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ABSTRACT

THE PEDOGENESIS (F A BLACK-GREY WOODED

SEQUENCE OF SOILS IN SASKATCHEWAN, CANADA
v

by Roland J.' St. Arnaud

The soils dtudied represent & Black-Grey Wooded
sequence in Saskatchewan, Camada. Chemical, physical,
mineralogical and micropedological studies were made of
Orthic Black, Orthic Dark Orey, Dark Grey Wooded and Qrthic
Grey Wooded profiles developed fram relatively uniform
glacia)l till material and selected within & relatively
small area,

The general gradation of morphological properties
observed in going from the Hlack to the Grey Wooded soils
1s reflected in the thickness of the Ah horizms and of
the solum, the degree of expression of lime accocumulation
layers, the development of textural B horizons, and in the
structure of the soil horizons,

All four soils are highly base=saturated, calcium
being the daminant ocation on the exchange complex.
Inoreased intensity of leaching in going from the Black to
the Grey Wooded soil is evidenced by the decrease in solum
pH values and by the depth to which 1ime carbonates had

been moved,



The fine clay fraction ( £0.2 u) of the parent
materials is compwed almost entirely of montmorillonite
and illite which ocour in the ratio of approximately three
to one, Trece smounts of kaolinite and chlorite are present,
Montmorillonite and illite occur in about equal amounts in
the coarse clay fraction (2.0-0.2 n) but account for less
than three=quarters of the total weight:; kaolinite, chlorite,
arnd primery minerals make up the remainder of the fraction.
Small but significant ohangu show up in the composition of
the clay fractions., The fixation of potassium by expanding-
type clay minerals has resulted in an increase in illite
content within the solum of all four profiles, Illitization
is most pronounced in the Ah hoarigon of the Black soil. The
chlorite content of the clays decreases within the solum of
2ll profiles, the greatest decrease occurring in the Ae of
the Grey Wooded so0il indicating more intensive weathering
in the Podzolic than in the Chernozemic profile., There are
indications that clay has been formed in situ within the
Black soil and perhaps to & lesser degree within the Grey
Wooded soil.

Micropedological studies indicate the fabric of
the Ah horizon of the Black soil to be typical Cherflozemio
fabric. Although the fabric of the Ah harizons ¢f. the
other three soils is similar in same respects to that of
the Black Ah horizon, ths inorganic fraction of the soil is
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not &8s intimately associated with the organic fraction.
As a consegquence, there is a decrease in the degree of
stabilization of soil colloids in going from Chernozemic
to Podzolic soils., This accounts for the greater move-
menbt of clay out of the A horizon of the Grey Wooded soil
than of the Black soll, and indicates that the development
of textural B horizons is dependent to a large measure upon
the nature of the overlying A horizons, The increased
1lluviation which occurs in going from the Black to the
Grey Wooded soll is indicated by the degree of expression
of cutans, channel fabric and flow structures in the B
harizons., Mechanical analysis and bulk density measurements
also serve to confirm the variations in illuviationy which
are observed.

Iron translocation within all four profiles
apprears to be closely associated with clay movement. A
higher correlation between total iron and clay content than
between free iron and clay content 1nd1qates that the
horizon of maximum accumulation of ﬁree iron may not always
coincide with the horizon of maximum accumulation of total
iron and clay, The unffarm iron content of the fine clay
fraction of all four profiles indicates that the iron may
occur as an integral part of the clay mineral structures
and that the clays have undergone little alteration as &

result of weathering.
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Particle size diatribution of quartz and of the
total s0il indicate that a redistribution of sizes has
occurred within the solum of all four soils relative to the
pa&rent meterial. Such a redistribution is attributed to a
process of physical breakdown of the larger rock fragments
and minerals. Such breakdown 1s in part due to the action
of frost and is greatest in the surface horizZons underlain
by heavy textural B horizons. The mineralogical composition
of the fine sand fractions within the sola of the four soils
is affected by such disintegration, and thus restricts the
use of mineral ratios for assessing chemical weathering in
these socils, The mineral suites of all horizons are
qualitatively alike and attest to the unifarmity of the
materials from which the soils have developed. Quartz and
feldspars dominate the light fractions (sp. gr.<2.80),
while hornblende, garnet, magnetite, tremolite and opaques
make up the bulk of the heavy mineral fractions,

Humification and maintenance of a high base status
appear to have been the two dominant processes affecting the
formation of the Black Chernozemic soil. The dominant pro-
cesses leading to the formation of the Grey Wooded Podzolic
soil are st the development of an L-H layer and the related
lack of humification of the mineral soil, the translocation

of clays, the development of a thicker and more acid solum,

iv



despite the persistence of a high base status, and the
soccumulation of 8ilt in the Ae harizon resulting fram
the removal of clay and from the physical breakdown of

coarser fractions.
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INTRODUCTION

Grey Wooded soils, which are recognized as a dis-
tinet group of podzolic soils, occupy the Boreal Forest area
of Western Canada and form the dominant upland 8oils of north-
ern Saskatchewan., They also occur as islands within the
Black=-Grey transition zone and within the Black soll zone.

In certain areas within the Black soll zone, the change in
vegetation from grasses to forest occurs gradually with
increasing altitude, the gradation being very similar to
that associated with increasing latitude. In such areas,
the changes in vegetation are reflected in the associated
soll types, so that it is possible to study soils ranging
from chernogzemic Black to podzolic Grey Wooded soils within
a small area,

This 1s a report of the study of the pedogenesis
of a Black-Grey Wooded sequence of soils in Saskatcnewan.

The sequence is represented by a group of four soils selected
from the Touchwood Hills area of the province. These four
8olls, all developed from glacial till, range from chernozemic
Black, through stages of podzolic degradation, to the podzolic
Grey Wooded soils., They are representative of Orthic Black,
Orthic Dark Grey, Dark Grey Wooded and Orthic Grey Wooded
8olls, It was considered that the study of such & sequence

of soils could contribute greatly to a more complete under-
standing of the genesis of Grey Wooded solls. The occurrence

of this sequence of solls within a relatively small area

-1-
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provided an opportunity of studying different soil profiles
developed under similar major climatic conditions and on
uniform parent materials.,

The principal objectives of the investigation were:
1) to describe and measure the features which serve to
characterize the soills under study;

2) to determine the nature of the processes which have
resulted in their formation;

3) to assess the intensity of such processes; and

4) to evolve a general concept with respect to the genesis
of Grey Wooded soils in particular,

Physical, chemicdl and mineralogical propertiea
of the ma jor soil harizons of each profile were determined.,
In addition, special studies were made of the mechanical
separates fraom the major horizons., Micropedological studies

of the natural soill structure were also conducted.
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REVIEW OF LITERATURE

Podzolization

The terms "podzolization process™ and "podzolisation”
were first used to déaignate the overall reactions and proces-
ses which led to the development of Podzols. In recent years
these terms have been used in a more general sense to include
those reactions and processes which result in the formation
of other soils, particularly some of the Podzolic soils such
as Grey Wooded, Grey-Brown Podzollic and Red and Yellow Podzolic
(134). Although some characteristic differences between these
groups of solls are recognized, they at least have many similar-
ities which serve to place them together so far as their mode
of formation 1s concerned. A short review of the character-
istics and properties of Podzols will serve to indicate the
general concepts of Podzol soils and of the podzolization
process in general. Many of the statements concerning Podzols
will apply in a more limited degree to Podzolic soils,

It is generally recognized that Podzols are soils
which have developed under climatic and blologic conditions
that have resulted in the accumulation of an organic surface
layer (L-H) and the formation of acidic products which result
from the decomposition of organic matter (77). This generally
occurs in moist, cool climates under forest or heath vegeta-
tion (77, 124, 134). The acid leaching of the profile has
resulted in the formation of a light-colored eluvial horizon

(Ae) from which sesquioxides and humus have been removed, and
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of a darker colored illuvial horizon in which some of the
translocated compounds have accumulated. Although Podzols
may vary widely in their morphology depending upon local
variations in soll farming factors, the above-mentioned
are the main features which serve to characterize them and
which set them apart from other soils,

The morphological and chemical featurea of typical
Podzol mrofiles developed on loamy parent material as described
by Joffe (76) represent the features generally recognized by
most workers as being characteristic of these soils. The Ao
horizon consists of leaf mould and forest litter in varying
stages of decomposition and is about one-half to one and a
half inches thick, This horizon 1s characterized by its
high cation exchange capacity and state of high base unsatura-
tion as compared to that of the other harizons,

The bleached ashy-grey Ae harizon below the leaf
layer averages from two to six inches in thickness, is loose
and powdery when dry and shows some evidence of platiness,
This eluviated horizon i1s the most important in charcterizing
a Podzol profile. Chemically, the Ae is highly weathered,
possesses a low exchange capacity, i1s highly base unsaturated
and generally lower in bases and sesquioxides and higher in
8ilica than the underlying B harlizon and parent material or
the overlying Aj] horizon if one is present.

The B horizon, being the layer of illuviation, is

compact and heavy, brown to dark brown in color and generally
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exhibits nutty structure. It is dis tinguished by its lower
silica content, higher sesquioxide and organic matter content,
increase in bases and base exchange capacity and a lower base
unsaturation than the Ae. The B may or may not be indurated
(77, 88, 124). When firmly cemented or indurated the layer

is referred to as "ortstein" whereas if it is not cemented,

it is called "orterde". The entire solum is acid in reaction,

with the lowest pH generally occurring in the A, or Ag horizon.

Genesis of Podzolic Soils

There seems to be general agreement by most workers
that the podzolization process operates in an acid medium and
that maximum expression of podzolic features are found in soils
devel oped from acid parent materials (59, 77, 92, 125). Where
calcareous parent materials, or at least those having a high
base status, are concerned, complete removal of bases seems
essential before podzolization can occur. As indicated by
Stobbe and Wright (134), unsaturation seems to be a pre-
requisite conditioning of the parent material before podzoliz-
ation can proceed.

Rode, as quoted by Joffe (77), reviewed and critic-
ally analyzed the world liéorature on the sub ject of podsgol-
izgation up to 1937. In summarizing the development of the
Podzol process of soil formation, he pointed out that the
first phase had to do with the development of plant 1life and
the acocumulation of orga ic residues on the surface of the

soil. The decomposition of these residues leads to the
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formation of acids which are capable of replacing bases
with hydrogen in the surface layers. The acidic conditions
so produced give rise to a breakdown of primary into second-
ary minerals, The next phase, which relates to the increas-
ingly acid conditions, consists in the disruption of the
secondary minerals in the upper zons of the eluvial horizon.
According to Rode, "the podzolization stage 1s ushered in
at the moment when the disintegration of the secondary
minerals surpasses their synthesis in the zone of the eluvial
horizon". The association of acidic reaction in the surface
horizons with the podzolization process has been noted by
other pedologists (59, 92, 124, 125) and it seems likely
that the high degree_ of base unsaturation of the surface
horizoms 1s indeed a prerequisite to the podzolization

P ocess itself,

The process of podzolization is generally under-
stood to be primarily responsible for the solution, trans-
location and accumulation of sesquioxides and orgaenic mat ter
wi thin the Podzol profiles. In Podzolic profiles the trans-
location of clay is also included as a part of the process,
although some may regard clay movement as a conditioning
process (134), much in the same way as the removal of bases
is a conditioning process prior to podzoliration.

The leaching of bases, sesquioxides and humus from
the A harizon of Podzol and Podzolic soils and their sub-
sequent accumulation in the B horizon is readily evidenced

by chemical anal yses of these soils. The causes of these
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changes and of the processes by which they are brought
about are, however, subjects of much controversy. Reparts
by Glinka (59) and Robinson (124) indicate that early
workers regarded humic material as being of mg or ilmportance
in podzolization and recognized that humus was in some way
associated with the translocation of sesquioxides within
the profile. Glinka (59), in discussing this, claimed that
the mechanical movement of iron in the form of finely
divided hydroxide in suspension or of aluminum as a con-
stituent of the clay could not explain the tramslocations
observed, even though some mecha ical translocation of the
finest 801l particles could occur. Robinson (124) while
admitting that the mechanism of eluviation was not fully
understood, suggested that the sesquioxides are peptized
by the humus in solution.

Morrison and Sothers (108) while adhering to the
concept that free oxides protected by humus can readily be
translocated within Podzol soils, indicated that an explan-
ation far theilr accumulation in the B horizon is required
as well. Their contention was that during winter the
moisture movement within a profile is mainly dowm ward and
that eluviation predominates, whereas with the dr ying out
of the profile in summer, precipitation of oxides occurs,
Robinsan (124) rejects tnis idea on tne basis that podzol
profiles should be shdl lower in extremely wet climates
owing to the shallower depth to waich tne profiles dry

out and claims that this 18 not necessarily so. Robinson
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preferred to think of the deposition of humus and sesquioxides
in the B horizon as being caused by precipitation resulting
from the higher base s tatus, a from the restricted permea-
bility of the harizon enriched by mechanical illuviati on.

Winters (148) suggested tnat iron moves in soils
by surface diffusion of ferrous iron within gels in an
exchange reaction with gel particles. Mattson and Koulter-
Anderson (98) advanced the theory that iron moves in the fom
of a positively charged iron-oxide sol in association with
alumina and humus, They were able to prepare iron oxide
sols in the laboratory, but were making use of iron solutions
having concentrations much in excess of those found in
podzolic soils. The iso-electric points of their prepared
sols were near pH 8.5. Schuylenborgh (128), in pursuing
similar studies, discovered that the iso-electric point of
the iron-oxide sols decreased as the concentration of the
solutions fram which they were prepared decreased, One sol
which he prepared had an iso-electric point of pH 3.2 which
coincided with that of the iron-oxide accumulations in a
80il he worked with. He therefare concluded tnat the trans-
location of iron during socil formation may not involve the
positively charged iron oxides since the pH of the solil
during weatheringis generally above the pH at which these
are electro-positive,

Another explenation of how iron moves during soil

formation was advanced by Reifenberg (121). He suggested
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that iron-oxlde sols move under the protection of negatively
charged silica. He found tnat in oarder to bring about
dispersion of iron-oxide sols, a ratio of silica to iron-
oxide equal to 1331 was required, This apparently worked
well under alkaline or slightly acid reactions. Little
peptization occurred at a pH below 4. A later attempt by
Bloomfield (16) tor epeat Reifenberg's work proved unsuc-
cessful., Edelman (51) also found that iron-oxide hydrates
do not fix silica under ordinary conditions of soil pH.

Deb (45) clal med that the movement of iron in podzolie

so0ils could not be explained by the peptization of iron-
oxide sols by silica since this would require that silica

be removed from the A horizon more rapidly than iron.

From the above, it appears that Reifenberg's idea of silica-
protected sols being active in iron traaslocation is open

to question,

The previously discussed mechanisms by which iron
and aluminum may undergo translocation in podzolic soils
would coms under one of the currently held theories which,
according to Bloomfield (16), assumes that free oxides are
trarsported as humus- or silica-protected sols, Another
hypothesis regards this movement as being due to the form-
ation of soluble metalorganic compounds, The term "chelation"
has been used to a considerable extent in recent years to
describe the latter process (7, 135).

Gallagher, as quoted by Robinson (124), considered
that the effective agent of podzolization is not the commonly



suggested soluble humus, but the simple organic acids,
such as oxalic acid, which are liberated during the course
of plant decomposition. He pointed out that the addition
of colloidal humus to sols of al uminum and iron hydroxide
cause immediate coagulation, thus making i1t impossible for
the sesquioxides to be moved from the Ae to the B horizon.
On the other hand, simple organic acids, such as oxalic,
could render the sesquioxides soluble. As the iron and
aluninum salts move through the soil, the acid radical is
sub jected to progressive saturation as well as t o bacterial
decomposition. This results in the production, first per-
haps of basic salts but finally of free hydroxides or hydrated
oxides, Gallagher further claimed that the capacity of
oxalic acid as well as of hydroxy acids to form complex
ioms with iron and aluminum which remain soluble in alks-
line solution wuld also explain the traxslocation of
sesquioxides in alkaline as well as in acid soils

In 1946, Bremner et al. (22) advanced the theory
that in soils some of the polyvalent metallic cations are
combined with part of the organic matter as co-ordination
complexes, rendering the orgenic matter in the complexes
ins cluble in water and als o in neutral s dlvents that do not
themselves form complexes with the metals., Jackson and
Sherman (71) claimed that certain types of argen ic matter,
particularly organic acids, form complexes with the sesqui-
oxide lons and move them from the upper horizon to the sub-

soll; some may even pess out into the ground water,



In discussing soil development, Barshad (7)
stated that "the production or liberation from organic
matter of substances with high chelating properties far
iron and aluminum is, in part, responsible for the movement
of uncombined iron from the surface to the subsoll horizon.
On the other hand, the destruction by microorganisms of the
chelating properties of these organic substances in the sub-
so0il horizon could possibly explain the deposition and
accumulation of iron and aluminum oxides in this horizon."
These views appear to be the same as those expressed by
Gallagher although the term chelation was not used by the
latter.

The term "cheluviation" was introduced by Swindale
and Jackson (135) to describe a mrocess by which minerals
are decomposed by chelation in solution and which then undergo
eluviation. This process depeﬁds on the presence of moving
water as well as on organic substances derived from the
biosphere. It would bring about a more rapid removal o
strongly chelated elements such a8 aluminum and iron than
of weakly chelated elements such as silicaon. The accumulation
of iron and aluminum oxides at a lower depth in a profile
would be interpreted as being evidence that the portion of
the profile above the zone of accumulation has undergone
"cheluviation".

In recent years several investigations have been

directed towards determining the effect of leachates or
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extracts from materials deposited by tree cover on the
mobilization of iron and aluminum. Bloomfield, in his

first paper dealing with a study of podzolization (10),
reported that an aqueous extract of pine needles was capable
of causing the non-biological solution of ferric and aluminum
oxides; during dissolution, the ferric ion was reduced to
the ferrous state. The ferrous iron and possibly the dis-
solved aluminum were claimed to be present in the farm of
organic complexes, In the fifth paper of this series (14),
he further stated that aqueous extracts of aspen and ash
leaves had been found to react with ferric and aluminum
oxides to form soluble metal-organic complexes. In contrast
to the conifers, the aspen extract retained its activity
almost unimpaired at high pH values, thus providing an
explanation for the development of a strong Ae horizon in
certain neutral or only slightly acid solls,

DeLong and Schnitzer (46), in studying the capacities
of leaf extracts and leachates to react with iron, concluded
from their data that poplar leaf extracts were capable of
leaching both iron-and aluminum from each of the soll horizons
studied (Ao and Bg) and that, in general, a greater amount
of aluminum than of iron was removed under the experimental
conditions used. In a subsequent study (127), the same
authors concluded that, under favorable conditions, both
the forest canopy and forest floor contribute solutions
capable of the mobilizing and transporting iron. Aluminum

and calcium could also be transported in this way. They



were unable, however, to find any clear-cut evidence of the
formation of chelation complexes and concluded that "the
primary function of the organic material(s) in the solutions
under investigation e¢sececess 18 to act as a peptizing agent
and as a protective colloid."

Atkinson and Wright (3) in following up the work
conducted by Bloomfield (10, 11, 12, 13, 14, 15, 16) and
DeLong and Schnitzer (46, 127) subjected a column of cal=
careous soll material to leaching with solutions of EDTAL
in an attempt to bring about changes analagous to those
obtained in the field. For comparison, a column of similar
material was leached with distilled water only. After leaching
for a period of 17 months, a "profile™ which resembled that
of a Podzolic soil without an Ay or A} had formed in the
column leached with EDTA. Analysis of the column indicated
that lime, iron and aluminum had been transported from the
surface to lower depths, resulting in the farmation of a
bleached layer near the surface and a brownish B horizon
below this, underlain by a 1lime accumulation zme. The
water-leached column, on the other hand, showed little change
other than a slight browning of the top half inch of soil.
It was shown that under the artificial conditions of the
experiment, the leaching of a calcareous soil material with
a chelating agent in a solution of a certain strength had

resulted in the mobilization, transport and redeposition of

T
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iron and aluminum and in the development of a profile with
well defined horizons,

As indicated by Stobbe and Wright (134) unsatur-
ation seems to be a prerequisite conditioning of the parent
material befare podzoligation can proceed, This occurs
rapidly on s ane pareht materials, particularly on coarse
textured acid materials with low base exchange capacity,

The authors point out that on saline or calcareous materials,
the removal of salts and free lime from tne upper layers
apparently brings about dispersion of the clay, resulting

in clay movement and clay accumulation. Thus, as mentioned
previously, clay movement may be considered as one of the
first steps of podzolization. In many podzolic soils, clay
peptization and movement seem to be the major processes
involved. The movement of sesquioxides and arganic matter
may also be involved to some degree.

According to Fridland (56) there are currently two
views regarding the translocation of clays in so-called
podzolic soils, placing the latter into two separate groups.
The first of these include soils in which the movement of
clays from the upper to lower horizons occurs without alter-
ation of the clay minerals being moved, The second group
of soils include those in which the clay particles undergo
breakdown in the upper part of the soil profile, with the
subsequent removal of the products of this destruction.

The process involving clay trax slocation wit hout destruction

is referred to as "illimerization™ in Russian literature (56, 57)
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and is considered to differ from the podzolization process
during which clays presumably undergo breakdown or disin-
tegration. According to Gerasimov (57) similar views had
previously been expressed by Duchaufour, who referred to the
removal of clay without destruction as "lessivage®. Tnis
process, he claimed, prepared the way for the devel opment

of podzolization. Soils which had undergone the process

of "lessivage" or leaching were termed "sols lessives" in
contrast to pbdzolics.

Fridland (56) and Gerasimov (57) explain how true
podzolic soils differ from the "sols lessives" or those
having undergone 1llimerization. The soils in which clay
has moved without destruction have a high silica content in
the A, and high iron and aluminum contents in the B horizons.
The differences in composition between the A and B layers
are reflected by different silica-sesquioxide ratios, The
composition of the clays from the various horizons, however,
produce constant ratios of silica to sesquioxide, indicating
that the clay has been translocated without alteration. 1In
contrast to this, podzolic soils show varying silica=-
sesquioxide ratioa for the clays as well as for the different
horizons. Thus, total analyses of both the clay fraction and
total soil will serve to indicate whether or not the clays
have been altered during soil formation. For example, data
presented by American workers (132) for a Grey-Brown Podzolic
soll indicate that the clays in the illuvial B horizon are

identical in composition to those of the other horizons.
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Analyses of the whole soll show appreciable changes within
the profile which can be explained by the movement of the
clay.

The comparison of clay analyses to those of the
soll horizons as a whole is certainly not new and has been
useful in assessing the intensity of weathering in soils in
the past (77, 124). The application of characteristic
differences brought out in such comparisons has, however,
not always been applied in more than relative terms, and
may be significantly useful in interpreting pedological
processes,

The foregoing review of literature indicates that
the different meanings attributed to the term "podzolization"
are based mainly on the nature of the illuviated components
and of the illuvial horizons of soils recognized to have
undergone podzolization. Thus, the extent of tramslocation
and accumulation of sesquioxides, humus, and of silicate
clays, serves as basis for separating podzolic soils, The
term podzolization as it is used in this report is aeccepted
as a general term referring to the processes by which soils
are leached and have developed eluvial A horizons and illuvial
B horizons. The development of a bleached Ae norizon is
recognized as being characteristic of podzolic soils, regard-
less of the nature of the components which have been trans-
located within the profile. Other profile characteristics
serve to further subdivide podzolic soils.,
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Grey Wooded Soils

Soils which would presently be designated as Grey
Wooded were first described by Wyatt and Newton (150) and
Joel (75). Wyatt and Newton in their original descriptions
referr;d to them as "Podzol-like". Joel (75) in describing
these soils simply called them "grey-bush" soils and cor-
related them to the Russian Podzols, Subsequently, Canadian
soll survey reparts and published papers referred to them
as wooded, grey wo oded, grey wo oded podzolic and grey podzolic
soils., The term Grey Wooded has come into common use since
about 1940 (111); Leahey (86) and Mitchell and Riecken (103)
were the first to publish papers in vh ich tney were desig-
nated as Grey Wooded. Similar soils in the United States
described by Thorpe (139) and Marbut (91) appear to be more
closely related to Grey Wooded soils than to the Podzols of
Rastern United States and Canada,

Moss and St. Arnaud (111) suggested that on the
basis of morphology alone Podzols and Grey Wooded soils
are quite similar and may be difficult to separate. On the
basis of chemical composition, the two groups are similar
in the relative distribution of Si0y, Feg03 and Alg03
within the profiles., The Grey Wooded soils differ, however,
from the Podzols in that they generally have a higher pH
and a correspondingly higher base status. They show less
accumulation of organic matter and a greater accumulation
of clay in the B horizons. Their structural development

1s also more pronounced.
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A review of the litearature dealing with Grey Wooded
soils (110, 111, 123, 144) forms the basis of certain state-
ments which can be made with regard to the composition of
these soils in western Canada. The horizons above the
calcareous horizons are usually slightly to moderately
acid but may range from slightly alkaline in the surface to
strongly acid in the B horizons. The B horizons are often
the most acid of the mineral horizons. The base status is
generally high although this has not been confirmed for
rofilea developed on more acid, non-cal careous mat erials
(111).

The Ae horizons are lowest in clay, bases and
sesquioxides, whereas greater contents of these are found
in the B horizons. There is often a slight accumulation
of nitrogen and organic carbon in the B as compared to the
Ae horizon. The clay minerals appear to be chiefly of the
2:1 layer lattice type (87, 144).

Most of the Grey Wooded soils of western Canada
occur under a mixed-wood forest in which aspen armd black
poplar, white spruce and jackpine predominate on the upland,
whereas black spruce, tamarack and willows are found in
more poorly drained sites, Climatic conditions may be
described as continental sub-humid microthermal, with a
mean armual precipitation of about 15 inches and a mean
annual temperature of 31° F. (10l1). Tne parent materials
for the most part consist of calcareous glacial and post-

glacial deposits overlying Cretaceous sediments (106).
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Nygard et al. (114) in describing the characteristics
of sane Podzolic, Brown Forest and Chernozem soils of the
Northern Lake States compare the Grey Wooded to other
podzolic types. They clalm that morphologically, the
Grey Wooded s oll resembles the Grey-Brown Podzolic s oils
more tnan the Podzols. It resembles the Grey-Browm Podzolic
in structural and textural characteristics but differs "by
the thicker Ao horizon, whiter Ag, virtual absence of Az
and B, greater enrichment of silicate clay in the B,
better developed and more stable blocky structure in the
B, higher pH and base status." It is suggested that the
close resemblance of Grey Wooded soils to Podzols is mainly
in the striking differentiation of horizons. The Grey Wooded
8o0ils of Minnesota are sald to be similar to those described
in western Canada. The authors conclude that the recog-
nition of the Grey Wooded soils as being di stinct from the
Podzols is warranted and that the tw should be classed as
separate Great Soil Groups,

Stobbe (133) in discussing the genesis of Grey-
Brown Podzolic soils of Eastern Canada describes the presence
of Grey-Brown Podmolic - Grey Wooded intergrades. He points
out that the Grey-Brown Podzolic and Grey Wooded soils do
not differ significantly as far as the physical and chemical

nature of the Ap and B horizons are concerned but they do
differ markedly in the Ao and A3 horizons., The Grey Wooded
invariasbly have an Ao and lack the mull-like A3 which 1s

characteristic of Grey-Brown Podzolic soils. Stobbe
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attributes this to differences in climatic conditions. 1In
transitional areas between these two types of soils, the
Grey-Brown Podzolic soils have a considerably th;nner A1
than the modal types or else the A; shows evidence of
degradation in the form of diffused greylish splotches
throughout the horizon.

The genesis of Grey-Brown Podzolic solls has been
discussed in a series of uhree papers by Cline and co-
workers (39, 55, 99). Reporting on forested soils in New
York, they point out that in the climatic environment of
that state, leaching of bases progresses wWth time, While
carbonates are still present in the solum and the base
status 1s very high, there 1s intense blologic activity, and

little or no evidence of an illuvial B. A soil at this
stage woculd be called a Browm Forest soil. As the removal

of bases continues and blologic activity decreases somewhat,
the structural aggregates in the B horizon become coated
with thick layers of oriented clays indicating a translocation
and accumulation of clay. A soil at this stage 1s considered
a CGrey=-Brown Podzolic and is characteristic of humid temper-
ate regions. With continued removal of bases, the heavy
1lluvial B moves progressively deeper, bilologic activity
decreases and a faint "Bleicherde™ layer farms directly
below the leaf mat in what was formerly the A horizon.
Immedia tely beneath this, and also in the former A horizon,
1s a zone of sesquioxide accumulation comparable to that

in well developed Podzols, This soil 1is considered as a
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Brown Podzolic.

Cann and Whiteside (35) studied a profile of a
Michigan soil which would compare to the final develop-
mental stage suggested by Cline and co-workers mentioned
above, They also presented evidence of the B horizons
being illuvial in nature but differing in the nature of the
illuviated materials in the upper and lower B horizons.

Tavernier and Smith (136) in an extensive review
of the literature on forested solls indicate that Grey-Brown
Podzolic soils seem to develop on parent materials with an
appreciable content of bivalent bases, The illuvial
horizon characteristic of these solls shows an accumulation
of silicate clays, This concentration of clays is probably
due to thelr flocculation by the bivalent cations., With the
continued leaching it is found that the B is destroyed and
a Brown Podzolic or a Podzol tends to develop in the Ag
of the Grey-Brown Podzolic soll. The authors indicate that
climatically these soils are found in somewhat warmer
climates than the Podzols, or are restricted to young
calcareous parent materials.

In Saskatochewan, the Grey Wooded soils occupy the
Boreal Forest area (106) and form the dominant upland soils
of the northern part of the province. They thus form a
broad belt across the northerly portions of the soil map
(Figure 1) and also occur as islands and outliers within
the Black-Grey soil belt. Solls which grade between

chernozemic Black soilé and Grey Wooded are found between
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the grassland and forest regions and were originally
designated as degraded Chernozems by both Canadian and
American pedologists (105, 106, 114, 147). Such soils
possess both chernozemic and podzolic features in that
tney have well-developed textural, structural and color B
horizons and the light colared, platy Ae horizons of the
Grey Wooded, but still possess the relatively dark, humus-
bearing Ah, incipient prismatic structure, slight to no
acidity and high base status of the Black grassland soils,
Most of these solls are regarded as former grasslanrd
mofiles which have been changed by the influence of

later invasion of trees (106) although some workesrs are
undecided on this point (114). According to the Canadian
system of classification (113), they would be classified
as Dark Grey Chernozemic or Dark Grey Wooded soils, depend-

ing upon the degree of degradation expressed,

The Clay Fraction of Soils

In soils the clay fraction consists of all the
materials that are less than two microns in size, and
includes both inorganic and organic constituents, In
mineral 8soils, the clay fraction is made up primarily of
clay minerals which have basic crystal lattices, and which
can be separated and classified into several groups accard-
ing to their basic structure (29, 62, 94). Organic matter,
8ilica, iron and aluminum oxides and other components may

also occur and, if present, are generally intimately
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associated with the clay minerals., The clay fraction
represents the most active portion of the soll and determines
in large measure its chemical and physical properties (124),
The structures and properties of clay minerals
have been adequately described by Grim (62), Marshall (94)
and Brindley (29). In recent years many methods have come
into common use as alds in the identification of crystalline
clay minerals: X-ray diffraction, thermal and optical, as
well as chemical and physical methods are among the cammonly
used techniques. Although no one method ensures absolute
identification, by combining two or more techniques it 1is
usually possible to determine the daminant clay types and
give a reasonable estimation of the clay or clays present
in the colloidal soil traction. Excellent monogrep hs
dealing with tne i1dentification of clay minerals by X-ray
diffraction techniques (29) and by differential thermal
malysis (90) have been published recently. Jackson (68)
has also presented detalls of most of the methods used in

clay mineral studies,

Clay Minerals in Soils

The relative abundance or dis tribution of minerals
in soils varies with the five principal factors which govern
soil formation. The time factor, climatic factors, relief
factors and biotic factors as well as the characteristicas
of minerals present in the parent material, can be shown

to have important independent effects on the clay mineral
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composition of soils. (70). The parent material, aside

from determining the types and amounts of minerals originally
present in soils, also controls the course of chemlcal weather-
ing in the soll through the relative susceptibility of 1its
minerals to weatherirngand by affecting the chemical and
physical properties of the solil. Time is important inasmuch
as the longer the time, the more advanced will be the degree
of weathering, even in temperate climates. Climate, in turn,
affects the temperatures and amount of leaching which a soil
18 subjected to during its formation. Rellef plays an
important role in controlling the amount of leaching which
occurs in soils; the degree of drainage, which is also
assoclated with relief, affects oxidation and reduction
conditions in the soll. Biotic factors affect minerals
inasmuch as the biological characteristics of the surface

soll affeot its chemistry and physical condition and influence
solubilization, peptization and subsequent translocation of
soll components,

Considerable work has been directed towards estab-
lishing the effects of soll-forming processes on clay minerals.
In some solls, colloldal clays present in the original
ma terials may not be affected very much by weathering
processes; in some solls simple translocation may occur,
whereas in others the minerals may be altered or broken
down into new products which may or may not in turn also
undergo translocation. According to Russell (125) the

effects of weathering on clay minerals can result in the



production of various types of clay minerals and various
types of interlayering within minerals.

Jackson et al. (72, 73) determined the minerals
mresent in the clay-size fraction of solls and arranged
them into a weathering sequence. These authors found that,
in general, one or two mineral species dominate tne clay
fraction of a soll and thereby characterize the soll and
represent its stage of weathering. The latter will, to a
large degree, be determined by the original composition
of the parent material from wiich a soill has developed.
According to the suggested weathering sequence, kaolinite,
for example, is more resistant to weathering than montmoril-
lonite, and montmorillonite 1s more resistant than illite,
The stability of montmorillonite in temperate climates
1s indicated by the wark of Beavers et al. (8), Kunze et al.
(83) and others (52, 144).

In discussing the mechanism of chemical weathering
of layer silicates, Jackson et al. (73) suggest that the
weathering of mica results from four processes; depotas-
sification, hydroxylation, de-alumination and desilication,
Micas, when 8ubjected to these reactions, undergo stepwise
transitions to mica-intermediates, vermiculite and finslly
montmorillonite. Illites, which may be considered to be
clay~sized micas, have been reported to have undergone
such a breakdown in soils (7, 58, 73, 112). Mortland et al,.
(109) reported the changing of biotite to vermiculite due

to the extraction of potassium by growing plants,



As indicated by Jackson et al. (73) a reversal
of the above-menti oned processes can and does occur where
potassium is present in the soil solution. Dyal sand
Hendricks (50), Wear and White (145) and others (7, 109)
have reported the change of expanding-lattice clays to
111litic type clays by the fixatlion of potassium in the
interlayer spaces. In many cases, where only certain
"preferential weathering planes" (73) are affected by
such processes, the resulting minerals take on properties
intermediate between true mineral species and are known
as interstratified or mixed-layer mineral types, Their
occurrence in soils appears to pe quite common (1, 58, 71).
In general, the kinds of clay minerals in soils
in temperate climates seem t o depend more on the kind of
parent material than on pedogenic factors (8, 52, 58, 144,
149). For Chernozemic soils the prédominant minerals
usually reported are montmorillonite and illite (52, 85,
112, 144, 149).Larson et al. (85), Grossman et al. (63)
and Bourne (19) indicated that in Chernozemic soils the
surface horizons are relatively higher in illite than the
subsoils. This is generally attributed to the translocation
of montmorillonitic clays in preference to illitic types, as
well as to potassium fixation by expanding-type clays. Winters
and Simonson (149), in compiling data on the clay-mineral
composition of the B harizons of profiles of the great
soil groups, indicate that Podzolic soils contal n dominantly

illite with lesser smounts of montmorillonite and occasional
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minor amounts of kaolinite, while Chernozemic soils are
largely composed of illite and montmorillonite. This
agrees with data provided by Knox, as reported by Grim (62).
The first extensive study of the mineralogical
composition of the clay fraction of Saskatchewan solls was
made by Warder and Dion (144). Covering a range of so ils
developed under grassland vegetation and also including
& Grey Wooded s adil, they concluded tnat the mineralogicsdl
nature of the clay fractions of the various s oils was very
similar to that of the parent materials. The weathering
conditions and differences in vegetation produced no
significant differences in the resulting clay minerals. On
the basis of X-ray, differential thermal, and chemical
analyses, they calculated the clay fraction ( < .00l mm. size)
to consist of approximately 45 percent 1llite with the
remainder being a montmorillonite-beidellite type of mineral
containing a high proportion of iron in the clay lattices,
Brown (30), using X-ray diffractioh, f ound montmorillonoids,
hydrous mica, kaolin and calcife in the Grey Wooded soils of
Alberta and Saskatchewan. He also found a mineral having
a lig.spacing in the B horizon material which was not
present in the materials of the A or C horizons. He
suggested that recrystallization of the clay mineral was
taking place, Clark et al. (38) found montmorillonite,
beidellite, mica, kaolinite and quartz in the clay fraction
of a Grey Wooded soil from Saskatchewan.

Ehrlich et al. (52), in studying the effect of
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parent materials o soil farmation, worked with Manitoba
soils which included so0ils developed under both grass and
forest vegetation. They found for all solls, except a
Brown Podzolic and Podzol, that the mineralogy of the clay
fractions was similar in many respects, the dominant
minerals being montmorillonite and illite W th lesser
quantities of feldspars, micas and quartz. In the Brown
Podzolic soil, iron oxides in addition to montmorillonite
and illite were reported as the prominent components.
Hematite was found to be present in the surface horizon
while goethite occurred in the parent material. On the
basis of the iron content alone, it was concluded that the
Bromm Podzolic soil had developed from a parent material
differing in composition from thes other soils examined,
The Podzol was said to differ from the other soils in that
it had a relatively higher content of feldspars and some=
what lower quantity of montmorillonitic and 1l1litic clays.
In summing up their results, the authors concluded that
although the parent materials had a marked effect on the
types of soils formed, in all cases there was little change
in the mineralogical composition of ivhe clays present,
Although the early mineralogical studies of the
clay fraction of Western Canadian soils indicated relatively
litfle change in composition between the profiles and ctheir
original parent materials, more recent work has brought
out the fact that although differences are not pronounced,

some differences do occur. The indication by Brown (30),



mentioned previously, that a 142 mineral occurred in the
B horizon of the Grey Wooded soils, represents one case
of this, Pawluk (115) reports the formation of chlorite
in the B horizon of a Podzol in Alberta. He suggests that
in the case of Grey Wooded soils, similar changes are not
evident and that the mgor process has been illuviation of
clay in the B rather than altefation of existing clay
minerals or clay formation.' Rice et al., (122) in a study
which included three Saskatchewan Chernozemic soils reported
that while montmorillonite and illite were the dominant
minerals present in the clay fractions of these solls,
the montmarillonite in the upper horizons had apparently
undergone degradation. They suggested that the diffracto-
meter patterns were being obscured by amorphous silica
which had, they claimed, resulted from clay degradation.
Matnieu (97), working with solodized-solmetz soils of
Saskatchewan and Alberta, reported a degradation of the
chlorite and montmorillonite in the coarse clay (2-0.2 u size)
fraction of the eluviated horizon, with accumulation of the
degraded particles in the fine clay fraction of the illuviated
zone,

In general, distribution patterns of both total
and free iron within Grey Wooded soils coincides with the
distribution of clay (87, 1lll). Whether the iron moves as
an integral part of clay minerals, as coatings on clay
minerals, as separate solid iron compounds, or in solution,

has been a matter of much debate. C(Caldwell and Rost (34),
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in studying a series of Chernozemic, Prairie and Podzolic
soils, indicated no differences in the clay composition

Wl thin tne profiles studied, although clay and iron
distribution varied within the profiles, Thelr studies
indicated that Prairie and Grey-Brown Podzolic solls showed
a concentration of iron in the B horizons whereas there was
no evidence of iron acccumulation in the Chernozemic soil
studied. Simonson et al. (130) showed clay accumulations
to occur in the B horizons of Wiesenboden, Grey=-Brown
Podzolic and Forested Planosols, whereas the iron bulge
showed up only in the case of the Grey-Brown Podzolic and
Brunizem soils. They concluded from this that free iron

is not associated with clay distribution in the poorly
drained Wiesenboden soils in the same manner that clay amd
free iron are associated in Brunizem and Grey-Brown Podzolic
soils,

A detalled study of the nature and distribution of
free iron in Grey Wooded soils of Saskatchewan was recently
completed by Lutwick (87). He found that the distribution
of total and free iron coincided with that of the clay
fraction in tnese soils, and that a high correlation existed
between the fine clay ( < 0.08 u size) and free iron. He
attributed the accumulation of iron in the B horizons as
being due to the translocation of an iron-rich montmorillonite
very similar to nontronite. Goethite was also found to be
present in tne clay fraction. No appreciable weathering of
the clay minerals had apparently occurred during the course

of the development of these solls,
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The Non=-clay Fraction of Soils

The non-clay fraction of the soil is composed
almost entirely of various minerals which vary widely in
their resistance to chemical and physical destruction. As
such, these minerals can be very important in assessing
the degree of weathering ﬁhich has t&en place during soil
formation. The distribution of minerals within certain
size fractions of soils has come into common use as an
index of weathering of soils (23, 65, 66, 95, 115, 120,
151)., Also, certain resistant minerals have on occasion
been used as inert indicators to assess the uniformity
of deposits from which solls have developed and to assess,
in quantitative terms, changes which have occurred in soils
during their formation (5, 23, 65, 84). The following
discussion will deal with some of the pertinent aspects of
mineralogical studies of non-clay material in solls as they

relate to studies in soll genesis,

Weathering of Minerals

The resistance of minerals to decomposition depends
upon many characteristics such as hardness, cleavage, co=-
efficient of expansion, original cracks in the crystal and
solubility under a given environment (80, 117, 120).
Pettijohn (117), by compering the minerals in sedimentary
rocks of increasing geological age with those of recent

sediments, calculated an order of persistency of soil-



forming minerals., He proposed the following series in

order of decreasing resistances zircon, tourmaline,
monazite, quartz, garnet, biotite, apatite, microcl ine,
ilmenite, magnetite, epidote, hornblende, andalusite,

topaz, titanite, augite, sillimanite, hypersthene, diopside,
actinolite and olivine. Other workers list the stability
series somewhat differently. Goldich (60) divided the
minerals into three groups: (1) the least stable group,
which included plagioclase, epidote, hornblende, titanite

and apatite; (2) the moderately stable group of magnetite,
biotite and orthoclase, and (3) the most stable group of
zircon and quartz. Twenhofel (141) proposed another grouping
in which chlorite, garnet, orthoclase, quartz and zircon
were considered to be stable minerals, whereas the me tastable
to unstable minerals included augite, hormnblende, ilmenite,
magnetite and plagioclase. Apatite and olivine were considered
to be unstable,

As previously ment ioned, microscopic examination of
the various minerals in the soil is often used to determine
how extensively the parent material has weatnhered to farm
soil., Humbert and Marshall (66) investigated the heavy
minerals of some Missouri soils weathered from acidic and
basic igneous rocks to determine the extent of weathe ring
and how greatly the parent material had been altered since
deposition, Mick (102) working with some Michigan soils,
found that the surface soils had a higher percentage of the

resistant minerals than the subsoils. He concluded that the
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less resistant minerals were weathered and the products
removed in solution. Cady (32) compared heavy minsrals
from the A and C harizons of several Podzol and Brown
Podzolic soills and showed tat podzollzation significantly
reduces the amount of hornblende in solum horizons. Epidote,
garnet and magnetite appear to be little affected., Pawluk
(115) in reporting on mineralogical studies of Podzol soils
of Alberta indicated that weathering of minerals has taken
place in both the A and B horizons, the Ae horizon having
lost a major partion of the feldspars and ferromagnesian
minerals, Rice et al, (122), noted that in three Saskat-
chewan Chernozemic soils, the feldspars and ferromagnesian
minerals within the sand fraction were strongly weathered,
but the authors indicated that this was an inherited feature
rather than having occured in situ. Likewise, Arneman

et al., (1) reparted differences in the mineralogical
properties of some Minnesota Prairie soils but noted tnat
these are not pronounced, indicating relatively little
weathering in these soills, They suggested that the distin-
guishing properties of tnese solls are mainly morphological
rather than physical, chemical or mineralogical.,

In 1942, Marshall and Haseman (95) advanced a

petrographic theory for use in studies of soll genesis,

This theory was based on the assumption that certain
resistant minerals remain relatively unchanged during profile
development. Two or more resistant minerals found in the

various separates are used as indicators of depositional



or geological differences in parent materials, If the
materials from walch & soll developed were vertically

uniform when weathering started, the ratio between any

two of these mineral species should be constant throughout

the profile. In addition, the use of zircon as a resistant
indicator by Marshall and Haseman provided, for the first
time, a means of studying quantitatively some of the changes
that take place during soil formation. They pointed out

that apart from the resistant heavy minerals, the coarser
fractions of the soil might be just as useful indicators

as zircon in soill genesis studies, PBrewer (23) in his
application of Marshall and Haseman's method, claimed that

the value of zircon determinations was lessened because this
mineral does weather in the upper horizons of Yellow Podzolic
soils; also amounts are so small that accuracy of calculations
based on zircon content is limited even when zirconium is
determined chemically.

In an attempt to overcome some of the inherent

difficulties which arise in using zircon as an indicator,

some workers have suggested the use of quartz instead,

(7, 118). The use of quartz as the indicator mineral has
been demonstrated by several workers (5, 19, 35, 84). Camn
and Whiteside (35) and Bourne (19) made use of the Geiger
counter X-ray spectrometer in determining quartz. The
application of the X-ray spectrometer to the determination

of quartz had been previously reported by a number of workers,

The reported stability of quartz (77) and its wide distribution
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in soils of many regions would make it particularly suitable
since 1t is generally mesent in sufficient quantities in
soils to assure 1ts accurate determination.

In mineralogical studies of soils, the mineral
composition of one or more fractions from within the solum
horizons 18 compared to that of the same fraction or fractions
in the original parent material. The degree of weathering
postulated to have occurred during soil formation is based
upon such comparisons, The assumption that must be made in
all cases is that these differences arise from weathering
of minerals within the size fraction under study. Little
consideration is given to the possibility of error introduced
by the increase in mineral content within the fraction studied
which could result either from chemical or physical weathering
of material from coarser fractions within the same 8 oil
material. Since this error may be significant, literature
relative to changes in particle size distribution which occur
in soils as a result of soil forming processes merit soms
attention.

It 1s well recognized that both chemicd and physical
weathering are responsible for changes which occur in soils
during their formation (71, 77, 124, 125). Generally, it is
considered that as far as soil formation is concerned,
chemical processes are largely responsible far pedogenic
changes which occur, whereas the physical factors are chiefly
instrumental in the comminution of rocks in farming the

materials from which the solls developed. Physical bresakdown



18 generally considered to have occurred mainly prior to
soil formation (124). Although physical breakdown may
still occur during soll formation it 1is seldom ment ioned.
However, a few Warkers have suggested physical factors

as causative agencies in scll formation. The chief
contribution of the physical weathering of rocks and
minerals to chemical weathering is the increase of specific
surface of the material with attendant increase in reaction
rate (71).

Humbert and Marshall (66) in studying a residual
soll developed from granitic rock, noted that the size of
quartz grai ns within the soll were much smaller than the
quartz phenocrysts within the parent rock, The largest
quartz crystals in the sand f ractions measured only 1.9 mm,
while quartz phenocrysts in the unweathered rock measured
up to 3 mm. in diameter., They attributed the differences
in size to a process of physical breakdown. The quartz
phenocrysts had displayed cracks and fractures which had
made them susceptible to such breakdown. Mick (102)
attributed the decrease in sand in the A and B horizms
relative to the parent material in a Grey-Brown Podzolic
soil to disintegration which had resulted from soil
forming processes, He noted that an increase in the
quantity of silt complemented the disintegration of sand
particles,

Ehrlich et a1, (52) determined the amount of rock

fragments present in the horizons of a group of Manitoba



Soills and found there was a decrease in rock fragments in
the solum as compared to the parent material. Although
they attributed the decrease to the weathering of limestone
and disintegration of shale within the solum, they had
considered but discarded the possibility of disintegration
as being responsible. Examination of their data indicates
that the 1loss of easily weathered shales as well as loss

of dolomite through solution effects cannot account for
the entire decrease noted. Apparently, physical breakdown
may have occurred in the soiis being studied.

The role of frost action in the development of
solls and the relation of frost to asolian deposits 1is
discussed in detail by Zeuner (152). In discussing soil
weathering, he cites many German references which claim
that fine sand and silt in frost soils are due‘not only
to sorting but also to frost weathering. Giving examples
of particle size distribution within such soils, Zeuner
notes that they cantain little or no clay. This, he
indicates, means that the size 1limit of breaking down by
frost can be set at between 0.0l and 0,002 mm. diameter,
Mature frost soils, he notes, have a very high silt content.
Zeuner also claims that frost may be largely responsible
for much of the loess fourd in the loess belt o Europe,

Much interest 1n the processes of physical break-
down has been shown by French workers in recent years. Birot
(9) found that rock samples of granite and syenite and

large crystals of muscovite, biotite and orthoclase lost
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from 1 to 6 percent of thelir weight by disintegration

into sand particles after being alternately wetted at

room temperature and dried at 70° C. over a period of
several months, Caillere et al. (33) obtained the break-
down of 6 percent of a slightly weathered gabbro into

sand by alternate wetting and drying. Some clay which
resembled montmorillonite was also farmed. Rocks which
contained hypersthene, labradorite and anorthite never
produced clay but broke down to sand size upon being
subjected to similar treatment, Demolon and Bastisse

(47) obtalned about a 9 percent reduction in sand content

of a sieved granite sample after fifteen years of weather-
ing in a lysimeter., 1Increase in the fractions ranging from
200 microns to colloidal size varied from 17 up to 51
percent. Although the wetting and drying treatments to
which rock materials were subjected in the above e xperiments
cannot be considered entirely as the only factars causing
disintegration, since clays were formed in some cases, the
experiments do indicate that disintegration of rock materials
does occur and must be taking place in soils under natural

conditions,

Stability of Quartz

The use of quartz as an index mineral in studles
of soll genesis has been mentioned previously. Also, since
quartz makes up a large proportion of the non-clay fraction

in soils, its stability is important inasmuch as it relates
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to the previously discussed effect of changes in particle
size distribution on the use of mineralogical studies in
assessing changes occurring in soils as a result of weather-
ing processes. Numerous references occur in pedological
literature regarding quartz, the concensus of opinion
being that i1t 1s resistant to weatnering. A few workers,
however, admlt its stability with reservations.

Polynov (119) stated tmat "primary quartz is such
a stable substance and undergoes so little alteration that
it may be considered to be quite passive in the zone of
weathering". Russel (125) accepts this view and rates
quartz as the commonest mineral in most soils and the
most resistant to decomposition. Barshad (7) claimed
that quartz and albite underwent no significant change
during soil farmation and that their particle size
distribution would remain unchanged. Accarding to Joffe
(77) quartz, being one of the final residual products of
weathering, 1s stable and cannot, under natural cond iti ons
of temperature and pressure, undergo fur ther chemical
changes. However, he cites references which indicate
that solubility of quartz is possible and that it is
Ssubject to leaching in solution. He further states that
conclusive evidence of the solubility of quartz is demon-
strated by its presence in river waters. Raeside (120)
questions this last conclusion and suggests that silica
is transported in river waters not as quartz but as

monosilicic acid in true solution or as amorphous silica
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in colloidal form,

There is a considerable literature referring to
the solubllity of silica but only a limited number of
references to the solubility of quartz, mamy of them con=-
flicting. Mategnon and Marchal (96) demonstrated that
appreciable quantities of silica can be dissolved from
quartz by cold carbonated water, Moore and Maynard (107)
confirmed earlier work which indicated that water contain-
ing calcium and magnesium carbonates was an effective
solvent of quartz., Partial replacement of quartz by
carbonates in sediments has been reported by Walker (143).
Siever (129) in summarizing recent views on the solubility
of si1lica, used published free-energy data to calculate a
the oretical sclubllity range of 7.25 to 14 p.p.m. Which
agrees fairly well with the observed range of values.

Jackson et &al, (72) have pointed out that quartz
solubility is a linear function of specific surface and
therefore quartz may be expected and is found to decrease
tenfold in quantity for each tenfold decrease in particle
size of fraction considered, Raeside (120) points out
that solution of quartz in solls changes not only the total
amounts of quartz in the sand and silt fraction but also
changes particle size distribution.

Raeside (120), in considering the s tability of
index minerals in solls, indicates that quartz may not
pos sess the pnysical s tability generally attributed to 1it.

He argues that although guartz pcssesses no well-defined
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cleavages along which easy splitting can occur such as in
amphiboles for example, it 1s nevertheless susceptible to
straln effects which show up distinctly on the microscope
stage as undulose extinction, strain shadows or irregular
and uneven extinction. These strains express local dis-
locations of the crystal lattice and would, in turn, lead
to stresses during thermal expansion. He states that the
examination of quartz grains in soils shows that such
disruption does occur and that incipient and well-defined
fracturing is associated with local strain. His views
are shared by Humbert and Marshall (66) who attribute the
fractures and strains apparent in quartz phenocrysts in
rocks to have resulted from the &X to 5 inversion of quartsz.
Rupture of quartz has often been attributed to
pressure exerted by both gaseous and solid inclusions,
Recent work by Ingerson (67) has shown that appreciable
messure is not exerted by gaseous inclusions at normal
pressures, and that these, at least, cannot therefore be
accepted as disruptive agents, As suggested by Raeside
(120) the freezing of water in microfissures in the upper
horizons of certain temperate and sub-arctic soills may
accelerate quartz breakdown but before this process can
be effective, these microfissures must be enlarged suf-
ficiently to permit freezing of the contained water. The
presence of clay-like material in grain fissures may
accelerate the'disruption of an already fissured crystal.

The penetration of an iron pan into apparently homogenous



quartz stones or boulders has been observed by many workers.
This 1s effected by the deposition of iron oxides from
801l solutions in microfissures which in one case cited

(120) were mostly less than three micrms wide.

MIC ROPEDOLOGY

In recent years, micropedological vechniques have
come into common use and have been a valuable ald in the
study of morphological characteristics of soils. Up until
1938, the year in which Kublena published the first book
on the fundamental principles of micropedology (8l), very
few micro-investigations of soils had been undertaken sxcept

in the field of soll microbiology. As indicated by Kubiena,
chemical and physical analyses conducted on the various
horizons of a soll profile may give an overall picture of
the chemical and physical changes wh ich have occured as a
result of soil forming processes but fall to give a complete
picture as to the exact nature of these changes and the
mechanisms by which they are brought about. The study and
interpretation of soll micro-structures and micro-fabrics
provides an additional means of assessing and understanding
pedogenic changes which occur in soils.

One of the most common procedures used for the
microscoplc examination of soil structural features involves
the preparation of thin sections. Thin section techniques
were well established in petrology and metallurgy long
before tneir use was applied to soil studies (8l1). One



of the main difficulties in the preparation of soil thin
sections lies in the need to impregnate soils with special
hardening substances so as to breserve the natural soil
fabric. Parrafin wax, bakelite, lacquer, Kololith,
Castolite, and Lakeside 70, are among the many substances
which have been tried for impregnating soils for thin
section preparation. Many of these materials were found
to be too soft for grinding or the refractive indices
unsuitable for petrographic work. Soil structures vary

so widely that no one impregnating medium apps ars suitable
for all soils, Lakeside 70 (43, 151) and castolite (18, 97,
100) have been used extensively in recent years and appear

to give satisfactory results for many soils.

Tenninolqu

Much confusion has surrounded the general use of
such terms as texture, structure and fabric to dsscribe
the physical characteristics of solls. In petrology, the
essential characteristics of the physical constitution of
rocks have been enumerated amd grouped in various ways, but
these inevitably deal with the size, shape, arrangement and
ocrystallinity of their component solid particles. Kubiena
(81) realizing that the terms texture and structure as
used by pedologists did not conform to the meanings
attributed to them by petrologists, tried to avoid their
use as much as possible, He preferred to speak In terms

of soill fabric which he referred to as "the arrangement of



- 44 -

the constituents of a soll in relation to each other", In
this sense, soll fabric was used as a counterpart of rock
fabric.

Brewer and Sleeman (28), condoning rather than
avolding the Iinconsistent use of the terms texture and
structure, attempted to pramnote their use by assigning
them acesptable definitions., They define soil texture
as the physical constitution of a soll material as
expressed by the size, shape, arrangement and crystallinity
of 1ts component particles, In contrast, soll structurs,
as they define it, refers to the physical constitution of
a soll material as expressed by the size, shape and arrange-
ment of the solid particles (both primary and compound) and
associated voids, Finally, soil fabric is defined as the
physical constitution of a soll material as expressed by
the spatial arrangement of the 80lid par ticles and associated
voids, By definition, therefore, fabric is a part of
structure, which in turn is a part of texture. Fabric is
the element of structure which deals with arrangemsnt and,
as such, was given prominent importance by Kubiena (8l1).
Brewer preferred to stress both structure and fabric since
both are concerned in the physical constitution of soil
materials.

In considering soll materials, it must be realized
that they are composed of two broad groups of constituents
having quite different properties; one group includes

components which are quite stable, whereas the other 1is






composed of materials capable of movement, concentration
and reorganization during soil formation (28). Kubiena (81)
referred to the stable constituents as "fabric skeleton"
and the mobile, active elements as "fabric plasma", whereas
Brewer and Sleeman preferred to speak of them simply as
skeleton grains" and "plasma". Skeleton gral ns, being
relatively stable, would include mineral grains and resistant
siliceous or organic bodies larger than colloidal size (28).
Plasma, on the otner hand, refers to the portim of soil
matafial which is capable of being translocated, rearganized,
and/or concentrated as a result of soil forming processes,
Kubiena (8l) in classifying soil fabrics, considered
that fab¥ics could be broken down into two units-- simple
(or elementary) and compound. Elementary rabric referred
to the arrangement of the constituents of lowest order in
the soil and their relation to each other. Compound fabrics,
in turn, had to do with more complex features of soils and
represented the arrangements pertaining to aggregates, wall
complexes, cleavage blocks or any other units of higher order,
Using these as the fundamental units he was able to describe
and name characteristic fabrics, which he recognized as
representing specific types and which he associated with
certain soils, As far as possible, he attempted to explain
the mechanisms involved in the soil-formation processes
which led to the development of various fabric types, In
addition, he was able to reproduce certain fabrics in the

laboratory by subjecting soill material to various treatments
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intended to simulate natural processes operating in soils.
Although many of Kublena's techniques have been
used in subsequent micropedological investigations, few
workers make use of the names suggested by him for the
different soil tabric types. The reason for this is not
too apparent, It may be that most studies have been con-
cerned with specific aspects of soll genesis in which the
workers have been mare concerned with special details of
the microfabric rather than the soil fabrics as such.
Also, there is the possibility that Kubiena's descrptions
lack the detall necessary or that his association of
certain fabrics to specific soll types has made workers
hesitate to apply speciflc names to fabrics of soils out-
side of Europe. Brewer, in recent literature (28) has
attempted to outline a more systematic approach to the
study of micro-structures and microfabrics which may lead
to & more unified means of describing these and eventually
lead to an acceptable terminology in the naming of them.
Brewer and Sleeman (26, 28) in considering the
organization of soil constituents, polnted out that soil-
forming processes lead to the development of a series of
features with specific fabrics and structures. Thege
they called "pedological features™. These may be designated
as recognizable units within a soll material, which can be
distingulshed from the enclosing material for any reason
such as origin, differences in concentration of some fractiouns

of the plasma, or differences in arrangement of the
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constituents. Pedological features can be grouped into
two classes, those which are inherited from the parent
material, end tnose which are formed in situ as a result
of soill forming processes., The latter group would include
plasma concentrations, plasma separations and fossil
formations-- the names implying their mode of origin.
Plasma concentrations are due to local accumulations of
plasmic materials, whereas plasme separations result

from a reorientation of materials rather than accumulat ions,
Fossil formations represent preserved features such as
animal burrows, warm casts and root channels resulting
from biological activity.

Brewer (26) proposed the term "cutans® for a
broad group of pedological features which consist of
concentrations and separations of fractions of the plasma
associated with natural surfaces W thin soil materials,
These include clay skins which surround skeleton grains,
peds and various kinds of volds, The main differentiating
characteristics of cutans relate to the kind of surface
with which they are assoclated, the mineralcgical nature
of the cutanic material and the fabric of the cutans
themselves., Brewer claims that on the basis of their
characteristics, cutans can be interpreted in terms of
the genetic processes which resulted in their formation,
This permits separation of cutans into classes based upon
thelr mode of origin, such as those resulting from

illuviation, diffusion and stresses within soil materials,



- 48 =

The degree of orientation of cutanic material is
an important characteristic which aids in diagnosing the
mode of origin of certain cutans. For instance, a high
degree of orientation of cutanic materials is generally,
although not always, indicative of concentration of
colloidal clays resulting from processes of 1lluviation
(24). Cutans resulting from in situ farmation of clays
or due to diffusion processes may, on the other hand, be
crystalline in nature or show indeterminate orientation

(24, 26, 28).

GENRTIC INTERPRETATION CF MICROMORPHOLOGICAL FEATURES

The changes which occur in soils as a result of
soil forming processes invariably bring about changes in
the fabric and morphological characteristics of the soll
materials affected, As indicated by Kubiena (8l), every
microscopic happening in a soll has left its picture in
the fabric, Thus, the history of a soil can be read in
the soll fabric, if we are able to interpret that which
we find in it. The proper interpretation of micro-
morphological features in soils can be very useful in
promoting a better understanding of the soil forming
proccesses which resulted in their development. Kubiena
(82) following extensive micropedological investigations
of European soils, was able to introduce a classification
of soils giving great weight to soil genesis and making

much use of micromorpnological observations in recognizing



and describing soil types. The number of studies which
include descriptions of the pedological features and micro-
fabrics of soils has increased in recent years and serve

as evidence that microscopic studies of solls are invaluable
in complementing the more commonly accept ed means of study-
ing the soll.

Although 1t is not possible to consider all the
microscopic features which may reflect the type of processes
which bring about the formation of different solls, a brief
summary of some pertinent studies may suffice to indicate
how some micromorphological features are interpreted in
terms of soll genesis, For example, "chernozemic fabric",
which is characteristic of the surface layers of chermozemic
soils, was studled by Kubiena and he was able to interpret
it in terms of soll genesis, 1In this type of fabric the
mineral grains generally appear bare and free of coatings.
They are united with each other by inter-granular braces or
are embedded in a porous groundmass of flocculated colloids,

The fabric plasma is dark brown to blackish in color and
consists of black humus particles, coagulated inorganic
colloids, fine rock fragments and peptized brown humiec
substance. This humic substance often forms a brownish
film around the mineral grains. It is insoluble in water
and as such imparts great stability to the aggregates
formed as a result of its presence in the intergranular
braces,

On the basis of observations and laboratory tests
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designed to reproduce the processes involved in the form-
ation of chernozemic fabric, Kubiena was able to postulate
its mode of formation. He claims that this type of fabric
is produced "because most of the inorganic and organic
colloids are flocculated or in an undissolved state,
although some of the humic substances are dissolved or
peptized in the soil solution". He suggests that as the
soll dries out, the soll solution becomes mare alkaline
and causes dissolution of portions of the arganic matter
present in the soil. Upon further drying the dissolved
material acts as a cementing agent which, being insoluble
in water, helps in the formation of stable aggregates,
Thus, a high base status, high orga ic matter content and
a climate in which wetting and drying occw frequently
seem to be necessary prerequisites to tne formation of
chernozemic fabric,

Many eluvial horizons in soils are distinguished
morphologically by their leached appearance and platy
structure, The occurrence of well developed platy structure
gilves rise to what is generally referred to as banded
fabric. As described by Kubiena (81) banded fabric appears
microscopically to consist of alternating layers of enrichment
and depletion of plasmic materials. Actually, each band
shows a gradation in plasma content with the highest content
of colloidal material being near the top of the plate.

The bands can vary in density, thickness, color and shape.
As indicated by Kubiena, although banded fabric generally
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suggests more or less uniform conditions in soils, these
conditioné must vary inasmuch as alternat ing aerobic and
anaerocbic cycles are also suggested,

Kubiena (81) has advanced theories based on his
observations which serve to explain how some types of platy
structure have developed. He claims that banded fabric
occurs in compact solls which have a uniform skele tal
fabric and which do not form cleavage blocks or fragments,
so that relatively large channels or cracks are lackinge.
Dissolved or dispersed colloidal materials such as humus,
clay and sesquioxides tend to accumulate in the form of
bands within such soils. Kubiena suggests that drying of
the so0il from the top down produces a zone of enrichment
of colloldal material at the evaporating surface. This
accumulation in turn results in a "capillary draft™ into
the zone causing more colloids to be drawn to it. When
the adjacent eluvial layer directly below it dries out,
transportation is interrupted far a time, but is then
resumed at a new evaporation surface within the soil
system, The occurrence of layers relativgly richn or
poor in plasma follow one another in & rythmic pattern
throughout the skeletal material of the soll. The denser
accumulation zones, in contact with the depleted ones,
form an easy horizontal plane of parting. The eventual
breaking of the soil mass along these planes gives rise
to platy structure. McMillan and Mitchell (100) in

describing the nature of banded fabric in Saskatchewan



soils note that the plates formed are darker on one side
than the other. This 1s explalned by the occurrence of
clean skeletal material on one side of the aggregate and
skeletal material enriched by soll plasma on the other.
Although Peterson (116) associated platy structure with
high kaolinite content of soils, this apparently does not
hold for many 8askatchewan soils (which are low in
kaolinite but which still exhibit well developed banded
fabric). Czeratzkl (42) offers still another explanation
for the formation of platy structure., He attributes platy
structure in compacted soills as being due to the formation
of 1ice lenses; as the water in a soll freezes, more water
flows to the freezing zone thus causing clear sheets of
ice to develop. The pressures due to the freezing water
cause the soll to fracture along horizontal planes,
Although banded fabric as described by Kubiena
(8l) has been observed in the leached horizons of Saskat-
chewan podzolic soils (100) a different type of handed
fabric appears in the leached layers of solonetzic scils.
The platy Ae horizons of a solonetic and & podzolic=
solonetzic soll were described by Mcilillan and Mitchell
(100) as naving "isoband" fabric. The term "isoband
fabric" was suggested for bands apparently naving complete
uniformity in both skeletal and plasmic materials. No
explanation 18 offered as to the mode of formation of
this type of fabric. Frei and Cline (55) in their study

of Grey-Brown podzolic soills show a micrograph of platy



structure occurring in a "B" haorizon. These bands show
no gradation in texture and could also possibly be clasa-
ified as an isoband fabric according to MéMillan and
Mitchell (100).

The B horizons of many soils show very little
accumulation of clay or other colloidal material while
many others show definite accumulations. Illuvial horizons
which are characterized, analytically, by a greater clay
content than their assocciated A harizons, have been of
particular interest to pedologists. The problem in
relation to soll genesis is to determine the mechanism
by which the clay-size material accumulates in the illuvial
gone, whether it be due to illuviation or to in situ
formatione.

Clay accumulations in soils often occur as clay
coatings or clay skins; these would fall into the group of
pedogenic features described by Brewer as cutans (26).

The presence of clay skins have been reported in soil

r ofiles of many great soll groups, including Solonetzic
(97), Grey-Brown Podzolic (39, 55), Brown Podzolic (55)

and Humic Glei (132). The occurrence of optically oriented
clay layers surrounding mineral grains, peds, channels and
pore spaces has been accepted by many workers as an
indication of clay migration and deposition, either by

clay synthesis from solution or from colloidal suspension.
Buol and Holes (31) suggest three possibilities by which
clay skins may develop in sollsy c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>