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ABSTRACT 
Downhole well logs have been analysed for 220 exploration holes drilled 
between latitudes 60°N and 68°N and longitudes 112°W and 114°W. In each well 
evidence was sought for evidence of permafrost and/or gas hydrates. Maps and 
tables summarize the interpretation. 

RESUME 
Les diagraphies de 220 puits d'exploration situes entre 60° et 68° de latitude 
nord et entre 112° et 114° de longitude ouest ont ete analysees. Dans chaque 
puits des signes temoignant de la presence de pergelisol ou d'hydrates de gaz 
naturel, OU des deux, ont ete recherches. L'interpretation est resume SOUS 
formes de cartes et de tableaux. 
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1.0 INTRODUCTION 

In April 1984, Hardy Associates (1978) Ltd. was retained by 

Supply and Services Canada, on behalf of the Earth Physics 

Branch (Energy, Mines and Resources), to undertake a "Study of 

Well Logs in the Western Northwest Territories and Yukon to 

Outline Permafrost Thickness and/or Gas Hydrate Occurrence" 

Authorization to proceed with the study was received, under 

DSS Contract No 26SQ.23235-H-0615, dated April 13, 1984. 

1.1 SCOPE OF STUDY 

According tc the "Schedule of Wells, 1920-1979" I and 

supplements, in excess of 600 petroleum exploration wells have 

been completed in the western Northwest Territories and Yukon, 

since the first (Northwest Fort Norman No.l) was drilled in 

1921. A number of wells have been drilled through permafrost 

and the presence of natural gas hydrates may be inferred 

(based on superimposition of ground temperature profiles on 

methane stability curves) , at least locally. The overall 

objective of the assignment was to "examine well logs taken in 

the course of petroleum exploration for indications of the 

presence and thickness of permafrost and/or gas hydrate". 

The study area, shown on Figure 1, is located between 

latitudes 60°N and 68°N and longitudes 112°w and 141°w. For 

ease of discussion and presentation in the report, the area of 

i nterest has been subdivided into seven sections. As shown on 

Figure 1, each corresponds (excepting the 60°N to 62°N 

interval) to one degree of latitude. 

- 1 -
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International Map of the World (1:1 million scale} map sheets 

have been used for presentation purposes (Appendix "B"}. In 

all, some 220 wells have been included in the study, each of 

which (with the exception of a number at Norman Wells) had 

"off-confidential" status as of December 31, 1983. A listing 

is presented on Table 1. Section 1.3 provides details of the 

well selection criteria. 

It is intended that the results of the study should complement 

data obtained to date by the Earth Physics Branch, with 

respect to permafrost thickness and distribution and the 

occurence of hydrate-prone areas. The study also forms a 

continuation of previously-completed studies, concerned with 

permafrost distribution and gas hydrate occurrence in the 

Arctic Islantjs (Hardy Associates, 1984) and Mackenzie Del ta

Beaufort Sea area (D&S Petroleum Consultants, 1983). 

1. 2 TERMS OF REFERENCE 

Detailed terms of reference were established in the request 

for proposal and in our proposal _dated March, 1984, as 

follows: 

i) Examine downhole logs of all exploratory wells in the 

area, both on and offshore, that have passed the 

confidential period, to a depth of 2000 m, and note the 

presence of frozen horizons. 

ii} Review reports on similar studies and survey relevant 

literature to evaluate past practice and apply the best 

of currently accepted criteria to all available logs on 

each well. The major logs to be consulted are crystal 

- 3 -
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cable, sonic, resistivity, induction, self-potential 

and caliper logs. 

iii) Produce a brief report, outlining the techniques used 

to define permafrost and hydrates, supporting the 

•picks" and their reliability and reviewing the results 

obtained through concise tables and maps. 

1. 3 METHODOLOGY 

1. 3.1 

The assignment was carried out in four main stages. 

Review of Existing Information and 
Previously Developed Evaluation Criteria 

Firstly, available sources of published and unpublished 
information, pertinent to the requirements of the study, were 
reviewed. ~eference was made to three main types of data 
source: 

i ) Earth Physics Branch (E.P.B.) publications, concerning 

the distributions of ground temperatures, permafrost 

and hydrate-prone areas. 

i i ) Published interpretations of permafrost and hydrate 

occurrence, based on downhole well logs, and those 

released by the operators. 

ii i ) Published interpretations for other areas, primarily 

the Mackenzie Delta-Beaufort Sea area, Arctic Islands, 

and Alaska. 

Emphasis was placed throughout on gaining an overall 

impression of permafrost and hydrate distribution in the 

- 5 -
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western Northwest Territories and Yukon. As detailed in 

Sections 3.1 and 4.1, existing site-specific data are sparse. 

In addition to the literature review, the initial phase also 

included a review of diagnostic criteria previously developed 

(during the Arctic Islands assignment) for identifying 

permafrost thickness and hydrate occurence using downhole 

petrophysical logs. As previously, procedures and criteria 

were refined and improved as the initial stages of log 

interpretation proceeded. 

Selection of Wells for Detailed Interpretation 

In the order of 640-650 exploratory wells have been drilled to 

date within the study area. However, reference to the 

Permafrost Map of Canada (Brown, 1967) and a review of EPB 

ground temperature profiles (relative to the stability curve 

for methane hydrate), suggests that many of those within the 

southern part may not have penetrated either permafrost (which 

was either absent, too shallow to be noted on logs, or 

(possibly) relict) or hydrates (geothermal gradients appear to 

be too high in most EPB instrumented wells). 

The second project task comprised selection of wells for 

detailed interpretation. Main selection criteria adopted 

were: 

i) Known permafrost distribution (bearing in mind historic 

permafrost boundary changes and the potential for 

relict permafrost) 

- 6 -
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ii) Projected distribution of gas hydrates (EPB temperature 

data suggested hydrates might be confined to thick 

permafrost areas in the north and away from the 

Mackenzie River) 

iii) Well log availability (in general, wells for which logs 

were readily available from Riley's Datashare we~e 

favoured). 

Final selection was made by reference to the "Schedule of 

Wells". 

Petrophysical Log Interpretation 

Log interpretation was carried out for the wells in each one 

degree latitude interval, in order from north to south through 

the study area. Within each interval, the procedure was as 

follows: 

Logs of wells for which interpretations of permafrost and/or 

hydrate occurence have already been published, or released by 

the operators, were firstly examined. Of this group, data on 

the wells for which precise temperature surveys are available 

(carried out either by the Earth Physics Branch (E.P.B.)) were 

reviewed initially, and then those for which industry temper

ature survey data are available. In both cases, all available 

logs were examined, so as to provide either support for the 

published interpretation or, if necessary, a revised or . 

alternative interpretation. Finally, the logs of wells for 

which existing interpretations are not available were 

examined. Using the diagnostic criteria developed, permafrost 

thickness and/or hydrate occurence were "picked". Wherever 

- 7 -



1. 3. 4 

HARDY ASSOCIATES (1978) LTD. 
CONSUL TING ENGINEERING & PROFESSIONAL SERVICES 

possible, wells with existing temperature data were examined 

first. 

Report Preparation 

Preparation and submission of this report constituted the 

final study task. It outlines the diagnostic logging criteria 

and presents the results of the investigation. 

1.4 PROJECT TEAM 

The assignment was carried out by Hardy Associates (1978) 

Ltd., Calgary, Alberta, with petrophysical logging expertise 

provided, on a sub-contract basis, by Petrophysical Consult

ants International Ltd. Key personnel were as follows. 

Mr . I. Jones, M.Sc., P.Geol., of Hardy Associates was project 

manager, responsible for overall supervision of the assign

ment, review of existing literature, well selection and final 

report preparation. 

Mr. G.E. Dawson-Grove, P.Eng., P.Geol., of Petrophysical 

Consultants International, reviewed the diagnostic criteria 

and carried out the petrophysical log interpretation. 

Mr. N. Mosley, M.Sc., P.Geol., of Hardy Associates had the 

day-to-day responsibility for study organization, and provided 

input to well selection and final report preparation. 

Dr . J.F. Nixon, P.Eng., of Hardy Associates, was project 

director and provided an internal review. 
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1. 5 ACKNOWLEDGEMENTS 

Wel l logs were obtained on a commercial basis from Inter

national Petrodata Inc. of Calgary. The •blown-down• copies 

o f well logs, for the side-by-side presentations, were 

p r ovided by Riley's Datashare I nternational Ltd., also of 

Calgary . 

2 . 0 DIAGNOSTIC CRITERIA 

2.1 

2. l. l 

This section describes the criteria adopted to determine 

permafrost thickness and the occurence of natural gas 

hydrates. Following a review of pertinent definitions and 

concepts, petrophysical and other loq response to the 

occurence of permafrost and hydrates is outlined, based on 

theoretical considerations and a review of the literature. 

With this basis, Sections 2 . 4 and 2.5 detail the diagnostic 

techniques developed, and improved upon, in this study and the 

previously-completed Arctic Island project, to determine 

permafrost thicknesses and natural gas hydrate occurence. A 

brief summary is presented in Section 2.6. 

DEFINITIONS AND Q)NCEPTS 

Permafrost 

Permafrost, or perennially frozen ground, is the thermal 

condition that exists when the ground (whether rock or 

unconsolidated material) r emains at a temperature below o0 c 

for two or more years. 

- 9 -



,,,-------~ 
' 

' \ HARDY ASSOCIATES (1978) LTD. 
' , 
' ' 

CONSU LTING ENGINEERING & PROFESSIONAL SERVICES 
I 

-~-

An important implication of this temperature-based definition 

is that it does not require the ground to be frozen. 

Materials a:>ntaining ice in the pore spaces and those that do 

not may, thus, both be considered as permafrost, provided the 

temperature a:>ndition (i.e. remaining at less than o0 c for a 

minimum of two years) is met. Since the application of 

petrophysical techniques in this study is dependent on the 

recognition of physical changes in log response due to the 

presence of ice, it is a:>nveni ent to separate the two 

conditions, as suggested by Osterkamp and Payne (1981). The 

former, therefore, is denoted as ice-bearing permafrost (IBPF) 

and the latter as permafrost per se (defined, as above, solely 

on the basis of temperature). 

The base of permafrost corresponds to the position of the o0 c 

ground temperature isotherm at depth: as such, permafrost 

thickness may be accurately delineated only on the basis of 

precise temperature surveys. On the other hand, the base of 

ice-bearing permafrost (IBPF), may be determined, as shown in 

this study, based on interpretation of petrophysical 

(downhole) well logs. These reflect the physical changes that 

occur in response to the phase change from pore water to ice. 

The bases of permafrost and ice-bearing permafrost rarely, if 

ever, correspond, since there is generally a marked difference 

in temperature at the two depths. This temperature differ-

ence, termed the freezing point depression (FPD), is a 

function of pressure, chemical and soil particle effects 

(Osterkamp , and Payne, 1981). D&S Petrophysical Consultants 

(1983) suggest FPD may range from about l.28°c in coarse 

grained sands to as much as 8. 24°c in shales. The impact of 

FPD may be illustrated by an example. Thus, assuming an 
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average geothermal gradient of 30°c/km and the above FPD 

values, the base of IBPF can be shown to vary from about 43 m 

above the o0 c isotherm in clean (i.e. non-shaly) sands to over 

275 m above the isotherm in shales. An implication is that 

the lowest ~ice" indications, picked from the electrical logs, 

in any well may actually be the lowest levels of gas hydrate 

occurence. In this case, the base of permafrost could be at 

an appreciably higher level. 

Most well logs also exhibit a transition zone below the IBPF 

base, within which the resistivity and sonic travel times 

gradually change. The results of this study indicate the 

thickness of the transition zone may range from about 10 m to 

greater than 100 m. Likely, this is again a function, at 

least in part, of lithology (i.e. proportion of shale). 

Thermodynamically, however, ice and water will co-exist in 

f ine pore spaces, so that the transition zone likely also 

represents the increasing unfrozen water content as the 

melting point is approached (Desai and Moore, 1968). 

Natural Gas Hydrate 

Natural gas hydrates, or clathrates, are solid, ice-like, 

mixtures of natural gas and water which, under pressure, can 

form at temperatures considerably above the freezing point of 

water. 

The hydrate structure consists of a latticework of water 

molecules held together by hydrogen bonds, with the gas 

molecules filling the voids. According to Davidson et al 

(1978), gas hydrates may be of two main types: Structure I 

formed by "small" gas molecules, such as methane and ethane, 
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and Structure II containing larger molecules, such as propane 

and isobutane. 

A typical phase diagram for the methane-water system is 

presented on Figure 2. As sh:>wn by Judge (1982) and others, 

superimposition of a measured ground temperature profile on to 

this type of diagram, can provide an appreciation of whether 

or not the area is hydrate-prone and, if so, the likely 

thickness of the hydrate-bearing i nterval. 

2.2 PETROPHYSICAL LOG RESPCNSE 

2.2.l 

Up to four individual logs (run in varying combinations) are 

typically available for wells drilled within the Western 

Northwest Territories and Yukon. In most instances, the log 

exhibits a characteristic response as the logging tool moves 

up-hole, from unfrozen material into ice-bearing permafrost 

and through zones that may or may not contain natural gas 

hydrates. 

The petrophysical response (or lack thereof) is categorized in 

the sections that follow, based both on theoretical 

considerations and actual experience. Reference is made also 

to the results of earlier studies reported in the literature. 

Features that are of particular value in delineating IBPF 

and/or hydrate zones are highlighted. 

Resistivity LogS (IES, EL, IND E, DILL, DISFL, ML-C, etc.) 

In general, frozen porous formations are oonsiderably more 

resistive than similar non-frozen materials so that an abrupt 

increase in resistivity can be expected at the base of IBPF. 
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As noted by Hnatiuk and Randall (1977), however, this may not 

always be the case, since the resistivity increase may be 

masked by the effects of thermal invasion around the well 

bore. Indications on the resistivity log (in combination with 

other features, such as drift in the spontaneous potential 

log) were used, in the majority of wells, as the primary 

indicator of the IBPF base. 

Resistivity logs, generally of the Electrical Log (EL), 

Induction Electrical (IND E) , Microlog (ML) , or Dual Induction 

Laterolog (DILL) types ar'e available for all wells considered 

(see individual Analysis Details, Appendix •A•). 

Sonic (Acoustic) LogS (BHCS, s, AC 

Based on laboratory studies, it is well documented that sonic 

(acoustic) velocities in porous formations are higher at low 

temperatures (i.e. when ice is present) than they are at 

higher temperatures. A distinct shift from low to high 

velocity oould be expected, on this basis, when passing 

up-hole into ice-bearing permafrost or through a hydrate zone 

(assuming a material of relatively uniform lithology and 

porosity). In practice, the opposite is frequently the case, 

since thermal invasion and thawing cause the borehole walls to 

crumble and wash out, in both permafrost and hydrate-bearing 

zones. The result is •cycle skipping" that gives rise to 

spuriously slow travel times which completely obscure the real 

(faster) values. 

•cycle skipping" may be put to use as a permafrost and 

(especially) hydrate indicator (Sections 2. 4 and 2. 5). It 

needs to be borne in mind, however, that other features (e.g. 
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high porosity sands, presence of gas, fracturing) can also 

give rise to very slow acoustic travel times and cycle 

skipping. It is preferable, for this reason, to use a number 

of logs in combination rather than a single log to pick IBPF 

and/or hydrates. 

Sonic logs are available for almost all the N.W.T.-Yukon 
wel ls. These are, in most instances, of the oorehole-

compensated type (BHCS); howeve r , acoustic (AC) and non

compensated sonic (S) logs have also been run in some wells. 

Spontaneous Potential Log (SP) 

The SP curve records the difference in potential between a 

moveable electrode in the well and a fixed surface electrode 
(Hnatiuk and Randall, 1977). Characteristically, it shows a 

negative drift while moving uphole through permafrost, the 

start of which can often be used to locate the IBPF base or to 

confirm the pick determined from analysis of the resistivity 

logs. In a number of wells, SP drift is also visible within a 

number of discrete zones down to considerable depth. Often, 

these •ice indications• seem to correspond to interpreted 

hydrate occurences (see Figure 28, Appendix •B"); however, 
this is not always apparently the case (see Figure 29) • 

It has been proposed that SP drift may be related to an 

increase in pore water salinity with depth (Desai and Moore, 

1968; Pollard and Nash, 1971); however, according to Hnatiuk 

and Randall (1977) , this is not proven. Collett (1983) 

suggests, further, that •there i s a relatively lower (less 

negative) spontaneous potential deflection in a hydrate zone 

when compared to that associated with free gas". 
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SP logs are available, generally in combination with the 

resistivity log, for almost all wells considered. 

Gamma Ray Log (GR) 

This log, generally run in conjunction with the sonic and 

caliper, measures the natural radiation of the formations 

surrounding the well bore. As might be expected, passing 

uphole into ice-bearing permafrost and/or through a hydrate 

zone has no direct influence on the GR log. However, the log 

is of value for determining the distribution of sand (as 

opposed to shale) horizons and, thus, potential hydrate

bearing zones. Non-correspondence of the GR and SP is often 

an indication of IBPF or hydrate intervals (see Section 2.6). 

Gamma ray logs are available for almost all the interpreted 

wel ls. 

Cali per Log ( C) 

Dr i lling through permafrost and/or hydrates, using convent

ional mud, leads to the creation of a zone of thermal 

invasion. In all but the most competent formations, develop

ment of an over gauge hole often results, due to thawing, 

caving and hydrate decomposition. Such effects may range in 

severity from a mild rugosity of the borehole wall to a gross 

washout. They are readily identified on the caliper log. 

Cal iper surveys, usually run in combination with the sonic and 

density/neutron logs, are available for almost all wells in 

the study area. 
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Formation Density Log (FD, FDEN), CD) 

A density difference exists between ice and water and also, 

probably, between gas hydrate and ice. Since the water, ice 

and/or hydrate components of any rock occupy only the pore 

spaces, the ability of the density log to distinguish between 

fluids or other substances within naturally occurring rock 

masses is significantly reduced. As a result, differences in 

density are likely too small to be recognizable directly. 

Thawing of permafrost and decomposition of hydrates ( due to 

an increase of temperature or decrease in pressure beyond 

cr i tical levels) may, however, result in crumbling or even 

gross washout of the borehole walls. Since the density log is 

sensitive to hole irregularities (it becomes distorted to the 

po i nt of being useless in a washed-out hole), it can 

indirectly indicate the presence of IBPF and/or hydrates. It 

may be noted, however, that in reacting in this manner, the 

density log is actually providing no more information than the 

caliper. Furthermore, hole rugosi ty (and washouts) can be 

caused by a variety of factors other than thawing permafrost 

and/or decomposing gas hydrates. 

Density logs are available for the majority of NWT-YT wells. 

They are run singly (FDEN) or with the compensated neutron 

(FD, CD). 

Neutron Logs (CN, SNP, GRN) 

The neutron log responds to hydrogen ion concentration, small 

differences in which may exist between rock containing water, 

ice and gas hydrates. Such differences are very small, 
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however, so that although theoretically possible (Collett, 

1983) , it is Wllikely the neutron log can be used in practice 

to distinguish between permafrost, unfrozen materials and gas 
hydrate-bearing rock, directly. 

Like the density log, however, modern (pad-type) neutron tools 

are sensitive to hole washout. Thus, both •sidewall neutron" 

(especially) and the •compensated neutron• logs may indicate 

permafrost and gas hydrate occurence indirectly, by reacting 

to hole rugosity or washout. Non pad-type neutron tools, on 

the other hand, are relatively insensitive to hole conditions 

and will contribute little or nothing to recognition of 

permafrost and hydrates. 

All neutron logs are very sensitive to the presence of shale. 

As a result, even under perfect hole conditions, variations in 

the shale content of sands will likely mask any effects due to 

small variations in hydrogen ion content (associated with 

permafrost, unfrozen water bearing rock and gas hydrate 

bearing rock). 

Neutron logs are available for most of the wells considered. 

The •sidewall neutron porosity• (SNP) is predominant; however, 
•compensated neutron" (CN) logs, as well as the old standard 

gamma ray neutron (GRN) • 

Temperature Log (TEMP) 

Temperature surveys (run using a downhole tool, rather than a 

precise thermistor probe) are available for a number of wells. 

As described by Pollard and Nash (1971), the base of ice

bearing permafrost is generally indicated by a •plateau-like" 
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feature; this is accompanied by a marked change in temperature 

gradient. The temperature log often provides confirmation of 

IBPF •picks• derived from other sources (e.g. resistivity 

logs). However, the gradient change may also drift uphole 

with time. 

2.3 Ol'HER DATA SOURCES 

2.3.1 

In addition to the petrophysical logs, mud gas logs, crystal 

cable data and detailed (E.P.B.) temperature surveys are also 

available for a very limited number of wells. Characteristics 

of these data sources are described below. 

Mud Gas Logs 

This log provides a continuous record of drilling mud gas 

returns and, according to Collett (1983), • ••• serves as the 

best tool available for the differentiation of a hydrate 

saturated unit from gas-free ice-bearing permafrostw. It was 

our experience, during the Arctic Island study, that mud gas 

log peaks do indeed give confirmation of hydrate •picksw 

derived from other sources (e.g. sonic logs). Some caution is 

necessary, however, since the logs may also exhibit relatively 

continuous gas shows related to water-bearing sands, that 

contain dissolved gas, or to continuing degradation of 

hydrates drilled through previously (i.e. higher in the well). 

According to the Schedule of ~ells, mud gas logs are available 

for only two wells. 

not reviewed. 

Due to constraints of time, these were 
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Crystal Cable Data 

Crystal cable (downhole seismic velocity) surveys were 
available for a very limited number of wells, according to the 
Schedule of Wells. As noted by Bnatiuk and Randall (1977) , 
"by recording seismic wave first arrival times to geophones 
suspended in the well from shot holes displaced horizontally 
from the well bore, a velocity plot which is not significantly 

i nfluenced by the zone of thermal invasion can be plotted". 
Walker and Stuart (1976) have described the successful use of 
this technique in the Mackenzie Delta area. 

In this study, crystal cable data were not reviewed due to 
constraints of time (the Schedule of Wells indicates data are 
available for only three wells). 

Detailed Temperature Surveys 

Precise temperature surveys, which provide the only conclusive 
means of determining depths to the a0 c isotherm (and, thus, 
permafrost thickness), are available for six NWT-YT wells. 
These data, collected by the Earth Physics Branch, EMR, form 
part of the Canadian Geothermal Data Collection - Northern 
Wells. Pertinent information is presented on Table 2; as 
described in Section 3.3 . 1, the E.P.B. data constitute a 
control on the results of the present study. In all 
instances, E.P.B. depths to the a0 c isotherm have been 
converted to depths below kelly bushing (K.B.). 

2.4 DETERMINATION OF PERMAFROST THICKNESS 

The base of permafrost (IBPF) was picked in four main steps: 
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i) Firstly, E.P.B. data on depth to the base of permafrost 
co0 c isotherm) were reviewed for the well, if 

available. 

of the 

The objective was to gain an appreciation 

likely frozen ground thickness to be 

anticipated. 

ii) Resistivity and spontaneous potential logs were then 

examined. Moving uphole, an attempt was made to 

identify a relatively abrupt increase in resistivity 

that was associated with a negative drift in SP. Once 

this had been done (resistivity increase - SP drift was 
used to pick the base of IBPF in the great majority of 

wells), the presence or absence of a transition zone 

below the IBPF base was determined. 

iii) After the likely bases of IBPF and the transition had 

been identified, (based on resistivity and SP), the 

other logs were reviewed to provide confirmation. As 

described in Section 2. 2, indications of IBPF include: 
hole washout, shown on the caliper (and often reflected 

in the neutron and density logs), non-correspondence 

between SP and gamma ray and cycle-skipping on the 

sonic. The selected IBPF and transition base depths 

were then confirmed or modified, as necessary. 

iv) Finally, a reliability factor was assigned to each 

pick, ranging from 1 (good) to 3/3- (poor/very poor) .• 

Interpreted IBPF and transition base depths are shown on the 
individual analysis detail sheets (Appendix •A•) and the side
by-side log presentations (Appendix •c•). The results are 
summarized on Table 2, and described in Section 3.0. 

- 21 -



HARDY ASSOCIATES (1978) LTD. 
CONSULTI NG ENGINEERING & PROFESSIONAL SERVICES 

2.5 IDENrIFICATION OF GAS HYDRATE OCCORENCE 

Hydrates form where gas is present and their occurrence 

follows the same rules as apply for any other hydrocarbon 

accumulation: a porous reservoir host rock and a trapping 

mechanism are both required. Hydrates occur preferentially in 

sand (or . occasionally silt) units, and are found either 

throughout or at the top of the unit (since gas gravitates 

upward). More is needed than merely high pressure and low 

temperature conditions for hydrates to be present: even if 

pressure/temperature conditions are favourable, hydrate may or 

may not be present, or extend to the limits of the theoretical 

hydrate envelope (Figure 2) • 

With these oonsiderations and the previously-described 

diagnostic criteria in mind, gas hydrate occurrence was 

interpreted as follows: 

i) By reference to the methane stability curve and using 

measured temperature (E.P.B.) data from the closest 

instrumented well, the likely presence or absence of 

hydrates (at the well or in the general area) was 

determined. If the likely presence of hydrates was 

indicated, the approxi mate limits of the hydrate-prone 

zone was also noted. These data were used as primary 

indicators for the interpretation: in practice, logs 

for all wells were reviewed, whether or not the 

presence of hydrates was anticipated. 

ii) The occurence of likely hydrate-bearing intervals (i.e. 

sands) within the hydrate-prone zone was next 

determined, based on a review of the gamma ray log. 
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Low GR readings opposite shales, due to grossly 

washed-out hole, were •screened out• by reference to 

the caliper log. 

i ii 5 The likely presence of hydrates in the sands was then 

identified by reference to the other logs, as outlined 

in Section 2. 2. Indications include: non-correspond-

ence between SP and gamma ray, evidence of hole washout 

on the caliper and density or neutron (the density 

correction curve was often a good indicator), cycle 

skipping on the sonic log, •tracking• of the GR and 

sonic and •hour-glassing" of the caliper and sonic. 

i v) Finally, the hydrate "picks• were compared with peaks 

on the mud gas logs, where available. 

Results of the hydrate interpretation are shown on the 

individual analysis detail sheets (Appendix "A" ) and on the 

side-by-side presentations (Appendix •c•) . In each instance, 

the estimated reliability of the p i ck is indicated, ranging 

from good (1, •hydrate•) to fairly good (2, •7 hydrate•) to 

poor (3, •possible hydrate•) to very poor (3-). The results 

are summarized on Table 2, with respect to limits of the 

hydrate-prone zone and overall thickness. 

2.6 SUMMARY 

The diagnostic criteria developed in the preceeding sections 

may be summarized, in point form, as follows. 

- 23 -



2.6.1 

2.6.2 

HARDY ASSOCIATESCts78JLTD. 
CONSULTING ENGI NEERING & PROFESSIONAL SERVICES 

Indications of the Base of Ice-Bearing Permafrost 

In moving uphole, the following may be used, generally in 

combination, as indicators of the base of IBPF: 

i) a relatively abrupt increase in resistivity 

ii) a negative drift of the S.P. log 

iii) hole washout, shown by the caliper log 

i v) non-correspondence between the S.P. and gamma ray logs 
v) cycle skipping on the sonic log, due to hole washout. 

On most wells the presence of a transition zone, of variable 
thickness, below the IBPF base is also indicated. 

Gas Hydrate Indications 

When reviewing the petrophysical logs, the following were used 
to interpret occurences of natural gas hydrate: 

i) a low gamma ray reading, indicating sand: plus 

ii) cycle skipping on the sonic log 

i ii) non-correspondence between the S. P. and gamma ray logs 

iv) some degree of hole washout (on caliper) 

v) location in sand bodies (throughout or at top) 

vi) •tracking• of the GR and sonic logs and tendency for 
the caliper and sonic to •hour-glass• 

vii) peaks on the mud gas log, if available. 

It should be emphasized that, in both permafrost and gas 
hydrate delineation, all available log (and other) information 
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was reviewed before a preferred •pick" was selected. It may 

also be noted that the diagnostic criteria used in this study 

were developed for the Arctic Island wells and appear to be 

applicable to the wells reviewed in this study. They should 

be applicable, in theory, to permafrost/gas hydrate 

delineation in other areas; however, it has to be recognized 

that this may not necessarily be the case. 

3.0 PERMAFROST THICKNESSES, 
WESTERN NORTHWEST TERRITORIES AND YUKON 

3.1 EXISTING INFORMATION 

According to the Permafrost Map of Canada (Brown, 1967), the 

study area is located astride the boundary between continuous 

and discontinuous permafrost zones. As shown on Figure 3, 

frozen ground is relatively continuous north of 67°N, 

discontinuous yet widespread between 62°N and 67°N, and 

scattered south of 62°N. Existing site-specific data on 

permafrost thicknesses are limited, and generally from widely 

distributed sites (frequently in or close to the Mackenzie 

River valley) • 

The early, historical, literature on permafrost occure·nces 

within the area of interest has been reviewed by Judge (1973). 

The first, •scientific•, studies were those undertaken in the 

late 1940's by Hemstock, who measured ground temperature in 

three abandoned oil wells at Norman Wells. He showed that 

permafrost existed to depths of 43 m to 60 m, depending on 

distance from the Mackenzie River (Hemstock, 1949). 
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Since the early 1970's, more information has become available, 

primarily from instrumentation of a limited number of aband

oned hydrocarbon wells by the Earth Physics Branch. Data from 

a total of six wells in the study area (for which a reasonable 

suite of logs was obtainable) are now available (Table 2) • 

Estimated permafrost thicknesses (i.e. depths, below K.B., to 

the 0°C isotherm) range from 30 m + in Hume River D-53 to 

445 m in Tedji Lake K-24. Frozen ground is not present in the 

Providence A-47 well. 

Permafrost depth interpretations have also been published for 

a very limited number of wells by industry. 

Pollard and Nash (1971) is the main example. 

The work of 

Results of 

previous studies are sununarized, and compared with the 

findings of this investigation, in Section 3.3. 

3.2 RESULTS OF THIS STUDY 

3.2.1 

Interpreted depths to the base of IBPF are shown, in detail, 

on Maps 1 to 3 (Appendix •a•, Volume 2). Figure 4 provides a 

generalized approximation of IBPF depths and distribution; it 

is intended to provide an overall illustration only of trends 

in the results of the study. The data, presented with the 

related transition base depths on Table 2, are briefly 

discussed below. 

67°N - 68°N 

Ice-bearing permafrost is interpreted to depths ranging from 

110 m to 518 m in the northernmost section of the study area, 

with picks not possible in nine of the 25 wells (Table 2) • 

The thinnest IBPF is interpreted close to the Mackenzie River 
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3.2.3 
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CONSULTING ENGINEERING & PROFESSIONAL SERVICES 

while log tops are generally too deep to provide good data on 

conditions in the Eagle Plains area. Transition base depths 

range fran 189 to 631 m. In general, the reliability of the 

picks is rated only fair to poor. 

66°N - 67°N 

Interpreted permafrost conditions vary widely in wells that 

are located between 66°N and 67°N. As shown on Table 2 and 

Map 3, IBPF depths range fran 110 to 704 m, with corresponding 

transition base depth ranging fran 61 to 853 m (transitions 

wer e not logged in a nwnber of instances). Again, the overall 

reliability of IBPF and transition base picks is only fair to 

poor. 

Of some interest is the apparent occurence in a number of 

wells (primarily in the vicinity of the Peel River, in the 

unglaciated part of the Yukon) of •ice• indications (on the SP 

log) down to considerable depth. In sane instances, the •ice• 

apparently corresponds to hydrate interpreted on the sonic 

log, in others it does not. The Analysis Detail sheets and 

side-by-side log presentations provide details. 

65°N - 66°N 

I n all, logs for some 72 wells were interpreted within this 

section of the study area; of these, 32 are within the 

i nunediate Norman Wells area. 

For the latitude interval as a whole, IBPF and transition base 

depths range from 155 to 640 m and 216 to 893 m, respectively 

(Table 2). As a generalization, the thick permafrost depths 
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HARDY ASSOCIATaSC1978lLTD. 
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are interpreted in the Yukon (Figure 4). Permafrost picks are 

generally assigned a fair to poor reliability rating. 

Ice-bearing permafrost is consistently picked (though with 

relatively low reliability) at depths in the 225 to 475 m 

range in the Norman Wells area (Wells 75-107, Table 2). 

Transitions extending to depths of 312 to 545 m are 

interpreted (again relatively consistently). In light of 

existing knowledge (E.P.B. and other sources) of permafrost 

depths and distribution at this location, however, it is our 

view that these interpretations are somewhat suspect (see 

Section 3. 3). This is confirmed, to an extent, by the poor 

reliability ratings assigned to the majority of picks (see 

Analysis Details). 

64°N - 65°N 

Logs for some 19 wells between latitudes 64°N and 65°N were 

reviewed, and IBPF depths ranging to 418 m (transition to 

463 m) interpreted (Table 2) • In the case of seven wells, 

permafrost is interpreted to be above the resistivity log tops 

(i . e. less than 129 to 312 m). 

63°N - 64°N 

In the 12 wells within this part of the study area, IBPF is 

interpreted to depths ranging from 57 to 463 m (Table 2) • At 

five of the sites, picks could not be made. Transitions 

extending to depths of up to 543 m are interpreted; in three 

instances, no transition base could be picked. Generally, the 

reliability of the permafrost picks is rated as fairly poor 
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and, on the basis of existing knowledge of permafrost dis

tribution, is considered to be suspect. 

62°N - 63°N 

Logs for a total of 26 wells were reviwed. Interpreted IBPF 

and transition depths range from 13.3 to 338 m and 168 to 

426 m, respectively (Table 2). In general, the !BPF and 

transition base picks are assigned a relatively poor 

reliability rating. 

60°N - 62°N 

In seven of the 17 wells reviewed, permafrost picks could not 

be made (likely due to the absence of frozen ground) • Depths 

of !BPF and transition base ranging up to 338 and 457 m, 

respectively, were interpreted in the remaining wells. As a 

generalization, the reliability of most picks is poor to very 

poor and the thick permafrost interpretations may be suspect. 

3. 3 COMPARISON WITH PREVIOUS INTERPRETATIONS 

3.3.1 

A limited number of previously-published interpretations of 

permafrost conditions are available, in addition to the 

results of precise temperature surveys by the E.P.B. This 

section of the report compares pertinent previous results with 

the interpretations developed in this study. 

Earth Physics Branch 

Permafrost thickness determinations, based on precise ground 

temperature surveys, have been published relative to only six 

- 31 -
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wells for which adequate log coverage was available (logs were 

either not run or could not be located for the seven wells 

instrumented by the E.P.B. in the Norman Wells area). Results 

of the E.P.B. surveys and estimated frozen ground thic~nesses 

are contained in the Canadian Geothermal Data Collection -

Northern Wells (Taylor and Judge, 1971, 1974, 1975, 1976: 

Judge et al, 1979, 1981: Taylor et al, 1982). 

For pirposes of comparison, the E.P.B. permafrost depth 

estimates for all instrumented sites (whether reviewed in this 

study or not) provide a valuable gauge of the accuracy of the 

results presented here. 

suggests the following: 

A review of the two data sets 

i) For the wells that were interpreted in detail, 

reasonable agreement exists for the two northernmost 

(Tedji Lake and N. Cath.) and southernmost (Providence) 

wells. Correspondence is poor in the remaining three 

wells. 

ii) For wells in the general vicinity of other E.P.B. 

instrumented holes (for which logs were not available), 

the same relation seems to hold (i.e. good agreement in 

the north and south, relatively poor elsewhere). 

iii) Interpretations for Norman Wells sites are not entirely 

inconsistent with E.P.B. estimates: however, based on 

data presented by Judge (1973, 1975) , the interpreted 

IBPF depths appear to be overly deep. 
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In this pioneer study, Hemstock reported frozen ground 

thicknesses in three wells (Imp Canol lSX, 17X and 33X} 

ranging from 43 to 60 m. These results are in agreement with 

more recent ground temperature measurements at Norman Wells 

(Judge , 1973} • 

A wide, though apparently relatively consistent, discrepancy 

exists between the existing, petrophysically-based, 

interpretations shown on Table 2 (albeit of poor to very poor 

reliability) and those based on temperature surveys. The 

nature of the discrepancy is not presently entirely clear: 

however, it is our assessment that permafrost at Norman Wells 

may exist within •casing depth•, and that the picks are a 

reflection of some features(s) other than permafrost. 

Pollard and Nash (1971) 

These authors provide interpre~ations of permafrost conditions 

in three wells: E. Porcupine Y.T. I-13, N. Parkin Y.T. D-61 

and Cartridge F-72 (Pollard and Nash, 1971: Figures 15-17), 

based on petrophysical log criteria. As shown on Table 2, a 

good oorrelation exists for the E. Porcupine well. At the 

other two sites however, the permafrost frost depths inter

preted are considerably less than those published by Pollard 

and Nash. 

3.4 SUMMARY 

Depths to the base of IBPF have been interpreted for 172 of 

the 220 wells oonsidered in this study. Ice-bearing perma-
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frost is interpreted to range fran 61 m to over 600 m thick 

(Maps 1 to 3, Table 2). 

An attempt to contour the results, to provide an appreciation 

of overall trends within the data, is presented on Figure 4. 

In general, relatively thick IBPF is interpreted (300 m) in 

the northwestern section of the study area and the north of 

Great Bear Lake. Elsewhere, interpreted thicknesses are very 

variable, generally increasing away fran the Mackenzie valley 

and contouring was not practical. 

Agreement with previous interpretations and study results is 

variable. As a generalization, interpretations for wells in 

the northern and southerrunost sections of the study area 

compare reasonably well, while in the Norman Wells area and 

further south agreement appears to be only poor to very poor. 

4.0 GAS HYDRATE OCCURENCES, 
WESTERN NORTHWEST TERRITORIES AND YUKON 

4.1 EXISTING INFORMATION 

Natural gas hydrates were first documented in the Canadian 

Arctic by Bily and Dick (1974) , although their likely 

occurence had earlier been suggested by Pollard and Nash 

(1971). Aside fran describing their presence in a number of 

Mackenzie Del ta wells, Bily and Dick also noted that 

temperature-pressure conditions favoured their occurence in 

parts of the Norman Wells oil reservoir. 

The available (very limited) published data have recently been 

reviewed by Davidson et al (1978) and Judge (1982) • Their 

- 34 -



HARDY ASSOCIATES (1978) LTD. 
CONSUL TI NG ENGINEERING & PROFESSIONAL SERVICES 

oonunon conclusion, based on reviewing known ground tempera

tures and geothermal gradients relative to hydrate stability 

curves, was that hydrates were likely absent from the 

Mackenzie Valley and Yukon. 

4.2 RESULTS OP THIS STUDY 

4.2.l 

4.2.2 

Objectives in the sections that follow are to describe the 

interpreted distribution of natural gas hydrates. Maximum 

encountered depths and thicknesses within each section of the 

study areas are summarized below. The basic data are 

presented in detail on the Analysis Details in Appendix •A•, 

summarized on Table 2 and plotted on Maps l to 3. Figure 5 

illustrates the overall distribution of interpreted hydrate 

occurences and non-occurences. 

67°N - 6B°N 

The presence of natural gas hydrates is interpreted within 

only 10 of the 25 wells reviewed in this northernmost section 

of the study area (Maps 2 and 3) • In the remaining wells, 

hydrates are interpreted to extend to depths of up to 1859 m, 

and occur within overall hydrate-bearing zones from 46 to 

1829 m thick (Table 2) • 

66°N - 67°N 

Hydrates are interpreted to. be somewhat more prevalent between 

latitudes 66°N and 67°N, occur ing in 39 of 49 wells (Maps 2 

and 3). As shown on Table 2, however, only hydrate traces and 

streaks are interpreted in a number of instances and the 

hydrate-bearing interval is very thin. Overall, hydrates are 
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interpreted f ran less than SO m to depths of as much as 2000 m 

+ (Table 2) • 

6S°N - 66°N 

Gas hydrates are interpreted in nearly all the Norman Wells 

area wells. They also apparently exist in many of the other 

wells within this latitude interval. 

At Norman Wells, thin hydrates are interpreted within two main 

zones: inunediately below casing and just above the oil 

reservoir horizon. Overall, the hydrate-bearing interval 

extends fran about 200 m to SOO m (Table 2) • 

Away from the vicinity of Norman Wells, hydrates are 

interpreted to depths of as much as 2000 m. Thicknesses of 

the interpreted hydrate-bearing intervals range up to over 

1600 m (Table 2) • 

64°N - 6S°N 

Within this latitude interval, natural gas hydrates are 

interpreted to exist in all 19 wells that were reviewed as 

part of this study (Table 2). Maximum interpreted depth of 

occurence and hydrate-bearing zone thickness are over 1600 m 

and lSOO m+, respectively. 

63°N - 64°N 

Hydrate oc:curence is interpreted to be extensive between 

latitudes 63° and 64°N (Table 2) • Over all hydrate-bearing 
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intervals up to 1600 m thick are interpreted in places, 

extending to depths in excess of 1900 m. 

62°N - 63°N 

As shown on Table 2, hydrates are interpreted to occur in most 

wells7 however, the hydrate picks are of poor quality. 

Hydrates apparently exist only as streaks and traces in a 

number of instances. Maximum interpreted depth of hydrate 

occurence is nearly 1200 m, with overall hydrate-bearing 

intervals of up to 1400 m thick. 

60°N - 62°N 

Between 60°N and 62°N, hydrates are interpreted to be either 

absent or thin and sparsely distributed (Table 2) • 

4. 3 COMPARISCN WITH PREVIOUS INTERPRETATIONS 

As noted in Section 4.1, existing information on likely 

hydrate occurence within the western Northwest Territories and 

Yukon is very limited. Davidson et al (1978) and Judge 

(1982) , for example, both conclude (based on data from only 

six wells) that hydrates are •not present in the Mackenzie 

Valley ~d Yukon•. Geothermal gradient data presented by tti 

GECll'ECHnical resources ltd. (1984) , suggesting that suitable 

conditions for hydrate occurence may exist in the Yukon and 

north of Great Bear Lake, possibly exist within the Mackenzie 

River valley, and likely do not exist in the southern section, 

are the only other available data on hydrate occurence. 
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As shown on Maps 1 to 3 and Figure 5, hydrates are interpreted 

to exist throughout much of the study area. Their inferred 

distribution is in fair agreement with that suggested by the 

geothermal gradient data, but at variance with existing 

published interpretations. 

As a generalization, hydrates are apparently most abundant (in 

terms of maximum depth of occurence and thickness of inter

preted hydrate-bearing interval) in the Yukon portion of the 

study area (Figure 5). They seem to be very sparsely 

distributed south of latitude 62°N. 

Canparison with previously published interpretations is poor. 

However, reasonable agreement does exist with the distribution 

inferred based on unpublished geothermal gradient data. 

5.0 DISCUSSION 

Results of a study of permafrost conditions and gas . hydrate 

occurence in 220 wells, located in the western Northwest 

Territories and Yukon, are described. Wells were selected for 

detailed interpretation based on anticipated permafrost and 

gas hydrate occurence and log availability. 

Ice-bearing permafrost is interpreted in some 172 of the 220 

wellS examined; it is logged to depths ranging from 61 to 

greater than 600 m. In the remaining wells, either the 

availability of logs did not permit a definitive IBPF or 

transition base pick to be made, or (in a very limited number 

of wells) a pick could not be made. Canparison with previous 

interpretations suggests good agreement in the northern 

(relatively thick permafrost) areas and in the south (where 
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permafrost is not present). Elsewhere, between about 

latitudes 62°N and 66°N, agreement does not appear to be very 

good. 

Natural gas hydrates are interpreted, with fair or good 

reliability in a total of 132 wells. Of the remaining wells, 

hydrates appear to be absent in 45 and to (possibly) occur as 

thin streaks only in 43. Bydr ates appear to be consider ably 

more prevalent than previously thought (on the basis of very 

limited information). 

A number of areas for potential future work have been 

identified, arising out of the study (and the previous Arctic 

Islands study) • Most of these relate to additional 

petrophysical studies: 

i) Detailed analysis of the deep •ice" indications noted 

(on SP logs) in wells from the Peel River area of the 

Yukon. 

ii) Estimation of ice contents in IBPF, based primarily on 

analysis of resistivity and sonic logs, 

iii) Determination of hydrocarbon saturation in hydrates, 

based on petrophysical analysis, 

iv) Analysis of mud gas logs, relative to various sources 

of gas, such as hydrates, dissolved gas in water sand, 
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dry gas accumulations, gas associated with oil 

accumulations • 

Respectfully submitted, 

PETBOPHYSICAL CONSULTANTS INTEimATIOOAL LTD. 

i •J ~ 
(_1\J~-, ~-!.~ - /0 (_ ' 1_ ....... "-f -t,'v-----t' ('t; · ~ j . Per: . ~-'. 

G.E. Dawson-Grove, P.Eng., P.Geol. 

HARDY ASSOCIATES (1978) LTD. 

Per: 
N.G. Mosley, M.Sc., P.Geol. 
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