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Rationale

QQ Natural source zone depletion (NSZD) is increasingly being evaluated as a management approach 
for petroleum hydrocarbon sites

QQ NSZD is a sustainable remedial measure with potentially significant benefits with respect to longer-
term LNAPL mass reduction and compositional change

QQ Requires quantitative assessments of NSZD rates to support remedial decision making and to 
identify appropriate strategies

Objectives

QQ Demonstrate the application of recent advances in measurement techniques of CO2 efflux, radiocarbon 
(14C) analysis and predictive modeling tools to quantify the NSZD rates at a former refinery site

QQ Evaluate seasonal CO2 effluxes (summer 20151 and fall 2016)  

1Initial results reported in Jourabchi et al. (2016)

Former Refinery 

QQ Petroleum hydrocarbon plume: weathered middle distillate with lesser amounts of lube oil

QQ Silty sand and silt (1.8 to 4.0 m thick) over coarse sand

QQ Depth to corrected water table: 2.7 - 4.7 m

QQ Apparent in-well LNAPL thickness 0.01 to 0.6 m

QQ Relatively high organic carbon content near ground surface

Rationale and Objectives

Site Description 

Scope of Study
Field work conducted in October and November 2016

QQ Efflux measurements 

QQ Collection of air and vegetation samples for radiocarbon (14C) analysis 

QQ Borehole installations and soil sampling for chemical analyses and physical-chemical properties

QQ Oxygen and moisture sensor installation and continuous monitoring; and collection of groundwater 
samples for chemical analyses, 

QQ Monitoring of groundwater levels and temperatures

 
CH4 and CO2 efflux measurements using: 

QQ LI-COR flux chamber and an infrared gas analyzer (LI-8100A Automated Soil Gas Flux System); and 

QQ LI-COR flux chamber interfaced with a greenhouse gas analyzer (GGA) unit manufactured by Los 
Gatos Research, Inc. (LGR)

Continuous Monitoring Data

NSZD Processes & Rate Estimates

QQ Hydrocarbon dissolution & flow: 72 US gal/acre/year

QQ Saturated zone biodegradation reactions: 35 US gal/acre/year (Approximately 60% is estimated to 
be from methane production)

QQ Negligible CO2 loss to infiltrating water

NSZD Estimates – Total CO2 Efflux & 14C Data       NSZD Estimates – VZBL Spreadsheet Tool
Seasonal CO2 Efflux Measurements were conducted:

QQ Dry & warm summer conditions (2015 study)

 Method comparison: 

Q• 1) Dynamic Closed Chamber (DCC), for short-term measurements and high spatial coverage; and 

Q• 2) Static Trap method, for longer-term average measurements. 

QQ Moist to wet fall conditions (2016 study)

Q• DCC measurements of CO2 efflux

Q• Methane efflux measurements to assess potential anaerobic biodegradation and oxidation 

Q• Soil moisture, temperature and soil gas data

Contaminant versus natural soil respiration using 14C analysis – method comparison and data 
interpretation

Data driven application of the Vadose Zone Biodegradation Loss (VZBL) model and estimates of NSZD 
rates in the saturated zone

Approach

Figure 1: View of Study Area Figure 2: DCC Sampling Grid Former Refinery Site

Figures 3: Temperature Figure 4: Precipitation

Figures 5: Soil Moisture Figure 6: Soil Gas Oxygen

Figures 7: Soil Temperature Figure 8: Soil Temperature

Total CO2 Efflux

Figure 9: Total CO2 Efflux

Note different scales are used for each plot.
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CH4 Efflux
QQ CH4 efflux at ground surface would result if the CH4 produced from anaerobic biodegradation 

reactions is not completely oxidized in the vadose zone.

QQ If CH4 escapes through the ground surface, the depletion of LNAPL under anaerobic conditions would 
not be fully accounted for by measuring CO2 efflux alone.

QQ Measurements indicated negligible CH4 efflux.

QQ While there were relatively high soil gas methane concentrations, the negligible CH4 efflux indicate 
that CH4 generated is oxidized in the vadose zone before reaching the ground surface.

Radiocarbon Estimation of Contaminant Soil Respiration
QQ Radiocarbon or 14C analysis has been used to differentiate between CO2 derived from fossil fuel 

and natural sources of atmospheric CO2. 

QQ Technique relies on 4C analysis, an unstable carbon isotope (with a half-life of approximately 5600 
years) generated by cosmic rays in the atmosphere. 

QQ Contemporary (modern) organic carbon is 14C-rich, while fossil fuel carbon is 14C-depleted.

QQ Fraction of 14C content of carbon (F14C) is measured by accelerator mass spectrometry. 

QQ Samples are collected in evacuated Wheaton bottles.

Estimating CO2 Efflux Due to Contaminant Soil Respiration
QQ Measured CO2 efflux, JCO2, represents total CO2 efflux from two potential sources:

QQ Degradation of natural organics in soil, or natural soil respiration (NSR); and

QQ Degradation of hydrocarbon contaminants, or contaminant soil respiration (CSR).

QQ Objective is to estimate JCSR ; or the fraction of JCSR  to JC02 

Estimating CO2 Efflux Due to Contaminant Soil Respiration
QQ Three methods to estimate CO2 efflux due to CSR are:

Q• Radiocarbon measurements and mass balance or two-component mixing model (Method 1).

Q• Radiocarbon measurement that is normalized to an assumed or measured air contemporary 14C 
(Method 2).

Q• Subtract background based on non-contaminated location on site representative of NSR in area 
of contamination (Method 3).

Results & Lessons Learned
QQ There was a very large seasonal variability in CO2 efflux measurements, which were on average 

1,100 US Gal/acre/year during the dry and warm season, 246 US gal/acre/year during the moist and 
cool season, and 5.5 US Gal/acre/year during the wet and cool season (note the low values were 
measured after a period of prolonged higher than normal rainfall). 

QQ The rates are considered to span the likely seasonal range of NSZD rates at the site, however, the lowest 
value represents a rate for an extreme short term condition. 

QQ The site-wide estimate of mass loss from the VZBL model was higher than estimates from 
contaminant CO2 efflux measurements, but within the same order of magnitude. 

QQ Groundwater geochemistry data were used to estimate NSZD rates through saturated zone 
biodegradation and dissolution processes (about 100 US gal/acre/year), which exceeded the low 
range of the unsaturated zone biodegradation rates measured during wet weather. 

QQ The results of the various 14C correction techniques indicated that the mass balance method based 
on combined measurements of F14C and CO2 concentrations during LI-COR measurements or in static 
chambers were most promising.

Comparison of Dynamic Closed Chamber CSR Correction Methods

 

Summary of CSR Correction Methods

QQ The Method 1 radiocarbon correction based on location specific tests is a novel new method

QQ Method 2 correction difficult to apply because need to collect chamber samples that are primarily 
soil gas

QQ Method 3 depending on site conditions may be relatively uncertain and challenging to resolve 
background even with high resolution sampling 

QQ No single ideal method so trade-off between cost and accuracy and precision

QQ Method 1 selected for further evaluation in this study

Radiocarbon Analytical Results & NSZD Estimates

QQ Important to obtain site atmospheric air 14C measurement (and not use literature value) because 
14C in ambient air may be reduced by hydrocarbon emissions and/or plants respiring carbon with 
depleted F14C due to metabolic equilibrium with hydrocarbons; this phenomena has been observed 
in urban environments (Rakowski et al. 2005)

QQ Atmospheric air 14C is continually decreasing (Graven, 2015).  Current 2017 value (southern CA) is 
approximately 1.025.

QQ Air and vegetation samples collected and analysed for 14C content

QQ The lower than expected Site F14C values in ambient air and vegetation suggest regional urban 
scale fossil fuel emissions may have affected the radiocarbon properties of vegetation and ambient 
air at the Site

QQ The fraction of contaminant soil respiration, FCSR, was estimated using the F14C content of air 
samples containing soil gas through the mass balance approach and F14C of ambient air; 

* Method uses radiocarbon data

Vadoze Zone Biodegradation
See Tables A & B

Saturated Zone 
Dissolution & Flow

72 US gal/acre/year

Saturated Zone 
Biodegradation

35 US gal/acre/year

Time Period

Average 
Contaminant CO2

Efflux, JCSR

(µmol/m2/s)

Average NSZD Rate 
(US gal/acre/year)

Minimum NSZD
Rate

(US gal/acre/year)

Maximum NSZD
Rate 

(US gal/acre/year)

June 23 to July 
10, 2015 
(dry and warm) 

2.0 1,100 200 4,000

October 12 to 14, 
2016 
(moist and cool)

0.44 246 3.3 6,200

October 26 to 
November 1, 2016 
(wet and cool)

0.010 5.5 2.5 9.4

Scenario Estimated NSZD Rate Equivalent 
CO2 Efflux

Soil Moisture 
Condition

Baseline Soil 
Respiration

(mg O2/g-OC/day)
Surficial Soil 

Type g/m2/day US 
gallons/acre/year

CO2
(µmol/m2/s)

Wet Fall (Oct 17-19) 0 NA 1.4 640 1.1

Wet Fall (Oct 17-19) 0.11 NA 1.1 510 0.90

Dry Summer 0 Sandy loam 14 6,100 11.4

Dry Summer 0.35 Sandy loam 13 5,600 10.6

Dry Summer 0 Loam 4.6 2,100 3.7

Dry Summer 0.35 Loam 3.6 1,600 2.9

QQ Vadose Zone Biodegradation Loss (VZBL) Model

QQ O2 flux estimated from O2 gradient and effective O2 diffusion coefficient (Wilson et al., 2016)

QQ Model features: Variable water table; Multi-layered soil; Optional baseline O2 respiration; Mass 
balance for depletion

Table A Table B

Oxygen gradient-based method

JC02 = JCSR + JNSR

Location Specific Mass-
Balance Correction on 
Samples A & B (Method 1)*

Sample B Normalized to 
Contemporary (Method 2)*

Site Specific Background 
CO2 Efflux Correction 
(Method 3)

𝐹𝐶𝑆𝑅 Subtract background CO2
Efflux

location – background

Precision is potentially poor 
because of need to measure 
both CO2 and 14C.  Accuracy 
can be increased through 
collection of sample for CO2
and 14C analysis.  Because 
local-scale ambient air CO2
and 14C concentrations do not 
vary significantly. Cost 
savings can be achieved 
through limiting the number of 
Sample A samples.

Can under-predict contaminant 
respiration by assuming  CO2 in 
sample B is composed of soil gas 
CO2, because sample B is a 
mixture of soil gas and ambient air; 
14Fatm can be locally depleted and 
less than literature values.  
Accuracy can be increased through 
use of longer duration static 
chamber samples.

Accuracy is potentially poor 
because experience at sites 
indicates natural soil 
respiration often varies 
significantly across sites.  
May be uncertainty in source 
zone size. Can be improved 
through high resolution data. 

Sample Source F14C

Air collected from sealed static chamber (Wozney et 
al., 2016; Wozney, 2017) placed on the soil surface 
for 24-hours (mixture of soil gas and ambient air)

0.40 to 0.95, 0.97 at 
background location

Air collected from closed LI-COR chamber after six 
minutes (mixture of soil gas and ambient air) – one 
location

0.86

Air collected from open LI-COR chamber (ambient air) 
– one location 0.96

Air grab samples of ambient air – two locations 0.96

Vegetation samples – two locations 1.0


