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Figure 13.  Site 1 – SB40:  TeCA in Pre- and Post-ERH Soils 
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Figure 14.  Site 1 – SB40:  TCE in Pre- and Post-ERH Soils 
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Figure 15.  Site 1 – SB36:  TeCA in Pre- and Post-ERH Soils 
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Figure 16.  Site 1 – SB36:  TCE in Pre- and Post-ERH Soils
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Figure 17.  Degradation Pathway of TeCA (Source: Lorah and Olsen, 1999)
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Table 5.  Vapor Stream Concentration  
(Measured in ppb/v) 

 

Date TeCa TCE 
Cis-1,2
DCE 1,1,2,TCA PCE Total VOCs % TCE Avg. Temp

1/31/06 99,100 32,900 2,610 493 6,710 141,813 23% 17 
2/15/06 32,200 14,400 1,540 314 2,430 50,884 28% 26 
2/22/06 34,400 23,900 903 263 2,320 61,786 39% 40 
3/1/06 43,100 132,000 735 362 2,950 179,147 74% 61 
3/8/08 69,800 285,000 835 545 3,120 359,300 79% 82 
3/16/06 218,000 277,000 1,000 2,590 7,130 505,720 55% 88 
3/22/06 246,000 81,700 545 649 2,080 330,974 25% 90 
3/29/06 63,400 24,700 242 ND 653 88,995 28% 93 
4/5/06 33,100 19,100 396 184 396 53,176 36% 95 
4/11/06 10,600 8,120 209 91 216 19,236 42% 97 
4/19/06 10,200 7,810 163 92 215 18,480 42% 98 
4/26/06 11,400 8,250 133 66 150 19,999 41% 98 
5/3/06 21,900 6,400 96 54 131 28,581 22% 98 
5/10/06 25,600 11,400 212 104 409 37,725 30% 99 
5/15/06 36,400 10,900 197 59 170 47,726 23% 99 
5/24/06 38,800 4,860 98 38 109 43,905 11% 100 
5/31/06 31,700 3,920 86 0 91 35,797 11% 100 

 
 

Table 6.  Vapor Stream Mass Removal Rate 
 

Date 

TeCA 
Removal 
lbs/day 

TCE 
Removal 
lbs/day 

cis-DCE 
Removal 
lbs/day 

1,1,2,TCA 
Removal 
lbs/day 

PCE 
Removal 
lbs/day 

Total 
Removal 
lbs/day 

Velocity 
(FPM) 

Flow 
Rate 

(scfm) 
1/31/06 14.3 3.7 0.2 0.1 1.0 19.3 3,680 235 
2/15/06 4.6 1.6 0.1 0 0.3 6.8 3,681 235 
2/22/06 6.6 .6 0.1 0 0.4 10.9 5,420 314 
3/1/06 6.5 15.7 0.1 0 0.4 22.8 4,260 247 
3/8/06 9.9 31.6 0.1 0.1 0.4 42.0 4,065 230 
3/16/06 46.4 46.3 0.1 0.4 1.5 94.8 6,125 346 
3/22/06 33.5 8.7 0.1 0.1 0.4 42.7 3,920 222 
3/29/06 12.1 3.7 0.0 0.0 0.1 16.0 5,820 311 
4/5/06 5.4 2.4 0.0 0.0 0.1 7.9 4,800 264 
4/11/06 2.8 1.7 0.0 0.0 0.1 4.6 7,750 427 
4/19/06 1.7 1.0 0.0 0.0 0.0 2.8 5,000 275 
4/26/06 1.5 0.8 0.0 0.0 0.0 2.4 3,846 212 
5/3/06 3.6 0.8 0.0 0.0 0.0 4.5 4,878 269 
5/10/06 4.3 1.5 0.0 0.0 0.1 5.9 5,516 275 
5/15/06 4.9 1.2 0.0 0.0 0.0 6.1 4,140 220 
5/24/06 6.1 0.6 0.0 0.0 0.0 6.7 4,787 255 
5/31/06 4.0 0.4 0.0 0.0 0.0 4.4 3,871 206 
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Table 7.  Vapor Stream Cumulative Mass Removal Estimate 
 

Sample 
Date 

TeCA Mass 
Removed 

(lbs) 

TCE 
Estimated 

Mass 
Removed 

(lbs) 

Cis 1,2-DCE 
Estimated Mass 
Removed (lbs) 

1,1,2-TCA 
Estimated 

Mass 
Removed 

(lbs) 

PCE 
Estimated 

Mass 
Removed 

(lbs) 

Total 
Estimated 

Mass 
Removal 

(lbs) 
1/31/06 40.0 13.7 0.75 0.25 2.75 57.5 
2/15/06 80.9 22.9 1.5 0.4 5.6 111.2 
2/22/06 39.1 18.2 0.8 0.3 2.7 61.1 
3/1/06 46.0 67.6 0.6 0.3 3.1 117.6 
3/8/06 57.5 165.9 0.5 0.4 3.1 227.3 

3/16/06 212.6 294.3 0.7 1.9 7.3 516.9 
3/22/06 267.7 184.3 0.6 1.7 6.0 460.3 
3/29/06 158.6 43.2 0.2 0.2 1.7 203.7 
4/5/06 61.3 21.5 0.2 0.1 0.7 83.8 

4/11/06 24.3 12.2 0.2 0.1 0.4 37.2 
4/19/06 18.1 10.9 0.2 0.1 0.4 29.7 
4/26/06 11.2 6.6 0.1 0.1 0.2 18.2 
5/3/06 17.2 5.6 0.0 0.0 0.1 23.1 

5/10/06 28.8 8.5 0.1 0.1 0.3 37.8 
5/15/06 22.0 6.3 0.0 0.0 0.2 28.7 
5/24/06 49.4 7.9 0.0 0.0 0.2 57.6 
5/31/06 35.9 3.5 0.0 0.0 0.1 39.6 

Total 2,111 
 
 
treatment region was below 99°C).  After this peak extraction rate, concentrations of both TeCA and TCE 
in the vapor declined sharply to levels below those at the start of heating.  TeCA levels rebounded to a 
lesser degree in late April (probably as subsurface temperatures rose further) and remained elevated 
through the remaining duration of vapor extraction (see Tables 5, 6, and 7).  TCE levels remained 
elevated at the time of system shutdown, but showed a declining trend. 
 
 TeCA has a boiling point of 147°C, which is well above that of the boiling point of water and 
well above the maximum temperature of 106°C recorded in the subsurface thermocouples.  This would 
present a challenge for a thermal technology if volatilization or boiling were the only mechanism for 
contaminant removal, especially in the vadose zone where steam generation and steam stripping of 
CVOCs may be expected to have a limited effect (unlike in the saturated zone).  However, with other 
mechanisms, such as abiotic degradation at elevated temperatures potentially coming into play, treatment 
of TeCA appears more viable.  The interim removal action report (Shaw, 2006) mentions that chloride 
concentrations in the soil increased in the post-treatment soil samples, but the data were not available for 
review.  Increased chloride levels, if significant, could imply that TeCA and/or other CVOCs are being 
dechlorinated.  Also, if TeCA is degrading to TCE, the expected trend would be decreasing TeCA levels 
and increasing TCE levels; instead, TeCA levels in the recovered vapor continued to increase long after 
TCE levels started declining.  This could indicate that TeCA was initially removed by degradation to TCE 
at moderate temperatures; then, as temperatures increased further, volatilization of TeCA was the 
predominant mechanism. 
 
 Treatment of any CVOC contamination below the water table was not an objective of the 
ERH treatment.  Groundwater monitoring wells are present around, but most of them are not within the 
footprint of the target treatment zone (see Figure 6b for monitoring well locations).  MW-02 is the only 
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well within the direct influence of the ERH treatment (although outside the ERH electrode array).  Many 
of these wells have long (15-foot) screens; therefore, localized CVOC concentrations indicative of 
DNAPL are likely to be vertically averaged and more difficult to discern.  The CVOC trends in some of 
these wells are described in Figures 18 through 25.  Only the top 15 ft or so of the saturated zone (60 to 
75 ft bgs; in the cemented sand and iron layers and underlying sand as shown in Figures 3 and 4) was 
targeted for ERH treatment.  MW-16 is the closest downgradient well and is screened near the water 
table.  This is also the well that showed the maximum impact of the neighboring ERH treatment in terms 
of a rise in water temperature (see Figure 26) from 15 to 50°C (with a time lag after the end of ERH 
treatment, as the heated water from the ERH zone moved downgradient).  In June 2006, when the ERH 
system was shut down and the average subsurface temperature in the ERH zone was 99°C, the 
temperature in MW-16 was 35°C and TeCA levels (Figure 24) had dropped from 45,000 to ~5,000 µg/L.  
During the same time (January-June 2006), TCE levels increased substantially from ~3,000 µg/L to 
~25,000 µg/L, indicating that TCE was produced from the abiotic degradation of TeCA.  As in the 
aboveground recovered vapor phase, other degradation products (e.g., TCA, cis-DCE, and trans-DCE) 
indicative of biologically intermediated degradation did not show any noticeable elevation.  In the months 
following the end of ERH treatment (June-November 2006), both TeCA and TCE levels dropped 
substantially, while water temperature rose to 51 °C.  This may indicate continuing influx of treated water 
from the ERH treatment zone.   
 
 MW-16 has the clearest trend pointing to potential degradation of TeCA to TCE and eventual 
removal of both TeCA and TCE from the subsurface.  Most of the other wells sampled were either too far 
upgradient (or cross gradient) from the ERH zone for there to be a substantial impact or exhibited trends 
that were not as easily explained.  For example, both TeCA and TCE levels in MW-02 (the upgradient 
well in the ERH zone) increased more than fivefold and tenfold, respectively, from January to June 2006.  
During this time, the temperature in the well increased from 15 to 37°C (Figure 26).  It appears that in 
both MW-02 and MW-16, the rise in temperature from 15 to about 35 or 37°C was due to the neighboring 
ERH application.  Once the ERH application ended, temperature in upgradient well MW-02 started 
decreasing, but temperature in downgradient well MW-16 kept increasing as more of the heated water 
from the ERH zone moved downgradient.  The sharp increase in TCE level in MW-02 can be attributed to 
TeCA degradation, but the sharp increase in TeCA level may indicate redistribution of TeCA outside the 
ERH zone.  The subsequent drop in both TeCA and TCE may indicate that the redistribution probably 
involved dissolved phase CVOCs, not DNAPL.  MW-02 is the only well where there was some indication 
of cis-1,2 DCE levels increasing during the timeframe of the ERH application. 
 
 The trends in some of the other surrounding wells (MW-03, MW-09, MW-10, MW-14, and 
MW-15) are more difficult to explain.  Many of these wells are probably too far to be impacted by the 
ERH treatment.  However, many of these wells experience substantial shifts in TeCA and TCE 
concentrations. 
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Section 7.0:  COST 
 
 The actual cost of the entire remediation was reported as $1.8M (Melton, 2008). 
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Figure 18.  MW-02 VOC Trend Graph 
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Figure 19.  MW-03 VOC Trend Graph 
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Figure 20.  MW-09 VOC Trend Graph 
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Figure 21.  MW-10 VOC Trend Graph 
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Figure 22.  MW-14 VOC Trend Graph 
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Figure 23.  MW-15 VOC Trend Graph 



 

 

36

 
 

Figure 24.  MW-16 VOC Trend Graph 
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Figure 25.  MW-17 VOC Trend Graph 
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Figure 26.  Groundwater Temperatures for Annapolis, MD 
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Section 8.0:  DISCUSSION 
 
 The Site 1 interim removal action at Annapolis is an excellent example of the well-calibrated 
use of ERH for treatment of a DNAPL source under difficult site conditions.  The primary contaminant, 
TeCA, is relatively less volatile compared to other chlorinated solvents, and has a nominal boiling point 
of 147°C, well above that of the boiling point of water.  Adding to the difficulty was the fact that much of 
the contamination appeared to be trapped in the vadose zone and in cemented sand and iron layers 
straddling the water table.  Despite these challenges, an estimated 1,880 lbs of total CVOC mass was 
recovered in the aboveground vapor.  There is some indication in the vapor phase (aboveground) and in 
the surrounding aqueous phase (perimeter monitoring wells) that additional TeCA mass was removed 
from the subsurface through conversion to TCE by abiotic degradation reactions that were probably 
stimulated at the elevated temperatures.  A possible scenario is that TeCA was removed from the soil 
initially by degradation to TCE at moderately higher temperatures and subsequently by volatilization at 
higher temperatures. 
 
 As with most DNAPL sites, there are some uncertainties that probably are a consequence of 
the limitations inherent in performance monitoring at DNAPL source sites.  To summarize: 
 

 One uncertainty relates to the type of degradation reactions that were stimulated at 
elevated temperatures and what the ultimate fate of the TCE, presumably produced by 
TeCA degradation, was.  At moderately elevated temperatures, TeCA levels in both 
aboveground vapor and surrounding aqueous phases declined and TCE levels rose.  This 
would indicate that TCE is either being produced due to TeCA degradation or simply that 
the more volatile TCE is responding first to elevated temperatures.  However, at higher 
temperatures, alternative periods of both declining and increasing TeCA concentrations 
in the vapor phase did not show concomitant increases in TCE levels.  Also, there was no 
noticeable elevation of other TeCA degradation products, such as TCA, cis-DCE, and 
trans-DCE, or of TCE degradation products, such as cis-DCE and vinyl chloride.  These 
byproducts of biologically-driven reductive dechlorination reactions are generally evident 
during elevated temperatures at other ERH sites.  

 Another uncertainty relates to how much residual DNAPL mass still remains in the 
treatment zone following ERH treatment.  The limited soil sampling indicates that 
relatively little DNAPL is left in the soil after ERH treatment.  However, when ERH was 
stopped, TeCA and total CVOC levels were still elevated and cumulative CVOC mass 
recovery was increasing. 

 A third uncertainty relates to the subsurface zone targeted for DNAPL treatment.  Some 
of the pre-treatment soil borings (e.g., SB-39) exhibited considerable CVOC mass at the 
fringe of the target treatment zone.  Pre-treatment TeCA concentrations in monitoring 
well MW-16 were relatively high and indicative of DNAPL on the downgradient side; 
although these concentrations decline substantially due to influx of treated water from the 
upgradient ERH zone, they could rebound in subsequent months.  As with many sites, 
there possibly could be additional DNAPL in the region surrounding and below the target 
treatment zone.   

 
 If budgets permit, some soil gas sampling within and around the treatment zone and 
installation of monitoring wells screened at shorter intervals within and below the treatment zone may 
help address some of these uncertainties.  A microbial evaluation with polymerase chain reaction (PCR) 
analysis for presence of microbial communities involved in CVOC dehalogenation would also be 
desirable.  Overall, the ERH application was well executed and has contributed towards considerable 
improvement of the soil and groundwater quality at this site.  
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