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Attention: Mr. A.E. Taylor

Subject: Modelling of Offshore Temperature Profiles,
Final Results for Amauligak and Angasak

EBA Engineering Consultants Ltd. (EBA) was retained by the Geological Survey
of Canada (GSC) to carry out thermal modelling of offshore temperature profiles
to predict the degradation of permafrost on the Beaufort Shelf. The scope of

- work was to use EBA's geothermal computer program, "GEOTHERM" to model from the

time of marine transgression to present day and into the future for Esso's
Angasak and Gulf's Amauligak wellsites.

"GEOTHERM" is a finite element analysis computer program that can simulate
transient one or two-dimensional heat conduction with change of phase, for a
variety of boundary conditions. The program can account for saline depressed
freezing points and temperature-phase change relationships for individual soil
layers. A description of the model is presented in Hwang (1976).

The temperature-phase change relationship is calculated by combining the
Anderson and Tice (1972) unfrozen moisture content model for adsorbed water and
the sea ice model described by Ono (1966) for the free porewater.

The input required for the model includes the following:

- initial temperature profile

- sea temperature

- soil thermal properties

- unfrozen moisture content curve
- geothermal heat flux
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A range of properties was provided by GSC. The properties used in the analyses
are presented in Table 1. Some parametric analyses were carried out for the
Amauligak site to determine the influence of varying the seabed temperature and
the thermal conductivity and latent heat of the stratigraphic profile. The
initial surface temperatures were assumed to be -14°C and -12°C at Amauligak and
Angasak, respectively. The initial depths of permafrost were assumed to be
600 m and 500 m at Amauligak and Angasak, respectively. The analyses were
carried out by assigning a temperature boundary at the seabed and a geothermal
flux at the base of the mesh. The base of the mesh set at a depth of 800 m and
600 m at Amauligak and Angasak, respectively. The geothermal flux was set at
60 mW/m. The mean sea temperature was assumed to equal -0.3°C at Angasak and
to vary between -1.0°C and -1.5°C in the parametric runs for Amauligak.

The calculated unfrozen moisture content curves used in each run are presented
in Table 1. At the present day geothermal temperatures of approximately -2.5°C
within the permafrost interval at Amauligak, the calculated unfrozen moisture
content is 7% for a silty sand with a total moisture content of 25% and
salinity of 10 ppt. Therefore, the analysis models the absorption of some
latent heat within the permafrost zone as the permafrost warms from its initial
temperature to its present day temperature. To determine the sensitivity of
the unfrozen moisture content curve on the thermal results, an additional
analysis was carried out with lower unfrozen moisture contents.

The results of the analysis are presented in the following figures. The
figures show temperature profiles at various times. The time required to
obtain present day measured temperatures are summarized in Table 2.

The analyses carried out for Amauligak indicate that a mean sea temperature
of -1.5 is required to provide a best fit to the measured temperatures in the
upper interval. The calculated time of marine transgression varied between
4000 and 4700 years, depending on the input parameters. The parametric
analyses indicate that an increase of 24% in the thermal conductivity decreases
the time to reach present day thermal regime by 15%. Increasing the moisture
content from 25 to 30% had only a small effect on the time prediction. This
is attributed to the fact that the unfrozen moisture content curve at low
temperatures is similar for the two analyses, resulting in similar amounts of
latent heat absorption.

Run No. 5 was carried out with a lower unfrozen moisture content curve. A
reduction in the unfrozen moisture content of 3.6% at -2.5°C decreased the time
of marine transgression by 700 years.

Two runs for Angasak were carried out. The two runs investigated the effect

of varying the assumed thermal conductivity of the sediments below 56 m. The
conductivity was varied between 2.5 and 4.0 W/mC. The run with the higher
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conductivity had warmer temperatures below 56 m, however, the temperatures
above 56 m were not greatly effected by the change in conductivity. Both runs
took approximately 700 years to reach the present day geothermal regime.

EBA is pleased to have participated in the first phase of the Beaufort Sea
geothermal modelling study. We trust that the results of our analysis will
assist you in assessing the importance and sensitivity of the various input
parameters affecting thermal studies. Please call if there are any questions
you wish to discuss, or if we can provide any further assistance to your study.

Yours truly,

EBA Engineering Consultants Ltd.

W.T. Horne, P. Eng.
Project Engineer

Reviewed by,

PERMIT TO PRACTICE

mmummw.
 Signature / o s
Date. 2o/ -8

PERMIT NUMBER: P 245

- The Assoclation of Professional Engineers,
Geologists and Geophysicists of Alberta

e

D.C. Cathro, P. Eng.
Senior Project Engineer

WTH:chb
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TABLE 2 SUMMARY OF THERMAL ANALYSES

Time to Reach

Sea Moisture Frozen Thermal Present
Run No. Temperature Content Conductivity Geothermal Regime
(°C) (%) (W/mC) (years)
Amauligak
1 -1.0 25 2.5 4500
2 -1.5 25 2.5 4600
3 -1.5 30 2.5 4700
4 -1.5 30 3.1 4000
5* -1.5 25 2.5 4000

Note: * Lower unfrozen moisture content.

Angasak
1 -0.3 varies with depth 2.5 (below 56 m) 700
2 -0.3 varies with depth 4.0 (below 56 m) 700
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