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ABSTRACT

In the past saprolite has been considered unsuitable for use with on-site
wastewater disposal systems in North Carolina. Recent land development in
the Piedmont and Mountain regions of the state, however, has increased the
demand for installation of septic tank systems in shallow soils undertain by
saprolite. This project was undertaken to study the role of solum/saprolite
sequences in movement of water and wastewater constituents. One laboratory
and two field studies were conducted with the following objectives: (1) to
evaluate movement of wastewater and its constituents from septic tank drain-
fields through soils and underlying saprolite material, (2) to evaluate the
effect of landscape position and development density on the movement of water
through solum/saprolite profiles.

To achieve the first objective, soil water regimes in and around the
drainfield areas of four low pressure pipe (LPP) septic tank systems were
evaluated using neutron thermalization and tensiometry. Wastewater distribu-
tion over the drainfield areas and movement of wastewater from individual
drainlines were also evaluated. 1In a laboratory experiment, movement of Ca,
K, NHgq, NO3 and C1 disturbed and undisturbed solum (Bt horizon) and saprolite
(C horizon) of a Cecil soil was evaluated. For the second objective, soil
water contents at various landscape positions in developed and undeveloped
areas of the Piedmont region were evaluated by neutron thermalization tech-
nique. Soil morphological and physical properties of solum/saprolite sequen-
ces at various landscape positions were also determined.

Wastewater distribution was not uniform over the drainfield areas of the
LPP systems studied. Soil water content under the drainfield remained fairly
unchanged between wastewater applications, indicating a quasi-steady state
condition under the systems at each season. Seasonal variations, however,
were significant with the highest changes occurring in the drought period of
1986. Wastewater flow from the middle trench line of each of the systems
studied was not symmetrical. This could be an indication of smearing of the
trench wails during construction and/or be due to high degree of soil
variability.

The results of the laboratory miscible displacement experiment indicated
that the attenuation capacity of the undisturbed Bt horizon of the soil was
not significantly different from the attenuation capacity of the repacked
disturbed Bt material. In contrast, saprolite attenuation capacity was
greatly reduced when material was disturbed and repacked into a soil column.
Furthermore, the results indicated that the rate of movement of various
wastewater constituents through the Bt and C horizons can be estimated using
a simple solute flow mathematical model.

To achieve the second objective, morphology and horizonation of solum/
saprolite sequences were related to landscape position. Maximum clay content
occurred shallower in the soil profile and was numerically greater in the
interfluve, convex noseslope, and linear sideslopes positions than the
headstiope, footslope, and drainageway positions. Saturated hydraulic con-



ductivity had a distinct depth distribution with the lower part of the Bt
horizon (Bt3 horizon) having the Teast conductivity. Saturated hydraulic
conductivity of the saprolite determined in-situ was in agreement with
measurements made in the laboratory using undisturbed soil cores. Soil water
content was also related to soil morphology and landscape position. The
greatest level of soil water content consistently occurred in the Bt horizons
in convex and linear landscape positions and in relatively clayey buried
2Bt2b and 2Bt/C horizons in the concave positions. Soil water content was
not as closely related to the morphology at relatively lower elevation
footslopes. However, there was a consistent relationship between the
variation in mean soil water content and landscape position. Extensive
perching of soil water was not observed within the solum/saprolite sequences
during the study period, although abnormally droughty conditions existed

in the Piedmont region at the time.
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SUMMARY AND CONCLUSIONS

Recent land development in North Carolina, especially in the Piedmont
region, has reduced the supply of suitable soils for housing development
using on-site wastewater disposal systems. As a result, state and local
regulatory agencies have been under pressure to consider utilizing some of
the less suitable soils for septic tank system. In the past, the North
Carolina rules governing on-site treatment and disposal of household
wastewater had considered saprolite as unsuitable material for use with sep-
tic tank systems. Recently, however, provisions have been made to consider
certain saprolites for wastewater treatment and disposal purposes. This
study was undertaken to assess the role of solum (i.e., A, E and B horizons)
and saprolite (i.e., C horizons) portions of soil profiles for the treatment
and disposal of wastewater. The objectives of the study were: (1) to eva-
luate movement of wastewater and its constituents from septic tank drain-
fields through shallow soils underlain by saprolite; and (2) to evaluate the
effect of landscape position and development density on the movement of water
through solum-saprolite sequences.

The objectives were achieved through two field studies and a laboratory

soil column experiment. In the first field study, soil water regime was
evaluated for 1.5 years in and around the drainfield areas of four neigh-
boring low-pressure pipe septic tank systems (LPP) using neutron ther-
malization and tensiometry techniques. In addition, wastewater application
over the drainfield areas of three of the system and movement of wastewater
from individual drainlines of two systems were studied. In a laboratory soil
column (miscible displacement) experiment movement of Ca, K, NH4, NO3 and C1
through undisturbed (intact) and disturbed (repacked) solum and saprolite
materials collected from another area was studied. A simple mathematical
model (an error function with two unknown parameters: a retardation factor R
and a diffusion-disperation coefficient D) was used in conjunction with the
laboratory experiment to assess the movement of various solutes through the
disturbed and undisturbed solum and saprolite columns. In the second field
study, soil water distribution in soil profiles in developed and undeveloped
areas was determined by neturon thermalization technique at various landscape
positions. The morphology of the sites was also studied and related to
various solum/saprolite properties and to the soil water distribution.

A1l LPP systems that were monitored for wastewater application were

designed for a uniform wastewater distribution over the entire drainfield.

We found, however, that sewage effluent distribution over the drainfield area
of each system was not as uniform as was expected. Lack of uniform distribu-
tion was perhaps due to partial blockage of the holes in the laterals form
inside by solids accumulated in the lateral line and/or from outside the
lateral lines by the gravel envelope in the trenches.

Wastewater ponding was observed between dosing events in at least a few
locations in the trenches within each drainfield area. Because these systems
were young (about 1.5 years old at the beginning of the study), we suspect
that clogging mat formation was not a likely cause of poor performance,
although none of the systems were excavated to confirm the presence or lack
of a clogging mat at the interface of the trenches and soil. It is believed
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that the ponding in the trenches was the result of the nonuniform distribu-
tion of wastewater over the drainfields and wetness of the soils beneath the
drainfield area due to Tow hydraulic conductivity. Redistribution of
wastewater in the trenches, and possibly wastewater flow from one trench line
to another via the manifold or subsurface short circuiting, was also par-
tially responsible for ponding in some areas of the trenches. We beljeve
that a young system may experience ponding in its trenches as a result of low
hydraulic conductivity without the presence of a clogging mat especially
during wet periods.

The soil water content and soil water potential data indicated that there
were quasi-steady state conditions under the drainfields except for the
drought period of 1886. Soil water content and potential under the drain-
fields did not change appreciably between the dosing cycles. Zones of
saturation or near saturation were observed at various locations in the pro-
file under the systems. Wastewater flow from the middle trench 1ine of one
of the systems under the lawn (Lewn 1 system) was not uniform at any time
during the study period. More wastewater entered the soil from one side of
the trench indicating possible smearing of the trench wall during construc-
tion, and/or the presence of a lower hydraulic conductivity zone on one side
of the trench 1ine as a result of natural soil variability. Wastewater flow
from the middle trench of another system under the pine forest (Forested
system) was more symmetrical. The soil profile, however, remained wetter
throughout the year as compared to the system under the lawn. Seasonal
changes in the soil water potential under the middle 1ine of the Forested
system were also much less than the changes under the middle line of the Lawn
1 system.

The results of the laboratory miscible displacement study indicated that

the Bt horizon of a Cecil soil series had a much wider pore size distribution
than the saprolite below it. Disturbing the soil materials removed from the
Bt horizon did not change the attenuation capacity of the material, but did
reduce the range of pore size distribution as determined from the rate of
movement for various cations and anions. Disturbing saprolite, however,
reduced its attenuation capacity. In most cases, the movement patterns of
equivalent ions were similar for undisturbed saprolite and disturbed Bt
material.

The simple error function model was effectively used to fit the experi-
mental results for all ions. This model is perhaps adequate for estimating
the travel time of the common ions present in household wastewater through
soils effectively and economically. Unlike complicated mathematical models,
the two unknown parameters in the simple error function model (i.e., R and D)
can be estimated using laboratory soil column data with 1ittle mathematical
computation.

In the second field study, the morphology and horizonation of solum/saprolite
sequences was related to landscape position. The interfluve, convex
noseslope and linear sideslope landscape positions had an A, Btl, Bt2, Bt3,
Bt/C, C morphological horizon sequence, while the concave headslopes, drains,
and concave footslopes had an A, Bt, 2Btb, 2Btb/C, 2C horizon sequence.
Maximum clay content occurred shallower in the soil profile and was numeri-
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cally greater in the interfluve, convex noseslope, and 1inear sideslope posi-
tions than at the other locations. Further, the morphology of a typical
solum/saprolite sequence located on the interfluve included: (1) a clayey,
strongly structured Bt2 horizon, (2) a deeper, less well-expressed, clayey,
Bt3 horizon, (3) a thick transitional Bt/C horizon, and (4) the loamy C hori-
zon or saprolite.

After examining the Bt/C horizon in backhoe-dug observation pits we deter-

mined that it was more a part of the soil solum than of the C horizon. As

such,the Bt/C horizon should be considered acceptable for installation of a
septic tank system if all other soil and site criteria are met. Our study

has identified some typical characteristics of Bt/C horizons and described

methodologies for recognizing this type of soil horizon so as to allow its

proper evaluation for septic tank system use.

Saturated hydraulic conductivity at the Schenck Forest study area had a
distinctive depth distribution that was specifically related to the soil
morphology at the site. Field observations of morphology indicated that the
Bt3 horizon had the lowest permeability in the soil profile. Saturated
hydraulic conductivity determined on core samples confirmed these field
observations. The Bt3 horizon had the lowest conductivity because soil
structure was not as well-expressed as in the Bt2 horizon above it, and the
root voids and planar voids were not as well preserved as in the Bt/C and C
horizons below it. The Bt3 horizon may regulate the rate of recharge to the
saprolite. Therefore, this horizon (or one similar to it) may serve to
1imit the downward movement of pollutants originating from septic tank
systems installed in the overlying Bt horizons.

For the Schenck Forest sites saturated hydraulic conductivity of saprolite
determined in-situ and in the laboratory using cores were largely in
agreement. The relative agreement of field and laboratory data indicated
that small undisturbed soil cores adequately predicted the saturated
hydraulic conductivity of this saprolite. Also, the saturated hydraulic con-
ductivity of the saprolite was not excessively large nor excessively variable
in the samples evaluated. The similarity of the saprolite conductivities of
the Bt2 showed that both horizons had comparable abilities to dispose of sep-
tic tank effluent. We feel that these data indicated that preferential flow
was not a serious concern in this saprolite. However, other conflicting
observations showed that further testing was needed to verify this with an
acceptable level of confidence. As a result of the needs identified in this
study, further research efforts are currently underway to address this con-
cern.

The neutron probe calibration equation Y = 2.58 + 37.22X adequately pre-
dicted soil water content from count ratio data collected in slurry-filled,
non-uniform diameter access holes at the study sites. In the upper reaches
of these Piedmont landscapes, the soil water content had characteristic depth
distributions. The shapes of these soil water depth distributions were
related to the soil morphology (as influenced by landscape position)
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described earlier for the study areas. The highest water contents con-
sistently occurred in the Bt horizons in convex and linear positions and in
the relatively clayey, deeply buried 2Btb horizons in the concave positions.
The depth distribution of the average soil water content mimicked the clay
distribution of the soil profile. At relatively lower elevation footslopes
that adjoin higher order drains, where there was a more "regional" hydro-
geological influence, the soil water content was not as closely related to
morphology.

We did not observe significant perching of soil water within the
solum/saprolite sequences we investigated, particulary in the convex and
linear positions. Therefore, perching of soil water does not seem to present
a major limitation to the proper functioning of septic tank systems on these
positions in similar Piedmont landscapes. This conclusion must be tempered,
however, by the understanding that the recent drought minimized the likeli-
hood of water perching within the soil profile. Although perching of soil
water was not observed, there was a consistent relationship between the
variation of mean water contents and landscape position. Typically, the
standard deviations, ranges, and coefficients of variation of the water con-
tents were greater in drainageways and headslopes than in other positions.
The coefficients of variation were also greater in footslopes, shoulder, and
sideslopes than in interfluve positions at the Schenck Forest study site.
These data indicated that there may be some preferential flow of soil water
in the upper portion of the profiles in the concave positions. Hewever, this
could not be confirmed due to the dry conditions. Soil water content was
spatially and temporally more variable at the developed Medfield Estates sub-
division site than at Schenck Forest. Also, the average soil water content
was numerically larcer at the developed site.
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1.

RECOMMENDATIONS

The drainfield of a low-pressure pipe septic tank system should be placed
on the landscape to allow maximum water flow from the system. Wide flat
ridge tops in the Piedmont region may not allow rapid movement of the
added wastewater from the drainfield area.

Trench width of LPP systems should be increased to a minimum of 20 cm
(8 in) to lower the loading rate on wetted perimeter basis from that
currently used. This also will increase the storage capacity of the
system during short-term diurnal periods of high water use.

. More care and a greater monitoring effort should be exercised during the

design and construction of LPP septic tank systems. Specifically, the
trenches must be installed on contours when on sloping sites. Also, the
bottom of each trench must be level. At least 15 and 5 c¢m of gravel must
be applied below and ebove the lateral 1ines in the trenches,
respectively. The amount of backfill soil material should be adequate to
assure a level surface with no depression after the material has settled.

. The occupant of a cwelling served by a septic tank system in ceneral, and

a LPP septic tank system in particular, must be informed of the care and
management requirements for an on-site system. Lack of knowledce may
result in occasional overuse and misuse of the system

The septic tank and pump tank must be water-tight to prevent possible
infiltration of soil water into these tanks (and subsequently into the
drainfield) during rainy periods. This is particularly important because
the natural soil water content is quite high during wet seasons, thereby
reducing the rate of wastewater infiltration from the trenches into the
soil.

The destruction of the natural fabric of the type of saprolite described
in the first part of the report reduces the attenuation capacity of the
material. Therefore, in areas where saprolite is at or near the surface
its natural structure should be preserved.

Saturated and unsaturated hydraulic conductivity should be determined on
various sample orientations (vertical, along foliation planes,
perpendicular to foliation planes) and on various special features; such
as quartz veins, planar voids, and joint sets and fractures in a number
of saprolites.

Further dye and solute movement studies are needed to further evaluate
the influence of the above special features on the ability of saprolite
to adequately absorb wastewater and on the preferential movement of
wastewater through the material.

Transitional BC and Bt/C horizons are part of.the soil solum and should
be evaluated as such for the purpose of siting septic tank systems.
However, further study is recommended to more completely assess the abi-
lity of these transitional horizons to treat and dispose of wastewater.
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10.

11.

It is recormended that backhoe-dug test pits be utilized in addition to
auger borings for evaluation of the suitability for septic tank systems
solum/saproiite sequences in the Piedmont.

Because the silt loam saprolite studied in the second part of the report
had a saturated hydraulic conductivity comparable to the main part of the
Bt horizon, this type of saprolite seems to be acceptable for use of a
septic tank system at a conservative loading rate. A loading rate com-
parable to that recommended for provisionally suitable, clayey, Bt hori-
zon is recommended. Further studies previously described should provide
areater extrapolation of this recommendation.
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INTRODUCTION

Proper management of household wastes is essential for the preservation of a
healthy environment. In general, these wastes can be classified into solid
(i.e., garbage) and liquid (i.e., wastewater or sewage) categories. The
management of the solid portion has been accomplished by collection and
disposal of the materials without any chemical or biological alteration. On
the other hand, sewage effluent must be physically, chemically, and
biologically altered before safe disposal. These chemical, physical and
biological transformations are needed to treat the wastewater prior to its
entrance into water resources or food chains.

Although wastewater treatment facilities are designed to handle various
loading rates ranging from a small cormunity (EPA, 1977) to a large city,
their use may be cost prohibitive in some areas. In most cases where the
collection and treatment of sewage by such facilities are either physically
or economically impossible, the individual household's wastewater must be
disposed of by other means such as on-site systems (EPA, 1980). According
to Canter and Knox (1984), approximately 17 million housing units (33% of
all housing units) representing 70 million people in the U.S. are served by
on-site wastewater disposal systems. In 1980, about 47% of North Carolina's
2,224,196 year-round dwelling wunits were served by a public or community
wastewater disposal facility, 49% were served by an approved on-site
wastewater disposal system, and 4% used other means for their waste disposal
(Bureau of Census, 1983).

In the United States, the use of on-site wastewater disposal systems is
requlated by various state and local agencies. These regulations are deve-
loped to ensure that no wastewater will reach food or water resources before
treatment and to minimize any health hazards resulting from the disposal of
wastewater on-site. Under the present rules in North Carolina (NCDHS, 1887
and NCDEM, 1987), no on-site wastewater disposal system can be installed at
a site unless a comprehensive soil/site evaluation reveals that the site
meets certain criteria. Deviation from these requirements may result in a
malfunctioning septic tank system that is harmful to public health, and
could render the associated dwelling uninhabitable. Therefore, it is of
utmost importance to be familiar with these on-site systems and the existing
criteria concerning their use. At the same time, it is necessary to test
these existing requirements and develop new ones to ensure that the welfare
of the public is preserved. Kleiss and Hoover (1985) discuss a range of
site evaluation methodologies and criteria used across the United States.

Using Soil as a Waste Treatment System

A number of types of on-site wastewater disposal systems are permitted under
North Carolina rules (NCDHS, 1987; Hoover and Amoozegar, 1988). The most
cormon septic tank system currently used in the state is the conventional
trench distribution system (Hoover et al., 1988; EPA, 1980). Other types
of systems used include: the bed distribution system, shallow trench system,
ultra shallow trench system with backfill cover, and areal fill system
(Hoover and Amoozegar, 1588; Hoover et al., 1988). The most common
"alternative system" used in North Carolina, according to NCDHS (1987) cri-
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teria, is the low-pressure pipe septic tank system (Hoover and Amoozegar,
1988; Carlile, 1979, 1980; Cogger et al., 1982; EPA, 1980). All of these
systems use the natural soil as a treatment medium for wastewater disposal.
A septic tank system is composed of a tank and an absorption field (also
called a drainfield or nitrification field). In a septic tank system the
wastewater from different facilities in the dwelling (e.g., kitchen sink,
dishwasher, clotheswasher, bathrooms) enters a septic tank located outside
of the dwelling. The size and dimensions of the septic tank are selected
so that there will be at least two to three days retention time for the
wastewater in the tank. The large solid particles present in the sewage
settie to the bottom of the septic tank (primary treatment). Under
anaerobic conditions in the tank, the mass of solids is partially reduced
and the nitrogen in wastewater is in the organic and ammonium forms.

The sewage effluent containing dissolved and suspended solids as well as
microorganisms flows from the septic tank into a number of trenches dug

into the soil. This effluent is distributed from the tank to the absorption

field either by the force of gravity (as in a conventional or modified

conventional system) or by pressure distribution through a network of v
perforated pipes located inside an array of shallow and narrow trenches in
the drainfield (as in a low-pressure pipe system). Both of these systems

will be discussed in more detail. When the wastewater enters the drainfield,
it comes in contact with oxygen in the soil environment and a secondary level
of treatment begins. Under aerobic conditions in the soil, ammonium nitrogen
is transformed 1into nitrate nitrogen, and the anaerobic microorganisms pre-
sent in the effluent die off. The soil, with its cation exchange capacity
(CEC), will act as a filter and adsorb and exchange some of the cations such
as K and Ca, and may fix P. The nitrate nitrocen, on the other hand, is not
usually adsorbed by the soil particles, and therefore is easily leached.

Some of the nitrogen may be lost due to denitrification or be utilized by
plants. Because of the role of soil materials in the treatment of household
wastewater, it is necessary to become familiar with the principles involved
in the movement of various contaminants present in septic tank effluent.

To evaluate the soil's ability for treatment of wastewater from septic

systems one must consider the soil, the type of liquid effluent, and the

effluents chemical and biological constituents. The soil and underlying

geologic materials may work as a barrier to pollutants or may act as a con-

duit between the drainfield and groundwater. Water acts as the transporting
mechanism for contaminants, and its velocity and direction of flow in the

soil are two factors that must be assessed. i

Potential of Septic Tank Systems as a Source of Pollution

As was mentioned earlier, about 49% of North Carolina's households, with an
average inhabitance of 2.9 per dwelling, are served by an on-site wastewater
disposal facility. Assuming an average per capita water use of 180 L (45
gallons) per day (EPA, 1980), the amount of septic tank effluent applied to
North Carolina soils is on the order of 200 billion L (50 billion gallons)
per year. It is estimated that 30,000 to 50,000 new septic tank systems are -
installed annually in North Carolina, and the number of septic tank systems
will exceed 1.6 million by the year 2,000. (Grayson et al., 1382). Thus, the
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quantity of sewage effluent applied to the soils is likely to increase in the
coming years, and the potential for contamination of water resources will be
greater. It must be noted that septic tank systems are subject to failure
(e.g., surfacing of effluent, excessive wetness in the soil around drain-
field areas, backing of effluent into the dwelling) or improper functioning
(e.g., contaminating surface or groundwater). Grayson et al. (1982) noted
that approximately 11% of the septic tank systems in Orange County, N.C.,
were reported as having some problem in 1981. Of course, the above figure
does not include the unreported and unnoticed failing systems which could
adversely affect the environment.

Septic tank systems can be viewed as a non-point source of pollution. An
jndividual septic tank system may be identified as a potential source of
ground or surface water pollution either because of its isolated location
or the nature of its effluent. On the other hand, contamination of surface
water or groundwater in a large residential community served by individual
on-site wastewater disposal systems may be caused by sewage effluent, but it
may not be possible to relate the contamination to any particular system.
According to Canter and Knox (1984), groundwater degradation in areas with a
large number of septic tank systems is characterized by elevated levels of
nutrients, bacteria and significant amounts of organic compounds. Katz et
al. (1980) analyzed nitrogen data collected in the period of 1852-1976 from
ground and surface waters in the sewered and unsewered areas of Nassau
County, New York. They concluded that ammonium and nitrate data collected
in the period of 1972 to 1976 suggested a relative improvement in the
quality of the ground and surface waters in the sewered area. As a result,
they indicated that one of the predominant sources of nitrogen in the
groundwater in the study area was septic tank effluent. In another study,
Sgambat and Stedinger (1981) showed that the nitrate-nitrogen concentration
of the groundwater decreased significantly when the septic tank systems were
replaced by a central wastewater treatment facility. Therefore, in order
to assess the impact of septic tank systems on the quality of water resour-
ces and prevent the failure of individual systems, a thorough knowledge of
the movement of water and pollutants in and around individual drainfields,
as well as the entire landscape, is essential.

In recent years North Carolina has experienced tremendous economic develop-
ment in all parts of the state. This growth, has resulted in a great demand
for housing development in unsewered areas. Around many large metropolitan
areas in the Piedmont region of North Carolina, homes have already been
constructed on most suitable soil locations. Thus, demand to use some of
the . less suitable soils for septic tank effluent disposal has increased.

Concern over the use of Saprolite for Wastewater Disposal

According to Lutz (1969), the Piedmont plateau represents about 38% (12
million acres) of the approximately 31 million acres in North Carolina. In
general, most of the Piedmont soils overlay saprolite (Daniels et al.,
1984). Saprolite is defined as the material derived from rock decay in-situ
(AGI, 1976). It is the result of the weathering of the parent rock with
1ittle volume change, and extends from the bottom of the soil solum downward



to rock. The term saprolite defines a material that has retained the rock
structure and appearance, but is friable to firm and crumbles 1ike soil
material. At present, most shallow soils underlain by saprolite are con-
sidered unsuitable (NCDHS, 1987) for conventional on-site wastewater dispo-
sal system. At some of these sites, modified conventional systems (e.g.,
shallow trench system, ultra shallow trench system) or alternative systems
(e.g., low-pressure pipe system) can be used. At other sites where the
distance from the bottom of the trench to the underlying saprolite is less
than 30 cm (12 in) (NCDHS, 18987), no septic tank drainfield has typically:
been permitted to be placed on the soil. However, recent changes in the
rules will allow a system to be installed directly in saprolite if the soil
and site evaluation determines that the saprolite under the shallow solum

(A and B horizons) meets certain criteria (NCDHS, 1989, rules under review).
Considering the amount of industrial and urban development occurring in the
Piedmont region, and the ever increasing number of septic tank systems,
these wastewater treatment and disposal systems may be a major factor in the
contamination of soil and water resources.

The concern over the use of saprolites for wastewater disposal purposes is
two-fold. First, some saprolites are expected to be so slowly permeable
that septic tank effluent will not be absorbed by them. Second, there are
saprolites that, due to the presence of natural fractures, joints, dikes,
foliation, etc., may allow very rapid water movement that will result in
little treatment of wastewater (H. J. Kleiss, Soil Sci. Dep., NCSU, 1885,
unpublished manuscript). In other words, water flowing through the cracks
may bypass the matrix of the saprolite thereby shortening the travel time
for pollutant migration. Fractures and foliation planes are rock structures
that are preserved intact in the saprolite. Therefore, saprolites are

a major concern regarding the potential contamination of groundwater.

The movement and storeage of water in saprolite and underlying rocks have
been described by Heath (1980). Heath presented conductivity values of 0.3
to 6.1 m/d for saprolite and underlying rocks with a porosity of 20-30%

for saprolite and 0.1-1% for rocks. Welby (1981) presented values for air
permeability and hydraulic conductivity of varijous saprolite materials. His
results indicated that saturated hydraulic conductivity of various
saprolites ranged between 10.4 to 5.2 x 10-4 m/d. The bulk density,
saturated hydraulic conductivity, soil moisture characteristics, and particle
size distribution of the A and B horizons and the underlying saprolite in
one soil-saprolite profile near Raleigh, N.C., were determined by 0'Brien
(1978) [also see O'Brien, and Buol, 1984]. O'Brien's results indicated that
the saturated hydraulic conductivity of the saprolite horizon was 0.60 to
1.51 m/d, with the lower layers having higher conductivity values. The
conductivity of the Bt horizon was reported as 1.92 m/d for the same
profite. In another study, the variability of a number of chemical and
physical properties of two soils in the Piedmont region were determined by
Amoozegar and Robarge (1985). In their study, both the soil and saprolite
exhibited Targe variability with respect to the saturated hydraulic
conductivity. Recently, Simpson (1986) evaluated the saturated hydraulic
conductivity and some other physical properties of a number of soil and
associjated saprolite materials related to various rock types. His results
also indicated high variability in soil and saprolite samples of each rock
group. These latter studies indicated that, in general, the saturated




hydraulic conductivity was lowest in the transition zone and highest in

the soil above it. They also showed a higher variability among the soil
samples compared to saprolite samples. Unfortunately, our knowledge of the
behavior of partially weathered saprolite materials in accepting and
treating waste constituents is very limited. Even under the best conditions
in the Piedmont region, polluting constituents present in septic tank
effluent may reach saprolite, and at that point, we can no longer assess
their fate.

Objectives

The study reported here was conducted to assess the role of soil-saprolite
profiles in wastewater treatment by evaluating water flow in &nd around
jndividual septic tank drainfields and determining soil water conditions in
various landscape positions. The specific objectives of the study were:

1) Evaluate the movement of wastewater and its constituents from buried
drainiines in and around nitrification fields with shallow saprolite
horizons.

2) Evaluate the effect of landscape position and development density on
the distribution and movement of soil moisture in soil-saprolite sequences.

Although the above two objectives are inherently related to one another,
due to the nature of the study they were conducted independently of each
other. Evaluation of individual septic tank systems required full
cooperation of a number of homeowners who were willing to accept some
inconvenience resulting from the instalilation of monitoring equipment in
their yards, frequent visitation, and the presence of the research team on
their property for long hours throughout the study period. Assessment of
the soil water status at various landscape positions, especially in areas
with housing developments, needed the cooperation of neighboring land and
homeowners. The sites for this part of the study were initially selected by
studying the topographical maps of the area and by field inspection.
Permission from the owners/occupants were obtained subsequent to the site
selection. To better explain and discuss the results each one of the
objectives will be addressed in a separate section. Each section will
include materials and methods as well as discussion of the results.
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WATER AND POLLUTANT MOVEMENT THROUGH

SOIL AND SAPROLITE

The first objective of the study, "Evaluate the movement of wastewater and
jts constituents from buried drainlines in and around nitrification fields
with shallow saprolite horizons" was achieved through a field monitoring
program and a laboratory soil column experiment.

In the field monitoring program soil water regimes in and around the
drainfield areas of four neighboring low-pressure pipe (LPP) septic systems
were evaluated regularly for over 1.5 years. These systems were selected as
the on-site wastewater disposal system for the study because LPP systems, in
general, provide a better control of wastewater application to the
drainfield over conventional systems. In addition, LPP systems are most
1ikely to be used as the on-site wastewater disposal system in shallow
soils which overlay saprolite.

The laboratory column experiment was conducted to determine the movement of
selected cations and anions, common in household wastewater, through
disturbed and undisturbed soil (B horizon) and saprolite samples. The
resulting breakthrough curves determine how various ions move in soil and
saprolite, and shed some light on the attenuation capacity of these porous
materials.

Since proper evaluation of the movement of wastewater and its constituents
through soil and saprolite in and around the drainfield of a septic tank
system requires knowledge of the functioning of the system, a brief
description of the most common septic tank systems in North Carolina will be
presented. [Readers already familiar with the on-site wastewater disposal
systems may skip to the next section (Sub-Objectives) without any loss of
generality.]

As was mentioned earlier, a number of different types of on-site wastewater
treatment/disposal systems are permitted under North Carolina rules. The
most common is the conventional (or gravity) septic tank system. In a con-
ventional septic tank system, wastewater from different facilities in the
dwelling (e.g., kitchen sink, dishwasher, clotheswasher, bathrooms) enters a
septic tank located outside the dwelling. In the septic tank, the large
solid particles present in the sewage settle (primary treatment) and the
1iquid portion, containing dissolved and suspended solids as well as
microorganisms, flows into a number of trenches by the force of gravity.
These trench lines are generally from 60 to 90 c¢m (2 to 3 ft) deep and 60 to
80 cm wide with a distance of 180 to 270 ¢cm (6 to 9 ft) between the center
of the trenches. The area where the trenches are located is referred to as
the drainfield, nitrification field or absorption field. According to the
state rules, there must be at least 30 ecm (12 in) of suitable soil between
the bottom of the trench lines and any restrictive soil horizon or seaso-
nally high water table (NCDHS, 1987). Consequently, at least 90 cm depth of



suitable soil must be present in a large enough area on a land parcel to
install a conventional septic tank drainfield. The area of the drainfield
for a conventional septic tank system is based on the design daily water use
of the household and soil's long term acceptance rate for effluent. The
rate of water movement into the soil (i.e., soil permeability) and the depth
of the suitable soil are the most restrictive requirements for conventional
septic tank systems.

In a conventional septic system, wastewater application to the drainfield is
directly related to the water use pattern of the household. In these
systems, wastewater always flows into the beginning of the trench lines
before infiltrating into the soil. Therefore, the areas of the trench
bottom closest to the septic tank receive the highest quantity of wastewater
during the life of a system and are susceptible to clogging.

It is clear that not all building-lands will meet the requirements for a
conventional septic tank system. A number of on-site wastewater disposal
systems are developed to overcome the problem of shallow sojls, soils with a
seasonally high water table or, in extreme cases, soils with a low hydraulic
conductivity. Common systems, which use the natural soil for treatment, are
low-pressure pipe (LPP) and shallow conventional septic tank systems (Hoover
and Amoozegar, 1588; Hoover et al., 1988).

In most common LPP septic tank systems, wastewater produced by the household
flows by the force of gravity into a septic tank where large solid par-
ticles settle. Wastewater containing dissolved and some suspended solids
then flows by gravity into a holding tank (also known as pump tank) located
close to the septic tank. When the level of wastewater in the pump tank
reaches a predetermined level, an electrical pump located inside the pump
tank pumps the effiuent under 75 to 150 ecm (2.5 to 5 ft) of pressure into a
network of perforated pipes located in an array of shallow and narrow
trenches. In general, the trenches for LPP systems are about 10 to 25 cm (4
to 10 in) wide and 30 to 45 cm (12 to 18 in) deep. Considering the 30 cm
depth of suitable soil that is required below the trench bottom, only 60 to
75 cm (2 to 2.5 ft) of suitable soil is needed for an LPP system. The per-
forated pipes (also referred to as lateral lines) are made of PVC with holes
ranging in size from 0.32 to 0.56 cm (1/8 to 7/32 in). Depending on the
design of the system, the distance between the holes may range from 90 to
300 cm (3 to 10 ft). These lateral lines are placed in a gravel envelope and
covered with soil (see Cogger et al., 1982).

In a LPP system, wastewater application to the drainfield is controlled by
pumping, and the effluent is distributed in the lateral network throughout
the entire drainfield. The designer of a Tow-pressure pipe system attempts
to achieve the desired distribution pattern over the drainfield by varying
the size and distances between the holes on the lateral lines. For a flat
drainfield, uniform wastewater distribution is desired; whereas, for sites
with a slope, a higher rate of wastewater application may be selected for
the upper part of the drainfield compared to the area downslope. By testing
above ground low-pressure pipe systems, Otis et al. (1974) and White et al.
(1884) have shown that a uniform distribution pattern can be achieved
through proper design.




The loading rate for each pumping cycle (referred to as "dosing cycle" or
"dosing") in an LPP system is selected such that all the wastewater applied
to the drainfield infiltrates into the soil before the next wastewater
application. This permits a periods of aerobic conditions inside the trench
lines, and is believed to be effective in reducing the clogging potential of
the trenches (Carlile, 1985). The pumping and the periods of infiltration
and aerobic conditions are referred to as dosing and resting cycles, respec-
tively.

A nonuniform distribution of wastewater in the trenches may overioad part of
the drainfield, while other drainfield locations receive 1ittle or no
wastewater. This may cause local saturation or near saturation around the
drainlines or result in ponding of wastewater in the trenches or even sur-
facing of sewage effluent. After studying nine low-pressure pipe septic
systems in Durham County and three systems in Craven County, North Carolina,
Hargett (1984) concluded that not all the wastewater applied to the
trenches of a system infiltrated into the soil within a dosing cycle. He
observed some continuous ponding in at least part of the trenches between
dosing cycles in nine of the systems. In these systems, the ponding
occurred during 60% of the study period. He attributed part of the problem
to high precipitation during the study period. In the above study, the
distribution of wastewater over the entire drainfield was not evaluated, and
monitoring of wastewater in the trenches was restricted to a few locations
in each drainfield. Also, the time of each observation was not systemati-
cally chosen.

Sub-Objectives

Four sub-objectives were developed to accomplish the first objective of the
study. These sub-objectives were:

1) Evaluate the uniformity of wastewater application to the drainfield area
of LPP systems.

2) Determine the soil water regime in and around the drainfield area of LPP
systems.

3) Assess the movement of wastewater into the soil from individual trench
1ines of LPP systems.

4) Evaluate the movement of selected cations and anions present in household
wastewater through soil and saprolite materials.
Materials and Methods
Sub-objectives 1 to 3 were related to the field monitoring of four

neighboring low-pressure pipe septic systems, and the fourth one was
achieved through a laboratory soil column experiment.



Field Study

Soil water content and potential were measured in and around the
drainfields of four neighboring Tow-pressure pipe septic tank systems by
the neutron thermalization technique (Gardner, 1986) and tensiometry
(Cassel and Klute, 1986). Uniformity of wastewater distribution over the
drainfields was also determined. Measurements were made before and fre-
quently after wastewater application (i.e., between the dosing cycles) at
various times. '

General Characteristics of the Systems. The systems were located in the

Slate Belt of North Carolina, northwest of the city of Durham. The cover

vegetation on each system's drainfield was either a pine forest, lawn, or

an old-field early successional growth. [01d field early successional

growth refers to the natural vegetation allowed to grow without control on

a land that has been previously cleared and used as an open field or farm.]

The systems are herein referred to as the Forested, Lawn 1, Lawn 2, and

Early Successional systems. Figure 1 presents a schematic diagram of the

Tocation of the systems with respect to their associated dwellings as well

as to each other. -

Each system consisted of eight 18.3 m (60 ft) long lateral lines made of
3.5 ¢cm (1.4 in) diameter perforated PVC pipes. The spacing between

the laterals was 1.5 m (5 ft), except for the Forested system in which

the spacing varied from 0.9 to 1.8 m (3 to 6 ft). The perforations in the
laterals varied from 3.2 to 4.0 mm (1/8 to 5/32 in) in diameter, and the
distance between the holes was 1.2 to 2.0 m (4 to 6 ft), (Neil Floyd,
Durham County Health Department, 1985, personal communication). For con-
venience, the lateral lines for each system were numbered from 1 to 8,
starting with the line closest to the pumping tank.

The general land surface slopes parallel and perpendicular to the lateral

lines of the Early Successional system were 1.5 and 1%, respectively (see -
Fig. 1). The land surface slope for the Lawn 1 system was 2.5% along the
lateral lines, whereas the surface was level in the perpendicular direc-
tion. The Lawn 2 system had a land surface slope of 5% along the lateral
lines and a slope of 2% across the drainfield. The land surface on the
side of the Forested system had a slope of 1% in the direction of the
laterals and a slope of 3.5% measured in a direction perpendicular to them.
These slopes were determined by a ciinometer.

Characteristics of the Soils Under the Systems. The soils in the drainfield :
areas of the systems had been mapped as Georgeville silt loam, 2 to 6% slo-

pes (clayey, kaolinitic, thermic Typic Hapludults) (Kirby, 1876). Although

the systems were separated by short distances, the soils beneath the

systems were quite variable. Soil samples were collected from ten sites

around the drainfields of the systems by driving a 3.1 c¢cm (1.25 in) diameter

sampling tube into the ground. Undisturbed soil cores, 5 c¢m long, were

collected from 50, 100, 150, and 200 cm depths. To avoid disturbance to the

systems and the surrounding areas, all samplings were performed by hand

rather than with heavy machinery. The samples were analyzed for bulk den-
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Fig. 1. Schematic diagram of the plan view of the four low-pressure
pipe systems and the surface slope over the drainfield areas.
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sity by the core method (Blake and Hartge, 1586), and particle size analysis
was done by hydrometer (Gee and Bauder, 1986). The textural classes were
selected in accordance with Soil Survey Handbook (SCS Staff, 1971). Table 1
presents the mean and standard deviation for particle size distribution

and bulk density of the soil and saprolite at four depths around the
systems. The saturated hydraulic conductivity (Kg) and moisture retention
properties for soil solum (Bt) and saprolite are presented in Table 2. The
undisturbed soil and saprolite samples for these measurements were collected
from areas around the Lawn 1 and Early Successional drainfields using a
hydraulic soil sampling tube equipped with a 6.5 c¢cm inside diameter cutting
head. The in-situ Kg was determined in small auger holes halfway between
the Lawn 1 and Lawn 2 systems by the constant head well permeameter tech-
nique (Amoozegar and Warrick, 1586; Amoozegar, 198%a and 188Sb). The data
for the particle size distribution indicated high variability of the soil
and saprolite properties around the four drainfields with the coefficient of
variation ranging from 8% for the silt content at 200 cm depth to 82% for
the clay content at 150 cm depth.

Soil horizon characteristics and thickness were also highly variable. In
general, the soils had a 5 to 15 cm thick loam or silt loam Ap horizon, and
a 10 to 15 cm thick loam or clay locam BA horizen overlying 35 to 85 cm of
clay or silty clay Bt horizons. A clay lcam, silty clay, or loam Bt/C hori-
zon, ranging from 20 to 130 c¢m thick, overlaid a silt loam, sandy loam, or
loam C (saprolite) horizon.

Monthly Rainfall Information. No precipitation data were collected over
the study area. Precipitation information collected by the Oceanic
Atmospheric Administration at Raleigh-Durham International Airport was used
for general purposes. Although the individual rainfall events at the air-
port, which is about 22 km (15 miles) away, may have been different from the
study site, the general pattern of precipitation was assumed to be the same.
Figure 2 presents the average monthly and the actual precipitation data for
the Raleigh-Durham International Airport.

Wastewater Application Control Systems. Normally, wastewater application to
the drainfield area of an LPP system is controlled by a level control float
installed in the pumping tank (House and Cogger, 1985). Each time the
effluent level in the tank reaches a predetermined level, the internal
switch of the control is activated and the pumping cycle starts. When the
wastewater level in the tank is lowered to a certain depth, the internal
switch of the level control turns off the pump and the pumping cycle ends.
An alarm level control float is also installed in the pump tank to warn

the homeowner in case the pump or the level control float fails to operate.
In this type of control system, the quantity of wastewater application for
each pumping cycle is controlled by the designer and/or installer of the
system. The time of each pumping cycle, however, is controlled by the quan-
tity of water used by the household.

To better control the volume and time of wastewater application to the
drainfields, continuous water level recorders were initially installed on
the pumping tanks of all four systems. After monitoring the water use
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Table 1. Mean (with standard deviation shown in parentheses) for particle
size distribution and bulk density (BD) of soil profile around the
systems' drainfields.

depth, cm
so 100 10 200
Sand % 21.0(11.1)  30.9(7.5) 32.8(11.7) 42.6(7.6)
Silt % 35.8(10.7) 45.3(9.2) 43.7(10.2) 44.0(3.7)
Clay % 43.1(13.7)  23.8(9.9) 23.5(19.2) 13.4(6.9)
BD g/cm3 1.42(0.1)  1.38(0.01) 1.40(0.01)  1.40(0.03)

Table 2. Saturated hydraulic conductivity (Kg) and moisture retention
characteristics of solum (Bt), saprolite (C), and transition
horizon (Bt/C).

Bt Bt/C C

------------- cm/d ------------

Kg -- in-situ 1.52 2.47 2.87
Kg -- undisturbed core 1.61 2.47 3.90

Moisture Retention®

kPa Bar emmeeeeeeeee- kg/kg ------------

0 0 0.38 0.34 0.33

10 0.1 0.36 0.31 0.30
30 0.3 0.34 0.30 0.27
100 1 0.31 0.25 0.23
500 5 0.27 0.19 0.14
1500 15 0.20 0.18 0.17

# .
Undisturbed core samples were used for moisture retention at 0 to 100 kPa
and disturbed samples were used for 500 and 1500 kPa measurements.
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Fig. 2. Actual and average monthly precipitation at Raleigh-Durham
Airport during the study period, January 1985 to June 1986.

patterns of the households for over two weeks, the level control float in
each system was replaced by-a timer-float combination. For a dosing event
to occur, the timer must be activated while the wastewater level in the tank
is at or higher than the level which activates the float. To prevent the
activation of the alarm float between the preset times on the timer an
additional flioat control (called an emergency fioat) was also installed in
each tank. If the wastewater level in the tank rose significantly beyond
the level of the level control float while the timer was not activated, the
emergency float would activate the pump preventing the alarm level controil
from being activated. Time and volume of the emergency doses were
determined from the water level recorder and an electrical pulse counter
recording the number of pumping cycles.
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Wastewater Distribution Over the Drainfield. The uniformity of wastewater
distribution over the drainfields of three of the systems was determined by
measuring wastewater levels in the trenches at nine locations within each
field before and after wastewater application. The systems monitored were
the Forested, Lawn 1, and the Early Successional. The Lawn 2 system was not
monitored for two reasons. First, the homeowner expressed his concern over
the presence of neutron access tubes (which will be discussed later)
previously installed in his backyard; and second, because the lateral lines
were not installed on contour lines of the landscape. Observation wells
were installed at the beginning (2 m from the manifold), middle, and end ( 2
m from the end of the lateral) of line #2 (referred to as the lower line),
line #4 or 5 (referred to as the middle tine), and line #7 (referred to as
the upper 1ine). Lines numbered 2, 4 or 5, and 7 are herein called lower,
middie, and upper lines, respectively. Also, the positions 2 m from the
manifold, middle, and 2 m from the end of the lateral lines are referred to
as the beginning, middle and end of the lateral lines, respectively. The
observation wells were constructed of 5 cm diameter and 60 cm long aluminum
irrigation pipes which were perforated on the sides, and extenced to the
bottom of the trenches. The water level in each well was measured by a
float constructed from an empty plastic bottle sealed with a rubber stopper
and connected to a light-weight wooden dowel. A meter stick was placed by
each well and the rise of the float was measured manually. As an example,
Fig. 3 shows the plan view of the location of the observation wells in the
trenches of the Lawn 1 system.

Soil Water Distribution Under the Systems. Nine aluminum neutron access
tubes were installed at the beginning, middle, and end of the lower, middle,
and upper lines of each of the four systems. The access tubes were located
40 cm away from the center of the trenches (see Fig. 3). Additional access
tubes were installed outside of the drainfield areas such that at least eight
access tubes surrounded each drainfield. The access tubes between the drain-
fields were located halfway between the systems. Three access tubes were also
installed at each end of the four drainfields along a line parallel to the
end of the laterals in the Forested and Early Successional systems. The
distance between the access tubes and the end of the laterals in the

Forested system was 5 m. For the Early Successional system, hcwever, the
distance was selected as 12 m, which was half the distance between the end

of the laterals and the manifold of a neighboring system which was not
monitored. The access tubes on the other two opposite sides were located on
parallel lines 5 m from lines 1 and 8 of each system. A total of 61

neutron access tubes were installed, and the schematic diagram of the
locations of all the tubes in and around the four drainfields is presented

in Fig. 4. The installation of the access tubes began in November of

1984 and was completed by April, 1985.

Because no heavy machinery could be driven over the drainfields all access
tubes were installed by drilling a hole to a depth of 250 cm (or less

if bedrock was encountered) using a hand held power auger. The diameter of
the auger hole was not uniform throughout the length of the cavity and
varied from approximately 5.5 to 7 cm. The hole was then partially back
filled with a kaolinite-soil slurry, with a solid:water mass ratio of 1:1.9.
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A 270 cm length of 5 cm diameter aluminum irrigation pipe, with the end
sealed by a rubber stopper was forced into the hole so that the slurry
filled the gaps between the tube and the wall of the hole. The top of the
access tube was then cut off to leave a 15 cm extension above the soil
surface. A period of 3 to 4 weeks was allowed for the slurry to reach
equilibrium with the surrounding soil water before measurements started.




A Troxeler Neutron Probel, model 3330 (Troxeler Electronic Labortories,
Inc., Research Triangle Park, N.C.), with a 10 mCi Am241-Be radiation source
was used to determine the in-situ soil water content. A 30-second count
number was obtained at 25 or 50 cm depth intervals in each one of the access
tubes and after calculating a count ratio, the soil water content was deter-
mined from a calibration equation obtained for the site.

A calibration curve was obtained by collecting undisturbed soil samples at a
distance of about 30 cm from the center of a selected number of neutron
access tubes and determining the soil water content by gravimetric

procedure (Gardner, 1986). Figure 5 presents the relationship between the
volumetric soil water content (i.e., bulk density x gravimetric soil water
content) and the count ratio obtained for the neutron probe reazdings. A
linear regression model was used to fit the best line through the data
points. The equation for the best fitted line was Y = 38CR + 3, where

Y is the volumetric soil water content (percent), and CR is the count ratio
(soil count number/standard count number). The r2, coefficient of deter-
mination, for the above regression was 0.58. This procedure has been tested
by Amoozegar et al. (1988) and proved to be acceptable for soil water con-
tent determination.
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Fig. 5. Relationship between the count ratio and volumetric soil
water content for the soil in the study area.
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Sojl Water Tension in the Drainfield Area. Nine tensiometer banks, each
containing three tensiometers at 50, 100, and 150 cm depths, were installed
in each of the drainfields of the Forested, Lawn 1, and Early Successional
systems. (No tensiometer was installed in the Lawn 2 system due to the
concern of the homeowner as discussed earlier.) The tensiometer banks were
located at the beginning, middle and end of the lower, middle and upper
1ines of the systems. At each location the three tensiometers in a bank were
installed on a row parallel to the trench line and 40 cm from the center of
the 1ine on the opposite side of the neutron access tube. The location of
the tensiometer banks inside the drainfields is shown in Fig. 3. Two
additional tensiometer banks, at 50 and 100 cm depths, were installed
adjacent to two neutron access tubes outside of the Lawn 1 system's
drainfield (see Fig. 3). The total number of tensiometers installed in and
around the drainfields of the systems was 85 (see Fig. 4). The
installation of the tensiometers was initiated in November 1984 and was
completed in April 1985.

Tensiometers were constructed from standard, 2.3 cm diameter and 6.9 ¢m
long, porous cups and 1.25 c¢cm diameter schedule 80 PYC pipe. A porous cup
was glued (using a water proof epoxy) to one end of an appropriate length of
pipe (55, 105, and 155 cm length), and a 10 cm length of a 1.5 cm diameter
polycarbonate tube was fitted into the opposite end of the pipe and glued in
place. All the tensiometers were tested in the laboratory before field
installation. Tensiometers were installed by boring a 2.3 cm diameter

hole in the ground and inserting the tensiometer in the hole. Care was
teken to assure a tight fit around the tensiometer cup. The middle of the
porous cup on the tensiometer was placed at the desired depth and about 15
cm of tensiometer tube, including the polycarbonate tubing, was extended
above ground. The tensiometers were filled with water from the household
and a conmercially available portable pressure transducer, called Tensimeter
(Soil Measurement Systems, Tucson, AZ), (Marthaler, et al., 1883) was used
to determine soil water potential.

Wastewater Flow from Individual Trench Lines. Fifty-six pencil size
tensiometers were installed on an 8 x 7 grid system perpendicular to the
middle of the middie line of the Lawn 1 and Forested systems. The distance
between the tensiometers in both horizontal and vertical directions, at each
side of the trench line, was 20 cm. The grid points started 20 c¢cm below

the soil surface and were extended to 80 cm on each side of the trench.
Figure 6 presents the schematic diagram of the location of the tensiometers
with respect to the trench line.

Tensiometers were constructed from 1 cm diameter and 2.8 cm long porous
cups connected to two (0.2 cm outside diameter) pieces of plastic

tubing. The end of one of the tubes was placed at the bottom of the porous
cup. The end of the other tube was placed on top of the cup. The

opposite (open) end of each small size tubing was then connected to a 10 cm
Tong piece of 1.5 cm diameter polycarbonate tube equipped with a septum
stopper. To assure removal of the air from the system, water was added to
the tensjometer through the tubing extended to the bottom of the porous cup
and allowed to bleed through the other tube.
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To install the tensiometers an auger hole (5 or 8 cm diameter) was bored by
a hand auger. The soil extracted from each 10 cm depth interval was saved
for repacking the hole with the original soil. At each grid point, a ten-
siometer cup was placed in the hole and soil from the same depth was packed
into the hole at (or near) its original bulk density. After the installa-
tion of the tensiometers was completed, the polycarbonate tubes were
assembled in two rows on a wooden stand covered for protection. The por-
table pressure transducer (Tensimeter) was used to determine the soil water
potential, and water from the households was used to refill and service the
tensiometers.
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Fig. 6. Location of tensiometer cups on the grid system with respect
to the middle trench line of the LPP systems.

20




Laboratory Soil Column Experiment

Disturbed and undisturbed soil samples were collected from two lTocations in
an undisturbed area of the NCSU Unit 1 Experimental Farm near Raleigh. The
distance between the two sampling locations was less than one meter. The
s0il in the area had been mapped as Cecil gravelly sandy loam, 2 to 6%
slopes, eroded (clayey, kaolinitic, thermic Typic Hapludult) (Cawthorn,
1970). The samples were collected from 30 to over 220 cm depths using
hydraulically operated soil sampling equipment. The undisturbed samples
were 6.5 cm in diameter and over 12 cm long. Any sample shorter than 12 cm
was collected as a disturbed sample. Some of the properties of the soil and
saprolite are presented in Table 3.

In the laboratory, three undisturbed soil samples collected from 30 to 70 cm
depths (Bt), and three undisturbed saprolite (C) samples collected from 150
to 220 cm depths were coated with paraffin and were cut to a length of 10
cm. A PVC ring, 7 cm inside diameter and 5 c¢cm long, was placed at each end
of the column such that one c¢m of space was provided at each end. The space
between the column and the ring wall was filled with paraffin. One cm of
uniform fine sand was packed at each end of the column and a PVC plate
equipped with an adapter glued to each end. The procedure used in preparing
the columns is described in more detail by Amoozegar (1988). Figure 7A
cdepicts a schematic diagram of the undisturbed column.

The disturbed soil samples were air dried, crushed, and passed through a 2
mm sieve. The soil samples collected from 30 to 100 cm depths were mixed

to obtain a homogeneous sample. The seme was done to the saprolite samples
collected from 170 to 220 cm depths. After packing a one cm layer of sand
at the bottom of a PVC column, 6.7 c¢cm diameter and 12 c¢m long, solum or
saprolite materials were packed into 10 cm length of the column at a bulk
density of about 1.34 g/cm3. Three repiications were used for each soil and
saprolite. The packing was performed by addition of small quantities of
soil or saprolite to the column and tamping it with a plastic rod. This
procedure has been used successfully by others and is believed to minimize
lTayering during packing (see Amoozegar et al. 1986). One cm of sand was
packed at the top of the column and a PYC plate with an outlet was then
glued to the top. The schematic diagram of a disturbed soil column is shown
in Fig. 7B.

The soil columns were saturated from the bottom by applying water through a
peristaltic pump at a constant rate of about 2 cm/d. When water reached the
top of all 12 columns, the rate of water application was increased to about
4 cm/d, and the outflow was collected daily for analyses. The outflow was
analyzed for pH, electrical conductivity (EC), Ca, K, NH,, N03, and

Cl. After perfusing three pore volumes of water througﬁ the“columns, a
solution containing Ca, K, NH4, C1, and NO3 was applied to the bottom end of
the columns. Table 4 presents the characteristics of the inflow solution.
The rate of solute application remained at 4 c¢cm/d, and the outflow was
collected every three hours using a fraction collector. The schematic
diagram of the experimental set up is shown in Fig. 8. The average Darcian
and pore water velocities for the solution perfused through the soil columns
are presented in Table 5.
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Table 3. Some of the properties of solum (Bt horizon) and saprolite
(C horizon) used in the study.

Solum Saprolite
Sand % 22.6 60.6
Silt % 19.1 26.7
Clay % 58.3 12.7
CEC mmol./kg 34.3 16.9
pH water 4,1 4.1
pH KC1 solution 3.9 4.0
EC dS/m 0.090 0.057
GLASS WOOL
ot com PVC PLATE
CLOTH
PVC PLATE SAND SAND
PVC RING
PVC COLUMN
DUCT TAPE

PARAFFIN LAYERS

ki

Fig. 7. Schematic diagram of the undisturbed (A) and disturbed (B)
soil columns.
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Table 4. Characteristics of the inflow solution.

pH 6.9
EC dS/m 1845

mg/L meq/L
Ca 85 4.25
K 185 5
N-NHg4 70 5
C1 150 4.25
N-NO3 140 10

Table 5. Darcian and pore water velocities for the disturbed and
undisturbed soil columns.

DARCIAN VELOCITY PORE WATER VELOCITY

------ cm/hr - - - - -
SOLUM (Bt)
Undisturbed 0.183 0.364
Disturbed 0.162 0.313
SAPROLITE (C)
Undisturbed 0.180 0.362
Disturbed 0.177 0.400
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Fig. 8. Schematic diagram of the soil-column system using peristaltic
pump and fraction collector.

The outflow samples collected every three hours were analyzed for pH, EC,
Ca, K, N-NHg, N-NO3, and C1. The EC was determined using a pipet-type
conductivity cell. The pH was measured using a combination electrode and
pH meter calibrated with suitable phosphate buffers at pH 4.0 and 7.0.
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Calcium and potassium were determined by atomic absorption
spectrophotometry, C1 was measured by titration using a digital
chloridometer, and N-NO3 and N-NH4 were determined colorimetrically.

Movement of Solutes through Soils. The movement of solutes in porous media
is complex and depends on the properties of the medium, the transporting
fluid, and the solute. There are a number of methods to describe the move-
ment of an ion through the soil profile. One is by graphical representation
of the solute concentration in the profile as a function of time or space.
For a one-dimensional flow, the movement of an ion can typically be
described by a breakthrough curve at a given depth. To become familiar with
the concept of using breakthrough curves to assess the attenuation of solu-
tes a brief discussion on the solute flow through soil will be presented.
The discussion is for a one-dimensional, steady state, saturated flow
through a finite length of soil, such as a soil column. The concept can be
easily extended to cover two and three dimensional flow as well as unsteady
and unsaturated flow analyses. [For more information on the subject of
solute flow and miscible displacement see Biggar and Nielsen (1867).]

Solutes can be applied to the soil as a step or a pulse input. Lets

assume that water containing an ion at a concentration Cy is applied to the
top of a soil profile (or soil column) and the soil solution has a con-
centration that equals Cj. At a given time (tpy) water containing the ion
at a higher concentration Cy replaces water with concentration Cj

(i.e., at ty solution with concentration Cy is applied to the soil). If the
concentration of the ijon in water applied to the soil remains at Cqy, the
solute is applied as a step input. If at a later time (t;) the
concentration of the jon in water is reduced back to Cj, then a pulse input
of solute is applied to the soil. These inputs can be described
mathematically as follows.

Step input:
C=20Cj for t < tp at x = 0 (1a)

C=C for t3tg at x = 0 (1b)

C=20Cy for t <ty at x = 0 (2a)
C=0Co for to <t gty atx=0 (2b)
C=Cy for t >ty at x =0 (2c)

An example of a step input is leakage from a retention pond located on top
of a shallow aquifer. An example of a pulse input is an accidental spill of
a limited quantity of a solute into the soil profile. As is shown by the
above equations both step and pulse inputs are similar before time tj.
Therefore, a pulse input could be treated 1ike a step input for time t < tj.
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A breakthrough curve can be defined as the concentration of soil solution
(C) at a given depth (e.g., at the bottom of a soil column) vs. the volume
of water applied to the soil after ty. Typically the concentration of the
soil solution (i.e., C) is normalized by (C-C3)/(Co-C5) and is called

the "relative concentration”. When the initial concentration (Cj) is zero,
the relative concentration is C/Cy. The volume of water applied to a given
volume of soil is normalized through dividing it by the volume of the pores
present in the given volume of soil. The volume of the pores in a given
volume of soil (e.g., a soil column) is called one pore volume.

Piston displacement is defined when a solution, concentration Cq, displaces
the soil solution, concentration Cj, such that the concentration of soil
solution along the flow path is either Cy or Cgy. That is, the inflow
solution moves along the flow path uniformly without mixing, 1ike a piston
that displaces a fluid in a cylinder. Of course, no attenuation occurs in a
piston displacement process.

For piston displacement of a nonreacting solute, the breakthrough curve
should appear at exactly one pore volume as shown in Fig. 9A. However,

due to a number of factors such as tortuosity of the pores, differences in
the length and diameter of the pores, presence of dead end pores, and mixing
due to diffusion and dispersion at the interface of the two solutions a
sigmoidal curve is obtained for a nonreactive solute such that the area
above the curve, bounded by the one pore volume and (C-C3)/(Co-C5) =1
lines, 1is exactly the same as the area below the curve and bounded by the
one pore volume and (C-C3)/(Co-C3) = 0 [see the shaded area of Fig. 9A].

If the solute is attenuated by the soil (through adsorption, precipitation,
filtration, etc.) the breakthrough curve is shifted and the amount of
attenuation is proportional to the area above the curve minus the area
behind the one pore volume line, bcunded by (C-C3)/(Cp-C5) =1, as shown in
Fig. 9B. The position at which (C-Cy)/(Co-Cy) is larger than zero is also

of great importance. Figure SC shows the breakthrough curves for a soil
with 1ittle attenuation capacity (e.g., sand), a soil with a measureable
attenuation capacity with no large pores or cracks (i.e., the range of pore
size distribution is limited), and a soil with a measureable attenuation
capacity and some large pores such as root channels or voids around
individual peds.

There are many theoretical models to describe the solute flow through a

soil profile. Some of these models are based on the physico-chemical
properties of the system and may include various source and sink terms
describing release or attenuation of the solute. However, most mathematical
models involve complicated equations that can be solved only by the use of a
high speed computer. In general, a mathematical model contains a number of
unknown parameters that are related to the soil and solute under
consideration. These parameters are most often obtained by comparing the
theoretical results of the model with those of laboratory and/or field
experiments. Estimating the unknown parameters accurately and the ability
of the model to describe the system or predict its future behavior under
conditions different from those used for parameter estimation are major
problems associated with the use of mathematical modeis. Therefore, the use
of a sophisticated mathematical model may not only be cumbersome but also
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could result in an unrealistic prediction of the solute flow through the
porous medium.  This is more significant in the absence of a good data base
regarding various properties of the system. A simple theoretical or
empirical model, on the other hand, may not consider all or any of the
specific reactions related to the movement of solute but can result in a
reasonable prediction of the behavior of the system quickly and
economically. In the case of the simplified models, the complex reactions
may be presented in terms of physical phenomenon such as adsorption,
convective velocity, etc.

The sigmoidal breakthrough curve for one-dimensional flow for a step jnput
of salt can be described by the simple error function model

(C - C4)/(Co - C4) = 0.5 erfc[(Rz - vt)/(4DRt)0-5] (3)

which has been used extensively for miscible displacement studies. In the
above equation z is depth (or length of the column) (units L); t, time
(units T); v, pore water velocity (Darcian velocity/water filled porosity)
(units L/T); R, retardation factor (dimensionless); D, diffusion-dispersion
coefficient (units LZ/T); and erfc the complimentary error function defined
by (Abramowitz and Stegun, 1970)

erfe(x) = (2/50-5) [ exp(-82) d8. (4)

Using experimental data, the parameters R and D can be estimated by the use
of any suitable minimization technique. Amoozegar-Fard et al. (1983)
presented a simple procedure to obtain the two parameters using the data
from a laboratory column experiment.

One approach to predict the mevement of a solute in the soil is by

determining the rate of the movement of the solute front. This concept was

used by Amoozegar-Fard et al. (1984) to relate the movement of various -
relative concentrations of Cd, Ni, and Zn to soil textural properties.

Their results were sets of simple field-oriented equations which would
enable a layman to predict or determine the position of the solute front for
the above metals.

e

From Equation (3) the rate of movement of various relative concentrations
can be obtained by determining the derivative of z with respect to t (i.e.,
dz/dt). For the relative concentration (C - C3)/(Co - C4) = 0.5 the
argument of the complimentary error function is equal to zero (i.e., Rz - vt
= 0). Therefore, the rate of movement of the soil solution having a
concentration that is equal to 1/2 the concentration of the inflow solution
(relative concentration = 0.5) is

dz/dt = v/R : (5)

If the value of the retardation factor R is known, then this equation can be
used to obtain the relative position of the solute for a given pore water
velocity. The magnitude of the dispersion-diffusion coefficient (D) will
determine the spread of the solute front around the 0.5 relative
concentration.
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Results and Discussion

A large volume of field data was collected during the study period,
however, only selected results will be presented here. Martin (1987)
presented the field research data in a more comprehensive form, and the
reader interested in more detailed information is referred to his thesis.

In the laboratory experiment, a total of 72 breakthrough curves was
obtained for the 12 columns. These results will be presented in the form of
graphs and tables. A simple mathematical model was also used to
characterize the movement of various ions through disturbed and undisturbed
solum and saprolite materials. These results will also be discussed.

Wastewater Application to the Drainfields

The water level recorder graphs indicated that initially 580, 380, 500,

and 400 L (155, 100, 132, and 105 gal, respectively) of wastewater were
applied to the drainfield areas of the Forested, Lawn 2, Lewn 1, and Early
Successional systems per dosing event, respectively. The total volumes of
effluent applied to these systems in an average day, in the same order, were
660, 500, 690, and 610 L. Based on the average daily wastewater flow, the
average daily loading rates, 2.97, 2.26, 3.08, and 2.75 L/(mzd) [0.07, 0.05,
0.06, and 0.05 gal/(ftzd)], for the above four systems were well within the
2.04-4.08 L/(m2d) [0.05-0.10 gal/(ft2d)] loading rate suggested by Cogger et
al. (1982) for LPP systems in silty clay to clay textured soils such as the
soil in the study area. It should be noted that the average loading rate
for any of the systems was far less than the recommended loading rate of
4.08-8.15 L/(mzd) [0.1-0.2 ga]/(ftzd)] as permitted by North Carolina Laws
and Rules (NCDHS, 1887). Table 6 presents household wastewater production
and wastewater application data for the four systems.

The number of dosing events per day was quite variable during the study
period. The dosing events for the Forested, Lawn 2, Lawn 1, and Early
Successional systems ranged from 0-11, 0-5, 0-3, and 0-11 per day,
respectively. On an areal basis, the maximum daily loading rates for the
systems were 2 to 8 _times the maximum recommended loading rate of 4.08
L/(m?) [0.1 gal/(ftz)] for these LPP systems. Based on the trench bottom
area, as determined for a comparable conventional septic tank system, the
maximum daily loading rates were far greater than the maximum recormended
rate for conventional systems. Our results suggested that, although on the
average these systems were receiving the recommended dajly loading rates,
occasionally the systems were greatly overloaded. Martin (1887) discusses
the possible causes of overloading, such as washing large loads of clothes
and rainfall events, for these systems.

Another observation made during the study was the variation in the time
required to pump the preset volume of effluent to the drainfields. For
example, initially 11 minutes of pumping time were required to distribute
590 L of wastewater in the drainfield area of the Forested system. By the
end of the study period, the pumping time for the same volume of effluent
had increased to 40 min (i.e., @ 400% reduction in the pumping rate). In
July 1885, the Early Successional system's pump required 21 min to deliver
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Table 6. Individual household wastewater production, and wastewater
application data for the four LPP systems.

FORESTED LAWN 1 LAWN 2 EARLY

SUCCESSIONAL
Number of Occupants 4 2 3 2
Design Volume, L/d¥ 1364 1364 1364 1364
Design Loading Rate, L/(mzd)##
Area Basis 6.12 6.12 6.12 6.12
Trench Bottom Basis* 61.2 61.2 61.2 61.2
Number of Doses/Day
Average 1.13 1.37 1.33 1.54
Range 0-11 0-3 0-5 0-11
Volume per Dose, L 580 500 380 400
Loading Rate per Dose, L/(mz)
Area Basis 2.63 2.24 1.70 1.78
Trench Bottom Area 26.3 22.4 17.0 17.8
Volume Applied, L/d
Average 660 630 500 610
Range 0-6460 0-1500 0-1900 0-4375
Actual Loading Rate, L/(mZd)
Area Basis
Average 2.97 3.08 2.26 2.75
Range 0-29 0-6.7 0-8.5 0-20
Trench Bottom Basis
Average 29.8 30.8 22.6 27.5
Range 0-290 0-67 0-85 0-196

#  For converting L/d (liter per day) to gal/d (gallon per day)
divide by 3.784.

## For converting L/(m2d) to gal/(ft2d) multiply by 0.025.

Trench width is assumed to be 15 c¢cm (6 in).
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400 L of effluent per dosing event. In December 1985, however, only 11 min
were required to deliver the same volume of effiluent. The time required to
deliver the same effluent volume in July 1986 had increased to 13 min.
Possible explanations for the changes in the time period during which the
preset volume of wastewater was applied to the drainfield are clogging and
unclogging of the holes, effect of ponding in the trenches, and leakage in
the pumping tank causing water to enter the tank.

Uniformity of Wastewater Application to the Trenches

Wastewater Ponding in Trenches. Water level elevation at nine locations in
the trenches of the Lawn 1 system before dosing are shown in Fig. 10 for
five different months during the study. In general, ponding of wastewater
in the trenches was observed at all nine locations at one time or another
during the study period. Greater depth of water ponding was observed in
November and December of 1985 at most locations within the drainfield.

More ponding was observed prior to wastewater application at the beginning
and middle of all the trenches that were monitored. In May and July of 1986
no measurable depth of wastewater was observed at any location other than
the beginning and middle of the lower line. This observation suggested that
the system was best functioning only under exceptional drought conditions.

Wastewater Application to the Trenches. Figure 11 presents the

wastewater level in the upper, middle, and lower trenches before (12 hours
after last dosing event) and up to six hours after wastewater application to
the Lawn 1 system on October 17, 1985. As is evident, parts of the trenches
were ponded before any wastewater was applied to the drainfield. Immediately
after wastewater application, water level in the trenches did not rise
uniformly, indicating that the upper line (i.e. line # 7) did not receive as
much effluent as the middle and lower lines. Also, note that the end of the
lower line ( line # 2) did not receive a measurable amount of effluent and
remained relatively dry at all times, whereas the water level in the
beginning and middle of this line rose about 15 and 20 cm, respectively.
Assuming a 35% porosity for the gravel, 5 and 7 cm of wastewater were
applied to the beginning and middle of the lower 1ine during this dosing
event. The water level at the beginning and middie of the middle trench
1ine was still rising one hour after dosing had ended. This could be due to
redistribution of wastewater in the trench line in addition to effluent flow
from other l1ines into this line via the manifold or subsurface flow from
adjoining trenches through large channels.

The soil surface slope (measured from the end to the beginning of the Tines
by a surveyor's level) over the upper, middie and lower trenches were 1.5,
2.0, and 2.5%, respectively. It is possible that the bottom of trenches
were not constructed level and contributed to the uneven redistribution of
the effiuent in the trenches. However, wastewater ponding occured at the
end of the upper and middle lines six hours after wastewater application to
the trenches. [NOTE: We did not determine the slope of the bottom of the
trenches because all four systems were privately owned and in operation. It
would have been difficult to locate the bottom of the trenches without
complete excavation of the system.]
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In general, observation of this system indicated that more wastewater was
applied to the beginning of the trench 1ines. The line closest to the pumping
tank received the greatest amount of wastewater, whereas the upper line
received the lowest amount during a dosing period. Also, the infiltration of
wastewater into the soil was slow and ponding in the trenches occurred before
and continued six hours after wastewater application to the trenches. The
amount of effluent applied to any given location within the drainfield of this
system also varied during the study period. None of the nine locations moni-
tored received equal amounts of effluent consistently. ’
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Water levels in the trenches at nine locations within the Early Successional
(determined on October 8, 1985) and Forested systems (determined on
September 24, 1985) are presented in Fig. 12A and 12B, respectively.
Wastewater application to the Early Successional field was greatest at the
beginning of the upper trench 1ine (Fig. 12A). The ends of the upper and
lower lines received very little wastewater, if any. The rise in the water
level in the Tower trench one hour after wastewater application indicated
redistribution of effluent perhaps from the upper lines into the Tower line.
We should note that the soil surface slopes (as measured by a surveyor's
level) over the upper, middle and lower trenches were less than 0.5%, and
the surface slopes in the direction perpendicular to the trenches were
almost zero at the beginning, middie and end of the drainfield. Also, note
that all the trenches were ponded with wastewater before wastewater
application, and four hours after dosing the water level in the trenches
remained higher than the predose conditions. The slow infiltration of
wastewater into the soil was perhaps due to the soil low soil hydraulic
conductivity, although the possibility of the presence of a clogging mat has
not been discounted. Since we did not completely excavate any of the
trenches of the systems, it would be impossible to confirm the presence or
lack of a clogging mat at the boundary of the trench and soil. We
suspected, however, that because of the age of the systems (< 1.5 years at
the beginning of the study) a clogging mat responsible for reducing the
infiltration rate of wastewater into the soil has not been formed by the
time these measurements were made.

Wastewater ponding in the trenches before dosing was also observed in the
trenches of the Forested system (Fig. 12B). The soil surface slope over

the upper, middle and lower trenches were negligible, whereas, there was a
slope of 4% measured in a direction perpendicular to the trenches
throughout the drainfield area. It must be noted that the lower line of
this system was closed, due to the surfacing of effluent, three months prior
to the time of the measurements presented here. The increase in the water
level in this line indicated that there had been surface or subsurface flow
from other lines into this lower trench. Although the closing of the lower
line reduced the surfacing of the effluent, it did not eliminate the problem
totally.

Soil Water Distribution in and Around Drainfields

The soil water distribution inside and outside the drainfield areas of all
four systems before and after wastewater application was determined
throughout the study period. In some cases only the results for the Lawn 1
system will be discussed as an example in detail. Results for the other
systems are presented by Martin (1987). It must be noted that, due to the
nonrandomized design of the sampling protocol (i.e., the sampling locations
in each field were selected systematically) and lack of replications, no
statistical significance of the changes in soil water status could be
evaluated. The changes in the volumetric soil water content observed at any
individual point within the fields (i.e., a given depth inside an access
tube) are assumed to be real and will be discussed with respect to their
retative values. The differences between the soil water content at various
locations, however, could be due to_the uncertainty associated with the
calibration of the neutron probe (r2 = 0.58). Small changes, less than 5%
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(measured on volumetric basis), in the soil water content from point to
point will be assumed to be negligible, and differences larger than 7.5%
will be taken as significant. Any change between 5 and 7.5% will be
discussed individually.

Soil Water Distribution During a Dosing Cycle. Figure 13 presents the
volumetric soil water content distribution at three depths for nine
Jocations inside the drainfield of the Lawn 1 system before and after
wastewater application on June 19, 1985. The top and bottom rows of the
graphs are the upper (#7) and lower (#2)1ines of the system, respectively.
These graphs indicate that the volumetric water content change between
predose and any time after the dosing event for any given location was
cenerally less than 4%. In fact, except for a few positions in the profile,
no increase in the soil water content was observed following wastewater
application. Four hours after wastewater application a slight increase in
the soil water content was observed at a few of the 27 locations monitored
in the study. There was also little change in the soil water content 14 "
hours after the wastewater application. In comparison with the predose

conditions, seven out of 27 locations showed an increase of 1% in the

volumetric water content, three locations showed a 1% reduction, and two -
locations showed a 2% reduction in soil water content.

As for the outside of the drainfield, although soil water content varijed
from location to location, no appreciable change in the volumetric soil
water content was observed for individual points up to 14 hrs after the
dosing event. Small variation in the soil water content between dosing
events at any given location inside and outside of all drainfields was
observed throughout the study period and was assumed not to be exceptionally
significant.

Varjation in Soil Water Content Among Drainfields. The areal
distributions of the volumetric soil water content at 50, 100, 150, and 200
cm depths (40 cm from the center of the trench) were determined for various

times during the study period. The soil water content in the vicinity of the "
neutron access tubes installed inside, at the beginning, middle, and end of
the lower, middle, and upper trenches, and outside of the drainfields was -

placed into four groups. The ranges for these groups were obtained by
dividing the difference between the maximum and the minimum soil water
content during the study period into four divisions. According to these
divisions, a volumetric soil water content greater than 47.5% was o
considered the wettest, while a soil water content lower than 32.5% was

considered the driest area around each tube. Wetness in these areas is t
shown by various shading where dark shading indicates a high water content. -

The plan view of the volumetric soil water content at 50 cm depth in and
around the drainfields on May 17, 1885 is presented in Fig. 14. As is
jndicated, the Early Successional system had the highest soil water content
at this depth followed by the Forested system. Although seven of the nine
locations monitored in the Early Successional system had a moisture content
higher than 47.5%, only one of the monitored areas outside the drainfield -
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had a moisture content of 48% and the rest were less than 47%. In the
Forested system, five locations around the lower, middle, and upper trench
lines and three locations outside of the drainfield were in the wettest
class. Soil water content within the Lawn 2 system was between 41-47%,
whereas there were three locations outside of the drainfield that were in
the <39.9% water content class. The soil water content under the Lawn 1
system was mostly uniform and varied between 44-47% at eight locations and
was 48% in the middle of the upper line.
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Fig. 14. Plan view of the distribution of soil water content at 50 cm
depth for the four systems on May 17, 1985,
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The plan view of the distribution of soil water content at 100 cm depth

for all four systems is shown in Fig. 15. The soil water content under
the Lawn 1 and Lawn 2 systems was mostly uniform at this depth and varied
between 43-47% and 42-47%, respectively. Again both Early Successional and
Forested systems had the highest water content, up to a maximum of 52%,
directly under their respective drainfields. In the Early Successional
system, the upper and middle lines were the wettest. In the Forested
system, the wettest areas were around the middle and lower lines. 1In
general, the soil water content outside of the drainfields was lower at 100
cm depth compared to the 50 cm depth.

ERRLY
FORESTED LAWN 2 LAWN 1 SUCCESSIONAL

X X O
A

o 0O 0O

E

A A A A

From Pump Tanks

7% Water by Uolume
K->475 [Jl- 32.5-39.9 [X] - KOT MEASURED

-400-475 []-«325

Fig. 15. Plan view of the distribution of soil water content at 100 cm
depth for the four systems on May 17, 1985.
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Figures 16 and 17 show the areal distribution of the soil water content

at 150 and 200 cm depths for May 17, 1985, respectively. (Although the
depth to saprolite was variable across the four drainfields, on the average
a depth of 200 cm was in the C horizon, whereas 150 cm depth was in BC or C
horizon at each of the locations shown on Figures 16 and 17.) These data
indicated that soil water content was wetter and more variable directly
under the drainfields. In fact, soil water content at 200 cm ranged between
27% in the Lawn 2 system to 53% in the Early Successional. Zones of high
water content under the Lawn 1 and Lawn 2 systems indicated possible build
up of perched water tables. It must be noted that the upper part of the
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X X 0 O
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from Pump Tanks

7% Water by UYolume
W->4715 FF]- 32.5-339 [X - NOT MEASURED

[[]1-400-475 [J-«325

Fig. 16, Plan view of the soil water content distribution at 150 cm
depth for the Lawn 1 system on May 17, 1985.
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Lawn 2 and Lawn 1 systems, as shown by "not measured" areas in Fig. 16 is
underlain by hard rocks. Wastewater penetrating the soil under these
systems could be stopped by such impermeable layers. In the Forested
system, the upper part of the drainfield contained less moisture at 200 cm
depth compared to the lower area of the drainfield where water may be moving
through the profile. Except at a lower corner of the Early Successional
system, soil water content at 150 and 200 cm was more than 40%. This may be
due to the slower movement of water from the drainfield area which can be

related to the topography. The landscape has less than 0.5% slopes over
this drainfield area.
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Fig. 17. Plan view of the soil water content distribution at 200 cm
depth for the Lawn 1 system on May 17, 1985.
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Variation in Soil Water Content with Time. Variation in the soil water
content with time at the 50 c¢cm depth in and around the drainfield area of
the Lawn 1 system is presented by the plan view of the soil water distribu-
tion from March 1985 through May 1986 (Fig. 18). As is indicated, the soil
water content under the drainfield area was generally greater than the soil
water content at locations outside of the drainfield. Note that the soil
water content in and around the drainfield was less during May 1985,
September 1985 and May 1986. Soil moisture content was between 44-48%
inside and 40-47% outside of the drainfield area in May 1985. In September
1985 water content in and around the drainfield was 39-47%, and in May 1986
water content was 38-46% inside and 37-48% outside the drainfield. Soil
water content inside the drainfield for the other three months, however,
showed zones of high water content inside the drainfield area.

These results are of significant interest because the soil moisture at this
depth was closely related to precipitation, as well as, season. It is
obvious that the soil water content, inside and outside of the drainfields,
was unexpectedly higher when the evapotranspiration rate was near its maxi-
mum for the area. However, precipitation was above average for the two
months preceding March 1985 and July 1885, which resulted in a higher soil
water content inside the drainfields for the above periods. The higher
water content could be due to the collection of surface runoff inside the
trenches or increased loading to the system resulting from a leaking pump
tank. The amount of precipitation was below average during April and May
1885, and during the five months preceding May 1886. The effect of the 1986
drought was pronounced in the soil water content inside and outside of the
drainfield area.

The soil water content at one central location between the Lawn 1 and the
Early Successional system was over 47% for the four months shown in Fig.
18. This location corresponded with a depression in the landscape between
the two systems, and is an area where surface runoff collects. Ponding of
water in the depression near the neutron access tube in this area was
observed occasionally, and generally, corresponded to intense rainfall
events or occasional surfacing of effluent in the adjacent Early
Successional system.

Soil water content at 100 cm depth remained relatively constant in the

range of 41-49% inside the drainfield area of the Lawn 1 system (Fig. 19).
Only one location had a 39% moisture content in May 1886 after six months of
below average rainfall. The soil water content outside the drainfield was
always less than or equal to the water content inside the drainfield. At
the 150 c¢m depth (Fig. 20), soil water content inside the drainfield was
lowest in May 1986. In general, the water content outside of the drainfield
area was, lower than inside the drainfield. Soil moisture distribution at
200 cm depth for the six periods are given in Fig. 21. Note that the

water content inside the drainfield showed little variation with time.

There was an area of over 50% water content near the manifold which could be
due to the collection of soil water above a localized impermeable layer.

The moisture distribution pattern for the outside of the drainfield also
remained fairly similar from March 1985 to May 1986.
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Fig. 18. Plan view of the soil water content distribution at 50 cm
depth for the Lawn 1 system from March 1985 through May 1986.
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Fig. 19. Plan view of the soil water content distribution at 100 cm
depth for the Lawn 1 system from March 1385 through May 1986.
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Fig. 20. Plan view of the soil water content distribution at 150 cm
depth for the Lawn 1 system from March 1985 through May 1986.
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Fig. 21. Plan view of the soil water content distribution at 200 cm
depth for the Lawn 1 system from March 1985 through May 1986.
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Results of the volumetric soil water content under the Lawn 1 drainfield

from February 1985 to May 1986 are summarized in Fig. 22. Note that the

soil water content at 150 cm depth was generally less variable with time

compared to the soil water content at 50 cm depth. With the exception of
the middle of the middle trench and the beginning of the upper line, soil
water content was the highest at 50 cm depth compared to the rest of the

profile.

The soil water contents around the neutron access tubes outside of the
drainfield area of this system from January 1985 to May 1886 are shown in
Fig. 23. In general, the soil profile was drier outside of the drainfield
and exhibited a higher variability both with depth and time. A higher soil
water content at 150 cm depth inside compared to the outside of the drain-
field indicated the impact of the wastewater application and relatively slow
movement of water from soil under the drainfield area.

These results are consistent with the uniformity of wastewater application
to the drainfield and ponding of wastewater in the trenches. Slow
infiltration of wastewater into the sojl at the beginning of the upper line
corresponded to lower water content in the profile as compared to the rest
of this 1ine. Although ponding occurred at the beginning of the upper

line, the minimal reduction in the water level between the dosing cycles was
a sign of slow infiltration (see Fig. 10). However, 1ittle wastewater was
detected at the end of the upper line. Most of the water applied to this
part of the trench infiltrated the soil as indicated by a relatively high
soil water profile. The higher and more uniform soil water profile at the
beginning of the middle trench 1ine suggested that most of the water applied
to the beginning of the trench infiltrated into the soil. Therefore, the
increase in the water 1level at the beginning and middle of this line one
hour after dosing must be the result of water flow from other trench lines
in the drainfield.

Soil Water Regime Under the Drainfields

The soil water regimes under the drainfield areas of the systems will be
discussed in terms of the soil water potential. A brief description of the
total soil water potential and its components will be presented. For more
discussion on these subjects the reader is referred to any soil physics text
book such as Hillel (1982) and Taylor and Ashcroft (1972).

Total Soil Water Potential. Total soil water potential is defined by the
Soil Science Society of America (1984) as "the amount of work that must be
done per unit quantity of pure water in order to transport reversibly and
jsothermally an infinitesimal quantity of water from a pool of water, at a
specified elevation and atmospheric pressure, to the soil water (at the
point under consideration).” The total soil water potential consists of the
gravitational potential, osmotic potential, matric potential, submergence
potential and pneumatic potential. The terms soil water tension and soil
water suction are synonymous with matric potential except for the sign.
Matric potential is negative whereas soil water tension or soil water suc-
tion is positive. The sum of the pneuatic and submergence is called the
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pressure potential. The term soil water potential refers to the sum of the
pressure potential, matric potential and osmotic potential (Taylor and
Ashcroft, 1972). The sum of the matric, pressure and gravitational poten-
tials is referred to as the hydraulic potential (or hydraulic head, H)
(Hi1lel, 1982). Some soil scientists prefer to combine the matric potential
and pressure potential into one term and refer to it as the matric potential
(Hillel, 1882). In this report, however, the terms soil water potential
(used in the text) and matric potential (used in Figures) refer to the sum
of the pressure and matric potentials. The sum of these potentials is
generally measured in the field by the use of tensiometers (Cassel and
Klute, 13886).

Soil Water Potential Variation Within Dosing Cycles. Soil water potential
at three depths within the drainfield area of the Lawn 1 system before, 0.5,
4, and 14 hours after a dosing event in June 1985 are presented in Fig. 24.
In general, the soil profile at the beginning of the trenches was more uni-
formly wet as compared to the middie and end of the lines. At the end of
the trenches a wider range of soil water potential was observed with depth.
Note that 1ittle change occurred in the soil water potential at the
beginning of the trenches even 14 hours after wastewater application. The
maximum change for these areas was the reduction in the soil water potential
at the 150 cm depth in the lower trench from -42 cm before the dose to -11
cm after the dosing event. The changes for other points in the profile at
the beginning of the trenches were between -4 and -16 cm of potential. At
other points within this drainfield, no appreciable change was measured up
to 4 hours after the dosing event except for the end of the middle line.
Only the middle and end of the upper line and ends of the middle and lower
1ines showed a measurable change in the soil water potential from 4 to 14
hours after dosing.

The results are consistent with wastewater distribution over the drainfield
and ponding of wastewater in the trenches. According to our data, ponding
of wastewater was observed in at least seven of the nine locations monitored
within this drainfield except during the extreme drought period of 1886.
More wastewater was applied to the beginning of the trenches (see Fig.
10), and the effects were shown in the uniformity of wetness in the profile
at these locations. Ponding of wastewater in the trenches resulted in
1ittle change in the soil water potential in the profile up to the 150 cm
depth, within the dosing cycles. The few measurable changes observed in the
soil water potential corresponded with the locations where little or no
wastewater ponding had occurred. The lack of appreciable change in soil
water potential in the profile could perhaps be explained by the presence of
a quasi-steady state condition under the drainfield. Under a steady state
condition, the amount of wastewater infiltrating the soil from the trenches'
sides and bottoms plus any precipitation would equal the drainage from the
profile plus evapotranspiration. Consequently, no change in soil water
potential would be observed within dosing cycles.
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The results for the Early Successional and Forested systems were fairly
similar to the observations presented for the Lawn 1 system. Martin (1987)
presents selected examples of the results for these two systems.

Seasonal Variations of Soil Water Potential. Figure 25 presents the soil
water potential at the beginning, middle and end of the upper, middle and
lower line of the Lawn 1 system from May 1985 to May 1986. Two observations
are of particular interest. First, the soil water potential profile was
more uniform at the beginning of the trenches compared to the other areas of
the drainfield. Soil water potential changes for all depths combined were
between 35 to -165 c¢m of potential from May to December 1985. 1In contrast,
soil water potentials at various depths for each end of the line location
were quite variable. In fact, soil water potential at some depths was
occasionally larger than the operational range of tensiometers. In these
cases, the soil water potential was assumed to be less than -800 cm of water
potential. For the purpose of presentation, however, these cases were
taken as -800 cm of potential. It should be noted that the same general
observation was made when evaluating soil water potential within a dosing
cycle. Second, the soil water potential at any depth for the end of all
three lines changed significantly with time. These changes for the various
depths at the beginning of the lines were relatively small. The variation
in the middle of the lines was somewhere between the variation at the
beginning and end of the trenches. These observations can be explained by
the dynamic changes in the uniformity of wastewater application throughout
the study period. As was discussed earlier, variation in the amount of
wastewater applied to the end of the lines was much greater compared to the
beginning of the lines. Wastewater ponding was observed in the beginning of
the trenches at all times except during the drought period of 1886. The
changes in the soil water potential for the Lawn 1 system's drainfield
corresponded directly with ponding in the trenches and the amount of
wastewater applied to that part of the drainfield during the study period.

Water Flow from Trenches through Soil

Wastewater infiltration from the trenches and its movement through the soil
profile under the drainfield was assessed by determining the soil water
potential at 56 points on a plane perpendicular to the middle line (line #
4) of the Lawn 1 and Forested systems. For an ideal system, the
equipotential lines for the middle line of the drainfield are symmetrical
and have a zero slope at about 80 cm horizontal distance from the center of
the trench line (i.e., approximately halfway between the middle line and its
adjoining trenches) as shown in Fig. 26. [An equipotential line is one

for which all points have the same value of hydraulic potential H, the sum
of the soil water potential and gravitational potential. For more
information see Kirkham and Powers, 1972.] In other words, wastewater flow
from individual trenches must be symmetrical with respect to the center of
the trench. This means that wastewater applied to the middle trench line
moves symmetrically in the volume of the soil bounded by two imaginary
vertical planes located halfway between the middle and the two adjoining
trenches.
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Fig. 26. A schematic diagram of the equipotential lines for the middle
1ine of an ideal LPP system indicating symmetrical water flow
through soil.

Figure 27 shows the equipotential lines under line # 4 of the Lawn 1

system before and after a dosing event on April 10, 1885. The perspective
of the figure is presented from the end of the lateral lines facing the
manifold. That is, the left hand side of the figure corresponds with the
soil profile between lines 3 and 4. The reference level for the gravita-
tional potential was selected on the soil surface at the left hand corner of
the grid system. Since the slope of the soil surface over the grid points
was close to zero, all the tensiometers at a given depth were on a line
parallel to the soil surface. Considering that the flow lines (path of
water flow in the soil) are perpendicular to the equipotential lines
(Kirkham and Powers, 1972), it is obvious that water flow from the middle
trench through the profile is not symmetrical. Also note that 1ittle change
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Fig. 27. Equipotential lines under the middle trench line of the Lawn 1
system before (A) and five hours after wastewater application
(B) on April 10, 1985.
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in the position of the equipotential lines had occurred five hours after
wastewater application to the trench. The same observation was made
throughout the study period, and the results were consistent with the soil
water content distribution under the entire drainfield.

The equipotential 1ines before wastewater application in April, June and
December 1985 for the Lawn 1 system are shown in Fig. 28. The nonsym-
metrical, equipotential lines also indicated a nonsymmetrical infiltration
pattern for wastewater from the trench into the soil under the Lawn 1 drain-
field. Although the slope of the soil surface over the grid system was
zero, more wastewater moved into the soil through the right hand side of the
trench (between lines 4 and 5), while the upper part of the profile between
1ines 3 and 4 remained relatively dry.

The results for June and December showed that little change occurred in the
soil water potential under the trench line (see Fig. 28). A close inspec-
tion of the figure reveals that the matric potential at the right hand side
of the profile near the bottom of the trench line was either positive or
very close to zero. This indicates that soil water content in this area was
at or near saturation and 1ittle change in water content occurred from June
to December. At deeper depth, soil water potential was very similar in
April and June, but was slightly less in December. In general, soil water
potential under the middle trench line was lowest in April and highest in
December. Considering the magnitude of the change, however, it seems that a
quasi steady state condition existed in the profile during this period.

The equipotential lines for the Forested system before wastewater
apptication for April, June and November 1985 are presented in Fig. 29.

As is indicated by the equipotential lines, the wastewater from the middie
trench line moved through the soil in a symmetrical fashion. This was
observed for other times during a dosing cycle and it must be noted that
1ittle change occurred in the position of the equipotential lines after a
dosing event throughout the study period.

In addition to the above mentioned results a number of observations were
made to enhance our understanding of the behavior of the systems. For
example, at a number of locations along the lateral lines of the Forested
system, the trenches were partially excavated (i.e., not to the bottom of
the trench) which revealed that the system was somehow poorly installed. 1In
some areas, not enough gravel was placed under and above the lateral lines,
and in most cases not enough backfill material was placed on top of the
trenches. While lack of adequate gravel in the trenches may have contri-
buted to partial blockage of the holes on the lateral lines by fine soil
particles, the depression over the trench lines was responsible for surface
runoff collection and infiltration into the trenches. Lack of adequate
backfill was also observed in the Early Successional system, but was much
less pronounced in the two lawn systems which were maintained by the
homeowners.

Another observation made by partially excavating some of the lines of the
Forested system was the clogging of some holes by solid particles present in
wastewater and/or by soil in the trenches that did not have adequate gravel.
In some cases, the clogging was forcibly removed, suggesting blockage from
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Fig. 28. The equipotential lines under the middle trench 1ine of the
Lawn 1 system before wastewater application in April (A),
June (B), and December (C) 1985.
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Fig. 29. The equipotential lines under the middle trench 1ine of the
Forested system before wastewater application in April (A),
June (B), and November (C) 1985.
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inside the tateral line. At some locations agitation of the pipe was ade-
quate for reopening the holes. Subsequent observation of wastewater levels
in the trenches that were excavated indicated that wastewater distribution
was improved after unclogging the holes, but some holes were apparently
reclogged after a period of nine months.

Some of the lines were apparently installed at slopes greater than 1%. The
Lawn 2 system, for example, had a surface slope of about 5% in the direction
of the laterals. Although we did not monitor this system for the level of
wastewater in its trenches (due to the objection of homeowner for having
pipes installed in his yard), we strongly believe that the trench bottoms
were not instalied level. This may have caused surfacing of effluent at

the downslope part of the drainfield. The surface failure was a clear
indication that the bottom of the trenches were following the surface slope.
According to Cogger et al. (1982), level trenches are necessary for proper
functioning of a low pressure pipe septic tank system. Our evaluation of
the wastewater distribution and 1level of ponding in the trenches of three
of the systems clearly indicated that more wastewater ponding was observed
at the beginning of the trenches which corresponded to the downslope part of
each drainfield. Nonuniformity of wastewater distribution results in a
higher volume of wastewater application to the beginning of the trenches.
This, we believe, is the most important factor affecting the ponding of the
effluent. Obviously, the beginning of the trenches receive more wastewater
due to a lag time from the time effluent reaches the first hole to the time
it starts flowing from the last hole on the lateral line. Slow displacement
of the entrapped air inside the lateral line contributes significantly to
this lag time.

Soil water content and soil water potential in and around the drainfield
areas showed little fluctuation within the dosing cycles. This may be

due to ponding in the trenches and indicated a quasi steady steady state
condition for each system. The seasonal changes, however, were significant
and showed a direct relationship with precipitation. Observation of the
pumping cycles using the water level recorders installed on the pump tanks
of the four systems indicated frequent pumping of effluent to the
drainfields on certain days of the week or following heavy rainfall events.
While the former was related to the water use pattern of the household
(e.g., laundry days), the later was believed to be related to leaky pump
tanks and/or siphoning of the wastewater from the trenches back into the
pump tank. In a number of occasions, the homeowners were alerted about
excessive use of water in a short period of time, such as successively
washing large loads of clothes, and possible leaky faucets or toilet tanks
in the house. However, no action was taken to correct the possible leaks in
the pump tanks.
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Movement of Solutes Through Solum and Saprolite

In the laboratory soil column experiment movement of Ca*t, K¥, N-NH?, N-N0§
and C1~ through disturbed and undisturbed solum and saprolite materQaI was
studied. A breakthrough curve was obtained for each of the five ions

and the total dissolved solutes (expressed by the electrical conductivity,
EC) by relating the normalized outflow concentration to the volume of
outflow. The outflow concentration was normalized by dividing the con-
centration of the outflow solution (C) collected in increments minus the
initial concentration of soil solution (C5) by the concentration of inflow
solution (Cy) minus the initial concentration of soil solution (i.e.,
(C-C3)/(Co-C3)). Table 7 presents the mean and standard deviation of the
initial concentration for the five ions and total dissolved solutes (EC) as
determined by the outflow concentration before solute application (i.e.,
before tg).

Because of the slight differences in the velocity of solution moving

through the individual replications for the disturbed and undisturbed solum
and saprolite materials (see Table 5), a mean breakthrough curve was
obtained as follows: (i) the normalized outflow concentration (also referred
to as the relative concentration), (C-Cy)/(Cy-Cy), for each ion was plotted
against the pore volume for each replication; (ii) a smooth curve was drawn
through the points by visually estimating the best fitted curve; and

(i11) an average curve for the three replications was obtained by

Table 7. The mean and standard deviation (s.d.) of initial soil
solution concentration for fine ions and EC.

MEAN s.d. ci/co#
EC dS/m 74.2 13.4 .040
Ca mg/L 0.54 0.84 .006
K " 2.1 1.8 .011
NHg " 0.5 1.1 .007
NO3 " 0.02 0.02 0
Cl " 12.1 1.3 .081

# For Cy values see Table 4.
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averaging the values of the pore volume for selected (C-Cj)/(Co-C4y) values.
As an example, Fig. 301 to 30III present the actual values of relative con-
centration vs. pore volume and the fitted curve for the movement of N-NO3
through three replications of the undisturbed soil samples. The average
breakthrough curve for the three replications is shown in Fig. 301V. As

is evident, although no mathematical or statistical model has been used for
the best fitted curve, the breakthrough curve obtained by visually

estimating a line through the measured values represents a reasonable best
fit.
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Fig. 30. Relative concentration, (C-C5)/(Co-Ci), vS. pore volume
and fitted breakthrough curves for the three replications
(I-1I1), and the average breakthrough curve (IV) for the
movement of NO3 through undisturbed soil.
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Movement of Anions through Solum and Saprolite. Average breakthrough

curves for the movement of N-NO3 through undisturbed and disturbed solum and
saprolite columns are presented in Fig. 31. Each figure consists of four
graphs, A-D, which represent curves for undisturbed solum, undisturbed
saprolite, disturbed solum and disturbed saprolite, respectively.

Considering Fig. 31A and B, nitrate appeared in the outflow of the
undisturbed soil faster compared to saprolite. This is shown by a higher
pore volume (PV) value for (C-Cy)/Cy-Ci) = 0.05 for undisturbed

saprolite. However, the breakthrough for saprolite was sharper and the
outflow reached the inflow concentration in a shorter time. Nitrate
appeared in the outflow of the disturbed solum and disturbed saprolite at
about the same pore volume. The breakthrough for the disturbed saprolite
was much sharper than the one for disturbed solum. The outflow
concentration reached the inflow concentration after passing 2 pore volumes
of solution through disturbed saprolite as compared to 4 pore volumes for
disturbed solum.

Although nitrate appeared in the outflow of undisturbed solum faster than
the disturbed solum, the outflow concentration did not reach the inflow
concentration before 6 pore volumes of solution was passed through the
undisturbed column compared to 4 pore volumes for repacked solum samples.
As for the saprolite, the breakthrough curves for disturbed and undisturbed
materials started at about one pore volume, but the breakthrough curve was
sharper for disturbed materials. Similar observations were made for C1, as
shown in Fig. 32A to D.

Both NO3 and C1 are generally considered as nonreacting solutes. Therefore,
it is expected that their breakthrough curves be somewhat similar to the
sigmoidal curve shown in Fig. 9A. It is obvious that although the
breakthrough curves for solum and saprolite were similar in shape to the
sigmoidal curve, their position was beyond the one pore volume displacement
[for comparison see Fig. 9B]. Therefore, it must be concluded that there is
a certain amount of attenuation of these so called nonreactive ions in these
solum and saprolite materials. Comparing Fig. 31A and 31C, the amount of
NO3 attenuated by the disturbed and undisturbed solum appears to be equal.
The same observation is also true for C1 breakthrough curves. For sapro-
lite, the amount of both jons attenuated by the disturbed saprolite was less
than the amount attenuated by the undisturbed samples. Therefore, we
conclude that, although the very large and very small pores in an
undisturbed solum sample can not be reproduced by disturbing and repacking
the sample, the total amount of attenuation for the nonreactive ions remains
fairly unchanged. In contrast, disturbing and repacking the saprolite not
only reduces the range of pore size distribution it also decreases the atte-
nuation capacity of the material.

Movement of Cations through Solum and Saprolite. The average
breakthrough curves for K, and N-NH4 are presented in Fig. 33 and 34,
respectively. Although, the shape and position of the breakthrough curves
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Fig. 31. Average breakthrough curves for the movement of NO3 through
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solum (C), and disturbed saprolite (D).
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PORE VOLUME

Fig; 33. Average breakthrough curves for the movement of K through
undisturbed solum (A), undisturbed saprolite (B), disturbed
solum (C), and disturbed saprolite (D).
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Fig. 34. Average breakthrough curves for the movement of NHg through
undisturbed solum (A), undisturbed saprolite (B), disturbed
solum (C), and disturbed saprolite (D).
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for K and NHgq were different from their corresponding anion (i.e., NO3) they
presented similar evidence as to the pore size distribution of solum and
saprolite. Like NO3 breakthrough curves, the cations' breakthrough curves
for the undisturbed soil samples started before the curves for saprolite
columns and disturbed solum materials. Comparison of the results for
disturbed and undisturbed saprolite indicates that there were no large
cracks present in the undisturbed samples to conduct water under saturated
conditions. There were, however, some small size pores that could not be
reproduced when the disturbed saprolite was repacked into the columns. The
attenuation capacity of the solum materials remained fairly equal when the
solum was disturbed and repacked into columns. The attenuvation capacity of
saprolite, however, was reduced when the saprolite was disturbed. This
could be due to the destruction of some of the very small pores that conduct
water in saprolite.

Comparing the results for the undisturbed soil and saprolite reveals that
the attenuation capacity of undisturbed saprolite for NO, and C1 was

about the same as the capacity of solum. As for the catYons, however, the
attenuation capacity of undisturbed saprolite was less than the attenuation
capacity of both disturbed and undisturbed solum materials for K and NH4.

The breakthrough curves for the movement of Ca through disturbed and
undisturbed solum and saprolites are presented in Fig. 35. The curves I,
IT, and 1II on the graphs are the results for individual replications used
in the experiment, and as is evident they are very closely related for each
treatment. It is interesting to note that the outflow concentration for the
undisturbed soil was more than the inflow concentration for a period after
one pore volume of displacement (as indicated by (C-C;)/(Co-Ci) > 1).

This indicates a relatively higher amount of Ca on the exchange

sites. This higher level of Ca is perhaps due to previous liming practices
on the sampling area which at one time had been under cultivation. It is
clear that after a few pore volumes of displacement all of the readily
exchangeable Ca was removed from the soil, and the concentration of outflow
solution reached the inflow concentration. The results for the disturbed
solum show that the relative concentration was close to 1 at about three
pore volumes and then was reduced indicating a tailing effect. This could
also be due to a higher concentration of Ca in the soil which was removed at
the early stages of leaching.

The early appearance of Ca in the outflow for the undisturbed solum
confirmed the presence of large pores in the sample. The disturbed solum
definitely lacked the large pores present in the undisturbed cores. The
tailing effect shown for the disturbed solum indicated a slow rate of
attenuation of Ca present in the inflow solution.

The general behavior of the undisturbed and disturbed saprolite samples for
Ca were similar to those for other elements. Compared to the undisturbed
solum, undisturbed saprolite did not show the presence of any large pores.
Also, with the exception of a hump in the middle of the breakthrough curves
for the disturbed soil, the breakthrough curves of the undisturbed saprolite
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RELATIVE CONCENTRATION ( (C-Ci)/(Co-Ci) )

PORE VOLUME

Fig. 35. Relative concentration vs. pore volume for the movement of Ca
through replicated undisturbed solum (A), undisturbed saprolite
(B), disturbed solum (C), and disturbed saprolite (D).
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were similar to the ones for the disturbed soil. The disturbed saprolite
breakthrough curves show that attenuation of Ca was increased after two pore
volumes of displacement and a tailing effect was observed for all the repli-
cations.

In general, these results indicate that there are relatively high Tevels
of Ca in these solum and saprolite materials that can be removed readily.
After the easily exchangeable Ca is removed, other attenuation processes
such as reaction with Fe and Al oxides will take place, and a tailing will
be observed where the outflow concentration slowly reaches the inflow
concentration of Ca.

Simplified Mathematical Model. The average breakthrough curves for all the
jons and EC were fitted to the error function model (Equation 1) for
one-dimensional flow of a step input of salt. The parameters R and D were
estimated by the procedure described by Amoozegar-Fard et al. (1983). Table
8 presents the retardation factor R and diffusion-dispersion coefficient D
for the solum and saprolite.

Figure 36 to 38 present the experimental and predicted breakthrough

curves for the movement of K, NHs, NO3 through undisturbed and disturbed
solum and saprolite materials. The experimental points for the above ions
are exactly the same as the ones shown in Fig. 33, 34, and 31, respectively.
The experimental and calculated breakthrough curves for the electrical con-
ductivity are also shown in Fig. 39.

To assess the rate of movement of the ions, the average velocity of the
relative concentration (C-C3)/(Co-C3) = 0.5 for a unit pore water velocity
(v = 1, dimensional units of length L/units of time T) was calculated for
the disturbed and undisturbed soil and saprolite by Equation (5). The
results are given in Table 9. Note that these velocity values are the
reciprocal of the retardation factor. The higher the retardation factor,
the slower s the movement of that ion. (The units for the velocity of the
relative concentration are the same as the units for the pore water
velocity.)

As was discussed earlier, while the retardation factor determines the posi-
tion of the breakthrough curve, the diffusion coefficient determines its
spread around the relative concentration (C-C3)/(Co-C4) = 0.5. Therefore,
the diffusion coefficient could be related to the range of pore size distri-
bution. The higher the range of pore sizes, the higher will be the dif-
fusion coefficient.

Using the values given in Tables 8 and 9, we confirm the observations on

the attenuation capacity of the solum and saprolite as presented in the
previous section. The lower diffusion coefficient of disturbed saprolite
and the higher velocity values for (C-Cyj)/Co-C4) = 0.5 is a good indication
that disturbing saprolite will reduce its effectiveness in removing the
constituents of household wastewater. Disturbing the solum on the other
hand will reduce the range of pore size distribution but will not have a
pronounced effect on the velocity of the ions through the profile. However,
disturbance will result in the destruction of the soil structure and may
reduce the soil hydraulic conductivity to such a level that the soil may not
absorb wastewater.
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Table 8. Estimated values of R and D of Equation 3 for predicting the
movement of solute front for EC and five ions through solum
and saprolite.

R (dimensionless)

EC
Ca
K
NHa
NO3
c1

D (cmzlhr)
EC
Ca

NHg
NO3
1

UNDISTURBED DISTURBED
SOLUM SAPROLITE SOLUM SAPROLITE
2.14 2.33 2.50 1.69
1.78 2.54 2.42 1.82
4.39 3.73 4.33 2.96
4.09 2.61 3.65 2.11
1.82 1.94 2.14 1.47
2.30 2.38 2.73 2.00
1.46 0.53 0.28 0.22
0.59 0.55 0.13 0.03
1.45 0.68 0.41 0.18
0.54 0.26 0.20 0.07
1.38 0.38 0.28 0.07
1.52 0.78 0.48 0.29
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Fig. 36. Experimental and predicted breakthrough curves for the movement
of K through undisturbed solum (A), undisturbed saprolite (B),
disturbed solum (C), and disturbed saprolite (D).
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Fig. 37. Experimental and predicted breakthrough curves for the movement
of NHg through undisturbed solum (A), undisturbed saproiite (B),
disturbed sotum (C), and disturbed saprolite (D).
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Fig. 38. Experimental and predicted breakthrough curves for the movement
of NO3 through undisturbed solum (A), undisturbed saprolite (B),
disturbed solum (C), and disturbed saprolite (D).
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Table 9. Average velocity for the relative concentration of 0.5 of the
solutes through disturbed and un@isturbed soil and saprolite
for unit pore water velocity (Units L/T).

UNDISTURBED DISTURBED
SOLUM SAPROLITE SOLUM SAPROLITE
--------- UNITS L/T = = = = = = = = - -
EC 0.42 0.43 0.50 0.59
Ca 0.56 0.39 0.41 0.55
K 0.23 0.27 0.23 0.34
NHg4 0.24 0.38 0.27 0.47
NO3 0.55 0.52 0.42 0.68
c1 0.43 0.42 0.37 0.50

The results of this column study do not show a wide range of pore size
distribution for the saprolite studied. Because of the size of the cores
and the procedure by which the undisturbed samples were prepared, no crack
or plane of weakness was present in the samples. Therefore, the results
did not indicate that pollutant movement in saprolite will be facilitated by
the presence of natural cracks and veins of quartz or other highly permeable
planes. It must be noted that saprolite in the field is under an overburden
pressure that is related to the thickness of the materials above it. By
extracting a sample, no matter how large, the overburden pressure is
eliminated, and a naturally closed plane of weakness or quartz vein may be
opened for water and pollutant migration. Therefore, it is our
recormendation that additional studies be conducted, both in the field and
laboratory, using different size cores to determine the extent of the
naturally occurring high permeability layers.
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SOIL WATER DISTRIBUTION IN SOLUM/SAPROLITE SEQUENCES
OF SELECTED PIEDMONT SOILS

The second objective of the study, "Evaluate the effect of landscape posi-
tion and development density on the distribution and movement of soil
moisture in solum/saprolite sequences", was achieved through field studies
of the soil moisture distribution and its seasonal variations. The primary
purpose was to evaluate the soil water status of the entire soil profile to
determine 1ikely flow paths for wastewater constituents applied to a number
of solum/saprolite sequences. The focus was on developing understanding of
the relationships between soil water distribution and movement, and the
morphological characteristics that can be recognized in a soil profile.
Many landscapes in the Piedmont contain primarily well-drained soils, even
in headslope and footslope landscape positions. Therefore, it is possible
that water moves rapidly through the soils in these landscapes. In these
cases, water must either rapidly flow vertically down through the solum and
underlying saprolite, or flow laterally downslope through the subsurface.
Vertical or lateral soil water flow should be related to the charac-
teristics of the soil profile.

Sub-objectives
Four sub-objectives were developed for this part of the study.

1) Describe the morphology of typical solum/saprolite sequences in a number
of landscape settings.

2) Evaluate the extent of preferential water flow through the
solum/saprolite sequences.

3) Determine the depth distribution of soil water in various landscape
positions.

4} Assess the effect of development density upon the soil water status of
the sequences.

Materials and Methods

The approach used was to conduct field studies of soil water content. We
expected a significant spatial variation in soil water content

related to position on the landscape. Therefore, our approach was to
evaluate the depth distribution of soil water content at a number of
landscape positions, instead of measuring soil water content in greater
detail at one location. This allowed us to determine the soil water
contents' relationships to profile characteristics and landscape setting,
thereby providing a better understanding of interactions within the
natural system. :
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Selection and Description of Study Sites

Four study sites (Fig. 40) were selected to represent a range of soils,
landscape positions, and development densities. The Piedmont soils of North
Carolina are grouped into four soil systems. The two most extensive are

the Felsic Crystalline System and the Carolina Slate Belt System (Daniels et
al., 1984). These two systems include soil series such as Cecil, Appling,
Georgeville, and Herndon. The depth distribution of soil water content was
investigated at two sites in each of these two soil systems. One study site
in each soil system was in a relatively undeveloped forested area. A second
site was located in a wooded, residential development a few kilometers away.
The developed sites were in watersheds that had a high density of development
in which the homes utilized on-site wastewater disposal systems.

Landscapes can be classified in many ways (see Fig. 41). Each study site
had a range of landscape positions from the interfluve through the sideslope
to the nearby footslope. Sideslopes inciuded nose, linear, and head slopes.
Soil water content was determined by neutron thermalization on a number of
transects going through various landscape positions.

The cooperation of homeowners was one important factor that guided us in
selection of the location of the transects in the developed areas. It was
necessary to obtain cooperation from a number of adjoining property owners
to install a transect of access tubes down the hillside at any one site.
There were locations on the transects that could not be used because of lack
of access.

Schenck Forest Study Site. Schenck Forest is located in Wake County north
of the State Fairgrounds in Raleigh, N.C. (see Fig. 40). The Forest is
managed by the College of Forestry at North Carolina State University. The
study site was near the western boundary of the Felsic Crystalline Soil
System in an area mapped as Felsic mica gneiss (Raleigh Belt Unit CZfg) on
the state geologic map (Brown, 1985). Cecil gravelly sandy loam phases
(mapping units CgB2 and CaC2) of soils were mapped at this site by the Soil
Conservation Service (Cawthorn, 13970) and by the Forestry Department at NCSU
(Unpublished map of Schenck Memorial Forest, 1966). The study area was
Jocated in the easternmost corner of Schenck Memorial Forest in Stand No. 2.
The vegetation consisted of a 45-55 year old stand of Loblolly Pine (with
some Longleaf Pine) that had been in an old agricultural field.

The study site was in a gently rolling area of the Piedmont with about 30 m
of relief from the ridgecrest to the second order water channel (i.e., a
channel at the confluence of two first order ephemeral drainageways).

Local relief in the study area was 20 m from the highest to the lowest
elevation studied.

Forty-six neutron access tubes were installed in this undeveloped watershed
area (Fig. 42). Access tube locations and elevations relative to each

other were measured in the field with a transit level and were plotted on an
existing topographic map (unpublished map produced by the NCSU Forestry
Department).  Access tubes 1 to 40 were installed on a modified 30 m grid
from the interfluve to the second order channel. Initially three transects
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PIEDMONT COASTAL PLAINS
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MOUNTAINS

ra

L
0 20 40
SCALE TO MILES
SOIL SYSTEMS STUDY SITES
1. Mixed felsic and mafic system A. Schenck Forest
2. Carolina slate belt system ~ B. Medfield Estates Subdivision
‘3. Triassic basin system C. Hill Forest
4. Felsic crystalline system D. Willow Hill Subdivision

5. Upper coastal plains and piedmont system

Fig. 40. Location of study sites.
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were established from the interfluve through the convex nose (access tubes
#1, 8, 11, 18, 21, 28, 31, 36), the concave headslope/drainageway area
(access tubes #3, 6, 13, 16, 23, 26, 33, 34, 39, 40), and the intervening
side slope area (access tubes #2, 7, 12, 17, 22, 27, 32, 35, 37). Access
tube #40 was installed at the juncture of the two ephemeral channels, and
access tube #38 was installed in the cut area of the channel. Figure 43
jllustrates the slope profiles of these three transects. Three additional
transects (access tubes #10 through 4; access tubes #20 through 14; and
access tubes #30 through 24) were established perpendicular to drainage and
are shown in Fig. 44. The slope profiles illustrated the relative gentle-
ness of the side slopes adjoining the head slope compared to those adjoining
the drainageway lower on the slope. Access tubes #41-46 (Fig. 42) were
installed at selected midpoints in the 30 m grid to develop calibration cur-
ves for relating neutron probe count ratios to soil water contents measured
by the gravimetric technique.

Medfield Estates Subdivision Study Site. Medfield Estates is a wooded
subdivision located in Wake County west of the state fairgrounds along
Trinity Road (Fig. 40) near Raleigh, N.C. The overall density of
development in the subdivision was approximately one home per acre. All
homes utilized septic tank systems for treatment and disposal of household
wastewaters. This study site was located four kilometers southwest of the
Schenck Forest site. Medfield Estates subdivision was also included in the
Felsic Crystalline Soil System in an area mapped as Metamorphosed granitic
rock and Biotite gneiss and schist (Raleigh Belt Units CZg and CZbg) on the
state geologic map .(Brown, 1985). Cecil gravelly sandy loam, Cecil sandy
loam, Appling gravelly sandy loam, Appling sandy loam, and Worsham sandy
loam phases (mapping units CgB, CgC2, CgC, CeD, AgB, AgC, ApD, and Wy) of
soils were mapped at this site by the Soil Conservation Service (Cawthorn,
1870). :

Three study areas located along Robbie Drive, Bellemeade Street, and Farley
Drive represented convex, linear, and concave transects of access tubes from
the interfluves to the nearby footslopes (Figures 45, 46, and 47,
respectively). Topographic information was from existing topographic maps
(1 inch= 61 m scale with 61 c¢m contours). The convex and linear transects
were within 125 m of each other, but were 1 km removed from the concave
transect. A1l of the transects could not be adjoining because of dif-
ficulties in getting permission from adjoining neighbors and because we
setected a linear transect of substantial length. Also, most concave tran-
sects were not sufficiently developed to include in this study.

The three study areas were in a gently rolling area of the Piedmont with
about 30 m of relief from the ridgecrest to the second order water channel.
Local relief from the highest to the lowest elevations studied was 16 to 18
m for the three study areas (see slope profiles in Fig. 48).

Twenty-nine neutron access tubes were installed on these three transects.
In almost all cases, the access tubes were installed on wooded parts of the
lots. Access tubes #5 and 6 were offset from the rest of the convex
transect because of difficulties in getting permission to use a site.
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MEDFIELD ESTATES: Linear

Scale: 1 6D.96m

N
A

Fig 46. Topography at linear transect at Medfield Estates subdivision.
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Concave N
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Fig. 47. Topography at concave transect at Medfield Estates subdivision.
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Access tubes #22 and 23 were lost when the home on that lot burned and
ownership changed hands.

Hi11 Forest Study Site. Hill Forest is located in the northern part of
Durham County 4 km north of Bahema, N.C. (Fig. 40). Hill Forest is also
managed by the NCSU College of Forestry. This study site was in the
Carolina Slate Belt Soil System in an area mapped as Felsic metavolcanic
rock, Metamorphosed granitic rock, and Intermediate metavolcanic rock
(Carolina Slate Belt Units CZfv, CZg, and CZiv) on the state geologic map
(Brown,1985). The actual study zrea was mapped as Felsic metavolcanic rock
on that map. Georgeville silt lcam, and Tatum gravelly silt loam phases
(mapping units GeC, GeB, and Tak) of soils were mapped by the Soil
Conservation Service in the study area (Kirby, 1976). The actual study area
was 2 km east of Quail Roost resort in the westernmost portion of Hill
Forest across S.R. 1614 from the George K. Slocum Forestry Camp. Vegetation
at the study area at this site was a mature upland hardwood forest.

The study site was in a moderately steeply sloping area of the Piedmont near
the Flat River with about 20 to 25 m of relief from the ridgecrest to a
second order drain. Slopes were steeper than the previous two sites.

There was 40 m of relief in the zrea from the highest to the lowest eleva-
tions studied.

Thirty neutron access tubes were installed on five transects from the
interfluve to nearby footslopes in this undeveloped watershed area (Fig.
49). The primary transects consisted of a convex transect (access tubes #3,
2, 1, 10, 11, 12, 20, 21, 22, and 23), a short linear transect (access tubes
#12, 13, 14, 26, 15, 16, and 27), and a concave transect (access tubes #3,
4, 5, 6, 7, 18, 17, and 19). Figure 50 illustrates the slope profiles of
these transects. Two additional transects of a small concave headslope/
drainageway (access tubes #10, 9, 8, and 18) and a small convex ncseslope
(access tubes #28, 29, and 30) were established for comparison purposes
(Fig. 51). Four access tubes (#24 to 27) were used to develop calibration
curves. Access tube locations and elevations relative to each other were
measured in the field with a transit level and were then plotted on a
topographic map adapted from the USGS 7.5 minute quadrangle (Rougemont,
N.C.) topographic map and field notes. Therefore, relative access tube
locations and elevations were more accurately determined than other
topographic information in Fig. 49.

Willow Hill Subdivision Study Site. Willow Hill is a wooded subdivision
located in Durham County along Guess Road (S.R. 1003) about 2.5 km north of
the Eno River (Fig. 40). The Durham County Health Department assisted in
locating this site. The overall density of development in the subdivision
was 1 to 1.5 homes per acre. This study site was located 12.5 km south of
the Hill Forest study site. Willow Hill subdivision was also included in
the Carolina Slate Belt Soil System in an area mapped as Felsic metavolcanic
rock (Carolina Slate Belt Unit CZfv) on the state geologic map (Brown,
1985). Georgeville silt loam, Nason stony siit loam, and Herndon stony silt
loam phases (mapping units GeC, GeD, NoD, and HsC) of soils were mapped at
this study site by the Soil Conservation Service (Kirby, 1976).

The site was in a moderately sloping area of the Piedmont with about 40 m of
relief from the ridgecrest to the second order water channel. Local relief
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Fig. 50.
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from this highest to the lowest elevations studied was substantial (40 m),
although the site was not located adjacent to a river 1ike the Hill Forest
site. The Willow Hill subdivision site was stonier than the Hill Forest
site and had some shallow to moderately deep soils on the ridgecrest and
shoulder positions. Therefore, the steep slopes at Willow Hill may have
more resistant rock beneath them than those at Hill Forest.

Nineteen neutron access tubes were installed primarily on three transects
(Fig. 52). Slope profiles of the linear transect (access tubes #1, 2, 4,
5, 6, and 7), concave transect (access tubes #7, 11, and 12), and convex
transect (access tubes #1, 3, 8, 9, 10, 16, 17, and 18) are shown in Fig.
53. Access tube #4 on the linear transect could not be used due to
homeowner concerns. Because a suitable developed headslope/drainageway area
could not be located, the concave transect includes the drainageway area
only. An additional short concave transect (access tubes #10, 15, and 19)
and short linear transect (access tubes #13, 14, and 15) were also
jnvestigated. In almost all cases, the access tubes in this subdivision
were installed on wooded portions of the lots.

Soil Morphological Descriptions

The morphology of the solum/saprolite profiles were described in detail
(Soil Survey Staff, 1981) from backhoe-dug pits 2 to 3 m deep at four
locations in Schenck Forest and at two locations in Hill Forest. Bulk
samples were collected from selected profiles. These samples were air
dried, sieved to remove materials greater than 2 mm in diameter, and
analyzed for particle-size distribution using the hydrometer method (Day,
1965). We compared the morphological observations made from the backhce-dug
pits with observations made from auger borings directly adjacent to the pit
walls. Then, we made brief morphological descriptions and horizon
cdeterminations for over 100 soil profiles next to (within 30 to 45 cm) 46
access tubes in Schenck Forest, 31 access tubes in Hill Forest, 24 access
tubes in Medfield Estates subdivision, and 16 access tubes in Willow Hill
subdivision. The horizon designations were used as baseline information for
subsequent analyses of soil water content.

Soil Water Content

Soil water content was determined by neutron thermalization using a Troxler
model 3330 neutron probe. Access tubes were cut from 5 c¢m diameter aluminum
irrigation pipe. The bottom of each tube was sealed using a number 10.5
rubber stopper squeezed between two metal washers.

Because the study sites were heavily wooded forests or were residential
homesites, we could not utilize a truck mounted hydraulic soil sampling
equipment to install access tubes. Therefore, the access tubes were
installed using a power driven hand-held screw auger and a slurry was placed
around the access tube as described previously. For more information about
this technique see Amoozegar et al. (1989).
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Fig. 53. Slope profile of linear slope (tubes #1-7), concave slope (tubes #7-12), and convex slope
(tubes #1-18) at the Willow Hill subdivision site.



The water content measurement frequency varied from site to site (Table 10).
Because of ease of access the Schenck Forest site was the primary site for
all activities including morphological descriptions, measurement of
hydraulic conductivity, and determination of soil water content. Count
ratio measurements were made from April 1885 thru July 1986 in an attempt to
assure a broad range of water contents. For similar reasons, the Hill
Forest site was the secondary site. The Medfield Estates subdivision was
selected as a developed site to roughly parallel the forested Schenck Forest
site. This was the primary residential site. Locating a site with soil and
slope characteristics similar to the Hill forest site proved to be quite
difficult. The Willow Hill subdivision was the best match; however, this
site was only utilized in the later stages of the study.

At each of the four study sites, the soil water content was monitored in 19
to 46 neutron access tubes located in a range of landscape positions
including the interfluve, shoulder, simple sliceslope, noseslope, headslope,
and drainageway positons. At each access tube, the soil water content was
monitored at nine to ten depths (30 cm, 50 cm, 75 cm, etc.) to 225-250 cm or
to rocks that could not be penetrated with the installation equipment. The
access holes were a minimum of 30 cm deeper than the deepest data collection
depths. All measured count numbers were converted to a count ratio by using
a 4-min standard count measurement at the time of date collection.

Calibration curves were ceveloped from 79 samples collected from two of the
four sites. Undisturbed soil sampies, 5 cm long, were collected for
gravimetric water content (Gardner, 1965) and bulk density cdetermination
next to Tubes #41-46 at Schenck Forest and Tubes #24-27 at Hill Forest.
Tubes #42-44 at Schenck Forest were also resampled at a later date to obtain

Table 10. Sampling and soil water content measurement protocol for
forested and residential study sites.

Study Site Number of Frequency of Number of
Access Tubes  Observation Observations

Schenck Forest 46 weekly 48

Hill Forest 30 biweekly 20

Medfield Estates Subdivision 29 2-4 weeks 16

Willow Hill Subdivision 19 infrequently 4
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additional data. We sampled interfluve, simple sideslope, headslope, and
drainageway positions because the calibration curves would be used for a
range of landscape positions.

Using a linear regression model, we developed calibration curves for
determining soil water content from count ratio measurements. Separate
curves for the Schenck Forest and Hill Forest study sites were compared
(Table 11). The combined equation predicted water content with r2=0.66 and
was used to determine soil water content from count ratios for all sites.

Saturated Hydraulic Conductivity

Saturated hydraulic conductivity was measured at Schenck Forest both in-situ
and in the laboratory using cores collected from that study site. In-situ
measurements were made using the model 2800K1 Guelph Permeameter
(Soilmoisture Equipment Corp., Santa Barbara, CA) in 6 cm diameter auger
holes dug into the saproiite at the bottom of Pits #1, 2, and 3. This
equipment is an in-hole constant head permeameter that utilizes the Marriot
principle to maintain a constant head of water at the bottom of a small
diameter auger hole. Water was ponded in the holes at 5 cm and 10 cm
heights, and the "field-saturated hydraulic conductivity" (Kfg) was calcu-
lated using the simultaneous equations approach ("Richards" analysis)
(Soilmoisture Equipment Corp., 1886). The term field-saturated hydraulic
conductivity was used to refer to the saturated hydraulic conductivity of
soil at field saturation which may contain some entrapped air (Reynolds and
Elrick, 1586). The matric flux potential (¢p5) (Reynolds and Elrick, 1386)
was also calculated. Matric flux potential is a measure of the soil's abi-
ity to attract water by capillary force. Because of negative Keg OF o
values that will be discussed later, we also used the Laplace analysis
approach to calculate saturated hydraulic conductivity (called Klgg) for
each level of ponded water in the hole (Reynolds and Elrick, 1986).

Because of difficulties in maintaining a constant head with the original
Guelph Permeameter in slowly permeable materials, it was not possible to
make in-situ measurements in the slowly permeable Bt horizon. This

Table 11. Calibration eguations retating volumetric soil water content (Y)
to count ratio (X) for the Schenck Forest and Hill Forest sites
and for the combined data.

Site Equation r2 n
Schenck Forest Y = -4.,11 + 46.23X ‘ 0.02 58
Hill Forest Y = 9.25 + 29.69X 0.63 21
Both Sites Y = 2.58 + 37.22X 0.66 79
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difficulty was due to inappropriate design of the air restriction washer in
the equipment [this was a new device -- ours was the 10th unit
manufactured]. After our discussions with the developer of the equipment,
the manufacturer modified this equipment.

Saturated hydraulic conductivity (Kg) was determined in the laboratory from
soil cores collected from just behind the described pit face for Pits #1,

2, 3 at Schenck Forest. The cores were collected by modifying a
hydraulically driven soil sampler so that the sampling head was inserted
into the soil via hydraulic pressure applied from a backhoe bucket. The
unencased, but intact, soil cores had a diameter of 6.6 cm and were in
sections 8 to 40 cm long. Cores were collected from the Bt horizon and
saprolite to a 3 m depth next to Pits #1 and 2. However, cores could not be
collected below 1 m depth next to Pit #3 because the coring device could not
penetrate a diffuse stone layer at the base of the Bt2 horizon.

The cores were 6.5 cm diameter and were prepared for analysis as per
Amoozegar (1988). Briefly, core sections were trimmed to 10 cm lengths.
Some samples, particularly in saprolite, broke at acute angles due to
foliation planes in the material. In some cases, these samples were trirmed
to >7 cm lengths. Each core sample was then coated with paraffin and duct
tape, and a PYC ring was attached and sealed to its top end. The core bot-
toms were covered with cheese cloth. The cores were slowly saturated, and
then were mounted on an apparatus that maintained a constant head of 4.5 to
8.5 c¢m of tap water over their tops. Saturated hydraulic conductivity was
determined after the water flow through each core had reached a relatjvely
steady state condition. Saturated hydraulic conductivity was calculated as:

Kg = (Q/tA)(H/L)

s = saturated hydraulic conductivity determined in the lab, cm/d
outflow volume, cm

time, d

cross sectional area of core, cml

hydraulic head, cm

length of core, cm.

rTrcaoX

Dye Experiment

Three large soil cores were extracted from the saprolite at the bottom of
Pits #1 and #2. A 20 cm diameter by 25 c¢m tall steel ring with a beveled
0.9 cm diameter wall thickness was pushed vertically 12-15 c¢cm into the
saprolite with a backhoe bucket. Special caution was used to limit movement
of the backhoe bucket to a vertical direction. The large core was then
carefully excavated, supported on the bottom and carried to the laboratory.
The top and bottom of the core were carefully trimmed and picked clean, and
covered with cheese cloth. The cores were not presaturated to remove
entrapped air. Water containing a 0.1% solution of methylene blue dye was
ponded 3 to 6 c¢cm deep on the core surface.
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Results and Discussion
Morphology of Solum/Saprolite Sezuences

Morphology of Interfluves and Associated Positions. The morphology of the
solum/saprolite sequences was investigated in detail at the Schenck Forest
and Hill Forest sites. The morphology of a typical soil profile on the
interfluve at the Schenck Forest site is described in Table 12. This
profile was described in a backhce-dug pit (Pit #1) next to Access Tube #8.
Particle size distribution for this soil is shown in Table 13. This
morphology will be discussed in c2me detail since it relates to the soil
water content and saturated hydreulic conductivity measurements. Soil
morphology was also described in cetail from a backhkoe-dug pit (Pit #2)
next to Access Tube #4 at Schenck Forest. Horizon depths and charac-
teristics were similar to those &t Pit #1 except the Bt/C horizon at

Pit #2 extended to almost 170 cm znd was not as clayey as in Pit #1-(Table
13).

The soil morphological sequence typically observed on the interfluve at the
Schenck Forest site was A--Bt1-Bt2-Bt3-Bt/C-C. Figure 3-15 is a photograph
of the soil profile at Pit #1. W~ile it's not shown in the photo, the
surface horizon was typically a r=zddish brown sandy loam to loam material.
It was reportedly cultivated many years ago for cotton production.

The Bt horizon was typically less than a meter thick on the sloping
interfluves at the Schenck Forest study area. This horizon consisted of
three subhorizons: the Btl, Bt2, and Bt3 horizons. The Btl was a thin, red,
clayey horizon in which structure was coarser in size and not as well
expressed as below. This horizon had many roots, and occasionally had large
well expressed planar voids associated with structural aggregates. The Btl
horizon is just barely visible near the top of the photo in Fig. 3-15A. The
BtZ2 horizon had the maximum expression of B horizon characteristics--in this
case the reddest color, highest c'ay content, most clay illuviation, and
strongest expression of soil structure. In the Bt3 horizon, the red color
was not as uniform as above (Fig. 54). The boundary between the BtZ and

Bt3 horizons is shown by the upper strand of pale, yellow surveyors tape in
both Fig. 54A and B. In the Bt3 there were more color variegations-

remnant of those in the C horizon.

There were also a few low-chroma gray-colored motties on ped faces. While
still clayey, the clay content typically decreased about 20% from the Bt2 to
the Bt3 horizon. Also, structure became coarser and not as strongly
expressed in the Bt3 compared to the Bt2.

The Bt/C was a transitional horizon that contained discrete, identifiable Bt
horizon bodies enveloped within a C horizon material (Fig. 54). It had
characteristics of both the overlying Bt horizons and the underlying C
horizon. The Bt/C horizon consisted of many circular or tabular, red Bt
bodies that ranged in size from 1 mm to 20 mm or more, and that occurred
within a background of saprolite material in which rock-controlled structure
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Table 12.

Profile description of the soil at Pit #1, Schenck Forest near
Tube #8.

Soil is located on the interfluve. Soil Serijes: Cecil.

Family: Clayey, kaolinitic, thermic Typic Hapludults.

Apl

Ap2

Btl

Bt2

Bt3

Bt/C

0-5 cm

5-15 ¢cm

15-28 cm

28-64 cm

£4-97 cm

897-130 ¢m

130-229 cm

Reddish brown (5YR 4/4) loam; weak fine granular and

subangular blocky structure; friable; gradual smooth
boundary.

Reddish brown (5YR 4/4) with small pieces of 2.5YR 4/6
mixed in; loam, a 1ittle heavier than above; weak medium
subangular blocky structure; firm to friable; slightly
sticky and slightly plastic, clear smooth boundary.

Red (2.5YR 4/6) clay; weak coarse subangular blocky
structure; firm to very firm; sticky, sltightly plastic;
thin to moderately thick discontinuous clay films on
ped faces; gradual smooth boundary.

Red (10R 4/6) clay to silty clay; strong fine subangular
blocky structure; firm; sticky; slightly plastic;
moderately thick continuous clay films on ped faces;
gradual wavy boundary.

Red (10R 4/6) with some variegations due to remnants

of saprolite and few low chroma colors that may be
related to reduction of iron; silty clay loam; moderate
fine and medium subangular blocky structure; very firm
to firm; sticky; slightly plastic; moderately thick
continuous clay films on most ped faces (but fewer than
above); diffuse wavy boundary.

Red (10R 4/6 and 2.5YR 4/6) and yellow (10YR 7/6 and
10YR 7/8) silt loam; massive to weak coarse subangular
blocky in red parts and moderately expressed thin
foliations (similar to platy but rock controlled and
oriented near vertical) in yellow parts; slightly
sticky and slightly plastic overall; moderately thick
to thin discontinuous clay films on ped faces and
pores in clayey, red, Bt parts; diffuse wavy to
irregular boundary due to pinnacle weathering.

Varijegated brownish yellow (10YR 6/8 and 6/6) light
yellowish brown (10YR 6/4), light reddish brown (2.5 YR
6/4), and white (10YR 8/1) soft saprolite that crushes
to silt loam; rock controlled structure; firm to friable
and brittle; slightly sticky and slightly plastic.
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Fig. 54. Photograph showing the upper 175 cm of the soil at Pit #1 at
the Schenck Forest site (A), a close-up of Bt2--8t3--8t/C--C horizon sequence
in the same pit (B), and a close-up of Bt/C horizon showing the circular

Bt bodies in the lower central portion (C).
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Table 13. Particle size analysis of selected soils at Schenck Forest Site.

Horjzon Depth Sand Silt Clay Texture

m  emmmemeeeee- fommmmm e
Schenck Forest Pit #1 (Tube #8)
Apl 0-5 54 28 18 sandy loam
Ap2 5-15 52 26 22 sandy clay loam
Btl 15-28 17 21 62 clay
Bt2 28-64 8 22 70 clay
Bt3 64-97 15 36 49 clay
Bt/C 97-130 24 43 33 clay loam
C 130-229+ 36 55 9 silt loam
Schenck Forest Pit #2 (Tube #4)
Apl 0-4 65 19 16 sandy loam
Ap2 4-13 57 21 22 sandy clay loam
Btl 13-20 32 13 54 clay
Bt2 20-76 17 17 66 clay
Bt3 76-91 21 32 47 clay
Bt/C 91-168 46 30 24 1oam
C 168-206+ 48 36 16 loam
Schenck Forest Pit #3 Northwest Pit Face (Tube #44)
Al 0-15 47 40 13 loam
A2 15-30 47 40 13 1oam
BA 30-45 44 35 21 loam
Btl 45-71 53 28 19 sandy loam
Bt2 71-94 56 25 19 sandy loam
2Btb 94-137 19 32 49 clay
2Btb/C 137-190 16 60 24 silt loam
2C 190-223+ 19 70 11 silt loam

was evident. In some parts of the horizon (particularly near the upper
part) the red tubules anastomized together such that the individual tubules
were visually indistinguishable. The red tubules were evidently old root
channels (and/or krotovinas) filled with material from above.

Alternatively, they may have represented old root channels that facilitated
advanced weathering processes outward from them in a concentric fashion.
Where the Bt bodies were large (diameter 10-20 cm), they seemed to be old in-
filled root channels. Some of these are observable in Fig. 54C. The red
material in the tubules may be clayey or silty. When 10YR 7/6 background
colors predominated there typically were 5YR 7/8 small (1-5 mm diameter)
round, red tubules that seemed to be in-filled root channels. Many also had
Tive roots in them. There also were small (1 mm diameter) pores with red
circles (possible due to oxidation) around them.
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