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ABSTRACT 

PROCESSES GOVERNING THE PERFORMANCE OF OLEOPHILIC BIO-BARRIERS 

(OBBS) – LABORATORY AND FIELD STUDIES 

Petroleum sheens, a potential Clean Water Act violation, can occur at petroleum refining, 

distribution, and storage facilities located near surface water. In general, sheen remedies can be 

prone to failure due to the complex processes controlling the flow of light non-aqueous phase 

liquid (LNAPL) at groundwater/surface water interfaces (GSIs). Even a small gap in a barrier 

designed to resist the movement of LNAPL can result in a sheen of large areal extent. The cost of 

sheen remedies, exacerbated by failure, has led to research into processes governing sheens and 

development of the oleophilic bio-barrier (OBB). OBBs involve 1) an oleophilic (oil-loving) 

plastic geocomposite which intercepts and retains LNAPL and 2) cyclic delivery of oxygen and 

nutrients via tidally driven water level fluctuations. The OBB retains LNAPL that escapes the 

natural attenuation system through oleophilic retention and enhances the natural biodegradation 

capacity such that LNAPL is retained or degraded instead of discharging to form a sheen.  

Sand tank experiments were conducted to visualize the movement of LNAPL as a wetting and 

non-wetting fluid in a water-saturated tank. The goal was to demonstrate 1) the flow of LNAPL as 

a non-wetting fluid in sand, 2) the imbibition of LNAPL as a wetting fluid on the geocomposite, 

and 3) the breakthrough of LNAPL after saturating the geocomposite to the point of failure (sheens 

in the surface water). Dyed diesel was pumped through a tank with sand and geocomposite and 

photographed to document movement. Diesel was the non-wetting fluid in the sand and moved in 
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a dendritic pattern. Diesel was the wetting fluid on the geocomposite and uniformly imbibed 

horizontally across the geocomposite before breakthrough to the overlying sand layer.  

A second set of laboratory experiments was designed to estimate the aerobic and anaerobic OBB 

degradation rates of LNAPL in field-inoculated sediment. Unfortunately, due to a flaw in the 

experimental design, the mass balance could not be completed, and degradation rates were not 

calculated. The setup was designed to emulate field conditions as best practically possible and to 

observe the effects of water table fluctuations, different loading rates, and iron. The effluent 

pumping system designed to remove water in the water fluctuation columns also inadvertently 

removed LNAPL, creating a mass balance discrepancy for the aerobic columns. Though 

degradation rates could not be calculated from this experiment, the experiment did visually 

document the changing redox conditions in the columns, such as formation of a black precipitant 

(likely iron sulfides) around LNAPL. Ideally, the limitations of this experimental design can be 

addressed for future research to eventually resolve degradation rates for OBBs.  

The success of a 3.8 m by 9.3 m demonstration OBB at a field site on a tidal freshwater river 

resulted in replacing the demonstration OBB with a 3.8 m by 58 m full-scale OBB. The 

construction event provided a unique opportunity to sample the demonstration OBB after a four-

year deployment. The sampling results advanced the mechanistic understanding of how OBBs 

work to reduce LNAPL releases at GSIs. Sampling revealed the material was suitable for field 

LNAPL loading rates and was not compromised by field conditions such as ice scour or sediment 

intrusion. LNAPL analysis showed no LNAPL on the geocomposite or in the underlying upper 

sediment (0-10 cm). Diesel range organic (DRO) concentrations in the low 1,000s of mg/kg were 

observed in the sediment 10-20 cm below the geocomposite. LNAPL composition analysis 
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suggests that the majority of the compounds are polar in the lower sediments (10-20 cm), providing 

a line of evidence that petroleum liquids have been oxygenated. Microbial data show the average 

number of bacterial 16s transcripts in the geocomposite is larger than in the sediment layers, 

confirming that the geocomposite is suitable substrate for microbe growth. The observation of 

ferric iron suggests that ferric/ferrous iron cycling may play a role in degradation processes, where 

the ferric iron acts as a “bank” of solid-phase electron acceptors. This sampling event suggests that 

LNAPL biodegradation rates in and below the OBB are comparable to the LNAPL loading rates.  
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1. INTRODUCTION 

Petroleum refining, distribution, and storage facilities are commonly located near surface water 

bodies. Due to historical releases of petroleum liquids, impacted subsurface media and 

groundwater extending to the surface water is a common condition. Spilled petroleum liquids, 

herein referred to as light non-aqueous phase liquids (LNAPLs), are a regulatory concern when 

there is a visible sheen on the surface water or adjoining shoreline (40 CFR §110, 2014). Sheens 

are thin films that spread out along the air-water interface and are commonly identified by an 

iridescent color as seen in Figure 1 (Sale et al., 2018; Chalfant, 2015). Historically, burning rivers 

caused by flammable LNAPL on surface water incited public support for the 1972 Clean Water 

Act (Sale et al., 2018). Today, sheens are still a driver for remedies at groundwater/surface water 

interfaces (GSIs). For example, the Gowanus Canal Superfund Site in Brooklyn, NY, will cost an 

estimated $500 million to remediate a 2.9-km canal (US Environmental Protection Agency [EPA], 

2013).  

 

Figure 1. A photo of a hydrocarbon sheen (Chalfant, 2015) 
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Following Sale and Lyverse (2014), sheens form both periodically and sporadically at GSIs due to 

seeps, ebullition, and erosion. Because a small volume of LNAPL can produce a sheen of large 

areal extent, most sheen remediation technologies fail when any volume of LNAPL bypasses or 

overloads the absorptive barrier (Sale and Lyverse, 2014; Hawkins, 2013). Chevron has funded 

multiple students (Hawkins, 2013; Chalfant, 2015; Campbell, 2017) at Colorado State University 

(CSU) to study processes creating sheens and alternative sheen remedies that address the 

limitations and costs of current technologies. This thesis presents the results of laboratory and field 

studies conducted from 2016 to 2018, focusing on the processes governing oleophilic bio-barrier 

(OBB) performance.  

The OBB technology was jointly developed by CSU, Chevron, and Arcadis. A patent for the OBB 

was issued by the US Patent Office in 2018 (Zimbron et al., 2018). The OBB uses an oleophilic 

(oil-loving) plastic geocomposite (geotextile and geonet) placed at a GSI where LNAPL is 

discharging to surface water. Geocomposites are a widely available, low-cost material commonly 

used in landfills. The nonwoven, felt-like geotextile has a high specific surface area that retains 

LNAPL. The open-latticed, rigid structure of the geonet provides a highly transmissive zone which 

floods and drains through natural water level fluctuations (e.g., tides). The water table fluctuations 

deliver oxygen via atmospheric air and/or oxygenated surface water to promote LNAPL 

degradation prior to discharge to surface water. The active removal of LNAPL via degradation can 

address problems associated with a finite retention capacity of a physical barrier and/or absorptive 

media remedy.  

Additional OBB layers include clean sand fill, geotextile, and structural cover. The sand fill acts 

as a capillary barrier to preclude LNAPL movement upward out of the geocomposite as well as 
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acts as a filter pack to limit sediment intrusion into the geonet. The second geotextile layer protects 

the sand layer from the structural cover. The structural cover anchors the OBB in place and 

provides protection against bank erosion, wave action, and ice scour. Overall, the OBB is a 

promising sheen remedy that offers a simple installation, low capital and operation and 

maintenance (O&M) costs, and promising long-term performance.  

1.1. Objectives 

The theme of this thesis is to resolve processes governing the performance of OBBs in support of 

advancing OBBs as a sheen remedy. Laboratory and field studies investigated wetting and non-

wetting fluid movement in the subsurface and LNAPL OBB degradation rates. Given resolution 

of critical processes, the OBB design can be improved with respect to cost and performance.  

1.2. Organization 

Chapter 2 is a review of work by others that is foundational to this thesis. Chapter 3 discusses the 

laboratory sand tank experiments which were designed to document the flow of LNAPL as the 

non-wetting fluid in sand and as the wetting fluid on a geocomposite. Objectives, methods, and 

results are presented. The second laboratory experiment was designed to estimate aerobic and 

anaerobic OBB degradation rates with sediment collected from a field site. Objectives, methods, 

and results including lessons learned are discussed in Chapter 4. Chapter 5 presents the results of 

destructive sampling of a field OBB and an updated OBB site conceptual model (SCM) in the 

format of a journal article. Last, Chapter 6 summarizes key results presented in this thesis and 

advances suggestions for future work.  
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2. PROBLEM STATEMENT 

This chapter introduces critical knowledge needed to understand sheens and advance governing 

principles for OBBs. First, multiphase flow principles are addressed. LNAPL can occur as a 

wetting, intermediate wetting, and non-wetting phase. The occurrence of each of these phase 

behaviors is dependent on temporally varying water levels. Second, conditions at LNAPL-

impacted tidal GSIs are advanced. Understanding the nutrient and electron-acceptor availability, 

especially oxygen, at GSIs creates novel opportunities to enhance the biologically-mediated 

degradation of LNAPLs. Next, current sheen remedy limitations are discussed. The limitations of 

current sheen remedies were the primary motivation for developing the OBB technology. Last, the 

governing principles for OBBs, as seen at the onset of this research effort, are presented.  

2.1. Multiphase Flow and Wettability 

This section discusses multiphase flow and wettability in the context of LNAPL at GSIs. At GSIs, 

LNAPLs can be the wetting, intermediate wetting, and non-wetting phase. The position of the 

LNAPL affects the distribution and movement of LNAPL in the subsurface and surface water. 

LNAPL typically infiltrates down through the unsaturated zone as an intermediate wetting phase 

between water, the wetting fluid on the soil, and non-wetting soil gasses. At the top of the water 

table, LNAPL spreads out laterally above the water table. Above the capillary fringe, LNAPL is 

present as an intermediate wetting fluid and spreads out along the air/water interface to form a 

sheen, even in the subsurface media. Below the capillary fringe, LNAPL can occur as either an 

intermediate wetting phase where gases are present or as a non-wetting phase. Though this thesis 

is focused on LNAPLs, many of the key principals also apply to NAPLs regardless of density. 
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In systems with two or more immiscible fluids, one fluid has a greater affinity for the porous media 

than the other(s). This concept is known as wettability. The wetting fluid is the fluid in direct 

contact with the solids and can spontaneously imbibe or enter pore throats, for example, a dry 

sponge wicking up water. This interaction generally leads to a more even or homogeneous 

distribution of the wetting fluid in the media. Imbibition is a function of specific surface area; 

therefore, material with a high specific surface acts as a sink for the wetting fluid (Figure 2a) 

(Pankow and Cherry, 1996). In contrast, movement of the non-wetting fluid is constrained by 

capillary pressure. Capillary pressure is a balancing force equal to the difference in interfacial 

tension between two immiscible fluids (Corey, 1994). A non-wetting fluid can only enter a pore 

throat when the capillary pressure is greater than the displacement pressure (Corey, 1994). 

Displacement pressure is inversely proportional to pore size; therefore, the non-wetting fluid 

preferentially flows into the larger pore throats in the system (Pankow and Cherry, 1996).  

Capillary barriers utilize the principal of displacement pressure to impede the flow of a non-

wetting fluid. As seen in Figure 2b, a wall of fine-grain material, with small pore sizes and 

therefore a higher displacement pressure, can limit the flow of non-wetting fluids so long as the 

capillary pressure is less than the displacement pressure (Pankow and Cherry, 1996). Non-wetting 

fluid flow tends to have a sparse, dendritic morphology. In contrast, wetting phases tend to form 

far more uniform NAPL distributions. The sand tank experiment in Chapter 3 demonstrates both 

the dendritic distribution of non-wetting phases and the more uniform distribution of wetting 

phases. 



 
 

6 

 

 

Figure 2. Examples of the different behavior between wetting and non-wetting fluids a) Water (light green) 
the wetting fluid imbibes into the fine-grained sand layer (Hawkins, 2013) b) TCE (red) the non-wetting 
fluid is precluded by the fine-grained glass beads in the water-wet system (Saller, 2014) 

Generally, water is the wetting fluid in a NAPL/water system in porous media, though there are 

systems such as limestone where NAPL can be the preferential wetting fluid (Corey, 1994; 

Dwarakanath et al., 2002; Mercer and Cohen, 1990). In a typical three-phase system of 

NAPL/water/air, NAPL is the intermediate wetting fluid which follows wetting fluid behavior. An 

example of this system is shown in Figure 3 where LNAPL (diesel, dyed yellow) spreads out 

between the air/water interface.  

Wettability is a function of surface chemistry and fluid composition and is not always easily 

predicted. The wetting fluid generally correlates to polarity, as the most polar fluid will wet polar 

soil particles (“like likes like”). However, Drake et al. (2013) and Dwarakanath et al. (2002) 

reported differences in the wetting properties of weathered field NAPLs compared to fresh NAPLs. 

Wettability can also be altered by the addition of surfactants and other chemicals that reduce the 

interfacial tension between fluids (Mercer and Cohen, 1990). 
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Figure 3. Dyed diesel (yellow) under ultraviolet light as the intermediate wetting fluid in air/water/NAPL 
system in sand forms sheens around pockets of air in the system 

The difference in interfacial tensions in a three-phase system can result in the spreading of NAPL, 

as seen in Figure 3, or the formation of droplets and blobs in the pore space (Keller et al., 1997). 

NAPL will spread along the air/water interface as a sheen until the interfacial tensions between the 

three fluids are balanced. The spreading coefficient is defined as the interfacial tension of the 

air/water interface minus the interfacial tensions of the air/NAPL and NAPL/water interfaces 

(Blunt et al., 1995). If the spreading coefficient is positive, NAPL will spontaneously spread as a 

thin, molecular film (i.e., sheen) between the air and water (Blunt et al., 1995). The NAPL does 

not spread if the spreading coefficient is negative (Blunt et al., 1995). While sheens are typically 

associated with surface water (e.g., rivers, lakes, puddles in parking lots), sheens do form in porous 

media as the intermediate wetting fluid (Figure 3). At high water levels, such as during high tide, 

NAPL in the non-wetting phase can be trapped in porous media by capillary forces (Wilson et al., 

1990). Effectively these “blobs” or “ganglia” of NAPL are immobile unless a high hydraulic 

gradient induces movement (Pankow and Cherry, 1996).  
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2.2.  LNAPL at Groundwater/Surface Water Interfaces 

Following Sale et al. (2018), LNAPL releases at GSIs can form sheens on surface water through 

three primary mechanisms: seeps, ebullition, and erosion. A seep is the discharge of NAPL from 

the groundwater to surface water, typically during low stage, particularly through a preferential 

flow path created by bioturbation or roots that expedite LNAPL movement through the sediment. 

Ebullition is described by Amos and Mayer (2006) as “the vertical transport of gas bubbles driven 

by buoyancy forces.” Natural processes generate gas, such as methane or CO2, by degrading 

organic material and/or contamination. Once a sufficient volume of gas byproduct is generated, 

the gas bubble can carry NAPL (even DNAPL) as an intermediate wetting phase in a gas bubble 

through the overlying sediment and water column to the water surface where the NAPL spreads 

out and forms a sheen (McLinn and Stolzenburg, 2009). The final sheen forming process is erosion. 

Natural processes such as ice scour, wave action, and floods erode the sediment and can expose 

NAPL directly to the surface water. Overall, sheens can form at sites due to a combination of these 

mechanisms, and remediation strategies need to address all relevant sheen forming mechanisms. 

The primary application of OBBs to date has been at tidal GSIs with twice daily fluctuations 

between a high and low stage. Limited literature is available that addresses the tidal influences on 

LNAPL movement at GSIs (Davit et al., 2012). The tidal effects on the groundwater are largely a 

function of the magnitude of the tidal fluctuations and the permeability of the aquifer (American 

Petroleum Institute [API], 2006). API (2006) suggests that frequent water cycling can create a 

large smear zone that traps LNAPL in immobile droplets and limits oil migration. However, 

LNAPL mobility governing equations are generally predicated on two-phase flow and do not 

incorporate transient three-phase flow and the occurrence of LNAPL as a wetting phase. Chronic 



 
 

9 

 

rising and falling water stages cycle LNAPL between occurrences as wetting and non-wetting 

phases. During the low stage, LNAPL is the wetting or intermediate wetting fluid and spreads 

along the air/water interfaces. The balance of buoyancy forces and gravity result in LNAPL 

“falling” with the water table to the low tide level. During the incoming tide, the LNAPL either 

rises with the air/water interface or is trapped as the less-mobile non-wetting phase depending on 

pore geometry supporting a hypothesis that LNAPL at GSIs tend to form homogeneous bodies due 

to LNAPL spreading as an intermediate wetting phase above the capillary fringe (as supported by 

field data shown in Chapter 5).  

Chalfant (2015) introduces a conceptual mass balance model for LNAPL at GSIs that illustrates 

how sheens form based on the flux of LNAPL to a GSI and rates of degradation at a GSI. For a 

representative element of volume of porous media at a GSI, the LNAPL mass balance is between 

LNAPL entering the system from an upland LNAPL source and LNAPL lost through natural 

processes, primarily biodegradation. When the LNAPL retention/degradation rate is greater than 

the loading rate, there is no release of LNAPL to the surface water. However, when the LNAPL 

loading rate exceeds the retention/degradation rate, LNAPL discharges to the surface water 

(LNAPL seep).  

Unfortunately, there is little data available about LNAPL fluxes or degradation rates at GSIs. To 

date, no practical method for resolving LNAPL loading or degradation rates at GSIs has been 

documented. The laboratory experiment in Chapter 4, designed to resolve natural degradation rates 

at GSIs, was largely unsuccessful. To provide an estimate of LNAPL loading and degradation 

rates, LNAPL fluxes documented by Mahler et al. (2012) were used to approximate LNAPL 

loading at GSIs. Mahler et al. (2012) measured LNAPL fluxes through 50 distal wells in LNAPL 
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bodies using single well tracer dilution techniques. These LNAPL fluxes can be applied to GSIs 

by imagining a GSI truncating the LNAPL body at the locations of the monitoring wells described 

by Mahler et al. (2012). This LNAPL flux represents a volume per unit area per time. Multiplying 

the LNAPL flux by the unit area and then dividing by a unit width and well convergence factor 

results in a volumetric discharge per unit width of shoreline. Assigning QLNAPL as the LNAPL 

loading rate per unit width of shoreline (L3/L/T), then  

 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =
 𝑞𝑞𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑏𝑏𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿2𝑟𝑟2𝑟𝑟𝑟𝑟 =

 𝑞𝑞𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑏𝑏𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑟𝑟  (1) 

where qLNAPL is the LNAPL flux through a well (L/T), bLNAPL is the LNAPL thickness in the well 

(L), r is the radius of the well (L), and α is the well convergence factor (unitless, assumed to be 1.5 

for these calculations). Mahler et al. (2012) reported a mean qLNAPL
 of 0.064 m/yr and 50% median 

range (25th and 75th quartile values) of 0.027 to 0.13 m/yr. Using Equation 1, this results in a 

median QLNAPL of 15 L/m/yr, with a 50% median range from 5.2 to 33 L/m/yr. Using a maximum 

sheen thickness of 5 µm (National Oceanic and Atmospheric Administration [NOAA], 2016) and 

an assumed shoreline length of 10 m, a discharge rate of 15 L/m/yr would create a sheen 8 m2 

every day. However, sheens of that size do not form on a daily basis, therefore the natural system 

assimilation rate is of comparable magnitude to these loading rates. There are no known published 

sheen flux rates in the literature. Estimated sheen fluxes range from 0.04 to 0.4 L/yr. This is 

equivalent to a sheen 0.1 to 1 m2 area, 1 µm thick, along a 10 m shoreline forming every day. 

Assuming the largest loading rates correspond to the largest sheen rates, then the GSI assimilation 

rate is 5.2 to 33 L/yr/m. As seen in Figure 4, the apparent assimilation rate is 2 to 3 orders of 

magnitude greater than the typical sheen flux range. See Appendix A for supporting calculations. 

Equation 1 likely overestimates QLNAPL considering LNAPL thickness in the well does not 
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conveniently correlate to LNAPL thickness in the formation (Farr et al., 1990; Lenhard and Parker, 

1990). However, these estimates suggest natural processes degrade the majority of the LNAPL 

arriving at GSIs. Seeps, ebullition, and erosion are local anomalies that allow LNAPL to 

episodically pass through the natural attenuation zones at GSIs.  

  

Figure 4. Comparison of the Mahler et al. (2012) LNAPL loading, sheen, and GSI assimilation volumetric 
discharge rates in L/yr/m. The Mahler loading represents the 50% median range. 

A primary value of these estimated loading rates is a sense of scale of the natural system’s 

degradation capacity. The bottom line is that the sediments at LNAPL-contaminated GSIs are 

powerful bioreactors that are capable of degrading the majority of LNAPL mass loading at GSIs. 

Field observations suggest that sheens form when local anomalies allow for LNAPL to bypass the 

bioreactor sediments. As previously discussed, this formation could be via bioturbation or other 

preferential flow paths carrying LNAPL to the surface water during low water stage (seeps), 

ebullition, or erosion physically removing the sediment to expose LNAPL to surface water. Careful 

consideration should be given before removing LNAPL-impacted sediments that can be actively 

depleting LNAPL at GSIs. Excavation could disrupt the microbial community which might lead 
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to increased loading to surface water. Excavation can also create a sheen similar to a sheen cause 

by erosion, as the excavation can expose LNAPL directly to surface water. 

2.3. Limitations of Current Remedies 

Current sheen remedies can be grouped into hydraulic controls, source removal, physical barriers, 

and absorptive barriers. Though remedies can be successful in preventing the formation of sheens, 

inappropriate applications and poor designs have resulted in numerous remedies falling short of 

performance expectations. This section highlights the limitations of current sheen remedies. 

Chalfant (2015) discusses the pros and cons of existing sheen management options in further detail. 

In general, sheen remedies can be prone to failure due to the complicated, heterogeneous flow of 

NAPL which can bypass barriers or overload small areas of absorptive material. Hydraulic controls 

such as line drains can manipulate the flow of NAPL by altering the hydraulic gradient of the site. 

While systems have been successfully installed at sites, such as the Laramie Tie Plant to contain 

creosote (EPA, 1997), hydraulic controls could be difficult to implement at a tidal site with daily 

hydraulic fluctuations. Source removal such as NAPL recovery wells or in-situ remediation like 

soil vapor extraction can also be difficult to implement and costly to operate. Comprehensive site 

characterization is necessary to ensure the sufficient removal of the source NAPL. Physical 

barriers such as sheet pile walls and grout curtains are susceptible to failure when there are flaws 

in the integrity of the barrier. For example, corrosion in the sheet pile wall can provide an opening 

for NAPL to flow through. Furthermore, a physical barrier can preclude the flow of oxygen and 

nutrients to the system, reducing the system’s degradation capacity. Organoclay, activated carbon, 

and other absorptive materials are limited by a finite sorption capacity and can be overloaded by 
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NAPL preferentially flowing to a localized part of the barrier (Hawkins, 2013; Campbell, 2015). 

The limitations of current sheen remedies motivated CSU and Chevron to develop the OBB 

technology. 

2.4. Initial Oleophilic Bio-Barrier Site Conceptual Model 

The OBB was designed to mitigate the formation of sheens via seeps, ebullition, and erosion as 

well as overcome other remedy limitations such as a finite sorption capacity and high O&M costs. 

This section describes the design concepts for the OBB and the SCM prior to the work in Chapter 

5, which elucidated how an acclimated OBB mitigates LNAPL. Details describing OBB proof-of-

concept experiments can be found in Chalfant (2015). 

To address the sheen processes of seeps and ebullition, an oleophilic (oil-loving) geocomposite 

was chosen to retain LNAPL. Material that did not irreversibly sorb LNAPL was selected so that 

LNAPL was bioavailable for microbial degradation. The OBB’s treatment capacity is increased 

due to degradation losses as compared to the finite capacity of other absorptive caps. The 

geocomposite is comprised of a rigid high-density polyethylene (HDPE) geonet core (Figure 5a) 

thermally fused to a polypropylene (PP) nonwoven geotextile on both sides of the geonet core. 

The geonet has an open latticed structure that is hydraulically transmissive. Tidal pumping delivers 

oxygenated water and air through this highly transmissive layer and vertically through the different 

layers. As a carbon-based product, hydrocarbons preferentially wet onto the geotextile and geonet. 

The geotextile provides a high specific surface area sink for LNAPL to imbibe onto (Figure 5b). 

Therefore, as LNAPL moves with the groundwater towards surface water, the geocomposite can 

intercept and retain LNAPL to avoid sheens due to seeps. Likewise, the geocomposite can strip 
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LNAPL from ebullition gas bubbles, such that the gas either continues through to the surface or 

moves through the geonet and the LNAPL remains in the geocomposite, preventing sheens through 

ebullition. Geocomposites are widely used in landfill and other geotechnical applications. 

Therefore, commercially available configurations have been used for the OBB applications thus 

far. Customized geocomposites could also be used to best address specific site conditions. For 

example, a geocomposite with a thicker geotextile could be used to increase the LNAPL retention 

capacity of the geocomposite.  

 

Figure 5. a) Sample of the geonet used, penny for scale; b) NAPL (blue) as the wetting fluid on the 
geocomposite and a non-wetting fluid in the sand 

Sheen formation due to erosion can be mitigated by the OBB by installing an appropriate armoring 

layer. For sites with a high likelihood of erosion or ice scour, armoring such as Reno mattresses or 

marine mattresses can be installed to reinforce and stabilize the shoreline, thus reducing sheens 

releases associated with erosion. At sites where erosion is not a problem, a less robust anchoring 

system can be used to secure the OBB.  
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The “standard” OBB design is shown in Figure 6. The OBB is installed over LNAPL-impacted 

sediments. First, native sediments are leveled by spreading a thin layer of clean sand fill above the 

GSI. Next, a geocomposite is unrolled over the sand. Another layer of clean sand fill is placed 

above the geocomposite. A layer of geotextile covers this second sand layer. Finally, a structural 

cover is placed on top to anchor the entire OBB. Figure 7 shows an exploded view of the OBB 

layers with an explanation of each layer’s function.  

 

Figure 6. Typical construction of an OBB at a GSI 

 

Figure 7. Schematic of the standard OBB layers, not to scale 



 
 

16 

 

LNAPL as the wetting fluid on the geocomposite is advantageous because spontaneous imbibition 

increases retention and surface area for microbial degradation. The bioavailability of NAPL, as 

discussed in Wilson et al. (1990), suggests that the size and shape distribution of trapped NAPL 

can increase the space in which reactions are occurring and overall LNAPL depletion rates. For 

example, if the entirety of a pore space is filled with NAPL save the thin water film around the 

media, then the microbes may not have adequate access to nutrients because flow is limited by 

diffusion through the water film. However, in pores occupied by flowing water, advection delivers 

nutrients to microbes. Therefore, the spreading of the NAPL on the geocomposite as the wetting 

fluid is beneficial for microbial accessibility, as the transmissive layer can deliver nutrients and 

oxygen to the microbes faster via advection rather than diffusion. This increased delivery of 

oxygen to the system is favorable because aerobic hydrocarbon degradation pathways are faster 

than anaerobic pathways (Lovley et al., 1994). The advantages of the geocomposite for LNAPL 

degradation are similar to the use of synthetic media for wastewater trickling filter plants. Trickling 

filters use rocks or other media as a substrate for microbial growth to biologically treat wastewater. 

The use of synthetic media such as corrugated plastic sheets has become popular because these 

media can provide larger surface area per volume for microbial growth and greater void ratios for 

increased air flow (Davis and Cornwell, 2013).   
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3. VISUALIZATION OF MULTIPHASE FLOW WITH AN OBB IN A SAND TANK 

This chapter describes laboratory experiments designed to advance the understanding of OBB 

processes via a sand tank visualization study. First, the experimental objectives are introduced. 

Next, methods are presented. Finally, the results are advanced.  

3.1. Experimental Objectives  

Primary objectives were to demonstrate 1) the flow of an LNAPL as a non-wetting fluid in sand, 

2) the imbibition of LNAPL as a wetting fluid on the geocomposite, and 3) the breakthrough of 

LNAPL after saturating the geocomposite to the point of failure (sheens in the surface water). The 

primary output is photos and videos illustrating critical processes. The value of this work is to 

show stakeholders the mechanisms of multiphase flow in support of evaluating OBBs as a remedy 

for sheens. 

3.2. Methods 

This section describes the methods used to conduct the sand tank experiment. Three iterations of 

this experiment were required to capture the dendritic movement of non-wetting LNAPL through 

the sand below the geocomposite. The final sand tank setup is discussed in this section, and the 

lessons learned from the first two iterations are discussed in the results.  

A custom built sand tank was used for this experiment (Figure 8). A metal frame held two glass 

plates that were 1.2 m wide by 0.9 m high, spaced 3 cm apart with a plastic spacer with a rubber 

gasket that surrounded the sides and bottom of the tank. This tank was selected because it was thin 
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enough to represent two-dimensional flow but still wide enough to insert a representative strip of 

geocomposite.  

 

Figure 8. Sand tank diagram 
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Approximately 2.5 cm of dry bentonite (Wyo-Ben, Billings, MT) was rained evenly into the 

bottom of the tank. Custom built metal baffles 3 cm wide were inserted 2.5 cm from the vertical 

ends of the tank to create vertical walls of bentonite. The bentonite separated the sand layers from 

the plastic spacer to prevent preferential flow of LNAPL along the plastic spacer. A 3 mm OD, 0.9 

m long steel tube with a mesh screen attached at the bottom was inserted into the center of the 

tank, resting on the bottom layer of bentonite. A 10 cm layer of 8/12 Colorado silica sand was 

rained into the tank, tapering to a depth of 5 cm at the edges the tank. Next, a 50 cm layer of 10/20 

Colorado silica sand was rained into the tank. The lower coarse sand provided a low-displacement 

pressure zone for LNAPL to spread through below the overlying finer sand. The steel tube was 

connected to a peristaltic pump, and de-aired Fort Collins municipal tap water (1 hr at -85 kPa in 

a 20 L glass carboy) was pumped into the tank to saturate the sand and hydrate the bentonite. 

Pumping was stopped when the sand was fully wetted, and a strip of geocomposite was inserted 

above the sand layer. The geocomposite had been prepared by cutting a strip of geocomposite 

(GSE TenDrain 7.0 mm geocomposite with 400 g/m2 weight geotextile, GSE Environmental, 

Houston, TX) about 7.6 cm wide and 100 cm long and trimming just the geonet to a width of 2 cm 

(the width of one complete channel), resulting in excess geotextile that could sit flush in the tank 

against the glass. Geotextile was wrapped and hot glued to the short ends to limit sand intrusion. 

A 5 cm layer of 10/20 Colorado silica sand was rained over the geocomposite. De-aired water was 

pumped into the tank until the water level was 5 cm above the top of the sand. Figure 9 is an 

annotated photo of the sand tank.  
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Figure 9. Annotated photo of the sand tank before any diesel injection 

Retail diesel purchased from a gas station (Fort Collins, CO) was mixed with Stay-Brite® (Bright 

Solutions International, Troy, MI) 5% (m/m) Stay-Brite® to diesel. Stay-Brite® mixed with diesel 

fluoresces yellow under ultraviolet (UV) light. About 10 mL of the dyed diesel was pumped into 

the coarse sand layer every two hours, equivalent to 120 mL/day. Diesel was pumped into the tank 

over 76 hours. Photos were taken of the sand tank every two hours using a Canon Rebel T3i camera 

(Ōta, Tokyo, Japan) on constant settings and Canon EOS Utility remote capture program for 

Windows. An array of black lights (120 V AC, 60 Hz, 40 W, GE Home Electric Products, Inc., 

Fairfield, CT) were mounted around the tank to provide sufficient UV light for diesel fluorescence 

throughout the experiment. To preserve the longevity of the black light bulbs, lights were on a 

timer programmed to come on only during the photo capture period every two hours. Otherwise, 

the room was dark.  
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3.3. Results 

This section discusses the results of the sand tank study. The main results of this experiment are: 

1) as a non-wetting fluid in the sand, the diesel traveled along dendritic flow paths to the 

geocomposite and 2) as a wetting fluid on the geocomposite, the diesel spread across a greater 

width of the geocomposite and required a greater volume of diesel to move the same distance 

vertically as compared to the sand. Photos and a compiled video document the movement of the 

dyed diesel through the sand and geocomposite layers representing an OBB. 

Initially, diesel advanced through the lower “coarse” low displacement pressure 8/12 sand where 

the sand layer was 10 cm thick (the center of the tank), shown in Figure 10a after ~60 mL of diesel 

was added to the tank. Once the capillary pressure exceeded the displacement pressure at the top 

of the coarse sand, diesel flowed into the overlying “fine” 10/12 sand. While the flow of LNAPL 

was generally in the vertical direction, the path was also dendritic in nature, as LNAPL flowed 

following the largest pore throats, as expected of a non-wetting fluid (Figure 10b). Between Figure 

10a and Figure 10b, ~60 mL of diesel was added. Figure 10c shows the geocomposite in the photo 

before diesel moves into the top sand layer. Between Figure 10b and Figure 10c, ~250 mL of diesel 

was added. To estimate the retention capacity of the geocomposite in this experiment, the amount 

of diesel added between Figure 10b and Figure 10c (~250 mL) was divided by the area of the 

geotextile. This leads to an apparent retention capacity of 3 L NAPL/m2 of geocomposite. Because 

some diesel added between Figure 10b and Figure 10c remained in the sand, 3 L NAPL/m2 likely 

overestimates the amount of diesel on the geocomposite. The 3 L NAPL/m2 retention capacity 

estimation is the same as what Chalfant (2015) reported. Figure 10d shows the sheen on air/water 

interface after a total of ~400 mL of diesel was added to the tank and what would be considered 
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failure of the OBB. Note that in Figure 10c, diesel has spread across the full width of the 

geocomposite due to spontaneous imbibition as a wetting fluid, while the diesel in the sand has 

spread only about 0.3 m laterally as a non-wetting fluid. This demonstration is an important 

observation for OBB sampling, explaining why a geocomposite sample may contain NAPL even 

if the underlying sediment does not.  

 

Figure 10. Photo of the sand tank after injecting a) ~60 mL, b) ~120 mL, c) ~370 mL, and d) ~400 mL of 
dyed diesel 

As previously mentioned, the photos from Figure 10a-d are from the third iteration of this 

experiment, which successfully avoided diesel traveling through a preferential wetting flow path. 

The first tank was set up as described in Section 3.2 except without bentonite and a 20/40 Colorado 

silica sand instead of the 10/20. As seen in Figure 11a-b, the diesel saturated the coarse sand layer. 
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Then, instead of overcoming the displacement pressure to move into the fine sand, the diesel 

wicked up the plastic spacer, bypassing most of the sand and geocomposite. Diesel became a 

wetting fluid on the plastic spacer, and as such, was able to move through the tight pore spaces at 

the sand/spacer interface.  

 

Figure 11. a) In this sand tank, diesel wicked up the plastic spacer to form a sheen without interacting with 
most of the sand and geocomposite b) Close up of the sheen 

To mitigate LNAPL wetting on the plastic spacer, the second design introduced vertical walls of 

bentonite to prevent diesel contact with the plastic spacer. However, due to issues removing the 

metal baffle on the right side, the sand was not uniformly compacted. Also, a combination of 20/40 

and 20/30 gradation Colorado silica sand was used as the fine sand layer (Figure 12a). First, the 

diesel saturated the coarse bottom layer. Then, diesel primarily traveled through the interface of 

the two sand gradations and the less compacted sand on the right side. After saturating the 

geocomposite, LNAPL discharged from the far left, and the diesel spread out to form a sheen 

(Figure 12b). This case is more reflective of a natural setting where the subsurface has been 

disturbed to create a preferential flow path (e.g., well construction, tree roots, animal burrows). 

This case also highlights dendritic LNAPL flow in the subsurface as a non-wetting phase, as 

compared to plug flow.  
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Figure 12. a) The second sand tank under white light and before any diesel had been added; the slight 
difference in color of the fine sand is indicative of the different sand gradations used. b) The second sand 
tank under UV light and after sufficient diesel had been pumped into the tank that a 10 mm layer of diesel 
has formed at the air/water interface. 

The limitations of the results discussed thus far are that these tank studies were under static water 

conditions where the air/water interface was above the porous media. As seen in Figure 13a-d, 

when the third sand tank was drained, an LNAPL smear zone was created, and diesel was trapped 

in blobs and ganglia above the air/water interface. Therefore, while LNAPL may initially follow 

preferential flow paths, tidal influences and seasonal water tables may create a smear zone that 

redistributes the LNAPL making it difficult to identify the source zone. Also, notably absent in 

this study was active losses of LNAPL through biologically mediated degradation of LNAPL.  
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Figure 13. Photo of the sand tank at different times while pumping water out from the bottom  
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4. OBB AND FIELD SEDIMENT COLUMN MICROCOSM STUDY  

This chapter describes a laboratory experiment designed to estimate the aerobic and anaerobic 

OBB degradation rates of LNAPL in field-inoculated sediment. Unfortunately, due to a flawed 

experimental design, the mass balance could not be completed, and degradation rates were not 

calculated. This experiment has been documented such that the faults can be accounted for in 

future experiments. The first section documents the experimental objectives. The next section 

presents methods. The last section discusses the results and lessons learned.  

4.1. Experimental Objectives 

This experiment was designed to estimate aerobic and anaerobic degradation rates as inputs for 

LNAPL GSI mass balance calculations. The goal was to emulate field conditions as best practically 

possible in the lab including using sediment from underneath an OBB system that had been active 

for four years. Field NAPL mixed with diesel was to be injected into the bottom of glass columns 

loaded with sediment and OBB layers until a sheen formed. The primary variable of interest was 

the time to breakthrough (sheen formation) under known loading rates between columns with 

water table fluctuations above and below the OBB designed to mimic tides (aerobic) compared 

against columns that were constantly submerged (anaerobic). Secondary experimental variables 

were different LNAPL loading rates and an iron amendment.  

4.2. Methods  

The experimental setup was sixteen glass columns with select duplicates for statistical comparison 

as detailed in Table 1. The primary experimental variable was columns with dynamic and static 
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water levels leading to aerobic and anaerobic conditions. The secondary experimental variable was 

the loading rates. There were also single variation columns including iron, uncapped (no 

geocomposite) with and without water fluctuation, upper sediment only, and OBB with heat-

treated sediment. The iron-sand mix was to explore the effects of additional iron in the capping 

material. The uncapped columns were to estimate the system’s natural degradation capacity. The 

anaerobic column with only upper sediment explored how coarser material would affect NAPL 

degradation. The heat-treated sediment column represented an attempted sterile control. Figure 14 

shows a schematic of the different column configurations.  

Table 1. Column Configurations and Loading Rates 

Column # 
Water 

fluctuations 
Configuration 

Loading Rate (Q) mL/day 
three times a week 

1 Yes OBB with heat-treated sediment 3 
2 Yes Uncapped 3 
3 Yes OBB with iron-sand mix 3 
4 Yes OBB 5 
5 Yes OBB 5 
6 Yes OBB 3 
7 Yes OBB 3 
8 Yes OBB 1 
9 Yes OBB 1 
10 No OBB 1 
11 No OBB 1 
12 No OBB 3 
13 No OBB 3 
14 No OBB 5 
15 No OBB with upper sediment only 5 
16 No Uncapped 3 
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Figure 14. Schematic of the columns with a close up of the typical column. Water table fluctuations are 
indicated by the blue arrows. 

4.2.1. Materials 

LNAPL-impacted field sediment was collected from an OBB site during a sampling event 

discussed in Chapter 5. Approximately 20 kg of sediment from 0 to 10 cm (upper sediment) and 

10 to 20 cm (lower sediment) below the geocomposite was collected using shovels and placed into 

separate black plastic trash bags. The bags were closed, placed in a cooler, shipped to CSU and 

stored at 4 °C. After 3 months, the separate sediment layers samples were mixed by hand using 

trowels. Gravel larger than 2.5 cm was removed based on visual inspection. Samples of each 

sediment were collected for density calculations and heat treatment. These samples were wrapped 

in aluminum foil, placed in resealable plastic bags, and returned to 4 °C. The homogenized 

sediment was wrapped up in large black garbage bags, secured with duct tape, and returned to 4 
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°C until the column loading event. A ferric iron-sand blend was prepared by mixing a 1:1 mass 

ratio 10/20 Colorado silica sand with the 500 mesh particle size hematite/iron (III) oxide (Alpha 

Chemicals) inside a resealable plastic bag. 

Heat treatment was employed on sediment for one column in an attempt to create a sterilized 

experimental control. Sediments for the control were placed in glass baking pans in a layer about 

2.5 cm deep. Sediments were baked in an Isotemp™ oven (Thermo Fisher Scientific, Waltham, 

MA) at 200 °C for 24 hours. Pans were removed from the oven and covered with aluminum foil 

until loaded into the column. Equipment, such as the glass column and tubing, was either 

autoclaved for 1 hour at 121 °C in a Steris Amsco® Lab 250 machine (Mentor, OH) or placed in 

boiling water for 20 minutes.  

LNAPL from an onsite recovery well upgradient of the OBB was bailed and shipped to CSU. To 

ensure a sufficient volume of LNAPL for the entire duration of the experiment, the approximately 

800 mL of field LNAPL was mixed at a 1:3 mass ratio with retail diesel (Fort Collins, CO). The 

LNAPL mixture was stored in a plastic fuel container.  

4.2.2. Column Setup 

Sixteen glass columns with fritted filter bases (41 mm ID x 61 cm length, Ace Glass, Inc., 

Vineland, NJ) were mounted onto a custom-made metal frame using clamps. Tygon® R-3606 

tubing (6.35 mm ID x ~10 cm length) was attached to the bottom of the column. A barbed luer 

fitting and three-way tee (Cole-Parmer, Vernon Hills, IL) were attached to the end of the tubing to 

control the flow of liquids at the bottom of the column.  
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The following procedure describes how the columns were loaded with the exception of Columns 

1, 2, 3, 15, and 16. About 200 mL of Fort Collins municipal tap water was placed into the columns. 

A 40 cm deep layer of the lower sediment was funneled into the column and allowed 24 hours for 

fines to settle. Upper sediment was funneled in 5 cm deep. Gas-dispersion tubes (12 C, 12 mm 

OD, 250 mm long x 8 mm diameter stem, Pyrex®, Corning, NY) were inserted into the aerobic 

columns after about 2 cm of upper sediment had been placed. Next, 2 cm of 10/20 Colorado silica 

sand was placed into the column. The geocomposite was installed in layers of a geonet disc 

(average diameter 38 mm, TenDrain 7.0 mm geonet, GSE Environmental, Houston, TX) between 

geotextiles discs (average diameter 62.5 mm, 400 g/m2 nonwoven, needle-punched geotextile, 

GSE Environmental, Houston, TX). Geotextile discs had slits cut in the center to wrap around the 

stem of the gas diffuser (see Figure 15). The geotextile was cut with a larger diameter to ensure 

full contact with the sides of the glass columns. A second 2 cm layer of 10/20 Colorado silica sand 

was funneled in, and a geotextile disc was placed on top. Finally, about 1 cm of well-sorted gravel 

was funneled in as the final capping layer.  

 

Figure 15. Example of the geotextile and geonet layers around the stem of the gas diffuser 

Column 1 was loaded following the procedure described above except for the use of the heat-

treated (sterilized) sediment. For Columns 2 and 16, only field sediment was placed with no 
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capping materials. Column 3 used the iron-sand mix for the sand capping layers. In Column 15, 

only upper sediment, no lower sediment, was used for the field sediment layers. Figure 16 is a 

photo of all the columns after loading. 

 

Figure 16. Column experiment after setup was complete; Columns 1–16 (left to right)  

Figure 17 shows a simplified diagram of the column setup with hydraulics. The hydraulics for the 

water-fluctuating columns consisted of fluorinated ethylene propylene (FEP) tubing (1.6 mm ID, 

Cole-Parmer, Vernon Hills, IL) controlled by a multi-channel peristaltic pump (REGLO Analog, 

ISMATEC®, Wertheim, Germany) on a digital plug-in timer (Intermatic DT620 Heavy Duty 

Indoor Digital Plug-In, Spring Grove, IL). Aerated Fort Collins municipal tap water was used for 

Columns 2–9. Autoclaved aerated Fort Collins municipal tap water was used for Column 1. 

Influent tubing was taped to the top of individual glass columns such that water freely dripped into 

the column. Effluent tubing was connected to the gas diffuser in the column. The idea was that the 

gas diffuser glass frit had small enough pore throats to allow water to be pulled through the diffuser 

but not LNAPL. Unfortunately, this was not the case, as once LNAPL levels reached the diffuser, 
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LNAPL was pulled into the effluent tubing. The pump flow rate and timers were adjusted for 

individual columns such that water table fluctuations were uniform across the columns. At first, 

the low water level was at the bottom of the diffuser, but in an attempt to mitigate LNAPL being 

pulled through the diffuser, the low water level was adjusted to the bottom of the geocomposite. 

A month after the columns had been set up, 7.6 cm by 7.6 cm pieces of Parafilm® M (Bemis 

Company, Neenah, WI) were placed on top of the anaerobic columns to mitigate evaporation water 

loss.  

 

Figure 17. Simplified column configuration to show hydraulics 

An array of white and UV lights were positioned around the columns such that NAPL in the 

columns evenly fluoresced, while providing enough white light to identify detail in the columns. 

Lights were plugged into a digital timer (Intermatic DT620 Heavy Duty Indoor Digital Plug-In, 

Spring Grove, IL) and programmed to turn on every two hours for five minutes. During this period, 
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a Canon Rebel T3i camera (Ōta, Tokyo, Japan) on manual settings was programmed to take a 

photo using Canon EOS Utility remote capture program for Windows. Otherwise, the columns 

were in a dark room.  

4.2.3. Column Operation 

After the columns were set up, the water table was raised and lowered twice daily for ten days 

before injecting NAPL to acclimatize the microbes to the new environment. NAPL injections were 

performed manually. Either 1 mL, 3 mL, or 5 mL was injected into a column three times a week 

on a consistent schedule. A 10 mL glass syringe was loaded with the respective volume of NAPL 

for a column and injected into the tee at the bottom of the column.  

As the NAPL migrated upward in the column, eventually the water effluent gas diffuser began to 

pull NAPL from the column into the wastewater tubing. Individual wastewater was collected by 

column to attempt to account for the mass removed through the diffuser, but it became apparent 

that even with modifications, such as adjusting the range of water fluctuation, too much NAPL 

was removed by the diffuser to form a sheen. Therefore, NAPL injections and water fluctuations 

were stopped because there was no solution that did not significantly alter the premise of the 

experiment. Table 2 shows a summary timeline of the different setup events. 

Table 2. Summary of Experiment Schedule 

Date Event 

October 2017 Sediment collected from the field, shipped to CSU, and stored 
at 4 °C 
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January 2018 Sediment homogenized, heat treated, and mixed with iron 

February 2018 Columns set up and loaded with sediment 

Columns exercised with water table fluctuations for 10 days 

LNAPL mixture prepared 

LNAPL injections begin 

March 2018  LNAPL injected into columns three times a week 

LNAPL found in effluent wastewater  

April 2018 LNAPL injected into columns three times a week 

LNAPL in effluent wastewater collected for mass balance 

May 2018 LNAPL injections and water table fluctuations stop, columns 
remained in place to observe precipitation growth 

 

4.3. Results 

While this experiment failed to capture degradation rates, it did provide insight into future 

experimental designs and document changing redox conditions in the columns. For ten weeks, 

NAPL was injected into the columns. Afterwards, NAPL injections and water table fluctuations 

were discontinued, and the columns remained stagnant until disassembly. This stagnation period 

allowed for further microbial growth and changing redox conditions as electron acceptors were 

consumed. 

Six columns formed sheens before NAPL injections were stopped. The static uncapped column 

(Column 16) formed a sheen first (Figure 18), followed by static 5 mL/day columns and the 

uncapped column with water table fluctuation (Figure 19), then the static 3 mL/day columns 
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(Figure 20). NAPL injections stopped before the static 1 mL/day columns formed sheens (Figure 

21). The only column with water fluctuation that formed a sheen was Column 2, the uncapped 

column (Figure 19). Regardless of water table fluctuation, the increased retention capacity of 

OBBs delayed the formation of sheens as compared to the uncapped column for each hydraulic 

setting respectively. 

 

Figure 18. The columns after six injections; Column 16 has a sheen 
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Figure 19. The columns after twelve injections; Columns 2, 14, and 15 now have sheens 

 

Figure 20. The columns after sixteen injections; Columns 12 and 13 now have sheens 
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Figure 21. The columns after the last injection 

For Columns 2–9, as NAPL migrated upward in the column, the gas diffuser began to pull both 

water and NAPL into the wastewater discharge tubing. As seen in Figure 22, in some columns, 

over 50% of the mass was removed through the effluent system (M removed). Because NAPL was 

removed through the diffuser, less NAPL moved upwards into the OBB capping system. The water 

fluctuation levels were adjusted such that the low water level became the bottom of the 

geocomposite, yet sufficient NAPL was still pumped out. Therefore, it was decided to stop NAPL 

injections and water table fluctuations. While this was an unsatisfactory conclusion to this 

experiment, no effective solution was identified that could solve the problem without significantly 

altering the experimental setup. No degradation rates were calculated because of the uncertainty 

of the mass removed for each column (Figure 22 only estimates the mass loss based on NAPL 

collected, but there were other NAPL losses not accounted for). The only conclusions from the 

NAPL loading that can be drawn from the data collected further support work by Campbell (2017) 

in that an OBB cap increases the retention capacity of a system to delay the formation of a sheen.  
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Figure 22. a) Mass balance of NAPL after 29 injections; b) Mass balance of NAPL after 29 injections 
normalized to the injection rate  

NAPL pumping through the diffuser might have been avoided if a smaller frit size was used, 

increasing the entry pressure. Wrapping the frit in an oleophobic/hydrophilic material may also 

sufficiently increase the entry pressure. Placing the gas diffuser lower in the column would help 

ensure that NAPL is the non-wetting fluid around the diffuser frit such that NAPL behaves as a 

non-wetting fluid, instead of as an intermediate wetting fluid. With this adjustment, the small pore 

throats of the frit would reduce NAPL movement into the diffuser. There were discussions about 

pumping effluent water out through the bottom of the column, though likely NAPL would have 

been pulled through the bottom of this setup, especially since NAPL clung to the narrow neck at 

the bottom of the column after injection. Any similar experimental setups should resolve this flaw 

before conducting the experiment. 

Secondary problems in this experiment were the potential capillary barriers inadvertently created 

by loading the dry sterile sediment into the column and the fine particle size of the iron used. The 
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baked sediment used for the sterile column had a negligible water content as compared to the 

sediment loaded into the other columns. Loading this column with dry sediment could have 

affected the settling and porosity, thus altering the NAPL flow up through the column. Baking the 

sediment could have also altered the sediment properties, such as organic carbon content; however, 

heating the sediment was determined to be the safest method of sterilizing the sediment (Sterilizing 

the sediment, regardless of the method used, changes some sediment properties.). The fine particle 

size of the iron also affected the porosity of the iron-sand cap in Column 3 and could have impeded 

NAPL flow into the OBB cap. While NAPL was pumped out of this column, suggesting that the 

NAPL was able to move up into the capping layer, future designs should use iron with a larger 

particle size to promote NAPL flow onto the OBB for degradation.  

During this experiment precipitants formed in the columns (see Figure 23a-b for example). The 

most apparent was a black precipitant that formed in the clean sand fill of the columns without 

water fluctuations. Then, as more NAPL was added to the columns, the black precipitant formed 

around NAPL. After NAPL injections were stopped, the black precipitant formed in the columns 

with water table fluctuations as well, though not in Column 1. This precipitant was likely iron 

sulfide due to anaerobic sulfate reduction. Though not quantitative, the precipitant did act as a 

visual indicator of redox conditions, supporting the idea that columns with water table fluctuations 

were predominantly aerobic, and columns without water table fluctuations were predominantly 

anaerobic.  
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Figure 23. Close up of Columns 10–14 a) 2/26/2018 b) 5/7/2018 to show the formation of black precipitant 
in the columns 

As the columns remained stagnant before disassembly, the water table fluctuation columns 

developed the black precipitant primarily around areas with NAPL. This precipitant was not 

observed in Column 1, suggesting significantly reduced microbial activity. Further precipitation 

was observed in Columns 10–14. A white precipitant appeared to form in Columns 10 and 11. In 

Columns 12–14, an orange precipitant formed on the top centimeter of the gravel layer (Figure 

24a-b). This result suggests that oxygen or iron-oxidizing bacteria are converting the Fe(II) to 

Fe(III). Visual alteration can indicate changing redox conditions but not necessarily be used to 

quantify the iron transformed (Benner et al., 2002). However, the visual identification of 

precipitants could be used as a line of evidence for degradation processes, especially at non-tidal 

OBB sites.  
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Figure 24. a) Close up of Columns 10–14 on 6/27/18 b) close up of column 14 and orange precipitant  
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5. FIELD PERFORMANCE OF AN OLEOPHILIC BIO-BARRIER FOR PETROLEUM AT A 
GROUNDWATER/SURFACE WATER INTERFACE  

5.1. Summary  

Sheens, a potential Clean Water Act violation, can occur in surface water adjacent to petroleum 

refining, distribution, and storage facilities. The oleophilic bio-barrier (OBB) was designed as a 

low-cost sheen management strategy that uses 1) an oleophilic (oil-loving) plastic geocomposite 

to intercept and retain petroleum liquid contamination from the groundwater and 2) the cyclic 

delivery of oxygen and nutrients via tidally-driven water level fluctuations. Destructive sampling 

of an OBB after a four-year field deployment has advanced the mechanistic understanding of how 

OBBs work. The OBB layers were systematically removed and sampled for petroleum compounds 

and microbial communities. Sampling revealed the OBB was addressing sheens and was not 

compromised by field conditions such as ice scour or sediment intrusion. Notably, sheens were 

observed adjacent to the barrier leading to the expanded 58 m final remedy. Petroleum composition 

analysis showed no petroleum liquid on the geocomposite or in the upper underlying sediment (0-

10 cm). Diesel range organic (DRO) concentrations in the low 1,000s of mg/kg were observed in 

the sediment immediately below (10-20 cm) the upper sediment. Petroleum composition analysis 

suggests that the majority of the compounds are polar in the lower sediments, providing a line of 

evidence that petroleum compounds at the groundwater/surface water interface (GSI) have been 

oxygenated. Microbial data show that the number of bacterial 16s transcripts on the geocomposite 

are on average larger than in the sediment layers, confirming that the geocomposite is a suitable 

substrate for microbe growth. The sampling event suggests that petroleum biodegradation rates in 

and below the OBB are comparable to the petroleum loading rates. The advantage of the OBB is 
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that the geocomposite layer retains the petroleum liquids that exceed the natural assimilation 

capacity. 

5.2. Introduction 

Petroleum hydrocarbons are integral to modern society. Petroleum refining, distribution, and 

storage facilities are commonly located near surface water bodies. Due to historical releases of 

petroleum liquids, impacted subsurface media and groundwater extending to the surface water is 

a common condition. At groundwater/surface water interfaces (GSIs), sheens can form on the 

surface water, a potential Clean Water Act violation. Sheens are thin, iridescent films of non-

aqueous phase liquids (NAPLs) that spread along the air-water interface (Figure 25). Sheens form 

via seeps, ebullition, and erosion. A small volume of petroleum liquid can form a sheen of large 

areal extent (Sale et al., 2018). Sheen remediation technologies can fail when NAPL bypasses the 

barrier or overloads the absorptive capacity (Hawkins, 2013). Other remediation strategies, such 

as hydraulic controls, have costly capital and operation and maintenance (O&M) expenses.  

 

Figure 25. An iridescent sheen on the shoreline formed by a seep 
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The oleophilic bio-barrier (OBB) was developed to address the limitations and costs of current 

sheen management technologies. An oleophilic (oil-loving) plastic geocomposite intercepts and 

retains petroleum liquids from the groundwater in combination with the exchange of surface water 

and/or air to deliver oxygen and nutrients to support the biological degradation of the petroleum 

liquids. Additional layers of clean sand fill and geotextile increase the retention capacity of the 

OBB. A structural cover anchors the OBB in place, providing protection against erosion and ice 

scour (Figure 26). The OBB was designed to address seep, ebullition, and erosion formation 

mechanisms (Chalfant, 2015).  

 

Figure 26. Schematic of the standard OBB layers, not to scale 

The biodegradation of petroleum liquids has been used to mitigate petroleum releases. Enhancing 

degradation rates by supplementing oxygen and nutrients is challenging due to delivery constraints 

(Chapelle, 1999). Permeable reactive barriers (PRBs) overcome these delivery constraints by using 

the natural hydraulic gradient to bring contaminated water to degradation enhancing material such 

as zero-valent iron in a high permeability zone (Interstate Technology & Regulatory Council 
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[ITRC], 2011). Inspired by PRBs, the OBB couples petroleum liquid retention with the delivery 

of oxygen and nutrients through surface water exchange (e.g., tidal fluctuations). Native microbes 

from the sediment acclimate to the geocomposite and consume the petroleum liquids as a carbon 

source. So long as the treatment capacity (retention and degradation) is greater than the petroleum 

liquid loading, the OBB will mitigate the formation of sheens.  

Chalfant (2015) discusses preliminary OBB research including proof-of-concept laboratory 

retention studies and the installation of test and demonstration OBBs at the field site sampled in 

this paper. To date, OBBs have been installed at three sites with studies supporting deployment at 

six more sites. The primary applications of OBBs are located at sites with twice daily tidal water 

level fluctuations. 

This paper presents the current understanding of processes governing OBB performance based on 

the results of an OBB sampling event. The OBB had been deployed in the field for four years and 

was systematically disassembled for visual inspection of the structural cover, geocomposite, and 

underlying sediments. In addition, samples of the geocomposite and the sediment below the 

geocomposite were collected and analyzed for petroleum liquids and microbial communities. 

Results provide multiple lines of evidence supporting biological degradation in and below the OBB 

and suggest that the microbial degradation capacity is in excess of loading rates. Overall, results 

indicate that the optimization of biodegradation via construction of an aerobic petroleum-liquid 

retaining, water-permeable bioreactor is a viable technology for preventing sheens in surface water 

and, more generally, for managing degradable contaminants at GSIs. 
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5.3. Methods 

The following section provides site information, insight from previous sampling events, methods 

used during sampling, and the procedure for petroleum and microbial analysis.  

5.3.1. Site Description 

The site is a petroleum liquids storage facility located on a large freshwater tidal river in 

northeastern US (Figure 27a). Sheens occur on the river bank due to historic petroleum spills. 

Observed sheen forming mechanisms include seeps, ebullition, and erosion. A durable armoring 

layer was needed at this site not only to anchor the OBB but also to offer sufficient protection from 

ice scour and river debris (Figure 27b). Groundwater flow is primarily perpendicular to the river. 

Tidal fluctuations are approximately 1.5 m with bank storage occurring at high tide and discharge 

of groundwater to surface water at low tide.  

The shoreline is composed of a lower alluvial layer of sand and gravel. Above the sand and gravel, 

there is a fill layer of fine to coarse sand with fine to coarse gravel, likely sourced from river dredge 

spoils, which tapers out about halfway into the intertidal area. Episodic sheens have been observed 

discharging to the surface water along a “seep line” at the transition from the alluvium to the fill 

layer. About 6 m below ground surface is glaciolacustrine clay with minor amounts of silts. The 

clay layer acts as an aquitard (Arcadis, 2011). 
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Figure 27. a) The site shoreline looking north in August, pre-OBB installation, b) The site shoreline looking 
north in February; the OBB is covered in ice and snow 

5.3.2. Preliminary Field Studies 

A small-scale proof-of-concept OBB field study occurred from March to August 2013. Four 1 m 

by 1 m squares of Tendrain II 91010 geocomposite (Syntech, Baltimore, MD) anchored with 

cinderblocks and fitted with tubing and thermocouples were installed over the seep line. Biweekly 

inspections were performed to observe any petroleum liquid staining or sheens. Water samples 

collected during two sampling events were analyzed for ORP, pH, and major ion concentrations. 

Thermocouples collected continuous temperature data. During the pilot study deconstruction, the 

geocomposite pads were scanned under ultraviolet (UV) light and then subsampled for petroleum 

analysis. Underlying sediments and water samples were also collected for petroleum analysis. 

Results from this field study confirmed 1) petroleum liquid was discharging at the seep line, 2) the 

geocomposite retained petroleum liquid, and 3) petroleum liquid loading, less degradation, did not 

exceed the geocomposite retention capacity. 
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In November 2013, a 3.8 m by 9.3 m large-scale OBB demonstration was installed to cover a larger 

sheen area. The OBB consisted of geocomposite (Tendrain II 91010-2, Syntech, Baltimore, MD), 

5–8 cm of clean sand fill (well-graded sand, coarse (#8) to fine (#100)), a geotextile (non-woven, 

340 g/m2), and a Reno mattress (Diamond Wire Netting & Finished Product Company, Hebei, 

China). Six 15-cm PVC sample ports were included so that sample discs of geocomposite and 

underlying sediment could be sampled without disrupting the entire OBB system. Additional 

sample ports collected temperature and pressure data as well as allowed access for pore water 

samples. See Chalfant (2015) for further details of historical sampling and construction documents.  

5.3.3. Destructive Sampling of the Demonstration OBB 

The destructive sampling event took place October 2017, four years after the demonstration OBB 

was installed. First, the Reno mattresses, geotextile, and top sand layers were removed. Once 

cleared, the top of the geocomposite was scanned with UV lights in a blackout tent to determine if 

any petroleum liquids were present on the geocomposite. Two LED UV light bars (9 3-watt lights 

per bar, range 395 – 400 nm, OPPSK PRO Stage Lighting) were used inside a 0.9 m by 1.2 m by 

1.5 m tent (5 cm PVC pipe frame and 0.15 mm solid black polyethylene sheeting cover) to visually 

identify and photograph any location where petroleum liquid fluorescence was visible.  

Next, geocomposite and sediment samples were collected from fourteen locations (Figure 28). 

From the geocomposite, triangles with approximate 15 cm sides were cut out using a battery-

powered angle grinder (Dewalt, Baltimore, MD) with an 11.4 cm metal cut-off disc (Diablo, High 

Point, NC). A hand trowel was used to scoop approximately 500 g of the sediment immediately 

below the geocomposite (0-10 cm) and 10 cm under the geocomposite (10-20 cm). All samples 
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were wrapped in aluminum foil and placed into individual resealable bags. Samples were then 

placed in a cooler with dry ice (-78 ºC), shipped overnight to Colorado State University (CSU), 

and stored in a -80 ºC freezer until analysis. Sediment samples were subdivided for analysis by 

unpacking and repacking quartered portions of sediment into aluminum foil packets. 

Geocomposite samples were subdivided using a Corona SL 4264 lopper (Corona, CA) to cut 

geocomposite into quarters and subsamples for microbial analysis. 

  

Figure 28. Location of the 14 sampling points overlaid on an overhead photo of the OBB with the structural 
cover, geotextile, and sand fill layer removed (Photo: Arcadis) 
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5.3.4. Analysis 

Microbial analysis followed methods described in Irianni-Renno et al. (2016) and Irianni-Renno 

et al. (2018). The number of 16S ribosomal ribonucleic acid (rRNA) transcripts for bacteria and 

archaea was generated using high-throughput sequencing of the 16s transcripts. Quantitative 

polymerase chain reaction (qPCR) was performed using SYBR® Green (Life Technologies, Grand 

Island, NY) qPCR assays. Subsamples were pretreated to remove petroleum liquids and other 

potential contaminants that can affect RNA extraction and inhibit qPCR. Samples were submitted 

to Research and Testing Laboratory, LLC (Lubbock, TX) for analysis. Microbial community data 

at the genus level were then sorted based on putative electron acceptor and donor types into the 

following categories for archaea: methanogens, ammonia-oxidizing archaea, fermenters, methane-

oxidizing nitrate reducers, and broadly classified. For bacteria, the data were sorted into the 

following categories: aerobic, iron oxidizers, methane oxidizers, nitrate reducers, iron reducers, 

sulfate reducers, fermenters, broadly classified, and other. Broadly classified represents organisms 

that were identified at a higher level than genus, such as the family level, and could not be assigned 

a putative electron acceptor/donor. Other includes organisms that were identified at the genus 

level, but could not be assigned a putative electron acceptor/donor. See Appendix C for details. 

Petroleum samples were analyzed using methods described in Bojan (2018). Subsamples were 

extracted in toluene and analyzed using an Agilent Technologies 6890N Gas Chromatograph 

(Santa Clara, CA) equipped with a Flame Ionization Detector (GC/FID) and a Restek Rtx-5 

column (30 m length x 0.32 mm inner diameter x 0.25 μm film thickness, Bellefonte, PA). 

Chromatographs were compared against a diesel range organics (DRO) (EPA/Wisconsin, Restek) 

calibration curve with concentrations from 50 mg/L to 300 mg/L. Samples were also analyzed on 
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Agilent Technologies 6890N Network Gas Chromatograph with an Agilent 5973 Network Mass 

Selective Detector (GC/MS). Relative percent polar data were calculated by identifying peaks using 

the GC/MS library and comparing the relative integrated area for polar peaks against the integrated 

area for nonpolar compounds peaks. Compounds were classified as either polar, oxygenated 

hydrocarbons with at least one oxygen atom, or nonpolar, true hydrocarbons with no oxygen 

atoms. The relative percent polar data can be used to compare the polar/nonpolar ratio between 

samples but does not represent the overall polar/nonpolar ratio due to variations in the rate of 

ionization of the different compounds on the GC/MS. Recoveries for extraction of organic 

compounds from geocomposite were an average 108% ± 7% for nonpolar compounds using DRO 

(EPA/Wisconsin, Restek) as the mixture compound and 104% ± 5% for polar compounds using 

decanoic acid (>98%, MilliporeSigma, Burlington, MA) as the mixture compound. 

Due to the visual observation of iron hydroxides/oxides at the site, iron extractions were performed 

on the samples collected to evaluate total iron. Unfortunately, iron analysis was not anticipated, 

and samples were not properly preserved for iron analysis (i.e., immediately stored anaerobically 

in acid pH < 2). Subsamples of an average 3 g geocomposite or 12 g sediment were placed in 15 

mL deionized, de-aired water in 50 mL conical centrifuge tubes (Falcon™, Fisher Scientific, 

Waltham, MA). Iron extraction was performed using an aquilot of the sample in DI water and after 

acidifying the water to pH ≈2.5 by adding 25 µL of 70% nitric acid (MilliporeSigma, Burlington, 

MA). Samples were analyzed using FerroVer® reagent (Hach, Loveland, CO) which contains 

1,10-phenanthroline, a colorimetric indicator for iron. Concentrations were determined using a 

spectrophotometer calibrated with a five-point calibration curve with values ranging from 0.090 

mg/L to 2.5 mg/L. Samples with values outside the calibration curve were diluted with DI water 

until the value was within the calibration range.  
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5.4. Results 

No petroleum liquids were observed while scanning the geocomposite with UV light. The interior 

of the geocomposite samples were open, free of sediment, precipitates, and biofouling. No 

petroleum liquids were observed in the geocomposite and underlying sediment (0-10 cm). No 

petroleum odors were detected until sampling of the lower sediment layer (10-20 cm). Sheens 

formed in the holes after samples of the lower sediment had been removed. Sheens were observed 

at the edges of the geocomposite footprint. An interval of orange precipitates (presumed to be 

ferric iron hydroxides) was observed above and below the geocomposite.  

DRO compound concentrations were below GC/FID quantification limits (2 mg/kg) in the upper 

sediment and geocomposite (Figure 29). GC/MS was able to detect DRO compounds on the 

geocomposite, and these values were used to calculate the relative percentage of polar/nonpolar 

compounds. The polar/nonpolar ratio for compounds found on the geocomposite samples was 7% 

polar or less (Figure 30). GC/MS did not detect compounds in the upper sediment (quantification 

limit 6 mg/kg), so there is no polar ratio analysis for this layer. In the lower sediment, DRO 

concentrations ranged from below the GC/FID quantification limit (2 mg/kg) to 5,000 mg/kg. 

Based on the shape of the isoconcentration plume, the petroleum liquid contamination likely 

extends north beyond the sampling collection area. This area was subsequently addressed by a full-

scale OBB installation. GC/MS analysis of the polar compounds showed that the contaminants in 

the lower sediment were a majority (>50%) polar compounds. 
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Figure 29. Isoconcentration maps of the diesel range organics (DRO) analysis 
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Figure 30. Isoconcentration maps of the petroleum liquid polar/nonpolar ratio analysis 

Microbial analysis revealed that the number of bacterial 16S transcripts on the geocomposite were 

all on the order of 109 16S transcripts/g sample, while values ranged from 106 to 109 16S 

transcripts/g sample in the underlying sediment (Figure 31). The highest number of archaeal 

transcripts was found in the lower sediment (2.6 x 107 16S transcripts/g sample). Typical archaeal 
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levels were on the order of 105 to 106 16S transcripts/g sample. Further community analysis for 

the average relative abundance of putative electron acceptors and donors for bacteria and archaea 

per layer from the main seep line is shown in Figure 32 and Figure 33. Comparison of the sample 

points from the main seep line exclude outliers found in the upgradient and downgradient samples. 

The greatest difference in electron acceptors/donors for the average levels of archaea on the main 

seep line was between the percent methanogens and ammonia-oxidizing archaea (AOA). There 

was 28% and 24% greater average relative abundance of methanogens in the lower sediment than 

in the upper sediment and geocomposite, respectively. There was an average 31% and 8% relative 

abundance of AOA in the upper sediment and geocomposite, respectively, and no AOA in the 

lower sediment. For the relative abundance of bacteria between the three layers, the greatest 

difference in electron acceptors/donors was between the aerobes, the nitrate reducers/aerobes, and 

fermenters. There was an average 14% and 17% greater relative abundance of aerobic bacteria in 

the upper sediment and geocomposite than the lower sediment, respectively. The average number 

of nitrate reducers/aerobes was 4% higher in the upper sediment and geocomposite than the lower 

sediment. There were about 13% more fermenters and 2% more sulfate reducers/fermenters in the 

lower sediment than the other layers.  
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Figure 31. Isoconcentration maps of 16S transcripts analysis 
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Figure 32. Average relative abundance of bacterial putative electron acceptors and donors of the main seep 
line samples by layer  

 

Figure 33. Average relative abundance of archaeal putative electron acceptors and donors of the main seep 
line samples by layer  

Orange-colored water and sediments observed in the field suggest a high concentration of ferrous 

iron hydroxides in the system. Disturbing the sediment below the geocomposite revealed an 
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interface of orange colored sediment on top of gray/black sediment (Figure 34a-b). However, the 

laboratory iron analysis showed iron levels ranged from 0.2 mg/kg to 142 mg/kg with an average 

value of 12 mg/kg.  

 

Figure 34. a) Photo of the iron interface in the upper sediment broken up with a shovel b) Close up of the 
interface, with the orange arrow indicating ferric iron and the black arrow indicating ferrous iron 

5.5. Discussion 

The results from the deconstruction event alleviated material compatibility concerns as the OBB 

was tested against four years of petroleum liquid loading and weather events such as ice scour. 

The Reno mattress layer effectively anchored the OBB in place and did not incur any significant 

damage over the four years. No noticeable signs of geocomposite deformation were observed 

during deconstruction and sampling. Geocomposite subsampling confirmed the geonet was intact 

and free of sediment and biofouling. The geotextile layer worked to keep native sediment out and 

the sand fill in. Material compatibility is important because excess clogging in the geonet would 

impede the flow of oxygen through this layer and reduce the OBB’s degradation capacity.  
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No petroleum liquids were observed in the geocomposite and underlying sediment (0-10 cm). An 

interval of orange precipitates (presumed to be ferric iron hydroxides) was observed above and 

below the geocomposite. Ferric iron hydroxides/oxides are attributed to ferrous iron from the 

reduced petroleum-impacted plume reacting with oxygen delivered by the OBB. DRO compounds 

in these layers were below quantification limits for the GC/FID (2 mg/kg). Immediately below 

(10-20 cm), black sediment was encountered, containing visible petroleum liquids, and DRO 

concentrations in the low 1,000s mg/kg. 

Analysis of the polar/nonpolar distribution of the petroleum constituents shows that in the lower 

sediments the ratio of the polar/nonpolar compounds is greater than 50%. This ratio provides a line 

of evidence that petroleum liquids have been oxygenated prior to arrival at the GSI. There are two 

hypotheses regarding the fate of the polar compounds in the upper sediment and geocomposite. 

One hypothesis is biodegradation. The high levels of microbial activity on the geocomposite 

suggest that there is a sufficient carbon source for microbes, which could be the polar compounds 

even though the oleophilic nature of the geocomposite may not be as effective retaining these polar 

compounds compared to nonpolar compounds. The second hypothesis is that these polar 

compounds have an increased water solubility and partition into the water. Then, tidal cycling 

flushes the polar compounds into the river. Pore water samples could be used to elucidate the fate 

of the polar metabolites.  

Preliminary microbial data show that the average number of bacterial 16s transcripts in the 

geocomposite is larger than in the sediment layers, confirming that the geocomposite is a suitable 

substrate for microbes to inoculate. The relative abundance of electron acceptors/donors suggests 

aerobic conditions in the geocomposite and upper sediment. The greater abundance of anaerobic 
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microbes in the lower sediment suggests reducing conditions in this layer, visually identified by 

the gray/black sediment, which is to be expected of constantly saturated sediment.  

A two order-of-magnitude reduction in DRO concentration occurs over a sharp orange-black 

interface, suggesting that the ferric iron can act as a “bank” of solid phase electron acceptors in the 

upper sediment. The abiotic oxidation of ferrous to ferric iron by oxygen in neutral pH water can 

occur in minutes (e.g., Singer and Stumm, 1970; Davison and Seed, 1983), suggesting that any 

ferrous iron in the groundwater would rapidly precipitate out as ferric iron upon exposure to 

oxygen in the geocomposite and upper sediment. Remaining oxygen in the system supports aerobic 

processes, including degradation. During times of low oxygen availability or in microniche 

anaerobic zones, ferric iron supports microbial iron-reducing petroleum liquid degradation 

processes. The reduced iron can then be recycled into ferric iron upon the reintroduction of oxygen.  

Due to limited sample collection time, orange precipitants observed in the field were not explicitly 

collected for iron analysis. Local anomalies with high levels of orange precipitants, such as shown 

in Figure 35, are likely due to preferential flow paths delivering oxygen for the increased abiotic 

oxidation of iron. Iron analysis of the samples collected averaged 22 mg/kg. Low measured total 

iron could be due to incorrect preservation or analytical methods. Total iron reported at other 

contaminated sites is in the range of 100s to 1,000 mg/kg (Tuccillo et al., 1999; Vencelides et al., 

2007; Heron et al., 1994). Whether the cause of high iron levels is the reduced petroleum liquid 

plume carrying ferrous iron to the surface where it can be oxidized, microbial iron cycling, or a 

combination of both is not resolved by this data.  
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Figure 35. The orange is presumed to be iron hydroxides a) below the geocomposite b) on the geocomposite 
in a sample port 

The original vision was that the OBB was designed to promote aerobic degradation of petroleum 

liquids retained by the geocomposite. Results of this sampling event suggest that at this site 

sufficient degradation occurs in the sediment such that petroleum liquids are degraded before 

reaching the OBB. In the top 20 cm of the system, the microbial community diversity includes 

microbes ranging from aerobes to methanogens. Iron can be cycled microbially between ferric iron 

as an electron acceptor and ferrous iron as an electron donor. Figure 36 graphically represents 

these processes. Ferrous iron and petroleum move with the groundwater towards the OBB at the 

surface. The geonet delivers oxygen, other electron acceptors, and nutrients to the system through 

tidal pumping. The oxygen converts ferrous iron into ferric iron precipitants that create an iron 

interface in the upper sediment. Remaining oxygen can be used for aerobic microbial processes 

including petroleum degradation.  



 
 

62 

 

  

Figure 36. Revised site conceptual model for established OBBs at GSIs 

The native system’s ability to degrade petroleum liquids is supported by the OBB. While the 

geocomposite was essentially sterile upon installation, over time native microbes grew in the 

geocomposite as evidenced by the number 16S transcripts found on the geocomposite samples. In 

addition to being a substrate for microbial growth, the geocomposite also can retain petroleum 

liquid as an oleophilic material. The petroleum loading is analogous to an escalator carrying 

contamination up to the GSI, continuously depositing petroleum at the GSI (the top of the 

escalator). While the natural system has a degradation rate comparable to this petroleum loading 

rate, local anomalies can break through the system to form sheens via seeps and ebullition. 

However, the OBB can retain this excess petroleum to prevent sheens. Furthermore, the OBB 

delivers oxygen to the underlying microbial community which enhances the system’s attenuation 

capacity.  
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The degradation capacity correlates to a thriving microbial population, ergo removing an 

established OBB might lead to increased loading to surface water due to the disruption to the 

microbial community. Therefore, while insight was gained from destructively sampling the 

demonstration OBB, removal of the old OBB likely disrupted the microbial community and 

reduced the degradation capacity until the new OBB acclimated. This hypothesis also demonstrates 

why excavating contaminated sediments can be negative. The established microbial community in 

the sediment is capable of petroleum degradation, but sheens can form when the system is 

overloaded (seeps, ebullition). Removal and replacement of the sediment would reduce the 

petroleum degrading microbial population, further overloading the system and creating more 

sheens.  

5.6. Conclusions 

OBBs are difficult to monitor. Challenges include collecting representative samples without 

compromising the integrity of the OBB and designing relevant real-time monitoring systems that 

are rugged enough to endure ice scour and river debris. Furthermore, visual inspections to identify 

sheens are problematic due to the spatial and temporal variability of sheen formation. Upstream 

contamination can also cause a false positive identification of a sheen unless samples are 

fingerprinted to identify the petroleum liquid source. Therefore, the upgrade of a demonstration 

OBB at a site to full-scale was a unique sampling opportunity. Valuable insight was gained through 

this process, and unfortunately to date, no apparent way to sample a full-scale OBB without 

resorting to destructive methods has been advanced. Overall, an improved understanding of the 

site conceptual model (SCM) for OBBs allows for better OBB designs and therefore more 

successful remedies. 
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The success of a demonstration OBB at mitigating sheens at a field site with low petroleum liquid 

loading lead to the installation of a full-scale remedy in the fall of 2017 and the opportunity to 

destructively sample the demonstration OBB after a four-year field deployment. Sample analysis 

revealed that a two order-of-magnitude reduction in DRO concentrations occurred over a sharp 

orange-black interface below the OBB, suggesting that in addition to the oxygen and nutrients 

delivered by the geonet, ferric iron can act as a bank of solid phase electrons to support anaerobic 

degradation processes. The presence of polar oxyhydrocarbons in the lower sediment provides 

another line of evidence of degradation. Furthermore, the number of bacterial 16s transcripts was 

on average higher on the geocomposite than in the native underlying sediment. These results have 

elucidated key insights into the conceptual model of the OBB.  

Similar to how PRBs use the natural hydraulic gradient to bring contamination to the remediation 

treatment zone, OBBs also use natural hydraulic gradients to bring together the contamination, 

electron acceptors, and nutrients at GSIs. OBBs may work at non-tidal settings, but daily tidal 

fluctuations act as a passive pumping system and require none of the energy or capital for a 

hydraulic control system. Furthermore, the increased loading capacity of OBBs due to both 

retention and microbial degradation, as compared to finite sorption solutions, suggests a longer 

remediation lifetime, promoting a more sustainable use of materials for a similar installation cost 

(Chalfant, 2015).  

OBB construction is less disruptive than other sheen remediation treatments, such as sheet pile 

walls. Due to a relatively simple construction procedure, OBBs can require less heavy machinery 

and a shorter construction window, which can be an important consideration for ecologically 

sensitive sites. The minimally invasive construction of OBBs also reduces the likelihood of 
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generating petroleum liquid discharge during construction. The low profile of the OBB can be 

integrated into the native environment or provide shoreline stabilization.  

The OBB success at this site is likely due to the low petroleum loading rates. Though measuring 

petroleum fluxes at GSIs is difficult, speculative work discussed in Section 2.2 suggests that 

natural assimilation capacities at GSIs are two to three orders of magnitude greater than the sheen 

discharge rate. This rate is comparable to the two order of magnitude reduction in DRO 

concentrations at this site. Despite not knowing the specific petroleum loading rate, the OBB was 

successful. The uncertainty of petroleum loading rates can be addressed by installing additional 

retention layers in the OBB.  

The OBB is a low-cost, sustainable sheen remedy that retains petroleum liquids and increases a 

site’s natural degradation capacity through an increased exchange of surface water and air to 

deliver electron acceptors and nutrients to the contamination. Sampling of an OBB that was 

deployed for four years revealed that ferric iron may play a role in degradation processes by acting 

as a bank of solid phase electron acceptors. Future OBB work should use this revised SCM to 

optimize OBB systems for sites that are non-tidal, have higher loading rates, and/or have more 

recalcitrant petroleum liquids. Additional work should research the role of iron at these sites with 

sample collection focused on the ferric/ferrous iron interface. Real-time ORP monitoring with 

depth could be used to estimate where redox interface occurs as well as provide a line of evidence 

for petroleum degradation.  
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6. CONCLUSIONS 

This chapter reviews the sheen problem statement, laboratory visualization experiments, and a 

draft manuscript describing the field performance of an OBB. Lastly, suggestions for future work 

are presented. 

6.1. Problem Statement 

Sheens, a potential Clean Water Act violation, can occur at petroleum liquid facilities located near 

surface water. Petroleum liquids spilled into the environment spread along an air/water interface 

to form a sheen. The chemical and physical properties of petroleum are such that most 

hydrocarbons are immiscible with water. In systems with multiple immiscible fluids, the fluid with 

a greater affinity for the porous media is the wetting fluid which can spontaneously imbibe into 

small pore throats. In contrast, non-wetting fluid movement is limited by capillary pressure. In 

three-fluid systems, the intermediate wetting fluid spreads into a thin film or sheen to balance the 

interfacial tensions between fluids. LNAPL typically infiltrates down through the unsaturated zone 

as an intermediate wetting phase between water, the wetting fluid on the soil, and non-wetting soil 

gasses. At the top of the water table, LNAPL spreads out laterally (forms a sheen) about the water 

table (the air/water interface). Chronic rising and falling water stages (tides) cycle LNAPL 

between the wetting phase and the non-wetting phase, creating a largely uniform LNAPL body 

due to spreading during the (intermediate) wetting phase. 

Sheens form at GSIs due to episodic seeps, ebullition, and erosion. In tidal settings, water table 

fluctuations likely create a petroleum smear zone between high and low stage. To date, no practical 
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method for resolving petroleum loading or degradation rates at GSIs has been documented. 

Loading rates were estimated using LNAPL fluxes as reported in Mahler et al. (2012). These 

calculations suggest a median loading rate of 15 L/m/yr. Considering typical sheen fluxes from 

0.04 to 0.4 L/yr and a sheen thickness of 1 µm, the natural system’s assimilation capacity is two 

to three orders of magnitude greater. The sediments at LNAPL-contaminated GSIs are powerful 

bioreactors that are capable of degrading the majority of LNAPL loading at GSIs. 

Effective sheen remedies need to address all of the relevant mechanisms that create sheens. As 

sheens can be only molecules thick, a small volume of LNAPL can create a sheen of large areal 

extent. In general, sheen remedies can be prone to failure due to the complicated, heterogeneous 

flow of LNAPL that can bypass barriers or overload concentrated areas of absorptive material. 

Even a small gap in a barrier designed to preclude the movement of LNAPL can result in sheens. 

Organoclay, activated carbon, and other absorptive materials are limited by a finite sorption 

capacity and can be overloaded by LNAPL through preferential flow in a localized part of the 

barrier (Hawkins, 2013; Campbell, 2015). 

The OBB was designed to overcome the limitations of current technologies for sheens. Using low-

cost geocomposite, impacted shorelines can be covered by an OBB. The geocomposite is 

oleophilic, such that petroleum liquid acts as a wetting fluid that spreads out laterally on the 

geocomposite instead of overloading one area of a barrier and breaking through before the overall 

retention capacity is reached. Retained petroleum is still bioavailable for degradation, enhancing 

the treatment capacity of the OBB, as biodegradation reduces the petroleum mass on the OBB. 

Through the exchange of surface water and air due to tidal fluctuations, oxygen and nutrients are 
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delivered to the system to support biological treatment of the petroleum and reduce the formation 

of sheens.  

6.2. Visualization of Multiphase Flow with an OBB in a Sand Tank  

The goal of this experiment was to demonstrate 1) the flow of LNAPL as a non-wetting fluid in 

sand, 2) the imbibition of LNAPL as a wetting fluid on the geocomposite as the core of the OBB, 

and 3) the breakthrough of LNAPL after saturating the geocomposite to the point of failure (sheens 

on the surface water). Photographed under UV light, dyed diesel was pumped into a 1.2 m by 0.9 

m water-saturated sand tank until a sheen formed. Three iterations of this experiment were required 

to capture the dendritic movement of non-wetting LNAPL through the sand below the 

geocomposite. However, as the wetting fluid, the LNAPL spreads out across almost the entirety 

of the geocomposite before enough LNAPL had built up and broke through into the top layer of 

sand and then formed a sheen on the water surface. LNAPL imbibing laterally across the 

geocomposite may explain why a geocomposite sample contains LNAPL even if the underlying 

sediment does not. Notably absent in this study was active losses of LNAPL through biologically 

mediated degradation of LNAPL. Also, the tank maintained a static water level. Draining the water 

from the bottom of the tank redistributed LNAPL throughout the sand, creating an LNAPL smear 

zone, thus showing the difficulty in identifying the LNAPL source in tidal settings.  

6.3.  OBB and Field Sediment Column Microcosm Study 

This laboratory experiment was designed to estimate the aerobic and anaerobic OBB degradation 

rates of LNAPL in field-inoculated sediment. Unfortunately, due to a critical flaw in the 

experimental design, the mass balance could not be completed, and degradation rates were not 



 
 

70 

 

calculated. The setup was designed to emulate field conditions as best as practically possible and 

to observe the effects of water table fluctuations, different loading rates, and iron. Field LNAPL 

mixed with diesel was pumped into the bottom of glass columns loaded with field sediment and 

OBB layers. Columns were photographed under UV light, and the photographs were used to 

identify when columns formed sheens. Unfortunately, the same pumping system that pulled water 

out of the columns also removed LNAPL. Because a large volume of LNAPL was removed 

through the effluent system, insufficient LNAPL remained in the columns to flow onward onto the 

OBB and eventually form a sheen. Therefore, LNAPL injections were stopped when only six out 

of sixteen columns formed sheens. The column without any OBB layers and no water table 

fluctuation formed a sheen first. Next, the columns with the highest loading rates and no water 

table fluctuations and the uncapped column with water table fluctuations formed sheens. The final 

columns to form a sheen had no water table fluctuations and the middle LNAPL injection rate. 

These results are to be expected based on the LNAPL column study by Campbell (2017).  

Though degradation rates could not be calculated from this experiment, the process did visually 

document the changing redox conditions in the columns. Especially apparent in columns without 

water table fluctuations, black precipitants, likely iron sulfides, formed in the OBB cap and in 

sediment surrounding LNAPL. After stopping LNAPL injections and water fluctuations, a similar 

precipitant was seen around the residual LNAPL in the columns with water fluctuations. Weeks 

later, this black precipitant in the columns without water table fluctuations began to shift to an 

orange precipitant. Further research into these precipitants could help design better OBB systems 

for sites without tidal fluctuations. 
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The other key lesson learned from this experiment is the role of capillary barriers. While 

consistently loading the columns is impossible, the sterile column was heat treated and had a 

negligible water content when loaded. As compared to the other columns which still had some 

residual moisture, this difference in water content could explain why NAPL movement was slower 

through the sterile column. The effects of capillary barriers may also have affected the iron-

amended column. The fine particle size of the iron could have mitigated the flow of LNAPL into 

the OBB layers because the LNAPL never built up sufficient pressure to overcome the entry 

pressure of the iron-sand layer.  

6.4. Field Performance of an Oleophilic Bio-Barrier for Petroleum at Groundwater/Surface 

Water Interfaces 

The success of a 3.8 m by 9.3 m demonstration OBB resulted in replacing the demonstration OBB 

with a 3.8 m by 58 m full-scale OBB. The construction event was a unique opportunity to sample 

the different layers of an OBB after four years of field conditions. The sampling results advanced 

the mechanistic understanding of how OBBs work to reduce petroleum releases at GSIs. 

The geocomposite layer was scanned under UV light to detect NAPL on the surface of the 

geocomposite, and none was observed. Geocomposite samples showed no signs of biofouling or 

sedimentation in the geonet and were structurally intact. Sediment samples collected from 0-10 

cm (upper sediment) and 10-20 cm (lower sediment) showed no petroleum liquids in the upper 

sediment, but petroleum liquids were detected in the lower sediment as evident by sheens and 

petroleum odors after collecting lower sediment samples. Analysis using GC/FID and GC/MS 

compared toluene-extracted sample contamination levels against DRO standards. Results 

indicated that petroleum liquid levels were below quantification limits (2 mg/kg) for GC/FID for 
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the upper sediment and geocomposite. Concentrations in the lower sediment ranged from below 

quantification limits to 1,000s of mg/kg. This two order-of-magnitude change occurs over a sharp 

orange-black interface in the sediment below the geocomposite. The presence of orange 

precipitants, likely iron hydroxides, not present in the lower sediment suggests that ferrous iron 

from the reduced petroleum plume is oxidized and precipitates as orange ferric iron due to the 

increased oxygen at and below the OBB. This ferric iron is then available as an electron acceptor 

for microbial degradation of the hydrocarbon under anaerobic conditions. The reduced iron can 

then be cycled back to ferric iron upon the reintroduction of oxygen. Samples analyzed for total 

iron concentrations showed an average iron concentration of 12 mg/kg, one to two orders of 

magnitude lower than the total iron reported at other contaminated sites. 

Lines of evidence supporting microbial degradation are the compositional shift of petroleum 

liquids into metabolites and the higher average number of bacterial 16S transcripts found on the 

geocomposite compared to underlying sediment. Using the GC/MS library to identify compound 

specific peaks, GC/MS analysis shows that the polar/nonpolar ratio of contaminants in the lower 

sediment is over 50%, as compared to the geocomposite layer where the relative composition was 

strongly nonpolar (<10% polar). The oxidation of hydrocarbons is likely the byproduct of 

microbial degradation. The number of bacterial 16S transcripts was higher on average in the 

geocomposite layer, likely due to the enhanced delivery of oxygen and nutrients from the geonet 

in the OBB. While the OBB was predicted to enhance biological treatment in the geocomposite 

layer, this evidence suggests that petroleum liquids are degraded underneath the OBB due to the 

low loading rate. The underlying sediment and OBB system is a bioreactor that mitigates the 

formation of sheens due to biodegradation processes. The OBB provides additional storage 
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through the oleophilic sorption capacity which retains any petroleum that escapes the native 

system, such as through a root or animal burrow tube.  

6.5. Future Work 

This section discusses recommendations for future work to advance OBBs. The unsatisfactory 

results of the experiment in Chapter 4 suggest further research into degradation rates. The OBB 

sampling in Chapter 5 suggests additional layers like activated carbon may support OBB 

application where dissolved-phase loading to surface water is a concern. Investigation at additional 

field sites will help resolve the efficiency of the OBB under a more broad set of conditions 

including sites without tidal water level fluctuations.  

Creating a microcosm study with automated water table fluctuations is complicated. The work 

done in Chapter 4 provides a flawed experimental setup upon which future experiments could be 

based, but until an effective pumping system is designed, it is difficult to resolving 

aerobic/anaerobic degradation rates in the lab. For aerobic columns, air could be manually injected 

or pumped into the bottom of the column similar to the LNAPL for increased oxygen loading. Use 

of a well screen or hydrophilic filter could help mitigate LNAPL being drawn into the water 

effluent system but may create a preferential flow path for LNAPL in the system. Nanofiltration 

with filter pores so small that the LNAPL molecules cannot physically pass through the filter could 

be an option; however, smaller pore throats are more likely to plug. Further research into filtration 

used for water purification may elucidate a solution. 
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The success of the OBB to mitigate sheens at the site described in Chapter 5 is likely due to a low 

loading rate and tidal conditions. Additional layers could help adapt the OBB to a wider range of 

site conditions. Multiple layers of geocomposite or heavier weight geotextile would likely increase 

the retention capacity. A layer of activated carbon or other charged sorbent could reduce the levels 

of aqueous pollutants discharging into the surface water. Laboratory studies could test the best 

configuration for site-specific conditions. 

Further research into the role of iron at GSIs with petroleum sheens may elucidate enhanced 

degradation processes through additional ferric iron at the GSI. Hematite or other iron oxide 

minerals could be placed below the geocomposite and increase the amount of iron available for 

degradation processes. Samples properly preserved for iron analysis collected above and below 

the iron interface may elucidate a pattern between ferrous and ferric iron.  

Collecting representative samples from the OBB system without compromising the OBB system 

integrity is difficult. Ports built into the demonstration OBB design created preferential pathways 

for river sediment to accumulate into geocomposite sample discs. These sample discs accumulated 

layers of sediment up to 2 cm thick including organic material such as leaves and algae. These 

samples also had sediment inside the geonet which was not representative of geocomposite 

samples collected from the demonstration OBB. The sample ports were designed such that 

underlying sediment samples could be collected for analysis; however, removing too much 

sediment could create a cavity underneath the sample port and reduce the surface area contact 

between sediment and geocomposite, once again not representing normal conditions under the 

OBB. When pore water samples were collected during the pilot study, no aqueous petroleum 

compounds were detected in the water samples, suggesting that the water was primarily river water 
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instead of groundwater. Robust real-time monitoring systems could offer necessary lines of 

evidence to support OBB effectiveness. The evolution of real-time monitoring and the Internet of 

Things (IoT) may be the solution to OBB monitoring challenges. Coupling an internet-connected 

data logger with ORP, temperature, and pressure transducer sensors could provide continuous real-

time data that can support SCMs with less bias than previous continuous monitoring systems. 
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APPENDIX A 

Table 3. Summary of Site Data and Measured LNAPL Flux Values 

Site Well 
LNAPL 
thicknessa (m) 

LNAPL 
fluxa (m/yr) 

±qLw
a
 

(m/yr) 
Discharge 
(L/m/yr) 

A 1 1.0 0.038 0.0033 25 

A 2 0.63 0.092 0.018 39 
A 3 1.28 0.031 0.0068 26 
A 4 1.1 <0.0067 0.0067 4.9 

A 5 0.38 0.047 0.019 12 
B 1 0.06 0.025 0.0017 1.0 

B 2 0.37 0.043 0.0029 11 
B 3 0.08 0.047 0.0019 2.5 
B 4 0.05 0.064 0.0041 2.1 

B 5 0.57 0.032 0.0067 12 
C 1 0.15 <0.0065 0.0065 0.65 

C 2 0.13 <0.0065 0.0065 0.56 
C 3 0.12 <0.0065 0.0065 0.52 
C 4 0.40    

C 5 0.22 <0.013 0.013 1.9 
C 6 0.27    

C 7 0.29    

C 8 0.30 <0.0064 0.0064 1.3 
C 9 0.30 0.11 0.0064 22 

C 10 0.29 0.066 0.0064 13 
D 1 0.48 0.064 0.011 20 

D 2 1.40 0.032 0.0064 30 
D 3 0.70 0.16 0.0066 75 
D 4 0.17 0.13 0.0063 15 

D 5 0.15 0.23 0.014 23 
D 6 0.19 0.088 0.019 11 

D 7 0.55 <0.023 0.023 8.4 
D 8 0.51 0.063 0.003 21 
D 9 0.81 0.25 0.0082 135 

D 10 0.74 
0.029 
 

 

0.0067 14 
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D 11 0.09 
0.13 
 

 

0.003 7.8 

D 12 1.2    

D 13 1.1 2.6 2.6 1907 
D 14 0.55 0.32 0.0066 117 

D 15 0.47 0.18 0.006 56 
D 16 0.37 0.081 0.0065 20 

D 17 0.70 0.12 0.013 56 
D 18 0.25 0.25 0.0055 42 
D 19 0.52 0.23 0.003 80 

D 20 0.50 0.33 0.013 110 
D 21 0.92    

D 22 0.54 0.098 0.017 35 
D 23 0.12    

E 1 1.5    

E 2 0.63 <0.071 0.071 30 
E 3 0.61 <0.0090 0.009 3.7 

E 4 1.5 <0.0064 0.0064 6.4 
E 5 1.0 <0.016 0.016 11 

E 6 1.2 <0.033 0.033 26 
F 1 0.45 0.010  3.0 
F 2 0.23 0.028  4.3 

F 3 0.17 0.20  23 
F 4 0.20 0.064  8.5 

F 5 0.29 0.58  112 
F 6 0.17 0.076  8.6 
F 7 0.55 0.48  176 

G  0.14 0.059  5.5 

Mean 0.52 0.15 0.07 68 

Median 0.45 0.064 0.007 15 
25th Quartile  0.027  5.2 

75th Quartile  0.13  33 
aData from Mahler et al. (2012) 
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APPENDIX B 

Table 4. Diesel Range Organic (DRO) Concentration (mg/kg sample dry weight) 

Sample Location Lower (0-10 cm) Upper (10-20 cm) Geocomposite 
1 BQL BQL BQL 

2 522 BQL BQL 

3 2,852 BQL BQL 

4 2,287 BQL BQL 

5 2,566 BQL BQL 

6 2,757 BQL BQL 

7 5,288 BQL BQL 

8 3,571 BQL BQL 

9 468 BQL BQL 

10 744 BQL BQL 

11 1,405 BQL BQL 

12 BQL BQL BQL 

13 BQL BQL BQL 

14 BQL BQL BQL 
BQL – Below Quantification Limits – 2 mg/kg  
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Table 5. Relative Polar Peak Area (%) 

Sample Location Lower (0-10 cm) Upper (10-20 cm) Geocomposite 

1 7 BQL 100 
2 5 BQL 79 
3 3 BQL 59 
4 6 BQL 63 
5 2 BQL 59 
6 4 BQL 60 
7 5 BQL 63 
8 5 BQL 62 
9 6 BQL 81 
10 5 BQL 82 
11 6 BQL 97 
12 1 BQL 100 
13 3 BQL 100 

14 1 BQL 93 
BQL – Below Quantification Limits – 6 mg/kg  
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Table 6. Iron Concentrations (mg/kg sample dry weight) 

  Deionized water Acidified deionized water 
Sample 

Location 
Lower 

(0-10 cm) 
Upper 

(10-20 cm) 
Geo-

composite 
Lower 

(0-10 cm) 
Upper  

(10-20 cm) 
Geo-

composite 

1 9.0 2.2 102 4.3 4.4 52 
2 10 11 37 2.5 6.3 46 

3 14 14 85 6.8 6.5 47 
4 8.8 0.2 142 7.4 5.1 63 
5 5.9 1.6 99 6.2 6.9 50 

6 12 1.9 60 5.7 5.7 26 
7 16 1.4 71 8.2 5.2 41 

8 6.8 5.3 26 3.6 5.3 17 
9 17 17 45 6.4 8.1 20 
10 29 16 53 11 13 26 

11 11 2.0 46 7.9 6.5 13 
12 16 5.3 34 4.8 1.3 25 

13 14 2.8 93 5.6 4.0 30 
14 14 6.8 40 6.8 5.1 34 
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Table 7. Bacterial and Archaeal Abundance (number of 16S transcripts per g sample) 

 Bacteria Archaea Total 

Sample 
Location 

Lower 
(0-10 
cm) 

Upper 
(10-20 

cm) 
Geo-

composite 

Lower 
(0-10 
cm) 

Upper 
(10-20 

cm) 
Geo-

composite 

Lower 
(0-10 
cm) 

Upper 
(10-20 

cm) 
Geo-

composite 
2 9.8E+06 7.5E+08 1.9E+09 3.7E+05 1.0E+06 1.2E+06 1.0E+07 7.5E+08 1.9E+09 
4 3.3E+08 4.6E+09 1.6E+09 2.4E+06 2.6E+06 2.9E+05 3.3E+08 4.6E+09 1.6E+09 
6 4.6E+07 5.9E+08 1.2E+09 1.4E+06 4.3E+05 1.9E+06 4.8E+07 5.9E+08 1.2E+09 
8 1.8E+09 1.9E+08 1.7E+09 2.6E+07 9.8E+05 1.1E+06 1.8E+09 2.0E+08 1.7E+09 
11 1.6E+08 4.9E+09 2.0E+09 3.9E+06 1.5E+06 0.0E+00 1.7E+08 4.9E+09 2.0E+09 

12 2.2E+06 5.6E+06 1.3E+09 4.7E+05 2.7E+06 4.6E+04 2.7E+06 8.3E+06 1.3E+09 
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Table 8. Average Bacterial Putative Electron Acceptor/Donor per Layer for Main Seep Line (%) 

  
Lower 

(0-10 cm) 
Upper 

(10-20 cm) 
Geo-

composite 

Aerobe 9.79 23.51 27.13 
Nitrate Red./Aerobe 6.53 10.83 9.98 
Nitrate Red. 0.00 0.10 0.10 

Methane Ox./Aerobe 0.66 1.34 1.61 
Methane Ox./Nitrite Red. 0.06 0.00 0.10 

Iron Ox./Aerobe 0.31 0.55 0.26 
Iron Ox./Aerobe/Nitrate Red. 0.80 0.23 1.25 
Iron Ox./Aerobe/Iron Red. 0.06 0.60 0.00 

Iron Ox./Aerobe/Nitrate Red./Fermenter 0.00 0.23 0.00 
Iron Red. 0.26 0.86 0.99 

Iron Red./Aerobe 0.00 0.35 0.09 
Iron Red./Aerobe/Nitrate Red. 0.06 0.22 0.00 
Iron Red. / Nitrate Red. 0.00 0.00 0.00 

Iron Red./Aerobe/Nitrate Red./Fermenter 0.21 0.65 0.69 
Iron Red./Aerobe/Fermenter 0.86 0.31 0.00 

Iron Red./Nitrate Red./Fermenter 0.00 0.11 0.00 
Iron Red./Sulfate Red. 0.06 0.00 0.10 

Iron Red./Fermenter 0.65 0.52 0.61 
Iron Red./Sulfate Red./Fermenter 0.00 0.22 0.00 
Sulfate Red. 1.61 0.35 0.90 

Sulfate Red./Fermenter 1.94 0.27 0.14 
Sulfate Red./Nitrate Red./Fermenter 1.17 0.00 0.00 

Fermenter 17.00 4.41 4.71 
Fermenter/Aerobe 0.19 0.30 0.33 
Fermenter/Nitrate Red. 0.26 0.34 0.33 

Fermenter/Aerobe/Nitrate Red. 1.32 3.96 1.97 
Broadly Classified 50.17 40.49 43.11 

Other 4.97 8.24 4.73 
Non Bacteria 1.06 0.99 0.89 
<1% 2.99 5.37 3.60 

Total 100.00 100.00 100.00 
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Table 9. Average Archaeal Putative Electron Acceptor/Donor per Layer for Main Seep Line (%) 

  Lower (0-10 cm) Upper (10-20 cm) Geocomposite 
Methanogen 30.05 2.08 6.09 
Ammonia Ox. Archaea 0.00 31.05 8.10 
Methane Ox./Nitrate Red. 0.64 1.08 0.00 
Fermenter 0.54 0.00 0.00 
Broadly Classified 65.10 45.59 51.53 
Non Archaea 3.66 20.20 34.29 
Total 100.00 100.00 100.00 
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APPENDIX C 

Aerobic Bacteria 

Acetobacteraceae Sievers, M. and Swings, J. (2015). Acetobacteraceae. In Bergey's Manual of Systematics 
of Archaea and Bacteria (eds W. B. Whitman, F. Rainey, P. Kämpfer, M. 
Trujillo, J. Chun, P. DeVos, B. Hedlund and S. Dedysh). 
doi:10.1002/9781118960608.fbm00174 

Acidipila Okamura, K., Kawai, A., Yamada, T., & Hiraishi, A. (2011). Acidipila rosea gen. nov., 
sp. nov., an acidophilic chemoorganotrophic bacterium belonging to the phylum 
Acidobacteria. FEMS microbiology letters, 317(2), 138-142. 
doi:10.1111/j.1574-6968.2011.02224.x  

Jiang, Y. W., Wang, J., Chen, M. H., Lv, Y. Y., & Qiu, L. H. (2016). Acidipila dinghuensis 
sp. nov., an acidobacterium isolated from forest soil. International journal of 
systematic and evolutionary microbiology, 66(1), 76-83. 
doi:10.1099/ijsem.0.000676 

Acidisoma Belova, S. E., Pankratov, T. A., Detkova, E. N., Kaparullina, E. N., & Dedysh, S. N. 
(2009). Acidisoma tundrae gen. nov., sp. nov. and Acidisoma sibiricum sp. nov., 
two acidophilic, psychrotolerant members of the Alphaproteobacteria from 
acidic northern wetlands. International journal of systematic and evolutionary 

microbiology, 59(9), 2283-2290. dio:10.1099/ijs.0.009209-0 
Acidisphaera Hiraishi, A. (2015). Acidisphaera. In Bergey's Manual of Systematics of Archaea and 

Bacteria (eds W. B. Whitman, F. Rainey, P. Kämpfer, M. Trujillo, J. Chun, P. 
DeVos, B. Hedlund and S. Dedysh). doi:10.1002/9781118960608.gbm00878 

Acidocella Hiraishi, A. (2015). Acidocella. In Bergey's Manual of Systematics of Archaea and 
Bacteria (eds W. B. Whitman, F. Rainey, P. Kämpfer, M. Trujillo, J. Chun, P. 
DeVos, B. Hedlund and S. Dedysh). doi:10.1002/9781118960608.gbm00879 

Acidothermaceae Normand, P. , Berry, A. and Benson, D. R. (2015). Acidothermaceae. In Bergey's Manual 
of Systematics of Archaea and Bacteria (eds W. B. Whitman, F. Rainey, P. 
Kämpfer, M. Trujillo, J. Chun, P. DeVos, B. Hedlund and S. Dedysh). 
doi:10.1002/9781118960608.fbm00017 

Acidothermus Normand, P. , Berry, A. and Benson, D. R. (2015). Acidothermus. In Bergey's Manual of 
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Actinoallomurus yoronensis sp. nov. International journal of systematic and 
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Tang, Y. L., Lin, H. P., Xie, Q. Y., Li, L., Peng, F., Deng, Z., & Hong, K. (2013). 

Actinoallomurus acanthiterrae sp. nov., an actinomycete isolated from 
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Actinoplanes Vobis, G. , Schäfer, J. and Kämpfer, P. (2015). Actinoplanes. In Bergey's Manual of 
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Aggregicoccus Kuever, J., Rainey, F. A., & Widdel, F. (2005). Class IV. Deltaproteobacteria class nov. 
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Cyanobacteria: Alkalinema, Anabaena, Aphanothece, Chamaesiphon, Chlorogloea, 

Chroococcidiopsis, Chroococcopsis, Cyanobacteria, Cylindrospermum, Gloeobacter, Jaaginema, 

Kamptonema, Leptolyngbya, Mastigocoleus, Microcystis, Microseira, Nostoc, Nostocales, 

Oscillatoriales, Phormidium, Pleurocapsa, Scytonema, Sphaerospermopsis, Stanieria, Stigonema, 

Symphyonema, Thermosynechococcus, Tolypothrix, Trichocoleus 
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Canidate Division – no information available – candidate division WPS-1, candidate division 

Zixibacteria 

Broadly Classfied Bacteria: Acidimicrobiaceae, Acidimicrobiales, Acidimicrobiia, Acidobacteria, 

Acidobacteriaceae, Actinobacteria, Alphaproteobacteria, Bacteroidetes, Betaproteobacteria, 

Bradyrhizobiaceae, Burkholderiales, Caldilineaceae, Caldilineae, Caldilineales, Candidatus 

Aminicenantes, Candidatus Hydrogenedentes, Candidatus Microgenomates, Candidatus 

Parcubacteria, Candidatus Saccharibacteria, Chitinophagaceae, Chloroflexaceae, Chloroflexi, 

Clostridia, Deinococcus-Thermus, Deltaproteobacteria, Desulfuromonadales, Firmicutes, 

Frankiaceae, Frankiales, Gammaproteobacteria, Holophagae, Iamiaceae, Ignavibacteriales, 

Mycobacteriaceae, Nitrospiraceae, Nitrospirae, Nitrospirales, Omnitrophica, Oxalobacteraceae, 

Phycisphaeraceae, Planctomycetaceae, Planctomycetales, Planctomycetia, Proteobacteria, 

Rhizobiales, Rhodobacterales, Rhodobiaceae, Rhodocyclaceae, Rhodocyclales, 

Rhodospirillaceae, Rhodospirillales, Rubrobacteria, Ruminococcaceae, Solibacteraceae, 

Solibacteres, Sphaerobacteraceae, Sphingobacteriales, Spirochaetales, Spirochaetia, 

Sporichthyaceae, Syntrophaceae, Syntrophobacterales, Thermomicrobia, Unclassified (Bacteria) , 

Verrucomicrobia 

Broadly Classfied Archaea: Candidatus Aenigmarchaeota, Candidatus Aenigmarchaeum, 

Candidatus Bathyarchaeota, Candidatus Micrarchaeum, Crenarchaeota, Euryarchaeota, 

Thermoplasmata, Thermoplasmatales, Thermoprotei, Unclassified (Archaea) 

Eukaryotes: Allapsa, Anneissia, Closteriopsis, Cyclotella, Delphineis, Euglenida, Fragilaria, 

Gonium, Hazardia, Neovahlkampfia, Oreochromis, Oryza, Pileolariaceae, Sedum, 
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Spermatozopsis, Stokesia, Synedra, Unclassified (Eukaryota), Unclassified (Unclassified Animal 

Kingdom) 
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