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MEMORANDUM 
 

 

 
TO: LA LNAPL Workgroup 
 
FROM: Poonam Kulkarni, Charles Newell, GSI Environmental Inc; Julio Zimbron, 

Colorado State University; Matt Himmelstein, AECOM 
 
RE: Natural Source Zone Depletion (NSZD) Lines of Evidence and Results of Pilot 

Test at Shell Carson Facility 
 
 
BACKGROUND 
 

The LA LNAPL Workgroup, working with Colorado State University (CSU), deployed 
carbon traps at the Shell Carson facility with the goal of estimating the carbon flux at the 
soil surface and by extension, estimating the rates of hydrocarbon biodegradation at the 
Shell Carson site.  The lines of evidence supporting the use of carbon traps to estimate 
biodegradation rates and the results from the carbon trap pilot test at the Shell site are 
discussed below. 
 
 
LINES OF EVIDENCE 
 
CO2 is the product of hydrocarbon degradation.  Thus, CO2 generation above 
background levels is direct evidence of the biodegradation of hydrocarbons, and part of 
a quantitative assessment of natural source zone depletion (NSZD) shown in the Figure 
1 below (ITRC, 2009). In this analysis, we are measuring the “gas flux out” to determine 
if there is evidence for NSZD at the site. 
  

 
Figure 1: Example Control Volume “Box” for Quantitative Assessment of NSZD (Source: 

ITRC, 2009) 
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Additionally, rather than collecting a CO2 profile in the vadose zone, as shown in Table 1 
(i.e., highlighted box) and Figure 2 below (ITRC, 2009), we are using a new technique 
with the soil surface as a horizontal reference point.   
 
 

Table 1: Data for Qualitative Evaluation: Evidence that NSZD is Occurring  
(Source: ITRC, 2009) 
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Figure 2: Reference Diagram for NSZD Mass Depletion Volatilization Process (Source:  

ITRC, 2009) 
 
 
Although capturing the CO2 flux at the soil surface is an emerging technique for 
demonstrating NSZD, the underlying principle is consistent with the National Research 
Council (NRC) approach, including the estimation of the CO2 fluxes generated by 
biodegradation. (NRC, 2000) 
 

“The decision to rely on natural attenuation and the confirmation 
that it continues to work depend on linking measurements from the 
site to a site model and “footprints” of the underlying mechanisms. 
Footprints generally are concentration changes in reactants (in 
addition to the contaminants) or products of the biogeochemical 
processes that transform or immobilize the contaminants.” 
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(Source:  ITRC, 2009). 
 
Finally, collection of CO2 gas as a biodegradation byproduct at the soil surface is less 
invasive than measuring a profile in the vadose zone, with easier implementation and 
lower costs.  The CO2 measurements collected at the soil surface might not be fully 
representative of the CO2 profile in the vadose zone directly below due to potential drift 
caused by sub-surface heterogeneities, but several surface measurements across a site 
can be used to estimate the overall site CO2 flux.  Additionally, CO2 fluxes at grade might 
also include CO2 naturally generated by the plant root zone, i.e., not related to petroleum 
biodegradation, that need to be accounted for and subtracted from the total carbon 
measurement. 
 
 
KEY POINTS  

CO2 is the product of hydrocarbon biodegradation.   CO2 generation above background levels 
is direct evidence of biodegradation of hydrocarbons and an accepted indicator of NSZD. 
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Figure 4: LNAPL Loss Rates (gal/acre/yr) for 6 field sites (Source: McCoy, 2012) 

 
 
KEY POINTS  

 Results from the pilot test background readings (average: 1,300 gal/acre/yr) are very 
comparable with background rates measured at other sites based on both readings at 
unimpacted locations (average: 1,800 gal/acre/yr) and 14C analysis of results (average: 
1,100 gal/acre/yr).  

 Hydrocarbon biodegradation rates from the pilot test (1,700 gal/acre/yr) are also 
comparable to those at 6 other field sites measured by CSU (McCoy, 2012), where the 
average LNAPL loss rate  is 3,500 gal/acre/yr. 

 
 
Question 2. What Compounds in the LNAPL are Being Degraded?  
 
Site research studies with LNAPL have identified multiple attenuation processes that can 
degrade a wide range of hydrocarbons, from very light compounds (in the C4 and C5 
range) to low volatility/lower solubility compounds up to the C30 range (e.g., Molins et 
al., 2010).  Methanogenesis, for instance, exhibited opposite characteristics of the 
aerobic degradation sequence, in that it first depleted the >C18 alkanes (Bekins et al., 
2005).   
 
Some LNAPL experts place NSZD and subsequent remediation technologies into one of 
two categories:  
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i) Phase change - a process that enables preferential removal of certain compounds 

based on their physical, chemical, or biodegradation rates.  Removal of volatile 
compounds via SVE is an example of phase change, as non-volatiles are not 
removed; and 

 
ii) Mass removal - a process that targets most of the compounds in a hydrocarbon 

mixture.   
 
Therefore, at early-stage gasoline release sites NSZD may act more like a "phase 
change" process, where the most soluble and volatile compounds are removed and 
degraded.  At last-stage gasoline releases, NSZD will act more like a "mass removal" 
process, where methanogenesis slowly degrades long-chained alkanes.  Due to the age 
of the releases at the Shell facility, NSZD may be acting more like a mass removal 
technology.   
 
 
Question 3. When Calculating Degradation Rates, Does Compound Selection 

Make a Difference? 
 
Carbon traps directly provide measurements of CO2 flux in µM/m2-sec. To make this 
value more meaningful, and because carbon dioxide is the end product of hydrocarbon 
biodegradation, it is often converted to an equivalent degradation rate in gal/acre/yr, by 
using a compound to represent petroleum hydrocarbon.  
 
As seen in the mineralization reactions in Equations (1), (2), and (3) below, three 
different compounds are typically chosen to represent total petroleum hydrocarbon 
(TPH): benzene (C6H6), decane (C10H22), and octane (C8H18) which was used to 
calculate the rate for the Shell Carson results. 

 
2C6H6 + 15O2  12CO2 + 6H2O                                                          (1) 

 
2C10H22 + 31O2  22H2O + 20CO2                                                                                       (2)  

 
                          2C8H18 + 25O2  18H2O + 16CO2                                                             (3) 
                                                                               
The selection of this representative compound can slightly affect the total estimated 
biodegradation rate at a site, either expressed in units of gal/acre/yr (Table 4). The 
values are compared to those obtained using octane as the representative compound, 
as it was the selected compound for this study.  
 
As seen in the table below, rates calculated using benzene are 20% lower than those of 
octane. Additionally, rates calculated using decane are 5% greater than those of octane.   
Generally, the overall effect of selected compound on the final results is relatively small.  
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Table 4: Difference in Biodegradation Rates (gal/acre-yr)  

CO2 Flux 
(µM/m2-sec) 

CO2 Flux       
(g CO2/m

2-day)

Rate, 
Expressed as 

Benzene        
(gal/acre-year) 

Rate, 
Expressed as 

Decane         
(gal/acre-year) 

Rate, 
Expressed as 

Octane*         
(gal/acre-year) 

1 4 530 690 660 
5 19 2510 3300 3130 
10 38 5010 6580 6260 

% Difference, as Compared 
to Octane 

20% 5% -- 

 
*= Octane was used in the rate calculations for the Shell Carson results. 
 
 
KEY POINTS  
Different compounds can be used to calculate hydrocarbon biodegradation rates 
based on the amount of CO2 generated, but the overall effect on the final results is 
relatively small (5% and 20% difference).  

 
 
Question 4. Does LNAPL Specific Volume and Geology Affect Degradation Rates?  
 
At the Shell Carson site, Rapid Optical Screening Tool (ROST) and Cone Penetrometer 
Testing (CPT) were applied to evaluate the extent and recoverability of LNAPL. Here, 
ROST data shows the fluorescence intensity, and CPT data shows geologic information 
at a fine-scale interval. Approximately 368 borings were acquired across the site 
(Geosyntec and URS, 2007).  
 
The ROST results (fluorescence) and CPT results (hydrogeology) were also used to 
calculate LNAPL saturations across depth-discrete intervals at all locations (Geosyntec 
and URS, 2007).  
 
For this analysis, the resulting ROST and CPT data from borings closest to CO2 traps 
were selected, as presented in Attachment 2A (LNAPL area locations) and Attachment 
2B (background locations). Additionally, the calculated LNAPL saturations at depth-
discrete intervals were used to estimate a location-specific specific volume of LNAPL (by 
calculating the area under the depth-saturation curve). Note that there is considerable 
uncertainty in these specific volume estimates. 
 
As seen in Attachment 2A, locations with larger hydrocarbon degradation rates generally 
had larger ROST signals.  This qualitative analysis was supplemented by plotting of 
LNAPL hydrocarbon biodegradation rate vs. specific volume at each location. As seen in 
Figure 5 below, there was a good correlation between specific volume and hydrocarbon 
degradation rates (r2 of 0.8). 
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Figure 5: Correlation of the Specific Volume of LNAPL at CO2 Trap Locations to the 
Hydrocarbon Degradation Rates. The degradation rates were determined by 14C analysis at all 
locations. 
 
Additionally, water level gauging data from the carbon trap deployment time period was 
used to distinguish between the vadose and saturated zones at each location. The 
specific volume in each zone was then used to determine if the hydrocarbon 
biodegradation rates are related to amount of LNAPL in the vadose and saturated 
zones. As seen in Figure 6 and 7 below, no such correlation was found.  
 
 

                             
Figure 6: Correlation of the Specific Volume of LNAPL in the Vadose Zone at CO2 Trap 
Locations to the Hydrocarbon Degradation Rates.  
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Figure 7: Correlation of the Specific Volume of LNAPL in the Saturated Zone at CO2 Trap 
Locations to the Hydrocarbon Degradation Rates.  
 
 
Finally, the predominant geologic soil types were clay and clayey soils, with some layers 
of sand and silty sands. No apparent relationship was observed between geology and 
hydrocarbon degradation rates at the individual locations.   
 
 
KEY POINTS  

 Locations with more prevalent and stronger ROST signals generally correlated with 
higher hydrocarbon biodegradation rates based on a qualitative study.  

 Hydrocarbon biodegradation rates were strongly correlated to the total volume of LNAPL 
at each location as expressed by an LNAPL specific volume estimate derived from ROST 
data (r2 of 0.8), but were not correlated to the amount of LNAPL in the vadose and 
saturated zones.  

 No relationship was observed between geology and hydrocarbon degradation rates. 
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Question 5. How Does the Gradient Method Compare to Methods Evaluating CO2 

Measured at the Surface?  
 
Two methods are commonly used to estimate hydrocarbon biodegradation rates at an 
LNAPL affected site, as follows:  
 
1. Gradient Method – Involves taking depth-discrete soil gas profiles of CO2 such that 

concentrations are expected to increase with depth to the source zone (ITRC, 2009). 
The CO2 measurements are used to calculate a flux using Fick’s first law (Sihota, 
2011):  

                                                        
z

CC
DJ as

eff 


                                                      (3)  

 
Where Deff is the effective diffusion coefficient, Cs is the subsurface concentration 
(mol/m3), Ca is the atmospheric concentration (mol/m3), and ∆z is the soil monitoring 
depth in relation to the surface (Sihota, 2011).  

 
2. Flux Chamber Method – Involves capturing and measuring CO2 flux at the surface 

(i.e. using carbon traps), and applying either Method 1 or Method 2 described 
previously, to calculate hydrocarbon biodegradation rates.   

 
CO2 flux measurements obtained using the gradient method are likely dominated by 
LNAPL affected areas (i.e. have high subsurface CO2 concentrations not seen in 
background areas). Additionally, because CO2 generated is mostly non-reactive (i.e., 
conservative), the flux calculated using the gradient method is basically equivalent to the 
flux seen at the surface.  Thus, results obtained using the two methodologies should be 
similar.  
 
Field study results using both the gradient method and flux chamber method were 
compared in Sihota et al., 2011, as seen in the table excerpt below. Contaminant 
degradation rates using the flux chamber method (3.3 g TPH/m2-day) were found to be 
similar, and within the range of values obtained from the gradient method (1.1-3.6 g 
TPH/m2-day). 
 

 

 
 
(Source: Sihota, 2011) 
 
KEY POINTS  

 Hydrocarbon degradation rates obtained from applying either the flux chamber method 
(i.e. capturing CO2 at the surface) are similar to those using the gradient method (i.e. 
taking depth-discrete subsurface CO2 measurements). 
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Question 6. What are possible historic LNAPL saturation values? 
 
The measured average hydrocarbon biodegradation rate can be used to approximate 
the additional LNAPL volume that could have existed at the site at a specific year in the 
past (i.e. hydrocarbon biodegradation rate in gal/acre/yr * Y years = additional LNAPL 
volume that existed Y years ago).  
 
Thus, we determined the additional LNAPL volume and the estimated historic LNAPL 
saturation at three different years in the past. The most recent LNAPL saturation was 
determined to be 8.5% in the vicinity of the biosparge pilot test at the Shell Carson site, 
while estimated historic values range from 10%-12%.  
 
 

Table 5: Potential Historic LNAPL Saturation 

Year 
Time to 
Present 

(yrs) 

Additional LNAPL 
Volume 

(gal/acre) 

Estimated Historic 
LNAPL Saturation 

(%) 
1983 30 51,000 10 
1963 50 85,000 11 
1943 70 119,000 12 

 
Notes:  
 
(1) Calculation assumes no additional releases occurred since listed year  
(2) An average hydrocarbon biodegradation rate of 1,700 gal/acre/yr used 
(3) Current LNAPL saturation at site is 8.5%, according to biosparge pilot test analysis  
 
KEY POINTS  

 Approximate historic LNAPL saturation values are reasonable, further indicating that the 
measured hydrocarbon biodegradation rate is valid. 
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ATTACHMENTS  
 
Attachment 1:  CO2 Trap Locations and LNAPL Distribution, Shell Carson Site 
 
Attachment 2A:  LNAPL Area Locations: Geology and LNAPL Distribution at CO2 Trap 

Locations  
 
Attachment 2B:  Background Locations: Geology and LNAPL Distribution at CO2 Trap 

Locations  
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ATTACHMENT 1  
CO2 Trap Locations and LNAPL Distribution, Shell Carson Site 
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ATTACHMENT 2A  
LNAPL AREA LOCATIONS:  Geology and LNAPL Distribution at CO2 Trap Locations 

Sorted With Hydrocarbon Degradation Rate From Highest to Lowest 
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ATTACHMENT 2A  
LNAPL AREA LOCATIONS:  Geology and LNAPL Distribution at CO2 Trap Locations 

Sorted With Hydrocarbon Degradation Rate From Highest to Lowest 
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ATTACHMENT 2A  
LNAPL AREA LOCATIONS:  Geology and LNAPL Distribution at CO2 Trap Locations 

Sorted With Hydrocarbon Degradation Rate From Highest to Lowest 
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ATTACHMENT 2B  
BACKGROUND LOCATIONS:  Geology and LNAPL Distribution at CO2 Trap Locations  
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MEMORANDUM 
 

 

TO: LA LNAPL Workgroup 
 
FROM: Poonam Kulkarni, Charles Newell, GSI Environmental Inc;  
 Faraneh Chamran, Jun Lu, Daniel Buckley, Frank Muramoto, AECOM;  
 Julio Zimbron, Colorado State University 
 
RE: Natural Source Zone Depletion (NSZD) Results of Pilot Test at Tesoro East 

Hynes Facility 
 
 
EXECUTIVE SUMMARY 
 
Carbon traps were deployed at the Tesoro East Hynes facility in order to determine the 
rates of hydrocarbon biodegradation at the site.  
 
Additionally, the relationship between hydrocarbon biodegradation rate and petroleum 
hydrocarbon impacts at the site was evaluated using relevant site data. Data reviewed 
included: 1) GC/FID hydrocarbon characterization of light, non-aqueous phase liquid 
(LNAPL) collected from the monitoring wells, and 2) Rapid Optical Screening Tool 
(ROST) profiles of nearby locations. 
 
Results of this pilot test and subsequent analyses are as follows:  
 

 NSZD is occurring at the Tesoro East Hynes facility, and 14C analysis confirmed 
fossil fuel carbon sources.  
 

 The site average hydrocarbon (LNAPL) biodegradation rate is approximately 
1,100 gallons/acre/year equivalent.   

 
 Hydrocarbon biodegradation rates from the pilot test (1,100 gallons/acre/year 

[gal/acre/yr]) are also comparable to those at six other field sites measured by 
CSU (McCoy, 2012), where the average LNAPL loss rate is 3,500 gal/acre/yr, 
and comparable to the LA LNAPL NSZD test at the Shell facility, where an 
average of 1,700 gal/acre/yr was measured. 

 
 Hydrocarbon degradation rates do not seem to correlate with the vertical 

distribution of hydrocarbons, according to ROST data. 
 

 Compound categories (i.e., LNAPL composition) do not appear to have any 
correlation with CO2, probably due to factors such as non-quantitative nature of 
the data and complicated microbial environment. 
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MEMORANDUM 
 

 

OBJECTIVE 
 

The LA LNAPL Workgroup, working with Colorado State University (CSU) and AECOM, 
deployed carbon traps at the Tesoro East Hynes facility with the goal of estimating the 
carbon flux at the soil surface and by extension, estimating the rates of hydrocarbon 
biodegradation at the Tesoro East Hynes site.  The results from the carbon trap pilot test 
at the Tesoro East site are discussed below. 
 
 
BACKGROUND 
 
As previously described in the memo “Natural Source Zone Depletion (NSZD) Lines of 
Evidence and Results of Pilot Test at Shell Carson Facility,” CO2 generation above 
background levels is direct evidence of biodegradation of hydrocarbons and an accepted 
indicator of NSZD.  
 
Here, two methods can be used to estimate the hydrocarbon biodegradation rates at a 
site: 1) Method 1:  LNAPL Area vs. Background Area, and 2) Method 2:  14C Analysis. At 
the Shell Carson Facility, both methods were employed, and the average hydrocarbon 
degradation rates calculated using both methods were the same (1,700 gal/acre/yr). At 
the Tesoro East Hynes facility, due to uncertainty about background locations (i.e., those 
without LNAPL), only Method 2 was employed.  
 
 
RESULTS 
 
Average Degradation Rates at Site  
 
A map showing the trap locations can be found in Attachment 1, and the hydrocarbon 
biodegradation rates determined from the 14C analysis are shown in Table 1 below.  
 
The average hydrocarbon biodegradation rate at the site was found to be 1,100 
gal/acre/yr by conducting 14C analysis on all carbon traps. As seen in Table 1 below, the 
hydrocarbon degradation rates range from 120 to 2,660 at the site.  
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Table 1: Summary of CO2 Trap Results at Shell Carson Site (Method 2: 14C Analysis) 

Location 
Hydrocarbon 

Degradation Rate 
 (gal/acre/yr equiv.)* 

1 240 
2 470 
3 430 
4 1,170 
5 1,990 
6 120 
7 2,660 

Average 1,100 
Notes:  
(1)  Map of trap locations is provided in Attachment 1  
 (*)  NSZD rates calculated using octane as the mineralization compound.  
 
KEY POINTS  

 The site average hydrocarbon (LNAPL) biodegradation rate is approximately 1,100 
gallons/acre/year equivalent.   

 NSZD is occurring at the Tesoro East Hynes facility, and 14C analysis confirmed fossil 
fuel carbon sources.  

 Hydrocarbon biodegradation rates from the pilot test (1,100 gal/acre/yr) are also 
comparable to those at six other field sites measured by CSU (McCoy, 2012), where the 
average LNAPL loss rate is 3,500 gal/acre/yr, and comparable to the LA LNAPL NSZD 
test at the Shell facility, where an average of 1,700 gal/acre/yr was measured. 

 
Relationship between Degradation Rates and Petroleum Hydrocarbon Impacts at 
Site  
 
To understand the relationship between CO2 flux (i.e., hydrocarbon biodegradation rate) 
and petroleum hydrocarbon impacts at the site, relevant site data were collected and 
reviewed. Data reviewed included: GC/FID hydrocarbon characterization of LNAPL 
collected from the monitoring wells, and ROST profiles of nearby locations.  
 
1. LNAPL GC/FID Hydrocarbon Concentrations 
 
Available GC/FID concentration data were also reviewed. Concentrations of compounds 
in terms of relative percentage in the LNAPL were used for correlation evaluation. 
Eighty-nine available compounds were grouped into five categories: 
  

1) paraffins (i.e., straight chain saturated hydrocarbons);  
2) isoparaffins (i.e., branched saturated hydrocarbons);  
3) aromatics (i.e., compounds with one or more benzene rings);  
4) naphthenes (i.e., saturated cyclic hydrocarbons) and  
5) olefins (i.e.; unsaturated hydrocarbons excluding aromatics).  

 
Rationale for this grouping is that certain groups of compounds, especially simple 
aromatics and paraffins, are more sensitive to biodegradation and, therefore, the relative 
concentration of each category of compounds in the LNAPL may be related to the 
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hydrocarbon degradation rate. The data were reviewed and no correlation was 
observed.  
 
2.  ROST Profiles 
 
The rapid optical screening tool (ROST) uses a tunable laser at a specific frequency 
passed through a fiber optic cable and emitted through a sapphire window on a standard 
cone penetrometer testing (CPT) system or percussion system (e.g., Geoprobe). The 
light causes the polycyclic aromatic hydrocarbon (PAH) constituents in the soil to 
fluoresce. The emitted fluorescence is transmitted via a second fiber optic cable to a 
measurement system within the truck.  
 
ROST data are typically presented as percent total fluorescence with depth, as shown in 
Attachment 2. The horizontal axis is fluorescence intensity (FI) relative to a reference 
(i.e., instrument standard for calibration) and the vertical axis is the depth from ground 
surface.  
 
To quantify the relationship between hydrocarbon degradation rate and amount of 
LNAPL in both the vadose and saturated zones, raw ROST data were used. First, 
gauging data of LNAPL and water levels during the deployment time period of the 
carbon traps were reviewed. These data were used to estimate the water levels, and 
distinction between the vadose and saturated zones in the nearest ROST location (see 
Figure 2).   
 
Across the soil column, ROST fluorescence collection frequency varies; but the average 
is 10 FI measurements per foot. Thus the total FI is integrated for the each of zones, as 
seen in Figure 2. Ultimately, the total integrated ROST signal was calculated for each 
zone. 
 
Finally, each ROST horizontal location is designated with a letter A, B or C. These letter 
designations indicate the relative horizontal distance from ROST locations and their 
respectively CO2 trap, with A being closer (approximately 50 feet or less), B being a 
moderate distance away (approximately 50 to 100 feet),, and C being farther than 100 
feet between ROST and trap. 
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Figure 2: Example ROST Signal and Distribution of Zones 

 
 
 
Figures 3 through 5 below show the relationship between hydrocarbon degradation rates 
and the total integrated ROST signal at each location, and in each zone. These figures 
do not show a correlation to the distribution of LNAPL in the subsurface.  
 

Vadose Zone  

Saturated Zone 
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Figure 3: Relationship between Hydrocarbon Degradation Rate and Total Integrated ROST 
Signal. Trend not statistically significant (p=0.7). 

 

 
Figure 4: Relationship between Hydrocarbon Degradation Rate and Total Integrated ROST 
Signal in the Vadose Zone. Trend not statistically significant (p=0.2). 
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Figure 5: Relationship between Hydrocarbon Degradation Rate and Total Integrated ROST 
Signal in the Saturated Zone. Trend not statistically significant (p=0.9). 
 

 
It should be pointed out that the ROST FI is related to PAHs in the LNAPL. Older 
gasoline typically contains significant amounts of heavier components, which can include 
PAHs. As gasoline weathers, as is likely the case at this site, the concentrations of 
heavier components are relatively enhanced, leading to a higher FI response. 
 
KEY POINTS  

 Hydrocarbon degradation rates do not seem to correlate with the vertical distribution of 
hydrocarbons, according to ROST data. 

 GC/FID compound categories do not appear to have any correlation with CO2, probably 
due to factors such as non-quantitative nature of the data and complicated microbial 
environment. 

 
 
ATTACHMENTS  
 
Attachment 1:  CO2 Trap Locations and LNAPL Distribution, Tesoro East Hynes 
Facility 
 
Attachment 2:  ROST Data and Hydrocarbon Degradation Rates at CO2 Trap 

Locations  
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