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Abstract: This paper focuses on the thermal analysis of the wells within the proximity of those used by previous
geothermal demonstration project carried out at the University of Regina in 1977. In addition, wells around Moose Jaw
within the deep clastic and carbonate rock units (between 2 km and 3 km); with focus on the Deadwood and Winnipeg
formations were also investigated. The bottom-hole temperatures (BHT) of the target wells were extracted from the
well database (IHS AccuMap and GeoScount) and corrected using the Harrison correction method. The thermal
gradient for each well was obtained using the corrected BHT values, through which the subsurface temperature for each
well (at depths 2.5 km and 3.0 km) was calculated using the Lachenbruch model. The paper presents findings of a
conservative subsurface temperature range of approximately 50 °C — 90 °C consistent at depths 2.5 km and 3.0 km.
This range is certainly inadequate for electricity generation from the resource, though direct use applications can be
pursued. A potential heat mining field is highlighted within the findings east of Regina as a potential area of interest for
direct use applications (heating and cooling of buildings).
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1. INTRODUCTION

Geothermal energy plays a key role in realizing targets in energy security, economic development and mitigating
climate change. Through harnessing the stored thermal energy trapped within rocks, this resource can be utilized in
generating electricity and in direct applications. However, before the energy can be extracted from depths within the
Earth, exploratory methods are crucial in locating and prospecting the potential of a geothermal system. Heat mining
from the earth can theoretically supply the world at the present level of energy demand for many millennia [13].

1.1 Regina and City of Moose Jaw Geothermal Projects

The University of Regina embarked on a geothermal demonstration project for fluid extraction from the sedimentary
aquifers in 1977. The Geothermal Energy Program funded a feasibility study to illustrate the prospects for geothermal
fluids on the University campus [19]. The WCSB accounts for two-thirds of southern Saskatchewan, whereas
Precambrian crystalline rocks covered by nearly flat-lying Phanerozoic sedimentary rocks are found towards the
eastern margin [18]. The Phanerozoic strata found in Regina can be classified into three groups of geological
subdivisions: a Basal Clastic Unit of sandstone and shale; a carbonate-evaporite Unit of dolostone, limestone, salt and
anhydrite; and an Upper Clastic Unit composed predominantly of shale and sandstone, [18].

The main findings showed the prime targets were the Winnipeg Formation (depth 2,042 m and thickness 34 m) and the
Deadwood Formation (depth 2,088 m and thickness137 m), with predicted temperatures of 71°C and 74 °C,
respectively [8]. Other reservoirs at shallower depths, comprised of the Interlake Formation (depth 1,825 m and
temperature 64 °C) and the Winnipegosis Formation (depth 1,726 m and temperature 63 °C), whilst others carried
temperatures below 50 °C. The Regina well was completed in the summer of 1979 with “open hole” in both the
Winnipeg and Deadwood Formations below the casing shoe at 2,034 m depth [17]. These findings are summarized in
Table 1 as seen below.

Table 1: Main temperatures findings of formations at depth for the Regina well [17]
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Formation Temperature (°C) | Depth (m)
Deadwood 74 2088
Interlake 64 1825
Winnipeg 71 2042
Winnipegosis 63 1726
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1.2 Western Canada Sedimentary Basin

The Western Canada Sedimentary Basin (WCSB) is the best characterized and detailed sedimentary basin within
Canada, consisting of significant volumes of fluid in porous rocks. The target area investigated for this paper is
highlighted within the green rectangle of Figure 1. This area falls outside the Williston basin which is part of the
WCSB. The target wells are localized around the areas of Moose Jaw and Regina, 50'N of this latitudinal line. Well
data from fourteen target wells are used in the investigation. Key sedimentary units (major lithology) within the vicinity
of Regina are: the Upper Clastic, Carbonate-Evaporite, and the Basal Clastic each having thicknesses of
1000 m, 1000 m, and 200 m respectively [18].
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Fig. 1 Distribution of well locations localized around Regina

Canada does not possess electricity generation through geothermal energy. Though regions across Canada have been
investigated as illustrated within the Executive Summary, Research Needs of the Geological Survey of Canada Open
File 6914 [8], there still is a greater need to thoroughly investigate specific areas through computer modelling to fill
data gaps. In many areas across Canada where information exists, the data are insufficient to characterize geothermal
resource [8]. The paper serves to thoroughly investigate wells within the vicinity of Moose Jaw and Regina. It provides
in-depth findings for the thermal gradient, surface heat flow and subsurface temperature (at depths 2.5 km and 3 km)
furthermore; the paper highlights a potential area of interest for geothermal direct use exploitation.

2. THERMAL ANALYSIS

2.1 Harrison Correction Method for Thermal Equilibrium

The IHS AccuMap and GeoScount provide the required well core data for the regions of Moose Jaw and Regina. Oil
and gas data have been incorporated into conventional heat flow data to fill large spatial gaps. Datasets of bottom-hole
temperatures (BHTS) and geological formations are made possible through drilling of oil and gas wells [16]. BHT data
are usually of low quality as mentioned by Blackwell [3, 4] and Shope [14]. The true formation temperature values are
not represented by the geophysical logs. This is because of recording the data shortly after cessation of drilling
operation. The Harrison Correction Method (HCM) is made possible typically through data constraints with publicly
available oil and gas well information. Through such an empirical correction factor is used, as demonstrated by
Harrison [9], Blackwell [3], Frone and Blackwell [4], and Shope [14].

The Harrison correction can be described as a second order polynomial function of depth. Through this method the
generated AT value in °C is a correction factor that is summed to the BHT from the geological well data to yield an
estimated equilibrium temperature.
It is stated by the following:

AT(°C) = —16.51 + 0.01827z — 2.345 x 107022 (1)

Through this approach the BHT values are corrected and tabulated as seen in the following table. Each BHT value
carries its associated True Vertical Depth (TVD) value and Well Identification Number.
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Table 2: Calculated thermal equilibrium values for the well data

Well Identification Number | TVD (m) | BHT (°C) | HCM Factor (°C) | Corrected BHTs (°C)
101/01-17-027-28W2/00 1775.5 42.0 8.5 50.5
101/14-10-027-25W2/00 1815.1 50.0 8.9 58.9
131/03-08-017-19W2/02 1859.6 52.0 9.4 61.4
131/11-29-016-17W2/00 2113.0 75.0 11.6 86.6
121/16-04-017-15W2/00 2152.5 68.0 12.0 80.0
101/02-11-015-26W2/00 2225.6 56.0 12,5 68.5
101/14-11-014-16W2/00 2326.0 68.0 13.3 81.3
101/08-20-011-17W2/00 2359.2 54.0 13.5 67.5
111/10-13-010-17W2/00 2361.0 71.0 13.6 84.6
121/06-36-012-15W2/02 2481.5 70.0 14.4 84.4
101/06-32-008-16W2/00 2519.5 65.0 14.6 79.6
141/03-11-010-16W2/00 2584.0 62.0 15.0 77.0
101/03-14-008-20W2/00 2601.8 71.0 15.2 86.2
101/02-04-022-15W2/00 2606.0 63.0 15.2 78.2

The Harrison correction method is applied to the trend line of the BHT values, from which these values are calculated
and tabulated as seen in Table 2. It can be noted through the application of the HCM it increases the R? value (accounts
for a greater correlation between the temperature and depth values) as seen in Fig 2, when comparing the trend lines for
the uncorrected BHT values (R? = 0.397) and the corrected of thermal equilibrium values (R? = 0.551).
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Fig. 2 Corrected BHT values for wells localized around Moose Jaw and Regina

2.2 Well by well Thermal Gradient and Heat Flow Calculations
Through the use of the corrected bottom-hole values, the thermal gradient values were calculated utilizing equation (2)

dT TBHT - TS
(dz) B z @

where dT/dz is the thermal gradient, Tg,r is the corrected BHT values, T; is the average annual surface temperature,
and z is the true vertical depth. All temperature values are calculated in degree Celsius (°C), and the TVD in meters
(m). The average thermal equilibrium gradient for the investigated region is determined to be 28.8 °C/km. For the
regions of Moose Jaw and Regina an average annual surface temperature, T, of 2 °C is used in the calculation of the
thermal equilibrium gradients [2]. The well numbers in Figure 3 below correlates to the order of the well identification
numbers as seen on Table 3. Hence well number 1 correlates to 101/01-17-027-28W2/00, well number 2 correlates to
101/14-10-027-25W2/00 and so on.
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Table 3. Calculated thermal equilibrium gradient values for the wells

Well Identification Number | Corrected BHTs (°C) | Thermal Gradient (°C/km)
101/01-17-027-28W2/00 50.5 23.4
101/14-10-027-25W2/00 58.9 26.9
131/03-08-017-19W2/02 61.4 28.1
131/11-29-016-17W2/00 86.6 36.7
121/16-04-017-15W2/00 80.0 33.0
101/02-11-015-26W2/00 68.5 26.3
101/14-11-014-16W2/00 81.3 31.1
101/08-20-011-17W2/00 67.5 24.8
111/10-13-010-17W2/00 84.6 32.0
121/06-36-012-15W2/02 84.4 30.4
101/06-32-008-16W2/00 79.6 28.0
141/03-11-010-16W2/00 77.0 26.3
101/03-14-008-20W2/00 86.2 29.6
101/02-04-022-15W2/00 78.2 26.5
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Thermal Equilibrium Gradient Distribution and Post Map
of Investigated Wells Within the Vicinity of Moose Jaw and
Regina
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Fig. 3 Map of Thermal Gradient Distribution of all 14 Wells Investigated
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The surface heat flow is then calculated from the corrected thermal gradient values. A 1D vertical conduction of heat
through the rock column can be assumed; hence the resulting heat flow can be expressed as:

)

where the corrected thermal gradient is in °C/km, the thermal conductivity k is in W /mK, and the calculated heat flow
Q,, is in mW /m?. For the 1D case to be accurate the following conditions must hold to prevent the nullification of the
assumption of steady-state heat flow: the depth of the well is small compared to the distance of significant structural
alterations in geology, and excluding current volcanism within the area [16]. The thermal conductivity of the dominant
lithology found in each well number was compiled across multiple sources of literature to generate Table 4. These
formations comprised of, Black Island, Deadwood, Icebox, Precambrian, Winnipeg and Yeoman. For instances, where
heterogeneous formations having multiple distinguishable lithologies were encountered, an average value for each was
determined to describe the overall thermal conductivity. Among these were cases of igneous rock and gneiss, and
sandstone and shale. Multiple sources of literature were used to fill this data gap in which the thermal conductivity
values ranged between 2.90 W/mK — 6.85 W/mK [1, 11, 12].

3
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Surface Heat Flow Contour Distribution and Post Map

Surface Heat Flow Distribution and Post Map from y 5
from Corrected Well Data Across Moose Jaw and Regina

Corrected Well Data Across Moose Jaw and Regina
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Fig. 4 Surface Heat Flow Maps with Well Number Distribution: (a) 3D Surface Contour, (b) 2D Contour

The surface heat flow findings are represented in both parts (a) and (b) of Figure 4. The 3D surface contour distribution
map in part (2) clearly highlights two major peaks that are distinctive of maximum areas of surface heat flow. Through
Figure 4 (b) these two areas relate to well numbers 5 and 9. It can be observed that high values of thermal gradient do
not directly relate to high surface heat flow values as such with well number 4. Well number 4 has the highest corrected
BHT value, and thermal gradient value (Figure 3) at 86.6 °C and 36.7 °C/km respectively. However, this translated
only into a value of 106 mW /m2. Hence, it is clearly seen that the surface heat flow is much more dependent on the
thermal conductivity values. Those wells that reached into the Precambrian formation carried a higher thermal
conductivity values than others. It should be noted that localized on well number 3; Regina is located, whereas just
north of well number 6, Moose Jaw can be found.

2.3Subsurface Heat Calculations
Based on Table 1, it is observed that the TVD ranges from 1775.5 m to 2606.0 m. Therefore, for depths exceeding
2606.0 m were no measured temperature data is available the heat flow maps can be utilized for these calculations.
Through the ‘Lachenbruch model” which describes the exponential decrease of crustal heat generation with depth, the
calculations to determine the variation of temperature with depth are made possible. The basement heat flow
Qo (W/m?) is statistically correlated to the heat generation of the basement, A, (W /m?) in the form:

QO = Qr + DAO (4)

where Q, is the reduced heat flow (W/m?) and D is measured in units of depth, furthermore both Q, and D are
constants characteristic of large geological provinces. The key parameters used to calculate temperature with depth
relations for the geological Craton region are [8]: D = 9.6 km,Q, = 33 mW /m?, and A, = 2.7 uW/m3. The
basement heat flow value will be the same for all wells under investigated, as this value was found to be
58.92 mW /m?. Given that the basin fill of 2 km is overlying the basement at depth of 3 km, the temperature T, ,,,, at
the top of the basement needs to be found first. Therefore for the first 2 km, thatisat X = 0 — 2 km:
QX | X
Toim = =~ Ao (5)

For X > 2 km, the temperature (T) vs. depth (m) equation can be written as:

T() = Typy + 0, % + 4,01 _kexp (-2) (6)

Equations (5) and (6) are explicitly utilized in the calculation of the subsurface temperature T (z), for each well data
entry from Table 2. Figure 5 parts (a) and (b) were generated for depths of 2.5 km and 3.0 km respectively. It can be
observed that the consistency of subsurface temperatures for wells 4, 7 and 14 are among the highest at both depths of
2.5 km and 3.0 km. The thermal conductivity values of the formations at depth play a crucial role, influencing the
overall value of the subsurface temperature. In addition, the approach undertaken to investigate the overall heat flow
estimation for a column as mentioned by Blackwell [3], also dictates the equations used in the calculation of the
subsurface temperatures.

Well 3, exhibited the highest corrected bottom-hole temperature and thermal gradient values of 86.6 °C and 36.7 °C/
km respectively. However, from Figure 5 (a) and (b) it clearly shifts the focus away from well 3 unto wells 4, 7 and 14.
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Hence the lithology of the formations within these three outlined wells are much more conducive for temperatures at
depths of 2.5 km and 3.0 km. It can be surmised that areas east and north-north east of Regina holds the greatest
potential of thermal resources.

Subsurface Temperature T(z) Distribution
and Post Map at Depth 2.5 km
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Figure 5. Subsurface Temperatures T (z): (&) Depth 2.5 km, (b) Depth 3.0 km

The main findings of the well drilled at the University of Regina, found temperatures of 71 °C and 74 °C, for the
Winnipeg Formation (depth 2,042 m and thickness 34 m) and the Deadwood Formation (depth 2,088 m and thickness
137 m) respectively. Those findings were localized to one specific target well, whereas these sparse data points for the
study were obtained from abandoned oil and gas wells through AccuMap and Geoscout. These findings are outside the
prime focus of geothermal energy exploitation within Canada for resources displaying temperatures between 80 °C —
150 °C. Such resources can be utilized for binary type geothermal power plant for electricity generation. However,
from the findings presented in the paper a conservative temperature range of approximately 50 °C —90°C is
determined. This range is certainly inadequate for electricity generation from the resource, though direct use
applications can be pursued.
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However, it has potential for direct application purpose which requires temperatures above 50°C [10, 6]. It could be
used for heating and cooling of buildings like the type considered by Alberta government in Leduc or the Temple
Gardens Mineral Spa in Moose Jaw, Saskatchewan which has created about 200 jobs [5]. Based on these findings the
Regina project can be revisited. In addition, the location of well 4 is closer to Regina when compared to wells 7 and 14.
Therefore, it can be considered an area of greater interest in regards to site selection for direct use exploitation of the
thermal resource.

3. CONCLUSION

The study shows that there is a potential heat mining field for direct application for geothermal energy east of
Regina (50.2° N — 51.2° N, 104° W — 104.4°W). While it does not offer a conclusive answer on the feasibility of
direct use application, it does offer direction for future prospect based on thermal analysis. There is potential for direct
application based on the subsurface temperature findings (50 °C — 90 °C) at both the 2.5 km and 3.0 km depths across
the areas investigated. Future studies should consider the sustainability of a geothermal doublet system using these
wells for direct purpose by incorporating hydraulic properties and fluid content.

REFERENCES

[1] Barker, C. 1996.Thermal Modeling of Petroleum Generation: Theory and Applications. In: Developments in petroleum science, Vol 45.
Elsevier, Amsterdam, p 512.

[2] Beltrami, H. 2003. Ground Surface Temperatures in Canada: Spatial and Temporal Variability. Geophysical Research Letters, VVol. 30, No. 10.

[3] Blackwell, D. D., Negraru, P. T., and Richards, M. C. 2007. “Assessment of the Enhanced Geothermal System Resource Base of the United
States,” Natural Resource Research, 15.

[4] Blackwell, D. D., Batir, J., Frone, Z., Park, J., and Richards, M. 2010. “New geothermal resource map of the northeastern US and technique for
mapping temperature at depth.” GRC Transactions, Volume 34. Document 1D 28663.

[5] CanGEA. 2014. Direct Utilization of Geothermal Energy: Suitable Applications and Opportunities for Canada. Canadian Geothermal Energy
Association P. O. Box 1462 St. M, Calgary, Alberta, T2P 2L6, Canada.

[6] Ferguson, G. and Grashy S.E. 2014. The geothermal potential of the basal clastics of Saskatchewan, Canada. Hydrogeology J 22(1): P. 143—
150.

[7]1 Frone, Z.,, and Blackwell, D. D. 2010. “Geothermal Map of the Northeast United States and the West Virginia Thermal anomaly,” GRC
Transactions, Volume 34.

[8] Grasby, S. E., D. M. Allen, S. Bell, Z. Chen, G. Ferguson, A. Jessop, M. Kelman, M. Ko, J. Majorowicz, M. Moore, J. Raymond, and R.
Therrien. 2012. Geothermal Energy Resource Potential of Canada. Geological survey of Canada open file 6914.

[9] Harrison, W. E., Luza, K. V., Prater, M. L., and Chueng, P. K. 1983. “Geothermal resource assessment of Oklahoma: Special Publication 83-1,
Oklahoma Geological Survey.

[10] Mileni¢ D, Vasiljevi¢ P, Vranjes A 2010. Criteria for use of groundwater as renewable energy source in geothermal heat pump systems for
building heating/cooling purposes. Energy Buildings 42(5):649-657. doi:10.1016/j.enbuild.2009.11.002.

[11] Reiter, M., and Tovar, R. J. C. 1982. Estimates of Terrestrial Heat Flow in Northern Chihuahua, Mexico, based upon petroleum bottom hole
temperatures. Geological Society of American Bulletin, 93, p 613-624.

[12] Reiter, M., and Jessop, A. M. 1985. Estimates of Terrestrial Heat Flow in Offshore Eastern Canada. Can. J. Earth Sci., 22, 1503-1517.

[13] Sanyal, S. K. 2010. “Future of Geothermal Energy.” Proceedings the Thirty-Fifth Workshop on Geothermal Reservoir Engineering, Stanford
University, SGP-TR-188.

[14] Shope, E. N., Reber, T. J., Stutz, G. R., Aguirre, G. A., Jordan, T. E., and Tester, J. W. 2012. “Geothermal Resource Assessment: A Detailed
Approach to Low-Grade Resources in the State of New York and Pennsylvania,” 37™ Stanford Geothermal Workshop, Stanford, CA, January
30-February 1(In Press).

[15] Slind, O. L., Andrews, G. D., and Murray, D. L. 1994. Middle Cambrian to Lower Ordovician strata of the Western Canada Sedimentary Basin.
In: Mossop GD, Shetsen | (eds) Geological atlas of the Western Canada Sedimentary Basin. Canadian Society of Petroleum Geologists/Alberta
Research Council, Calgary, AB, pp 87-108.

[16] Stutz, G. R., Williams, M., Frone, Z., Reber, T. J., Blackwell, D., Jordan, T., and Tester, J. W. 2012. “A Well by Well Method for Estimating
Surface Heat Flow for Regional Geothermal Resource Assessment.” Proceedings the Thirty-Seventh Workshop on Geothermal Reservoir
Engineering, Stanford University, SGP-TR-194.

[17] Vigrass, L.W. 1980. “Completion and Pump Test, U. of Regina 3-8-17-19, Phase 1b — Geothermal Project.” Earth Physics Branch, Open File
80-6, 90pp.

[18] Vigrass, L., A. Jessop, and B. Brunskill. 2007. “Regina Geothermal Project; in Summary of Investigations 2007, Volume 1.” Saskatchewan
Geological Survey, Sask. Industry Resources, A-2, 21p.

[19] Vigrass, L. W., D. M. Kent, and R. J. Leibel. 1978. “Low-Grade Geothermal Project, Geological Feasibility Study, Regina — Moose Jaw Area,
Saskatchewan.” Earth Physics Branch Open File 78-4.

Copyright to IARJSET DOI10.17148/IARJSET.2017.4913 94



