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ABSTRACT 

 

Chlorinated solvents, such as tetrachloroethene (PCE), trichloroethene (TCE), and 

carbon tetrachloride (CT), are primary contaminants of concern for a vast majority of 

federal and state Superfund sites in the US due to their prior widespread use as solvents 

for numerous industrial and commercial applications.  Source-zones containing large 

quantities of contaminant are typically present at sites contaminated by chlorinated 

solvents. Particularly in regions such as the SW US, these source zones reside, at least in 

part, in the extensive vadose zones typical of these regions. There are two primary 

concerns associated with sites that contain vadose-zone contaminant sources. First, 

discharge of contaminant vapor from the vadose-zone source may impact the underlying 

groundwater. This could contribute to overall risk posed by the site, and delay attainment 

of groundwater cleanup goals. Second, contaminant vapor from the vadose-zone source 

may migrate to the land surface and transfer into buildings, thereby causing vapor 

intrusion. The focus of this research is the development and application of innovative 

methods for characterizing vadose-zone contamination. 

Phytoscreening is a new, rapid, and relatively low-cost characterization technology 

that can be used to screen an area for the presence of select contaminants such as 

chlorinated VOCs.  Phytoscreening is based on the sampling and analysis of plant tissues 

(branch, trunk, leaf, seed, needle) to detect the presence of contamination in soil and 

groundwater.  Phytoscreening is applied to three sites in Arizona to evaluate its use in 
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semi-arid environments. In addition, all available field data sets have been compiled to 

examine potential correlations between contaminant concentrations measured for tree 

tissue and those for groundwater.  Contaminant concentrations were detected in tree 

tissue samples collected from two of the three Arizona sites.  A review of the field site 

data suggests that a correlation exists between PCE and TCE concentrations measured for 

tree tissue and those measured in groundwater. The correlation can be used to estimate 

vegetation concentrations when groundwater concentrations are known. The reasonable 

degree of correlation supports the use of phytoscreening as a robust screening tool to 

provide a first-order characterization of anticipated concentrations of contaminants in 

groundwater. This tool can also be used to screen an area for vapor intrusion potential.  

A sampling method for the determination of chlorinated contaminant vapor 

concentrations present in the vadose zone, specifically trichloroethene (TCE), has been 

developed, and was applied at the Tucson International Airport Authority (TIAA) 

Superfund site.   The method was modified from the NIOSH Manual of Analytical 

Methods (NMAM) # 1022 for TCE, and is targeted to situations requiring cost effective 

sample collection, particularly for cases when concentrations are at or below maximum 

contaminant levels (MCLs).  In the modified NIOSH method, TCE vapor is sampled 

using a solid sorbent cartridge containing coconut shell charcoal arranged into primary 

and secondary sections.  Gas Chromatography with Mass Spectrometry is used to 

confirm and quantify the presence of TCE.  The results of laboratory tests demonstrate a 

maximum TCE vapor load of approximately 22 mg before breakthrough to the secondary 
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section, and a recovery of approximately 97%.  The results of a performance comparison 

test conducted in the field demonstrated that results obtained with the cartridge samplers 

were similar to those obtained with the use of standard Summa canisters.   

Landfill waste often serves as a long-term source of volatile organic compounds 

(VOCs) in the vadose zone.  In turn this contamination can have a significant impact on 

groundwater and on residential or commercial indoor air quality through vapor intrusion.  

Sulfur hexafluoride (SF6) was used as the non-reactive gas tracer. Gas samples were 

collected from a multiport monitoring well located 15.2 m from the injection well, and 

analyzed for SF6, CH4, CO2, and VOCs. The travel times determined for SF6 from the 

tracer test are approximately two to ten times smaller than estimated travel times that 

incorporate only gas phase diffusion. In addition, significant concentrations of CH4 and 

CO2 were measured, indicating production of landfill gas.  Based on these results, it is 

hypothesized that the enhanced rates of transport observed for SF6 are caused by 

advective transport associated with landfill gas generation. 

A method termed vapor-phase tomography has recently been proposed to 

characterize the distribution of volatile organic contaminant mass in vadose-zone source 

areas, and to measure associated three-dimensional distributions of local contaminant 

mass discharge. The method is based on measuring the spatial variability of vapor flux, 

and thus inherent to its effectiveness is the premise that the magnitudes and temporal 

variability of vapor concentrations measured at different monitoring points within the 

interrogated area will be a function of the geospatial positions of the points relative to the 
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source location. A series of flow-cell experiments was conducted to evaluate this 

premise. A well-defined source zone was created by injection and extraction of a non-

reactive gas (SF6). Spatial and temporal concentration distributions obtained from the 

tests were compared to simulations produced with a mathematical model describing 

advective and diffusive transport. Tests were conducted to characterize both areal and 

vertical components of the application. Decreases in concentration over time were 

observed for monitoring points located on the opposite side of the source zone from the 

local–extraction point, whereas increases were observed for monitoring points located 

between the local–extraction point and the source zone. The results illustrate that 

comparison of temporal concentration profiles obtained at various monitoring points 

gives a general indication of the source location with respect to the extraction and 

monitoring points.  



 

 

 

10 

 

CHAPTER I: INTRODUCTION 

STATMEMENT OF PROBLEM 

The measurement of volatile organic compounds (VOCs) in the subsurface has 

long been established and researched.  Chlorinated VOCs have been propelled to the 

forefront of this research due to their persistence in the subsurface and continued threat to 

human health.  Thus, the need to fully characterize these compounds and determine their 

flux or discharge within the subsurface is of great importance. 

In many areas, such as the southwest US, extensive vadose zones are present. 

Large quantities of contamination are typically present in these deep vadose zones at 

chlorinated-solvent contaminated sites. These sources can have significant impacts on 

groundwater quality and on vapor intrusion risk. To better evaluate the risk posed by 

VOCs and determine remedial actions, source-zone characterization of these compounds 

is imperative.  The ultimate goal of VOC characterization is to better understand how the 

source zone impacts its surrounding through contaminant delivery into all media.  This 

includes sorption to soil particles, dissolution into available water, and vapor transport 

within the unsaturated pore spaces. 

The ultimate focus of human health has led research in the direction of 

determining better ways to remediate contamination sites when pump and treat and soil 

vapor extraction (SVE) methods have been exhausted.  The research presented herein 

aims to investigate innovative methods that focus on characterizing distribution 

(phytoscreening pilot study), concentrations present (soil gas sampling method), transport 
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(gas tracer test), and spatial variability (vapor phase tomography test) of select VOCs 

(i.e., PCE and TCE) in the vadose zone.  Specifically evaluating how phytoscreening, gas 

tracer tests (GTT), the use of a newly modified vapor sampling method, and a vapor 

phase tomography test (VPT) can better facilitate source-zone characterization. 
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LITERATURE REVIEW 

Volatile Organic Compounds, better known as VOCs, are the products of solid 

and liquid compound phase transformation.   VOCs were used in the past as solvents for 

numerous commercial and industrial applications.  VOCs are also widely identified in 

household items such as many paints, cleaning supplies, pesticides, building materials 

and furnishings, disinfecting, degreasing, and hobby products 

(http://www.epa.gov/iaq/voc.html).  VOCs are in the class of organic chemicals and by 

definition have a high vapor pressure at room temperature.  These compounds are highly 

mobile and tend to partition very quickly from the solid or liquid forms into the gaseous 

form.  VOCs consist of numerous chlorinated solvent compounds (tetrachloroethene, 

trichloroethene, carbon tetrachloride, etc), paints and coatings, chlorofluorocarbons 

(CFCs), and hydrocarbons (e.g., benzene, toluene).   Due to their extensive use in the 

early to mid 1900s, chlorinated solvents in particular have left a ubiquitous footprint of 

contamination in our air, water, and soil.  Chlorinated VOCs are the compounds of 

interest presented in this work, including tetrachloroethene (PCE) and trichloroethene 

(TCE). TCE and PCE are identified at approximately 80% of Superfund Sites and 

approximately 3,000 Department of Defense sites in the United States (SERDP, 2006). 

Many adverse health effects are associated with these chlorinated solvents.  Vinyl 

chloride, TCE, PCE and carbon tetrachloride are in 4th, 16th, 33rd, and 50th place 

respectively on the ATSDR Priority List of Hazardous Substances, which is a ranking of 

substances that are most commonly found at NPL sites and which are determined to pose 
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the most significant potential threat to human health due to their known or suspected 

toxicity and potential for human exposure at these NPL sites 

(http://www.atsdr.cdc.gov/spl/).  Based on this ranking and evidence of their persistence 

in the environment, chlorinated VOCs are particularly important to the scientific and 

local communities. 

There are two major concerns associated with the contamination of VOCs in the 

vadose zone.  The discharge of VOCs from the source to the underlying groundwater and 

the occurrence of vapor intrusion into homes, building, and spaces pose the greatest 

concern to human health.  As previously stated, identification, removal and treatment of 

VOCs from the groundwater has been established (e.g., Gvirtzman and Gorelick, 1992;  

Arendt et al., 1990;  Kavanaugh et al., 1979;  Roberts et al., 1986; Michael et al., 1988;  

Love and Eilers, 1982).  TCE and PCE have established maximum contaminant levels of 

5 ug/L for groundwater.  As with the groundwater, contamination in the gaseous form 

that advects and diffuses from the organic liquid phase within the unsaturated zone and 

subsequent land surface poses a great threat to human health in the form of vapor 

intrusion.  The contaminant pathways, factors, characterizations and analysis have been 

explored (e.g., Fitzpatrick and Fitzgerald, 2002; Little et al., 1992; Johnson and Ettinger, 

1991; Fischer et al., 1996; Sanders and Hers,  2006; Hodgson et al., 1992; Molhave et al., 

1997; Smith et al., 1996; Choi et al., 2002;  Tillman and Smith, 2004).  This exploration 

has also included the importance of models for the prediction of gas phase contaminant 
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transport in the vadose zone (e.g., Jury et al., 1983; Shoemaker et al., 1990; Brusseau, 

1991; Shan and Stephens, 1995; Ririe and Sweeney, 1995).  

Currently, there are two standard methods commonly used to characterize VOCs 

in the vadose zone for the determination of contaminant concentrations.  One method is 

the collection of soil (sediment) samples.  Soil sampling methods are employed by 

contractors, consultants, universities and most, if not all, regulating agencies on state and 

federal levels (e.g., Cline, 1944;  Hodgson, 1978;   Crepin and Johnson, 1993; Carter, 

1993;  EPA, 1996,1999, 2011;).   All methods contain limitations and advantages.  

Samples are primarily soil, but additional phases within the sample must also be 

considered such as the presence of water (i.e., water content) and/or presence of organic 

liquid (i.e., DNAPL such as TCE, PCE, or carbon tetrachloride).  This multi-phase 

sample can be quite complex and can determine the ease with which VOC concentrations 

are determined.  Advantages of the sediment sampling method include accurate VOC 

concentrations and direct VOC measurements pertaining to concentrations in liquid and 

sorbed phases (i.e., quantitative analysis). Collecting soil samples for VOC analysis is 

fairly expensive and can be very time intensive.  Also, soil sampling of VOCs is an 

impractical method to accurately characterize spatial heterogeneity. 

The collection of soil-gas samples is the other standard method used to 

characterize VOCs in the vadose zone.  Sample gas is collected actively or passively. 

Collection of soil gas can be used to quantitatively assess contaminants in the vadose 

zone. Currently, the soil gas survey employs the use of soil-gas sampling method for 
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identification of sources and to distinguish between soil and groundwater contamination. 

Spittler (1985) used a grab sampling technique which requires the installation of a small 

tube down an augered borehole.  The tube is sealed at the surface and soil gas is pumped 

to the ground surface where it can be sampled. Thompson and Marrin (1987) refined the 

grab sample technique by requiring that a smaller volume of gas be pumped to ground 

surface where it is subsampled using a syringe with only milliliters of volume are 

collected, then injected into a mobile gas chromatograph located in a field vehicle.  The 

advantage of sampling soil gas is the quantitative information it can provide.  But the 

characterization of VOCs in the vadose zone pertaining to source zone size spatially, 

vertically, or in poorly accessible regions is limited (e.g., Kerfoot, 1988;   Marrin and 

Kerfoot, 1988). 

While the collection of soil-sediment samples and soil-gas samples are the two 

primary methods used to characterize vapor phase VOCs in the vadose zone, other 

approaches exist.  Everette et al. (1984) employed a passive sampling technique which 

buried an adsorbent into the soil, left for a period of days to weeks, removed and then 

analyzed for VOCs.  Tests can also be conducted using vapor extraction wells to help 

characterize VOC distributions and transport behavior in the vadose zone (e.g., 

Rathfelder et al., 1995; Widdowson et al., 1997; Brusseau et al., 2013). 
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Gas Tracer Test/Tracer Test 

Currently tracer tests (i.e., partitioning gas tracer test, non-reactive tracer test, 

interfacial tracer test and bio-geochemical tracer test) are used to assess chlorinated 

VOCs in the vadose zone (e.g., Nelson and Brusseau, 1996;  Brusseau et al., 1997; 

Whitley et al., 1999; Nelson et al., 1999;  Young et al., 1999;  Cain et al., 2000;  Rao et 

al., 2000;  Davis and Semprini, 2002; Brusseau et al., 2003;  Divine et al., 2004;  Simon 

and Brusseau, 2007;  Brusseau et al., 2007;  Hartog et al., 2010). 

The use of a gas tracer test (GTT) can help to characterize a multitude of 

conditions, processes, and parameters, such as source identification, advective and 

diffusive transport, and residence time distribution.  More particularly water content 

(e.g.,Keller and Brusseau, 2003; Carlson et al., 2003; Nelson et al., 1999:  Han et al., 

2006; Han et al., 2006; Jung et al., 2012) gas flow velocities and tortuosity (e.g., Tick et 

al., 2007; Werner et al., 2004;  Kreamer et al, 1988) can be determined with data 

provided from a GTT.   

  Several GTT methods exist to characterize methane generation, such as double 

tracer techniques (e.g., Scheutz et al., 2011), multiple tracer tests (e.g., Jung et al., 2012), 

tracer tests from leachate wells (e.g., Fredenslund et al., 2010), and gas push-pull tests 

(e.g., Gomez et al 2008; Streese-Kleeberg et al., 2011).  The impact of biogeochemical 

reactions on gas transport and how these reactions can determine rates of methane 

production and attenuation have also been discussed (e.g., Molins et al., 2010).  Although 

well established, water content along with pore gas velocities dictate the residence time 
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of methane as well as the speed to which methane vapors travel both to the atmosphere 

and subsequently to the water table (i.e., Sanchez et al., 2010; Zoellmann et al., 2001; 

Han et al., 2006).  These parameters can affect the accuracy of travel time calculations of 

a GTT if values have not been determined. 

Soil Gas Sampling Methods 

The soil gas sampling technique has been used for the purpose of identifying 

VOCs in the vadose zone, as discussed above.  Currently, soil gas surveys provide a 

partial assessment of the soil atmosphere in the vadose zone.  The assessment contains 

information pertaining to the presence, source, composition and distribution of 

contaminants within the vadose zone.  The information is then used to make decisions 

addressing the removal or cleanup of the contaminants. Two types of soil gas sampling 

methods exist, one being active and the other passive.  Active sampling consists of using 

a pump to remove a select volume of VOC gas from the vadose zone into a sample 

collection device for analysis.  Passive sampling consists of leaving a sorbent material in 

the ground for advective gas movement to be collected over the material for a select 

period of time.  This research aims to explore the modification of an existing active 

method using sorbent material as the sample collection device for collection of soil gas 

samples.   

Currently summa canisters are used primarily for soil gas sampling in the vadose 

zone, following current soil gas sampling guidance documents (i.e., EPA Method 0040) 

that suggest summa canisters and tedlar bags exclusively for soil gas sampling in the 
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vadose zone. These devices require a large sample volume (i.e., 1, 4, 15 or >20L of gas) 

for analysis and sampling times can vary from minutes to hours based on the required 

flow rate. The variables of flow rate and sample volume are key to quantifying VOC 

vapor gas samples at a select location. The samples collected with these two devices are 

in essence grab samples and thus their use can be problematic for quantifying lower 

concentrations. This is particularly significant for example for sites at which contaminant 

concentrations are mediated by mass-transfer limitations or dilution effects. In addition, 

summa canisters and tedlar bags can be relatively expensive to use, particularly for 

situations for which a large number of samples must be collected. 

 

Phytoscreening  

As the need to draw a better correlation between contaminants measured in 

groundwater, those measured in the vadose zone (unsaturated soil zone) and subsequent 

vapor intrusion risk increase, characterization tools are in high demand.  Phytoscreening 

is a relatively new, rapid and low cost characterization technology that allows researchers 

to accurately screen an area for the presence of select contaminants such as VOCs and 

BTEX. (e.g., Gordon et al. 1998; Vroblesky et al. 1999; Narayanan et al. 1999; Newman 

et al. 1999; Ma and Burken 2002; Ma and Burken 2003; Vroblesky et al. 2004; 

Struckhoff et al., 2005; Gopalakrishnan et al. 2007; Sorek et al. 2008; Larson et al. 2008; 

Burken et al. 2009; Burken et al. 2011).  Holm et al. (2011) established a series of 

objectives as to the many uses of phytoscreening.  Phytoscreening can be used to rapidly 
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determine soil and/or groundwater pollution and in turn, determine plume direction and 

spatial distribution.  It can also be used to investigate soil and groundwater pollution at 

sites not accessible with heavy equipment or in areas where explosive agents exist and 

drilling may cause an increase in already present risks. 

 There are several means by which contaminants in the subsurface may be 

transmitted to and taken up by plants. For example, plants can take up solutes present in 

soil-pore water through root tissue. Contaminants associated with the soil in which the 

roots are present can also be affected via their transfer into solution, which is enhanced in 

some cases by the action of plant-root exudates. For shallow groundwater systems, plant 

roots can directly tap the groundwater and thereby take up solutes present. This mode of 

action may not be possible for deeper groundwater systems. Thus, depth to groundwater 

is a critical variable for phytoscreening applications. However, phytoscreening has been 

demonstrated to be effective for detecting volatile organic contaminants present in deeper 

groundwater (Sorek, et al., 2008). This may be due to diffusive vapor-phase transport of 

the contaminant from the groundwater surface, through the vadose zone, to the root zone. 

In this regard, phytoscreening may serve as a simulator for assessing vapor-intrusion 

potential.  

 

Vapor Phase Tomography 

 The vapor-phase tomography (VPT) method was recently developed to provide 

three-dimensional, spatially resolved characterization of vapor flux in the vadose zone 
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(Brusseau et al., 2011). This method involves collecting depth-specific concentration and 

flow-rate (or surrogate) data at multiple monitoring wells during a short-term vapor 

extraction that is conducted at a selected location. This component is repeated for 

multiple extractions, each conducted at a different location. The VPT method is 

analogous to the hydraulic and pneumatic tomography tests that have been developed to 

characterize permeability distributions in the subsurface (e.g., Baehr and Hult, 1991; 

Vesselinov et al, 2001; McDermott et al. 2003; Brauchler et al., 2003; Illman et al., 2007; 

Ni and Yeh, 2008) and partitioning-tracer tomography developed to characterize DNAPL 

sources in groundwater (e.g., Yeh and Zhu, 2007, Illman and al. 2010). In contrast to the 

latter test, concentrations of resident constituents rather than injected tracers are 

monitored. 

 

SUMMARY 

The development of innovative, cost-effective site characterization and 

monitoring tools is essential (DOD, 2011; NRC, 2012).  As the need to better 

characterize gas phase VOCs in the vadose zone remains, past and present tools must be 

modified and created to stay abreast of the changing needs. The novel, cost-effective 

approach of phytscreening allows the use of already present vegetation to characterize the 

presence of VOCs in the subsurface.  Identification of TCE or PCE in leaf or tree core is 

an indication of VOC presence.  More importantly, this detection can be used as a 

screening tool during initial site assessments.  Phytoscreening provides a low cost, 



 

 

 

21 

 

quantitative analysis of VOC uptate through vegetation in an area where contamination is 

known to exist in the groundwater. Vapor-phase tomography provides a means to 

develop a three-dimensional, spatially resolved characterization of vapor sources in the 

vadose zone. 

 The modification of an active sorbent cartridge sampling method for the 

collection of VOC gases within the subsurface when concentrations are below the 

maximum contaminant level (MCL) is also required for characterization of VOCs in the 

vadose zone.  Although these methods vary in application, they are similar in function.  

These technologies are used in the identification of select VOCs (i.e., TCE and PCE) for 

the determination of concentrations in the unsaturated vadose zone.  The quantitative 

results show the advantages and limitations of the technologies and expose ways in which 

they can be improved upon.  Also, recommendations for remediation system closure can 

be determined with quantitative source zone characterization results.  Vapor-phase 

tomography provides a means to develop a three-dimensional, spatially resolved 

characterization of vapor sources in the vadose zone. Using the GTT for characterization 

within a landfill can help identify source zone VOCs.  Particularly, identify the transport 

mechanism (i.e., advective or diffusive) of these VOCs from the landfill to the 

groundwater or land surface through vapor intrusion.   
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EXPLANATION OF DISSERTATION FORMAT 

This dissertation contains four manuscripts in total.  The manuscripts included in 

Appendices A, B and C are in preparation for submission.  Appendix D is a collaboration 

project.   

I was responsible for sample collection, analysis, and initial interpretation of 

results presented in Appendices A, B and C. This work included experimental design, 

preparation and sample analysis performed at both, the Contaminant Transport Group 

laboratory (Saguaro Hall, UA) and in the Arizona Laboratory for Emerging Contaminants 

(ALEC; Gould-Simpson Bldg., UA).  The associated manuscripts were developed in 

collaboration with my advisor, and other co-authors where applicable. The work 

presented in Appendix D is a collaborative effort where my contribution was to help 

evaluate and interprets results and production of the manuscript.  
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CHAPTER II: PRESENT STUDY 

 

The methods, results, and conclusions of this study are presented in the chapters 

appended to this dissertation. The following is a summary of the most important findings 

in this document. 

 

SUMMARY OF RESULTS 

Phytoscreening Pilot Study 

A correlation between TCE and PCE contamination in tree cores and groundwater 

has been explored at a few field sites. The majority of prior phytoscreening applications 

have been conducted primarily in humid and semi-humid environments. The objective of 

this research is two-fold. First, phytoscreening is applied to three sites in Arizona to 

evaluate its use in semi-arid environments. Second, all available field data sets have been 

compiled to examine potential correlations between contaminant concentrations 

measured for tree tissue and those for groundwater.  Contaminant concentrations were 

detected in tree tissue samples collected from two of the three Arizona sites.  A review of 

the field site data suggests that a correlation exists between PCE and TCE concentrations 

measured for tree tissue and those measured in groundwater. The correlation can be used 

to estimate vegetation concentrations when groundwater concentrations are known. The 

reasonable degree of correlation supports the use of phytoscreening as a robust screening 
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tool to provide a first-order characterization of anticipated concentrations of contaminants 

in groundwater. 

Soil Gas Sampling Method 

A sorbent cartridge method currently used for the sampling of chlorinated 

compounds in the ambient air has been adapted for the sampling of VOCs in the vadose 

zone.  The use of this sampling device adds to the arsenal of sampling methods for 

collecting soil gas and better quantifies its current limitations.  The extraction efficiency 

for the cartridge was determined to be 97%.  The maximum load of Section A has been 

determined to be 22 mg of TCE (for the 400mg of coconut charcoal).  This value can be 

used to estimate exposure (collection) time of the cartridge when the target concentration 

is known.  The use of the cartridge is compared to that of summa canisters and provides 

comparable results.  A major advantage of the cartridge method is that it concentrates the 

sample during collection, such that it can achieve QDLs lower than those associated with 

the use of Summa canisters for collection. The lower detection limit allows for improved 

site characterization, which may in turn enhance risk assessment and decision making 

concerning remediation.  

Gas Tracer Test 

A gas-phase tracer test (GTT) was conducted at a landfill in Tucson, AZ, to help 

elucidate the impact of landfill gas generation on the transport and fate of chlorinated 

aliphatic volatile organic contaminants. The travel times determined for SF6 from the 

tracer test are approximately two to ten times smaller than estimated travel times that 
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incorporate only gas phase diffusion. In addition, significant concentrations of CH4 and 

CO2 were measured, indicating production of landfill gas. Based on these results, it is 

hypothesized that the enhanced rates of transport observed for SF6 are caused by 

advective transport associated with landfill gas generation. The rates of transport varied 

vertically, which is attributed to multiple factors including spatial variability of water 

content, refuse mass, refuse permeability, and gas generation. 

  

Vapor Phase Tomography Test 

 The vapor-flux characterization component of the VPT method in a controlled 

laboratory setting was evaluated. The method is composed of one or several extraction 

tests performed in the area surrounding a presumed source.  Decreases in concentration 

over time were observed for monitoring points located on the opposite side of the source 

zone from the local–extraction point, whereas increases were observed for monitoring 

points located between the local–extraction point and the source zone. The results 

obtained from the flow-cell experiments indicate that monitoring the spatial variability of 

VOC concentrations or fluxes can be used to help characterize vadose-zone sources. This 

approach can then serve as the basis for advanced evaluations employing tomographic 

analysis. 
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RESEARCH IMPLICATIONS 

Phytoscreening Pilot Study 

As discussed in the Appendix, the concentration of contaminant in groundwater 

appears to be the primary predictor for the concentrations determined in tree tissue. 

However, it is anticipated that several other factors related to site conditions influence 

measured concentrations. A primary factor would be climate, through the impact of 

properties such as precipitation, evapotranspiration, subsurface temperature, and depth to 

groundwater. Another major factor is tree species and their associated uptake 

mechanisms.  As plants uptake chlorinated contaminants, the tree root, trunk, branches 

and leaves have varying transport mechanisms based on tree morphology.  This 

morphology dictates flow patterns, velocities and accumulation of contaminants within 

these media.  It has been established that trees have varying uptake mechanisms and with 

that, can reject the uptake of certain compounds or enhance uptake based on their 

physical and chemical properties.  Schroder et al. (1997) studied pine species and 

determined that peroxidase and glutathione S-transferase may play a role in the 

detoxification of chlorinated VOCs thus increasing plant tolerance.  If the plant species is 

TCE tolerant, this may reduce the ability to obtain representative samples, thus providing 

significantly lower TCE and PCE core or vegetation concentrations than what the tree 

was originally exposed to at the root.  Biernacki et al. (1995) show that when select plant 

species survive TCE treatment, they seemed to be naturally resistant.  This suggests 

select plant species contain an enzyme system that increases their TCE tolerance.  Plant 
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tolerance to TCE could lead to non-detects in certain plant species giving false negative 

results.  Plant uptake mechanisms may also explain the changes in contaminant 

concentrations of different media (i.e., leaf, branch, or core).  Ma and Burken (2003) 

show that diffusion rates in tree stems are directly related to transpiration rates.  Also, 

diffusive TCE concentrations decrease up the tree in vertical flow direction and decrease 

radially laterally from the center to the atmosphere.  This decrease in TCE concentrations 

may explain non detection in certain plant species.  If leaves were sampled, the 

occurrence of non-detection may be due to stem TCE diffusion rates being higher than 

transport rate via xylem TCE to tree leaves.  

Temperatures in the vadose zone may also play a role in the uptake of TCE within 

a tree species.  The daytime thermal profile of the vadose zone consists of warm air in the 

upper parts and colder air in the deeper parts, but at night, this thermal profile is inverted.  

This constantly changing thermal gradient affects the vapor flux of TCE and other 

contaminants within the vadose zone.  Consequently, when the thermal gradient consists 

of increasing warmer temperatures, there is increased volatilization of TCE vapors from 

groundwater, producing higher vapor concentrations.  This volatilization leads to a higher 

probability of TCE uptake by plants.  It can be postulated that in an arid or semi-arid 

environment, these higher subsurface temperatures may produce greater TCE flux 

leading to an increase in uptake by plants, and in turn, higher concentrations detected in 

core and leaf samples. 
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It is routine practice to report vegetation and soil concentration values in 

contaminant mass per sample dry weight (i.e., ug/kg).  However, for the composite data 

set, the values were generally reported in wet weight.  Reporting values in this manner 

can introduce the parameter of water content in the final TCE/PCE concentration.  That 

is, varied water content could contribute to variability in the correlation between the 

concentrations in tree tissue and groundwater. 

The location of the source zone is also a likely factor affecting the uptake of 

TCE/PCE, and the associated concentrations determined in core samples.  The nature of 

contaminant sources for the literature data set consists of disposal of chlorinated 

degreasing solvents (Doucette et al., 2007 and Sorek et al., 2008), general waste disposal 

(Gopalakrishnan et al., 2007), and operational spills (Larsen et al., 2008).  The locations 

of possible sources are discussed in minimal detail for the literature data sets, which only 

state areas where the highest VOC concentrations have been reported in groundwater 

(e.g., shallow aquifers, French Drain area, and groundwater).  For the Park/Euclid 

Arizona site, contamination is due to separate releases of liquid-phase PCE and 

petroleum.  This in turn leads to high (percent) levels of PCE found within the diesel free 

product floating on the water table of the shallow groundwater in some portions of the 

Park/Euclid site.  The source of contamination for the Nogales site has not been fully 

delineated, but is suspected to be related to discharge of contaminated wastewater.  

Therefore, ADEQ site placement is based on low PCE concentrations found in the 

Nogales Wash.  The proximity of a source present in the vadose zone and a source 
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present in the groundwater can dictate uptake concentrations, and thus should be 

considered for any phytoscreening application.  

The work presented herein enhances our understanding of the use of 

phytoscreening as a characterization tool for identifying the presence of chlorinated 

VOCs in the subsurface.  In turn, this information will provide additional tools for using 

vegetation as a screen during intital site assessments at a chlorinated VOC contamination 

site. 

 

Soil Gas Sampling Method 

Improving the detection limit (DL) of the cartridge method versus more standard 

(i.e., summa canister, Tedlar bag) methods will show the advantage of updating current 

analytical methods.  Determination of the maximum mass TCE vapor load required to see 

breakthrough into section B will add to current methods in place using sorbent cartridges 

for active sampling of soil gas in the vadose zone.  The addition of this sampling method 

will supplement the arsenal of methods in existence. 

The field test consisted of sampling using both the summa canister and the 

cartridge method.  The TCE air concentrations are reasonably comparable at ~3 ug/L 

with the summa canister and ~ 5 ug/L with the cartridge. The small variance may be 

associated primarily with the uncertainty associated with the two methods. However, 

there are factors that may play a role in the disparity between the two methods in general.  

One factor may be the sample volume.  A critical question for sample collection is:  what 
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is the zone of influence for sample collection and what role does it play in determining 

the measured concentrations from each sampling device?  In the field environment, 

accurately determining the zone of influence is quite difficult.  The sample volumes 

collected for the cartridge and summa canister being, 1.6 L and 1 L, respectively, suggest 

that the zone of influence between the two methods is comparable. Thus, it is unlikely to 

have been an issue for this application. 

 

Gas Tracer Test 

As stated, a gas tracer test can provide a host of information.  Based on the 

presented results, it is hypothesized that the enhanced rates of transport observed for SF6 

are caused by advective transport associated with landfill gas generation. The rates of 

transport varied vertically, which is attributed to multiple factors including spatial 

variability of water content, refuse mass, refuse permeability, and gas generation.  

Methane generation can influence the fate and transport of VOCs not only to the 

groundwater but the land surface.  This contamination phenomenon known as vapor 

intrusion is at the forefront of vapor phase transport research due to the human health 

impacts and air quality issues.  The advective transport induced by landfill gas generation 

can result in faster and greater migration of VOCs to the land surface, thereby enhancing 

the potential for vapor intrusion.  Chiriac et al. (2007) show how VOCs emitted from 

open cells can influence the environment and have negative effects on human health (e.g., 

Zou et al., 2003).  How can the emission of VOCs from within the landfill through gas 
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generation be used as a tool for source characterization?  One approach is through the 

characterization of gas composition.  Eklund et al., 1998 examine the importance of 

identifying the source variability based on gas generation and composition.  Knowledge 

of the primary gas generators can aide in identification of the primary VOC present in 

landfill.  This in turn can facilitate characterization (e.g., Shen et al., 1990; Allen et al., 

1997).  Chiriac et al. (2011) show that as landfills are created, the primary biodegradation 

processes (acidogenesis, acetogenesis, and methanogenesis) lead to the production of 

methane.  Second, the process of chemical reactions or compound stripping from the 

waste led to the formation or production of VOCs.  The goal of the study was to link the 

characteristics of VOC production to the long term municipal landfill stability (e.g., 

Cernushi et al., 2003; Staley et al., 2006).  The combination of knowing and 

understanding methane production and GTT movement will provide an invaluable tool 

for characterization of VOCs in a landfill. 

Vapor Phase Tomography Test 

 As a relatively new technology, the VPT test method provides a significant 

amount of vital information.  This information can be used to better characterize the 

source zone at a contamination site.  In addition, quantifiable concentrations can help 

increase understanding of spatial distribution of VOCs in the vadose zone.   
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CONCLUSION 

There are two primary concerns associated with sites that contain vadose-zone 

contaminant sources. First, discharge of contaminant vapor from the vadose-zone source 

may impact the underlying groundwater. This could contribute to overall risk posed by 

the site, and delay attainment of groundwater cleanup goals. Second, contaminant vapor 

from the vadose-zone source may migrate to the land surface and transfer into buildings, 

thereby causing vapor intrusion. Vapor intrusion has become of increasing concern for 

many Superfund sites in the past decade.   

This body of work presents multiple ways to improve upon the characterization of 

VOCs, specifically TCE and PCE, within the vadose zone.  One approach is to improve 

upon cost effective, semi-qualitative sampling technologies to address the distribution of 

VOCs in the vadose zone.  The compilation of data sets representing concentrations 

measured in groundwater and those measured in tree samples, in part, confirms the 

usefulness of the phytoscreening method.  In addition, shows where limitations exist in 

the current research.  The compilation also emphasizes the disparities between research 

reported in temperate or humid regions and that reported in arid or semi-arid regions.  As 

the tool is increased in use for characterizing the distribution of VOCs, additional studies 

in arid and semi-arid regions may be explored.  

 A second approach is to improve understanding of the transport mechanism of 

compounds in the vadose zone. The gas tracer test performed in the landfill is one way to 

characterize VOC transport within a mixed media.  The test confirmed advection as the 
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primary transport mechanism.  The vapor phase tomography test is an additional way to 

characterize VOC distributions.  The test confirmed that monitoring spatial variability or 

fluxes of VOC concentrations can be used to characterize vadose zone sources. 

Lastly, an improvement on the sampling methods will aid in better characterizing 

concentrations of VOCs in the vadose zone.  The modification of a method previously 

used for air sampling solely, and used for soil gas sampling is providing an additional 

tool for quantifying VOC gas samples.  In total, the relevance of this work affords 

decision makers the tools to make the important judgment of remedial actions (i.e., 

cessation, commencement, and review of current). 
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ABSTRACT 

 As the concept of phytoscreening gains more field and laboratory cases to support 

its contribution to initial site assessments, it is also import to document the contribution 

to overall site characterization.  Trichloroethene (TCE) and tetrachloroethene (PCE) are 

two of many volatile organic compounds (VOCs) that are taken up by vegetation, and 

these two compounds are ubiquitous contaminants of concern at many Superfund sites. A 

correlation between TCE and PCE contamination in tree cores and groundwater has been 

explored at a few field sites.  

The majority of prior phytoscreening applications have been conducted in humid and 

semi-humid environments. The objective of this research is two-fold. First, 

phytoscreening is applied to three sites in Arizona to evaluate its use in semi-arid 

environments. Second, all available field data sets have been compiled to examine 

potential correlations between contaminant concentrations measured for tree tissue and 

those for groundwater.  Contaminant concentrations were detected in tree tissue samples 

collected from two of the three Arizona sites.  A review of the field site data suggests that 

an approximate correlation exists between PCE and TCE concentrations measured for 

tree tissue and those measured in groundwater. The correlation can be used to estimate 

vegetation concentrations when groundwater concentrations are known. The reasonable 

degree of correlation supports the use of phytoscreening as a robust screening tool to 

provide a first-order characterization of anticipated concentrations of contaminants in 

groundwater.   The use of phytoscreening during site characterization will aid in better 
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understanding the extent of contamination in the vadose zone, and its potential impact on 

the land surface and associated issues such as vapor intrusion. 
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INTRODUCTION 

 Chlorinated solvents, such as tetrachloroethene, trichloroethene, and carbon 

tetrachloride, are primary contaminants of concern for a vast majority of federal and state 

Superfund sites in the US due to their prior widespread use as solvents for numerous 

industrial and commercial applications. Given their toxicity, widespread occurrence, and 

complex behavior, chlorinated solvents continue to pose a significant risk to human 

health and the environment. After approximately 30 years of experienced gained, it is 

now clear that many chlorinated-solvent sites will require many more decades before 

cleanup will be achieved under current methods and standards (e.g., SERDP 2006; NRC, 

2012). 

Source-zones containing large quantities of contaminant are typically present at 

sites contaminated by chlorinated solvents. Particularly in regions such as the SW US, 

these source zones reside, at least in part, in the extensive vadose zones typical of these 

regions. There are two primary concerns associated with sites that contain vadose-zone 

contaminant sources. First, discharge of contaminant vapor from the vadose-zone source 

may impact the underlying groundwater. This could contribute to overall risk posed by 

the site, and delay attainment of groundwater cleanup goals. Second, contaminant vapor 

from the vadose-zone source may migrate to the land surface and transfer into buildings, 

thereby causing vapor intrusion. Vapor intrusion has become of increasing concern for 

many Superfund sites in the past decade. 
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Extensive dissolved-phase groundwater contaminant plumes typically form at 

chlorinated-solvent contaminated sites because of the relatively high aqueous solubilities 

(in comparison to regulatory standards), limited retardation, and generally low 

transformation potential of chlorinated solvents. In many cases, the plumes are hundreds 

of meters to several kilometers long. These plumes may serve as a source of 

contamination to the vadose zone, and ultimately contribute to vapor intrusion (e.g., 

Sanders and Hers, 2006; USEPA, 2002; Johnston and Gibson, 2011).  

 As the need to draw a better correlation between contaminants found in 

groundwater, those found in the vadose zone (unsaturated soil zone), and subsequent 

occurrence in indoor air increases, innovative characterization tools are in high demand. 

The standard methods for site characterization and monitoring (constructing and 

sampling groundwater and/or vapor monitoring wells, soil coring) are very expensive and 

time consuming to implement. These constraints also limit the amount of samples that are 

collected, which limits the quality and quantity of information obtained. The long-term 

monitoring costs associated with chlorinated-solvent sites aggregate to tens of millions of 

dollars per year, totaling hundreds of millions of dollars of expenditures over the lifespan 

of the sites. Given these realities, the development of innovative, cost-effective site 

characterization and monitoring tools is essential, as concluded by recent expert panel 

reviews (DOD, 2011; NRC, 2012). 

Phytoscreening is a new, rapid, and relatively low-cost characterization 

technology that can be used to screen an area for the presence of select contaminants such 
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as chlorinated volatile organic contaminants (VOCs).  Phytoscreening is based on the 

sampling and analysis of plant tissues (branch, trunk, leaf, seed, needle) to detect the 

presence of contamination in soil and groundwater. It has long been known that 

vegetation can take up compounds from their surrounding environment through several 

processes. For example, numerous studies have shown the linkage between contaminated 

soil and uptake of VOCs by vegetation (e.g., Newman et al. 1997; Gordon et al. 1998; 

Vroblesky et al. 1999; Narayanan et al. 1999; Newman et al. 1999; Ma and Burken 2002; 

Ma and Burken 2003; Vroblesky et al. 2004; Struckhoff et al., 2005; Gopalakrishnan et 

al. 2007; Sorek et al. 2008; Larsen et al. 2008; Burken et al. 2009; Limmer et al., 2011; 

Burken et al. 2011; Balouet et al., 2012). The results of prior research have indicated that 

the concentrations of the compounds observed in plant tissue often correlate to the 

concentrations present in the soil or water in which the plant was grown. For example, a 

strong correlation was observed between concentrations of tetrachloroethene (PCE) 

measured in tree core samples and those measured in the soil. In addition, a correlation 

was also observed between PCE concentrations in the trees and those in underlying 

groundwater (Struckhoff et al., 2005). The observation of such correlations led to the 

development of plant-tissue sampling as a means to detect soil and groundwater 

contamination. 

 There are several means by which contaminants in the subsurface may be 

transmitted to and taken up by plants. For example, plants can take up solutes present in 

soil-pore water through root tissue. Contaminants associated with the soil in which the 
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roots are present can also be affected via their transfer into solution, which is enhanced in 

some cases by the action of plant-root exudates. For shallow groundwater systems, plant 

roots can directly tap the groundwater and thereby take up solutes present. This mode of 

action may not be possible for deeper groundwater systems. Thus, depth to groundwater 

is a critical variable for phytoscreening applications. However, phytoscreening has been 

demonstrated to be effective for detecting volatile organic contaminants present in deeper 

groundwater (Sorek, et al., 2008). This may be due to diffusive vapor-phase transport of 

the contaminant from the groundwater surface, through the vadose zone, to the root zone. 

In this regard, phytoscreening may serve as a simulator for assessing vapor-intrusion 

potential.  

 The uptake of constituents from soil and groundwater by vegetation is expected to 

be dependent in part upon physiological properties of the vegetation. For example, Poplar 

trees have been commonly used for phytoremediation and phytoscreening applications 

due to their ability to grow rapidly, not being part of the food chain, established ability to 

uptake VOCs, and phreatophytic properties (e.g., McFarlane et al., 1990;   Bromilow and 

Chamberlain, 1995; Chappell, 1997; Neitch et al., 1999; Newman et al. 1999; 

Landmeyer, 2001; Burken et al. 2009).  Poplars and other tree species used in 

moderate/humid climates may not perform well in more arid climates. The efficacy of 

phytoscreening under arid or desert climates needs more investigation.   

 Through the processes noted above, plant uptake of contaminants from the 

subsurface environment allows the sampling of plant tissue to serve as a surrogate to 



 

 

 

61 

 

characterize contamination of soil and groundwater. Phytoscreening clearly produces an 

indirect, semi-quantitative assessment of soil and groundwater contamination. As such, it 

is considered to be a screening method, with greater attendant uncertainty compared to 

traditional soil and groundwater sampling methods. However, it is now recognized that 

screening methods have significant value for site characterization. This value is 

specifically designated in the Triad approach, the program advanced over the past decade 

to support improved technical approaches to characterization and remediation of sites 

(EPA, 2004; ITRC, 2007). As discussed in the cited documents, Triad embraces a 

second-generation data quality model, where sampling quality is just as important to data 

quality as is analytical quality. Sampling quality refers to the degree to which a 

characterization program has accurately delineated the spatial distribution of 

contamination at the site. Given the physical and biogeochemical heterogeneity inherent 

to subsurface environments, it is not economically feasible to fully characterize spatial 

distributions of properties using higher-cost standard sampling methods such as coring or 

monitoring-well sampling. Thus, while the standard methods have higher analytical 

quality, they have relatively low sampling quality. Screening methods, conversely, have 

higher sampling quality due to their lower costs and more rapid deployment, which 

allows a much greater sampling density (thereby improving characterization of spatial 

variability). 

 Phytoscreening can provide rapid, lower-cost sampling at high densities in 

comparison to standard methods. As such, it can be used in a number of ways, the first to 
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provide an initial screening of a newly identified site in support of an initial risk 

assessment.  Secondly, to provide screening of poorly characterized regions of existing 

sites to delineate zones of potential undiscovered contamination. Thirdly, to provide rapid 

analysis of potential changes in system conditions due to site perturbations, and support 

dynamic updating of the conceptual site model.  Lastly, phytoscreening can be used as a 

screening method to evaluate potential for vapor intrusion and to complement long-term 

groundwater monitoring programs. 

 The objective of this research is two-fold. First, phytoscreening is applied to three 

sites in Arizona to evaluate its use in semi-arid environments. Second, several field data 

sets have been compiled to examine potential correlations between VOC concentrations 

in vegetation (core or branches) and the subsequent associated groundwater. The 

compilation of the aforementioned studies provide a foundation for using phytoscreening 

in conjunction with current site characterization protocols by allowing researchers to 

make rapid and accurate assessments of sites when delineating soil and groundwater 

contamination.  It is also hypothesized that the correlation will be a tool for determination 

of approximate groundwater contaminant concentrations when vegetation concentrations 

are known.  
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MATERIALS AND METHODS 

Study Areas (Arizona) 

Nogales Grand Avenue Arizona Department of Environmental Quality (ADEQ) 

Site 

The Nogales Grand Avenue study site is located in Nogales, Arizona.  The site is 

located within city limits along the Nogales Wash and surrounding Grand Avenue (see 

Figure 1).  Hydrogeology consists of mostly intrusive and metamorphic rock, varying in 

age and basins of alluvial sediments.  

The cause of contamination at the site is still under investigation.  Concentrations 

of PCE have been detected in the Nogales Wash since the 1980s and are postulated to be 

the groundwater source.  The contaminant plume covers a span of 0.5 square kilometers 

with samples for this study collected adjacent to the Nogales Wash.  Groundwater depth 

is approximately 10 m below ground surface, with water flowing to the north-northwest.  

A total of 35 wells are being used for sampling to determine the concentrations of 

tetrachloroethene (PCE) at the site.  As of March 2012, all groundwater concentrations 

are below the Arizona Aquifer Water Quality Standards detection limit of 5 ug/L for 

PCE. 

Three different tree species present at the Nogales site (i.e., velvet mesquite, 

yellow palo verde, and cottonwood) were sampled. An initial reconnaissance round of 

sampling was conducted wherein a total of 11 trees were sampled, including 4 velvet 

mesquite, 5 cottonwood, and 2 yellow palo verde.  Several core samples were collected 
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for each tree.  The sampled trees were distributed throughout the entire area 

encompassing the groundwater contaminant plume.  Initial sample collection determined 

no detection of PCE in the velvet mesquite trees.  Detection of PCE occurred in one palo 

verde sample and four cottonwood samples. Two additional sampling rounds were 

conducted, focusing on the cottonwood trees for which PCE hits were obtained from the 

first round. All quantifiable samples collected were obtained from the central west side of 

the contaminant plume. A groundwater monitoring well (VV 2) is located 51 m from the 

sampled cottonwood tree located within the site. The well is sampled annually and the 

mean concentration of PCE is reported as 4.3 ug/L.  PCE concentrations are in the range 

of 2-4 ug/L throughout the plume, so this value is likely reasonably representative for the 

sampled tree location. 

 

Motorola, Inc. (52nd Street Plant) Superfund Site 

The Motorola 52nd Street Superfund site is located in Phoenix, Arizona between 

the streets of 52nt, Palm Lane, 7th Avenue and Buckeye Roads to the east, north, west and 

south respectively.  A site map and sampling location is shown in Figure 2.  It is divided 

into three units with the Arizona Department of Environmental Quality (ADEQ) as the 

lead agency in operable units 1 and 2 (OU1 and OU2), and the Environmental Protection 

Agency (EPA) as lead agency in operable unit 3 (OU3).  It has been on the National 

Priority list since 1989 with trichloroethene (TCE) as the primary contaminant of concern 

in water, soil and air.  Hydrogeology at the site is very complex consisting of varying 
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types of granite and shallow bedrock as well as areas of thick alluvial fan deposits 

residing above.  The alluvium consists of sands and gravels with varying amounts of silts 

and clays.  Groundwater at the site flows towards the southwest with depths ranging 

between 12-30 m below ground surface (bgs). The contaminant plume covers a span of 2 

square kilometers in OU1. An SVE system was in operation from 1991 to 1993.  In 1993 

a full scale groundwater treatment system was placed in operation to address the 

groundwater contamination plume.  A vapor intrusion study was implemented by EPA to 

explore impacts of vadose zone contamination.  Indoor air mitigation systems have been 

installed in homes within OU1 to address vapor intrusion issues. 

  In total, 121 samples were collected from 29 trees located within OU1, with 

none quantifiable.  The sampled trees include cottonwood, palo verde, and mesquite. The 

depth to groundwater was approximately 27 m bgs at this location. Groundwater 

concentrations are approximately 170 ug/L at the site and were determined from data 

reported for the nearest monitoring wells, located approximately 150 m away, and 

associated contour maps. 

 

Park Euclid Water Quality Assurance Revolving Fund (WQARF) Site 

 The Park/Euclid site is located in Tucson, Arizona between the streets of 8th, 

Mountain Avenue, 14th and Park Avenue on the north, east, south and west respectively.  

A site map and sampling location are shown in Figure 3.  The subsurface consists of an 

alluvial valley in the Santa Cruz River drainage basin within the Tucson basin.  The 
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subsurface material is mainly fine to coarse-grained sands and silts, interspersed with 

clay and gravel.  A clay aquitard exists approximately 30 m below ground surface.  

Groundwater at the site flows towards the north northeast direction with depths at 

approximately 26 m below ground surface in the perched aquifer and 61 m below ground 

surface in the regional aquifer.  Contamination at the site is due to separate releases of 

liquid-phase PCE and petroleum.  This in turn leads to high (percent) levels of PCE found 

within the diesel free product floating on the water table of the shallow groundwater in 

some portions of site.  The contamination plume in the perched aquifer spans 0.15 square 

kilometers.  In 1999, the site was placed on the WQARF registry with TCE and PCE 

being the primary contaminants of concern.  As of 2012, a multi-phase extraction (MPE) 

system as treated 32,400 liters of water and removed 246 kg of VOCs from the site.  

 Mature vegetation at this site was scarce, and only a single tree was available for 

sampling. The primary sampling location is at the corner of 13th Street and S. Park Street, 

approximately 113 m away from the closest monitoring well.  In total, 13 samples were 

collected with 2 quantifiable, one representing TCE concentrations and the other PCE 

concentrations.  All samples were reported in wet weight.  The sampled tree is a species 

of Eucalyptus. Groundwater concentrations for TCE (10 µg/L) and PCE (100 µg/L) were 

determined from interpolation from contaminant contour maps. 
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Study Areas for Literature Data 

Data sets were compiled from all available phytoscreening studies reported in the 

literature (Vroblesky et al., 1999, 2004, 2008, 2010; Newman et al., 1999; Schumacher et 

al., 2004; Struckhoff et al., 2005; Gopalakrishnan et al., 2007; Sorek et al., 2008; Larsen 

et al., 2008). The field sites are scattered throughout the US and Western Europe, and 

encompass a wide variety of site properties and tree species. The selected chlorinated 

contaminants of interest are mainly TCE and PCE with one data set also reporting 1,1-

dichloroethene (DCE).  Site locations, depth to ground water, and annual precipitation are 

reported in Table 1. The raw data reported for contaminant concentrations in tree tissue 

samples were used directly, in some cases after unit conversion (as discussed below). 

The associated groundwater contaminant concentrations were obtained by 

multiple means. In some cases, the authors reported concentrations obtained from 

analysis of samples collected from nearby monitoring wells. The distances between the 

locations of the trees and wells varied roughly from ~1 to ~10 m, but in some cases 

appear to have been greater. In other cases, contaminant-concentration contour maps 

were presented, which were used to obtain interpolated values for the tree locations. 

These factors produce some uncertainty in the representativeness of the reported 

groundwater contaminant concentrations. For one data set (Sorek et al., 2008), 

concentrations were reported for vapor samples collected in the vicinity of the water 

table. These values were converted to equivalent groundwater concentrations using 

Henry’s coefficient. 
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SAMPLE COLLECTION AND ANALYSIS 

Arizona Site Locations 

Leaf samples were collected using a hand-help bypass pruner.  Core samples were 

collected using a Haglof 3-thread increment borer (4” L, 0.169” (4.3mm) diameter) with 

a Haglof 12”, 3-thread replacement bit. The samples were placed in 22-mL glass vials 

containing 20 mL of methanol (>99.9% pure) and capped with a PFTE/Silicone septa, 

placed in a cooler, and transported to the laboratory. Upon receipt in the laboratory, 

samples were placed on a shaker for 24 hours, after which they were centrifuged for 10 

minutes. A 2-mL aliquot was removed from vial with a 5-mL glass syringe and placed 

into a 2-mL headspace free auto-sampler vial for analysis by GC/MS (gas 

chromatograph/mass spectrometry) for concentration determinations of TCE and/or PCE. 

Quantitation detection limits for PCE and TCE are 6 ug/kg and 13 ug/kg in terms of core 

concentrations.  The concentrations are determined using values calculated from the 

calibration curve (data not shown).  

 

Composite Literature Site Locations  

With 80% of the representative samples collected being core and 20% being 

branch, coring was the dominant method for sampling.  An increment borer was used 

with cores placed in a 20-mL vial and immediately crimped with Teflon-lined septa.  The 

period of equilibration post collection varied from 24 – 48 hours prior to the heating 

stage.  Cores were heated from 90 - 100°C for a period of 4 – 24 hours to allow 
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volatilization of the VOCs from the core and into the headspace.  An aliqot of headspace 

gas was extracted using a microliter gas-tight syringe followed by analysis using a 

photoionization detector with a gas chromatograph (GC).  Other reports have shown that 

a GC coupled with an electron capture detector will also provide quantifiable results.   

The literature data sets were reported in various units (i.e., nmol gas/L water for 

core, nmol/L for groundwater, and ppb/v for core), therefore conversions were made to 

produce one set of consistent units.  Analyte concentrations in core samplesreported in 

units of parts per billion by volume of headspace gas were converted from molar to mass 

units using the EPA On-line Tools for Site Assessment Calculation.  The TCE 

concentration in the headspace gas was converted to total TCE in core (ug/kg) by 

assuming that the average core size is approximately 2 g and with that, 18 mL of 

headspace gas is present in a 20-mL vial.  Given that the samples are heated, it is 

assumed that there is complete extraction of TCE from the cores into the gas phase.   

 

RESULTS 

Arizona Site Locations 

Samples from Nogales (Nogales Site) and Phoenix (Motorola 52nd St. Site) were 

sampled in both winter and summer seasons.  Nogales was sampled in May (2013), 

October (2013), and February (2014).  Phoenix was sampled in July (2013) and February 

(2014).  The Tucson (Park Euclid) site was sampled in March and June of 2014.   The 

sites are classified as Group B (Arid/Semi-arid) in the Köppen–Geiger classification 
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system (http://www.eoearth.org/view/article/162263/) Annual precipitation is 42 cm for 

Nogales, 32 cm for Park Euclid, and 27 cm for Motorola.   

Concentrations were detected in tree-core samples for two (Nogales and 

Park/Euclid) of the three sites in Arizona, indicating that phytoscreening is viable for 

these semi-arid environments.  The mean PCE concentration for Nogales was 1563 

ug/kg, while values of 2790 ug/kg for PCE and 22760 ug/kg for TCE were obtained for 

Park/Euclid. The depth to groundwater for Nogales and Park/Euclid is approximately 10 

m and 26 m, respectively. The third site, Motorola, had no TCE detected in the cores 

sampled.  Depth to groundwater at the Motorola site is 27 m bgs, similar to that for the 

Park/Euclid site. In addition, the groundwater contaminant concentrations for the 

Motorola and Park/Euclid sites are similar, 170 ug/L and 100 ug/L, respectively.  

Cottonwood tree cores were collected at the Motorola site, whereas Eucalyptus tree cores 

were collected at the Park/Euclid site.  The similarities in groundwater contaminant 

concentrations and depth to groundwater for the Park/Euclid and Motorola sites suggests 

that the postulated significant variable contributing to the observed difference in tree-

tissue concentrations (above detection limit for Park Euclid and below detection limit for 

Motorola) may be the plant species and their associated uptake mechanisms. 

 

Composite Site Locations 

The contaminant concentrations in tree core versus groundwater samples reported 

for all of the literature studies is presented in Figure 4.The represented chlorinated 
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contaminants are TCE, PCE, and DCE.  From the aggregated data we can deduce that 

when chlorinated contaminant concentrations are in the range of 5 ug/L in groundwater, 

the contaminant level (MCL) for TCE and PCE, the anticipated concentration in tree 

tissue is approximately 1 ug/kg. This value is likely to be at the lower limit of 

quantification for typical analyses. Larsen (2008) reported quantification limits for TCE 

and PCE in wet wood cores at 7.4 and 10.4 ug/kg, respectively. Doucette et al. (2007) 

reported the method detection limit for TCE in fruit or vegetable samples as 0.3 ug/kg of 

fresh weight and dependent on the sample size.   

  

Evaluation of Arizona and Composite Site Data Sets 

  The data in Figure 1 can be approximately separated into three groups, the central 

data set, data residing above the central set, and data residing below the central set. The 

data comprising the central set are associated with sites that have shallow groundwater (< 

~6 m deep) and represent common tree species such as oak, pine, cottonwood, poplar, 

birch, and willow. The r2 value is 0.76 for the (arithmetic scale) correlation between 

concentration in core and concentration in groundwater for the data comprising the 

central set, compared to an r2 value of 0.12 for the entire data set. This degree of 

correlation is quite remarkable, considering that the data are a compilation of multiple 

studies conducted by different researchers, and includes several tree species, a wide 

variety of locations with different climates and depths to groundwater.  This result 

suggests that groundwater concentration is a primary factor mediating the concentrations 
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determined in tree tissue. The existence of a relationship between contaminant 

concentrations in tree tissue and those measured in groundwater supports the use of 

phytoscreening to provide a first-order characterization of anticipated concentrations of 

contaminants in groundwater.    

 Some of the data that fall below the central set, those reported by Gopalakrishnan 

et al. (2007) and Newman (1999) represent sites where branch tissue was collected, rather 

than core tissue as used for all other sites.  The significant displacement of the branch-

sampled data from the central data set suggests that the type of sampled tissue (i.e., 

branch, leaf or core) may play a role in the measured concentration.   

 The majority of the data (Sorek, 2008, Vroblesky, 1999, this study) that are 

displaced above the central date set represent sites for which the sampled trees comprise 

species (eucalyptus, cypress, rosewood) that are different from those sampled at the other 

sites. In addition, with the exception of Vroblesky (1999), these sites also have the 

deepest depth to groundwater and comprise primarily arid climates (Table 1). The 

presence of two different sets of tree species among the two data sets may be an 

indication of tree type playing a role in contaminant uptake. It has been established that 

trees have varying uptake mechanisms and with that, can reject the uptake of certain 

compounds or enhance uptake based on their physical and chemical properties.  The 

biophysical transport of chlorinated contaminants has gained much attention as a 

mechanism for remediation action.  Knowledge of TCE transport through the plant water 



 

 

 

73 

 

conduction system and diffusive transport through the air space of root tissue has been 

established (e.g., Nietch et al., 1999).   

According to the Köppen–Geiger climate classification system, 9 of the 14 site 

locations are classified in Group C (Temperate), with 6 of the 9 being humid climates and 

the others being Marine and Mediterranean. The remaining 5 are classified in Group B 

and consist of dry arid and semiarid (steppe) locations. Almost all of the data for the 

Temperate sites reside within the central data set, while the data for the arid sites reside 

primarily above the central set. This suggests that climate of the region has some impact 

on contaminant uptake by trees as would be anticipated, likely through factors such as 

depth to groundwater, evapotranspiration rates, extant tree species, and contaminant 

transport processes.  

As noted above, the depths to groundwater for the data that reside above the 

central set are significantly greater in general compared to the depths for the central data 

set, with the exception of Vroblsoky et al. (1999). For example, the depths to 

groundwater for the Arizona sites are 10, 26, and 27 m, and are 18-20 m for the Sorek 

data. Conversely, the depths to groundwater for the central data set sites are less than ~6 

m, with most of them in the range of 1-3 m.  Tree root depths are generally in the range 

of 2-4 m (e.g., Laclau et al., 2001; Jackson et al., 1987). Horton et al.  (2001) investigated 

the impact of groundwater depth on the physiological condition of two native Southwest 

US tree species (cottonwood and willow) and concluded that tree health will rapidly 

decline after depth to groundwater exceeds a specified threshold in the range of 3-4 m. 
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The depth to groundwater affects the ability of tree roots to reach groundwater, thus 

influencing the exposure routes and exposure levels available for plant uptake. It is very 

likely that tree roots were tapping groundwater for the sites with shallow groundwater. 

Conversely, it is quite possible that roots were not directly accessing groundwater for the 

sites with deeper groundwater. 

The concentrations within the sampled tissue for the data residing above the 

central data set are significantly higher than those reported for the central data set for a 

given value of groundwater concentration.  These higher concentrations suggest that there 

is increased accumulation of TCE or PCE in the samples, which may be attributable to 

impacts of the arid climate and/or extant tree species and associated uptake mechanisms. 

Interestingly, these results contrast with those reported for a phytoscreening project 

conducted at a military base in WA (Cox, 2002). No TCE concentrations were detected in 

tree core samples collected from several trees overlying a groundwater contaminant 

plume with maximum concentrations of ~70 ug/L. The failure to detect TCE may be 

related to the combination of deeper groundwater (9 m) and the specific tree species 

present (oak and fir). 

For the sites with deeper groundwater, it is possible that the tree roots did not 

reach the water table, as discussed above.  It is important to note that for the AZ sites, the 

sampling locations were located away from surface source zones. Thus, the source of 

contaminant for tree uptake was the underlying groundwater. It is hypothesized that 

diffusive vapor-phase transport of the contaminant from the groundwater surface, through 
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the vadose zone, to the root zone provided the source for tree uptake.  Struckhoff et al. 

(2005) similarly postulated that vapor-phase transfer from soil contamination in the 

vadose zone was a source for tree uptake.  

Temperatures in the vadose zone may also play a role in the uptake of TCE.  The 

daytime thermal profile of the vadose zone consists of warm air in the upper parts and 

colder air in the deeper parts, but at night, this thermal profile is inverted.  This constantly 

changing thermal gradient affects the vapor flux of TCE and other contaminants within 

the vadose zone.  Consequently, when the thermal gradient consists of increasing warmer 

temperatures, there is increased volatilization of TCE vapors from groundwater, 

producing higher vapor concentrations.  This volatilization leads to a higher exposure 

levels for uptake by plants.  It can be postulated that in an arid or semi-arid environment, 

these higher subsurface temperatures may produce greater TCE flux leading to an 

increase in uptake by plants, and in turn, higher concentrations detected in core and leaf 

samples. 

 

Potential Sources of Uncertainty 

 Several factors that may influence the correlation between contaminant 

concentrations in tree tissue and those in groundwater were discussed in the preceding 

section. It is also important to note that there are several sources of potential uncertainty 

that may have influenced the result presented in Figure 4. 



 

 

 

76 

 

One potential factor of potential uncertainty could be the season in which samples 

were collected.  Sorek et al., (2008) describe how seasonal variations can directly affect 

VOC root uptake in semiarid environments.  Specifically, in winter wet seasons, roots 

obtain water from both precipitation and groundwater.  In turn, stems receive a mixture of 

the water sources.  This can affect the VOC concentrations found in cores at different 

seasons.  They conclude that seasonal variations of VOC concentrations in tree cores 

indicate contamination is from a current source located in the subsurface.  Vroblesky et 

al. (2004) state that certain plant species obtain water from combination of groundwater, 

precipitation events and stream water with plant root systems located in multiple soil 

zones. The season in which samples were collected were not reported for most of the 

literature studies.  Samples were collected in the Spring and Summer seasons for the 

Park/Euclid site and Spring, Autumn, and Winter seasons for the Nogales site.  Detection 

of PCE or TCE occurred at both sites during the stated seasons with the exception of 

Summer sampling at the Nogales site.  This suggests detection or non-detection of PCE 

could be due to seasonal changes. 

Another potential source of uncertainty is transformation of TCE/PCE within the 

tree.  Schroder et al. (1997) studied pine species and determined that peroxidase and 

glutathione S-transferase may play a role in the detoxification of chlorinated VOCs thus 

increasing plant tolerance.  If the plant species is TCE tolerant, this may reduce the 

ability to obtain representative samples, thus providing significantly lower TCE and PCE 

core or vegetation concentrations than what the tree was originally exposed to at the root.  
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Biernacki et al. (1995) show that when select plant species survive TCE treatment, they 

seemed to be naturally resistant.  This suggests select plant species contain an enzyme 

system that increases their TCE tolerance.  Significant transformation could lead to non-

detects in certain plant species giving false negative results.   

The location of the sample within the tree may also influence results.  Ma and 

Burken (2003) show that diffusion rates in tree stems are directly related to transpiration 

rates.  Also, diffusive TCE concentrations decrease up the tree in vertical flow direction 

and decrease radially laterally from the center to the atmosphere.  This infers a tree core 

sample collected at a high distance from ground surface would produce a sample 

containing a lower VOC concentration versus a tree core sample collected closer to the 

ground surface.  This decrease in TCE core concentrations may explain non detection in 

certain plant species (Sorek et al., 2008, Schumacher et al., 2004). In general, a mean 

breast height of 1.3 m is used for tree coring.  In addition, sample core collection can also 

produce uncertainty if the tree sampled is immature or a bush.  If leaves were sampled, 

the occurrence of non-detection may be due to stem TCE diffusion rates being higher 

than transport rate via xylem TCE to tree leaves.  

Another potential uncertainty factor is root depth to groundwater and capillary 

fringe.  This factor is one that is rarely measured for phytoscreening projects but plays a 

significant role in determination of the pathways and exposure levels to the VOC source.  

If the primary root spread is within the vadose zone, then VOC concentrations detected in 

tree cores are intuitively attributed to potential vapor phase uptake, and could possibly be 
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influenced by DNAPL and sorbed-phase sources located in the vadose zone.  If the 

primary root spread is within the groundwater, then VOC concentrations detected in tree 

cores are intuitively attributed to the groundwater as the source.  With uptake 

mechanisms discussed above, it can be assumed that some tree species can uptake VOC 

contamination at low concentrations from that found at or in the capillary fringe.  As root 

depths reach this area within the vadose zone, uncertainty arises as to the amount of water 

present and the VOC concentrations present for uptake.  

The location of the source zone is also a likely factor affecting exposure levels, 

and thus the concentrations determined in core samples.  The proximity of a source 

present in the vadose zone and a source present in the groundwater can dictate uptake 

concentrations, and thus should be considered for any phytoscreening application. The 

nature of contaminant sources for the literature data set consists of disposal of chlorinated 

degreasing solvents (Doucette et al., 2007 and Sorek et al., 2008), general waste disposal 

(Gopalakrishnan et al., 2007), and operational spills (Larsen et al., 2008).  However, the 

locations of possible sources are discussed in minimal detail for the literature data sets, 

which only state areas where the highest VOC concentrations have been reported in 

groundwater (e.g., shallow aquifers, French Drain area, and groundwater).   

It is routine practice to report vegetation and soil concentration values in 

contaminant mass per sample dry weight (i.e., ug/kg).  However, for the composite data 

set, the values were generally reported in wet weight.  Reporting values in this manner 

can introduce the parameter of water content in the final TCE/PCE concentration.  That 
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is, varied water content could contribute to variability in the correlation between the 

concentrations in tree tissue and groundwater. 

 In addition, there is likely a degree of uncertainty associated with the 

representativeness of the reported groundwater concentrations.  In the studies presented, 

well locations were described or reported directly on contour maps.  From these maps 

and contour data, approximate groundwater concentrations were determined.  This 

presents uncertainty if the measured groundwater concentration was not located in close 

proximity to the tree sampled.  This distance from groundwater well and tree can play a 

significant role in the correlation determined for the site data reported. 

 

CONCLUSION 

 Data were consolidated from the literature to evaluate the efficacy of 

phytoscreening for use as a screening method to evaluate potential for vapor intrusion 

and to complement long-term groundwater monitoring programs.  An approximate 

correlation was observed between TCE and PCE concentrations measured in tree cores 

and those measured in the groundwater. The relatively strong degree of correlation is 

somewhat remarkable considering that the data are a compilation of multiple studies 

conducted by different researchers, and includes several tree species, a wide variety of 

locations and climates, and different depths to groundwater. This result supports the use 

of phytoscreening as a semi-qualitative assessment of soil and groundwater 

contamination.   
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 The reasonable correlation observed between TCE and PCE concentrations 

measured in tree cores and those measured in the groundwater suggests that groundwater 

concentration is a primary factor mediating the concentrations determined in tree tissue. 

However, characteristics such as tree species, tissue sample type, climate, depth to 

groundwater, soil properties, etc. are expected to impact contaminant uptake and resultant 

measured tissue concentrations.  There are several sources of uncertaintythat likely 

contributed to the variability and presence of outliers observed for the data sets. The 

implementation of phytoscreening for plume delineations and site characterization is 

dependent on available plant species.  At sites where vegetation is limited, such as arid or 

semiarid environments, the phytoscreening tool may not be an option.   

 Future studies should explore specific uptake mechanisms for different plant 

species in multiple climates to better understand the effects of these parameters.  

Ultimately, all environmental research is to address the direct needs of protecting human 

health.  Phytoscreening aims to use plants as an indicator for contaminant plume 

boundaries when limited knowledge is known about the site. This method provides a fast, 

in-expensive approach for characterization of groundwater and vadose zone 

contamination.  
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Figure 1.  Nogales Grande Avenue –WQARF Site 
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Figure 2.  Motorola 52nd Street Superfund Site. 
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Figure 3.  Park/Euclid WQARF Site 



 

Figure 4.  Composite graph of contaminant concentrations in tree tissue versus 

concentrations in groundwater. Line is presented for visualization purposes only.
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concentrations in groundwater. Line is presented for visualization purposes only. 
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Abstract 

A sampling method for the determination of chlorinated contaminant vapor 

concentrations present in the vadose zone, specifically trichloroethene (TCE), has been 

developed, and was applied at the Tucson International Airport Authority (TIAA) 

Superfund site.   The method was modified from the NIOSH Manual of Analytical 

Methods (NMAM) # 1022 for TCE, and is targeted to situations requiring cost effective 

sample collection, particularly for cases when concentrations are at or below maximum 

contaminant levels (MCLs).  In the modified NIOSH method, TCE vapor is sampled 

using a solid sorbent cartridge containing coconut shell charcoal arranged into primary 

and secondary sections.  Gas Chromatography with Mass Spectrometry is used to 

confirm and quantify the presence of TCE.  The results of laboratory tests demonstrate a 

maximum TCE vapor load of approximately 22 mg before breakthrough to the secondary 

section, and an extraction efficiency of approximately 97%.  The results of a performance 

comparison test conducted in the field demonstrated that results obtained with the 

cartridge samplers were similar to those obtained with the use of standard Summa 

canisters.  The results indicate that the use of the sorbent cartridge method will be 

effective for vapor sample collection at VOC-contaminated sites, particularly in 

characterizing low TCE concentrations. 

 

Keywords: trichloroethene, vapor phase, soil gas, sampling method
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Introduction 

Many sites contaminated by volatile organic compounds (VOCs) contain source 

zones that reside in the vadose zone. There are two primary concerns associated with 

sites that contain vadose-zone contaminant sources. First, discharge of contaminant vapor 

from the vadose-zone source may impact the underlying groundwater. Second, 

contaminant vapor from the vadose-zone source may migrate to the land surface and 

transfer into buildings, thereby causing vapor intrusion. Measuring VOC distributions 

and concentrations for vadose-zone systems is an important component of characterizing 

risk and developing remediation plans for these sites. 

Historically, vapor phase samples have been collected using Summa Canisters, 

Tedlar bags, and sorbent cartridges. Currently summa canisters are used primarily for soil 

gas sampling in the vadose zone and sorbent cartridges are used for ambient air sampling. 

Current soil gas sampling guidance documents (i.e., EPA Method 0040) suggest summa 

canisters and tedlar bags exclusively for soil gas sampling in the vadose zone. These 

devices require a large sample volume (i.e., 1, 4, 15 or >20L of gas) for analysis and 

sampling times can vary from minutes to hours based on the required flow rate. The 

variables of flow rate and sample volume are key to quantifying VOC vapor gas samples 

at a select location. The samples collected with these two devices are in essence grab 

samples and thus their use can be problematic for quantifying lower concentrations. This 

is particularly significant for example for sites at which contaminant concentrations are 

mediated by mass-transfer limitations or dilution effects. In addition, summa canisters 
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and tedlar bags can be relatively expensive to use, particularly for situations for which a 

large number of samples must be collected. 

The objective of this research is to investigate the use of the sorbent cartridge 

sampler for collecting vapor samples from vadose-zone systems. The cartridges allow for 

the collection of a concentrated gas sample over a short time period, which can improve 

detection limits. Also, the cartridges are very useful when a large number of samples are 

to be collected, due to their compactness and low cost compared to summa canisters. 

Laboratory experiments are conducted to determine extraction efficiency and maximum 

holding capacity, and the performance of the cartridges is compared to that of summa 

canisters through a field test at a hazardous waste site.  

 

Materials and Methods 

Sorbent (cartridges) 

An ORBO-32 (large) sorbent cartridge with 400 mg of coconut charcoal in 

section A and 200 mg in section B was used for sorption of TCE vapors (Supelco 

Analytical; Sigma-Aldrich Corp., St. Louis, MO).  Sections A and B were extracted and 

analyzed separately to determine maximum sorption onto each section and TCE 

concentrations were determined.  The flow rate limitation of the cartridge is 50-1000 

mL/min.  Section A is designed to collect the compounds of interest while section B is 

designed as a backup to section A.  Section B is used in this research to determine 

breakthrough occurrence from section A. 
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Experiments 

 The first laboratory experiment was conducted to determine TCE recovery or 

extraction efficiency for the cartridge.  This was done by loading the cartridges with 

different known masses of TCE. The cartridges were then extracted and aliquots of the 

extractant solvent analyzed using the specified procedures. The masses recovered were 

compared to the known input masses. A stock volume of TCE vapor was created by 

placing 5 ml of pure TCE into a 20 mL 28x60cm Kimble Chase EPA vial with septa and 

polypropylene cap.  The pure liquid TCE was allowed to equilibrate with the gas phase 

over the span of 24 h.  The calculated vapor solubility of TCE is approximately 500 mg/L 

based on the ideal gas law (equation 1 in “Calculations” section).  The TCE saturated gas 

served as the stock solution in preparation for recovery experiments and holding capacity 

tests.  Calculation of recoveries (equation 2 in “Calculations” section) was used to 

quantify concentrations of TCE injected into the cartridges.  

 A second laboratory experiment was conducted to determine the maximum 

holding capacity of the cartridge for TCE. This was done by loading the cartridges with 

different known masses of TCE, and then tabulating the masses recovered for sections A 

and B. Exceedance of the holding capacity of section A was deemed to occur when the 

mass recovered for section B was greater than approximately 1% of the total mass load. 

A field test was conducted to compare the performance of the cartridge sampler to 

the summa canister sampler. The cartridges were used at the Tucson International Airport 

Area Superfund site in Tucson, Arizona in 2013. A sample port is connected to a GAST 
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diaphragm type DOA-P704-AA 1/8HP 115Vac purging vacuum pump and purged for a 

duration of 2 min. After the purge, a cartridge is connected via Teflon tube to the 

sampling port and in line with a Schwarzer precision SP 402 SA-R-V collection vacuum 

pump. The sampling flowrate is set and controlled using an Omega FL-3802ST 

flowmeter, installed in-line between the cartridge and the sampling vacuum pump inlet. 

All electric equipment are taken to the sampling port and powered using a gas generator. 

Sampling target duration is 2 min. The sampling target flowrate is 150 ml/min but was 

adjusted on the field for constant optimal flow for each sampling ports. Both sample real 

time and flow rate values are recorded.  After sampling, the cartridge is disconnected, 

capped and stored in a cooler for transport to the analytical laboratory where it is 

immediately prepped for analysis. The cartridges were prepared, sub-sampled, and 

analyzed by University of Arizona staff in the Arizona Laboratory for Emerging 

Contaminants of the Soil, Water and Environmental Science Department.   

The summa canisters were collected one week, less than 24 hours and one week 

apart respectively for the January, May and August dates.  The Summa canisters were 

deployed by personnel from Conestoga-Rover Associates (CRA), and delivered to 

TestAmerica Laboratories, Inc.in Phoenix, Arizona for analysis. Hence, the use of the 

summa canisters was completely independent of our study. The samples were collected 

following the protocol described in EPA TO-15 method previously mentioned. 

 

Sample Processing 
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Upon receipt in the analytical laboratory, sections A and B of each cartridge were 

extracted with 5mL of dichloromethane, exposed for 30 minutes, agitated, then sub-

sampled with a 2 mL aliquot placed into a 2 mL headspace free auto-sampler vial for 

TCE analysis on GC/MS as described above.  Results were processed using the 

MassLynx (TargetLynx) software provided by Waters-Micromass, TCE concentrations 

were calculated using the calibration curve and gas phase concentrations determined are 

based on flow rates and cartridge collection time.  Hexane, CHROMASOLV, for HPLC 

use from Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, MO) was also used to 

determine TCE concentrations in the liquid extract of Section A and B fraction of the 

cartridges for solvent selection purposes. 

 

Chemical Analysis 

Trichloroethene (TCE) for standard stock solutions was obtained from Sigma-

Aldrich (Sigma-Aldrich Corp., St. Louis, MO) as reagent grade (> 99.4%). 

Dichloromethane was obtained from Sigma-Aldrich and contained amylene as a stabilizer 

as ACS reagent (>99.5%). Stock solutions were prepared on a Mettler AE 240 analytical 

and precision balance in 100 ml volumetric flasks. A 135 ml volume of dichloromethane 

was added to the volumetric flask and weighed. 20 µl of TCE was added using a 50 µl 

syringe mixed with a stir bar for 24 hours. Using the mass, volume and density 

measurements of TCE and dichloromethane, stock solution concentrations of TCE were 

calculated prior to preparation of serial dilution samples. All calibration, check standards 
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and samples collected were stored at 4°C. Charcoal fractions were placed in a 20 mL 

28x60cm Kimble Chase EPA vial with septa and polypropylene cap.  Analysis was 

performed by gas chromatography mass spectrometry (GCMS) using an Agilent 

Technologies 7890A gas chromatograph attached to a Quattro micro mass spectrometer 

(Waters-Micromass, Beverley, MA). All analyses were conducted using positive ion 

electron impact (EI) at 70 eV in selected ion monitoring mode. A single channel was 

monitored at m/z = 94.84 for detection of trichloroethene which consistently eluted at 3.1 

min.  

Instrumentation/Instrument Parameters 

 For GC, a J&W DB-5MS (30 m, 0.25 mm, 0.25 µm) column was used with 

99.999% helium carrier gas at 1.1 ml min-1 constant flow rate. Gas sample extracts 

prepared in dichloromethane were managed in 12 x 32 mm, 2 ml, threaded, glass auto-

sampler vials with plastic caps and Teflon/silicone septa from Microliter Analytical 

Supplies, Inc. Liquid sample extracts (1 µl) were injected by an Agilent 7683 auto-

sampler into the GC inlet using a split mode of 10:1 at 250°C. The transfer line 

temperature was 275°C. The GC temperature program held the oven at 30°C for 4 min 

and then increased the temperature at a rate of 30°C min-1 up to 75°C followed directly 

by another temperature increase of 45°C min-1 up to 275°C.  

 Limits of detection (LOD) and quantitation (LOQ) were determined by measuring 

a signal to noise ratio (by root mean squared method) of 3:1 and 10:1, respectively, for 
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the selected ion chromatogram peak for TCE. Using serial dilution standard samples 

spanning 0.05 – 98 ppm, a calibration curve (r2 value of 0.993) was produced by 

regression. All reported results fell within this range. A weighting function of 1/X was 

applied in order to add weight to calibration points with a low response. This allowed the 

curve to fit closer to low-concentration points, thereby reducing relative error at these 

points. Solvent blanks and standard samples for quality control were run every 6 samples 

for QA/QC purposes. 

A UV-VIS 1601 from Shimadzu (Shimadzu Scientific Instruments, Inc., 

Columbia, MD) was used for the analysis of TCE vapor when determining coconut 

charcoal cartridges maximum sorption into section A (400 mg fraction) and breakthrough 

into section B (200 mg fraction). 

 

Calculations 

Although other sampling sorbent devices such as activated carbon, silica gel, 

porous polymers, resins and mixed media exist for ambient air and soil gas sampling, 

Harper (1994) suggests that coconut charcoal has a very broad range of uses due to its 

surface area in reference to silica and hydrophobicity.  Using the NIOSH Manual of 

Analytical Methods (NMAM), Fourth Edition, 8/15/94 as a template, known 

concentrations of TCE vapor were created.  The vapor phase solubility of TCE was 

calculated using the following equation where Cig is the concentration of TCE (i) in the 
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gas phase (g), p* is the vapor pressure of TCE, R is the ideal gas constant and T is the 

temperature: 

Cig = p* / RT (Equation 1) 

Known volumes of the TCE saturated vapor were injected onto the coconut charcoal 

cartridge and extracted as described above.  Recovery of TCE was calculated using the 

following equation: 

% Recovery = (mass TCE recovered / mass TCE loaded) x 100 (Equation 2) 

After obtaining acceptable recovery in Sections A and B, the following equation was 

used to improve quantitation detection limit given the analytical detection limit in terms 

of section B breakthrough determinations where CDL is the concentration of TCE at the 

quantitative detection limit, M is the maximum determined mass of TCE at breakthrough 

into section B, Q is flow rate and t is the exposition time: 

CDL (mg/L) = M (mg) / Q (L/min.) x t (min.) (Equation 3) 

For example, if given the analytical quantitative detection limit of the method, with flow 

rate being fixed and TCE breakthrough mass being known (M), the exposure time can be 

calculated prior to use in the field. This is illustrated in Figure 2.  

Results  

The method development goal is to inject a known concentration of VOC vapor, 

specifically TCE, onto the cartridge and perform a liquid extraction to determine the 

amount of TCE present in the vapor. Samples were prepared as stated above and each A 

and B section were analyzed separately to determine subsequent TCE vapor 



 

 

 

105 

 

concentrations. Results show the mean recovery of TCE for Section A is 97% with 

covariance of 16%, and is 0.2% with covariance at 23% for Section B (n =14 for Section 

A and n = 12 Section B). This indicates acceptable TCE mass recovery from Section A, 

with little to no breakthrough of TCE vapor into Section B (Table 1).  

Select volumes of saturated TCE vapor were injected into the cartridges and 

subsequent mass loadings were determined to evaluate the maximum holding capacity, 

which is based upon breakthrough occurring in section B. The maximum mass load of 

section A was determined to be approximately 22 mg (Figure 1). This is an improvement 

on the method in that the original reported load range for the cartridge is 0.5 – 10 mg, 

using a 100/50 mg cartridge.  This equates to a range of 2 – 40 mg for a 400/200 mg 

cartridge with equal relationships. 

The maximum time for which a single cartridge can be used to collect a sample 

depends upon its capacity, the extant analyte concentration, and the sample-collection 

flow rate. Using the determined 22 mg capacity, the maximum sample collection time 

can be determined as a function of analyte target concentration for selected flow rates. 

This function is presented in Figure 2 for two selected flow rates. As shown in the figure, 

the range of sampling times can be quite long.  Sampling time is 1500 hours for sampling 

at low flow rates and 375 hours for sampling at high flow rates with concentrations at 1 

ug/L.  These times are relatively long in respect to time required for field experiments, 

indicating that it is unlikely that the holding capacity would be exceeded under typical 

site conditions for reasonable sample-collection times. 
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The minimum mass load of Section A required to obtain detections above the 

QDL was calculated using the instrument detection limit of 2 ug/L, and was determined 

to be 0.00001 mg.  This data can now be used to determine the minimum cartridge 

collection time (Figure 3).  Sampling time for minimum mass load of Section A is quite 

small.  Sampling times range from 4 minutes for low flow rates and 1 minute for high 

flow rates and concentrations at 0.01 ug/L.  The cartridge allows for sample 

concentration, which can be used, employing very reasonable (short) sampling times, to 

determine soil gas concentrations below the QDL of that determined using the summa 

canister method.  This provides a significant improvement to the current method.  It 

should be noted that the improved QDL values are approximates and are dependent on 

site conditions, current soil gas concentrations and cartridge extraction precision.  

Note that the minimum and maximum cartridge exposure (collection) times 

reported above are nominal values.  As such, the values do not account for purge time 

typically used to account for dead volumes.  As with other methods, it is always 

important to address the limitations of a method when trying to validate its usefulness in 

the field.  The data presented in Figures 2 and 3 provides invaluable information when 

determining the usefulness of the cartridge method in the field.   

 The field test at the TIAA site consisted of sampling using both the summa 

canister and the cartridge method.  The TCE air concentrations are reasonably 

comparable at ~3 ug/L with the summa canister and ~ 5 ug/L with the cartridge.  The 
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results are quite comparable, as shown in Table 2. This result supports the accuracy of the 

cartridge for use in collecting VOC samples for vadose-zone applications.  

 The small variance may be associated primarily with the uncertainty associated 

with the two methods. However, there are factors that may play a role in the disparity 

between the two methods in general.  One factor may be the sample volume.  A critical 

question for sample collection is:  what is the zone of influence for sample collection and 

what role does it play in determining the measured concentrations from each sampling 

device?  In the field environment, accurately determining the zone of influence is quite 

difficult.  The sample volumes collected for the cartridge and summa canister being, 1.6 

L and 1 L, respectively, suggest that the zone of influence between the two methods is 

comparable. Thus, it is unlikely to have been an issue for this application.  

Another area of uncertainty may include relative humidity.  Relative humidity is a 

factor affecting both sampling methods.  When humidity is greater than 50%, select 

sorbent cartridges are hydrophilic and water vapor can prevent the adsorption of VOCs 

(Harper, 1994).  Also with summa canisters, increased water vapor can inhibit pre-

analytical steps (Sanders and Hers et al, 2006).  Pore size and uniformity of a sorbent 

material can affect its ability to adsorb VOCs optimally.  Due to TCE’s planar shape and 

less than 7angstrom size, it will adsorb into micropores of a carbon based adsorbent 

(Karanfil et al. 2004).   

The cartridge method QDL is 0.2 ug/L based on the protocol employed in this 

study (800 ml/min. flow rate, 2 minute collection time, and 5 mL dilution factor). This 
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was an improvement of the original NIOSH method QDL and is quite comparable with 

current EPA methods of 0.5 ug/L (i.e., EPA Method TO-17). Although a 2-min sampling 

time was used, the QDL may be improved upon by increasing the sampling time. As 

previously hypothesized, improving upon the detection limit is invaluable when assessing 

TCE concentrations at or below the MCL.  A field site using SVE as the primary 

remediation technique must assess the progress over time.  This indicates when SVE 

closure is eminent, monitoring or continuous SVE operation is a question that is posed.  

There are a select number of methods to answer this question, but the principal are:  do 

we continue collection of soil gas samples to determine TCE concentrations periodically 

or close the SVE system?  The adaptation of the cartridge method updated last in 1994 

(NIOSH, 1994) will aide researchers and responsible parties in making this very 

important decision.  By improving upon the quantitative detection limit of the cartridge, 

researchers will have additional tools to answer the SVE system closure question.   For 

example, if soil gas samples were collected one year ago and current TCE soil gas 

concentrations need to be determined, the known minimum and maximum mass load of 

section A (calculated), estimated flow rate (during prior SVE operation period) and target 

concentration can help determine to remaining SVE operation period (Equation 3).   

Figures 2 and 3 show at given desired DL values, the exposure time of the 

cartridge can be determined given the TCE mass of breakthrough into section B.  This 

information aids in two important questions:  Will the cartridge provide valuable TCE 

soil gas concentrations when used in the field?  Will the cartridge be maximized in the 
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field if the flow rate is high?  These two questions can now be answered since the third 

objective of this research has been addressed.   

  

Conclusion 

A sorbent cartridge method currently used for the sampling of chlorinated 

compounds in the ambient air has been adapted for the sampling of VOCs in the vadose 

zone.  The use of this sampling device adds to the arsenal of sampling methods for 

collecting soil gas and better quantifies its current limitations.  The extraction efficiency 

was determined to be 97%.  The maximum load of Section A was determined to be 22 

mg for TCE.  The minimum load of Section A has been calculated to be 0.00001 mg for 

TCE.  These values can be used to estimate exposure time of the cartridge when the 

desired DL is known.  

The use of the cartridge is compared to that of summa canisters and provides 

comparable results.  The QDL for the modified method is 0.2 ug/L for the protocol used 

herein and is comparable to those reported in existing state and federal analytical 

methods.  The improved detection limit allows for expansion of use for the current 

method and can be improved further by use of a longer sample collection time.  As 

detection limits and regulated contaminant concentrations are lowered for human health 

purposes, analytical methods must also adapt to the changes.  This works aims to show an 

improvement of a method in existence.  In selecting any analytical method, the ultimate 

goal is to select a method that allows for minimal sample preparation, sampling time and 
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can provide the lowest quantitative detection limit that coincides with the instrumentation 

available.  
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Figures/Tables 

Cartridge 
Section 

Average 
Mean 

Recovery 
(%) 

Standard 
Deviation 

of 
Recovery 

Covariance Average 
TCE 

removed 
(mg) 

Approximate 
TCE mass 

loaded (mg) 

A 97.1 15.7 0.162 4.9 5 
B 0.19 0.04 0.23 0.01 5 

background 
correction 

0.15 0.0003 0.002 0.007 0 

 

Table 1.  Mean recovery of TCE for sections “A” and “B”. 

 

Sampling date Summa canister protocol 

TCE air concentration (µg/L) 

Cartridge protocol 

TCE air concentration (µg/L) 

Jan/Feb 2013* 3.8 7.0 

May 2013 2.1 5.6 

August 2013 2.4 3.7 

*: Summa and cartridge samples were collected one week, day, one week apart. 

Table 2.  TCE air concentrations for comparison of Summa canister and Cartridge 

protocol. 
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Figure 1.  Determination of maximum TCE mass loaded for breakthrough into Section B. 
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Figure 2.  Determination of maximum cartridge exposure time with target concentrations.   

 

Figure 3.  Determination of minimum cartridge exposure time with target concentrations.   
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ABSTRACT 

A method termed vapor-phase tomography has recently been proposed to 

characterize the distribution of volatile organic contaminant mass in vadose-zone source 

areas, and to measure associated three-dimensional distributions of local contaminant 

mass discharge. The method is based on measuring the spatial variability of vapor flux, 

and thus inherent to its effectiveness is the premise that the magnitudes and temporal 

variability of vapor concentrations measured at different monitoring points within the 

interrogated area will be a function of the geospatial positions of the points relative to the 

source location. A series of flow-cell experiments was conducted to evaluate this 

premise. A well-defined source zone was created by injection and extraction of a non-

reactive gas (SF6). Spatial and temporal concentration distributions obtained from the 

tests were compared to simulations produced with a mathematical model describing 

advective and diffusive transport. Tests were conducted to characterize both areal and 

vertical components of the application. Decreases in concentration over time were 

observed for monitoring points located on the opposite side of the source zone from the 

local–extraction point, whereas increases were observed for monitoring points located 

between the local–extraction point and the source zone. The results illustrate that 

comparison of temporal concentration profiles obtained at various monitoring points 

gives a general indication of the source location with respect to the extraction and 

monitoring points.  
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Keywords:  Vapor phase tomography; Vadose zone; Source characterization; flow cell 

experiment; VOC.  
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INTRODUCTION 

 The presence of volatile organic compound (VOC) contaminant sources in the 

vadose zone poses two primary human-health risks. One potential risk is discharge to 

groundwater, and the other is discharge to the land surface (vapor intrusion). These two 

issues are typically the primary risk drivers for decisions regarding remediation of 

vadose-zone systems. Hence, the development and assessment of cleanup objectives for 

vadose-zone sources is typically based on the impact of residual mass in the vadose zone 

on groundwater or vapor intrusion (e.g., EPA, 2001; USACE, 2002; Carroll et al., 2012; 

Brusseau et al., 2013). 

 The standard approach for characterizing vapor-phase contamination in the 

vadose zone is to measure static vapor and/or sediment concentrations. The advantages 

and disadvantages of sediment sampling are well established. Soil gas surveys have 

become the default method for measuring vapor concentrations in the vadose zone. 

However, it is recognized that the method has certain limitations, such as characterizing 

mass associated with poorly accessible regions (e.g., low-permeability zones) or 

characterizing temporal variability of concentrations (e.g., DeGroot and Lutenegger, 

1998; Thomson and Flynn, 2000; McAlary et al., 2009). As a result of these and other 

issues, the soil-gas survey method is typically influenced by a large degree of uncertainty 

with respect to characterizing source location and strength. 
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 The vapor-phase tomography (VPT) method was recently developed to provide 

three-dimensional, spatially resolved characterization of vapor flux in the vadose zone 

(Brusseau et al., 2011). This method involves collecting depth-specific concentration and 

flow-rate (or surrogate) data at multiple monitoring points during a short-term vapor 

extraction that is conducted at a selected location. This component can then be repeated 

for multiple extractions, each conducted at a different location. The VPT method is 

analogous to the hydraulic and pneumatic tomography tests that have been developed to 

characterize permeability distributions in the subsurface (e.g., Baehr and Hult, 1991; 

Vesselinov et al, 2001; McDermott et al. 2003; Brauchler et al., 2003; Illman et al., 2007; 

Ni and Yeh, 2008) and partitioning-tracer tomography developed to characterize DNAPL 

sources in groundwater (e.g., Yeh and Zhu, 2007, Illman and al. 2010). In contrast to the 

latter test, concentrations of resident constituents rather than injected tracers are 

monitored. 

 The VPT method is based on measuring the spatial variability of vapor flux, and 

thus inherent to its effectiveness is the premise that the magnitudes and temporal 

variability of concentrations measured at different monitoring points within the 

interrogated area will be a function of the geospatial positions of the points relative to the 

source location. Concomitantly, under this premise, monitoring concentration profiles for 

multiple wells during the test provides data that can be used to characterize the general 

location and strength of the source. This premise is the basis for the “integral pumping 

test” method that has been used to characterize contaminant sources in groundwater (e.g., 
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Bockelmann et al. 2001, 2003; Bayer-Raich et al. 2004). The premise is also the basis for 

the “multilocation contaminant mass discharge test” method recently presented by Carroll 

et al. (2013) for characterizing VOC sources in the vadose zone. 

 The objective of this research is to test under controlled conditions the premise 

that monitoring concentration-time profiles for multiple wells during a vapor-extraction 

test provides data that can be used to characterize the general location of the source. A 

well-instrumented flow cell was used for the experiments. A well-defined source zone 

was created by continuous, steady injection and extraction of a non-reactive gas (SF6). 

The magnitudes and temporal profiles of concentration are monitored at multiple 

locations during a local vapor-extraction event, and observed differences are used to 

characterize the general location of the source with respect to the extraction and 

monitoring points. It is hypothesized that mass fluxes from the source zone to the local 

extraction will impact the nature of the concentration-time profile of each monitoring 

point differently, depending on their relative position. 

 

MATERIALS AND METHODS 

The flow cell measures 100 cm in height, 100 cm in length and 5 cm in width 

(Figure 1). The front panel is a 1-cm thick glass plate and the back plate is 1-cm thick 

stainless steel. The front/back plates are attached to the flow-cell frame with stainless 

steel plates tightened to the structure with M3 screws and sealed using a Teflon tape 

gasket. The left and right sides of the flow cell are each equipped with 10 Swagelock 
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valves. The flow cell was successfully leak tested, with all valves closed. All of the 

valves on both sides of the flowcell are kept open to the atmosphere during the 

experiments to represent open-boundary conditions. With 5 valves distributed over a 

height of 90 cm and the extant low water saturation, the entire profile is considered to be 

under atmospheric boundary condition. Additionally 4 strainless steel feet are attached to 

the structure to maintain the flowcell in a secure vertical position during experiments. 

The back panel has 81 ports with a diameter of 0.2 cm. The unused ports are sealed with 

threaded Teflon plugs. The sampling ports consist of 5-cm long perforated needles placed 

inside the flow cell connected to a mininert valve.  

The flow cell was homogeneously packed using natural silica sand with a median 

grain diameter of 0.354 mm, a bulk density of 1.8 g/cm3, and a porosity of 0.32. The 

estimated pore volume of the flow cell is 21.5 liters. The sand was mixed with water prior 

to packing to produce the equivalent water saturation of 0.25. 

 

Source zone configuration 

A well-defined gas-phase source zone was created by a continuous, steady 

injection of SF6 into a selected sampling port, while simultaneously extracting from an 

adjacent port. This approach was used rather than an organic-liquid source to minimize 

uncertainties associated with evaporative mass transfer and density-driven transients. The 

injection flowrate was always lower than the extraction flowrate, creating a stable dipole 

configuration. The shape of the source zone is defined by the positions of the injection 
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and extraction points and the size is defined by the ratio between injection and extraction 

flow rates. Table 1 presents the different flow-rate ratios used for each experiment. Stable 

source zones are associated with ratios smaller than 1. The SF6 concentration was 10.1 

mg/L in a balance of nitrogen. The high-pressure gas tank was connected to the injection 

port, and a diaphragm vacuum pump was connected to the extraction port.  

 

Experiment design 

An experiment starts with the development of the controlled source, which was 

generated as described above. After attaining stable conditions, the local-extraction test is 

initiated by creating a local perturbation of the concentration field using a vacuum pump 

connected to one of the sampling ports on the back plate of the flow cell. This step will 

be referred to as the local extraction. This local extraction is set to a fixed flow rate, 

smaller than that of the source injection/extraction flow rate so that the local extraction 

does not disrupt the source setting. Vapor samples are then collected periodically from 

several ports at various distances from the local extraction. An example setup is presented 

in Figure 1b. The location of the local extraction will vary but the relative position of the 

monitoring points will remain similar: 3 to 4 close monitoring points surrounding the 

local extraction and one further away. Given the homogeneous nature of the flow-cell 

system (and the corresponding uniform flow), vapor concentration is used as 

representative of mass flux. 
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The experiment design was devised to use the flowcell in two assessment modes- 

areal and vertical. An areal assessment setup was designed to test the method for 

characterizing the spatial distribution of the source in the areal plane. In this analogy, the 

source zone, local extraction point, and sampling points are considered to be at the same 

depth interval. The size and location of the source is varied. Given the low water 

saturation (~0.25), water migration is expected to be minimal during the time frame of 

the experiments, as illustrated in prior experiments and initial model simulations. A 

vertical assessment setup was conducted to investigate the impact of vertical variability in 

source location. The flow cell is considered in this case to represent a vertical segment of 

the vadose zone. Linear source zones are positioned along the bottom of the flow cell. 

This system may represent for example a source associated with a laterally-extensive 

lower-permeability zone occurring at depth in the vadose zone, or a source associated 

with a groundwater contaminant plume. 

Once an experiment was concluded, fresh air was injected into the system through 

the ports located on one side of the flow cell. This was done for a minimum of 24 hours, 

equivalent to 14 pore volumes. After this flush, samples were collected and analyzed to 

confirm no remaining SF6. 

Gas samples were collected using a 10-mL Hamilton gas-tight syringe, and injected into 

22mL sealed vials. All samples were analyzed via gas chromatography with an electron 

capture detector (Shimadzu GC-17A-ECD) and a headspace autosampler (Teledyne 
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Tekmar 7000). The instrument settings and analysis conditions are presented Table 2. 

The quantifiable detection limit is ~10 µg/L.  

Numerical modeling 

The fully implicit, integrated finite difference STOMP code (White and Oostrom, 

2006) was used to simulate the experiments. Note that the model was used in 

independent-prediction (all variables known a priori), rather than calibration, mode, and 

no adjustments to parameters were necessary to allow for comparison with experimental 

results. The component conservation equations for water and air are solved 

simultaneously, followed by the solute (SF6) conservation equation. Solute transport was 

simulated using a Total Variation Diminishing scheme, minimizing numerical dispersion.  

The 100-cm long, 5-cm wide, and 100-cm tall flow cell was discretized in the x- and z-

direction into 101 cells with a length of 0.5-cm directly adjacent to each boundary and 1-

cm elsewhere. The cell length was 5 cm in the y-direction. This discretization ensured 

that each injection or extraction location was centered in one of the cells. This 

discretization was obtained after several grid refinement iterations were conducted for 

Exp. 1 (Table 1) until no further changes were observed in the SF6 gas transport.  

The top and bottom of the flow cell were assumed to have zero-flux boundaries 

for all components. For the vertical boundaries, it was assumed that no water could move 

across, that the gas phase was under atmospheric conditions, and that solute transport in 

the gas phase occurred through a flux-type boundary condition. 
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The permeability and retention parameters provided by Schroth et al. (1996) were 

used for the 40/50 Accusand packed in the flow cell. The gas diffusion coefficient of SF6 

was 0.089 cm2/s (Werner and Hohener, 2003) and the Millington and Quirk (1961) 

equation was used to compute gas tortuosity. The initial water saturation was specified as 

0.25 throughout the computational domain and the water was not allowed to redistribute 

by specifying the relative permeability to be zero. For the gas phase, the relative 

permeability was computed using the Mualem (1976) permeability model. The 

longitudinal and transverse dispersivity values were 1 and 0.1 mm, respectively, based on 

values measured for the porous medium in prior research (Truex et al. 2009, Oostrom et 

al. 2010). 

 

RESULTS AND DISCUSSION 

Source Development 

The evolution of the concentration field created inside the flow cell over time to 

represent a constant source, prior to the start of the local-extraction test is illustrated in 

Figure 2a. In order to represent concentration field, we collected samples from the entire 

matrix available from the sampling ports in the back of the flowcell, then we used the 

software Tecplot to visualize the actual concentration field, using a color coding or 

contour lines.  All concentrations reported for this and all following figures are relative to 

the injection concentration. 
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After the start of the continuous injection and extraction to create the source, the 

concentration field fluctuates less than 4% after the 24-hour mark. This indicates that the 

concentration field is stable after 24 hours. Figure 2b presents breakthrough curves for 

the experiment from the start of the injection/extraction to the development of the stable 

condition defined above. The concentration profiles exhibit asymptotic behavior soon 

after injection, with specific transition time dependent on the distance from the source 

zone, and eventually attain steady or quasi-steady state conditions. 

As presented in Figure 2a, the 2D measured source concentration field compares 

well to the numerical simulation. The measured breakthrough curves are also in 

accordance with the simulated ones. The comparable results indicate that the approach 

used herein produced a stable source zone, and that the sample collection and analysis 

procedures were robust. 

The results of the experiments are presented in two parts: areal-based assessment 

and vertical-based assessment. Table 1 presents the parameters for each experiment. As 

mentioned previously, the source flow rates, and injection-extraction positions are key to 

developing the source zone. In subsequent sections of the paper, the experiment numbers 

presented in Table 1 are used to distinguish source configurations. 

 

Areal assessment 

  The results obtained for the local-extraction tests, namely the concentration-time 

profiles obtained for the monitoring points, will be classified in three categories: steady, 
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increasing, or decreasing. Experiment 1 represents a centrally located, small, source zone, 

as depicted in Figure 3a. The relative concentrations measured at the monitoring points 

over time, after the start of the local extraction, are plotted in Figure 3b. Differences in 

magnitudes of the steady state concentrations reflect differences in distance from the 

source, with higher concentrations indicating closer proximity. The concentration values 

are relatively low, ranging between 0.15 to 0.35 for all sampling points, indicating that 

the local extraction and the monitoring points are positioned comparatively far from the 

source. The small size of the source zone coupled with the location of the extraction test 

limits potential differences among the monitoring locations.  

Experiment 2 was conducted with a larger source zone, presented in Figure 4a. 

Two local-extraction tests were performed with this configuration. For EXT-2A, the 

local-extraction point was located farther away from the source and thus was set in a low 

concentration area (C<0.5). Conversely, the local-extraction point for EXT-2B was mid-

range to the source and thus in a medium concentration area (0.5<C<0.8). 

For EXT-2A, the concentrations remained stable or increased slightly for monitoring 

points A1 and A2 positioned between the local extraction and the source zone (Figure 4). 

Conversely, a decline in concentration is observed for monitoring point A3 positioned on 

the opposite side of the local-extraction point from the source. The concentration for 

monitoring point A4, which is away from both the source and the local-extraction point, 

remains stable. These combined observations indicate the general direction of the source 

zone: A3 to local–extraction point to A2 to source.  
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For EXT-2B, high initial concentrations and small declines are observed for 

monitoring points B1 and B2 which are located between the source and the local-

extraction point. The concentrations for monitoring points B3 and B4 decline 

significantly over time. This drop in concentration is consistent with a monitoring point 

located on the opposite side of the local-extraction point from the source. The high 

concentration values indicate a close proximity to the source and the difference in 

variation between monitoring points indicate the general direction of said source; B3/B4 

to local extraction to B1/B2 to source. 

To evaluate the impact of the local-extraction flow rate on the test response, 

experiment 3 (Figure 5) was conducted with a lower flow rate for the local extraction, as 

presented in Table 1, using a configuration similar to that used for experiment 2. The 

same two extraction locations were chosen to conduct the tests for this experiment. The 

results obtained for EXT-3A, the far-source extraction test, are similar to those obtained 

for experiment 2 but exhibit muted responses (smaller changes in concentrations). Such 

muted responses are also observed for EXT-3B compared to EXT-2B. Comparison of the 

two sets of results for experiments 2 and 3 illustrate the impact of the flow rate used for 

the local extraction, with a higher flow rate providing stronger responses as would be 

expected. 

Experiments 4 and 5 were conducted to examine the case of a source that is not 

centrally located (see Figure 6). Three local-extraction tests (EXT-4/5A, EXT-4/5B and 

EXT-4/5C) were conducted for both experiments, with the local-extraction point located 
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at similar distances from the source. The results of these experiments (included in Figure 

7) match those of the previous tests. For example, concentrations are observed to increase 

in EXP-4A for monitoring points A4 and A5, located between the local-extraction point 

and the source. Similarly, in EXP-4B, concentrations for monitoring point B2 and B5 are 

observed to increase.  Furthermore, a pattern of stable or decreasing concentrations is 

observed for the monitoring points located away from the source and the local–extraction 

point in both experiments 4 and 5. EXT-A and EXT-B for experiments 4 and 5 can be 

considered as mirror experiments, since they were performed with similar configurations. 

The similarity of results indicates satisfactory replication. 

The third extraction test is presented in Figure 7c, noted EXT-4/5C. The 

concentrations for every monitoring point are below 0.2 and stable for EXT-4C, which is 

consistent with the local–extraction point being located away from the source. 

Concentrations for monitoring point C3 and C5 of EXT-5C (located between the local-

extraction point and the source) are higher than for C1 and C4 (located away from the 

source and the local–extraction point). 

Applying the same principle as in previous experiments, we can locate the general 

direction of each source: For experiment 4, A1/A2/A3 to local–extraction point to A4/A5 

to the source, and B3/B4 to the local–extraction point to B2/B5 to the source. Both 

directions point to source 1. For experiment 5, B3/B5 to local-extraction point to B1 to 

the source, points to source 2. For EXT-7, it is designated from C1/C4 to local extraction 

point to C3/C5 to the source, which is consistent with previous observations from local-
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extraction test performed closer to the source, and consistent with the position of source 

2.  

Dual-source experiments 

The results above suggest that monitoring concentration-time profiles for multiple 

locations during an extraction test can provide indications of source location for single-

source systems. This is anticipated to generally be a more complicated endeavor for 

systems with multiple sources. Experiment 6 was conducted to test the capacity to 

identify two discrete source areas. Two source zones were developed in the flow cell as 

presented in Figure 6. Both source 1 and 2 are active in experiment 6. 

The concentrations observed for the monitoring points are higher than in 

experiments 4 and 5 because both sources are present in experiment 6. However, steady 

concentrations are observed for almost all monitoring points of EXT-A. Higher 

concentrations observed for A4 and A5 suggest their proximity to the source, as opposed 

to A1, A2 and A3, being away from the source. The direction of the source in this test is 

A1/A2/A3 to local–extraction point to A4/A5, which is similar to the direction given for 

experiment 4 (only source 1). We can conclude that EXT-A is only marginally impacted 

by the closer source 2. 

EXT-B is positioned closer to both sources for experiment 6 (with both sources 

present). An initial increase in concentration with time is observed for monitoring points 

B1, B2, and B5 closer to the sources, consistent with prior results. Concentrations remain 

steady for monitoring points B3 and B4, which are both located away from the source 
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and the local-extraction point, with the concentration being lower for B3 (located farther 

away).   

Extraction text EXT-C is positioned close to source 2, which is active during 

experiments 5 and 6 but not for experiment 4. Hence, the concentration profile should be 

expected to be similar to experiment 5. Inspection of Figure 7c, shows that it is, indeed, 

the case. The magnitudes of the concentrations observed for the monitoring points from 

experiments 5 and 6 are very similar, and significantly higher than for experiment 4. 

These results are consistent with those observed in the prior experiments. In the case of 

two sources present in the flowcell, it appears that extraction tests will present a response 

based on the closest of the two sources, the second source, being further away will not 

significantly impact the results from a single local-extraction test. However, multiple 

local-extraction tests can be conducted to better characterize the system in this case. 

 

Vertical assessment. 

Experiment 7 (Figure 8) presents a linear source zone set across the total length of 

the flow cell. Two local-extraction tests, EXT-7A and EXT-7B, were conducted to assess 

the response to local extractions located closer or farther away from the source. Similarly 

to previous results, minimal change in concentrations is observed for the monitoring 

points for the near-source test, EXT-7A (Figure 8b). A slight decrease in concentration is 

observed for monitoring point A1, which is located far from the source and on the 

opposite side of the local-extraction point, consistent with prior results. 
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The extraction point for EXT-7B is located in the top third of the flow cell. The 

concentrations for monitoring point B4, located between the local extraction and the 

source, increases with time, whereas concentrations for monitoring point B1, away from 

the source, decline  (Figure 8c). This behavior is consistent with prior results from the 

areal assessment. 

Lastly, the source zone for experiment 8 (Figure 9) was set across half of the flow 

cell to represent the edge of a source. EXT-8A (Figure 9b) is set with a local extraction at 

a medium distance from the source and the concentration profiles for all monitoring 

points exhibit a steady decline, once again indicating the position of the source being 

away from the local–extraction point. Monitoring points A4 and A2 present the highest 

initial concentration, indicating that they are positioned between the source and the local–

extraction point, their concentrations do not increase over time, though, which is not the 

behavior observed for the areal-focused experiments. For EXT-8B (Figure 9c), set further 

away from the source, monitoring point B2 present a higher concentration than the other 

three, indicating its position between the local–extraction point and the source. Slight 

declines in concentration are observed for all locations, including monitoring point B2, 

which is located somewhat between the source and the local-extraction point. The 

concentration decrease for this latter point is the opposite of that observed in prior 

experiments, and may reflect that the extraction test is located laterally away from the 

edge of the source, and thus likely experiences the attendant impact of additional dilution 

effects. 
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Aggregate behavior analysis. 

To quantify the overall concentration responses observed in the experiments, the 

relative increase or decrease in concentration from the initial concentration measured for 

each monitoring point (i.e., relative variation) is plotted against the relative position of 

the monitoring point. Figure 10a represent the arbitrary values allocated to each 

monitoring point based on its position with respect to the local-extraction point: 

-1: monitoring point on the opposite side of the local extraction point from the source 

0: monitoring point in the vicinity of the local extraction 1: monitoring point positioned 

between the source and the local extraction.  Each monitoring point is paired with another 

one from the same local extraction test. As a consequence, each line presented in Figure 

10b is a comparison between monitoring points in the same test but with different relative 

positions. 

Figure 10b compiles the results from all experiments displaying significant 

relative variations (i.e., monitoring points with no variation in concentrations were 

excluded). The experiment values vary from -60% to 60%. In all experiments, each line 

presents a positive slope, indicating that monitoring points located on the opposite side of 

the local-extraction point from the source experience a greater decrease in concentration. 

This overall observation, based on quantitative results from all experiments, is in 

agreement with the previous individual analysis of each local-extraction test. 
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CONCLUSION 

The objective of this study was to test under controlled conditions the premise 

that monitoring concentration-time profiles for multiple wells during a vapor-extraction 

test provides data that can be used to characterize the general location of the source.. This 

is based on the hypothesis that the behavior observed for the concentration-time profile 

for each monitoring point will depend on the relative positions of the source, local-

extraction, and monitoring points. In the case of a single source zone, decreases in 

concentration over time were observed for monitoring points located on the opposite side 

of the source zone from the local–extraction point, whereas increases were observed for 

monitoring points located between the local–extraction point and the source zone. 

However, no significant variation over time and a high constant value was observed for 

monitoring points located between the local-extraction point and the source when the 

local-extraction point was located in close proximity to the source. Low, steady 

concentrations were observed when the local extraction and monitoring points were 

positioned away from the source. The local extraction flow rate and the specific 

positioning of the monitoring points directly impact these observations. 

In the case of multiple sources, an extraction test will isolate the source closer to 

its local extraction point. If a single extraction test is influenced by two close sources it 

will not be able to distinguish them. Conducting multiple extraction tests throughout the 

area, as part of the protocol, will enhance the characterization of multiple sources. The 

results obtained from the flow-cell experiments indicate that monitoring vapor 
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concentration-time profiles can be used as the basis for advanced evaluations employing 

tomographic analysis to help characterize vadose-zone sources. 
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Table 1: Settings of the experimental apparatus and experimental parameters for each 

local-extraction test experiment 
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Table 2: GC parameters for gas sample analysis 
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LIST OF FIGURES 

Figure 1 - a) Schematic of the flow cell b) Photograph of the flow cell with an extraction 

configuration represented. 

 

Figure 2 - a) Concentration field in the flow cell for three times. Simulation (color 

coding) and experiment (contour lines), b) Breakthrough curves for 3 different positions 

in the flow cell - (X;Y) in cm – Simulation (line) and experiment (diamond). 

 

Figure 3 - Local extraction test experiment 1. a) Initial concentration field and extraction 

test configuration: A-local extraction A1 to A4-monitoring points, b) monitoring points 

concentration over time after start of the extraction. 

 

Figure 4 - Local extraction test experiment 2. a) Initial concentration field and 

extraction test configurations: A and B- local extractions. A1 to A3 and B1 to B4 - 

monitoring points, b) Monitoring points concentration over time after the start of each 

extraction test. 

 

Figure 5 - Local extraction test experiment 3. a) Initial concentration field and 

extraction test configurations: A and B- local extractions. A1 to A3 and B1 to B4 - 

monitoring points, b) Monitoring points concentration over time after the start of each 

extraction test. 
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Figure 6 - Local extraction test configurations for experiments 4, 5, and 6. A, B, and C 

indicate the position of the local extraction for each extraction test, each circled 

respectively in blue, yellow and red. Black crosses indicate the respective monitoring 

points. 

 

Figure 7 - Comparison of extraction test results for experiments 4, 5, and 6. Each 

extraction test is presented separately with results for experiment 4, 5, and 6 represented 

by cross, triangle, and square symbols, respectively. Monitoring points for each 

extraction test are identical in each experiment and numbered from 1 to 5 (see insert). 

The results for each monitoring point are presented separately in the five individual data 

figures, a) EXT-A, b) EXT-B, c) EXT-C.  

 

Figure 8 - Local extraction test experiment 7. a) Initial concentration field and 

extraction test configurations. The linear source zone is set by the main injection and 

extraction represented by the arrows. A and B local extraction. A1 to A4 and B1 to B4 - 

monitoring points, b) Monitoring points concentration over time for EXT-

A, c) Monitoring points concentration over time for EXT-B. 

 

Figure 9 - Local extraction test experiment 8. a) Initial concentration field and 

extraction test configurations. The linear source zone is set by the main injection and 

extraction represented by the arrows. A and B- local extraction. A1 to A4 and B1 to B4 - 
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monitoring points, b) Monitoring points concentration over time for EXT-

A, c) Monitoring points concentration over time for EXT-B. 

 

Figure 10 – Relative variation of monitoring point concentrations against arbitrary 

position in the local extraction test. a) Schematic explaining the monitoring point position 

values b) results across experiments c) results across simulations. 
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ABSTRACT 
 

 A gas-phase tracer test (GTT) was conducted at a landfill in Tucson, AZ, to help 

elucidate the impact of landfill gas generation on the transport and fate of chlorinated 

aliphatic volatile organic contaminants (VOC). Sulfur hexafluoride (SF6) was used as the 

non-reactive gas tracer. Gas samples were collected from a multiport monitoring well 

located 15.2 m from the injection well, and analyzed for SF6, CH4, CO2, and VOCs. The 

travel times determined for SF6 from the tracer test are approximately two to ten times 

smaller than estimated travel times that incorporate only gas phase diffusion. In addition, 

significant concentrations of CH4 and CO2 were measured, indicating production of 

landfill gas. Based on these results, it is hypothesized that the enhanced rates of transport 

observed for SF6 are caused by advective transport associated with landfill gas 

generation. The rates of transport varied vertically, which is attributed to multiple factors 

including spatial variability of water content, refuse mass, refuse permeability, and gas 

generation. The implications of landfill gas generation on the transport and fate of site 

VOCs are explored.   

 

 

Keywords: gas-phase transport, landfill gas generation, VOCs, gas tracer test 
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INTRODUCTION 

Landfill gas generation has long been of concern with respect to its impact on 

landfill operations and its potential risk for adjacent commercial and residential 

properties. More recently, concern over emissions of landfill gas have heightened due to 

their role in global warming. There is also interest in the potential impact of landfill gas 

generation on the transport and fate of VOCs that are routinely present at landfill sites. 

Landfill waste often serves as a long-term source of VOCs in the vadose zone.  In turn 

this contamination can have a significant impact on groundwater and on residential or 

commercial indoor air quality through vapor intrusion. 

 In areas with shallow groundwater, landfill VOCs impact the groundwater 

primarily through leachate generation that consists of not only VOCs, but other home 

chemicals and waste (i.e.,anitbiotics, pesticides, cleaning supplies, etc.).  In arid and 

semi/arid regions such as the southwest US, local recharge of groundwater is minimal 

due to limited precipitation and large evapotranspiration potential.  Therefore, the 

contribution of leachate to groundwater contamination is typically negligible.  In these 

regions, groundwater can be up to hundreds of meters deep. However, many landfills in 

the southwest region are regulated contaminated sites. For example, there are four landfill 

sites in Tucson at which groundwater is contaminated by VOCs. This leads to the 

question:  How do select VOCs (e.g., TCE and PCE) reach the groundwater in these 

regions? 
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In the absence of dissolved-phase transport, migration from the waste to 

groundwater must occur via gas-phase diffusive and advective transport processes.  

Density driven vapor-phase advective transport of VOCs is unlikely for many municipal 

landfill systems, given that the large quantities of solvent liquid required for such 

transport are generally not present.  Gas-phase diffusion is anticipated to occur, but 

detection of VOCs in groundwater is often observed sooner than predicted based solely 

on diffusive transport.  Therefore, it has been hypothesized that landfill gas generation is 

facilitating the transport of VOCs from the landfill to groundwater.   

Gas tracer tests (GTT) can help to characterize a multitude of conditions, 

processes, and parameters for vadose-zone systems, such as source identification, 

advective and diffusive transport, and residence time distribution.  More particularly 

water content (e.g., Keller and Brusseau, 2003; Carlson et al., 2003; Nelson et al., 1999:  

Han et al., 2006; Han et al., 2006; Jung et al., 2012) gas flow velocities and tortuosity 

(e.g., Tick et al., 2007; Werner et al., 2004; Kreamer et al, 1988) can be determined with 

data provided from a GTT.  Several GTT methods exist to characterize landfill gas 

generation, such as double tracer techniques (e.g., Scheutz et al., 2011), multiple tracer 

tests (e.g., Jung et al., 2012), tracer tests from leachate wells (e.g., Fredenslund et al., 

2010), and gas push-pull tests (e.g., Gomez et al 2008; Streese-Kleeberg et al., 2011).  

The impact of biogeochemical reactions on gas transport and how these reactions can 

determine rates of landfill gas production and attenuation have also been discussed (e.g., 

Molins et al., 2010).  Permeability and water content dictate the residence times of 
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methane as well as the pore gas velocities at which methane and other gases travel both to 

the land surface and to the water table (e.g., Sanchez et al., 2010; Zoellmann et al., 2001; 

Han et al., 2006). 

 A gas-phase tracer test was conducted at a landfill in Tucson, AZ, to evaluate the 

impact of landfill gas generation on the transport and fate of chlorinated aliphatic volatile 

organic contaminants. A single injection-extraction well couplet was used, with sulfur 

hexafluoride (SF6) serving as the non-reactive gas tracer. The tracer-test data were used 

to determine travel times, which were compared to values calculated using Fick’s Law. 

 

MATERIALS AND METHODS 

Site Description 

The El Camino del Cerro Landfill is an unlined, alluvial capped landfill located in 

Tucson, Arizona, that was in operation from 1973 to 1977.  No disposal records exist, but 

it is believed that the site contains municipal solid waste, potentially hazardous 

compounds, paper, green waste products, scrap iron, construction debris, plastics, and 

miscellaneous industrial solvents and household cleaning products.  An extensive 

perimeter gas well network was installed in 1994 for sampling and monitoring of landfill 

gas at the site.  Shallow landfill gas monitor probes were installed in 1995 to monitor 

methane gas concentrations between the landfill and nearby businesses.  Methane was 

observed at concentrations up to 60% by volume and has been detected in the shallow 

vadose zone perimeter wells.  In 1996, a pilot landfill gas mitigation system was put in 
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place to remove the gases.  In 1997, soil vapor monitoring wells and a wellhead treatment 

system were installed to treat and manage the VOC contamination.  In operation, this 

system removed between 20 to 40 pounds of VOCs each week.  The El Camino del Cerro 

Landfill was placed on the Water Quality Assurance Revolving Fund (WQARF) list (i.e., 

deemed a State Superfund Site) in 1998.  In 2006, a Soil Vapor Extraction (SVE) system 

was put in place for removal of VOCs in soil.  As of 2011, the treatment system has 

pumped 131 million gallons of water and removed approximately 37.5 pounds of VOCs.  

PCE, TCE, DCE, vinyl chloride and benzene are the contaminants of concern.  Site 

hydrogeology consists of the Cortaro Basin to the west and Tucson Basin to the east 

(sloping alluvial valley).  Depth to groundwater is 37-41 m bgs in the western portion and 

40-41m bgs in the eastern portion of the site.     

 

Tracer Experiment  

A single injection-extraction well couplet was used, with a separation distance of 

15.2 m. The tracer injection well (I-6) and the observation well (O-5) are located in the 

south-central portion of the landfill with total depth of both wells being 25.9 and 26.2 

meters bgs, respectively (Figure 1).  The single injection well was constructed with five 

multi-depth “nested” probes screened at discrete intervals.  The five screens are labeled 

as ports “a” through “e”.  The ports are screened at 4.6 – 7.6, 9.1 – 12.2, 13.7 – 16.8, 18.3 

– 21.3, and 22.9 – 26.0 m for ports “a” through “e”, respectively.  The single observation 
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well was constructed similarly to the single injection well with probes and intervals 

identical. 

A SF6 concentration of 100 mg/L, mixed in a balance of nitrogen and stored in a 

pressurized cylinder (80ft3 @ 3000psi), was used for the tracer test.  At the start of the 

tracer test, SF6 was released into the injection well at approximately 200 psi per minute 

for 3 minutes into ports “a” through “d”.  Tracer was not injected into port “e” due to a 

broken wellhead petcock.  After injection was completed, the tracer pulse moved under 

the influence of whatever advective-dispersive processes were present under natural 

conditions (no continued artificial gradient due to injection). Tracer transport was 

monitored for 624 hours.  The exception was injection well port “a” which had a final 

sampling time of 456 hours. 

A “multi-depth” gas monitoring probe, pressure regulatory polyethylene hose, 

brass fittings, hypodermic needles/syringes (30 cm3), and Tracer Research Corp. (TRC) 

patented sampling canisters (80 cm3) were used for sampling the injection and 

observation wells.  Gas was drawn from the varying well depths using a 30 cm3 syringe.  

Once the sample was collected, it was then injected into the 80cc TRC canister. Samples 

were collected without well purging during the first two days of the experiment to 

minimize potential dilution under conditions for which concentrations were anticipated to 

be changing rapidly.  Purging prior to sampling began on day three of the experiment.  

Samples for both wells were collected every 24 hours from day three until the end of the 

experiment (i.e., tracer gas breakthrough detected in observation well). 
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Initial “Fixed” landfill gases (CO2, CH4, O2), well pressures, and ambient air 

temperatures were analyzed using a hand held Landtek GA-90TM gas analyzer with 

calibration performed using a portable calibration gas kit containing cylinders of 50/50 

(50% CH4 and 50% CO2) and 5/95 (5% O2 and 95% CO2) with data downloaded to a 

personal computer data base.  Sample concentrations for the landfill gas constituents 

were quantitated using a gas chromatograph (GC) coupled to a thermal conductivity 

detector (TCD) at Tracer Research Corp.  Background VOC concentrations were 

analyzed using a flame ionization detector (FID) with samples containing elevated levels 

taken to an off-site laboratory for quantitative chemical analysis using EPA Method 

8240.  ).  Draegera detection tubes were used to monitor all field personnel exposure 

limits during experimental operations. 

 

Borehole Drilling and Well Construction 

A truck mounted Central Mine Equipment Model No. 75 rotary drill rig was used 

to create each borehole.  A 4.25” I.D. by 7.58” O.D. hollow stem auger was used to 

construct each shallow gas well.  The shallow wells were constructed with Schedule 40-

2” nominal PVC casing with approximately 7.6 m of blank PVC casing.  At 7.6 m bgs 

(below ground surface), a 10’ slotted casing, screened interval was installed, extending to 

a depth of 10.7 m bgs.  At 10.7 m bgs, a 1.5 m PVC bland was installed with end caps 

fitted with brass sampling valves at the wellhead.  A silicon sealant was used to prevent 

gas leakage.  At completion sand was placed from the total dept of the borehole to 
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approximately 5.5 m bgs.  Approximately 3’ of bentonite plug extends from 5.5 m bgs to 

4.6 m bgs.  A grout mix was then used to complete the construction to ground surface.  

The wells were fitted with steel protective well covers. 

Deep gas wells were constructed similarly to shallow wells with a total depth of 

approximately 21.3 – 27.4 m bgs.  Both types of gas monitoring wells were “nested” in 

pairs when possible.  The vacuum extraction/monitoring gas wells were drilled using a 

CME-75HD rotary drill rig.  A 2.4 m O.D. hollow stem rotary auger was used and 

completed to a depth of 26 m bgs.  A Foxboro 128 organic vapor phase analyzer and 

MSA Passport trigas meter were used to monitor health and safety conditions during all 

drilling events. Moisture content ranged from 6 to 53%, with a heterogeneous refuse 

approximately 26 meters deep (Table 1).   

Data Analysis 

 Travel times for diffusive transport of SF6 were determined with Fick’s 2nd Law, using 

the solution C/C0 = erfc x/(2[D0t/T]0.5).  In this solution, C = SF6 concentration detected, 

C0 = initial SF6 concentration, erfc = complementary error function, D0 = gaseous 

diffusion coefficient (assumed to be 0.036 cm^2/sec. from Kreamer, 1982), T = tortuosity 

(2 assumed value), and X = travel distance (15.2 m).   

This approach is based on the assumption that there was no vapor sorption or 

retardation of the SF6, which is to be expected based on its properties. It is recognized 

that factors such as refuse heterogeneity, spatial and temporal variability of temperature, 

barometric pressure, and soil moisture, which are not explicitly accounted for with the 
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analysis, may influence gas transport.  Temporal moment analysis of the SF6 tracer 

concentrations measured for the observation well was used to determine the estimated 

mean travel times. 

 

RESULTS AND DISCUSSION 

Results 

In general, methane concentrations were higher in the shallow and piezometer 

wells versus the deep wells.  Wells located directly within the landfill refuse generated 

higher “fixed” gas concentrations than those wells located on the periphery of the landfill 

or the unsaturated soil boundary areas.  Background results prior to the tracer experiment 

indicate the southern half of the landfill consistently produces slightly higher 

concentrations of methane than the northern half.  The presence of representative 

concentrations of methane found in all wells (shallow, piezometer, deep) suggests the 

wells provide a valid perimeter network for the sampling of landfill gases and VOCs.  

 Injection and observation wells contained only trace amounts of chlorinated 

compounds with concentrations ranging from 0.001 to 0.4 ug/L for select VOCs (Table 

2). Significantly larger concentrations were observed for ethylbenzene, toluene, and 

xylene. The concentrations were highest for port “a” for most VOCs..  The observation 

can be made that both landfill gas and VOC concentrations are higher at the shallower 

depth. 
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A 3-day diurnal analysis was performed during the asymptotic phase of the GTT 

to evaluate the potential impact of environmental conditions on SF6 concentration.  

Samples were collected 3 times a day for 3 days (morning, noon and afternoon). The 

results show no significant variability in concentration was observed for the injection 

well (Figure 2).  Weather data (Figure 3) shows that barometric pressure was relatively 

constant throughout the test.  Temperature data oscillated from approximately 28 C to 40 

C for the 3-day test.  The results indicate that pressure and temperature had no 

measureable impact on tracer gas concentrations No precipitation was recorded during 

the test. 

The measured SF6 concentrations in ports “a” through “d” of the injection well 

are presented in Figure 4. Inspection of the figure shows that there is a general decay 

trend of SF6 for all ports of the injection well.   Concentrations of SF6 at port “d” 

exhibited the fastest decay, whereas the slowest decay was observed for port “a”.  

Concentrations of SF6 decay at similar rates for ports “b” and “c”.  These observed 

differences in tracer dissipation rates suggest that landfill gas generation may have been 

vertically nonuniform.  

The SF6 concentrations measured for samples collected at the observation well are 

presented in Figures 5-9.  The concentrations are observed to fluctuate over time, and 

exhibit multi-peak behavior for some ports. Such behavior may indicate the impacts of 

temporally and/or spatially non-uniform gas generation as well as permeability 

heterogeneity on transport.  The observation of SF6 detection in observation well port “e”, 
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where injection only occurred in ports “a” through “d”, is an indication of vertical 

movement. 

The mean travel times for the observation of SF6 at ports “a” through “e” are 450, 

370, 530, 110, and 110, respectively.  The fastest SF6 velocities (0.14 m/hr) are obtained 

for ports “d” and “e”, the two deepest.  This indicates that SF6 breakthrough occurred at 

approximately the same time for these two depths.  In contrast, slower SF6 velocities 

ranging from 0.03 to 0.04 m/hr are reported for the shallow ports “a” through “c”. These 

data indicate that SF6 traveled to the observation well at two different velocities between 

the shallower and deeper ports.  Water content at the deepest well intervals was the 

lowest, 7%, for the five screened intervals.   The lower water content in deep ports would 

translate to larger relative permeability, which would facilitate the transport of SF6 from 

injection to observation well.  The complexity of a landfill refuse can make the 

identification of lower and higher permeability areas quite difficult.  If the deep well 

screened intervals contained areas of higher permeability, this would enhance the rates at 

which SF6 traveled from the injection to observation well.  The low CH4 production in 

the deep wells (i.e., port “e” of injection and observation well; Table 2) can be attributed 

to its location being at or near the bottom of the landfill.  A smaller mass of refuse 

present at the deeper well screens can decrease methane production. A lower rate of 

production would be expected to create a lower rate of advection, which is not consistent 

with the faster velocities of SF6 reported in the deep well locations.    
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The estimated diffusive travel times for SF6 are 1100 for ports “a” through “c” 

and 1990 for ports “d” and “e” (Table 2).  The mean travel times determined from the 

tracer test are significantly smaller than the estimated travel times based on diffusion only 

transport (Table 2).  The difference is an order of magnitude for the deeper ports, and 

ranges from a factor of 2-3 for the shallower ports. This indicates that advective transport 

due to landfill gas generation contributed significantly to overall tracer transport. 

 

Conclusion 

A gas-phase tracer test (GTT) was conducted at a landfill in Tucson, AZ, to help 

elucidate the impact of landfill gas generation on the transport and fate of chlorinated 

aliphatic volatile organic contaminants. The travel times determined for SF6 from the 

tracer test are approximately two to ten times smaller than estimated travel times that 

incorporate only gas phase diffusion. In addition, significant concentrations of CH4 and 

CO2 were measured, indicating production of landfill gas. Based on these results, it is 

hypothesized that the enhanced rates of transport observed for SF6 are caused by 

advective transport associated with landfill gas generation. The rates of transport varied 

vertically, which is attributed to multiple factors including spatial variability of water 

content, refuse mass, refuse permeability, and gas generation.  

Currently, landfills within the southwestern US, that is California, Nevada, Utah, 

Arizona and New Mexico have 32, 3, 7, 16, and 5 landfills, respectively, where the 

primary gas emitted is methane (http://www.epa.gov/outreach/lmop). Depth to 
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groundwater measurements in the southwest area range from 100-600 meters below 

ground surface, whereas landfills measure 20-30 meters below ground surface.  In 

Tucson, The Los Reales, Silverbell, El Camino del Cerro and Broadway/Pantano 

Landfills have a depth to groundwater of 65, 44, 40, and 107 meters bgs, respectively.  

The difference of many tens to hundreds of meters is significant when examining the 

movement of VOCs from the landfill to the groundwater.  Gas-phase advective and 

diffusive transport can explain the movement of VOCs to groundwater when leachate 

migration is limited.   

Methane generation can influence the fate and transport of VOCs not only to the 

groundwater but the land surface.  This contamination phenomenon known as vapor 

intrusion is at the forefront of vapor phase transport research due to the human health 

impacts and air quality issues.  The advective transport induced by landfill gas generation 

can result in faster and greater migration of VOCs to the land surface, thereby enhancing 

the potential for vapor intrusion.  
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Figure 1.  Injection/Extraction monitoring well system used for tracer gas test.
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Figure 1.  Injection/Extraction monitoring well system used for tracer gas test.
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Figure 1.  Injection/Extraction monitoring well system used for tracer gas test. 
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Figure 2.  3-day diurnal SF6 tracer gas data for the injection well (I-6) 

 

Figure 3.  Weather data during the 3-day diurnal SF6 tracer gas test for injection wells. 
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Figure 4.  SF6 concentrations for gas sampels collected from the injection well (I-6) 

 

Figure 5.  SF6 Trend in Observation Well Port A 
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Figure 6.  SF6 Trend in Observation Well Port B 

 

 

Figure 7.  SF6 Trend in Observation Well Port C 
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Figure 8.  SF6 Trend in Observation Well Port D 

 

 

Figure 9.  SF6 Trend in Observation Well Port E 
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Observation Well (O-5) 

Screened 

Interval (m 

bgs) 

Mean 

Travel Time 

(hrs) 

Diffusive 

Travel 

Time 

(hrs) 

Velocity 

(m/hr) 

Moisture 

Content 

(% by 

wt.) 

a: 5-8 451.51 1107 0.03 15.7 

b: 9-12 374.37 1107 0.04 22.1 

c: 14-17 524.87 1107 0.03 51 

d: 18-21 107.89 1989 0.14 30.4 

e: 23-26 107.91 1989 0.14 7.3 

 

Table 1.  Measured and Diffusive Travel Times for SF6 Tracer to O-5 

 

 

Table 2.  Background summary of “fixed” gas concentrations and gas-phase VOCs  

Background Summary of "fixed" Gas Concentrations and Gas-Phase VOCs

Well ID

port : 

depth 

(meters 

bgs)

[CH4] 

(%/vol.)

[CO2] 

(%/vol.)

[O2] 

(%/vol.)

PCE 

(ug/L)

TCE 

(ug/L)

cis 1,2 - 

DCE 

(ug/L) VC (ug/L)

Ethylbenzene 

(ug/L)

Toluene 

(ug/L)

Xylene 

Total 

(ug/L)

O-5 a: 5-8 70.8 30.5 0 ND ND ND ND 21.0 7.5 18.8

O-5 b: 9-12 43.4 22.9 2.7 ND ND ND ND 18.8 3.3 15.0

O-5 c: 14-17 75.6 25.8 0 ND ND ND ND 0.42 ND 1.07

O-5 d: 18-21 80.2 19.6 0 ND ND ND ND 0.05 ND 0.24

O-5 e: 23-26 57.4 39.3 0 ND ND 0.003 0.004 0.05 0.01 0.19

I-6 a: 5-8 63.9 34.2 0.2 0.161 ND ND 0.376 17.2 14.5 51.0

I-6 b: 9-12 66.2 34.6 0 0.001 0.0002 0.001 ND 0.04 0.05 0.17

I-6 c: 14-17 61.2 37.3 0 NA NA NA NA NA NA NA

I-6 d: 18-21 56.1 37.4 0 0.001 0.0002 0.002 0.001 0.08 0.09 0.44

I-6 e: 23-26 BROKEN WELL HEAD PETCOCK


