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Following a Light Non-Aque-
ous-Phase Liquid (LNAPL) 
spill, characterization activi-

ties, including high-resolution site 
characterization (HRSC), are often 
used to determine the spatial extent 
of the contaminant, the location of 
the source, and the severity of the 
impacts on both soil and groundwa-
ter. After this initial characterization, 
the site owner must confront the cru-
cial question: What’s next? Most site 
owners and regulators will at this 
point turn their attention to remedia-
tion design, with the legitimate goal 
of restoring the site to its previously 
pristine condition.

While we environmental pro-
fessionals are busy planning our 
responses to spills, natural soil pro-
cesses are already underway. Soil 
microbial populations begin to 
adjust to the introduction of LNAPL 
compounds, resulting in the awaken-
ing of metabolic pathways capable of 
using the energy stored in LNAPL. 
These microbial mechanisms ulti-
mately result in the biodegradation 
of petroleum, yet are often ignored 
or overlooked by site owners. How-
ever, biodegradation processes, col-
lectively called Natural Source Zone 
Depletion (NSZD) have recently 
been recognized as crucial to the 
contaminated site’s life cycle and 
are a key part of the formulation of 
the LNAPL conceptual site model 
(CSM). 

NSZD includes microbially 
driven processes that result in the 
transformation of petroleum con-
taminants into dead-end inorganic 
products. This conversion, called 
mineralization, relies on the pres-
ence of microbes capable of degrad-
ing the contaminants, as well as the 
availability of electron acceptors like 
oxygen. Alternative electron accep-
tors (e.g., sulfate, nitrate, iron, man-
ganese oxides) typically present 
in soil can be used by microbes for 
anaerobic pathways when oxygen 

is not available until they, too, are 
depleted. Because oxygen is prefer-
entially used by microbes as an elec-
tron acceptor and soil has a limited 
oxygen transport capacity, it is typi-
cally absent near the LNAPL source. 

Although aerobic biodegrada-
tion is traditionally considered to be 
faster than anaerobic biodegradation, 
the relative importance of both pro-
cesses at a site might be determined 
by the extent of contact between 
electron acceptors and the contami-
nant. Both aerobic and anaerobic 
pathways ultimately result in the 
production of carbon dioxide (CO2). 
This LNAPL-derived CO2 will rise 
through the soil column and eventu-
ally escape into the atmosphere. 

In addition to those processes 
using “external” electron acceptors 
(i.e., those migrating toward the con-
taminant due to air or gas transport), 
many LNAPL-contaminated sources 
undergo methanogenesis, which 
results in the degradation of petro-
leum products into methane (CH4) 
and CO2. This reaction, which does 
not require external electron accep-
tors, takes place below the aerobic/
anaerobic interface within the soil 
column. As the upward-moving 

CH4 reaches this interface and con-
tacts oxygen, it is typically rapidly 
oxidized to CO2. If the flux of bio-
degradable carbon sources (includ-
ing CH4) exceeds the soil’s oxygen 
transport capacity, incomplete CH4 
oxidation might occur. This situa-
tion, which can result in explosion 
hazards and increased risk of vapor 
intrusion, has been observed at a 
large ethanol-containing biofuel spill 
(Sihota et al., 2013).

Why Are These Processes 
Important?
Acknowledging the interactions 
between soil microbes and petro-
leum contaminants has strong 
implications. First, it helps us better 
understand local soil and ground-
water geochemistry in the context of 
a contaminated site. Second, it helps 
us realize that these processes will 
result in the in-situ mass depletion of 
organic contaminants.

From a practical viewpoint, 
NSZD can be a useful tool at all 
stages of a contaminated site’s life 
cycle. Using NSZD principles (i.e., 
increased CO2 emissions from con-
taminated soils) to identify a geo-
chemical footprint in the vadose 

Natural Source Zone Depletion (NSZD) 
A Key Part of the LNAPL Conceptual Site Model 

Figure 1. Schematic depiction of subsurface processes at an LNAPL spill
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zone can help delineate the LNAPL 
source, which in turn helps site 
owners choose the locations of 
monitoring wells in order to bet-
ter characterize the site and inform 
remedial decision making. At later 
stages, such as during remedy selec-
tion or transition, a quantitative 
measurement of the NSZD rate can 
provide a meaningful reference for 
the performance of the considered 
remedies. Additionally, NSZD reac-
tions occur even when active rem-
edies are in place. If we are willing 
to designate significant financial 
resources to site remediation, a sensi-
ble goal might be to increase the con-
taminant mass removal rate above 
the site’s natural depletion rate.

Measuring NSZD Rates
NSZD has been shown to occur at 
most petroleum-contaminated sites, 
and many techniques can be used to 
measure the rate at which these pro-
cesses take place. The most common 
methods are based on the measure-
ment of CO2 efflux at or below the 
soil surface. The three CO2-based 
methods, namely the concentra-
tion gradient method, the dynamic 
closed chamber method, and pas-
sive CO2 flux traps, deliver quan-
titative NSZD rates. Like all field 
sampling techniques, each of these 
methods has its own advantages and 
limitations. 

The concentration gradient 
method was the first technique used 
to estimate NSZD rates and involves 
sampling soil CO2 concentrations at 
different depths in the subsurface. 
The change in concentration at a 
particular plane in the soil column 
is proportional to the diffusive flux, 
according to Fick’s law of diffusion. 
However, this method requires verti-
cally distributed soil gas probes to be 
installed at the site, and the quality 
of results relies on an accurate deter-
mination of the soil’s effective diffu-
sion coefficient. 

While the concentration gradi-
ent method is used to measure soil 
gas fluxes at specific soil depths, 
the other two methods, namely the 
dynamic closed chamber (DCC) and 
passive CO2 flux traps, measure 
fluxes at ground level. The DCC is a 
vented chamber installed at the soil 
surface that is used to measure soil 
gas concentration changes. Several 
concentration measurements are 

taken as the chamber fills with soil 
gas, and the CO2 flux is calculated 
from the slope of the concentration-
time regression. The DCC is most 
often used to measure soil gas fluxes 
during short deployments (typically 
a few minutes). However, long-term 
fluxes can be estimated with the 
DCC if enough repeated measure-
ments are taken over an extended 
period to account for short-term CO2 
flux variability. 

Passive CO2 flux traps are 
deployed at the ground surface, 
where they capture CO2 over an 
extended time period (e.g., 2 weeks) 
using a sorbent. After field deploy-
ment, the sorbent from each trap is 
analyzed for its CO2 and 14C con-
centrations. This isotopic correction 
allows the method to account for 

only fossil-fuel-derived carbon dur-
ing the quantification of NSZD rates. 
Passive CO2 flux trap measurements 
provide long-term time-integrated 
average fluxes and are robust to 
daily barometric fluctuations. 

All three of these methods rely 
on free-gas-transport pathways, 
meaning there can be no imperme-
able barriers to gas flow in the sub-
surface. NSZD rates measured at 
field sites using these three methods 
range from a few hundred gallons 
per acre-year to a few thousand gal-
lons per acre-year.

A fourth measurement method, 
which makes use of soil tempera-
tures and thermal gradients, is cur-
rently in development and is not 
considered quantitative. All pres-

■ continued on page 20

Figure 2. A conceptual depiction of mass losses over time at a hypothetical contaminated site: 1) 
accounting for only active mass removal remedies, and 2) also considering mass losses due to NSZD.
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Q. What factors affect NSZD 
rates?

A. Temperature has a very 
strong effect on the speed with which 
microbes break down petroleum 
products. As a result, NSZD rates at 
field sites are seasonally dependent, 
and rates are typically at a maxi-
mum in the fall. In general, 35°C to 
40°C is the upper temperature toler-
ance limit for subsurface microbes, 
while microbial activity may be 
very slow or completely stopped at 
temperatures near or below freez-
ing. Site-specific models can help us 
understand the relationship between 
temperature and microbial activity 
by assessing the depth distribution 
of local soil temperatures; an exam-
ple of such a model is available for 
free at BiogenicHeat.com.

Another  important  fac tor 
impacting NSZD rates is the avail-
ability of electron acceptors. Some 
progress has been made by treating 
dilute dissolved plumes with exter-
nal electron acceptors, such as sul-
fate (e.g., Kolhatkar and Schnobrich, 
2017). In general, the success of these 
remedies is limited by the efficiency 
of contact between the contamina-
tion and the electron acceptors.

Monitoring this natural depletion 
rate, therefore, keeps site owners up-
to-date on the progress of contami-
nant removal efforts and informs 
regulators about the advisability of 
site closure. 

Frequently Asked Questions

Q.  How fast does petroleum 
biodegradation occur?

A. A recent study found that 
NSZD-based loss rates measured at 
several field sites ranged from 700 
to 2,800 gallons per acre-year (Garg 
et al., 2017). Although these rates 
are larger than expected, they are 
not high enough to achieve rapid 
site cleanup. For example, an appar-
ently high NSZD rate of 1,000 gal-
lons per acre-year only amounts to 
a free petroleum thickness decrease 
of about 1 mm. If an extraction or 
cleanup system is pushed to the 
point that it yields the same results 
as the natural microbial rate, this 
could be an indication that nature is 
achieving more than the active rem-
edy. Sustained monitoring of NSZD 
rates is, therefore, crucial to the effi-
cient and cost-effective management 
of active remedies.

ently available NSZD monitoring 
methods are described in detail in a 
recent American Petroleum Indus-
try (API) guidance document and in 
other technical literature (see “Time-
line of Important NSZD Develop-
ments” and Additional Resources).

The Importance of NSZD
If properly assessed, NSZD rates 
can provide an operational base-
line for active remedies. No mat-
ter how advanced the remediation 
system, there comes a time when it 
is impossible or economically inef-
ficient to remove any more contami-
nant from the ground because of 
low soil concentrations. NSZD can 
be particularly helpful in this situa-
tion—if NSZD rates are comparable 
to the performance of a remediation 
system, it might be possible to take 
advantage of this natural contami-
nant depletion rate. Evidence from 
the field, as well as the considerable 
body of literature backing up NSZD 
processes, should give us peace of 
mind in accepting that soil microbes 
will continue to remove contaminant 
left in the ground long after active 
remedies have stopped working. 

Timeline of Important NSZD Developments

2006 Lundegard and Johnson measure spilled LNAPL mass losses using a mass balance applied to 
both the vadose (unsaturated) zone and to groundwater. Mass losses in the vadose zone were 
shown to be two orders of magnitude higher than those in groundwater. 

2009 A new ITRC LNAPL Guidance Document describes mass balance methods for quantifying NA 
(Natural Attenuation) and NSZD rates in groundwater and in the vadose zone. 

2011 A research group led by Dr. Uli Meyer at the University of British Columbia uses an agronomic 
technique to measure soil gas fluxes at grade, and correlates the changing concentrations 
with NSZD activity.

2014 A research team at Colorado State University develops a passive sampling technique which, 
when integrated with radiocarbon analysis, yields long-term CO2 fluxes corrected for modern 
CO2 contributions.

2017 The American Petroleum Institute publishes a Guidance Document and NAVFAC publishes 
“New Developments in LNAPL Site Management,” both describing different methodologies 
for the measurement of NSZD rates and the usefulness of those rates. 

2018 An updated ITRC LNAPL Guidance Document highlights the importance of NSZD with respect 
to the LNAPL conceptual site model, and adds additional methods for measuring NSZD rates 
(incorporating those present in the 2017 API Guidance Document). 

■ Natural Source Zone Depletion 
from page 19
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removal methods have achieved 
some success, and the remaining 
contaminant mass poses a low risk 
to public and environmental health, 
performing NSZD calculations or 
studies may inform stakeholders 
about the usefulness of active and 
passive remedies in achieving site 
closure.

Q. Can NSZD monitoring be used 
at any LNAPL-contaminated site?

A. In general, yes, NSZD moni-
toring can be useful at most LNAPL-
contaminated sites. NSZD rates can 
also be used to reinforce the concep-
tual site model in combination with 
other sources of data at all stages 
of the site’s life cycle. For example, 
LNAPL-derived CO2 fluxes can be 
used to delineate the extent of the 
contaminant during early site char-
acterization, or NSZD rates can be 
used to assess the performance of 
various active remedies. Keep in 
mind that some site conditions, such 
as the presence of gas-impermeable/
wet layers, interfere with the charac-
terization of NSZD processes.

Q. Can NSZD be a final remedy for 
any LNAPL-contaminated site?

A. Yes, in the sense that we can 
sometimes take advantage of NSZD 
processes to let nature remove the 
last remnants of a contaminant in the 
subsurface following implementa-
tion of an active remedy. 

Q.At how many LNAPL sites has 
NSZD been monitored to date?

A. NSZD rate measurements 
have been taken at hundreds of 
LNAPL sites and several DNAPL 
sites across North America. The 
widespread use of NSZD as a pas-
sive remedy and monitoring tool 
continues to grow every year, and 
NSZD is also quickly gaining accep-
tance in Europe and Australia.

Q. Does NSZD affect all LNAPL 
compounds equally?

A. This is likely not the case. It 
has been shown that microbes pre-
fer certain compounds, such as those 
with lower molecular weights, over 
others. This means that the compo-
sition of the LNAPL contaminant is 

Q. How are LNAPL natural atten-
uation (NA), natural source zone deple-
tion (NSZD), and monitored natural 
attenuation (MNA) related?

A. According to the ITRC 
LNAPL update document (ITRC, 
2018), natural attenuation (NA) 
encompasses all natural processes 
that result in loss or neutralization 
of the contaminant without human 
intervention. NA includes both nat-
ural source zone depletion (NSZD) 
and monitored natural attenuation 
(MNA). NSZD specifically refers 
to mass loss from the unsaturated 
source zone caused by both physi-
cal and chemical processes, includ-
ing biodegradation reactions. MNA 
is used to assess the rate of contami-
nant removal through the aqueous 
phase (see USEPA’s OSWER Direc-
tive No. 9200-4.17). Because metha-
nogenesis does not require external 
electron acceptors and its by-prod-
ucts (CO2 and CH4) preferentially 
partition into the gas phase, field-
measured NSZD rates often cannot 
be explained solely by the consump-
tion of electron acceptors. Mass 
losses attributed to NSZD mecha-
nisms are much larger than those 
related to MNA mechanisms (Lunde-
gard and Johnson, 2006).

Q. Can NSZD rates be estimated 
based on the depletion of external elec-
tron acceptors?

A. Biodegradation reactions 
can be either aerobic (in the pres-
ence of oxygen) or anaerobic (in the 
absence of oxygen). Methanogen-
esis (an anaerobic process) is not 
reliant on external electron accep-
tors. This makes it impossible to 
estimate NSZD rates using only the 
degree of source zone electron accep-
tor depletion. However, aerobic and 
methanogenic NSZD pathways both 
ultimately produce CO2, meaning 
that in most cases NSZD rates can be 
accurately estimated using LNAPL-
derived CO2 fluxes.

Q. Can a site be completely cleaned 
up by NSZD processes in a few years?

A. NSZD is a long-term pro-
cess. For a typical terrestrial petro-
leum spill, it might take decades for 
NSZD to remove significant contam-
inant mass. However, if active mass 

likely enriched in less biodegradable 
compounds with time. It is therefore 
very important that we understand 
how these compositional changes 
affect the management of contami-
nated sites over the long term. n
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