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ABSTRACT

Hardpans occur within lm of the surface in about 50% of the
soils of Massachusetts and mostly originate from parent materials
that were deposited at the base of an advancing glacier,,

Fragi-

pans are hardpans whose hard consistence and brittle behavior
are diminished when moistened.

A drainage toposequence located

on Orchard Hill, a drumlin on the University of MassachusettsAmherst campus, was selected for this study as a site that is
typical of the upland soils of southern New England.
Identification of fragipans is often difficult due to the
lack of quantitative differential criteria.

The unconfined

compression (UC) test was used to characterize strength prop¬
erties of fragipan and fragipan-like materials.

Tests were

performed in the laboratory on undisturbed core samples equil¬
ibrated to one of four moisture conditions: wet, moist, slightly
moist, or air dried.

Fragipans developed in basal till ex¬

hibited maximum UC strength values of about 100 kPa at mois¬
ture contents less than 0.10 kg kg“l and minimum UC strength
of less than 25 kPa at wetnesses of 0.1M- kg kg”^ or more.
Between these two critical wetnesses, strength varied inverse¬
ly with wetness.

A hardpan formed in post-glacial colluvial

deposits showed similar maximum UC strength values but still
retained about 70 percent of its UC strength at the wettest
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moisture condition.

The UC testing data enabled separation

of the fragipans developed in the glacial till from fragipanlike horizons formed in the colluvial material.

Pocket and

Proctor penetrometers were investigated to determine their
suitability for routine recognition of fragipan horizons in
the field, especially during wet soil conditions.

Their

application did not improve upon current field techniques.
The basal till from which most fragipans of southern New
England have developed is the Tlowerr till of a two-till
relationship found throughout the region.

As it commonly

serves as a foundation and a construction material, the
engineering properties of the lower till were determined.
Grain size distribution curves of the lower till material
and the colluvial hardpan were obtained by three different
sieving methods: dry sieving, wet sieving, and chemical pretreatment to remove bonding agents before sieving.

Wet

sieving is recommended to engineers for routine identification
of this till formation because it minimizes inter-particle ad¬
hesion during sieving.

Undisturbed core samples of the basal

till and the colluvial hardpan were equilibrated to wet and
air-dry moisture conditions and were then subjected to consolidated-undrained (CU)

triaxial compression tests to construct

Mohr failure envelopes.

The effective stress parameters of

shear strength, cohesion, and the angle of internal friction
of both soil materials were inversely related to soil moisture
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content.

The modification of soil strength by a network of

joints and fractures that are common to basal till formations
should be considered in the geotechnical design process by em¬
ploying the lowest strength values observed at the highest
wetnesses.

Compaction curves were developed with the Standard

Proctor (SP) and Harvard Miniature

(HM) compaction tests.

The

well graded basal till appeared to be a suitable construction
material when low void ratios are required as maximum dry den¬
sities greater than 2.0 Mg m”3 were achieved.

The poorly

graded colluvial hardpan had maximum dry densities of 1.8 Mg m“
or less.

Basal till samples that were compacted by the HM

method and subjected to CU triaxial compression tests retained
strength characteristics that were very similar to the undis¬
turbed condition.

This indicates that most of the strength

properties of the fragipans of the region resulted from the
glacial origin of the material rather than post-glacial modi¬
fication.
Changes in physical conditions in the Orchard Hill toposequence were monitored over a two year period with well points,
tensiometers, soil temperature probes, and redox potential elec
trodes.

Well drained (WD) soils appeared uniformly brown,

reflective of a generally strongly oxidized environment.

They

also showed the greatest seasonal fluctuations in soil temp¬
erature ranging from 0°C to 23°C„
chromas

Matrix colors of highest

(6 or higher) occurred in the moderately well drained
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(MWD)

soils where reducing and oxidizing environments coexist

within the profile at some time during the growing season,,
Prominent ferrans and albans in the 2Cx horizons of MWD soils
were related to sustained groundwater levels, although higher
water tables often occurred for periods too short or too cold
for development of strongly reducing conditions„

Grey streak¬

ing patterns characteristic of fragipans were best expressed
in the 2Cx horizons of MWD soils and can be attributed to
reducing environments during periods with soil temperature
above biologic zero when conditiins are wet but unsaturated*
Significant translocation and leaching of iron occurred in the
somewhat poorly drained (SPD) soils as evidenced by olive grey
matrix colors„

Channel neoferrans and some neoalbans indi¬

cated that a reducing environment may persist within the B hor¬
izon long after it has become unsaturated„

Lowest chroma colors

were found in the very poorly drained (VPD) soils where peren¬
nial conditions of saturation or near saturation exists up to
the soil surface resulting in the strongest reducing environ¬
ment and least fluctuations in seasonal soil temperature*

vii

TABLE OF CONTENTS

ACKNOWLEDGEMENTS . iii
ABSTRACT . iv
LIST OF TABLES .x
LIST OF FIGURES .xi
Chapter
I.
INTRODUCTION . 1
Statement of Objectives . 1
Research Outline . 1
II.

LITERATURE REVIEW . 6

III.

STRENGTH CHARACTERISTICS OF THREE HARDPANS
IN MASSACHUSETTS . 20
Introduction .
Materials and Methods .
Results .
Discussion .

IV.

ENGINEERING CHARACTERISTICS OF BASAL TILL AND A
COLLUVIAL HARDPAN IN CENTRAL MASSACHUSETTS . 36
Introduction .
Geology .
Occurrence .
Engineering Properties .
Summary.

V.

20
21
24
30

36
36
38
39
51

MOISTURE REGIMES AND ASSOCIATED MORPHOLOGICAL
CHARACTERISTICS IN SOILS OF A DRAINAGE-TOPOSEQUENCE
IN CENTRAL MASSACHUSETTS . 53
Introduction .
Materials and Methods .
Soils .
Field Measurements .
Laboratory .

viii

53
56
56
56
58

Results .
Water Table Fluctuations .
Soil Moisture Tension .
Soil Temperature and Redox Potentials .
Discussion .
Conclusions .
VI.

58
58
61
63
64
70

CONCLUSIONS . 72

LITERATURE CITED . 75
APPENDIX A . 82
APPENDIX B .

93

APPENDIX C . 104

ix

LIST OF TABLES

IV-1.

Engineering Properties of Three Hardpans oooooooooo.. 41

B-l0

Unconfined Compressive Strength and Pocket
Penetrometer Resistance Data .. „ „ „ o»o»..00..0 94

B-2.

Unconfined Compressive Strength
Statistical Analysis ...... 0 <. „ 95

B-3C

Pocket Penetrometer Resistance
Statistical Analysis . „ „ e „ „. ..... .. 96

x

LIST OF FIGURES

III-l.

Fragipan Stress-Strain Relationship
at Two Moisture Contents ......... 26

III-2.

Unconfined Compressive Strength and Pocket
Penetration Resistance for Three Hardpans ......... 28

III-3.

In Situ Proctor Penetrometer Results ....„... 29

III-4.

Bulk Density Effect on Proctor
Penetration Resistance .. . „... ..«,.. 31

IV-1.

Grain Size Distributions of Three Hardpans ....»„..„0 42

IV-2.

Mohr Failure Envelopes of Undisturbed Samples ....... 45

IV-3.

Effect of Water Content on Effective
Stress Parameters ..... 46

IV-4.

Compaction Curves . 48

IV-5.

Mohr Failure Envelopes of Compacted Samples . 50

V—1.

Water Table Fluctuations in Rainbow, Ridgebury,
and Scarboro Soils ... 60

V-2.

Variation in Soil Moisture Tension in the Paxton,
Rainbow, Ridgebury, and Scarboro Soils ........62

V-3.

Redox Potentials and Soil Temperatures ....„.. 65

V-4„

Soil Chroma and Drainage Class Relationship ... 66

A-l.

Salt Bridge Construction . 87

A-2.

Components of Field Redox Potential
Measuring System ...........

89

A-3.

In Situ Redox Potential Measurements ........... 90

B-l
to
B-7.

Miscellaneous Strength Data.. „... 0 o... „.. • „..... 97

C-l
to
C-ll.

Variation in Soil Moisture Tensions ...

xi

105

C-12
to
C-15.

Seasonal Water Table Fluctuations

xii

116

CHAPTER

I

INTRODUCTION

Statement of Objectives

About 50 percent of Massachusetts soils have a hardpan with¬
in a depth of lm.

Most of these hardpans are thought to origi¬

nate from parent materials that were compacted beneath advancing
glaciers creating a consolidated deposit referred to as basal,
lodgement, or communition till.

Until recently soil scientists

designated these hardpans as fragipans.

Both water movement and

root growth are restricted by fragipans and the occurrence of
such an horizon within lm of the surface will greatly influence
land use interpretations.

The choice of plants is limited,

special conservation practices and engineering design consider¬
ations are often required, and the use of on-site waste disposal
systems is severely restricted.

Also, the potential for erosion

increases when sloping hardpan soils are cultivated since sea¬
sonally perched water tables can saturate and increase the in¬
stability of the overlying soil leading to higher erosion rates.
Impeded drainage of hardpan soils in flat or concave landscapes
can limit access to cultivated fields and delay tillage and har¬
vest operations.
Fragipans are genetic horizons with high bulk densities, hard
to very hard consistence when dry, becoming soft to very firm
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when moist, having slow to very slow hydraulic conductivities
and individual clods slake in water (Soil Survey Staff; 1951,
1975) „

When these horizons are seasonally saturated, these

pans become soft when moist and escape detection by soil sur¬
veyors,

This results in a soil rating which is more favorable

than the actual condition warrants.

Some efforts have been

made to quantify the fragipan strength behavior in relation to
soil moisture and to use this as a differentiating criterion,
but, currently, no standard procedure for identifying fragipans
exists other than subjective field descriptions.
The morphology of subsoils overlying basal till is affected
by the low internal drainage rate of these hardpan materials.
Soils located on the midslopes of drumlins in Massachusetts are
moderately well drained whereas a soil that lacks the impeding
layer would be well drained in an identical setting.

The Soil

Conservation Service interprets the presence of mottles with
chroma of 2 or less as the depth to the maximum height of water
table fluctuation.

Well drained soils are denoted by a lack of

mottles throughout the control section (generally between 25 and
100cm).

Little emphasis has been placed on mottling morphology

that reflects the intermediate conditions of moderately well and
somewhat poorly drained soils.

A greater understanding of mot¬

tles as they evolve from specific moisture regimes is required
if soil surveyors are expected to determine soil drainage re¬
gimes from observations of soil morphology.

The purpose of this study is to:

(i) quantify the strength

behavior of selected fragipans in relation to changes in mois¬
ture content;

(ii) compare these results with strength data from

non-fragipans to evaluate diagnostic potential;

(iii) determine

the moisture regimes in a typical Massachusetts drainage-toposequence as affected by the presence of hardpans; and (iv) link
these moisture regimes to specific mottling patterns.

Research Outline

A drainage-toposequence developed on the east-facing slope
of the Orchard Hill drumlin at the University of MassachusettsAmherst campus was selected for this study.

The toposequence

consists of the well drained (WD) Paxton series

(Typic Fragi-

ochrept), the moderately well drained (MWD) Woodbridge and
Rainbow series

(Typic Fragiochrept), the somewhat poorly drained

(SPD) Ridgebury series

(Aerie Fragiaquept), and a very poorly

drained (VPD) Scarboro Varient (Histic Humaquept).

All soils

are of the coarse-loamy, mixed, mesic family except for the
Scarboro Varient which is sandy, mixed, mesic.

Soil parent ma¬

terial in the north-south trending drumlin is mostly dense basal
till overlain by ablation till with an aeolian component mixed
in by frost action.

The aeolian material originates from the

post-glacial Connecticut River Valley and includes sediments of
glacial Lake Hitchcock (Veneman and Bodine, 1982).

As a result,

the textures of the overlying horizons within the catena mem-

li¬

bers are somewhat siltier than is common for these coarse-loamy
soils.
Strength behavior of hardpans in selected catena members was
evaluated with unconfined compression (UC) and triaxial compres¬
sion (consolidated-undrained (CU) shear) tests as well as with
Proctor (Soiltest Model CN-M-33) and pocket (Soiltest Model CL700) penetrometers.

The laboratory compression tests were used

to accurately characterize fragipan strength behavior.

After

failure in the UC test, intact portions of samples were tested
for their ability to determine the presence of a fragipan and to
distinguish a fragipan from other hardpan horizons during rou¬
tine field use.

The Proctor penetrometer was employed during

the 1982 field season to determine in situ shear strength vari¬
ability with changes in the natural soil moisture content.

Res¬

ults of the strength investigations are reported in Chapter III.
Excluding areas of bedrock exposure, the lower basal till
of southern New England is nearly ubiquitous at some depth in
most upland landscapes.

It is a formation that serves as a

medium upon which structures are built but also as a building
material in itself.

For example, many earthen dams throughout

southern New England have been constructed with this soil mater¬
ial.

Standard engineering properties of the till material on

Orchard Hill were determined and are reported in Chapter IV.
These engineering properties include grain size curves, Atter-

5

berg limits. Standard Proctor and Harvard Miniature compaction
determinations of the optimum moisture content to obtain maxi¬
mum density, specific gravity of solids and Mohr failure effect¬
ive stress envelopes.
Moisture regime characterizations of soils with various
drainage conditions was carried out over a two-year period
(1981-1982)„

Mottling phenomena and other morphological fea¬

tures were described in detail in the field and related to
specific moisture regimes.

Groundwater levels, soil moisture

tensions, soil temperatures, and redox potentials in selected
horizons were determined with well points, tensiometers, therm¬
istors, and blackened platinum (Pt) electrodes, respectively.
Results of this mottling study are reported in Chapter V.
During the course of the field investigation, it became
apparant that in situ redox potential values during dry per¬
iods were unreliable.

A salt bridge technique was developed

which permits accurate redox potential measurements, even when
some parts of the soil profile are relatively dry.

The con¬

struction and installation of the salt bridge and its use with
the Pt electrode is detailed in Appendix A,

CHAPTER

II

LITERATURE REVIEW

The current landscape of southern New England has been af¬
fected primarily by processes related to glaciation,.

The last

ice sheet of the Wisconsinan period of glaciation retreated
about 12,000 years before present from this area and consequent¬
ly the soils of the region are relatively young.

Except for

fluvial and marine processes, soil-forming processes are the
main agents by which the materials comprising these glacial
landforms have been modified over time.
Basal till is often referred to as hardpan due to its high
bulk density and the difficulty encountered when it is excavat¬
ed (Flint, 1971).

Until recently, hardpans associated with

Paxton and similar series were considered by soil scientists
to be fragipans.

The term fragipan was introduced in the Soil

Survey Manual (Soil Survey Staff, 1951) with the meaning brit¬
tle panT.

Inherent to the word fragipan is an implication of

brittle consistence.

The Soil Survey Manual states that "when

dry, the compact material appears to be indurated but the ap¬
parent induration disappears upon moistening”.

The term is de¬

rived from the Latin word fragilis. meaning brittle, and the
word pan (Soil Survey Staff, 1975).

A fragipan is seemingly

cemented when dry, having a hard or very hard consistence, and
when moist exhibits moderate, weak, or no brittleness
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(Soil
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Survey Staff, 1975) .

The term brittleness refers to a condition

in which soil material sustains increasing pressure with little
deformation until a critical pressure is reached at which point
the material suddenly shatters

(Carlisle et al,„ 1957).

The

Soil Conservation Service no longer considers the hardpans of
New England to be true fragipans as many of their diagnostic
properties may have been inherited from the basal till.
Most upland areas of Massachusetts contain one or more var¬
ieties of till deposited by glacial ice with some sorting to
little or no sorting by running water.

Drumlins and the gen¬

eral till cover throughout the region commonly reveal a twotill sequence consisting of an Tupper till1 overlying a ’lower
till’.

In general, the two are distinguished by the lower

till’s greater compactness, higher silt and clay content, platy
or fissile structure, and oxidation to depths commonly between
4 to 9m, while the upper till is less compact, sandier, and
without fissility (Schafer and Hartshorn, 1965).

White

(1947)

found evidence for two periods of glaciation responsible for
deposition of each till in Stafford Springs, Connecticut.
Based upon the occurrence of a reddish-brown stained and ce¬
mented zone at the top of the lower till, it was concluded
that subaerial weathering of interstadial duration was neces¬
sary for such advanced oxidation of iron to occur.

In contrast

to the lower till, the higher porosity of the upper till was
in part attributed to never having been overridden by a subse¬
quent glacial advance

(White, 1947).

Pessl (1966) correlated

these till formations and two distinct periods of glaciation
with another two-till locality in northeastern Connecticut„
Flint (1961), noting that soils or weathered zones formed in
lower till may have been stripped away by the succeeding gla¬
ciation, differentiated the two tills in southern Connecticut
by direction of ice movement as deduced from till fabric, pro¬
venance of pebbles and cobbles, and striations.

Most recently

Newton (1978) prepared a comprehensive review of the origins
and characteristics of the two tills and investigated five
till localities throughout southern New England to clarify
their relationship.
Consisting of a variety of materials, drumlins are of
streamlined shape oriented in the direction of ice flow, com¬
monly with a blunt end on the upstream side
1968) .

(Smalley and Unwin

Drumlins in southern New England are composed mostly

of the lower till and were probably formed some time before
the most recent Laurentide ice advance responsible for deposi¬
tion of the upper till.

No drumlins are formed entirely of

the upper till, as they seem to be located in areas that were
glacially erosional and nondepositional during the last gla¬
ciation (Schafer and Hartshorn, 1965).

The upper till some¬

times forms a thin mantle veneering drumlins but more commonly
forms a collar encompassing their perimeter (Pessl, 1971).
The directional data of the glaciation that deposited the low¬
er till and formed most drumlins indicates a north-south trend
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whereas the latter glaciation associated with the upper till
trended northeast-southwest and somewhat modified the preexist¬
ing orientation of drumlins

(Flint, 1961; Pessl, 1966)„

Many upland Massachusetts soils have formed in parent ma¬
terials composed of ablation till overlying the lower basal or
lodgement till.

The parent material of the sola of these soils

is intermixed by frost action with an aeolian component and is
referred to as congeliturbate

(Schafer and Hartshorn, 1965).

The Paxton and associated soil series

(Woodbridge, Ridgebury,

Whitman) commonly occur on drumlins and are underlain by the
lower till, while the Montauk, Scituate, and Gloucester soils
are often found around the base of drumlins and other areas
underlain by the upper till as the general till cover (Tamura,
1956; Hill and Gonick, 1963).

While the lower till formation

was deposited subglacially, the upper till has been found to
possess both ablation and lodgement components
by superglacial and subglacial processes)

(i„e. deposited

(Pessl, 1971).

St. Arnaud (1976) notes that while the nature of a till
determines many of the properites of soils developed from it,
tills are significantly altered by pedogenic processes after
deposition when the ice has receded.

The type of till often

determines such physical properties of soil as texture, struc¬
ture, hydraulic conductivity, and bulk density.

Therefore,

Canadian soil scientists classify and survey soils in relation
to parent materials and distinguish between different types of
tills when establishing mapping units

(St. Arnaud, 1976).

The
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problem of correctly distinguishing between pedogenic fragipans
from unweathered basal till in the field is exemplified in the
observation by Wang et alc

(1974) that large tracts of land

throughout Nova Scotia, as much as 250,000 acres, containing
fragipans were mistaken for basal till until recently resurveyed.
One characteristic morphological feature of fragipans is
the occurrence of bleached prism faces often bounded by a red¬
dish zone of iron accumulation.

This delineates coarse prisms

of the fragipan matrix that are about 25 to 50cm in diameter
and appear as a polygonal pattern of mottling when viewed in
horizontal cross-section (Carlisle, 1954; Grossman and Carlisle,
1969; Miller et al.. 1971a).

In observations of lodgement till

recently revealed by a retreating glacier in Spitsbergen, Boul¬
ton and Paul (1976) noted that the subglacially deposited ma¬
terial was apparently massive and unjointed.

However, soon

after exposure the upper horizon of the lodgement till dried
out rapidly and developed a close network of sub-vertical
joints with a polygonal surface pattern (Boulton and Paul,
1976).

In micromorphological studies on the bleached prism

faces, oriented laminations of clay sandwiched between silt
layers have been observed that are parallel to the interface
of the fragipan matrix with the prism face
1971b).

Ranney et al.

(Miller et al..

(1975) reaffirmed that these oriented

materials are illuvial in nature and have been washed into
dessication cracks opened during dry periods.

The bleached
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prism faces are depleted of free Fe203 and AI2O3 and these
compounds have enriched the yellowish-red edges

(Gile, 1958)

qualifying as neoferrans and, when associated with clay, as
ferriargillans

(Horn and Rutledge, 1965).

While plant roots

are rarely found within the fragipan matrix they are not un¬
common along the prism faces

(Soil Survey Staff, 1975).

Bleached prism faces can be observed in most fragipans
throughout North America that have formed in Wisconsinan tills
(Carlisle et al.. 1957; Gile, 1958; Grossman et al.. 1959;
Yassaglou and Whiteside, 1960; Lyford et al,. 1963; Hill and
Gonick, 1963; Miller et al,. 1971a; De Kimpe et al.. 1972;
Wang et al.. 1974; Ranney et al.. 1975; Hole, 1976; Hallmark
and Smeck, 1979a).

When the prism faces are continuous with

an overlying eluviated horizon, a bisequence is denoted that
possibly suggests ongoing degradation of the underlying mater¬
ial (Grossman et al.. 1959).

With bisequel fragipans that

have formed in the older, lower till of southern New England,
this overlying eluvial zone may be misinterpreted as the young¬
er till formation (Lyford et al.. 1963; Schafer and Hartshorn,
1965).
Materials ultimately destined for subglacial deposition
are originally incorporated subglacially and englacially by
erosional forces and, although most are transported short dis¬
tances, some are far-traveled (Sugden and John, 1976).

The

components of till formations are therefore poorly sorted and
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of mixed minerology and rock type.

Larger particles are com¬

monly abraded, crushed, and reduced to smaller sizes in the
process.

Boulton and Paul

(1976)

reported two zones of de-

trital entrainment within the ice of a temperate, warm-based
glacier.

The first, comprising the bulk of glacial ice, was a

zone of relatively debris-free ice where all particles in sus¬
pension move at the same rate as the ice itself.

The second

was a thin zone of debris-rich ice at the base of the glacier
where particles are in traction due to frictional drag against
the bed, and thus move slower than the overlying ice mass.
Particles of smaller size in this zone collide with larger,
slower moving components,
rich clusters

leading to the buildup of debris-

(Boulton and Paul, 1976).

Subglacial lodgement of till occurs when frictional forces
against the bed retards the debris-rich ice masses sufficiently
to exceed the moving force of the glacier
Sugden and John (1976)

(Boulton, 1976).

note that these debris lenses are plas¬

tered on and laminate the glacial sole and that slickensides
between units of platy or lenticular structure are formed at
this time.

Release of detritus may also occur by pressure

melting of ice at the shear surface of the glacier with bedrock
or previously deposited materials.

After deposition,

further

stresses and deformations are applied by the actively moving
ice

(sugden and John, 1976) .

The stresses imparted by glaciers
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on deposited materials is not a function of ice thickness alone,
for substantial water pressure develops beneath warm-based gla¬
ciers

(Boulton, 1976).

Other post-depositional processes that

may modify soil engineering properties during glaciation in¬
clude wetting and drying

(with subsequent oxidation),

freezing

and thawing, downward percolation of fines, and development of
sub-horizontal jointing by stress-release rebound

(Boulton and

Paul, 1976).
Bulk densities in excess of lo60 Mg m J are commonly as¬
sociated with fragipans and implicate low porosities.

In bas¬

al till parent materials, most void space is discontinuous and
gives a vesicular appearance to fragipans
1975).

(Soil Survey Staff,

When a clod is immersed in water, air pressure builds

within these dead-end pores causing air-slaking, as evidenced
by a dramatic disintegration of structure along with emission
of air bubbles.

If placed under a vaccuum and wetted gradually

from underneath, air-slaking of fragipans is suppressed

(Kro-

helski, 1976).
Fragipans form in a wide variety of parent materials, al¬
though transported deposits such as loess, alluvium, and gla¬
cial till seem more common

(Grossman and Carlisle, 1969)„

The

source of fragipan hardness seems to result not only from the
close packing of mineral grains

(Soil Survey Staff, 1975)

but
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also from cementation or bonding by alumino-silicate clays, es¬
pecially from the mica group, or amorphous silica gels

(Knox,

1957; Grossman and Cline, 1957; Yassaglou and Whiteside, 1960;
Miller et al,. 1971b; Wang et al.. 1974; Harlen et al.. 1977;
Steinhardt and Franzmeier, 1979; Steinhardt et_ al.. 1982) .

Con¬

tributions to brittleness may also be imparted by chemical
bonding agents such as iron oxide
and aluminum oxides and hydroxides

(Horn and Rutledge, 1965)
(Hallmark and Smeck, 1979a).

Attempts have been made to characterize the dry consistence
or strength of hardpans by quantitatively measuring resistance
to crushing.

Fragipan strength has been described in terms of

the drop-shatter test by Grossman, et al„.

(1959), resistance to

mechanical penetration (Yassaglou and Whiteside, 1960; Rutledge
and Horn, 1965; McCormack and Wilding, 1981), and the modulus
of rupture by Hallmark and Smeck (1979b)„

However, the results

of these strength measurements often do not lend themselves to
practical application.
Geotechnical engineers have used the unconfined compressive
(UC) test for many years to obtain quantifiable and reproducible
results of soil shear strength (Skempton and Bishop, 1950; Lambe,
1951; Sowers, 1963; Sallberg, 1965; ASTM, 1966).

The unconfined

compressive strength of a soil is used by engineers in the course
of designing foundations and retaining walls
Veneman et al.

(Peck et al.. 1974).

(1976) subjected samples obtained from a Batavia

silt loam mapping unit in Wisconsin to the UC test to compare
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shear strength values with those determined in situ with the
vane shear test.

Grossman and Cline

(1957) used fragipan sam¬

ples in the UC test on a triaxial apparatus to determine shear
strength expressed as the crushing number.

Positive correla¬

tion between clay content and crushing number was taken as
evidence to reaffirm KnoxTs

(1957) assertion that the mica clay

illite imparts the strength and rigidity to fragipans.
and Shea

Linell

(1961) reported UC strengths of unweathered glacial

till deposits comparable to those of fragipans when dry.
The relative impermeability of the fragipan and its impact
on ground water hydrology as it affects land-use interpreta¬
tions is well documented (Grossman and Carlisle, 1969; Soil Sur¬
vey Staff, 1975).

Water percolating through the solum can pond

on top of the more slowly permeable fragipan or is forced downslope within sloping soils

(Gile, 1958; Lyford, 1964; Miller

et al.. 1971a; Veneman and Bodine, 1982).

The fragipan acts

as an impeding layer that influences the morphology of overlying materials especially in terms of mottle formation.

As a

result, moderately well drained fragipan soils are often mapped
on the midslopes of drumlins where well drained soils would be
expected in an identical setting if the impeding layer was ab¬
sent.

The permeability of basal till formations sometimes is

modified by a network of vertical fractures of much higher
hydraulic conductivity than the matrix (Grisak, 1975).
et al.

Grisak

(1976) reported a significant effect imparted by ver-
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tical fractures, a feature analagous to the bleached prism face
network of fragipans, in their investigation of the hydrogeo¬
logic properties of fractured till in the Interior Plains region
of Canada.

Measured bulk hydraulic conductivities of fractured

tills in the field were one to three orders of magnitude greater
than those of till with contiguous matrix.

Fracture porosity

of basal tills therefore should be considered when designing
waste disposal facilities such as sanitary landfills

(Grisak

et al.. 1976) .
Presence of mottles of chroma of 2 or less indicates satur¬
ation at some period of the year unless the soil is artificially
drained (Soil Survey Staff; 1951, 1975).

Further implied is

that the temperature of the horizon in which such mottles are
found must be above biologic zero (i.e. greater than 5#C) for
part of the time that the horizon is saturated (Soil Survey
Staff, 1975) .

Unfortunately, little emphasis is placed on mot¬

tling morphology that reflects intermediate drainage conditions
between well drained soils without low chroma mottling and poor¬
ly or very poorly drained soils that have mottles of chroma 2
or less.

Mottles are described in the field according to the

Soil Survey Manual (Soil Survey Staff, 1951)

in terms of abun¬

dance, size, contrast, and color with the Munsell color chart.
Depth to mottling has been associated with the depth to the
fluctuating water table (Guthrie and Hajek, 1979; Daniels et al..
1971).

Simonson and Boersma

(1972) attempted to correlate spe-
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cific mottling features as a diagnostic tool to define drain¬
age conditions.

They correlated faint and distinct mottling

with the presence of the water table and noted a consistent in¬
crease in the size and abundance of iron and manganese concre¬
tions with poorer drainage conditions.
In the intermediate drainage classes, the soil is often
close to saturated as matric suction approaches zero.

Vepraskas

and Bouma (1976) simulated field moisture regimes in artificial
cores in the laboratory to study the mechanics of mottle form¬
ation.

The soil moisture potential was varied periodically

to reflect seasonally fluctuating water tables and the degree
of saturation was evaluated from redox potential measurements.
Mottle formation appears possible in unsaturated soil if the
soil remains wet long enough for the onset of reducing condi¬
tions

(Vepraskas and Bouma, 1976).

Clothier et al.

(1978)

characterized mottling that occurred in fine-textured horizons
underlain by a coarse-textured stratum.

Features normally as¬

sociated with high water tables, such as gleying, distinct
mottling, and mottles with chroma of 2 or less, were observed
in horizons where the water table was never present.

Inter¬

pretations of drainage conditions based on mottling morphology
alone would have indicated an impeding layer of low hydraulic
conductivity within the profile

(Clothier et al.. 1978).

The physio-chemical behavior of iron and manganese and
their predominant chemical species is controlled by pH, redox
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potential, and the kind and concentration of other chemical
species and can be predicted from stability diagrams
and Buol, 1970; Olomu et al.. 1973).

(Collins

Soil redox potentials

are indicative of electron transfer due to microbial decompo¬
sition of organic matter through the reduction of oxygen
(aerobic environment) or other compounds
ment) .

(anaerobic environ¬

When the diffusion of oxygen throughout the soil is

limited by increasing moisture content, the redox potential
drops and compounds containing iron, manganese, and other
elements become electron acceptors and are reduced (Bohn,
1971; Gotoh and Patrick, 1974).

Iron and manganese are mo¬

bilized by reduction and can contribute to the formation of
mottles or concretions when the soil environment subsequently
becomes more oxidized.
Richardson and Hole

(1979) summarized the relationship be¬

tween iron distribution and soil moisture regime in two adjac¬
ent hydrosequences in Wisconsin.

They noted two modes of iron

translocation in which iron first tends to migrate from surface
horizons to those deeper in the profile in association with clay
and then redistributes within the peds of an horizon.

Maximum

iron concretions occurred in somewhat poorly drained soils on
similar landscapes and parent materials
1979).

(Richardson and Hole,

Schwertmarm and Fanning (1976) concluded that optimal

concretion formation occurs in soils with rapid changes in aer¬
ation with concordant fluctuations of redox potential.

Well

drained soils owe their browner colors to higher iron content
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and more uniform distribution when compared to wetter soils
whose iron compounds are more unstable and mobile due to reduc¬
ing conditions and are leached from the profile

(Fanning et al„.

1973) .
To evaluate the distribution of iron and manganese within an
horizon the relative wetness and associated redox potential of
ped exteriors to interiors must be considered (Richardson and
Hole, 1979).

Veneman et al„

(1976) observed gleyed horizons of

somewhat poorly drained, fine-textured soils in Wisconsin and
noted that reducing conditions still persist within peds with
recession of the water table.

The occurrence of ferrans on the

walls of larger voids and channels is symptomatic of this situ¬
ation as soluable iron species migrate from ped interiors to
exteriors where they concentrate as oxides.
(1982)

Veneman and Bodine

described similar features, channel neoferrans, in the

gleyed horizon of a somewhat poorly drained
in Massachusetts.

coarse-loamy soil

They further noted that ped and channel fer¬

rans and albans can coexist in the B horizon of coarse-loamy,
moderately well drained soils.

The ferrans reflect the very

moist soil conditions of the spring whereas the albans indicate
the wetting of a dry soil in the summertime upon a short, in¬
tense rainfall event that wets the subsoil through the macro¬
pores

(Veneman and Bodine, 1982).

C H A P T E R III

STRENGTH CHARACTERISTICS OF THREE HARDPANS IN MASSACHUSETTS

Introduction

Brittleness refers to a soil consistency term whose Latin root
(fragilis) is the formative element of the word fragipan (Soil Survey
Staff,

1975).

Carlisle et al,

(1957) described brittle consistence as

the nature of soil material to resist deformation upon application of
a force until a critical pressure is reached and the material suddenly
shatters.

Grossman and Carlisle (1969) noted that soil horizons other

than fragipans sometimes exhibit this behavior as well.
Soon after introduction of the fragipan concept in the Soil Survey
Manual (1951) several soil series in the New England region were
recognized to have fragipan horizons (Tamura,
(Soil Survey Staff,

1955).

Soil Taxonomy

1975) identifies the presence of fragipans within

1 m of the soil surface at the great group level.

Canadian soil

scientists have long adopted the use of the fragipan concept in the
description and classification of soils formed in glacial materials
(DeKimpe, et al.
Wang et ah,

1976; McKeague and Cann,

1974).

1969; St.

Arnaud,

1976;

The Canadian System of Soil Classification

(Canada Soil Survey Committee,
subgroup level as "fragic".

1978) denotes fragipan soils at the

Currently, the pedogenic character of New

England fragipans is being questioned as the brittle behavior of the
basal till parent material is alleged to have been
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inherited.

Not
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enough data are presently

available to either support or reject this

thesis, and in this paper, the traditional approach that at least the
upper part of loamy basal tills in New England have lack of quan¬
titative criteria in the fragipan definition.

Fragipan strength has

been described in terms of the drop-shatter test by Grossman et al.
(1959), resistance to mechanical penetration
Whiteside,

I960; Rutledge and Horn,

(Yassaglou and

1965; McCormack and Wilding,

1981), and the modulus of rupture by Hallmark and Smeck (1979b).
However, strength measurements often employ measuring devices that are
unsuitable for routine use, and the testing results frequently do not
relate to existing engineering strength tests.
Field identification of fragipans during the spring is often dif¬
ficult due to the decrease in brittleness when the soils are
moistened.

We need to evaluate testing methods which permit accurate

field identificatin of fragipan horizons, especially under wet con¬
ditions.

This paper describes the results of a research project with

the following objectives:

(i) to evaluate strength behavior of

selected Massachusetts fragipan horizons in relation to soil moisture
content, and (ii) to appraise the suitability of various engineering
strength tests to distinguish fragipans from fragipan-like horizons,
both in the field and in the laboratory.

Materials and Methods

Hardpan layers in three pedons of a drainage-toposequence on a
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drumlin in western Massachusetts were selected for this study.
Details of the site were described previously by Veneman and Bodine
(1982).

Locations sampled included a well drained Paxton fine sandy

loam (coarse-loamy, mixed, mesic Typic Fragiochrept, referred to as
Pedon no. 2); a moderately well drained Rainbow very fine sandy loam
(coarse-loamy, mixed, mesic Typic Fragiochrept, Pedon no. 7); and a
somewhat poorly drained Ridgebury very fine sandy loam (coarse, mixed,
mesic Aerie Fraqiaquept, Pedon no. 9).

The 2Cx horizons of the Paxton

and Rainbow soils are developed in dense basal till of late Wisconsin
age and are on the basis of morphology, considered genetic fragipans,
while the hardpan horizon in the Ridgebury soil is a fragipan-like
hardpan developed in post-glacial colluvial deposits (Veneman and
Bodine,

1982).

Soil cores were collected from each of the three hardpans using a
hammer-driven core sampler equipped with a rigid plastic tube insert.
These plastic tubes retained the samples during and after sampling and
limited disturbance during handling, storage, and preparatory stages.
Soil cores had a diameter of 5 cm with length varying between 12 to 25
cm.

Sufficient numbers

of cores were obtained to provide at least 40

suitable samples per horizon.
Degree of sample disturbance due to the method of sampling was
assessed by sectioning of representative soil clods and actual core
samples.

These were air dried and impregnated under vacuum with Spurr

(Polysciences, Warrington, Penn.) low viscosity embedding medium.
Upon curing, the samples were cut, mounted on glass slides, and
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finished to a thickness of approximately 35 ym.

The resulting thin

sections then were examined under a binocular polarizing microscope.
Samples from each hardpan were divided randomly into 4 subgroups
comprised of 10 specimens each.
four moisture conditions:

Every set was equilibrated to one of

dry, slightly moist, moist, or wet.

The

dry treatment consisted on oven-drying of the soils at 60°C for hours.
For wet treatments, samples within the plastic sampling tubes were
slowly wetted on saturated sponges for two days and then laid horizon¬
tally and intermittently rotated for 48 hours to uniformly redistri¬
bute water throughout the soil columns.

Upon reaching equilibrium

state, both wet and dry samples were cut into columns at least 10 cm
in length to achieve a height to diameter ratio greater than 2.

The

samples were then capped with gypsum to ensure even distribution of
pressure during strength testing

(Grossman and Cline,

1957).

To

obtain the two intermediate moisture conditions, samples were wetted
t

*

on moist sponges, cut to length, capped with gypsum, and then placed
for one week in ceramic plate moisture extractors under pressures of
0.1 and 0.5 MPa, respectively.

Kaolinite was spread evenly over the

pressure plates to ensure good hydraulic contact across the interface
of the ceramic plate and soil sample.

Upon reaching the equilibrium

state, each sample was subjected to a strain-controlled, unconfined
compression (UC) test under constant loading rate, until failure.
Each test was timed to monitor soil deformation rate and overall test
duration.
Penetration resistance was measured with a Soiltest Model CL-700
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pocket penetrometer on samples that had just reached failure in the UC
apparatus.

At least two replications were obtained per sample, and

mean values are reported.

Upon completion of the penetration tests,

the remaining soil was dried at 105°C to obtain the gravimetric
moisture content.
During the spring and summer of 1982, in situ penetrometer measure¬
ments were made in the Cx horizons of pedons 2 and 7 and the

B2x

horizon in pedon 9, using a Soiltest Model CN-433 Proctor penetro¬
meter.

Each measuring time a penetration needle was selected so that

the actual strength reading fell within the medium range of the
calibrated scale.

Before each determination a fresh, undisturbed,

soil surface was exposed.

Each measurement was replicated 10 times,

and mean values are reported.

Soil samples were taken during and

immediately after testing to obtain the gravimetric moisture content.
To evaluate possible bulk density effects on soil shear strength,
soil material of the Cx horizon of the Rainbow soil (pedon 7) was airdried, passed through a #4 sieve, and compacted at various moisture
contents in a standard Proctor mold to obtain a standard compaction
curve (Lambe,

1951).

Proctor penetrometer readings were taken once

the soil was compacted at each desired moisture content (Davidson,
1965).

Results

The high coarse fragment content of the 2Cx horizons of pedons 2
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and 7 presented considerable difficulties during the sampling and pre¬
paratory process.

The Ridgebury (pedon 9) hardpan had less than 1$

coarse fragments, and only a few samples were unsuitable on the basis
of visible structural disturbance.

Examination of thin sections of UC

tested samples revealed that occasionally some disturbance had occured
in an, at the most part,
core sample.

1.5 mm zone adjacent to the outer edge of the

No disturbance was observed in the interior section of

the samples.
Figure III-1 represents a typical stress-strain relationship of a
sample from pedon 7, with the UC test for both wet and dry
The dry sample, at a wetness of 0.006 kg kg-1, exhibits
brittleness and shattered at a deformation of only 3%•

conditions.

distinct
This

corresponds to an unconfined compressive (UC) strength value of 93.5
kPa.

In sharp contrast, the wet sample, at a moisture content of 0.15

kg kg-1, deformed readily with small pressure increments.
remained intact,

This sample

never shattered, and experienced an 80$ reduction in

strength relative to the dry condition.
Mean UC strength values for each treatment for the three soils are
presented as a function of moisture content in Figure III-2. The UC
strength characteristics of the Paxton and Rainbow fragipans, deve¬
loped in the same basal till formation, are very similar with the
exception of the dry condition.

Beyond wetnesses of 0.09 and 0.10 kg

kg“1, respectively, up to a wetness of 0.16 kg kg-1, the curves vir¬
tually coincide and show a sharp decline in UC strength with
increasing moisture contents.

In contrast, the Ridgebury hardpan
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III-l.
Effect of high and low moisture content on the
Fig
stress strain relationship of a Massachusetts fragipan.
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exhibited a strength loss of only 30%, on average, within the range of
moisture contents induced for this experiment.
The F-test applied to the UC strength-soil moisture data revealed
a highly significant (0.005 level) difference in UC stength due to
differences in moisture content, type of soil horizon, and the effect
that moisture content has on each soil horizon.

Duncan’s range test

indicated that the average UC strength of pedon 7, when dry, was
essentially identical to that of pedon 9 when slightly moist.
Furthermore, there was no significant difference in strength between
pedons 2 and 7 when slightly moist and pedon 9 when dry.
The pocket penetrometer values of all three hardpans declined
gradually with increasing moisture content (Figure III-2).
Penetrometer resistance values, in general, did not show a peak
strength in the
the UC values.

intermediate moisture range and were much higher than
Dry samples yielded readings which fell beyond the

capacity (450 kPa) of the pocket penetrometer.

The F-test indicated

that variation of penetration resistance with moisture content and
with soil type were highly significant (0.005 level).

Variation

explained by soil-wetness interaction was significant at the 0.10
level.
Penetration resistance values obtained with a Proctor penetrometer
in the field are presented as a function of moisture content in
(Figure III-3).

The strength-moisture content relationship (r =

-0.894) of the Paxton and Rainbow soils varied inversely with
increasing wetness similar to the UC laboratory results.

However, the
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applied pressure before failure was at least a full order of magnitude
greater than that of the pocket penetrometer and 100 times that of the
UC test.

The range in moisture contents under natural conditions were

dictated by the drainage class of the respective soils.

The hardpan

of the somewhat poorly drained Ridgebury soil remained wet throughout
the field season.

Attempts to excavate large segments of this horizon

for subsequent drying and testing in the laboratory were unsuccessful.
Disparities in density from one spot to another could affect
strength measurements with the Proctor penetrometer as the two proper¬
ties may be proportional with one another.

The relationship between

moisture content, bulk density, and penetration resistance is pictured
in Figure III-4

and indicates no bulk density effect.

Discussion

Use of the hammer-driven

core sampler provided samples with known

orientation to the soil surface and a uniform cross-sectional area
throughout the length of the core permitting accurate pressure
calculations.

Although some minor fabric disturbance could be

observed along the sample edges, the sampling method generally yielded
samples of high and uniform quality.

Standard deviation from the

respective strength means for the dry treatment was less than 5.5$ in
each case.

Observations on thin sections of representative core

samples showed that at the most a 1.5 mm thick zone at the outer
periphery of the sample was disturbed (11$ of cross-sectional area).
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STANDARD PROCTOR COMPACTION

Fig. IH-h.
Proctor penetration resistance in artificially
compacted bulk samples from the 2Cx horizon in pedon 7 as af¬
fected by wetness and bulk density.
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More commonly this zone was about 0.5 to 1.0 mm wide (6% of crosssectional area affected.
An alternative to the core sampling procedure was the excavation
and collection of large segments of soil material in the field
followed by sculpting of suitable cylindrical samples in the labora¬
tory.

This method was arduous, appeared visibly distruptive, and

proved unacceptable for the collection and preparation of large num¬
bers of samples.

Radhakrishna and Klym (1974), while testing basal

tills in Ontario, Canada, noted large discrepencies between in situ
strength results and much lower laboratory values and attributed the
difference to sampling disturbance.

Grossman and Cline

applied a clod sampling method in their fragipan study.

(1957)
Sample orien¬

tation with respect to the soil surface was not known, and it was
assumed that "rigidity” was an isotropic property.

In addition, their

samples did not consistently achieve a height to diameter ratio larger
than a value of 2 .

As a result, their UC strength values, reported

as "crushing numbers", were fairly high which is probably due to
incomplete development of the failure plane (Sowers,

1963).

The UC strength of 93.5 kPa for the dry sample in Figure III-1 is
comparable to values reported for other basal tills in New England
(Linell and Shea,

1961).

Unconfined compressive strength values for

glacial tills have been reported to range between 50 to 275 kPa
(DeJong and Harris,

1971; Quigley,

1975).

The disparity in UC

strength of the same soil material when dry as compared to the moist
condition is illustrated clearly in Figure III-1.

The mechanism of
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strength reduction with increased wetness is apparantly twofold:

(i)

partial dissolution of bonding agents between peds and particles
(Grossman and Carlisle,

1969; Hallmark and Smeck,

1979a) and (ii) the

reduction of interparticulate friction by films of moisture that
impart a lubrication effect.
To characterize the strength behaviour of these dense soil hori¬
zons as measured by the three different methods employed, it appears
that the soil exists in three stages of strength condition that depend
upon moisture content.

The first is a condition of maximum strength

when the soil is drier than a characteristic critical wetness.

For

the fragipans of pedons 2 and 7, a maximum strength of about 90 kPa is
obtained with wetnesses of less than 0.09 to 0.10 kg kg“1.

A slightly

higher maximum strength is found for the Ridgebury hardpan, pedon 9,
at moisture contents less than 0.11 kg kg-^*

^he second strength

state is that where soil strength decreases from the maximum value at
wetnesses greater than the critical wetness.

May and Thomson (1978)

noted a similar trend in tills of the Edmonton, Alberta, area.

For

the Paxton and Rainbow fragipans, this inverse function has a steeper
slope than that of the Ridgebury hardpan.

Both the UC and pocket

penetrometer test data display a much less gradual loss of strength
for pedon 9 over a comparable range in moisture contents (Figure
III-2).

The final condition of soil strength exists when a soil is

wetted above another characteristic wetness and strength has reached a
minimum.

When wetted to 0.15 kg kg"^, both pedon 2 and 7 fragipans

lost 80^ of their strength on average (Figure III -2) deformed readily

with increasing pressure, and no longer behaved as a brittle material.
Soil horizons that exhibit strong brittleness when dry and moderate,
weak, or no brittleness when moist, evoke the fragipan concept (Soil
Survey Staff,

1951;

1975).

The hardpans in pedons 2 and 7, on the

basis of the strength-moisture relationship alone, therefore, can be
considered to be fragipans.
Review of the field penetrometer results indicates that the
Ridgebury hardpan will diminish in strength on par with the Paxton and
Rainbow fragipans (Figure III-3).

For the entire field season, the

moisture content in the Cx horizon of the somewhat poorly drained
Ridgebury soil ranged between 0.19 and 0.26 kg kg"1 and failed to
resist needle penetration when stresses of 1.0 to 2.5 MPa were
applied.

This minimum penetration resistance matches similar values

for the Rainbow Cx horizon with wetnesses between 0.14 and 0.18 kg
kg"1.

The well drained Paxton soil allowed for a full range in wet*

*

ness from the spring to mid-summer and the 10.3 MPa capacity of the
Proctor penetrometer was exceded at soil moisture contents less than
0.08 to 0.09 kg kg"1.

The wetness of the moderately well drained

Rainbow soil fluctuated between 0.13 and 0.16 kg kg"1 for most of the
field season and only dried out to 0.10 kg kg"1 in mid-August,
yielding a maximum penetration resistance of 7*2 MPa.

With in situ

application to hardpans and other soil horizons, the penetrometer test
is no longer a direct measure of unconfined compressive strength
because confining lateral pressure is supplied by the surrounding
matrix of the soil horizon.

In situ results should expectedly be
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somewhat higher than measurements on individual clod samples.
Although the manufacturers claim that pocket penetrometer readings
have been calibrated to actual UC strengths, it appears from the data
in Figure III-2 that a substantial difference in measured values
exists.

The Proctor penetrometer offers an accurate measure of

penetration resistance over a wide span of soil hardnesses as it is
supplied with a range of exchangeable penetration needles and yet is
still portable enough for routine field use.

The pocket penetrometer,

although attractive for its convenient size, appears relatively insen¬
sitive in comparison and its loading range was insufficient for the
dry soil conditions employed in this experiment.
recent findings by Rhoads (1982).

This agrees with

Penetration data alone, obtained by

soil surveyours under field conditions, will not be sufficient to
distinguish fragipans from other hardpan horizons.
In conclusion, the unconfined compression test, when used in con¬
junction with a sampling method such as the hammer-driven, core
sampler offers a reliable laboratory method of determining fragipan
strength.

It also provides a suitable means to quantitatively

distinguish fragipans from fragipan-like hardpans.

Use of portable

penetrometers by soil surveyors will not aid in the detection of fra¬
gipans in the field or improve upon existing qualitative charac¬
terizations as two or more visits to a site would be required
throughout a field season to obtain a broad enough range in water con¬
tents for significant changes in strength to occur.

CHAPTER

IV

ENGINEERING CHARACTERISTICS OF BASAL TILL AND A
COLLUVIAL HARDPAN IN CENTRAL MASSACHUSETTS

Introduction

The current landscapes of southern New England have been fashioned
by the erosional and depositional processes of glaciation.

Glacial

tills often occur in close proximity to the surface in the uplands of
the region.

These till formations commonly serve as a medium that

support foundations and have been extensively excavated from borrow
pits to be used as a construction material for earthern dams.

This

study focuses on a very dense till of central Massachusetts that was
deposited and consolidated at the base of an actively moving glacier
some time well before the most recent ice advance.

The purpose of

this study is to characterize the geology, occurrence, and engineering
properties of this basal till soil material and compare the results to
another naturally occurring dense layer, a hardpan of colluvial ori¬
gin, that is found nearby.

Of particular interest is the influence of

soil wetness upon the strength properties of the undisturbed material
and the performance of the soil materials in compaction tests.

Geology

The occurrance of two distinct glacial tills throughout the
uplands of southern New England has been extensively reported in the
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literature.

Each till formation is thought to be the product of the

advance of separate ice sheets.

As one formation consistently

overlies the other they are referred to simply as the ’upper1 and
’lower* tills.

Both of poorly sorted grain size, the lower till is

noted for its relatively higher unit weight and silt and clay content.
It is further distinguished from the upper till by a reddish zone at
its surface to depths of 4 to 9 m, although it is sometimes absent
altogether.

This zone is attributed to the extensive oxidation of

iron and is cited as evidence of a significant period of subaerial
weathering of thousands of years in duration.

Possessing a platy

structural appearance or fissility, the lower till is thought to have
been deposited at the base of an actively moving glacier with little
or no sorting by running water.

The upper till seems to be comprised

of melt-out or ablation till and a subglacially deposited, basal till
component.

Melt-out till is soil material once contained within the

glacier that settled out with the recession of the ice sheet ("oulton
and Paul,

1976).

Associated with the deposition of the upper till, it is likely
that soils and other weathered zones formed in lower till were
stripped away.

Even so, the two tills can be discerned by the direc¬

tion in which the respecitve ice advances were moving on the bases of
till fabric, the origin of pebbles and cobbles, and glacial
striations.

In addition to the erosion of the lower till by the

overriding ice, this formation was subjected to stresses that further
accentuated its already dense, overconsolidated nature.

Care should
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be taken to correlate the stress history of subglacially compacted
materials directly with the thickness of glacial ice as considerable
water pressures have been observed beneath glaciers.
Since the retreat of the last ice sheet from the southern New
England region about 12,000 years ago, these formations have been
modified the most by soil forming processes that depend upon climate,
topography, and biotic factors.

Many upland Massachusetts soils have

formed in till-like parent materials overlying the lower basal or
lodgement till within a few feet of the surface.

As the permeability

of the lower till is commonly less than 0.2 inches per hour, the for¬
mation and properties of overlying soils are in turn affected by the
incidence of lower till at shallow depths.

Although low porosity is

implied with high density, much of the pore space of the lower till is
contained within non-conducting, dead end pores that impart a vesicu¬
lar appearance to the material.

Basal till is often referred

to as

hardpan by the layman due to its high unit weight, relative imper¬
meability, and difficult excavation.

Occurrence

The lower till is found throughout the southern New England area.
With the ice advance, the preglacial landscape was often scoured to
bedrock and subsequently covered by the till.

The lower till compri¬

ses the bulk of the material contained within drumlins, which are
streamlined hills formed subglacially and are oriented in the direc¬
tion of ice movement.

It also underlies broad sloping upland areas as
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ground moraine.

In low lying areas, such as valley bottoms, the lower

till has usually been incased beneath a combination of overlying for¬
mations of upper till, glacial meltwater deposits, varved clays, and
post-glacial alluvial materials.

Drumlins generally are not exclusi¬

vely composed of the upper till.

More commonly the upper till is

found as a collar around the base of the drumlin or sometimes as a
thin mantle over the entire deposit (Pessl, 1971).

It seems that the

most recent glaciation associated with the depostion of the upper till
was in an erosional, nondepositional phase when it resided in southern
New England

(Schafer and Hartshorn, 1965).

In many upland areas in

New England, Paxton and associated soil series have been mapped by
USDA-SCS soil scientists.

These are soils that have the lower till

within depths of three feet or less.

Soil scientists refer to the

uppermost weathered portion of the lower till as fragipan, a term that
reflects the material’s brittle consistence when dry.

Engineering Properties

The soil materials for this study were obtained from Orchard Hill,
a north-south trending drumlin on the University of MassachusettsAmherst campus.

Samples of the lower, basal till were collected from

one site at the summit of the drumlin and from another at a midslope
position along its east face.

To contrast these tills with another

naturally occurring dense horizon, a hardpan of colluvial origin was
sampled at the foot of the drumlin where slopes become more concave.
The high density of this hardpan is, in part, attributable to the mode
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of deposition of materials that were transported downslope by runoff
water under the influence of gravity.

Ranging in thickness from 6 to

9 inches, the alluvial hardpan occurs at a depth of about two feet and
is bounded by a finer and coarser dense colluvial layer at shallower
and lower depths, respectively.
A summary of some engineering properties, including Atterberg
limits, is shown in Table IV-1.

Liquid limits (LL) and plastic limits

(PL) were determined on materials passed through a #40 sieve (U.S.
Standard Sieve Size).

Shrinkage limits (SL) were determined on

undisturbed clod samples.

All three soil materials were found to be

non-plastic, which precludes estimation of plasticity indexes.

Soils

2 and 7 are of the same basal till formation, occurring at sites less
than 100 meters apart, and have similar shrinkage limit (SL) and spe¬
cific gravities.

The colluvial hardpan is distinguished by higher LL,

SL, and specific gravity.
The basal tills in the field are clearly distinguished by their
brownish color (10YR 4/3) in contrast to that of the grey (N6/ )
colluvial hardpan.

With increasing depth, the lower basal till may

become more greyish or, at other locations, the oxidized zone may be
absent altogether.

Positive identification is best acquired by deter¬

minations of grain size distribution.

Grain size results for the

three soil*, obtained by three different methods (dry sieving, wet
sieving, and sieving after chemical removal of bonding agents) appear
in Figure IV-1.

All of the solids of the colluvial hardpan passed

through the #4 sieve, but coarse fragments larger than 3 inches in
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U.S.

Standard

Sieve

Size

Fig. IV-1.
Grain size distributions of the basal tills
(Soils*2 and 7) and the colluvial hardpan (Soil 9) by dry
sieving (A), wet sieving (B), and sieving after chemical
removal of bonding agents

(C) .
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diameter were first removed from soils 2 and 7,

10 and 12 percent of

the total weight, respectively.
The method by which grain size distributions were determined had a
distinct effect on the results..

Dry sieving indicated all three soils

as being composed of materials coarser than the actual condition.

The

results obtained by wet sieving show that many particles adhere to
each other when sieved dry.

The biggest discrepency between these two

methods is apparant in the results for soil 9.
is actually more uniform in fine sand size, i.e.
graded than the dry sieving results reveal.

The colluvial hardpan
it is more poorly

Close to 100 percent of

the materials passed through the #20 sieve with the wet sieving
method.

Similarity in grain size distribution between soils 2 and 7

is indicated by the wet sieving procedure.
The grain size distribution is somewhat affected by chemical
pretreatment with sodium citrate, sodium dithionate, and sodium
hydroxide to remove bonding agents.

A possible cementation of par¬

ticles by these agents is implied by the finer grain sizes found when
they are removed.

Use of chemical pretreatment is not recommended for

routine identification purposes because these results no longer
reflect the natural soil condition.

All three soils typically display

low clay contents (7% or less) as would be expected by their non¬
plastic behavior.
Undisturbed samples were extracted from the field by hand with a
hammer-driven core sampler for laboratory determination of strength
parameters by consoli^ated-undrained (CU) triaxial compression tests.
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The efficacy of this sampling method was demonstrated by the unifor¬
mity of unconfined compressive (UC) strength test results of air-dry
samples (see Chapter III).

Standard boring operations that employ

split-spoon samplers are destructive of the natural structure of soils
and often wash out many soil particles.

Previous strength studies

have often been conducted on disturbed, reconstructed samples.

That

procedure was used, for example, by Linell and Shea (1961) who sur¬
veyed the engineering properties of tills from southern New England,
including some tills very similar to the basal tills of this study.
CU triaxial tests at different confining pressures each yield a
failure circle which, when coalesced, form Mohr failure envelopes and
a means of determining the soil strength properties of cohesion (C)
and the angle of internal friction(<p).

Pore pressures during testing

were evaluated with a transducer system and all stresses are reported
as effective stresses.

The Mohr failure envelopes of effective

stresses for soil 2 in figure IV-2 are typical of the basal tills and
are similar to those of the colluvial hardpan.
It is apparant from figure IV-2 that the water content of the soil
material when tested has an important affect on CU strength, C', and
*.

The dry soil material has a much higher strength than the same

material when wet.

Radhakrishna and Klym (1974) observed a similar

relationship between wetness and soil shear strength when conducting
undrained triaxial compression tests and plate load tests on a very
dense glacial till in Ontario, Canada.

The dependence of C' and

wetness for the three materials is shown in figure IV-3.

As the

<p’

on

MOHR

FAILURE ENVELOPES - SOIL 2

SHEAR STRESS

t' iMPai

CU TRIAXIAL TESTS

Fig. IV-2.
Effective stress Mohr failure envelopes
from consolidated-undrained (CU) triaxial compression
tests of undisturbed basal till (soil 2) when wet and
when dry.

COHESION
C
ANGLE of INTERNAL ,
FRICTION
d>
Fig. IV-3.
The effects of water content on the
effective stress parameters of cohesion and. the angle
of internal friction.
Note: Cohesion is denoted in
units of pounds per square inch (1.0 psi = 6.9 kPa) .
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design requirements of foundations and retaining walls are based on
these properties, it is prudent to use the lowest values observed at
the highest wetnesses.

To take advantage of the greater dry strength

of the three soil materials, provisions must be made to prevent them
from wetting again.

In general, the colluvial hardpan consistently

possesses a slightly higher angle of internal friction and almost
twice the cohesion when compared to the basal tills at the same wet¬
ness.
The lower basal till of southern New England is widely used as a
building material for earthen dams and other structures as it is per¬
vasive throughout the region.

The optimum moisture contents for

obtaining maximum compacted densities were determined on materials
passed through a #4 sieve by the Harvard Miniature (HM) and Standard
Proctor (SP) methods (Fig.

IV-4).

Similarities in results suggest

that the compactive energies applied by the two methods are nearly
identical, with that of the HM method slightly higher.

In either

case, higher dry densities (greater than 2.0 Mg m"3) are obtained at
lower wetnessess for the basal tills than the colluvial hardpan (less
than 1.8 Mg m"3).

The well graded grain size of the basal tills is a

characteristic that is more conducive to compaction than the poorly
graded grain size of soil 9.
Samples compacted by the HM method are suitable for strength ana¬
lysis by the UC and triaxial compression tests for the ratio of their
height to diameter is greater than 2:1

(Wilson,

1950).

The HM appara¬

tus includes an extruder that permits the removal of compacted samples

HARVARD MINIATURE & STANDARD PROCTOR COMPACTION
RESULTS

Fig. IV-M-.
Compaction curves for the basal tills
(soils 2 and 7) and the colluvial hardpan (soil 9).
Determinations of the optimum moisture contents for
obtaining the maximum densities by the Standard Proc¬
tor (SP) and Harvard Miniature (HM) methods.
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from the mold with very little disturbance.

CU triaxial tests of HM

samples of soil 7 compacted to the maximum density at a wetness of
0.12 kg kg"1 were conducted to obtain the Mohr failure envelope (fig.
IV-5).

Results are very similar to that of undisturbed samples at

comparabe wetnesses even though the relative density of the
undisturbed material is only 80%.

Perhaps a unique arrangement of

particles in the natural state owed to their mode of glacial deposi¬
tion or the influence of intact bonding agents that are broken with
disturbance are possibly implicated in the parity of strength parame¬
ters despite the differences in density.

The compaction results show

that the lower basal tills are highly suited as a building material
where characteristics of high strength and density and low porosity
and permeability are desired.

Based on investigations of materials

for rock till dams in northern Quebec, Loiselle and Hurtubise (1976)
noted that tills are easy to compact to a dense state if moistened to
the optimum, that the coefficient of permeability varies appreciably
with the degree of compaction, and that the compaction of tills to
high densities does not significantly change their compressibility and
shear strength characteristics.

McKeown and Matheson (1979) found

that tills of Manitoba, Canada, after preconditioning in the borrow
area to breakdown structure, are a preferred construction material for
dam cores because of their uniformity in local areas and because
natural water contents are usually less than optimum.
In the field, the occurrence of a polygonal network of dessication
cracks is commonly associated with formations of the lower till that

CU

TRIAXIAL TESTS

SHEAR STRESS T' (MPa)

ON HARVARD MINIATURE SAMPLES

Fig. IV-5„
Effective stress Mohr failure envelope
from consolidated-undrained (CU) triaxial compression
tests of basal till (soil 7) compacted at the optimum
moisture content to maximum density by the Harvard
Miniature method.
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can modify its geotechnical and hydrogeologic properties.

The SL

implies that if such a till formation was ever dried to wetnesses
below 17.4/6 at any time since its deposition then jointing of the till
should be expected.

Other jointing patterns are possible that can be

related to stresses imparted by subsequent glaciations or stressrelease rebound of these overconsolidated deposits.

Strengths may be

less than those determined in the laboratory and can be evaluated in
the field by plate load tests.

However, if engineering design is

based on the conservative strength parameters of the wet condition,
the differences between laboratory and in situ strengths will be mini¬
mized.

The permeability of basal till is also modified by the pre¬

sence of a network of fractures or joints.

Grisak et al.

(1976)

reported bulk hydraulic conductivities of up to three orders of magni¬
tude greater in the field than that of the unfractured matrix alone
and must be considered when designing waste disposal facilities to
avoid pollution of aquifers.

Summary

The lower till investigated in this study occurs throughout
southern New England and often serves as a foundation material and a
construction material.

When developing grain size distribution curves

to identify a formation of lower till, wet sieving should be selected
in favor of dry sieving for many fine particles adhere to each other
and to coarser particles.

’Undisturbed' samples were obtained with a

hand held hammer-driven core sampler for CU triaxial compression
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tests.

The effective stress parameters of shear strength, cohesion,

and the angle of internal friction for both the basal tills and the
colluvial hardpan are inversely related to soil moisture content.
Although the presence of joints and fractures may reduce in situ
strength of basal till formations, relience upon strength values of
the wet condition for design purposes will minimize the differences
between laboratory results and the actual condition.

To take advan¬

tage of the higher strengths realized with drier conditions provisions
must be made to prevent the till from ever coming into contact with
water.

Compaction results indicate that the well graded lower till is

well suited for use as a construction material.

Basal till samples

compacted with the Harvard Miniature apparatus and subject to CU
triaxial tests retain strength characteristics that are very similar
to the undisturbed condition

CHAPTER

V

MOISTURE REGIMES AND ASSOCIATED MORPHOLOGICAL CHARACTERISTICS IN
SOILS OF A DRAINAGE-TOPOSEQUENCE IN CENTRAL MASSACHUSETTS

Introduction

Characterization of mottling phenomena frequently is a requisite
for soil classification and soil survey interpretation.

The absence,

presence, and nature of mottles has become a key morphological feature
for the inference of soil drainage conditions as it is often imprac¬
tical to measure the soil moisture regime directly through longterm
monitoring.
Occurrance of mottling has been associated with depth to the water
table (Guthrie and Hajek,

1979; Daniels et al.,

1971).

Simonson and

Boersma (1972) used mottling features to define drainage conditions.
They correlated faint and distinct mottling with the presence of the
water table and noted a consistent increase in the size and abundance
of iron and manganese concretions with poorer drainage conditions.
Clothier et al.

(1978) characterized mottling that occurred in fine

textured horizons underlain by a coarse textured stratum.

Features,

normally associated with high water tables, such as gleying, distinct
mottling, and mottles with chroma of 2 or less were observed in hori¬
zons just above the textural break although no real water table was
ever observed.

Saturation apparently is not necessarily a prere¬

quisite for mottling formation.

In the intermediate drainage classes
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the soil is often close to, but less than, saturated as moisture ten¬
sion approached zero (Veneman et ah,

1976).

Vepraskas and Bouma

(1976) simulated field moisture regimes in artificial cores in the
laboratory and found that mottle formation was possible in unsaturated
soil if the soil remained wet long enough for the onset of reducing
conditions.
Richardson and Hole (1979) researched the relationship between
iron distribution and soil moisture regime in two adjacent hydrose¬
quences in Wisconsin.

They noted two modes of iron translocation in

which iron first tends to migrate in association with clay from sur¬
face horizons to those deeper in the profile
within the peds of a horizon.

and then redistribute

Maximum iron concretions occurred in

somewhat poorly drained soils with alternating oxidizing and reducing
conditions, but less nodules were found in very poorly drained soils
on similar landscapes and parent materials.

Schwertmann and Fanning

(1976) concluded that optimal concretion formation occurred in soils
with rapid changes in aeration and concordant fluctuations of redox
potential.

Well drained soils owe their browner colors to higher iron

content and more uniform distribution when compared to wetter soils
whose iron compounds are more unstable and mobile due to reducing con¬
ditions and are leached from the profile (Fanning et al.,

1973)*

The physio-chemical behavior of iron and manganese and their pre¬
dominant chemical species is controlled by pH, redox potential, and
the kind and concentration of other chemical species and can be pre¬
dicted from stability diagrams (Collins and Buol,

1970; Olomu £t al.,
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1973)•

When the diffusion of oxygen throughout the soil is limited by

increasing moisture contents, the redox potential drops and compounds
containing iron and manganese become reduced (Bohn,
Patrick,

1974).

1971; Gotoh and

Iron and manganese are mobilized by reduction and can

contribute to the formation of mottles or concretions when the soil
environment becomes more oxidized during subsequent drying cycles.
Veneman et al.,

(1976) observed gleyed horizons of somewhat poorly

drained, fine textured soils in Wisconsin and noted that reducing con¬
ditions still persist within peds with recession of the water table.
The occurrance of ferrans on the walls of larger voids and channels is
symptomatic of this situation as soluble iron species migrate from ped
interiors to exteriors where they concentrate as oxides.

Veneman and

Bodine (1982) described similar features, channel neoferrans, in the
gleyed horizon of a somewhat poorly drained, coarse-loamy soil in
Massachusetts.

A greater understanding of mottles as they evolve from

specific moisture regimes is required, however, to facilitate more
detailed descriptions of soil drainage conditions in coarse-loamy
soils from observations of soil morphology.
About 45% of the soils in southern New England are within 1 m
underlain by thick, dense glacial till, locally called hardpan, with
lower hydraulic conductivities than overlying horizons.

This causes

ponding and significant lateral flow on top of the hardpan.

Most of

the afore mentioned mottling studies were done in fine textured, well
structured soils without confining layers.

The objectives of this

particular study were to evaluate the mottling phenomena in coarseloamy and sandy, poorly structured soils in relation to moisture
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regimes, and to assess the effect of the hardpan on soil drainage and
associated mottling characteristics.

This was accomplished by

detailed description of morphological soil features in a drainagetoposequence in central Massachusetts and by relating the derived
mottling phenomena to measurements of soil moisture regime over a 2
year period by monitoring the in situ redox potentials, soil tem¬
peratures, groundwater level fluctuations and matric tensions.

Materials and Methods

Soils. The soils selected for this study are located on a drumlin in
central Massachusetts, on the University of Massachusetts-Amherst cam¬
pus.

This drainage-toposequence is typical of the glaciated uplands

of southern New England and includes the well drained Paxton series
(coarse-loamy, mixed, mesic Typic Fragiochrept), the moderately well
drained Rainbow series (coarse-loamy, mixed, mesic Typic
Fragiochrept), the somewhat poorly drained Ridgebury series,
(coarse-loamy, mixed, mesic Aerie Fragiaquepts), and a Scarboro
Variant (coarse-loamy, mixed, mesic Typic Humaquept).

Detailed

descriptions, along with chemical and physical soils data, have been
reported previously by Veneman and Bodine (1982).

Eleven pedons on

the east facing slope of the drumlin were described and sampled at
intervals between 15 to 25 m starting at the drumlin summit tran¬
secting down to a relatively wet swale at the base.

Field Measurements. Well points were constructed of 5-cm

diameter PVC

tubes performated on three sides with 0.6-cra diameter holes covered
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with fine mesh brass screening to prevent wash-in of fine materials.
Wells were installed at all 11 sites.

A portable audio electric

system was used weekly to measure depth to the phreatic surface during
1981 and 1982.
Tensiometers were constructed by mounting porous ceramic cups on
rigid plastic tubes (1.9-cm dia.) cut to appropriate lengths.

Semi¬

rigid nylon tubing (0.3-cm dia.) connected the tensiometers with mer¬
cury manometers.

Tensiometers were installed in duplicate in horizons

which represented specific mottling patterns.

Soil moisture tension

measurements were made three times weekly from May through October.
Platinized platinum (Pt) electrodes were employed to obtain in
situ redox potentials in the same horizons where moisture tensions
were measured.

The Pt electrodes were constructed according to the

method described by Vepraskas and Bouma (1976).

Prior to installation

in the field, the electrodes were platinized (Jackson,

1958) and

tested in a poised ferrous ammonium sulfate-ferric ammonium sulfate
solution and discarded if not accuarate within + 10 mV of +475 mV
(Light,

1972).

Readings were taken once a week throughout the year

with a saturated Ag/AgCl reference electrode connected to an Orion
Model 399A portable potentiometer.

Seasonally dry soil surface con¬

ditions negatively affected the redox measurements.

This problem was

circumvented by the use of a saturated KCl-agar salt bridge as
described by Veneman and Pickering (1983)•

Redox potential values are

reported relative to the standard hydrogen electrode by adding the
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appropriate conversion factor as a function of temperature (Bauer et
al.,

1979).
Soil temperatures were measured with Yellow Springs Instrument

#401 thermistors in the same horizons in which redox potentials and
moisture tensions were determined.

Temperature readings also were

taken at at depth of 50 cm in each of these pedons to determine mean
annual soil temperatures as defined in Soil Taxonomy (Soil Survey
Staff,

1975).

Laboratory.

Soil moisture characteristic curves were determined on

representative samples with Tempe cells over the pressure range of 0
to 0.1 MPa.

Each samples was replicated three times and averaged.

Undisturbed soil samples were taken from horizons with represen¬
tative mottling patterns for thin sectioning.

Samples were

impregnated under vaccuum with Spurr Low Visconsity embedding medium.
When cured, samples were cut, mounted on a glass slide, and finished
to a thickness of approximately 35 ym.

A binocular polarizing

microscope was used to observe and describe micromorphological
features according to terminology developed by Brewer (1964).

Results

Water Table Fluctuations.

Moisture regimes of the soils within the

catena were greatly affected by the presence of the fragipan.
Downslope lateral movement of groundwater above the fragipan was indi¬
cated by a faster decline of the water table in better drained upslope
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soils and higher water table levels for longer periods in poorly
drained soils downslope.

After periods of substantial precipitation,

water was found to perch upon the fragipan of moderately well drained
(MWD) soils for several days (Fig.

V-1).

This agrees with obser¬

vations by Gile (1958) in a Paxton toposequence in southeastern New
Hampshire.

Water table levels throughout the toposequence were

highest from late fall through spring, although in the well drained
(WD) soils only twice, during thaws in February and March of 1982, was
a water table at 26 cm detected.

Five soils (Pedons 3 to 7) topose¬

quence were considered to be MWD on the basis of low chroma mottling
in the lower subsoil.

A water table was found in each MWD profile to

within the Ap horizon at some time during the year, although incidence
and duration of soil saturation depended on the microtopography of the
area.

MWD soils in a slightly convex position (Pedon 4) generally had

water tables within 1m except for the summer months.

Water tables in

soils in concave positions were evident only from winter to spring
(Pedon 7).

The water table in the somewhat poorly drained (SPD)

Ridgebury soil (Pedon 9) was absent only from mid-August to
mid-October during the unusually wet 1982 season.
depths between 40 to 90 cm were common.

Fluctuations at

For both years, the very

poorly drained (VPD) Scarboro soils (Pedons 10 and 11) had water
tables no deeper than 90 cm, while the water table throughout the
winter and spring of both years was present at or very near the ground
surface.

Fluctuations were common between depths of 15 and 60 cm

during the summer and fall months.
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SOIL NO. 7

SOIL NO 11

Fig. V-l.
Seasonal water table flucuations in Rainbow (soil
no. 7), Ridgebury (no. 9) and Scarboro (no. 11) soils during
1981 and 1982.
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Soil Moisture Tension.

The Bw and 2Cx horizons in the WD Paxton soils

showed soil moisture tension values close to saturation in early
spring of both study years, but the profiles generally dried out fast,
resulting in much higher moisture tensions during the latter part of
the spring (Fig.

V-2).

Depending on actual precipitation, the WD

profiles usually maintained high moisture tensions during the growing
season.

Only during wet periods did the horizons become very moist

again for short intervals but they did not become saturated.

During

the relatively wet June of 1982, both soils had moisture tensions less
than 0.01 MPa throughout the profile (Fig.

V-2).

Pedons 4 and 7 were monitored to represent MWD soils.

The MWD

soils exhibit the same soil moisture tension patterns as the WD soils
but tensions are generally lower and the moist periods generally are
more prolonged.

The profiles of both MWD soils were close to satura¬

tion throughout mid-July in 1981 and even showed a period of satura¬
tion during the very wet month of June,

1982.

In late summer of 1981,

profile 7 dried to moisture tensions exceeding 0.07MPa.

Moisture ten¬

sions during the wetter 1982 season remained below 0.07 MPa throughout
the year.
The somewhat poorly drained character of soil 9 is indicated by
the consistently low soil moisture tensions throughout the year (Fig.
V-2).

Even during the much drier, and probably more representative

year of 1981, tensions in the B horizon during the months July,
August, and September stayed below 0.02 MPa.

Soil moisture tensions

during other parts of the year generally were 0.005 MPa

or less.

The
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pigo V-2. Variation in soil moisture tensions during 1982
in the Paxton, Rainbow, Ridgebury, and Scarboro soils.
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3C horizon in the Ridgebury soil was saturated during most of the two
field seasons.

Only during the summer months did this horizon become

aerated, but even then maximum tensions still remained below 0.01 MPa.
Tensiometric data for the VPD Scarboro soil were collected only in
1981 as the water table levels during the 1982 field season stayed
within 30 cm of the soil surface.

Except for a dry spell in late

August of 1981, soil moisture tensions in the Ap2 horizon remained
below values of 0.01 MPa.

Soil Temperature and Redox Potentials.

Reduction of iron and manga¬

nese in soils is principly a biochemical process and therefore biolo¬
gical constituents must be active for significant mottling to occur.
Below 5*C biological activity within soils is assumed to be insignifi¬
cant (Soil Survey Staff,

1975), but as soil temperatures increase, the

rate of biological activity accelerates as well.

Soil temperature is

in turn affected by the soil drainage condition.

The greatest extre¬

mes in soil temperature at 50 cm depth occurred in the WD soil hori¬
zons, with fluctuations from 0*C to 23*C.
not observed in any other horizon

Freezing temperatures were

within the toposequence.

As

moisture regime becomes wetter, the range in soil temperature extremes
diminishes from the WD to the VPD soils.

Uppermost horizons are

warmer in summer but are colder in winter than underlying horizons.
Missing data is due to vandalism and the inaccessibility of the
research plots during severe winter weather.

Data for soil 11 seem to

indicate that winter conditions are possibly warm enough for continued
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biological activity and significant reduction.

For the WD and MWD

soils, soil temperatures above 5*C occurred between April and
mid-November.

Duration of temperatures lower than the biological zero

were somewhat shorter for soil 9.
Redox values of various horizons within selected profiles vary
with the season (Fig. V-3).

Lower Eh values during the growing season

may reflect the influence of the grassland vegetation.

The chemical

environment of field soils often is too variable for deriving more
than semi-quantitative conclusions from field redox potential measure¬
ments.

In this paper, reduction and associated mobilization of chemi¬

cal species was considered to occur as redox potentials fell below the
broad range of 0.7 to 0.6 V for manganese and 0.4 to 0.3 V for iron.
Soil PH-H2O for all soil horizons ranged between 4.3 and 6.0 (Veneman
and Bodine,

1982).

«

*

Discussion

Lowest matrix chroma colors are found in the most poorly drained
soils (Fig. V-4).

The olive grey B horizon of the SPD soil reflects a

slightly less reducing soil environment than the greenish grey matrix
of the VPD soil's Bg horizon.

The highest chromas in the catena con¬

sistently occurred in the upper sola of the MWD soils.

Lyford (1964)

observed the same phenomena that matrix colors of highest chroma were
associated with soils in the midslope positions in several toposequences of hardpan soils in central Massachusetts.

He attributed this to
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Fig. V-3.
Redox potentials and soil temperatures in selected
horizons of soils in a Paxton toposequence during 1982„
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Fig. V-*4.
Relationship between soil chroma and drainage
class in a Paxton catena in central Massachusetts.
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the influx of iron rich groundwater redistributed during the wet
season from overlying horizons or soils of higher elevation (Lyford,
1964).

Veneman and Bodine (1982) postulated that soluble iron com¬

pounds enrich the upper sola of soils with groundwater fluctuations
within underlying horizons.

The Bw horizons of the MWD soil 4 con¬

tained twice as much sodium dithionite extractable Fe (1.7$) and five
times as much sodium pyrophosphate extractable Fe (0.5$) when compared
to the Bw of the WD soil 2, although similar Fe levels were found in
the BC2 horizons.

The mechanism of iron concentration in the Bw hori¬

zon of MWD soils is apparently an upward translocation process accen¬
tuated by lateral flow of iron containing water on top of the fragipan.

Figures V-2 and V-3 show that an iron reducing environment

exists for significant periods when the water table is perched upon
the fragipan while an oxidizing environment exists in the overlying Bw
horizon.

As the profile dries with depletion of soil water in the

topsoil by evapotranspiration, a moisture gradient towards the soil
surface develops and soluble iron compounds are drawn upward by
capillarity and precipitate upon reaching an oxidizing environment.
The uniformly brown matrix of the WD soils suggest little trans¬
location of iron by leaching through the profile or redistribution
within a horizon.

Redox potentials apparently confirm this as values

remained too high to infer substantial translocation of iron com¬
pounds.

Upon closer examination, there are faint differences in color

between ped interiors and exteriors, the later having a slightly
higher chroma.

Some fine, discontinuous channel neoferrans are also
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evident.

This morphology possibly indicates periods of unsaturated

but fairly wet conditions within the soil peds which may cause migra¬
tion of ferrous iron towards larger, aerated pores.

Such an enviro-

ment is depicted by the tensiometer data in the spring when the soil
dries out (Fig. V-2).
Based on mottling morphology, the highest level of the groundwater
should be the top of the respective BC horizons of the MWD soils.
These horizons display prominent mottling of many ferrans and common
albans whereas the Bw horizons of each MWD soil is essentially free of
mottling.

However, monitoring of the groundwater level reveals that

in fact the phreatic surface occurs within the respective Bw horizons
for significant periods.

The duration is longest at times when soil

temperatures are too low for significant biological activity.

If the

water table was found within the Bw horizon of MWD soils during the
field season it rarely persisted for more than a week.

The 2Cx hori¬

zons of the MWD soils generally are wet (Figs. V-2 and V-3) and most
frequently showed the network of bleached prism faces commonly asso¬
ciated with fragipans (Soil Survey Staff,

1975).

These reduced zones

are thought to develop in old dessication cracks that are preferen¬
tially saturated upon rainfall events (Carlisle,

1954).

As these

siltier cleavage channels are wetted before the ped interiors and remain
wet longer, iron is reduced and redistributed to more oxidizing
environments and albans form in the finer material to a few millime¬
ters within the fragipan matrix.

Immediately adjacent to the bleached

areas is a zone of neopedferrans where iron compounds have stabilized
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and accumulated.

Nikiforoff (1955) described nearly identical morpho¬

logical features in the Beltsville soil of Maryland.

The low chroma

wedge patterns in the fragipans of the WD and MWD soils in this toposequence occur along the boundaries of secondary aggregates of coarse
platy structure as well as former dessication cracks.

A similar

bleached wedge pattern was described by Yassaglou and Whiteside (I960)
in fragipans of northern Michigan.
During the field season when biological activity is highest, the
solum of the SPD soils is rarely saturated.

Tensiometers indicated

that conditions close to saturation along with reducing potentials
sufficient to mobilize iron compounds prevailed throughout the summer
within soil peds.

To evaluate the significance of iron and manganese

mottle distribution within a horizon, the relative wetness and asso¬
ciated redox potentials of ped exteriors to interiors must be con¬
sidered (Richardson and Hole,

1979).

Channel neoferrans (10YR5/8)

were observed lining the larger pores (Veneman and Bodine,

1982)

and

appear to result from the migration of soluble iron compounds from
within peds as the horizon dries from spring to mid-summer.

Occasion¬

ally channel neoalbans were observed along the largest pores.

They

result from short rainfall events in the summer when soil directly
adjacent to the pores is leached.

Oxidizing conditions quickly resume

during subsequent drying so that iron compounds stabilize in place.
Matrix colors with chromas of 1 occurred only in the VP^
which perenially

■'Is

remained saturated or close to saturated with

moisture tensions of 0.01 MPa or less.

The achromatic morphology
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reflects the highest levels of iron depletion among the soils of the
toposequence.

The predominant mottling features to be observed are

channel albans in assoication with quasiferrans that are indicative of
very wet soil conditions with short, intermittent periods of unsatura¬
tion (Veneman et ah,
year.

1976).

Ped interiors are wet during most of the

Iron migration progresses towards exteriors when channels are

temporarily aerated resulting in the formation of quasiferrans.

The

quasiferrans appear as prominent rings about the channel albans a few
millimeters from the pore itself.

Albans are formed when walls of the

larger pores become devoid of iron during short wetting events in the
summer when ped interiors are relatively oxidized.

Conclusions

Considerations of a soil profile's saturated condition alone is
insufficient when evaluating soil colors associated with various soil
drainage conditions.

Particularly in MWD soils, wet, but generally

unsaturated conditions, can significantly influence the soil’s morpho¬
logy and result in a significant upward translocation of iron, leading
to chroma values of 6 or higher.

The sola of WD soils are of an

evenly distributed brown color without mottling, although the profiles
may be saturated for short periods during the winter or close to
saturation during the early growing season.

Seasonal soil tem¬

peratures are most extreme and redox potentials are the most uniformly
oxidizing in the profiles of WD soils.

Prominent mottling in the form
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of ferrans and albans in the 2Cx horizons of MWD soils is related to
mostly moist but intermittently saturated periods during the growing
season.

Lack of low chroma colors at shallower depths does not indi¬

cate the high water tables that exist during the winter season when
conditions are too cold for significant biochemical reduction of iron
to occur.

The Bw horizons of MWD profiles are essentially mottle-free

and water tables that rise to within these horizons for periods of a
few days or less during the field season probably do not persist long
enough for reducing conditions to develop.

Even though saturation

rarely coincides with warm temperatures in the SPD soils, reducing
conditions in the sola during the summer months are sufficient for
reduction and subsequent removal of iron from the profile and con¬
centration of iron along larger pores as neoferrans.

The B horizon of

the SPD soil profile has an olive grey matrix color with low chroma
mottles though water tables reside there only for short periods in the
spring of relatively wet years.

Chromas of 1 or neutral are found

only in horizons of VPD soils where iron depletion is most extensive.
Due to wet conditions, soil temperatures of VPD soils are buffered
from climatic extremes by the high specific heat of water and bioche¬
mical reduction remains possible well into the winter season.

CHAPTER

VI

CONCLUSIONS

Various edaphic and engineering aspects of some typical
Massachusetts fragipans and their glacial till parent materials
were investigated and are reported in various chapters in this
thesiso

Fragipans are distinguished from other hardpans by

their unique stress-strain behavior as it varies with wetness.
When dry, fragipans are hard and brittle and deform little with
increasing stresses until failure.

When moist, fragipans be¬

come soft and their brittleness is diminished for they deform
readily with increasing pressure.

It appears that above a cer¬

tain critical water content, the unconfined compressive
strength of fragipans varies inversely with wetness.

(UC)

Although

the strength-moisture relationship of fragipans can be accu¬
rately characterized in the laboratory with the UC test, the
usefulness of portable penetrometers to aid in the detection of
fragipans under field conditions could not be demonstrated.
Because the occurrence of fragipans and the till formations
from which they often develop is so pervasive throughout south¬
ern New England, the engineering properties of these soil ma¬
terials are important for they commonly serve as a substance
upon which the foundations of structures are built and as a
building material of which dams, embankments, and subgrades
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are constructed.

The triaxial compression test indicates the

in situ strength of soils as confining pressures are applied
during testing that mimics the lateral support porvided by the
surrounding soil matrix.

Triaxial compression results, pre¬

sented as Mohr failure envelopes, confirm UC test results in
that wetter samples are weaker and less brittle than dryer
samples.

The soil properties of cohesion and the angle of in¬

ternal friction are both lessened upon moistening.

Foundations

should be designed on the basis of the least strength observed
unless provisions are made to prevent the moistening of the
supporting soil material.

Although the lower till formation

is difficult to excavate, it serves as an excellent building
material as it is of well graded grain size.

Compaction res¬

ults show that the material can be highly densified and prob¬
ably rendered relatively impermeable to water.
Hardpans, as impermeable layers, significantly restrict
the vertical movement of water through soil.

Soils containing

fragipans within depths of three feet or less are wetter in
midslope and lower topographic position than soils without
this feature.

Soil morphology is implicated as the develop¬

ment of mottles is instigated by the onset of reducing con¬
ditions higher in the profile of these wetter soils.

The

observation of highest chroma matrix colors and best expression
of the fragipan bleached prism face network occurs in moderate¬
ly well drained (>1WD)

soils.

Water tables often fluctuated

m-

to depths shallower than mottled horizons for periods too
short or too cold for onset of strongly reducing conditions.
Olive grey matrix colors were observed in somewhat poorly drain¬
ed soils that indicate the translocation and leaching of iron.
The persistence of a reducing environment after unsaturation
was indicated by channel neoferrans and neoalbans.

Perennial

conditions of saturation and near saturation was reflected by
the lowest chroma colors of the catena in the very poorly
drained soils.
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SALT BRIDGE FOR FIELD REDOX POTENTIAL MEASUREMENTS

Introduction

Redox potential measurements have been used for many years in ana¬
lytical techniques ranging from the chemical analysis of aqueous solu¬
tions to potentiometric titrations.

In industry, redox potential

gauging has been employed for automatic control i" product manufac¬
turing and processing of waste materials.

Application of redox poten¬

tial measurements to soils related research has been limited mainly to
chemical laboratories studying the effect of redox and pH fluctuations
on the chemical composition of soil suspensions or aqueous solutions
(Brumraer,

1974; Collins and Buol,

1970).

In addition, oxidation and

reduction processes of iron and manganese in 3-phase soil environments
have been studied in artifically packed (Patrick and Henderson,
Vepraskas and Bouma,

1981;

1976) or in undisturbed soil columns (Quispel,

1946).
Alternating oxidizing and reducing field conditions can be
inferred from the occurrence of soil mottles.

Quispel (1946) noted

the significance of in situ redox potential measurements to study oxi¬
dizing and reducing conditions in the field, but otherwise few such
studies have been reported (Pierce,

1953; Veneman et al.t

1976).

This

is due to inherent limitations in the measuring technique as well as
the unfamiliarity of soil scientists with redox potential deter¬
minations.

Redox potential measurements are most reliable in an

oxygen-poor environment (Bohn,

1971), which is the condition most
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significant for soil mottling or nitrogen transformation studies.

In

oxidizing environments the general usefulness of conventional redox
measurements is limited due to the low concentration of redox couples,
which reduces the stability and reproducibility of the readings.
Formation of platinum oxide coatings on the electrode surface in
strongly oxidized conditions also may lead to unreliable results.

In

addition, the redox potential of a natural system often is a mixed
electric potential, not accurately reflected by the ion oxidation sta¬
tes as described by the conventional Nernst equation (Bohn,

1971).

Field redox potential measurements under strongly oxidized soil con¬
ditions, therefore, tend to be qualitative at best.
Application of redox measurements in soil morphological studies is
limited mainly to moist subsoils (Veneman et al.,

1976) where

poisoning of the electrodes is not a real problem, especially when
platinized electrodes are used (Feltham and Spiro,

1971).

Field redox

determinations during the dry summer season are often impeded by
desiccated surface soils.

For each redox measurement the leads of the

buried Pt electrode are connected to a potentiometer, while a
reference electrode is pressed carefully into the topsoil to close the
electric circuit.

At low soil moisture contents, the electric flow

rate is sharply reduced, which results in prolonged stabilization
times, or even continuous drifting of the potentiometer.

Redox poten¬

tial values obtained under such field conditions are highly
questionable.
Laboratory redox potential measurements are often facilitated by
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the use of salt bridges (Linebarger et al.,
and yet accurate redox determinations.

1975) which permit rapid

This paper describes a salt

bridge designed for field use in combination with buried platinized Pt
electrodes.

The apparatus allows for quick and non-destructive, redox

potential measurements over long periods of time in the subsoil, even
when dry soil surface conditions prevent conventional field redox
potential determinations.

Materials and Methods

Platinum electrodes for in situ field redox measurements were
constructed for depths up to 75 cm according to procedures described
by Vepraskas and Bouma (1976).

The electrodes were then platinized

following the method reported by Jackson (1973) and installed with a
screw auger in a Paxton fine sandy loam (Typic Fragiochrept, coarseloamy, mixed, mesic).

The bore holes were sealed with bentonite to

prevent channeling from overlaying horizons.
Redox potential readings were made with an Orion, Model 399A, por
table potentiometer by connecting the leads of the Pt electrodes to
the meter and by pressing the tip of an Ag/AgCl reference electrode
into the soil.

Rapid field hook-up between the potentiometer and Pt

electrodes is simplified by the use of a heavy duty alligator clip
soldered onto the indicator electrode junction wire of the poten¬
tiometer.
The salt bridge was constructed from standard polyvinyl chloride
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(PVC) fittings and pipe as indicated in figure A-1.

The subsurface

part consists of 1.25-cm diameter PVC pipe, cut to a length slightly
exceeding the depth of installation of the corresponding platinum
electrode.

The bottom of the tube is sealed with a No. 00 rubber

stopper, glued in place with epoxy resin.

A 0.6-cm diameter hole is

drilled into the tubing just above the stopper, and this hole is
covered with filter paper, either glued inside or taped onto the
tubing to retain the salt bridge solution as it is poured.

The above¬

ground portion of the salt bridge housing consists of a 7.5-cm long
piece (dimensions are not critical) of 1.9-cm diameter PVC pipe which
is glued on the subsurface part by means of a 1.9-cm diameter PVC
union and a 1.9-cm to 1.25-cm PVC adaptor.

The bridge is sealed with

a No. 2 rubber stopper between measurements.

The salt bridge solution

consists of a saturated (350 g/1 at 20 °C) KC1 solution to which a
fine, granular form of laboratory grade agar is added to approximately

3% on a mass basis.

To every liter of solution a few grains of phenol

are added to prevent microbial growth within the salt bridge.

The

KCl-agar-phenol solution is brought to a boil under a hood and allowed
to cool slightly to facilitate handling.

The warm, viscous liquid is

poured into the PVC housing and permitted to gel.
Each salt bridge is installed in the field with a standard 2.5-cm
screw auger in proximity (less than 10 cm) to the Pt field electrode.
The salt bridge is put in place such that the opening is at about the
same depth and facing the Pt electrode.

Upon installation of the salt

bridge, the bore hole is backfilled and sealed with bentonite.

The
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Fig. A-l.
Cross-section of the KCl-agar salt bridge for
field redox potential measurements.
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arrangement of the various components of the redox measuring system in
the field is presented in figure A-2.

Discussion

During the unusually dry summer of 1981, reliable redox potential
readings were not obtained from electrodes buried at depths between 50
to 80 cm.

Tensiometers installed at corresponding depths indicated

that over 85% of the soil pores in this zone were water-saturated and
should not have impeded the flow of the electrical current.

The upper

curve (star symbols) in figure A-3 indicates a typical response of a
Pt electrode at 64 cm depth.

Even after 30 minutes the potentiometer

reading was drifting, and no equilibrium condition was ever obtained.
Soil moisture content at 64 cm was 0.168 kg kg"1, corresponding to 94%
saturation.

Cause of this phenomenon is the low moisture content of

the overlaying soil horizons.

Only the very fine pores in these hori¬

zons remain filled with water creating a tortuous travel path for the
electric current between the exposed tip of the electrode and the
reference electrode.

Wetting of the soil would have facilitated the

redox potential measurements but would have changed the natural soil
moisture state which was being studied.
Several in situ KCl-agar bridges were installed in the field in
early 1981, and their performance during 2 field seasons has been
excellent even when the topsoil was desiccated during the summer
months. The potentiometer always stabilized within a matter of minutes
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Fig. A-2.
Typical arrangement of the various components
of the redox potential measuring system in the field.
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TIME
Fig. A-3.
In situ redox
a Paxton fine sandy loam at
tional redox measurement in
Squares show redox readings
KCl-agar salt bridge.

(minutes)

potential as a function of time in
64 cm depth.
Stars indicate conven
a 94% water saturated subsoil.
in the same soil but using the
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and remained constant to within 10 mV over a 30 minute time period
(Fig. A-3).

Our experimental field design for soil mottling research

permits a comparison of tensiometer and well point readings with redox
potential measurements at identical depths, and abnormal values have
not been observed during the 2-year study-period.

Several electrodes

installed at different depths can be accommodated easily by one salt
bridge with ports at corresponding depths as long as the distance bet¬
ween electrode and salt bridge remains small.

Under our testing con¬

ditions distances less than 10 cm resulted in identical redox poten¬
tial values.
The agar in the above-ground portion of the salt bridge occa¬
sionally dried somewhat during hot summer weather, especially when
redox measurements were performed frequently.

This condition was

corrected easily by boiling some prepared KCl-agar-phenol solution on
a camp stove in the field and pouring the gelling solution into the
PVC housing.

This procedure did not interfere with the performance of

the salt bridge.
Saturated KC1 solutions have very low electrical resistance, and
the presence of the salt bridge in the field should not affect the
soil redox potential reading.

This possibility was evaluated in the

laboratory by placing KCl-agar salt bridges of various lengths in
series with a buffered ferrous-ferric standard salt solution (Light,
1972) and an Ag/AgCl reference electrode connected to the poten¬
tiometer.

Presence or absence of the agar bridge did not result in

different redox potential readings of the standard solution.
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It is concluded that the KCl-agar salt bridge provides for rapid
and accurate measurements of the in situ redox potential, especially
when conventional field measurements are impeded by low moisture con¬
tents in the surface soil.
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Fig. B-l.
Unconfined compressive (UC) strength of the
fragipan horizon of the Paxton soil as affected by differences
in soil moisture content.
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Fig. B-2.
Unconfined compressive (UC) strength of the
fragipan horizon of the Rainbow soil as affected by differ¬
ences in soil moisture content.
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Fig. B-3.
Unconfined compressive (UC) strength of the
colluvial hardpan horizon of the Ridgebury soil as affected
by differences in soil moisture content.
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Fig. B-4.
Summary of the unconfined compressive (UC)
strengths of the hardpan horizons from the Paxton, Rain¬
bow, and Ridgebury soils as affected by differences in
soil moisture contents.
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Fig. B-5.
The linear relationship of the unconfined com¬
pressive (UC) strength of the fragipan horizon of the Paxton
soil as it varies inversely with soil moisture content above
the critical wetness.
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Fig. B-6.
The linear relationship of the unconfined com¬
pressive (UC) strength of the fragipan horizon of the Rainbow
soil as it varies inversely with soil moisture content above
the critical wetness.
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POCKET PENETROMETER RESULTS

Fig. B-7.
resistance of
soil moisture
for all three

The linear relationship of the pocket penetration
the fragipan horizons as it varies inversely with
content contrasted with the linear relationship
hardpan horizons considered together.
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SOIL MOISTURE TENSION

(MPa)

SOIL NO. 1

Fig. C-l.
Variation in soil moisture tensions during the
1981 field season in the well drained (WD) Paxton soil (#1) .
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SOIL MOISTURE TENSION

(MPa)

SOIL NO. 1

Fig. C-2.
Variation in soil moisture tensions during the
1982 field season in the well drained (WD) Paxton soil (#1) .

107

SOIL MOISTURE TENSION

(MPa)

SOIL NO. 2

Fig. C-3.
Variation in soil moisture tensions during the
1981 field season in the well drained (WD) Paxton soil (#2) .
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SOIL MOISTURE TENSION

(MPa)

SOIL NO. 2

Fig. C-4.
Variation in soil moisture tensions during the
1982 field season in the well drained (WD) Paxton soil (#2) .
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SOIL MOISTURE TENSION

(MPa)

SOIL NO. 4

Fig0 C-50
Variation in soil moisture tensions during the
1981 field season in the moderately well drained (MWD) Rainbow
soil*

no

SOIL NO. 4

Figo C-6.
Variation in soil moisture tensions during the
1982 field season in the moderately well drained (MWD) Rainbow
soil.

Ill

Fig. C-7. Variation in soil moisture tensions during the
1981 field season in the moderately well drained (MWD) Rainbow
soil (#7).
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SOIL 7

Fig. C-8. Variation in soil moisture tensions during the
1982 field season in the moderately well drained (MWD) Rainbow
soil (#7).
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SOIL NO. 9

1981

Fig. C-9.
Variation in soil moisture tensions during the
1981 field season in the somewhat poorly drained (SPD) Ridgebury soil.

114
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1982

Fig. C-10. Variation in soil moisture tensions during the
1982 field season in the somewhat poorly drained (SPD) Ridgebury soil0
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SOIL NO. 11

Fig. C-ll. Variation in soil moisture tensions during the
1981 field season in the very poorly drained (VPD) Scarboro
soil.

Fig. C-12.
Seasonal water table fluctuations during 1981 and
1982 in the moderately well drained (MWD) Rainbow soil (#4)„
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Fig0 C-13.
Seasonal water table fluctuations during 1981 and
1982 in the moderately well drained (MWD) Rainbow soil (#7)e
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Fig. C-14.
Seasonal water table fluctuations during 1981 and
1982 in the somewhat poorly drained (SPD) Ridgebury soil.
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