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Abstract

Hydrocarbons leak from petroleum reservoirs to the surface. In continuous permafrost 

regions like the Alaska North Slope, surface migration of thermogenic hydrocarbons may 

be hindered by the presence of ground ice. However, suitable permeable migration 

pathways in the permafrost can exist. Unfrozen sediments at the bottom of the lakes, or 

open faults can facilitate thermogenic hydrocarbon migration. I studied the nature and 

distribution of gaseous alkanes (C1 to C6) and helium in the shallow permafrost cores 

(2 m depth); depth profiles of alkanes (C1 to C7) in the two wells (1500 m deep); and 

stable isotopes of CH4 trapped in lake gas bubbles, to trace the presence of thermogenic 

hydrocarbons and their migration pathways. Geostatistical analysis of the alkane and 

helium distributions shows that most anomalies occur along northwest-southeast oriented 

lineaments, roughly corresponding to the trend of the Eileen fault mapped at 2675 m 

depth, high fault density zones of the Kuparuk Formation, and northwest-southeast 

trending Sagavanirktok faults mapped at 457 m depth. The anomalies above the Eileen 

fault can be explained by a fluid-flow model in a dilational jog along a wrench fault. This 

model agrees with the movements along the Eileen fault.
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Chapter 1: Introduction

1.1 Problem definition

Hydrocarbons from petroleum reservoirs leak to the surface, and their surface 

manifestations provide vital clue regarding thermogenic hydrocarbon generation and 

migration (Schumacher and Abrams, 1996). Surface geochemical exploration is a 

technique used to find the presence and distribution of migrated hydrocarbons in an area, 

the sources of hydrocarbons, and finally to determine the link between the hydrocarbon 

surface expressions and the underlying reserves. Such a survey can serve as a useful tool 

at any stage of exploration, for example, at a reconnaissance stage for field discovery or 

during a late stage of field development. During the reconnaissance stage, discovery of 

thermogenic hydrocarbon seeps provide vital evidence about thermogenic hydrocarbon 

production. At the late stage of field development, it can help to identify the portions of 

the reservoir that have been bypassed during hydrocarbon recovery. Locating such 

unrecovered portions of a reservoir after initial hydrocarbon recovery is complete has 

definite economic benefits for production.

After generation of hydrocarbons in the petroleum “kitchen”, thermogenic 

hydrocarbons can migrate from the source to the reservoir (known as primary migration) 

and from one reservoir to another (secondary migration) and eventually to the surface 

(surface migration) (Tissot and Welte, 1984). A complex suite of processes and pathways 

decide the ultimate fate of migrating thermogenic hydrocarbons from the hydrocarbon 

reservoir to the surface. Several stratigraphic, as well as structural features might 

complicate surface migration. For example impermeable sealing rocks (such as, shale) in 

the way of migrating hydrocarbons act as a barrier to fluid flow so that hydrocarbons get 

trapped under the impermeable horizon, or sealing faults created by juxtaposition of 

impermeable rocks against the porous and permeable reservoir rock can trap migrating 

hydrocarbons (Knipe, 1997).

Shallow, diagenetic surface processes, which are primarily microbe-mediated, can 

also complicate the true signature of thermogenic gas within the subsurface and thus
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making it difficult to determine the source of the hydrocarbons. For example, shallow 

surface microbial processes may degrade the thermogenic alkanes and ultimately produce 

a CH4 rich dry gas (Pallasser, 2000). In addition, thermogenic gas may be oxidized on its 

way to the surface. Oxidation takes place at the oxic/anoxic interface, within the soils 

(Whiticar, 1999). An understanding of the potential hindrances as well as favorable 

conditions for hydrocarbon migration helps in understanding the effectiveness of surface 

geochemical prospecting.

Surface anomalies are two-dimensional expressions of thermogenic gas migration on 

the surface. The third dimension, i.e. variation of hydrocarbon concentration with depth, 

contains potential information on hydrocarbon migration and alteration on its way to the 

surface. Together these two elements provide detailed information about hydrocarbon 

migration mechanisms and hydrocarbon distribution on the surface. Exploration 

boreholes, which drill through the subsurface, can provide vital information about the 

changes in the composition and concentrations of light hydrocarbons vis-a-vis the 

changes in lithology. Hydrocarbon composition and its distribution pattern versus depth 

can reveal the mechanisms, which drive migration. A surface hydrocarbon-prospecting 

program should include the study of (1) two-dimensional patterns of hydrocarbon 

anomalies on the surface and (2) subsurface distribution and characteristics of the 

hydrocarbons within the shallow stratigraphy.

The Alaska North Slope (ANS) has hydrocarbon reserves in the form of oil, natural 

gas and gas hydrate (crystalline substance composed of ice with gas, primarily CH4 , 

trapped in its structure) (Collett, 1993). In order to target potential hydrocarbon prospect 

zones in this region, geochemical exploration can serve as a useful tool to determine the 

surface expression of leakage of thermogenic hydrocarbon from subsurface oil and 

natural gas reservoirs. The occurrence of ice-rich permafrost in the shallow sedimentary 

region makes surface geochemical prospecting a challenging task because it hinders 

vertical fluid migration. This hindrance to gas migration is primarily caused by ice in the 

pore spaces of the sediment matrix, which reduces effective permeability (Downey, 

1984). The presence of a huge accumulation of CH4 in the form of gas hydrates within
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and at the base of permafrost testifies that permafrost provides an excellent trapping 

mechanism for hydrocarbon gas under favorable pressure and temperature conditions. 

The formation of gas hydrate further reduces the porosity and permeability and limits 

vertical gas flux (Nimblett and Ruppel, 2003). However, taliks, unfrozen ground within 

continuous permafrost regions, may provide permeable pathways even within the ice- 

bearing permafrost. Taliks can develop in modern riverbeds, paleo-river channels, active 

fault zones, and lake bottoms over fault zones or lithospheric blocks with a geothermal 

heat flux > 60 -  80 mW/m (Hubberten and Romanovskii, 2003). Typically water bodies 

greater than 2 m depth that do not freeze to the bottom in the winter, create a talik or 

elevate ground temperatures (Dallimore et al., 2002). Bellefleur et al. (2008) found deep 

talik under the lakes of the Mackenzie River delta region of Canada, which has an 

inverted-cone shape and extends down to approximately 300 m. Deeper talik can act as a 

open chimney for gas venting from deeper sources, including reservoir gas. Thermogenic 

hydrocarbons, which migrate through the taliks, can finally emerge at the lake surface. 

Figure 1.1 shows a hypothetical illustration of thermogenic hydrocarbon migration in the 

lake environment through a deep talik and facilitate thermogenic hydrocarbons.

In 1991 and 1992, surface hydrocarbon prospecting surveys were conducted over a 

known hydrocarbon-producing field in the ANS. The study area is located at the western 

fringe of the Prudhoe Bay oil field and more specifically stretches across the northwest 

trending Eileen fault of the ANS, which separates two giant oil fields, the Prudhoe Bay 

field to the east and the Kuparuk field to the west (Figure 1.2). It is generally believed 

that the northwest-southeast trending Eileen fault helped oil and gas migration from the 

underlying Prudhoe Bay oil pool to the shallow West Sak reservoir and north-south 

trending faults helped migration of condensate range hydrocarbons from the Kuparuk 

hydrocarbon pool to the West Sak reservoir (Carman and Hardwick, 1983; Masterson et 

al., 2001). Gas hydrates in these fields primarily consist of migrated thermogenic as well 

as in-situ microbial CH4 (Collett and Dallimore, 2000). Free gas underlies the gas hydrate 

horizons. It is suspected that the Eileen fault controlled the distribution of gas hydrates in 

the shallow stratigraphic levels (Cunningham and Collett, 1994). As the Eileen fault has
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Figure 1.1: A schematic model of lake gas emissions. The model highlights the 
hypothesis on the migration of thermogenic hydrocarbon through the lake sediments and 
eventually to the surface. Within a continuous permafrost zone, unfrozen ground or talik 
may exist under the lakes. The talik may have an inverted cone shape that extends down 
to the unfrozen zone, or a spherical thaw bulb shape. Faults may intersect the talik. 
Thermogenic hydrocarbons can migrate (shown as dotted arrows and bubble streams) 
through the taliks and eventually pass through the lakes.
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Figure 1.2: Study area location. Prudto e is located on the Alaska North Slope (ANS). Base map of the ANS is adapted
from Bird (1999). To its east is the Arctic National Wildlife Refuge (ANWR) and to the west is National Petroleum Reserve, 
Alaska (NPRA). In the study area, the Eileen fault separates the Kuparuk field from the Prudhoe Bay field. Soil geochemical 
survey lines of 1991 and winter of 1992 are shown.
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served as a potential migration pathway for hydrocarbon gases to shallow stratigraphic 

horizon, I speculate that hydrocarbons may also migrate along the continuation of the 

Eileen fault to the surface. If this is true, there would be a high likelihood of encountering 

hydrocarbon seeps and anomalous hydrocarbon concentrations within and in the 

proximity of the Eileen fault, which this study will investigate. If surface expressions of 

hydrocarbon migration are present in the form of anomalous concentrations of 

hydrocarbons in frozen soil or lake bubbles close to the faults, then this knowledge will 

help build a conceptual model that can potentially be applied to unexplored areas of the 

ANS.

1.2 Hypothesis

The first hypothesis is that near surface accumulations of thermogenic hydrocarbon in 

the Western Prudhoe Bay region are related to fault-induced hydrocarbon migration.

The second hypothesis is that thermogenic hydrocarbons can seep through to the 

surface via unfrozen ground or “talik” associated with lakes in the study area. Faults may 

also intersect the taliks and migrating thermogenic hydrocarbons can reach the taliks via 

the faults.

1.3 Objectives:

The objectives of this study are to use shallow surface (~1.5 m depth) geochemistry 

data, fault maps, surface geochemical data from selected lakes, and geochemical data 

from two exploration wells (~1500 - 2000 m deep) in order to:

(1) Map the hydrocarbon soil gas anomalies on the surface related to thermogenic 

hydrocarbon accumulation;

(2) Characterize the shallow surface hydrocarbon gas based on the genetic stable 

isotope diagram of CH4;

(3) Analyze the geospatial relationship between the surface anomalies and the faults 

to understand the influence of fault in hydrocarbon migration;
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(4) Produce hydrocarbon distribution profiles as well as stable isotope variation of 

CH4 with depth in order to understand different hydrocarbon generation processes 

and migration mechanism;

(5) Develop a conceptual model of hydrocarbon migration, which will help establish 

fluid migration pathways from the deeper petroleum system to the shallow 

surface; and

(6) Recommend improved strategies for surface geochemical exploration for future 

assessment of deeper hydrocarbon sources.
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Chapter 2: Background 

2.1 Geological background

The study area is located in the western Prudhoe Bay region, North Slope, Alaska 

(Figure 1.1). To the east of the Prudhoe Bay is the Arctic National Wildlife Refuge 

(ANWR) and to the west is the National Petroleum Reserve-Alaska (NPRA). The study 

area falls in the Arctic coastal plain, north of the Brooks Range.

2.1.1 Stratigraphy

The subsurface geology of this area and the history of petroleum production make it 

one of the prospective areas for shallow surface hydrocarbon exploration. Thus, a 

summary of the subsurface geology is necessary to understand the production of 

thermogenic hydrocarbons and their transportation to the surface. The ANS, the 

continental shelves of Beaufort and Chukchi Seas, most of the Brooks Range constitute a 

major terrane known as the Arctic Alaska terrane (Moore et al., 1994). The geologic 

history of the Arctic Alaska terrane comprises four unconformity-bounded sequences 

(Casavant, 2001) -  from oldest to youngest they are Franklinian, Ellesmerian, 

Beaufortian (Rift), and the Brookian sequences; each with a unique sediment source area, 

depositional environment, and structural character.

ANS shows evidence of sediment deposition and structural evolution associated with 

three main tectonic events (Casavant, 2001) -  (1) Paleozoic sedimentation occurred along 

a passive continental margin, (2) Jurassic-Early Cretaceous deposition in a rift setting 

when the Arctic Alaska plate, part of a passive continental margin during the Early 

Mesozoic time, rifted away from the North American plate, producing the Canada basin 

and Beaufort passive margin (Bird and Molenaar, 1992; Moore et al., 1992), and (3) 

Upper Cretaceous and Tertiary sedimentation in a foreland basin associated with the 

emergent Brooks Range to the south (Coakley and Watts, 1991). Figure 2.1 shows the 

three major geologic events and Figure 2.2 shows the stratigraphic column of the Prudhoe 

Bay and Kuparuk River area.
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I
U□

Sediment Source 

Ellesmerian Sequence 

Bcaufoi'tian/Rift Sequence 

Brookian Sequence

Figure 2.1: Stages of sediment filling of the arctic Alaska basin. (A) Ellesmerian 
sediments were deposited on the Franklinian basement, (B) Continental rifting and 
deposition of sediments southward, (C) At the final stage the foreland basin in front of 
the Brooks Range filled up, which is known as the Brookian Sequence (adapted from 
Craig et al., 1985)



Sandstone

Shale

Carbonate

Source Rock

LCU -  Lower Cretaceous 
Unconformity

Figure 2.2: The general stratigraphic section of the Prudhoe Bay and Kuparuk River area (from Masterson, 2001). Franklinian, 
Ellesmerian, Beaufortian and Brookian sequences constitute the stratigraphy. These sequences connote to distinct tectonic as 
well major lithological changes. The Prudhoe Bay reservoir is in the Sadlerochit group, the Kuparuk reservoir is in the 
Kuparuk formation and the West Sak reservoir is within the Lower Sagavanirktok Formation. Source rock units are marked.
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The Franklinian sequence consists of Precambrian to Devonian rocks. It constitutes 

the basement and contains a wide range of rock types that include volcanics, granites, 

carbonates, and metamorphosed argillites (Carter and Laufeld, 1975). Due to its geology 

and tectonic history, the Franklinian Sequence has low petroleum potential (Peters et al., 

2008).

The overlying mid-Paleozoic to Triassic strata are included in the Ellesmerian 

sequence, which is the depositional record of a south to southwest-facing passive 

continental margin (Hubbard et al., 1987; Moore et al., 1994). The Ellesmerian sequence 

is geologically most important in terms of petroleum production. Formations within the 

Ellesmerian sequence form the primary petroleum reservoirs at Prudhoe Bay and 

Endicott (Masterson, 2001). The lower Ellesmerian sequence contains the marine and 

non-marine clastics (Endicott Group) and marine carbonates (Lisburne Group), which 

range from Early Mississippian to Early Permian (Hubbard et al., 1987). The upper 

Ellesmerian sequence includes the conglomeratic to fine-grained clastics of the 

Sadlerochit Group (Echooka, Kavik and Ivishak Formations), the shaly Shublik 

Formation and Sag River Sandstone, which range from Permian to Triassic in age 

(Jamison et al., 1980; Mull and Opstad, 1989).

Jurassic and Lower Cretaceous strata are included in the Beaufortian sequence, 

encompassing three units, the Kingak Shale, the Kuparuk Formation, and the Pebble 

Shale Unit (Hubbard et al., 1987). The Sag River Sandstone is overlain disconformably 

by the Kingak Shale (Casavant, 2001). The Kuparuk Formation was deposited during a 

period of tectonism characterized by uplift and formation of northwest-striking faults in 

the Kupraruk/Prudhoe Bay area (Halgedahl and Jarrard, 1987; Masterson and Paris, 

1987). Uplift along a rifted margin is responsible for the regional Lower Cretaceous 

Unconformity (LCU) at the base of the Pebble Shale Unit. The Pebble Shale Unit 

(equivalent to Kalubik Formation proposed by Carman and Hardwick, 1983) is an 

organic-rich, laminated black shale that contains matrix-supported sand grains, pebbles 

(Casavant, 2001). The HRZ (Highly Radioactive Zone, because of high radioactive 

gamma ray log signature) is restricted to the Lower Cretaceous condensed shale that
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directly overlies the Pebble Shale Unit and is below the Torok Formation and younger 

basin filling units (Carman and Hardwick, 1983; Decker, 2007).

The Early Cretaceous-Tertiary strata represent the foreland basin-fill, derived from 

the rising Brooks Range orogen and known as the Brookian sequence. The Brookian 

rocks consist of the Lower Cretaceous Nanushuk and Torok Formations, and the Upper 

Cretaceous Seabee, Tuluvak, Canning, Schrader Bluff and Prince Creek Formations 

(Mull et al., 2003). Three major genetic cycles are recognized in the Brookian sequence 

in the northern part of the Colville basin of the west-central North Slope between the 

Umiat and Milne Point: the Nanushuk-Torok, the Tuluvak-Seabee, and the Schrader 

Bluff-Prince Creek-Sagavanirktok systems (Decker, 2007). Each cycle is dominated 

internally by regressive stratal geometries that correspond to east- or northeastward 

progradation (Decker, 2007).

Subsurface data indicate that the Schrader Bluff Formation intertongues basinward 

(northeastward) with deeper marine strata of the Canning Formation (Molenaar et al., 

1987). The Paleocene and younger Sagavanirktok Formation overlies the Upper 

Cretaceous to Paleocene Prince Creek Formation (Mull et al., 2003). The Sagavanirktok 

Formation is dominantly non-marine in outcrop, but is known to interfinger with or even 

include nearshore marine clastic rocks (Decker, 2007). Collett (1993) gave a detailed 

account of the shallow stratigraphy of the Sagavanirktok as well as the Canning 

Formation in the Kuparuk and Prudhoe Bay regions based on well log data. Well log 

correlation study reveals a complex interbedded marine non-marine sequence within the 

Sagavanirktok Formation (Collett, 1993). The lowermost portion of the Sagavanirktok 

Formation is represented by sandstone units called the West Sak and Ugnu Sandstones. 

These are oil-bearing horizons, which are estimated to contain over 40 billion barrels of 

oil (Werner, 1987).

In the study area, the Sagavanirktok Formation conformably overlies a marine shale 

unit of the Canning Formation. The Lower Paleocene-Upper Cretaceous Canning 

Formation comprises siltstone and shale denoting slope and shelf deposits (Decker, 

2007). Sediments within both these formations have Vitrinite Reflectance < 0.6% and
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thus these units never reached the temperature of the thermogenic window (oil and gas 

producing temperature) and are thus incapable of generating hydrocarbons (Collett, 

1993). Figure 2.3 shows the stratigraphic relations of the Sagavanirktok Formation and 

Canning Formation in the Kuparuk River and Prudhoe Bay regions.

2.2 Petroleum reservoirs

Figure 2.1 shows the stratigraphic locations of the major oil reservoirs in the study 

area. The Prudhoe Bay hydrocarbon pool is in the Sadlerochit Group, the Kuparuk oil 

pool is within the Kuparuk Formation, and the shallow West Sak occurs in the lower 

Sagavanirktok Formation. Figure 2.4 shows the hydrocarbon pools in the study area. The 

description of the pools is given in the following subsections.

2.2.1 Kuparuk petroleum reservoir

The Kuparuk petroleum reservoir is emplaced within a crustal sag of middle-late 

Jurassic rocks across the Barrow Arch (Casavant, 2001). The structure of the Kuparuk is 

represented by a broad asymmetrical anticline, with a northwest-southeast axial trend that 

plunges 0.8° to 2.0° southeast (Krantz and Longden, 2002). The anticlinal geometry is the 

main hydrocarbon trapping control in this region.

Two major fault trends are present in the Kuparuk field; an Ellesmerian-age 

northwest-southeast trending system that was active at the time of Kuparuk deposition, 

and north-south trending faults that post-date Kuparuk deposition (Masterson and Paris,

1987).

According to Casavant (2001), the Kuparuk structure and the reservoir architecture 

were formed by three major tectonic events. The first one saw the development of 

northwest-southeast trending faults, which were synchronous with the Lower Cretaceous 

rifting episode in the region. During the Paleocene, a major change in stress field 

orientation took place, where the maximum compressive field shifted from north-south to 

northwest-southeast, and as a consequence the thickest sediments in the Kuparuk 

Formation got caught up within a transpressional force exerted by the reactivated
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River Unit 1D-8 and Prudhoe Bay Unit Q-3 wells (from Collett, 1993).
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Figure 2.4: Hydrocarbon pools in the study area (from Masterson, 2001). Three main 
reservoirs in the study area are the Prudhoe Bay (2675 m depth), Kuparuk (1828 m depth) 
and the shallow West Sak (1372 m depth). Satellite hydrocarbon pools of the Kuparuk 
and the West Sak exist in the western end of the Prudhoe Bay field. Orion and Polaris 
pools represent the Kuparuk reservoir, whereas the Aurora and Borealis pools represent 
the West Sak reservoirs in the western end of the Prudhoe Bay field.
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northwest trending faults and formed the present day Kuparuk anticline. The third 

tectonic development was a basin wide tilting that progressed from the east, proceeded to 

the west, and resulted the north-south trending faults. The north-south faults are 

considered Eocene and Oligocene in age and are syn-depositional with the prograding 

sedimentation towards the shore in front of the Brooks Range (Carman and Hardwick, 

1983; Hubbard et al., 1987).

In the western Prudhoe Bay region, the Kuparuk reservoir is represented by two 

hydrocarbon pools, the Aurora Oil Pool and Borealis Oil Pool.

2.2.2 Prudhoe Bay reservoir

The Prudhoe Bay hydrocarbon pool in the main Prudhoe Bay field is emplaced within 

fluvio-deltaic sandstones of the Ivishak Formation (Sadlerochit Group) (Bird, 1994). Oil 

in the Prudhoe Bay Field is interpreted as a mixture, co-sourced from three source rocks - 

Upper Triassic marine carbonate, shale, and phosphorite (Shublik Formation), Lower 

Cretaceous marine shale (HRZ Formation) and Lower Jurassic Kingak Shale (Masterson, 

2001).

2.2.3 West Sak reservoir

The West Sak is a shallow hydrocarbon reservoir in the Kuparuk and Western 

Prudhoe Bay fields and emplaced within the lower Sagavanirktok Formation at a depth of 

1372 m. According to Masterson et al. (2001), a genetic link exists between the West Sak 

oil and the Prudhoe Bay oil. This strongly points to the fact that oil from a deeper 

Prudhoe Bay reservoir (within the Sadlerochit Group) migrated to the shallow West Sak 

reservoir. The northwesterly trending Eileen faults served as the hydrocarbon spillage 

pathways for oil from the Prudhoe Bay field into the West Sak field (Carman and 

Hardwick, 1983). However, Masterson (2001) proposed that vertical migration took place 

through the fault northeast of the Eileen fault. Figure 2.5 shows the hydrocarbon 

migration pathways.
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Figure 2.5: Filling of the West Sak hydrocarbon reservoir, from Masterson (2001). A 
generalized east-west cross section is shown. The Eileen fault separates the two fields, 
Kuparuk to the west and Prudhoe Bay field to the east. Oil from the Ivishak Sandstone 
(Prudhoe Bay) migrated vertically to the West Sak Sands (solid arrow) and then laterally 
into the West Sak Field in the Kuparuk River Unit. Gasoline range condensates migrated 
to the West Sak though the faults connecting the Kuparuk Formation to the West Sak 
Sands in Late Eocene (dotted arrow).
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West Sak hydrocarbon pool is a mixture consisting of a moderately biodegraded oil 

from one source and a secondary gasoline range condensate from another source (Holba 

et al., 2004). Masterson et al. (2001) postulated that the gasoline range saturates and 

aromatics came from the Kuparuk field directly underneath the West Sak reservoir. The 

north/northeast striking faults served as the conduit for the gasoline range condensates to 

migrate from the Kuparuk to the West Sak field (Figure 2.5). CH4 in the shallow West 

Sak reservoir (1372 m depth) is produced via bacterial CO2 reduction in an anaerobic 

environment (Masterson et al., 2001) at a present day reservoir temperature of 25° C. In 

the Western Prudhoe Bay region, the West Sak field is known as two separate oil pools, 

e.g. the Orion Pool and the Polaris Pool (Figure 2.4).

2.2.4 Petroleum filling history and hydrocarbon migration

The source rocks in the Ellesmerian sequence did not generate petroleum until buried 

by Beaufortian sediments (Late Cretaceous and Early Tertiary) (Peters et al., 2008). Early 

burial by the prograding Brookian sediments (120 to 40 Ma) pushed the sediments of the 

Shublik Formation into the oil window, and probably including input from the shallower 

Kingak Shale. This oil migrated updip northeastward into Prudhoe Bay paleoclosure and 

into the sandstones of the fluvio-deltaic Ivishak Formation in the Prudhoe Bay Field 

(Figure 2.5 and Figure 2.6). This migration primarily occurred along the Lower 

Cretaceous Unconformity (LCU), a major erosional surface that formed during the 

Beaufortian rifting (Figure 2.6). The LCU is partly responsible for providing a 

hydrocarbon-migration pathway for filling multiple, sub-unconformity reservoirs 

(Figure 2.7) and is postulated to be an excellent migration route for hydrocarbons as the 

initial movement of fluids dissolved diagenetic cements in the underlying rocks and 

enhanced permeabilities along the LCU (Barnes, 1987; Jameson, 1994).

During the Paleocene, there was a change in the orientation of the stress field -  the 

direction of maximum compressive stress shifted from north-south to northwest-southeast 

(Masterson, 2001). The Kuparuk anticlinal structure and the Prudhoe Bay west end 

closure formed during Late Paleocene and Early Eocene (Casavant, 2001). Late Eocene
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Figure 2.6: Hydrocarbon migration pathways to the Prudhoe Bay paleoclosure. 
Hydrocarbon migrated from the Shublik Shale Formation and Kingak Shale Formation 
when these units were pushed down to the oil and gas producing windows. The oil 
migration pathways are directed towards the Prudhoe Bay paleoclosure via the Lower 
Cretaceous Unconformity (LCU). (from Masterson, 2001)



and Early Oligocene eastward tilting of the basin reactivated some northwest-southeast 

faults and allowed enhanced vertical hydrocarbon migration along the reactivated 

northwest-southeast striking rift-related faults along the Barrow Arch (Masterson, 2001).

Peters et al. (2008) enumerated the Eocene-Oligocene oil migration, which is 

summarized below. Oil migrated into the Prudhoe Bay western end paleoclosure and the 

Kuparuk anticlinal closure from the surrounding sources (Shublik and Kingak) when the 

sources in this region entered the oil window during post-Eocene. This migration 

primarily filled in the Ivishak formation in the west end of the Prudhoe Bay field, and the 

Sag River Sandstone and Kuparuk Formations in the Kuparuk field. A significant amount 

of HRZ sourced oil might also have spilled into the Ivishak formation via the Eileen fault 

from the main Prudhoe Bay field (Figure 2.7, Late Eocene-Oligocene), which accounts 

for the HRZ co-source for Ivishak oil pool of the west end Prudhoe Bay oil. However, in 

the Kuparuk field, the overlying Sag River Sandstone Formation is distinctly different 

from the Ivishak oil pool because the oil in the Sag is co-sourced from the Shublik and 

Kingak Shale with no HRZ component (Masterson, 2001). Hence, the Sag River 

Sandstone and the Kuparuk reservoir in the western Prudhoe Bay region might have a 

separate filling history and probably oil and gas migrated from a northern kitchen where 

the HRZ did not enter the oil window.

Shallow West Sak reservoir oil is strikingly similar to Prudhoe Bay main field oil. 

The West Sak oil is suggested to be co-sourced by the three potential source rocks, e.g. 

the Shublik, Kingak Shale and the HRZ (Masterson et al., 2001). According to Masterson 

(2001), the West Sak reservoir is not in contact with any of these three source rocks and 

hence the oil might have migrated from the Prudhoe Bay main field, first vertically and 

then laterally into the West Sak main field (Figure 2.7).

2.3 Permafrost geology

The tundra-covered study area is underlain by permafrost. Permafrost is defined as a 

subsurface interval of soil and bedrock that has remained below 0° C for a period greater 

than two years (Muller, 1947). The permafrost may contain ice or may be ice free -  for

33
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Figure 2.7: Eocene-Oligocene oil migration events (from Peters et al., 2008). The 
northwest-southeast trending faults facilitated migration of oil and gas to the Prudhoe 
Bay paleoclosure and then along the Lower Cretaceous Unconformity (LCU). The 
migration along LCU filled in the sub unconformity reservoirs (Ivishak Formation). The 
bottom figure depicts hydrocarbon migration during Late Eocene-early Oligocene 
eastward basin tilting. Three primary events are marked: (1) The eastward tilting caused 
the HRZ oil to migrate towards the Prudhoe Bay west end closure via the Lower 
Cretaceous Unconformity. (2) Filling of the Kuparuk field from oil and gas generated 
from the Kingak and Shublik sources. (3) The eastward tilting reactivated some 
northwest-southeast faults along which oil migrated to shallower reservoirs (e.g. the West 
Sak reservoir)
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example (a) presence of saline pockets which lower the ice solidus, and (b) lower percent 

of interstitial water, e.g. in gravel rich intervals (Brewer, 1987). Ice, when present, can 

exist in various forms, e.g. films, lenses, layers, pore-fillings as well as massive ice such 

as ice-wedges and pingos.

Permafrost develops because the mean air temperature is low enough to maintain 

average near-surface ground temperature at or below 0° C. If the depth of winter freezing 

exceeds the depth of summer thawing, it will cause frozen layer to be added to the base of 

the permafrost each year until the downward development is counteracted by geothermal 

heat loss to the surface (Brewer, 1958; Ferrians, 1994).

Paleoclimate reconstructions (e.g., Parrish and Barron, 1986) indicated that prior to 

5 Ma, surface temperatures across the ANS were above freezing. In the Prudhoe Bay 

region, pollen records from a clay horizon underlying a 50 -  120 m thick gravel suggest 

that the clay is Miocene and the climate during its deposition was 6° to 12o C warmer in 

July than it is now (Howitt, 1971). It was not until approximately 1.8 Ma (late Pliocene- 

early Pleistocene) that freezing surface temperatures led to the development of 

permafrost (personal communication with Vladimir Romanovskii, University of Alaska, 

Fairbanks, Alaska, 2008).

In the study area, permafrost has a maximum thickness of 615 m. Figure 2.8 shows 

the temperature profiles from Prudhoe Bay and other regions of the ANS (Lachenbruch et 

al., 1982). All the regions in this figure have similar heat flow (1.4 to 1.3 HFU) and, 

hence, the difference in permafrost thickness is attributed to the difference in the mean 

surface temperature which is lower at Prudhoe Bay (-11° C). In addition, thermal 

conductivities of siliceous coarse-grained material present at the Prudhoe Bay site are 

much greater than the siliceous fine-grained sediments at Barrow or Cape Simpson.

Permafrost generally blocks the downward percolation of water and thus creates wet, 

poorly drained surface conditions with an abundance of standing water bodies, including 

wetlands, lakes and ponds. The mean annual surface temperature of this region varies 

between -5 o C and -12° C (Jorgensen et al., 2006). Lakes and rivers, which do not freeze 

to the bottom, will create locally unfrozen conditions underneath. Because of thermal
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Figure 2.8: Generalized profiles of measured tempearture on the Alaskan arctic coast 
(from Lachenburch et al., 1982). Permafrost thickness over the ANS is variable. The 
thickest permafrost is in the Prudhoe Bay region. This is attributed to the presence of 
siliceous coarse-grained materials in Prudhoe Bay which have higher thermal 
conductivities as compared to siliceous fine-grained sediments in Barrow or Cape 
Simpson. In the profile for Prudhoe Bay there is a gentle curvature in the top 200 m, 
which is a result of local three-dimensional transient effects of variable surface conditions 
(e.g. lakes on the surface).
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interaction of the bodies of water with ice-rich permafrost on their shores, the sea in the 

Prudhoe Bay area presently encroaches onto the land approximately 1 meter per year, and 

the lakes grow, coalesce, migrate, and drain over periods 10 to 104 years, leaving 

complicated three-dimensional transient geothermal disturbances (Lachenbruch et al.,

1988).

2.4 Gas hydrates

Gas hydrates are naturally occurring substances in which molecules of gas (primarily 

methane (CH4 ), but also trace amount of ethane, propane, butane, carbon-dioxide (CO2 ), 

etc.) are trapped within a lattice of ice. These substances are stable in the shallow surface 

conditions of the Arctic due to the prevailing low temperature in the permafrost regime. 

Naturally occurring gas hydrates have been detected in wells drilled on the North Slope 

of Alaska (Collett et al., 1988). A confirmed occurrence of natural gas hydrate on the 

North Slope was obtained in 1972, when ARCO and Exxon successfully recovered a core 

containing gas hydrate (Kvenvolden and McMenamin, 1980). The gas hydrate was cored 

from a depth of 666 m in the Northwest Eileen-2 well (Figure 2.9) and it contained 98% 

CH4 . Additional evidence of gas hydrate occurrence in the Prudhoe Bay and Kuparuk 

River oil field regions came from 50 exploratory and production wells in northern Alaska 

based on well log responses calibrated to the known gas hydrate occurrences in the 

ARCO/Exxon Northwest Eileen State well. Many of these wells have multiple gas 

hydrate-bearing units, with individual occurrences ranging from 3 to 30 m thick. Most of 

the well log-inferred gas hydrates occur in six laterally continuous sandstone and 

conglomerate units (designated as A, B, C, D and E (Collett, 1992) within Upper 

Cretaceous to Upper Tertiary fluvio-deltaic sequences (Collett, 1993). A composite of 

these six units are shown on a map of the western Prudhoe Bay and Kuparuk River region 

(Figure 2.9). Free gas occurs below this gas hydrate unit. The vast reserves
12 3(1.2 x 10 m )  of CH4 in the form of gas hydrates are known to exist within and at the 

base of the permafrost in ANS (Collett, 1993). Figure 2.10 shows a cross section through 

the well locations across the Eileen fault zone of the ANS.
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5 km

Figure 2.9: Gas hydrate distribution in the Prudhoe Bay and Kuparuk River region (from 
Collett, 1993). The gas hydrate polygon in the figure is a composite of six different gas 
hydrate layers in the subsurface. The gas hydrate layers are confined within the Upper 
Cretaceous to Upper Tertiary fluvio-deltaic sequences. Free gas occurs beneath the gas 
hydrates. Locations of three wells, KRU 1D-8, KRU 1C-8 and NW Eileen ST2 are 
marked. A cross section along these wells is shown in Figure 2.11. From the NW Eileen 
2 well a core containing gas hydrate was recovered from a depth of 666 m by ARCO and 
Exxon.
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Figure 2.10: Gas hydrate locations within the shallow stratigraphy of Prudhoe Bay region 
(from Collett, 1993). The location of the three wells (Kuparuk River Unit 1D-8, Kuparuk 
River Unit 1C-8 and Northwest Eileen-2) are shown in Figure 2.9. The gas hydrate 
horizons (units A to F) are determined from the well log responses. For example, very 
high resistivity of the gas hydrates can be seen and individual well log responses have 
been correlated to the adjacent wells. In most of the cases the gas hydrates can also be 
found within sandstone rich units, which have low gamma count in the gamma ray logs. 
The gas hydrate horizons also fall within the theoretically determined stability boundaries 
are based on the calculations by Collett (1993).
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The occurrence of natural gas hydrates in the ANS suggests the existence of a broad 

stability regime for them. Stability of gas hydrates strongly depends upon the gas 

composition, water salinity, geothermal and hydrostatic gradients (Kamath et al., 1987). 

Hydrate accumulation requires one more important criterion -  a provision of gas, which 

can migrate from a source or can form in-situ. Collett (1993) determined the pressure- 

temperature stability field of pure methane hydrates which he modeled on the basis of 

temperature, hydrostatic pressure and water salinity data obtained from bore holes in the 

Prudhoe Bay region. Pore pressure from North Slope drill tests revealed a normal 

hydrostatic pressure (9.7 kPa/m) within the top 1500 m without any significant pressure 

discontinuity or any departure to overpressure. According to Collett (1993), in the 

Prudhoe Bay region, the equilibrium pressure for methane hydrate formation was 

assumed to follow two equations, given by Equation 2.1 and Equation 2.2:

P [kPa] = exp [14.7170 -  1886.79/T] (from 248 to 273 K or -  25 to 0oC) (2.1)

P [kPa] = exp [38.9803 -  8533.8/T] (from 273 to 298 K or 0 to 25oC) (2.2)

where P (kPa) is the formation pressure of gas hydrate at a given temperature T (K). P 

(kPa) derived from these two equations have been converted to depth range by 

considering the hydrostatic pressure gradient. An example of methane hydrate stability 

curve is taken from Collett (1993) and shown in Figure 2.11. The geothermal gradient at 

the Northwest Eileen-2 well was also incorporated in this figure in order to determine the 

stability depth of methane hydrate. The geothermal gradient intersects the methane 

hydrate stability curve at two points, which are marked as ‘methane hydrate stability top’ 

and ‘methane hydrate stability bottom’. Below the hydrate stability bottom, the 

geothermal gradient supplies more heat than required for hydrate stabilization and as a 

result only free gas will be found below the methane hydrate. The depth range of hydrate 

stability can be compared with the cored depth of gas hydrate in Northwest Eileen ST-2 

well, which is recovered from a depth of 666 m. Conditions favorable for gas hydrate
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Figure 2.11: Methane hydrate stability diagram (from Collett, 1993). The geothermal 
gradient at Northwest Eileen-2 well in the ANS is also shown. To the right of the 
methane hydrate stability only CH4  and water are stable, whereas to the left CH4  and ice 
(methane hydrate) are stable. The upper and lower methane hydrate stability boundaries 
are also marked and the shaded zone marks the methane hydrate stability zone. Below the 
bottom hydrate stability boundary excess heat is available which makes the hydrates 
unstable and as a consequence only free gas (CH4) will be available. The cored gas 
hydrate from the well is recovered from a depth of 666 m, which also corresponds to the 
hydrate stability zone.
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crystallization thus exist in the Prudhoe Bay region, with a very thick hydrate stability 

regime found in the Prudhoe Bay. Collett et al. (1988) indicated the presence of gas 

hydrate in the rocks of the Sagavanirktok Formation and in the Mikkelsen Tongue of the 

Canning Formation.

The exact time of formation of the permafrost associated gas hydrate in the ANS 

remains unresolved, although there are speculations. Permafrost in the ANS was probably 

not established prior to Pleistocene (1.8 Ma, section 2.3, chapter 2). Gas hydrates could 

only form when the climate started to cool. The second critical factor for consideration of 

gas hydrates to form is the suitable pressure-temperature regime and finally the source of 

gas. Geochemical characterization of gas hydrates in the ANS reveals presence of mixed 

biogenic and thermogenic gas (this study). It is envisaged that a significant amount of 

thermogenic gas migrated and added up to the existing biogenic in-situ gas, which 

subsequently saturated the gases in the pore spaces and precipitated gas hydrates. The 

second scenario suggests that the gas hydrate stability zone shifted downward because of 

climate change, placing in-situ biogenic and migrated thermogenic gases that were once 

outside, into the stability zone triggering gas hydrate formation (Collett et al., 1990).

The presence of gas hydrates in this region has an important implication. It is possible 

for gas hydrate to form its own trap in the shallow reservoir. As gas migrates into the 

zone of gas-hydrate stability, it may interact with the available pore-water to generate gas 

hydrate. With the appropriate volumes of gas and water, the pore-space within the 

reservoir rocks could be completely filled, thus making the rock impermeable to further 

hydrocarbon migration (Collett and Dallimore, 2000).

2.5 Concept of hydrocarbon generation and migration

Hydrocarbons are generated from kerogen (complex organic matter) in sedimentary 

rocks by thermal degradation or thermal cracking (Schoell, 1980; Whiticar, 1999). 

According to Hunt (1984), there are three different stages of hydrocarbon generation, 

which are discussed below. Figure 2.12 illustrates the three stages. During the first stage, 

diagenesis (< 50° C), methanogenic bacteria produce CH4 from substrates such as CO2,
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Figure 2.12: Correlation between hydrocarbon generation, temperature and vitrinite 
reflectance for temperature > 25° C (from Hunt, 1984). The three fields of hydrocarbon 
production are shown as diagenesis, catageneis and metagenesis and field boundaries are 
marked with dotted horizontal lines. The diagenetic process chiefly produces microbe 
mediated CH4  rich gas. The catagenesis stage first produces oil and with increasing 
temperature, it produces gas. At metagenesis stage, any remaining oil in the system will 
be completely converted to gas and the product is a CH4  rich dry gas. A measurement of 
the maturity of organic matter whether it has generated hydrocarbons or could be an 
effective source rock can be determined by studying the vitrinite reflectance. The 
measurement is given in units of reflectance, % Ro. Source rocks of thermogenic 
hydrocarbons show reflectance values > 0.6%. The dark shaded zone reflects the 
production of higher molecular weight hydrocarbons (C3 -  C40), whereas the open bell 
shaped zone shows the production of lighter molecular weight hydrocarbons.
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acetate, formate etc. that originated from organic matter in the sediments. During 

catagenesis (50° to 200° C), about 85% of the oil and 75% of the gas are formed from the 

cracking of organic molecules in the sediment. The oil and gas producing temperatures 

have been subdivided into the “oil window” and the “gas window”. Both light and heavy 

molecular weight alkanes are produced at this stage. The light alkanes have carbon atom 

number from 1 to 14. In the last stage, metagenesis (> 200° C), only gas is formed in 

appreciable quantities, with most of the higher molecular weight alkanes getting cracked 

and shortened in chain length. The ultimate gas is chiefly CH4 rich and called “dry gas” . 

Vitrinite Reflectance also changes at different stages of hydrocarbon production (Figure 

2.12). Vitrinite is a primary component of organic matter, whose reflectance can help in 

diagnosing the thermal maturity. Reflectance values > 0.6% are considered to be eligible 

for source rock which produced thermogenic hydrocarbons.

Among the light hydrocarbons, CH4 is produced by three well-known mechanisms -  

(1) methanogenic archea produce CH4 by anaerobic decomposition of the organic 

substrate (dominant pathways CO2 reduction and acetate fermentation), (2) thermal 

degradation of kerogen disseminated in sediments, and (3) thermal degradation of oil or 

coal (Hunt, 1984). Apart from these sources, there is speculation over another source, 

which is derived from the mantle, but there is not enough evidence about whether this 

source significantly contributes to known accumulations of CH4 (Hunt, 1984).

With increasing temperature, the newly generated hydrocarbons may become 

sufficiently mobile to leave the source beds in solution or suspension with the water 

being expelled from the compacting molecular lattices of the clay minerals (Hunt, 1984). 

Migration is a function of porosity and permeability of the conducting sediments and 

properties of the conducted fluids including density and viscosity. The density contrast 

between a petroleum fluid and water is the main driving force for migration (buoyancy) 

and therefore influences directions and rates of migrating petroleum fluids. The 

movement of hydrocarbons during post-expulsion migration involves two competing 

forces, namely buoyancy and capillary inhibition (Schumacher and Abrams, 1996). 

Capillary inhibition is a dominant resisting force in moving hydrocarbons from discrete
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pore networks of the source (shale) to the carrier rocks (sandstone). On the other hand, 

buoyancy is an important force for migration of gas. Significant amount of hydrocarbons 

can move if buoyancy overcomes the capillary pressure.

Two widely discussed migration mechanisms, e.g., diffusion and effusion are known 

to help hydrocarbon migration from the source to the reservoirs or to the surface 

(Duchscherer, 1982). Diffusion is a slow and widely dispersive process by which 

hydrocarbons can reach the surface along a concentration gradient (Jones et al., 1999). 

Antonov (1970) determined that the coefficients of diffusion vary over a wide range
3 8 2(from 10- to 10- cm /s) depending on the particular lithology and geologic conditions. 

Despite the slow rates, diffusion is considered as a potential secondary process in micro

seepage. On the other hand, effusion is a relatively fast migration process. Effusive 

migration involves fracture porosity and primarily a gas flow as immiscible fluid through 

water saturated pore spaces (Price, 1986). Arp (1992) found that vertical velocity of 76 

meter per year is far too high to be explained by vertical permeability in a matrix pore 

system alone and he recognized the role of fracture porosity during effusive migration to 

explain such anomalously high velocity. According to Jones et al. (1999), the sharp 

localized nature of surface anomalies is consistent with an effusive migration rather than 

a diffusive migration.

2.6 Helium in soil gas

Helium is a good fracture tracer because it is chemically inert, physically stable, 

insoluble in water, and it can pass through thousands of meters of fractured overburden 

(Pogorski and Quirt, 1981; Oliver et al., 1984). Several authors (e.g., Zhiguan, 1991; 

Klusman, 1993; Lombardi and Reimer, 1990; Zhang and Sanderson, 1996; Ciotoli et al., 

1998) have reported anomalous helium concentrations over faults and confirmed the 

presence of this gas in shallow soils as a deep fault indicator. Spatial patterns of the 

helium anomalies have important structural and tectonic implications. Linear anomalies 

longer than several meters are commonly taken as a strong evidence of tectonic control of 

gas migration along gas-bearing faults (Fridman, 1990; Ciotoli et al., 1998), whereas
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diffuse anomalies suggest presence of extensive microfracture zones along which helium 

can escape laterally and vertically (Sokolov, 1971; Matthews, 1985).

2.7 Soil interference

Many researchers (e.g., Klusman, 1993; Tedesco, 1995) have noticed that 

microorganisms in the soil can eat and/or produce hydrocarbons at the surface, causing 

the data obtained by surface geochemical surveys to be contaminated by this biogenic 

signal. This interference is referred to as “microorganism interference”. Another type of 

interference results from the change of soil mineral components, which is termed as “soil 

interference” (Zhang et al., 2003). This type of interference results from variation of soil 

materials, for example, condensation by clays and/or carbonates may adsorb some 

hydrocarbons. The shallow surface disturbances have an impact on the surface 

manifestations of the thermogenic hydrocarbons and necessitate the study of the surficial 

deposits in the study area.

Borehole logging in the Prudhoe Bay region reveals presence of bedrock at 150 m 

depth. The bedrock consists of sandstone and conglomerate of the Sagavanirktok 

Formation (Howitt, 1971). Above the bedrock is a sequence of well-compacted silt, 

which is overlain by thick (120 m) gravel. The soils at the surface are a mixture of silty 

loam and organic materials. Soil horizons are not well developed due to freezing and 

thawing that occurs in the short warm season (Smith and Smith, 2001). Soils are poorly 

drained and have an organic component that consists of sedge and moss peat. The 

lowlands have a shallow surface layer of partially decomposed organic matter that grades 

into dark gray sandy loam. Given the organic rich nature of the soil, one can expect 

microorganism interference in the soil hydrocarbon gas, because the organic matter 

constitutes the prime substrate for microorganisms.

Characteristics of the ecosystem also influence the sources and isotopic signatures of 

CH4 in this study. The region hosts a typical northern polygonal tundra ecosystem 

characterized by CH4-producing wetlands and thermokarst lakes (Sachs et al., 2008). This 

wet ecosystem is the consequence of water logging on the surface as the permafrost
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prevents percolation of water as well as accumulation of organic matter (peat) (Rodionowa 

et al., 2006). Various methanogenic pathways within this diverse eco-system are known, 

for example, fen-like vegetation stimulates acetate fermentation with an input of labile 

organic matter from the surface and thereby increases CH4 production (Prater at al., 

2007). On the other hand, CH4  production in acidic sphagnum dominated bogs has been 

shown elsewhere to be dominated by bacterial CO2 reduction (Prater at al., 2007). CH4 

production in thermokarst lakes has both acetate fermentation and CO2  reduction 

signatures, suggesting that CH4 seeps from a variety of sources in arctic lakes depending 

on organic matter quality, temperature, microbial communities, and other lake-bottom 

factors (Walter et al. 2008). Thus, the localized variation of the polygonal tundra 

ecosystem introduces indigenous geochemical variability in CH4 and impacts results of 

the surface geochemical prospecting.
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Chapter 3: Data 

3.1 Soil hydrocarbon gas data

3.1.1 Sampling

The geochemical survey for this study was led by K. I. Cunningham, USGS. In this 

survey, shallow permafrost cores were collected from the study area in the summer 

(August) of 1991 and in the winter (February) of 1992.

The 1991 summer samples were collected along three traverses in a northeast- 

southwest direction with average sample spacing of 750 m (Figure 3.1). 98 samples were 

collected during this survey. The traverses are identified as the western traverse, central 

traverse and the eastern traverse. The distance between the central and the western lines 

is 5 km and the distance between the central and eastern lines is 8 km, measured 

perpendicular to the traverse directions. The eastern and the central traverses are 

approximately 7.25 km apart in the north-south direction. The sampling process is based 

on the information provided by Cunningham et al. (1987). The samples were acquired 

using a helicopter-mounted, power auger with a permafrost-coring barrel. The sampling 

depth was 1.5 m, below the maximal depth of the seasonal thaw (active layer) (~65 cm). 

The active layer is the hub of biological activities, so this zone is expected to show high 

biogenic interference on seepage of deeper-sourced hydrocarbons. The deeper 

permafrost-core samples were primarily a frozen mixture of ice, sand, silt, clay, peat, and 

various rock fragments. The top few centimeters of the samples were discarded and the 

bottom core was preserved in hermetically sealed aluminum containers with a diameter of 

38 mm and a length of 178 mm.

The winter samples were collected in February 1992 following the same sampling 

technique as in 1991 summer. Figure 3.2 shows the locations of 1992 winter samples.

3.1.2 Sample analysis

The permafrost core samples were analyzed by Global Geochemistry Corporation
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Legend

• 1991 summer samplelocations
Sadlerochit faul t traces at 2675 m depth

Oil field extents
 Prudhoe Bay oil field
- - - - - Kuparuk River oil field

Figure 3.1: 1991 summer s ample locations. Samples were collected along three traverses 
(western, central and eastern) roughly trending northeast-southwest. The Sadlerochit 
faults and the location of the Eileen fault are shown. The Sadlerochit faults are mapped at 
at a depth of 2675 m. For source of the fault map see section 3.4 of chapter 3.
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Figure 3.2: 1992 winter soil gas samples. The location of the Eileen fault is marked. The 
summer 1991 soil gas samples are also shown for reference. For source of the fault map 
see section 3.4 of chapter 3.
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(Canoga Park, California) for helium (He), alkanes such as methane (C1), ethane (C2), 

ethene, propane (C3), n-butane (n-C4), i-butane (i-C4), pentane (C5), hexane (C6) and 

alkenes such as ethene, propene, and butene.

At the laboratory, the cores were mechanically extruded and 

placed in a gas tight chamber. The samples were vigorously shaken and then allowed to 

equilibrate for 36 hours at 30° C. Two sets of gas samples were extracted from the 

headspace of each sample container. One of these samples was analyzed for helium 

content using a mass spectrometer equipped with a proprietary helium separator. During 

each analysis the concentration was compared with that of standards having 

concentrations of 5200 ± 30 ppb and 8300 ± 50 ppb helium (by volume). The other 

sample was analyzed for light hydrocarbons using a Gas Chromatograph Flame Ionizing 

Detector (GCFID). The analytical precision for helium was +10 ppb (by volume), and for 

the hydrocarbons, if  present at levels less than 10,000 ppm, was ±1 ppm (by volume). At 

higher hydrocarbon concentration levels (> 10,000 ppm), the precision was ±500 ppm (by 

volume). The individual gas concentrations in permafrost ice (water) were calculated 

from the measured headspace concentration and the volume of water in the sample and
o

reported from the contractor as cc gas @NTP/cc H20 x 10- , which is equivalent to 

nanoliters gas @NTP/liter H2O x 10-1. Undetermined data for some hydrocarbons 

resulted from very low concentration of the gases below the detection limit or due to very 

high concentration of one hydrocarbon over the next two hydrocarbons (e.g. ethane and 

ethene were undetermined because of very high CH4 concentration in some samples).

Stable carbon isotopes of CH4 were measured on a Continuous Flow-Isotope Ratio 

Mass Spectrometer. Samples were introduced by a syringe into a gas chromatograph via 

gas sample valve. CH4 was separated on a 30-m GC-Q column with a carrier gas flow of

1.8 mL/min (using ultra-high purity helium). After gas portioning, the gas was then 

passed over micro-combustion oven, which converted CH4 to CO2 and water. The 

purified CO2 was scaled by an open-split interface and transferred to Gas 

Chromatography-Combustion-Isotope Ratio Mass Spectrometry (GC-C-IRMS). Isotope 

ratios were referenced to the conventional Pee Dee Belemnite (PDB) standard through a
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known CO2  isotope standard that was added at the open split to the sample runs several 

times during the analysis.

3.2 Lake gas data

3.2.1 Sampling

Lake gas samples for this study were collected from four lakes in the study area. The 

samples were collected in October 2007 during early fall freezing conditions following 

the procedure of Walter et al. (2006). Figure 3.3 shows the locations of the sampled 

lakes. Of the four lakes sampled for this study, three fall in the western Prudhoe Bay 

region (WP1, WP2 and V pad), and one (E pad) is located farther north, near Milne Point.

Gas bubbles which evolved from the lake bottom froze into the top skim ice as the 

lakes started to freeze from the top during early fall. During the time of lake gas 

sampling, a strong wind was blowing, which kept the lake ice free from snow. This 

helped in locating the gas bubbles within the lake ice. Figure 3.4 shows a picture of a lake 

gas bubble in the WP1 lake. The ice on the top of the gas bubble was first scraped off 

carefully without puncturing the frozen gas bubble in order to make a small puddle over 

it. The puddle was then filled with water. The top of the frozen bubble was then 

punctured so that gas locked in the bubble could escape through the water puddle above 

it. By placing the mouth of a water-filled serum vial, the escaping stream of gas was 

collected. Gas filled up the vial by displacing water inside it. Once filled, the vial was 

sealed with butyl rubber stopper. The vials were refrigerated after collection and 

dispatched to the laboratory for analysis.

3.2.2 Sample analysis

The lake gas samples were analyzed at University of California Irvine Stable Isotope 

Ratio Mass Spectrometry lab for CH4 concentration and CH4 stable isotope ratios. Stable
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•  2007 lake gas sample sites Exploration Wells Oil field extents
•  1992 Winter samples k  KRU 2D-15  Prudhoe Bay oil field
• 1991 Summer soil gas samples k  NW Eileen ST-2 Kuparuk River oil field

k  PBU R-01

Figure 3.3: 2007 lake sample locations and the exploration wells. The background image 
is of Landsat band 4 and acquired in 2 July 1992. The lake samples are collected from the 
WP1, WP2 and V Pad and the E pad lakes. The exploration wells are KRU 2D-15, NW 
Eileen ST-2 and PBU R-01.



54

Figure 3.4: Lake gas bubble trapped in frozen lake ice. There is a color contrast between 
the background lake ice and the bubble. The translucent white bubble can be easily 
identified within the black lake ice. Gas trapped within the bubbles were collected in a 
serum vial.



isotope compositions of CH4 are expressed in 5 (%o) = 10 ((Rsamfa/Rstonctart)-!), where R 

is 13C/12C or D/H and standards refer to the PDB and Standard Mean Ocean Water
13 12(SMOW), respectively. C/ C of CH4 was measured by direct syringe injection using 

gas chromatography/mass spectrometry (Hewlet-Packard 5890 Series II GC coupled to a 

Finnigan MAT Delta S). D/H of CH4 was measured on a Finnigan MAT delta +XP using 

a Trace GC with a poroplot column and the reduction column set at 1450°C. The
13analytical errors of the stable isotopic analyses are ± 0.1 %  5 C and ± 1.0 %  5D. Lake 

gas data is shown in Appendix 1.

3.3 Geochemical data from exploration well

British Petroleum Exploration, ARCO Alaska, Exxon Exploration and Continental 

Oil Company allowed the USGS to collect geochemical data from exploration wells in 

the Prudhoe Bay region. Dr. Timothy Collett of USGS provided the geochemical data 

from two exploration wells (KRU 2D-15 in the Kuparuk River oil field and PBU R-01 in 

the Prudhoe Bay field) for the present study. Figure 3.3 shows the well locations.

3.3.1 Sampling

In order to determine the alkane concentrations at different depths in the Prudhoe Bay 

and Kuparuk River area exploration wells, drill cuttings were collected from the shaker 

table, washed with water and placed in cans. Water was added to submerge the cuttings, 

leaving an approximately 1.5 cm air space or headspace at the top of the can. A 

bactericide (Zephiran Chloride) was added to the water to prevent biological activity in 

the sample. The can was kept sealed with a metal lid (Collett et al., 1990).

3.3.2 Sample analysis

The analytical procedures for this study are outlined by Collett et al. (1990), page 280 

“At the laboratory (Geochem Research Incorporated, Houston, Texas), a silicone 

rubber septum was attached to the lid of the canned sample in preparation for the 

C1 to C7 headspace gas analysis. Prior to analysis, the can was shaken by hand for

55
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one minute. A small hole was pierced through the septum, and a sample of gas was 

withdrawn with a 2 ml syringe after a positive pressure (one atmosphere) was 

created in the can by the injection of 2 ml of degassed water. The 2 ml headspace 

gas sample was injected into a standard 1 ml gas sample loop attached to a Varian 

Aerograph 1400 isothermal gas chromatograph, equipped with a 3.18 mm by 2.44 

m alumina-packed column and a flame ionization detector. This column resolves 

alkanes C1, C2, C3 and iso- and n-C4, and if  present, the alkenes, ethene, propene, 

and butene. After the normal butane peak was eluted, the flow of carrier gas 

through the system was reversed with a back-flush valve, and the C5 to C7 

hydrocarbons were eluted as a single composite chromatographic peak. The C5 to 

C7 range hydrocarbons comprise the aliphatic and aromatic hydrocarbons. The 

concentration of each hydrocarbon was computed from the peak area by means of 

an electronic integrator with baseline correction. Before a suite of samples were 

analyzed, a light gas standard containing 100 ppm each of methane, ethane, 

propane, iso-butane, and normal butane were analyzed in triplicate. Analytical 

reproducibility is consistently within 2 to 3% of the observed value.

Gas samples for the determination of the stable C isotopic composition of CH4 

as well as CO2 were obtained from the headspace of the unopened cans not used in 

the C1 to C7 analysis. During the chromatographic separation, the CH4 peak was 

diverted into a syringe for injection and subsequent oxidation of CH4 to CO2 . The
13 12oxidized CH4 was dehydrated and analyzed for C/ C enrichment on the isotope- 

ratio mass spectrometer. The stable C isotopic composition of CH4 was measured 

on a Nier-McKinney mass spectrometer, and reported in the delta notation relative 

to the Pee Dee belemnite (PDB) marine carbonate standard.”

3.4 Structural data 

Fault maps

The primary intention of using the information about faults in the study area is to find 

whether the faults serve as migration pathways from hydrocarbon accumulations in oil-



natural gas reservoirs to the surface. From deeper to shallower stratigraphic levels, faults 

mapped at three different levels were used. These include fault maps at the top of the 

Sadlerochit Group, the Kuparuk River Formation, and finally the Sagavanirktok 

Sandstone Formation. Figure 3.5 shows the fault lines on the top of the Sadlerochit 

Group, which are mapped at a depth of 2675 m. These faults were mapped by Prudhoe 

Bay Unit Joint Geologists and Geophysical Mapping Task Force in 1981 and included in 

the Alaska Oil and Gas Conservation Commission (AOGCC) Annual Statistical Report in 

1983. The dominant trend of these faults is northwest-southeast with a dip variation 

between 85° and 90° to the southwest (Masterson, 2001). Apart from the northwest- 

southeast trending faults, north-south and east-west trending faults are also present 

(AOGCC Annual Statistical Report, 1983). The location of the northwest-southeast 

trending Eileen fault is also marked in Figure 3.5. The Eileen fault is interpreted to be 

responsible for vertical migration of hydrocarbon from the Sadlerochit oil pool to the 

shallower reservoirs (Carman and Hardwick, 1983). The information about the 

Sadlerochit faults and their spatial extent are available within the Prudhoe Bay Unit. The 

top Sadlerochit faults are expected to continue beyond the Prudhoe Bay field but 

information for these areas is not available (Personal communication with Timothy 

Collett, United States Geological Survey, Denver, Colorado, 2007).

The faults on the top of the Kuparuk River Formation are from a depth of 1828 m 

and are shown in Figure 3.6. The two orientations of the Kuparuk faults are north-south 

and northwest-southeast. The north-south trending faults dominate over the northwest- 

southeast and are developed as transfer jogs to the northwest-southeast trending faults. 

The Kuparuk fault map is available only from the southwestern and central regions of the 

study area. Fault information from the north and northeastern regions are not available to 

me. A fault density map is derived from the fault lines of the Kuparuk Formation and this 

is presented as a color graduated raster image in Figure 3.6. In the density map, for each 

raster output cell, the total number of accumulated fault line intersections is calculated 

per unit area (square km). High fault density zones have warmer colors (red and orange).
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 Kuparuk River oil field

Figure 3.5: Sadlerochit faults. Faults are mapped at 2675 m. The extent of the mapped 
Sadlerochit faults is confined to the Prudhoe Bay Unit only. The northwest-southeast 
trending Eileen fault is marked. The summer 1991 sample locations are also shown. Fault 
map from Dallam Masterson, personal communication, 2008.
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_ _  Low fault density : 0 (per sq. km)
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Oil field extents
 Prudhoe Bay oil field
 Kuparuk River oil field

Figure 3.6: Kuparuk fault lines and fault density map. Depth of mapping is 1828 m. Fault 
density is the number of fault intersections per unit square km area. The extent of the 
mapped Kuparuk faults is confined to the Kuparuk River Unit and partially to the 
Prudhoe Bay Unit. The summer 1991 sample locations are also shown. Fault map from 
Dallam Masterson, personal communication, 2008.



The shallowest level faults are obtained from the top Sagavanirktok Formation and 

are shown in Figure 3.7. These faults are mapped at a depth of 457 m true vertical depth 

below sea surface.

The Kuparuk and the Sagavanirktok fault maps were provided by Dallam Masterson 

(ConocoPhillips, Anchorage, Alaska).

3.5 Satellite imagery

A Landsat 5 Thematic Mapper (TM) near infrared (band 4) image from 2 July 1992, was 

used in this study as a base for mapping and representing sampling sites (Figure 3.3). In 

this image unfrozen lakes and other water bodies appear dark. Bright areas on some lakes 

suggest presence of ice. Land areas appear relatively bright. The image also helped to 

delineate the road network and the facilities (drill pads) in this region.
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 Sagavanirktok fault traces at 447 m
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Oil field extents
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 Kuparuk River oil field

Figure 3.7: Sagavanirktok faults. The fault lines are mapped on the top of the 
Sagavanirktok Formation (457 m depth). The summer 1991 sample locations are also 
shown. Fault map from Dallam Masterson, personal communication, 2008.
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Chapter 4: Methodology 

4.1 Data Processing

The flow chart in Figure 4.1 shows the data processing strategy. The input data 

consists of fault maps at three depths, soil hydrocarbon gas data (1991 and 1992), lake 

gas data, and exploration well data.

I determined the geochemical anomalies from the 1991 summer soil gas data 

following statistical techniques. I integrated the fault maps with the surface hydrocarbon 

gas anomaly maps to investigate the spatial link between anomalies to the faults, if  any.

I plotted the 1992 winter soil gas and 2007 lake gas data in the stable isotope 

classification diagrams in order to genetically characterize the samples and identify 

potential sources of hydrocarbon gases reaching the surface.

The exploration well data containing the hydrocarbon depth profiles as well as stable 

isotope variations of CH4  and CO2 helped in understanding hydrocarbon migration 

mechanism as well as different subsurface gas sources.

4.2 Data analysis

4.2.1 Statistical analysis of gaseous hydrocarbon data 

Exploratory data analysis (EDA)

Exploratory data analysis of 1991 summer soil gas data involved testing the general 

nature of the data followed by statistical summaries and box plot.

Detection of hydrocarbon anomalies

Soil gases have different abundances as compared to atmospheric air (e.g. 1400 ppm 

for CH4, 5200 ppm for helium in the atmosphere). Soil gas concentrations generally show 

skewed distributions which are a consequence of underlying multiple populations 

(Harbart et al., 2006). Jones et al. (1999) identified three main populations in soil gas 

distribution - ( 1 ) an ambient background population (which represents a detectable level 

of non-significant hydrocarbon concentrations), (2 ) a source background population
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representing hydrocarbons derived from the presence of organic-rich (kerogen) source 

beds in a region, and (3) an anomalous population of higher than normal concentrations 

of hydrocarbons that represent the subsurface presence of concentrated hydrocarbons 

such as those found in reservoirs. The underlying sub-populations can be separated by 

statistical techniques, such as by plotting the data on a probability (P-P) plot (Sinclair, 

1976).

To find different sub-populations of helium and hydrocarbon gases in my study area I 

considered the distribution of hydrocarbon concentrations, irrespective of their locations. 

To reduce the skewness and make the data appear more normal, I log transformed the 

data. To separate the data into underlying sub-populations, I plotted the log transformed 

data in a probability plot (P-P plot). By simple inspection in a P-P plot I distinguished the 

breaks in the slope and identified the different sub-populations. Anomalous populations 

were found in the P-P plot where I found a break in slope from the general trend at the 

higher values.

Semivariogram analysis

Semivariogram analysis is a geostatistical tool for visualizing, modeling, and 

exploiting the spatial autocorrelation of a regionalized variable (Matheron, 1963). The 

regionalized variable is a spatially measurable quantity, which has a particular spatial 

structure. The properties of regionalized variables are intermediate between truly random 

variables and completely deterministic ones.

Variations of gaseous hydrocarbon concentration over a sampled area can be 

characterized by a regionalized variable. The size, shape, orientation, and spatial 

arrangement of the sample locations are factors in the ability to estimate the regionalized 

variable. The geostatistical measure that describes the rate of change of the regionalized 

variable is known as the semivariance. A semivariogram is a plot of semivariance versus 

lag distance that allows for the determination of how quickly variables (e.g. hydrocarbon 

concentration) change in space. Given two sites h units (the lag) apart and the difference 

for a variable of interest at those two sites, the semivariogram, y (h), is half the square of 

this difference and is expressed as,
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K A ) = ^ X 2 X 0 ' - J ' ; ) 2. (4.1)
ZlH d  i j

where, j  is a point at distance d  from i, nd is the number of points in that distance class, wij 

is an indicator function set to 1 if  the pair of points is within the distance class, and y  is 

the value of the variable at the point of observation (Clark, 1979).

A schematic representation of a semivariogram is shown in Figure 4.2. In the diagram 

semivariance (y) is plotted versus actual lag (h) for the contributing data pairs at each lag. 

The semivariance at a distance h = 0 should be zero, because there are no differences 

between points that are compared to themselves. If it is significantly different from zero 

for lags very close to zero, then this semivariogram value at lag zero is referred to as the 

nugget effect. As points are compared to increasingly distant points (e.g. 1h, 2h etc.), the 

semivariance increases. At some lag distance, called the range, the semivariance will 

become approximately equal to the variance of the entire dataset itself. The range defines 

the maximum neighborhood over which control points have statistical correlation among 

the observations. Usually the notation for nugget variance is C0 and for the sill is C1. 

There may be multiple sills in a complex semivariogram, which may be denoted by C2 , 

C3 etc.

Structural analysis with semivariogram

I performed semivariogram analysis in order to characterize the structures of the 

spatial distribution of the gaseous alkanes (C1 to C5) and helium (He) in soil gas. 

Because of few samples for hexane (C6 ), it was not considered for semivariogram 

analysis. Prior to semivariogram analysis, I checked the criteria of normality for all the 

species, because in linear geostatistics a normal distribution of the variable is desirable. 

Even though the normality criteria may not be strictly applicable, high skewness and 

presence of outliers can impair the semivariogram structure. I performed log 

transformation on the variables before taking them as an input to semivariogram 

modeling. Log transformation of the variable reduced the effect of outliers on all the 

species.
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Lag distance (or Separation distance)

Figure 4.2: A basic semivariogram structure. Semivariance (y) plotted against lag 
distance (in the units of lag h). The circles are the measured theoretical semivariance and 
the fitted line through the points is the model semivariogram function. The nugget 
variance Co at the origin (at zero lag distance) signifies micro-scale variation and/or 
analytical error in measurement.
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The study area is crossed by faults oriented in north-south and northwest-southeast 

directions. In order to understand whether the faults have any influence on the 

semivariogram structures of the alkanes and helium, I constructed the semivariograms 

along north-south, northwest-southeast (oriented parallel to the north-south as well as 

northwest-southeast striking fault systems). I also added two more directions -  east-west 

and northeast-southwest, which helped describing the structure along directions with no 

connection to the mapped faults. Each of the orientations was further controlled by the 

use of a 25° conical aperture for inclusion of pair of points. All pairs of points within the 

aperture and oriented in the selected directions were used in computation for 

semivariance. The semivariogram analysis was performed with GS+ (Version 9), a 

commercial software package.

Uniform sample density is required to accurately capture the spatial dependency 

related to the variability of the gas concentrations. Non-uniform sampling might yield 

discontinuity at the zero lag or high nugget variance in certain directions because the 

micro-variabilities (i.e., the variabilities at a scale smaller than the regular grid of 

information) are not accurately represented. According to Journel and Hujibregts (1978), 

non-uniform sample density often introduces pseudo-periodicity in the resulting 

semivariogram, which is not associated with the true underlying structure.

4.2.2 Analysis of hydrocarbon concentration data in soil gas

Study of hydrocarbon ratios plays an important role in understanding hydrocarbon 

anomalies, and their origin. With the present data, I used three ratios, namely, the Pixler 

diagram, Bernard ratio (R) and wetness percent.

Pixler diagram

Pixler (1969) found that the gases observed during drilling could help to distinguish 

the type of hydrocarbon production during mud logging and published a graph in a semi

log paper with the demarcation for the oil, wet gas and dry gas fields based on the 

individual ratios of the ethane (C2) to pentane (C5) hydrocarbons with respect to CH4 

(C1). According to Pixler (1969) hydrocarbon ratios (C1/CX, where X = 2, 3, 4, 5, 6 )
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below approximately 2  or above 2 0 0  indicated that the reservoirs are rich in dry gas, i.e. 

predominantly rich in CH4 . The upper range of these ratios for dry gas has been enlarged 

by Verbanac and Dunia (1982) who studied more than 250 wells from 10 oil and gas 

fields. Their data suggest the upper limits for dry-gas reservoir ratios as: C1/C2 = 350, 

C1/C3 = 900, C1/C4 = 1500, C1/C5 = 4500. Beyond the upper limit of these ratio values 

the gas reservoir is non-commercial and extremely dry. These upper ratio values help in 

defining the transition between wet and dry gases.

Some authors (e.g. Harbert et. al, 2006) have extended the study of reservoir gas 

composition ratios proposed by Pixler (1969) to the field of soil gas study. The 

comparison of the reservoir gas with the soil hydrocarbon gas suggests migration of 

reservoir hydrocarbons to the surface is possible. It is important to note that amounts of 

migrated gases usually decrease in the following order: C1 > C2 > C3 > C4 > C5. This 

series is a consequence of systematic variation of structure and molecular weight. The 

smaller and lighter hydrocarbons can easily migrate through the pore spaces of the 

sediments rather than heavier and larger molecules. Thus in the Pixler diagram, soil-gas 

data, like reservoir gas data, generally plot as line segments of positive slope for the soil 

gases to represent a typical migrated seep. In order to characterize the soil gas ratios in 

terms of dryness and wetness, Harbert et al. (2006) considered the field for oilier gas, wet 

gas and dry gas zones; the same as proposed by Pixler (1969) for soil gas study. In the 

present study, the ranges of wet gas and dry gas are considered the same as proposed by 

Pixler (1969) and modified after Verbanac and Dunia (1982). The ratios are plotted on 

the Pixler diagram for the samples acquired in 1991 summer and 1992 winter.

Bernard ratio (R)

The Bernard ratio (C1/C2+C3) helps in determining the origin of hydrocarbon gases, 

i.e. whether thermogenic or biogenic (Bernard, 1978). In the most popular Bernard
13diagram -  C1/C2+C3 versus 5 CCH4, thermogenic, biogenic and mixed fields are

13demarcated. In absence of 5 C in CH4, some authors rely only on the Bernard ratio in the 

gas to determine the origin of the gas. This ratio parameter is used to understand the 

enrichment of thermogenic gases such as C2 and C3 gases relative to CH4 which is
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chiefly biogenic. The field of thermogenic gas suggested by Bernard ratio is < 100; 

biogenic gases are identified by a Bernard ratio > 1000 and mixed gases have R = 10 ~ 

1 0 0 0 .

Wetness percent

Wetness percent is another hydrocarbon ratio parameter to ascertain thermogenic or 

biogenic origin of the gas. The parameter is given as [(EC2-C5/EC1-C3) x 100]. A 

consensus exists on the thermogenic origin of gas as a value greater than 3.5% of the 

ratio [(EC2-C5/EC1-C3) x 100] (Abrams, 2005). The use of this ratio is based on the fact 

that C2, C3, C4, C5 are primarily thermogenic gases which evolve as a result of 

thermocatalytic reaction of kerogen or organic matter in sediments whereas origin of CH4 

could be either biogenic or thermogenic. A significant amount of CH4  is produced at the 

shallow surface soil as a result of biogenic activities and a significant fraction of C2, C3 

can also be produced by microbiological activities in the soil (Whiticar, 1999). Thus, the 

ratio is a quantitative assessment of enrichment of thermogenic gases over the in-situ 

biogenic gas in the soil.

4.2.3 Genetic classification of soil gas data using stable isotopes of CH4 

Analysis of stable carbon isotope of CH4 and CO2
13 12Stable carbon isotope data are determined as a ratio, C/ C, rather than absolute 

molecular abundance and are reported as the magnitude of excursion in per mil of the 

sample isotope ratio to a standard (PDB) isotope ratio. The 5-notation is expressed as

(f^ )sam p le-(-^ )stan d ard
513C (%o) = c /„  x c  X 103 (Hoefs, 1997) (4.2)

(li§jstandard

135 C in CH4 is an important indicator of the origin of gas, i.e. whether biogenic or
13 13thermogenic. Biogenic CH4 is typically very depleted in C with 5 C values between - 

50 and -110% (Schoell, 1984, 1988; Rice and Claypool 1981; Whiticar et al., 1986). 

During microbial action, kinetic isotope fractionations of the organic matter by
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methanogenic bacteria result in depleted CH4. Two primary pathways are generally 

recognized for biogenic methanogenesis: ( 1 ) fermentation of acetate and (2 ) reduction of 

CO2. Both these pathways may occur in both marine as well as freshwater environments. 

Acetate fermentation is a dominant process in freshwater environment, whereas CO2 

reduction is dominant in marine sediments. CH4  is derived from the methyl group of 

acetate by the following reaction

CH3 COOH ^  CH4  +CO2 (4.3)

Bacterial CO2 reduction is a dominant process in the marine sediments. The large 

pool of CO2 in the sediments can evolve from different sources, e.g. CO2 released from 

thermocatalytic reactions of organic materials, or oxidation of acetate substrate via 

decarboxylation. Acetate fermentation also produces CO2 as by-product, which enlarges 

the bicarbonate pool available to CO2  reduction. Although both of these pathways are 

viable in both freshwater as well as marine environments, the relative proportions of each 

pathway are variable and controlled by numerous factors including, but not limited to, the 

availability of the substrates and hydrogen to the methanogens, temperature, pH, and 

microbial community (Valentine et al., 2004).

The pathways of biogenic CH4 formation can be substantiated by the use of carbon 

and hydrogen isotopes. Carbon isotopic fractionation (aC) between CH4 and CO2 

provides a reference for separating these two processes and it is defined as,

aC between 1.05 and 1.09 primarily reflects methanogenesis via CO2  reduction. On 

the other hand, CO2 -  CH4 isotope fractionation constant between 1.04 and 1.06 is 

considered to be characterizing acetate fermentation in freshwater environments. The
13typical 5 C ranges for CH4 produced via CO2  reduction are between -110% and -60%,
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while those for CH4  from freshwater sediments are from -65%o and -50%o.

The difference in composition between CH4 of freshwater fermentation and of marine 

CO2 reduction is even more pronounced with the hydrogen isotopes. Marine bacterial 

CH4 has SD values between -250% and -170% while biogenic methane in freshwater 

sediments is strongly depleted in D, with SD values between -400% and -250% 

(Whiticar et al., 1986). Different hydrogen sources may account for these large 

differences: formation waters supply the hydrogen during CO2 reduction, whereas during 

fermentation some three-fourths of the hydrogen comes directly from the methyl group, 

being extremely depleted in D.

Molecular compositions of hydrocarbons and carbon isotope composition of CH4 is 

widely used for genetic classification of hydrocarbon gases (Rosenfield and Silverman, 

1959; Bernard, 1978; Schoell, 1980; Rice and Claypool, 1981). The hydrogen isotope 

composition of CH4 in combination with the carbon isotope composition characterizes
13different pathways of microbial CH4 formation and thus in a S1 3 CCH4 versus SDCH4 

diagram (Figure 4.3) different environments can be recognized (Schoell, 1980; Whiticar 

et al., 1986).

In the present study, I plotted the soil hydrocarbon gas data from 1992 (winter) in the 

genetic classification diagram of CH4 as well as in the Bernard diagram in order to 

characterize the soil gas data based on its origin. The down-hole stable isotope data from 

well KRU 2D-15 comprises stable isotope values of CH4 as well as CO2 , whereas the 

well PBU-R01 has only stable isotope data of CH4 . The down-hole stable isotope profiles 

for CH4 and CO2  were plotted for these two wells in order to understand the trends in 

isotopic fractionation. Carbon isotopic fractionation (aC) between CH4 and CO2 was 

utilized in order to differentiate between different methanogenesis pathways for well 

KRU 2D-15. The use of genetic classification diagram for CH4 also helped in 

understanding the different CH4  production mechanisms in the wells.
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5 n,

13
Figure 4.3: Genetic classification diagram of CH4 . The classification is based on 5 Cch4 

and 5DC H 4  values. Thermogenic and biogenic CH4  producing fields (methyl fermentation 
as well as bacterial CO2  reduction) are demarcated. Note the lighter stable carbon isotope 
composition (51 3CC H 4  < -50%) for CH4  evolved via biogenic pathway (from Whiticar et 
al., 1986).
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Chapter 5: Results 

5.1 Results of statistical analysis with 1991 soil hydrocarbon gas data

5.1.1 Exploratory Data Analysis Results

Exploratory Data Analysis revealed some inherent errors in soil gas samples. 

Analytical interference of CH4 on ethane and ethene was present in the data. For 

example, sample locations in the present study, e.g., K91-51 and K91-86 have very high 

CH4 concentrations (2.31% and 4.09%, respectively) and variable amounts of heavy 

hydrocarbons except for both ethane and ethene, which were reported to be 

undetermined. This suggests very high CH4 masks the next two hydrocarbons (ethane 

and ethene) in the gas chromatographic analysis. Interference of ethene on the detection 

of ethane is also suspected from the data where ethene is considerably high enough to 

mask ethane’s peaks (e.g., sample K91-17, which recorded highest ethene 57,300 ppb 

also has undetermined ethane).

Cross-plots of the hydrocarbon species showed presence of outliers (Figure 5.1a-g). 

For example, in Figure 5.1f ( i-C4 versus n-C4 plot), high n-C4 (14200 ppb, in sample 

K91-22 ) lies away from the general positive trend. Similarly, in n-C4 versus C5 (Figure 

5.1g), sample K91-22 stands out as an anomalous sample compared to the general trend. 

In general, the data appeared fairly regular.

Table 5.1 shows summary statistics of the alkanes (C1 to C6 ) and helium. The mean 

and median values for all the gaseous alkanes as well as helium highlight that the 

frequency distribution of these gases is positively skewed, indicating an exponential or 

log normal distribution. Figures 5.2a and 5.2b show the box plots for the alkanes and 

helium. The box plots for the species shown in the figure reveal a non-normal distribution 

pattern, which is skewed to the higher values. In the case of skewed distributions, the 

median and the inter-quartile range (IQR) are more appropriate than the mean and the 

standard deviation to characterize data dispersion and to highlight values that may be 

considered anomalous.
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Figure 5.1: Cross plot of the hydrocarbons. (a) ethane versus methane, (b) ethene versus 
ethane, (c) propane versus ethane, and (d) propane versus propene. General collinearity 
between the hydrocarbons can be seen except in ethane vs. methane.
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Figure 5.1 contd.: Cross plot of the hydrocarbons. (e) n-butane versus propane, (f) i- 
butane versus n-butane and (g) pentane versus n-butane. In general, collinearity can be 
seen between the hydrocarbons presented in this diagram. The prominent outlier sample 
is K91-22, which shows anomalously high n-butane concentration due to potentially 
spurious detection for high n-butane concentration.



Table 5.1. Summary statistics of soil gas data (concentration is expressed in ppb)

Variables

(ppb)

Total

samples

No. of 

missing 

values Mean Median Minimum Maximum

Lower

Quartile

Upper

Quartile IQR SD Skewness

Methane 98 0 5653374 4895000 16700 40900000 1080000 8330000 7250000 5972496 2.62

Ethane 98 8 4584 3410 1 0 0 16100 810 7065 6255 4058 0.83

Propane 98 0 2416 1900 1 0 0 11500 1245 3203 1958 2076 1.95

n-butane 98 6 774 560 80 14200 290 780 490 1490 8.33

i-butane 98 1 2 519.3 335 70 4440 190 615 425 584 4.12

Pentane 98 5 1 1 0 2 880 80 7990 480 1 2 2 0 740 1144 3.61

Hexane 98 6 6 914 640 230 3030 445 1293 848 740 2.04

Helium 98 0 425.8 375 1 0 2680 250 510 260 319.1 3.94

IQR = Inter Quartile Range, SD = Standard Deviation

-jO',



a. Box plot of alkanes (C2-C6) and helium
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Figure 5.2: Box plot of alkanes and helium. (a) Alkanes (C2 to C6 ) and helium (He), (b) CH4 (C1). The shaded box for each 
species represents the 50% of the data distribution whose lower limit is the first quartile and the upper limit is the third 
quartile. The median is indicated by the line across the box. Outliers and extremes are shown with open circles and asterisks, 
respectively. For all the species, the box plots reveal a non-normal distribution skewed to the higher values.
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Log-transformed data distribution of all the species (helium, methane (C1), ethane 

(C2), propane (C3), normal-butane (n-C4), iso-butane (i-C4), pentane (C5), hexane (C6 )) 

are more symmetric, and closer to normal. This can be seen in the P-P plots of the log 

transformed gases (Figure 5.3a-h). The log transformed gases closely follow the central 

normal trend and also fall within its 95% confidence limit. The transformation helped to 

understand the influence of underlying subpopulations and at the same time to identify 

the anomalous populations.

5.1.2 Statistical determination of hydrocarbon and helium anomalies

Except for i-C4, P-P plots of all the log 10 transformed alkanes and helium clearly 

show the presence of underlying subpopulations. In this section, I discuss how each of the 

variables looks after log-transformation. I also identify anomalous populations of gases 

from their individual P-P plots.

Helium: Cunningham and Roberts (1988) measured the background levels for the 

helium data in different places in the ANS (e.g. Prudhoe Bay, Barrow, Marsh Creek), 

which is shown in Table 5.2. In their data, the background mean helium concentration 

was calculated from a subset of the data having values less than and equal to sample 

mean. Similarly, I determined the helium background level and standard deviation to be 

approximately 267.72 ppb and 110.69 ppb respectively in the present study area (Western 

Prudhoe Bay). It is noteworthy that the Western Prudhoe Bay samples represent a very 

low background value for helium as compared to that of Prudhoe Bay (Table 5.2) and 

show a moderately high dispersion, potentially due to dilution by the atmospheric helium 

component.

I log transformed the helium data, where mean of helium (2.51) closely approximated 

median (2.57). However, the data still showed a skewed distribution (skewness -2.25). In 

the P-P plot (Figure 5.3h, lower right panel) log10 transformed helium values between 2.5 

and 2.74 follow a linear trend and fall close to the predicted normal distribution trend and 

its 95% limit of confidence. However, in the higher ranges the data shows an inflection at 

value 2.74 (point C), above which data show a deviation from the normal trend. I took
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Table 5.2: Table shows the background helium range for different study sites in the ANS. 
Data from Prudhoe Bay, Barrow, Camp Lonely, Cape Simpson, South Barrow, and 
Marsh Creek are collated from Cunningham and Roberts, 1988.

Survey name and year

Background 

Helium (ppb)

Standard 

deviation (ppb)

Prudhoe Bay 399 6 8

Barrow 339 64.6

Camp Lonely 251 80.9

Cape Simpson 470.5 99.7

South Barrow 347 92.4

Marsh Creek 410 154

Western Prudhoe Bay 267.7 110.7



2.74 as the threshold for helium anomaly. Log10 helium = 2.74 represents a concentration 

of 549.5 ppb which is approximately equivalent to background mean + 2.5 * standard 

deviation (i.e. 268 + 2.5 * 111).

Methane: P-P plot of log transformed methane does not follow a normal trend and 

shows presence of at least three sub-populations demarcated as the background (AB), 

transitional (BC) and anamalous populations (CD) (Figure 5.3a). Log10 Methane values 

greater than 6  represent higher values of CH4  in soil gas and hence this is an important 

consideration for defining CH4  anomaly. I have chosen log10 Methane = 7 as a threshold 

for anomalous CH4  concentration in soil.

Ethane: Similar to CH4, the P-P plot log transformed ethane also shows three 

subpopulations demarkated as the background (AB), transitional (BC) and anamalous 

populations (CD) (Figure 5.3b). Log10 ethane values greater than 3.92 have been 

considered as anomalous.

Propane: P-P plot of log transfomed propane shows an almost normal trend (Figure 

5.3c). An inflection in this linear trend can be observed at 3.54 and hence log10 propane 

values greater than 3.54 are considered to be anomalous samples.

n-butane: Log transformation of n-butane shows a normal trend (at 95% confidence 

level). I have selected log10 n-butane as 2.86 where it appears to be a departure from 

normal trend at higher concentrations. Figure 5.3d shows the P-P plot of log transformed 

n-butane.

i-butane: The P-P plot for i-butane shows a normal distribution which fits very well 

with the predicted normal data (Figure 5.3e). It is difficult to identify any anomaly 

threshold from this graph and also to judge the presence of mixed population. However, 

the point with log10 i-butane 3.65 clearly stands out as an outlier.

Pentane: Log transformed pentane also shows a nearly normal plot (Figure 5.3f). An 

anomaly threshold is selected at 3.16 beyond which the data shows a break in slope and 

deviates from the linear trend.

82
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Hexane: Hexane data is too scanty for representing variability (Figure 5.3g). 

Moreover, the linear normal trend shown by very few hexane data in the P-P plot does 

not help in determing the threshold for anomaly.

5.1.3 Semivariogram analysis

Semivariograms of helium and alkanes (C1 to C5) are discussed below.

Helium: The semivariogram surface map for helium (Figure 5.4a) shows ridge and 

saddle topography. This type of pattern has given rise to periodic structure in the 

directional semivariograms, particularly along north-south (Figure 5.4b), and east-west 

directions (Figure 5.4d).

The directional semivariograms reveal a complex structural pattern. In the east-west 

direction, two spherical semivariogram structures control the semivariogram (Figure 

5.4d). In the north-south direction, after attaining the sill at a lag of 6  km, the 

semivariance drops appreciably (Figure 5.4b). The sample pairs, which are separated 

more than 8  km, become correlatable (because semivariance and correlation are inversely 

related). The northeast-southwest and northwest-southeast directions have short ranges 

(1 km in 45° and 4 km in 135°) and after attaining the sill, the structure follows a 

monotonic plateau.

The patterns of the modeled directional semivariograms (0°, 45° and 90°) vary rapidly 

as the regionalized variable along these four different directions rapidly lose structural 

coherency. In a two-dimensional context, this is a constraint in defining a generalized 

model, which describes the spatial structure.

Methane: In the semivariogram surface map of CH4, semivariance is very high (0.52 

-  0.72) at the origin (Figure 5.5a). It is reflected as high nugget variance in the directional 

semivariogram (e.g. the 45° orientation). The 45° (Figure 5.5c) and 90° (Figure 5.5d) 

directional semivariograms reveal very short range (1.25 km in the 45° and 2 km in 90° 

directions), which suggests that the semivariogram rapidly loses correlation with 

increasing lag separations. In the north-south (Figure 5.5b) and northwest-southeast 

(Figure 5.5e) directions the semivariograms reveal a lack of data continuity and
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smoothness at short lag. High nugget variance, lack of smoothness at short lag and short 

range along all the azimuthal directions reflect a random nature of the semivariogram at 

the local scale.

Despite the random behavior of the regionalized variable at a local scale, a spatial 

pattern emerges at a regional scale. The semivariogram has an undulating pattern in the 

semivariogram surface map. The semivariograms along 45°, 90° and 135° directions 

reveal periodic patterns. The trough in the semivariogram surface map at a lag of 8  km 

and in the 135° orientation signifies that sample pairs separated by a distance of 8  km are 

more similar and correlatable. Along the 45° direction there is a periodic structure which 

oscillates above the global variance. The structure along 90° shows a periodic pattern 

with a wavelength of 6  km and oscillates around the global variance. In the 135° 

direction, the semivariogram represents a sinusoidal structure spanning only half

wavelength within the limits of lag separation considered. The amplitude of this pattern 

in 135° is stronger compared to the oscillations along 45° and 90° orientations.

Ethane: The semivariogram surface map for ethane is complex and reveals presence 

of periodic spatial structure (Figure 5.6a). The directional semivariograms cut out from 

the semivariogram surface along four different directions (0°, 45°, 90° and 135°) also 

show periodicity. The 0° direction depicts a prominent periodic structure (Figure 5.6b). 

The 45° and 90° directions display presence of high semivariance (> 0.6 and close to 

global variance 0.81) over the entire range of lag separations and hence these two 

directions reveal noise. However, low semivariance appears at higher lag separations ( 8  

km) in the 90° direction, suggesting that points separated by 8  km in the 90° direction are 

more correlatable.

Prominent troughs (low semivariance) in the semivariogram map appear on the 

periphery of a circle with a lag radius of 8  km (Figure 5.6a). These troughs are 

considerably deep in 0° and 90° directions as evidenced by the semivariograms in these 

directions (Figures 5.6 and 5.6d respectively). Hence, the sample pairs separated by 8  km 

and in the 0° and 90° orientations are more correlatable. The troughs in the 

semivariogram surface map have given rise to spatially well-correlated data nodes.
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Propane: The semivariogram surface map for propane is dotted with closed contour 

peaks and troughs (Figure 5.7a). A northeast-southwest trending centrally high 

semivariance region exists in the semivariance surface map, which has the shape of a 

distorted ellipse. This is marked by a closed contour line (y = 0.25) on either sides of the 

origin. This high semivariance can also be seen as a high nugget variance at zero lag in 

the 45° and 90° orientations, and signifies high micro-scale error.

A data trough (low semivariance) at a lag separation of 8  km marks the minor axis 

direction (135°) of this ellipse. In 135° direction (Figure 5.7e), the semivariance rises 

sharply above the variance at 3 km lag distance, remains above the variance over a stretch 

of 3 to 8  km and then drops below the variance at a lag separation of 8  km. This suggests 

that the sample pairs separated by approximately 8  km in the northwest-southeast 

direction are well correlated. Periodic patterns are present in the 45° (Figure 5.7c) and 90° 

(Figure 5.7d) directions. The 90° direction presents a dampened periodic structure, 

because the amplitude decays with increasing lag. On the other hand, the 45° orientation 

has produced a gentle oscillation around the global variance.

n-butane: The semivariogram surface map of n-butane depicts two isolated peaks in 

the northeast-southwest direction (Figure 5.8a). Such high semivariance near the origin 

results high nugget effect at zero lag in this direction. The overall spatial structure along 

45° direction (Figure 5.8b) is complex. It seems to be controlled at different scales - local 

scale variation which is explained by a spherical model that fits to the semivariogramup 

to a lag of 4500 m and a regional trend, which is represented by a periodic pattern that 

appears beyond 4500 m lag.

A very high nugget effect can be seen in the east-west direction (Figure 5.8c) and this 

suggests a very random character of the regionalized variable in the 90° orientation. The 

north-south direction (Figure 5.8b) it appears that the semivariogram has already reached 

the sill at 5 km. A sinusoidal periodic pattern emerges in the northwest-southeast 

direction (Figure 5.8e) which has a wavelength of 5 km and relatively high amplitude 

(0.2). Samples separated by a distance of 8.5 km in the 135° direction are very well 

correlated (semivariance 0 .1 ) because of the sharp dip in the semivariogram.
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Figure 5.7: Propane semivariogram surface map and directional semivariograms. (a) 
Semivariogram surface map. Semivariograms along (b) 0°, (c) 45°, (d) 90° and (e) 135° 
directions. Panel ‘a’ reveals high semivariance zone appearing as a northeast- 
southwest trending ridge (bound by y contour 0.25). Note that a prominent low 
semivariance flanks this ridge in the 135° direction. Panel ‘e’ (semivariogram along 
135°) reveals the periodic pattern that emerges in the 135° direction. The 0°, 45° and 
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Figure 5.8: n-butane semivariogram surface map and directional semivariograms. (a) 
Semivariogram surface map. Semivariograms along (b) 0°, (c) 45°, (d) 90°, and (e) 135°. 
High nugget variance can be seen in the 45° and 90° directions. The 45° semivariogram is 
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with sample pairs separated by 8.5 km have become more correlatable.
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i-butane: The semivariogram surface map (Figure 5.9a) shows a complex pattern for 

i-butane. High nugget variance can be seen in the east-west (90°) (Figure 5.9d) as well as 

north-south (0°) directions (Figure 5.9b), suggesting that there is a lack of correlation 

between sample pairs at shorter lag separations in these two orientations. The 90° 

direction also shows a dampened periodic pattern at greater lag separations. A gentle 

periodic pattern is seen along the 45° direction beyond a lag separation of 4 km (Figure 

5.9c). A periodic structure is also present in the 135° direction (Figure 5.9e). After 

attaining the sill, the semivariogram sharply drops at a lag of 8  km. This strongly 

suggests that the sample pairs separated by a distance of 8  km along the 135° direction 

are correlatable. The periodic semivariogram pattern in 135° direction has a large 

amplitude (0.2), compared to the other orientations (e.g. 0.075 in 45°) and hence the 

periodicity is more significant in 135° direction.

Pentane: In the north-south direction (0°) a continuous semivariogram is seen up to a 

lag separation of 6  km (Figure 5.10b). Beyond 6  km lag separation, the sample pairs lose 

correlation. In the northeast-southwest (45°) direction a combined spherical and periodic 

structure explains the semivariogram. The periodic structure appears beyond a lag of 

5000 m (Figure 5.10c). A short range (1000 m) is seen in the east-west (90°) direction 

(Figure 5.10d) along with a dampened periodic structure at lag greater than 5 km. The 

northwest-southeast (135°) direction also shows a periodic structure (Figure 5.10e); with 

a dip in semivariogram at a lag distance of 8  km after the sill is attained at 6  km. The dip 

is significant and results in a high amplitude (0.35) periodic pattern. The dip in the 

semivariogram suggests that sample points separated by 8  km are correlatable.

The semivariogram for all the gases show some common pattern. Discontinuous 

semivariograms can be seen in the north-south and northwest-southeast directions at 

shorter lag separations, which appear as a consequence of large sample spacing, and 

hence, the true variability is not captured well. Despite the discontinuity at small lag 

separations, there is a periodic structure, which is present in the northwest-southeast 

direction. This periodic pattern shows a prominent dip in the semivariogram at 

approximately 8  km lag separation and is very prominent for all the gases except ethane.
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Figure 5.9: i-butane semivariogram surface map and directional semivariograms. (a) 
Semivariogram surface map. Semivariograms along (b) 0°, (c) 45°, (d) 90°, and (e) 
135°. High nugget variance can be seen in the 45° and 90° directions. The 45° 
direction semivariogram is fitted with a spherical model. A gentle periodic pattern 
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strong periodicity; with sample pairs separated by 8  km are more correlatable.
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The other directions, which also show presence of periodicity, are the northeast- 

southwest and east-west. For all the gases, these two directions reveal short ranges. The 

east-west direction has a dampened periodic structure, whereas along the northeast- 

southwest direction the periodicity is a fluctuation around the global variance.

5.1.4 Genetic classification based on Pixler diagram

Figure 5.11 shows the Pixler diagram for gases from three reservoirs: West Sak 

solution gas, Kuparuk solution gas and Prudhoe Bay gas (Masterson, 2001). In this 

diagram Kuparuk solution gas falls in the oilier gas and the wet gas field; Prudhoe Bay 

gas plots within the wet gas field; and the West Sak gas falls in the dry gas field. The 

order in which the gases from these three gas fields have increasing degree of wet gas 

character is: West Sak solution gas < Prudhoe Bay gas cap < Kuparuk field solution gas. 

The Kuparuk gas has ‘oilier gas’ composition than the other two. It is slightly enriched in 

ethane and more enriched in propane as compared to the Prudhoe Bay gas cap 

composition. Given the compositional range of the three reservoir gases, one would 

expect soil gas compositions to reflect these end-member gases or a combination of them 

based on what percent they mix. Soil gases may also contain gases formed during 

diagenesis, such as biogenic CH4.

I plotted the 1991 soil gas data in the Pixler diagram, and found an obvious divide in 

the data based on C1/C2 ratio. One suite of gas falls with C1/C2 ratio < 100 (Figure 5.12) 

and the rest of the spectrum has C1/C2 > 100 (Figure 5.13). Only 9 samples fall within 

the range of C1/C2 ratio < 100 and are characteristic of wet gas or oilier gas. Of these wet 

gas samples K91-5, K91-36, K91-38 and K91-81 have characteristic positive slopes and 

thus appears to be ‘migrated gas’ with the amount of hydrocarbon gas migration falling in 

the order ethane > propane > butane > pentane. Bernard ratios (Table 5.3) for these 

samples also suggest that they are of thermogenic origin (for thermogenic gas the ratio is 

< 100). Of these samples, K91-23, K91-39 and K91-75 have negative slope for C1/C4 -  

C1/C5 line segment in the Pixler diagram. Probably these gases have emerged from a C5
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Figure 5.11: Pixler diagram showing different gas fields (from Pixler, 1969). It shows a 
semi-log plot of alkane ratios with respect to CH4  (C1). The fields for oilier gas, wet gas 
and dry gas are demarcated. The reservoir gases are also plotted. Prudhoe Bay main field 
gas and Kuparuk Solution gas are significantly wet gas, whereas the West Sak Solution 
gas is significantly dry and CH4 rich.
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Figure 5.12: Pixler diagram showing 1991 wet soil gas samples. The samples have C1/C2 
ratio < 100. Samples K91-5, K91-36, K91-38 and K91-81 have got characteristic positive 
slope and hence ‘migrated gas’ trend in the Pixler diagram. Samples K91-23, K91-39 and 
K91-75 have a negative slope C1/C4-C1/C5 line segment, which is a consequence of C5 
enrichment in the soil gas.
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Figure 5.13: Pixler diagram showing 1991 dry soil gas samples. The samples have with 
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segment, which is a consequence of C5 enrichment in the soil gas.
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Table 5.3: Bernard ratios for the 1991 wet soil gas samples:

Sample ID Bernard ratio 
C1/(C2+C3)

K91-17 10.5

K91-75 17.8

K91-74 2 1 . 1

K91-5 21.5

K91-38 31.7

K91-36 40.5

K91-81 45.7

K91-23 48.5

K91-39 59.7
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enriched gas pool. In their study, Harbert et al. (2006) interpreted such negative trend as 

an enrichment of the reservoir gas relative to CH4  for which the slope tends to be 

negative. There is a possibility that a C5 rich gas pool has contributed to the overall gas 

composition such that there is a negative trend in the C1/C4 -  C1/C5 line segment.

5.1.5 1991 soil gas anomaly maps

In a Geographic Information Systems (GIS) data frame, I imported the hydrocarbon 

and helium concentration data along with the fault maps at three depths (Sadlerochit 

faults, Kuparuk fault density map and the Sagavanirktok faults). Helium and alkane 

concentration values above their anomalous thresholds were represented as color 

graduated symbols. Finally, helium and hydrocarbon maps were generated by overlaying 

the anomalies on the fault layers.

Helium anomaly map: Figure 5.14 shows the helium anomalies. The western 

sampling line contains numerous helium anomalies as compared to the central and 

eastern lines. Most of these anomalies (locations Y, Y ’, Y ”, Z, C”) fall on the steeply 

dipping (88°-90° southwesterly) Sagavanirktok faults. As helium is a lighter gas and its 

presence invariably suggests presence of fractures, it is an indicator of conductive faults. 

Helium anomalies also exist close to the high density Kuparuk fault zones (locations X, 

Y and Y ’) and suggest that high fracture density facilitated helium migration in this area

Methane anomaly map: The CH4 anomaly map (Figure 5.14) shows that most of the 

strong anomalies are found along the central line. Only at a very few places in the 

western and the eastern lines CH4  anomalies do coincide with the helium anomalies 

(locations X, X”, C, Z, Y ’ in Figure 5.14). Some of these locations also occur on the 

Sagavanirktok faults (e.g. locations C, Y ’ and Z). As both CH4 and helium are light 

gases, both of them can easily escape through the faults, which can explain the 

coincidence of helium, and CH4  anomalies with the shallow Sagavanirktok faults.

Ethane and other higher molecular weight hydrocarbon anomaly maps: Ethane 

and heavier hydrocarbon (propane, n-butane, and pentane) anomalies are numerous and 

some of them occur within the Kuparuk high-density fault zones as well as on the
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Figure 5.14: Helium and methane anomaly map. The locations X, Y, Y', Y", C" and Z 
showing both methane and helium anomalies are potenti al sites for fault conduction 
zones. Helium anomalies at locations X, Y and Y' fall on the Kuparuk high fault density 
zones.
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Sagavanirktok faults (Figure 5.15). The origin of higher molecular weight hydrocarbons 

is attributed to thermogenic reactions of organic matter in sediments that produce oil and 

wet gas at greater depth. Thus, enrichment of higher molecular weight alkanes in the 

surface soil suggests migration of thermogenic wet gas to the surface and the correlation 

of the anomalies with the faults might suggest that faults could be preferential conduits 

for gas migration.

The higher molecular weight alkane anomaly maps show that there are both isolated 

point anomalies as well as anomalies spread along the nearest neighboring sample 

locations. Ethane and propane anomaly maps are shown in Figure 5.15, n-butane 

anomalies are shown in Figure 5.16. Pentane and hexane anomalies are shown in Figure 

5.17. Most of the n-butane, pentane and propane anomalies spread along among the 

adjacent sample neighbors. The reason that these gaseous alkanes not only occur as point 

anomalies, but also spread along nearest neighboring sample locations could be due to 

less diffusive loss of these gases to the atmosphere. These gaseous alkanes have higher 

molecular weight compared to the lighter molecular weight alkanes and hence can be lost 

to the atmosphere owing to higher diffusivities.

Multiple colinear higher molecular weight anomalies are also seen on the anomaly 

maps. For example, Figure 5.15 and Figure 5.16 show C2, C3 and n-C4 anomalies at 

locations A, B, E and F. Northwest-southeast trending lines can connect these locations,

e.g., A-B and E-F. Similarly, colinear locations Z-Z'-Z", Y-Y'-Y" and X-X" have 

multiple higher molecular weight anomalies (n-C4, C5 and C6 ). On a regional scale, this 

collinearity suggests a role of the northwest-southeast trending linear structures, which 

facilitate gas transmission. The linear structures might be fault can possibly be the 

shallow faults in the study area. This pattern necessitates finding its cause, which will be 

discussed in chapter 6 .

Bernard ratio map: Bernard ratio (C1/C2+C3) value less than 100 suggests 

significant wet gas enrichment. Figure 5.18 shows locations with Bernard ratio less than 

100 in graduated color symbols. Samples K91-17, K91-75, K91-74 and K91-5 show very 

strong wet gas enrichment. K91-81 and K91-17 are the two sample points that fall on the



102

Legend

 Sagavanirktok fault traces at 447 m
Fault density top Kuparuk F ormation 

High fault density : 4 (per sq km)

Low fault density : 0 (per sq. km)

 Sadlerochit fault traces at 2675 m depth

Ethane anomalies (Log10 ppb)
- 3. 93- 3.96
■ 3.97 - 4 .00
■ 4,01 - 4.06
■ 4.07 - 4.11
■ 442 - 4.21

) Pro7p.3an7e- a7n.o6 m1 alies (Log10 ppb)
o  345 - 3 .63 
O  3.64 - 3.72 

O  3-73 - 3.87 

O 3-88 - 4.06
Figure 5.15: Ethane and propane anomaly map from 1991 samples. Along the Eileen 
fault ethane and propane anomalies are present. Both ethane and propane anomalies show 
collinear trend along northwest-southeast direction (E-F, X-X'-X", Y-Y'-Y" and Z-Z'- 
Z").
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Figure 5.16: n-butane anomalies over the faults. An apparent collinearity of the n-butane 
anomaly locations can be seen in this figure which has a n2 rthwest-southeast strike (E-F, 
X-X'-X", Y-Y'-Y" and Z-Z'-Z").
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Figure 5.17: Pentane and hexane anomalies over the faults. An apearent collinearity of 
the pentane and hexane anomaly locations can be seen in this figure, which has a 
northwest-southeast strike. Locations X, X', Y and Y' also fall on the Kuparuk high 
fault density zone.
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Figure 5.18: Bernard ratio map. Samples with Bernard ratio < 100 are shown. Samples 
KP91-17 and KP91-81, which fall near the Sagavanirktok faul t as well on the Kuparuk 
high fault density zone, show significant amount of thkrmogsnic alkane enrichment, and 
probably suggest fault controlled migration in these lockb o x .
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Eileen fault as well as in the high fault density zones on the top Kuparuk Formation. 

These locations suggest probable fault supported hydrocarbon surface migration. Despite 

the fact that the study area shows numerous wet gas anomalies, the Bernard ratio 

distribution does not really show significant wet gas enrichment for most of the samples. 

This could be because very high CH4 concentrations in these samples mask the wet gas 

signal for most of the samples.

5.2 1992 winter soil hydrocarbon gas analysis

The 1992 winter soil gas data were measured for alkane (C1 -  C6 ) concentrations and
13for selected samples the stable isotope composition of CH4  (5 CC H 4  and SDcH 4). I present 

the results into two sections: ( 1 ) gas samples with only hydrocarbon composition data, 

and (2 ) gas samples with both stable isotopes of methane and hydrocarbon composition. 

For the samples with only hydrocarbon composition data, Bernard ratio (C1/C2+C3), 

wetness percent and trends in the Pixler diagram are presented and for the gas samples in 

the second category, I present genetic classification based on the stable isotopes of CH4 

as well as the Bernard diagram plot.

5.2.1 Gas samples with only hydrocarbon compositional data

KP92-NWE-1 and KP92-M4-7 have Bernard ratios of 57 and 91 and wetness values 

10.08% and 2.06% respectively, which point to enrichment of higher molecular weight 

alkanes and hence a thermogenic origin. In the Pixler diagram (Figure 5.19a) these 

samples fall in the wet gas field and have negative trends which suggest enrichment of 

higher molecular weight alkanes. Hence, these two samples are considered as 

thermogenic.

Samples KP92-NWE-2 and KP92-NWE-3 have Bernard ratios of 816 and 2813 

respectively. On the Pixler diagram (Figure 5.19a), these samples show overall negative 

trend which is due to wet gas enrichment. Hence, these samples show the characteristics 

of mixed thermogenic and biogenic gas.

KP92-M4-2 has a Bernard ratio of 500. On the Pixler diagram (Figure 5.19a), this
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sample shows a low C1/C2 ratio, but the rest of the higher molecular weight alkane ratios 

with respect to CH4  are very high. This sample appears to be biogenic but could also be 

mixed with small amount of thermogenic component, which has high concentration in 

C2. KP92-M4-4 has a high Bernard ratio (1270) and it falls in the dry gas field in the 

Pixler diagram (Figure 5.1ab). Hence, this sample is also biogenic gas.

5.2.2 Gas samples with both stable isotope and compositional data

I plotted the stable isotope data of CH4  obtained from the 1aa2 winter soil gas
13samples on the isotope classification diagram (5 CC H 4  versus 5DCH4, Figure 5.20) as well

13 13as on the Bernard diagram (C1/C2+C3 vs. 5 CCH4, Figure 5.21). In the 5 CC H 4  versus 

5 DCH4 diagram, data is clustered into three regions, which are three potential CH4 

production pathways. The three potential CH4  production pathways are: (1) Bacterial 

methyl type fermentation (KPa2-M1-2), (2) bacterial CO2  reduction (KPa2-WK-2, 

KPa2-M3-3, KPa2-M4-4, KPa2-M3-1, KPa2-M3-2 and KPa2-M4-6) and (3) 

thermogenic CH4 (KPa2-M4-8 and KPa2-M4-1). On the Bernard diagram (Figure 5.21) 

most of the data are clustered into the biogenic field while two samples fall in the mixed 

biogenic and thermogenic field. Below, I discuss below about the individual samples. In 

addition to the stable isotope genetic classification, samples KPa2-M3-1, KPa2-M3-2, 

KPa2-M3-3, KPa2-M4-4, KPa2-M4-6, and KPa2-M1-2 have Bernard ratio values > 

1000, which is characteristic of biogenic gas. The Pixler diagram (Figure 5.1aa-b) also 

shows that these samples represent dry CH4 -rich gases.

Despite the fact that samples KPa2-M4-8 and KPa2-M4-1 fall in the thermogenic 

window in the 513C-CH4 versus 5D-CH4 plot, Bernard ratios (7616 for M4-8 and 7712 for 

M4-1) are too high for thermogenic gas and suggests a more biogenic affinity. On the
13Bernard diagram (C1/ (C2+C3) versus 5 CCH4, Figure 5.21), these two points fall within 

the mixed zone. Pixler’s diagram (Figure 5.19a) for these locations shows that these two 

samples fall within the dry gas field. Hence, there appears to be a contradiction from the 

inferences drawn from the two types of genetic classification diagrams presented.

An argument can be drawn in favor of methanogenesis via CO2 reduction for these
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Figure 5.20: Genetic isotope classification of methane from 1992 winter samples. Note 
that two samples KP92-M4-8 and KP92-M4-1 fall in the thermogenic window and rest of 
the samples fall in the biogenic field. Bulk of the samples fall in bacterial carbonate 
reduction and suggests that methanogenesis via CO2  reduction is the most common 
methane production pathway.
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the biogenic field. The Prudhoe Bay gas cap and Kuparuk solution gas fall in the 
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West Sak gas is rich in methane and essentially dry gas.
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two soil gas samples. Based on the facts that these two soil gas samples (1) are extremely 

dry in composition and fall within the dry gas field in the Pixler diagram, and (2) have 

relatively light stable hydrogen composition in CH4  (5DC H 4  = -227%o and -235%o), it can 

postulated that bacterial CO2  reduction in an anoxic environment could explain their 

origin. As the soil gas analysis did not measure the stable isotope data for CO2  it is not 

possible to answer whether bacterial CO2 reduction resulted these two gas samples.

5.3 Lake gas analysis

CH4  stable isotope values of the frozen lake gas samples are plotted in the genetic
13stable isotope classification diagram (5 CC H 4  versus 5DCH4, Figure 5.22). On this 

diagram the V pad and WP samples cluster together in the bacterial methyl type 

fermentation zone, whereas the E pad samples fall close to the abiogenic CH4 and 

probably share its affinity to primordial mantle CH4 . E pad is located near Milne Point 

and away from the Western Prudhoe Bay Eileen trend. For all these shallow lakes acetate 

fermentation is the dominant process by which CH4  is produced. Bacterially mediated 

decarboxylation of acetate is one of the primary sources of biogenic CH4 , and results 

from freshwater lake sediments (Cappenberg and Jongejan, 1978; Walter et al., 2008) 

support fermentation of acetate as the source for 70% CH4 , and rest is bacterial CO2 

reduction. The present study also favors that freshwater CH4  samples are chiefly products 

of acetate fermentation with a depletion of deuterium in CH4 , characteristic of the 

meteoric water of this region. The E pad sample, which falls in the mantle derived CH4 

field, appears to be an anomalous sample, because it does not conform to the general 

trend of lake gas data. Abiogenic CH4 can probably originate from reactivated crustal 

faults, and this sample might have some link to that.

5.4 Geochemical profiles from exploration well data

5.4.1 Geochemical profiles of hydrocarbon gases in KRU 2D-15

The Kuparuk River Unit 2D-15 well is located at the southeast corner of the Kuparuk
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• 13Figure 5.22: Lake gas samples plotted in the 5 CC H 4  versus 5DC H 4  diagram. Field 
boundaries after Whiticar et al. (1a86). Samples from the lakes WP 1, WP 2 and V pad fall in the 
bacterial methyl type fermentation zone, whereas 2 independent samples from the E pad fall close 
to the a d re n ic  or primordial mantle methane zone. Methane percent for each sample site is 
shown in parenthesis.
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River oil field. In the present discussion, the top 1000 m of the well is studied. Collett et 

al. (1990) discussed about the variation of Bernard ratio and carbon isotopic composition 

of methane obtained from the well. In the present study, I review the hydrocarbon depth 

profiles (methane (C1) through heptanes (C7)), the stable carbon isotopic compositions of 

CH4 , and CO2 obtained from the well.

Down-hole headspace gas concentration profiles are shown in Figure 5.23a-e. 

Alkanes (C1 to C4) show a drastic change in concentration at 900 m depth; above this 

depth concentration is significantly lower. Pentane and higher order hydrocarbons (C5 to 

C7) increase in concentration for the top 400 m of this well (figure 5.23f). A gas wetness 

E  (C2 -  C4)/£ (C1 -  C3) x 100%] profile (Figure 5.24b) suggests that wet thermogenic 

gas enrichment took place in the bottom section (wetness > 3% for depth > 600 m). In the 

shallow section a mild increase in wet gas concentration can also be seen at a depth of 

100 -  135 m. Dry gas chiefly occurs within the depth range 135 -  600 m.

The Bernard ratio is low throughout the top 1000 m of the section except for the 

depth range of 350 -  500 m (Figure 5.24a). Within this 150 m interval, Bernard ratio 

attains appreciably high values with a maximum of 14579, which suggests that the 

horizon holds chiefly biogenic gas. Within the shallow section (depth < 350 m) the 

average Bernard ratio is 370, which is characteristic of a mixed thermogenic and biogenic 

gas. Extremely low Bernard ratio values can be seen at the shallowest depth (Average 

[C1/(C2+C3)] = 45 within the 80 m to 135 m depth interval). This low Bernard ratio 

value is characteristic of thermogenic gas.
13On the genetic isotope classification diagram (5 CC H 4  versus 5DC H 4 , Figure 5.25), 

CH4 from the deeper sections (depth > 350 m) plots within the thermogenic window. The
135D and 51 3 C values in CH4 for these samples are also well constrained (average 5 DCH4 = -

13265.33% with standard deviation = 6.76 and average 5 CC H 4  = -48% with standard 

deviation= 1.06). For the samples obtained from shallower depth (< 350 m), CH4 is
13isotopically lighter (5 CC H 4  < -60%) and falls in the biogenic field.

Figure 5.26a shows the variation of CO2  concentration versus depth in the well and
13Figure 5.26b shows the 5 CC O 2  variations versus depth. There is also a CO2  peak at the
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13Figure 5.25: KRU 2D-15 well samples plotted in 5 CC H 4  versus 5DC H 4  diagram. Field 
boundaries adapted from Whiticar et al. (1986). The diagram shows thermogenic 
methane occurs at depth > 350 m in KRU 2D-15. This is shown with a shaded ellipse. On 
the other hand, methane is biogenic in shallow depth < 260 m. The sample from 260 m 
depth falls in the methyl type fermentation, whereas the shallowest sample at 140 m 
suggests carbonate reduction.



117

a.

£
+->ClCD
Q

CO2  concentration (ppm)

0 1 0 0 0 0 2 0 0 0 0

0 
1 0 0  

2 0 0  

300 
400 
500 
600 
700 
800 
900 

1 0 0 0

9 GH

b. 51 3Cco2 %
-30 - 2 0 - 1 0 0

0

h 1 0 0  

2 0 0  

300 
400 

I- 500-5 
600 
700 
800 
900 
1 0 0 0

GH

13Figure 5.26: CO2  concentration and 5 CC O 2  variations in the KRU 2D-15 well. (a) CO2

13concentration and (b) 5 CC O 2  variation. Location of the inferred gas hydrate horizon is 
marked (GH) in this well. CO2  concentration is high in the inferred gas hydrate location.

135 C in carbon-dioxide is constant in the lower half of the KRU 2D-15 well (400 m -
131000 m) with an average of -26.8%o. 5 CC O 2  shows a slightly increasing trend in the 

shallower section (<400 m) which suggests that CO2 is isotopically slightly heavier in the 
shallower sections.
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inferred location of gas hydrate and this suggests that the gas hydrate structure also hosts
13CO2. Figure 5.26b shows that 5 C in CO2  is fairly constant in the lower half of the well 

(400 m to 1000 m) with an average of -26.8%o . On the other hand, 513C values in CO2 

show a slightly increasing trend in the shallower section (< 400 m) which suggests that 

CO2  is isotopically heavier in the shallower sections. In the depth range of 3a6 to 470 m,
13the 5 CC O 2  shows a greater variation of values (i.e. from -26% to -15.6%).

13 13Figure 5.27 depicts a comparison of 5 C value in CO2 and 5 C value in CH4 in the 

well. It is seen that that both of them correlate within the lower half (400 -  1000 m). But,
13within the top 400 m, their trends deviate away from each other, with 5 Cco2  becoming

13more positive and 5 CC H 4  becoming more negative, a pattern would be expected in case 

of bacterial CO2 reduction.

Collett et al. (1aa0) inferred the presence of a 30 m thick interval (depth 375 to 

405 m) of gas hydrate layer for this well. The occurrence of gas hydrate is suggested by 

the release of an unusually high amount of CH4 (up to 750 ppt), and an increase in transit 

time velocity and electrical resistivity. Note that very high Bernard ratio [C1/ (C2+C3) > 

1000] obtained from the depth interval of 350 -  500 m (encompassing the inferred gas 

hydrate depth zone) suggests CH4 is present in an overwhelming proportion. This depth 

range also coincides with the inferred gas hydrate and there is a strong correlation 

between the CH4 concentration and presence of gas hydrate (primarily methane hydrate).
13From the stable carbon isotope plots (Bernard ratios and 5 CC H 4  profiles in the bore- 

well) it is evident that CH4 within a depth of 350 - 500 m is thermogenic in origin
13(average 5 CC H 4  in this depth is -47%). But, vitrinite reflectance (0.4% R0) for the gas 

hydrate bearing sedimentary rocks suggests that these rocks have never been subjected to 

temperatures within thermogenic window. Hence, the thermogenic CH4 present at this 

depth might have migrated from petroleum reservoirs. In addition, presence of 

appreciable amount of CH4 within this depth interval and very high Bernard ratio might 

suggest biogenic character of CH4 present in this horizon. The stable carbon isotope 

composition of CO2 within the depth interval of inferred gas hydrate shows a transition
13from a slightly light (5 CC O 2  = -27%) isotope value below the inferred gas hydrate to a
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Figure 5.27: 51 3CC O 2  and 513CC H 4  profiles in the KRU 2D-15 well. 51 3CC O 2  and 513CC H 4  

are correlated within the lower half (400 m to 1000 m) but, within the top 400 m, their
13 • • 13trends deviate away from each other, with 5 CC O 2  becoming more positive and 5 CC H 4  

becoming more negative. The location of the inferred gas hydrate (GH) horizon is shown.
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slightly heavy CO2 (5 CC O 2  = -16%) value above the gas hydrate. Presence of 

isotopically heavy 5 CO2 might suggest presence of microbial CO2  reduction, which yields 

biogenic CH4 .

5.4.2 Geochemical profiles of hydrocarbon gases in PBU R-01

In the Prudhoe Bay Unit R-01 well, drilled on the north flank of the Prudhoe Bay oil 

field, the base of ice-bearing permafrost is found at a depth of 630 m. Collett et al. (1aa0) 

reviewed the well log response and did not find any gas hydrate in this well. Vitrinite 

reflectance was found to be < 0 .6 % for the entire well section, which suggests that the 

sedimentary rocks are immature and never experienced the temperature within the 

thermogenic window (Collett et al., 1aa0). Hydrocarbon concentration profiles (C1 to 

C7) and stable isotope composition of CH4  were measured. Stable isotopes of CO2 were 

not measured for this well.

CH4 concentration shows a remarkable change at a depth of 12a0 m (Figure 5.28a). 

C2 and higher molecular weight alkanes show an abrupt change in concentration at a 

depth of 1650 m and alkane concentrations have fallen drastically at depths shallower 

than 1650 m (Figure 5.28b-d).

The Bernard ratio is constant (average = 448) throughout the section with some 

abrupt changes (Figure 5.2a). At the base of the section (~ 1765 m) the Bernard ratio 

shows a small jump from an average of 4 for the lower section to an average of 300 

within the depth range of 1765 to 1400 m. A major increase in the Bernard ratio is found 

at a depth range of 1 0 0  to 180 m, which suggests biogenic origin of the gas at shallow 

depth.
135 C composition in CH4 is relatively constant throughout the section with an average 

of -33%, which suggests presence of thermogenic gas (Figure 5.30).

13
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Figure 5.28: Headspace concentration profiles of alkanes in the PBU R-01 well. (a) C1,
(b) C2, (c) C3 and (d) n-C4. C1 concentration shows a drop at depths shallower than 
1290 m, whereas the heavier alkanes (C2 to n-C4) show a drastic drop in concentration at 
depths less than 1650 m. A marine shale -  non-marine sandstone and conglomerate 
boundary was found at 1700 m depth in this well.
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Figure 5.29: Bernard ratio [C1/(C2+C3)] variation in PBU R-01 well. At the depth of ~ 
1765 m the Bernard ratio shows a small jump from an average of 4 from below to an 
average of 300 within the depth range of 1765 to 1400 m. A major increase in the 
Bernard ratio (> 4000) is found at a depth range of 100 to 180 m.
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Chapter 6: Discussion

6.1 Hydrocarbon migration through faults

To test my hypothesis that the near surface accumulations of thermogenic 

hydrocarbons in the Western Prudhoe Bay region are related to fault induced 

hydrocarbon migration, I selected a subset of the study area that had the most complete 

fault and geochemical analysis data (Figure 6.1 and Figure 6.2). For this subset, 

Sadlerochit faults at 2675 m depth, the Kuparuk fault density map at 1825 m depth and 

the shallow Sagavanirktok faults mapped at 456 m depth are known but the surface 

expression of the Sadlerochit faults and the Sagavanirktok faults are unknown. Using the 

known southwesterly dip of 85° to a0° for northwest-southeast trending Sadlerochit faults 

(including the Eileen fault), and a southwesterly dip of 8 8 ° and a0° for the Sagavanirktok 

faults, I extrapolated the faults mapped from their present depth to the surface. This 

extrapolation resulted in a shift in surface location of the fault traces up to 235 m 

northeastward for the Sadlerochit faults/Eileen fault (distance AB in the lower left inset 

in Figure 6.1). Sagavanirktok faults are assumed to project vertically to the surface. A 

buffer zone (Figure 6.1) is created around the Sadlerochit faults with a buffer distance of 

235 m (a buffer is a zone of specified distance around a geographic feature, e.g. fault 

lines). The probable surface expressions of the Sadlerochit faults are expected to be found 

within the buffer zone.

In Figures 6.1 and 6.2, the co-occurrence of the higher molecular weight hydrocarbon 

anomalies, helium anomalies and the faults at three depths suggests that faults facilitate 

hydrocarbon migration to the surface. According to Masterson et al. (2001), Tertiary 

(Late Eocene) basin tilting reactivated the northwest-southeast trending faults along with 

the development of the north-south trending transfer faults. The northwest-southeast 

trending faults (e.g. the Eileen fault) facilitated hydrocarbon migration from the 

Sadlerochit pool to the West Sak pool and the north-south trending faults facilitated 

migration of condensate range hydrocarbon from the Kuparuk pool to the West Sak. The 

surface anomalies within the Sadlerochit buffer around the Eileen fault are likely to be a
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Figure 6.1: Alkane anomalies in the area of interest sub set. The Sadlerochit buffer is 
constructed consid9 ring the dip of the faults (85°) and depth of mapping (depth 2675 m). 
Locations Y, Y' show multiple alkane (C3, n-C4, C5) anomalies close to the Kuparuk 
high fault density, Sadlerochit buffer and on the Sagavanirktok faults.
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consequence of surface hydrocarbon migration through the northwest-southeast trending 

faults initiated during Tertiary fault reactivation.

The geometry and sense of fault block movement play a major role in determining 

fault conductivity. According to BP geoscientists, the shallow faults in this region show 

some amount of wrench fault deformation (personal communication with Erik Hulm, BP 

Alaska Inc., Anchorage, 2008). In the area of interest, the rhomboid distribution of the 

faults mapped at the top of the Sagavanirktok Formation (Figure 6.1), suggest a 

transtensional deformation above a releasing bend present along a northwest trending 

dextral strike-slip fault at depth. Similar rhomboid fault pattern and transtensional 

deformation are seen at the top of the 3uparuk Formation in the 3uparuk field (Casavant, 

2 0 0 1 ).

Given the geometry of the Sagavanirktok faults, the Kuparuk high fault density zones, 

and the occurrence of hydrocarbon and helium anomalies in Figure 6.1 and Figure 6.2, a 

genetic linkage between the surface anomalies and fault conductivity seems probable. 

Such linkage can be predicted by flow model. I determined the fluid flow pathways in the 

Sagavanirktok faults based on the flow pathways predicted from the mean stress 

distributions in dilation jogs along strike-slip faults (Connolly and Cosgrove, 1999). The 

modeled fluid flow pathways predicted by Connolly and Cosgrove (1999) in a similar 

fault setting are shown in Figure 6.3 and I have adapted this model for defining the fluid 

flow pathways and accumulation zones in the shallow Sagavanirktok faults shown in 

Figure 6.4.

In dilation jogs, fluid migrates from the surrounding high fluid pressure zones or 

Regional High (RH) to the dilation jog because the intra-jog areas are often characterized 

by low mean stress relative to the extra-jog areas (Figure 6.3). Fluid migrates from 

regional high-pressure zone to secondary high-pressure regions (SH), which temporarily 

stores fluid obtained from regional high-pressure zones. Fluid flow from the secondary 

high regions is directed to fluid pressure minima (M), both of which are close to the jog 

defining faults. In the intra-jog region, the closed contour mean stress minima are known 

as lower closure (LC) and upper closure (UC). The central region between
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Figure 6.3: Fluid flow patterns in a dilation jog along strike slip fault. The flow patterns 
are based on a model by Connolly and Cosgrove (1999). Regional High (RH) is the high 
fluid pressure or fluid source zone, which supplies the fluid to the local Secondary High 
(SH) fluid pressure zones. From SH fluid is primarily directed to M. M represents low- 
pressure minima. Fluid cannot easily enter into the intra-jog region as the lateral fault 
barriers prevent migration. However, if  fluids enter into this zone, then it will primarily 
accumulate in the central high fluid pressure zone, between Lower Closure (LC) and 
Upper Closure (UC).
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Figure 6.4: Fluid h owpathways within the Sagavanirktok faults in the area of interest. 
The Sagavanirktok fault in this area shows dilation jog along a dextral strike-slip fault. 
Fluid flow pathways tired dete rmined on the basis of flow pathways in a dilation jog 
shown in Figure 6.3 (Connolly and Cosgrove, 1999). Compare the flow pathways in this 
figure to those in Figure 6.3. In the intra-jog, fluid will primarily accumulate in the 
central high fluid pressure zone, between Lower Closure (LC) and Upper Closure (UC). 
If this central zone cannot efficiently trap fluids then most of the fluid will escape 
intern ittently. This explains why at location Y' (in Figure 6.1 and Figure 6.2) might show 
anomalous e9richment of helium and higher molecular weight alkanes.
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these closures is a zone of high stress (center of the intra-jog region and marked as intra

jog in Figure 6.3). If favorable traps exist in this zone, fluids might accumulate in these 

locations. On the contrary, if  there is no suitable trap (e.g. high fault permeability), then 

considerable amount of fluid, which is focused from the surrounding zones, will 

eventually pass through the central zone.

A high fault density at the depth of the mapped Kuparuk faults is also present beneath 

the central intra-jog zone in Figure 6.4. This high fault density region is probably an open 

fluid migration pathway. The zone accumulates hydrocarbons and intermittently passes 

them through. Occurrence of multiple higher molecular weight alkane and helium 

anomalies on the surface at Y' (in Figure 6.1 and Figure 6.2) also suggests that this region 

has allowed fluid to flow to the surface.

6.2 Geostatistical correlation between faults and surface anomalies

Another way of answering whether the faults and the geochemical anomalies are 

correlated is to generate contoured concentration maps of the alkanes and helium and 

study them with reference to the fault maps. The geostatistical approach of contouring the 

data is known as kriging (Isaaks and Srivastava, 1989). The results of kriging may be 

unreliable unless a clearly identified semivariogram model is obtained. A lack of 

appropriate model semivariogram in all the cases of the alkanes and helium is the main 

constraint in kriging the data in this study. There are several other factors for which 

kriging is not viable and these are discussed below.

1. The general forms of the experimental semivariogram models are highly variable 

over the four primary azimuthal directions (0°, 45°, 90° and 135°) considered. A 

simplified structural pattern can be forced to fit all these four directions and as a 

result, it will grossly simplify the semivariogram surface and neglect the finer 

structural details that are present in individual orientations. In addition to that, the 

estimations reproduced by kriging will be distorted by the smoothing effect of 

kriging.



2. Several specific structural aspects also complicate a generalized semivariogram 

modeling. For example, there are dynamic fluctuations of the experimental 

semivariogram, which vary from a completely unbounded sill structure along the 

east-west direction to a bounded structure in the other directions (e.g. helium 

semivariogram). Thus, when modeling for the semivariogram surface, the effect 

of a bounded sill cannot be constrained to all the principal directions.

3. The effect of dampening in the “sinusoidal periodic function” is present in the 

east-west direction for some alkanes (e.g. propane, i-butane and pentane). 

Dampening is observed due to the super-imposition of multiple continuous 

structures. Dampening can be modeled by incorporating an exponential structure 

in the experimental model. However, absence of dampening in other directions 

makes it difficult to define an empirical semivariogram pattern.

4. The high sampling density in the northeast-southwest direction and the wide 

separation across the sample lines make for a less reliable theoretical 

semivariogram, because along the northeast direction the semivariogram is 

continuous, whereas orthogonal to that there is a lack of data continuity. This has 

resulted in large data gap in shorter lags for the alkanes and helium and hinders in 

estimating model semivariogram.

5. Variable nugget variance exists in the four principal azimuthal directions for the 

alkanes as well as helium. Generally, the nugget effect is high in the northeast- 

southwest semivariogram. High nugget effect within the smaller distances of 

neighboring samples suggests presence of micro-scale variations as well as 

measurement error. At the present state of the study, it is not possible to estimate 

the micro-scale variance as well as the measurement error, and hence the cause of 

a high nugget variance (particularly in the northeast-southwest direction) remains 

unresolved.

Despite these potential hindrances in effectively contouring the data, there is 

still some useful information that can be extracted from the geostatistical analysis 

which can help understand the spatial patterns of the alkanes and helium and their
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probable controls.

The semivariogram structures of helium and alkanes (C1 -  C5) reveal presence of 

periodic structure in the northwest-southeast and north-south directions. The presence of 

periodicity suggests that widely separated sample points are more correlatable even after 

reaching the sill (or the maximum variance). This periodicity can emerge in two ways.

1. A sequence of two well-differentiated hydrocarbon concentrations (e.g. the 

background concentration and the enriched anomalous concentration) which 

repeat in space can yield periodic semivariogram pattern. This is shown in 

Figure 6.5d. The semivariogram response of such signal will differ according to 

whether they are located within an enriched zone or over the background. A 

similar spatial pattern of ethane, propane, n-butane and pentane can explain the 

periodic semivariogram structure in the northwest-southeast direction. The 

anomalies appear at distinct locations defining the enrichment locations. These 

locations are also colinear when joined (X-X’-X’’, Y-Y’-Y’’ and Z-Z’-Z”) and 

follow northwest-southeast trend (Figure 5.14, Figure 5.15 and Figure 5.16).

Based on this spatial structure, it is likely that the northwest-southeast striking 

faults have some high fluid conduction zones, which display hydrocarbon and 

helium enrichments. This also suggests that the two fault systems are not 

transmissive along their entire length. Note that along the Eileen fault trend there 

are high fault density zones of Kuparuk fault (locations Y and Y' in Figure 6.1 

and Figure 6.2) which are likely to be suitable fluid transmission pathways.

2. The second possibility is a consequence of sampling artifact, which has produced 

an artificial pseudo-periodicity in the semivariogram structure. This is likely to be 

present if the sampling interval is not uniform over the study area. In this study, 

the sampling intervals along the north-south and the northwest-southeast 

directions have not remained the same. The separation between samples in the 

central and western line is approximately 5 km (measured along north-south) and 

the separation is 7.25 km between the central and eastern line measured along 

north-south. Moreover, the sampling frequency, is almost the same as the
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Figure 6.5: Semivariogram pattern of a periodic signal. (a) shows concentration Z(x) 
variations of two signals, the enriched and the background signals. Their semivariograms 
are shown in (c). The periodic signal in (b) is a synthesis of the enriched and the 
background signals. The semivariogram of the synthesized signal is shown in panel (d). 
The abscissa b 1 and b 2  of the oscillations can be related to the mean horizontal 
dimensions of the background and the enriched signals.
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periodicity in the semivariogram. For example, the semivariogram of ethane in 

the 0° and 135° directions appears at a lag of 8  km and the sample spacing 

between the central and the eastern lines measured along north-south is 7.25 km 

and along 135° direction it is 8.5 km. Similar arguments hold true for propane, n- 

butane, i-butane and pentane.

The present data on the faults and the spatial patterns of the anomalies favor the fact 

that the northwest-southeast trending Sagavanirktok faults and Kuparuk high fault density 

zones located above the Eileen fault have possible links to multiple hydrocarbon and 

helium anomalies on the surface. This connection seems to be controlled by the 

underlying open fault patterns yielding fault assisted fluid transmissibility. There are 

other regional anomaly patterns away from the Eileen fault, but there is not enough 

evidence to support a spatially discontinuous hydrocarbon migration model along linear 

geometries presumably defined by the faults.

6.3 Sources of surface hydrocarbon gas

CH4  stable isotope data from 1992 winter soil gas from the Western Prudhoe Bay 

region is clustered into three regions in the genetic isotope classification diagram
13(5 CC H 4  versus SDCH4, Figure 5.20). The three potential CH4  production mechanisms 

along with the sample numbers which fall in each category are: (1) Bacterial methyl type 

fermentation (KP92-M1-2), (2) Bacterial CO2  reduction (KP92-WK-2, KP92-M3-3, 

KP92-M4-4, KP92-M3-1, KP92-M3-2, and KP92-M4-6) and (3) Thermogenic CH4 

(KP92-M4-8 and KP92-M4-1).

The bulk of the soil gas samples for which stable isotope data are available suggest 

that CO2 reduction is the dominant mechanism for CH4  production in the soil. Carbon 

stable isotope data from an exploration well (Kuparuk 2D-15) corroborates this
13observation. KRU 2D-15 has thermogenic gas (5 CC H 4  ranging between -32 and -50%o) 

at a greater depth (400 - 1000 m), whereas in the shallow permafrost domain (depth <
13325 m) CH4  is isotopically light (5 C in varies between -  62 and -70% ) and co-exists 

with slightly heavier CO2 and suggests a moderate CO2 -CH4  fractionation (aC ~ 1.05).
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Based on this evidence as well as the stable isotopes of CH4 from 1992 soil hydrocarbon 

data, methanogenesis via bacterial CO2  reduction is a dominant process in the shallow 

stratigraphic horizons and in the soil.

Apart from these two biogenic sources of CH4, a third type, thermogenic CH4, also 

appears in soil gas. The shallow stratigraphic horizon is immature (R0 < 0.6%) and has 

never experienced temperatures in the thermogenic window, so, it is not likely to produce 

thermogenic CH4 and thus the thermogenic gas within shallow depth (~1.5 m) suggests 

migrated gas (Collett et al., 1990). KP92-M4-1 and KP92-M4-8 are the two soil gas 

samples which suggest thermogenic gas based on their locations in the genetic stable
13isotope classification diagram (5 CC H 4  versus 5DCH4, Figure 5.20). Despite the fact that

13these two samples are considered to be thermogenic on the 5 CC H 4  versus 5DC H 4  

diagram, they have very high Bernard ratio (> 1000) which is characteristic of biogenic 

gas. The gas in the samples KP92-M4-1 and KP92-M4-8 can evolve as a result of 

thermocatalytic reactions and still show a very high Bernard ratio by a process called 

molecular stripping during migration. Molecular stripping preferentially removes the 

heavier alkanes C2 and C3 from the migrating gas charge. Molecular stripping can be 

seen as a geo-chromatographic fractionation effect where the movement of heavier 

alkanes is retarded as the gas charge migrates through the sediments. If stripping is a 

viable process, then the amount of migrated gas will follow the concentration as methane 

> ethane > propane > butane > pentane and thus in a Pixler diagram we will expect a 

positive slope for the ratios. KP92-M4-1 and KP92-M4-8 (Figure 5.19a) shows a flat to a 

very gentle positive slope and suggests that stripping could be a probable explanation. 

Stable isotope signatures of heavier alkanes would help confirm this hypothesis if  light 

isotopes, which migrate more readily, occur in the surface strata and heavier isotopes 

remained at depth.

6.4 Vertical hydrocarbon migration

The two exploration wells (KRU 2D-15 and PBU R-01) provide insight into the 

sources of hydrocarbon gases and their migration based on hydrocarbon composition and



distribution patterns. In both wells, high molecular weight alkanes (C2 and higher) show 

a drastic decrease in concentration within the top section (depth < 1650 m in the PBU R- 

01 and < 900 m in the KRU 2D-15) as compared to the deeper section. A major lithologic 

transition is also found to occur at a depth of 1700 m in the PBU R-01 and depth of 950 

m in KRU 2D-15. The change in lithology is marked by a transition from marine shale to 

a marine-non marine sandstone and conglomerate unit. This transition in lithology is 

strongly correlated with a very prominent concentration gradient in alkanes of C2 -  C4 

range. In order to display the change in concentration of the alkanes at the shale- 

sandstone boundary, I have normalized the individual alkane concentration to its average 

concentration in the (enriched) shale, and finally plotted the concentration depth profiles 

for all the hydrocarbons in log10 (Figure 6 . 6  for PBU R-01 and Figure 6.7 for KRU 2D- 

15). As a result of this normalization, the scale is exaggerated and the concentration 

patterns within the top sandstone became more prominent.

Again, based on the geochemical signature of the alkane in the two wells, I 

summarize the concentrations of the heavy hydrocarbons (C2 to C4) in the shale and the 

sandstone-conglomerate units for both the wells in Table 6.1 and Table 6.2. Figure 6 .6 , 

Figure 6.7 as well as the Tables 6.1 and 6.2 clearly define the difference in concentration 

in the two lithologic units and highlight the decrease in concentration in the top sandstone 

and conglomerate. Also note that the drop in concentration in the sandstone and 

conglomerate unit is not uniform for all alkanes, rather there is a pattern that follows the 

series ethane < propane < i-butane < n-butane. There appears to be two possible 

explanations for this type of variation in alkane concentration in these two units. The first 

possibility is that the organic matter in the two units might have generated different 

amounts of hydrocarbons and experienced different temperature conditions, e.g. shale is 

organically rich and might have experienced greater temperature such that it generated a 

greater amount of hydrocarbons. However, according to Collett et al. (1990), both wells 

revealed presence of immature sediments which never endured temperatures within the 

thermogenic window (Vitrinite Reflectance < 0.6%). Thus, the concentration variation of 

the alkanes can not be related to different amounts of hydrocarbon generation in the two
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Figure 6 .6 : Alkane concentration profiles normalized to mean concentration of alkanes in marine shale in the PBU-R01 well. 
(a) shows migration of C2 is more significant than C3 in the top non-marine sandstone & conglomerate unit. (b) shows a subtle 
difference in concentration of nC4 and C3 in the upper sandstone (average concentration C3 > average concentration nC4 in 
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Figure 6.7: Alkane concentration profiles normalized to mean concentration of alkanes in 
marine shale in the KRU 2D-15 well. Hydrocarbon concentrations in the top non-marine 
sandstone and conglomerate appear to follow a trend C5 -  C7 > C2 > C3 > i-C4 > n-C4.
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Table 6.1: Comparison of alkane concentrations in shale and sandstone units for 

PBU R-01 well

Compound Mean Mean Depletion ratio

concentration concentration (ppm) (conc. in the

(ppm) in the in the sandstone & marine shale/ conc.

marine shale conglomerate in sandstone &

(1765 -  3000 m) (0 -  1765 m) conglomerate)

Ethane (C2) 1954 49 40

Propane (C3) 2523 28.25 90

i-butane (i-C4) 726 7.9 91

n-butane (n-C4) 1680 5 336

Table 6.2: Comparison of alkane concentrations in shale and 

KRU 2D-15 well

sandstone units fo

Compound Mean

concentration (ppm) 

in the

marine shale 

(> 944 m)

Mean

concentration (ppm) 

in the sandstone & 

conglomerate 

(0 -  944 m)

Depletion ratio 

(conc. in the 

marine 

shale/conc. in 

sandstone & 

conglomerate)

Ethane (C2) 429 10.7 40

Propane (C3) 363 4.14 8 8

i-butane (i-C4) 224 2.5 90

n-butane (n-C4) 214 1.94 1 1 0
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units. Stable carbon isotope values of CH4  suggest that the marine shale unit contains 

thermogenic gas and the gas appears to have migrated from greater depth into the shale 

unit.

The regular pattern of hydrocarbon concentration variation with depth can also be 

explained in terms of migration of the hydrocarbons (via diffusive transport) along 

concentration gradients from shale to sandstone. Leythaeuser et al. (1982) stressed 

diffusion as a mechanism of transport. They found that the concentration of C2 to C7 

alkanes showed a large decrease across a siltstone (source) -  sandstone (reservoir) 

boundary for the C4 to C7 molecules but a relatively small decrease for C2 and C3. They 

attributed this to diffusive transport, which is faster for smaller molecules as diffusivity 

decreases exponentially with increasing molecular size. In absence of a true measure of 

diffusivity, (diffusive coefficient) hydrocarbon depletion ratio provides an alternative 

measure. The depletion ratio can be defined as a ratio between the two concentrations in 

the undepleted unit (shale) versus the depleted unit (sandstone-conglomerate). The higher 

the value of the depletion ratio, the lower the effective diffusion coefficient of the 

compound considered (Leythaeuser et al., 1980). The depletion ratio values for the two 

units are represented in Tables 6.1 and 6.2.

In both wells CH4  is migrating from shale to upper sandstone (Figure 5.23a and 

Figure 5.28a) and biogenic CH4  is also generated in the shallow sandstone horizons in the 

KRU 2D-15 well (513CC H 4  suggests depleted character, for depth < 400m, Figure 5.27). In 

both wells, C2 appears to be migrating from shale to sandstone and it is in greater 

abundance than C3, and C4 (compare panels b, c and d in Figure 5.23 and Figure 5.28). 

This is reflected by a large decrease in concentration of C3 and C4 (both normal and iso

butane) at the shale-sandstone boundary as compared to a small decrease in C2 

concentration (compare the order of C2, C3 and C4 depletion from Table 6.1 and Table

6.2 and normalized alkane concentration depth profiles in Figure 6 . 6  and Figure 6.7). C2 

being lighter and more diffusive was easily transported to the sandstone relative to C3 

and C4. Again, with methyl-branching, the depletion ratio decreases, for example, i-C4 

has a depletion ratio of 91, whereas, straight-chain butane (n-C4) has a depletion ratio of



142

336 in well PBU R-01. The branched-chain C4 (i-C4) is smaller than the straight-chain 

isomer (n-C4) and hence will be more diffusive in nature. The relationships among the 

patterns of change in concentration from the shale to the sandstone unit, vis-a-vis the size, 

type, and structure of the transported hydrocarbon molecules, are regular and hence, the 

diffusion-controlled transport mechanism can be seen as the migration process at the 

shale-sandstone boundary.

One more hydrocarbon pattern can be seen in well KRU 2D-15 (Figures 5.23f and 

Figure 6.5) and well PBU R-01 (Figure 6 .6 c). Starting from 400 m in the KRU 2D-15 

well, C5 and higher order alkanes show a pronounced enrichment in the direction of 

upward diffusive transport. The transportation of C5 to C7 compounds within the 

sandstone and conglomerate unit is much greater than C2 to C4 components and with 

increasing distance of diffusive transport, the aromatic rich compounds become 

progressively enriched. On the other hand, the upper unit in well PBU R-01 does not 

show an overwhelming enrichment of C5 to C7 compounds as seen in KRU 2D-15, but 

the C5 to C7 concentration is higher than C4 and comparable to C3 in the sandstone and 

conglomerate (Figure 6 .6 c). Thus with increasing molecular size and weight beyond C5- 

range hydrocarbons, there is a reversal in the trend of concentration which was 

established with the lighter hydrocarbon (C2 to C4). The reason why the heavier 

compounds (C5+) are in greater proportion in the sandstone can be explained by the 

presence of higher amounts of the aromatic fractions (benzene and toluene) within this 

group which are more water soluble as compared to the rest of the hydrocarbons 

discussed so far. Being more soluble, these compounds will be driven quickly through the 

shale and into the sandstone (Leythaeuser et al., 1982). These aromatics were once 

moving through the strata primarily by solution-controlled process, and when climate 

started to cool and the pore waters froze, their transportation rates drastically slowed 

down and these molecules froze within the pore spaces of the sediments.

Hydrocarbon concentration patterns within the marine shale (Canning Formation) and 

marine non-marine sandstone (Sagavanirktok Formation) are regular with respect to the 

molecular size, weight and structure. This suggests that the alkanes have mostly migrated
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into the sandstone unit via a diffusion-controlled process. C1 and C2 are the two alkanes, 

which are migrating, but, a significant amount of C1 is also generated in-situ. A 

significant fraction of C5 to C7 range hydrocarbon is also migrating from the shale to the 

sandstone-conglomerate. However, there are several other processes, which might also 

complicate this diffusion-controlled migration, e.g. adsorption on clay minerals, porosity, 

permeability, pore diameters, etc., but are beyond the scope of this study.

If diffusion explains much of the light hydrocarbon (C1 and C2) migration in the 

shallow stratigraphic horizon, can this mechanism be held responsible for the 

hydrocarbon anomalies seen on the surface? Diffusion is a slow process that requires 

millions of years to reach the surface (Kross and Leythaeuser, 1996) and it undoubtedly 

contributes to the pervasive microseepage out of petroleum basins (Leythaeuser et al., 

1982). Hence, diffusion can explain the broad and dispersive anomalies, but can’t explain 

occurrence of sharp, isolated hydrocarbon anomalies on the surface (Price, 1986).

For surface geochemical exploration, diffusive migration has an important 

implication. In diffusive migration there is a compositional fractionation of a 

hydrocarbon gas mixture, and the heavier and larger molecules migrate slowly whereas 

the lighter hydrocarbons are easily transported. However, the trend is believed to be 

different for aromatics of range C6  to C7. The typical migrated gas will then bear a gas 

with concentration of alkanes following as C1 > C2 > C3 > i-C4 > n-C4 > n-C5. The 

behavior of C6  (benzene) and C7 (toluene) aromatics is found to be reverse; despite being 

heavier they are more soluble and can migrate easily. Thus, the gas within the shallow 

startigraphy will primarily contain C1, C2 and trace amount of these heavier 

hydrocarbons.

From the two well records in this study, it is evident that being lighter, C1 and C2 are 

migrating from the shale to the upper sandstone unit. The fact that C5 to C7 compounds 

occur in higher concentration at a shallow depth in the KRU 2D-15 can serve as an 

excellent prospect tool for locating oil-bearing target, because these gaseous alkanes 

primarily evolve with oil during cracking of kerogen.
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The presence of permafrost complicates hydrocarbon migration. As the pore waters 

convert to ice in a permafrost regime, the migrating hydrocarbons get frozen. For 

example, under suitable pressure, temperature and salinity conditions, gas hydrates 

crystallized in the Arctic permafrost terrain. Ground ice and shallow gas hydrates create 

impermeable barriers to hydrocarbon migration to the surface. Thus, the process of active 

migration will be drastically slowed down in the presence of permafrost. Migration of 

higher molecular weight alkanes might have taken place when the climate was warmer, 

and once the climate cooled down, the diffusion of hydrocarbons reduced. After 

formation of permafrost significant amount hydrocarbon migration can place only 

through recently activated fault system and/or through taliks.

6.5 Subsurface sources of hydrocarbon gases

Figure 6 . 8  shows the three well logs in the present study (KRU 2D-15, 

NW Eileen ST-2 and PBU R-01). A major lithological transition occurs at the base of 

non-marine sandstone and conglomerate of the Sagavanirktok Formation, which is 

marked by a transition from marine shale at the bottom to non-marine arenaceous rocks at 

the top (Collett et al., 1990). The base of ice-bearing permafrost is represented by the 0°C 

isotherm obtained from the equilibrium well temperature. The only physical evidence of 

gas hydrate comes from the NW Eileen ST2 well. Gas hydrates are inferred to occur in 

the KRU 2D-15 well based on the well log response. The zone of gas hydrate stability is 

also marked in the section.
13The 5 CC H 4  versus 5DC H 4  diagram (Figure 5.27) reveals thermogenic CH4  is present 

at depths > 350 m in KRU 2D-15 well. Within the same depth range in the KRU 2D-15
13well, 5 Cco2 shows an average -21.7%o and standard deviation 1.9, which suggests that

13 13C o 2 is isotopically lighter and is thermogenic in origin. 5 1 3 CCH4  and 5 1 3 CCo2 profiles are 

strikingly parallel at depth > 350 m (Figure 5.27), indicating that migration of 

thermogenic CH4  and C o 2  has taken place within this depth range. o n  the contrary, at 

shallower depths (0 -  350 m) CH4 is isotopically lighter (-6 6 % ), CO2  is isotopically
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Figure 6 .8 : Section showing geochemical and geological data from the KRU 2D-15, NW Eileen ST-2 and PBU R-01 wells 
(adapted from Collett et al., 1990). Geochemical profiles include stable C isotope of CH4  (S1 3C) and the ratio of methane to 
ethane-plus-propane (Bernard ratio). There is no available geochemical data for NW Eileen ST-2. Both these parameters help 
in determining the presence of thermogenic, biogenic or mixed gas. The zone of mixed gases is marked with a green stripe. T = 
Thermogemic gas, Mic = Microbial gas. A major change in lithology is marked by the transition from marine shale to non
marine sandstone and conglomerate. Methane hydrate stability zone is shown and base of ice bearing permafrost is marked.
See Figure 3.3 for well locations.
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heavier (-16%) and aC for CO2  -  CH4 fractionation is 1.058. The stable isotope values of 

CH4 and C o 2 and the value of the C o 2  -  CH4 fractionation constant are consistent with 

methanogenesis by reduction of CO2  in an anaerobic environment. Thus, the geochemical 

signature of CH4  within the shallow stratigraphic horizon (0 to 350 m) and within the 

regime of ice bearing permafrost is strongly biogenic. Figure 5.25 shows that the two 

shallowest (140 m and 260 m depth) samples in well KRU 2D-15 are closer to the acetate 

fermentation field, rather than in the bacterial CO2 reduction. This is possibly due to the 

influence of fresh depleted meteoric water recharge into the shallow depths (through the 

cracks on the polygonal ground), such that the 5 DCH4  has a depleted character.
13The PBU R-01 well has heavier 5 CC H 4  stable isotope values from the bottom of the 

well to a depth of 128 m, indicating thermogenic origin (Figure 5.30). Vitrinite 

reflectance values suggest that the sediments hosting the thermogenic CH4  have not 

experienced temperatures within the thermogenic window and thus thermogenic gas 

within the sediments reflects its migration to the shallow stratigraphic horizon. PBU R-01
13is also located near the Prudhoe Bay gas cap (5 CC H 4  in Prudhoe Bay gas cap = -38%, 

Masterson, 2001) and thus the stable isotope signature of CH4 from the well strongly 

supports that thermogenic CH4 has migrated from the Prudhoe Bay gas pool to the 

shallow horizon. At depth < 128 m there is an abrupt increase in the Bernard ratio (from 

an average of 130 within the depth range of 128 -  3000 m to a value of 4165 within the 

top 128 -  75 m, Figure 5.29). In the shallowest section (< 75 m), the Bernard ratio shows 

an average value of 260. This abrupt increase in the Bernard ratio in the depth range of 

128 -  75 m suggests that there could be in-situ biogenic CH4 production. Based on the 

Bernard ratio, thermogenic gas predominantly occurs within the deeper stratigraphic 

section (> 128 m), whereas in the shallower section there is an abundance of in-situ 

biogenic CH4 . Hence, in the surface one can expect a mixed thermogenic and biogenic 

hydrocarbon gas signature if the gases migrated to the surface through faults.

A comparison of stable isotope compositions of CH4  reveals that thermogenic gas is 

predominant within the eastern part of the study area (PBU R-01 well), where there is no 

gas hydrate deposit, whereas within the western Prudhoe Bay region (KRU 2D-15 well)
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there is an increasing contribution of biogenic CH4  in the shallow surface as well as 

presence of gas hydrate. In addition, the West Sak reservoir gas in the western Prudhoe
13Bay region also shows presence of biodegraded gas. West Sak CH4 has 5 C value of -

1349%o and West Sak CO2 has a relatively heavy carbon isotopic composition (5 C = 

+13.8%o) with aC (C O 2  - cH4) = 1.067, which are characteristic of methanogenesis by CO2 

reduction (Masterson, 2001).

The KRU 2D-15 well reveals complex down-hole stable isotope variations of CH4 

and CO2 (Figure 5.27). A remarkable transition in the stable isotope of CH4  and CO2 

takes place within the inferred gas hydrate zone. The gas hydrate stores mixed 

thermogenic and biogenic gas. Above the inferred gas hydrate, CH4  has become 

progressively lighter while CO2  has become slightly heavier. This pattern reflects the 

increasing contribution from biogenic CH4  in shallower depth.

The biogenic CH4 could have come from different sources; in-situ biogenic CH4 

production by microbes prior to the formation of permafrost, or biodegradation of higher 

molecular weight alkanes, which migrated to the shallower depths or, a combination of 

both. Biodegradation involves a complex suite of processes -  (a) fermentation of 

thermogenic alkanes, (b) acetate fermentation, and (c) bacterial CO2  reduction. These 

reactions mostly take place at the water-hydrocarbon contact, where dissolved 

hydrocarbon compounds in the aqueous phase are metabolized by a consortium of 

microorganisms that produce CO2 and CH4  as terminal species.

The fact that there is no evidence of thermogenic CH4  in the shallower horizons of the 

KRU 2D-15 well could be due to their being trapped within the gas hydrates and only 

trace amounts of thermogenic CH4 migrating to the shallow surface and getting mixed 

with a potentially large biogenic component. CH4  in the shallow horizon (depth < 350 m) 

is a consequence of methanogenic archea acting on the substrate (CO2 ) preferably in 

warmer conditions (when the permafrost thawed in the past, as it went through cycles of 

cooling and thawing). The substrate was possibly composed of fresh organic matter 

deposited in the fluvial or lacustrine sediments (e.g. fermented products of protein, lipid 

and carbohydrate that originated from vegetation), and probably some amount of
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biodegraded thermogenic alkanes. The probable reaction mechanism and associated aC 

are shown in Figure 6.9. Subsequent re-freezing permafrost might have sequestered this 

CH4 in place. Significant carbon isotope fractionation would have taken place at lower 

temperatures with slower reactions rates during the cooling episodes. The slower the 

CH4-forming process, the greater is the isotope fractionation (Zyakun, 1996). Hence, CH4 

became progressively lighter with fractionation methanogenesis.



Biogenic
Figure 6.9: Methane producing mechanisms from various precursors. The diagram shows the different mechanisms leading to 
product methane from thermogenic higher molecular weight alkanes as well as plant organic matter. The two primary biogenic 
pathways are acetate fermentation and bacterial CO2  reduction. a  is the fractionation factor for each reaction. Methane locked 
up within the permafrost might have come from a combination of all or some of these processes. The stable isotope 
composition of methane will depend upon the precursors, a  (CO2 -CH4 fractionation constant) and finally the degree of mixing 
between different components.
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Chapter 7: Conclusions

The first hypothesis tested in this study was that the Eileen fault contains leaky and 

open faults, which facilitate hydrocarbon migration. The results in this study support this 

hypothesis and bear strong evidence that, at least in some places, the main Eileen fault 

and associated shallow faults are leaky. For example, the high-density Kuparuk fault zone 

and the shallow Sagavanirktok faults (at 457 m depth) facilitate hydrocarbon migration. 

The Sagavanirktok fault is shown to have dilation jog structure in a strike-slip fault, 

which favors fluid through-flow in certain regions. The through-flow region also 

coincides with the high-density Kuparuk fault zone at depth and serves as preferential 

fluid flow pathway.

The second hypothesis tested in this study is that thermogenic hydrocarbons can seep 

through to the surface via unfrozen regions (taliks) associated with lakes in the study 

area. The stable isotopes of CH4 from three seeps on three separate lakes revealed 

biogenic CH4  in the bubbles, produced by acetate fermentation. Gas from two separate 

seeps on one lake in the study area (Milne Point, E pad lake) showed the presence of 

primordial CH4. Based on the present scanty data set on the lake gas, there is not enough 

evidence to reject the hypothesis. It is thus recommended to collect more lake gas 

samples to advance this study.

The surface anomaly patterns as well as the hydrocarbon profiles provide valuable 

insights into gas migration mechanisms. The hydrocarbon profiles in the two exploration 

wells showed that there is a strong control of lithology in the hydrocarbon distribution 

pattern. The transition between the underlying marine shale and the overlying marine- 

nonmarine sandstone and conglomerate marks a sharp change in hydrocarbon 

concentration. The higher molecular weight (C2 to C4) alkanes are stripped off by the 

shale unit, so that they appear in low concentration within the overlying sandstone and 

conglomerate. Within the top sandstone and conglomerate, the relative concentration 

difference in the C2 to C4-range alkanes suggests that the hydrocarbon migration 

mechanism is primarily diffusion-controlled from shale to the sandstone. On the contrary,
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distribution of higher molecular weight alkanes (C5 to C7) is very high compared to the 

C2 to C4 alkane concentrations in the sandstone-shale. This is primarily due to the higher 

solubility of aromatics (C6  and C7) in the C5-C7 series.

Diffusion is a process by which hydrocarbons can migrate from the reservoir to the 

surface. Diffusion can only explain the presence of broad dispersive anomalies on the 

surface. Geochemical data from the two wells support the fact that shallow surface 

hydrocarbon migration is possible in this region (primarily by diffusion), but it cannot 

explain the occurrence of isolated anomaly spikes on the surface. For the latter, I support 

a fault-induced hydrocarbon migration process, which is also known as the effusive 

transportation of hydrocarbons. The proposed fluid flow model, which is an adapted 

version from Connolly and Cosgrove (1999), explains the anomalies along the Eileen 

fault. Most of these anomalies exist above fluid through-flow zones.

The efficient migration of the aromatics in the C5 to C7 series is attributed to their 

higher solubility in water such that they can be transported easily to the surface. 

However, my work suggests that as the permafrost regime set in and the pore water froze, 

the migration was severely slowed down or even halted. Therefore, the thermogenic 

hydrocarbon signatures in the near surface sediments are essentially locked-up records of 

paleo-migration.

Stable isotope variation of CH4  and CO2 in the well KRU 2d-15 as well as the stable 

isotopes of CH4 in the shallow permafrost cores (1992 winter) suggest that CH4 is 

primarily biogenic in the shallow surface (235 -  2 m). CH4 from shallow permafrost 

cores and from the shallow depth in well KRU 2D-15 is inferred to be in situ microbial 

CH4 production, chiefly by bacterial CO2 reduction (during several freeze-thaw cycles). 

However, below and within the gas hydrate horizon in well KRU 2D-15, CH4  is primarily 

thermogenic in nature. The fact that there is no thermogenic CH4 in the shallow surface 

of this location may suggest that most of the thermogenic CH4  was trapped in the gas 

hydrate and by geologic cap rock (marine shale), or very trace amounts migrated to the 

surface. On the contrary, well PBU R-01 shows presence of thermogenic CH4 within the 

shallow horizon (depth < 650 m) and absence of gas hydrate. The distribution of gas
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hydrate in this region, which stores mixed thermogenic and biogenic gas, seems to have 

played a role in controlling the surface manifestations of thermogenic CH4.

Most of the thermogenic gas migrated into the shallow surface prior to the 

emplacement of gas hydrates (for example sites KP92-M4-8 and KP92-M4-1). Ice-rich 

permafrost can also trap thermogenic gas and prevent it from diffusing into the 

atmosphere. The biogenic gas within the permafrost chiefly originated via bacterial CO2 

reduction. With the declining temperature, the CO2 -CH4 fractionation increased and 

produced heavier carbon isotope in CH4 .

The presence of biodegraded gas and in-situ biogenic CH4  in the surface soil is a 

common phenomenon in this region. In the western Prudhoe Bay region, the shallow 

West Sak hydrocarbon pool (1371 m) shows evidence of biodegradation. West Sak CH4 

is biogenic and originated by bacterial CO2  reduction. The presence of biodegraded 

hydrocarbon is a potential drawback to any exploration as the hydrocarbon reserves in the 

underlying region will be uneconomic. However, if  higher molecular weight alkanes 

appear frequently over a region bearing a biodegraded hydrocarbon reservoir, then this 

might indicate presence of non-biodegraded hydrocarbon pools, which are economic. In 

this regard, shallow surface geochemical prospecting serves as an effective tool in 

narrowing the exploration program to the most prospective regions.

Recommendations:

The sample spacing for this survey posed some limitations to analyzing the 

relationship between faults and gas geochemical anomalies. At the present level of 

sample density, it could not be resolved whether the anomalies continue along the 

northwest-southeast faults, or whether they are isolated spotty along the faults. Sample 

spacing should be systematic according to a grid pattern in order to be more useful for 

geostatistical analysis. The geostatistical semivariogram itself provides a basic tool for 

sample control, in that average sample spacing should be between three and five times 

less than the measured range of influence obtained from semi-variogram analysis 

(Houlding, 2000). The higher molecular weight alkanes (C2 -  C5) reveal short range 

(approximately 2 km) in the northwest-southeast direction. To obtain a meaningful
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measure of spatial variability, the sampling interval is recommended to be at least 400 m 

on the grid.

I also recommend collecting soil and vegetation samples from the anomalous 

hydrocarbon enrichment locations for spectral analysis. This will help in understanding 

the spectral characteristics of the vegetation and soil samples, which might show effects 

of stress or alteration of mineral composition due to anomalous hydrocarbon 

concentrations (Hong et al., 2000). If the spectral patterns pertaining to vegetation stress 

as well as soil alterations are very strong, then these signatures will be very useful for 

mapping them in images acquired by aerial- or space-based sensors. Hyperion or 

Hyperspectral Imager, which has a spectral resolution from 0.4 to 2.5 pm and spatial 

resolution of 30 m, is a good example of such space-based sensor. It can also cover wide 

areas of the ground (7.5 km by 100 km land area per image). This technique would be 

more cost-effective for locating anomalous hydrocarbon rich zones as compared to the 

labor-intensive and expensive field sampling of permafrost cores in a high-density grid.
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Appendix

Appendix 1: 2007 Lake gas data

Sample number CH4  (%) 513Cc H 4  (%o ) SDCC H 4  (%o)

WP1 80 -70.24 -360.00

WP2 80 -73.68 -357.95

E Pad 1 1 -7.79 -168.25

E Pad 2 1 -6.76 -214.30

V Pad 8 -68.65 -321.50


