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ABSTRACT

There is great interest in using saprolite for on-site wastewater disposal purposes in the
Piedmont and Mountain regions of North Carolina. However, information regarding
hydraulic properties and attenuation capacity of various saprolites for pollutants found
in domestic wastewater is limited. Field and laboratory studies were initiated to assess
characteristics of a number of soil-saprolite sequences in the Piedmont region. A
laboratory soil column experiment was conducted to evaluate movement of five
inorganic constituents of domestic wastewater through three different soils and their
associated saprolites that were collected from Franklin, Orange and Wake Counties.
Directional saturated hydraulic conductivities (K,) and other physical and mineralogical
properties of Bt (soil), B/C (transitional) and C (saprolite) horizons were measured at
three different landscape positions (a ridge top, shoulder and ridge nose) over a Cecil
soil mapping unit in Wake County (referred to as site #1). In addition, the macropore
network of the three horizons at each landscape position was assessed in the field.
Samples collected from four different color zones around Mn oxide coated fractures (a
type of macropore) at the shoulder position were also analyzed, and profiles for vertical
K, were obtained for the three landscape positions. At a second site in Wake County
(referred to as site #2), contributions of different types of water-conducting pores to
water flow under saturated and unsaturated conditions were evaluated through thin
section analysis.

In the laboratory miscible displacement experiment all five ions appeared in the
outflow of undisturbed soil cores faster than they appeared in the outflow of the
repacked soil material. The overall rate of movement of each ion through intact soil
material, however, was slow. No appreciable differences were observed between
attenuation and movement of various solutes through disturbed and undisturbed
saprolites. For the primary site in Wake County (site #1), saturated hydraulic
conductivity at each of the three landscape positions was largest on top of the Bt
horizon, reached a minimum value in the B/C horizon, and increased with depth in the
upper 2-m part of the C horizon. No statistically significant differences were observed
among the directional K, values at any horizon/landscape position. Analyses of various
color zones around fractures indicated sharp differences in the chemical compositions
of the material. The results show different degrees of oxidation/reduction around the
fractures, which is indicative of water flow between the fractures and the saprolite
matrix. At site #2 in Wake County, macropores (root channels 0.1to 0.5 mm in
diameter) comprised approximately 2% of the saprolite body, but accounted for 95% of
the water flow through saprolite under saturated condition. At a soil water potential of
-10 cm, 50% of the flow was through the saprolite matrix.
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SUMMARY AND CONCLUSIONS

Most of the soils in the Piedmont region of North Carolina are characterized by the
presence of saprolite at or near the surface. Due to development in the region, a
greater demand has been created for using saprolite for on-site wastewater disposal
purposes. Unfortunately, our knowledge of various saprolites and their behavior in the
presence of waste constituents is limited. This study was undertaken to evaluate a
number of saprolites and their associated soils and to assess properties that are
important for waste disposal. The objectives of the study were (1) evaluation of the
attenuation of cations and anions most commonly found in household wastewater by
major soils and saprolites from the Piedmont region, (2) determination of the types of
macropores of various soil horizons and evaluation of color zones associated with
manganese oxide coated fractures in soil-saprolite sequences at three landscape
positions on a typical soil mapping unit, (3) determination of directional saturated
hydraulic conductivity of the soil-saprolite sequences at the above site, and (4)
identification of the types and size of macropores in saprolite and determination of the
contributions of various macropores to water flow.

Intact core samples and disturbed (i.e.,bulk) samples were collected from the Bt (soil)
and C (saprolite) horizons of three different soils in Franklin, Orange and Wake
Counties. The soils in the sampling areas belonged to Appling, Georgeville, and Cecil
soil series, respectively. In the laboratory, all intact core samples were covered with
paraffin and prepared for analyses. Three intact cores from each horizon/site were
trimmed to 10-cm length and assembled into water tight columns (with a one-cm layer
of sand at each end) for a miscible displacement study. Disturbed soil and saprolite
samples from each site were air dried, passed through a 2-mm sieve and packed into
12-cm long PVC columns with one cm sand at each end. Initially, three to six pore
volumes of tap water were passed through the columns followed by a solution
containing K, NH,, NO,, Cl, and PO,. The flow was maintained at a constant rate and
the outflow was collected using a fraction collector. Three replications of the intact
and two replications of repacked columns were used for each soil and saprolite. The
saturated hydraulic conductivities of the soils and saprolites were determined in the
laboratory using additional undisturbed cores. In addition to the laboratory analyses of
solute flow, field experiments were conducted at the Franklin and Wake County sites to
assess the movement of KBr through soil and saprolite. At each site, a solution
containing KBr was added to the soil and saprolite through 7.5-cm diameter auger
holes and allowed to redistribute in the profile for a period of 44 or 60 hours. Soil
samples were collected from around the source holes after the drainage period.

Potassium, NH,, NO,, and Cl appeared in the first pore volume of the intact cores of
all three soils. For the repacked soil samples, the ions did not appear in the outflow
solution until at least the first pore volume was displaced, but the breakthrough curve
was sharper than the corresponding curve for intact cores. This is an indication that
there are some macropores in the Bt that conduct water rapidly, and that water also
moves through the matrix of the soil resulting in slower movement of the ions
through the small pores. In the repacked soil columns, the very large and very small
pores were not duplicated, and in general, more K and NH, were attenuated as
compared to intact soil samples. For saprolite, disturbing and repacking the material
did not have an appreciable influence on the rate of movement and attenuation
capacity of the material. Less cations and anions were attenuated by saprolite than by
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the corresponding soil material. The results of the field investigation indicated that K
and Br moved through the matrix of saprolite and that fracture flow was not evident at
either of the two locations.

Soil and saprolite properties were assessed in the field (a Cecil soil mapping unit) at
three landscape positions (a ridge top, shoulder, and ridge nose) in a typical Piedmont
landscape located in Wake County using auger borings and large observation pits. This
site is referred to as site #1. Intact soil samples in five orientations: vertical, two
horizontal, and two diagonal were obtained from soil (Bt), transitional (B/C), and
saprolite (C) horizons at the three landscape positions. The samples were analyzed in
the laboratory for saturated hydraulic conductivity, soil moisture characteristic and bulk
density. Additional samples were collected in vertical orientation from each of the
three landscape positions for determination of soil hydraulic conductivity profiles. Bulk
samples collected from various horizons/landscape positions were used for particle size
distribution analysis. Two large blocks were obtained from the saprolite at the

shoulder position for mineralogical analyses of various color zones around Mn oxide
coated fractures. In situ saturated hydraulic conductivity of the Bt, B/C and C horizons
were also determined at all three landscape positions.

At another site located near the first site in Wake County (also a Cecil soil mapping
unit) intact core samples were obtained from soil and saprolite at three locations
within a 5-hectare area. This site is referred to as site #2. Saturated hydraulic
conductivity of the samples was determined in the laboratory and thin sections were
prepared from the samples after perfusing a methylene blue dye through them. Water
flow through the intact cores was assessed by evaluating the percent macropores and
groundmass using thin section analysis.

Five types of macropores were identified at each of the three landscape positions at
site #1 in Wake County. They were interped planar voids, continuous tubular pores
(clay filled or partially clay filled), foliation planes, fractured planar quartz veins, and
oxide coated planar fractures. Interped planar voids were mainly in the Bt and were
absent in saprolite. Foliation planes, on the other hand were not found in the Bt and
were restricted to saprolite bodies in the B/C and C horizons. Fractured quartz veins
were found in all three horizons with the same frequency. Oxide coated planar
fractures were also found in all three horizons, but they occurred less frequently in the
Bt than in the others. Clay filled pores were mainly observed in the B/C, and
partially clay filled were observed with the highest frequency in the Bt.

Statistical analyses of the directional saturated hydraulic conductivities at site #1
indicated that there were significant differences among the three soil horizons and
between landscape positions. However, no statistically significant differences were
detected among the five orientations at each horizon/landscape position. Saturated
hydraulic conductivity of the soil profile was highest at the top of the Bt and decreased
with depth to a2 minimum in the B/C horizon at all three landscape positions. The
conductivity then increased with depth in saprolite until it leveled off at about one
meter into saprolite. The in situ hydraulic conductivity values for saprolite generally
corresponded well with the laboratory results, while the in situ values for Bt were
consistently less than their corresponding laboratory values. Overall evaluation of the
hydraulic conductivity indicated that macropore flow was not significant at any of the
three landscape positions.
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Evaluations of the morphological and mineralogical properties of various color zones
around Mn oxide coated fractures indicated sharp chemical and mineralogical
differences existed among the four color zones identified for our samples. The results
are indicative of varying oxidation/reduction regimes around the fractures, and the fact
that water has been moving back and forth between the fractures and the saprolite
matrix (i.e., macropore flow has occurred). However, it is not clear whether or not
these fractures act as a fast moving water conduit at the present time. We suspect
that these fractures were perhaps active at sometime in the past, but they are not a
major contributor to macropore flow at present. This is based on our field
observations of these fractures and our analyses of field and laboratory determined
saturated hydraulic conductivities.

For saprolite at site #2, assessment of thin sections showed that water flow under
saturated conditions has not been restricted to the macropore network in the samples.
Macropores (0.1- to 0.5-mm diameter) comprised approximately 2% of the saprolite
body, but based on analysis of flow through cylindrical channels, they accounted for
95% of water flux under saturated conditions. It was determined that under -30 cm of
soil water potential (30-cm tension) these macropores do not play an important role in
water movement.
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RECOMMENDATIONS

1. For large on-site wastewater disposal systems covering a number of landscape
positions soil properties should be evaluated for each landscape position. The design
loading rate and the depth of trenches in the drainfield area(s) should be based on the
evaluation of hydraulic conductivity of the most restrictive horizon and depth to various
horizons at each landscape position. ’

2. To obtain reliable values for saturated hydraulic conductivity in well structured soils,
core samples should be large enough to include more than one structural unit. Rapid
movement of water through interped planar voids during K, measurement in the
laboratory may result in somewhat inflated saturated hydraulic conductivity values.

3. In highly structured soils, in situ measurement of K, provides a more realistic value
for this important soil property. Care should be taken to minimize smearing of the
sidewall during construction of the auger hole.

4. For saprolites, with no extensive fractures, either the core method or in situ
technique can be used to determine the saturated hydraulic conductivity. The samples
for laboratory measurements should be at least 6 cm in diameter and over 8 cm long.
The sidewall flow (i.e., flow between the core and the outer shell or ring) must be
eliminated for reliable K, determinations.

5. To determine the most restrictive soil layer, a field evaluation should be conducted
to determine the depth and thickness of various soil horizons within the depth affected
by the planned activity. The hydraulic conductivity of each horizon should then be
determined independently. In most cases the B/C horizon has the lowest saturated
hydraulic conductivity.

6. Macroporosity of soil and saprolite should be carefully examined for wastewater
disposal purposes. Soils with large, continuous macropores should not be used for
septic tank systems without assessment of macropore frequency and their role in water
flow through the profile.

7. Multiple measurements are needed for determining K, with confidence. Depending
on the soil horizon and landscape position, one may find a single K, value to be either
too large or too small in comparison to other measurements. Care must be taken to
select representative area at each landscape position for determining the conductivity of
the most restrictive horizon for wastewater disposal.

8. A field evaluation should be conducted over the proposed wastewater disposal area

to determine the variation in soil and saprolite. The number of measurements for each
horizon should be based on the variability of that horizon over the entire area.
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INTRODUCTION

The Piedmont and Mountain regions of North Carolina comprise 55% of the land in
the state. The soils of these regions are generally underlain by saprolite which occurs
near the soil surface. The depths to saprolite for the USDA-SCS official soil series of
the key soils of these regions are given in Table 1. In many areas, especially in
eroded soils, the depth to saprolite is much less than the values given in this table.

The soil-saprolite-rock sequence represents a continuum of weathering processes (H. J.
Kleiss, Soil Science Department, NCSU, personal communication). Soil scientists and
geologists have tried to separate this continuum into meaningful and distinct
components. Saprolite has characteristics of both the underlying rock and the overlying
soil material. Saprolite resembles soil material and is commonly friable when moist,
but it retains the structural characteristics of the rock from which it originated. This is
because the soil-forming processes are only partially completed in saprolite. Whether
we consider saprolite to be part of the soil or the rock system is an arbitrary and

Table 1. Depth to saprolite and type location for the official soil series of the key
soils in the Piedmont and Mountain regions of North Carolina (Daniels

et al., 1984).

Region Key Soil Depth, cm Type Location

Piedmont Appling 117 Rockingham Co., NC
Cecil 127 Catawba Co.,NC
Coronaca >245 Greenwood Co., SC
Creedmoor * 140 Durham Co., NC
Davidson >183 Jones Co., GA
Enon 84 Guilford Co.,NC
Georgeville >160 Lancaster Co., SC
Herndon 122 Saluda Co., SC
Mayodan 119 Durham Co., NC
Mecklenburg 91 Cabarrus Co.
White Store* 90 Durham Co., NC

Mountain Burton 53 Transylvania Co., NC
Edneyville 76 Transylvania Co., NC
Evard 94 Oconee Co., SC
Hayesville 122 Clay Co.,NC
Porters 71 Alleghany Co., NC

# According to Soil Conservation Service, Form 235 (Blue Sheets), 1982.



arguable choice. What is important is that we understand the role of saprolite in
ground water recharge and its ability to attenuate pollutants. At present, there is no
unanimous agreement on the definition of saprolite among professionals (soil scientists,
geologists, hydrologists, engineers) involved in land-based waste management practices.
In the past, for example, the North Carolina Division of Health Services (NCDHS)
considered saprolite as a form of rock and deemed it unsuitable for sewage disposal
purposes (NCDHS, 1985). Today, however, changes have been adopted by the North
Carolina Division of Environmental Health (NCDEH) to redefine saprolite and to
allow direct application of wastewater into some saprolites (NCDEH, 1990).

Definition of Saprolite

Saprolite has been defined as thoroughly decomposed rock (igneous or metamorphic)
formed in place by chemical weathering (American Geological Institute, 1976).
Although this definition explains the origin of saprolite, it does not present a clear view
of its properties. Pavich (1986) defines saprolite in a more detailed way as " soft,
friable, isovolumetrically weathered bedrock that retains the fabric and structure of the
parent rock". Whatever the preferred definition, it is clear that saprolite is transitional
material between hard rock and soil.

Role of Saprolite in Ground Water Protection

Soils have a great potential for treating wastes by removing or breaking down their
constituents (Fuller and Warrick, 1985). However, not all soils are equally capable of
attenuating pollutants (Amoozegar et al., 1986; Korte et al., 1976). In general, soils are
divided into three major horizons or layers termed A, B and C (Buol et al., 1980; Soil
Survey Staff, 1975). The A and B horizons are referred to as the "solum" or true soil,
whereas the C horizon has been considered as parent material from which soil is
formed (Soil Science Society of America, 1984).

The C horizon is believed to be the least chemically reactive of the major soil horizons.
In some soils the C horizon is composed of saprolite, and its role in limiting the
movement of pollutants can be substantial. This is especially true in areas where the
thickness of saprolite far exceeds the thickness of the overlying soil solum. (The latter
is referred to simply as "soil"in this report.) Polluting constituents are often placed
below the soil surface, consequently bypassing the more reactive horizons of the soil
profile.

The role of saprolite in ground water recharge and attenuation of pollutants is of
particular interest to many national, state, local and private agencies interested in
preventing and/or correcting ground water pollution. The macroporosity in saprolite,
for example, may be significant in ground water movement and specific yields of wells
(Heath, 1987). In the unsaturated (vadose) zone above the water table, rapid
movement of water through macropores of the soil and underlying saprolite may also
play a major role in contamination of the ground water resources with the pollutants
present in percolating water.



Unfortunately, little data are available on the chemical and mineralogical properties of
various saprolites, their macropore characteristics, and the movement of water and
pollutants through them. Specifically, there are unresolved questions concerning the
flow of water through saprolite and the possibility of ground water contamination
resulting from land application of waste materials in areas where saprolite is at or near
the land surface.

In view of the great demand for industrial and urban land development in the
Piedmont and Mountain regions of North Carolina, and considering that saprolite is the
underlying soil strata throughout these regions, the need for detailed information about
saprolite’s hydraulic characteristics has emerged.

Properties of Saprolite

Most of the saprolite studies in North Carolina have been conducted to better
understand the properties of the material in relation to the associated soil or parent
rock (Welby, 1981; O’Brien and Buol, 1984; Simpson, 1986; McDaniel, 1988). Other
studies conducted in the southeast region have been directed to collecting information
about certain physical properties of saprolite just below the soil solum in agricultural
soils (Lutz, 1969; Bruce et al., 1983). Water movement through saprolite was studied
in the field by Martin (1987) and Amoozegar and Hoover (1989). In the latter study,
the movement of a number of cations and anions commonly found in household
wastewater through one soil and its underlying saprolite was evaluated.

In most cases, water is the dominant liquid acting as the transporting fluid for dissolved
and suspended materials through saprolite. Therefore, it is important to analyze water
flow and hydraulic properties of all saprolites, especially those which may be considered
for waste disposal. According to Pavich et al. (1989), the anisotropic nature of
saprolites and Piedmont rocks causes water to flow faster in certain directions. Based
on steeply dipping foliation and joint sets of Piedmont rocks, they concluded that the
movement of water through saprolite is predominantly in the downward direction.
Although this may be true, the preferred directional hydraulic conductivity of the soil
and saprolite actually determines the direction of water and pollutant movement in the
near-surface environment. For example, in certain areas where horizontal hydraulic
conductivity is much larger than the vertical conductivity, lateral flow may be of prime
importance.

Considering that most contaminants are entering the soil from various points in any
landscape, and that water movement is not restricted to the vertical direction, the flow
of the contaminants may not be best represented by a one dimensional vertical analysis.
Hydraulic conductivity of saprolite, therefore, must be evaluated in multiple dimensions
for a better understanding of water movement in foliated, bedded, or highly fractured
material. A number of investigators have evaluated the vertical saturated hydraulic
conductivity (K,) of a variety of saprolites (Welby, 1981; O’Brien and Buol, 1984;
Amoozegar and Robarge, 1985; Simpson, 1986; Bathke, 1989).



The types of pores in saprolite are numerous and may include those of the soil and the
underlying rock. Due to saprolite’s inherent rock-like structure, some continuous pores
are associated with fractured quartz veins, while others are related to the natural joints
or to the natural foliations of the parent rock structure. Other groups of pores in
saprolite are continuous tubular pores (predominantly old root channels) and
nontubular weathering voids, or vughs, consisting of small diameter cavities. Some
planar and continuous tubular pores are coated with deposits of transported clays and
iron and manganese oxides indicating water has moved through them (Simpson et al.,
1987; McDaniel, 1988; McDaniel and Buol, 1988). Lastly, saprolite easily crushes to
sand-, silt-, and clay-sized particles. This is indicative of the highly weathered state of
the saprolite matrix with its wide range of pore sizes due to the differential weathering
of individual mineral grains and subsequent solution removal.

Actually, determining which of the various pore types are major conduits for water flow
is difficult. It is suspected that the large pores are major passage ways for water and
pollutants. However, saprolite has a significant water holding capacity (Amoozegar and
Robarge, 1985), and the largest pores will be effective only in water flow under
saturated conditions. Consequently, substantial matrix flow is not necessarily ruled out.

Fractures are inherent to most rock types and the saprolites derived from them. Color
zones associated with these fractures are commonplace throughout the Piedmont and
Mountain regions of North Carolina. These color zones occur in saprolites derived
from diverse rock types, such as mafic crystalline and metamorphic rocks as well as the
felsic crystalline rocks, that are present in North Carolina (Daniels et al., 1984).
Darkly coated fractures are one of the main macropore types found in saprolite
(McDaniel, 1988). The associated color zones of this type of macropore parallel the
fracture face, and radiate out into the surrounding saprolite matrix. Consequently, they
cut across, and are superimposed upon, diverse bedding structures and compositional
material.  Furthermore, their gross morphology suggests that the darkly coated
fractures are, or were, conductive macropores. The associated color zonation may
reflect differential weathering related to preferential fluid movement along the
fractures. Understanding the mineralogy of the materials associated with these color
zones is essential to clarifying their origin and nature, and thereby understanding the
fractures’ hydraulic behavior.

Considering the widespread occurrence of saprolite under most of the soils in North
Carolina, we must explore the importance of saprolite in the attenuation of pollutants.
This is especially important in cases where unsaturated saprolite is the major barrier
between the ground water and the source of contamination. Therefore, it is of utmost
importance to study the chemical and physical properties of key saprolites and to relate
their properties to the attenuation of various contaminants. Due to difficulties
associated with characterizing the material in situ, a combination of laboratory and
field techniques must be employed to determine the fate of pollutants in saprolite.



Objectives

The goal of this project was to determine the properties that could enable us to predict
the movement of water and pollutants through a number of major soils and saprolites
of the Piedmont region. This has been accomplished through four objectives:

1. To assess the attenuation of two cations and three anions most commonly present in
domestic wastes by three major soils and their associated saprolites of the Piedmont
region.

2. To determine the types of macropores within Bt (soil), B/C (transition zone), and C
(saprolite) horizons of a major soil and saprolite of the Piedmont region at different
landscape positions, and evaluate the morphology/mineralogy of prominent fractures
and associated color zones (as a macropore component) in the saprolite body.

3. To evaluate the directional saturated hydraulic conductivity of the profiles at the
above landscape positions, and compare some of the physical characteristics of the soil
and saprolite at these landscape positions.

4. To identify the types and size of macropores in saprolite and determine the
proportion of water that can move preferentially through the macropores as compared
to the saprolite matrix.






MATERIALS AND METHODS

Four sites with soils and saprolites belonging to three different soil series were located
in Franklin, Orange and Wake Counties in the Piedmont region (Figure 1). At one
site in Wake County, the soil and saprolite were characterized at three different
landscape positions through intensive field and laboratory studies. At a second site in
Wake County, contributions of different types of water-conducting pores to the
saturated and unsaturated hydraulic conductivities were estimated for saprolite. At the
Franklin County site, field and laboratory evaluations were performed at one location.
At the Orange County site, the soil and saprolite were characterized through
subsequent laboratory analyses.

At each site, undisturbed (intact) vertically oriented cores were collected from various
depths by either a Giddings hydraulically operated soil sampling probe or a
hydraulically operated double-cylinder soil sampler (also known as Uhland sampler)
attached to the boom of a backhoe. The soil sampling tube for the Giddings probe
was a 7.5-cm (3-in) diameter, 150-cm long probe equipped with a quick relief cutting
head (6.6-cm inside diameter). The samples were transported to the laboratory and
covered with paraffin for short term storage and subsequent analyses. The procedure
for preparing the soil cores for various measurements will be discussed later. Samples
collected in rings were stored in cardboard containers at 4°C prior to analysis.
Disturbed soil samples were also collected from various horizons (depths) for
laboratory analyses.

Mountain
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Figure 1. Map of North Carolina showing the relative locations of the study sites in
Franklin County (F), Orange County (O), and Wake County (W).



Wake County Sites

One site (hereafter referred to as site #1) was located in a field on the North Carolina
Agricultural Research Station-Unit 1, near Raleigh. The general area for this site is in
the rolling uplands of the Piedmont physiographic region, and its landscape consists of
a nearly level ridge (interfluve) that narrows toward a ridge nose. The field has been
in permanent pasture for the last forty years and was farmed for an unknown number
of years prior to that. Historically, it had been under mixed hardwood and conifer
forest cover that can still be observed in the adjacent Schenck Forest.

The major soils in the study area belong to the Cecil soil series with minor inclusions
of the shallower Pacolet series (Cawthorn, 1970). Both of these soils are clayey,
kaolinitic, thermic, Typic Kanhapludults (Soil Survey Staff, 1990). The parent rock
consists of felsic gneisses and schists. These light colored rock types are characterized
by high amounts of quartz and microcline with varying amounts of mica (Parker, 1979).
Thin foliation bands are extensive and occur diagonally relative to the soil surface.
Figure 2 presents the relationships of these soils with other soil series in the felsic and
mafic crystalline rock systems of the Piedmont region.

Ultisols Alfisols
Helena Sedgefield
.\
& S 3%
Yellow ..\i‘d\:" ED
App”na >10% 2:i Clays > Enon
3,
S 1 ’O% A"’o 0,0
<$ <, o\\‘f* 1N\
< (}o 2y °o@ 0’0_,_&
Wedowee v
Vance Wilkes Iredell

Modison

>10% 2:) Clays
Red Meck}l\enburg
N4
Pacolet Hiwassee
\06\
A Y

Dark Davidson > Coronaca
Red

Figure 2. Key soils and their associated soil series from felsic (Appling, Cecil, Helena,
Hiwassee, Madison, Pacolet, Vance, and Wedowee) and mafic (Coronaca,
Davidson, Enon, Iredell, Mecklenburg, Sedgefield, and Wilkes) crystalline
rocks in the Piedmont region (after Daniels et al., 1984).



Three landscape positions were selected for intensive characterizations:
1) a broad, nearly level ridge top (1% slope),

2) a mid-ridge shoulder (5% slope), and

3) a ridge nose (9% slope).

Soil-saprolite profiles were initially investigated over the entire study area, using an
open bucket hand auger, to ascertain that the selected landscape positions were
representative of the area as described in the Wake County Soil Survey (Cawthomn,
1970). A 15-m-by-30-m area, representative of a potential septic tank drainfield, was
selected at each landscape position. Undisturbed cores (6.6-cm diameter) were then
collected from the Bt, B/C and C (saprolite) horizons at the center of each rectangle
area for determining vertical saturated hydraulic conductivity profiles, soil moisture
characteristic, bulk density and solute movement/attenuation.  The undisturbed cores
were extracted to about 3-m depth (at least 1-m into saprolite) at three locations, 2-m
apart, along a straight transect. Subsequently, at each landscape position, a large
L-shaped observation pit (2-m wide, 8-m long and 3-m deep) was excavated over the
line from which vertical soil cores had been collected. Each pit was oriented with one
axis approximately parallel and the other axis perpendicular to the strike of the
foliation planes of the saprolite horizon. Soil profiles were described, and various
horizons identified on the sides of the trenches. Figure 3 presents the contour map of
the study site with the locations of observation pits.

Figure 3. Topographic map of the study area at the Wake County site #1 showing the
locations of the observation pits at (1) ridge top, (2) shoulder, and (3) ridge
nose landscape positions. Contour line elevations are in ft.



To further investigate the spatial variability of the properties in drainfield sized areas,
and to reach depths greater than 3 m, an additional set of undisturbed cores was
extracted to 5-m depth from approximately 7 m away from each observation pit.

At each landscape position the macropores on the trench walls and trench bottom
(parallel and perpendicular to the strike) were described using a 10-by-10-cm square
grid system. (Note: The strike is the compass orientation of the line of intersection
between a horizontal plane and the planar foliation bands of the saprolite.) The
macropores were assessed visually based on their type, horizon in which they occurred,
size, distribution and orientation.

Undisturbed soil cores (6.6-cm diameter) were collected in five different orientations
from each of the Bt, B/C and C horizons at each of the three landscape positions. The
orientations chosen were those most likely to clarify the influence of foliation or
bedding planes on K,. They were (1) vertical, (2) parallel to the soil surface but
perpendicular to the strike of saprolite, (3) parallel to the soil surface and parallel to
the strike, which was also downslope, (4) diagonal -- parallel to the foliation planes,
and (5) diagonal -- perpendicular to the foliation planes (Figure 4).
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Figure 4. Orientations of the undisturbed cores collected from the Wake County site
#1 for directional saturated hydraulic conductivity.
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Since the soil surface slope was less than 10%, the two orientations parallel to the soil
surface (i.e.,orientations 2 and 3) are herein referred to as horizontal directions. All
orientations (including vertical) were sampled from cleaned, undisturbed trench walls
or bottom by a 40-cm long soil sampling tube equipped with a 6.6-cm inside diameter
cutting head. The tube was driven into the ground with either a hydraulic system
mounted on the boom of a backhoe (Vepraskas et al., 1990) or a hand-operated
hydraulic jack. Three samples were collected from each of the five orientations in
each of three horizons at the three landscape positions (i.e.,3 x5 x 3 x 3 samples).

The undisturbed soil samples were transported to the laboratory and prepared for
physical analysis as described by Amoozegar (1988). Briefly, each core segment was
dipped in paraffin, trimmed to an 8-cm length, and wrapped in duct tape. Cores were
then inserted into PVC collars for measurement of K, (Figure 5). Saturated hydraulic
conductivity of the samples was determined using the constant head technique (Klute
and Dirksen, 1986). After K, measurements were completed, cores were removed from
the collars and analyzed for pore size distribution (through their moisture characteristic
curves; Klute, 1986) and/or bulk density (by the core method; Blake and Hartge, 1986).
Soil particle size distribution of the less than 2-mm size material was determined by the
pipet method (Gee and Bauder, 1986).
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Figure 5. Schematic diagram of the cross sectional area of the soil column assembly
for determination of saturated hydraulic conductivity.
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In situ K, of each of the Bt, B/C, and C horizons was determined at three locations
(within 1.5 m of the trenches and the locations where undisturbed cores had been
collected) for each of the three landscape positions. The K, was determined by the
constant head well permeameter technique (Amoozegar and Warrick, 1986) using the
Compact Constant Head Permeameter developed by Amoozegar (1989a). For this
measurement, a 6-cm diameter cylindrical hole was hand dug to the desired depth and
a 15-cm constant depth of water was maintained in the hole. After measuring the
steady state flow rate of water, K, was calculated by the Glover solution (Amoozegar,
1989b)

K, = Q[sinh @ /1) - (YH? + 1)* + 1/H}/(2nrHD). [1]

In this equation, r is the radius of the auger hole, H is the height of the water level in
the hole, Q is the steady state flow rate of water into the soil, and sinh™ is the inverse
hyperbolic "sine" function (Abramowitz and Stegun, 1970). Measurements were then
repeated in each hole while maintaining a 25-cm constant depth of water in the hole.
Field conditions were moderately dry (e.g., soil moisture content of 0.25 to 0.30 kg/kg)
and smearing of the auger hole sidewall during its construction appeared to be
minimal.

Previous studies in North Carolina and elsewhere have shown that K, is more likely to
be log normally distributed over a soil map unit (Amoozegar and Robarge, 1985;
Anderson, 1985; Nielsen et al., 1973). In this study, the mean and standard deviation
values for K, at various depth-landscape positions also indicated a possible log normal
distribution. Therefore, directional saturated hydraulic conductivity values were
compared by analysis of variance using log transformation (i.e.,log,K,, where K, was in
m/s) (SAS Institute, 1985). To assess the significance of landscape positions, the initial
analysis of variance used individual coring locations separately within each landscape
position. Since the sampling design did not truly replicate landscape position, in
subsequent analysis of variance we pooled the three landscape positions as replications
to test the significance of K, in various orientations and horizons.

For mineralogical and micromorphological analyses two large representative vertical
blocks (30 x 30 x 80 cm’) that contained several fractures and the attendant color zones
were carved from the saprolite body at a depth of 1.9to 2.7 m. The blocks were
encased in plaster, transported to the laboratory and carefully carved using a small
razor hand tool to obtain discrete samples of each component of the color zonation.
Samples from four color zones were obtained from the two blocks. In some analyses,
the very thin, intimately associated though discrete, black and white zones were
combined to obtain sufficient bulk material for study. Figure 6 shows one of the
carved saprolite blocks with two distinct fractures.

Subsequent analyses were performed on the clay fraction (< 2-um size particles).

Intact clods containing all the color zones were also collected. X-ray diffraction
patterns were determined for the clay fraction using a Diano XRD 700 diffractometer.
Only the magnesium (Mg)-saturated, room temperature traces will be discussed in this
report. Scanning electron micrographs (SEM) were obtained on representative clay
samples using a Phillips 505-T SEM unit. Microprobe spectrum analyses were obtained
from the same material using a Hitachi S-530 SEM equipped with a Tracor Northern
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Figure 6. The upper part of a block carved in situ from saprolite at a depth of 1.9 to
2.7 m with two distinct Mn oxide coated fractures.
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550 microtrace X-ray system for the energy dispersive analysis of X-rays (EDAX).
Total elemental analyses for Fe, Mn, Al, Si, Ti, Ca and K were done using hydrofluoric
acid digestion.

The second site (hereafter referred to as site #2) was a S-hectare forested area
adjacent to site #1. This site was used to study the hydraulic conductivity and the
morphological characteristics of saprolite to assess the preferential flow of water
through macropores as compared to saprolite matrix. A nested experimental design
(Webster, 1977) was used with samples collected from Bt and C (i.e., saprolite)
horizons at three locations. Location 1 was in an upland topographic position.
Location 2 was in a similar position, but was placed so that a quartz-graphite vein
bisected the pit. The vein was 0.4-m thick, inclined from the vertical at about 45°, and
extended from the soil surface to well below the depth of sampling (i.e., > 2 m). The
third location was approximately 5 m upslope from the bottom of an ephemeral stream
channel. A schematic diagram of the sampling locations is presented in Figure 7.

At each of the three locations a 3-m wide, 5-m long and 2-m deep pit was dug with a
backhoe to expose the Bt horizon and saprolite. Thirty vertically oriented undisturbed
cores, from each of the Bt and C (2-m depth) horizons at each location, were collected
in metal rings (7.6-cm diameter and 7.6-cm long) using the hydraulic coring device
developed by Vepraskas et al. (1990). In addition, 30 intact core samples, from the C
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Figure 7. Areal view of the Wake County site #2 with relative locations of sampling
pits.
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horizon at each location, were collected parallel to the foliation planes of the saprolite.
Four intact core samples were also collected in which a shear plane (Figure 8) was
completely extended through the length of each core. All cores were visually
examined, and those containing apparent irregularities caused by sampling were
discarded. No samples could be collected from the quartz vein in pit #2 because it
contained quartz stones as large as the sampling ring.

Saturated hydraulic conductivity was determined on 20 vertically oriented cores from
each of the Bt and C horizons of each pit, 20 cores that were collected parallel to the
foliation planes of the saprolite from each pit, and the four cores containing shear
planes using a constant head permeameter similar to that developed by Hill and King
(1982). Analysis of variance for a nested experimental design (Snedecor and Cochran,
1980) was used to compare K, among the two orientations and those samples
containing shear planes. For this purpose, K, values were log transformed (log,) to
approximate a normal distribution.

Figure 8. Shear plane (horizontal in core) produced a displacement of approximately
2 mm in the mineral bands of saprolite. The pores shown are coated with
Fe/Mn oxides and are < 0.2-mm wide. Bar length represents 3 mm.
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After K, was determined, a solution of 0.1% methylene blue dye was allowed to flow
through the saturated saprolite cores under a constant head to stain water-conducting
pores. The outflow was collected continuously, and the concentration of the dye was
measured periodically using a spectrophotometer. When the dye concentration in the
outflow solution equaled that of the inflow solution, the cores were removed from the
permeameter and placed in airtight buckets.

Thin sections were prepared from saprolite samples only. For this purpose, water was
first removed from the samples by acetone exchange (Murphy, 1986). The samples
were then transferred to metal cans and impregnated under vacuum with an
unsaturated polyester resin diluted with acetone. After the resin hardened, the twenty
samples from each pit were randomly divided into two groups of 10 samples each.
Following standard procedures (Murphy, 1986), horizontal thin sections were made
from one group and vertical thin sections (perpendicular to the foliation planes) were
prepared using the other group. Each thin section contained the central portion of the
core. The glass slides, 7.6-by-10-cm, were large enough to contain the entire slice of
core for both horizontal and vertical sections.

Six core samples (one from location #1, three from location #2, and two from location
#3) that were not used for the above analysis were used for unsaturated hydraulic
conductivity and water retention analyses using the one-step outflow method of Kool
and Parker (1987). The cores were placed in special buchner funnels with ceramic
plates, saturated slowly, and then allowed to drain under 10 kPa (100 cm of water) of
positive pressure. The outflow was measured with time and the unsaturated hydraulic
conductivity and water retention curve for each core were then calculated using the
SFIT model of Kool and Parker (1987) for soil water potentials ranging from 0 to
-1000 cm (soil water tensions of 0 to 1000 c¢m, respectively).

Volume percentages of macropores (e.g.,root channels) and dyed groundmass (i.e.,
saprolite matrix) were determined for each saprolite thin section by point counting
(Chayes, 1956). Approximately 250 points were examined for each thin section using a
magnification of 160X to identify whether the point fell on one of the two broad
category areas, "dyed components”, and "undyed fabric". The dyed components on the
thin section areas colored by the flow of methylene blue solution and consisted of
macropores and permeable saprolite matrix. The undyed fabric represented areas
where water was not able to penetrate and was composed of a variety of features.
Table 2 lists the micromorphological features that were considered on each thin section
and were quantified by point counting. All point counts were made by one person
using a mechanical stage. Points were spaced uniformly over the entire area of each
thin section.

Diameters of certain pores and root channels were measured microscopically using four
horizontal and four vertical thin sections from each location. The thin sections were
selected to represent the cores with K, values that spanned the range from the
maximum to the minimum measured K, values. Only macropores with a circular cross
section (as opposed to oval-shaped ones) were considered because it was assumed that
the true pore diameter could be determined from them. Although roots were rare,
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diameters of circular root cross-sections were also determined for the same reason. In
addition, the width of each observed macropore in shear planes (see Figure 8) was
determined. Planar voids were distinguished from circular channels by their length

(> 1 cm) in the thin sections.

Table 2. Individual micromorphological features that were identified on each thin
section and quantified by point counting.

FEATURE DESCRIPTION

Dyed Components

Macropores Largely channels having diameters between 0.1 and 2.0 mm.

Groundmass: Natural Largely muscovite minerals occurring in bands or lenses,
with the minerals elongated parallel to one another within a
band.

Groundmass: Infillings Channels which had been filled in by material similar in
composition to the groundmass or overlying Bt horizon.
Bow-like features frequently occurred within the infillings.

Undyed Components

Fabric Areas consisting of groundmass and macropores through
which dye solution did not flow.

Quartz bands and Bands were linear arrangements of quartz grains, several
quartz lenses grains thick, and long enough to extend across the thin
section. Lenses were similar but did not extend across the
thin section.
Others Dyed and undyed components that included opaque

materials, weathered mineral grains, and clay accumulations
that filled pores completely.
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The measured K, of saprolite was assumed to be composed of K, hydraulic
conductivity related to flow through macropores, and K|, hydraulic conductivity related
to flow through groundmass (i.e.,K, = K, + K,). In our analysis, K, was considered
equal to the unsaturated hydraulic conductivity of saprolite at a soil water potential of
-30 cm. This value of soil water potential was selected for K, because the smallest
macropores identified in the thin sections would drain based on the results obtained
from capillary rise equation for cylindrical pores

h = (-2ycos6)/(r p.g). 2]

In the above equation h is the soil water potential (cm), r is the radius of the pore
(cm), 7 is the surface tension of water (73 dynes/cm), 6 is the contact angle between
water and soil (assumed to be zero), p, is the density of water (1 g/cm’) and g is the
acceleration due to gravity (980 cm/s?). Once the value of K, was determined from the
above analysis, K, was calculated from the difference between K, and K,.

The hydraulic conductivity of macropores, K., was assessed using Poiseuille’s law for
calculating flux through a cylindrical tube (Hillel, 1982 Eq. 6.3). Using Darcy’s law
and assuming that the macropores are a bundle of tubes of a given radius r, we can
describe

K. = (N7po.gr)y/(8An). [3]

In this equation K, is saturated hydraulic conductivity attributed to flow through a
bundle of channels of radius r;, N; is the number of such channels, A is the cross
sectional area of the core, nis the viscosity of water (1.002 cp at 20 °C), and e, and g
are the density of water and acceleration due to gravity, respectively. Rearranging Eq.
[3], the number of channels (N,) of a specific radius that are needed to achieve a given
K. can be calculated (Watson and Luxmoore, 1986) by

N; = (8AnK.)/(n p.gL). [4]

The volume percentage of channels of radius r; (V) for the cores were also determined
by

V, = (100N;r)/A. [5]

Two K, values were calculated for this study: (1) the mean K_ value for the site was
obtained from the average K, for all cores samples, and (2) the maximum K, value
obtained from the core with the highest K, value.

Franklin County Site

The study site was located about three miles south of the City of Franklinton near
Highway 1 (for relative location see Figure 1). The area was in an upland ridge with a
slope of 1% to 5% and vegetation was pine and hardwood forest. No recent soil
survey map is available for Franklin County. The old soil survey (Davis et al., 1931)
classifies the soils in the general area of the study site as a member of the Cecil sandy
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loam series. Evaluation of soil profiles and texture of the Bt horizon, however, placed
the soil in the Appling series (clayey, kaolinitic, thermic, Typic Kanhapludult). The
parent rocks of the material at the study site were identified as felsic crystalline granitic
gneiss. For the relationship between this soil and other soil series in the region see
Figure 2.

Disturbed and undisturbed soil samples were collected (in vertical orientation) from
five locations in a 10-by-10-m area using the Giddings probe, as previously described.
In the laboratory, three intact cores from each of the Bt and C horizons were selected
for solute flow study which will be discussed later. Additional samples from the two
horizons were prepared for measuring K,, soil moisture characteristic curves and bulk
density. The disturbed samples were used for the solute flow experiment. In situ K,
values of the Bt and C horizons were determined at five locations by the constant head
well permeameter technique using the Compact Constant Head Permeameter
(Amoozegar, 1989a). Measurements were made using 15- and 25-cm heads of water
and K, was calculated by the Glover solution (Eq. [1]). Saturated hydraulic
conductivity of the Bt and C horizons was also determined in the laboratory by the
constant head technique (Klute and Dirksen, 1986) using 3 cores for soil and 5 cores
for saprolite. A solute flow experiment was also conducted in the field and will be
discussed later.

Orange County Site

The study site was located about eight miles north of Interstate 85 near Lake Orange
(Figure 1). The soil in the area belongs to the Georgeville soil series (clayey,
kaolinitic, thermic, Typic Kanhapludult) (Dunn, 1977), and the parent rock consists of
Carolina Slate Belt material. Figure 9 presents the relationship between this soil series
and other soils in the Carolina Slate Belt area of the Piedmont region.

The soil at the site was more than 2-m thick, so a series of intact and disturbed
samples were collected from the top of the Bt horizon to over 2-m depth at three
locations within a 100-m® area. Associated saprolite samples were collected from a
100-m® area that was less than 100 m away. The saprolite at this sampling area was
morphologically the same as the saprolite underlying the soil sampling area. The
general area for the saprolite samples had a very thin A and B horizon due to erosion
and land management activities. Both soil and saprolite sample locations had a 2% to
5% slope, but the saprolite sampling area was at a slightly lower elevation than where
soil samples were collected.

The intact core samples were transported to the laboratory and prepared for solute
flow, hydraulic conductivity, moisture characteristic and bulk density analyses as
previously described. Saturated hydraulic conductivity values of 7 cores from soil and
10 cores from saprolite were determined by the falling head or constant head
procedure in the laboratory (Klute and Dirksen, 1986).
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Figure 9. Key soils and their associated soil series in the Slate Belt of
the Piedmont region in North Carolina (after Daniels et al., 1984).

Solute Flow Study

Laboratory Study. A laboratory soil column experiment was conducted to assess the
movement of K, N-NH,, N-NO,, Cl and P-PO, through disturbed and undisturbed
samples of the three soil-saprolite sequences. For this purpose, each of the intact cores
collected from the Bt and C horizons at Franklin and Orange Counties and from the
shoulder position at the Wake County site #1 was coated with paraffin, wrapped with
two layers of duct tape, trimmed to 10-cm length and placed in two PVC rings. A
one-cm layer of washed sand was packed at each end before sealing the two open ends
of the rings with PVC plates equipped with PVC adapters (Figure 10). For a complete
description of the procedure for preparing the undisturbed cores see Amoozegar
(1988).

Disturbed materials collected from the two horizons at each site were crushed, passed
through a 2-mm sieve and packed in 6.6-cm inside diameter, 12 cm long PVC columns.
A one-cm layer of washed sand was also packed at each end of the disturbed columns
(Figure 10). Three replications of the intact cores (undisturbed), and two replications
of the repacked (disturbed) material from each horizon, were used in the study. Some
of the properties of soils and saprolites used in this part of the study are given in
Table 3.
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in the laboratory miscible displacement study.



Table 3. Some of the properties of soil (Bt horizon) and saprolite (C horizon) of the

three soils used in the column study’.

SOIL_SERIES
Cecil Appling Georgeville
HORIZONS
Bt C Bt C Bt C

CEC  mmol/kg 36.5 28.0 43.0 26.5 46.0 40.7
pH® 4.1 4.1 4.3 4.5 4.4 4.2
EC® dS/m 263 168 55 41 74 78
Clay % 52.0 21.0 44.6 12.8 36.2 8.8
Silt % 24.0 325 15.3 17.9 60.9 69.2
Sand % 24.0 46.5 40.1 69.3 2.9 22.0
Intact Cores
BD g/cm? 1.59 1.39 1.55 1.49 1.43 1.38
PD g/cm? 2.67 2.62 2.61 2.57 2.72 2.59
PV* cm’ 138 161 139 144 162 160
Repacked Cores
BD g/cm? 1.51 1.43 1.48 1.49 1.35 1.32
PV* cm’ 149 155 148 144 172 168
# BD -- Bulk Density, PD -- Particle Density, PV -- Pore Volume, CEC -- Cation

Exchange Capacity, EC -- Electrical Conductivity.
@ Determined using a 1:2 soil:water ratio.

$ Volume of intact and repacked cores = approximately 340 cm’.
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Initially, tap water was passed through each column from the bottom at an average rate
of 2 cm/d using a peristaltic pump. When water reached the top of the columns, the
flow rate was increased to 3 cm/d and the outflow was collected frequently for
analyses. After perfusing three to six pore volumes of water, a solution containing Cl,
P-PO,, N-NO,, N-NH, and K (Table 4) replaced the inflow solution. This solution was
passed through the columns at an average rate of 0.6 pore volumes (2.7 cm) per day,
and the outflow was collected on a fraction collector every 4 hours. Figure 11 presents
the schematic diagram of the experimental set up. (NOTE: Due to personnel
constraints, the flow rate was changed after 10 pore volumes of solution was perfused
through the soil and saprolite columns from the Wake and Franklin County sites.)

The volumes of the outflow samples were measured, and the pH and electrical
conductivity (EC) of selected samples from each column were determined daily. The
EC and pH of the inflow and outflow samples were respectively determined by a
pipet-type conductivity cell and a combination electrode and pH meter calibrated with
phosphate buffer solution at pH 4 and 7. To determine the movement of the
individual ions, the outflow samples were analyzed, and a breakthrough curve was
established for each ion. Potassium was determined by flame spectrometer, Cl was
determined by titration using a digital chloridometer, N-NH, and N-NO, were
determined colorimetrically, and P-PO, was determined colorimetrically by ascorbic
acid technique.

It should be noted that, to obtain a breakthrough curve, not all the outflow samples
were analyzed for all five ions. For example, Cl appeared in the outflow and reached
the inflow concentration much earlier than K. Thus, it was not necessary to analyze
the outflow samples for Cl after the Cl concentration in the outflow reached that of the
inflow. In contrast, however, analysis of the outflow samples for K was still required.

A mean breakthrough curve was obtained for each ion-soil combination using the
three replications. Because of the differences in the velocity of solution moving
through the individual columns, the following procedure was used to obtain the mean
breakthrough curves:

1. The outflow concentration (C) for each ion-soil combination was normalized by
(C - C)/(C, - C); where C, is the initial soil solution concentration, and C, is the inflow
solution concentration (see Table 4).

2. The normalized outflow concentration of each ion was plotted against the pore
volume for each replication.

3. A smooth curve was drawn through the points by visually estimating the
best fitted curve.

4. Finally, a mean breakthrough curve was obtained by averaging the values of the
pore volume for selected (C - C)/(C, - C) values of the three replications.
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Table 4. Characteristics of the inflow solution for the
laboratory solute flow study.

pH 5.7
EC (ds/m) 1920
mg/L meqg/L

K 400 10.2
N-NH, 70 5.0
N-NO, 70 5.0
Cl 187 5.2
P-PO, 155 5.0

# 1ds/m = 1 mmho/cm

Simple Solute Flow Model. The solute application in this study was considered as step
input. The concentration of solute in the soil solution before application of the salt
solution was C,. At a given time (t)), the inflow solution was replaced by a solution
that contained a number of solutes each with a given concentration referred to as C..
The step input of solute can be mathematically expressed as:

C=¢C fort<t,z=0 [6a]
C=C,fort=t,z=20 [6b]
where z is distance along the soil column.

The simplified model (Amoozegar-Fard et al., 1983) for the movement of solutes
through soils:

(C - C)/I(C, - C) = 0.5 erfc[(Rz - vt)/(4DRt)"?] M

was used to fit the experimental data. In the above equation, R is a retardation factor
(dimensionless), z is the length of column (10 cm in this study), t is time, v is pore
water velocity (Darcian velocity divided by the porosity, units cm/d), D is
diffusion-dispersion coefficient (units cm®d), and erfc is the complementary error
function defined by (Abramowitz and Stegun, 1970)

erfc(x) = (2/="?)| exp(-8%) da. [8]
X
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For a relative concentration of 0.5, [i.e.,(C - C)/(C, - C) = 0.5],Eq. [7] results in
Rz - vt = 0. [9]
From this equation the rate of movement of relative concentration 0.5 through the soil
dz/dt = v/R [10]

1s then obtained. The parameter R in this equation represents the inverse rate of the
movement of the soil solution with relative concentration equal to 0.5 for a unit pore
water velocity.

The parameters R and D were estimated for each ion-soil combination by the simple
procedure described by Amoozegar-Fard et al. (1983). From the values of the pore
water velocity and retardation factors, an estimate of the velocity of each ion through
the three soils and saprolites was obtained.

Field Study. To determine the movement of ions under field conditions, a three
dimensional field solute flow experiment was conducted at the Wake County site #1
and at the Franklin County site.

Two 7.5-cm diameter cylindrical holes were bored into the Bt (115 c¢cm deep) and in the
saprolite body (260 cm deep) at the Franklin County site. After cleaning the bottom of
the holes with an auger, a solution containing 3 g/L KBr (25 meq/L of Br or K) was
applied to each hole under 50 cm of constant head. Two modified Compact Constant
Head Permeameters (Amoozegar, 1989a) were used for this purpose.

Because of the differences in the saturated hydraulic conductivity of the Bt and
saprolite, various quantities of KBr solution were applied to the soil and saprolite.
Approximately 18 L of solution percolated into saprolite in 9 hours, and approximately
8 L percolated into the Bt horizon in a 20-hour period. At the end of the infiltration
period, the remaining KBr solution was removed from each hole, and the soil solution
was allowed to redistribute for an additional 60 hours. Intact core samples were then
collected using a 5-cm diameter sampling tube (equipped with a 4-cm inside diameter
cutting head) from nine locations on four sides of the auger hole in saprolite and
from three locations around the hole in soil (Figure 12). For the 260 cm deep hole,
the samples were collected every S cm from 145- to 340-cm depth. Additional samples
in 5-cm sections were also obtained directly under the auger hole to a depth of 330 cm.
For the 115-cm deep hole, the samples were collected in 5-cm sections from 50- to
150-cm depth.

At Wake County site #1, one 7.5-cm diameter, 170-cm deep hole was bored into
saprolite. A solution containing 3 g/L KBr was then applied under 50 cm of constant
head and allowed to percolate into the profile. After 22 L of KBr solution percolated
into the profile (in about 4 hours), the remaining KBr solution was removed from the
hole, and the soil solution was allowed to redistribute around the hole in the profile for
an additional 44 hours. Soil samples were collected in S5-cm sections from 90- to
240-cm depths at 11 points along two transects intersecting the center of the auger
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hole. An additional core was collected from the bottom of the hole to a depth of 280
cm. The samples were collected with a 5-cm diameter tube equipped with a 4-cm
diameter cutting head. Figure 13 shows the top view of the locations of the samples
around the auger hole.

The samples were transported to the laboratory, oven dried at 105°C for 24 hours and
crushed to pass through a 2-mm sieve. Each sample was thoroughly mixed, and a 10 g
subsample was obtained which was then mixed with 50 ml of deionized water. The
soil-water mixture was shaken slowly on a mechanical shaker for one hour, and was
then filtered using #41 filter paper. The extracted solution was analyzed for Br using a
Br specific electrode, and for K by flame spectrometer.
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solution source) at the Wake County site #1.
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RESULTS AND DISCUSSION
Solute Movement through Soil and Saprolite

The three soils and saprolites selected for the laboratory solute flow study had diverse
physical and morphological characteristics (see Table 3). The saturated hydraulic
conductivities and soil water retention properties of the three soils and saprolites are
presented in Tables 5 and 6, respectively. In general, the soil and saprolite of the Cecil
soil had a higher saturated hydraulic conductivity than the corresponding horizons of
the Appling and Georgeville soils. Also, the conductivities of the Bt and C horizons of
the Cecil soil were in the same order of magnitude. In Appling and Georgeville soils,
however, saprolite had a much higher conductivity than the soil above it.

For both Appling and Cecil saprolites, the in situ K, measured under 15 cm of head
was larger than the corresponding K, determined under 25 cm of head. For the Bt
horizons of both soils, however, K, determined under 15-cm head was lower than the K,
measured under 25-cm head. From these data and using the analysis of Amoozegar
(1989b), we conclude that the saturated hydraulic conductivity of the Bt horizons of
both soils decreases with depth while the K, of the upper part of saprolite increases
with depth. (NOTE: In the section "In Situ Saturated Hydraulic Conductivity" the

Table 5. Arithmetic mean and standard deviation (in parentheses) of saturated
hydraulic conductivity (K,) of the three soils and saprolites used in the
miscible displacement study.

Cecil Appling Georgeville
Soil  Saprolite Soil  Saprolite Soil  Saprolite
(Bt) (©) (Bt) © (Bt) ©
cm/d
Laboratory 13.39 8.73 0.98 8.26 0.34 12.55
(10.89) (5.10) 0.19) (3.46) 0.24) (4.92)
In Situ:
15-cm head”’ 7.42  17.62 1.30 9.60 NM® NM
(7.08) (0.77) (1.04) (7.30)
25-cm head”’ 10.03  10.58 1.94 6.86 NM NM
(6.89) (3.46) (2.38) (5.11)

# The head refers to the depth of water (H) in the auger hole (see Eq. [1]).

@ NM -- Not measured.
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Table 6. Soil water retention under 0 to 400 cm of pressure (0 to -400 cm soil water
potential) for the three soils used in the miscible displacement study.

Pressure

cm

0

50
100
200
300
400

50
100
200
300
400

Cecil Appling Georgeville
Soil  Saprolite Soil  Saprolite Soil  Saprolite
(BY ©) (BY) © (Bt) ©)

cm’/cm?

Intact Cores
0.47 0.52 0.44 0.42 0.52 0.54
0.43 0.48 0.41 0.38 0.51 0.52
0.42 0.47 0.40 0.36 0.51 0.50
0.40 0.43 0.39 0.34 0.49 0.47
0.39 0.39 0.38 0.32 0.49 0.41
0.39 0.35 0.37 0.31 0.47 0.36
Repacked Cores
0.51 0.51 0.48 0.44 0.56 0.51
0.50 0.50 0.47 0.43 0.55 0.50
0.50 0.50 0.47 0.43 0.55 0.50
0.49 0.50 0.47 0.42 0.55 0.50
0.46 0.48 0.47 0.40 0.54 0.50
0.44 0.45 0.47 0.38 0.54 0.50
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significance of differences between K, values determined under 15- and 25-cm heads
for Bt, B/C and C horizons will be discussed in more detail.) These results are in
agreement with previously reported hydraulic conductivity profiles of different soils
(Simpson, 1986), and with the results obtained from evaluating the hydraulic properties
of the Cecil soil at various landscape positions. The properties of the soil and saprolite
of the Cecil soil will be discussed in more detail later.

Comparison of the moisture retention data for disturbed and undisturbed soil and
saprolite of the three soils indicates that the repacked soil and saprolite cores had a
much narrower pore size distribution. The amount of water moving out of the
repacked cores from zero to 400 cm of pressure ranged from 1% for the Bt material of
the Appling soil and saprolite of the Georgeville soil to 7% for the Bt horizon of the
Cecil soil. The change in the water content of intact cores, however, was higher than
the change for the repacked cores of the corresponding soil and saprolite.

Laboratory Study. The concentration of individual ions under consideration and total
dissolved solids, as expressed by the EC, in the initial outflow samples (i.e., during tap
water application) varied for different soil and saprolite columns. The concentration of
the outflow solution for each ion-soil combination at the time of switching the inflow
solution from tap water to salt solution was taken as the initial outflow solute
concentration (C) for the five ions and EC (Table 7).

As previously discussed, the outflow concentrations after solute application (i.e.,C) for
the five ions were normalized by (C - C)/(C, - C). A breakthrough curve was
established for each individual ion-soil replication by visually estimating the best fitted
curve. In most cases, the visually fitted curve represented the actual data quite well,
and the replications for all disturbed and undisturbed soil and saprolite samples were
similar. As an example, Figure 14 presents the experimental relative concentrations,

the fitted breakthrough curves for the three replications and the calculated average
breakthrough curve for the movement of NO, through undisturbed saprolite samples of
the Cecil soil (shoulder position at site #1 in Wake County).

It is evident that, although no mathematical or statistical procedure was employed to
estimate the breakthrough curves, the visually fitted curves are reasonable. In a few
cases, however, individual breakthrough curves for a given ion deviated from one
another. In these cases, a best fitted average curve was calculated for comparison with
other breakthrough curves. Because of the number of breakthrough curves, only
selected ones are presented in the text. The remaining breakthrough curves and the
actual data, however, are presented for all cases in the Appendix.

Potassium moved through the undisturbed (intact) soil columns of the Cecil soil rather
fast and appeared in the outflow solution within the first pore volume (Figure 15). The
movement through disturbed (repacked) soil cores, on the other hand, was delayed.

No K moved through the column before at least two pore volumes of solution
displacement. The rate of flow after the initial appearance of K in the outflow solution
was faster for the disturbed soil than for the undisturbed material. For saprolite, K
appeared in the outflow solution from undisturbed and disturbed samples after one
pore volume of displacement (Figure 15). The rate of movement for disturbed
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Table 7. Initial soil solution concentration (C) of the five ions, EC and pH for the soil
and saprolite columns.

Cecil Appling Georgeville

Soil  Saprolite Soil  Saprolite Soil  Saprolite

(BY) © (BY) ©) (BY) ©
Intact Cores
EC, ds/m” 245 179 64 55 52 91
pH 6.4 5.0 6.0 5.8 6.1 6.0

mg/L
K 9.5 25.4 1.3 1.3 2.0 4.0
NH, 0.0 0.0 0.0 0.0 0.0 0.0
NO, 1.0 1.1 0.8 0.7 1.3 0.0
Cl 13.9 30.3 7.9 11.0 11.3 10.5
PO, 0 0 0 0 0 0
Repacked Cores
EC, ds/m 225 110 54 52 65 105
pH 6.4 6.1 55 6.0 5.0 5.4
mg/L

K 4.9 5.0 2.2 2.3 2.7 7.7
NH, 0.0 0.5 0.1 0.1 0.0 0.1
NO, 1.4 1.1 0.7 0.8 2.7 0.0
Cl 7.2 8.9 12.9 11.1 9.8 10.9
PO, 0 0 0 0 0 0
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Figure 14. Experimental relative concentration vs. pore volume and fitted breakthrough curves for three

replications and the average breakthrough curve for the movement of NO, through intact saprolite
cores of the Cecil soil.
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material was higher than the rate of flow through the corresponding undisturbed cores.
Potassium appeared in the outflow solution of undisturbed saprolite after one pore
volume of displacement, and its rate of movement was faster than through the
undisturbed soil.

The positions of the breakthrough curves for undisturbed soil and saprolite of the Cecil
soil series indicate that more K was attenuated by the Bt material than by the saprolite
(see the breakthrough curves in Figure 15). Disturbing saprolite had little effect on its
attenuation capacity. Disturbing the soil, however, resulted in a higher attenuation of
K as indicated by the relative shift of the breakthrough curve to the right for the
repacked material in comparison to the intact soil cores.

Potassium movement through the undisturbed soil cores of the Appling soil from the
Franklin County site was faster than the movement through the disturbed cores (Figure
16). Potassium appeared in the outflow of the undisturbed soil cores during the first
pore volume of displacement. The amount of K attenuated by the undisturbed

material was also less than the amount attenuated by the repacked soil columns.
Potassium appeared in the outflow solution of both disturbed and undisturbed saprolite
material from the Franklin County site after one pore volume of displacement.

Further, the rate of movement of K and the amount of attenuation were similar for
both disturbed and undisturbed saprolite. Comparison of the breakthrough curves for
undisturbed soil and saprolite cores indicated that K appeared in the outflow solution
of the saprolite later than it appeared in the soil, but it moved at a higher rate after
that. The total amount of attenuation of K by soil material was slightly larger than the
amount attenuated by saprolite.

In the Georgeville soil from the Orange County site, K appeared faster in the outflow
solution of the undisturbed soil than in the outflow solution of the disturbed soil
(Figure 17). Once K appeared in the outflow solution of the disturbed soil cores, it
moved rather slowly until the relative concentration of 0.1 was reached. After that, the
rate of movement of K greatly increased. Movement of K through the Georgeville
saprolite was very slow at the beginning, but its rate of movement increased sharply
after the third and fourth pore volume of displacement through the undisturbed and
disturbed material, respectively.

The rate of movement of K through undisturbed soil cores was less than the rate of
movement through undisturbed saprolite. Also, more K was attenuated by the
undisturbed soil than by the undisturbed saprolite. More K was attenuated by the
repacked soil than by the intact soil core samples. The amount of attenuation by the
disturbed saprolite material was also higher than by the undisturbed saprolite, but
attenuation by the disturbed saprolite remained less than that of the soil material.

Ammonium movement through the disturbed and undisturbed soil cores of the Cecil
soil (Figure 18) was similar to the movement of K. Ammonium appeared in the
outflow of the undisturbed soil cores within the first pore volume. In disturbed soil,
however, its movement was delayed until the fourth pore volume of solution had passed
through the columns. In contrast, NH, moved through the undisturbed saprolite at the
same rate as the K, whereas in the disturbed material NH, movement was delayed until
the fourth pore volume of inflow solution had passed through the columns.
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Ammonium movement through the undisturbed soil and saprolite cores of the Appling
soil was also similar to the movement of K (Figure 19). However, for disturbed soil
and saprolite, NH, appeared in the outflow solution after the third pore volume
displacement and moved very rapidly until the relative concentration of about 0.6 was
reached. Then, the rate of flow was reduced, and the outflow concentration remained
at about 65 mg/L for the remainder of the study period.

Ammonium appeared in the outflow of the undisturbed soil cores of the Georgeville
soil within the first pore volume, while it appeared in the outflow of the repacked soil
columns only after the third pore volume of displacement (Figure 20). The rate of
flow of NH, through the undisturbed saprolite increased sharply after six pore volumes
of displacement. The rate of flow through the disturbed saprolite cores, however, was
much higher in the beginning of the study period.

Nitrate (NO,) appeared in the outflow of the undisturbed soil faster than in the outflow
of the undisturbed saprolite columns of the Cecil soil. The total amount of attenuation
was about the same for both materials (Figure 21). The comparison between the
disturbed soil and disturbed saprolite of this soil series also indicated that NO, moved
at approximately the same rate through both soil and saprolite with equal attenuation.
The rate of movement of NO, through disturbed columns, however, was higher than the
rate of movement through corresponding undisturbed cores for both soil and saprolite.
Chloride movement through the undisturbed soil and saprolite of the Cecil soil was
similar to the movement of NO, for corresponding cores. Like nitrate, the CI
breakthrough curves for the disturbed material were sharper than the breakthrough
curves for the corresponding undisturbed material. The breakthrough curves for Cl are
given in the Appendix.

Nitrate and Cl appeared in the outflow solution of both the undisturbed soil and
saprolite cores of the Appling soil within the first pore volume of displacement. Their
movement through the disturbed soil and saprolite, however, was delayed until after 1.5
pore volume of displacement. The rate of flow of each of the two solutes through
repacked soil columns was very high, and the outflow concentration reached the inflow
concentration (i.e., relative concentration of 1) within a short time. The total amounts
of attenuation of NO, and Cl by the soil and saprolite were very similar. Also, no
appreciable difference in the total attenuation capacity was observed when saprolite
was crushed and repacked. The average breakthrough curves for movement of NO,
through intact and repacked soil and saprolite cores are presented in Figure 22, and
the breakthrough curves for Cl are given in the Appendix.

Both NO, (Figure 23) and Cl (Appendix) appeared in the outflow solution of the
intact Bt cores of the Georgeville soil very quickly. Their movement through the
disturbed Bt cores, however, was delayed until the second pore volume of displacement.
Once these two ions appeared in the outflow, their concentrations reached their
corresponding inflow concentrations very rapidly.

It should be noted that the concentration of NO, in the outflow of the disturbed soil
columns exceeded the inflow concentration from the third to the fourth pore volume of
displacement. The same type of behavior was observed for Cl from the fourth to the
fifth pore volume displacement (see the Appendix for individual data). The outflow
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concentrations for both ions then returned to their inflow solution levels. This may
be due to a temporary attenuation of NO, and Cl during the initial phase of solute
application and a subsequent removal, but presently no clear explanation can be
offered for it. The movement of both ions through the disturbed and undisturbed
saprolite was very similar. Nitrate appeared at approximately the same time in the
outflow solution of the disturbed and undisturbed saprolite cores, and then quickly
reached the inflow concentration within approximately one pore volume of
displacement.

Movement of PO, through the soil and saprolite of the three soil series varied
considerably (data presented in the Appendix). In the intact soil cores of the Cecil
soil, the relative concentration of PO, reached 0.5 after 10 pore volumes of
displacement, while the relative concentration for intact saprolite cores was less than
0.4 for all three replications. Only traces of PO, were measured in the outflow of the
repacked soil and repacked saprolite materials of the Cecil soil. For the Georgeville
soil series, little PO, moved through the undisturbed and disturbed Bt cores. The
movement of PO, through both disturbed and undisturbed saprolite materials, in
contrast, was substantial. The relative PO, outflow concentration for saprolite reached
as high as 0.85 during the eighth pore volume displacement. Little phosphate moved
through the repacked soil and repacked saprolite materials of the Appling soil series.
Only the relative concentration of PO, in one replication of the intact Bt material
reached 0.4 after 10 pore volumes of displacement. The movement of PO, through
undisturbed saprolite of the Appling soil series was also very slow.

It should be noted that the concentration of PO, in the outflow solution of the soil and
saprolite cores of the Cecil and Appling soils decreased substantially when the inflow
solution flow rate was reduced, as previously discussed, after about 10 pore volumes of
solution displacement. The concentrations of K and NH, in the outflow solutions of
the soil and saprolite of these two soil series also decreased, but the reduction was
much less than the decrease for PO,.

A close look at the breakthrough curves for all the disturbed and undisturbed soil and
saprolite cores indicated that, in most cases, the ions under consideration appeared in
the outflow solution of the undisturbed soil cores within the first pore volume of
displacement. For repacked soil cores, however, the ions appeared later, but the
outflow concentration increased rapidly after that. In saprolite, the appearance of the
ions in the outflow solution generally occurred later than the appearance of the ions in
the corresponding undisturbed Bt material, but there was little difference between the
disturbed and undisturbed saprolite cores.

These results are consistent with the results of pore size distribution and hydraulic
conductivity measurements. Some pores in the Bt material are associated with the
interped (soil structure) faces and may extend the length of a 10-cm column. These
pores will obviously conduct water at a much faster rate than the matrix of the soil
core, resulting in a more rapid appearance of any solute present in the percolating
water. When the Bt material, with distinct structure, is crushed and repacked, the
larger pores are destroyed and the very small pores cannot be reproduced. In
saprolite, it seems that the lack of soil structure in the body of material contributes to
a narrower range of pore size distribution. As a result, no substantial differences can
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be observed for the saprolite cores between the breakthrough curves of the disturbed
and undisturbed material.

Simple Error Function Model. The retardation factors (R) for the movement of K and
NH, through disturbed soil columns of the Cecil (Table 8) and Appling (Table 9) soils
were higher than R values for the corresponding undisturbed soil columns. For
saprolite cores, however, the R values for disturbed and undisturbed material were not
significantly different for each of the two ions. Similarly, for the movement of NO, and
Cl, the R values for the disturbed and undisturbed soil and saprolite of each of the
three soils were not significantly different. For the Georgeville soil (Table 10), there
was not a major difference between the R values for the disturbed and undisturbed
cores of the soil and saprolite for all four ions.

The diffusion-dispersion coefficients (D) for the movement of all four ions through
undisturbed soils of the three soil series were consistently higher than their
corresponding D for the disturbed soil cores or undisturbed saprolite columns. The D
values of the four ions for the undisturbed saprolite cores were also consistently higher
than the D values for the corresponding disturbed cores. No trend existed between
the D values for any of the four ions for the disturbed soil or saprolite of each of the
three sites (Tables 8 to 10).

Using results in Tables 8 to 10, velocity of the relative concentration equal to 0.5 for a
unit pore water velocity for each ion-soil/saprolite combination has been calculated
(Table 11). These velocity values can be used as a first approximation for evaluating
relative mobility of the four ions through the soil and saprolites of the three soils.

Potassium Bromide Field Study. Figure 24 presents the Br concentration under and
around the cylindrical source where KBr was applied to the saprolite of the Appling
soil. The concentration profiles indicated that Br moved through the saprolite under
the cylindrical auger hole, but its movement around the hole was not symmetrical. The
data presented in Figure 24 clearly show that Br did not move appreciably on two sides
of the auger hole. At one side, Br moved a distance of less than 20 cm along the
length of the auger hole, but its movement was fairly uniform throughout the profile.
On the other side, Br moved more than 20 cm in the 200-to 290-cm depth interval.
Lack of sharp increases in the concentration of Br in any small depth interval is an
indication that no distinct macropore existed in the volume of saprolite involved in this
experiment. However, it should be noted that the higher concentration of Br on one
side of the auger hole could be due to the presence of a zone of higher conductivity as
a result of natural spatial variation of soil hydraulic properties or to variation in
directional hydraulic conductivity. (NOTE: For the position of soil samples around the
central auger hole see Figure 12.)

Bromide concentration in the 50- to 150-cm depth interval at the Franklin County site
shows that the solute moved as far as 15 cm from the auger hole (Figure 25).
Comparison of the three profiles shown in Figure 25 with those given in Figure 24
indicated that Br movement was more variable in short vertical distances in the Bt
than the saprolite. This microvariability may be due to the presence of planar voids
(pores associated with soil structure) and tubular pores (root channels and worm holes)
that are generally present in the Bt horizon.
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Table 8. Estimates of the retardation factor (R) and diffusion-dispersion coefficient
(D) obtained from Eq. [7] for the movement of four ions through the Cecil
soil and saprolite samples.

INTACT REPACKED

Soil Saprolite Soil Saprolite

R (dimensionless)

K 6.87 5.23 10.15 5.29
NH, 7.00 5.31 8.99 6.09
NO, 1.76 1.98 1.60 1.92
Cl 1.44 2.04 1.77 2.18
D (cm®/d)
K 33.84 26.64 5.04 12.24
NH, 36.48 19.20 5.76 12.72
NO, 56.16 4.32 3.36 0.96
Cl 24.48 3.60 2.16 0.48
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Table 9. Estimate of the retardation factor (R) and diffusion-dispersion
coefficient (D) obtained from Eq. [7] for the movement of four ions through
the Appling soil and saprolite samples.

INTACT REPACKED

Soil Saprolite Soil Saprolite

R (dimensionless)

K 8.46 7.41 11.02 5.29
NH, 6.49 5.87 8.34 6.39
NO, 2.20 2.32 2.77 2.15
Cl 2.48 2.32 3.37 2.51
D (cm?d)
K 56.40 32.16 9.84 18.96
NH, 48.00 28.32 13.44 22.32
NO, 38.16 12.48 1.13 0.55
Cl 25.68 11.28 1.07 1.37
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Table 10. Estimate of the retardation factor (R) and diffusion-dispersion coefficient
(D) obtained from Eq. [7] for the movement of four ions through the
Georgeville soil and saprolite samples.

INTACT REPACKED

Soil Saprolite Soil Saprolite

R (dimensionless)

K 5.12 5.50 7.59 5.48
NH, 4.23 7.45 4.96 5.79
NO, 12.15 1.39 2.85 1.20
Cl 2.15 1.38 3.18 1.26
D (cm?/d)
K 96.00 10.97 7.75 3.41
NH, 65.28 29.04 0.48 9.60
NO, 42.72 3.12 0.24 0.72
Cl 41.28 1.92 1.68 0.72
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Table 11. Velocity of relative concentration 0.5 through undisturbed
soil and saprolite columns for a unit pore water velocity,
v (units are the same as units for v; e.g.,cm/d).

SOIL SAPROLITE
Cecil soail ---- units same as v ----
K 0.146 0.191
NH, 0.143 0.188
NO, 0.568 0.505
Cl 0.694 0.490
Appling soil
K 0.118 0.135
NH, 0.154 0.170
NO, 0.455 0.463
Cl 0.403 0.431
Georgeville soil
K 0.195 0.182
NH, 0.236 0.134
NO, 0.465 0.719
Cl 0.465 0.725
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Similar to Br, K moved through saprolite more than 10 cm at two sides of the
cylindrical source, while its concentration remained at less than 10 mg/kg throughout
the profile at orientations 1 and 2 (Figure 26). The K concentration under the hole
was greater than 10 mg/kg above the 300 cm depth. Lower concentration of soluble K,
as compared to Br, in orientations 3 and 4 is a result of attenuation of K (through
cation exchange) in saprolite. The movement of both ions through saprolite at the
Franklin County site was significant.

Bromide concentration decreased under the cylindrical source in the saprolite of the
Cecil soil series from about 900 mg/kg to about 10 mg/Kg at over 260 cm depth
(Figure 27). Unlike the Franklin County site, Br moved substantially in all four
directions around the auger hole. In orientations 1, 3 and 4, Br moved more than 20
cm away from the auger hole, while its movement was restricted to less than 20 cm in
orientation 2 (for the locations of soil samples see Figure 13). The depth of the
auger hole (source of the Br solution) was 170 cm, and the depth to the top of the
solution level in the hole during the experiment was 120 cm (a net standing depth of 50
cm of solution in the hole).

It is obvious that Br movement in the horizontal direction was substantial.  Also, note
that the soil solution concentration above the 120 cm depth is larger than expected for
the natural soil. This is perhaps due to upward movement of water from the cylindrical
source by capillary action. In our laboratory measurements of K, and soil moisture
characteristic we have noted that the saprolite at this site has a tendency to absorb
water and become saturated in a short period of time. The lateral and upward
movement of Br support our observations of capillary flow in saprolite.

Higher concentrations of Br were measured at the 30-cm distance from the auger hole
in orientation 2 than at the 20-cm distance. Bromide concentration at the 30-cm
distance was also fairly uniform throughout the profile and was higher than the
concentrations at the 10-cm distance in the 110- to 130-cm and 190- to 240-cm depth
intervals. From evaluation of the 12 Br profiles given in Figure 26, no major fracture
appears to intercept the bottom 50 cm of the auger hole (from 120- to 170-cm depth
interval). Additionally, there appear to be neighboring zones with different hydraulic
properties causing micro spatial variability associated with various zones in saprolite.

Potassium concentrations under and around the cylindrical source are presented in
Figure 28. Like Br, K concentration under the source decreased with depth. Higher K
concentration was observed at 10- and 20-cm distances in orientations 1, 3 and 4. In
orientation 2, K only moved to between 10- and 20-cm distance. At 30-cm distance in
orientation 2, a higher (although not significant) K concentration was observed than at
the 20-cm distance. Evaluation of all the K profiles indicated that no major fracture
intercepted the lower 50-cm part of the auger hole and that horizontal movement of
the KBr solution was substantial at the Wake County site #1.
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Macroporosity of Soil Profiles and Color Zones within Saprolite

In general, the soil profiles at the ridge top, shoulder, and ridge nose landscape
positions at site #1 in Wake County were within the range of the Cecil and Pacolet soil
series (Tables 12, 13, and 14). The Pacolet series is similar to the Cecil series but has
a thinner Bt horizon (see Figure 2). The Ap horizons at all three landscape

positions were generally thin and were not considered for evaluation. Consequently,
only the results for the Bt, B/C and C (saprolite) horizons will be discussed.

The red clayey Bt horizons at all three landscape positions were characterized by
moderate to strong subangular blocky structure. The thickness of this horizon varied
within the observation pits and across the landscape. Angular quartz gravel comprised
roughly 5% of the soil volume and occurred primarily as fractured, planar quartz veins
of apparently random orientations.

The transitional horizon between the Bt and C horizons consisted of discrete
intermingled bodies of red clay and multicolored, loamy saprolite fragments. At the
ridge top, the transitional horizon was a Bt/C horizon. On the more actively eroded
shoulder and nose landscape positions, the transitional horizons were progressively
more gradational from the overlying Bt to underlying saprolite and were expressed as
B/C. The coarse fragment content and distribution in the Bt/C and B/C horizons at
all three landscape positions were the same as for their respective Bt horizon.
Hereafter we refer to the transitional horizons at all three landscape positions as B/C.

The C horizons at all three landscape positions were massive, continuous, multicolored
(yellow, pink, purple, white, and red) saprolite composed of thin foliation bands of
varying texture. Textural analyses of the C horizons indicated a range of textures from
silt to gravely, sandy loam reflecting the variability of the gneiss and schist parent rock
materials. Clay contents in the saprolites at the three landscape positions were
generally < 5% in the matrix, but ranged to > 35% in tubular, clay filled pores. The
>2-mm coarse fragment content was between 5% and 17%, and consisted mainly of
angular quartz gravel in fractured planar quartz veins or lenticular quartz discs.

Macroporosity. Five key types of macropores were identified at the three landscape
positions: interped planar voids, clay-filled or partially clay-filled continuous tubular
pores, foliation bands, fractured planar quartz veins, and oxide coated fracture faces
(Table 15).

The interped planar voids were largely confined to the Bt horizon (20- to 80-cm
depths), and were considered typical of the strong, medium, subangular blocky structure
of the Cecil soil series. In the absence of continuous tubular macropores (e.g.,root
channels, earthworm holes) these extensive pedogenically derived macropores are
considered the primary pathway of preferential fluid movement in the Bt horizon.

Clay-filled continuous channels with diameters ranging from 2 to 50 mm occurred in
both the B/C and C horizons to depths > 2.5m at all three landscape positions. In
general, these were predominantly old root channels filled with clay, as evidenced by
their morphology and the occasional presence of decomposing root material. In the
transitional B/C horizons, the clay-filled channels gradually disappeared upwards as
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Table 12. Morphological properties of pedons described in the observation pit at the ridge top position.
Each entry is the overall average of the respective property over the entire observation pit.

Abbreviations are after USDA-SCS (1974)".

Horizon  Depth Color Texture Structure Consistence Roots Boundary Clay Films
(cm) (moist) (moist; wet)
Ap 0-18 7.5YR 4/4 1 2f, m, gr fr; ss, sp 3vf, AS --
Bt 18-76 2.5YR 4/6 c 3f, m, sbk fi;sp 2vf, f GW 2kpf
Bt/C 76-100 2.5YR 4/6 c 2m, sbk fi; ss, p 2vf, f GW 2npf, po
2.5YR 5/8 cl 1m, sbk fr; ss, p 2vf, f Inpf, po
B/C 100-150 2.5YR 5/8 cl Im, sbk fr; ss, p 2vf, f GI Inpf, po
7.5YR 5/8 1 OM fr; os, op 1f --
Cl1 150-180 7.5YR 5/8 1 OM fr; os, op 1f GI 1k tub. po
C2 180-300+  Variegated 1 OM fr; os, op 1f -- In tub. po
# Structure Consistence
O = no soil structure M = massive gr = granular fr = friable os = nonsticky
(remnant rock structure)  vf = very fine sbk = subangular blocky fi = firm ss = slightly sticky
1 = weak f = fine s = sticky
2 = moderate m = medium op = nonplastic
3 = strong sp = slightly plastic
= plastic
Texture Boundary Clay Films Roots
1 = loam A = abrupt S = smooth 1 = few k = thick pf = ped faces 1 = few
cl =clay loam G = gradual W = wavy 2 = common n = thin po = pores 2 = common
¢ = clay I = irregular tub. po = tubular pores 3 = many
vf = very fine

f = fine



Table 13. Morphological properties of pedons described in the observation pit at the shoulder position.
Each entry is the overall average of the respective property over the entire observation pit.
For Abbreviations see Table 12.

19

Horizon  Depth Color Texture Structure Consistence Roots Boundary  Clay Films
(cm) (moist) (moist; wet)
Ap 0-17 7.5YR 4/4 1 2f, m, gr fr; ss, sp 3vf, f AS -
Bt1 17-45 2.5YR 3/6 c 2f, m, sbk fi; s, p 2vf, f GW 2kpf
Bt2 45-52 . 2.5YR 3/6 cl 3f, sbk fi; ss, p 2vf, f GW 2nlkpf
B/C 52-93 2.5YR 3/8 cl 1m, sbk fr; ss, p 2vf, f GI Inpf, 1k
7.5YR 5/8 1 oM fr; os, op 1f -- tub. po

Cl1 93-165 7.5YR 5/8 1 OM fr; os, op 1f GI 1k tub. po
C2 165-300+  Variegated 1 OM fr; os, op 1f -- In tub. po
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Table 14. Morphological properties of pedons described in the observation pit at the ridge nose position.
Each entry is the overall average of the respective property over the entire observation pit.

For abbreviations see Table 12.

Horizon  Depth Color Texture Structure Consistence Roots Boundary Clay Films
(cm) (moist) (moist; wet)

Ap 0-11 7.5YR 4/4 1 2vf, m, gr fr; ss, sp Ivf, f AS --

Bt 11-46 2.5YR 4/6 c 2f, m, sbk fi;s, p 2vf, f GwW 2npf

B/C 46-75 2.5YR 5/8 cl 2m, sbk fr; ss, sp 2vf, f GI In tub. po
7.5YR 7/4 1 OM fr; os, op 1f --

C 75-300+  7.5YR 5/8 1° oM fr; os, op If -- 1n tub. po
7.5YR 7/4 (remnant rock
(Variegated) structure)

@ Textures of the C horizon include thin foliation bands ranging from loam to gravelly loam.



Table 15.

Types and characteristics of the macropores observed

pits at site #1 in Wake County.

in the observation

RELATIVE SIZE
TYPE HORIZON FREQUENCY * (RANGE) ORIENTATION
Interped Bt 400/100 cm*> <1 mm diam. md*
planar voids B/C 50/100 cm® <1mm diam. md
C 0 0 -
Continuous *
tubular pores
a) Clay Bt <1/100 cm? 2-50 mm diam. md
filled B/C 5/100 cm’ 2-50 mm diam. md
C 3/100 cm? 2-50 mm diam. md
b) Partially Bt 20/100 cm*  1-20 mm diam. md
filled B/C 4/4 m? 1-20 mm diam. md
C <2/4 m’ 1-3 mm diam. md
Foliation planes Bt 0 0 --
(bands, interbed B/C 65/100 cm’ 1-50 mm thick” diagonal
shear planes) C 80/100 cm? 1-30 mm thick” diagonal
Fractured planar Bt 2/4 m? 5-100 mm thick” md
quartz veins B/C 2/4 m? 5-100 mm thick” md
C 2/4 m? 5-100 mm thick” md
Planar fractures Bt <2/4 m* <1-1.5mm thick vertical
(oxide coated) B/C 8/4 m* <1-1.5mm thick vertical
C 8/4 m? <1-2.0mm thick vertical

# Relative Frequency is number of macropores per specified measurement area.

@ md refers to "multidirectional” (no dominant orientation).

$ core segments in the lab showed a strong correlation between atypically high K,
and the occurrence of very small (<1 mm diameter) continuous tubular pores.
However, size makes these pores difficult to consistently detect in the field and
consequently were not tabulated.

* refers to band or vein thickness; actual void thickness is <0.1mm.
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they were integrated with the Bt horizon. This feature was not observed in the Bt
horizons. In the saprolite, some old root channels were completely filled with clay
material that visually matched the clay in the overlying Bt horizon, and their internal
clay content greatly exceeded the clay content of the surrounding matrix. Although
hand lens observations revealed small (<1 mm ) discontinuous open pores, these old
root channels are apparently no longer active macropores. (Clay-filled channels are
herein considered as a type of macropore because in active forested areas not all root
channels are completely filled with translocated clay materials.)

Partially clay-filled continuous pores of 1- to 20-mm diameters occurred in the soil
profile infrequently (less than 2 pores per 4-m’ area in the C horizon). Although these
are active macropores, as evidenced by the coatings of translocated clay and Fe/Mn
oxides, their low frequency relative to the soil volume and their small diameters
indicated that they may not significantly contribute to macropore flow in the B/C or C
horizons. Partially clay-filled continuous tubular pores <1-mm diameter, which are at
or beyond the lower limit of visual detection in the field, occurred throughout the
profile. These pores were not tabulated as macropores. In the absence of larger
pores, however, they may contribute considerably to water movement.

Foliation bands or bedding planes (i.e.,residual layering inherited from the parent
rock) were widespread in the saprolite of the study area. The foliations were finely
bedded with dips ranging from 55° to 75° off the horizontal (or 35° to 15° with regard to
vertical direction). (NOTE: The dip is the slope of the foliation band at right angles to
the strike which was defined earlier.) The strike ranged from 7° northwest to 15°
northeast. Foliation band thickness ranged from 1 mm to 50 mm. The relative activity
and impact of these planes on water movement was assessed through morphological
observations and by determining the directional saturated hydraulic conductivity which
will be discussed later.

Fractured planar quartz veins were common throughout the area, and ranged in
thickness from 5 to 100 mm. These veins occurred throughout the soil solum and
saprolite, with an approximate frequency of 2 veins per 2-m’ area of the profile as
measured at each of the three landscape positions on the pit wall. The observed veins
were multidirectional (i.e.,not limited or related to the foliation planes) and appeared
to be the most active component of the macropore network, as evidenced by extensive,
continuous open pores that were heavily lined with translocated clays.

Planar oxide coated fracture faces that are roughly perpendicular to both the foliation
planes and the ground surface were common in the saprolite. These planar voids
clearly reached into the lower Bt horizon and gradually disappeared upwards into the
argillic (i.e., Bt) horizon. These pores, which extended well below 3 m, appear to be a
common feature of saprolite throughout the Piedmont region as can be seen in road
cuts and quarries. In general, weathering-derived color zones paralleled these
fractures, extended into the adjacent saprolite matrix, and cut across diverse foliation
bands. Consequently, these fractures appear to have had a different
oxidation/reduction regime than that found within the surrounding soil/saprolite
matrix. The associated color zonation radiating away from these fractures indicates
that they have been active in water movement, but their present role in macropore
transport is not clear.



An EDAX microprobe spectrum of one of the fracture surfaces (Figure 29) shows the
presence of substantial amounts of manganese and iron and supports evidence that
these fractures are coated with Mn and Fe oxides. It seems that the oxides at the
center of these fractures are translocated from upper layers by free moving water.
However, translocated clay did not occur on these fracture faces even where the
fractures directly accessed the Bt horizon. The contribution of these fractures to
macropore fluid movement in saprolite is unclear, but we believe most of these
macropores do not appear to be currently active conduits for preferential fluid
movement. Although some of these fractures are closed under the overburden pressure
they will separate easily once the pressure is removed.

Color Zones Within Saprolite. Representative large vertical blocks carved from the
saprolite at a depth of 1.9to 2.7 m contained several oxide-coated fractures and the
attendant color zones. Four distinct color zones associated with each fracture were
identified. Starting in the saprolite matrix, farthest from a fracture face and moving
towards it, the color zone sequence was (1) 2.5YR 4/6 reddish material (RED) that
graded into (2) a predominantly 10YR 6/6 yellow material (YELLOW) that graded
into (3) a predominantly 10YR 8/1 white material (WHITE) that graded abruptly into
(4) a predominantly 10YR 2/1 black material (BLACK). The color notations refer to

Counts

Figure 29. An EDAX microtrace of a fracture face in the upper part of saprolite.
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Munsell color notation determined on moist crushed samples. For most of the soil
analyses the discrete but thin WHITE and BLACK zones were combined in order to
obtain sufficient material for analyses. Hereafter, this mixture is referred to as GRAY
material because of its mixed, crushed natural color. Whenever possible, however, the
two zones were analyzed separately and labeled as BLACK and WHITE.

Small undisturbed clods were used for electron probe analysis. The probe scan crossed
all four discrete color zones. It is important to note that the finely foliated,
heterogeneous nature of the felsic gneiss/schist parent material is a mosaic of finely
discrete interbeded materials. Upon close inspection, the rather striking color zones
reveal fine inclusions of material dominant in the adjacent zones. This is especially
true near the gradational boundaries between zones. Consequently, it is difficult to
obtain "pure” zone material. Thus, the predominant, rather than the exclusive, color
aspect of the zones must be considered for analysis.

Multi-Element Scans and Analyses. The total amount of major elements in both fine
earth-sized material (i.e., < 2-mm size particles commonly called soil) and the
clay-sized material (i.e., < 2-ym size particles referred to as clay) were analyzed. The
multi-element scan technique was used to determine the relative concentrations of
various key elements in the RED, YELLOW, and GRAY samples and to compare
their relative distribution in clay vs. fine earth sized material.

Of the elements analyzed, Si was the predominant component of the soil fraction in all
three color zones followed by Al (Table 16). (In Table 16 all elements are reported
in oxide form.) Iron comprised a relatively small percentage of the soil with Mn, Ti,
Ca and K occurring in trace or undetectable amounts. In the clay-sized materials, Si
was much less dominant, and its concentration was not significantly higher than Al.
Iron concentrations were dramatically higher in the clay fraction than in the soil
samples. The relative concentrations of Si and Al in different color zones were fairly
similar for both size fractions. On the other hand, concentration of Fe in the GRAY
zone was less than one half of its concentration in RED and YELLOW zones.
Manganese was generally concentrated in the clay-sized fraction, and occurred in
detectable amounts only in the GRAY sample.

Two approaches were used for electron probe analysis using small intact clods that
exhibited all four color zones. The first approach was to conduct a multi-element scan
at a representative point within each color zone. The second approach was to conduct
a continuous scan transect across all four color zones for Fe and Mn, the elements of
primary interest.

The multi-element scan, at a point within each of the four color zones, scanned from
19 to 65° and identified those elements present in detectable amounts. Most of the
elements exhibited primary and tertiary peaks. The sensitivity setting of the
microprobe was held constant to enable comparisons of the relative amounts of
elements within and between each color zone.

The RED zone was dominated by high levels of Fe and Si, moderate levels of Al and
K, and very low levels of Ti and Ca (Figure 30). The YELLOW zone had a high level
of Si, moderate levels of Al and Fe, a low level of K and very low levels of Ca and Ti
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Table 16. Total elemental analyses of representative saprolite material from
each color zone”.

COLOR ZONE
COMPOUND MATERIAL © RED YELLOW GRAY
%
Fe O, Soil 6.1 6.4 2.8
Clay 26.1 25.4 11.8
AlO, Soil 18.7 16.8 17.9
Clay 20.4 21.8 27.7
MnO, Soil 0.0 0.0 0.3
Clay 0.0 0.0 3.2
TiO, Soil 0.1 0.0 0.0
Clay 2.5 0.0 1.3
SiO, Soil 61.2 62.1 57.7
Clay 27.5 29.3 37.6

# Values are presented as percent of element in oxide form.

@ Soil is < 2-mm particle fraction, Clay is < 2-um particle fraction.

(Figure 30). The WHITE zone had a high level of Si, Al and K, and very low levels of
Ca, Fe and Ti. The BLACK zone had a very high level of Mn, moderate levels of Fe
and Si, a low level of Al, and a very low level of Ca, K and Ti (Figure 31).

Silicon and Al (the dominant components of silicate clay minerals) were dominant in
all but the BLACK zone, indicating a common mineral fabric in the saprolite body. In
the BLACK zone, Si, Al and Fe were generally lower and were greatly overshadowed
by Mn. This concentration of Mn only in the BLACK zone (and undetectable in any
of the other color zones) suggests an external source for Mn. By contrast, Fe seemed
to be most highly concentrated in the interior (RED) matrix and present as an integral
component of the native material. The decrease in relative Fe content from the RED
zone to the YELLOW zone, and the almost total lack of Fe in the WHITE zone,
indicated preferential Fe movement. The Fe has, apparently, either moved into and
concentrated in the saprolite matrix (RED zone) or it has been largely leached from
the WHITE zone and, to a lesser extent, from the adjacent YELLOW zone. In the
latter case, the high Fe content of the interior saprolite matrix reflects naturally high
levels rather than an enrichment.
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Figure 30. Multi-element scan at a point within the RED and YELLOW color zones.
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Figure 31. Multi-element scan at a point within the WHITE and BLACK color zones.
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The continuous scan transects for Fe and Mn indicate that manganese is concentrated
only in the thin BLACK zone and is undetectable in the WHITE, YELLOW and
RED zones. This suggests that Mn is intimately associated with fluid movement along
the fracture face, and is not a significant component of the surrounding saprolite
matrix. The Fe distribution is also moderately high in the BLACK zone. Iron is only
barely detectable in the adjacent WHITE zone, but it is present at intermittently low to
moderate levels in the YELLOW zone, and is present at high levels in the RED zone.
This periodic Fe concentration fluctuation in all the color zones reflects the very finely
foliated (bedded) nature of the saprolite, with high values detected in redder foliation
bands and lower levels detected in adjacent, less red bands that were visually detected
during scanning procedure. Consequently, it is the relative Fe levels that are most
useful when comparing color zones.

X-Ray Diffraction. The X-ray diffraction traces of all three color zones (RED,
YELLOW, GRAY) exhibited a dominance of kaolin and muscovite mica with first
order peaks occurring at approximately 0.75 nm and 1.1 nm, respectively (Figure 32).
A first order goethite peak occurred at approximately 0.43 nm in all three zones. The
small reflection peak which occurred at 2.6 nm in the RED sample is absent in the
GRAY and YELLOW samples. This peak position corresponds to the location of a
potential second order goethite reflection and a first order hematite reflection. This
potentially "dual" peak only occurred in the RED sample. First order goethite peaks of
relatively consistent magnitudes occurred in all three color samples, but second order
goethite peaks occurred only in RED sample. This suggests that most or all of the
dual peak in the RED zone is due to hematite. Hematite was not detected in the
YELLOW and GRAY samples by this technique.

SEM and EDAX Spectra Analyses. Scanning EM and EDAX microprobe spectra were
generated for a clay sample from each of the RED, YELLOW, and GRAY samples to
allow structural and compositional comparisons (Figures 33 and 34). All three samples
showed high relative spectral peaks (i.e.,concentrations) corresponding to Si, and
showed only slightly lower peaks of Al and minor potassium peaks. The RED sample
spectrum showed high Fe peaks. The corresponding micrograph for the RED zone
exhibited dark clusters and hexagons which appear to be forms of hematite. These
structures did not appear in the micrographs for the YELLOW and GRAY samples.
The YELLOW sample spectrum showed somewhat lower Fe peaks. In the
corresponding micrograph, the dominant needle-like interlocking structures appeared to
be goethite crystals. The GRAY sample spectrum showed relatively modest Fe peaks
and a slightly lower Mn peak. The associated micrograph showed predominantly
amorphous materials with some halloysite (kaolin) rods.

Taken together, these separate but complimentary techniques indicated several
recurring trends. The materials from all three color zones were dominantly secondary
minerals which are predominantly composed of Si and Al. Amorphous gels and kaolin
occurred in materials from all four color zones. This is in agreement with the
weathering implications of the saprolite designation.

None of the samples were "pure”,in that each contained small bodies of material

observed in the other zones (with the exception of hematite bodies appearing
exclusively in the RED sample and Mn detectable only in the GRAY sample).
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Figure 32. X-ray diffraction patterns of the RED, YELLOW and GRAY color
zones (Mg-saturated at 250 °C). [GT = Goethite, H = Hematite,
M = Muscovite mica]
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Figure 33. Scanning electron micrographs of representative clay samples from three
color zones (scale 1:25,000).
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Figure 34. The EDAX microprobes for the associated SEM presented in Figure 33.
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Nonetheless, a review of the results indicated that Fe concentrations are highest in the
saprolite interior (RED sample), lower in the adjacent YELLOW sample and least in
the GRAY sample. The latter trend may be due to a dilution effect of the high Fe
relative concentration in the thin BLACK zone composited with the nearly
undetectable Fe concentration of the WHITE zone which could result in a net low Fe
concentration for the GRAY sample. Conversely, Mn is undetectable by these
techniques in the RED and YELLOW samples, and is in low but detectable
concentration in the GRAY sample.

Maossbauer Spectra. The use of Mossbauer spectra analyses is helpful in differentiating
Fe oxide forms and thereby can help to separate the contributions of hematite vs.
goethite vs. other Fe forms to the total Fe present. Of the Fe present in the RED
sample, 54% was attributable to hematite, 41% to goethite, and only 5% to other
structural ferric iron forms. In contrast, of the amount of Fe present in the YELLOW
zone sample, only 4% was hematite and 92% goethite. The Fe in the GRAY sample
was 11% hematite, 77% goethite, and 12% structural Fe. Hematite was mostly
concentrated in the saprolite matrix (RED zone), almost absent in the YELLOW zone
and was present in a minute amount in the GRAY sample. Goethite was secondary to
hematite in the RED sample and dominant in the YELLOW and GRAY samples. For
more information on Madssbauer spectra analyses see Schoeneberger (1990).

Vertical K,, Particle Size Distribution, and Bulk Density

The vertical K,, particle size distribution, and bulk density profiles for the ridge top,
shoulder and ridge nose landscape positions at Wake County site #1 are presented in
Figures 35, 36, and 37, respectively. Each point in the graphs represents the value for
the respective property of an intact core segment (6.6-cm diameter, 8-cm long). The
hydraulic conductivity profiles were obtained using measurements on all soil cores
collected from the three locations on the transect (i.e.,at the center of the 15-m-by-30-
m area) at each of the three landscape positions. The corresponding plots of the
particle size distribution and bulk density are from one of the three locations at each
landscape position. The profile horizonation superimposed on each figure is based on
the average profile morphology determined in the respective observation pit, and is
independent of the K, measurements.

The results presented in the above figures indicate that, at all three landscape
positions, K, decreased from top of the Bt horizon, reached a minimum in the B/C
horizon, and then increased into the saprolite. In contrast, the clay content was the
highest in the Bt horizon and remained relatively constant or decreased slightly with
depth into the transitional B/C horizon. In saprolite, the clay content was the lowest
and remained relatively constant with depth, except at the ridge top position. The sand
content was relatively low (< 25%) throughout the Bt and B/C horizons, and remained
below 50% at the ridge top and shoulder positions. The silt content, on the other
hand, was considerably greater at the shoulder position than at the ridge top and ridge
nose positions. There appears to be no close relationship between the soil texture and
K, at any of the three landscape positions.
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Figure 35. Saturated hydraulic conductivity (K,), particle size distribution, and bulk density profiles for the
ridge top position. The horizon designations (Horiz.) are based on the average horizon thickness
as determined in the respective observation pit.
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Figure 36. Saturated hydraulic conductivity (K,), particle size distribution, and bulk density profiles for the
shoulder position. The horizon designations (Horiz.) are based on the average horizon thickness
as determined in the respective observation pit.
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Figure 37. Saturated hydraulic conductivity (K,), particle size distribution, and bulk density profiles for the
ridge nose position. The horizon designations (Horiz.) are based on the average horizon thickness
as determined in the respective observation pit.



Bulk density profiles at the three landscape positions exhibited a common trend (see
Figures 35 to 37). An initial increase in bulk density occurred at or near the Ap,

Bt horizon boundary. Bulk density was the highest in the Bt horizons and decreased
with depth throughout the Bt, B/C, and the upper part of saprolite, except at the ridge
nose position. At the ridge nose position, the bulk density values increased slightly
with depth below 1.5 m.

At each landscape position the clayey, well structured Bt horizon had the highest K,
values (Figures 35 to 37). The presence of large macropores (predominantly interped
planar voids, root channels, and worm holes -- see Table 15) is the most important
factor contributing to the high conductivity in the Bt horizon. In the B/C horizon,
where soil structure was coarser and weaker in grade (weak to moderate, medium
subangular blocky -- see Tables 12 to 14) and had fewer interped planar voids and
tubular channels, hydraulic conductivity was the lowest. Moving down the profile,
tubular channels decreased in size and frequency, but other types of macropores
became dominant in the C horizon(s). As a result, hydraulic conductivity was higher in
the material beneath the B/C transitional layer. The K, values at all three landscape
positions initially increased with depth in the upper part of saprolite, but eventually
stabilized and remained relatively constant throughout the depth (3 m) studied.

The relationship of K, with depth throughout the soil-saprolite profile at each
landscape position was consistent with the results of previous studies presented by
O’Brien and Buol (1984) and Simpson (1986). It is interesting to note that the largest
vertical K, consistently occurred in the upper part of the Bt, while the lowest K,
occurred in the transition layer (B/C) between Bt and saprolite horizons. In addition,
the average K, values for the B/C and C horizons at the ridge top position were
numerically less than the average values for the corresponding horizons at the other
two landscape positions, respectively (Table 17). Comparing hydraulic conductivity of
various horizon-landscape positions indicate that the K, patterns do not appear to be
consistent in their relationship to depth but are related to the major horizons. It
should also be noted that, in general, the thickness of the Bt and B/C horizons varied
across the landscape. The overall soil profile was more compressed at the ridge nose
position than at the ridge top part of the landscape. The overall compression of the
soil profiles from the ridge top to the ridge nose position was matched with the
compression of the vertical K, profiles. This phenomenon should have a very
pronounced effect on the site evaluation protocol and on the siting of large septic tank
systems for apartments or subdivision developments. It is important to note that a
more detailed site evaluation can be crucial when wastewater disposal systems cover
various landscape positions within a given soil mapping unit.

At the ridge top, a high degree of K, variability for the B/C horizon (coefficient of
variation, CV = 100%) was observed even though its mean was low (Table 17). This
could be due to the relatively infrequent occurrence of large macropores that
commonly occur in the B/C horizon and to the fact that this horizon is generally
composed of bodies of Bt and C materials. On the other hand, a narrower range in
absolute variability for the K, of the C horizon (CV = 33% to 58%) may indicate that
the pores in the matrix of saprolite, as sampled by the cores, are fairly uniform and
evenly distributed. In any case, the practical significance of the conductivities of
various horizons is that, for these soils (Typic Kanhapludults), the B/C horizon
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consistently has the lowest vertical K,. That is, the B/C layer is the most restrictive
horizon for water flow in these soils.

It should be pointed out that not all the macropores described earlier were effectively
sampled by the core collection procedure used in this study. Some of the intact cores
extracted from the soil profile broke along planes of weakness during sampling. These
planes were associated with foliation bands, quartz veins, or fracture faces covered by
manganese oxides. No practical sampling technique is capable of capturing the largest
macropores (e.g.,quartz veins) of saprolite without the potential for some disturbance
due to the removal of overburden pressure. Using a Shelby tube or ring to confine the
sample may appear to be a logical approach to overcoming the sample breakdown.
However, only the ends of a sample collected in a ring or tube are exposed for
inspection, and any irregularity inside the sample may not be obvious.

To assure intact sampling of the largest quartz veins (or other fractures) a more
effective technique might be to carve large blocks of saprolite using a technique similar
to the one described by Bouma and Dekker (1981). In this approach, however, we
must assure that the overburden pressure is maintained around the sample, otherwise
fractures that are naturally closed due to the overburden pressure may become loose
and conduct water under laboratory conditions. In addition, the carved block technique
is very time consuming and labor intensive due to large sample size and the need for
sample collection from considerable depths in numerous locations and orientations.
This greatly limits the number of samples that can be collected and analyzed in a
timely fashion. Two large blocks were collected from saprolite, but we chose to use
them for morphological analyses only.

Table 17. Mean (arithmetic) and coefficient of variation (%)(in parentheses)
of the vertical saturated hydraulic conductivity of the three major
horizons of the Cecil soil at three landscape positions at the Wake
County site #1.

Horizon Ridge Top Shoulder Ridge Nose
cm/d
Bt 17.7 13.4 14.5
42) (81) 1)
B/C 0.4 2.1 1.0
(100) (46) (25)
C 7.4 8.7 10.3
(33) (58) (52)
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Saturated hydraulic conductivity for the cores collected to 5-m depth from outside of
the observation pits are given in Figure 38. The horizon boundaries given in this figure
were determined from the cores used for K, measurements. The general vertical
patterns of K, values shown in Figure 38 are similar to their corresponding K, patterns
presented in Figures 35, 36, and 37 for cores collected to 3-m depth at the observation
pit locations. This is also true for particle size distribution and bulk density profiles
(data not shown, see Schoeneberger, 1990).

Certain differences that are related to the spatial variability across each landscape
position should be noted. At the ridge top and ridge nose positions, the minimum K,
value for the B/C horizon given in Figure 38 (i.e., for the 5-m deep profile) was higher
than the minimum K, value for the B/C horizon at the corresponding observation pit
location. Saprolite hydraulic conductivity was higher for the cores collected from
outside of the observation pit than the cores collected from the observation pit location
for all landscape positions. In fact, at the ridge nose position the K, of saprolite at 2-
to 5-m depth interval (Figure 38) was almost an order of magnitude larger than the
average K, of the saprolite from 1- to over 2-m depth interval at 7-m away distance
(i.e., observation pit location, Figure 37). A relatively high value of K, (> 3.0x 10°
m/s or 250 cm/d) was also measured in a core sample from the Bt horizon at 7-m
away from the observation pit at the ridge top position.

The B/C-C boundaries at 7-m distance from the observation pits on the shoulder and
ridge nose positions were at approximately 100 and 80 cm, respectively. This is in
contrast to the overall compression of the soil profile determined through profile
evaluation in the observation pits. However, we should note that this kind of spatial
variation was expected based on our observation of irregular horizon boundaries and
varying thickness of the horizons in each observation pit.

Directional Saturated Hydraulic Conductivity

The arithmetic average K, value and its standard deviation (units cm/d) for each of the
five orientations in the three horizons at the three landscape positions at Wake County
site #1 are presented in Table 18. We should note that each value is the average of
three replications as described earlier. Also, the results for the vertical orientation are
exclusive of the data presented for the vertical K, presented in the previous section.

To compare the K, values for the nine horizon-landscape positions in five orientations
an analysis of variance was performed on log transformed (log,) K, values. This was
done because, as we mentioned earlier, it has been demonstrated that K,, in general,
has a log normal distribution. The analysis of variance indicated that there were
significant differences among the log(K,) values for the three horizons and landscape
positions (Table 19). However, the log(K,) values for the five orientations for each
horizon-landscape position were not significantly different from one another (see Table
19). (NOTE: For the analysis of variance in this section m/s was used as the units for
K,, whereas the units for means and standard deviations given in Table 18 are cm/d.)
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Figure 38. Saturated hydraulic conductivity profiles at 7-m distance from the observation pits at the three
landscape positions. The horizon designations (Horiz.) are based on the profile descriptions at the
respective measurement locations (i.e., 7-m from each observation pit).



Table 18. Arithmetic mean and standard deviation (in parentheses) for the directional

saturated hydraulic conductivity of Bt, B/C and C horizons at three
landscape positions.

Bt

B/C

ORIENTATION *

Horizon Landscape 1 2 3 4 5
Position
cm/d
Ridge Top 10.8 12.4 9.6 15.2 10.7

8.8 (1.4 (6.5 (5.8 (1.3

Shoulder 9.0  23.0 1.1 15.0 19.9
G.) (307 (d.1) (9.8 (8.0

Ridge Nose 14.4 9.5 20.4 14.2 12.2
(16.4) (3.3) (6.4) 6.4 - 0.5

Ridge Top 0.6 1.1 0.7 1.4 0.9
0.3) 0.3) 0.3) 0.6) 0.2)

Shoulder 1.2 2.4 2.6 2.3 3.0
©.4) (1.2) 1.00 (0.5 (1.8

Ridge Nose 2.4 10.2 6.8 4.7 5.4
1.7 2.5) (1.1 (3.4) 6.7)
Ridge Top 4.7 6.9 4.3 6.5 4.0
4.7 “4.2) (1.8) (1.1) 2.4)

Shoulder 12.7 7.2 18.8 6.6 6.2
8.6) (4.4 (63 3.7 (1.5

Ridge Nose 7.1 13.9 10.9 3.7 4.1
3.9 (10.8) (1.1) 1.7 (1.4)

# Orientations are: 1. Vertical, 2. Horizontal -- perpendicular to strike of the foliation
planes, 3. Horizontal -- parallel to strike of the foliation planes, 4. Diagonal --
parallel to foliation planes, 5. Diagonal -- perpendicular to foliation planes (see
Figure 4).

@ Values are exclusive of the K, results shown in Figure 35.
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Table 19. Analysis of variance of the effects of horizon and orientation on
log(K,, units m/s). The arithmetic average data for K, (units cm/d) are
given in Table 18.

Source of

Variation df Mean Square F value
Position (O) 2 1.00 9.55~
Horizon (H) 2 5.07 8.34
Position x H 4 0.61 5.81
Orientation (O) 4 0.15 0.85
HxO 8 0.21 1.18
Position x H x O 24 0.18 1.70
Sampling Error 85 ‘ 0.10 --

** Significant at the 0.01 level.
* Significant at the 0.05 level.

Lack of a pronounced difference among the K, values for different directions in the Bt
horizons is due to the random distribution of various planar (resulting from blocky
structure of the soil) and tubular pores in the profiles at the three landscape positions.
Only at the shoulder position was there a numerically significant lower value in the
horizontal direction parallel to the strike of the foliation planes. In comparison, the K,
in the horizontal direction perpendicular to the foliation plane was the highest, but its
standard deviation was over 130% of the mean value.

In the B/C horizon, higher conductivity values were measured for all orientations at
the ridge nose position than at the other two landscape positions. Also, at this
position, a wider range of K, values were observed for the five orientations. Except at
the shoulder position, K, in the horizontal direction parallel to the strike was
numerically lower than the K, perpendicular to the strike. In the diagonal directions,
the K, in the direction perpendicular to foliation planes was fairly similar to that of the
K, parallel to the foliation planes, and indicated no consistent residual influence of the
foliation planes.

There was very little difference between the K, values for the two diagonal directions at
all three landscape positions in saprolite (see Table 18). Except at the shoulder
position, the conductivities for the two horizontal directions were very similar. At the
ridge top position, the average K, values for the horizontal and diagonal directions

were not different from the vertical K,. At the shoulder and ridge nose positions,
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however, the values of the diagonal conductivities were numerically lower than the
corresponding K, values in the horizontal or vertical directions. Based on these results,
foliation planes in the saprolite at the study site appear to have no consistent influence
on the directional hydraulic conductivity. Therefore, water movement through
macropores associated with the foliation bands or planes in the near surface
environment (< 3 m deep) does not seem to be significant at this site. However, it
should be noted that one should expect this situation to change at greater depths where
the pedogenic macropore elements are limited, joints and fractures along planes of
weakness are predominant, and differential weathering occurs within foliation bands
(Pavich, 1986; Welby, 1984).

In Situ Saturated Hydraulic Conductivity

In a homogeneous and isotropic soil, the K, obtained by the constant head well
permeameter technique would be the same under two different heads (e.g.,15 and 25
cm) in the same hole. Any significant differences between the K, values for the two
head levels implies heterogeneity within the wetted perimeter at the bottom of the hole
(Amoozegar, 1989b). At site #1 in Wake County, K, is not constant with depth, and
the interpretation of in situ K, values at different depths is slightly more involved. Since
K, decreases with depth in the Bt horizon, as determined by the analysis of cores
(Figures 35, 36, and 37), one would expect the K, determined under 15 c¢cm of head
(K, ;) to be <K, under 25 cm of head (K,.). The B/C horizon is expected to have the
lowest in situ K, with no consistent difference between the K, values for the two
different heads. In the upper part of the massive saprolite (C horizon), the lab results
indicated that K, initially increases with depth. Therefore, within this part of the
saprolite one would expect K, ;s > K, ..

Considering the entire profile sequence, the pattern of in situ K, with depth is
consistent with the results obtained from the undisturbed cores. Table 20 presents the
mean in situ K, values (three replications) for the Bt, B/C, and C horizons at each of
the three landscape positions. As expected, in the Bt horizon the conductivity of the
upper part of the wetted zone under 25-cm head is higher than the conductivity under
15-cm head (reflected by K, ;< K,,). The B/C horizon has the lowest K, values
relative to the layers above and below it at all three positions. The differences
between K, s and K,,; of this horizon are greater than expected because the holes were
bored into the lower part of the B/C horizon which had a higher conductivity.
Consequently the K, ,; was always larger than the K,,,. The K, measurements under
25-cm head included the mid-portion of the B/C horizon which had a lower K|, as
shown by the vertical core data (Figures 35, 36, and 37). In the C horizon, the
increasing K, values with depth resulted in a higher conductivity value under 15-cm
head as compared to 25-cm head. The coefficient of variation (CV) for the 15-cm and
25-cm head measurements ranged from 3% for saprolite at the nose position to as high
as 138% for the Bt horizon at the ridge top.

A comparison between the average in situ K, values presented in Table 20 and the
average K, in five orientations (Table 18), as determined by the core technique,
indicates reasonable agreement between the in situ K, and the core results for the B/C
and C horizons at all three landscape positions. In the B/C horizon, the values are
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Table 20. Mean and standard deviation (in parentheses) for the in situ K, of Bt, B/C
and C horizons at three landscape positions determined by the constant
head well permeameter technique under 15- and 25-cm heads of water.

LANDSCAPE POSITION

Ridge Top Shoulder Ridge Nose

Head of Water (cm)
Horizon 15 25 15 25 15 25

cm/d

Bt 2.45 3.84 7.42 10.03 2.11 2.30
(2.78) (5.30) (7.08) (6.89) 1.75) (0.98)

B/C 2.02 0.60 4.94 3.07 2.35 1.22
(3.19) (0.82) (1.78) (0.65) (1.61) (0.53)

C 7.54 5.69 17.62 10.58 10.99 7.32
(6.91) (3.36) 0.77) (3.46) (0.34) (2.33)

similar and considerably smaller than the K, above or below it by both techniques. The
Bt horizon has higher K, values than the B/C horizon by both techniques in spite of
having a much higher clay content. However, the in situ K, values of the Bt horizon
are noticeably less than the corresponding values obtained by the core method. This
difference for the Bt horizon could be a result of smearing of the auger hole sidewall
during excavation for in situ measurement or be due to the continuity of planar and
tubular pores through the relatively short core samples used for laboratory analysis of
K..
In the in situ measurement, smearing of sidewall results in a reduced infiltration from
the hole into the soil due to occlusion of the pores. Although at the time of
measurement smearing appeared to be minimal, it may have been a significant factor
affecting water flow from the hole into the soil profile. For the laboratory analysis, if
the voids in the core extend from the top of the core to or near its bottom, the result
will be a higher K, value (Bouma, 1982). After water passes through the larger pores
of a core during the laboratory measurement of K,, it falls freely into the collection
beaker which results in a deceptively high K, value (see Figure 1 of Bouma, 1982). In
the in situ technique, however, once the steady state water flow rate is reached, all
macropores intercepted by the hole are surrounded by unsaturated soil matrix. Unlike
the laboratory technique, this does not permit free drainage. That is, no artificial free
drainage is provided for the in situ measurements as opposed to the laboratory core
technique. In this study, a continuity of planar and tubular pores occurred throughout
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the length of the 8-cm long cores. This probably was more important than the
smearing of the auger hole sidewall for in situ measurements. Consequently, the
somewhat lower in situ K, values of the Bt horizon are believed to be more realistic in
representing the actual conditions encountered in many land applications of waste
products. For more discussion on the in situ and laboratory determined K, see
Schoeneberger (1990) and Schoeneberger and Amoozegar (1990).

Soil Water Retention

Average soil water retention at soil water potentials between 0 and -400 cm (soil water
tensions of 0 to 400 c¢m, respectively) for a number of cores, grouped by horizon and
landscape position, are given in Table 21. The standard deviation of volumetric water
content at different potentials are in the same order of magnitude for comparable
horizons at all three landscape positions.

In general, the volumetric water content within the range of 0- to -400-cm potentials
seems to correlate to the K, values on a horizon basis. The B/C horizon at the ridge
top position had the lowest K, and greatest fraction of pores smaller than 0.007 mm
compared to the other two positions. The C horizon at all three landscape positions
exhibited the greatest change in volumetric water content, between 0- and 400-cm
potentials, compared to the Bt and B/C horizons. Over 30% of the pores in the C
horizons were larger than 0.007 mm in diameter. The volume of pores drained
between 0 and -50 cm potentials (pores larger than 0.06 mm in diameter), however,
was greatest in the Bt horizon at each of the three landscape positions indicating a
larger contribution of macropores to water flow. This result suggest that the planar
voids contribution to K,, as described by Bouma et al. (1979), is obviously larger for the
Bt than the C horizon. This is also in agreement with our findings regarding higher
laboratory determined K, values than in situ determined conductivity results for the Bt
horizon.

Thin-Section Analyses of Macroporosity and Hydraulic Conductivity

The mean, maximum, and minimum values for K, and volume percentages of selected
morphological features of the samples collected from saprolite at site #2 in Wake
County are presented in Table 22. No significant differences (at 0.10 level) were
observed between the K, in the vertical direction and K, parallel to the foliation planes
of saprolite or with the four samples containing shear planes. Therefore, the results for
the three groups were combined for K, values presented in Table 22.

The overall K, values were in agreement with the results from site #1 (Table 18, also
see Figures 35 to 38) and K, values reported by others for similar saprolites
(Amoozegar and Hoover, 1989; Simpson, 1986). The foliation planes at this site were
nearly vertical with a mean foliation angle of 19° and a maximum of 40°. One would
perhaps expect to have a higher saturated hydraulic conductivity along foliation planes
than K, in vertical direction. Lack of a pronounced difference between the hydraulic
conductivity in two different directions confirms our findings for site #1 where no
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Table 21. Average volumetric water content, standard deviation (in parentheses) and
number of observations (n) at various soil water potentials for major
horizons at three landscape positions.

SOIL WATER POTENTIAL, cm
0 -50 -100 -200 -300 -400
Landscape _ EQUIVALENT PORE DIAMETER, mm
Position Horizon -- 0.06 0.03 0.015 0.01 0.007
%
Ridge Bt 45.2 39.7 39.1 38.4 38.0 37.5
Top n = (48.4) (42.8) (42.2) (41.5) (41.0) (40.6)
B/C 49.2 46.8 46.2 44.6 43.4 42.4
n = (53.1) (50.5) 49.9) (48.2) (46.2) (45.8)
C 49.0 46.5 45.1 40.7 36.9 33.8
n==~6 (53.0) (50.3) (48.8) (44.0) (40.0) (36.6)
Shoulder Bt 47.4 42.8 41.9 40.5 39.5 38.8
n=7 (50.8) (45.9) (44.9) (43.4) (42.4) 41.7)
B/C 45.2 41.6 40.7 38.7 37.1 35.9
n==6 (49.0) 45.1) (44.1) 41.9) (40.2) (38.9)
C 51.7 48.0 46.8 42.9 38.9 35.5
n =38 (54.9) (50.9) (49.7) (45.5) (41.3) 37.7)
Ridge Bt 40.4 33.7 32.5 31.2 30.2 29.4
Nose n= (43.4) (36.5) (35.1) (33.6) (32.6) (31.7)
B/C 45.5 41.4 40.1 38.0 36.1 34.8

n =8 (48.2)  (43.9) (42.6) (40.3) (38.3)  (37.0)

C 44.6 39.1 36.6 32.4 28.9 25.7
n=7 @47.7)  (41.8) (39.1) (34.7) (31.0) (28.5)
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significant differences were observed in the directional hydraulic conductivities within
each of the Bt, B/C and C (saprolite) horizons. These results indicate that foliation
planes in the types of saprolites observed at both sites in Wake County are not major
conduits for water flow under saturated conditions.

For the total of 124 samples, dyed macropores occupied, on the average, about 2% of
the saprolite’s volume (Table 22). Most of the macropores were in the form of
channels. Based on the color of the thin sections, dyed groundmass identifies the
volume of saprolite matrix through which water flowed under saturated conditions. In
our samples, water appeared to have moved through approximately 50% of the
saprolite’s volume, mostly along bands composed of muscovite minerals. We should
note that the volume of the groundmass is not strictly equivalent to the volume of small
pores (micropores) conducting water because the methylene blue dye was absorbed
onto particle surfaces surrounding the pores. The infillings constituted approximately
11% of the saprolite’s volume. The infillings had a 2- to 5-mm diameter, a circular
cross-section, and bow-like features which could be due to earthworms and other small
creatures back-filling the channel with material from saprolite or soil above (Kooistra,
1981). The size of the infillings and the depth of occurrence (2 m) suggests that the
original cavity was formed by earthworms (Lee, 1985). However, no earthworms were
observed at this depth during the study.

On the average, undyed fabric made up < 10% of the sample volume (Table 22). The
undyed components were primarily quartz bands and lenses, or were clay-rich bodies of
dense, micaceous saprolite groundmass. It appears that water does not move into the
bands and lenses because the quartz particles are either tightly packed or their
interparticle spaces are filled with clay and Fe/Mn oxides. The dense clay-rich bodies
have a very low hydraulic conductivity due to a lack of water-conducting macropores.

Shear planes (see Figure 8) of various sizes were observed in 30% of the thin sections
evaluated. Lengths of shear planes, measured parallel to the line from core top to the
bottom, were < 6 cm, with most being < 3 cm. The long continuous shear planes that
were sampled by the four special cores consisted of a group of short (< 3 c¢cm), closely
spaced planes, approximately parallel to one another as seen in the thin sections.
Virtually all shear planes were coated with Fe and Mn oxides and clay, and most were
fully or partially blocked. With the exception of the channels, the voids within shear
planes were < 0.25 mm, and those that were = 0.10 mm were considered as a
macropore while smaller pores were considered groundmass during the point counting.

Because the diameters of the predominant macropores were = 0.10 mm, the saprolite’s
groundmass was arbitrarily considered to have an equivalent pore diameter < 0.10 mm.
Using the calculated average unsaturated hydraulic conductivity vs. soil water
potential/equivalent pore diameter relationship (Figure 39), the saturated hydraulic
conductivity of the saprolite’s groundmass (K,) was determined to be 0.48 cm/d. The
K, values of this low magnitude were measured only on three saprolite cores which
contained no visible macropores in their thin sections.

The diameters of channels conducting most of the water flux through saturated samples

at unit hydraulic gradient were identified by comparing the calculated K_ values from
Eq. [3] to those computed for circular, continuous channels of given diameters. (It is
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Figure 39. Calculated unsaturated hydraulic conductivity of saprolite at different soil
water potentials. Equivalent void diameters and K, for saprolite with
pores smaller than 0.1 mm are also given.

assumed that the channels are continuous and straight going from the top to the
bottom of the cores.) The mean K_ for the saprolite cores (8.64 cm/d) was found from
subtracting K, (0.48 cm/d) from mean K, (5.12 cm/d). In the same way, the maximum
K, for saprolite was calculated to be 40.56 cm/d. The number of continuous-straight
channels of a given diameter that would be necessary to achieve each of these K,
values was computed using Eq. [4] and the results are given in Table 23. The
cumulative volumes that the number of macropores would require to achieve the two
targeted K, values (8.64 and 40.56 cm/d) are also given in Table 23.

The channels responsible for a given K, value must have a volume less than or equal
to that actually measured. The average volume of macropores measured in thin
sections was approximately 2% and the maximum volume of macropores was
determined to be 14% (see Table 22). As shown in Table 23, a K_ of 8.64 cm/d could
be achieved by vertically oriented, continuous channels having diameters between 0.1
and 0.24 mm. Channels with diameters < 0.10 mm were found to require a cumulative
void volume greater than that observed in the thin sections (data not shown). Channels
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with diameters > 0.24 mm were determined to produce K, values much greater than
the average K, value measured. A K, of 40.56 cm/d could be achieved by various
combinations of channels that have diameters between 0.1 and 0.5 mm.

Channels with diameters of 1.0 mm and 1.8 mm were observed in some saprolite cores.
The computed K, value for a single channel of diameter 1.0 mm to 1.8 mm suggests
that K, values of 450 cm/d or greater can occur if such channels exist in this saprolite.
Such a high K, value was not found in any of our hydraulic conductivity measurements.
Lack of such high K, values is a clear indication that the observed channels with
diameters larger than 1.0 mm are not continuous through the length of the cores
collected in this study. This may be due to partial blockage of the channels or to the
size of the core sample being too small to include the large channels going through the
length of the core. As we discussed earlier, the in situ K, data collected for site #1
with similar saprolite do not indicate that large channels are interconnected to the
point that they cause rapid movement of water through saprolite under saturated
conditions.

Table 23. Hydraulic conductivity due to flow through one continuous channel of the
given diameter (K,) and the amount (number and volume) of channels
needed to achieve two targeted K values’.

Amounts of Continuous Channels Needed

K_ of one to Achieve K_

Channel Continuous

Diameter Channel 8.64 cm/d 40.56 cm/d
mm cm/d No./Core  Vol. % No./Core  Vol. %
0.10 0.05 180 1.6 845 8
0.24 1.44 6 0.3 28 1.5
0.50 28.8 -2 --- 1 0.2
1.00 450 --- -—- --- ---
1.80 4300 --- --- --- ---

# The K_ values of 8.64 cm/d and 40.56 cm/d were based on the mean and maximum
K, values for the site, respectively (see Table 22).

@ K, of a single pore exceeded the calculated K, value for the samples. This

indicated that such large pores were not present or were not conducting water in
the samples.
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Estimates of the proportion of the hydraulic conductivity attributable to flow through
saprolite macropores and groundmass are shown in Table 24 for soil water potentials
between 0 and -100 cm. The volume of each pore group contributing to the water flow
was also estimated using the water retention curves (data not shown). Slight
differences were found between the volume of macropores estimated from thin sections
(2%) and the volume of pores obtained from the water retention data (2.4%). We
should note that the former was obtained from 124 cores while the latter value (i.e.,
2.4%) was determined using water retention data from six cores. As given in Table 24,
95% of the water flow (under unit hydraulic gradient) through saprolite occurs through
macropores that occupy about 2% of the saprolite body. A decrease in soil water
potential to -10 cm results in a substantial increase in the volume of groundmass
conducting water. While the movement of water through the main body of saprolite
remains fairly low under saturated conditions, most of the water flows through
groundmass when soil water potential is less than -10 cm. This has an important
implication for on-site wastewater disposal systems in which the soil under the
drainfield must remain unsaturated. It has been shown that in most cases the soil
water potential below a drainfield system is less than -10 cm (Simon and Reneau, 1987;
Martin, 1987).
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Table 24. Calculated proportion of the hydraulic conductivity of saprolite due to flow through macropores and
groundmass (micropores) for different soil water potentials. Volume of saprolite contributing to the
flow is also estimated.

Proportion of Hydraulic Volume of Saprolite

Soil Saprolite Conductivity Due to Flow Contributing to Hydraulic

water Hydraulic Through Conductivity”*
Potential Conductivity Macropores Groundmass Macropores Groundmass

cm cm/d %

0 9.12 0.95 0.05 2.4 39

-10 0.96 0.50 0.50 1.9 39

-30 0.48 0 1.0 0 39
-100 0.10 0 1.0 0 39

# Determined from water retention data.
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