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1. ABSTRACT   
          LNAPL bail-down tests were carried out throughout the period of the research (5/2015 

- 6/2016) excluding periods of mass recovery trials. The tests were conducted in 50 and 100 

mm diameter wells. The spatial variability of LNAPL Transmissivity (Tn) is presented at Table 
1. For the calculations of Transmissivity the Bower & Rice method was used, presented in 

detail at API LNAPL transmissivity workbook. Twenty six bail-down tests took place in eight 

wells. The calculated values varied from 0.03 to 2.13 m2/d. The highest LNAPL 
transmissivity values found to be at the well locations PB29, PB27 and PB40 and that is the 

reason these wells have been chosen to be the remediation wells of the field trials. 

Moreover, all the conducted tests showed unconfined LNAPL conditions. Also, borehole 

recharge from the filter pack was not a significant issue for all the wells. According to ITRC 
guide for LNAPL technology selection, for hydraulic recovery the LNAPL transmissivity 

endpoint ranges from 0.1 to 0.8 ft2 /day (0.009 to 0.07 m2/d).  

  

2. METHODS 

 Testing involved removing a slug of LNAPL using either three bailers tied together or 

a single bailer depending on the well diameter. A single bailer was used in the 

monitoring wells of 50 mm diameter. The volume of recovered fluids, usually LNAPL 
and water, was measured and the fluid levels monitored in the well to assess 

recovery. The field procedures entailed the instantaneous/rapid removal of LNAPL 

using bailers while minimising the removal of water from the well. Measurements of 
fluid levels in the well were made manually with an interface probe, initially every 30 

seconds to 1 minute, with the interval between measurements subsequently 

increasing as the rate of recovery in the well decreased. 

 The Bail-down test data was analysed using the API LNAPL Transmissivity 
Workbook (API 2012). For the estimation of LNAPL Transmissivity the Bouwer & 

Rice (Bouwer & Rice 1976) approach was used. 

 According to API LNAPL Transmissivity Workbook’s Flowchart, continuously 

decreasing discharge with decreasing drawdown indicates unconfined conditions, 
whereas constant discharge periods indicate confined or perched LNAPL (API 2012; 

Kirkman, Adamski & Hawthorne 2013). 

 The B&R method assumes that the water table elevation remains constant.  
 Cut off time and J ratio (Kirkman 2013) values are presented at Table 1 below. 
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 Data has been filtered to obtain consistent trends for the calculation of Tn. 

 When the formation and wellbore LNAPL fluids were not initially in equilibrium, a 
drawdown correction was applied to the data before LNAPL transmissivity analysis. 

 

Figure 3.7 shows three different distinct areas noted A, B and C. Section A refers to 

early stage collected data that represents the filter pack drainage. Section B corresponds to 

the NAPL flow from the adjacent formation and section C represents the end o f the test 

(return to pre-testing conditions). Thus, section B is used for the calculation of Tn (fitting the 
straight line). It should be also noticed that, in this document, negative and negligible NAPL 

discharge values in the section B were excluded from the Tn analysis. 

 
Figure 1. Example of the bail-down test data analysis using Bouwer and Rice method. 

 
The Bouwer and Rice (Bouwer & Rice 1976) method for slug test analysis combines 

a simple representation for flow to the well from the Thiem equation and continuity of fluids 

within the well. The flow equation is:

2
ln( / )

n n
n

w

T sQ
R r   [Equation 1] 

 

A 

B 
C 
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          With the effective well radius determined and with use of the Kirkman J-ratio, the 

generalized Bouwer and Rice formula for determining the LNAPL transmissivity takes the 
form: 

2 ln( / ) ln( (0) / ( ))
2( )

e w n n
n

r R r s s tT
J t                                 [Equation 2] 

Where: 

Qn  LNAPL discharge 

Tn  LNAPL transmissivity 

R   radius of influence 

rw   well borehole radius 

re   effective well radius 

sn   LNAPL drawdown 

J    Kirkman J-ratio 

t     time epoch 

 

The Field Site of Research 

          The study area of this research comprises the facilities of a petrol station in Western 

Australia, in an area of 2750 m2 which is located within a residential-commercial zone. The 
site has operated as a fruit shop and petrol station since 1985.  The local hydrology consists 

of a multi-layered aquifer consisting of discontinuous interbedded sandstones, siltstones and 

shales in the general proportion of 50% sandstone to 50% siltstone plus shale. In general, 
the subsurface geology seems to present 3 layer sets. Clayey and silty layer set from 0 to 

approximately 4.5m below ground, sandy layer (fine and coarse sand with tracers o f silt and 

clay) set approximately from 4.5m to 8m and heavy clayey layer set approximately from 8m 

and below.  
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3. RESULTS 

3.1 Spatial Variability of LNAPL Transmissivity 

Table 1. Details of LNAPL bail-down tests and calculated LNAPL Tn values. 

 
 

Well 
ID Date 

LNAPL 
Vol. 

removed 
(L) 

Water 
Vol. 

removed 
(L) 

Cut off 
time  
(min) 

J ratio LNAPL 
Conditions 

Zan 

(m AHD) 

Znw 

(m AHD) 

Zaw 

(m AHD) 

Tn 

(m2/d) 

PB29 8/7/2015 1.400 0.050 0.8 -0.65 unconfined 56.285 55.927 56.191 1.480 
(±0.135) 

PB29 9/2/2016 0.780 0.470 3.0 -0.625 unconfined 56.683 56.57 56.653 0.265 
(±0.032) 

PB29 5/04/2016 2.750 0.000 2.3 -0.2 unconfined 56.287 55.983 56.207 1.969 
(±0.47) 

PB29 28/04/2016 2.850 0.800 2.23 -0.138 unconfined 56.263 55.941 56.179 2.133 
(±0.204) 

PB29 19/05/2016 2.750 1.050 1.95 -0.25 unconfined 56.232 55.908 56.147 1.510 
(±0.093) 

PB29 1/06/2016 3.850 2.250 1.6 -0.324 unconfined 56.348 56.116 56.287 1.323 
(±0.076) 

PB29 9/06/2016 4.100 0.900 2.34 -0.5 unconfined 56.385 56.172 56.329 0.699 
(±0.097) 

PB29 15/06/2016 7.700 1.500 6 -0.329 unconfined 56.472 56.295 56.425 0.372 
(±0.015) 

PB27
a 6/5/2015 0.710 0.000 1.7 -0.237 unconfined 56.341 55.991 56.250 0.910 

(±0.111) 

PB27
b 6/5/2015 1.600 0.370 2.1 -0.285 unconfined 56.341 55.991 56.250 0.960 

(±0.021) 

PB27 8/7/2015 1.700 0.050 3 -0.247 unconfined 56.279 55.919 56.185 1.330 
(±0.063) 

PB27 20/7/2015 1.375 0.050 0 -0.286 unconfined 56.282 55.995 56.207 1.380 
(±0.046) 

PB27 5/04/2016 2.230 0.370 1.6 -0.256 unconfined 56.282 55.971 56.201 0.414 
(±0.023) 

PB27 20/05/2016 2.400 0.900 11 -0.256 unconfined 56.228 55.908 56.144 0.572 
(±0.011) 

PB27 1/06/2016 2.000 1.250 4.2 -0.292 unconfined 56.341 56.105 56.279 0.664 
(±0.022) 

PB27 14/06/2016 2.100 0.350 1.57 -0.26 unconfined 56.448 56.263 56.399 0.204 
(±0.006) 

PB05 8/5/2015 1.690 0.230 5.5 -0.769 unconfined 56.357 55.995 56.262 0.046 
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(±0.002) 

PB05 6/4/2016 3.300 0.740 2.3 -0.213 unconfined 56.322 55.904 56.213 0.039 
(±0.012) 

PB11 7/5/2015 2.710 0.000 11.0 -0.25 unconfined 56.319 55.594 56.130 0.550 
(±0.021) 

PB11 6/4/2016 5.780 0.700 8.0 -0.25 unconfined 56.405 55.669 56.213 0.136 
(±0.002) 

PB13 8/5/2015 2.730 0.000 7.0 -3.182 unconfined 56.290 55.499 56.084 0.240 
(±0.015) 

PB13 6/4/2016 6.780 0.380 20.0 -16.8 unconfined 56.420 55.63 56.214 0.027 
(±0.002) 

PB39 06/04/2016 8.440 0.620 10.0 -0.20 unconfined 56.491 55.715 56.289 0.034 
(±0.003) 

PB40 6/04/2016 5.340 1.100 4.2 -0.258 unconfined 56.425 55.685 56.232 0.577 
(±0.025) 

PB40 14/06/2016 19.500 0.000 0.7 -0.256 unconfined 56.566 56.038 56.428 0.304 
(±0.008) 

MP42 6/04/2016 1.310 0.070 9.5 -0.350 unconfined 56.363 55.736 56.199 0.130 
(±0.022) 
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3.2. Individual Well Test Analysis 

 

Note: the top and the bottom of screen that are presented below are referred to depth below 

well reference point. 

PB29 8/07/2015 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2.15 

Bottom of screen (m) 8.15 

LNAPL baildown vol. (litre) 1.4 
 

 

The baildown test took place on 8/7/2015. 1.4 L NAPL and 0.05 L water were removed. The 
initial NAPL thickness before the test was 0.36 m. The thickness after the removal of the 

product was 0.30m and the final thickness after 10min was 0.35 m, which is almost 100 % 

recovery of the initial product thickness. The recovery period was ~ 10 min. The elevation of 
water table (corrected) is constant (after the cut off time which is 0.8 min), thus B&R method 

can be used. The B&R method showed 1.48 (m2/d) as Transmissivity value. 
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Figure 2. Time series of fluid levels during the baildown test.  

 

 

 

Figure 3. Pre-filtered data. 
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Figure 4. LNAPL drawdown- discharge relation during baildown testing (after a drawdown adjustment 
of 0.0002m). 

The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge values at the beginning of the recovery, 0.5 m3/d). Moreover, figure depicts 

behaviour that suggests unconfined LNAPL conditions because we can see continuously 
decreasing discharge with decreasing drawdown. 
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Figure 5. Time series of LNAPL thickness during baildown testing. Increasing LNAPL thickness with 

time. 

 

 

Figure 6. Bower and Rice type curve for the calculation of Tn. 
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PB29 9/02/2016 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2.15 

Bottom of screen (m) 8.15 

LNAPL baildown vol. (litre) 0.780 
 

The bail-down test took place on 09/02/2016. 0.780 L NAPL and 0.470 L water were 

removed. The initial NAPL thickness before the test was only 0.110. The in-well thickness 

was 4mm higher in comparison with the conducted test on 2/9/15. The thickness after the 

removal of the product was 0.046m and the final thickness after 170min was 0.05 m. The 
elevation of water table (corrected) is constant thus, B&R method can be used. The cut off 

time was 3.0 min. The B&R method showed 0.265 (m2/d) as Transmissivity value. 

 

Figure 7. Time series of fluid levels during the baildown test.  
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Figure 8. Pre-filtered data. 

 

 

Figure 9. LNAPL drawdown- discharge relation during baildown testing (post-filtered data). After a 

drawdown adjustment of 0.0177m 
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The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge values at the beginning of the recovery, 0.11 m3/d). Moreover, figure 
depicts behaviour that maybe suggests unconfined LNAPL conditions because there is a 

continuously decreasing discharge with decreasing drawdown.  

 

 

Figure 10. Time series of LNAPL thickness during baildown testing.  
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Figure 11. Bower and Rice type curve for the calculation of Tn. 

 

PB29 5/04/2016 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2.15 

Bottom of screen (m) 8.15 

LNAPL baildown vol. (litre) 2.75 
 

The baildown test took place on 5/4/2016. 2.75 L NAPL and 0.00 L water were removed. 

The initial NAPL thickness before the test was 0.304 m. The thickness after the removal of 

the product was 0.177m and the final thickness after 86min was 0.302 m, which is  almost 
100 % recovery of the initial product thickness. The recovery period (>95%) was ~ 40 min. 

The elevation of water table (corrected) is constant, thus B&R method can be used. The 

B&R method showed 1.97 (m2/d) as Transmissivity value and the cut off time was 2.3 min. 
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Figure 12. Time series of fluid levels during the baildown test.  

 

Figure 13. Pre-filtered data. 
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Figure 14. LNAPL drawdown- discharge relation during baildown testing (post-filtered data). 

The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge value at the beginning of the recovery, 0.5 m3/d). The formation and 
wellbore LNAPL fluids were initially in equilibrium thus, a drawdown correction was not 

applied to the data. Moreover, figure depicts behaviour that maybe suggests unconfined 

LNAPL conditions because there is a continuously decreasing discharge with decreasing 
drawdown. 
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Figure 15. Time series of LNAPL thickness during baildown testing.  

 

 
Figure 16. Bower and Rice type curve for the calculation of Tn. 
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PB29 28/04/2016 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2.15 

Bottom of screen (m) 8.15 

LNAPL baildown vol. (litre) 2.85 
 

The bail-down test took place on 28/4/2016. 2.85 L NAPL and 0.80 L water were removed. 

The initial NAPL thickness before the test was 0.322 m. The thickness after the removal of 

the product was 0.125m and the final thickness after 124min was 0.318 m, which is almost 

100 % recovery of the initial product thickness. The recovery period (>95%) was ~ 23 min. 
The elevation of water table (corrected) is constant, thus B&R method can be used. The 

B&R method showed 2.13 (m2/d) as Transmissivity value and the cut off time was 2.23 min.  

 

Figure 17. Time series of fluid levels during the baildown test. 
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Figure 18. Pre-filtered data. 

 

 

Figure 19. LNAPL drawdown- discharge relation during baildown testing (post-filtered data). 
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The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge value at the beginning of the recovery, 0.9 m3/d). The formation and 
wellbore LNAPL fluids were initially in equilibrium thus, a drawdown correction was not 

applied to the data. Moreover, figure depicts behaviour that maybe suggests unconfined 

LNAPL conditions because there is a continuously decreasing discharge with decreasing 

drawdown. 

 

 

Figure 20. Time series of LNAPL thickness during baildown testing.  
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Figure 21. Bower and Rice type curve for the calculation of Tn. 

 

PB29 19/05/2016 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2.15 

Bottom of screen (m) 8.15 

LNAPL baildown vol. (litre) 2.75 

 

The bail-down test took place on 19/5/2016. 2.75 L NAPL and 1.05 L water were removed. 

The initial NAPL thickness before the test was 0.324 m. The thickness after the removal of 

the product was 0.10 m and the final thickness after 85 min was 0.321 m, which is almost 
100 % recovery of the initial product thickness. The recovery period (>95%) was ~ 16 min. 

The elevation of water table (corrected) is constant, thus B&R method can be used. The 

B&R method showed 1.51 (m2/d) as Transmissivity value and the cut off time was 1.95 min.  
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Figure 22. Time series of fluid levels during the baildown test.  

 

 

 

Figure 23. Pre-filtered data. 
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Figure 24. LNAPL drawdown- discharge relation during baildown testing (post-filtered data). After a 

drawdown adjustment of -0.0012 m. 

The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge values at the beginning of the recovery, 1.5 m3/d). Moreover, figure depicts 
behaviour that maybe suggests unconfined LNAPL conditions because there is a 

continuously decreasing discharge with decreasing drawdown  

Figure 25. Time series of LNAPL thickness during baildown testing. 



 
25 

 

Figure 26. Bower and Rice type curve for the calculation of Tn. 

 

 

PB29 1/06/2016
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2.15 

Bottom of screen (m) 8.15 

LNAPL baildown vol. (litre) 3.85 

 

The bail-down test took place on 01/6/2016. 3.85 L NAPL and 2.25 L water were removed. 

The initial NAPL thickness before the test was 0.232 m. The thickness after the removal of 

the product was 0.162 m and the final thickness after 57 min was 0.232m, which is 100 % 

recovery of the initial product thickness. The elevation of water table (corrected) is constant, 
thus B&R method can be used. The B&R method showed 1.323 (m2/d) as Transmissivity 

value and the cut off time was 1.6 min.  
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Figure 27. Time series of fluid levels during the baildown test. 

 

 

 

Figure 28. Pre-filtered data. 
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Figure 29. LNAPL drawdown- discharge relation during baildown testing (post-filtered data). After a 

drawdown adjustment of -0.0002 m. 

The plot above shows that borehole recharge from the filter pack maybe is not significant 
(large discharge values at the beginning of the recovery, 0.32 m3/d). Moreover, figure 

depicts behaviour that maybe suggests unconfined LNAPL conditions because there is a 

continuously decreasing discharge with decreasing drawdown 



 
28 

 

 

Figure 30. Time series of LNAPL thickness during baildown testing.  

 

Figure 31. Bower and Rice type curve for the calculation of Tn. 
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PB29 09/06/2016 

 
Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2.15 

Bottom of screen (m) 8.15 

LNAPL baildown vol. (litre) 4.10 

 
 

The bail-down test took place on 09/6/2016. 4.1 L NAPL and 0.9 L water were removed. The 
initial NAPL thickness before the test was 0.213 m. The thickness after the removal of the 

product was 0.145 m and the final thickness after 77 min was 0.207 m, which is almost 100 

% recovery of the initial product thickness. The recovery period (>95%) was ~ 14 min. The 

elevation of water table (corrected) is constant, thus B&R method can be used. The B&R 
method showed 0.699 (m2/d) as Transmissivity value and the cut off time was 2.34 min.  

 

 

Figure 32. Time series of fluid levels during the baildown test.  
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Figure 33. Pre-filtered data. 

 

 
Figure 34. LNAPL drawdown- discharge relation during baildown testing (post-filtered data). After a 

drawdown adjustment of 0.0004 m. 
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The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge values at the beginning of the recovery, 0.26 m3/d). Moreover, figure 
depicts behaviour that maybe suggests unconfined LNAPL conditions because there is a 

continuously decreasing discharge with decreasing drawdown. 

 

 

Figure 35. Time series of LNAPL thickness during baildown testing.  
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Figure 36. Bower and Rice type curve for the calculation of Tn. 

 

 

 

 

PB29 15/06/2016 

 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2.15 

Bottom of screen (m) 8.15 

LNAPL baildown vol. (litre) 7.70 

 

The bail-down test took place on 15/6/2016. 7.7 L NAPL and 1.5 L water were removed. The 

initial NAPL thickness before the test was 0.177 m. The thickness after the removal of the 

product was 0.03 m and the final thickness after 47 min was 0.161 m, which is 91 % 



 
33 

 

recovery of the initial product thickness. The elevation of water table (corrected) is constant, 

thus B&R method can be used. The B&R method showed 0.372 (m2/d) as Transmissivity 
value and the cut off time was 6 min.  

 

Figure 37. Time series of fluid levels during the baildown test.  

 

Figure 38. Pre-filtered data. 
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Figure 39. LNAPL drawdown- discharge relation during baildown testing (post-filtered data). 

The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge values at the beginning of the recovery, 0.51 m3/d). Moreover, figure 

depicts behaviour that maybe suggests unconfined LNAPL conditions because there is a 
continuously decreasing discharge with decreasing drawdown  

 

Figure 40. Bower and Rice type curve for the calculation of Tn. 
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PB27a 6/05/2015 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2 

Bottom of screen (m) 7.6 

LNAPL baildown vol. (litre) 0.71 

Water removed (litre) 0 

 

Two different baildown tests took place in this specific well on 6 of May 2015. During the first 

test 710 ml of LNAPL were removed. The initial DTP was 4.652 m whereas the final  
measurement of the DTP after 54 min was 4.649 that is 3 mm negative difference thus a 

drawdown adjustment was applied. The product thickness after 54 min was the same with 

the initial thus it can be assumed that the initial measurements were no under equi librium. 

 

Figure 41. Time series of fluid levels during the baildown test.  
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Figure 42. Pre-filtered data. 

 

Figure 43. LNAPL drawdown- discharge relation during baildown testing (post-filtered data). After a 
drawdown adjustment of -0.0011 m 
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The figure above is after drawdown correction has been applied. This plot shows an 

expanded view of the data after the drawdown correction has been applied. The specific plot 
shows that significant borehole recharge from the filter pack is not an issue (black dashed 

circle). Moreover, figure depicts behaviour that suggests unconfined (red circle) LNAPL 

conditions because there is a decreasing LNAPL discharge with decreasing LNAPL 

drawdown.  

 

 

Figure 44. Time series of LNAPL thickness during baildown testing. The product thickness after 60 
min of the last measurement (54th min) stayed stabilised. 
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Figure 45. Time series of LNAPL drawdown during baildown testing 

The figure above is after LNAPL drawdown correction has been applied and shows that the 

drawdown of the LNAPL is decreasing as time passes. Moreover, the elevation of water 

table (corrected) is constant, thus B&R method has to be used. The B&R method showed 
0.91 (m2/d) as Transmissivity value. 

 

Figure 46. Bower and Rice type curve for the calculation of Tn. 
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PB27b 6/05/2015 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2 

Bottom of screen (m) 7.6 

LNAPL baildown vol. (litre) 1.6 
 

The baildown test took place on 6/5/2015. 1.6 L NAPL and 0.37 L water were removed. The 

initial NAPL thickness was 0.35 m and the final thickness after 73 min was 0.35 m, which is 

100 % recovery of the initial product thickness. The recovery period was ~ 50 min. The 

elevation of water table (corrected) is constant (after the cut off time which is 2.1 min), thus 
B&R method has to be used. The B&R method showed 0.96(m2/d) as Transmissivity value.  

 

Figure 47. Time series of fluid levels during the baildown test.  
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Figure 48. Pre-filtered data. 

 

Figure 49. LNAPL drawdown- discharge relation during baildown testing. Before drawdown 

adjustment. 
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Figure 50. LNAPL drawdown- discharge relation during baildown testing (post-filtered data). After a 
drawdown adjustment of 0.0043 m. 

The plot above shows that borehole recharge from the filter pack is not significant (large 

discharge values at the beginning of the recovery). Moreover, figure depicts behaviour that 

suggests unconfined LNAPL conditions because we can see continuously decreasing 

discharge with decreasing drawdown. 

 

 

Figure 51. Time series of LNAPL drawdown during baildown testing 
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The figure above shows that the drawdown of the LNAPL is decreasing as time passes. The 

final value of the DTP was 4.646 m (where the value of discharge was also zero) and  the 
initial value was 4.645m, which is no different. Such behaviour suggests that the formation 

and the wellbore LNAPL fluids were initially in equilibrium. Moreover, this final DTP value 

(which was equal to the initial value) is the same with the final value of the previous test 

which means that the first test was not under equilibrium conditions.  

 

Figure 52. Time series of LNAPL thickness during baildown testing (increasing LNAPL thickness with 

time). 
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Figure 53. Bower and Rice type curve for the calculation of Tn. 

 
 

PB27 8/07/2015 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2 

Bottom of screen (m) 7.6 

LNAPL baildown vol. (litre) 1.7 

 

The baildown test took place on 8/7/2015. 1.65 L NAPL and 0.05 L water were removed. 
The initial NAPL thickness before the test was 0.36 m. The thickness after the removal of the 

product was 0.17m and the final thickness after 56min was 0.35 m, which is almost 100 % 

recovery of the initial product thickness. The recovery period was ~ 56 min. The elevation of 
water table (corrected) is constant (after the cut off time which is 3 min), thus B&R method 

can be used. The B&R method showed 1.33 (m2/d) as Transmissivity value. 

T = 0.95 m2/d
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Figure 54. Time series of fluid levels during the baildown test.  

 

 

Figure 55. Pre-filtered data. 
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Figure 56. LNAPL drawdown- discharge relation during baildown testing (post-filtered data). After a 
drawdown adjustment of 0.0084 m. 

The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge values at the beginning of the recovery, 0.33 m3/d). Moreover, figure 

depicts behaviour that suggests unconfined LNAPL conditions because we can see 

continuously decreasing discharge with decreasing drawdown. 
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Figure 57. Time series of LNAPL thickness during baildown testing.  

 

 

Figure 58. Bower and Rice type curve for the calculation of Tn. 
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PB27 20/07/2015 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2 

Bottom of screen (m) 7.6 

LNAPL baildown vol. (litre) 1.375 
 

The baildown test took place on 20/7/2015. 1.75 L NAPL and 0.05 L water were removed. 

The initial NAPL thickness before the test was 0.29 m. The thickness after the removal of the 

product was 0.14m and the final thickness after 63min was 0.28 m, which is almost 100 % 

recovery of the initial product thickness. The recovery period was ~ 63 min. The elevation of 
water table (corrected) is constant (cut off time is 0 min), thus B&R method has to be used. 

The B&R method showed 1.38 (m2/d) as Transmissivity value. 

 

Figure 59. Time series of fluid levels during the baildown test.  
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Figure 60. Pre-filtered data. 

 

Figure 61. LNAPL drawdown- discharge relation during baildown testing after a drawdown 

adjustment of 0.0088m (post-filtered data). 
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No borehole effects at the beginning of this test because during the previous test on 

8/7/2015 the first discharge value after the cut off time was close to this first value that  is ~ 
0.2 m3/d. 

 

 

Figure 62. Time series of LNAPL drawdown during baildown testing. 

The figure above shows that the drawdown of the LNAPL is decreasing as time passes until 

0m drawdown. Such behaviour suggests that the formation and the wellbore LNAPL fluids 
were initially in equilibrium. 
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Figure 63. Time series of LNAPL thickness during baildown testing.  

 

 

Figure 64. Bower and Rice type curve for the calculation of Tn. 
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PB27 5/04/2016 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2 

Bottom of screen (m) 7.6 

LNAPL bail-down vol. (litre) 2.23 
 

The bail-down test took place on 5/04/2016. 2.23 L NAPL and 0.37 L water were removed. 

The initial NAPL thickness before the test was 0.31 m. The thickness after the removal of the 

product was 0.07m and the final thickness after 205min was 0.31 m, which is 100 % 

recovery of the initial product thickness. The recovery period (>95%) was ~ 110 min. The 
elevation of water table (corrected) is constant thus, the B&R method can be used. The B&R 

method showed 0.414 (m2/d) as Transmissivity value and the cut off time was 1.6 min. 

 

Figure 65. Time series of fluid levels during the baildown test.  
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Figure 66. Pre-filtered data. 

 

Figure 67. LNAPL drawdown- discharge relation during baildown testing (post-filtered data). 
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The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge values at the beginning of the recovery, 0.32 m3/d). Moreover, figure 
depicts behaviour that suggests unconfined LNAPL conditions because there is a 

continuously decreasing discharge with decreasing drawdown. 

 

Figure 68. Time series of LNAPL thickness during baildown testing.  

 

Figure 69. Bower and Rice type curve for the calculation of Tn. 
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PB27 20/05/2016 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2 

Bottom of screen (m) 7.6 

LNAPL bail-down vol. (litre) 2.40 

 

The bail-down test took place on 20/05/2016. 2.40 L NAPL and 0.90 L water were removed. 
The initial NAPL thickness before the test was 0.32 m. The thickness after the removal of the 

product was 0.09m and the final thickness after 196 min was 0.308 m, which is 96% 

recovery of the initial product thickness. The elevation of water table (corrected) is constant 
thus, the B&R method can be used. The B&R method showed 0.572 (m2/d) as 

Transmissivity value and the cut off time was 11 min. 

 

Figure 70. Time series of fluid levels during the baildown test.  
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Figure 71. Pre-filtered data. 

 

 

Figure 72. LNAPL drawdown- discharge relation during baildown testing after a drawdown 

adjustment of 0.002m (post-filtered data). 
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The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge values at the beginning of the recovery, 0.81 m3/d). Moreover, figure 
depicts behaviour that suggests unconfined LNAPL conditions because there is a 

continuously decreasing discharge with decreasing drawdown. 

 

 

Figure 73. Time series of LNAPL thickness during baildown testing.  
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Figure 74. Bower and Rice type curve for the calculation of Tn. 

 

 

 

PB27 01/06/2016 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2 

Bottom of screen (m) 7.6 

LNAPL bail-down vol. (litre) 2.00 

 

The bail-down test took place on 01/06/2016. 2.00 L NAPL and 1.25 L water were removed. 
The initial NAPL thickness before the test was 0.236 m. The thickness after the removal of 

the product was 0.05 m and the final thickness after 157 min was 0.230 m, which is 97.5% 

recovery of the initial product thickness. The elevation of water table (corrected) is constant 
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thus, the B&R method can be used. The B&R method showed 0.664 (m2/d) as 

Transmissivity value and the cut off time was 4.2 min. 

 

 

Figure 75. Time series of fluid levels during the baildown test. 

 

 

Figure 76. Pre-filtered data. 
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Figure 77. LNAPL drawdown- discharge relation during baildown testing after a drawdown 

adjustment of -0.0005 m (post-filtered data). 

The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge values at the beginning of the recovery, 0.31 m3/d). Moreover, figure 
depicts behaviour that suggests unconfined LNAPL conditions because there is a 

continuously decreasing discharge with decreasing drawdown. 

 

Figure 78. Time series of LNAPL thickness during baildown testing. 
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Figure 79. Bower and Rice type curve for the calculation of Tn. 

 

 

 

PB27 14/06/2016 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2 

Bottom of screen (m) 7.6 

LNAPL bail-down vol. (litre) 2.10 
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The bail-down test took place on 14/06/2016. 2.1 L NAPL and 0.35 L water were removed. 

The initial NAPL thickness before the test was 0.185 m. The thickness after the removal of 
the product was 0.01 m and the final thickness after 145 min was 0.175 m, which is 95% 

recovery of the initial product thickness. The elevation of water table (corrected) is constant 

thus, the B&R method can be used. The B&R method showed 0.2 (m2/d) as Transmissivity 

value and the cut off time was 1.57 min. 

 

Figure 80. Time series of fluid levels during the baildown test.  
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Figure 81. Pre-filtered data. 

 

Figure 82. LNAPL drawdown- discharge relation during baildown testing after a drawdown 
adjustment of -0.0009 m (post-filtered data). 
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The plot above shows that borehole recharge from the filter pack maybe is not significant 

(large discharge values at the beginning of the recovery, 0.122 m3/d). Moreover, figure 
depicts behaviour that suggests unconfined LNAPL conditions because there is a 

continuously decreasing discharge with decreasing drawdown. 

 

Figure 83. Time series of LNAPL thickness during baildown testing.  

 

Figure 84. Bower and Rice type curve for the calculation of Tn. 
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PB05 8/05/2015 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 3.5 

Bottom of screen (m) 9.5 

LNAPL baildown vol. (litre) 1.69 

 

The bail-down test took place on 8/5/2015. 1.69 L NAPL and 0.23 L water were removed. 

The initial NAPL thickness was 0.36 m and the final thickness after 140 min was 0.23 m. The 

elevation of water table (corrected) is constant (after the cut off time which is 5.5 min), thus 

B&R method has to be used. The B&R method showed 0.046 (m2/d) as Transmissivity 
value. 

 

 

 

Figure 85. Time series of fluid levels during the baildown test.  
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Figure 86. Pre-filtered data. 

 

 

Figure 87. LNAPL drawdown- discharge relation during baildown testing. After a drawdown 

adjustment of 0.0269m (post-filtered data). 
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The figure above is after drawdown correction (0.0295m) has been applied. The specific plot 

shows that borehole recharge from the filter pack is significant (large discharge values at the 
beginning of the recovery). Moreover, figure depicts behaviour that suggests unconfined 

LNAPL conditions because we can see continuously decreasing discharge with decreasing 

drawdown. 

 

Figure 88. Time series of LNAPL thickness during baildown testing.  

 

 

Figure 89. Time series of LNAPL drawdown during baildown testing. 
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Figure 90. Bower and Rice type curve for the calculation of Tn. 

 

 

PB05 6/04/2016
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 3.5 

Bottom of screen (m) 9.5 

LNAPL bail-down vol. (litre) 3.3 

 

The bail-down test took place on 6/04/2016. 3.30 L NAPL and 0.74 L water were removed. 
The initial NAPL thickness was 0.42 m and the final thickness after 940 min was 0.28 m. The 

elevation of water table (corrected) is constant thus, B&R method can be used. The B&R 

method showed 0.039 (m2/d) as Transmissivity value and the cut off time was 2.3 min.  
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Figure 91. Time series of fluid levels during the baildown test.  

 

 

 

Figure 92. Pre-filtered data. 
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Figure 93. LNAPL drawdown- discharge relation during baildown testing. After a drawdown 

adjustment of 0.0527m (post-filtered data). 

The figure above is after drawdown correction has been applied. The specific plot shows that 

borehole recharge from the filter pack is not significant. Moreover, figure depicts behaviour 

that suggests unconfined LNAPL conditions because we can see continuously decreasing 
discharge with decreasing drawdown. 
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Figure 94. Time series of LNAPL thickness during baildown testing.  

 

 

Figure 95. Bower and Rice type curve for the calculation of Tn. 
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PB11 7/05/2015 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2.9 

Bottom of screen (m) 8.5 

LNAPL baildown vol. (litre) 2.71 
 

 

Figure 96. Time series of fluid levels during the baildown test.  

 

The baildown test took place on 7/5/2015. 2.71 L NAPL and 0 L water were removed. The 
initial NAPL thickness was 0.73 m and the final thickness after 1468 min was 0.69 m. The 

elevation of water table (corrected) is constant (after the cut off time which is 11 min), thus 

B&R method has to be used. The B&R method showed 0.55 (m2/d) as Transmissivity value. 
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Figure 97. Pre-filtered data. 

 

Figure 98. LNAPL drawdown- discharge relation during baildown testing. After a drawdown 

adjustment of 0.0326 m (post-filtered data). 
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The figure above is after drawdown correction (0.032m) has been applied. The specific plot 

shows that borehole recharge from the filter pack maybe is significant (large discharge 
values at the beginning of the recovery). Moreover, figure depicts behaviour that suggests 

unconfined LNAPL conditions because we can see continuously decreasing discharge with 

decreasing drawdown. 

 

Figure 99. Time series of LNAPL thickness during baildown testing.  
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Figure 100. Bower and Rice type curve for the calculation of Tn. 
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Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 2.9 

Bottom of screen (m) 8.5 

LNAPL bail-down vol. (litre) 5.78 

 

T = 0.55 m2/d
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Figure 101. Time series of fluid levels during the baildown test. 

 

The baildown test took place on 6/4/2016. 5.78 L NAPL and 0.70 L water were removed. 

The initial NAPL thickness was 0.74 m and the final thickness after 289 min was 0.56 m. The 

elevation of water table (corrected) is constant thus, B&R method has to be used. The B&R 

method showed 0.136 (m2/d) as Transmissivity value. The cut off time was 8 minutes.  
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Figure 102. LNAPL drawdown- discharge relation during baildown testing. After a drawdown 
adjustment of 0.0428 m. 

 

The figure above is after drawdown correction has been applied. The specific plot shows that 
borehole recharge from the filter pack maybe is not significant. Moreover, figure depicts 

behaviour that suggests unconfined LNAPL conditions because we can see continuously 

decreasing discharge with decreasing drawdown. 
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Figure 103. Time series of LNAPL thickness during baildown testing. 

 

 

Figure 104. Bower and Rice type curve for the calculation of Tn. 
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PB13 8/05/2015 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 3.25 

Bottom of screen (m) 9.25 

LNAPL bail-down vol. (litre) 2.73 
 

 

Figure 105. Time series of fluid levels during the baildown test. 

 

The bail-down test took place on 8/5/2015. 2.73 L NAPL and 0 L water were removed. The 

initial NAPL thickness before the test was 0.79 m. The thickness at the beginning of the test 

was 0.54 m and the final thickness after 308 min was 0.62 m. The elevation of water table 

(corrected) is constant (after the cut off time which is 7 min), thus B&R method can be used. 
The B&R method showed 0.24 (m2/d) as Transmissivity value. On 28/04/16 the product 

thickness was 0.67m. 
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Figure 106. Pre-filtered data. 

 

Figure 107. LNAPL drawdown- discharge relation during baildown testing. After a drawdown 

adjustment of 0.0582 m (post-filtered data). 
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The figure above is after drawdown correction (0.0582m) has been applied. The specific plot 

shows that borehole recharge from the filter pack is significant (large discharge values at the 
beginning of the recovery). Moreover, figure depicts behaviour that suggests unconfined 

LNAPL conditions because we can see continuously decreasing discharge with decreasing 

drawdown. 

 

Figure 108. Time series of LNAPL thickness during baildown testing. 
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Figure 109. Bower and Rice type curve for the calculation of Tn. 
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Figure 110. Time series of fluid levels during the baildown test. 

The bail-down test took place on 6/4/2016. 6.78 L NAPL and 0.38 L water were removed. 

The initial NAPL thickness before the test was 0.79 m. The thickness at the beginning of the 

test was 0.15 m, after 44 minute was 0.25 m and the final thickness after 1100 min was 0.29 

m. The B&R method showed 0.027 (m2/d) as Transmissivity value. The cut off time was 20 
minutes. 

 

Figure 111. Pre-filtered data. 
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Figure 112. LNAPL drawdown- discharge relation during baildown testing. After a drawdown 
adjustment of 0.1421 m (post-filtered data). 

The figure above is after drawdown correction (0.1421m) has been applied. The specific plot 

shows that borehole recharge from the filter pack is not significant. Moreover, figure depicts 

behaviour that suggests unconfined LNAPL conditions because we can see continuously 

decreasing discharge with decreasing drawdown. 
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Figure 113. Time series of LNAPL thickness during baildown testing. 

 

 

Figure 114. Bower and Rice type curve for the calculation of Tn. 
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PB39 06/04/2016 
 

Well casing radius (m) 0.05 

Well radius (m) 0.075 

Top of screen (m) 3.10 

Bottom of screen (m) 9.10 

LNAPL bail-down vol. (litre) 8.44 
 

 

 

Figure 115. Time series of fluid levels during the baildown test. 

 

The bail-down test took place on 06/04/2016. 8.44 L NAPL and 0.62 L water were removed. 

The initial NAPL thickness before the test was 0.78 m. The thickness after the removal of the 

product was 0.06m, after 400 minutes the thickness was 0.16m and the final thickness after 

1320min was 0.24 m. The elevation of water table (corrected) is constant thus, B&R method 
can be used. The B&R method showed 0.034 (m2/d) as Transmissivity value and the cut off 

time was 10 min.  
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Figure 116. Time series of LNAPL thickness during baildown testing. 

 

 

Figure 117. LNAPL drawdown- discharge relation during baildown testing. After a drawdown 

adjustment of 0.1368 m. 

The figure above is after drawdown correction (0.1368m) has been applied. The specific plot 

shows that borehole recharge from the filter pack is an issue. Moreover, figure depicts 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.00 200.00 400.00 600.00 800.00 1000.00 1200.00 1400.00

LN
AP

L 
Th

ic
kn

es
s 

b n
(m

)

Time (min)

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140
0.000 0.005 0.010 0.015 0.020

LN
AP

L D
ra

w
do

w
n 

(m
)

LNAPL Discharge (m3/d)

LNAPL Drawdown - Discharge Relation



 
87 

 

behaviour that suggests unconfined LNAPL conditions because it can been seen a 

continuously decreasing discharge with decreasing drawdown. 

 

Figure 118. Bower and Rice type curve for the calculation of Tn. 
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Figure 119. Time series of fluid levels during the baildown test. 

 

The bail-down test took place on 06/04/2016. 5.34 L NAPL and 1.10 L water were removed. 

The initial NAPL thickness before the test was 0.74 m. The thickness after the removal of the 

product was 0.24m, after 111 minutes was 0.71 m and the final thickness after 430 min was 

0.74 m. The elevation of water table (corrected) is constant thus, B&R method can be used. 
The B&R method showed 0.577 (m2/d) as Transmissivity value and the cut off time was 4.2 

min.  
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Figure 120. Time series of LNAPL thickness during baildown testing. 

 

Figure 121. LNAPL drawdown- discharge relation during baildown testing. After a drawdown 
adjustment of 0.004 m. 

The figure above is after drawdown correction (0.004m) has been applied. The specific plot 

shows that borehole recharge from the filter pack is not significant (one large discharge 

value at the beginning of the recovery). Moreover, figure depicts behaviour that suggests 
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unconfined LNAPL conditions because it can been seen a continuously decreasing 

discharge with decreasing drawdown. 

 

Figure 122. Bower and Rice type curve for the calculation of Tn. 
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Figure 123. Time series of fluid levels during the baildown test. 

 

The bail-down test took place on 14/06/2016. 19.5 L NAPL and 0 L water were removed. 

The initial NAPL thickness before the test was 0.528 m. The thickness after the removal of 

the product was 0.23 m, after 158 minutes was 0.45 m. The elevation of water t able 

(corrected) is constant thus, B&R method can be used. The B&R method showed 0.304 
(m2/d) as Transmissivity value and the cut off time was 0.7 min.  

 

4.6

4.7

4.8

4.9

5.0

5.1

5.2

5.3

0 50 100 150 200

De
pt

h 
(m

)

Time (minutes)

DTW (blue), Water Table (green), DTP (red)



 
92 

 

 

Figure 124. LNAPL drawdown- discharge relation during baildown testing. After a drawdown 

adjustment of 0.0224 m. 

 

 

Figure 125. Time series of LNAPL thickness during baildown testing. 
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Figure 126. Bower and Rice type curve for the calculation of Tn. 
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Figure 127. Time series of fluid levels during the baildown test. 

 

The bail-down test took place on 06/04/2016. 1.31 L NAPL and 0.07 L water were removed. 

The initial NAPL thickness before the test was 0.63 m. The thickness after the removal of the 

product was 0.17m, after 65 minutes was 0.22 m and the final thickness after 1300 min was 
0.225 m. The elevation of water table (corrected) is constant thus, B&R method can be used. 

The B&R method showed 0.139 (m2/d) as Transmissivity value and the cut off time was 7.4 

min. On 28/04/16 the product thickness was 0.04m. 
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Figure 128. Pre-filtered data. 

 

Figure 129. LNAPL drawdown- discharge relation during baildown testing. After a drawdown 

adjustment of 0.105m. 

The figure above is after drawdown correction (0.105m) has been applied. The specific plot 
shows that borehole recharge from the filter pack is not significant. Moreover, figure depicts 

behaviour that suggests unconfined LNAPL conditions because it can been seen a 

continuously decreasing discharge with decreasing drawdown. 
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Figure 130. Time series of LNAPL thickness during baildown testing. 

 

 

Figure 131. Bower and Rice type curve for the calculation of Tn. 
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Abstract 100 

LNAPL transmissivity (Tn) is being proposed as an improved metric for LNAPL 101 

recoverability. In this paper, the applicability of Tn as a lagging and leading metric in 102 

heterogeneous sites under variable water table conditions was investigated. Bail-down 103 

and mass recovery (skimming) testing methods were compared in three areas of a 104 

gasoline contaminated site in Western Australia. High-resolution characterisation 105 

methods were applied in the vicinity of the measured wells to account for differences 106 

in the stratigraphic profile and LNAPL distribution. The results showed a range of Tn 107 

from 0.30 m2/day to 2.13 m2/day under unconfined LNAPL conditions , exhibiting a 108 

strong spatial variability and an inverse relationship with the potentiometric surface 109 

elevation (Zaw). In addition, we found temporal reductions of Tn may be more affected 110 

by Zaw than by the application of mass recovery technologies. These observations 111 

reflected limitations of Tn as a lagging metric and a remediation endpoint. On the 112 

other hand, the consistency and accuracy of Tn as a leading metric was affected by the 113 

subsurface conditions. For instance, the area with a wider LNAPL distribution and 114 

higher LNAPL saturations was less sensitive to changes in Zaw than the other two 115 

areas during the skimming trials. In addition, the Tn values from bail-down and 116 

skimming testing were generally in a close agreement (less than a factor of 2 117 

difference), although higher discrepancies (by a factor up to 7.3) were found, 118 

probably linked to the geological setting and Zaw. Therefore, under stable Zaw, Tn was 119 

found to be a relatively reliable metric. In contrast, variable water table conditions 120 

affected the evolution of Tn and caution should be exercised in such scenarios. 121 

Consequently, remediation practitioners, researchers and regulators should account 122 

for the nexus between Tn, LNAPL distribution, geological setting and temporal effects 123 

for a more efficient and sustainable management of complex sites. 124 
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 125 

Keywords: complex NAPL distribution; heterogeneity, LNAPL transmissivity; 126 

remediation performance metric; water table fluctuations. 127 

 128 

1. Introduction 129 

 130 

Petroleum hydrocarbons such as gasoline, diesel and jet fuel found as light 131 

non-aqueous phase liquids (LNAPLs) in the subsurface pose potential risks to human 132 

health and the environment because of their mobility and toxicity. Thus, saturation- 133 

and composition-based risks exist (Tomlinson et al., 2017). In the past, in-well 134 

LNAPL thickness (bn) was used as a measure of potential LNAPL mobility and 135 

recoverability. However, it has been widely recognised that bn varies between 136 

different geological materials, LNAPL properties and hydrogeologic conditions 137 

(ASTM, 2013). Consequently, the analysis of bn should be performed with caution 138 

through the application of proper models that account for capillary pressure-saturation 139 

relationships (Farr et al., 1990; Lenhard and Parker, 1990; Sleep et al., 2000) and 140 

equilibrium in-well fluid levels should be representative of the fluid pressures in the 141 

formation. 142 

From the LNAPL remediation activities and investigations over time, LNAPL 143 

transmissivity (Tn), which is a measure of potential LNAPL mobility, is being 144 

proposed as an important new metric for the management of LNAPL contaminated 145 

sites overcoming the aforementioned limitations of bn (NAVFAC, 2017). Tn is defined 146 

in an analogous way to groundwater transmissivity and can be estimated through bail-147 

down testing, manual skimming, mass recovery system analysis (e.g. analysis of 148 

LNAPL skimming systems) or tracer tests (ASTM, 2013). Of the various techniques, 149 
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bail-down testing is the most commonly applied since it requires less resources than 150 

the other methods. 151 

However, an in depth knowledge of the site conditions and the underlying 152 

multiphase physics is still essential to properly assess the system, since Tn has also 153 

been recently described as a complex parameter (Beckett and Huntley, 2015). Fig. 1 154 

illustrates this complexity by showing the multiple interrelated sources of variability 155 

that affect Tn. The estimated Tn value depends on the applied methodology, test 156 

conditions, water table fluctuations as well as fluid and geological properties. These 157 

factors are usually related to Tn in a complex way, for instance hysteresis exists in the 158 

relationships between relative permeability, capillary pressure and saturation, 159 

determined by the geological and fluid properties. A 20% Tn difference during 160 

imbibition and drainage periods in homogeneous porous media has been documented 161 

(Palmier et al., 2017). 162 

Water table fluctuations may play a crucial role on LNAPL redistribution, its 163 

mobility and the partitioning into other phases and can affect the value of Tn by orders 164 

of magnitude (Beckett and Huntley, 2015). Two main mechanisms are behind this 165 

relationship between the potentiometric surface elevation (Zaw) and Tn. Firstly, the 166 

induced vertical displacement of LNAPL mass to zones with different intrinsic 167 

permeability. Secondly, the generation of immobile LNAPL, in particular the 168 

entrapment of LNAPL when Zaw increases (Lenhard et al., 1993; Steffy et al., 1995; 169 

Chompusri et al., 2002). Hydrographs obtained from field sites usually show that Zaw 170 

and Tn follow opposite trends (Beckett and Huntley, 2015), thus indicating the 171 

importance of entrapment phenomena in unconsolidated porous media. Recently, a 172 

model to predict subsurface LNAPL volumes and Tn after consideration of immobile 173 
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LNAPL resulting from water table fluctuations in homogenous scenarios was 174 

presented (Lenhard et al., 2017). 175 

In spite of the aforementioned complexities, Tn is applied in the design, 176 

implementation and evaluation of remediation systems as both a leading and lagging 177 

metric (Kirkman, 2013). A leading metric is an indicator of the potential future 178 

performance of a system. For instance, Tn is used to determine the start-up of a 179 

LNAPL mass recovery system or to gain insight into the expected LNAPL recovery 180 

rates. On the other hand, a lagging metric is an indicator of the past and current 181 

performance of a system. For instance, Tn is used to assess the progress of LNAPL 182 

mass recovery techniques and it is also used as an endpoint criterion to determine the 183 

shutdown of the system. A Tn value of 0.009 to 0.07 m2/day has been suggested as an 184 

endpoint for hydraulic LNAPL recovery (ITRC, 2009). However, regardless of the 185 

specific remediation metric, it has been remarked that is frequently convenient to 186 

apply alternative endpoints in lieu of regulatory standards (Harclerode et al., 2016) 187 

and adopt adaptive management strategies (Price et al., 2017) in the case of complex 188 

contaminated sites. 189 

The objective of this paper is to assess the impact water table fluctuations may 190 

have on the applicability of Tn as a leading and lagging metric in complex sites. 191 

Although it has been stated that water table fluctuations may play a crucial role on Tn 192 

(Kirkman and Hawthorne, 2014; Beckett and Huntley, 2015), none of the existing 193 

field-based research papers (Nagaiah et al., 2015; Palmier et al., 2016; Pennington et 194 

al., 2016) has directly addressed the nexus between Tn, water table fluctuations, 195 

geological heterogeneity and complex NAPL distributions. Thus, the outcomes of this 196 

study could encourage further research on this nexus and have a valuable impact on 197 
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new regulatory frameworks and more efficient and sustainable contaminated site 198 

management strategies. 199 

 200 

2. Materials and methods  201 

 202 

2.1 Characteristics of the field site 203 

The study area comprised an operating petrol station in Western Australia 204 

located within a residential-commercial zone. It occupied an area of 2750 m2 where 205 

the topography is relatively flat. The local hydrogeology consists of a multi-layered 206 

unconsolidated aquifer system formed in a fluvial depositional environment. 207 

Discontinuous interbedded sands, silts and clays are present. In general, the 208 

stratigraphic profile consists of three main strata: a clayey silt layer approximately 0-209 

4.5 m below the surface; a sandy layer (fine and coarse sand with up to 30% of silt 210 

and clay) approximately 4.5-8 m below the surface; and heavy clays approximately 8 211 

m and deeper below the surface. A fining-upward sequence was observed in the sandy 212 

unit according to core logs. The study area typically experiences annual water table 213 

fluctuations of 2-3 m. The gasoline release occurred in 2013. The exact amount of 214 

released product remains unknown. The LNAPL was mainly found in the sandy 215 

material under different confinement conditions. The product was relatively fresh 216 

with a measured mass density of 730 kg/m3 and a viscosity between 4.1x10-4 kg m-1 s-217 

1 and 4.8x10-4 kg m-1 s-1. Between 2014-2016, 85 monitoring points were installed 218 

including production (100-mm diameter) and monitoring wells (50-mm diameter), 219 

multi-level strings and vapor point wells. Site characterisation included soil coring 220 

and direct-push profiling methods such as HPT (Hydraulic Profiling Tool) and LIF 221 

(Laser-Induced Fluorescence) at distances of less than 2 m away from installed wells. 222 



 9 

Three areas (A, B and C), exhibiting differences in the vertical LNAPL 223 

distribution and the stratigraphic profile, were chosen to investigate the effect of water 224 

table fluctuations under different scenarios. The distance between the tested wells in 225 

areas A and B was 12 m. Area C was located 30 m away from the other two areas. 226 

The geological material at area C was generally finer textured than at the other two 227 

areas. Area A had unconfined LNAPL conditions during all of the measurements 228 

(2014-2016). Areas B and C had both confined and unconfined LNAPL conditions 229 

since 2014. The transition point between confined and unconfined NAPL conditions 230 

was in the range of 56.7- 56.8 m AHD (Australian Height Datum), according to 231 

different lines of evidence such as diagnostic gauge plots, core logging, HPT profiles, 232 

bail-down testing and hydrostratigraphs (Kirkman et al., 2013). Table 1 presents the 233 

monitoring network and the LNAPL hydrogeological conditions at the three research 234 

areas during the mass recovery testing periods.  235 

 236 

2.2 Experimental procedure 237 

Periodic measurements of Tn,BD (Tn estimated through bail-down testing) were 238 

obtained across the field site between 2015 and 2016. These measurements were 239 

taken under natural conditions to investigate two main aspects: (i) the spatial and 240 

temporal variability of Tn and (ii) the suitability of applying a single Tn value as an 241 

endpoint criterion in a dynamic system (results presented in section 3.1). On the other 242 

hand, LNAPL mass recovery methods were also tested to assess: (i) the applicability 243 

of Tn as a lagging metric monitoring the progress of the remediation system and (ii) 244 

the consistency of Tn,BD as a leading metric in areas with similar Tn,BD values, but 245 

different LNAPL distributions and geological materials (results presented in section 246 

3.2). Tn,BD and Tn,SK (Tn estimated through skimming) were also compared to 247 
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investigate the accuracy of Tn,BD as a predictor of Tn,SK (results presented in section 248 

3.3). 249 

In 2015, the LNAPL mass recovery trials were conducted sequentially in areas 250 

A and B. In area A, there was relatively constant water table conditions (water table 251 

elevation increased at a rate of +1 cm/week). In area B, there was a rising 252 

potentiometric surface (water table elevation increased at a rate of +5 cm/week). The 253 

2016 trials were conducted in parallel during rising water table conditions (water table 254 

elevation increased at a rate of +7.5 cm/week at the beginning of the trial) at the three 255 

research areas. 256 

In 2015, the skimming operations to recover LNAPL in areas A and B lasted 257 

two weeks. In 2016, the skimming operation at area B lasted four weeks. A 4-week 258 

sequential mass recovery trial took place at areas A and C. Besides skimming, the 259 

other applied LNAPL recovery techniques were water-enhanced recovery (dual pump 260 

inducing water table drawdown), vacuum-enhanced recovery and water- and vacuum-261 

enhanced recovery, but their results are not included in this paper. LIF profiles and 262 

continuous soil cores were obtained before the start of the 2016 trials (mid-May 2016) 263 

to delineate the LNAPL vertical distribution. The equilibrium fluid levels used in the 264 

Tn analysis were estimated from the surrounding monitoring wells.  265 

 266 

2.3 Measurements and calculations 267 

To measure Tn in the field by the bail-down testing procedure, initial Zan 268 

(elevation of the air/LNAPL interface in a well) and Znw (elevation of the 269 

LNAPL/water interface in a well) measurements are conducted. LNAPL is then 270 

removed from the well, which causes LNAPL to flow into the well from the 271 

surrounding porous media. Both Zan and Znw are measured as LNAPL flows into the 272 
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well. Given the properties of the existing product and the equipment that was 273 

employed, bail-down testing was apparently more reliable than the manual skimming 274 

method, even at relatively low in-well thicknesses. The data was analysed by using 275 

the modified Bouwer and Rice equation (Kirkman, 2013): 276 

2
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Roi = radius of capture (L); 279 
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sn(0) = maximum induced drawdown (L); 281 

sn(t) = LNAPL drawdown at time t (L); 282 

t = elapsed time (T); 283 

J = ratio of change in NAPL drawdown to change in NAPL thickness. 284 

It should be noted that some of the theoretical assumptions in the Bouwer and 285 

Rice approach (Bouwer and Rice, 1976) are not necessarily met for multiphase 286 

systems and Tn analysis (Batu, 2012). However, several authors have defended this 287 

methodology claiming that is robust enough under both field and laboratory 288 

conditions (Charbeneau et al., 2013; Palmier et al., 2017), with different analytical 289 

solutions presenting a good correlation at field scale under unconfined conditions 290 

(Palmier et al., 2016). 291 

As regards the mass recovery procedure, the LNAPL recovery rates were 292 

systematically measured and the corresponding LNAPL drawdowns estimated. The 293 

modified Thiem equation (Charbeneau, 2007) was used for the calculation of Tn,SK: 294 
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where: 296 

Qn = the time-weighted mean of the measured LNAPL recovery rates (L3/T); 297 

sn = the geometric mean of the estimated LNAPL drawdowns (L); 298 

rw = well radius (L). 299 

The value of ln (Roi/rw) was assumed to be equal to 4.6 introducing little error 300 

according to the literature (ASTM, 2013). 301 

The estimated Tn,BD value may not compare identically with Tn,SK because of 302 

the analysis procedure and temporal and spatial scale dissimilarities. This discrepancy 303 

between different methods may be also due to poor well development or other 304 

artifacts, as it has been documented in the case of comparisons between slug tests and 305 

pumping tests in groundwater systems (Butler and Healey, 1998). The spatial scale of 306 

the selected methods is determined by their radius of capture, typically larger for 307 

coarser-grained sediments (Beckett and Huntley, 1998). 308 

 309 

3. Results and discussion 310 

  311 

3.1 Variability in LNAPL transmissivity under natural water table fluctuations 312 

Fig. 2 depicts the distribution of the Tn and bn values obtained through the field 313 

site monitoring network during the two years of research. A range of Tn,BD from 0.3 314 

m2/day to 2.13 m2/day was found across the entire site during unconfined LNAPL 315 

conditions. Area C had the lowest Tn,BD values (0.3 – 0.58 m2/day) among the three 316 

areas since 2015 (maximum values of 2.13 m2/day at research area A and 1.38 m2/day 317 

at research area B), although it showed higher LNAPL saturations and bn. Thus, the 318 

low intrinsic permeability at area C is a key factor for the lower Tn values, besides of 319 

the differences in LNAPL distribution. This lack of correlation between Tn and bn was 320 
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consistently observed at the field site, as shown in Fig. 2. This behaviour was not 321 

unexpected since it has been also documented in the literature (Palmier et al., 2016). 322 

However, a positive relationship between these two parameters was found at specific 323 

tested wells under unconfined LNAPL conditions, consistent with the multiphase 324 

theory (Lenhard et al., 2017), although the coefficients of determination were just 325 

between 0.35 and 0.76. Tn exhibited a strong spatial variability. For instance, no 326 

LNAPL was present in wells located less than 2 m away from others with the highest 327 

Tn values. 328 

Between 2015 and 2016, Tn followed an inverse relationship with Zaw as 329 

depicted in Fig. 3. The Tn reduction during rising water table conditions was observed 330 

across the whole contaminated site and not only in the three areas studied. This 331 

behaviour was related to two different processes: (i) less mobile LNAPL results 332 

because of LNAPL entrapment by water and (ii) the upward LNAPL displacement 333 

was into porous media with a lower intrinsic permeability. This was more pronounced 334 

at areas B and C where the Tn showed the lowest values just before reaching the 335 

overlying aquitard at 56.7- 56.8 m AHD. Another observation supporting the strong 336 

impact of Zaw on Tn was that an increase of 25 cm in Zaw resulted in a Tn,BD decrease 337 

from 2.13 to 0.37 m2/d in area A (which exhibited the lowest LNAPL mobile intervals 338 

according to LIF and core logs). These changes in Tn could explain the differences up 339 

to one order of magnitude found in comparisons between initial bail-down testing 340 

values and long-term methods such as tracer tests (Pennington et al., 2016). It should 341 

be remarked that the redistribution of the product (fresh gasoline) was favoured by its 342 

relatively low density and viscosity. 343 

Fig. 4 illustrates the site hydrograph during the study period. The maximum 344 

potentiometric surface elevation was 0.6 m higher in 2014 than in 2015 (57.7 m AHD 345 
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in November 2014 versus 57.1 m AHD in October 2015), while the lowest elevation 346 

was similar (approximately 56.2 m AHD) for both years. Differences in Tn,BD at 347 

similar Zaw values in 2015 compared to 2016 (54% Tn decrease at area B) may reflect 348 

hysteresis, natural LNAPL depletion or mass migration within the LNAPL body. 349 

 350 

3.2 Variability in LNAPL transmissivity during skimming 351 

LNAPL saturations obtained from extracted cores before the 2016 mass 352 

recovery trial, as well as HPT and LIF logs from surrounding direct-push locations, 353 

are presented in Fig. 5. The highest LNAPL saturations were found at area C, where 354 

the material was finer. During the skimming trials, soil coring, HPT and LIF profiles 355 

suggested that the mobile LNAPL interval was mainly located in silty sands at this 356 

area. In addition, there were greater differences between the HPT logs obtained at 357 

area C compared to the other areas. This can be seen from the three different HPT 358 

logs corresponding to this area in Fig. 5. In areas A and B, the mobile LNAPL 359 

interval was located in poorly graded sand material. Data for area B is not shown in 360 

Fig. 5 because of the similarities with of geological material and Tn evolution with 361 

area A. A notable measurement at area A was the distinct and very high LIF signals 362 

within an interval of just 12 cm, where a slightly coarser material was identified. 363 

Therefore, the highest LIF signals were present in the area with the lowest LNAPL 364 

saturation values. Because the LIF signal depends on both the LNAPL saturation and 365 

the geology, it was an interesting tool to delineate transmissive intervals, although 366 

with some limitations. This thin layer probably worked as a preferential migration 367 

pathway constraining the LNAPL vertical displacement due to the capillary contrasts. 368 

In addition, Fig. 5 presents four times that fluid levels (I, II, III, IV) were 369 

recorded. Times I and IV were at the lowest monitored Zaw during the years 2015-370 
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2016 with small differences in Zan and Znw. The LNAPL saturation profiles shown in 371 

Fig. 5 correspond to time I. A different LNAPL distribution, exhibiting lower NAPL 372 

saturation values is expected at time II, as it has been previously documented in the 373 

case of a gasoline contaminated sandy aquifer with a rising potentiometric surface 374 

(Steffy et al., 1995). At the beginning of the mass recovery trials, higher values of 375 

Tn,BD were measured in July 2015 (1.48 m2/d) compared to June 2016 (0.37 m2/d). In 376 

2015, measurements were taken under low water table conditions, whereas in 2016 377 

the water table was 20-25 cm higher. It should be remarked that the LNAPL recovery 378 

was negligible in all the research areas at the end of the 2016 trial.  379 

Fig. 6 illustrates changes in Tn,SK with Zaw during the first week of the 380 

skimming trial in 2016. As it can be inferred from Fig. 6, during the first 5-cm rise in 381 

Zaw, the LNAPL recoverability was less affected at area C than at the other areas. One 382 

important factor was that the LNAPL saturations were higher. How the LNAPL 383 

saturation is affected by Zaw changes depends on the capillary pressure-saturation 384 

relationship. Moreover, the LNAPL mobile interval was larger at this area. In relation 385 

to this, the in-well thickness (4.5 times larger at area C than at area A) was reduced by 386 

7% at area C, but it decreased by 15% at area A during this period of time. Thus, 387 

entrapment phenomena and vertical displacement had a higher impact at area A at this 388 

stage. It should also be noticed that the lowest LNAPL recovery rates were measured 389 

at area C. Later measurements showed Tn,SK approaching zero under constant water 390 

table conditions at area C due to product depletion through skimming in the 391 

surrounding subsurface. Low Tn,BD measured values in surrounding wells was another 392 

indication of the low LNAPL mobility at this area.  393 

Fig. 7 presents changes in Tn,BD before and during the skimming trial at area A 394 

in 2016. From this figure, it can be inferred that Tn was quite sensitive to water table 395 
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changes, while the impact of the skimming operations was not so clear. Consequently, 396 

LNAPL entrapment and vertical displacement may have played a greater role on the 397 

temporal reduction of Tn than the mass recovery method. This is supported by 398 

relatively constant Tn during periods of stable water table conditions. Further, Tn did 399 

not change under constant Zaw at area A during the 2015 trial either, whereas the 400 

effect of a rising Zaw had a negative impact on Tn at area B (Gatsios et al., 2016). The 401 

behaviour shown in Fig. 7 indicated that the assessment of the performance of a 402 

remediation system through Tn could be misleading. For instance, other authors 403 

acknowledged the effectiveness of a LNAPL recovery system after observing a Tn 404 

decrease of 47% in 18 months of recovery (Palmier et al., 2016). However, Fig. 4 405 

shows a 54% Tn,BD reduction under natural conditions without remediation operations 406 

at area B between 2015 and 2016. 407 

 408 

3.3 Comparison between LNAPL transmissivity estimated through bail-down and 409 

mass recovery testing methods 410 

A comparison of Tn values estimated through the different applied testing 411 

methods at areas A and C during the recovery trials in 2015 and 2016 is shown in Fig. 412 

8. In general, there was relatively close agreement between Tn,BD and Tn,SK with 413 

differences within a factor of 2. This difference is considered reasonable (ASTM, 414 

2013) and is consistent with what has been documented in the literature (Nagaiah et 415 

al., 2015). More specifically, differences between Tn,BD and Tn,SK were relatively small 416 

under stable water table conditions. However, larger differences by a factor up to 7.3 417 

were found at area A during the 2016 LNAPL mass recovery trial under rising water 418 

table conditions, as it can be seen in Fig. 8.  419 
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Fig. 9 presents the changes of the Tn,SK/Tn,BD ratio with different potentiometric 420 

surface elevations at areas A and C. The figure contains periods when skimming and 421 

water-enhanced skimming recovery methods were employed. As the Tn,SK/Tn,BD ratio 422 

approaches the unity, bail-down testing estimations could be considered as good 423 

predictors of Tn and recoverability for mass recovery applications. Before inducing a 424 

gradient in the potentiometric surface, it could be inferred that there was a better 425 

agreement between Tn,SK and Tn,BD at area C, where the material was finer compared to 426 

area A. One main factor may be the radius of capture. 427 

Fig. 9 also showed that the difference between both applied methods may be a 428 

function of Zaw among other factors. Thus, it was observed that the aforementioned 429 

difference by a factor of 7.3 corresponded to the highest Zaw. As depicted in Fig. 5a, 430 

the LNAPL distribution at area A was mainly present within a short interval and not 431 

significantly smeared across the lithological profile, whereas a wider LNAPL vertical 432 

distribution with higher saturations existed at area C. Therefore, the remarkably high 433 

Tn,SK/Tn,BD ratio at high Zaw was probably due to the coupled effect of the differences 434 

in the radius of capture between the two applied methods and the low NAPL 435 

saturations predominantly constrained to a thin layer. Apparently, bail-down testing 436 

was more sensitive to the rising water table than the skimming system, as it can be 437 

inferred from the decreasing Tn,SK with an increasing Tn,SK/Tn,BD ratio. Thus, the 438 

accuracy of Tn,BD as a predictor of Tn,SK may be compromised when significant water 439 

table fluctuations exist. 440 

 441 

4. Conclusions 442 

 443 
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In the present study, the applicability of Tn as a metric in heterogeneous sites 444 

impacted by water table fluctuations was investigated. Water table fluctuations played 445 

a crucial role on the behaviour of Tn and should always be taken into consideration by 446 

remediation practitioners, researchers and regulators. The findings of this research 447 

encourage the use of Tn as a metric for the management of LNAPL contaminated sites, 448 

always accompanied by an adequate understanding of the conceptual site model. 449 

Under constant water table conditions, Tn was found to be a relatively reliable 450 

metric for the management of saturation-based risks in LNAPL contaminated sites, 451 

although exhibiting a strong spatial dependency. Tn,BD and Tn,SK were usually in a 452 

close agreement. Consequently, Tn,BD is helpful in order to decide the appropriateness 453 

of establishing a new mass recovery system. In addition, the stable Tn behaviour 454 

favours the suitability of Tn as a leading metric.  455 

In contrast, variable water table conditions may affect the evolution of Tn in 456 

such a way that its applicability as a metric may be questionable without a deep 457 

knowledge of the site conditions. Examples supporting the aforementioned statement 458 

were presented throughout the results of this research:  459 

(i) it was observed that Tn  may change in a cyclic basis under natural 460 

conditions. Thus, regulatory limits like the endpoint criterion proposed by ITRC 461 

(ITRC, 2009) should be used with caution and preferably under low water table 462 

conditions (still depending on the relative importance of entrapment and the 463 

implications of vertical displacement). The results of this study encourage the 464 

application of periodic bail-down testing as part of a broader adaptive management 465 

strategy; 466 

(ii) it was documented that Tn,BD may potentially be more sensitive to water 467 

table changes than to the product depletion through skimming. As a consequence, Tn 468 
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is not necessarily representing the remediation performance of the mass recovery 469 

system only. It also comprises the coupled effects produced by the variable water 470 

table as well as the potential migration and natural losses occurring within the NAPL 471 

body. For instance, in this research the decrease in Tn,BD due to natural conditions 472 

without remediation operations was similar to that presented in the literature after 18 473 

months of LNAPL recovery (Palmier et al., 2016). Consequently, the understanding 474 

of these effects is essential in order to select the most adequate remediation 475 

technology, for instance in cases where mass recovery techniques should be replaced 476 

by monitored natural attenuation strategies; 477 

(iii) the effect of the water table fluctuations is linked to the geological setting 478 

and the NAPL distribution. Accordingly, areas with similar initial Tn,BD values may 479 

exhibit a clearly different evolution with time. During this research study, Tn was 480 

found to be less sensitive to Zaw when wider LNAPL distributions and higher 481 

saturations were present. As a consequence, the application of Tn as a leading metric 482 

is compromised without a deep knowledge of the conditions in the subsurface. Being 483 

aware of the depositional environment and existing vertical heterogeneity may help to 484 

understand the influence of LNAPL vertical displacement and entrapment phenomena 485 

on Tn. Furthermore, evidence that Zaw may affect the discrepancy between Tn,SK and 486 

Tn,BD was presented. The magnitude of this difference may be related to the geological 487 

setting and LNAPL distribution, in particular when there are relevant preferential 488 

migration pathways with coarser material and/or better connectivity. For this reason, 489 

some errors may arise from the usage of Tn,BD as a start-up metric under these 490 

conditions. 491 

In conclusion, both the geological setting and the LNAPL distribution have an 492 

effect on the behaviour of Tn, magnified in the case of variable water table conditions. 493 
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Thus, a proper characterisation of the area surrounding the remediation well makes Tn 494 

gain reliability as a metric. On the other hand, periodic bail-down testing assists in the 495 

assessment of the Tn variability with time. Periodic measurements of Tn,BD would also 496 

provide further insight into the comparisons between bail-down and long-term testing 497 

methods like those already documented in the literature (Pennington et al., 2016). 498 

Further research under controlled environments is suggested to keep elucidating the 499 

complex interrelation between Tn, NAPL properties, NAPL distribution, geological 500 

setting and temporal effects (including variable Zaw, natural source zone depletion, 501 

NAPL migration and product depletion through mass recovery methods). 502 
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Fig. 2. Distribution of Tn and bn values across the site in the years of research. 617 
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Fig. 3. Correlation between the Tn and Zaw at the three areas of research (years: 2015-619 

2016). 620 
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Fig. 4. Contaminated site hydrograph along with bail-down Tn values at the three 622 

research areas. Gray columns indicate the time periods of recovery applications in 623 

2015 and 2016. 624 
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Fig. 5. a) HPT73 and LIF43 profile along with NAPL saturations (MP50) and bn  626 

(PB29 well), at area A and b) HPT59, HPT60 HPT62 profiles along with NAPL 627 

saturations (MP44) and bn  (PB40 well), at area C. Four different fluid elevations are 628 

illustrated: I refers to fluid levels the day of core sampling (late May 2016), II shows 629 

the fluid levels the day before the 4-week sequential free recovery trial (mid-June 630 

2016), III presents fluid levels just after the end of the recovery trial (early July 2016) 631 

and, finally, IV refers to the fluid levels just before the 2015 trial (early July 2015). 632 

 633 

Fig. 6.  Profiles of Tn, SK and Zaw at areas A, B, and C during the first week of the 2016 634 

skimming trials. 635 

  636 

Fig. 7. Tn, BD values before and during the 2016 skimming trial at area A. 637 

 638 

Fig. 8. Comparison of Tn values between bail-down testing and skimming along with 639 

fluid elevations at (a) area A (2015 and 2016 trials) and (b) area C (2016 trial). 640 
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Fig. 9. Profile of Zaw values along with Tn, SK / Tn, BD ratio values at areas A and C during 642 

the skimming and water-enhanced skimming trials in 2016. 643 

 644 

Table. 1. Monitoring network and NAPL hydrogeological conditions during the pilot-645 

scale mass recovery trials at the three research areas. Numbers in parenthesis indicate 646

distance from recovery wells. 647 
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Table 1. 677 

Research 
Area 

Recovery 
Well 

Observation 
Wells 

LIF  
Profiles 

HPT  
Profiles 

NAPL 
Conditions 

A PB29 MP50 
(1.5 m) 

LIF43 (1 m) 
   LIF47 (1.5 m) 

HPT73 
(1.5 m) 

Unconfined 

B PB27 PB09 
(2.5 m) 

    LIF 51 (1.5 m) 
LIF52 (1 m) 

LIF53 (2 m) 

HPT74 
(1 m) 

Unconfined 

C PB40 PB11 
(4 m) 

LIF57 (2 m) 
LIF68 (2 m) 

HPT59 (3 m) 
HPT60 (2 m) 
HPT62 (2 m) 

Unconfined 
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