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Oxidation of Methane in Cold, Anaerobic Ground 
Water, Linked to Bacterial Sulfate Reduction 

Dale Van Stempvoort, Ma_a_th_uis, Ed Jaworski, Bernhard Mayer, Kathleen Rich 

Abstract 
When fugitive methane migrates up'w'a;rd along boreholes of oil and gas wells to 

shallow ground water, this greenhouse gas may vent from adjacent water Wells or pass 
through overlying soil to the atmosphere. In this field study near Lloydminster, Alberta, 
Canada, we found hydrogeochemical evidence that fugitive methane from an oil well 
impactedra shallow aquifer, but has been attenuated by bacterial sulfate reduction under

, 

low temperature (3 to 7°C), anaerobic conditions. The evidenceincludes spatial and 
temporal trends in concentrations of methane and sulfate in ground water, and associated 
trends in concentrations of bicarbonate and sulfide. The key evidence is stable isotope 
data: near the oil well methane was enriched in “C by up to 10 %o, together with higher 
concentrations and BC-depletion of bicarbonate. Within 10 in of the oil well sulfate 
concentrations were lower and sulfate was enriched in both “S and ‘-80. Sulfate 
concentrations had a strong positive correlation with 83C of bicarbonate, and sulfide was 
depleted in 348 by 30 to 50 %o, compared to sulfate. Together, these concentration and 
stable isotope data support an interpretation that in-situ bacterial reduction of sulfate to 
sulfide has occurred, and that higher concentrations of BC-depleted bicarbonate near the 
oil well were produced by oxidation of 13C—d,epleted methane, linked to bacterial sulfate 
reduc_tion as a terminal electron accepting process. Based on these results, bacterial 
sulfate reduction may play a major role in bioattenuation of fugitive natural gas in ground 
water in western Canada.
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RESEARCH SUMMARY 
Plaln language title .

V 

Field study evidence that sulfate reducing bacteria break down the greenhouse gas methane in shallow 
groundwater at oil and gas sites in Alberta . 

What Is the problem and what do sleentlsts already know about It? 
At some oil and gas well sites in Canada and elsewhere, the shallow groundwater is contaminated by 
methane (natural gas) that has seeped upward along the well bores. If this greenhouse gas is not degraded 
in the subsurface, it will tend to migrate upward to the atmosphere. Research has shown that methane can 
be consumed by subsurface bacteria, but it has generally been assumed that these bacteria require oxygen 
(as an electron acceptor). However, recent studies have shown that in marine sediments, bacteria use sulfate 
in place of oxygen to degrade rnethane. 

Why did NWRI do this study? 
Based on the marine studies other scattered evidence, the authors decided to investigate whether sulfate 
reducing bacteria may also have the potential to degrade methane in shallow groundwater at oil and gas 
sites in Canada. 

C

. 

What were the results? 
This field study at an oil well site in Alberta provides strong evidence that bacteria are using sulfate to 
degrade in groundwater. — 

How will these results be used? r 

The findings are useful to estimate the quantitative effect of bacterial degradation processes in the 
subsurface that the atmospheric ‘impact of natural gas migrating upward at oil and gas sites in 
Canada, Further investigation may lead to a new remediation approach that and enhances the 
bacterial activity.

' 

who were our main partners In the study? _ i 

Saskatchewan Research Council, Univeristy of Calgary, Alberta Environment
/



Oxydation méthane dans de l’eau souterraine froide provenant de la réduction 
du sulfate par des bactéries en anaérobiose 

Dale Van Stempvoort, Harm Maathuis, Ed Jawofsld, Bernhard.Mayer, Kathleen Rich 

Résumé 
Lorsque des vapeurs fugitives de methane se retrouvent dans des nappes d’eau 

souterraine peu profondes en empruntant les trous de forage des puits de pétrole et de gaz, 
ce gaz 5 effet dc peut passer dans des puits d’eau voisins ou diffuser a travers 1e sol 
jusque dans l’atmosphére. Dans la présente étude sur le terrain réaliséevprés de 
Lloydmirister, en Alberta (Canada), nous avons obtenu des preuves hydrogéochimiques 
que des vapeurs fugitives de methane provenant d’un puits de pétrole se retrouvent dans 
un aquifére peu profond, mais que la présence de bactéries'—sulfatoréductrices en atténue 
l’impa'ct les conditions de basse temperature (3 a 7 °C) et d’anaérobiose- qui y 
regnent; Ces preuves ont trait a des tendances observées dans les concentrations de 
rnéthane et de sulfate dans le temps et l’espace, associées a des tendances observées dans 
les concentrations de bicarbonate et de sulfure. Les principales données sont basées sur 
les isotopes stables : pres du puits de petro1e,r1e methane était enrichi en "0 dans une 
proportion pouvant atteindre jusqu'a 10 %, alors que la concentration et 
Pappauvrissement en 13C du bicarbonate augmentait. A moins de 10 m du..puits de 
pétrole, les concentrations de sulfate étaientplus faibles et le sulfateétait enrichi en 348 et 
en 180. Les concentrations de sulfate présentaient une forte correlation positive avec le 
5”c du bicarbonate, et le sulfure était appauvri en 34s dans une proportion de so a so % 
comparativeinent au sulfate, Toutes ces données portant sur la concentration et le rapport 
des isotopes stables appuient Phypothesfe d’une reduction in situ du sulfate en sulfure par 
des bactéries et de concentrations plus élevées de bicarbonate appauvri en “C pres du 
puits de pétrole piovenant d’ une oxydation du methane appauvri en 13C liée a la réduction 
du sulfate par des bactéries (processus agissant comme accepteur terminal d’é1ectron). 
Ces résultats indiquentque la réduction du sulfate par des bactéries peut jouer un role 
important dans la bioatténuation des vapeurs fugitives de gaz naturel dans l’eau 
souterraine dans l’ouest du Canada.

~



Sommaire des recherehes de |'lNRE 
Titre en langage clair / 
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Des etudes sur le terrain indiquent que des bacteries sulfatoreducntices degradent le methane, un gaz a effet 
de serre, dans les nappes d’eau souterraine peu profondes pres des puits de petroles et_ de gajz en Alberta. 

Quel est le probleme et que savent les chercheurs a ee sujet? 
Pres de certains puits depetrole et de ga_z au et ailleurs, les nappes d’eau.soute.rraine peuprofondes 
sont contaminees par du methane (gaz na_tu’r’el) empruntant les trous de forage des puits. _Si ee gaz in effet de 
serre n'est pas degrade en subsurface, il aura tendance A migrer jusque dans Patnmsphere. Des recherches 
on_trnont1'_e que le methane peut étre degrade par des bacteries en subsurface,.mais il etait generalement 

que ces bacteries exigent de Poxygene (accepteur d’electron). Toutefois. des etudes recentes orlt 
V 

rnontre que des bacteries presentes dans des sediments utilisent le sulfate a la place de l’o_xygene 
pour degrader 1e methane. 

Pourquoi l'INRE a-t-ll eflectué cette etude? -

' 

A partir de ees etudes marines et d’autres dormees éparses, les auteurs ont decide d’amorcer des recherches 
visant ‘a determiner si des badteries sulfatoreductrices peuvent egalernent degrader le methane dans les 
nappes d’eau souterraine peu profondes pres des puits de petrole et degaz an

' 

Quels sont les rénltais? ; 

Lesresultats de la presente etude sur le terrain pres d’un puits de peirole en Alberta nous indiquent 
fortement que des bacteries ut;ilise_n_t—1esu1fate pour degrader 1e methane dans l’eau souterraine. 

Comment ces resultals seront-ils utilises? . 

Ces resultats sont miles pour determiner l’effet quantitatif des processus de degradation bacterienne en 
subsurface qui reduisent les effets atmospheriques du gaz naturel s‘echappant des puits de peuole et de gaz 
au Canada. Une recherche plus poussee pourrait nous permetue de proposer une nouvelle methode de- 
depollution fondee sur l’utilisation et Paugmentation de 1’activite bacterienne. 

Quels etaient nos principaux partenaires dans cette etude? 
_ _ 

Saskatchewan Research Council, Universite de Calgary, de l’Envir'onne'r_nent de l’A1berta.
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1. Introduction 

To address growing concerns about global wamjing, researchers are probing the 

global carbon cycle and the fate of greenhouse gases, such as methane. In Canada, ‘both 

provincial and federal governments have committed to reduce greenhouse emissions, in 

part by introducing new technologies and innovation, The oil and gas' industrial sector in 

western Canada is an active participant in the research and development of new 

technologies to address greenhouse gas emissions. As part of this effort, over the past 

decade both industry and regulators of the oil and gas sector in western Canada have 

probed the occurrence, rn_igrat_ion pathways and fate of fugitive natural gas, primarily 

methane, in soils and ground water at petroleum production sites (7e:g., Brno and Schmitz 

1994; Van Stempvoort et al. 1996). 

Some of the methane that occurs in shallow ground water may be vented from water 

wells, or migrate upwards through the overlying soil, contributing to the global 

atmosphere load of this greenhouse gas. For example, it is estimated that migration of 

methane from landfills accounts .for approximately one quarter of the total anthropogenic 

emissions of methane to the atmosphere in developed countries (USEPA 2001). Leakage 

from oil and gas production, processing and transrrfission systems contributes more than 

one quarter of the total methane emissions to the atmosphere in developed countries 

(USEPA 2001), and some of this migration occurs through the shallow ground water 

environment. 

Unintentional vertical movement of natural gas is a concern in western Canada (Emo 

and Schmitz 1994; Van Stempvoort etal. 1996, 2000; Rowe and.Meuhlenbachs 1999). 

van Stempvoort et al.
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Dyck and Dunn (1986) found elevated concentrations of methane in ground water in 

southwestern Saskatchewan associated with oil and gas fields. Highest methane 

concentrations tended to be associated with higher densities of exploration holes. They 

‘suggested that the anomalies might be due to either leakage along the exploration holes, 
Deleted: In a study by 
are Canadian Associat1' ‘on of 
Petroleum Producers (cam. ~~ ~ ~~ 

or natural II1.igr8'fi°“. 31°33 faults and fracture z°n°S- Em? #94 .3§=b£n.it.Z..(.1994). .. . _. ., .. .

’ 

documented leakage of natural gas from oil and gas wells to soils in the Lloydrninster 
A 

' 

- ,— Deleted: in
I 

area, along the Saskatchewan/Alberta.border. Subsequently, ,Yan__S_ter_r1py99rt _an¢_:l_cp; W __ g M . 
" mm ‘my’ 

. _ 

workers documented leakage of natural gas from oil production wells to shallow ground 

water at several sites in the Lloydminster (Van Stempvoort and Jaworsld 1995, Van 

Stempvoort et al. 1996, 2000). Other recent studies have provided information on various
g 

sources of methane in the shallow subsurface of the Prairies region of western Canada 

(Rowe and Muehlenbachs 1999; ‘Taylor 'et al. 2000). 

paper contributes tothe research at “upstream” petroleum sites in western 

Canada. Specifically, this paper examines the fate of methane thathas unintentionally 

migrated upward to shallow ground water along the borehole of an oil well. Following 

on earlier research, this paper examines the potential that bacterial sulfate reductionmay 

act as an important terminal electron accepting (TEAP) in the natural attenuation 

of fugitive methane in ground water. - 

As indicated ifi§P9Ei99..Z-_1.».$El{dl§S_.9f_IP!1EiEl9 l3a!¢..insl11¢.a.t¢;4.%I1 4, ,_ 
.. .. 

‘ ‘

, 

important linkage betweenmethane oxidation and sulfate reduction in marine sediments,
V 

mediated by consortia of bacteria. Though other studies have suggested that t_h_er'e is a 

coupling of the same two redox processes in ground water (Section 2), the evidence has 

Van Stempvoort et al.
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generally beeer, only a few of mg pgnjnent ground studies were 

at cold climate sites, characteristic for western Canada.
‘ 

In this study, we probed the potential relationship between methane oxidation and 

sulfate reduction using an array of field procedures and laboratory techniques, including 

stable isotope analyses of inorganic sulfur species, and of both organic and inorganic 

carbon species. 

2. Background 

2_._l Sources and Fate of Methane in Ground Water 

Globally, a significant portion of the methane that occurs in shallow ground water (< 

200 m below ground) has migrated from the deeper subsurface, where it formed via 
thermogenic (“thermocatalytic" or “thermal”) processes. Upward migration from natural 

gas reservoirs occurs via geologic conduits, such as zones. Upward migration of 

natural gas, largely methane, may also occur along exploration holes or defective 

production wells in active oil and gas fields, impacting shallow soils, ground water or 

surface water bodies (Rose and Alexander 1945; Preston 1980; Kelly et al. 1985; Chafm 

et al. 1993; Chafin 1994). Figure 1 is a schematic of this process of unintentional natural 

gas migration. 

In other cases, methane in shallow ground water (< 200 m below ground) is produced 
in-situ_ as a byproduct of anaerobic biodegradation of organic matter by niicroorganisrns. 

This is often referred to as “biogenic” methane (Barker and,Fri'tz« 1981b). Some aquifers 

have natural occurrences of high concentrations ofbiogenic rnethane (> 10 mglL) for 

example as the result of in-situ degradation of buried peat beds (Aravena and Wassenaar 

Van Stempvoort et al.
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1993). Elsewhere, high concentrations of biogenic methane in ground water result from 

degradation of anthropogenic organic wastes, such as municipal landfill materials (Barker 

and Fritz 1981b). or petroleum hydrocarbon plumes derived from fuel leaks and spills 

(Vroblesky et al. 1996). 

Methanogenic (methane-producing) bacteria require anaerobic conditions, and they 

tend to thrive in the absence of sulfate (Barker and Fritz l9_8lb_; Vroblesky et al. 1996). 
A 

Typically, microbial communities tend to utilize alternative terminal electron accepting
‘ 

processes (TEAPs) in sequence: methanogenesis follows the reduction ofsulfate, after 

other preferred electron acceptors (oxygen, n_i_trate, Fe“, Mn“) have been depleted 

(Azadpour-Keeley et al. 2001). During microbial methanogenesis, the electron accepting 

process is often the reduction of dissolved CC/);, though in other cases, methanogens 

produce methane from other precursors such as acetate or methanol (Thauer 1998). The 

sequence of TEAPs, which is explained in terms of energy yield considerations 

(e.g., Appelo and Postma 1993), is notalways strictly followed. For example, 

methanogenesis concomitant with slow bacterial reduction of sulfate and/or Fe“ has been 

reported (Vrolesky et al. "1996; Hansen et al. 2001). 

Biogenic and thermogenic methane? be distinguished by their chemical 

association and isotopic signatures. 'fhermogenic methane is typically associated with a 

range of other light hydrocarbons, such ethane, propane and butane, and it has 

relatively high “C/“C ratios (Barker and Fritz l_98 lb; Taylor et al. 2000). Biogenic 

/‘ methane with 8130 values between -00 and -90 %o is generally distinguishable from 

therrrlogenic methane, which has higher"5‘3C values. However, methane 8"C values in
\ 

the range -50 to -60 %o are not diagnosticfor either biogenic or therlnogenic methane 

van Stenipvoort etal.
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(Taylor et al. 2000). In-situ microbial oxidation of methane will tend :5 enrich the 

residual methane in "C, and this potentially obscures the source identification by isotopic 

techniques (Barker and Fritz 1981a; Rowe and Meuhlenbachs 1999; Taylor et al. 2000). 

Biogenic methane may have measurable “C content (Barker and Fritz 1981b; Aravena 

V 

and Wassenaar 1993). 

High methane concentrations in shallow ground water may present an explosion 

hazard for domestic or municipal supply wells (Aravena and Wassenaar 1993. There is 

some potential formethane to be degraded by microorganisms in the shallow subsurface. 

thus reducing the emissions of this greenhouse gas. Field investigations that have probed 

such processes have focused on the aerobic oxidation of upward migrating methane in 

landfill cover soils (e.g., Whalen et al. 1990; Chanton et al. 1999; Boerjesson et al. 2000; 

Christophersen et al. 2000),. In the presence of‘ dissolved oxygen, methane will tend to be 

degraded by aerobic methanotrophs, microorganisms that oxidize methane, which utilize 

enzymes referred to as methane monooxygenases (Hanson and Hanson 1996). 

Thelamountofoxygen in ground water is limited by its lowsolubility. its slow 

diffusion from the overlying soil, and its consllmption by biogeochemical and abiotic 

processes in the presence of electron donors, such as organic compounds or-sulfide 

minerals. Consequently, the ground water in manyshallow environments is anaerobic, 

particularly in zones that contaminated by organic contarninajnts, such as landfill 

Wastes or hydrocarbon plumes. 

Until recently, it was generally assumed that methane is essentially biologically inert 

in anaerobic environments (Higgins et al. 1981). However, research over the past few 

decades has shown that the coupling of the oxidation of methane with the reduction of 

Van Stempvoort et al.
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sulfate (Equation 1) is a key relationship in anaerobic marine sediments (Iversen and 

Blackburn 1981; Devol and Ahmed 1981; Iverson and J¢rgen'sen 1-985, Niewohner et al. 

1998; Aharon and Fu 2000; Boetius et al.) 2000; DeLong 2000; 1_)’Hon_dt et al. 2002; 

Nauhaus et al. 2002). Equation 1 is a summary reaction that represents the net effect of 

an array of stepwise redox reactions, which involvevarious enzymes, intennediate 

‘valence sulfur species, such as sulfite (T rudinger 1969), and intermediate valence carbon 

species, such as methanol (Hanson and Hanson 1996). 

CH4 + soft -> + Hco; + H10 '‘ 
(Equation 1) 

Bacterial sulfate reduction is probably the dominant terminal electron accepting 

process that consumes methane throughout the oceans globally (D’Hondt et al. 2002), 

including large upward fluxes of methane in submarine seepsassociated with natural gas 

reservoirs in the Gulf of Mexico (Aharon and Fu 2000). The microorganisms responsible 

for the redox process in Equation 1 appear to be symbiotic consortia of 

sulfate.reducing bacteria and methane-oxidizing Archaea (Boetius et al. 2000; Orphan et 

al. 2001). There isalso evidence that,sulfate,n_iay be ar_1._in1p9rt_ant_el_egt_1-on a<_:qep_tor_f_or_ __ _ .
" 

- anaerobic oxidation of methane by‘ micfo'or'g'ani_srns in surface sediments of a freshwater 

lake in Minnesota (Panganiban et al. 1979; Zhender and Brock 1980), and in saline lakes 

with abundant sulfate (Orenfland Marais 1983). 

Relativelyfew studies haveexamined the microbial degradation of methane in 

ground water underanaerobic conditions. Smith et al. (1991) tracked the fate of methane 

injected into an unconfined sand and gravel aquifer at Cape Cod, Massachusetts. Within 

the aquifer; the methane was oxidized in an aerobic zone, and also a sewage. 

contaminated, anaerobic zone. On the basis of the available data, Smith et al. suggested 

van sternpvoort et al. 

,- Deleted: reduction



ll 

>-. U) 

p--- 

v—n 

—- 

9- 

\I 

0 

(ll 

-# 

n—- ® 

that denitrification (nitrate reduction) wasbthe main TEAP linked to anaerobic methane 

oxidation in the aquifer. A recent study of a landfill leachate plume inthe Netherlands 
also suggested that anaerobic methane oxidation might be linked to nitrate reduction (van 

Breukelen et al. 2001). . 

‘ " 

A few studies have suggested that the redox coupling of sulfate reduction and 
methane oxidation, which.is now well documented asan important in marine 

sediments, also be important in ground water environments. One of the earliest 

indications was a unique laboratory study by Davis and Yarborough (1.966), which 

reported slow oxidation of methane by sulfate reducing bacteria isolated from ground 

water sampled an o'il—fie_ld aquifer at 1.3 km depth in southem4Texas. 
' 

In the mid- 

1980s, a study of ground water impacted by a blow-out in Ohio associated with gas 

exploration indicated that sulfate reduction appeared to be theprincipal reaction involved 

with methane oxidation and alkalinity production (Kelly et al. 1985). Research in the 

mid- 1990s showed thatmethane oxidation coupled to sulfate reduction may also be 

important in anaerobic rice paddy subsoils in Japan (Murase and Kimura l994a,b). 

In a recent study of aquifers in east-central Texas, abundant rriethane (> 10 mM) was 

only present where sulfate levels werelow (< 1 mM) (Zhang et al. 1998). This 

relationship suggested that niethanogenesis was only important in the absence of sulfate 

in the Texas aquifers (Zhang et al. 1998). Themethane 6‘—3c values indicated that 

bacterial oxidation ofthis hydrocarbon had occurred, and there was a significant positive 

correlation between 5"3C of methane and sulfate concentration. With other 

considerations, this suggested that methane oxidation was associated with bacterial 

~ 
sulfate reduction (zhang et al. 1998). 

Van Stempvoort et al.
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In a detailed study of a landfill leachate plume in Oklahoma, Grossrnan et al. (2002) 

reported evidence for anaerobic degradation of the methane. On the basis of methane 

concentration and 6‘3C trends along a 210 m transect of the plume, they concluded that 
80-90 % of the methane was degraded under anaerobic conditions, associated with sulfate 
reduction (Grossman et al. 2002). Withreference to recent marine sediment ‘studies, 

Grossman et al. suggested that perhaps a consortium of sulfate reducing bacteria and 

Archaea is responsible for the oxidation of methane in the ground water, linked to sulfate 

reduction. 

2.2 Methane and Sulfate in Ground Water at Oil and Gas Sitesin Western Canada 

The methane that occurs in the shallow subsurface in oil and gas producing areas of 

western Canada is often thermogenicin origin, though it may have an ambiguous or 

biologically altered, isotopic signature? (Rowe and Meuhlenbachs 1999). Similar to the 

pattern observed in Texas (Zhang etal. l998). a survey of private water wells in the 

Iloydrninster area, along the border of ‘the provinces Alberta andsaskatchewan in 

western Canada (Maathuis and Jaworski 1997). indicated a inverse relationship 

between sulfate concentrations and methane in ground water (Figure 2). This relationship 

suggests that elevated methane concentrations may persist only in the absence of sulfate, 

and conversely, that the presence of sulfate may result in bacterial sulfate reduction, 

linked degradation and depletion of methane in the subsurface (Van Stempvoort et al. 

2000). would be analogous to the inverse relationship between sulfate and methane 

concentrations observed in marine sediment profiles, which has been shown’ to be related 

to coupling of bacterial sulfate reduction and methane oxidation. 

Van szempvocsn et al.



8 

In more detailed studies of ground water chemistry at petroleum production sites in 

the Lloydminster area, Van Stempvoort and co-workers found further-evidence that 

suggested bacterial sulfate reduction was linked to microbial degradation of methane that 

had leaked from production wells into the ground water (Van Stempvoort and Jaworski 

1995; Van Sten'_1pvoo_rt et al. 1996). 

3. Research Site
. 

The ‘research site (Figure 3) is located approximately 50 km northwest of 

Lloydminster (53°’l7" N; llO°00‘ W) near the border between the Provinces of Alberta 

and Saskatchewan in western Canada, in a rural setting, where the dominant land uses are 

agriculture and oil and gas production. This site is in the Aspen Pajrlcland region of central 

Alberta, transitional between semi-arid grassland to the south, and humid, boreal forest to 

the north. Seasonal changes in temperature large; selected climate normals» are shown 

in Table 1. 

The surface at the site is approximately 625 meters aboye mean sea level. 

The topography of the site is relatively level, whereas the surrounding slopes 

moderately toward thesouth. There is alarge alkaline/saline slough located in a 

depression within several hundred meters to the south of the study site. 

The oil production well at this site was completed by Canada in December, 

1983. The total depth drilled was approximately m below ground 'I‘he.o'il 

producing zones occur between 510 and 580 m below ground. Oil was produced from 
this well from.February, 1984 to November, 1987. The cemented surface casing extends 

from ground to apprjoxhnately 100 m. 

Van Stempvoort et al.
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Leakage of natural gas to surface along the well casingwas first noted in 1988 

(Ulrich 1994). This non-producing well’ is relatively remote from other oil wells in the 

area. In close vicinity, shallow aquifers in the drift (largely glacial till) and in the bedrock 

(Cretaceous Judith River Formation) had been documented (Ozaray et al. 1994; records 

of private water wells retained by Alberta Environmental Protection). Given the above 

factors, this was one of the first research sites selected in 1994 by the Canadian 

Association of Petroleum Producers for investigation of the potential for migration of 

natural gas to shallow ground water.
I 

In May of 1994, a rotary rig (McAllister Water Wells Ltd., Lloydminster) was used ; 

for the initial investigation of the shallow" subsurface in the vicinity of the production 

well. A testhole completed in 1994 indicated that there is a major sand and gravel 
aquifer. apparently an Empress Group unit, that extends from about 25 to 50 m below 
ground, confined between two aquitards, a marine clay/shale bedrock below (Cretaceous 

Lea Park Fonnation) and overlying clayey till. The latter is Quaternary age, and appears 

to include two or three clayey till units, separated by thin interbeds of and silt. 

3 provides a plan view of the site and Figure 4 provides a hydrogeologic cross ~ 

section. Five monitoring wells were installed in the upper portion of this aquifer in 1994, 

shown as 94-01 to 94-05 on Figure 3. The screens of these wells were completed at 

approximately 28 to 30 In below ground. In November 1995, three nests of three 

monitoring wells ‘each (9 total) were completed same aquifer within 10 in of the oil 

production well. These nests are showntas monitoring locations marked 95-06, 95-07 and 

95-08, near the center of Figure 3. Each nest has 3 monitoring wells, A through C, where . 

A has the shallowest screen (approx. 25 m below ground), and C has the deepest screen



nitrate plus nitrite analysis were field filtered (0.45 pm) and with H2804 for 
‘ 

preservation. Samples for Fe and Mn analysis were also field filtered (0.45 pm), and 

(approx, 28 mbelow ground). These nested wells have less than 0.3 min length 

to provide a detailed vertical profile for the uppermost portion of the aquifer.

< 

'

A 

I 

_I’l 

fi‘ 

testing of the monitoring wells‘ indicated that the hydraulic conductivity of the upper 

portion of the aquifer is about 60103 cm/s (Van Stempvoort et al. 1996). Given the very 

low hydraulic gradient at the site (approximately 5010"), the lateral flow of ground water 

in the aquifer is inferred to be southward, at a rate less than 1 in per year. 

4. Methods 
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occasions: June 1994, October 1994, September 1'995,tNover“nber 1995, and September 

1996. The sampling was by either‘ bladder pumps (1994) orperistaltic pumps (1995- 

1996), under low flow conditions (200 mllmin) to turbulence and drawdown, 

and to promote laminar flow from the aquifer to the pump intake tube. After purging 

approximately 10 L from each well and discarding this water, samples were collected for 

the following analyses: major cations (ca’*, Na", Mg“, K*), major anions (sulfate, 

chloride, bicarbonate). nitrate plus nitrite, and dissolved Fe andMn. The samples for 

treated with I-D103 for preservation». The major cations, Fe and Mn were analyzed by ICP 

atomic emission spectroscopy. Sulfate was analyzed by turbidimétfy; and chloride and 

nitrate plus nitrite were by color-imetry. Bicarbonate was based on alkalinity, 

Van Stempvoon et al,
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which was determined by potentiometric titration to set pH endpoints, and with laboratory 

pH values to calculate dissolved bicarbonate. 

For this study, the wells were resampled in June 2002 as in 1995-1996, except for 

the three wells in nest 95-06 (A,B, C), which were frozen. The samples were analyzed as 

above, except that sulfate was deterrnined by ICP. 

Samples for methane and ethane analyses were collected in l994~1996 and 2002 ’ 

using in-line airtight, stain_les's steel samplers, as described by Van Stempvoort and co- 

workers (Van Stempvoort and Jaworsk-i 1995-; Van Stempvoort et al. 1996). For 1995- 

1996 and 2002 events, each methane sample was collected in-situ , at the screen interval 

of the monitoring well, 25 to 30 In below ground. In-line valves were closed to trap each 

sample before the sampler was retrieved from the sampling depth and stored on ice in a 

cooler. Within several days. the dissolved methane and ethane were extracted from the 

water samples in the laboratory, using degassing (1994) or headspace extraction 

techniques (1995-1996, 2002) (Van Stempvoort and J aworski 1995; Van Stempvoort et 

al. l996).'The respective concentrations were analyzed by gas chromatography (GC). 

The GC system ‘used was an Agilent 5890 GC, dual packed columns of Porapak N and 
Molecular Sieve 13x with a flame ionization detector. 

For the 2002 sampling event, purging was completed for each well, the pH, Eh 

and dissolved Ozin the produced ground water were analyzed in the field, using a YSI 

556 multi—probe system and flow cell. The flow cell was placed in-line and downgradient 

of the peristaltic pump, within a few meters of each monitoring well head. Ground water 

temperatures measured in flow cell ranged from 8.3 to 11° C. Based on other experience 

with this system, these temperatures were affected bywarming, apparently due to friction



during pumping, and exposure of the flow cell to the ambient atrnosphere (circa 20-30° C 

at time of sampling) and sunlight. The estimated in-situ ground teinperatureat the 

well screens is 3 to 7° C, closer the annual average ter'np'er_ature.for this region (Table 1). 

During t_he 2002 sampling event, il L ground water samples were collected for 

analyses Ofthe isotopic composition of dissolved sulfate (53‘s and 830) and total sulfide 

(5343) (mainly dissolved. some suspended). Ground water was pu.mped.directly into the 

sample bottles containing 2- mL of concentrated acetate solution. Ground water 

contact with air was minimized and hence dissolved sulfide immediately precipitated as 

cadmium sulfide. For analyses of 83C of dissolved inorganic carbon (DIC), ground water 

was transferred to 20 mL glass ‘vacutainers pro-filled with 2 mL of strontium chloride 

(monobasic) solution. Upon contact with water-, DIC precipitated as strontium 

carbonate, which was transportedto the laboratory for:further analyses. 

Stable isotope of 2002 samples were conducted in the Isotope Science 

Laboratory at the University of Calgary. Carbon isotope ratios of DIC were determined 

on CO2 obtained via acid treatment of the strontium carbonate precipitates. For sulfur
A 

isotope analyses, the CdS precipitate was separated by filtration, converted to Ag2S, 

which was subsequently dried and weighed. Total sulfide contents were estimated 

. gravirrietricalply. Dissolved sulfate was precipitated as BaSO4 fron1 the filtered samples 

by adding 10 mL of a 0.25M BaCl2 solution. The BaSO4 precipitate was removed by 
filtration, dried, and weighed. Sulfur isotope ratios of the Aggs and BaS04 precipitates 

were determined on S02 generated by combustion in an elemental analyzer coupled to an 

isotope ratio masspspectrometer in continuous flow mode (Giesemann et al. 1994). 

Van Stempvoort et al.
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Oxygen isotope ratios of the BaSO4 precipitates were analyzed on C0 generated via 

pyrolysis in a Fmnigan TC/EA _reactor at 1450°C coupled to delta plus XL in continuous 

flow mode. Results are reported in the usual delta (8) notation in parts per thousand (%o) 

deviation from the internationally accepted standards Canon Diablo Troilite (V-CDT) for 

sulfur isotope measurements, Standard Mean Ocean Water (V-SMOW) for oxygen 

isotope analyses, and V‘-PDB for carbon isotopfl ratios. 

The monitoring wells were also sampled by Alberta.Environment in.February, 2001. 

Approximately 250 L was pumped from each well using a Waterra system, directly into a 

degassing system. which consisted of a heat exchanger and a gas-liquid separator (Geo 

_ 
Five Gas Technologies); Although ideal degassing temperatures (85 to 95 ° C) were not 

- achieved, approximately 1000 cc of gas was recovered from each well at temperatures 

varying fi'om"40 to 70 ° C, and this gas was transferred to a Tedlar bag for laboratory 

analyses. The gas composition was analyzed by gas chromatography (inorganic species 

and hydrocarbons), and the components were reported on a mole fraction basis. Selected 

samples were submitted to the University of Albertafor stable isotope analyses of 

methane and other components (e.g., ethane, propane, butane, C02). 

The data for degassed samples obtained during theFebruary 2001 sampling event 

have been reported separately (Rich 2003). The methane data (concentrations, 8”C 

valijies) arealso included in this paper, in order to complement the other methane 

concentration data obtained during this study. 

5. Results and Discussion 

Van Stenipvoort etval. {
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5.1 Source of Methane 

Sampling at the research site in the mid-1990s i_ndic‘ate‘d elevated levels of methane 

in the ground water in the close vicinity of the oil production well (Fi 5). Ethane was 

also present, associated with the elevated concentrations of methane (Figure 6). 

Typically, the mass ratio of methane/ethane in these samples was between 50 and 500 

(van Stempvoort and Jaworski 1995; Van Stempvoort et al. 1996; Méathuis and Jaworski 

1997), which is considered to be diagnostic for a tliermogenic source of these 

hydrocarbons (Taylor et al. 2000). Analyses of the February 2001 Tedlar has gas samples 

by Alberta Environment indicated that dissolved propane was also present in most of the 
I}

‘ 

wells,- at concentrations similar to ethane, as well as traces of other "hydrocarbons. 
. 

Together, these results indicate that themiogenic methane has migrated from the oil 

production well bore to the adjacent aquifer. 

5.2 Lateral Concentration Trends 

The concentrations of methane and selected other ground water parameters measured 

forsamples obtained in 2002 are shown in Table 2. Methane concentrations were 

generally lower in 2002 than during the mid-1990s (Figure 5). In particular, within 10 in 

of theoil well, the 2002 methane concentrafions were approximately'ar_1 order of 

magnitude lower than the levels measured in 1995 an‘d>1996. Seasonal fluctuations can 

be ruled out, given the 25 m thick confining till aquitarcl above the aquifer at this site. . 

Based on the overall trend.from 11996 to 2002, it is likely that one or both of the following 

had occurred during this time: 1) a rate of leakage of methane from the oil 

production well to the aquifer between 1996 and 2002-, combined southward, lateral 

Van Sternpvoort et al.
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migration and dispersion of the concentrated methane “plume" in the ground water; 2), an 

increase in the rate of in-situ biodegradation of the methane in the aquifer between 1996 

and 2002, which significantly reduced the dissolved methane concenuafions. 

It is possible that the 1996-2002 methane concentration trend was affected by the 

withdrawal of approximately 250 L from each well during the sampling event by 

Alberta Environment. However, this event removed only a few percent of the total 

volume of ground water is present within the upper, screened portion of the aquifer, 

within 10 m of the oil well-. Perhaps the 2001 sampling event resulted ir_t_moverr1ent of 
ground water in the vicinity of the well that somehow stimulated the growth of the

' 

microorganisms that are degrading the methane in ground water. Alternatively, there may 

have been an acceleration of the ongoing natural attenuation of the methane during the 

period 1996 to 2002, unrelated to the sampling eve_nt., We have no conclusive 

evidence to favour either of these interpretations 

Dissolved oxygen was generally not detectable (<Q._2 mglL) in the ground water in 

2002, indicating anaerobic conditions. A low level of dissolved oxygen (0.5 mg/L) was 

measured by flow cell for one of‘ the £‘background” monitoring locations, distant from the /\ 

oil well (94~04). Given that the ground in this well had dissolved iron and sulfide 

(Table 2), the single indication of low dissolved oxygen may be spurious, or it may 

indicate that subzones of oxic and anoxic ground water may occur in the aquifer at this 

location. Nitrate plus nitrite were not detected in any of the wells in 2002 (< 0.01 to 0.02 

mglL N). Given the lack of oxygen and nitrate, dissolved ‘sulfate with concentratiorrs 

ranging between 220 and 368 mg/L (Table 2) is apparently the most readily available
M 

aqueous phase electron acceptor in the aquifer. 

Van Stempvoort et ‘a1.
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In 2002, sulfate concentrations were somewhat lower in samples from monitoring 

wells within 10 m of the oil well, relative to remote wells (2 50 m away) (Table -2, Figure 

7),. This contrasts with the mid-1990s data, which indicated no obvious lateral trend in 

sulfate concentrations (Figure 7). The 2002 zone of lower sulfate concentrations in 

ground water near the oil well is associated with elevated bicarbonate and lower Eh 

values (Table 2). A relatively low Eh value was also measuredfor remote monitoring 

well 94-01A, associated with a relatively high concentration of methane (Table 2), 

suggesting that methane has migrated from the oil "well to this monitoring location. 

The above noted association of somewhat lower sulfate concentrations with elevated 

bicarbonate concentrations the oil well, in the same zone where methafié has 

declined over time, suggests that.Equation 1 may be an important overall reaction in this 

zone. 

Lateral trends in Fe andMn concentrations in the ground water ‘are not evident 

(Table 2). suggesting that the reduction of mineral phases containing Fe“ and Mr?" 

(e.g., oxides) are currently not important as electron accepting processes linked to 

hydrocarbon degradation in the vicinity of the oil well. It is likely lllit mineral phase Fe” 

and Mn“ are not abundant species in this confined, largely anaerobic aquifer. 
The 2002 sulfide data (Table 2) do not indicate a lateral trend, related to inferred 

bacterial sulfate reduction. It is likely that sulfide generated by bacterial sulfate reduction 

in the vicinity of the oil well is largely precipitated as metal sulfide (:e.g., Fees) in the 

aquifer. 

5.3 Vertical Concentration Trends 

Van Stempvoort et a_l_.
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The three nests of monitoring wells that were installed close to the oil production 

well (95-06, -07, -08 series) provide useful information on vertical hydrogeochemical 

trends. Data. for ground water samples obtained in 1995 from these wells indicate upward 

trends of decreasing sulfate concentrations (Figure 8, Table 3) increasing dissolved Fe 

contents near the top of the aquifer (Table 3), and a weaker trend of increasing methane 

content in theshallower parts of the aquifer (Figure 9, Table 3). Nitrate was non- 

detectable throughout the prfohle (Van Stempvoort et.a1. 1996). Based on these data, Van 

Stempvoort et al. (1996) suggested that the methane had migrated from the oil well into 

the aquifer as a buoyant gas-phase, thus tending to concentrate near the top of the aquifer,- 

below the confining clay till unit. they suggested that the methane was being 

degraded by microorganisms, with Fe” and sulfate as theelectron acceptors, particularly 

focused in a.zone near the top of the aquifer-. 

Maathuis and Iaworski (1997) collected samples in September 1996 from the same 

nested wells, and they also reported upward increasing methane concentrations (Figure 9; 

Table 3); These data support the earlier interpretation that this hydrocarbon had migrated 

as a buoyanu gas-phase, and that it had accumulated near the top of the aquifer (V an 

Steinpvoort et al. 1996). There was no obvious vertical trend in dissolved Fe in 1996 

(Table 3). and the Aupwarcl decrease of sulfate concentrations in 1996 was not as 

pronounced as in 1995 (Figure8; Table 3). 
0 

Samples collected in June 2002 again indicated a strong trend of decreasing sulfate 

concentrations near the top of the aquifer (Figure 8; Table 3), while upward trends for 

I 

methane (Figure 9, Table 3) and Fe (Table 3) in 2002 were not obvious. Similar to the 

changes in the lateral concentration gradients of methane over the period 1996-2002, the 

Van Stenipvoort et al.
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disappearance of an upward increasing methane trend by 2002 (Table. 3) could have been 

influenced by a decreasing rate of methane ernission from the production well over time. 

Alternatively, an increasing rate of in-situ biodegradation of methane between 1996 and 

2002, focused near the top of the aquifer, may have obliterated the upward increasing 

methane trendby 2002. The 2002 data indicate some upwfajrd enrichment of dissolved 

sulfide in the monitor nests near the oil well (Table 3). This trendsupports the 

interpretation that bacterial sulfate reduction is focused near the top of the aquifer, related
I 

to oxidation of urethane, which tends to become trapped at the top of the aquifer. 

However. there are no large increases in sulfide concentrations in ground water in the 

vicinity of the oil well (Table 2), presumably due to metal sulfide precipitation, as 

discussed in the previous section 

5.4 Stable Isotope Evidence for Methane Sources, Methane Oxidation, and Bacterial 

Sulfate Reduction 

The net decrease of sulfate in ground water near the oil well between 1996 and 2002 

(Figures 7, 8), concurrent with a reduction in the methane concentrations (Figures 5, 9), is 

a_ key finding. This relationship provides direct evidence that bacterial sulfate reduction 

may have played an irr_1po_rta_nt roleas a TEAP in a biodegradationprocess that reduced 

the concentrations of dissolved methane 1996 and 2002. In this section, stable 

"isotope data provide further support for this hypothesis. 

Analyses of‘ the 2001 Tedlar bag gas samples that were degassed from ground Water 

(Alberta Environment) indicate significantlateral trends in the 513C values of urethane-C A 

(Figure 10). The dissolved methane near the oil well is relatively “C-enriched (6”C = -’ 

Van Stempvoort et al.
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62.5 to .520 %..). Although these 513C values are not diagnostic, they fall within the 

range for low temperature thermogenic methane sampled at depth in the (Rowe and 

Meuhlenbachs 1999). This is consistent with the interpretation thatthis methane has 

migrated upward along the oil well bore, a pool of thennogenic gas at depth. At 50 

m from the oil well (94-01A), a relatively high level of methane (1.5 g/L) had a similar 
isotopic signature (8”C = -62.8 9%), suggesting that this monitoring location is also 

impacted by thermogenic rrietliane that has migrated from the oil well. In contrast, the 

methane at two monitoring locations 2.50 m distantfrom the oil well (94—04, 94-05) have 
low methane concentrations (0.006 to 0.07 mg/L), with methane 8”C yaliies ranging 

from -71.2 to -82.1 959, indicating a dominantly biogenic source of the methane. This 

“background” methane may be derived from the in.-situ biodegradation of natural organic 

matter within the aquifer, or the underlying “shale” bedrock.
V 

Within/10 in ‘of the oil well, there is a marked lateral trend in the methane 8‘3C 

values (2001'data, Figure 10). The methane at monitoring locations within a few meters 

of the oil well is enriched in "C by up to 10 per mil compared to the methane at locations 

8 to 10 m from the oil well (Figure 10). This trend is likely related to methane oxidation
0 

(Barker and.Fritz 1981a; Grossman et al-. 2002), There is no evidence that this trend can 

be attributed to mixingof methane from two or more isotopically distinct sources. 

Further, it is unlikely that this trend be due to a physical isotope fractionation 

process associated with lateral movement of the methane in the aquifer (‘Barker and Fritz 

1981a). 

Van Stempvoort et al.
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It appears that the methane nearest to the oil well has most strongly affected by 

methane oxidation. resulting in the most'”C-enriched methane. Similarly, the vertical 

trend in methane 6"C values indicates upwards '3C—enrichment (2001 Figure 11), 

suggesting that the extent of methane oxidation is mostpronounced near the top of the 

aquifer. 

Based on the lateral and vertical trends of the methane concentrations and methane 

8”C trends, the zones with highest methane concentrations (nearest to oil Well, and 

nearest to top of aquifer) have also been moststrongly affected by methane oxidation. 

Thus it appears that the zone with the highest methane impact has also been the most 

favourable to the development of anaerobic, methanotrophic communities, 

The 2002 data indicate relatively low sulfate concentrations in ground water close .to 

the oil well, coexistent with high concentrations of ‘bicarbonate (DIC), which is relatively 

“C-depleted (Table 4). '_I_‘he're is a very strong positive correlation between the sulfate 

concentration and the SEC of the DIC (Table 5; Figure 12), similar to the positive 

correlation noted for the same pararnetjers in Texas gound water by Zhang etal. (1998). 

At our research site, there was also a strong negative correlation between the sulfate and 

bicarbonate concentrations (Table 5; Figure 12). Based on the 2001 data, the methane in 

monitoring wells close to theoil well (Alberta Environment) had 81°C values of‘ -52.0 to 

-63 95.. (Figure 10), which is “C-depleted relative to the DIC (Table 4); Together, these 

concentration and stable isotope data support an interpretation that the higher 

concentrations of “C-depleted bicarbonate near the oil well were produeedby the 

Van Stempvoort et al.



oxidation of “C-depleted methane to DIC (bicarbonate), linked to bacterial sulfate 

reduction (depletion) as the main TEAP. 

Assuming no precipitation of calcite in response to the conversion of methane to 

DIC, regression of the 2002 values of DIC concentrations versus DIC-8”C values 

suggests that the DIC added to the ground water in the vicinity of the oil well by methane 

oxidation had 613C signature of approx. 743 %o, which is reasonably close to values 

measured tor therrnogenic methane-at the site (-52.0 to -63 700 based on Figure 10). It is 

likely that associated thermogenic gases (ethane, propane, butane) were also oxidized in 

the vicinity of the oil well. The 2001 for Tedlar bag samples indicated the
V 

following ranges in 8”C for these components: -32.4 to -45.6 %o for ethane, -24.1 to -32.3 

706 for propane, -22.6 to -34.4 %o f_or_butajn'e (Rich 2003). Thus, oxidation of a mixture of 

methane plus associated heavier hydrocarbons could account for the 8”C value of excess 

DIC as suggested by regression (-43 %o). 

Other than methane and associatedthermogenic gases such as ethane, there is no 

known organic carbon source in the aquifer that would have such “C depleted signatures. 

Detailed modeling of the s_h1_'_fts in 8”Cprc values and the mass balance of the carbon pool 

associated with the conversion of methane to DIC for this site are not available. Such 

modeling would take into account the amounts of methane and other hydrocarbons 

oxidized, the associated kinetic isotope fractionation factors during oxidation. the 

mass exchange between various DIC components, the precipitation of 

carbonate; and isotopic fractionation associated with CO7/bicarbonatelcarbonate 

equilibxia. ~ 
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For2002 ground water samples, the 53‘s value ofsulfide-S is depleted by 

approxlmatiely 30 to 50 969, compared to the 8“S value of the sulfate (‘Fable 4). This is
\ 

strong evidence that in-situ bacterial reduction of sulfate to sulfide has occurred. This 

process is known to produce “S-depleted sulfide (more negative 63‘S valjues), relative to 

residualtsulfate (erg.-, Harrison and 'I'hode 1958). 

The lateral distribution of the 8“s values of sulfate-S (2002) provide strong 

supporting evidence that bacterial sulfatetreduction has been focused near the oil well. 

The wells within 10 m of the oil well have lower concentrations of sulfate that is “S- 

enriched (more positive 5”S values), coinpared to the “ba'cl<ground” sulfate in wells at 

wells 50 or more m from the oil well (‘Table 4). Overall-, there is a very strong negative 

correlation between the sulfate concentrations and the 53‘S values for the sulfate-S (Table 

-5),. 

Figure 13 is a plot of 83‘S,.,;';_._., versus 5‘8Os..1m. values for the 2002 samples. The 

data plotalong a trend from lower left to upper right, with the remote well samples 

having typically low values. This trend also provides strong evidencein support of the 

ifrlterpretalion that bacterial sulfate reduction is taking place at monitor locations close to 

the oil well, to methane oxidation. Microbial reduction of sulfate will tend to 

enrich residual sulfate in both “S and 130, thus driving the values toward the upper right 

area in Figure 13. 

5.5 Discussion 

Van Sternpvoort et al_. 
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This study demonstrates, the value of using stable isotope analyses of sulfur, oxygen 

and carbon species to support the investigation of natural attenuation of natural gas in 

ground water. Based on the results of this study, bacterial sulfate reduction appears to 

have the potential to play a major role in the bioattenuation of fugitive.natural gas 

emissions to the ground water environment in western Canada. Other ground water 

chemistry data obtained in the mid-1990s suggest this process is also occurring at the 

other production well sites in the Lloydminster area that were selected for research 

(Van Stempvoort and Jaworski 1995; Van Stempvoort et al. 1996). Thus, this inferred 

natural process rnaylplay an important role in attenuating this greenhouse gas and limiting 

its impact on the atmosphere.
b 

Further study should be conducted to see whether it may be possible to enhance this 

process in soils and ground water in order to mitigate the migration of this greenhouse gas 

from the subsurface to the atmosphere, at oil and gas producing sites, and at other 

methane-rich sites, such as landfills.
' 

‘ 

The results of this study also have.irripo1‘tant implications for the current practice of 

monitored natural attenuation (MNA)_ as a management approach at sites with . 

hydrocarbon-contaminated ground water. Inparticular, the apparent direct link between 

bacterial sulfate reduction and methane oxidation has important implications for the 

current practice of delineating redox zones in aquifers at these sites. Applications of
I 

MNA typically subdivide the contaminated aquifers into zones where various TEAPs 
dominate orplay exclusiveroles in degradation of contaminants. Often, separate zones 

‘where bacterial sulfate reduction, methanogenesis other other TEAPs dominate are 

defined. Based on the results of this study, such an approach appears to be incomplete, at 

Van Stempvoott et a1.
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least for cases where some of the methane migrate laterally in the aquifer and then be 

consumed in a sulfate reducing zone. In such cases, the conceptual of 

biodegradation processes should consider methanogenesis, at least in part», as an 

intermediate electron accepting process rather than a terminal electron acceptingiprocess. 

For MNA sites where methane produced by methanogenic bacteria has 
from a contaminant source area I0 P'6l‘ipheral zones where sulfate is present, an estimate 

should be obtained of the amount of methane that has been degraded by r'nic‘roo‘rganisms, 

withbacterial sulfate icduction as the TBAP. Otherwise, the role played by methanogens 

in the overall degradation of petroleum hydrocarbons or other organic contaminants "in 

ground water may be underestimated. 

Further, Hansen et al. (2001) and others have shown that bacterial sulfate reduction 

and methanogenesis can sometimes occur in the same zone. Radiolabelling experiments 

(e.g., Hansen et al. 2001) mighflt be to indicate the rates of both methane production 

and methane oxidation. 
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.. 1- 

-- ' 

km north of the research site (Environment Canada data).__ _ _ _
V 

Mean daily Mean daily Mean daily Annual 
temperature, July temperature, . temperature, Precipitation (mm) 

(° C) Ianuarx (°.C) Annual (° C) 

16.2 _. 
V -16.7 

' 

_ 

1.2 
4 

442.3 

Table 2. Selected dissolved species, bicarbonate and Eh values in monitoring wells (June 
3, 2002). Oxygen and nitrate were generally not detectable (see t_eIX..t). Given the range in 
field pH (7.02 - 7.36), the dissolved Fe and Mntare maixlly_Fe2* and Mn", respectively. 

Methane sulfate sulfide Fe Mn bicarbonate‘ Eh 
ms/L mg/L * 

. ms/L mg/L mV 
ms/L 

Remote monitoring wells (2 50 In fi'om oil well) 

94-01A 1.5‘ 368 0.6 2.9 0.25 575 -110.6 . 

94-04 0.006 357 3 4.3 0.34 570 -65.7 
94-05 0.07 355 17 4.1 /0.67 582 -67 
Average 0.52 7 3.8 0.42 576 -81.1 

Monitoring wells (within 10m of oil well) 
94-02 

_ 

0.92 322 2 6.8 0.74 616 -107.2 
94-03 0.05 358 _0.9 4.6 0.35 601 V -85.6 
95-07A‘ _ 0.2 349 3 6.5 0.4 606 -92.4 
95-07B 1.9 348 8 7.4 0.39 606 -103.4 
95-07C- - 2.4 220 7 1.5 0.48 720 -127.1 
95-08A ' 2.5 313 4 1.2 0.36 644 -115.1 
95-08B 0'.-56 254 8 3 0.42 699 -113 
95—08C 0.13 236 13 4.8 0.35 647 -1393 
Average 1.08 300 6 4.5 0.44 642 -110.4 

*obtained relatively pure CdS precipitates in all samples, suspended sulfide minimized by 
slow pumping rate. .

— 
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Table 3. Correlation coefficients for various parameters (mg/L) depth (in) below 
the top of the aquifer, monitor nests -06, -07, -08. Positive correlation indicates 
diminishing concentrations upward; negative correlation indicates increasing 
concentrations upward. Maximum possible correlation is value of either 1 or -1. NA 
indicates not available. ' 

95-08C -.40.9 

V 

1995 1995 2002 
Methane -'0_.;318 -0.671 0.024 
Fe -0.893 -0.172 0.144 
Sulfate 0.763 0.420 0.818 
Sulfide NA NA -0.187 

Table 4. Hyg. 
p_ 
rogljleniical parameters for gmundwater sampled in 2002,, _ __ _ _ _ _ _ _ _ 

SAMPLE NAME sulfate 
‘ 

é';*"§_;‘,,_, 
‘ 

915780,,“ 53‘s,,,fi,, bicarbonate s1'*c.,.c 

Remote monitoring wells (2 50 In from oil well) 
94-01A 368 610.2 -54.1 575 -14.2 

94-04 357 -9.7, -40.5 .570 -13.8 

94-05 355 -9.7 -42.0 582 -13.9 

Proximal Monitoring wells (within 10 131 of oil well) 
94-02 32; 

‘ 

.s.o -48.8 616 45.4 
94-03 358 -8.7 -47.9 601 -14.2- 

95-07A 349 -8.0 -45.7 606 -14.4 

95-073 348 -7.9 -39.5 "606 -14.4 

95-07C 220 -14.5 -40.7 720 -18.8 

95-08A 313 -0,2 -53,7 644 -16.7 

95-083 254 -1 1.2 -47.5 699 -19.3 

236 6.4 647 -19.7 

Table 5. Correlation coefficients for various parameters for all wells 
S9-mP1°.d=i_11, Table} 2. 4). 

83‘‘S-sn1fate 83‘S- '6“C0-DIC bicarbonate 
sulfide 

-0.917 Sulfate -0.977 -0.252’ 0.970 
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Figure Captions: 

Figure 1.. Schematic of upward natural gas migration along the borehole of an oil or» gas 

well to surface, and also to an aquifer in the shallow subsurface.
b 

Figure 2. Graph showing relationship: between sulfate and methane concentrations in 

groundwater, Lloydminister area. These analyses were based on samples collected 

fr'on_1.priva'_te water wells in 1996 in research funded by the Canadian Association of 

Petroleum Producers (Maathuis and Jaworksi, 1997). 

Figure 3. ‘Plan view of the research site showing locations of former oil production well 

and monitoring wells. Monitoring locations 95-06, 95-07 and 95-08 are of 3_ 

monitoring wells each. See text for further details, and refer to Figure 4 for a cross 

section‘ of this site. 

Figure 4. Schematic cross section of the research site ilocafion on Figure 3). 

Geophysical logs are shown for the test hole on left: Sp is self potential, R is 

resistivity. 

5a. Lateral trend of methane concentrations in November 1995, September 1996 

and June 2002, relative to location of oil well. 1994 data are not shown because only 

“five monitoring wells were available. 

Figure 5b. Lateral trend of methane, as mole fraction of sample degassed from ground 

water, relative to location of oil well (2001 data). In contrast, Figure 5a shows 

methane concentrations in mg/L. 
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Figure 6. Data for ground water samples collected in 1995 and 1996 indicating 

relationship between methane and ethane concentrations. 

Figure 7. Lateral trend in sulfate concentrations in ground water, relativeto the location 

of the oil well. 

Figure 8. Vertical trends of sul_fate.concentrations in ground water, including data from.3_ 

profiles near the oil well (monitoring wells -06,.-07 and -08)». 

Figure 9. Vertical distribution of methane concentrations for the three monitoring wells 

nests close to the oil well. 

Figure 10. Lateral trend in methane 5”C in 2001, relative to location of oil well. 

Figure 11. Vertical trend in methane 513C in 2001, relative to top of the aquifer. 

Figure 12. Graphs showing relationships between the concentrations of sulfate in 2002
. 

ground water samples, and bicarbonate concentrations (top), 51~'3Cp;c. in ground water 

(bottom). 

Figure 13. Plot of 53‘S,.,;,-m yersus 8”O,.,1m., for ground water in 2002. 
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