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1. LNAPL SITES WITH  
CO-CONTAMINANTS
Co-contaminants present unique challenges 
for remedy selection and treatment, as certain 
technologies effective for treating LNAPLs might 
not be effective for treating a given cocontaminant. 
Co-contaminants may pose a greater risk to human 
health and the environment than the petroleum 
constituents in the LNAPL. The nature and extent 
of the contamination may be different for different 
COCs, and must be accounted for when building the 
CSM and defining the target treatment zones. Table 
1 from the NAVFAC Fact Sheet provides common 
organic and inorganic cocontaminants and how these 
may affect the LNAPL CSM and remedial options.

INTRODUCTION
There are a variety of site-specific characteristics 
that can increase the complexity of managing 
a light nonaqueous phase liquid (LNAPL) 
contaminated site. These site conditions may 
result in the need for specialized techniques to 
characterize and remediate the LNAPL to achieve 
remedial action objectives (RAOs) in a reasonable 
timeframe and cost. A Naval Facilities Engineering 
Command (NAVFAC) fact sheet entitled “Complex 
Challenges at Light Non-Aqueous Phase Liquid 
Sites“ (NAVFAC Fact Sheet) was prepared based 
upon the top five challenges from a survey of 
Remedial Project Managers (RPM) within NAVFAC. 
Provided herein is an overview of the main 
concerns, but thereader is directed to the NAVFAC 
Fact Sheet for further information regarding 
specific effects on the LNAPL conceptual site model 
(CSM) and characterization methods, management, 
and remediation considerations for each challenge.
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CONCEPTUAL SITE MODEL
Conceptual site model (CSM) elements to consider 
for an improved understanding of these challenges 
are provided in the NAVFAC Fact Sheet including 
effects it has on LNAPL site management. There 
are two main drivers in LNAPL site management 
that should be addressed in the CSM (ITRC, 2018):

1. Potential risks posed to human and ecological 
receptors by mobile LNAPL (saturation-based 
risks), and migration of associated dissolved-
phase and vapor-phase plumes (composition-
based risks); and

2. Constraints on remediation selection, design, 
and operation, which often requires targeted 
investigation and pilot testing of the system.

For each challenging site condition, impacts to the 
CSM, and the main drivers, and how remediation 
may be constrained by these challenging site 
conditions are discussed in the NAVFAC Fact Sheet.

2. LNAPL SITES WITH HIGHLY-
HETEROGENEOUS LITHOLOGY
Migration of LNAPL in the subsurface is controlled 
by several factors including the heterogeneity of the 
soils within the unsaturated and saturated zones, with 
even minor variations in lithology greatly affecting its 
distribution (Tomlinson et al., 2017). 

The idealized LNAPL saturation profile within a 
homogeneous isotropic unconfined aquifer under 
equilibrium conditions is shown on Figure 1a (aka, 
“shark fin”). In heterogeneous aquifers, the LNAPL 
distribution is highly dependent upon grain size (i.e., 
lithology) which is illustrated in Figure 1b (CL:AIRE, 
2014).

FIGURE 2: LNAPL Saturation near the Water Table 
(a) homogeneous case (b) heterogeneous case within 
finer grained layers (grey) and coarser grained layers 
(white). (Reprinted with permission from CL:AIRE, 
2014, and John Wiley and Sons, 1994; after Beckett 
and Lundegard, 1997, and Huntley et al., 1994a,b)

3. LNAPL SITES WITH  
FRACTURED BEDROCK
The success of LNAPL remediation in fractured media 
depends highly on understanding how the fracture 
network affects the LNAPL movement and behavior. 
Fracture flow of LNAPL is not necessarily intuitive 
nor easily described using the principles adopted 
for homogeneous porous media. Of note, LNAPL in 
fractured media is influenced by:

• Fracture size, orientation, and connectivity typically 
dominate LNAPL migration and provide preferential 
flow pathways;

• Dipping fracture planes can increase initial LNAPL 
gradients and result in increased initial migration 
and greater overall lateral spread of LNAPL; and

• Initial LNAPL head pressures can propagate LNAPL 
deep into the saturated zone via vertical and/or 
sub-vertical fractures.

Groundwater fluctuations are also more significant 
within fractured bedrock and can further expand 
the vertical and lateral spread of LNAPL along the 
fractures shown on Figure 2.

Figure 2. LNAPL Entrapment by a Fluctuating Groundwater Surface. (Reprinted 
with permission from CL:AIRE, 2014 and Institution of Civil Engineers Publishing; 
after Hardisty et al., 1998, 2003)

5. LONG-CHAINED HYDROCARBON IMPACTS
Sites contaminated with long-chain hydrocarbon products result in a high cost to the Navy to remediate and close 
these sites due to their unique physical properties (i.e., high viscosity, specific gravity near that of water, and low 
volatility). Long-chain LNAPLs such as Bunker C, heavy crude oil, fuel oils, and NSFO are highly viscous and move 
very slowly through the subsurface. In general, hydrocarbons having longer carbon chains and/or a greater number 
of branches on the chain will have a higher viscosity, higher specific gravity, and lower volatility. Longer-chain 
hydrocarbons are also less bioavailable. The main concern with long-chain LNAPLs is not composition-based risk, 
but rather the removal or containment of LNAPL mass for saturation-based risks. Long-chained LNAPLs typically are 
poorly transmissive; thus, the use of transmissivity testing can be used to confirm the stability of the LNAPL body.

Because of their molecular size, low volatility, low aqueous solubility, and poor bioavailability, long-chain 
hydrocarbons are difficult to biodegrade and therefore not well suited to conventional vadose zone treatment 
technologies such as bioventing and soil vapor extraction. Applicable technologies are generally limited to 
excavation and thermal treatment.

4. LNAPL SITES IN ARTIC REGIONS
LNAPL releases and their management within arctic regions is complex due to the impact of frozen conditions on 
LNAPL migration and on remediation. Permafrost is defined as soils where soil temperature remains below 0 °C for 
at least two years.

The upper layer of the permafrost undergoes a cyclic temperature change during the year from frozen in the winter 
to thawed in the summer. This is called the active layer or the seasonally thawed layer which can extend up to 
2 m (6 feet). LNAPL migration through the active layer and permafrost soils is influenced by the formation and 
the presence of ice. Frozen surfaces can reduce the vertical migration of spilled LNAPL, thereby increasing lateral 
migration. Ice in pore spaces will either interrupt downward migration causing petroleum to spread laterally, or 
impede petroleum movement altogether due to the lack of open pore space. Segregated ice formation in the 
active layer can generate fissures that will enhance petroleum movement when the soil is thawed. Discontinuous 
and continuous permafrost will slow, redirect, or impede contaminant migration. Freeze-thaw cycle may cause 
detachment of mobile LNAPL from larger ganglia during freezing and vertical upward transport above or with the 
freezing front. Further fragmentation of LNAPL ganglia can occur due to shedding and entrapment of mobile LNAPL 
in the ice, potentially causing remobilization of residual LNAPL upon thawing.

Ice presents challenges for many remedial options both in situ due to the slowing of dissolution, volatilization, 
and biodegradation processes. Further, physical characteristics including density and viscosity of the LNAPL will 
change due to the temperature, with both increasing with decreasing temperatures; thus, impeding hydraulic 
recovery. Ex situ management of waste and fluids is also complicated Special considerations for applying various 
remedial options within the arctic region are presented in Barnes et al. (2002) and Filler et al. (2008) including: 
excavation, thermal desorption, soil washing, composting, landfarming, soil vapor extraction, barometric pumping, 
bioremediation, and bioventing.

SUMMARY
The NAVFAC Fact Sheet provides an overview of 
challenging site conditions that can impact LNAPL 
CSMs and suggestions for managing these complex 
LNAPL sites. Additional technical resources are 
provided to further understand best practices for 
managing saturation- and composition-based risks.
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Table 1. Co-Contaminant Considerations for LNAPL Sites

Constituent CSM Considerations Remedial Considerations

ORGANIC CO-CONTAMINANTS

CVOCs When CVOCs are mixed with LNAPL, its density may increase and 
viscosity may decrease. The increase in density limits the lateral 
spread of the LNAPL because it will be heavier with respect to 
balancing of the buoyancy forces. However, reduced viscosity 
potentially can render the LNAPL more mobile and enhance lateral 
spread. With respect to the vapor intrusion pathway, the plume 
cannot be managed as a petroleum-only source from a human 
health risk perspective as the LNAPL contains CVOCs.

Benzene, toluene, ethylbenzene and total xylenes [BTEX] can serve 
as electron donors that support reductive dechlorination. Newer 
releases of LNAPL that contain more soluble fractions of CVOCs, as 
well as lighter fractions of LNAPL, can support dechlorination. Older, 
weathered LNAPLs that have leached much of their soluble ractions, 
or longerchained LNAPLs are less bioavailable and thus poorer 
electron donors. Toluene can also be used as a primary substrate in 
the aerobic cometabolic bioremediation of TCE. If a CVOC plume is 
colocated with LNAPL, then air sparging/soil vapor extraction can 
also be used to remove the CVOCs through phase change.

PCBs PCBs may co-occur within LNAPL at some sites due to historic 
disposal of transformer oils or past waste disposal practices that 
caused commingling within waste lagoons. Alternatively, soils 
contaminated with PCBs may be flushed by a spilled LNAPL, 
causing a commingling of PCBs and residual LNAPL within the 
aquifer.

Total fluids pumping is the primary remedial approach for LNAPL 
contaminated with PCBs. Once removed, the LNAPL/PCBs will 
typically have to be managed under Toxic Substances Control 
Act (TSCA). Other alternatives include in situ smoldering, thermal 
conduction heating, and electrical resistance heating. In situ 
stabilization/solidification could be used as a mass containment 
approach for impacted soils and/or the LNAPL body.

INORGANIC  
CO-CONTAMINANTS

Hexavalent Chromium, Cr(VI) Hexavalent chromium [Cr(VI)] may be encountered as a co-
contaminant at former industrial sites. Cr(VI) is acutely toxic 
and very mobile in groundwater. At LNAPL sites, Cr(VI) should 
generally be reduced to CrIII(OH)3(s) due to the reducing 
geochemical conditions induced by biodegradation of the LNAPL.

If dissolved phase Cr(VI) is prevalent within or adjacent to an LNAPL 
source, there are a variety of in situ technologies that can be used 
to contain or treat it including: in situ chemical reduction, anaerobic 
enhanced in situ bioremediation, permeable reactive barriers (PRBs), 
natural attenuation, and phytoremediation.

Arsenic In shallow aquifers, the background redox conditions are typically 
aerobic. Prior to LNAPL release, arsenic is likely present as As(V) 
(arsenate) which is strongly adsorbed to ferric iron oxyhydroxides 
(API, 2011). However, upon the onset of reducing conditions, 
naturally-occurring arsenic can be released from soils in the more 
mobile As(III) form. This is an issue where arsenic is bound to 
iron and manganese oxide coatings on the aquifer grains (such as 
glacial outwash sand and gravels).

A main concern with arsenic is containing the plume within the 
site boundaries. This can be accomplished either through hydraulic 
containment, aerobic remedies such as air sparging to oxygenate 
the aquifer to precipitate the arsenic, or permeable reactive barriers. 
Another in situ strategy includes precipitating arsenic as stable 
metal sulfides. Elevated concentrations of arsenic may also naturally 
attenuate through transformation of As(III) to As(V) and adsorption 
onto iron minerals downgradient of the LNAPL plume as redox 
conditions return to their background state.

 1 Employed by Geosyntec Consultants, Blue Bell, PA, USA when the NAVFAC Fact Sheet was completed.


