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FOREWORD

Today's rapidly develoaping and changing technologies and industrial
products and practices frequeatly carry wich them the increared genera-
ticn of solid and hazardous wastes. These materials, if improperly
dealt with, can threaten toth public health and <che eavironment.
Abandoned wvaste sites and accidental releases of toxic and hazardous
substances to the environment also have 1lrportant environamental and
public healch implications. The Hazardous Waste Engineering Research
Laboratory assists 1n providing an authoritative aad defensible
engineering basis for assessing and solving cthese oprobleas. Its
products support che policies programs, and -agulations of the
Environmental Protection Agency, the permitting and other responsi-
bilicies of State and local governments and the needs of both large and
smzll businesses in handling their wastes respoasibly and ecoaomically.

This report describes the results of studies of the effects of
organic solvents and ocher solutions on ccmpacted clay soils using
several chemical and physical techniques. Data collected confirm the
effects of desiccating solvents in increasing the fluid-conducting pore
spaces in such soils. This leads ts increased hydraulic flow when such
liquids are ponded on the soil surface. These results have helped to
provide a firm basis for the Agency's regulations limiting the types and
amounts of liquids whach can be safely contained by a clay-lined
landfill. For further information, please contact the Land Pollution
Control Division of the Hazardous Was:e Engineering Research Laboratory.

Thomas R. Hauser, Director
Bazardous Waste Engineering
Research Laboratory



ABSTRACT

A study was undertaken to ascertain the effects of organic solvents
cn compactzed soils. Included were laboratory studies on the
flocculation of clays 1n organic solutions; measurements of the basal
spacing of beantonite equilibrated with organic solut-.ons; laboratory
measurements of the hydraulic conductivity of compacted soils to water,
azetone, and xylene; an evaluation uf the 1nfluence of hydraulic
gradient oan the hydraulic conductivity to water, acetone, and xylene;
laboratory measurements of the conductivity of commercially available
clays to common petroleum products; field measurements of the
conductivity of compacted sorls to waste acetone and xylene; and
micromorphological observations comparing pore space 1in compacted sorls
permeated with water and organic iiquids.

Laboratory measurements showed that clay initially dispertsed in
water will flocculate as the conceatration of organic or salt increases.
Fiocculation occurred at dielectric constants in the range of 30 to 50
for water miscible organic liquids or at salt coanceutrations above 0.1
to 0.5 N for the three tested clays. The hydraulic conductivity
typically increased two or three orders of magnitude at coacentrations
above which the clay flocculated. Volume change measurements indicated
that bulk swelling was proportional to the dielectric constant of the
permeant., Therefore, above certain concentrations, organics appear to
result in flocculation, subsequent shrinkage, and the formation of
cracks through which tle tluids may rapidly move.

Laboratory conductivity measurements indicated that elevated
gradients caused a significant decrease in conductivity when the
permeart was water., No signifi:ant changes were found, however, with
permeants oither than water. Average conductiv:ty differences between
gradients of 10 and 181 were only 0.38 and 0.22 orders of magnitude for
the kaolinitic and micaceous soils, respectively.

The average conductivity of the three commercial clays to xylene
was significantly greater than corresponding conductivities to water.
In addition, the conductivities of two of the three commercial clays to
both gasoline and kerosene were also significantly increased. All three
soils showed increased conductivity to diesel fuel and motor oil;
however, due to the variability of the results, the increases were not
large enough to be statistically significant,

Conductivicties measured in the field test cells confirmed the

trends seen in the laboratory. All r*hree soils exhibited increased
conductivity when exposed to xylene. When exposed to acetone, the soils

iv



underwent an 1initial decrease in conductivity, as was also seen 1a the
laboratory, followed by an increase 1n conductivity. Tre entrance of
rainwater through the <cap and the resultant decrea:e 1n acetone
concentration could 2xplain the i1nstances when the behavio: differed.

The overall data 1indicate that permeants havin;, a dielectric
constant below 30 will cause the clay to flocculate, di:siccate, crack,
and allow the permeant . rapidly pass through it.
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SECTION 1

INTRODUCTION

Large volumes of wastes have been and will continue to be disposed
of iz landfills. In addition to landfills, large amounts of liquad
wastes are stored 1n pits, ponds, and lagoons. There are numerous
reports of groundwater contamination from leaking landfills and impound-
ments. As a result of this, many states and later the federal govern-
ment required all hazardous waste tmpoundments to have a clay liner to
retard leachate migration to the groundwater. Acceptable clay lipers
were to be compacted and have a pemeability to water of 1 x 10 or
less. Despite this effort to prevent environmental damage, reports
continued to appear that documented the leaking of concentraced organics
from '"state of the art" clay lined facilities. One typical case study
was described by Daniels (1985) 1in which a surface impourdment over-
lgzéng 15 m_qf clay with an 1n1tial conductivity of 1 x 10 to 1 x
1

cm  sec leaked contaminants 1nto the groundwater. Laboratory
and fireld conductivity measurements made after Ege leakage was
dxggovered showed the, conductivity to average 2 x 10 (lab) and 1 x
10 (field) cm sec . The conductivity differeaces were attributed

to seepage paths such as cracks and root holes.

A laboratory study revealed that compacted clays undergo large
increases in conductivity when permeated with organic solvents (Brown
and Anderson, 1983); however, this study left numerous questions
unanswered. Do admixed clays behave the same as the native clays used
in the 1983 study? Do claye behave the same in the field as predicted
by the fixed wall permeameters used by Brown and Anderson (1983)? Wwhat
is the effect of dilute organics on the conductivity of clay soils? How
did the elevated hydraulic gradients used by Brown and Anderson (1983)
affect the measurements? What 1is the effect of common petroleum
products on clay conductivity? If the observed data of Brown and
Anderson (1983) 1s correct, what is the mechanism by which the increased
conductivity occurred?

The present study was initiated to provide additional data on the
influence of pressure on obtained results, to study the effect of
dilutions on the permeability of c¢lay 1liners, to provide field
verification of laboratory results, and to develop a mechanistic
explanation for the observed data.

While the laws have changed substantially since this project began,
the data are still significant and will be of use in describing what has



happened and 1s likely to happen to many previously instralled Jandf1ills
and impoundments.

In addition, the data may help to predict the
possible movement of organic wastes that have been

injected 1into deep
underground strata and those that are spilled on the surface.



SECTION 2

CONCLUS IONS

Exposure of compacted clay scils to coancentrated organic solvents
results 1n desiccation of the c¢lay and resultant 1increased
hydraulic conductivity due to the passage of fluids through cracks
and channels.

The effact >f solveats on the coanductivity of soils is dependent on
the dielectric constant of the fluid. Solutions with a dielectraic
constant greater thar 30 to 40 will behave much like water, while
permeants with dielectric constants less than 30 to 40 will act
similarly to the concentrated permeant.

Concentrated rganic solvents, particularly acetone and xylene,
will drasticaily 1ncrease the conductivity of compacted soils
regardless of their mineralogies.

Commonly used peiivicuw products 1nciuding gasoliine, kerosene,
diesel fuel, and motor oil permeate compacted soils one to four
orders of magnitude faster than water.

The use of elevated pressure to measure the hydraulic conductivity
in fixed wall permeameters d.d cause a significant decrease when
water was the permeant; however, no significant effect was observed
whan other permeants were used.

Conductivities of field cells permeated with waste acetone and
xylene followed the same patterns and showed similar increases as
the laboratory measurements using fixed wall permeameters.

Micromorphological measurements and photographs indicated that
compacted soils permeated with acetone and xylene contained larger

and more continuous pores.

Many of the flexible membranes used in the field study leaked.



SECTION 3
RECOMMENDAT TONS
Con:eantrated organic solvents should not be placed 1n clay lined
impoundments.

Concentrated petroleum products should not be placed in clay lined
1mpoundments.

All clay lined impoundments need to be tested to assure their
compatability with the materials t~ be contained.

Monitoring efforts should be directed toward clay lined facilities
in which organic liquids have ba2en d:sposed of in the past.

All flexible mewubrane liners snsuld be water tedted for possible
leaks before use.



SECTION 4

MECHANISM BY WHICH ORGANICS AFFECT LOILS

INTRODUCTION

Previously reported research (Aaderson et al., 1985; Brown and
ihomas, 1985; Green et al., 1983; and Brown :ad Thoumas, 1984) bhave
indicated that certain organic liquids can rapitly penetrate compacted
clay 1l:iners. Understanding the mechanism by which this phenomeucn
occurs is important for extrapolating the present data base to other
chemicals, mi<tures of chemicals, or other «clays ttat might be
candidates for use in soil lined retention facilities.

There are several levels at which one might seek mechanistic
explanations for the observed impact of organic chlemicals on the
hydraulic conductivity of soils. These include a theoretical
consideration of the influence of organic chemicals or the thickness of
the double layer, the basal spacing of smectitic clays observed by x-ray
techniques, the flocculation-dispersion state of clay minerals, and the
bulk shrinking-swelling respoanse of clay soils. Evidence on each will
be considered in tura,

Double Layer Theoretical Consideration

Double layer theory; suggests that the spacing between clay layers
should increase as the dielectric constant (D) and the temperature (T)
increases and decrease as the concentration of electrolyte in the
solution (vw), the ionic change (e) and the valence of the primary ion
(V) increase, as suggested by Mitchell (1976) where K is the Boltzman

constant:
g = \/ DKT
8mn ez V2

This relationship suggests that if all other things are held
constant, a decrease in the dielectric constant should cause a decrease
in the basal spacing of primary particles. Since many common organic and
inorganic chemicals have dielectric constants lower than water, they
would be expected to cause clays to siarink (Maryott and Smith, 1951).




Other factors that may influence the spacing include the size of
the hydration shell arcund the primary icn and the pH. The system 1s
complex and not fully understood; therefore, the above proportionality
may not hold for all conditions. The zeta (X) potential of the system
may possibly be more directly related to the spacing than the dielectric
constant, but sufficient data 1s noz yet available to demonstrate this
possibility.

X-Ray Data

The interlayer spacing of Ca saturated montmorillonite 1s known to
be affected by the di'lectric constant of the immersion fluid (Brindley
et al., 1969). Sevaral researchers have reported that diluce
solutions of certain organic chewmicals 1n water result i1n an increase 1in
basal spacing over that in pure water. More data 1is available on
acetone dilutions than on any other organic. The data of Brindley et
al. (i969) plotted on Figure 1 1s typical of the available data.
Dilute solutions with dielectric constants between 60 ard that of water
caused swelling in excess of 2.7 anm. Only very low concentrations of
acetone are evidently required to cause swelling, but no threshold
concentrations have been reported. Thus, the line for acetone (Figure
1) is dashed, since its exact location is not known. Similar data on the
swelling of clays exposed to dilute acetone are rveported by MacEwan
(1948).

Less swelling occurs for calcium montmorillonite with n propanol,
ethanol, and a small amount with methanol, as seen in Figure 1. An
explanation as to why dilute concentrations cf certain organic chemicals
cause the increases in basal spacings must be based on something o-her
than the double layer, which predicts that the spacing shouid be
proportional to the square root ot the diclectric constaat. Mackor
(1951) suggests that it may be caused by the adsoprtion of a
monomolecular film of acetone on the surface, which in turn influences
tke x potential, Acetone is known to form double-layer complexes with
clay minerals (Glaeser, 1948). The adsorption mechanism has been
reported by Bykov er al. (1974) to be hydrogen bonding between the
OH grcup on the surfac= and the carbaryl group of the acetone. At low
concentrsations, the acetone-water structure surrounding the clay may
possibly occupy more volume than the displaced water, thereby causing
the basal spacing to increase. In dehydrated systems, the acetone can
bond directly to the surface (ParfirL and Mortland, 1968), which should
result 1n a decrease in the basal spacing since the water layers are no
longer present.

Brindley et al. (1969) reported on a study of the impact of the
dilution of a group of organic chemicals on the basal spaciag of a
calcium montmorillonite. They plotted their spacing as a function of
mole percent of the organic of interest. For all eight organic
chemicals they studied, they found abrupt decreases 1in basal spacing at
a different mole fraction for each chemical. Their data (Brindley et
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al., 1969) on dilutions of acetone, methanol, ethaaol, and n propanol
was replotted as a function of the dielectric constants of their
dilutions to determine 1f there was a unique dielectric coastant
associatad with the abrupt changes 1an observed spacing. Tne results
shown 1n Figure i 1ndicate abrupt changes 1n spacing for acetcne,
methanol, ethanol, and n propanol at dielectric coastants of about 23,
47.5, 44, and 65, respectively., There is, thus, apparently no unique
dielectric constant for the clay they tested at which che basal spacing
changes. Thkis indicates that factors other than or in aadition to the
dielectric coastant are important in regulating the phenomena.

Evidence oa tn2 influence of dielectric constant oa the basal
spacing of calcium montmorillonite was also presented by rurray and
Quirk (1982). They plotted data from several sources relating snacing
to the dielectric constant of a group of nineteen chemcials. Alchough
there are a few spurious results, their data suggest that the spacing 1s
least at low dielectric constants and increases to values similar to
those for water and chemicals with dielectric constants greater than 40.
Thus, there 15 ample evidence which confirms the theoretical suggestion
that organic chemicals with dielectric constants lower than water shouid
cause the basal spacing of clays to decrease. While x-ray data can only
be used to documert anterlayer spacing of smetitic clay, it 1is the
double-layer theory that suggests that spacing between adjacent
particles of smectitic and other minerals will likely be smaller when
chemicals with low dielectric constants replace water on the mineral
surfaces.

Bulk Shrinking-Swelling

Physical swelling of illitic clays has been shown to be linearly
correlated with the bulk static dielectric coastant of the solvent
(Murray and Quirk, 1982). Green et al. (1983) found a similar linear
relationship between swelling of two kaolinitic soils and the dielectric
conscant of the solvent.

All the soils on which data are available appear to be subject to
increased conductivity when exposed to concentrated organics, although
the "active clays", i.e., bentonite, etc., are most affected by changes
in soil pore fluid (Acar and Seals, 1984). Decreases in the dielectric
constants of the pore fluid are postulated to decrease the thickness of
the di1ffuse double layer, thereby causing shrinkage which results in the
formation of cracks or channels that allow increases in conductivity.

Thus, the literature contains data which strcagly indicates a
potential relationship between solvent dielectric <constant, basal
spacing of smectitic minerals, bulk volume change, and conductivity. The
objective of this study was to document the behavior of three clays when
exposed to solutions with a range of dielectric constants.



MATERIALS AND METHODS

Flocculation Study

Three clays, a predominantly kaolinite, a mica, and a bentonite,
were selected for use in this study. Twenty-cwo g of each clay was
dispersed by mixing with 50 ml of C.05 M NaQPZO .lOHZO and 500
ml of water in a mixer at high speed for 5 min. (Day, 1365). The slurry
was then air dried and pulverized in a mor.ar and pestle. The dried
clay was mixed with approximately 250 ml of the desired acetone,
ethanol, or NaCl solution 1in a blender (explosion proof laboratory) at
high speed for 5 win. This suspension wvas then transferred to a
hydrometer jar and brought to 1130 ml with the liquid being tested. The
jar was covered to prevent evaporation and equilibrated overnight 1in a
water bath at 30°C. The following day, solutions were stirred, and 25
ml samples were pipetted from a depth of 10 cm after settling for 6.25
hr. The clay content was calculated from these wmeasurements. The
relative clay content (C/Co) 1n each solution was calculated by dividing
the clay content measured in the solution by the clay content measured
in water. Dielectric constants of the solutions were estimated by
linear extrapolation between dielectric constants of the pure liquids.

Tests were conducted using solutions containing 0, 50, 60, 70, 80,
and 10027 by volume acetoane and 0, 20, 50, 60, 70, 80, 90, and 100Z by
volume ethanol. In addition, solutions 0.0, 0.05, 0.10, 0.12, 0.15,
0.20, 0.25, 0.30, 0.50, 0.65, 0.75, and 1.0 N NaCl were used. All tests
were replicated three times.

Volume Change

Three replications of all three clay soils were packed into volume
change apparatus (Soil Test C-290) and exposed to xylene and acetone.
Free liquid, approximately 2 cm deep, was :spplied to the surface and
allowed to infiltrate by gravity. Permeant additions were made as
needed to maintain a free liquid surface. Measurements of vertical
swelling were made and converced to a percentage of the original soil
volume.

d-Spacing

Using the pipette method of particle size analysis (Day 1965) the
clay fraction of the bentonite soil was 1iso0lated, air dried, and ground
in a mortar and pestle. Clay slurries were made using solutions
containing 0, 20, 40, 60, 80, and 100 percent by volume ethanol and O,
2, 5, 50, 6G, 80, and 100 percent by volume acetone. Each slurry was
equilibrated for two days before analysis. One to 2 ml of the slurry to
be analyzed was vacuum filtered through a porous tile slide using the
procedure of Starkey, et al (1984) to orient the clay particles on
the basal configuration (001). To prevent significant evaporation of
the organics during orientation, additions of the respective ethanol or



acetune solutions were made as needed. The tile slide was removed and
placed in the x-ray chamber which had been sealed with clear mylar.
Additional pads moistened with the appropriate solutions were placed 1n
the chamber just beneath the slide to minimize evaporation during
analysis. The saomple was equilibrated three min. in the chambar before
analyses. A Philips Electronic Instrument Model XRG 3000 was used.
When a slide was too wet to give sufficient oseak resolution, 1t was
removed and exposed for one minute to a high intensity heat lamp and the
analysis was repeated. This served to remove some of the free standing
liquid which 1interfered with analysis but did not heat the clay
sufficiently to remove the adsorbed liquad.

Mobility

The pipette technique for particle size analysis (Day, 1965) was
used to separate the clay fraction of each of the soils. The clay
fractions were air dried and ground in a mortar and pestle. Two series
of dilutions were made containing 0, 10, 20, 50, 65, 80, and 100 percent
by volume of acetoge and ethanol. Clay was added to each solution at the
rate of 500 mg L and equilibrated for two days. Preliminary studies
showed that eiectrophoretic mobility was _independent of the clay
concentration in the raange of 100 to 1000 mg L .

Movement of individual clay particles under an applied electric
field was measured using an instrument similar to tnat described by
Riddick (1961). A 0.03 x 0.3 mm square glass capillary tube was
suspended berween two glass reservoirs. A stainless steel electrode was
placed in each reszrvoir and connected to a direct current power supply
adjusted to provide an output of 30 volts. The apparatus was placed on
the stage of a Zeiss binocular microscope and viewed under 200x
magnification. The microscope was equipped with a calibrated occular,
and measurements were made of the time required for a particle to travel
0.5 mm. Movement of ten particles in each of three replications in each
solution concentratiorll were made. Electrophoretic wmobility was
calculated as uym sec per V cm . The zeta potential was then
calculated by:

Z = u(E.Eo)

n

where Z = zeta potential
By = electrophoretic mobility
E = dielectric constant -12 2 2
Eo = permittivity of free space (8.85 x 10 “C°/N m")
n~ = viscoslty
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Solution viscosities aund densitles were measured, and dielectric
constants were estimated by linea:r interpolation between those of the
pure liqu:ids, as suggested by the data of Mashni et al. (1985).

Conductivity Measurements

Clay-sand admixtpres that_had hydraulic conductivities to water of
less than 1 x 10 ' cm sec were made using each of the clays.
Physical characteristics f the soils are given 1n Table 1. These were
compacted 1n fixed wall permeameters, and the procedures ol Auderson
et al. (1982) vere used to determine conductivicies. Three
repixzstlons of each soiLl were exposed to solutions of O, 60, 80, and
1002 ethanol; 0, 60, 80, ard 100X acetone; and 0.10, 9.20, agd 0.30 N
NaCl. All tests were conducted at a hiJdraulic gradieat of 18l. Leachate
volume was measured for determinatiou of the hydraulic conductivity by
means of the following equation:

K = v
ATH

volume of leachate (cmz) 2

cross sectional area of the permeameter (cm”)

time (sec)

hydraulic gradient calculated as the hydraulic head
in cm of water plus the length of the soi1l core
divided by the length of the soil cure.

where:

x> <
b ouun

RESULTS AND DISCUSSION

Volume Changes

Within a given soLl, the volume change was directly proportional to
the solvent dielectric constants (Table 2?2). Soils swellea least when
exposed to xylene (dielectric constant of 2.4) and greatest when exposed
to wate- (dielectric constant of 78). The kaolinitic n»oil swelled the
least amount, the micaceous soil swell was 1ntermediate, while the
bentonitic soil exhibited the greatest amount of swell. The greater
swelling of the bentonitic clay is likely due primarilv to the increased
basal d-spacing, while volume changes in the other soils can only be due
to changes in spacing betwen particles.

Regression analyses of the data show the bDentonitic soil to have a
much steeper slope and higher correlation coefficient than that of the
other two soils (Figure 2). These data are ia general agreement with
those of Green et al. (1983), which is plotted in Figure 3. As both
of these sets of data contain chemicals witn dielectric ronstants near
2, 20, and 78 and the regression coefficients are large, one could be
led to the conclusion that the relationship is nearly linear. This 1s
not likely, however, when one considers the more abrupt changes 1in

11



TABLE 1. PHYSTCAL PROPERTLES OF THE THREE SUILS BLEMNDED FOR USE
USDA Jarticle Size distribution Organ.c
Clay Te<tural Sand Silt Clay Mineralogy Cat bon AL
Class, = ========--- () —---------- (%)
+ +4
Kaolinmite SCL 62.8 13.9 26.5 K-1 M-tr .93 7.1
Mica SCL 60.4 17.6 22.9 Mi1-l! K-2 M-3 0.17 8.0
Bentonite SCL 75.9 1.9 20.2 B-1 Mi-tr 0.29 8.9

A

> .
-
" n

(o = B 4 - - I S i 7]
n

~
"

sand’ clay loam

kaolinite

mica¥

bentonite*

montmorillonite

dominant minerslogy

2nd most dominant mineralogy
Ird wost Jominant mineralogy
trace quantity

* commerc-ally obtained.
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Figure 2. Percent 5welling of the three soils used in the present
experiment equilibrated with acetone, xylene, and water
plotted as a function of dielectric constant.
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Figure 3. Percent swelling of three soils equilibrated with acetonz,
xylene and water plotted as a function of dielectric
constant. (After Green et al., 1983).
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TABLE 2. MEAN SWELLING ON SHRINKAGE OF COMPACTED SOILS
CONTAINING KAOLINITIC, MICACEOUS DR BENTONITIC
CLAYS WHEN EXPOSED TO ORGANIC SOLVENTS AND WATER

Dielectric Soil % Volume Change
Fliud Constant Kaolinite Mica Bentonite
Acetone 2u.7 1.8 3.2 8.0
Xylene 2.4 -0.4 1.9 0.3
Water 18.0 1.9 4.7 39.7

basal spacing exhibited in the x-ray analyses of the smectitic minerals
shown in Figure 4. Swell.ng data collected by Murray and Quirk (1982) on
nineteen chemicals with a more complete set of dielectric constants is
summarized 1n Figure 5. They also chcse to describe the relationship
with the dashed 1line shown in the figure. The solid 1line which
represents an eyeball fit, however, suggests that there 1s a mora abrupt
change in the volume dielectric constant relationship, with the volume
change occurring near a dielectric coastant of 40.

The x-ray data shown in Figure | suggests that an abrupt change in
basal spacing may take place at dielectric constants between 20 and 50
for different chemicals and soils. Since the impact of other factors
were not controlled 1n these studies, the agr-eement betwveen the x-ray
data and the bulk-swelling data is reasonable.

There is no available data on the swelling of soil exposed to
chemicals or dilutions of chemicals with dielectric constants slightly
less than that of water, as would be the case for dilute acetone. The
x-ray data, however, suggests that swelling greater than that suggested
by any of the data presented here may occur when clays are exposed to
acetone dilutions with dielectric constants between 60 and 78.

Flocculation

The kaolinitic, micaceous, and bentonitic so..s exposed to various
conceatrations of acetone in water exhibited flocculation below
dielectric constants cf 35, 35, and 50 for the kaolinitic, micaceous,
and bentonitic soils, respectively (Figure 6). When exposed to verious
strengths of inorganic salt solutions (NaCl), both the kaolinitic and
micaceous soils flocculated at 0.15 N NaCl. The dispersed bentonitic
soLl, however, did not flocculate until the conceutration was increased
to about 0.45 N NaCl. It is interesting to note that the standard
deviations of the data are generally least at the 1low dielectric
constants and high salt concentrations when the sotls are flocculated

15
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and greatest near the transition coanditions. While the phenomenon
appears to be best characterized as being abrupt, the greatest standard
deviations near the conditions where floczulation occurred may 1ndicate
that other uancontrolled factors may be 1influencing the phenomenoan or
that there are some near threshold conditioms.

Flocculzation of benton:itic soils at dielectric constan.s above
those required for micaceous and kaolinitic soils is evidence of the
increased sensitivity of be-tonitic soils to changes 1n soil pore fluid.
The abrupt fiocculation oc these clays occurring at dielectric constants
similar to those at which the basal spacing of the Etentoanitic clays
abruptly chaaged 1s further evidence that the tested organic liquids
cause the clays to shr:.nk.

4-Spacing

The affecc of dielectric constant on the d-spaciag of bentonite
clay is shown 1in Figures 7 and 8. As expected, the spdcing in bentonite
equllibrated with water was about 1.8 nm. When the clay was exposed to
dilute concentrations of acetone (2 to 5%) having dielectric constants
of 77.3 and 75.6, respectively, “he basal. spacing increased to 2.0 nm.
At a dielectric coastant of 49, corresponding to an acetone
concentration of 50%, the spacing decreased back to about 1.82 nm and
did not differ significaatly from that in water. A furrher decrease in
dielectric constant to 43 resulted in a lowering of the spacing to 1.45
nm, Further decreases in dielectric constant did not significantly
change the spacing, which remained between 1.45 and 1.55 nm.

When exposed to ethanol, a similar type of response was observed.
The spacing increased at dilute ethanol concentrations to 2.3 nm and
then decreased to 2.0 nm at a dielectric constant of 57. The spacing
remained at 2.0 nm through dielectic constants as low as 35 below which
the spacing decreased to about 1.6 nm.

Basal spacings at various NaCl solutions ranging from 0 to 1 M in
strength, all remained at the value obtained with water and are not
showan.

Thus, the x-ray data for the bentonite suggests that the
shrinking-swelling of the interlayer spacing may explain the observed
influences of organic solvents on the conductivity of clay soils. The
spacing increased at dilute concentrations, which explains the decreased
conductivity observed at dilute concentrations of acetone and the
initi1al decrease often observed when clays are wet with concentrated
acetone. The later probably occurs because the acetone was initially
diluted by the initial water in the sample.

The decrease in d-spacing at dielectric constants less than 35 to

volumes below those observed when the clay is in equilibrium with watar
may explain the 1ncreases in conductivity observed when concentrated

19
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Figure 7. Basal spacing of bentonite clay equilibrated with acetone
solutions of various concentrations and dielecrric
constants.
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organic liquids permeated the clay. Changes 1n d-spacing are not
pcssible 1a the kaolinit:c and micaceous clays, suggesiing the
possibility zhat the shriaking-swelling necessary to explain the changes
1n coanductivity observed 1n these clays may ts a result of changes 1n
the space between, rather than within, the clay parcticles.

Mobilicy

The electrophoretiz mobility and zeta potential of the three clays
in acetone and ethanol solutions are given 1in Figures 9 and 10,
respectively. The kaolinite soil exhibired a sharp linear decrease in
mobility as the d:ielactric conszant decreased. The mica clay decrea ed
in mobility as the dielectric constants moved betseen 80 to 70. The
mobility was nearly constant between a dielectric constant of 70 to 30,
below which the mobility dropped to zero. The bentonite clay behaved
swumilar to the mica except that the clay exhibited zero mobility at
dieleccric constants less than 40.

The decrease ia mobility to zero for all three clays in both
dilutions of acetone and ethanol correlace well with the flocculation of
clays at and below similar dielectric constants in the Flocculation
Dispersion Study.

Conductivity Measurements

The conductivity of the kaolinitic soil to acetone solutions
increased significantly at a dielectric ccnstant of 40 (Figure 11).
This is equivalent to approximately 702 acetone by volume and indicates
that solutions less concentrated than this will behave much like water,
while solutions in excess of 70X acetone will behave like concentrated
acetone. When exposed to varying concentrations of ethanol, the
kaolinitic soil exhibited higher conductivities with solutions having
dielectric constants of 45 or less. The increase in conductivity caused
by these solutions was 2.5 to 3 orders of magnitude. The micaceous soil
exhibited some conductivity increase below a dielectric constant of 45,
but the increase was only about 0.5 orders of magnitude and was not
significant, The kaolinitic soil responded to salt solutions as 1t did
to organic solufions. A two order of magnitude increase in conductivity
was observed as the NaCl concentration increased to 0.2 N, The
micaceous soil exhibited a similar increase in conductivity between 0.2
and 0.3 N NaCl concentrations.

Thus, as either the organic or inorganic solution strengths
increase, there is a point beyond which the conductivity I(ncreaces
significantly. Visual observations of clay patterns in the soils
removed from the permeameter indicated that the organic liquids movad
through cracks in the soil. There is, thus, evidence at several levels
to supgest the mechanisms by which organic 1liquids influence the
permeability of compacted clay. Double-layer theory predicts that the
spacing between clay particles should decrease as water is displaced by

22



°
~

-
~.

-

[ ]

CASTINGAITS MERAY e g wemd
o
CALOTROMCIETVIC MOBRITY Len/e por v/em)
o e
CLECTRONOA NG MOLITY /s pev v/am)
s ®

® 10 20 W <0 W o O W .o-onunn.n- °¢-onnnunnu
NRLLCTIG CONST MY AELECTEG OBMETANT SELLOTING CCNBTANY

. n - [ [ e e [ T ° [ T Y w0 (1] °
METEs (N ADITENE €% s v ()
RACLESTY ETHANOL MCA ETHANOL SENTOMITE ETHANOL

CARCTROENE TS MIRITY Lw/e pur wamd
& ®

QECTRINONTC MIITY Gen/s sov v/amd
o ®

UACTRONORITIC MOPRITY Gmv/e par viamd
L4 Ld

. )
e 10 50 ® W W e ™ & © 19 20 WV @ 0 W ™ W .o-onsqn..,...
UELECTE COMBY aex? OELLCTRG CONSTANT SOLTCTRE compTant
e » 1 [} 9 e ® 13 L] (LT | ) » °
Chuam (W [, ¥ Cmamce

Figure 9. Electrophoretic mobility of three clays in water acetone
and water ethanol solutions as a function of dielectric
constants.

23



1874 POT{NTIAL Lae)

T84 POTERTAL (ow)

4
199 4 °
)
198 4
< [ ]
1004
L ]
o
L]
L2
)
04
)
94
s
)
L] v v v >
L] 9 G 30 e 0 @ N =
GILECTEEC OENY ani?
i
(] ” - =» [ ]
W
Figure 10.

ZETA POTENTIAL (ae)

10 10 20 < %0 @ O
SnLECTIG CWOTEST

100 4

et

ZRTA POTENTIAL (aw)

A

A

SEMTOMITE ACETOM:

SETA POTERTIL (o)
1 8 8. 8. ¢

P

Zeta potential of three clays in water acetone and water

ethanol solutions as a function of dielectric constants.

24



3 ‘ o -

SRRt ¢ warame
@
-
-
N, VT amretnd
- &
-
O Y )
[ 3

. f
. A .
oyl T
o} . N . N e -’
» o
[ PP N B T —
IR S ¢ ® w e W e e ¢ e & W'e w e ne
LI AR L v 1 RATE KRS
- L] -» L J L] .- - - - . - L] - - L]
A - C 1 ]
S0 - EDueCR o - TR EBRCE - ENuKA
. d o« - N
i ;\‘ N
.. .
o Ty - : T
o \ .’ )
\
\_\
o] < P T — -
b JT.-T-—"- e e e e S T e e e s e
CRA Cu SRLD R S
- % @ 8 ¢ - W W e R
ShuEh bt R "
Lamve - w0 _ca - o o -eo '

A4 I

8" ) e —————————— 18° M —————— #° S—————————
L] [ - -~ . - - L Y] . -~ L] - “ e
can can Cewm

Figure 11. Average conduc:ivity of compacted soils as a function
of dielectric constant and salt strength.

25



organic chemicals with low dielectric constauts. Tars 15 contirmed by
x-ray data on smectitic sorls and tlocculation, mobility, and zeta
potent1al data on sotls with clays representative of the three most
common mineralogies (Table 3). In general, the dizlectric counstani> at

TABLE 3. DIELECIRIC CONSTAMNTS Al WHICH THE APPARENT LAY CUNCENTRATINNS
REACHED 0.5, 1dE Ji-3PACING DRUPPED LeoOW 1.9 N, THE ELRCIAOD-
PHORETIC MOBLILITY wAS MIDWAY BETWLREN ZERO AND TIdk PLAIZAL, AND
THE ZETA POTENTIAL WAS MIDWAY BEIWEEN ZERO AnD T'HE PLATEAL.

Apparent
Clay Basal Electruphoretic Zeta
Content d-bpacing Mobility Potentaal Average
Acetone K 31 31 35 32
M 37 26 26 30
B 38 47 37 41 41
Ethanol KX 30 28 3..5 30
M 33 31 30 31
B 49 28 38 39 39
Na Cl K .16
M .14
B .48

which each of these parameters are atfected by organics are quite
similar within a given soil. The average dielectric constants at which
the kaolinite so1l was affected by acetone and ethanol were 32 and 30,
respectively. The dielectric constants with acetone and ethanol ‘ere 30
and 31, respectively, for the mica so1l and 4] and 39, respectively, for
the bentonite soil. Compa:ison of these average values to the conducti-
vities shown in Figure 11 indicate that solutions with dielectric
constants iess than the averages in Table 3 will result in increasad
conductivities. For the mica and bentonite soils, one can be reasonahly
assured that solutions with dielectric constants greater than the
averages in Table 3 will have conductivities similar to those wich wvater
as the permeant., The kaolinite soil, however, will require a dielectric
constant of 50 or above bofore the conductivity will be similar to that
of warer.

The differential volume changes when bulk s0ils are exposea to
organic liquids also suggests that surls swell more when equilibrated to
water than when equilibrated with orgunic liquids. The inverse of this
is also likely, t.e., s0il 1n equilibrium with water will likely shrink
when the water is displacad with organic liquids. As the soil shrinks,
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cracks develop causing channeis through whizh the liquids can move more
freely. This, in turn, is expressed as incredsed saturated conductivity.



SECTION 5

MICROMORPHOLOGICAL OBSERVATIONS

INTRODUCT ION

Interactions between so1rl barriers and leachate components may
vduse deterioration of the liquid retention propertles of a barrier. Two
important soil barrier properties that may be affected by interactions
with leachate are as follows:

1. Effective pore volume -- the fraction of the total pore space
chat transmits most of the leachdte percolating through a soil
barrier; and

2. Conductivity - the ratz at which leachate percolates through a
so1l barrier at a given hydraulic grad:ient.

A redistribution of souil pores toward larger, more conductive pores
causes an 1ncrease in both the effective pore volume and the conduc-
tivity of a soil barrier. An 1ncrease in effective pore volume occurs
if a soLl shrinks and cracks. The leachate preferentially moves through
the cracks instead of through the soil matrix, which results in leachate
breaching the soil barrier more quickly.

Clay liners are sometimes compacted to artificially induced bulk
densities. Although this compaction reduces the total volume of pores,
planes that allow the flow of fluids can be created, i.e., between lifts
(layers of compacted soils) and along shear planes. Two basic methods
are used to depict these preferential flow paths. The soil structure
and obvious planes of weakness can be observed without magnification;
the macropore flow paths or macromorphology can be described by this
method. The flow paths in the finer pores can be estimated by using
micromorphometric techniques with a light microscope. In addition, soil
components and pores can be examined by scanning electron microscopy
(SCM) at magnifications far greater than is possible with the
petrographic light microscope. When the SEM is used 1n the backscatter
mode, 1mages can be obtained 1in the form of photomicrographs of the
pores and pore patterns of soil thin sections.

Backscattered electrons are produced when a beam cf high energy

electrons strikes a sample which produces an image of the surface
topography of the soil thin section. When used in the compositional
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mode, they raflect approximate atomic number 1in that the atoms of
heavier elements, which have stronger fields than lighter elements, alsc
possess higher Dbackscattering propertiles. These 1mages have been
qualified and quantified by measurements made on the Quantiment (DBisdom
and Thiel, 1981). The photomicrographs must have significant contrast
and clarity for this combination to give reliable poros:ity measurcments,

Dyes have been used by several researchers to give direct visual
evidence of the pathways of water movement 1n the so1l (Kissel et
al., 1973; Anderson and Bouma, 1973; Bouma et l., 1977; Bouma
et al., 1979; Owmoti and Wild, 1979; and Smettem and Trudgill, 1983).
Afrer ianfilcration of warer containing a visual dye, disection of toe
sorl can indicate pathways of movement and depth of penetration by the
permeating fluid and solute. Most of the dyes used by prior investiga-
tors have been cationic and fluorescent. These dyes are highly water
soluble and have av affin.ty for negatively charged miner:l surfaces.
There is little or no evidence oa the surface of the soii as to the
iafilcration ports (entry points) of the fluid and dye tracer. Bulk
sampling and subsequent chemical analysis done for the quantitative
determination of the tracer are unsatisfactory because "average' results
often have lattle indicative value. Large numbers of samples taken
randomly over several replicate cxperimental wunits w.ll give betier
estimates of flow path qualification and quantification (Brewer, 1976).

The literature found on effective porosity investigative techniques
has coacentrated on saturated flow in soils. Two fluorescent dyes and
three nonfluorescent dyes were compared by Smettem and Trudgill (1983)
for use in the identification of water transmission routes in structured
soils. Transmission routes identified in field soils were found to be
associated with structural features readily recognized by routine soil
survey techniques. In the laboratory comparison, tne most desirable
properties of the tested dyes included stability over a wide pH range,
anionic character, and high molecular weight. The fluorescent dye
lessamine yellow FF was found to be the most suitable for tracing
rapidly moving water under field conditions,

Flow patterns of two undisturbed swelling clay soils with different
microstructures were studied by Bouma and Wosten (1979) using methylene
blue cationic visual dye. They reported chat the pores zffective in
conducting water constitutad less than one percent of the entire soil
mass. Most of these dyed pores had a diameter greater than 500 pm.

Fluid flow patterns through a compacted sorl with a high clay
content and high bulk density were also studied using a methylene blue
as the dye tracer by Bouma and Dekker (1978). Their data showed that
the tracer moved very rapidly through large continuous voirds, and the
so1l solution was oanly slightly displaced from the finer water-filled
pores. Bouma and Dekker (1978) <called ¢this phenomenon ‘'short
circuiting."”
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The small volume of conductive pores 1n the soils can be
charactarized best by an extension of the dye tracer coacept to the
micromorphological scale. Although constituting a small perceat of the
total volume, these pores contribute significantly to the hydraulic
zonductivity of so:ls. Measuremeants of pore size distribution in terms
of the volumes of selected size classes is, therefore, more relevant
than miasurements of the total pore volume. Horton et al. (1985)
determined the percent of the total porosity which was effective in
conduccting fluid faster than the average pore-water velocity. For the
three soils studied, the percent of the total pore volume which was
found to meet their definition of effective porosity was 13.8, 17.4, and
20 percent.

The portion of the total porosity, which was between 10 and 200 um
of each of che ten soils studied by Olson (1985), ranged between 0.07
and 23.3 perceat, with most falling below 13.5 percent. They suggest
that Llhese larger poies are primarily respons:ble for the flow of fluids
tader saturated conditions.

No information is currently available on the 1mpact of organic
chemicals on the pore size distribution or the effective porosity of
clay soils. This study was, thus, undertaken to develop data on the pore
si1ze distribution and effective porosity of soils permeated with water
and selected organic chemicals.

MATERIALS AND METHODS

Each soil liner type and permeant treatment combination was
examined 1in several ways. These 1ncluded: a) visual inspection for
planes of weakness, liquid permeation as evidenced by the presence of
dye, and any abnormalities witnessed w!.thin the soil core; b)
petrographic light microscopy for fabric orientation; c)
epifluorescent microscopy for the qualification and quantification of
pores effective in transmitting the liquid treatments; and d) scanning
electron microscepy-backscatter mode for the examination of the total
porosity of a section for each liquid treatment type. Examination
techniques '"a to c" were conducted in a minimum of three replications
tor each soil-permeant combination in both the field and the laboratory.
The soil cores were examined after permeation was complete, as defined
in the condgctxvxty studies. Examination technique '"d" was done only c.
one 7.9 cm” block of impregnated soil, which included the top two
centimeters of an internal compacted 1ift per soirl-permeant type.

Samples of the compacted soils permeated with the test fluids were
collected by random sampling from both laboratory permeameters and field
cells. Air-dired oriented clods were vacuum impregnated (Cady et
al., 1984) using the apparatus shown in Figure 12 with EPO-TECH 301-2
epoxy resin. Samples were set for one to two days under a vent hood and
placed in a 45°C oven for several days, after which the temperature
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Schematic diagram of vacuum impregnation apparatus
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was raised to 65°C for two days to complete the hardening process. A
minimum of three slabs were then cut from each treatment, polished on a
lapidary wheel, and mounted on frosted glass s!tdes with EPO-TECH 301-!
2poxy resin. Thin sections were then cut, ground, ard poiisied to
approximately 30 pm. Horizontal and vertical thin-sections were cut
from various positions in the sorl cores. The vertical thin-seztions
were cul across the intertace of s>1l 1lifts. The number of sections
varied from core to core, as the impregnation of tihe epoxy resin was not
always uniform throughout all cores. The variation i1an the compaction
within the soil liner and the laminatiin or preferred orientation of the
sorl fabric was evident 1n che vertical cuts. The horizontal cuts
showed the cross-cut pattern of the vertical flow patns. These thin
sections were then analyzed by ©petrographic and epirfluoirescent
ml1Ccroscopy.

The petrographic analysis was performed by using a Zeiss polarizing
microscope at 160X magnification. All thin-section slides were analvzed
by random transect to identify the fabric.

A Zei1ss Universal Research Microscope equipped with a TILIRS
epl-illuminator system and a J100W mercury arc iamp was used with a
magnification of 160X to evaluate fluorescing pores. The excitation
filter (trans - max 365 nm) and the barrier filter (trans - max > 418
um) were used to assist in examination of the fluorescing peres.

A ribbon traverse method (Brewer, 1976) was used to estinate
effective porosity using a point-counting microscope stage coupled with
a micrometer eyepiece. The point-counting stage was moved incrementally
while the soil pores were counted and classified according to the system
of Brewer (1976). Information on the 41ze of fluorescing pores was
gathered in an effort to identify the pathways by which the fluids
penetrated the soils.

The pores in each field of vision were measured and classified
according to the following system:

A. micropores (5pm - 30 upm), radius
B. mesopores (30 pym - 75 pm), radius
C. macropores (> 75 pym), radius

Planar voids (a. <100 ym; b. 100-300 pm; and c. >300 um).

The calculations used to estimate the porosity were as follows:

For circular pores, % voids = 100 x N« rz

A
Where N is the number of pores in a given class, r is the average

radius of the pore class, and A is the area of the section analyzed.
The value of r was taken as 10, 49, and 100 for the micropores,
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wesopores, and macropores, respectively.
For the planar volds, the porosity was calculated as follows:

2 voids = 10U x ND W
A

Where N 13 the number of pores, D 1is the width of the void, and W
1s the width of the field of vision. For pores with widths <100 pm, D
was taken as 85; for thoce with widths between 100 and 300 pm, D wa-
taken as 200; and for ti-.se with widths >300 pm, D was taken as 400
pwm. These will be refe-rad to as plinar void groups a, b, and c,
respectively. The perc.n: effective porosity was calcuated as the sum of
all the dyed pores in -he above groups.

Impregnated polished blocks of the soils cut from the interface of
the second and third :1ft were selected for additional investigation for
pore structure and distribution using the backscatter mode of the
scanning electron microscope (SEM) as described by Bisdom (1981).

Backscatter elactron 1images were exanined using a JEOLCO JSM-35U
scanning eleciron microscope tth dual, automated, wavelength -
dispersive x-ray spectrometer, an automated energy-dispersive x-ray
spectrometer, with X and Y stage automation, digital beam control, and

compositional contrast. The SEM operated at 35 KeV accelerating
voltage, 39 mm working distance, 140 objective aperture, and a
column vacuum of approximatels 2 x 10 torr. Photomicrographs wer:

taken on the block surfaces normal to the lift surface and spanning the
smell area between 1liftas., All 3.3 cm diagonal block samples were
sputter coated with approximately 5 nm of Au-Pd. Pore size and pore
configurations were evaluated from images recorded on Kada Tri-X film,
Enlargements {20 cm x 25.5 cm) were made from negatives, and estimates
of the total porosity of each soil sample were made using a planimeter
outlining the pore area of each picture in the series. One replication
each of bentonitic, micaceous, and kaolinitic soils permeated with
aqueous 0.0lN CaSOa, acetone, and xylene were studied.

Because the SEM photomicrographs show all pores and not just those
that were permeated with the liquid treatments, the total porosity seen
by this technique is expected to give greater porosity estimates than
other techniques, which account for only the pores permeated by the dyed
fluids.

RESULTS AND DISCUSSION

Visual Examination

The laboratory soil cores wer2 extruded from the rigid wall
permeameters by slowly forcing the steel permeameter down over a wooden
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block the size of the 1inside dimensions of the permeameter. The cores
were inspected after extrusion to find any evidence of side-wall flow.
No evidence oan any cores was saen for side-wall flow, as 1udicated by
the lack of dye along the edges of the cores. When the cores treated
with concentrated organics labz2led with dye were cut open, traces of dye
were typically found 1n the upper one to two cm of the soirl and 1n the
soil within one to two cm above the 1l1ft interfaces. When cores were
broken open, traces of dye were often observed 1n the c¢racks that
formed, particularly :n soil treated with the pigmented xylene paint
solvent waste.

Visual inspection of the field cell soil liners revealed that there
were occastional areas near the edge of tha test cell walls that were not
compacted d4s vell as the rest of the liner. These areas extended 10 to
15 em i1nward o5n all sides and were crumbly in the lower 50 pe:cent of
each li1ft. Observation of the tracer dye, however, 1irdicated that the
flap extending 1nto the soil liner between 11fts appeared to have
prevented side flow and lessened the impact of the poorly compacted soil
edges. The remainder of each solLl liner exhibited uniform compaction
with the bottom rthree to four cm or less of each 1lift showing the
structure of the original soil peds.

Soil core porosities from the lavoratory and the field cells varied
within each core as a function of position in l1ft. The top of each
lift, r.e., che compactive surface, had greater density an’' less total
pcrosity than within the lift. The increase in porosity was gradual,
with the bottom of a 1li1ft having the greatest porosity. As the density
of the soil matrix decreased 1in the lower portion of the soil liner
lift, the flow was more random but generally occurred in pores that were
greater than 75 pm. All the soils appeared to have the same dense
massive structure with few planar voids. Even after prolonged exposure
to either acetone or xylene, the bentonitic soil had fewer planar pores
than the micaceous or kaolinitic soil.

Crossections of all three soils collected froax field test ceils
vermeated with xylene siowed that the xylene flowed through relatively
large cracks and pores between structural units rather than passing
through the soil as a vniform wetting front. This was evident because
vertical cleavage planes were coated with dye and paint pigments, while
the surfaces of the eci! cut during excavation were not stained. While
the dyes were harder to see in the soils from test cells permeatad with
acetone because of the absence of the paint pigment that was presen: in
the xylene waste, all indications are that the acetone movement was
simirlar to that of the xylene. Because acetone is miscible with water,
it is likely that more acetone penetrated into the soil mass than did
xylene; however, there was dye evidence of flow through cracks and
larger pores.

Platy structure was found in the upper portion of the compacted
kaolinitic soil exposed to acetone for two years. The platy structure
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1s characterized by horizontal units in the upper sorl, while the
structure at depths greater than five c¢m is massive. The compactive
effort 1s postulated to have initially orienced the clays immediately
below the surrface, and as the acetone dessicated the clays 1t caused
them to collapse iuto platy structural units.

2etrographic Microscopy

The plasmic structure of all analyzed soil thin-sections was
skel-masepic fabric. This structure is characterized by part of the
plasma having flecked orientation pattern, witn plasma separations
occurring as zones within the s-matrix. Separaticons apparently are
associated with the surfaces of skeleton grains and not with the walls
of the voids. The original materials were mixed 1n a pugmill, and the
resulting so1l fabric had a random mixture of soil separates.
Primarily, the cumpaction effort and secondarily, the permeation of the
test fluids are likely vesponsible for the development of the
skel-masepic fabric.

The otserved stress pressure faces were associated with skeleton
grains and were orientated parallel to compaction surfaces, with some at
approximately 45° angles to the surface. Most of the horizontal
planar voids were at the 1lift interfaces. A few weakly oriented
argillans were observed on planar voids. These voids were matavoids,
where evidence of differential movement under pressure caused elongated
crests and depressions oa the plane surfaces.

Epifluorescent Microscopy

Results of the effective pore-size distribution calculations for
each s0il and permeant combination are given as mean percent porosity in
Tables 4 through 6. Total porosity, as measured in the laboratory using
the scanning electron microscope, ranged from 11.6 to 14.57, while that
calculated from the buylk density measurements assuming a particle
density of 2.65 g cm ranged from 25.3 to 35.82 (Table 4). The
calculated porosity was 1.9 to 2.5 times greater than measured with the
least difference in the mica soil and the greatest difference ia the
bentonite.

The effective porosity foar the kaslinite and mica soils permeated
with water was 1.4 and 1.7%, respect.vely, and did not change
appreciably when acetone was the permeant. When permeated with xylene,
however, the effective porosity dropped to 1.2 and 1.1% for the
kaolinite and mica soils, respectively. The bentonite soil had a higher
effective porosity to water (3.2%), which decreased to 2.92 when
permeated with acetone and 2.22 when permeated with xylene. For all
three soils studied, only 3.2 or less of the volume was active in rapid
fluid movement. This effective porosity was greatest with water and
decreased when acetone and xylene were the permeants.
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TABLE 4. TOTAL AND EFFECTIVE POKOSIIY OF ALL THREE SCULS PERMEATED
WITH WATER, ACETCNE, AND XYLENE IN LABORATORY

Kaol:n1ite Mica Bentonite
---------------- (R) —==-mmmmmmmmm oo

Total Porosity
Measured (SEM) 11.6 13.2 14.5
Calculated 28.7 25.3 35.8

Effective porosity
wvhen permeated with:

Water 1.8 1.7 3.2
Acetone 1.8 1.5 2.9
Xylene 1.2 1.1 2.2

The total number of voids per cm2 for all soils exhibited similar
treands. From 257 to 504, voids were counted per c¢m~ in the soil
permeatad with water, while 210 to 382 and 86 to 151 voids per cm
were counted in the acetnne and xylene permeated soils, respectively.
The low number of voids in the xylane permeated soils is likely the
cause of the reduced effective porosity in Table 4. While the observed
microvoids are the most numerous (Table 5), they comprise the least
volume (Table 5). Approximately one-quarter to one-half of the void
volume 1s comprised of mesovoids, with the majority of the remaining
volume distributed between round and planar macrovoids. This pore
distribution is in general agreement with the data of Bisdom and Ducloux
(1983), who reported that at least two-thirds of the total porosity was
in the micropore and ultramicropore range. While water and acetone can
permeate into these pore sizes, xylene would need to displace the
structural water already in these pores before entering. Thus, xylane is
preferentially excluded from wicropores ard ultrami:ropores in the soil.

The length of time the soil is inundated with a permeant will
determine the kind of effective porosity one can expect to find within a
soil. The porosity study included soils which were inundated for
periods ranging from a few weeks to many wmonths. The smallest
detectable pore diameter was 5 pm and did not include much of the soil
porosity. The rapid breakthrough of 100X xylene concentrations from the
field cells (Table 14) is further evidence that the chemicals bypassed
the small pores.

According to Porseullle's equation, volumetric flow through porous
media increases with the fourth power of pore Jdiameter. For instance,
where all other factors are held constant, a 100 pz diameter pore will
conduzt volumetric flow 10,000 times that of a 10 pm diameter pore.
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TABLE 5. NUMBER OF DIFFERENT SIZE VOIDS PER CH2 IN EACH OF THE THREE
SOILS PERMEATED WITH WATER, ACETONE, AND XYLENE TN LABURATORY

Permeant Void Size Kaolinite Mica Bentonite
Water microvoids 181 320 348
mesovolds 38 56 100
macrovolds 15 7 22
macrovoids planar a 8 14 16
macrovolds planar b 11 5 10
macrovoids planar ¢ 3 2 8
Total 257 405 504
Acetone microvoids 138 238 185
mesovolids 28 66 155
macrovoids 24 6 20
macrovoids planar a 11 16 12
macroveids planar b 5 4 7
macrovoids planar ¢ 3 1 3
Total 210 330 382
Xylene microvoids 62 47 60
mesovoids 12 13 45
macrovoids 7 9 H
macrovoids planar a 8 7 10
macrovolds planur b 10 8 16
nacrovoids planar c¢ 4 2 7
Total 101 86 151

The tortuosity of micro— and mesopores is generally greater than that of
macropores within the soi! matrix. Flow tends to follow the path of
least resistance, i.e., the path with the least tortuosity and the
larger diameter pores.

The total effective pore volume (EPV), as measured in this study,
was greatly dependent upon the number of macropores that were stained
with dye. The number of microvoids can change an order of magnitude
while the total EPV may change only one percent. The number of
macropores effective in transmitting the permeants differed greatly
between treatments; therefore, large di1fferences occurred in the means
of macropores in the various soil-permeant combinations. Th:s
difference shows up as changes in conductivity values. The counts of
micro- and mesopores of acetone and water were much larger than for the
xylene permeated soils (Table 5). Acetone permeated soils, especially
the bentonitic soils, had higher mean counts 1n the mesopores and
macropores {mcst <100 pm in diameter) than found in the water or xylene
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TABLE 6. AVERAGE EFFECTIVE PORE SPACE EXPRESSED AS PLRCENT OF TOTAL
SOIL VOLUME FOR EACH OF THE THREE 30ILS PERMEATED WITH WATER,
ACETONE AnD XYLENE IN LABORATORY

Pe. meant Pore Size Kaolinite Mica Bentonite
—————————————— () ———mmmmmmm -

Water microvolids 0.17 0.31 0.33
mesovolds 0.33 0.48 0.87

macrovcids 0.4 0.21 0.69

macrovolds planar a 0.13 0.24 0.27

macrovoids planar b 0.44 0.22 0.39

macrovords planar ¢ a9.21 0.19 0.61

Total 1.77 1.66 3.16

Acetoae microvolds 0.13 0.23 0.18
mesovoirds 0.24 0.58 1.34

macrovoids 0./6 0.18 0.64

macrovoids planar a 0.19 0.27 0.20

macrovords planar b 0.22 0.15 0.30

macrovoids planar ¢ 0.25 0.06 0.27

Total 1.79 1.47 2.93

Xylene microvolids 0.06 0.0% 9.06
mesovolids 0.10 0.11 0.39

macrovolds 0.2 0.29 0.42

macrovolds planar a 0.10 0.12 0.18

macrovoids planar b 0.41 0.33 0.65

macrovoids planar ¢ 0.31 0.:7 0.54

Total 1,20 1.06 2.24

permeated soils. One reason for this was the bentonitic sorl had _
lower bulk density _than the micaceous or kaolinitic soils (1.7 g cm
vs 1.95 - 2.0 g cm”) and was compacted less tightly. Also, the higher
volume of the smaller pores can relate back to the properties of
acetone, e.g., miscible with water, dielectric coastant one-third that
of water, and a tendeacy to flocculate dispersed clays when in high
concentratiors. The acetone had been applied in concentrations greater
than 80 percent in both the laboratory and outdoor test cells. The
cumulative pore volume of permeant collected over time periods ranging
from a few weeks to over a year were between one and two PV. This was a
suffictent concentration and time duration to expect to see molecular
diffusion into the small pores (<75 um) and, alsc, to expect some
alignment by flocculation of the colloidal sized particles in the
immediate vicinity of the pores.
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SECTION 6

EFFECTS OF PETROCHEMICALS AND ORGANIC
SOLVENTS ON COMMERCIAL CLAYS

INTRODUCT ION

Land disposed hazardous wastes found 11n industrial disposal
facilities generally fall into four physical classes, 1.e., aqueous
inorganic, aqueous organic, organic, and sludges (EPA, 1974).
Chercmisonoff et al. (1979) estimated that 90%, by weight, of
industrial hazardous wastes are produced as liquids that contain solutes
in the ratio of 402 1inorganic to 60% organic. Although testing with
pure chemicals (Anderson, 1981; Anderson et al., 1962; and Brown and
Anderson, 1983) has been conducted, the effects of commonly used complex
petroleum products, e.g., kerosene, diesel fuel, zasoline, and msilor
orl, on the conductivity of compacted clays has not been researched to
date.

Ancerson (1981) evaluated four native clay rich soils with diverse
mineralogical and chemical properties; however, little data is currently
available on clays that are nrepared and sold for sealing and lining
impoundments. Therefore, this study was conducted o measure and
document tie effects of common petroleum products on the conductivity of
three commercially available clay-sand admixtures.

MATERI.LS AND METHODS

Three clays were cbtained from commercial sources. Each clay was
mixg with sand to obtain a conducrivity to water of about 1 x 10 cm
sec . Clay:sand mixtures were 9:91, 15:85, and 25:75 (v:v) for CCl,
CC2, and CC3, respectively. The dry materials were mixed by hand in
quantities of abouc 12 1 at a time until they were homogenous. The
physicat and chemical properties of the cluy-sand mixtures, hereafter
referrad to as soils, are described 1n Tabla 7. The dominant mineral 1in
the materials 1dentified as Soils CCl and CC2 was smectite, while tnat
in CC3} was of a mica clay. All soils had a pl of 8,0 or greater and
hydraulic conductivities between 1.6 and 3.6 x 10 cm sec . The
soiLls were brought to their optimum moisture contents (Tabie 7) and
allowad to equilibrate overnight. The soils were compacted in 10 cm
diameter, 11.6 ¢m tall fixed wall molds using a mechanical compactor as
d-scribed in ASTM Procedure 5$98-70. After compaction, the test permeant
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TABLE 7. PHYSICAL AND CHEMICA!L PROPERTIES OF 1ML IHREE SOILS

Opt 1mum

Sand Sile Clay usba Dominant Common Muisture

Sorl  --------- (2) ------- Texture Mineralogy Name pH (<)

ccl 89.6 0.4 10.0 LS’ smectite  blue 8.5-9.5  14.5-15.5
benton:te

CLC2 84.0 5.5 10.5 LS smectite  synthetical- 8.5-10.0 14.5-15.5
ly treated
bentontte

CCl 6U.4 17.6 22.0 SCL mica Ranger 8.0 1-12
Yellow

-l-_S = loamy sand.

SulL = sandy clay loam.



was placed in the chamber above the clay, and the chamber was sealed and
allowed to set for a 24 nr period. A pressure of 15 psi (equal to a
hydraulic g-adient ot 91) was then applied to the liquid surface, and
leachate volumes were collected periodically. The volumes were used to
calculate the conductivity which was then plotted as a function of the
pore volume. Three replications of all treatments were run =2xcept for
two cases 1i.. which only duplicates were run.

The evaiuated pe.meants 1incl.ded 0.01 N CaSO,, hereafter referred
to as water; two organic solveats, acetone and xylene; and four
petroleum products, kervsene, diesel fuel, gasoline, and used motor oil.
The physical and chemical properties of the permeants are given in Table
8 for comparison. After permeation, all cores were disassembled and
caretully examined for evidence ot the presence of the permeant 1n the
core.

*
TABLE 8. PHYSICAL AND CHEMICAL PROPERTIES OF PERMEANTS

Viscosity Dens it Sutfacngensxgn
Liquid (Centistokes) (g cm™ ') (dynes cm =~ @ 85 C)
Acetone 0.42 0.79 21.1
Xylene 0.9° 0.87 28.9
Gasoline 0.7 0.70-0.75 24 .4-25.8
Kerosene 0.7-0.9 0.79-0.82 30.7-31.2
Diesel Fuel 1.4-2.5 0.87
Motor Ol v.9-13 0.81-0.90 36.0-37.5

*Values from Leslie, 1923; Leere & Co., 1970; Spiers, 1952
Gruse, 1967; and Weast et al., 1964.

Statistical analysis of the conductivity data was accomplished for
each permeant by using a one-way analysis of variance. Means were
separated using a Duncan's Multiple Range test at a significance level
of P = 0.,05.

RESULTS AND DISCUSSION

Addition of acetone to Soil CCl resulted in final conductivities of
2.3 x 10 to 1.0 x 10 cm sec , which is three to four orders
of magnitude greater than the corresponding conductivity to water
(Figure 13). Individual data are presented in Appendix B. The effect of
acetone on CC2 was less. Replication | showed a two order of magnitude
rise in conductivity while Replications 2 and 3 showed an 1increase of
only 1 to 1.5 orders of magnitude. In the case of Soil CC3, the
conductivity 1ncreased 0.5 to 2.0 orders of magnitude. Soil CCl, the
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untreated bentonite, was the mest subject to volume chaage and, as
expected, had the greatest conductlvity increase in response to acetone.
Similarly, Soil CC3 is a non-swelling micaceous clay and would be the
least subject to large volume changes. When averaged over all
replications, the mean sgnductivity of . So1ls <CCl, CC2,_.and CC3 -fe
acetone were 5.05 x 10 7, 1.41 x 10 °, ana 2.51 x 10 cm sec ,
respectively. Even though these values represent conductivity increases
of 1 to 3 orders of magnitude, they did not differ significantly from
water (Table 9). Addition of xylere to CCl resulted in conductivity
increases of three to four orders of magn:tude (Figure 14). Replicgaxons

1 agd 2 had an equilibrium coanductivity of about 2.5, x 10 -§m
sec , while Replication 3 only 1increased to 1 x 13 cm  sec .
The ecfect of xyleue on CC2 was stm11353w1th Keplications 1 and 3 and
attained conductivities near 1 x 1 com sec . Replication 2,
howeyer, only ros2 as high as 1 x 10 and plateaued at 6 x 10 cm

sec . Conductivity 1acreases for xylene through CCI were 2.5 to 5
orders of magnitude. Soil CC3 was similarly aftected by xylgge and h.d
a four qﬁger of maaqi:ude rise in conductivity rrom 1 x 10 to about
1 x 10 cm sec . Stetistica: analysis of the data showed a
significantly higher conductivity for xylene through all three soils as
compaced to water (Table 9). Thus, xylene equally affected all three
clays.

TABLE 9. MEAN CONDUCTIVITY OF EACH SOIL TO EACH FLUID TESTED

Fluad CCi cC2 cc3

Water 3.61 x 10 Spw 2.58 x 10”% 1.57 x 10" %
Acetone 5.05 x 10"°b 1.41 x 107 % 2.51 x 10" 'b
Xylene 1.76 x 10 %a 7.28 x 10™%a 1.00 x 107%a
Gasoline 1.96 x 107 % 9.07 x 10 °a 6.19 x 10™°b
Ferosene 1.49 x 10'“a 9.10 x 10_53 5.68 x 10-5b
Diesel Fuel 5.17 x 107°b 4.53 x 10 °ab 6.29 x 10" b
Motor 0il  6.13 x 10" % 2.13 x 10°% 9.48 x 10” b

* Values wn a given column followed by the same letter do not differ
significantly (P = 0.05).

The conductivity of CCl to gasoline was four orders of magnitude

greater than the conductivity tcv_5 water (Figut_ea 15). Tlﬁ three

replications ranged from 9 x 10 to 3 x 10 cm  sec . Two
replications of CC2 permeagsF with gfsolxne also had equilibrium
conductivities of 1.4 x 10 cm sec , and the third replication
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equilibrated at 5.2 «x 10-6 cm se:-l. The conductivities of both CCl
and CC2 soils to gasoline were significantly greacer than corresponding
conductivities to water. The micaceous soirl, CC}, was somewhat more
variable in 1ts response to gasoline. The three __{epllcacigvis
equilibrated at 1.2 x 10 7, 2.4 x 10 ", and 1.3 x 10 cm sec ,
which represented increases of two to four orders of magnitude over the
conductivity to water. Due to the greater variabilits, the increase 1n
conductivity for CC3 was not found to be significant.

The addition of kerosene to ail tnree compacted soils resulted in
dramatic increases in conductivity (Figure 16). The_sfmal conductj&uty
of 1 three soils L) kerosene ranged from 1 x 10 to 1.7 x 10 cm
sec . This cepresents a conductivity increase of three to four orders
of magnitude over the corresponding conductivities to water. In all
replications except Rep 3 of CC3, the permeability had plateaued after
the passage of only 0.25 pore volume of leachate. Conductivities
measured for CCl and CC2 permeated with kero.ene were significantly
greater than correspornding conductivities to water (Table 9).
Variability in the replications of CC3 was sufficient to preclude a
significant difference 1n CC3.

Addition of diesel fuel to CCl and ng resulted in_aequxli.bngll)
conductivities in the range of 1.8 x 10 to 1 x 10 cm  sec
(Figure 17). This represents an 1ncrease of three to four orders of
magnitude over corresponding coaductivities to water. Diesel fuel had
less effect on CC3 and resulted 1n a conductivity increase of only ome
to two orders of magnitude. Although these differences were not
significaat at the 52 level, they do represent a large increase in the
rate at which fluid will move through these soils.

_ Conducti!&ty of CCl to mctor oil ranged from 1.5 x 10-6 to 4 x
10 cm sec (Figure 18)., The conductivity increased slowly between
0.25 and 2.0 pore volumes. SPLID) three_lreplicatxons of CC2 attained a
conductivity near 6 x 10 cm  sec . Thus, both CCl and CC2

exhibited a conductivity increase of two orders of magnitude when
exposed to mwotor oil. The micaceous soil, CC3, showed a condluctivity
increas? of one to two orders of magnitude. Again, the conductivity
appeareu to increase steadily as more 1liquid permeated the soil.
Conductivities of all three soils to motor o1l did not differ at the 52
level from corresponding conduct:ivities to water.

Both solvents and all four petroleum products resulted in dramatic
increases in conductivity over the corresponding permeabilities to
water. Increases ranged from one to five orders of magnitude.
Generally the increase in CC3 was | order of magnitude less than that of
CCl and CC2. Brown et al. (1983) postulated that xylene moved
through preferential pathways, e.g., along cracks and ped faces, in the
soil. This movement may have possibly occurred through the removal of
some of the structural water (Yale and Ritchie, 1980). Visual
observations revealed the presence of organic liquids on ped faces
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throughout the soil, 1indicating that the permeants moved through the
so1l rather than through cracks between the core and side wall. If the
organic permeants caused shrinkage cthat resulted in greater spacing
between peds 1n the sorl as suggested by Acar and Seals (1984), the
observed 1ncreases in conducCivity would not be unreasonable. As the
micaceous soil 1s the least subject to shrinkage, 1t should also be less
affected by the permeants, as was the observed occurrence. Much of the
variability between replications within a given scil-permeant treatment
may be due to the size and number of channels formed 1n response to the
organic liquud. The data indicate that ciay-soil lined impoundments
will not be suitable for holding conceatrated organic solvents or
petroleum products. They also indicate that the permeability of native
sotl to spilied solvents o~ petroleum products may be much greater than
that which would be expected based on the conductivity to water.
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SECTION 7

THE INFLUENCE OF APPLIED PRESSUKE ON HYDRAULIC CONDUCTIVITY

INTRODUCT ION

Compacted clay soils have long been used to line waste storage and
disposal facilities, 1i.e., waste piles, surface 1impoundments, and
landfills. Design specifications have 1n the past been developed using
oniy wata2r as the permeant liquid. Such installations have generally
been successful when the primary liquid to be retained was relatively
pure water.

When smectite clay 1s subjected to some organic chemicals, 1t has
long been known to exhibit smaller spacing between adjacent crystalline
layers than when exposed to water (Barshad, 1952). Only recently,
however, have measurements been made of the impact nf organic liquids on
the permeability of recompacted <clay soils. Previous reports by
Anderson et al. (1982) and Brown and Anderson (1983) evaluating the
impact of concentrated organic liquids on the permeability of four
native clay soils indicated that the permeabilities may be two to three
orders of magnitude gre iter than those measured with water.
Observations of the permeated soil cores indicated physical changes in
the soil structure.

Since the previous testing was done at elevated pressures
equivalent to hydraulic gradients of 6l.1 and 36l1.6, further tests were
deemed necessary to evaluate the effects of hydraulic gradient on the
measured conductivity.

MATERIALS AND METHODS
Sotil

Three clay soils were used in the laboratory and field cell study
of hydraulic gradients and solvents. Each of the three clay soils was
blended with a2 predetermincd amount of sang§ loam soil to_gctaxn vatgr
conductivities 1in the range of 1 x 10 to 1 x 10 cm  sec .
These three blends were selected to represent the range of materials
most widely available and used for the construction of land disposal
faciiity clay liners. In all the following discussion, the clay soil
biends will Ue vreferred to by their dominant mineralogies, i.e.,
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kaolinite, mica, and bentonite. The textures and mineralogies of the
blends are given in Table 10, and the chemical properties are 3iven tn
Table 11. Engineering properties of the three clay soils are given in
Table i2.

TABLE 10. PHYSLICAL PROPERTIES OF THE THREE CLAY SOILS BLENDED FOR USE.

Particlz2 Size

Clay USDA Distribut:ion Organic pH
Textural Sand Silt Clay Minecalogy Carbon (1:1 Soil:
Class =--=----- (V) -——-—- (%) H,0)
Kaolinite SCL  62.8 13.6 24.5 K-1 M-tr 0.53 7.1
Mica SCL 60.4 17.6 22.0 M1i-1 K-2 M-S 0.17 8.0
Bantonite SCL 75.9 3.9 20.2 B-1 Mi-tr 0.29 8.9
T SCL = sandy clay loam

-~ K = kaolinite*

M1 = mica*

B = bentonite*

M = montmorillonite

1 = dominant mineralogy

2 = 2nd most dominant mineralogy
3 = 3rd wost dom:inant mineralogy
tr = trace quantity

* = commercially obtained

Laboratory Procedures

Soils were compacted in fixed wall permeameters using a mechanical
compactor (ASTM 698-70), as described in previous reports by Anderson
et al. {(1982) and Brown and Anderson (1983). Compaction was to at
least 90% Proctor density; hydraulic conductivity measurements were
conducted with soils slightly wet of optimum. Conducrivity tests with
vater (0.0l N CaSO,) were conducted on replicate samples. The effects
of pressure on conJ%ctxv;ty were tested with both acetone and xylene on
lahoratory compacted soils that had been saturated first with 0.01 N
CaSOa and on wunsaturated soitls at the moisture content used for
compaction, Pressures of 5, 15, and 30 psi1 equivalent to hydraulic
heads of 31, 91, and 181, respectively, were tested. Samples tested
with water were permeated until approximately one pore volume of water
had penetrated the ccre. The liquid chamber was then opened, waste was
substituted for the water, and pressure was reapplied. Samples of
effluent were collected, quantified, and subsampled. Collection



TABLE 11. CHEMICAL PROPERITES OF THREE BLENDED CLAY SOILS

CEZ CEC EﬂaOAC Extractable

meq/100g weq/100g ESP SAR Ca — Mg N3 K
Clay Soil(NaOAC) Clay(NaOAc) = ====—= meq 1 = —-----
Kaolinite 9.4 38.0 3.9 1.5 26.0 2.1 0.5 0.3
Mica 7.3 33.0 5.0 3.0 20.5 2.8 0.9 0.2
dentcnita 18.9 94.0 84.0 84.7 29.7 3.2 20.5 0.2

TABLE 12. ENGINEERING PROPERTIES OF HE THREE BLENDED CLAY SOILS

Liquid Plastic Plastic
Clay Limit Limit Index Activity
Kaolinite 20.5 14.3 6.2 0.25
Mica 21.6 14.1 7.5 0.34
Bentonite 202.0 49.5 153.0 7.55

continued until the conductivity data indicated no further increase or
until the flow exceeded the reliable range of the measurements.

The last four conductivity values for each test, as reported 1n
Appendix C, were analyzed by JANOVA o determine if there were
significant differences due tn pressure. Analyses were done within each
soil type, saturation condition, and chemical treatment.

RESULTS AND DISCUSSION

Elevated hydraulic gradients did significantly reduce the
conductivity of the kaolinite and mica soils t> water by 0.38 and 0.22
orders of magnitude, respectively, between gradients of 10 and 18l. ©No
significant change for bentonite was found. No significant interactions
between clay type and hydraulic gradient were found, thereby leading to
the conclusion that all three tested soils were similarly affected by
gradieats,

A summary of the conductivity of laboratory permeameters is given
in Table 13. The presaturated kaolinite soil exposed to xylene stowed
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TABLE 13. AVERAGE FINAL PRRMREABILITY OF SULLS T ACETNL AaD
XYLENE AT DIFFERENT HYDRAJLIC GRADIENTD

Acetoae Xyirne

5 Y

Kivlinite (presacurated) 3l 4.2 x lu_,a* 6.7 x .0_73
9. 3.3 x lu_ b 9.2 x 19z

W81l 6.4 10 b 2.9 x 10 "a

-6 7
(non-presaturdtad) 3! 1.6 lU_db 4.3 x lU_ob
9l 3.2 x lﬂ_bc 5.7 x 10 3b
181 3.7 10 "a 9.9 x lu "a

-7 -6
Mica {(presaturated) 3! 2.9 x 10_a 1.8 x lu_bb
9, 2.8 x lU_sa 1.6 x id_sb

131 1.4 x 10 b 1.8 i0 "a

. -7 -6
(nun-presaturated) 3 8.6h x 10_73 8.7 x IO_Sb
91 4.5 x XU_8b 9.8 x lU_Sa
181 4.2 x 10 "¢ 2.1 x 10 7b

, -7 -8
Bentonite {presaturated) 91 5.6 x lu_aa 7.0 x 10_93
181 5.1 x 10_8b 3.1 x 10_73
272 4.1 x 10 b 2.3 x 10 "a
(non-presaturated) 3! -8 7.2 x lU:gb
91 4.9 x IU_aa 6.4 x lO_hb
181 9.9 x 10_73 1.6 x 10 a
272 1.8 x 10 "a

* Values 1n a given column {or a given soil and saturation conditton
followea by rhe same letter do not differ significantly at P = 0.05.

no significant differences in corn .ctivity at the three tested
gradients. When exposed to acetone, th. »oil showed higher conductivity
at a gradient of 31, as compared to gradieants of 91 and 181. Nonsatura-
ted kaolinite permeated with acetone showed no trend, even though there
were some significant differences. The highest gradient had the highest
conductivity; however, the lowes: conductivity occurred at the
intermedi1ate gradient. When permeated with xylene, the nonsaturated
kaolinite soil had the highest conductavity at the highest gradient
while the lowest and intermediate gradients showed similar bt lower
conductivistes, When viewing all the kaolinite data, there is no clear
pattern ot any gradient consistently caunting higher or lower
conductivity measurements.

The presaturated mca showed a decreased conductivity at the
highest gradient for xvlene. When non<aturated, the mica showed



decreased conductivity to acetone 2s the grdadieat increased. For
nonsaturated mica permeated with =xylene, tne highest conductivity
occurred at the intermediate gradient. When cousidering all mica data
as a group, there are no clear treads in conductivity as a function of
gradient.

Presaturdted bentonite permeated with acetone showed a decreased
conductivity at grad:ents 181 and 272, When perwsdled with xylene,
howe ve:, there were no ditterences 12 conductivity. When nonsaturdted,
the bentunite snowed sumilar conductivities to acetone at all gradients.
The corresponding conductivities to xylene showed d4n 17crease at a
gradient ot I5l. Again when viewed as 4 group, there are no consistent
trends with two trestments having no significant difterences, one with a
decredase, and one with an increase as the gradient 1ncreases.

The xylene conteant of leachate from selected permeameters Ls given
in Appendix D. The 1initial leachate from presaturated soils contained
low concentrdation of xylene. After 0.2 to 0.7 pore volumes had passed,
the lcachate was 95 to 1002 xylene. Leachate frum noansaturated soils
was 95 to 100X xylene frowm the very first appearance, even though the
s01ls contawned 11 to 162 motisture. These measurements support the
hypothesis that ne =xylene displaces water oaly from the large
macropores and does not mov: through the s01l as a wetting front.

Permeameters Disassembled Prior to Completion

A total of eight permeameters were disassembled prior to
breakthrough. A summary of pertinent data and observations 1s given in
Table 14. Each permeameter will be discussed in the order presented 1in
the table.

The permeameter containing nonsaturated kaolinite soil exposed to
acetone at a gradient of 31 was under pressure for over one year, and
l.1 pore volumes of effluent were collected. The data are plotted 1in
Figure 19 as Replication 2. The initial conductivity was similar to
that of Replication l; however, no sharp increase in conductivity was
observed, Upon disassembly, the outflow was found to be obstructed by a
white deposit. A small leak between the fluid and soil chambers of the
permeameters was noted. The leak probably allowed the acetone to slowly
evaporate over the long period of pressurization.

A third replication of this treatment was run for |5 months, and no
effluent was collected, Upon disassembly, the fluid chamber was full of
acetone; however, the porous plate and outflow were clogged with a
yellow cnlored gelatinous material.

The bentonite core (Replication 1) was still in the presaturated
stage at a gradient of 18l and never gave any leachate 1n a seven month
period. Upon disassembly, free water was noted to still be present in
the tluid chamber, and the soi1l had swelled 6.1 c¢cm. In addition, the
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TABLE ] 4. DATA AND OBSERVATIONS OF PERMEAMETERS DISASSLMBLED BEFORE BREAKTHROUGH

Soil

Kaolinite

Kaolinite

Beatonte

Bentonite

Bentonite

Bentonite

Bentonite

Bentonite

Fluud Rep. Gradient Date Date Waa Fl 1d Present
Started Ended on Top of Core

Acetone 2 1] 3729783 171178 no (leak befween

nunsaturated pera parts)

Acetone ] 3 4/29/8) /11784 yes (full chaaber)

nongaturated

Acetcne 1 81 12/19/83 1/11/84 yes { half full

presaturated with water)

stll an nzo

stage,

Acetone 1 9 6/28/83 9/19/84 no

nonsaturated.

Acetone 1 181 6/28/83 1/26/84 no (dry & cracked)

nonsaturated.

Acetone 2 18} 6/28/83 9/19/84 dry § crumbly

nonsaturated.

Acetone 1 9 3/4 /82 1/26/84 no but soil

presaturated was wel,

Xyleae 2 9i 1/4/82 9/19/84 no but so01l

presaturated wvas wet

Was Outflow
Clesr or
Clogged

clogged with
white deposit.

clogged with
yellow gel.

clogged with
white deposit.

appeared clear
clogged

clear

clear

partially
clogged with
dark colored
deposit

Swelling Number of
P.V.
Collected
-0 i
0
core swelled 0
6.1 cm
svelled 1.3 cm 1.6
svelled 1.9 ca 1.9
0
swelled 3.4 cm 1.9
swelled 5 cm 0.3
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Figure 19. Conductivity of nonsaturated soil containing kaolinitic clay
to acetone as a tunction of pore volume at a hydraulic
gradient of 3l.
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outflow was again obstructed with a white deposit.

The permeameter containing nonsaturated bentonite so:l exposed to
acetone at a grat . nt of 91 yielded 1.6 pore volumss of leachate over
the 15 monch exper.nental period. These data are plotted_iﬁ Replication
Il wn Figure 20. The initial conductivity was 6.6 x 10 » Which was
below that of Replication 2. The final conducgﬁylty was,_lhowevet,
swmilar to cthat of Replication 2 at 1 x 10 cm  sec . This
represents an increase in conductivity of about 2.5 orders of magnitude.
Swelling of this core was much less than that of the presaturated core.

The permeametar containing nonsaturated bentonite soil exposed to
acetone for 13 months at a gradient of 181 resulted i1n 1.9 pore volumes
of lezchate (Figure 21). The 1niti1al change 1n conductivity was a
‘ecrease fjliowed by, a very large increase to a final conductivity of
1.8 x 10 cm sec . This 1s about 2.5 orders of magnitude greater
than the original conductivity of the sotl and 3.5 order§IPf magnxtug?
greater than the lowest conductivity of 6.1 x 10 cm  sec
measured for this sample. Since the outflow was obstructed at the end
of the experimental period, the conductivity may have continued to rise
had the deposit not formed. Again, the swelling was much less than that
measured for bentonite exposed to water.

Replication 2 of nonsaturated bentonite soil exposed to acetone for
15 months resulted in no leachate. The outflow appeared to be
unobstructed, and no swelling of the soil was observed. The soil

surface was dry, indicating all the acetone had either evaporated or
leaked from the fluid chamber.

The permeameter containing presaturated bentonite soirl exposed to
acetone for 28 months at a gradient of 91 resulted in 1.9 pore volumes
of leachate (Figure 22). The curve is similar,to that_ior Replication
2. t”b initial E?nduccivi:y of about 1 x 10 cm sec dropped to 5
= 10 cm sec before acetone was applxed._8 After g?ditxon of
acetone, the conductivity rose to about 4 x 10 cm sec and then
dropped slightly. Both replications exhibited a drop in conductivity
necar the end, presumably due to a shortage in free liquid head. The
soil swelled 3.4 cm, probably during the initial presaturation stage.

The perueameter containing presaturated bentonite soil exposed to
xylene at a gradient of 91 for 32 months did result in 0.3 pore volumes
of leachate (Figure 23). The outflow was still functional, although
some dark deposit was present. The soil surface was wet and had swelled
5 cm, presumably during the presaturation stage. The low conductivity
of this replication was probably caused by the lack of sufficient
permeant liquid due to the swelling of the soil material which reduced
the volume ol the fluid chamber.
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SEC1 108 8

FLELD TESTS

INTRUDUCT LON

Laboratory testing has indicated that conceatrated organic liquids
will have an adverse affect on compacted clay soils and result in
coaductivities one to four orders of magnitude higher than those
measured using water as the permeant. The extrapolation of these data
to field situartions has been questioned due to the sophisticated
technology and equipment available for field 1installation, the low
hydraulic gradients i1n the field, and the presence of overburden
pressure. Other workers question the use of fixed wall permeameters in
the laboratory saying that shrinkage in such a permeameter will cause
side wall flow, whereas in a field situation sidewall flow is not
possible. It 1s possible, however, that shrinkage 1in the field may
result 1n the formation of cracks or the enlargement of existing pores,
thus greatiy increasirg the conductivity.

This field study was, therefore, designed to compare the measured
conductivity of compacted clay soil to concentrated organics 1n the
laboratory and 1n the field.

MATERIALS AND METHODS
Field Cells

Twenty-eignt freld test cells, 1.5 m x 1.5 x 1.8 m tall, were
constructed of 15.24 cm concrete reinforced with 1.27 cm steel. A
schematic' diagram of the cells is shown in Figure 24. Design of the
concrete cells was done by Dr. Myron Anderson, P.E., licensed to
practice in the State »>f Texas. The units were designed znd built using
the Jdrawings shown in Figure 25. The cells were built on a compacted,
lime stabilized subbase similar to that used for road base in South
Central Texas. Thus, the soils under the cells had adequate bearing
capacity to support the structures without shifting or sinking. Lzceral
solLl and water pressure from outside the cells was minimal since the
cells were only 0.9144 m below average ground level, and a minimal
amouat of so1l was mounded around them. They exceeded all engineering
requirements to be used as retaining walls for a 1.8 m height. A list
of construction materials and speciLfications are given in Table 15.
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TABLE 15. CONSTRUCTION MATERIALS AND SPECIFICATLIONS FOR FLELD CELLS

Councretle S sacks from Bernath Co.

Steel 1.3 2 rebar, 30.5 cm on center in gll walls
and base.

Water Barr.-rc 0.6 cm x 10.2 cm strap sreel 1n all wali/
bdse joints to prevent lzakage.

A wooden platform, 1.5 m x 1.5 m x 0.15 m, with lifting devices on
each corner was placed i1n each vell to factlitate final removal of the
clay liners. The taner linming of 100 mil HDPE, high density
polyetnyiene, w:s destgned ana iastalled by the Schlzgel Company, and
the spec.ilcation: ure showrn in Figure 26. The 0.25 c¢m thick HDPE
liners were extern-=Jd to the top of the cell walls. A collection system
consisting of a manifold of four 0.95 cm 1.d. perforated copper tubes
was laird on the HDPE liner and covered with 5 cm of washed masonry sand.

The optimum wat-r content tor field compaction, using clay blended
with sand, was determined 1n the laboratory. Water, sand and clay were
blended to meet the laboratory determined specifications. The blended
cl1y soils were added to the cells in two 7.5 cm thick lifts and
compacted to 952 Proctor with a gasoline engine-powered vibratory
compactor. Density and moisture measurements were determined after
placement of each 1li1ft (Troxler 3411 Density Meter). A 10 cm layer of
frll and four perforated ba-rels were placed above the liners. Each
cell was then backfilied to a dome shape to encourage rainfall runoff
and covered with polyethylene.

The wastes to be placed in these field cells were dyed "Eih
Automate Red B and Fluorescent Yellow at 154 and 50 mg 1 °,
respectively. About 1,400 liter of each waste was introduced 1nto each
cell through a standpipe on cne of the four perforated barrels.
Leachate was collected twice weekly by applying a wvacuum to the
collection manifold 1nto 20 liter glass containers, from which 1t was
measurad and subsampled. Two ground rods and a network of wiring
grounded the vacuum tank, storage drums, and all €field cells. Th:s
grounding prevented sparks and possible ignition of waste due to static
electrical charge.

After tne permeability was measured at 2 x 10-7 cm sec = or
greater by calculation from the volume of cell drainage collected over
time, each cell was disassembled. The fill so.l and perforated barrels
were carefully removed with a backhoe. The pallets, HDPE liners, and
clay liners ware lifted from the concrete cell by a crane. The HDPE
s1des were cut and removed to expose the compacted clay liners which

66



=— ==V Anchor

Fusion Jaint

3>
| &
3, ¢
g__urout
.-
° >
Lip Detail
DZ S

Solt

- le—100 mil.
> r HOPE

Field Cell Skeet Pattern @
Elevation View (28 Required)
/4" = ! /4" = |

“igure 16. Design specifications for 100 =il 4DPE linings.



vere divided according to a randomized grid system and sampled for
analysis. Typically, four vertical proriles were sampled in 2.5 cm depth
increments for chemical analysis, and 10 sample profiles ware taken foz‘
morphological study. Additional samples were taken from read.xly
observable cleavage planes, which were often colored by dye, and trom
cut surfaces representing the inside of single natural soll aggregates
or peds.

Chemical Analysis

Xvlene in liquid samples=-

Since xylene and water are immiscible and this study was concerned
with large conceatrations of xylene, liquid samples were allowed to
settle into separated phases for 24 hr, The volume of each phase was
then measured using a gradvated cylinder, and the percenr xylene was
calculated assuming the xylene content of the water phase to be zero.

X lene 1n soil samples--

Soil samples were placed in one pint mason jars with foil lined
lids and stored at 4 C . The contents of a jar were emptied onto a
teflon sheet, quickly mixed to achieve homogeneity, and a 25 g subsample
waz taken. The. subsample was put in a Waring bleander jar with 50 ml of
20% CHBOH:BOZ CHZCL and blended at high speed for 10 min. The
mixti're was vacuum fizltf:rcd through Whatman #41 filter paper, and the
extract brought to 50 ml by addition of CH,CL,. This solucion was
mixed and analyzed by hign performance liquid chromatogrcphy (HPLC).
The HPLC was equipped with a 4 um "ultrasphere ODS" inverse phase
column, a 254 nm u,v. detpctor and a 20 pl loop injector. The flow
rate was set at | @l min using 380:20 methanol:water as the elutant.
Samp!> peaks were compared to standards to quantify the concentrations.,

Acetone in liquid samples--

Liquid samples were placed in one pint mason jars with foil-lined
lids and stored at 4°C. Using a syringe, 100 pl of the sample was
injected into a 125 ml flask through a septum stopper. Addition of 2,4
dinitrophenylhydrazine was made through the septum until the resultant
precipitate formation ceased, The solution containing the precipitate
was vacuum filtered, dried overnight at 60°C, and weighed. The

precipitate weight was then compared to a standard curve for
‘quantificdtion.

Acetone in soil samples--

Soil samples were placed in one pint mason jars with foil lined
lids and stored at 4°C. The contents were homogenized, and a 5 g
subsample was accurately weighed and placed in a 125 ml flask equipped
. with a septum stopper. Addition of 2,4 dinitrophenylhydrazine was made
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- through the septum until the resultant precipitate frramstion ceased.
The c¢ountents of the flask were vacuum filtered, dried svernight at
‘ 60°C, and weighed. The soil weight was subtracted, and the
precipitate weight was compared to standard curves for cuzntification.
Ind1s1dual standard curves were made for acetone concentrations in each
sCcl! type.

RESULTS AND DISCUSS IONS
Field Cells

A summary of test cell di‘assenbly dates and observations is given
in Tabie 16, Of the 12 cells containing xylene waste, free xylene was
found outside 10 of the HDPE liners indicating leakage. Of the 16 cells
containing acetone waste, only eight were dry. Since the acetone
leachate was basically colorless, the liquid in the eight cells
containing liquid below the HDPE could be water and/or acetone. Due ‘o
the long period of time between waste application and cell disassembly
and the many possibilities for degradation, acetone ceatrations were aot
weasured in these liquids.

The time between waste application and the beginning of leachate
collection was two tc three days for kaolinitic and micaceous solils
exposed to xvlene and 21 to 28 days when exposed Lo acetone (Table 17).
The bentonitic soils had a wmuch longer time delay of 70 days for xylene
and 704 days for acetone. Permeation of acetone through the 15 and 30
cim micaceous soll required 20 days. No additional time was gained by
doubling the soil thickness to 30 cm. Thus, the compacted micaceous and
kaolinitie so0ils appear to only contain concentrated organics for 30
days or less while the bentonitic soil may contain them for up to 700
days.

Xylene

Exposure of the field cells containing compacted kaolinitic soil to
xylene resulted in a two to three order of magnitude increase in.
conductivity (Figure 27). Detailed data are given in Appendix E.
Replication | of the kaolinite soils showed the greatest conductivity
increase, By the opassage of two pore_.volumes of leachate, the
conductivity had risen to about 5 x U ° cm sec ,- which 1is three
orders of magnitude over. the laboratory value with water, After EYO
pore volumes, the conductivity dropped to | x 10" cm sec ,
presumably due to, the entrance of water. The conductivity of Rep. 2
rose to 5 x 10 ', a ‘two orqgg of maggitude increase, by 0,8 pore
volumes, decreased to 3 x 1O cm  sec by 1.5 pore volumes, and

. - -1 ; ;
then increasea to 2 x 10 cm  sec . Analysis of the leschate
showed that 100% xylene was cuoliected for the first 1.8 pore vuiumes,
after which it became mixed with 5 to 15% water (Appendix F). . The
conductivity nf Rep. 3 followed a very similar trend as Rep. 2. It
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TABLE 16 . DATE WASTE WAS ADDED TO AXD REMOVED FroM THE WASTE CriLS,
AVERAGE THICKNESS oF CLAY LINERS AND DEPTH OF WASTE WHIGH
LEAKED TROM THE 1inFE LINER

Avuerage hc;(h of
Litier Date Date CwWasle In Did Wasie
Thichness Waste ' Waste Calicrete Penetrace
maite Saul Rep Cell # tem) Added Remaved Cell {cm) Clay soil
Xylene  Kaolimite 1 2 198 1071811/3781 11717781 9.0 T yus
2 4 16.0 11/3/81 7/15/82 4.9 - Yes
3 19 16.58 1175781 6/16/82 8.0 Yes
4 12 19.4 $11/5/81 12/15/81% 2.5 Yeu
Mica 1 b 19.2 11747181 11’17/81 13.0 Yes
2 6 19.1 11/4/81 12712781 0.0 Yes
3 8 19.% 1174781 476/82 13.v Yes
4 il 0.2 it/5/81 af27/82 14 .y Yes
Bentonice i 1 19.3 11/73/81 7/9,82 9.0 Yes
2 1 16.6 1H/6/81 3/30/8) 13.9 Yes
3 7 22.6 11/4/8) 7/21/81 0.0 No
4 9 22.4 1174781 7/15/82 9.0 Yus
Acetone Ksolinite t 18 17.4 10/13/81 8/26/82 13.0 Yes
b4 20 26.11 ia/lz/8t 4725764 0.0 Yes
3 15 21.3 10/77/8% [ DL S 14 . 4{water) Yes
4 28 17.3 1076781 4/3/8S [§) Yos
Mica 1 2 17.0 {0/16/81 I/ 31783 6.7 Yes
2 23 16.3 io/20/81 7/21/83 0.4 Yes
3 16 17.8 1/6/R) 6, 30/L 0.2 Yos
A 27 17.7 10/2781 16721/82 13,0 Yos
Beatonite i 17 9.2 4 /i /81 4/B/85 T3 3water) Yoo
2 1y 19.2 10/12/781 474785 la . O(water) Yos
] n 19.5 josi2/81 [N2I¥ -] 2. 7iwatyr) Maybe
4 24, : 20,75 /17781 1721783 1,0 N
Mica 12" 1 3 15.08 VOF2V/BY. /258 Yes
2 14 Vo /21481 Lig/En A, diwater}) Yoy
k 195 E I l0/13/81 Lrea/85 ). Muwater) Yes
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TABLE 17. AVERAGE NUMBER OF DAYS BETWEEN THE DATE
OF WASTE APPLICATION AND TIME LEACHATE

APPEARED

Soil Waste Time(days)
Kavl.ntite Xylene 2.5
Mica Xylene 3.0
Bentonite Xyele 70.6*
Kaolinite Acetoune 28.2
Mica (15 cm) Acetone 21.0

(30 cwm) Arcetone 19.0
Bentonite Acetone 704 , Q#*

* Average of 3 of 4 cells. One did not produce
leachat= within 624 days.

** Average of 2 of 4 cells. Two did not produce
leachate within 642 and 1,269 days between the
date of waste application and the date of
disassembly.

neaked at just,over b x 10-7 cm sec-l by | pore volume, decreased to
about §_7x 107 [ sec. = by 1.8 pore volumes, and azain increased to
2 x 10 ¢m sec . Initially the leachate from Rep. 3 contained 272
water, The water coantent decreased with 1ncreasing pore volumes until
pure xylene was leaching out at abouyt 1.6 pore volumes. The conductivity
of Rep. 4 quickly rose to 6 x 10 within the first 0.3 pore vo}gmes
after which 1t continued a slow but steady rise reachiag 2.2 x 10 cm
sec by the passage of 2.7 pore volqﬂFs of leachate. The
conductivity then sharply dropped to 1 x 10 cm sec at 3.5 pore
volumes. Leachate analysis showed 100% xylene until 3.5 pore volumes,
when 1t became mixed with about 202 water. In general, the kaolinitic
soil liners exhibited a two to three order of magnitude rise in
conductivity and were very seasitive to the presence of water. When
rain water leaked 1nto the head fluid, the xylene floated, water
permeated tne soil, and (.e conductivity decreased. After most of tne
water leached through the soil, an increase in conductivity was aga.n
observed, indicating that the conductivity change mechanism is at least
1n part reversible.

A rise 1n conductivity of all field cells containing micaceous
sotls exposed to xylene was also observed (Figure 28). Replication 1 had
the largest conductivity 1increase of three orders of magnitude by the
passage of two pore volumes after which it decreased over two ordei» of
magnitude. Here again, leachate analysis 1ndicated the presence of
water in the system which cdused the decreaze. Replicartion 2 had a two
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order of magnitude increase in the first two pore volumes of leachate
and again exhibited a decreasea due to water. Replicat:i:on 3 had a l.5
order of magnitude 1ncrease in conductivity during the first pore volume
of leachate. The zonductivity then decreased almost to the Jabordtory
value with wat:c by the passdge of another 0.5 pore volume of leachate.
The leachete at th:is time was 65 o 85X xylene and 15 to 35% water. The
conductivity o° Rep. %4 1ncreased two ovrders of magnitude above the
laboratory value with water by the ppssage of 1.5 pore volumes, after
which 1t decreased to 2.5 x 10 cm  sec and remaiced farrly
steadv. Leachate from the first threce pore volumes was 100Z xylaie and
becam: mixed with small amounts (less than 5%) of water therzafter. In
general, the micacecus soils behaved similarly to the kaolinitic sotls
and showea two to three orders of magnitude iIncreases when expcsed to
concentrated xylene. This soil was also reversibly affected by the
presence of water and some conductivity values decrcased dalmost to the
laboratory value with water.

Conductivity of Rep. 1 of the bentonitic soil 1ncreased two orders
of magnitude in 0.6 pore volumes, after which it was disassembled
(Figure 29). Replication 2 increased 1.5 order> of magnitude within the
frest 0.25 pore volumes and rematned fairly steady unti! 1.7 pore
volumes were passed. The counductivity of Rep. 4 1increased two orders of
magnitude 1a the first 0.5 pore volumes. The conductivity then
decreased one order of magnitude, presvmably due to water, and rose
dgatn to 1.7 x 10 cm sec by the passage of 1.25 pore volumes.

Acetone

Replications 1 and 2 of the kaolinite fireld cells gave conductivity
plots very similar to those reported by Anderson et al. (1985) for
presaturated laboratory permeamecers permeated with acetone. The
intti1al response to acetone was a decrease in conductivity in the 0.75
por2z volumes and followed by an increase in conductivity (Figure 30).
In Rep. !, which was sampled through four pore volumes, the highest
conductivity occurred after the passage of 2.7 pore volumes.
Replication 3 of this soil showed the initial conductivity decrease
during the first 0.25 pore volume, after which it rose until 0.6 pore
volumes. After 0.6 pore volumes , the conductivity decreased.
Replication 4 also decreased 1n conductivity during the first 0.4 pore
volumes and then 1ncreased until 0.8 pore volumes, after which the
conductivity decreased again. Conductivity decreases at the end of the
experimental periods were Jue to water which diluted the acetone as
1ndicated by the decreases 1n acetone concentration of the leachate.
Replication | of the micaceous soLl exhibited the typical drop in
tonductivity n rthe first 0.75 pore volumes and was followed by an
11cr+ase in conductivity which peaked at about 2.7 pore volumes (Figure
31). Replicaticn 3 followed a very similar pattern in conductivity with
the minimum value reached at 0.8 pore volum:s and the maximum st 1.8
pore  volumes. The fourth replication of this scil dropped 1n
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conductivity Ffor the first 0.4 pore volumes and Lhen progressively
.ncreased. The second replication also decreased “sc the first 0.4 pore
volumes, increasad urtil 0.7 pore volumes, and finally decreased for the
remainder of the s:tudy. This decrease was due to dilution of the
acetone by rainfall as evidencec by low acetoue concentration in the
leachate. In general, the final .-nductivicies of the micaceous solils
were about one ordec of magnitude larger than those measured with water
in the laboratory.

Conductivities for the 30 cm thick m:caceous soils (Figure 32) were
very similar zo those of the 1} cm thick micgceous sotls and gencrally
were in the range of 5 x {6 to 1 x 10 . The time required for
int.:al leachate collection was 20 to 30 days for all micaceous soils
regardless of the soil thickness. Therefore, the extra 15 cm thickness
of soil appears to have had little to no appareat eftect 1i1n containing
the acetone.

Of the four «cells containing bentonific soil, only two cells
produced leachate during the course of this experiment. Almost two

years were required until leachate collecty began_qrom these soils.,
Flow_&hrough Rep. | began at about 6 x 10 cm sec , decreased to 6
x 10 7, and then began to 1increase again as was typical for acetoge 1
other soils (Figure 33) Replicition 2 rose to about 38 x 10 and

then droppea to 6 «x 1077, The final decrease in conductivity was due
to the entrance of water which diluted the acetone and cau:2d the soil
tc swell, Acetone concentrations in the leachate from these two
bentonitic soils never exceeded 20 percent.

Chemical Concentrations

Typical xylene coacentrations found in profile samples of each clay
soil liner are presented in Table 18. The variability of concentrations
occurring with depth in any one profile and zzross the clay soil liner
at any given depth indicates that the movement cf the liquid was through
preferential pathways and did not move in a clearly definnd wetting
front through the entire so1l mass. Some samples which had a volume of
approximately 25 cm” at a particular locat.on were nearly K free of
xylene, while others had contents as high as 20,000 mg kg . Thus,
large segments of :he clay soil liner had littie penetration by the
solvent, while other adjacent segments were nearly saturated. Detairled
data are presented 1n Appendix G.

Similar avidence that xylene moved through the so1il 1n cracks or
dround blocky sub-angular structural components of the liner s
prasented 1n Table 19, in which the xylene content of dyed ard undyed
surraces of clay sotl liner fragments are compared. The xylene content
of the dyed surfaces exposed by breaking the liner along spontaneous
cleavage planes 1n a given cell were typically at least 10 times greater
than found tn samples scraped from cut surfaces on which dye was not
apparent. The lower xylene content of the undyed surfaces udds rredence
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TABLE 18.

l

CUNCENIRATION OF XYLENE IN MG KC = IN SOIL SAMPLES FRUM A [YPICAlL CELL OF TINE THREE

DIFFERENT CLAY SOIL LINERS

Kaolinite Mica Bentonite
Depth Location No. Location No. Location No.’
(cm) . . L L L _
1 2 3 4 1 2 3 | 2 3
T0-2.5 T T 35T a8 44 170 237 112 Y 533~ e T e
2.5-5.0 1,214 45 238 jul 251 1,027 105 5,689 8 38
5.0-7.5 5,060 333 806 122 584 1,158 611 15.969 31 685
7.5-1u.1 352 419 564 36 714 4,035 2,031 23,099 139 1,520
10.0-12.95 13 12 71 160 1,289 4,310 11 29,168 7,585 1,085
12.5-15.0 9,391 2 0 1,669 204 1,903 232 4,144 4,75 7,272
15.0-17.5 3,757 122 2,015 ND 452 55 1,887 12,706 2,409 7,500
17.5-20.0 3,401 86U ND ND 2,005 ND 3,952 20,900 ND 11,1352
206.0-22.5 ND ND ND ND ND ND “,60U9 ND ND ND

Randomly selected from 42 pessible sample areds as determiaed by prod system,
* Not determined.



TABLE 19. XYLENE CONTENT IN MG l(G—l OF DYED AND

UNDYED SURFACES (1 MM THICK SOIL
FRAGMENT SURFACE) OF CLAY SOIL LINERS

Lysimeter No. Dyed Surface Undyed
11 19,404 1,147
9,149 0

12,456 ND t

8 2,814 155

2,691 704

3 13,112 392

16,834 511

— not determined.

to the conclusion that xylene moved through preferential pathways,
perhaps along cracks and ped faces, and not uniformly through the
compacted clay soil mass.

Xylene analysis of soil samples from Cell 7 showed no xylene
present in any sample (Appendix G). No leachate had been collected from
this cell, and the data indicate that in this one of four beutonite
clays exposed to xylene, the soil effectively prevented xy'ene movement.
It appears, however, that this will be the exception rather than the
normal case.

Acetone concentrations in 8oil samples were very variable and
ranged from 0 to 31.82 (Appendix E). This again iadicates that the
acetone did not move uniformly through the soil mass but rather moved
through channels or cracks. Typical acetone concentrations in soil from
one cell of each mineralogy is given in Table 20 and show the large
variability in acetone concentrations. Both ped faces and cut surfaces
shoved similar acetone concentrations (Table 21). This may be due to
the fact that acetone is soluble in water and was, thecefore, able to
penetrate into the peds rather than being excluded, as in the cise of a
hydropholic chemical.

Density

Measurements of the moisture content and dry density of each 1lift
in each cell were made as they were constructed. The average percent
moisture, dry density, and percent proctor fo. the upper lift of each
cell are reported as initial values in Tagses 22 to 25. The design
densities were 2,000, 1,950, and 1,700 kg m for the kaolinite, mica,
and bentonite soils, respectively. For the mica and bentonite soils in
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TABLE 20.

CONCENTRATION OF ACETONE IN PERCENT IN SOIL SAMPLES FROM A TYPICAL CELL OF THE THREF

DIFFERENT CLAY SOIL LINERS

Kaolinite Mica bentonite
Depth Location No. 1 Location No.*1 Location N, i
(cm) —
1 2 k] 4 1 2 4 1 2 3 4

0-2.5 6.8 5.8 1.9 5.9 2.3 4.0 2.2 3.7 8.7 26.3 8.5 10.1
2.5-5.0 6.2 5.9 5.0 5.7 3.0 2.5 2.7 3.1 6.5 9.5 8.9 8.7
5.0-7.5 6.1 5.4 5.5 5.9 3.1 2.3 3.2 2.6 7.7 31.8 5.8 7.7
7.5-1C.0 6.9 5.6 5.6 5.8 3.5 2.2 2.8 2.9 5.4 6.7 6.1 6.4
10.0-12.5 6.7 5.0 5.7 5.3 3.5 2.7 2.8 2.7 5.8 ND 6.7 6.9
12.5-15.0 5.8 5.6 6.4 5.7 3.4 2.6 3.5 3.1 4.6 5.8 5.7 6.0
15.6-i7.5 6.1 6.2 7.2 5.7 3.3 2.6 3.5 2.1 8.1 1.6 6.0 6.0
17.5-20.0 ND ND 7.8 6.1 ND ND ND ND ND ND ND ND

t Randomly selected from 42 possible sample areas as determined by grid system,

T Not determined.



TABLE 21. ACETONE CONTENT IN PERCENT OF DYED AND UNDYED
SURFACES (1 MM THICK SOI[L FRAGMENT SURFACE) OF
CLAY SOIL LINERS

wysimeter No. Ped Face Cut Surface

13 4.8 5.6
6.0 5.3

l4 1.4 2.7
1.5 2.4

15 1.6 1.8
2.4 1.2

17 5.6 6.8

19 5.1 6.9
5.0 5.6

20 5.9 6.4
8.1 6.8

22 4.7 5.2
5.2

25 1.5 1.1
1.3 0.9
0.3 13.9
1.5

28 0.6 1.¢
1.3 0.6

all but one cell, compactions of 90 to 100Z Proctor were achieved. The
kaolinite soil was much more difficult to pack and only Proctor values
of 82.0 to 9l.4 were achieved. Compaction was stopped at this point
because further compaction was found to result in a lessening of the
density. This may have been due to the moisture contents belng

generally a little over thgpﬁesign of 15.5 or an overestimation of the
design density of 2,000 kg m .

A separate calibration experiment with the density gauge showed
that (he presence of acetone and xylene does not affect density
readings; however, moisture content readings are increased by the
presence of either acetone or xylene.

When each cell was disarsembled, moisture-density readings were
taken immediately after the clay soil surface was exposed. Average
moisture content readings in all soils are higher than original,
probably due to the presence of the acetone or xylene. Dry density and
Proctor values generally decreased after exposure to acetone and xylene.
Decreases were least in kaolinite soil, intermediate in mica soil, and
greatest in the bentonite soil. Much of this reduction may be due to

swelling of the upper layer of soil, which become thoroughly permeated
with organic fluid.
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TABLE 22, AVERAGE MOISTURE DENSITY AND COMPACTION OF THE KAOLINI:L1C CLAY

LINERS
Initial Values Final Values )
Dry Dry
Lysimeter Moisture D;nsxszl Proctor Moisture Densisll Proctor
No. (%) (kg m~ ) (%) (%) (kg m~ 7) (%)
2 17.5 1,769 90.7 -+ -1 -!
o 17.2 1,738 89.1 18.7 1,641 82.0
10 18.6 1,663 85.3 17.3 1,727 86.4
12 16.0 1,784 91.4 19.1 1,672 83.6
18 14.8 1,756 87.8 17.6 1,699 85.0
20 17.4 1,656 84.0 18.1 1,741 87.0
25 18.8 1,641 82.0 20.2 1,669 83.4
28 14 .8 1,756 87.8 18.3 1,743 87.2
Design Value 15.5 2,000 100.0

<+ Not wmeasured.
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TABLE 23. AVERAGE MOISTURE DENSITY AND COMPACTION OF THE MICA CLAY LINERS.

Initial Values

Final Values

Dry Dry
Lysimeter Moisture Densiszl Proctor Molisture Densi&xl Proctor
No. (%) (kg m~ ) (2) (%) (kg m” °) (%)
12.8 1,886 96.7 14.8 1,716 88.0
6 15.2 1,797 91.7
11.7 1,886 96.7 16.5 1,768 86.6
11 14 .4 1,844 9%.6 14.7 1,887 96.8
21 14.8 1,849 %.8 13.9 1,788 91.6
23 13.1 1,868 95.8 13.4 1,843 92.1
26 12.8 i,804 96.6 13.6 1,933 %.9
27 13.9 1,818 93.2 14 .2 1,797 92.1
Design Value 13.5 1,950 100.0
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TABLE 24. AVERAGE #OLSTURE DENSITY AND COMPACTION NF THE 30 CM THICK MLCA

CLAY LINERS

= Initial Values Final Valu:s

Dry Dry
Lysimeter Moistute Densiszl Proctor Moisture Den31§zl Proctor

No. ) (kg m> "5 (1) ¢9) (kg m” ) (%)

13 12.8 1,966 100.8 17.1 1,716 88.0
14 13.8 1,847 %.7 16.8 1,733 88.9
15 15.1 1,829 93.8 14.7 1,878 96.3
Design Value 13.5 1,950 100.0
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TABLE 25. AVERAGE MOLSTURE DENSLIY AND COMPACIION OF THE BENTONI11C CLAY

LINERS

Initial Values Final Values

Dry Dry
Lysimeter Moisture Densiszl Proctor Moisture Densisll Proctor

No. %) (kg m~ ) (%) (%) (kg m~ ") (%)

I 17.6 1,627 95.6 27.4 1,426 82.8
3 15.6 1,690 99.4 27.8 1,480 85.8
7 13.6 1,693 92.6 35.1 1,254 73.8
9 16.2 1,622 95.4 27.8 1,502 87.0
17 22.5 1,496 88.0 50.3 1,103 64.9
19 20.1 1,586 93.3 49.8 1,135 66.8
22 18.6 1,645 9.8 45.0 1,176 69.2
2 16.6 1,578 92.9 41.1 1,195 i0.2

Design Value 16.5 1,700 100.0




Comparison of Laboratory and Field Data

The conductivity of all three soils to water, pure acetone, pure
xvlene, waste acetone used in the field (elils, and waste xylene used 1in
the field cells was measured in the laboratory wusing fixed wall
permeameters and a gradient of 181 (Appendin H), These values plus
those measured in the field cells are presented in Table 26. Laboratory
conductivities to pure acetone were 300, 3, and 43 times the water
controls for the kaolinite, mica, and bentonite soils, respectively.
Conductivities for waste acetone 1n the laboratory were much smaller,
presumably due to the water content of the waste acetone used for the
field work. Coaductivities measured 1n the field cells containing waste
acetone were almost one order of magnitude greater thaan the
corresponding conductiv:ties tc water. The actual increases were 7.0,
6.7, and 9.7 times the water values for kaolinite, mica, and bentonite
soiLls, respectively.

All three soils exhibited large (three to five orders of magnitude)
conductivity increases when permeated with pure xylene 1n the laboratory
permeameters. Conductivity increases for waste xylene 1i1n laboratory
permeameters were between two and threz orders of magnitude. In the
field cells, the conductivities also 1increased -.bout two orders of
magnitude.

As uaoted ©previously, the xylene waste contained some palirt
pigments, which proved to be very useful in tracing movement through the
so1l. These pigments were found on the surface of cracks and natural
soil peas in both the labcratory permeameters and field cells.
Structural development was observed in the field for both acetone and
xylene permezted kaolinite soil and to a lesser extent for the mica and
bentonite soils.

Therefore, with water immiscible chemicals such as xylene,
laboratory testing with fixed wall permeameters appears to reascaably
predict field data. When dealing with water miscible chemicals, the
conductivity appears to be highly dependent upon the exact conentration
of the solution. Care does need to be taken to assure that the solution
being tested is representative of the solution or leachate that will be
in contact with the soil.

Quality control during construction of the field project was very
high and, therefore. the fiald data reported herein may more closely
resemble the lab ora’ory data than ir a large scale field installation.
Daniel (1985) reported that field conductivities to water oftemn are two
orders of magnitude voreater than laboratory design values. It ts
postulated that this difference is due to larger soil units (clnds),
poorer mwoisture control, and poorer quality control during £ield
construction. Therefore, in large field installations the conductivity
increases resulting from organic fluids may be much larger than those
reported here.
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TABLE 26. CONDUCTIVITLES OF THREE SOILS [0 WATER, PURE CHEMICAL, AND WASTES IN BOTH
LABORATORY AND FIELD CELLS

Average Laboratory Laburatory Field Cell lahoratory Laborato-y Laboratory
Laboratory Conductivity to  Conductivity to Conductivity Conductavity conductivity Conductiaity
Conductivity Pure Acetone at Waste Acetone to Waste to Pure Xylene t waste aslene  ta Waste Avlege
w0 Water a Gradient at a Cradient Acetone at a at a Gradient at a tiadient at a Gradiont
of 181 of 181 Gradient of 7 of 181 ot 181 ot 1}
Keolinite 1.1 21078 3.7 x 1078 6.6 x 1077 1.7 x 1078 e x 1074 6.1 1078 L a0
Mica 1.5 x 1073 4.5 x 1078 2.6 x 1078 1.0 x 10”7 2.2x 107} 6.4 x 1078 10107
Bentanite 1sx100? s a0 - 3.6 % 1078 1.5 x 107 850’ e




Suggestions for Improvement

While, in the ovpinion of the 2uthors, this project was successful
in terms that the objectives of the research were achieved, there always
exist possibilities for improvement. While the authors see an need to
repeat the research, the following is a list of such improvements:

1. The drain system in the field cells could be improved by using a
larger diameter pipe or tube and by 1installing an air vent to the
sand collection layer so that there would not be a possibility of

pulling a vacuum on the bottom of the clay liner when sampling
leachate.

2. The HDPE liners should have been water tested for leaks prior to
Jase.

3. The concrete cells should have been water testrd for leaks prior to
use.

4. The field treatments should have been expanded to include three
replications of water coatrols.

5. The bentonite soil mixture could be refined to yield a water
permeability closer to 1l x 10-7.
6. A larger cover should have been used so tnat as the fill soil
inside the <cells subsided, leaks would not occur. This was
primarily a difficulty with the acetone cells.

Gundle Samples

Eight samples of plastic were obtained from the Gundle Corporation.
Each was 45 x 167 cm. Four of the samples vere velded while the
remaining four were unwelded. Details of where each sample was placed
and what clay liner soil and chemicals were used are given in Table 27.

The samples were placed in a U shape about 5 cm above the clay
liner and between the Jeaking barrels of waste. Sandy loam soil was
then backfilled around each sample, the cell was carged, and the test
fluid was introduced. After the fluid had penetrated the clay liner and
the cell was to be dismantled, the cap vas removed and the back fill was
removed. When the plastic samples became accessible, it was carefully

lifted out, examined, rinsed with tap water, and seat to Dr. Henzy Haxo
for further testing.
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TABLE 27. PLACEMENT OF GUNDLE SAMPLES

IN FLELD TEST CELLS

Samples So1l Cell No. Chemical
30 wmil HDPE
1 sheet welded Kaolinite 28 Acetone
1l sheet unwelded Kaolinite 25 Acetone
40 m1l HDPE alloy
1 sheet welded Mica 14 Acetone
1 -heet unwelded Mica 15 Acetone
60 mr1 HDPE
1 :rheet welded Kanlinite 18 Acetone
1 sheet unwelded Mica 13 Acetone
60 m1l HDPE alloy
1 sheet welded Kaolinite 2 Xylece
1 sheet unweldzd Kaolinite 4 Xylene

92



LITERATURE CITED

Acar, Y. B. and R. K. Seals, 1984. Clay barrier technology for shallow
land waste disposal facilities. Hazardous Waste 1(2):167-181.

Anderson, D. C.. 198l. Organic Leachate Effects on rhe Permeability of
Clay Soils. M.S. Thesis., Soil and Croup Scienc-s Dept., Texas A&M
University.

Anderson, J. L. and J. Bouna. 1973. R=lationshi1p between hydraulic
conductivity and morphometric data of an argillic horizon. Soil Sci.
Soc. America Proc. 37:408-413.

Anderson, D. C., Y. W. Brown and J. W. Green. 1982. Effect of Organic
Fluids on the Permeability of Cla: Soil Liners. 1982. p. 179-190.
In D. W. Shultz (ed.). Land Disposal of Hazardous Waste.
EPA-€00/9-82-002, Offize of Research and Development, U.S.
Environmental Protection Agency, Cincinnati, Ohio, U.S.A.

Anderson, D. C., K. V. Brown, aand J. C. Thomas. 1985. Conductivity of
compacted clay soils to water and organic 'iquids. Waste Mgmt. and
Research (1n press).

Barshad, I. 1952. Factors affecting the interlayer expansion of
vermiculite and montmorillonite with organic substances. Soil Sci.
Soc. of America Proceed. 16(2):176-182,

Bisdom, E. 3. A. 198l. A review of the application of submicroscopic
techniques in soil micromorphology. I. Transmission electron
wicroscope (IEM) Chapter 5, p. 67. In E. B. A. Bisdom (ed.).
Submicroscopy of Soils and Weathered Rocks. Centre for Agricultural
Publishing and Documentation, Wageningen, The Netherlands.

Bisdom, E. B. A. and J. Ducloux. 1983, Submicruscopic Studies of Soils.
Elsevier, Amsterdam, The Netherlands.

Bisdom, E. B. A. and F. Thiel. 1981. Backscattered electrun scanning
images of porosities in thin sections of soil, weathered rocks and
oil-gas reservoir rocks using SEM-EDXRA. Chapter 9, p. 191. In E.
B. A. Bisdom (ed.). Submicroscopy of Soirls and Weathered Rocks.
Centre for Agricultural Publishing and Documentation, Wageningen,
The Netherlands.

93



Bouma, J., A. Jongerius, O. Boersma, A. Jager, and D. Schconderbeek.
1977. The function of different types of macropores during
saturated flow through four swelling soil horizuns. So1i Sci. Scr.
Amerrca J. 41:945-950.

Bouma, J. and L. W. Ueckker. 1978, A case study on infiltration 1into dry
clay so1rl. |, Morphological observat:ons. Geoderma 20: 27-40.

Bouma, J., A. Jongerius, and D. Schoonderbeek. 1979. Calculation of
saturated hydraulic conductivity of some pedal clay soils using
micromorphometric data. Soil Sci. Soc. America J. 42:261-264.

Bouma, J. and J. H. M. Wosten. 1979. Flow patterns during exiended
saturated flow in two undisturbed swelling clay soils with differeat
macrostructures. Soirl Sci. Soc. America J. 43:16-22.

Brewer, R. 1976. Fabric and Mineral Analysis of Soils. Robert E.
Krieger Publishing Company, Huntington, New York.

Brindley, G. W., K. Wiewiora, and A. Wiewiora. 1969. Irctercrystalline
swelling of montmorillon.te in some water-organic mixtures
(Clay-Organic Studies XVIIL). The Ame:r ican Mineralogist
54:1635-1644 .

Brown, K. W., J. W. Creean, and J. C. Thomas. 1983. The influence of
selected organic liquids on the permeability of clay liners. »n.
114-125. In D.W. Shultz (ed.). Land Disposal cf Hazardous Waste.
EPA-600/9-83-018. Office of Research and Development, U.S.
Envircnmental Protection Agency, Cincinnati, Ohio, U.S.A.

Brown, K. W. and D. C. Anderson. 1983. Organic leachate effects on the
permeability of clay soil. Final Report for EPA Grant No.
R.306825010. Solid and Hazardous Waste Research Division, U.S.

Environmental Protection Agency, Cincinnati, #SW 115, Washington,
D.C., U.S.A.

Brown, K. W. and J. C. Thomas. 19Y84. Conductivity of three commercialiy
available <clays to petroleum products and organic seclvents.
Hazardous Waste 1:545-5%53.

Brown, K., W. and J. C. Thomas. 1985. 1Influence of concentrations of
organic chemicals on the <colloidal structure &nd Thydraulic
conductivity of clay soils. EPA-600/9-85-013. Eavironmental
Protection Agency, Cuncinnati, Ohio, U.S.A.

Bykov, V. T., G. K., Korneichuk, and E. F. Froer. 1974. Adsorption of

acetone aud carbon tetrachloride from 1liquid mixtures of these
components by natural palygorskite. Kolloidm Zh. 36:939-941.

94



Cady, J. G., L. P. Wilding and L. R. Drees. 1985. Petrographic
microscope techniques. In A. Klute (ed.). Methods of Soil
Analysis, Part I. American Society of Agronomy, Madison, Wisconsin,
U.S.A. (in press).

Cheremisonoff, N. P., P. N. Cheremisonoff, F. Ellerbusch, and A.J.
Perna. 1979. Industrial and Hazardous Wastes Impoundment. Ann Arbor
Sci., Publ. Inc., Ann Arbor, Michigan, U.S.A.

Daniel, D. E. 1985. A case history of leakage from a surface
impoundment. In Proceedings of the Symposium on Seepage and
Leakage froam dams and Impoundments. ASCE, Denver, Colorado, U.S.A.

Day, P. R. 1965. Particle fractionation and particle-size analysis. p.
545-566. In C. A. Black fed.). Methods of Soil Analysis, Part I,
Madison, Wisconsin, U.S.A.

Deere and Company, 1970. Fundamentals of service fuels, lubricants and
coolants. John Deere F.0.S. Manual #58. Deere and Co., Moline,
Illinois, U.S.A.

EPA, 1974. Disposal of Hazardous Waste. U.S. Environmental Protection
Agency, #SW 115, Washington, D.C., U.S.A.

Glaeser, R. 1948. On the mechanism of formation of montmorillonite-
acetone complexes. Clay Miner. Bull., 1:88-90.

Greea, W. J., G. F. Lee, R. A. Jones, and 'f. Pallt. 1983. Interaction
of clay soils with water and organic solvents: implications for the
disposal of hazardous wasies. Environ. Sci. Technol. 17:278-282.

Gruse, W. A. 1967. Motor Fuels, Performance and Testing. Reinhold Publ.
Corp., New York, New York, U.S.A.

Horton, R., M. L. Thompson and J. F. McBride. 1985. Estimating transit
times of noninteracting pollutants through compacted soil materials.
p. 275-282. EPA 600/9-85/013. Resvarch Symposium on Land Disposal of
Hazardous Waste. U.S. Environmental Protection Agency, Cincinnati,
Ohio.

Kissel, D. E., J. T. Ritchie, and E. Burnett. 1973. Chloride movement in
undisturbed clay coils. Soil Sei. Soc. America J. 37:21-24.

Leslie, E. H. 1923. Motor Oil Fuels, Their Production and Technology.
The Chemical Catalog Co., Inc., New York, New York, U.S.A.

MacEwan, D.M.C. 1948. Complexes of clays with organic compounds. I.

Complex formation between montmorillonite and halloysite and certain
organic liquids. Trans. of the Faraday Soc. 44: 349-367.

95



Mackor, E. L. 1951. The properties of the electrical double layer. 1.
The zero point of charge of Ag 1 1n water-actone mixtures. Rec.
Trav. Chim. Pays-Bas 70:747-762.

Maryott, A. A. and E. R. Smith. 1951. Table of Dielectric Constants of
Pure Liquids. National Bureau of Standards Circular #514%,
Washington, D.C., U.S.A.

Mashni, C. J., H. P. Warner and W. E. Grube. 1985. Laboratory
Determination of Dielectric Constant and Surface Tension as Measures
of Leachate/Liner Compatibility. p. 273, In Land Disposal of

Hazardous Wastz. Proceedings of the <£leventh Annual Resecarch
Symposium, Cincinnati, Ohio, April 29-May 1, 1985. EPA-6M0/9-85/013.
U.S.A.

Mitchell, J. K. 1976. Fundamentals of Soil Behavior. John Wiley and
Sons, Inc., New York, New York, U.S.A.

Murray, R. S. and Quirk, J. P. 1982. The physical swelling of clay in
solvents. So1l Sci. Soc. America J. 46:865-868.

Omwotyi, U. and A. Wild. 1979. Use of fluorescent dyes to mark the
pathways of solute movement through soils under leaching conditions.

1. Laboratory experiments., 2. Field experiments. Soil Sci. 128:
28 -33, 98-104.

Parfitt, R. L. and M. M. Mortland. 1968, Ketorne adsorption on
montmorillonite. Soil Sci. Soc. America J. 32:355-363.

Smettem, K. R. J. and S. T. Trudgill. 1983. An evaluation of some
fluorescent anu non-fluorescent dyes in the identification of water
transmission routes in soils. J. of Soil Seci. 34:45-56.

Sprers, H. M. (ed.). 1952. Technical Data on Fuels. Fifth edition. The
British National Council World Power Conference, 201 Grand
Buildinge, Trafalgar Sq., London, W.C. 2, England.

Weast, R. C., S. M. Selby, and C. D. Hodgman. (eds.). 1964. Handbook of
Chemistry and Physics. The Chemical Rubber Co. (Publ.), Cleveland,
Ohio, U.S.A.

Yule, D, F. and J. T. Ritchie. 1980. Soil shrinkage relatiorships of

Texas vertisols: II. Large cores. Soil Sci. Soc. of America J.
44(6):1285-1291.,

96



APPENDIX A

CONDUCTIVITY OF COMPACTED SOILS TO SELECTED
CONCENTRATIONS OF ACE1ONE, ETHANOL AND NaCl
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Table A-1, Average Conductivity of Compacted Soil Containing Bentonitic Clay to
80:20 Solution ot Acetone:Water (v/v) at a Gradient of 181.

_ Replication 1 Replication 2 Peplication 3
Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K
. 2.75E-6 .1 8.35E-6 <.1 1.3%E-6
.2 3.43E-6 .2 1.53E-5 .l 9.87E-6
.3 2.78E-6 .3 1.85E-5 .2 9.29E-6
4 2.46E-6 4 1.92E-5 .3 7.97E-6
.5 2.14E-6 .5 1.97E-5 4 7.27E-6
1.1 9.80E-7 .6 1.81E-5 .5 6.67E-6
1.2 7.57E-17 .7 1.86E-5 .6 5.30E-6
1.3 4.76E-7 .8 1.69E~5 .7 5.85E-6
.9 1.77€E-5 .8 3.41E-6
1 1.85E-5 .9 6.58E-6
1.1 1.87E-5 1 4 .LSE-6
1.2 1.90E-5 1.1 4. WE-6
1.3 1.83E~5
- 1.4 1.81E-5
o 1.5 1.78E-5



Table A-2, Average Conductivity of Compacted Soil Containing Rentonitic Clay to 60:40 Solution

of Acetone:Water (v/v) at a Graa:ent of 181.

Replication 2

Pore Vol.

Replication 1

Replication 3

Pore Vol.

Ave K

Ave K

Ave K
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Table A-3, Average Conductivity of Compacted Suil Containing Bentonitic Clay to 75:25
Solution of Ethanol:Warer (v/v) et a Gradient of 13l.

Replication 1 Replication 2 Replication 3
Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K

.1 3.85E-6 <.1 1.11E-6 .1 3.49E-6
.2 7.63E-6 o1 1.50E-5 .2 4.15E-6
.3 1.17E-5 .2 1.37E-5 .3 6.08E-6
4 1.14E-5 .3 1.29€E-5 -4 5.79E-6
.5 1.26E-5 .4 1.22E-5 .5 5.58E-6
.6 1.24E-5S .5 1.19€-5 .6 5.45E-6
.7 1.25E-5 .6 1.13E-5 .7 5.35E-6
.8 1.29E-5 .7 1.12E-5 .8 5.22E-6
.9 1.31E-5 .8 1.12E-5 .9 4.83E-6

1 1.20E-5 .9 1.13E-5 1 4.78E-6
1.1 1.33E-S 1 1.12E-5 i.l 4.49E-9
1.2 1.35E-5 1.1 1.13E-5 1.2 4 .44E-6
1.3 1.40E-5 1.2 1.09E-5 1.3 4,.39E-6
1.4 1.40E-5 1.4 4.0LE-6
1.5 1.39€e-5 1.9 3.66E-6

0]0)¢
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Average Conductivity of Compacted Soil Containing Bentonitic Cluy to a
50:50 Solution of Ethanol:Water (v/v) at a Gradient of 181.

Replication |

Replication 2

Replication 3

Pore Vol. Ave K Pore Vol. Ave K Pore Yol. Ave K

<.1 3.64E-6 <.1 9.49E-7 .1 8.03E-7
.l 9.01E-6 .1 3.27E-6 .1 1.46L-6
.2 8.19E-6 .2 3.61E-6 .2 1.28E-6
.3 8.26E-6 .3 3.46E-6 .3 1.23E-6
A 6.86E-6 A 2.95E-6 .4 1.28E-6
.5 6.02E-6 .5 3.20k-6 .5 1.12%-6
.6 5.13E-6 .6 2.63E-6 .6 7.46E-17
.7 4.82E-6 o7 2.93E-6 .7 9.19k-7
.8 4.33E-6 .8 2.89E-4 .8 5.33E-7
.9 4.21E-6 .9 2.72E-6 .9 9.35€-7
1 4.38E-6 1 2.59E-6 1 1.16E-6

1.1 4.33E-6 1.2 2.48E-1) 1.1 1.20E-6

1.2 4.27E-6 1.3 2.3 E-6

1.3 4.02E-6 1.4 2.16E-6

1.4 3.69E-0b 1.5 2.19€-6

1.6 3.27E-6



Tabl. A-5, Average Laboratnory Conductivity of Compacted Soil Containing Bentonitic Clay to
0.01 N CcasO, at a Gradieat of 18l.

4
Replication 1 Replication 2 Replication 3
Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K

. 8.76E-7 ol 1.57E-6 . 8.26E-6
.2 5.62E-7 .2 1.50E-6 .2 1.38E-5
.3 4.35E-7 .J 1.48E-6 ] 3.43E-6
4 3.62E-7 4 1.25E-6 .4 3.23E-6
.5 3.57E-7 .5 1.12E-6 .5 2.87E-6
1 2.10E-7 .6 9.22€-7 .6 2.67E-6
1.1 1.39€E-7 .7 8.483E-7 .1 2.62E-6
1.2 1.23E-7 .8 2.65E-6
1.4 8.36E-8 i 7.286-6
1.5 4.93E-8 1.2 2.53E-6
1.7 9.03e-8 1.3 2.66L-6
1.4 2.49E-6

1.5 2.51E-6

<01



Table A-6, Average Conductivity of Compacted Soil Containing Bentonitic Clay to 0.5 N
NaCl at a Gradieat of 181,
Replication 1 Replication 2 Replication 3
Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K

- 5.50E-6 .1 9.08E-7 <.: 6.03E-7
.2 2. RG6E-6 .8 3.80E~-6 .l 1.10E-6
.3 8.61E-6 .3 3.07E-6 -3 8.99E-7
.4 8.30E-6 4 2.81E-6 .6 9.06E-7
.5 8.32E-% .5 1.69E-6 .7 1.43E-¢€
.6 8.26E-6 .6 2.09E-6 .8 9.08E-7
.7 7.89E-6 .? 2.04E-6 2 5.G7E-7
.8 7.97E-6 .8 2.02E-6

.9 7.86E-6 1.2 1.72E-6

! 7.86E~6 1.5 .67E-6
1.1 7.92E-6 1.6 1.54E-6
1.2 7.74E-6 1.7 1.54E-6
1.3 7.74F~6
1.4 7.59E-6

0T



Table A-7, Average Conductivity of Compacted Soil Containing Bentonitic Clay to 1.0 N
NaCl at a Gradient of 181.

Replication | Replication 2 Replication 3
Pore Vol. Ave K Pore Vol. Ave K Pore Yol. Ave K

o 5.%E-6 .1 3.06E-5 .1 3.15E-6

.2 7.46E-6 .2 2.75E~5 .2 2.86E-6

.3 7.00E-6 ) 2.41E-5 -3 2.88E-6

.4 6.54E-6 .5 2.31E-5 .5 2.68E-6

.3 5.93E-6 .7 2.32E-5 .7 2.60E-6

.6 9.56E-6 .8 2,298-5 2.1 2.76E-6

.8 6.88E-6 .9 2.38E-5 2.2 1.5%0E-6
1.2 J.64LE-6 1 2.38E-5
1.7 4.10E-6 1.1 2.58E-5
1.3 2.64E-5
1.4 2.73E-5
1.6 2.75E-5
1.7 2.83E-5
P 1.9 2.87E-5
& 2 2.93E-5



APPENDIX B

AVERAGE CONDUCTIVIIY OF COMMERCIAL CLAY MIXTURES TO
ACETONE AND PETROLEUM PRODUCTS
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Average Conductivity of Compacted Soil Containing CCl to Acetone at a Graoient of 9l.

Table B-1,
Replication 1 Replication 2 Replication 3
Fluid Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K

< 'LLE-S <.l 3.85E-4 <.l 3.31E-5
.1 8.3WE -7 .1 8.41E-5S .1 3.67E-5
.2 1.47E-5% .2 9.37E-5 .2 4.02E-5
3 2.24E-5 .3 1.03E-4 .3 3.87E-5
A 1.71E-5 .4 1.03E-4 .4 3.72E-5
.5 6.15E-5 .5 1.00E-4 .5 3.58E-5
.6 2.87E-S .6 ].03E-4 .6 J.43E-5
o1 2.78E-5 .7 9.87E-5 .7 3. J9E-S5
.8 2.59E-5 .8 2.11E-4 .8 3.19E-5
.9 2.66E-S .9 1.04E-4 .9 3.23E-5
1 2.59E-5 1 1.09E-4 1 3.13E-5

1.1 2.62E-5 1.1 3.10E-5S

1.2 2.51E-5

1.3 2.28E-5

91



Table B-2, Average Conductivity of Compacted Soil Containing CC2 to A.etone at g Gradient of 91.

Replication | Replication 2 feplication 3
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fluid Pore Vaol. Ave K
< 2.35E-6 .7 3.31€E-7 <.l 1.75E-7
. 3.5%E-6 .8 1.70E-7 l 6.39E-7
.2 3.4IE-6 .9 3.82E-7 2.1 4.09E-7
.3 3.25E-6 1.2 3.15E-7 2.5 2.25E-7
4 3.28E-6 1.5 2.51E-1 3.3 3.01L-7
.5 2.99E-6 1.8 1.69E-7 3.8 4.17E-1
.6 2.61E-6 2.2 8.04E-8 3.9 3J.09E-7
.7 2.21E-6 2.3 6.14E-8 4.1 2.85E-8
.8 2.05E-6 2.5 9.73E-8 4.2 1.57E-6
.9 2.15€-6 2.6 5.95E-7 5.4 1.57L-7
1 2.12E-6 3.1 3.71E-7 5.5 1.26E-6
3.3 1.50E-17 6.5 1.08BE-6
3.6 2.25E-7 6.8 8.45¢t~-7
4.4 1.86E-7 6.9 7.91L-27
4.6 1.53E-? 8.9 1.43L-6

L01
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‘lable B-3, Average Conductivity of Compacted Soil Containing CC3 to Acetone at a Gradient of 91,

Replication | Replication 2 Replication 3

Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
Acetone <.l 7.25E-9 Acetone <.1 3.)4E-9
. 4.68E-9 -1 1.06E-9
.2 6.23E-9 .2 7.81E-9
.3 8.55E-9 .3 5.98E-9
4 8.81E-9 .5 1.46E-8
.5 1.02 -8 .2 2.06E-8
.6 1.54E-8 .8 1.09€ -8
1.4 9.30E-3 1.1 4.56E-8
1.5 8.17e-7 1.2 4.93E-8
1.8 1.08E-6 | - 5S..8E-8
2.1 1.35€-6 2.3 6.29E-8
2.4 5.51E-8
2.6 8.00E-8
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Table B-4, Average Conductivity of Compacted Soil Containing CCl to Xylene at a Gradient of 9l.

Replication | Replication 2 teplication 3
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K

<.1 1.79E-4 <.1 1.79E-4 <. 1 3.60E-6
.1 2.28E-4 .1 2.05E-4 .1 3.59E-6
.2 2.31E-4 .2 2.39E -4 .2 3.82E-6
.3 1.79E-4 .3 2.05E-4 .3 7.48E-6
4 1.99€E-4 .4 2.56E-4 b 1.09E-5
.5 2.48E-4 .5 2.16E-4 .5 1.23E-5
.6 2.13E-4 .6 2.73E-4 .6 9.58E-6
.7 2.45E-4 o7 2.65E-4 .8 1.02€-5
.8 2.48E-4 .8 2.48E-4 .9 1.23€E-Y
.9 2.73E-4 .9 2.50E-4 1 9.63E-6
1 2.45E-4 ] 2.56E -4 1.1 1.14E-5

1.1 2.65E-4 1.1 2.90E-4

1.2 2.82E-4 1.2 J.07E-4

1.3 Z.13E-4
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Average Conductivity ot Compacted Soil Containing CC2 to Xylene at a Gradient of Yl.

Table .5,
Replication | Replication 2 Replication 3
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
0.40 .001095 <.1 1.14E-5 0.50 /
1.00 .001588 .1 9.01E-6 1.00 6
1.90 .002)9n .2 7.99E-6 1.50 7
3.00 .002601 .3 8.10E-6 2.00 6
3.20 5.48E-4 .4 7.15E-6 2.50 7
3.80 .001314 .5 6.73E-6 3.00 7
4.50 .001780 .6 6.16E-6
5.5 .002409 .7 5.86E-6
6.2 5.93E-4 .8 6.01E-6
6.9 5.93E-4 .9 5.93E-6
7.7 6.02E-4 1 5.93E-6

.12E-4
. 98E-4
.26E-4
.B4E-4
. 26E-4
. 26E-4
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Table B-6. Average Conductivity of Compacted Soirl Containing CC3 to Xylene at a Gradient of 9I.

Replication | Replication 2 Replication J

Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
Xylene <.l 3.60E-S Xylene .l 1.14E-4
.2 6.845-5 -2 1.38E-4
.3 6. 39E-5 .3 1.34E-4
4 6.16E-5 -4 1.37E-¢
.5 7.30E-5 ) 1.38E-4
.6 5.93E-5 .6 1.14E-¢4
.7 7.7iE-5 -7 1.30E-4
.8 7.28E-5 .8 1.38E-4
.9 6.17E-5 .9 1.%E-4

0.01 N CaSoOy

.1 2.13€E-9
. 1.33E-8
.2 1.45E-8
73 8.55E-9



Table B-7.

Average Conductivity of Compacted Soil Containing CCl to Gasoline at a Gradient of 9l.

Replication |

Replication 2

Replication 3

Fluid Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K

.1 2.66E-4 <.1 6. 9%E-S <.l 1.37E-4
1 3.39E-4 .1 1.29€E-4 -l 1.55E-4
2 3.11E-4 .2 1.21E~4 2 1.42E-4
.3 2.96E-4 .3 1.27€-4 .3 1.08E-4
.4 3.16E-a A }.28E-4 4 9.58E-5
.5 3.16E-4 .5 1.26E-4 .5 9.49E-5
.6 3.05E-4 .6 1.27E-4 -6 9.35E-5
.7 2. 14E-4 .1 1.22E-4 7 9.07E-5
.8 3.10E-4 -8 9.49E-5
.9 2.83E-4 -9 9.13E-5
1 4.54E-4

[49
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Table B-8. Average Conductivity of Compacted Soil Containing CC2 to Gasulinz at a Gradient of 91.

Replication 1| Replication 2 Replication 3
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K — Fluid Pore Vol. Ave K

<.1 1.25E-4 <.1 4.38E-6 <.1 4,68E-4

. 1.48E-4 i | 4.93E-6 | 4.31E-4

.3 1.48E-4 2 5.25E-6 .2 1.53E-4

A 1.48E-4 .3 5.11E-6 .3 1.47E~4

.5 1.57E-4 4 5.29E-6 oh 1.48E-4

.6 1.%E-4 .5 5.38E-6 .5 1.51€-4

.7 1.57E-4 .6 5.%E-6 .6 1.50E-4

.8 1.%E-4 o7 5.38E-6 o1 1.47€-4

.9 1.%E-4 .8 5.3%E-6 .8 1.49E-4

1 9.13E-5 .9 5.43E-6 .9 1.52E-4

1.1 9.13E-5 1 5.48E-6 1 1.51E-4

1.1 5.29E-6 1.1 1.44E-4

1.2 5.36E-6 1.2 1.40E-4

1.3 5S.43E-6 1.3 1.49E-4

1.4 5.43E-6 1.4 1.44E-4

1.5 5.66E-6 1.5 1. 39E-4

1.6 4.97E-6 1.6 1.42E-4
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Table B-9. Average Conductivity of Compacted Soil Containing CC3 to Gasoline st a Gradient ot 9l.

Replication | Replication 2 Replication 3
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K

<.1 2.17E-6 <.1 i.46E-6 <.l 1.2]E-4

.1 3.65E-5 .1 2.19E-6 .2 7.04E-5

.2 3.38E-5 .2 2.04E-6 .3 1.43E-4

.3 3.53E-5 .3 2.00E-6 A4 1.21E-4

.4 2.93E-5 .6 1.62E-6 .5 1.36E-4

.5 2.91E-5 .7 1.39E-6 .6 1.39E-4

.6 2.5/E-5S .8 1.81E-6 .7 ).21E-4

.7 2.20E-5 .9 1.10E-6 .8 1.43E-4

.8 2.51E-5 1.9 1.14E-6 .9 1.27E-4

.9 2.46E-5 1 1.36E-4

1.1 1.24E-4

1.2 1.36E-4

1.3 1.33E-4



Table B-10.

Average Conductivity of Compacted Soil Containing CCl to Kerosine at a Gradient of 9l.

Replication |

Replication 2

Replication 3

Fluid Pore Vol. Ave K Pore Vol. Ave K Fluid Pore Vol. Ave K
<.1 1.25E-4 <.1 1.62E-4 .1 1.20E-4
.1l 1.41E-4 .1 1.63E-4 . 1.15E~4
.2 1.52E-4 .2 1.67E-4 .2 1.18E-4
.3 1.56E-4 .3 1.68E-4 .3 1.16E~4
A 1.55€-4 A 1.61E-4 .4 1.16E-4
.5 1.60E-4 .5 1.67E-4 .5 1.15E-4
.6 1.68E-4 .6 1.69E-4 .6 1.15E-4
.7 1.69E-4 o7 1.66E-4 .7 1.11E-4
.8 1.68E-4 .8 1.77E-4 .8 1.16E~4
.9 1.77E~4 .9 1.71E-4 .9 1.16E-4
1 1.80E-4 1 1.71E-4 1 1.15E-4
1.1 1.67E-4

114 ¢
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Table B~11l. Average Conductivity of Compacted Soil Containing CC2 to Kerosine at a Gradient of 91.

Replication | Replicatiou 2 _ Replication 3
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
<.1 9.95€-5 <.1 3.80E-5 <.1 2. 45E-5
.1 1.23E-4 .1 9.61E-5 0 2.95E-5
.2 1.27E-4 .2 9.98E-5 .2 3.4L5E-5
.3 1.21E-4 .3 1.00E~-4 .3 3.47E-5
4 1.31E-4 4 1.11E-4 .4 3.5%E-5
.5 1.30E-4 ] 1.05E-4 .5 3.63E-S
.6 1.32E-4 .6 9.92E-5 .6 3.82E-5
.7 1.31E-4 .7 1.02E-4 .7 J.7]1E-5
.8 1.30E-4 .8 1.01E-4 .8 3.83E-5
.9 1.29E-4 .9 1.03E-4 .9 3.92E-5
1 1.31E-4 1 1.05E-4 1 3.88E-5
1.1 1.05E-4 1.1 3.92E-5
1.2 1.03E-4 1.2 3.89E-5
1.3 1.G3E-4
1.4 1.04E-4
1.5 1.02E~4
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Table B-~12, Average Conductivity of Compacted Soil Containing CC3 to Kerosine at a Giadient of 9l.

_ Replication 1 Replication 2 _ Replication 3

Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
<.1 1.14E-S <1 3.91E-7
.1 4.S6E-S .1 5.02E-5 i 4.91E-7
.2 5.93E-5 .2 5.86E-5 .2 5.13E-/
.3 7.76E-5 .3 7.76E-5 .3 5.36E-7
A 9.58E-5 4 §.62E~S -4 3.70E-7
.6 5.48E-5 .5 7.30E-5 7 4.42E-7
. 1.51E-4 .6 7.30E-5 .8 2.47E-7
.8 5.93E-5 .7 7.07E-5S .9 3. 79E-17
.9 7.53E-5 .8 9.13E-5 1 4.11E-6
1 9.13E-5 .9 5.93E-5 1.2 8.47E-6
1.1 7.76E-5 i 7.53E-5 1.4 3.56E-6
1.2 7.76E-5 1.1 7.76E-5 1.5 <.70E-6
1.3 7.99E-5 1.2 6.84E-5 1.6 1.83E-5
1.4 9.13E-5 1.3 7.07E-5 1.7 1.71E-5
1.5 7 17E-5 1.4 7.76E-5 1.8 1.92E-5
1.6 9.58E-5 1.5 6.84E-5 1.9 1.69E-5
1.7 8.44E-5 1.6 8.21E-5 2 1.02E-5
1.8 6.84E-5 1.7 7.30E-5 2.1 1.5%E-5
1.9 4.21E-5 1.8 8.67E-5 2.¢ 1.48E-5
2 7.76E-5 1.0 7.30E-5 2.3 1.56E-5
2.1 1.00E-4 2 7.30E-5 2.4 1.37E-5
2.2 1.14E-4 2.1 1.14E-4 2.5 1.39E-5
2.3 5.70E-5 2.2 9.13E-5 2.6 1.37E-5
2.7 1.38E-5
2.8 1.33E-5
2.9 1.41E-5
3 1.23€-5
3.1 1.28€-5
3.2 1.30E-5



Table B~13. Average Conductivity of Compacted Soil Containing CCl to Diesel Fuei at a Gradieant of 91.

Replication | Replication 2 Replication 3
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fluid Pore Vol. &Ave K
<\ 8.52E-5 <.1 J.26E-5 <.1 2.28E-5
.l 8.9%E-5 o 3.26E-5 .1 3.17E-5
.2 9.08E-5 -2 3.18E-5 .2 3.08E-5
.3 9.00E-5 -3 3.26E-5 .3 3.16E-5
4 9.55E-5 .4 3.79E-5 .4 2.86E-5
.5 9.72E-5 .5 4.03E-5 .5 3.07E-5
.6 9.67E-5 .6 4.18E-5 .6 3.11E-S
.7 9.98E-5 .1 4.23E-5 .7 3.18E-5
.8 9.73E-5 .8 4.36E-5 .8 2.99E-5
.9 1.00E-4 .9 4. 38E-5 .9 3.03E-5
1 4 .46E-5 1 3.03e-5
1.1 4.50C-5
1.2 4 .59E-5
1.3 4.56E-5

811
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Table B-14. Average Conductivity of

Compacted Soil Cor‘aining CC2 to Diesel kuel at a Gradient of 9.

Replicatior. |

Fluid Pore Vol.

7

—

_— O ENOOWVME LN - -

Replication 2

Ave K Fluid Pore Vol. Ave K
1.78E-5 <. 1.08E-S
2.28E-5 .1 1.30E-5
2.28E-5 .2 1.64E-5
2.36E-5 .3 1.62E-5
2.37E-5 .4 1.69E-5
2.43E-5 .5 1.78E-5
2.37E-5 .6 1.79E-5
2.43E-5 .7 1.78E-5
2.42E-5 .8 1.7/8E-5
2.49E-5
2.43E-5 .9 1.78E-5
2.51E-5 1 1.72E-5

_ _Replication 3

<.

—_ g O ~NOWNE wWwN -

Piere V-l:—

l

“Ave K

3.09E-5
4.75E-5
4.72E-5
4.75€-5
4.90k-5
4.56k-5
4.84E-5
4.78E-5
4.84k-5
4.72k-5
4.9VE-5
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Table B-15, Average Conductivity of Compacted Soil Containing CC3 to Diesel Fuel at a Gradient of 9i.

Replication 1 Replication 2 Replication 3
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K

| 2.67E-7 .7 4 ,.09E-7 <.1 1.24E-7

1.2 4.78E-1 .8 4 .68E-7 .4 5.67E-7

1.3 4.17E-7 .9 3.721E-7 .6 6.23E-7

1.7 2.70E-7 1 3.06E-7 1.3 5.97E-7

1.8 2.13E-7 1.4 2.25E-7 2.3 5.90E-6

2 1.59E-7 1.6 1.74E-7 2.5 5.73E-7

2.3 1.32€-7 1.9 1.326-7 2.7 S.4LIE-7

3.6 5.21E-7

3.9 4 .86E-7
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Table B-16.

Average Conductivity of Compacted Soil Containing CCl to Motor Qil at a Cradient of 9I.

Replication |

Replicition 2

Replication 3

Fluid Pore Vol. Ave K Fluid Pore Vul. Ave K Fluid Pore Vol.

<.1 3.23E-6 <.1 3.04E-6 <.1
.1 4.15E-6 .1 4.35E-6 |
.2 5.07E-6 .2 5.07E-6 .2
.3 5.89E-6 .3 4.%E-6 .3
.4 4,73E-6 4 4.99E-6 A
.9 4.9%E-6 .9 S.13E-6 .5
.6 5.42E-6 .6 5.32E-6 .6
.7 5.70E-6 .7 5.32E-6 .7
.8 5.96E-6 .8 5.32E-6 .8
.9 5.96E-6 .9 5.32E-6 .9
1 5.13E-6 1 5.70E-6 1
1.1 5.70E-6 1.1 5.32E-6 1.1
1.2 5.95E-6 1.2 5.32E-6 1.2
1.3 5.70E-6 1.3 6.11E-6 1.3
1.4 7.06E-6 1.4 5.70E-6 1.4
1.5 6.08E-6 1.5 5.70E-6 1.5
1.6 6.11E-6 1.6 4.68E-6 1.6
1.7 5.70E-6 1.7 6.3E-6 1.7
1.8 6.61E-6 1.8 5.32E-6 1.8
1.9 6.3E-6 1.9
2 6.65E-6 2
2.1 5.70E-6 1
2

3

4

NN N
« . . .

6.65E-6
5.70E-6
6.59C-6
5.96E-6
6.65E- 0
5.97F-6
6.34E-6
6.65E-6
6.97E-6
7.61E-6
6.5lE-6
7.02L-6
6.65E-6
l.14E-5
7.31E-6
7.61E-6
7.6l1E-6
9.13E-6



Table B-17. Average Conductivity of Compactad Soil Containing CC2 to Mo.or Oil at a Gradient of 91.

[4A

Replicavion | Replication 2 L Replication 3
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K

<. 1 1.08E-6 <. 3.02E-7 <1 4.18E-7
.l 1.76E-6 .1 6.69E-7 .1 8.61F-7
.2 1.96E-6 .2 7.07E-7 .2 1.6EE-6
.3 2.02E-6 .3 8.16E-7 .3 1.96E-6
A 2.30E-6 4 8.65E-7 -4 1.19E-6
.5 2.72E-6 .5 1.11E-6 .35 1.30E-6
.6 2.85E-6 .6 1.20E-6 .6 1.38E-6
.7 2.87E-6 .17 1.17E-6 .7 1.37E-6
.8 2.5%E-6 .8 1.23E-6 .8 1.41E-6
.9 3.06E-6 .9 9.51E-7 .9 1.96E-6
| 2.99E-6 1 1.56E-6 1 1.77E-6
1.1 3.12E-6 1.1 1.64E-b 1.1 1.73E-6
1.2 3.26E-6 1.2 9.30E-7 1.2 1.JLE-6
1.3 3.26E-6 1.3 1.56E~6 1.3 1.80E-6
1.4 3.62E-6 i.4 1.56E-6 1.4 1.98t-6
1.5 3.80E-6 1.5 1.86E-6 1.5 1.58E-6
1.6 3.53E-6 1.6 2.17E-6 1.6 2.23E-6
1.7 3.80E-6 1.2 1.71E-6 1?2 2.21k-6
1.8 2.83E-6 1.8 1.63E-6 1.8 1.92E-6
1.9 4 .06E-6 1.9 1.73E-6 5.9 2.14E-6
2 3.LLE-6 2 1.43E-6 2 2. 14E-6
2.1 5.32E-6 2.1 2.2L,E-6
2.2 2.54E-6

2.3 2.L5E-6



£zl

Table B-18.

Average Conductivity of Compacted Soil Containing CC) to Motor Oil at a Gradient of 9].

Replication |

Replication 2

Replication J

Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K Fiuid Pore Voul. Ave K

.4 3.5%E-7 .5 2.08E-7 <l 1.38E-8
.5 4.13E-? 2 S.)E-? ] 8.9%E-8
o 5.36E-7 2.1 8 07E-7 .6 6.48E-8
1 6.27E-7 2.5 1.14E-6 .8 1.49E-7
2 1.28E-6 2.7 1.16E-6 1 1.38E-7

2.1 7.65E-7 3.2 1.7JE-6 1.5 2.15€E-17

2.2 1.01E-6

2.4 9.65E-7

2.5 1.21E-6
3 1.02E-6

5.6 1.56E-6



APPENDIX C

AVERAGE CONDUCTIVITY DATA FROM LABORATORY PERMEAMETERS
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Table C-1. Average Conductivity of Compacted Soil Containing
Bentonitic Clay to 0.01 N Casok at a Gradient of 181.

Replication | Replication 2

Fluid Pore Vol. Ave K  Fluid Pore Vol. Ave K
0.01 N Cas's. <.1 2.56E-9

.1 4.53E-9

2 4.27€E-9

.3 7.31E-9

.4 4.43E-9

.5 3.65E-9

.6 4.06E-9

.8 3.47E-9

9 2.435-9

1 2.49E-9
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Table C-2. Average Conductivity of Compacted Soil Containing
Micaceous Clay to 0.01 N CaSOa at a Gradient of 3l.

Replication | Replication 2

Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
0.01 N casy, <.l 1.30E-8
.1 1.62E-8
.2 1.60E-8
.3 1.55E-8
.4 1.51E-8
.5 1.35e-8
.6 1.24E-8
.7 1.07E-~8
.8 1.48E-8
.9 1.37e-8
1 1.63E-8
1.1 2.84E-8
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Table C-3. aAverage Conductivity of Compacted Soil Containing
Bentonitic Clay to 0.0l N CaSOa Followed by Acetone
at a Gradient of 91.

Replication 1 Replication 2
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
0.01 N casce .1 /., .17E-9 .01 N CaSOa <.1 1.03E-8
.1 5S.41E-9 .1 4.33E-9
.2 7.46E-9 .2 8.29E-9
.3 1.28E-8 .3 8.71E-9
.48 1.27e-8 .4 8.13E-9
.5 1.30E-8 .5 7.33E-9
.6 1.%E-8 .6 5.99E-9
.7 1.01E-8 .7 4.38E-9
.8 6.32E-9 .8 1.02E-9
.9 1.01E-8 9 5.9E-10
1 7.17E-9 1 5.2E-10
Acetone Acetone
<.1 7.02g~-9 <.l 6.6E-10
.1 6.16E-9 .1 5.16E-9
.2 3.41E-9 .2 3.72E-9
.3 2.69E-9 .3 3.79E-9
b 1.95E-9 .4 2.69E-9
.5 3.0l1E-9 .5 2.97E-9
.6 <.65E-$ .6 2.58E-9
.7 2.97E-9 .7 3.28E-9
.8 2.28E-9 .3 3.80E-9
.9 3.10E-9 .9 3.44E-9
1 3.06E-9 1 3.63E-9
1.1 4.00E-9 1.1 4, 30E-9
1.2 5.48E-9 1.2 5.04E-9
1.3 6.08E-9 1.3 1.36E-8
l.4 6.08E-9 1.5 4.00E-8
1.5 9.78E-9 1.6 2.40E-8
1.6 6.40E-9 1.7 2.17E-8
1.7 7.87E-9 1.8 2.44LE-8
1.8 1.06E-8 1.9 9.09E-9
1.9 1.74E-8
2.1 2.59E-8
2.3 2.45E-8
2.6 3.12e-8
3.2 4, %E-7
3.3 1.10E-6
3.4 1.08E-6
3.5 1.03E-6
3.6 1.15€-6
3.7 1.13E-6
5 6.86E-?



Table C-4., Average Conductivity of Ccnpacted Soil Containing
Bentonitic Clay to 0.01 N CaSOa Followed by Acetone at a
Gradient ot 181.

Replica-ion | Replication 2

Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K

0.01 N CaSzg<. 1 4.83E-9
1 2.10E-9
2 2.01E-9
3 4.38E-9
4 3.89E-9
5 5.26E-9
6 4.73E-9
7 3.07E-9
8 3.66E-9
9 5.16E-9
1 3.15€-9

4.87E-9
2 4.46E-9
3 4.02E-9
4 1.44901
5 1.88E-9
6 1.74E-9
7 1.91E-9

1

[ S

Acetone

N
.

W NVOWN'~*QVOWNOWVMEWN -~

2.39E-9
1.92E-9
2.51E-9
2.38E-9
2.46E-9
2.17E-9
2.41E-9
5.23E-9
5.15E-9
5.44E-9
8.17E-9
9.82E-9
1.25€E-8
1.64E-8
1.88E-8
2.06E-8

e s e P
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continued.

Table C=¢&

Replication |
Pore Vol.

Ave K

Fluid

a0 a0 00 GO 0
() ) B £ () 2] (22 G "I (2) @) )
NNNO NS ™.
RO WON 3NN

. « s e e . .
ct =t N~ NNJFPINNWNI

NI NISIINDY S
|-.2222

129



Table C-5. Average Conductivity of Compacted Soil Contalning
Bentonitic Clay to 0.0l N CaSO, Followed by Acetone
. . 4
at a Gradient of 272.

Replicacion 1l Replication 2
Fluad Pore Vol. Ave K Tluad Pore Vol. Ave K
0.01 N Caso, <.1 2.55E-9 0.0) N caso, <.l 1.82E-9
.1 2.42E-9 .1 1.11E-8
.2 1.9%E-9 .2 1.03E-8
.3 1.66E-9 .3 1.02E-8
N 1.33E-9 b 1.09E-8
.5 1.30E-9 .5 7.63E-9
.6 1.0€6E-9 .6 6.445-9
.7 9.8E-10 .7 3.66E-9
.8 1.51E-9 .8 3.2E-9
.9 2.04E-9 .9 2.77E-9
1 3.21E-9 1 2.54E-9
1.1 3.32E-9 Acetone
Acetone <.1 3.295'9
<.1 2.42E-9 .1 1.64E-9
.1 2.53E-9 .2 7.5e-10
.2 2.02e-9 .3 3.1E-10
.3 1.46E-9 4 2,.8E-10
4 1.3,L-9 .5 6.2E-10
.5 1.65E-9 .6 8.9E-10
.6 1.%E-9 .7 1.85E~9
.7 2.06E-9 .8 3.08E-9
.8 3.12E-9 1.6 1.33E-8
.9 & .25E-9 2 3.43E-8
! 3.61E-9
12 3.74E-9
1.4 8.72E-9
1.5 1.14E-8
1.7 8.98E-9
1.8 6.95E-9
1.9 1.17E-8
2 1.18E-8
2.1 1.04E-8
2.2 1.47E-9
2.4 3.09E-8
2.8 7.91E-8
3.7 1.60E-7
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Table C-6, Average Conductivity of Compacted Soil Containing
Kaolinitic Clay to 0.0l N CaSO, Followed by Acetone
at a Gradient of 3l. *

Replication | Replication 2

Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
0.01 N Ca3¢,<.1 7.10e-9  0.0! N caso, <.l 8.14E-9
.l 1.03E-8 . 9.53E-9
.2 1.0iE-8 .2 7.79F-9
.3 6.71E-9 -3 9.05E-9
A 1.01E-8 .4 1.025-8
.5 9.65E-9 .5 1.13E-8
.6 1.05E-8 .6 1.17g-8
.7 1.26E~8 .7 1.27€-8
.8 1.53E-8 .8 1.24E-8
.9 1.43E-8 .9 1.22g-8

.1 1.71E-8 Acetone

Acetone <.1 1.21E-8
<.1 1.90E-8 .1 1.12E-8
.1 1.05E-8 .2 9.31E-9
.2 7.3%E-9 .3 6.51E-9
.3 5.78E-9 4 1.09E-8
A 8.63E-9 .5 2.27E-8
.5 6.97E-9 .6 9.22E-9
.6 7.07E-9 .7 1.81E-8
.7 9.42E-9 .8 4.99E-8
.8 1.20E-8 .9 5.67E-8
.9 1.07e-8 1 6.l4E-8
1 1.32E-8 1.1 6.N1E-8
1.1 1. %E-8 1.3 7.52E-8
1.2 1.56E-8 1.4 1.06E-7
1.3 2.09E-8 1.5 1.05€E-7
1.4 1.90E-8 1.6 8.37E-9
1.5 5.23E-8 1.8 9.3%E-8
1.6 5.62E-8 1.9 1.37E-7
1.7 4.19E-8 2.1 1.33E-7
1.8 1.03E-7 2.2 1.38e-7
1.9 S.1SE-8 2.3 1.14E-7
2 4.72E-8 2.5 1.72E-7
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Table C-6 continued.

Replication 1 _ ReplicaZ:cn 2
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K

2.1 9.99E-9 2.8 2.19E-6

2.2 3.84E-8 3 2.88E-6

2.3 5.49E-8 3.6 2.06E-6

2.4 7.%E-8 0.01 N Caso,.

3.5 3.02E-7 .2 1.05E-6

3.5 1.10E-4 -3 1.57E-7

3.7 1.07E-4 -4 3.91E-8

3.8 1.05E-4 -3 2.08E-8

3.9 9.37E-5 -6 1.42E-8
4 9.13E-5 -7 2.27e-8

4.1 9.20E-5

4.2 8.70E-5

4.3 8.36E-5

4.4 8.30E-5

4.5 8.36E-5

4.6 8.03E-5
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Table C-7.

Average Conductivity of Compacted Soll Containing

Kaolinitic Clay to 0.01 N CaSOb Followed by Acetone
at a Gradient of 91.

Raplication |

Replication

2

Fluad Pore Vol. Ave K Fluid Pore Vol. fve K
0.31 N CaSy, 0.0 N casc, <.l 3.31E-9
.1 1.33e-8 .1 1.612-8
.2 1.66E-8 .2 2.05E-8
.3 1.54E-8 .3 6.32E-8
.4 1.54E-8 .6 4.79€-8
] 1.59E-8 .9 1.24E~7
.6 1.06E-8 1.5 1.05%-~7
.7 9.z20E-9 1.5 1.67E-8
.8 9.60E-9 1.7 3.62E-9
.9 8.41E-9 1.8 5.60E-9
Acetone 1.9 6.36E-9
<.1 6.97E-9 2 6.11E-9

.1 7.44E-9 Acetone

.2 6.78E-9 <.l 6.27E-9
.3 3.78E-9 .1 5.60E-9
b 3.55E-9 .2 3.58E-9
.5 2.90E-9 .3 2.81E-9
.6 3.57E-9 A 1.99€e-9
.7 5.80E-9 .5 1.12g-8
.8 1.02E-8 .6 4.23E-8
2.3 6.12F ° .7 8.4E-8
2.5 1.03E-6 .9 1.06E-7
1.3 1.88E-7
1.4 1.95E-7
1.8 2.73E-7
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Table C-8. Average Conductivity of Compacted Sorl Cortaining
Kaolinmitic Clay to 0.0l N CaSO, Followed oy Acetone

at a Gradient of 181. 4
Replication | Replication 2

Fluid Pore Vol. Ave X Fluid Pore Vol. Ave K
0.01 N {as )y, <.1 7.82E-9 (.01 N CaSU‘. <.1 6.76E-9
.1 9.9%E-9 .1 5.14E-9
.6 3.6>E-8 .2 4, 65E-9
.9 5.86E-8 .3 4 . 4LBE-9
1 8.82E-9 .4 4, 38E-9
1.1 4.22E-9 .5 4.13E-9
1.2 4.35E-9 .6 3.83E-9

1.3 4.39E-9 ‘fcetone

1.4 4 ,.88E-9 <.1 3.70E-9
1.5 4,74E-9 .l 5.35E-9
Acetone .2 4. 8E-9
<.l 3.28E-9 .3 5.86E-9
.1 ¢ .70E-9 .4 2.51E-9
.2 4,13E-9 .5 2.88E-9
.3 3.12E-9 .6 2.80E-9
. 3.65E-9 .7 1.37e-7
.5 3.12E-9 .8 1.57E-7
.6 3.28E-9 1.2 1.29€-/
.7 1.67E-8 1.3 9.21E-8
1.1 5.22e-8 1.4 2.06E-7
1.7 1.25&~7 1.8 1.29€E-7
1.8 8.72E-8 2 6.93E-8
2.2 1.11E-# 2.4 5.09e-7
2.5 1.12E-6 2.8 3.52€-7
2.8 1.13E-6 3.8 3.0lE-7
4.1 3.56E-7
5 6.3%E-7
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Table C-9,

Average Conductivity of Compacted Soil Containiag

Micaceous Clay to 0.0l N CaS0O
at a Gradient of 3i.

4

Followed by Acetone

Replicatrion |

Replication 2

Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
0.01 4 Carur<.1 1.30E-8 .01 N caso, <.l 4.92E-7
.1 1.78€£-8 .1 7.04E~-9
S L2 1.96E-8 .2 6.51E-9
.3 1.79E-8 .3 6.91E-9
A i.78€-8 A 8.69E-9
.5 1.73e-8 .5 8.13E-9
.6 1.79€-8 .6 9.03E-9
.7 1.31E-8 .7 9.51E-9
.8 1.67E-8 .8 1.056-8
.9 1.77E-8 .9 1.04E-3

o1 1.51£-8 Acetone

1.1 2.28E-8 <.1 5.8YE-9
1.2 2.88E-8 ol 6.76E-9
Acetone .2 4,57E-9
<.l 1.262-4 «3 2.14E-9
.1 1.50E-8 4 7.12E-9
.2 2.128-3 .5 1.04%-8
.3 1.07E-8 .6 1.23E-8
b 4.96E-9 .7 9.87E-9
.5 1.32E-8 .8 2.53E-9
.6 1.13E-8 .9 l1.17E-8
.7 9.46E-9 1 9.07E-9
.8 7.18E-9 i.1 2.91E-8
.9 6.29E-9 1.2 2.4L7E-8
1 8.10E-9 l.4 2.21E-8
1.1 9.93E-9 1.7 2.68E-8
1.2 1.11E-8 1.8 1.87g-8
1.3 1.24E-8 1.9 2.31E-8
1.4 2.01E-8 2 1.63E-8
1.5 7.25E-8 2.2 2.06E-8
2.2 9.2%E-7 gz 2'?;5'3
- . +75E~-
2.3 [.06E-6 2.5 2. 99E-8
2.6 2.74E-8
2.7 2.86E-8



Table C-9

sontinued.

Repitcarion |

Replication 2

Fluid

Pore Vol.

Ave K

Fluid

Pore Vol. Ave K
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Table C-10., Average Conductivity of Compacted Soil Containing
Micaceous Clay to 0.0! X Caso, Followed by Acetone
at a Gradient of 9!.

Replicaztion | Replication 2
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
0.01 & Cusig €. 1, 1.096-8  7.01 N CaSZy
.1 1.04E-8 Y 1.29€-8
.2 1.03E-38 .2 1.25€E-8
.3 1.20E-8 Acetone
b 1.27g-8 <.l 1.05E-8
.5 1.26E~8 .1 1.22€-8
.6 1.21E-8 .2 9.93E-9
.7 1.06E-8 .3 1.10€-8
.8 1.22€-8 .4 7.25E-9
.9 1.07e-8 .5 6.59E-9
Acetone -6 6.90E-9
.0l 8.96E-9 .7 5.79€-9
.1 1.03g-8 .8 6.79E-9
.2 8.77g-9 .9 7.91e-9
.3 1.06E-8 1 1.73E-8
N 6.68E-9 1.1 3.89¢-8
.9 5.86E-9 1.2 4.728-8
.6 4.89g-9 1.3 6.20E-8
.7, 5.03E-9 2.7 1.98g-7
.8 4.67E-9
.9 7.32e-9
i 1.13E-8
1.3 1.70g-7
1.6 2.99E-7
1.5 3.682-7
.9 L. 2%E-?
2 3. 96L-7
2.2 4.82E-7
2.6 6.23E-7
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Table C-11, Average Concuctivity of Compacted Soil Containing
Micaceous Clay to 0.0l N CaSOh Folloved by Acetone
at a Gradient of 18l.

Replication | Replication 2
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
0.01 N casn, <.} 3.72E-9 0.01 N CaSQ, <.1 7.92E-~9
o 7.32E-9 .1 8.22€-9
.2 8.70E~9 .3 3.3%E-9
.3 7.59E-9 .4 9.6lE-9
.4 8.62E-9 .5 9.9%E-9
.5 8.75E-9 .0 9,96E-9
.6 9. 30E~9 .2 1.06E-8
.7 1.04E-8 .8 1.08E-8
.8 1.08E-2 .9 1.12€-8
1 1.06E~-8 1 2.11E-8
Acetone Acetone
<.1 9.08E-~-9 <.l 9.87E-9
.1 8.84LE-9 .l 9.G3E-9
.3 7.08E~9 .3 8.2E-9
4 7.32E-9 A 7.57E-9
.5 6.22E~9 .5 6.33E-9
.6 5.28E~9 .6 5.19E-9
.7 4.82E-9 .7 4 ,82E-9
.8 3.70E~9 .8 5.19e-9
.9 5.75E~9 .9 4 .89E-9
1 4.28E-9 1 5.49E-9
1.1 5.20E-9 1.1 6.15E-9
1.2 5.69E~-9 1.2 6.65E-9
1.3 5.99E-9 1.3 8.01E-9
1.4 7.47E-% 1.4 8.41E-9
1.5 7.47E-9 1.5 9.13E-9
1.6 9.19€E-9 1.6 1.23E-8
1.7 1.02e-8 1.8 1.22e-8
1.8 7.19E-9 1.9 1.41E-8
1.9 1.11E-8 2 1.48E-8
2 1.25E-8 2.1 1.49E-8
2.1 1.23e-8 2.3 1.14E-8
2.1] 1.06E-8 2.4 1.49E-8
2.4 1.26E-8 2.9 l.74E-8
2.5 1.38E-8 2.6 1,74€-8
2.7 1.33E-8
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Table C-12, Average Conductivity of Compacted Soil Containing
Bentoaitic Clay to Acetone at a Gradient of 9l.

Replication 1 Replication 2
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
<.1 6.7E-10
.1 1.20€E-9
.4 5.51E-9
.8 7.43E-8
1.6 1.13E-7
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Table C-13.

Average Conductiviry of Compacted Soil Containing

Bentonitic Clay to Acetone at a Gradient of 181.

Replication |

Replication 2

Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
<.! 5.5E-10
.1 6.1E-11
.8 8.7E-9
1.3 1.16E-7
1.9 1,14E-7
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Table C-14, Average Concuctivity of Compacted Soil Containing
Bentonitic (lay to Acetone at a Gradient of 272.

Replication ! Replication 2

Fluid Pore Vol. Ave K Fluid Pore vol. Ave K
Acetone <.1 5.77E-9  {cetone <.1 2.72E-8
i 9.84E-9 -2 4.09:=-8
.2 1.87E-8 .3 5.20E-8
.9 9.14E-8 -7 5.58E-8
1.3 1.41E-7 1.1 5.97E-8
1.4 1.67E-7 i-? 5.38E-8
- .3 7.44E-8
2.4 1.93e-7 18 1ehEnS
109 2-05E—7
2 2.28E-7
2.2 2.63E-7
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Table C-15. Average Conductivity of Compacted Soi1l Containing
Kaolinitic Clay to Acetone at a Gradient of 3l.

Replicaction 1 Replication 2 .
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
Acetone <.1 4.30F-9

.1 1.112-8
.3 9.57E-8
.4 4.59E-8
.5 1.18E-7
.6 9.78E-8
.8 8.76E-8
.9 5.42E-8
1 7.99E-8
1.1 6.38E-8
1.2 7.08E-8
1.3 7.36E-8
1.4 4.51E-8
1.5 2.13E-9
1.6 1.49E-6
1.7 1.18E-6
1.8 1.13E-6
2.3 1.26E-6
2.6 2.7E-6
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Table C-16. Average Conductivity of Compacted Soirl Containing
Kaolinitic Clay to Acetone at a Gradient of 91.
Replication ! Replication 2

Flu:d Pore Vol. Ave K Fluid Pore Vol. Ave K
Acetone <.1 4.51E-9 Acetone <.1 1.35E-7
.1 1.222-9 .6 1.10E-7
.2 1.84E-9 .6 1.10E-7
.3 2.65E-9 .7 7.31E-8
.4 3.96E-9 .8 5.84E-8
.5 5.37E-9 .9 5.13E-8
.6 6.72E-9 1 3.15E-9
.7 8.48E-9
.8 1.01E-8
.9 1.07E-8
1 1.%E-8
1.1 7.77E-9
1.2 1.54E-8
1.3 1.97£-8
1.4 2.04E-8
1.6 2.55E-8
1.7 5.43E-9
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Table C-17. Average Conductivity of Compacted Soil Containing
Kaolinitic Clay to Acetone at a Gradient of 181l.

Replication I . Replication 2
Fluid Pore Vol. Ave K Fl»d Pore Vol. Ave K
Acetone <.1 5.92E-7 Acetone <.1 4 .98E-6
.2 8.09E-7 .1 5.83E-6
.3 6.56E-7 .2 5.60E-6
.4 6.49E-7 .3 5.7LE-6
.5 6.08E-7 .4 5.39E-6
.6 4 .89E-7 .5 5.28E-6
1.9 3.2E-7 .6 5.32E-6
2 1.%E-6 o7 S.16E-6
2.1 2.20E-6 .8 5.07E-6
2.2 2.25E-6 .9 5.05E-6
2.3 2.17E-5 1 5.11E-6
2.4 2.20E-6 1.1 5.09E-6
2.5 2.18E-6 1.2 5.05E-6
2.6 1.96E-6 2.5 4.59E-6
2.7 2.9%E-6
2.9 2.43E-§
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Table C-18. Average Conductivity of Compacted Soil Containing
Micaceous Clay to Acetone at a Gradient of 3l.

Replication | Replication 2
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K

Acetonc <.1 7.82E-9 Acetone <.1 4.%E-9
1 6.66E-9 .1 4,52E-9
.2 1.01E-8 .2 7.31E~9
.3 1.53E-8 .3 8.30E-9
.4 2.92E-8 b 1.13E-8
.5 3.68E-8 .5 3.13E-8
.6 3.66E-8 .6 5.85E-8
.7 1.08g-8 ) 3.71E-8
.8 1.54E-8 1.1 1.36E-7
.9 2.35E-8 1.2 7.43E-9
1 4.42E-8 1.4 3.31E-7
1.1 2.58E-7 1.6 3.198-7
1.2 3.48E-7 1.7 8.20E-7
1.3 7.89E-7 1.8 8.03E-7

1.4 8.60E-7 0.01 N CaSO4
1.9 1.27g-6 .1 2.14E-7
2.3 1.69E-6 .2 6.60E-8
.3 2.51E-8
.4 1.76E-8
.5 2.02g-8
.6 1.47E-8
.7 1.68E-8
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Table C-19. Average Conductivity of Compacted Soil Containing
Micaceous Clay to Acetone at a Gradient of 9i.

Replication ! Replication 2

Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
Acetone <.1 7.25€E-9 Acetone <.1 3.14E-9
.1 4.68E-9 .1 7.06E-9
.2 6.23E-9 .2 7.81E-9
.3 8.56E-9 .3 5.98E-9
A 8.81E-9 .3 1.48E-8
.5 1.02E-8 .7 2.06E-8
.6 1.54E-8 .8 1.09E-8
1.4 9.30E-8 1.1 4.56E-8
1.5 8.17g-7 1.2 4.93E-8
1.8 1.08E-6 1.4 5.48E-8
2.1 1.35E-6 2.3 6.29E-8
2.4 5.51E-8
2.6 8.00C-8
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Table C-20,

Average Conductivity of Compacted Soil Concaining

Micaceous Clay :~ Acetcne at a Gradiaat of 18!,

Replication |

Replicaction

2

Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
Acetone .1 4.59E-8 ace-one .1 7.06E-9
.z 3.70E-8 .2 1.47E-8
.3 3.78E-8 .3 1.58E-8
.3 4.30E-8 .6 1.58E-8
.6 4.4 yE-8 .7 1.€0E-8
.8 5.04E-8 .9 2.02E-8
1.8 6.24E-8 1.4 1.58E-8
1.5 2.70E-8
1.9 7.09E-8
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Table (-21, Aversge Conductivity of Compacted Soil Contain'ng
Berconitic Clay to 0.0l N LaSOa Followea by Xylene
at a Gradient of 91.

Replicatian | __ ___ _Replication 2
Fluid Pore Vol. Ave K Fluid Pure Jol. Ave K
0.01N Caso, <1 1.21E-9  0.01¥ Cas0, -1 1.75€-9
.1 3.46E-9 .1 2.07E-9
.2 3.98E-9 .2 2.52E-9
.3 3.63E-9 .3 ‘L2F -y
. 2.93E-6 o4 3.,79€-9
.5 2.88t-9 .5 3.00E-9
.6 2.05E-9 .6 2.98E-9
.7 1.89E-9 .7 2.57E-9
.8 1.04E-9 .8 2.30E-9
.9 5.71E-9 .9 1.2]1E-9
1 5.26E-9 1 1.11E-9
Xylene 1.1 1,27€e-9
<.1 3-53E'9 xYlene
.1 2.34E-9 <.1 1.35€-9
.2 7.69E-9 1 9.6E-10
.3 3.71E-8 2 1.39E-9
b 3.64E-8 3 9.2E-10
.5 2.81E-8 4 9.5E-10
.7 3.85E-8
.8 4.75E-8
2 4.41E-7
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Table C-2.2. Average Conduct:vitv of Cumpacted 3,il Conrainiag
Be' tonitic Clay to 0.Ul N CaSO; Followed by X/lene
at a Gradiemt of 18!.

Replication | __ geplicarion 2
Fluid Pore Vol. A K Fluid Pore Vol.  Ave K
0.01 N a 0,<.1 2.51E-9 ".01 N Casvu, .1 3.09E-9
1 3.83F-9 .1 4.4%8E-9
.2 5.82E-9 .2 3.45E-9
.3 4 .83E-9 .3 3.71F-9
.4 5.10E-9 A 3.98E-9
.5 4.99e-9 .5 3.77£-9
.6 5.53F-9 .6 3.81E-9
.7 5.00E-9 .7 3..'E-9
.8 6.65E-9 .8 3.21E-9
.9 5.2,5-9 .9 4.05e-9
1 3.82E-9 Xylene
Xylene <.l ¢, 10E-9
<.l 5.72E-9 .1 6.40E-9
.1 3.95E-9 .2 5.78:2-9
.2 2.26E-9 .3 &.26E-9
.3 3.85E-9 A .45E-9
4 6.00E-9 .5 +.62E-9
.5 5.27E-9 .6 1.92E-9
.6 6.79E-9 .7 2.25E-9
.7 6.25E-9 .8 2.42E-9
.8 5.82E-9 .9 2.26E-9
.9 5.99E-9 1 1.61E-9
1 6.44E-9 1.1 1.35E-9
1.1 6.68E-9 1.2 2.16E-9
1.2 2.81E-8 1.3 1.47€-9
1.3 1.33e-8 1.4 1.22E-9
1.4 5.93£-9 1.5 1.66E-9
1.5 3.73e-8 l.o 1.80€E-9
<.6 3.25€-9
1.8 2.70E-8
1.9 2.40E-8
2 1.23E-8
2.1 7.85E-9
2.2 1.3]1E-8
2.4 1.78€e-8



Table (=22 continued.

Replication | Reolication 7 o

Fluid Pore WVol. Ave K Fluid Pore Vol. Ave K
2.5 1.29£-8
2.7 4.93E-8
2.8 9.37E-9
2.9 7.9GE-9
3 |.19€E-8
3.1 7.10E-9
3.2 7.91E-9
3.3 8.17¥-9
3.4 8.67E~9
3.5 3.2E-9
3.6 7.36E-9
3.7 7.02E-9
3.8 4.76E-9
3.9 2.3%E-9

A 9.972-9
4.1 3.27€-9
4.2 3.20E-9
.3 2.28E~-9
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Table (=21, Averdge Conducfivity of Compacted Soil Cottuining
' Bentonitie Clay to G U0 N CadU, Foliuwed by Xvlene
L]

al & Ctadieni o 272

Mﬁg;i;fgtzun i Repiacat

s i i v

Filusd Pore Voo, A::~k F{:TB Pote Vul.

A A R A A W . i 2

0.0 % faay 7.59E-9
.1 {.E-8
.2 1.09€-8
. 9Y.68E-9
b 1.09E-8
. h 1.07€-4
L [.10L-8
.9 Y.82E-9

] 9. 68E-9

Xs fone :

. 2.E~1
.3 I.29E€-8
o | . 4E-B
.5 1.28E-8
.6 1.22€-8
L7 1.228-%
.8 1.31E-8
.9 {.29¢-8
i 1.236-8

L le 7.9%¢E-8
1.% J.77E-8
2 1,28E-)
1.6 H.ehE~T

0.L] A deGQ

<. 3.NE-9
o3 3.02E-9
.2 7.322-9
.3 8,%¢L-9
e 8,1%€-9
.9 8,.828-9
. 5 §,176-9
.7 B.56E-9
.8 7.39E-9
.9 9.36E-9
.4 n,29-9
1.2 e, 8-V



Table C-24., Average Conductivity of Compacted Soil Containming
Kaolinitic Clay to 0.0! N CaSOA Followed by Xylene
at a Gradient of 3l.

Replication | Replicdation 2
Fluid Pore Vol. Ave K Fluid Porte Vol. Ave K

0.01 N wibig <,

.72E-8
.91E-8
.40%-8
.3/E-8
.32E-8
.i5E-8
L3E-9
.3LE-9
.13E-9

-76E-9 9 01 \ (abug <.
I15E-9
L8LE-9
.17E-9
.0BE-8
.89E-9
.%E-9
.28E-9
. 33E-9
. 35E-9 Xy lene
.25E-8 <.
.53E-9

V-2 BRI, SRV I R
W O 00 = == s s N )

L9E-9
.08E-9
.3JlE-2
.66E-6

—r O N> WVE WN = —
= O O OO — &~ ~WwW

—

Xy lene

N

L6E-9
.05€-8
.OLE-8
.13eE-8
.2LE-8
.09€£-8
.35e-8
9.28€E-9
1.18€-8
8.20E-9
9.78E-9
1.06E-8
8.66E-9
4.92€-9
2.01E-7
}.85E-7
L.4L3E-7
4.648E-7

—
N = e
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Table C-25, Average Corductivity of Compacted Soil Containing
Kaolinitic Clay to 0.01 N CaSOA Followed by Xylene
at a Gradient of 9l.

Replication ! Replication 2
Fluid Pore Vol. Ave K Fluid Pure Vol. Ave K
0.01 N Casyy, <+ 1.26E-8 ¢ ¢1 N (asoy
.1 1.32E-8 .1 7.92E-8
.2 1.28E-8 .2 1.95E-8
.3 1.37E-8 .3 1.70e-8
.4 1.16E-8 .5 2.38E-8
.5 1.16E-8 .6 1.49E-8
.6 1.21E-8 .7 9.67E~9
.17 1.30E-8 .8 6.21E-9
.8 1.22e-8 .9 6.04E-9
.9 1.09E-8 1 5.95E-9
Xylene Xylene
<.1 8.60E-9 <.l 4.92E-9
.1 6.10E-9 .1 1.14E-8
1.7 7.01E-7 .8 4,81E-7
4.7 2.21E-6 .9 8.37e-7
1.7 1.08E-6
4.7 2.03E-6
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Table C-26.

at a Gradient of 18l.

4

Average Conductivity of Compacted Soil Containing

Kaolinitic Clay to 0.0l N CaSO, Fcllowed by Xylene

Replication |

Raplication

2

Flu:id Pore Vol. Ave K Fluid Pore Vol. Ave K
0.01 N rascs.1 5.57E-9 0.01 N CaS04 -2 1.672-8
.1 4.91E-9 .3 9.12E-9
.3 4.47E-9 .4 7.96E-9
A 4.8l1E-9 .6 7.19E-9
.5 3.8E-9 .7 1.77E-8
6 4.5E-9 .8 6.05E-9
7 4.35E-9 .9 5.12E-9
8 4.26E-9 1 S.61E-9
9 3.59E-9 1.1 8.77E-9
Xvlene 1.2 2.19E-8
’ <.1 1.83E-9 1.7 2.26E-8
.1 4.81E-9 2 4.63E-8
1.5 1.04E-7 2.4 6.31E-8
2.9 7.38E-8
3.1 2.71E-8
3.3 5.57E-9
3.4 2.51E-9

Xylene .
<.1 1.19€-9
.1 6.31E-9
.9 1.63E-7
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Table C-26 <continued.

Replication 3
Fluid Pore Vol. Ave K

2.37=-8
3.56E-8
2.73E-8
9.79E-9
9.89E-9
7.82E-9
7.28E-9
1.04E-8
1.01E-8
5.69E-9

0.01 N CaSo,

O = O 00 OV W

—

Xy lene

N

2.66E-9
3.37€-9
2.75E-9
3.01E-9
9.36€E-9
1.34E-8
1.41E-8
1.42E-8
1.62E-8
1.43E-8
1.35E-8
1.38E-8
2.14E-8
1.59E-8
1.78E-8
1.87E-8
2.00E-8
1.78E-8
2.07e-8
2.09e-8
2.11E-8
1.98E-8
2.00E-8
2.96E-9
1.51E-8

W W W W NN s
. . . e . e e e s . e e . « e e . .
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&
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Table C-27. Average Conductivity of Compacted Soil Containing
Micaceous Clay to 0.0L N CaSOh Followed by Xylene
at a Gradient of 3l.

Replication 1 Replication 2 .
Flurd Pore Vol. Ave K Fluid Pore Vol. Ave K
0.01 N CaSy, <.1 1.45E-8 .01 N CuaS0q <l 1.35-8

.1 1.66E-8 .1 , 1.71g-8
.2 1.32E-8 .2 1.75€E-8
.3 1.32€-8 .3 1.83E-8
A 1.35€-8 .4 1.98E-8
.5 1.35E-8 .5 l1.84E-8
.6 1.60E-8 .6 1.91E-8
.7 1.49E-8 .7 2.03E-8
.8 1.77e-8 .8 2.25E-8
.9 i.71E-8 .9 1.99E-8
1 1.40E-8 1 2.36E-8
1.1 1.%E-8 1.1 2.8E-8
Xylene Xylene
<.1 1.43E-8 <.1 1.53E-8
.1 7.70E-9 -1 2.99E-38
1.3 i1.46E-6 .2 2.04E-8
1.4 3.69E-6 .3 2.08E-8
1.5 3.76E-6 4 2.08E-8
1.6 3.79E-6 .5 2.91E-8
1.7 J.GLE-6 .6 2.08E-8
1.8 3.29E-6 .7 2.28E-8
1.9 3.55E-6 .8 1.9 E-8
2 3.75E-6 .9 1.99€-8
2.1 2.73E-6 1 1.79E-8
2.2 3.63E-6 1.1 2.42E-8
2.3 4.35E-6 1.2 1.85€-8
0.61 N Casoy 1.3 1.96€-8
<.1 3.21E-7 1.4 1.89e-8
.1 3.82E-8
.2 1.99€E-8
.3 1.70E-8
.4 3.2]E-8
.6 5.08E-8
.7 5.92¢£-8
.8 6.90E-8
o4 7.01E-8
1 7.22€-8
1.1 4.77:-8
1.2 3.82E-8
1.3 4,4L2E-8
1.6 9.58E-8
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Table C-28. Average Conductivity of Compacted Soil Conta:ining
Micaceous Clay to 0.01 N CaSOa rollowed by Xylene
at a Gradient of 9l.

Replicatien | Replication 2
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
0.0: N Cuasx04 <. 1 1.12E-8  0.Cl « CasSvy, <.1 8.96E-9
.1 1.15E-8 .1 1.03E-8
.2 1.23E-8 2 1.1E-8
.4 1.48E-8 3 1.19E-8
.5 1.56E-8 b 1.35E£-8
.6 1.43E-8 .5 1.37E-8
.7 1.55E-8 .7 1.4CE-8
.8 1 .46E-8 8 1.31E-8
.9 1.28E-8 9 1.30E-8
1 1.46E-8 1 1.%E-8
1.1 1.27e-8
Xylene Ay lene
<.l 5.53E-9 <.1 1.21E-8
-1 l.32E-3 .1 1.22E-8
.2 1.32E-8 .2 1.E-8
-3 1.05e-8 2.7 9.51E-3
.9 1.69E-7
1.3 3.332-6
2.1 4.0lE-6
3.3 5.55E-6
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Table C-29.

Average Conductivity of Compacted Soil Containing
Micaceous Clay to 0.01 N CaSOA Followed by Xylene

at a Gradient of 181.

Replicaction |

Replication 2

Fluid Pore Vol. Ave K Fluaid Poie Vol. Ave K
0.0L N casy, <.1 8.156-9  0.01 N tasg, <.l 6.05E-9
.1 7.15E-9 i .1 9.90E-9
.2 6.40E-9 .2 6.76E-9
.3 4 .60E-9 .3 6.57E~-Y
.4 5.70E-9 4 5.46E-9
.5 6.15E-9 .5 8.29E-9
.6 6.49E -9 .6 8.77E-9
.7 6.6lE-9 .7 1.63E-8
.8 7.17E-9 .8 7.36E-9
.9 7.7 E-9 -9 7.58E-9
1 8.21E-9 1 7.65E-9
1.1 7.88E-9 Xylene
Xy lene <.1 5.87E-9
<.1 5.27E-9 .1 7.06E-8
.1 6.74E-9
.2 6.46E-9
.3 3.71E-7
.4 2.87E-5
.6 1.81E-5
.7 1.81E-5
.9 1.90E-5
1 1.72E-5
1.1 1.72E-5



Table C-30, Average Conductivity of Compacted Soil Containirg
Beatonitic Tlay to Xylene at a Gradieni of 3l.
Replication | Replication 2
Fluid Pore Vo). Ave K Fluid Pore Vol. Ave K
Xylene <.1 2.45E-5 Xylene <.1 2.27E-5
.l 5.585'5 _1 3_235_5
-2 7.72E-5 .2 3.38E-5
4 7.49E-5 .3 3.84E-5
.5 6-62E'5 A 4 .14E-S
-6 9.12E-5 .5 4.29E-5
7 9.41E-5 .6 4.61E~5
.8 9.44E-5 . 4.84E-5
.9 9.86E-5 .8 5~ 96E-5
.9 5.08L-5
1 5.21E-5
0.01 N CaSO,
.1 1.05E-8
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Table C-31. Average Conductivity of Compacted Soil Coataining
Bentonitic Clay to Xylene at a Gradient of 91.
Replication 1 Replication 2
Fluid Pore Vol. Ave K fluid Pore VYol. Ave K
Xvlene <1 5.02E-5 Xylene <.1 2.84E-5
.1 7.57E-5 .1 4.63E-5
.2 7.48E-5 .2 4 ,B2E-S5
.3 7.46E-5 .3 4 .B2E-5
4 7.62E-5 .4 4.9%E->
.5 7.62E-5 .5 4.97E-5
.6 7.53F-5 .6 5.086E-5
.7 7.67E-5 .7 5.03E-5
.8 7.62E-5 .8 5.05E-5
.9 7.69E~5 .9 5.02E-5
1 7.67E-5 1 5.11E-5
1.1 7.67E-5 0.01 N Cato,
1.2 7.67E-5 <.1 2.84E-9
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Table C-32. Average Conductivity of Compacted Soil Containing
Bentonitic Clay to Xylene at a Cradient ot 181,

Replicacion ! Replication 2
Fluid Pore Vol. Ave K Fluid Pore Vol. Ave K
Xylene <.1 1.37E-5  Xylene .1 1.1lUE~4
.2 5.87E-5 .2 1.33E-4
-3 9.38E-5 .3 1.38E-4
a 7.83E-5 .4 2.20E-4
.5 7.83E-5 .5 2.25E-4
.7 7.90E-5 .7 2. 10E-4
.8 7.84E-5 .8 2..9E-4
.9 7.30E-5 1 2.%9E-4
1 8.93E-5 1.1 2. J0E-4
1.1 7.56E-5 1.3 2.43E-4
1.2 8.55E-5 1.5 2.48E-4
1.3 7.86E~5 (.01 N Caso,
1.4 8.31E-5 <.l 1.26E-7

161



Table C-33. Average (' uct:vity of Compacted Sorl Conta:ining
Kaolinitic Liay to Xylere at a Gradient of 3l.

Replicat:ion | Replication 2
Fluid Pore Vol. Ave K Fluid Pure Vol. Ave K
Xy1ene <.1 0 X, lene Ll 8.77g-7
1 1.31E-6 .1 +.7DE-6
2 G.42E-7 A 8.17E-8
2.1 1.62E-6 .5 5.01E-9
2.2 1.25E-6 .9 2.27E-7
2.3 1.19E-6 1.5 7.13€E-7
2.7 4.89%-7
3.4 22
3.¢ ) .08E-6
3.0 3.40E-7
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Table C-34. Average Conductivity of Corpacted Soil Containiag
Kaolinitic Clay to Xylene at 4 Sradient of 9l.

Replication | Replication 2

Fluid Pore Vol. Aave K Fluid Pore Vol. Ave K

.52E-7
.74E-8
.86E-8
.76E-8
.06E-8
.12E-8
.1€E-8
.70€E-8
.19E-8
.98E-8
.17g-8
.07E-8
. I5E-8
.U2E-8

.28E-6 Xvlene
LIE-7
.98E-7
L228-7
.86E-7
.17E-8
.14E-7
.SLE-T
.16E-1
. 28E-7
L26E-7
.65E-8
.0lE-8

Xvlene

—
— D P e = = A WY N WD WD

~
. e e e e e e

OO ~N WV IIN OVN D N WA -
-
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0.01 N Caso,

”Nn

.00E-8
.2LE-8
.19E-17
.02e-8
.6LE-R
.25E-8
.85E-8
.70E-8
.50E-8
L8:-8
. 20E-8
.G2E-8
.76E-8
.05E-8
.08E-8
.14E-8
.06..-8
.01£-8
.91E-9
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NN N R R o = bt e Bme e e
. . .« .
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Table C-35, Average Conductivity of Cowpacted Soil Containiug
Kaczlinitic Clay to Xylene at a Gridient of 181.

Replicacion | JRepiteation 2 |

Fluid Pore Vol. Ave K Fluid Pare vol. Ave X
Xvlene .1 0 Zriene ‘il 1.72E-5%
.2 8.6.E-5 ol 4.99E-$
.5 1.15€-4 .3 6.89E-5
1 1.26E-4 A 6.89K-5
.5 5.89E-5
.6 8.09E-3
1 8.03€-5
.8 8.03E-5
1 9.18E-5 .
1.1 9.18E-9
1.3 9.18E-5
1.4 1.03E-4
1.6 9. 18E-9



Tahie Cein,  Average Conductivity of Zompacted Soil Conlaininmg

Micacouus Glay to Xviene at 4 GLradaent of 34, .

Reotl,oavton | _ Rt

plicarian J
Fiud Pere Lol 4 - K

i Vo $ e P B M Y

{04

Pure Voli, Ave K

2.875-4 Srlere <. b, 8%k-7
howb -8 1 6.87e-7
T.078-8 .2 6. b~
v, E-H .9 . 2le=?
6
}

[ C e AR v v o AT K e D A H o e AN B P

Avleune <.

P .
[+ R N

1,526 . 3.28E-7
@ UIE-¥ l. 3. 67

-
>



Table C=36

continued.

Repiication 3

Fluid

Yore Vol.

Ave K

Xy lene

0.01 N CaSUy

<

[VEIRVEIR VU S

. . . .
W~ N e e

S R o O e

2.07g-8

1.23E-8

1.69€-8
1.%7€-8
1.,20E-8
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Table C-J37.

Average Conductivity of Compacted Soil Containing

Micaceous Clay to Xyletc at a Gradieot ot 91.

— .. _Beplicdrion i
Fluid Pore Vol.
Xylene <.

-3 IR VY. SV I o U W

]
6
6

[ B VLV R VR )

Repilcation 2

Ave K Fluid ) Pore Vol. Ave K
.BUE-S Xy lene ! 1.14E-4
LB4E-Y .2 1.38E-4
. 39E-5 -3 1.3%E-~6
.16E-Y .6 1.37E-4
LIESS .9 1.38E-4
.93E=5 .6 1. 16E-4
VE-S .7 1.30€-4
.28E-5 .8 1.38E-4
A7E-9 .9 1.%E-6

0.0L ¥ CuS0q

<.l 2.13E-9
.1 1.33¢-8
.2 }.65E-8
.3 8.55€-9
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Table C-338. Average Conductivity oI Compdcted 50:1 Cuntainiag
Micaceous Clay to Xylene at a Cradiznt ot i8l.

Repilcation . Repitoatioa 2

rluid Pore Vol. A\:—K Fluid Pure Vol. Ave K
Xy lene | 4.3E-6 Xylene <.l 1.846E-5
.l 1.26E-5 i 3.12E-5
.2 1.61¢-8 .2 2.92-5
.3 1.97E-5 .3 2.97L-5
.4 1.67E-5 .4 2.92t-5
.9 1.92E-5 ] 2.87E-5
b 1.92E-5 .6 2.92k-5
.7 1.53€E-9 .7 2.7%€ 5
.8 1.6 E-S .8 2.6LE~5
.9 1.70E-5 .9 2.69E-9
1 1.59E-5 : 2.66E-5
0.01 ¥ Cudv, I.1 2.62L-5
<.1 9.74E-9 1.2 2.57E-5
.1 S.39E-9 1.3 2.5%E-5
.2 5.79E-9
.3 6.73E-9
A 6.84E-9
.9 6.69E-9
.6 6.56E-9
.7 9.03g-9
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APPENDI2 D

XYLENE CUNIENI OF LEACHATE FRUM LABORAIOURY
PLRMEAMETERS
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Tabl2 D-l. Xylc¢ne Conzent of Leachate from Compacted
Scil Containing Bentunitic Clay Permedted
with 0.0! N CaSO Followed by Aviene at
a Gradient ot 1dl.

Pore Volume Rep 1 Rep 2

o
—
C

10V 91
100 96
100 91
V0 88
100 84
100 100
100 100
100
100
100
100
100
190
100
100
100
100
100

R NNNS ==~ =« ==~ 0Q0Q0CCCOCCCAn

C WN=OWEBNRAWVE WUN = O O®~NIWVE WUN -
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Table D~2. Xylene Content of Leachat* frow Crumpacted
Soil Containtig Bentonitiz Clay Permeated
with Xylene ». a Cradient i 31.

Pore Volume fep | Rep 2
------- ~ xylene -==~--
0.1 100 100
0.2 100 100
0.3 100 100
0.4 100 100
0.5 100 100
0.6 100 100
0.7 100 100
0.8 100 100
0.9 100 100
1.0 100 100
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Table D-3. Xylene Content of leachate from Compacted
Soil Containtng Micaceous Clay Permeated
with 0.01 N CaSOa followed by Xvlene at
a Gradient of 3i.

Pore Volumz Rep 1 Rep 2
——————— 2 xylene ------
<0.1 0 0
0.1 0
0.2 0 0
0.3 0
0.4 0
0.5 0
0.5 0
0.7 100 0
0.8 0
0.9 0
1.0 0
1.1 0
1.2 0
1.3 0
1.4 0
1.5 100
1.6 100
1.7 100
1.8 1v0 0
1.9 100
2.0 100
2.1 100
2.2 100




Table D-%4. Xylene Content of Leachate from Compacted Soil Con-aining
Micaceous Clay Permeated with Xylene at a Gradient of 3l.

Pore Volume Rep 1 Rep 2 Rep 3
----------------- 2 xylene =~=~-cecceceo-a
<n.1 100 100 100
0.1 100 100 100
0.2 100 100 100
0.3 100 100 100
0.4 100
0.5 100 100
0.6 100
0.7 100
0.8 100 100
0.9 100
1.0 100
1.2 100
1.7 100
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APPENDIX E

AVERACE CONDUCIIVLITY DATA FROM FLELD CELLS
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St

lable k-1, Average Conductivity of Field Cells Constructed with Soil Contatning Kaclinitic Clay and Exposed to

Xylene.
___ _Cell 2 o Lell s ___Cell 10 . Cell 12
Pore Vol. Ave K Pore Vol. Ave K Pure Vol. Ave K Pore Vol. Ave K

o 3.02€E-7 <.1 5.395E-8 <. 3.48L-8 <. 3.95E-8
.6 22 .1 2.36E-1 N 3.96E-7 .1 3.38E-7
1.2 L0000 16 .2 1.6k-7 .2 2.14E-7 -3 6.43k-7
1.3 5.19€-7 .4 2.%1E-7 A 3.RE-? .1 8.19E-7
.6 L0000 14 ? .6 4.15E-7 .S 3.9E-7 1.2 1.74E-6
1.9 6.2.E-6 .8 6.15E-7 .7 2 95E-7 1.2 6.22E-7
2 3.2E-7 .9 3.49E-) .9 4.56E-7 2.2 1.38E-6
2.1 4.617€-6 1.1 4.27E-17 1.2 1.02E-6 2.7 1.36E-6
2.2 9.5E-8 1.2 1.595E-7 1.3 S.11E-7 2.8 1.77€-7
2.3 9.¢9L-8 1.) 3.04E-8 1.5 4.01E-7 2.9 9.99L-6
1.4 3.62E-8 1.6 2.645E-17 3 2.53E-6
1.5 2.E-8 1.7 4.39L-8 3.1 3.922E-6
1.6 7.86E-8 1.8 3.016-8 3.2 1.46E~7
1.7 1.076E-7 1.9 4.875E-8 3.3 7.86E-8
1.8 9.04E-8 2 5.18E-8 3.4 6.88E-8
1.9 V1LIGE-D 2.1 9.57E-8 3.5 7.905L-8
2 1.4E-7 2.2 7.355€-8 3.6 1.235t-7

2.1 1.527¢-7 2.3 1.13%E-7

2.2 1.99E-7 2.4 2.265€-7

2.3 1.825€-7 2.9 1.825€-7

2.4 1.75€-7 2.6 1.855E-7

2.5 1.85E-7 2.1 1.91E-7



Table E-2, Average Conductivity ot Field Cells Constructed with Soil Contaiming Micaceous Clay and Exposed to

Xylene.
Cell 5 ____Cell &6 _ Cell 8 . _Cell il
Pote Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K
ol 5.18¢L-3 <1 8.U96E-8 <L 1.044E-7 <.1 7.28L-8
.5 1.1¢t-6 .2 1.83¢-~7 .1 1.27E-7 . 2.5E-7
1.1 1.98E-6 .3 2.76t-7 .2 3.26E-7 .3 .00000 14
1.3 2.99E-6 .1 1.13E-6 .4 4.65E-7 .5 3.025€E-17
1.7 9.24E-6 i 4. 04E-7 .9 1.09¢k-7 .7 2.88L-7
2 1. 29E-7 iI.6 1.32€E-6 .6 2.86E-7 .9 0
2.1 2.82E-2 2.1 1.33E-6 .8 7.62E-7? 1.1 1.06£E-7
2.2 RVIHV I, 2.2 3.159E-6 i 4.31E-7 1.5 9.7€E-7
2.3 1.23E-6 2.3 2.274E-6 1.2 4.4]15E-7 1.8 9.64E-7
2.4 9.77E-6 2.4 5.%0)t-8 1.3 4.1035-8 1.9 5.8k-7
2.5 1.064E-1 2.5 3.917E-8 1.4 3.225E-8 2.1 4.05E-7
2.6 l.28E-7 2.6 8.25€-8 1.9 5.755E-8 2.3 2.23k-7
2.1 1..7€E-7 2.7 9.813t-8 2.4 2.19E-7
2.3 9.UbE-8 2.8 2.07€-7 2.6 2.72E-17
2.9 1.918E-? 2.9 1.655E-7 2.7 3.00E-?
3 1.293E-? 2.8 1.21E-7
3.1 1.226E-7 2.9 l1.60%-7
3.2 6.814E-8 3.1 3.2tk 7
3.2 3.36E-7
3.4 2.9%E-7
3.5 1.84E-7
3.6 5.47L-8
3.7 3.%6e-7
3.9 2.51E=2



Table E-3¢ Average tonductivity of Field Cells Constructed with 3o0il Containing Beantonitic Clay and Exposed to

Xylene.
B2 4 I el 3y Cell 7 . Cell 9
Pore Vol. Ave K Pore Vol. Ave K Pore Vol, Ave K ) Fore vot.  tve K

| 2.5)6E-8 <.1 1.692E-8 0 0 <1 1.007E-7
W 9.522€-9 . 6.182E-8 .1 2.215E-7
.2 7.105€E-8 .2 8.093E-8 .2 1.024E-7
.3 1.217€-7 -3 7.102e-8 .3 1.51E-7
N 1.25e-17 .6 8.631E-8 4 1.535%€-17
] i.097e-7 .5 9.626E-8 .9 1.655E-7
.8 2.2E-? .6 9.824E-8 .6 3.69L-8
.7 1.053E-7 .7 2.645E-8
.8 8.189E-8 .8 2.6U5E-8
.9 6.186E-8 .9 5.287E-8
(. 7 6LIiE-8 1 6.155E-8
1.1 8.9553L-8 1.1 6.492E-8
1.2 8.627E-3 1.2 }.75€E-7
1.3 7.488E-8 1.3 1.76E-7
1.4 1.190E-? 1.4 1.195E-7
1.5 9.952€-8 1.5 1.587E-7

1.6 1.098€E-7

1.7 8.419L-8
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Table E-4, Average Conductivity of Field Cells Constructed with Soil Containing Kaolinitic Clay and Exposed to

Acetone.
Cell 18 Cell 20 Cell 25 Cell 28

Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K

<.1 S.E-8 <.l 3.963E-8 <.1 2.275E-8 <.l 2.106E-8
. 1.535€E-7 o1 1.101E-8 . 8.899E-8 .1 1.404E-8
.2 1.25€-7 .2 1.449E-8 .2 6.088E-8 .2 1.104E-8
.3 1.026E-7 -3 5.456E-8 | 1.072E-8 .3 1.003E-8
.4 1.52E-7 .4 8.167E-8 .4 1.669E-8 .4 8.214E-9
.5 1.0%E-7 .3 6.088E-8 .5 2.380E-8 .5 1.229¢-8
.6 1.44E-7 .6 4.478E-8 .6 2.985E-8 .6 1.086E-8
.7 3.96E-8 -1 2.450€E-8 .7 2.407€-8 .7 1.410E-8
.8 2.85€-8 -8 1.987€-8 .8 1.019e-8 .8 1.578E-8
.9 2.74E-8 .9 2.048E-8 .9 1.066E-8 .9 7.197€-9
1 6.77E-8 1 2.802E-8 1 1.193E-8 1 1.084E-8

1.1 1.01E-7 1.1 6.189E-8 1.1 8.240E-9

1.2 1.19€-7 1.2 8.742€E-8 1.2 1.151E-8

1.3 1.%9E-? 1.3 8.077€E-8 1.3 1.200E-8

1.4 4.5E-~7 1.4 8.229e-8 1.4 6.211E-9

1.5 2.%E-? 1.5 7.003E-8 1.5 9.4KE-9

1.6 3.26E-7 1.6 4.983E-8

1.7 2.57E-7 1.7 2.253E-8

1.8 3.55E~1

1.9 3.77E-7
2 4 .455E-)

2.1 3.31E-7

2.2 5.96L-7

2.4 9.99E-7

2.5 6.1E-7

2.7 1.52E-6

2.8 6.98E-)

2.9 8.42E-1
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Table E-4 continued.

Cell 18

Pore Vol. Ave K

Cell 20

Pore Vol.

Ave K

Cell 25

Pore Vol.

Ave K

Cell 28

Pore Vol.

Ave K

) b b G L W W b W
e
SO NOWVME LN~

9.95E-7
1.09E-6
3.56€E-7
1.04E-6
7.19E-17
7.58€E-17
5.97E-7
6.665E-17
6.85E-7
3.81E-7
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Table E-5. Average Conductivity of Field Cells Constructed with a 30 cm Thick
Layer of Soil cContaining Micaceous Clay and Exposed to Acetone.

Cell 13 Cell 14 Cell 15
Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K
.1 1.535E-7 <.1 4.325E-8 <.l 1.959E-8
.1 4 .098E-7 | .+ J64LE-? .l 1.771E-8
.2 2.000E-7 .2 9.423E-8 .2 1.702E-8
.3 1.869E-7 3 4.673E-8 .3 1.823E-8
4 5.561E-8 b 5.925€-8 4 1.929¢-8
.5 7.017e-8 .5 5.634E-8 .5 1.832e-8
.6 7.857E-8 .6 6.948E-8 .6 1.690E-8
.7 1.060E-7 o7 8.117E-8
.8 8.174E-8 .8 7.568E-8
.9 8.162E-8 .9 5.460E-8
1 6.547E-8 1 4.213E-8
1.1 5.688E-8 1.1 4.439E-8
1.2 5.913E-8 1.2 4.663E-8
1.3 6.600E-8 1.3 5.410E-8
1.4 7.487E-8 l.4 3.689E-8
1.5 7.999E-8 1.5 3.883E-8
1.6 4.826E-8 1.6 4.414E-8
1.7 6.502E-8 1.7 3.378E-8
1.8 2.623E-8
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Table E-G. Average Conductivity of Field Cells Constructed with Soil Containing Micaceous Clay and Exposed to

Acetone.
Cell 21 . Cell 23 Cell 26 Cell 27
Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K Fute Vol. Ave K
<1 1.855E-8 <.l 2.99E-10 <1 1.395E-8 <.1 2.587E-8
.1 1.164E-7 .1 6.910E-8 .1 1.4G5E-7 .l 9.11E-8
.2 1.162E-7 .2 4,.189E-8 .2 2.857E-7 .2 4 .L58E-8
.3 8.471E-8 .3 2.496E-8 .3 9.692E-8 .3 4,114E-8
A B8.464E-8 .4 2.427€E-8 4 6.556E-8 4 2.265E-8
.5 4.196E-8 .5 2.626E-8 .5 1.052€-7 .5 2.62E-8
.6 3.639E-8 .6 4.60]1E-8 .6 4,74 3E-8 .6 4.703E-8
.7 2.757E-8 .7 5.599E-8 . 3.935c-8 .? 1.028E-7
.8 5.431E-8 .8 3.261E-8 -8 3.114E-8 .8 5.14E-8
.9 6.168E-8 .9 3.660E-8 .9 5.739E-8 .9 7.074E-8
1 8.069E-8 1 3.863E-8 1 5.692E-8 1 9.173E-8
1.1 8.994E-8 1.1 3.199E-8 l.i 5.475E-8 1.1 1.685E-7
1.2 i.282E-7 1.2 4.051E-8 1.2 5.896E-8 1.2 2.155E-7
1.3 1.172E-7 1.3 2.069E-9% 1.3 6.696E-8 1.3 1.935E-7
1.4 1.250E-7 1.4 2.201E-5 1.4 9.543E-8 1.4 1.87E-7
1.5 1.153E-7 1.¢ 2.%1E-8 1.5 7.557E-8 1.5 2.135€E-7
1.6 1.410€E-7 l.o 4.084E-8 1.6 8.164E-8 1.6 2.08E-7
1.7 1.572E-7 1.7 1.740€E-8 1.7 7.433E-8 1.7 2.495E-7
1.8 1.922E-7 1.8 1.062E-7 1.8 2.77€-7
1.9 1.733E-7 1.9 6.588E-8 1.9 2.88E-7
2 1.575E-7 2 7.161L-8 2 «.28E-7
2.1 2.668E-7 2.1 6.720E-8 2.1 3.38E-7
2.2 2.160E-7 2.2 7.388E-8 2.2 3.49E-7
2.3 2.417E-7 2.3 5.327€-8 2.3 1.7643E- 7
2.4 2.233E-7 2.4 5.656E-8 2.4 3.955E-7
2.5 2.206E-7 2.5 6.673E-8
2.6 2.206E-~7 2.6 5.515E-8
2.7 2.695E-7 2.7 6.091E-8
2.8 1.516E-7 2.8 7.717E-8
2.9 1.915E-7
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Table

E-6 continued.

Cell 21

Pore Vol.

Ave K

Cell 23

Cell 26

Pore Vol.

Ave K

Pore Vol.

Ave K

Cell 27

ﬁore Vol.

Ave K

W oW W W W W W W
WO NV N -

2.083E-7
2.129€-7
1.635E-7
1.579€E-7
1.846E-7
1.268E-7
9.796E-8
8.896E-8
8.810E-8
5.164E-8
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Table E-7. Average Conductivity of Field Ceils Constructed with So1l Containing Bentonitic Clay and Exposed to

Acetone.
Cell 17 Cell 19 Cell 22 Cell 24
Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K

<.1 5.899E-b <.1 2.767E-8 0.00 0.00 0.00 0.00
.1l 6.470E-8 . 4 ,815E-8
.2 5.212E-8 .2 6.721E-8
.3 4.477E-8 .3 2.512E-8
4 2.447E-8 -4 4.696E-8
.9 6.570E-9 ] 7.390E-8
.6 7.632E-9 .6 5.198E-8
.7 1.100E-8 .7 7.767E-8
.8 7.894E-8
.9 7.110E-8
1 3.840E-8
1.1 9.018E-8
1.2 1.109E-7
1.3 1.297E-8
1.4 6.065E-9



Table F-8, Daces at Which Waste was Applied and When Leachate Began
to Flow from Field Cells.

Date Waste Date Leachate
Cell ¥ Soil Chemica’ Added Flow

2 Kaolinite Xylene 11/3/81 11/9/81

4 11/3/81 11/5/81

10 11/5/81 1i/6/8!

12 11/5/81 11/6/81

5 Mica Yylene 11/4/81 1179/81

6 11/4/81 11/5/81

8 11/4/81 11/9/81

11 11/5/81 11/6/81

1 Bentonite Xylene 11/3/81 11/13/81

3 11/4/81 5/20/82

7 11/4/81 No leachate
9 11/4/81 11/9/81
13 Mica 30 cm Acetone 10/21/81 11/5/61
14 10/21/81 11/10/81

15 10/13/81 11/9/81
21 Mica 15 :a Acetone 10/16/81 11/2/81
23 10/20/81 11/3/81
26 10/6/81 11/2/81
27 10/7/81 11/2/81

18 Zaolinite Acetone 10/13/81 11/10/81
20 *~/12/81 11/10/81
25 10/7/81 11/5/81
28 10/6/81 11/2/81

17 Bentonitz Acetonne 10/15/81 8/15/83
19 10/12/81 10/21/83
22 10/12/81 No leachate
24 10/17/81 No leachate
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APPENDIX F

CHEMICAL CONCENTRATIONS OF LEACHATE FROM FIELD CELLS
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Table F-1. Percent Xylene in Leachate From Field Cells Cons:iructed With
Soil Containing Kaolinitic Cleys and Exposed to Xylene.

Cell 2 Cell 4 Cell 10 Cell 12
P.V ~ Xylene P.V Z Xyl. p.v % Xyl. P.V % Xyl.
0.1s 100 0.008 190 0.01 72 0.01 58
0.96 100 0.1 100 0.25 86 0.4 98
1.27 100 0.2 100 0.4 99 0.7 100
1.61 160 0.5 100 0.5 80 1.3 100
0.7 100 0.7 86 1.7 100
1.1 100 1.0 89 2.7 100
1.3 100 1.2 92 3.2 100
1.4 100 1.3 96 3.3 100
1.6 100 1.6 92 3.4 100
1.9 87 1.7 100 3.5 80
2.0 83 1.8 100 3.6 86
2.0 95 1.9 93
2.1 92 2.0 100
2.2 88 2.1 99
2.3 % 2.3 100
2.4 92 2.4 99
2.5 96 2.6 100
2.7 99
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Table F-2. Percent Xylene in Leachate From Field Cells Constructed With
Soi1l Containing Micaceous Clays and Exposed to Xylene.

Cell 5 Cell 6 Cell 8 Cell 11
P.v 2 Xylene PV 2 Xyl. P.V X Xyl. P.V Z Xyl.

0.04 100 0.2 39 0.04 89 0.03 100
1.11 100 0.3 100 0.2 92 0.2 100
1.36 100 0.7 100 0.2 89 0.4 100
1.78 10 0.7 100 0.4 % 0.5 100
2.09 100 1.8 100 0.5 87 0.6 99
2.58 95 1.8 99 0.7 86 v.8 100
2.74 100 2.4 100 0.7 96 1.0 99
2.8 69 2.4 100 1.0 97 1.1 100
2.87 90 2.5 100 1.3 99 1.5 99
3.00 75 2.5 100 1.3 100 1.9 100
3.09 66 2.6 99 1.3 75 2.1 100
3.11 88 2.7 99 1.4 63 2.3 100
3. 14 78 2.7 98 1.4 68 2.6 100
3.17 73 2.7 99 1.5 83 2.7 100
3.19 83 2.9 96 2.9 100
3.20 77 2.9 95 3.1 100
3.21 68 3.2 93
3.22 75 3.4 100
3.23 66 3.6 97
3.23 77 3.7 100

3.9 99
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Table F-3. Percent Xylene in Leachate From Field Cells Constructed With
Soil Containing Bentonitic Clayes and Exposed to Xylene.

Cell 1 Cell 3 ' Cell 7 Cell 9

P.V X Xylene P.V Z Xyl. P.Vv Z Xyl. P.v 4 Xyl.
0.03 2% 0.006 0.8 0.04 67
0.03 99 0.006 6.0 0.1 82
0.05 100 0.0l 92 0.1 89
0.05 74 0.03 97 0.2 92
0.06 100 0.05 85 0.2 89

0.06 86 0.3 99

0.08 8 0.3 %

0.08 77 0.3 99

0.10 85 0.5 97

0.12 88 0.5 99

0.15 9% 0.6 100

0.17 95 0.7 100

0.21 97 0.8 100

0.23 9% 0.8 98

0.27 9% 1.1 99

.28 98 1.13 97

0.30 9% 1.14 99

0.33 99 1.2 97

0.33 95 1.3 97

0.37 99 1.4 99

0.40 99 1.4 98

0.43 97 1.4 99

0.44 95 1.4 96

0.46 99 1.5 95

0.49 99 1.5 96

0.52 9% 1.5 99

0.57 98

0.59 99

C.63 99

0.64 99

0.67 99

0.70 100

0.73 100

0.76 99

0.78 99

0.78 98

0.78 100

0.82 100

0.82 9y

0.82 9%

0.86 95

0.93 97

0.93 100
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rerceat Acetone in Leachate From Field Cells Constructed

bk
Table F With Soi1l Containing Kaolinitic Clays and Exposed to
Acetone.
1 Cell 29 Ce’l 25 Cell 28
P.V Ce.lzlice. P.V I Ace. P.V X Ace. P.V 2 Ace.
.1 1.45 | 3.92
.2 2.93 .2 6.18
.3 7.80 .3 4.76 .3 8.2
A 6.98 A 5.67 A tJ).83
.5 13.64 .5 6.69 .5 11.32
.6 13.43 .6 7.89 .5 15.10
.7 36.90 .7 19.03 .7 I1.15 .7 13.66
.8 53.37 .8 15.96 .8 10.77 .8 9.73
.9 45.45 .9 40.10 .9 11.66
1 5..65 1 15.06 1 22.70
1.1 50.20 1.1 22.05 1.1 17.08
1.2 37.70 1.2 32.20 1.2 14.33
1.3 41.25 1.3 31.85 1.3 11.20
l.4 41.25 1.5 38.50
1.5 84.00 1.6 30. 68
l.6 61.60 1.7 27.%
1.7 71./0 1.8 25.64
1.8 75.60
1.9 79.20
2 69.20
2.1 76.20
2.2 71.30
2.4 72.80
2.5 73.60
2.7 68.70
2.8 76.80
5 | 73.70
3.1 71.30
3.2 78.00
3.3 63.20
3.4 63.10
3.5 66.30
3.6 67.60
3.7 64, 20
3.8 62.90
3.9 68, ur
4 72.4
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Table F-5. Yercentc Acetone in Leachate From Field Cells Constructed
Wit Soirl Containing Micaceous Clays anu Exposed to

Acetone.
Cell 2! Cell 23 Cell 26 Ceil 27
P.V X Ace P.V 2 Ace. P.V %z Ace. D.V % Ace.
.1 13.71
.2 33.50 .2 2.13 .2 19.48
.3 28.43 -3 5.03 .l 26.93
A 31.53 .4 7.38 A 21.15
.5 35.i3 .5 10.69 .5 24.35
.6 45,38 .6 16.39 .6 9.30 .6 27.47
.7 42.68 .7 12.58 .7 12.00 .7 26.08
.8 45.04 .8 15.06 .8 11.00 .8 29,53
.9 45.23 .9 9.37 .9 37.10
1 49.40 1 8.76 1 4!.60
1.1 48.53 1.1 18.18 1.1 43.55
1.2 46.68 1.2 20.13 1.2 51.60
1.3 49.53 1.3 22.72 1.3 49.87
1.4 45.33 1.4 26.10 1.4 59.20
1.5 31.86 1.5 28.60 1.5 76.40
1.6 52.64 1.6 63.03 1.6 64 .95
1.7 68.20 1.7 65.70 1.7 65.90
«.8 39.15 1.8 57.70 1.8 62.30
1.9 46.78 1.9 25.83 2.1 67.95
2 26.48 2.2 59.70
2.1 45.57 2.3 67.85
2.2 36.83 2.4 52.75
2.3 37.23
2.4 32.131
2.5 42.60
2.6 43.84
2.7 40.30
2.8 43.93
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Table F-6, Perccnt Acecone in Leachate From Field Cells
Constructed With a 30 cm ‘irick Scil Layer
Containirg Mica.euus Clay and Expcsed to

Acetone.
Cell 13 Cell l4 Cell 15
P.V 2 Ace P.V % Ace. P.V X Ace.
<.1 12.87 <.1 14.74 <.1 4.28
.1 12.88 .1 15.05 .1 2.16
.2 15.10 .2 15.06 -2 4.11
.3 14.79 .3 8.60 -3 6.70
A 8.50 A 6.58 -4 17.85
.5 4.12 .5 8.0l .5 9.33
.6 5.77 .6 14.08
.7 8.39 .7 12.76
.8 8.91 .8 13.98
.9 8.91 .9 15.69
1 14.43 1 12.99
1.1 11.43 1.1 13.%
1.2 13.73 1.2 15.62
1.3 14.49 1.3 26.31
1.4 15.30 1.4 21.5%
1.5 26.15 1.5 16.81
1.6 21.00
1.7 16.28

191



Table F-7, Percent Acetone in Leachate From Field Cells Constructed
With Soil Contaiaing Bentonitic Clays and Expowed to

Acetone.
Cell 17 Cell '9 Cell 22 Cell 24
PV X Ace P.V 2 Ace. P.V %2 Ace. P.V Z Ace.
<1 6.60 No leachate No leachate

.1 10.50
2 6.90

.3 11.03 .3 11.75

.4 10.45 .4 5.30

.5 11.31 .5 15.50

-6 10.73 .6 19.60
.7 8.10
.8 9.60
.9 4.80
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APPENDIX G

CHEMICAL CONCENTRATIONS IN SOIL SAMPLES FROM FIELD CELLS
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NOTES
Cells 2, 6, and 12 had 3, 6, and 3.5 month wait periods,
respectively, between the time the head was removed and when the cell
was excavated and sampled. This delay period may have allowed the
free xylene to drain out of the clay into zhe sand collection area.
Some of the retained xylene may have then vaporized from the clay
liner, thereby causing the concentration data for xylene 1in soil

samples from Cells 2, 6, and 12 to be artificially low.
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Table G-} Concentration ot Xylene in mg/kg 1n Soil Sasples ot Ksolintte Liners which kecei.ed Xylene Wast=s.

Depth Cell 2 . cCell & Cell 10 — Cei: 12
(ca) I 2 3 ) 1 2 3 % 1 2 3 4 i F
0-25 L 1,997 88 10 235 18 & 170 19 2 12,862 n 3 80
2.5-5.0 &7 8 4 4 1,206 &5 238 303 4 0 812 1 o 18
5.0-2.5 8 6 19 & S.un 133 B8O06 122 1 o 1,223 0 ! 3,768
7.5-10.0 6 1,010 1,%4 10 352 19 564 3% 759 2 » 790 2 1,578
10.0-12.5 817 3,664 1,988 3,500 13 a2 n 160 4,667 450 3 5 o 58
12.5-15.0 197 3,988 3,640 4,500 9,.9) 2 0 1,669 5,72 1,182 15 1,80 4 16
15 0-12 5 2,049 D ap N 3,747 722 2,0.5 ND 9,887 1,822 144 w22 23
11.5-20.0 N D ND H0  J,401 860 ND ND ND ND ND ND  ND ND

AND - not deteramined.
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Table G-2. Concentration of Xylene in mg/kg 1n Soil Ssmples of Mica Liners vhich Received Aylene Wastes.

Depihi . Cell 5 Cell 6 — cenn g Cell 11 —

(cm) ] z 3 4 1 2 3 4 I ] 3 4 1 2 %

0-2.5 1,603 556 504 ” 2 1 ] s 23 n2 3 ) 10 8 0 160
2.5-5.0 2,622 3,73 1,262 3,040 a0 ] ND 51 1o 105 0 ¢ 5 0 1
5.0-7.5 7,595 10,435 3,09 5,453 o o 0 N S8 1,158 6l ") 258 0 v 9
7.5-10 0 9,160  5,9% 3,585 15,927 o o ] KD M6 4,035 2,01 809 > 833 0 ]
10.0-12.5 1,891 5,319 e 5,60 | S 0 N 1,289 4,310 " W 555 3 0 o3
12.5-15.0 3,312 57 0 9% I 3 0 a 06 1,963 232 w 23 3,604 0 2,45
15.0-47 5 4,639 2,304 121,483 10 sl HD 452 5% 1,887 ND 18 2,%1 2 2,8
17.5-0.0 8,217 ND 1,036 N 1 N N ap 2,005 W 3,952 1,250 ) un n
20,0-22.9 ND ND ND ND ND ND ND ND ND ND 4,609 ND ND ND ND ND

SND - not determined.
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Table C-3 . Concentratioo of Xvlene in wg/k, .n 50il Ssmples of Bentonite Liners wihich Received XKylene Waste.
Depth Cel 1| Cell 3 Zell 1 N Cell 9 o
(ca) 1 2 3 4 1 2 k) [} 1 2 3 4 1 2 3 4
0-2.5 84 3 62 593 201 <10 80 1,487 0 ['] ] 0 533 16 & 1
2.5-5.0 1,809 1,9% 6,248 8,206 2,1% 2,788 3 5,008 0 0 0 0 5,689 8 38 [
5.0-7.% 8,465 7,867 10,033 5,550 6,52 3,172 2,176 5,664 1] [ ] 0 15,749 k1] 685 )
7.5-10.0 11,395 2,%9 20,140 4,988 |,%0 520 1,420 7,506 0 0 ] 0 21,09 139 1,520 822
10.0-12.5 19,696 22,142 49,599 17,307 3,%2 ND* 1,320 6,665 0 0 0 0 29,168 2,585 1685 172,785
12.5-15.0 9,016 1,620 39,720 24,970 7,326 9.615 1% 6,617 0 0 0 0 4,146 4,250 7.212 1,33
15.0-17.9 222 7,958 21,522 1,678 ND* 11,631 ND 17,606 0 ] 1] 0 12,706 2,409 1.500 2,542
17.5-20.0 1,517 ND 9,092 2,847 ND ND ND ND D ND N ND 20,900 ND 11,352 6,900
Undyed ped 392"°* Oyed ped 435

Undyed ped 51)
Dyed ped 13,112
Dyed ped 16,834

*N) - not determined.

% Concentration of xylene

wmessured on dyed and undyed eoil ped surfaces sampled during disassembly.
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Table G-4. Conceantration of Acetone in Perceat in Soil Samples of 15 cm Thick Ksolinite Liners which Received Acelone

Waste.
Depth " Cell 18 - Cell 20 Cell 25 Cell 28
(cm) 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
0-2.5 0 0.02 0.17 0.02 6.8 5.8 1.9 5.9 1.1 1.6 1.0 5.9 1.6 0.8 1.0 1.3
2.5-5 0 0.41 0.02 0.0l 6.2 5.9 5.0 5.7 i.2 1.0 1.2 1.7 1.9 1.7 1.8 0.8
5-7.5 0.05 0.0 0.05 0.04 6.1 5.4 5.5 5.9 1.4 1.7 3.6 ND* 2.1 1.6 0.7 0.4
7.5-10 0.04 0.0 0.08 0.02 6.9 5.6 5.6 5.8 1.0 1.0 1.1 0.8 1.6 1.0 0.9 0.9
10-12.5 0.18 0.006 0.01 0.08 6.7 5.0 5.7 5.3 2.4 2.1 1.0 2.2 0.1 1.0 0.6 0.5
12.5-15 0.007 0.01 0.0 0.02 5.8 5.6 6.4 5.7 1.3 1.1 1.4 16 2.1 2.0 0.7 C.6
15-17.5 6.1 6.2 7.2 5.7 0.8 2.7 0.9 1.8 1.3 0.9
17.5-20 7.8 6.1
20-22.5
Dyed Ped G-6 5.9 Ped Face Cut Surface 1.0
Undyed Ped G-6 6.4 Ped Face Ped Face 0.6
Dyed Ped G-2 8.1 Dyed Ped Face ! Cut Surface 0.6
Undyed Ped G-2 6.8 Ped Face 1.3

Cut Surface
Dyed Ped Face 2
- Cut Surface |

. o e . s e
O WV W= Wwww

1
1
0
Cut Surface 1 1.
0
1
3

*Not determined
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Table G-5. Cuncentration of Acetone in Percent in Soi} Sasples of Mica Liners which Received Acetone Wasles.

Depth Cell 21 Cell 23 Cell 26 Cell 27 —

(cm) 1 2 3 4 1 2 3 4 1 2 3 [} 1 2 1 4

0-2.% 2.5 2.8 2.4 3.2 1. 1.4 0.6 1.5 2.3 4.0 2.2 3 0.3 0.3 0.1 PAY)
2.5-5.0 2.4 2.8 3.0 3.6 1.5 1.% 0.7 1.5 3.0 2.5 2.1 34 0.4 (L] 0.1 0.2
5.u-1.5 2.2 2.4 2.7 3.2 1.7 1.0 0.6 1.3 3.1 2.3 3.2 2.6 0.3 0.4 1.1 0.5
7.5-10.0 2.6 2.2 2.3 2.5 1.8 1.1 0.5 1.8 3.5 2.2 2.8 2.9 1.2 0.2 0.0 0.4
10.0-12.5 2.5 2.2 2.7 2.8 2.2 1.1 2.8 2.0 3.5 2.7 2.8 2.7 0.9 0.3 0.1 0.1
12.5-15.0 2.8 2.1 3.2 2.8 1.1 1.6 0.9 2.0 3.4 2.6 3.5 3.1 0.6 ND 0.3 0.3
15.0-17.5 2.7 2.9 3.2 3.7 NDe ND L] 2.8 3.) 2.6 3.5 2.} 1.2 ND ND ND

*ND - nut determined.
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Table G-6.Concentration of acetone in percent in soil samples of

liners which received acetone waste.

30 cm thick mica

Depth Cell 13 Cell 14
(cm) |} 2 3 4 1 2 3 4 1 4
0-2.5 5.9 6.5 5.9 6.7 2.5 1.4 1.6 2.2 1.2 1.7
2.5-5 5.3 6.2 5.0 5.7 . ND* ].8 1.9 1.7 0.8 1.8
5-7.5 5.4 6.0 5.7 6.5 3.2 1.5 1.1 1.8 1.5 1.4
7.5-10 5.4 5.9 5.4 6.2 2.8 1.4 l.6 1.8 1.6 2.2
10-12.5 5.5 5.1 5.7 5.6 3.3 2.0 2.4 1.9 1.6 0.5
12.5-15 5.8 5.6 5.6 ¢.5 3.3 1.9 1.6 2.4 1.1 1.9
15~-17.5 6.0 6.1 4.8 5.1 2.3 2.0 1.7 1.9 1.3 ND
17.5-20 5.3 5.9 4.7 6.0 3.0 1.7 1.7 2.2 1.6 2.5
20-22.5 5.5 5.7 4.7 6.3 4.1 1.9 2.9 2.3 1.4 1.5
22.5-25 6.0 6.0 5.6 5.9 3.2 1.7 1.5 2.6 2.3 0.5
25-27.5 5.8 5.8 5.5 5.7 3.4 1.9 iI.6 0.7 0.8 1.5
27.5-30 5.8 6.1 7.0 5.8 3.3 2.0 1.6 2.5 1.5 0.6
Ped Face 4.8 Cut Surface 1 2.7 Ped 6
Ped Face 6.0 Cut Surface II 2.4 Ped 4
Cut Surface 5.6 Ped Face I 1.4 Cut .8
Cut Surface 5.3 Ped Face 1I 1.5 Cut .2

*Not determined



Cell 24

Cell 22

Cell 19

Cell 17

Table -7 .Concentration of Acetone in Percent in Soil Samples of Beontonite Liners Which Recelved Acetone Waste.

waste.
Depth
(cm)

YNNI N
- « o ®

.
— N et - O

QW MO no
e« » s s e s »®
O N NN =N

magegos
UaBa RS S BEVo BEK 4
N IFTOO W™ g
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OrN I~ IO Y
s s e« s e s @ [T )
LN W RV R R s o
ay a
v v
—_ 0O A~ v @
e a s a e 2Z -V -%
O~ 3O 2 -

6
6.
9.
7
6
?
7

*
6.8

5.1

6.9

Ped Face
Cut Surface 1

5
9
8
1
7
7
0
5.6

Cut Surface 6.0

Ped Face

VN O N
Q o = o N o

WV =N~ N
I o | =t U AN
N U~ ) o | « 1
| R QNN M~O
O NI et = =N

201

7
2
.2
3
9

4
5.
5
1

Cut Surface

Collection System 2
Collection System | 1.

5.0

Cut Surface 2 5.6

Ped Face

*Not determined.



APPENDIX H

AVERAGE CUNDUCTIVITY OF COMPACTED SOILS TO WASTES USED IN FIELD CELLS
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Table W1,

£0c

Average Laboratory Conductivity of Compacted So1l Conicartming Kaolinmitic Clay to

Xylene Wuste Used in the Field Study at a Gradieant of 18).

Replication |

Replication 2

Replication 3

Ave K

6.9%E-7

Pore Vol. Ave K Pore Vol. Ave K Pore Vol.
<.1 3.0E-? <.l
. 1.17€-6 . 1.55E-6 -1
.2 2.4UE-6 .2 1.68BE-6 -2
.3 2.41E-6 .3 1.2%E-6
A 2.67E-6 oAb 1.85E-6
.5 2.91E-6 .5 1.90E-o
.6 2.13E-6 .6 1.95E-6
.7 2.78E-6 .7 1.92E-6
.8 2.75E-6 .9 1.70E-¢6
.9 2.70E-6 | 1.79E-6
1 2.89E-64 1.1 1.96k-6
1.1 2.78E-6
1.2 2.51E-6
1.3 2.40E-6
1.4 1.79€-6
1.5 1.44E-6

Pe R N AN N NN = e b s e o g e
P . .

QCNOWu—omuoubw——cmwov}h

1
)
i
1
1
1
1
1
1
!
l
I
l.
l
]
1
l
1
1
1
1
l
1
1
l

LU3E-S
LATF-5
I8E-%
.29Lk-5
. 38E-5
435
.LBE-S
.S57E-5
.55E-5
.95E-S
AL9E-5
.56E-)Y
62E-5
.61E-5
.bhk-5
.62E-S
.98L-Y
.98E-5
LB E-Y
.68L-5
LOLE-S
.65E-5
LOLE-S
.685-5
.63L-5



Tuble W2, Average Laboratory tonductivity of Coupacted Soi1l Containing Micaceous Clay to Waste
Xylene Used in the Field Study at a Gradient of 18l.

%0¢

Replicaticn | Replication 2 ) Replication 3
Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K
.1 4.14E-6
.2 3.38E-6 .2 5.01E-6
.3 i .80E-0 .4 1.03E-5 .3 4.85E-6
A 1.29E-5 .3 1.84E-5 .4 4.73E-6
.5 1.USE-$S .6 1.51E-5 .5 4.53L-6
.6 1.27E-5 .17 1.51E-5 .6 4. J9E-6
.7 1. 14E-5 .8 1.51E-5 .7 3.57L-6
.8 1.12E-5 .9 1.51E-5% .8 3.99k-6
.9 1.12E-5 1 1.53E-5 .9 3.77E-6
1 1.19E-S 1.1 1.58E-5 1 3.64t-0
1.1 1.01E-5 1.2 1.63E-5 1.1 J.48E-6
1.2 1.08E-S 1.3 ).66E-5 1.2 3. 10E-6
1.3 1.12E-5 1.4 1.65E-5 1.3 3. l4k-C
1.4 1.06E-5 1.5 1.62E-5 l.a 2.98L-6
1.5 1.05E-5 1.6 1.585-5 1.5 2.9%L-6
1.6 1.05E-S 1.7 1.56E-5 1.6 2.91E-6

1.7 9.87t-6 1.8 1.57E-5

1.8 9.87E-6 1.9 1.52E-5

1.9 1.03E-5 2 1.50E-S

2.1 1.49E-5

2.2 1.49E-5

2.5 1.47E-5

2.4 1.41E-5



Table W3, Average Labloratory Conductivity of Compacted Soil Containing Bentonitic Clay to
Xylene at a Gradient ot i8l.

NN WN WN
e s e e s e e e
0
(>
e
1
o

Replication | _ Replication 2 ] Replicatien 3

Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave
.1 2.28E-7 . 1.41E-0 .1
.2 1.60E-7 .3 1.53E-6 -2
.5 1.47E-8 A 1.31E-6 -3
.7 3.87E-8 .7 1.04E-6 -
.9 2.61E-8 .8 9.88E-7 -3
1 SE-8 .9 8.64E-7 -6
1.1 1.17-8 1.7 2.79€-7 -1
1.2 .72E-9 1.8 2.00E-7 -8
1.9 1.89L-7 1.4

c02



Table M4, Average Laboratory Conductivity ot Compacted Soil Containing Kaolinitic Clay to
Acetone Used in the Field Study at a Gradient of 181,

90¢

Replication 1 ____Replication 2 } Replication 3
Pore Vol. Ave K Pore Vol. Ave K Pore Vol. Ave K
<l 3.16E-8
.1 5.22E-9 - 4 .43E-7
.2 3.16F-9 -5 9.80E-6
.3 3.57E-6 .3 2.14€E-9 .6 4.53E-7
A 3. JOE-9 .4 1 ?7¢L-9 .8 7.80E-8
.5 2.24E-9 .5 2.33E-9 -9 3.13E-9
.6 7.95E-9 .6 2.70E-9 1 2.02F-9
.7 2.31E-9 .7 3.13E-9 1.1 1.87E-9
.8 2.59E-9 .8 4.40E-9 1.2 3.88E-9
.9 2.93E-9 -9 5.20E-9 1.3 2.75E-9
1 4.L7E-9 1 6.27E-9 1.4 2.38E-9
1.1 5.77E-9 1.1 5.19€-9 1.5 2. Hr-o
1.2 6.24E-9 1.3 6.58E-9 1.6 2.961
1.4 5.66E-9 1.4 5.65E-9 .7 3.0%E-9
1.5 4.90E-9 1.5 7.60E-9 1.8 3.84k-9
1.7 6.28E-9 1.7 6.55E-9 1.9 14E-9
1.9 7.67E-9 2 J.88E-9
2.1 4.14E-9
2.2 3.95k-9
2.3 3.96E-9
2.5 4.59E-9



Table W5, Average Laboratory Conductivity of Compacted Soil Containing Micaceous Clay to
Acetone Used in the Field Study at a Gradient of 181,

Replication | Replication 2 Replication 3
Pore Vol. Ave K Pore Vvol. Ave K Pore Vol. Ave K

<.l 8.25E-9 <.l 6.20E-9

. 1.84E-8 | 5.70E-9

.2 1.37E-8 .2 1.67E-8 .2 4.12E-9

. 1.60E-8 4 7.5 E-9 .3 2.6UE-9

.5 1.26E-8 .5 6.48E-9 .4 8.10E-9

.6 1.95E-8 .6 5.93E-9 .5 7.56E-9

.7 1.25€e-8 .7 6.44E-9 .6 6.63E-9

1 1.75E-8 .8 5.83E-9 .9 6.98E-9

1.1 1.%E-8 .9 7.66E-9 1 8.57E--9
1.2 1.53£-8 1.1 8.77E-9
1.3 2.06E-8 1.2 1.92E-8
1.4 2.03E-8 1.3 1.04E-8
1.8 2.22E-8 1.5 .18E-8
o 1.6 1.33E-8
o 1.7 1.%E-8
1.9 1.35E-8



