
NOTE TO USERS 

The original manuscript received by UMI contains pages wii 
slanted print. Pages were microfilmed as received. 

This reproduction is the best copy available 





Isotopic Applications to Contaminant Hydrogeology: Using 613c Analysis to Investigate 
the Origin and Fate of Dissolved Organic Contaminants 

Helen S tephanie Dempster 

A thesis submitted in conformity with the requirements 
for the degree of Master of Science 
Graduate Department of Geology 

University of Toronto 

O Copyright by Heien Stephanie Dernpster, 1997 



Acquisitions and Acquisitions et 
Bibliographie Services services bibliographiques 

395 Wellington Street 395, rue Wellington 
OîtawaON K I A  ON4 OMawa ON K 1 A ON4 
Canada Canada 

Your hle Voire réference 

Our file Nolre reldrence 

The author has granted a non- L'auteur a accordé une licence non 
exclusive licence allowing the exclusive permettant à la 
National Library of Canada to Bibliothèque nationale du Canada de 
reproduce, loan, distribute or sel1 reproduire, prêter, distribuer ou 
copies of this thesis in microfonn, vendre des copies de cette thèse sous 
paper or electronic formats. la fome de microfiche/film, de 

reproduction sur papier ou sur format 
électronique. 

The author retains ownership of the L'auteur conserve la propriété du 
copyright in ths thesis. Neither the droit d'auteur qui protège cette thèse. 
thesis nor substantial extracts fiom it Ni la thèse ni des extraits substantiels 
may be printed or othenivise de celle-ci ne doivent être imprimés 
reproduced without the author's ou autrement reproduits sans son 
permission. autorisation. 



Isotopic Applications to  Con taminan t  Hydrogeology: Using 6°C Analysis t o  
Investigate the Or ig in  a n d  Fa t e  of Dissolved Orgnnic Contaminants  

Helen Stephanie Dernpster 
Master of Science. 1997 
Department of Geology. University of Toronto 

Abs t r ac t  

To investigate the potential of stable C isotopes to identify the origin and fate of 

groundwater contaminants, techniques to extract dissolved organic cornpounds for isotopic 

analysis are developed and applied. Pentane extraction is shown to be an accurate, reproducible 

and linear extraction technique for isotopic analysis of dissolved BTEX (benzene, toluene, 

ethylbenzene and p-, m- and O-xylene) at concentrations from O. 1 to 100ppm. Free product BTEX 

obtained from three different rnanufacturers shows distinct isotopic fingerprints, illustrâting the 

potential of C isotopes to delineate different contaminant sources. An investigation into 

volatilization of organic compounds shows that 6I3C values are conserved during volatilization and 

demonstrates that headspace extraction is an accurate and reproduci ble technique for 6I3c analysis 

of dissolved VOC's. Isotopic measiirements performed on dissolved BTEX at a contaminated 

field site show srnall differences (1-2%0) in 6I3C values within the anaerobic plume core that are 

attributed to small-scale variations in anaerobic activity. 



Acknowledgmen t s  

1 wodd  first like to thank niy supervisor, Dr. Barbara Sherwood Lollar, for her patient 

guidance, encouragement and friendship during the course of this project. It has been a privilege 

to work with you for the past two years. Your kindness. dedication and integrity set an example 

for ils ail. 

1 appreciate the review and comments on this manuscript provided by my supervisory 

cornmittee, Marianne Douglas and John Rucklidpe. Thank you also to Vida Stripinis at Shell 

Canada, and David Smyth and Doug Mackay at the University of Waterloo for providing access to 

the Strathroy site. Particular thanks go to Steve Chapman from the University of Waterloo for his 

valuable advice and assistance in the field. Finally, many thanks are owed to Stan Feenstra for 

providing practical advice and field opportunities for this project. 

Particular thanks to Neil Arner of the Stable Isotope Lab for his technical instruction, 

helpfuI assistance and troubleshooting abilities. Thank you also co Greg Slater, Tim Westgate and 

Steve Taylor for making the lab a happy and interesting place to work. 

1 am thankful for the financial support that enabled me to pursue this project. Funding was 

provided by the University Consortium Solvents-in-Groundwater Research Program and by 

NSERC through my graduate scholarship and an operating grant awarded to Dr. B. Sherwood 

Lollar. 

Finally, 1 am especially grateful to my family for the opportunities they have given me and 

for the love and encouragement they have always provided. And to Anthony, thank you for your 

constant support and for reminding me of what is important. in  life. 

. . . 
Ilt 



Table of Contents 

Abstract 

Acknowledgments iii 

Table of Contents 

CHAPTER 1: Introduction And Literature Review 

1.1 BTEX: Fate and Transport 

1.1.1 Nature and Occurrence in Groundwater 

1.1.2 Processes Controlling BTEX Fate and Transport 

1.1.3 Advection and Dispersion 

1.1.4 Sorption 

1.1.5 Biodegradation 

1.1.6 Volatilization 

1.2 Stable Carbon Isotope Applications in Contaminant Hydrogeology 

1.2.1 Stable Carbon Isotopes: Contaminant Origin 

1.2.2 Stable Carbon Isotopes: Subsurface Processes 

1.3 Research Objectives 

1.4 Thesis Structure 

1.5 References 

1.6 List of Tables 

Table 1 . 1  

CHAPTER 2: Tracing Organic Contaminants in Groundwater 
Methodology using Compound Specific Isotopic Analysis 

2.1 Abstract 

2.2 Introduction 

2.3 Experimental Section 

A New 



2.3.1 Preparation of Aqueous BTEX Samples 

2.3.2 Pentane Extraction of Aqueous BTEX Samples 

2.3.3 Compositional Analysis 

2.3.4 lsotopic Analysis 

7.4 Results and Disciission 

2.4.1 Compositional Results 

2.4.2 Isotopic Results for Aqueous Sarnples 

2.4.3 Isotopic Results for Free Product 

2.4.4 Implications for Contaminant Hydrogeology 

2.5 References 

2.6 List of Fisures 

Fisure 2.1 

Fisure 2.2 

Figure 2.3 

CHAPTER 3: Isotopic Characterization of Contaminant Volatilization: 
Implications For Headspace 6°C Analysis of Dissolved VOC's 

3.1 Abstract 

3.2 Introduction 

3.3 Experimental Section 

3.3.1 Overview 

3.3.2 Free Product Volatilization Experirnents 

3.3.3 Dissolved Phase Volatilization Experiments 

3.3.4 Headspace Analysis of Complex Mixtures 

3.4 Results 

3.4. L TCE and Toluene Volatilization Experirnents 

3.4,2 Complex Mixture Volatilization Experiments 

3.5 Discussion 

3.6 Summary and Conclusions 

3.7 References 

3.8 List of Figures 



Figure 3. I 

F i p r e  3.2 

CHAPTEK 4: Characterization of Natural Isotopic Variability in the Anaerobic 
Core of a BTEX Plume 7 7  

4.1 Abstract 77 

4.2 Introduction 

4.3 Field Site Description 

4.3.1 Site History 

4.3.2 Site Characterization and Monitoring 

4.4 Sampling and Analysis: Protocol Development 

4.4.1 Overview 

4.4.2 Field Sampling Protocol 

4.4.3 Analytical Protocol Development 

4.5 6'" Analysis of Field Samples: Results and Implications 

4.5.1 Sample ColIection and Analysis 

4.5.2 Results 

4.5.3 Discussion 

4.6 Summary and Conclusions 

4.7 References 

4.8 List of Figures 

Figure 4.1 

Figure 4.2 

Figure 4.3 

Figure 4.4 

Figure 4.5 

CHAPTER 5: Conclusions 

5 .  I Techniqlie Developments for Isotopic Analysis 

5.2 Technique Applications to Contaminant Research 

5.3 Summation 

5.4 References 



CHAPTER 1: Introduction And Literature Review 

Contamination of groundwater by organic compounds is one of the most pressin; 

environmental problems of our time. In Canada, approximately 30% of domestic water supplie 

originate as groundwater, compared to over 50% in the U.S. and about 70% in Europe. Witl 

drinking water lirnits for most organic contaminants cornmonly three to five orders of rnagnitudi 

lower than the pure compound's aqueous solubility, groundwater contamination not only cause 

subsiirface degradation, but also seriously threatens water supply (Gillham and Rao, 1990). Dut 

to the natural cornplexity of hydrogeologic systems and the varied processes affecting contaminan 

migration, subsurface contamination is a cornplex phenornenon, dificult to constrain an( 

remediate. 

Although contaminant research has been an important focus of hydrogeologic work in th< 

past two decades, groundwater remediation technology is still in its infancy. Since the success O 

any remediation scheme hinges on a basic understanding of the forces at play in the groundwater a 

a given site, continued research into the processes controlling contaminant migration an( 

attenuation in the subsurface is essential. The development of new technologies to effective11 

detect and monitor groundwater contaminant plumes is a crucial component in broadening ou 

understanding of subsurface contaminant behaviour. 

One new development in the field of contaminant hydrogeology is the application of stabl~ 

carbon isotope analysis to evaluate the origin and subsurface transport of dissolved organii 

contarninants. The isotopic composition of a compound is expressed as the ratio of the heav] 

13 isotope to light isotope (ie. CJ"C) i n  the samples relative to the ratio in an internationally accepte( 

standard. The isotopic composition of a carbon compound is therefore expressed as follows, usin; 

units of per mil (%O): 



The net change in isotopic sisnature, due to a given process preferentially favouring one 

isotope over another, is called fractionation. Hydrocarbons enter the subsurface with a distinct 

isotopic conlposition, or  "C/''C ratio, characteristic of their source. Provided that this isotopic 

composition is conservative. stable carbon isotopic analysis can be used identify contaminant 

origin. The application of stable C isotopes to identify the source or orizin of hydrocarbons is 

discussed in section 1.2.1. In contrast, several cornmon attenuation processes - such as 

biodegradation, volatilization, and sorption - may have the ability to fractionate carbon isotope 

signatures in a predictable and measurable rnanner. In well constrained sites - where the 

contaminant history is known - isotopic analysis rnay thus provide important information about the 

subsurface processes controlling contaminant transport and attenuation. A review of the role of 

stable C isotopes i n  identifying biodegradation (a key process for organic compounds) is provided 

in section 1.2.2. 

T o  evaIuate the application of carbon isotopes to contaminant hydrogeolosy, 1 have focused 

on a suite of organic compounds commonly detected as groundwater contaminants - benzene, 

toluene, ethylbenzene, para-xylene, rneta-xylene, and ortho-xylene. These monoaromatic 

hydrocarbons, collectively referred to as BTEX, are found in petroleurn products such as  gasoline 

or oil (Slaine and Barker, 1990). Together they comprise 10-15% gasoline (see Table 1.1 at end 

of Chapter 1)  and are arnong its most soluble and hazardous constituents (Poulsen et al., 1992). 

Both benzene and toluene are classified as priority pollutants by the U.S. Environmental Protection 

Agency (EPA) and benzene, a suspected carcinogen, has a drinkina water limit of only 5 ppb 

(Patrick and Barker, 1985). The standards for the other cornpounds are slightly less stringeiit: 

toluene has a drinking water limit of 2 pprn, and the xylene isorners collectively have a drinkiiig 

water limit of I O  pprn (Allen-Kin; et al., 1994a). A review of the hydro~eologic behaviour of the 

BTEX compounds is provided in section 1.1. The saturated zone proceçses that coritrol BTEX 

fate and migration in the subsurface are discussed with pal-ticular enlphasis on liydrocarbon 

biodegradarion (the most influential subsurface process for the rnonoaromatics). A review of the 

literature relating to stable isotope applications in contan~inant research is provided in section 1.2. 



1.1 BTEX: Fate and Transpor t  

1.1.1 Nature and Occurrence in Groundwater 

A cornmon cause of subsurface BTEX contamination is accidental release of gasoline and 

other petroleum products from leaking underground storage tanks or above ground spillage (Allen- 

King et al., 1994a). Gasoline and other petroleurn products are fluids immiscible with water, witli 

a density less than that of rvater. As siich, these producrs are often referred to as  LNAPLs (light 

non-aqiieous phase liquids) whereas fluids immiscible with, and denser than water, such as many 

organic solvents and cleanin,o fluids, are known as DNAPLs (dense non-aqueous phase liquids). 

The difference in fluid density Ieads to important differences in the behaviour of these materials in 

the subsiirface (Gillham and Rao, 1990) 

After a LNAPL release into the subsurface, the fluid moves downward thoagh the 

unsaturated zone under the influence of gravity. The bulk flow rate is primarily controlled by the 

liquid's viscosity (the lower the viscosity, the more rapid the movement) and the potosity and 

peneability of the soi1 (MacKay, 1988). During movement through the soil, a portion of the 

NAPL remains trapped between the solid particles or in  pores that are isolated from a continuous 

network Of NAPL-filledpores (Borden and ~ i w o n i ,  1992). This fluid is immobile and is referred 

to as residual. Residual saturation is site-specific but is commonly between 2% to 25% of pore 

space (Kueper, 1994). If the contaminant reIease is small, the LNAPL may be held as residual iii 

the unsaturated zone and not reach the water table. However, if the release is large, the amount of 

NAPL present will exceed the amount that can be trapped in the soi1 and it will continue downward 

until it reaches the capillary fringe (the tension saturated zone irnmediately above the satiirrited 

zone) (Borden and Piwoni, 1992). 

Becaiise LNAPL is less dense than water, it accurnulates above the sacurated zone, causing 

a depression in the capillary fringe and the water table. As the fluid accumulates, i t  misrates 

horizontally along the surface of the saturated zone. The accumulation of fluid on the water table is 

often referred to as an "immiscible pancake" and its hydrostatic characteristics are complex 



(Gillham and Rao. 1990). As the "pancake" spreads, it leaves behind residiial in the soi1 or rock. 

Fluctuations in the water table can cause free product to be distributed as residoal over a significant 

thickness of the aquifer, fiirther reducing its recoverability. The LNAPL distributed on the 

surface of the water table or as residual within the zone of water table fluctuations c m  lead to 

oroundwater contamination as a result of soluble compoiinds, such as BTEX, dissolvinj into b 

groundwater flowing through the zone of residual saturation or into infiltrnting water. Water 

contacting gasoline can contain 10 pprn to greater than 100 pprn total BTEX. resulting in 

groundwnter concentrations well above drinking water limits (Berry-Spark et al., 1986). 

1.1.2 Processes Controlling BTEX Fate and Transport 

The saturated zone is the subsurface medium of greatest concern to regulatory agencies and 

the public because BTEX, although sparingly soluble in water, can create a contaminant plume that 

occupies a significant portion of an aquifer (Odermatt, 1994). The physical, chernical and 

biological processes that control the fate and migration of BTEX in groiindwater are advection, 

dispersion, sorption, biodegradation and, to a lesser degree, volatilizaiion. Each has the ability to 

affect the subsurface behaviour of dissolved BTEX and each, with the exception of advection, may 

act as a temporary or permanent means of attenuating BTEX transport (Barker and Patrick, 1985). 

These natural attenuation mechanisms must be iinderstood for scientific purposes, and hopefuily 

applied to enhance our ability to undertake in situ remediation of contaminaiion. I t  is important to 

note, however, that the chernical and physical properties of the BTEX compounds, as well as the 

environmental characteristics of the contaminated setting, combine to detemine the net effect a 

given process will have on BTEX transport (Bonazountas, 199 1). Environmental characteristics 

are variable and site-specific; for that reason, the actual influence exerted by a given process - 

biodegradation in particular - has been found to Vary between sites and within a single aquifer. The 

properties of benzene, toliiene, ethylbenzene, and m-, O-, and p-xylene that help determine the 

behaviour of these compounds in groiindwater are ootlined in Table 1.1. The role of ench 

subsurface process as it relates to BTEX transport is discussed in sections 1.1.3 to 1.1.6. 



1.1.3 Advection und Dispersion 

The tirne required for a dissolved contaminant to travel from its source to a given location 

depends on the processes that influence its course. The chernical and biological processes of 

greatest importance with respect to BTEX are sorption and biodegradation; these will be discussed 

in siibseqtient sections. The prirnary physical processes governing transport of BTEX in saturated 

media are advection and dispersion. Advection is the process by which solutes are transported as 

a result of the bulk motion of the water i n  which tl~ey are dissolved (Freeze and Cherry, 1979). 

Dispersion is an irreversible rnixing process that causes a dissolved contaminant to occupy a larger 

volume of a porous medium than would be expected as a result of advection alone. it is generally 

attributed to molecular diffusion and velocity variations in the porous medium (Mackay et al., 

1985). 

The two processes of advection and dispersion will transIate and spread a BTEX plume in 

the saturated zone, thereby increasing the volume of contaminated aquifer and reducing the 

concentration of the contaminants, but not directly reducing the total mass in the system (Gillharn 

and Rao, 1990). Indirectly, however, advection and dispersion c m  effect mass loss by enhancing 

aerobic biodegradation. In modelin; the transport of biodegradable organic solutes, MacQuarrie et 

al (1990) found that a large groundwater velocity accelerated the solute's degradation rate by 

increasing the mechanical mixing of the organic phase with oxygenated groundwater. 

1.1.4 Sorption 

Sorption refers to the distribution of a solute between the solution phase and a solid matrix. 

The portion associated with the solid rnatrix rnay either be adsorbed to the siirface of the solid or 

absorbed into its interior (Gillharn and Rao, 1990). I n  groundwater environments, sorptive 

processes partition contaniinants between the aqueous phase and the aquifer solids. The resiilt is 

retardation of the contaminant's movement relative to sroundwater flow. The higher the fraction of 
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contaminant sorbed, the more retarded is its net transport (Mackay et al., 1985). The retardation 

process also results in greater solute spreading, causing the volurne of the contaminated zone to be 

greater but the concentration lower. 

The partition coefficient (K,) that represents solute partitioning between the solution and 

solid phases is both site-specific and compound-specific because it depends prirnarily on the 

hydrophobicity of the compound and the organic carbon content of the soi1 (Karichkoff, 1984). 

The monoarornatics with the Sreatest solubilities. or weakest hydrophobicities, tend to sorb the 

least (Razakarisoa et al., 1992) and in general, the distribution coefficient for a given hydrophobic 

compound increases in proportion to the fraction of solid phase organic matter in the matrix. I t  has 

been shown that this type of sorption is a reversible process (Berry-Spark et al., 1988). As such, 

the sorbed phase can act as a temporary sink for contarninants but, as the solution phase 

concentration declines, the sorbed phase may desorb, acting as a source of contamination (Gillham 

and Rao, 1990). 

The site-specific nature of sorptive behaviour rnakes it impossible to rnake absolute 

statements about BTEX retardation, but sorne general conclusions can be drawn from laboratory 

and field experiments (Patrick et al., 1986; Gillharn et al., 1987; Berry-Spark e t  al., 1988). 

In terms of relative retardation, benzene is the rnost weakly sorbed, followed by toluene, o- 
xylene, rn-xylene and p-xylene (Gillham et al., 1987). The more soluble aromatic constituents 
are always the least retained so  the relative mobility of these compounds is  xylene < 
ethylbenzene < toluene < benzene (Patrick et al., 1985; Gillham et al., 1987; Razakarisoa et al., 
1992; Odermatt, 1994). 

Retardation factors for the monoaromatics can Vary frorn values where the cornpound travels at 
essentially the speed of groundwater to values where the velocity is significantly less than that 
of groundwater. This observed variation eniphasizes the inlportance of determirkg the 
sorptive potential of BTX in situ while assessin; environmental impact or desigiiing 
reniediation schernes (Gillham et al., 1987; Berry-Spark et al., 1988). 

The relative importance of sorption is often.mirior in actual field scenarios. If the organic 
content of the aquifer is low (as is the case for rnany sandy aquifers). the compotinds are not 
retarded significantly. Berizene, which presents the greatest threat to groundwater quality, is 
the most soluble and least sorptive BTEX compound. Furthermore, sorption of the soluble 
rnonoaromatics is a reversible process and can not offer a permanent means of BTEX mass 
removal even if the aqliifer has a substantial organic fraction. As a result, it is considered to be 
less important than biodegradation as a rneans of BTEX atteniiation and remediation (Patrick 



and Barker, 1985; Barker, 1987; Chiang et al., 1989; Lyngkilde and Christensen, 1992; 
O'Leary et al., 19931; Wiedemeier et al.. 1996). 

1.1.5 Biodegradation 

Mechanisrn of Biodeoradation 

Unlike reversible sorption mechanisms, biodegradation is a permanent mass rernoval 

process (Patrick et al.. 1985). Biodegradation represents the most favourable fom of BTEX 

attenuation because it is irreversible, naturally occurring, and can result in the creation of 

innocuous products (Berry-Spark et al., 1988). The monoaromatic hydrocarbons have been 

shown to be susceptible to degradation i n  the [ab and in the field, and the organisms that carry out 

BTEX degradation reactions in nature are thought to be ubiquitous (Allen-King et al., 1994a). 

Most of the research on BTEX attenuation to date has focused on biodegradation, largely because 

of its potential as an in situ means of remediation. A simplistic overview of the complex 

mechanism of aromatic degradation is provided below. 

Biodegradation can be defined as the breakdown of organic compounds in  nature by the 

action of rnicroorganisms such as bacteria. By utilizing carbon from orsanic compounds, 

microorpanisms can obtain energy and may increase in biomass (Sirns and Bass, 1984). Although 

the term "biodegradation" is often used to describe a variety of quite different and complex 

microbial processes that occur i n  natural systems, this discussion will describe biodegradation 

primarily in the context of mineralkation (Alexander, 1980). Mineralization is the complete 

biodegradation of an organic molecuIe into inorganic compounds, such as carbon dioxide, water, 

nitrogen, phosphorus and sulfur (Sims and Bass, 1984). 

For biodegradation to occiir, microorganisms need (at the very least) an organic cai-bon 

source, called a substrate, which they can utilize. There are three general meclianisms by whicli 

rnicroorganisins can utilize or degrade a substrate: aerobic respiration, anaerobic respiration, and 

fermentation (Evans, 1977). The aromatic hydrocarbons have been shown to degrade by al1 three 



mechanisms. but the niost important of these appears to be aerobic respiration. It is a rapid and 

effective rneans of BTEX niass loss frorn groiindwater. 

I n  aerobic respiration, rnolecular oxygen acts as the ultirnate electron acceptor while the 

aroniatic hydrocarbon serves as the electron donor (or energy source). The bacteria first 

incorporate two atoms of oxypen into the hydrocarbons to form dihydrodiol intermediates. The 

two hydroxyl groups on the arornatic nucleus rnay be ortho (adjacent) or para (opposite on the 

ring) in position. The dihydrodiols are then oxidized to form catechols, which are substrates for 

enzyrnatic cleavage of the ring (Evans, 1977; Riser-Roberts, 1992). Since this is carried out in the 

presence of oxygen, bacteria use enzymes called oxygenases to cleave the benzene ring (Berry- 

Spark et al., 1988). After ring cleavage, a series of enzymatic reactions occur of which the final 

products are low rnolecular weight organic acids and aldehydes. These are readily incorporated 

into the tricarboxylic acid cycle to eventually produce carbon dioxide and water (Riser-Roberts, 

1992). 

The Pselrdonotnas bacterial cultures are responsible for the aerobic degradation of most of 

the aromatics in gasoline although the efficiency of degradation can Vary arnong strains (Kobayashi 

and Rittman, 1982). Pseuilonomas rhodochro~rs and Pse~(hrlotnns nerigirzosa metabolize benzene 

through catechol and a cis, cis-muconic acid pathway. Toluene can be attacked either by immediate 

hydroxylation of the benzene nucleus followed by ring cleavage, or by oxidation of the rnethyl 

group followed by hydroxylation and cleavage of the ring (Fewson, 198 1). Achrotriobncter and a 

variety of Pseudononios strains have been shown to degrade toluene. Psrrrdononras pmdo can 

directly oxidize the aromatic ring of p- and m-xylene (Hou, 1982). Microorganisms that 

specifically grow on O-xylene have not yet been isolated although the oxidation of O-xylene to O- 

toluene was demonstrated in a Nocardia species by CO-oxidation (Riser-Roberts, 1992). 

I n  anaerobic respiration, the microorganisms perform initial ring recluction prior to ring 

c l e a v a ~ e  (Evans, 1977). I t  is thought that the aromatic ring may first be reduced to a stibstituted 

cyclohexane before a ring hydration ring cleavage reaction sequence ensues. Due to the absence of 



molecular oxygen, i n o r p i c  compounds (nitrate, sulfate and carbonate ions; matiganic and ferric 

ions) may serve as the ultimate electron acceptor instead of molecular oxygen (Riser-Roberts, 

1 992). 

Denitrification represents a forrn of anaerobic respiration in  which an organic carbon source 

is oxidized (or degraded) while nitrate or nitrite is reduced. This is accomplished by a cornplex 

suite of enzymes that are only associated with denitrifying bacteria (Berry-Spark et al., 1988). 

Denitrification has proven to be an important anaerobic degradation process for BTEX. Two other 

anaerobic respiration processes are sulfate reduction, in which microorganisms use reducible sulfur 

compounds (eg. sulfate, thiosulfate) as terminal electron acceptors to obtaiii energy for growth, 

and methanogenesis, in which rnethane bacteria ferment organic acids to methaile. Both suIfate 

reducers and methanogens are anaerobes whereas the denitrifiers appear to prefer oxygen as their 

electron acceptor and will use a wide range of organic compounds as carbon and energy sources 

under aerobic conditions. 

In fermentation, anaerobic bacteria use organic compounds as both electron donors and 

electron acceptors, producing incompletely oxidized organic cornpounds such as organic acids and 

alcohols. These processes have been observed to occur in laboratory rnicrocosms for benzene, 

toluene and xylene (Grbic-Galic and Vogel, 1986; Vogel and Grbic-GaIic, 1986). 

Degradation of BTEX has also been shown to occur by Phnnerochaere c h y x p o r i u m ,  a 

naturally occurrin; wood-degrading white-rot fungus. Laboratory results found that the organism 

efficiently degrades al1 the BTEX coniponents when these cornpounds are added either iiidividually 

or as a composite mixture (Yadav and Reddy, 1993). 

Aerobic Biodeoradation of BTEX 

Aerobic biodejradation of BTEX has been demonstrated by several researchers (Patrick et 

al., 1986; Lyngkilde and Christensen, 1992; Nielson and Christensen, 1994) due to the ubiquitous 

presence of BTEX degrading organisrns in the subsurface and the proven degradability of the 



monoarornatics. Investigators have stiidied both previoiisly contarninated sites and pristine 

aquifers injected with BTEX contarninated water. In al1 cases, aerobic biodegradation has been 

found to be the primary atteriuation rnechanism for these cornpounds. 

It is difficult to quantitatively compare the findings of BTEX aerobic biodegradation 

experiments because of the site-specific nature of the process. However, a few general 

conclusions can be drawn. 

Mass loss of BTEX in groundwater, and also from the unsaturated zone, is largely attributed 
to the degrading activity of rnicroorganisms (Patrick et al., 1985; Patrick et al., 1986; Berry- 
Spark et al., 1988; Chiang et al., 1989; Aggnrwal and Hinchee, 1991 ; Hallbourg et al., 1992; 
Lynskilde et al., 1992; O'Leary et al., 1993a; Allen-King et al., 1994b; Wiedemeier et al., 
1996). 

The most important control on the rate and extent of aerobic biodegradation is oxygen 
availability. There are other factors of importance - for exarnple, nitrogen addition appears to 
enhance aerobic degradation - but oxygen availability has the greatest influence on the 
degradation process (Patrick et al., 1986; Berry-Spark et al., 1988; O'Leary et al., 1993a; 
Nielson and Christensen, 1994). 

Because bacterial populations and activity depend on environmental conditions, which are 
variable in space and time, the extent and rate of degradation varies widely among aquifers and 
even within a single aqiiifer. (Nielson and Christensen, 1994; Wiedemeier et al., 1996). 

The relative degradability of the BTX compounds in aerobic environments has been shown to 
be: benzene c o-xylene < toluene < p-xylene c m-xyiene (Patrick et al., 1986). 

The final conclusion is predictable when one considers the mechanism of aromatic 

degradation. As an initial step in the bacterial transformation of benzene, cleavape of the ring is 

required, whereas the initial transformation of the rnethylated benzenes (toluene and xylene) can 

proceed by either ring cleavage or oxidation of a methyl group (Patrick et al., 1986). I t  follows, 

then, that the rnethylated berizenes would be more readily transforrned than benzene in the presence 

of a rnixed corisortiurn of rnicro-organisms. O-xylene is the more recalcitrant of the xylene to 

biotransformation, likely becaiise of the close proximity of the rnethyl groups on the ring. Its 

transformation is thought to proceed in nature as a result of co-metabolism with the presence of 

other sirnilar hydrocarbons, which would account for its relatively slow degradation rate. It is also 

important to note that the prolonged persistence of benzene does not just reflect its reIative 

recalcitrnnce; it may also retlect lirnited oxygen availability since benzene lias been shown in 



laboratory studies to be quickly biotransformed to below detection levels when oxygen is available 

(Patrick et al., 1986). 

Anaerobic Biodegradation of BTEX 

I n  most aqiiifers the ambient oxygen concentration is low and can be qirickly depleted by 

microbial respiration (Pfaender, 1990). When this occurs, oxygen can be replenished by diffusion 

and dispersion at plume boundaries (MacQuarrie and Sudicky, 1990), but this rate of 

replenishment is slow and anaerobic conditions can result and persist for a long time (Barbaro et 

al., 1992). If the amount of organic material is sufficient to maintain an oxygen depleted status, 

then an anaerobic community may be selected and the nature of the niicrobial transfomations will 

change (Pfaender, 1990). 

Biotransformation of arornztic cornpounds under anaerobic conditions is not ubiquitous. 

Results reported in  the literature are conflicting. The ability of sulphate reducing bacteria to 

degrade aromatic hydrocarbons is  an active area of laboratory research (Beller et al., 1992a,b; 

Evans et al., 1992). Some laboratory and field studies demonstrate the degradation of al1 

monoarornatic hydrocarbons under sulfate reducing conditions while others observe benzene to be 

recalcitrant in laboratory investigations (Kuhn et al., 1985; Cozzarelli et al., 1990; Edwards et al., 

1991). Clearly, its importance to BTEX degradation at actual field sites remains to be detemined 

(Acton et al., 1989; Hunt et al., 1995; Toze et al., 1995). The methanogens, if they are active, 

appear to require long acclimatization periods to mineralize BTEX compounds (Grbic-Galic and 

Vogel, 1986). It has been suggested, however, that partial degradation of aromatic hydrocarbons 

to organic acid intermediates may be an important attenuation rnechanism i n  methanogenic 

environments (Cozzarelli e t  al., 1990). 

At this time, denitrification offers the greatest potential for in situ remediation of BTEX. 

Because nitrate is much more soluble than oxygen, it may be more economical (require less time) 

to restore petroleum contaminated aquifers under denitrifyiirg rather than aerobic conditions 

(Hiitchins et al., 1991). However, the results from laboratory and field experiments have been 



contlicting and it appears that BTEX biodegradatioii tinder denitrifyirig conditions can be 

influeilced by several tindefined factors. Some successful resiilts for denitrification have beeri 

reported in Iaboratory experiments (Kuhn et al., 1985: ivlijor et al., 1985) but other investigators 

have observed only selective degradation of BTEX compounds aridlor a very slow rate of 

depda t ion  iii.laboratory tests (Berry-Spark et al., 1988; Anid et al., 1990; Hiitchins et al., 1991 ; 

Kao and Borden. 1997). The efficacy of denitrification as a BTEx mass removal process has also 

been investigated in riatiirally occurrin; anaerobic aquifers. The net results of these field 

experiments, as with the laboratory experiinents just reviewed, have been coriflicting (Berry-Spark 

et al., 1988; Barbaro et al., 1992). It is clear that the microbio1o;y of anaerobic biodegradation. 

and the controls on its rate and efficacy, are not well understood. 

1.1.6 Volatilization 

Volatilization is the transport of a compound from the liquid to the vapour phase and is a 

particular pathway for chernicals with high vapour pressures or low solubilities (Palmer, 1992). 

Contaminant chemicals can enter soil gas in the unsaturated zone either by volatilization from 

contaminated water, or by volatilization between the contaminant liquid and soi1 air. Partitioning 

between the air and water phases is governed by Henry's law and partitionin; between the 

contaminant liquid and the air depends primarily on the pure vapour pressure of the liquid (Lyman 

et al., 1992). 

The mechanism of volatilization of volatile organic compounds (VOC's), such as BTEX, in 

the unsaturated zone is not well understood. Once gasoline (a major source of BTEX 

contamination) is in the ;round, its behaviour is difficult to predict becaiise the rate of vaporization 

depends upon the vapour pressure of the gasoline constitiients, the pore pressure and moisture 

content of the soil, and the ambient temperature (Cheremisinoff, 1992). Several authors have 

identifisd gaseoiis transport of VOC's as a potentially important rnechanism for contaminant 

rnovemeiit in the iinsaturated zone (Sleep and Sykes, 1989; Cho and Jaffe, 1990; Ostendotf and 



Karnpbell, 1991) however the limited research on BTEX hns sussested that the influence of 

volatilization in causing contaminant rnass loss may be relatively minor compared to biodegradation 

and sorption. The role of volatilization as it relates to VOC migration is discussed fiirther in 

Chapter 3 (Chiang et al., 1989; O'Leary et al.. 1993b; Allen-King et al.. 1994b; Wiedemeier et al., 

1 996). 

1.3 Stable Carbon Isotope Applications in Contaminant Hydrogeology 

1.2.1 Stable Cnrbon Isotopes: Contantinant Origirr 

Stable carbon isotope rnass spectrornetry has been a mainstay of geolo$ical research, 

largely because of its ability to characterize the origin of crude oils and their related products 

(Whittaker et al., 1995). Much of the petroleum work has used bulk isotope analyses to determine 

the isotopic composition, or 8I3C value, of whole oil samples o r  component class fractions. The 

prirnary advantage of this technique lies in the analysis of samples that have undergone extensive 

molecular transformations. since whole oil isotope ratios remain largely unaffected and can 

therefore be used as a correlation parameter. Environmental applications using bulk isotope 

analyses are almost exclusively limited to the characterization of manne oils, for example 

correlation between beached oils in Prince William Sound (6I3C =-B. I to -29.4%0) and oil taken 

from the Exxon Valdez tanker (6I3C =-29.2%0) (Hostettler and Kvenvolden, 1994). 

A more discrirninating rneans of isotopic fingerprinting is now achievable iising compound 

specific isotope analysis (CSIA). The advent of CSIA using Gas Chrornato,araphy 1 Combustion / 

Isotope Ratio Mass Spectrometry (GCICIIRMS) has elevated characterization of petroleum 

compounds and other hydrocarbons to a level of  sensitivity and detail unobtainable by conventional 

rnass spectrornetry. GClClIRMS is a continuous f iow technique that consists of a gas 

chromatograph interfaced with a micro-combustion furnace, which combusts the individual organic 

compounds to CO1 after separation and eliition of the individual conlponents from the GC. 



GCICIIRMS enables SI3C analysis to be performed directly on organic compounds and provides 

4-5 orders of magnitude more sensitivity than conventional techniques. 

Compound specific isotope analysis has been iised to elucidate origin of oils and other 

organic matter; for example. to deterrnine sources of lake sediment carbon (Rieley et al., 1991) and 

source depositional and rnaturity effects on compoiinds in non-marine and marine oils (Bjoroy et 

al., 1992). Stable C isotopes have also been extensively iised in hydrogeologic applications to 

differentiate sources of natural organics (DOC and CHJ i n  zroundwater (Aravena and Wassenaar, 

1993; Sherwood Lollar et ai., 1994). Although GClClIRMS is an established technique for tracins 

the origins of naturally-occurring hydrocarbons, its extension to investigations of terrestrial 

hydrocarbon contamination is a relatively recent developrnent. The utility of stable C isotopes as a 

means of tracking the origin of anthropogenic contamination is only beginning to be realized. 

For GClClIRMS to aid in elucidating the source of contaminant inputs, two requirernents 

must be met. Firçt, the isotopic signature of a given source hydrocarbon must either be conserved 

during transport or must shift in a way that is understood and can be accounted for. Second, the 

isotopic signature of each potential input must be sufficiently distinct (show variations greater than 

the precision Iimits of the isotope analyses) to identify the magnitude of its contribution to the total 

contamination. Contaminant situations i n  which these criteria have been met and CCICIIRhIS has 

been successfully applied include distinguishing between anthropogenic sources of subsurface 

CH, and related hydrocarbons (C,+) (landfill or petroIeum industry related contamination) versus 

natural sources of these volatile hydrocarbons (Desrocher and Sherwood Lollar, 1996; Taylor et 

al., 1996; Desrocher and Sherwood Lollar, 1997). GClClTRMS has also been applied to 

investigations of polycyclic aromatic hydrocarbons in marine and freshwater sediments to elucidate 

primary source hydrocarbon inputs. Mass balance calculations, using ~nolecular abundance and 

carbon isotope rneasurements of 4 and 5 ring PAH's were used to show that approxirnately 50- 

80% of the PAH input to St. John's Harbour was combustion-derived (ie. vehicular ernissions) 



with the rernaining 20-50% derived frorn crankcase oit contributions (O'Malley et al., 1994; 

O'ivlaliey et al.. 1996). 

A recent laboratory study extended the application of isotope tracing techniques beyond 

hydrocarbon analysis to investigate the isotopic variability amongst different manufactiired sources 

of chlorinated compo~inds (van Warmerdam et al., 1995). Using conventional mnss spectrometry, 

6°C and  CI values for three widespread and hazardous solvents - perchloroethylene (PCE), 

trichloroethylene (TCE) and 1,1,1 trichloroethane (TCA) - were shown to be distinct for each 

manufacturer. These isotopic differences are likely attributable to different raw material sources 

and manufacturing processes associated with compound synthesis, and suggest that isotopic 

analysis may be a potential, toc11 in evaluating sources of plumes in field situations where the 

preservation andlor modification of the source is well constrained (van Warmerdam et al.. 1995). 

1.2.2 Stable Carbon Isotopes: Subsurface Processes 

As outlined in section 1.2.1, the appIication of isotopes to delineate contaminant origin is 

based on the premise that a contaminant's isotopic signature is either conserved during transport 

(ie. no fractionation occiirs) or that fractionation occurs but can be understood, quantified and 

accounted for. However, isotopes are not only a means of identifying contaminant origin. In 

situations where contaminant fractionation does occur in the subsurface, it is equally interesting 

and relevant to examine what is causin; this fractionation and how it is being incurred. The 

subsurface processes that control contaminant migration in groundwater are not well ~inderstood, 

and isotopes are a potentially powerful rneans of expantling Our knowledge of the mechanisms and 

pathways determining contaminant fate and traiisport. 

To date, stable isotopic work related to hydrogeologic processes has focused on 

constraining biodegradation - the inost important subsurface attenuation process for most clissolved 

organic contaminants. Research to date using stable C isotopes to investigate biodegradation has 

two characteristic featiires: 



Isotope analyses have relied on conventional mass spectrornetry and have measured: a) the 
whole petroleum or class fraction &I3c values of the Iiydrocarbon rnixtiire Cjet fuel, petroleurn) 
andlor; b) the 8°C of the CO- evolved from contaminant degradation through isotopic annlysis 
of soi1 CO, or total dissolved inorganic carbon (TDIC) (Stahl, 1980; Suchoinel et al.. 1990; 
Aggarwal and Hinchee. 1991; Cozznrelli et al., 1991; Baedecker et al., 1993: Van de Velde et 
al., 1995: Jackson et al., 1996; Landmeyer et al., 1996). 

Workers have noted that microbiril oxidation of petroleum hydrocarbons i n  aerobic conditions 
produces CO, or TDIC with a C isotope value similar to, but a few %a (0.5-3%0) more enriched 
than, the isGopic value of the hydrocarbon being degraded (Stahl, 1980; Aggarwal alid 
Hinchee. 1991; Baedecker et al., 1993; Landrneyer et al., 1996). 

All workers who have used isotopes to investigate biodegradation have combined their 

isotope resiilts with conventional geochemical measurements to quantify their findings. The nature 

and extent of the isotopic work performed, however, has varied considerably amongst 

investigations. Some workers have only isotopically analyzed soil CO? to provide evidence of 

biodegradation (Suchomel et al., 1940; Cozzarelli et al., 1991; Van de Velde et al., 1995; Jackson 

et al., 1996) while others have obtained 6I3C values for both soil COz (or groundwâter DIC) and 

the degrading hydrocarbon mixture (Stahl, 1980; Aggarwal and Hinchee, 1991; Baedecker et al., 

1993; Landmeyer et al., 1996). Still others have isotopically analyzed a third parameter, such as 

6I3c values of bacterial amino acids or 6"O values of electron acceptors, in an atternpt to better 

constrain the degradation process (Trust et al., 1995; Aggarwal et al., 1997). 

Isoto~ic lnvestioations of Aerobic Biodeoradrition 

Biodegradation research efforts that have attempted to quantify the isotopic composition of 

both the hydrocarbon mixture and the CO, produced during aerobic biodegradation include those 

of Stahl (1980) and Aggarwal and Hinchee (1991). These workers noted a snlall isotopic shift 

during aerobic degradation in which the 6°C of bacterially evolved CO2 was 2-3%0 more 

eririched in "C than the 6'" of the parent petroleum-hydrocnrbon mixture (typically -25 to - 

32%0). Stahl (1980) used laboratory microcosm experiments to determine the 6I3C of bulk 

petroleum and the CO, evolved from its aerobic degradation. Aggarwal and Hinchee (1991) 

documeiited hydrocarbon biadegradation at a site contaminated with JP-4 and JP-5 jet fuel tising 
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compositional and isotopic measurements of soil CO,. They determined that microbial aerobic 

degradation of hydrocarbons (which included the monoaroiiiatics) produced CO? enriched in 6I3c  

by about ?&O cornpared with source hydrocarbons and depleted in  6I3C by about 5 % ~  compared to 

soil gas carbon dioxide i n  uncontaminateci locations. 

Investigations of petroleum aerobic degradation by Landmeyer et al (1996) and Baedecker 

et al (1993) also observed 6''~ values of DIC in contamiriated groiindwater to be similar to, but 

slightly more enriched than, the 6'-'C value of the parent hydrocarbon. In the Baedecker study, 

isotopically light TDIC (-28%0) was anributed to oxidation of oil with a 6I3C value of -28.5%0 

(Baedecker et al., 1993). iandmeyer et al (1996) observed DIC 6I3c values of -16%0 in a 

contaminated aquifer which was derived from aerobic degradation of I3C depleted jet fuel (6I3C = - 

27%0) (Landmeyer et al., 1996). 

Other investigations of aerobic biodegradation using isotope analyses have relied on 

measurements of soil CO, only and have not focused on determining the isotopic composition of 

the degrading compounds. In an investigation of a contaminated vadose zone by Suchomel et al 

(1990), high COz concentrations with depleted 6I3C values are cited as tentative evidence of in situ 

aerobic biodegradation of TCE and TCA. Since TCE and otlier organic solvents are synthesized 

frorn petroleum prodiicts, the author's 6I3C values for CO? in the contaminated zone (-23.3 to - 

24.7%0) showed agreement with Stahl's work (Suchomel et al., 1990). Similarly, oil 

mineralization in a sait rnarsh was monitored and quantified by Jackson et al ( 1996) by measuring 

changes in 6I3C signatures of COzaiid the rate of COz production. Salt masshes are predominantly 

colonized by C, plants and the 6I3C signatures of evolvirig CO? (-14.4 to -17.7%~) reflect the 

typically enriched C, siymtiire. Since oil has a 6IJC value of -26 to -32%0 (depending on the 

source of oil), if crucle oil biodegradation is  occurring in a contamiriated salt marsh, the 6% value 

of soil CO, shoiild decrease as the contribution of isotopically depleted CO, to the total CO, pool 

increases. As with previoiis isotopic biodepdation st~idies, Jackson et al (1996) noted both an 



increase in CO2 production and a depletion in 6I3c signature of CO, from coiitaminated soil. 

(Jackson et al., 1996). Isotopic measurement of soil CO, was also used at the site of a bioventing 

pilot test to distingiiish 

prodiiced by methane ox 

that CO, from aerobic 

approximately 3%0 heav 

between CO, evolved from nerobic petroleum dezradation and CO, 

dation (Van de Velde et al., 1995). This work was based on the premise 

degradation of petroleum hydrocarbons would have a 6I3c value 

er than the petroleiim sobstrate (Stahl. 1980; Ajgarwal and Hinchee, 

1991) whereas CO2 resulting from the oxidation of methane could be expected to have a 6 " ~  

value from 5.0 to 26.0%0 lighter than the methane substrate. Stable C isotope analysis was able to 

successfully dernonstrate that CO, did not result exclusively from methane oxidation but that most 

was evolving from oxidation of petroleom hydrocarbons (Van de Velde et al., 1995). 

Some workers have attempted to better constnin the isotopic fractionations that may 

accompany microbial aerobic degradation by measuring the isotopic composition of a third 

parameter involved in the degradation process. In a recent labontory study by Aggarwal et al 

(1997), diesel fuel degradation in a mixed microbial culture was isotopically investigated. Stable 

carbon and isotope analyses of the contaminant (composite diesel sample and i ts saturate, aromatic 

and NSO fractions), the products of degradation (CO?), and electron acceptor (moleciilar oxygen) 

were used to monitor the occurrence, pathways and rate of biodegradation. The study 

demonstrated that oxygen isotope analyses helped to quantify the rate of contaminant degradation 

since the first order rate constants obtained from oxygen isotope data were in agreement with those 

obtained frorn oxygen and contaminant concentrations (Agganval et al., 1997). A laboratory study 

by Trust et a1.(1995) monitored the intrinsic bioremediation of PAH's through biometer flask 

experiments in which the bacterium, Sphingotnottns pn~icimbilis,  was grown on fluoranthene. 

lsotopic measurements of fluoroanthene, bacterial biomass (nucleic acids), respired CO,, and DOC 

provided evidence that bacteria and respired CO, have 6°C vnliies similar to carbon sources, thus 

establishiiig the flow of carbon from contaminant into bacterial biomass and then into respired CO, 

(Trust et al., 1995). 



lsotopic Investioations of Anaerobic Degradation 

In addition to using isotopes as tools to recognize and monitor aerobic biodegradation, 

anaerobic biodegradation of petroleum hydrocarbons has also been investigated throush 

geochemical and isotopic analyses of total dissolved inorganic carbon (TDIC) (Cozzarelli et al. ,  

1991; Baedecker et al.. 1993; Landmeyer et al., 1996). Some terminal electron accepting process 

(TEAP) conditions produce characteristic 6°C vaIues in DIC and can be identified through stable 

C isotope analysis in a coniaminated aquifer. Several studies have used isotopic measurements of 

TDIC to aid in the identification of rnethanogenesis in anoxic zones of contaminant plumes since 

methanogenic conditions resuh i n  fractionation of fuel C isotopes irito I3C depleted CH, and I3c 

enriched TDIC (Cozzarelli et al., 1991; Baedecker et al., 1993; Lmdmeyer et al., 1996). Heavier 

6I3c values do not always indicate rnethanogenesis, however, as demonstrated in an investigation 

of a gasoline spill by Cozzarelli et al (1991). This study showed heavier sI3C (more enriched in 

I3C) values in the anoxic zone of greatest contamination but methanogenesis was not an important 

process at the site (CH, concentrations were Iow). The heavier 6I3C values rnay have resulted 

from the selective degradation of organic compounds (perhaps organic acids) with a heavier 

isotopic composition than the natural soi1 carbon. Organic acids in the anoxic groundwater could 

be ultimately transformed into end products, such as CO- and water, however the isotopic 

composition of these acids and the contribution that they make to the production of inorganic 

carbon is largely unknown (Cozzarelli et al., 1991). Sulfate-reducing conditions (6I3C about - 

18%0) have also been isotopically identified in a study of biodegradation in a sandy, non 

carbonate, jet fuel coritarriirlated aqiiifer (Landmeyer et al., 1996). 

Finally, although rnost isotopic applications have involved petroleum contaminated field 

sites, a recent laboratory investigtion exarnined isotopic fractionation associated with degradation 

of chlorinated hydrocarbons (Ertl et al., 1996). In this study, no mensurable fractionation of stable 

carbon isotopes for the degradation of PCE and TCE to cis- 1,2 DCE was found (although there 

was a small effect for trans-1.3 DCE) yet a significant isotope fractionation in TCE degradation 



(depletion in I3C of about 5%0) was observed during transformation to VC or vinyl chloride (Ertl et 

al., 1996). 

1.3 Research Objectives 

As reviewed in  section 1.2.1, much of the historical work using stable C isotopes to 

identify contaminant origin has consisted of performing bulk isotope analyses, using conventional 

mass spectrometry, to determine the 8 " ~  value of whoIe petroleurn products or cornponent class 

fractions. Similarly, as discussed in section 1.2.3. essentially al1 of the past research using stable 

C isotopes to identify processes controllin; contaminant behaviour has also relied on conventional 

mass spectrometry and has measured: a) the whole petroleum or  class fraction 6I3C values of the 

hydrocarbon mixture (jet fuel, petroleum) and/or, b) the 6I3c of the CO- evolved from contaminant 

degradation through isotopic analysis of soi1 CO, o r  TDIC. 

Although this past research has been crucial in developing stable C isotope analysis as a 

tool for contaminant research, it has stiffered from the singular limitation of being unable to directly 

measure the isotopic composition of individual contaminants. Bulk 6I3C values are not extremely 

sensitive indicators of contaminant origin and are particularly restricted in their ability to detect 

subtle isotopic changes incurred by subsurface processes such as biodegradation. Sirnilarly, 

isotopic measurements of soi1 CO, or DlC must also be interpreted with great care. Carbon 

sources and sinks contributing to the inorganic C pool must be well constrained in order to 

correlate isotope change with hydrocarbon degradation. Furthermore, if background CO, 

production from indigenous organic matter is hizh, changes in the 8'" value of COz will be 

masked unless degradation rates are also be high. 

As disciissed in  section 1.2.1, with the advent of Cas Chromatography 1 Combustion i 

Isotope Ratio Mass Spectrometry (GCICIIRMS), the isotopic composition of a carbon compound 

can now be directly obtained through compound specific isotope analysis (CSIA), With the 

increased sensitivity provided by GCICIIRMS, we rlow have the technical capability to isotopically 



analyze dissolved organic cornpounds present ac pprn to ppb concentratioris. The challenge that 

remains is the developrnent of suitable techniques for extracting low concentrations of dissoIved 

organic compounds from groundwater preparatory to isotopic analysis. 

The first objective of rny project was to develop a suitable extraction technique for isotopic 

analysis of dissolved organic contaminants. Once this objective was cornpleted, I could then begin 

to address the remaining two objectives of my study: a) to investigate the ability of stable C 

isotopes to elucidate the origin of dissolved contaminants and; b) to investigate the ability of stable 

C isotopes to identify and trace the processes controlling the fate and migration of organic 

contaminants. These three researcb objectives, which are sumrnarized below, are each directed 

toward the ultimate goal of developing stable C isotope analysis as a tool to help us detect, monitor 

and eventually remediate siibsurface contamination. 

The research objectives of rny study are as follows: 

1 . To develop an extraction technique suitabte for removal of organic compounds, specifically 

the BTEX compounds, from groundwater preparatory to isotopic analysis. Chapter 2 describes a 

modified pentane extraction technique that is sufficiently accurate and reproducible to take 

advantage of the highly sensitive GCiCllRMS technolopy. Development of this technique 

provides the key to isotopic applications in contaminant hydrogeology by enabling ils, for the first 

time, to perforrn 6'" rneasurernents on concentrations of dissolved organic contaminants at ppm 

and sub pprn levels. 

2. To investisate the ability of stable C isotopes to indicate contaminant origin throiigh 

isotopic analysis of BTEX cornpouiids from different manufacturer sources. Chapter 2 describes 

an investigation to determine if the natural variation in the isotopic signature of BTEX from three 

different rnanufacturers exceeds the interna1 reproducibility of GClClIRMS analysis. The use of 

stable C isotopes to delineate source is a topical and exciting application of isotopic work, and 



results obtained from this stiidy provide important evidence of the potential of 6I3C analysis to 

identify contaminant origin. 

3 .  To  investigate the ability of stable C isotopes to monitor processes controlling contaminant 

migration at field sites. This objective is addressed through: 

i )  A laborarory investi~ation of the isotope effect associated with VOC volatilization frorn free 

product and the dissolved phase. Chapter 3 describes an isotopic investigation into volatilization of 

two hazardous and ubiqiiitous contaminants - toluene and TCE. This study is significant for it 

constrains the isotope effect of contaminant volatilization and also dernonstrates that headspace 

extraction is an additional effective preparatory technique for isotope analysis of highly 

contaminated field samples. 

i i )  The deveIopment and subseqiient application of a suitable protocol for 6I3C analysis of 

highly contaminated, complex field samples. Chapter 4 details the development of a suitable 

protocol and its subsequent application to dissolved BTEX at a gasoline contarninated field site. 

The field study is the first isotopic fjeld investigation of dissolved BTEX and its purpose is to 

examine natural variation in BTEX 6°C values in the anaerobic core of a contaminant plume. This 

information is essential because in order to assess isotopic change where aerobic biodegradation is 

rapidly consuming BTEX, we must first constrain the natural "background" isotopic variation in an 

anaerobic environment. Fiirthermore, constraining the natural isotopic variation in an anaerobic 

environment may also help to el~icidate the site-specific biogeochemical controls affecting anaerobic 

activity within contaminant plurnes. 

1.4 Thesis Structure 

This thesis has been written as a series of three papers (Chapters 2, 3, and 4). One 

introductory chapter (Chapter 1)  and one concluding chapter (Chapter 5) were added to complete 

the required thesis format. Chapters 2 and 3 have been written as publications with the following 

authorship: 



Chapter 2: 

Aiithors: H.S. Dempster, B. Sherwood Lollar, S. Feenstra 

Title: Trclcitig Orgnnic Contniniricl~its ln Groundwatcr - .4 New Methodology Usitrg Cornpoirtzd 
Specijk lsotope Arialysis. 

Current publication status: Submitted to "Environmental Science and Technology", February 1997. 
Accepted for publication, June 1997. 

Chapter 3: 

Authors: H.S. Dernpster, G. F. Slater, B. Sherwood Lollar, 

Ti tle: Isotopic Characteri:ation of Contnn~innnt Vo1itili:ntion: lmplicntions for Heackpnce 6" c 
Atialysis of Dissolved VOC 's 

Current pu bl ication status: In  preparation for subrni ssion to "Ground Water" 

Chapter 2 has the format required by the journal to which it has been submitted. The 

references and headings have been reformatted, however, for consistency throughout the thesis. 

Chapter 4 is not written in strict paper format since it describes field results which are the focus of 

continuing study. The introductory chapter (Chapter 1) provides a review of the hydrogeological 

literatiire concerning BTEX fate and migration and the isotope literature pertaining to stable isotope 

applications i n  contaminant hydrogeology. Chapter 5 sumrnarizes the conclusions of the study. 
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Table 1.1. 

Physical and chernicd propenies of the BTEX compounds 

1 benzene ] toluene 1 ethyl- ) p-xylene ( rn-xylene 1 O-xylene 

chernical 
formula 
mol wt 
(g/mol) :': 
density 

*:': 

solubility 
(rnsll) Ï 
b.p. 
(OC> *" 
m.p. 
(OC) *" 
vapour p. 
(kPa at 
25°C) * 
IogJS,,,~ 

"Lide, 1995); ** (Prajer, 1995); 7 (Patrick et al., 1985); $ (Montgomery. 1991); 6 (Riser- 
Roberts, t 9%) 

C6H6 

78.1 1 

0.8757 at 
15°C 
1740 

Henry's cst 
3 (atm.m / 

mol at 
25°C) $ 
wt. % 
sasoline 8 
c hernical 
structure 

80.1 

5.5 

12.7 

2.13 

Cd& 

92.15 

0.5661 at 
20°C 
554 

I I 

0.00548 

0.12 - 
3.5 

1 10.6 

-93 

3.5 

2.69 

benzene 
CsHlo 

106.18 

0.8670 at 
20°C 
13 1 

0.0067 

2.73 - 
2 1.80 

136.75 

- 9 5 

1.3 

3.13 

CsHlo 
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0.86104 
at 30°C 
157 
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0.36 - 
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138.37 

13.3 
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CsHio 
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0.8664 at 
20°C 
134 
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0.77 - 
1 .58 

CSHID 

106.17 

0.3501 at 
20°C 
167 

139.1 

-47.9 

1.1 

3.2 

144.4 

-25.2 

0.9 

3.12, 2.95 

0.0063 

1.77 -3.87 

0.0535 

0.68 - 
2.86 



CHAPTER 2: Tracing Organic Contaminants in Grouridwater - A New 
Methodology using Compound Specific Isotopic Analysis 

2.1 Abstract  

The low concentrations (ppm to ppb) typical of organic pollutants dissolved in groundwate 

has been a major factor limiting the application of stable isotope tracing techniques at contaminate, 

field sites. In this study, pentane extraction of benzene, toluene, ethylbenzene and the xylen 

isomers (BTEX) frorn water is shown to be an excellent means of resolving this problem an, 

preparing low concentration samples for carbon isotope analysis using hi$ sensitivity Ga 

Chromatography / Combustion 1 Isotope Ratio Mass Spectrometry (GCICIIRMS). 

Pentane extraction provides accurate, reproducible and linear isotopic results for dissdvei 

BTEX in water with concentrations ranging frorn 0.1 to 100 ppm - a range typically found i 

contaminated field settings. It is a rapid and flexible technique for extracting the monoaromatic 

frorn water and can readiiy be adapted to extract other orpanic contaminants. Demonstration of th 

feasibility of this technique for sparingly soluble BTEX compounds paves the way for application 

of 6I3c analysis of dissolved contaminants in both lab and field scenarios. GClCiiRMS analysi 

of pure phase BTEX obtained frorn different manufacturers shows that the 6I3c values of thes 

compounds are resolvably different for each producer. These results suggest that isotope analysi 

may be a valuable tool for identification of contaminant origin in well-constrained field situations. 

2.2 Introduction 

Contamination of groundwater by soluble organic compounds leads to degradation of wate 

quality and poses a serious threat to potable water supplies. To adequately design groundwate 

remediation projects, a solid understanding of the dissolved contaminants' subsurface behaviou 

must be developed. For this reason, identification of the source of organic contaminants and thei 

transport and fate in  groundwater is one of the most pressing issues in contaminant hydro~eolo~y 



M~ich of the contaminant research performed in the past 15 years has relied on laboratory 

microcosms, colurnn experirnents and field tracer tests in an atrempt to understand the processes 

affectin: the misration of dissolved organics. Although these approaches have been invaluable in 

identifying key attenuation rnechanisms, they are sometimes limited in their ability to quantify 

reaction rates (see (Alvarez et al., 1991)) distinguish between degradation pathways, and determine 

the relative importance of degradation vs. diltitionlsorptionlvolatilization etc. at complex, naturally 

variable field sites (Patrick et al., 1986; Berry-Spark et al., 1988; Major et al., 1988; Nielson and 

Christensen, 1994). 

The application of skble carbon isotopes provides an innovative means of evaluating the 

origin and subsurface transport of dissolved organic contaminants. Usin; both conventional mass 

spectrometry as  well as high sensitiviry GCICIIRMS, stable carbon isotopic signatures have 

successfully constrained contamination due to CH4 and related volatile hydrocarbons (C,-C,). 

13 Hydrocarbons enter the subsurface with a distinct isotopic composition, or C / ' ~ C  ratio, 

characteristic of their source. Provided that this isotopic composition is conserved, stable carbon 

isotopic analysis can be used to identify different sources of a given compound; for instance to 

distinguish between rnicrobial versus thermogenic gas (Aravena and Wassenaar, 1993; Sherwood 

Lollar et al., 1994) or  between anthropogenic contamination and natural background sources of 

hydrocarbons in the subsurface (Desrocher and Sherwood Lollar, 1996; Hackley et al., 1996; 

Taylor et al., 1996; Desrocher and Sherwood Lollar, 1997). Different sources of chlorinated 

compounds may nlso be asressed using stable isotopes; distinct 6I3c and 6 3 7 ~ ~  signatures of 

TC€ and PCE froni selected rnaniifacturers dernonstrate the potential iitility of isotopes to identify 

source areas of solvent plumes or episodes of solvent release (van Warinerdam et al., 1995). In 

situations where isotopic signatures are altered in recognizable patterns by subsurface processes 

acting on the compounds of interest, important information about attenuation processes such as 

bacterial oxidation (Coleman et al., 1995) and transformation (Ertl et al., 1996) can be obtained. 



Due prirnarily to the low concentrations at which dissolved organic contaminants are 

present in grouridwater and to the constraints this presents for conventional mass spectrornetry. 

most stable isotope work to date has relied on isotopic' analyses of COz or DIC to examine 

hydrocarbon degradation. Several workers have investigated biodegradation of hydrocarbon 

contaminants using compositional and isotopic rneasiirernents of COz released during catabolism in 

both aerobic (Suchomel et al., 1990: Aggarwal and Hinchee, 1991; Jackson et al., 1996) and 

anaerobic (Cozzarelli et al., 1991; Baedecker et al., 1993; Landrneyer et al., 1996) field 

environments. Although isotopic analysis of CO2 can provide valuable information about 

biodegradation of contaminants, a thoroubh understanding of soi1 bas constituents and soi1 gas 

dynarnics is essential to delineate multiple carbon sources and sinks contributing to changes in 

6I3c values (Suchomel et al.. 1990). Furtherrnore. the sensitivity of the technique is dependent 

on the difference in 6I3c signatures and the rate of CO2 production; large amounts of indigenous 

respiration will rnask changes in 6 I3c  related to contaminant degradation unless such degradation 

rates are very high. The method is only applicable in areas with appropriate background signatures 

and is unable to resolve degradation on a compound-specific basis (Jackson e t  al., 1996). 

With the recent development of GCICIIRMS (Cas Chromatography 1 Combustion1 Isotope 

Ratio Mass Spectrometry), compound specific isotopic analysis of organic contaminants provides a 

more efficient means of constraining subsurface processes by exarnining changes in the isotopic 

composition of the contarninants directly. GCICIIRMS provides rapid, cost-effective analysis with 

4-5 orders of magnitude more sensitivity than conventional techniques. This technology is the key 

to routine application of 6% isotopic analysis to dissolved organic contaminants present at ppm to 

ppb concentrations. Sample requirements of only tens to hundreds of rnls of groundwater even at 

those low concentrations rneans that information on isotopic variation at detailed spatiaI intervals is 

available for the first time. Although it has been applied extensively to the study of CH4 and 

volatile hydrocarbons in groundwater (Aravena and Wassenaar, 1993; Sherwood Lotlar et al., 

1993) and to investigations of polycyclic aromatic hydrocarboris i n  niarine and freshwater 



sediments (O'Malley et al., 1994; O'Malley et al., 1996), its application to the field of contaminant 

hydrogeology is a relatively recent development. 

The current challenge is to develop techniques for extracting low level dissolved 

compounds from groundwater that are sufficiently accurate and reproducible to take advantage of 

the highly sensitive GCICIIRMS technology. A suitable technique must ensure excellent 

chrornatography, should ideally provide a means of concentrating the compounds of interest for 

maximum sensitivity, and, most irnportaiit, must conserve the charactenstic isotopic composition 

of the dissolved cornpounds of interest (ie. must be non-fractionating). WhiIe a variety of 

extraction techniqlies are routinely used for compositional analysis, their ability to satisfy the non- 

fractionating isotopic criterion have not been established. 

This paper outlines a pentane extraction technique used to remove dissolved BTEX 

compounds from water preparatory to isotopic analysis. The BTEX compounds - benzene, 

toluene, ethylbenzene, para-xylene, meta-xyiene, and ortho-xylene (denoted as p-, m-, and o- 

xylene) - were chosen for isotopic analysis because they are hazardous and widespread 

groundwater contaminants. They comprise a significant portion of gasoline (usually 10-15%) and 

are its most soluble, mobile, and potentially harmful constituents (Poulsen et al., 1992). 

2.3 Experimental Section 

2.3.1 Preparation o j  Aqueous BTEX Saniples 

Aqueous BTEX sarnples were prepared by spiking distilled water with an aliquot of 

methanol stock solution corisisting of 20,000 ppm of each of the six BTEX compounds. The 

methanol stock solution was prepared gravimetricaliy. Methanol was added to an amber glass 

screw cap bottle with a cap lined with a PTFE/silicone septum. Each of the 6 BTEX cornpounds 

was added individually to the stock solution by injection through the septum using a glass syringe 

fitted with a luer-lok, stainless steel reusnble hypoderniic needle. Stock solution was stored at 4OC 

and discarded after 3 months. It was calibrated on a Varian 3300 gas chromatograph using 



commercial primary standards of BTEX in methanol. Before use, al1 glassware was soaked in  

common alkaline cleaning solution for 1-2 hoiirs, rinsed with distilled water five times, rinsed 

with 10% H N 0 3  solution five times, then rinsed with distilled water a final five times. Glassware 

was baked overnight at I 1O0C and covered with alurninum foi1 prior to use. 

To prepare the aqueous BTEX samples from the spiked methanol solution, clean 30 ml, 

125 ml or 500 ml serurn vials (larger vials were used for lower aqueous concentrations) were filled 

to overfiow with distilled water, then crirnped without headspace using an open-faced alurninum 

top lined with a PTFElsilicone septum. An aliquot of the methanol stock solution was added 

through the septum to achieve the desired aqueous concentration (0.1 ppm to IO0 pprn). To do 

this, the via1 was held inverted and the syringe containing methanol stock solution was inserted 

through the septum with its 2 inch stainless steel needle pushed as  far as possible towards the base 

of the vial. A one inch long vent needle was inserted through the PTFElsilicone septum into the 

neck of the vial to collect any displaced water as  the methanol stock solution was slowly added. 

Isotopic analysis of benzene in aqueous samples prepared from a methanol stock solution 

was problematic due to rnethanol tailing into the benzene peak, the first of the BTEX compounds to 

elute from the colurnn. For this reason, pure benzene was dissolved in water (without methanoI) 

for benzene 6°C analysis. For the other five compounds, 6I3C analysis was achieved using 

aqueous BTEX sarnples prepared from the methanol stock solution, as discussed above. A11 

aqueous samples were stored at 4OC to minimize volatilization and were discarded at the end of 

each day. 

2.3.2 Pentane Extraction of Aqueous BTEX Santples 

Pentane extraction was perforrned on dissolved BTEX samples in water with aqueous 

concentrations of O. I,O.S, 1 ,  IO and 100 ppm. For the higher concentration samples (10 ppm and 

100 ppm), the solutions were prepared in 30 ml vials with water:pentane ratios of 20:1. For 

aqueous samples of 1 and 0.5 ppm, a larger water:pentane ratio of 100: 1 was used to enhance the 



concentration factor and larger vials (125 ml) were iised to ensure that the pentane volume added 

could be easily targeted for extraction. An even larger water:pentane ratio of 1000: 1 was employed 

for the 0.1 ppm work and to accommodate this small pentane volume, the aqueous sarnples were 

prepared in 500 ml vials. 

For al1 of the above samples, pentane was added directly to the sampling vial by inverting 

the via1 then injecting the requisite volume of pentane through the septum of the vial via syringe. 

As in the preparation of the rnethanol stock solution, water displaced by the pentane drained out 

throush a vent syringe. Based on work by Thrun et al (1981) dernonstrating that continuous 

shaking beyond 15 minutes resulted in only srnall increases in organic recovery, each BTEX 

sample was shaken for 30 minutes on a wrist shaker (Thrun, 198 1). The sample was left to stand 

inverted for 30 minutes before an aliquot of the pentane-BTEX organic layer was removed for GC 

or GCICIIRMS analysis. All GC analyses were performed with a lu1 injection of the pentane- 

&TEX mixture regardless of aqueous concentration and water:pentane ratio. Injection volumes 

into the GCICIIRMS ranged from 0.3 pl (for 100 ppm samples) to 2 pl (for O. 1 pprn samples) to 

consistently achieve signal sizes between 0.7V and 1.W. 

2.3.3 Compositional Analysis 

Compositional analysis was carried out on Varian 3300 gris chromatograph equipped with a 

30m x 0.53 mm ID (megabore) Bentone 34 Di-n-decylphthIalate fused silica support coated open 

tubular (SCOT) colurnn (Supelco, 2-5501) and FID . Separation to baseline was achieved between 

pentane and benzene, and between al1 six BTEX cornpounds. AI1 samples were prepared and 

analyzed in duplicate. Blanks on pentane and methanol (since BTEX aqueous standards were 

made from a methanol stock solution) were performed to ensure that there were no contaminants 

potentially CO-eluting or tailin,o into any of the BTEX compounds. 



2.3.4 Isotopic Analysis 

Gas Chromatography / Combustion 1 Isotope Ratio Mass Spectrornetry (GCICIIRMS) is a 

continuous flow technique for cornpound specific isotopic analysis of mixtures of organic 

compounds. Our instrument consists of a Varian 3400 gas chrornatograph interfaced with a micro- 

combustion fiirnace, which combtists the individual organic compounds to CO2 after separation 

and elution of the individual components from the GC. Separation of the BTEX cornpounds for 

GClClIRMS analysis was achieved iisin; a 30m x 0.25 mm ID Bentone 34 Di-n-decylphlalate 

fused silica SCOT capillary column (Supelco, 2-5503). This column has a narrower diameter than 

the column used for GCIFID analyses (to facilitate connection to a capillary colurnn leading to the 

combustion furnace) but is otherwise identical. A Finnigan MAT 252 gas source isotope ratio 

13 12 mass spectrometer provides real time measurement of the CI C ratio in each successive CO2 

peak, each of which is entirely derived from a single specific compound in the original rnulti- 

cornponent mixture. An externat COz reference gas is used to obtain highly precise isotopic 

compositions, or S')C values, for each carbon cornpound as shown in the following equation: 

T o  assess the accuracy of the pentane extraction technique, two types of isotopic analyses 

were performed. First, each of the six BTEX cornpounds was isotopically analyzed as free 

product to deterrnine its pure phase isotopic composition. Second, isotopic anaIyses were 

perfoinied on pentane extracted aqueous BTEX sarnples with dissolved concentrations ranging 

from 0.1 to 100 ppm. The 6 ' ' ~  values obtained for the pure phase of each cornpound were 

cornpared to the 6'" values for the extracted BTEX compounds to determine if the extraction 

technique was accurate aiid non-fractionatiri; (ie. capable of preserving the BTEX cornpounds' 

characteristic isotopic compositions). Sarnples were run on a split/splitless injector set to 6:l 

(standard setting) for the aqiieous sarnples and 1000: 1 for the free product analyses (necessary to 



reduce the moles of carbon entering the system and avoid oversaturating the source). GC settings 

were as follows: injector temperature= 1 60°C; He carrier gas Flow rate=0.8ml/min (equivalent to 

approximately 26cmlsec); temperature prognm=40°C for '4 min.. increase to 9û°C at lS°Cimin 

followed by a hold at 90°C for 15 minutes. Three injections were made for each sample to obtain a 

mean 6I3c value. If sainples were riin on the same split setting, differences between sainples 

(error bars) are reported based on interna1 reproducibilities on triplicate samples (always better than 

0.5%0 for aqueous samples and better than 0.3%0 for free product). If samples were run on 

different split settings (unavoidable if free product samples are being cornpared to low 

concentration dissolved samples), differeiice between sarnples (error bars) are assisned a value no 

less than 0.5%0 to incorporate not only variation due to reproducibility but variation due to the 

different split settings. 

2.4 Results and Discussion 

2.4.1 Compositional Results 

Compositional results for BTEX aqueous samples show that as the sample:solvent 

(water:pentane) ratio increased, extraction efficiency of the technique decreased. A high 

sample:solvent ratio enhanced the magnitude of the concentration factor offered by the technique 

yet simultaneously lessened the total fraction of organic solute stripped from the aqueous phase 

(Thrun, 198 1). 

This trend is illustrated in Figure 1 for a 10 ppm aqueous BTEX solution extracted at 

waterpentane ratios of 20: 1 ,  100: 1 and 400: 1. At a water:pentane ratio of 20: 1 ,  benzene and 

toluene are 95% and 96% extracted respectively, and ethylbenzene and the xylene isomers show 

100% remova! from water. At a water:pentane ratio of 100: 1 ,  the extraction efficiency for 

ethylbenzene and xylenes is still 100%, but has decreased to about 75% and 85% for benzene and 

toluene. Finally, at a water:pentane ratio of 400: 1,  the range of extraction efficiencies is 

significnntly less; approximately 35% for benzene, 75% for toluene and 8045% for  the rernaining 



four compounds. Benzene and toluene are consistently less well extracted than ethylbenzene and 

the xylenes. Thsse resiilts correlate well with solubility; benzene and toluelie are the most soluble 

BTEX compounds and therefore partition least readily into a hydrophobic organic phase. The 

implications with respect to adaptation of pentane extraction for isotopic anaiysis are discussed 

below. 

2.4.2 Isotopic Results for Aqueous Santples 

To investigate the accuracy of the pentane extraction technique for isotopic analysis of 

dissolved BTEX, the 6I3c values for the free product, o r  pure phase, of each of the 6 BTEX 

cornpounds was compared with the 6I3c values of each of these compoiinds after pentane 

extraction of a BTEX mixture from the dissolved phase. Figure 2 shows that within a routine 

reproducibility of O . ~ % O ,  the 6I3c values of the pure phase BTEX compounds are identicaI to the 

6I3c vaiueç of the carnpoundç after pentane extraction frorn the aqueaus phase. This accuracy iç 

consistent over a range of aqueous BTEX concentrations spanning three orders of magnitude (0.1 

to 100 ppm) - a range typical of groundwater BTEX concentrations in the vicinity of a contaminant 

plume. 

Water:pentane ratios varied frorn 20: 1 to 1000: 1 for these tests, with the higher ratios used 

for the lowest concentration samples in order to maximize the concentration factor and provide 

sufficient sarnple for isotopic analysis. Altliough this variation in water:solvent ratio invoIved a 

variation in extraction efficiency between 35-100% (Figure 1), is clear from Figure 2 rhat 

extraction efficiency had no impact on the accuracy of the isotopic analysis. Pentane extraction is 

isotopically non-fractionating regardless of extraction efficiency. This is an important advantrige of 

the pentane extraction technique for it provides the procedural flexibility required to accommodate a 

wide range of dissolved BTEX concentrations. 



3.4.3 lsofopic Results for Free Product 

Free product of each of the six BTEX compounds was obtained from three different 

manufacturers (indicated anonymously as M l ,  M2 and M3) and isotopically analyzed using 

GCICIIRMS. All isotopic analyses for a given compound were performed with the same split ratio 

(1000: l) ,  hence the error bars in Figiire.3 indicate interna1 reprodiicibility a s  discussed earlier, 

Significantly, the 6I3c values for benzene, toluene, and ethylbentene are resolvably different for 

each of the three manufacturers. Benzene from manufacturer 1 (Ml) in particular is >3%0 more 

enriched in fhan benzene from the other two producers. Furthermore, and what is perhaps 

most important, the isotopic "fingerprint" - or overall pattern of isotopic variation between the six 

compounds - is distinct for the three manufacturers. For exarnple, while M2 and M3 show 

relatively similar isotopic signatures for benzene, toluene and ethylbenzene, M l  shows a trend of 

increasing depletion in "C between these three cornpounds. Also, while al1 three rnanufacturers 

show a distinct enrichrnent trend in 6I3c signatures between ethylbenzene and p-xylene, followed 

by a trend of 6I3c depletion between m-xylene and O-xylene, the pattern within the xylene isomers 

is different for the three manufacturers. P-xylene is the rnost enriched compound for 

manufacturers 1 and 2 whereas m-xylene is the most enriched cornpound for manufacturer 3. 

2 - 4 4  Inlplications for Contaminant Hydrogeology 

The use of pentane extraction, in conjunction with GCICIIRMS technology, enables the 

6I3c  composition of dissolved BTEX to be accurately determined at concentrations relevant to 

contaminated field settings and with great spatial and temporal precision. The application of this 

technique to field scenarios has interesting impIications with respect to both tracing the source of a 

given contaminant and identifying the processes affecting saturated zone behaviour. Through 

GCICIIRMS analysis of pure phase BTEX, this study has shown that different manufacturers do 



produce chernicals with distinct 8 ' " ~  compositions. These isotopic differences are likely 

attributable to different raw material sources and rnanufacturing processes associated with 

cornpoiind synthesis. A given manufacturer will not necessarily have a single characteristic 8I3c 

sigatiire for benzene (for example) throughout its rnanufacturing history. At a given site, 

however, where discrete releases of contaminant frorn a number of sources are involved. 

compound specific isotope analysis may provide a quantifiable means of distinguishing between 

these sources. Laboratory and field studies are currently underway to determine to what extent the 

isotopic signatures of dissolved BTEX are conservative (ie. continue to reflect the isotopic 

signature of the source) versus non-conservative (ie. frnctionated due to the action of subsurface 

processes such as biodegradation/sorptionlvolatiiization etc.). If such processes are mass 

fractionating, they may alter a contaminant's 613c composition in a manner that can be identified 

and monitored. In short, the application of isotope geochemistry to contaminant hydrogeology is a 

burgeoning technology and one that may be instrumental i n  tracking both the source andlor the fate 

of carbon bearing contaminants in the subsurface. 
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2.6 List  of Figures 

F igure  2.1 : . The resiilts are shown as an averaze of duplicate sample preparations where the 

reprodiici bility between duplicates ranged frorn 3 to 14% of the mean. Interna1 reproducibility, for 

multiple injections (n=3) of a given sample, had a standard deviation <3% of the rnean. 

F igure  2.2: 6 " ~  values for dissolved BTEX at concentrations frorn 0.1-100 ppm (shown in 

open symbols) plotted against the 6'" values for free product BTEX (shown in closed syrnbols). 

The 6'" values for dissolved and free product BTEX cornpounds are identical within 

reproducibility. Error bars represent 0.5%0 accuracy and reproducibility (see text). 

F igu re  2.3: 6I3c values of free product BTEX obtained from three different rnaiiufacturers - 

M I ,  M2, and M3 - show three distinct isotopic fingerprints. Error bars shown represent interna1 

reproducibility (c 0.3%0, see text) and are routineiy smalier than the plotted symbol, 



Figure 2.1 
Plot of extraction efficienq expreççed as percent recovery of dissolved BTEX at varyi~i; 
water:pentane ratios 



Figure 3.2 

6 ' ' ~  values for dissolved BTEX ar concentrations frorn 0.1-100ppm (shoivn in open symboi: 
ploned against the 6 " ~  values for free p d u c t  BTEX (shoivn in closed symbols). 
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Figure 3.3 

6 " ~  vaiues of f iee  product BTEX obtaincd from rhree different rnanufacturers - $1 1. M2, and 



CHAPTER 3: Isotopic Characterization of Contaminant Volatilization 
Implications For Headspace 6I3C Analysis of Dissolved VOC's 

3.1 Abstract 

Volatilization is a key deteminant of the fate of volatile organic chernical (VOC's) in th 

subsurface environment. It plays an important. but poorly understood, role in controlling VO( 

partitioning between the aqueous, gaseous and non-aqueous liquid phases in both the unsaturatel 

and saturated zone. Petroleum products and industrial solvents are among the most ubiquitou 

contaminants of soi1 and groundwater and the source of several common and hazardous VOC's 

such as trichloroethylene (TCE) and toluene. This study uses stable carbon isotope analysis tc 

investigate the volatilization of TCE and toluene from both free product (or pure phase) an< 

aqueous solution. Four different experiments are conducted in which a series of sealed glass via1 

are prepared containing: a) pure phase toluene; b) pure phase TCE; c) toluene in  aqueous solution 

and d) TCE in aqueous solution. In each experiment, isotopic analysis of the vapour and liquir 

phases is performed for each solvent over a time period of 24 hours. Results dernonstrate that thi 

isotopic composition of TCE and toIuene is conserved during volatilization frorn the aqueou. 

phase. The isotopic composition of coluene is also conserved during volatilization frorn fret 

product, but volatilization of pure phase TCE appears to show a small isotope effect which result: 

13 in the enrichrnent of the vapour phase in C. The magnitude of this effect, however, i :  

significantly less than reproducibility. 

The isotopically conservative nature of TCE and toluene volatilization observed in  thest 

experiments prompted a closer examination of headspace extraction (removal of the vapour phase 

or headspace, above an aqueous solution) as a preparatory technique for isotopic analysis O 

dissolved VOC's. Preliminary results on multi-component TCEttoluene aqueous solution! 

demonstrate that headspace extraction can provide accurate and reproducible 6 " ~  values for thest 

two compounds. It is a rapid and simple, solvent-free technique that elirninates chrornatographic 

interference common in other sample extraction techniques. Since it offers no means O 



concentrnting analytes, headspace analysis is best siiited for 6I3c analyses of dissolved VOC's at 

relatively high concentrations (ppm level). 

3.2 Introduction 

Volatile organic chemicnls (VOC's) are characterized as having boil in; points less than 

160°C. vapour pressures exceedin; 500 Pa, and relatively low solubilities in water (usually less 

than 10 j/L) (Mackay and Shiu, 1990). VOC's are among the most prevnlent class of cornpounds 

found in both the unsaturated and saturated zone underlying contaminated sites throughout the 

industrialized world (West et al., 1995). Contamination due to VOC's often originates from 

petroleum products and halogenated hydrocarbon solvents spilled on the ground surface (Sleep and 

Sykes, 1989). 

Subsurface contamination by VOC's can be described as a three phase multi-component 

flow and transport process, ultirnately controlled by the physicochernical properties of the chernical 

and the properties of the subsurface matenals or environment (Knox et al., 1993; Zaidel et ai., 

1996). In an attempt to constrain the complexity of V K  subsurfiice transport, several workers 

have developed mathematical models that describe the multidimensional, multi-component flow of 

non-aqueous phase liquid (NAPL) or free product, water, and vapour by considering the 

hydrodynamic (advection, dispersion), abiotic (sorption, volatilization) and biotic (aerobic, anoxic, 

anaerobic biodegradation) processes that affect their fate and tansport in both the unsaturated and 

saturated zone. Althoogh modeling efforts have attempted to incorporate the full range of 

siibsiirface processes affecting VOC's, field and laboratory research has continued to focus on the 

role of hydrodynamic, sorptive and biotic processes in controlling VOC behaviour in the satiirated 

zone. The reason for this is clear; advection and dispersion are largely resporisible for the creation 

of a dissolved NAPL plume, and sorption and biodegradation are the primary process controlling 

its attenurttion and ultimatel y remediation. 



I n  contrast, current understaridin: of contaminant transport and transformatiori in  the 

unsatuiated zone is considerably less developed. In particiilar, the abiotic processes of 

volatilization and sas-liqiiid partitioning i n  porous media are difficiilt to constrain diie to the 

cornplex dynarnics and variable environmental conditions controlling contaminant vapour 

behaviour at actual field sites (Sleep and Sykes, 1989: Cho and Jaffe, 1990; Mendoza and Frind, 

19903; Mendoza and Frind, I990b; Cheremisinoff, 1992; Lyman et al ., 1992; Grifoll and Cohen. 

1996). NAPL-vapour dynamics in soils are cornplex and include dissolution to the aqueous phase 

frorn the gas phase, volatilization frorn the aqueous to the gas phase, gaseous diffusion, aqiieous 

diffusion and hydrodynamic dispersion (Cho and Jaffe. 1990). The rate and extent of contaminant 

volatilization is not only affected by properties of the chernical (ie. vapotir pressure) and the 

geologic media (ie. porosity) but by climatic variations such as rainfall and evapotranspiration. 

Furthermore, contaminant transport mechanisms, such as diffusion, dispersion and convection, are 

influenced by moisture content variations with depth and tirne (Cheremisinoff, 1993; Grifoll and 

Cohen, 1996). 

The role of gaseous transport of VOC's in the unsaturated zone is much debated. Sleep and 

Sykes (1989) modeled the transport of VOC's in variably saturated media and concluded that 

volatilization was an important process, perhaps more important than dissolution, in dissipating 

residual amounts of volatile organics immobile in the unsaturated zone (Sleep and Sykes, 1989). 

Ostendorfet al (1991) measured the total hydrocarbon gases above a capillary fringe contaminated 

with residual aviation gasoline and found that volatilization )vas an important long term transport 

mechanisrn at that site (Ostendorf and Karnpbell, 1991). Sirnilarly, Cho aiid Jaffe (1990) studied 

the dynan~ics of VOC behaviour i n  unsaturated soils  focu us in^ on TCE), and noted the effect of 

volatilization as a transport process in the subsurface (Cho and Jaffe, 1990). Other workers have 

found the influerice of volatilization on unsatlirated zone transport to be relatively minor, perhaps 

illustrating the site specific nature of its role in the subsurface. A study involving surface 

application of dissolved BTEX on unsaturated sandy soi1 (tlirougli drip irrigation) found that most 

of the mass loss in the unsaturated zone was due to biodegradation and only 7% of the applied 



tolueiie flux (and 6% of total BTEX mass flux) was volatilized (O'Lenry et al., 1993; Allen-King et 

al., 1994). Similarly, volatilization of BTEX from the saturated zone has rior been recognized as a 

significant means of mass loss (Chiang et al., 1989; Rizakarisoa et al., 1992) although it is 

recognized that gas exchange can occiir rapidly nt the water table interface (Borden and Bedient, 

1986). In warm and dry environments. volatilization may play a more important role in 

contaminant transport. Vapour can escape upwards by diffusion and if there is an impervious layer 

above gound (ie. a road), the vapour can laterally migrate relatively long distances (Corley, 1991; 

Cherernisinoff, 1992). It is clear, from the conflicting results reported in  the literature, that 

constraining the site-specific importance of volatilization, biodegradation, sorption, and 

hydrodynamic processes remains a great challenge in hydrogeologic research. 

Stable carbon isotope analysis is an emerging and prornising technique for tracing 

contaminants and elucidating the processes controlling their fate and transport in hydrogeolopic 

environments. While the majority of studies have focused on biotic processes (aerobic and 

anaerobic degradation) through 6I3C measurernents of soi1 CO? and dissolved inorganic carbon 

(DIC) (Stahl, 1980; Siichomel et al., 1990; Aggarwal and Hinchee, 1991; Jackson et al., 1996; 

Landmeyer et al., 1996), a number of researchers are developing techniques to measure the 6I3C 

values of dissolved contaminants directly through continuous flow compound specific isotope 

analysis (CSIA) (Dempster et al., 1997; Dias and Freernan, 1997). 

This paper describes a new application of CSIA to the isotopic characterization of volatile 

organic compounds. The isotope dynamics of VOC volatilization, froni the dissolved phase and 

from Free prodiict, are investigated in a series of laboratory experiments. The results of this stiicly 

are significant i n  that they constrain, for the first time, the isotope effects involved in VOC 

volatilization. This has important implications for using isotopes to detect and monitor dissolved 

VOC's. First, by constraining the isotope effect involved in volatilization, these results directly 

irnprove our ability to use isotopic change to identify other non-conservative subsurface processes 

acting on the cornpounds of interest. Second, by dernonstrnting the efficacy of headspace analysis 



(removal of the vapour phase above an aqueous solution) for isotopic analysis of dissolved 

contaminaiits. these results increase our analytical capabilities and so indirectly improve Our ability 

to apply isotope analysis to contaminant scenarios. Headspace analysis hns been soccessfully iised 

as an extraction technique for quantitative analysis of dissolved a1 kanes (McAuliffe. 197 1 )  but net, 

in the past. for isotopic analysis of dissolved organic solvents. This study demonstrates the 

suitability of headspace extraction as a prepantory techniqiie for isotopic annlysis of VOC's from 

both single component and multi-cornponent aqueous solutions. 

3.3 Esperimental Section 

3.3.1 Overview 

Three different volatilizatioii experiments were performed for two cornmon and hazardous 

groundwater contaminants - trichloroethylene (TCE) and toluene. The first experiment (described 

in section 3.3.2) was designed to determine if carbon isotope fractionation occurred during solvent 

volatilization from free product. The second experiment (descri bed in section 3.3.3) was designed 

to examine if carbon isotope fractionation occurred during volatilization of a single dissolved 

solvent from the aqueous phase. The third experiment investigated headspace isotopic analysis of 

more cornplex dissolved mixtures. such as would be encountered in field applications, and is 

described in section 3.3.4. 

Isotopic analysis of solvent vapour and liquid was performed by Gas Chromatography / 

Combustion / Isotope Ratio Mass S pectrometry (GCICIIRMS). The University of Toronto 

GClCllRMS consists of a Varian 3100 gas chrornatogreph interfaced with a micro-combustion 

furnace in line with a Finnigan MAT 252 gas source isotope ratio mass spectrometer. After 

separation and elution of individual oganic compounds from the GC, each compound is 

individually combusted to CO?. The isotope ratio mass spectrometer provides real time 

measurement of the ' 3 ~ 1 ' 2 ~  ratio in  each CO2 peak and uses an external CO2 reference gas to obtain 



highly precise isotopic compositions, or 8% values, for each carbon compound. The 6'" value 

for a carbon cornpound is expressed as: 

The GC coliimii used for toluene analysis is a 30m x 0.25 mm ID Bentone 34 Di-n-decylphlalate 

fiised silica SCOT capillary column. TC€ analyses and complex solution analyses were performed 

i~sing a 30m x 0.25 mm ID DB-624 capillary column. A range of split settings on the splitlsplitless 

injector was reqiiired to control the moles of carbon entering the system and avoid oversaturatiiig 

the source. The routine reproducibility for GCICIIRMS work is assigned a value of OS%* to 

represent the nccuracy of 6 ' ' ~  results by incorporating not only variation due to reproducibility 

but variation due to different split settings. The intemal reproduci bility for GClClIRMS analyses is 

generally significantly less than 0.5%0. 

3.3.2 Free Prodrict Volatilization Experiments 

Free product volatilization experiments were performed for both TCE and toluene. For 

each experiment, a series of six 150 ml glass serum vials containing an equal amount of solvent 

was prepared. Before adding the solvent, each vial was flushed for three minutes with helium gas. 

A microlitre aliquot of solvent was then added via syringe and the via1 was quickly capped with a 

mini-enert valve. Over a time period of 24 hours, each vial was sampled once at a specific time (t 

= 0, 1 ,  2, 4, 8 and 24 hours). Sampling a vial involved analysis of both phases in the vial, ie. 

removal of an aliquot of the vapour phase for isotopic analysis followed by removnl of an aliquot 

of free prodiict for isotopic analysis. I n  this way, any S 3 C  changes due to solvent volatilization 

could be monitored by measuring temporal changes in 6 ' ' ~  values of both the vapour and NAPL 

phases. It wns previously determined that variability in  613c values of vapour and free product 

from a series of replicate vials was always less than analytical reproducibility. 



The toluene free product volatilization test involved the addition of 270 pt of toluene to the 

base of each 150 ml vial, approximately 10x the volume of free product required to saturate the 

vessel's headspace. At each sampling interval, 100 ul of vapoiir was removed frorn the via1 

throiigh the mini-enert septum iising a 500 pl or 1000 pl gas-tight syringe. Vapoiir samples were 

riin on the GClCiIRMS split/sptitless injector set at a split of 100: 1. For free product analysis, 0 .3  

pl of toliieiie was removed from the via1 and analyses were performed at a split setting of 1000: 1 .  

Both vapolir and free product analyses were perforrned at an isothermal setting of 90°C. 

The TCE free product volatilization test was perfonned by adding 0.6 ml of TCE to the 

base of each 150 ml vial, approximately 10x the volume of free product required to saturate the 

headspace. At each sampling interval, 300 pl of vapour kvas rernoved from the via1 through the 

mini-enert septum using a 500 pl or 1000 pl gas-tight syringe. For free product analysis. 0.2 pl of 

TCE was removed frorn the vial. Both vapour and free product sampies were run on the 

GC/C/IRMS split/spIittess injector at a setting of 500:l and with a temperature program of 40°C 

for 6 minutes followed by an increase to 70°C and a holding tirne of 7 minutes. 

3.3.3 Dissolved Phase Volatilizntion Experinzents 

The free product experiments described in section 3.3.2 above were designed to investigate 

any potential isotope effecrs involved in NAPL volatilization, a common transfer process for 

VOC's trapped in the unsaturated zone. Contaminant loss can also occur in the saturated zone 

through volatilization of dissolved VOC's frorn the aqueous phase. T o  investisate isotope effects 

involved in  the tvater-:as phase change, sepaiate dissolved phase volatilizatiori experiments were 

perforrned for both TC€ anci to1uene. 

For each solvent, a time series of six glnss serum vials was filled with an equal arnount of 

distilled water and the remaining headspace wns flushed with heliurn. After flushin:, a microlitre 

aliquot of solvent was added to the water via syringe to achieve the desired aqueous concentration. 

Eqch vial was then quickly capped with a mini-enert valve or PTFElsilicone septum. Over a tirne 



period of 24 hours, each via1 was sampled once at a specific time (t  = 0, 1, 2 ,  4, 8 and 24 hours). 

Sarnpling a via1 involved analysis of both phases in the via[, ie. removal of an aliquot of the vapour 

phase for isotopic analysis followed by pentane extraction of the aqueous phase preparatory to 

isotopic analysis. In this way, ariy 6°C changes due to solvent volatilization coiild be monitored 

by measiiring temporal changes in  6°C values of both the vapour and aqiieous phases. The 

volatilization experiment was repeated for each solvent at two different aqueous concentrations to 

test contaminant behaviour at a range of dissolved concentrations typical of highly contarninated 

field environments. 

The toluene experiments were performed ai  dissolved concentrations of 100 pprn and 5 

pprn. T o  prepare the toluene solutions, microlitre aliquots of pure phase toluene (6.9 pl for the 100 

pprn solution, 0.5 pl for the 5 pprn solution) were added to a series of six 150 ml glass vials each 

containing 60 ml of distilled water. No CO-solvent was required for dissolution as the prepared 

solutions were well below the solubility of toluene in water. The vapour evolved from the 100 

pprn toluene solution was extractcd with a 500 pl or 100 pl gas-tight syringe injected through the 

septum of the mini-enert valve and was analyzed using a spIit of 100: 1 and an injection volume of 

300 pl. The vapour from the 5 pprn toluene solution was analyzed using a split of 6: 1 and an 

injection volume of 200 pl. As for the free product experiments, vapour analyses were run at an 

isothermal setting of 90°C. 

isotopic analysis of dissolved phase toliiene required a pieparatory pentane extraction step 

prior to injection into the GCICIIRMS. The aqueous phase was transferred to a 30 ml glass serum 

via1 and ciimp sealed with no headspace using a PTFEisilicone septum. Pentane extraction at a 

water:pentane ratio of 201 1 was perforrned to extract and concentrate the orpnics  in the pentane 

phase after the technique of Dernpster et al (1997) (see also Chapter 2). After extraction, a 

microlitre aliqiiot (0.G pl for 100 ppin samples, 3 FI  for 5 pprn samples) of the pentane-toluene 

organic layer was removed for injection into the GCICIIRMS, A split setting of 6: 1 and a 



teniperature program of W C  for 4 minutes followed by an incrense to 90°C and a holding time of 

I O  rriiriiites. kvas used for isotopic analysis. 

The dissolved TC€ tests were perfornied using TC€ sol utions of two different 

concentrations - 25 ppm and 5 ppm. The 25 ppm solution was prepared by adding 35 ,pl of TC€ 

stock solution (in methanol) to a 500 ml serurn vials containing 270 ml of distilled water . After 

sealing each via1 with a PTFWsilicone septum, vapour evolved from the 25 pprn TCE solution was 

extracted with ri sas-tight syringe injected through the rnini-enert septum and analyzed using a split 

of 10:l and sample size of 300 pl. The 5 ppm solution was prepared in 500 ml serurn vials 

containing 770 ml water and 7 pl of TCE stock solution (in methanol) crimp sealed wich a 

PTFEIsilicone septum. Vapour froin the 5 ppm TCE solution was analyzed using a sample size of 

1000 pl, and a split setting of 10: L. 

As for toluene, pentane extraction of aqueous phase TCE was required prior to isotopic 

analysis of dissolved phase TCE. A water:pentane ratio of 100:l was used for the 25 ppm TCE 

solution and a water:pentane ratio of 400: 1 was used for the 5 pprn TCE solution. After pentane 

extraction, an aliquot of the pentane-TCE layer was rernoved via syringe for injection into the 

GCICIIRMS; 2 pl kvas removed from the 25 ppm solution and 5 pl from the 5 ppm solution. A11 

TC€  analyses in the dissolved phase experirnents used a temperature program of 40°C for 6 

minutes followed by an increase to 70°C and a holding tirne of 7 miniites. 

3.3.4 Headspoce Analysis of Coinplex Mixtures 

T o  investigare the suitability of headspace analysis as n sarnple extraction technique for 

isotopic work involviiig contaninated groundwater samples, the vapour phase above more 

cornplex aqiieous solvent mixtures - sirnilar to those found in a contaminated field setting - was 

isotopically analyzed. Two different types of "cornplex" samples were prepared for headspace 

analysis. The first was simpiy an aqueous mixture of both toluene and TCE, and the second 



contained soluble gasolinz components (w hich included toluene) and was spiked with TCE. The 

second mixture was intended to miinic groundwater samples found at industrial sites or waste 

disposal facilities. where petroleum compounds and chlorinated hydrocarbon solvents are often 

found together iii the saturatecl zone. For all samples, the 6I3c values of TCE and toluene in the 

headspace vapour were cornpared with 8l3c values of TCE and toluene in water to determine the 

accuracy of the headspace extraction technique. 

To prepare aqueous solutions of TCE and toluene, 80 ml of distilled water was added to a 

160 ml glass serum vial. The headspace above the water was flushed with helium then capped 

with a mini-enert valve. Microlitre aliquots of TCE and toluene were then added by syringe, 

through the mini-enert septum, directly into the water. Two sets of solutions were prepared 

containing 25 ppm and 5 pprn respectively of both solvents. After letting the solution equilibrate at 

room temperature for 1-2 hours, an aliquot of the headspace (150 pl for the 25 ppm solution, 1000 

pl for the 5 ppm solution) was isotopically analyzed. The aqueous phase was then transferred to a 

smaller vesse1 and pentane extracted prior to isotopic analysis. Both phases were isotopically 

analyzed three times to determined the interna1 reproducibility of the headspace technique. 

To prepare a more complex aqueous mixture, a 20 pl aliquot of gasoline was injected 

through the WFElsilicone septum of a 500 ml glass serum vial filied (without headspace) with 

distilled water. The water-gasoline sample was shaken for 1 hour on a wrist shaker in order to 

facilitate dissolution of the soluble gasoline compoiients. A 150 ml seriim vial (vial 1) was filled 

without headspace with aqueous phase from the gasoline-water solution, then crirnp sealed with a 

PTFEIsilicone septum. A second 150 ml serum via1 (vial 2) was filled with 80 ml of the gasoline- 

water aqueous phase, capped with a mini-enert valve then spiked with TCE to achieve a dissolved 

TCE concentration of 5 ppm. After leaving vial 2 to eqiiilibrate at room temperature for 1-2 hours, 

n 100 pl aliquot of the vapour was removed for isotopic analysis. Isotopic analysis of the 

lieadspace in  via1 2 was repeated three times. To confirm the isotopic composition of toluene from 



the gasoline and the 6 ' " ~  value of TCE stock (used for TCE spike). the aqiieoris phase in via1 1 

was spiked with TCE (5 pprn) then pentane extracted for isotopic analysis. All GCICIIRIMS 

analyses of complex mixtures were performed using the DB-624 column and instrument settings 

of: split=lO: 1. emission=1.4V, injector temperat~re=225~C, and a temperature program of 40°C 

for 6 minutes followed by an increase to 70°C and a holding time of 7 minutes. 

3.4 Resul t s  

3.4.1 TCE aitd Tohene  Volatilizafion Experinients 

As dernonstrated in Figure 3.1, the 6I3C values of toluene and TCE free product are 

identical to the 6°C values of vapour phase toluene and TCE, within a routine reproducibility of 

0.5%0 (shown by error bars). Over the 24 hour tirne period of the test, no temporal trends are 

discernible for toluene and one phase is not consistently more enriched or depIeted than another. 

In contrast, although TCE vapour and liquid isotopic compositions are also identical within 

reproducibility, the isotopic composition of TCE vapour is consistently more enriched in I3C than 

that of free product by approximately 0.3 to 0.8%. 

Figure 3.2 shows that the 6I3C values for dissolved phase toluene and TCE and the vapour 

phases formed from these solutions are also identical within reproducibility over the 24 hour time 

period of the test. Interestingly, unlike the free product results (Figure 3.11, 6'" values for TCE 

vapour are not consistently more enriched than the dissolved TC€ 6I3C values. A cornparison of 

Figure 3.2 and Figure 3.1 dernonstrates that the dissolved 6 " ~  values show slightly geater 

temporal variability than the free product 6I3C values. This may be due to the additional sample 

handling associated with dissolved solution preparation and pentane extractioii prior to 

GClCiIRMS analysis. Nonetheless, for six analyses over the 24 hour volatilization experiments, 

for both TCE and toluene, the interna1 reproducibility or standard deviation on the rnean of a given 

phase is always between O. 1 and 0 . 3 % ~ ~  This is significantly less than the overall reproducibility 

and accuracy of 0 . 5 % ~ ~  



3 - 4 2  Complex Mixture Volatilization Experinients 

The 6'" values of TCE and toluene vapour (as deterrnined by headspace analysis) are the 

same, within 0.5%0 reproducibility, as the 6'" values of TCE and toluene in solution (as 

determined by pentane extraction of the aqueous phase) for al1 three aqueous solvent mixtures 

investigated - a 25 ppm TCE and toluene solution, a 5 pprn TCE and toluene solution. and a TCE 

spi ked gasoline solution. This dernonstrates that headspace extraction of TCUtoluene aqueous 

solutions (at concentrations of 25 ppm and 5 ppm TCE and toluene) produces accurate 6I3c values 

for both solvents within a routine reproducibility of 0.5%0. It aIso shows that headspace extraction 

of a more complex organic mixture (containing other soluble coinponents of gasoline in addition to 

TC€ and toluene) produces accurate SI3C values within reproducibility for both solvents. 

The interna1 reproducibility achieved for n=3 injections of sample headspace for a11 types of 

complex mixtures is also excellent, ranging from O. 1 to 0.4%0. This is consistently l e s  than the 

overall (or routine) reproducibility and accuracy of 0.5%0. 

3.5 Discussion 

The results of this VOC volatilization study rnake three important contributions to the 

combined fields of isotopic geochemistry and contaminant hydrogeology. First, our study 

represents one of the first successful investigations to isotopically characterize TCE and the first, to 

Our knowledge, to isotopically characterize dissolved phase TC€. Although CO? evolved from 

TCE and TCA biodegradation has been isotopically analyzed at an orgnic  solvent disposal tank 

(Suchomel et al., 1990), there are only two previously published studieç involving direct isotopic 

characterization of TCE and both focus only on pure phase or free product TCE. A study by van 

Warmerdam et al (1995) characterized the isotopic composition of free product TCE obtained from 

four different manufacturers, and a recent study by Ertl et al (1 996) used laboratory microcosrns to 



investigate isotopic changes during rnicrobial degradation of pure phase PCE and TCE (van 

Warrnerdam et al.. 1995; Ertl et al., 1996). 

Second, this study is the first attempt to constrain the isotope effect involved in TCE 

volatilization - a key transport and attenuation process for this volatile organic cornpound in both 

the iinsaturated and saturated zone. The knowledge gained from this study will aid in the 

development of isotope analysis as a VOC tracing technique at contaminated field sites. For 

instance, if volatilization from the dissolved phase is an isotopically conservative process, as 

demonstrated by this study, this means that any changes in the 6I3C values of TCE and toluene in 

the saturated zone can not be attributed to volatilization. Similarly, the fact that volatilization of 

toluene free product is isotopically conservative and volatilization of TC€ free product shows only 

a minor isotope effect will aid in deliiieating the processes controlling NAPL behaviour in the 

unsaturated zone. Volatilization of free product is an important unsaturated zone process for 

VOC's, and indications that this phase change does not significantly change the 13CI"C ratio of 

TC€ or  toluene rneans that any observed isotopic changes will necessitate a careful investigation 

into other abiotic or biotic processes that must be causing the isotope effect. Further investigation is 

required to examine the small isotopic fractionation occurring during volatilization of pure phase 

TC€. This isotope effect is srnall in magnitude, such that the 6I3C values for vapour and free 

product TCE are the same within a standard reproducibility of 0.5%0, but nonetheless may be 

significant with respect to determining isotopic controls on the NAPL-vapour phase change. Future 

work would need to consider whether the different isotopic behaviour of these two compounds is 

related to the chlorinated versus non-chlorinated character of these solvents. 

Finally, the third major sigificance of this stiidy is that it demonstrates that headspace 

analysis can provide accurate and reproducible 6I3C values for dissolved VOC's in complex, 

multi-component aqueous mixtures. This technique development will further our ability to quickIy 

and efficiently isotopically analyze VOC's in highly contaminated groundwater samples. Current 

extraction techniques suitable for isotopic analysis of dissolved organic compounds include 



pentane extraction (Dempster et al., 1997) and solid-phase microextraction (SPME) (Dias and 

Freemaii, 1997). S PME is based on the equili brium partitionin; of organic compounds between 

an aqiieoiis sample phase and an organic polymer extractio'n phase (Arthur et al., 1992). Pentane 

extraction was discussed in Chnpter 2 (Dempster et al.. 1997). 

All three techniques - pentane extraction, headspace extraction, and SPME - are simple and 

effective means of extracting dissolved organic compounds prior ro isotopic work. SPME is by far 

the most sensitive technique of the three and is suitable for compositional (Arthur et al., 1992; 

Zhan; et al., 1994; Pawliszyn, 1995) and isotopic analysis (Dias and Freeman, 1997) of trace 

constituents (ppb to sub ppb) in water. Headspace analysis suffers from low sensitivity, due to its 

Iack of concentrating effort, and is best suited for extraction of dissolved organics at ppm levels 

(Paw liszyn, 1995). The sensitivity of pentane extraction lies somewhere between the other two 

techniques; it is more versatile than headspace extraction yet its detection limits are higher than 

those o f  SPME by several orders of magnitude (Dempster et al., 1997). Due to the higher 

detection 1 i mits associated w i th headspace extraction and pentane extraction, both these techniques 

are most effective in analyzing heavi ly contaminated groundwater samples. In contrast, in order 

for SPME to analyze environmental samples containing free phase or hijh concentrations of 

organic compounds (in the upper ppb range and greater), samples must be diluted because of 

solubility and linear response problems (Thomas et al., 1996). SPME also produces slight 

fractionations (<=0.5%0) that are associated with the interaction of organic compounds with the 

extracting phase coating SPME fibres (Dias and Freeman, 1997). Both pentane extraction and 

headspace extraction, on the contrary, are non-fractionating techniques (Dempster et al., 1997). 

For isotopic analysis of contaminated groundwater sarnples, then, the best two options are 

pentane extraction and headspace extraction. The strength of pentane extraction (and solvent 

extraction in general) over headspace extraction lies in i ts proven versatility. It can accommodate a 

wider range of concentrations thaii headspace extraction (simply by varying the water:solvent ratio) 

and is easily applied to sarnples with dissolved VOC concentrations at high ppb levels. (Dempster 



et al., 1997). For sarnples with dissolved VOC's at concentrations in the ppm ranze, however. 

headspace extraction is the method of choice. It is a faster, simpler and cleaner technique than 

pentane extraction and does not involve the addition of fi expensive, high-purity solvent which 

eventually mtist be disposed of (Potter and Pawliszyn, 1994). Headspace extraction also avoids 

any analytical difficulties associated with a solvent peak or non-volatiles in the groundwater 

chrornatographically interfering with the cornpounds of interest. Organic solvents (such as 

pentane) indiscriminately extract al1 volatile and non-volatile hydrophobic organics frorn a cornplex 

mixture. On the contrary, headspace extraction effectively separates the volatile organic fraction 

frorn a mixture and so provides a "clean-up" step prior to isotopic analysis (Pawliszyn, 1995). 

Since it is the heavy organic fraction that poses the greatest threat for injector andlor coturnn 

contamination (as will be discussed in Chapter 4), elirnination of these cornpounds diiring sarnple 

preparation is desirable. 

3.6 Summary and Condusions 

Laboratory experirnents showed that volatilization of toluene free product causes no 

fractionation of stable C isotopes. Volatilization of TCE free product, however, produces a small 

isotope effect. Although vapour and liquid TCE 6I3c values were identical within reproducibility 

(0.5%0), vapour TCE 6I3C values were consistently about 0.3 to O.8%0 more enriched in I3C than 

liquid 613C vaIues. The reason why TCE shows this rninor isotope effect, and toluene does not, is 

unclear. 

Experirnental results also dernonstrated that volatilization of TCE and toluene froni the 

dissolved phase is an isotopically conservative (ie. non-fractionating) process. Headspace. or 

vapour phase, analysis of aqueous samples containing TCE and toluerie produced accurate and 

reproducible 6°C values for single-component solutions (dissolved TCE toluene), two- 

cornponent solutions (dissolved TCE and toluene) and rnulti-component solutions (dissolved 

gasoline spiked with TCE). 



These results directly aid the development of stable C isotope analysis as a monitoring tool 

for subs~irface contaminants by constraining the isotope effect of a potentially important siibsurface 

process. These results also indirectly aid the development of stable C isotope analysis as a 

monitoring tool for subsurface contaminants by providing 11s with an additional extraction 

technique - headspace extraction - for isotopic analysis of dissolved VOC's. Continued research on 

contarninated groundwater sarnples is required to ascertain the detection lirnit of the technique. At 

this time. it is restricted to TCE and toluene concentrations in the low ppm range (1-5 pprn); this is 

in the range for the drinking water lirnit of toluene (2 ppm) but is well above that for TCE (5 ppb). 
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3.8 List of Figures 

Figure 3.1: 6I3C values for vapour phase TCE and toluene and 6'" values for free product 

TC€ and toluene plotted against time. Vapour 6I3C values are s h o w  in open symbols and free 

product 6I3C values are shown in closed symbols. The 6I3C values for vapoiir and free product 

TCE and toluene are identical within reproducibility over the 24 hour tirne series of the experiment. 

Error bars represent 0.5%0 accuracy and reproducibility. 

Figure 3.2: 6% values for vapour phase TCE and toluene and the 6I3C values for dissoIved 

TCE and toluene are plotted against tirne for two different concentrations of each solvent. The 

concentrations of TCE and toluene on the upper plot are 25 pprn and 100 ppm respectively. The 

concentrations of TCE and toluene on the lower plot are both 5 pprn. Vapour 8I3c values are 

shown in open symbols and dissolved 6I3C values are shown in closed syrnbols. The 6I3C values 

for vapour and dissolved TCE and toluene are identical within reproducibility over the 24 hour tirne 

series of the experiment. Error bars represent 0.5%~ accuracy and reproducibility. 



Figure 3.1 

6°C vaIues for vapour phase TCE and toluene and 6I3C values for free product TCE and toluene 
plotted against time. 
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Figure 3.2 

6I3c values for vapour phase TCE and toluene and 6I3C values for dissolved TCE and toluene 
plotted against time for two different solvent concentrations. 
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CHAPTER 4: Chnracterization of Natural Isotopic Variability in the  Anaerobic 
Corc  of a BTEX Piume 

4.1 Abstract 

With the development of pentane extraction colipled with GCICIIRMS technology, isotopi 

analysis of dissolved organic compounds can now be routinely achieved. This study shows 

however, that highly contaminated field sarnples can present additional analytical difficulties whic 

must be eliminated to ensure accurate and reproducible V3C results. A series of isotopic analyse 

on pasoline contarninated groundwater frorn a site near Strathroy, Ontario show that injectc 

contamination by high boiling compounds in the groundwater matrix can cause highly variable an 

inaccurate 6I3C values for dissolved BTEX from the gasoline. Fortunately, such problems can b 

averted through simple protocol modifications - a high injector port temperature and carefi 

maintenance of the GC system. 

Steady sure anaerobic conditions exist at the centre, or core, of the Strathroy contamina1 

plume. Here, dissolved oxygen values are consistently less than 0.5 ppm, indicatin3 that aerobi 

degradation is not occurring. Application of the modified GCICIIRMS field protocol 1 

contaminated groundwater from wells located within the core of the phme demonstrates that tl 

natural variation in BTEX 6I3c values is small in this anaerobic environment. The range of rnea 

6l3C values within the anaerobic core of the BTEX plume is only 2.0%0 for m-xylene, l.6%0 for 1 

xylene and 1.3%0 for ethylbenzene. Accuracy and reproducibility on 6')C analyses is a1ways betti 

than 0.5%0 for laboratory-prepared BTEX solutions but can increase to as much as 0.7%0 fc 

cornplex field samples. Field 6I3c results also show no correhtion between isotopic cornpositic 

and concentration, or isotopic composition and distance frorn the source. This finding. coupk 

with the isotopically conservative nature of advection, dispersion and volatilization, suggests th 

anaerobic activity is responsible for the small but consistent isotopic difierences within the plume 



4.3. Introduction 

Groiindwater coritaminatiori by petroleum hydrocarbons is a comrnon occurrence near 

facilities responsible for their manufacture, storage. transport or distribution. In the United States, 

for example, there are approximately 1.4 million underground storage tanks containing gasoline 

and some petroleurn experts estimate that 75,000 to 100,000 of these tanks are leaking (Hutchins et 

al., 1991). The introduction of petroleum into the subsurface can cause degradation of 

groundwater quality and present a significant threat to drinking water supplies. Typically. it is the 

monoaromatic cornpounds in petroleum - benzene, toluene, ethylbenzene, para-xylene, rneta- 

xylene and ortho-xylene (referred to as BTEX) - that are the targets of most regulatory concern. 

With solubilities greatly exceeding their drinking water limits, these ubiquitous constituents of 

gasoline threaten water quality and human health (Poulsen et al., 1992). 

An emerging and innovative means of tracking the subsurface behaviour of such dissolved 

organic contaminants is through analysis of stable carbon isotopes. To date, stable C isotope 

applications in contaminant hydrogeology have largely focused on biodegradation processes and 

have relied on conventional mass spectrometry to measure either the whole petroleurn or cIass 

fraction 6I3C values of a hydrocarbon mixture and, in the case of aerobic biodegradation, the 6'3C 

value of evolved COz. Research has shown that the isotopic composition of C O  evolved from 

petroleum aerobic mineralization is similar to the bulk isotopic composition of its hydrocarbon 

source, differing only by 1-3%~. Since petroleum hydrocarbons possess 6I3C values in  the range 

of -26 to 32%0, the CO2 evolved from their degradation acts as an isotopically depleted contributor 

to soi1 CO? and can be used to indicate the occurrence of aerobic degradation (Suchomel et al., 

1990; Aggarwal and Hinchee, 1991; Jackson et al., 1996; Landmeyer et al., 1996; Aggarwal et al., 

1997). Isotope analysis can also be used in anaerobic environments to indicate the occurrence of 

rnethanogenesis or sulfate reduction. Methanogenesis fractionates fuel C isotopes into I3c depleted 

CHJ and I3c enriched COz (Baedecker et al., 1991; Cozzarelli et al., 1991; Landrneyer et al., 

1996) and sulfate rediiction is believed to produced CO7 with 6'" values about 8 -9%~ more 



enriched in I3c that that of bulk petroleum (hndrneyer et al., 1996). A complete review of the 

literature is provided in Chapter 1, section 1.2. 

Althou$ isotope analysis of bulk hydrocarbon fractions and soi1 CO2 may aid in the 

detection of biodesradation, it is restricted in its ability to quantify the extent, rate and pathways of 

biodegradation in actual field environments where sources and sinks of CO?, O2 and organic 

carbon are plentiful and poorly constrained. Similarly, measiirement of the isotopic composition of 

bulk petroleum, and even its separate fractions, is limited i n  its ability to constrain processes 

biodegradation. "Bulk" isotope values are found to be largely conservative during microbial 

degradation and, as such, they are insensitive indicators of the subtle mass ratio changes incurred 

during biological breakdown (Stahl, 1980; Suchomel et al., 1990; Aggarwal and Hinchee, 199 1 ; 

Aggarwal et al., 1997). 

The application of GClClIRMS to contaminant research provides a more efficient and 

sensitive means of tracking contaminants by measuring the isotopic composition of the contaminant 

directly. Compound specific isotope analysis (CSIA) has already been successfully applied to 

contaminant research to elucidate contaminant sources in situations when the isotopic composition 

of the hydrocarbon of interest is conservative, ie. is retained during weathering andlor transport 

(O'Malley et al., 1994; Desrocher and Sherwood Lollar, 1996; OtMalley et al., 1996; Taylor et al., 

1996; Desrocher and Sherwood Lollar, 1997). However, CSIA has not been applied, until now, to 

investigations of groundwater contamination by organic solvents. 

This paper outlines the application of compound specific isotope analysis to groundwater 

samples contaminated with BTEX and other soluble petroleum products using pentane extraction 

as a preparatory technique (Dempster et al., 1997). The samples are from a sandy aquifer in 

southwestern Ontario (near the town of Strathroy) in which residual gasoline from a former storage 

tank leak is present in the subsiirfrice and is acting as a continuous source of contamination to the 

saturated zone. The objectives of the isotopic field study are two-fold. The first objective is to 

develop an sarnpling and analytical protocol suitable for isotopic analysis of complex, highly 



contaminated f.?eld samples. The second objective is to apply the protocol to investigate spatiaI and 

temporal variability in 6I3C values of dissolved BTEX in groundwater collected from the anaerobic 

core of the Strathroy contaminant plume. The purpose of the investigation is constrain the natural 

variation in BTEX 6°C values in an anaerobic environment where rnass loss is not being incurred 

by aerobic degradation. Dissolved oxygen values are less than 0.5 ppm within the core of the 

plume. These levels indicate that BTEX migration i n  this environment is controlled by physical 

transport processes and anaerobic activity rather than by aerobic degradation processes. 

4.3 Field Site Description 

4.3.1 Site History 

The isotopic field study was conducted in the southwestern Ontario town of Strathroy at the 

site of a former gasoline service station and car wash. Beneath the site is an unconfined fine to 

medium grained sand aquifer of glaciolacustrine origin which is underlain by glacial till at a depth 

of approximately IO m. Flow in the sand aquifer is primarily horizontal and provides a source of 

drinkin; water for the town with the supply wells located approximately 300 m north of the site 

(Byerley et ai., 1997). 

A contaminant plume exists at the site as a result of leaking underground storage tanks 

containing gasoline. These tanks were removed from the site in 1992 and initial remediation 

efforts associated with site decommissioning included the excavation of approximately 740 rn3 of 

soil, free product recovery, and the operation of a vapour extraction systern for about one year. 

Despite these efforts to clean up the site, residuaI gasoline apparently rernains in the subsurface 

acting as a continuous source of contamination. A plume of BTEX contaminated goundwater 

continues to emanate from the central part of the site migrating to the northwest (Figure 4.1) 

(Byerley et al., 1997). 

A pilot scale field trial (Figure 4.2) was conducted at the site in 1995-96 by researchers at 

the Waterloo Centre for Groundwater Research. The purpose of the field trial was to investisate 



enhancement of in-situ biodegradation of BTEX conraininated ground wnter by the passive release 

of oxygen from unpumped wells coiitairiing a commercially available oxygen releasing metal 

peroxide. Oxy~eri  releasing compounds (ORC) were most recently emplaced in June 1996 and had 

ceâsed to enhance the efficacy of aerobic biodegradation 3 rnonths after emplacement (Byerley et 

al., 1997). 

The entire isotope field study was conducted after steady state anaerobic conditions had 

resurned at the centre of the BTEX plume. When field samples were extracted for isotope analysis 

in December 1996 and February 1997, dissolved oxygen values within the core were back to pre- 

ORC values of <0.5ppm. The Strathroy site was selected for isotopic work because the unusually 

dense piezometer network installed for the earlier ORC study enabled several points within the core 

of the plume to be sampled for compositional and isotopic analysis. This offered the spatial 

precision we desired to detect srnall-scale variations in BTEX 6'42 vaalues. 

4.3.2 Site Clz~racterkation and Monitoring 

Water table elevations and gradient fluctuations were monitored with five piezometers (W 1 

to W5) screened just below the water table (Figure 4.1). The depth to the water table varied, in 

1996, between 4.58 and 4.96 m below ground surface. Changes in  water table elevation are 

attributed to seasonally variable aquifer recharge. Falling head permeability tests on cores from 

the sites were conducted at Waterloo. These indicated that the aquifer hydraulic conductivity in the 

BTEX plume, just below the water table (4.9 to 5.5 m bgs or below ground surface) ranged from 

5 . 0 ~  1 to 2 . 5 ~  10.' cmls (geornetric mean= 1. lx  10'' cmls), with the higher hydraulic 

condiictivities occurring near the water table (Byerley et al., 1997). A porosity of 0.35 was 

estirnated for the sand based on bulk density estimates of samples packed into the permeameters. 

Short duration constant head pumping tests were performed by the Waterloo group in several 

monitoring weIls at the site. Results of the pumpin; tests were in reasonable agreement with the 

values obtained from falling head perrneametry, ranging from 1.1x10-' to 3.5~ 10.' cmls (geornetric 



mean=2.2x 10'" cmis). No sigriificant correlation between K and depth was cvident (Byerley et ni.,  

1 997). 

T o  monitor groundwater BTEX concentrations during the ORC field trial, thirty-seven 

multilevel piezometers were installed on 0.3m centres in three fences perpendicular to the direction 

of groundwater flow. Seven 20cm diameter PVC wire-wrapped "treatment" wells, containing the 

oxygen releasing material, were installed in two rows between two of the piezometer fences 

(Figure 4.2). One monitoring fence, hereafter referred to as fence 1, was located approximately 

O.6m iipgradieiit from the centreline of the most easterly (upgradient) row of treatment wells. 

Fence 2 and fence 3 were located downgradient at 0.6m (fence 2 )  and 4.4rn (fence 3) from the 

centreline of the most westerly row of treatment wells (Figure 4.2). Additional drive points (DP) 

were installed at the site in December 1996 to better constrain the extent of the BTEX plume. DP1, 

DP2, DP3 (Figure 4.1) were installed in the plume core, and additional drive points (not shown on 

Figure 4.1) were installed at the plume fringes (Byerley et ai., 1997). 

The multiIevel piezometers were constructed of six 3.2 mm stainless steel sampling tubes 

attached to a 2 cm diameter PVC centre stock at 15 cm vertical intervals. The upperrnost sarnpling 

point of each multilevel (no. 1 )  was at a depth of approximately 4.85 m bgs (approximately the top 

of water table) and the lowermost sampling point (no. 6) was at 5.60 m bgs. A stainless steel tip 

with a wire mesh insert was soldered to the inIet of each sampling tube to screen out aquifer 

niaterial (Byerley et al., 1997). 

4.4 Sampling and AnaIysis: Protocol Development 

4.4.1 Overview 

The first step of the isotopic field study was to develop and test a suitable sarnpling and 

analytical protocol for isotopic analysis of highly contaminated groundwater samples. A field 

protocol suitable for samplinp volatile organic cornpounds (VOC's) for compositional analysis was 

adopted, as described in section 4.4.2 below, and did not require modification during the course of 



the field stiidy. On the contrary. development of an acceptable protocol for isotopic analysis in the 

laboratory required three roiinds of sampling (August 1996, Septem ber 1996 and December 1996) 

and various procedural modifications. Modifications to the analytical procedure were instrumental 

in nature; no changes were made to the pentnne extraction technique but rather to GC parameters on 

the GClClIRMS. These are detailed in  section 4.4.3. 

4 . 4 2  Field Sampling Protocol 

The field procedure was adapted from the standard protocol for sampling volatile organic 

compounds in which every precaution is taken to minimize sample losses to sorption, .volatilization 

and biodegradation (McAlary and Barker. 1987; Barker and Dickout, 1988; Gillham and 

O'Hannesin, 1990; Reynolds et al., 1990; Nielson, 1991). Since the sampling protocol is 

designed to restrict compositional losses, the risk of incurring carbon isotopic fractionation in the 

BTEX compounds is also effectively reduced. In fact, when proper sampling materials (ie. glass 

and stainless steel) and a bactericide are used, sample losses due to sorption and biodegradation are 

believed to be negligible (Gillham and O'Hannesin, 1990). Volatilization is the most common 

cause of mass loss during VOC sampling (Barker and Dickout, 1988; Reynolds et al., 1990) and 

although laboratory investigation showed voiatilization to be an isotopically conservative process 

(Chapter 3), great care was taken to restrict~sam pie exposure to the atmosphere. 

Groundwater samples for isotopic analysis were collected at a single depth (multilevel point 

no. 2, 5.0 m below ground surface and approximately 15 cm below the water table) from the 

rnultilevel piezorneters. Samples were collected in 500 mi glass serum vials by applyinj suction to 

the piezorneter tube with a peristaltic pump. Each sample via1 was placed in line, between the 

sarnpling point and the peristaltic pump, so that the sample was not exposed to the atmosphere. 

Approximately 70 ml of water were purged prior to collecting each sample to flush the piezometer 

tubing of stagnant water and obtain a groundwater sample representative of the groundwater 

surrounding the sarnpling point. Once a sample via1 was filled, it was disconnected from the 



sarnpling apparatus and quickly preserved with 2.5 ml of a 10% sodium azide solution. The via1 

was then crirnp sealed without headspace using a PTFEkilicone septum and stored on ice for 

transport to the Stable Isotope Lab, University of Toronto.' Dissolved oxygen (DO) measurements 

were macle in the field using a Corning portable dissolved oxygen probe. After calibration, DO 

measiirement nt  each well was repeated three times to ensure that a stable reading was obtained. 

4.4.3 Analytical Protocol Developrnent 

Initial Analvtical Protocol 

A11 groundwater samples were stored in the lab at 4°C and were prepared for compositional 

and isotopic analysis using a pentane extraction technique as described in Dempster et al. (1997). 

A water:pentane ratio of 1000:l was used for the field samples to concentrate the organic 

compounds in the pentane phase. 

Compositional analysis was carried out on a Varian 3300 gas chromatograph equipped with 

a 30m x 0.53mm ID (megabore) Bentone 34 Di-n-decylphthalate fused silica support coated open 

tubular (SCOT) column and FID. GClFID settings were as follows: f low rate=jmlImin, injector 

temperature=160°C, temperature program=6O0C, hoId 4 minutes, ramp to 90°C at SoC1min, hold 11 

minutes, ramp to 135°C at 30°Clmin, hold 20 minutes. Good resoliition for toluene, ethylbenzene, 

p-xylene and m-xylene was achieved for most samples. Benzene and O-xylene could not be 

resolved due to interfering compounds from the groundwater matrix. No modifications were made 

to the pentane extraction technique nor to the compositional analysis protocol; the aforementioned 

GClFID settings were used in al1 field sarnplin; events. Al1 protocol modifications required for 

laboratory analysis were related to GCICIIRMS settings as  discussed in the following section. 

Isotopic analysis was performed usin; the continuous flow technique of Gas 

Chromatography 1 Combustion / Isotope Ratio Mass Spectrometry (GCICIIRMS). GClClIRMS 

instrumentation in the Stable Isotope Lab (University of Toronto) consists of a Varian 3400 gas 



chromatograph interfaced with a micro-combustion furnace (which combtisis each separated 

organic compound to CO?) and an Finnisan MAT 252 :as source isotope ratio mass spectrorneter, 

which measures the I'C/"C ratio of each successive CO2 peak. Compound separation was 

achieved by the Bentone 34 Di-n-decylphthalate fused silica support coated open tubular (SCOT) 

colurnn and initial GC parameters were set as follows: flow rate=O.Sml/min; injector 

temperature=160°C; split on splitlsplitless injector=6:1; temperature program=60°C, hold 4 

minutes, ramp to 90°C at S°C/min, hold 11 minutes, ramp to 135OC at 30°C/min. hold 20 minutes. 

The injection volume of the pentane-organic phase was generally between 0.5 to 4 pl (depending 

on the BTEX concentrations in the sample) and every field sample was isotopically analyzed three 

times to ascertain internal reproducibility. As with the GClFID analyses, most field sarnples 

showed good chrornatographic resolution for toluene, ethylbenzene, p-xylene and m-xylene but 

had non-BTEX compounds intedering wi th benzene and O-xylene. 

Modifications to the GClCllRMS Protocol 

Despite excellent chrornatographic resolution for four of the six BTEX compounds (toluene 

through m-xylene), early isotopic resuits obtained indicated that a problem existed with sample 

preparation andlor GClClIRMS analysis. These results can be briefly characterized as follows: 

Poor intemal reproducibility in which the 6I3C values for a given compound upon multiple 

(n=3) injections of a single sample could Vary by as much as 10-15%0. (Routine reproducibility 

and accuracy for GCICIIRMS analysis is 10.5%0, and previous work with prepared BTEX 

samples showed that internal reproducibility for such analyses, after pentane extraction, is 

frequently better than 0.3%0 (Dempster et al., 1997)). 

For several samples (but not d l ) ,  poor intemal reproducibility was characterized by a trend of 

increasinz depletion in 13C for multiple (n=3) injections of a single sample. I n  some samples, 

this depletion trend was accompanied by a loss in signal size but tliis was not consistently 

observed. 



"Bakeout" runs between injections, which consisted of a temperature programmed ramp to 

130°C (30°C below the colurnn thermal lirnit), did not improve the poor reproducibility nor did 

varying the water:pentane ratio during extraction. This eliminated two potential sources of error: a 

noisy background value due to contamination eliiting from the column, and a problem with isotopic 

equilibriiim not being achieved for BTEX during partitioning into pentane due to saturation of the 

pentane phase with other orsanic compounds from the heavily contaminated groundwater. Repeat 

analyses with a new GC colurnn also confirmed that column deterioration coiild not nccount for the 

reproducibility problem. 

During analysis of samples from the December 1996 sampling event, it was determined that 

the problem lay with the glass insert in  the injection port becorning contaminated with high 

molecular weight cornpounds in the groundwater matrix. As the compounds in the pentane- 

organic mixture "flash" upon injection, the heavier compounds with boiling points exceeding the 

injector port temperature may not be carried i n t ~  the column but instead may coat the g l a s  insert 

lining the interior of the injector. This injector contamination can interact with other compounds in 

the pentane-organic mixture, such as the BTEX compounds, essentially causing a "drag" effect and 

preventing the compounds of interest frorn entering the colurnn in a tight band. A contarninated 

glass insert appears to cause selective retention of I3C as evidenced by the increasingly depleted 

6I3C values obtained on multiple injections of some sarnples. To  address this problem, three 

modifications were made to the analytical protocol: 

The injector temperature was increased from 160 to 250°C; 

The g l a s  insert in the injector was routinety changed after analysis of 8-10 field sampIes. 

The ;liard column on the GC coluinn was rephced during routine column changes. 

The latter modification was a precaution taken because although the injector temperature is 

hot eiiough (at 250°C) to volatilize the high boiling petroleurn cornpoiinds, the colurnn temperature 

prograrn does not reach a hiph enough temperature to cause these cornpounds to elute from the 



colurnn (due to the 150°C thermal Iimit of  the Bentone column). These cornpounds will likely 

rernain in the guard colurnn (deactivated fused silica column with no stationary phase) attached to 

the front end of the Bentone column and may eventually present problerns similar to those created 

by glass insert contamination. 

4.5 6l3C Analysis of Field Samples: Results and Implications 

4.5.1 Saniple Collection and Analysis 

Once an acceptable protocol for isotopic analysis of dissolved contaminants was developed 

(with the modifications previously discussed), a final sampling session was performed at the site in 

February 1997 to collecr groundwater sarnples for 6I3C analysis. All samples were collected from 

the core of the plume s o  that the second research objective of the field study - to investigate the 

natural isotopic variation of dissolved BTEX in an anaerobic environment - could be addressed. 

Eight wells in total were sampled: ML-3, ML-6, and ML-8 dong  piezometer fence 1; ML- 

11, ML-15 and ML-19 along piezometer fence 2; W-5, upgradient of the fences and close to the 

residual source; and DP-3, downgradient of the fences (Figures 4.1 and 4.2). Al! these wells are 

within the anaerobic core of the BTEX plume with dissolved oxygen values consistently measuring 

less than 0.5 pprn (Byerley et al., 1997). Groundwater sampling was perforrned as described in 

section 4.4.2 and isotopic analysis, was performed as  described in section 4.4.3, ensuring that the 

glass insert and guard column were dean and the injector temperature was between 220°C and 

250°C. Good chromatography was achievabIe for ethylbenzene, p-xylene and rn-xylerie. Unlike 

previous sarnpling sessions, toliiene was unfortunately not resolvable due to inteferences by other 

non-BTEX compounds dissolved in the grorindwater. Samples were sent to the Organic 

Geochemistry Lab at the University of Waterloo for cornpositional analysis. Since p-xylene and m- 

xylene CO-elute on the GC column used at the University of Waterloo, however, the relative 

proportions of these two compounds was deterrnined at the University of Tororito Stable Isotope 

Lab. The ratio of p-xylene to m-xylene was then applied to the Waterloo resnlts (which reported 



the total amount of p-xylene plus m-xylene) to calculate the actual concentrations of the individual 

xylene compoiinds. 

Selected samples within the centre of the plume and outside of the plume were analyzed by 

the Organic Geochernistry Lab at the University of Waterloo for field parameters and inorganic 

parameters. Field parameters measured were dissolved oxygen, pH, Eh, and COz Inorganic 

parameters included concentration measurements for nitrate+nitrite (as N), sulfate. iron and 

manganese. 

Com~ositional and Isotopic Analvses 

Five significant observations can be drawn from the compositional and isotopic results 

from the Strathroy wells sampled in February 1997: 

Figure 4.3 shows the 6I3C values of ethylbenzene, p-xylene, and m-xylene at eight different 

wells located within the core of the BTEX plume. The range of mean 6I3c values for each 

compound is limited: 2.0%0 for m-xylene, 1.6% for p-xylene and 1.3%0 for ethylbenzene. 

When reproducibility values are applied, 6I3C values for a given compound a n  within 0.5%0 

of the isotopic mean regardless of location within the plume core (p-xylene mean= -28.2760; m- 

xylene mean=-28.5%0; ethylbenzene mean=-28.1%0). 

No trends of spatial variation are apparent for any of the three resolvable compounds. W-5 is 

closest to the apparent BTEX source (gasoline residual in the ground), followed by fence 1 

wells, fence 2 wells and finally DP3 (Figure 4.1). As illustrated on Figure 4.3, the small 

variation in 6I3C values shows no correlation with distance from the source. 

Figure 4.4 demonstrates that there is no observabIe isotopic trend with concentration for 

ethylbenzene, p-xylene or m-xylene. BTEX concentrations Vary by greater than an order of 



magnitude but 6°C values Vary by a maximum of 2 . 0 % ~  and show no correlation with 

concentration values. 

4. Figure 4.4 also illustrates that BTEX concentrations show no trend with increasing distance 

from the source. W-5 is closest to the apparent BTEX source folIowed by fence 1 wells, fence 

2 welIs and finally DP3. 

5. Finalfy, as shown in Figure 4.5, the 6I3C values for ethytbenzene, p-xylene and m-xylene for 

a single sample (ML-15) frorn two different sarnpling dates (February 1997 and December 

1996) are identicaI within a routine reproducibility of &%O. Since the analytical protocol was 

finalized during analysis of the third sample set (December 1996), it was applied to the few 

remaining samples frorn that set. One of these samples, ML-15, was collected for analysis 

again during the February 1997 sarnpling session. Since welI ML-15 6I3C values are identical 

over the two sampling dates, it implies that the variation in 6I3C values are real and consistent, 

reflecting sorne controlling factor rather than random variability over time. 

Inorganic Analyses 

Detailed geochemical analyses were performed by the University of Waterloo at select wells 

outside of the plume and within the plume core. Since only two of the wells sampled for inorganic 

analyses were also sampled for isotopic work, isotopic changes within the plume cannot be directly 

correlated with geochemical pararneters. The inorganic chemistry is nonetheless a useful indicator 

of the major geochernical differences between BTEX contarninoted groundwater within the plume 

core, and uncontaminated groundwater outside of the plume. 

Geochemical results frorn Decernber and February show that uncontaminated groundwater 

at the Strathroy site contains rnoderate levels of dissolved oxygen (6.5 to 7.5 pprn) and 

nitratelnitrite values (as N) ranging frorn 4.8 to 12.6 pprn. Boih these parameters are significantly 

reduced in the core of the plume; DO values are less than 0.6 ppm and nitratelnitrite concentrations 

are less than 0.05 ppm. Fe and Mn concentrations are higher in the core of the plume than in 



uncontarninated zroundwater. Fe concentrations range from 0.46-3.66 ppni within the plume as 

opposed ta ~ 0 . 0 4  pprn outside of the plume. Mn concentratioiis ranse froni 0.72 to 2.04 ppm 

inside the plume but background levels are ~ 0 . 0 2  pprn. Eh values are significantly lower within 

the plume core, cornpared to iincontaminated groundwater. Sulfate concentrations at 

uncontaminated wells and wells within the plume core do not differ significantly. The pH is 

consistentIy between 7.0 and 7.6 at al1 sarnpled points within and outside of the plume. 

4.5.3 Discussion 

As reviewed in Chapter 1, the primary physical processes affecting the distribution of 

contaminants in groundwater are advection, dispersion, sorption and volatilization. Anaerobic and 

aerobic biodegradation processes are believed to be the major processes accounting for both 

contaminant concentration reduction and loss of pollutant mass from an aquifer. 

At the Strathroy site, sorption is insipnificant (as it is in rnany sand aquifers) and low 

dissolved oxygen values (less than 0.5 ppm) in the plume core indicate that aerobic biodegradation 

is not occurring. Changes in water chemistry do, however, support the occurrence of anaerobic 

biodegradation within the centre of the plume. Anaerobic degradation of aromatic compounds is 

associated with the production of fatty acids, methane, carbon dioxide, solubilization of iron, and 

reduction of nitrate and sulfate (Rifai et al., 1995). At the Strathroy site, methane concentrations 

were not measured and the water chemistry provides no indication of sulfate reduction occurring. 

However, decreases in nitratelnitrite and increases in iron and manganese suggest that microbially 

rnediated reduction of nitrate and iron and manganese oxides is occurring, a1thou;h the 

geochemical data is insufficient to estimate the rate or extent of this activity. 

The processes controlling the distribution of BTEX in  the core of the Strathroy plume are 

therefore advection, dispersion, volatilization and anaerobic degradation. Advection and dispersion 

are mechanid mixing processes which spread and dilute contaminants in groundwater. They do 

iiot involve the breaking or reformiiig of chemical bonds and are therefore unlikely to fractionate or 



alter the ' 3 ~ / " C  ratio of a given carbon contaminant. Volatilization has also been shown to be non- 

fractionating for dissolved toluene (Chapter 2) and it is reasonable to assume that ethylbenzene and 

xylene will behave similarly since the structure and chernical properties of these monoaromatic 

compounds is s o  alike. On the contrary, many biological transformation steps involved in 

anaerobic biodegradation have the potentiat to be fractionating During anaerobic degradation, the 

aromatic compounds may first be oxidized to phenols or organic acids, then transformed to voIatile 

fatty acids before cornplete mineralization (Rifai et al., 1995). 

The lack of any correlation between BTEX concentrations, 6I3C values and distance from 

the source further supports the notion that advection and dispersion are isotopically conservative 

processes. These two physical transport processes are the primary controls on BTEX concentration 

distribution within the core of the plume. The degree of spatial variation in concentration values 

shown at the site is often observed near the origin of a continuous source plume since as  dissolved 

BTEX emanates from the source area, the path it takes is largely determined by temporally variable 

groundwater flow in a spatially heterogeneous subsurface (Byerley et al., 1997). Cenainly, 

anaerobic degradation is not a rapid or effective means of BTEX mass loss; its rates are simply too 

low to be responsible for the Iarge concentration variations shown in Figure 4.4 (Kuhn et al., 

1985; Grbic-Galic and Vogel, 1986; Acton et al., 1989; Cozzarelli et al., 1990; Edwards et al., 

1991; Hutchins et al., 1991; Toze et al., 1995). 

If any of the four active processes discussed above (advection, dispersion, volatilization, 

anaerobic degradation) controls the observed isotopic changes, it is niost likely anaerobic 

biodegradation. No studies have been carried out to characterize isotopic fractionations involved 

with degradation of BTEX. However, the fact that the observed isotopic variation is only 1 to 2%0 

in magnitude means that either anaerobic degradation processes create a small isotope effect or that 

little anaerobic degradation is in fact occurring. The lack of correlation of 6'" values with 

concentration is consistent with the latter scenario. While there is evidence for the occurrence of 

anaerobic degradation at Strathroy, past studies have shown that its net effect is likely to be srnaIl 



with respect to the total mass of contamiriant. As discussed in Chapter 1 section 1.1.5, the controls 

on anaerobic degradation are not well understood. Some laboratory and field studies have shown 

that monoaromatic compounds degrade under anaerobic conditions (Vogel and Grbic-Galic, 1986; 

Major et al., 1988; Cozzarelli et al.. 1990; Rifai et al., 1995; Toze et al., 1995) however other 

investigations have observed only selective degradation of BTEX (in particular the recalcitrance of 

benzene) andtor a very slow rate of degradation (Berry-Spark et al., 1988; Kuhn and Suflita, 1989; 

Anid et al., 1990; Edwards et al., 1991; Hutchins et al., 1991; Kao and Borden, 1997). Certainly, 

physical and chemical conditions along with the number, type and physiological state of the micro- 

organisrns present are known to affect degradation (Toze et al., 1995). It remains qiiite possible, 

then. that small variations in the biogeochemical micro-environment, and hence variations in the 

nature and extent of anaerobic activity, can siccount for the subtle differences in 6 ' ' ~  values within 

the anaerobic core of the plume. 

With continued geochemical and isotopic analyses at specific well points within the core of 

the plume, we can begin to better understand the relationship between isotope variation and 

anaerobic biodegradation, specifically nitrate reduction, at the Strathroy site. Through well- 

constrained field work, in conjunction with laboratory rnicrocosm studies, we should be able to 

measure and monitor the isotope effect of BTEX anaerobic degradation. This work will certainly 

aid future efforts to use isotopes as  tools for indicating the occurrence and extent of anaerobic 

biodegradation. It may nlso help to clarify the physical, chemical and biological factors controlling 

anaerobic activity in contnminated field environments. 

4.6 Summary and ConcIusions 

Isotopic analysis of BTEX in distilled water was developed by Dempster et al (1997) usina 

a pentane extraction technique preparatory to GClClIRMS analysis. T o  adapt the analytical 

protocol for 6'" analysis of BTEX in highly contaminated groundwater, certain key procedural 

modifications were required. It was determined that the GC injector system was prone to 

contamination, primarily from high molecular weight gasoline compounds in the groundwater 



matrix. and that certain precautions against injector coritaminntion were necessary to ensure sood 

accuracy and reproducibility of 6I3c results. These precautions consisted of performins al1 

analyses with a GC injector temperature of 220-250°C a id  routineIy replacing the glass injector 

insert and the GC guard column. 

Once these procedural changes were made, an isotopic data set was obtained from 

groundwater samples collected at the anaerobic plume of a Strathroy gasoline field site. Although 

FI3C rneasurements were only attainable for ethylbenzene, p-xylene and m-xylene, important 

results were obtained. The results show little spatial variation for a given compound at different 

sampling locations within the core of the plume ( 1  to 2%0) and no trend of isotopic variation with 

concentration or with distance from the source. Isotopic variation is attributed to anaerobic 

biodegradation since advection, dispersion and voIatiIization are isotopically conservative 

processes and aerobic biodegradation is not occurring in the centre of the plume. 

This stridy represents the first attempt at delineating the natural isotopic variation within the 

anaerobic core of a BTEX plume and has importance implications with respect to applying isotopes 

to actual fieId scenarios. The degree of natural background isotopic variation, in the anaerobic core, 

must first be established before we can begin to understand isotopic change in the plume periphery 

where mass loss due to aerobic degradation is actively occurring. Also, although considerably 

more work is required to constrain the relationship between isotopic variation and anaerobic 

degadation, these results suggest that isotopes may be used to indicate even low rates of anaerobic 

biodegradation and may also help elilcidate the factors which control anaerobic activity in 

groundwater. 
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4.8 List of Figures 

Figure 4.1: A schernatic map of the study site in Strathroy, Ontario 

Figure 4.2: A map of the Strathroy site showin2 the location of the multilevel piezometers frorn 

fence 1 and fence 2 that were sampled for isotopic analysis. 

Figure 4.3: 6IsC values for dissolved ethylbenzene, p-xylene and m-xylene in groundwater 

from eight different wells within the anaerobic core of the plume at Strathroy. The wells, labeled 

on the x axis, are listed (from left to right) in order of increasing distance frorn the apparent BTEX 

source (W5 is closest, DP3 is farthest). Error bars on 6I3C values represent the routine 

reproducibility and accuracy of 0.5%0 or the intemal reproducibility obtained for n=3 analyses of 

field sample, whichever is greater. 

Figure 4.4: 6I3c values for dissolved ethylbenzene, p-xylene and m-xylene in groundwater 

plotted against dissolved concentration, in ppb. The well numbers are placed next to the syrnbols 

on the plot. Error bars on 6I3C values represent the routine reproducibiIity and accuracy of 0.5%0 

or the interna1 reproducibility obtained for n=3 analyses of field sarnple, whichever is greater. 

Figure 4.5: 6I3C values for dissolved ethylbenzene, p-xylene and m-xylene in groundwater from 

eight different wells within the anaerobic core of the plume at Strathroy. 613C results from the 

Febriiary 1997 sampling session (also shown on Figure 4.3) are shown i n  closed symbols. 6I3C 

results for a single well, ML-15, from the Decernber 1996 sarnpling session are shown in open 

symbols. 



Figure 4.1 
A schematic diagram of the study site in Strathroy, Ontario 



Figure 4.2 
Location of piezometers sarnpled from fence 1 and fence 2. 



Figure 4.3 

613C values for dissolved ethylbenzene, p-xylene and m-xylene for 8 different weiis at Strathroy. 
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Figure 4.4 

613C values for dissolved ethylbenzene, p-xylene and m-xylene plotted against concentration. 



Figure 4.5 

6°C values for dissolvcd ethylbenzene, p-xylene and m-xylene from ùie Febmary 1997 ar 
December 1996 sampling sessions. 
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CHAPTER 5: Conclusions 

This isotopic study consisted of two key research components. The first component was 

the development of suitable extraction techniques and analytical protocols to enable 6I3C analysis 

to be performed on dissolved organic contarninants. The second component was the application of 

these techniques to investigate the ability of 6°C analysis to delineate the ongin of contaminants 

and the processes affecting their migration and attenuation. Together these two components - 

technique development and technique application - have furthered our ability to use stable C 

isotopes as a tracing tool for problems in contaminant hydrogeology. 

5.1 Technique Developments for Isotopic Analysis 

The main conclusions of this component of my project are as follows: 

1. Pentane extraction is an accurate, reproducible and linear extraction technique for isotopic 

analysis of dissolved organic cornpounds. It is a flexible technique which can accommodate 2 

wide range of dissolved concentrations simply by varying the water:pentane ratio. Pentanc 

extraction has been tested for the BTEX compounds at concentrations ranging from 100 ppb to 10E 

ppm (Chapter 2) and has been successfully applied to 6°C analysis of field samples (Chapter 4) a 

the low end of this range (Dempster et al., 1997). It is one of the first two techniques to appear i r  

the literature that successfully applies 6I3C analysis to trace levels of dissolved organir 

contaminants (Dias and Freeman, 1997). 

2 .  Headspace extraction provides accurate and reproducible results for 6I3C analysis O 

aqueous solutions of dissoived toluene and TCE (Chapter 3). Headspace analysis of preparej 

samples containing dissolved gasoline and TCE also produces accurate and reproducible 813( 

results. WhiIe this work was carried out on toluene and TCE, we expect this technique to b 

readily applicable to a r aqe  of chlonnated and non-chlorinated solvents. 

Headspace extraction is well suited to 6I3c analysis for it is an extremely simple and rapi 

technique that eliminates many of the chrornatographic problems associated with solvent extracfior 



The detection limit of headspace extraction is presently in the range of 1-3 ppm (which is an order 

of magnitude higher than the detection limit of pentane extraction) so it is best applied to 

groundwater samples with relatively high levels of contamiiiation. 

3 . lsotopic analysis of dissolved organic compounds in contaminated groundwater samples 

(Chapter 4) required adaptations to the pentane extraction - GCICIIRMS technique used for 613c 

analysis of laboratory-prepared BTEX solutions in clean water (Chapter 2). Key modifications to 

GC parameters, which include a high injector temperature (>220°C) and routine replacement of the 

injector insert, are essential to ensure good accuracy and reproducibility for 6 ' ) ~  results on 

complex field samples. 

5.2 Technique Applications to Contaminant Research 

The main conclusions of this component of my project are as follows: 

1 . Application of GCICIIRMS to 6°C analysis of BTEX obtained from three different 

manufacturers shows that the 613c values for benzene, toluene and ethyl benzene are resolvably 

different for each of the three manufacturers (Chapter 2). Furthermore, the isotopic fingerprint - or 

overall pattern of isotopic variability encornpassing al1 six BTEX compounds - is distinct for the 

three manufacturers. These results imply that at a given site where discrete releases of contaminant 

from different sources are released, CSIA may provide a means of distinguishin; sources if the 

isotopic signature of the contaminant is either conserved or al tered in a recognizable manner. 

2 . Application of headspace extraction coupled with GCIClIRMS analysis demonstrates that 

the isotopic compositions of free product (or pure phase) TCE and toluene are conserved diiring 

volatilization (Chapter 3). While volatilization of free product produces a small isotope effect 

which results in enrichment of the vapour phase in "c, this fractionaiion is negligible with respect 

to analytical reproducibility. The isotopic compositions of dissolved TCE and toluene are also 

conserved during volatilization. On this premise, headspace extraction was further explored as a 

preparatory technique for dissolved VOC's in complex solution. As summarized in section 5.1 



above, headspace extraction is an accurate, simple, and solvent-free technique for removin; 

dissolved VOC's from highly contaminated samples prior to isotopic analysis. 

The results of this volatilization work improve Our ability to constrain the processes causing 

isotopic fractionation of dissolved or free product organic compounds in the subsurface. They 

show that one of the processes affecting subsurface contaminant behaviour, namely volatilization, 

is non-fractionating for two common and hazardous VOC's - toluene and TCE. If spatial and 

temporal isotopic differences are observed in the field for these compounds and similar VOC's. 

they can not be attributed to volatilization. Instead, other processes, such as sorption, abiotic or 

biotic degradation, must be investigated as potential causes of the observed fractionations. 

3. Application of a field protocol using pentane extraction coupled with GClCllRMS 

demonstrates that BTEX compounds from contaminated groundwater show small (1-2%0) isotopic 

differences within the anaerobic core of a gasoline plume. Contaminant migration within the plume 

is controlled by advection, dispersion, volatiiization and anaerobic biodegradation. Advection, 

, dispersion and volatilization are believed to be isotopically conservative processes so the observed 

isotopic variability within the core is attributed to spatial differences in anaerobic degradation 

activity. This is the first time that the isotopic composition of dissolved BTEX has been 

characterized at the site, and considerably more geochemical and isotopic work is required to 

constrain the relationship between isotopic change and anaerobic biodegradation. 

5.3 Summation 

The application of compound specific isotopic analysis to low concentrations of dissolved 

organic solvents is a relatively new phenomenon. Until recently, suitable techniques were not even 

developed to enable 6I3C measuremerits to be made on such dissolved contaminants. With the 

techniques of pentane extraction (Chapter 2) (Dempster et al., 1997), headspace analysis (Chapter 

3) and solid-phase microextraction (Dias and Freeman, 1997) becoming established as suitable 

isotope techniques, we are in the exciting position of now being able to apply isotope technology to 

address important questions about subsurface contamination. 



This study dernonstrates the potential of stable C isotopes to identify two key aspects of 

contaminant behaviour - the origin of the contaminant and the processes affecting its attenuation in 

sr-oundwater. With continiied laboratory and field-based re'search, we can continue to develop the 

potential of stable C isotope analysis as  a tracing tool to monitor dissolved organic compounds at 

contaminated field sites. This work will ultimately aid in the detection and remediation of 

groundwater contaminants that cause degradation of water quality and pose a threat CO human 

health. 
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Appendices 

1. List of Acronyms 

BTEX = benzene, toluene, ethylbenzene, para-xylene, meta-xylene, ortho-xylene 

cis 1,2 DCE = cis 1,2 dichloroethene 

CSIA = compound specific isotope analysis 

DO = dissolved oxygen (rng1L) 

DIC = dissolved inorganic carbon 

DNAPL = dense non-aqueous phase liquid 

DOC = dissolved organic carbon 

FID = flame ionization detector 

GC = gas chromatograph 

GC/C/IRMS = pas chromatographylcombustionlisotope ratio mass spectrometry 

LNAPL = light non-aqueous phase liquid 

NSO = nitrogen, sulfur, oxygen containing compounds 

ORC = oxygen releasing cornpound 

PAH = polycyclic aromatic hydrocarbon 

PCE = perchloroethylene (tetrachloroethylene) 

SCOT = support-coated open tubular 

SPME = solid phase microextraction 

TCA = trichloroethane 

TCE = trichloroethene 

TDIC = total dissolved inorganic carbon 

TEAP = terminal electron accepting process 

VC = vinyl chloride 

VOC = volatile organic compound 
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