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ABSTRACT

Soil Properties Influencing Hydraulic Sealing of the
Surface on Alfisols in the Sahel. (December 1993)
Justin Wayne Heil, B.S.; M.S,, Colorado State University

Co-Chairs of Advisory Committee: Dr. Anthony S.R. Juo
Dr. Kevin I. Kclnnes

Surface seals reduce crop yields and increase erosion by decreasing infiltration
and increasing runoff. Seals form when intense rainfall breaks aggregates into
smaller particles that clog pores. The objectives of this study were to (1) identify
sealing soils in selected Alfisols in West Africa and to define the processes of
sealing; (2) determine the soil properties which affect sealing.

Six soils at Hamdallaye, Niger, and two soils at the Cinzana Research Station,
Mali were studied. S.-ls in fallow fields at the Cinzana Research Station were
actually deeply compacted soils due to structural losses from cultivation or heavy
animal traffic. The fc;llowing resilts were obtained from the Hamdallaye soils.
Infiltration measurements with a disk infiltrometer were > 130 um/s in the unsealed
sites and 3 to 103 pm/s in the sealed sites. Dry unconfined strength was about 36
Mg/m? in the sealed sites and 5 Mg/m? in the unsealed sites. The seals were

structural seale. Thin section analysis showed a dense 0.1 to 1 mm thick continuous
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plasmic layer just below a 1 mm thick layer of loose bare sand. All of the 12 sites
studied with clay contents greater than five percent were sealed, and all of those
below five percent were not. All of the seals were associated with erosion, where

the sandy topsoil was eroded to expose an argillic horizon. Amounts of

exchangeable aluminum, iron, and pH all correlated with clay content. Low pH (4.9 .

in sealed sites) causes the soils to flocculate, so that disaggregated clay remains
flocculated in silt-size particies and clogs pores. Silt content is often an indicator of
sealing in other soils, but because of low silt contents and flocculated clay in these
soils, clay content is diagnostic of sealing.

Seals created under artificial rainfall on the Hamdallaye soils consisted of
either two- or four-layer seals, depending on clay content. The seals formed quickly
and were fully developed after 30 minutes of rainfall. Dispersion of the clays with
Na saturation before rainfall prevented seal formation in soils with less than 10%

clay due to complete eluviation of the clay.
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PREFACE

It was a typically sunny and hot afternoon on the West African savannah as I
prepared infiltration rings for hydraulic measurements on soils susceptible to sealing.
The clouds filling the northern horizon became nore reddish as they seemed to
compress the sky, diminishing my world and thrilling my eyes. I'd seen sand storms
and rain storms on the Sahel, but this looked like a combination of the two. I
finished preparing the infiltration rings and went to sit in the "yellow submarine,” an
affectionate name given to a four-door Toyota pickup by another graduate student.
As the storm grew nearer I realized the significance of this event. Having prepared
the soil using several treatments for infiltration under a disk infiltrometer, I could
now qualitatively compare infiltration under rainfall by watching the six infiltration
rings I had set out. This unplanned experiment, as well as other observations,
yielded as valuable information as those I'd planned.

It was the daily exbériences of curiosity, experimentation, and discovery in
the fields of Hamdallaye and Cinzana that gave me an appreciation for the

enthusiasm behind successful scientists. The thrill of scientific discovery combined
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with the new environment I was experiencing gave me a fascination in my work that
ranks among the best experiences I have had. The task of sharing these discoveries,

however, is among the most difficult! Nevertheless, I will attempt to do so in a clear

and concise way.
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CHAPTER 1

INTRODUCTION

Many Alfisols in West Africa form a hydraulic seal at the surface during
intense rainstorms. Rainfall breaks down aggregates into smaller particles that clog
pores (Figure 1). Often bare sand layers are left at the surface. Surface seals in the
Sahel are characterized by slowed infiltration, increased runoff, and increased erosion
compared to those soils in vhich a seal does not form. In a runoff experiment in
Niger, Anneke DeRouw and Christian Valentin (personal communication, 1992)
found that runoff on la?erite plateaus (bare, 0.2% slope) is 95%. On side slopes
(grass, few shrubs and patches of erosional crust, 5.2% slope) runoff is 60%, with no
runoff below 6 mm rainfall event. On foot slopes (cropped, deep sandy soil, tilled,
no crust, 4.5% slope), there is little runoff during most rainfall events and 40%
runoff during heavy storms.

In the Sahel, where water availability can limit crop growth, the loss of rain
water by runoff may lead to substantially reduced crop yields. Upon drying, this

sealed surface layer occasionally forms a hard surface crust, that may inhibit seedling

This dissertation uses the style of the Soil Science Society of America Joumal.
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Figure 1. Process of structural seal formation. Aggregates (a) are broken down by
rainfall (b). Small particles then clog 1..acropores, leaving a "washed-in" clay layer
and a coarse sand layer above it (c).
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emergence aﬁd crop establishment. The distinction between a crust and a seal is that
a soil crust is a broader term for a surface feature that is dense, hard, or restricts
infiltration. Seal is a more specific term referring to a surface layer that inhibits
infiltration. Desertification has been recognized in West Africa since the 1930’s, and
measures to protect vegetative cover and to control erosion have been largely
unsuccessful. Population pressures demand that current land use be altered to
increase yields and decrease risk of crop failure. Ironically, population pressure has
also caused degradation of lands through more intense use.

There are still many gaps in the knowledge of processes leading to soil sealing
and the soil properties that influence these processes. The purpose of this study is to
provide fundamental information on the influence of soil properties on soil sealing
processes in Sahelian Alfisols. This in turn will provide a wider knowledge base for
relating management practices to their affect on soil sealing and crusting and
consequently water infiltration, erosion, and seedling emergence. The study area is
the Sahelian zone of West Africa, which is comprised mostly of sandy Alfisols

(Figures 2 and 3).
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CHAPTER II

OBJECTIVES

The overall objective is to determine the soil properties that cause seals to
form on some West African Alfisols, while others remain unsealed, and to be able to
explain the processes of sealing and crusting.

The laboratory and field studies are designed to achieve the following
objectives:

I. Identify sealing and crusting soils in selected Alfisols in West Africa
and define the processes and degree of sealing or crusting. The seals will be
defined in terms of morphology, genesis, their affect on infiltration and runoff, and
in terms of the hardness of the dry crust.

II. Determine the soil properties which affect sealing and crusting. The
properties of the sealed layer which affect infiltration are its thickness and pore size
distribution. Regardless of the process of seal formation, its affect on infiltration is
by decreasing the number and/or continuity of large pores. This is done either by
compaction or destruction of aggregates by raindrop impact and redistribution of soil
particles or by deposition of fine particles on the surface and filling pores.

The role of soil properties in seal formation lies in the resistance of

aggregaies to breakdown in aggregated soils or in the potential for close particle



packing arrangements in single grained soils. Therefore, the studies include
determining the texture and aggregation of particles along with the
dispersion/flocculation properties of the clays. This includes identifying the type of
bonding in aggregates. The relative importance of physical and chemical processes
on seal formation will be shown by measuring soil properties of sealed soils in the
field and co‘mparing them to similar unsealed soils, ‘and by studying seals generated

in the laboratory.



CHAPTER III

LITERATURE REVIEW

Despite their coarse textures, Sahelian Alfisols exhibit a tendency towards
forming a surface seal which affects infiltration, runoff, and erosion (Valentin,
1985). Upon drying, this surface layer occasionally forms a hard crust, affecting
seedling emergence.

Extensive reviews of soil sealing have been done by Mualem, Assouline and
Rohdenburg (1990), Bresson and Valentin (1992), and for African soils in particular,
van der Watt and Valentin (1992). Soil sealing has been a popular topic for research
in the past decade. Previously, confusion and inconsistencies existed in the use of
various terms describing the components and genesis of surface seals. Recently a
consensus has developed in the literature on a genetic classification.

Perhaps the clearest description of soil sealing processes is by West, et al.
(1992). They classified surface seals as structural or sedimentary seals. Structural
seals are those formed in place as a direct result of raindrop impact. They often
have several microlayers. As aggregates are broken by raindrops and rapid wetting,
a thin, dense disruptional layer'forms at the surface. Fine material may move as a
front into the soil, forming a "washed-in layer,” or clay-rich layer. Washed-in layer

is most often used to describe a 0.1 to 1 mm thick continuous sheet of fine material



below a 'wasﬁed out layer,” or clay-depleted layer, but is still used by some to
describe thicker regions of clay accumulation. As the seal develops, coarse and fine
sands are sorted at the surface, leaving a coarse sand layer at the top, a fine sand and
silt layer below this, and then the washed-in layer. Later, the coarse layers may be
eroded so that the washed-in layer is at the surface. All structural seals seem to fit
into this genetic scheme. Since seal formation is dynamic, Mual:em et al. (1990)
pointed out that the process of crust formation should always be observed as a
function of time.

Sedimentary seals form as material is transported and deposited on the soil
surface. These are usually easy to distinguish from structural seals because of
particle sorting. Particles are sorted vertically with finer material above coarser
material in each depositional event, and there are usually several microbeds from
successive rainfall events. Clays on the surface are often strongly birefringent in thin
section, showing parallel orientation. These often occur in tilled soils between
ridges, in low areas, or where slope, and rate of flow of run-on water, decreases.
Bresson and Boiffin (1990) suggest that structural seals often follow a pattern in
which the surface is first sealed by a structural crust, and then a sedimentary crust is
deposited above it.

Both extrinsic and intrinsic factors are involved in determining whether a soil
will seal. The extrinsic factors, such as rainfall intensity and duration, topography,

plant or mulch cover, and land management all have significant effects on the
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development of surface seals (Figure 4). The degree of seal formation can be
directly related to the kinetic energy of rainfall, which usually occurs in high-
intensity storms (Hoogmoed and Stroosnijder, 1984a). Surface sealing is usually
inversely related to slope steepness because as the slope increases, the soil is eroded
faster than the seal is formed (Bradford and Huang, 1992). Higher rainfall intensities
may even reduce sealing over lower imensitie:s when erosion is faster than seal
formation (Gimenez et al., 1992). Plant and mulch cover shield the soil from
raindrop impact, and therefore can reduce or eliminate sealing in otherwise
susceptible soils. In the Sahel, cultivated soils are bare at the end of the long dry
season so they are unprotected during the early part of the rainy season. Depending
on the strength of soil aggregates, plowing may be a useful soil management tool.
Lal (1987) promoted no-till farming in West Africa but suggested deep plowing every
two years to break up crusts and mix the soil. Hoogmoed and Stroosnijder (1984b)
found that, in sandy Mali Alfisols, mixing the surface increased infiltration for
several rain events before the seal reformed. Drying time and temperature can also
affect the strength of the dry crust (Rose, 1962).

Intrinsic variables in seal formation are the soil properties which influence
sealing. The major soil characteristic which prevents the development of a surface
seal is the resistance of aggregates to destruction. In single grained soils, or soils

with little or no aggregation, the texture of the soils is the dominant factor affecting
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crusting. Monnier and Stengel (1982) have constructed a textural triangle showing
the structural stability of soils in France according to their texture. They found that
crusting risks are highest for medium textured soils with high silt contents and also in
soils with high sand and low silt contents. Other soil properties which affect
aggregation are organic matter content, mineralogy, type of ions saturating clays, salt
comeﬁt, and the presence of amorphous cements. Bonding c‘:an occur directly
between clay particles, or with cation or polymer bridges. Inter-particle clay
bonding in West African soils is low because of the low surface charge of the clays.

The organic matter content of soils is directly related to the stability of soil
aggregates (Ferry and Olsen, 1975). In soils with significant amounts of organic
matter, macro-aggregation can be controlled by management, while micro-
aggregation is a characteristic of the soil independent of management (Tisdall and
Oades, 1982). Since the formation and stability of aggregates are the key factors in
determining whether a soil will form a seal, organic matter management, along with
plant or mulch cover for protection, seem to be the best options for controlling
sealing in most soils.

Type of clay minerals also influences seal formation. Van der Watt and
Valentin (1992) have observed that the more stable soils in West Africa contain
kaolinite, while those containing smectite and illite are more prone to sealing. This
is likely due to differences in dispersion/flocculation conditions or differences in

cementing agent contents in soils with different clay types. Iron oxides can
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contribute to soil strength, therefore aftecting the hardness ot the dry crust. Shadfan,
Dixon, and Calhoun (1985) found a positive correlation between dithionite-
extractable iron and soil strength, and a negative correlation between the ratio of
oxalate to dithionite extractable iron and soil strength. Ferrihydrite or iron
polycations have a strong soil aggregating ability when added to soils, especially in
the presence of organic matter (Bartoli et al., 1988a, b). Van der Watt and Val.entin
(1992) suggest that sesquioxides only contribute to soil strength in humid areas. In
arid areas, iron oxides exist as discrete particles and not as coatings of clay surfaces
(Uehara and Jones, 1974). Iron oxides probably do not act as cements until they
form a continuous matrix (Uehara and Jones, 1974). Associations between kaolinite
and iron oxides may contribute to aggregation, but this can be disrupted by specific
adsorption of silicate ions (Golden and Dixon, 1985).

Uehara and Jones (1974) suggest that in hard crusting soils of the arid and
semi-arid regions, amorphous silica is most likely the cementing agent. Factors
influencing silica gel formation and dynamics are pH, temperature, and wetting and
drying cycles. (Brown and Mahler, 1988). These factors affect the degree of
polymerization and sorption characteristics of silica.

Perrier (1986) proposed that the rapid pH changes accompanying wetting and
the high surface temperature along with the additional heat of wetting alter the -
adsorption characteristics of clays and iron hydroxides and accelerate chemical_

reactions involved in the hardening of the crusts.



Physico-chemical dispersion of clays is often cited as the process causing soil
sealing (Agassi et al., 1981; Gal et al., 1984; Sumner, 1992; van der Watt and
Valentin, 1992; West, et al., 1992). Soils which are chemically dispersed seal more
beasily, due to slaking and suspension of clays. Typically, increasing dispersion of
clays by Na saturation of the clay lowers infiltration rates (Greene et al., 1988).

A common:feature of soils with surface seals is a vesicular structuie in
microlayers just below the surface. These usually develop after several wetting and
drying cycles in tilled soil (Figueira and Stoops, 1983; Miller, 1971). Spherical
pores develop through air entrapment in successive wetting and drying cycles by
differential wetting.

Some research has been done on the processes of seal formation in West
African soils. Erosion and crusting has been reported in West Africa since 1910
(Dregne, 1990). Boiffin (1984) showed that the thickness of the affected layer is
directly related to the kinetic energy of the rain. Hoogmoed and Stroosnijder (1984)
described a depositional type of crust in Mali, showing the effects of tillage on seal
reformation. Casenave and Valentin (1988) identified six different types of surface
crusts: drying, layered structural, erosion (later stage of structural), runoff
depositional, standing water depositional, and desert pavement. But, despite this
wealth of published results on processes of seal formation, there is very little

information on the influence of soil properties on seal formation.
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CHAPTER IV

MATERIALS AND METHODS

SITE SELECTION AND SAMPLING

The purpose of the field studies was to characterize the occurrence of surface
seals at locations in Niger and Mali and to cbtain a measure of the strength and
permeability of the seals. Since preliminary results were used to select sites, some
results are presented in this chapter and not repeated in later chapters.

Two locations were selected for study. The first location was near the village
of Hamdallaye, about 35 km northeast of Niamey, Niger, on the research site of the
Integrated Management of Agricultural Watersheds project (Figure 5). This site is
being studied by the Texas A&M University Soil Management Collaborative
Research Program (TropSoils) in collaboration with the Niger National Institute for
Agronomic Research (INRAN). The second location was the Cinzana Research
Station of the Institute for Rural Economic Research (IER) in Mali. These locations
were chosen because of availability of detailed soil maps, collaboration with
TropSoils personnel working there, and for relating information gained from this

study to current research being conducted. For reasons to be explained later, most of
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Figure 5. Map of western Niger showing location of Hamdallaye. From Manu et al.

(1991).
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the work for this study was done on the Niger soils, and the soils from Mali are only
dealt with briefly.

At the Hamdallaye location, five sites were chosen for this study. The sites
.were located on the five main soil series on a 500 ha watershed, representing a
'variety of slope positions and soil textures, from sandy loam to sand (Figures 6a and
6b). These soils are classified as Typic Kandiustalfsz and one Typic Haplustult (from
soil descriptions from Manu et al., 1991). The watershed is bounded by a laterite
plateau at the top, and the valley floor at the bottom. The Tondo Kakasia series is
weathered from Continental Terminal parent materials forming the plateau. It is
deep red, and about fifty percent of the soil in the area is sealed. This area has a
meso-scale relief of 20 to 40 cm with vegetated woody and brushy areas occupying
the higher elevations (Figure 7). Lower elevations are typically bare, and exposed
roots of brush growing in the lower elevations gave evidence of recent erosion. In
the rest of the watershed, it was evident that soil sealing took place in areas which
had been eroded by wind or water, exposing the finer-textured subsoil (Figure 8).
Land was used in this area for growing millet with some shrub and grass fallowed
areas. In general, sealing was most severe immediately below the plateau and near
gullies. Infiltration and penetrometer measurements in Niger were done in June and
- August 1991, after several rainfall events but before crop emergence.
At Cinzana, the study sites were more difficult to choose. Many of the sites

which were initially considered to be crusted were actually found to be compacted by



18

e r——r— 0 To
e y————— .\
= =7 B ToA
p— y—="1 u

B ToB
= Da
0 DaA

NT Ty - 3 Ha
y- — [0 HaA
y a— et/ S \ — aB
= —— —  mHaC
- —
— ——— —
\ \\\\vi [l l‘i\ m Ca

Bo
D BoA
~ >
) l.l.h’;?é::?::&: E Fa

) LY KA r v ¢
N « A < K & A LN ,«A.', ol
CRAN vl e AN IAARBNNI G
{roC2 < 32 e S v SN A e e mF
AT ASANI SR ) > AR d
yAOZCO M AN (AR A
VS LR IEN [OA Rl S 2 302k Il S
Y o Y4586 LA ANV ACITA O VNI
R B I s e S e MFaB

~
e T¢ SCa A2 A
Son T Xl )» A(",D_IV\'A ALY ».'V('\Aa”)‘« A)>
.
S

0.5 kn St
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SYMBOL MAP UNIT

To Tondo Kakasia sandy loam, 3-8% slope

ToA Tondo Kakasia sandy loam, stony phase, 3-8% slope
ToB Tondo Kakasia sandy loam, gullied phase, 3-8% slope
Da Dantiandou sand, 2-3% slope

DaA: Dantiandou sand, gullied phase, 2-3% slope

Ha Hamdallaye sand, 1/2-2% slope

HaA Hamdallaye sand, overwash phase, 1/2-2% slope
HaB Hamdallaye sand, lithic phase, 2-3% slope

HaC Hamdallaye sand, lithic phase, 5-7% slope

Ga Gangani Kirey loam sand, 0-1/2% slope

Bo Bokotchili sand, 1/2-2% slope

BoA Bokotchili sand, gullied phase, 1/2-2% slope

Fa . Falanke loamy sand, 5-7% slope

FaA Falanke loamy sand, overwash phase, 5-7% slope
FaB Falanke loamy sand, lithic phase, 5-7% slope

Lat Plateau sandy loam, 0-1% slope

Figure 6b. Soil map legend.
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Figure 8. Typical mid-slope sealed area in the Dantiandou soil at Hamdallaye.
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heavy animal traffic (Figure 9). Also, many sealed sites were the result of mound-
building termites which brought fine material to the surface (Figure 10). Many clay
rich sites observed were possibly sites of previous termite mounds. Cultivated fields
showed sealing between ridges from deposition of clay (Figure 11), and fallow fields
had diverse histories which made it difficult to select a site which would be
characteristic of soils of the surrounding region‘. Two long-term fallow fields on the
station were chosen (Figures 12 and 13). The soils were a sandy loam (map
designation site M2) and a loamy sand (site B12). Site M2 was classified as an
Oxic Haplustalf and site B12 as a Plinthic Haplustalf. Both showed some evidence
of animal traffic. In the finer-textured soils than these, there_was so much evidence
of animal traffic and termite activity, and the depth of massive and impermeable soil
was so great, that although the soils gave an appearance of being crusted, the
immediate surface had the same hardness and permeability as the underlying soil.

For paired sealed and unsealed sites of each soil series, the following field
work was done. Sealed sites and unsealed sites within 30 meters of each other which
appeared to be representative of soil surfaces within the soil series were chosen. The
landscape position, vegetation, and land use were recorded (Table 1). Three
repeated measurements of infiltration using a disk infiltrometer (Perroux and White,
1988) were made on: a) sealed site, b) unsealed site, and c) sealed site where the
surface was disturbed to 1 cm depth. The disk infiltrometer was used because of

it's easy portability, low water consumption, and accuracy of measurement compared



Figure 10. Previous termite mound at the Cinzana Experiment Station.
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Sealing between ridges in a cultivated field at the Cinzana Experiment

Figure 11.
Station.
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Figure 12. Sample site M2 at the Cinzana Experiment Station, also showing disk
infiltrometer.

Figure 13. Sample site B12 at the Cinzana Experiment Station with sealed area in
the foreground.
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to rainfall simulators. Although infiltration was not measured under rainfall, the disk

infiltrometer measurements give an indication of the presence of a surface seal and

it's effect on hydraulic conductivity.

Table 1. Landscape position, vegetation, and land use of the six Hamdallaye soils.

Soil Landscape Vegetation Land Use Area
Position (slope) Sealed

Tondo Kakasia* shoulder (3-8%)  natural shrub never 50 %

cultivated

Dantiandou® upper backslope  cultivated crops, 50% cropped < 5 %
2-3%) natural shrub 50% fallow

Hamdallaye* middle backslope cultivated crops, 50% cropped < 5 %
(1/2-2%) natural shrub 50% fallow

Bokotchili* lower backslope  cultivated crops, 50% cropped < 3 %
(1/2-2%) natural shrub 50% fallow

Falanke* footslope cultivated crops, 50% cropped < 5 %
(5-7%) natural shrub 50% fallow

Gangani** middle backslope cultivated crops, 20% cropped 80 %
0-112%) natural shrub 80% fallow

* (Classified as Typic (Psammentic) Kandiustalf.
** Classified as Typic (Petroferric) Kanhaplustult.

Twelve penetrometer measurements were taken at each site, under both dry

and saturated conditions, using a pocket penetrometer (Bradford, 1986). The pocket

penetrometer was chosen because of it’s small size and weight, and because it is a

good measure of unconfined strength at the surface of the soil compared to cone



penetrometers. Cone penetrometers usually show extremely low resistance at the
surface because the soil is easily pierced by the point of the cone.

Both sealed and unsealed soils were sampled for laboratory analysis. Samples
included intact blocks for thin sectioning and bulk samples for chemical and physical
analysis. Duplicate intact blocks of the surface 3.5 cm were taken by excavating
around .a 5-cm by 10-cm column and placing a Kubiena tin around the column. A
space of 0.5 cm was left at the top of the Kubiena tin. Cheesecloth was placed in the
tin, on the surface of the soil, and the rest of the tin was filled with loose sand.
Cellulose acetate was sprayed on the loose sand to stabilize it. The blocks were then
transported to Texas A&M University, College Station, Texas, without evidence of
disturbance in most cases. Bulk samples were sampled at the following depths for
the sealed sites at Hamdaltaye: 0 to 0.5 cm, 0.5 to 2.5 cm, and 2.5 to 5 cm. A crust
sample was collected by lightly scraping the crust with a knife after brushing off any
loose sand, and collecting the dislodged material. This sample was normally 1t03
mm deep and is identified as 0-C: the C standing for crust. The unsealed sites were
only sampled from 0 to 5 cm. At Cinzana, both sealed and unsealed sites were

sampled from 0 to 5 cm.

LABORATORY ANALYSIS

The intact blocks and bulk samples were brought to Texas A&M University,

College Station, and the following analyses were performed.
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Thin ;ections were prepared from the intact blocks and described with a
petrographic microscope. A fluorescent dye was added to the polyester resin used to
impregnate the blocks in order to photograph the blocks under ultraviolet light and
analyze pore space using image analysis. Initial pore space analysis revealed that
other than vesicular pores, pores in the samples were simple packing voids with no
preferred orientation. |

The thin sections were also observed under a scanning electron microscope
using backscattered imaging and energy dispersive X-ray spectroscopy. The thin
sections were polished with successively finer aluminum oxide powders (25, 17.5,
9.5, 3, and 1 pm) to eliminate any topography effect, and then sputter coated with
gold.

Bulk samples were dried and sieved through a 2 mm sieve. Particle size
analysis was done by sedimentation in a sodium hexametaphosphate solution using a
hydrometer (Gee and Bauder, 1986). In addition to this standard treatment, particle
size was measured in distilled water to determine percent water dispersable clay, and
also in sodium hexametaphosphate after removal of free iron by citrate-dithionite
wreatment. The extraction of free iron was done t0 provide information on the role of
iron oxides in permanent cementing of particles.

West et al. (1987) measured ZPC of 2.8 to 3.2 in similar soils. Since
dispersion and flocculation of variable charge clays is related to pH and ZPC, soil

pH was measured in 1:1 distilled water and 1 M KCIL. Aggregation may be
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influenced by cements such as oxides Of sica. 1ive iron and aluminum oxides were
extracted with sodium citrate-dithionite and ammonium oxalate and then iron and
aluminum were measured using atomic absorption spectroscopy (Jackson et al.,
1986). Soluble silica was extracted in 0.05 M NaCl by the method of Herbillon et
al. (1977) and silica was measured using atomic absorption. . Exchangeable cations
were extracted with ammonium acetaté and calcium, magnegium, potassium, and
sodium were measured by atomic absorption (Thomas, 1982). Exchangeable acidity
was measured by titrating a 1 M KCI extract (10 grams s0il/150 mL 1 M KCD) with
NaOH. Organic carbon was determined using the walkley-Black method (Nelson
and Sommers, 1982).

Mineralogy was determined on sand, silt, and clay by X-ray diffraction.
Total iron was measured in sand, silt, and whole soil using X-ray spectroscopy.
Mineralogy determinations were supplemented by transmission electron microscope
observations of clay fractions.

Modulus of rupture was measured by the method of Richards (1953). The
following treatments were used: (A) an untreated sample; (B) a sample saturated with
CaCl, as explained later; (C) a sample treated with hydrogen peroxide to remove
organic matter and then Ca saturated; (D) a sample treated with hydrogen peroxide
and sodium citrate-dithionite (DCB) to remove organic matter and free iron oxides
and then Ca saturated; (E) a control sample treated like D, but withou! sodium

dithionite. The soil was Ca satured as follows. Forty grams of soil was shaken in
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100 mL of 1 M CaCl,, then centrifuged, and the supernatant was decanted. This
procedure was repeated again with 1 M CaCl,, and then with distilled water until the
soil dispersed. A few drops of 1 M CaCl, were added to reflocculate the clays, and
the solution was centrifuged and decanted. All samples were dried, passed through
a 2-mm sieve, placed in 39 by 52 by 10-mm brass molds. and settled to a bulk
density of 1.46 Mg/m>. This bulk densifry is the average density that dried, sieved
samples reached when tapped for several minutes in a graduated cylinder. The soils
were wetted to saturation, and then dried in the molds at 60° C for two days.

Water-stable aggregates were measured by wet sieving 10 g of 2- to 4-mm
aggregates in 0.5-mm sieves for three minutes at 35 cycles per second (Kemper and
Rosenau, 1€36). The 2- to 4-mm aggregates were obtained by dry sieving a
combined 0-5 cm bulk soil sample through a 4-mm and then a 2-mm sieve. The
aggregates were pre-wetted with an aerosol spray.

A rotating disk rainfall simulator similar to that described by Morin et al.
(1967) was used to create seals under controlled conditions. This rainfall simulator
has kinetic energy, drop size, and terminal velocity values very close to natural rain.
A rotating platform was placed under the simulator to reduce rainfall variability.
Rainwater was collected and used for the simulations. The rainwater had an
electrical conductivity of 0.020 aS/m. The bulk Hamdallaye soil was used for this
experiment. To procure enough soil for the experiment, the bulk soil from all depths

of the sealed sites were proportionally mixed by depth for a composite sample of
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each soil serie;. Five cm deep, eight cm diameter tin cans were used as soil
containers. A hole was cut in ihe bottom of the cans, and a 1.3-cm diameter, 40-cm
long fiberglass rope was hung from the bottom of the can. The top of the rope was
spread out in the can 10 insure good coniact with the soil. The rope was placed
inside polypropylene tubing, so that it formed a 40-cm hanging water column. A slit
was cut down the s:ide of the can to allow water to flow off the surface of the soil.
The slit was covered by a screen to minimize soil loss. Soil was placed in the cans
10 a depth of 3 cm. The cans were set on the rotating platform with a 7% slope
towards the slit in the side of the can.

The intensity of the artificial rain was chosen from data compiled by
Sivakumar (1987). He reported peak rainfall intensities near Niamey, Niger at 386
mm/h. In a 4-year period, 36% of the rains fell with average intensities of >50
mm/h, and 13% with intensities of >100 mm/h. A value close to 100 mm/h was
chosen for this experiment to compromise between peak intensities and average
intensities of natural rainfall. The soils were subjected to rain at an intensity of 90
mm per hour for the following treatments: (A) control with untreated bulk soil; (B)
soils saturated with sodium, and then rinsed by addition of distilled water,
centrifugation, and decanting, until they dispersed; (C) soils saturated with calcium;
(D) untreated soils with a drying cycle between rainfall events of 60° C during the
day and 25° C at njght; (E) a treatment which received 120 min of continuous rain.

Treatments A, B, C, and D received thirty minute rains with one week natural drying

s
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period between the rains. Drying temperatures for eatments A, B, and C ranged
from 30 1o 40° C. Three repeated measures of each soil were done on each
reatment for the 120 min. total rain treatments to estimate variability. Cans were
also removed in each treatment for impregnation after only one 30 min rainfall, and
cans were removed for impregnation in treatments A and D after 60 and 90 min total
rainfalls. Table 2 shows the experimental design. The 120 min total rainfall
reatments were replicated three times, and the others only once. After the soils
were dried, they were impregnated with polyester resin and thin sections were

prepared and analyzed as described above for the field samples.

Table 2. Summary of rainfall simulator experiment.

Total Rainfall Received (mir}

Soil Treatments 30 60 %0 120
(A) Control + + + +
(B) Na-Saturated + +
(C) Ca-Saturated + +
(D) Dried at 60°C + + + +

+

(E) Continuous Rain

note: + designates all six Hamdallaye soil series used in this treatment.
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CHAPTER V

RESULTS AND DISCUSSION

FIELD STUDIES

The first objective of these 'studies was to identify sealing and crusiing soils in
West African Alfisols and to define the processes and degree of sealing or crusting.
Surface seals were identified visually first, and then the degree of sealing or crusting
was measured by the effect of the seal on infiltration and penetrometer resistance.
The processes of sealing can be deduced from field observations and
micromorphological observations of thin sections. Field observations and infiltration
and penetrometer measurements will be discussed in this section.

An extensive gully system, numerous outwash fans and many areas of
exposed subsoil are evidence of erosion at the IMAW watershed at Hamdallaye,
Niger. Soil sealing on the watershed is related to erosion. The soils have thick
argillic horizons which are often exposed by wind and water erosion. It is these
exposed subsoils that are most prone to sealing. Most of the sealed soils on the
watershed occur in the Tondo Kakasia (Figure 14) and the Gangani Kirey (Figure 15)
soils, which are not used for millet production. Millet is grown in sandy patches
within the Gangani Kirey, but nothing grows on the sealed surfaces. The Tondo

Kakasia is on a steep (8%) slope just below the laterite plateau. The Gangani
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Figure 15. Severe sealing on the Gangani sgil at Hamdallaye.
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Kirey (0-.5% slope) is on a laterite outcrop midway down the watershed. This
indicated that sealing is often related to recently weathered laterite. Sealing also
occurred in the agricultural soils, and usually occurred near gulleys or on steeper
slopes which were eroded (Figure 16). Occasionally seals occurred in deflationary
depressions caused by wind erosion, especially in the Hamdallaye soil series (Figure
17). A thoroﬁgh description of the soils, vegetation, iand use, and extent of erosion
in this area is contained in TropSoils Bulletin No. 91-03 (Manu et. al., 1991).

Many of the soils at the Cinzana research station in Mali have dense, hard
surfaces which appear to be crusted. The broad use of the term crusting makes it
difficult to say that these soils are not crusted, but as explained in chapter 4, the
dense, hard surfaces are often due to compaction by animal traffic and are at least 10
cm deep. At the M2 site, the infiltration under a disk infilrometer did not increase
when the surface was disturbed, as in many other sites which appeared crusted
(Table 3). At the B12 site, the infiltration rate increased when the surface was
disturbed, which indicates a dense surface feature rather than deep compaction.

Most of these soils are much finer textured than the soils at Hamdallaye, and very
susceptible to compaction. The amount of animal traffic on fallow fields is high
enough that many of the crusted sites would be better akin to a road or cattle trail
than an agricultural field. Deterioration of soil structure by cultivation, loss of
organic matter and dispersive conditions cause other agricultural fields which did not

receive heavy animal traffic to still form hard, dense surfaces. Extensive areas were
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Figure 17. Deflationary wind erosion on the Hamdallaye soil at Hamdallaye.
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effected by sites of active or previous termite mounds which were also very hard and
dense. Regardless of the process, though, all of the soils studied except those with
depositional seals were affected throughout the upper soil horizons, rather than just at

the surface. For this reason, the use of the terms crust or seal is probably not

appropriate.

Table 3. Infiltration rates in um/sec for two soils at the Cinzana Experiment Station.
Each number is an average of three replicates.

Plot Sealed Site Unsealed Disturbed
Site Site
pm/s

M2 52 > 130 52

B12 33 > 130 80

Surface seals also occurred on a micro-scale between ridges in cultivated
fields. These appeared to be a combination of structural and depositional crusts.
These fields were not studied because there was no way of measuring infiltration on
them due to the surface roughness. Although the time spent in Mali was only two
weeks, one could conclude that the soils in the cultivated fields have lost their
structure due to oxidation of organic matter from tillage and residue removal, and in

some cases through dispersion from build-up of salts from irrigation. Along with
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heavy animal traffic and intense rainfall, these factors have led to a compacted
surface horizon in many of the soils.

In order to characterize the degree of seal formation, steady state infiltration
measurements using a disk infiltrometer were conducted on each of the Hamdallaye
soils, on undisturbed sealed sites, disturbed sealed sites, and unsealed sites.
Infiltration was measured for 15 to 0 min, depending on the time n took for the rate
of infiltration to become fairly constant. The maximum delivery rate of the
infiltrometer was 130 um/s. In most of the unsealed sites, the initial infiltration rate
was greater than 130 um/s, and usually the delivery rate of the infiltrometer was also
exceeded when sealed sites were disturbed (Table 4). Steady state infiltration rates
were much lower than the potential delivery rate of the infiltrometer for sealed sites,
showing that surface layers restrict infiltration. Measurements made on disturbed
sites before and after brief rainfall events revealed that before the rain the infiltration
rate was high, but immediately after the rain the infiltration rate decreased to the
same value as before disturbance. This suggests that these surfaces seal quickly, and
after only one rainfall event. In addition to infiltration measurements, observations
of the sites during rainfall events showed that all of the sealed sites caused runoff or

ponding, and all of the unsealed sites did not.
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Table 4. Final infiltration rates in pm/s for five soils at Hamdallaye. Each number
is an average of three replicates.

Soil Series Sealed Site Unsealed Site Disturbed Site
——- um/s -=-m-n-

Tondo Kakasia (To) 2.8 62 > 130

Dantiandou (Da) 103 '- > 130 > 130

Hamdallaye (Ha) 56 ©>130 > 130

Bokotchili (Bo) 9 >130 110

Falanke (Fa) 73 > 130 > 130

Although the disk infiltrometer measurements do not accurately represent
infiltration under rainfall, they are useful in identifying surface layers that limit
infiltration. This was especially true in the Mali soils, where many measurements on
supposedly crusted sites showed that the subsoil infiltration rate was the same as the
surface, indicating that the surface was not a limiting factor in infiltration. During
the selection of study sites at the Cinzana station, only the sealed soil on the B12
mapping unit was found to have an infiltration rate higher when the surface was
disturbed compared to undisturbed (Table 3).

The penetrometer measurements also show a large difference between
penetration resistance of su;'face seals and paired unsealed sites in the Hamdallaye
soils, especially when the soil was dry (Table 5). Wet penetrometer measurements
were taken immediately after infiltration measurements, so that the soil was

saturated. The dry penetrometer measurements were taken from two to five days
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after rains. Although the soils all appeared very dry when these measurements were
made, the hardness of the dry crusted sites might not be comparable, since
penetration resistance is heavily dependent on moisture content, and the crusted sites
had enough clay that hardening may have continued under the heat of the sun for
several days after initial drying. Penetrometer readings are generally higher for the
finer-textured soils than the coarse-textured soils, for both wet and dry conditions,
indicating the role of clay content in hardness of the crust.

Goyal (1980) summarized seedling emergence forces reported in the literature
for various crops, ranging from 0.5 Mg/m’ in alfalfa to 10 Mg/m? in cotton. This
shows a large difference in seedling emergence strength between crops. The
penetrometer measurements may not directly relate to seedling emergence forces,
especially since seedlings exert a force over a long period of time. But, the values of
unconfined strength in the dry sealed sites averaged 36 Mg/m?, which is much higher
than the seedling emergence forces of any of the crops listed by Goyal. Therefore,

the seals probably would inhibit seedling emergence.

BEST AVAILABLE DOCUMENT



Table 5. Penetrometer measurements under wet and dry conditions for five soils at
Hamdallaye in Mg/m? unconfined strength. Each number is an average of 12

replicates.

Sealed Site Unsealed Site

Soil Series Dry Wet Dry Wet
Mg/m? -

Tondo Kakasia > 45 13.3 4.7 3.3
Dantiandou 18.4 8.4 5.6 2.7
Hamdallaye 28.2 1.3 3.7 1.7
Bokotchili > 45 5.5 4.2 1.1
Falanke > 45 6.8 3.9 < 0.1
g‘:ef:g“; 36.3 7.1 4.4 1.8

THIN SECTION ANALYSIS

In order to further characterize the seals and to determine the processes of

seal formation, thin sections of intact surface samples were analyzed. Thin sections

were cut vertically through the impregnated blocks. All of the Hamdallaye crusted

sites are similar morphologically. All have a 0.1- to I-mm thick continuous plasmic

40

layer either on the surface or within 4 mm of the surface (Figure 18). Some still had

a thin layer of clean sand overlying the clay layer (Figure 19), but frequently this

sand layer was lost during sample preparation. The presence of these two layers is

diagnostic of structural seals. The major difference in the soil one to three cm below

the surface between sealed and unsealed soils was the higher clay content of the
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Figure 18. SEM backscattered micrograph of surtace of Tondo Kakasia scries
showing clay seal. Q = quartz grain. C = clay. V' = void. Bar is 100 um.

W L O

Figure 19. SEM backscauered micrograph of surface of Dantiandou series. showing
clay infilling and sand layer above. Q=quartz grain. C=clay. V=void. Bar is | mm.

o
I
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sealed soils. The unsealed soils have a granular s-matrix particle distribution, with
clay being present almost e:.clusively as coatings on sand and silt grains. The sealed
soils have a granular to intertextic s-matrix particle distribution depending on clay
content, with clay existing mostly as coatings on sand and silt grains and as bridges
between grains. Voids in the samples were mostly simple packing voids, with some
vesicular pores and very few continuous l‘arge pores. |
Thin section analysis of the intact blocks from Mali revealed that the B12
sealed soil had a depositional crust, and the M2 sealed soil did not have any
differentiated layers. The infilration measurements showed that the M2 soil had a
lower infiltration rate than the paired unsealed soil, but infiltration was ne higher
when the surface was disturbed. Along with the thin section analysis, infiltration
rates on undisturbed and disturbed areas shows that no surface seal or crust was
present on the M2 soil. Since the seal on the B12 soil was due to deposition of
material on the surface, and not influenced by the soil properties, measurements of
soil properties on the Mali soils were not conducted. Nevertheless, an important
result of the Mali field studies and thin section analysis was that soils which often
appeared crusted on the Cinzana Research Station may be sites of heavy animal
traffic or soil degradation that leads to deep compaction, rather than a surface seal.
Since the ultimate soil properties which affect sealing are the pore size
distribution and pore continuity, pore size analysis was attempted by photographipg

the polished impregnated blocks under ultraviolet light. No useful information was
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gained by (hi-s method because of the lack of continuous macropores and the lack of
resolution of the prints at small pore sizes. so pore size analysis was done on SEM
micrographs.

Image analysis of negatives taken frem thin sections allowed measurement of
pores down to 2 .m d:ameter. The diameter reported herein 1s the effective diameter
that a given pore would have, considering it’s area. if 1t were perfectly round.
Mecasurements of pore-size distributions were taken on the Tondo Kakasia and the
fFalanke thin sections. Three measurements within the sealed layer (0 to 0.4 mm
depth) and three below the scaled layer (0.5 to 1.5 mm depth) were taken. No pores
arger than 1000 um were found. The pores were divided into four different size
classes, according to Brewer (1976): (1) macrovoids, > 75 um; (2) mesovoids, 30-
75 um; (3) microvoids, 5-30 um; (4) ultramicrovoids, < 0.1 um. In the Tondo
Kakasia soil. total amount of porosity in the seal was only 10.5%, compared to 36%
in the soil below the seal. Most of the porosity ir the seal is from pores with
diameters between S and 30 um, while most of the porosity in the soil below the seal
is due to pores larger than 75 um (Figure 20). Similarly, the total porosity in the
Falanke soil is much lower in the seal (16%) than the soil below it (31%). The
porosity in the Falanke soil is due largely to 30 to 75 um diameter pores in the seal
and > 75 um pores in the soil below the seal (Figure 21). The seals in all of the

thin sections were unbroken by large pores horizontally. Therefore, the pore size
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Figure 20. Pore-size distribution in the Tondo Kakasia soil. *, **, and *** denote
significant differences between depths for each pore size class at P= 0.05, 0.01, and

0.001, respectively.
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analysis supports the conclusion that, due to the absence of large pores in the seals,

the seals form a restrictive layer that limits water infiltration.

PHYSICAL AND CHEMICAL PROPERTIES

The second objective of this study was to determine the soil properties which
affect sealing in the sclected soils. The properties which influence soil structure are
particle-size distribution, aggregating agents, and dispersion/flocculation properties of
the clays. The following analyses were done on the six Hamdallaye soils on both
sealed and unsealed samples. The sealed samples were analyzed at four depths: 0 1o
0.5 cm. 0.5 t0 2.5 cm, 2.5 to 5 cm, and 0-C (crust sample). The unscaled samples
were analyzed at onc depth of 0 0 5 cm. For thosc data for which only summaries

are given, complete data is contained in the appendix.

Mineralogy
Mineralogical determinations by X-ray diffraction showed that all of the sand
fractions of all soils was mostly quartz, with some feldspars and iron and tianium
oxides. The silts consisted of mostly quartz, feldspars, and kaolinite, with trace
amounts of hematite. The clays consisted of mostly kaolinite with some illite. Small
peaks of goethite were detected occasionally in all size fractions. The presence of
illite indicates that there are some permanent charged surfaces, but the dominance of

kaolinite indicates a low charged, highly weathered, relatively inert system.



Information on the distribution of elements within a sample can be gained by
clement mapping with an energy dispersive X-ray spectrometer and SEM. This was
used to identify the distribution of iron in the thin sections.  Much of the 1ron 1§
present as discrete sand parucles. but all of the clay siz¢ materials contain a
significant amount of iron, showing the presence of short-range ordered iron mixed
with the clay. This analysis showed that much more iron oxide is present in the sand
and silt fracuons than shows up by X-ray diffraction, and that short-range ordered
iron oxides could be closely associated with the clays. although the resolution of
SEM 1s not fine enough to determine the form of iron oxides or their association with
clays. The presence of short-range ordered iron oxides closely associated with clays

suggests that iron oxides may contribute to cementing.

Particle-Size Distributions

Clay contents for all soils and depths ranged from 0.01 10 0.22 kg/kg (Figure
22). Silt contents ranged from 2 to 50 g/kg. Clay and silt contents were slightly
higher in the 0-C sample than the lower depth samples in most soils. Clay and silt
contents were much higher in the 0-C sample than lower depths in the Hamdallaye
and Gangani soils. The Hamdallaye and Gangani soils have the lowest slopes of the
sites studied (0 to 2%). This indicates that the sealed sites in these soils could be
receiving deposition of fine materials. Particle-size distributions were unchanged by

extraction with sodium citrate-dithionite, indicating that iron is not playing a major
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role in ccn;cming (Figure 23). Water-dispersable clay averaged abou: one fourth of
the total amount of clay. This 1s in contrast to higher water-dispersable clay (80 to
100%) 1 similar soils reported by West, et al. (1987). The difference between the
results probably hies in the higher pH of the soils studicd by them, and therefore
greater dispersibility of clays because of greater distance from the ZPC. Although
water-dispersable clay is low. the presence of argithc horizons shows downward
movement of clays in these soils.  Silt content is often a good indicator of sealing
behavior (Monnier and Stengel, 1982), but silt contents are generally low in these
soils. Of the 12 Hamdallayc sites sampled. all those with less than 5% clay were
scaled while all soils with more than §% were not (Figure 22). This suggests that

clay content is an important factor determining seal formation in these souls.

Chemical Properties
Soil chemical properties influence sealing by affecting aggregation and
dispersion/flocculation. Extractable iron and aluminum correlate with clay content
between soil series (Table 6). No depth effects other than those atiributable to clay
content were found. An example 1s the close correlation of citrate-dithionite
extractable aluminum with clay content at all depths and sample sites (Figure 24).
This correlation suggests that <.jiffcrcnccs in these properties between the different

soil series and depths are due mostly to differences in clay content. Therefore, in
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Figure 23. A typical particle size distribution with three dispersing treatments.
Dantiandou sealed soil, 0-50 mm depth.
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order to simplify the presentation of data. all depths are included in a weighted
average for the following properties. Comparison of means between scaled and
unscaled sites was done using Student's 1. Either equal or uncqual sample variance
models were used depending on the results of an F test for homogencity of variance.

Table 6. Linear correlation of Fe and Al with clay content for all Hamdallaye souls.
all sample depths. and scaled and unscaled sites combined. n=30.

Soil Property R’ Constant X coefficient
DCB Fe .804°°° 1161 312.9
Amm. Ox. Fe .252¢°° 167.6 4.46
DCB Al .799°° 183.7 25.52
Am. Ox. Al 516%° 158.5 11.25

es === denote significant correlations at P= .01 and .001, respectively.

Total iron ranged from 0.5 to 2 percent (Figure 25). Citrate-dithionite
(DCB) extractable iron ranged from 0.7 to 8.8 g/kg. and oxalate extractable (AO)
iron ranged from 90 to 3CC mg/kg (Figure 26). DCB iron was 15 to 50 percent of
total iron. and AO iron was 2 to 12 percent of the amount of DCB iron. Most of
the total iron is present in the clay fractions (Figure 27).

Citrate-dithionite extractable aluminum ranged from 90 to 740 mg/kg. and
oxalate extractable aluminum ranged from S0 to 390 mg/kg (Figure 28). The ratio of
oxalate to DCB aluminum is high, showing that although the amount of free

aluminum oxides is low. most of it was in an active form. The low total amounts of



25

14¢— — — -

100—-——~

Fe Content (g/hQ)

5 4 —

0— v
Sealed 03 mm  Sesled 0 SO mm Unsealed 0. S0 mm

Sample

Figure 25 Touwl ron in the Hamdallaye soils Range and means for n=6. Sealed
and unscaled 0-50 mm samples are significantly different at the 0.05 probability
level.

53



54

4-4 — ——

Fe Content (g/kg)

=

‘e

——

1

Sampie

(R Cttrate-dthiontte Oxalate

Sealed 0-3 mm " Sealed 0-50 mm "Unsealed 0.50 mm

Figure 26. Range and means of oxalate extractable and citrate-dithionite extractable
iron. Hamdallaye soils. n=6. * and ** denote significant differences between 0-50
mm depth samples of scaled and unsealed sites at probability levels of 0.05 and 0.01,

respectively.



T 1
09-[——— p— - —4 — — —ey — — —
1 '
@ 084+— -— — - S— - _
8 : ! '
C; 07+ ——o - F — - b - —
N
h 064-— - L] . _ -
o :
L ' ]
€ 05~ —
a !
4 4 . - — | S——— I ——
€0 —
§ o3 ]
o I
w 024——- t— - ——
01q - —- — —_——
0 : — | v i v
To Da Ha Bo Fa

Soil

(_jSanc B St (] Clay

Figure 27. Toutal iron in different particle sizes in the 0 - SO mm samples for the
Hamdallaye soils.

35



56

08
07 )
06 - -
=)
B 03T B (T T T T T T
z ool 1 N I D ]
g | T
O
<

— .
——
l 1
03_____ i — — - XXX . R ____I
1
;.

01 b —-

Sealed 0-3 mm *Sealed 0-50 mm 'Unsealed 0-50 mm
Sample

(] Citrate-dnthionfte [ Oxalate

Figure 28. Range and means of oxalate extractable and citrate-dithionite cxtractable
aluminum in the Hamdallaye soils. n=6. ®** and *** denote significant differences
between sealed and unsealed 0-S0 mm samples at probability levels of 0.01 and

0.001, respectively.



acuve Fe aﬁd Al oxides supports the conclusion from the texture experiments that
oxides do not contribute strongly to particle cemenuing. Also. the highest degree of
sealing 15 1n the soils with higher amounts of clays. which also have higher amounts
of oxides. indicating that oxides may contribute to cohesive strength of the scals
during drying. but do not inhibit disaggregation by rainfall and thercfore do not
inhibit sealing.

Differences between pH 1n water and pH in KCI were about -1 (Table 7).
indicating moderately negauvely charged clays (Parfitt, 1980). The low pH of the
scaled sues is close to that of the subsoil of the unsealed sites. Since the seals are
created when the topsoil 1s removed and the more susceptible subsoil is exposed. the
scaled sites have soil properties similar to the subsoils of the unsealed sites. Cation
cxchange capacities ranged from 0.6 to 1.2 (cmol +)/kg. and were not correlated
with percent clay. This suggests that much of the cation exchange sites were due to
organic matter. Organic carbon contents ranged from .09 10 .2 %, and were slightly
higher in the uncrusted sites.  High calcium saturation and low pH caused the scaled
soils 10 be chemically flocculated. bui lack of organic matter or other bonding agents
favored clay suspension by rainfall.  Although clays were easily suspended
mechanically, they sctled quickly in distilled water. Chemically conditions that
favor flocculation of clays may have encouraged seal formation because clays that
remained dispersed could have moved through the soil more easily. would not clog

pores, and therefore would slow sealing.
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Table 7. Summary of soil properties. Average of 0 to 5 cm depths and the six
Hamdallaye soils.

Soil Property Sealed Site Unscaled Sue _
pH in water 4.9%° 6.2

pH in KCl 3. 10" 5.1

CEC (cmol +/kg) 1.1°°" 0.7

Base Saturation (%) 63.0°* 88.0

ESP (%) 0.5°° 0.1

Organic Carbon (%) 0.13 0.16

e === denote significant differences between seaied and unsealed sites at 0.01 and
0.001 probability levels, respectively.

Water-Stable Aggregation

Water-stable aggregates were 79 to 88 g/kg in the scaled soils and 41 to 64
g/kg in the unsealed soils, calculated as the amount of > 4-mm aggregates which
survived wet sieving through a 2-mm sieve (Figure 29). This seemed to indicate
high aggregation in the sealed soils, but only 0.25 to 12 percent of the whole soil
remained on the 2-mm sieve during the collection of aggregates for wet sieving.
Values for water-stable aggregates are much lower when expressed on a whole soil
basis (Figure 30). Water-stable aggregation is higher in the secaled soils because of

higher clay contents, and therefore more opportunity for inter-particle bonding.
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61

Soil Strength

A common measure of soil cohesive strength is the modulus of rupture. which
s related to the strength of aggregation. Although iron oxides may not contribute to
the strength of wet aggregates, they may affect the dry cohesive strength of the soil.
in addition to standard mecasurements, several chemical treatments were done in
order 10 look at the effect of removal of organic matter and iron oxides on soi!
strength.  These treatments were: (A) an untreated sample (standard method); (B) a
sample saturated with Ca: (C) a sample treated with hydrogen peroxide and then
saturated with Ca: (D) a sample treated with hydrogen peroxide and sodium citrate-
dithionite and then saturated with Ca: (E) a control sample treated like D. but
without the sodium dithionite. Modulus of rupture increased significantly over
treatment A with any of the chemical treatments. The statistical test is very
conservative due to some missing data (Table 8). The hypothesis for this experiment
was that if there were any contribution of iron oxides or organic matter to soil
strength, then hydroger peroxide or citrate-dithionite treatments should decrease the
modulus of rupture. But, instead of decreasing the modulus of rupture, all of the
chemical treatments, including just Ca saturation, increased the modulus of rupture.
This may be explained by the brcakdown of aggregates into primary particles,
giving a higher effective surface area, and therefore more opportunity for surface to
surface bonding. and increased soil sizength. The breakdown of aggregates was

accomplished in the chemical treatments by repeated mixing, dissolution of iron and



organic matter, dispersing. and cenurifuging. The result is that not removing iron
and organic matier contributed to the integrity of microaggregates in treatments A

and B. prevenung the formauon of a more massive structure, and decrcasing the

modulus of rupture.

Table 8. Comparison of means of modulus of rupture experiment by least significant
difference within soils. Values are in kPa. n=1t0 3. Treaiment (A) control; (B)
Ca saturated; (C) peroxide, then Ca satwrated; (D) peroxide, DCB. Ca saturated: (E)
control similar to D without dithionite.

Treatment
Soil A B C D E
-------------------------------------- KPa---- e e

To 23.6" 100.3* 155.0% 333.8¢ 222.9%
Da s2 1 99.5° 220.2° 484.4° 281.9*
Ha 35.5¢ 131.0¢ 173.4° 196.4* 235.1°
Bo 24.7 138.2* 145.0* 192.5% 226.7%
Fa 34.3 129.2° 210.0 176.9% 259.5¢
Ga 3.9 90.7* 252.1¢ 187.0> 331.4¢

e Treatment means with the same letter are not significantly different
at a =0.05.

Comparisons are only made within soils, 1.e. across rows in the able.
RAINFALL SIMULATION

Measurements of soil chemical and physical properties on the Hamdallaye
soils suggests that the main soil properties controlling soil sealing are the texture and

dispersion/flocullation conditions of the soils. There were several reasons for



conducung; the following experiment. The first was to observe the formation of
surface seals in all six of the Hamdallaye sealed soil samples under controlled
conditions. with time and drying cycles as variables. The second was to observe seal
formation while varying the dispersing/flocculating conditions of the soils. The
different textures of the Hamdallaye soils gives an indication of the influence of
texture on scaling. and the sodium and calcium saturation gives an indication of the
influence of chemical dispersion or flocculation on sealing.

The surface scals generated with the rainfall simulator had up to four
distinguishable surface layers, labeled S| through S4. A typical seal 1s shown in
Figure 31. The top layer consisted of a 0.4- 10 1.5-mm thick layer of coarse sand.
without clay coatings (S1) Below this was a 0.2- t0 0.8-mm thick very fine sand
and silt layer (S2). This layer was often made up of clay floccules. Below these
lavers there was a 1- to 8-mm thick layer of clay-depleted material (§3). Often this
layer was barely distinguishable from the unaltered soil. The deepest altered layer
was a 0.3- to 1.2-mm thick washed-in clay layer (S4).

Replication of the 120 minute rainfall treatments gave an estimate of
variability for the thickness of cach of the surface layers. The coefficients of
variability ranged from 0 to 1.75. averaging about 0.50. Since the entire experiment
was not replicated, it was not possible to do a statistical comparison of means, but
the high amount of variability in the replicated reatments indicated that large

differences in layer thickness must be present to distinguish significant difierences
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Figure 31. SEM vackscatiered micrograph of the surface of the Dantiandou sori afier
120 minutes of rainfall, showing tour-laver seal. (S1) Bare sand layer: (S2) fine sand
and silt laver: (S3) clay-depleted layer: (84) clay accumulanon layer.
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among treatment effects. In addition to measurements of thicknesses of these layers.
observations about the continuity and density of the layers were also made. These
factors will be considered in the following discussion.

There was no broad trend of seal formauon over time that applies to all of the
soils. There was no distinguishable difference in treatments A (Control). C (Ca-
saturated). [ (high temperature drying). or E (continuous rainfall). The only
treatment cffect that was significant was the Na-saturated treatment. In the Na-
saturated soils, most of the clay eluviated out of the whole soil by the end of the
second 30-min rain (Figure 32) except in the Tondo Kakasia and Gangani soils. The
Na-saturaled Fzlanke and Hamdallaye soils developed a washed in (S2) layer at 30
min, but this disappeared after additional rainfall. The S1 layer was present in
almost all of the samples, but sometimes was washed away and was usually
discontinuous. The S2 layer was present in 40% of the samples, and occurred
randomly in all soils and in all treatments and rainfall times.

The Tondo Kakasia and Gangani soils developed much differently than the
rest of the soils (Figure 33). These soils had much higher clay contents, and did not
form the same type of washed-in layers. They only had a clean sand layer (S1), and
immediately below this, a zone of clay concentration that appeared similar to the S4
layers in the other soils, but without an overlying S3 layer.

In most cases, the depth of the surface layers did not change with number of

rainfall events. In the Dantiandou and Hamdallaye soil samples, which were the
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Figure 32 SEM backscatered mucrogaph of the surtace ot the Na-saturated
Bosoich:: sorl atter 30 minutes of ramntadl showing cluvated sol

Figure 33 SEM backscatered microgzraph ot the surtface ot the Gangane sor atier
120 minutes of razatall. showing a two laver seal (S Sand. (S ciay accumulanon
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samples wirlh the least amount of clay. the S4 layer did not develop until after the
first 30 min rainfall. These two soils also had less dense and less continuos
washed-in layers (S4) than the Bokotchili and Falanke soils. This indicates that seals
develop faster, and to a higher degree in the finer-textured soils. Tarcnizky et al.
(1984) suggest that this washed-in clay layer 1s not stable. but that as it breaks, Lo
suction forces below the seal create rapid water flow at the break that draws clays
INtO0 OpEn pores, Causing a con(inuous repair of the seal.

The number of vesicular pores increased with each rainfall event. There were
only a few vesicular pores in the 30 minute rainfall treatments and in the 120 min
continuous rainfall treatment, indicating the need for successive wetting and drying
for vesicular pore formauon. This is in concordance with the findings of Figueira
and Stoops (1983) on the formation of vesicular pores in a sandy clay loam.
Vesicular pores appeared in soils with all textures and chemical treatments. They
were usually at a depth of one to three mm, and were sometimes adjacent to the
surface. They always occurred above the washed-in (S4) layer if it was present, but
also appeared in the Na-saturated samples. Since the Na-saturated samples had
vesicular pores and were not sealed and had high infiltration rates, vesicular pores
are not diagnostic of seals. The process of air entrapment is probably by differential
wetting at the beginning of the rain, and possibly by air driven into the soil during
the rain. The presence of vesicular pores very close to the s: face with no dense

layer above them was curious. The soil above the washed-in layer must have acted
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as a viscou; fluid in order for the low pressure entrapped air to form near-perfect
spheres. As a raindrop hits the surface and deforms the soil. the entrapped air would
be compressed. and should break through the surface. Perhaps the air bubbles close
to the surface are not stable and would soon be expelled.

The lack of morphological differences between the samples dried in naturally
and those dried in the oven does not mean that drying temperature has no effect on
seal formation. Rose (1962) showed that infiltration rates were reduced by half in
crusted samples which were dried at high temperatures. Perhzs if infiltration
measurements had been made, some effect would have been found. But, modulus of
rupture measurements did not show any influence of drying temperature on soil
strength, which may support the conclusion that low drying temperature does not
effect seal strength, and therefore seal development in successive rains.

Drying between rains did not effect seal formation except for the presence of
more vesicular pores after later rainfalls. Ben-Hur et al. (1985) showed that drying
between rains increased infiltration because of formation of cracks and alteration of
structure. This would not occur to the same extent on the Hamdallaye soils because
of the low clay content and the absence of shrinking/swelling clays.

The soils in which the clays eluviated out of the samples when they were
dispersed had clay contents of 6 to 10.4% (Table 9). The soils which still formed
seals when dispersed had 21.1% clay (Tondo Kakasia) and 9% clay (Gangani). The

Gangani has an 8.3% silt content, which is much higher than any of the other soils.



Ben-Hur and Shainberg (1989) found that seal formation increased with increased
dispersion of clays when the clay content was greater than 7%. and seal formauon
decreased with increased dispersion of clays when clay content was less than 7% in
soils with low silt 10 clay ratios. In order to better explain the effects of dispersion
on scaling. study.ng soils with a wider variety of clay and silt contents with varying
silt to clay ranos would be necessary.

Table 9. Particle-size distributions of the six soils used in the rainfall simulator
cxperiment.

Soil Sand Silt Clay
.................... R oaenenn —

Tondo Kakasia 77.0 1.9 21.1
Dantiandou 90.9 3.1 6.0
Hamdallaye 92.2 0.3 1.5
Bokotchili 87.8 1.8 10.4
Falanke 88.1 2.7 9.2
Gangani 82.7 8.3 9.0

There arc differences in the way the surface seals appear in the intact field
samples and the rainfall-simulator-prepared samples. Although all of the fieid
samples had washed in layers, many did nc* have other characteristic layers above
the washed in layer. Although the loss of these layers was partly due to sample

transport and preparation, another factor was opography. The rainfall simulator
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prepared se;mples were initially placed at a slope of 7%, but quickly became level
under the influence of the rainfall due to the small sample area. Therefore, there
was very litle runoff, and no deposition. Under field conditions, the Hamdallaye
soils were on slopes from 0.5 to 8%. The presence of surface layers above a
washed-in layer was more common on the soils with lower slopes, showing that the
coarse material left on top was easily eroded. The process of seal formation is
similar between the field samples and the rainfall simulator prepared samples, with
the difference being that the field samples also experience erosion of the top layers at

higher slopes and deposition of runon material at lower slopes.



CHAPTER VI

SUMMARY AND CONCLUSIONS

Surface seals occur in the Hamdallaye watershed in areas where the clay
content is greater than five percent. These are usually areas where the topsoil has
been eroded and truncated to expose finer-textured subsoils, or in recently weathered
laterite. Seals are often associated with gullies or deflationary depressions. They
form quickly after rainfall and reduce infiltration significantly.

Infiltration measurements and thin section analysis of the Mali soils shows
that structural seals do not exist in these samples. Infiltration measurements across
the Cinzana Research Station show that many of the places that were considered to
be crusted are actually deeply compacted soils, often due to animal traffic, and often
as a consequence of soil degradation through intense cultivation. Management of
these soils for reduced sealing must include reducing animal traffic, along with
cultivation practices which _enhance aggregation.

Most of the soil chemical and physical progerties cortclate well with clay
contents. Because of this, it is not possible to separate the effects of possible

cements (iron and aluminum oxides and silica) from texture effects on infiltration.
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Nevertheless, several conclusions can be made about the influence of the other soul
properties. Some aggregation was evident. Aggregates that survived dry sieving
were water stable. Only about 25% of the clay fraction was water dispersable,
which is probably due to low pH and low CSP. But, the strength of aggregates is
not enough to withstand raindrop impact because of the absence of any strong
aggregating agents. This was shown by the low amount of active iron oxides and
silica, the low amount of organic carbon, and the low charge characteristics of the
clays. When dry, the seals in the field became hard. The modulus of rupture
experiment showed that removing iron oxides and organic matter increased dry soil
strength. This was probably due to destruction of aggregates causing increased bulk
density and increased particle contact.

Rainfall simulator studies showed that the dispersion of the clays eliminated
sealing in the treatments with less than 10% clay. Dispersability of clays is too often
given as a general reason for surface sealing without considering texture as a factor
(Gal et al., 1984, Bresson and Valentin, 1992, Agassi et ai., 1981., Helalia et al.,
1988). In finer-textured soils clay dispersion enhances seal formation, but these data
suggest that in coarser textured soils, clay dispersion can actually deter sealing. In
many soils, silt content is diagnostic of sealing. The cause of sealing is close
packing of particles due to clogging of pores by silt sized particles. In the
Hamdallaye soils, silt-sized clay aggregates behave as silt particles in the process of

clogging pores. Perhaps a good indicator of sealing behavior in sandy soils with
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more silt :hen the Hamdallaye soils would be the sum of silt and non-dispersable silt-
sized clay floccules.

The seals in the rainfall simulator experiment formed after the first 30 minute
rainfall event, and were not significantly altered after this, except for the increase in
vesicular pores. Vanous wetting/drying cycles did not effect the development of the
seals. Four distinct surface layers occurred in most of the seals: (S1) a 0. 4 to 1.5-
mm thick layer of coarse sand, free of clay coatings; (§2) a 0.2- to 0.8-mm thick
very fine sand and silt layer; (S3) a 1- to 8-mm thick layer of clay-depleted material;
(S4) a 0.3- to 1.2-mm thick washed-in clay layer. The soils with clay contents
between 3 and 1D percent formed four-layered structural seals, while those with
higher clay contents formed two-layered structural seals.

The two-layered seal, which consists of a washed-out (may be similar to St,
S2. or S3) and a washed-in (S4) layer, is the most commonly reported type of
structural seal in the literature, and is most common in finer-textured soils. Valentin
(1991) has described three-layer seals which consist of layers which herein have been
designated S1, S2, and S4. The absence of the S3 layer (1- to 8-mm thick layer of
clay-depleted material) in the literature is probably due to the fact that in most soils
in the field, soil is being removed by erosion, so that the amount of total material
above the clay layer is reduced.

Although there are many factors which influence soil sealing, a general

hierarchical model of soil sealing including the influence of soil properties could be
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proposed. External factors such as plant or mulch cover, rainfall intensity and
duration, landscape position, and initial water content are all very important in
determining the occurrence and rate of seal formation. But, in most conditions and
given enough time, most non-swelling bare soils will become impermeable to water
because of clogging of surface pores by silt-sized particles after disaggregation by
rainfall. Soil sealing occurs because of close packing iof particles. The principle soil
properties influencing particle packing are particle-size distribution and aggregation,
which are also co-related. Soils with higher levels and higher strengths of
aggregation will resist sealing longer than those with weak aggregation. When
aggregates are destroyed and clays are suspended, the remaining factor is soil
texture. Soils with silt contents or silt-sized clay aggregate contents higher than 5%
will seal, while those with less will not. All of the other soil properties which affect
soil sealing such as organic matter type and content, inorganic cements, and
flocullation/dispersion conditions are important only as they aggregate stability. The
role of all of these factors, both intrinsic and extrinsic, is to prevent disaggregation
and particle redistribution.

The proposed hierarchical model for soil structural sealing therefore is as
follows (Figure 34). The soil texture appears in different ways at different levels.
(1) The primary level is the chemical dispersivity of the clays. If the chemical
conditions in the soil favor dispersion and the silt-sized particles are greater than 5%,

it will seal. (2) The secondary level is the plant, mulch, or rock cover. If cover is
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Figure 34. Proposed model of soil sealing.
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sufficient tO' protect the soil from disaggregation by raindrops, the soil will not seal.
(3) The tertiary level is the aggregate strength. If the aggregate strength is high
enough to withstand the destructive energy of the rainfall, the soil will not seal.
Given enough time, rainfall energy will always exceed aggregate strength. (4) The
quaternary level is the soil texture. Although the exact limits have not been worked
out, the deterrﬂinant appears to be the amount of silt-sized particles, including silt
and silt-sized clay floccules. If the amount of silt-sized particles is less than 5%, and
the clay content is low, the soil will not seal. If silt-sized particle content is greater
than 5%, then the soils will seal. Then, the amount of silt and clay, perhaps at a
limit of about 20% based on the rainfall simulator experiment, determines the type of
structural crust. A soil with greater than 20% silt plus clay will develop a two layer
structural seal, and a soil with less than 20% silt plus clay will form a four layer
seal.

The best management for soils in the Sahel is to prevent further degradation
of soils. It has been shown that seals most often occur in this area by exposure of
finer-textured subsoils by erosion, so erosion control would reduce soil sealing.
Methods of reducing erosion such as building micro-catchments on highly susceptible
areas to encourage plant growth are being used at Hamdallaye, and seem to show
promise. Another major management consideration is providing plant or mulch
cover to reduce the disaggregation by rainfall. This is difficult to do in the Sahel,

where plant matter is scarce and valuable at the end of the dry season, which is the
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same time when it is most necessary for soil cover. Providing plant cover would
also reduce erosion, which would be an added benefit for controling sealing. By
leaving plant material on these soils to protect the soil from raindrop impact, more
plant material would also be eventually incorporated into the soil. This would cause
a build up of organic matter contents and strengthen aggregation, thereby decreasing
the risk of sealing.

Management options are few because of low-input subsistence farming on
these soils. In the case of the Hamdallaye soils, runoff from sealed areas may even
be a benefit by harvesting water for lower slope positions, especially since the most
heavily sealed areas are towards the top of the plateau. Whether or not increased
erosion will result in increased areas of sealing soils is not known, especially since
the sandy topsoil is constantly being moved by wind, and can be replaced. The
destabilization of these surfaces, though, could conceivably result in the concentration
of sands in some areas (i.e. dunes), exposure of more of the finer-textured subsoil,
and increased sealing. This would result in less land area for cultivation. Because
of this risk, efforts should be made to stabilize and protect soils that are susceptible
to sealing by maintaining plant cover, particularly by afforestation of the plateau and
the higher slopes.

Because of the limited amount of data on the influence of soil properties on
surface sealing in Alfisols, there are s:ll many opportunities for research. The

amounts of active oxides and silica is low in these soils, and therefore inorganic
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cements may not be a controlling factor in seal formation. Other soils with higher
amounts of inorganic cements might be found to resist sealing because of stronger
aggregation. Soils with higher amounts of silts would be expected to behave
differently, and it would be interesting to test the hypothesis that the diagnostic limit
of particle size for sealing in these soils is about 20% silt + stable silt-sized
particles. Further study is needed to test the effects of pH and clay contents and the
degree of flocculation on sealed and unsealed kaolinitic soils in order to test the
hypothesis that low pH and therefore flocculated clays (increasing the number of silt-
sized particles) enhances seal formation in sandy soils. Finally, in terms of
management, it is questionable whether organic matter contents could be maintained
at high enough levels to build aggregates which would resist destruction by rainfall
on bare soils in the Sahel. Because crop residues are valuable as fodder and for
other household purposes, very few management options are available for improving

organic matter status in the region.
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Soil Descriptions

From Manu, et al,, (1991).

L Plateau soll series (Lp)

WITHIN vegetated area

Location: IMAW watershed. This pedon is located in the middle of the
laterite plateau within a vegetated area.

Landform: - laterite plateau Slope: 0-1%

Topography: level Drainage: pooily drained

Parent Matenal: laterite

Horizon Depth (cm) Soil description (colors are for moist soil)

Al 0-8 Dark brown (7.5YR 4/4) fine sandy loam; brown
(7.5YR $/4) dry; thin platy; hard; friable;
many fine, few medium roots; intense biologic
activity on the surface (termites); common
biocasts, biochambers, biotubules, and
biochannels; clear smooth boundary.

A2 8-16  Strong brown (7.5YR 4/6) gravelly sandy clay
loam; brown (7.5YR 5/4) dry. weak coarse
subangular blocky (between gravels); hard,
friable; many fine and medium roots; many
biopores, many biochannels; many biocasts
with infilling of dark grayish brown (10YR
4/2) sand; gradual smooth boundary.

Btl 16-34  Yellowish red (SYR 5/6) gravelly sandy clay
loam; reddish yellow (SYR 6/6) dry, granular
(between gravels), hard; firm; many fine and
medium and few Jarge roots; many biopores;
padual smooth boundary.

Bt2 3460 Yellowish red (SYR 5/8) gravelly clay;
reddish yellow (5YR 6/6) dry; granular
(between gravels); no consistence; many
medium and fine roots; abrupt wavy boundary.

>60 Laterite

BEST AVAILABLE DOCUMENT
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L Plateau soil seres (continued)

OUTSIDE vegetated area

Location: IMAW watershed. This pedon is located in the middle
of the latenite plateau outside of a vegetated area

Landform: Latente plateau Slope:
Topography: level Drainage:
Parent Material: laterite

Horizon Depth (cm) Soil description (colors are for moist soil)

Al 0-4 Reddish brown (SYR 4/4) fine sandy loam;
light brown (7.5YR 6/4) dry, strong coarse
subangular blocky parting to thin platy,
extremely hard, friable; hard surface crust
(1 mm thick); some vesicular pores; few fine
roots; few biochannels; few ironstone
gravels; abrupt wavy boundary.

A2 4-18 Strong brown (7.5YR 5/6) gravelly fine sandy
loam; light brown (7.5YR 6/4) dry; granular
(between gravels); no consistence; few fine
(dead) roots; very few biochannels; ironstone
concretions up to 15 cm dia.; clear smooth
boundary.

B 18-35 Strong brown (7.5YR $/6) gravelly sandy clay
loam; reddish yellow (7.5YR 6/6) dry, weakly
developed subangular blocky; few fine (dead)
roots; few biochannels; gradual smooth

boundary.

BC 35-54 Strong brown (7.5YR 5/6) gravelly sandy clay,
reddish yellow (7.8YR 7/6) dry; weakly
developed subangular blocky (between
gravels), very few fine (dead) roots; no
biochannels; few laterite cobbles; abrupt
wavy boundary.

> 54 Laterite

VA2EUI00 31 ANAVA T

0-1%
poorly drained

P AvAILABLE DocuMENT
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L Tondo Kakasia soll series (To)

Location: IMAW watershed. This pedon is located 390 meters NW

Landform: upper backslope Slope:
Topography: undulating Drainage:
Parent Matenial: Continental Terminal Pedon #:
Pedon Location: fallow area

of permanent marker Archie.

Horizon Depth (cm) Soil description (colors are for moist soil)

A

AB

Bl

0-4 Strong brown (7.5YR 4/6) fine sand. reddish
yellow (7.5YR 6/6) dry, thin platy; hard;
firm; few fine roots associated with
biopores; common biochannels (2-3 mmy); common
biochambers (5 mm), many biopores: large
rounded quartz grains; honzon is lavered
with lamellae 2-3 mm thick; pH 5.9; abrupt
wavy boundary.

4-19 Yellowish red (SYR 5/6) loamy fme sand,
strong coarse subangular blocky; slightly
hard; very firm; commeon fine roots; few
medium roots; many biochannels (1-5 mm), few
biopores; common biochambers; latente
gravels up lo 1 cm dia; few charcoal
fragments; pH 5.3, clear smooth boundary.

19-35 Red (2.5YR 4/8) loamy fine sand; strong
coarse subangular blocky; hard; firm; common
fine roots associated with biopores; common
biochannels; few biochambers (2 cm dia.); root
channels (2 cm);, consistence is vanable
throughout the horizon; pH $.2; gradual
smooth boundary.

35-47 Red (2.5YR 4/8) loamy fine sand; weak coarse
subangular blocky; slightly hard; firm;
common iine roots; few medium roots; common
biochannel. : small charcoal fragments; clear
smooth bounu:-v.

47-64  Red (2.5YR 4/8) loamy coarse sand; weak
coarse subangular blocky; hard; fnable;
common fine roots;, few medium roots; common
biochannels; very few laterite gravels; pH
5.5; gradual smooth boundary.

3-8%
well drained
5-B

BEST AVAILABLE DOCUMENT
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IL Tondo Kakasia soil seres (continued)

Bt  64-87  Red (2.5YR 4/8) loamy fine sand; weak coarse
subanguiar blocky; slightly hard: friable,
few fine and medium roots; few large roots;
commeon biochannels; pH 3.4, gradual smooth

boundary.

BC 87-119  Red (2.4YR 4/8) loamy fine sand; coarse
subangular blocky: slightly hard; friable;
few large biochannels; few laterite gravels
(to 1 cm dia), pH 5.2, gradual smooth boundary.

C)  119-145 Red (2.5YR 4/8) loamy fine sand; coarse .
subang: ‘iar blocky; slightly hard; frable;
very few [ine roots; few small (<1 cm) and few
large (4 cm) latenite gravies, pH 5.2,
consislence is vanable throughout the
horizon.

Cc2 145.200 Red (2.5YR 4/8) loamy fine sand; strong
coarse subangular blocky; very hard; friable;
very few fine roots; very few medium roots;
pH 5.3; dry in the upper 20 cm of the honzon
and moist below.

*® | aterite was found in hand auger samples taken from a depth of
310 cm below the soil surface.

IL Dantiandou soll serdes (Da)

Location: IMAW watershed. This pedon is located 250 m west of the
permanent rain gauge on the plateau.

Landform: upper backslope Slope: 2-3%
Topography: gently sloping Pedon #: 1-A
Parent Material: eolian sand Drainage: well drained

Pedon Location: millet field
Horizon Depth (cm) Soil description (colors are for moist soil)

Apl 03 Yellowish red (SYR 4/6) sand, yellowish red
(SYR $5/6) dry; loose grains, extremely weak;
pH 6.3; abrupt smooth boundary.

Ap2 37 Yellowish red (SYR 4/6) sand; yellowish red
(5YR 5/6) dry; thin platy with bands of dark
reddish brown (SYR 3/4) sand; slightly hard;
friable; few fine roots; common vesicular
pores; few biopores (1-3 mm dia.); pH 6.0;
abrupt smooth boundary.

WAATVE Ay L
BT
Pt LI Dr . e
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[IL Dantiardou soll series (continued)

A 7-20 Strong brown (7.5YR 4.6) fine sand; strong
brown (7.SYR 5/6) drv; weak coarse subangular
blocky structure; slightly hard. frable; few
fine roots, common biovhannels. biocasts,
biotubules (1-3 mm dia.), few charcoal
fragments (1-2 mm), pH 5.3. gradual smooth boundary.

B/A  20-36 Strong brown (7.5YR 4.6) sand; strong brown
(7.5YR $/6) dry; weak coarse subangular
blocky structure; slightly hard; friable; few
fine roots, common biopores, few biochannels
(up to 1 cmy), few crotovinas (3-4 mm), pH 3.2,
gradual smooth boundary.

Bt} 36-52 Yellowish red (SYR $'8) fine sand; reddish
vellow (5Y7. 6/8) dry; weak coarse subangular
blocky strucwure, slightly hard, fnable; few
fine roots; common biopores. biochambers (1-
2 mm);, pH 5.0; gradual smooth boundary.

B2 52.73 Yellowish red (SYR 5/8) sand. reddish yellow
(SYR 6/8) dry; weak coarse subangular blocky
structure; slightly hard; fnable, few fine roots: few
biochambers (1-2 ¢cm). few root channels (to 4 cm}),
few crotovinas (to 9cm), charcoal fragments (1-3 mm),
pH $.1; gradual smooth boundary.

B3 73.93 Red (2.5YR 4/8) sand, reddish vellow (5YR
6/8) dry; weak coarse subangular blocky
structure; slightly hard; friable; few fine
roots; few biocasts; few biochannels ( 2Zmm);
few biopores (4 mmy), few crotovinas; few root
channels (up to 1.5 ecm), charcoal fragments
(1-3 mm), few laterite gravels (to 3 cm), pH
S.1; gradual smooth boundary.

Bt4 93-130 Red (2.5YR 4/8) loamy fine sand; reddish
yellow (SYR 6/8) dry; weak coarse subangular
blocky structure;, slightly hard; friable; few
fine roots; very few biopores; few charcoal
fragments; pH 5.0; gradual smooth boundary.

* Samples below 130 cm were taken with a hand auger.
BtS 130-170 Red (2.5YR 4.8) sand; reddish yellow {(SYR
6/8) dry;, weak coarse subangular blocky
structure; slightly hard; friable; pH 5.2.
Bi6 170-200 Red (2.5YR 4/8) sand. red (2.5YR 5/8) dry; pH 5.2

** Auger samples taken 10 300 cm below the soil surface contained
no laterite gravels.

BEST AVAILABLE DOCUMENT



IV. Hamdallaye soll series (la)

Location: IMAW watershed. This pedon is located 470 m SE of
permanent marker I-F.

Landform: middle backslope Slope: 172-2%
Topography: gently undulaung  Pedon#: 3.A

Parent Matenal: eolian sand Drainage: well drained
Pedon Location: millet field

Horizon Depth (cm) Soil description (colors are for moist soil)

Al 0-7 Yellowish red (SYR 4/6) sand; strong brown

' (7.5YR $/6) dry; weak coarse subangular
blocky structurz; hard; friable; common fine
roots; few biochambers (2.5 mm); few
biochannels (2.3 mm); thin vesicular crust
(1 mm thick) at upper boundary; subtle reddish
brown (5YR 5/4) banding of sand throughout
honzon; pH 5.2;clear wavy boundary.

A2 7-24 Yellowish red (SYR 4/6) sand; yellowish red
(5YR 5/6) dry, weak coarse subangular blocky
structure; hard; fnable; common fine roots;
common biopores; many fine biochannels; few
crotovinas (up to 3 cm), few potiery shards;
charcoal fragments; pH 5.1;gradual smooth
boundary.

A/B 24-50 Red (2.5YR 4/8) sand, yellowish red (SYR 3/8)
dry, weak coarse subangular blocky structure,
slightly hard; friable; common fine roots;
few medium roots; few biochannels (1-3cm);
very large crotovina (15 cm); fevs laterite
gravels (1-2 mm), pH 5.0; gradual smocth
boundary.

Btl  50-102 Red (2.5YR 4/8) sand; red (2.5YR 5/8) dry;
weak coarse subangular blocky structure;
slightly hard; friable; common fine roots;
few medium roots; few large roots; few small
biochambers; few large crotovinas (up to 2 cm
dia), charcoal fragments; pH 5.1; gradual
smooth boundary.

B12 102-148 Red (2.5YR 4/8) sand; weak coarse subangular
blocky structure; slighty hard; friable; few
fine roots; few medium roots; few biochannels
(2-3 mm), few ironstone concretions (2-5 mm),
termite activity indicated in presence of
very hard nodules formed of biochannels; pH
4.9, gradual smooth boundary.

B3 148179 Red (2.5YR 4/8) sand, pH 5.2.

B4 179-200 Red (2.5YR 4/8) sand, pH 53.

*Samples below 150 cm were taken with a hand auger.
**| aterite gravels were found 300 cm below the soil surface.

BEST AVAILABLE DOCUMENT

91



V. Gangani Kirey soll series (GaK)

Location: IMAW watershed. This pedon is located 360m SW of
permanent marker I.C.

Landform:
Topography:

Parent Matenal:
Pedon Location:

footslope Slope:
planar Drainage:
Continental Terminal Pedonw:
faliow arca

Horizon Depth (cm) Soil Description (colors are for moist soil)

Ap

2A

2A/B

2B}

2BR

2C

0-8

8.17

17-27

27-35

33-53

>53

Yellowish red (SYR 4/6) sand; strong brown
(7.5YR 5/6) dry; thin platy structure with
bands of reddish brown (SYR 4/4) sand;
slightly hard; friable, many fine roots;, many
vesicular pores, many biopores; few
biochambers (to | cm); tew biochannels (1-

4 mm), pH 5.6, abrupt smooth boundary.

Dark brown (7.5YR 3/4) loamy sand; dark brown
(7.5YR 4/4) dry, swong coarse subangular
blocky structure; hard; firm; many fine
roots; common biochannels (1-3 mm), common
biopores (1-4 mm). few biochambers (to Smm),
pH 5.1; clear smooth boundary.

Yellowish red (SYR 4/6) loamy sand; strong
brown (7.5YR $/6) drv; moderately weak coarse
subangular blocky structure; hard, friable,
few fine roots, few biopores (10 3 cm),
ironstone concretions comprise $% of soil
material, pH 5.1, gradual smooth boundary.

Red (2.5YR 4/6) sandy loam; yellowish red
(SYR 5/8) dry; weak coarsc subangular blocky
structure, hard, friable, many finc roots;
few medium roots; many biopores (1-3 mm), few
charcoal fragments, ironstone concretions
comprise 2-5% of soil, pH 5.0; abrupt wavy
boundary.

Red (2.5YR 4/6) sandy loam; reddish yeliow
(SYR 6/8) dry, modcrately weak coarse
subangular blocky structure; slightly hard,
friable; many fine roots; few medium roots,
few large roots; many biopores; many
biotubules; subrounded ironstone concretions
compnse 10-20% of soil, pH 5.1, abrupt wavy
boundary.

Indurated laterite.

BEST AVAILABLE DOCUMENT
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VL Bokotchill soil serles (Bo)

Location: IMAW watershed. This pedon is located 450 meters NE of
the village of Falanke Kaina

Landform: lower backslope Slope: 12-2%
Topography: gently undulating  Pedon#: )3.B

Parent Matenial: colian sand Drvainage: well drained
Pedon Location: fallow area

Horizon Depth (cm) Soil description (colors are for moist soil)

Al 0-13 Dark brown (7.SYR 4/4) sand; brown (7.5YR
$/4) dry; thin platy; weak; friabie; banded
sand grains; many fine and common medium
roots; common biopores and biochambers (up 1o
1 cm), pH 6.0, many latente gravels (2-3 mm),
clear smooth boundary.

A2 13-30 Dark brown (7.5YR 4/4) sand; strong brown
(7.5YR 5/6) dry; weak coarse subangular
blocky; slightly hard; friable; common fine
roots; few medium roots; few biochambers (2-
4 mm);, few crotovinas (1o 4 cm), pH 5.6; clear
smooth boundary.

A/B  13-49  Strong brown (SYR 4/6) sand; yellowish red
(5YR 4.6) dry, weak coarse subangular
blocky; weak, friable; common fine roots, few
medium roots; many biochannels (2-3 mm); few
crotovinas with infilling of very pale brown
(10YR 773) sand; pH 5.3; few laterite gravels
(2-3 cm), few charcoal fragments (up to Smm),
clear smooth boundary.

Bl 49-74 Yellowish red (SYR 5/8) sand; red (2.5YR 4/8)
dry; weak coarse subangular blocky; slightly
hard; friable; common fine and few medium
roots; few biochannels; few biochambers;
few crotovinas (1o 3 cm), few charcoal
fragments (5 mm), few laterite gravels (2-

3 em); pH 5.0; gradual smooth boundary.

B2 74-95 Yellowish red (SYR 5/8) sand (both humid and
dry), weak coarse subangular blocky; weak;
friable; common fine roots; few medium roots;
few biochambers (3 mm), few laterite gravels
(2-3 cm), pH 5.1; gradual smooth boundary.

B3 95-144 Red (2.5YR 5/8) rand; reddish yellow (‘YR
5/8) dry; weak coarse subangular blocky;
slightly hard; friable; few fine and medium
roots; few biochambers; few biochannels, pH
5.4; gradual smooth boundary.
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VL Bokotchili soll series (continued)

B/C  144-182 Red (2.5YR 4/8) sand, yellowish red (5YR 5/8)
dry, weak, coarse subangular olocky;
slightly hard; friable; few medium roots; few
fine roots; few biochambers, few biochannels,
few crotovinas (2-4 cm dia.), few lalente
gravels (2-3 mm), pH 5.4, gradual smooth
boundary.

Cl 182-200 Red (2.5YR 4/8) sand; yellowish red (SYR 5/8)
dry; coarse subangular blocky; shghtly hard,
friable; few fine roots; few lalente gravels
(1-2 mm), pH 5.7, gradual smooth boundary.

* Auger samples taken 10 350 cm below the soil surface contained
no latenite.
VIL Falanke soll series (Fa)

Location: IMAW watershed. This pedon is located 470m cast of
Falanke Kaina, 25m upslope of the valley floor.

Landform: toeslope Slope: 5-T%
Topography: undulating Pedon#: 4-B

Parent Matedial: eolian sand Drainage: well drained
Pedon Location: millet field

Honzon Depth (cm) Soil description (colors are for moist soil)

Al 04 Strong brown (7.5YR 4/6) sand; thin platy
structure; hard; fnable; vesicular pores;
common fine roots; common medium roots;
common biochannels (2-3 mm), inclusions of
reddish yellow (7.5YR 7/6) sand; abrupt wavy

boundary.

A2 4.1% Strong brown (7.5YR 6/4) loamy sand; weak
coarse subangular blocky; very hard; friable;
common fine roots;, few biochs:nbers (1o lem);
common biopores; few charcoal fragments;
inclusions of dark brown (10YR 4/3) sand; pH
5.3; abrupt wavy boundary.

AB 1531 Yellowish red (SYR 5/8) loamy sand; reddish
yellow (SYR 6/8) dry; weak coarse subangular
blocky; extremely hard; friable; common fine
routs; few medium roots; common biopores;
common biochannels (1-3 mm), common
biochambers (to 1 cm);, many biocasts with dark
brown (7.5YR 3/4) infilling, few charcoal
fragments; pH 5.1, abrupt smooth boundary.
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VIL Falanke soll sedes (continued)

Bl

B2

BU

B/C

Cl

31.5t

51-719

79-103

Yellowish red (SYR 5/8) loamy sand; reddish
yellow (SYR 6/8) dry, weak coarse subangular
blocky; weak; friable; common fine roots;
common biochamtbers (1o | cm), common biopores;
few biochannels; few charcoal fragments; pH
5.3, gradual smooth boundary.

Yellowish red (SYR 5/8) loamy sand, reddish
yellow (7.5YR 6/8) dry; ncarly massive
panting to weak coarse subangular blocky,
weak;, friable; common fine roots; few medium
roots;, common biochannels (1-3 mm), common
biochambers (4-7 mm), common biopores (1-2 mm);
few charcoal fragments; pH 5.4;gradual smooth
boundary.

Yellowish red (SYR 5/8) loamy sand; reddish
yellow (7.5YR 6/8) dry, nearly massive, weak;
friable; few fine roots; few large roots;
common root channels (5 mm dia.); common
biocasts with yellowish brown (10YR 5/4) sand
infilling; pH 8.2, gradual smooth boundary.

105-126  Yellowish red (SYR 5/8) loamy sand; reddish

vellow (7.5YR 6/8) dry; nearly massive; weak,
friable; common biochambers (to 3 cm); very
hard biocasts related to ‘ermite activity, pH
5.6, gradual smooth boundary.

126-164 Yellowish red (SYR $/8) loamy sand; reddish

yeilow (7.5YR 6/8) dry; nearly massive;
slightty hard; friable; few fine roots; few
biochambers; few biochannels, common
biopores; pH 5.8, gradual smooth boundary.

164-200 Yellowish red (SYR 5/8) sand; reddish yellow

(7.5YR 6/8) dry; massive; slightly hard;
friable; few fine roots; few biopores; few
biocasts with rcddish yellow (7.5YR 6/6) sand
infilling; pH 5.8.

** No laterite gravels were found in samples taken to 325 cm
below the soil surface with a hand auger.
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Thin Section Descriptions

Hamdallays Intact Field Samples

1. Tondo Kakasia sealed.
Granular; weakly intertextic to agglomeroplasmic; many simple
packing voids; few to many 0.2 to 0.5 mm nodules; many 5-30 um grain
cutans: 0.5-2.5 mm surface crust; 10 um strongly oriented layer above

crust.

2. Tondo Kakasia unsealed.
Granular; many simple packing voids many 0.1 to 0.7 mm nodules;

few 5-20 pm grain cutans; no crust.

3. Bokotchili sealed.
Granular; many simple packing voids; very few 0.1 to 1 mm
nodules; many 5-15 um grain cutans; 0.1 to 0.7 mm surface crust.

4. Bokotchili unsealed.
Granular; many simple packing voids; very few 0.1-0.5 mm
nodules; very few 3-5 um grain cutans; no crust.
5. Dantiandou sealed.

Granular; many simple packing voids; many 0.1 to 1 mm nodules;
many 5-15 um grain cutans; 0.1 to 0.2 mm surface clay crust with 1.5 mm
layer of bare sand grains above this.

6. Dantiandou unsealed.
Granular; many simple packing voids; many 0.2 to 2 mm nodules;
very few 5 pm grain cutans; no crust but some sorting of surface with fine

sand and silt at surface.

7. Hamdallaye sealed.
Granular; many simple packing voids; few 0.1-0.3 mm nodules;

some 5-20 um grain cutans; 0.1 to 0.4 continuous clay layer at surface; 0-1
mm layer of bare sand above clay layer.

.00

Hamdallaye unsealed. .
Granular; many simple packing voids few 0.1-0.3 nodules; some 1.5

mm nodules; few 5-20 um grain cutans; no crust.

5151 AVAILABLE DOCUMENT



97

9. Falanke sealed.
Granular; zones of intertextic, many simple packing voids; few 0.1-

0.6 mm nodules: 0.1-0.8 mm mostly continuous clay and fine silt layer at
surface.

10. Falanke unsealed.
Granular; many simple packing voids; very few 0.2-0.4 mm

nodules; some 5 um grain cutans; weak non-continuous clay accumulation
laer 0.8 to 1.6 mm below surface.

11. Gangani sealed. :
Granular to intertextic; many simple packing voids; some

metavughs; many 0.1-1 mm nodules; many 5-15 pum grain cutans; 0.1t02
mm zone dense clay layer at surface.

12. Gangani unsealed.
Granular; many simple packing voids; some 0.5-2 mm vesicular

pores; few 3-10 um grain cutans; two layers of clay and silt accumulation at
5 and 12 mm depths, appear to be old depositional surfaces.

Cinzana Intact Field Samples

1. M2 sealed.
Granular; many simple packing voids; many 0.1-1 mm nodules;

some 5-10um grain cutans; no differentiation of structure at surface.

2. M2 unsealed.
Granular; simple packing voids; many meta and orthovughs and

metachannels; some 0.1-0.5 mm nodules; very few 5-15 um grain cutans;
no crust.

3. BI2 sealed.
Granular; simple packing voids; one metachannel; 1 metavugh; few

.1-.8 mm nodules; few 5-15 pm grain cutans; 0.1 to 1 mm depositional
crust with strongly oriented clay layer at surface.

4, B12 unsealed. .
Granular; simple packing voids; some metavughs; few 0.1-0.6 mm

nodules; few 5 um grain cutans; many fecal pellets; buried depositional
crust at 1 cm depth.
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Table A1. Summary of selected chemical properties. Hamdallaye soils.

pH Fe -DCB A!-DCB Fe-OX Al-OX SolubleSi Total Fe
Paired ppm %

Soil Series Samples Water KClI
Yo Sealed (0-3 mm) 49 42 8160 659 268 333 9.0 20
To Sealed (0-5 cm) 46 37 8733 731 218 392 6.1 1.9
To Unsealed (0-5 cm) 6.3 5.0 3130 222 154 102 1.0
Da Ssaled (0-3 mm) 5.7 44 4585 419 271 267 6.7 1.3
Da Sealed (0-5 cm) 5.0 39 3614 322 194 176 33 09
Da Unsealed {0-5 cm) 6.6 5.4 1530 114 98 51 0.6
Ha Sealad (0-3 mm) 46 4.0 4900 507 222 321 6.0 1.1
Ha Sealed (0-5 cm) 47 39 3685 410 199 268 45 0.9
Ha U'nsealed (0-5 cm) 6.3 5.1 1380 112 127 11 0.5
Bo Sealed (0-3 mm) 4.8 39 2870 489 247 375 6.9 0.9
Bo Sealod (0-5 cm) 46 38 2093 378 198 307 41 0.7
Bo Unsealed (0-5 cm) 6.1 5.1 784 94 93 80 0.5
Fa Sealed (0-3 mm) 5.0 40 3735 492 213 304 6.7 1.1
Fa Sealed {0-5 cm) 4.7 39 3402 440 178 309 57 09
Fa Unsealed (0-5 cm) 5.9 4.7 1430 151 124 157 0.6
All Soils Sealed (0-3 mm) 5.0 4.1 4930 513 244 320 71 1.3
(average) Sealed (0-5cm) 47 38 4305 456 197 290 49 1.1
Unsealed (0-5 cm) 6.2 5.1 1651 139 119 100 0.6

DCB = citrate-dithionite

OX = oxalate
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Table A2. S;)il chemical and physical properties. Hamdallaye soils.

SAMPLE ID  Water pH KC!t pH dpH HMP SAND HMPSILT HMPCLAY Organic C
cm depth % %

ToG 0-C 4.90 4.24 066 75.23 3.3 2146 0.10
ToC 0-.5 4.86 3.90 0.96 75.56 2.10 22.34 0.09
ToC .5-2.5 454 3.68 0.86 76.61 0.69 22.70 0.12
ToC 2.5-5 4.55 3.72 0.83 76.62 1.30 22.08 on
ToC 0-5 4.58 ar2 085 76.51 114 22.35 on
ToUC 6.25 5.02 -1.23 92.63 2.87 4.50 0.20
DaC 0-C 570 4.36 1,34 89.23 477 6.00 0.17
DaC 0.5 5.38 411 1.27 90.92 240 6.68 0.14
DaC 5-2.5 5.09 395 114 92.99 1.49 5.52 0.13
DaC 2.5-5 4.82 3.90 0.92 93.17 14D 5.34 010
DaC 0-5 498 3.94 -1.04 92.87 1.58 5.55 0.12
DaUC 6.55 5 14 N 96.71 1.29 2.00 0.14
HaC 0-C 4.59 3.99 0.60 90.25 1.71 8.04 0.16
HaC 0-.5 4.93 3.98 095 90.95 1.29 7.76 0.13
HaC .5-2.5 4.53 3.90 0.63 94 44 0.77 4.79 0.10
HaC 2.5-5 4.79 3.90 0.89 94.45 1.35 4.20 0.09
HaC 0-5 4.70 3.91 0.79 94.10 1.11 4.79 0.10
HaUC 6.28 511 -1.17 98.68 0.52 0.80 0.12
BoC 0-C 4.60 393 0.87 88.15 2.21 9.64 0.17
BoC0-.5 5.00 KX} -1.19 88.51 1.66 9.83 0.13
BoC 5-2.5 4.82 as -1.01 91.79 0.66 7.55 0.1
BoC 2.5-5 444 373 on 9218 0.64 7.18 0.10
BoC 0-5 465 377 0.8 91.66 0.75 7. 0.1
BoUC 6.08 5.05 -1.03 96.18 1.58 2.24 0.15
FaC 0-C 4.96 3.99 0.97 86.52 312 10.36 0.17
FaC 0-.5 4.99 kY74 -1.12 88.65 2.04 9.31 0.15
FaC 5-2.5 4.80 3.87 0.93 89.20 1.68 9.12 0.14
FaC 2.5-5 4.65 3.85 0.80 88.54 2.20 9.26 0.15
FaC 0-5 4.74 3.86 0.88 88.82 1.98 9.21 0.15
FauC 5.86 47 -1.15 96.49 0.17 3.34 0.17
GaCo0-C 5.48 3.93 -1.55 74.82 8.04 17.14
GaC0-5 5.38 373 -1.65 81.62 9.56 8.82 0.22
GaC .5-2.5 4.91 3.57 M 83.69 8.47 784 0.21
GaC 2.5-5 457 355 -1.02 R4.90 7.00 8.10 0.20
GaC 0-5 4.79 3.58 1.21 84.04 7.84 8.07 0.2%
GaUC 5.92 4.92 -1.00 96.26 1.56 218 0.20
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Table A2. (cont’d.)

SAMPLE (D DCB FE DCB AL AO FE AO AL AO/DCB FE AO/DCB AL
cm depth ﬂ"ﬂx % %
ToC0-C 8160 658.5 268 333 3.28 50.57
ToC0-.5 8410 708 220 350 2.62 49 44
ToC 5-2.5 9030 724 220 404 2.44 55.80
ToC 2.5-5 8560 742 216 390 2.52 52.56
ToC 0-5 8733 7314 218 391.6 2.50 53.54
ToUC 3130 yrs] " 154 102 4.92 45.95
DaC 0-C 4985 419 271 267 544 63.72
DaC 0-5 4070 34 205 193 5.04 57.78
DaC 5-2.5 3930 337 210 184 5.34 54.60
DaC 2.55 3270 307 178 166 544 54.07
DaC 0-5 3614 321.7 193.5 175.9 535 54.68
DaUC 1530 114 98 51 6.41 44.74
HaCo0-C 4900 507 221.5 321 452 63.31
HaC 0-.5 4500 458 252 333 5.60 72.71
HaC .52.5 3450 426 205 266 5.94 62.44
HaC 2.5-5 ario 387 184 257 4.96 66.41
HaC 0-5 3685 409.7 199.2 268.2 5.41 65.46
HaUC 1380 112 127 11 9.20 99.11
BoC0-C 2870 489 247 375 8.61 76.69
BoCO-5 2810 520 247 363 8.79 69.81
BoC .5-2.5 2280 424 186 an 8.16 73.35
BoC 2.5-5 1800 313 197 292 10.94 93.29
BoC 0-5 2093 378.1 197.6 306.7 9.44 81.12
BoUC 784 94 93 80 11.86 85.11
FaCo-C 3735 492 212.5 304 5.69 61.79
FaC 0-.5 3070 402 191 309 6.22 76.87
FaC .52.5 3400 426 176 297 5.18 69.72
FaC 2.55 3470 458 ke 318 5.10 69.43
FaC 0-5 3402 439.6 178 308.7 5.23 70.22
FauC 1430 151 124 157 8.67 103.97
GaCoC 5125 523.5 298.5 249 5.82 47.56
QaC0-5 4080 465 290 2n 7.11 58.28
GaC .52.5 3800 437 302 279 7.95 63.84
GaC2.55 4690 506 268 300 5.71 59.29
GaC 05 4273 474.3 283.8 288.7 6.64 60.87
GaUC 1740 144 176 115 10.11 79.86

BEST AVAILABLE DOCUMENT



Table A2. (cont’d.)

Total Fe

SAMPLE ID S: Sand Sa Cisy Whoie DCB.TotalFe
cm doph mQ %0 * frecvon
ToC OC 8 90 on 2178 628 202 40 &0
ToC O S 80 062 240 62 TN 0
Tol 525 63 083 227 6 81 19?7 45 84
ToC 2 %S S %2 039 22 72 A 74 44 58
ToC OS 609 047 226 695 194 45 04
TeUC 068 244 6 89 101 30 9
DeC OC 6 68 06?7 318 905 129 38 64
Del O 5 3s8 [(R.%] In 790 ' 08 3769
DeC 525 40 0SC 295 m o A2 26
DeC 259 395 045 288 858 092 35 54
DeC 05 39 048 2.92 817 094 84S
DeUC 042 261 6 96 058 26 38
HaC OC S 96 03 2 8 106 4“4 2]
HeCO S 520 0 279 88s 105 Q69
HeC 525 445 0 263 10 81 [+X. ) 39 20
Hel 259 443 oxn 25 1308 [+X. ) 4216
HeC OS5 452 034 2959 175 0 90 4117
HaUC 03 240 24 11 08 26 04
BoC OC 6 92 017 195 75 o9 3120
BoCO S 628 c19 175 653 co4 RO U
BoC %25 a4 019 150 68 070 k7274
BoC 2595 JaS 018 139 664 06S 2769
BoC 05 413 018 1 47 67 069 30 X
BoUC 0 30 196 704 048 16 3
FaC O-C 672 ox 182 772 108 35 57
FaCO S S 90 o 166 7 o9 D74
FaC 529 570 024 192 67 085 40 00
FaC 2595 565 038 152 6 56 096 36 15
FaCOS $70 03 153 a7 091 7 4
FaUC oM 209 4 66 0SS 26 00
GaCOC 817 284 983 19) 26 55
GaCO S 620 274 1619 i 69 24 14
Gal 5265 790 28 21 4% 192 1979
Gel 255 708 270 206 188 2522
GaC 05 7 000 275 2052 187 289
GaUC 268 8 9 089 19 58
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Table A2. (cont’d.)

Fraction of Total Fe

SAMPLE ID Sand Sitt Ciay
cm depth %

ToC0-C 28.M1 4.56 66.73
ToC 0-.5 24.61 2.64 7275
ToC .5-2.5 20.77 0.80 78.44
ToC 2.5-5 15.56 1.50 82.93
ToC 0-5 18.58 1.32 80.13
ToUC 62.36 6.93 30.70
DaC 0-C 46.14 11.76 42.10
DaC 0-.5 44.20 6.91 48.89
DaC .5-2.5 49.49 4.73 45.78
DaC 2.5-5 45.57 4.63 49.80
DaC 0-5 46.98 4.91 48.17
DaUC 70.20 5.81 24.00
HaC 0-C 27.59 4.7 67.70
HaC 0-.5 29.85 349 66.66
HaC .5-2.5 38.85 230 58.85
HaC 2.5-5 33.70 3.85 62.45
HaC 0-5 35.28 3.21 62.92
HaUuC 61.26 2.35 36.39
BoC 0-C 16.67 4.68 78.64
BoC 0-.5 20.13 3.46 76.42
BoC .5-2.5 24.91 1.41 73.67
BoC2.5-5 25.24 1.37 73.39
BoC0-5 24.49 1.60 73.91
BoUC 60.71 6.45 32.83
FaC0-C 18.46 5.41 76.13
FaC0-.5 20.65 372 75.63
FaC .5-2.5 24.77 3.00 72.23
FaC2.5-5 33.20 348 63.31
FaC0-5 28.82 3.33 67.87
FaUC 71.05 0.65 28.30
GaC 0-C 11.83 88.17
GaC0-.5 15.50 84.50
GaC .5-2.5 12.40 87.60
GaC 2.5-5 10.16 89.84
GaC0-5 11.55 88.66
GaUC 4.70 95.30
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Table A3. Ammonium acetate extract data. Hamdallaye soils.

Exch. KCl Exch.
meq/100 g meq/100g Bases Acidity

Sample ppmCa ppmMg ppmh  ppmNa Ca Mg K Na Sum  Clay meq/100g meq/100g CEC % B.S. ESP
ToCO-CA 22.18 5.01 6.13 0.25 0.55 0.21 0.08 0.01 0.64 393 084 0.29 1.13 74.60 0.48
ToCOCB 22.46 5.10 6.21 0.33 0.56 021 0.08 0.01 0.88 399 086 0.27 113 75717 0.63
ToUC 16.15 5.59 8.34 0.05 0.40 023 0.11 0.00 0.74 16.46 074 007 082 9083 013
DaC0-C 18.95 4.48 6.33 0.28 047 0.18 0.08 0.01 0.74 12.40 074 019 094 7957 065
DaUC 14.24 3.88 .22 0.05 0.36 0.16 004 0.00 0.58 27.94 0.56 006 062 90 57 0.18
HaCo0-C 10.55 238 5.35 0.19 0.26 0.10 007 0.00 043 539 043 051 094 4598 0.44
HaUC 14.50 377 571 0.08 0.38 0.16 0.07 0.00 0.59 7396 059 008 067 88 47 028
BoC0-C 17.37 4.04 6.99 0.14 043 0.17 0.09 0.00 0.69 7.18 0.69 050 119 58 05 028
BoUC 14.88 4.20 5.13 0.01 037 0.17 007 0.00 0.61 2723 061 007 0e8 8922 003

=L 0C 15.64 4.58 7.10 0.15 0.39 0.189 0.09 0.00 0.67 849 0.87 0.46 1.13 59 42 029
Fauc 11.47 3.59 4.41 0.00 0.29 0.15 0.06 0.00 0.49 14.68 0.49 0.11 0.60 8213 000
GrC0-C 18.91 4.78 7.26 0.07 0.47 0.20 0.09 0.00 0.76 4.48 076 0.38 112 67 96 0.14
GaCo0-C 19.14 4.69 7.33 0.10 0.48 0.19 0.09 000 0.77 4.48 077 035 i 68 88 020
GaucC 17.52 4.88 6.57 0.00 0.44 020 008 0.00 0.72 3278 072 008 06t 89 52 000
Plateau 125.40 26.30 16.61 2.70 3.13 1.08 021 0.08 4.48 21.24 448 0.07 4.58 98.38 1.29
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Table A4. Water stable 2- to 4- mm aggregates. Hamdallaye Soils.

105

water stable

> 2mm agg. water stable aggregates

in whole soil aggregates in whole soil

%

To - Sealed 11.97 - 87.80 10.51
Unsealed 1.31 63.50 0.83
Da Sealed 4.26 84.20 3.59
Unsealed 0.25 57.10 0.14
Ha Sealed 1.60 84.50 1.35
Unsealed 0.33 40.60 0.13
Bo Sealed 4.59 79.00 3.63
Unsealed 0.50 64.20 0.32
Fa Sealed 4.66 87.20 4.06
Unsealed 0.74 51.20 0.38
Average Sealed 5.42 84.50 4.63
of all soils Unsealed 0.63 55.30 0.36
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Figure Al. Water pH vs clay content. All Hamdallaye soils at all depths. n=30.
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APPENDIX C

RAINFALL SIMULATOR CHEMICAL

AND PHYSICAL DATA



Table AS. Rainfall simulator thin section data. dtb = depth to bottom of layer.

Seal Layer _
Rainfall dib Thickness dtb Thickness Vesicular
Soil (min)  Treatment S1 S2 S3 S4 Pores
mm

To 30 A 1.0 0.0 0.0 0.6 none
Da 30 A 1.0 0.0 0.0 0.0 none
Ha 30 A 1.0 0.0 0.0 0.0 none
Bo 30 A 1.0 0.0 42 0.3 none
Fa 30 A 2.0 0.8 6.0 0.3 none
Ga 30 A 0.6 0.3 2.0 0.4 none
To 30 B 0.4 0.0 0.0 02 none
Da 30 B 1.0 0.0 0.0 0.0 few

Ha 30 B 04 0.0 35 0.2 none
Bo 30 B 0.6 0.0 0.0 0.0 none
Fa 30 B 2.5 0.0 4.0 0.5 few

Ga 30 B 0.0 0.0 0.0 0.0 none
To 30 C 0.0 0.0 0.0 0.2 none
Da 30 C 0.8 0.2 0.0 0.0 none
Ha 30 C 0.5 0.0 1.5 1.0 none
Bo 30 C 0.8 0.2 1.6 0.2 none
Fa 30 C 0.8 0.4 2.2 0.3 none
Ga 30 C 0.0 0.0 0.0 0.0 none
To 30 D 0.8 0.0 0.0 04 none
Da 30 D 0.5 0.0 0.0 0.0 few

Ha 30 D 1.0 0.0 0.0 0.0 none
Bo 30 D 1.5 0.0 3.0 0.3 none
Fa 30 D 1.2 0.3 4.0 0.4 none
Ga 30 D 0.8 0.3 20 0.4 none
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Table AS5. (cont’d.)

Seal Layer
Rainfall dtb Thickness dtb Thickness Vasicular
Soil (min) Treatment S S2 . 83 S4 Pores
mm
To 60 A 1.0 0.0 0.0 1.0 none
Da 60 A 1.0 0.4 6.5 0.4 few
Ha 60 A 1.2 04 3.5 0.4 some
Bo 60 A 0.6 0.0 2.5 0.8 none
Fa 60 A 1.0 0.4 5.0 0.4 few
Ga 60 A 0.8 0.0 1.8 0.6 few
To 60 D 0.7 0.5 1.5 0.4 none
Da 60 D 1.0 0.0 3.0 0.4 few
Ha 60 D 0.8 0.0 3.5 04 some
Bo 60 D 0.8 0.0 3.0 0.6 many
Fa 60 D 1.8 0.4 3.5 0.5 some
Ga 60 D 03 0.2 2.5 04 some
To 60 A 0.5 0.0 1.0 0.6 some
Da 90 A 1.0 0.4 7.5 0.4 many
Ha 90 A 05 0.0 0.0 0.0 some
Bo 90 A 1.2 0.0 25 0.6 some
Fa 90 A 0.0 0.4 20 1.2 many
Ga 90 A 0.4 0.2 1.0 0.5 few
To 90 D 0.8 0.0 1.2 1.0 few
Da 90 D 1.0 0.3 55 0.2 many
Ha 80 D 0.5 0.0 40 1.0 few
Bo 90 D 1.5 0.4 5.0 0.4 some
Fa S0 D 0.4 0.4 25 0.8 many
Ga 80 D 04 0.2 20 0.6 many
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Table AS. (cont'd)

Seal Layer
Raintall dtb Thickness dib Thickness Vesicular
Soil (min)  Treatment . S1 S2 83 S4 Pores
mm

To 120 A 08 0.0 1.2 1.3 none
Da 120 A 1.0 0.2 5.0 0.7 many
Ha 120 A 1.2 0.3 7.7 0.3 many
Bo 120 A 1.2 1.0 3.0 04 many
Fa 120 A 0.7 0.2 1.3 07 few

Ga 120 A 04 0.0 3.0 0.8 many
To 120 B 0.5 0.0 0.5 04 few

Da 120 B 0.0 0.6 0.0 0.0 many
Ha 120 B 0.0 0.0 0.0 0.0 some
Bo 12, B 0.0 0.0 0.0 0.0 many
Fa 120 B 0.9 0.1 0.0 0.0 some
Ge 120 B 0.0 0.6 0.6 04 none
To 120 C 0.8 0.0 0.8 1.0 fow

Da 120 C 1.0 0.8 4.5 0.4 many
Ha 120 C 1.2 0.0 2.9 0.3 some
Bo 120 ] 0.0 0.0 1.8 0.9 many
Fa 120 C 0.3 0.0 1.3 04 some
Ga 120 C 04 0.6 2.2 0.4 many
To 120 D 0.6 0.0 0.0 0.8 few

Da 120 D 1.0 0.0 7.5 0.3 many
Ha 120 D 1.7 0.0 5.0 0.1 some
Bo 120 D 0.8 0.0 1.5 0.5 few

Fa 120 D 1.3 0.3 5.0 05 some
Ga 120 D 0.0 0.0 1.2 1.0 many
To 120 E 0.8 0.0 0.0 04 none
Da 120 E 0.4 0.6 5.0 0.6 few

Ha 120 E 1.6 0.3 7.5 0.4 none
Bo 120 E 0.8 0.3 2.0 0.6 few

Fa 120 E 1.0 0.0 5.0 ng none
Ga 120 E 0.2 0.0 0.0 0.6 none
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