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ABSTRACT

The sorpticn of nonpolar organic chemicals on hydrous oxides, clay
minerals, and subsurface aguifer materials was studied using the batch
isotherm technique. Radiolabeled []ﬂE] trichloroethylene,
orthod ichlorabenzene, naphthalene, and l-methyinaphthalene were serbed on
mineral sorbents, subsurface aquifer materials, and a surface soil at six
different equiiibrium concentrations over a concentration range from
0.001 mg/L to 1.0 mg/L. A knowledge of the sorption coeffictents of
these fuel components and solvents is necessary to predict the transport
of these chemicals through groundwater systems and uvltimately to rivers,
lakes, and estuaries.

Sorption on oxides and surface solls was found to be pH-dependent
with decreased sorption at high pH. Increased ienic strength showed a
s11ght increase in sorption on surface soils and some oxides. Sodium
montsorillonite and Barasyn, a synthetic montmorillonite, sorbed more of
the nonpolar sorbates than the oxides, but less than the surface soil.
Aluminum-saturated montmorillonite took up more sorbate than calcium-or
sod fum-saturated montmorillonites, but the aluminum saturation process
apparently involved changes in the clay structure.

Aquifer materials sorbed small amounts (<3ug/g) of the nonpolar
organics. Sorption coefficients for two nonpolar sorbates were
determined on seven different agquifer materials. Kuc varied by a

factor of 10 over the agquifer material sorbents. V¥artous sorbent

chemical and physical properties, in addition to organic carbon, were
viii



measured to discover any correlations between the properties and sorption

coefficlents, Mo predictive relationship was found batween the sorption

coefficient and selected chemical/physical properties of the sorbants.
Since the Kuc concept falled for the aquifer matertals studied

here and other predictive relations were not found, sorption coefficients

must be determined for each aquifer material occurring at a contaminated

site. These coefficients must be used in contaminant transport

calculations.

ix



SORPTION OF NONPOLAR ORGANICS ON MINERALS
AND AQUIFER MATERIALS




GENERAL INTRODHUCTION

1. Introduction

Groundwater 1s the primary water scurce for more than 40% of the
U.5. population. Contamination of this vital resource which has been
reported in at least 34 states is a growing national concern. Contamina-
ticn sites are widespread and include wastes from Industrial, military,
and agricultural sources, Agricultural fertilizers and pesticides can
percolate through soll systems and become mixed with groundwater.
Leaking underground fuel storage tanks and transfer lines from facllities
near lakes and estuaries can contribute fuel components to groundwater.
Nitrogenous and phosphorus wastes can seep into groundwater from septic
tanks located in urban areas. Since groundwater eventually feeds into
surface streams, lakes, and estuaries, contaminants that are transported
by groundwater become potential sources of surface water pollution.
These nutrients and pollutants can contribute to the eutrofication
(Sewell, 1982} and poliution of these recelving surface waters, Thils
situation exists along the Atlantic Coastal Plain and thus in the rivers
and estuaries of the Chesapeake Bay system, The contribution of
groundwater-borne contaminants to the total contaminant load of such a
system cannot be assessed until groundwater contaminant transport
processes are well understcod., The sorption work reported here is a

contributicn to the understanding of the transport process.
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The importance of organic chemical transport in the environment has
been reccgnized since the early 1960s, when concern was primarily limited
to the movement of pesticides through treated solls. It was economically
important to know how long these chemicals stayed in contact with the
soll.  Further study was needed to understand how the pesticides moved
through the sofil, and also through surface water and aquifers, In the
late 19705 and early 1980s, it became apparent that the environment was
contaminated not only by pesticides, but by 2 wide variety of organic
chemical wastes In soil, water, and groundwater systems. A knowledge of
the envirormental transport, fate, and effect of the organic chemicals
became necessary from a health standpoint due to the toxicity of many of
these chemicals. An understanding of potlutant transport by groundwatar
is necessary to select cleanup strategy at sites of high contaminant
concentration and to predict long-term distribution and fate of
contaminants that cannot be recovered by cleanup procedures,

The sorption of organic chemicals to solid phases 1s a key element
in determining environmental transport. The term "sorption” is used when
it 15 not known whether the chemicals are absorbed into or adsorbed onto
the sorbents in question. Equation (1) represents mass conservation for
the movement of organic chemicals having linear sorption isotherms
through groundwater systems under conditions cof local sorpticn
eguilibrium {Freeze and Cherry, 1979),

F?'“;%x(nn X ) AD ax (N

where C is the solution concentration of the organic contaminant (mg/L),

D 1s the dispersion coefficient (cmé/hr), ¥ is the groundwater yelocity



{cm/hr), and RD 1¢ the retardation factor, The retardation factor,
UI?C, is related to the sorption coefficient, X, as shown 1n eguation

(2},

Roz T = 1+ : (K) (2)

where, ¥ is the average groundwater velocity (cm/hr), V. is the

velocity of the retarded contaminant {cm/hr), 2 15 the mass bulk density
{gfcma]. n is the porosity {cm3!cm3}. ang K is the sorption

coefficient (L/kg){Freeze and Cherry, 1973). The sorption term in this
equat ion expressed as a retardation factor, RD, forms the basis for this
dissertatian.

Physical sorption of 2 nonpolar organic chemical to a salid surface
is driven by attractive forces between the solute and serbent generally
referred to as van der Waals™ forces. These forces are composed of
London dispersion forces which are dipole-dipole, dipole-guadrupoie,
quadrupole-guadrupole, and ion-dipole attractions induced between the
sorbate electrons and the sorbent electrons,

Hydrophobic organic chemicals of limited water solubility may also
be driven toc the sorbent surface due tc solvent entropy effects. Hamaker
and Thompson (1972) referred to the overall process of sorption of
nenpolar compounds on surfaces as “hydrophobic bending.,"

Sarption of organic contaminants cn aguifer materlal retards their
transport in relation to the groundwater and leads to spatial separaticns
of contaminants by chromatographic processes in the aquifer. A knowledge
of the sorption coefficients for nonpolar contaminants on minerals and

aquifer materials and how they relate to both sorbate and sorbent



physical and chemical properties 1s a reguirement for predicting
contaminant movement. The ability to predict sorption of nonpolar
organic chemicals on aguifer material based on some readily measured
properties would be a significant aid in calculating contaminant
transport by equation {1), Results from these calculations can be used
to determine appropriate cleanup methods at sites of high contaminant
concentration and to determine long~term distribution of dilute chemicals
that cannot be recovered by cleanup procedures. Without the ability to
predict sorption based on sorbent properties, complete sorption isotherms
for each contaminant must be measured to provide the sorption coefficlent
used in transport eguations. Isotherm measurement is laborious, time
consuming, expensive, and beyond the capability of most small
laboratories. A simple sorbent characterization that would allow
sorption coefficient prediction would be a great ald in the field of
groundwater contaminant transport.

There is a dearth of information on sorption of corganic contaminants
on materials from saturated zones below the surface soll horizons or on
materials from subsurface confined aguifers. Freeze and Cherry (1979)
define an aquifer as "a saturated permeable geoclogic unit that can
transmit significant guantities of water under ordinary hydraulic
gradients,” Aquifer material 1s not chemically specified by this
definition. Existing predictive equatlons based cn the organic carbon
partitioning models generally do not provide satisfactory estimates for K
values on these low carbon systems. Since aquifer material has low
organic carbon content and relatively high mineral centent, clay and
mineral oxide surfaces are treated here in simple systems to assess their

relative importance in sorption of nonpolar organics., Information gained
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from these single sorbent studies may provide insight on sorption by the
more complicated aquifer materials,

The contribution of sorbent mineral comporents other than organic
carbon has been noted, but T1ttle guantitative data exists in the
literature. Sorption on aquifer materials must be measured to enlarge
the data base and to assess the utility of predictive relations,

This dissertation examines the possibility of predicting sorption
on aquifer materlals based on a knowledge of aquifer material chemistry,
sorption coefficient measurements on model mineral sorbents, and sorption
coefficient measurements on aguifer matertals. Seyeral organic sorbates
of differing polarities were used as swrface probes to observe their
sorption treads on the model mineral surfaces and aguifer materials.
Experiments were conducted to determine the magnitude of sarption
caefficients on inorganic oxldes and clay minerals that are components of
aquifer materials. Ienic strength and pH were varied over possible
environmental ranges to observe effects on sorption, Mentmorillonite
clay saturated with different cations were used to determine if cation
changes altered sorption coefficlents as suguested by Rogers et al.
(1980) and Rogers and McFarlane {1881). Serption coefficients were
measured for two nonpolar organic sorbates on seven representative
aguifer materials to provide a comprehensive sorption data set. This
raepresents the largest organic sorption data base on representative
aquifer materials published to date. The agquifer materials were
characterized for various physical and chemical properttes to look for a
ralationship between these properties and sorption coefficients from this
data set. Some related work has been done by Means et al, {1982),

Hassett et al, {1980}, and Karickhoff et al., (1979) using surface sotls



and sediments. They did not, however, Include aguifer material sorbents
and did not use the organic solvents and fuel components which are common
groundwater contaminants. Their correlations included few chemical
properties of the sorbent and scrbate, and thelr results may be of 1ittle

utitity in predicting sorption In groundwater systems.



REVIEW OF LITERATURE

a. Sorption and Sorbent Organic Carbon Content

Lambert et al. {1965) demonstrated the importance of sorbent organic
carbon content (OC) in soil and sediment, and developed the relationship:
Kuc = KHFGC; where K is the sorption coefficlent {L/kg), fOc is the
serbent fraction organic carbon content, and Knc is a carbon=normalized
sorption coefficient (mL/g OC), It was found that the Koc for a given
grganic compound remained constant for surface soils over a wide range of
ac.

Extension of this preliminary work to include a wide variety of
sorbents and sorbates has met with varying degrees of success in
predicting arganic chemical sorption. Karickhoff et al. {1979} studied
the sorption ef aromatic hydrocarbons and chlorinated hydrocarbons on
pond and river sedimants and found that con an OC basis, sand size
fractions were considerably less effective In sorbing these chemicals
than the finer fraction. ODifferences in sorption were atiributed to the
fact that the OC varied between the size fractions. Thys, to determine
the sorption coefficient for the entire material, it was necessary to
know OC distribution in the particle size fractions. Nkedi-Kizza et al.
(1983} found similar results working with 2,4,5-T herbicides and
diuron, Sorbents OC contents in these studies were generally high;

greater than 1%. In an effort to predict sorption dependence on sorbate

properties, the Karickhoff et al. {1979) regressed Koc against sorbate

octanol-water partition coefficients (K ) and water solubilities (5).
8
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Octanol-water partition coefficlents were found to he a good predictor of
Kuc for the systems studied. These studies did not examina Tow OC
sorbents or low molecular welight organic sorbates, The utility of Koc

in determining sorption on low ¢rganic carbon materials was nct
considered.

Hassett et al. {1980} measured sorption of polycyclic aromatic
hydracarbons {PAH) on a variety of surface soils and sediments and found
that the sporption coefficient correlated well with OC. However, good
correlations were also obtained with other sorbent properties, such as
ctay minera) content and cation exchange capacity. Sorbent OC weare
gererally greater than 1% and the sorbates studied were a homoclogous
series of PAHs. HNo attempt was made to characterize the naturally
occurring organics or to examine low organic carbon content sediments.

Based on the above cited work, Karickhoff (1981) and Chiou et al.
{1979, 1983, 1984) have published a number of studies where sorption has
been viewed as partitioning or solution into the crganic materials
present, rather than sorption onto a sorbent surface. Karickhoff (1981)
showed that, with the inclusion of certain molecular propertles, Koc
values could be predicted that were within a factor of three of the
measured Knc' Chiou et al, (1979) studied the serption of a number of
short-chain chlorinated hydrocarbons and polychlorinated biphenyl Ysomers
on a2 surface soil. They found n¢ nonlinearity in the sorpticn isotharms
and an inverse relation was cbserved when the srption cepeffictents were
plotted against the corresponding solubiiities. Based on this evidence,
they postulated that the organics were partitioning Into the organic

matter. Only one surface soll, which contained 1.6% organic
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matter, was studied to support this. Chiou et al. (1983} studied
sorption of similar compounds on Woodburn s11t loam sofl with 1,9%
organic matter, Simultanecus sorption of binary mixtures produced linear
isotherms with similar slopes to those for single solute Ysotherms, which
was interpreted as further evidence for partitioning into the soil
organic matter. They noted that any differences in the soil organic
matter will affect the partition coefficients and the resulting
correlation equations containing these coefficients. Chicu {1985)
studied the serption of parathion and lindane on twe different soils from
aqueous and hexane mixtures. Mineral surfaces controlled sorption from
hexane solution in the absence of water. When water was present, the
organic carbon content controlled the sorption and partitioning was
assumed due to lack of competitive sorption, linearity of isotherms,
OC-dependence, and low temperature dependence on equilibrium.

Mingelgrin and Gerstl (1983) have reevaluated partitioning as a
mechanism for nonionic chemical adsorption in soil. They worked with
several nonicenic pesticides on Israeli soils of varying clay and organic
centent, Results showed linear i1sotherms on clays and some nonlinear
isotherms on various soils, They pointed out that results presented by
Chiou et al, {1979), who contended that 1inearity at concentrations near
the soiubilty 1imit indicated partitioning, were with solutes of Jow
solubi11ity where surface coverage must be jow. Under these conditions,
linear isotherms would be expected, thereby casting doubt that linearity
is a sufficient condition to prove partitioning. Alternate thermodynamic
arguments were also presented, showing that a low AH of sorption did not
prove partitioning. The authors conclude that the complexity of sorption

on so0i1 surfaces does not allow predictions based on correlations such as
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Koer Koyr 3Nd water splubllity for a very diverse group of organic
substances and that these correlations do not prove 2 partition process.
Maclntyre et al, (1982) demonstrated that a peroxide destruction of
sediment organic carbon actually increased the sorption of nonionic
organics. Garbarini and Lion (1986) fracticnated so}l organic matter and
studied sorption of tolrene and trichloroethylene on these fractions and
commercially available soi) organics. They found that these sotl
camponants had widely varying affinities for the sorbates studied which
could not be entirely explained by thelr organic content. These two
studies further demonstrate the difficuities in using soil organic matter
as the sole criterion for explaining sorption of nonionic organics.
Several researchers have realized that the partitioning concept
breaks down at low sorbent organic carbon concentrations and have
proposed modifications to the partitioning concept (Karickhoff, 1984;
Curtle et al., 1986; and McCarty et al., 1981). McCarty et al, {1981)
and Karickhoff (1984} have presented two-phase models whereby sorption on
mineral surfaces and partitioning into organic matter occur
simultaneously. Differences between models of McCarty et al. (1981) and
Kar ickhoff (1984) are primarily in the mode of action of mineral surface;
that 1s, findependent or in concert with the organic material. Curtis et
al. (1986) indicate that these differences demonstrate the need for
characterizing sorbed organic matter and the mineral matrix. Karickhoff
(1984), using limited data sets, proposed that mineral contribution
became important in sorption of nonpolar organics of less that 10 carbon
atoms when the ratio of the wmass of mineral matter to the mass of organic

matter of the soil/sediment is >80, Schwarzenbach and Westall (1981)
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found that partitioning-related correlations understated the observed
sorption when the organic carbon fraction was less than 0.001.

It is apparent that there 1s considerable controversy and varying
opinion concerning adsorption versus partitioning and 1ts rale in
predicting sorption. The concept of K,e constancy is open to question.
It is clear, however, that predictive relations based on Knc seem to
fail for nontonic organics when the sorbent 0C 15 low (<0.1%) or when the
ratios of mineral surfaces to OC 1s high (>60)., Low OC are
characteristic of aguifer materials, so the sorption work on aquifer
materials presented here was necessarily directed to the determination of
the utility of the Knc concept 1In groundwater transport situations.

b. Clay and Mineral Oxide Surfaces

Clays and mineral oxides are weathering products of igneous and
metamorphic rocks and are components of soils, sediments, and aquifer
materials, Subsurface aguifer materials generally have low {<0,1¥] OC
and the organic matter present may not chemically resemble organic matter
¥n surfacxe soils and sediments because of considerable diagenesis and
oxidation. Hassett et al. (1981) and Karickhoff {1984} have noted that
low OC and high mineral content in soils and sediments cause increased K
va lues that may be attributed to sorption on inorganic sorbents.
Research dealing with sorption of organic sorbates on aguifer materlals
requ ires the determination of the influence of these mineral sorbent
surfaces, because of thelr large surface areas and low OC.

A reylew by Voudrias and Reinhard (1986) reported many possible
organic reactions at clay and oxide surfaces, such as hydrolysis,

eliminatton, substitution, redox reactlons, and pnlymerization concurrent
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with chemical adsorption to surface |Lewis and Bronsted sites. The most
important environmental variables were temperature and water content. In
completely saturated porous media, as in aquifers, hydration reduces the
surface sorption and chemical reactions of crganic compounds from thelr
unhydrated scrbent surface values because most reactlive sites are
occupled by water. Thus, most of the reactions and mechanisms discussed
by Voudrias and Reiphard (1988) do not apply due to the compiete
hydration of the surfaces in this study. Jurinak (1957) showed the
importance of surface hydration by studyling the sorption of ethylene
dibromide {EDB) on homoionic montmorilionite. Differences 1n the amount
of chemical adsorbed were attributed to the relative amount of water
associated with the different exchangeable cations. The water present
expanded the clay lattice providing more surface area for adsorption.
Call [1957) studied the Sdrptiun of EDBE on s50i11s and montmerillonites, by
varying the relative humidity (RH), and observing the changes 1in
sorption. He found the uvsual competitive sorption between the organic
chemical and water at the clay surface with a concomitant decrease in EDB
sorption at high RH. He noted that at low RH, sorption of EDB actually
Increased with increasing water content, which was attributed to
expansion of the clay lattlce, but then followed the normal trend of
decreased sorption at high RH. Call {(1957) noted that on s0lls, water
content also played a role in sorption by hydrating the soil organic
colloids. These studies demonstrate the competitlve nature of

organic sorbate/water sorption on mineral surfaces and the resulting
sorption attenuation for organic contaminants under saturated versus

unsaturated conditions.
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several authors have investigated sorption of pclar organic
mclecules from agueous solution by clays and minerals in sofils.
Artiola-Fortuny and Fuller {1982) measured the adsorption of
monohydroxybenzene dertvatives by soils which were high in clay and Tow
in OC and ranged in pH from 4.5 to 7,8, They found that percentage iron
oxide and solution pH were the most important factors related to
sorpticn, with the less sotuble phenols belng better sorbed. Hydrous
iron oxide can react with both anfons and cations and also hydrogen bond
with sorbates., These characteristics may expiain the observed sorption,
Differences in sorbate uptake were attributed to the hydrophobic
character of the sorbate and differences in sorbate chemical properties
caused by changes in ring substituent groups. Juo and Oginny (1978)
found that tron-oxide rich soils sorbed more paraguat than did the
strongly acidic sedimentary solls. Multiple regression analyses of the
Langmulr adsorption maxima for the paraguat cation against sofl prop-
ertias showed 96% of the sorption could be explained by the percentage
FE2D3 and cation exchange capacity. These two studies show the
jmportance of mineral surfaces on sorptlon of denizable compounds.

Rogers and McFarlane {1981) measured sorption of nonpolar

2-saturated

halogenated grganic sorbates on sails and a1*3- and ca'
montmorillonite clays. The Al-saturated clay sorbed more than the
Ca-saturated clay, Rogers et al, {1980} reported that benzene sorption
was minimal on two silty clay loam soils and Ca-saturated
montmorillonite, but that Al-saturated clay sorbed three times more than
the Ca-saturated clay. These studies show the Importance of clay as a
possible sorbent for nonpelar organics, and the differences caused by

cation saturation. Unfortunately, the clays were assumed to have no

assoclated organic material and were not characterized for 0C, thereby
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casting some doubt on the interpretation of their sorption data. Without
QC data, the importance of the saturating jon in the sorption studies is
unc lear,

MacIntyre et al. {1982) and MacIntyre and deFur (1985) observed
hydrocarbon fuel component sorption ¢n a Wyoming montmorilionite
{Bentonite) from both multi-sorbate and single sorbate solutions, The
clay had been washed with methanal prior to use, but OC values were not
reported. Stauffer and MacIntyre {1986) reported significant sorption of
low=-polarity organics on iron oxide (goethite) and less sorption on
aluminum gxides. Surface charge was implicated as a possible explanation
for the sorption differences, but surface charge measurements were not
made, BarnerJee et al, (1985} studied the sorption of trichlorcbenzens,
o-chlorotoluene, and dimethylphthalate on a low OC subsurface materials
and found that the sorption values correlated well with the clay size
fraction for materials from lower depths. They reported mineral
contribution to the observed sorption for orthachlorotoluene, Sorption
of trichlorcbenzene on shallow samples correlated with both 0C and
clay-sized particle content. It was concluded that sorbent OC s a good
predictor for sorption down to about 0,2% OC and that, for "very
hydrophobic" molecules, OC of the sorbant will control sorption down to
levels that defy quantification. Mineral contribution to sorptlion was
inferred from data falling within a zone of ¢lay/0f ratio greater than &0

{see Karickhoff, 1984} when KU was plotted against clay/0C ratio.

¢
Little evidence was presented to support the speculation on sorption of

"very hydrophobic® molecules.
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Mineral surfaces play a role in sorption of organics on aquifer
materials, especially where the crganic carbon concentration is Jow.
It 15 therefore necessary to study sorption onto these inorganic
minerals, since they contribute to the overall sorption coefficlent on
aquifer materials. Organic chemical sorption measurements from aqueous
solution onto clay surfaces involve pseudo-egullibrium systems, because
1t takes about 3 1/2 years for kaolinite to reach equilibrium water
solubt1ity (May et al,, 1986) and further, smectites do not reach
equilibrium,

c. Sorption Coefficients on Rguifer Materials

The Titerature on scorption by aquifer materials is complicated by
the vague definition of an aquifer. Results of sorption studies on
aquifer materials must He interpreted in terms of the chemical and
physical properties of the aquifer material samples used.

Much of the literature 15 based on the Borden site in Canada, at
which the aquifer material is a relatlvely homogeneous, bedded,
unconsolidated glaciofluyial sand of fine to medium grain with small
silt-clay content and low OC, about 0.05% {Sutton and Barker, 1984}.
Mackay et al. (1986) studied the sorption of halogenated solvents {carbon
tetrachloride, bromoform, tetrachlornethylene, hexachlgrogethane,
1,2-dichlorobenzene) on Borden site aquifer material and found sorption
coefficlents ranging from 0.13 to 0.74 L/kg. Most sorption coefficients
varied by a factor of two over the core depth, but tetrachlorcethylene
sorption coefficients varied by an order of magnitude. Sorption
differences over the depth profile could not be explained by variations

in OC or surface area, leading the authors to conclude that the chserved
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sgrption may be related to the amount and distribution of some unknown
mineral phases,

Abdul and Gibson (1986} studled sorption of PAHs on aquifer
materials from the Borden site and a sTte near Flint, MI. Measured
sgrption coefficients for Flint and Borden materials varied by factors of
3 and 4, respectively, compared to calculated values based on regressions
proposed by Karickhoff {1979}, The authors did not speculate why the
predictive equations worked poorly on the high 0C Flint sample (1.B7%),
and pointed out the necessity of further muitivariate analysis to
possibly predict PAH sorption in the saturated groundwater zone. They
noted that parameters such as particle size and surface area may be
important in controlling the amount of PAH sorbed, and should be
considered in statistical amalyses.

Schwarzenbach and Westall [198)) measured the sorption of
methylbenzenes and chlorobenzenes on aquifer materials and on the
minerals T-AlgﬂS. SiGE, and kaolinite. Strong correlation was
found between the sorption coefficients and O0C for sorbents with OC
>0.1%., The authors stated that, 1n the absence of organic carbon, the
specific surface area and nature of the mineral surface would have a
considerable influence on sorption. Sorption coefficients (K){L/kg}
ranged from 1.2 for chlorobenzene to 37.% for tetrachlorobenzene on an
aquifer material with 0C=0,73%, whereas K ranged from 0.6 for
chlorgbenzene to about 5.0 for tetrachlorcbenzene on kaolinite and gamma
Alzﬂa. The lower observed K values on the clay and oxide were

presumeably due to lower OC or mineral sorption.
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Uchrin and Katz (1985} studied sorption for hexachlorocyc lohexane
(Lindane) on two aguifer materials from New Jersey. They reported K
values of 13 L/kg and 11 L/kg, respectively for materials with 0C=4.4 and
2.2%. Their study focused on the issue of reversible desorption, but it
15 apparent from the results that organic partitioning could not account
for the similarities in K reported. Wide varlation in application of the
term aquifer material 15 Indicated by their interchangeable use of
"safls" and "aguifer materials" and by failure to specify the depth and
water-saturation state of the samples.

Johnson et al, (1985) investigated sorption of five chlorophenols
and three chlorophenoxyphenols on material from a chemical disposal site
in Oregon. Actual waste water solutions were used as sorbates, and they
were added to the groundwater which had a2 pH of 10. K values (L/kg) for
di- and tri-chlorophenols wera pear zero with tetrachlioropheno] 1.8+1.0
and pentachlorophenc] 9.5+1.8. The chlorophenoxyphencls had K between 14
and 28. Naphthalene served as a standard and produced a K of 1612 with
the sorbents under these conditions. 5oil organic content was 2,4+0,3%,
The authors indicated that calculation from a tabulated ch for
naphthalene would produce organic carbon cencentrations of about 1.8%,
but could not explain this disparity. Slgnificant sorption for scme of
the chlorophenols was found even though they were not protonated and
existed as anions at the study pH, but no explanation was given. Zachara
et al. {1986) measured the sorption of quinoline on several low-organic
carbon subsurface materjals and found poor cerrelation of the resulting
Freundlich constants with subsoil properties, including organic carbon.
Acidic subscils sorbed more quingline than neutral or basic subscils,

which was attributed to fon exchange reactions between protonated
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quinoline and the subsurface materials. VYarying pH of the subsoil
materials showed that the organic cation was retained more than the
neutral molecule, These two papers show that pH can play a significant
role ip sarption of ifonizable species.

Miller and Weber {1986) studied the sorption of lindane and
nitrobenzene on four aquifer sands and found experimental K varied by a
factor of 3 or 4 from the calculated values based on log Kac = Jlog
Kyy~0-21. Some deviations were as high as a factor of 10, and were
explained post facto by a combination of the sorbate’s high water
solubility and the sorbent™s low crganic carbon content. Several of the
other sorbent carbon contents were of the same level but did not exhibit
similar deviations. Organic contents of the sands were generally Jow,
0.10 - 0.14%, except for one high-carbon content sand of 1, 14%. MNo other
explanations were given for the observed K variation.

d. Correlations to Sorbent Chemical/Physical Properties

Many researchers have noted organic carbon-sorpticn reltations in soil
and sediments, but only a few have studied sorption on a wide range of
sediments/solls as a function of sorbent properties. Karickheff et al.
(19739} worked with PAH and noted a direct dependence of K on OC for five
pond sediments. Karickhoff (1981} also found a high correlation between
K and OC in 17 soil/sediments. Correlations to clay, s11t, and cation
exchange capacity (CEC) were much lower, Since the surface
soil/sediments used were relatively high in OC {with only two samples
less than 0.5%], no conclusions can be drawn for the use of OC-based

sorption in low OC sorbent systems such as aquifer materials,
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Means et al, {1980a, 1880b, 19872) and Hassett et ail, (1980, 1981}
did a series of experiments with different sorbates on fourteen
sediment/soil samples collected along the Ohio, Wabash, I11nois, and
Mississippl rivers. The statistical technique applied by Means et al.
{1980a, 1980b, 1982) included an unspecified “matrix correlation" among
variables, and separate linegar regression of K against each of the
various sorbent properties, In all cases, significant correlation [HE
not specified) was found between the OC and the K values, with some
correiation between percentage clay-CEC and percentage organic
carbon-percentage N content, Again, the main hindrance to applying these
results to aquifer materials is the relatively high OC of tha
5011/sediment samples which were a subset of those used by Karickhoff
{1981}, with only two sails less than 0.5% organic carbon. Two
aming-substituted PAHS were found to interact with the ¢lay portion of
the solls/sediments, with pH dependent sorption. It was concluded that
clay materials would influence the sorption of polar arganics.

Hassett et al. (1980, 1981) continued studles of a -naphthol and
dibenzothiophene on the 14 soils and sediments cited above, OC was agaln
found to be significantly correlated to K. The a-naphthol showed widely
divergent Kye OD the sediments where the percentage O to percentage
montmorillonite ratic was Tess than 0,1, This was attributed to the more
polar compound Interacting with the more accessible clay surfaces when
the TOU was low.

Insufficient Information is avallable to demostrate corrglations
hetween K values for intermediate molecular welght sorbates and aguifer

material physical/chemical properties.
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e. Sorbent Concentration Effects

0°Connor and Connally (1980) propcsed a mathematical model showing
an exponential dependence of K on the sorbent-to-liguid weight ratio.
The mode] was applied to various published dats to explain the apparent
inverse reiationship between K and sorbent concentration; i.e., K's deter-
mined at lower sorbent concentrations gave higher X values than similar
isotherms run at higher sorbent concentrations. Although a good fit was
gemonstrated, no theoretical basis was suggested for the model.

Yoice et al. {1983) noted a sorbent concentration dependence for
polychlorobiphenyls {PCBs} on sediments and clays. They proposed a
mathematical model to explain this effect which involved the transfer of
sorbing or solute binding material from the sorbent to agueous
suspension. Several experiments were attempted to isolate and examine
the nature of the transferred material. Residual turbidity, OC, and UY
ahsorbance were ysed to examine the supernatant liquid from sorbent
blanks. The presence of microparticles or any transferred materials was
not proven.

Horzempa and DiToro (1983) studied the effect of sorbent concentra-
tion on PCB partitioning to sediments and clays. V¥ariations in solution
compos 1tion and kinetic effects were found to affect sorption, but
nelther of these factors appeared to adequately account for the magnitude
of the observed sediment concentration effect. They speculated that the
observed sediment concentration effect might be duve to solid phase
interactions between suspended particles,

Curl and Keolelan (1984) proposed a model to explain the
concentration effect, but did no experimentation, relying on previously

pubiished kepone sorption data to show thelr model”s utility. The
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model assumes competitive adsorption in which a naturally occurring
sorbate already on the sorbent competes for sites with the introduced
sorbate, While the model was only tested with a limited data set, it has
the advantage of explaining observed K value variations with increased
sorbent to Tquid ratio based on a mechanistic argument,

Gschwend and Wu (1985) studied the sorption ef PCBs en river and
lake sediments to cobserve changes in K caused by varying sorbent
concentrations. They observed a sorbent concentration effect, but they
found that it was caused by sorption to nonsettling sorbent
microparticles or macromolecules. If adequate care was taken to
completely separate the solid phase from the 1iguid phase or account for
the nonsettiing particle sorptlon, the sorbent concentration effect
disappeared and K values remained constant over sorbent concentration
ranges encompassing four orders of magnitude. They concluded that
previous experimental work suggesting “complex" sarptive behavior were
sub ject to experimental artifacts caused by incomplete separation between
lTiquid and selid phases.

The concentration effect was not detected in batch isotherm studies
conducted by Karickhoff et al. (1979). This observed sorbent
cancentrat ion effect may occur in nature or may be an artifact of the
experimental procedure. The sorbent concentration effect may be
important 1n environmental models where K values are used to predict
transport over and through media with wide variations in sorbent
concentration, such as suspended sediments and lake or river bottoms. If
a sorbent concentration effect exists, 1t would make data comparisans

betwean studies using different sorbent concentrations difficuit.
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- f, Effects of Equtlibration Time on Sorpticn Values

Karickhoff and Morris (19B5) and Coates and Elzerman {1986} studied
the desorption of PCBs from contaminated sediments. They found that tha
rate at which PCBs desorbed was related to the length of contact time
prior to desorption, and that sorption continues to increase over days
and weeks, Karickhoff and Morris {1985) proposed a two-step model of
equilibration, a quick initlal step followed by a slow step occurring
aver a period of days to months. Using kinetic relations based on
experimental data, Karickhoff and Morris [1985) estimated equilibration
times in excess of one year for organic sorbate/sediment systems with
K)1DE {L/ka)., The slow step was attributed to intra-particle diffusion
that was very slow for large molecules, Data of Coates and Elzerman
(1986} also support the two-step model, They alsoc found evidence for
competitive affects during desorption in rate differences observed for
the same compound in single- and multi-solute systems. Rates of
desorpt ton were retarded in the multi-solute system studied.
Equilibration times in these studies ranged from 12 to 150 days.

Karickhoff and Morris {(1985) noted that the greatest change in K
value observed in long-term studies for pyrene above a 4B-hour basis
value was only 2 factor of two, Additionally, it was shown that the more
highly sorbed chemicals sorbed more slowly. A slow step 1n approach to
aguilibrium would be less important for low molecular weight, less
sterically hindered molecules, While the PCBs studied above biodegrade
very slowly, other chemical compounds could be significantly degraded

agver long equilibration times,




EXPERIMENTAL METHODS

. Rationale for Chosen Methodology and Conditions

The batch equiiibration tachnique was used to measure nonpolar chemi-
cal sorption by low OC sorbents becavse it 1) allows for the determination
of an entire sorption isotherm in a short amount of time, 2) is commonly
used In similar studies of surface soll and sediments, and 3) involves
fewer variables than dynamic [column) techniques (persconal communication,
Dr. W.G. Maclntyre, VIMS, Gloucester Pt., YA). Since small amounts of
chemical were sorbed, Tiguid scintillation technigues were used to
quantify uptake of 14!3-1abe1ed sorbates, Use of the batch technique
also provided better handling control of the radiolabeled chemicals,

In all sorption isotherm studies, 2.0 g of sortent and 10 mL of
aquecus sorbate were used, This ratio was selected to provide measurable
changes in sorbate concentration without using too much sorbent.
Sufficlent solution was available for 1igquid scintillation counting and
pH measurement. The fixed solution/sorbent ratio was maintained
throughout and sorbate-solution separations by centrifugation were made
as complete as possible to avoid possible sorbent concentraticn effects,
Bifferences in sorbent density caused the solid-liguid ratio to vary
somewhat because the same contalners {constant total volume) were used in
all tsotherm experiments. These ratic differences are much smaller than
those differences existing where a sorbent concentration effect was

reported. A1l data acguired on the different sorbents within this work
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are comparable with regard to sclid-1iquid ratio. Any concentration
effect would remain constant withln this study and not affect comparisons
between K values of a sorbate on different sorbents.

Mill11-(Q water was selected for all isotherm experiments to minimize
organic and inorganic contaminants in the agueous phase. No attempt was
made to produce & "synthetic" groundwater by adding inerganic salts or
buffers to the MI111-0 water, 5ince each groundwater sample is a product
of the particular genlogic materials through which 1t passes and ne
standardized formulation can be made, The usual sorbate concentration
range, 0.00} to 1 mg/L was chosen to cover the expected environmenta)
groundwater contamination levels and to produce isctherms at
concentrations less than half solute saturation. Resulting isotherm data
were fit to a linear model because of its simplicity and widespread use,
Other models were tested, but did not bave any apparent advantage over
the Jinear fit, and, as Maclntyre and deFur {1985} point out, the choice
of madel is usually arbitrary.

Ambient laboratory temperature (22.5+ 1°C) was selected because a
temperature significantly different from this would require all hand}ing
operations to be done in an environmental chamber, Near room temperature
a 10°C temperature change causes the K value to change by 25% (Chiou et
al., 1977). Since there was only a 2°C or less range in temperature,
changes in K values due to temperature variation would be 5% or Tess.

A1l isotherms were obtained by equilibration, centrifugatiaon, dilution,
and transfer at this temperature.

An equilibration time of 24 hrs was used because it has commonly
been used in similar sorption experiments and was short enough to permit

investigating a large number of sorbate/sorbent combinations. Preliminary
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experiments showed no observable sorption changes after 16 hrs. Periods
longar than 24 hrs were not used due to possible biocdegradation of
sorbates aver extended egullibration periods.

The batch isotherm technique used here measures macroscopic
thermodynamic states, which are averages of an ensemble of microscopic
states of the system considered to be at equilibrium. There is no way to
deduce from this average state the condition of a particular molecule
since this average is based on enormous numbers of molecules and energy
states. However, ¥t 15 possible to make inferences from the ensemble
averages and our knowledge stemming from nonthermodynamic observation.
Direct observations of single molecule/surface interactions are not
possible by equillbrium methods.

2. Sorbent/Sorhate Materials

The sorbates chosen for study are low molecular weight, nonpolar
arganic compounds found in fuels and industrial solvents that have been
identified at numerous groundwater contamination sites. The clay and
oxide minerals selected as sorbents are decomposition products of igneous
and metamorphic rocks and thus components of solls and aguifer material.
A surface soil sample was included to establish a reference for
comparison with sorption on the low carbon sorbents. The aguifer
materials, selected as sorbants and collected from U.S. Government-owned
s1tes, represent saturated zone material from different geologic regions.

Ingrganic Oxides and Surface Soil

The four inorganic oxides were: goethite (Pflzer, New York, NY), Linde

0.3 micron atlumina polishing powder (Union Carbide, Indianapolis, IN},

gibbsite (Hydral 705: Alcoa, Alcoa Center, PA}), and MIN-U-SIL.°
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(Pennsylvania Glass Sand Corporation, Pittsburgh, PA).
One surface soil sorbent was used: Appalachee Ap horizon {Soil Science
Dept., University of Florida, Gainesville, FL).

Clay Minerals

The four clay minerals were pbtaiped from the Clay Minerais Soclety,
Source Clays Repository, University of Missouri, Columbia, MO 65211,
They ware: KGa-1, Kaolin, well crystallized, Washington County, GA;
SAz-1, Ca-montmerillonite, Apache County, AZ; SHy-1, Na-montmorillontte,
Crook County, WY; and Syn-1, Barasyn S5SM-100, synthetic mica-
montmor11lonite.

Aquifer Materitals

Seven aquifer materials were used. Canadian Borden site aguifer
material was obtained from D.M. Mackay at Stanford University and is a
subsample of the "hulk" sample described by Mackay et al, {1986). Lula
aguifer material was collected at a depth of 5 m from the Johnson Ranch
near Lula, OK and provided by Robert S. Kerr Environmental Research
Laboratery, U.S. Envirgnmental Protection Agency, Ada, OK. Four aquifer
materials ware coliected at different Afr Force bases across the United
States, representing a variety of geoclogic materials. Locations and
dr1iling logs are given in Appendix I, An additicnal aquifer material
was collected from the Coast Guard Station at Traverse City, MI.
Petrographic descriptions of these aquifer materials are given in
Appendix 1.

}46-1abe1ed chemical sorbates were used: o-dichlorohenzene

Five
(ODCB), naphthalene (NAPH), and pentachlorophencl (PCP) from Pathfinder
Laboratories, Inc., 1,1.2-trichloroethylene {TCE) from New England
Nuclear: and 1-methylnaphthatene {MNAP) from Amersham. Specific

activities were 11.58 mCi/mmol for ODCB of 98% chemical purity, 6.12
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mCi/mmc] for NAPH of 98% chemical purity, 10.57 mC{/mmo]
for PCP of 9B% chemical purity, 2.7 mCi/mmo]l for MNAP of 94% chemical
purity, and 6.6 mCi/mmol for TCE of unspecified chemical purity.

3. Sorbent/Sorbate Characterizations

Specific surface areas were determined on all sorbents. Single
point H2 condensation surface area measurements were made with a
Micrometrics Flowsorb 2300 instrument, using a thermal conductivity
detactor. All sorbents were pretreated by drying at 60°C overnight in
an evacuated drying oven. Samples were stored in a desiccator unti]
analyzed. Samptes were degassed Immediately prior to HE uptake,

Sorbent OC was determined by several technigues, ODichromate
oxidation of the sorbent followed by back titration with FEES:}q was
done initially. This is called the Walkley-Black method (Nelsen and
Sommers, 1982). Titration results were questionable because most
sorbents were very low in 0(; therefore a mod1fied method was tried.
Dichromate oxidation was tested with the EDE liberated being trapped in
ascarite and welghed. Small weight changes duge to low sorbent OC agaln
led to uncertain results,

A dry combustion method described below was finally selected for OC
analysis. Inltial trials used HZSU3 toc remove Ynorganic CUE from
dried sorbent samples placed in platinum crucibles, Some samples were
high in carbonates and H25D3 did not completely remove these
carbonates, thereby producing errors in the 0 determination. Treatment
with HESG3 was replaced by routine addition of 10 m] of 3N HC1 to 10
q of sorbent, effectively removing all carbonates. The sorbent was then
washed once with M3111-0 water to remove unreacted HC1 and C1° and

redried. Four subsamples of the drled sorbent weighing 100 mg or Tess
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ware pach combusted inm a platinum boat at 306 1n a Dohrmann mode)
DC-80 TOC anmalyzer. The TOC analyzer was modified so that 200 Cmafmin

of O, went directly through the combustion tube and into the Horiba IR

2
photometer, A Perkin-Elmer LCI 100 integrator was connected to the IR
output and used to determine peak areas from C0,, produced durling
combustion. Prior to analyses, the callbration of IR photometer response
was checked against manufacturers” data using a series of primary gas
standards from Matheson Gas Company. The primary standard grade gas
standards had a certified concentratlon accuracy of +0.02% absclute. A
curve reiating peak area to mass of CDE {(Figure 1) was constructed by
replicate injections of known agueous concentrations of potassium acid
phthalate, This combustlaon analysis proved the most sensitive and
reproducible of the OC technigues. All sorbents were analyzed by the
combustion method to provide a consistent data set.

Sorption system pH was measured with an Orion pH meter, Model 601A,
using a combination glass electrode, number 13-635 90, from Fisher
Scientific Company., The meter was callbrated using two standard buffer
soluticns spanning the pH range of the samples, Samples for pH analysis
were taken from the supernatant liquid in the hypo-vials after
centrifugation and represent equilibrium pH obtained after 24 hour
contact of solution and sorbent,

Cation exchange capacity [CEC) for the surface soi] matarial was
determined by the ammonium saturation method (Chapman, 1965). The
University of Florida 50il fharacterization Laboratcry determined the CEC
for the aguifer materials as follows. Samples were extracted with
ammenium acetate at pH 7.0 and filtered, The fiitrate was analyzed for

calcium, magnesium, sodium, and potassium by atomic absorption



Figure 1.

Calibration curve for TOC analysis by combustion method.
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spectrophoctometry. Exchange acidity was determined by leaching the
aguifer material with 0O.5N BaC]2 and 0.055 N triethanolamine solution
adjusted to pH 8 with HC1. The resulting solution was titrated with
standard HC1. Exchange acldity was summed with the metal concentrations
from the atomic absorption analysis to give the CEC. CEC data for the
standard ¢lays was given by Friplat and van Olphen {1979},

Particle size distribution, percentage 2-layer clay (1:1),
percentage 3-layer clay (2:1}, 1ron content, and petrologic analyses on
the aguifer materials were done by Twin Citles Research Center, Bureau of
Mines, Minneapolis, MN 55417. Particle size distribution was done by
standard sieve analysis and pipette anaiyses as outlined by Folk {1968).
Elemental analyses ware done by dissolving the samples with a mixture of
concentrated perchloric, bydrochloric, and nitric acids. The resulting
solution was analyzed on a graphite tube furnace using atomic absorption
spectrophotometry. Iron determinations were performed by boiling 1.0 g
aquifer material in 25 mL concentrated HCY and 10 drops HF untii
dissalved. The iron solution was titrated with standard K,Cr,0,
solution (Westbrook et al., 1375},

Petrographic analyses ware parformed by examining the refractive
index of o1l immersion mounts of each aquifer material using a Zalss
petrographic microscope. Mineral phases were identified by their optical
properties. Opaque heavy minerals and those heavy minerals which
were very rare could not be definitely identified. Mineral abundances
were determined by comparisen to standard mineral abundance charts and by
point counting mineral grains. Unidentified minerals geperaily composed
2% or less of the sample, except Tinker which contained approximately 4%

unidentified minerals.
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Clay size fractions {< 2 um) were separated from the bulk sample by
sedimentation in a graduated cylinder (pipette analysis), mixed with
defonized water to form a slurry and, spread across a glass slide, and
evaporated, This method produced an orlented mount of clay f1lms for
x-ray diffraction analysis using a Phillps Electronic Instruments APD
3600/01 avtomated powder diffractometer. X-ray reflectlons were gathered
at the rate of 500 counts/sec. Samples were scanned from 2.5° to 60°
two theta vsing CuK radiation at 40 Kv and 14 ma. Diffractograms were
compared to current Joint Committee on Powder Diffracticn Standards f1les
and diffraction patterns in Brindley (1980).

Each sample was irradiated several times, A1l samples were
irradiated dry and after treatment with ethylene giycol to swell
smectites and aid in thelr identification. 51ides were selectively heat
treated to 110°, 300°, or 6007 C depending on the suspected
ident ity of the minerals. <{hanges in characteristic patterns caused by
the heating procedure were used to confirm mineral presence in the sample.

Since all aquifer materials contalned more than one clay mineral,
the relative proportions for each clay were determined by x-ray
diffraction using an external standard technique (Brindley, 1980). A
standard mixture of kaolinite and smectite was prepared by mixing known
portions of the ciays, An i1lite standard was not avallable, so illite
and mixed layer clay proportions were determined by difference between
total clay and kaolinite plus smectite, Since 111%te and mixed layer
clays were present at low levels (less than 1% for all aquifer materials
except Carswell, which had zbout 4%), the impact of the unavallability of

111ite standard was minimal,
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Clay mineral content was calculated by measuring reflected x-ray
intensities of the sample and the external standard and substitution of

these values into equation (4}:
Wp={TP/19P) {u/fuP) (4)

where WP s the weight proportion of component P, [P )s the intensity of
x-ray reflection of component P, I1”P is the intensity of x-ray
reflection of mineral standard, uP 15 the mass attenuation coeffictent of
the mineral standard, and v is the mass attenuation coefficient of the
mixture, Mineral mass attenuatlon factors were gliven by Brindley

{1980). Mass attenuation coefficlents for each aguifer materlal were
calculated by successive approximation, Areas under the strnngeét X=ray
reflection for each mineral were used for the intensities of the
component and mineral standard, The proporticons of minerals in each
sample were taken to be the same as the ratio of the intensity of the
strongest x-ray reflection of each mingral. From this ratio, a
weight-averaged attenuation coefficient was used to solve egquation (4)
for the abundance of each mineral, The calculated proportions were then
used to calculate a new mass attenuatlon coefficient which was than
substituted into the equation. This 1terative process was repeated unt!l
results showed no significant change.

4. Sorbent Pretreatments

The oxides and the surface s0il sorbents were pretreated by placing
40 g of material into 300-m] centrifuge tubes and adding 1 M NaQH, 1 M
HCY1 or M111i-Q water, depending on whether the sorption experiments were
to be run under basic, acidic, or "neutral" (unadjusted) conditions. The

hottles were agitated for 24 hours and centrifuged at 1500 G for 10 min.
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The supernatant 1iguld was decanted and replaced with Mil1i-0) water, and

the process repeated three more times. The modified sorbent was then
added as a slurry to the hypo-vials for sorption measurement. After
equilibration and liquid scintillation analysts, the sorbents were dried
overnight at 104%¢ and welighed to provide the sorbent welights.

Na-montmorillonite swelled upon addition of Mi11i-0 water, and NaC)
was added to degel the ¢lay suspension so 1t could be centrifuged, A
series of test tubes containing 2 g of clay and 10 mL of water was
treated with increasing amounts of HaCl sslution until the clay separated
from the 1iguid after shaking. Separation occurred with an aqueous
concantration of 0.6 M NaCl. A1) subsequent experiments with
Na-mentmorillonite were run in this salt solution. Since lonic strengths
of this magnitude have been shown to slightly increase sorption in soils
(Karickhoff et al,, 1984, Stauffer and Maclntyre, 1986), the effect of
NaCl addition on clay sorption was investigated by measuring sorption
with and without salt solution added to isctherms of MNAP on kaolinite
and barasyn.

Montmorillonites were Ca- or Al-saturated by weighing 40 g of clay
into 300-mL centrifuge tubes and adding 200 mL of 0.1 M EaC12 ar 0.1 M
ﬂ1c13. The contents were agltated for several hours and then
centrifuged at 1500 G for 10 minutes to separate phases. The exchanged
salt solution was discarded and replaced with fresh salt sclution, The
clay was resuspendad and agitated for several more hours before
centrifugation. After discarding the supernatant liquid, Mi11i-Q water
was added and the clay was resuspended and agitated for several hours to

remove excess salt solution. After cenptrifugation, the supernatant
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11quid was tested for residual C1~ by titration with AgNO, by the

Mohr method. The washing procedure was repeated untd] residual €17 was
not detected. The montmorillonites were then considered to be in the Ca-
or Al-saturated form.

Barasyn, a synthetic montmorillonite, is HH; saturated when

+3 Z

delivered. Attempts were made to saturate with Na*, A1™2, and ca'
jons to observe their influence on sorption, but without success. A
51ight ammoniacal odor remained on the barasyn after all substitution
attempts, Indicating residual ammonia. NaDH was added to try to exchange
the HH;, but this addition converted the barasyn to a thick gel that
could not be broken or centrifuged., No further attempts were made to
alter the barasyn, and it was used as received.

Aquifer materials were collected by a hollow-stem auger drilling rig
from the saturated zone. Material from various depths 1n this zone was
placed in polyethylene bags and transported to the laboratory. The
materiais were air dried and ground by mortar and pestle teo pass a 1 mm
screen, The dried materials were stored in appropriately labeled
polyethylene bags until used. Egual welghts of aguifer material from
each identifiable region 1n the saturated zone at a drilling site were
mixed to provide a composited sample of the aquifer material for the
site. This sample is referred to in subsequent discussions of specific
aquifers. Individual samples taken over specified depth intervals at
gach site were retained for studies of sorption variations with depth in

the aquifer. Ajr dried aquifer materials were added directly to the

hypovials for sorption measurement,



36

5. Sorption Experimental Details

Working solutions of the labeled compounds were prepared by breaking
the sealed glass ampules of neat chemical and diluting with Mi114-Q
water, The aguecus solutions were stored in amber bottles at 5°C.
Standard solutions of unlabeled chemicals were prepared by diluting known
welghts in acetonitrile and Mi111-Q water, and subsequently stored at
59C. Mineral oxides were used as received.

Radiopurity and chemical purity of the labeled compounds were tested
using high performance ligquid chromatography (HPLC). Chemical purity was
determined by HPLC comparison between unlabeled reference standards and
the radiochemicals. The chemical purities exceaded 99% for all sorbates
used, The total activity of a known amount of the radicchemical was then
Injected on an HPLC column and the peak corresponding to that chemical
was collected and counted., Radlochemical purity was taken as the ratio
of the two activities. The radicpurities are as follows: MNAP, 91.7%;
NAPH, 100.0%; TCE, 95.9%; ODCB, 101.7%; and PLP, 99.3%,

Solvent extraction experiments were done to test results by the
concentration difference method for the surface soil. Samples were
removed from vials for analysis and sorption calculated by the
concentration difference method; the excess liquid in the vials was
discarded and the vials refilled with an extracting solvent, the
scintillatton cocktail. The sample vials were resealed and agitated
overnight. After centrifugation at 3,000 G, the vials were opened and
the cocktail was removed for counting. Sorptlon coefficients obtained by
this extraction were 98% of the value of those calculated by the solution

concentration difference methad.
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Sorption isotherms for goethite by solvent extraction were performed
using acetonitrile, because goethite formed Intractable suspensions with
scintillation cocktail. Acetonitrile was selected as the extractant
because it mixed with goethite and scintillation cocktail. In these
1sotherm determinations, MNAP was sorbed on neutral goethite. The
bottles were centrifuged after 24 hours of agitation, a supernatant
1quid sample was removed for liguld scintillation counting and the
results were used to calculate sorption by the solution concentration
difference method. The remaining supernatant ligquid was poured off and
5.0 mL of acetonitrile was added. The bottles were resealed and agitated
for 24 hrs. After centrifugation, 3.0 mL of the acetonitrile were
removed for analysis. Extractions were repeated twice with 3.0 mL
aliguots of acetonitrile. An average of 90% of the sorbate was recovered
in the three extractions based on the amount sorbed, as measured by the
solution concentration difference method.

6. Ligquid Scintillation Details

Liguid scintillation analyses were performed on a Beckman 9800
liguid scintillation counter. The ]4C counting window was set ta 670
nm and samples were counted to 2 sigma percent error; 1.,e,, the 95%
confidence level for the count. Background counts were obtained from the
unspiked sorbent sample supernatant liquid and subtracted from sample
counts. Backgrounds were usually very low, 40 dpm or less. Counts per
minute {(cpm} were converted to disintegrations per minute {dpm) by an
internal program, which calculates a quench curve of seven radioactlive
standards containing similar radicactive carbon concentrations, but
different quench., From this curve, a plot of efficiency versus quench 1s

constructed, The amount of guench in each sample is determined and the
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cpm obtained is converted to dpm through the following relation:

Y Efficiency = CpM X ;ﬂﬂ.

Quench in the instrument is determined by analyzing the Compton edge
preduced by gamna rays from ]3?Es. Beckman Ready Solv'" HP/b Hquid
scinti1lation cocktall was used for all aqueous samples without added
KaCl. The flocculated clay soluttons containing KaCl necessitated using
Ready SulvTM MP cacktall which could dissolve a greater volume of this
sglution. Slight differences in counting efficiency between the two
cocktalls were corrected through the quench curve so resulting dpm were

the same.

7. Sorption Isotherm Determination

Sorption was measured by adding 2.0 g of sorbent to 10-mlL
hypo-vials. Diluted solutions of the labeled compounds were added, and
the hypo-vials were leyel-filled with Mi111-0 water (Millipore
Corporation, Bedford, MA) and sealed with TEf]ﬂnR—lined septa. Two
standards and three replicate samples were set yp for each isotherm
concentration point. Generally, six different initial sorbate
concentrations were used to establish each isotherm.

The vials were tumbled for 24 hrs and centrifuged for 10 min at 3000
G. Aliguots of 1.40 mL of the supernatant 1iguid were removed for
counting. Vials were refilled with water and welghed to calculate
salution volumes.

The dpm from liquid scintillation analysis were used to calculate
the amount adsorbed at each equilibrium concentration. The method of
calculation is based on the difference in sorbate concentration between

an equilibrated sample without sorbent and the equlibrated sample with

sorbent, and is called the concentration difference methad. The
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rasulting data were fitted by 1inear least-squares to:

X
— = KL (3)
m

where x 1s the amount of matertal sorbed in ug; m 1s the mass of
sorbent in g3 € 15 the eguilibrium concentration of sorbate in mg/l;
and K is the sorption coefficient in L/kg. The amount of material
sorbed 1s calculated as x=(Cﬂ-CJ{?], where o is the initial
concentration in ug/mb; € 1s the equilibrium concentration in ug/mi;
and ¥ 45 the volume of sclution in mi,

8. 5tatistical Methods

The data was fitted by linear least-sguares because this linear
fit 1s widely used in sorption from aqueous solution {Banerjee et al,,
1985; Schwarzenbach and Westall, 1981; Karickhoff et al.,, 1979}, The
sorbate concentration range used here, 0.001 mg/L to 1.0 mg/L, 1is
dilute and approximates ideal solutien conditlions where deviations
from linear sorption behavior 15 not expected.

However, since the sorbate concentration range spanned nearly
three orders of magnitude, several sorption lsotherm data sets were
log-transformed to a 1inearized Freundlich isotherm equation to see if
this was a better model. The log-transformation procedure 1s
somet imes used to ensure that the variance remains constant over the
complete range of the isotherm (Bowman et al,, 1984), Resulting
coefficients of determination [RE) were similar to those obtained
from the Jinearized least-squares treatment, Since the Freundlich
equation did not fit the sorption {sotherm data any better than the

stmpler linear equation, the widely used linear egquation was used here.
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Although the major thrust of this study was to study scerption
processes 1n relation to sorbate properties and on a variety of
sorbent surfaces, a large body of data containing aquifer material
characteristics was established during the work. Since this data was
available, 1t seemed appropriate to statistically examine the data to
see 1f it was possible to predict sorption based on sorbent
properties,

Appropriate statistical technigue for the sorption and aquifer
materlal property data was not cbvious., Multipie aznalysis of variance
technigues were ruled out because establishing statistically valid
variances for all characterizations performed would be cost
prohibitive. Sample size, that is total number of aquifer materials,
was limited by the high cost and difficulty of obtatning
representative aquifers. Petrologic and mineralogic analyses were
axpensive and time consuming. Limited sampling aiso precludes knowing
whether the observations conform to normal distributions. Also, many
of the properties analyred are not statistically independent variables
and may therefore be correlated,

Since information on statistical treatment was absent in other
publicatiens dealing with sorption an surface solls and sediments as a
function of sorbent properties, appropriate statistical technigues
were tnvestigated. Dr. J,0. Boon III (VYIMS, Gloucester Pt., VA,
personal communication) suggested using principal component analysis
{(PCA}{Davis, 1986). This analysis probes the data matrix of sorptton
coefficients and sorbent properties and establishes the number of
linearly independent vectors that exist in the data matrix. This may

then give a measure of the redundancy in the original data set.
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However, interpretation of the principal component loadings ¥s often
difficult because there 15 no direct path back from these components
to the original variables. That is, loading gives a measure of the
relative importance of a varlable within a principal compeonent, but
says nothing about the importance of the component itself, The
component is a lipear transformation of the original variables through
the eigenvector of the original vartance-covariance matrix; thus
direct association of loading values with the original variables is
impossible. A direct relationship describing sorbate property
variable relation to sorption cannot be derived from these data
analyses., Nonetheless, results from PCA, coupled with some general
insights concerning the property variables, help interpret the results
of this study,

Toe confirm PCA, Fortran programs and subroutines published in
J,C, Davis® (1973) textbook were adapted to run on a computer using an
M5-D0S operating system. TJo assure that the programs were operating
correctly, data from a sample problem, published in a later edition of
the textbook, were run through the PCA. Results were ldentical to
those in the text, The data were also run on another computer system

M

through PCA on STATT 80 {Graphic User Systems, Inc,, Santa Clara,

CA), a statistics package, again with identical results.



RESULTS

1. Sorntion gn Oxide Minerals

Alumina {A1233} and Gibbsite [A][GH]3} sorbed small guantities
of all sorbates. Table I shows the equilibrium pH and scrption
coefficient (X) for 1sotherms not adjusted in pH. 1Isotherms had 1inear
regression coefficiants (HE} from 0.6 to 0.9 with K values ranging from
0.1 to 0.4 {L/kg). K values obtained for TCE on A12ﬂ3, with h'auttll{]‘_._l
added prior to equilibration to adjust the solution fonic stremgth to 1.0
M, were not significantly larger than those in Table I. Table Il shows
the effects of varylng pH on the K values for A1,0,, A1(OH),, and
FeO(OH) {goethite). Little change in K with pH was noted for oxides
except goethite.

Goethite sorbed considerably more of all sorbates at unadjusted pH
than did the aluminum oxides. Varying the pH caused an order of
magnitude change in sorption of NAPH and PCP by goethite (Table I[). TCE
was poorly sorbed relative to the other sorbates shown. There is an
apparent trend that increasing pH lowers K values, especially on goethite.

Appalachee so0il produced the highest K values of atl sorbents
studied, ranging from about 1.0 to 24.9 with very large RZ values
(Table 11}, The trend of decreased sorpticn with Increasing pH noted
with goethite was also noted for the Appalachee soil, TCE was sorbed the
poorest, while PCP was sorbed the hest., Varying the jonic strength from
0.01 to 1.0 M with HaE1ﬂ4 had 11ttle affect on the sorption of

naphthalene on surface soil and goethite (Table IV}, Figure 2 shows the
a2
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BD, Below Detection

TABLE I. Sorptiorn coefficients {(L/kg) on oxides at
unadjusted pH.
MNAP NAPH
Sorbent pH K RZ  pH K R?
AlsD NA 8.5 0.15+0.07 0.68
a1€od) 9.2 0.27+40.06 0.85 9.0 0,36+0.07 0.86
FeQ(OH 3.4 2.27+40,.30 0,98 3.1 1,8540.,15 Q.97
510, 8.2 0.77+0.10 0,95 RA
gDCE TCE
Sorbent phH K RZ BH K 52
AlalD 6.8 0.13+0,.05 0.63 8.6 0.32+0.18 0,63
A10R) 5.4 0.26+0.08 0.79 9.8 0.3040.09 0.79
Fe0{ 0HY 7.1 1.4040.11 0.97 8.6 0.3240.18 0.53
510, NA NA
pCcP 5
Sorbent pH K R
AlsO 7.9 0.20+0.,085 0.89
Al Dﬁ] 9.7 BO
FeO(OH 4.3 12.5+2.0 0,92
510, 8.2 B0
HA, Not Analyzed



TABLE II, Sorption coefficients (L/kg) on AlpDa, AY(OH3), and FeO{0H)
at different pH.

NAPH TCE
Sorbent pH K R pH K R2
Al203 1.8 0.15+0.12  0.32 2.0  0.31+0.10  0.77
8.5 0. 1540.07 D.68 8.6 0.32+0.18 0.53
12.4  0.15+0.15  0.55 11,5 0.29+0.12  0.72
A1(0OH) 3 9.0  0.3640.10 0.86 9.8 0.3040.09 0.80
FeO[OH) 2.7 2.3410.17 0.98 3.0 0.67+0.08 Q.96
3,1 1.84+0,15 0.97 3.7 0.4040.07  0.92
2.8  0.3440.18 0,58 8.5 0.3940.13  0.72
ODCB MNAP
Sorbent pH K Re pH K RZ
Aloln 4.2 0.07+0,06 0.4 Not measured
6.8 0.13+0.0% 0.63 Hot measured
16,0  0,18+0,03 0,90 Not measured
A1(OH)3 9.4 0.26%0.08 0.79 9.2  0.2740.06  0.85
FeO(OKH) 3,5 1.31+0.08 (.99 3.2 2.2740.25  0.96
7.1 1.40+0.11 0,97 Hot measured
11,5 0,34+0.07 0.88 Not measured
PCP
Sorbent pH K RZ
Al203 4.2 4.16+0.30 Q.97
7.9 0,20%05 0.89
AT1(0H) 3 9.7 0
Fed{0H) 1.5 15,3+0,70 0.99
4.2 13.8+0.50 0.99
10,0 1]
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TABLE [11, Sorption coefficlents {L/kg) for five sorbates on
Appalachee surface soll at different pH,

MNAP NAP
Fretreatment pH K Re rH K R
Acid NA 3.1 12,740.70 0.99
Unad justed 5.5 16.2+1,0 0.99 5.4 8,1840.23 0,99
Base Ha 1.0 2.74+1,10 (.64

ODCR TCE
Pretreatment  pH K RZ  pH K RZ

Acid 4.1 6.713+0.40 0.99 3.2 1.17:0.10 (.80
Unad justed 6.3 5H,40+0.12 0.99 5.2 0.73+0.23 0.80
Base 0.8 2.3240.51 0.92 10.3 0.58+0.18 Q.76

PCP
Pretreatment  pH K r2
Acid NA
Unad justed h.9 24.941.0 0,99
Base Ha

+ one standard deviation of the mean
K values are average of three lsotherm determinations
NA, Not Armalyzed



TABLE IV. Sorption coefficients (L/kg) for NAPH at
three ijonic strengths.

1GNIC STRENGTH K R

Appalachee soi]

1.0 M 7.67+0.44 0.99

g.1 M 6.?3ED.5? 0.97

0.0 M 6.3140,32 0.99
Goethite

1.0 M 1.1640.13 0.97

0.1 M 1.1540,19 0.83

0,01 M 0.99%0.16 0.93




Figure 2.

Iaptherm for HAPH on goethite at three lonic atrengths.
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1sotherms of NAPH on goethite at the three tonic strengths studied.

Organic carbon concentrations for the oxides were very low
{<0.05%)(Table ¥}. The surface soil TOC was much higher at 1.40%.
Specific surface areas ranged from 9.4 mzfg to 19.6 mzfg. Goethite,
which had the highest K values of all oxides, had the lowest specific
surface area. The spll sample had a surface area similar to the oxides,
but took wp much greater amounts of all sorbates,

Five replicate isotherms at unadjusted pH were measured for MNAP
using goethite, Experiments were cenducted over a one month period to
demonstrate the replicability of K values. The arithmetic mean sorption
coefficient was 2.31 (L/kg), with a standard deviation of 0.28, giving a
coefficient of vardation of 12%. Isotherms determined In this study were
Tinear at the sorbate concentrations used, which generally ranged from
0.007 to 1.0 mg/L, thereby allowing comparison of sorption coefficients
among the oxide minerals, clays, and agquifer materials.

Several replicate isctherms were measured on S!UE with the more
strongly adsorbed sorbates. PCP was puorly sorbed on 5102 and MNAP was
sorbed better an 51U2 than on aluminum ox1des, but not as well as on
goethite (Table {). $Since 5102 was a relatively inactive surface, it
was not investigated further.

2. Sorption on {lay Minerals

Table VI shows the K values for five sorbates on kaolinite at neutral
and acid pH and with ionic strength adjustment to 0.6 M NaCl. FPCP gave
the highest sorption ceoefficients, S5ince the standard deviations of the
means overlap between adjusted and unadjusted experiments at the pH and
fonic strength studied, effects of variation in pH or ionic strength

could not he demonstrated for MNAP or PCP. Under unadjusted pH




TABLE ¥. Selected physical and chemjcal properties of
501 and mineral sorbents,

Surface Area

Sorbent TOC CEC BET Glycol
¥ meg/ 100 g mé/g mé/yg
Alp03 0.002440.0015  NA 19.6 NA
Al(DH)3  <0.013 NA 1.9 NA
FeO{OH)  0.055+0,0028 NA 9.4 NA
Kaoiin  0,017+40.002 2.0b 10.1b NA
Na-Mont. 0.0239+0.0012 76.4b 31.840.20 6620
Ca-Mont. 0.0230+0,00] 120b 97.440.60  g20b
Barasyn <0.01 1400 133.740.70  NA
Appalachee 1.40 18.6 11.8 NA

NA, Not Analyzed; CEC, Cation Exchange Capacity; BET,
Brunauer, Emmett, and Teller,

8 Data supplied by Alcoa

b pata from van Olphen and Friplat (1979)
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TABLE ¥I. Sorption coefficients (L/kg) for five sorbates on
kaolin at various pH and lonic strengths.

MAAP NAP
Cond1tion pH K RZ  pH K RZ
Unad Justed 4.9 0.53+0.11 0.688 5.2 il
0.5 M NaC1 4,2 0,3230.12 0.65 NA
Acld 3.9 0.34#0.058 0.96 NA

ODCE TCE
Condition pH K RZ  pH K Re
Unad justed 5,1 0.15+0.0% 0,46 5.1 0.14+0.06 0.61
0.6 M NaC} NA NA
Acid NA 3.5 0.47+0.26 0,93

PCP

Condition pH K R
Unad justed 5.4 1.764#0.54 0,93
0.6 M NaC) 5.2 2.08%¥0.08 0.98
Acid 3.0 1,4740.70 0.98

+ one standard deviatlon of the mean
K values are averages of three 1sotherm determinatiaons
RA, Not Analyzed

50
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conditions, MNAF was sorbed better than NAPH, ODCB, and TCE. ODCB, TCE,
and NAPH had ¥ values ranging from near O to 0.15 with Jow RE.
indicating these compounds were poorly sorbed by kaolinite.

The K values for five sorbates on two standard montmorillonite clays
and on the synthetic montmorilionite, barasyn, are shown In Table ¥II.
Ca-montmorillonite sorbed much less than either Na-montmorillonite or
barasyn. In general, sorption ccefficlents were five to ten times less
for the Ca-substituted clay than the Na-substituted clay. Na-mont-
morillonite and barasyn behaved similarly, and differences In K values
were not detectable, as indicated by overlap of thelr standard devlations
with each sorbate, Addition of NaCl to barasyn to produce the 0.6 M Na(l
sotution used in the Na~-montmorillonite measurements did not
significantly change K values relative to unadjusted barasyn values.

Ail montmorillonites showed the following order of sorption;
MNAP>ODCB>NAPH>TCE. PCP was poorly sorbed on the Na-mentmoriilomite,

The montmori1lonites sorbed relatively more when compared to kaolinite
R

except for PCP which sorbed better on kaolinite, values ware very

large for both Na-montmorillonite and barasyn, averaging 0,98,

2

Ca-montmorillonite R® values were somewhat smaller, near 0.7,

A1+3 and Ea+2 saturated montmorillonites were used to

investigate the effect of cation substitution on sorption of NAPH and
MNAP, Ca-substitution lowered the K value for MNAP from 1.72 +0.23 for
Na-montmorillonite to 1,32+40.07. Al-substitution caused much greater
change in sorption: K for MNAP iIncreased from 1,72+0,23 to 3.5640, 18 and
for NAPH from 0,85+0,07 to 1,45+0.11, The A1*> substitution nearly

doubled the sorption of the compounds used, with regression coefficiants

for MNAP and HAPH an Al-substituted montmorillonites of 0.99 and 0.98,




TABLE ¥II. Sorption coefficients of nenpotar sorhates on standard

montmorillonite clays in Ca and Na forms and on the
synthetic montmoriilonite, Barasyn,

52

_MNAP _NAP_
Sorbent K RZ K T4
Ca-Mont. 0.41+0. 12 0.86 0.07+0,08 0.69
Ha-Mont. 1.7240.23 0.97 0.8540.07 0.95
garasyn 1.8240.19 6,98 0.78+0,09 0.82
Barasyn (0.6 M) 1.9740.61 .98

0DCB TCE
Sorbent K RE K RZ
Ca-Mont., 0.1740.06 Q.69 0. 1240, 17 0.50
Na-Mont. 1,2140,17 0.99 0.66+0.02 0.94
Barasyn 1.05+0.08 0.89 0.82+0,18 0.85

+ one standard deviation of the mean
K values are averages of three isotherm determinations
A1l Na-Mont, isotherms run in 0.6 M NaCl
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respectively, indicating reljable data.

MNAP was scrbed from 0.6 M NaCl solutions on selected mixtures of
goethite, barasyn, and Na-montmorillenite {Table ¥III). Data for the
individual sorbates has been used to investigate the degree to which
sorption on mixtures is related by additive linear combinations to
sorption on individual sorbents.

Kaolinite, Ca-montmorillonite, and Na-montmoriilonite had Tow
organic carbon contents (Table ¥). Na-montmeorillonite contained about
the same amount of organic carbon as the Ca-montmorillonite. The
synthetic montmorillonite, barasyn, contained no detectable organic
carbon, 5Surface area and cation exchange capacity were small for the
2-layer clay and much greater for the expanding clays. Barasyn had the
highest CEC and surface area of the montmorillonites used.
Ca=montmori1lonite exhibited intermediate CEC and surface area values.

3. Sorption on Aquifer Materials

K values for MNAP on the various aquifer materials range from 0.4 to
3.0, with RE values near unity; K values for 00CB were less than those
of MNAP for all aquifer materials studied (Table IX). ODCB K values
ranged from 0.1 to 1,3 with good regression coefficients, although
somewhat lower than those for MNAP.

dased on the sarption isotherms for MHAP, (ODCE, and NAPH on Borden
site aquifer material, it is clear that ODCB and NAPH were taken up to
nearly the same extent by the Borden aquifer material (Figure 3}. From
the lack of curvature shown by these representative isotherms, 1t is also
apparent that the cholce of a linear sorption model is appropriate. In

contrast, sorption isotherms for TCE, ODCB, and MHAP on Tinker aguifer
material differ in slope (Figure 4) which indicates that these three




TABLE ¥III. MNAPF K values {L/kg} for sorbent mixtures.

Sorbent Mixturas pH K R2

1.0 g Goethite+1,0 g Na-Mont, 7.4 2,7540.25 0.99

2 2.3740.30  0.99
5 2.15¢0.07 0.9
6 2.01%0.13 0,98

1.5 g Goethite+0.5 g Barasyn 4
1.0 g Goethite+1.0 g Barasyn 4,
0.5 g Goethite+1,5 g Barasyn 4

2.0 g Goethite 3.2 2.27+0.2% 0.96
2.0 g Barasyn 5.1 1.82+40.1% 0.98
2.0 g Na-Mont, 7.4 1. 7240.23 0.97

K values are averages of three 1sotherms + one standard
deviation of the mean
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TABLE IX. Sorption coefficients {L/kg) for MNAP and ODCB on aquifer
matarials,
Aquifer
Material MNAP 0DCB
K rZ K RZ

Tinker 0.44+40.03 C.88 0, 10+0.05 0.73
Carswell 0.4540.06 0.88 0,18+40.086 0.84
Barksdale 0.96+0.15 0.98 0,30+0.05 0.91
Blytheville 3.06+0.20 0.58 1.2840. 14 0.97
Traverse City 0.76+0.04 0,97 0.36+0.04 0.99
Borden 0,6540,06 0,95 0.30+0.04 .88
Lula 0.51+0,15 0.95 0.14+0.09 0.70

K values are averages of threa i1sotherm determinations
+ values are one standard deviation of the mean
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Figure 3. Isotherms for gelected sorbates on Borden Site aguifer material .
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Figure 4,

isotherms for selected sorbutes on Tinker aquifer material.
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sorbates are retalned to quite gifferent extents. The difference in
retention properties of vartous aguifer materials is especially clear for
TCE sorbed on three different aguifer materials which resulted in three
distinct K values {Figure 5).

The aguifer materlals differed considerably in percentage TOC, CEC,
and specific surface areas (Table X). 0Organic carbon concentrations were
generally quite low, 0.03% or less, except for the Barksdale and
Blytheville aquifer materials, which had TOC greater than 0,1%. Cation
exchange capacities ranged from 6 (Lula material) to 32 meq/100 g
{Barksdale material). Samples with high sand contents vsually had low
CEC. Specific surface areas for the aquifer sorbents were low when

compared to clays and surface soil, ranging from 0.2 to 11,8 mzfg.

Mast of the aquifer materials had surface areas of /7-9.5 mzfg, but the
two glacial t111 samples from Borden and Traverse City were very low,
near 0.2 mzfg.

Aquifer materials texture, parcentage iron, and percentage 2- and
3-layer clays varied considerably (Table XI}. Most of the samples are
quite high 1n sand content, and the clay size fraction 15 generally 5% or
less of the sample. The percentage 3-layer clay ranged from below
detection limits to 9.0, Two-layer clay contents were about one-half
those for 3-layer clays. Total iron percentages were from 0.3 for
Traverse City to 2.9 for Lula. Even though 1ron oxides and clays are not
abundant, they tend to be widely distributed as coatings on the aguifer
materials as noted in microscopic examination. 1In the Tinker material,
for example, the quartz grains are varilably coated with iron oxide; 25%
of the grains are greater than 2/3 coated, and 50% have 1/3 to 2/3 of

their surface coated. Iron oxide coatings were found to some extent on




Figure 5.

TCE isotherms on three different aquifer materials,
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TABLE X. Percentage TOC, CEC, and specific surface
area of aguifer materials.

Aguifer
Material TOC CEC Surface Area
% meg/ 100g me/q

Tinker 0.0096+0,0003 20.9 9.240.1
Carswell 0,026640,0010 8.0 9.540.1
Barksdale  0.1054+0.006 3z2.4 7.540, 1
Blytheville 0,156+0,004 18.1 8.0+0.1
Trav. City 0.0113+0,003 4.4 0.2+0.0
Borden (.0155+0,0021 NA 0.3+0.0
Lula 0.0201+0.0004 6.3 11.840.1

TOC, average of four determinations, + one std. dev.

Surface area, average of three determinations, * one
std. dev,

NA, Not Analyzed




TABLE XI. Aquifer material texture analysis, clay
mineralogy, and fron content,

Aquifer
Material Sand Clay $11t
%

Tinker 40.8 4.7 53.1
Carswell 74.8 NR 8.2
Barksdale 2.3 NR 41.5
Blytheville 67.8 3.5 7.3
Traverse City 94.2 NR 1.1
Borden 96.0 2.0 2.0
Lula 91,0 3.4 h.6
Aguifer

Materlal ¢-layer Clay 3-layer Clay Iron

¥

Tinker 9.0 0.8 1.4
Carswall 1.5 4.5 0.9
Barksdale 2.1 4.9 1.0
Blytheville 1.2 5.0 0.7
Traverse City <0.1 <0.1 0.3
Barden <0.1 <0, 1.5
Lula 0.6 1.7 2.9

NR, None Retaiped
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all aguifer materials. Clays were also found as particle coatings
sometimes 1n conjunction with the 4ron oxides, The relatively small
amounts of both the clays and 1ron oxides must be considered in relation
to thelr presence on surfaces of other minerals, since this coating is
encoeuntered by the sorbate,

K vatues for MNAP vary by & factor of three over a depth profile an
Carswell material (Table XII}. Although there appears to be a genara]
decreasa of K with depth, especially from Zone #3 to Zone #6, the upper
two zones do not follow the trend. Zone #2 appears to have the highest K
value in the entire profile, Organic carbon content varied by a factor
of four over the depth profile with the lowest carbon content occurring
in the deepest zone, Zone #2 also appeared to have the highest organic
content, with a general decrease apparent from Zone #3 to Zone #6.

Inspection of the results obtatned by ‘ncreasing the sorbate
concentration range from the 0.001-1 mg/L range to the 0.4-10 mg/L range
for MNAP on Carswell aguifer material, show the K value js fnvariant
within experimental error over this range (Tabtle X[11). The experiments
were repeated on Tinker aguifer material, extending the MNAP
concentration from 0.7-16 mg/L, near half MNAP saturation in water,
without significant decrease in K value.

MNAP 1sotherms were measured on Carswell aguifer material with ODCB
used as a competitive sorbate at a constant concentration of 1,5 mg/L.
Resulting average K values were similar to those from single sorbate
isotherms. In another set of experiments, isotherms of ODCB on Carswell
aguifer material were measured In the presence of 25 mg/L MNAP. The
resutting K for OOCB was similar to single sorbate K, indicating an

absence of competitive interactions under these conditions.
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TABLE XII. MNAP ¥ value, OC, and surface area varfation with
depth for Carswell aguifer material.

Depth K Yalue 0c Surface Area
m L/kg % me/g
1.3-1.7 0.53+0.14 0.0503+0.008 5.040.03
1.7-2.7 0.7340.06 (.0512+0.002 12.74C.10
2.7-1.1 0.57+0.05 0.0533+0.003 16.4+0.10
3.1-3.7 0.2940.04 0.0318+0,004 11,7+0,07
3.7-4.9 0.2540.01 0.0297+0.002 10.840.06
4.4-6.9 0.25+0.08 0.0131+0.002 3.5+0.03

K values are averages of three determinations, + std. dev.
OC values are averages of four determinations, ¥ std, dev,




TABLE XI1f. Comparison of aquifer K values at different

concentration ranges for MNAP.

Aguifer Material Concentration range K
mg/L L/kg
Carswell 0.001-2.0 0.45+0.06
Carswell G.4-10.0 0.4040,05
Tinker 0.001-2.0 0.44+0,.03
Tinker 0.70-15.0 0.47+0.03
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DISCUYSSION

Division of the K values by the fraction of organic carbon in the
surface soil sample gives a K . for NAPH of 585 and for ODCB of 385.
The K, for NAPH found here 15 Tower than the value of 1300 reported by
Karickhoff et al, (1976). In contrast, the Koc for ODCB 1s higher than
the value of 186 reported by Chiou et al. (1983), These different values
may reflect differences in soil organic matter, Knc depends an the
method of organic carbon determination; therefore the differances from
reported values may alsc te explained by differences 1n this measurement,

Yariation in the cbserved K for the surface sodl with pH may be
attributed to a number of factors. The reduction of K at high pH was
probably caused, in part, by removal of humic acid materials. [Quring
MaOH washing, the agueous phase turned dark brown and the resulting soi]
material was lighter in color. Increased sorption at acid pH was also
noted. Possible causes for this increase may be changes in oxide surface
charge, clay surface charge or cation saturation, and changes in
functicnal groups of the organic substances (humics) present.

The small increase in sorption coefficlent found here with the
addition of Hacmq to isotherms for NAPH on Appalaches soil is
attributed to the “salting out" process. The simplest explanation 1is
that increased Yonic stremgth decreases NAPH solubility and drives the
displaced NAPH to the sorbent surface causing the small increase in K.

Karickhoff et al, (1979) noted a similar increase when adding NaCl to
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eguilibrium mixtures of sediment sorbents and pyrene,

Alumina and glibbsite took up small amounts of all sorbates.
Gibbsite was 1ncluded to observe possible sorption changes that could be
attributed to different crystalline form. Ro significant difference in K
va lues were apparent at unadjusted pH. The effect of pH en sorption
could not be demonstrated for ﬁ1293. K values obtained for TCE on
ﬂlzﬂa with HaE]Dd added prior to equilibration to adjust the
solution 1onic strength to 1.0 M were not significantly changed from
those obtained in Mi11i-Q water. The low and similar K values and the
relatively low RZ values measured for A1203 indicate sorption at
the lowest abservable 1imit without changing the liguid to solid ratic.
Although the specific surface areas for the two aluminum oxides differed
by a factor of two, there was 1ittle difference In the amount of sorbate
taken up by the two forms. Schwarzenbach and Westall (1981} reported a X
value of 0.9 for p=-dichlorobenzene un‘?-ﬂlzﬂa having a BET surface
area of 120 mzfg. The material used here was a mix of 90% a-A12ﬂ3
and 10% T-A1203 with surface area of 19.5 mE!g. The difference
from the values reported here for 0DCB, 0.1340.0%, may be due to surface
area, crystal form, or sorbate 1somer dissimilarities.

Goethite took up more of each sorbate than did ATZUE. a lthough
goethite™s specific surface area i1s smaller. K values for TCE on
goethite were near the detection limit, whereas all other sorbates had
higher ¥ values. VYarilation of the solution acidity, with concomitant
alteration of surface charge, caused 11ttle change in K values at acid
and near-neutral gH, but the X value decreased at alkaline pH. Surface
charge was not measured and the solution pH should not be used to

estimate surface charge. The surface charge is dependent om both the
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solution pH and the sum of the contributicns from positive and negative
syrface groups and potential determining fions (Yarilv and Cross, 1979).
Because the surface charge is dependent on these groups and lons,
solution pH measurements are not sufficient to describe the surface
charge. Since the zero peint of charge for goethite is between pH 1.2
and 6.7, basic solutions may have produced a2 negative surface that
inhibited sorption,

Both the Al,0; and FeO[CH} had some organic material associated
with the oxides as received. The carbon content of ﬂ]zﬂs was
considerably less than that of FeO{(OH}. This may contribute to the
A]EGB having a lower affinity for the sorbhates. Koc for NAPH
sorption on both Al,0; and FeB(OH) are calculated as 6750 and 3350,
respectively, values which are much higher than those reported by
Karickhoff et al. (1979} and those reported herein for surface soil. Tha
aluminum oxide Koe 15 questionable since it resulted from dividing a
small K value near the detection Mmit by a small organic carbon content
number which was alsc near the detection limit., The resulting error in
Ko and the tacit assumption that all organic carbon materials sorb
similarly, are major problems involved in the Knc concept., The Koc
calculated from data for geethite gives a more believable result because
resulting errors are relatively smaller. The NAPH Koo 15 high and may
indicate that it is a combination of both mineral and organic carbon
contributions to sorption. This combined effect would also occur in the
enyironment, since naturally occcurring oxides could be expected to have
same assoclated organic carben,

Oxide minerals were selected because they occur in soils, sediments,

and aguifer material and are structural subunits in clays. Abraded clay
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minerals can produce oxide surfaces at edge sites and broken plates which
somewhat resemble the oxides studied here. Environmental weathering and
diagenesis would alter the edge sites and broken plates so they would not
necessarily be the same composition as the pure meta) oxides studied

here. These sites provide surfaces on which chemical pollutants may sorb.

Sorption on the smectites and kaolinite showed the anticipated
general trend of increasing K value with increasing molecular size of the
sorbate, Water solubility (Table XIV for selected physical and chemical
properties of sorbates} deoes not explain this sorption order because MHNAP
and NAPH have nearly simitar solubilities, but were sorbed quite
differently. TCE, which 1s very soluble (approximately 1100 mg/L),
sorbed to the same extent on the expanding clays as did WAPH, which 1s 30
times less solubie. OQDCB, four times more soluble than NAPH, produced
similar K°s,

Molecular polarizabilities decrease in the following order; MNAPD>
NAPH>0DCB>TCE. Since sorbates are taken up in a similar order, it
apupears that there is a trend of higher ¥ with higher polarizability. In
contrast sorbate permanent dipole moments show no relation to K value.
Dipole moments of the sorbates differed by a factor of 10, with MNAP, the
best sorbed, having the lowest dipole moment excepting NAFH, with zero
dipele moment. ODCB had intermediate K values and the highest dipole
moment .

Molecular surface areas of the sorbates calculated in gas phase were
reported by Yalkowsky and Yalvanni (1979} and Yalkowsky et al. ([1979).
MNAP, with the highest surface area (1?2.5A3}, was sorbed best, and TCE,
with the smallest surface area {77.84%), was taken up least. QDCB and
NAPH have surface areas of 134.74% and 155,847 respectively, and give

intermediate sorption values on the mineral surfaces, Sorbate molar
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volumes, an indirect measure of molecular size, also decrease in the
order MNAP>ODCB>TCE, which follaws the sorptien trend reported here on
the mineral surfaces,

It is apparent that sorbate properties associated with molecular
s1ze and molecular polarizability are directly correlated to K values on
the mineral surfaces studied here. Since van der Waal’s forces fncrease
with molecular size and are related to induced polarization, they
probably account, at Jeast in part, for the trends, However, a complete
explanation cannot be given for the relation between X and sorbate
molecutar polarizability observed here, The polarizability referred to
was measured in the 1iguid phase and thus s a time and space average
gver all molecular orientations and configurations for a large number of
molecules. When a molecute is subJected to an external electric fleld,
the molecute itself {s deformed. This deformation is a function of the
molecular orientation in the fleld and the field strength.

The polarizability of a molecule can be expressed in terms of
components along the principal axes of the molecule. Single molecule
polarizability components might better correlate with sorption that do
the average polarizabilitles, but literature data for the polarizability
components of the molecuies used were not found. It is possible, in
principle, to cbtain the polarizability components from moiecular orbital
calculations or from spectroscopic measurements. The presumed advantage
of correlation of molecular polarizability components with sorption is
based an the assumptiion that there is a preferred orientation for sorbate
approach to and sorption on the sorbent surface.

We are presently unable to observe sorbed molecules in the presence

of water by spectroscopic means or direct chservation, 0Qetalled correla-
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tions of molecular structure and properties with sorption assume a near
complete knowledge of the surface, of solvent water, of the sorbate, and
of their participation in the sorption mechanism. This 1s unlikely to be
attalned soon, but it would be interesting to obtaim polarizability
component data for further semi-empirical correlation with sorption. It
ts speculated that the observed sorption to the mineral surface was
affected by jon-induced dipole or dipole-induced-dipole interactions
between sgrbate and sorbent based on the observed relation between
sorbate molecular polarizability and K.

External specific surface areas varied considerably for the clay
sorbents (Table ¥}. Kaolinite had the lowest specific surface area and
sorbed the Jeast. Ca-montmorillonite had three times more surface area
than Na-montmerillontte, but sorbed less of al) sorbates. Barasyn had
the largest surface area, but it had similar K values to Na-Montmoril-
lonite of lower specific surface area. The montmorillonites all had much
larger surface areas than the oxides, but sorbed approximately the same
amount as goethite. Surface area may be casually assoclated with
sorption, but is not the primary factor in determining K values. Cation
exchange capacities followed simiiar trends to the surface areas and
therefore provide 1ittle {nformation on the sorption behavier of the
clays.

The ethylene glycol (EG) surface areas for Ca- and
Na-montmorillonite are a measure of the total clay surface area when
interlayer surfaces are included {Table ¥). The Na-montmoriilonite,
which sorbed at least four times more of all sorbates than the
Ca-montmori1lonite, has a somewhat smaller EG surface area, In aquecus
selutions these EG surface areas are irrelevant and do not represent the

extent of clay expansion. A possible explanation for the greater

T—— 1\ —
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sgrption by Na-montmorillonite is due teo basa) expansion caused by cation
hydration as discussed below.
The effect of cation substitution on sorptlon by a smectite clay was

+2-, ﬂ]*a-, and Na'- saturated montmorillonites

examined using Ca
described above. Ca-saturated montmorillonite adsorbed less MNAP than
the Na-saturated clay, and Al-saturated montmorillonite sorbed more MNAP
than ejther the Ca- or the Na-saturated montmorillonite, These results
agree with Rogers and McFarlane (1981}, who noted a similar trend for
nanpolar halogenated organics on solls and Al- and Ca-saturated clays.
Additional support for this observation comes from Rogers et al. (1980),
who found benzene sorbed three times better on Al-saturated
montmori1lonite than on Ca-montmorillonite. No explanation was gliven for
these differences in sorption results on the substituted clays, nor was
TOC determined.

Sorption differences betwsen the Na- and Ca-substituted
montmori1lonites measured here may be due to the changes in basal spacing
caused by the catlon substitution. The basal spacing for the
Ca-montmorillonite 1s 19.l;¢;[MacEwan and Wilson, 1980). Since
Na=-montmorillonite swelled, its basal spacing would be indefinite
(MacEwan and Wilson, 1980), thereby presenting a greater surface area for
sorption than the Ca-montmorillonite. This may explain the greater
sorption exhitited by Na-montmorillonite reported here.

Explanations for the observed sorption increase caused by

M+3

-substitution are much more difficuit. Addition of the AT{C1),
to the montmorillonite not only causes cation exchange, but also changes
the chemistry of the system (Dr. J.E. Mackin, SUNY at Stony Brook, NY,

personal communication}. The A1{E113 solution 15 quite acidic and
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probably modifies the clay lattice and surface. Aluminum hydroxide

specles are probably precipitated in the interlayers. New gibbsite
layers might also be formed. Rogers et al. (1980) and Ragers and
McFarlane (15981) failed to note or address these difficulties with the
Al-saturated clay systems used in their sorption studies. Other
researchers, such as Loeppert et al. (1986}, have used Al-saturated
montmorillonites in research studies without indicating the problems
associated with the R1ECT}3-mnntmur1]Tnn1te-water system.

Since the A1E13-Ha—mnntmur111un1te—water system 15 poorly
characterized, interpratation of sorption results on the Al-montmori]-
lonite is speculative., Al-saturated montmorillonite is strongly acidlc
(Losppert et al., 1986), which could affect the sorption properties,
especially for polar organics, WNonpolar organics would be affected
primarily through dipole and ton-dipole attractions that may explain the

3 cation may

Increased sorption. The smaller, more highly charged art
change the local surface charge, thereby increasing interactions between
sorpate and sorbent surface., The higher charge could alsc change the
structured water distribution on the clay surface, allowing the sorbate
to compete more favorably with water for available sorption sites. The
highly hydrated A1+3 cation may also cause changes in interlayer
spacing, which could contribute to the higher sorbate sorption observed
here. Although results on gibbsite reported here show 1ittle sorption,
amorphous aluminum species may sorb greater amounts.

Small quantities of organic carbon were found in all natural clay
samples studied. Barasyn was axtremely low in organic carbon, beiow the
detection limit of <0.002%, but sorbed nearly the same amounts of all

sorbates as Na-montmorillonite, which had at Teast 10 times more organic

carbon. Ca-montmorillonite, contained similar quantities of organic
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carbon as Na-montmorillonite, but sorbed much less. It does not appear
that organic carbon controls sorption on the clay surfaces.

It 4s apparent that clays and oxide minerals took up appreciable
amounts of the sorbates studied and must be considered as contributors to
sarption coefficients measured on aquifer materials whose organic carbon
content may not be the prime predictor for nonpolar organic sorption.

As an antecedent to the aquifer material sorption and correlation
studles, several mixtures of clays and oxides were studied to determine
whether sorption on individual minerals could be used to predict the
amount of sorbate taken up by a mineral mixture. Both mixtures of
goethite and Na-montmoriilonite and goethite and barasyn were used as
sorbents for MNAP., Initial experiments with goethite and barasyn mixed
in various ratios were frustrated by their similarity in sorbent
affinity. For example, K for MNAP on barasyn was 1.8240.15% and the K for
MNAP on goethite was 2.27+0.25 (Table VIII), MRNAP X value for the mixed
sorbents was 2,15¢0.07. Confidence interval overlap prevented a test of
the proposed additive effect and occurred for all sorbent combinations
attempted (Table VIII}. Another mixed sorbent system was selected where
the serbate affinities for the sorbent were conslderably different. This
system consisted of 1.0 g each of kaolinite and goethite as sorbent with
PCP sorbate. Results from runs on this mixed sorbent showed that the
amounts sorbed were additive. From single sorbent studies, the K for PCP
on kaolin was 1,76+0.54 and the K for PCP on goethite was 12,5+2.0. The
predicted PCP K for a mixed system (1.0 g of each sorbent) was 7.13 and
the measured K for PCP was 7.5640,61.

Single sorbate/sorbent K values for each sorbent component of the

binary mixture permitted calculation of K for the mixed sorbent.
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Karickhoff {1984) alluded to this sorption independence, but did not
experimentally demonstrate 1t., Results from the simple system studled
here support sorption independence.

Sorption on aguifer materials from various geologic farmations
within the U.5. will be discussed in relation to the sorption on clays
and mineral oxides. The objective 1s to determine if aguifer material
mineral composition and other selected properties including organic
carbon can be related to the observed sorption coefficients.

Koo values were calculated for the aguifer materials by taking the
average K value of three separate fisotherm runs and dividing this by the
average organic carbon content for each aquifer material (Table x¥),
Among the aquifer sorpents, the Kuc for MNAF varied by a factor of &
and the Kuc for ODCB varied by an order of megnitude, To demon-
strate the significance of these large variations in Koc’ equation (2)
was used to calculate the retardation of ODCB movement relative to water
over 50 years. The calculation 1s based on a average calculated aguifer
material K value and on the actual ODCB K value measured on each aquifer
material., The average K was calculated by averaging the Knc over all
aquifer materials. The calculated retardation results show that use of
values based on Koe leads to large errors in contaminant location even
after this geclogically short time {Table XVI).

There is considerable variation 4n avaiilable HQE values. For
naphthalene, Karickhoff {1979, 1981) reported Koc of 1300 and 870 on
surface solls and sediments, respectively. A Koc of 1220 was measured
here for naphthalene sorption on Borden aquifer material which 1s similar
to Karickhoff s results on surface soils, Abdul and Gibson (1986)

reported the Koo FOT naphthalene on Borden aguifer material 1s 650,




TAGLE XV. Kge for MNAP and 0DCB on aquifer materials,

Aquifer Material Koc MNAP Koc UDCB
Tinker 4580 1040
Carswell 1690 680
Barksdale g10 280
Blytheville 1960 az20
Traverse City 6750 200
Borden 3230 1935

Lula 2540 760




TABLE XVI. Comparison of calculated distances (m) of ODCB
movemant after 50 years based on K from average
Koc and on actual X data.

Aquifer Use of Aver- Use of
Material age Koe Actuai K
1
Tinker 1006 1143
Carswe 11 514 785
Barksdale 155 552
Blytheville 107 159
Traverse {ity 930 475
Borden 759 552
Lula 594 945

Calcultation Basis:

Average Kge for ODCB on all auifer materials = 1236
Bulk mass density = 2.1 g/cm

Porosity = 0,20

Groundwater veloclty = 45.7 miyr

Time = 50 yr
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about half the value found here. Johnson et al. {1985) measured a
naphthalene Koo of 660 on soils taken from a waste disposal site,
Stauffer and MacIntyre (1986} found a NAPH Ko of 470 on Lula aquifer
materiai.

For ODCB, Koc varied over an ¢rder of magnitude on the aquifer
materials studied here. Chiou et al. (1983) reported a Koo of 186 for
ODCB on a surface soil which is generally much lower than obtained on the
aquifer materials studied here, Mackay et al, {1986) repsrted K for ODCB
on Borden agquifer material of 0.7640.03 from isotherm slopes and
0.6940.04 from a single point method. These values are somewhat
comparatle to 0.30+0.09 reported here. Conversion of Mackay et al.
(1986} K values to Koc with their stated TCC, 0.071B%, gives a Kuc aof
ODCB on Borden aquifer of 4200, The Kac of 1940 for QDCB on Borden
agquifer materiai found here is in fair agreement with Mackay el al.
{1986), but both are much higher than on surface soil reported by
Stauffer and MacIntyre, {1986) and Chiou et al, (1983).

Yariation of the Koo data found here is greater than that observed
for surface solls. Differences may be caused by the geological variation
of the samples or by varying degrees of organic dlagenesis within the
samples. Variation caused by difficulties with the definition and
measurement of total organic carbon concentration has been largely
ignored in previous work, Many authors do not describe the analytical
method used. [Oifferences between methods become more proncunced at low
organic carbon concentrations. TOC data obtained from the University of
Flarida Soils Laboratory using Walkley=Black chromate oxidation differed
from results obtained here using the combustion method (Tabie XVII),

Differences between methods of determining organic carbon content
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TABLE XVII. Interlaboratery analytical result comparison for selected
aguifer material properties.
Aouifer
Material T0C CLAY 2=-LAYER 3-LAYER
Tinker .07 0.01 14,1 11,3 3.8 9.0 4.2 0.75
Carswell 0.08 0.03 9.8 5.6 1,5 1,8 5.5 4.5
Barksdale 0.13 0.1 5.2 6.2 0.7 2.1 7.0 4.9
Blytheyille 0.22 0,16 10,5 5.6 0.3 1.2 4.2 5.0
Traverse 0.08 0.01 1.0 0.1 0,05 0,001 (.25 ¢.001
Borden N/A (.02 N/A N/A N/A
Lula 0.12 0.02 3.4 0.06 1.7

NA, Not Analyzed

TOC Column 1, Univ, of FL, 50ils Laboratory; Column 2, Author
¥Clay, ¥2-tayer, and ¥3-layer Column 1, Univ, of FL; Coiumn 2

Twin Citlies Research Center,
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{Table X¥II) can account for variations of near cne order of magnitude in
Koc’ based on a given K value, TOC measured in this study for Borden
material, 0.016%, compares well with results for Borden material
published by Mackay et al, (1986), 0.018% and Abdul and Gibson (1986),
0,02%. The Walkley-Black method appears to give higher TOC values
relative to the combustion method. Since K,. 1s a function of both K
value and TOC, It is nacessary to consider effects of measurement
difficulties from both analytical measurements when evaluating Kuc data.

It 1s guestionable whether the Koc concept, developed and
generally applied to surface solls with organic content of >0.1%, can be
used with aquifer material, The problem 1s made apparent from
conslderat ion of the TOC data (Table XVII)., Most of the aquifer materia)
samples have TOC <0.1%, a commonly used lower Yimit for organic carbon
referenced sorption. Aquifer material samples with TDC above 0.1%,
Barksdale and Blytheville, both 1ncluded material from perched aquifers
over the main water table. Even if the two high organic aguifer
materials are excluded, the remaining Koo Tange is still a factor of
four (Table X¥). These variations in Kye are much larger than those
normally encountered in surface soils and sediments, indicating the Koc
concept meay not be useful in agquifers,

Exclusion of the Barksdale and Blytheville material from the data
set gives K, values that are generally high (Table XIV)., These high
values may be attributed to mineral contributions to the sorption
coefficient for low carbon materials, a contention that is supported hy a
threshold for mineral sorption cbserved by Hassett et al. (1980) and
discussed by Karickhoff (1984)., This threshold occurred when the ratic

of swelling clay content to organic carbon content (cm/oc) is
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approximately 30. At {cm/oc) <30, mineral surfaces are generally covered
by organic carbon and sorption contributions are reduced. Above this
threshold, mineral) surfaces may not be completely coated and add to the
amount of sorbate adsorbed, The aquifer materials fall tnto the mineral
sorption region where organic carbon control of sorption should not held
(Table X¥I1il), Mineral sorption may be much more sorbate specific due to
selectivity of mineral surfaces. Karlckhoff [1984) showed that
biguinoline sorption exhibited a substantiai mineral contribution,
whereas pyrene was only slightly influenced., 5ince the aquifer materials

fall in this mineral sorption region, K__ can not completely describe

ac
sorption, and mineral composition must play a significant rele in sorbate
uptake on aguifer materials.

Tha other consideration regarding the utility of Koo concerns the
variahility of the composition of the organic carbon material. Garbarini
and Lion (1986) have shown that various components of so)1 organic matter
sorb differently. Thus, a variation in composition of the organic matter
will affect its sorptive properties. The question of sorbate
partitioning versus sorption is not raised here, As Mingelgrin and
Gerst1 {1983) pointed out, it cannot be answered by equilibrium
thermodynamic measurements. Differences in organic matter composition
will influence sorption irrespective of the mechanism. Insufficient
chemical data exist to adeguately describe sediment and surface soil
organic matter, let alone aquifer organic matter, so any differances
remain unknown. Since the Kuc concept 15 not supported on aquifer
materials, it is hereby abandoned,

Carswell aquifer material K varied with depth within the saturated

zane (Table XII) with both MNAP sorption and organic carbon content
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TABLE XVIII. Ratic of mineral cantent (em) to organic carbon content (oc).

Aquifer

Material cm/oc*
Tinker 18
Carswel] 169
Barksdale 46
Biytheville 2
Traverse Clity 22
Borden N.D.
Lula 85

N.D. = No Data
* g clay mineral/g organic carbon
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changing by a factor of three over the depth profile, Mackay et al,
(1986) reported tetrachloroethylene {PCE)} sorption as a function of depth
in 10 cm increments at the Borden site. The K value for PCE varied by an
order of magnitude, but specific surface area and organic carbon content
varied 1ittle. PCE variation could not be explained by variation in
specific surface area and/or organic carbon content.

One core study of halogenated sorbates on the Borden site as a
function of depth was flawed due to oven drying of the sorbent at 130°
{, with a concomitant increase In sorption coefficlent by approximately
two. Using this flawed data, Mackay et al. [1386) noted that in most
cases normalized K values for all the halogenated sorbates were
approx imately the same for a given strata, possibly indlcating that
spatial sorption variation for a given chemical class of compounds could
be estimated by a single member. This preliminary work was published
without sufficient data to confirm the speculation concerning spatial
variation, but Mackay s continuing work to confirm it., The knowledge of
sarption spatial variatlon is critical to the determination of
contaminant transport and reguires further field research. A fully
documented publication presenting the finalized data set describing
sorption spatial variabllity at the Borden site is awaited.

Banerjee et al. {(1986) determined sorption on sections of a core of
Lula aquifer material using several aromatic sorbates. The entire core
length was analyzed, but results were not gliven separately for saturated
and unsaturated zones., K value variation for orthochlorotoluene was
generally within a factor of 3 to 4 over the length of the core, whereas
other properties varied more, with organic carbon differing over an order

of magnitude. Varlatlons were less evident 1n deeper strata where K
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values became significantly correlated to mineral content. Variation
results presented here for sorption on Carswell aquifer material as a
function of depth are comparable to published results. VYariation may
have been greater if the core had been split inte finer subdivisions,
Averaging the K values from the depth profile gives an average K of 0.44,
which is near the avarage K of 0.45 for the Carswell composite sample.

It is apparent that sorption on aquifer materials must include
mineral sorption effects. A plot of MNAP and OOCB sorption coefficients
versus organic carbon concentration for all aquifer materials shows
11ttle relation between sorption coefficient and TOC (Figure 6),
Inciusion of Barksdale and Blytheville materials force the least-squares
fit and thus overemphasize the two points with higher carbon
concentrations (Montgomery and Pack, 1982}, Deletion of the Blytheville
and Barksdale samples leave those samples with organic carbon less than
0.1% and greatly reduces correlation between organic carbon and K values,

Selected sarbent physical/fchemical properties were measured for
possible use in discovering a relationship between sorbent properties and
nonpalar arganic sorption on aguifer materials (Table X and X1}. Cholce
of properties was based on sorption results on ¢lays and oxides obtained
here, on commonly used tests to characterize 5011 and sediment samples,
and on properties used by other researchers for sorption investigations
on surface soils and sediments (Means et al. [1980 a.b, 1982], Hassett et
al., [1980, 1981}, and Karickhoff et al. [1979]).

Means et al. (1980a) did an unspecified matrix correlaticn on a
number of sorbenpt characterizations and demonstrated some interactions
between percentage arganic carbon and percentage nitrogen and between

percentage ¢lay and CEC, Thelr matrix correlation was followed by a



Figure 6.

Fercent organic carbon coneentration versus sorption coef-
ficient (L/kg} Eor MNAP and ODCB on aguifer materials.
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separate linear regression of the K values from their study against each
of the individual sSubstrate properties. The procedure does not consider
the interactions or contributions from more than one variable. The only
"significant" {regression coefficient value unspecified) relatlonship
found was K to percentage organic carbon. Means et al. {1980 b, 1982}
did a similar sorbent property linear regression study versus K for PAHs
and amino- and carboxy-substituted PAHs and found organic carbon
dependence. Hassett et al, (1980) used dibenzothiophene on the same
sorbents as Means et al. (1980 a,b, 1982), and found a significant
correltation between K and percentage organic carbon at the 1% level.
Other factors werg not significant, but the statistical method used was
not clearly stated. [t is impossible to tel) whether single independent
regressions or multiple linear regressions were used, .
PCA was run on a data matrix composed of MNAP K values, percentage
organic carbon, percentage sand, percentage clay, percentage silt,
specific surface area, CEC, percentage Z-layer clay, percentage 3-layer
¢lay, and percentage iron content in alt seven aquifer materials.
Significant correlations {R2>D.EG] were found between many of the
variables {Table XIX}. Many of the interactions are expected because the
assaciated sorbent parameters are phenomenologically related. The K
values for MNAP were highly correlated with percentage organic carben and
percentage 3-layer clay. However, both percentage organic carbon and
percentage 3-layer clays were also correlated with other vartables and
must then interact to some extent with K MNAP. Existence of all these

interactions would frustrate the use of simple linear regression for this

data.



TABLE XIX.

Correlations found with PCA of aguifer properties and MNAP

sarption.

VARIABLES RZ
K MNAP - ¥ Organic Carbon (.83
K MNAP - ¥ 3-layer [lay (.64
% Organic Carbon - CEC 0.53
% Organtc Carbon - % 3-layer clay 0.76
¥ Clay - % 2-Layer Clay 0.54
¥ Clay - % Iron 0,50
% 541t - CEC 0.77
% 511t - % Z-Layer Clay (.84
CEC - % 3-Layer (lay 0.51
CEC - Organic Carbon 0.53
T ?-layer Clay - % 511t 0.84
¥ 3-Layer Clay - ¥ 511t 0.50
Surface Area - % 3-lLayer Clay 0.50
Surface Area - % Iron 0,50

87
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Ninety-five percent of the variance for the entire data matrix can
be combined in the first four eigenvectors {(Table XX). However,
inspection of the eigenvector matrix gives 1ittle loading information
that may be attributed to the original varilables {Table XXI). The First
eiganvector, which accounts for 42% of the variation, weights sand quite
heavily. The second elgenvector weights K MNAP, organic carbon content,
and percentage 3-layer clay, The third eigenvector weights percentage
¢lay, surface area, and iron content and may be important in describing
surface area related properties. The total information gained from the
PCA shows that four principal components can explain 95% of the variation
and these involve percentage organic carbon, K MNAP, percentage 3-layer
clay, and surface area related properties.

Since Barksdale and Blytheville agquifers were high in organic
carbon, and both had perched aguifers, PCA was rerun, eliminating them
from consideration. Several changes were apparent in the similarity
matrix. The TOC-K MNAP correlation disappeared and more mineral-related
correlations became apparent {Table XXII}. The eigenvalues changed
tittle, requiring only three comporents to explain 94% of the variation,
instead of four componrents in the previous run. Inspection of the
loadings for the elgenvectors showed intermediate loading values for K
MNAP and sand in the primary vector, which accounted for 47% of the
varlance, but the higher loadings in the second vector (which accounted
for 30% of the variation), seemed related to organic carbon, surface
area, percentage 3-layer clay, and iron. Loadings in eigenvector three
stressed clay and ‘tron content. The eigenvector loadings, coupled with
the results from the correlation matrix, lead to a stronger mineral

influence on sorption. Petrologlc examination alsc supports the

-
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TABLE XX. PCA results for K MNAP and sorbent physical/chemical
data matrix.

Eigenvector Eigenvalue T of Trace Cum. T of Trace

1 5.670 56.703 56.703
2 2.406 24.058 80.761
3 0,980 9.804 90.565
4 0.48810 4.881 95,445

0.312 3.124 98,569
) .106 1.060 99.629
7 0.037 0,367 95,997
8 0.003 0.003 99,998
9 0.000 0,000 100,000

10 0.000 0.000 100.000




TABLE XXI. PCA results for K MNAP and aquifer material
physical and chemical property data matrix.

EIGENVECTOR
Variable I 11 I iy
1 -0.2218 0.3663 0.3065 -(.5140
2 -0.3218 0.,3734 0.2678 -0, 1440
3 0.4495 0.2042 0.1342 -0,057%
4 -0,1195 -3, 3586 0.3514 -0.5568
5 -0,4469  -0,2093 -0, 1568 0.0144
6 -0.22001  -0,1560 0.5240 0.4681
7 ~0,4038 0.0768 -0.2519 0.1217
8 -0.2916 -0.4349 =0, 2535 -0.1578
9 -0,3450 0,3256 0.1618 0.3263
10 0.1246  -N.3957 0.4902 0.1918

Variable 1, K MNAP: Variable 2, ¥ organic carbon;
Varlable 3, % sand; Yariable 4, % clay;

Variable 5, % silt; Variable 6, surface area;

VYariable 7, cation exchange capacity:

Yariable 8, ¥ 2-layer clay; Variable 49, %¥3-layer clay;
Variable 10, % 1ron.




TABLE XXI1. Correlations from PCA correlation matrix of

MHAP-aquifer data with Blythev!)le and

Barksdale aquifer data deleted,

YARTABLES RZ
K MHAP-% Sand 0.65
% Qrganlc Carbon-Surface Area 0.58
% Organic Carbon-% 3-layer Clay D.76
% Clay=% S5ilt 0.64
¥ Clay-% Z-layer (lay 0.68
% Clay-% Iron Q.66
% S11t-CEC 0.73
% 511t-% 2-layer Clay 0.99
¥ 511t-% Iron 0.92
CEC-¥% 2-layer Clay 0.77
LEC-% Iron 0.78
% Iron=% 2-layer Clay 0.88
% Iron-Surface Area 0.63
% 3-layer Clay-Surface Area 0.52
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correlations between oxide and ¢lay minerals and Yron, since iron was
present as coatings on many of the other minerals.

Allhough single 1inear regression analysls is not appropriate, it
was done here for comparison purposes since single regression was
performed in all relevant literature, The K values for MNAP were
ragressed against each of the individual variables in the data matrix
{Table X and XI). The only significant regression coefficient (RE =
0.69) that was obtained was between K MNAP and percentage organic
carbon, When Barksdale and Blytheyille were deleted from the data
matrix, this regression coefficient decreased to 0.14. The deletion of
Blytheville and Barksdale alsc produced an RE of 0.5 to be observed
between K MNAP and surface area. Single iinear reqression of ODCE Ks
against each sorbent property showed an R2 of 0,58 with surface area
when Blytheville and Barksdale data were eliminated. HNo Hz va lues
>0.50 were found when the entire data set containing all aquifer
materials wera regressed.

PCA was rerun on the data matrix, with ODCB K values replacing MNAP
K values. Results were quite similar, reguiring the same number of
vectors to explain data varations. Percentage of variation explained by
each vector was within 1% of the valug cbtained from the MNAP sorption
data, with the first four vectors accounting for 94% of the variation.
The correlation matrix for ODCB was the same as for MNAP except that K
ODCB had a 0.83 correlation to organic carbon content and 0,54
correlation to percentage 3-layer clay. When Biytheyille and 8arksdale
data were removed and PCA rerun, results were comparable to those

gbtalned for X MNAP without Blytheville and Barksdale data.
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In all ¢ited correlation studies of surface soils and sediments

2 was found between

containing 0.1% or more organic carbon, a large R
the K value for nonpolar compounds and the organic carbon content. The
correlation was sufficlient to permit use of organic content as a
predictor of sorption.

Results from this study show that for low carbon content (<0,7%)
aquifer materials sorption predictions based on sorbent carbon content
fail to explain nonpolar chemical uptake. Minerals can sorb amounts of
nonpolar chemicals similar to the amounts sorbed on the aquifer materials
and must contribute to aguifer material sorption. The statistical
methods applied to the data did not show a simple relation betwean
sorbate uptake and sorbent properties. Although organic carbon content
did not control sorpticn on the low carbon aguifer materials, 1t is a
component of the overall sorption coefficient. There is no single
surface or mineral phase that controls sorption on the aquifer material.
Measured K values on aquifer material are a combination of contributing
mineral compconents and organic matter which protably do not have simiiar
sorptive properties to surface organic matter.

The distribution of the organic carbon on aquifer material particles
may also be a ¢ritical factor in sorption on aquifer materials. At the
axtremely low concentrations of TOC in these aquifer materials, the
crganic carbon coverage may not be complete, allowing mineral surfaces to
participate in sorption., There is no obvious way to directly observe the
organic carbon distribution,

The true amount of organic carbon present on the aquifer materials
it also cpen to question because measurements at low levels are difficult

{(Reijnders et al,, 1977), and the measured TOC is a function of the
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aralytical technique used, There 15 no quarantee that the combustion
method used here to analyze the bulk TOC property was sensitive to the
organic matter component which affects sorption. The sorplive properties
of the prganic carbon could be associated with functional groups and
thelr orientation within the polymeric humic materials, In this case,
TOC measurements would relate to sorption, but not be the best
descriptor because of the lack of a known relation between carbon content
and functional group composition and orientation.

Many of the sorbent characterizations used here are bulk property
measurements not necessarily directed toward organic chemical sorption.
The measurements involve several conventiomal definitions, and even
though done correctly, cannot adeguately describe the complex sorptive
surface of aquifer materials. Some of these problems are described below
for the properties usad in this research,

Even though the ¢lay minerals within the aquifer materials were
characterized as to 2-layer or 3=layer clays, large differences exist
within the smectites themselves. Al} 3-layer clays do not sorb similarly

+3 and Na' results reported here, Evidence

as indicated by Ca+2. Al
presented shows that substituting exchangeable ions can affect sorptive
properties and thus considerable sorptive difference may exist bhetween
the various members of this group. Sorption may alsc be a function of
isomorphic substitution. Analyses performed here do not account for
these diffarences.

Nitrogen gas was used to measure the surface area of the dry agquifer
materials. Organi¢c sorbates would probably net be able to sorb on this
entire surface due to molecular size differences between N, and the

organic sorbates. Agglomerated clay particles In agueous suspension
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would also present less sorbing area than that measured by H2 gas
adsorption. The sorbent surface area actually exposed and available to
the organic sorbate would be a function of the sampling and grinding of
the aquifer material samples and of their hydration.

The particle size distribution data alsc contain many vagaries that
may influence sorption correlations to this property. HAgglomerated clay
particles would show up in larger sieve fractions and could be
characterized as 511t or sand. Clay and oxide mineral particles were
shown to adhere to quartz particles, thereby modifying the guartz
particle apparent surface area and sorptive properties, and altering the
particle size distribution. Particle size distribution would also be a
function of how the sample was ground, Correlations between particle
size distribution and K values would be compromised by any of these
particle sfize changes.

Even if all the characterization methods used above were "perfect”,
there would be no guarantee that this set of measurements encompassed the
necassary data to describe the reactive surface. Other measurements such
as spectroscopic techniques can provide more detailed information about
the reactive surface, but are generally applicable only to clean, dry
surfaces, In addition to the inab11ity to adeguately know the physical
and chemical nature of the hydrated sorbent surface, the changes caused
by excess water are alsg largely unknown. When water is sorbed on the
sorbent, 1t not only modifies the surface chemistry of the solid but its
uwn configuration changes from that in the bulk 1iquid pbase, Since the
adsorbed water configuration 1s different from bulk phase water, its
solvent properties will be different and conseguently may affect

sorption. Considerable spectroscopic evidence 1s avajlable to support
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the existence of structured water on clays (Spesita, 1984}, but the
effect of water on sorption of nonpolar organics 15 unknown,

If new thezry and analytical technigques are developed te better
describe the sorptive surface, improved predictive correlations between
sorption and surface properties might be possible, With the surface
characterization technigues avallable, it was not possible to predict
sorption on the fluvial and glacial till agquifer surfaces studied here in
terms of the properties measured. A larger sampiing of aquifer materials
including materiais from fractured carhbonate, metamorphic and igneous
rocks would be necessary tc insure that the results found here are
general for all types of aquifer material, Since quantitative predictors
based on available sorbent properties were not found, experimental K
values must be measured on each aquifer material occurring in a
groundwater contamination situation, Experimental K value spatial
distribution must then be used in all groundwater contaminant transport
models based on linear sorption isotherm processes at local equilibrium,

However, results alsc showed that for the sorbates studied here
sorption trends followed general hydrophobic sorption theory with the
less polar sorbates being better sorbed. If this observation is
generally true, relative contaminant transport can be predicted based on
chemical polarity,

This study shows that nonpolar chemical sorpticn canngt now be
adequately correlated to the properties of aquifer materials. Until
better, reliable surface characterization technigues become available,
universally applied, and cost effective, it 15 necessary to measure

actual sorption coefficients on aguifer materials.
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Thoughts For Future Research

1. A wider sampling of aquifer materials should be conducted to
determine sorption properties and chemical and physical characteristics
and their spatlal veriabilities. This should be done in conjunction with
field research at several sites,

Z. Highar molecular weight and more potar sorbates should be studied to
describe their sorptive behavior on aquifer materials. A sorbate that
exhibits non-linear sorption should also be studied to determine its
sorption characteristics on aguifer materials,

3. Aquifer organic carbon materials should be chemically characterized
to determine similarity to surface organic carbon materials.

3, The A]{Cl}a—water-mnntmnr1]3an1te system should be studied in

detail to provide a basis for sorption interpretations. A knowledge of
this system chemistry would also be beneficial in assessing the effects

of acid rain and understanding soll chemical reactions.




Carswell AFB, Ft. Worth, TX

Appendix I. Core Data

Capillary fringe was encountered at 58 in, S1ix zones within the

saturated
Zone
Zone
fane
Zone
fone

Zone

zone were apparent and sampled,

1

g
3
4
L)
b

1.3-
1.7-
2.8~
3.2-
4.1-
4.4-

Barksdale AFB, LA

T.7 m
2.B'm
J.Zm
4,1 m
4.4 m
6.4 m

Fine saddle-brown, uniform clayey sand
Orange sand with clay and black stains
Orange uniform sand

Sadd le-brown uniform sand

Buff-brown uniform coarse sand

Light-yellow coarse sand

Capillary fringe was encountered at 156 in. Samples from five

apparent saturated zones were sampled,

Zone
Zone

Zong

3
2
3

fone 4

Zone

5

4.3 -
4.5
12.5 ~
12.9
13.2

4.5 m
6.7 m
12.9m
13.2 m
13.5 m

Sandy silt with reddish brown clay
Yery fine saturated silt
Buff-brown coarse sand

Gray sand with clay

Buff-brown coarse sand

P
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Blytheville AFB, AR
Parched water table was found at 253 in, One surface zone and three

zones within the saturated zone were recognizable,

Zone 1 0.1 - 0.4 m Near surface silty loam (not included}
fone ¢ B.B-9.1m Confined sand lens above main formation
Zone 3 9.1 - 10.0m Blue=-gray coarse sand

Coast Guard Statiaon, Traverse City MI

Moist sand was encountered at 22 in. Saturated sand was sampled
from two lower depths called zone 1 and 2.

Zare 1 3.4 -4.1m  {(oarse sand

Zone 2 4.1 - 5.5 n Coarsar sand

Tinker AFB OK

Saturated material was encountered at 192 in. Near surface geologic
strata caused drilling problems and frustrated zone descriptions.

Zone T3A 4.9 m Thin saturated layer

Zone T2A 5.5 m Saturated zone material

Zone TZ2B 7.2 - B.0m Fluid materlal above sandstone

Zone T3B 8.0 - 8.6m Sem! consolidated sandstone core material

Zone TIB 8.7 m Deep saturated zone material




Appendix 11. Aquifer Material) Petrographic Descriptions

Carswell

The sample 1s yellowish-gray {5 Y 7/2) and characterized by subrounded to
rounded quartz grains, and clay, accessory feldspar, and opaque

minerals, Half of the gquartz grains are partially {<1/3) coated with
iron oxides. There are particles of dark green clay, probably chlorite,
adhering to the surface of approximately one guarter of the sand grains.

The average mineral composition of the sample {s:

Mirneral: Quartz (lay Feldspar Opaque  Miscellaneous
Fercentage: §5-30 5-7 3-5 1=2 <1
Motes: Misce laneocus minerals 1nclude tourmaline, fragments of

chert, and garnet. Opague minerals are nonmagnetic and are either

hematite or spinel.

Barksdale

This sample consists of grayish-orange {10 YR 7/4) subrounded to
subanguiar guartz with accessory feldspar, calcite, rock fragments, and
well-rounded opaque minerals, There is an iron oxlide coating over 1/4 of
the surface area of about half of the gquartz grains. The approximate

overall mineral composition of the sample is:

100
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Mineral: Quartz Clay Feldspar Calcite Miscellaneous.
Percentage: 88-90 6-8 1-2 0.5=1 <1
Hotes: Miscellaneous minerals include nonmagnetic opaque minerals and

rock fragments.

Blythevilie
This sample 3s light olive-gray (5 ¥ &/1) consisting of quartz, clay and

feldspar with accessory hematite, calcite, amphibole, rock fragments,
apatite, zircon and opaque mirerals, The quartz and feldspar grains are
1ight 1y coated (<1/4} with iron oxides and clays. The calcite is stained
with iron oxide. The degree of rounding varies according to mineral
type. The quartz grains, rock fragments, and cpaque minerals subrounded
with the feldspar and amphlibole grains are angular to subangular, The

average mineral compesition of the sample is:

Mineral: Quartz Clay Feldspar Felx Calcite Misc.
Percentage: 83-90 5~7 3-5 1-3 0.5=1 <
Notes: Miscellaneous minerais include amphibole, magnetite, non-magnetic

opaque minerals, apatite, and zircon.

Traverse City

This sample 1s a pale yellowish=brown (10 YR 6£/2) subrounded to
subangular guartz with accessory dolomite, magnetite, clay, garnet,
amphibole and tourmaline. There is an firregular coating of 1ron oxide

and clay covering <1/3 of the surface area of the quartz grains.
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The calcite sand 1s actually composed of fragments of very fine grained
(micritic) limestone. There is relatively more magnetite in the coarser
fraction of the sample than the finer, The average mineral composition

is as follows:

Mineral: Quartz Dolamite Magnet ite Clay Miscelianeous
Percentage: 95 23 1-2 <1 <1

Hotes: Miscellanmeous minerals include tourmaline (a chemically complex
aluminosilicate, the variety in this sampie is probably dravite), garnet,

amphiboie, apatite, zircon and unidentified opaque minerals.

Tinker
The Tinker sample consists of 1ight brown (5 YR 5/6) subrounded quartz
sand with kaolinite and accessory feldspar, calcite, heamatite, 111ite,
zircon, mica, chlorite and pyroxene. The guartz grains are variably
coated with ron oxide; 25% of the grains are greater than 2/3 coated
with iron oxide, 50% have 1/3 to 2/3 of their surface areas coated with
iron oxides, and the remainder have no iron oxide coating. The relative
amounts of feldspar and calcite are greater in the finer (+400 mesh) than
the coarser fraction {+200 mesh) of the sample. The overall mineral

composition of the sample is tabulated below.

Mineral: Quartz Kaolinite Feldspar Calcite I111ite Misc,
Percentage:  80-85 8-10 2-4 0.5-1 0.5-1 1-4
Notes: Miscellaneous includes hematite, chlorite, 2ircon, pyroxene and

unidentified heavy minerals.
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Borden
The sample is composed of quartz and feldspar {(arkosic) sand with
significant amounts of calcite and hornblende {amphibole). The sand and
s11t sized particles in the sample are well rounded to subrounded, Some
of the grains are frosted Indicating transport by wind at some time in
the past. The grains are clean, only a few have partial coating of iron
oxide or clay. The calcite in the sample 1s mostly well rounded
sand-sized grains of very fine grained )imestone however, there are
stgnificant quantities of single crystal calcite grains in the 511t sized
fraction of the sample., The amphibole 1s subangular to angular with very
peor sphericity, Other accessory minerais 1n the sample include

magnet ite, pyroxene and garnet, The relative proportions of the minerals

in this sample are:

Mineral: Quartz Feldspar Calcite Amphitole Magnetite Misc,
Percentage: 70-75 10-15 5-10 5-10 1-3 2
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