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Table 12.  COC Removal – Groundwater Only.  Mass Balance - VOCs. 
Test

Control

Rep A Rep B Rep A Rep B Rep A Rep B

% Remaining in Aqueous
Acetone 123 135 55 58 181 181
2-Butanone (MEK) 120 135 37 41 54 58
Benzene 83 100 < 17 < 17 < 17 < 17
Toluene 81 97 < 3.2 < 3.2 < 3.2 < 3.2
Ethylbenzene 71 95 < 53 < 53 < 53 < 53
m,p-Xylenes 72 92 < 26 < 26 < 26 < 26
o-Xylene < 82 94 < 82 < 82 < 82 < 82
Isopropyltoluene < 98 < 98 < 98 < 98 < 98 < 98
% Volatilized
Acetone 40 41 46 47
2-Butanone (MEK) < 20 20 < 19 < 19
Benzene 74 77 86 59
Toluene 48 44 < 15 < 14
Ethylbenzene 0-100 0-100 0-100 0-100
m,p-Xylenes 0-100 0-100 0-100 0-100
o-Xylene 0-100 0-100 0-100 0-100
Isopropyltoluene 0-100 0-100 0-100 0-100
% Destroyed
Acetone -23 -35 4.4 1.4 -126 -127
2-Butanone (MEK) -20 -35 43 - 63 39 27 - 46 23 - 42
Benzene 17 0.0 9 - 26 6 - 23 0-100 24 - 41
Toluene 19 3.2 49 - 52 43 - 46 > 82 > 83
Ethylbenzene 29 5.3 0-100 0-100 0-100 0-100
m,p-Xylenes 28 8.5 0-100 0-100 0-100 0-100
o-Xylene > 18 6.1 0-100 0-100 0-100 0-100
Isopropyltoluene > 2 > 2 > 2 > 2 > 2 > 2

not applicable

Analyte Nitrogen Ozone
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Table 13.  COC Removal – Groundwater Only.  Mass Balance - SVOCs. 
Test

Control

Rep A Rep B Rep A Rep B Rep A Rep B

% Remaining in Aqueous
Phenol 43 72 72 94 < 3.6 < 3.6
o-Cresol 50 78 85 95 < 32 < 32
m,p-Cresols 53 80 93 93 < 17 < 17
2,4-Dimethylphenol 61 93 92 92 < 8.2 < 8.2

% Destroyed
Phenol 57 28 28 6.5 > 96 > 96
o-Cresol 50 22 15 5.1 > 67 > 67
m,p-Cresols 47 20 6.7 6.7 > 83 > 83
2,4-Dimethylphenol 39 6.6 8.2 8.2 > 92 > 92

Analyte Nitrogen Ozone

 
 
 
Treatment with ozone completely removed most VOCs and VOC TICs from the aqueous 
phase.  The exceptions were acetone and 2-butanone (MEK).  Acetone concentrations 
increased in the ozone tests, which is a common phenomenon with any oxidation 
technology.  2-Butanone was partially removed, decreasing from 4,200 – 5,100 µg/L in 
the Time 0 reactors to 2,500-2,700 µg/L in the ozone reactors.  It was not detected in the 
off-gases, indicating that less than 19% was volatilized and up to 46% was destroyed.    
 
Acetone, benzene, and the TIC methyl acetate were the only compounds detected in off-
gases from the ozone tests.   The amount of acetone volatilized was 46-47% of the 
acetone originally present in the samples, though it should be noted that it was only 
detected in the gases collected for the first 0-45 hours despite the presence of 28,000 
µg/L acetone in the water phase at 5 days (the end of the test).   This implies that acetone 
generated during oxidation can be destroyed once an ozone residual is established 
(effluent ozone concentrations were initially low, but increased steadily as the test 
progressed – see Section 3.2.3 for discussion).  The amount of benzene in the off-gas 
accounted for 59-86% of the benzene initially present while the amount of toluene 
accounted for < 15% of the toluene initially present.  Methyl acetate was seen in all of the 
ozone samples at estimated concentrations ranging from 1.6 to 1.9 µg/L. 
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Treatment with nitrogen also completely removed most VOCs and VOC TICs from the 
aqueous phase.  The exceptions were acetone, 2-butanone (MEK) and the TICs fenchol 
and camphor, all of which were only partially removed.  Between 55% and 58% of the 
acetone initially present remained in the aqueous phase, while 37-41% of 2-butanone 
remained.  Estimated camphor concentrations decreased from 160-250 µg/L in the Time 
0 reactors to 90 µg/L in the nitrogen tests, while fenchol decreased from 500-600 µg/L in 
the Time 0 Rep B and Control samples to 180-190 µg/L in the nitrogen tests.  The 
concentration in the Time 0 Rep A reactor was 120 µg/L, indicating variability with this 
analyte.   
 
Acetone, 2-butanone, benzene, toluene and the TICs methyl acetate and dimethyl-
disulfide were seen in some of the off-gas samples from the nitrogen tests.  Except for 
acetone, detections occurred only in the 0-45 hour samples, which was not unexpected 
since stripping of VOCs often occurs quickly.  (Acetone is an exception – it is highly 
water soluble and difficult to strip.)   The amount of acetone volatilized was 40-41% of 
the acetone originally present in the samples, which accounts for most of the acetone lost 
from the aqueous phase.   2-Butanone was detected in the Rep B test, but the amount 
detected did not account for all of the 2-butanone lost from the aqueous phase.  The 
reason for this is unknown, but biodegradation is unlikely since 2-butanone did not 
decrease in the control reactors.  The amount of benzene accounted for 74-77% of the 
amount initially present in the water, while volatilized toluene accounted for 44-48% of 
the toluene initially present.  Methyl acetate was estimated to be present at 1.4-1.7 µg/L, 
which is comparable to the concentrations observed in the ozone tests.  In contrast, 
dimethyl disulfide was detected at 1.1-1.2 µg/L in the nitrogen tests, but was not seen in 
the ozone tests. 
 
VOC and VOC TIC concentrations did not change significantly in control reactors 
compared to Time 0 reactors, indicating that losses from the nitrogen- and ozone-treated 
reactors were due to stripping and/or destruction as discussed above. 
Treatment with ozone effectively destroyed SVOCs.  Phenol, cresols and 2,4-
dimethylphenol were completely removed to below their respective reporting limits by 
ozone, which corresponds to at least 67% destruction of cresols and at least 92% 
destruction of phenols.  Some SVOCs (5.1 to 57% of each compound) were also 
apparently destroyed in the control and nitrogen-sparged reactors, though to a lesser 
degree than in the ozone-sparged tests.  The reason for these losses is unknown, but may 
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be due to biodegradation in the controls since the controls were not sterile and to 
biodegradation and/or stripping in the nitrogen sparged tests.   
 
3.2.2  Ozone Consumption 
 
The influent and effluent concentrations of ozone are shown in Figure 3.  The amount of 
ozone applied and consumed is shown in Figure 4.  The total amount of ozone applied to 
the reactors was 3,890 mg for the “A” replicate and 4,010 mg for the “B” replicate, which 
was greater than the estimated theoretical demand of 500 mg O3/L groundwater (125 mg 
O3 per reactor) due to COCs and 2,200 mg O3/L (550 mg O3 per reactor) due to COCs 
and estimated TIC.  (Note:  Theoretical ozone demands were calculated using data from 
the Time 0 reactor and the stoichiometric demand listed in Table 1.  The ozone demand 
due to TICs was estimated by assuming the stoichiometric demand was 8.5 g O3/g 
SVOC, which is similar to the stoichiometric demands of specific SVOCs.)   The amount 
consumed was 2,510 mg for the “A” replicate and 2,440 mg for the “B” replicate.   
 
The concentration of ozone in effluent from the reactors was initially less than 1 mg O3/L 
O2, but increased steadily over the course of the test.  By Day 5, the effluent 
concentration was about 60% of the influent concentration.  Effluent ozone 
concentrations were significantly below influent concentrations at Day 5 most likely due 
to unmet ozone demand associated with COCs (which may have been present below the 
reporting limit), TICs and/or reactive intermediates.  The difference is probably not due 
to natural decay of ozone because once ozone demand was met in the background ozone 
demand test (Section 3.1) the influent and effluent ozone concentrations were very 
similar and constant over time. 
   
3.2.3  Secondary Parameters 
 
The ORP and pH measurements are given in Table 14.  The pH decreased in the ozone 
reactors, due to oxidation of COCs to carbon dioxide and/or partially oxidized organic 
acids.  Stripping of carbon dioxide was minor (presumably due to the low sparge rate) 
since the pH was not significantly affected in the nitrogen tests.  ORP in the controls and 
nitrogen tests was similar.  Unfortunately, ORP could not be measured in the ozone 
reactors due to an instrument malfunction.   
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Figure 3.  COC Removal – Groundwater Only.  Ozone Concentrations. 
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Figure 4.  COC Removal – Groundwater Only.  Ozone Consumption. 
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Table 14.  COC Removal – Groundwater Only.  ORP and pH Measurements. 

Test

Control

Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B

Color --
dark, 

opaque 
brown 

dark, 
opaque 
brown 

dark, 
opaque 
brown 

dark, 
opaque 
brown 

greenish 
brown

greenish 
brown

clear yellow 
with white 
precipitate 
on reactor 

walls

clear yellow 
with white 
precipitate 
on reactor 

walls
ORP mV 95 93 149 94 94 96 n.m. n.m.

pH -- 4.55 4.58 4.44 4.47 4.53 4.53 3.57 3.63

n.m. = not measured due to instrument malfunction

Analyte Units Time 0 Nitrogen Ozone
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3.2.4  Observations 
 
As discussed in Section 2.4, excessive foaming occurred in both the nitrogen and ozone 
tests.  The foaming was sufficiently problematic that the flowrate was reduced from the 
proposed value of 50 mL/min to about 15 mL/min and a trap was placed between each 
reactor and Tedlar bag to prevent liquid from entering the Tedlar bag used for off-gas 
collection.  The foaming lasted for at most 14 hours—the traps were added just before the 
end of the workday and by the following morning, foaming had ceased.   
 
The foam generated in the ozone reactors differed from that seen in the nitrogen-sparged 
reactors.  The foam in the ozone reactors was stiff and could hold its shape for at least an 
hour as shown in Figure 5a.  In contrast, the nitrogen foam broke once in the trap 
(Figure 5b). 
 

                        
Figure 5a&b.  COC Removal – Groundwater Only.  Foam Formation.  Left 
(Figure 5a):  Foam Trap for Ozone reactor (foam is stiff and holds shape).  Right 
(Figure 5b):  Foam trap for nitrogen reactor (foam breaks upon entering trap.) 

 
 
Treatment with ozone decolorized the water.  Water was initially opaque brown.  Within 
15 hours, the ozone turned the water orange (Figure 6).  By Day 5, ozonated water was 
clear yellow (water appears cloudy yellow in Figure 7, but this is due to a white 
precipitate on the walls of the glass reactor).  The nitrogen-treated water turned greenish 
brown.   
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Figure 6.  COC Removal – Groundwater Only.   Color Change at 15 hours. 

 
 

 
Figure 7.  COC Removal – Groundwater Only.   Color Change at 5 Days.  
(Note:  The ozone waters are actually clear – the apparent cloudiness is due to 
precipitation on the reactor walls.)  
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3.3  COC Removal – Slurry Tests  
 
3.3.1  COC Concentrations 
 
The concentrations of COCs are given in Tables 15-17.  The estimated mass balance 
calculations are given in Tables 18 and 19 for VOCs and SVOCs, respectively.  The 
mass balance calculations are estimates because COCs present in the foams were not 
quantified and because most, but not all, off-gases were collected.  (Note:  The initial 
mass of COCs present could not be adjusted to account for the volume of liquid lost as 
was done for the Groundwater Only tests – Section 3.2.1 – because foam was generated 
throughout the Slurry tests.)  
 
Sparging with nitrogen, ozone or O3+HP decreased the aqueous and soil concentrations 
of most VOCs to near or below their respective reporting limits.  The exceptions were 
acetone, MEK, and 4-isopropyltoluene.   Aqueous acetone decreased from 18,000-19,000 
µg/L at Time 0 to 7,800-9,300 µg/L in the nitrogen tests, but increased to 120,000 µg/L 
in the ozone and O3+HP tests.  Acetone was not detected in the soil from the Time 0, 
control or nitrogen tests, but was present at 47,000-58,000 µg/kg in the ozone and O3+HP 
tests.  Formation of acetone is a common phenomenon during oxidation.  Aqueous MEK 
was not detected in either the nitrogen or ozone tests, but increased from 4,800-5,200 
µg/L at Time 0 to 5,800-7,100 µg/L in the O3+HP tests.  The reason for this increase is 
unknown, but possibly MEK is a reactive intermediate.  4-Isopropyltoluene 
concentrations decreased similarly in all of the sparged reactors:  aqueous concentrations 
decreased from 630-650 µg/L at Time 0 to 290-430 µg/L in the sparged reactors, while 
soil concentrations decreased from 110,000-120,000 µg/kg at Time 0 to 15,000-51,000 
µg/kg in the sparged reactors.  
 
Sparging with ozone or O3+HP removed more VOC TICs than sparging with nitrogen 
(Tables 15c and 16c).  The estimated aqueous concentration of total VOC TICs ranged 
from 3,400-5,400 µg/L in the Time 0, controls and nitrogen tests, but was only 2,300-
3,900 µg/L in the ozone and O3+HP tests.  For soil, total VOC TICs ranged from 
570,000-1,800,000 µg/kg in the Time 0, controls and nitrogen tests, but were only 
100,000-200,000 µg/kg in the ozone and O3+HP tests. 
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Table 15a.  COC Removal – Slurry Test.  Aqueous VOCs. 

Test
Control

Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B

VOCs
Acetone µg/L 19,000 18,000 17,000 16,000 9,300 7,800 120,000 120,000 120,000 120,000
2-Butanone (MEK) µg/L 5,200 4,800 4,600 4,200 < 2,000 < 2,000 < 2,000 < 1,600 7,100 5,800
Benzene µg/L 530 570 540 560 < 50 < 50 < 50 < 40 < 50 < 50
Toluene µg/L 5000 5400 5,100 5,000 < 50 67 < 50 < 40 < 50 < 50
Ethylbenzene µg/L 540 570 570 520 < 50 71 < 50 < 40 < 50 < 50
m,p-Xylenes µg/L 730 780 740 700 < 50 99 < 50 < 40 < 50 < 50
o-Xylene µg/L 160 170 170 170 < 50 < 50 < 50 < 40 < 50 < 50
Styrene µg/L 220 230 190 210 < 100 < 100 < 100 < 80 < 100 < 100
Isopropylbenzene µg/L < 100 < 100 < 100 < 100 < 100 < 100 < 100 < 100 < 100 < 100
n-Propylbenzene µg/L < 100 < 100 < 100 < 100 < 100 < 100 < 100 < 100 < 100 < 100
1,3,5-Trimethylbenzene µg/L < 100 < 100 < 100 < 100 < 100 < 100 < 100 < 100 < 100 < 100
1,2,4-Trimethylbenzene µg/L 110 110 120 100 < 100 < 100 < 100 < 80 < 100 < 100
4-Isopropyltoluene µg/L 630 650 680 620 350 430 290 320 350 430
Naphthalene µg/L < 400 < 400 < 400 < 400 < 400 < 400 < 400 < 320 < 400 < 400
Volume water at end of test L 0.20 0.20 0.20 0.20 0.16 0.11 0.091 0.12 0.10 0.16

Reporting limits were increased due to high concentrations of non-target analytes

Analyte Units Time 0 Nitrogen Ozone Ozone+HP
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Table 15b.  COC Removal – Slurry Test.  Aqueous SVOCs. 

Test
Control

Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B
SVOCs

Phenol µg/L 19,000 19,000 19,000 17,000 20,000 19,000 < 315* < 315* < 315* < 315*
o-Cresol µg/L 13,000 13,000 14,000 14,000 15,000 14,000 < 315* < 315* < 315* < 315*
m,p-Cresols µg/L 23,000 22,000 25,000 24,000 26,000 24,000 < 1,550* < 1,550* < 1,550* < 1,550*
2,4-Dimethylphenol µg/L 14,000 14,000 16,000 15,000 15,000 17,000 < 315* < 315* < 315* < 315*
Volume water at end of test L 0.20 0.20 0.20 0.20 0.16 0.11 0.091 0.12 0.10 0.16

Reporting limits increased due to high concentrations of non-target analytes

*  The reporting limit is 2 times the stated value, but the analyte was confirmed not present at the stated concentration.   

Analyte Units Time 0 Nitrogen Ozone Ozone+HP
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Table 15c.  COC Removal – Slurry Test.  Aqueous VOC and SVOC TICs. 

Test
Control

Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B
VOC TICs ^

α-Pinene µg/L -- -- -- -- -- -- -- -- -- --
Camphene µg/L -- -- -- -- -- -- -- -- -- --
Limonene (dipentene) µg/L 740 800 890 830 500 650 -- -- -- --
Total TICs µg/L 4,400* 4,600** 3,400* 5,400** 3,800# 4,500# 3900# 2,600# 3,000# 2,300#

SVOC TICs ^
Total TICs µg/L 310,000@ 350,000@ 360,000$ 340,000$ 350,000$ 350,000$ 180,000@ 150,000% 170,000@ 130,000%

Volume water at end of test L 0.20 0.20 0.20 0.20 0.16 0.11 0.091 0.12 0.10 0.16
 ̂ All TIC concentrations are ESTIMATED values.  TICs researched in the VOC list were not researched in the SVOC list.

* 14 terpenes, MW136

**12 terpenes, MW136

#  10 terpenes, MW136

@ 50+ comopunds

$  60+ compounds

%  40+ compounds

Ozone+HPAnalyte Units Time 0 Nitrogen Ozone

 



________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
PRIMA Environmental, Inc. 32 Eval. Of Ozone and O3+HP 
February 12, 2014  Geosyntec – Cabot Carbon/Koppers 

Table 16a.  COC Removal – Slurry Test.  Soil VOCs. 
Test

Control
Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B

VOCs
Acetone µg/kg < 16,000 < 16,000 < 40,000 < 40,000 < 16,000 < 16,000 58,000 55,000 50,000 47,000
2-Butanone (MEK) µg/kg < 16,000 < 16,000 < 40,000 < 40,000 < 16,000 < 16,000 < 8,000 < 8,000 < 16,000 < 16,000
Benzene µg/kg 860 1,300 < 1,000 < 1,000 < 400 < 400 < 200 < 200 < 400 < 400
Toluene µg/kg 54,000 66,000 54,000 56,000 < 400 < 400 < 200 < 200 < 400 < 400
Ethylbenzene µg/kg 17,000 19,000 11,000 13,000 550 700 < 200 < 200 < 400 < 400
m,p-Xylenes µg/kg 25,000 27,000 17,000 20,000 1,000 1,100 < 200 290 < 400 < 400
o-Xylene µg/kg 6,400 6,800 4,100 5,400 620 580 < 200 < 200 < 400 < 400
Styrene µg/kg < 800 < 800 2,000 2,000 < 800 < 800 < 400 < 400 < 800 < 800
Isopropylbenzene µg/kg 2,400 2,400 2,000 2,000 < 800 < 800 < 400 < 400 < 800 < 800
n-Propylbenzene µg/kg 2,700 2,600 2,000 2,000 < 800 < 800 < 400 < 400 < 800 < 800
1,3,5-trimethylbenzene µg/kg 1,700 1,600 2,000 2,000 < 800 < 800 < 400 < 400 < 800 < 800
1,2,4-Trimethylbenzene µg/kg 12,000 12,000 6,300 8,600 4,200 2,900 < 400 510 < 800 870
4-Isopropyltoluene µg/kg 120,000 110,000 59,000 82,000 46,000 31,000 15,000 21,000 39,000 51,000
Naphthalene µg/kg 8,300 13,000 < 8,000 8,100 6,600 8,000 2,800 1,800 < 3,200 3,300
Mass soil kg 0.075 0.075 0.075 0.075 0.075 0.075 0.075 0.075 0.075 0.075
Reporting limits increased due to high concentrations of non-target analytes.

Analyte Units Time 0 Nitrogen Ozone Ozone+HP
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Table 16b.  COC Removal – Slurry Test.  Soil SVOCs. 
Test

Control
Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B

SVOCs
Phenol µg/kg < 33,000 * 38,000 J 33,000 J 43,000 J < 33,000 * < 33,000 * < 33,000 * < 33,000 * < 33,000 * < 33,000 *
o-Cresol µg/kg < 33,000 * 34,000 J < 33,000* 38,000 J < 33,000 * < 33,000 * < 33,000 * < 33,000 * < 33,000 * < 33,000 *
m,p-Cresols µg/kg < 165,000 * < 165,000 * < 165,000 * < 165,000 * < 165,000 * < 165,000 * < 165,000 * < 165,000 * < 165,000 * < 165,000 *
2,4-Dimethylphenol µg/kg 92,000 97,000 70,000 100,000 78,000 77,000 < 33,000 * < 33,000 * < 33,000 * < 33,000 *

Mass soil lg 0.075 0.075 0.075 0.075 0.075 0.075 0.075 0.075 0.075 0.075
Reporting limits increased due to high concentrations of non-target analytes

*  The reporting limit is 2 times the stated value, but the analyte was confirmed not present at the stated concentration.   

J - The analyte was postively identified.  The associated numerical value is the approximate concentration of the analyte in the sample.  

Analyte Units Time 0 Nitrogen Ozone Ozone+HP

 
 



________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
PRIMA Environmental, Inc. 34 Eval. Of Ozone and O3+HP 
February 12, 2014  Geosyntec – Cabot Carbon/Koppers 

Table 16c.  COC Removal – Slurry Test.  Soil VOC and SVOC TICs. 
Test

Control
Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B

VOC TICs ^
α-Pinene µg/kg 57,000 42,000 15,000 27,000 5,200 3,700 -- -- -- --
Camphene µg/kg 150,000 97,000 46,000 64,000 18,000 16,000 -- 4,800 -- 6,800
Limonene (dipentene) µg/kg 620,000 480,000 22,000 360,000 210,000 130,000 3,400 25,000 11,000 21,000
Total TICs µg/kg 1800000 * 1,600,000* 570,000** 1,000,000** 630,000** 590,000* 100,000# 160,000# 130,000# 200,000#

SVOC TICs ^
Total TICs µg/kg 10,000,000@ 13,000,000@ 7,000,000$ 13,000,000@ 7,600,000$ 7,500,000$ 4,000,000% 4,300,000% 3,600,000& 4,600,000%

Mass soil kg 0.075 0.075 0.075 0.075 0.075 0.075 0.075 0.075 0.075 0.075
 ̂ All TIC concentrations are ESTIMATED values.  TICs researched in the VOC list were not researched in the SVOC list.

* 14 terpenes, MW136

**12 terpenes, MW136

#  16 terpenes, MW136

@ 30+ comopunds

$  20+ compounds

%  15+ compounds

&  10+ compounds

Analyte Units Time 0 Nitrogen Ozone Ozone+HP
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Table 17.  COC Removal – Slurry Test.  Off-gas VOCs and VOC TICs. 

0h-48h 48h-5d 0h-48h 48h-5d 0h-48h 48h-5d 0h-48h 48h-5d 0h-48h 48h-5d 0h-48h 48h-5d
VOCs
Acetone µg/L < 25 25 24 35 64 130 64 150 61 130 54 140
2-Butanone (MEK) µg/L < 25 < 10 < 20 < 25 < 25 < 25 < 25 < 25 < 25 < 25 < 50 < 25
Benzene µg/L 6.8 2.2 6.8 < 1.3 8 < 1.3 6.1 < 1.3 8 < 1.3 5.8 9.4
Toluene µg/L 140 18 130 15 160 9 130 4 170 9.2 160 9.4
Ethylbenzene µg/L 22 10 26 7.5 30 9.2 28 3.8 31 11 27 11
m,p-Xylenes µg/L 21 12 27 9.9 29 11 27 4.3 29 13 28 3.2
o-Xylene µg/L 4.1 2.7 5.4 3.0 5.6 4.3 5.6 1.7 5.7 4.5 7.1 < 2.5
Styrene µg/L < 2.5 < 1.0 < 2.0 < 2.5 < 2.5 < 2.5 < 2.5 < 2.5 < 2.5 < 2.5 < 5.0 < 2.5
Isopropylbenzene µg/L 2.6 1.8 3.8 < 2.5 3.7 < 2.5 3.5 < 2.5 3.8 < 2.5 < 5.0 < 2.5
n-Propylbenzene µg/L < 2.5 1.1 2 < 2.5 2.5 < 2.5 2.5 < 2.5 2.5 < 2.5 < 5.0 < 2.5
1,3,5-Trimethylbenzene µg/L < 2.5 < 1.0 < 2.0 < 2.5 < 2.5 < 2.5 < 2.5 < 2.5 < 2.5 < 2.5 < 5.0 < 2.5
1,2,4-Trimethylbenzene µg/L < 2.5 2.0 3.8 3.0 < 2.5 < 2.5 < 2.5 < 2.5 < 2.5 < 2.5 < 5.0 < 2.5
4-Isopropyltoluene µg/L 21 23 41 45 41 83 51 64 48 92 52 85
Naphthalene µg/L < 5.0 < 2.0 < 4.0 < 5.0 < 5.0 < 5.0 < 5.0 < 5.0 < 5.0 < 5.0 < 10 < 5.0
VOC TICs
Methyl acetate µg/L -- -- 4 -- -- -- -- -- -- -- -- --
Unknown hydrocarbon MW96 µg/L 5.8 -- 4.7 -- -- -- -- -- -- -- -- --
Unknown hydrocarbon MW110 µg/L 9.8 -- 10 -- -- -- -- -- -- -- -- --
alpha-Pinene µg/L 130 64 140 31 73 6 55 -- 69 -- 28 --
Camphene µg/L 290 160 320 90 230 49 170 7.6 230 57 140 7.2
Limonene µg/L 110 160 260 230 100 56 98 9.9 120 33 69 --
Carene µg/L -- -- -- 29 -- -- -- -- -- -- -- --
Total TICs µg/L 1000 680 1400 680 530 210 730 47 850 180 380 44
Volume off-gas L 36 49 31 43 31 42 38 51 43 59 33 45

Rep A Rep B
Analyte Units

Test
Nitrogen Ozone Ozone+HP

Rep A Rep B Rep A Rep B
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Table 18.  COC Removal – Slurry Test.  Mass Balance – VOCs. 

Control

Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B

Acetone 92 86 50 42 649 649 649 649
2-Butanone (MEK) 92 84 < 40 < 40 < 40 < 32 142 116
Benzene 57 59 < 4.8 < 3.8 < 3.5 < 3.2 < 3.7 < 4.7
Toluene 18 18 < 0.2 0.1 < 0.1 < 0.1 < 0.1 < 0.2
Ethylbenzene 7.8 7.1 < 0.6 0.5 < 0.3 < 0.3 < 0.4 < 0.6
m,p-Xylenes 7.0 6.7 < 0.4 0.5 < 0.2 < 0.2 < 0.3 < 0.4
o-Xylene 6.4 6.4 < 1.6 < 1.1 < 0.9 < 0.9 < 1.0 < 1.5
Styrene 84 93 < 44 < 44 < 44 < 36 < 44 < 44
Isopropylbenzene < 11 < 11 < 9.0 < 6.0 < 5.1 < 6.4 < 5.7 < 8.9
n-Propylbenzene < 10 < 10 < 8.2 < 5.4 < 4.6 < 5.8 < 5.1 < 8.1
1,3,5-Trimethylbenzene < 10 < 10 < 8.2 < 5.4 < 4.6 < 5.8 < 5.1 < 8.1
1,2,4-Trimethylbenzene 16 14 < 11 < 8.0 < 6.8 < 6.7 < 7.6 < 11
4-Isopropyltoluene 13 12 5.6 4.8 2.8 3.8 3.7 6.9
Naphthalene < 0.9 < 0.9 < 0.8 < 0.5 < 0.4 < 0.4 < 0.5 < 0.7

Ozone+HP

Estimated  % of Total Remaining in Aqueous

Analyte

Test

Nitrogen Ozone
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Table 18 - continued.  COC Removal – Slurry Test.  Mass Balance – VOCs. 

Control

Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B

Acetone < 71 113 442 474 545 273
2-Butanone (MEK) 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100
Benzene 207 0 - 100 0 - 100 0 - 100 0 - 100 364
Toluene 111 92 107 101 156 107
Ethylbenzene 89 80 94 89 141 96
m,p-Xylenes 65 62 67 61 99 52
o-Xylene 54 58 69 58 100 67
Styrene 381 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100
Isopropylbenzene 101 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100
n-Propylbenzene < 75 < 94 0 - 100 0 - 100 0 - 100 0 - 100
1,3,5-Trimethylbenzene 112 85 92 112 128 140
1,2,4-Trimethylbenzene < 20 27 < 20 < 24 < 28 < 30
4-Isopropyltoluene 22 37 55 60 86 63
Naphthalene < 35 < 42 < 46 < 56 < 64 < 69

not applicable

Estimated  % of Total Volatilized

Analyte

Test

Nitrogen Ozone Ozone+HP
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Table 18 - continued.  COC Removal – Slurry Test.  Mass Balance – VOCs. 

Control

Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B

Acetone < 81 < 81 < 40 < 60 258 194 199 119
2-Butanone (MEK) 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100
Benzene < 39 < 39 < 18 < 21 < 11 < 10 < 22 < 18
Toluene 73 76 < 0.6 < 0.6 < 0.3 < 0.3 < 0.6 < 0.6
Ethylbenzene 56 67 2.9 3.7 < 1.1 < 1.1 < 2.1 < 2.1
m,p-Xylenes 61 71 3.6 4.1 < 0.7 1.1 < 1.5 < 1.4
o-Xylene 58 77 8.9 8.5 < 2.9 < 2.9 < 5.9 < 5.8
Styrene 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100
Isopropylbenzene < 83 < 83 < 33 < 33 < 17 < 17 < 33 < 33
n-Propylbenzene < 75 < 75 < 30 < 30 < 15 < 15 < 30 < 30
1,3,5-Trimethylbenzene 0 - 100 0 - 100 < 48 < 48 < 24 < 24 < 48 < 48
1,2,4-Trimethylbenzene 51 70 34 24 < 3.3 4.2 < 6.6 7.1
4-Isopropyltoluene 51 70 40 27 13 18 34 44
Naphthalene < 75 76 62 75 26 17 < 30 31

Test

Nitrogen Ozone Ozone+HP

Estimated  % of Total Remaining in Soil

Analyte
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Table 18 - continued.  COC Removal – Slurry Test.  Mass Balance – VOCs. 

Control

Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B

Acetone 0 - 8 0 - 14 0 - 50 -55 -1,249 -1,216 -1,293 -941
2-Butanone (MEK) 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100
Benzene 4 - 43 2 - 41 -107 0 - 100 0 - 100 0 - 100 0 - 100 -264
Toluene 8.5 6.1 -11 7.3 - 7.6 -7 -1 -56 -7
Ethylbenzene 36 26 8.1 16 6.0 10 - 11 -41 1 - 4
m,p-Xylenes 32 22 31 33 32 - 33 38 0 - 1 46 - 47
o-Xylene 35 17 37 34 31 41 0 27 - 33
Styrene 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100
Isopropylbenzene > 6 > 6 -1 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100
n-Propylbenzene > 15 > 15 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100
1,3,5-Trimethylbenzene 0 - 100 0 - 100 -12 0 - 15 0 - 8 -12 -28 -40
1,2,4-Trimethylbenzene 32 16 35 - 66 44 - 52 > 70 65 - 96 > 58 52 - 93
4-Isopropyltoluene 36 18 33 32 30 18 -24 -14
Naphthalene > 24 24 3 - 35 0 - 25 28 - 74 27 - 83 > 6 0 - 69

Analyte

Test

Nitrogen Ozone Ozone+HP

Estimated  % Destroyed
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Table 19.  COC Removal – Slurry Test.  Mass Balance – SVOCs. 

Control
Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B

Phenol 73 65 72 59 < 0.9 < 1.0 < 1.0 < 1.1
o-Cresol 72 72 72 56 < 1.2 < 1.3 < 1.2 < 1.5
m,p-Cresols 111 107 116 107 < 6.9 < 6.9 < 6.9 < 6.9
2,4-Dimethylphenol 32 30 26 21 < 0.3 < 0.4 < 0.4 < 0.5

Phenol 47 85 < 80 0 - 100 0 - 100 0 - 100 0 - 100 < 81
o-Cresol < 64 74 < 73 < 92 0 - 100 < 89 < 95 < 74
m,p-Cresols 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100
2,4-Dimethylphenol 53 76 63 67 30 28 29 27

Phenol -20 -50 0 - 28 0 - 100 0 - 100 0 - 100 0 - 100 > 18
o-Cresol 0 - 28 -46 0 - 28 0 - 44 0 - 100 > 10 > 4 > 25
m,p-Cresols 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100 0 - 100
2,4-Dimethylphenol 15 -6 11 11 > 70 > 72 > 71 > 72

Estimated  % of Total Remaining in Aqueous

Estimated  % of Total Remaining in Soil

Estimated  % of Destroyed

Analyte Nitrogen Ozone Ozone+HP
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Many VOCs and VOC TICs were detected in off-gases (Table 17).  Concentrations were 
generally comparable among the nitrogen reactors and the ozone and O3+HP reactors. 
This is possibly because effluent ozone concentrations were near zero (see Section 3.3.3), 
indicating that there was no ozone available to destroy VOCs that had been removed 
from the reactors by stripping.  Thus, while changes in odor and color (see Section 3.3.4) 
imply that at least some VOCs and/or VOC TICs were destroyed by ozone and O3+HP, 
the estimated mass balance calculations (Table 18) generally do not show enhanced 
destruction compared to the controls or the nitrogen tests.   
 
Treatment with ozone and O3+HP had a greater effect on SVOCs than did treatment with 
nitrogen (Tables 15b, and 16b).  Aqueous concentrations of phenol, o-cresol, m,p-
cresols, and 2,4-dimethyl-phenol were unaffected by sparging with nitrogen but 
decreased by 1 to 2 orders of magnitude (to below their respective reporting limits) in 
ozone or O3+HP tests.  Phenol and cresols were generally not detected in soil (though 
reporting limits were elevated due to high concentrations of non-target compounds), but 
2,4-dimethylphenol decreased from 92,000-97,000 µg/kg at Time 0 to less than 33,000 
µg/kg in the ozone and O3+HP tests.  Similarly, aqueous total SVOC TICs (Table 15c) 
decreased from 310,000-360,000 µg/L in the Time 0, controls and nitrogen tests, to 
130,000-180,000 µg/L in the ozone and O3+HP tests.  For soil, total SVOC TICs (Table 
16c) ranged from 7,000,000-13,000,000 µg/kg in the Time 0, controls and nitrogen tests, 
but decreased to 3,600,000-4,600,000 µg/kg in the ozone and O3+HP tests. 
 
3.3.2  Ozone Consumption 
 
The influent and effluent concentrations of ozone are shown in Figure 8.  The amount of 
ozone applied is shown in Figure 9.  The concentration of ozone in effluent from the 
reactors was below 1 mg O3/L O2 in most cases.  Thus, all of the ozone applied (3,880 to 
5,470 mg O3, depending upon exact flowrate to a given reactor) was consumed.  This 
implies that ozone demand due to COCs, TICs, reactive intermediates and/or background 
soil oxidant demand had not been met by the end of the 5-day test.  (If oxidant demand 
from all sources had been met, then the influent and effluent ozone concentrations would 
have been similar as in the case of the background ozone demand test – see Section 3.1.)    
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Figure 8.  COC Removal – Slurry.  Ozone Concentrations. 
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Figure 9.  COC Removal – Slurry.  Ozone Applied/Consumed.  (All of the ozone 

applied was consumed.) 
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3.3.3  Secondary Parameters 
 
The ORP, pH and residual HP measurements are given in Table 20.  ORP decreased 
from 31-44 mV in the Time 0 tests to -20 to -16 mV in the nitrogen tests.  ORP increased 
to 146-165 in the ozone tests and to 89-251 mV in the O3+HP tests.  An ORP increase in 
both ozone and O3+HP tests was expected due to the oxidizing nature of ozone. 
 
Sparging with nitrogen increased the pH from about 5.2 at Time 0 to about 7.1. The 
increase is due to stripping of carbon dioxide.  In contrast, sparging with ozone (with or 
without added HP), had little effect on pH, implying that treatment with ozone and 
O3+HP oxidized COCs to carbon dioxide and/or partially oxidized organic acids.   
 
HP was monitored approximately once per day and added as needed to bring the 
concentration to about 0.5% (5,000 mg/L). Despite this, at the end of the test, HP was not 
detected in one of the O3+HP replicates, and only a trace amount (0-0.5 mg/L) of HP was 
present in the other replicate.  This suggests that an oxidant demand is still present and is 
consistent with lack of ozone in the effluent gas stream (see Section 3.3.2).     
 
3.3.4  Observations 
 
As discussed in Section 2.5, foaming occurred in the nitrogen, ozone, and O3+HP tests.  
The foam overflowed the reactors and was collected in traps (Figure 10).  The foaming 
occurred off and on throughout the treatment period.  This contrasted with foaming in the 
groundwater-only tests, which ceased within the first 14 hours.   
 
Treatment with ozone and O3+HP changed the color of the soil and water.  As shown in 
Figure 10 the nitrogen-sparged reactors were dark brown at the end of the test, but the 
ozone and O3+HP reactors were light tan.  Centrifuged water from the ozone and O3+HP 
tests (Figure 11) was pale yellow to yellow in color – similar to the color of water in the 
ozone-sparged reactors from the groundwater-only tests.  This change in color confirms 
that ozone and O3+HP can destroy some compounds present in the soil and groundwater.
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Table 20.  COC Removal – Slurry Test.  Inorganic Parameters. 

Test
Control

Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B Rep A Rep B

Color

ORP mV 44 31 -119 53 -20 -16 146 165 251 89
pH -- 5.23 5.22 6.02 5.67 7.15 7.14 5.90 5.81 5.62 5.78
Residual HP mg/L n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. < 0.5* 0-0.5**
*  HP was measured using test strips.  The color of the test strip indicated HP was not present.

**  HP was measured using test strips.  The color of the test strip was darker than the color associated with "0 mg/L" and lighter than color associated with 0.5 mg/L

Analyte Units Time 0 Nitrogen Ozone+HPOzone

Dark brown water, though 
Rep B is lighter than Rep A; 

brown soil.  Strong odor.

water is yellow; very light 
tan soil.  "Sweet" odor 
which is distinct from 

control

Dark brown water; brown 
soil.  Strong odor similar to 

Control.

light yellow water; light tan 
soil; "Sweet" odor common 
to oxidations and distinct 

from Control

Dark brown water; brown 
soil.  Strong odor.
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Figure 10.  COC Removal – Slurry Tests.  Reactors and Foam Traps at End of Test.  

Top:  Nitrogen reactors.  Middle:  Ozone reactors.  Bottom:  O3+HP reactors 
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Figure 11.  COC Removal – Slurry Tests.  O3+HP Reactor after Settling. 
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4.0  SUMMARY and CONCLUSIONS 
 
Laboratory testing demonstrated that treatment with ozone or O3+HP can destroy SVOCs 
and possibly VOCs present in site materials.  Application of 3,890 to 4,010 mg ozone to 
groundwater over 5 days or 3,900 to 5,500 mg ozone to a slurry of soil and groundwater 
over 5.8 days removed VOCs and destroyed SVOCs.  In groundwater only tests, dark 
brown water turned light yellow within 5 days of treatment, VOCs and VOC TICs were 
mostly removed, and greater than 67-96% of each detected SVOC was destroyed.  SVOC 
TICs were destroyed or estimated concentrations were reduced.  Treatment with nitrogen 
also removed most VOCs and VOC TICs from the water, but had little effect on SVOCs 
(5.1-28% were destroyed) or SVOC TICs.  In the slurry tests, ozone and O3+HP 
destroyed greater than 70% of detected SVOCs, compared to 11% for nitrogen.  Greater 
degrees of destruction may have been achieved, but could not be confirmed due to 
elevated reporting limits for SVOCs in the soils caused by high concentrations of non-
target compounds.  Estimated concentrations of Total SVOC TICs were reduced to a 
greater degree by ozone and O3+HP than by nitrogen.  However, all three treatments – 
nitrogen, ozone and O3+HP – removed VOCs and VOC TICs.   
 
Treatment with ozone and O3+HP removed VOCs and VOC TICs, often to a similar 
degree as nitrogen, but destruction could not be confirmed.   In the groundwater only 
tests, this was because the mass of most VOCs initially present in the groundwater were 
too low to be detected in the off-gases.  In the slurry tests, it was because all of the ozone 
was consumed in the reactor, so that once VOCs or VOC TICs were stripped, they could 
no longer react with ozone.   
 
Although VOC data cannot confirm destruction of VOCs, other observations indicate that 
treatment with ozone or O3+HP had a significant effect on COCs.  In the groundwater 
only tests, the dark brown water turned light yellow within 5 days of treatment and the 
aqueous concentration of acetone, a commonly observed by-product of oxidation, nearly 
doubled to 28,000 µg/L.  In the slurry tests, both ozone and O3+HP decolorized the soil 
and water, turning the soil a light tan and turning the water yellow, while nitrogen had no 
effect on color.  Ozone and O3+HP altered the odor from a sharp scent to a sweet scent 
commonly associated with oxidation; no odor change was evident in the nitrogen 
treatment.  Finally, aqueous acetone concentrations increased by a factor of 6, to about 
120,000 µg/L.     
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The background ozone demand was moderate (2,080 to 2,910 mg/kg), though soil 
surfaces will likely catalyze ozone decomposition somewhat once this demand is met. 
 
Based on the results of this study, ozone and O3+HP, which behaved similarly, appear to 
be effective treatments for COCs and other compounds present in site materials.  
However, sparging with a gas (whether ozone or nitrogen) caused significant foaming in 
laboratory tests, which could potentially be an issue during field application.  In addition, 
off-gases generated in the field may need to be managed as they may contain elevated 
concentrations of COCs until the natural and COC-derived ozone demand is met.  
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APPENDIX B 

ISCO BENCH TEST  
SAMPLE PREPARATION SCHEMATIC 

 

 



APPENDIX B: ISCO Bench Test Sample Preparation Schematic
37.5-60 g UHG Soil + 15-37.5 g Surficial Aquifer Soil (impacted w/ residual NAPL) 

+ 75-100 mL UHC GW + Liquid Oxidants (10 to 20 mL as applicable) 
+ 75-100 mL UHG GW  Reactors

150-200 mL 
UHG
GW

37.5-60 g 
Homogenized 

UHG 
Soil

15-37.5 g 
Homogenized 

Surficial Aquifer 
Soil  (w/ residual

NAPL)

Slurry 
Reactor

Slurry 
Reactor

Slurry 
Reactor

Slurry 
Reactor
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Cost Estimate Worksheets 
 



 
 

      
 

Summary of Remedial Alternative Costs 



Summary of Remedial Alternative Costs

Alternative Capital Cost
Future

O&M Cost
NPV

(O&M Cost)
Total

(Capital + Future Cost)

Total
 (Capital Cost + NPV for 

O&M)

Alternative 1: No Action ‐$                      2,920,000$    2,652,545$    2,920,000$                      2,652,545$                               
Alternative 2: ISCO + EISB 23,150,981$        7,223,050$    6,837,863$    30,374,031$                    29,988,843$                             
Alternative 3: ISCO + MNA 21,010,567$        2,920,000$    2,652,545$    23,930,567$                    23,663,111$                             
Alternative 4: ISSS + EISB 26,300,379$        7,823,050$    7,325,058$    34,123,429$                    33,625,436$                             
Alternative 5: ISSS + MNA 23,890,729$        3,520,000$    3,139,740$    27,410,729$                    27,030,468$                             
Alternative 6: ISSS + P&T 24,884,810$        3,776,108$    2,889,988$    28,660,918$                    27,774,798$                             
Alternative 7: Slurry Wall + MNA 7,879,148$          4,525,523$    3,956,216$    12,404,672$                    11,835,364$                             
Alternative 8a: Slurry Wall + Pumping Wells 8,442,729$          4,781,631$    4,193,660$    13,224,361$                    12,636,389$                             
Alternative 8b: Slurry Wall + Pumping Trench 8,736,052$          4,779,260$    4,199,635$    13,515,312$                    12,935,687$                             

GRADIENT

\\camfs\G_Drive\Projects\204079\GradientDeliverables\RI_FS\RI_FS\Cost Estimates\16‐03‐11 Estimates_FS_rev.xlsx\Summary Page 1 of 1



 
 

      
 

Alternative 1:  No Action 



Alternative 1: No Action

Description Qty Units Unit Rate Item Cost Total Notes
Remedy Design ‐$                

Remedy Implementation Capital Cost ‐$                

1.0
8.1 Quarterly Monitoring & Reporting 1 LS/year 120,000$     120,000$      Quarterly sampling of 25 wells for 1 year. Based on 2x semi‐annual costs.
8.2 Semi‐Annual Monitoring & Reporting Program 10 LS/year 60,000$       600,000$      Semi‐annual sampling of 25 wells for 10 years. Based on ESI 2016 estimate.
8.3 Annual Monitoring & Reporting 30 LS/year 30,000$       900,000$      Annual sampling of 25 wells for 30 years. Based on ½ semi‐annual cost.

2.0 260,000$        
9.1 GRU Treatment Fee (Current System) 28000 K Gal 6.20$            173,600$      10 yr ('06‐'16) actual annual average; 2016 rate
9.2 Operation, Monitoring, Maintenance & Reporting 1 LS/year 80,000$       80,000$         Based on ESI 2016 estimate.
9.3 Equipment Replacement Cost 1 LS/year 6,400$          6,400$           Average annual cost with significant costs occurring at 5, 10, and 15 years.

2,920,000$    
3.0 1 LS 1,620,000$  1,620,000$   1,620,000$     Assume quarterly monitoring for 1 year, semi‐annual monitoring for 10 years, and annual monitoring for 30 years.
4.0 5 years 260,000$     1,300,000$   1,300,000$     Assume system shutdown/transition to MNA after 5 years.

Rate Years Cost  NPV 2,652,545$    
5.0 1.4% (1,405,410)$  1,405,410$    
6.0 1.4% 5 260,000$     (1,247,135)$  1,247,135$    

Total 2,920,000$     Capital Cost + Future Cost
Total 2,652,545$     Capital Cost + Net Present Value of O&M

Annual Operating, Maintenance and Monitoring Cost

Monitoring (SA & UHG)

Item

Present Value Analysis

Monitoring (SA & UHG)
Current Groundwater Extraction System

Current Groundwater Extraction System

Future Cost

Monitoring (SA & UHG)
Current Groundwater Extraction System
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Alternative 2:  ISCO + EISB 



Alternative 2: ISCO + EISB

Description Qty Units Unit Rate Item Cost Total Notes
Remedy Design 2,109,450$    

1.0 1,165,000$    
1.1 Follow‐up ISCO Treatability Study 1 LS 200,000$     200,000$     
1.2 ISCO Pilot Study 1 LS 965,000$     965,000$      50 x 50 ft area, target 10 ft depth interval, 2 injections at 20% pore volume;

quarterly monitoring for 1 year to evaluate effectiveness, define ROI, matrix demand, etc. 
2.0 300,000$        

2.1 EISB Pilot test planning and implementation 1 LS 300,000$     300,000$      Pilot study involving 2 round of direct push injections of ORC slurry in the mid‐UHG downgradient of lagoon area (1/10th size of 
full‐scale system) and quarterly monitoring wells for 1 year to assess oxygen demand, extent of distribution, and level of 
mineral precipitation/fouling.

3.0 250,000$        
3.1 Remedy Modeling, Engineering, and Design 1 LS 250,000$     250,000$      Desktop.

4.0 394,450$        
4.1 Project & Construction Management 1 % 8% 137,200$      Professional judgment
4.2 Data Analysis and Reporting 1 % 5% 85,750$         Professional judgment
4.3 Contingency 1 % 10% 171,500$      Professional judgment

Remedy Implementation Capital Cost 21,041,531$  

5.0
802,413$        

5.1 Demolition 1 LS 394,220$     394,220$      Clear vegetation in and around pond, pump out water & backfill with soil from new pond. Based on Weston 2014 estimate.
5.2 Construction 1 LS 408,193$     408,193$      Build new pond of same size with synthetic liner. Based on Weston 2014 estimate.

1,980,000$    
5.3 Excavation 7,200 CY 200$             1,440,000$   Design, plan, excavate and backfill approximately 7,200 cubic yards (see Figure 4.1; source treatment area = 97,285 sq. ft. and 

assume excavation 0‐10 ft.) of soil. Cost based on 2014 Weston estimate.
5.4 Off‐site soil transfer/disposal 7,200 CY 75$               540,000$      Transport and dispose of approximately 7,200 cubic yards  (see Figure 4.1; source treatment area = 97,285 sq. ft. and assume 

excavation 0‐10 ft.) of soil to Clark Environmental for thermal treatment.
490,749$        

5.5 Injection Wells and Piping 14 wells 9,500$          130,749$      Assumes treatment of 10% of the treatment area (see Figure 4.1; source treatment area = 97,285 sq. ft.) where residual tar 
may be present. 15 ft ROI for each injection well to be screened over the bottom 10 ft of the surficial aquifer.

5.6 ISCO Treatments 3 LS/ 
Injection

120,000$     360,000$      Actual amount of oxidant to be used to be determined in the pilot study. Assumed treatment of 9,729 sq. ft. (10% of treatment 
area) over 10 ft. interval, which requires 22k gal peroxide activated persulfate at 10% pore volume (porosity = 0.3).  Each 
subsequent injection would likely decrease in volume.

12,393,600$  
5.7 Injection Wells and Piping 31 well 

clusters
75,000$       2,325,000$   Assumes 10 ft ROI in the source area treatment area (see Figure 4.1; source treatment area = 97,285 sq. ft.) and double casing 

for 10% of the 312 injection wells required to cover this area.
2 nested injection wells installed at each location to be screened over the top 10 ft. of the UHG and the bottom 15 ft. of the 
UHG.

5.8 Injection Wells and Piping 281 well 
clusters

23,000$       6,463,000$   Assumes 10 ft ROI in the source area treatment area (see Figure 4.1; source treatment area = 97,285 sq. ft.) and 90% of the 312 
injection wells required to cover this area will not be double cased.
2 nested injection wells installed at each location to be screened over the top 10 ft. of the UHG and the bottom 15 ft. of the 
UHG.

5.9 Monitoring Wells 8 wells 19,000$       152,000$      Double‐cased monitoring wells to be installed at each location within and near‐field of the treatment area to monitor 
effectiveness. 4 wells will be screened in the top 10 ft. and 4 will be screened in the bottom 15 ft. of the UHG.

5.1 ISCO Treatments ‐ UHG 3 LS/ 
Injection

1,120,000$  3,360,000$   Actual amount of oxidant to be used to be determined in the pilot study. Assumed treatment of 97,285 sq. ft. over 25 ft. 
interval (well screened over top 10 ft. of the UHG and bottom 15 ft. of the UHG), which requires 364k gal peroxide activated 
persulfate at 10% pore volume (porosity = 0.2).
Each subsequent injection would likely decrease in volume.

5.11 Post Injection Monitoring 3 LS/event 31,200$       93,600$         Remedy effectiveness monitoring ‐ 3 events per injection, low‐flow sampling at 8 wells, VOCs and SVOCs analysis.
1,440,174$    

5.12 Trench Excavation
(extended to 65' bgs) and placement of gravel (30 ft)

     40,040  VSF 30.00$          1,201,200$   Assumed excavation of 3 trenches of lengths 287 ft, 223 ft, and 106 ft to a depth of 65 ft bgs (see Figure 4.1).  Assumed bottom 
30 ft of each of the 3 trenches/PRBs filled with pea gravel.  Based on vendor costs.

Item

Relocation of Existing Surface Water Pond

ISCO System ‐ SA 

ISCO System ‐ UHG

PRB Installation

ISCO ‐ UHG

EISB ‐ UHG

Miscellaneous

Remedial Capital Cost

Remedy Design

Excavation of Vadose Zone Tar Deposits
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Alternative 2: ISCO + EISB

Description Qty Units Unit Rate Item Cost Total NotesItem
5.13 Impervious cover        1,848  SF 9.50$            17,556$         Impervious cover to be constructed over 3 trenches of lengths 287 ft, 223 ft, and 106 ft (see Figure 4.1), each 3 ft wide, to 

reduce infiltration.  Geosyntec's 2015 experience suggests 2x$4.75/SF due to the limited area.
5.14 Place native soils in slurry trench (5‐35 ft bgs)        2,053  CY 12.00$          24,640$         Place backfill from the top of the UHG (top of the pea gravel that fills each trench/PRB) to 5 ft bgs, a total depth interval of 30 

ft, for each of the 3 trenches/PRBs of lengths 287 ft, 223 ft, and 106 ft and width 3 ft. (see Figure 4.1).  Based on Geosyntec 
estimate.

5.15 Purchase and placement of bentonite mix for backfilling trench in top 5 ft            342  CY 50.00$          17,111$         Bentonite mix will be placed in top 5 ft below impervious cover to further reduce infiltration for each of the 3 trenches/PRBs of 
lengths 287 ft, 223 ft, and 106 ft and width 3 ft. (see Figure 4.1).  Assumed bentonite comprised 8% by weight of the dry soil. 
Based on Geosyntec estimate.

5.16 Off‐site soil transfer/disposal        2,396  CY 75$               179,667$      Excavated soil from the top 5 ft and bottom 30 ft of excavation for each of the 3 trenches/PRBs of lengths 287 ft, 223 ft, and 
106 ft and width 3ft. (see Figure 4.1) transported for thermal treatment at Clark Environmental.

6.0 3,934,595$    
6.1 Project & Construction Management 1 % 8% 1,368,555$   Professional judgment
6.2 Data Analysis and Reporting 1 % 5% 855,347$      Professional judgment
6.3 Contingency 1 % 10% 1,710,694$   Professional judgment

7.0 1,434,350$    
7.1 Slurry Mixing, Hydration, and placement 2 LS/event 135,367 270,734$      Assumed 0.5 porosity for entire PRB volume (each of the 3 trenches/PRBs of lengths 287 ft, 223 ft, and 106 ft and width 3 ft. 

(see Figure 4.1)), so slurry volume is 2053 CY * 0.5, or about 210,000 gallons. Slurry will be injected using direct push 
technology at $2,500/direct push point; assumes 50 points. Cost of slurry mixture change will be $10,367/change.  PRB to be 
operated for 3 years with 2 ORC slurry injections per year.
Unit cost from R.S. Means: $0.05 per Gallon.

7.2 ORC filling 2 LS/event 581,808$     1,163,616$   Assumed 10.35$/lbs ORC price based on vendor case study and 0.01 volumetric ORC in slurry material in each of the 3 
trenches/PRBs of lengths 287 ft, 223 ft, and 106 ft and width 3 ft, with pea gravel in the bottom 30 ft. (see Figure 4.1). ORC 
density was assumed to be 3 g/cc.  PRB to be operated for 3 years with 2 ORC slurry injections per year.  Assumes partial 
treatment of contaminant mass due to prohibitively high oxygen demand of treatment area.

8.0
8.1 Quarterly Monitoring & Reporting 1 LS/year 120,000$     120,000$      Quarterly sampling of 25 wells for 1 year. Based on 2x semi‐annual costs.
8.2 Semi‐Annual Monitoring & Reporting Program 10 LS/year 60,000$       600,000$      Semi‐annual sampling of 25 wells for 10 years. Based on ESI 2016 estimate.
8.3 Annual Monitoring & Reporting 30 LS/year 30,000$       900,000$      Annual sampling of 25 wells for 30 years. Based on ½ semi‐annual cost.

9.0 260,000$        
9.1 GRU Treatment Fee (Current System) 28000 K Gal 6.20$            173,600$      10 yr ('06‐'16) actual annual average; 2016 rate
9.2 Operation, Monitoring, Maintenance & Reporting 1 LS/year 80,000$       80,000$         Based on ESI 2016 estimate.
9.3 Equipment Replacement Cost 1 LS/year 6,400$          6,400$           Average annual cost with significant costs occurring at 5, 10, and 15 years.

7,223,050$    
10.0 3 years 1,434,350$  4,303,050$   4,303,050$     Assume 3 years of PRB system operation.
11.0 1 LS 1,620,000$  1,620,000$   1,620,000$     Assume quarterly monitoring for 1 year, semi‐annual monitoring for 10 years, and annual monitoring for 30 years.
12.0 5 years 260,000$     1,300,000$   1,300,000$     Assume system shutdown/transition to MNA after 5 years.

Rate Years Cost  NPV 6,837,863$    
13.0 1.4% 3 1,434,350$  (4,185,318)$  4,185,318$    
14.0 1.4% (1,405,410)$  1,405,410$    
15.0 1.4% 5 260,000$     (1,247,135)$  1,247,135$    

Total 30,374,031$   Capital Cost + Future Cost
Total 29,988,843$   Capital Cost + Net Present Value of O&M

Current Groundwater Extraction System
MNA (SA & UHG)
PRB System

Future Cost

Present Value Analysis

Current Groundwater Extraction System
MNA (SA & UHG)
PRB System

Current Groundwater Extraction System

MNA (SA & UHG)

PRB System

Miscellaneous

Annual Operating, Maintenance and Monitoring Cost
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