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ABSTRACT

The morphology and genesis of three soil profiles representae-
tive of the McBride, Isabella and Nester series were investigated.
These three series constitute a lithosequence of well drained, bise-
qual podzols of North Michigan formed on calcareous sandy loam, sandy
clay loam, and clay loam till, respectively.

Soils of the above lithosequence freguently contain fragipans,
horizons, which are reversibly indurated when dry and friable or firm
when wet.

Fragipans are formed in the eluvial 2one of the lower sequum.
They have high bulk densities, and low water permeabilities. They
restrict the root growth of plants.

Chemical, physical, mineralogical and microscopical determina-
tions showed that the necessary conditions for the induration of the
fragipan were the close packing of the sand and coarse silt grains and
an "optimun" clay content. The clay of the fragipan consists mainly
of non-expanding minerals (illite, chlorite, ksolinite). It forms
solid bridges holding together the sand grains. Free alumina may also
have a cementing role, as it shows a small increase in the fragipan.

The important properties of the fragipan have been developed
genetically. The close packing of the grains, the loss of the non-
expending clay and the rearrangement of the matrix substances result
in a significant reduction of the volume of the fragipan and in the
formation of vertical cracks in this part of the profile.

Results of X-ray, D.T.A., specific surface end total K analy-

ses showed that illite and interstratified clays are being drastically
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weathered near the surface of the s0il., Discrete minerals of mont-
morillonite and vermiculite are bdeing formed there.

The primgry minerals which showed significant weathering are:
calcite, hornblende, olivine and epidote.

The weathering of both the clay and primary minerals decreases
with increasing depth from the surfsce.

Films of anisotropic (well oriented) clay have been seen in
the thin sections of all the horizons of the lower sequa except the C
horizon. The number and the thickness of the films, however, increase
with depth and reach a maximum in the Bt hori zon.

The Podzol sequa ere characterized by a high state of physical,
blological, and chemical activity, while the Gray-Brown Podzolic sequa
are characterized by high physical activity. The chemical and biolo-
glcal activities in the latter sequa seem to be lower than in the

podzol sequa.
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INTRODUCTION

Things can be classified according to their properties either
empirically on the basis of observations and experience, or scientif-
icaelly on the basis of laws which explain and predict when, where,
how and why these properties develop.

Soil classification has as its aim the development of schemes,
which will enable us to estimate the suitability and potential of each
soil for specific purposes, such as Agriculture, Forestry, Engineering
etc. Tahis suitability or potential, however, depends on the proper-
ties of the soil.

Soil genesis tries to develop and formulate laws, which will
enable us to estimate or predict the properties of each soil, when
the magnitude of each of the soil forming fectors, as proposed by
Jenny (31) is known.

lEach soil genesis problem, therefore, is designed to answer
specific questions and contribute to the formulat;on of the laws of
soil clessification.

The present investigation has as its purpose to study the
properties and genesis of the soils of Northern Michigen having
fragipans in relation to the existing magnitudes of the soil forming
factors in this area.

Fragipans are soil horizons, which are reversibly indurated
when they are dry end slightly cohesive or firm but fragile when they
are moist. They decrease the water permeadbility of the soil and ceuse
serious deformnations in the root system of tne plants. When exposed

by soil erosion theyv are difficult to plow. When strongly developed



they seem to reduce the physiological deptn of the soil.

It is important to pedology, agriculture and forestry to know
how these soils are formed, what camses the induration of the fragipens
and how they could be destroyed in order to develop better physical
conditions for the growth of plants.

To answer these gquestions, the changes which have occurred in
the profiles, since zero time of Boil formation, have been evaluated
by detsiled field, chemical, physical, mineralogical and microscopical

studi es.



REVIEW OF LITERATURE

A. General views on Podzols

A great number of works on podzols have been published, since
Sprengel (1837) described what we know now as podzol soils.

Joffe, in his Pedology, after reviewing the classical works
and hypotheses concerning the genesis, the morphologv and the chenical
properties of the podzols of the world, and citing two typical podzol
profiles on the coastal plain of New Jersey, mskes the following gen-
eral statement:

"In general, the process of podzolization results in the
depletion of the alkali and alkaline earth bases from the A; and more
so from the Ap horizon. The reason for the difference is due to the
higher organic matter content of the A} horizon and hence a higher
cation adsorption capacity. On parent material rich in bases, the
return of these through the vegetation contributes to the differen-
tial distribution of the bases in the profile. The type of vegeta-
tion, whether rich or poor in bases, may also be a fsctor.

"%With the depletion of bases, the sesquioxides and the clay
particles enter into circulation, move downwards and accurulste in
the profile to form the B horizon and give its characteristics. The
absorptive power of the clsy causes the retention of some alkaline
earth baseg which in turn enhance the precipitation of the sesqui-
oxides."

¥artut (40) included the podzols in his Pedalfers. According
to him, a typical podzol profile consists of a relatively thick layer

of only partially decomposed organic debris, underlain by a gray



layer of mineral soil. This layer ranges in thickness from a mere
film up to more than one foot. The gray layer is underlaid by the
ortstein or orterde, which is heavier in texture than the gray lsayer
and 1t is brown, dark brown or coffee brown in color. The color is
stronger at the top of this layer and its texture is also finer.
Sometimes it is cemented into a hardpan which i8 hardest near the
top. The ortstein is underlaid by the parent materiel, but there is
a gradstion from one into the other. Chemically the gray (A) horizon
has a relatively low amount of iron and alumina and often of alkalies
and alkeline earths, and a high percentage of silica. The ortstein
(B) horizon contains a relatively high percentage of alumina, iron
oxide and organic matter, and a lower percentage of silica. The A
horizon is lower in iron, slumine, alkalies and alkaline earths than
the parent material and higher in silics.

Marbut pointed out that previous investigations indicated
that iron and alumina were carried down from the A horizon in colloi-
dsl form along with colloidal organic matter and deposited in the B
horizon. The precipitation of the colloids in the B horizon resulted
mainly from colloidal reactions controlled by the composition of the
solution and the concentration of the colloidal suspension. Some of
the iron is removed entirely from the 80il through drain water.

Sils which have developed under the influence of & relativeliy
weak podzoiization sre, according to Marbut, podzolic soils but not
true podzols. These soils have coarssr textured A horizons snd finer
textured B horizons which differ from the ortstein of the true podzols

in having no higher organic matter than the A horizon and not being



indurated as a rule.
B. Podzols of Michigan

McCool, Veatch and Spurway (45) have given the following gen-
eral description of a podzolizolized soil from the northern part of
Michigan:

1, Thin hamus soil.

2. Gray podzoiized horizon (3-24 inch).

4. Brown horizon (dark coffee brown to light leather color
and dull yellow): thickness 4 in. to 4 feet; horizon of
acid concentration.

4. Horizon showing iron oxide coloration; highest clay con-
tent: gradation to substratum.

5. Sabstrstum.

Veatch (59) separated the Podzol region of Michigan soils from
the Gray-Brown Podzolic region by a line which follows the approximate
southern limit of the native white pine and beech vegetation. He also
established a transitional zone between the Podzol region of the
northern part of Michigan and the Gray-Brown Podzoliic region of the
southern part of the state.

Vestch snd Miltar (60) recognized in Micnigan the so called
bisequa prorfiles, which consist of-more than one zone of eluviation
and more than one zone of illuviation.

Gardner and Whiteside (21) studied bisequa profiles of the
Podzol-Gray Brown Podzolic tramsition area. Their studies showed that

these profiles consist of a Podzol upper senuum underlain by tne Ap



and B2 or sequum, of a Grsy-Brown Podzolic profile. In the sandier
soile the Podzol sequum is much more strongly developed than the
Gray-Brown Podzolic sequum, while in the finer soils the reverse is
true. The authors concluded that all horizons are genetic and are
the result of either simultaneous development or of the development
of a younger Podzoi profile in the A2 horizoun of an older Gray-Brown
Fodzolic soil.

Cann snd Whiteside (12) investigated the genesis of a Podzol
Gray-Brown Podzolic intergrade soil profile. They found that loss in
weight and gain in volume takes place largely in the Podzol sequum of
the profile and s marked increase of organic material in the Podzol B
and a slight increase of organic matter and considerable clay in the
Gray Brown Podzolic B. Both horizons, therefore, are illuvial but the
principal constituent sccumulsted is organic matter in the Podzol B
and silicate clav in the Gray-Brown Podzolic B. The authors concluded
that the development of the bisegquum is a result of simultaneous pro-
cesses invoiving the movement of different constituents and their de-
position in different parts of the solum.

Veatch (61), in his book "Soils and Land of Michigan", gives
the following description of the most complete profile in Michigan
possible under the natural environment:

"}. Surface horizon of organic eccumuletion including the

meterial commonly designated hums.

2. Maximum eluviation: wusually light gravish, or bleached,
incoherent or friable.

3. Horizon of secondary illuviation; commonly brown or

yellow; colloidsl matter mostly organic and iroa oxides;



higher aluminum silicate content than in No. 2 but less
than in No. 5.

4. lower lixiviasted or blanched horizon; yellowish becoming
a lighter shade with depth and in extreme development,
glei-like, gray mottled, or containing concretions and
partial cementation by iron oxides.

5. Alferric horizon; maximum content of cleay and maximum
coloring from ferric oxides.

6. Transitional horizon of weatnering between solum and
unaltered parent material, slight accumulation of car-
bonetes.

7. Unweathered parent material."

Veatch states, however, that not all the profiles in Michigan
follow the above pattern. He describdes variations of Podzols as the
Gray Podzol which is the "normal" Podzol soil, the Brown Podzol which
develops an orterde brown horizon but its eluvial gray surface horizon
is very weak or absent, and the Gray PodzolL clsys (developed on clay
materials) in which orterde horizon is very weak or absent,

Mateiski and Turk (43) studied the heavy minerals of some
Wichigan Podzol profiles. They conciluded that the brown B horizon of
some Podzol profiles is the result of the decomposition of a relative-
ly high original content of opaque and ferromagnesian minerals. The
least resistant mineral was found to be the dark green hornbleade.

The authors considered orgenic matter as an effective weathering agent
in the B horizons.

Bailev, Wniteside and Erickson (2) studied the role of glacial

materisls as a factor in the morpnology and ganesis of 23 soil series



of Michigen. They found that the sola increase in thickness except
when the parent rock contained more than 12% acid soluble materials.
The percentage of increase in clay contents relative to thst in the
parent rocks is small except in the very sandy materials, where most
of the clay might be pedogenetic in origin.

McKenzie (46) studied the redox potentials in the different
horizons of the Kalkaska-Sammgatuck-Roscommon ®oil catens in Michigan.
He found that in the weil drained ¥Xalkaska, the A horizon had the
lowest oxidation potential of all the horizons, while the Bir and C
horizons had the highest oxidation potential in the profile. He also

isolated from the Bir microorganisms able to oxidize ferrous iron.
C. Soils with fragipan horizons

Carlisle (14) has summarized in his Ph.D. thesis several pub-
lications regarding reversibly indurated soil horizons. These inves-
tigations need not be rementioned in the present literature review.
Carlisle studied the Mardin and Volusia soil series of New York.
Mardin is a moderately well drained series classified as Podzoi. Vo-
lusia is a poorly drained Low-Humic Gley soil series. DBoth series
belong to the Bath-Mardin-TFreemond-Volusia-Chippewa soil catena, and
they have been developed on silty glacial till. The upper solum of
Mardin shows a typical podzoi sequum to a depth of 15 inches. Under-
lying the podzol B horizon is a lighter colored and coarser textured
horizan 3-6 inches thick, which Carlisle nemes an A’g norizon. The
color of this horizon is tight yellowish brown (2.5Y6/4 - 5Y6/o) with
yeliowish brown mottles. It has a coarse siit loam or very Tine sandy

loan texture and a weakly to moderately developed fine and medium



platy structure, and sometimes a very weak medium blocky structure.
The A/e horizon is friable to slightly firm end brittie when dry.

The pH rangee from 5.C to 5.5. Carlisle assumes that this horizon is
a genetic one, because of 1ts constant thickness and constent depth
from the surface of the s0il within a given kind of profile. He also
bases his assumption on the fact that this horizon is siwsye located
in the same position relative to other horigzons of the profile.

Below the A’2 is the fragipan or B’ horigzon, which 18 about
three feet thick, very firm, dense and slowly permeable to water.

This horizon is compacted and has an olive brown color. It is very
firm when moist and hard to extremely hard when dry. The pan is
divided into very large prisms (6"-3' across) by vertical gray stresks
1/4 - 1 1/2 incnes wide and 50-6C inches long. On a horizontel plane
the streaks form a polygonsl pattern. These streaks are filled with
gray silt loeam.

The imperfectly and poorly drainec Volusia soils have an A
norizon 3=4 inches thick underlain by A’g and B/ norizons similar to
those in Mardin tut more strongly gleyed.

Carlisle advences the hypothesis that the above soils were
formed from a compact, slowly permeabls and calcarecus ground moraine.
Ey means of physical weathering, an incresse of the water permeability
resuited in the development of an eluvial A’g horizon through lateral
water movement, and in the deposition of silty materials in the cracks
tormed during dry weather. Continued deposition resulted in the high
bulk density snd low permeability of the pan. The character of the
proiile above the pan is a result of the water conditisns producec by

tre interection of the pan and topography. Degradaticn of the pan



in Mardin soils is due to accelersted loss of clay from parts of the
pan exposed to acid solution moving downwards from the Podzol hori-
Zone .

Carlisle, Knox and Grossman (18) 3escribed “razivaas oo ieise,
brittle subsoil horizons that appear to be indurated when dry but not
indurated when moist. They consider them as genetic horizons found
below an A-B horizon sequences (seous) characteristic of Fodzols,
Brown Podzolic soils or Acid Brown Egrths, and as components of Low-
Humic Gley soils. They are found in materials of various textures
but thelr characteristics very with their texture. The amthors state
that fine ssndy loam or silt loam fragipans are thicker, firmer and
harder when dryv than the coarser iextured pans. Ioamy sand and sendy
loam fregipens have a weak, thick plety or weak, subangular blocky
structure tending toward a massive conditicn. Fine sendy loam and
silt loam fregirpans have a very coarse prismatic structure outlined
by vertical plenes of grayish silty material, that form polygonal
pattern on a horizontal plene. Clay loar and silty clay loam fragi-
pans are similar to the ones of intermediate texture.

Brewer (8), in his Report of Overseas visit, describes Non-
calcic Brown soils in Celifornie in the United States and in the vi-
cinity of Madrid, Spain. These soils have a well developed Ap horizon
which is structureless, very hard and brittle when dry and friable
when moist. The author states that the hardness of this horizon is
associzted with the distribution of particles of silt and very fine
sand which form white, bleached coatings on the coarser grains. These

coatings are seen through a ( 0¥) hand lens. Brewer points out that

the Non-cslic Brown soils of California and Spain are morphologically

10
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similear to strongly differentiated scils formed on granites, grano-
diorites and rocks of similar composition, in the Southern Tablelands
of New South Wales, Australia.

Winters and Simonson (87) describe the fragipen as a horizon
in the profile that is slowly permeable, compact or dense, hard when
dry and moderately friable to friable when moist. Silt loem is cited
88 the predominant textural class. They also state that very fine
sendy loam, silty clay loam and cley loam are common textures of
fragipans. Change of consistence with change in moisture content is
a striking feature of fragipens. They suggest that the slaking of
lumps from fragipans, when placed in water after air drying, is an
evidence that the layers are not cemented by silica, even though they
occur in regions where release of large amounts of colloidal silica
can be expected. If the cementing agent were the silica gel, drying
would destroy its cementing power. The silica gel would not regain
its cementing properties unless it were dissolved and reprecipitated,
which would not occur as the soil was rewetted.

¥nox (36) studied tour fragipan horizons from Orange County,
M. Y. Yicroscopicel examination showed that sand grains are partially
coated and tonded together with yeliowish brown bridges of fine mae-
terial. These bridges consist of crystals of fine silt and cosarse
clay held together by a finer crystsiline matrix. Opticel and X-ray
diffraction examinations revealed that the fine-grained material which
Folds the sand snd silt particles together was illite. Stability and
svnthesis experiments designed to study the role of possible bonding
materiels as hydrous iron and aluminum oxides, colloidal silica, and

clay showed that illite wes responsible for a major part of the



strength of typical fragipens, and that both illite and colloidal
silica are involved in the strength of an extreme pan. FEnox assumes
that the effectiveness of illite as binding mate:rial in the fragipan
is due to high bulk density, lack of effective structure, and special
distribution of clay.

Grossman and M. G. Cline (23) studied twenty-four fragipan
horizons of New York State. The texture of these horizons fell into
two groups: (1) sandy loems and coarse loams, and (2) mecium to fine
silt loams. The awthors tried to determine the relationships between
rigidity snd particle size distribution. TFragments of fragipan were
shaped by hand into rough cylinders approximately 40 mm. long and 25
mm. in dismeter. These cylinders were dried for 48 hours at a tem~
perature of 420 C. After drying, the cylinders were encased from both
ends in plester of paris end they were crushed by slow applicstion of
an axial siress. The maxinun stress withstood per unit of cross-sec-
tionai area was found to be highly correlated with per cent of totel
clgy. The data did not justify any special role of the ultra-fine
clsy as a bonding agent. Grossman and Cline concluded that clay was
the principle bonding agent, that very fine sand and silt mgy bve
equally effective as a matrix within which suchk clay bonds occur, and
that clgy cen also be responsible for weakness of the pan due to the
development of structure, depending upon its amount and distritution.

Anderson snd Wnite (1) studied three highiy weathered soils of
southern Indiena having fragipan horizons. These horizons are found
imnmediately below the mein part of the B horizon or the zone of maxi-
mum clay accurmulation. In addition to the fregipan profiles, a fourth

profile which did not heve a fragipan, but was formed from similar
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perent material, was studied for comparison. Results showed a highner
oH value for the profile which did not have a fragipan. The amthors
reached three conclusions regarding the fragipens of the moderately
well drained Hosmer silt loam soil: (a) The clay of these horizons is
lower in montmorillonite compared to a sirilar soil profile without a
fragipan. (b) Only a small amount of the montmorrillonite of these
horizons is capable of expansion under normal conditions. (c) They
consist of soil particless which are weaklv cementea by iron oxides.

Grossman et al (<4) found in the Hosmer series of Illinois
that fragipan and bisequal nature incresse with decreasing loese thick-
ness and with latitude from north to south. The horizon theyv name as
fregipen is locsated below the (Blg) horizon of maximum clay illiuvia-
tion and it has an intermediate microstructure between the rich in
clay films microstructure of Blz and the unsaltered microsiructure of
the C) horizon.

Fitzpatrick (19) suggests that incdurated layers of certain
Scottish and Norwegian ®=oils have been formed by permafrost. He lists
several macroscopic characteristics of these horizons as occurrence,
topogracny, drainage, structure, thickness, deptn, compsaction and in-
duration, which are very similer to the characteristics of the fragi-
pans described by Amcricen euthore and found in soils of Michigan
during this investigation.

Titzpatrick suggests that structural features of the indur-
sted leysr were produced under periglescial conditions existing in
vrevious times, and through the following mechanism:

"at first sudmer thawing would take plsce to a considerable

aepth. Succeeding tundra conuitions with the aCcompanying vegetation
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and litter would provide insulation which would cause a steady reduc-
tion of the depth of thawing. The reduction in depth of thawing woulgd
take place slowly, allowing the gradusl but steady rise in the perma-
frost table. This gradual upwerd movernent of the permafrost table
would produce a marked development of alternating lewinae of clear
ice and the soil which would account for the well developed laminar
structure of the indurated layer, especially ot its upper surface.

Tre presence of continuous vegetative cover would tend to cause the
depth of thawing to be fairly uniform in any locality."

This suggesiion is based on examinstions of the permanently
frozen subsoils of Spitzbergen, which revealed a macrostructure simi-
lar to the one of the indurated layer of the Scottish soils. The
stTucture of the permafrost layer, which contained bands of clear ice,
was preserved after a gradual thawing. Titzpatrick was avle to pro-
duce vesicular pores by freezing a mass of 80il pudcled with tap water
and with ice cold water saturated with carbon dioxide. The presence

of tne COZ2 in the wster increased the number and the size of the pores.



FIELD STUDIES

Field studies have been made meinly on soils in Osceola County,
VMichigen. A few soils of neighboring Lake County have also been
studied during this investigation. The field stucdies were completed
curing three sumrer periods of detailed soil surveying, in 1956, 1957

and 1958.
I. General environment

Osceole County is located in the northern part of lover Fenin-
sula, and falls entirely within the Podzol Region of Michigean.

(1) Climate. The climate of Michigan is significently in-
fluenced by the presence of the Great Lakes. In the interior counties
the climate aiternates between continental and senimarine, depending
on the direction snd the force of the wind. When there is little or
no wind, the continental climate prevaile, but strong winds from the
Lakes transform the climate into semimarine. Narrow belts along the
shores of the Great lLzkes have marine climstes. Soils studied in this
investigation are subjected to tne continental-semlrsrine type of
climate. Frecipitation in Michigan is fairiy weil distributed through
tne year. Tne relative humidity is high in the winter and moderate in
the sumﬁer. The number of cioudy days is about equal to the number of
the clear days, but clesr degvs are more frequent during the summer
months.

“ollowing are some meteorological data from Reed City, Oscesla

County, taken from the Yeerbook of Agriculture, 1941, p. Ji4-5c4.



Temperature Average Precipitation in inches
Janvary average 18.7° ¥ Winter 4.44
July average £9.2° ® Spring 7.41
Maximuam 102 %°p Summer 9.45
¥inimum -42 9 F Fall 8.43
Annual 29,73

Length of Growing Season 125 days.

(2) Geology. Michigan was entirely covered by ice sheets
during recent glacial periods and, therefore, the surface forms are
largely the result of the type snd thickness of the glacial deposits.

Oscepola County is located in the Northern Highland of the
South Peninsula. The altitude above the sea level ranges from about
1200 feet to 1400 feet. The physiography of the biggest part of Os-
ceola and of the sites studied in Lake County are morainic. A rela-
tively small area consists of glacial and outwash channels.

(3) Vegetation. The predominant woodlend vegetation of the
area at present consists of northern hardwoods, including the follow-
ing species: Sugar maple (Acer saccharum, Marsh), Elm (Ulius ameri-
cana, L.), Basswood (Tilia emericana, L.), Beech (Fagus grandifolia,
Ehrn.), Hemlock (Tsuga canadensis, L.}, Aspen (Populus tremuloides,
¥ichx.), end scattered Wnite pine (Finus stroous, L.)

The present composition and distribution of the vegetation has
resulted from the extensive lumbering and subsequent burning during
the last quarter of the 19th century. The original vegetation before

the lumbering was, according to Veatch (59), of a hardwood-conifer
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type, consisting of the hardwoods mentioned above, plus Red pine (Pi-
nus resinosa, Ait) and White pine (Pinus strobus, L.). The pines used
to form pure or mixed with hardwoods stands.

Opinions concerning the climax vezetation are divided into tws
groups. One considers pine-hemlock and the other considers hamlock-
deciduous forest as a climax. The latter group considers pine on sandy
soils as an edaphic climax or post climax.

Fotzger (54) states that pollen profiles indicate that pine is
a post climex and Tsuga-broadleaved genera are the climax. Pollen pro-
files, according to Potzger, also show that, since the last glscia-
tion, climatic fluctuations from central Indisnas to the Upper Penin-
sula of Michigan were not sufficient to cause great changes in the
forest cover. Be assumes that Picea glauca constituted a belt between
the ice front and the deciduous torest to the south in the interior of
Indiana. When Pinus crowded in, Picea started being replaced by decid-
uous species associated with Tsuga and subsequently Pinus started to

decline.
II. Soils

The object of this investigation was to study the morphology
and genesis of certain soils in Northern Michigan containing fragipan
hori zons.

“razipans have been defined in the U. S. as compact soil hori-
gons, rich in sand and eilt, and which are hard eand brittle when dry
vut loose or firm when wet. They have a platy structure and discon-
tinuous vesicular pores in their upper part, and a massive structure

in the lower part. Their upper boundary 1is sharply defined, while the
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lower boundary is usually diffuse. They have relatively light colors.
Their common charscteristic is the reversible induration, which d4if-
ferentiates them from other non-reversible pans.

Guy Smith gives the following definition of fragipan in the
5th Approximation:

"A fragipan is a loamy subsurface horizon, usually underlying
a B, very low in organic matter, with high bulk density relative to
the solum above, seemingly cemented when dry, having hard or very hard
consistence, but when moist moderate or weak brittleness {tendency for
e ped to rupture suddenly rather than undergoing deformation as in-
creasing pressure is applied). It is mottled, slowly or very slowly
permeable to water, and usually has occasional or fregquent bleached
cracks forming polygons. Fragipans are usually found with abrupt or
clear upper horizon bounderies at from 15 to 40 inches below the ori-
ginal surface, vary from a few inches to several feet in thickness and
have gradual or diffuse lower boundaries. They are nearly free of
roots except for the bdleached cracks. Clay skins are scarce to common
both in the polygonal cracks and in the interiors of the peds."

It has been repeatedly observed in the field that soils of
Northern Michigan, which have fragipen horizons, belong to the litho-
sequences of soils formed from glacial drifts of loamy sand, sandy
loam, sandy clay loam, clay loam, and sandy clay textures. The most
pronounced fregipans, however, are found in profiles developed on
sandy loam or sandy clay loam parent materials. In the case of sandy
clay loam and finer texturea parent materials, the fragipans are more
strongly developed in desply leached profiles (liry horizons below 40

inches from the surfece). The weakest fragipans are found on clgay



loam parent material. Ioam parent materials were not common and silt
loams were absent in the area studied and these textures were not
studied, although it is evident in other parts of Michigan that fragi-
pans form in loam and eilt loam materials, too.

Fragipan horigons were recognized in well drained soils as
well as in imperfectly drained soils. The imperfectly drained soils
were not dry enough to reveal the extreme hardness of their pan, but
the physical properties of the pan were conspicuous. Most of the
fragipans are found in soils with bisequa profiles which are the zonsl
profiles in this area. In the case of the finest members of the
lithosequence, the upver Podzol sequum is very weakly developed, while
clearly developed Podzol upper segqua are found on loamy sand and sandy
loam parent materials. Soils formed on sandy loam and finer parent
materials do not develop orstein in the area studied, but they do form
orterde nr Bhir horizon, of which the color ranges from the moderate
orange yellow to the dark reddish bdrown. The light colored Bhir forms
on heavy members of the lithosequence. The eluvial grav A2 horizon is
almost always present, but its thickness is quite variable, ranging
usually from one inch up to five or six inches.

As a general rule, the fragipan horizon develops in the second
eluvial zone of the profile, Just below the Podzol B horizon. In most
of the soils it is a continuous horizon, but in sand and loamy sand
profiles having multiple textural bands, the fragipan develops in the
finer textured bands below the second eluvial zone, while the coarser
layers between the bands do not show any cementation.

In the case of well developed fragipans, the cemented zone can

be divided into three individual layers: upper, middle, and lower.



The upper layer constitutes a transitional layer between the Fodzol
Bhir end the fragipan. Its upper voundary is rather diffuse but its
lower boundary is sharply defined. Both boundaries are irregular. It
is coarse, platy and vesicuiar in structure and weskly cemented, while
the Bhir usually has a weak crumb structure and it is not cemented.
Some organic matter and sesquioxides precipitate in this layer, pro-
ducing a darker color than that of the layer below. Tne roots are
fairly well distributed in this layzr. It seems that this lgyer was
originally eimilar to the horizon below, and that it has been affected
by processes responsible for the development of the upper Fodzol se-
quam. Its thickness usually ranges between one and two inches.

The middle horizon has a distinct platy and vesicular struc-
ture, and it is much denser and harder than the overlying transitional
layer. Its texture usually is coarser than the Bhnir and the imme-
diately underlying horizon. There is no macrosconical evidence of any
xind of illuviation. The usual colors of this lagyer are: (moist)

10 Y® 5/2, 10 Y= 8/1, 10 YR /2, 10 YR 7/2, and 10 YR ?/3. Tnis hori-
zon contains a few blocks richer in clsy than the rest of the horizon.
These finer textured blocks have a reddish brown color in contrast to

the grayish color of the bulk of the horizon. The color of the blocks
depends on the amount of clay present, which veries witi the degree of
eluviation of each one of them. The most common colors observed are

10 YR 5/4, 5 YR 5/3, 5 YR 4/3, and 7.5 YR 4/4. The size of the blocks
is quite variable, but they generally are less than one inch in their

longest dimension. Depending on the degree of eluviation of the clay,
some of the blocks are considerably harder and others much softer than

the rest of the horizon. Ususlly the grayer their color, the harder
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they are. The blocks are more abundant and relatively softer in soils
developed on the finer textured materials in the lithosequence, but
the hardest of them have been found in soils formed from losmy sand
parent materials. As mentioned above, the upper boundary is sharp and
irregular as the Podzol sequum extends as tongues into the fragipan.
The depth to the upper boundary varies in most cases from 10-22 inches.
The deepest pane are usually found in the coarser textured members of
the lithosequence. In many cases a sheath of silty material has been
found around the pebbles in these profiles. Similsr fermations have
been found by Fitzpatrick (19) in permafrost horizons. The thickness
of this layer ranges from & to 12 inches. The highest thickness is
found on coarser s8o0ils. Root branching is rare in this layer, but a
few tap roots go through it. Tap roots of alfalfa have been observed
which gpparently had difficulties in penetrating the pan, for they
take a zigzag course following cracks. The degree of cementatinn of
this layer varies in different places, and it seems to depend on the
amount of cley present.

The lower layer of the pan is also very dense but considerably
herder and a little richer in clay than the middle layer. Its struc-
ture is massive, but sometimes when pressed it breaks intoc coarse
platy or subangular and angular blocky fragments. The vesicular dis-
continuous pores are considerably less abundant in this part of the
pan. Its upper boundary is clear and irregular. The lower boundary
is also clear in most cases but sometimes it is gradual, and generally
ig very irregular, with meny tongues extending into the underlying
illuvial zone. The thickness of tnis layer varies consideiably even

in the same snil, mainly because of tne tongues and tne irregularity
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of the lower boundary; it usually ranges between 5 and 15 inches.
Finer textured blocks are more abundant in this layer than in the
midile one, but they usually are softer than the bulk of the lay-r,
except in loamy sand soils, in which they may be harder. Due to the
higher clay content, the color of the lower layer is a little more
pinkish than the color of the middle layer. Common colors are:
(moist) 10 YR 5/2 and 7.5 ©/2. There is no root branching in this
horizon etther, and tap roots have zigzag shapes.

In many soils and especially in those formed on sandy clay
loans and clay loams, a transitional layer is developed between the
pan and the second zone of illuviation. This transitional lgyer is
illuvial and resembles the underlying B; horigon, for the most part,
tut in certain places and especially on the edges of the structural
units, it is grayish in color, shows eluviation and generally its pro-
perties in these places are similar to the properties of the pan. It
has a medium, subanguiar blocky structure.

Most of the fragipan profiles studied have several wedge-like
cracks extending from the top of the pan down to the traasitional illu-
vial horiegcn. Silt and clay have been deposited by percolating water
in these cracks. In certain parts of the cracks, silty cley or clay
velis form by deposition. The cracks contain, also, plant roots and
g0il reteriels fziling down from the Podzol sequum under the influence
nf grevity. In pits dug 5-6 feoet wide, the cracks have not been found
to form regular polygonsl pattern on a horizontal surfece, as des-
cribed by Cerlisle (14) in soils of New York, end by other workers.
The cracks, due to their vertical orientation, contribute to the in-

ternal drainsge of the soil, which otherwise would have been imperfect,



because of the low water permeability of the fragipan. Besides the
vertical cracks, horizontal plane-like cracks have been found in the
pan of maeny soils. These cracks contribute to the platiness of the
structure of the pan. They are 0.5 - 2 mm. wide, while the vertical
ones can be ae wide as 2 or 3 inches. The cracks have a wnite color
end, wnen examined under the Yinocular microscope, are found to be
filled with silt.

The pen of the imperfectly drained soils has similar physical
rroperties tn those of the well drained soils, but it is mottled, and
being wet for longer periods, reveals its hardness for shorter periods
during the year than the pans in the well drsained soilis.

The fragipan of Michigan soils is compact, has a high bulk
density, exhibits a reversible induration, and generally is similar
in its macroscopical characteristics to those descrited elsewhere in
the U. 8. eand abroad, as cited in the literature review. The rela-
tively high btulk density of many solls of Michigan is not limited only
to the fragipen, but it extends down to the transitional illuviel hori-~
zon and even to the Bt norizon. The bulk density of the soil below
the fragipen decreases with depth.

Below the transitionszl horizon is the second illuvial horizon
or Bt, which is the horizon richest in clay. It usually has a brown
or reddish btrown color. There are numerous and conspicuous clay coat-
inge along the root channels and on the surfsces of structurel units.
The strvccture is usually medium subangular blocky but sonetimes it is
sngular blocky. There is a fair root branching in tuis horizon. Ront
tranching end clay coatings are also found in the overlying transi-

tional illuvial horizon. The thickness of the Bt ranges between 12
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and <5 inches. Cozsrse ss>ils have usually thicker Bt horizons. Thsre
is no evidence of cementation in this horizon, except a slight one in
the case of loamy sand and some sandy loarn materials. Commoun moist
colors of the Bt are 5 Y& 4/4, 5 YR 4/3, 5 YR 3/4, 2na 7.5 YR 4/a4.

Th

D

Bt horizen is underlaid by the parent material or € hori-
zon which is a calcareocus gritty glacial arift. Due to the prescnce
of lime and to the relatively low amount of iron associated with the
clay, the C horizon has lighter color than the Bt. Common colors are:
(moist) 5 YR 6/3, 7.5 YR 6/4, 7.5 YR 5/4, 5 YR 5/3, 5 YR 3/4. There
are no clagy coatings in the C horizon except in a thin layer imme-
diately below the Bt. The C horizon is generally not so compact, as
trie overlying layers and roots show a fair amount of branching.

These fragipan profiles are usually modcrately acid from the
surface down to the lower boundary of the Bt horizon.

Since fragipens are found in Michigan mostly in the lithose-
quences of s0il formed in loamy sand to clay loam primary materials,
and since well drained members of the catenas which fall within the
above lithosequences, frequently form well developed fragipans, which
are apparently cemented for longer periods amnually than imperfectly
érained fregipans, it was decidec to select representatives of these
for the present investigation. Three well draired Fodzol profiles of
the above lithosequence, having well expressed fragipans were selected
for study.

The profiles selected for this study belong to the following
soil series:

(1) McPBride formed in sendy loam perent material

(2) Isabella formed in sandy clay loam to sandy clay parent
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material

(3) Nester formed on clay loam to silty clay loam parent

matarial

"ollowing are descriptions of the three profiles which have

been subjected to detsiled field and laboratory studies:

I. McBride sandy loam

Ipocation:

Vegetation:
Drainage:
Slove:

Physiography:

Hori zon Depth

A0 0-1"
AL 1-3"
A2 3=5"

NW 1/4, SE 1/4, Sectisn 23, T 20 ¥, R 11 W, Lake
County, 100 feet east of the road across from the
farmhouse.

Sugar maple, 40 years old stend

well drained

8% East

Rolling glecial moraine

Description

Leaf litter and partielly decomposed organic mater-
ial. It contains many fibrous roots.

Dark grayish yellowish brown (1C YR 3/2 moist);
coarse, sandy loam; rich in well decomposed and
intermixed organic material, heavily matted with

£i brous roots; moderate, mediun, crumb; friable;
pH. 5.4; boundsry abrupt.

Light brownish gray - grayish yellowish brown (1C YR
5/1 moist); loany sand; the number of fibrous roots
is smaller than in A, Aj; numerous channels, root
and worm holes, and different passages are filled

with dark materiels from Ao and A}; wegk, mediurm,

Color names used are ISCC-NBS names.



Bhir

5-17"

26
subanguler blocky, friable; pE 5.2; boundary abrupt.
‘'oderate yellowish brown (10 YR 4/4 moist); loamy
sand; rich in roots of vsrious sizes; weak, medium,

subsngular blocky; friable; pH 5.3; boundary clear.

Bm (trans.) 17-19" Moderate yellowish brown (1C YR 5/4 moist); loamy

Aom

19-24"

24-35"

sand; few roots; vesicular, moderate, thick, platy
end medium, subangular blocky; friable when wet,
weakly cemented when dry; contains small lumps which
resemble the horizon below; pH 5.2; boundary clear,
irregular.

Light yellowish brown (10 YR 7/4 moist); loamy sand;
fibrous roots are practically absent, a very few tap
rosts go through this horizon without branching;
vesicular, strong, very thick, platy; indursted when
éry, friavle when wet; a few wori holes are filled
vith materials from overlying horizons; wedge-shaped
vertical cracks contain silt and clay deposits; 0.5
- 2.0 mm. wide horizontal plane-like cracks filled
with silt; compact; pE 5.8; boundary clear, irregu-
lar.

Light grayisi brown (7.5 YR 6/2 moist) for its
grestest pert, but contains moderate brown (5 TR 4/3
roist) lumps, wnich ere finer in texture than the
rest of the horizon and increase in nuwbter and size
with depth, sendy loam; massive but when pressed, it
breaks into strong, very thick,plety and medium,

subangular blocky fragments; indurated when dry,



Bt BE-53N"

C + 53"

27
friable when wet; vertical and horizontal cracts
seme as in the overlying horizon; root distribution
also same as above; very compact; (this is the hard-
est of all the horizons of the profile); pH 5.6;
boundary clear and irregular.

Moderate brown (5 YR 3/4 moist); coarse, sendy clay
loam; strong, medium, angular blocky; when moist is
very firm, somewhat compact; rich in clay coatings
tut not indurated; roots are abundant; pH 5.2; bound-
ary clear and wavy.

Light grayish reddish brown - light brown (5 YR 5/3
moist); sandy loam; moderate, medium, subangular
blocky; no clay coatings; moist, firm but not com

pact; roots falrly abundant; pH 7.8; calcareous.

ITI. Isabella sandy loam

location:

Vegetation:
Drainage:
Slope:

Fhysiography:

Horizon Depth

AO 0-1 "

SW 1/4, NE 1/4, NW 1/4, Section 31, T 1$ N, R 9 W,
Osceola County, Michigan.

Sugar maple, elm, beech, and white pine

Tell drained

16% Test

Glaciel moreine.

Description

Leaf litter and partislly decomposed organic mater-
jal.

Dark grayish yellowish brown (10 YR 2/1 moist);

sandy loar; wesk, medium, crumb; friable; rich in



Bhir

Z.gM

5-11"

fibrous roots and well decomposed and intermized
organic matter; pE 4.7; boundary abrupt.

Light grayish yellowish brown (10 YR /2 moist);
coarse, sandy loam; weak, fine, crumbd; moist, fri-
able; fewer roots than in 4;; it contains root holes
and other large pores filled with dark material from
the Al; pH 4.7; boundary abrupt.

Moderate brown (5 YR 3/2, 4/3 moist); sandy loam;
weak, fine, subangular blocky; moist, friable; roots
of various sizes ars gbundant; pH 4.6; boundary

clear and irregular.

By (trans.) 11-13" Grayish yellowish brown to moderate yellowish

Aom

Asm

13-21"

21-34"

brown (10 YR 5/3, 4/2 moist) loamy sand: vesiculer,
moderste, thick, platy and medium, angular blocky;
weakly cemented, moderately compacted; few roots;
pH 4.€; boundary sharp and irregular.

Light brownish gray - light gravish yellowish brown
(10 YR ©/1 moist); with finer textured moderate
yellowish brown (10 YR 9/4 moist) lumps; loamy sand;
vesicular, strong, medium platy; indurated when it
is dry and friable when moist, strongly compacted;
wedge-like and vertical cracks snd old root holes
contain silt and clay deposits and materials thsat
have fallen down from upper horizons; root distri-
bution very sparse; pH 4.9; boundary abrupt.

Light grayish brown (7.5 YR 6/2 moist) with finer

textured light brown (& YR ©/3 moist) lumps; sendy

28
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loam; massive, but when pressed, it breaks into
moderate, medium, subangular blocky fragments; in-
Jurated when dry, (the hardest horizon in the pro-
file), strongly compacted; cracks and root holes
same as in the horizon above; DH 5.0; boundary dif-
fuse and irregular.

A& B 34-42" Yoderate browvn (7.5 YR 4/4 moist), sandy clay loam
for the most pert; sandy clsy loam, but small por-
tions are yellowish gray (10 YR 7/1 moist) and have
loanvy sand texture; weak, medium, subangular blocky;
mpigt firm, moderstely compact, the vertical crack¥s
stop in this horizon and contain grayish sandy ma-
terials glong with silt and clay deposits; there are
numerous clay coatings along the root holes and
other channels; fine fibrous rocts are abundant;
pH 4.8; boundary abrupt and irregular.

Bt* 42-55" Moderate brown (7.5 YR 4/4 moist); sandy clay loam;
wegk, medium dblocky; moist, very firm, not compact;
rich in moderate brown (5 YR 4/3 moist) clay coat-
ings along the root holes and planss of weskness;

roots are asbundent; oE 5.3; boundsry clear and

'aw L]

Q

+ 56 Lignt brown (7.5 5/4 moist); sandy clay loam; weak,

* Between the Bt and C horizons have been found i-3 inches thick
pockets of silty materials which have no genetic relations with the
horizons, but they are geologic depositions frequent in the glacial

depocsits.



medivm, subangular blocky; firm but not compact; no

clay coatings; few roots; pH 7.9, calcaresus.

ITI. Nester sandy loam

location:

Vegetation:

Drainage:

Slope:

Physiography:

Hori zon Depth

AO 0_1"

AL 1-5"

Az/ Bhir 5-¢g"

SW 1/4, SW 1/4, SE 1/4, Section 36, T 1¢ N, R 10 W,
Osceola County, Michigen.

Sugar maple, aspen, birch, ash, basswood and few
firs.

Well drained

2% Zast

toraine

Description

Leaf litter and partially decomposed organic matter;
abundant fibrous roots; boundary abrupt and wavy.
Dark grayish yellowish brown (10 YR 2/2 maist);
sandy loam; moderate, medium, crumb; mnist, friable;
rich in well decombosed and intermixed organic mat-
ter; mstted with fibrous and larger roots; pH

5.4: boundary abrupt and smooth.

Grayish yellowish brown (10 YR 9/2 moist), but in
certain spots a weak moderate yellowish brown (10 YR
4/4 moist) orterde has developed; sandy loam: mod-
arate, medium, platy ana subengular blocky; friable,
roots of various sizes are avundant; root and worm
holes are filled with materials from the Aj; pH 5.2
boundary avbrupt and irregular. The As and Bhir are

not developed well enough to be distinguished as

s0



A2m

A& B

By

9-18"

lo-27"

27-48"

31
individual horizons,
Grayish yellowish brown (10 YR 5/2 moist) with finer
textured moderate brown (7.5 YR 4/4 moist) lumps 1/4
- 6" in gdiameter; sandy loam; vesicular, moderate,
thick, platy, with some vertical cracks and horizon-
tal planes of weakness; cemented when dry, friable
when moist; (When dry, it is the hardest horizon in
the profile.) very few unbranched roots penetrate
this horizon; silt and clay deposits are present in
the cracks end there are a few clay coatings along
root channels; pH 5.4; boundary clear and irregular.
Moderate brown (7.5 YR 4/4 moist) for the most part
and grayish yellowish brown (10 YR S/2 moist) in
some eluvial spots; cley loam, in the illuvial parts
and sandy loam in the eluvial parts; moderate, me-
diam, subangular blocky; dry cemented or moist ex-
tremely %irm; moderately compact;.the vertical
cracks end in this horizon and contain sand silt
and clay deposits; there is a fair root branching;
clay coatings are abundant along the root channels;
pH 5.0; boundary clear and irregular.
Moderate brown (5 YR 4/4 mrist); clay: strong, me-
dium, subangular blocky; moist very firm, moderately
compact; roots are abundant; numerous clay coatings
along the root channels and on the surfaces of the

structursal units; pH 5.0; boundary clear and wavy.



c 48-85"  Moderate brown (5 Y& 4/3 woist); clay loam t5 sandy
clay loam containing fine gravels of decomposing
limestone; moderate, medium, subangular blocky;
moist very firm; roots are fairly abundant; few clay
coatings in its upper part; pH 7.5; boundary abrupt
and wavy.

D + 65" Moderate brown (7.5 YR 4/4 mist) calcareous; coarse

sandy loam; not compact.

Eemarks:

The morphology of the described and other similar profiles
suggests that podzolization has disintegrated the upper part of the
fragipan.

The presence of the finer textured lumps ia the fragipan and
the existence of a Lransitional eluvial-illuvial layer Jjust below tne
fragipan, show that the pan had been in the past richer in clay, and
that at least some of its properties and features are previously de-
veloped genetical By horizons. The finer lumps can be considered as
relics of the parent material.

The dependence of the nardness of the pan and of its finer
textured lumps on the clay content suggests that clay plays a certain
role as a binding agent.

The transitional eluvial-illuvial horizon of the McBride soil
was not well defined and, therefore, in sampling, it was split between
the lower horizon of the pan and the underlying second illuvial hori-
zon. The symbol Bhir used here does not imply outstanding accurula-

tion of iron and organic matter ceusing cementation as stated in the

Soil Survey Nanual.



VETHODS OF ANALYSIS

Studies of the physical, chemical and mineralogical properties
of each horizon were conducted in the laboratory to determine the kind
and amount of changes in the course of soil genesis of the three se-
lected profiles.

Six undisturbed core samples and a three to four pound bag
sample were teken from each of the horizons described in the previous
chapter. The bag samples were parts of a bigger and thoroughly mixed
sample, representative of each horizon.

Metnods followed in the laboratory determinations are:

I. DETERMINATION OF PHYSICAL PROPTITIES

1. Water permeability, pore size distribution, and bulk den-

sity were determined on six replicate core samples from each horizon,
eccording to Unland and O'Neal (58) methods.

Water permeability was determined by epplying 100 cc. of dis-

tilled water on top of the water saturated coies, and recording the
time which elapsed until water on top of the core was completely
drained. In the case ot cores with slow permeability, the volume of
water passed through the core in two hours was estimated by measuring
the volume of the water which remained on the top of the core at that
time and substructing it from 100 ml. No constant head of water was

used.

Fore size distribution. Water saturaled cores were weighed




and placed on 6C em. tension tables. After constant weight was ob-
tained, the samples were oven dried at 105° C. until a new constant
weight was reached. The weight losses in grams ou the tension table
and in the oven divided by the volume of the cores (347 ml.) represent
the per cent non-capillary and capillary porosity respectively.

Bulk density was determined by dividing the oven dry weignt of

the soil sample by thne volume of the core.

2. Hardness. Grossman and Cline (23) measured hardness of
fragipans by recording the crushing pressure applied on dry and rough-
ly cylindrical artificially molded cylinders of soil materials. They
expressed their results in terms of a crushing mumber which was re-
lated to the force applied and the size (cross section) of the cylin-
ders.

Since crushing values are scientifically sound only when geo-
metrically perfect bodies are being tested, it was felt that this
method could not be successfully used in the present study, because
it is extremely difficult to prepare geometrically perfect soil samn-
vles without destroying their natural structure. The problem is still
more difficult in the case of fragipan horizons because of their brit-
tleness and their numeroue planes of wealkmess. It was decided, there-
fore, to use the relative resistance of tne undisturbed cores of soil
to the vertical penetration of a 902 metallic cone as a measure of the
soil hardness.

A disadvantage of this method is adherence on the soil-metzal
interface which may modify the results especially in fine textured
snile. Factors influencing the magnitude of the adherence are: tex-

ture, structure, type of clay minersls present, organic matter, and



water content. 1In the case of tne profiles studied, however, the
differences in hardness of the tested horizons were so great that the
influence of adherence could be disregarded.

Another probdlem in measuring hardness was the proper water
content of the samples at the time of measurement. Fragipans have
been defined as horizons indurated when dry but not indurated when
moist. It has been observed, however, that deeper and finer horizons,
not having the appearance snd the properties of fragipan, exhibit an
extreme hardness when they are air dried. It has alsoc been observed,
both in the field and in the laboratory, that moist fregipans partial-
ly maintein their hardness if their water content is bhelow field capa-~
city, while other horizons become either friable or plastic.

“he water content at one atmosphere tension was founi to be
satisfactory for these measuremcnts.

The two nardest core samples from each of the tested horizons
were water saturated and placed in pressure cookers, where they were
subjected to one atmosphnere pressure until their water coantent had
resched ecuilibrium (constant weight). The force reouired to push the
cone for 1.5 cm. into the undisturbved soil of the core was measured by
means of an unconfined compression apparatus. The very hard cores of
the AZm horizons were tested by means of a Tinius Olsen hydraulic
press. Three measurements were made on eacn base of the cores. The
average Cone Penetration Resistance for each horizon was calculated by

using the formula suggested by Capper and Cassie (12):

cRR = (Vg - Vp)°

7w (F2 - Pl)2



where CPR - cone penetration resistance

Wi weight of the cone in Kgms.

1]

%o = applied load in Xgms.
Py = penetration in cm. due to tne weight of the cone

Fz = final penetration due to the load applied plus the weight of

the cone (1.5 cm.)

3. Mechanical Analyses: The bulk saunples were crushed light-

ly with a wooden rolling pin to avoid fracturing primary particles, and

the materiel passing through a 2 . scve-i vas ueed {0 stodise ~f the ora-
perties of the bulk samples. 25 gms. of moderately fine textured soil
samples and 50 gms. of sandy soil samples were used., Organic matter

was destroyed by overnight digestion with 200 wl. or 10% H20o, followed

by digestion with 50 ml. of 30% H202 on a 90° C. hot plate until reac-

tion ceased and the excess of HZ02 was evaporated. Satples of Al hori-
zons rich in organic matter were repeatedly digested with 10% and 30%

H20z until they were not reactive with H202.

Carbonates and exchangeable Cat ¥ ions were removed by washing
the samples with 300 cc. of 1% E71 solution in Buchner funnels. The
calcaresus sauples of the C norizons were repeatedly titrated with 1%
EC1 until a constant pH of 3.5 - 4.0 was obtained. The chlorides were
then removed by washing with distilled water until AgNOz produced no
vhite precipitate with the 1eachates; The samples were then titrated
to pH 8.5 with 0.1 NaOB and wer- shaken overnight. After shaking, the
sand was separated from the silt and clay by sieving tunrough a 300
mesh sieve. The sands were oven dried anc then separated into coarse,

vedium, tine, and very fine fractions by mechanical shaking for 15
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minutes in a nest of sieves, and finally thesc separates were welghed.
A 100C ml. water suspension was made from the less than S0 fractio.
and the amounts of 50-20, 20-5, 5-Z2 and less than £ microu soil sepa-
rates were determined by the pipette method as described by ¥Vilmer and
Alexander (35). Correcticns for the NaOH added in each sample were
made.

The results of the mechanical analyses were calculated on sn
oven dry, organic matter fre:- and carbonate free and H saturated

basis.

4, Hygroscopic water. 10 gma of alr dry soil were weighed, oven

dried for four hours and weighed again. The loss in weight expressed
as a per cent of the oven dry weight of the soil represents the per

cent of hygroscopic water.

II. CHZVICAL AWALYSES
Tne samples were crushed by a wooden rolling pin and passed

through a 1 mm. sieve.

1. Organic Carbon. The dry combustion method of the carbon

train was followed as described by Fiper (51). 1-3 gms. of oven dry
s0il were mixed witn 0.75 gms. of manganese dioxide and about £ gms.
ot carbon free ground gquartz in a porcelain boat and were ignited in
the combustion tube of the train at 950° C. with a constant rlow of
oxygen. Purified carbon dioxide was absorbed in the ascarite tube
and weigheu. Carbounates of the C horizons were decomposed previous
to combustion by sulfurous acid. Resulls were calculated as per cent

of organic carbon on an oven dry 1 mm. carbonate containing basis.



2. pH measurements. 25 gms. of air dry s>il were mixed with
25 cc. of distilled water in a 100 ml. beaker and allowed to equili-
brate for half an hour. Measurements were made by using a Beckman

zeromatic pH meter.

3. Ioss in solution. 10 gms. of oven dried s»il was placed

in 400 ml. preweighed beakers and digested with 10% and 30% of HzOL
as described in the method of mechanical analysis. After tuoe organic
rmatter was digested, the samples were oven dried and weighed with the
beakers. 100 mi. of 1% HCl were tnen added ang, after adequate stir-
ring, the suspension was filtered and washed free of chlorides in
Buchner funnels. The soil was finaily transferred back into the
beakers, nven dried and weighed. The loss in acid solution was cal-
culated by subtracting from the total loss the loss due to the diges-
tion with H20z2. The results were expressed on oven dry basis.

4. Determinetion of the relative distribution of the alksli

soluible silica in the soil profiles.

Amorphous or "free silica’ were measured to determine whether
they are related to the formation and indurstion of the fragipans, as
they are in certain irreversibly inourated nardpans. A high relative
amorphous silice content in the fragipan could possibly coatribute to
its cementation.

vethods for extracting "free silica” from the soil use alkali
extractante - commonly O0..XNaQH. The solutiltity of silica increases
with pBE. The solubility of silica also increases witnh temcerature,
Sawney and Jackson (55) removed amorphous silica and glumine fram
clays by boiling the samples witn  53N20H for four hours. Hot alk=zli

solvents,

[N

however, take silica ints solutiosn from silicates and ouartg,
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too. The amount of silica passing inte solution iancreases with de-
creasing size of the minerals.

Since only relative amounts of free silics were to Dve deter-
mined in this study, it was decided, in order io minimize the solution
of crystalline silica, to boil the soil samplss with .5NNaOH for only
15 minutes.

The following adapted gravimetric method was followed for the
determination of the extracted silica:

Duplicate 5 gn. soil samples were put in 400 ml. nickel beak-
ers. 50 ml. 0.5NNaCE were added and the suspension was boiled for 15
minutes on a hot plate. After boiling the solution was filtered into
100 ml. nickel crucitles 2-4 times until no soil particle was left in
the solution. No. 42 Whatman filter paper and polyethylene funnels
were used. After each filtration, the soil znd the filter paper were
thoroughly washed with warm .5NNalH. The clear filtrate was slowly
eveporated on 2 hot plate to dryness - care was taken to avoid any
splattering - the residue was ignited in an electric furnace for half
an hour at 5000 C. Alksli soluble organic matter was in this way oxi-
dized. The crucilbles were then cooled for 15 mimutes, the covers were
placed on them, sand 15 ml. of 70% perchloric acid (¥ZICq) were added
dropwise under the slightly raised lids. Fhen effervescence ceaseg,
the 1ids and the sides of the crucibles were wash<a down with a wini-
qar. of water and the crucitles, with the lids covering three-fourths
of the top, were placed orn the hot plete, snd the suspension was evaup-
orated to fumes of HM104. When densc fumes appeared, the crucibles
were covered and tne suspension was boiled gently for 15 mirutes,

“hen the crucibles were cooled, 20 al. of distilled water were added



and the suspension was careiully mived and neated aluost to boiling
to dissolve the salts which have solidified on cooling. The suspen-
sion was then transferred to 50 ml. pointed centrifuge tubes. Care
was taken that no silica was left in the crucibles. < 21. of SNHC1
were added and the suspension was thorougnly mixed and centrifuged at
1300 rpm. for 5 minutes to throw down the dehydreted silica. The
supernatant solution conteining different salts and nickel taken from
the crucibles was carefully sucked off by weans of a2 5C ml. pipstte
sttached to a rubber suction tulb. The precipitated silica was washegd
with 1.2NHCl and centrifuged four more times 2nd then ihe resicdue was
transferred to 30 ml. platinum crucibles. 10 drops of (L+4) sulfuric
acid were added and the suspension was slowly evaporated to dryness on
an electric not plate at about 1000 C. After the silica had been
dried, the crucibles were placed on a silica-tube trisngle and heated
gently, first with a low flame Mecker burner, and then were heated
with strong flame for about 1O minutes during which the crucibtles were
three-fourths covered. The crucibles were then cooled in a desicator
for 5 minutes and weighed. The ignition was repeated uatil constant
weight was obtained. The silica was then moistened with 2 drops of
(141) sulfuric acid and then 10 mt. of HF were added. The ligquid was
slowly evaporated to dryness on a hot plate end then ignited on the
t"ecker burner, cooled in the desicator and weighed.

The loss in weight due to volatilization of silica by HF re-
presents the arount of Si02 extracted from the scil.

Any use of glassware before the acid preciritation of silica

was avoided. Bxtracting solutions wer. kept in polyethylene bottles.
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S. Determination of the relative distribution of soluble

alumina in the soil profiles.

Soluble alumina was also determined to see if it bore any re-
lationship to the apparent cementation of the fragipan horizons.

Different extracting solutions for "free alumina" have been
suggested by different authors. Mclean, Henderson, Bartlett and
Holowayckuk (47) recommended 1. N CHzCOONHz buffered at pE 4.2. They
extracted more alumina with pH 4.0 buffer, but they postulated that
Al was probably removed from primery and secondary minersasls at the
lower pH.

0.1 N ammoniuni acetate (CﬁaCOONH4) buffered at pH 4.2 was
used in the present investigatinsn for the following reasons: It is
relatively weak and, therefore, appreciatle decomposition of mincrals
w#ill be avoided. varous alwiinum oxide is amnphoteric and its solu-
oility increases with increasing acidity. 1In the presence of NF40H,
precipitation begins at pH 3.0 eand is comnpleted at about pH 5.5. pH
4.2 was, therefore, considered too hign a pH since some free alumina
would be precipitated at that pH. Anmonium acetate is free of sub-
stances interfering with colorimetric procedures aud can be easily
destroyed by igniticn, and tinally, it is well buffered.

Duplicate 15 gms. soil samplies were weighed into 250 ml.

Tr lepmeyer flasks, 150 ml. of C.1¥ CH3COONHg buffered at pHE 4.2 were
added and the suspension was shaken for 7< hours on an electric gyro-
tary shaker at modercte speed. The extract was thea filtered 2 to 4
times through No. 42 Wnatwaa filter paper until ns soil particles
were left in the solution, which was then evaporated to dryness. The

residue was then ignited for one hour in an electric furnace at 530°C.
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to destiroy coloring organic substances and organic acids. After cool-
ing, 5-7 drops of 5 N EUL were added (in the samples of the cslcareous
C horizon, more HCl was added until effervescence ceased), Tfollowed
by addition of 100 ml. distilled water. The solution was then gently
boiled for one hour, filtered and brought to 150 cc. volume.

The extracted alumina was determined by using the colorimetric
method developed by Robertson (53):

Reagents.

(1) Composite solution. 107 gms. of armonium chloride
(NB4C1) were dissolved in 1 L of 4 N amonium acetate. The solution
was shaken and filtered. 10 gms. of powdered gum arabic were dis-
solved in 100 ml. of water and added to the filtered buffer solution.
C.4 gms. aluminon (zurin tricarboxilic acid) were dissolved in <5 ml.
of water to which 1 drop of NH% had been added, boiled until nc smell
of NH3 persisted, and then this was added to the buffer solution and
the whole diluted to 1750 ml. M nally, BCl was added until a pH 4.4
was obtained, and the whole was then diluted to 2 1, mixed well 2ng
allowed to stand 3 daye before use. 1C ml. of this solution diluted
to 100 ml. had a pH 4.5 to 4.8.

(2) Tnioglycolic acid. 80-90%
Standsrd solution: 1.860 gms. of potash alum were dissolved in water
eontaining 50 ml. of 5 N.ACL and this was diluted to 1 1. 1 mi. of
this solutisn is eouivalent to 0.& mg. ALZOG.

Frocedure.

An aliquot containing .02 - .08 mg. Al5Ox was transferred to
One drop of thrioglycolic acid and water were

100 ml. conical flasks.

added to make the final volume 55 «l. (2 ml.). 1C wl. of composite



solution were added and the flasks were immersed in b2iling water for
S0 minutes. They were then cooled in running water to 15-12° C. Tae
solution was then transferred into a 100 nt. volumetrie i{1ask, made up
to volume and mixed well. The color was determined without delsy Uy
means of a Coleman Universal Spectrophotometer, Model 14, using wave
length of 530 m M-

Zight standards containing .0l - .08 mg. Alz0Oz/100 ml. were
prepared. All steps described in this procedure were followed in de-
veloping the color of the blanks and of the stand=rds.

Cne drop of thioglycolic acid was adequate to eliminate com-

pletely the interfering Fe*™ *+ + by reducing it to the ferrous state.

III. MIEYRALOGICAL ANALYS®S

1. X-rav deterininatinns of clay minerals.

The Ne-saturated clay fraction from the mechanical analysis
was carefully separated from the silt by repeated decantations. Absut
five ml. of the suspension containing 30-40 mg. of clay were trans-
ferred to test tubes. 5 drops of glycerol were added, the suspension
was shaken sal let stand overnight. A porous ceramic plete was placed
sn a holder sné attached to a vacvum. The cley suspension was noured
into the well of the holder. When the clay was ali depcsited on the
vorous plates, it was lesched witn three increments of .1 X Ca Clg
containing 3% glvcerol by volume, followed by 3%, 10% and 40% glvcernl
colutisons. The plates were then removed and left overniglit in a desi-

cator containing Ca C12. The samples were then mounted sn the Yorelco
X-ray spectrometer, using a 1/4" divergent slit, 0.003" receiving

slit, and 1/4" scatter slit in tlie teem colliwating system. The



diffresction unit was operated at 20 milliarperes and 35 kilovolts
using a copper target tube. The recsording unit circuit psnrl was set
at time constant four, multiplier one, and scsle factor four. Clay
semples were scanned from two to thirty degrees. After irradiation,
the ceramic plates wer= replaced in the holders and the clay was
leached three times with 10-15 drops of .1 N ¥ C1 and then washed
with distilled water, dried for 4 hours in the desiccator, and then
placed in 110° C. oven for four hours and left to cool in tre desica-
tor. The samples were then scenned again. Tinally these sanples were

neated to 5500 O, for one hour, cnoled and scanned for the third time.

2. Diffcrential thermal analysis of clay minerals.

The temperature changes in C.2v gr. of air dry clay samples
compared to the temperature changes in aluminuu oxids were recorded.
The clay samples and sluminum oxide were heated to 1007° C. Standard
samples were prepared by mixing different amounts of kaclinite with
aluminum oxidce. Model DTA-CS-< and DTA F¥, built by R. L. Stone of
Austin, Texas, and s Browu recorder were used for thne measurcments.
Clay samuies were run at atmospheric pressure witln a resistance of 50
ohms in the recorsing unit. The amplitude of the endotheraic and exo-
thermic peaks was used as an sprrorimate cuaatitztive xeasure of the
substances rcacting at the specific temperatures of the peaxs. San-
vies of the W=ster profile were run on 2 diffzvent sample holder than
the one used for the othe: two profiles. A new set ol standards was

run as a basis 5f compariscn for the Nester profile.

o Total specific surface of clays.

The ethylene glycol metnod proposed vy Bower and Geschwend (8)
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was used.

0.5 gm. of air dry clay were placed in weigning bottles and
were evacuated over P05 until constant weight was obtained. 20 drops
of ethylene glycol were added and the bottles, with covers 0il, were
placed in a desiccator with Ca Clz ana let stand overnight. The
covers of the weighing bottles were then removed and a vacuum was
applied at a temperature of 25° C until the excess of ethylene glycol
was removed. The samples were then weighed at hourly intervals until
the loss of weight became smaller than 3% of the weight of the re-
tained ethylene glycol. Total surface was calculated by using the
formula.

Area m/gm. = (wt. of ethylene glycol retained (gm.) ) =

(wt. of vacuum dried clay x 0.00031)

4. Totel potassium in clay.

A modified method proposed by Webber aad Snivas (32) was used.

0.2 gm. of oven dry clay were weighed ia platinum crucibles
and neated to redness for one minute to destroy organic matter, Waen
cooled, 1 ml. 1:5 HpS04 was added and the mixture was stirred with a
platinum wire. 5 ml. of concentrated hydrofluoric acid were added
and evaporated slowly to dryness on a hot plate. The same treatiment
was répeated once more. The crucibles were then placed in a 200 wl.
beaker and the residue was reroved with a solution of 200 ml. Hp0 4
10 ml. HNO;, and heated. Wnen hot, the crucibles were removed and
rinsed with water. The solution was then evaporated to dryness aad
the residue was taken up in 0.1VEC1, heated, filtered and diluted to

a volume of 250 ml. Fotassium was determined by means of a Ferkin



Elmer flame photometer, Model 52 A. Standard potassiur solutions
containing 5 & 40 ppm were prevared in 0.1WHC1. A standard concen-

tration vs. transmission curve was plotted.

5. Mineral analysis of the fine sand.

The minerals of the find sand fraction which was about 50% of
the total sand in the profiles studied, were identified, counted and
their per cent frequencies in the light and heavy fractions were de-
termined. Fine sand samoles pretreated and separated as in the mech-
anical analyses were used. Iron and other coatings were removed frow
the fine sand according to the method suggested by ¥ilmer (personal
communication). Two gms. of fine sand were placed in 200 ml. Erle-
mayer flasks. Two gms. of sodium hydrosulfite (NazSz04) plus 75 ml,
of water were added. The flasks were stoppered and shaken for one
hour. The suspension was then transferred to 250 ml. beakers, the pH
was adjusted to 3.5 - 4.0 by adding 10% HCl. The suspension was let
stend for omne hour during which it was stirred several times. The
supernatant liquid was then decanted and the sands were washed with -
water 2 times. They were then oven dried.

Heavy minerals were separated from the light ones by centri-
fuging 1 gm. of cleaned fine sand in a 15 ml. Jeffries' double centri-
fuge tube which contained a tetra-bromo-ethane, nitrodenzene mixture
of specific gravity 2.8. The heavy minerals were wasned with acetone,
oven dried, weighed, and mounted on glass microscopic slides by using
1 drop of O.l% gelatin solution and 1 drop of Zormaline solution as
described by Marshall and Jeffries (41). The érains were thus stuck

on the slide without being immersed in gelatine.



Feldspars and quartz were deteriined in the lignt fraction
with the ald of the petrograpnic microscope. An immersion oil of in-
dex 1.545 was used. Five to seven nundred grains from each horizon
were counted.

Eeavy minerals were determined in the same way by using an
imnersion oil of refractive index 1.635. All the heavy grains sepa-
rated from the 1 gun. sanple were counted. Their numbers ranged be-

tween 300 and 600.

IV, THIN SECTIONS OF SOILS

Horizontal and vertical thin sections, 0.03 mm. thick, from
each horizon were studied under the petrographic microscope.

Air dry undisturbed lumps of firm horizons were trimmed with
sand paper to about 20 x 30 x 7 mm. slices. Ioose or friable horizons
were sampled with the aid of 1.5" x 1" x .5" aluminum franes to secure
undi sturbed blocks. The air dry samples were then impregnated with
Lakeside No. 70 C cement according to the methed proposed by the manu-
facturer.

After air drying the soil samples were heated for 15 minutes
on a hot plate with surface temperature of 1800 - 200° C. and were
thea dropped quickly into a vessel coataining xylene, to drive out the
air. Crushed Lekxeside 70 C cement was pleced in a pyrex crystallizing
dish which contained 8 parts of absolute ethyl alcohol. This mixture
was placed on a hot plate with surface temperature of 130° C. When
the effervescence of the soil samples ceased, indicating complete re-
placement of the air by xylene, the samples were transferred inis the

alconol-cement mixture. The mixture was sllowed to boil gently until



the spirits were completely evaporated. This left the cement in mol-
ten condition and it replaced the xylene in the pores of the samples.
The samples were 1lifted out of and immersed sgein in the melt, until
all the large pores were impregnated, and then removed snd allowed to
cool to room temperature. The aluminum frames were removed by ouick
heafing of thelr edges on a bunsen burner and pushing out the impreg-
nated blocks. Care was taken that the soil would not be heated.

The impregnated samples were shipped to CAL-BRZA Laboratories,

where the thin sections were prepared.

48
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RESULTS

1. Physical Properties

The aversge of measurements on six core samples from each

horizon are given in table 1 .

Bulk density of the podzol sequa (A, Az and Bhir horizons) of

all three profiles is considerably lower than the bulk density of the
gray brown podzolic sequa (Bp, A2m, A3m, A & B, Bt and C horizons).
Isabella and McBride show a definite maximum in their Ap. and Az, hori-
zZons.

Non-capillary porosity is high in the podzol sequa and de-

creases sharply on the top of the fragipan (B, or Az, horizons).
There is 2 minimum of non-capillary porosity in the By horizons at
Nester and McBride, while in Isabella the C horizon has a elightly
lower value then the Bi.

Capillary porosity does not show as great differences smong

the different horizons as the non-capillary porosity does, but there
is a definite minimum in the fragipan horizons of &1l three profiles.
The Aj;, A2 and C horizons have the highest capillary porosity in all

three profiles,

Water permeadility follows perzllel trends with non-capillary

porosity. It is very high in the podzol sequa, shows a sharp decrease
in the psn, end reaches a minimum in the B; and C horizons. It must
be mentinned, however, that the replicate cores of the fragipans
showed the biggest variability of all the other horizons. Their
values were as extreme as e.g. 0.2 - 2.3 cm./nour. This verisbility

in water permeability was due to the presence of cracks and worm and/or



root holes in some of the cores while they were absent from others.

It has been observed that the pan inhibits the internal drain-
ege to a certain degree during the spring months when the soil is
water saturated. Dr. A. E. Erickson (18) has observed in the Upper
Peninsula of Michigan that in spring the part of the profile above the
fragipan was water saturated while the part below the fragipan was at
or below field capacity. He also has observed thst on exposed pro-
files of roadcuts springs form on top of the fragipan and that water
drains laterally.

Tne absences of mottling in the three profiles studied ex-
cludes the existence of seasonal poor drainage, possibly becemuse of
the adequate surface dralnage and the possible internal drainage due
to the presence of vertical cracks in the profile.

Hardness or Cone Penetration Resistance data generally sagree
with observations made in the field. The hardest or fragipan horizons
coincide with the horizons of highest bulk density. The hardness,
however, does not exclusively depend on bulk density, as there is only
a slight difference in bulk density between the Ap, and Az;, horizons
of Isabella and McBride, while there is a very sharp difference in
their hardness. In the Nester profile the Apy horizon is more than
twice as hard as the Bt horizon in spite of the fact that its bulk
density is lower than the one of the Bsg.

The trasnsitional Bp horizons varied in thickness from less
than one inch to two inches, and they could not fill a core. Given
values of physicsal properties actually correspond to a three inches
thick lsyer consisting of Bhir, Bm, and A2m horizons of the McBride

profile. The upper part of certain cores of tne Isabella profile
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consisted entirely of the transitional Bpy horizon and hardness tests
were conducted on them. It must be admitted, however, that due to the
fact that it was impossible to have core samples made of materials

from the By horizon only, the other values obtained are somehow dif-

ferent from the true ones.

2. Mechanical Analysis

The Isabella and McBride soils which have well developed bi-
sequa profiles, show a definite maxlmum content of total sand in their
Bm and A2m horizons. The Nester soil, which has a rather weakly de-
veloped bisequum profile, shows a gradual decrease of the total sand
content with increasingz depth with a minimum in the Bt horizon and a
very small maximum in the A2/Bhir. The content of total silt is high-
er in the podzol sequa of all three profiles than in their gray brown
podzolic seocua. The A] horizons of McBride and Nester snd the Ag of
Isabella have the maximum relative concentration of silt in the parti-
cular profiles. The different sand fractions, the 50-20 p and 20=5 p
silt fractisns follow in a general way the trends of total sand end
total silt contents respectively. Table 4 shows that there is a re-
distribution of the 5-=2 B fraction of silt in all three profiles.
There is a loss of the 5-2 p sized silt in the podzol sequa of the
three profiles and a definite gein in the gray brown podzolic of
McBride and Nester. The results of Isabella &re inconclusive as to
whether there is s gain of 5-2 p silt in the gray brown podzolic se-
guum of the profile. This is probably due to differences in the pre-

sent material of the particuler horizons, as it will be shown later.
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Table I. Physical Properties

MeBride
% kS
Horizon Depth Bulk Non-capil- Capillsry Permea- Cone pene-
inches Density lary poro- porosity bility tration
sity cm/hr Resistance
¥e/cm
A -Ap 1-5 1.19 20.6 28.8 21.09 -
Bhir 5-17 1.38 20.5 25.5 29.00 8.5
Bn 17-19 1.61 8.5 20.1 6.77 -
A2 19-24 1.82 8.1 17.0 1.45 31.0
Asm 24.35 1.86 3.5 21.3 0.13 122.5
Bt 35-53  1.78 3.2 23.4 0.11 18,2
C + 53 1.74 5.8 25.2 0.24
Nester
Al 1-5 1.03 20.5 32.7 52,53 -
A2/Bhir 5-9 1.38 16.7 26.8 15.82 8.3
Acnm 9-16 1.61 9.3 25.5 1.56 26.3
A& 3B 16-27 1.65 7.4 29.4 3.11 20.2
By 28-48 1.66 4.5 32,3 0.92 11.65

48-65 1.60 5.4 33.0 0.15 .

(@)




Table I. continued

Igabella
% %
Horizon Depth  Bulk Noncapil- Capillary Permea- Cone pene-
inches Density lary poro- porosity bility tration
sity cm/hr Resistance
Kelem
A -A2 1-56 1.108 15.9 36.2 22.26 --
Bhir 5-11 1.43 17.0 28.7 14.63 10.¢
Bm 11-13 - - - - 14.9
A2m 13-21 1.87 7.7 156.15 0.84 33.3
Az 21-34 1.85 8.9 19.5 1.04 77.9
A& B 34-42 1.78 3.9 28.6 0.10 25.8
B¢ 42-55 1.71 2.4 34.2 .15 15.6
c 4+ 55 1.76 1.6 34.2 0.07 -
Table Ia. Per cent Hygroscopic water
Horizon

A A2 A2/Bhir Bhir Bm A2 Agy A& B By C
Profile
McBride 1.14 0.82 == 0.66 0.38 0.21 0.48 ~-- 0.69 0.71
Isabella 1.63 0.31 == 2.67 0.29 0.30 0.5 0.97 1.23 0.65
Nester 1.72 = 0.77 == --  0.40 -~ 1.43 1.60 1.48
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Clay content shows two definite minima and maxima in the Isa-
bella and McBride profiles. The first minimum is in the Az ani the
second in the By and Agp horizons. The first maximum is found in the
Bhir and the second and highest one in the By horizon. The Nester
profile shows only one minimum in the A2/Bhir horizon and one maximum
in the Bt hori zon.

The results of mechanical analysis suggest that a downward
movement of clay snd very fine silt takes place in all three profiles.
The Bt horizons constitute the zone of maximum clay accumulation. The
fragipan horizons have lower clay content than the parent material,
and if we assume that the profiles were formed from uniform parent
material, they constitute an eluvial 2zone. TFine sand makes up the
bulk of the sand fraction and its distribution is fairly uniform in

all the horizons of the three profiles, as shown in table 3,

3. Chemical Properties

The pH values of table 5 show that Isabella has the most
leached and consequently weathered profile of the three soils. The
jifferences in the chemical properties among the different horizons
are also more pronounced in the Isabella than in the other two soils.

Organic carbon and solution loss values suggest that the pod-

zol Sequum i8 better developed in Isabella than in the other two pro-

files. This conclusion is in sccordance with the field description of

the sonils.

Alkali soluble silica increases with depth and show a maximum

concentration in the Bt horizons of McBride and Nester and in the A &

B horizon of Isabella. The A2m horizons of all three profiles have
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Table 2. Mechanical Analyses

NcBride Ay  Ag EBhir By A2m  Agp By C
Depth 1-8  3-5 ©5-17 17-19 19-24 24-35 35-53 4 53
F.G-C.S.

2-0.5 mm. 7.856 8.76 8.64 9.90 9.98 8.77 8.28 8.48
M.S

«5=.25 mm. 14,41 15.64 16.09 18.47 18.21 16.91 15.08 16.46
F.S.

+<5-.1 mm. 43.09 42,18 42,40 44,58 45.33 42,10 38.45 40.48
V.F.S.

»4-.05 mm. 8.64 13.33 12.40 12.42 12.56 1C.50 9.40 9.91
Total sand 73.99 79.91 79.99 85.37 86.08 78,28 71.21 75.33
silt

50-20 R 9.24 5.23 5.18 1.556 2.66 0.87 2.09 2.02
20-5 p 8.04 7.35 5.42 4.26 4.02 4.31 3.34 6.21
5-2 P 2.93 2.80 1.84 2.50 2.28 3.48 2.25 2.41
Total silt 20.21 15.48 12.44 8.31 8.96 8.66 7.68 10.64
Clay 5.80 4.61 7.57 6.2 4.96 13.06 21.11 14.03




Table 2. continued
Isabella A A2 Bnir By, App A3, A& 3B By C
Depth 1=3 3-8 5-11 11-138 13-21 21-34 34-42 42-55 + 55
F.G.-CS 10.35 9.4F 9.97 10.63 10.43 9.07 8.26 6£.55 7.50
2-0.5 mm.
M. S. 18.88 17.34 16.40 20.15 17.67 16.40 14.75 12.06 15.92
.5-.25 mm.
¥, S. 36.29 36.78 34.41 41.69 33.95 36.03 35.77 31.96 30.37
.25-.1 mm.
V.F.S. 4,75 6.23 8.62 10.17 7.36 5.98 5.89 4.81 3.49
.1-.05 mm.
Total sand 70.88 69.72 69.11 82.65 75.41 67.48 64.68 55.08 5H7.4<
Silt
50-2C B 9.1C 10.46 6.03 4.02 4.95 4.16 2.74 4.56 4.358
20-56 p 10.37 12.03 9.92 5,92 8.:6 7,43 b.s3 6.61 5.88
5-2 p 3.52 3.84 4,52 3.0 3.71 3.4 2,78 4.58 5.50
Total silt 22.99 26,46 20.47 13.24 17.02 14.83 10.35 15.65 15.66
Clay 6.12 3.82 10.42 4.11 7.57 17.69 24.47 28.97 26.%2

N
n



Table 2. continued
Nester A A2/ Bhir Aoy, A& B Bt c
Depth 1-5 5=¢ 9-16 16-27 27-48 48-65
7. G-C.S.
2-0,5 om. 7.64 B.43 7.46 6.72 5.23 6.06
M.S
«5=-.25 mm, 14,18 13.28 13.83 10.52 5.72 .09
¥. 8.
.25-,1 mm, 32,54 32.55 30.42 21.88 21.14 24,65
V.F. S.
. 1-.05 mm. 5.78 B8.22 6.19 4,07 5.87 6.25
Total sand 60.08 62.48 57.70 43,20 37.96 46.05
Silt
50-20 R 11.18 9.53 8.95 5.90 6.76 5.63
20-5 B 1<.86 12.34 13.07 8.1< 8.56 9.32
5-2 B 5.38 6.31 5.356 5.83 4.58 4.02
Total silt 29.22 28.18 27.38 16.55 19,90 1g8.¢7
Clay 10.70 9.34  14.92  37.25  42.14  34.98

-
-
w




Table 3. % of Fine Sand in the Total Sand Fraction

Horizon

Ay Ao* Bhir Bp Aznm A, A& B By c
Frofile

McEBride B8.€3 H2,78 5H3.01 52,22 52.66 55.77 e= 53.21 53.74
Nester 54.15 52.1C - - 52.72 50.92 -- 56.04 53.58

Isabella 52.04 52.76 49,40 50.47 52.97 53.33 55.27 54.70 53.24

Table 4. Per cent of 5=2 R silt in the total silt fraction

Horizon

A A2* Buir By Agn  Asm A&B By C
Profile
McBride 14.5 18.1 14.13 30.1 25.4 40.2 - 29.3 22,7

Isgbella 15.% 14.4 22.1 24,9 21.8 21.8 26.6 29.9 35.5

Nester 18.4 22.4 -= - 1.8 ~-= 28.3 23.0 21.2

* A corresponds to A2/Bhir in Nester.
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soluble S102 content lower than the immediately overlying and under-
lying horizons. The Al horizon of Isabella has a remarkably high al-
kali soluble silica content.

Soluble alumina dats show maximum concentrations in the Bhir
and Bm horizons of the Isabella and McBride profiles. The A), A2 and
C horizons of all three profiles are relatively poor in soluble alu-
mina. In all three profiles there exists a zone in which socluble
alumina accurmlzate. This 2zone extends from the Bhir down to the By
horizon. The fragipan horizons are located in this 2one, but they do
not coincide witn the part of the profile which has the maximmm solu-
ble alumina content. The A2m horizons of Isabells and MecBride have
lower soluble alumina content than the immediately overlying and
underlying horizons. The distribution of the soluble alumina in the
profiles does not follow the distribution of clsy and, therefore, the
given values contain very little if any aluminum extracted from the
lattice of the clays.

The dstz of table 5 did not reveel outstanding accumula-
tions of Si02 and/or AL203 in the fragipan horizons to justify the
essumption that they are major factors of cementation. Their role,

however, will be discussed in the next chapter.

4, ¥X-ray determination of cley minerals

The glycerated end calcium saturated clay sarples of all the
hori zone of the three profiles produced diffraction maxima at 10 A
and 7 h. The 7 A peek disappeared upon heating the sarple to 550° C.
These peaks suggest the Dresence of illite and kaolinite, respectively,

in all the horizons of the three profiles. The area under each peak



Table 5.

Chemical Properties

MeBride
Horizon Depth PHE  Loss in acid Organic Solutle Soluble
inches solution carbon Si0gz Alz0s
% % % mg .
100 gm. soil
Ay 1-3 5.4 0.72 4,44 .176 5.0
A2 3=5 5.2 1.63 2.00 145 6.0
Bhir 5-17 5.3 1.80 1.15 . 206 20.0
By 17-19 5.6 .90 .27 L272 20.6
A2 19-24 5.R .68 .1d L1067 13.0
Ay 24-45 5.6 .45 .11 . 290 14.<
By, 35-5& 5.% .66 .18 417 14.0
C 534 7.8 £.60 .15 . 204 7.0
Issebella
A 1-3 4.7 0.73 5.12 1.00C 3.4
Az 3-5 4.7 0.12 .98 . 305 5,4
Bhir 5-11 4.8 2.45 2.63 .415 36.7
B 11-13 4.8 1.38 .20 . 380 36.0
Ao 18-21 4.9 .93 .18 320 25.4
ABm 21-34 5.0 1.40 16 . 540 38.0
A& B 34~42 4.8 1.67 .18 725 26.6
Be 42-55 5.4 1.5 .10 . 645 1z.2
C 554 7.9 9.0 L12 .250 4.2




Table 5. continued

Nester

Borizon Depth pH loss in acid Orgsnic Soluble Soluble

inches solution carbon 85i02 A20g3
% % % me.
100 gm. soil
Az 1-5 6.0 1.24 5.12 ke 4,8
A2/ Bair 5-9 5.4 2.26 .73 . 345 8.1
A2y 9-16 5.4 1.16 .25 .315 9.75
A& B 16=27 5.0 1.81 .51 . 830 16.2
By 27-48 5.0 2.08 .26 .70 13.4
C 48-65 7.8 5.77 Py .490 6.4

is relsted to the smount of the particular mineral present. Other
factors, however, such as amount of iron oxides present, the orienta-
tion of the clay particles on the porous plate, the crystallinity of
the minerels, etc., strongly modify the asrea and the sharpness of the
pesks. Accurate ocuantitative determination, therefore, of the clay
minerals, based only on ¥-rsy dalta is very difficult. 7¥From the X-ray
patterns which are shown in the sppendix, it can generally be con-
cluded that the amount of illite is lower in the podzol seoua of Isa~
bella and McPBride than in their gray brown podzolic seaua.

Any conclusion on the amounts of kesolinite present in each
horizon is less certain, as the intensity of the 7 A peak is partly
due to tne second order diffraction of the X-rays by the basal plenes
of mineralé having 14 A besal spacing (chlorite, vermiculite). The

¢ifferences in the 7 A peaks of the Yo. 2 tracing for each sample (¥
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saturated and heated to 11C° C) and the No. 3 (hested to 550° C) pat-
terns show that kaolinite is relatively low in the A} and A2 horizons
of Isabella and in the A} of McPBride.

Assumptions regerding the amounts of illite and kaolinite,
based oniy on X-ray data, cannot be made for the Nester profile.

Well expressed peaks corresponding to the 17.7 A spacing were
produced by the glycerated and Ca satursted samples of the A], A2,
and Bm horizone of Isabella, by the A} and Ap of McBride, and by the
4) horizon of Nester. These data suggest the presence of montmorillonite
in these upper horizons as a pure mineral. The repeated applications
of glycerol, however, were able to expand the lattice of montworil-
lonite of the A} horizons of Isabella and McBride only to 17.0 A.
The sirongly absorbed orgsnic matter probably inhibited the expansion
of some of the lattices to 17.7 A bassl spacing which is typical of
the glycerated montmorilionite. The resulting 17.0 A Peak may then
represent the results of random interstratification of montmorilionite
capable of absorbing two layers of glycerol end other expanding layers
which could probably take only one.

Myntmorillonite is also present as interstratified with layers
~F orlarite andfor versiculite snd possioly o 11live irn 7Tost of tlhe
other horizons of the three profiles, as indicated Dy the broad high
and low bands loceted between 17.7 A and 14 A levels of bssal spacing.
These bands are higher end better pronounced in the podzol secua than
in the gray brown podzolic seaque. The X-ray patterns of the AZp hori-
zons of Isabella and McBride do not show the pres=nce of discrete
montmorillonite in these two horizons. The patterns are inconclusive

as to the presence of interstratified montmorilionite with crhilorite
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and montmorillonite in the Bt horizons of Isabeila and McEride end tne
C horizon of Nester. The 14 A peak, however, could be parily due to
diffraction from an interstratified system of illite-montsorillonite.
¥-ray patterns of the <.2 micron clay of the above horizons showed
that interstratified complexes of expanding and non-expanding clays
predominste in this fraction.

The presence of vermiculite was determined in each horizon by
comparing the following ratios: Amplitude of tue 14 h.peak / Ampli-
tude of the .45 A peak of quartz, of the Ca saturated and glvcerated
sample against the same ratio of the sample when K saturated and neat-
ed to 110° C. A decrease of this ratio by heating and K saturation of
the clay would indicate the prescence of vermiculite. Tne amplitudes
of the 14 k peaks as such could not be compared because a significant
change of the amplitudes of all peaks resulted by heating and replacing
tr.e exchangeable Ca by K.

The absence of any Dpeak at the 14 A basal spacing point in the
X-ray patterns of the A] and A2 horizons of Isabella suggest the ab-
sence of both chlorite and vermiculite from these two norizons. Ver-
miculite was found in the Phir and By horizons of Isabella and in the
Al horizons of Nester and McBride. The broad bands between the 10 A
and 14 A basal spacing of the collapsed clays (patterns Wo. £ and 3)
of the above horizons indicate that vermiculite is interstratified
with chlorite. The broad bands between 14 A and 17.7 A indicates
(pattern No. 1) that vermiculite is also probably interstratified
with montmorillonite.

The existence of broad bands between 10 and 14 A produced oy

the heated to 110 and 550° C samples of the horizons of gray brown
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podzolic seoqua suggests the possible presence of vermiculite as inter-
stratified with chlorite and montmorillonite in these horizons. Chlo-
rite was detected by the presence of tre 14 A basal spacing, which
persisted upon ¥ saturation and heating to 110° C and 550° C (patterns
2 and 3).

X-ray patterns indicate the absence of chlorite from the Al
and A2 horizons of Isabella, and probably from the A] of McBride. All
the other horizons of the three profiles produced X-ray patterns in-
dicating the presence of chlorite, which seems to be interstratified
with vermiculite and montmorillonite in the podzol sequa and with
montmorillonite and possibly vermiculite in the gray brown podzolic
sequa.

Iron oxides interfered strongly in the Bhir and Bt nhorizons of
Isabella and theyv were removed from the samples of these two and of
the AZm and A & B horizons of this profile. By removing the iron,

higher and more distinct peaks were obtained.

5. Differential Thermal Analvsis of Clavs

Clays of 211 the horizons of the three profiles produced endn-
thermic peaks at temperatures of 100-200° C, which correspond to the
1oss of interlayer water. The fregipan lsyers of all three profiles
produced relatively small pesaks at the above range of temperatures,
indicating a low amount of expanding clay minerals. The A2y horizons
of all three profiles and the A3m of McBride showed definite minima of
loss of interlsyer water within their own profiles.

Clays of the horizons of the podzol sequa produced strong exo-

thermic peaks at temperatures between 3000 C and 400° C, which are due
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to the combustion of the associated organic matter. This orgenic
matter resisted the Hg0z treatments during the preparation of the
samples for mechanical anslysis. The A] horizons of Isabells and
McBride have also organic matter strongly absorbed by their clays
as indicated by the exothermic peaks at temperatures between 600° C
and 700° C (23).

Endothermic pesks at temperatures between 5500 C and 600° C
were also produced by the clays of all horizons. These peaks corres-
pond to the loss of the OH water from the lattice of kaolinite mainly.
Since, also, otuer clay minerals as illite, chlorite and vermiculite
(22) undergo loss of OF water at the Sgme as above range of tempera-
tures, the aress under these peaks have only limited value for the
quantitative determination of kaolinite. Curves of standard samples
of kaolinite are given in the appendix along with curves of soil clays
for comparison.

Based on the results of D.T.A., we can conclude that expanding
minerals are present in all horizons but their amounts are very small
in the fragipan horizons,’ We cen also conclude that the oguantities

of kaolinite are smaller in the A} and A2 horizons of Isabella and

McBride, and in the A} of Nester, than in the rest of the horizons.

6. Total Specific Surface and K Content of Clays.

Total specific surface data show a distinct minimum in the
A2m horizons of the three profiles and in the A3y horizon of McBride.
The values show the presence of expanding minerals in all horizons,
with a possible exception in the above mentioned fragipan horizons.

Both the podzol secua snd the jlluvial zones of the gray brown
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podzolic sequa seem to be enriched with expanding clays. The C hori-
zonsof all three profiles have smaller surface areas than the By and
A & B horizons.

The potassium content of the clays is relatively low in the
podzol sequa and ratner high in the gray brown podzolic sequa. The
clay of the pan of McBride has the maximum K20 content in the profile,
in Isabella and Nester, however, there is a second and higher ¥20 con-
tent in the clay of the parent material.

The above data suggest that illitic clays undergo a rather
drastic weathering and loss of ¥ in the podzol sequa, while this
weathering is not detectable in the gray brown podzolic sequa.

It mist be noticed here that the Agy horizon of the McBride
profile which is the hardest of all the horizons tested has the maxi-
mm ¥20 content of 21l horigons of the three profiles.

The measured ¥ can be assumed to come from the clay only, as

no f{eldspars were detected in the X-ray patterns.

7. Summary on Clay Analyses

Comparing the results of the different methods followed in
clsy anslysis, we notice that the arplitudes of the 10 A peeks of
illite in the X-ray patterns do not correlate witu the ¥20 content of
the particular samples. The lack of correlation is probably due to
the fact that the degree of orientation of the clay particles and the
amount of iron oxides present had strongly influenced the amplitudes
of the X-rgy pesaks.

There is a rather satisfactory correlation between the total

specific surface area of the clays and the area under the 1000 C -



Table 6. Total K content and total specific surface of the clay
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McBride Isabella Nester

Horizon % Total sp. Horizon % Total sp. Horizon % Total sp.

K20 surface K20  surface K20 surface
me/ gm. w®/ gm. me/ gm.
Ay 3.12 259 A 2.24 218 A 3.48 217
A2 3.48 255 A2 3.32 180 42/ Fhir 3.48 204
Bhir 3.48 203 Bhir 2.76 294 A2nm 4.20 125
By 3.96 252 Bm 3.84 214 A& B 4.08 260
ACnm 4.80 120 A 4.20 139 By 4,08 252
A3m 5.04 114 A3m 4.20 201 ¢ 4.32 215
Bt 4.20 266 A&B 3.9 273
C 4.20 221 B 4.68 218
C 4,68 217

Table 7. Per cent of heavy minerals in the fine sand

Horizon
Ay A2 pz/BrirBhir By A Agny A& B By C
Profile
McBride .55 .70 == .66 .65 .70 .65 -- .82 .68
Isabella 1.75 2.20 -- 2.4 1.30 1.35 .78 .55 .72 .78

Nester 1.70 -= 1,20 ~-- -- 1,25 -- 1.00 1.15 1.10




200° C endothermic peak of the D.T.A. patterns as it is shown in
figure 1 .

The relatively low surface area of Isabella's A: horizon (180
=“/gm. clsy) in which the X-ray patterns show that montmorillonite is
rather abundant, can be explained by assuming that the absorption by
the clay of organic matter inhibited the penetration of ethylene gly-
col into the interlayer space of montmorillonite. The large exother-
mic peak at 300° - 400° C of the D.T.A. pattern of the above horizon
confirms the presence of large quantities of organic matter associated
with the clay.

In spite of the above shortcomings, the following conclusions
can be derived from the clay studies:

(a) Illite and chlorite and interstratified systems are the
mein clay minerals which weather and their relative amounts are smell
in the podzol sequa of the profile. Tne small 10 A and 14 A peeks in
the X-ray patterns, the relatively high surface area, and the low K20
content of the clay of the podzol seaa suppert the above conclusion.

(b) Distinct X-ray maxima corresponding to the 17.7 Aand 14 A
basal spacing, the disappearance of these pesks from the patterns of
the heated samples, end the relatively high specific surface of the
clay indicates that montmorillonite and vermiculite are the product of
the above mentioned weathering. The process of weathering and the
formation of new minerals will be discussed in the next chapter.

(c) Montmorillonite is present in most of the horizons of the
gray brown podzolic seoua and in the parent material as randomly in-
terstratified lavers with chlorite, and possibly with vermiculite and

illite, too. This conclusion is based on the pressnce of broad bands
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in the X-ray patterns of these horizons, corresponding to interstrati-
fied lattices of 17.7 A.and 14 h basal spacing, the relatively high
total specific surface of the clay, 2nd the relatively large endother-
mic pesks at temperatures of 100 - 200° C in the D.T.A. patterns.

(d) A high K20 content and relatively low total specific sur-
face of the clay, along with well expressed 10 A peaks and absence of
17.7 A peaks in the X-ray patterns suggest that a relative concentra-
tion of illitie clay takes place in the fragipan.

() The peaks at 500° - 600° C of the D.T.A. patterns are the
result of the additive endothermic reactions of kaslinite and illite.
By rough comparisons of the above peaks with those of standard samples
of pure kaolinite, it could be postulated that the amount of kesolinite
in the clay fraction of the A} and A2 horizon of Issbella and McBride
snd of the Al of Nester is smaller than 10-15%, wahile in the deeper hori-
zons it can be ss high as 20-30%.

(f) The less than .2 microns clay of the gray brown podzolic
Sequa consists mainly of interstratified expanding and non-expanding

minerals.

8. Mineral Analyses of Fine Sand

Mineral analyses were made on the portion of the fine sand
which resisted the 1% HCL treatment during the preparation of samples
for mechanical analysis. Cslcite and other acid soluble minerals were

eliminat-d by the sbove treatrent.

(a) Heavy Minerals. A reletively high per cent weight of

heavy minerals were found in the podzol sequum of Isabella, while the

Asm and its underlying horizons had distinctly smaller amounts of



heavy minerals. Table 7 .

¥cBride and Nester showed s rather uniform cdistribution of
heavy minerals within their profiles.

All three soils show significant differences in the per cent
freguency of less resistent minerals in the different horizons (Table
8). Horublende, olivine and epidote weather rapidly. Among the most
resistent heevy minerals are magnetite, zircon, garnet, and tourma-
line. The most pronounced differences in the distribution of the
easily weathered minerals were found in the Isabella profile.

Weathering of the less resistant minerals takes plece in sll
horizons which overlie the Bt horizon. The intensity of weathering,
however, decreases with increasing depth.

Olivine grains were very highly weathered and more or less
opaque because of their weathered surface. It must be admitted, how-
ever, that the accurete determination of their optical properties was
not alwagys possible. Some of the grains called olivine, therefore,
could actually have been highly weathered hornblende or epidote. When
o bgserved under the petrographic and binocular microscopes, the grains
of the less resistant minerals showed a decrease in the weathering
with increasing depth. The grains of hornblende, augite, epidote,
and hematite were considerably weathered in the podzol seoua, less
weathered ino the Agm, A3m and A & B horizons, and hardly weatnered in
the Bt and C horizons.

The ratio of magnetite to garnet was used as a test of the
ceological snd lithological uniformity of the respective profiles.
Cady (1C) found that magnetitle, gernet and zircon were grong the most

resistant minerals to podzolic weathering. Garnet was chosen instead



Table 8.

Per cent Fregquency in the Beavy ¥rac-ion of Tine Send

lcBride
Hori zon

Minerals S ¢

Magnetite 53,8 47.2 50.1 47.7 48.9 48.0 38.3 40.5
Garnet 7.2 7.2 g.& 8.5 8.8 8.8 6.6 7.4
Hornblende 22.9 24,2 19.1 19.6 21.0 22,3 29.2 27.9
Olivine 4,9 7.2 7.2 7.8 6.9 7.0 9.1 7.7
Epidote 3.1 5.8 6.2 5.8 5.5 5.7 7.8 6.9
Hematite 4.9 6.1 5.4 8.0 7.e 6.0 6.6 5.9
Augite 1.8 0.8 1.0 1.1 0.9 0.8 1.8 1.3
Zircon 0.4 0.4 0.2 0.4 0.2 0.8 0.5 0.8
Tourmaline 0.4 -- 0.5 1.1 0.5 0.6 0.3 0.8
%ffﬁg%lig 7.5 6.5 5.4 5.6 5.7 5.4 5.8 5.5




Table 8. continued

Isabells
Horizon
A A2 Bhir Bim Ao Agp A& B By C

Minersls
Magnetite 76.8 77.% B87.0 59.4 60.9 45.3 41.€ 38.9 36.%
Garnet 6.6 6.8 5.5 5.2 6.1 9.1 4.7 4.1 4.4
Hornblende 4,2 6,3 15,1 10.7 9.0 21.2 22.7 Z24.6 23.8
Olivine 4,0 3.1 7.8 7.5 8.0 7.4 11.5 12,1 10.8
Epidote 1.6 1.2 7.0 6.8 6.6 7.6 9.8 11.1 11l.8
Hematite 5.0 3.9 3.0 5.8 5.8 3.7 7.2 6.7 9.°
Migite 0.6 0.5 3.0 2.6 2,1 2.2 2.¢& 1.7 1.7
Zircon 0.6 0.5 0.6 0.6 0.4 1.2 0.4 0.4 0.7
Tourmaline - -- 0.5 == 0.6 0.6 0.2 0.2 0.7
Leucoxene 0.6 ~-- == 0.2 0.8 - -- -- --
Rutile - - -- 0.¢ -- -- -- -- --
Staurolite -- -— -- 0.1 0.2 - -- - --
Enstatite -~ 0.6 -- == == 0.2 - 0.2  --
Biotite - -- 0.8 -= - 1.4 -- -- -

Magnetite 11.6 11.9 10.4 11.4 9.9 4.97 B.8 9.5 8.2

Garnet




Table 8. continued

Nester
Hori zon
A A2/ Buir Aop A& B Bt c

Minerals
Magnetite 39.8 39.5 36.9 37.4 32,2 30.8
Garnet 7.5 7.2 6.9 7.5 6.8 5.4
Hornblende 23.5 23,8 26.8 26,9 35.4 38.8
Olivine 12,9 13.% 12,2 9.6 1C.5 10.0
Epidote 8.5 10.8 9.9 9.3 8.5 8.3
Hemati te 6.1 4.0 6.3 4.5 4.8 4.4
Mugite 1.4 1.9 0.9 3.3 1.9 2.0
Zircon -= 0.4 0.2 0.8 0.2 0.4
Tourmaline 0.3 == 0.° 0.9 0.7 0.2
Magnetite 5.3 5.8 5.4 5.0 5.1 5.6

Garnet




Table 9.

Per cent Frequency in the Light PFraction of Fine Sand

McPBride

Isabella

Nester

Horizon Quarte Feldspar Horizon Quartz Felds. Horizon Quartz Felds.

Al
A2

Bhir

AZn

B¢

83.6
85.0
83.7
84.0
83.9
83.1
83.4

83.3

16.4
15.0
16.3
16.0
16.1
16.9
l€.¢€

16.7

Ay

A2
Bhir
Bm
A2m
A3m
A& B

By

B83.7

86.0

84.7

84.8

83.0

B&.O

83.€

83.4

16.3

14.0

16.4
lé.¢6

16.¢

A& B

B¢

14.6

1€.8

16.1

16.05

16.%5
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of zircon becsuse the letter was present only in very small quantities.
Data show that Nester and McBride have uniform profiles, while Isa-
bella's Agp horizon is distinctly different from the overlying and
underlying horizone which also differ from each other. The magnetite-
garnet ratio and the total weight of heavy minerals suggest that the
podzol sequum and prodably the By and Agp horizons of Isabella are
petrographically different from the lower part of the profile.

(b) Light minerale. The per cent frequency of gquartz and

feldspar is rzther uniform throughout the three profiles. A slight
decrease in feldspars is noticeable in the A2 horizons of all three
profiles. Table 9 .

The refractive indices of the feldspars were below those of
cuartz. This indicates that only ¥ and Ka feldspars are present in
the profiles studied. Qualitatively identified feldspars were ortho-

clase, microcline and albite.

(9) Description of the Thin Sections

Thin sections were studied with the aid of the petrogrepnic
microscope, using magnifications x 50 to x 1940. Mineralogical obser-
vations were of qualitative nature. Average distances between sand
grains and pore sizes were estimated.

(a) Isabella

Al Viercstructure: Crumbly and very loose. Consists

of aggregates 1.0 - 5.0 mm. in diameter, which are separated from each
other by empty pores and cracks of various shapes and sizes. The
pores have diemeters ranging between 0.2 mn. and 1.5 mm. The primary

binding agent of the aggregaetes is organic matter. The distances
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between the neighboring sand grains of the aggregates renge between
50 microns and 600 microns with a rough average of 200 p- Inside the
aggregates there are numerous pores of varying sizes. A rough average
estimate of their diameters is 150 . Neither tne pores nor the
greins have coatings of oriented clay. The intergrenular spsces are
filled with a porous matrix consisting of organic matter, silt, cleay
and iron oxides. The clay lacks of any orientation and it is associa-
ted with the organic matter, so that it camnnot be distinguished. In-
dividual particles of coarse clay can only be seen under crossed
nicols and high magrnificatisn. Iron oxides also stick on the decom-
vosed organic matter.

Organic Matter: It occupies most of the matrix and

it consists of fine free particles of decomposed organic substances
mixed with egg-shaped orange droppings of orthropods. Eggs of nema-
todes and fungus hyphae, with septe and fruit bodies, are also present.
A few plant materials are not completely decomposed and include, in
their decomposed cavities, free or cemented droppings of arthropods.
Some plant residues have a whitish nucleus of residual cellulose net-
work, which is optically active. The nucleus is surrounded by red
brown lignin. These residues do not contein droppings and, aeccording
to Hartmem (25), heve been decomposed by fungi. The humus of tnis
horizon consists mainly of lignin end coprogenic elements of arthro-
vods, and according to Hartmam (25) and ¥ubiena (38), can be classi-
fied as arthropods - fine moder.

Viner al-zy: Tre bulk of the sand fraction consisis
of quartz and feldspars (Microcline, Ortasociase and Albite). Some

hornblende grains are disintesrated into silt-size prisms. A few
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concretions of precipitated iron oxide are present but they are hard

to distinguish from lignin.

A2 Microstructure: Aggregates are absent and a rathrer

massive microstructure characterizes this horizon. The average dis-
tance between the sand greins is about 0.1 mm. Many cracks and pores
are present. Their average diameter or width is about 0.2 mm. Yo
coatings of well oriented clgy are found around the sand grains or the
pores. Some of the sand grains have around them diffuse and discon-
tinuous coatings of weakly oriented clasy. These coatings are formed,
according to Wubiena (37), by alternate drying and wetting of the soil.
The matrix consists mainly of silt, in which are randomly intermixed
particles of coarse clay, lath-shaped clay aggregates 1C-20 microns
long, and very finely divided organic matter. The clay aggregates
seem to have the cley particles oriented along their long axes. Frac-
tures of some quertz end feldspar grains contain clay.

Orgenic Matter: Most of it consists of red brown

lignin aggregates of less then 50 microns diameter, and of broken
arthropods droppings. WNo preserved plant tissues are visible, except a
few red brown root bsrks. The amount of organic metter is consider-
ably smaller in this horizon then in the 4]. There are few fungil hy-
Phae with septs.

Mineratogy: Sare as in Aj, but most of tre sand
grains are cracked. There are numerous prismatic grains of silt-sized

nornblende. TVery little iron oxide is associated with the organic

matter.

Bhir Vierostructure: loose, rich in cavitles and spongy

-
C.2 mT. .

in fabric. Average distance between the sand grains is about
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but it ranges from 0.05 mm. to 0.40 =m. There are numarous larger
pores 0.2 - 0.6 mn. ia diameter, and many tiny onee cecnfined within
the floculated matrix. The pores do not have oriented coatings but
mos” of the sand grains are surrounded or costed by a mixture of clay,
organic matter and precipitated iron. The clay of tihese coatings
shows a weak orientation on the surface of the grains. Their tnick-
ness ranget between 10 and 5C microns. The intergranulzr spaces be-
tween the coated sand grains is rather filled with a highly porous
and aggregated matrix. The microaggregates of the matrix are 20-100
microns in diameter and consist of the same materisls as the sand
coatings plus embedded silt graiuns.

Organic Matter: It consists of highly dispersed red

trown colloidal substance, well mixed with clay and iron oxides, so
that it is difficult to be distinguished from them. PFew orgenic parti-
cles of 10 microns diameter and of dark trown red color are not mixed
with minerals and can be distinguished as sucr.. Fungi hyphae and
animal droppings are abseunt.

Mineralogy: Same as in A2 but only very few quartz
and feldispar grains are fractured and much more iron oxide is associa-
ted with clay and organic matter in this horizon.

Bm Microstructure: The Bp horizon is a little denser

Pt

than the Bhir. The average distance between the sand grains is about
0.15 mn. Meny vores are also present in this horizon. Their diameter
varies from 0.1 to 1.0 mm. A few of the pores and chiannels have on
their periphery discontimuous 5-10 microuns thick layers of well orien-
tated clay. Some of the pores are partially or entirely filled with

silt grains. The sand particles have arouad them 2-5 microas thick



80

coatings of weakly oriented clay. The intergranular matrix is porous
and consistis mainly of silt whick is intercixed with un-oriented clay.
In a few narrow intergranular spaces aad in parts of pores with small
radii are menisci of well oriented clay. Some of these menisci act as
bridgas binding the neighboring sand grains. In the matrix are also
spread small clay aggregates of differcut shapes and sizes which sesm
to have their clay oriented along an axis or around a nucleus.

Organic Matter: The organic matter is of the same

nature as that of the Bhir but it is confined to only a few spots of
the matrix and its amount is significally sraller than iun the Bhir.

Mineralogy: Same as in the Bhir. Many hornbdlende
grains are fractured ints silt-sized prismatic grains and some of them
show release of iron oxide arsund them and formation of clay which is
heavily coated with iron oxides. Generally the amount of iron oxides
is significantly smaller than in the Bhir.

AZm Microstructure: A striking characteristic of this

horizon is its dense fabric, which in certain areas approaches the
fabric of sandstone. The distance betwesn the sand grains ranges be-
tween 1C p and 8C B with a rough average of 30-40 p.

This massive microstructure is broken by different cracks and
large pores (1.0 mm. - 1.5 mm. in diameter), which produce the vesicu-
lar macrostructure. This horizon, however, has much lower porosity
than the overlying ones. More pores and especially small ones contain
(10-20 microns thick) layers of well oriented clay than in the Bp.

The large pores have coatings of fine silt mixed with un-oriented clay
and in some parts with sharp curvatures they have discontinuous coat-

ings of w=ll oriented clay. A nutnber of pores are filled with silt-
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sized grains. Sand grains have thin coatings of weakly oriented clay
similar to those described in the By

In vertical sections are seen long, narrow and horizontally
oriented planes of weakness, which have larger intergranular spaces
and different cracks in which fine silt and coarse clay is devosited.
These plenes outline the coarse platy units of the macrostructure.
The matrix has fewer pores, little more clay and higher deneity than
in the Bm, and forms several solid bridges between the sand grains.
There are also here more meniscus -shaped bridges of well oriented
clay than in the Bp.

Organic Matter: Very few and sporadic red brown
agzregates.

Mineralogzy: Same as in By with less iron oxide,
which is associated mainly with some well oriented clay coatings.
There are a few disintegrated hornblende grains, but there is no evi-
dence of chemical weathering and formation of iron oxides or clay.

Azp Vicrostructure: The arrangement of the skeletal

elements (sand and coarse silt grains) and the porosity of this hori-
zon is muech the sane as in the AZp. The matrix of the intergranular
spaces and the films of oriented clay, however, show distinct differ-
ences in certain parts of the section, while in other they are very
similar to the ones in the A2m.

Most of the pores have on thneir periphery films 20-4C p thick
of well oriented (birefringent) clay. A few pores have thicker films
which are exfoliated into two or three parallel sneets. Coatings of
well oriented clay are also found around the edges of sand grains,

which are located in the vicinity of the pores. Some of these coatings
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form bridges betweecn the grains. ¥ost of the larger pores have thick
deposits of fine silt mixed with un-oriented clay. WVost of the sand
grains have coatings of weakly oriented clay.

The matrix in certain sreess is denser and richer in clay and
forms more solid bridges than in the A2m. The menisci of well orien-
ted clay and other aggregates of oriented clay are also more abundant
in this horizon. Some of the menisci have parallel exfoliated sheets.
There are also in this horizon some large sggregates very rich in un-
oriented clay. Within these aggregates are found tiny root holes out-
lined by thin films of well oriented clay.

The packing of the sand grains, the dense silt-clay matrix end
the large number of bridges which bind the sand particles correlate
with the high induration of this horizon.

Organic Matter: ©Not visible.

Nineralogy: Same a8 in A2y with fewer disintegrated
hornblendes and more iron oxide associated with clay.

A& B Microstructure: This horizon is distinctly less

compacted than the 22ysnd the A3y horizons. There are numerous pores,
cracks and channels of all kinds and shapes, ranging in width or dia-
meter from 50 microns uwp to 1 or € mm. Fractically 211 the pores and
cracks have comparatively thick coatings of well oriented clay. The
cley coatings are particularly thick in the corners of tne pores or
generally in places where the periphery of the pores shows strong
curvature. The thickness of tucse coatings ranges from 30 microns to

150 microns. A great number of sand and coarse silt grains are coated

with the same type of oriented clay. Tue number of oriented clay ag-

gregates witnin the intergranular spaces is considerably nigher than
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in the previously described horizons. Most of the oriented clgy coat-
ings or aggregates are exfoliated inte 2-5 parallel sheets or cracked
into smaller pieces. Many of the coatings of the grains are detachead
and have a very thin empty crack between them and the surface of the
sand grains. The most common distance between the neighboring sand
greins ranges roughly between 0.15 - 0.25 mm. In the intergranular
8paces are numerous round pores 30-50 microns in diszmeter. All of
these tiny pores are coated with oriented clay and presumably have
been formed by root hairs. The matrix of the intergranular spaces
consists of clay =nd silt but the clay fraction is the dominant con-
stituent. This clay is more or less a mixture of aggregates of orien-
ted clay and un-oriented clay, which has more or less the sane appear-
ance as in the A3p horizon. The aggregates of the oriented clay are
of various sizes (from 5 to 100 microns) and are well distrituted
throughout the matrix. Some of them are fragments of different clay
coatings and some have their clay oriented around a point. Sand
grains, wnich are not coated with well oriented clay, have around them
weakly oriented clay films as described previously.

Tlow structures described by Kubiena (37) are present in this
horizon especially in the vertical sections. They are mostly conduct-
ing chsnnels formed beside decaved roots. Their deposits consist of
an initial layer of mixed fine silt and clay on top of which is a
layer of well oriented clay. These features are similar to the ones
found by Raeside (52) in Australian soils.

In spite of the fact that the matrix is ouite rich in clay,
there are not many solid bridges ccanecting the sand grains, bDecause

of the great number of micropores end microfissures which break these
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bridges.
The described microstructure is the predominant one for this
horizon; some sites, however, have microstructure similar to the one
of Agy and Azp.

Organic Matter: Not visible evcept in a few root

channels which have dark brown coatings which are regarded to be lig-

nins and other products of decowmposition of the root bark.
Mineralogy: Same as in AZm with still fewer disin-

tegrated hornblendes and more iron oxide associated with clay.

Bt Microstructure: WNuciform with clav crusts on the

aggregates, as described by Prei and Cline (20) in gray-bdrown podzolic
soils of New York. The agsregates have a spongy fabric with many
pores of various sizes, snd they are separated by large cracks. Lar-
ger pores and coanducting channels are also abundant. All these pores,
cracks, etc., have exfoliated films of well oriented clay. The con-
duecting channels have laminated flow stiructures of well oriented clay
but silt deposits are missing. The amount of well oriented clay in
this horizon is the highest in the profile, snd the thickness of its
films ranges between 30 and 150 microns.

The distance between the sand grains is usuelly 0.2 to 0.5 mm.

The matrix consists again of a zlay-silt mixture and contains
a large number of well defined and clay coated fine pores of Z0-100
nicroans in dismeter. Its structure is more uniform and it does not
contain as meny microfissures as the A & B horizon. Menisci of orien-
ted clay are not common. The gencral eppearance of the matrix suggzests
that it has not suffered serious movement and rearrangements of the

original clays. The oriznted clay of the pores, etc., orizinates,
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therefore, from outside the Bt horizon origin.

Organic Matter: Same as in A & B horizon.

Mineralogy: Same as in A& B but no disintegrated

grains of hornblende have been observed.

c Microstructure: Nucliform without clay crusts on the

surface of the aggregates. This horizon shows the same arrangement of
the skeletal elements, pores and cracks and of the silt and original
clay in the matrix, as the B{ horizon. A striking difference is the
absence of the oriented clay from the majority of the pores and cracks.
A few Dores in the upper part of this horizon have thin coatings of
oriented clay similar to those described in the Ap and ABm horizon.

A thin section taken a few inches deeper was free from oriented clay
coatings.

The matrix clayr consists again of original fine clay, of ori-
ented very fine aggregates of original clay and of coarse clay parti-
cles. It seems that in this horizon, the original clay shows more
areas of weak orientation which produce under crossed nicols a clouiy
picture of the matrix. Probably these weakly oriented areas are a
result of aggregation of clays. Tiny calcite crystals also add to the
anisotropism of the matrix. Sand grains usually have coatings of ori-

ented clay.

Organic Matter: Not visible.

Mineralogy: The difference between the C and Bt is
that the amount of iron oxide is smaller in the C and it sccurs in the
form of isolated concretions. The C is rich in Ca carbonates. TFew
limestone grains are present but most of the calcite is in form of

fine silt-slzed crystals, which are spread through the matrix.



(b) Nester

A Microstructure: It is similar to the microstructure

of Isabella's Al, but the sand grains, here, are embedded in a denser
matrix of silt, clay, orgenic matter and iron oxides.

Qrganic Matter: It is more decomposed and dispersed

than in the Al of Isabella. It consists of widely spreed droppings of
arthropods and dispersed fine lignin fregments of plant residues.

Only very few plant residues reveal the structure of their partly de-
composed tissues. The fungi hyphae are more common than in the Al of
Isabella. The humus of this horizon cen be classified as erthropods-
Mull, according to Hartmenn's(25) scheme, or as Moder-Mull, according
to Xubiena (38).

Minerslogy: Quartz and K, Na feldspars are the pre-
dominant minerals of the sand fraction. Some of the hornblende grains
are disintegrated into silt-sized prisms. Iron oride is associated
with colloidal organic matter.

A2/Bnir Microstructure: Massive but with many pores and

cracks. Average distance between the sand grains about 0.1 mm. The
pores and cracks have diameters or widths ranging from 50 microns to
0.6 mm.; most of them, however, are about 0.20 - 0.:5 mm. in size.
Some of the sand grains have coatings of weakly oriented clay, while
e very few small pores and sand grains have around them discontinuous
filme of well oriented clay.

The matrix is rather dense and silt is its main constituent.
Coarse clay particles and micro-aggregates of clay are also intermixed
with silt. Some of these clay aggregates show under crossed Nicols

orientation slong their long axes, as described in the A2 horizoa of



Isabella.

Organic Matter: TIts amount is much smaller than in

the Al, and it is found in the matrix as isolated spots of red brown
colloidal substance which is only locally intermixed with clay. A few
septated fungi hyphae are present.

Mineralogy: Some as in Aj}. Only very few horn-
blendes are disintegrated but there is en abundance of silt-sized
prismatic hornblendes in the matrix.

A2m Microstructure: This horizon does not exhibit a

uniform microstructure. Certain parts of it resemble the A2m or A3m
and others the Bt of Isabella. The distance between the sand greins
ranges from about 30 to 400 microns. There are numersus horizontal
cracks, 0.2 - 0.6 mm. wide, which outline the platy units of micro-
structure. Pores are also abtundant and their diameters range from 50
microns to 1.5 mm. Most of the large cracks and pores have deposits
of silt and un-oriented coarse clay. In certain parts of the section
the pores and sand grains are surrounded by films of well oriented
clay 10-100 microns thick. TFlow structures of silt and well oriented
clay are also present in some cracks and conducting channels.

The silt-clzy matrix is not uniform but in certain areas is
dense and in others fissured. There are spaces, 2-4 mm. in diameter,
which are filled with un-oriented clay and fine silt. Within these
spaces are found pores 2n-100 microns in dismeter, which have films
of well oriented clay 10-20 microns thick.

Some sand grsins have coatings of weakly oriented clay.

Organic Matter: Same os in the overying horizon but

its amount is considerably smaller.
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Mineralogzy: Same as in the A2/Bhir. Iron oxides

are associated with the well oriented clay films. A rock fragment
shows alteration of hornblende on its edge and cleavage lines. Iron
oxide and some clay are the products of this alteration.

A& B Microstructure: Nuciform with and without clay

crusts on the surface of the aggregates. Few spots have microstruc-
ture similar to the one of Isabella's AZp horizon. Sand grains are
at distances ranging from 50-400 microns with a rough average of 200-
250 microns. There are a great number of pores which have diameters
ranging from 50 microns to 2.0 mm. Cracks and conducting channels
200-500 microns wide are also abundant. The microstructure of this
horizon generally is very porous, and resembles the microstructurs of
the A& B norizon of Isabella but it has higher clay content.

Most of the pores have exfoliated and fractured films of well
oriented clay. Yany sand grains are coated by well oriented clay, too.
Conducting channels have flow structures of laminated and irregulsrly
fractured, well oriented clay and of silt deposits. Exfoliated meni-
sci are also present especially in the narrow intergranular svaces.
The thickness of the different films of well oriented clay ranges be-
tween 20 and 200 microns.

The matrix of silt and origirsl clay contzins many different

films and aggregates of well oriented clay.

Organic Matter: Very few isolated spots of red

brown colloidal substance associated with iron oxides and clay.
Mineralogy: Composition same a8 in overlying hori-
- el

zons. More iron oxide is associated with oriented clay in this hori-

zon, than in the A2y. There are also some agzregates of precipitated



‘iron oxides. Some magnetite grains seem to di ffuse iron oxides from

their surfeace.

Bt Microstructure: ©Nuciform with clay crust on the

surface of the agzgregates. Average distance between sand grains
about 0.3 mm. There are num<rous pores and cracks of which the sizes
vary from 20 microns to 1.5 mm. The abundance end the thickness of
the different films of well oriented clay and of the flow structures
is unique in this horizon. All the pores, channels, cracks and most
of the sand end coarse silt grains have coatings of well oriented
clay. The thickness of these coatings ranges between 20-300 microns.
There are also quite a few pores filled completely with well oriented
clay.

The intergranular matrix consists of silt, orizinal clsy and
of well oriented clay which forms coatings or deposits around the
microporaes and sand grains, and in the microfissures. It szems that
the original ¢lay is more mixed with well oriented clasy in this hori-
zon than in ths Bt of Isabella.

The matrix is highly porous and occupies a much larger area

than the sand grains.

Orgsnic Matter: Not visible.

Mineralogy: Same as in the overlying horiwon.

C Microstructure: Nuciform with only few and dis-

continuous clay crusts on the surface of some aggregates, which them-
selves have a spongy in£erior fabric. The average distance between
the sand grains is about 300 microns. There are a great number of
pores, the diameters of which range from 0.1 mm. to 1.5 »m. Only a

i i f1
few vores and cracks have films of well oriented clay and flow
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structures. Around certain pores are found carbonate deposits which
consist of irregulsrly-shaped calcite crystals of less than I micron
to about 5 microns in size, and which show high birefrengence.

The matrix is highly porous and fissured and consists of silt
and clay which is similar to that described in the C horizon of Isa-
bella.

Some sand greins are coated with weakly oriented clay.

Organic Matter: Not visible.

Mineralogy: ©Sane as in Bt but with less iron oxide

and with a number of limestone grains of various sizes.

(c) McBride
Al Microstructure: Similar to the microstructures of

the Al horizons of Isabella and Nester. The aggregates are separsted
from each other by 0.5 to 1.0 mm. wide cracks. Large pores 0.5 to 1.5
mm. in dismeter are abundant. 200 microns is an average estimate of
their dismeter. The distance between the sanu grains is quite vari-
able (50-400 mizrons). Pores and send grains do not have coatings of
oriented clay.

The matrix cougists of a mixture of silt, ¢lay, orgsnic mat-
ter and iron oxides. The clsy and oxides are well mixed wiih organic
watter and cannot be distinguished. Oniy particles of coarse clay

can be seen under crossed nicols.

Orgenic Matter: Tne numus can be classified es

arthrotods-Mull (25), but tne nwnoer of the dropuvings is considerably
smeller nere then in the Ay of Isabeiia aacd Nester. Most of tne or-
ganic matter consists of finely divided ligain-like amorphous aggic-

sates which are associatea with clay and some iron oxides. It seems
= - - :
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that the decomposition of the organic matter is in more advenced stage
nere tnan in the other two profiles. A faw furngi, with septa, and
eces of nematodes are presant.

Hinerglggx: Quartz and feldspers are the main pri-
mary minerzls. Feldspsrs are mainly microclines and a2lbites with
some orthoclase. Some of the hornblende greins are disintegrated.

A2 ¥icrostructur~s: Rather massive with numerous large

pores, 0.5 - 2 mm, in dismeter and 0.5 to 1.0 rm. wide cracks. In
addition to lerge pores, there is a great number of smaller pores of
vhich the average diameter is zbout 0.2 mm. The average distance be-
tween the sand greins is about 0.1 mm.

Yores and sand grains are free of well oriented clay coatings.
Some sand greins have coatings of weakly orianted clay.

The matrix of the intergranular spaces is similar to the ma-

trix of Isabella's A2 horizon btut it is richer in orgenic matter.

Orgzanic Matter: It consists of hishly decomposed

and dispersed red brown ligninous substenca, mixed with clay. A few
erthropsds droppings ani fungus hyphae, with septe, are also present.
The amount of srganic metter is considerably higher in this horizsn
then in the correspording A2 of Issbella.

ineralogy: Same zs in Al with less iren oxide.

Phir Vierostructure: Ioose end spongy fabric. It dif-

fers from the Bnir of Isabelle in having less c¢lsy eond orgenic matter

and more empty spaces in its metrix. The average distance between the

~

sand greins is about C.

a0

.
The matrix consiste of silt and clay. The clay and fine silt

tated

n3
[

are well mixed with red brown amorphous orgenic mstter, and preci



iron oxice. Most of the matriy substaace surrounds the sand and
coerse silt grains, =nd forrs Z0-A0 microns thick coatings leaving
empty spaces of different shapes and sizes. The avergge size of
thes> spaces is gbout 0.5 mm. The coatings show a2 weak orientation
of their clay on the surfzce of the grains and they 4o not act =as
cementing agents.

Organic Matter: It is of the same nature as that

described in the Bhir horizon of Issbella, tut its smount is smeller
nere. It is also smaller than in the overlying A2 horizon. ¥o fungi
are present,

Mineralogy: Same as in the previous horizons. Cnly
few hornbiende greins are disintegrated. ©Some iron oxides form silt-
sized aggregstes which are not mixed with clay and organic matter.

B Microstructure: It is conspicuously more packed

than the Bhir but it still has a great number of pores and emnty
spaces of 0.1 to 0.2 mn. ip diameter. An epproximate estimeste of the
jistance between the sand greing is about 50 microne. The sand grains
nave thin coatings of weakly oriented clay. The pores do not have
films of well oriented clay.

The matrix coneists of » mixture of silt and big aggregates
of oriented clay 10-5C microns in diameter. In nar:cw spaces between
the send grains are found menisci-shaped cley sgsregates in whichn the
clay particles sre oriented parallel to the surface of the menisci.
Iron oxides are associsted with this type of clay. Most of the menis-

ci do not form bridges vetween the sand grains.

Crgsnic_Matter: TFew ageTegates ol nighly decomoosed

red brown substance mixed with clay end iron oxide. Its awount is

92



considerably smazller here than in the overlying horizons of the nro-
file.

Minersloyy: Same as above but less irsn orices than
in the Bhir. No disintegrated nornblendes were observed. The silt of
the matrix, however, is rich in prismatic tiny hornblende which under
crossed nicols can be confused with aggregates of oriented clsy. Some
magnetites have diffused iron oxide around them.

AZm Microstructure: It is as packed as the Brn above and

the AZm of Isabella. The number of the pores is a little smaller than
in the overlying Bm. Their diameters range from 0.1 mm. to 1.5 mm.
but the mejority of them have diameters of 0.1 to 0.2 mm. The average
distance between the sand greins is about B0 microns. A few of the
pores have discontinvovs films of well oriented cley. Their thickness
is about 10 microns. Some of the pores are filled with silt and most
»f them have deposits of fine silt mixed with cl=y. On the verticel
section are seen horizontsal vlenecs of wesknese in which the distance
between the sand grains is sbout 0.3 mm. Many sand greins have coat-
ings of weakly orisnted clay.

Thne mostrix ic rather loose and forms only a few sn5lid bridges
between the send greins. It consists of silt meinly. The clay is
either mixed with the silt without any orvientation or in form of smell
peeregates which show opticel anisotropism (oriented clays). More

s ~ 3 i Y i + &1 i 1 ' -
menisci of oriented clay are present in tnis norizsn than in the over

lving one bu* very few cf them form oridges between irains.

Organic_ Matter: Very few isoleted red brown fine

agsregates.

Yineralogy: Sam2 as io Br but the amovat of iron
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oxide associated with clay is considerably smaller here. Very feow

hornblende grains are disintegrated.

Adm Microstructure: The degree of vacking of the sand

and cosrse silt grains and the perosity of this horizon are very simi-
lar te the overlying A2m and the corresponding horizons of Isabella.
The number of the pores which have films of well oriented clay, how-
ever, is greater in this horizon than in the A2m, 2nd the films tend
to be more continusus here. The thickness of these films rangss be-
tween 5 and 0 microns. The distance between the sand greains ranges
mainly bdetween 20 and 100 microns. In the vertical section are seen
horizontel cracks 0.1 - 0.2 mm. wide, having deposits of fine silt and
of un-oriented clay. These cracks contribute to the platy macrostruc-
ture of the horigzon.

The menisci of well orientsd c¢lay are more abundant here than
in A2m and form several solid bridges between the sand grains.

The matrix is dense and forms solid bridges firmly connecting
neighbtoring send grains. In narrow intergrenular spaces the original
clay tends to form menisci which show a weak eanisotropism (oriente-
tion of their clay), producing cloudy illumination under crossed nicols.
These menisci elso form solid bridges between the sand grains. Sand
greins have costings of weakly oriented clay.

The microsiructure of this horizon suggests that its extreme
hardness is mainly due to the close peacking of the sand grains, the
reerrangement of the matrix end the formation of numerous solid
bridges connecting firmly the sand and coarse silt grains.

Crganic Natter: WNot visible.

Mineralogv: Sene as in overlying horizoas, tut no
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disintegrated hornblende grains have been noticed in this norizon.
Iron oxide is mainly associated with the well osriented clay of the
filme and menisci. A few isolated iron oxide agsTegates are randonly

scattered throughout the thin sectisn.

Bt Microstructure: Somewhat nuciform, but the aggre-

gates are not as well defined as in the Bt of Isabells and Nester, and
they are only parti=lly coated with clay crusts. This horizon is dis-
tinctly less packed than the overlying fragiven horizons.

The average distance between the sand zrains is about .15 mm.
In some sites, however, these distances are as small as 30-530 microns.

The poras are more abundant here than in the overlying hori-
zon 2nd their sizes range fram 20 micrans to 1.0 mm. The crecks are
irreguler sznd have random orientatiou.

Przetically all! the pores and most of the cracks have filws
(20-100 micrsns thick) of well oriented clay. Conducting channels
have laminateil flow structures, but silt deposits are missing. Many
sand and coarse silt graine are coated by well oriented clzy. IMenisci
of well oriented clay are more atundent and bigger than in any other
horizon of the profile. ost of the above filirs, coetings, etc., are
exfoliated or fractured.

™he matrix is highly porous and fissured, end it is irpreg-
nated by 2 network of fissured films and laminae of well oriented
clay. In naly s fer sites the matrix has not suffered rearrangement

. sy o3
of its constituents. Becsuse of the exfoliestions and fissures, only

very few solid bridges csnnect sand greins in this horizen.

Oreanic Matter: Wot visible.

Minerslogy: Save es in overlying horizas. lore
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iron oxides are associated wit® the wel! sriented clav. Some ragne-
tite grzirs diffuse iron oxide around them.

c Microstructure: Nuciform “ithout clay crusts on the

surfece of the aggregates. The fabric of the agsregates is spongy.
The average distence between tha sand grains is about 0.2 mm. Fores
are abundant and their diameters range mostly between 0.1 and ©.5 nmm.
There are no clay films, flow structures and coztings of well oriented
clay in this horizon excerst in its upper part. Sand grains have coat-
ings of weakly oriented cley.

The matrix consists of a mixture of cilt 20d clgy and it is
highly frectured or fissured and forms empty spaces 10-50 micrsas in
size. The ¢clay of the matrix showe cloudy, illuminatisa under crossed
nicols ss described in the C horizons of Issbells and Nester. No de-

tione of carbonatss heve been observed ir this horizon.

Nrganic Matter: Not visible.

Mineralogy: It differs from the Bt in having lime-
\ £

stone and calcite grains, and less iron oxide.



GENERAL DISCUSSION AND EVALUATINY
CF THE RESULTS

1. Changes due to soil formation

(a) Uniformity of the profiles. Changes occurring in the pro-

file during the development nf a soil ean be fully evaluated only when
the parent material is known. If the parent materizl is represented
by the C horizon, we will be able to evaluszte objectively the changes,
which have occurred in the varticulesr horizons, snly if we prove that
the whole profile had, at time zero, comrpositisn identical to the
oresent composition of the C horizon. Thet is to show that the pro-
file has been formed in uniforw parent meterial.

Sand size distributions and th= guartz/feldsper ratios are
rether uni form throughout the three profiles. The distribution of the
total heavy minerel fractions and the magnetite/gera=t ratios, how-
ever, show that only Nester and YcBride have been formed from uniform
parent materisls, while Isabella consists of the following three dif-
ferent strata:

lst - The O to 21" layer, iacluding the Ay, A}, Ag,
Bhir, Bm and A2m horizons is cheracterized by a relatively high emount
of heavy minersls in the fine sand fraction end a magcnetite/ gernet
ratio of 11 to 9.9.

Z2nd - The 21-34" layer consists of the Azp horizon
and is characteri zed by a srall amount of heavy minerals end a magne-

tite/garnet ratio of about 5.

3rd - The material below 34", including the A & B,

g7

Bt and C horizons, is characterized by a small amunt of heavy minerals

snd a magnetite/garnet ratio of 8.2 - 9.5. The gqualitative mineral-
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ogicsl composition of this stratum is similar to the composition of
the first stratun.

Soil genesis, however, procesds regardless of the uniformity
of the parent material, and consequently, it will be studied in all

three profiles.

(b) Changes in paysical properties. The five soil forming

factors as described by Jenny (31) control the changes ia physical as
well as in all the other properties of the soil. Thae physicsl proper-
ties which have undergone significant changes during the development
of the studled profiles are: ©bulk density, pore size distribution,
mechanical composition, and arrangemnent of the soil constituents.

The magnitude of other physical properties such as water permeability
and hardness depend 22 the magnitudes of the above properties.

Bulk density data show a significant iucresse in wolwre in the
podz2sl segqua and a decrease in volume in the well developed Azy and
Asm horizons. If we regard quartz as a resistsnt mineral in the pod-
zo0l region, we can calculate the volume in which one gram of fine
quartz sand is confined in each horizon. Table 10 shows the abyve

mentioned changes in volume of the McBride profile.

] LY e 3 =3 4
Table 10. Volume occuvied by one zram of fine sand =ized quartz

McEBride

Q

Eori zon N-A2 Bhir B Az - Alm Bt

N

olume c.c./
Vo lum er. quartz 2.48  2.11 1,86 1.44  1.84 1,30  1.77
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The increase in volume in the podzol seoua is due to the in-
crease in non-capillary porosity and in the formation of looce crunbly
or spongy structure. Processes which vroduced these changes are: (1)
loss of clay, (2) additisn of organic matter, (3) biological activity,
(4) alternste wetting and drying, (8) freezing snd thawing and rear-
rangement of the soil constituents. How these processes develop the
s7il structure is well described by Baver (4).

The increase in the tulk density of the A2y and A3Zp horizons
is mainly the result of the close packing of the sand and coarse silt
and secondarily of the filling of the pores with silt as it has been
described in the microscopical studies.

The packing of the sand grains has not been inherited from the
parent material but it has been developed during the formetion of the
soil. The distances between the sand grains, as seen in the thin sec-
tions, are considerably greater in the C horizons than in the pan
hori zons.

Water permeability depends on the volume of the non-canillary
pores, and therefore, it has been greatly increased in the podzol
sequa. In the pan horizons, the water permeability is controlled by
the cracks, root holes end/or worm holes.

Mechanical analyses and thin section studies show that the
horizons which overlie the Bt horizon have lost varisus amounts of
clay. Isabella and McBride show a small a2dditisn of clazy in their
Bhir horizons but the amunt of cloy added has not compensated the
amount of cley lost. The only truly clay enriched horizons are the

Bt horizons.

Tr.e bisequa profiles, therefore, hsve two zones of illuviatisn:
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the Bhir horizon and the Bt horizon. The bulk of the illuvial clay,
however, is deposited in the latter.

The films of well oriented clay, which are seen in the thin
sections, have been regarded by many authors as Brewer (7), Cady (11},
Frei and Cline (20) and Raeside (52), as consisting of illuvial clay
deposited by percolsting waters. If this is true, we must admit that
clay is being @eposited in a1l horizons but the A], A2 and C, and
that eluviation and illuviation have taken place either simultaneously
or at different stages during the soil formation, in the part of the
profile which includes the Bhir - A & B series of horizous.

The abundance and thiciness of the clay films incresses with
depth. The films of the pan horizons are discontinuous and thin - but
they do not show any evidence of erosion which wuld lead to the con-
clusioan that these horizons were illuvial at previous times and that
they are being eluviated at the present stage of soil genesis.

The menisci of Qell oriented clay of the pan horigzons could be
formed by local rearrangement of the originsl clay through dispersion
in water and subseguent concentratinon r-nd efflorescence in certain
narrow intergranulsr spaces as cescribed by Vubiena (37).

Yarilova zné Farfenava (69) studied the clay films of a wide
range of soils of the podzol and gray brovn podzolic region of Russia.
Their studies showed that the clay films always consisted of 2 rich in
iron clay minerszl of the montmorillonite group which, they suggest, is

\ - - - . ..
of synthetic origin. They have named this mineral as Yolynite in honor

of Folynov.

The most logical assumption is that all the above described

arocssses take plac~ during the g0il formation.
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Field studies and thin section observalions showed that the
illuvial clay is not uniformly distrituted ir the illuvizl zone (29),
but it is deposited along conducting channels, pores and in the ver-
tical cracks.

He czn conclude from the above discussisn that the only purely
eluvial horizon is the A2 and the snly purely illuvial horizon is the
Bt.

The podzol sequa of Isabella and MeBride show a certain en-
richment in silt, which probably is due to the disintegration of
gravelly rock and cherty fragments which are abundant in these pro-
files, Besides clay, very fine silt is the only other fraction of
the soil particles which undergoes redistribution in the profile.
Table 4 shows zn enrichment of the Azgy and A & B horizons in very
fine silt.

The dowaward movement and depositinn of the very fine silt is
probably facilitated by the presence of the vertical cracks.

c. Changes in mineralogy. In the case of McBride and Wester

wrofiles, the mineralogical changes caa be evaluated on the basis of
the mineralogical composition of the C horizous (parent material).
In the case of Isabells, however, the minerel changes can > evaluated

with only relative accuracy.

1. Primary mincral changes in the fine sand irection. As it

-

was shown in the previous chapter, weathering of primary silicate
minerals takes place only in the part of the profile which overlies
the Bt nnrizon. When considsring calcite, however, the 3+ horizon is

included in the zone of weathering.

The rate of weathering decreases with increasing depth from
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the surface of the s0il. This decreass in weathering should be ex-
pected as the intensity of leaching is hisher near the surface than
in the subsoil.

The minerals which show most weathering in the studied pro-
files avre calcite, olivine, horablende and epidote. ZResistsnt miner-
als esre quartz, magnetite, garnet, zircon, tourmaline and K-Na feld-
spars. This classification of the minerals is in agreement with the
weathering sequences worked out by differeat authors and summerized by
Jacson and Sherman. There is a disagreenent, however, regarding
garnet, which some people classify as moderately resistant. Vatelskd
end Turk (43) founi that garnet decreases in size due to weatherins.
In the studied soils, however, there was verr little evidence of
weathering of garnet. ¥Frobably because this garnet is different in
cotnposition than the gernet studied by the above authors.

The decrease in the number of ¥-Na feldspar grains in the Ag
norizins indicates & slight weathering of the above minerals in this
part of the profiles.

Tn thin sectisns it was observed thzt voth ohysical (disinte-
gration of hornblende) and chemical (release of iron and formation of
clgr) weatherinz of the minerals takes plsce iun the profile. Tvidence
of chemical weathering was seen only in a few thin sectinas of the
grav brown podzolic segua, while this evidence has been obscured in
the pndzol sequa by leaching and/or miving of the products with argan-
iec metter. The increased roughness of the surface of the weathered
minerals of the vodzol scgua is an inéicstinn of the iwvortance of
the chemical weathering in this pert of the osrofile.

the easily weatnered orimary minerale,

v

Regarding the fact that



103

with the exception of calcite, revresent a vary emall fractiioa of the

soil constituents, we cen ¢ nclude that their role in soil genesis is

secondary.

2. Clay mineral changes. The results of the different meth-

ods of ela” analyvsis indicate that 2 weathering of clavs takes place
in the profile. The rate of tuis weathering decreases agzain with in-
creasing depth from the surface of the soil.

The principal clay minerals wiiich weather are illite and the
interstratified complexes of illite-chlorite-vermiculite-montiorilla-
nite, wnich are also present in the parent material. The amounts of
illite and of the interstratifie=d c¢omplexes sharply decrease nsar the
surface of the soil and discrete particles of nontworillonite become
“he dominant minerals, and presumadly are the products of weathering.
This seauence of weathering hee a2lso been found in coils of Indiana
by Murrav (50) and in soil of Wisconsin by Whitting and Jacksoa (65).
In cases of zdvanced weathering, as in the A} and Az horiz~as of Isa-
bella, verwiculite also weathers and wontmorillonite remains as the
anly end product.

#furman (68) found en increese in the amunt of montmorillonite
near the surface of the ®allace and Montcals series of Vichigsan. It
is obvious, thner=fore, that rontmorilionite is forming in the podzois
»of Michigan, vhich have been aevelopea on parent raterisls ranging
from sand to sandy clay or clay loam.

Ansther stronz indicatio. of the genetic orizin of montmoril-

1spite is that on the surface of the Nester profile, which is signiri-

lese leached and weatherei than the Isab=lla prafile, it

e

cantly 8

sy e mi i - it ~
mostly interstratified with otnel minerales, possibly beczuse it heos
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not been subjected to the degres of weatnering impressed on the other
profiles. If the montmorillonite 5f the Isabella surface had been
brought in by wind, we should evozct ts find discrete montmarillonite
also in Nester, since trhe tws profiles are snly one mile avart.

The weathering sequence of clays oi the studied nrofiles is
in agreement with the stability sequence of clays suggested tr Jackson
and Shefman (28).

Falker (62) found in soils of Scotlend that biotite weathers
to vermiculite. \VMortland (49) formed discrete particles of vernicu-
lite by lesching biotite flakes with 0.1¥ N¥acl. lurray (50) sugs-sts
that the initieting mechenism for the formation of montrarillonite
from illite is the oxidation of ine ferrous iron in the nctahedral
layrrs. Mortlang (4%) zlso attributes the decrease in tstal charge,
viiicnt is a result of tre transformation of biotite to vermiculite by
plant growth, to the oxidation of the octzghadrel iron.

Some of the clay minerals are probably synthesized from 8i,
Al and Fe oxides of the snil snlution which are the products ¢f the
complete decompnsition of the primary and cleay minerals. Yavilova
and Farfenova (69) have proposed the syathetic nature of the clay
tilms, of tne Russian snils. Henin (26) has synthesized moatmorille-
nite fi,m dilute solutions of £i02, Alz0z and Fe20x under atnospheric
conditions.

Clay analysis data sihowed a preferential removal of expanding

clays from the fragipan hoiizon and a relative accumlation of illite

snd other non-expaniing clays. The exfolistion of the clay films seen

in the thin sectinsne oI che illuviel zones indicztes taatl expanding

clave cnnstitute a significent portion of tuese fiims. The expanuing

A SRS



105
clays evpans end cintract upon alternale wetiiag and Jrying snd cause
the brezking of the films i1nto parall>! sheets. Assuming thet the
clay films have been formed by phivsicel illuviaiion of clay through
the percolating waters, we cau explain the relative sccumilation of
non-cxtending clays in the fragipen. ‘Yontmorillonite minerals are
generally smaller thsn the non-excanding minerals (22).

Y-ray paticrns of the(.2 microns clay snow thet it consists
mainly of interstratified complexes of illite-chlorite and expanding
clays, while illite and kaclinite are present in much smaller amunts
than in the totel cley fraction. The erxpending clay, therefore, being
of smaller size then the non-erypanding cley, is removed from the
fregiven horizons by percolsticg waters more easily then the non-ex-
vanding one.

The accumulation of illite and other non-sxpanding clays in
the fragipen a2lso indicates that there is no significant alteration
af the clays in this part of the orofile.

The decrease of the amounts of kaoiinite near the surface of
tre snils cannot be attributed to chemical weathering =s kaolinite is
regarded as a very stable mineral in the podzol region, as Jackson and
Shermar {29) have found. Bloomfield (5) fouwad that leaf leachates
eyert = marved deflsculating e¢ffect on kaolinite suspensinsne. Tt is
logical, thercfore, (o esssure thet Veslinite is Leirg removed froon the
surface of the syl by percolating weter.

According\to the hypethesie that theis has boen preferentizl
removal nf the expanding clsy in the fragipen, we might axpsct that
cuch removal should slso be taking dlace in the pedzol secua and

. . N e A 3 £ 1080, Some suct CETIA
iliuviastison accurring in thte tunderlying fragiosu Some such a reroval
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undsvittedly toolr plece iu previsve timee, 28 thig part of *the wrofile
hes lowar clay contenl than the C horizon, bt it seeme that the Te-
moval of clay was either by salution or that it was ant devssited un-
til it reached the By horizon or it wse iecosited ~nly in the vertical
cracks end not in the mnss of the fragipan lorizons.

The relative increase in expanding clays found todsy in the
pndzol sequa is an indicetisn thet *he rate of their formatisn evceeds
the rate of their removsl. 1Iu the thin seciisns it has been observed
that clay snd organic metter form steble complexes and agzregates.

The aggregation of the clay seriously innibits its removal from the
vodzol sequa at the present stage. The increase in clay content at
trhe podzol Bhir Yorizons conpared to the two overlying ernd underlying
horizons indicates thet clay is being devosited thers either as dis-
crete particles as 2 result of physical illuvistion or is being forned

by precipitation from the solutisn or both.

(d) Chemical changes. The chemicsl chenges are the result of

the chemical westhering, addition of organic mstter, sslutisn, chemi-
cel reactinn between the s0il constituents, leaching and precicita-
tion.
The main cheages detected in this study are:
1. Ioss nf carbanztes from the norizon overlyirg
the C horizon and increase of their acidity.
2 Ad.1ition of organic matter to the horizons Sver-

lring the € horirzon and mainly in the pedzol se~que.

seci=lly in tne podzol scoua.

2, WTormeting of sesguisvide-narganic matter compleres
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‘and precipitetion of them in the Bhir horizon.
5. Accvmulation of "free" alumita in the zone of
the vrofiles occupiad by the Bhir, Ep, ASy, A%m and A & B horizons.
€. Acrumulatisn of al%ali soluble silica in the Bﬁ
horizouns.

,.,
{

. In

m

¢ of srequioxides fram the AZ horizsns and
accwnulation of iron oxides in the Bhir horizous where they are asso-
clated =ith organic matter and clay and in the Bt where they associate
vith the clay filws.

8. Thin sectior studies and the light color of the
pan indicate that the A2nm end AZm horigzons suffer a loss of iron
ovides, too.

2. TFormetinn of the fragivan

Investigations carried out in othsr parts »f the country admit
that the fragipan is e reversivly indurated pen which owss its indure-
tion to the neculisr arrangecnent of the soil particles. Silice is not
assumed to have a cementing m™la in the fragiven.

Many suthors as Carlisle (14) consider the compaction of the

as a major factor of cementatisn. Othars (23) sugrest that

)

frag
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clay and especielly illite is the binding agent.

Zegults of this study showed that the fragipan constitutes the
secand eluvial zone of the bisequun profile as Gross .zn et al (74)
have found in soils of Illinois. DBulk density measvrements showed
distinct maxime in the A2m and A3Zm horizons of the pen, tut hardness
date suggest thet high wulk density alone is not enough to produce
marimum induration. Results of chemical analyses failed ts revesl any

. <y . .
significsnt concentrrtion 2f slkali soluble silics in the pan.
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Extractavles zlumina, howaver, showed a r=maritable increasse in thLe srea
of the pan.

Tigure 2 shows that with a more or less constant tulk jensity,
the hariness of the fragivan increszsss with clzy content until an
"optimut" is reached and then it decrasses with increasing clay con-
tent. The “optimum" amunt of clays for fragipans haviag wechsanical
compositions analogous to the studied nnes seems to be abrut 15%.

he greatest differences in hardaess with chenging clay content fall
between 7 ond 22 per cent of clsy. The "aptimun" clay content which
is necessary for the marimum hardaese of the pzn has also been postu-
lated during the field studies. TFesults obbtained by Grossuan (283) did
not show any "aotimur" clzy content, because he tested dried samples
of fragipan and because ne did not weasure hardness of the par Wt thé
firmoess of the dried soil c¢leds, which under dry conditisas normally
increases »ith increesing clay content,

Tigure 2 also shows that within the narrow reanges of cléy
content, hariness increases with increasing bul” lensity, esnecially
in the renge of 4-177 clay.

Yigh bulkx density end optimam clay coantent zre, therefare,
the main »nd necessarv coaditions for the induration of the pen.
Alumine misht act as 2 cerentin: sgent tut its role appeers to be of
secondary imoortance.

™in sectisn studies revealed that the wost importznt festure

2 o

0 the van harizons is the close packiag o° th> sand and coarse silt
grains, which is responsible o7 the high but¥ density of the ver.
Neeper harizoyns, however, in spite of their high bullt densitr, have

low hardness and much less packed sand grains thanr the pan. It
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appeers, therefore, that the close packing of the sand and cosrse silt

greins is the importsnt factor of the indurs%isn and not the high tulx

In order thst the close packing be obtained, the clay content
must not exceed a certzin amunt. We have, therefore, another suyTrort
of the idea of “optimum clay conternt™.

"he clay scts as a cementing agent by forming solid bdridges
connecting the neighboring sand grains. The increase of hardness with
increasing clay content can be attributed to the formatism of more
clay bridges. If the clay content evceed the "optimum", larger inter-
granular spaces will be reouvirnd and frecture and discontinuity of the
cley oridges 11l occur, Decausc of their larger size and of the al-
ternate wetting and dryirg, es it has bern seen in the thin sections
of tue 1lluvial Bt horizons.

Clay anelvses have shown thet the clay of the A2y and A3g
horizone consists largely of non-exvanding spescies. Yrnox (26) also
faund in fragivros of Vew York that illite wss the material which
rnolds together the grains of sand and silt. CJlay bridges rormed in
the pan, therefore, are not frectured v wetting =nd drying, becavse
they consist »f non-eynanding min~rals. This is true only if we as-
sume thet dispersisn does not taxe place.

Tloon water saturation the caores of the Aoy and AZy horizans
3id not show any change of ?olume as did the cores of otuer horizons
containingz evpanding clays. This meens that once the structure of

s formed it cannot be changed Dy mere wettinz and dry-

[y

the fragivpan

ing.
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Hypothesis nf the genesis of the nan

In the preceding discussion we have shown that cloee packing
of the sand and silt grains, a certain swptimun clay ecantent and a
proper arrangement of the soil perticles are tﬁe meir factsares respon-
sible for the induretinn A7 the pan.

The parent materizls of the studisd pronfiles 3o not have the
atnve thre-s properties combiced. Thet is, the pronerties of the pan,
which cause its indurstina, have been developed during the soil forma-
tion. The fragipans that were studied, therefore, are genetic soil
formations and not geslosic formstioans,

The genesis of the fragipaen horizons takes place paralle. to
“he genesis of the other horizoas. After the leaching of the cerbo-
nates end acidificetion of the profile, the following steps are postu-
lated for the formati-n of the pan:

(2) Removsl of 2z oart of the clay fractis: and preferentially
of the eypanding clay.

(v) Contractiosn following the remdval of clay step by sted.
Tris contraction thch resulted in the clase vacking of the greins
wvas graduel acd not uniform. Vorcaé wiich caused this contractisn
werae the gravitatinnal forces withia ths horizon, the 1sad of the

overliins horizons, Dressures everted by tap root of the trees, and

]

nressures develoone? Suring wetting and drying olus freezing and thaw-

in, of the soil guring the =arly stages ni develodnent. The contrac-

: o ins at 4if9erart Adivectian
tinn, therefore, ceuscd by forces acting at dif erart directinns,

ywrpeisnal snrin“age of the gan and in the for-

+
«t

j

e

hre

m

Ca

roseltad 1n o

S

watinn A~ f vertical cracks and the coarse colrmner struec wre. It is

wnawa thet the farratison of 2 hevaznnel patiern of cracrs causes the



least cracking due tr shrinkage.

In case of a unifarm body being gradually contracted from the
top to the bottom a hrragonal prismatic structure is produced. In
this way the formation of bolygonal pattern of crecks frund in many
fragipans throughout the country and the verticsnl cracks of Michigen
fragipans csn ve explained.

(¢) Following the contraction and the close vacking of the
skeletal elements, 4¢he maetrix substances (fine silt and retaining
clay) undergo a rearrangement.

The close packing of the sand has provideld the capillary in-
terzranular spaces, in which the s»il suspension is confined at mois-

ture levels below field capacity. Uvan evapnretion of the water, the

e

clay is depos

ted foraing optically anisotropic menisci which serve
es bridges connecting the neighboring send anl coarse silt grains.

The clay of the anisotropic wenisci is partliy the clay of the
ariginal matrix and cartly illuvial clay brought in from overlying
horizins by the percolating waters during the stage of contreaction.

The Agp horizon of Issorlla has a coinsiderable amount of illu-
vial cl-~yv.

(d) During the course of the soil developrent, aluminum is

slensed fram the decomoosing minerels, 2nd a pert of it is precisi-

-3

tated fram the enil solutinm in the area of the dan, possitly adding
to the cementatisn 27 the Dan.
e above hypathesie differs basicsity from the hyvothesis
> o M
oracosed by Carlisle (14) in the folloving two points: The compac-

. . s r Pt e Yiohisen soi h=s nnt bern inherited
tisn of the stuadied fragipens of Michigen soils v be ¢

'}
m
oy
v
3
D

N N . - £ 2 Te
from the parent material but it is the re~cult of soil gens
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other point is that the vertical cracks are the result of the contrac-
tion dus to loss snd rearrangement of the constituents of the pan and
not of the alternate wetting ard drying. TExperimental evidence and
the type and amount of clry of the ran exclude vwoiume changes of the
pen during wetting and drying whicn coul? account for the cracking.

The softening of the pan upon wetiing cesn te explsined by
asguming that water acts ss ¢ lubricsnt decreasing the adhesion forcos
between the soil particles and vossibdbly by dissnlving or hydrating the
Algos. 2s the pH of the pan favors its solution.

The platy and vesicular structure of the pan has been ex-
pleired by Fitzpatric (19) as due to frost action. He praved that the
vesicular pores have been formed by the dissolved gases during the
freezing of soil water.

Czeraski (18) in Germeny has done z comulete study of the
frost sction and its effect on the soil sirvcture. He describes the
action of soil frost as accompanied by the fsllowing phenomena:

(1) Txpansion of water by freezing (9% of its volume).

(2) Rise of water from the underlying horizons toyward the fro-
zen zone and depositinn of this water in form of ice sheets.

(3) Lifting of the soil through the fre~zing >I the original
and of the water that rises by capillarity from below.

The most effective phenomeniu, however, is tne second one,
vhich produces the followiag structures:

2, Vassive or homogenous structure which is characteristic of
the sandy soils and
b. Laminated or heterngenous structure which is characteristic

0.

of the finer soils.
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The heterogenous structures are betier develoged on comnact
solls than on loose soils. The particular troe {yl=sty, poly:nnal,
volyhedrel, stc.) depends on the texture 5f the soil ~ni on the rate
of freezing.

The maximun rise of wat-r and the best developei platy struc-
tures occur on coupacted loess snd loame.

Czeraski (17) also produced and photogravhed the development
of frost structures in the laboratory $5il from A3 horizon of a Fera-
braunerde formed on loess and having similer properties to the studied
fragipans produced upon freezing a network of horizontal and zigzag
ice sheets.

The platy structure, therefore, and the thin horizontal cracks
seen in the fragipan and nainly in its ASy horizon are probably caused
by frost action.

During the winter of 1952, ¥en Mittert and Steve Shefron, soil
scientists with the Sgil Conservatinn Service in Osceola County, Hich-
igan, found these soils were not frozen because >f a thick snow cover.
Datz of previous years in the vicinity of EFast Lansing and sbservatioas
made by ¥. M-ttert, chief of the Osceola soil survey party, verify
that freezing does occur at depths where the pan is located.

It seemns, therefnre, that s>il frost may cause the disinte-
gration of the par by vreaxing its maseive structure. This disinte-

gratisn is more pronsunced in the By and Agy horizoans of the pan.

%. Olassificatisn_snd Horizon Nomenclature

el R Y

e studied profiles fall ~ithin the group of soils nasmed by
Gardner and Whiteside as double (bisequa) profiles of podzdl-zray-

ic i snresent the zonal soils
brown podzolic intergrades, which represent the zonal soile of the
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Tne fragipan is a geaetic firastisz in the

stucield 2rofi

i S

orzed in the eluvial zone of the Gray Zromn Poazl

and
fells within the concept of fragipan horizons defizel in the Soil
Survey Manual.
The typical sequence of e=n=tic horizons of the soile nf
Forthern Michigsan =hich have *h
files are:

ne tertural renge of the studied pro-

First, a Podzol sequum characterized by maximmar physical,
cnenical and biologicel ectivity or changes, and by 2n incresse in
volune.

A very thnin lszyer of undecompnsed litter,

The
proper gen<=tic fesignation of this horizon is
Da*.
Al

A crunbly and loose mineral horizyi of zcid reaction.

It has bern enriched by arthropsds fine mader or ar-
thropsds mull humus.

Intense cherical weathrring
and formati-n of discrete particles o>f expanding
cloy minerals

e, 4

-

[

echrmpasitiic of organic mat-rials
na rarmatisa of clay-organic matt-T are t

> the T
éaminant processrs wnich take place in this horizon.

The cenetical designation of this Lorizon is Vh.

A bleached acid horizon chierac

trized v clay ani
cesquioxide eluviatiny, wassive friavle structure,
. . ~ ~ - PN I . - AT
* These genetic designazlons nNave oen r?cehult prauose
Wniteside in ris article puilished in $-ile anc
1859, 1-8.

oy Dr
Tortild zer,

Such snils nave also been fsund in Fex Yoar and Ontaria,

iles,

115
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ani intense chenical weathering ss in the A;. Its
genetic designatina is ®n.

Bhir An acid horiznn of lnos-s svongy structure, richer in

iron, alumina and colloidal organic matter. It

[N

[3
characterized oy a secondary increase in clay con-
tent and vy the formation of clay-iron-organic mat-
ter compleres. The formation of discrete particles
of expanding clay is less uronounced here than in
the overlying horizons. Its genetic designation is
vIibn.

Bm An acid horizon, rich in alumnina and transitisnal
‘between the podzol segquum and the pan. This horizon
is, insofar zs sespuionides are concerned, illuvial
tut it has lost wost of its clay through eluviastiosn.
Tts sand is somewhat close packed, has a coarse
platy structure end is slightly indurated. The
zenetic designation for this horizon is $Ibi Eg

Second, a Gray-Erown Fodzolic sequum, characterized by high

physical activity and relativelyr low chemical and binlogicel activi-

ties. There is no strong evidence of fonzatinn of erpanding clay in
this part of the profile.

Agm An acid, blesched, eluvial horizon which has suf-
ferod preferential losses in expandin: types of clay
ani iron oxidss, a relative incresse in non-eyvand-
ing cleay, close packing of sand and coarse silt
crains with a loss in volume anl rearrangen=nt of

the matrix substances. The above chenges rave
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resulted in the reversible induretioz of the norizon
under dry couditicns. This hoarizon has a cosrse
platy and vesicular struciure proguced by frost
action. Its genatic designatisn is Tql
Same as above, but with more poorly expressed platy
structure, higher clay and free alumina content angd
with 2 small amount of illuvial clay in form of
filwrs. This horizon is considerably more indurated
than any other hsrizoa in the profile. Its genetic

-
designation is Bq /4Ibt.
An acid horizon which is partly =zluvial and partly
illuvial. It constitutes a transitino between the
overlying Azm and the underlying Bt. Its genetic

esignation is $Iti & Eq

N

An zcid horizoun that constitutes the zone of mavimum
clay illuviation. Iron oxides also accwrulate in

this horizon snd they are mainly assaciated with the
clay films. ZExcept for the decomposition and leach-

ficent wea-~

w
jory
o
B
pr

ing of the cerbonates, there is no
thering »f primary and clay minerals in this hori-
zon. The sand grains ar=s not packed. This horizon
is charscterized by the abundance and thicimess of
flow structures aud films of vell ori:nte? clgy.
Tts structure is usually tlacky =2nd the root dis-
tributing is higher here than in any other horizon
of tr.~ Grgy-Erown rodzolic sequum. The gouetic

ceeignatisn for this horizon is +Ii1.
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Third, unaltered garent matsrigl.
C Calcarenus glecial 3i1l. It constitutes the parent
material (F).

“he podzol sequa of the three profiles studied and generally
of the Michigan soils which fall within this lithosequence, have not
the characteristics of the classical podzols of Russia and Furope.
Namely, they do not have accumulation of raw humue non their surface
and their Bhir horizons are not cemented. Blaomficld (8), however,
does not accept that the presence of raw hums is important in calliag
=z 50il podzol. According to him, Russian podzols, zray wiroded and
Austrélian podzolic soils are morphnlsagically similar and the same
processes are responsible for their formation. We can classify, there-
fore, the upper sequa of the studied soils as podzols.

Amnng the studied three profiles, only Isabella has the typi-
cal sequence of zenetic horizons as described above. Its Azp, horizon,
however, is geslogically different from the overlyrin: end underlring
norizong and its designation according to Wniteside's (64) system,

——
should be II Eq /dIbt.

YePride is the next best developed profile but its A2 horizon
contains mach more organic matter than a typical Ap should have, and

its genetic designation should be Em¥n. The A & B horizon is not well

',

defined in McZride.

+

The least developed profile is the Nester profile. It is lack-
ing typical ané segaralble A2 and Bhir horizous in ite podzal sequun.
Instead, it has a gradation or rixture of these twy horizons, of vhich
tha genetic designation is Tmf¥Ini. In the gray-brown poczolic se-

3 3 nt et T "“ed.
guun, the A3m horizon hag not ev been develop
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SUM/ARY - COXCIDSINES

The threes profiles studied have be-n develsped on calcaresus
ti1ll and they represent different stages of woathering and soil de-
velopment. The Isabella profile is the most westhered and best de-
veloped and the Nester nprofile is the least developed.

During the development of the profiles, the carbinates were
dissnlved and removed fram the 2oa= which overlies the C horizon.

As a result, an acidificetisn of the praofiles took place. Clay was
elsn removed from the zone overlyving the By horizsn by either physical
illuviation or complete decompositisn. A part of the vemved clay was
deposited in the Bt horizons wnich have the highest clay ~>ntent in
each horizon.

The expanding interstratified complexes of illite-chlorite-
verniculite-mntmorillonite being small in size were preferentially
remaved fram the eluvial A2q and AZg horizons, which thus show a
relative increase in non-expanding cleys. The intense weathering of
the clay snd of the less resistant primsry minerals in the upper part
5f the profiles resulted in the release 5f "free" PFe oxide, alumina and
silica =nd in the formation of discrete particles 5f vermiculite =nd
moutmrillonite. Conseaguently, an increase in the amount of these
minarals too¥ place near the surface of the s5il.

fhe addition of orgsanic matter formed the hurus of the Ay, A2
Bhir horizoms snd initiated the formatina of clay-orgsanic matter
snd iron-organic matter corslexes of the podzol seaqua.

In the eluvial zone of the gray-browa mocznlic sequa, a clase

packing of sand ani coarse silt zreins toox olzce ann resulted in ihe
packing of
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redquction of the volume of that lgyer. Tollowing ~r duriag this con-

5

tractinn, a rearrangenent or the clay and fine silt took place, which

A

resulted in the formation o7 solii clay bridgee conrecting the neigh-

e

vring sand grains and lhus a reversibly indurat-d pan was developed
in the A2;n and A%y horizons.

The hardest pan has been developed in the YcBride profile be-
cause its parent materisl had nearly the optimum mechanical composi-
tion necessar;y for the forratinn of the pan. On th= contrary, the
pan of the Nester prorile is only poorly develop~d, as its parent
material had considzrably higher clay content, which has inhibdited
the adequate translacztion and rearrangement of the so0il substances.

The fragipan limits the branching and causes a serious defor-
wati.n of the roots. At first glauce, however, no serious decline of
the forest growth, due to the greseuce of fragipan, has been noticed
vat, befor. we reach any general conclusion, more informstion and re-
search is reded. The frsgipan can be more haraful in eroded ayri-
cultural lands, where iis presence limits the physiological depin of
ithe soil.

Th= nature of the pan is such that it can easily oe destroyed
by mechenical brariing, when the soil is we:, ané by thorough mirzing
wiih tie overlying horizons. Adiitioa of clay and organic watter
could proiuce anl stabilize a fevoravle soil structuic and prevent
JLe refornation of the pen.

Relaw the frazipen is the zone of maximunm cley illuviatisn
characterized by the abuﬁdance of flow structur=s znd other clay films

. . . 2 > & 3 . s,
vhicn are rich ia precipitated iron oxides
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From the above discussisn, we can ¢, uclude thet the Fodool

segue ara charocterized by high

states o7 grysical, chemicel and cin-

logical activities which resul* in drastic chenges in the ohysical,

cnandicel and mineralsgicael propeorties of the soil.

T\(l -

]

maialy oy ni

contracting,

underlyirg Gray-Trawn fodzylic sequa are cheractarized

~

it
&1

.

4

vnysical zcfivi

Iy
v

v
A

such as clay illuviatisn, eluviating,

end rearrangement 5f soil perticlss.
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Fatterns

Patterns 1}

Patterns

Ha.

3

Y-RAY DIFFATION PATTERNS OF CLAY

correspond to Cat * and glycerol saturated samples

correspond to samples which were v+ satursted and

heated to 1109 C.

correspond to ssmples which were K+ saturated and

neated to 550° C.
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PATTTRNS 0 DIFTR FNTI AL THERVAL ANALYSIS OF CLAY

The numbers correspond tn degrees °C.
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NICROFHOTAGRAPES OF THIN SECTIONS OF UNDISTTRBED SOIL

Scale Tach small divisisn correspsands to 10 microns.
Ernir horizon of the NcPBride profile

AP,m t n 1 1 "

Bt A 1 n H "

C 1 1] " n it

Detailed microstructure of the A3y horizan of the VeBride profile.

Meaisci of clay form solid bridges connecting the sand graius.
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