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conductivity are at depths of 0.0 m to 0.4 m, and at the bottom of the test cell 

from 1.7 m to 2.3 m. 

7.4.2 HYDRAULIC GRADIENT 

The water level in the injection wells was maintained at a level of 

0.09 m below ground surface during the entire experiment. The total 

pumping rate in the extraction wells was maintained 0.25 L/ min. Initial 

testing suggested that this system should operate with the difference in 

hydraulic head along the test cell would be about 0.1 m to yield a hydraulic 

gradient of about 0.02 while maintaining the water table within 0.2 m of the 

ground surface. These conditions would yield a groundwater velocity of 

about 15 cm/day, which is slightly higher than the natural velocities in the 

Borden aquifer. 

However, during the experiment water levels in the extraction wells 

declined with ti.me, suggesting clogging of the extraction wells, injection wells 

or both. The wells were re-developed periodically but water levels in the 

extraction wells varied from 0.16 m to 1.15 m below ground surface. The 

fluctuation in water levels in the injection and extraction wells are shown in 

Figure 7-5. Piezometers were installed along the test cell at 153 days to 

determine the actual water levels and hydraulic gradient without the 

influence of clogging effects in the wells. Profiles of water levels in the 

piezometers measured on 3 occasions are shown in Figure 7-6. The water 

level at the downgradient end of the test cell was similar to the level in the 

extraction wells, whereas the water level at the upgradient end was much 

lower than the level in the injection wells. This indicates that the principal 

loss of hydraulic head occurred at the injection wells. Although the water 

table in the test cell rose and fell in the entire cell during the experiment, the 

hydraulic gradient was relatively constant at 0.023. 
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At the centre of the test cell, the average water table elevation was 

about 0.5 m below ground surface, but fell to a depth of 0.75 m for a short time 

during the dissolution test. 

7.4.3 CALCULATED GROUNDWATER VELOCITY 

The velocity of groundwater flow through the test cell was calculated 

based on the rate of pumping from the extraction wells and measured 

hydraulic gradient; the measured hydraulic conductivity and hydraulic 

gradient; and, the chloride tracer test. All three methods yielded similar 

results. 

The total pumping rate was 0.25 L/min. or 360 L/day drawn from a 

cross-sectional area measuring 4.5 m in width and 1.8 m in depth. Based on a 

porosity of 0.33, this groundwater flow rate is equivalent to a linear velocity of 

13 cm/day. 

Based on the average hydraulic conductivity of 2.8 x 10-3 cm/ s, 

hydraulic gradient of 0.023, and porosity of 0.33, the linear groundwater 

velocity is calculated to be 17 cm/day. 

Groundwater velocities were calculated from the breakthrough curves 

of the chloride concentrations at each monitoring point using the moment 

technique of Levenspiel (1989). These calculated velocities for monitoring 

arrays FR-2 through FR-8 are shown in Figure 7-7. Data from FR-1 and FR-9 

are not shown because aqueous-phase solvents from the NAPL source zone 

were never detected at these locations during the dissolution experiment. 

Velocities based on the tracer test ranged from 4.8 cm/day to 21 cm/day, with 

an average velocity of 10 cm/day. Although the velocity profiles for arrays 

FR-2 and FR-3 are relatively constant with depth, arrays FR-4 through FR-8 

exhibit notably higher velocities at a depth of 1.7 m to 2.3 m. This trend is 

consistent with the results of the permeameter tests of the core sample shown 

in Figure 7-4. 
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7-4.4 POSITION OF NAPL SOURCE ZONE 

Excavation and visual examination of the aquifer material at the end of 

the experiment revealed the actual position of the NAPL source zone. 

Although not clearly evident from aqueous-phase concentrations in the 

monitoring arrays, NAPL released from the injection tube did not penetrate 

downward into the aquifer. During excavation, it was observed that the end 

of the injection tube was situated in a thin bed of silty sand. The injection 

pressure of the NAPL was not sufficient to cause entry into this layer and 

NAPL migrated outward and rose upward along the outside of the injection 

tube. At a depth of 0.55 m, or 0.11 m above the level of the end of the 

injection tube, the majority of the NAPL entered a relatively permeable 

horizon and spread laterally. Smaller volumes of NAPL entered other beds. 

The final position of the NAPL is shown in section view in Figure 7•8 

and the maximum lateral extent of NAPL is shown in plan view in 

Figure 7-9. The NAPL was distributed as residual and mobile NAPL in thin 

layers of less than a centimetre in thickness. Photographs of the most 

extensive layer at 0.55 mare shown in Feenstra and Cherry (1996). It is 

known the some of the NAPL was potentially mobile, but was pooled or 

perched in the layers. When the layer at 0.55 m was intersected by survey 

rods, stakes or core tubes, a portion of the NAPL in the layer was remobilized 

and migrated downward along the disturbed zone. 

Because of the shallow depth of the NAPL zone from 0.5 m to 0.7 m, 

the NAPL zone was above the water table as the water table fell to 0.75 m for a 

period of time during the dissolution experiment. Despite this fact, the NAPL 

zone likely remained submerged by water in the capillary fringe. The 

thickness of the capillary fringe in the Borden aquifer is typically 0.3 m to 

0.4 m and may be slightly greater in this case. The aquifer at the FR site has a 

lower hydraulic conductivity than the typical Borden aquifer, presumably due 

to a finer texture. This would result if a slightly thicker capillary fringe. 
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Within the capillary fringe, lateral aqueous-phase transport would occur also 

in response to the hydraulic gradient in the saturated zone. 

7-5 PLUME MIGRATION 

7.5.I OVER.VIEW 

Following the release of the NAPL, groundwater flow through the 

NAPL zone and dissolution caused aqueous-phase plumes to develop at the 

downgradient monitoring arrays. With the position of the NAPL in the 

centre of the test cell and a groundwater velocity of 10 cm/day to 15 cm/day, a 

period of 10 days to 30 days was required for aqueous-phase solvents to arrive 

at the monitoring arrays. Aqueous concentrations reflecting the maximum 

initial conditions developed at most monitoring points by about 50 days. 

The forms of the aqueous-phase plum.es across the monitoring arrays 

are shown in Figure 7-10 on 5 occasions at 43 days, 94 days, 140 days, 174 days 

and 221 days. These occasions were selected to illustrate the principal changes 

which occurred in the plumes. The concentration contours were drawn in 

Spyglass® Transform Version 3.0 using a 0.01 m grid with kernel smoothing. 

Several features of the aqueous-phase plumes are evident in 

Figure 7-10. The portions of the plumes having the highest concentrations 

were aligned with the central portion of the NAPL zone. However, the 

plumes generally extended laterally to the full width of the NAPL zone or 

larger. At times, there were low-concentration lobes of the plumes extending 

to the left, to the right, or both ways beyond the lateral extent of the NAPL 

zone. These lateral shifts in the margins of the plumes may have been the 

result of localized changes in flow direction caused by fluctuations in the 

water table. 

The plumes extended consistently to a depth of about 1.2 m below 

ground despite the fact that the NAPL source zone resided at a depth of 0.5 m 
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to 0.7 m. Although the experiment was designed with the intent that 

groundwater flow through the cell would be strictly horizontal, it is possible 

that there may have been a vertical component of flow as a result of the zone 

of higher hydraulic conductivity at the base of the aquifer. 

At 43 days, the TCM and TCE plumes had reached their highest 

concentrations and greatest extent. The PCE did not reach its greatest extent 

until a later time because it is retarded slightly relative to TCM and TCE due 

to sorption. During the dissolution experiment, the TCM plume is 

diminished in concentration and extent as a result of preferential dissolution. 

The TCE plume also showed a notable decline in concentration. The PCE 

plume remained relatively consistent during the experiment. 

7.5.2 MAGNITUDE OF AQUEOUS CONCENTRATIONS 

The initial effective solubilities of TCM, TCE and PCE are 

1,030,000 µ.g/L, 590,000 µg/L and 110,000 µ.g/L, respectively, based on the 

initial NAPL source composition and Raoult's Law. These calculations are 

shown also in Table 7-1. Aqueous concentrations approaching the initial 

effective solubility values were observed only in a small number of 

monitoring points directly downgradient from the central portion of the 

source zone. Concentrations were lower around the margin of the source 

zone. Figure 7-11 shows the aqueous concentrations at monitoring point 

FR-5-7 located in the upper portion of the plume. Peak concentrations of 

TCM, TCE and PCE were 800,000 µg/L, 670,000 µg/L and 120,000 µ.g/L, 

respectively, and compare reasonably well with the calculated initial effective 

solubilities. This observation supports further the applicability of Raoult's 

Law for mixtures of chlorinated solvents. 

7.5.3 TEMPORAL CHANGES IN AQUEOUS CONCENTRATIONS 

Aqueous concentrations measured at the arrays varied with time in 

response to preferential dissolution of the more soluble components of the 
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NAPL source, and in response to fluctuations in groundwater flow conditions 

in the test cell. At monitoring point FR-5-7 in the centre of the plum.es, TCM 

and TCE reached their initial input concentrations at about 50 days and PCE 

reached its initial input concentration at about 75 days. TCE and PCE 

concentrations remained relatively constant during the remainder of the 

experiment. TCM concentrations declined markedly from 130 days to 

220 days in response to depletion of TCM in the source. This monitoring 

point was not influenced by fluctuations in the water table or groundwater 

flow directions. A substantial change in water table elevation occurred at 

about 140 days (see Figure 7-5), but is not evidenced in the TCE or PCE 

concentrations. 

Monitoring point FR-5-5 (see Figure 7-12) was located in the upper 

portion of the plumes. Initial input concentrations for TCM and TCE were 

reached in about 40 days and for PCE at about 60 days. TCM concentrations 

declined from 60 days to 100 days, likely in response to depletion of the 

source. However, concentrations of TCM, TCE and PCE all declined from 100 

days to 130 days when the water table reached its lowest level. At this time 

the NAPL zone was likely within the capillary fringe. When the water table 

rose abruptly at 140 days, concentrations of TCM, TCE and PCE increased. 

Monitoring point FR-5-9 (see Figure 7-13) was located in the lower 

portion of the plumes. After reaching initial input concentration, TCE and 

PCE concentrations remained steady until 140 days. From 60 days to 140 days 

TCM concentrations declined, likely due to depletion of the source. However, 

when the water table rose abruptly at 140 days, concentrations of TCE and PCE 

declined abruptly. Other monitoring points exhibited similar fluctuations. 
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7.5.4 AVERAGED AQUEOUS CONCENTRATIONS 

Further evaluation of the temporal variation in aqueous 

concentrations and ratios caused by dissolution was performed on values 

averaged over the monitoring points in each array. The primary purpose of 

the averaging was to minimize the effect of temporal variations in aqueous 

concentrations caused by changes in groundwater flow direction. In addition, 

aqueous concentrations averaged vertically over all the monitoring points in 

an array is likely a reasonable approximation of the results that would be 

obtained from a conventional monitoring well with a intake of moderate 

length (i.e. several metres). 

The monitoring point arrays that exhibited the highest concentrations 

are FR-6, FR-5 and FR-4. The temporal variations in concentration for these 

arrays are shown in Figures 7-14, 7-15 and 7-16, respectively. In each case, after 

initial input concentrations were achieved, TCE and PCE remained relatively 

constant and TCM declined markedly. Such trends are difficult to discern for 

arrays FR-7 and FR-3 at the lateral margins of the plumes as shown in 

Figures 7-17 and 7-18. 

Full area-averaged aqueous concentrations for the test cell are provided 

by the analyses of the effluent from the extraction wells. The results for the 

cell effluent are shown in Figure 7-19. The cell effluent shows the same 

trends as arrays FR-6, FR-5 and FR-4 in the central portions of the plumes. 

7.6 DETERMINATION OF NAPL MAss REMAINING 

The quantity of NAPL mass remaining in the source zone was 

determined by the difference between the initial mass and the mass removed 

by the extraction wells. The chemical mass flux for the cell effluent is shown 

in Figure 7-20. The initial mass flux for TCM reached about 8 g/day and 

declined steadily as TCM was depleted from the NAPL source. The mass flux 
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for TCE remained between 4 g/day and 7 g/day. The mass flux for PCE 

remained between 1 g/day and 2 g/day. 

The cumulative chemical mass removed from the cell was calculated 

from the mass flux values. The decline in NAPL mass remaining versus 

time is shown in Figure 7-21. The plot of NAPL mass remaining versus time 

is used Section 7.7 and 7.8 to evaluate the relationship between aqueous 

concentration ratios and the NAPL mass remaining. 

7.7 TEMPORAL VARIATION IN AQ.UEOUS CONCENTRATION RATIOS 

The fluctuations in the water table and resultant shifts in position of 

the aqueous-phase plumes make it difficult to evaluate trends in aqueous 

concentrations and concentrations ratios at individual monitoring points and 

at sampler bundles that do not intersect the plumes continually. The most 

consistent aqueous concentration-time data are derived from the cell effluent 

and from arrays FR-6, FR-5 and FR-4. 

The temporal variation in aqueous concentration ratios for the cell 

effluent are shown in Figure 7-22. After initial input concentrations are 

achieved after 50 days, the TCE/TCM and PCE/TCM ratios increased gradually 

as TCM was dissolved preferentially. PCE/TCE ratios remained relatively 

constant during the experiment. 

These trends in aqueous concentration ratios are those expected for the 

preferential dissolution of TCM and then TCE from the NAPL source zone. 

In this controlled field experiment, the change in NAPL mass remaining with 

time is known from the cell effluent data, and aqueous concentration ratios 

can be plotted versus NAPL remaining in the manner shown in Chapters 4, 5 

and 6. These data are shown in Figure 7-23. In this case, the rate of 

dissolution of the NAPL source is relatively constant (see Figure 7-21) so that 

the plot of ratios versus NAPL remaining is similar to the plot of ratios 

versus time. 
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Similar plots of aqueous concentration ratios at monitoring arrays FR-

6, FR-5 and FR-4 are shown in Figures 7-24, 7-25, 7-26, 7-27, 7-28 and 7-29. 

These figures show the same consistent increases in TCE/TCM and PCE/TCM 

ratios as those for the cell effluent. Similar trends are observed in small 

number of individual monitoring points. Plots of aqueous concentration 

ratios at monitoring point FR-5-7, FR-5-5 and FR-5-9 are shown in 

Figures 7-30, 7-31, 7-32, 7-33, 7-34 and 7-35. The consistency of the trends in 

these data are favourable for comparison to predictions by the ESM. 

At monitoring arrays which did not intersect the plumes continually, 

and at most individual monitoring points, the temporal variation in aqueous 

concentrations ratios are erratic. Plots of aqueous concentration ratios at 

monitoring arrays FR-7 and FR-3 are shown in Figures 7-36, 7-37, 7-38 and 

7-39. Although these figures show a general increase in TCE/TCM and 

PCE/TCM ratios, the magnitude of the fluctuations is sufficiently large to 

preclude comparison of these curves to the predictions of the ESM. 

7.8 COMPARISON OF MEASURED RATIOS TO ESM 

The ESM was used to simulate the changes in aqueous concentration 

ratios for the dissolution of the NAPL in the FR source zone. The 

composition of the NAPL and the properties of the components used as input 

parameters to the ESM are shown in Table 7-2. The aquifer was specified to 

have a dry bulk density of 1,809 kg/m3, at total porosity of 0.33 and a fraction 

organic carbon (f0 c) of 0.0002. The initial NAPL content was specified to be 

20 L/m3. Using these parameters values, simulations were performed for 

1-cell, 2-cell and 5-cell configurations. The number of cells is the only model 

input parameter not defined explicitly by the NAPL and aquifer properties. 

TCE/TCM, PCE/TCM and PCE/TCE ratios versus NAPL mass 

remaining predicted by the ESM are shown in Figures 7-40, 7-41 and 7-42, 

respectively. The predicted ratios were compared to those site monitoring 
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data that exhibited discernible trends in aqueous concentrations with time. 

The predicted ratios are compared to the measured ratios for the cell effluent 

in Figures 7-43, 7-44 and 7-45; for monitoring array FR-6 in Figures 7-46, 7-47 

and 7-48; for monitoring array FR-5 in Figures 7-49, 7-50 and 7-51; for 

monitoring array FR-4 in Figures 7-52, 7-53 and 7-54; and, for monitoring 

point FR-5-7 in Figures 7-55, 7-56 and 7-57. 

The changes in TCE/TCM and PCE/TCM ratios predicted by the ESM 

compare well with the measured ratios for the cell effluent, monitoring array 

FR-5 and monitoring point FR-5-7. For the cell effluent and FR-5, the best 

match between the predicted and measured ratios is provided by the 1-cell 

configuration of the ESM. This suggests that the size and character of the 

NAPL zone is not sufficient to cause a chromatographic effect as aqueous­

phase solvents exchange with the NAPL present in downgradient portions of 

the source zone. However, the best match between the predicted and 

measured ratios for individual point FR-5-7 is provided by the 5-cell 

configuration of the ESM. This suggests that the character of the NAPL zone 

upgrad.ient from this specific monitoring point is sufficient to cause a 

chromatographic effect on the aqueous concentrations emitted from the 

source zone, but overall, there is little chromatographic effect on the whole 

plume. 

There is a larger degree of scatter in the TCE/TCM and PCE/TCM ratio 

data from monitoring arrays FR-6 and FR-4 and although trends are 

comparable to the cell effluent, FR-5 and FR-5-7, it is not possible to match the 

measured data well with the results of a particular ESM configuration. 

It is difficult also to compare the measured PCE/TCE ratios to those 

predicted by the ESM simulations because the PCE/TCE ratios change by only 

a factor of 3 times or less during the experiment. The degree of scatter in the 

PCE/TCE ratios due to analytical variations and fluctuations in groundwater 

flow is sufficiently large to mask any trends. In contrast, the measured 
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TCE/TCM and PCE/TCM ratios change during the experiment by a factor of 10 

times or more and this change is larger than the scatter in ratio data from 

analytical and hydrogeologic variations. 

7.9 CONCLUSIONS REGARDING FREE-RELEASE ExPERIMENT 

The results of the Free-Release experiment indicate that the changes in 

aqueous concentration ratios measured during dissolution of the NAPL 

source can be predicted with reasonable accuracy using the ESM. This is the 

case despite the fact that the geometry of the NAPL source zone was complex 

and contained both residual NAPL and thin NAPL pools. This suggests that 

the dissolution behaviour of thin NAPL pools can be simulated by the ESM. 

Area-averaged and vertically-averaged concentrations provide 

measured ratios that compared well with the simplest 1-cell configuration of 

the ESM. However, the ratios measured at a specific monitoring point 

required a 5-cell configuration of the ESM for the best match. If the 1-cell 

configuration were used to compare to the data from monitoring point FR-5-7 

(see Figure 7-55), at the point where the measured TCE/TCM ratio reached 20, 

the ESM predicted the NAPL mass remaining to be about 0.68. In 

comparison, the true NAPL mass remaining was 0.77. This difference is 

relatively small given the much larger uncertainty in estimating the mass 

contained in NAPL source zones by direct soil sampling and analysis. This 

experiment does illustrate that the relationship between aqueous 

concentration ratios and NAPL remaining may be different at different 

locations for complex NAPL source zones. 

A method for the comparison of field data to ESM simulations in 

order to select the most appropriate ESM configuration at a particular site is 

described in the following chapter. 
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Table 7-1. Calculation of initial effective solubilities of solvents based on 

initial NAPL source composition and Raoult' s Law. 

Measurement 

Pure-phase Solubility 
(un/L\ 

Volume in NAPL Source 
(L) 

Mass in NAPL Source (a) 

Weiaht % in NAPL 

Mole Fraction in NAPL 

Initial Effective Solubility 
{ua/L) 

Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachloroethylene 

TCM 

8,700,000 

0.5 

740 

9.7 

0.119 

1,030,000 

TCE PCE Total 

1,400,000 240,000 

2.0 2.5 5.0 

2,920 4,075 7,735 

37.9 52.4 100 

0.420 0.461 1.00 

590,000 110,000 
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Table 7-2. Composition and properties of the components in the NAPL in 

the source zone used as input parameters in the ESM 

simulations. 

Parameter 

Molecular Mass (a/mol) 

Oensitv <katm3) 

Pure-Dhase Solubilitv <uo/L) 

Koc (mUg) 

Comoosition (wt.%) 

Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachloroethylene 

TCM 

119.4 

1,490 

8,700,000 

56 

9.7 

TCE PCE 

131.5 165.8 

1,470 1,630 

1,400,000 240,000 

93 302 

37.9 52.5 
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Figure 7-2. Plan map of test cell for the Free-Release Experiment. 
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Figure 7-10. Aqueous-phase plumes in the monitoring arrays. 
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10,000 µg/L and 30,000 µg/L for tetrachloroethylene (PCE}. 
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Figure 7-11. Temporal variation in aqueous concentrations at 
monitoring point FR-5-7. 

File:5 Al! Points Concentrations/Selected Plots 



410 

FR-5-5 

600,000 ------------r----------~--

} 
~ 300,000 

0 +. --latt~-'-------------'-----....a...---' 

0 

Key: 

TCM - Chloroform 

TCE- Trichloroethylene 

PCE -Tetrachloroethylene 

50 100 150 200 
Time (days) 

>E TCMj 
- - -♦- - - TCE l 
--+--PCE I 

Figure 7-12. Temporal variation in aqueous concentrations at 
monitoring point FR-5-5. 
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Figure 7-13. Temporal variation in aqueous concentrations at 
monitoring point FR-5-9. 
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Figure 7-15. Temporal variation in aqueous concentrations 
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Figure 7-16. Temporal variation in aqueous concentrations 
averaged for monitoring location FR-4. 
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Figure 7-17. Temporal variation in aqueous concentrations 
averaged for monitoring location FR-7. 
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Figure 7-19. Temporal variation in aqueous concentrations 
in the effluent from the test cell. 
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Figure 7-20. Temporal variation in chemical mass flux 
for the effluent from the test cell. 
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Figure 7-21. Temporal change in NAPL mass remaining 
based on mass removed in cell effluent. 
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Figure 7-22. Temporal variation in aqueous concentration ratios 
for the effluent from the test cell. 
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Figure 7-23. Change in aqueous concentration ratios versus NAPL 
remaining for the effluent from the test cell. 
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Figure 7-24. Temporal variation in aqueous concentration ratios 
averaged for monitoring location FR-6. 
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Figure 7-25. Change in aqueous concentration ratios versus NAPL 
remaining averaged for monitoring location FR-6. 
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Figure 7-26. Temporal variation in aqueous concentration ratios 
averaged for monitoring location FR-5. 
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Figure 7-27. Change in aqueous conentration ratios versus NAPL 
remaining averaged for monitoring location FR-5. 
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Figure 7•28. Temporal variation in aqueous concentration ratios 
averaged for monitoring location FR-4. 
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Figure 7-29. Change in aqueous concentration ratios versus NAPL 
remaining averaged for monitoring location FR-4. 
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Figure 7-30. Temporal variation in aqueous concentration ratios 
at monitoring point FR-5-7. 
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Figure 7-31. Change in aqueous conentration ratios versus NAPL 
remaining for monitoring point FR-5-7. 
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Figure 7-32. Temporal variation in aqueous concentration ratios 
at monitoring point FR-5-5. 
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Figure 7-33. Change in aqueous conentration ratios versus NAPL 
remaining for monitoring point FR-5-5. 
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Figure 7-34. Temporal variation in aqueous concentration ratios 
at monitoring point FR-5-9. 
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Figure 7-35. Change in aqueous conentration ratios versus NAPL 
remaining for monitoring point FR-5-9. 
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Figure 7-36. Temporal variation in aqueous concentration ratios 
averaged for monitoring location FR-7. 
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Figure 7-37. Change in aqueous concentration ratios versus NAPL 
remaining averaged for monitoring location FR-7. 
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Figure 7-38. Temporal variation in aqueous concentration ratios 
averaged for monitoring location FR-3. 
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Figure 7-39. Change in aqueous concentration ratios versus NAPL 
remaining averaged for monitoring location FR-3. 

File:3 All Points Concentrations/Selected Plots 



..8 
ta a:: 

1000 

100 

10 

1 

438 

TCE/TCM 

I 

0.1 -----+---_._--~-----------
1.00 0.95 

Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachloroethylene 

0.90 0.85 0.80 0.75 0.70 
NAPL Remaining 

I 1-Cell I 
- -- - - --2-Cell ! 
j-- - - 5-Cell I 

Figure 7-40. Change in TCE/TCM ratio versus NAPL remaining 
predicted by ESM. 
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Figure 7-41. Change in PCE/TCM ratio versus NAPL remaining 
predicted by ESM. 
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Figure 7--42. Change in PCE/TCE ratio versus NAPL remaining 
predicted by ESM. 
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Figure 7-43. Measured TCE/TCM ratios versus NAPL remaining 
for average concentrations in the cell effluent 
compared to ratios predicted by ESM. 
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Figure 7-44. Measured PCE/TCM ratios versus NAPL remaining 
for average concentrations in the cell effluent 
compared to ratios predicted by ESM. 
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Figure 7-45. Measured PCE/TCE ratios versus NAPL remaining 
for average concentrations in the cell effluent 
compared to ratios predicted by ESM. 
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Figure 7-46. Measured TCE/TCM ratios versus NAPL remaining 
for average concentrations at monitoring location FR-6 
compared to ratios predicted by ESM. 
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Figure 7-47. Measured PCE/TCM ratios versus NAPL remaining 
for average concentrations at monitoring location FR-6 
compared to ratios predicted by ESM. 
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Figure 7-48. Measured PCE/TCE ratios versus NAPL remaining 
for average concentrations at monitoring location FR-6 
compared to ratios predicted by ESM. 
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Figure 7-50. Measured PCE/TCM ratios versus NAPL remaining 
for average concentrations at monitoring location FR-5 
compared to ratios predicted by ESM. 
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Figure 7-51. Measured PCE/TCE ratios versus NAPL remaining 
for average concentrations at monitoring location FR-5 
compared to ratios predicted by ESM. 
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Figure 7-52. Measured TCE/TCM ratios versus NAPL remaining 
for average concentrations at monitoring location FR-4 
compared to ratios predicted by ESM. 
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Figure 7-53. Measured PCE/TCM ratios versus NAPL remaining 
for average concentrations at monitoring location FR-4 
compared to ratios predicted by ESM. 
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Figure 7-54. Measured PCE/TCE ratios versus NAPL remaining 
for average concentrations at monitoring location FR-4 
compared to ratios predicted by ESM. 
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Figure 7-55. Measured TCE/TCM ratios versus NAPL remaining 
for monitoring point FR-5-7 compared to ratios 
predicted by ESM. 
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Figure 7-56. Measured PCE/TCM ratios versus NAPL remaining 
for monitoring point FR-5-7 compared to ratios 
predicted by ESM. 
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Figure 7-57. Measured PCE/TCE ratios versus NAPL remaining 
for monitoring point FR-5-7 compared to ratios 
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8. APPLICATION OF THE ESM METHOD FOR EVALUATION OF NAPL SITES 

8.I METHODOLOGY 

8.I.I OVERVIEW 

The preceding chapters have demonstrated how the Effective Solubility 

Model (ESM) can be used to relate changes in aqueous concentration ratios to 

the chemical mass remaining in multi-component residual NAPL source 

zones, for both small-scale laboratory experiments and moderate-scale 

controlled field experiments. 

This chapter describes a methodology for how the ESM could be used, 

together with groundwater monitoring data, to estimate the quantity of 

chemical mass remaining in multi-component NAPL residual zones at real 

sites of groundwater contamination. 

8.1.2 REQUIRED FIELD DATA 

Estimation of the mass in NAPL residual zones using the ESM requires 

groundwater monitoring data collected over a sufficient period of time to 

define changes in aqueous concentration ratios and information on the 

cumulative chemical mass dissolved from the source zone during the 

corresponding period of time. 

These types of data are available readily for sites at which groundwater 

extraction systems (i.e. pump-and-treat) have been in operation. Monitoring 

at most such systems include measurement of contaminant concentrations, 

water flow rates and determination of mass removed. Depending on the 

NAPL composition, relative solubility of the NAPL components and the 

groundwater extraction rates, changes in aqueous concentration ratios may be 

evident within a period of a few years. 
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At sites with no groundwater extraction system in operation, it is 

necessary to estimate the cumulative chemical mass dissolved from the 

source zone on the basis of the natural groundwater flow rates and the 

aqueous concentrations measured in the plumes. 

The collection and analysis of groundwater samples must be 

sufficiently frequent to allow identification of temporal changes in aqueous 

concentration ratios amidst other variability in the ratio data. A considerable 

degree of scatter is to be expected in ratio data for real sites due to fluctuations 

in groundwater flow conditions, fluctuations in operation of extraction 

systems, and analytical variability. 

Groundwater quality data must be collected from locations judged to be 

relatively close to the known or suspected NAPL source zones. The ESM 

describes only the changes in aqueous concentration ratios that result from 

NAPL dissolution. Processes such as sorption on aquifer solids and 

biodegradation may also change concentration ratios in the plum.es as 

contaminants migrate away from the source zone. The ESM considers 

sorption on the soil solids only within the NAPL zone. However, close to the 

source zone the effects of sorption and biodegradation are likely to be small, 

particularly for chemicals such as chlorinated solvents which do not sorbed 

strongly on aquifer material and are not highly susceptible to biodegradation. 

The potential significance of biodegradation processes can be evaluated based 

on information regarding reduction•oxidation conditions in the groundwater 

and the presence of degradation products in the groundwater. 

The application of the ESM requires specification of the initial chemical 

composition of the NAPL. This information may be available directly from 

analyses of samples of NAPL, or indirectly from groundwater or soil analyses. 

The composition of NAPL in a source zone can be determined from 

the aqueous concentrations in groundwater downgradient of the source using 
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Raou.lt's Law. This technique is described by Jackson and Mariner (1995). For 

aqueous-phase chemicals in equilibrium with a multi-component NAPL, the 

ratio of their aqueous concentration to their pure-phase solubility equals the 

mole fraction of the chemical in the NAPL: 

i 
- XNAPL 

where : 

C i is the effective solubility (MIL 3 
) 

S i is the pure - phase solubility (MIL 3 
) 

X~APL is the mole fraction in the NAPL 

(8-1] 

Even if the aqueous concentrations in groundwater at a downgradient 

location have been diluted, the ratio of their concentration to pure-phase 

solubility provides the relative mole fraction in the NAPL: 

- ( X~APL ) diluted [8-2] 

where : 

C i is the groundwater concentration (MIL 3 
) diluted 

( X~APL ) diluted is the mole fraction in the NAPL diluted 
by the same factor as the groundwater concentration 

Because the aqueous concentrations of all the components are diluted 

to the same degree, the calculated diluted mole fractions can be summed and 

undiluted mole fractions calculated by: 



i 
XNAPL 

where : 

n . 

I'J X~APL ) diluted 
; =1 

n is the number of components 
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[8-3] 

This method assumes that all the components of the NAPL are 

detected in the groundwater and incorporated in the analysis. In the case 

where there are components of the NAPL which go unidentified, the ratios of 

the identified components are not affected. In addition, the presence of 

unidentified components in the NAPL does not strongly influence the results 

of ESM simulations (see Section 4.4). However, estimates of NAPL mass 

remaining based on the ESM simulations include only the mass represented 

by the identified components. 

The composition of NAPL can be estimated also using the results of 

soil analyses if suitable samples are available from within the source zone. 

However, at many sites, spatial variability in the distribution of NAPL in the 

subsurface may be extreme, making identification and sampling of NAPL 

source zones a great challenge. 

The partitioning calculations of Feenstra et al. (1991) can be used to 

determine which soil samples have soil concentrations above the threshold 

concentration which would indicate the presence of NAPL. If the soil 

concentrations are greater than the calculated threshold concentration by a 

factor of 10 times or more, it is appropriate to use the total weight-based 

concentrations to estimate mole fractions for the chemical components. It is 

possible also to use the partitioning relationships described in Feenstra et al. 

(1991) to determine the chemical concentrations in the NAPL-, sorbed-, 

aqueous-, and vapour-phases of the soil from the total concentration to 
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calculate the component concentrations in the NAPL and mole fractions 

separately. 

The estimation of NAPL composition from soil samples is most 

applicable to NAPL comprised of semi-volatile and non-volatile components. 

For NAPL containing volatile compounds such as chlorinated solvents or 

BTEX compounds, reliable chemical analyses of soil samples can be obtained 

only if samples are analysed immediately in the field, or using methanol­

preservation methods. Soil samples not analysed by these methods cannot 

be used reliably for estimating NAPL composition because of the large 

potential error due to loss of volatiles during sample collection, storage and 

handling. The magnitude of the error associated with analysis of volatiles in 

soil is described in Smith et al. (1996). 

The use of the ESM requires information also on the aquifer properties 

of total porosity, dry bulk density and organic carbon content. These 

parameters are measured routinely in many site investigation programs. 

Even when site-specific values are not available, values for these parameters 

can usually be estimated with a suitable degree of accuracy. As described in 

Chapter 4, the results of the ESM are not highly sensitive to the values of 

these parameters. 

8.1.3 REQ.UJRED MODEL PARA.METERS 

The components of the NAPL and the information on the NAPL 

composition are determined from the field data. In addition, the ESM 

requires values for the physical and chemical properties of NAPL 

components including the molecular weight, density, pure-phase solubility, 

and Koc (organic carbon-water partition coefficient). Values for these 

parameters are available from the published literature for most common 

groundwater contaminants. 
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The ESM also requires that the initial NAPL content be specified for the 

model calculations. As described in Chapter 4, the results of the ESM are not 

sensitive to the initial NAPL value provided typical NAPL residual 

saturations are used. 

The only parameter of the ESM that is not defined explicitly by the 

NAPL or aquifer properties is the number of cells. Although the laboratory 

and controlled field experiments described in Chapters 5, 6 and 7 suggest that 

even a 1-cell configuration of the ESM may provide useful estimates of NAPL 

remaining in source zones, the comparison and matching of field data to 

multiple-cell configurations is likely to provide more accurate predictions. 

The following section describes how field data may be compared to ESM 

simulations. 

8.1.4 MODEL SIMULATIONS 

The first step in the comparison of field data to the ESM is to perform a 

series of ESM simulations using the NAPL composition and aquifer 

properties defined for the site. Simulations should be performed for a range 

of cell configurations to produce a family of dissolution curves for the NAPL 

showing the change in aqueous concentration ratios versus the NAPL 

remaining. For a given NAPL composition, the different cw-ves in a family 

will have distinctly different shapes as the number of cells increases. 

All simulations for a specified NAPL should yield the same initial 

aqueous concentration ratios. The values can be compared to the measured 

aqueous concentration ratios at the start of the monitoring period at the site. 

The predicted initial ratios and measured initial ratios should be identical if 

the groundwater concentrations were used to back-calculate the NAPL 

composition. If the NAPL composition was estimated from NAPL samples or 

soil samples and the predicted and measured initial ratios differ significantly, 
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the NAPL composition input to the ESM may be adjusted to provide a better 

match. 

If the 1-cell configuration of the ESM were known to be always the 

most applicable, the aqueous concentration ratio measured at the site at a 

given time could be related simply to the ratio from the 1- cell curve of ESM 

and the NAPL remaining determined directly. However, the most 

appropriate cell configuration is not known a priori so that the measured 

ratios must be compared to the different curves to evaluate the best match. 

The data on measured aqueous concentration ratios and corresponding 

values of cumulative mass removed from the site are used for comparison to 

the ESM simulations. The cumulative mass removed is expressed as NAPL 

mass remaining, calculated based on a series of estimates of the initial NAPL 

mass in the source zone. The measured ratios and corresponding values for 

calculated NAPL mass remaining are plotted on the same graph at the ESM 

results for comparison to the family of dissolution curves. These calculations 

and curve matching are performed easily in an spreadsheet-plotting program. 

The estimates of initial NAPL mass are adjusted until the best match is 

obtained between the measured ratios and a particular ESM curve. 

For the best match, the initial mass represents the initial NAPL mass in 

the source zone at the start of the monitoring period. The NAPL mass 

remaining is given by the value at the final measured ratio data point. 

The number of cells required for a match between the measured and 

predicted ratios provides a generic indication of the length of the 

groundwater flow path through the NAPL source zone. A larger number of 

cells is required to simulate the chromatographic effect as aqueous-phase 

contaminants dissolved from the upgradient portion of the source zone 

interact with NAPL in the downgradient portion of the source zone. The 

longer the flow path through the NAPL zone, the greater the 



464 

chromatographic effect on the aqueous concentrations. For norm.al 

groundwater velocities, a chromatographic effect would be expected in 

groundwater that passes through zones of NAPL residual more than a few 

centimetres in length. However, because spatial distribution of NAPL within 

a source zone may be extremely variable at a scale of centimetres (Poulsen and 

Kueper, 1992; Kueper et al., 1993; Brewster et al., 1995), the opportunity for 

aqueous-phase contaminants to exchange with downgradient NAPL may be 

small, even in large source zones which contain large total amounts of 

NAPL. A match between measured and predicted ratios with a small number 

of cells likely reflects a source zone in which NAPL is distributed irregularly 

on a small scale to minimize the chromatographic effect. A match with a 

large number of cells likely reflects a source zone in which NAPL is 

distributed more uniformly. 

The following sections provide examples of the application of the 

methodology to estimate the quantity of chemical mass remaining in the 

NAPL residual zone at the Emplaced-Source experiment using only the data 

from pumping well PW-2, and for a NAPL source zone at an industrial site in 

New Jersey. 

8.2 ExAMPLE: EMPLACEo-SouR.cE ExPER.JMENT Pw-2 

Although the monitoring data collected from the groundwater pump­

and-treat system could not be used for a rigorous evaluation of the rate of 

mass depletion from the NAPL source zone, they can be used to illustrate the 

method for using the ESM to estimate the quantity of chemical mass 

remaining in the NAPL source zone. 

Pumping well PW·2 was located about 25 m downgradient of the 

source zone (see Figure 6-13). The decline in aqueous concentrations in PW-2 

with time is shown in Figure 6-32. Groundwater extraction from PW-2 
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intercepted the entire width of the plumes emitted from the source zone. 

The calculated mass flux for PW-2 is shown in Figure 6-33. 

TCE/TCM, PCE/TCM and PCE/TCE ratios increased with time as 

pump-and-treat operations continued. The temporal changes in ratios are 

shown in Figure 8-1. Data are shown here only for the period from 475 days 

at the start of operations to about 700 days. After 700 days the aqueous 

concentrations measured at PW-2 were influenced by the in situ treatment 

wall situated between the source and PW-2. The cumulative chemical mass 

removed from PW-2 was calculated from the aqueous concentrations and 

pumping rates, and is plotted versus aqueous concentration ratios in 

Figure 8-2. The total chemical mass removed from PW-2 was 2,200 g. 

Based on the initial aqueous concentrations measured in PW-2, the 

mole fractions for TCM, TCE and PCE in the NAPL source were calculated 

using equation 8-3 and converted to weight% concentrations for input to the 

ESM. The results of these calculations are shown in Table 8-1. This NAPL 

composition differs somewhat from the original NAPL composition of the 

source zone. However, the travel time for groundwater to migrate from the 

source to PW-2 was about 250 days to 300 days. Therefore, by the time PW-2 

commenced operation at 475 days, the groundwater arriving at PW-2 

represented the groundwater that left the source zone at a time of about 

200 days. At that stage, substantial TCM has already be removed from the 

source zone. This explains why the calculated composition shown in 

Table 8-1 is depleted in TCM relative to the original source composition. 

The properties of the components used as input parameters to the ESM 

are shown L.1. Table 8-2. The aquifer was specified to have a dry bulk density 

of 1,809 kg/m3, a total porosity of 0.33 and a fraction organic carbon (f0 c) of 

0.0002. The initial NAPL content was specified to be 20 L/m3. Using these 

parameters values, simulations were performed for 1-cell, 2-cell and 5-cell 

configurations. 
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The values of cumulative mass removed from PW-2 were converted 

to NAPL mass remaining for assumed initial NAPL source zone masses of 

12,000 g, 17,000 g and 22,000 g. These data were combined with the measured_ 

aqueous concentration ratios and plotted with the ESM simulations. The 

measured TCE/TCM ratios for an assumed 17,000 g source zone are shown in 

Figure 8-3. The measured ratios compare well with the 5-cell configuration 

curve. 

In contrast, measured PCE/TCM and PCE/TCE ratios for an assumed 

17,000 g source zone shown in Figure 8-4 and 8-5 do not compare well with 

any of the ESM simulation curves. This is likely due to the sorption of PCE 

relative to TCM and TCE over the migration distance of 25 m from the source 

zone to PW-2. The ESM simulations cannot account for changes in aqueous 

concentration due to sorption outside the NAPL zone. As a result, the use of 

PCE/TCM and PCE/TCE ratios are not suitable for estimating the NAPL mass 

remaining based on the monitoring data from PW-2. The TCE/TCM and 

PCE/TCM ratios yield similar results for the monitoring location along the 

1 m Fence. This indicates that the effect of sorption of PCE is not observed 

closer to the source zone. 

Measured TCE/TCM ratios for assumed NAPL sources of 12,000 g and 

22,000 g are shown in Figures 8-6 and 8-7, respectively. These data are 

substantially different from the assumed 17,000 g source and do not match 

any of the ESM simulation curves. This evaluation suggests that the best 

estimate of the initial source zone mass is about 17,000 g. The true source 

zone mass at 200 days is not known precisely. On the basis of the mass flux 

measured at the 1 m Fence, the mass in the source zone at 200 days was 

20,800 g. However, PW-2 would have drawn back some water and chemical 

mass that left the source prior to 200 days. The chemical mass removed from 

PW-3 and PW-4 was about 740 g. ff this is assumed to represent the chemical 

mass that left the source between 0 days and 200 days but not captured by 

PW-2, then the mass in the source zone at 200 days was 22,200 g. Splitting the 
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difference between the 20,800 g estimate and the 22,200 g estimate, yields an 

initial source mass of 21,500 g to compare with the ESM estimate of 17,000 g. 

The mass estimated using the 5-cell configuration of the ESM is within 

20% of the initial NAPL source zone mass. This estimate could be made 

using only the measured aqueous concentrations in PW-2, and the general 

physical and chemical properties for the NAPL components and aquifer. No 

specific assumptions were required regarding the actual dimensions or 

geometry of the source zone, groundwater flow conditions through the 

source zone, or dissolution mass transfer coefficients. 

If the maximum measured TCE/TCM ratio of 7 is compared simply to 

the curve for the 1-cell configuration of the ESM, it is predicted that 0.15 of the 

NAPL source has been removed. Based on the measured mass removal of 

2,200 g, the 1-cell curve yields a predicted source mass of 14,700 g. 

Consequently, even use of the 1-cell ESM provides an estimate of the NAPL 

mass within about 30% of the actual value. 

8.3 DAYTON CASE STUDY 

8.3.I SITE CONDITIONS 

An industrial plant site near Dayton, New Jersey is a site of 

groundwater contamination by tetrachloroethylene (PCE) and 1,1,1-

trichloroethane (TCA). This section describes the use of the ESM to estimate 

the quantity of chemical mass remaining the DNAPL source zone at this site. 

No other methods have been applied at this site to provide such an estimate. 

A preliminary application of this method was described by Feenstra (1990). 

The plant site was used for the manufacture of punch cards for 

computers and inked printer ribbons. The aquifer consists of about 15 m of 

coarse sand & gravel overlying a discontinuous layer of interbedded sand and 

clay about 1 m to 3 m in thickness. The saturated thickness of the aquifer 
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ranges from 8 to 10 m and the average hydraulic conductivity is about 

8 x 10-2 cm./s. In December 1977, PCE and TCA were discovered at 

concentrations of about 200 µg/L and 600 µg/L, respectively, in a municipal 

water supply well located about 500 m east of the plant. 

During early 1978, plumes of PCE and TCA were found on the plant 

site with concentrations as high as 6,100 µg/L PCE and 9,500 µg/L TCA (see 

Figures 8-9a and 8-9b ). The maximum observed concentrations in 

monitoring wells and pumping wells were several percent of the pure-phase 

solubility of the solvents. Chlorinated solvents had been used at the plant 

since the 1960's and it was believed that the groundwater contamination 

originated from releases of solvent product from the chemical off-loading and 

storage area. Although the plume was directed toward the municipal well 

located off-site to the east, the plumes were wide compared to the size of the 

suspected release area. This could be the result of several factors. Time­

dependent variations in off-site pumping in the municipal well to the east 

and other private wells to the north may have acted to draw the plume back 

and forth. A broad plume of relatively low concentration (10 µg/L to 

100 µg/L) in the groundwater could also have resulted initially from the 

transport of vapors through the vadose radially outward the release area. 

These vapors would have resulted in a thin, relatively high-concentration 

groundwater plume immediately at the water table. However, almost all 

monitoring and groundwater pumping at the site was conducted using wells 

screened over the entire aquifer thickness. Therefore, the concentrations 

from any thin plumes at the water table would be diluted significantly during 

sampling. It is also possible that the broad dissolved plume is a composite 

plume resulting from several different sources on the site. 

Remedial measures commenced in mid-1978 with the removal of the 

chemical storage tanks, excavation of several tens of cubic metres of soil from 

around the tanks, and installation of a network of groundwater pumping 



wells on the plant site. According to the conceptual model for groundwater 

contamination at that time, removal of the tanks and shallow soil together 

with removal of the dissolved plume by groundwater pump-and-treat should 

have provided full restoration of the aquifer in several years. When the 

remedial measures were designed in 1978, it was not recognized that the 

chlorinated solvents were DNAPLs and th.at it was highly likely that 

immiscible-phase solvents released into the aquifer would penetrate to a 

considerable depth below the water table and comprise a long-term source of 

contamination. 

The remedial measures for the overall plume involved on-site 

pumping wells, off-site pumping wells and a resumption of pumping and 

treatment of the municipal water supply well. This discussion will only 

consider the performance of the on-site pumping because this area includes 

the source zone. 

The on-site pumping system consisted of up to 13 wells. Seven of the 

wells operated almost continuously from mid-1978 until late-1984 when on­

site pumping ceased. These wells are shown in Figure 8-9a. The other wells 

operated for shorter intervals during this time period. Three of the pumping 

wells yielded from 250 Lim.in. to 390 Llmin. and the remaining 10 wells 

yielded from 20 Lim.in. to 40 Llmin. A typical pumping rate for the overall 

system was about 1,100 Lim.in. The discharge from the pumping system was 

treated by air stripping and recharged to the aquifer by spray irrigation along 

the western side of the plant site. 

By late 1984, aqueous concentrations in the aquifer zone had been 

reduced significantly from levels of 1,000 to 2,000 µg/L down to 10 µglL or less 

(see Figures 8--10 and 8-lOb). During this time period a total of 3,400,000,000 L 

of groundwater and 4,840 kg of solvents had been removed by the on-site 

pumping system. Reductions down to low microgram per litre 

concentrations occurred in monitoring wells and pumping wells throughout 
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the plume zone except in the area close to the suspected release. Close to the 

release area or probable source zone, sol vent concentrations in 2 pumping 

wells were also reduced significantly but declined only to concentrations of 

300 µg/L to 500 µg/L. 

Although it was not recognized in 1984, the continued elevated 

concentrations LT'\ the pumping wells close to the suspected source zone 

indicated an on-going source of contamination, which is likely DNAPL 

solvents below the water table. The reduction in concentrations in pumping 

wells close to the source zone are largely due to dilution of contaminated 

water from the source zone with uncontaminated or less-contaminated water 

draw from outside the source zone. 

In late 1984, the state environmental regulatory agency determined that 

the remedial measures had reached the appropriate clean-up target for the 

majority of the plume area, and had reached the point of diminishing returns 

for the release area. With this conclusion, groundwater pump-and-treat was 

ceased. 

Within about 6 months to 9 months after groundwater pumping 

ceased, monitoring indicated that concentrations had begun to rise in the 

wells close to the source zone. Eventually, concentrations in several of the 

wells rose to levels higher than were observed in 1978. By mid-1989, about 

4.5 years after pumping had ceased, the dissolved solvent plumes extended 

again beyond the eastern plant boundary (see Figures 8-lla and 8-llb). The 

regrowth of the plume was clear evidence of a DNAPL source zone below the 

water table. 

Further evidence of the nature of the DNAPL source zone in the 

aquifer was derived from multi-level monitoring wells. The majority of the 

monitoring at the site was conducted in well screened over the entire 

saturated thickness of the aquifer. In 1985, 3 water samplers (42s, 42i and 42d) 
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was installed in the upper, middle and lower portions of the aquifer within 

about 10 m to 20 m of the suspected source zone. These samplers were 

monitored regularly during the period after the groundwater pump-and-treat 

operations ceased and the results are shown in Figure 8-12. Moderate 

concentrations occurred in the upper part of the aquifer, very low 

concentrations occurred in the middle part of the aquifer, and the highest 

solvent concentrations occurred at the bottom of the aquifer. This suggests 

that DNAPL exists in the upper and lower portions of the aquifer. The 

DNAPL in the upper portion of the aquifer is likely in the form of residual 

and thin pools. The DNAPL in the lower portion of the aquifer may be in the 

form of a thicker pool on top of the clay aquitard. 

In 1990, the groundwater pump-and-treat system was reactivated with a 

network of 4 pumping wells: one at the source zone, one close to the middle 

of the plumes, and two at the eastern boundary of the plant site. The goals of 

this pump-and-treat system are containment of the plumes to prevent further 

migration off-site and eventual restoration of the aquifer in the plume zone. 

It is hoped that in several years the aqueous plumes will be again eliminated 

and containment of the source zone can be provided by pumping of the one 

well near the source zone. 

8.3.2 DNAPL SOURCE ZONE 

The DNAPL source zone remaining in the aquifer likely consists of 

residual and multiple pools or layers at various depths within the aquifer as 

well as at the bottom of the aquifer. Because of the expected spatial variability 

of the DNAPL distribution, an inordinately detailed program of soil borings 

and soil sampling would be necessary to attempt to define the distribution 

and mass of the DNAPL zone and is not feasible. 

There are no records from the industrial facility regarding leaks or 

spills which would permit an estimate of the possible chemical mass present 
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in the aquifer. The only information on the magnitude of the DNAPL source 

zone is that a total of 4,840 kg of aqueous-phase solvents were removed from 

the groundwater pumping system from 1978 to 1984. Of this total, 2,150 kg 

were removed from pumping well GW-32 adjacent to the expected source 

area. In crude terms, mass removed from GW-32 represents the mass 

dissolved from the source zone from 1978 to 1984. The difference between the 

total mass removed and the mass removed from GW-32, about 2,690 kg, 

represents the mass dissolved from the source prior to 1978. Although the 

regrowth of the plumes and the vertical pattern of groundwater 

contamination confirms that substantial DNAPL remains in the aquifer, the 

chemical mass remaining is not known. 

8.3.3 AQ.uEous CONCENTRATIONS AND RATIOS IN cw-32 

During operation of the groundwater pumping system from 1978 to 

1984, the PCE and TCA concentrations in GW-32 declined. These data are 

shown in Figure 8-13. It is evident also from this figure that the relative 

proportion of TCA in the groundwater in GW-32 declined with time relative 

to PCE. TCA is the more soluble of the two compounds so that the 

preferential removal of TCA would be expected for the dissolution of a PCE­

TCA NAPL source zone. 

The change in PCE/TCA ratio versus time is shown in Figure 8-14. 

The initial PCE/TCA ratio was about 0.5 and increased to about 5 during 

pumping. The change in PCE/TCA ratio versus chemical mass removed is 

shown in Figure 8-15. 

Based on the initial aqueous concentrations measured in GW-32, the 

mole fractions for TCA and PCE were calculated using equation 8-3 and 

converted to weight% concentrations for input to the ESM. The results of 

these calculations are shown in Table 8-3. The DNAPL source zone was 

estimated to be comprised of 26% TCA and 74% PCE. 
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The properties of the components used as input parameters to the ESM 

are shown in Table 8-4. The aquifer was assumed to have a dry bulk density 

of 1,809 kg/ m3, at total porosity of 0.33 and a fraction organic carbon (f0 c) of 

0.0002. The initial NAPL content was assumed to be 20 L/m3. Using these 

parameters values, simulations were performed for 1-cell, 2-cell and 5-cell 

configurations. The results of these simulations are shown in Figure 8-16. 

The values of cumulative mass removed from GW-32 were converted 

to NAPL mass remaining for assumed initial NAPL source zone masses 

4,000 kg, 5,000 kg and 6,000 kg. These data were combined with the measured 

aqueous concentration ratios and plotted with the ESM simulations. The 

measured PCE/TCA ratios for an assumed 5,000 kg source zone are shown in 

Figure 8-17. The measured ratios compare best with the 5-cell configuration 

curve. 

Measured PCE/TCA ratios for assumed NAPL sources of 6,000 kg and 

4,000 kg are shown in Figures 8-18 and 8-19, respectively. These data are 

substantially different from the assumed 5,000 kg source and do not match 

well with any of the ESM simulation curves. This evaluation suggests that 

the best estimate of the initial source zone mass is about 5,000 kg. With the 

removal of 2,150 kg from the pumping of GW-32, this suggests that a NAPL 

source of 2,850 kg (57% of the initial mass) remained in the source zone at the 

end of pumping in 1984. 

ff the maximum measured PCE/TCA ratio of 8 is compared simply to 

the curve for the 1-cell configuration of the ESM, it is predicted that 0.55 of the 

NAPL source has been removed. Based on the measured mass removal from 

GW-32 of 2,150 kg, the 1-cell curve yields an estimated source mass of 3,900 kg. 

This value does not differ greatly from the value of 5,000 kg estimated from 

the 5-cell configuration. 
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In this particular case, these mass estimates must be considered as 

minimum values because of the high likelihood of the presence of a thick 

(i.e. greater than several centimetres) DNAPL pool at the bottom of the 

aquifer. For a thick pool of DNAPL, PCE/TCA ratios in the groundwater may 

change in response to changes in NAI>L composition and mass depletion at 

the top of the pool, but not deeper in the pool. As a result, the presence of the 

chemical mass deeper in the pool will not be reflected in the NAPL mass 

estimated from the aqueous concentration ratios. 

Unlike the laboratory experiments and controlled field experiments 

described in Chapters 5, 6 and 7, there is no knowledge of the actual source 

mass at the Dayton site with which to compare the ESM estimates. This will 

be the case at almost all real sites of NAPL contamination because of 

uncertainty in the quantity of NAPL released and difficulty in direct sampling 

and analysis of NAPL source zones. 

8.4 CONDITIONS FOR APPLICATION OF THE ESM METHOD 

On the basis of the favourable comparison to laboratory and controlled 

field experiments, it is evident that the Effective Solubility Model (ESM) may 

provide a useful tool to relate changes in aqueous concentration ratios to the 

chemical mass remaining in multi-component NAPL residual. The ESM, 

together with groundwater monitoring data, has the potential to provide 

estimates of the chemical mass contained in NAPL residual zones. 

For the case of the Emplaced-Source experiment, using only the 

monitoring results from pumping well PW-2 situated 25 m downgradient of 

the source zone, the NAPL source mass estimated using the ESM was within 

30% of the actual NAPL mass using the 1-cell configuration of the ESM, and 

within 20% using the 5-cell configuration of the ESM which provided a better 

match between the measured and predicted ratios. This degree of error is far 

less than would be expected for mass estimates based on the sampling and 
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analysis of soil samples. The mass estimate using the ESM could be made 

using only the measured aqueous concentrations in PW-2, and the general 

physical and chemical properties for the NAPL components and aquifer. No 

specific assumptions were required regarding the actual dimensions or 

geometry of the source zone, groundwater flow conditions through the 

source zone, or dissolution mass transfer coefficients. 

At the Dayton site, the presence of a DNAPL source zone was clearly 

indicated by the regrowth of the aqueous-phase plumes after the cessation of 

pumping in 1984. The use of the ESM with the measured PCE/TCA ratios 

yielded an estimate of 5,000 kg for the NAPL source zone, reflecting the 

removal of 43% of the mass by GW-32 during pumping. This means that an 

estimated 2,850 kg, or 57% of the source zone, remained in the aquifer at the 

end of 1984. This method is, at present, the only means that has been applied 

to estimate the mass of the DNAPL source zone. 

This research has illustrated the potential for the ESM method to 

provide useful estimates of the chemical mass contained in multi-component 

N APL residual zones in porous media. In many situations, the ESM method 

could be employed for estimation of mass in NAPL zones with existing 

groundwater monitoring data, especially for sites with operating groundwater 

extraction systems close to NAPL source zones. In contrast, programs for 

sampling and analysis of soil, or partitioning interwell tracer tests for 

estimates of the mass in NAPL zones will require specific field studies which 

are likely to be costly, especially for large suspected NAPL source zones. 

However, it must be recognized that the ESM method has been tested 

only for small-scale laboratory studies and for two moderate-scale field 

experiments in sandy aquifer materials. There are numerous specific 

conditions required for its application which include the following: 
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• The NAPL must consist of multiple components and occur in 

porous media. The ESM method is not applicable for single­

component NAPL, or for fractured media, or fractured porous 

media. 

• There must be sufficient differences in the solubilities of the NAPL 

components to result in preferential dissolution of the more soluble 

components. 

• Raoult' s Law must be suitable for determining the effective 

solubility of the NAPL components. The ESM method will be most 

suitable for relatively simple mixtures of chlorinated solvents or 

hydrocarbons. 

• The NAPL source zone must not contain different NAPLs of 

different chemical composition. Site history and groundwater 

monitoring data may provide information on the nature of NAPL 

releases to assess this condition. 

• The record of groundwater monitoring must be of sufficient 

duration and detail to define trends in aqueous concentration ratios 

and chemical mass released from the NAPL source zone. This is 

best accomplished for a groundwater extraction system which 

captures the entire mass flux from the NAPL source zone. 

• Aqueous concentration ratios measured in the groundwater must 

not have been altered by sorption processes in the aquifer between 

the source zone and monitoring location. This condition is most 

likely to be satisfied at monitoring locations close to the source 

zone, or for contaminants such as chlorinated solvents and low 

molecular weight hydrocarbons which do not sorb strongly on most 

geologic materials. 



477 

• Aqueous concentration ratios measured in the groundwater must 

not have been altered by biodegradation processes within the NAPL 

source zone or in the aquifer between the source zone and 

monitoring location. Groundwater monitoring data may provide 

information on whether biodegradation reactions have occurred, or 

are likely to occur. 

• NAPL must occur as residual or thin pools. The ESM method is not 

applicable to thick NAPL pools. 

• NAPL residual must be available for dissolution into groundwater 

flowing through the source zone. The ESM method is not 

applicable in situations where a significant portion of the NAPL 

mass is contained in zones of lower permeability. In such 

situations, estimates of NAPL mass using aqueous concentration 

ratios will reflect the NAPL mass contained in areas accessible to 

groundwater flow and will underestimate the total NAPL mass. 

For the majority of the aforementioned conditions, it will be possible to 

render a reasonable judgment as to whether they are satisfied at a particular 

site of NAPL contamination. However, this is not likely to be the case for 

conditions related to the physical distribution of the NAPL. Investigations of 

the geologic conditions and chemical distribution within NAPL source zones 

are rarely sufficient to establish whether thick NAPL pools or zones of NAPL 

isolated in lower permeability zones are present or absent. 
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Table 8-1. Calculation of initial NAPL source composition based on 

aqueous concentrations in PW-2. 

Measurement 

Initial Concentration in 
PW-2 (ua/L) 

Pur~phase Solubility 
(LLQ/L) 

Concentration/Solubility 
Ratio 

Cakulated Mole Fraction 
in NAPL 

Weiaht % in NAPL 

Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachloroethylene 

TCM 

2,800 

8,700,000 

3.2 X 10-4 

0.052 

4.2 

TCE PCE Total 

4,100 700 

1,400,000 240,000 

2.9 X 10-3 2.9 X 10-3 

0.474 0.474 1.000 

18 

42.4 53.4 100.0 
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Table 8-2. Composition and properties of the components in the NAPL in 

the source zone used as input parameters in the ESM 

simulations for the PW-2 data. 

Parameter 

Molecular Mass (a/moo 

Densitv (kQ/m3) 

Pure-ohase Solubilitv (WJ/L) 

Koc {mUg} 

Comoosition (wt.%) 

Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachloroethylene 

TCM 

119.4 

1,490 

8,700,000 

56 

4.2 

TCE PCE 

131.5 165.8 

1,470 1,630 

1,400,000 240,000 

93 302 

42.4 53.4 
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Table 8-3. Calculation of initial NAPL source composition based on 

aqueous concentrations in GW-32. 

Measurement TCA 

Initial Concentration in 2,750 
PW-32 lunlL) 

Pure-phase Solubility 1,250,000 
(unll) 

Concentration/Solubility 
Ratio 

2.2 X ,o-3 

Calculated Mole Fraction 0.30 
in NAPL 

Weiaht % in NAPL 26 

Key: 
TCA - 1,1,1-Trichloroethane 
PCE - Tetrachloroethylene 

PCE Total 

1,240 

240,000 

5.2 X 10-3 

0.70 1.000 

74 100 
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Table 8-4. Composition and properties of the components in the NAPL in 

the source zone used as input parameters in the ESM 

simulations for the Dayton data. 

Parameter 

Molecular Mass (a/moO 

Densitv llca/m3) 

Pure-Dhase Solubility (uo/L) 

Koc (mUg) 

Comoosition {wt.%) 

Key: 
TCA - 1,1,1-Trichloroethane 
PCE - Tetrachloroethylene 

TCA PCE 

t33.4 t65.8 

1,370 1,630 

1,400,000 240,000 

126 302 

26 74 



482 

10 
--I 

I 

JI [.}17 

1.lu,/" r • 

~ 
V -, ; 

ll - j .. ; 

"v .JY-iV"'V"~ • ••• . , • • ' .. 
' .. 

• . ·• . " , .. --TCE/TCM . ' " ~· ........ - - • - - - • PCE/TCM 
' ( 

. . . 
. • ~ ,! I, - - - - PCE/TCE .. .. :. :; . - .-, ,. . -

I •• 
" 

• I • ~"" .. , ' ' V • •' 
,., . 

' 
..,., . . 

' " ,.,,. \ .,,, -, .. , 
' . I ' . 1, J~ A, ... . - I ,.. -" " 

1 I ,, 
0.1 ' 

450 500 550 600 650 700 

Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachloroethylene 

Time (days) 

Figure 8-1. Change in aqueous concentration ratios versus time 
at the pumping well PW-2. 

File:PW-2 Exp. Equilibrium.EXCUPW-2 Comparison 



483 

10 .. , 
I 

A, II 
,AJ'r,, , 
' . , 

& ... 1 ~ • • vv ~ ,- yv • ~ ~■-
" . I I . 

• 
• I I 
I• I 

r ., -._. ·~ 
I ~ • . ! ii•! ' .. 

,_ !' ... ;; - ,, -,1 
I • . -· .. -.· I ' 

- • r rt 1/ I :. • ol _,., '" _ .. I -
I :,, l'I'/ ,;1 ... -1 

I , .. , :, ,, Al I , .... 
' 

.. -, ,._ ""-\ rl 

' ,, 0.1 
0 500 1,000 1,500 2,000 

Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachloroethylene 

Mass Removed {g) 

--TCE/TCM 
------- PCE/TCM 
----PCE/TCE 

2,500 

Figure 8-2. Change in aqueous concentration ratios versus chemical 
mass removed at the pumping well PW-2. 

File:PW-2 Exp. Equilibrium.EXCVPW-2 Companson 



~ 
UJ u ...... 

484 

I 
I ,, 

• PW-2 
--ESM 1-Cell 
---- - - -ESM 2-Cell 

1-----+----+-...,.tJC--1-------1 1- - - - ESM 5-Cell 

• • 1 -+-___ ......, ___ ___, _________ ____. 

1.00 0.95 

Key: 
TCM - Chloroform 
TCE - Tridtloroethylene 
PCE-Tetrachloroethylene 

0.90 0.85 0.80 

NAPL Remaining 

Figure 8-3. Measured TCE/TCM ratios for a 17,000 g NAPL source 
compared to the ratios predicted by ESM. 

File:PW-2 Exp. Equilibrium.EXCUPW-2 Comparison 



485 

10 
I 

6 
__. 
-

I . , , 
I I 
~ , 

I I 
I .... 

• 7 ,1/ I I 

1 Jl
' / I 

/-- ,,. 
..-. -

- -- ~ 

• PW-2 
--ESM 1-Cell 
- -- ---- ESM 2-Cell 

•. ..,... -•~' 
• ·~ - .J-

-
- - - - ESM 5-Cell 

~ I'. ... - ,I✓ 
19"' --- ; ___.........~ - _,, 
~ --.=--- -

.... 
•• 

0.1 

1.00 0.95 0.90 0.85 0.80 

Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachloroethylene 

NAPL Remaining 

Figure 8-4. Measured PCE/TCM ratios for a 17,000 g NAPL source 
compared to the ratios predicted by ESM. 

File:PW-2 Exp. Equilibrium.EXCUPW-2 Comparison 



486 

1 

• .... 
• ..... • PW-2 

• .. ,~ ~· . --ESM 1-Cell 
... - - - - - - - - ESM 2-Cell , ... . ~ •• • ~ • - -----

... ----ESM 5-Cell; 

• • - ____ ...... -•-

=
_ .. _______ ___ .. -- - - -

.. ... 
• 0.1 

1.00 0.95 0.90 0.85 0.80 

Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachloroethylene 

NAPL Remaining 

Figure 8-5. Measured PCE/TCE ratios for a 17,000 g NAPL source 
compared to the ratios predicted by ESM. 

File:PW-2 Exp. Equilibrium.EXCUPW-2 Comparison 



487 

100 
II 

,. , 
I 

I 
, 

~ 

I • 
I ' I 

I • 
" " ::E 

V 
t:: 10 

I 
J 

I 
,,,"-"/"' PW-2 • 

ESM 1-Cell LU 
V 
I-

1 

,,,,d' 

~ 
... -, 
~ 

,,,,,,,,- /:. "' ·"" ., .~ ....... • 
.....-~ ... ~~ ..... ~· ... 
~-z....,._ ... 

► • • 
1.00 0.95 0.90 

-
I . -

I . ~ •-
~ - .. .JI' ..... 

.::,, .... - -~.--....-
~~ 

-♦ 

0.85 

NAPL Remaining 

Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachloroethylene 

-------ESM 2-Cell 
- - - - ESM 5-Cell 

0.80 

Figure 8-6. Measured TCE/TCM ratios for a 12,000 g NAPL source 
compared to the ratios predicted by ESM. 

: 

File:PW-2 Exp. Equilibrium.EXCUPW-2 Comparison 



100 

• ··-~ • • • • 
1 
1.00 0.95 

Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachloroethylene 

488 

• 
-, 

7 
_I 

I 
~ 

I • 
I • 

I • • I . 
, I, • PW-2 I , 

,,·· / 
' 

i 

- ESM 1-Cell i 
IT " -------ESM 2-Cell j • ~ . -

• ~'...,,,,,,, 
- -- .JIii' ----ESM S-Cell 1 - A' 

,-✓ 

- , ',, 

- ~ . ,, ., 
--

0.90 0.85 0.80 

NAPL Remaining 

Figure 8-7. Measured TCE/TCM ratios for a 22,000 g NAPL source 
compared to the ratios predicted by ESM. 

File:PW-2 Exp. Equilibrium.EXCUPW-2 Comparison 



-189 

Figure 8-8. Location of the Dayton, New Jersey site. 
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9. SUMMARY AND CONCLUSIONS 

This thesis has described the development and evaluation of a method 

to estimate the mass of chemicals contained in NAPL zones. The principal 

tool of this method is the Effective Solubility Model (ESM) which is used to 

relate changes in aqueous concentration ratios in groundwater emitted by 

dissolution of residual NAPL to the mass remaining in the NAPL. Changes 

in aqueous concentration ratios measured in groundwater near a NAPL 

source zone are compared to the results of ESM simulations to estimate the 

chemical mass contained in the NAPL zone. 

9.1 DETERMINATION OF EFFECTIVE SOLUBILITY 

The ESM relies on the principle that the aqueous concentration, or 

effective solubility, of contaminants in groundwater in equilibrium with a 

multi-component NAPL can be determined from the chemical composition 

of the NAPL according to Raoult's Law. Based on laboratory studies it is 

evident that Raoult's Law provides a relatively accurate means for the 

calculation of effective solubility for mixtures of structurally similar 

compounds such chlorinated solvents or chlorinated benzenes. Raoult's Law 

predictions of effective solubility vary from measured values by 10% to 30%, 

or less, for such mixtures. Predictions vary from measured values by 25% to 

50%, or less, for mixtures of structurally dissimilar compounds such as 

aromatic and aliphatic hydrocarbons, typified by gasoline. The potential error 

in effective solubility values predicted by Raoult' s Law is comparable to, or 

smaller than the uncertainty associated with the chemical analysis of 

groundwater samples. 

Raoult's Law is less suitable for NAPL comprised of coal tar, creosote, 

chlorophenols, nitrophenols and high molecular weight hydrocarbons. 

Raoult' s Law will not be suitable when the groundwater contains high 
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concentrations of total dissolved solids, miscible co-solvents, surfactants or 

dissolved organic matter. 

Predictions of effective solubility using activity coefficients calculated 

by UNIFAC are not substantially more accurate than simple Raoult's Law 

predictions for most simple or complex NAPL mixtures. In the majority of 

circumstances in groundwater, Raoult's Law will be the most reliable method 

for the prediction of effective solubility of organic contaminants derived from 

the dissolution of multi-component NAPL. 

9.2 PiuNCIPLES FOR DISSOLUTION OF MULTI-COMPONENT NAPL 

Theoretical pore-scale models and empirical laboratory models of 

NAPL dissolution suggest that the rate of mass transfer and resultant aqueous 

concentrations emitted by dissolution of multi-component NAPL residual 

will be determined primarily by the effective solubility of the NAPL 

components, for a given NAPL source and set of water flow conditions. The 

effective solubilities of NAPL components are determined by the NAPL 

composition. 

Changes in the NAPL composition due to preferential dissolution of 

higher-solubility components will be reflected in the aqueous concentrations 

emitted from the NAPL residual at later times. However, in a field setting it 

will not be possible to relate the magnitude of aqueous concentrations in the 

groundwater to the composition of the NAPL residual zone because of 

uncertainty in the exact size and geometry of NAPL residual zones, and the 

unknown degree of dilution reflected in the contaminant concentrations 

found in monitoring or extraction wells. In addition, non-equilibrium. mass 

transfer may occur under conditions of low NAPL residual saturation or high 

groundwater velocity. However, because dilution and non-equilibrium mass 

transfer should affect all dissolved contaminants to the same degree, 
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information about the composition of NAPL residual reflected in the ratios of 

aqueous concentrations may be preserved. 

The preliminary study by Feenstra (1990) suggested that estimates of the 

chemical mass in NAPL residual zones may be possible using changes in 

measured aqueous concentration ratios in groundwater, together with 

predicted changes derived from a 1-cell configuration of the Effective 

Solubility Model (ESM). 

For dissolution of multi-component NAPL in short-length laboratory 

column experiments or shake-flask experiments, the composition of the 

NAPL may change with time but it is relatively homogeneous at any point in 

time. However, at real sites of NAPL contamination, the flow path of 

groundwater through the NAPL residual zone may be sufficiently long that 

the aqueous concentrations and NAPL composition in the upgradient portion 

of the NAPL zone may differ from that in the downgradient portion of the 

NAPL zone. Aqueous concentrations emitted from the upgradient portion of 

the NAPL residual may be modified by exchange with NAPL of different 

composition in the downgradient portion of the NAPL zone. This potential 

effect is referred to as a "chromatographic effect". ESM must be extended to 

account for different conditions along the groundwater flow path through the 

NAPL zone in order to simulate this effect. 

The ESM relies on the principle that the aqueous concentrations in the 

groundwater can be determined from the chemical composition of the NAPL. 

This principle is applicable for zones of NAPL residual. It may applicable also 

for thin NAPL pools, but will not be applicable for thick NAPL pools. 

Dissolution of NAPL pools talces place along the top of the pool. Aqueous 

concentrations extend upward into the aquifer as a result of vertical 

dispersion. Because this vertical dispersion is essentially a dilution effect, the 

average aqueous concentration ratios in the groundwater flowing over the 

NAPL pool may reflect the NAPL composition within the NAPL layer 
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provided that the pool has a uniform chemical composition throughout its 

thickness. This may occur for thin pools where the diffusion within the 

NAPL is sufficiently rapid to replenish the more soluble contaminants 

dissolved from the top of the pool. This is unlikely to be the case for thick 

pools, so that the aqueous concentrations in groundwater at the top of the 

pool will not reflect the overall chemical composition of the pool. 

Consequently, the ESM is not applicable to NAPL pools. 

9.3 EFFECTIVE SoLUBIUTY MooEL (ESM) 

The Effective Solubility Model (ESM) was developed to provide a 

method of describing the changes in aqueous concentrations of organic 

contaminants emitted from the dissolution of a multi-component zone of 

NAPL residual. In its simplest form, the ESM represents a single cell, of unit 

volume, L.T\ which clean water enters the cell and equilibrates with NAPL. 

Aqueous concentrations are calculated according to Raoult's Law and the 

NAPL composition. The water leaves the cell, the masses of the components 

transferred to the water from the NAPL are calculated, and a new NAPL 

composition is determined. 

A 1-cell configuration of the ESM cannot simulate the 

chromatographic effect on aqueous concentrations expected in NAPL residual 

zones where the groundwater flow path is long. To account for this effect, the 

ESM was extended to simulate a series of equilibration cells linked 

sequentially. The equilibration calculations within each cell take the total 

chemical mass and allocate appropriate proportions to the NAPL, sorbed and 

aqueous-phases according Raoult's Law and linear partitioning relationships. 

For each equilibration step for each cell, the calculated sorbed-phase and 

NAPL-phase chemical mass is retained within the cell and the calculated 

aqueous-phase chemical mass is passed to the next downgradient cell for the 

next equilibration step. 



The results of ESM simulations are most sensitive to the NAPL 

composition, the pure-phase solubilities of the NAPL components, and the 

number of equilibra ti.on cells specified in the model. The number of cells 

reflects, generically, the length of NAPL residual zone and the degree of the 

chromatographic effect on the aqueous concentrations. The results of the 

ESM simulations are insensitive to the other model input parameters: 

fraction organic carbon in the aquifer, porosity or initial NAPL content. 

9-4 COMPARISON TO LABORATORY STUDIES 

ESM simulations were compared to the results of three published 

laboratory column dissolution experiments. In each experiment, the NAPL 

composition and mass of NAPL placed in the column was known, and the 

aqueous concentrations emitted from the column were measured. Aqueous 

concentration ratios and the NAPL mass remaining were determined from 

the experimental data. For two of the laboratory experiments, the measured 

aqueous concentration ratios compared favourably with the concentration 

ratios predicted by 1-cell or 2-cell configurations of the ESM. These results 

indicate little or no chromatographic effect on the aqueous concentrations 

during flow through the NAPL residual. For one of the experiments, the 

measured ratios compared most favourably with ratios predicted by a 10-cell 

configuration of the ESM. This indicates a chromatographic effect during 

flow through the NAPL residual. 

9.5 CoMPAJUSON TO THE EMPLACEn-SouRCE EXPERIMENT 

A controlled field-scale dissolution experiment, referred to here as the 

Emplaced-Source Experiment, was conducted to examine the dissolution of a 

residual NAPL source of chlorinated solvents in a sandy aquifer. This 

experiment allowed examination of the dissolution of a NAPL source zone 

larger than those represented in laboratory experiments. A residual NAPL 

source zone of known mass, composition and geometry was emplaced 
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directly in the groundwater zone, and the aqueous concentrations emitted 

from the NAPL zone were measured. Aqueous concentration ratios and the 

NAPL mass remaining were determined from the experimental data. 

The results of the Emplaced-Source experiment indicate that the 

changes in aqueous concentration ratios measured during dissolution of the 

NAPL source can be predicted with reasonable accuracy using a 5-cell 

configuration of the ESM. This indicates a chromatographic effect on the 

aqueous concentrations during flow through the source zone. Despite the fact 

that NAPL source zone in the field experiment was larger in size than the 

NAPL zones considered in laboratory experiments, a larger number of cells 

was not required. This suggests that the length of size of the NAPL zone is 

not the only factor which will determine whether a chromatographic effect 

results during flow through NAPL residual. Other factors such as the pore­

scale distribution of NAPL and pattern of groundwater flow also likely 

determine whether a chromatographic effect occurs within a NAPL source 

zone. 

9.6 COMPARISON TO FREE-RELEASE EXPERIMENT 

A second controlled field-scale dissolution experiment, referred to here 

as the Free-Release Experiment, was conducted to examine the dissolution of 
• 

a residual NAPL source of chlorinated solvents in the sandy aquifer at the 

Borden. A NAPL of known mass and composition was released directly in 

the groundwater zone inside a steel sheet piling test cell. The NAPL was 

permitted to distribute itself in the aquifer and form an irregular NAPL zone. 

Utilization of an irregular NAPL source zone distinguishes this experiment 

from the Emplaced•Source experiment which utilized a NAPL source zone of 

regular geometry. Horizontal groundwater flow was induced in the test cell 

and the aqueous concentrations emitted from the NAPL zone were 

measured. Aqueous concentration ratios and the NAPL mass remaining 

were determined from the experimental data. 
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The results of the Free-Release experiment indicate that the changes in 

aqueous concentration ratios measured during dissolution of the NAPL 

source can be predicted with reasonable accuracy using a I-cell configuration 

of the ESM. This is the case despite the fact that the geometry of the NAPL 

source zone was complex and contained both residual NAPL and thin NAPL 

pools. 

Area-averaged and vertically•averaged concentrations provide 

measured ratios that compared well with the I-cell configuration of the ESM. 

However, the ratios measured at a specific monitoring point in the aqueous­

phase plume required a 5-cell configuration of the ESM for the best match. 

This experiment illustrates that the relationship between aqueous 

concentration ratios and NAPL remaining may be different at different 

locations for complex NAPL source zones. In such circumstances, area­

weighted averaged concentrations such as reflected in a groundwater 

extraction well would be preferable to concentrations measured in individual 

monitoring wells. 

9.7 APPLICATION OF THE ESM METHOD FOR EVALUATION OF NAPL SITES 

A methodology was developed for how the ESM can be used, together 

with groundwater monitoring data, to estimate the chemical mass contained 

in multi-component NAPL residual zones. 

The first step in the comparison of field data to the ESM is to perform a 

series of ESM simulations using the NAPL composition and aquifer 

properties defined for the site. Simulations should be performed for a range 

of cell configurations to produce a family of dissolution curves for the NAPL 

showing the change in aqueous concentration ratios versus the NAPL 

remaining. For a given NAPL composition, the different curves in a family 

will have distinctly different shapes as the number of cells increases. 



If the 1 ... cell configuration of the ESM were known to be always the 

most applicable, the aqueous concentration ratio measured at the site at a 

given time could be related simply to the ratio from the 1 ... cell curve of ESM 

and the NAPL remaining determined directly. However, the most 

appropriate cell configuration is not known a priori so that the measured 

ratios must be compared to the different curves to evaluate the best match. 

The data on measured aqueous concentration ratios and corresponding 

values of cumulative mass removed from the site are used for comparison to 

the ESM simulations. The cumulative mass removed is expressed as NAPL 

mass remaining, calculated based on a series of estimates of the initial NAPL 

mass in the source zone. The measured ratios and corresponding values for 

calculated NAPL mass remaining are plotted on the same graph at the ESM 

results for comparison to the family of dissolution curves. The estimates of 

initial NAPL mass are adjusted until the best match is obtained between the 

measured ratios and a particular ESM curve. For the best match, the initial 

mass represents the initial NAPL mass in the source zone at the start of the 

monitoring period. The NAPL mass remaining is given by the value at the 

final measured ratio data point. 

The number of cells required for a match between the measured and 

predicted ratios provides a generic indication of the length of the 

groundwater flow path through the NAPL source zone. A larger number of 

cells is required to simulate the chromatographic effect as aqueous ... phase 

contaminants dissolved from the upgradient portion of the source zone 

interact with NAPL in the downgradient portion of the source zone. The 

longer the flow path through the NAPL zone, the greater the 

chromatographic effect on the aqueous concentrations. 

For the case of the Emplaced ... Source experiment, using only the 

monitoring results from pumpin~ well PW-2 situated 25 m downgradient of 

the source zone, the NAPL source mass estimated within 30% of the actual 
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NAPL mass using the 1-cell configuration of the ESM, and within 20% using 

the 5-cell configuration of the ESM which provided a better match between 

the measured and predicted ratios. This degree of error is far less than would 

be expected for mass estimates based on the sampling and analysis of soil 

samples. The mass estimate using the ESM could be made using only the 

measured aqueous concentrations in PW-2, and the general physical and 

chemical properties for the NAPL components and aquifer. No specific 

assumptions were required regarding the actual dimensions or geometry of 

the source zone, groundwater flow conditions through the source zone, or 

dissolution mass transfer coefficients. 

This research has illustrated the potential for the ESM method to 

provide useful estimates of the chemical mass contained in multi-component 

NAPL residual zones in porous media. However, it must be recognized that, 

at this time, the ESM method has been tested only for small-scale laboratory 

experiments and two moderate-scale field experiments in sandy aquifer 

materials. There are numerous specific conditions required for its application 

which include: 

• Multi-component NAPL in porous media. The method is 

not applicable to fractured media or fractured porous media. 

• Sufficient difference in solubility of components to result in 

preferential dissolution of the more soluble components. 

• Raoult's Law must be suitable for determining the effective 

solubility of the NAPL components. 

• Source zone must not consist of different NAPLs having 

substantially different chemical compositions. 
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• Sufficient record of groundwater monitoring data to define 

trends in aqueous concentration ratios and the chemical 

mass released from the source zone. 

• Aqueous concentration ratios must not be altered by sorption 

processes outside of the NAPL source zone. 

• Aqueous concentration ratios must not be altered by 

biodegradation processes. 

• NAPL residual or thin pools in porous media. The method 

is not applicable to thick pools of NAPL. 

• NAPL must be available for dissolution by groundwater 

flowing through the NAPL source zone. The method is not 

applicable where a significant portion of the NAPL mass is 

isolated in lower permeability zones. 

In most circumstances, site-specific information can be used to 

determine whether these conditions are satisfied. For example, the analyses 

of soil and groundwater samples can be used to identify the contaminants and 

estimate the likely compcsition of NAPL. Information on the wastes or 

chemicals released to the subsurface, together with analyses of soil and 

groundwater can be used to determine the likelihood of NAPLs with different 

compositions in different areas of the site. General information on the 

chemical properties of the contaminants and site-specific information of the 

migration and fate of contaminants can be used to determine whether 

Raoult's Law is applicable, and whether sorption or biodegradation processes 

are likely to have affected aqueous concentration ratios. 

The greatest uncertainty in the application of the ESM method relates 

to the requirement that not NAPL occur in thick pools or isolated in lower 

permeability zones. At most sites, the general location of the NAPL source 
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zone may be known but there is seldom information available on the nature 

of the NAPL distribution. If thick NAPL pools or areas of isolated NAPL are 

present in the source zone and contain significant mass compared to the 

residual zones, the ESM method will underestimate the total chemical mass 

present in the source zone. 
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APPENDIX A 

EVALUATION OF THE ASSUMPTION THAT Y~q - yP - aq 

As described in Section 2.2, the assumption that Y~q = rfq simplifies 

the application of Raoult's Law. In order to evaluate the validity of this 

assumption, UNIF AC was used to calculate y fq for various chlorinated 

organic compounds and BTEX compounds, and Y~q for various mixtures of 

chlorinated organic compounds, BTEX compounds and high-solubility 

organic compounds. 

A total of 12 binary mixtures, one ternary mixture and one quaternary 

mixture of organic compounds dissolved in water were considered. These 

mixtures included: 

Trichloroethylene + Dichloromethane 

Trichloroethylene + 1,2-Dichloroethane 

Trichloroethylene + 1,1,1-Trichloroethane 

Trichloroethylene + Tetrachloroethylene 

Trichloroethylene + 1,2-Dichlorobenzene 

Trichloroethylene + Isopropanol 

Trichloroethylene + Acetone 

Trichloroethylene + 1,1,1-Trichloroethane + Tetrachloroethylene 

For most of the binary and ternary mixtures, the aqueous concentration 

of each organic compound was assumed to be 10% of its respective pure-phase 

solubility value. Aqueous concentrations ranging from 0.2% to 10% were 
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used for isopropanol and acetone. For the quaternary mixture of benzene, 

toluene, ethyl benzene and xylene, the aqueous concentrations were selected 

to approximate the maximum concentrations that would in expected in 

groundwater in equilibrium with gasoline. 

In each case, the aqueous-phase activity coefficient for each component 

in the mixture was compared to the aqueous-phase activity coefficient for the 

pure compound at infinite dilution. All activity coefficients were calculated 

using the computer code PC-UNIFAC Version 4.01. The results of these 

calculations are shown in Tables A-1, A-2 and A-3. 

In all cases where the aqueous concentrations of the components are 

less than about 1,000 mg/L, the difference between the aqueous-phase activity 

coefficient for the mixture and the activity coefficient for the pure compound 

is less than 1 % (or a ratio of 0.99 to 1.01). For such cases it is appropriate to 

i p 
assume that Yaq = Yaq • 

For mixtures in which the aqueous concentrations exceed 1,000 mg/L, 

the differences are greater between the aqueous-phase activity coefficient for 

the mixture and the activity coefficient for the pure compound. In the cases 

for miscible organic compounds such as isopropanol and acetone at percent­

level concentrations, the aqueous-phase activity coefficients in the mixture 

may be reduced from the activity coefficient of the pure compound by a factor 

of 5 times. 

1 PC-UNIFAC Version 4.0 (1993). Available commercially from bri, inc., P.O. Box 7834, 
Atlanta, Georgia 30357-0834. 
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Table A-1. Comparison of aqueous-phase activity coefficients (r~q) in 

mixtures with aqueous-phase activity coefficients for pure 

organic compounds ( y fq ) at infinite dilution. 

Compound Aqueous Cone. i p Ratio 
(mg/L) Yaq Yaq p ; 

Yaqlraq 

Mixture 1 

Trichloroethvlene 140 15,010 15,290 1.019 

Dichloromethane 2,000 106.4 107.1 1.007 

Mixture 2 

Trich loroethvlene 140 1 s. 110 15,290 1.012 

1,2-Dichloroethane 870 663.1 666.8 1.006 

Mixture 3 

Trichloroethvlene 140 15,240 15,290 1.003 

1, 1, 1-Trichloroethane 125 4,823 4,835 1.002 

Mixture 4 

Trichloroethvlene 140 15,260 15,290 1.002 

Tetrachloroethvlene 24 86,930 87,150 1.003 

Mixture 5 

Trichloroethvlene 140 15,250 15,290 1.003 

1,2-Chlorobenzene 10 165,400 165,800 1.002 
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Table A-2. Comparison of aqueous-phase activity coefficients ( r~q ) in 

mixtures with aqueous-phase activity coefficients for pure 

organic compounds (Yfq) at infinite dilution. 

Compound Aqueous Cone. i p Ratio 
(mg/L) Yaq Yaq p i 

Yaq 1Y aq 

Mixture 6 

Trichloroethvlene 140 3,132 15.290 4.88 

lsoorooanol 100.000 - - -
Mixture 7 

Trichloroethvlene 140 12,730 15,290 1.20 

lsoorooanol 10,000 - - -
Mixture 9 

Trichloroethvlene 140 14.710 15.290 1.039 

lsoorooanol 2,000 - - -
Mixture 10 

Trichloroethvlene 140 3,545 15.290 4.31 

Acetone 100.000 - - -
Mixture 11 

Trichloroethvlene 140 12.980 15.290 1.18 

Acetone 10,000 - - -

Mixture 12 

Trichloroethvlene 140 14,770 15,290 1.035 

Acetone 2,000 - . -
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Table A-3. Comparison of aqueous-phase activity coefficients ( Y~q ) in 

mixtures with aqueous-phase activity coefficients for pure 

organic compounds ( yfq) at infinite dilution. 

Compound Aqueous Cone. i p Ratio 
(mg/L) Yaq Yaq p i 

Yaq1Yaq 

Mixture 13 

Trichloroethvlene 140 15,240 15,290 1.003 

1, 1, 1-Trichloroethane 125 4,822 4,835 1.003 

Tetrachloroethvlene 24 86,800 87,150 1.004 

Mixture14 

Benzene 43 2,413 2,417 1.002 

Toluene 69 12,070 12. 100 1.002 

Ethvl Benzene 3.2 69,110 69.290 1.003 

Xvlenes 5.6 56,370 56.500 1.002 



PLEASE NOTE 

532 

UMI 



APPENDIX B 

ESM IMPLEMENTATION 

The Effective Solubility Model (ESM) was implemented as an 

executable macro programmed in Visual Basic in the spreadsheet Microsoft 

Excel Version 5.0. The macro consists of three modules. The module 

"CopytheData", shown in Listing B-1, reads the input data from worksheet 

named 11lnput" and prepares worksheets named "Output" and "Dissolved 

Concentrations". The worksheet "Output" confirms the input data and 

presents in initial mass of the NAPL components. The worksheet "Dissolved 

Concentrations" presents the calculated aqueous concentrations for each 

equilibration step. The "Equilibrium" module, shown in Listing B-2, uses 

the input data to perform the equilibrium partitioning calculations for a 

given time, or equilibrium, step. The "Multistep" subroutine module, shown 

in Listing B-3, takes the results of the calculations from the "Equilibrium" 

module and sends output to the "Dissolved Concentrations" worksheet, or 

back to the "Equilibrium" module depending on the number of cells specified 

and the number of equilibration steps specified. 

An example of the "Input" worksheet is shown in Table B-1. The 

input data include the chemical and physical properties of the NAPL 

components; the soil properties; the initial NAPL composition; the number 

of time, or equilibration, steps; and the number of cells. 

An example of the "Output" worksheet is shown in Table B-2. An 

example of the "Dissolved Concentrations" worksheet is shown in Table B-3. 

The number of pore volumes present the number of time, or equilibration, 

steps. The calculated water:NAPL ratio (Q), the proportion NAPL mass 

remaining, and the aqueous concentrations of each component, are shown 

for each equilibration step. After the ESM macro is run, the aqueous 

concentration ratios are calculated and plotted within Excel. 
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Table B-1. Example worksheet for input data. 

Program Listing Example 

Component CHex 0MB Hex 
Molecular Mass 84.2 86.2 86.2 
Solubilitv 56.4 20.2 12.3 
Koc 2750 6600 12900 
Density 779 649 660 

Soil Density 1809 
foe 0.0001 
Porosity 330 

Initial Conditions 
Initial NAPL Volume 1 
Initial NAPL Composition 0.37 0.31 0.32 

Number of Timesteos 40 
Number of Cells 1 
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Table B-2. Example worksheet for model output data. 

Proaram Listing Example 

Names of Components CHex DMB Hex 
Molecular Mass (g/mole) 84.2 86.2 86.2 
Solubility (mg/L) 56.4 20.2 12.3 
Koc (mUg) 2750 6600 12900 
Kd (ml/g) 0.275 0.66 1.29 
Densitv (kg/m3) 779 649 660 
Initial NAPL Composition 0.37 0.31 0.32 
Initial NAPL Mass (a) 257 216 223 

Soil Densitv (kg/m3) 1809 
foe 0.0001 
Porosity (Um3) 330 
Initial NAPL Volume (L/m3) 1 
Initial NAPL Density (ka/m3) 696 
Initial Water Volume (L/m3) 329 

Number of Timesteps 40 
Number of Cells 1 
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Table 8-3. Example of worksheet for dissolved concentrations calculated by the model. 

CURRENT TIMESTEP 15 40 OF40 

Proaram Listina Examole 
Dissolved Concentrations ma/U 

Pore VolUIIIB Q NAPL INlainina CHU DMI Hu 
0 347 1.00 20.88 6.27 3.93 
1 695 0.98 20.62 6.30 3.97 
2 t,042 0.97 20.36 6.34 4.00 
3 t,390 0.95 20.t0 6.37 4.04 
4 t,737 0.94 19.83 6.40 4.08 
5 2,084 0.92 19.56 6.44 4.11 
6 2,432 0.91 19.29 6.47 4.15 
7 2,779 0.89 19.02 6.51 4.19 
8 3,127 0.88 18.74 6.54 4.23 
9 3,474 0.86 18.46 6.57 4.27 

10 3,822 0.85 18.18 6.61 4.31 
11 4,169 0.84 17.90 6.64 4.35 
12 4,517 0.82 17.61 6.68 4.39 
13 4,864 0.81 17.33 6.71 4.44 
14 5,212 0.79 17.04 6.74 4.48 
15 5,560 0.78 16.75 6.78 4.52 
16 5,907 0.77 16.45 6.81 4.57 
17 6,255 0.75 16.16 6.84 4.61 
18 6,602 0.74 15.86 6.87 4.66 
19 6,950 0.72 15.56 6.91 4.70 
20 7,298 0.71 15.26 6.94 4.75 
21 7,645 0.70 14.96 6.97 4.79 
22 7,993 0.68 14.65 7.00 4.84 
23 8,341 0.67 14.35 7.03 4.89 
24 8,688 0.66 14.04 7.06 4.94 
25 9,036 0.64 13.73 7.09 4.99 
26 9,384 0.63 13.42 7.12 5.04 
27 9,731 0.62 13.11 7.15 5.09 
28 10,079 0.61 12.80 7.18 5.14 
29 10,427 0.59 12.49 7.21 5.19 
30 10,775 0.58 12.18 7.24 5.24 
31 11,123 0.57 11.87 7.26 5.29 
32 11,470 0.56 l 1.55 7.29 5.34 
33 11,818 0.55 11.24 7.31 5.40 
34 12,166 0.53 10.93 7.34 5.45 
35 12,514 0.52 10.62 7.36 5.50 
36 12,862 0.51 10.31 7.38 5.56 
37 13,209 0.50 10.00 7.40 5.61 
38 13,557 0.49 9.69 7.42 5.67 
39 13,905 0.48 9.38 7.44 5.73 
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Const ROWOFHEADER = 1 
Const ROWOFTITLES = 3 
Const ROWOFMOLECULARMASS = 4 
Const ROWOFSOLUBILITY = 5 
Const ROWOFKOC = 6 
Const ROWOFDENSITY = 7 
Const ROWOFSOILDENSITY = 9 
Const ROWOFFOC = 10 
Const ROWOFPOROSITY = 11 
Const ROWOFINmALNAPLVOLUME = 14 
Const ROWOFINmALNAPLCOMPOSmON = 15 
Const ROWOFNUMBEROAlMESTEPS = 17 
Const ROWOFNUMBEROFCELLS = 18 
Const NUMBEROFCOMPONENTS = 3 
Const FIRSTCOLUMN = 2 
Const ST ARTROWOFOUTPUT = 3 
Const OUTPUTROWOFHEADER = 1 
Const FIRSTOUTPUTCOLUMN = 1 
' 
Sub CopyTheDataO 
' 
Dim Header As String 
Dim NamesofComponents(1 To 20) As String 
Dim MolecularMass(1 To 20) As Double 
Dim Solubility(1 To 20) As Double 
Dim Density(t To 20) As Double 
Dim Kd(1 To 20) As Double 
Dim Koc(1 To 20) As Double 
Dim lnitialNAPLComposition(1 To 20) As Double 
Dim lnitialNAPLMass(1 To 20) As Double 
' 
Dim SoilDensity As Double 
Dim foe As Double 
Dim Porosity As Double 
Dim lnitialNAPLVolume As Double 
Dim lnitialNAPLDensity As Double 
Dim lnitialWaterVolume As Double 
' 
Dim ComponentCounter As Integer 
Dim Numberoffimesteps As Integer 
Dim NumberofCells As Integer 
' 
'Read starting values from 1he spread sheet 
' 
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Header = Cells(ROWOFHEADER, FIRST COLUMN - 1) 
SoilDensity = Cells(ROWOFSOILDENSITY, FIRSTCOLUMN) 
foe = Cells(ROWOFFOC, FIRSTCOLUMN) 
Porosity= Cells(ROWOFPOROSITY, FIRSTCOLUMN) 
lnitialNAPLVolume = Cells(ROWOFINITIALNAPLVOLUME, FIRSTCOLUMN) 
Numberoffirnesteps = Cells(ROWOFNUMBEROFTIMESTEPS, FIRSTCOLUMN) 
NumberofCells = Cells(ROWOFNUMBEROFCELLS, FIRSTCOLUMN) 

'Read component dependent starting values from the spreadsheet 
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For ComponentCounter = 1 To NUMBEROFCOMPONENTS 
NamesofComponents(ComponentCounter) = Cells(ROWOFTITLES, _ 
FIRSTCOLUMN + ComponentCounter - 1) 
MofecularMass(ComponentCounter) = Cells(ROWOFMOLECULARMASS, -
FIRSTCOLUMN + ComponentCounter - 1) 
Solubility(ComponentCounter) = Cells(ROWOFSOLUBILITY. FIRSTCOLUMN _ 
+ ComponentCounter • 1) 
Koc(ComponentCounter) = Cells(ROWOFKOC. FIRSTCOLUMN + -
ComponentCounter - 1) 
Density(ComponentCounter) = Cells(ROWOFDENSfTY, FIRSTCOLUMN _ 
+ ComponentCounter - 1) 
lnitialNAPLComposition(ComponentCounter) = _ 
Cells(ROWOFINITIALNAPLCOMPOSfflON, FIRSTCOLUMN + _ 
ComponentCounter -1) 

Next ComponentCounter 
' 
' calculate initial starting values for Kd, Initial Water Volume, Initial NAPL Density, 
' Initial NAPL Mass far each component . 
lnitialNAPLOensity = 0# 
For ComponentCounter = 1 To NUMBEROFCOMPONENTS 

Kd(ComponentCounter) = Koc(ComponentCounter) • foe 
lnitialNAPLDensity = lnitialNAPLDensity + -
(lnitialNAPLCornposition(ComponentCounter) / Density(CompanentCounter)) 

Next ComponentCounter 
lnitialWaterVolume = Porosity - lnitialNAPLVolume 
lnitialNAPLDensity = 1 # / lnitialNAPLDensity 
For ComponentCounter = 1 To NUMBEROFCOMPONENTS 

lnitialNAPLMass(ComponentCounter) = _ 
lnitialNAPLComposition(ComponentCounter) • lnitialNAPLDensity _ 
• 1nitialNAPLVolume 

Next CornponentCounter 
' 
:Add a new sheet to the workbook and display the output values 

Sheets.Add 
With ActiveSheet 

.Name = • Output• 
End With 
' 
Titles go in the first column of the output sheet 

Cells(OUTPUTROWOFHEADER, FIRSTOUTPUTCOLUMN) = Header 
Cells(ST ARTROWOFOUTPUT, FIRSTOUTPUTCOLUMN) = • Names of Components A 

Cells(ST ARTROWOFOUTPUT + 1, FIRSTOUTPUTCOLUMN) = • Molecular Mass• 
Cells(STARTROWOFOUTPUT + 2, FIRSTOUTPUTCOLUMN) = ·solubility" 
Cells(STARTROWOFOUTPUT + 3, FIRSTOUTPUTCOLUMN) = •Koc• 
Cells(STARTROWOFOUTPUT + 4, FIRSTOUTPUTCOLUMN) = "Kd. 
Cells(STARTROWOFOUTPUT + 5, FIRSTOUTPUTCOLUMN) = ·0ensity· 
Cells(ST ARTROWOFOUTPUT + 6, FIRSTOUTPUTCOLUMN) = "Initial NAPL Composition• 
Cells(STARTROWOFOUTPUT + 7, FIRSTOUTPUTCOLUMN} = •initial NAPL Mass• 
For ComponentCounter = 1 To NUMBEROFCOMPONENTS 

Cells(STARTROWOFOUTPUT, flRSTCOLUMN + ComponentCounter -1) = _ 
NamesofComponents(ComponentCounter) 
Cells(STARTROWOFOUTPUT + 1, FIRSTOUTPUTCOLUMN + ComponentCounter) = _ 
MolecularMass(ComponentCounter) 
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Cells(STARTROWOFOUTPUT + 2, FIRSTOUTPUTCOLUMN + ComponentCounter) =­
Solubility(ComponentCounter) 
Cells(STARTROWOFOUTPUT + 3, FIRSTOUTPUTCOLUMN + ComponentCounter) = _ 
Koc{ComponentCounter) 
Cells(STARTROWOFOUTPUT + 4, FIRSTOUTPUTCOLUMN + ComponentCounter) = _ 
Kd(ComponentCounter) 
Cells(STARTROWOFOUTPUT + 5, FIRSTOUTPUTCOLUMN + ComponentCounter) = _ 
Density(ComponentCounter) 
Cells(STARTROWOFOUTPUT + 6, FIRSTOIJTPUTCOLUMN + ComponentCounter) = _ 
lnitialNAPLComposition(ComponentCounter) 
Cells(STARTROWOFOUTPUT + 7, FIRSTOUTPUTCOLUMN + ComponentCounter) = _ 
lnitialNAPLMass(ComponentCounter) 

Next ComponentCounter 
Cells(STARTROWOFOUTPUT + 9, FIRSTOUTPUTCOLUMN) = •Soil Density• 
Cells(STARTROWOFOUTPUT + 10, ARSTOUTPUTCOLUMN) = •toe• 
Cells(STARTROWOFOUTPUT + 11, FIRSTOUTPUTCOLUMN) = •Porosity• 
Cells(STARTROWOFOUTPUT + 12, FIRSTOUTPUTCOLUMN) = •tnitial NAPL Volume• 
Cells(STARTROWOFOUTPUT + 13, FIRSTOUTPUTCOLUMN) = •initial NAPL Density" 
Cells(ST ARTROWOFOUTPUT + 14, FIRSTOUTPUTCOLUMN) = • tnitial Water Volume" 
Cells(STARTROWOFOUTPUT + 16, ARSTOUTPUTCOLUMN) = •Number of Timesteps" 
Cells(STARTROWOFOUTPUT + 17, ARSTOUTPUTCOLUMN) = • Number of Cells• 
I 

Cells(STARTROWOFOUTPUT + 9, FIRSTOUTPUTCOLUMN + 1) = SoilDensity 
Cells(STARTROWOFOUTPUT + 10, FIRSTOUTPUTCOLUMN + 1) = foe 
Cells{ST ARTROWOFOUTPUT + 11, FIRSTOUTPUTCOLUMN + 1) = Porosity 
Cells{STARTROWOFOUTPUT + 12, FIRSTOUTPUTCOLUMN + 1) = lnitialNAPLVolume 
Cells(ST ARTROWOFOUTPUT + 13, FIRSTOUTPUTCOLUMN + 1) = lnitialNAPLDensity 
Cells(ST ARTROWOFOUTPUT + 14, FIRSTOUTPUTCOLUMN + 1) = lnitialWaterVolume 
Cells(ST ARTROWOFOUTPUT + 16, FIRSTOUTPUTCOLUMN + 1) = NumberoffimestepS 
Cells(STARTROWOFOUTPUT + 17, FIRSTOUTPUTCOLUMN + 1) = NumberofCells . 
'Make the title column wide enough . 
Columns(FIRSTOUTPUTCOLUMN).Select 
Selection.ColumnWidth = 25 
Cells(1, 1 ).Select 

MultiSteps NumberoffimestepS, NumberofCells, NUMBEROFCOMPONENTS, _ 
NamesofComponents, Header, MolecularMass, Solubility, Kd, Density,_ 
lnitialNAPLMass, lnitialWaterVolume, Porosity, SoilDensity 

End Sub 
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Listing B-2. Equilibrium Module. 

Sub Equilibrium(Components, MolecularMass, Solubility, Kd, Density, lnitialNAPLMass, _ 
lnitialWaterVolume, Porosity, SoilDensity. NAPLMass, DissolvedMass, SorbedMass, _ 
DissolvedConcentration, WaterVolume) 

r 

Const TOLERANCE = 1 E-30 
Canst MGTOGRAMCONVERSION = 1000 
Canst TITLEROWS = 3 
Const DEBUGPRINTFLAG = False 
Const PRECISIONOFSOLUTION = 0.0000001 

Din MolarConcentration(1 To 20) As Double 
Dim Molefraction(1 To 20) As Double 
Dim PreviousDissolvedConcentration(1 To 20) As Double 
Dim Volume(1 To 20) As Double 
Dim NAPLVolume As Double 
Dim TotalMoles As Double 
Dim SWnofMoleFractions As Double 
Dim OissolvedDifference As Boolean 
Dim ChangeinPrecison As Double 
Dim temp As Double 

Dim CCount As Integer 
Dim Numberlterations As Integer 

I 

'Stan of first iteration 
'Assume all the mass is in the NAPL 
'Calculate the molar concentration of each component in the NAPL based _ 
on the initial NAPL Mass values . 
'Initialize the iterative variables with stan values 
I 

WaterVolume = lnitialWaterVolume 
For CCount = 1 To Components 

NAPLMass(CCount) == lnitialNAPLMass(CCount) 
DissolvedConcentration(CCount) = 1 # 
OissolvedMass(CCount) == 0# 
SorbedMass(CCount) = 0# 

Next (Count 

If DEBUGPRINTFLAG Then 
Sheets.Add 

Cells(TITLEROWS - 1, 1 ) = "Iteration " 
Cells(TITLEROWS - 1, 2) = "Water Volume p 

Cells(TITLEROWS, 2) = lnitialWaterVolume 

For CCount = 1 To Components 
Cells(TITLEROWS - 2. {CCount • 1) * 4 + 3) = "Component" 
Cells(TITLEROWS - 2, (CCount - 1) • 4 + 4) = CCount 
Cells(TITLEROWS - 1, (CCount - 1) * 4 + 3) = •NAPL Mass" 
Cells{TITLEROWS - 1, (CCount • 1) * 4 + 4) = •oissolved Mass" 
Cells(TITLEROWS - 1, (CCount - 1) * 4 + 5) = "Sorbed Mass" 
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Cells(TITLEROWS - 1, ((Count - 1) * 4 + 6) = • Dissolved Concentration" 
Cells(TITLEROWS, (CCO\Jlt - 1) * 4 + 3) = NAPLMass(CCount) 

Next CCaunt 
End If 

'The sum of the mole fractions should equal 1.0 
'If mole fractions of all components equal zero, the mole fraction W1ll equal zero _ 
and no NAPL remains 
I 

• Calculate the dissolved concentration based on the NAPL mole fractions for as _ 
long as the mole fraction is greater than 0 

Numberlterations = 1 
Do 

TotalMoles = 0 
For CCount = 1 To Components 

PreviousDissolvedConcentration(CCount) = DissolvedConcentration(CCount) 
MolarConcentration(CCount) = NAPLMass(CCaunt) / MolecularMass{CCount) 
TotalMoles • TotalMoles + MolarConcentration(CCount) 

Next CCount 

SumofMolefractions = 0 
For CCount = 1 To Components 

If TotalMoles > TOLERAHCE Then 
Molefraction(CCount) = MolarConcentration(CCount) f TotalMoles 

Else MoleFraaian(CCount) = 0# 
End If 
SumofMolefractions = SumofMolefractions + MoleFraction(CCount) 

Next CCount 

For CCount = 1 To Components 

I 

MolarCancentratiOn(CCount) = NAPLMass(CCount) / MolecularMass(CCount) 

'If the mole fraction of a component equals zero. 
'then the total mass of each component can be partititoned 
'exactly into the dissolved phase and sorbed phase 
'No more iterations required for this component 

If MoleFraction(CCount) < TOLERANCE Then 
temp = WaterVofume / (SoilDensiwy • Kd{CCount)) 
DissolvedConcentration(CCount) = (lnitialNAPLMass(CCount) • _ 
(temp f (1 + temp))) / WaterVolume 

Else DissolvedCancenvation(CCount) = MoleFraction(CCount) • _ 
Solubility(CCount) / MGTOGRAMCONVERSION 
End If 

'Calculate dissolved mass based on dissolved concentrations 

DissolvedMass(CCount) = DissolvedConcentration(CCount) * WaterVolume 

• calculate sorbed mass based on dissolved concentrations and Kd. 

SorbedMass{CCount) = DissolvedConcentration(CCount) • Kd(CCount) • _ 
SoilDensiwy 
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' Calculate NAPL Mass 

NAPLMass{CCount) = lnitialNAPLMass(CCount) - DissolvedMass(CCount) - _ 
SorbedMass(CCount) 
If NAPLMass(CCount) < 0 Then NAPLMass(CCount) = 0# 

'Calculate NAPL Volume for each component 

Volume(CCount) = NAPLMass(CCount) I Density(CCount} 
Next CCount 

'Calculate total NAPL Volume 
' 

NAPLVolume = 0# 
DissolvedDifference = True 
For (Count= 1 To Components 

NAPLVolume = NAPLVolume + Volume(CCount) 

If PreviousDissolvedConcentration(CCount) < TOLERANCE Then 
ChangeinPrecision = Abs(DissolvedConcentration(CCount)) 

Else 
ChangeinPrecision = Abs(DissolvedConcentration(CCount) - _ 
PreviousDissolvedConcentration(CCount)) / _ 
PreviousDissolvedConcentration(CCount) 

End If 
DissolvedDifference = DissolvedDifference And _ 
{ChangeinPrecision < PRECISIONOFSOLUTION) 

Next CCount 

'Calculate new volume of water based on porosity and new NAPL volume 
I 

' 

WaterVolume = Porosity - NAPLVolume 

'Print Output Array on a New Spreadsheet 

If DEBUGPRINTFLAG Then 
Cells(Numberlterations + TITLE ROWS, 1} = Numberlterations 
Cells{Numberlterations + TITLEROWS, 2) = WaterVolume 
For (Count = 1 To Components 

Cells(Numberlterations + TITLEROWS, (CCount - 1) • 4 + 3) = _ 
NAPLMass(CCount) 
Cells(Numberlterations + TITLEROWS, {(Count - 1) * 4 + 4) = _ 
DissolvedMass(CCount) 
Cells(Numberlterations + TITLEROWS, (CCount - 1) * 4 + 5) = _ 
SorbedMass(CCount) 
Cells(Numbertterations + TITlEROWS, ((Count - 1) • 4 + 6) = _ 
DissolvedConcentration(CCount) 

Next CCount 
End If 

Numberlterations = Numbertterations + 1 
If Nurnberlterations > 20 Then Exit Sub 

Loop Until DissolvedDifference 
Exit Sub 
End Sub 
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listing 8-3. Multistep Subroutine Module. 

Sub MultiSteps(Numberoffimesteps. NumberofCells, Components, NamesofComponents, _ 
Header, MolecularMass, Solubility, Kd, Density, lnitiafNAPLMass, lnitialWaterVolume. _ 
Porosity, SoilDensity) 

I 

'Note that there should be a minimum to 5 header rows 
Const TrrLEROWS = 5 
Const FIRSTC0LUMN = 1 
Const DEBUGPRINTFLAG = False 
Const 0UTPUTPREOSI0N = 1000 
Const TOTALNUMBERROWS = 15000 

Dim NAPLMass(1 To 20) As Double 
Dim DissolvedMass(1 To 20) As Double 
Dim SofbedMass(1 To 20) As Double 
Dim DissolvedConcentration(1 To 20) As Double 
Dim lnputNAPLMass{1 To 20) As Double 
Dim RetainedNAPLMass(1 To 20, 1 To 100) As Double 
Dim LasttimeExportedNAPLMass(1 To 20, 1 To 100) As Double 
Dim ThistimeExportedNAPLMass(1 To 20, 1 To 100) As Double 
Dim RetainedWaterVolume(1 To 100) As Double 
Dim lnputWaterVofume As Double 
Dim WaterVofume As Doubfe 
Dim SumofNAPLMass(1 To 20) As Double 
Dim TotalNAPLinfirstcell As Double 
Dim NAPLRemainingFraction As Double 
Dim lnitialNAPLVolume As Double 
Dim WaterVolumeSummary As Double 

Dim Timestep As Integer 
Dim CCount As Integer 
Dim CeUCounter As Integer 
Dim Rownumber As Integer 
Dim PanelCounter As Integer 
Dim TotalNumberofColumns As Integer 
Dim TotalNumberolPanels As Integer 
Dim ColumnOffset As Integer 
Dim RowOffset As Integer 

If DEBUGPRINTFLAG Then 
Sheets.Add 
With ActiveSheet 

.Name= • Debug Multistep • 
EndWlth 

Cells(TITLEROWS, 1) = •r.me Step" 
Cells(TITLEROWS, 2) = • Cell Number" 
Cells(TITLEROWS. 3) = •initial Water Volume• 
Cells(TITLEROWS. 4) = ·water Volume· 

For CCount = 1 To Components 
Cells(TITLEROWS -1, (CCaunt-1) ·s + 5) = •eomponent• 
Cells(TITLEROWS -1, (CCount -1) * 5 + 6) = CCount 
CeHs(TITLEROWS, (CCount-1) •s + 5) = ·initial NAPL Mass· 
Cells(TITLEROWS, (CCount-1) * 5 + 6) = •NAPL Mass" 
Cells(TITLEROWS, (CCount-1) * 5 + 7) = "Dissolved Mass• 
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Cells(TITLEROWS, (CCount - 1) * 5 + 8) = "Sorbed Mass• 
Cells(TITLEROWS, (CCount • 1) • 5 + 9) = • Dissolved Concentration .. 

NextCCount 
End If 
' Calculate the number of panels 
' Total number of columns in each panef is 3 (timestep number or pore volume,_ 
Q, and NAPL remaining) 
' plus the total number of componentS 
If NumberofrmestepS <= TOTALNUMBERROWS Then _ 
TotalNumberofPanels = 1 
If NumberofrmestepS > TOTALNUMBERROWS Then -
TotalNumberofPanels = Numberoffimesteps \ TOTALNUMBERROWS + 1 

TotalNumberofColumns = 3 + Components 
If {rotalNumberofPanels * TotalNumberofColumns) > 256 Then 
MsgBox c· Output sheet will occupy more than 256 columns.· & Chr(13) & _ 
·rotal Number of Rows Allowed by Multistep Subroutine is • & _ 
TOTALNUMBERROWS & Chr{13) &_ 
•Change 1he constant TOTALNUMBERROWS in the Multistep subroutine." & Chr(13) & _ 
·excel may not allow more than 16,638 rows in a sheet·> 
Exit Sub 
End If 

Sheets.Add 
With ActiveSheet 

.Name = • Dissolved Concentrations" 
End With 
Cells(TITLEROWS • 4, FIRSTCOLUMN) = "CURRENT TIM ESTEP IS" 
Cells{TlnEROWS • 4, FIRSTCOLUMN + 4) = ·of " & Numberofrimesteps 

For PanelCounter = 1 To TotalNumberofPanels 
ColumnOffset = (PanelCounter - 1) • TotalNumberofColumns 
Cells(TmEROWS - 2, FIRSTCOLUMN + ColumnOffset) = Header 
Cells(TmEROWS - 1, FIRSTCOLUMN + 3 + ColumnOffset) = _ 
• Dissolved Concentrations (mgll) .. 
Cells{TlnEROWS, FIRST COLUMN + ColumnOffset) = • Pore Volumes• 
Cells(TmEROWS, FIRST COLUMN + 1 + ColumnOffset) = "Q" 
Cells(TITLEROWS, FIRSTCOLUMN + 2 + ColumnOffset) = • NAPL Remaining" 
For CCount = 1 To Components 

Cells(TITLEROWS, FIRSTCOLUMN + 2 + (Count+ ColumnOffset) = _ 
NamesofComponents(CCount) 

NextCCount 
Next PanelCounter 

With Rows(TITlEROWS • 4) 
.Font.Bold = True 
.Font.Size = 14 
EndWlth 

With Rows{TITLEROWS - 2) 
.Font.Size = 14 
End With 

With Rows{TITLEROWS) 
.Font.Bold = True 

End With 

For CellCounter = 1 To NumberofCells 
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For CCount = 1 To Components 
RetainedNAPLMass(CCount. CellCounter) = lnitialNAPLMass(CCount) 
LasttimeExportedNAPLMass(CCount CellCounter) = 0# 
ThistimeExportedNAPI.Mass(CCount CellCounter) = 0# 

NextCCount 
RetainedWaterVolume(CellCounter) = lnitialWaterVolume 

Next CellCounter 

TotalNAPLinfirsttell = 0# 
WaterVolumeSummary = 0# 

For rnnestep = 1 To Nwnberoffimesteps 

For CCount = 1 To Componems 
SwnofNAPLMass(CCount) = 0# 

NextCCount 

For CellCOf.l'lter = 1 To NumberofCells 

For CCount = 1 To Components 
If CellCounter > 1 And rmestep > 1 Then 
lnputNAPLMass(CCount) = RetainedNAPLMass(CCount CellCounter) + _ 
LasttimeEJCpartedNAPlMass(CCount, CellCounter - 1) 
Else 
lnputNAPLMass(CCount) = RetainedNAPlMass(CCount CellCounter) 
End If 
NextCCount 

fnputWaterVolume = RetainedWaterVolume(CellCounter) 

Equilibrium Components, MolecularMass, Solubility, Kd, Density, lnputNAPLMass. _ 
lnputWaterVolume, Porosity, SoilDensity, NAPLMass, DissolvedMass, SorbedMass, _ 
DissolvedConcentratian, WaterVolume 

for CCount = 1 To Components 
RetainedNAPLMass(CCount CellCounter) = NAPLMass(CCount) + _ 
SorbedMass(CCount) 
ThistimeExportedNAPLMass(CCount, CellCounter) = DissolvedMass(CCount) 
SumoiNAPLMass(CCount) = SurnofNAPLMass(CCount} + NAPLMass(CCount) 
If Timestep = 1 And CellCounter = 1 Then 

TotalNAPlinfirstcell = TotalNAPLinfirstcell + NAPLMass(CCount) 
lnitialNAPLVolume = Porosity- WaterVolume 

End If 
NextCCount 
RetainedWaterVolume(CellCounter} = WaterVolume 

If DEBUGPRINTFLAG Then 
Wortcsheets(" Debug Multistep ").Activate 

Rownumber = {Timestep - 1) • NumberofCells + CellCounter + TmEROWS 
Cells(Rownumber, 1) = Timestep 
Cells(Rownumber, 2) = CellCounter 
Cells(Rownumber, 3) = lnputWaterVolume 
Cells(Rownumber, 4) = WaterVolume 
For CCount = 1 To Components 

Cells(Rownumber, (CCount - 1) • 5 + 5) = lnputNAPLMass(CCount) 
Cells(Rownumber, (CCount - 1) * 5 + 6) = NAPLMass(CCount) 
Cells(Rownumber, (CCount - 1) * 5 + 7) = DissolvedMass(CCount) 
Cells(Rownumber, (CCount - 1) * 5 + 8) = SorbedMass(CCount) 
Cells(Rownumber, (CCount -1) • 5 + 9) = OissolvedConcentration(CCount} 



NextCCount 
End If 

Next CellCounter 

For CellCounter = 1 To NumberofCells 
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For CCount = 1 To Components 
lasttimeExportedNAPLMass(CCount CellCOll\ter) = _ 
ThistimeExportedNAPLMass(CCount CellCounter) 

NextCCount 
Next CellCounter 

WatefVolumeSurnmary = WaterVolumeSummary + WaterVolurne 
NAPLRemainingFraction = 0# 

For CCount = t To Components 
NAPLRemainingfraction = NAPLRemainingfraction + SurnofNAPLMass(CCount) 

NextCCount 
NAPLRemainingfraction = NAPLRemainingfraction '(TotalNAPLinfirstcell * -
NumberofCells) 

Worksheets(·oissolved Concentrations").Activate 
Cells(TffiEROWS - 4, FIRSTCOLUMN + 3) = Timestep 
PanelCounter= (Timestep-1) \ TOTALNUMBERROWS + 1 
RowOffset = rirnestep - (PanelCounter-1) * TOTALNUMBERROWS 
ColumnOffset = (PanelCounter - 1) • TotalNumberofColumns 
Cells(TlllEROWS + RowOffset FIRSTCOLUMN + ColumnOffset) = _ 
Timestep-1 
Cells(TlllEROWS + RowOffset, FIRSTCOLUMN + 1 + ColumnOffset) = _ 
WaterVolumeSummary I (lnitialNAPLVolume * NumberofCells) 
Cells(TITLEROWS + RowOffset, FIRSTCOLUMN + 2 + ColumnOffset) = _ 
NAPLRemainingfraction 
For CCount = 1 To Components 

Cells(TITLEROWS + RowOffset. FIRSTCOLUMN + CCount + 2 + ColumnOffset) = _ 
OissolvedConcentration(CCount) * OUTPUTPRECISION 

NextCCount 

Next Timestep 

End Sub 




