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Abstract

An integrated approach of field and model investigations was implemented
to an aquifer underlying urban infrastructure. The study focuses on the
transport of Trichloroethylene (TCE) through the unsaturated-saturated
zone. Simulations, subject to isothermal conditions, addressed a three-
dimensional continuum involving three interacting mobile phases: aque-
ous, NAPL (Non-Aqueous Phase Liquids) and gaseous. The mathematical
model considers water, air and TCE as components in equilibrium parti-
tioning between the three mobile fluids, while for the latter we account
also for sorption on the solid matrix. Predictions of migration patterns
were due to a continuous spill from a single NAPL source situated at the
soil surface.

The specific flux of the gaseous phase proved to be directed to the sur-
face at the vicinity of impervious segments, implying that TCE vapors may
surround building foundations. We note a vertical, gravity driven, NAPL
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stem penetrating through the unsaturated-saturated zones. This causes a
vertical displacement of the gaseous phase the velocity of which is also in-
fluenced by the gaseous pressure gradient. Fluids densities depend on TCE
concentration, we thus note a density driven flow pattern. As TCE concen-
tration decreases away from the NAPL stem, the gradient of the gas den-
sity yields its horizontal displacement, and vertical outward shift resulting
from the vanishing capillary pressure. The gaseous velocity far away from
the stem is associated only with the gas pressure gradient and is dimin-
ished at the unsaturated-saturated boundary, as the relative permeability of
gaseous phase decreases near the capillary fringe.
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Introduction

The objective of the study was to examine by means of numerical simula-
tions and available field observations, the temporal and spatial distribution
of TCE resulting from leakage of NAPL at a prescribed location in the un-
saturated and saturated zones of the Tel Aviv area. To achieve this goal, a
three-dimensional (3-D) mathematical model of three ¢ phases and three
p components I(=n - NAPL, q - aquenous, g - gaseous), p(=w water; a — air;
¢ — contaminants) was used. The flow and transport of this multiphase and
multi-component problem is a coupled mechanism, as explained in the fol-
lowing. The linear momentum balance equation (Darcy’s law) for each I
phase reads

\/ =—KE(VP,+plgvz), vi (1)
Hy

where V, [m s'] denotes the / phase velocity vector, K[m?] denotes the ab-
solute permeability tensor, k, denotes the relative permeability of the !
phase, u,[Pas] denotes the / phase viscosity, g[ms™] denotes the gravita-
tional acceleration, Z[m] denotes the altitude above some level and
pilkgm™] denotes the / phase mass density. The latter suggests a density
driven flow as its state function is defined by

p =MD W,X,; > X,=1Vip 2
P p
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where W, lkg mole”'] denotes the molecular weight of the p component,

M,[mole m=3] denotes the / phase molar density and X » denotes the mole
fraction of the p component in the / phase. The state functions of X, are

associated with B[Pa] the ! phase pressure, reading

— Xcmng X - — Xcmng X - X :ﬂqu X
m& P Cph? m& * nq’ wg P wq
4 Xcqug 4 (3)

in which A'[Pa] denotes the / phase reference pressure, X:m, denotes the
mole fraction of TCE in equilibrium with the /=g,q phases and p,,,[Pd]

denotes the partial pressure of the water component in the gaseous phase
which is in equilibrium with the aqueous phase, M, denotes the / phase

molar density at the B pressure, R[Pa m>mole™' °K] denotes the ideal gas

constant and 7"[°K] denotes a reference temperature and y,[Pa"'] denotes

the / phase pressure compressibility. The phase pressures are related
through the capillary pressures (£.;,,) in the form

Py =B+ 0P, g (S) +(1- &) Pogg(S) = RS, =D ] D 8i=1, ¥4
: “4)
B :Pq +gp€nq(sq)+(1—@)Pcnq(Sq =1)

where S, denotes the saturation of the / phase, @t:min(l,Sn/S:) and S,

denotes a blending parameter associated with the NAPL phase.

Simulations were performed with the COMPFLOW code (Unger et al.
1996).

The actual contamination problem was solved over a total area of about
65.6 km2. The study area is part of the Coastal Plain aquifer of Israel
which is mainly composed of layers of Pleistocene sand, sandstone and silt
with intercalations of clay and loam. Some of the intercalations are discon-
tinuous lenses; others near the coast are continuous and separate the aqui-
fer into sub-aquifers, the upper is phreatic while the others are confined or
partially confined towards the sea. The aquifer has 3-D lithological hetero-
geneity both at a macro and micro scale level (Ronen et al. 2000). To in-
corporate into the model the geological structure, 5 available hydro-
geological cross-sections about 2000 m apart were digitized and schema-
tized.

At the study area the depth of the domain is around 155 m and 75 m at
the western and eastern borders, respectively, parallel to the sea shore. The
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groundwater level varies from 0 to 1 m above Mean Sea Level (MSL) at
the western border and from 12 to 15 m at the eastern border. As a result of
pumping, a groundwater depression was developed in a sub-area of the
study domain, during the 1950s. The thickness of the unsaturated zone at
the simulated NAPL spill location is about 20 m.

Up-scaling

Multiphase simulators are effective tools for the investigation of complex
processes operative in aquifers contaminated by volatile organic contami-
nants like TCE emerging from spills of NAPL. We followed the model of
Forsyth et al. (1988, 1989), Slough et al. (1996, 1999) and Unger et al.
(1996, 1998), and studied different operation scenarios. For the sake of
comparison of observations at different spatial scales and to scale-up
model predictions, we rewrite the mathematical model in a nondimen-
sional form.

We will substitute each 7, scalar, vector or tensor quantity with %j/ ,

where 1 and 77,-} denote, respectively, the characteristic and dimensionless
quantities of 7. Accounting for equilibrium partitioning of components

between the phases, linear adsorption of TCE and isothermal conditions,
we write (using Einstein’s summation rule concerning repetitive indices)
respectively, the nondimensional forms of the mass balance equations of
the TCE contaminant the water and air contaminants, and the linear mo-
mentum balance equation (Darcy’s law) for each I phase

0 / - / / /
Shg(¢S1M,Xcml MK, 8,) =V L(Pe s MVIX M X Vi ); I=nq.g

0 _
ShTI/(¢SlM1Xw1):V/E(PC 'gS/D, MV X *Mlesz/); I=q.g
o

wi

5 5
Sh§(¢SgMgXag) =v/ TPe’lgﬁSgDLgMgv/ Xog - MgXagVé) )

/

v/ FRek’iK/[EuV/P,/ +'0’V/Z/]; v,
yl Fl’

In (5), ¢ denotes the porosity, p,[kgm~] denotes the solid matrix mass

density, «,[m*kg™!] denotes the sorption coefficient, 5; denotes the

Kronecker delta function, D, denotes the dispersion tensor for the p

component in the / phase, defined by
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ViV
#SD =(¢Ssz1 +azr|V1|)5ij +(0‘1L +alT)_= Vi (6)
Vi
where D, [m*s”'] denotes the diffusion coefficient of p in /7, and
a;r, oy [m] denote the transverse and longitudinal dispersivities, respec-
tively, in /.
Note that, g,[molem™ s7'], a source/sink mass flux of the p component

is not expressed in (5) for the sake of simplicity. By virtue of (5) we note
that the phases and components temporal and spatial distribution is also

governed by Sh, Pe, (FReEw and (FReFr') numbers, where

Sh= @/ T)/V;) denotes the Strouhal number, Pe= WD,] ) ; LJ denotes

the Peclet number, Rezji;(ﬂ/ﬁ))lq denotes the Reynolds number,

Eu E@(PVZ))I denotes the Euler number, Fr E(@f /L)g) denotes the

Froud number and F = E(/ Lz) . If the scalar numbers Sh, Pe, (FRecEu)

and (FReFr'") configured at one spatial scale are made equal to their coun-
terpart numbers obtained at a domain ,say, greater in its spatial scale, one
can expect similar flow and transport characteristics in both scales.

Next we will provide examples describing migration patterns resulting
from the coupled affect between phases and components when subject to a
variety of influences.

Implementations and conclusions

Two Dimensional simulations

To study the effect of the different boundary and initial conditions, opera-
tion scenarios and geological formation on the migration of the TCE
plume, simulations using synthetic data were considered for a 2-D cross
section configuration. The layout of the modelling domain.is depicted in
Fig. 1. Extending from the domain left boundary are three clay layers with
assumed absolute permeability of K=10"* m” each. The absolute perme-
ability of sand was prescribed to be K=3 10" m®.
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Fig. 1. Computational domain for the two-dimensional, layered, problem, x=0 cor-
responds to distance of 1500 m from seashore.

The annual replenishment was set to 100 mm for 100 (winter) days.
Segments (0% to 80% coverage of the top boundary) of the soil surface
were assigned to be impervious to replenishment. Gas was allowed to
penetrate through the entire soil surface. Note that components (e.g. TCE)
could be displaced outside the domain, as the impervious segments were
not assigned a no-flux condition for the fluid phases. The initial aqueous
and gaseous regime was determined by transient simulation evolving from
a non-stressed aquifer (zero saturation for the non-aqueous phase) and a
water table situated at the soil surface. Stabilization of the system took a
10 years period. Forecast was for the next 50 years. NAPL was deployed
within one cell of 50 m length (6950 <x <7000 m), situated on the surface
(Z=100 m). Injection into the soil was constant, over a period of 50 years,
with a flux intensity of qz = 0.001 m’/m?/day. To verify the influence of
surface coverage we performed five simulations each with a different per-
centage (0, 20, 40, 60, and 80%) of surface cover.

Fig. 2 depicts the distribution of phases saturation and TCE mole frac-
tion in the gaseous and aqueous phases for 80%, surface coverage. We
note the generation of a thin vertical column of NAPL under the spill. Due
to gravity, the NAPL front reached the bottom of the domain in about 10
years. During 40 years it moved downstream (flow direction of the aque-
ous phase) along the impermeable bottom to a distance of 500 m (460 m
for 0% coverage) This displacement was under the influence of the NAPL,
saturation dependent, gradient difference between the downstream aqueous
pressure and the capillary NAPL pressure. The upstream displacement
along the bottom was 40 m (70 m for 0 % coverage).
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Fig. 2. Saturation and TCE mole fraction in the aqueous and gaseous phases, for
the case of 100 mm replenishment over 80% surface coverage in a cyclic pattern,
during 100 days per year for 50 years

After 50 years most of the TCE contaminant mass was accumulated in
the non-aqueous phase. In the aqueous phase, the concentration profile
along the vertical direction became practically uniform. The mole fraction
of the TCE changes dramatically crossing along the Saturated—Unsaturated
Interface Region. By virtue of Henry’s law, TCE has a continuous mole
fraction distribution within the aqueous and the gaseous phases yet it is of
a lower value in the aqueous phase. Downstream displacement of the
maximum TCE concentration in the aqueous phase (1.8 10™* mole/mole)
was 600 m for the uncovered surface (i.e. 0% coverage), and 900 m for the
80% covered surface. Maximum TCE migration was about 2700-2800 m
in groundwater and 2600 m in the unsaturated zone. Upstream TCE dis-
placement in groundwater is similar for both possibilities (0% and 80%
coverage). However, in the unsaturated zone the TCE migration distance is
to a greater extent for the 80% coverage. Transport of TCE is governed by
the phases flow regime. The constant hydrostatic pressure conditions at the
right and left boundaries control the hydraulic gradient. However within
the domain, the steepness of this gradient is affected by the surface cover-
age conditions.
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The velocity vectors of the aqueous phase are delineated in Fig. 3.A.
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Fig. 3. 100 mm replenishment over 80% surface coverage in a cyclic pattern, dur-
ing 100 days per year for 50 years. (A) Aqueous velocity pattern. (B) Gaseous
flow through an opening during a rainy season. (C) Gaseous flow near the NAPL
spill

The typical gaseous flow pattern through the surface uncovered areas is
depicted in the snapshot presented in Fig. 3.B. Through these openings in-
filtration of seasonal rain causes an oscillatory displacement of the aque-
ous and gaseous phases. The gaseous phase is displaced away from the
NAPL phase; its specific flux near the spill is smaller for the uncovered
surface case than that of the 80% coverage. At the center of the spill (i.e.
along the NAPL column) the NAPL gravity shift causes a vertical gaseous
phase velocity also influenced by the gaseous pressure gradient (equal to
the gradient of NAPL and capillary pressures). As TCE concentration de-
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creases away from the NAPL column and since the phases densities are
function of TCE concentration, the density gaseous gradient yields its
horizontal specific flux (the blowup described in Fig. 3.C) and its vertical
outward shift results from the vanishing capillary pressure. Far away from
the NAPL column the gaseous velocity is associated with gravity and there
are no density driven effects (density is constant as TCE vanishes) and it is
diminished at the gaseous-aqueous interface, as its permeability there is
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Fig. 4. 100 mm replenishment during 100 days per year over 60% surface cover-
age in a cyclic pattern, with a preferential flow path. (A) TCE plumes after 50
years. (B) Remediation, due to drainage through an open ditch, for additional 30
years.

To investigate the roll of a preferential flow path, we added a layer with
absolute permeability (K=3 10"° m?) higher than that of the domain. Con-
ditions and replenishment (100 mm per 100 days of each year, over 60%
coverage in a cyclic pattern of the soil surface), were as before. Fig. 4.A
depicts the extent of TCE migration, centered at the preferential flow path,
after a 50 years period.
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After the 50 years period of contamination we placed within the prefer-
ential flow path an open ditch; Fig. 4.B. describes the extent of the reme-
diation due to the drainage through the ditch. The aqueous flow is aug-
mented at the surroundings of the low permeable layers (Fig. 3.A). This
flow pattern forces the amplification of TCE advection, its penetration into
the layers due to the dispersion flux and a sideway concentration kink due
to the eddy action adjacent to the layers corners (Fig. 4.B).
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Fig. 5. 100 mm replenishment during 100 days per year, over 40 % surface cover-
age in a cyclic pattern. (A) Distribution of TCE due to spills lasting 100 days. (B)
Distribution of TCE after 50 years.

We now deployed spills for a short duration (100 days), to mimic the
notion that there are NAPL residuals in the soil matrix. This can also rep-
resent an accidental spill from different sources. The NAPL sources were
spread over 10 different locations, uniformly distributed along the soil sur-
face. The previous injection intensity was divided over the 10 locations.
Fig. 5.A describes the deployment of the NAPL source for a period of 100
days. Each injection occupied one grid element (50 m), initial and bound-
ary conditions were as for the previous examples, the intensity and distri-
bution of replenishment were as prescribed for the previous example. Dur-
ing the first 100 days (Fig. 5.A), the NAPL occupied an extent of 1 to 3
grid elements (2 m to 6.5 m) under the injection point, which practically,
because of the small mass amount, enabled us to consider TCE concentra-
tion in [mass/volume] units. Saturation of NAPL was less then 0.08, there-
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fore as the residual NAPL saturation is 0.05 (for which its relative perme-
ability is zero) we conclude that residual NAPL remains adhered to the soil
matrix in the unsaturated zone. It is evident (Fig. 5.B) that in contrast to
the high TCE concentration during the first 100 days, after 10 years TCE
was significantly dissolved.

We note (Fig. 5.B) that the neighboring TCE spills joined into a con-
tinuous plume (concentration higher than 0.01 mole/m®), disabling the de-
tection (practically after 10 years) of the individual spill sources. The pro-
nounced aqueous specific flux in between the layers (Fig. 3.A) yields an
advective flushing of TCE surrounding the layers; yet (Fig. 5.B) due to the
intense dispersion flux at that vicinity, a residual of higher TCE concentra-
tion was trapped inside one of the low permeability layers.

Three Dimensional simulations of the study area

The 5 available hydrogeological cross-sections were schematized delineat-
ing three main clay layers that divide the main aquifer into 4 sub-aquifers.
Interpolation between the cross sections, on the basis of 10 vertical profiles
for each cross section enabled an approximate 3-D stratigraphic model of
lithological properties and cross-section images anywhere within the in-
vestigated domain. A 3-D finite-elements non-uniform mesh (57, 58 and
20 nodes in the x, y and z-directions, respectively), refined at the location
of the NAPL source and with vertical variation between 4 to 8 m (depend-
ing on the aquifer thickness) was constructed on the basis of the strati-
graphic model (Fig. 6).
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N s silt

Fig. 6. The modeling domain with the Finite-Element mesh (66,120 nodes)

Available data concerning the location of 106 wells, their pumping rate
during the years 1924 to 2000, was gathered into 20 cluster wells (CW) us-
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ing a partitioning method (Kaufman and Rousseeuw 1990). The CW dis-
tribution and the boundary conditions in the modeling domain are de-
scribed in Fig. 7. Based on results of sensitivity analysis, we chose the
permeability of sand and sandstone as the parameter which was found to
be mostly affecting groundwater levels and calibrated the flow model. The
comparison between observed and simulated groundwater levels for the
year 1980, is presented in Fig. 8. In reality, the actual total amount of
NAPL, the size of the discharge area, the discharge intensity and discharge
continuity are not known. Taking this into account, we considered 3 differ-
ent rates of NAPL discharge: 1, 0.2 and 0.02 mm/day, and simulated the
multiphase flow and TCE transport during the period 1950 to 2000. In our
simulations we assumed that NAPL phase consists of TCE only. For all
three cases the aerial extent of the TCE plumes were found to be mimick-
ing the characteristics of the observed TCE plume, but with different dis-
tribution patterns. The distribution of TCE concentration in the unsaturated
and saturated zones expressed in mole of TCE per mole of aqueous phase
is delineated in Fig. 9. Because of the high density of the NAPL phase, its
migration through the unsaturated and saturated zones is gravity-driven,
and its general displacement is influenced by the hydraulic conductivity,
and slope of the different layers. In the unsaturated zone, the NAPL front
migrates mainly downwards with an average velocity that decreases upon
entering the saturated zone and further attenuates when it reaches the clay
layer. Dissolution and volatilization of the NAPL takes place during its
movement causing the TCE to be transferred to the aqueous and gaseous
phases. Lateral TCE transport through the unsaturated zone occurs mainly
in the gaseous phase as the NAPL source is situated within the area cov-
ered by an upper impervious boundary (e.g., pavement; Fig. 7). To the
west, east and south directions, the velocity of the gaseous phase is higher
than groundwater velocity; therefore, secondary contamination of ground-
water by TCE dissolving from the gaseous phase is evident.

To the north, groundwater velocity exceeds the velocity of the gaseous
phase; therefore, secondary contamination of the unsaturated zone occurs
by volatilization of TCE from groundwater far away from the NAPL
source (Fig. 8). The transport of TCE in the saturated zone is dominated by
advection of groundwater flow, which is directed to the north-east, towards
a local groundwater depression. However, the maximum migration of the
TCE plume to the south was predicted in the upper part of the aquifer as a
result of secondary groundwater contamination. Less intensive NAPL dis-
charge yields less penetration depth, yet migration of TCE in the gaseous
phase in the unsaturated zone is similar to the harshest discharge. Addi-
tional scenario was simulated for a case when the soil surface was not cov-
ered.



Multiphase and Multicomponent Interactions

183

34(10)
ROOO" # l
57(15) 35§9)
7000—' #
O
6OOD-|
5000—' ) '
3 50(12)
® #
= 4000- 3001 5) '
48(27) 323D
3000~ #
) 39(11)
\ ¢ #
2000-
’ 57(15) S
1000—
' 50(8) '
00
x (m)
Building area [ ] DNAPL influx boundary
No flow boundary
—— -

Water flux and air
pressure boundary

I

Pumping wells:
57(15) i)

Boundary of hydrostatic pressure

No flow boundary

57 average depth of well screen from sea level (m)

(15) averege screens length in all wells of the cluster (m)

Fig. 7. Schematic representation of boundary conditions in the modeling domain

. \ SEYTIeT
8000 ‘e X -
® L1 30
. 0.0 33
1.3 ey 25 0.7 0]
“ -
7000 . -0A 15 -
-5 - 1.8
1a - 01 —N @8
L d -1.6 L4 -
] g5 * a2 3T
6000-|-0.4 -0, - »
' e 1821 A Q3 237
L 0. & %
> o [ 4
03 06 -1.9.22 (17 < e
5000 xLs 1, -8 4409 -07 Lo 40 48 3
-0.7 % 5 bl o 4.6
® 00 &Q° -0.8 N 04 e
= 3 S - - 08 5.7
= 4000 =055 A 18 ¢
. 0.7 2.4/®
03 e 038 3 o/ 3P L. Loz
2.1 © S a >
3000 ‘% 07 3
1.1 0.7 3.3
- A e -
0.3 )
2000 & 1,2 65
T 18 4.7
1.2 =
1000 .
- o~ o - o =2 -~ o)
0.6 LS
* -0.6
o . e 0.5 4.3
o 1000 2000 3000 4000 5000 6000 7000 8000
5 = x(m)
L4 observation point (
Year 1980

calculated

Fig. 8. Comparison between observed (numbers above observation points) and
simulated (lines) groundwater levels for the year 1980



184  S. Sorek et al.

Obtained results indicate a significant decrease in the lateral spread of
TCE through the unsaturated zone as compared to the case where part of
the surface was covered. This is accounted by the fact that the gaseous
phase can exit to the atmosphere which also decreases the migration of
TCE in groundwater.
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Fig. 9. TCE plumes through a South-North cross-section for the year 2000, subject
to the harshest, simulated, NAPL discharge (1 mm/day)
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