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EXECUTIVE SUMMARY

Dense nonagueous phase liquids (DNAPLS) pose a significant threet to soil and groundwater at
Depatment of Energy (DOE) Stes.  Evidence suggedts that subsurface chemica heterogenety is
present a many of these Sites as aresult of spatia and tempora variations in agueous phase chemistry,
contaminant aging, mineradogy and organic matter. The presence of such heterogeneity may significantly
influence DNAPL migration and entrgoment in the saturated zone. Despite its potential importance, the
physics of DNAPL flow in chemicaly heterogeneous systems has not been adequately investigated, and
multiphase flow smulators typicaly assume that subsurface soils are completdly water-wet and
chemicdly homogeneous. If this assumption does not hold, large errors may be introduced into
esimates of DNAPL migration and remediation. This report highlights research, funded by the DOE
Environmenta Management Science Program (EMSP), aimed a improving our understanding of and
ability to smulate the influence of subsurface chemica heterogeneity on DNAPL flow and entrgpment.
The concentrations of the surface-active solutes octanoic acid (OA) and dodecylamine (DDA) in
aqueous solutions were shown to directly affect fundamenta transport properties of the agueous and
organic phases, such as water-NAPL capillary pressure-saturation relationships. This behavior wasthe
consequence of changesin interfacid tenson and/or solid phase wettability. Solid phase minerdogy and
surface coatings aso dtered capillary rdations sgnificantly through changes in solid phase wettability.
DNAPL residua saturation was found to systematicdly vary from 5 to 25% for experimenta soils
composed of various mass fractions of untreated (water-wet) and organosilane treated (DNAPL-wet)
Ottawa sands. Two-dimensona DNAPL infiltration experiments so demonsrated that subsurface
chemicd heterogeneity sgnificantly influences DNAPL migration due to differences in entrgoment

behavior and capillay barier effects at interfaces of capillary contrast (chemica or texturd).



Theoreticdl models to quantify and describe these experimental data have been developed and
incorporated into a two-dimensond multiphase flow smulator.  This smulator was used to predict the
migration and entrgpment of a DNAPL, tetrachloroethylene (PCE), in experimenta systems and to
conduct numerica experiments in coupled chemicaly and physcaly heterogeneous systems at larger
scales and over a wider range of leterogeneity characteristics. Experimenta and numerica studies
indicate that the spatid digtribution of subsurface chemica characterigics should be quantified to
improve the prediction of DNAPL fate and persstence, and that this information may be d equd
importance to hydraulic conductivity variationsin some sysems. A more complete understanding of the
influence of chemica heterogeneity on DNAPL migration and entrapment may lead to improved

methods for DNAPL recovery and containment during aquifer remediation operations.



RESEARCH OBJECTIVES

The improper storage and digposa of hazardous dense nonagueous phase liquids (DNAPLS) a
DOE facilities have resulted in the widespread contamingtion of the subsurface environment [National
Research Council, 1998]. Riley et al. [1992] report that gpproximately 80% of DOE facilities have
reported groundwater contaminated by chlorinated solvents (DNAPLS). Regulated exposure levels for
many DNAPLs are severd orders of magnitude below their vapor pressure and solubility limits
Consequently, subsurface DNAPL contamination is a problem of serious concern a DOE gtes.
Applying conventiona remediation techniques to such waste Stes has proven largely ineffective, Snce
many DNAPLSs are sparingly soluble in water and cannot be didodged by pumping [MacDonald and
Kavanaugh, 1994]. Redizing this shortcoming, there is a srong incentive for the Environmentd
Management Science Program (EMSP) to foster the development of more efficient cleanup
technologies that will sgnificantly reduce remediation cods, duraion, and risks. Hampering the
atainment of this god is the difficulty in identifying and quantifying contaminant sources, predicting and
monitoring contaminant fate, and implementing remediation activities a many DOE dtes [National
Research Council, 1998].

Significant research has focused on the processes governing DNAPL migration and entrapment
following their release to the subsurface environment [Kueper et al. 1993, Pennell et al. 1994,
Dawson and Roberts 1997, Hofstee et al. 19983, Hofstee et al. 1998b, Oostrom et al. 19994, b.
A number of these sudies have investigated the effects of subsurface heterogeneity on the fate of pure
DNAPLs. However, few have specificaly addressed the effects of variations in subsurface wettability.
Natura materias have a variety of wetting characteristics. For example, cod, graphite and tac are
intermediate- to organic-wet whereas more common aquifer materids such as quartz and carbonate are
water-wetting [Anderson, 1987a]. In addition to natural wettability variations due to differing minera
surfaces, tempora wettability dterations are dso important.  Surface-active agents in a waste mixture
may sorb to the minera surfaces and sgnificantly change the wettability [Powers and Tamblin, 1995,
Powers et al. 1996]. It is goparent that variable subsurface wettability is possble in many Stuations
and requires further sudy.

Many of the wastes reported at DOE sites are complex mixtures. For example, DNAPLs and
surface-active compounds such as organic acids and bases were frequently disposed concurrently
[Riley et al., 1992]. Subsurface chemica heterogeneity also occurs at many DOE Sites as a result of
gpatial and tempord variations in agueous, DNAPL, and solid surface chemidtries. Large errors may
therefore be introduced into numerical smulations of DNAPL migration and remediation when models
are based upon assumptions of chemica homogeneity. As a result, the primary objective of this
research is to improve our underdanding of and ability to smulate the influence of subsurface chemicd
heterogeneity on DNAPL flow and entrapment in the saturated zone. Laboratory and numerica
invedtigations have been conducted for a matrix of organic contaminants and porous media
encompassing arange of wettability characterigtics.

Specific project objectivesinclude:

0] the quantification of two- phase aqueousDNAPL interfacid and hydraulic properties;

(i) development and assessment of conditutive hydraulic property and continuum  based
multiphase flow modedls,

(i) exploration of DNAPL migration and entrgpment in heterogeneous systems at larger scales,
and;

(iv)  deveopment of innovative remediation schemes.



METHODSAND RESULTS

0] Quantification of aqueous’DNAPL interfacial and hydraulic properties.
Methods

Severd types of measurements were conducted to determine the effects of solution chemistry
on the interfacia and subsurface trangport properties of priority contaminants from DOE waste Sites.
These included the measurement of pH, surface tension, contact angle, bottle tests, and capillary
pressure-saturation relationships. Representative systems of five components, including a nonagueous
fluid, weter, eectrolyte, surface-active co-contaminant, and solid phase were selected. The LNAPL
0-xylene was chosen as a representative fuel hydrocarbon. Tetrachloroethylene (also known as
perchloroethylene or PCE) was chosen as atypicd DNAPL because of its widespread use and
resulting contribution to numerous contamination Stes.

A series of experiments was conducted to explore the influence of representative surface-active
agents, dodecylamine (DDA) and octanoic acid (OA), on interfacid propertiesin PCE-water-quartz
sysems|[Lord et al., 1997ab, 1999]. A Du Nouy ring tensiometer was used to measure the surface
tenson between the PCE and air aswell as pure Milli-Q water and air. The surface tension of o-
xylene was obtained using the Axisymetric Drop Shape Andysis (ADSA) technique [Cheng et al.,
1990]. Inthismethod a drop of liquid is suspended from a fine gauge needle and photographed. The
Laplace equation of capillarity is then used to caculate the surface tensgon from the digitized drop
profile. The ADSA method was also used to obtain interfacial tension measurements. For that case, a
drop of nonagueous fluid was created in a bath of water. Before making the measurements, the liquids
were pre-equilibrated with one another for at least aweek. pH adjustments were made by adding
amdl amounts of HCl or NaOH and surface-active agents DDA and OA were added before the
equilibration period. Contact angle measurements were made by imaging a sessile drop of the
nonwetting fluid on a smooth quartz plate immersed in a bath of the wetting fluid. The ADSA
gpparatus was used to perform the imaging and andysis of the images to determine the angle of
intersection of the droplet with the quartz plate.

Additiona experiments were designed to examine the influence of organic acids on the wetting
properties of solid surfaces of varying mineraogy. Bottle tests were used to assess the wettability
behavior of porous media composed of quartz, iron oxide coated quartz, a uminum oxide coated
quartz, limestone (CaCQOs), and shde in the presence of adyed minerd oil and various agqueous
solutions (pH=6.5) of OA (the anionic form of OA dominates at pH=6.5).

The capillary pressure-saturation relationships measured in this Sudy were primary drainage
curves, obtained using the recently developed [Salehzadah and Demond, 1999] version of the
traditiond Tempe cdl goparatus. This cdl employs asmaler sample volume and precisdy
manufactured membranes as capillary barriers to obtain rapid, reliable results. Clean soils were
equilibrated with water and the nonaqueous fluid for at least aweek. Then the sample chamber was
packed on a vibrating table and sedled while fully saturated with water. An organic liquid reservoir was
connected to the top of the cell when measuring the water- nonaqueous liquid capillary pressure-
saturation curve. Pressurized air was applied to incrementally force organic liquid into the cdll. The
pressure applied was measured using precise digital regulators and the volume of displaced fluid was
determined by measuring the meniscus in along capillary tube connected to the outlet of the cell.
Alternatively, the air was directly connected to the cell to measure the capillary pressure-saturation
curvefor an ar-liquid sysem.



In addition to the modified Tempe cdl gpparatus, an automated system [Bradford and Leij,
1995] was used to measure capillary pressure-saturation relationships and residua saturations for PCE-
water systems. Water- and NAPL-wet ceramic plates (0.5 bar) were placed on the top and bottom of
the initidly water saturated soil column, respectivey. Adjusting the boundary conditions of the fluid
reservoirs and then opening the solenoid valves initiated an outflow period. PCE flowed to the column,
displacing the water. The trangent liquid pressures and outflows were monitored, usng pressure
transducers and a data logger, until the fluid saturations equilibrated with the imposed boundary
conditions; i.e, flow ceased and hydrodatic pressures were atained. The find saturations and
pressures represent an equilibrium point on the Pc-S curve according to the pressure cell approach.
Subsequently, a new set of boundary and initid conditions were specified for another outflow period
and a new point on the R-S curve. Resdua saturations were obtained when changes in the boundary
conditions of a particular phase no longer changed the phase saturation (the relative permeability was
Zexr0).

Results:

Reaults of experiments conducted to explore pH effects are illustrated in figures 1a and 1b,
where the measured interfacia properties (interfacia tenson and contact angle) are presented as a
function of pH in the presence of OA or DDA.
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Figurel — (&) Interfacia tension for PCE-water-quartz systems containing octanoic acid and dodecylamine asa
function of pH (top). (b) Receding contact angle for PCE-water-quartz systems containing octanoic acid and
dodecylamine as a function of pH (bottom).

DDA and OA exhibit pH dependent acid-base speciation in agueous solution, resulting in agueous
chemigtry-dependent interfacia tenson and/or wettability in these systems. When the neutrd species of
DDA (pH > 10.6) and OA (pH < 4.8) was dominant, minima changes to interfacia properties were
observed because of preferentid partitioning of DDA and OA into the NAPL. In contrast, the cationic
form of DDA (pH < 10.6) sorbed both to the quartz and the NAPL-water interface, dtering the
wettability from water-wet to neutra wettability and lowering the NAPL-water interfacia tenson. The
anionic form of OA (pH > 4.8) sorbed only to the NAPL-water interface, lowering the interfacia
tenson by as much as 50%.

The bottle tests determined the wetting characterigtics of soils of different minerdogy. In the
absence of OA, dl of the soils except the shale were observed to be strongly water-wet; i.e., the shde
was partidly NAPL-wet. In contradt, in the presence of 0.1 M OA, only the quartz soil wes water-
wet; the soils composed of iron oxide coated quartz, duminum oxide coated quartz, limestone, and
shale were strongly NAPL-wet.



Experiments were conducted to explore the influence of solution chemisiry of organic acids and
bases on the capillary pressure relationship.  The influence of OA and DDA concentration on the
capillary pressure rationship for a tetrachloroethylene-water-quartz system was examined [Lord
1999] and compared to previous [Lord et al., 1997ab] results obtained for the same solutesin an o-
xylene-water-quartz system. Despite the different properties of PCE and o-xylene, including polarity,
aromaticity, dendty, and pure solvent interfacia tensons, the speciation, sorption and partitioning of the
solutes were smilar and influenced the capillary pressure relationship smilarly. When the pH was above
the pKa, OA is preferentidly in an anionic form and, therefore, OA remains in the agueous phase,
where it influences the interfacia tenson to a greater extent. This behavior is reflected in the primary
drainage capillary pressure relationship shown in Figure 2.
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Figure 2- Primary drainage capillary pressure curves for PCE-water-Ottawa sand systems at various pHs and total
octanoic acid concentrations.

Here the capillary pressure at a given aqueous phase saturation is observed to be lower at pH vaues
abovethe pKa. A smilar lack of dependence on the nature of the organic liquid phase was observed in
the DDA-NAPL-water-quartz systems. In this case, however, capillary pressure relations were affected
by pH dependent changesin both interfacid tension and solid wettability (cf. Figure 1).

Additiona research efforts have focused on the determination and quantification of hydraulic
property relations for synthetic fractionad wettability porous medium (systems composed of known
water- and organic-wet fractions), and for media having uniform, well-defined, solid surface chemidiries
(quartz, Fe oxide coated quartz, Al oxide coated quartz, limestone, and shae). Results indicate that the
magnitude and shape of the capillary pressure curves are strongly dependent on the fractiona wettability
of the system. Figure 3 shows that asthe DNAPL-wet fraction of a soil increases, for agiven saturation
and saturation history, the DNAPL-water capillary pressure decreases, becoming negative at higher
water saturations.
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Figure 3 — PCE-water imbibition capillary pressure curves for various fractional wettability f35-f50 Ottawa sand

systems. Percentages correspond to the organic-wet sand fraction.

After exposure to a 0.1 M solution of OA (pH=6.5) followed by prolonged rinses with Milli-Q water
(approximatdy 50 PV), the hydraulic properties for some of these sands exhibited a much more
pronounced variation in wettability depending upon the soil's solid surface characterigtics (cf. Figure 4).
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Figure 4 — PCE-water imbibition capillary pressure curves for f20-f30 sands and the indicated solid surface

mineralogies after exposureto 0.1 M OA and 50 pore volumes of Milli-Q water.

Recall that wettability bottle test for these soils demondirated thet iron oxide coated quartz, auminum
oxide coated quartz, limestone, and shde were strongly NAPL-wet in the presence of 0.1 M OA and
minerd oil. Additiond measurements of hydraulic property relaions for these soils in the presence of

various OA concentrations are planned.

For the sands with wel defined fractiond wettability and solid surface chemidiry, trandent
outflow measurements were undertaken with the automated setup that was used to determine capillary
pressure relations.  This trangent information is currently being used to determine relative permegbility
relations according to history matching procedures. Due to the inability of previousdy developed
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multiphase models to handle the measured time dependent water and DNAPL pressure boundary
conditions, a new one-dimensona multiphase flow smulator has been developed to solve the direct
problem (Smulation of outflow data). This smulator has been successfully coupled with a nonlinear
least-squares fitting routine to solve the indirect problem (optimization of hydraulic property mode
parameters to the outflow data). Figure 5 shows arepresentative plot of the observed and simulated fit
to the transent cumulative outflow data
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Figure5 — Representative observed and simulated cumulative outflow behavior (water-wet f35-f50 Ottawa sand).

Resdud water and DNAPL saturations were dso found to systematicdly vary as a function of
fractiond wettability [Bradford et al., 1999]. The magnitude of resdual DNAPL saturations varied by
510 25% for the experimental sands. Figure 6 presents the resdual DNAPL saturation for various sand
grain sze digributions and wettability conditions. Note that the resdud organic saturation in finer
textured sands reached a minimum d intermediate wetting conditions, whereas residud saturations in
coarser textured sands decreased asymptoticdly with increasing fraction of organic-wet sand. These
observations were explained in terms of plausible interactions between NAPL films and ganglia, and
surface area consderations Bradford and Abriola, 2001]. For media with NAPL-wet solids, an
inverse correlation of resdua organic saturation with grain sze can be easily explained in terms of the
relaionship between increasing solid surface area and decreasing permesability [Carman, 1937].
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Figure 6 — Residua PCE saturation (Sr0) as afunction of organosilane treated soil mass fraction for the indicated
sieve sizes of Ottawa sands.

(ii) Development and assessment of constitutive hydraulic property and continuum based
multiphase flow models.
Methods:

The PI's have adapted the two-dimensond finite difference multiphase flow smulator M-
VALOR [Abriola et al., 1992] to explore the influence of coupled physica and chemica heterogeneity
on DNAPL migration and entrapment in the saturated zone [Bradford et al., 1998ab]. Saturation
independent and saturation dependent wettability effects on the hysteretic hydraulic property relations
are presently included. The turning bands method [ Thompson et al., 1989] is used to generate spatialy
corrdated heterogeneous permeability digtributions for modd input. This method assumes a lognorma
digribution of intringc permesbility [Woodbury and Sudicky, 1991] with a specified mean and
covariance dructure. The spatid correlation Structure of intringc permesbility is described using an
exponentialy decaying covariance function [Sudicky, 1986].

Two methods for describing formation chemica heterogeneity are consdered: specification of
the contact angle or the organic-wet solid mass fraction. When the contact angle is less than 90° water
is considered the wetting fluid, conversaly when the contact angle is greater than 90° water is considered
the non-wetting fluid. Spatia distributions of chemica heterogeneity are generated by corrdaion with
intrindc permesbility. Capillary properties are obtained from the intringc permeability according to
Leverett scaing.  Wettability effects on the capillary pressure-saturation relations are modded by
contact angle scaling or curve “shifting” (fractional wettability sysems). Wettability effects on relative
permesbility relations are modeled with a Burdine model, modified to weight contributions of wetting
and non-wetting fluid pore classes [Bradford et al., 1995 and 199§].

Results:

One-dimensond smulations in physicaly homogeneous porous media demongrated that as the
contact angle ar organic-wet fraction increases, the maximum organic liquid saturation increases and the
depth of infiltration decreases. Wettahility effects on the predicted organic saturation distribution were
found to be more pronounced for increasing contact angles than for increasing organic-wet fractions
(fractiond wettability). This result is attributed to the dependence of the fractiona wettability hydraulic

12



properties on the historic minimum water saturation. Simulations also demondtrated that capillary barrier
effects could occur at soil chemica property interfaces. The presence of such barriers can lead to
dramaticaly higher organic liquid saturations.

Two-dimensond amulations for coupled physcdly and chemicdly heterogeneous agquifers
reveded that the presence of chemicd heterogeneity could dramaticaly influence the predicted
digtribution of organic saturation in aguifer formations. In physicaly homogeneous coarse textured
systems, increasing the contact angle or organic-wet fraction of a soil produced a prolonged dow
migration of the DNAPL, credting larger contaminated aquifer regions with lower organic saturations.
In coupled physicaly and chemicaly heterogeneous systems, interfaces of capillary property contrast
(soil texture or soil wettability) led to higher organic saturations, increased lateral spreading, and
decreased depths of organic liquid infiltration (Fiqure 7).
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Figure 7 — Simulated spatial distribution of PCE saturation after 10 days when aphysically heterogeneous aquifer
(left and right) is completely water-wet (left) and when contact angle isinversely correlated with theintrinsic
permeability and the geometric mean contact angleis 66° (right).

(iii) Exploration of DNAPL migration and entrapment in heterogeneous systems at larger scales.
Methods:

PCE infiltration experiments were conducted in a "two-dimensond™ sandbox, 1.7 cm thick
[O'Carrall et al., in preparation]. The box was congtructed with an duminum back and sdewadls as
well as atempered glass front, facilitating visud observation of PCE migration. The bottom of the tank
was seded with chemicdly inet PLV 2100 Base Materid Huorogastomer viton coating (Pelsed
Technologies, Newtown, PA, 18940). Wellsat either end of the box were screened with stainless stedl
mesh (0.015 cm x 0.015 cm). The volume in each well was approximately 10 cm® (0.6 in).

The system was wet packed in 1 to 2 cm intervals. Each layer was mixed gently, to ensure no
layering, packed down with a wooden plunger and vibrated. The sandbox contained three sand layers
at the bottom of the tank as shown in figure 8.
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Figure 8 — Schematic of sand tank used for flow and entrapment experiments.

The lowest 0.6 cm fine water-wet layer (F70/F110) at the bottom of the tank was emplaced to ensure
that PCE would not reach the duminum surface at the bottom of the tank. Moving upwards, the
sandbox contained a 1.5 cm layer of F20/F30 water-wet sand followed by a2.1 cm layer of F20/F30
organic-wet sand. The remainder of the tank was packed with F20/F30 water-wet sand, with the
exception of three lenses. Two F35/F50 lenses were emplaced 6.2 cm above the duminum bottom,
one layer was organic-wet and the other water-wet. The third lens was comprised of F70/F110 water-
wet sand and was located 17.8 cm above the duminum base. The entire packed region of the tank was
1.7 cm thick by 30.6 cm wide by 38.4 cm high and had an average porosity of 33%. The effective
intrinsic permeshility of the packed region (3.34 x 10™° nf) was determined by maintaining constant
head boundariesin the inlet and outlet wells and measuring the flowrate & Steady state.

A known volume of PCE (47.33 ml) was injected with a syringe pump (Harvard Apparaus,
South Natick, MA, 01760) during a 66.6-minute period a a congtant rate (0.71ml/min). Theinjection
location was at the midpoint between the glass and the duminum backing, 28.7 cm above the duminum
base.

During and subsequent to PCE injections, the migration of PCE was visudly observed and
recorded using a digital camera. It should be noted that experimental observations reflected only the
PCE present in the first few millimeters of sand immediately adjacent to the glass. It is assumed here
that observed behavior was representative of the entire tank thickness (1.7 cm). Direct measurement of
the fluid saturations was not undertaken.

Results:

Figure 9 presents the time elgpsed photos of the PCE infiltration experiment. Upon release, the
PCE migrated down to the F70/F110 sand lens and pooled on top. Further downward migration did
not occur until a pool of sufficient size developed and the PCE cascaded over the Sdes of thelens. The
observations suggest that the PCE did not have the required entry pressure (45.45 cm H20) to penetrate
into the F70/F110 lens.

14
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Figure 9 — Dyed PCE infiltration and redistribution in a physically and chemically heterogeneous water saturated
system. Note that the PCE isretained in the PCE-wet f35-f50 and f20-f30 layers.

Similar pooling and cascading behavior occurred when the PCE reached the water-wet
F35/F50 lens. Here again, the PCE did not have the required head (16.94 cm H:O) to penetrate the
water-wet F35/F50 lens. The spread of the PCE was gregter than originally anticipated, as aresult half
of the PCE did not pool on top of the water-wet F35/F50 lens as expected. After cascading around
the F70/F110 lens a portion of the PCE bypassed the water-wet F35/F50 lens and migrated directly
down to the organic-wet F20/F30 layer, where it was retained.

In contragt, the PCE spontaneoudy imbibed into the organic-wet F35/F50 lens. The negetive
capillary entry pressure for the F35/F50 organic-wet lens facilitated PCE migration into this lens.
Continued downward migration of PCE through this organic-wet lens occurred only after the lens
neared complete PCE saturation as seen in Figure 10.

The F20-F30 organic-wet layer near the bottom of the tank retained PCE that migrated beyond
the F35-F50 lenses. No PCE migrated into the water-wet F20/F30 layer below the organic-wet layer.

Visud obsarvations of PCE infiltration showed that the organic-wet sands act as a very effective
capillary barrier, retaining PCE and inhibiting its downward migration. Upon completion of the PCE
15



infiltration and redigtribution event, high PCE saturations were present in the organic-wet F20-F30 and
F35-F50 lenses, whereas low residual PCE saturations were present in the exposed F20-F30 water-
wet soils. No PCE migrated into the wells at either sSide of the tank.

Hydraulic properties of the soils utilized in the two-dimensond infiltration studies discussed
above have been messured. This information, in conjunction with the developed multiphase smulator, is
currently being used to assess the ability of this smulator to predict observed DNAPL infiltration and
redigtribution behavior. The sand box observations are dso being used to further refine conditutive
hydraulic property models and to explore scae-up issues in modding multiphase sysems.

(v)  Deveopment of innovative remediation schemes
Methods:

Subsequent experimentd  studies with this sand box setup were conducted to assess the ability
of DNAPL-wet layers to contain mobilized DNAPL during surfactant flushing. A 4% solution of
sodium dihexyl sulfosuccinate (Aersol MA80I) and sodium dioctyl sulfosuccinate (Aersol OT100) was
injected at 3 ml/min in the upper 19 cm of the sand box's right well.

Results;

Figure 10 demondgtrates the time evolution of mobilized DNAPL.

30 mins 58 minsg 96 ming

121 ming 298 ming

Figure 10— Time evolution of mobilized PCE during a surfactant flush. The surfactant solution (g = 0.1 dynes/cm) is
flowing from right to left above the bottom f20-f30 OTS layer. Note that the mobilized PCE isretained in the bottom
organic-wet layer.

Observe that the bottom DNAPL-wet layer actsto retain and redirect mobilized DNAPL during
surfactant flushing. Results from this study suggest that wettability ateration could be used in
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conjunction with other remediation schemes to improve their efficiency and performance. Soils could
either be treated in situ or emplaced to create an organic wetting barrier. Mobile NAPLswould then
be entrapped in a specific known location, the organic wetting barrier, and alow for targeted treatment.

The multiphase flow smulator that has been modified to incorporate soils of varying wettability
could be usad to model mobile NAPL, its entrapment in the organic wetting barrier and subsequent
focused remediation schemes.

RELEVANCE, IMPACT AND TECHNOLOGY TRANSFER

Naturd minerd surfaces display varying wettability characterigtics. For example, shdeand iron
oxide coated media may be preferentially wetted by organics, whereas other aquifer materids, such as
quartz and carbonate, are water-wet. In addition to natural wettability variations based upon
minerdogy, tempord wettability aterations may aso occur in the subsurface. Common surface-active
components of NAPL waste mixtures may sorb to minera surfaces and sgnificantly change the
wettability. A limited number of previous investigations have demondrated that NAPL transport
properties depend strongly on the wettability of porous media. This EM SP-sponsored research project
has been designed to investigate the extent of wettability ateration in the presence of solvent waste
mixtures and to quantify its influence on the transport and persstence of these organic liquids at
contaminated Sites.

Organic-wet sands and fractiond wettability media used in the EMSP experiments described
above have been produced through gpplication of organic coatings in our laboratories. Although use of
these modd systems has facilitated careful quantification of wettability effects, field soils and wastes
from DOE stes are typicaly more complex. In the new funding period, experiments will be undertaken
using actud field soils and more complex NAPL mixtures. The andytic and predictive capabilities of the
conceptud and parametric models developed in the previous funding period will be examined for these
more representative soil/waste systems.  In addition, the computer smulator will be extended and
verified for these sysems, S0 that it may be ussful for Ste-specific assessments. Soilswill be selected to
represent a range in soil mineralogies encountered at fidld Stes.  Potentid Sites in the DOE complex
include Idaho Nationa Lab, Savannah River, Oak Ridge, Hanford, and Rocky Flats. Communication
with DOE personnd a Hanford, Oak Ridge, and Savannah River has been initiated. Due to the
presence of radioactive materids in many of the DOE fidld NAPL wadtes, synthetic waste mixtures will
be generated in our |aboratories to Smulate actua field mixtures.

As previoudy outlined, a two-dimensond multiphase flow smulaior has been adapted to
explore the influence of coupled physcad and chemicad heterogeneity on DNAPL migration and
entrgpment in the saturated zone. The two-dimensonad dmulations illudrate that the proposed
condtitutive capillary pressure/rdative permegbility/saturation relationships adequately characterize the
experimental system and that the new condtitutive relationships must be used to account for variable
subsurface wettability.  Although fidd conditions are significantly more complex than the two-
dimengond infiltration the proposed congtitutive reationships used at the laboratory scde can be
applied to thefidd scae.

To maximize the impact of our research efforts, the exchange of information and coordination of
research is on going with other EMSP projects that relate to NAPL transport and remediation.
Professor Susan Powers of Clarkson Universty (grant 70035) is exploring the influence of surface-
active chemicals and/or microorganisms on the interfacid phenomena governing the migration of NAPLs
in the unsaturated soil zone.  Surface-active materials are present in complex NAPL mixtures and are
produced through microbia metabolic processes. We are currently developing awork plan to enhance
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collaboration efforts. Activities will include, but not limited to, the use of common NAPLSs and agueous
phase mixtures as wdl as the exchange of soil characterization data. Meetings between scientigts in
both groups have been held and additionad meetings are planned throughout the summer. These inter-
project discussions and sharing of techniques have dready benefited research projects of both groups.

In addition personnd at the Savannah River Ste have agreed to provide soil samples. Use of
actud DOE gte soilswill be used in avariety of experiments with the ultimate god to determine the fate
of NAPLs and the remediation potential at DOE Stes. Professor Powers is currently engaged in a
sampling effort a Savannah River. We hope to collaboratively perform experiments on these samplesin
an effort to characterize the soil organic matter and, further, their surface chemisiry characteristics.

PROJECT PRODUCTIVITY

A mgority of the goas proposed for this project were accomplished with success. Significant
inroads were made into developing a grester understanding of the effect of aqueous phase chemistry on
interfacid properties and, by extenson, flow and transport parameters. The work detailed in the
publicationsby Lord et al. (1997ab, 1999, 2000) explored how organic acid and base chemistry can
affect interfacid tenson, solid phase wettability, and inter-phase partitioning.  The phenomenological
effects of hese mechaniams were demondrated on air-water and organic-water capillary pressure-
saturation curves. In addition, an gpparatus was successfully developed and implemented to measure
capillary pressure-saturation relaionships in syntheticaly treated soils of varying wettability. Reddive
permeability models that take wettability properties into consideration were aso developed [Bradford
et al., 1997]. The multiphase flow smulator MVALOR was dso modified to incorporate spatia
wettability heterogeneity [Bradford et al., 1999] and its potentid influence was explored through field-
scade gmulations.  Sand tank experiments and M-VALOR smulations demongrated the remarkable
effect of spatia chemicd (wettability) heterogeneity on the distribution of aganic chemicds in the
porous media[O’ Carroll et al., in preparation].

One of the mgor gods of this research was to explore the effect of solid phase wettability on
relative permesbility. It was anticipated that the gpparatus used to measure capillary pressure-saturation
curves for these soils could aso be used to estimate their relative permegbility through an inverse
modeling procedure. Unfortunately, the uniform nature of the soils examined coupled with the necessary
modifications made to the experimental apparatus (to enable to use of fractiondly-wet soils) yielded
results that were rdatively insengtive to relaive permesbility. Effort has been expended to redesign the
gpparatus to alow these properties to be more easily estimated. These efforts have carried over into
the next phase of this research and as such this goa was not accomplished during the project period.
Similarly, modifications to MISER (our compositiond flow and trangport amulator) that incorporate the
compositiond effects explored by Lord et al., are ongoing.

PERSONNEL SUPPORTED

LindaM. Abriola, Co-Principd Investigator
Avery H. Demond, Co-Principa Investigator
Scott A. Bradford, Research Scientist

Klaus Rathfelder, Research Scientist
Davel. Lord, Ph.D. Student

Denis M. O’ Carrall, Ph.D. Student
Thomas J. Phdan, Ph.D. Student
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France.
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TRANSITIONS

Sgnificant gains have been made in the phenomena governing mixed waste migration as aresult
of EMSP funding. Important multiphase flow indices and conditutive relationships have been related to
pH, concentration of surface-active species and minerdogy. In turn, these relationships will be used in
multiphase flow smulators to better predict mixed waste migration at contaminated Stes.

PATENTS
The project has not generated new inventions, in addition there are no patents pending.

FUTURE WORK

In the coming year, experimenta research efforts will focus on the determination, quantification,
and prediction of hydraulic property relations for various synthetic and naturd porous media having a
range of wettabilities. Results from these studies will be utilized in the development and design stages of
the two-dimengond organic liquid infiltration experiments that will be initiated towards the end of the
coming fiscd year. Concurrent efforts to quantify interfacia tenson and wettability as a function of
aqueous phase chemistry will be continued. Numerical modeling efforts will initidly be directed towards
the amulation of trangent outflow experiments (to determine the relative permeghility reations), and then
two-dimengond infiltration experiments. Maodifications to the Smulator to account for concentration-
dependent interfacid tenson and wettability will be addressed as information and ingght is gained from
the above mentioned experiments.
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