 013 3.98 0.87 3.89 0.15
Bw  25-50 4.50 3.69 10.35 0.62 6.13 0.10 3.99 1,32 4.24 042
BC 50-73 4.73 377 10.71 047 5.04 0.06 4.08 0.82 436 -002
& 73-80 4.68 3.70 9.67 0.28 4.72 0.00 4.06 0.80 4.26 0.08
N-1b
A 0-5 391 344 813 217 803 208 3.79 2.14 357 1.42
BA 5-19 4.22 3.80 9.69 0.76 6.25 0.65 4.03 1.82 4.15 0.00
Bw  19-55 454 4.22 11.64 0.29 332 0,00 4.59 0.22 4.46 0.07
BC 55-86 4.63 4.16 11.38 0.34 2.92 0.00 441 0.41 452 - 0.06
& 86-99 4.65 4.03 9.90 027 295 0.23 444 0.14 448 - 0.08
N-4b
A 0-6 359 2.88 6.72 325 873 4.61 <30 n.d. <30 n.d.
AB 6-12 3.76 2.94 748 130 14.64 3.69 313 391 < 3.0 n.d.
BA 12-15 384 321 338 0.72 14.55 3.63 34 2.74 348 115
Bs 15-30 4.05 352 895 0.56 1243 0.71 3.74 1.86 3.76 0.70
Bwl 30-40 4.36 3.85 10.16 0.44 6.89 0.61 4.06 1.00 4.16 085
Bw2 40-52 449 397 10.29 041 6.68 0.00 4.16 0.69 434 -009
BC 52-83 449 401 10.35 037 5.78 0.14 4.16 0.76 429 031
c 83-100 4.57 4.05 10.81 0.34 4.70 013 441 0.08 425 0.69
Sw-1
A 0-2 343 237 6.43 343 6.88 4.63 <30 n.d. <30 nd.
B 2-10 3.65 2.60 7.38 0.76 13.36 1.87 3.04 149 <30 n.d.
EB  10-23 397 2.99 851 0.85 17.81 1.42 3.58 1360 <3l n.d.
Bs 23-45 4.20 319 8.95 0.49 15.58 0.65 3.78 0.86 < 3.0 n.d.
BC  45-60 4.58 3.58 10.83 0.49 6.33 0.05 420 0.38 4.18 0.18
C 60-73 4.71 3.95 11.39 0.35 2,52 0.04 438 0.24 458 - 004
“Oven dricd basis. “n.d. = not determined.
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Table 2.2. Sesquioxidic properties of the soils from the selected profiles.

Site Depth Alo'  Feo' Sio* Alp* Fep* Sip* Cp* Ald*  Fed* Sid* Fep Alp Cp°
and Feo [Alo [(Fep
horizon  (cm) (*107 kg kg™) (*107 kg kg™) (*107 kg kg™) +Alp)
Sw-2
A 0-2 069 095 004 059 091 000 463 096 210 022 096 086 101
AB 2-11 081 122 004 072 131 000 351 1.01 298 017 1.07 0.89 58
BA 11-25 081 140 0.04 0.66 101 000 180 1.13 348 012 072 081 35
Bw 25-50 092 134 006 060 089 000 1.61 128 333 013 0.66 0.65 35
BC 50-73 085 036 010 045 027 001 064 104 208 018 075 053 25
& 73-80 045 026 005 023 015 000 032 077 228 012 058 051 24
N-1b
A 0-5 077 145 004 0.66 132 010 381 079 260 017 091 086 6.6
BA 5-19 1.01 207 0.05 081 1.62 000 261 095 315 0.009 078 080 37
Bw 19-55 206 159 029 093 071 001 190 1.68 268 020 045 045 34
BC 55-86 1.66 140 0323 078 051 005 129 135 248 0.16 036 047 2.8
< 86-099 0.60 072 006 039 040 007 054 0.67 219 007 0.55 0.65 21
N-4b
A 0-6 039 057 002 024 060 013 435 047 132 025 106 061 185
AB  6-12 051 144 006 037 118 005 377 058 260 014 082 072 90
BA 12-15 061 216 003 040 144 000 265 070 379 011 067 065 54
Bs  15-30 106 348 004 072 142 004 306 121 557 010 041 068 49
Bwl  30-40 101 205 006 059 084 007 110 123 443 010 041 0S8 25
Bw2  40-52 098 108 010 055 058 016 104 1.15 341 042 053 056 28
BC 52-83 1.01 099 006 059 051 007 101 114 316 010 052 058 27
C 83-100 112 110 0as 057 042 002 075 116 280 0.15 038 051 22
Sw-1
A 0-2 027 024 003 023 019 008 4.02 033 051 022 0.79 085 281
E 2-10 030 044 003 022 037 006 133 034 163 013 084 073 75
EB 10-23 049 138 003 038 133 006 137 051 325 008 09 078 30
Bs 23-45 082 228 003 056 156 002 1.69 083 461 008 0.68 068 29
BC 45-60 092 144 003 062 070 000 149 096 282 009 049 0.67 g
= 60-73 083 040 012 049 016 000 059 078 135 0.14 040 059 23

*Oven dried basis. *Atomic ratio.
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Table 2.3. Total chemical composition of the soils from the sclected profiles.
Site Depth Si0, ALO, Fe0, TiO, MnO, Ca0 Mg0 KO NaO PO; Ignition®
and loss
horizon  (cm) - (102 kg kg ?) e e e (%)
Sw-2

A 0-2 6819 1708 812 132 005 048 103 174 071 008 451
AB  2-11 6895 1721 828 132 005 029 099 168 065 004 267
BA  11-25 6834 1782 843 132 005 024 097 164 059 001 14.7
Bw  25-50 6635 1958 888 127 005 024 107 163 061 001 135
BC  50-73 6306 2302 823 110 007 018 145 187 053 000 10.3
c  73-80 6450 2209 776 107 005 008 134 244 029 000 87
N-1b
A 0-5 6585 1733 813 118 003 027 106 208 073 027 @ 302
BA  5-19 6777 1778 858 120 003 023 108 205 072 019 17.1
Bw  19-55 6424 2441 836 108 005 027 142 210 077 013 134
BC  55-86 6190 2227 818 106 005 029 152 216 080 010 116

C  86-99 6977 1766 628 106 003 008 109 221 063 007 71
N-4b

A 0-6 7384 1437 612 132 002 034 086 151 076 026 @ 491 \’W\x I

AB 6-12 7338 1370 717 149 002 020 078 150 066 013 235 4.85A K A

BA  12-15 7124 1361 891 159 002 017 077 139 059 009 152

Bs  15-30 6319 1734 1322 153 002 016 095 145 048 009 16.6 \/k,

Bwl  30-40 6085 2157 1118 128 004 019 133 170 054 007 115
Bw2 40-52 6152 2256 953 120 005 018 151 197 052 006 10.6
BC  52-83 6051 2278 957 118 005 016 150 200 051 006 10.7
C  §3-100  S8.94 238 869 108 004 026 148 191 069 005 109
Sw-1
A 0-2 7330 1585 394 124 002 020 077 293 044 010 491
E 2-10 7284 1646 428 124 002 005 075 317 028 003 132
EB  10-23 6801 1831 669 121 002 003 080 325 023 002 11.1
Bs  23-45 6208 2207 923 117 002 002 092 341 021 003 129
BC  45-60 6144 2484 694 105 002 000 094 347 017 003 124
C 607 6527 2383 361 095 002 000 081 39 012 002 8.1

All the data except for ignition loss are given on an ignition basis. ‘Oven dried basis,

Fig. 2.1.1. X-ray (Cu-Ka) diffractogram from oriented clay specimens of
Sw-1 (podzolic soil).
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Chapter 3
Dynamics of various elements in the forest soils:
A study on the soil solution composition

3.1 General

Judging from the analytical data of the forest soils in the Experimental Forest (Hirai
ct al. 1988; Chapter 2 in this volume), some degrees of Al eluviation and illuviation were
generally observed among the forest soils in the area, whercas Fe also migrated in the
podzolic profiles.

As was introduced in Chapter 1, the organo-mineral theory appeared to be the most
widely accepted explanation for podzol formation, or translocation of Fe and/or Al in the
forest soil profiles (e.g. Stobbe and Wright 1959; De Coninck 1980; Mokma and Buurman
1982). However, in order to give an explanation for the formation of Al-, Fe-illuvial B
horizons without concomitant illuviation of organic matter, alternative processes including
formation of imogolite in the B horizons had to be postulated (Anderson et al. 1982; Ugolini
and Dahlgren 1987).

To investigate the contemporary dynamics of each element in the soil profiles, soil
solution study has been performed. Ugolini et al. (1977; 1988) examined the composition of
a natural soil solution from the podzolic profiles and demonstrated the progression of
podzolization. Dawson et al. (1978) studied mobile organic compounds in the soil solution
from the podzolic profiles and emphasized the role of the mobile fulvic acid fraction in
podzolization. Their study appeared to confirm the important relationship between soluble
organic matter and Fe and/or Al translocation in podzolization.

Thus, the soil solution study might give a useful information about the dynamics of
the soil-forming processes. In this chapter, soil solution composition from both the brown
forest and podzolic soils in the Experimental Forest was investigated to determine the
movement of each element, especially Fe, Al, and dissolved organic carbon (DOC), in the soil
profiles throughout a year, and the factors related to the eluviation and illuviation of Fe and
Al were discussed.

3.2 Materials and methods
3.2.1 Description of study sites

Six profiles were selected for the sampling of the soil solution. N-1b and Sw-2 were
brown forest soils. N-4b was a weakly podzolized soil with an illuvial horizon but without
a conspicuous eluvial or albic horizon. H-1a, Sw-1, and Sw-3 were podzolic soils with both
cluvial and illuvial horizons. Detailed site descriptions and physico—chemical properties of
the soils are given in Chapter 2 and Appendix 1 and 2.

Judging from the distribution patterns of the free oxides, the eluvial characteristics of
the E horizons of the H-1a, Sw—1, and Sw-3 profiles and the illuvial characteristics of the
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Bs horizons of the N-4b, H-1a, Sw—1, and Sw-3 profiles were clearly noted. Even in the
brown forest soils (Sw=2 and N-1b), a degree of cluviation and illuviation of Fe and/or Al
appeared to be present.
3.2.2 Study Methods

Sampling method: At the six sites described above, porous cups (Daiki Rika Kogyo,
Soil Water Extractor, 1.1 c¢m of inside diameter and 6 cm high) were buried into the soil at
four depths that corresponded to the horizons, as shown in Table 3.1, in five replications.
These porous cups were connected to 500 mL Erlenmeyer flasks on the ground, which were
evacuated using a hand-operated vacuum pump and kept under depressed pressure conditions
(approximately 70 kPa) for about one day. As a result, the soil solutions were taken from the
above-mentioned 4 depths 8 times for the N-4b, N-1b, H-1a profiles in 1988 and 5 times
for Sw-1, Sw-2, Sw-3 profiles in 1989.

Analytical methods: The samples collected were preserved at 4°C, after measurement
of the pH. They were filtered through 0.45 um millipore filters before the analyses. Analyses
were conducted using the following methods.

1) pH was measured soon after sampling with a glass electrode.

2) Cations and anions: Contents of Na and K were determined by flame photometry
and of Mg and Ca by ICP-AES. The contents of Cl, NO; and SO, were measured by high
performance liquid chromatography (HPLC) (Shimadzu LC-6A).

3) The contents of Fe, Al, and Si were determined by ICP-AES.

4) The amount of DOC was determined as follows: 4 mg of 0.5 mol(+) L™ K,Cr,0,
/ conc. sulfuric acid solution was added to 2 mL of the sample solution and then well shaken.
After cooling down to the room temperature, the absorbance of the solution was measured at
a 645 nm wavelength with a spectrophotometer (Shimadzu spectrophotometer UV-120-01)
(Tatsukawa 1966).

3.3 Nature of the soil solutions collected with the porous cup method

The soil solutions were collected within one to four days after respective rainfall
events. The quantity of the collected samples ranged from 20 to 50 mL in most cases. Based
on the tensiometer readings taken in the field, since the soil moisture tension at each sampling
site ranged from about 3 to 10 kPa, the matric suction of the soil solution collected with this
method was considered to range from 3 to 70 kPa (suction exerted by the vacuum pump)
under the undisturbed soil conditions. The amount of water retained within the above suction
range was cstimated at about 10 to 15 mL / 100 mL of bulk soil based on the pF - moisture
curves (sece Chapter 5). Therefore, it was assumed that 50 mL of the soil solution may be
collected from about 500 mL of bulk soil around the porous cup, which is equivalent to a
sphere 10 cm in diameter. Therefore, it was considered that the soil solution collected by this
method was likely to represent the low suction capillary water rather than freely draining
gravitational water collected by the tension-free lysimeter method (c.g. Joffe 1938; Arimitsu
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1982). Thus, the composition of the soil solution may better reflect the nature of the soil
particle=water interaction.

3.4 Soil solution composition

Soil solution composition in the Experimental Forest is shown in Fig. 3.1 for
describing seasonal variation of each element in the selected two horizons of each site. Mean
annual concentration of each element was calculated as the average for four sampling dates
in July (rainy scason), August (summer), October (autumn), and November (after lcaf—fall),
and given in Table 3.1. They are summarized as follows:

1) The seasonal variations of the Na, K, Mg, and Cl concentrations were conspicuous
with peak concentrations after October.

2) The concentration of NO, in the Sw-1, Sw~2, and Sw-3 profiles was much higher
than that in the N-1b, and H-1a profiles. In N-4b, the concentration of NO; sharply
increased after summer with a limited fall of pH. In Sw-1, Sw-2, and Sw-3, the temporal
pattern in the A and B horizons was opposite to that of the pH, that is, the pH of the soil
solution fell as the NO, concentration rose. Therefore, NO, was considered to be, at least to
some extent, responsible for the decrease of the pH through nitrification.

3) The Ca and SO, concentrations did not show a clear seasonal variation.

4) The Si concentration did not show any clear seasonal variations. In the B horizons,
Si concentration was relatively stable throughout the sampling period and the Si concentration
in the soil solution from the Sw-1, Sw-2, and Sw-3 profiles was higher than that from N~
4b, N-1b, and H-1a profiles. Thercfore, the weathering process and/or the destruction of clay
minerals in the former profiles was considered to be more active as compared to the latter.

5) The concentration of Fe and Al did not show any clear seasonal variations and were
generally high under the condition of pH lower than S (Fig. 3.2; 3.3). The Fe concentration
in the soil solution from the podzolic soils (N-4b, H-1a, Sw-1, and Sw-3 profiles) was
clearly high in the surface horizons and sharply decreased in the Bs horizons, indicating the
presence of eluviation from the A horizons and illuviation in the B horizons (Fig. 3.3). The
temporal pattern in the A horizons secemed to be in phase with that of the concentration of
DOC.

The Al concentration in the soil solution from the N-4b, H-1a, Sw—1, Sw-2, and Sw-
3 profiles was high in the A horizons and varied with the pH of the soil solution on the
sampling dates. The Al concentration also generally decreased in the Bs or Bw horizons,
though it sometimes remained high even in the B horizons when the pH of the soil solution
was below 5 (Fig. 3.3). Thercfore, it is considered that Al must also migrate from the A
horizons to the B horizons and it seemed to penetrate into decper horizons than Fe, when the
soil solution pH remained below 5 in the B horizons.

6) The DOC concentration in the soil solution generally decreased in autumn. In the
A horizons, except for N-1b, more than 1 mM L' of DOC was detected. The concentration
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of DOC decreased with depth in the N—4b and H-1a profiles, while that in the Sw-1, Sw-2,
and Sw-3 profiles often remained high even below the upper B horizons.

7) The pH in the A horizons, except for N-1b, was very low, mostly below 5 and
often below 4.5. Its fluctuations with the sampling dates showed the same pattern at cach site,
suggesting that the pH of the soil solution was controlled by a factor common to all the sites,
e.g. precipitation. In general, it sharply increased below the upper B horizons.

In conclusion, the composition of the soil solution showed that the environmental
conditions of the Sw—1, Sw~2, and Sw-3 profiles were quite similar and apparently different
from those of the N-4b, N-1b, and H-la profiles in the following two aspects: 1) the
concentration of NO, in the Sw-1, Sw-2, and Sw-3 profiles remained high throughout the
sampling period, and was probably responsible for the decrease of soil solution pH, unlike
NOj in the N-4b, N-1b, and H-1a profiles. 2) Si concentration in the soil solution from the
B horizons of the Sw—1, Sw-2, and Sw-3 profiles was higher than that of the N-4b, N-1b,
and H-1a profiles.

These differences were considered to be related to the appearance of a litter layer at
each sampling site, that is, a coarse, scarcely degraded litter of Cryptomeria Jjaponica
accumulated on the ground in the Sw-1, Sw-2, and Sw~-3 profiles, unlike in the N-4b, N-1b,
and H-1a profiles.

Based on the distribution patterns of Fe and Al in the soil solution, it was considered
that the N-4b, H-1a, Sw-1, and Sw-3 profiles were currently undergoing an active process
of podzolization.

3.5 Ton balance and the nature of DOC in the soil solution

In most cases, the sum of the cations exceeded the sum of the anions. It was
considered that a greater part of the sum of positive charges in the soil solution consisted of
the cations measured in this study, namely, Na*, K*, Mg”*, Ca™, Fe*', A", and H'. Therefore,
the deficit of the sum of anions relative to the sum of cations was assumed to be equal to the
amount of anions not measured as such in this study.

As for the inorganic anions, a small amount of HCO,™ (pKa=6.35) may be present at a
pH below 5 in the surface horizons, for which the deficit was relatively large. Judging from
the high value of the DOC concentration in the soil solution with a pH below 5, it was
assumed that a fairly large quantity of organic acids was present in the soil solution. Thus,
especially in the soil solution from the A horizons of the podzolic soils, it was assumed that
a large part of the anion deficit could be ascribed to the negative charges originating from the
dissociation of acidic functional groups of DOC.

3.6 Translocation of Fe and Al in the soil profiles
Judging from the results, the low pH of the soil solution below S is considered to
depend on the H* supply originating from DOC dissociation and/or nitrification. Since the Fe
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and Al solubility in the soil solution remarkably increased at a pH below 5 in the surface
horizons, it was considered that such a low pH was responsible for Fe and/or Al cluviation
(Fig. 3.2). For Al, the decrease of its concentration in the B horizons always accompanied a
pH rise, suggesting that progress of hydrolytic reaction as a result of acid neutralization might
control Al illuviation in the subhoizons (Fig. 3.3). This issue is discussed in detail in Chapter
4 and 7. On the other hand, some factors other than solution pH were considered to be
involved in the active Fe cluviation in the area, because a small quantity of Fe was present
in the soil solution from the AB horizon of Sw-2 or the Bs horizon of N-4b in spite of the
low solution pH in that horizon. This issue is discussed in Chapter 5.

3.7 Forming processes of the surface and B horizons in relation to dynamics of dissolved
organic matter in the profiles

Surface horizons: In view of the low value of (Feo+Alo) in the E horizons of H-1a
(0.43 %), Sw-1 (0.74 %), and Sw-3 (0.52 %), the cluviation of Fe and Al must have been
active in these horizons. The low pH and high concentrations of Fe and Al in the soil solution
from the E horizons showed evidence of an on-going cluviation of Fe and Al. Morcover, it
was unlikely that DOC originating from the litter layer would be immobilized in such cluvial
E horizons as they are poor in Fe and Al amorphous components. Thus, a large part of DOC
may migrate into the B horizons along with Fe and Al, though the mode of interaction in the
soil solution remains to be elucidated.

On the contrary, in the N-4b, N-1b, and Sw-2 profiles, a small quantity of Fe and
Al has been cluviated and a large amount of (Feo+Alo) still remains in the A horizons (1.95,
3.08, and 2.03 %, respectively). Consequently, a part of supplied DOC has been immobilized
in the surface horizons leading to gradual formation of humus-rich A horizons of the brown
forest soils. However, the present analysis of the soil solution has shown that Fe and Al in
the AB horizon of N-4b and Al in the AB horizon of Sw-2 are being actively eluviated.
Therefore, it is possible that the AB horizon of N-4b and even that of Sw-2 would cventually
develop into clear eluvial horizons.

Illuvial B horizons: In the illuvial Bs horizons of the podzolic soils, a large amount
of DOC comparable to that found in the A horizons was often detected in the soil solution
(Fig. 3.1 and Table 3.1). For example, in the soil solution from the Bs horizon of Sw-1 the
DOC was as much as 78 % of the amount in the E horizon. A similar figure of 61 % was
recorded for Sw-3, while it was 22 % for N-4b and 16 % for H-1a. Therefore, the amount
of DOC that was immobilized in the Bs horizons of Sw~1 and Sw-3 was smaller than that
in N-4b and H-1a.

This difference in the behavior of DOC could be partly ascribed to the quantity of
amorphous components in the soil solid phase, that is, the capacity to immobilize DOC by
sorption on amorphous components must be higher in the B horizons of N-4b (Feo+Alo =
4.54 %) and H-1a (4.28 %) than in those of Sw-1 (3.10 %) and Sw-3 (2.11 %). This
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assumption would also account for the fact that a large amount of DOC ran through the B Table 3.1. Mean annual values* of pH and concentrations
horizon of Sw=2 (2.26 %). of each element in the soil solution.

Dynamics of DOC in the soil profiles: It was quite unique that DOC in the soil
solution often did not simultaneously accumulated with Fe and/or Al in the B horizons

Sl X - 5 ; : Site Depth H F Al DOC
especially in the Sw—1, Sw-2, and Sw-3 profiles. This fact was inconsistent with the organo- and & X ___f______
mineral theory, in which a co-precipitation of Fe and/or Al with DOC was postulated. The horizon  (cm) (*10° mmol L) (mmol L)
dynamics of DOC in the soil profiles appeared to be better explained in reference to the N-4b (podznlic sofl)
distribution of the amorphous compounds in the soil solid phase. The nature and dynamics AB 10 436 079 440 21

: : : ¢ : Bs 20 466 013 223 05
of dissolved organic matter will be further discussed in Chapter 6. =3 =21’ ops. ‘ngz | 02
BC 60 569 002 038 03
. N=1b (brown forest soil)

3.8 Conclusion A 10 527 004 063 02
The soil solution composition has clearly shown that podzolization is an on—-going Bw 20 529 002 035 02
: . Bw 40 551 002 027 02
soil-forming process. ' BC 60 579 003 028 02

In the eluvial E horizon of the podzolic soils, Fe and Al occurred in a large amount H-1a (podzolic soil)
in the soil solution, which has a low pH and high contents of DOC and NO,. Whereas in the EE g :;j :)'3{1] ;ig 3;
B horizons the amount of Fe and Al was smaller and the pH of the soil solution was high. B2 40 508 020 210 04
These observations indicate that the examined profiles are undergoing an active process of e SE Sl TS St

Sw-1 (podzolic soil)
podzolization. E 5 408 034 2% 18
It is considered that an acidification by H* originating from DOC dissociation and/or E? if} :'gg gfi i;; i:
nitrification is indispensable for podzolization. The pH of the soil solution may be the factor BC 6 $12, 0B7TINgE | 1
which determines intensity of eluviation of Fe and/or Al from the A horizons. The soil S“;; (browr; forest g;ilgs S
solution pH per se could also be a factor contributing to the differentiation of podzolic soils BA 20 469 004 266 11
from brown forest soils. % S O
: i _ ' . g BC 605 003 042 19

On the other hand, along with an increase of the soil solution pH in the illuvial Bs Sw-3 (podznlic soil)
horizons, the Fe and/or Al concentration clearly decreased with or without a concomitant EB ig :ii gi: ;;2 i‘:
decrease of the amount of DOC. This phenomenon indicates that the co—precipitation of Fe Bs 40 474 010 227 15
and/or Al with DOC does not necessarily occur and that the solubility of Fe and/or Al in the B‘ .y i BB PR
soil solution may be mainly controlled by the pH rather than the quantity of DOC. *Averages in July 8, Aug. 27, Oct. S, and Nov. 3, 1988

for N-4b, N-1b, and H-1a, and in July 15, Aug. 17, Ocl. 25,
and Nov. 29, 1989 for Sw-1, Sw-2, and Sw-3.
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Chapter 4
Dynamics of Al in the forest soils:
Speciation of Al in soil solution

4.1 General

In Chapter 3, it was shown that Al illuviation in the subhorizons was not always
associated with the precipitation of DOC in the soil solution. Since the Al concentration in
the soil solution was high at a pH lower than 5 and decrecased with an increase of the solution
pH, hydrolytic reactions in the subhorizons were likely to be the major mechanisms of Al
illuviation.

This result was considered to be inconsistent with the widely—accepted organo—mineral
complex theory, in which a gradual saturation of acidic functional groups of organic matter
with metal ions was supposed to be a commanding factor of their illuviation in the B horizons
(De Coninck 1980). In this chapter, the speciation of Al in the soil solution of forest soils was
carried out to analyze the process of Al translocation in more detail.

4.2 Experimental methods
4.2.1 Description of study sites

Soil solution was collected three times in the fall of 1991 from three representative
horizons of two brown forest soils (H-2 and S-3) and two podzolic soils (N-4b and H-1b)
using porous cups in five replications. Detailed features of the soils in this study area and the
sampling method of the soil solution were described in Chapter 2 and 3. Selected physico-
chemical properties of the sampling profiles are given in Table 4.1. In most of the profiles,
some degree of cluviation and illuviation of Al was observed, whereas that of Fe was
conspicuous to the podzolic profiles.

H-2 and S-3 arc brown forest soils, and Cryptomeria japonica is the dominant
vegetation. N-4b is a weakly developed podzolic soil that has an illuvial Bs horizon without
a clear eluvial horizon, and is covered with Fagus crenata and Sasa sp. H-1b, which is a
podzolic soil with clearly developed ecluvial and illuvial horizons, is covered mainly with
Quercus mongolica and Cryptomeria japonica.

4.2.2 Analytical methods

Soil solution composition: The pH of the sample solution was measured within one
day after sampling. Thereafter, the samples were filtered with a 0.45 pm membrane filter, and
then used for the measurement of each ionic species. The contents of sodium (Na), potassium
(K), ammonium (NH,), magnesium (Mg), calcium (Ca), chloride (Cl), nitrate (NO,), and
sulfate (SO,) were determined by HPLC, and the contents of iron (Fe), silicon (Si), and total
aluminum (Al) were determined by ICP-AES. The amount of DOC was determined by the
method of Tatsukawa (1966).

Al speciation: Based on the rate of reaction with 8~hydroxyquinoline (oxine) and
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reactivity to a strongly acidic cation-exchange resin, dissolved Al could be speciated into
three fractions (Bloom and Erich 1989). The speciation scheme was as follows:

1) The total amount of Al dissolved in the 0.45 pm filtrate was measured by I1CP-
AES.

2) The total amount of monomeric Al was determined spectrophotometrically by a
rapid reaction with oxine in a buffer solution at pH 8.3 (Barnes 1975; modified by LaZerte
1984). The difference between the total amount of Al dissolved and the total amount of
monomeric species was assigned to strongly complexed Al, in which polymeric and/or
colloidal Al would also be included.

3) The amount of Al that was not adsorbed by a partially neutralized (to pH 4.2)
acidic cation—-exchange resin (Duolite IR-120B) in a column was determined by the oxine
method and assigned to organic monomeric species. The resin treatment was run according
to the scheme developed by Hodges (1987).

4) The difference between the total amount of monomeric Al and the amount of
organic monomeric Al, or the fraction retained by the cation exchange resin, was assigned to
inorganic monomeric Al species. In addition, the following methods were also adopted to
compare the results with the Al speciation data described above.

5) The total amount of Al in the 0.025 pm filtrate was determined by ICP-AES. The
difference between the amount of Al in the 0.45 um filtrate and that in the 0.025 um filtrate
was considered to correspond to organic and/or inorganic colloidal Al

6) The amount of monomeric Al species was determined by a rapid reaction with
oxine in a pH 5.0 buffer solution (James ct al. 1983).

4.3 General characteristics of the soil solution composition

The soil solution composition is presented in Table 4.2. The amount of DOC in the
soil solution appeared to be lower in autumn than in the period from spring to summer
(unpublished data), but no significant difference was observed. Fe in the podzolic soils and
Al in all the soils appeared to migrate through the profiles, as reported in Chapter 3. There
was a significantly negative correlation between the total Al concentration and the solution
pH (R = - 0.69™, n = 86).

Negative correlations were observed between the solution pH and NO; or DOC
concentration (R = — 0.33"" for NO, and R = - 0.45™" for DOC, n = 86), suggesting that
nitrification and/or dissociation of organic acids contributed to the decrease of the solution
pH. It was considered that a high level of nitrification may occur (NO, content was often
higher than 0.1 mmol(-) L), which was reported to be an important internal proton load in
some forested ecosystems (Van Miegroet and Cole 1984). The measured anion deficit (0.1
to 0.3 mmol(-) L") may be attributed to the dissociation of dissolved organic acids, or of
H,CO; especially in the B herizons (Ugolini and Sletten 1991).

In general, the solution pH in the surface horizons was lower than that in the
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subhorizons. As the soil solution percolates into the deeper horizons, H* may be consumed
through an acid-neutralizing reaction including further monomerization and/or dissolution of
Al in the soil solid phase, resulting in the increase of the pH of the soil solution. As
amorphous compounds of Al, which were considered to be particularly reactive to H', were
abundant in the horizons where the solution pH increased (Table 4.1), this fraction was
considered to be mainly responsible for the proton sorption. This issue will be further
discussed in Chapter 7. Morcover, the decrease of the NO, concentration in the soil solution
from the deeper horizons suggests that nitrogen assimilation and/or denitrification were
additional proton—-consuming processes.

4.4 Al species in soil solution

The results of Al speciation are presented in Table 4.3. As inorganic monomeric Al
was dominant in the soil solution (more than 60 % in all the profiles), it was considered to
play a major role in the process of Al translocation in the profiles.

4.4.1 Inorganic Al

The concentration of inorganic monomeric Al, which was closely related to the
solution pH (Fig. 4.1), was high in the surface horizon and decreased in the subhorizon along
with the increase of the pH. Fig. 4.2 shows the ion activities of the soil solutions along with
thermodynamic data of Al hydroxides. lon activity of AI’* was calculated according to the
method of Lindsay (1979). The contribution of F-, which was typically low in natural waters
(median concentration is 107 mol L™ (Stumm and Morgan 1970)), was not included in this
calculation. Therefore, if the molar concentration of F~ exceeded that of AI*, the Al"* activity
could be significantly lower than the calculated values (Driscoll et al. 1985). Based on Fig.
4.2, the soil solutions from the surface horizons were undersaturated with amorphous Al(OH);,
whereas they were gradually saturated in the B horizons.

Al-Si species such as imogolite, which was often observed in the B horizons of the
podzolic soils (Farmer ct al. 1980; Farmer and Fraser 1982), was not included in the above
discussion due to the lack of reliable thermodynamic data. The low content of Sio in this
study (Table 4.1), however, indicated that such hydrolyzed Al may not be present as
amorphous aluminosilicates or imogolite but as amorphous Al hydroxides in the soils. As
Shoji et al. (1982) reported that allophane and imogolite were present in soils with pH(H,0)
> 4.9, the soils in this study arca appeared to be too acidic (pH 4.2 to 4.7 in the B horizons)
for the formation of these compounds.

Fig. 4.3 indicates the relationship between Al or Si in the 0.45 pum filtrate and that in
the 0.025 um filtrate. The Si content in the 0.025 pm filtrate was almost cqual to that in the
0.45 pm filtrate, whereas the content of Al in the 0.025 um filtrate was generally lower than
that in the 0.45 um filtrate. Since the contents of Fe and DOC in both filtrates showed the
same pattern as that of Si, it is likely that a fairly large quantity of colloidal Al that did not
combine with Si, Fe, or organic matter must have been present in the soil solution. Fig. 4.4
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shows the relationship between the pH and the content of colloidal Al in the soil solution. In
general, the content of colloidal Al was often high in the pH range of 4.4 to 5.2, in which
inorganic monomeric Al was gradually saturated with amorphous Al (Fig. 4.2), and decreased
at above pH 5 presumably due to precipitation. Thus, it was considered that inorganic
monomeric Al in the soil solution gradually formed colloidal polymeric Al hydroxides as the
solution pH rose, resulting in the precipitation of amorphous Al in that horizon.

The content of monomeric Al, which was determined by the oxine method at pH 5,
was virtually equivalent to that of inorganic monomeric Al, as expressed by the following
equation:

Alox5 = 0.897 * Alinorg - 0.00028 (R = 0.98"", n = 86) (Eq. 4.1)
where Alox5 is the amount of monomeric Al determined by the oxine method in a pH 5.0
buffer solution (mmol L") and Alinorg is the amount of monomeric inorganic Al (mmol L™).
These results appeared to be consistent with those reported by Bloom and Erich (1989).
4.4.2 Organic Al

Organic monomeric species accounted for only a small part of the total amount of
dissolved Al, except in the H-1b profile, in which almost one third of total Al consisted of
organic species. The concentration of organic monomeric Al was correlated with the DOC
concentration (Fig. 4.5), and was expressed by the following regression equation:

Alorg = 0.000737 + 0.00324 * DOC (R =0.84"", n = 86) (Eq. 4.2)
where Alorg is the amount of organic monomeric Al (mmol L") and DOC is the concentra—
tion of dissolved organic carbon (mmol L™). According to the above equation, the molar ratio
of DOC / organic Al was about 300. This value is very high compared with the reported
values below 100 for Spodosols in the Hubbard Brook Experimental Forest, New Hampshire
(Driscoll et al. 1985); and in Cascade Range, Washington (Dahlgren and Ugolini 1989), in
which organically complexed Al predominated in the soil solution. In general, the ratio did
not decrease in the B horizons compared to the surface horizons, suggesting that Al saturation
of the organo-mineral complexes scarcely occurred as solution percolated into the deeper
horizons (Table 4.3).

The characteristics of DOC and the humic substances in this study area were discussed
in Chapter 6 in detail. The content of the dissociated acidic functional groups of dissolved
organic matter was estimated to be about 2.2 mmol(-)/g organic matter based on the anion
deficit relative to the sum of the cations in the soil solution from the eluvial horizon of six
podzolic profiles. These findings indicate that only about one fifth of the dissociated acidic
functional groups is bound to the AI** ion in the soil solution from the surface horizons.

For the fulvic acids in this study area, which had been considered to be especially
strong complexing agents, the contents of the carboxyl and phenolic hydroxyl groups ranged
from 4.2 to 6.0 and from 0.6 to 1.3 mmol/g organic matter, respectively. These values were
lower than the reported typical values for soil fulvic acids in cool and temperate zones, i.c.
6.1 10 8.5 and 2.8 to 5.7 mmol/g, respectively (Stevenson 1982), suggesting that the chelating
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capacity of the fulvic acids in this area is comparatively low. Morcover, the '"H-NMR spectra
showed that the fulvic acids in the soil solution appeared to be a mixture of simple phenolic
acids, carboxylic acids, and/or polysaccharides, and scarcely contained a soil fulvic acid-like
fraction consisting of phenolic components highly substituted by acidic functional groups. On
the other hand, in the above—cited cases for Spodosols, a certain amount of a soil fulvic acid-
like fraction was detected in the soil solution (Dawson et al. 1978). Thus, the higher ratio of
DOC / organic Al in this study could be partly attributed to the lack of a strong chelating
agent in the organic matter dissolved in the soil solution. Furthermore, as the surface horizons
in this study arca, even the E horizon of the podzolic profiles, were relatively rich in
amorphous Al and Fe compounds (e.g. Alo+1/2Feo = 0.26 % (H-1b)) compared to the
horizons in the Spodosols (less than 0.1 %), it is possible that a portion of DOC with a strong
complexing agent was eliminated from the soil solution when the solution percolated through
the surface horizons.

The organically-complexed Al content could be slightly higher than the above
estimates, because the compounds were also contained in the strongly complexed Al fraction.

4.5 Al translocation in the forest soil profiles

Acid dissolution in the surface horizons and polymerization through hydrolytic
reactions in the subsoils arc considered to be essential for Al translocation in the soil profiles
in this region. The significant contribution of NO; to the decrease of the solution pH and
increase of Al solubility as well as the low complexing capacity of DOC in this arca appears
to be unique compared with the studies on dissolved Al species in Spodosols reported by
Driscoll et al. (1985) and Dahlgren and Ugolini (1989). According to the USDA system, the
soils in this study area exhibit a mesic soil temperature regime, while the Spodosols have a
cryic or frigid regime (Soil Survey Staff 1990). Assuming that the lack of a soil fulvic acid-
like fraction with a high chelating capacity in dissolved organic matter caused by the increase
of the degradation of organic matter and the presence of a large amount of NO, (nitrification)
arc duc to a higher microbial activity, the high level of acidity and Al translocation in this
study arca may be characterized as processes of 'warmer temperature type' compared with the
pedogenesis in the Spodosols.

Since Hirai et al. (1991) reported that the enrichment of amorphous Al in the subsoils
due to a weak podzolization was generally observed in cool temperate forest soils, the
translocation of Al in the processes described above may be involved in the pedogenctic
processes of these soils. Further investigations on the dynamics of DOC and nitrogen in
various forested ecosystems arc necessary to analyze the processes of acidification and Al
translocation in forest soils.

4.6 Conclusion
Speciation of Al in the soil solution from brown forest soils and podzolic soils in the
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northern Kyoto region was carried out.
In the soil solution, more than 60 % of dissolved Al consisted of inorganic monomeric

species, whereas only a minor portion consisted of organically-complexed or polymeric Al
The concentration of the organic species was correlated with that of dissolved organic carbon,
whereas the concentration of inorganic monomeric Al was controlled by the pH of the soil
solution. Based on the ion activities of the soil solutions along with thermodynamic data of
the soil minerals, the soil solutions were gradually saturated with amorphous Al(OH), in the
illuvial B horizons. A certain amount of Al was detected in a colloidal fraction without Si
component especially in the soil solutions with high Al saturation, suggesting that polymeric
Al hydroxides may be the major products of the hydrolytic reactions.

These results suggest that Al translocation in the soil profile in this region occurs
mainly in the form of inorganic Al species. The large amount of NO; as well as organic acids
may be responsible for the decrease of the pH of the soil solution in the surface horizons. Al
is considered to be eluviated from the surfaces due to soil acidification, and precipitate as a
result of a hydrolytic reaction associated with the increase of the soil solution pH in the

subhorizons.
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Table 4.1. Sclected physico-chemical properties of sampled soils.

Site Depth pH Exchangeable®  total® Cp' Ale* Alp* Feo* Fep' Sio*

and e e e Al carbon

horizon H,0 KCl Mk~ e i

(cm) (emol(+) kg™ (*107* kg ke™")

H-1b (podzolic soil)
A 0-9 3.69 294 647 6.5 28.1 6.36 037 036 044 039 0.02
.4 9-19 3.67 287 7.24 7.9 29 0.87 019 0.6 014 012 0.03
Hsl1 19-22 388 324 856 16.7 54 3.51 067 0.54 220 1.26 0.02
Bs2 22-36 418 3.65 2.62 89 42 271 088 0.66 1.60  0.89 0.05
BC 36-49 430 377 1016 7.5 33 212 072 066 079 070 0.03

N-4b (podzolic soil)
A 0-6 359 2388 6.72 8.7 213 4.35 039 024 0.57  0.60 0.02
AB 6-12 376 294 7.48 14.6 102 377 051 037 144 118 006
BA 12-15 384 321 8.38 14.6 58 2,65 0.61 040 216 144 0.03
Bs 15-30 405 352 895 124 53 3.06 1.06 072 348 142 004
Bwl  30-40 436 385 10.16 6.9 ) | 1.10 1.01 059 205 084 0.06
Bw2 40-52 449 397 1029 6.7 15 1.04 098 0S5 108 058 0.10
BC 52-83 449 401 1035 58 L5 1.01 1.01 059 099 0.51 0.06
c 83-100 457 405 10.81 4.7 13 0.75 112 057 110 042 0.15

H-2 (brown forest soil)
A 0-6 378 325 789 122 iy 937 079 057 L66 112 0.02
AB 6-14 4.00 347 8.69 12.1 75 a1 083 0.68 182 137 0.04
BA 14-28 425 3imn 9.44 92 49 1.99 090 079 195 183 0.03
Bw 28-48 450 390 9.90 64 1.8 1.03 077 o0m L15 100 0.06
BC 48-57 465 395 9.92 53 1.3 0.67 0.66 057 0.67 0.64 0.07

5-3 (brown forest soil)
A 0-8 350 292 6.91 134 22.6 6.45 0.69 0.61 118 107 0.02
ABl 8-21 431 355 943 10.8 88 4.04 1.14 116 206 2.20 0.02
AB2  21-34 456 389 10.78 6.4 6.1 314 151 138 208 156 0.08
BA 34-48 467 401 1112 4.5 4.6 239 168 138 1.68 125 0.14
Bw 48-70 465 395 1066 45 1.7 1.06 114 072 1.01 049 0.11
BC 70-95 466 396 1042 4.3 11 0.60 098 0.59 088 054 0.15

*Oven-dried basis.
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Table 4.2. Composition of sampled soil solution in autumn, 1991.

Site pH DOC Fe Al Si Na K NH, Mg Ca Cl NO;, SO, Anion
and —— e deficit*
horizon (mmol L") (*107 mmol L) (*107% mmi(+) L) (*107* mmol(-) L)
H-1b (podzolic soil)
B 3.90 24 040 586 1028 1992 167 012 169 13.02 3894 2887 295 11.84
Bsl  4.56 21 060 315 703 2539 212 0326 793 852 2222 898 17.64 19.78
BC  4.66 1.1 008 278 498 2245 167 011 752 745 1749 1019  7.68 14.53
N-4b (podzolic soil)
AB 448 0.7 015 301 230 1610 128 101 7.80 591 19.57 699 231 15.87
Bs 4.74 0.2 013 22y 316 17.60 156 029 819 627 16.21 836 3.00 15.17
Bw2 507 0.3 001 081 312 19.90 128 031 552 4.83 13,39 1,77 578 14.20
H-2 (brown forest soil)
AB 446 03 0.06 450 414 2852 384 027 1579 2030 36.61 1918 686 23.16
Bw 481 0.2 001 294 421 20.10 152 007 1181 2246 2371 1745 283 22.36
BC 5.08 0.0 001 069 393 1652 099 000 729 1352 13.55 488 541 17.40
S-3 (brown forest soil)
AB1 452 09 004 611 653 2197 199 024 16.69 28.96 3028 3165 637 22.98
BA 483 05 002 308 4.65 2068 225 0.14 1444 3217 1691 3430 13.81 24.42
Bw 518 0.8 002 124 578 2858 318 031 1480 3580 2398 2294 1312 27.05
*Anion deficit is calculated as the difference between the sum of cations (H', Na*, K', NH,', Mg",
Ca®, Fe*, and AP*) and sum of anions (CI', NO;, and SO*).
Table 4.3. Speciation of Al in the soil solution.
Site pH DOC inorganic  organic strongly monomeric colloidal DOCY/
and monomeric monomeric complexed Al Al organic Al*
horizon Al Al Al (pH 5)
(mmol L) (*10°* mmol L) (*10* mmol L)

H-1b (podzolic soil)

E 3.90 24 4.05 1.10 071 422 0.00 215

Bsl 4.56 21 203 0.77 0.35 200 0.31 268

BC 4.66 1.1 2,05 0.46 027 1.91 0.66 235
N-4b (podzolic soil)

AB 4.48 0.7 228 0.50 022 2.01 0.47 136

Bs 4.74 02 1.85 0.17 0.23 1.52 0.48 118

Bw2 5.07 03 0.72 0.05 0.04 0.54 0.27 600
H-2 (brown forest soil)

AB 446 03 4.10 025 0.15 313 0.28 120

Bw 4.51 02 2.64 0.06 0.24 2.16 043 283

BC 5.08 0.0 0.50 0.02 017 0.35 0.30 0
S-3 (brown forest soil)

AB1 4.52 09 5.15 045 0.51 5.14 0.44 193

BA 4.83 05 251 0.10 047 230 0.55 S00

Bw 5.18 0.8 0.78 0.13 033 0,70 0.22 646

*Atomic ratio,
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Fig. 4.1. Relationship between pH and inorganic monomeric Al concentration
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Fig. 4.2. lon activities of soil solutions from each horizon superimposed on
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Chapter 5
Dynamics of Fe in the forest soils:
Physical characteristics of the fine~textured forest soils

5.1 General

In Chapter 3, the soil solution study showed that concentrations of Al and Fe were
high when the solution pH was below 5. Based on this, it was considered that acidity would
be the major factor in the on—going process of podzolization; that is, the eluviation of Fe and
Al is promoted by the low pH in the surface horizons and their illuviation is controlled by
the higher pH in the subsoil horizons. It was noted, however, that there could be another
factor, in addition to the low pH, which promotes an active cluviation of Fe from the surface
horizon, since Fe was not always present at a high concentration in the soil solution even
under low pH conditions.

Typical podzolic soils, or Spodosols, are considered to develop on sandy materials
under cool and humid climatic conditions (Forest Soil Division 1976; Soil Survey Staff 1975).
The Ashiu Experimental Forest, however, has clayey soils derived mainly from paleozoic
shales (Chapter 2). Such a condition may have affected the active mobilization of Fe through
a redox reaction. Matsui (1972) suggested that surface reduction should be considered as a
forest soil-forming process and referred to the reducing effect of organic matter accumulated
in the surface soil. In wet podzolic soils (Pw) of the Forest Soils Division (1976), the
reductive cluviation of Fe was assumed. Sakuma (1971) suggested the existence of a process
whereby the formation of an illuvial B horizon with low water permeability may promote
further Fe eluviation through the enhancement of the reducing conditions in the upper
horizons. These studies emphasize the importance of reductive eluviation of Fe in the surface
horizon.

In this chapter, we will focus on the physical propertics and morphological
characteristics of podzolic soils and brown forest soils in the Experimental Forest. Morcover,
the pedogenetic processes specific to fine textured forest soils will also be discussed.

5.2 Experimental methods
5.2.1 Brief description and physico-chemical and mineralogical characteristics of the
sampled soils

Eight soil profiles were investigated. Based on the Classification of Forest Soils in
Japan (Forest Soil Division 1976), N-4b, H-1b, Sw-1, and Sw-4 were classified as Podzolic
soils (Po or Pw@), whereas Sw-2, N-1b, H-2, and S-3 were classified as typical Brown
Forest soils (Bp). Descriptions of the sampled soils are given in Chapter 2 and Appendix 1
and briefly summarized in Table 5.1. The A and AB horizons of the brown forest soils had
mostly a crumb structure, while the E (H-1b, Sw-1, and Sw-4) and the AB (N-4b) horizons
of the podzolic soils had a normally sub-angular blocky structure. As for the B horizons, the
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Fe-illuviated Bs horizons of the podzolic soils had a sub—angular blocky structure and were
more friable than the Bw horizons of the brown forest soils.

The general physico-chemical and mineralogical characteristics are given in Chapter
2 and Table 5.1, and the following comments can be made.

1) In the clay fraction, 2:1 type minerals were dominant. The detailed mineralogical
characteristics were discussed by Hirai et al. (1989).

2) The pH of the sample soils was generally very low.

3) The clay content was generally high. In the well-developed B horizons, the clay
content was higher than 40 %, whereas, in the E horizons of the podzolic soils, the clay
content was usually lower than that in the B horizons (H-1b, Sw-1, and Sw~4), suggesting
that the clay had been destroyed.

4) Based on the fact that the amorphous Al (Alo) content was higher in the B horizons
than in the surface horizons, it appeared that Al translocation may have been more or less
involved in the pedogenetic process of the soils of the area (Hirai et al. 1988). In the podzolic
soil profiles, Fe translocation was remarkable.

5.2.2 Experimental methods

Determination of physical properties: The samples were taken using 100 cm® cores
from the middle part of each horizon with 7 replications for the bulk density and 4
replications each for the hydraulic conductivity and the moisture characteristic curve.

1) Bulk density and true particle density: The samples were oven-dried at 105°C for
at least 3 days to measure the bulk density. The true particle density was measured using the
pycnometer method.

2) Saturated hydraulic conductivity: After water-saturation under decreasing pressure,
the saturated hydraulic conductivity was measured using the falling—head method.

3) Determination of the moisture characteristic curve: The moisture contents at varying
suctions were measured using the following methods: sand column method (1 and 3 kPa),
pressure plate method (10, 30, and 100 kPa), centrifugal method (1.6*10° kPa), and air—drying
at relative humidity (3.2*10* kPa).

Observation of the morphological characteristics: The soil clod samples were collected
with Kubiena boxes. The samples were pre-treated by applying the modified acetone
replacement method (Murphy 1986) to avoid shrinkage and, then, impregnated with polylite
resin.

5.3 Physical properties and morphological features of the sampled soils

The physical propertics of the sampled soils are given in Table 5.2. The moisture
characteristic curves of the selected profiles (Sw-2, N~1b, N-4b, and Sw~-1) are illustrated
in Fig. 5.1, in which the cumulative volume of pores per 100 cm® was plotted against the
water suction.

As evident from Table 5.2 and Fig. 5.1 for the brown forest soils (Sw-2, H-2, N-1b
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and S-3), the bulk density was lower, while the volume of coarse pores (pore volume at 10
kPa) and the water permeability in terms of the saturated hydraulic conductivity were higher
in the surface AB horizons than in the deeper B horizons. On the contrary, in the podzolic
profiles (N-4b, H-1b, Sw~1, and Sw-4), the reverse was true. Thus, it can be concluded that
the E or AB horizons of the podzolic soils are denser not only in comparison with the decper
B horizons of the same soil, but also in comparison with the AB horizons of the brown forest
soils.

The thin sections of a few representative horizons (Fig. 5.2) showed a progressive
compression of the surface horizons in the following order: brown forest soil (H-2) < weakly
podzolized soil (N-4b) < podzolic soil (Sw-1). These findings arc consistent with the
physical properties of the soils described above. In Fig. 5.2¢, the precipitation of oxidized Fe
around the tree roots in the eluvial horizon of the podzolic soil was suggested the presence
of a redox reaction.

Among the B horizons, the Bw horizons with amorphous Al accumulation had a well-
developed subangular blocky structure (Fig. 5.2d), whercas the Bs horizons with Fe
accumulation, in which Al was often eluviated to deeper horizons, did not have any definite
structure (Fig. 5.2¢), which is consistent with the field observation showing that the Bs
horizons were more friable than the Bw horizons.

5.4 Formation of a dense podzolic E horizon

A comparison of the physical properties (Table 5.2) with the chemical and the
mineralogical propertics (Table 5.1) revealed the following aspects:

1) The dense E (H-1b, Sw-1, and Sw-4) or AB (N-4b) horizons of the podzolic soils
contained either high—charge smectite or clay mica as the dominant clay minerals, whereas
the 2:1-2:1:1 intergrade minerals predominated in the deeper horizons and most of the AB
or BA horizons of the brown forest soils (N-1b, H-2, and S-3). Morcover, in the podzolic
profiles, the clay content in the E horizon was lower than that in the well-developed B
horizons, suggesting that clay was destroyed in the horizon.

2) The amorphous Al (Alo) content was remarkably lower in the podzol surface
horizons (less than 0.5*107 kg kg™") than in the underlying B horizons or the AB horizons
of the brown forest soils.

3) Horizons cnriched with exchangeable Al (more than 10 cmol(+) kg™) extended
deeper in the podzolic profiles than in the brown forest soils.

All these characteristics of the podzolic profiles indicated the presence of a strong soil
acidification.

Based on the above discussion, it was assumed that the forming processes of the dense
podzolic E horizons were as follows:

As the surface horizons became acidified, amorphous and/or interlayered compounds
of Al were dissolved, resulting in an increase in the content of exchangeable Al and soil
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solution Al. The decrease in the content of amorphous Al, and the changes in the dominant
clay mineral species from 2:1-2:1:1 intergrade to smectite resulted from this acid dissolution.
As the amount of amorphous Al decreased, the crumb structure in the surface horizon became
increasingly unstable.

Since the snow depth from December to April usually reaches one to three meters, it
may be equivalent to a load corresponding to a 30 to 90 cm depth of soil with a bulk density
of 1.0, assuming that the snow density is 0.3 g em™ (Takeuchi et al. 1969). This load may
lead to the collapse of the weakened crumb structure, resulting in the formation of the dense
surface horizon.

5.5 Fe translocation in the forest soil profiles

Based on the study on the soil solution composition carried out in July, 1990, since
a negative correlation between the pH and Eh was detected in cach horizon, the redox
condition in the horizon may be expressed by the regression lines shown in Fig. 5.3. The
figure indicates that the E horizon of Sw-1 and the AB horizon of N-4b displayed a more
reduced condition than the B horizons of the respective soils or the AB and the Bw horizons
of a brown forest soil, Sw-2. This fact suggests that Fe was cluviated under reduced
conditions in the surface horizons and was illuviated in the relatively oxidative B horizons.

The soil solution study also indicated the presence of a positive correlation between
the concentrations of Fe and DOC in the soil solution (R = 0.62""", n = 185), suggesting the
reducing effect of organic matter on Fe and/or complex formation of Fe by DOC.

Table 5.3 describes the moisture conditions at the sampling sites. The tensiometer data
show that the forest soils of the area were kept at values of approximately 5 to 20 kPa. Based
on Fig. 5.1 and Table 5.3, the volume of the gas phase in the E or AB horizons of the
podzolic soils remained at or below 10 % during most of the year, whereas that in the AB
horizon of the brown forest soils exceeded 20 % in most of the cases. Therefore, the dense
features of the surface horizons of the podzolic soils may contribute to the maintenance of
a relatively reduced condition.

In the AB horizon of N-4b, the concentration of Fe in the soil solution was very high
(7.9*107 mmol L") (Chapter 3), but the value of Feo in the horizon was still high as
compared to that in the distinctly Fe—eluviated horizons of H-1b, Sw~1, and Sw—4 (Table
5.1). Hence, this soil horizon was considered to be at an initial stage of Fe-eluviation,
although it alrcady displayed the dense and low permeability properties (the bulk density was
0.73 g cm™) in comparison with the underlying Bs horizon (the bulk density was 0.55 g
cm™). These findings suggest that the formation of a dense surface horizon may precede
active Fe-eluviation.

In conclusion, it was considered that the formation of the dense surface horizon
enhanced active Fe-eluviation through surface reduction. A further study is necessary to
demonstrate that this characteristic soil-forming process is also operating in fine-textured
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podzols.

5.6 Conclusion

The physical properties and morphological characteristics of clayey podzolic soils and
brown forest soils in the northern Kyoto region were studied.

These podzolic soils were characterized by dense eluvial horizons with a higher bulk
density and a lower volume of coarse pores and a lower water permeability than the
underlying B horizons or the surface horizons of brown forest soils. These observations
suggested the presence of a close relationship between the formation of the dense surface
horizons and active eluviation of Fe under reduced conditions in these horizons.

Based on the comparison of the physical propertics with the chemical and mineralogi-
cal characteristics of the soils, it was assumed that the pedogenetic process of the podzolic
soils in this region was as follows:

Al cluviation from the surface horizons due to strong acidification resulted in the
decrease of the content of amorphous components of Al, followed by a weakening of the
crumb structure. As a result, the dense surface horizons with low water permeability and
relatively reduced conditions may have formed. This phenomenon may have promoted active
cluviation of Fe from the surface horizons.
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Table 5.1. Seclected physico—chemical and mineralogical properties of the soils sampled.

Site pH pH  ex.AP Alo*  Feo® Particle size Clay mineral species®
and HO0 Kd distribution (%)
horizon (cmol(+) kg™') (*10% kg kg')  Clay Silt Sand
Sw-2 (brown forest soil)
A LR R 10.8 0.69 095 41 47 12 H.C.Sm > Vi
AB 405 317 11.7 0.81 1.22 42 46 12 Vit > Ch, Mica
BA 435 353 8.1 0.81 1.40 45 46 10 2:1-2:1:1 int. > Ch, Mica, Kao, Gb
Bw 450  3.69 6.1 0.98 1.30 41 49 10 2:1-2:1:1 int. > Ch, Mica, Kao, Gb
BC 4.75: 377 5.0 083 040 47 4 9 2:1-2:1:1 int. > Ch, Mica, Kao, Gb
C 468 370 4.7 048 033 < Ty 2:1-2:1:1 int. > Ch, Mica, Kao, Gb
N-1b (brown forest soil)
A 391 344 8.0 0.77 1.45 49 32 A9 Vi > H.C.Sm, Mica, Kao, Ch
BA 422  3.80 6.3 1.01 2.07 41 39 20 2:1-2:1:1 int. > H.C.Sm, Mica, Kao, Gb
Bw 454 422 31 2.06 1.59 S5 3N UG 2:1-2:1:1 int, > Mica, Kao, Ch, Gb
BC 463 416 29 1.66 1.40 SR 13 2:1-2:1:1 int. > Mica, Kao, Ch, Gb
& 465 403 3.0 0.60 072 % b i 2:1-2:1:1 int. > Mica, Kao, Gb
H-2 (brown forest soil)
A 378 325 12.2 0.70 1.55 L I | 16 2:1-2:1:1 int,, Vit > Mica, Kao
AB 400 347 12.1 0.88 1.86 35 a3 12 2:1-2:1:1 int., Vt > Mica, Kao, Ch, Gb
BA 425 Q7% 9.2 0.88 1.87 o R 11 2:1-2:1:1 int. > Mica, Kao, Ch, Gb
Bw 4.50 3.90 6.4 0.70 1.08 52 33 15 2:1-2:1:1 int. > Mica, Kao, Ch, Gb
BC 465 395 5.3 052 0S5 46 G3NaY 2:1-2:1:1 int. > Mica, Kao, Ch, Gb
§-3 (brown forest soil)
A 350 292 134 0.69 1.18 54 40 6 Sm > Kao
AB1 431 355 10.8 114 206 520 38 9 2:1-2:1:1 int. > V1, Kao, Gb
AB2 456  3.89 6.4 151 208 43 48 1N 2:1-2:1:1 int. > V1, Kao, Gb
BA 4.67 401 4.5 1.68 1.68 48 43 8 2:1-2:1:1 int. > V1, Kao, Gb
Bw 4.65 401 4.5 1.14 1.01 49 42 9 2:1-2:1:1 int. > Vi, Kao, Gb
BC 4.66 396 43 098 088 51 38 12 2:1-2:1:1 int. > Vi, Kao, Gb

*Oven dried basis. "Kao, kaolin minerals; Mica, clay mica; Sm, smectite; H.C.Sm, high charge smectite; Vi, vermiculite; Ch, chlorite;
Gb, gibbsite; 2:1~2:1:1 int,, 2:1-2:1:1 intergrade mineral; Mica-H.C.Sm, interstratified mineral of clay mica and high charge smectite;

Mica~Vt, interstratified mineral of clay mica and vermiculite.
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Table 5.1. (continued)

Site pH pH  ex.Al'
and H,0 KCl
horizon

Alo* Feo*

Particle size
distribution (%)

(cmol(+) kg") (*10% kg kg")  Clay Silt Sand

Clay mineral species®

N-4b (podzolic soil)
A 359 288
AB 376 294
BA 384 321
Bs 405 352
Bwl 436 385
Bw2 449 397
BC 449 401

@ 4.57 4.05
H-1b (podzolic soil)

A 369 294

E 3.67 2.87

Bsl 3.88 3.24
Bs2 4.18 3.65
BC 4.30 3.77
Sw-1 (podzolic soil)
A 343 237
BE 3.65 2.60
EB 397 2.99
Bs 4.20 3.19
BC 4.58 3.58

C 4.71 3.95
Sw-4 (podzolic soil)

A 319 250

E 3.51 2.89

EB 373 3.06

Bs 3.90 3.35

& 4.21 3.62

8.7
14.6
14.6
124

6.9

6.7

5.8

4.7

6.5
7.9
16.7
8.9
T

6.9
134
17.8
15.6

6.3

25

5.0
8.9
15.0
16.8
7.7

0.39
0.51
0.61
1.06
1.01
0.98
1.01
1.12

0.37
0.19
0.67
0.88
0.72

0.27
0.30
0.49
0.82
0.92
0.83

0.30
0.15
0.37
0.79
0.53

0.57 43 47 11
1.44 43 46 11
2.16 44 44 12
3.48 55 36 9
2.05 47 36 17
1.08 46 46 8
0.99 52 41 7
1,10 47 37 16
0.44 40 40 20
0.14 33 40 27
220 40 29 3
1.60 40 27 33
0.79 36 27 37

0.24 3 35 34
0.44 33 36 A
1.38 41 33 26
2.28 50 31 19
1.44 34 28 38
0.40 17 16 67

0.22 27 34 39
0.12 29 31 40
0.49 32 29 39
s i 4 41 27 32
0.82 29 31 40

H.C.Sm > Mica, Kao

H.C.Sm > Vi, Mica, Kao

Vit > H.C.Sm, Kao

2:1-2:1:1 int, > V1, Kao, Gb
2:1-2:1:1 int. > Mica, Kao, Gb
2:1-2:1:1 int. > Mica, Kao, Gh
2:1-2:1:1 int. > Mica, Kao, Gb
2:1-2:1:1 int. > Mica, Kao, Gb

Mica > H.C.Sm, Vi, Kao

Mica > H.C.Sm, Kao

H.C.Sm > V1, Mica, Kao, Gb
2:1-2:1:1 int. > Kao, Gh, Mica
2:1-2:1:1 int. > Ch, Kao, Gb, Mica

Mica-H.C.Sm > Kao
Mica-H.C.Sm > Kao
Mica-H.C.Sm, Mica-Vt > Kao
Wi, 2:1-2:1:1 int. > Mica, Kao, Gb
2:1-2:1:1 int. > Mica, Kao, Gb
2:1-2:1:1 int., Mica > Kao, Gb

Mica > H.C.Sm, Kao
Mica > H.C.Sm, Kao
Mica-H.C.Sm > Kao
2:1-2:1:1 int. > Mica, Kao, Gb
2:1-2:1:1 int. > Mica, Kao, Gb

*Oven dried basis. *Kao, kaolin minerals; Mica, clay mica; Sm, smectite; HLC.Sm, high charge smectite; Vi, vermiculite; Ch, chiorite;
Gb, gibbsite; 2:1-2:1:1 int,, 2:1-2:1:1 intergrade mineral; Mica-H.C.Sm, interstratified mineral of clay mica and high charge smectite;
Mica-V1, interstratified mineral of clay mica and vermiculite.
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Table 5.2. Physical properties of sampled soils.

Site Depth  Particle

horizon

(cm) (g cm™) (g am”)

Bulk Saturated
and density* density” hydraulic
conductivity™
(o 10 1 m] m-})

Coarse

porosity™

Sw-2 (brown forest soil)
AB-BA 2-25 251
Bw 25-50 259
BC 50-73 2.64

N-1b (brown forest soil)
BA 5-19 246
Bw 19-55 257
BC 55-86 2.64

H-2 (brown forest soil)

AB 6-14 213
Bw 28-48 2.59

§-3 (brown forest soil)

AB1 21-34 243
Bw 48-70 2.60

N-4b (podzolic soil)
AB-BA 6-15 235
Bs 15-30 249
Bw2 40-52 2.60

H-1b (podzolic soil)

E 9-19 249
Bs2 22-36 2.50
Sw-1 (podzolic soil)

E 2-10 246

Bs 23-45 258
Sw-4 (podzolic soil)

E 4-20 2.54

Bs 29-55 259

0.64
0.83
0.87

0.58
072
0.81

048
0.69

041
0.54

0.73
0.55
0.78

0.96
0.85

1.01
0.70

1.17
0.80

33
A7
54

20
22
2.6

24
30

20
27

39
P4
31

35
25

4.6
35

4.2
34

16.7
6.2
6.0

239
154
15.2

2.6
15.7

38.0
26.8

89
19.0
7.9

9.3
17.5

108
205

42
10.9

Measured after oven dry treatment. “Bulk density was measured with
seven replications and saturated hydraulic conductivity and coarse porosity
with 4 replications. The values were averaged by omitting the highest and
lowest values. “Saturated hydraulic conductivity was expressed as pKa
value; pKa = - log [saturated hydraulic conductivity]

“porosity greater than 0.03 mm, equivalent 1o retained water from 0 to 10

kPa.
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mL/100mL

Water content

Table 5.3. Moisturc conditions of the profiles in 1991.

Site and  Moisture conditions (*10 kPa)
horizon 31,July 5,5¢p. 5,0ct. 23,Nov.
N-1b BA 0.82 1,22 1.88 0.94
Bw 0.72 2.02 1.29 1.15
H-2 AB 0.73 0.79 1.21 1.52
Bw 0.74 1.53 2.07 1.06
§-3 AB 0.62 1.05 1.46 1.11
Bw 092 148 205 1.34
N-4b AB 0.60 1.20 139 1.25
Bs 047 1.53 1.74 0.79
H-1b E 0.32 0.97 1.63 1.02
Bs 0.34 1.04 1.59 0.94

N1b

1 v BA
5 v Bw
= A BC
T T T T T T T
804 5
i N4b / 1 Swi
60+ -
™ -
40 - 4
i vAB ] v E
20+ ¥ B 4 v Bs
9 _ A Bw2 -
0- 5 4 ) ] ' y T T T T T T T
102 104 108 108 102 104 108 108

Matric. potential

Fig. 5.1. Moisture characteristic curves of selected profiles.
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Fig. 5.2. Morphological characteristics of representative horizons.
5.2a. AB horizon of H-2 (brown forest soil). Crumb structure. Peds are
separated by compound packing voids. PPL.
S.Eb. AB horizon of N-4b (podzolic soil). No discrete peds. Dominant
voids are vughs. PPL.
5.2¢. E horizon of Sw-1 (podzolic soil). Massive structure. Relatively
few vughs. Precipitation of oxidized Fe is observed around tree roots
as indicated by arrows. PPL.

48

4]

L

E
Cu

(continued)

-
i

ompound p

£S5 arc olicn i

2d. Bw horizon

2e, Bs horizon of

¥
= mm

2 mm



Fig. 5.

-
-

5.

fon
LA

T |

\'!n;_'
S.2a. ABh
separaic

5.2h.

Y
a

A

&

sical characteristics of representative honzons
«on of H=2 (brown forest soil), Crumb structure, Peds are
mpound packing voids, PPL.
on of N ;'-..;..'.J“.i‘;- soil), No discrete peds. Dominant
PPl

1 (podzolic soil). Massive structure. Relatively
itation of oxidized Fe is observed around tree roots
rrows. PPL.

Fig. 5.2. (continued)
5.2d. Bw horizon of H-2. Subangular blocky structure. The solid
material is divided into subangular aggregates by plain voids. Small
vughs are often found in the interior of aggregates. PPL.
5.2e. Bs horizon of Sw—1. No discrete structure. Dominant voids are
compound packing voids. PPL. '
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Chapter 6
Characteristics and dynamics of organic matter in the forest soils

6.1 General

The nature and role of organic matter in the podzolization process have not been fully
clucidated especially from the viewpoint of organo-mineral interactions. Hirai et al. (1988)
reported that the Cp/(Fep+Alp) atomic ratio in the illuvial B horizons in the study area was
often lower than that in typical spodic horizons, suggesting the presence of organo-mineral
complexes with metal-rich, humus—poor characteristics. Morcover, as was shown in Chapter
2, amorphous Fe and/or Al compounds that did not form organo-mineral complexes gencrally
increased in the B horizons compared with the surface horizons. Since forming processes of
such Al-, Fe-illuvial B horizons without a concomitant accumulation of organic matter have
been a controversial pedogenctic problem that could not be sufficiently explained by the
organo—mineral theory (Farmer et al. 1980; Anderson et al. 1982), it is necessary to examine
the characteristics of organic matter in the B horizons of this study in relation to interactions
with metals.

In this chapter, the characteristics of humic substances collected from soils, litter
extracts, and soil solutions were compared, and the nature and dynamics of dissolved organic
matter in the soil profiles were examined with special reference to the interactions with metals
both in the soil solution and on the soil particles for a comprehensive analysis of the
pedogenetic processes of the forest soils in this study area.

6.2 Experimental methods
6.2.1 Brief description of the sample soils

Three brown forest soil profiles (Sw-2, N-1b, and H-2) and three podzolic soil
profiles (N-4b, H-1a, and Sw-1) were investigated. The vegetation type is summarized as
follows: Deciduous broad-leaved species such as Fagus crenata and Quercus mongolica are
dominant in N-4b and N-1b. They also dominate in H-1a and H-2 with minor coniferous
species, i.e. Cryptomeria japonica. In contrast, Cryptomeria japonica is the dominant
vegetation in Sw—1 and Sw-2. General characteristics of the sampled soils are given in Table
6.1. The conspicuous characteristics of the sampled soils include a low pH especially in the
surface horizons, high clay content, and Al translocation in most of the profiles and Fe
translocation in the podzolic profiles.
6.2.2 Analytical methods

Air—dry fine earths (< 0.2 mm diameter) were used in the following analyses:

1) Humic substances were fractionated according to the method of Lowe (1980). The
carbon content was determined by a wet combustion method with a reflux condenser (Tinsley
1947).
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2) Purified humic substances for items 3) to 5) were prepared as follows: Samples
from cach of the A and B horizons of Sw-1, Sw-2, N-1b, and N-4b profiles were treated
with a 1 : 1 mixture of 0.1 M NaOH and 0.1 M Na,P,0, at 60°C five to six times. Soluble
humic substances were acidified to pH 1,2 with 2 M H,SO, and were fractionated into fulvic
acid as supernatant and humic acid in the precipitate. The humic acid was further purified
according to the method of Yonebayashi and Hattori (1988). On the other hand, the acidic
supernatant was passed through a column of Amberlite XAD-8 resin and the adsorbed
fraction was eluted with 0.1 M NaOH as fulvic acid. The fulvic and humic acid preparations
were dialyzed against deionized water, resulting in retaining fractions with molecular weights
> 500, thereafter passed through a column of Amberlite IR-120B resin in H* form, and then
freeze~dried.

Colored fulvic substances from the litter layer of Sw-1 (mainly consisting of coarse
litter of Cryptomeria japonica) and N—4b (mainly consisting of litter of Fagus crenata and
Sasa sp.) were extracted with water after 1 week incubation at 25°C and then purified by
XAD-8 resin treatment. The fulvic substances in the soil solution, which was collected from
the surface AB or E and the B horizons of the three profiles (Sw-1, Sw-2, and N-4b) using
porous cups in October, 1990, were also purified by the XAD-8 resin treatment. They were
passed through a column of Amberlite IR-120B resin in H' form, and then freeze—dried.

3) Contents of acidic functional groups, that is, carboxyl and phenolic hydroxyl groups
were determined by a nonaqueous titration method (Yonebayashi and Hattori 1985).

4) Contents of carbon, hydrogen, and nitrogen in the humic substances were
determined by a dry combustion method at the Analytical Center of Kyoto University.
Oxygen content was calculated by difference.

5) For '"H-NMR analysis, a 10 mg portion of well-dried fulvic or humic acid sample
was dissolved in 0.5 mL of deuterium dimethylsulfoxide (DMSOd,~100% d) and a small
amount of tetramethylsilane (TMS) was added as an internal reference. The "H-NMR spectra
were obtained by Fourier transform~NMR spectroscopy (Hitachi 90H spectrometer, 90 MHz).
Data points numbering 16,000 were collected using a 90° pulse and 200 transients were
acquired with 5.0 s delays.

6) The soil solution was collected in 1988 through 1991 from ten forest soil profiles
(six podzolic and four brown forest soils including Sw-2, N-1b, H-2, N-4b, H-1a, and Sw-
1) in the area using porous cups and the solute composition was determined (Chapter 3).
Mean annual concentration of DOC in each horizon was calculated as the average for four
sampling dates in July (rainy season), August (summer), October (autumn), and November
(after leaf—fall).

6.3 Characteristics of humic substances from the soils, soil solutions, and litter extracts
6.3.1 Fractionation of soil humic substances
Characteristics of humic substances after the fractionation scheme proposed by Lowe
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(1980) are given in Table 6.2. According to the procedure, the soil humic substances were
fractionated into humic (Ch) and fulvic (Cf) acids, and the latter was further divided into a
polyvinylpolypyrrolidone-adsorbed fraction (Ca; consisting of polyphenolic acids) and a
non-adsorbed fraction (consisting of polysaccharides). In all the B horizons, the characteris—
tics of the humic substances were specific to the podzolic B horizon, that is, the Ch/Cf ratios
were below 0.4 and the Ca/Cf ratios were above 0.3 (Lowe 1980; Schuppli and McKeague
1984), regardless of soil or vegetation types.

6.3.2 Elemental and acidic functional group composition -

Table 6.3 gives the composition of elemental and acidic functional groups of the
humic substances. Carboxyl group and oxygen contents were generally higher for fulvic acid
than humic acid, that is, about 5 mmol/g organic matter and 45 to 51 %, respectively.
Content of phenolic hydroxyl group was high in fulvic acid in the soil solution. In general,
the contents of the acidic functional groups of the fulvic acids in this arca were lower than
typical values in the cool and temperate zones reported by Stevenson (1982), that is, 6.1 to
8.5 mmol/g of COOH and 2.8 to 5.7 mmol/g of acidic OH, respectively. These results
indicated a relatively low chelating capacity of fulvic acids in this area, which may account
for the fact that most of Al migrated through the soil profiles without forming firm organo-
mineral complexes in this study area (seec Chapter 4).

The 5 mmol/g content of the carboxyl group could explain the origin of the proton
cqual to about 0.1 mmol(+) L™ through dissociation when the fulvic acid content in the soil
solution was 1 mmol L™, and was considered to contribute to the acid dissolution of Al.
6.3.3 '"H-NMR spectra

'H-NMR spectra are presented in Fig. 6.1 for selected samples. Chemical shifts were
measured in relation to the internal TMS. Each peak was interpreted based on the studics
carried out by Wilson (1981), Wershaw (1985), and Yonebayashi and Hattori (1989).
Remarkable characteristics of the fulvic and humic acids are summarized as follows:

The humic acids showed a relatively weak absorbance in the 6.0 to 9.5 ppm region
of aromatic protons and strong absorbance in the region of the protons attached to aliphatic
carbon atoms 5 (1.0 to 1.9 ppm) and y (0.5 to 1.0 ppm) to aromatic rings as compared with
@ carbon protons (1.9 to 2.8 ppm). Therefore it was considered that the major part of their
aromatic rings was substituted by groups with relatively long aliphatic chains.

The fulvic acids from the litter extract and the soil solution showed a strong broad
absorbance in the aliphatic  and terminal proton zone (0.5 to 1.9 ppm) compared to that of
@ protons (1.9 to 2.8 ppm), suggesting that a certain quantity of aliphatic acids with high
carboxyl content and/or polysaccharide components was involved. Judging from the relatively
simple pulses observed in the aromatic and methoxyl proton zones (6.0 to 9.5 and 2.8 to 4.0
ppm) of the fulvic acids from the soil solution, these acids may consist of simple polyphenolic
compounds. Thus, they were considered to be composed of mixtures of polyphenols, and
aliphatic acids and/or polysaccharides.
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The fact that the fulvic acids from the soil samples exhibited a high proportion of
aliphatic protons ¢ to aromatic rings compared with the 3 and y protons, was attributed to
their relatively short aliphatic side—chains. They showed a strong peak in the zone between
4.0 to 5.5 ppm, which was ascribed to lactone protons f3 to an aromatic ring formed among
adjacent carboxyl and hydroxyl groups. Judging from the lack of this peak among the fulvic
acids from the litter extract or the soil solution, it was assumed that a certain number of
saccharide or aliphatic side—chains had been added to the simple polyphenolic compounds
through bioactivity and/or chemical reaction on the soil particle surface, and then the soil
fulvic acids with a high content of side-chains or functional groups were subsequently
formed. Thus, it was considered that the fulvic acids from the soils showed a higher chelating
capacity than those from the soil solution and litter extract, and that they displayed significant
structural or compositional differences.

6.4. Nature and dynamics of dissolved organic matter in the soil profiles
6.4.1 Nature of DOC with special reference to its interaction with metal ions in the soil
solution

The author examined the characteristics and dynamics of total dissolved organic matter
in the soil solution, in which a fairly large amount of polysaccharides, organic acids with low
molecular weight, and other organic compounds were involved in addition to the fulvic acid
fraction.

In the soil solution, the sum of cations (Na‘, K', Mg*, Ca”, Fe*, A", and H")
exceeded the sum of anions (ClI-, NO,, and SO,*) in most cases. The positive correlation
observed between the DOC concentration and the anion deficit in the soil solution from the
surface horizons of six podzolic profiles (Fig. 6.2) suggested that a large part of the anion
deficit originated in the dissociation of acidic functional groups of DOC in those horizons.
This correlation was not, however, observed among the samples from the surface horizons of
the brown forest soils and all the B horizons, presumably due to the elimination of the highly
charged portion of DOC by amorphous compounds of the soil solid phase in these horizons,
or to the error caused by the lack of measurement of HCO; under relatively high pH
conditions (HCO,™ that equilibrates with 1 kPa of CO, accounts for about 107 to 107
mmol(-) L™ when the pH values range from 5 to 6).

The content of the dissociated acidic functional groups ([R"] in - mmol(-)) in the soil
solution from the surface horizons of the podzolic soils was expressed by the following
regression equation:

[R7] = 0.00115 + 0.0548 * [DOC] (R =0.53"", n=125) (Eq. 6.1)
where [DOC] is the amount of dissolved organic carbon (mmol). According to the equation,
the content of dissociated acidic functional groups was cstimated at about 2.2 mmol(-)/g
organic matter, which is about half the amount of carboxyl groups of the fulvic acids (Table
6.2). This discrepancy may be due to the fact that the purified fulvic acids did not contain the
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XAD-non-adsorbed fraction, as in the case of most of the organic acids with low molecular
weight and polysaccharides, and also to the fact that the carboxyl groups of organic matter
was not completely dissociated under acidic conditions (pH 4 to 5).

Based on Al and Fe concentrations in the soil solution, the degree of saturation of the
dissociated acidic functional groups with metal ions (organically complexed AI* + total
dissolved Fe*)* was estimated to range from 20 to 40 % in each horizon. The amount of
total dissolved Fe** was counted, even though there was no sound evidence concerning the
complex formation of DOC with dissolved Fe?* in the soil solution. It is difficult to determine
whether this value was high enough relative to the critical level at which the complexes began
to precipitate as postulated in the organo-mineral theory (De Coninck 1980). It is possible
to consider, however, that a large part of the acidic functional groups was not saturated with
metal jons and that the organic matter may act as anions in the soil solution.

6.4.2 Dynamics of dissolved organic matter in the forest soil profiles

Fig. 6.3 describes the relationship between amorphous compounds of the soil solid
phase (Alo+1/2Fe0)® and the average concentration of DOC in the soil solution. No
significant variation of the DOC concentration was observed in the soil solution within the
sampling seasons (July to November). The relative amount of DOC in the B horizons to that
in the surface horizons must be lower than the amount of DOC estimated from the
distribution pattern of the concentration, because a fairly large amount of evapotranspiration
was responsible for the apparent increase in the solute concentration in the B horizons. The
higher concentration of DOC in the B horizons compared to that in the upper horizons
observed in the Sw-2 profile may be related to this factor.

It was interesting to note that the decrease of the DOC concentration in the illuvial B
horizons, which was often observed in soil solution studies in podzolic soils (e.g. Ugolini et
al. 1977; McDowell 1984), did not necessarily occur in this area. According to Fig. 6.3, a
sharp decrease of the DOC concentration in the soil solution (more than 1 mmol L") was
observed in the horizons with a large amount of amorphous compounds, that is, the value of
(Alo+1/2Fco) was higher than 2*107 kg kg™ (N-4b Bs and H-1a Bsl horizons). On the
other hand, in the case of (Alo+1/2Fco) with less than 2*107 kg kg™, the larger part of DOC
supplied from the overlying horizon appeared to run down through that horizon without
retaining the soil solid phase. More than half of the amorphous compounds was considered

*Organically complexed Al was estimated by Eq. 4.2 in Chapter 4:
Alorg (mmol L) = 0.000737 + 0.00324 * DOC (mmol L™) (Eq. 4.2)

®Alo and Feo were considered to consist of amorphous compounds (Wada 1977; Schwertmann
and Tayler 1977), while Alp and Fep of complexes with organic matter (McKeague ct al.
1971; Farmer ct al. 1983).
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to form complexes with organic matter (Alp+1/2Fep)® in most of the horizons.

This figure strongly indicates the major contribution of amorphous compounds in the
soil solid phase to the dynamics of dissolved organic matter with a certain amount of
dissociated acidic functional groups through adsorption onto oxide surfaces or organo-mineral
complexes, in spite of other factors that could influence the DOC dynamics such as the rate
of biodegradation of DOC, structural or compositional variation of DOC with vegetational or
topographical factors, rate of drainage, etc.

6.5 Characteristics of the organo—mineral complexes in the B horizons of the forest soils

Table 6.1 gives the characteristics of the free oxides and organo-mineral complexes
in the soil profiles. The Alp/Alo and Fep/Feo ratios often decreased in the B horizons
compared with the A horizons, suggesting that there was an increase in the content of
amorphous compounds that were not present as organic complexes in the B horizons. The
Cp/(Alp+Fep) atomic ratio in the B horizons in this study area was often low compared with
the reported values typical for the spodic horizon, that is, with a value exceeding 5 in most
of the cases (Higashi et al. 1981; Mokma and Buurman 1982; Buurman 1985). These results
indicated that the amorphous compounds in the B horizons in this area exhibited metal-rich,
humus—poor characteristics.

Table 6.4 shows the calculated total acidity of humic substances and molar ratio of the
total acidity of humus / organic complexes with metal ions in the selected horizons. The
values of the molar ratios were very low in the B horizons, that is, lower than 0.4. As positive
charges originating from free oxides were hardly observed in these horizons (unpublished
data), the low ratios were attributed to the presence of hydrolyzed metals, and may be
consistent with the forming processes of the B horizons in this area, that is, hydrolysis and
illuviation of metals as inorganic forms followed by additional precipitation of organic matter.

In Chapter 4 and 5, the author concluded that Al migrated mainly in inorganic
monomeric forms, whose solubility was regulated by the soil solution pH, and Fe
subsequently migrated through a redox reaction from dense surface horizons lacking in
amorphous Al. The results of this study showed that organic matter in the soil solution may
play a certain role in Al translocation through the supply of protons, but as a strong
complexing agent such as the typical soil fulvic acid with higher acidic functional groups
reported in cool and temperate zones. Redistribution of Fe and/or Al oxides, on the other
hand, was considered to control the dynamics of dissolved organic matter through adsorption
onto them.

The amorphous compounds formed through these processes in the illuvial B horizons
in this arca may consist of organo—mineral compounds with a low molar ratio of acidic
functional groups of humus / metal ions. These processes may account for the formation of
the Bs horizons with insufficient accumulation of organic matter.
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6.6 Conclusion

Characteristics of humic substances extracted from soils, litter extracts, and soil
solutions in forest soils in the northern Kyoto area were investigated, and the nature and
dynamics of dissolved organic matter in the forest soil profiles were discussed with special
reference to their pedogenetic processes.

Based on fractionation, the humic substances in the B horizons showed typical
characteristics for the podzolic B horizon and no significant differences were detected among
the soil or vegetation types. The contents of carboxyl and phenolic hydroxyl functional groups
of the fulvic acids which corresponded to about 5 and 1 mmol/g organic matter, respectively,
were lower than the reported values of soil fulvic acids in cool and temperate zones.
According to '"H-NMR analysis, the fulvic acids from litter extracts and soil solutions werc
considered to consist of mixtures of polyphenols, aliphatic acids, and/or polysaccharides. In
contrast, those from the soils consisted of polyphenols with a high degree of substitution by
relatively short aliphatic or saccharide chains. Thus, it was considered that the fulvic acids
in this area, especially those from soil solutions and litter extracts, exhibited a low metal-
chelating capacity and played a certain role in pedogenesis through the supply of protons.

On the other hand, the content of dissociated acidic functional groups of dissolved
organic matter in the soil solution was about 2.2 mmol(-)/g organic matter as estimated from
the DOC concentration and anion deficit in the soil solution. It was considered that acidic
functional groups were not fully saturated with metal ions. The dynamics of dissolved organic
matter with certain negative charges in the profiles was considered to be controlled by the
adsorbing capacity of amorphous compounds of Al and Fe in the soil solid phase, which had
previously been translocated mainly as inorganic forms.

The amorphous compounds derived through these processes in the illuvial B horizons
were often rich in compounds which did not form complexes with organic matter compared
to the surface horizons, and the organo-mineral compounds showed a low molar ratio of
acidic functional groups of humus / metal ions.
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Table 6.1. Selected physico—-chemical properties and characteristics of free oxides. Table 6.2. Fractionation of humic substances.
Site  Depth Texture® pH Total Ccp* Fep® Feo® Alp*® Ak® Fep/ Alp/ Cp Site Fractionation of humic substances
and (H,0) carbon® -~ Feo  Alo (Fep+Alp)* and oy of G ey oo
horizon  (cm) (*107 kg kg™) (*107 kg kg™) horizon (*107 kg k™)
Sw-2 (brown forest soil) Sw-2 (brown forest soil)
A 02 C 382 29 463 091 095 059 069 096 086 101 A 362 327 138 L1 042
AB  2-11 C 405 17 351 131 122 072 081 107 089 S8 AB 202 211 098 096 046
BA 11-25 C 435 49 180 101 140 066 081 072 081 35 BA 071 150 066 047 044
Bw 25-50 C 450 41 161 089 134 060 092 066 065 35 Bw 043 131 053 033 040
BC 50-73 C 473 14 064 027 036 045 085 075 053 25 BC 015 058 026 026 045
C  73-80 CL 468 09 032 015 026 023 045 058 051 24 c 009 039 0.4 023 036
N=1b (brown forest soil) N-1b (brown forest soil)
A 05 C 391 122 381 132 145 066 077 091 086 66 A 187 278 108 067 039
BA 519 C 422 55 261 162 207 081 101 078 080 37 BA 077 184 080 042 043
Bw 19-55 C 454 33 190 071 159 093 206 045 045 34 Bw 036 152 056 024 037
BC 55-86 C 463 23 129 051 140 078 166 036 047 28 BC 026 095 046 027 048
C 8699 CL 465 10 054 040 072 039 060 056 065 21 c 009 038 016 024 042
H=2 (brown forest soil) H-2 (brown forest soil)
A 06 C 378 1S5 337 112 166 057 079 067 072 68 A 192 273 055 070 020
AB  6-14 C 400 75 311 137 182 068 083 075 082 52 AB 116 219 076 053 035
BA 1428 C 425 49 199 183 195 079 09 094 087 27 BA 060 163 059 037 036
Bw 2848 C 450 18 103 100 115 071 077 087 093 19 Bw 019 077 037 025 048
BC 4860 C 465 13 067 064 067 057 066 096 087 17 BC 013 057 030 023 053
N-db (podzolic soil) N-4b (podzolic soil)
A 06 C 35 23 435 060 057 024 039 105 062 185 A 491 364 045 135 012
AB 612 C 376 102 377 118 144 037 051 082 073 90 AB 200 217 078 095 036
BA 1215 C 384 58 265 144 216 040 061 067 066 54 BA 084 151 068 056 045
Bs 1530 C 405 53 306 142 348 072 106 041 068 49 Bs 074 215 099 034 046
Bwl 30-40 C 436 21 110 084 205 059 101 041 058 25 Bwl 022 084 029 026 035
Bw2 40-52 C 449 15 104 058 108 055 098 054 056 28 Bw2 017 067 024 025 036
BC 52-83 C 449 15 101 051 099 059 101 052 058 27 BC 011 069 027 016 039
¢ @00 ¢ 487 13 075 042 110 057 112 038 051 22 C 016 075 036 021 048
H-1a (podzolic soil) Sw-1 (podzoli soil)
A 041 356 244 437 015 018 026 026 083 100 296 A 522 393 108 133 027
B 1-4 CL 391 21 064 020 027 013 016 074 081 63 E 119 089 001 134 001
BE 1421 C 426 40 187 118 192 056 067 061 084 37 EB 064 117 054 0.55 047
Bsl 21-36  C 473 65 338 134 286 117 142 047 082 42 Bs 050 138 072 036 053
B2 36-58 CL 482 60 364 087 157 148 179 055 083 43 BC 050 149 079 034 053
BC 58-60 CL 471 61 367 078 093 159 162 084 098 42 ¢ 027 091 051 030 056
Sw~1 (podzolic soil)
A 02 CL 343 246 402 019 024 023 027 079 085 281 *Oven dried basis.
B 20 < 35 37 133 037 044 022 030 084 073 75
EB 10-22 C 397 37 137 133 138 038 049 096 078 30
Bs 2345 C 420 37 169 156 228 056 082 068 068 29
BC 45-60 CL 458 29 149 070 144 062 092 049 067 35
C &7 L 411 12 059 016 040 049 083 040 059 23
*According 10 USDA system. *Oven dried basis, “Atomic ratio.
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Table 6.3. Elemental and acidic functional group composition. Table 6.4. Characteristics of organo-mineral complexes in the selected horizons.

Sample Acidic functional group  Elemental composition Site Alo'  Alp*  Feo* Fep' Cp* Ch+Cf Alp  Fep Cp/ TA® TA!
COOH Ph-OH Total G By O N Atomic ratio and e e ——— /Alo  [Feo (Fep+Alp) (Fep+Alp)
acidity HC O/ NC horizon (*107 kg kg) (emol(=) kg™

(mmol/g organic matter) %) (B) (%) (%)

Sw-2 (brown forest soil)

A 0.69 059 095 091 463 6.89 0.86 096 101 40.6 1.06
Fulvic acid from soil Bw 092 0.60 134 089 161 174 0.65 0.66 35 10.9 0.29
Sw-2 A 476 092 568 4705 419 4694 182 107 075 0033 N-1b (brown forest soil)
Bw 604 076 680 4549 379 4920 152 1.00 081 0029 A 0.77 0.66 145 132 381 4.64 086 051 6.6 26.1 0.54
N-1b A 535 076 611 4801 436 4522 241 1.09 071 0043 Bw 206 093 159 071 190 1.88 045 045 34 0.8 0.21
Bw 539 065 604 46.36 428 4645 291 111 075 0054 N-4b (podzolic soil)
N-4b A 436 097 533 47.11 405 4653 231 103 074 0042 A 0.39 024 0.57 0.60 435 8.56 061 106 185 374 1.01
Bs 543 097 640 46.63 392 4771 173 1.01 077 0032 Bs 1.06 072 348 142 306 289 0.68 041 4.9 19.0 0.36
Bwl 533 062 595 4512 412 4831 245 110 0.80 0.047 Bwl 101 059 205 084 110 1.06 058 041 %9 5.5 0.15
Sw-1 A 438 1093 529 47.37 408 4673 182 103 0.74 0033 Sw-1 (podzolic soil)
Bs 516 071 587 4432 370 5035 163 100 085 0032 A 027 023 024 019 402 915 085 079 281 49.0 4.11

Bs 082 056 228 156 1.69 188 0.68 068 29 134 027
Fulvic acid from litter extract

Sw-1L 422 103 525 5138 448 4295 119 096 063 0020 *Oven dried basis. "Atomic ratio, “Total acidity of humic substances (TA) was calculated using the humic (Ch) and
N-4b L 467 084 551 49.80 397 4488 135 096 068 0023 colored fulvic (Ca) acids contents, their carbon contents, and their total acidity. Since the total acidity and carbon
content of HA from the B horizons of N-4b were not determined, the average value in the B horizons was used in

Fulvic acid from soil solution the caleulation. *Molar ratio.

Sw-2 A 473 121 594 . . < . . . ,

N-4b AB 520 120 640 4954 4.02 4576 0.68 097 0469 0012
Bs 475 107 582 . . . . A . .

Sw-1 E 503 133 636 4888 435 4620 057 1.07 071 0010
Bs 491 117 608 4899 435 4608 058 1.07 071 0010

Humic acid from soil
Sw-2 A 241 119 3.60 5445 543 3705 307 1.20 051 0048
Bw 296 091 387 5580 6.13 3388 4.19 132 046 0064
N-1b A 283 070 353 5331 556 3730 383 125 053 0062
Bw 300 073 373 5345 579 3648 428 1.30 051 0.069
N-4b A 286 071 357 MIB S5 36050358 122 051 0056
Bwl % 5 . 5195 596 3783 4.26 138 055 0.070
Sw-1 A 278 108 386 5405 521 3719 295 1.16 052 0.047
Bs 309 095 404 5284 535 3794 387 121 054 0063
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Chapter 7
Pedogenetic acidification process of the forest soils

7.1 General

The soil-forming processes in the Experimental Forest discussed in the previous
chapters may be summarized as follows: Al migrated mainly as inorganic monomeric forms,
whose solubility was regulated by soil solution pH, and Fe subsequently migrated through a
redox reaction from dense surface horizons low in amorphous Al. Redistributed Fe and/or Al
oxides were considered to control the dynamics of dissolved organic matter in the profiles
through adsorption. Thus, the degree of eluviation and illuviation of Al in the soil profile was
considered to primarily determine the pedogenetic feature of the profile by controlling the
dynamics of Fe and/or dissolved organic matter, and, thus, the soil acidification in relation
to Al dynamics was the central process in the pedogenesis in this area.

In this chapter, to understand the details involved in the acidification process of the
forest soils, the acid and alkali titrations of the soils were performed, and the changes in the
physico-chemical and mineralogical properties of the soils along with the acidification
process were investigated with special reference to the dynamics of active Al components.
Then, the author attempted to describe the forest soil profiles in the Experimental Forest based
on the process of pedogenetic acidification.

7.2 Experimental methods

Acid and alkali titrations of the soils: Four brown forest soil profiles (Sw-2, N-1b,
H-2, and S-3) and four podzolic soil profiles (N-4b, H-1b, Sw-1, and Sw-3) were
investigated.

4.0 g of the sample soil was suspended in 40 mL of 0.10 M NaCl solution as the
supporting electrolyte. After the pre-equilibration for 2 min, which could replace longer
cquilibration time (Sakurai et al. 1989), the suspension was titrated with 0.10 M HCI or
NaOH using a potentiometric automatic titrator (HSS/HTS-10A, Toa Denpa Kogyo) with
stirring, kecping the titration rate at 0.07 mL min™'. The titratable acidity was determined as
OH™ consumption by pH 8.3 following to Kinniburgh (1986), whereas the titratable alkalinity
was determined as H* consumption by pH 3.0.

To examine an effect of exchangeable Al, organic matter, or amorphous oxides on
titratable acidity, the alkali titration was performed with the above-stated method for the N-
1b Bw and the Sw-1 Bs samples treated with 0.1 M KCl, hydrogen peroxide, or 0.2 M acid
ammonium oxalate after hydrogen peroxide treatment.

Results of the acid and alkali titrations are discussed in relation to the physico—
chemical properties of the sample soils, which are presented in Chapter 2.
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7.3 Titratable acidity and alkalinity of the sample soils

The acid and alkali titration data are given in Table 7.1 and 7.2 and the titration curves
are in Fig. 7.1 and 7.2. In general, the titratable alkalinity by pH 3.0 was high in the B
horizons, whereas the titratable acidity by pH 8.3 was highest in the surface horizons for the
brown forest soils and in the upper B horizons for the podzolic soils. It was well documented
that results of these titrations are highly dependent on the analytical conditions, that is,
concentration of supporting electrolyte, titration rate, so on (e.g. Kinniburgh 1986; Sakurai
et al. 1989), so that the data presented here might not be directly compared with data in other
papers.

The titratable acidity of the soil samples from the A horizon was generally much
greater than the others, probably due to a great contribution of dissociation of the organic
matter. This may hinder other important relationships between the titration data and
physico-chemical properties, so that we arbitrarily choose the soils with less than 10 % of
total carbon content in the following discussion on the titration data, excluding those for Fig.
74.

Table 7.3 gives a correlation matrix among the titration data and the selected chemical
properties of the soil. The titratable alkalinity by pH 3.0 had a high correlation with the
content of amorphous Al (Alo) (Fig. 7.3.1; R = 0.90°", n = 35). This correlation was also
reported for the brown forest soils by Kamosita et al. (1979), and considered to suggest a
significance of amorphous Al compounds as an active acid buffering component through
partial monomerization in the low pH region (pH 3 to 4) especially among the forest soils
with low base saturation, expressed as follows:

Al(OH),®™* + H* = Al(OH),,,* ™" + H,0 (Eq. 7.1)

Fig. 7.4 showed relationships between the distribution pattern of the titratable
alkalinity in the profile and soil solution composition (Chapter 3), and appeared to well
describe the in sifu acid neutralization, i.e. a gradual rise of solution pH with depth. Roughly
speaking, the figure showed that pH of the soil solution rose to above 5, that is, a large part
of supplied H* from the overlying horizon was neutralized, in the horizon with a titratable
alkalinity greater than 10 cmol kg™

In the alkali titration curves for determining the titratable acidity, some samples from
the upper B horizon of the podzols displayed a noticeable pH buffer zone in the range of pH
4.5 to 5.5 (Fig. 7.1). Judging from the facts that the volume of this buffer zone (AC45) was
highly correlated with the exchangeable Al content (ex.Al) (Fig. 7.3.2; Eq. 7.2 with the
variables in cmol(+) kg™'; R = 0.95™, n = 35) and that the buffer zone disappeared after 1
M KCI treatment (Fig. 1-2, Sw-1 Bs), it might be attributed to a hydrolytic reaction of
exchangeable Al

AC45 = 0.545 + 0.563 * ex.Al (R=095") (Eq. 7.2)

Eq. 7.2 showed that more than half of the exchange acidity derived from Al ion (Al**)
was neutralized in the range of pH 4.5 to 5.5 in the alkali titration, suggesting that at least
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two steps of hydrolytic reactions as expressed in Eq. 7.3 and 7.4 proceeded. Although
Al(OH), *** species were often presumed to be a product of the hydrolytic reactions in this
pH range (Yoshida 1979; Matijevic et al. 1961), it was difficult to judge whether a following
polymerization of AI(OH)," (Eq. 7.5) occurred in this titration, because the experimental
conditions in determining the exchange (in 1 M KCl solution) and titratable acidity (in 0.1
M NaCl solution) were different.

AP* + OH" = Al(OH)* (pKa = 5.0) (Eq. 7.3)
AI(OHY** + OH" = Al(OH),* (Eq. 7.4)
2nAI(OH)," + nOH™ = [AL(OH)].™ (Eq. 7.5)

On the other hand, the OH™ consumption above pH 5.5 to 8.3 (ACS8) correlated with
the total carbon content or Cp (Fig. 7.3.3; Eq. 7.6 with the variables in cmol kg™'; R = 0.96"",
n = 35), suggesting some buffering reactions accompanying with dissociation of acidic
functional groups of the organic matter complexed with metal ions. Fig. 7.2 showed cach
contribution of organic matter, amorphous compounds, and crystalline components of the
samples on the titratable acidity in this pH region cstimated based on difference of the
titration curves. According to them, about 10 cmol kg™ of acidity was derived from
crystalline components of the soils, which was almost consistent with the intercept of Eq. 7.6,
whereas the additional part of the acidity was composed of those from organic matter and
amorphous compounds. The OH™ consumption by these components might be expressed as
following reactions (Eq. 7.7 to 7.9). The reaction in Eq. 7.8 was considered to accompany
with that in Eq. 7.9.

AC58 = 7.44 + 0.0977 * Cp (Eq. 7.6)
R-COOH + OH™ « R-COO™ + H,0 (or R-OH) (Eq. 7.7)
SM*—"00C-R + OH  «» 'M-OH + "00C-R (Eq. 7.8)
"M-OH + OH™ = "M-0" + H,0 (Eq. 7.9)

where ;M- represents metal ions on the surface of soil particles such as Fe or Al and
R-COOH and R-OH are acidic functional groups of organic matter.

Some C or E horizon soils with a low content of amorphous or organo-mineral
compounds showed OH™ consumption almost equivalent to that of crystalline components.
Thus an increase of the titratable acidity in this pH region was considered to be attributable
to an increase of amorphous compounds and/or organo-mineral complexes.

Table 7.1 showed that the strong acidity (AC45) due to exchangeable Al (ex.Al) was
especially high in the upper B horizon soils of the podzol, whereas the weak acidity
originated from the organo—mineral complexes was dominant among most of the brown forest
soil profiles and the lower horizons of the podzols. The ratio of the former to the latter had
a negative correlation with the soil pH (Fig. 7.3.4; R = - 0.77""", n = 35), that is, it increased
with pH lowering. The total titratable acidity by pH 8.3 (TAC) is expressed by the following
multiple regression equation with all the variables in cmol kg™

TAC =5.22 + 0.100 * Cp + 3.24 *ex.Al (R =0.97") (Eq. 7.10)
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Thus an increase of titratable acidity from the C to surface horizon was considered to
involve two processes, that is, (1) the formation of organo-mineral complexes in the lower
B to C horizons under relatively weak acidic condition and (2) the monomerization of
amorphous Al to exchangeable Al in the upper B horizons under severely acidified condition.
It should be noted that an increase of amorphous Al during the former process accompanied
an increase of active alkalinity of the soil.

The titratable acidity of the E horizon samples of the podzols decreased relative to that
of the underlying B horizons. This would be a reflection of depletion of both organo-mineral
complexes and exchangeable Al in the E horizon under most severely acidified condition.

7.4 Discussion on the pedogenetic acidification process of the forest soils

Based on the physico-chemical and mineralogical characteristics, the soil solution
composition, and the titration data of the soils, a pedogenctic acidification process may be
described as follows:

In the initial acidic weathering stage of the parent materials with a certain amount of
micaceus minerals, the soil acidification could be brought about by an excess of cation uptake
by plant roots, Al accumulation with weak podzolization, or dissociation of carbonic acid
(Ugolini and Dahlgren 1987) as well as by direct proton load from the overlying horizon.
Dominant clay mica gradually changes to 2:1-2:1:1 intergrade minerals and amorphous Al
and/or Fe increases. These amorphous compounds adsorbs organic matter supplied from the
overlying horizon (Chapter 6), and a larger part of them forms organo-mineral complexes
(Alp/Alo or Fep/Feo often exceeds ().5). They are not easily recrystallized because of low
temperature or the inhibitory effect of organic matter (Schwertmann 1966; Inoue 1986) and
tend to be preserved in that horizon. Some of the C horizons in the present study show this
feature.

The first stage of soil acidification is characterized by an accelerated increase of
amorphous Al (reaching > 1.0*107* kg kg™) caused by an Al illuviation with weak
podzolization and a secondary adsorption of organic matter onto them. This results in an
increase both of the titratable acidity and alkalinity. The increased active alkalinity would
have a high capacity to neutralize H* in the soil solution, bring about a sharp rise of the
solution pH, and promote a further precipitation of soluble Al through a partial hydrolytic
reaction (Fig. 7.4; Eq. 7.3, 7.4, and 7.5). At this stage, 2:1-2:1:1 intergrade minerals are the
dominant clay species. The upper B to Bw horizons of the brown forest soils and the lower
B or BC horizons of the podzolic profiles represent this stage.

The H* adsorption or neutralization in the soil solution by amorphous Al hydroxides
is, however, their partial monomerization process. So that if the supply of H' exceeds Al
precipitated from the solution phase under higher acidic condition, the amorphous Al is
gradually monomerized (with lowering of x for AI(OH),“™"), resulting in a decrease of the
titratable alkalinity and an increase of the titratable acidity originated from exchangeable Al.
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The second stage of acidification is characterized by a successive monomerization of
amorphous Al hydroxides by an increased acid load, resulting in a further decrease of
amorphous Al (0.5*107 to 0.8*107* kg kg ™) and an increase of exchangeable monomeric Al
(greater than 10 cmol(+) kg™). A clear decrease in the titratable alkalinity and a simultaneous
increase in the acidity arc observed. As a result of increased supply of H* in spite of a
lowered alkalinity, neutralization of H* and precipitation of Al from the solution phase
decreases and monomerization and eluviation of Al from the solid phase is accelerated. At
this stage, the dominant clay mineral species gradually shifts from 2:1-2:1:1 intergrade to
vermiculite. The surface horizons of the brown forest soil and the upper B horizons of the
podzolic soil represent this stage.

The third stage of acidification is characterized by a decreased amorphous Al (less
than 0.5*107 kg kg™) and an active eluviation of Al from that horizon. Dominant clay
mineral species are vermiculite and/or smectite, and gibbsite almost disappears. The titratable
alkalinity is low, whereas the titratable acidity gradually decreases with a depletion of
organo-mineral complexes and exchangeable Al as acidic components. H' in the solution is
scarcely neutralized and Al in the solid phase is eluviated (Fig. 7.4). At this stage, a surface
horizon gradually undergoes a compaction due to a decrease in amorphous Al and weakening
of crumb structure, and an eluviation of Fe is enhanced under a reducing condition (Chapter
5). The podzolic E and EB horizons are typical for this stage.

The above-characterized stages might be typical for subhorizons, in which an
acidification process is relatively slow. The initial and first stage is considered to be involved
in the forming process of the B horizons of cool temperate forest soils, which are
characterized by a relatively large amount of amorphous oxide, particularly Al-, Fe~humus
complexes (Hirai et al. 1991). In this process, organo-mineral complexes or exchangeable Al
could be regarded as a temporary storage of acidity that would be finally lost from that
horizon through dissolution and cluviation to deeper horizons as a result of further
acidification. In the case of a very surface horizon with intensive acidification, the initial and
second stage might simultaneously proceed without a typical first stage.

Each profile in the Experimental Forest may be described with a combination of the
above-characterized horizons, and podzolic soil in this area could be regarded as a highly
acidified brown forest soil (Fig. 7.4). It is noteworthy that upper Fe-illuvial Bs horizons
alrcady show an cluvial feature with respect to Al (stage 2), because of an intensive H* load
from the overlying horizons with a low titratable alkalinity. So that illuvial horizons of a
podzolic profile would differentiate into an upper Fe illuvial Bs and a lower Al illuvial Bw
or BC horizons, and eventually lose a clear Al illuvial horizon below a lithic or paralithic
contact.

7.5 Conclusion
A natural process of soil acidification in the pedogenesis of the forest soils (i.e. brown
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forest soil and podzolic soil) in the northern Kyoto area was studied with special reference
to dynamics of amorphous and exchangeable Al in the profiles.

The very low base saturation with low pH of the sample soils showed that all the
profiles were highly acidified. Exchangeable Al was highest at the surface in the brown forest
soil profiles, whereas it was highest at E to B horizons in the podzolic profiles. This
suggested that an effect of soil acidification reached to deeper horizons in the podzolic
profiles.

To understand the details involved in the pedogenetic acidification process, the acid
and alkali titrations of the sample soils were conducted. The titratable alkalinity was highly
correlated with amorphous Al content (Alo) among various soil properties, suggesting its
importance in the in situ acid buffering by the solid phase of the forest soils. On the other
hand, the titratable acidity was contributed by the contents of exchangeable Al and organic
carbon, the latter forming complexes with amorphous Fe and/or Al. The pedogenetic
acidification was considered to involve both increasing and a following decreasing processes
of the titratable acidity; that is, an increase of the organo-mineral complexes in the C to B
horizons, an increase of exchangeable Al in the upper B horizons, and a depletion of both
organo-mineral complexes and exchangeable Al in the E horizon of the podzolic profiles.

From the considerations of the physico—chemical properties and the titration data of
the soil solid phase and the soil solution composition, the pedogenetic process of the
respective horizon in this area in relation to the soil acidification is described as follows: the
first stage of soil acidification characterized by an accelerated increase of amorphous Al
compounds caused by Al illuviation with weak podzolization and a secondary adsorption of
dissolved organic matter onto them, the second stage of acidification characterized by a
successive monomerization of amorphous Al hydroxides by an increased acid load, and the
third stage of acidification characterized by a decreased amorphous Al and an active
cluviation of Al, and often of Fe, from that horizon.

Each profile may be described with a combination of the above-characterized
horizons, and podzolic soil in this area could be regarded as a highly acidified brown forest
soil.
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Table 7.1. Titration data of the sample soils.
Site Initial ~ Titratable Tiwatable  OH consumption ACA5
and pH  alkalinity acidity pH 4.5-55 pH 5.5-83  /ACSS
horizon by pH 3.0 by pH 83  (AC45) (ACSSB)

S 1 o A A
N=1b (brown forest soil)

A 3.78 89.1 n.m. n.m. n.m. n.d.

BA 4.23 11.9 318 47 26.2 0.18

Bw 4,58 19.3 293 32 253 013

BC 4,62 17.2 19.8 29 16.2 0.18

€ 4.50 4.6 11.2 19 84 0.23
Sw-2 (brown forest soil)

A 344 54 nam. n.m, nm, n.d.

AB 3.81 7.6 40.6 92 27.3 0.34

BA 4.18 9.7 30.5 48 241 0.20

Bw 431 13.6 26.1 4.0 21.8 0.18

BC 438 13.5 143 23 120 0.19

C 431 6.9 113 2.8 83 0.34
H-2 (brown forest soil)

A 3.73 6.8 nm. .m. n.m. n.d.

AB 3.83 920 45.5 9.2 323 0.28

BA 407 8.8 357 6.0 27.8 0.22

Bw 434 7.6 17.8 32 143 0.22

BC 439 7.0 16.0 3.0 12.5 0.24
S-3 (brown forest soil)

A nm. nm. nm. n.m. nm. n.d.

AB1 398 9.8 495 7.7 390 0.20

AB2 425 6.8 335 40 28.8 0.14

BA 442 20,0 30.7 33 27.3 0.12

Bw 438 153 19.0 35 153 0.23

BC 4.40 11.8 14.0 28 11.0 0.26
N-4b (podzolic soil)

A 3.40 33 n.m, n.m, n.m, n.d.

A 3.56 5.1 47.5 11.0 29.7 037

BA 3.69 5.8 454 9.6 29.7 032

Bs 3.89 7.6 47.6 9.1 34.7 0.26

Bwl 4.24 11.9 26.1 53 19.7 027

Bw2 431 14.9 214 4.1 16.5 0.25

BC 432 14.1 22.1 4.0 17.6 0.23

(- 440 123 209 33 17.2 0.19
Sw-1 (podzolic soil)

A 3.14 0.2 nm. nm. n.m. n.d.

E 332 1.6 333 8.6 184 047

EB 3.70 5.0 37.7 10.3 223 0.46

Bs 3.90 8.3 390 9.5 25.7 0.37

BC 432 10.3 232 28 20.2 0.14

C 453 6.7 0.5 0.8 8.8 0.08
H-1b (podzolic soil)

A nm. n.m. n.m. n.m. nm. n.d.

35 3.52 3:3 19.3 53 10.3 0.52

Bsl 3.67 4.3 47.7 93 334 0.28

Bs2 405 55 38.8 6.3 30.6 0.21

BC 413 74 283 4.1 23.0 018
Sw-3 (podzolic soil)

A n.m. n.m. n.m. n.m. n.m. n.d.

E 332 0.9 25.6 T2 134 0.53

EB 348 1.9 29.2 9.8 14.7 0.67

Bs 4Mm 4.3 250 4.7 19.0 0.25

n.m. = not measured. n.d. = not determined.
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Table 7.2. Alkali titration data of the samples treated with different reagents.

Site Initial  Titratable Titratable  OH" consumption
and pH alkalinity acidity pH 4.5-5.5 pH 5.5-8.3
horizon by pH 3.0 by pH 83  (AC45) (ACS8)
———————————— (emol kg')-————mmmmmem
N-1b Bw
Original 4.58 29.3 32 253 0.13
KCl 5.11 16.9 n.d. 16.4 n.d.
Peroxide 4.91 0.3 n.d. 19.6 n.d.
Oxalate  4.30 14.7 35 10.9 0.32
Sw-1 Bs
Original  3.90 39.0 9.5 25.7 0.37
KCl 4.85 18.8 n.d. 17.8 n.d.
Peroxide 3.95 28.0 8.2 18.0 0.46
Oxalate  4.33 13.9 4.2 L 0.44

*Expressed as content in the untreated sample.

n.m. = not measured. n.d. = not determined.

Table 7.3. Correlation matrix among titration data and selected chemical properties.

pH Exchangeable  Total Alo Alp Feo Fep
HO KCI NaF Al bases  bases
Titratable alkalinity 069 076~ 082" 011 -0.59" -041" 0707 090 073 027 018
Titratable acidity ~0.59" -0.34" -0.42° 0.88 0707 0397 -056" 0.06 030 0757 078"
AC4s* -0.84™ 075" <0777 05077 095 05277 -0.66T -0377 -020 043 0477
ACS8" -0.30 -008 -0.10 096 0447 023 -037" 033 057 0.847" 086
Ratio of (AC45/ACS8) 077" -0.86"" -0.86"" -0.23 069 043 -044" -0.70"" -0.68"" -031 -0.24

*OH" consumption in the range of pH 4.5 to 5.5, "OH" consumption in the range of pH 5.5 to 8.3.
°: significant at 5 %, " significant at 1 %, ~; significant at 0.1 %.
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Chapter 8
General discussion

8.1 Soils in the Experimental Forest in comparison with previously-reported forest soils
from the viewpoint of pedogenesis

Amorphous compounds in the illuvial B horizons in the Experimental Forest, which
arc formed through redox reaction of Fe and/or hydrolysis of Al, are often rich in compounds
which do not form complexes with organic matter as compared with those in the surface
horizons (Chapter 2). Even organo-mineral compounds present in the B horizons showed a
low molar ratio of humus to metal ions (Chapter 6). This metal-rich, humus-poor
characteristic of the B horizons was apparently different from typical spodic horizons rich in
organo-mineral complexes, rather similar to the illuvial B horizons with insufficient
accumulation of organic matter (Farmer et al. 1980; Farmer and Fraser 1982).

A low content of Sio in this study, however, indicates that amorphous aluminosilicates
or imogolites, which is often observed in the podzolic B horizons with a low content of
organically—complexed amorphous compounds, scarcely exist in the B horizons of this study.
As allophane and imogolite are present in soils with pH(H20) > 4.9 (Shoji et al. 1982), the
soils in this study area appear to be too acidic (pH 4.2 to 4.7 in most of the B horizons) for
these compounds to be formed. This quite a low pH of the soils in the Experimental Forest
is considered to be derived from parent materials with low contents of basic cations under a
high acid load, and is a notable characteristic of the forest soils in this study arca.

Hirai et al. (1991) reported that soils developed under cool temperate forests and on
parent materials little affected by volcanic ashes, including the soils in the Experimental
Forest, are characterized by the formation of crystalline clay minerals and a relatively large
amount of amorphous oxides, particularly Al-, Fe~humus complexes. They designated these
soils typical 'Brown Forest Soils'. Therefore, the pedogenetic processes discussed in the
present study, especially Al translocation and the forming process of organo-mineral
complexes in the B horizons, are considered to be widely observed in the arca of the 'Brown
Forest Soils'.

For Fe translocation through redox reaction, the nature of parent materials or soil
texture could be an essential factor. Moreover, an intensive acidification with depletion of
amorphous Al in the surface and an additional physical load such as snow cover would be
indispensable for the formation of dense surface horizons in the soils along mountain ridges.
In Japan, these conditions could be found in many of mountainous areas along the Japan Sca.

8.2 Estimation of time needed for podzolization in the Experimental Forest

Some assumptions must be made for an estimation of time needed for podzolization.
First, the author defines the degree of podzolization in terms of the amount of translocated
Fe from E to Bs horizon (trFesolid in mol m™), as is computed by Eq. 8.1, assuming that
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translocation from/to another horizon is negligible and the initial total chemical composition
of the parent material was homogeneous throughout the profile. Second, the rate of Fe
translocation at present may be calculated from the difference of Fe concentration in the soil
solution between the E and Bs horizon (trFesolu in mol m™ yr'') (Eq. 8.2). Finally, it is
assumed that Fe has been translocated at the same rate as today since the initial stage of
podzolization. Then, time needed for translocation of Fe as observed today (Tp in yr) is
calculated by Eq. 8.3.

trFesoild = 1/2 * ( Fet(Bs) * BD(Bs) * Thick(Bs) - Fet(E) * BD(E) * Thick(E) )

(Eq. 8.1)

where Fet, BD, and Thick represents total Fe content (mol kg™), bulk density (kg m™),
thickness of the horizon (m), and (E) or (Bs) denotes a horizon.

trFesolu = ( Fel(E) — Fel(Bs) ) * ( Ppt — Evap ) (Eq. 8.2)
where Fel represents mean annual concentration of Fe in soil solution, and Ppt and Evap is
mean annual precipitation (2800 mm yr') and evapotranspiration (800 mm yr'; Lake Biwa
Research Institute 1985), respectively.

Tp = trFesolid / trFesolu (Eq. 8.3)

The data used in this calculation and the estimated time for each podzolic profile are
given in Table 8.1. It is concluded that, though quite rough, the podzolic soils in the
Experimental Forest is considered to be formed for at least several thousand years with
respect to Fe translocation.

8.3 Further studies needed for elucidating pedogenetic processes in the forest soils in
the Experimental Forest

To investigate the soil-forming processes in the Ashiu Experimental Forest, this study
was conducted through a comparative analysis of characteristics of the soils and soil solution
composition. This kind of data or interpretations should be examined experimentally under
the controlled conditions. Some problems appeared in the course of the present study are
listed follows:

1) To elucidate the process of Al illuviation in the B horizons, the thermodynamic data
about amorphous aluminosilicate minerals are indispensable. In the present study, the author
concluded that hydrolyzed products in the B horizons are not amorphous aluminosilicates but
amorphous aluminum hydroxides without supporting thermodynamic data (Chapter 4). This
should be reexamined experimentally.

2) To analyze interactions between organic matter and metals in the soil solution, a
comprehensive fractionation scheme of dissolved organic matter should be developed.
Characterization of humic fractions is not sufficient (Chapter 6), and more reactive but
unstable fractions such as low molecular weight organic acids must be characterized with
special reference to their reaction with metals in the pedogenetic processes.

3) In order to apply the pedological information to forest management, it is necessary
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to know distribution of soil acidification intensity in its relation to topographical and/or
vegetational factors.

Table 8.1. Estimation of time needed for progress of
podzolization in the Experimental Forest.

Site Hor. Fet' B.D. Thick Fel  dFesolid dFesolu  Tp
(mol (kg (m) (mol {mol (mol (yr)
kg) m?) L) m?) m? yr)

N-4b AB 069 730 0.6 0.79*10°°
Bs 138 550 0.15 0.13*10° 419 00128 32%10°

H-1a E 028 %0 013 1.20*10°°
Bs 101 850 015 020010° 472 00194 24*10°

Sw-1 E 047 1010 008 0.34*10°°
Bs 101 700 0322 0.13*10° 58.7 00072 14.0*10°

*Oven dried basis.
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Chapter 9
Summary and conclusions

9.1 Soil-forming processes in the Experimental Forest

In order to investigate soil-forming processes in the Experimental Forest in reference
to the theories of podzolization, on-going soil-forming processes were examined by a study
of soil solution composition (Chapter 3). Two important results were obtained; (1) dynamics
of Fe and/or Al appeared to be controlled by soil solution pH, (2) whereas dissolved organic
carbon (DOC) did not necessarily illuviated simultancously with metal ions in the B horizons.
This phenomenon was apparently inconsistent with the organo-mineral theory and, thus, more
detailed studies on the dynamics of Al, Fe¢, and DOC were conducted.

Dynamics of Al in the forest soils were investigated based on the speciation of Al in
the soil solution (Chapter 4). More than 60 % of dissolved Al were inorganic monomeric
species, whereas only a minor portion was organically-complexed or polymeric Al. The
concentration of inorganic monomeric Al was controlled by the soil solution pH, that is, a
higher concentration of Al was detected in soil solution with pH below 5. Based on the ionic
activity of Al ions in the soil solution along with the thermodynamic data of the soil minerals,
the soil solution was considered to be gradually saturated with amorphous Al(OH); as it flew
into the illuvial B horizons. A certain amount of Al was detected in a colloidal fraction
without Si component, especially in the soil solution with a high Al saturation, suggesting that
polymeric Al hydroxides may be the major products of hydrolytic reactions.

These results suggest that Al translocation in the soil profile in this region occurs
mainly in the form of inorganic Al species. A large amount of NO, as well as organic acids
may be responsible for a decrease of the pH of the soil solution in the surface horizons. Al
is eluviated from the surface due to soil acidification, and precipitates as a result of hydrolytic
reactions associated with an increase of the soil solution pH in the subsoil.

Dynamics of Fe in the forest soils were investigated in relation to soil physical
properties (Chapter 5). The podzolic soils in the Experimental Forest were characterized by
dense eluvial horizons with a higher bulk density and a lower volume of coarse pores and a
lower water permeability in comparison with the underlying B horizons or the surface
horizons of brown forest soils. This finding suggested a close relationship between the
formation of the dense surface horizon and an active eluviation of Fe under a reduced
condition in these horizons.

Based on a comparison of the physical properties with the chemical and mineralogical
characteristics of the soils, the pedogenetic process of the podzolic soils in this region was
assumed as follows: Al cluviation from the surface horizons due to strong acidification
resulted in a decrease of the content of amorphous Al compounds, leading to a weakening of
the crumb structure. As a result, the dense surface horizons with low water permeability and
reduced condition were formed. This should have promoted active eluviation of Fe from the
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surface horizons.

Nature and dynamics of organic matter in the forest soils were examined based on the
characterization of humic substances and their dynamics in the soil solution (Chapter 6).
According to the functional group and 'H-NMR analyses, the fulvic acids in this area,
especially those from soil solutions and litter extracts, exhibited a low metal-chelating
capacity and played a certain role in pedogenesis through the supply of protons. On the other
hand, based on the estimated content of dissociated acidic functional groups of dissolved
organic matter in the soil solution, it was considered that acidic functional groups were not
fully saturated with metal jons. The dynamics of dissolved organic matter with negative
charges in the profiles were considered to be controlled by the adsorbing capacity of
amorphous compounds of Al and Fe in the soil solid phase, which had previously been
translocated mainly in inorganic forms.

The amorphous compounds thus illuviated in the B horizons had a relatively low
Alp/Alo or Fep/Feo ratio, suggesting abundance in compounds which do not form complexes
with organic matter, as compared to the surface horizons, and the organo-mineral compounds
showed a low molar ratio of acidic functional groups of humus to metal ions.

In conclusion, the soil-forming processes in the Experimental Forest may be described
as follows: Al migrated mainly in inorganic monomeric forms as acidity increased, and Fe
subsequently migrated in a reduced form from dense surface horizons poor in amorphous Al
as a result of an intensive eluviation. Redistributed Fe and/or Al oxides were considered to
control the dynamics of dissolved organic matter in the profile through adsorption. Therefore,
the degree of eluviation and illuviation of Al in the soil profile was considered to primarily
determine the pedogenetic features of the profile by controlling the dynamics of Fe and/or
dissolved organic matter.

9.2 Pedogenetic acidification process in the Experimental Forest

The significance of soil acidification in the natural soil-forming processes was
revealed in the course of the pedogenetic studies of the forest soils. In order to investigate the
details involved in the pedogenetic acidification process of the forest soils, the acid and alkali
titrations of the soils were conducted (Chapter 7). The titratable alkalinity was highly
correlated with amorphous Al content (Alo), suggesting its importance in the in situ acid
buffering by the soil solid phase. On the other hand, the titratable acidity, which generally
increased from the C to the surface horizon, was correlated with both the contents of
exchangeable Al and organic carbon that is complexed with amorphous Fe and/or Al (Cp).
The pedogenetic acidification was considered to involve both increasing and a following
decreasing processes of the titratable acidity; that is, an increasc of the organo-mineral
complexes in the C to B horizons, an increase of exchangeable Al in the upper B horizons,
and depletion of both organo-mineral complexes and exchangeable Al in the E horizon of the
podzolic profiles.
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From the consideration of the physico—chemical properties and the titration data of the
soil solid phase, the pedogenetic process which a subsoil horizon in this area undergoes in
relation to the soil acidification may be described as follows: The first stage of soil
acidification is characterized by an increase of amorphous Al compounds as a result of Al
illuviation in a weak podzolization and a subsequent adsorption of dissolved organic matter
onto the Al compounds. The second stage of acidification is characterized by a successive
monomerization of amorphous Al hydroxides by an increase in acidity, and the third stage
of acidification is characterized by a decreased amorphous Al and an active eluviation of Al,
and often of Fe.

The above—characterized stages might be typical for subsoil horizons, in which an
acidification process is relatively slow. In this process, organo-mineral complexes or
cxchangeable Al could be regarded as a temporary storage of acidity that would be finally lost
from that horizon through dissolution and eluviation to deeper horizons as a result of further
acidification. In the case of a very surface horizon that undergoes an intensive acidification,
the initial and second stage might simultanecously proceed without a typical first stage because
no Al illuviation occurs there.

Each profile may be described by a combination of horizons at one or another of the
above~characterized stages, and a podzolic soil in this area may be regarded as a highly
acidified brown forest soil.
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APPENDIX 1
Soil Profile Description
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Sawadani-2 (Sw-2)
Soil type: Brown forest soil.
Vegetation: Cryptomeria japonica, Quercus mongolica, Aucuba japonica.
Topography: Gentle slope facing south, gradient 10°, on the crest stretching from southwest
to northeast.
Altitude: 750 m.
Parent rock: Paleozoic shale.

Hor. Depth Description
(cm)

LF 3-0

A 0-2  Very dark brown (7.5YR2/3); moist; clay; moderate medium crumb; very
friable; slightly sticky, very plastic; many roots; no stone; abrupt smooth
boundary to

AB 2-11 Brownish black (7.5YR3/2); moist; clay; moderate medium crumb; friable;
sticky, very plastic; many roots; no stone; clear wavy boundary to

BA 11-25 Brown (7.5YR4/4); moist; clay; moderate medium subangular blocky; friable;
sticky, plastic; common roots; no stone; clear smooth boundary to

Bw 25-50 Bright brown (7.5YR5/6); moist; clay; moderate medium subangular blocky;
friable; sticky, plastic; common roots; no stone; gradual smooth boundary to

BC 50-72 Yellowish brown (10YR5/6); moist; clay; moderate medium subangular
blocky; friable; sticky, plastic; few roots; few moderately weathered pebbles;
clear wavy boundary to

& 72-80 Yellowish brown (10YRS5/6); moist; massive; no root

Nodabata-1b (N-1b)
Soil type: Brown forest soil.
Vegetation: Fagus crenata, Quercus mongolica, Aucuba japonica, Cephalotaxus drupacea,
Benzoin umbellatum.
Topography: Convex slope facing west, gradient 15°, on the gentle hillslope.
Altitude: 750 m.
Parent rock: Paleozoic shale.

Description
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Hor. Depth
(cm)
LF 3-0
A 0-5
BA 5-19
Bw 19-55
BC 55-86
C  86-99

Dark brown (7.5YR3/4); moist; clay; moderate medium crumb; friable;
slightly sticky, very plastic; many roots; few moderately weathered gravels;
clear smooth boundary to

Brown (7.5YR4/6); moist; clay; moderate fine crumb; very friable; slightly
sticky, plastic; many roots; few moderately weathered gravels; clear smooth
boundary to

Bright brown (7.5YRS5/6); moist; clay; moderate fine subangular blocky;
friable; sticky, plastic; common roots; few moderately weathered gravels;
clear smooth boundary to

Bright brown (7.5YRS5/6); moist; clay; moderate coarse angular blocky;
friable; sticky, very plastic; few roots; few moderately weathered gravels;
clear smooth boundary to

Bright yellowish brown (10YR6/6); moist; clay; massive; few roots; many
slightly weathered gravels to pebbles
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Hatchu-2 (H-2)
Soil type: Brown forest soil.
Vegetation: Cryptomeria japonica, Fagus crenata, Acer sieboidianum, Sasa sp.
Topography: Gentle slope facing northeast, gradient 20°, on the crest stretching from
northeast to southwest.
Altitude: 880 m.
Parent rock: Paleozoic shale.

Hor. Depth Description
(cm)
L 5-0

A 0-6  Brownish black (7.5YR2/2); moist; clay; moderate medium crumb; loose;
slightly sticky, very plastic; many roots; no stone; clear smooth boundary to

AB  6-14 Dark brown (7.5YR3/4); moist; clay; moderate medium crumb; very friable;
sticky, very plastic; many roots; no stone; clear wavy boundary to

BA 14-28 Yellowish brown (10YR5/6); moist; clay; moderate fine subangular blocky;
friable; sticky, very plastic; common roots; no stone; gradual wavy boundary
to

Bw 28-48 Yellowish brown (10YRS/8); moist; clay; moderate medium subangular
blocky; friable; sticky, very plastic; few roots; no stone; clear smooth
boundary to

BC 48-60 Dull yellow orange (10YR6/3); moist; clay; weak coarse subangular blocky;
friable; sticky, plastic; few roots; many moderately to strongly weathered
pebbles; abrupt wavy boundary to

R 60+

Sugio-3 (5-3)

Soil type: Brown forest soil.

Vegetation: Cryptomeria japonica, Fagus crenata, Quercus mongolica, Sasa sp., Benzoin
umbellatum.

Topography: Gentle slope facing south, gradient 9°, on the small crest stretching from west
to cast.

Altitude: 760 m.

Parent rock: Paleozoic shale.
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Hor. Depth Description
(cm)
LF  3-0

A 0-8  Brownish black (5YR2/2); clay; moderate crumb; many roots; common
mycelia; few strongly weathered small pebbles: clear wavy boundary to

AB 8-34 Brown (7.5YR4/4); clay; moderate coarse subangular blocky, breaking into
fine blocky; friable; common roots; few strongly weathered gravels; clear
wavy boundary to

BA 34-48 Brown (7.5YR4/4); clay; moderate coarse subangular blocky; friable; common
roots; few strongly weathered gravels; clear smooth boundary to

Bw 48-70 Bright brown (7.5YR5/6); clay; moderate coarse blocky; slightly firm;
common roots; no gravel; clear smooth boundary to

BC 70-95 Bright brown (7.5YR5/6); clay; moderate coarse blocky; friable; few roots;
no gravel
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Nodabata-4b (N-4b)
Soil type: Podzolic soil.
Vegetation: Fagus crenata, Quercus mongolica, Sasa sp.
Topography: Flat, gradient 0°, on the crest stretching from south to north.
Altitude: 790 m.
Parent rock: Paleozoic shale.

Hor. Depth Description
(cm)

L 3-0 . ‘

A 0-6 Black (7.5YR2/1); moist; clay; moderate fine crumb; loose; slightly sticky,
very plastic; many roots; no stone; clear smooth boundary to

AB  6-12  Dark brown (7.5YR3/3); moist; clay; moderate medium subangular blocky;
very friable; slightly sticky, very plastic; many roots; no stone; clear wavy
boundary to )

BA 12-15 Dark brown (7.5YR3/4); moist; clay; moderate angular blocky; very friable;
slightly sticky, very plastic; many roots; no stone; clear wavy boundary to

Bs 15-30 Brown (7.5YR4/6); moist; clay; moderate fine subangular blocky; friable;
sticky, very plastic; many roots; no stone; clear wavy boundary to

Bwl 30-40 Bright brown (7.5YRS5/8); moist; clay; moderate medium subangular blocky;
friable; sticky, very plastic; common roots; no stone; clear smooth boundary
to

Bw2 40-52 Bright brown (7.5YRS5/6); moist; clay; moderate coarse subangular blocky;
friable; sticky, vary plastic; common roots; no stone; clear smooth boundary
to

BC 52-83 Bright brown (7.5YRS5/8); moist; clay; moderate coarse angular blocky;
friable; sticky, very plastic; common roots; no stone; clear smooth boundary
to

C  83-100 Bright brown (7.5YRS5/8); moist; clay; massive; sticky, very plastic; few

roots; no stone

Hatchu-1a (H-1a)

Soil type: Podzolic soil.

Vegetation: Magnolia salicifolia, Hydrangea paniculata, Quercus mongolica, Fagus crenata,
Cryptomeria japonica, Daphniphyllum humile.

Topography: C(}:nvcx slope facing west, gradient 20°, on the crest stretching from south to
north.

Altitude: 765 m.

Parent rock: Paleozoic shale.

Description

Hor. Depth
(cm)
LF 3-0
A 0-1
E 1-14
BE 14-21

Bsl 21-36

Bs2 36-58

BC 58-60

Brownish black (7.5YR2/2); moist; clay; moderate medium crumb; many
roots; no stone; clear wavy boundary to

Dull yellowish brown (10YRS5/3); clay loam; weak fine subangular blocky;
friable; few roots; few slightly to moderately weathered small pebbles; clear
wavy boundary to

Bright yellowish brown (10YR6/6); clay; moderate medium subangular
blocky; friable; few roots; common mycelia; few slightly to moderately
weathered small pebbles; clear wavy boundary to

Brown (10YR4/6); clay; moderate fine to medium subangular blocky; very
friable; many roots; few mycelia; few slightly to moderately weathered small
pebbles; clear smooth boundary to

Yellowish brown (10YRS5/6); clay; weak fine to medium subangular blocky;
very friable; few roots; many slightly to moderately weathered small pebbles;
clear smooth boundary to

Dark brown (10YR3/4); clay; dominant slightly to moderately weathered
pebbles to cobbles; organic matter accumulated on the rock
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Hatchu-1b (H-1b)

Soil type: Podzolic soil.

Vegetation: Magnolia salicifolia, Hydrangea paniculata, Quercus mongolica, Fagus crenata,
Cryptomeria japonica, Daphniphyllum humile.

Topography: Convex slope facing west, gradient 20°, on the crest stretching from south to
north.

Altitude: 765 m.

Parent rock: Paleozoic shale.

Description

Hor. Depth
(cm)
LF  3-0
A 0-9
B 9=19
Bsl 19-22
Bs2 22-36
BC 36-49

Brownish black (5YR2/2); moist; clay; moderate medium crumb; very friable;
slightly sticky, plastic; many roots; no stone; clear smooth boundary to
Grayish brown (5YR4/2); moist; clay; weak medium subangular blocky;
friable; slightly sticky, very plastic; common roots; common strongly
weathered pebbles; clear wavy boundary to

Dark reddish brown (5YR3/3); moist; clay; weak medium to fine subangular
blocky; very friable; slightly sticky, very plastic; common roots; common
strongly weathered pebbles; clear wavy boundary to

Brown (7.5YR4/6); moist; clay; moderate fine subangular blocky; very
friable; slightly sticky, very plastic; common roots; common moderately
weathered pebbles; clear wavy boundary to

Yellowish brown (10YR5/6); moist; clay; moderate medium subangular
bl%%liy; very friable; slightly sticky; very plastic; many moderately weathered
pebbles

Sawadani-1 (Sw-1)

Soil type: Podzolic soil.

Vegetation: Cryptomeria japonica.

Topography: Convex slope facing east, gradient 26° on the crest stretching from southwest
to northeast.

Altitude: 750 m.

Parent rock: Paleozoic shale.

Description
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Hor. Depth
(cm)
LFH 4-0
A 0-2
E 2-10
EB 10-22
Bs 22-45
BC 45-60
C 60-73

Reddish black (10R2/1); moist; clay; moderate medium crumb; very friable;
tsllghtly sticky, very plastic; many roots; no stone; abrupt smooth boundary
0

Grayish brown (7.5YR4/2); moist; clay; moderate medium subangular blocky;
friable; slightly sticky, plastic; common roots; few strongly weathered gravels
to pebbles; clear wavy boundary to

Brown (7.5YR4/4); moist; clay; moderate medium subangular blocky; friable;
slightly sticky, plastic; common roots; few strongly weathered pebbles; clear
wavy boundary to

Brown (7.5YR4/6); moist; clay; moderate medium subangular blocky; sticky,
plastic; common roots; few strongly weathered pebbles; clear smooth
boundary to

Yellowish brown (10YRS5/6 to 5/8); moist; clay; weak medium subangular
blocky; friable; sticky, plastic; few roots; common moderately weathered
pebbles: clear smooth boundary to

Yellowish brown (10YRS5/8); moist; clay loam; massive; slightly sticky,
plastic; few roots; abundant slightly weathered pebbles
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Sawadani-3 (Sw-3)
Soil type: Podzolic soil. _
Vegetation: Cryptomeria japonica, Lindera umbellata. 3 _
Topography: Convex slope facing northwest, gradient 25° on the crest stretching from
southwest to northeast.
Altitude: 745 m.
Parent rock: Paleozoic shale.

Hor. Depth Description
(cm)
LF 2-0

A 0-6 Brownish black (5YR2/2); moist; clay; weak medium crumb; very friable;
slightly sticky, plastic; many roots; no stone; abrupt wavy boundary to

E 6-12  Grayish brown (7.5YR4/2); moist; clay; weak medium subangular blocky;
friable; slightly sticky, very plastic; few roots; few strongly  weathered
gravels; clear smooth boundary to ;

EB 12-20 Bright yellowish brown (10YR6/6); moist; clay; moderate medium subangular
blocky; friable; sticky, plastic; few roots; few strongly weathered gravels;
clear wavy boundary to

Bs 20-75 Bright brown (7.5YRS5/6 to 5/8); moist; clay; weak fine subangular blocky;
loose; sticky, plastic; few roots; many strongly weathered cobbles
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Sawadani-4 (Sw-4)
Soil type: Podzolic soil.
Vegetation: Cryptomeria japonica, Acer sieboldianum Miq.
Topography: Steep slope facing west, gradient 30°, on the crest stretching from southwest
to northeast.
Altitude: 750 m.
Parent rock: Paleozoic shale.

Hor. Depth Description
(cm)

L 10-5

FH 5-0

A 0-4 Reddish black (2.5YR2/1); moist; clay loam; moderate medium crumb; very
friable; slightly sticky, very plastic; many roots; no stone; clear smooth
boundary to

E 4-22  Grayish brown (7.5YR4/2); moist; clay; moderate medium subangular blocky;
friable; slightly sticky, plastic; few roots; many strongly weathered gravels;
clear smooth boundary to

EB  22-29  Dark brown (7.5YR3/3); moist; clay; moderate coarse angular blockys; friable;
slightly sticky, plastic; common roots; many strongly weathered gravels; clear
smooth boundary to

Bs  29-50  Brown (7.5YR4/4); moist; clay; weak medium angular blocky; very friable;
slightly sticky, plastic; common roots; many strongly weathered gravels; clear
smooth boundary to

C  50-65 Bright yellowish brown (10YR6/6); moist; clay; massive; few roots; abundant
slightly weathered cobbles
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APPENDIX 2
Analytical Data
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Table 1-1. General chemical properties (1). Table 1-2. General chemical properties (1).
Site Depth —————————- Exchangeable cations —=—=—~-——-—- ECEC Nat+K+ Site Depth ————-——— Exchangeable cations ~—--—-~—- ECEC NatK+
and Na K Mg Ca Al H Mg+Ca and Na K Mg Ca Al H Mg+Ca
horizon  (cm) (emol(+) kg') horizon  (cm) (amol(+) kg™)
Sw-2 N-4b
A 0-2 021 035 108 644 1083 231 21.2 8.08 A 0-6 027 031 156 111 873  4.61 16.6 3.25
AR, 2931 010 023 039 075 171 076 13.9 147 AB 6-12 018 015 066 031 1464 3.69 19.6 1.30
BA  11-25 011 016 015 021 807 013 8.8 0.63 BA  12-15 014 012 033 013 1455  3.63 18.9 0.72
Bw  25-50 009 011 010 032 613  0.10 6.9 0.62 Bs  15-30 012 014 024 006 1243 071 13.7 0.56
BC  50-73 012 010 008 017 504 006 5.6 0.47 Bwl  30-40 011 015 014 004 689  0.61 7.9 0.44
c 73-80 004 008 007 009 472 000 5.0 0.28 Bw2  40-52 012 015 010 004 6.68 000 7.1 041
N-1b BC 52-83 012 013 009 003 578 014 63 0.37
A 0-5 017 041 073 086 803 208 12.3 2.17 e 83-100 012 012 008 002 470 013 5.2 0.34
BA  5-19 013 024 022 017 625  0.65 7.7 0.76 H-1a
Bw  19-55 010 011 004 004 312 000 34 0.29 A 0-1 020 084 556 582 580 220 204 1239
BC  55-86 011 013 005 005 292 000 33 0.34 E 1-14 006 007 022 014 920 070 104 049
5 86-99 009 008 004 006 295 023 35 0.27 BE  14-21 012 011 020 021 1510 030 160 0.64
H-2 Bsl  21-36 011 014 017 015 930 0.0 99 058
A 0-6 028 025 090 155 1224 155 16.8 2.98 Bs2  36-58 009 012 006 006 460 030 53 035
AB 6-14 016 021 035 044 1212 168 15.0 1.16 BC  58-60 008 008 004 006 370 040 44 027
BA  14-28 015 016 016 025 921 080 10.7 0.72 H-1b
Bw  28-48 012 012 010 012 636 016 70 0.46 A 0-9 028 037 138 179 654 415 145 3.82
BC  48-57 013 011 010 016 526 000 58 0.50 E 9-19 008 009 024 025 794 192 10.5 0.66
§-3 Bst  19-22 010 013 009 015 1671 110 183 047
A 0-8 034 047 136 179 1340 160 19,0 3.95 Bs2  22-36 011 013 020 013 893 139 109 057
AB1 821 013 026 026 017 1080  0.60 12.2 0.83 BC  36-49 010 011 005 019 747 002 79 045
AB2  21-34 012 017 011 006 640 010 70 0.45 Sw-1
BA  34-48 013 012 008 006 450  0.00 49 0.37 A 0-2 034 038 169 102 688  4.63 14.9 343
Bw  48-70 012 015 052 006 450 070 6.1 0.86 E 2-10 010 017 027 022 1336 187 16.0 0.76
BC  70-95 013 014 011 008 430 010 4.9 0.45 EB  10-23 015 016 015 039 1781 142 20.1 0.85
Bs 2345 008 014 012 015 1558  0.65 16.7 0.49
All the data are given on an oven dried basis, BC  45-60 017 010 005 017 633 005 6.9 0.49
c 60-73 004 002 002 027 252 004 2.9 0.35
Sw-3
A 0-6 029 021 287 618 349 268 15.7 9,55
B 6-12 011 014 037 078 1091 141 13.7 140
EB  12-20 004 010 021 024 19.69 041 207 0.59
Bs  20-75 016 013 013 063 1090 007 12,0 1.05
Sw-4
A 0-4 049 042 159 043 501 459 12,5 2.93
E 4-22 006 009 012 003 886 151 10.7 030
EB 2229 013 010 012 004 1503 093 16.4 039
Bs  29-50 021 012 011 003 1678 139 18.6 047
C 50-65 009 009 004 003 761 072 8.6 0.25
All the data are given on an oven dried basis,
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Table 2-1. General chemical properties (2). Table 2-2. General chemical properties (2).
Site  Depth CEC* Base ECEC Total' Total' Phosphate Moisture* Site Depth CEC* Base ECEC  Towl' Total' Phosphate Moisture®
and satur. JCEC C N reiention  content and satur. /CEC [ N relention  content
horizon (cm) (cmol kg™) (%) (%) (“107kg (*107kg (%) (*107 kg horizon (cm) (cmol kg?) (%) (%) (107kg (*107kg (%) (*107kg
ke’) kg kg") kg”)  kg™) kg™)
Sw-2 N-4b
A 0-2 623 1297 341 2”9 116 60.0 10.0 A 0-6 622 522 %A 213 136 53.0 80
AB 2-11 429 343 325 123 o 82.0 97 AB 6-12 402 323 488 102 0.61 77.5 6.2
BA  11-25 296 213 298 49 029 83.1 6.2 BA  12-15 344 209 S50 58 035 87.3 54
Bw  25-50 282 220 243 41 023 81.7 6.4 Bs 15-30 308 182 445 53¢ 032 93.8 6.7
BC  50-73 241 195 232 14 D08 76.1 6.1 Bwl  30-40 206 214 386 21 016 93.8 59
¢ 73-80 P17 129 . 730 09 007 57.7 43 Bw2  40-52 198 207 358 15 012 85.1 5.0
N-1b BC  52-83 195 190 323 15 012 §2.1 4.9
A 0-5 39.7 547 309 12.2 0.93 76.7 6.3 [ 83-100 19.4 1.76 26.7 1.3 0.12 83.4 4.7
BA 5-19 263 289 291 55 040 82.0 52 H-1a
Bw 19-55 19.9 1.46 17.1 i3 023 93.1 57 A 0=3 605 2048 33.7 244 1.23 11.8 11.4
BC 55-86 175 1.94 18.6 23 0.17 90.1 5.3 E 1=14 136 3.60 76.4 2.1 0.15 31.3 20
c 86-99 1.1 243 310 10 on 60.4 il BE  14-21 250 256 642 40 024 86.1 50
H-2 Bsl  21-36 359 162 215 65 032 94.8 217
A 0-6 3713 798 449 115 060 81.0 6.6 Bs2  36-58 313 112 168 60 032 98.8 7.6
AB 6-14 315 368 475 75 047 B3.7 6.3 BC 58-60 26.5 102 165 6.1 0.28 98.8 75
BA  14-28 235 307 458 49 030 84.8 6.0 H-1b
Bw  28-48 158 291 442 18 o1 718 4.7 A 0-9 712 1023 204 281 168 46.4 7.2
BC 48-57 134 375 431 1.3 008 73.8 4.3 E 9-19 178 210 591 290 033 209 2.0
5-3 Bs1  19-22 337 200 543 54 029 86.5 4.6
A 0-8 63.7 621 298 26 124 61.8 9.0 Bs2 22-36 275 361 396 42 021 792 4.3
AB1  8-21 386 214 316 88 045 93.6 7.3 BC  36-49 190 337 419 33 018 68.4 34
AB2  21-34 300 152 233 61 032 97.7 7.0 Shed
BA 3448 269 138 182 46 024 99.3 6.8 A 0-2 693 495 216 U6 137 21.8 93
Bw  48-70 20.1 426 303 L B R 1 97.0 6.0 E 2-10 32.0 238 500 53 037 49.2 318
BC 70-95 16.0 282 307 1. 007 9.5 4.9 EB 10-23 29.9 284 6712 37 026 76.2 4.0
Bs  23-45 339 145 493 37 025 824 6.3
*Oven dried basis. BC  45-60 234 209 294 29 018 74.4 54
C 60-73 o S < O 7 12 009 58.0 15
Sw-3
A 0-6 660 1447 238 275 138 24.0 7.6
E 6-12 326 429 421 44 024 35.8 32
EB  12-20 248 238 834 24 018 59.2 4.0
Bs  20-75 336 313 358 31 020 73.9 6.0
Sw-4
A 0-4 630 465 199 02 107 204 6.0
E 4-22 1790 E&8 597 26 015 334 21
EB  22-29 260 150 628 21 0413 56.0 2.7
Bs  29-50 273" T3 683 33 018 834 43
C 50-65 158 158 548 14 009 62.0 32
*Oven dried basis.
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Table 3-1. General chemical properties (3).

Site Depth pH pH pH STPT method PAT method
and HO0 KO MNafF @ ——— ———————— -—
horizon  (cm) Zrc o ZrC o
(cmol kg™) (emol kg™')
Sw-2
A 0-2 382 2, 7.05 3.18 3.89 <30 n.d.
AB 2-11 405 317 848 3.56 232 352 0.99
BA 11-25 435 353 9.68 398 0.87 3.89 0.15
Bw  25-50 450 369 1035 3.99 1.32 4.24 042
BC 50-73 473 317 10M 4.08 0.82 436 - 0.02
C 73-80 468 370 9.67 4.06 0.80 426 0.08
N-1b
A 0-5 391 344 8.13 379 2.14 3.57 1.42
BA 5-19 422 380 9.69 4.03 1.82 4.15 0.00
Bw 19-55 454 422 11.64 4.59 022 4.46 0.07
BC 55-86 463 416 1138 441 041 452 - 006
C B6-99 465 4.03 9.90 444 0.14 448 - 008
H-2
A 0-6 378 325 7.89 372 1.39 <30 n.d.
AB 6-14 400 347 8.69 3.76 1.96 3.718 0.52
BA 14-28 4325 32 944 4.08 0.99 414 - 008
Bw  28-48 450 350 9.90 417 0.96 428 0.00
BC  48-57 465 395 9.92 4.36 0.31 428 0.22
5-3
A 0-8 350 292 6.91 5 -
AB1 8-21 431 355 943 3.89 0.38
AB2  21-34 456 389 1078 i 5 427 0.00
BA 34-48 467 401 1112 432 0.27 442 -010
Bw  48-70 465 395 10.66 4.11 0.65 4.24 0.54
Bc 70-95 466 396 1042 438 019
*Oven dried basis.
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Table 3-2. General chemical properties (3).

Site Depth pH pH pH STPT method PAT method
and HO KC  NaF
horizon  (cm) 4 o Zrc: o
(emol kg™) (cmol kg™)
N-4b
A 0-6 359 288 6.72 <30 n.d. < 30 n.d.
AB 6-12 376 294 7.48 313 391 <30 n.d.
BA  12-15 384 321 8.38 i1 2M4 348 115
Bs 15-30 405 352 B.95 3.74 1.86 3.76 0.70
Bwl  30-40 436  3.85 10.16 4.06 1.00 4.16 0.85
Bw2 40-52 449 397 1029 4.16 0.69 434 - 009
BC  52-83 449 401 1035 416 076 429 031
C 83-100 457 405 10.81 441 0.08 425 0.69
H-1a
A 0-1 356 | 275 6.13 ¥ p
E 1-14 391 290 7.3 <30 n.d.
BE 14-21 426 333 8.61 3 : g .
Bsl  21-36 473 373 10.00 393 2.68 4.06 0.76
Bs2  36-58 482 400 1136 4.16 0.67 - .
BC 58-60 471 410 1149 . 431 0.00
H-1b
A 0-9 369 294 6.47 i : <30 n.d.
E 9-19 367 287 7.24 <30 n.d, <30 n.d.
Bsl  19-22 388 324 8.56 348 282 359 092
Bs2 22-36 418 365 9.62 386 1.68 394 0.23
BC  36-49 430 377 1016 394 140 408 031
Sw-1
A 0-2 343 237 6.43 <30 n.d. <30 nd.
E 2-10 365 260 7.38 3.04 1.49 <30 n.d.
EB 10-23 3.97 299 8.51 358 116 <30 nd,
Bs 23-45 420 319 8.95 378 0.86 <30 n.d.
BC 45-60 458 3.58 10.83 4.20 0.38 4.18 0.18
G 60-73 471 395 11.39 4,38 0.24 458 -0.04
Sw-3
A 0-6 373 263 6.54 <30 nd. <30 n.d.
B 6-12 368 253 7.24 <30 n.d. < 3.0 n.d.
EB 12-20 3.74 261 7.83 < 3.0 n.d. < 3.0 n.d.
Bs 20-75 429 344 9.42 3.84 0.88 3.80 0.78
Sw-4
A 0-4 319 250 6.17 . .
E 4-22 351 289 7.30 5 .
EB  22-2¢% 373  3.06 8.03 a
Bs 29-50 390 335 8.80 .
(& 50-65 421 362 9.44 .
*Oven dried basis.
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Table 4-1. Sesquioxidic properties.

Table 4-2. Sesquioxidic properties.

Site Depth Alo*  Feo'  Sio* Alp* Fep* Sip* Cp* Ald*  Fed* Sid* Fep Alp Cp
and -—— e emmm—e - [Feo  [Alo  [(Fep
horizon  (cm) (107 kg k™) (*107% kg kg™ (4107 kg kg'') +Alp)*
Sw-2
A 0-2 069 095 004 059 091 000 4.63 096 210 022 096 086 10.1
AB 2-11 0.81 122 004 072 131 000 351 101 298 017 107 089 58
BA 11-25 0.81 140 0,04 066 101 000 1.80 113 348 (12 072 081 3.5
Bw 25-50 092 134 006 060 089 000 1.61 128 333 013 0.66 0.65 35
BC 50-73 085 036 010 045 027 001 0.64 104 208 0.8 075 053 25
& 73-80 045 026 005 023 015 000 032 077 228 012 058 051 24
N-1b
A 0-5 077 145 004 066 132 010 381 079 260 017 091 0.86 6.6
BA 5-19 101 207 005 081 162 000 261 095 315 009 0.78 080 3.7
Bw 19-55 206 159 029 093 071 001 1.90 1.68 268 020 045 045 34
BC 55-86 1.66 140 023 078 051 005 129 135 248 016 036 047 28
C 86-99 060 072 006 039 040 007 0.54 067 219 007 055 0.65 21
H-2
A 0-6 079 166 002 057 112 005 337 073 25 010 067 072 6.8
AB 6-14 083 182 004 068 137 001 RS 085 322 005 075 082 52
BA 14-28 090 195 003 079 183 000 1.99 101 348 003 094 087 2.7
Bw 28-48 077 115 006 071 1.00 g 1.03 090 307 00 0.87 093 1.9
BC 48-57 066 067 007 057 064 004 0.67 081 250 0.05 096 087 1.7
S-3
A 0-8 069 118 002 061 107 6,45 086 256 028 091 088 12.9
AB1 8-21 114 206 002 116 220 4.04 128 374 006 .07 102 4.1
ABZ 21-34 1.51 208 008 138 156 314 1.64 387 006 075 091 33
BA  34-48 1.68 168 0.14 1.38 125 239 1.83 370 012 0.74 082 21
Bw 48-70 1.14 101 011 072 049 1.06 130 327 010 049 0.63 25
BC 70-95 098 088 015 059 054 % 0.60 101 298 010 0.61  0.60 1.6
*Oven dried basis, *Atomic ratio,
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Site Depth Ale*  Feo'  Sio* Alp*  Fep*  Sip Cp* Ald® Fed* Sid* Fep Alp Cp
wnd Feo  /Alo  [(Fep
horizon  (cm) (*107 kg ke™) (*107" kg kg™") (*107% kg ke™) +Alp)®
N-4b
A 0-6 039 057 002 024 060 013 4,35 0.47 132 0325 106 0.61 18.5
A 6-12 0.51 144  0.06 037 118 005 3.77 0.58 260 0.14 082 072 9.0
BA 12-15 061 216 003 040 144 000 2,65 070 379 011 0.67 0.65 54
Bs 15-30 1.06 348 004 072 142 004 3.06 121 557 010 041 068 4.9
Bwl  30-40 1.01 205 006 059 084 007 1.10 123 443 010 041 058 2.5
Bw2  40-52 098 108 010 055 058 016 1.04 115 341 012 053 056 28
BC 52-83 1.01 099 006 059 051 007 1.01 1.14 316 010 052 058 2.7
C 83-100 112 1400 015 0.57 042 002 0.75 116 280 015 038 051 22
H-1a
A 0-1 026 018 000 026 015 437 051 180 017 083 100 296
E 1-14 016 027 000 013 020 0.64 015« 132 005 074 081 6.3
BE 14-21 067 192 o0Mm 056 118 1.87 075 447 002 0.61 0.84 3.7
Bsl1 21-36 142 286 004 117 134 3.38 1.60 526 0.04 047 082 42
Bs2 36-58 1.79 1.57 012 148 0.87 3.64 198 415 009 055 083 43
BC 58-60 1.62 093 007 159 0.78 3.67 1.90 342 009 0.84 098 42
H-1b
A 0-9 037 044 002 036 039 017 6.36 7 . 3 (.88 098 26.1
E 9-19 019 014 003 016 032 007 0.87 019 097 009 084 083 9.0
Bsl 19-22 067 220 002 054 126 004 35 064 371 007 057 0.80 6.9
Bs2 22-36 0.88 .60 005 066 089 004 271 095 352 010 056 075 5.6
BC 36-49 072 079 003 0.66 070 020 212 080 236 002 089 091 4.8
Sw-1
A 0-2 027 024 003 023 619 008 4.02 033 051 022 079 085 28.1
E 2-10 030 044 003 022 037 006 1.33 034 1.63 013 084 073 o
EB 10-23 0.49 138 003 038 133 006 1.37 051 325 008 096 078 3.0
Bs 23-45 082 228 003 056 156 002 1.69 083 461 008 0.68 0.68 29
BC 45-60 092 144 003 062 070 000 1.49 096 282 009 049  0.67 3.5
C 60-73 083 040 012 049 016 000 059 078 135 014 040 059 23
Sw-3
A 0-6 023 023 002 020 022 012 3.20 025 089 032 096 087 235
E 6-12 036 016 005 0.09 011 0.00 1.00 026 123 020 0.69 025 15.7
EB 12-20 035 054 002 026 031 006 079 042 332 010 057 074 4.3
Bs 20-75 075 136 003 045 056 000 1.35 089 401 008 041 0,60 4.2
Sw-4
A 0-4 030 022 000 021 012 012 354 020 124 017 054 070 29.7
E 4-22 015 012 002 017 013 003 0.88 017 179 009 106 111 8.5
EB 22-29 037 049 001 024 031 005 1.11 028 2392 009 0.63 0.65 6.4
Bs 29-50 0.78 1.77 002 055 106 004 1.94 066 416 009 0.60  0.70 4.1
[ S0-65 053 083 003 046 067 002 091 073 352 609 0.81 037 2.6

*Oven dried basis. "Atomic ratio.
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Table 5-1. Particle size distribution and clay mineral species. Table 5-2. Particle size distribution and clay mineral species.

Site Depth Clay Silt  Fine Coarse Clay mineral species Site Depth Clay Silt  Fine Coarse Clay mineral species
and sand  sand and sand  sand
horizon  (cm) @ @ @ (%) hotizon  (cm) @® % (% (B
Sw-2 N-4b
A 0-2 408 474 8.9 29 H.C.Sm > Vi, Ch, Mica, Kao A 0-6 425 467 9.8 1.1 H.C.Sm > Mica, Kao
AB 2-11 421 460 97 23 Vit > Ch, Mica, Kao Al 6-12 432 458 103 0.6 H.C.Sm > Vi, Mica, Kao
BA 11-25 48 456 7.6 20 2:1-2:1:1 int. > Ch, Mica, Kao, Gb BA 12-15 44.1 442 109 08 Vi > H.C.Sm, Mica, Kao
Bw 25-50 40.9 488 73 2.9 2:1-2:1:1 int, > Ch, Mica, Kao, Gb Bs 15-30 548 363 8.0 0.8 2:1-2:1:1 int. > V1, Mica, Kao, Gb
BC 50-73 468 442 6.1 2.9 2:1-2:1:1 inmt. > Ch, Mica, Kao, Gb Bwl  30-40 48.0  36.6 58 9.7 2:1-2:1:1 int, > Ch, Mica, Kao, Gb
C 73-80 324 390 122 165 2:1-2:1:1 int. > Ch, Mica, Kao, Gb Bw2 40-52 463 455 6.3 19 2:1-2:1:1 int. > Ch, Mica, Kao, Gb
N-1b BC 52-83 520 409 5.7 14 2:1-2:1:1 int. > Ch, Mica, Kao, Gb
A 0-5 491 323 147 3.9 H.C.Sm, Vi, 2:1-2:1:1 int. > Ch, Mica C 83-100 472 370 9.7 6.2 2:1-2:1:1 int. > Ch, Mica, Kao, Gb
BA 5-19 40.6 391 17.5 28 2:1-2:1:1 int. > H.C.Sm, V1, Mica, Kao, Gb H-1a
Bw 19-55 526 318 131 25 2:1-2:1:1 int. > Mica, Kao, Gb A 0-1 5 = . . H.C.Sm > Mica, Kao
BC 55-86 546 328 115 12 2:1-2:1:1 int. > Mica, Ch, Kao, Gb E 1-14 21 391 185 104 Mica > H.C.Sm, Kao
{34 86-99 33 33 UL 6.8 2:1-2:1:1 int. > Mica, Ch, Kao, Gb BE 14-21 451 320 1421 8.8 Vit > H.C.Sm, Kao
H-2 _ Bsl  21-36 532 293 129 46 Vit > 2:1-2:1:1 int,, Kao, Gb
A 0-6 529 312 116 42 Vi, 2:1-2:1:1 int. > Mica, Kao, Gb Bs2  36-58 373 28 155 173 2:1-2:1:1 int. > V1, Kao, Gb
AB 6-14 546 331 83 4.0 2:1-2:1:1 int. > Vi, Mica, Kao Gb BC 58-60 324 195 169 312 2:1-2:1:1 int. > Vi, Kao, Gb
BA 14-28 543 352 8.1 24 2:1-2:1:1 int. > Mica, Kao, Gb H-1b
Bw 28-48 524 330 9.9 4.7 2:1-2:1:1 int. > Ch, Mica, Kao, Gb A 0-9 396 402 123 79 Mica > H.C.Sm, Vi, Kao
BC 48-57 464 332 125 8.0 2:1-2:1:1 int, > Ch, Mica, Kao, Gb B 9-19 3300 399 144 127 Mica > H.C.Sm > Vi, Kao
5-3 Bsl  19-22 40.1 287 150 162 H.C.Sm-Mica > V1, Kao
A 0-8 537 403 58 02 Sm > Kao Bs2  22-36 404 266 134 197 2:1-2:1:1 int. > V1, Mica, Kao, Gb
AB1 8-21 522 386 83 0.9 2:1-2:1:1 int. > Vi, Kao, Gb BC 36-49 361 272.2 162 205 2:1-2:1:1 int, > VY, Ch, Mica, Kao, Gb
AB2 21-34 429 457 106 0.8 2:1-2:1:1 int. > Ch, Kao, Gb Sw-1
BA  34-48 483 434 7.8 0.8 2:1-2:1:1 int. > Ch, Kao, Gb A 0-2 310 354 169 167 H.C.Sm-Mica > Kao
Bw 48-70 493 417 73 1.3 2:1-2:1:1 int. > Ch, Kao, Gb E 2-10 332 360 168 140 H.C.Sm-Mica > Kao
BC  70-95 507 375 106 1.2 2:1-2:1:1 int. > Ch, Kao, Gb EB 10-23 40,7 330 147 116 H.C.Sm-Mica, Vi-Mica > Kao
Bs 23-45 496 312 104 8.9 Vi, 2:1-2:1:1 int. > Mica, Kao, Gb
*Kao, kaolin minerals; Mica, clay mica; H.C.Sm, high charge smectite; Vi, vermiculite; Sm, smectite; BC 45-60 342 215 125 3259 2:1-2:1:1 int. > Mica, Kao, Gb
Ch, chlorite; Gb, gibbsite; 2:1-2:1:1 int., 2:1-2:1:1 intergrade mineral; Mica-H.C.Sm, interstratified c 60-73 170 162 1BS5 484 2:1-2:1:1 int., Mica > Kao, Gb
mineral of clay mica and high charge smectite; Mica~V1, interstratified mineral of clay mica and Sw-3
vermiculite. A 0-6 259 458 180 103 H.C.Sm-Mica > Kao
E 6-12 217 435 W4 84 H.C.Sm-Mica > Kao
EBR 12-20 357 400 184 6.0 H.C.Sm-Mica > Vi-Mica, Kao
Bs 20-75 334 327 140 199 Vit > 2:1-2:1:1 int,, Mica, Kao
Sw-4
A 0-4 270 336 265 128 H.C.Sm-Mica > 2:1-2:1:1 int., Kao
E 4-22 292 305 344 59 H.C.Sm-Mica > Kao
EB 22-29 3231 B3 335 5.1 H.C.Sm-Mica, Vi-Mica > Kao
Bs 29-50 40.7 271 280 4.2 2:1-2:1:1 int. > V1, Mica, Kao, Gb
C 50-65 294 307 310 89 2:1-2:1:1 int, > Mica, Kao, Gb

*Kao, kaolin minerals; Mica, clay mica; H.C.Sm, high charge smectite; V1, vermiculite; Sm, smectite;
Ch, chlorite; Gb, gibbsite; 2:1-2:1:1 int,, 2:1-2:1:1 intergrade mineral; Mica-H.C.Sm, interstratified
mineral of clay mica and high charge smectite; Mica-V1, interstratified mineral of clay mica and
vermiculite.
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Table 6-1. Total chemical composition.

Site  Depth Si0,  ALO, Fe,0, TiO, Mn0; Ci0 Mg0 KO0 NgO PO, Ignition*
and loss
horizon (cm) (*107 kg kg —— (%)
Sw-2
A 0-2 68.19 17.08 812 1.32 0.05 0.48 1.03 1.74 0.71 0.08 45.1
AB 2-11 6895 1721 8.28 132 005 0.29 0.99 1.68 0.65 0.04 26.7
BA 11-25 68.34 17.82 843 1.32 0.05 0.24 097 1.64 (.59 0.01 14.7
Bw 25-50 66.35 19.58 8.88 127 0.05 0.24 1.07 1.63 0,61 0.01 13,5
BC S0-73 63.06 23.02 823 1.10 0.07 0.18 1.45 1.87 0.53 0.00 10.3
o 73-80 64.50 2209 1.76 1.07 0.05 0.08 134 244 0.29 0.00 8.7
N-1b
A 0-5 65.85 17.33 8.13 118 0.03 0.27 1.06 2.08 0.73 027 30.2
BA 5-19 67.77 17.78 8.58 1.20 0.03 0.23 1.08 2.05 0.72 0.19 17.1
Bw  19-55 6424 2441 8.36 1.08 005 027 142 210 077 013 134
BC  55-86 6190 2227 %18 106 005 029 152 216 080 0.10 11.6
(0 86-99 69.77 17.66 6.28 1.06 0.03 0.08 1.09 221 0.63 0.07 o |
H-2
A 0-6 6526  18.66 9.12 1.20 003 0.28 1.22 193 055 0.22 27.6
AB 6-14 6500 1942 9.26 1.24 003 0.21 122 19 051 0.18 20.6
BA  14-28 63.63  20.79 9.59 1.24 0.03 017 1.25 1.87 049 013 15.7
Bw 28-48 61.13 22.33 9.44 1.15 0.02 011 144 2.06 0.32 0.09 11.0
BC  48-57 6193 2233 7.85 111 002 008 146 239 028 0.08 9.5
§-3
A 0-8 67.91 17.39 832 1.19 0.06 051 1.14 1.87 0.88 0.12 53.1
AB1 8-21 66.28 19.16 927 1.26 0.06 0.29 117 1.86 0.77 0.05 224
AB2 21-34 64.29 20,63 9.29 120 006 0.28 1.26 185 074 003 182
BA  34-48 6321 2220 B.89 1.14 0.07 0.29 142 1.88 072 0.02 10.6
Bw 48-70 62.47 22.30 845 1.08 0.08 0.23 1.68 2.02 0.66 0.00 10.6
BC 70-95 61.91 2297 7.91 1.02 0.08 0.28 1.64 211 0.76 0.00 97

All the data except for ignition loss are given on an ignition basis. *Oven dried basis.
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Table 6-2. Total chemical composition.

Site  Depth Si0, ALO, Fe0, TiO, Mn0, Ca0 Mg0 K0 NaO PO, Ignition®
and loss
horizon  (cm) (*107 kg kg't) ——==- - (%)
N-4b
A 0-6 73.84 14.17 6.12 1.32 0.02 0.34 0.86 1.51 0.76 0.26 49.1
AB 6-12 73.38 13.70 737 1.49 0.02 0.20 0.78 1.50 0.66 0.13 23.5
BA 12~-15 71.24 13.61 891 1.59 0,02 017 0.77 1.39 0.59 0.09 15.2
Bs 15-30 63.19 1734 13.22 1.53 0.02 0.16 0.95 1.45 048 0.09 16.6
Bwl  30-40 60.85 2157 1118 1.28 0.04 0.19 1.33 1.70 0.54 0.07 11.5
Bw2 40-52 6152 2256 9.53 1.20 0.05 0.18 151 1.97 0.52 0.06 10.6
BC.  52-83 6051 2278 957 118 005 016 150 200 051 006 10.7
C 83-100 5894 2386 869 108 004 026 148 191 069 005 10.9
H-1a
A 0-1 73.57 13.08 452 138 0.01 0.20 0.70 2.79 111 020 "
E 1-14 7873 1343 240 136 002 009 052 267 037 000 6.5
BE 14-21 6752 1862 798 129 002 002 072 270 029 001 13.2
Bsl1  21-36 61.51 23.01 1003 1.20 0.03 0.07 0.84 2.62 033 0.03 19.2
Bs2 36-58 5842 2707 834 106 003 006 100 29 033 003 19.8
BC  58-60 57.18 2818 69 105 002 001 097 403 024 003 18.2
H-1b
A 0-9 3 A . i A 5 2 : 3 ¢ 53.1
E 9-19 76.16 14.98 252 132 0.01 0.07 0.64 317 037 0.06 8.2
Bsl  19-22 62.31 20.89 9.12 1.14 0.01 0.03 0.87 347 0.25 0.10 16.9
Bs2 22-36 6029 23.75 847 1.07 0.02 0.04 0.97 3.10 0.27 0.09 152
BC 36-49 61.16 2478 6.52 1.07 0.01 0.04 0.98 3.39 032 0.09 13.0
Sw-1
A 0-2 73.30 15.85 3.94 1.24 0.02 0.20 077 2.93 0.44 0.10 49.1
E 2-10 7284 1646 428 124 002 005 075 317 028 003 132
EB  10-23 6801 1831 669 121 002 003 080 325 023 002 11.1
Bs 23-45 6208 2207 923 117 002 002 092 341 021 003 12.9
BC  45-60 6144 2484 694 105 002 000 094 347 017 003 124
[# 60-73 6527 2383 361 095 002 000 081 399 012 002 8.1
Sw-3
A 0-6 7608 1236 356 124 003 061 074 214 066 008 50.7
E 6-12 77.69 12.42 342 1.25 0.02 0.06 0.66 221 0.30 0.01 10.5
EB 12-20 68.31 18.38 7.44 1.14 0.02 0.01 0.97 3.18 0.14 0.02 9.0
Bs 20-75 61.65 23.04 882 1.02 0.02 0.00 1.05 3.60 0.11 0.04 14.0
Sw—4
A 0-4 . 463
E 4-22 8.1
EB 22-29 ‘ 8.0
Bs 29-50 121
C 50-65 . 9.8
All the data except for ignition loss are given on an ignition basis. *Oven dried basis.
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