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ABSTRACT

Currently, the mathematical code Modflow is widely used to simulate groundwater flow in aquifers. Due to the ease
which exists today to create mathematical models through Modflow visual Interfaces, it is possible to obtain contami-
nant transport results which may not have much support, especially when simulating the transport of contaminants with
little groundwater flow information. Domenico’s equation is an analytical solution for transport of contaminants in
groundwater that can be used when not much groundwater flow information exists. The objective of this study is to
model, using Domenico’s equation, a groundwater contaminant plume that discharges into a tidally influenced river.
The study area was a wood treatment facility located on the bank of a river which is influenced by tides. Previous stud-
ies have found the presence of creosote in the subsurface and the formation of a groundwater plume that apparently
discharges into the river. Domenico’s equation was selected to model this site because of the limited piezometric data
available at the site to properly simulate the daily hydraulic gradient inversion due to the river tides. Domenico’s equa-
tion was successfully used to model this plume and reproduce the field distribution of naphthalene, benzene and 1-
methyl-naphthalene. Two sources 40 m inland had to be defined to properly simulate the plume behavior. It was deter-
mined through modeling that biodegradation plays an important role on the plume’s behavior. These were key issues in
the conceptual model understanding of the plume at this site.
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1. Introduction may not have much support.

Domenico’s equation is an analytical solution for trans-
port of contaminants in groundwater that can be used with
a minimum of groundwater flow information from an aqui-
fer [6]. In cases where the conceptual model of an aquifer
is not completely known, Domenico’s equation can be
used to easily determine the transport of contaminants in

an aquifer [7]. The objective of this study is to model, us-

Currently, the mathematical code Modflow is widely us-
ed to simulate groundwater flow in aquifers [1]. Mod-
flow is a powerful tool with several modules that help in
modeling increasingly complex scenarios [2]. Among its
features, it is able to model the movement of contami-
nants in the aquifer (MT3D) using as framework the pre-
viously obtained groundwater flow solution [3]. However,

the simulation of the transport of contaminants in aqui-
fers is not easy in the Modflow-MT3D environment. It can
get more complicated than modeling groundwater flow
itself, and it can carry the errors made during the devel-
opment of the groundwater flow modeling [4]. Since the
results of a model will never be better than the quality of
the data used for modeling, a lack of an adequate con-
ceptual groundwater flow model will carry errors when
modeling the transport of contaminants. Due to the ease
which exists today to create mathematical models through
Modflow visual Interfaces such as Visual Modflow [5], it
is possible to obtain contaminant transport results which

Copyright © 2013 SciRes.

ing Domenico’s equation, a groundwater contaminant
plume discharging into a tidally influenced river.

2. Methods
2.1. Site Description

The study area was a wood treatment facility that began
operations in the 1930s. The facility is located on the
bank of a river which is influenced by tides (Figure 1).
The facility is no longer active, but for several years dif-
ferent substances were used as wood preservatives such
as creosote. During the last 20 years there have been
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Figure 1. Site map and profiling locations.

several studies carried out in order to characterize and
remediate the existing pollution site. These studies have
found the presence of creosote in the subsurface and the
formation of a groundwater plume that apparently dis-
charges into the river.

The groundwater plume at the site (Figure 2) has al-
ready been characterized using a Waterloo Profiler [8-13].
These studies determined that the subsurface below the
river consists of three major hydrostratigraphic units: 1) a
silty clay upper aquitard, with a thickness between 1 and
8 m, which in places is absent; 2) a sandy aquifer with a
thickness between 25 and 30 m with a hydraulic conduc-
tivity of 5.2 x 10~ m/s, formed by fluvial deposits con-
taining discontinuous lenses of finer or coarser material;

Copyright © 2013 SciRes.

and 3) a very compact silty clay aquitard. Most of the
groundwater that flows in the aquifer discharges into the
river in areas where the upper aquitard is absent. At times
during the day, groundwater flow is reversed due to the
influence of the tides (flowing from the river into the
formation), however the net groundwater flow is towards
the river (Figure 1).

The contaminant plume consists of polynuclear aroma-
tic hydrocarbons (PAHSs), BTEX compounds (benzene, to-
luene, ethylbenzene and xylenes) and other hydrocarbons.
Compounds that have been detected widely in ground-
water at levels above the standards are naphthalene, py-
rene and acenaphthene. Phenanthrene and anthracene have
also been detected in some samples above the standard.
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Figure 2. Contours of equal naphthalene concentrations in pg/l. Location of sections is presented in Figure 1.

All these compounds belong to the group of PAHS, and
the remaining organic compounds are detected at con-
centrations below regulatory limits. Because of the con-
centrations detected, the characterization of the plume for
the study area has mainly focused on the distribution of
naphthalene in groundwater.

The data obtained during the characterization of the
contaminant plume suggests that the contaminant plume
in a stationary state (Figure 2). The naphthalene plume
discharges to the river at very low concentrations in areas
where the top aquitard is absent. Detected inland naph-
thalene concentrations are in excess of 10,000 pg/l, while
the highest concentration detected near the discharge area
underneath the river is 64 pg/l (Figure 3).

Copyright © 2013 SciRes.

2.2. Domenico Equation

The following partial differential equation describes the
transport of solutes affected by advection dispersion, ad-
sorption and biodegradation, in a saturated porous media
in three dimensions and at steady state [7].

D, o°C D, 82C+Dz o°Cc v, oC
R 0® R o7°

where:

C = concentration of the solute or contaminant in
terms of x, y, z;

D,, D,, D, = dispersion coefficients in x, y, z;

V. = linear groundwater flow velocity;

R = retardation coefficient;
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Figure 3. Naphthalene profiling concentrations in pg/l. Location of sections is presented in Figure 1.

A = first order biodegradation rate.

Domenico [6] developed an analytical solution of this

equation:
C X 4 R
C(x,y,z)=—2exp| —|1- [1+—=
(xo3.2) =grexp 2a, -
| erf y+Y/2 —erf y-Y/2 @
2. ]a x 2.Ja x
y ¥y
| erf z+Z)2 et z-7/2
2\a.x 2,\Ja.x
where:

C, = initial concentration of the dissolved contaminant

in the border (source area);

x = distance downstream of the border in the direction

of flow;

y = lateral distance perpendicular to the direction of

Copyright © 2013 SciRes.

flow;

z = vertical distance perpendicular to the direction of
flow;

a, = longitudinal dispersivity;

a, = transverse dispersivity;

o, = vertical;

Y = dimension of the source area in the y direction;

Z = dimension of the source area in the z direction.

This analytical solution was selected because of the
limited piezometric data available at the site to properly
simulate groundwater flow. The information necessary to
use a model like Modflow would require piezometric
data obtained at several intervals during the day to prop-
erly simulate the hydraulic gradient inversion, and thus
reversing the direction of groundwater flow which occurs
on a daily basis. The Domenico equation provides an
alternative to this problem by not having the need to de-
scribe the full aquifer operation, since only an average
net flow is necessary. Besides the plume can be modeled
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in three dimensions using Domenico’s equation and the
solution can be easily programmed into a spreadsheet.

2.3. Data and Model Calibration

The initial concentration of naphthalene in the source
zone (C,) was set to 24,378 pg/l. This was the maximum
concentration of naphthalene in water that Anthony [8]
obtained by dissolving a sample of creosote found at the
site and keeping it in balance with water. Anthony [8]
also estimated a retarding factor from 2.5 to 20 in ad-
sorption experiments, depending on the concentration of
naphthalene.

In Domenico’s equation, the source zone is modeled as
a vertical plane perpendicular to groundwater flow. To
reproduce the observed distribution of naphthalene in the
plume (Figures 2 and 3) it was necessary to define two
different sources close to the river, 40 m from the edge of
the river. The first defined source is 20 m long, centered
with respect to the cross section E-E’. The second source
is 70 m long, located 35 m east from the edge of the first

source.
<:| N Net groundwater flow S|$

®
P3 R13 R1 R12 R5 R7 R4
T T T T

Ground -sTurface level

Meters below ground surface

Ground surface level

The net ground water flow rate was estimated to be
39.42 mlyr [8]. The dispersivities that provided the best
fit with the field data during calibration were o, = 3.75 m,
a,=1.25m (a, = 1/3 o,) and a, = 0.05 m (a. = 1/80 a).
Charbeneau [14] states that transverse dispersivities field
can range from 1/3 to 1/160 of a,. The retardation factor
and the rate of biodegradation that provided a good fit to
the model were R = 10 and /4 = 0.00063 d*.

3. Results and Discussion

Naphthalene field concentrations were closely matched
by those of the model after the calibration process (Fig-
ure 4). The source zone, where free phase hydrocarbon is
detected in the subsurface, is located in the central proc-
essing area (Figure 1). However, dissolved concentra-
tions of naphthalene remain constant in groundwater,
until they start quickly dropping near the river [11,13].
This shows a spatially variable biodegradation, however
Domenico’s Equation does not support these variations
in biodegradation. Therefore, during the model calibra-
tion process, different configurations were studied to
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Figure 4. Comparison of model simulated concentrations of napthalene to field concentrations (ug/l). Location of sections is

presented in Figure 1.
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define the source area. Modeling with a source zone lo-
cated 130 m inland from the river, in the area of the fa-
cility processes where free phase hydrocarbons are pre-
sent, produced low concentrations of naphthalene near
the limits of the river.

Modeling a single source zone 40 m inland produces a
much wider plume with naphthalene concentrations in
the core much lower than those observed in the field data.
In addition, modeled naphthalene concentrations on the
boundaries of the plume were much higher than the ob-
served field concentrations. In the case of modeling a
single source zone 40 m inland it was possible to obtain a
reasonable calibration using extremely high transverse
dispersivities (a,, = 300 m = 60 times «,). No values were
found in the literature related to the aquifer dispersivities
in cases similar to the studied in here where a contami-
nant plume discharges into a tidally influenced river.
Therefore it was determined that the configuration with
two contaminant sources 40 m inland from the river, was
the configuration that best simulated the observed field
naphthalene concentrations.

A retardation factor of 20, the maximum value ob-

<:| N Net groundwater flow SI:>
® =

P3 R13 R1 R12 £|5_ R7 R4

T T T T

Ground -srurface level

Meters below ground surface

tained by Anthony [8] requires a biodegradation rate (1)
of 1.3 x 10™ d™, to calibrate and match the observed
field distribution of naphthalene. If the retardation factor
is increased to 200, the rate of biodegradation necessary
for calibration is negligible; however, there is no basis to
increase the retarding factor to a high value. Similarly, a
decrease in retardation factor would require an increased
rate of biodegradation. A biodegradation rate (1) obtained
on microcosm experiments for this site [11] is 2.7 x 10~
d™*, which would require a retarding factor of 2.3, which
is at the lower end of possible retardation factors deter-
mined by Anthony [8]. Therefore it can be concluded
that biodegradation of naphthalene plays a role in the
plume’s behavior and distribution.

The behavior of other organic compounds found in the
site (benzene and 1-methyl-naphthalene) was simulated
using the calibrated model. The initial concentrations and
retarding factors were obtained from Anthony [8], the
remaining model variables in the model were kept un-
changed from the naphthalene simulation. The model
results produced reasonable matches to field data for
benzene (Figure 5) and 1-methyl-naphthalene (Figure 6).
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sented in Figure 1.
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Both compounds required retardation factors calculated
in the estimated average range [8] (8 for benzene and 12
for 1-methyl-naphthalene). The biodegradation rates were
respectively 5.2 x 107 and 4.4 x 10~ d™*. These rates are
only slightly lower than those obtained for naphthalene.
The results obtained with these compounds suggest that
the model was correctly implemented and that the frame-
work developed not only reproduces the concentrations
of a single compound in the plume, but it can be applied
to model other compounds from the same plume.

4. Conclusions

e Domenico’s equation was used to model a ground-
water contaminant plume discharging into a tidally
influenced river.

o No complex groundwater flow scenarios were neces-
sary to perform the simulation.

e Two sources 40 m inland had to be defined to prop-
erly simulate the plume behavior.

e The model was able to reproduce the field distribution
of naphthalene, benzene and 1-methyl-naphthalene.

Copyright © 2013 SciRes.

e It was determined through the modeling that biodeg-
radation plays an important role on the plume’s be-
havior.

5. Acknowledgements

The author would like to thank Dr. James F. Barker (Uni-
versity of Waterloo) for his guidance and support during
the development of this work.

REFERENCES

[1] M. G. McDonald and A. W. Harbaugh, “The History of
Modflow,” Ground Water, Vol. 41, No. 2, 2003, pp. 280-
283. d0i:10.1111/j.1745-6584.2003.th02591.x

[2] P. M. Barlow and A. W. Harbaugh, “USGS Directions in
Modflow Development,” Ground Water, Vol. 44, No. 6,
2006, pp. 771-774.
doi:10.1111/j.1745-6584.2006.00260.x

[3] C. Zheng and P. P. Wang, “MT3DMS: A Modular Three-
Dimensional Multi-Species Transport Model for Simula-
tion of Advection, Dispersion and Chemical Reactions of
Contaminants in Groundwater Systems. Documentation

1JG


http://dx.doi.org/10.1111/j.1745-6584.2003.tb02591.x
http://dx.doi.org/10.1111/j.1745-6584.2006.00260.x

536

(4]

[5]
(6]

[7]

(8]

[9]

L. E. LESSER-CARRILLO

and User’s Guide,” 1999.

L. F. Konikow, “The Secret to Successful Solute-Trans-
port Modeling,” Ground Water, Vol. 49, No. 2, 2011, pp.

144-159. d0i:10.1111/j.1745-6584.2010.00764.x

W. Hydrogeologic, “Visual Modflow Premium, Ver. 4.2.
User’s Manual,” 2006.

P. A. Domenico, “An Analytical Model for Multidimensio-
nal Transport of a Decaying Contaminant Species,” Jour-
nal of Hydrology, Vol. 91, No. 1-2, 1987, pp. 49-58.
doi:10.1016/0022-1694(87)90127-2

T. H. Wiedemeier, H. S. Rifai, C. J. Newell and J. T. Wil-
son, “Natural Attenuation of Fuels and Chlorinated Sol-
vents in the Subsurface,” John Wiley & Sons, New York,
1999. d0i:10.1002/9780470172964

T. Anthony, “An Investigation of the Natural Attenuation
of a Dissolved Creosote and a Pentachlorophenol Plume,”
M.Sc. Thesis, University of Waterloo, Waterloo, 1998.

T. Anthony, L. E. Lesser, M. Bianchin, J. F. Barker, R. D.
Beckie and L. Smith, “Investigation of a Creosote Plume
Underneath a Large Tidally Influenced River. 2nd Joint
IAH Canada/Canadian Geotechnical Society Groundwa-

Copyright © 2013 SciRes.

[10]

[11]

[12]

[13]

[14]

ter Speciality Conference,” 2011.

M. Bianchin, L. Smith, J. F. Barker and R. D. Beckie,
“Anaerobic Degradation of Naphthalene in a Fluvial Ag-
uifer: A Radiotracer Study,” Journal of Contaminant Hy-
drology, Vol. 84, No. 3-4, 2006, pp. 178-196.
doi:10.1016/j.jconhyd.2005.12.006

L. E. Lesser, “Laboratory and Field Evidence of Anaerobic
Biodegradation of Naphthalene,” M.Sc. Thesis, Univer-
sity of Waterloo, Waterloo, 2000.

L. E. Lesser, T. Anthony, M. Bianchin, B. Butler, J. F. Bar-
ker, R. D. Beckie, R. Aravena and D. Hunkeler, “Natural
Attenuation of an Anaerobic Naphthalene Plume: Field
and Laboratory Evidence of Bioattenuation. The Sixth Ca-
nadian/American Conference on Hydrogeology,” 2001.

L. Lesser and J. F. Barker, “Novedosa Técnica Para la De-
limitacion de una Pluma Contaminante Debajo de un rio,”
Il Congreso Nacional de Aguas Subterraneas, México
City, 2001.

R. J. Charbeneau, “Groundwater Hydraulics and Pollutant
Transport,” Prentice Hall, Upper Saddle River, 2000.

1JG


http://dx.doi.org/10.1111/j.1745-6584.2010.00764.x
http://dx.doi.org/10.1016/0022-1694(87)90127-2
http://dx.doi.org/10.1002/9780470172964
http://dx.doi.org/10.1016/j.jconhyd.2005.12.006

