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Table 7. Input parameters used in model for matrix diffusion from suspended low k zones. 

Description Value 
Darcy velocity, vx (m/yr) 31.29 

Sand porosity, ϕ 0.45 
Matrix porosity, ϕl 0.6 

Sand retardation (Br), R 1 

Sand retardation (Fl), R 1.39 
Matrix retardation, Rl 1 
Matrix tortuosity, τl 0.6 

Diffusion coefficient (Br), D (m2/yr) 6.34E-02 
Diffusion coefficient (Fl), D (m2/yr) 1.73E-02 
Source concentration (Br), C0 (mg/L) 90 
Source concentration (Fl), C0 (mg/L) 400 

Δx (m) 1.07 
Δy (m) 0.03 
Δz (m) 0.84 

Matrix diffusion area, Amd (m2) 0.1923 
Sand volume fraction, Vf 0.711 

Characteristic diffusion length, L (m) 0.0405 
Number of elements (x-dir) 1 
Number of elements (y-dir) 1 

Number of layers (z-dir) 1 
Source time duration (yr) 6.03E-02 

Δt (yr) 1.37E-03 
Number of time steps 240 

 

5.3. Testing 

The experimental data were compared to the simulation results. The effluent 

concentration versus time profiles obtained for the bromide and fluorescein experiments 

are shown in Figure 8: 
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sand. The Darcy flux of the system was obtained multiplying vd,sand by the sand volume 

fraction. The TCE diffusion coefficient in the semi-analytical model corresponds to the 

molecular diffusion coefficient found in literature, 1×10-9 m2/s (Pankow and Cherry, 1996; 

Chapman and Parker, 2013). The characteristic average diffusion length is equal to the clay 

layer thickness. 

An inflow of TCE contaminated water was held for 10 years, with temporal 

discretization of 0.02 years, for a total simulation time of 200 years. After the loading 

period, the contamination was removed setting the source concentration to zero. 

The Visual Basic implementation of the semi-analytical model used does not account 

for the horizontal or transverse dispersivities, only vertical dispersion. However, since only 

one layer was defined in the semi-analytical model, the dispersivity in the z direction was 

specified as zero. Therefore, only numerical dispersion is acting in the semi-analytical 

simulation. The remaining parameters in Table 13 are the same used in the creation of the 

semi-analytical model. 
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Table 13. Input parameters of semi-analytical model for two-layer system of equal 
thickness scenario. 

Description Value 
Darcy velocity, vx (m/yr) 16.425 

Sand porosity, ϕ 0.3 
Matrix porosity, ϕl 0.5 
Sand retardation, R 1 

Matrix retardation, Rl 2 
Matrix tortuosity, τl 0.794 

Sand reaction rate constant, λ (yr-1) 0.0693 
Matrix reaction rate constant, λ (yr-1) 0.0693 

Diffusion coefficient, D (m2/yr) 3.15E-2 
Source concentration, C0 (kg/m3) 1.1 
Longitudinal dispersivity, αx (m) N/A 
Transverse dispersivity, αy (m) N/A 

Vertical dispersivity, αz (m) 0 
Δx (m) 5 
Δy (m) 1 
Δz (m) 0.2 

Matrix diffusion area, Amd (m2) 5 
Sand volume fraction, Vf 0.5 

Characteristic diffusion length, L (m) 0.1 
Number of elements (x-dir) 100 

Number of layers (z-dir) 1 
Source time duration (yr) 10 

Δt (yr) 0.02 
Number of time steps 10000 

 

6.2.3. Testing 

The outlet TCE concentrations of the MT3DMS and semi-analytical models are 

compared in Figure 18, with an inset showing a zoomed-in view of the tail. For the 

MT3DMS model, the concentration over time data was obtained by selecting the last row 

(x) of sand and using the Plot Wizard in GMS to generate an Active dataset time series. 

After this, the corresponding data of the plot was retrieved by choosing the “View values” 
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Table 15. Input parameters in semi-analytical model for two-layer clay dominated system. 

Description Sand Clay 
Darcy velocity, vx (m/yr) 5.475 - 

Porosity, ϕ 0.3 0.5 
Retardation factor, R 1 2 
Matrix tortuosity, τl - 0.794 

Reaction rate constant, λ (yr-1) 0.0693 0.0693 
Diffusion coefficient, D (m2/yr) - 3.15E-2 

Source concentration, C0 (kg/m3) 1.1 - 
Longitudinal dispersivity, αx (m) N/A 
Transverse dispersivity, αy (m) N/A 

Vertical dispersivity, αz (m) 0 
Δx (m) 5 - 
Δy (m) 1 - 
Δz (m) 0.6 - 

Matrix diffusion area, Amd (m2) - 5 
Sand volume fraction, Vf - 0.167 

Characteristic diffusion length, L (m) - 0.5 
Number of elements (x-dir) 100 - 

Number of layers (z-dir) 1 - 
Source time duration (yr) 10 - 

Δt (yr) 0.02 
Number of time steps 10000 

 

6.3.3. Testing 

Figure 21 contains the outlet TCE concentration time series for the MT3DMS model 

and the semi-analytical model, with the inset providing the zoomed-in view of the TCE 

outlet concentration reaching the MCL. The effect of the matrix diffusion process is evident 

in the graphs with the lower concentration reached in the outlet face of the model and the 

longer period of time needed for reducing the outlet concentration to acceptable levels. 
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Figure 21. TCE outlet concentration vs time profile comparing the semi-analytical model 
with MT3DMS data in two-layer clay dominated system. Inset: zoomed-in view of tail for 
MCL arrival. 

 

Due to the diffusion flux going into the low permeability material, the more of the 

contaminant is stored in the clay, reducing the amount of mass transported in the 

transmissive zone, leading to decreased outlet TCE concentrations when compared to the 

scenario with identical sand and clay layers. When the contaminant source is removed, the 

concentration gradient is reversed, and the diffusion flux goes from the low permeability 

material to the sand. Even though the advective flushing is reducing the concentration of 

TCE in the system, the contribution of the diffusive flux to the total mass is such that it 

decreases the rate at which the contaminant is being flushed out of the control volume. 
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Table 18. Parameters used in MODFLOW and MT3DMS for case of material distribution 
generated by T-PROGS. 

Description Sand Clay 
Porosity, ϕ 0.3 0.5 

Hydraulic conductivity, K 10950 ft/yr 
3337.56 m/yr 

0.365 ft/yr 
0.111 m/yr 

TCE source concentration, C0 (ppb) 10,000 - 

Effective diffusion coefficient, D 0.2694 ft2/yr 
0.0250 m2/yr 

Maximum hydraulic head, hmax 
254.62 ft 
77.61 m 

Minimum hydraulic head, hmin 
220.96 ft 
67.35 m 

Longitudinal dispersivity, αx 
3.281E-2 ft 

0.01 m 

Transverse dispersivity, αy 
3.281E-3 ft 

1E-3 m 

Vertical dispersivity, αz 
3.281E-3 ft 

1E-3 m 
Δt (yr) 0.02 

Source time duration, t1 (yr) 30 
Release period (yr) 200 

 

Due to the size and fine discretization of the numerical model, a large computational 

effort was necessary to run the transport simulation. This resulted in several hours (6-8 h) 

for the mass transport simulation with the TCE source present, and up to 45 h for the 

simulation of advective flushing. The resulting TCE concentration contours throughout 

time are presented in Figure 32. The transparency of the contours had to be set to 70% in 

order to get a better visualization of the plume. 
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c)  

 
 

d)  

 
 

Figure 32. TCE concentration contours at a) 1 year, b) 30 years, c) 100* years (130 yrs), 
and d) 200* years (230 yrs) for lens case (z magnification = 5). 
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As seen in Figure 40, the concentrations reached by both models at the outlet were low. 

This is because the more concentrated part of the plume did not reach the outlet face of the 

models, and will be shown in the concentration plume comparisons later on. The target 

concentration for this case was 1 ppb, since the MCL (5 ppb) was not located at the tail 

portion of the curves. The REMChlor-MD results indicate that the TCE values below 1 

ppb were reached at approximately 124 years, whereas the MT3DMS model took about 

130 years for the same task. The difference in arrival times between the two models is 6 

years (~4.6%), with REMChlor-MD showing faster decrease in TCE concentration than 

MT3DMS. 

Furthermore, analyzing the REMChlor curve in Figure 39, the response of the model 

seems to be a bit too fast, suggesting that the used matrix diffusion area was small. A 

reduced interfacial area available for mass exchange would result in a smaller diffusion 

flux going into the low permeability material. Therefore, the mass leaving the semi-

analytical model would increase, explaining the higher mass discharge rate observed. 

Looking at the relationship of the diffusion parameters in Equation 42, a higher matrix 

diffusion area could be achieved by slightly decreasing the diffusion length. Small and 

systematic reductions on the diffusion length were made, concluding than an L of 1.5 m 

was the best approximation to the overall shape of the mass discharge rate curve with 

respect to time. 

The mass discharge rate comparison between MT3DMS and REMChlor-MD with a 

diffusion length of 1.5 m is shown in Figure 41: 
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Figure 41. TCE mass discharge rate vs time profile comparing the MT3DMS model with 
REMChlor-MD for lens case with L = 1.5m. 

 

The mass discharge rate curves in Figure 41 are closer together, showing an 

improvement from the simulation with diffusion length of 1.85 m. The new calculated 

coefficient of determination is 0.974, confirming the improvement in the visual 

comparison. The corresponding TCE outlet concentration profile is presented in Figure 42, 

with the new REMChlor-MD curve (L = 1.5 m) requiring about 132 years to reach 1 ppb, 

2 years (~1.5%) more than the MT3DMS model. 
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Figure 42. TCE outlet concentration vs time profile comparing the MT3DMS model with 
REMChlor-MD for lens case with L = 1.5 m. Inset: zoomed-in view of tail for arrival times 
comparison. 

 

The visual comparison, coefficients of determination, and comparison of arrival times 

indicate an improvement of the fit between REMChlor-MD and MT3DMS models. There 

is still a small deviation around the reversal of the mass rate behavior, but it is important 

to take into account that only the diffusion length was used to improve the fit of the model. 

Also, the clay dominated layered scenario studied in Section 6.3.3 suggested that Δz =10 

cm might be too big to model matrix diffusion effects at very small scales, causing an 

underestimation of variables. Further refinement of the MT3DMS/MODFLOW grid may 
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be necessary to test this hypothesis but due to the size of the model the computational effort 

would be excessive. 

 
As mentioned before, the contour plumes of the MT3DMS and REMChlor-MD models 

were compared side by side to verify that the plume shape and extents are similar. Since 

the FORTRAN version of REMChlor-MD used to model this scenario does not have the 

capability of plotting concentration contours yet, another software package was used to 

perform this job. The TCE concentration distribution from the REMChlor-MD output file 

was input to Surfer® (Golden Software, 2017) to create 2-D concentration contour maps. 

Vertical and horizontal slices were made in the middle of both models at different times 

to have a better visualization and comparison of the concentration contours obtained. This 

is observed in Figure 43 through Figure 48. The graphs are shown in units of feet since this 

was the default for the MT3DMS/MODFLOW model (T-PROGS tutorial). 

The figures represent the TCE plume at 10 years, 30 years, and 130 years. At each 

simulation time, the concentration contours are shown first in front view (plane xz) as a 

result of a vertical slice in the middle of both models. In MT3DMS this corresponds to cell 

number 35 in the y direction (out of 70). For REMchlor-MD the contours shown are located 

in the first gridblock in y-dir (remember symmetry about y = 0). The first graph presented 

contains the REMChlor-MD contours with 30% transparency superimposed on the 

MT3DMS contours. This allows to observe the correspondence between the two plumes in 

different areas of the models. It also serves as a direct comparison of the plume extents 

resulting from MT3DMS and REMChlor-MD. Subsequently, each contour map is 

displayed separately with the purpose of showing the individual results for the numerical 
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and semi-analytical simulation. The MT3DMS TCE plume is presented first followed by 

the resulting contours from REMChlor-MD. The dashed lines in the MT3DMS graph 

represent the boundaries of the semi-analytical model. 

After the front view contour maps, the TCE plumes are shown from a map view (plane 

xy) resulting from a horizontal slice of the models through the middle of their vertical 

extents. In MT3DMS this the slice is made at layer 200 (out of 400) whereas in REMChlor-

MD the contours are located in layer 18 (out of 36). Again, the superimposed graphs are 

shown initially, followed by a side by side comparison of the TCE plumes from the 

MT3DMS model (left) with the results from REMChlor-MD (right). 
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Figure 43. Comparison of MT3DMS (at i = 35) and REMChlor-MD (at first gridblock from 
center) TCE concentration contours in xz plane at t = 10yrs for lens case. Above: 
REMChlor-MD contours over MT3DMS contours. Middle: MT3DMS contours. Below: 
REMChlor-MD contours. 

 

 

 
 

Figure 44. Comparison of MT3DMS (k = 200) and REMChlor-MD (layer #18) models in 
xy plane at t = 10yrs for lens case. Above: REMChlor-MD contours over MT3DMS 
contours. Below: MT3DMS contours (left) and REMChlor-MD contours (right). 

 



107 

 
 

Figure 45. Comparison of MT3DMS (at i = 35) and REMChlor-MD (at first gridblock from 
center) TCE concentration contours in xz plane at t = 30yrs for lens case. Above: 
REMChlor-MD contours over MT3DMS contours. Middle: MT3DMS contours. Below: 
REMChlor-MD contours. 

 

 
 

Figure 46. Comparison of MT3DMS (k = 200) and REMChlor-MD (layer #18) models in 
xy plane at t = 30yrs for lens case. Above: REMChlor-MD contours over MT3DMS 
contours. Below: MT3DMS contours (left) and REMChlor-MD contours (right). 
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Figure 47. Comparison of MT3DMS (at i = 35) and REMChlor-MD (at first gridblock from 
center) TCE concentration contours in xz plane at t = 130yrs for lens case. Above: 
REMChlor-MD contours over MT3DMS contours. Middle: MT3DMS contours. Below: 
REMChlor-MD contours. 

 

 

 
 

Figure 48. Comparison of MT3DMS (k = 200) and REMChlor-MD (layer #18) models in 
xy plane at t = 130yrs for lens case. Above: REMChlor-MD contours over MT3DMS 
contours. Below: MT3DMS contours (left) and REMChlor-MD contours (right). 

 


