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1. INTRODUCTION

In the vicinity of Uoydminster, methane is leaking from a number of oil and gas

wells to surface, tluough casing vents and soils (Figure l; Schmiu et al., 1993; Erno et

al.,194\. There is a lack of information on whether this methane also migrates intg

shallow aquilers (Figure 1), and its impact on the aquifers, if any.

1.1 Background - Verticd Migration of Methane into Soils Sutrounding
Production Wells

A large number of production well sites in the vicinity of Uoydminster have

"plumes" of methane gas that extend one to five meters outward from the wellheads

within the soil. These methane plumes often adversely affect the vegetation growing

in these soils (Godwin et al., 1.990).

Little information is available about the pathways that transport methane rapidly

from the deep sources to the soil horizons. The pathways appear to be in the annular

space surrounding the production and/or surface casings (Figure 1). There may h

permeable zones in the cement betr,veen the casings and borehole walls (Figure 1),

perhaps intercorurected fractures and other Eucropores. There may be aperhrres along

the contacts betr,veen the cement and the @sings and/or the borehole walls. Such a

fracture or other pore (sometimes referred to as a micro-annulus) may allow relatively

rapid upward migration of methane as bubbles through groundwater.

Methane disperses readily as a gas phase in sandy soils, and also along the

ubiquitous networks of fractures in fine-grained soils and oxidizecl subsoils (<10 m

below ground). This erplains the relatively large size of plumes of methane (up to 5 m

diameter) observed in some soils.
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t2 Background - Methenc in Aquiferr

Methane that is being conducted upwards adiacent to the productior wells may

also spread out laterdly into the various geol%ical units intersecEd by the production

well. Lamal diffusion of dissolved m€thane ino finegrained litrologies (unoxidized

shale, clay, till) would (rccur at slow rates (on the order of 1 meter in 100 years: Freeze

and Cherry, 1979,9.393). kt contrast, plumes of dissolved methane may migraE hirly

rapidly by advectivedispersive transport into aquifers intersected by production wells

(Figure 1; see Sections 4.1.1 and 42.41. It is unstain whethcr mettrane also migrates

laterally iui a gas (bubble) phase within these aquifers .

In addition to possible contsibutions from leaking production wells, methane

occurs naturally in some aquifers (e.g. Barker and Fritz, 198f; Hendry and Schwartz,

1990; Aravena and Wassenaar, 1993). Chemical and biochesrical mechanisms have been

documented that either produce or consume methane in the subsurface environment,

but their significance in shallow aquifers in Ere vicinity of Lloydrniruu is not known.

Isotope techniques and metnane/(e6ane + propane) ratie are useful irr

distinguishing "therrrogenic' medrane, from biogenic" meeune (Wiese and Kvenvolden,

1913). Therrrogenic methane is prodtrced by dtemical reactions at elevated

temperatures and pressures, deep below the eartr's surface. Biogenic methane is

produced in the shallow subsurface (-<3 km) by microorganisns. To date, methane

sampled from production zcines and leaking production wells at surface in the

UoydminsEr area, coruisErtly has had a biogenic isotopic signature (Rich et al., L994).

This limits ttrc poErtial to distinguish methane leaking from production wells from

mettrane derived from otlrer, shallorr biogenic lpunses.
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2- oBIECTTVES

As outlined above, ttre migrafion of methane from lealdng oil and gas wells into

aqrifers may be a probleur in the UoydminsE area No pretrious data on metrane in

shallow aquifers in this arta are available. Th€ main &iectives of this shrdy are thg

follonring:

a) to detercrine if mettrane is present in drallow aqnifers near leaking wells, and if

so:

b) to detersrine whether the mettrane is derived frour the leaking wells or ocurs

nattrrally in the aquifers,

c) to determine ttre concsrtration gradients and ap,proximaE flux raEs of methane

from leaking wells to shallow aquifers, and

d) to predict the migration raE of methane in aquifers under various scenarios of

time and physicochemical csnditions.

3. METHODS OF IIWESTIGATION

The primary components of this investigation were:

1) selection of research sihs;

2) drilling of Esffroles;

3) irutallatiur of mmitoring wells (2 ptuses)

4l purging of wdls, putrrping Ests, ard waE level monibring

5) samplingandanalysesfordissolvedmettraneand otherhydrocheurical

species;

The timing of soure of these componmts overlapped b souc degree.
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3.1 Selection of Reccarch Sitcs

Two sites were drcscn in fte vicinity of UoydminsE (Figures 2, 3) based on

existing inforrration on leaking wells provided by participatint oil companies, logs of

testtroles and waE wells, and groundwater and geology mnps. The oil wells at bo{r

research sites are no longer in production

3.1.1 SITE 1. Abcrfeldy Unit Cltl-16-4*i26, Hucky Oil Opcntionr Ltd.

This siE, located -5 km northwest of }v{arshall, Saskatch€\ ran, is referred to

informally as the'Marshall site" (Figures 2,4't. lt was choaen for several reasons:

- Very high mettrane concentrations in soil porcs (407o natural gas at the well head,

same at 1 m and at 3 m from well head) werre measured by an explosion meEr on

February 11, 191. Howster, soil methane was not detectable on ottrer occasions

(6 / 28 / 90, 6 / 10 / 92, 9 / fi / 92, 7 / 19 / 94, 8 / 26 / 94) (gas lealoge history database,

Hrrsky Oil Operatioru Ltd.).

- Recent mappiry by the Saskarctrewan Researctr Council (Millar4 190) indicated

that the Ribstone Creek Tongue (Member), a sandy subunit wi6in the Cretaceous

Iudith River Formation (Figure 5), locally an important water supply, is hrried

-20 m below grorutd surface at this sits.

- This site is rel,atively isolad, locaEd -Sfi) m from the nearest adiacrrrt production

well, and ur the northwestern fringe of the Aberfuldy oil field.

The Husky production well at this site was compleEd in November, 1965. The total

depth driUed was 557 m below grorurd surface The oil horizorg Lorrrer

Sparky sand, ocurs at522to 531m belonr grourd surfae. The bor€trole dianeE is

2fl) msr (7.875'); tlre production casing diameter is 1{0 mm (55"). The ceurent used to
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measured on Oct. 18, 1994.
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set the @sing was a mixhrre of Oilwell Neat and Standard Portland with 5olo gel.

Approximately 1 uf of c€mef,rt retrrn was ohe'nred at the wellhead.

3.1.2 SITE Z LINDE-I 16{,-55+W4, Anroco C-anada Ltd.

This site, located -20 km southeast of Elk Point, Alb€rta is referred to inforrrally

as the "Lindbergh site" (FigUres 3, 5). It was chosen for serreral reasons:

- Methane leakage was noted in 1988 (K LJhrictt, pers. comru), and continues to

bubble out of a pool of water in a cellar surrounding the production wellhead.

Relative concentratioru and stable isotope measurenrents of methane and other

light hydrocarbons leaking as a gas phase at this wellhead have been determined

(Rich et al., 1994 and unpublished data).

- This site is relatvely remoE from other production wells in the area, on the

southern fringe of tre Lindbergh oil field.

- Shdlow (<50 m) drift and bedrock aquifers are present in the vicinity, as

documented by Alberta Environmental Protection (Ozoray et d., 1994 additional

reference oil logs and water well records).

The Arnoco production well at this site was completed in December, 1983. The total

depth drilled was -540 m below ground surface. A surface casint was installed from

ground surface to -100 m below ground. For this intervd, the borehole (drill bit)

diameter is374msu the surface casint diam€ter is273mnu and the prodnctioncasint

is ln.8 mrn diameter. Class A cement witr 3% CaCl2 was used to set the surface

@sing. ContaminaEd cement rehrn was obsenred at the wellhead. The production

casing was set wift 'Therural IIL + 0.7Ao I{F'I2" cemeng 15 m3 rcturn at surface was

noted.
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The oil producing horizons (Iower Cumndngs B' and'Sparky") occur between

-510 to 580 m belour ground surface. Oil was produced from this well benrreen

February, 19&4 and November,1987.

3.2 Completion of Testtoles

In this investigation, one testhole was completed at each siE in May, 1994.

Mac Millard of the Saskatcher,nan Res€arch Coutcil conducted the geologicd

interpretations.

A rotary drillirg rig (Faiting 1250) was used at both siEs because coarse gravel

and/or cemented bedrock horizons were known to occur in these areas. The drill bits

used ranged from 130 to 159 mrn (5.125" to 625) in diameter. Locd supplies of fresh

surface water were used for the drilling fluids. Cutting samples were collected for t5 m

(5') inten'als during the drilling. A downhole E-log (spontaneous potentid, resistivity)

was obtained for each open hole after drillint had been compleH.

3.Ll Marahall Site Testhole (MAR4{'1)

The drift encountrred at this siE was oxidized (brown) and unoxidizd (gfay) till

(Appendix A). The Hrock strr{ace wiu errcountered at 10.4 m below ground surface.

From 10.4 to -30 m, the litholory varied from day to silt to silty sand, with a fevt,

coruolidated hirizons of siltstone or sandstone; From 30 to 41 m, the lithology was a

more unifomr gray shale (silt and d"y). The inferred main aqpitrer zone, coruisting of

sand(stone) and si(stone), interpred as part of the Ribstone Cr€ek member, occarrd

hom20 to 23 m below ground. This aquitrer was targd as the completion zone for

monitoring wells at this siE.
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922 Lindbergh Site Testholc [NI]9&1)

About 45 m of drift was srcountered at this site, underlain by gray strale (silt and

day) to 53 m below ground surface (Appendix A). The drift consisted mainly of till

from ground surface to a depth of 25 ru An intertill sand unit was errcountered at 16.2

to 17.4m. Coarse-graind paleochannel sedimertts @mpress Group?) were encountered

from a5 to 45 m. The upperurost meter and lowermost 3 m of &ese channel deposits

was largely gravel, the rest was mainly medium to coarse sand. This large paleoctrannel

was targeted as the aquifer for the completion of monitoring wells. It is possible that

this paleochannel is continuous with a northwest+outheast-trerrding charurel incised into

Hrock, that was inferred by Ozoruy et d. (1994 their Fig. 3).

This testhole was abandoned with a bentonite slurry gxout (Baroid BENSEAL@,

water mixture), and backlill from -5 m depth to ground surface.

3.3 Installation of Monitoring Wells

Monitoring wells were installed in two phases:

1) Three monitoring wells were installed at eadr site in May, 199a (Appendix A).

Monitoring well lvIAR4#l was installed in the testhole at the Marshall site. For

all other wells, trc drilling was terurinated 1-2 m below the targed depths for

placement of wdl screerui.

2l Two additional monitoring wells were installed at eadr siE in Septelnb€r, 1994h

after initial data (waEr levels, puurping tests, hydroctreurical analyses) had been

collected and a preliminary assessm€nt of gronndwater flow co,nditions had been

conducted.

The drilling for installa6qr of wells was conductd as for the Etholes: 15 m

int€rval ctrtting samples were collectd, and E-logs were obtained for each open hole (SP

logs not available for second phase of drilling) . For all monitoring wells, 5 crn (2")
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diameter PVC screens (10 slot loturson) and Schedule E0 PVC casings (buttress thread

with o-rings) were us€d. Frac. sand (10/201was placed around the screens, thert graded

sand to the tops of the completion aquifers, topped by a layer of bentonite pellets, and

then a bentonite grout slurry (Baroid BENSEAL@ and water mixture) to grourd strrface.

Individud monitoring well completion data, together with lithologic logs, and E-logs are

shown in Appendix A.

3.4 Purging of Welle, Pumping Tests, and Water Level Monitoring

Each monitoring well was purgd after completion. This procedure wiur required

to remove drilting fluid that had enEed the aquitrer in tre vicinity of the screen. The

purgmg was conducted in two ways: first, "air lifting" with the drilling rig pump

(compressed air, generally for 10 to 20 min); secon4 displacenrent with a GrundfostD

Redi-Flo submersible pump at a rate of 75 to 20 L/min for 3 to 13 hours. Purge

volumes of between 2200 to 9400 L were rmroved from eadr monitoring well.

Assnrrring aquifer porosiHes of 35o/", grorurdwater wiftin a radius of -1 to 2 m was

purtd from the aquifer arourd each screeru Sudr purging would have disttrrbed any

meter-scale gradients in meftane concsrtrations in the immediaE vicinity of the

monitoring wells. Purping tests wene conducad inlune, 1994ateach siE to deterrrine

bulk trarsmissivities, and to infer hydraulic conductivities (Appendix A). IvIAR-9+02

and LND94'03 were used as the wells. The Ests werre conducted with a

Gnrndfos@ submersible pump at raEs of 7 L/nn for 5 hours (I4arshall site) and

15 L/min for 3 hours (Lindbergh site).

Water lerrels were measured periodically betrueen May and October, lgg4 to

detennine hydraulic gradimts and flow conditions in the aErifer (Appordix A). The

mei$urcErents were made manually using an electric waE level deEctor.
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3.S Sanpling for Dissolvcd Mcthenc and othcr Hydrochcnic.t Coarponents

Special Eclniques were required to prerrerrt loss of metune by degassing dtrring

collection and trandling of groundwater samplec Certainly some degassing has

occurred from the upper portion of the stagnant water column in each well combined

with upward diffusioru There is also a possibility ttat some methane has degassed as

bubbles from thescreerred portion of thewells duringini6dpurgryandpumping Ests,

considerint that the drawdowns (9.5 m) decreased the hydraulic pre$rure at the screens

by up to 0.25 atur- This would have been offset by strbseqrent advection and diffuion

from the aquifer surrounding the well scrBerut.

Submersible bladder pulnps constnr&d of stainless sCel and Teflonil (Geotech

model # 0510) were used to sarrple ter at each well screelr for all of the

required analyses (Figrrre A. This tlpe of punp operaEs by cycling the

pnessure of compressed air in a stainless steel chamber around a Teflonil bladder

between I and 9 atur. The bladder in each pump has inlet and outlet ctreck valves.

When the bladder is squeezed by compressed air, the groundwater that has entered

through the lower check valve is pushed through the upper check valve and eventually

pumpea through a 1.3 crr (0.5") TeflonrM-lined polyethylene flow hrbe to surface.

For sarrpling, the pump inlet was plad in the middle of the well

scrselr interval. AfEr deterrrining tre quasi*teady drawdown (several cur), ttre pump

was isolated from the waE cplumn aboveby inflating a rubber packerwith compressd

N, (-5 atm) in the casing. This paclcer was locaEd above and within a meter of ttre

purnp and top of screen Prior to saurpling, the bladder pump was used to "micro-

pnrte" the sysEr -20lwere resroved from each well, equivalent to -3 to 4 times the

combined volume witrin tre packed off intervd of the well, bladder and flow tube.

Duing micro-ptrging and sampling, the pumping raE (90 to 200 ml/min) was

maintained at a steady raE for eadr well.
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3.5.1 Sanplere for Dissolved Mcthenc

Sainless seel samplerrs were construcd b sample metune in grorurdwater

(Figrrre A. Eadr sampler consists of a sainless steel tube (1.3 crr (05-) dianeEa 10 cur

long), connectd at each end by compression fittings b a 13 cur (inside diameter)

stainless steel/TeflonrM ball valve (NCS model CF 8M). These valves are rated to

withstand pr€ssures up to 135 atm (2000 ps|. Each sampler was tested for leaks with

compressed atr (-7 atrr). Negligible leakage was observed over periods of 1 to 5 days.

The sampling volume of each sarrrpler is approximate.

At the study sites, these samplers wete corurec'led above ground surface with

compression fittings to the end of the flow tube leading from the bladder pump

(Figure 7). Several samplers were corurec'ted in-tine for collection of replicate samples.

Downflow of the sarrplers, a brass pressure release valve allows passate of the

groundwater when the pressure exerted by the pump exds 3.4 atm (50 psi). This

valve was used to maintain the pressure in the samplers at or above the hydraulic head

of the aquifer, in order to prevent degassing of methane.

After micro-purging the ball valves on the samplers were dosed, the purrping

stopped, and the sarnplers were detadred from the flow tubing. The samplers were

stored on ice in the field and traruferred to a cooler (SoC) for up to 3 weeks before

extraction and analysis.

3.52 Collection of Other Samples and Field Analysee

After micro-purging and prior to collection of the mettune samples, groundwater

that had passed through the pressrue release valve downflow of the metrane samplers

was collected in polyethylene bottles in order to analpe the dissolved maior ions (Ca,

Mg, Na, K, HCO9 SO., and Cl) and selecEd redox species (nitraE plus nitrite, Fe and
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Mn). The samples for nitrate and nitriE analyses were fiImed (0.a5 frsr) and treated

wittr H2SO{ fo,r preservation. The sarnples for Fe and Mn analyses were also filtered,

and treaed u/itr HNO3 for preseratioru The andyses of these redox species were

requircd to provide generd consEaints on ttre poEttid m€chanisms for oxidation gf

mettrane $/itrin the aquifer environmerrt.

The conductiviEy,pIJ, Eh (mV), and uperature of the groundwaE prrrrped to

surface was measured in a flow cell corurected with flow tobing to the prcssure release

valve 6figure 7). A Cole Parmer@ Model 1481-10 Conductivity Met€r and a Cole

Parzrer@ pH/mY/"C Model RS232 Meter were used for these measurements. The Eh

values deermined by this method are considered to be only approximaE (e.g. Appelo

and Postrra, L993).

3.6 Methane Analyscs

The method for extraction and analysis of methane in the groundwater samples

collected in the 20 mL (nominal) stainless sEel samplers walt ils follows: For each

sampler, one ball vdve was attadred to an erraorated gtass manifold (-500 mL) and

opened to transfer tre groundwater sample (Figure 8). The sampler/manifold

corurection was notcompleEly air-tightduring transftr (a hp seconds) a small amount

of ambient atmospheric air -ay also have been introduced as bubbles trapped in

deionized waE used to reduce the dead volume at the sampler valve. This atmooplrcric

grxi wiut assumed to contain negligible qgan6ties of mettrane and ethane. In the

manifol{ the sample was stirred for several minutes during Then a large,

measured fraction of ttre wolved gas in the manifold uras displaced with a rcseryoir of

mercu{f into a volumetric buretE and adiusEd to 1 atm pr€ssure. A portiur (250 frL)
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of the evolved gas was then extracted ttuough a sephm into a micro syringe and

iniected into a gas chromatograph (HP 5890, Ar carier) for analysis.

For comparison, duplicaE samples from four monitoring wells were analyzed for

mettrane in groundwater at the National Hydrology Researdr Institute (I{IfiD. Each

sampler was fitted with Luer lock syringe adapters at each end. Two plastic 50 mL

syringes fitted with Luer lock Sway valves were then attached to each adapter. The

upper syringe contained 40 mL of mettrane-free gas The dead volumes at the valves

at each end of the sampler+yringe assembly were purged with the same methane-free

gas. Then the sarrpler valves were opened and the pltrnger of the upper slninge was

pushed so that the methane-free gas acted as a piston to slowly (-5 sec.) displace the 20

mL groundwater sample into the evactrated syringe at the bottom, along with -20 mL

head space (measured). After the valve of the lower syringe was dosed, this syringe

was detached from the assembly, shaken for several seconds, and allowed to degas and

equilibrate for a few minutes. Then a portion of the head space gas in this syringe was

iniected into a Carle Special Series S Model 311 Analytical Gas Chromatograph

(equipped with porapack and molecular sieve columns, and automatic valve sriEhing,

He carrier) for analysis.

RESI.'LTS AIYD INTERPRETATION

Marshdl Sitc

4.

4.1

4.1.1 Groundwater Flow

At the Marshall siE, the water level data collected from the monitoring wells

indicate that the ter florry in fte aquifer is towards the notth-west (Figure a).

Based on measurements made on October 17, 1994, ttrc hy&aulic gradient is -0.0022.

Bas€d on Saskatclrewan Water Corporation records, the dosest farm well compleEd in
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krrrthe same Ribstone Creek Tongue is 12

production well.

to the northwest (dov.rngradient) of the

The pumping test results for [,IAR-9tf03, drawdown vercus tirn€, were inEpreted

by comparison to the Theis ttreoretical cune (Ap,pendix B). lvlatdring indicated.a

transmissivity of 5.&4 x lO-s m2/s. Assurrring a uniforur aquifer zone thid<ness of 2 su

the hydraulic conductivity of this aquifer zone is 3.4 x 10ri m/s.

Assurring a nniforor porosity of the aquifer zone of 357", the average linear

velocity of groundwater (v) was calculated as follows:

v = (3.4 x 105 m/sX0.W2)/0.35, eguivalent to -2 x lU7 m/s,4.017 m/d, or 4.1n/yeat.

4.1.2 Methane Concentrations

Methane concentrations measured in the samples collected from the monitoring

wells at the Marshall site range from 0.002 to 0.16 r$/L (Table 1). The l9D4datashould

be viewed as approximaE concentrations. The precision for duplicate analyses coUecH

in May was t33 to 57"/o. There were problems with sample transfer for ortraction of

methane from some of the October samples (Appendix C). Improving the handling and

extraction tecturiques, and adrierring greater analytical precision will be priorities for the

1995 monitoring protram.

As a gerreralnrle, the methane concsrtrations measured in tre varions monitoring

wells decreased witr distance from the production well. The only exceptio,n to tris

pattern is that the cprrcentradon of methane in the most distant well, LIAR-9410{' (0.U27

to 0.055 u,ry/L), was higher than in several doser wells (It{AR-94{e }v{AR4{..03, ItdAR-

9tF45z 0.002 to 0.039 mg/L). With respect to groundwaE flow, t!&{R-o4{4 is almost

directly downgradient of the production well Thus, the relativdy high conoentration
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of methane at IvIAR-9*OI may reflect the hct that it is near the center of a methane

contaminant plume extendint dovmgradient of the production well. In contras! IVIAR-

9tn3, for example, which is doser (45 m from the production well) may lie outside the

methane plume (see Section 4.1.4).

The spatid distribution of methane in the aquifer indicates the presence of a

dissolved mettrane plume, derived from the Husky production well, which may have

impacted grormdwater more than 130 m downgradierrt This exErt is reasonable

considering the inferred flow rate (6 m/year) and time elapsed since irutallation of the

production well (29 years). However, the methane corrcenEations measured in the

plume (up to 0.15 mgll-) are low. They are 3 to 4 orders of magnitude below the

inferred saturation for dissolved methane in this aquifer (74 mg/L, see Apperrdix D).

Based on plume modelling as described in Section 4.1.+ the concsrtration of

methane at MAR-94..03 (0.002 to 0.fi)4 rnit/L\ may be indicative of 'background"

methane levels in the aquifer. It is lilely that low levd mettrane is an intrinsic prop€rty

of this aquifer, unrelated to migration from production wells, or other human activities.

A study of the ffime Ribsbne Creek Tongue in the Alberta Special Areas district, south

of the Uoydminster area (Prairie Farur Rehabi[tafion Adrninistration, 1993) found

mettrane to be the dominant dissolved gas in this and other Hrock aquifer zones.

However, this study did not report absolute concentrations (mass per volume of

groundwater) of methane

Wittrin a larger conExt, the Ribstone Creek Tongue as part of ttre Iudith River

Formation, dong with other adiacerrt Cretaeous sdim€nts, forur a shallow, 'tight gas

res€nroir" (biogenic mdtane) in portiors of Saskatctret^ra& Alberta and the adiacent

Northern Great Plains of the UniEd StaEs (Law and Spencer, 1993). Thtrs, although a

thick confrning shale seqgenc€ is not pr€s€nt above the Ribstone Creek Tongue aqgifer
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at the Marshdl site, it would not be surprising to find low-lerrel, intrinsic methane in

this unit perhaps diffusing slowly from the rurderlying shde.

{.13 Othcr Hydrochemicd Data

Hydrocherricd andyses of samples collectd from the monitoring wells at the

Marshall site indicate that the grorurdwater is dominaH by Ca, Mg, N+ HCO, and SO,

with total dissolved ions ranging from 950 to 1406 trg/L (Table 2). The sulfaE

concentratioru tend to be lowest in the vicinity of the production well (-2(X) trg/L,

MAR-94-01,lvIAR-9+02). In contrast, the concentration of suUaE is highest (O3 - 4n

mg/L) at IvIAR-94{3, which appears to lie outside the mettrane plume (d. following

section). The pattern of sulfae concentrations at the lv{arstrall site suggests that

concurrent microbial oddation of methane and reduction of sulfate may be significant.

The lack of nitrate (<0.01 mg/L), occurence of dissolved f€ (0.{5 toLT r,V/L) and Mn

(0.16 to 0.67 mg/L), and relatively low Eh (Table 2) indicate reducing conditions, and

support the interpretation that sulfate reduction may be occrrring. The bulk of any

sulfate that has been reduced to sulfide in this aquifer has likdy precipitated as mineral

sulfide (e.9. FeS). Based on Eqn. 1, one millimole of sulfaE (%.U7 mt) is required to

oxidize one millimole of methane (15.04 mg):

Eqration 1

Stated another way, this Ereians that 5.99 mg of sulfaE (95.t1/L6.Ul are reduced to

oxidize 1 mg of mettrane. Equation I is a sfutplified, overall r€action, not intended to

represent the complexity of concurrent microbially mediated reactions that may

achrally ake place.



E

,:-EEEEEEEEEEEE ESEEilBEESEgEEOEEFF-???FF?? -EE

nE?; 3 E $ ; nEE* $ * $ +

ggEFEEEsEFEEE ggEFFE=EEEEEF

sE E E :3398 sp 3 ! S E 3

c$ * ; sE:EE ,rp : : i 3 E

JJ
6Eg R I R P P P P P P 6 P. ... Nor n, G, .. .'ir 3 o

EdBBsPttEPer 6dSPBtRBBF=Eih Eioct cr(!r(tltGl G) Gl(l Gl gD E (oG.F6a!" ! (\ao..lirGD

I { = o NF T o ! !r (o o 8 { = ro cror ! c\r o o r\ o
H E8888b8bBE8 E 858S868D888

-E.ES3;;E-S- -EiBB.E.Si.S

,EF$$PE:EEBB EEEBseEEBBEg

sEnrEEEs66EB speEE6RpssBs

- { o c @ 6clr ct ro N t ct - {,o @ cr* F o ? o ct,\ O.,lOlO.OrtlOlO.oSl., r\ O..o.??CGtFOn B
-E-?-? ?F? -E-F?-OaOaF

,io
=a
o
G,a
o
=t,co
E
CD

oo
!,E
J
oE
o
g
o
=oc
o
=co
E
os
o

l!
c,
os(,
o
o
3!,c)
eo
cigao

-!rcl oa lo o -Eo 
@ @ F*6q q q 

= 
q *Eq r q q r

-tG F O e (D -tr\ F G) r\ F

I e o F @ ? o o o O o ? o O O o C, r\ cr r\ c, O
o=Ct?Ct-CIFC,?OF O=GDFG,?C,FG'FG,?
E F8e8P89999P E F898383tPtP"Etttttttttt -EEtttEttttt

tootcrrrto

Ee E s q q q i-e 3 3 3 3 3

g;=l 4 E 4 E EE=s = = = =



?$

L1'.4 Modelting of thc Mcthanc Plumc

Given the complexity of the physicochemical and bioctremical processes that may

affect the migration and fate of mettrane in shallow aquifers, the quantitative modelling

component of this study is of a prelininary nattrre- An analytical model, PATCIBD

(Sudicky et al., 1988) was used to model tre transient Eansport of dissolved mettrane.

A number of assurptioru are made with ftis model:

- the aquifer has finite, rurifotur thidmess;

- the ter velocity is constant and uniforuu and its direction is

pardlel to the upper and lower aquifa borurdaries;

- the contaminant source occurlt as a rectangular area ("patch") within the

aquifer, whidr is oriented perpendictrlar to the direction of groundwater

flow;

- the concentration of contamirumt at the sourroe may be held constant or

decay exponentially;

- the decay of mettrane (biodegradation) in the plume follows a simple

exponential functioru or can be ignored;

- sorption of methane along the flow path is descriH by the retardation

equation (Appordix E: Egr. E.1).

The first PATCH3D scenario ("conserrrative case" Scenario Ml) for the Marshall

siE assumes that dissolved mettrane has leaked from a constant, saturatsd source since

the time the well was installed (29 yarcl, and this mettrane does not decay (i.e. is not

biodegraded) within the plume. This scenario is based on a concephral model that

assumes that the "saturated" souroe is derived from mettrane bubbles that flow

continuously upward through the aquifer at the production well. The methane

dissolved in water dirrtly adiactnt to sudr a bubble strearr would r€main
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in saturaed equilibriuur with the m€ftane gas phase (hrbbles). This scenario assumes

that larcral migration of these bubbles into tris aguifer is not important The estimated

param€ters used for Scenario Ml are strown in Table 3. Because the methane source is

assurted to fully penetrac the aquifer profile (i.e. ocEtds from lower to upp€r surface

of aquifer), dlis, and all subsequent sc€narioo glen in tliis report, are essentidly two

dimensional flow simul,ations.

The Scenario Ml plume, orienEd along the inlerred direction of grormdwater flow,

indicates a methane concentration muctt high€r than measured at IvIAR-9rHI2 (Figure 9;

Table 4), directly downgradient of the production well. By contrast, the methane

concentrations at other monitoring wells are modeled to be below andytical detection,

whereas methane has been measured in samples from eadr. Overdl, the modeled

concentrations differ greatly from the measured concentratioru (fable 4). Thus, Scenario

Ml dearly does not give an acceptable match of modeled and measured data.

Of special note, the elenated concentration of methane measured at ldAR4N'.Ol

cannot be duplicaH with PATC}IIID @gure 9, Table 4). This analytical model a$umes

that upgradient of the mettrane souroe, the methane concsrtraEon remains at zero (i.e.

background). Similarly, the methane concentration of any other well locaEd outside of

the pltrme, either downgradient or to the side (e.9. tv{AR-%{B), is assigned a ?rlto

concentration by PATCfBD.

. A number of ttre parameus used in ttre model PATCFI3D (table 3) canbe varied.

Most will not indeperrdently provide a suitable fit witt the measured metrane data at

the Marshall site. For example, increaSng or decreasing the sorpHon coefficierrt by an

order of magnitude has little efu on modeled methane concentrations dose to tlrc
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Table 3. Parameters used for PATCI*ID Scenario Ml C'Conservativc Case"),
Mershdl Site.

Estimad ParameE Value Source

velocity 6 an/year pumping test and water level data
(see Section 4.L.L, Appendix B)

dispersion coefficients
- longihrdinal
- horizontal transverse
- vertical transverse

1m
0.1 m
0.001 m

t)?ical values
(Gelhar et al., 1992)

diffusion coefficient lFz m/year t,?ical value for dissolved
component (Freeze and Cherry,
te79)

methane source dimensions
- widttr
- le gth

0.2 m
2m

width of production well borehole
thickness of aquifer

sorption coefficient 1.06 assuning IQ = 0.012,
bulk densig = 1.8,
porosity = 0.35 (Appendix E)

time 29 years time since production well

methane concentration
at sotrrce

74 mg/L saturated concentration in
groundwater for field conditions,
based on Duan et a1.,1992
(Appendix D)
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Table 4. Meacured yersus calculatcd mcth.nc conccntntions for Sccnerios Ml to
M4.

N.D. = not detectable

Mmitoring
Well

Measured
Mehane
(mre/L)

Moddled Mehan€ (mgll.)

Scenario Ml lvf,2 I\,t3 M4

IYIAR-9401 0.0{{ to
0.15

0
(upgradient)

0
(upgraaat)

0
(upgradient)

0
(upgndient)

lvlAR-94.02 0.012 to
0.ff19

325 t.&2 0.014 o.1t

Iv[AR-94'tr] 0.flI2 to
0.@4

0 (outside
plume)

0 (outside
plume)

0 (or,rtside
plume)

0 (outside
plume)

IrIAR-9&O4 0.a27 b
0.055

N.D. 0.923 0 0.013

NAR.94JE 0.fi)3 to
0.015

N.D. 0.035 0 0.fix16
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source (for exarrple, at IvIAR-9&(2), whereas the concerrtrations near the perimeter of

the plume change by about an order of magnihrde. Similarly, changing the diffusion

coefficient, estimated groundwater velocity, or elapsed time independently by an order

of magnitude do not improve the fit of modeled and measured data much. Reducinq

the source (patch) width decreases the methane concentrations throughout the plume

by about the same order in magnitude. This could help to brint the modeled

concentratioru doser to measured values at IvIAR-9H2, but will not improve the fit for

the other monitoring wells.

If, the dispersion coefficients (Table 3) are increased by an order of magnitude, the

concentrations nearest the source decrease by more than half, and the plume broadens

considerably (Figure 10). This Scenario Mll improves the fit of most of the meastrred

versus modeled concentrations, partictrlarly for !IIAR-9+04 and -05 (compare Figures 9

and 1.0; Table 4). But this adiustrrent of dispersion coefficients still leaves the modeled

methane concentration at MAR-94'.02 much higher than the measured value.

The above discrepancy could be due, in part, to an error in the modeled flow

direction, or irregularity in the actual flow path. Howwer, the differences betrreen the

measured values at monitoring well MAR-9{I02 and those modeled in Scenarios M1 and

lvl2 strongly suggest that either 1) the source of mettrane is mudr smaller in size or

concentration than modeled in these sc€narios, or 2) methane is being oxidized by

bacteria in the plume.

When the constant for exponential decay (biodegradation) of methane along the

flow path is set at 20.0 (i.e.; half life =L2.6 days: Scenado M3), fte PATCH3D modeled

concentration at ldAR-9{'-(2 (0.014 u:ts/L) is very similar to the measured values (0.0U

to 0.039 rry/L\. Howerrer, the modeled methane concentratioru at monitoring wells
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!vtAR-94:{4 and -{F become negligible (Figurc 11; Table 4), h'hich is not a good fit wittr

the elevad concentrations of methane meastlrd at tlrese sites Cfable 4).

Assrlmiry no decay (biodegradation) in the plume, but an exponential decline of

ttre mettrane source concsrtration (constant = 0.1; le.; half life = 6.93 years), ttre modeled

mettrane concentrations at IvIAR-9+{Z, -04 and {5 (Scenerio M4) are all wihin an order

of magnitude of measured corrcentratiors (Egure 12; Table 4). This is a reasonable fit

Many uncertainties r€main concerniniB ttre suitable estimaEs of parameEs for

modelling methane migration as outlined above. The proesses affecting methane in the

plurrre at the Marstrall site, induding biodegradatioru may not be best represenEd by

simple linear or exponentid eqtratioru, sudt as modeled by PATCIBD. Sirrilarly, the

assurrption that tlrc agurfer is homogeneous at this site may have to be reconsidercd in

the future. Howerrer, grven the measured mettune concentration data available, ttre

scenarios considered in tds section repr€s€rrt an adeqgae preliminary analfis. Whcn

more information is available, the modelling of methane migration at ttre lv{arstrall site

will be dweloped and refined.

4.1.5 Possible Role of Biodcgradetion of Methenc

As outlined above, the measured concentrations of metlrane at the tv{arstrall site

carurotbe satisfactorily modeledby simple advectiondispersioo plus sorrptiur (3tenarios

M1 and Mll). If fte analyses of methane in samples collected hom monit6ring we[

IvIAR-9+04 (relative to N{AR-9+03, for example) are reliable indicators of concentratiqrs

wihin the plume, it appears that a sourlce decay Ecr must be used in PATCH:ID to

simulate the field data (e.g. Scenario M4). This zugges6 that either:
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1) the flux of mettrane from the deep source to the aquifer has declined

significantly over time; and/or

2) the raE of biodegradation of methane in the aquifer dose to the point of

introduction at the production well has inceased over time.

Perhaps a consortium of bacteria, located within the immediate vicinity of the

methane sourse (wellbore), has been able to progressively oxidize methane more

efficiently. In this cas€, the rate of biodegradation of methane downflow in the plurne

must be very low reLative to near the plume source, in order to account for all of the

measured methane concentrations inferred to be within the plume, at tvIy'tR-9lF4z,4

and -05. In either case (1 or 2 above), the data suggest that the concentration of methane

at (in close proximity to) the plurne source has declined over time.

Based on measured venius modeled concentratioru obtained wittr PATCH3D

Scenarios Ml and lvt2, -2 to 3 mgll- methane may be missing at MAR-94-02 due to

biodegradation. If this amount of methane has been depleH, and directly linked to

microbial sulfate reduction, the "missing" metttane corresponds to -10 to 20 mg/L of

sulfate that has been reduced. Yet the sulfate concentration at MAR-9{.02 is "depleted"

by -2ffi mg/L relative to I{AR-91-03. This comparison suggests that the spatial

variation in sulfate concentsations deected at the Marshall siE do not relaE directly or

solely to methane oxidation. This raises severd questions:

- Arc the lateral variation in sulfate conc=ntrations in the aquifer uruelated to

oxidation of methane leaking from the production well?

- Altematively, is the rate of mettnne leakage to the aqnifer an order of magnihrde

greater than modeled wift PATCIBD perhaps due to laEd migration as a gas

(bubble) ptuse?
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- Are other organic compounds leaking into the aquifer via the production well,

inducing most of the sulfate reduction?

The answers to these gresHoru are unknown at the present time. Sirrce both

sulfate reduction and mettrane oxidation are isotope fractiornting process€s, selecE.d

isotope analyses and other data (e.g. tractr deEsrined mettrane oxidation or sulfate

reduction rates) may provide some ailtwers in fte future.

42 Lindbeqh Site

4.Ll Groundwatcr Flow

At the Lindbergh siE, the water lerrel data collected from the monitoring wells

indicate that tlre groundwater flow in the aquiftr is towards the south-west (Appendix

B, Figure 4). Based on measurements made m October 18,1994, the hydraulic gradient

is -5 x 1.O5. These deErurinations of the direction and magnihrde of the hydraulic

gradient are tentative, grven that ttre measured differences in water levels at this site are

similar in magnitude to the measurem,ent accuracy (10.005 m). Note however, that

except for the LND'9H)3 datusr, the water levels indicate a consistent gradient from

north<ast to south-west (Figule a). This gradient is compatible with the generalized

regional groundwater flow patEns outlined by Emond (1989) for the Lindbergh area,

which indicated southward flow towards Iantdon Lal<e in the vicinity of this research

site. Howerrer, because of the regional scale of ihves6gation by Emond (60 by 40 km),

her study carurot be directly applied to deErsrine flow in the aquifer at the Lindbergh

siE.

Matching of ttre Est results for LND4&01A (drawdown venilrs time) to

the Theis curve indicaed a trarumissivity of 1.4 x ld m2ls (Appendix B). Assuning

an aquiftr thiclcress of 19.8 ur, the hy&aulic conductivity is7.l x l(Is m/s.
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The average linear velocity of groundwater (v) was estimated (assurting

porositY = 35%):

u = (7.1x fO,5 m/s)(S x f0f)/0.35 42 x tf nls -7.9 x ld m/d, or -O.3 m/year.

4.L2 Methane Concentrations

The dissolved methane conccntrations measurd dosest to the production well at

LND-9rl-O2 (6.22to13.9 mg/L, Table 2) indicate the presence of a mettrane plume in the

aquifer, derived from the Arnoco production well. This concentration range is

approximately an order of magnitude lower ttun the inferred sahrrated dissolved

concentration for this aquifer (l1.2 mg/L; see Appendix D). low levels of ethane were

also detected in this well Cfable 2).

The low levels of methane (0.012 to 0.063 mB/L, Table 1) measured in all other

monitoring wells at this site (IJrID94{1A, -03, 4l and -05) may repres€nt intsinsic

('backgronnd") concentratiors in the aquifer (see Section 4.2.4\, perhaps trnaffectecl by

migration from the Asroco production well, or ottrer human activities. As for the

Marshdl site, the mettrane in this aquifer may be diffusing from the shde.

4.Lg Other Hydrochenicd Date

Hydrocherrical analyses of sarnples colleced from the monitoring wells it tre

Lindbergh site indicate that the groundwater is dominated by Ca, Na, HCO3 and SOo

with total dissolved ions ranging from 1205 to 1343 nrE/L (Table 2). Significant

dissolved Fe and Mn concentratiotts, negligible nitrate plus niEite concenEations, irnd

Eh values (table 2) indicate reducing conditions at this siE, similar to those at the



tvlarshall siE. Unlike the Marshall site,

concsrtrations at the Lindberrgh site.

4.L4

Table 5.
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ttrere are no ob,vious spatial trends in sulfate

Scenerio of the

Modelling of thc Methanc Plunc

Parameters used for PATCIilID "Consetsatiye Cate"
Lindbergh Site.

Estimated ParaneEr Value Source

velocity 03 m/year prrErprng test and water level data
(see Sectim a21)

dispersion coefficients
- longitudinal
- horizontal transverse
- vertical transverse

10m
1m
0.01 m

retaird from Scenaric tvl2 to M4
(Sectim a.1.4)

difftrsiqr coefficient Itz n/year q/pical value
(Freeze and Cherry, 1979)

methane source dimensions
- width
- length

0.37 m
19.8 m

widh of producticr wdl borehole
ttticlcness of aquifer

retardation coefficient 1.ffi assusting IQ = 0.012,
b'trlk density = 1.8,
porcity = 0.35 (Appendix E)

time 11 years time sincc producticr wdl

mettrane concentraticr
at sourc€

tt2 mrg/L saturated conaerrtratiqr in
groundwaEr for field ccrditiors,
based on Duan el aL,l,gYL
(Ap,pendix D)

A 'cons€rvative case' scenario of dissolved methane migration in the aquifer at fte

Lindb€rgh site (Figure 13) was based on the estimaEd param€ters shown on Table 5.

Methane was assumd to have migrated laerally as a dissolved phase from a constant,

saturated souroe (ll:2tW/Ll ever sin6e tlre wdl was installd (11 years), with no decay

(biodegradation) within the plume. The r€sultant modd plume, orienEd along the
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inferred direction of groundwater flow, stends -35 m dov,rnflow from the production

well @gure l3). According to this result, no,ne of tle monitoring wells at this site lie

within the mettrane pltrme.

As witr the lvlarshall site (lvlAR-94-0U Sectiqr 4.t.4), tlre upgradient, elevaed

concentration of methane at IND94fl (6.2.613.9 mgll) cannot be duplicaH witr

PATCFIID. HowEver, these relatively high oncentrations sugtest ftat, O eoure extenL

mettune may be migrating laterally from the Lindbergh production well (induding

upgradien$ urithin the aquifer as a giut (bnbble) phase.

Any well located outside of the plume is assigned a zero cpnsrEation by

PATCfillD. The measured concentrafions, ranging from 0.012 to 0.062 r$/Lin IND-9+

01A, -03,44 and -05, may be intrinsic or tackground" values, unaffected by mettrane

migrating from the production well. Based on existing data, there may be slightly

elevated methane concentrations in LND9{JlA (up to 0.063 ulg/Ll, rela6ve to LND4{'

03, -04., and -05. Howerrer, even if the estimated grogndwa6 velocity in the aqrifer at

this site is increased by an order of magnihrde to 3 m/year, modelling wittr PATCH3D

indicates that the plume would still have no deEctable impact on monitoring well IND

94,-01A This result is based on the Ertative groundwater flow direction indicated on

Figure 13.

Due to the unctrtainty in the groundwaE flow ditection, the lack of monitoring

wells witrin the inferred mettrane plume, and the limited data collectd so far, firrttrer

modelling of methane at the Lindbergh site is not war:ranEd at this time.
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CONCI.USIONS

Dissolved methane was detectable in dl monitoring wells at ttre ldarstrall and

Lindberth researdr sites, ranging in concentraton from 0.002 b 14 mg/L.

At each site, reliativdy high methane concentrations in one or more monitoru]g

wells indicated the presene of a methane pltrme that has migrated from the

production well.

Bas€d on the overall distribution of mettrane concentrations in the morritoring

wells, and modeling of the methane plumes (PATCfBD),'intrinsic" mettrane may

be preserrt at low concentrations in the aquifers at each site.

Preliminary modeling of the methane plume at the Marshall siE suggests tnt

bacterial oxidation of methane may be occurring in the aquifer.

RECOMMENDATIONS

Because of the low hydraulic gradient at the Lindberth site, another monitoring

well, completed off-lease, -2(X) m from the production well, is required to test the

inferred groundwater flow direction. Subsequently, it is necessary to install two

additional monitoring wells at the tvlarshall site, and two additional wells at the

Lindbergh site, wiftin plumes simulaEd by PATC}BD to better compare modeled

and measured mettrane concentrations.

Ofter 'Ieaky" well sites in the Uoydminster alea should also be investigated to

detercrine if similar methane plumes are pres€nt. Some investigatioru of possible

methane migration into relatively deep aquifers (50 to 200 m belonr ground) are

needed.

4.
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Monibring of mettrane concentrations and other hy&ochemical parameters at the

research sites should be continued on an annual basis for several yeatt (through

lW| or 1998). This may enable the deection of signfficant trends that will

corutrain the modelling of the methane transport at these sites, and furttrer our

understanding of the effecc of methane migraEon in the agdfers.

Selecd analyses of the isotopic compoeition of dissolved metlrane, sulfate and

bicarbornte (see Equation 1), and of mettuneoxidizing micro-organisms pres€nt

in the aquifers should be conduc"ted. These analyses will either corurter or

reinforce the hydrochemicd eniderrce for processes such as concurrent methane

oxidation and sulfate reduction.

It should be deerurined whether a significant quantity of He or another "inert" gas

is migrating from the production wells along with methane. If sudr a gas can be

measured with high precisioo it might be a useful conservative tracer to help

model and deterurine the role of sorption and,/or biodegradation of methane.

More data are requird on the ocEurrence and concentraHon of intrinsic methane

in shallow aquifers in the Uoydminster area. It may also be valuable to deEnnine

mettrane conctntration gradients in the aquitards immediately adiacent to these

aquifers; to deEsrine intsiruic diffusion fluxes to the aquifers.

A more compretrensive model of the migration of mettrane into aquifers

inEsected by production wells is anticipated .rs a contintration of this

investigation and fu$er monitoring.

The progress of other researctr proiecE that exaurine the vstical migration paths

of methane at production wells should be monitored clcely. It is anticipaed trat

aturtion will focus on documenting the leakage pathways, metrcds for

5.
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remdiationof ocisting lealcers, and oninstallationprocedures to minimizc leakage

from neru wells.
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K. B. DATIN,I

T. D. (Logger)
( DrIIler)

+ L26+ LZT
1e61
1850

SAMPLE DESCRIPTION

P3?OF?ATION DATA

IUTTTAL PRODUCTION

-.rtED

REI{ARKS

None

L7L5-L724 ln the Irower Sparky sand.
No. of shots 32/tt. Type Schlumberger Sand

Date Production Test Began December 3, L955
Date Finished Decembei 4, L965
Term of Test 2 days
Type of Test - Pumping

Producgi.on

-

lst. day
2nd. day

TotaI

Hours

Dally Average Productlon

Gravity - 16.40 API

Waler 0i1 Gas

0.05 2l+.95
0.02 15.98

O.O7 l+L,93

0.011 27 .69

C. W. Wtlliamson
Geologist

t6
2l+

This well was drllled as a step out on the east
side of the Unit, in an area prevtously thought
to be low. The Upper Sparky was found to be
silted out but the Lower Sparky came in at !275t,
9.0r high to the C12-16 well approxinrately t.
rnile S.UI., and 9r0t high to the C15-17 weII l
mile west, and.18.0t high to the C4-21 well
approxlmately t mile to the N.W. The Lower
Sparky had 14.0r of net oil pay and the G.P.
10.0f .

I

l



i:T3LL NAiilE

LOC.qTTON

CO-OR,DINATES

EL:'J.A.TION

0P3RAt03

CCNTRACTOR

SPUIfED

CO}:PLSTJD

?OTAL DEPTH

HOLE STZE

CASING

FI

CC?:D IJITERVALS

DRiiL Si34 TESTS

LCGS

S?.{TUS

I.3.{NDO}NJEM FLIJGS

GECLOGICAL MAzu(ER,S

ry
Aberfeldy Unis C14 15 49

N.W. Lsd, 14, Sec. 15, ThrP.

33O ft. S. of N.W. Corner
I5i0 ft. E. of N.W. Corner

Ground Leve1 L977
Kelty Bushing L987

Husky 01I Canada Ltd.

Wardean Drilllng
12:00 noon October.31, L965

6:)? 3.m.1 November 2, L955

Driller 1860
LoEEer I851

LMER,,

25

49 , Rge. 26W3

L6-t+9-25W)
L6-t+9-26W3

Cretaceous
Core HoIe Marker
Colorado
Second White Specks
Base Fish Scales
lrlannville
IJpper Mclaren
Waseca
Upper Sparky
Lower Sparky
G. P.
Rex

Surface caslnE none
Pro_duction caElng ran 61 jts. L85?.51t , 5L",
LU#, J-55 new casing. Shoe-set aE 1850t K.B.
Ins6rt float valve it 1828r K.B. wit,h 85 sax
of 0i1we11 neat and 20) sa:c of Standard Portland
with 6fi geL. gompleted by Dowell at 523? E.rr. I
Novembet 2, L965.

None

None

Inductlon Electrlc Survey

Indtcated lower Sparky oil well.
None

K. B.ffi,
869

LL23
L2t+5
L5t+2
t5?6
162I
L703
L?L2
t7 52
L797

DATUMrrffir
+ 1118+ 86b+ 74?
+ Lt+j
+ lrII+ 366+ 28t+
+Z?j
+ 235
+ 190
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Monitoring Well Mor-94-O2
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APPEIiIDD( B. IYrtcr tcyd drt& indudiag puuping tcltt



Table 8.1. Water Level Dda forthG tlonilodtp Welb Co[cclotl in 19O4.

MAR-ga-Ol

MAR-ga-O:l

inrR-g{.08

rnqR-g+(r

iIAR-9a-05

LND91.O1A

LND9+02

LND.91-Gl

LNt>9a-04

LND.9a-05

Datc

Jun 21l9tl
SepZenr
ocr 5/04
@,1711X

Jua21llll
Scp Zenf
Od 5A.l
@,1719{

Jua21191
S€p2Otrtl
od 5/94
Oct 17lg't

od 5,94
@17tU

Oct 5/94
oc,,17lu

Jun 21194
Sep 26194
Oct 1U9.t

Jun21191
Sep Z0nr
Oct 1U9.3

Jun 2110{
Sep 20194
Oct 1U94

Oct 1E/9.0

@ 1E/94

Grcund TOC
El€va0irn Elevation Slit*

(m ast) (m ast) -uP

6(E.6 @7.2E 0.66

607.$9 0.7'.12

@7.1d2 0.0E

6oE.t43 0.6E

607.3:1 0.7it

625.E 627.U1 0.61

626.09 0.49

626.269 0.61

626.643

621.157 0.7

WatrLevel WaterLevd
bclowTOC (m asl)

E.561 59E.719
E.52E 59E.752
E.513 59E.767
E.510 59E.770

9272 596.097g.z$ 59E.729
9.ZA 59E.746g.ZEz 59E.7,17

E.'tEg 59E.09:l
E.45.1 59E.72E
6./137 59E.7tli
E.'li!3 59E.7.t9

9.65E s96.465
9.665 598.'f7E

E.5E0 5EE.750
E.576 59E.752

0.66

2.713
2.759
2.7n

1.7e8
l.EO.t
1.773

1.gaE
1.9E9
1.959

2.52E

2.837

o21.t8
6212U2
624.315

dt21.321
o212E6
o21.317

o21.321
621zffi
62,+.310

624.315

421.320



hrtrD Tcsr Con&Ecd on Jum 21194 is ttIAR''9442

IrrlAR-94{l
tisrc tim (s) Dracerrn lVacr

h-h l.ctrcl

LiAR-9442
tirr tirp (scc) thacrdorrn Warcr

h-h Lcrcl

I4:0t
l,l: l4
l4: l9
l4:E
l.l:30
l4:37
l4:43
l4:49
l5:0t
15:27
l5:l,l
l9:19

l4:0t
Irt:16
l4:21
14.,27

l4..32
l4:39
l4:45
l-t:51
l5:10
l5:21
l5:30
l5:55
l9:22

0
3@
ffi
t020
1320
t74iJ
2100
2m
3600
4140
7ffi
It650

0
4to
7n
ll,'10
1440

It60
22;20

25t0
3720
{3t0
4920
76t0
It&ro

o
0.3(x)
o.527
0.659
o.72t
o.Tn
0.t13
o.u7
0.909
o.n2
t.ox2
t.239

t.56t
t.t70
9.ott
9.220
9.2t9
9.33t
9.374
9.40t
9.470
9.533
9.5t3
9.t00

l4:08
14:10
14:ll
14:12
l4:13
14:lt
14:23
14229
l4:35
l4:41
l4:47
t5:06
15:,24

l5:33
l5:53
19:lt

0
120
It0
2&
300
6m
9m
t2fi
1620
l9t0
2340
34t0
4560
5lm
63m
tt6m

0
4.90t
5.ttt
6.37t
6.608
6.94t
7.07t
7.142
6.t33
6.t23
6.91t
6.U7
6.957
7.tt7
7.016
7J6,-

9.272
14.lt
15.16
15.65
l5.tE
16.22
16.35
16.414
16.105
16.olxt
16.19
15.l19
t6.229
16.3t9
l6.2rt
16.436

MAR-9443
tinr tinc (scc) Drandowa Warcr

h"h Lctrcl

0
0.005
0.016
0.031
0.047
0.(b2
0.07t
0.0t9
0.121
0.137
0.15
0.lt
0.3t7

t.4t9
t.494
t.505
t.52
r.536
t.551
t.557
r.57t
t.6l
t.626
t.639
t.659
t.t05

Bascd on dm for MAR-9143, at mrch poim' h-h = 0.135, W(u) = I (Thcis cunrc')
whcre
T= (Q.W(u)y({(h-hd)

T = 6.tl x l0'5 m2ls

es$mingb=2 m

K = 3.{ x 1tr5 rr/s

prnPing rale Q = 0.116 m3/s .t l0'3

.Thei$ C. V. 1935. Thc rctuion bctcrcco tb lo*ring of thc piczomarb $rfroe and ratc and duration of dischargs of a
n'dl usinggondu'alcr storagc. Trans. AEGr. Crqlrys. Unioc v. 2. p. 51S52{.



hrmpTcs CondradJur 2/94 itr LNI>9443

LND.944lA
tirE tim (scc) Draudowa

h-lb
Wacr
Irttcl

LNIL9442
tim (scc) Drawdowa Watcr

h-h t 6rcl

l5:ll 0
15:16 30O

15:20 540
13:24 7t0
l5:30:55 ll96
15:35 l44O
15:53:35 2l.55
16: 16:14 3954
16:47:15 sns
17:19 76t0
l7:4t 9420
It:17 lll@

LND"94{3
tira timc (scc)

0
0.013
0.019
0.023
o.o27
0.02t
0.03t
0.043
0.053
0.057
0.059
0.062

2.7@
2.773
2.779
2.7t3
2.7t7
2.78
2.79t
2.n3
2.t13
2.t17
2.t19
2.txl

rimC

15:ll
l5:14
l5:lt:15
l5:Xl:35
1529:lt
l5:33:35
15:51:35
16:15:27
l6:45
17:17
17:6
It:15

0
lt0
435
695
l0!,t
1355
2135
3t57
5700
7ffi
93m
llO'()

0 1.t09
0.061 t.t7
0.075 l.tt4
0.0E5 t.t94
0.091 1.903
0.095 1.904
0.109 l.9lt
0.119 t.92t
o.t24 1.933
0.131 1.94
0.136 1.945
0.139 1.94t

Draudmrn
h-bo

0 2.76
0.013 2.n3
0.019 2.779
0.023 2.7t3
0.027 2.7{l
0.02t 2.7tt
0.03t 2.7%
0.043 2.n3
0.053 2.il3
0.057 2.tt7
0.059 2.fl9
0.062 2.tt2

W:ilcr
I.ctd

l5:ll
l5:16
l5:20
l5:24
l5:30:55
l5:35
l5:53:35
l6:16:54
16:47: l5
l7:19
l7:4t
It:17

0
300
540
7n
I 196

tm
25s5
3954
5TI5
76v)
9420
lll00

Bascd on dau fc LND-9l4lA at mdch eoinL h{o = 0.0142, ll(u) = 1

whcrc
T= (Q.W(u)V({r(bhd)

T = 1.4 x lG3 m2/s

Assmingb=l9.tm

K = 7.1 x l0-5 n/s

e = 0.1lO m3/s x lO-3



APPENDU( C.

Prccisioo for Mcthrnc AnelYscs

Ovcrall anslyra of mahane for the nvo sites rangcd by 4 orders of magnitude (0.002 to 13 mglL)

irdicating large spatid variuions of matranc conc€fitrations occur at the sites (Table l, excluding.

umeliable analyscs). Ttre highest concefltrations at each site were obserrred in monitoring wells

immediatdy adjacan to thc production well.

For gas chrornrtography of mahane, thc instrumentsl precision of thc GCs uscd in this investig*ion is

approximucly t 5 to l0 Yo. Tllre anatyticsl precision for rcplicate samples may alrc bc atrccted by other

factors such as sample storage and handling. Thc precision observcd for duplicate samples collected in

May/June, 1994, octrasted and anabzcd at SRC, rangcd from t I to t 57 % (relative to mean

conccotrations). Howarer, for duplicate senrples collccted in Scpteo$crlOctobcr, lg%,the anat5ncs

r€portcd by NHRI were consistcntty nnrch highcr (by 2 to 8 times, igpring the IvIAR-9-o4. duplicates)

than rcported by SRC, bascd on anatysc conductcd approximatety l0 days laer. Thcsc differenccs are

apparmly rnainly dtre to a problenr for the Oaobcr samples analy?d at SRC, in wtrich transfers of

sarnplcs to the manifold were observed to be incourplae. Tturs some ofthe SRC rc$ltsr as noted on

Table l, are assumed to be unreliable.

It is possible that partial decomposition of methane during storage may affect analSrtical precision.

SamplttU artifacts are less likety to have sigfficart ctrccts becausc duplicate samples are collected in the

samc matmcr at the same time.

Furthcr development of sarryle trsndling and ortraction technigues will be conducted by SRC in 1995 in

order to obtain betcr precision. Thc foctrs will bc inrprovanrent of the octraction technique. Also,

whenwer prastical, anafyscs will be conducted within 3 days of sample collection.



APPENDTX D.

Celculetioos of saoretcd reth:rc corccotatios (aglL).t thc Mershdl end t indbcrg! sitcs.

For both sitcs, assurue grourdwatcr tcmpcrat[e, T = 5oC = 27t.15'K
At 6is tcmperahre, vapor pressurc of pure watsr = Po = O.8T26o kPa = 0.Ot726 bar
(Ha.r d d., 1984)

Thc pessure in the aquifer, P : Ps+pgh
whcre Po = atmosphcric pres$re : 1.013 bar

p = fluid dcnsity = lffikg/d
g: accelcration duc to gravity = 9.t1 m/9
h : hcight of watcr column

From Dran ct d. (192; their Eqn 10, Table 4)

ln(zd) : ln(Io"{e.P) - p/RT-2I(m,. + m. + 2tnq + 2qdrc. (5(mro.) +0.m624(EJ(rrh)

whcre no. b the sanuzrtcd molal concedratioo of methanc

Iq. = (P-PJI?
0 : fuEBcitY cocfficiem

F = chemical pdcotial (a fuoction of T, P caloilatcd from their Tablc 2)
l, : interactioo parametcr (a firnction of T, P calculatcd from t[cir Table 2)
R : 0.0t3145 bar.Umol.K
m is moldity of a dissolved ion (Na, K, etc.) in the gromdwatcr

Atlbar,0o..=.9977
At 20 bar, 0o|. : .9553

Assnming linear change, $o. decreases .W223 per bar

Refetences:

Duatr, Z.,lvlaller, N., Greanberg, J. atrd Weare, J. H. 19y2. The grediction of ncthanc sotubility
in naunal waters o a high ionic streng0 from 0 to 25OoC and 0 to l6m bar. Gcochimica a
Cosmochimica Acta 56, p. 145l-1450.

Haar, L., Crallagh€r, J.S. and Kell, G. S. 19t4. Stcam Tablcs: ttcrnoAynanic and Transport
nopatles and Computcr Pnograms fc Vapor and Liquid Statcs of t#atcr in SI units.
Hemisphcre hrblishing Co.



For Marshall sitc

h : 12.9 m; P : 1.013 + 1.265 : Z.?iltbg

0o* : .99Tl4l-27t'.W223): Q-PP{$

P T PD x.a, 0o* p/RT f,
2.n8 27t.t5 0.frJi,rt26 0.D6169 0.9v9 6.ltg(Bl 0.1(nt47

mrr rIL IIb lqr m!o. mo

0.0060'16 0.(m187 0.m3119 0.001E51 0.003518 0.0m141

Bascd on aborre equations and daa:

ln(tnJ : -5.37t34 ns : 0.m452

i.e the sahrated methfltc conc. is 74.0 mrgL

For Lindbergh sirc

h = 27.5 rnf P = 1.013 + 2.69t = 3.711 bar

0o. = .9n'Q.7tl*O.fil2Zl) = 0.9917

P T PEo lor 0o. trlRT l,
3.711 278.15 0.m8726 o.ynilg.0.99t7 6.ty20t4 0.lo6eu

q"qmoqrq-m"
0.m535 0.00014t 0.m3942 0.Mlt6 0.ffi3w 0.m0536

Bascd ur above eqrations and data:

ln(zto) =.{.t9551nn = 0.ffi/4t

i.e the sanratcd Ercthase com. is 120.0 mgL



APPENDTX E.

Esimetioo of thc Sorpnion Cocfficicot for Mctterc in Aquifcrs il thc Merstdl .trd Lirdbcryh
Sitcs.

A sorption (retardatim) cocfficicm R to account for sorption &ring transpat of methane (or odrcr

solrne) in an aqnifcr can bc esimatcd (Freeze ad Cftcrry, lylg, p. 404):

R : I + p./n.Iq Eqo E.l

whcre A = bulk dsrsity of the aquifcr,
s : porosity of thc aquifer,

trt: distribution coefficieut fc sorpion h ttc aquifcr = C-lC.,
whcre C- is concentratim of mahanc sqtcd in the rclid mass,

ad Ceq is dissolved, aquours conccotration.

Sincc Ec$rnc is sotrbd primrily by solid qgmic crton in ttc aquifer,
the paramtcr If,. can bc relatcd to known organic cmttot as follows:

K. = f-(KJ EryE.z

whcre K- is thc disribution cocfrciem fc sorpim by thc solid oqgmic cuto4
f- = concentration of thc solid organic cafton in thc aquifer,

In turn, K* can be eainatcd by thc following eryirical equation (Ilasscfi et al., l9t3):

logL = 0.0tt + 0.9@(loglf) Eqn E.3

where I(- = distribution coefficicnt for mcttanc thc octooal- waE systcn = Ca/C.,
where C- b concentration of Ectharc dissolved in ocanol.



From Hansch and Lco Ong),logK- for mcthane : l-09

From Eqn E.3, logK- = 1.0t, K- = 12.V2

From Eqn E.2, assuming f- = 0.ml o 0.fi)lt: K. = 0.fl)12 to 0.012

From ES E.l, assuming P. = l.t, n = 0.30tt: R = 1.fi)6 to l.(b

+typicat rangc for glacioflwiat satrds (Domcnico and Schuartz, 1990)
r+typicel values for sands, gravels (Freczc and Ctcrry, Lng)

Refereaces:

Hansch, C. ad Lco, A. lng. Substinm Cmstam fur Carelatim Anal,'sis in Ctcnisry anrl
Biolory: Wilcy ard Soos, Ncr Yct N. Y., 339 p.

Frelrzc, R. A. and Chcrry, J. A. lng. Grundwetcr. Prertice HaIl, Englcrrood Cliffs, N. J.,60Ap.
Domcnico, P. A. and Schwrrtz, F. W. 1990. Physical and Chmical Hydrogeotory. Wilcy d

Sons, New Yort, N. Y., t24p.
Hassett, J. J., Benwrg W.L. ad Griffin, R.A. 19t3. Ccreletion of coqomd pmpcrtia with

soqpioa charactcristics of noryolar conpouds by soils and scdincm: Cmccpts and limitations.
Chrytcr 15 in Ewironmcnt aod Solid Slastes: Chrac,tcrizatioo, Trcatment and Oispml (ds. C.
W. Frarcis and S. I. Aucrbech). Bnttcrututt, Stmcham, Mass., p. l6l-17t.


