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Abstract: Despite the elevated heat flow known in the Western part of the South Slave Region (Northwest
Territories, Canada), a continuous and equilibrium geothermal gradient was never measured in boreholes
below the communities where geothermal energy could be developed. This paper aims to predict the
geothermal gradient and assess the Earth’s natural heat flow below the communities of Fort Providence,
Kakisa, Hay River, and Enterprise. Temperatures from drill-stem test and bottom well logs were corrected for
drilling disturbance and paleoclimates. Thermal conductivity and heat generation rate of the geological
formations were determined from the literature and with new laboratory measurements. 1D models were
developed to evaluate subsurface temperature through the sedimentary formations, based on a
thermostratigraphic assessment. Results indicate a geothermal gradient varying from 44.1 + 10.6 °C km™ to 59.1
+ 14.9 °C km-! and heat flow varying from 105.5 mW m? to 160.2 mW m-? below the communities. These
estimates are in agreement with the equilibrium geothermal gradients measured in the Cameron Hills, south
of the four communities, and used to verify our predictions. Hay River appears to be the most promising
community with the highest geothermal gradient estimated to be 59.1 + 14.9 °C km-.

Keywords: Hay River; geothermal energy; thermal conductivity; heat flow; Western Canadian
Sedimentary Basin

1. Introduction

Estimating the geothermal gradient and terrestrial heat flow are important steps in assessing the
geothermal potential of a region. This is usually done through measurement of an equilibrium
temperature profile [1,2]. The thermal conductivity of the geological materials underlying the region
also needs to be measured. This kind of heat flow assessment is crucial for any geothermal
development, but can be expensive, because it usually requires an exploration borehole specifically
drilled for geothermal purposes [3]. In remote communities of the Canadian North that have
populations of a few hundred to less than four-thousand people, drilling such boreholes is difficult
to justify in the early exploration stage. However, geothermal gradient and heat flow can be predicted
at the early exploration phase with 1D models that rely on a thermostratigraphic assessment and
corrected downhole temperatures [1,4-6]. This approach can better inform decision-making
regarding the exploitability of clean and reliable local geothermal heat for such remote communities.

The geothermal potential of the South Slave Region of the Northwest Territories (NWT) is
studied with this perspective in mind, using a community approach to evaluate the thermal state and
properties below —from North to South—Fort Providence, Kakisa, Hay River, and Enterprise (Figure
1). The most recent map of heat flow in Canada [7], updated from Grasby et al. [8], indicates heat
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flow values in the South Slave region from 40 mW m? to 100 mW m<, which is the highest in the
Western Canada Sedimentary Basin (WCSB). The work of EBA Engineering Consultants Ltd. [9] has
shown very high geothermal favourability and potential in NWT to the west of Great Slave Lake
(Figure 1b). To support geothermal research in the South Slave region, Petrel Robertson Consulting
Ltd. [10] identified 109 oil and gas wells between 48 m and 1500 m depth that were cored and have
publicly available geoscience data that could be further investigated. A total of 68 of these wells have
bottom-hole temperature (BHT) and drill-stem test (DSTs) records from publicly available historic
well files. Individual Well History Files from the archives of the Office of the Regulator of Oil and
Gas Operations [11] was also consulted to supplement the temperature data. Oil and gas wells were
recently abandoned in the Cameron Hills located about 100 km to the southwest of the studied
communities. Smejkal et al. [12] took the opportunity to access these wells during abandonment
activities, and measured an equilibrium temperature profile in six deep wells and evaluated the
geothermal gradient.

Terrestrial heat flow estimates from analysis of BHT data exist for several sedimentary basins
around the world, including Brazil [13], Western Canada [14], Eastern Canada [15] and the St.
Lawrence Lowlands in Québec [4]. Drill-stem test temperature based on flowing oil or water from
the producing formation is generally a reliable source of data for the calibration of basin system
models [16], but are not as common as BHT measurements. On the other hand, BHTs from well log
headers are available for most wells, but are biased and usually lower than the equilibrium formation
temperature [17]. Hence, correction for drilling disturbances is necessary and ideally requires
multiple BHT measurements at successive times in order to find the equilibrium temperature. The
analytical Horner technique is a commonly used method to correct multiple BHT measurements [18].
Criteria for reliable Horner corrected BHTs include a minimum of three logging runs that record time
and temperature for each run, and deviation from the least squares regression line that is less than
the measurement uncertainty [i.e., + 1-3 °C; [16]]. Other correction schemes that do not use mud
circulation time and are typically empirical include the Forster Correction [19], the Harrison
Correction [6], subsequently redefined by Blackwell et al. [20], and Blackwell [21], and the Kehle
Correction [22]. These correction schemes were used for correcting BHTs in the Denver Basin of
Colorado and in Nebraska [23]. However, these empirical corrections are not always appropriate to
use in all basins since the difference in lithologies and thermal histories may affect the correction
[23,24]. Heat flow estimates, especially based on temperature measurements at shallow depth,
additionally require corrections for paleoclimate effects [25]. These effects must be taken into account
in the South Slave Region, which was covered by the Laurentide Ice Sheet during the last glaciation
(Late Wisconsinan) ~25-10 ka [26,27], resulting in a decrease in subsurface temperature through
thermal diffusion.

In this study, our objective is to reevaluate the heat flow and predict the geothermal gradient
with 1D models in the four main South Slave communities that are at an early geothermal exploration
stage. This paper provides a widely applicable workflow of local geological assessment that can be
used to plan the drilling of exploration boreholes, helping to move to the next step of geothermal
development in small and remote communities. Relying on available data, we use a community
approach rather than a regional assessment to predict the thermal state and properties below
population centers where geothermal energy can be used. We believe it is the most appropriate
method for such a remote region where the population is sparse and geothermal energy exportation
is hindered by the lack of infrastructure. Our assessment comprises analysis of publicly available data
from oil and gas wells nearby the four communities and include BHT and DST data combined with
vertical thermal conductivity profiles deduced from core analysis and corresponding lithological
profiles beneath the communities. A 1D thermostratigraphic model for each community is developed
and is verified with equilibrium temperature data obtained from Cameron Hills.

2. Geological Setting

The portion of the South Slave Region of interest is delineated by the coordinates 60°N, 111°W
in the SE to 62°N, 120°W in the NWT (Figure 1a). This area is located in the Interior Platform, which
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constitutes the northern extension of the WCSB, and is bounded by the Canadian Shield to the East
and the Mackenzie Mountains to the West [28] and references therein. The Interior Platform is
divided into two domains or exploration areas, including the Great Bear Plain and Great Slave Plain.
The area of interest for this study is in the Great Slave Plain [Figure 1a; [29]].

The geology of the Great Slave Plain comprises Precambrian metasedimentary and crystalline
basement rocks overlain by Paleozoic and Mesozoic sedimentary rocks, and Quaternary overburden
with variable thickness. The dominant lithologies making up the Paleozoic and Mesozoic
sedimentary strata are shale, limestone, marine dolostone, anhydrite and sandstone. Devonian rocks
make up the bulk of the sedimentary strata underlying the communities, illustrated by the cross-
sections in Figure 2b; for a detailed review and description of the Devonian stratigraphy see Meijer
Drees [30], Moore [31], Morrow et al. [32], Mossop et al. [33], among others.

According to the works of Gal et al. [28], the local stratigraphy comprises a relatively thin (500
m to 700 m) Paleozoic and Mesozoic sedimentary cover overlying the Precambrian basement (Figure
2b). This is confirmed by the Phanerozoic isopach map of the WCSB [34].

Smith et al. [35] provides the most recent drift isopach model including the thickness of
Quaternary glacial sediment. The drift cover in the South Slave is up to 150 m thick, but has
considerable variation; the majority of the cover is less than 10 m thick, and sporadically sedimentary
rocks outcrop in the area. However, the drift thickness is locally up to 400 m thick at Cameron Hills.

Deep-seated faults and horst and graben block faulting of basement rocks stretching to the
Cameron Hills area resulted from an extensional tectonic regime in the late Precambrian. This
extensional tectonic regime was reactivated and influenced the Phanerozoic sediment cover. The
major faults and fault zones that affected the area have a Northeast trend [Figure 2]; [28,36].

P

/

|
] # Y
p & /| Geothermal potential

/ | B Hen

s |

B { [ Medium-high |
’ /,// 3 Medium

L o

T Mediumdow
| 3 Low

7
// ) / | [] Nogradient
/ 2 data svailable
W
S L

Great Bear
Plain

"

[ southsiave

\

2 /‘ Region

. | Y& rort providence
g | Yo Kakisa

T ‘ Y Hay River

¥ Enterprise

&
P
T

0 100 200

Kilometers

o Well location
B Main community [ Region of interest

(a) (b)

Figure 1. a) Geological provinces and exploration areas base map with the location of the study area
outlined in blue [modified from 36]. Pink dots indicate the location of sampled wells. The well
locations are from the map of Petrel Robertson Consulting Ltd. [10]. b) Geothermal feasibility map of
the Northwest Territories modified from EBA Engineering Consultants Ltd. [9].
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Figure 2. a) Geological map of the study area [modified from [37]]. The well locations were taken from
the Geothermal Database Compilation Devonian Cores Map from Petrel Robertson Consulting Ltd.
[10] and Gal et al. [28]. b) Cross sections showing stratigraphic and chronological relationships of the
dominant lithologies and their corresponding formations in the Great Slave Plain (modified from Gal
et al. [28]).

3. Input Data

The data set consists of information from 75 of the 116 wells in the area of interest (Figure 3),
which were made available from the Petrel Robertson Consulting Ltd. [10] Excel file and from the
Individual Well History Files from OROGO [11]. The wells with DST and/or BHT data were also
chosen to be as close as possible to the four main communities. The equilibrium temperature profiles
recorded in 2023 from six wells (A-73, E-07, 1-10, I-74, L-44, M-49) in the Cameron Hills region are
located close enough to the study area (Figure 3) to be used for verification purposes.
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Figure 3. Location of the 75 wells with measured DST and BHT. The white boxes delineate the wells
selected for each community. The wells with ID are those in the Cameron Hills region that have
equilibrium temperature data. The geological base map is modified from the Northwest Territories
Geological Survey [37] and has the same legend as Figure 2.
3.1. Temperature Data
3.1.1. South Slave Region
A total of 33 of the 75 wells have a DST temperature record. BHTs were measured in 42 wells at
depths from 504 m to 1657 m (Table 1).

Table 1. Temperature data from wells.

Depth TVD Temperature Source
Data type Number of wells
[m] [°C]
20 > 600-1846 19-63 Petrel Robertson
5 <600 Consulting Ltd. [10]
DST
4 > 600-941
3 <600 17-42 OROGO [11]
36 > 600-1657 2676 Petrel Robertson
5 <600 Consulting Ltd. [10]
BHT
1 > 600
1 <600 27 OROGO [11]
Petrel Robertson
No data 4 Consulting Ltd. [10]
Total 116 49 -1949 17-76

Set as the upper boundary condition in our model, the average annual undisturbed ground
temperature Ts (°C) was obtained by converting the air -temperature to ground-temperature using
an empirical relationship. The following equation developed by Ouzzane et al. [39] was used for this
purpose:

s = 17898 + 0951 Tamb, (1)

where Ts (K) is the undisturbed ground surface temperature and Tamb (K) is the annual ambient
temperature, which is -2.5 °C for the region. This mean annual air temperature was obtained from
the Hay River-A weather station [40]. Ts was consequently estimated to be 2.1 °C.

3.1.2. Cameron Hills

The equilibrium temperature data from wells in the Cameron Hills were chosen because the
stratigraphy, which was confirmed with gamma ray (GR) log [12], shares similarities with that of the
South Slave communities. The stratigraphic formations and corresponding lithology were taken from
the Table of Formation tops established by Gal et al. [28] and Rocheleau et al. [37]. In the Cameron
Hills, Ts was evaluated from the temperatures measured at the top of the Cretaceous basal sandstone
(CB SS unit) marking the base of the clastic Cretaceous section underlying the Devonian carbonates,
since continuous temperature profiles were available at this geological formation at depth around
500 m [12].

3.2. Thermal Conductivity and Heat Generation Rate
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3.2.1. South Slave Region

Thermostratigraphic logs were initially created for the four South Slave communities combining
the stratigraphic column that approximates the thickness of the main stratigraphic formations, with
the corresponding subsurface thermal conductivity [41] (Table 2; Figure 4). These local stratigraphic
columns gave an extended and refined geological model under each community, showing that the
Precambrian basement lies at a shallow depth of 500 m to 700 m. Shale is the dominant lithology over
the total thickness of sedimentary rocks (~600 m) in Fort Providence, Kakisa, and Enterprise.
Carbonate rocks is 600 m thick and the shale cover is approximately 100 m thick at Hay River location.
Near-surface, quaternary sediments overlying the Paleozoic rocks are less than 10 m thick, and are
omitted, because the sedimentary deposits do not contribute enough to heat transfer when
calculating the geothermal gradient and heat flow from deep rocks (e.g., Beardsmore et al. [42];
Jaupart et al.[43]). Laboratory assessment of the thermal conductivity was completed on 84 split core
samples from 33 wells that cover seven geological formations. Measurements were carried out at the
Laboratoire ouvert de géothermie at the Institut national de la recherche scientifique (INRS) in
Canada using an optical scanning instrument following the methodology of Popov et al.[44]. For
some formations there was no core available for measurement; the thermal conductivity value for
these were taken from literature [8] and references therein , [45,46] and references therein, [47-51].

The average heat generation rate A (W m?) for lithological formations below the South Slave
Communities was evaluated using the empirical equation of Biicker et al. [52] which relates heat
generation to the concentration of uranium [U], thorium [Th] and potassium [K]. The concentration
of these radiogenic elements was determined by means of inductively coupled plasma analyses at
INRS geochemical Laboratory [41]. Although laboratory measurements were made on available core
material, this was insufficient to cover all geological formations. Consequently, heat generation rates
were assumed by analogy with lithologically similar formations where it was evaluated.
Additionally, literature values of heat generation rate [53,54] and references therein] were assigned
to the sedimentary rock type for formations with no core.

Table 2. Thermal conductivity and heat generation rate for South Slave Communities.

Thermal conductivity

Heat Production

Formation Lithology A Lithology Formation
Mean Mean
[W m-3] A [W m1K-1]

Alluvium Sand 1.7x10¢ 1.4 1.4
. Limestone 0.19x10° 2.5

Twin Falls Shale 0.53x10% 2.1 25
. Shale 0.53x10-6 2.1

Hay River Limestone 0.19x10 2.5 21

Hay River Shale 0.53x10-¢ 2.1 21

(Escarpment) Limestone 0.19x10- 2.5 )
Hay River Shale 0.53x10- 2.1 2
(Waterways) Limestone 0.19x10- 2.5 )

. Limestone 25 0.25x10-¢ 29

Slave Point Dolostone 4 0.13x10% 46 29
. Shale 0.53x10-6 2.1

Horn River Limestone 0.19x10% 25 21
Shale 0.53x10-° 2.1

Watt Mountain Limestone 8 0.11x10° 3.1 2.2
Sandstone 1.70x10-6 3.4
Dolostone 7 0.11x10% 4.4

Sulphur Point Limestone 13 0.18x10- 3.4 3.5

Shale 0.53x10- 2.1
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Limestone 0.19x10-° 2.5
ey Do oo
-6
K2 i p.19010- 25 21
R ;
R
Anhydrite 2 0.08x10® 4.8
ORI A B
Limestone 0.19x10% 2.5

n: number of samples

Thermal conductivity

Heat Production

Formation Lithology A Lithology Formation
Mean Mean
[W m-3] AW m1K1]
Shale 0.53x10¢ 2.1
Chinchaga (Ebutt Limestone 0.19x10- 2.5 36
Member) Dolostone 0.11x10¢ 3.8 ’
Anhydrite 0.08x10-¢ 4.3
Limestone 0.19x10° 2.5
Headless Shale 0.53x10% 2.1 2.3
Dolostone 0.11x10% 3.8
Shale 0.53x10¢ 2.1
. . Dolostone 0.11x10° 3.8
Mirage Point Halite 0.08x10 5.0 26
Anhydrite 0.08x10-¢ 4.3
Mirage Point Dolosto'ne 0.11x10% 3.8
(Ernestina Lake) Anhydrite 0.08x10-¢ 4.3 3.3
Shale 0.53x10-6 2.1
Sandstone 1.70x10- 34
LaLoche Shale 0.53x10 2.1 34
LaLoche Red o jtone 1.70x10+ 34 34
Beds)
LaLoche Basal o 4ctome 1.70x10 34 34
Clastics)

Total 80
n: number of samples
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Figure 4. Thermostratigraphic log at the location of the four South Slave communities reproduced
from Rajaobelison et al. [40].

3.2.2. Cameron Hills

Core materials were not available for the Cameron Hills wells and geological formations
encountered here. Thermal conductivity here was determined with analogy to thermal conductivity
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measurements made on core samples for the South Slave Formations from Rajaobelison et al. [41]
(Table 2; Figure 4).

The internal heat generation rate for rocks A (W m?) intersected by Cameron Hills wells was
calculated from the gamma ray log (GR; American Petroleum Institute units) according to equation
[2] from Burrus et al. [55]:

A=0.0145 x (GR - 5) @)

The average heat production rate for each formation was calculated from the arithmetic average
GR measured between the top and base of each corresponding formation (Table 3).

Table 3. Thermal conductivity and heat generation rate of Cameron Hills geological formations.

Well Geological .
short formations Top Lithology A GR A
hame
[m] W ’1‘]‘ K arn [W m]
A-73 Wabamun 443 Dolomitic limestone 3.5 49.0 0.64x10-6
TwinFalls 809 Limestone 2.5 34.6 0.43x10-6
Muskwa 1022 Organic-rich shale 2.1 23.5 0.27x10-6
Waterways 1283 bituminous shale 2.1 11.2 0.09x10-6
E-07 CB SS 461.4 Sandstone 34 30.7 0.37x10-6
Wabamun 471.9 Dolomitic limestone 3.5 32.5 0.40x10-6
Twin Falls 760 Limestone 2.5 31.8 0.39x10-6
Hay River 912.5 Shale 2.2 60.6 0.81x10-6
1-10 CBS SS 575.1 Sandstone 34 43.3 0.56x10-6
Wabanum 590.3 Dolomitic limestone 3.5 17.9 0.19x10-6
Trout River 622 Shale 2.1 15.1 0.15x10-6
Kakisa 627.9 Limestone 3.0 16.7 0.17x10-6
RedKnife 665.8 Shale 2.1 57.8 0.77x10-6
Tathlina 715 Shale 2.1 35.1 0.44x10-6
Twin Falls 868.3 Limestone 2.5 27.6 0.33x10-6
Hay River 999.5 Shale 2.1 50.5 0.66x10-6
1-74 BS SS 539.7 Sandstone 34 31.5 0.38x10-6
Wabamun 554.6 Dolomitic limestone 3.5 17.0 0.17x10-6
Ft.Simpson 717.6 Limestone 3.0 39.2 0.50x10-6
Twin Falls 829.1 Limestone 2.5 20.4 0.22x10-6
Hay River 898.8 Shale 2.1 44,5 0.57x10-6
L-44 CB SS 516.8 Sandstone 34 30.6 0.37x10-6
Wabamun 528.2 Dolomitic limestone 3.5 40.6 0.52x10-6
Twin Falls 855 Limestone 2.2 70.8 0.95x10-6
Hay River 1022 Shale 2.1 68.3 0.92x10-6
Beaverhill Lake 1305.2 anhydrite and Limestone 4.3 49.0 0.64x10-6
M-49 CBS SS 471.6 Sandstone 34 33.1 0.41x10-6
Wabanum 478.1 Dolomitic limestone 3.5 33.1 0.41x10-6
Ft. Simpson 696.5 Shale 3.0 20.2 0.22x10-6
Twin Falls 812.8 Limestone 2.5 46.5 0.60x10-6
Hay River 961.9 Shale 2.1 32.2 0.39x10-6
Beaverhill Lake 1252.6 Anhydrite and Carbonates 4.3 60.5 0.80x10-6
Slave Point 1301.9 Limestone 2.9 56.6 0.75x10-6

4. Methods


https://doi.org/10.20944/preprints202405.0565.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2024 doi:10.20944/preprints202405.0565.v1

10

Input temperature data were corrected for drilling disturbance and paleoclimates. Then, the
geothermal gradient was calculated at the location of each community and for the Cameron Hill
wells. The equilibrium temperature profile measured at the Cameron Hills was reproduced to verify
if the thermal conductivity for each geological formation was adequately assigned. After the
verification, the surface heat flow was calculated for the four communities and the 1D temperature
profile below the four South Slave communities was predicted without paleoclimate correction using
analytical calculations and assuming one dimensional conductive heat transfer with an internal heat
generation in steady state.

4.1. Drilling Disturbance Correction for BHTs

Of the 75 wells, only 42 had one or two BHTs from wireline logs and mud circulation time was
not provided. This is insufficient to meet the criteria for Horner correction [16]. Empirical corrections
were therefore applied to the BHTs following the work of Crowell, Ochsner et al. [23]. The Harrison
equation [6], the Kehle equation [56], the Forster (a) equation [19] and the Forster (b) equation [57]
were considered for corrections, because the lithology of the South Slave Region is similar to that of
the basins in which these corrections were developed [19,23]:

Tet (°C) =~ 16.51 + 0.018 x TVD —2.345 x 106 x TVD?, 3)
Tet (°F)=-8.819 x 102 x TVD - 2.143x10*xTVD2+ 4.375 x 10° x TVD — 1.018, )
Tet (°C) = 0.012 x TVD - 3.68, (5)
Tet (°C) = 0.017 x TVD - 6.58. (6)

where T« (°C/°F) is the temperature coefficient correction added to the BHT and TVD (m/in feet for
Kehle equation) is the true vertical depth at which the BHT was measured.

Then, the best correction method was chosen based on the best fit to the geothermal gradient
calculated from DST temperatures [19]. The corrections were established for depths from 600 m to 3
km, thus temperatures recorded in South Salve wells at depths shallower than 600 m were not
corrected. However, uncorrected temperatures at depth between 300 m and 600 m was retained when
the gradient was evaluated at the scale of the community due to limited data availability and for
more accuracy.

4.2. Paleoclimate Correction

Quaternary glaciation periods are expected to have disturbed the subsurface temperature in the
South Slave Region, as paleoclimate perturbations were recorded in the temperature signal of deep
boreholes over more than 3 km depth in other nearby regions of Canada [58-60]. BHT and DST
temperatures are assumed to have recorded significant Holocene and Pleistocene climatic
perturbations. Based on the ground temperature history and the method of Birch [61], the
temperature during the Pleistocene glacial cycles in Canada has been considered to be 5 °C colder
during the glaciations [1,62]. At the beginning and end of each glaciation, this is the magnitude of
temperature change or the temperature step (Ti ) that was assumed for the ground surface below the
ice sheets [1; Figure 5].
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Figure 5. Timeline of Pleistocene and Holocene climate events according to a relative change of
temperature of 5 °C modified from Bédard et al. [4].

The temperature at any depth corrected for paleoclimate effects is (e.g., Jessop (1990):

T, =Ty, + Zi(Ti) [erf (2\/%_&) —erf <2\/%_tz>] 7)

where T. (°C) is the temperature corrected for paleoclimate, Tm (°C) is the temperature measured at
depth, Ti (°C) is the temperature step between glaciations, erf is the error function, a (m? s) is the
rock thermal diffusivity (estimated to be ~1.44x106 considering the laboratory and
thermostratigraphic assessments), t1 (s) is the end of the ice age, t2 (s) is the beginning of the ice age
and z (m) is the depth of the temperature measurement.

4.3. Geothermal Gradient Calculation

Below each community, the average geothermal gradient ¢ (°C m') was calculated from the
corrected temperature data of the nearest wells (Figure 3) using:
AT T — T

=— = 8
Az ATVD ®)

g

where AT (°C) is the difference between the corrected and the undisturbed ground temperature (Ts =
2.1 °C) divided by Az (m), the true vertical depth difference. Depending on the purpose of the
calculation, the corrected temperature can be BHT corrected for the drilling disturbance and
paleoclimates when required or DST corrected for paleoclimates when required.

The geothermal gradient for Cameron Hills wells was determined from the slope calculation
method using the temperature regression line of the measured profile. The average geothermal
gradient g is the reverse of the slope.

4.4. Verification with Temperature Profiles from Cameron Hills

We used the equilibrium temperature profiles collect from the six wells in Cameron Hills to
verify our thermostratigraphic model (Table 3 and Figure 4). This verified approached is then used
to evaluate the heat flow (Qo, W m-?) and to predict temperature below the four South Slave
communities where there are no equilibrium temperature profiles available. The heat flow at
Cameron Hills was first calculated considering the equilibrium temperature at the bottom of the well.
Then, temperature profiles recorded at the six Cameron Hills wells were recalculated according to
the thermostratigraphic assessment made in South Slave communities. This temperature-depth
model is to verify if the selected thermal properties for the geological formations are appropriate for
the computed temperature to reproduce the observed temperature. The measured equilibrium
temperature at the Cameron Hills wells are perturbed by paleoclimate effects. Therefore, no
paleoclimate correction was made here to predict the ground temperature.
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4.4.1. Heat Flow Evaluation for Cameron Hills
Equation (9) [1,41,42,45] allowed to calculate the surface heat flow Qo for Cameron Hill wells:
z
Q =2g+45 ©

where the thermal conductivity A (W m™ K1) is the weighted harmonic mean calculated from the
lithological units, A (W m?) is the weighted arithmetic average heat generation in the sedimentary
rock cover, z (m) is the thickness between the ground surface and measured temperature at both ends
of the temperature profile and g (°C m) is the geothermal gradient identified previously.

4.4.2. Temperature-Depth Models for Cameron Hills

The 1D calculation was made considering conductive heat transfer in steady-state conditions
following [1,63,64]:

Qoz z?
= N7 4 10
T,=Ts+ 1 A27\ (10)

where T is the temperature at the depth z (m) in the sedimentary rock formations and Qo (W m?2)
was determined in the previous step, used as boundary conditions.

4.5. Prediction of Temperature Profiles for South Slave Communities

After verifying that our thermal conductivity assessment could accurately evaluate the
temperature at depth for the Cameron Hills, the same approach was used to predict the temperature
below the South Slave communities where no equilibrium temperature profile exists.

4.5.1. Heat Flow Evaluation for South Slave Communities

The surface heat flow Qo at the location of each community was now calculated using Equation
(9). The stratigraphic column thickness z (m) was calculated from the surface to the top of the
basement.

4.5.2. Temperature-Depth Model

1D temperature profiles below the four South Slave communities were calculated using
Equation (10) and thermal conductivity validated with consideration for data from the Cameron Hills
wells. The temperature profiles predicted in the sedimentary rock cover overlying the crystalline
basement assumes steady state conductive heat transfer and considers internal heat generation at the
location of the communities. The undisturbed ground temperature (Ts = 2.1 °C) and the surface heat
flow Qo are the boundary conditions.

The calculation of the ground temperature is to reflect temperature that can be measured in
sedimentary rocks below the South Slave communities such that the paleoclimate correction was not
considered at this step. In this way, predicted temperature is perturbed by paleoclimates as expected
when taking measurements less than 1 km deep.

5. Results

5.1. Corrected BHTs

Six of the 42 BHTs were not corrected because the temperature was recorded at depth less than
600 m. The Forster (a) correction revealed corrected BHTs closer to DST temperatures and a smaller
standard deviation when compared to other correction methods (Figure 6). The correction factor T«
(°C) obtained with Forster (a) method varied from 3.8 °C to 16.2 °C, resulting in corrected BHTs from
30.6 °C to0 89.9 °C from 625.8 m to 1657 m depth.
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Figure 6. Uncorrected BHTs for the South Slave Region showing linear regression for corrected BHT
compared to DST temperature and its trendline.

Due to the depth for which the correction method is developed, only one BHTs out of four in Ft.
Providence and two out of the three in Enterprise could be corrected for the drilling disturbances
(Table 4). Nevertheless, the non-corrected BHTs above minimum correction depth were kept to
calculate the average geothermal gradient since measurements are relatively shallow and drilling
disturbances expected to be less important. Only DST temperatures were available for Hay River.

Table 4. Temperature corrected for paleoclimates in each community.

Paleoclimate Ti=- . Paleoclimate
DST (n=5) 50C BHT (n=4) Forster (b) Ti=-5°C
Fort-Providence  Min 20.0 21.4 26.7 41.3 43.1
Max 37.0 38.8 36 41.3 43.1
Paleoclimate Ti=- Paleoclimate
DST (n=7) 50C BHT (n=14) Khele Ti=5°C
Kakisa Min 28.0 30.0 28.0 33.2 35.2
Max 422 443 45.0 50.7 52.8
Paleocli Ti=-
DST (u=5) * 2 ¢ ;:T(‘:ate BHT (1=0)
Hay River Min 19.0 20.3
Max 42.0 43.6
Paleoclimate Ti=- . Paleoclimate
DST (n=2) 50C BHT (n=3) Harisson Ti=-5°C
Enterprise Min 17.2 18.6 27.0 23.6 25.5
Max 56.0 58.5 34.0 21.2 229

n=number of temperature measurements

The most accurate correction method when analyzing each community individually is Forster
(b) in Ft. Providence and Khele in Kakisa. Harisson method provided a better correlation with DST
temperatures in Enterprise (Figure 7). It should be noted that the Harisson correction lowers the
corrected temperature when the depth is less than 1000 m. The corresponding corrected temperature
range is given in the Table 4.
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Figure 7. Uncorrected BHTs with the regression lines from corrected BHTs compared to DSTs
temperature trendline for each community of the South Slave Region.
5.2. Paleoclimate Correction

The temperature correction varies between 1.1 °C and 2.5 °C from 364 m to 1846 m depth (Figure
8). The temperature range at each community are presented in Table 4.
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Figure 8. Paleoclimate temperature correction calculated as a funcion of depth at which DST and BHT
were measured in the South Slave Region.

5.3. Geothermal Gradient

The geothermal gradients calculated from the BHTs recorded in 42 wells are from 27.6 °C km!
to 55.1 °C km with a mean of 36.1 +7.7 °C km.. After the drilling correction, the range of geothermal
gradient is from 35.4 °C/km to 62.6 °C km?with an average of 44.3+ 7.2 °C km. The paleoclimate
correction on DST temperatures and corrected BHTSs revealed an average geothermal gradient of 45.6
+12.8 °C kmand 46.4 + 7.5 °C km!, respectively (Table 5).

Table 5. Geothermal gradient (°C km™) in the South Slave Region.

DST (1=33) Pal;:;’g“e BHT (1=42)  Frster (a) Pal;‘:;‘o‘gate
Min 262 27.7 276 354 37.8
Mean 431 456 36.1 442 46.4
Max 79.4 82.5 55.1 62.6 65.1
St.Dev. 12.3 12.8 7.7 7.2 75

n=number of temperatures

Per community, after applying the paleoclimate correction, the most reliable estimate of the
geothermal gradient under Ft. Providence was determined from DST temperatures and is 55.7+ 12.3
°C km. Despite the fact that the number of BHTs and DST temperatures was the same, only one of
the four BHT data points is deep enough to be corrected, and resulted in a lower geothermal gradient
of 54.8+ 6.4 °C km'. In Kakisa, twice as many BHTs are available than DSTs; these corrected BHTs
provide the most reliable estimate of the geothermal gradient of 45.2 + 6.6 °C km'. Hay River showed
the highest mean geothermal gradient of 59.1 + 14.9 °C km calculated from DST temperatures only.
In Enterprise, the most reliable estimate for the geothermal gradient of 44.1 + 10.6 °C km™ was
obtained from the corrected DST temperatures. Despite the fact that the corrected BHTs gave higher
values, it is noted that only two BHTs out of the three could be corrected for drilling disturbances
due to their shallow depth and the shallow non-corrected temperatures are kept for paleoclimate
correction (Table 6 and Figure 9).

Table 6. Geothermal gradient g (°C km) in each community.
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DST (n=4) Paleoclslonéate T BHT (n=5) Forster (b) Pal;i(:;n(;ate
Min 40.6 43.3 42.3 42.3 45.2
Fort-Providence Mean 52.6 55.7 50.4 51.9 54.8
Max 71.3 74.8 58.1 58.1 61.0
St.Dev 12.2 12.3 6.0 6.4 6.4
Paleoclimate Ti=- BHT Paleoclimate
DST (n=7) 50C (n=14) Khele Ti=5°C
Min 33.0 35.6 27.6 34.8 37.0
Kakisa Mean 39.9 42.6 35.8 42.8 45.2
Max 60.9 35.6 529 59.9 62.4
St.De 6.9 7.0 6.6 6.5 6.6
DST (1=5) Paleoclimate Ti=- BHT (1=0)
5°C
Min 419 44.8
Hay River Mean 55.9 59.1
Max 79.4 82.5
St.Dev 14.9 14.9
DST (n=4) Pale"d;cf‘(‘:ate T= BHT (4=3) Harisson Pal;:;fgate
Min 33.8 36.2 35.5 29.4 32.8
Enterprise Mean 41.5 44.1 47.4 42.3 45.7
Max 56.8 59.8 67.5 67.5 70.8
St.Dev 10.4 10.6 17.5 21.8 20.8
n=number of temperature measurements. The most reliable estimate of the geothermal gradient is
in bold.
60 ~ mDSsT
58 O Paleoclimate (Ti=-5°C)
56 - ® Corrected BHT
o4 O Paleoclimate (Ti=-5°C)
g 52
9 50
E, 48
B 46
G}
44
gl i
40 || |
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Figure 9. Geothermal gradient estimates of the four South Slave communities.

The average geothermal gradient measured in the six Cameron Hill wells is from 35.4 °C km-! to
43.7 °C km, and the paleoclimate correction increases the geothermal gradient from 36.4 °C kmto
44.6 °C km (Table 7).

Table 7. Geothermal gradient g (°C km) from Cameron Hills wells.

Well short name Measured gradient Gradient paleoclimate
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Ti=-5°C
[°C km-1] [°C km1]
A-73 39.2 40.2
E-07 43.7 44.6
I-10 354 36.4
1-74 42,5 43.5
L-44 37.8 38.8
M-49 43.5 45.3

5.4. Verification with Temperature Profiles from Cameron Hills

5.4.1. Heat flow evaluation for Cameron Hills

Table 8 shows the evaluation of the heat flow considering the thermal conductivity from Table
3. The heat flow is from 80.6 mW m?2 to 115.8 mW m?2 and the paleoclimate correction increased it to
83.0 mW m?2to 120.6 mW m=.

Table 8. Surface heat flow from Cameron Hills wells.

o o paleoclimate Ti=-5°C
Well short name [m‘%’ m?] Qop [mW m-]
A-73 104.1 106.8
E07 113.8 116.0
I-10 80.6 83.0
1-74 105.7 108.3
L-44 102.5 105.1
M-49 115.8 120.6

5.4.2. Temperature-Depth Model

Calculated temperature is compared to measured temperature in the Cameron Hills (Figure 10).
The maximum difference is 3.6 °C. Thermal conductivity assigned to the Cameron Hills formations
seems logical and allows reproducing observed temperatures.
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Figure 10. Calculated temperature plotted against observed temperature recorded in the six wells of
Cameron Hills region.

5.5. Prediction of Temperature Profiles for South Slave Communities
5.5.1. Heat Flow Evaluation for South Slave Communities

At the community level, the most logical estimation of the heat flow was determined from the
most reliable estimate of the geothermal gradient presented in section 4.3 (Table 5). Heat flow
assessments are either based on DST or BHT corrected for drilling disturbances, and both
temperature data were corrected for paleoclimate effects. The estimate of the surface heat flow in Ft.
Providence is 131.5 mW m?, 105.5 mW m? in Kakisa, 160.2 mW m in Hay River, and 109.3 mW m?
in Enterprise (Figure 11).

mDST
160 — ) .

OPaleoclimate (Ti =-5°C)

& 150 ® Corrected BHT

% 140 O Paleoclimate (7i=-5°C)

§ 130 1 —

©

2 120

3

g 110

@

90 —
Fort-Providence Kakisa Hay River Enterprise

Community

Figure 11. Heat flow estimated for communities of the South Salve Region.
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5.5.2. Temperature Depth Model

For all communities, the temperature varies from ~3.2 °C under the Quaternary cover to 33.3 °C
at the basement top, with the maximum of 36.5°C in Hay River where the basement top is at 614 m
depth. Temperature profiles for Fort Providence, Kakisa, and Enterprise are similar to each other due
to the thick shale formations underlying the communities. The maximum temperature reached for
these communities is 33.1 °C at the top of the crystalline basement (Figure 12).
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Figure 12. Predicted temperature profiles superposed to the formation tops below each South Slave

community.

6. Discussion

Analyses of BHT and DST data (75 readings) from the South Slave Region yielded a local
geothermal gradient varying from 45.2 + 6.6 °C km to 59.1 + 14.9 °C km! below the communities of
Ft. Providence, Kakisa, Hay River, and Enterprise. Heat flow estimates varies from 105.7 mW m?2 to
160.2 mW m?2 under these communities. These values are comparable to heat flow calculated in the
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Cameron Hills region where equilibrium temperature profiles were used for verification (Table 8 and
Figure 11). The regional temperature distribution throughout the WCSB was previously mapped by
other researchers [65,66]. High geothermal gradients (>35 °C km) were estimated in the NWT North
of 65° latitude with values of 40 °C km to 50 °C km-! East of the Mackenzie Mountains [5]. Our work
suggest elevated geothermal gradients and heat flows under four communities in the Southern NWT,
and confirmed the previous elevated geothermal gradient estimates. These results indicate significant
geothermal potential in the communities of Ft. Providence and Hay River. The geothermal gradient
in Kakisa and Enterprise is expected > 40 °C km™, which is again highly favourable, but the small
population of those communities could be a challenge for economic exploitation of the geothermal
resource.

For this study, no information on the quality of the temperature readings was available, since
this relates to the flow rate during the DST and to the mud circulation times for BHT measurements
[5]. Limited temperature data was available for each community as they are located in a remote
Northern region. The number of temperature data points available in each community was the
criterion to determine the most reliable type of data to estimate the geothermal gradient from the
group of wells near each community. A large number of BHTs were favoured when possible, but the
number of DST temperature was more important for three communities (Ft. Providence, Hay River,
and Enterprise).

Measured temperatures from six wells in Cameron Hills was used to verify our
thermostratigraphic approach for temperature predictions. A similar approach that uses equilibrium
temperature was done for several basins in the USA [23,24]. Majorowicz et al. [67] concluded that
even corrected BHTs tend to be systematically higher compared to equilibrium temperature
measurements of shallow basins (from 500 to 900 m depth) from wells in the Rocky Mountain
Foothills and at the Western edge of the WCSB, and that shallow BHTs contain systematic errors.
This was also confirmed and discussed by the works of Majorowicz et al. [68] who estimated the
geothermal gradient and regionally mapped the geothermal anomalies of the WCSB. The
discrepancies between calculated and observed temperature can be explained by many factors, but
the input temperature remains the parameter that has the highest impact on the final geothermal
gradient and heat flow estimation [4]. It should also be noted that only Kakisa and Enterprise have
temperature data recorded at depth greater than 1km (Figure 7), resulting in the two communities
having the lowest gradient, but one that is very similar to the values of Cameron Hills. It is therefore
possible that considering data from a shallow depth, like Hay River, resulted in overestimating the
geothermal gradient.

Our analyses have demonstrated that the temperature predicted below the four communities
present similar trends to that measured for Cameron Hills. The range of thermal conductivity is a
source of uncertainty, but verification with temperature profiles in Cameron Hills resulted in small
differences of 3.61 °C between calculated and measured temperatures (Figure 10). The radiogenic
heat production had a relatively minor impact for the calculation made in this study, since the total
thickness of the sedimentary rock formations is less than 1 km. The heat production rate calculated
from either radiogenic element content (determined with inductively coupled plasma techniques) or
gamma ray is similar for the geological formations common to the South Slave communities (Table
2) and the Cameron Hills (Table 3).

The thermal conductivity is assumed to be uniform in each geological formation, and is
responsible for changes in geothermal gradient at geological formation contacts. Lithologies with a
lower thermal conductivity shows a relatively more rapid increase in temperature with depth (Figure
12). The most prominent lithologies below the South Slave communities are shales and carbonates.
Their estimated thermal conductivity is consistent with thermal conductivity of the typical
sedimentary rocks in the WCBS, and have values from 1.4+ 0.4 W m'Kto 2.1+ 0.4 W m' K" in shale,
24+09W m1K!to3.4+3.0 Wm1K!inlimestone, 3.1 +1.4 W m1K- to 5.0 + 0.6 Wm-K-! in dolomite
and 2.8 W m1 K" to 4.7 £ 2.8 W m* K in sandstone [1,69]. The low harmonic average of thermal
conductivity estimated for sedimentary rocks below the four communities (~2.5 W m-1K-?) reveal its
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blanketing effect and can partially explain the high geothermal gradient given by the significant
thickness of shales in this high heat flow region (Figure 4, Figure 12).

Work described in this manuscript allowed improving the geothermal knowledge of the South
Slave Region by using recently acquired information on thermal properties to evaluate heat flow and
interpolate subsurface temperature from the surface to the top of the crystalline basement. The
regional and deep basement faults that cross the communities (Figure 2) could have an influence on
the permeability and convective heat transfer. However, an analysis of the structural context was not
addressed in the study area. Natural hydrothermal systems are commonly present in fractured rocks,
and typically associated with extensional faulting [70-72]. This is a limitation of our study that
focused on conductive heat transfer mechanisms only.

7. Conclusions

Compilation of DST temperature and BHT that were corrected for drilling disturbances allowed
evaluation of the geothermal gradient and heat flow below communities of the South Slave Region
to subsequently predict the temperature-depth distribution in the sedimentary basin formations. The
current estimation of the geothermal gradient is > 40 "C km and up to 100 mW m? for heat flow.

The result indicates high geothermal gradient and high surface heat flow suitable for direct use
of geothermal resources at the depth of sedimentary rock formations according to the Lindal diagram
[73]. The communities, particularly Hay River, could potentially exploit the geothermal resource.
Here, the high geothermal gradient could facilitate exploitation at shallow drilling depth and result
in potentially economic projects.

The heat flow in the South Slave Region would be the highest of all the WCSB according to this
modeling work, but geothermal exploration boreholes will have to be drilled to confirm these results.
Drilling exploration wells and measuring equilibrium temperature profiles are the next steps to
confirm our finding and eventually exploit geothermal resources. The use of thermally equilibrated
temperature measurement data from wells in the Cameron Hills allowed verification of our model to
determined if the thermal conductivities assigned to the geological formations underlying the South
Slave communities is logical, using formations common to both areas (Twin Falls, Hay River, and
Slave Point Formations). The thermal conductivity values of the sedimentary rocks varies from 1.4 W
m1K?to 3.5 Wm1K. However, the nature and the thermal properties of the Precambrian basement
below the sedimentary basin at the location of the South Slave communities need to be defined in
future work in order to extrapolate the temperature at depth below the basin. Evaluating the thermal
conductivity of the crystalline basement will be crucial to get a reliable estimate of temperature in
deep basement rocks
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