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ABSTRACT

Changes brought about by chemical and physical
weathering were investigated in a chronosequence of terrace
soils near Reefton, New Zealand. The parent_materials of
the soils, which ranged in age from about 1000 to over 130,000
years were outwash gravels, sands and silts derived from
granite (dominant) and indurated sandstone.

Variations in pH, organic matter, particle size,
cation exchange properties, total Mg, Al, Si;, K, Ca, Fe and
Ti, poorly-ordered and organic—complexéd fdrms.of Al and Fe,
and mineralogy caused by increasing dﬁfétion of weathering
and by short range, short term variations in the intensity
_ of the biotic factor were determined.

It was concluded that the younger soils represented
dynamic systems in which alternative weathering cycles could
replace each other as the growth, death and eventual
disappearance of individual red beech trees caused localised
fluctuations in pH. It was further concluded that these
procésses would lead ultimately to the formation of gley
podzols as are now found on the two oldest surfaces; and
that podzolisation precededzgiefiﬁgb

Attempts were made to determine if minerals of the
pPlumbogummite group were responsible for the high proportion
of soil phosphate from these soils that, on fractionation,
appeared in the residual P fraction. It was found that
attempts to concentrate these minerals by prolonged digestion
with HF resulted in their solution, and in precipitation
of complex fluorides that yielded diffraction spacings that

have been mistaken for minerals of the pPlumbogummite group.



SOILS OF THE REEFTON SEQUENCE. (From left: Hokitika sandy loam,

Ikamatua fine sandy loam, Ahaura silt locam, Kumara silt loam and

Okarito loamy sand).
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CHAPTER ONE

. INTRODUCTION

For more than a decade the study of the soil as
part{of the ecosystem has been an important aspect‘of the
research effort of the Soil Science Department of Lincoln
" College. The programme is based on the identification
and intensive study of monosequences - soil sequences where
only one of thé factors influencing-soil formation has
vari;d effectiﬁely. Such sequences, although rare, are
invaluable éince they allow quantitative investigation of
the most important trends and processes in pedogenesis.
The ﬁresent investigation forms a part of this overall
progfamme. It differs from earlier stu&ies in that it

places more emphasis on mineralogicél changes.

I. THEORETICAL CONSIDERATIONS

The first'quantitatiVe statement that a soil was a
function of the interactions of various soil forming

factors,

T = (K, 0,¥ ¥ B, where J1 = soil, K = climate,
0 = organisms; Y = geologic substratum and B = the ége of
the soil, is attributed to Dokuchaev (Dokuchaev, 1951).
His work was developed and given a more vigorous
. mathematical treatment by Jenny (1941, 1946 and 1958).

Jenny's fundamental equation of soil forming factors,



s=1¢f(cl, 0y ¥, P, t, ...), in which s = any soil
property, and the five soil forming factors, climate (cl),
the biotic factor (o), topography (r), parent material (p),
and time, the period of soil formation (t) are independent
variables that define the soil system, is still the major
infegrating theory in pedology. The incomplete nature of
the function»éignifies that additional factors may be
involved.

Jenny (1961) extended his theory to embrace the
entire ecos&stem and presented his general state factor

equation,

1, s, v, a = £ (Lo, Px, t), which states that
ecos&stem properties (1), soil properties (s), vegetation
(v) or animal properties (a) are a function of the initial

state of the system (Lo - parent material and topography),
the exfernal flux potentials (Px - climate, biotic factors,
and other unspecified facfors such as the application of
fertilisers and returns from the atmosphere), and the age
of the ecosystem (t). When the soil is considered in
isolation the state factor equation reduces to the 7
fundamental equation of soil forming factors.

Differentiation of this latter equation, assuming

all the variables to be independent gives the partial

equation,
ds = (%%1) del + (%%) do + (%% dr
: o,r,p,t cl,r,p,t cl,o,p,t
§s §
2« _dp + (g7) at,
cl,o,r,t cl,o,r,p



which indicates that the extent of any change in a
particular soil property is dependent upon the sum of the
changes in the soil forming factors. The magnitude of the
bpartial derivatives indicate the relative importance of
each factor. Jenny (1958) indicated that if monosequences
could be found where all but one of the soil forming factors
are constant or ineffectively varying it should be possible
to quantitatively evaluate the effects of each of these
f;ctoré, Jenny (1946) had already noted the difficulty of
finding such natural situations, and had suggested that
useful approximations to such conditions, within a given
area, would apply when the degree of change in a specified
soil property’(s) conditioned by one factor, greatly
exceeded the changes conditioned by the remainder.

Jenny's concepts have béen discussed by Stephens
(1947 and 1951), Major (1951), Orocker (1952, 1959 and 1960)
and Stevens and Walker (1970). Stephens stressed that time
was the only truly independent variable and objected to its
inclusion in the fundaﬁental equation, while Major and
Crocker made their greatest contributionbby clarifying the
concept of the biotic factor. Stevens and Walker examined
the theoretical considerations underlying the concept of
chronosequences, and after comparing a number of the more
reliable chronosequence studies concluded that chronosequences,
which extended over sufficient periods of time, often showed
broadly similar trends. Bidwell and Hole (1965) and Yaalon
and Yaron (1966) recognised the interference of man as a
factor influencing soil formation, as did Rode (1961) who

also added the Earth's gravity and water to the five factors



originally established by Dokuchaev (1951).

Crocker (1952) concluded that polygenesis of soils
was the rule rather than the exception, and that
monosequences were likely to be both short and approximate.
Jenny (1958) and Walker (1965) joined Crocker in stressing
the importance of identifying and examining monosequences.
Barshad (196#) considered that only comparatively young
soils, those.formed since the most recent glaciation, could
be regarded as truly monogenetic; that is developed under
constantly uniform conditions ffom the initiation of soil
deVelopment.' Barshad also stresses the need to establish
the uniformity of the'parent material before measuring

subsequent changes due to soil formation.

II. ATMS OF THE PRESENT STUDY

The present study was initiated with two priﬁcipal
objectives. The first of these was to investigate changes
in soil chemical and mineralogical properties as a function
of the duration of veathering in a sequence of soils
develofed in alluvial, outwash, and loessial deposits near
Reefton, New Zealand.

Adams (1970) reported that the residual P fraction
(so-called residual organic P plus residual inorganic P,
by the method of Williams, Syers and Walker, 1967)
contained approximately half of the total soil phosphate
in two toposequences of strongly weathered and leached
soils, and nofed that heating to 500°C produced a

substantial increase in the NEhF-P fraction. This



incréase was greater than could be accounted for by the
rendering‘ soluble of organic P. As the change in phosphate
solubility was similar to that oocurring in Christmas
Island "c-grade" rock phosphate ore (known to contain
more than 30% of crandallite) also calcined at 550°C
(Doak et al. 1965), it was possible that phosphate minerals
of the pluﬁbogummite group were present in the soils.
‘Tan (1971) observed similar high residual P levels in the
soils of the Reefton sequence. These observations led to
the second aim of the study, an attempt to confirm the
presence of minerals of the plumbogummite group in strongly
weathered soils‘showing high residual P levels.

During the study it was observed that marked changes
in chemical and mineralogical properties, which appeared
to bé related to distance from the nearest living red beech
tree, decayiﬁg beech stump, or accumulation of surface
organic matter, occurred in the upper horizons of the
younger soils in the sequence. Since these situations
represented monosequences where changes in soil properties
could be attributed directly to short range,. short term
-variations in the effectiveness or intensity of the biotic

factor, the study was extended to include their investigation.

ITI. THE STUDY AREA

The soils examined in the present study occur on
river flats and terrace lands in the Inangahua Depression,
in the southéwest‘of the Nelson province (Figure 1). Their
principal environmental and pedological features are listed

in Table 1. Apart from the.theoretical aspects discussed



above, the accumulation of data from soils in this area is
timely in view of the proposals for the fuller utilisation
of Westland beech forests (N.Z. Forest Service, 1970).
These proposals have aroused considerable interest in a
populace becoming increasingly concerned with their

environment.

Iv. SOIL FORMING FACTORS

In this section the factors that have interacted
and are interacting, to influence the development of the

soils of the Reefton terrace sequence are considered.

(1)  Time.

The Imangahua Depression is a techtonically controlled
valley between the granitic Paparoa Range to the west and
the ppe-Cembrian, indurated sandstone (greywacke) foothills
ef the Victoria Rehge to the east. During the early
Pleistocene the valley was filled with gravels (the "0Old Man
Gravels") to»a depth of several thousand feet (Suggate,
1957). These gravels consist mainly of granite (dominant)
and indurated sandstone, end during subsequent glacial and
interglacial periods they were terraced by rivers.

As the confluence of the Buller and Inangahua Rivers
formed an effective local base level, changeelin the height
of terraces were independent of sea level fluctuatiens, and
were caused by variations in the supply of gravel. Although
it was usually impossible to trace the various terraces
upstream to ;qoraines,.Suggate (1957) considered that the

major aggradational terraces were formed from outwash gravels



of suecessive'major periods of ice advance. | During the
intervening interglacial periods when the supply of gravel
wouldifall Suggate assumed that the rivers would cut down
and form degradational terraces. ‘

Bowen (1964) and Suggate (1965) recognised three late
Quaternarj aggradational surfaces in the Inangahua Depression
that were underlain by gravels correlated with the Speargrass,
Tophouse and Manuka Formations of the Upper Buller catchment.
The Manuka'Fornation underlies a high terrace that can be
followedldown the Buller Valley:from Murchison to Inangahua
and is thought to heve been deposited during the Waimaunga
Glaciation (Suggate! 1965). Since the two younger
formations can not &ith confidence be traced away from the
Inangahua Valley, correlation with the Upper Buller
formations is indirect. Pollen analyses have indicated
that both fermations were deposited during glacial periods,
and a radiocarbon date of 20,000 + 300 years B.P. for the
Speargrass Formation (18 km north of Reefton) indicated
its correlation with.fhe later Kumara-2 (K22) advance of
the Otira Glaciation (Nathan and Moar, 1973). A sample
they obtained from the Tophouse Formation was beyond the
range of carbon dating ( >47,500 years B.P.) which indicated
that'the Tophouse Formation was likely to be older than the
later Kumara-2 advance, As the Manuka Formation had
previously been correlated with the Waimaunga Glaciation,
Nathan and Moar (1973) concluded that it seemed probable
that the'Topheuse Formation was qeposited during the Waimea
Glaciation., Although the earlier Kumara-2 (K21) advance

has not been dated, the similar degree of dissection in



deposits from both formations would seem to indicate that
the éarligr and later Kumara-2 advances did not differ
significantly in age. The Tophouée Formation is, however,
considerably mofe dissected than the Speargrass, and this
would seem to justify the correlation proposed by Nathan and
Moar.

‘Suggate and Moar (1970) in a revision of the chronology
of the late Otira Glagial (Suggate, 1965) indicate that the
later Kumara-2 advance, the greatest ice advance of the late
Otira Glaciation, began prior to 22,300 years B.P. and
culminated shortly after 18,600 years B.P. Pollen analyses
(Suggate and Moar, 1970) indicated a barren treeless land-
scape and bleak conditions in the Grey Valley duriné this
period. Conditions were not likely to be very different
in the nearby Inangahua Valley. It has thus been assumed
that development of the Ahaura soils, the soils formed on
the outwash terrace from the later Kumara-2 advance began
some 18,000 years ago.

Tt has been assumed that the older and the younger
Ikamatua spiis have formed on degradational terraces
fbllowing the retreats of the earlier Kumara-3 (K31) and
latér Kumara-3 (K32) advances, respectively. If this
assumption is correct development of these soils would
have begun some 16,000 and 14,000 years B.P., respectively
(suggate and Moar, 1970). The Hokitika soils of the
present flood plain have not yet developed pedogenic
B horizons. Mr E.J.B. Cutler (Pedologist, Soil Science
Department, Lingoln Coilege) has estimated that the age of

the soil in théuarea sampled is of the order of 1000 years.



Considerable difficulty is experienced in attempting
to date the onset of soil formation for the soils developed
on the Tophouse and Manuka Formations. Climatic
variations during the past 100,000 years estimated by
oxygen isotope profiles through the Greenland ice sheet
at Camp Century (Dansgaard et al. 1969), by 014 dated pollen
from Holland (Hammen et al. 1967) and by oxygen isotope
profiles of deep-sea cores from the Central Caribbean
(Emiliani, 1966) all show the onset of the Wisconsin (Wiirm)
Glaciation at about 70,000 years B.P. The preceding major
glaciation indicated by Emiliani commenced about 130,000
years B.P. Suggate (1965) indicates thét contemporary
glaciation of the northern and southern hemispheres probably-
occurred throughout the whole of the Pleistocene, and he thus
correlates the Otira Glaciation with the Wiirm. Suggate
(1965) also indicates that his impressions of the relative
durations of the various New Zealand glaciations and
interglacials (assuming unit'iength for the Otira Glaciation)

are as follows:

Otira Glaciation (1)

Oturi Interglacial (%)
Waimea Glaciation (%)

Terangi Interglacial (%)
Waimaunga Glaciation (1)

Waiwhero Interglacial (4)

Porika Glaciation (2)
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If the onsetqu the Otira Glaciation is assumed to have
commenced about 70,000 years B.P., then the Tophouse
Formation would be at least that age, and the Manuka
formation at least 130,000 years. These minimum values
have been used in this thesis for the ages of the Kumara
and Okarito soils, respectively. It must be noted,
however, that for surfaces of these ages, the assumption
that the soils they carry are of comparable age may not be
valid. The gravels in the C horizon of the Okarito silt
loam are very strongly weathered and can be readily crushed
in the fingers, which tends to suggest they were weathered
in situ since deposition.

Thé soils of the Reefton terrace sequence may be
regarded as a non-strict chronosequencé as defined by

Stevens and Walker (1970).

(2) Parent Materials.

The Hokitika soils on the river flats within the
study area are formed from alluvium deposited by the
Waitahu River, a tributary of the Inangahua. The alluvium
is generélly coarse.tqiiﬁred due to the proximity of its
source, and is derived from granite (dominan@ and indurated
sandstone. Periodic flooding adds fresh alluvium (ﬁhich
may, in part, be.pre-weathered) to the surface of these
soils from where earthworms incorporate it into the profile.
Sites Ho 1-5 used in this thesis were located as far as

possible from the reach of floodwaters to reduce such

interruptions to the minimum.
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The Ikamatua soils on the post-glacial deéradational
terraces are separated from the recent soils by scarps up
to 6 m high, and are thus beyond the reach of flooding.

As with the Ahaura, Kumara and Okarifo s0ils on the glacial
outwash terraces the parent material comnsists of outwash
gravels, sands and silts derived from granite (dominant)
and indurated sandstone.

There is some conflict as to the contribution that
loess haé made to the parent materials of the soils,
particularly to those developed on the intermediate and
high glacial outwash terraces. If loess is present in the
parent materials of these soils it is likely to be of local
origin. Yoﬁng (1967) reported that up to six feet of
massive, practically impermeable, blue-grey loess blankets
terraces of the Waimaunga, Waimea and early Otira Glaciations
of the West Coast of the South Island, but has not been
recognised on terraces of the later Knmaré-z or the Kumara-3
advances. Although Young stated that it was not suggested
“that the presénce of one to six feet of loess was the only,
or in some cases even a major cause of the formation of
gley podzols, he went on to claim that the association of
thick loessial deposits with the Okarito (and Waiuta) soils
of the high (outwash) terraces was clearly established, and
that it seémed probable.that the development of these soils
had been influenced by the texture of the loess. Mew et al.
(1972) have reported that only minor amounts of loess
contribute to the parent material of soils on the inter-
mediate and high glacial outwash terraces in the Inangahua

Valley. Stevens (1968a) has concluded that the combination
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of narrow river valleys, low wind velocity, and very high
rainfall, probably precluded the formation of much loess

in South Westland. He attributed the presence of gleyed
loess-like material in Okarito soils in South Westland to

pedogenic processes.

(3) Topography .

The relief of all the terrace surfaces is flat to
ggntly undulating. On the low glacial outwash terrace
and on'the yoﬁnger surfaces freely-drained soils are found
on the levéés and in the higher areaé, and poorly-drained
soils in holloﬁs and old stream channels, and near the foot
of terrace scarps. The surfaces carrying the Ikamatua
and Ahaura soils tend to have a more subdued microtopography
than the present river flats. Relief offers no impediment
to progressive soil development in the freeiy~drained

terrace areas.

(4) cilimate

The present climate of the West Coast of the South
Island is characterised by mild temperatures and heavy,
evenly-distributed rainfall. The Inangahua Depression,
separated from the coast by the Paparoa Range, is less
wet and has a slightly greater temperature range.
Monthly temperature, precipitation and humidity data for
the Reefton climatalogical station are summarised in
Figure 2. The rainfall figures cover the period 1904-1972,
but the remainder are restricted to the decade from 1960-

1970.
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Rainfall shows a slight spring maximum in October
and November, and a late summer minimum in February. The
mean annual rainfall at Reefton (69 year period) is 1919 mm,
with a range from 1354-2680 mm. The mean number of days per
year on which rain and snow fall are 186 and 2, respectively.
Isohyet maps show that the rainfall over much of the floor
of the Inangahua Depfession is comparable to that at Reefton.
Precipitation increases towards the north (25&0 mm year-'1
at Inangahua Junction) and with increasing altitude up the
steep Sides of the Depression.

The last major retreat of the glaciers that affected
the study area began some 14,000 years B.P. (Suggate, 1965).
The climate of the early post-glacial period (Aranuian -
Stage -~ Suggate, 1961) is assumed to have been cool and
mois#, and less‘rigorous than the severe, but not extreme
“climate of the Otiran Glaciation (Gage, 1965). Moar (1966)
and Walker (1966) have assumed a general rise in temperature
occurred some 10,000 years ago, whereas Harris.(1963),
Suggate (1965) and Vucetich and Pullar (1969) have proposed
a progressive warming following the retreat of the glaciers.
The latter view of continued change is supported by the
temperature curve derived from oxygen isotope ratios in
spelepthems (Hendy and Wilson, 1968). This curve indicates
a steady rise of about 6°C from 20,000 to 10,000 years B.P.,
but short term variations may be concealed by the 1000 year
means on which the curve is based. Moar (1971)‘found no
evidence that annual precipitation has varied greatly during
the past 10,000 ye;rs in North Westland, and has inferred

that during this périod there has been a trend towards less
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equable conditions. Evidence of minor glacial advances
between 8,500 B.P. and the present, has been provided by
Lawrence and Lawrence (1965), Burrows and Lucas (1967) and
McGregor (1967), but the phenomena were insufficient to

effect any major vegetation changes (Moar 1970 and 1971).

(5) Yegetation.

The vegetative cover of the Tnangahua Valley at the
time of European settlement was a mixture of beech and
podoéarp forést. The river flats are now almost entirely
cleared for farming. Remnants of the original forest
remain only in the ﬁpper reaches of the creeks and in
scattered patches near the Inangahua River. These
remmants show that the native vegetation was red and silver
beech (scientific names of plant species are listed in
Appendix I) with occasional podocarps in freely-drained
areas and matai and kahikatea in the hollows. The post-
glacial degradational terraces and the low glacial outwash
terrace have also been largely cleared of forest.

Remnants show that on freely-drained sites the forest was
.dominated by red beech, with some kamahi, quintinia and rimu.
‘With increasing age matai and kahikatea on the poorly-
drained aréas tended to be replaced by rimu and red beech.
The two highest glacial outwash terraces are now almost
devoid of forest cover, and now carry either manuka scrub,
or a rush, sedge, umbrella fern and sphagnum moss
association. | Locally drier areas have been colonised by
gorse and blackberry. On the intermediate glacial outwash

terrace the forest, , before burning or cutting, was of
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silver pine and mountain beech, with rimu, kamahi,
quintinia, toa toa and pink pine. Yellow-silver pine
was found on drier sites at terrace edges. On the high
glacial outwash terrace manuka, bog pine, pink pine,
mountain beech and yellow-silver pine formed a stunted
forest or scrub.

Present evidence, based on radiocarbon dates,
sﬁggests that following the most recent deglaciation about
14,000 years B.P. (Suggate, 1965), a period of some 4,000
years elapsed before forest became re-established in the
South Island (Gregg, 1966; Godwin and Switsur, 1966;
and McIntyre and McKellar, 1970). Pollen records show
that Nothofaggs was dominant around Tophouse about
8,000 years B.P., and that it had spread to Springs
Junction, south of Reefton, some 2,000 to 3,000 years
later. Before the southward spread of beech the forest
was dominated by rimu and other podocarps (Moar, 1971).

Couper (1960) has shown that species of the beech
and podocarp families (including red beech) were known to
exist in New Zealand prior to the Pleistocene. On the
basis of pollen analyses, Dr N.T. Moar (Botany Division,
D.S.I.R., Lincoln, pers. comm;) has found evidence of the
presence of both beech and podocarps in a sample from the
Westport area, that on présent geological evidence is dated
prior to the Otira Glaciation. It is therefore concluded
that the biotic factor involved in the genesis of the soils
of the Reefton sequence has been the flora and fauna of

beech-podocarp forests.
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CHAPTER TWO

METHODS

I. INTRODUCTION

This section discusses the criteria applied to site
selection, and the procedures used in sampling and analysing

the soils.

II. FIELD WORK

(1) Existing Surveys

The soils of the Inangahua Depression were surveyed
during the reconnaissance mapping of the South Island of
New Zealand at a scaler of 1 ;: 253,440 (N.Z. Soil Bureau,
1968a). No other pubiished work exists of the soils of
this area.

In 1965 Mr B.S. Kear (Soil Bureau, D.S.I.R.) prepared
a report and map (1 : 63,360) of the soils in an area of
some 2000 ha centred on Reefton. - This survey included
most of the terrace.lands and some of the flanking hills and
steeplands in the lower valley of the Waitahu River. It
was prepared for the N.Z, Forest Service, and was used for
the characterisation of soils being considered for beech
management or exotic conversion, and for the instruction
of forestry students at the Reefton Ranger School. Most

of the soil units used by Kear had previously been named
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and described during a reconnaissance soil survey of
Westland (Gibbs, Mercer and Collie, 1950), a survey that
terminated 5 km south-west of Reefton.

During 1971 N.Z. Forest Service asked Soil Bureau,
D.S.I.R. to provide soil data épplicable to the broad
planning of the former's beech forest project in Westland.
As there was a need for more detailed soil data than were
available further investigations were initiated. During
1972 a so0il survey of approximately 44,000 ha of predominantly
terrace and hill country soils in tﬁe Inangahua Valley
between Reeftqn and Inangahua Junction was carried out at a
scale of 1 : 63,360. Soil fertility studies based on the
defined mapping units, which in some cases differed
substantially as compared with the recomnaissance soil map
(N.Z. Soil Bureau, 1968b), were also undertaken. The
results of the survey, together with a broad assessment of
possible nutrient deficiencies likely to be encountered
on those soils that may be used for exotic forestry are
contained in a report (Mew et al. 1972), the distribution

of which is restricted.

(2) Site Selection

Basic reconnaissance and selection of suitable
sampling sites on the river flats and terrace lands of the
Inangahua Depression was carried out in December, 1968 by
Mr E.J.B, Cutler of the Soil Science Department, Lincoln
College. The only more or less complete terrace sequences
that have survived are located between Reefton and the

Waitahu River, and south of Larry's Creek. The former
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area was chosen for this study.

- In order to evaluate time as a soil forming factor
on these éurfaces, sites were chosen with the aim of
minimising possible variations in the remaining factors.
The siées finally chosen were those which best fitted the

following criteria.

(1) The parent material should be uniform, and consist
of river élluvium or outwash gravels, sands and silts
derived from granite (dominant) and indurated sandstone.
There should not have been additions of nutrients,
alluvium or loess following the onset of soil
development. Where variations in profile depth and
texture are encountered-within any soil series,
profiles having the greatest depth and finest texture

should be preferred.

(ii) Where such remnants have survived the site should be
located in beech dominated forest. The biotic
factor dominant in the genesis of the soils should
have been beech, or beech-podocarp forest and their

precursors or successors,

(iii) The area should be flat or only slightly sloping.
Locally drier sites near terrace edges, and poorly-
drained sites in hollows, old stream channels, or

towards the back of terraces should be avoided,

(iv) There should have been the least possible interference

by man, and domestic or introduced animals.
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(v) It should be possible to determine the approximate

age at the surfaces.

In a study of a chronosequence of podzols in
northern Michigan, Franzmeier and Whiteside (1963) noted
that variations in the intensity of pddzol development
occﬁrred on materials of each age. They could not fully
explain these differences, and chose, for their study,
the soil from each surface that showed the maximum podzol
development.

Similar variations were observed on the terraces
carrying the Hokitika, Tkamatua and Ahaura soils of the
present investigation. These were the only terrace
surfaces in the Waitahu Valley where beech forest remmants
had survived. An exploratory survey showed that the
intensity of podzoi development was greatest surrounding
living red beech trees and decaying beech stumps, was a
function of tree size, and decreased with distance from
tree or stump. Differences in intensity were not discermed
in profiles at distances greater than 7 m from the largest
trees (>t1 m, diameter breast height). On these terraces
an attempt was made to minimise possible effects caused by
short range wvariations iﬁ'the intensity of the biotic
factor by deliberately locating sampling sites used for the
chronosequence study more than 7 m from any tree, stuﬁp,
fallen log, or accumulation of surface organic matter.

Because of the need to balance desirable replication
against the range of soil properties that could be determined

in the time available, and because of the uncertainty posed
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by the biotic factor, it was decided to sample the soils of
thevchronosequence, initially, at a single site on each
aged surface, and to make a preliminary assessment of the
biotic factor by selecting two further sampling sites, one
at the base of a large decaying beech stump on the main
post glacial terrace, and the second in a similar position
dn the low glacial outwash terrace. These latter sites
were 9.10 and 7.25 m, respectively, from sites sampled for
the chronosequence study. As it was considered that
elaboration of the relationship between the freely=drained
yellow-browﬁ earths on the younger terraces and the water-
logged gley podzols on the two oldest surfaces would be
aided by comparing a freely-drained yellow-~brown earth with
‘a poorly~-drained soil on the same aged surface, a poorly=-
drained site was selected on the older post glacial terrace.
The locations of the above sampling sites are shown in
Figure 1.

The chosen sampling programme would give some
indication of the extent of variations likely to be fpund
in the Ikamatua and Ahaura soils and should draw attention
to the possible causes of such variations. It was felt
that this approach would yield more information than analysis
of a number of samples chosen at random from each aged
surface.

Following detailed chemical and mineralogical
examination of the above soils it was concluded that further
investigation of the effects of red beech on soil gehesis
warranted consideration ahead of replication of the

chronosequence data. Seven further sampling sites were
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therefore chosen along two transects on the low glacial
outwash surface (Figure 3)o The sites actually selected
were those where distance from roots and tree buttresses
made sampling possible. The transects utilised the two
sites already examined on this surface. Additional grab
samples, taken to check hypotheses, are discussed in the
text.

The soil terminology used throughout the remainder

of this thesis is illustrated by the following examples:

Ah

Ahaura silt loam.
Ah 1 = Ahaura silt loam, site 1.

Horizon designations follow Taylor and Pohlen (1962).

(3) Sampling Procedures

Horizons of soils used to investigate the effects
of red beech on soil genesis = Ah2 to Ah9, and I(o) 2 - were
sampled on a non-volume-weight ‘grab’ basis. The soils
used in the chronosequence study, and the poorly=drained
soil on the older post glacial terrace = I(w)- were sampled
using a procedure similar to that described by Stevens
(1968b)a A pit with a cross section of approximately
1 mz was dug at the sampling site on each surface. The
area sampled was defined by placing a square frame, 0,04 m2
in area, on the surface of each horizon being sampled, with
an internal edge flush with a smooth vertical side of the
pit. Within this fraﬁe éach horizon of the solum was removed
successiveiy, weighed, and representative subsamples taken.
Contamination of one horizon by material from another was
carefully avoided. All samples were stored in sealed |

*

-
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polythene bags. Profile descriptions (Appendices II and
III) were made during, or soon after sampling. |
Following analysis of the above samples additiomal
'grab' samples were collected at further sites on the
freely-drained surfaces. These samples were used to test
hypotheses developed during the investigation. Details

of such sites are included in the appropriate sections.

I1T. ANALYTICAL PROCEDURES

(1) Sample Preparation
Immediately on return from the field, half of each

sample was weighed, air-dried and reweighed. Where
rélevant, the volume-weight was calculated. The remainder
of each sample was resealed and retained in a field-moist
condition.,

The air-dried samples were crushed with a steel
rolling-pin and sieved through a 2 mm square%holed sieve,
If the quantity of mineral matter that failed to pass the
sieve was insignificant (<1% by weight) it was discarded
and the <2 mm fraction alone used for subsequent analysés°
For the eight samples where the >2 mm fraction exceeded
this limit, the lowest horizon sampled from Ho 1,I(y) 1,
Ah 1 and Ku 1, and the two lowest from I(o) 1 and I(w) 1,
both size fractions were weighed and retained for amalysis.

Part of each air~dried sample was ground to -<53/pm
using a tungsten carbide vessel in a Tema mill., This

ground material was used for elemental analyses.
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(2) Analytical Methods

With the exception of mineralogical analyses all
determinations were duplicated.

(a) pH. (On <2 mm air-dried soil). Soil/distilled
water suspensions (1 : 2.5) were stirred, left to stand
overnight, and after further stirring read on a Radiometer
26 pH meter equipped with glass-calomel electrodes. The
pH of soil/molar KC1l suspensions (1 : 10) were determined

in a similar manner.

(b) Dry Matter and Loss-on-Ignition. Dry matter

was determined by heating 10 g (approximately) samples of

<2 mm air-dried soil in porcelain basins overnight at 105°C°
After cooling (avoiding rehydration) and reweighing, the |
same samples were ignited for 1 hour at 500°C and again

weighed to determine loss-on-ignition (LOI).

(¢) Mechanical Analysis. Air-dried soil <2 mm,

equivalent to 50 g ovenudriéd weight, was sieved and the
fraction smaller than 63/pm dispersed in 1 1 of
sodiumhexametaphosphate (3.5 g/1). The percentages of silt
and clay were determined at 20°c by the Intermational pipette
method (Robinson and Richardson, 1933). Samples with an
organic carbon content exceeding 1% (Tan, 1971) were
pretreated with boiling 30% H202° These déta were provided
by Mr E.J.B. Cutler, Soil Science Department, Lincoln
College, to whom the author is indebted.

Approximate percentages of sénd (s), silt (si) and
clay (cl) were also obtained by weighing the size fractions

obtained by fractionation during mineralogical analyses.
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Before being dispersed,<2 mm air-dried soil for these

analyses, was treated with boiling 30% H,0, to destroy

2
organic matter and deferrated with a dithionite=citrate
system buffered with NaHCO, (Mehra and Jackson, 1960).
Internationalgsize classifications were adopted:
coarse sand (cs) 2 - 0.2 mm, fine sand (fs) 0.2 = 0.02 mm,
silt 0.02 mm - 2 jum, and clay <2 mm. Fine clay (f.c1)

refers to material <:0.2}um, and coarse clay (cocl) to

material within the size range 2 =~ 092)um.

(d) Total Analyses for Mg, Al, Si, K, Ca, Fe and

Ti. Mixtures containing 0.400 g of ground («:53/um),

air-dried soil and 4.000 g AR Na,CO were fused in

3
platinum crucibles over a Meker burner. Melts were
extracted with 1 3 1 HCl, digested on a waterbath and
made to volume. Suitable aliquots were taken for the
separate determination of potassium by flame emission
specfrophotometry9 magnesium and calcium by atomic
absorption spectrophotometry (1000 pPpm SrCl2 as suppressant),
and iron and titanium colorimetrically using Tiron (Yoe
and Armstrong, 19h7). Iron was also determined
colorimetrically by the Ferron method of Belyayeva (1966).
Aluminium.and Silicon were determined gravimetrically
as aluminium oxinate and quinoline silicomolybdate,
respectively, following careful fusion of 0.500 g air-
dried ( <53 }m) samples with 7.000 g AR NaOH in platinum

crucibles (Bennett and Reed, 1971).

(e) cation Exchange Capacity (CEC), and Exchangeable

Na, Mg, Al, K, Ca, and Fe. Samples of air-dried soil

(<2 mm) were leached with molar ammonium acetate (pH 7.0),
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washed with 60% ethanol, distilled, and CEC determined
on the ammonia absorbed in boric acid. Exchangeable
Na and K (flame emission spectrophotometry) and Mg and
Ca (atomic absorption spectrophotometry, using 1000 ppm
SrCl2 as suppressant) were determined on suitable
aliquots of the leachates.

"Exchangeable Al and Fe were determined by shaking
5.000 g samples of air-dried soil (<2 mm) with 50 ml
1.0 molar KC1 (unbuffered) for 2 hours, centrifuging and
analysingthe centrifugates for Al and Fe using the Ferron

method of Belyayeva (1966).

(f) oOxalate-extractable Al and Fe. Milled

(<:53}mm) air-dried soils (100 - 250 mg) were shaken with
10 ml 0.2 molar ammonium oxalate (pH 300) in darkness, on
a reciprocating shaker for 4 hours, centrifuged, and
aliquots of the extracts digested (almost dry) with
concentrated HNOB/stoh to destroy organic matter and
oxalate (McKeague and Day, 1966). Residues were taken
up in dilute acid andvAl and Fe determined colorimetrically
using Ferron (Belyayeva, 1966 and Blakemore, 1968). This
method gave satisfactory replication and recovery of

added Al and Fe, and had the considerable advantage of
enabling both elements to be determined on a single

aliquot.

(g) Pyrophosphate-extractable Al and Fe. Ground

(<:53)mm) air-dried soils (200 mg) were shaken with 20 ml
0.1 molar sodium pyrophosphate on a reciprocating shaker

for 16 hours, centrifuged and aliquots of the supermatant
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digested as in (f) to destroy organic matter and
hydrolyse pyrophosphate to 6rthophosphate (McKeague,
1967). Residues were taken up in dilute acid, but as
interference by phosphate prevented the use of Ferron

‘it was necessary fd determine Al and Fe on éeparate
aliquots. Iron was determined with 1 : 10 phenanthroline
(Jackson, 1958), and Al with aluminon using the procedure
of Hsu (1963) as modified by Wang and Wood (1973). Hsu
had shown that pH was critical for colour development with
aluminon, and that the optimum pH for systems containing
HC1l was between 3.7 and 4.0. Wang and Wood, however,
demonstrated that sensitivity decreased rapidly below

pH 4.1 in HN°3/st°h systems, but was not affected by pH-

within the range 4.1 = L4.3.

(h) ©Phosphate Retention. Phosphate retention

was assessed by measuring the percentage of added phosphate
taken up in 24 hours by 5.00 g of air-dried soil (<2 mm)
shaken with 25 ml of solution having an initial phosphate
concentration of 0.032 molar KHZPoh’ and buffered at

pH 4.6 (Saunders, 1965). The pH of 4.6 approximates the

point of maximum phosphate retention of many acid soils.

(i) Fieldes and Perrott Sodium Fluoride Test.

This test (Fieldes and Perrott, 1966) was carried out on
air-dried soil ( <2 mm) and on water-dispersed clay
(-<2/pm) using a sample : 0.85 molar NaF ratio of 1 : 50.
PH values were reéead after 30 minuteé using a Radiometer

26 pH meter with glass~-calomel electrodes. The saturated

NaF used by Fieldes and Perrott was replaced by 0.85 molar,
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which has been shown to give comparable results, and
avoids problems associated with the use of a saturated

solution (Bracewell, Campbell and Mitchell, 1970).

(J) Mineralogical Analyses. Soil samples were

prepared for X-ray and thermal examinations by methods
| essentially similar to those described by Jackson‘(1956,
PP. 31-188).

Organic matter was oxidised by treatments (usually
12) with 30% H,0,, buffered at pH 5.0 to prevent the
development of low pH conditions in the soi1=-H20-H-202
slurry that could cauge degradation of layer silicates
(Douglas and Fiessinger, 1971; Douglas, 1971 and
Lavkulich and Wiens, 1971). 'Free' iron oxides were
removed by treatment with bicarbonate-buffered citrate-
dithionite (Mehra and Jackson, 1960). Size fractions
were separated using procedures outlined by Tanner and
Jackson (1947) and Jackson (1956).

Mg- and K=saturated clay suspensions (fine, <0.2 }m
and coarse, 0.2 - Zaolmm)'were prepared by four washings’
with 0.5 molar MgCl2 and 1.0 molar KC1, reépectively,
followed by repeated washing with distilled water to
remove excess salts. Duplicate samples of preferentiélly-
oriented Mg— and = K=saturated clays were prepared by
drying i% suspensions on glass slides at room temperature.
The amount of clay on the slides corresponded to 3.0 mg/cmz.

Following amalysis by ﬁhray diffraction at room
temperature the Mg-saturated samples were glycerol

solvated by successive light sprayings with 10% glycerol
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until the_ specimens retained a moist appearance. As

some forms of montmorillonite solvated from dry ﬁg-saturated
clay do not expand beyond 1.4 nm (Jackson, 1956 and

Fieldes, 1968) samples found to contain expanding clays

were also solvated by the method described by Jackson et al.
(1954).

After X-ray examination at room tempera?ure the
K-saturated samples were heated for two hours at 350°C and
subsequently for one hour at 550°Co They ﬁere re-examined
after each heating. To preclude resorption of water
samples were stored at 150°C until X-rayed.

Several workers have shown that treatment with warm
HCl facilitated the identification of kaolinite in the |
presence of chlorite and vermiculite (oinuma, Kobayashi
and Sudo, 1961; Sudo, Oinuma and Kobayashi, 1961;

Hayashi and Qinuma, 1964; Gjems, 1967 and Wiklander and
Aleksandroviéj 1969). | As all these minerals were likely
to be encountered in the present study a batch of clay |
suspensions was treated with 6 molar HCl1l for 30 minutes
at 95°C, before cation saturation and the preparation of
preferentially-oriented slides. |

Preferentially-oriented silt (2 - 20)um) specimens
were prepared for X-ray aﬁalysis in a similar manner to
that ﬁsed for clays. Randomly-oriented specimens of
gilts and sands (>0.02 mm) were also prepared from air-
dried samples using an end-loading specimen holder similar
to that described by Niskanen (1964).

- Mg-saturated specimens for differential thermal

analysis (DTA) were prepared by flocculating and washing
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aiiquots of the clay fractions, isolated by sedimentation,

with 0.5 molar MgCl After removal of excess MgCl

2° 2
the samples were freeze-dried, lightly ground (=53 )m)
and equilibrated over saturated Mg(NOB)z ( relative
humidity, 56%) for a minimum of four days.

HF digestion (Raman and Jackson, 1965; Norrish,
1968 and Sarma and Krishna Murti, 1969/1970) was used to
dissolve aluminosilicates in an attempt to concentrate
resistant minerals, present in small amounts in the clay
fractions, sufficiently to permit their ideﬁtification by
X=-ray difffaction. A range of samples of other size
fractions were also examined.

X-ray diffraction analyses were made on Philips
equipment comprising a PW 1310 generator and PW 1050/25
~goniometer, using Mn filtered FeKe radiation (50 kv,

20 mA) and a proportional counter coupled to an arithmetic
chart recorder using pulse height analysis. The divergence,
receiving, and scatter slits were set atﬂ1°, 0.1 mm and

1°, respectively, for clays. Wider slifs were used where
appropriate for silt and sand samples. A goniometer

speed of 10, 20/minute, a chart speed of 1 cm/minute,

and a time constant of 2 seconds were used. The rate

meter was varied according to the intensity of reflections
from particular samples. Clays were écanned from 2 - ho°,
20 and all other samples from 2 - 90°.

Differential thermal analyses were carried out using
an Aminco Thermoanalyser with a stainleés steel sample

holder. In each instance 80 mg of sample was diluted
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with an equal weight of calcined kaolinite, 160 mg of
~which was used as the reference material, the heating
;ate was 12°C/minute and a flow of oxygen-free nitrogen
of 20 ml/minute at a pressure of 1.013 x 10°P was passed
through the sample. |
Semi-quantitative estimates of clay mineral
distribution were based upon relative peak areas of
diagnostic X-ray diffraction spacings. These estimates
were checked by comparison with differential thermograms.
Material within the size range 0.125 = 0.177 mm
was isolated from air-dried sands (0.02 - 2 mm) by dry-
sieving. The isolated fractions were further separated
into mégnetic and non-magnetic fractions using a Frantz
isodynamic magnetic separator, operated at a current of 1.2
amp,. with side and forward slopes of 5° and 300, respect-
ively. Three passes weré made at a flow rate.of 0.3 m1/
minute. The two fractions were weighed and the minerals

present in each identified using a polarising microscope.

(3) Presentation of Results

In the accompanying figures and tables total
chemical analyses, and oxalate- and pyrophosphate~
extractable Al and Fe are expressed on the basis of the
ignited weight of the sample. Mechanical analyses and
cation exchange data are expressed on an oven-dry basis.
Fieldes and Perrott test and phosphate retention are
empirical methods and are based on air-dry soil, Data
for the poorly-drained Ikamatua fine sandy loam, I(w)1,

are included in tables and figures devoted to the soils
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forming the chronosequence to facilitate ready comparison
with the freely-drained soil of similar age. Data for the
two transects on the Ahaura silt loam Ah 1, are presented
separately. Data from the A, horizon at I(o) 2 are
included, where relevant, with the soils of the chrono-
sequence, Data from the 'grab' samples taken subsequent
to the above analyses are not included in these tables,

but are discussed in the text where appropriate.

Dashes in the tables indicate that no such sample
existed, or that no méaningful value could be entered,
while "n.d" indicates that the value was not determined.

Stones were present in the C horizons of the Ho 1,
I(y) 1 and I(o) 1 profiles below a depth of approximately
0.40 m. The disintegrating :emains of strongly weathered
stones occurred below 0.62 m in the C horizon of the Ok 1
profile, but there was no evidence for the preﬁious
existence of stones at any higher level in this profile,
or above 0.76 m in the Ku 1 profile. Stones were absent
above 0.76 m in the I(w) 1 and Ah 1 profiles. To avoid
differences caused by variations in the texture of the
parent materials totals for all profiles were therefore
caloulated to a depth of 0.38 m, the minimum dépth at
which stones occurred.

Totals weré also calculated to a depth of 0.76 m.
As well as presenting the actual values obtained to this
greater depth, an attempt was made to reduce effects
resulting from variations in the depth of fine alluvium

between tesseras, and thus allow more meaningful
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comparisons to be made between soils. It was assumed,
that for horizons containing stones, <2 mm material
oqcupied the whole volume of such horizons. The density
of isolated <2 mm material was determined by packing into
a 50 ml measuring cylinder under gentle vibration. This
approach could not, however, be applied to the Ok 1, C
horizon és it was not feasible to isolate the material
derived from stones. All the material from this horizon
was therefore crushed to pass a 2 mm sieve. Unless
otherwise stated the use of the term "estimated" in any
table or figure implies that the above assumptions were
used.

For profiles where horizon boundaries did not
coincide with 0.38 and 0.76 m, proportionate adjustments
were made.

- Complete results appear in the tables with the
exception of the O horizon of the I(y) 1 profile, and to
a lesser extent of the I(o) 1, A horizon. The omissions
do hot significantly affect the results. A matrix of
simple correlation coefficients was constructed using
data from the soils of the chronosequence (except I(w) 1)
obtained‘both'in this study and that of Tan (1971). This

is presented as Table 2.
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CHAPTER THREE

RESULTS AND DISCUSSION

I. INTRODUCTION

The analytical data presented in this section are

grouped, for convenience, as follows:

1. Physical Parameters. (Depth of horizons, soil pH,
volume-weights, % moisture (MH), loss-on-ignition,

and mechanical analyses).

2. Chemical Analyses. (Total chemical analyses and
cation exchange analyses including exchangeable

cations).

3. ° Poorly-ordered Soil Colloids. (oxalate- and
pyrophosphate-extractable Al and Fe, phosphate

retention, and Fieldes and Perrott test).

L, Minefalogical Analyses. (X-ray diffraction analyses,

differential thermal analyses and optical mineralogy).

Data for the soils of the chronosequence (including
the wetter variant of the Ikamatua silt loam) and for
each'of the two transects on the Ahaura silt loam, are
listed in separate tables.  For ease of comparison, data
for Ah 1, a site that is included in the chronosequence
and in both transects, are presented in all appropriate

tables.
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II. PHYSICAL PARAMETERS

Data showing the depth of horizons, soil pH (in
both distilled water and molar KCl), percent moisture,
and loss-on-ignition are listed in Tables 3 (Chrono-
sequence), 4 (Transect 1) and 5 (Transect 2). The latter
two tables also list distances froﬁ the nearest living red
beech or decaying stump. Horizon and tessera weights of
size separates, and of organic and inorganic components
are presented in Table 6, while mechanical analysis data

appear in Tables 7 - 9.

(1) Soil pH

So0il pH values throughout the chronosequence are ail
low to very low. Depth functions (Figure 4) show a
tendency to increase slightly with depth. The I(y) 1,
I(o) 1 and Ah 1 profiles all show similar values and
trends. Values for these profiles are 0.3 - 0.6 units
higher than at equivalent depth in the Ku 1, which, with
the exception of the organic-rich BhG horizon yields
values 0.1 - 0.3 units higher than the older Ok 1. The
pH values of the gleyed upper horizons of I(w) 1 are
lower, and those of the oxidised lower horizons, higher
than the values given by the corresponding freely-drained
soil, I(o) 1. | The values given by the A ﬁorizons of the
Ho 1 profile appear to be anomalously low for a recent
soil. Trends observed along the two transects (Tables
4 and 5) (and the low value shown by the A, horizon of

I(o) 2) do show, however, that considerable variations in
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soil pH can occur over comparatively short distances,
particularly in the upper horizons. pPH values along
the transects increased with distance from the nearest
living red beech or decaying stump (Figures 5 and 6).
The downward trends shown close to each tree in these
figures probably demonstfate the localised influence of
stem flow. “

This influence of red beech on soil pH was confirmed
using 44 additional 'grab' samples taken from the low
glacial outwash terrace and younger surfaces. Half of
these samples were from surface horizons taken adjacent
to the stemé of living trees, and all gave pH (H20)
values between 3.1 and 4.4. Values tended to decrease
with increasing age of the soil and size of the tree.

The remaining samples were surface horizons collected at
least 7 m from the nearest tree, stump, fallen log, or
accumulation of organic debris, and all yielded values
S5,

It is unlikely that the concentration of KCl-
extractable aluminohydronium cations, A1(0H2)2+, could be
high enough to explain these very low soil pH values
associate? with red beech trees. Concentrations of the
" order of 2 x 10-3 and 2 molar would be necessary to yield
pH values of 4.0 and 3.0, respectively (Jackson, 1963a).
Kaurichev, Nozdrunova and Yevseyeva (1969) have shown that
the Al contents of soil solutions from gley and podzolic
soils containing up to 2.7 me/100 g of exchangeable Al

were < 2 X 10-h molar.
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Very acid conditions arising from the oxi&ation of

FeS2 or S could not occur at any of the sites except,
those on the present floodplain, where S or sulphides
derived from coal mining operations, or the erosion of
sulphide~bearing formations, may be deposited during
flogding. The S.content of rainwater in the area is
unlikely to exceed 0.5 ppm, most of which would be present
as sulphate (Mr A.H. Horn, Soil Science Department, Lincoln
College, pers. comm.).

| Chelation mechanismsare also unlikely to account
for the low pH values. Huang and Keller (1970) and Hewitt
(1973) have shown that dissolution of aluminosilicate
minerals in chelating solutions causes a slight increase
in pH.

| The relationship between pH and distance from the
nearest tree suggests that water~soluble organic compounds
associated with the presence and growth of the trees, or
with the decomposition of the organic debris that
accumulates in their vicinity, are largely responsible.
Kaurichev, Nozdrunova and Yevseyeva (1969) report that low
molecular weight organic acids including oxalic, tartaric,
citric, fumaric, malic, and glycolic accounted for 4 - 65%
of the C of the water-soluble organic matter in soil
solutions extracted from some gley and podzolic soils.
They attributed the lower pH values of the A horizons.of
the forest soils they examined to the formation of carbonic
acid and water-soluble compounds produced by organic matter

decomposition.
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Zinke (1962) has demonstrated the radial symmetry
of soil properties around individual trees. Properties
were shown to vary systematically with distance from the
stem. Several workers have shown that for some tree
species, including beech, the quantity of stemflow water
is considerable, relative to the precipitation incident
on‘the crown (Horton, 1919; Kittredge, 1948 Giibert,
1953; and Voigt, 1960). Although stemflow enters the
soil in a narrownband around the stem (Voigt, 1960) it
is usually unevenly distributed around the stem (Gersper,
1970), Stemflow water has been shown to be acidic, and
to contain larger amounts of C, N, Mg, P, S, Cl, K and Ca
than canopy drip (Voigt, 1960; Mina, 1965; and GerspeJ;'
‘and Holowaychuk, 1971) which in turn is more enriched than
tﬁe incident rainfall (Balasubramaniam and Jayaraman, 1952;
Will, 1955; Madgwick and Ovington, 1959; Voigt, 1960;
and Grunert, 1964). Stemflow has also been shown to
contain much greater quantities of fallout radioisotopes
than the incident rainwater (Witkamp and Waller, 1963) and
the depth of penetration of such iSthpes has been shown
to be.greatest close to the stems of trees (Franklin,
Gersper and Holowaychuk, 1967; and Gersper, 1970).

Anticipating that stemflow water, through the local
concentration of large amounts of water, enriched in
certain organic and inorganic substances from trees and
from external sources, would materially influence soil
formation,.and could enhance the formation of podzols,

Gersper and Holowaychuk (1970 a and b) examined a range
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of soil properties at distances of 0, 0.5, 1.0 and 2.0 m
from the stem of an American beech of 0.80 m diameter,
breast height. These‘investigatofS’ observed similar

pPH trends to those found in the present study; the pH
increasing from 4.5 at the stem to 6.0 at a distance of
2.0 m. As in the Ahaura transects the greatest variation
occurred in fhe surface horizon. The rainfall affecting
the site chosen by Gersper and Holowaychuk (1970 a and b)
waé.less than half that at Reefton, and the Miami soil on
which their étudy was located was developed from glacial
till containing considerable limestone fragments. The
authors did not investigate if variations continued beyond

2.0 m from the stem.

(2) Soil Organic Matter

With the exception of the BhG horizon of Ku 1, loss-
on-ignition values decrease with profile depth. Consider~
able variations, that are related to distance from living
trees or decaying stumps, occur over short distances in
surface horizons (Tables 3 - 5).

Weights of organic matter (OM) (Table 6) have been
calculated on the assumption that LOT = OM. Differential
thermograms (discussed in Chapter 3; V, (3)) show, however,
that at temperatures between 105 and 500°C some of the
weight loss would be caused by loss of water from the
dehydroxylation of clay minerals. To reduce such errors
the use of lower ignition temperatures in the range
350 - 430°C have been suggested by Mitchell (1932), Ball

(1964) and Davies (1974). Poorly-ordered hydroxy-alumina
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and gibbsite, which lose some 35% of their weight around
300°C;rwould still be affected by these temperatures, but
efrors introduced from this source should not exceed 4%
(maximum) of the values listed in Tables 3 - 5. Errors
resulting from the dehydroxylation of phyllosilicates |
have not been estimated. The highly signific¢ant corré-
lafion'coefficient (0.1% level) between loss-on-ignition
and oxidisable carbon (oxid.C) values (Table 2) suggests,
however, that the original assumption is reasonable. The
mean relationship between oxid.C and LOI yields
oxid.C = 39%'of LOI, or using a conversion factor from
oxid.C to organic carbon (org.C) of 1.3 (Bremmner and
Jenkinson, 1960) gives org.C = 51% of LOI. This approxi-
mates a conversion factor of 1.96 for org.C_to OM, as
compared with a commonly accepted figure of 1.74 (Hallsworth
and Wilkinson, 1958).

Similar levels of organic matter (to a depth of
0.76 m) occur in Ho 1 and I(y) 1; organic matter then
increasing with age of the soil to a maximum at Ah 1.
This is followed by a decrease at an approximate rate of
loss of 2 kg ha.",'1]rear_1 (Figure 7). The organic matter
1ével at site Ah 1, deliberately located at maximum
distance from the surrounding trees, is likely to be
exceeded in other tesseras. Comparing sites I(o) 1 and
I(w) 1 shows that restricted drainage results in a
considerably increased level of organic matter accumulation.

Depth functions of organic matter accumulation are

shown in Figure 8. The Hokitika and Tkamatua soils show
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a decrease in organic matter levels with depth. After an
initial decrease Ah 1 shows an increase in the lower
horizons. Similar increases are shown by the two gley
podzols. Examination of loss-on~-ignition and oxidisable.
carbon values (Table 3, and Tan (1971), respectively) shows
that the higher organic matter level of the Ah 1, B3
results from the increased density of the horizon, and that
of the Ku 1, Bhg from a substantial increase in organic
matter cbhtent that is sufficient to overcome a decrease
in density, whereas that of the Ok 1, BG fesults from an
increase in both density and organic matter content. The
rather low organic matter level of the Ku 1, A horizon
is related to the low density of that horizon. The
‘proportion of the organic matter that is present in the top
half of each tessera decreases with time from 90% in Ho 1
to 50% in Ku 1.

Much of the organic matter present in these soils is
probably complexed with cations and with hydrous oxides
of Al and Fe, and is likely to have played a significant
role in the loss of Al and Fe from upper horizons during
soil genesis. This conclusion is supported by the highly
significant correlation coefficients (0.1% level) between
loss-on-ignition and pyrophosphate-extractable Al and Fe
(Table 2), and by the low values obtained throughout the
sequence for the CEC of the organic fraction (Chapter 33
IIT, (1), (a)).

Zinke (1962) has pointed out that variations in the

distribution of bark andlleaf litter may cause differences
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in organic ca}bon contents of soils with respect to
distance from tree stems. Gersper and Holowaychuk (1970b)
report a progressive decrease in organic carbon content

of A horizons with distance from an American beech. In
contrast to the present study they observed a decrease in
the quantity of litter on approaching living trees. They
thus attributed the observed trend in organic carbon
values to carbon additions from stemflow water, and to the

more anaerobic conditions existing next to the stem.

(3) Soil Separates

Volume~weights of soil separates, and of organic
and inorganic components are presented in Table 6. Similar
tessera weights of soil (kg ha-1) to a depth of 0.38 m
occur at the Ho 1 and I(y) 1 sites. The greater weight
of material between 0.38 and 0.76 m in the former tessera
results from a large increase in the quantity of stomes,
a depositional feature. Tessera weights of soil to both
depths then decrease with age until Ah 1, and then increase
substantially. The I(w) 1 tessera contains only 56% and
68% of the weight of sdil present to depths of 0.38 and
0.76 m, respectively, in the comparable freely-drained
I(o) 1.

Walker (1965) notes that as accumulation of organic‘
matter causes soil volumes to increase (Dickson and
' Crocker, 1954; and Walker and Adams, 1958 and 1959)
examination of percentage compoéitions could lead to the
misinterpretation qf soil processes. He makes a plea
for sampling soils by volume when considering pedogenic

processes.
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In the present study the incorporation of organic
matter, and the presence of large quantities of hydrous
oxides of Al and Fe (Chapter 3; IV, (3)) leads to the
development of loose-textured, fine granular and crumb
structures. This causes a decrease in density and an
upward expansion of the original soil volume. The
maximum expression of this effect is seen in the I(w) 1
and Ah 1 tesseras, where the quantities of inorganic
material present in each tessera show minimum values for
the sequence (Figure 9).

Beyond Ah 1, loss of organic matter and of hydrous
oxides has led to destruction of soil structure, and
resulted in compactiorn and the development of dense,
impermeable horizons. .A consequence of this collapse
in soil volume is a comnsiderable increase in the quantity
-of inorganic material in a given volume; the Ok 1 tessera
actually containing more than 1.5 times that present in
Ah 1 (Figure 9).

If a soil is expanding upwards sampling to constant
depth at each successive stage results in the exclusion
of increasing quantities of materiai that would have been
present in the original volume. Losses from the system,
expressed eifher in absolute units, or as a percentage of
the amount originally present, will tend to be overestimated.
This situation exists between Ho 1 and Ah 1. Conversely,
if compaction occurs sampling to constant depth would
lead to inclusion in later stages of material that was

below the depth of sampling at an earlier stage. Losses
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from such systems may be underestimated, and elements
lost at comparatively slow rates may actually appear to
accumulate.r To overcoﬁe these errors and determine
absolute gains and losses resulting from soilldevelopment,
it would be necessary to sample at each stage to the
depth that the original volume then occupied, or,
alternatively, to be able to deduce the original weight
and composition of the material that now occupies each
sampled volume. These approaches would distinguish
between actual gains, and apparent gains where an element,
such as Si in the present study, that is lost from the
system at a slower rate than many other components, by
forming an increasing percentage of an increasing total
weight of inorganic material in the constant volume,
appears to be accumulating. Attempts are made (Chapter 33
IIT, (2)) to determine actual gains and losses of total
elements with time. The factors so derived could, if
required, be applied to the other quantitative analyses

presented in this thesis.

(4) Mechanical Analysis

Mechanical analysis data for the chronosequence
soils are recorded in Table 7 and summarised in Figure 10.
This diagram also demonstrates the effects of the differ-
ing quantities of so0il in the various tesseras. Comparison
of the approximate values obtained from deferrated samples
used for mineralogical analyses with those obtained by
the International pipette method (data supplied by Mr E.J.

B. Cutler) shows that a satisfactory separation was
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acﬂieved with the former samples. The low clay
percentages obtained by the pipette method for Ah 1, AB
and 321 horizons suggest difficulties in obtaining
complete dispersion.

There is an increase in clay contents (%) with
s0il development to Ku 1, followed by a decline to Ok 1
Figure 11). Clay contents decrease with depth in all
soils except Ku 1, where the maximum clay percentage
occurs in the BhG horizon, and Ok 1 where clay content
increases with depth to reéch a maximum in the B3G
(Figure 12). Only 7% of the totai clay occurs in the
fine clay fraction (<0.2 pm) in the A horizon of Ok 1,
compared with 32% and 43% in the corresponding horizon
of Ku 1 and Ah 1, respectively.

If allowance is made for variations in density with
depth, and depth functions of clay examined on a volume-
weight basis (Figure 13) several changes become apparent.
The most obvious of these is that the Ah 1 profile now
resembles that of the two older gley podzols and differs
from those of the remaining yellow~brown earths. Its
maximum clay content now occurs in the B3 horizon and
not in the A. As it is generally considered that
' increasing clay content is associated with increasing
soil development, the decline in clay content between
Ku 1 and Ok 1_and the relatively low clay,levels in the
surface horizons of these soils and of Ah 1, require
explanation. While eluviation_of clay is a possible

mechanism to explain the increasing clay content with
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depth in the freely-drained Ah 1, clay destruction from
exposure to‘orgahic_chglates and low pH conditions over
a considerable period is a more likely cause of the low
clay levels, particularly within the fine clay fraction,
now found in the surface horizons of the poorly-drained
gley pqdzols.

Silt contents increase throughout the sequence, while
with the exception of the I(o) 1 profile and the lower
0.38 m of Ok 1 there is a decline in the coarse sand
fraction with time (Figure 11). Both of the anomalous
values can be attributed to coarser textured parent material.
The Ok 1 C horizon contains the disintegrating remains of
strongly weathered stones, whereas stones are absent from
the comparable depth of Ku 1. The increases in the
1evels‘of silt and clay are at the expense of the coarse
§and‘fraction. The relative positions of the 0.38 and
0.76 m curves in Figure 14 shows the deeper penetration
of soiirdevelopment with time.

Although a low sand and high clay content occur in
the O horizon at Ah 6, no consistent trends occur with
increasing distance from either living beeéh tree or the

decaying beech stump (Tables 8 and 9).

IIT. CHEMICAL ANALYSES

I R et

The data presented in this section deal with cation
exchange properties, including base saturation and the
levels of the more important exchangeable cations, total

elemental analyses, and oxalate- and pyrophosphate-
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extractable Al,and Fe, phosphate retention and the

Fieldes and Perrott test.

(1) Cation Exchange Properties

Cation exchange data are set out initially in
Tables 10-12, Data for the chronosequence, converted
to a volume-weight basis appear in Table 13. The main
trends apparent from these tables are illustrated in

Figures 15 = 29.

‘(a) Cation Exchange Capacity. Cation exchange
capacities of the chronosequence soils to a depth of 0.76 m
(measured at pH 7.0) show an initial decline from

8 me ha~! at -

6.0 x 10° me ha™' (Ho 1, 0.76 m) to 5.4 x 10
I(y) 1, rise to a maximum value of 1.0 x 107 me ha~' at
Ku 1, before again declining. The changes beyond Ah 1
are largely confined to the lower half of each tessera,
while the initial decrease in CEC is continued as far as
Ah 1 in the upper 0.38 m of the tessera. Values obtained
from I(w) 1 are considerably higher than those of I(o) 1,
and exceed those of Ku 1 (Figure 15). The higher

organic matter content of I(w) 1 (Figure 7) and the
presence of expanding 2 : 1 layer silicates in the upper
part of the profile (Chapter 3; V, (3)) are responsible
for the higher CEC values obtained at this poorly-drained
site. = Although highiy significant (0.1% level) correla-
tions gpcur between CEC and both loss-on-ignition and %
oxidisable carbon (Table 2) the variation of CEC with time
(Figure 15) does not closely resemble the accumulation of

organic matter (Figure 7). The dependence of CEC on the
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levels of organic matter, c1£} and silt will be discussed
later in this section.

CEC depth functions (Figure 16) decrease with
distance from the surface for Ho 1 and the several
Ikamatua soils.. Ah 1 and Ok 1 show increases in the subsoil
after initial decreases, whereas Ku 1 shows an increase
with depth to reach a maximum in the BhG horizon. These
functions closely resemble those for organic matter (Figure 8).
Horizons that show anomalously high CEC values as compared
with their organic matter levels (e.g. the gleyed horizons
of I(w) 1, and the G and B,G horizons of Ku 1 contain
expanding 2 : 1 layer silicates (Chapter 3; v, (3)).

- CEC values for both the upper and 321 horizons sampled
along Transect 2 increase towards both living trees.
Values decrease with depth, and are particularly high in the
upper horizons at Ah 6, 7 and 9. Only the upper horizons
show a similar trend towards the decaying stump along
Transect 1. The anomalously low value shown by the A2
horizons at Ah 5 reflect their comparatively low organic
matter contents.

In their study Gersper and Holowaychuk (1970 a and b)

found a progressive increase in CEC towards a beech tree
in the A horizon, and a progressive decrease in the Bz.
They attributed the changes in the upper solum to increases
in both organic matter and clay, and showed that the
decrease observed in the B, correlated with a decline in

2
clay content.
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(b)  Exchangeable Na, Mg, Al, X, Ca and Fe.
Variations in the weights of exchangeable Na, Mg, Al, K,

Ca and Fe per tessera throughout the sequence are
illustrated in Figure 17. The levels of these exchange-
able cations, excepting Fe, are highly correlated (1%
level) with CEC (Table 2). The tessera weights of the
four basic cations (Na, Mg, K and Ca) decline with
increasing soil development to reach minimum values at

Ah 1, ‘This decline results from decreases both in CEC
and in the bulk density of the soil, and from increased
competition for lattice sites by Al species‘and H30+a
Subsequently, in Ku 1, an increase in bulk density, and
higher clay Qontents in the lower solum that are dominated
by expanding clays, rather than by the 2 : 1 = 2 : 2 Al-
intergrades of the younger soils (Chapter 3; V, (3))
cause increases both in CEC and in the quantities of the
basic cati&hs. A fall in the amounts of organic matter
and of clay to Ok 1 is responsible for the observed dfop
in CEC and in the quantities of the basic cations other
thanh Na.,

Exchangeable Al (Al displaced by Molar KC1) has
been assumed to be present as the hydrated, trivalent
monomer ,Al(—gH2)63+. Jackson (1963a) indicates that the
lower concent;ations of the monovalent and divalent
monomers, [:Al(OH)2 (--.-OH2 )l&] * and [AJ.(OH) ('OHZ)SJ 2+
respectively, and their greater ease of displacement from
lattice sites, should limit their presence in acid soils

(PH< 5.0) to insignificant amounts. Exchangeable Fe
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has.beeh assumed to be present as the equivalent trivalent
" iom, ?Fg(-0H2)63+.

Eichangeable'Al shows a highly significant negative
correlation (1% level) with soil pH (Table 2). The
decrease in exchangeable Al that occurs between I(y) 1 and
Ah 1 (Figure 17) is a function of an even larger decrease
in CEC (Figure 15). Throughout this period base saturation
decreases (Figureﬁ18) and exchangeable Al forms an increasing
ﬁropgrtion'of CEC. The increase in exchangeable Al to
Ku 1, and the subsequent fall to Ok 1 are related to the
substantial subsoil changes in CEC.

Exchangeable Fe, unlike exchangeable Al,ldoes'not
correlate with soil pH. The relatively high quantities of
exchangeable Fe (to 0.76 m) from I(o) 1 to Ku 1 suggests
that Fe becomes mobile rather earlier than does Al.

With the exception of Fe in the lower half of the
tessera, weights of the exchangeable cations are higher
in I(w) 1 than in I(o) 1. This results from the higher
CEC of the poorly-drained soil. |

The order of abundance of the four basic cations
(me_ha-1) in Ho 1, the youngest soils of the sequence, is
Ca > Mg> K> Na. This has altered to Ca> Mg> Na> K
by Ku 1 and to Ca>> Na> Mg> K in Ok 1. The increasing
importance of Na can be’explained byAthe higher atmospheric
returns of this element, and by the abundance of the Na-
rich feldspar, albite, in the parent material. The .
Vrelative stability of this mineral has resulted in its
survival in the coarser sand fractions of all horizons of

both gley podzols.
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Analyses of rainwater samples collected near the
confluence of the Taipo and Tarama.kau: Rivers, (29 km fro:;l
the sea) show present-day levels in solution of 0.6, 0.08,
0.07 and 0.04 ppm for Na, Mg, K and Ca, respectively
(Mr A.H. Horﬂ, Soil Science Department, Lincoln College,
pers. gomm.). If the levels at Reefton, 14 km further
iniand, are assumed tq be of a similar order atmospheric
returns of 11.4, 1.52, 1,33 and 0.76 kg ha 'year™ of Na,
Mg, K and Ca would occur.. If returns of this order had
occurred throughout the entire period of soil development
they would represent additions of 5 (Ca) to 275 (Na) times
the losses of exchangeable bases that occurred between
I(y) 1 and Ah 1, and 44 (Ca) to 2.5 x 10° (Na) times the
actual gains from Ah 1 to Ku 1.

Depth functions for the various exchangeable cations
are presented in Figures19-2h; Exchangeable Mg, K and Ca
tend to decrease with depth, and,in the yellow-brown earths,
with the duration and intensity of leaching. Increased
subsoil levels of Mg and Ca occur in Ku 1. Exchangeable
Al also decreases with depth in the freely-drained yellow-
brown earfhs, but increases to maximum levels 0.2 - 0.5 m
from the surface in the three poorly-drained soils.

- Exchangeable Fe, and the mobile exchangeable Na exhibit

no obvious trends with depth. Levels of all six exchange-
able cationg correlate significantly with % oxidisable
carbon and with: loss-on-ignition (Table 2), but only
exchangeablebNa and Al correlate with % clay. Thus the

variations in organic matter levels with depth are largely



51.

responsible for the observed exchangeable cation depth
functions.

Simple linear regressions between exchangeable and
total Mg, Al, K, Ca and Fe yield non-significant correlations.
Highly significant correlation coefficients (0.1% level)
were obtained for linear regressions involving any pairings
of gxchangééﬁle“Na;fMg;‘K dnd Ca, while exchangeable Al
correlatedoniy with exchangeable Na (5% level). Exchange-
able Fe.éhowed'no correlations with the other exchangeable
cations. (;rablé 2).

The effects of pedogenesis on the proportions of total
Mg, Ca, K, Al and Fe that are present as exchangeable
: cations'are shown in Figures 25 - 27. For each ion the
proportion is always greater in the upper half of the
tessera. Exchangeable Mg, K and Ca exhibit similar trends,
with an initial drop from Ho 1 to I(o) 1 being followed
by rises that surpass the original values. Some 4% of
total K, 7% of Mg and 26% of Ca in the upper 0.38 m of the
Ok 1 tessera are present as exchangeable forms. Exchange-
able Al and Fe reach maximum values of 1.7 and 0.53% of
the respective total elements in the upper half of the Ku 1
tessera. The proportions of total elements present as
exchangeable forms in I(w) 1 exceed the values found in
I(o) 1 by factors ranging from 2.7 (K) to 10 (Ca).

Levels of exchangeable Na (excepting Ah 7, O horizon),
Mg, K and Ca (again excepting Ah 7, O hdrizon) increase
towards both living trees along Transect 2 (Table 12), but

show no consigtent trends along Transect 1 (Table 11).
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Exchangeable Al levels do not vary regularly along either
transect. Thevobserved fluctuations probably reflect
variations in the returns from canopy drip, stemflow and
decay of organic matter.

Gersper and Holowaychuk(1970 b and 1971) have shown
that stemflow water caused exchangeable K to decrease, and
exchangeable Mg énd Ca to increase, with distance from trees.
They surmised that the higher ratio of stemflow K to soil
exchangeable K, as compared with the comparable Ca ratio
#ccounted for their rather strange result.

(c) Base Saturation. The sum of exchangeable Na,
Mg, K and Ca has been assumed to represent total exchangef
able bases (TEB). Trends in TEB during soil development
(Figure 15) resemble those shown by CEC, but the initial
decline is greater. Variations of TEB with depth
(Figure 28) show, with the exception of Ku 1, a tendency
to decrease with depth. Thé Hokitika, Ikamatua and
Ahaura soils all show the very low subsoil values
characteristic of lowland yellow-brown earths (Metson and
Blakemore,‘1968). Comparison of the TEB values of the
surface horizons of these soils indicates that decreases
in TEB are associated with the duration and intensity of
leaching. TEB values for the gley podzols exceed those
of the younger Ah 1. The presence of expanding clays,
relatively high atmospheric returns in relation to the
levels present, and the restricted drainage of the gley

podzols would account for these increases.
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The decrease in base saturation from 50% (to 0.38 m)
and 46% (to 0.76 m) at Ho 1, to 10% at Ah 1 (Figure 18)
arises froh a larger fall in TEB than in CEC. The
subsequent increase to Ku 1 reflects a proportionately
greater increase in TEB, while the further increase to Ok 1
arises from a drop in CEC of the top 0.38 m, and a
proportionately greater drop in CEC in the lower half of
the tessera.

The general trend shown in base saturation depth
functions (Figure 29) is for an initial decrease with depth
from the surface to be followed by an increase in some
lower horizon. The strongly leached ITkamatua and Ahaura
s0ils show values of 18 - 23% in the surface horizons,
while the three poorly-drained soils yield values of 28 -~
Lad%,

Base saturation values are highest in the surface
horizons at all sites sampled along both Ahaura transects.
Thus at each site, the horizon of lowest pH has the highest
base saturation. Similar resﬁlts are reported by Gersper
and Holowaychuk (1970b), who also observed that there was
a progressive inward decrease in base saturation towards
the tree stem. No such trend was observed for the Ahaura
transects, but only three of the sampling sites were
located < 2.0 m from the stem of a living tree, or decaying
remains.

Several workers have examined the relationship
between soil pH and base saturation (Puri, 1930; Pierre
and Scarseth, 1931; Conrey and Green, 1932; and Mehlich,

1941). Some found high correlations between these two
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80il properties while others did not. Jenny (1941) .
postulated that‘control of the soil-forming factors should
improve correlations among soil properties, and in a
later work Blosser and Jenny (1971) demonstrated very low
correlations'between the two properties for 80 soils
collected at random over a wide area, but found very high
correlations when soils from the same area were selected
according to soil-forming factors.

Soil pﬂ was not signifigantly correlated with base
saturation for either the chronosequence (r = -0.130) or
transect (r = -0.148) soils, Some improvement was
obtained by subdividing the chronosequence samples into
upper (above the B) and lower (B and below) horizons,
but only the former grouping yiélded a significant (5%
level, r = -0.685) correlation. Subdivision of the
chronoseqﬁence samples into yellow-=brown earth and gley
podzol‘groupings also yielded higher correlation coefficients,
but only the one for the latter was significant (1% 1evél,
r = -0.791). The low correlation coefficient (r = 0.155)
shown by the upper horizons of the Ahaura transects, as
compared with the significant correlation (5% level,

r = 0.684) for the B2 horizons suggests that variations

1
in soil properties that are a function of distance from
the nearest red beech tree or stump may be more strongly

expressed in the upper horizons.

(d) cation Exchange Capacity as a Function of

Organic Matter, Clay and Siit. It is generally recognised

that the clay and organic matter fractions are responsible
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for most of the CEC of soils. Several investigators have
shown, however, that the silt and sand fractions of some
soils can make a significant contribution (Joffe and
Kunin, 1943; Coleman and Jackson, 1945; Karim and Islam,
1956; McAleese and Mitchell, 1958; LeRoux, Cady and
Coleman, 1963; Tedrow, 1966; and Alexiades et al. 1973).
To fully explain cation exchange phenomena it is
necessary to quantitatively assess the relative importance
of the orgahic and inorganic soil components. Attempts
to obtain this information directly involve the removal
of one of the components (Baver, 1930; McGeorge, 1930;
Williams, 1932; Bartlett, Ruble and Thomas, 1937; Kelley
and Thomas, 1942; Davies and Davies, 1965; and Clark
and Nichol, 1968) or the use of an exchange reaction
specific to a single component (Addiscott, 1970).
Objections to the use of chemical extractions are
that the reactions involved may be incomplete or cause
degradation of the other component (Kelly, Dore and Brown,
19313 Olson and Bray, 1938; Farmer and Mitchell, 1963
and Douglas and Fiessinger, 1971). Evidence exists that
the CEC values obtained may debend on the method of
extraction (Mitchell, 1932). Studies by Roth et al.
(1968), and Roth, Jackson and Syers (1969) have shown
that the CEC's of vermiculite, nontronite, biotite and
muscovite were not affected by peroxidation and prompted
Syers, Campbell and Walker (1970) to suggest that the
effect of H?_O2 on the CEC of clay minerals had been

overestimated. The latter authors also found a high
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correlation between CEC of peroxidised samples and clay
coﬁfent‘which”they claimed indicated the complete removal
of organic matter, or the negligible CEC of residues.
Comparison of the areas of the relevant peaks on DTA
thermograms both before and after 14 dayé tréafment with
hot 30% H202 showed, however, that much of the original
organic matter survived in some samples from the presént
stﬁdy.

Other‘investigations have shown that the CEC of
organic and inorganic goil fractions is not necessarily
additive. The blocking of exchange sites through the
formation of clay-humus complexes would yield lower whole
soil CEC values than the sum of the CEC's of the two
components (Meyers, 1937; and Syers, Campbell and Walker,
1970), whereas the higher whole soil values reported by
Broadbent (1955) suggest degradation of ome or both
components during isolation.

 Since the problems outlined above can only be avoided
by determi;ing the contributions of the clay and organic
: fractions to soil CEC on intact samples, the use éf
multiple regression analysis has been adopted by many
investigators.(Baver, 1930 ‘Williams, 1932; Hallsworth
and Wilkinson, 1958; Mohamed and Gohar, 1960; Helling,
Chégters and Corey, 1964; Wilding and Rutledge, 1966;
Yuan, Gammon and Leighty, 1967; Stevens, 1968b; McLean
aFdLOwen,b1969; Adams, 1970; Syers, Campbell and Walker,
1970; and Wright and Foss, 1972)L Wilding and Rutledge

(1966) have criticised the use, in regression analyses,
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of soils that differ widely in physical, chemical and
drainage characteristics. Since, by definition, all soil
forming factors other than time are held constant or
ineffectively vérying in a chronosequence, Syers, Campbell
and Walker;(1970) have indicated that their examination
offers a unique opportunity to study the relative
contributions of organic carbon and clay to CEC. The
chronosequence examined in the present study which is of
greater age, and which has been more intensely leached
and weathered than that investigated by Syers and his
co-workeré, shows, however, marked changes in both clay
mineralogy and soil drainage between the younger and older
members.  The effect of these variations on the use of
regression analyses to examine CEC as a function of organic
matter and clay was examined by considering the soils of
the chronosequence as a whole, and in appropriate sub-
groupings. The soils of the Ahaura tranéects were
consideréd separately as differences between them would
be a function of the biotic factor, rather than of time.
Relevant data for the chronosequence (excluding
I(w) 1), and transect samples are summarised in Tables
14 and 15, respectively. Simple regression analyses
involving % oxidisable carbon (chronosequence) and loss=-
on-ignition (Transects) with CEC are presented in Tables
16 and 17. Highly significant correlations (0.1% 1level)
occur between oxidisable carbon and CEC for all groupings
except the gley podzols which contain higher contents of

expanding 2 : 1 layer silicates (vermiculite and
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montmorillonite) than the younger, freely-draining soils.
Approximatély 60% of the variability in CEC of the
chronosequence soils (considered as a whole) could be
attfibuted to differences in oxidisable carbon levels.

As more than 90% of the variation in CEC of the transect
soils could be explained from variations in loss-on-
ignition (QM) it appears that fairly accurate estimates
of the CEC, at least of the upper part of the profile, at
different locations on the freely-drained parts of the low
glacial outwash terrace, can be based on this property
alone.

Highly significant correlations were also obtained_
between % clay and CEC for the three all soils groupings,
and for the yellow-brown earths. .Subdivision of the latter
group resulted in lower correlation coefficients, signifi-
cant only at the 5% level. The relationship was not
significant for the gley podzol grouping or for the Ahaura
transects. Correlation coefficients between % clay and
CEC were always lower than those involving oxidisable
carbon or loss-on-ignition and CEC, but use of % clay
iﬁ the simple regfession equation accounted for a higher
proportion of the variability in the CEC of all seven
chronosequence groupings (Table 18), Simple regression
analysis befWeen % oxidisable carbon or loss-—-on-~ignition,
and % clay yielded non—significént correlations with the
exception of the all soils, yellow-brown earth and upper
horizons yvellow=brown earth groupings.

Multiple regression and correlation measure the
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relationship between two or more independent variables
(in this study % oxidisable carbon, or loss-on-ignition,
% clay, and % silt) and a dependent variable (CEC). The

multiple regression equation is of the form:

j; =y + 1:;1_(1:1 - x,) + 1:>2(x2 - 552) + b3(x3 - 5':3),
where Y = the estimated CEC in me/100 g soil, and
X1, X2 and X3 are the percentages of oxidisable carbon,
(er 1ess-on-ignition), clay, and silt, respectively;

§, 51,,52 and 53 are the means of the above properties;
and b1, b2 and b3 are partial regression coefficients for

the three variables X, , X, and XB' respectively. The

equation may be written in the form:

-Y'=wa + b_'X1 + b2X2 + bBXB’ Where the regression constant,

a, indicates the value that the CEC would have if all the
independent variables equalled zero. The partial
regression coefficients, b

’ b2 and b represent CEC in

1 3?
terms of me g-1 for oxidisable carbon, (or organic matter
if loss-on-ignition used), clay and silt. The equation
assumes a linear response of CEC to each of the independent
variables, and fhat there are no interactions between
them. These assumptions are not completely valid since
clay-organic matter complexes exist in soils (Greenland,
1971, is a recent review). Multiple regression
equations for the chronosequence samples are presented
in Tebles 19 and 20, and for the transect samples in
Table 21.

Application of an F-test showed that the use of

both % oxidisable carbon and % clay to predict CEC
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(Table 19) gave no significant improvement over the use
of % oxidiszble carbon alone (Table 16) for both the upper
and lower horizons of the yellow-brown earths, but was a
significant improvement (5% 1eve1) for the upper horizons
of the all soils grouping, and a highly significant
improvement (1% 1eve1) for the remaining groups. The
additional inclusion of % silt in the regression equation
(Table 20) afforded a further significant improvement in
the ability to predict thé CEC in only two groupings,
the yellow-brown earths and the upper horizons of the
all soils group. A t-test was used to test the significance
of the partial regression coefficients. Significant
(5% level) values were obtained for the b1 coefficient for
the upper horizons of both the all soils and yellow=brown
earth groupings, and highly significant (1% or 0.1% levels)
values for the remaining b, coefficients., Non-significant
values were obtained for more than half the b2 and for all
but one of the b3 coefficients. The results of these |
analyses indicate that % silt should not be included in the
regression‘equation, and that Table 19 should be preferred
to Table 20. F-tests also showed that the use of multiple
regression (Table 21) was not a significant improvément
over the use of loss-on-ignition values alone (Table 17)
in predicting the CEC of the transect soils.

The multiple coefficient of determination (Rz)
values show that all the regression equagions listed in
Tables 19 and 21 are highly significant (1% level), and

that 87% and 94% of the variation in CEC of the
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’chronosequence and transect soils, respectively, may be
predicted from their organic matter and clay contents.

The average relative contributions of oxidisable
carbon and clay to total soil CEC are expressed by the
partial regression coefficients. Thus it follows
(Table 19) that each gram of oxidisable carbon contributes
1.97 + 0.23 me ‘and each gram of clay 0.42 + 0.10 me to
the CEC of the chronosequence soils. If it is assumed
that oxidisable carbon forms 77% of organic carbon
(Bremner énd Jenkinson, 1960), and that organic carbon
constitutes 58% of organic matter (Hallsworth and Wilkinson,
1958), the mean CEC of organic matter for the chronosequence
soils is 88 + 10 me/100 g, a value lower than the range
100 - 400 me/100 g usually reported for soil organic matter.
The low value will, in part, be caused by non-humified
componenté, but it is likely that some of the negative
charge on the organic matter is blocked or neutralised by
complex;formation involving hydroxy forms of Al and Fe
(walker, 1956). Clark (1964) has shown that removal of
such fixed Al and Fe from exchange sites is a slow process,
and that prolonged leaching with molar potassium acetate
would be necessary to determine the total exchange capacity
of soils containing fixed forms of these elements.

The CEC of the organic matter of the yellow-brown
earths (110 + 15 me/100 g) is higher than that of the older
gley podzols (81 + 20 me/100 g). Similarly the CEC of the
organic matter from the lower horizons (119 + 28 me/100 g)

exceeds that of the upper horizons (71 + 24 me/100 g) for
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the all soils group. P-tests followed by t=tests show
that the differences between the respective meaAs are
highly significant (0.1% level). Differences between

the means for the CEC of organic matter from the upper

and lower horizons of the yellow-=brown earths (9h + 21

and 107 + 24 me/100 g, respectively) were not significant.
The lower values shown by the upper horizons and by the
older soils may indicate increased complexing of organic
matter with Al and Fe, and/or changes in the chemical
composition of the organic matter. Tan (1971) has
reported progressive increases in C/N and C/organic P
ratios with increasing soil development throughout the
Reefton chronosequence. The partial regression coefficiénts
for clay are comsiderably lower than those for oxidisable
carbon (Tables 19 and 21). A mean of 42 + 10 me/100 g is
obtained for the CEC of the clay fraction of the chrono-
sequence soils. If the yellow=brown earths and gley
bodzols are considered separately values of 16 + 14 and

63 + 16 me/100 g, respectively, are obtained. The higher
levels of vermiculite and montmorillonite in the clay
fractions of the gley podzols (Chapter 3; V, (3)) account
for these differences. The regression equation for the
transect soils (Table 21) indicates mean contributions to
the CEC of 127 + 6 and 8 + 39 me/100 g from the organic
andtclay fractions, respectivelfl: Standard errors (listed
in Tables 19 and 21) indicate that for both the chrono-
sequence and transect soils, the CEC of the organic matter

fraction was less variable than that of the clay.
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The relative contributions of the clay and organic
fractions to the CEC of the chronosequence and transect
soils were obtained using the partial regression
coefficients and the mean oxidisable carbon (or loss-on-
ignition) and clay percentages. The values obtained
relative to the 'explained' portion of the CEC are also
presented in Tables 19 and 21. The organic fraction is
shown to be the major source of the CEC of the transect
soils. The data for the chronosequence soils show that
the organic fraction makes four times the contribution of
the clay fraction to the CEC of the yellow=brown earths,
but that in the gley podzols the contribution of the clay
fraction has become twice that of the organic. Averaged
over the sequence as a whole the two fractions make similar
contributions.

Positive values of the regression constant, a,
(Tables 19 and 21) represent the portion of the CEC not
attributed to organic matter or clay. Some of this
"unexplained® CEC may be due to the coarser fractions, but
inclusion of silt contents in the regression equations
(Table 20) led to larger, not smaller values of the constant
for over half the groupings listed, and yielded non-
significant partial regression coefficients for % silt in
all but one of the groupings. Reduction of the CEC of
the clay or'organié fractions through complex formation,
or charge blocking, should reduce the value of the
regression constant, the value of which will also be

affected by any non-linearity near the origin.
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The value of multiple regression equations in
prgdicting CEC is further demonstrated in Figures 30 and
31, which illustrate the relationship between predicted
and actual CEC for the transect and chromnosequence soils,
respectively. Four transect samples (Ah L, Azg Ah 5,

A and A

21 22}

higher than those predicted from their organic matter and

and Ah 6, Az) yvield CEC values substantially

clay contents. The horizons involved all contain

relatively high clay contents dominated by montmorillonite,
The CEC/g of ciay would thus be greater than average for
these samples. Since a wider range of soils is involved,
the scatter diagrams for the chronosequence soils shows
greater variations than that for the transects. With thé
exéeption of those Ku 1 horizons containing high expanding
phyllosilicate contents, the Ahaura and older soils show
lower actual CEC values than those predicted by the regression
equation, while the younger soils, in general, exhibit the
reverse effect. The major factor controlling this
distribution pattern would seem to be a progressive decrease
in the CEC of organic matter with increasing soil develop-
mentob Although the number of samples involved per profile
(5 -~ 6) is too low for too much reliance to be placed on

the results, multiple correiation analyses show a progressive
drop in the CEC of orgaﬁic matter from 162 me/100 g in

I(y) 1 to 61 me/100 g in Ok 1. McLean and Owen (1969)

have also reported that the fixation of Al in non-~exchange-
able forms by soil organic matter is related to the extent

of weathering. .
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(e) Effect of pH on Cation Exchange Properties.

Numerous investigators (including Bradfield, 1924;
Hissink, 1924; Davis, 1945; Hanna and Reed, 1948;
Coleman, Weed and McCracken, 1959; Pratt, 1961; Pratt
and Blair, 1962; Helling, Chesters and Corey, 1964;
Middleton, 1965;  LeRoux and de Villiers, 1966; and

de Villiers and Jackson, 1967b) have reported increases in
soil CEC with increasing pH within the pH range 3 - 8.
Observation that CEC of soils appeared to be constant at
pH values < 5 led Schofield (1939) to distinguish between
"permanent" negative change arising from lattice substitution
and variable or "pH-dependent" negative charge which he
attributed to Si—O0OH groups.

o Pratt and Blair (1962) and Helling, Chesters and Corey
(1964) showed that pH-dependent CEC was related to both
organic matter and clay. Investigations by Martin and
Reeve (1960), Turner and Nicol (1962) and Snitzer and Gupta
(1964) noted that Al and Fe complexes with organic matter
exhibited weak acid properties and could contribute to pH-
dépendent CEC. Clark (1964) suggested that the pH-
dependence of the positive charge of hydroxyalumina species
held by weakly acidic (negative) organic functional groups
could be responsible for the variable‘GEC associated with
Al-organic complexes. Bhumbla and McLean (1965) observed
that organic matter correlated with increases in CEC
between pH 7.0 - 8.2, and that extraction of Al with KC1
decreased pH-dependent CEC. They concluded that pH-

dependent CEC was related to hydroxyalumina as well as
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to organic matter. In a subsequent study McLean, Reicosky
and Lakshmanan (1965) showed that the pH-dependent CEC of
the surface horizons of seven Ohio soils was primarily
associated with organic matter. The high correlation

they found between organic matter and Al extracted by
ammonium acetate at pH 4.8 led them to conclude that the rise
in CEC at higher pH was caused by the freeing of exchange
sites on organic matter as complexed hydroxyalumina species
were displaced and precipitated as Al(OH)B. Although
conceding that these conclusidns could be correct Sawhney,
Frink and Hill (1970) indicated that direct evidence to
support the hypothesis_was needed, since deprotonation of
hydroxyalumina species, or of organic functional groups;
would yield the same pH-dependent CEC. In a comprehensive
re?iew, Coleman and Thomas (1967) indicated that pH-
dependent CEC had two components, the weakly dissociated
functional groups of soil organic matter and the hydroxy-
alumina énd Fe coatings and interlayers associated with
clay minerals. Sawhney, Frink and Hill (1970) proposed

a method for.determining the relative contributions of
each of these components. They considered that any
increases in CEC developed by the unblocking of exchange
sites‘as hydroxyaluminé and Fe coatings and interlayers
were precipitated, as hydroxides would be permanent,
whereas increases in CEC aséociated with deprotonation of
organic functional groups would be reversible. In a

later study Sawhney and Norrish (1971) demonstrated that

kaolinite, halloysite, imogolite and allophane could
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contribute to the reversible comﬁonent of pH-dependent
CEC, whereas the pH-dependent charge on crystalline
Al-‘and Fe- hydrous oxides was small. De Villiers and
Jackson.(1967a and b) had previously demonstrated,
however, that the pH-dependent CEC of both synthetic and
organic-free (30% H202) naturally occurring aluminous
chlorites was reversible. Their use of synthetic materials
in the latter work precluded the possibility of the effect
being influenced by incomplete oxidation of soil organic
matter.

Several other workers have reported that volcanic
ash soils containing allophané possessed pH-dependent
charge (Wada and Ataka, 1958; Aomine and Jackson, 1959;-
Fieldes and Schofield, 1960; Jackson, 1965; and Hendricks,
Whittig and Jackson, 1967), while Van Reeuwijk and de
Villiers (1968 and 1970) have reported similar behaviour
by co-precipitated, amorphous, aluminosilicate gels. In
their later paper these investigatiors postulated a
structural model for allophane in which a permanent negative
charge, arising from isomorphous substitution of Al for Si
within a tetrahedral framework, was partially blocked by
positively charged hydroxyalumina species. It is
unfortunate that Van Reeuwijk and de Villiers (1968 and
1970) did not determine if the plH-dependent CEC of their
gel systems was reversible. Being free‘of intefference
from organic matter such systems should provide an ideal
opportunity to confirm whether or not the pH-dependent

CEC associated with hydroxyalumina is reversible over the



68.

pH range 4.8 - 8.2.

Organi¢ matter has been shown to make a substantial
contribution to the CEC of the yellow-=-brown earth members
of the chronosequence. The high phosphate retention
and oxalate-extractable Al values, and the results obtained
by the Fieldes and Perrott test, indicate that these soils
also contain high levels of hydroxyalumina. Consequently
these soils should possess considerable pH-dependent CEC.
As the CEC determinations obtained in this study (Tables
10 = 12) were made at pH 7.0, the values obtained will be
considerably higher than those existing at the field pH of
the soils. As a consequence of this the base saturatioq
values obtained are likely to be considerably lower than
~those actually existing in the field. In retrospect, it
is concluded that in future studies, cation exchange data
would be more meaningful if measured at the field pH of

the soils, rather than at the arbitrary value of 7.0.

(2) Total Plemental Analyses

Total elemental analyses fqr the chronosequence and
transect samples are listed initially (as % of ignition
residue) in Tables 22 - 25. Data for individual horizons
of thg chronosequence soils, converted to a volume-weight
basis, are then presented in Tablesz6 and 27, and the
tessera totals to depths of 0.38 and 0.76 m in Tables 28
and 29, respectively. Profile depth functions, and the
main trends occurring with time are illustrated in
Fiéures 32 = 50. In these diagrams both actual and

estimated (assuming entire volume of tessera occupied by
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< 2 mm material) values are presented.

Levels (%) of total Mg, Al, K, Ca and Fe decline
with increasing age of the soil (Tables 22 and 23), and
with the exception of Al and Fe increase with depth from
the surfgce. Aluminium levels tend to be highest in B
horizons, but those of Fe show no consistent trends.
Total Si levels increase with the age of the soil, and
decrease ﬁith.profile depth. Maximum Ti levels would
appear to occur between Ah 1 and Ku 1. Analyses of the
> 2 mm material (Table 23) indicate that, in general, this
fraction contains higher levels of Mg, K and Ca, and lower
levels of Al, Si and Fe than are found in the finer fraction.

Lack of volume-weight data limits the value of the
total elemental analyses along the Ahaura transects. The
moét significant feature observed in the transect data
(Tébles 24 and 25) is the very low Fe levels in the A,
horizons at Ah 5. These values indicate that the loss of
Fe from the upper part of the profile has been greater at
the base of the decaying beech stump than at any other
point along either transect. A low Fe level (2.89%) was
also obtained from the A, horizon at I(o) 2, also sited
at the base of a large decaying beech stump.

The values (kg ha~'cm horizon-1) shown in the
various depth functions (Figures 32 - 38) are controlled
by variations in elemental composition (Tables 22 and 23)
and in bulk-density. The latter controls the weight of
inbréanic material in unit soil volume (Figure 39). The

depth functions for total Mg, Al, K, Ca and Fe increase
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with profile depth, and decrease with increasing age of
the soil. The high values shown by the total Si and Ti
depth functions are caused by the relative 'accumulation'
of these elements. Values for I(w) 1 are always lesé
than for the comparable, but freely-drained I(b) 1. Part
of this discrepancy is explained by the lower bulk-densities
of the former profile, but the greatest difference, which
occurs with Fe, is also a result of the mobility of this
element under poorly-drained conditions.

With the exception of the period from Ho 1 to
I(y) 1, tessera weights of total Mg, Al, K, Ca and Fe
fall with increasing duration of weathering and leaching
(Pigures 40 - 44, respectively). The comparable #alues
shown by all elements other than Ca, in the upper 0:38 m
of.both Ho 1 and I(y) 1 suggests that some of the material
in the A horizon of the former soil may be pre-weathered,
and have eroded from older surfaces. Parent material
variation, ;r serious underestimation of the age of Ho 1?
are less likely explanations. Mineralogical analyses
(Chapter 3; V) suggest the parent materials are similar,
while the AC profile morphology of Ho 1 indicates that its
age could not approach that of I(y) 1. The fall in
tessera weights of Si and Ti (Figures 45 and 46,
respectively) between I(y) 1 and Ah 1 is caused by the
steadily decreasing tessera weights of inorganic ﬁaterial,
wvhich overcomes, particularly for Si, the effect of
increasing elemental levels (%). The subsequent increase

in tessera weights of these elements beyond Ah 1 results
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from increases in the elemental levels and in the bulk-
density of the soils. Tessera weights of all seven elements
are lower in I(w) 1 than in I(o) 1. With the exception

of Fe, most of the variation results from the former soil
containing only 73% (to 0.38 m) by weight of the inorganic
material present in the latter.

Simple linear regressions between the various total
element levels (Table 2) yield highly significant correla-
tions (1% level) for all possible pairings except Ti v Al
(non-significant) and Ti v Si and Ti v K (significant only
at the 5% level). Correlation coefficients are negative
for all pairings involving either of the two 'accumulating'
elements, Si and Ti, except for the pairing of Si v Ti.

The quantity of any element present in a soil volume
at a particular time is the resultant of the quantity
inherited from the parent material, plus gains from the-
atmosphere and returns from living and decaying organisms,
minus losses to growing organisms, to leaching and to
mechanical means. Local variations in parent material,
and in the s0il volumes actually explored by the root
systems of individual trees, and the localised gains
and leaching losses associated with stem flow, ensure
that some variations in elemental levels can be expected
within any given area.

Table 30 lists the measured annual losses of seven
elements (kg ha-1) to the conétant depth of 0.38 m during
various periods of soil development. To allow comparison

of relative rates of loss these absolute values are also
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expressed, in the same table as percentages of the
quantities of each element present, at the beginning of
each period considered. Since pre-weathered material
may be present in the Ho 1 profile, this soil has been
excluded from the table. As a further check on relative
rates of loss, elemental ratios ére listed in Table 31.
The use of the relatively shallow depth of 0.38 m in
Table 30 avoids pfoblems that would arise in allowing for
the presence of stones in the lower parts of some sola.
As weathering usually decreases in intensity with depth
from the surface, changes are likely to be more marked if
a relatively shallow depth is considered as this avoids
'dilution' with comparatively unaltered material. Relative
rafes of elemental loss may also be inferred from Figure Ly
Which illustrates the changes in elemental percentage
composition with time; also to a depth of 0.38-m.

During the period I(y) 1 to I(o) 1 annual rates of
loss of the elements examined are of the order, .
Mg> K» Cad> Al1> Fe>» Si> Ti, whereas the order for
the period I(y) 1 to I(w) 1 is Fe> Mg> K> Ca> Al> Si > Ti.
This again demonstrates the much greater mobility of Fe
under reducing conditions. If the period I(y) 1 to Ok 1
is considered as a whole, rates of 1oss:fol;OW'the order,
Mg> K = Fe) Ca) Al. When calculations are based on
a constant sampled volume of soil material, Si and Ti show
apparent gainé;_nqt losses, when periods extending beyond
Ah 1 are»consideréd. If it were possible to have isolated

a given volume of soil material at time zero and examined
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it throughout the entire period of soil development that
has occurred, the quantities of all seven elements examined
here could be expected to have decreased with time. It

is of interest to note that the estimated annual additions
of Mg, K and Ca from rainfall of 1.52, 1.33 and 0.76 kg ha
respectively, exceed the annual losses of those elements
from the parent material in the period beyond Ah 1.

To enable data to be presented on a percentage-
remaining basis it was necessary to decide what should be
taken as being representative of the parent material at
time =zero. Since stones were absent from the top 0.38 m
of all the sola, sand from the nearby Waitahu Rivef, and_
the <2 jaum fraction from the C horizon of Ho 1, were
considered to be the most suitable materials available.

The densities of the two materials were similar (1.58 and

1.57 g cm ™

, respectively) and variations in elemental
percentage compositioﬁs were <:5% of the amountsvpresent,
with the exception of Ca (8% higher in Ho 1, C). In the
calculations and figures discussed in the remainder of
this section the < 2 pm fraction from the C horizon at
Ho 1 has been assumed to be representative of the parent
material of the various soils.

The curves shown on the left hand side of Figures
48 - 50 show percentage remaining data calculated on the
basis of a constant sampled volume. The curves for Mg,
Al, K, Ca and Fe all show a rapid initial loss which
decreases as steady state conditions are approached.

The reasens for the increases shown by Si and Ti have

already been discussed.
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Elemental ratios (Table 31) suggest that Si is lost
at a faster rate than Ti between Ho 1 and Ah 1, and that
this trend is reversed beyond Ah 1. It is considered
that annual loss, and percentage~remaining values more
closely approaching those from an 'isolated' initial
volume, as already defined, could be obtained if the values
listed in Table 28 were 'corrected' to show no loss of Si
between Ah 1 and Ok 1, and no loss of Ti between the
parent material and Ah 1. When such adjustments are
rmade the total element values obtained for the Ahaura and
younger soils become up to three times those listed in
Table 28, thus confirming that the material now present_
in unit volume of the two gley podzols is the residue from
the continued weathering and leaching of a much greater
initial volume. As losses of Si énd Ti would have
occurred from any isolated volume during pedogenesis,
however, it is likely that the applied 'corrections' are
insufficient and that the degree of error becomes greater,
the younger the soil;. To assist comparison with the data
in Table 28 the 'corrected' values, Section A of
Table 32, have been reduced proportionally such that the
'corrected' and 'constant volume' values for Ho 1 are
similar. The effect of these adjustments is to compare
increasing soil volumes between Ho 1 and Ah 1, with
decreased soil volumes beyond Ah 1, thus correcting for
an initial expansion and subsequent contraction of the

soil volume.
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_ Since a 'corrected!' énnual loss of Ti between Ah 1
and Ok 1 (0.038 kg ha-1) can be obtained from Section A
of Table 32, a further refinement can be made to the data
in that section if it is further assumed that a constant
loss of Ti occurred throughout pedogenesis. The values
so obtained, égain reduced proportionally to give similar
values for Ho 1 to those listed in Table 28, are presented
in Section B of Table 32. These data were used to construct
‘the percentage-remaining diagrams shown on the right hand
side of Figures 48 ~ 50 and to calculate the 'corrected'
annual losses listed in Table 33. The ‘'corrected’ valueé
yYield lower annual losses in the earlier stages of soil
development, and higher values in the later stages than
those shown in Table 30. In addition Si and Ti are shown
as being lost throughout pedogenesis. In general, the
rate of loss of the various elements examined tended to
decrease with time.

The reliability of the data in Tables 30 and 32,

and in Figures 48 - 50 is influenced by the uncertainty
in the ages of the different land surfaces, particularly
of the two oldest, and by the lack of information on the
relationship between the age of the surfaces and the age
of the soils that have developed on them. The data also
'sufféred from a lack of replication. However, the work
ovalosser énd Jenny (1971), and the variations observed
along the Ahaura transects, have indicated that a
considerable number of random samples would probably have

been required'to effect any noticeable improvement, and
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that it was, therefore, advantageous to spécifically
select sites by soil forming factor ordination, the
approach that was attempted in the present study.

The portions of the 'corrected' percentage~
remaining curves (Figures 48 and 49) that occur before
the onset of steady state conditions tend to follow a
first-order rate law, and yield the following values for

the respective first-order rate constants:

Mg 8.3 x 10 year
Ca 6.7 x 1072 »
X 4.8 x 10~ n
Fe 3.9 x 107w

Al 2.0x 1072 n

These values indicate that Fe is lost at a faster
relative rate than Al in the earlier stages of soil
development.

Stevens (1968b) reports amnual losses of Mg and K
of 2 and 9 kg ha_1, respectively, and on a percentage-

4 and 21 x 10'“%, over 22,000

remaining basis of 9.x 10°
years in a chronosequence of soil near the Franz Josef
glacier, New Zealand. These values can not be compared
directly with those in Table 30 because of the differing
sampling depths involved. Losses to a depth of 0.76 m,
which can be compared with Stevens's values can, however,
be calculated from the data in Table 29. If the period
I(y) to Ok is considered (since the end member of both

séquences is an Okarito soil) the comparable losses are
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4 and 7 x 10‘“%,

0.7 and 1.1 kg ha-1, and 8 x 10~
respectively. The variation in the rate of loss of K
relative to Mg may result from differences in composition,
and thus stability ofvthe micas and feldspars present in
the respective soils, or from the considerable difference
in precipitation between the two areas.

Marshall (1941) proposed the use of index minerals
(those that are resistant to weathering and immobile) for
evaluating: changes that occurred during soil formation.
He recommended zircon, tourmaline, garnet, anatase and
rutile as suitable index minerals. Barshad (1964)
added quartz, albite and microcline to this 1list.

Raeside (1959) has indicated, however, that quartz, garnét
and possibly zircon should not be used as index minerals
in soils that have existed for long periods under high
rainfall. If an index mineral contains an element that
is present only in that mineral, such as zirconium in
zircon, that element may be determined chemically in
preference to making a mineralogical analysis.

An attempt was made to quantitatively evaluate clay
formation, the destruction or migration of clay, and
volume change in the soils of the Réefton sequence with
the method described by Barshad (1964) using the weight
of Ti in the soil as the index. Mineralogical analyses
had confirmed the presence of both anatase and rutile,
but no attempt was made to differentiate between oxide
titanium, and titanium isomorphously substituted into
aluminosilicate minerals (Dolcater, Syers and Jackson,

1970). The results are presented in Table 3L, Since
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Ti was not completely immobile throughout the development
of the soils, the reliability of these data would decrease
with increasing age of the soil. The largest increases
in volume are shown by the surface horizons of the I(o) 1,
I(w) 1 and Ah 1 soils, while the greatest compaction
occurs inkthe subsoils of the two gley podzols. The high
relative gains of clay in the topsoils, however, is
unexpected and requires explanation. As pH is low, and
rainfall high, clay in the surface horizons was likely to
have been destroyed or transported down the profile.
The likely explanation for the values obtained is that
weathering and leaching have caused the downward
translocatioh of Ti. This would result in the calculations
showing clay gains in the upper sola, and loss of clay in
the subsoils.

The calculations involved in Table 34 also yield
the weights of parent material from which the present
soil volumes were derived, Thus present day soil volumes
that contained equal weights of parent material can be
estimated, and used to calculate the percentage of elements
initially present in a chosen weight of parent material
that remain at various stages of soil development. Such
values, baéed on the top 0.38 m of the Ho 1 profile, to
allow comparison with Figures 48 - 50, are listed in
Table 35. The values from Table 35 are similar to the
‘constant volume' values (left hand side of Figures 48 =~
50) for the Ku 1 and Ok 1 profiles, but greater than the
'corrected values' (right hand side of Figures 48 - 50)

for the younger soils.
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Iv. POORLY-ORDERED SOIL COLLOIDS

Poorly-ordered, clay-sized aluminosilicates
(allophanes) have a marked effect on soil properties and
soil productivity. This is a function of their large
surface area and high chemical reactivity. Their ability
to adsorb phosphate ions may render a large part of added
fertilizers unavailable to plants, they are capable of
adsorbing pollutants from both water and the atmosphere,
while the high permeability of volcanic soils containing
appreciable quantities of these colloids has caused
problems associated with excessive drainage in rice-
growing areas.

Naturally occurring, poorly-ordered aluminosilicates
and hydrous oxides have proved difficult to isolate from
soils beéause of their close association-with both
crystalline clay minerals and organic matter. Consider-
able doubt thus exists as to their structure and composition
range, and the problem of their quantitative determination

remains to be solved.

(1) The Nature of Poorly-ordered Aluminosilicates

Historically the term ‘allophane' has been used to
designate naturally occurring amorphous (to X-rays),
hydrous aluminosilicates of widely varying chemical
composition, or even more generally to include any
amorphous substances of indefinite composition present
in soil clays (Mitchell, Farmer and McHardy, 1964), Lai

and Swindale (1969) have defined allophane as a hydrated
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aluminosilicate mineral, that has no ordered structure
and is amorphous to X-rays. Minerals are usually defined
by a fairly marrow composition range, or by their structural
characteristics. As the range of chemical compositions
reported for allophanes exceeds that usually permitted for
a single mineral, they may be members of a mineral series.
If this is the case their properties should be a function
of composition, and it should be possible to recognise the
end members of the series. At an international seminar
on amorphous clay minerals held in Fukuoka, Japan in 1969,
the following tentative definition was proposed:
"Allophanes are members of a series of naturally
occurring minerals which are hydrous alumimnium
silicates of widely varying chemical composition,
characterized by short range order, by the
presence of Si-0-Al bonds, and by a differential
thermal analysis curve displaying a low

temperature endotherm and a high temperature

,fexotherm with no intermediate endotherm."
(van Olphen, 1971)

This definition fails to define the end members, although
the report does indicate that they could not be alumina
and silica as these lacked Al-0-Si bonds. The definition -
is also unsatisfactory in that it fails to provide any '
basis for quantitative estimation. The size, position,
and shape of the high temperature exothermic peak used

in the definition can be altqred appreciably by techniques

used in obtaining the clay fraction from soils (Campbell,

Mitchell and Bracewell, 1968) and by the nature of the
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exchangeable cation (Miyauchi and Aomine, 1966).

Poorly=-ordered aluminosilicates are difficult
to isolate from soils because of their close association
with both crystalline clay minerals and organic matter.
Their high chemical reactivity, as compared with more
crystalline aluminosilicates, may result in their
alteration or partial destruction and solution during
isolation of the clay fraction of soils. Farmer and
Mitchell (1963) have also shown that Al and Fe oxalates
can be formed during the oxidation of organic matter with
peroxide. The difficulty in extracting 'pure' species
must lead to doubts about the reliability of published
chemical data for allophanes.

Poorly-ordered aluminosilicates show little
characteristic response to such established instrumental
techniques as X-ray diffraction, infrared absorption
spectroscopyland electron microscopy (Brécewell, Campbell
and Mitchell, 1970). With the exception of the partially
ordered mineral, imogolite, (Yoshinaga and Aomine, 1962;
Wada, 1967; Yoshinaga, Yotsumoto and Tbe, 1968; Russell,
McHardy and Fraser, 1969; Wada and Yoshinaga, 1969;

Wada et gl.; 1972; and Eswaran, 1972) they are amorphous
to both X-rays and electrons, and when visible on electron
micrographs are diffuse and shapeless. Infrared spectro-
scopy shows only diffuse bands that tend to be obscured
when small quantities of amorphous materials occur in
associétion with crystalline clays. Differential thermal

analysis and infrared absorption spectroscopy can, however,
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be used to characterise the clay fractions of so-called
allophanic soils derived from volcanic ash.

Allophane was first reported as a soil constituent
by Seki (1913), who from chemical and petrological evidence,
deduced its presence in Japanese volcanic ash soils.

Its presence in similar soils in New Zealand was first
noted by Henderson and Ongley (1923), who deduced its
presence from silicate analyses, and later by Taylor (1933).
The first comprehensive investigation of the chemical and
physical properties of allophane was carried out by Ross
-and Kerr (193#) who examined a geological allophane by
X=-ray, thermal, and chemical methods.

In the 1950's and the first half of the following |
decade extensive investigations were carried out on the
volcanic ash soils of New Zealand and Japan using the
techniques applied by Ross and Kerr (1934) augmented by
infrared spectrqscopy9 electron microscopy, and measure-~
ment of surface properties. In New Zealand, Birrell
and Fieldes (1952) and Fieldes (1953, 1955 and 1957)
reported that the clay fractions of both the yellow=brown
pumice soils (from rhyolitic ash) and the yellow-brown
loams (from rhyolitic and from andesitic ash) were composed
predominantly of allophane. Aomine and Yoshinaga (1955)
showed that the clay fractions of certain 'ando soils'
from volcanic ash were likewise composed largely of
allophane. Allophanes were also reported as being a
dominant clay constituent of some weakly-developed New

Zealand red loams and brown loams formed on basalt



83.

(Fieldes, 19533 and Fieldes and Swindale, 1954) and of
soils formed from ultrabasic rocks (Fieldes, 1966; and
Furkert and Fieldes, 1968).

By the mid 1960's it had become increasingly evident
that.poorly-ordered inorganic compounds, be they referred
to as allophanes, aluminosilicate gels, or simply as
amorphous materials, were of widespread occurrence in soils,
As well as being important constituents of the clay
fractions of soils derived from volcanic ash and some
basalts from numerous locations, including Australia
(Hosking, Nielson and Carthew, 1957; Simonett and
Bauleke, 1963; ‘Briner and Jackson, 1969; and Hamblin
and Greenland, 1972), Canada (Pettapiece and Pawluk, 1972),
Cameroon (Sieffermann and Millot, 1968; and Sieffermann,
Jepl and Millot, 1968), Colombia (Mejia, Kohnke and White,
1968; Cortes and Franzmeier, 1972; and Calhoun, Carlisle
and Luna, 1972), Hawaii (Tamura, Jackson and Sherman,
1953; Patterson, 1964; Lai and Swindale, i969; and
Wada et al. 1972), Indonesia (Kitagawa, Kyuam and
Kawaguchi, 1973), Oregon (Tidball, 1965; and Chichester,
Youngberg and Harward, 1969), Papua New Guinea (Haantjens,
1964; Greenland, Wada and Hamblin, 1969; Parfitt,

1972 and . 1974), and the Phillipines (Kitagawa, Kyuma
and Kawaguchi, 1973), these materials have also been shown
to occur, as early weathering products of plagioclase in
granodio;ite (Snetsinger, 1967), from the weathering of
kaolinite and halloysite (Jackson, 1956), in cambic .and/

or spodic horizons (Furkert and Fieldes, 1968; Brydon,



84 .

Kodama and Ross, 1968; Yuan, 1969; Raman and Mortland,
1969/1970; Bracewell, Campbell and Mitchell, 1970;
Brydon and Day, 1970; Brydon and Shimoda, 1972; and
Campbell, 1974), and as coatings on the surfaces of other
minerals (Follett et al. 1965a; and Jones and Uehara, 1973)?
The Commission on New Mineral names of the :
International Mineralogical Association (Fleischer, 1963)
concluded that the data then available (1963) were clearly
inadequate to justify a new name for the fibrous alumino-~
silicate of low crystallinity designated 'imogolite' by
Yoshinaga and Aomine (1962). That much o% the difficulty
expérienced in characterising imogolite was probably caused
by its contamination with other poorly-ordered alumino-
silicates with which it invariably occurred was shown by
Wada (1966), when he succeeded in isolating a relatively
pure form of the fibrous material, and demonstrated fhat
its infrared absorption spectra indicated a unique structure.
Wada (1967) proposed a structural scheme for soil
allophanes, which he claimed ranged in composition from
2510 Al2 30 3H20 to SiOz.Alzo3 2H 0. Wada considered that
imogolite formed from the end-member with the lower
sio, : Al 03 ratio. Hashimoto and Jackson (1960) and
Briner and Jackson (1969) have, however, reported

allophanes with Si0, : Al ratios exceeding 2.4. The

293
latter authors suggested that these materials be called
"siliceous allophane". The structure proposed for

imogolite by Wada (1967) and extended by Wada and Yoshinaga

(1969) was based on a repeat distance of 0.84 nm parallel
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to the fibre axes and an interfibre distance of 1.72 nm.
A careful electron diffraction study by Russell, McHardy
and Fréser (1969) showed the interfibre distance to be.
2.3 nm and thus demonstrated that the structure proposed
by Wada and his co-worker was unténable. . Russell and
his associates proposed a structure which did meet the
observed unit cell parameters. This consisted of
continuous distorted chains of Al-0 octahedra linked by
iso;ated'Si207 groups. The presence of the bridging
Sizov eroups ﬁas indicated by an infrared absorption band
near‘930 cm_1,:and confirmed in a subsequent study
(Cradwick et al. 1972).

Faced with an increasing weight of evidence that
imogolite was indeed a unique aluminosilicate the
International Mineralogical Association referred the
matter to the Nomenclature Committee of the Association
International Pour L'etude Des Argilles for advice. The
latter body decided (Pedro, 1970) to approve the name
timogolite' for the hydrous aluminosilicate having a fine
thread-like morphology and the diffraction characteristics
described by Wada and Yoshinaga (1969) and by others.

Since imogolite was first described by Yoshinaga
and Aomine (1962) its occurrence in weathered volcanic
ash has been reported from Japan (Aomine and Miyauchi,
1965; Kawasaki andvAomine, 1966; Kanno, Onikura and
Higashi, 1968; Yoshinaga and Yamaguchi, 1970; Aomine
and Mizota, 1972; and Wada and Tokoshiki, 1972), New
Zealand (Yoshinaga, Tait and Soong, 1973; and Kirkman,

1974), Chile_(Besoain, 1968/1969; and Aomine, Inoue
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and Mizota, 1972), Indonesia (Kitagawa, Kyuma and Kawaguchi,
1973), New Hebrides (Quantin, 1972), Papua New Guinea
(Greenland, Wada and Hamblin, 1969; Parfitt, 1974;
Bleeker and Parfitt, 1974; and Parfitt and McHardy, 1974),
the Phillipines (Kitagawa; Kyuma and Kawaguchi, 1973) and
West Germany (Jaritz, 1967). Imogolite gels have also
been observed in pumice beds (Miyauchi and Aomine, 1966;
Yoshinaga, 1968; Yoshinaga and Yamaguchi, 19703 and
Tazaki, 1971). Imogolite thus occurs widely in
weathered pyroclastic materials. Its presence in soils
" derived from Pasaltic rocks has also been reported
(siefferman #nd Millot, 1968; and Wada et al. 1972).

Although the mechanisms of its formation have yet
to be determined, imogolite ié obviously a widely occurring
mineral, and future reports of its presence in cambic
and sﬁodic horizons of soils, other than those developed
from volcanic materials, are likely once sufficient care
is taken to isolate relatively pure specimens. The two
subspecies of imogolite postulated by Aomine and
Miyauchi (1965), and the intermediate phase between
imogolite and allophane proposed by Kanno, Onikura and
Higashi (1968) are probably, as suggested by Russell,
McHardy and Fraser (1969) simply the results of incomplete
separation of imogolite from other poorly-ordered alumino-~
silicates. |

From his investigation of a sequence of New Zealand
soils derived from volcanic ash of increasing age (ye;lqw-

. o
brown pumice soils, through yellow-brown loams to brown
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granular clays) Fieldes (1955) postulated that the mineral
weathering sequence found in the clay (<2 Pm) fraction
was: volcanic glass—> allophane B —> allophane AB —>
allophane A —» metahalloysite —> kaolinite. The main
differences: found between allophane A and B were reported
to be that the latter contained a higher proportion of
very fine particles, and showed infrared absorption at
800 cm'T (characteristic of discrete silica) that was
absent from allophane A. Allophane A, but not allophane B,
gave a sharp DTA exotherm about 900°C,_caused by the
formation of hullite. (A similar reaction occurrs with
1 : 1-Type phyllosilicates). Fieldes (1955) considered
allophane AB to be an intermediate between allophane B and
allophane A. The above evidence led Fieldes to conclude
that Al and Si were closely linked in allophane A, but
that alumina and silica were discrete in aliophane B.
Following these observations of Fieldes several
workers reported the presence of material having the
properties of'allophane B, ailophane AB, or of amorphous
silica in the clay fractions of volcanic ash soils from
Japan (Kanno, 1959; Matsui, 1959; Egawa and Sato, 1960;
Ishii and Kondo, 1962; and Shinagawa, 1962), Chile
(Besoain, 1964) and Papua New Guinea (Bleeker and Parfitt,
1974).  Miyauchi and Aomine (1964) questioned, however,
the existence of allophane B in Japanese ash soils for they
observed that the finest particles separated from such
soils (£o0.2 pm) had properties characteristic of allophane

A, not of allophane B. They concluded that the exothermic
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DTA reaction of the whole clay fraction (<2 pm) depended
largely on its fine clay (<0.2 pm) content, while the
infrared absorption at 800 cm-1 was caused by the presence
of cristobalite in the coarse clay (0.2 - 2.0 pm).

Fieldes and Purkert (1966) re-examined the New Zealand soil
sequence this time applying the methods used by Miyauchi
and Aomine (1964). Rather surprisingly, since the high
temperature DTA exotherm was one of the criteria that had
been used to distinguish allophane A from allophane B,

the fine and coarse clay fractions of the soils were mnot
subjected to DTA. On the basis of infrared evidence alone
they admitted the presence of allophane A in the fine clay
fraction of the New Zealand soils, but claimed that there-
was insufficieﬁt cristobalite in the coarse clay fractions
to account for the observed variations in the infrared
spectra at 800 cm™ V. They concluded that the weathering
sequence, as earlier proposed by Fieldes, remained a
satisfactory framework for studying differences between
allophanic materials in volcanic ash soils. Birrell and
Fieldes (1968) and Furkert and Fieldes (1968) merely
reiterate the material presented in earlier works.

Shoji and Masui (1969 a and b) have shown that the
clay fractions of recent volcaﬁic ash soils in Hokkaido
contained abundant discrete siliceous amorphous materials.
These were more siliceous in the A horizon than in the C,
and tended to become more siliceous with increasing
particle size. As they found no evidence of discrete

amorphous - silica in any of the volcanic glasses present
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in the soils, or in the fresh ash and pumice used for
compariéon, that found in the clay could not be derived
from these sources as suggested by Fieldes and Furkert
(1966). Electron optical examination of the material
isolatgd from the soils led them to conclude that opaline
silica, probably of pedogenic origin, was the dominant
form of discrete amorphous silica present. Although plant
opal was present in small quantities in the soils, it was
absent from the clay fractions.

' The progression from feldspar or glass —3 allophane
—3 metalloysite is frequently described as a typical
weathering sequence for volcanic ash soils (Sudo, 1954
Sudo and Takahashi, 1955; Aomine, 1957; Tsuchiya and
Kurabayashi, 1958; Kanno, 1959; Aomine and Wada, 1962;
Wada, 1967; Mejia, Kohnke and White, 1968; Yoshinaga
and Yamaguchi, 1970; Bleeker and Parfitt, 1974; and
Kirkman, 1974). Parfitt (1974) has suggested that under
tropical cohditions volcanic glass weathers rapidly and
can form allophane or imogolite. He concludes that the
silica present in solution is initially adsorbed by plants
and may form biogenetic opal. Under the prevailing
humid conditions the opal redissolves and is either leached
from the soil or precipitated with alumina to form allophane.
Halloysite is said to form directly from feldspar, or from
allophane, depending on the conditions present in the soil.

Wada and Matsubara (1968) have also demonstrated

the parallel formation of allophane and imogolite from

pumice, and the lack of a sequential relationship between
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the two or with gibbsite. They concluded that the actual
products formed depended on the composition of the
microenvironment and on the heterogeneous nature of the
parent material. Yoshinaga and Yamaguchi (1970) have
suggested that imogolite is a product of high leaching
(desilication) and that it is absent from environments
where resilication prevails. A scanning electron micro-~
scope study of seven volcanic ash soils (Eswaran, 1972)
found no evidence of alteration following the reported
sequence: allophane —> imogolite —> halloysite
(Yoshinaga and Aomine, 1962; Wada, 1967; and Wada et al.
1972). From their morphology, and random distribution

in the matrix Eswaran (1972) concluded that both allophane-
and imogolite could be formed by precipitation from soil
solution. Imogolite was also observed ( one sample) as

a direct alteration product of volcanic glass. Halloysite
was observed to form directly from feldspar, confirming
earlier observations by Paﬁzgm (1969) and Eswaran and

de Coninck (1971). Like Wada and Matsubara (1968),
Eswaran (1972) stresses the need to examine the
microenvironment.

Grim (1953) suggested that allophanes possessed a
random arrangement of silica tetrahedra, alumina octahedra
with occasional other units. Wada (1967) proposed a
structure for allophane in which tetrahedralsilica chains
were linked through shared corner oxygen atoms to,
depending on composition, either one or two octahedral

alumina chains. Udugawa, Nakada and Nakahira (1969),



91,

however, have proposed a sheet-like structure for the
material. By comparing surface area determinations

using polar liquids with those obtained from low tempera-
ture nitrogen adsorption and application of the BET
equation Aomine and Otsuka (1968) concluded that allophanes
possessed both intermal and external surfaces, the former
being inaccessible to nitrogen. Kitagawa (1973) has
suggested that ferric ions may substitute for Al in
allophane.

The CEC of allophane, including its pH-dependence,
has been explained as arising from the dissociation of
hydrogen ions from exposed Si-~-OH and Al-OH groups (White,
1953; Wada and Ataka, 1958; Fieldes and Schofield, 1960;
and Yoshinaga and Aomine, 1962). De Villiers and Jackson
(1967a and b) suggested that the pH dependence of the CEC
of allophane was ahalogous to that of pedogenic chlorite
(g 23: 1 -2:2 hydroxyalumina infergrade between
vermiculite and chlorite, formed by the pedogenic accumula-
tion and polymerisation of alumina in the interlayers of
vermiculite). Their proposal necessitated a 'core'’
carrying a permanent negative change arising from the
occupation of tetrahedral Si lattice sites by Al, that
was partially surrounded by positively charged hydrony
alumina species.

Since a direct study of mnatural soil allophanes is
hampered by the apparent inability to isolate 'pure' and
unaltered specimens several investigators have turned

their attention to synthetic aluminosilicate gel systems
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in their efforts to establish the nature of allophane.
Two groups investigating such systems have independently
proposed a similar structural model for allophane that
successfully explains the CEC behaviour, differential thermo-~
grams, and . phosphate adsorption and availability observed
with natural systems. Since this work represents a
significant advance in our understanding of these poorly-
ordered systems, and because it is intended to discuss
some of the results of tge preéent study in relation to
the proposed model, the félevant papers are reviewed below
in some detail.

Van Reeuwijk and de Villiers (1970) set out to
test the earlier hypothesis of de Villiers and Jackson
'(1967a and b) using a series of aluminosilicate gels
ranging in composition between pure alumina and silica
end members. The gels were preﬁared by mixing appropriate
quantities of AlC1

°6H20 and Na,Si0 °5H20 at pH 6.0, as

3 3
previously described by van Reeuwijk and de Villiers (1968).
On DTA all the gels, except the alumina end member,
recorded an eﬁdothermic peak between 100 and 200°C caused
by loss of hydration water. Only those gels with

compositions between 45 and 80% Al gave, in addition,

203
a high temperature exothermic peak near 980°C. The pure

alumina end member, and the 80% Al gel also displayed

293
endotherms about 300°C, which X-ray diffraction analyses
indicated were due to bayerite. X-ray and electron-

optical examination failed to detect crystalline components

in any of the reméining gels. Crystallisation of bayerite
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from freshly-precipitated alumina has also been reported
by Gastuche (1964), Hsu and Bates (1964) and Hsu (1968).
The presence of silica thus appears to hinder the
crystallisation of bayerite from amorphous alumina.

The“silica end member prepared by van Reeuwijk
and de Villiers (1968) showed an increase in negative
charge between pH 4 and 10. Addition of alumina into the
gel systém caused a linear increase in negativelcharge, and
a decrease in the extent of the pH-dependence of CEC, until
a composition of 22% A1203 was reached. These observations
indicated that the two components of the gels had interacted
to give a product with permanent negative charge, The
composition yielding the maximum CEC corresponded to a
substitution of 1 Al ¢ 3 Si, which has been shown by
Milliken, Mills and Oblad (1950) and Leonard et al. (1964)
to be the maximum substitution permissible in a stable
structure. A Oneminmfouf substitution would yield a
theoretical CEC of 318 me/100 g, a value in close agreement
with‘those obtained experimentally by van Reeuwijk and
de Villiers (1968 and 1970).

A linear fall in CEC, at pH 10, as the A1203 content

was‘increased above 22% showed that alumina in excess of
that value could not be accommodated in tetrahedral sites.
Since the excess alumina wou;d carry zero charge at pH 10,
it would act simply as an inert diluent. The behaviour
of CEC — composition functions at‘lower pH values indicated

that alumina above 22% composition was positively charged,

and that this charge was pH-dependent. At low pH and
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high A1203 content; net positive charge was developed.
Since an alumina content above 80% led to the formation
of bayerite, and because of deviations from iinearity
of the pH— composition fﬁnctions at pH 4 and 7, van
Reeuwijk and de Villiers (1970) concluded that the negative
charge on the 'tetrahedral core'! was capable of exerting
a restrictive influence on the polymerisation reactions
that controlled the size and charge of polynuclear
hydroxyalumina. As the A1203 content increased the
complexity of the polymer coatings increased, and the
charge per Al atom decreased. Such a control of the
polymerisation of Al species by crystalline phyllosilicates
had previously been discussed by Jackson (1960, 1963a and
1963b) and Hsu (1968).

Cloos,.Herbillon and Echeverria (1968) and Cloos
et al. (1969) working with aluminosilicate gels prepared
by the slow hydrolysis of mixtures of aluminium isoprop-
oxide and ethyl silicate9 a method developed by Leonard
et al. (1964), deduced a similar structural model for
allophane. Their conclusions were based on the observa-
tion that CEC values (ammonium acetate at pH 7) of the
gels were lower than the potential values calculated from
the relative amounts of Al present in four~fold coordination
as determined by an X-ray fluorescence technique (Wnite,
McKinstry and Batesp‘1958; de Kimpe, Gastuche and Brindley,
1961 and 1964; Gastuche and Herbillon, 1962; Gastuéhe
et al. 1963; Day, 1963; and Leonard et al. 1964). This

technique utilised shifts in wavelength or in peak position
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of Al%u:radiation as a result of changes in the coordination
numbef of the aluminium ions present. Since these changes
were'gmall results were often expressed in the form

LXZQ, where:

/)29 = 20(Al metal) - 20(Al in sample), where 20

repreéents the deflection angle for the particular analysing
~crystal employed. Wardle and Brindley (1971) have
discussed the dangers of using this technique for estimating
A1(1v) : AL(VI) ratios, and demonstrated that the procedure
is acceptable only if the Al=0 bond lengths in the substances
used as standards approximate those in the unknowns. White
and Gibbs (1969) have shown that much larger shifts in peak
position occur if AlKA emission is used, and concluded thét
correlations can be made between DAIKZ and both the
coordination number and Al-0 bond lengths in unkmown
materials irrespective of their degree of crystallinity;

The major difference between the allophane models

proposed by the two independent groups is that Cloos and

his co=workers have reported the presence of considerable
six-=fold coordinated aluminium in gels of low alumina
content. De Villiers (1971) has indicated that the reason
for this difference is that cations other than protons and
aluminium ions are absent from gel systems prepared from
organic components. Some aluminium ions are thus needed

to balance the negative charges developed in the core.

In the gels prepared from simple inorganic salts sufficient
sodium ions would be available for that purpose.

The recognition of four distinct phases in these
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model systems a(amorphous silica, negatively charged
aluminosilicate, positively charged polymeric hydroxy-
alumina and crysta].‘l.i’xi.ye alumina) - must lead to a better
understanding of the nature of pborly-ordered materials

in natural systems, and provide a basis for evaluating
different qualitative tests or quantitative determinations.
The ease with which van Reeuwijk and de Villiers (1968)
were able to prepare gels by precipitation from inorganic
materials suggests ' that such reactibns could occur widely
in nature. » If co-precipitation is a method by which
these gels are formed during pedogenesis the presence of

a disordered parent material should not be an essential
requirement. Gels should form as readily from (say)
weathering granite, as from disordered wvolcanic materials
of similar composition. The dominance of volcanic ash
égils in sfudies on soil allophanes probably merely
reflects the difficulty of identifying poorly-ordered
components in soils where they occur in association with
crystalline materials. The work initiated by de Villiers,
Cloos and their associates should be extended to determine

(i) the pH and concentration limits that define
the stability limits of the gel systems,

(ii) what substitution by Fe and other cations

is possible

(iii) how and in what forms organic matter can be
adsorbed by the gels, or incorporated during

their formation, and

(iv) what initiates or inhibits thei#

crystallisation.



Some of this information may be available in the much
earlier works of Mattson. It is perhaps timely that
his works should be reviewed in the light of our present

knowledge.

(2) Problems Associated with Quantitative

Determination of Poorly=-ordered Materials

Although a number of procedures have been used to
estimate the quantities of poorly-ordered aluminosilicates
present in soils, none is capable of providing a rigorous
gggntitative'determination of these materials. At the
present time, and despite its theoretical limitations and
empiricism, selective dissolation by chemical reagents is
the most satisfactory method available for estimating the
allophane content of soils. Its use was recommended by
the International seminar on amofphous clay minerals held
at Fukuoka, Japan in 1969 (van Olphen, 1971). Of the
modern instrumental techniques becoming available, the
seminar favoured the use of neutran activation amalysis,
and microprobe analysis.

Classically, alkaline reagents have been favoured
for the dissolution of poorly-ordered aluminosilicates,
but free alumina and silica, and all of the commonly
occurring phyllosilicates are soluble to varying degrees
in alkaline solutioms. Selective dissolution techniques
exploit the knowledge that rates of solution are controlled
by specific surface area, structural order and bond
strength, and are thus higher for poorly-ordered than for

crystalline aluminosilicates. However, in soil clays
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a continuum from nearly perfect crystallinity to almost
complete disorder is likely to exist. Where in such a
system can a dividing line be placed satisfactorily?

In the method developed by Hashimoto and Jackson
(1960) a 100 mg sample is placed in a nickel beaker,
100 mi of 0.5 molar NaOH added and the suspension
brought rapidly to the boil. After boiling for exactly
2.5 minutes the contents of the beaker are rapidly cooled
to room temperature and the supernatant solution removed
for analysis. The method is simple and easy to apply,
but has the disadvantage that small variations in heating
and cooling rates could result in samples spending different
pPeriods at elevated temperatures. Since the actual heating
time is so short, this could lead to results from different
laboratories not being strictly comparable.

An alternative procedure, developed at the Macaulay
Institute for Soil Research, Aberdeen, Scotland, (Follett
et al. 1965a and b), involves shaking 100 mg samples with

80 ml of cold 5% Na,CO, for 16 hours, after which the

3
supernatant liquid is removéd for analysis. The leaching
is repeated with further additions of carbonate until the
quantities of alumina and silica extracted are minimal.
The residue is then subjected to successive two hour

digestions at 100°C with 80 ml of 5% Na,CO, until the

3
extracted alumina and silica are again minimal. This
method is far more time consuming than that developed by

Hashimoto and Jackson (1960).

Gedroits (1963) has suggested dissolution in KOH to
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remove'amorphous constituénts, while Alexiades and Paxinos
(1965), compared dissolution by KOH with some earlier
work using NabH, and concluded that the former was less
destructive}of poorly crystalline clays.

However, the amount of comparative work that has been
done on the relative merits of the wvarious alkaline reagents
is small. De Villiers (1971) considered that the data then
available (four samples compared by Follett et al. 1965a)
indicated that the method of Hashimoto and Jackson (1960)
was less destructive of crystalline clays, and more
efficient in dissolving allophéne than that of Follett and
his co-workers. Three reference clay minerals, and one
soil clay, a Tirau sandy loam from New Zealand known to
contain kaolinite as well as allophane (Fieldes, 1955) are,
in the opinion of this author, insufficient to draw any
such conclusions. Since it is presumably the hydroxyl
ion concentration that controls the rate of solution, it
would seem more logical to expect that the method more
efficient at dissolving allophane was also more destructive
of crystalline aluminosilicates, unless the concentration
of some other ion present could be shown to exert some
destructive or protective effect.

. A more recent comparison by Briner and Jackson
(1969) showed that boiling 0.5 molar KOH for 2.5 minutes
and 8,48% of the Al,0, from

2 273
a basaltic soil clay, compared with a total of 11.24%

extracted 13.78% of the SiO

$i0, and 7.13 % A1203 from two 'cold' and five 'hot'

extractions with 5% Na,C0O,.  The molar SiO, : A1,0,
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ratios of the material extracted by the two methods were
2.8 and 2.7, respectively. These results would seem to
indicate that both methods had extracted the same
component or components, and that the former was the more
drastic.

The reaction between hydroxyalumina and fluoride
ions (Hensley and Barney, 1958; Yuan and Fiskell, 1959;
Egawa, Sato and Nishimura, 1960; and Huang and Jackson,
1965) was used by Fieldes and Perrott (1966) as the basis
of'a test for allophanic material in soils that could be
used in the field.- A quaﬁtitative applicétion of this
test was devised by Bracewell, Campbell and Mitchell (1970).
Brydon and Day (1970) claimed that as allophane, amorphoué
Al(OH)B, synthetic dioctahedral chlorite, podzol B horizons
yielding oxalate — extractable Al values > 1%, and ground
gibbsite, all gave positive results with the Fieldes and
Perrott Nal' test, it should not be considered specific for
allophane but merely indicative of fhe presence of hydroxy-'
alumina.

The present author has observed that any crushed
_aluminosilicate minerals (but not quartz) yield positive
Fieldes and Perrott test vélues. Since crushed albite
and obsidién give positive results it is reasonable to
expecf é similar response from the Al—sﬁbstituted,
tetrahedral allophanic core proposed by de Villiers and
Cloos and their respéctive associates;-except for systems

with very low Al content. Mitchell et al. (1968)

203
have shown that after 1.9% of the SiO

, and 2.7% of the
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A1203 in a soil clay had been extracted by cold 5% NaZCOB'
the residue gave little evolution of hydroxyl ions when
treated with 1.0 molar NaF, A second sample of residue,

however, yielded a further 13.6% of SiO, and 15.0% of

2

A1,04 when treated with hot 5% Na,C0,.  The molar Si0, :
A1203 ratios of the original soil clay, and the material

extracted by cold and bybhot 5% Na,CO, were 3.1, 2.6 and

03
2.9, respectively. Mitchell and his co-workers concluded
that the material extracted by cold 5% Na2003 was related
to that responsible for positive responses to the Fieldes
andT?errott test. Their work indicates that the use of
an alﬁaline dissolution treatment more drastic than cold 5%

Nazcoj/gh$91d be avoided. The higher Al content of the

203
material extracted by cold 5% Na2003 as compared with that
subsequently extracted by the heated reagent has also been
reported by Follett et al. (1965a) and by Briner and
Jackson (1969). |

Complexing reageirits sﬁch as acid ammonium oxalate .
(Tamm,l1922), pyrophosphate (Aleksandrova, 1960) and citrate
(Mitchell, Farmer and McHardy,.196h) remove, from soils,
poorly-ordered forms of Fe, as well as those of Al and
Si. Several workers (Deb, 1950; Schwertmann, 1959 and
1964; Gorbunov, Dzyadevich and Tunik, 1961; McKeague
and Day, 1966; McKeague, 1967:; Dudas and Harward, 1971;
and McKeague, Brydon and Miles, 1971) have demonstrated
that acid ammoniumﬂoxalate can be used as a measure of

the quantity, or activity of the amorphous forms of Al

and Fe in soils. The Al extracted by this reagent has
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been correlated with phosphate retention by soils (Williams,
Scott and McDonald, 1958; Franklin and Reisenauer, 1960;
Bromfield, 1965; Saunders 1965; and Sree Ramulu, Pratt
and Page, 1967). Tandon (1970) has reported a similar
correlation for fluoride — extractable Al. As the
positively charged polymeric hydroxyalumina species
surrounding allophanic cores appear to be involved in
pPhosphate adsorption (Clooé, Herbillon and Echeverria,

- 1968; and Cloos et al. 1969) it may be concluded that

they are soluble in both oxalate and fluoride reagents.
Although polymeric hydroxyalumina species associated with

2 : 1 Type phyllosilicates and other soil components may
not be as aécessible to the reagents as those of allophanic
gel systems, they to§ must be regarded as soluble to some
extent.

As early as 1934, Lundblad urged that Tamm's reagent
be used cautioﬁsly in the presence of easily soluble
unweathered minerals. LaJoie and de Long (1945) have
réported that Tamm's reagent Qas unsuitable as a criterion
for differentiafion of podzols and podzolic soils.
McKeague, Brydon and Miles (1971) showed that although
magnetitg was attacked by acid oxalate, goethite and
hematite, which are more common in soils, were relatively
unaffected. Arshaé, st A;naud and Huang (1972) have
claimed that the usé of acid oxalate as an extractant
for amorphous forms of Al and Fe may have limitations for
soils containing trioctahedral phyllosilicates, and

suggest that extraction with potassium pyrophosphate may
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be more suitable. Schwertmann (1973), however, criticised
their work on the grounds that freshly-ground trioctahedral
minerals were unsuitable for testing a method to be used
with soils, and suggested that pyrophosphate was unsuitable
for measuring pedogenic iron since it essentially determined
only organic-bound forms.

Aleksandrova (1960) reported that 0.1 molar sodium
pyrophosphate extracted humus, and its Al and Fe salts
from soils. Bascomb (1968) showed that 0.1 molar potassium
pyrophosphate extracted Fe from organic complexes and
amorphous gels, but not from aged amorphous hydrous oxides.
McKeague (1967) presented evidence that 0.1 molar sodium
p&rophosphate was reasonably specific for organic-complexéd
Al and Fe in soils, and in association with Brydon and
Miles (1971) demonstrated that organic-bound Al and Fe,
amorphous forms of Al and Fe, and crystalline Fe oxides
could be estimated approximately by pyrophosphate, acid
oxalate and citrate-bicarbonate-dithionite extractiomns,
respectively. These workers claimed that their results,
together with the earlier works of Bascomb (1968) and
McKeague (1967 and 1968), indicated that pyrophosphate-
‘extractable .~ Al and Fe (and possibly C) could be used as
the basis of a chemical criterion for spodic horizons.
They claimed that for this purpose pyrophosphate was more
specific than the pyrophosphatej— dithionite treatment
proposed by Franzmeier, Hayek and Simonson (1965), and
that unlike acid oxalate it did not attack magnetite or
other easily weathered Fe-bearing minerals such as olivine

or riontronite.



104,

As with other selective dissolution methods the
use of acid oxalate or pyrophosphate must be largely
empirical. Such methods can not differentiate sharply
between different forms of Al and Fe, because in natural
soil systems these elements are present in various continua.
It should also be remembered that an empirical method
that is developed and shown to be suitable in one environ-
ment may be quite unsuitable in others. Segalen et al.
(1971) consider that some highly weathered tropical soils,
from which acid oxalate extracts very low quantities of Fe,
contain, nevertheless, appreciable quantities of amorphous
Fe oxides, and consequently have used a more drastic
extractant to determine them.

_ Dilute acids have been used by Rich and Obenshain
(1955), Kirsanov (1958) and Deshpande, Greenland and
Quirk (1964) to remove poorly-ordered forms of Al and Fe
from soils, while Tweneboah Greenland and Oades (1967)
have shown that treatment of soil clays with 0.5 molar
CaCl2 at pH 1.5 extracts Al, but little Si or Fe. Since
this latter treatment substantially reduced the positive
charge developed at low pH it was concluded that in the
range of soils examined this property was largely due to
"active" hydroxyalumina species.

De Villiers (1971) has suggested that the quantitative
determination of allophane in soils may have to be based
on a specified selective dissolution procedure. Before
such a solution is adopted rigorous comparative studies

involving both synthetic aluminosilicate gels and a wide
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fange of soil clays are required. The use of the
comparatively simple synthetic gel systems, where the
relative proportions of Al iﬁ four-fold and six~fold
coordination could be determined, would allow monitoring
of the effects of different reagents on the various
identifiable. phases present.

| A major ﬁeakness in many of the attempts to
quantitafively determine amorphous components by selective
dissolution already documented is their use of higly
crystalline reference clay minerals and oxides (often of
geologic, rather than pedogenic origin) as standards for
testing the effects of reagents on crystalline soil
components.v Suchﬂreference materials are likely to be
more resistant to attack than those formed by pedogenic
processes. Ideally, the crystalline aluminosilicates
and oxides preéent in the actual soil clays under investiga-
tion shouid be ﬁsed for these essential comparative studies.
Wada and Greenland (1970) have demonstrated that this can
satisfactorily be accomplished by using treated and
untreated'samplés in the reference and sample positions
of a double beam infrared spectrophotometer. The
difference pattern then recorded is used to characterise
the material actually removed by the dissolution treatment
employed. As they have indicated, differential DTA could
5e used in a similar manner. Their work has shown that
fhe material extracted by the citrate~bicarbonate-
dithionite method of Mehra and Jackson (1960), by 2%

Na,C0, (Jackson, 1956) and by 0.5 molar NaOH (Hashimoto
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and Jackson, 1960), used successively, depended primarily
on the initial mineral assemblage of the sample.
Phyllosilicates, including disordered kaolinites were
dissolved from clays in which they were major constituents.
They. further demonstrated that the method of Hashimoto

and Jackson appeared to remove material that was more
ordered than that removed by 2% NaZCOB, but that heating
at 90°C for 15 minutes with 2% Na,CO, did not completely

remove allophane.

(3) Amorphous and Organic-—complexed Forms of Al

and Fe in Soils of the Reefton Sequence
A preliminary survey was carried out to determine
the nature of the materials extracted from samples of the
<2 um fraction (isolated by sedimentation from distilled
water only) from the B22 horizon of/I(o) 1, the B3 and 012
horizons of Ah 1, and the G horizon of Ok 1, by three
selective dissolution procedures. The treatments examined
were those of Hashimoto and Jackson (1960), Follett et al.
(1965a), and shaking for 2 and for 60 minutes with 0.85
molar NaF (pH 7) using a soil : solution ratio of 1 : 50.
“kPver fxtravtion'the -samples were washed with distilled
waterftu§§#a$af§fedaby:washingw(four;times) with 1.0
qolar MgClz, freed of excess _M‘gCl2 by successive washings
with distilled water (twice), ethanol-water (1 : 1),
acetone-water (1 : 1) and acetone, air-dried at 20°C,
weighed, and then stored at a relative humidity of 56%.
Duplicate 80 mg samples were subjected to all those

operations performed on the treated samples except the
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initial extraction. Care was taken to ensure that
physical losses of material during treatmenfs was minimal.
The material extracted by eachvof the dissolution
procedures was characterised by differential DTA. The
dissolution residue and the untreated duplicate, both
made to 160 mg with calcined kaolinite were used as the
feference and sample, fespectively. Examples of the
difference thermograms obtained are shown in Figure 51.
These tests showed that all three procedures extracted
gibbsite and phyllosilicates as well as amorphous alumino-
silicates, particularly from the‘younger soils. They
confirm the desirability of testing so called selective
dissolution reagents for inactivity against other components
?n the actual soils involved, rather than against standard
reference clay minerals that are often of geologic rather
than pedpgrnic‘origin, and which may well be more ordered,
and moré resistani to attack than the minerals actually
present in the samples. The results may also question
the suitability of alkalis and fluorides in P fractionation
schemes such as those proposed by Chang and Jackson (1958),
or Williams and Walker (1969). (A rigorous evaluation
of selective dissolution techniqués is being undertaken
by Mr A.W. Young, of the Soil Science Department, Lincoln
College. His initial results show that oxalate and 7
citrate also attack the crystalline components present in
younger soils ef the Reefton chronosequence), |
Despite these shortcomings it was decided to use

Tamm's acid ammonium oxalate procedure as modified by
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McKeague and Day (1966) and 0.1 molar sodium pyrophosphate
(McKeague, 1967) as the means of obtaining approximate
values for the amorphous and organic-complexed forms of
Al and Fe in the soils of the present study. Application
of these methods does at least allow comparison with the
data pﬁblished by McKeague and his associates for a range
of Canadian soils that appear to have chemical and mineral-
ogical similarities with those of the Reefton sequence,
and with the criteria set out in 'Soil Taxondmy', a
publica%ion by the Soil Conservation Service, U.S. Department
of Agriculture, Washington (1970). Phosphate retention
(saunders, 1965) énd'hydroxyl release by fluoride ions
(Fieldes and Perrott, 1966) were also determined to obtain
an index of the chemival reactivity of the wvarious
hydroxyalumina components. Data from the above analyses,
and the main trénds exhibited are presented in Tables 36 -~
43 and Figures 52 -~ 65.

For comparative purposes whole soil, and water-
dispersed size separates from the B (0.15-0,28 m) and C
. (0051--0.{64111‘\.) horizons of a Taupo sandy silt collected
from the New Zealand Soil Bureau's reference site at
Wharepaina - N85/793738~ (N.Z. Soil Bureau Bulletin, 1968a
pP. 74=75), and water-dispersed < 2 pm material from Ah 1,
B,, and Cyps and Ok 1, G were subjected to similar
ranalyses. The results of these and other relevant
analyses performed on these samples are presented in
Tables 44t - 46 and in PFigure 66. Taupo sandy silt is

reported by the N.Z. Soil Bureau to contain only
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allophane in the <2 pm fraction. (The author is grateful
to Mr W.A. Pullar for providing the samples).

Poorly-ordered forms of Al and Fe as determined by
oxalate-extractable Al and Fe levels (% of ignited weight)
increased with age of the soil from Ho 1 to Ah 1, then
declined markedly (Table 36). This trend shown by oxalate
-extractable Al is in agreement with that found by Mokma
et al. (1973) in a chronosequence of soils developed from
alluvial and morginic deposits from the Franz Josef Glacier.
Their sequence also culminated in the Okarito soil. The
levels extracted from the A and A2g horizons of the weakly
gleyed I(w) 1 are much lower than those extracted from
comparable depths in the free—draining I(o) 1 (Table 36);
The quantities of Al and Fe (kg ha~') extracted to constant
depth (Figure 52) reach maximum values by I(o) 1 or Ah 1,
then fall. Although the variations in volume-weight of
the soils (Figure 9) act to reduce this effect, it should
be noted that differential DTA analyses (Figure 51) suggest
the possibility that crystalline components in the Ikamatua
and Ahaura soils may have been more soluble in oxalate
than those from the older soils.

Oxalate~extractable Al and Fe values for the upper
0.38 m of I(w) 1 are considerably 19wer than those for
I(o) 1, but are comparable to a depth of 0.78 m. This
suggests that destruction of poorly-ordered forms of Al
and Fe, or their downward translocation occurs under

poorly-drained conditions.
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The percentagesof total soil Al extracted by oxalate
to constant profile depth reach maxima of 17 and 15% to
0.38 and 0.76 m, respectively, at Ah 1, while the
corresponding maxima for Fe, also reached at Ah 1 are
'hs?‘ and 3?% (Figure 53). The percentage of total Al
and Fe extra;ted by oxalate from the upper 0.38 m of each
tessera exceeds that from the lower half for the free-
draining soils of the sequence, but the reverse occurs in
the poorly-drained members, with the exception of the
comparable Al values from Ok 1. The shapes of these
curves (Figure 53) are generally similar to those of
Figure 52,

The continued accumulation of poorly-ordered forms-
of Al and Fe ffom Ho 1 to Ah 1, and the greatly reduced
quantities in the two oldef gley podzols are also clearly
demonstrated by the depth functions (kg ha~tem horizon'1)
.presented ih Figures 54 and 55. Maximum accumulations
océur in the B horizons of the ibunger, freely-drained
soils, whereas depth functions for both gley podzols
show an increase with depth from the surface (Al) or
little variation (Fe). Maximum accumulation occurs
at greater depth in I(w) 1 than in I(o) 1. Loss of
poorly-ordered forms of Fe is very evident in the upper
horizons of I(w) 1. Because bulk density increases
with depth, depth functions expressed on a volume~weight
basis (kg ha™'em horizonf1)'may show maxima lower in the
profile than would occur if percentage of ignited weight

was the basis wused. Depth functions illustrating the
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pPercentage of total soil Al extracted by oxalate (FPigure
56) decrease with depth for Ho 1, I(y) 1 and I(o) 1,
reach maxima in B horizons for I(w) 1 and Ah 1, and
increase with depth for the two gley podzols. The
comparable functions for Fe (Figure 57) decrease with
depth for all four freéﬁdraining soils, pass through a
minimam for Ku 1, incréase with depth for Ok 1, and reach
a maximum in the B,, horizon of I(w) 1.
Oxalate-extractable Al and Fe in the surface horizon
along the Ahaura transects tend to increase with distance
from the living trees and decaying stump. The percentages
of the total elements extracted show a similar trend.
Thoqe are the only consistent trends observed (Tables 37
énd 38). Oxalate-extractable Al and Fe levels are very
low in the A21 horizon at Ah 5; and are comparable with
those found in the older gley podzols. Simple regression
analyses involving only the transect samples show no
correlation between pH or organic matter (as indicated
by 1osseon-ignition values) and oxalate-extractable Fe.
Correlation between pH and oxalate-extractable Al is
significant oniy at the 5% level. Increased stem=flow
effects (no other transect site is within 1 m of any tree
sfem), operating over a longer period of time, are
considered to be responsible for the very low values
found in the A

21
The trend shown by organic-complexed forms of Al and

horizon at Ah 5.

Fe, as determined by extraction with sodium pyrophosphate

often closely matched those described for oxalate



112.

extraction. It can be seen from Table 2 that simple
regression analyses involving any pair of these four
variables are highly significant (0.1% level).

The quantities of Al and Fe extracted by
pyrophosphate (% of ignited weight) are greater in Ah 1
than in the younger or older soils. The amounts extracted
from the gleyed upper horizons at I(w) 1 were considerably
lower than from the free draining I(o) 1 (Table 39). The
quantities extracted to constant profile depth (Figure 58)
also reach maxima at Ah 1, and both the shape of the curves
and:the actual quantities involved closely resemble the
oxalate-extractable data presented in Figure 52, Volume-
weight variations again act to depress the maxima.

Oxalate extracts more Al and Fe than pyrophosphate from
the lower half of the Ikamatua (all) and Ah 1 profiles,
but the reverse occurs in Ok 1 and on the lower half of
fhe'Ku 1 tessera. The major differences between the
percentagesof total soil Al and Fe extracted by
‘pyfophosphate (Figure 59) and oxalate (Figure 53) are
theihigher proportion of Al in Ok 1, and Fe in both gley
podzols extracted by the former reagent.

| Depth functions (kg ha”! em horizon-1) for
pyrophosphate-extractable Fe for the younger freely-
drained soils show maximum values near the surface and
then decrease with depth, whereas the three poorly-
drained soils all have much lower values in the upper
half of the profile and reach their maximum levels below

0.4 m (Figure 60). Depth functions for Al (Figure 61)
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are generally similar to those described for Fe, but the
maximum values for I(o) 1 and Ah 1 occur lower in the
profile, and high values are shown by the lower horizons
of Ah 1, Ku 1 and Ok 1. The percentage véiues listed
in Table 39 show that the general increase with depth
shown by both gley podzols results froﬁ increased levels
of extraction as well as from variations in bulk density.
The depth functions (Figures 60 and 61) also show the
continued acéumulation of organic—-complexed forms of Al
and Fe from Ho 1 to Ah 1.

Depth functions showing the percentage of total Al
in ofganic—complexed-forms (Figure 62) decrease with
depth for the free draining soils, show maxima in the
Az.(g and B,G horizons of I(w) 1 and Ok 1, respectively,
while that for Ku 1 increases with depth. The decrease
with depth shown by the free draining members of the
sequence is more pronounced in the depth functions showing
the percentage of total Fe that is extractable by
pyrophosphate (Figure 63)° The function for Fe obtained
for Ku 1 is more complex than that for Al. Values
decrease with depth to the G horizon, rise in the organic
rich BhG,'then fall to zero in the BzG before againr
G. The A horizon value of Ok 1

3

is the highest obtained in the sequence, and subsoil

rising steeply in the B

values remain high in this profile. The relatively
high percentages of total Al and Fe extracted by

pyrophosphate from the two gley podzols is a consequence

of the low cohtents of total Al and Fe in these soils,
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and not of any accumulation of organic-complexed forms.

There is some tendency for the levels of organic-
complexed forms of Al and Fe‘in the surface horizon to
decrease with distance from a living beech tree or
decaying stump (Tables 40 and 41). The lowest values
along either transect are again found in the A21 horizon
at Ah 5. Simple regression analyses show that along the
transects pyrophosphate-extractab1e Fe correlates at the
0.1% level with pH and at the 1% level with loss-on-ignition,
"but that Al shows no such correlation.

Depth functions expressing phosphate retention
(Figure 64) and Fieldes and Perrott test values (Figure 65)
show that an increase in the reactivity of the poorly- |
ordered hydroxyalumina gel phase, at constant profile
depth, occurs with time for the freely-drained members
of the sequence. This increase, and the extension of a
high reactivity to greater profile depth, also as age
increases, result from both higher clay contents (Table 7)
and an increase in the proportion of total soil Al
occufring in gel form (Figures 53 and 56). That the
reactivity is largely a function of the clay fraction can
also be seen by comparing the values obtained on applying
the'Fieldes and Perrott test to water — dispersed clay
with those obtained from the < 2 mm fraction (Figure 65),
or by comparing the oxalate=-extractable Al and Fe,
phosphate retention,’and Fieldes and Perrott values
obtained with the water-dispersed <2 jm fraction of the

B,, and C,, horizons of Ah 1 (Table 46) with the

21 12
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corresponding values obtained from the <2 mm fraction
(Table 36, and Figures 64 and 65).

A considerable reduction in activity of the gel
phase is evident in the upper horizons of the poorly-
drained soils. Comparison of the phosphate retention
depth functions of I(w) 1 and I(o) 1 (Figure 64) suggests
that some translocation to the A2g and lower horizons may
have occurred in the former soil. The water-dispersed
<2 pm fraction from the G horizon of Ok 1 is notably
inactive (Table 46).

Simple regression analyses (Table 2) indicate
significant (1% level) or highly significant (0.1% level)
correlations between éli possible pairings of phosphate
retention, Fieldes and Perrott test (soil), oxalate-
extractable Al and Fe, pyrophosphate-extractable Al and
Fe, and loss-=on-ignition values for the chronosequence
samples except loss—-on-ignition v Fieldes and Perrott
test (not significant), loss-on-ignition v oxalate-
extractable Al (5% level only) and pyrophosphate-extract-
able Fe v Fieldes and Perrott test (5% level only).

Soil pH correlated only with oxalate—extractable Al and
Fieldes and Perrott test (1% level) and with phosphate
retention and loss-on-ignition (5% level). ~ These
correlations indicate that complexing by water soluble
chelates may be more significant than increased solution
of alumina under lower pH conditions in explaining the
loss of reactive gel material from the upper horizons of

the poorly=drained soils.
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Oxalate-extractable Al, phosphate retention and
Fieldes and Perrott test values are highly correlated
(0.1% level) with both NH,F-P and non-occluded P, and
there is a significant negative correlation (1% level)
between these phosphate fractions and montmorillonite
content. Oxalate-extractable Al and phosphate retention,
but not Fieldes and Perrott test, also correlated (0.1%
or 1% levels) with occluded inorganic P and residual P.

No correlation occurred with acid-extractable P (Table 2).

Phosphate retention values for the surface horizon
increase with distance from the decaying beech stump, or
from the living trees along both Ahaura transects.

Values are very high (>90%) in all B,, horizons. Fieldes

21
and Perrott test values, particularly those of the water-
dispersed < 2 um fraction confirm these trends (Tables 42
and 43). Destruction of reactive hydroxyalumina gel
phases , or their movement down the profile thus appear to
be associated with those processes that are more intense
near the stems of e;isting or decaying trees.

The phosphate retention and Fieldes and Perrott
test values for the < 2 mm fraction at Ah 1 exceed those
shown by the Taupo sandy silt (Tables 44 and 45). The
latter soil, however, contains <2% of clay. The amounts
of Al (%) extracted from both soils by oxalate are
comparable, but more Fe is extracted from the Ahaura B
horizons than from the Taupo B. Pyrophosphate extracts

considerably more Al and Fe from the Ahaura. These

results would seem to indicate thaf both the Ahaura and
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Taupo soils contain comparable quantities of 'allophanic'
gel species, and that the former soil contains, in
addition, greater amounts of poorly-ordered, hydrous
iron oxides and of organic-complexed amorphous forms of
Al and Fe. These conclusions are supported by the
results of DTA (Chapter 3; V, (3)). It should be noted,
however, that neither oxalate nor pyrophosphate is likely
to be specific. That some overlap does occur between
thém,is demonstrated by the sum of oxalate- and
pyrophosphate-extractable Fe from the A and AB horizons
of Ah 1 exceeding total soil Al, A similar résult is
obtained for the sum of the Al éxtracted by the reagents
from the < 0.2 pm fraction of the Taupo B horizon.
Schnitzer and Skinner (1964) have claimed that oxalate
extracts Al and Fe organic complexes from soils.
Schwertmann (1964) defined the ratio of oxalate~ to
dithionite-extractable Fe as the "active" Fe ratio.
McKeague and Day (1966) have shown that podibl B horizons
have distinct accumulations of oxalate-exfracéable Fe,
and consequently a high "active" Fe ratio. The National
Soil Survey Committee of Canada has &efined an 'f'
horizon tentatively as one enriched with hydrated iron,
and having a chroma of;> 3 and redder than the horizon
above or below. McKeague and Day argued that as all the
podiol B horizons that they had studied also contained
distinct accumulations of oxalate-extractable Al, this
element too should be included in any definition of a

Bf horizon. They tentatively proposed that horizons in
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which the percentage of oxalate-extractable (Al + Fe)
exceeded that of the C horizon by;?'o.s%, or horizons in
which the percentage of dithionite-extractable (Al + Fe)
exceeded that of the C horizon by'2>1.0% be designated as
thorizonso By this definition, the A and AB horizons at

I(y) 1, the A, B,, and B,, horizons of I(o) 1, the B,

1
and B__, horizons of I(w) 1 and the A, AB, B and B

22 21’ 22
horizons of Ah 1 could be classified as By horizons
(Table 36).

Stonehouse and St Arnaud (1971) have used the
"active" Fe ratio to separate well-drained and poorly-
drained soils. They reported that reducing conditions
kept the iron oxides in the upper horizons in a readily
extractable form. For the range of soils studied
(Chernozemic, Solonetzic, Gray Wooded and Gleysolic) the
well~drained members had “active" Fe ratios < 0.35 in
the upper horizons, whereas in the poorly-~drained soils
the ratio exéeeded 0.35. In the freely-drained Ah 1
profile of the present study, 44% 6f the total Fe in the
A horizon and 51% in the AB are oxalate-extractable
(Figure 56)° These horizons, then, must yield "active"
Fe ratios in excess of 0.35, and it is likely that the
upper horizons of I(o) 1 would yield a similar result.
Thus the value proposed by Stonehouse and St Arnaud (1971)
is likely to be applicable only to a restricted range of
soils.

Alexander (1974) has investigated if "active" iron

ratios showed any definite age trend, and demonstrated,
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that for a sequence of eight well-drained Xerolls on
adjacent terraces above the Truckee River in Nevada,
under a subhumid climate, the ratio increased to 0.37
during the first several thousands of yearsvof soil
development, and then decreased to a practically constant
value of 0.18 during several hundred thousand years. He
concluded that although the ratio values were not sufficiently
unequivocal to be used alone for placing associated
Quaternary deposits in sequence, they could prove a useful
supplement to other criteria. A similar age trend is also
shown by the percentage of total Al and Fe removed by
oxalate in the preseﬁt study (Figures 53, 56 and 57). Here
the decline after some 18,000 years is associated with the
solution of allophanic gels by water-soluble organic
chelates at low pH. The presence of amorphous, organically-
complexed forms of Al and Fe in the older gley podzols
pfgvents such a definite trend being observed for the
percentage of total Al and Fe extracted by pyrophosphate
(Figures 59, 62 and 63). Since doubt exists as to just
whét components are being extracted from differing systems
by chemical reagents there may be some advantage in using
oﬁe absolute term in so called "active" iron ratios. Such
an approach was used by Ellis (1969) when he used the ratio
of dithionite~extractable Fe to total Fe as an index of the
degree of weathering under aerobic conditions.

McKeague, Brydon and Miles (1971) have stated that
fractionation of the amorphous iron content of soils is

necessary to distinguish between amorphous iron in
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spodic horizons that is usually aséociated with organic
matter, and that present in soils developed on volcanic
ash and in some prominently mottled cambic horizons.
Attempts to effect a similar fractionation are reported
by the United States Department of Agriculture (1970).
The latter work claims that pyrophosphate at pH 10 seems
to remove Al and Fe from amorphous organic complexes more
readily than from other amorphous species, whereas other
extractants, such as oxalate, pyrophosphate at low pH and
citrate~dithionite, are less selective of the amorphous
compounds that are typical of spodic horizons. McKeague
and his co-workers claimed, however, that although
pyrophosphate is reasonably specific for organic-complexéd
forms of Fe, it is less specific for these forms of Al.
Much of the available research on these reagents has
‘involved extractions of synthetic organic complexes wifh Al
and Fe, and of both synthetic and natural oxides and
hydrous oxides. It is clearly desirable that the reagents
should be tested on a wide range of soils, and that
differential techniques such as those described in this
section be applied in an effort to determine the components
extracted by each reagent from actual soils.

Furkert and Fieldes (1968) have claimed that the
amorphous component in spodic B horizons is allophanic,
and Brydon and Shimoda (1972) have demonstrated that the
major portion of the clay fraction of the B horizon of a
podzol from Nova Scotia contained an amorphous component

that had many properties similar to those reported for
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allophane. Although they also found a substantial ‘'freel
iron content (45% oxalate-extractable, 10% pyrophosphate- |
extractable) they were unable to determine its precise
nature. They found no evidence that it was structurally
bouyd to the allophane as has been proposed by Jackson
(1965) and concluded by Raman and Mortland (1969/1970).

In the present Study‘considerable quantities of Al and Fe
are extracted from the water-dispersed «2 pun fraction of
the B

and C,, horizons of Ah 1 (Table 46). These

21 12
fractions also gave very high values for phosphate
retention and for the Fieldes and Perrott test. It is
likely thét they too contain allophanic gels.
Morphologically the Ikamatua and Ahaura B horizons-
resemble cambic horizons. They contain high contents of
both oxalate~ and pyrophosphate-extractable Al and Fe
species, Ratios of pyrophosphate-extractable Al + Fe to
clay content, and the index of accumulation‘of amorphous
material in spodic horizons: (CEC - 0.5% clay) multiplied
by horizon depth (United States Department of Agriculture,
1970) were calculated to see if these horizons could
qualify as spodic horizons on the basis of their amorphous
content. These data together with oxalate-extractable
Al and Fe to clay ratios are presented in Tables 47 - 49,
The horizons that meet the criteria of an index value > 90,
and a ratio of % pyrophosphate-extractable (Al + Fe)/
% Clay > 0.2 are the A horizon of I(o) 1, the AB horizon
of Ah 1, Ah 2 and Ah 3, the A, horizon of Ah L, the B,

2 1

horizon of Ah 5, and Ah 6, the B, horizon of Ah 8 and the

1
AB horizon of Ah 9.
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The general tendency for % oxalate-extractable
Al (and Fe) / % clay values of the well-drained members
of the sequence to be greater in the B and C than in the
A horizons ( Table . 47) indicates that amorphous inorganic
gels are accumulating faster than clay in the lower horizons.
Possible explanations for this observed trend would include
inhibition of gel formation in upper horizons, downward
translocation of gels in colloid form, formation of gels
at a faster rate than clay in lower horizons and destruction
of gels in the upper horizons. The ratios of oxalate-
extractable to pyrophosphate-extractable Al and Fe to
constant profile depth (Table 50) indicate an increasing
relative importance of inorganic, amorphous Al to I(o) 1;
followed by a decline in its importance relative to
amorphous organic~complexed forms in the older soils,
Amorphous, inorganic Fe declines in importance in soils
older than Ah 1, These results can be interpreted as
indicating the eventual solutiqn of inorganic, amorphous
geis by water-soluble chelates, and the conversion of Al
and Fe to organic-complexed amorphous species. The
lower ratios obtained for the Fe extractions may result
from differences in the stabilitytconstants of the
respective Al and Fe organic complexes. Those of Fe
complexes increase as pH falls, whereas those of Al fall
(Townsend and Aguilar, 1971).

The analyses pérformed.on the Taupo sandy silt
warrant further comment even although this soil did mnot

form part of the Reefton chronosequence. The Taupo soil,
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unlike the chronosequence soils, is formed on pyroclastic
materials. The United States Department of Agriculture
in the publication 'Soil Taxonomy' (1970) considers that
the amorphous materials present in spodic horizons
(organic-complexed forms of Al and Fe, extracted by
pyrophosphate at pH 10) differ from the inorganic,
allophanic gels (oxalate-extractable) formed in pyroclastic
materials. The ratios of oxalate- to pyrophosphate-
extractable Al (and Fe) are certainly higher for the Taupo
soil, than for any of the chronosequence samples, but it
should be considered +{iat factors other than parent
material could contribufe to such differences. The rain=-
fall at the Taupo site (1270 mm) is considerably lower,
the bH (6.2 - 6.6) much higher, and the age of the soil

is but 1700 years. The present vegetation at the Taupo
site is tussock, cocksfoot, and bracken fern, but the

area carried podocarp'forest prior to Polynesian fires
(N.Z. Soil Bureau, 1968b).

The most striking feature evident from the analyses
performed on the Taupo samples (Tables 44 and 45) is the
markéd differences in chemical properties between the
clay fractions and the coarser material. The Al and Fe
extracted from the soil by oxalate and by pyrophosphate
came essentially from the clay fractions, and these form
less than 2% of the material that could be dispersed by
repéated sedimentation in distilled water, or by mechanical
analysis following dispersion with Calgon. Phosphate

retention and Fieldes and Perrott test values were also
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determined by the reactivity of the clay fractions.

Total Al and Fe increased considerably with reduction in
particle size, while total Si and K decreased. The fine
clay fractions thus yielded molar Sioz/Alzo3 ratios
between 1 and 2 while those of the 2 - 53 pm fraction
exceeded 8.

When coﬁsidered in conjunction with these chemical
parameters the DTA's (Figure 66) provide further evidence
- in support of the soil allophane model proposed by
van Reeuwijk and de Villiers (1970). Only the two
fine clay fractions, with,Alzoa/Alzo3 + SiO2 ratios of
56% (B horizon) and 47% (C horizon) yield any appreciable
high temperature exothermic reaction. The 2 - 53 pum
fraction of both horizons, and even the 0.2 - 2.0 pm
fraction from the C horizon, do not show this reaction.

+ Si0, ratios < 22%.

3 2
The 0.2 - 2.0 pm fraction from the B horizon (ratio of

These samples all have A1203/A120

33%) shows a considerébly reduced reaction. Van Reeuwijk
and de Villiers (1970) have demonstrated that the reaction
is givenvby co-precipitated aluminosilicate gels with

A1203/A1 + SiO, ratios of 45, 60 and 80%, but not

2% . 2

by gels with ratios-<§30%f These results indicate that
a composition somewhere between 30 and U45% A1203 is
necessary before the reaction is initiated. As it is
likely that isolation of the various size fractions of
the Taupo soil was incomplete, the 0.2 - 2.0 pm fraction

from the B horizon could well contain < 0.2 A material .

with a higher A1203/A1203 + 5i0, ratio.
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The high loss-on-ignition values from the <0.2 Jum
fractions indicate a close association between the
inorganic and organic components. The suppression of
the exothermic reaction when DTA's are carried out in:a
dynamic N2 atmosphere also suggests a strong link exists
between allophane and organic matter. Such bonding could
also result in‘finer, more aluminous gels being
ingorporated into a larger size fraction. Both Miyauchi
and Aomine (1964) and Campbell, Mitchell and Bracewell
(i968) have demonstrated an increase in the intensity of
this exotherm with decreasing particle size, but
unfortunately neither group determined the chemical
compositions of their size separates. The exothermic
reaction, which leads to the formation of mullite, |
spinels and Y-alumina thus occurs with both co-
precipitated aluminosilicate gels, and with natural
allophanic soils. Wahl, Grim and Graf (i961) have
shown that the formation of mullite from synthetic
mixtures depends on the structures of the components
rather than on the chemical composition of the mixture.
It has been demonstrated (Mr A.W. Young, Soil Science
Department, Lincoln College, pers. comm.) that a co-
precipitated aluminosilicgte_gel containing 45% A1203
vields mullite between 900 and 100000, whereas mixtures
containing the same quantities of A1203 and SiOé‘as
discrete amorphous phases do not.. This implies that
some structural association must exist between Al and

Si before nucleation of mullite occurs at these
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temperatures, and that this relationship exists in both
synthetic aluminosilicate gels and in soil allophanes.
The DTA pattern for the < 0.2 m fragtion, and
to a lesser extent of the 0.2 - 2.0 pm fraction of the
Taupo B horizon show an unexpected suppression of the
high.temperature exotherm, and_? strong endothermic
reaction between 800 and 1000°C'when run in a dynamic N,
atmospherg(Figure 66). When the s#mple was heated in
air or 0, to 600°C, cooled to room temperature, 10 mg of
activated charcoal added, and re-run in a N2 atmosphere
a strong exothermic reaction was observed. The original
sample run in an air or O2 atmosphere gave a much lower
reaction, a feature previously noted by Campbell, Mitcheli
and Bracewell (1968). This earlier work had also shown
that charcoal appeared to have a catalytic effect on the
formation of mullite. The only explanatioﬁé that can be
offered for the suppression of the exotherm in the < 0.2 pm
fraction from the B horizon of the Taupo soil when run in
N2 are that either unexpectedly strong bonds exist between
the allophanic gel and organic matter, which heating to
900°C has not completely disrupted, or that the organic
matter content was so high, and so intimately distributed
throughout the sample, that the charcoal formed on heating
in the N2 atmosphere coated the aluminosilicate particles
to such an extent that nucleation of mullite was prevented.
Mr Young (pers. comm.) has also found that the
broad infrared absorption band near 1000 cm-1 decreased

. in frequency with decreasing particle size for the size
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separates from the Taupo B and C horizons. This indicates
an increase in Al-0-Si bonding relative to Si-0-Si with
decreasing particle size. For the same samples Mr L.G.
Livingstone (Soil Science Department, Lincoln College,
pers. comm.)_has demonstrated shifts in the wavelength of
AlKP radiation with decreasing particle size. This |
suggests that the proportion of the Al that is in six-fold
co-ordination increases with decreasing particle size, and

consequently with an increase in the Al content.

2%

It is concluded from the above data that the finest
material present in the B and C horizons of the Taupo
sandy silt is a chemically-precipitated aluminosilicate
gel, not merely comminuted parent material. This
conclusion is supported by the variations in total K with
decreasing particle size and could be further tested by
determining trace element levels of the various size
separates, a technique that has been applied by Borchardt,
Harward and Knox (1971).

The chemical properties of precipitated gels would
déﬁéhd largely on their alumina content. This in turn
would be a function of parent material and other soil
fo:ming factors. Such gels, parficularly if they
contained appreciable amounts of Al as six-fold co-
ordinated hydroxyalumina, may well be more reactive than
comminution'prodgots or weathering residues of similar
particle size,.wh;té the Al would largely remain in

four-fold co-ordination. Both precipitated gels and

comminuted materials could exist in the same soil. As a
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precipitated weathering product, the gel should be in
equilibrium with its environment and tend to persist
providing there were no drastic changes within the system.
Comminution ﬁfoducts and weathering residues, however, are
likely to be unstable and be reacting with the same
environment. Their‘rate of reaction should increase as
their particle size decreases,.unless they are stabilised
by éurface coatings of hydrous oxides or by forming
complexes with organic matter. Thus in environments
favouring their formation, precipitated gels should tend
to dominate in the finest fractions.

The infrared absorption patterns for the £ 0.2 pm
fractions of a sequence of volcanic ash soils‘of
increasing age (Fieldes and Furkert, 1966) show changes
in frequency with increasing age. This trend is consistent
with an increase in the A1203 content of precipitated gel
systems, and implies higher Al levels in the matrix
solutions with increasing soil ége. As the solubility
of alumina increases relative to silica at lower pH
(Curtis, 1970) a decrease in pH as weathering progressed
could provide these conditiomns.

Thus soils having the properties of allophane B may
contain in addition to comminuted parent materials, silica
gels and co-precipitated aluminosilicate gels, where Al
was present largely within a tetrahedral silica framework.
Soils with the properties of allophane A, on the other
hand, would need to contain aluminosilicate gels with a

polymeric _ hydroxyalumina phase. In an effort to fully
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explain the differences observed in New Zealand volcanic
ash soils of increasing age work with both synthetic and
natural systems should be undertaken to establish what
reactions take place if more siliceous gels are introduced
into matrix solutions that would be in equilibrium with
gels having a higher alumina content. The limits of gel
formation in terms of Al and Si concentrations at pH values
<6 should also be established.

Bracewell, Campbell and Mitchell (1970) have shown
that the Al,0, content of the water-dispersed <1.4 um
fractions of the three youngest soils of the sequence
examined by Fieldes and Furkert (1966) increased with the
age of the soil. They also obtained a high temperature
exothermic reaction from all three soils on DTA examination
of the <1.h4 pm fraction in a N2 atmosphere, although
that given by the youngest soils was slight: Fieldes and
Furkert (1966) did not present DTA data, but the soils
weré so examined by Fieldes (1955), who failed to obtain
a reaction from the two youngest members of the sequence.
The samples used by Fieldes were peroxidised and then
dispersed at a pH of 10.5. Campbell, Mitcpell and
Braqewell (1968) have shown that both of these treatments
tend to reduce the height of the exothermic peak,

"~ Further studies should be undertaken to determine
if an age sequence of volcanic ash soils contains gel

éystéﬁs of increasing A120 content. In addition to

3
chemical and physical examination of a range of size
separates the pH and Al and Si contents of the matrix

solutions should be determined.
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V. MINERALOGICAL ANALYSES

In this section the mineralogy of the sand (>>20 pm),
silt (20 - 2 pm), coarse clay (2 - 0.2 pm) and fine clay
(< 0.2 pm) fractions is discussed. Unless otherwise
stated organic matter and free iron oxides and hydrous
oxides were removed by the methods described by Jackson

(1956) prior to size fractionation.

(1) Mineralogy of the Sand Fraction

"In an attempt to assess the uniformity of the parent
material‘throughout the chronosequence, the mineralogical
compdsitioné of a narrow size range (177 - 125 pm) from
the C horizon of each soil, and from the A horizon of
each gley podzol, was determined using a polarising
microscope. To facilitate identification of minerals
.other than quartz and felspar, samples were further sub-
dividéd into magnetic and non-magnetic fractions using a
Frantz isodynamic magnetic separator operating at a current
of 1.2 amp,, and set with side slope of 5° and forward
510§e‘of 300. Slides for mineralogical determination
were brepared by immersing the separated grains in clove
oil. A minimum of 250 grains from each slide were examined.
The resulfs of these analyses presented as weighted means,
are listed in Table 51.

The mineral grains showed increasing alteration
with time. This made positive identification difficult
and some two-thirds of the grains from the A horizon of

the oldest soil (Ok 1) were listed as unidentified. The
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proportion of_minerals appearing in the magnetic fraction,
and the levels of mica and chlorite are much lower for

the gley podzpls than for the younger soils. The quartz/'
feldspar ratios for the C horizons (excepting I(o) 1)
showed a general increase with fime, while those for the

A horizon of the Ku 1 and Ok 1 soils were considerably
higher than the valuesfrom the corresponding C horizons.
These results are consistenf with the increased weathering
of a parent material of similar mineralogical composition,
and.i#dicate that the surface horizons of both gley podzols
have undergone more intensive weathering and leaching than
the_uﬁderlgihg C horizons. The discrepancy shown by

I(Q) 1 may be caused by a variation in the particle size
distribution of the parent material. It is difficult
tojexplain the comparatively high value for the proportion
of magﬁetic minerals in the A horizon of Ok 1. With the
exception of small numbers of biotite and garnet all the
graiﬁs in this fraction were tooaltered to permit
identificatibn. Despite deferration and a ﬁery‘low total
Fe content these weathered residues may have retained
suffiéient Fe to render them paramagnetic.

Biotite was the dominant mica identified in the size
range examined. This was partly a consequence of its
greater ease of identification when partly altered.
Optical examination of coarser sand fractions showed that
muscovite was the dominant mica mineral, and that its
dominance was greatest in the gley podzols -~the two

oldest soils. Some of the grains listed as unidentified
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in Table 51 are probably sericitic residues. The dominant
- feldspar was sodic plagimclase., Smaller amounts of
potassium feldspar were present in all samples.

Visual and optical examination of weathered gravels
from the C horizons of the younger soils showed that the
feldspar appeared to be weathering at a faster rate than
muscovite. This is consistent with the observed weathering
sequence proposed by Goldich (1938), but differs from the
order of weathering stability based on bond energies
calculated by Keller (1954). The significance of this
greater stability of muscoyite on clay mineral genesis is

discussed in Chapter 3; V, (3), (c).

(2) Mineralogy of the Silt Fraction

Semi-quantitative analysis of the 20 - 2 pm fraction
was based on the intensity of diagnostic X-ray diffraction
spacings from randomly-oriented specimen;. Phyllosilicates
present in minor amounts in the finer part of the size
range were;detected by the use of preferentially-oriented
specimens. These were prepared by air-drying aqueous
suspensions on 38 x 25 mm glass slides. ' The‘oriented
specimens were prepared using the same cation and glycerol
saturation procedures required for the analysis of the
clay fractions.

.The dominant minerals present in the silt fraction
were quartz, sodic plagioclase, mica and chlorite. Smaller
amounts of potassium feldspar, vermiculite, interstratified
mica-vermiculite, kaolite, gibbsite and hornblende were

also observed.
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The quartz content increased with increasing age of
the soil, and decreased with depth from the surface. In
both gley podzols the silt fraction of all horizons
(except Ku 1, C) was composed mainly of quartz. The
feldspar conteﬁt of the silt fraction increased during
the first 18,000 years of soil development, but was very
low in the Kumara and Okarito profiles. As with quartz,
feldspar levels decreased with profile depth, but the
variafions were not as marked. Quartz/feldspar ratios,
as indicated by the intensity of the quartz (100) spacing
divided by that of the plagioclase (002) (Table 52) are
comparable for soils.younger than 18,000 years, but become
much greater in the older gley podzols. The trends
deScribedrhere are similar to those observed by Mokma
et al. (1973) for a chronosequence of soils in South
Westland. The earlier fall in silt feldspar contents in
this latter sequence is probably a function of the much
higher rainfall in South Westland.

The mica content of the silt fraction decreased
progressively with time, and increased with profile depth.
Vérmiéulite (detected by a decrease in the intensity of
the 1.4 nm spacing, and the enhancement of the 1.0 nm
épacihg following K+ saturation and heating at 350°C), and
interstratified mica-vermiculite (2.4 and 1.2 nm spacings
on Mg2+ saturation) were present in all samples containing
mica. Chlorite showed a similar trend to that described
fqr mica, but was depleted more rapidly. Strong

reflections from the first four orders of the basal
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spacing (after allowing for any kaolinite present), and

an increase in intensity of the 1.4 nm reflection on

heating at 550°C indicate the presence of a well-ordered
ferfo-magnesian chlorite. This mineral would be largely
responsible for the trioctahedral (060) spacings such as

that illustrated in Figure 67. Chlorite was not found in the

A horizon of Ah 1, or above the B,G horizons of Ku 1 and

3
6k 1. Resolution of its second order spacing from the
fourth order spacings of chlorite and vermiculite showed

-the presence of small quantities of kaolinite in the A and
B horizons of all soils. Small amountsvof hornblende
were found in all horizons of the Ahaura and younger soils.
Examination of the (060) spacings (Figure 67) of the silt
fraction from the assumed parent material (C horizon of
Ho 1) showed that dioctahedral phyllosilicates were more
abundant than trioctahedral.

| VGibbsite was identified on the basis of the (002)
spacing at 0,483 nm, the strongest reflection, which
was destroyed on heating at 350°Co " It was observed
6n1y in preferentially;oriented specimens and was hot

“sufficiently abundant to enable other reflections to be

detected for confirmation. Gibbsite was not detected in
the Ho 1 and Ok 1 profiles, found only in the B2 horizons

of the three Ikamatua soils and in the C horizon of Ku 1,

but was present in the B and all lower horizons of Ah 1.

21
The strongest reflection was given by the B3 horizon of
Ah 1. The occurrence of gibbsite in these soils is

discussed in Chapter 3; V, (3), (c).
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The only difference observed between I(w) 1 and
I(o)1was the lower mica and chlorite levels in the
gleyed horizons of the former 56i1 as compared with
comparable depths in I(o) 1. No obvious trends
occurred along the two Ahaura transects.

The considerable changes in mineralogy of the silt
fraction with time are the resultant of gains from the
physical breakdown of the minerals remaining in the
coarser fractions, and losses by chemical weathering to
the clay fraction. Such changes ére influenced by the
varying resistance to physical and chemical weathering
of the different mineral species. The gradual dominance
of both the sand and silt fractions by quartz indicates
its greater comparable stability. The higher contents
of mica and chlorite in the silt fraction of the younger
soils of the sequences, as compared with the 177 = 125 jum
fraction; result from their susceptibility to mechanical
éomminution, whereas the decrease in their contents
quards the soil surface is consistent with an incréasing‘

intensity of chemical weathering.

(3) Mineralogy of the Clay Fraction

Clay fractions (coarse, 2 = 0.2 pm; fine, <0.2 pm)
of the chronosequence and transect samples were separated
from the soil (<2 mm) following peroxidation and defer-
ration (Jackson, 1956). All samples were examined by
X-ray diffraction an& by DTA. To check if the minerals

present were affected by the above chemical treatments,

water-dispersed clay (<2 pm) from selected samples was
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also examined. Concentration of resistant minerals,
present in minor'amounts, was attempted by digestion of
1 g samples of the water-dispersed clay with 20 and 48%
HF for periods of up to 24 hours.

(a) Diagnostic Criteria for Clay Mineral

Identification. Identification of the crystalline mineral

species present was based primarily on X-ray diffractometry.
The diagnostic criteria applied are discussed below.

Unless otherwise stated they refer to preferentially-
oriented specimens. Where DTA was required to confirm

a diagnosis, the criteria used are discussed in context.

(i) - Micaceous clay minerals: These are recognised by
a 1.0 nm basal spacing, and its integral series of higher
order reflections, that do not shift on varying the
exchangeable cation, with glycerol solvation, or upon
heating at 550°C (MacEwan, 1946). Tllite, originally
defined by Gfimg Bray and Bradiey (1937), has tended

to become widely used as a general name for micaceous
minerals in the clay fraction of soils. However, the
proposed classification scheme for phyllosilicates of the
Nomenclature Committee of the AIPEA (Association
International pour 1l'Etude des Argiles) (Bailey et al.
1971) has left open the status of illite (and of
hydromica and sericite). The committee stated that

*"it is not yet clear whether or at what level
they would enter the (classification) table;
many materials so designated may be

interstratified".
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Dioctahedral and trioctahedral species may be
distinguished from each other by the position of the
(060) reflection (0.149 to 0.152 nm for the former, and
0.152 to 0,.,1535 nm for the latter) and by the relative
intensities-of the first and second order basal reflections
- the latter is almost absent in trioctahedral species

(Brown, 1955).

(ii)' Vermiculite: A 1.4 nm basal spacing on glycerol

solvation of Mg2+ saturated clay, which collapses to give

a sharp 1.0 nm spacing on K+ saturation and heating to
350°Q,is used to indicate the presence of vermiculite.
In contrast to chlorite, vermiculite has a very weak

0.7 nm reflection.

(iii) Montmorillonite: The presence of montmorillonite

is indicated by a basal spacing of 1.8 nm in glycerol .
solwfated9 Mg2+ saturated clays. As with vermiculite

this spacing collapses to 1.0 nm on k' saturation and
heating at 350°Co In this study glycerol solvation was
carried out by lightly spraying air-dried specimens with a
10% aqueous solution of glycerol and allowing them to dry
at room temperature. This procedure was repeated until
the dried samples appeared translicent. Since it has
been reported that some montmorillonite spacings do mnot
expand beyond 1.4 nm if dried prior to the addition of
glycerol (Jackson, 1956; and Fieldes, 1968), A horizon
samples yielding 1.4 nm spacings were also examined using
the solvation technique recommended by Jackson et al.(1954).

Both techniques gave comparable results.
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(iv) Chlorite: This group of minerals is recognised

by an intergral series of peaks associated with a basal
spacing of 1.4 nm, that show no expansion on glycerol
solvation, or collapse when heated at 550°Co Heating

at 550°C sharpens the first order spacing and increases
its intensity, whereas the intensities of the higher order
spacings decrease. The first and third order spacings

of iron-rich chlorites are relatively weak compared with
those of magnesium-~rich species (Brown9 1955; and. Brindley
and Gillery, 1956)9 but this does not necessarily apply

to chlorites occurring in the clay fraction of soils

since defects produced by weathering may also influence
the relative intensities of the individual reflections

(Bradley, 1954).

(V) ~ Kaolinite group minerals: Kaolinite is characterised

by strong first and second order basal reflections at
0.715 and 0.36 nm, respectively, thatbshow no expansion
on glycerol solvation9 but disappear on heating at 55000,
since at this temperature, the crystal structures of
minerals of the kaolinite group are destroyed.
Metahalloysite shows a broad ba;al spacing ranging from
0.72 = 0,75 nm, which is sharpened and reduced to 0.72 nm
on heating at 35000, Some halloysites show strong
reflections at 1.0 nm. with no second order peak and a-
third order of about 0.34 nm. If dried at 110°C they
show collapse to about 0.72 nm,

In the presence of chlorite, identification of

kaolinite by Xe-ray diffraction may prove difficult, since
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the second and fourth order reflections of the former
tend to overlap the first and second order kaolinite
spacings. When this occurs the présence of kaolinite
is best confirmed by the use of infrared absorption
spectroscopy, DTA, by the formation of intersalg$ien
complexes with potassium aceiate (Andrew, Jackson and
Wada, 1960), hydrazine (Wada and Yamada, 1968) or
diméthyl-sulphoxide (Garcia and Camazano, 1968) which
cause expansion of the kaolinite lattice but do not affect
chlorite, or by digestion with 6 molar HC1l for 30 minutes
ét 95°¢ (Hayashi and Oinuma, 1964), which eliminates
chlorite, 2 :1 =23 2 Al-intergrades and vermiculite,
but only partially dissolves kaolinite.

>In the present study kaolinite second order
reflections occurred at 0.358 nm. In all coarse clay,
and in some fine clay specimens this peak was resolved
from the fourth order reflections of 1.4 nm species which
ténded to occur at about 0.534 nm (Figure 68). Often,
too, the first order kaolinite spacing at 0.76 nm was
resolved from their second order reflections. The
presence of kaolinite was, however, always confirmed by
DTA, and with selected samples, by HCl digestion (e.g.

Figure 68).

(vi) Interstratified minerals: Differential weathering

of individual layers of the various phyllosilicate
minerals described above leads to the formation of inter-

stratified clay minerals. These intergrades contain
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layers of two or more different components. If these
occur with a fixed periodicity a regularly interstratified
mineral occurs. Such minerals show first order basal
spacings corresponding to the sum of the basal spacings

of the individual components, and yield an integral series
of higher order reflections. The intensities of these
reflections tend to be strongest near the basal reflections
of the component layers. In contrast the first order
spacing of randomly - interstratified minerals is inter-
mediate between those of the individual components and

the higher order reflections form non-=integral series
(MacEwan, Ruiz Amil and Brown, 1961). 1In theory, all
transitions between regularly~and randomly-interstratified
minerals are possible. The diagnostic criteria of the |

mixed=layer minerals observed in this study are as follows:

2 31 =2 3 2 Al-intergrade (or pedogenic chlorite or

chloritised vermiculite): These intergrades are

characterised by a sharp, high intensity, 1.4 nm
reflection that gradually collapses towards 1.0 nm
on heating to progressively higher temperatures
(Dixon and Jackson, 1962). Complete collapse to a
sharp 1.0 nm spacing does not occur on heating, nor’
does the 1.4 nm reflection intensify. The
properties of the intergrade are therefore inter-
mediate between those of vermiculite and chlorite,
and its resistance to collapse on heating results

' from the presence of hydroxyalumina polymers in the

interlayer spaces.

The New Zealand Soil Bureau recognises two forms
of vermiculite in soils, vermiculite (2) wvhich
collapses to 1.0 nm at room temperature on K+

saturation, and vermiculite (1) which collapses
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to 1.0 nm only on heating at 550°C (Fieldes, 1968).
Unfortunately Fieldes does not indicate whether the
collapse of vermiculite (1) yields a sharp 1.0 nm
spacing, or merely a broad low intensity band
approaching 1.0 nm, but it appears likely that
vermiculite (1) is a 2 : 1 = 2 : 2 Al-intergrade.

A similar intergrade with properties intermediate
between those of montmorillonite and chlorite also
occurs.,

Mica-vermiculite: This type of interstratification

is characterised by a reflection between 1.0 and
1.4 nm on Mg2+ saturation‘and glycerol solvation,
which collapses to give a sharp 1.0 nm spacing

on K+ saturation and heating at 35000. The presence
of a reflection about 2.4 nm on glycerol solvation

indicates some regularity in the interstratification.

Mica-chlorite: These intergrades show a spacing
between 1.0 and 1.4 nm that is not affected by

glycerol solvation, or by heating at 550°C.

Interstratified montmorillonite: Peak migration

curves for random interstratifications of 1.0 and
1.75 nm layers (MacEwan, Ruiz Amil and Brown, 1961;
and Ruiz Amil, Garcia and MacEwan, 1967) indicate
that changes in the relative proportions of the two
components do not significantly alter the position
of the 1.8 nm spacing. The major variation is in
the intensity of the peak. This means that the
1.8 nm spacing in a diffractogram could be due to
an interstratified montmorillonite-mica.

Estimating the degree on interstratification (if
any) is usually based on the position of the 001
(1.0 nm)/002 (1.8 nm) peak which migrates between
0.885 and 1.00 nm as the mica content increases.
Other higher order peaks may also be used, but these

are often of lower intensity and/or overlapped by
peaks from other components.
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Mills and Zwarich (1972) postulate, however, that
as overlapping peaks are not resolved if the spacing
between them is less than the width at half peak height
of the individual peaks, fine clay fractions containing
discrete mica and montmorillonite could be wrongly
interpreted as containing an interstratified mineral.

They suggest that the apparent position of the broad peak
caused by the unresolved first order mica and second order
montmorillonite peaks in mixtures of the discrete minerals
would also vary with changes in the relative concentrations
of the two components, and thus cause the diffractograms

to resemble those of interstratified minerals; They
conclude that in the absence of definite evidence of
iﬁterstratification it is advisable to consider the sample
as a mixture of two discrete species.

The presence of a 2.8 nm spacing in Mg2+ saturated,
glycerol solvated specimens from the A2 horizons of some
soils from the present study does, however, indicate an
intgrétratified mica-montmorillonite. Examples of
interstratified montmorillonite-vermiculite were observed
in other surface horizons. These samples showed
expansion to between 1.4 and 1.8 nm on Mg2+ saturation
-épd glycerol solvation, while K+ saturated specimens

\%ﬁeldéd a sharp 1.0 nm peak on heating at 350°cC. Other
samples, which gave a broad, low intensity band - with
one or two maxima in the range 1.0 to 1.4 nm for k'
saturated specimens, collapsed to a strong sharp 1.0 nm

spacing when heated at 350°C9 and showed expansion to
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larger spacings and the appearance of a 1.0 nm peak on
Mg2+ saturation and glycerol solvation, probably contained
three component, mica-vermiculite-montmori1lonite,

interstratified clays.

(vii) 'Quartz: Identification of quartz in Xkréy
diffractograms of soil clays is usually based on the (100)
spacing at 0.426 nm, since the more intense (101) reflection
at 0.3343 nm nearly coincides with the strong third order

reflection of micaceous minerals.

(viii) Gibbsite: Crystalline gibbsite is recognised

by the presence of the (100) spacing at 0.485 nm. In the
present study no other spacings could be obtained for
confirmation and its presence was always checked by DTA.

The 0.485 nm spacing was destroyed on heating at 350°C.

(ix) PFeldspars: Small quantities of plagioclase and
potéssium feldspars in soil clays are usually recognised
by ‘spacings between 0.318 and 0.324 nm (Jackson, 1956 and
1964) .

(x) Amphiboles: Most amphiboles have a (110) plane
that coincides with their perfect cleavage plane. This
yields a reflection between 0.840 and 0.848 nm that can
be used to indicate the presence of amphiboles in

preferentially-oriented specimens (Jackson, 1956 and 1964).

(xi) 7pitapiumoxides: These minerals were identified
in randomly-oriented specimens following HF digestion.
The presence of rutile was indicated by reflections at

0.326 (110), 0.249 (101), 0.230 (200), 0.219 (111),



144,

0.205 (210), and 0.1687 nm (211), and anatase by spacings
at 0.351 (101), 0.238 (oo4), 0.189 (200), 0.170 (105) and
0.1665 nm (211).

(xii) Plumbogummite minerals: Minerals of this group

show spacings near 0.574, 0.352, 0.296, 0.270, 0.252, 0.221,
0.218, 0.190 and 0.175 nm. The identification of these
minerals in HF digestion residues using the method proposed
by Sarma and Krishna Murti (1969/1970) encountered
difficulties associated with the solﬁtion of the minerals
and the precipitation of complex fluorides having X-ray
diffraction patterns that could be confused with those of
the phosphates. This aspect of the results is discussed

in detail in Chapter 3; V, (4).

(xiii) Goethite: Crystalline goethite is recognised

by spacings at 0.497, 0.418, 0.270, 0.258 and 0.244 nm.

(b) Quantitative Analysis of Soil Clays. In the

qualitative identification of clay minerals by X-ray
diffraction the positions of the various basal reflections
‘and their alteration or otherwise under different treat-
ments is evaluated. For this purpose preferred orientation
along the basal planes is desired. For the quantitative
analysis of mixtures,; however, the (hkl) reflections from
randomly-oriented samples should be measured. If

mixtures for analysis contain essentially monomineralic
components, and these pure components are also available

for calibration purposes it is possible to obtain a high
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degree of accuracy by this method (Hofmann, 19563 Mitchell,
1960; and MacKenzie, 1961). The clay minerals found in
soils show variations in pafticle size and in their degree
of crystallinity, changes in chemical compesition within
individual mineral groups, interstratification, and
contamination with organic matter and amorphous substances.
Quentitative analysis by X-ray diffraction becomes rather
uncertain for such systems as it is not possible to refer
the (bkl) reflections to known standards (Grim, Bradley
and White, 1957; and Weaver, 1958) and it has become
cﬁstomary to utilise the intensities of the basal spacings
for both semi-quantitative and qualitative determinations.

The intensities of the characteristic X-ray
diffraction spacings of minerals can not be used directly
as indicative of their concentrations because of variations
between diffractograms caused by instrumental (e.g. width
ef divergence, receiving, and scatter slits) and sample
(e.g. thickness, and degree of preferred orientation)
parameters. In addition, different minerals, different
planes of atoms within a mineral, and different samples
of the same mineral, may vary in the intensity with which
they diffract X-rays. Iron-rich chlorites for example,
give less intense 1.4 nm reflections than magnesium-rich
varieties (Brown, 1955:; and Brindley and Gillery, 1956).
The intensities of chlorite spacings thus depend on mineral
composition as well as concentration.

ﬁseful comparisons and indications of trends may be

obtained, however, by utilising intensity ratios based
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on diagnastic peak areas. Since these ratios yield
information on only two of the minerals in a sample, and
because any observed variations may be caused by changes'
in the concentration of one or of both components,it is
desirable that the concentration of each mineral be expressed
as a part of the total mineral concentration. This has
ﬁeen achieved in the present study using an #pproach similar
to that of Johns, Grim and Bradley (1954), in which the
"percentage" of each phyllosilicate component is obtained
f:om weighted intensities. To obtain such "“"percentages"
it is necessary to assume that the properties of each
mineral do not vary between samples, that the weighting
factor for each mineral applies equally to all particles
of that mineral in all the samples compared, and that the
sum of the weighted (peak-area) intensities represents the
totai composition of the sample.

The diagnostic peak areas considered were:
(1)  Illite (mica):- area of the 1.0nm reflection/(Mg2+
| saturated, glycerol solvated slide).

(ii) Montmorillonite:- area of the 1.8 nm reflection
(Mg®*/glycerol).

(iii) Chlorite:- area of the 1.4 nm reflection
+
(k" /550°C).
(iv) Vermiculite:- area of the 1.4 nm reflection (Mg2+

/glycerol) minus the area of the
same reflection following K+

saturation at 2000;

(v) Xaolinite:- area of the 0.7 nm reflection (K'/
350°C) multiplied by the proportion of

kaolinite in the resolved 0.35 nm
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kaolinite second order/chlorite
fourth order doublet. The

justification for this has been
demonstrated by Biscaye (196.4).

(vi) Pedogenic chlorite:- area of the 1.4 nm reflection
(x*/20°C) minus the area of the
same reflection after heating at
550°C.

(vii) Interstratified Illite-Vermiculite:- area of the
1.2 nm reflection (Mg2+/glycerol)
minus the area of the same

reflection after K+ saturation.

(viii) Interstratified Illite~Chlorite:- area of the
1.2 nm reflection (K*/550°C).

Peak areas were obtained by the technique déscribed
by Schultz (1964). Some difficulty was encountered in
estimating the intensity of kaolinite in fine clay
speci;ens containing both kaolinite and chlorite in which
the 0.35 nm doublet was unresolved. In these instances
the chlorite contribution to the 0.7 nm spacing was
estimated on the assumption that the chlorite first order:
second order peak area ratio was similar for both the fine
and coarse clay fractions. Some samples containing
interstratified minerals yielded very broad, low intensity
bands between 1.0 and 1.8 nm, that collapsed to sharp
1.0 nm peaks on K' saturation followed by heating at 350°C.
The concentration of these minerals was determined from
the area of the 1.0 nm peak at 350°C. If a discrete

2 : 1 - Type phyllosilicate was also present it was

assumed that the contributions of that mineral and of . the
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intergrade to the 1.0 nm peak were additive and linear.

The measured intensities were weighted because
diffraction intensity is dependent on the angle of
reflection, Since reflections at lower angles of
incidence give stronger peaks of greater intensity than
reflections at higher angles, application of factors
which compensate for this should make direct comparison
of peak areas more reasonable. Although this type of
analysis is crude by comparison with sifuations able to
utilise random specimens and reliable standards, it is
réasonably sound in its approach, and for poorly-
drystalline materials Brindley (1961) considers that it
is probably the best that can be devised. It must be
;tresged that the weighted peak-area "percentages"
éstaiﬁed are constructions and should be considered as
" unverifiable approximations of actual percentages. The
factors used to weight the measured peak-areas are
discussed below.

Johns, Grim and Bradley (1954) have shown that at
1.7 nm the reflected intensity of an expanding 2 : 1- Type
phyllosilicate is four times that exhibited by the same
ﬁineral at 1.0 nm, while Bradley (1953) has further §§
indicated that the reflections at 1.4 and 1.2 nm alsdv
exceed those at 1.0 nm, by factors of three and two,
respectively. The measured intensity of illite waé,
therefore, used as reference, and those of montmorillonite,
vermiculite and interstratified illite—vermicuiite

reduced accordingly. The 1.4 nm chlorite reflection in
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ignited specimens has been shown to be comparable to the
illite 1.0 nm reflection (Weaver, 1958). The measured
intensities of chlorite and interstratified illite-
chlorite were, therefore, not adjusted. Schultz (1958)
has shown that the peak-area ratio of the 0.7 nm kaolinite
reflection and the 1.0 nm reflection of collapsed 2 : 1
- Type phyllosilicates ranges from 1 : 1 for poorly-
crystalline kaolinite, to 2 : 1 for highly-crystalline
varieties. An indication of the degree of crystallinity
of kaolinite can be obtained from the area : height
ratio of the 0.7 nm spacing (Schultz, 1958), but the
présence of chlorite interferes. Digestion with HC1l
to remove chlorite was not attempted as this could possibly
attack any poorly-ordered kaolinite present, and an
intermediate value for the ratio of 1.5 : 1,0 was used
for weighting purposes. Pedogenic chlorite can vary in
comﬁ;éition from approaching vermiculite to that of a
dioctahedral. Al-chlorite. This mineral has been
weighted as“é vermiculite in all samples. Consequently
its "percentage" will tend to be underestimated in samples
where the degree of hydroxyalumina interlayering is
extensive.

tWeighted peak area "percentages" for the phyllo-
silicates present in the clay fractions of the chfono-
sequence and transect soils are listed in Tables 53 to
58. 'Also>indicated in these tables are the relative
intensities of the quartz (100) spacing and the presence

of feldspars and hornblende. Quartz intensities are
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expressed as percentages of the highest value measured,
that of the coarse clay fraction of the A horizon of the
Okarito soil.

Differential thermal analysis is recognised as a
highly quantitative and reproducible technique for the
estimation of gibbsite (de Villiers, 1969; and Davis
and Holdridge, 1969). - It was used in the present study
to determine gibbsite levels in the clay fractions
isolated from the chronosequence soils (Figures 69 - 76).
The gibbsite used as reference came from nodules found
in the subsoil of the Waiotu friable clay. These were
groﬁnd to pass a 53 pm sieve and air-dried at 105°C
before weighing. X-ray, differential thermal and
infrared analyses failed to detect any contamination.

As the main gibbsite exotherm is not appreciably affected
by pafticle size variation (MacKenzie, 1957) a single
reference plot of peak area v concentration (Figure 77)
was used for all size fractions. The results obtained
are included in Tables 53 ~ 58.

vAn alternative approach to quantitative mineralogical
analysis of soil clays has been devised by Alexiades and
Jackson v(1966b). Their system combines selective
dissolution methods developed earlier for the determination
of mica, quartz and feldspar (Kiely and Jackson, 1965),
amorphous aluminosilicates, gibbsite and 1 : 1 ~Type
phyllosilicates (Hashimoto and Jackson, 1960), anatase
and rutile (Raman and Jackson, 1965), cation exchange

capacity measurements for the determination of vermiculite
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and montmorillonite (Alexiades and Jackson, 1965) and
thermal analyses to determine chlorite (Alexiades and
Jackson, 1966a) into a single unified scheme. Their
. scheme has found application outside the authors'
laboratories (e.g. Le Roux, 1973; and Murali, Sarma
and Krishna Murti, 1974), but has yet to achieve
widespread routine application.

It was considered that satisfactory application of
the‘sqheme to the present study was hampered by a number
of factors which could affect its accuracy. The
differential DTA techniques,already discussed in Chapter 3;
Iv, (3)., showed that treatment with boiling 0.5 molar
NaOH (Hashimoto and Jackson, 1960) removed crystalline
gibbsite and phyllosilicates from the yellow-brown earths.
Use of this reagent would thus lead to the levels of the
dissolved minerals being underestimated, and the
qﬁantities of amorphous aluminosilicates grossly
dverestimated.

Niederbudde (1973) has reported significant positive
correlations between the amount of potassium fixed and the
quantity of beidellitic smectite, as estimated from the
intensity of the 1.8 nm spacing, for a range of soils and
sediments from loessial districts in Central Germany and
Lower Bavaria. No significant relationship existed
betWeen fixed potassium and vermiculite contents. An
estimation of vermiculite content, based on potassium
fixation, of these soils would include the smectite.

With muscovite the dominant mica in the present study area,
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the'possibility of the montmorillonite minerél formed by
pedogenesis'belonging to the montmorillonite-beidellite
series must be considered. Ross and Mortland (1966) have
shown that beidellite was formed in the A, horizons of
spodosols,by the removal, through weathering, of the
iﬁterlayer materia; ina2 :1 = 2 : 2 Al-intergrade.
Smectites with layer charge arising predominantly from
tetrahedral substitution of Al for Si have their main
dehydroxylation peakbin the 500°C region when examined by
DTA, whereas that of montmorillonite itself usually occurs
about 700°C (Greene - Kelly, 1957). Differential
thermograms (Figures 71 - 75) for élay fractions that
contain appreciable smectite (Tables 53 -~ 58) show
dehydrdxylation peaks in the 500 -~ 550°C region, but no
peaks about 700°C. The presence of structural defects
can, however, cause a reduction in the dehydroxylation
peak temperature of weil-defined montmorillonites (Grim
and Bradley, 1948; and Greene-Kelly, 1957).

The presence in the A and upper B horizons of the
yellow-brown earth members of the sequence of considerable
organic matter.(as characterised by intense DTA exotherms
étretching(from 200 to 700001§-peak temperatures 300 -~
35000-%—when run in an oxidising atmosphere) that is not
removed by exhaustive-digestion with H202 could also
interfere with mineral determinations based on CEC
measurements. Other criticisms of the method are that
it assumes a fixed value for the CEC of all vermiculites,

and that hydroxy-Al interlayers in pedogenic chlorite may
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prevent potaséium fixation by preventing interlayer
collapse or by.denying access to ions.

Because of possible errors caused by the above
factors it was decided not to apply the scheme in the
present study, and to rely on the use of the weighted
peak— area "percentages" to determine trends in clay
mineralogical composition.

(c) The Ahaura Transects. The clay mineralogy

of the trénsect soils is considered first, since it gives
a particularly clear insight into the competing processes
that control the clay mineralogy of the soils of the

sequence.

(1) At site Ah 1: At Ah 1, the maximum sampled distance

from either of the two living beech trees, or the decaying
beech stump, the dominant minerals present in both the

fine (Table 53) and coarse (Table 54) clay fractions are

mica, chlorite, vermiculite, pedogenic chlorite and kaolinite.
Minor amounts of gibbsite (determined quantitatively by

DTA), quartz, feldspar and an amphibole were present in

fhe coarse clay fraction; but onl& the first named was
observed in the fine clay.

Kaolinite levels in the clay fractions, as determined
by weighted peak-area "percentages", showed little varia-
tion ﬁith profile depth. This was confirmed by DTA
(Figure 73). Comparison of the peak areas for kaolinite
dehydroxylation from these thermograms with standard
curves containing known additions of kaolinite showed

agreement with the 10-20% levels obtained by the X.-ray
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technique. It should be remembered, however, that the
amoﬁnts of the various clay minerals present in individual
soil horizons also depend on thé clay contents of those
horizons. An attempt to show absolute trends, with both
profile depth and increasing soil age, is shown in Table 55.
To construct this table the weighted peak-area "percentages"
presented in Tables 53 and 54 are multiplied by the
relevant clay contents (Table 7) and summed. These values
show comparable amounts of kaolinite in the Ahaura A and

B horizons,‘with lesser amounts in the coarser textured

C horizons. Table 55 makes no allowance for .the presence
of "clay" minerals in the silt fraction.

" The éxothermic peék between 900 and 1000°C shown by
the fiﬁe clays (Figure 73) is too large to be explained
501e1& in terms of the kaolinite content, but the coarse
clay fractions show little evidence of this peak. Its
loss isvunlikely to be reléted to particle size, or to the
degree of order of the kaolinite. Although the presence
of a high level of organic matter has been shown to
Suppréss the equivalent reaction in an allophanic material
(Figure 66), and the Ahaura clay fractions do retain
peroxide-resistént 6rganic matter even in the lower
horizons, this is not likely to be responsible, since the
fine clay fraction retains the higher amount and the
organic matter is more likely to be associated with
coqponents other than kaolinite. Saunders and Giedroyc
(1950) have shown that iron compounds may completely

suppress the peak, but the samples used were deferrated.
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Mica is found only in the lower horizons,
vermiculite increases both in concentration and amount
towards the surface, whereas chlorite and pedogenic
chlorite are most abundant in the upper part éf the B
horizon. The method used to differentiate between
primary and pedogenic forms of chlorite in this study
would tend to overestimate the former at the expense of
the latter, if the hydroxyalumina interlayers developed
during pedogenesis contributed to the intensity of the
1.4 nm spacing at 550°C. The horizoﬂs with the highest

content of pedogenic chlorite, the B and 322, are also

21
the horizons where the highest percentage of total soil
Al is oxalate-extractable (Figure 56). The increase in -
vermiculite towards the surface, the particularly high
levels in both size fractions from the A and AB horizons,
and its persistence to greater depth in the coarser clay
fraction are confirmed by variations in the low-
temperature endothermic peak system of the differential
thermograms (Figure 73).

Since weathering intensity decreaseswith depth the
maximum accumulation of the intergrade, pedogenic
chlorite, mighﬁ be expected to occur at the surface as
reported by Rich (1968). However, the combination of
low pH and high organic matter content of the A horizon
may have prevented or inhibited intergrade formation,
or may have caused the dealumination of an intergrade

formed at an earlier stage of soil development. Studies

by Heller-Kallai, Yariv and Riemer (1973) have suggested
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that sorption of organic matefials by clays rather than
impeding chloritisation may undér certain circumstances
actually cause it. The mere sorption and desorption of
amines or aminoacids has led to the fixation of hydroxy-
alumina by montmorillonite. An increasing accumulation
of hydroxyalumina interlayers with depth is shown by
én‘increasing resistance of K+ saturated clays to collapse
on héating. The fine and coarse clays from the A horizon
éoll#pse to sharp 1.03 nm peaks at 350°C, but those from
the B21 yield broader spacings at 1.13 nm that collapse
further to form asymmetric peaks at 1.05 nm if heated

at 550°C (Figure 78).

| Harward and Theisen (1962), and Harward, Theisen
ana Evans (1962) have shown that the identification of
clay minerals in soils is influenced by sample preparation.
They found that the tendency to identify minerals of the
montmorillonite group increased with increasing intensity
of the treafments used to remove "free" iron or effect
dispersion. Use of water-dispersed <2 pm clay from the
Ahaura A and B horizons as a reference confirmed that
although the deferrated clays used in this study did
collapse more readily on heating, vermiculite and not
peddgenic chlorite was the dominant species present in
the A and AB horizons. The endothermic peaks between
400 and 430°C (Figure 73) are probably associated with
hydroxyalumina species. These peaks are more strongly
expressed in the deferrated fine and coarse clay samples,

than in the water-dispersed<'2 pm fraction.
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The results obtained for this profile are consistent
with the weathering of mica and primary chlorite to
vermiculite and pedogenic (aluminous) chlorite. The
kaolinite present may well have formed through chemical

weathering of feldspars.

(ii) Effect of red beech on clay mineral genesis: The

mineralogical composition of the clay fractions from the
Béi horizons showed little variation along either transect,
but some sfriking changes were observed in the upper
horizons (Tables 56 = 59). In all topsoil horizons where
PH values were < 4.5 both clay fractions were dominated

by a mineral that expanded to 1.8 nm on Mg2+ saturation
and glycerol solvation. The 1.8 nm spacing was sharpest,
most-in?ense and found.to greatest profile depth at Ah 5
and Ah 6; that is nearest the stems of the decaying

beech stump and the larger living beech (Figure 78).

The fine olay fraction from the A.21 horizon at Ah 5 gave
reflections at 2,8, 1.79, 0.925, 0,601, 0.453 and 0.301 nm
as well as those from kaolinite at 0.716 and 0.358 nm.

The intense 1.8 nm spacing and the fairly rational series
of higher orders suggest a dominance of montmorillonite
(the fifth order of which would also contribute to the
0.358 nm spacing), but the presence of a 2.8 nm spacing
indicates some interstratification with mica. The

0.925 nm peak would indicate a mica layer contribution of
50% when fitted to the peak migration curves of MacEwan,

Ruiz Amil and Brown (1961), but the higher order peaks
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at 0.453 and 0.301 nm indicate a lower mica content of 40%.
Mills and Zwarich (1972) discussed the difficulties
encountered in thé recognition of interstratified mica-
montmorillonite ¢lays, and note that when particle size

is small, failure to resolve the montmorillonite (002) and
mica‘(001) spacings causes diffractograms from samples
containing discrete minerals to resemble those of inter-
étratified clays. Mills and Zwarich also note that
cénsiéeration should be given to the possibility that
dispepsion of montmorillonite into single flakes one layer
(1.0 ﬁm) thick during dispersion and their subsequent
flocculation during slide preparation, may cause inter-
stratified species to be created, destroyed or altered.

“ With increasing disténce from Ah 5 or Ah 6 (e.g.
from Ah 5 to Ah 2) the 1.8 nm spacing from the fine clay
fraction decreased in intensity and broadened towards
1.0 nm, The 0.9 =~ 1.0 nm reflection also broadened and
moved towards 1.0 nm until at Ah 2 it had become a 1.0 nm
shoulder on a broad 1.8 nm peak. Migration of the 0.9
- 1,0 nm peak indicates an increasing mica content
(MacEwan, Ruiz Amil and Brown, 1961), while the loss in
intensity and broadening of the 1.8 nm spacing indicates
a loss of crystal order. All clays that expanded to
1.8 nm collapsed to sharp 1.0 ﬁm reflections following
K+ saturation and heating. |

The coarse clay fraction at Ah 5 also gave an
intense 1.8 nm spacing, and it showed a broad peak at

0.96 nm, which although asymmetric, was not resolved
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into 0.9 and 1.0 nm spacings. With increasing distance
from the,iiving trees or the decaying stump the intensity
of the 1.8 nm reflections showed the same changes as
described for the fine clay specimens. Spacings at

2.8 nm were also given by the coarse clay fractions.
Montmprillonite was also a major component of both clay
fractions from.the A, horizon at I(o) 2, and the OA horizon
at I(w) 1 (Tables 53 - 55),

It can not be stated with certainty whether the
clay fractions from these very acid surface horizons
contain 1argeiy discrete montmorillonite and mica, or
whether there is considerable interstratification of
theée two components and possibly of vermiculite as well.’
Thé very intense 1.8 nm spacings given by some of the
samples (e.g, at Ah 5) would seem to indicate a montmoril-
1oni£e content greater than that predicted by the peak .
migration curves of MacEwan, Ruiz Amil and Brown (1961).
This uncertainty, and the obvious changes that take place
along thé transects, cause problems in recording these
minerals in Tables 56 - 59. Similar problems have been
encountered by Schultz (1964), Biscaye (1965) and Brydon,
Kodama and Ross (1968).

Biscaye (1965) used the ratio of the height of the
1.8 nm peak above background (p) to the depth of the
"valley" on its low-angle side (v) as a measure of the
crystal order of montmorillonite. Because of the low-
angle position of the montmorillonite peak (about 6029),

the depth of the "valley" is a function of where the low-
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angle side of the 1.8 nm montmorillonite peak intercepts,
and adds to the general background radiation, which rises
exponentially at low angles. A well-ordered montmorillonite
would have a v/p ratio approaching one, and decreasing
crystal order would be indicated by lower values for the
ratio. Since the v/p ratio makes no direct assessment

of peak width it may not be completely independent of
montmorillonite concentration, and thus may be suspect as

a true measure of crystallinity. Because of the very low
20 angle involved Biscaye (1965) considers it to éfford

a good approximation. The ratios obtained for samples
from the present study containing appreciable amounts

of montmorillonite are listed in Table 60. This table
also includes a number of samples not previously identified.
Their significance is discussed later in this section.

On the basis of the calculated v/p ratios, a purely
arbitrary value of 0.7 was used to separate the smectite
Qomponents‘in Tables 53 - 59, and in Table 61. The
Better-qrdered members were designated as montmorillonite,
and tﬁé less-ordered as interstratified minerals. It
must be stressed, however, that there appears to be some
interstratified montmorillonite-mica in all samples, and
that there appears to be a regular decrease in smectite
content with distance from living beech trees or decaying
étumps. As these changes can not be determined
quantitatively the arbitrary approach has been adopted
in order that the tables can indicate that differences

do occur., The only altermatives would be to designate
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all the materials as montmofillonite, or as interstratified
smectites.

A small quantity of kaolinite was preseht in all
horizonscontaining montmorillonite, but chlorite,
pedogenic_chlorite, and gibbsite were not identifiable
_in the diffractograms. Differential thermograms of both

|

the fine and coarse clay fractions from fhe A2 horizons

at I(o) 2 and Ah 5 do not show the low temperature,
multiple endothermic peak system associated with Mg2+
saturated vermiculite, or the 400 - 430°C endotherm
associated'with pedogenic chlorite (Figure 74). Less
gibbsite is present in these samples than at comparable
profile depth at Ah 1 (Figure 73). Gibbsite is thus
deétroyed-during the processes that lead to montmorillonite
formation. The water-dispersed <2 pm clay fractions at
I(o) 2 and Ah 5 do show multiple low temperature endotherms,
but these may be associated with the higher organic matter
content of the samﬁles. The greater gibbsite content
shown by these sémples, as compared with the fine and
coarse clay fractions which had undergone peroxidation
and deferration, indicates that some gibbsite was lost
during preparation of the latter samples. The presence
of a sharp endothermic reaction at 573°C indicates the
presencé of quartz in the coarse clay fractions of the A2
horizon at Ah 5, but it is not observed in the clay from
the B,, horizon at this site (Figure 74). This

indication of a higher quartz content in the A2 horizon

. is: supported by the diffraction data (Table 57).
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At Ah 5, 6 and 7 the clay fractions of all horizons
above the B21 contained montmorillonite as a major component.
Further from the stump, or from the larger living beech,
at Ah 2, 3, 4 and 9 montmorillonite occurred only in the
surface horizon. At these sites, with increasing depth
from the surface, montmorillonite tended to be replaced
fifst by vermiculite and then by pedogenic chlorite.
Furthest from the ;nfluences of the living trees and the
decaying stump, at Ah 1 and Ah 8, montmorillonite gave
way to vermiculite in the surface horizon (Tables 56 - 59).

A thin humus-iron pan occurred between the A22 and
B21 horizons at Ah 5, but it did not extend as far as Ah 4,
The material isolated from the pan gave a loss-on-ignition
value of 63%, and 5Z%and 51% of its iron content was
extractable by oxalate and pyrophosphate, respectively.

It was largely amorphous to x-rays, only a small quantity
of quartz being detected. Differential thermograms
confirmed the presence of quartz and indicated a small
amount of gibbsite (Figure 74). The endothermic peak |
at 95°C represents water held by organic matter and/or
poorly-ordered gels. The endotherm at 708°C is puzzling
- it does not appear in the clay fractions from the
horizons above and below the pan, nor can it belong to
any crystalline phyllosilicate. Its temperature is rather
high for poorly-ordered forms of Al and Fe. The bnly
explanation that can be offered for the presence of this
peak is that it may be associated with the decomposition

of iron-humic complexes in an inert atmosphere.

e
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To check if high concentrations of montmorillonite
were.always present in the surface horizons close to the
stems of living beech trees and decaying beech stumps,
and if the presence of montmorillonite was restricted to
iocalised areas surrounding these trees and stumps, 35
additional "grab" samples were obtained. Four of the
samples were collected on the Hokitika sandy loam, and the
remainder from the Ahaura silt loam. In all instances
the O horizons which ranged from O - 0.15 m in depth were
ignored, and the underlying A or A2 horizons sampled.

Clay mineralogical data from some of these samples are
included in Table 60 and 61, and pertinent site
characteristics are discussed in the text.

Sites Ho 2 and Ho 3 were located between two living

red beech trees with diameters (breast height) of 0.72
.and 0.75 m, standing 7.20 m apart. The sites were 1.2
énd 3.5 m, respectively, from the larger tree. The pH
valueé of the sampled A ﬁorizons were 4.4 and 4.5. The
fine élay fraction at Ho 2 gave a broad peak at 1.50 nm
on Mg2+ saturation and glycero} solvation, that collapsed
to 1.0 nm following K* saturation and heating. This
fraction contains an interstratified mineral that possesses
both vermiculite and montmorillonite layers. No
montmorillonite, or interstratified minerals containing
montmorillonite were detected in the coarse clay fractién

at this site, or in either clay fraction from Ho 3.



161‘.

Sites Ho 4 and 5 were at the base of decaying stumps.
As at sites I(o) 2 and Ah 5 the trees had fallen, but
the stems had shattered and stumps rehained in the soil.
Both A2 horizons gave pH values of 4.2, and both clay
fractions from each site contained montmorillonite. The
1.8 nm peaks were, however, asymmetric with pponounced
tails on the high-angle side, indicating either inter-
stratification with vermiculite or the presence of
discrete vermiculite.

Sites.Ah 10, 12 and 16 were located at the base
of Qecaying stumps on the Ahaura silt loam, while Ah 11
and 13 were 2.0 m from Ah 10 and Ah 12, respectively.
Ah 14 was located 4.5 m east of Ah 5, at a point where
fhe remains of a decaying log made contact with the soil.
The log is the remains of the tree that fell leaving its
stump at Ah 5, Ah 15 was the same distance from the base
as the stump as Ah 14, but was 2.0 m further from the
fallen tree remains. The bleached A2 horizon material
from site Ah 17 was colle cted beside an uprooted stump.
Site Ah 18 was located at the base of a red beech tree
that had reached a diameter (breast height) of 1.02 m
before being killed by fire. Site Ah 19 was 2.0 m from
the stem of this tree, while site Ah 20 was 0.5 m from
the base of the largest living red beech (2.36 m diameter,
breast height) in the bush remmant where all the Ahaura
samples described in this thesis were taken. Soil pH
values for all the sampled horizons with the exception of

the A horizon at Ah 19 (4.6) were <4.0.
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The clay ffactions from Ah 19 gave broad peaks
at 1.54 nm (fine) and 1.52 nm (coarse). The remaining
samples all showed the presence of well-ordered montmoril-
lonite (Tables 60 and 61). Both clay fractions from
Ah 19 are dominated by an interstratified mineral
containing both montmorillonite and vermiculite layers.
Sites Ah 21 to Ah 40 were all located at least 7 m
from ény living tree, decaying stump, fallen log or
‘other'accumulation of decaying organic matter. Hollows,
slightly raised areas, and the edge of the fbrest remnant
were also avoided. These samples all gave pH values
within the range 4.6 - 5.0, and none of them contained
a clay mineral that showed expansion beyond 1.4 nm.

Vermiculite was the major component in these samples.

(iii) A dynamic system - Podzolisation versus laterisation:

From the results of these analyses it is concluded that at
distances greater than about 7 m from existing, mature red
beech trees or large decaying beech stumps, where soil

pH values exceed 4.5 and organic matter 1évels are
(comparably) lower, the stable weathering products formed
from the mica, chlorite and feldspar of the parent material
are pedogenic chlorite, kaolinite, allophane and gibbsite;
all products that contain (or can contain) a high level (
of Al relative fo Si. Gibbsite is included in this 1isf
as it is considered that the available data (Tables 53,

54 and 62, and Figures 79 and 80) suggest the pedogenic

formation of gibbsite, rather than the accumulation of a
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mineral inherited from the parent material. The quantity
of clay-sized gibbsite in constant soil volume increases
with the age of the soil to reach a maximum in Ah 1, then
declines. The proportion of total soil Al present as
gibbsite in the Ikamatua and Ahaura soils is at a maximum
in the B horizons (Table 62). Depth functions (Table 62
and Figure 80) show that the maximum accumulation of
gibbsite occurs in these horizons. These results are
unlikely to be materially affected by failure to determine
the gibbsite content of the silt fraction, since X-ray
diffractograms indicated that it was detected in the silt

- fractions of only those horizons that contained high
gibbsite levels in the clay fractions. Downward
translocation of gibbsite from the A to thelB horizon
would also explain the observed depth functions, but could
ﬁot aécount for the marked accumulation of gibbsite in

the Ahaura profile. Possible parent material variations
can, however, not be completely ignored in alluvial soils.
Gibbsite is highly correlated (1% level) with pH, phosphate
retention, oxalate-<extractable Al, and Fieldes and Perrott
test values (Table 2), thus it tends to occur in those
horizons containing the highest levels of poorly-ordered
aluminosilicate gels. Miyazawa (1966) considers allophane
is desilicated by organic materials, with subsequent
éfystallisation of gibbsite, but the evidence obtained in
this study suggests that Al not Si is mobilised in the
presence of organic matter. Precipitation of alumina in

the interlayer spaces of expansible layer silicates tends
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to prevent the solubility product of Al(OH)3 being
exceeded in soils containing actively weathering micas
(Jackson, 1960 and 1963b). Jackson (1963a) indicates,
however, that cyclic fluctuations in pH could result in
small gibbsite units becoming negatively charged at pH
values above 4.8 and thus being repelled by the negative
surfaces of montmorillonite and nucleating a free gibbsite
phase.

Gardner (1970) presented thermodynamic data to
show that gibbsite should not precipitate in soils
containing both quartz and kaolinite unless the quartz was
coated with impermeable films, but Lodding (1972) argues
that the presence of feldspar may radically alter the
limits set by Gardner.

It is postulated that the presence of gibbsite in
these soils may have arisen from the rapid hydrolysis of
feldspars, causing the release of alumina at a faster
rate than it could be assimilated in the interlayer
Spacéé of the slower weathering micas. This could result
in the solubility of Al(OH)3 being exceeded, particularly
in lower horizons where the pH was higher, and during
periods when the soil solution became concentrated through
the partial drying of the soil. Van Reeuwijk and
de Villiers (1970) have shown that poorly-~ordered A1(0H)3,
that yielded crystalline Al(OH)3 (bayerite) on dialysis,
was precipitated in addition to aluminosilicate gels from
solutions rich in Al relative to Si. MacKenzie (1957)

nqtes that aging of alumina gels is much more rapid than
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with iron oxide. gels, and indicates that amorphous alumina
hydrates would have a very transient existence in nature.
Segalen (1971) indicates that at pH values < 4.2 Al is
liable to move over short distances, but will precipitate
when pH exceeds 4.2 giving an often amorphous product.
If the product remains surrounded by anions crystallisation
is inhibited, but if drainage is good and anions are
leached gibbsite crystallises and may even precipitate
directly. In medium drainage environments Segalen
considers Al recombines with silica to form 1 : 1-Type
clays if Si concentration isnlow and 2 : 1 =Type
phyllosilicates if it is high.

An abundance of aluminous weathering residues
might élso result in mica weathering rapidly, or even
directly?to a2 :1 ~2 : 2 Al-intergrade and could help .
to explain the differing mica weathering sequences proposed
by Jackson (1963b) and Fieldes (1962 and 1968). Whereas

Jackson proposes the sequence:

Mica &—7 Vermiculite £—; 2 : 1 -2 : 2 Al-
intergrade, Fieldes shows an intergrade as the precursor

of vermiculite:

Mica —> Tllite —> Vermiculite (1) —> Vermiculite
(2), where vermiculite (1) is defined as the compomnent

with higher hydroxyalumina interlayering and higher
interlayer change. A partial explanation for this rather
unexpected order proposed by Fieldes may be found in

Table 6.3.7 on Page 34, in Fieldes (1968), which shows



169.

maximum vermiculite (1) contents, and no vermiculite (2),
in the central and southern yellow-brown earths, and high
vermiculite (2) levels in the northern, weakly leached
yellow=-brown earths, and northern podzolised yellow-
brown earths. The remaining data in the table scarcely
suppbrt Fieldes's order, and it is considered that the |
vermiculite (2) found in the more strongly weathered

soils has been formed by the dealumination of vermiculite
(1) during a second cycle of weathering at low pH.

This mechanism will be elaborated later in this section.
It is perhaps pertinent to note that Fieldes (1958, 1962
and 1968) shows silica as the final stage in the
weathering of mica. No mention is made of gibbsite.
Jackson (1963b and 1964) on the other hand makes no
reference to silica in his sequence and shows gibbsife as
the final stage. Fieldes has stressed reactions leading
ultimately to a podzol, whereas the end member in Jackson's
sequence would be a laterite. Pedogenic chlorites are
probably stable intermediatesin soils when pH exceeds k.5,
but should suffer dealumination if pH values drop below
h.5.

From the results obtained in the present study it is
concluded that in the yellow-brown earth soil environment
where pH > 4.5, Al and Fe are tending to accumulate
relative to Si, and the so0il is moving, albeit slowly,
towards a lateritic end product. Under these conditions
pedogenic chlorite appears to accumulate, and there is no

direct evidence of its alteration to kaolinite. Since
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kaolinite levels do not rise during the first 18,000
years, losses of kaolinite from the clay fraction would
have to matcg possible kaolinite formation from the
intergrade.

It is further concluded that the onset of a combination
of low pH conditions (<< 4.4) and high organic matter
levels, associated with the growth of individual red beech
trees, initiates a second weathering cycle in which Al and
Fe are readily lost from the upper horizons, resulting in
the disappearance of allophane, gibbsite and ferro-
magnesian chlorites, and in the dealumination of pedogenic
intérgrades, which are transformed first into vermiculite,
and eventually to montmorillonite. The direction of
weathering has now changed, and the soil is altering
towards a podzol. The maximum expression of this cycle
ﬁould be observed in the upper horizon close to the stems
of the larger living trees and decaying stumps, where
stem flow effects were greatest, and had operated for the
longest duration. This patterh waé observed on the
Ahaura transectswhere montmorillonite graded outward to
vermiculite, and with depth to vermiculite and then to
pedogenic chlorite. The occurrence of montmorillonite
at lower pH conditions than vermiculite may be related
to a decrease in layer charge allowing a greater expansion,
or to the more complete removal of interlayer material.

The results obtained in this study thus verify the
conclusions of Malcolm, Nettleton and McCracken (1969),

Gjems (1970) and Kapoor (1973). In these three studies
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(and in the present one) high organic matter levels,

and soil pH values of 4.4 - 4.5 or less, appeared to be
critical for dealumination of the intergrade and formation
of montmorillonite. Although, in theory, low pH (<4.5),
however obtained, should cause dealumination of 2 : 1 -

2 : 2 hydroxyalumina ihtergrades, such low pH values

are unlikely to occur in soils without the dominant ,__Lf~
influence of organic matter. Gjems (1970) also considered
that under low pH conditions montmorillonite would also
form directly from illite. From differences in expansion
with glycol following treatment with 0.5 - 1.0 molar HC1

to remove interlayers Kapoor (1972) concluded that inter-

1éYered smectites were present in the A, horizons of soils

2
when pH values exceeded h.h, but that the intergrades
found in the 32 horizons of soils with more acid A2
horizons containing montmorillonite were interlayered
vérmiculites,

The presence of interstratifications involving
combinations of mica, vermiculite, montmofillonite and
pedogenic chlorite layers supports a conclusion that the
latter three components were derived from mica. The
weathering sequence proposed by Jackson et al. (1952)
indicated reversibility between vermiculite and montmoril-
lonite, while reversibility between vermiculite and
pedogenic chiorite was indicated in a later publication
(Jackson, 1963b). Frink (1969) has reported the

dealumination of a chloritised vermiculite from an acid

upland soil after it was transported to a neutral lake
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bottom environment. The high charge vermiculite initially
formed was subsequently transformed to illite.

Kodama and Schnitzer (1973) have shown that two
chloritic minerals, leuchtenbergite (magnesium-rich) and
thuringite (iroﬁ-rich) were decomposed in 0.2% aqueous
fulvic acid solutions at pH 2.5 - the iron .species more
readily:than the magnesium, It could be argued from this
result and the known solubility of ferromagnesian chlorites
inmiﬁorganic acids (Brindley and Youell, 1951; and Ross,
1969) that pedogenic chlorite should be largely dissolved
in the low pH environment. of the surface horizons near
living red beech trees, and that the mqntmorillonite
concentrated in those horizons formed as a direct
alteration product of mica. It is unfortunate that
.Kodama and Schnitzer (1973) did not include a naturally
occurring pedogenic chlorite in their investigation.

The mineralogical changes associated withltree
growth observed along the Ahaura transects are consistent
with current concepts of podzolisation - the mobilisation
of Al and Fe from the A horizon by chelation and their
subsequent immobilisation in the B horizon (Muir, 1961;
Rode, 1964; and McKeague, 1965). Bloomfield (1953-1955),
DeLong and Schnitzer (1955), Schnitzer and DeLong (1955),
Lossaint (1959), Coulson, Davies and Lewis (1960b),

Muir, et _ag (1964), Muir, Bown and Logan (1964) and
Malcolm and McCracken (1968) have shown that rainfall
leachates and/or aqueous extracts of leaves from a range

of tree species could form water-soluble complexes with



Fe and Al over a wide pH range under both aerobic and
anaerobic conditions. DeLong and Schnitzer (1955)
suggested that Fe moved as a ferric hydroxide complex
protected by organic matter, Acidic polysaccharides
(Schnitzer and DeLong, 1955), and polyphenols and organic
acids (Bloomfield, 1957) were considered to be the active
species involved in mobilisation. Bloomfield (1953)
noted that the extract reduced ferric iron to ferrous.
Cou;son, Davies and Lewis isolated polyphenols from leaves
(1 9605) and from the B horizons of podzol soils (1960b).
Schﬁitzer and Deliong (1959) showed that the capacities

of leachates to mobilise Fe ranged from 2 - 18 mg Fe/g of
organic matter, and that variation depended both upon
tree species and time of sampling. Muir, Logan and

Bown (1964) showed that citric, malic and quinic acids
from a Scots Pine extract were‘the major components
resﬁonsible for the moﬁilisation of Fe., Seven aminoacids
were identified in the‘extracts but they were largely
ineffective in maintaining Fe in solution above pH 4.5.

As noted by Martin and Reeve (1957) much of the early work
tended t§ ignore the role of Al in podzolisation, but
McKeague (1967 and 1968) and McKeague and Day (1969)

have stressed its significance. Romans (1970) considers
that a podzol begins with the accumulation of a surface
humus mat that gradually breaks down into colloidal humus
with a high C/N ratio (usually 20 - 30). Constituents

of the humus are then thought to attack the uppermost

173.
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mineral horizons forming soluble complexes that are
leached into thevB horizon where they are deposited as
a result of microbial and fungal breakdown of the organic
ligandg. It is pertinent to note that in the present
study there is a high positive correlation (0.1% level)
between montmorillonite content and the C/N ratio (Table 2).
Ross and McNeilly (1973) have demonstrated the presence
of polyphenolfoxidising enzymes in litter and in soil
under hard beech forest. The enzymes appeared to have
originated mainly from micro-organisms, with particular
fungi possibly involved, and not from hard beech leaves.

The presence of montmorillonite in the A2 bhorizons
of podzols from other areas has been reported by Whittig -
and Jackson (1955), Brown and Jackson (1958), Gjems (1960,
1963, 1967 and 1970), Franzmeier, Whiteside and Mortland
(1963), Brown and Tedrow (1964), Ross and Mortland (1966),
Brydon, Kodama and Ross (1968), Kodama and Brydon (1968),
Wiklander and Aleksandrovid (1969), Malcolm, Nettleton
and McCracken (1969), Rozhnova and Kasatkina (1970),
McKeague and Brydon (1970) and Sokolova, Targul'yan
uand:Smirnpy§¢(19Vi)¢_" 4

Mokma et al. (i973) report the absence of distinct
1.8 nm peaks in clays from the A2 horizons of the older
soils in a chronosequence. Determination of montmorillo=-
nite content by a cation exchange technique (Alexiades
and Jackson, 1965 and 1966b) showed 10 - 20% of that

mineral in the A and B horizons of soils older than 250

years, but showed no concentration of it in the A2
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horizons of the podzolised soils. This failure to observe
high montmorillonite levels in the podzolised members
may be explained, in part, by the siting of their sampling
pits. Stevens (1963 and 1968b) indicates that these were
located as far as possible from the existing trees, and
that profiles were excavated, by horizon, over an area of
either 0,436 or 1.000 mz. The age of the Okarito soil,
the oldest of the sequence,was given as comparable to that
of thé Ahaura silt loam of the present study, but the
Franz Josef sequence is in an area of much higher rainfall
than at Reefton, and there are differences in parent
material. Ir montmorillqnite levels were also related
to the tree distribution ﬁattern in the area investigated
by Mokma and his co-workers, the location of the sampling
pits would tend to be in areas where lower montmorillonite
le?els; o% its absence, could be expected. |
Lit%le information is available on the life-span of
red beech in the area, but Dr C.J. Burrows (Botany
Department, University of Canterbury, pers. comm.) has
measured (elsewhere) growth rates of 0.25 - 0.50 m (dbh) in
100 years and estimates that trees may live to between
500 and 700 years, and remain on the ground in excess
of 100 years. As red beech tends to form even-aged
stands the duration of each generation would approach the
age limits of the trees.
It can be inferred from the above, and the likely

presenée of beech and podocarps in the study area for some

6,000 and 14,000 years, respectively, that several
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geherations of these species will have affected the
Ahaura (and Ikamatua) soils, and thus it is necessary
to postulate that sites such as Ah.1, Ah 8 and Ah 21 ~ 40
have never been close enough to be influenced by any
living beech during the past 6000 years, or that each
successive generation of trees occupied the same sites,
or that following the death, decay and eventual disappearance
of any particular tree, montmorillonite can revert towards
a pedogenic intergrade, provided the particular area is not
affected by other nearby trees. Of the three alternatives
ther;atfer is the most plausible. Surface horizon pH
v;iueélat the base of decaying stumps (3.5 - 3.9) are
higher than those near the stems of the larger living
trees (3.1 - 3.5). The A horizon pH value of the older
Kumara silt loam, where the native forest ﬁas been
destroyed following European settlement of the area, is
even higher (h.S). Should pH values rise locally
following the complete disappearance of particui} trees,
ihcreasing layer charge, and the accumulation of some
interlayer alumina, could prevent expansion of clay
minerals beyond 1.4 nm.

It is therefore concluded that transformation of
the pedogenic intergra&e to montmorillonite in these
soils is dynamic and reversible. Lietzke and Mortland
(1973) have demonstrated the dynamic character of a
naturally chloritised vermiculite in the laboratory, and
postulated thét chloritisation and dechloritisation

probably occurred readily in the field as well. The
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conclusion is supported by the presence of an inter-
stratified montmorillonite-vermiculite (which may also
contain mica layers) in the A horizon at Ah 19. Before
being destreyed by fire the tree 2 m away had reached

a diameter of 1.02 m (breast height) as compared with
diameters of 1.11 and 0.68 m for the two living trees
af“the extremities of Transect 2. This intergrade
represents an. intermediate step in the sequence:
Montmorillonite <— Vermiculite <7 Pedogenic chlorite,
Bﬁt it is necessary to show that the reaction is moving
in the forward direction. As the tree involved was
only.elightli smaller thaﬁ the larger living beech from
Transect ?, it seems reasonable to assume it had reached .
a comparagle age before it was killed. As montmorillonite
is now found at Ah 7, 4 m from the living beech, it is
likely that it wes once present in the surface horizon
‘at Ah 19 in sufficient concentration to cause expansion

to 1.8 nm.

(iv) Develepment ofﬁglgy podzols: During weathering

beyond 18,000 years there has been a continuing loss of
Al and Fe relative to Si (Table 31 and Figure 81). It
can be seen from Figure 81 that the changes that are-
taking place near living trees and decaying stumps are
altering the Al, Fe apd Si levels towards those now
found at Ku 1. This alteration has been greatest in
the upper half of the A2 horizon at Ah 5, and least in

the A horizon at Ah 1. The comparable positions
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occupied by the Hokitika, ikamatua and Ahaura soils in
Figure 81 support the contention expressed by Rode (1949),
Stobpe and Wright (1959) and.Franzmeier, Whiteside and
Morfiand (1963) that a conditioning process of base
removal waé necessary before podzolisation was initiated.
In the present coﬁtext 'conditioning' represents the time

" necessary for the pH of the surface horizons to drop

below 4.5. It is the ﬁeriod during which laterisation,
not podzolisation is operating.

Tt is considered that given sufficient time the
dynamic processes noﬁ operating on the Ahaura silt loam
would ultimately produce the soil properties now observed
at Ku 1. The absence of any visual mineralogical or
chemical signs of podzolisatioh in the younger soils,
other than in the vicinity of existing trees and‘stumps,
‘ipdicates that lateral movement of Al and Fe must occur
in thevyel;ow-brown earths. The friable crumb and
granular structures of the soils, the high rainfall,
the dispersion of stem-flow water, and the slight slope
on the terraées, indicate that lateral movement of water
is at least possible. Analysis of water dispersed <2 pm
clay from the A and AB horizons at Ah 1 shows that >50%
of the iron content of these horizons is present in the
clay fractibn.

As Al and Fe are depleted through the effects of
successive generations of beech, the ability of the soil
to recover from the localised podzolisation around

individual trees would be reduced, and "egg-cup" podzols
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indicating the positions of trees from previous
generations would persist. Eventually these would
coalesce tb form a uniformly podzolised surface. Loss
of Al from the upper horizons would coincide with theJ
disappearance of allophane, gibbsite and pedogenic
chlorite, and lead to the persistence of expanding 2 : 1
-Type phyllosilicates. Mica reduced to clay size by
ﬁhysical weathering, would alter further towards
montmorillonite. Montmorillonité content showed a high
positive correlation (0.1% level) with total Si, and

a high negative correlation (0.1% level) with pH, total
Al and total Fe (Table 2). The mineral phase

stability diagram for the system Mg0-Al,0,-5i0,-H,0

3
dévelqped by Weaver, Jackson and Syers (1971) indicates
that at low pH a high concentration of Si(OH), in the
matrix solution is necessary for montmorillonite
stability. Loss of the poorly-ordered forms of Al and
Fe, and a reduction in organic matter content would lead
to a collapse of soil structure. The presence of
expanding cléys, particularly if occasional drying of

the soil occurred, and an increase in silt content at

the expense of coarse sand, would assist in the formation
of the massive, relatively impermeable horizons now found
in the Kumara silt loam, It is considered that such
soils would become poorly-drained even in the absence

of iron pans. Young (1967) reports instances of

poorly-drained Okarito soils in which no iron pans can

be recognised. It is therefore concluded that the
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Kumara:and Okarito soils represent more advanced stages
of weathering than the Ahaura silt loam, and that

podzolisation has preceded gleying.

(v) Practical implications: Much of the free-draining

terrace land and river flats carrying the Hokitika,
Ikamatua and Ahaura soils is now devoted to agriculture.
Lietze and Mortland (1973) raise a question of practical
importance when they ask if the continued 1iming of

acid soils containing pedogenic chlorite will eventually
result in dealumination of the chlorite and the |
subsequent fixafion of K+ and NHM+' The results
obtained in this study would indicate that the maximum
fiiation of these ions would occur under the conditions
that led to the formation of vermiculite and possibly of
montmorillonite. The high vermiculite levels found in
the A horizons of the older Tkamatua and Ahaura soils
indicgfes that these soils should now fix XK' and NHh+'
Réisiﬁé the pH of these soils should create condifions
more favourable for the existence of pedogenic chlorite,
and aluminosilicate gels. Microcrystalline gibbsite
shows minimumbsolubility in water at pH values between
5.5 and 6.5 (Robertson and Hem, 1969). It is likely,
therefore, that pedogenic chlorite and allophanic gels
ﬁould be most stable within this pH range. Raising the
_PH of these soils towards the levels desired for
agricultural practice would also decrease the anion

retention capacity of allophanic gels.
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(d) The Chronosequence Soils. Quartz was

detected in the fine clay fraction in the C horizon of

the Hokitika sandy. loam, and from the A to B,G horizons

2
(inclusive) of the Okarito loamy sand (Table 53). It was
present in all soil horizons in the coarse clay fraction
(Table SH). The increase in intensity of the quartz
(100) spacing (Table 54), and the presence of the sharp
endothermic peak caused by the quartz o€ ‘——7ﬁg inversion
at 573°C in the thermograms from the coarse clay fractions
of the Kumara and Okarito soils (Figures 75 and 76),
indicate much higher quartz éontents in the older, gley
podzols. Inversion reactions are accompanied by
comparatively small energy charges, thus the peak
indicating the ‘—7,3 quartz inversion is small in
relétion to the various chemical charges thaf may occur
when clay minerals are heated. The very strong quartz
spﬁcings; the weak reflections from other minerals, and
the low clay content, particularly in the fine clay
range (Table 7), in the A and AG horizons of the Okarito
loamy sand, indicate that this soil has undergone weathering
that was more intense, and/or of longer duration than
have the younger soils. |

The presence of high levels of quartz in the sand,
silt and clay fractions of the upper horizons of this
soil also support the view of Mew et al. (1972) that loess
has made but a minor contribution to.the parent material
of the soils on the intermediate and high glacial outwash

terraces. Loess deposited at (or since) the time the
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«low‘glacial outwash terrace waé formed could not have
altered to this extent. The most probable cause of the
marked increase in quartz (and total Si) content between
Ah 1 and Ku 1, and again between Ku 1 and Ok 1, is
weathering for a gonsiderable period at low pH. Under
these conditions quértz accumulation can be explained in
terms of its greater resistance to weathering and the
relative constancy of its solubility over the pH range
involved (Robertson and Hem, 1969), and by the increased
solubility of Al and Fe in the presence of OM at low pH.
Féi&éparq‘wefe rarely observed in the fine clay
fractions, but were almost always present in the coarser
fraction. Small quantities of an amphibole (presumably _
hornblende, which was identified in the sand fraction)
were presenf in fhe coarse clay fraction of the Ahaura and
younger soils. Its absence from the older soils is
consisteht with its relative instability to weathering.
The initial accumulation of gibbsite and its
decline in soils 6lder than the Ahaura silt loam was
discussed in the previous section. The presence of
poorly-ofdered aluminosilicates can be inferred from
the high oxalate-extractable Al,I’rethtion, and Fieldes
and Perrott test values, but caution must be used in such
interpretation since it has been demonstrated that
crystalline compgﬁnds from the Ikamatua and Ahaura soilé
are attacked by both oxalate and NaF. Additional
evidence for the presence of allophanic gels is shown

by increases in the peak heights of the low temperature
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(120‘- 150°C) endothermic and the high temperature
(:>900°C) exothermic reactions shown by the fine clay
fractions from subsoil horizons of I(o) 1, I(w) 1 and
Ah 1 (Figures 71 - 73). The increases concerned can
not be explained in terms of increasing amounts of organic
matter or phyilosilicates. The highest oxalate-extractable
Al value obtained (5.1% - Table 36) was from the By,
horizon of the Ahaura silt loam, If it is assumed that

(1) all the extracted Al came from allophanic

gels, and. '

(ii) that the molar SiOZ/A1203 ratio of the gel

was of the order of 1,92 (equivalent to the
<0.2-}.1m fraction from the C horizon of the
Taupo sandy silt - Table 45), this would
indicate an allophane content (ignited
weight basis) of some 6%.

Since a considerable part of the extracted Al came from other
sources the actual allophane content will be considerably
less than this maximum value.

Trioctahedral chlorite is virtually absent from the
gley podzols, but occurs in both clay fractions of the
younger soils. Difficulties in distinguishing between
the 1.4 nm peak intensity due to trioctahedral chlorite and
that from pedogenic Al-chlorites has probably led to the
values shown for the former being overestimated in
Tables 53 - 59), and this is probably why the maximum
chlorite levels appear in the B horizon. Like mica, the
chlorite levels will be controlled By thebrelative rates
of addition from the coarser fractions, and losses by

chemical weathering.
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The factors controlling the weathering of mica
have been adequately discussed in the previous section,
and these explain the major trends observed in the
chronosequence soils: the increase in vermiculite towards
the surface in the yellow-brown earth profiles, and the
occurrence of maximum pedogenic chlorite levels in the
B horizons, and its absence from the upper horizons of
the gley podzols. Little montmorillonite occurred in the
free-draining yellow-brown earths, as sampling sites were
located away from any living tree, or decaying remains,
but interstratifications involving mica, vermiculite and
montmorillonife‘did occur in the gley podzols. These
had higher mica contents than the intergrades associated.
with living beech trees and decaying stumps on the Ahaura
silt loam. Thiéicould be explained by one or more of
the following mechanisms: weathering of silt and sand-
sized feldspar in a poorly-drained environment; fixation
of K from incident rainfall, ar released from the weathering
of‘coarser materials; the further weathering to illite
and interstratified illite-vermiculite of mica freshly
reduced to clay size; loss by destruction of vermiculite
and montmorillonite; or by additions from the atmosphere.

Interstratified minerals containing a considerable
montmorillonite component occur in the OA horizon at
I(w) 1; the interstratified cl#y in the cpmparable
horizon of the freely-drained I(o) 1 is illite-
vermiculite. | These observations are consistent with the

pH values of the respective soils (Table 3).
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Kaolinite percentages show iittle variation with
depth or increasing soil age from Ho 1 to Ah 1, but
higher levels occur in the gley podzols (Tables 53 and
54). The low values shown for Ho 1 in Table 55, reflect
a lower clay content, as do the values of Ok 1 as compared
to those in Ku 1,

The comparable kaolinite levels in Ho 1 and the
yellow~brown earths, despite the much lower pedogenic
chlorite levels in the former soil (Tables 53 and 54),
may indicate that kaolinite formed from the rapid hydro-
1§gfﬁﬁfdtr feldspar, rather than from the weathering of
mica. Possible external additions can not be ignored,
hoﬁever, for a soil situated on the present flood plain,
,At pH values < 4,5 dealumination of pedogenic chlorite
.appears to lead to vermiculite, thus precluding kaolinite
formation. Brydon, Kodama and Ross (1968), and
Mokma et al. (1973) have reported lack of kaolinite
formation in podzol soils.

X-ray diffraction analysis of a range of samples
following HF digestion (see Chapter 3; V, (4)) indicated
that small quantities of anatase and rutile were present
in all the soils.

The differences in mineralogy (Tables 51 - 54, and
Figure 81) and in total elemental analyses (Table 22)
between Ah 1 and Ku 1, and between Ku 1 and Ok 1 represent
major advances in soil development that could indicate
warmer environments than those occurring during the past

18,000 years and/or that the Kumara silt loam is much
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older than the Ahaura silt loam, and the Okarito loamy
sand is much older than the Kgmara silt loam. The
resﬁlts tend to support thé correlation of the Tophouse
formation with the Waimea glaciation (Nathan and Moar,
1973) and the Manuka with the Waimaunga (Suggate, 1965),
and if anything would perhaps indicate that both soils

could be older than the minimum ages used in this thesis.

(4) Problems Encountered in the Identification of

Plumbogummite Minerals

Minerals of the plumbogummite group are hydrated
alumino-phosphates with formula XA13(P0h)2(OH)5.H20.
The various end members include plumbogummite itself
(where X = Pb), crandallite (Ca), goyazite (Sr),
gorceixite (Ba), and florencite (Ce and other rare eaffhs).

(a) Concentration Attempts using HF Digestion.

The investigations of Norrish (1968) and Sarma and Krishna
Murti (1969/1970) have suggested that these minerals are
a common form of soil phosphate, and that they represent
anrend product in the weathering of inorganic soil
phosphorus. Both in&estigations used HF digestion in
attempts to concentrate the phosphate sufficiently to
allow identificafion by X-ray diffraction. Norrish
(1968) showed that, given favourable circumstances, a
con;iderable concentration could be obtained by treating
2 g of soil clay with 160 ml of 20% HF for 2 minutes.
Using this technique, Sarma and Krishna Murti (1969/1970)
failed to detect plumbogummite minerals in HF residues

from soils containing considerable quantities of micaceous
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minerals and quartz. They attributed this to the

failure of the two-minute digestion to dissolve sufficient
silicate mineral matter to achieve the plumbogummite
concentration necessary for its _detection by X-ray
diffraction, and consequently adopted a more drastic

HF digestion, originally used by Raman and Jackson (1965)
iﬁrth; determination of anatase and rutile in soils and
sediments. This involved freating 1 g samples with 30 ml
of 48% HF for 24 hours. Water-dispersed clays (<2 pm)

from selected soil horizons (Ho 1, A,, and C; IX(y) 1,

12

A and AB; I(o) 1, A and B Ah 1, A; Anh 5, B Ku 1,

21} 21}
all horizons; and Ok 1, all horizons) were analysed.
Sand (> 20 pm) and silt (20 - 2 pm) from a number of these

horizons (Ho 1, A,, and C; I(y) 1, A; I(o) 1, A; Ahn 1,

12
A; Ku 1, ByG; and Ok 1, BBG) and sand collected from the
Waitahu river near the Ho 1 site were also examined. -As
all these samples were known to c¢ontain micaceous clay
minerals and quartz, clay (< 2 pm) from the B horizon of

a Kaiteriteri hill soil (2 strongly-leached soil developed
on pre-argillised granite that contained mainly kaolinite
in the clay fraction - Adams, 1970), and a sample of ground
(<53 pm) Christmas Island 'C-grade' rock phosphate ore
(that contained in excess of 30% of crandallite), were
included for comparative purposes. These two samples

were érpvided by Dr J.A. Adams (New Zealand Soil Bureau,
D.S.I.R.).

Because of the appreciable quantities of micaceous

clay mineréls and quartz in the chronosequence samples
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the more drastic HF digestion favoured by Sarma and
Krishna Murti (1969/1970) was initially chosen as the

most suitable means of concentrating any plumbogummite
minerals present. Following digestion, residues were
washed with 50 ml portions of hot 3 molar HCl (twice),
distilled water (twice), 96% ethanol (twice) and benzene
before being dried at 110°%. Phosphorus contents of the
samples and their digestion residues were determined,
following carbonate fusion, by the method of Alexander
and Robertson.(1968) by Mr D.T. Howarth (Lecturer in
Chemistry, Lincoln College) to whom the author is indebted.
The digestion residues from all the chronosequence samples,
and from the river sand and the Kaiterteri hill soil

gave similar X-ray diffraction spacings. A typiéal
example of these data is included in Table 63. The
d-spacings and intensities obtained were in agreement
with those reported by Sarma and Krishna Murti (1969/1970)
as belonging to minerals of the plumbogummite group.
However, the intensities of the spacings obtained from

the residues from the chronosequence samples decreased
with increasing age of the soil, and with decreasing
particle size. The spacings were not given at all by the
residue from the Christmas Island rock phosphate, which
was largely dissolved by the treatment. These observa-
tions suggested that the diffraction spacings were not
caused by a mineral of the plumbogummite group, and that
they were associated, not with a weathering end product,

but with some species that was being depleted as
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weathering progressed.

To check this possibility, a range of 16 unweathered
rock samples (including granite, obsidian, pumice,
andesite, basalt, gneiss, siltstone and greywacke) and
two samples of muscovite were ground to << 53 jm and then
subjected to a similar HF digestion. A representative
selection of the X-ray data obtained appears in Table 63.
Every residue gave spacings that corresponded to those
obtained ?rom the soil sémples. Apart from NaZSiF6
(from obsidian), KZSiF6 (from muscovite), rutile and
zircon, no other spaéings were observed in any of these
diffractograms. The weights of residue produced from
1 girock samples ranged from <30 mg for the granite,
obsidian, pumice and greywacke samples to 450 mg for one
of the basalts. In general, the more basic the rock,
the greater the weight of residue produced.

The P content of the residues ranged from 0.008%
(basalt) to 0.014% (muscovite), If it is assumed that
the P content of plumbogummite minerals is of the order
of 10 - 15%, all of these residues would contain
plumbogummite concentrations of < 0.2%. Sarma and
Krishna Murti (1969/1970) reported values ranging from
80 to 1060/ug/g for the P content of their HF residues,
These values would correspond to maximum plumbogummite
mineral contents ranging from 0.1 to 1.6%. It is
inconceivable that the low contents of plumbogummite
minerals that could be present in the rock or muscovite

residues of the present work, or in the samples of Sarma
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and Krishna Murti, could be responsible for the strong
diffraction patterns obtained.

As plumbogummite minerals are unstable above 400°C
(Norrish, 1957; Blanchard, 1971; and Trueman, 1971) it
is uplikely that they would be present in a range of
igneous rocks. No changes were produced in the X-ray
diffraction patterns obéained from the residues by heating 
the so0il, ground rock or muscovite samples at 600°C for
one hour prior to HF digestion. Sarma and Krishna Murti
(1969/1970) also reported that the spacings they attributed
to plumbogummite minerals were removed by treatmgnt with
NaOH, but unfortunately the conditions of this treatment
were not specified. Treatment of 1 g samples of soil,
ground rock, and muscovite‘with 50 ml of boiling 2 molar
NaOH for 5 minutes prior to digestion with HF had no
effect on the diffractograms obtained from the residues.
When a 1 g sample of Christmas Island rock phosphate ore
was boiled for 2.5 minutes in 50 ml of 0.5 molar NaOH,
all the crandallite it contained dissolved.

It was concluded from the evidence so far obtained
that the products obtained from a 24 hour digestion in
48% HF were not plumbogummite minerals, but artéefacts
produced by the interaction of HF with the samples.

(b) Synthesis of Complex Fluorides. Norrish
(1968) reported that NH,MgAlF, which gave similar
diffraction reflections to those of plumbogummite
minerals could precipitate during HF attack on soil

samples containipggng,tbut thatuitgﬁqﬁIdjbe'removedey



ot

191.

warm 2 molar HC1. Since the residues obtained in the
present study were insoluble in hot acid it is unlikely
that they were this particular fluoride. An X-ray
spectrographic scan of one of the residues indicéted
that Al, Ca, X, Mg and Fe were the major components.

No magnesium, aluminium fluorides in which NHh+ might

be replaced by other cations of similar size were listed
in the Powder Diffraction File published by the Joint
Committee on Powder Diffraction Standard (1973 Editionm).

Consequently NaMgA1F6, KMgA1F6 and Ca MgA1F6 were

0.5
precipitated by addition of HF to appropriate quantities

2 and AlCl3 dissolved in

distilled water,and the mixture allowed to stand for

of NaCl, KCl, CaCl,, MgCl

24 hours. Fluorides with compositions betwéen those of
the eﬁd members were also prepared. All the prepared
fluorides yielded X-ray diffraction spacings similar to
those of NH,MgAlF, indicating that Na',k' and ca®* could
replace NH4+ in that structure. Diffractidn data for
the three end members, and for crandallite and gorceixite
(the two members of the plumbogummite group most frequently
reported in soils) are compared in Table 64, No spacings
other than those listed in this table were obtained from
any of the fluoride precipitates, and the yield of each
product approximated that calculated from the assumed
chemical formula.

Significant differences, both in the positions of
the spacings and in their relative intensities, occur

between the data from the complex fluorides and those for



192.

the two plumbogummite minerals. Comparison of the data
listed in Table 64 with those in Table 63, and with the
values reported by Sarma and Krishna Murti (1969/1970),
shows that digestion of rock and soil samples for 24 hours
in 48% HF has resulted in the precipitation of complex
fluorides, and not in the concentration of minerals of the
plumbogummite group.

Differential thermograms of the rock and soil residues
resembled those obtained from the éomplex fluorides
(Figure 82) and were quite different from published
curves for plumbogummite minerals (Norrish, 1957
Elanchard, 1971; and Trueman, 1971).

The precipitated complex fluorides were all
unaffected by a 15 minute boil in 6 molar HCl (0.25 g
solid : 50 ml acid). Thus, unlike NHhMgA1F6, these
fluorides would not be removed from-digestion residues
by washing with warm HC1. No explanation can be offered
for this considerable difference in solubility.

The diffraction spacings givep by the complex
fluorjdes disappeared if 100 mg of fluorides were boiled
with 50 ml of 0.5 molar NaOH for 2.5 minutes, In all
casés they were replaced by spacings at 0.778, 0.388,
0.259, 0.230, 0.196, 0.153 and 0.150 nm. It has not
been possible to identify these spacings. CaF2 was
also produced from fluorides containinnga:_ These
spacings were also obtained following similar NaOH
treatments of the residues from the soil, rock, and

muscovite samples that had been treated with 48% HF for
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24 hours. The complex fluorides decompoéed when heated
at 600°C for one hour. The products of this heating
included NaéMgA1F7 (weberite), d:CaAlFS, KMgF, and C#Fz.
Residues from soil, rock and muscovite samples that had
been digested for 24 hours with 48% HF also yielded these
products when heated to 600°C. These thermal and chemical
observations confirm that the digestion residues contained
complex fluorides.

(c) Optimising the Conditions for HF Digestion
In order to establish at what point during a 2h-hour
digestion fluorides were first precipitated, 1 g samples
of powdered (<:53 pm) granite were treated with 30 ml of
48% HF for periods rangihg from 2 minutes to 24 hours.
The dominant minerals in the granite were feldspar, quartz
and muscovite. 'Most of the feldspar dissolved in the
first 5 minutes, and it was not detected in the residues
vaftgrﬁh hours. Although the initial rate of solution
of quartz was slower, it too had dissolved within 4 hours,
Some 90% By weight of the sample dissolved in the first
hour. As it dissolved more slowly than the quartz and
feldspar, the relative amount of muscovite in the digestion
residue increased during the first 3 hours. Fluorides
were first detected in the residue after 2 hours.
Between 2 and 14 hours the intensities of the fluoride
diffraction spacings increased, while those of muscovite
declined. After 14 hours muscovite was no longer
identifiable in the residue, and the intensities of the

fluoride spacings femained constant. It is concluded
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from these observations that Mg concentration was the
limiting factor in thé'precipitation of the fluoride."
Although the rapid initial solution of the feldspar would.
ha&e provided the necessary concentrations of the femaining_
ions, it appeared that the solubility product of the |
fluoride was not exceeded until solution of the muscovite
had provided a sufficient Mg concentration. This
explanafion would also account for the tendency of residue
weights to increase as rocks became more basic. Whether
Fe could substitute for Mg and/or Al in the fiuoridea ﬁas
not investigated. | |

It is likely that the various minerals present 1n‘
soil sampleé have different rates of solution in HF,
Norrish (1968) has reported that prolonging HF attack to
dissolve other resistant minerals such as illite, could
cause solution of plumbogummite minerals, and the present
investigation has shown that the crandallite in Christhgs
Islénd rock phosphates was soluble in HF. Fdr soil samples
that do contain HF—resistant minerals, the digestion
conditions that would give the maximum chance of identify=-
ing any plumbogummite minerals that were present,.would
be those that re;ulted in the highest possible concentra-
tion of them in the residue. In an attempt to define
these conditions 1 g samples of water-dispersedf<'2 pm
clay from the foll&wing chronosequence soil horizons;

Ho 1, A, and C; I(y) 1, A; I(o)t, A; Ah 1, A and B,,;

12

Ku1, A and B,G; and Ok 1, A and B,G, and from the B
’

3
horizon.of the Kaiteriteri hill soil, were digested for
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periods of 2 minutes, and 2, 15 and 24 hours with 80 ml
of 20% HF, and for 24 hours with 30 ml of 58% HF. x-raf‘
diffraction data and P contents were obtained for all
residues. (The P anélyses were again carried out by

Mr D;T. Howarth).

The chemical data obtained from the Kaiteriterivhillv
soil are summarised in Table 65, and the X-ray data in
Table 66. With this soil, which contained mainly
kaolinite in the clay fraction, fhe mildest treatment ﬁsed 
(20% HF for 2 minutes) produced a residue that contained
0.82% P. If this P were present in minerals of the
plumbogummite group they would acéount for about 8 - 12%
by weight of the residue. The X-fay diffraction data
for this residue show the presence of plumbogu&mite
minerals, phyllosilicate clays, quartz énd goethite, but
no fluorides. An even higher P content (1.5&%)_occurred‘
in the residue from the two-hour digestion. X-ray |
diffraction again showed the presence of plumbogummite
minerals, but no quartz, fluorides or goethite could.be
identified. Prolonging the digestion beyond 2 hours
led to precipitation of complex fluorides, a reduction in
the P content of the residue, and to a reduction in the
percentage of the total P in the_clay‘that was recoﬁered ,
in the residue. Plumbogummite minerals could stili be |
identified in the digestion residue after 24 hours when
the HF concentration was 20%, but not when it was increased
to 48%. If all the P recovered in the residue following

this latter treatment were assigned to plumbogummite
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minerals, they would form <1.7% of the weight of the
residue. It is doubtful if X-ray diffraction would
detect this low concentration. These data also confirm
the solubility of (soil) plumbogummite minerals in HF,

Plumbogummite minerals could not be positively
identified in any of the digestion residues from the
chronosequence samples. The highest P cohtent obtained
from any of these residues was 0.21% from the BSG‘hprizon
of the Okarito silt loam following a two-hour digestion
with 20% HF. This amount of P corresponds to a maximum
- plumbogummite mineral content of 2-~3%. The diffractogram
obtained from the residue after the two~hour digestion
does show a smali peak at 0.296 nm, sandwiched between twé
fluoride spacings at 0,302 and 0.289 nm (Figure 83). It
is poésible that the 0.296 nm spacing is derived from a
mineral of the plumbogummite group, but no additional
spaéings of these minerals were oﬁserved. The 0;296 nm
spacing was absent in samples subjected to more drastic
HE digestion.

Figure 83 also shows that the rafio of the intensity
of the (101) spacing of anatase to that of the (110)
spacing of rutile decreased from 2,89 after the two-
hour digestion to 0.83 & following 24~hour treatment with
484 HPF. These results indicate that anatase is diaéolved
by digestion with HF, and that rutile is either less
soluble than anatase or insoluble. The other chrono~
sequence samples examined gave comparable results. The
<2 pm ciays were then subdivided intb fine and coaraev

fractions and separate treatment of these by two-hour
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digestion with 20% HF showed that anatase tended to be
concentrated in the finer fraction and rutile in the
coarser. The finer particle size of anatase may account
for its .greater solubility in HF. | |

Although the soils of the Reefton chronpsequence,
and the Kaiteriteri hill soil, were known to coptain high
so-called 'residual' P fractions, plumbogummito minerals
could be positively identified oni& in thé latter Boil.
The P— containing compounds in the chronosequence soils
could not be concentrated Sufficiently‘by HF digestion to
permit their identification by X-ray diffracfion. It is
unlikely that identification of plumbogummite minerals
in soilé containing appreciable quantities of mica, quartz
or other minerals, that do not dissolve rapidly in HF, can
be achieved by increasing the duration or iﬁtenS#ty of
the digestion, as plumbogummite minerals appear to be
soluble in HF, and prolonged digestion iedda to the
precipitation of complex fluorides. Similaritié; between
fhe X-ray diffraction spacings of auch fluoride precipitates
and those of plumbogummite minerals have led to the
precipitates being mistaken for minerals of the
plumbogummite group. Techniques that can remove
micaceous minerals and quartz without 1035 of B, or chemical
methods that compare changes in inorganic phosphate |
fractions before and after calcination (Adama..ﬂowarth and
Campbell, 1973) are suggested as possible areas for further

investigation.
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CHAPTER FOUR

SUMMARY

A éhronosequence of soils ranging in age from about
1000 to at least 130,000 years, developed on a
series of glacial outwash terraces near Reefton,

New Zealand, was recognised, described and studied.

Changes in soil chemical and mine¢ralogical properties
as ,a function of the duration of weathering were

investigated.

The effects of impeded drainage and of short term,
short range variations in the intensity of the

biotic factor were exnamined,

Attempts were made to determine if minerals of

the plumbogummite group were responsible for the
high proportion of soil phosphate from some strongly
weathered soils that, on fractionation, appeared

in the residual P fraction.

Literature pertaining to the factors influencing
soil formation in the study area, the analytical
procedures used, the nature of poorly-ordered soil
colloids, the qualitative and quantitative
determination of crystalline and non-crystalliﬁe
clay minerals, and the genesis of clay minerals

were reviewed.
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The parent materials, relief, climate and
vegetation found in the area weie described. Soil
morphogenesis was illustrated by detailed profile

descriptions and by a colour plate.

The sampling methods and analytical techniques

‘used in the study were described,

Soil pH values throughout the ssquence were low
to very low, and nowhere > 5..4. Depth functions
showed slight increases. The pH of the surface
horizon was related to distance from the nearest
living red beech, or decaying besech stump, aud
variations of up to 1.4 units were observed

over distances <6 m.

The total weight of soil in a tessera initially
declined, but following the collapse of soil
structure and the development of gley podzols
considerable increases occurred. The resulting
variations in the weight of inorganic material
iq constant soil volume made it difficult to
determine the actual gains and losses caused by

pedogenesis.

Multiple regression analyses showed that about 90%

of the variation in CEC of the soils could be

wpredicted from their clay and organic matter

" contents. The mean CEC's of clay and orgamnic

matter were 42 + 10 and 88 + 10 me 100g"1,

‘respectively. The organic fraction made four
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times the contribution of the clay fraction to

~the CEC of the yellow-brown earths, but in the gley

podzols the clay contribution was twice that of
thé:ﬁrganic fraction. A progressive drop in the
CEC of organic matter with increasing soil
development, and the presence of expanding 2 : 1-
Type phyllosilicates in the older soils, were

fesponsible for these differences.

Tétai.Mg, Al, K, Ca and Fe decrecased asymptotically
with increasing soil development. Decause they
formed an increasing percentage cf a greater total
weight of inorganic material, tetal Si and Ti
increased beyond 18,000 years, when data werse
comﬁared on a volume-weight basis. Alternative

methods of analysing the data were considered,

Application of a differential DTA technique showed
that recognised methods of allophane determination
by selective dissolution analyses dissclved
apbreciable gibbsite and erystalline phyllosilicates
from the yellow-brown earth members of the sequence.
If is essential that materials of pesdologic rather
than geologic origin are used to check the
inactivity of soil clays in selective dissolution
reagents. Differential DTA and infrared techniqueé
make it possible to test actual components in any

given range of samples.
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Poorly-ordered and organic-complexed forms of
Al and Fe accumulated during the first 18,000 years
of soil development. The former were reduced

to low levels in the two gley podzols.

On the Ahaura silt loam, the oldest yellow-brown

earth in the sequence, growth of individual red

beech trees concentrated rainfall, caused a reduction

in pH and increased the supply of water soluble
chelates. This led to localised depletion of Al
and Fe in relation to Si in the upper horizons,
and levels of these elements were altered towards

those now found in the gley podzols. The

-magnitude of the change increased with the size

and age of the tree and decreased with distance

from it.

Differences in the mineralogical compositions of
the sand, silt and clay fractions between soils

of increasing age were consistent with the further
weathering of a parent material of similar

mineralogical composition.

It was concluded that in yellow-brown earth
environments where pH > 4.5, Al and Fe were
accumulated relative to Si, and the soil was
moving (slowly) towards a lateritic end product.
Under these conditions the stable weathering
products of‘ mica, ferromagnesian chlorite and

feldspar from the parent material were pedogenic
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chlorite, kaolinite, gibbsite and allophane. It
was further concluded that the combination of low
pH (< 4.5) and high organic matter levels

associated with the growth of individual beech

trees initiated a second weathering cycle in which
Al and Fe were lost from the upper horizons resulting
in the destruction of allophane, éibbsite and
ferromagnesian‘chlorite and in dealumination of
pedogenic intergrades first to vermiculite and then
to montmorillonite. The direction of weathering
was thus altered towéfds a podzolic end product.

The maximum expression of the second cycle was
observed in the upper horizons close to the stems

of the largeriliving beech trees and decaying stumps
where stemflow effects were greatest and had
operatéd for the longest duration. The yellow-
brown earth environment was considered to represent

a dynamic system in which both cycles could alternate.

It ﬁas concluded that the gley podzols represented
more advanced weathering stages than the yellow-
brown earths, and that podzolisation preceded gleying.
The presence of loess of low permeability was not
considered to be a necessary prerequisite for the

formation of gley podzols.

Prolonged digestion with HF dissolved minerals of
the plumbogummite group, and precipitated complex

fluorides that gave X-ray diffraction spacings
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that have been confused with those of plumbogummite

minerals.

The identification of plumbogummite minerals in
HF— digestion residues depended upon the degree of
concentration of the phosphate that could be obtained.
They were identified in a clay fraction with a high
content of kaolinite, but not in samples that

contained appreciable mica and quartz.

The considerable variations in chemical and
mineralogical properties that could occur over very
short distances in the yellow~brown earth members

of the sequence indicated that considerable care

is necessary when sampling such soils. The samples
taken from these soils for the .chronosequence part
of the study should be regarded as indicative of

sites showing minimum podzolisation,

N
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