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1. INTRODUCTION

Radiogenic heat production (RHP) is a critical component of the subsurface thermal regime, with direct
implications for petroleum system modeling, reservoir quality, and geothermal energy potential (Beardsmore &
Cull, 2001). This heat is predominantly generated by the radioactive decay of isotopes of uranium (U), thorium
(Th), and potassium (K), contributing significantly to the thermal structure of sedimentary basins. Crustal heat
production can vary widely, ranging from less than 0.1 pW/m? in mafic rocks to more than 6 pW/m? in granites
(e.g., Rybach, 1976). Conventional models of hot sedimentary aquifer geothermal systems typically assume that
heat originates primarily from the crystalline basement, composed of igneous and metamorphic rocks, while
the overlying sedimentary strata are generally viewed as passive thermal insulators with minimal intrinsic heat
generation. However, recent studies have shown that sedimentary rocks, particularly organic-rich shales, can
also contribute significantly to RHP, especially in regions where these rocks have high concentrations of
uranium, thorium, and potassium (e.g., Hasterok et al., 2018). Moreover, measured RHP values in shales range
from 2 to 6.42 pW/m?, potentially matching or even exceeding those of basement rocks in some regions (e.g.,
Batista-Rodriguez et al., 2023). In thick, laterally extensive formations, radiogenic sediments can generate
substantial internal heat and elevate geothermal gradients and subsurface temperatures, reducing dependence
on basement-derived heat (Majorowicz & Grasby, 2021).

Within the Western Canadian Sedimentary Basin (WCSB), northeastern British Columbia (NEBC) is
characterized by elevated basement radiogenic heat production (AGS, 1994). High-RHP sedimentary units have
also been identified, such as the Exshaw shale (e.g., Bachu & Burwash, 1991). Notably, the Horn River Basin in
NEBC is distinguished by its extensive shale gas development, abundant well data, high thermal gradients, and
elevated uranium concentrations in certain formations, which together make it a promising target for geothermal
exploration (Hu et al., 2022; Majorowicz & Grasby, 2021; Palmer-Wilson et al., 2018).

This study examines the RHP in sedimentary formations of the Horn River Basin, with a focus on the organic-rich
Horn River Group shale near the base of the basin. By integrating bottom-hole temperature data with geophysical
well logs, the spatial variability of U, Th, and K concentrations is evaluated. The resulting RHP values are
correlated with gamma ray logs, and their spatial distribution across the basin is mapped to assess their
contribution to the regional thermal regime.

2. GEOLOGICAL SETTINGS

The Horn River Basin (HRB), located north of Fort Nelson near the British Columbia—Northwest Territories border,
Canada (Fig. 1a), hosts substantial energy resources, including both unconventional gas and geothermal
potential within the Devonian-age Horn River Group (HRG). The HRG is composed predominantly of organic-rich,
fine-grained marine shales and is subdivided into three formations, from base to top: Evie, Otter Park, and
Muskwa (Fig. 1b).

The Evie Formation, which unconformably overlies the Lower Keg River carbonates, comprises dark gray to
black, organic-rich, pyritic, and variably calcareous to siliceous shale. It represents the most radioactive interval
within the HRB and contains the highest total organic carbon (TOC) content among the HRG formations (e.g., Hu
et al., 2022). The overlying Otter Park Formation consists of more clay-rich, calcareous shales with lower TOC
and increased ductility. Above this, the Muskwa Formation conformably underlies the Fort Simpson Formation
and is composed of gray to black, siliceous, organic-rich shale. The HRG is thermally mature to overmature
across the basin, making it a key target for shale gas development (e.g., Dong et al., 2017; Rivard et al., 2014). Its
thermal maturity reflects variations in burial depth and heat flow, with the region characterized by relatively high
geothermal gradients (e.g., Majorowicz & Grasby, 2021).
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Figure 1. (a) Modified Digital Elevation Map showing the location of the study area and the vertical wells
where spectral gamma ray log set is available. The original DEM/Hillshade is derived from the Canadian
Digital Elevation Model, Color Shaded Relief (CDEM, 2023). (b) Schematic stratigraphic chart of the Horn
River Group in the Horn River Basin.

3. DATA AND METHODS

Spectral gamma ray (SGR) logging detects gamma radiation from naturally occurring isotopes—uranium (U),
thorium (Th), and potassium (K)—by measuring their characteristic energy spectra. Unlike conventional gamma
ray logs that record only total radiation, SGR logs quantify the individual concentrations of U, Th, and K, enabling
more detailed lithological characterization and geochemical interpretation. For this study, we analyzed SGR
data from 84 wells (Fig. 1a), including total gamma ray and individual U, Th, and K logs. In addition, conventional
logs from over 160 wells were integrated, comprising natural gamma ray (GR), compressional sonic transit time,
bulk density, deep resistivity, photoelectric factor (where available), and density/neutron porosity. Bottom-hole
temperature (BHT) data from over 200 wells were also included.

Radiogenic heat production was calculated for subsurface formations using radioactive elemental
concentrations from SGR logs. These RHP values were then correlated with GR logs through regression analysis
to develop a new GR-based model for predicting RHP in wells lacking elemental logs, specifically across the
HRG formations: Muskwa, Otter Park, and Evie. RHP values derived from both elemental and GR logs were
interpolated using geostatistical methods to generate continuous distribution maps. A comparative analysis of
the three formations was conducted to evaluate their relative contributions to regional radiogenic heat
production. To complement the RHP assessment, thermal gradient profiles were also constructed.

RHP (A) was calculated using the method originally proposed by Rybach (1976) and later refined by Blicker and
Rybach (1996), which relates RHP to U, Th, and K concentrations and incorporates bulk density:

A1 =10"5RHOB (9.52 Cu + 2.56 CTh + 3.48 Ck) (1)

where A1 is the RHP calculated using Eq. 1 (WW/m?®). RHOB is the bulk density (kg/m®), and Cu, CTh, Ck are the
concentrations of U (ppm), Th (ppm), and K (%), respectively.

RHP (A2) was estimated from GR log using an empirical linear regression by Blicker and Rybach (1996):

A2 =0.0158 (GR — 0.8) (2)
where A2 is the RHP calculated only from GR log (in APl units) using Equation 2.
This study establishes a relationship between A1 and GR data for the HRG shales, expressed as:

A3=aGR+b (3)

where A3 is the RHP calculated using Equation 3, representing the GR model proposed in this study, and a and
b are constants obtained by fitting the GR log data to the calculated A1 values for the HRG formations.
4. RESULTS AND DISCUSSION

Continuous SGR logs reveal distinct log signatures within the HRG shale. Figure 2a-d shows the basin-wide
distribution of SGR log data (GR, U, Th, K) for the three formations, which form the basis for the RHP calculations.
The Evie Formation displays the highest GR and U readings but the lowest Th and K values, while the Otter Park
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Formation has the lowest SGR and U readings but the highest Th and K. The Muskwa Formation exhibits
intermediate values across all four log types.

In this study, BHT data, primarily from well tests such as production and drill stem tests (DSTs), indicate that
temperatures in the HRG shales typically range from 80 to 155 °C (Fig. 2e), with an average geothermal gradient
of 46.4 °C /km, confirming the high thermal gradient of the region.
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Figure 2. SGR logs highlighting the distinct features of GR (a), U (b), Th (c), and K (d) across the Muskwa,
Otter Park, and Evie formations. (e) BHT data from 231 wells that penetrated the HRG in the HRB.

Applying Equation 1, RHP (A1) was directly calculated from U, Th, K, and RHOB logs in all wells with available
SGR logs across the HRB, revealing a wide range of values from 0.2 to 12.91 yW/m®. Figure 3 shows the A1
distribution across the three formations: the Muskwa Formation ranges from 0.41 to 8.81 uW/m?®, with an
average of 3.6 pW/m3 (Fig. 3a); the Otter Park Formation shows lower values, ranging from 0.2 to 7.84 pW/ms,
averaging 2.3 uW/m? (Fig. 3b); and the Evie Formation exhibits a broader range from 0.24-12.91 pW/m?, with an
average of 4.3 pW/m? (Fig. 3c).
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Figure 3. Distributions of calculated RHP (A1) from radioactive elemental logs using Equation 1 for the
three formations within the HRG shale: (a) Muskwa, (b) Otter Park, and (c) Evie.

By correlating A1 with GR logs, Equation 3 was derived in this study (Fig. 4), illustrating the relationship between
RHP (A1) and GR logs for the HRG shale (Fig. 4a) and for each of the three formations (Fig. 4b-d).
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Figure 4. Correlations between A1 (calculated using Equation 1) and total gamma ray (GR) logs for the HRG
(a), Muskwa Formation (b), Otter Park Formation (c), and Evie Formation (d).

Accordingly, A2 and A3 were estimated from GR log using Equations 2 and 3, respectively. To validate the GR-
based models, Figure 5 compares their estimates (A2, A3) against the SGR-derived baseline (A1). The published
GR model (Equation 2) shows high fidelity only at low RHP values (0~2 uW/m3; Fig. 5a), where higher Th/U ratios
(>1.8) are also observed (Fig. 5b). However, A2 tends to significantly underestimate RHP in the HRG shales at
higher values (>2 uW/m?) (Fig. 5a), with the discrepancy increasing as Th/U ratio decreases and/or RHP increases
(Fig. 5b). In contrast, the improved GR model (Equation 3) accurately predicts RHP across the full range (Fig. 5¢),
allowing reliable estimates for wells lacking SGR logs in the HRB.
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Figure 5. (a) Correlation between A1 (calculated using Equation 1) and A2 (derived from Equation 2); (b) relationship
between A1 and the thorium to uranium (Th/U) ratio; and (c) comparison of A1 with A3 (derived from the improved GR
model, Equation 3, proposed in this study).

Figure 6 illustrates RHP calculation for two example wells (Well-A and Well-B; Fig. 1). In Well-A (Fig. 6a), the
composite log suite includes SGR logging set (tracks 1-2), conventional well logs (tracks 3-5), and continuous
RHP profiles: A1 (from radioactive elemental logs), A2 (from the published GR model, Eq. 2); and A3 (from the
improved GR model, Eq. 3). All three RHP curves exhibit similar trends, with A3 closely matching A1. Although
the published GR model (A2, Eq. 2) provides estimates comparable to A1 at low RHP values (<2 pW/m?), it
increasingly underestimates RHP at higher values (>2 pW/m?®), with the discrepancy widening as RHP increases.
In Well-B (Fig. 6b), where radioactive elemental logs are absent, RHP was calculated using both GR models. A
pronounced discrepancy between A2 and A3 is observed across the HRG section, particularly in the Evie
Formation, where the maximum RHP exceeds 10 pW/m3 and Equation 2 substantially underestimates RHP.

Within the HRG in both wells, the Evie Formation shows the highest RHP, reaching or exceeding 10 pW/ms,
attributed to elevated uranium content and/or high GR readings. The Otter Park Formation displays the lowest
RHP, while the Muskwa Formation exhibits intermediate values.
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Figure 6. RHP calculations from well logs for two example wells. (a) Well-A (central well in Fig. 1) with SGR
logs (tracks 1-2), showing three RHP logs (track 6) derived from both elemental and GR logs; (b) Well-B
(northern well in Fig. 1), lacking elemental logs, showing two RHP logs derived solely from GR logs.

Consequently, RHP was estimated using the proposed GR model (Eqg. 3) for wells lacking elemental logs.
Contour maps were then generated (Fig. 7) to illustrate the spatial distribution of calculated RHP across the HRG
formations within the HRB. In the Muskwa Formation (Fig. 7a), RHP values primarily range from 3 to 4 pW/m3,
with relatively higher values broadly distributed throughout the basin, except in the central-south portion. The
Otter Park Formation (Fig. 7b) shows RHP values mainly between 2 and 3 pW/m?®, with higher concentrations in
the northern part of the basin and lower values towards south. The Evie Formation (Fig. 7c) exhibits generally
higher RHP, predominantly ranging from 4 to 5 PW/m?, with zones of elevated RHP (> 5 pW/m?®) extending from
the northwest to southeast and occurring locally in the southwestern part of the basin.
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Figure 7. Contour maps of RHP calculated from radioactive elemental and/or GR logs using Equations 1
and 3 for the three formations within the HRG shale: (a) Muskwa, (b) Otter Park, and (c) Evie.

5. CONCLUSIONS

This study quantifies RHP in the HRG shale of the HRB using geophysical well logs. RHP was calculated from
density and radioactive elemental logs (RHOB, U, Th, K) in wells with SGR data. Building on these results and
regression analysis, a new GR-based model was developed to estimate RHP in wells lacking SGR logs. The model
yields results consistent with those derived from elemental logs and highlights the underestimation of RHP by
the published GR model at higher RHP values (>2 PW/m?). Using RHP values from both the element-based model
and the improved GR model, regional distributions of average RHP were mapped for the HRG formations. Results
reveal significant variability across the basin: the Evie Formation exhibits the highest average RHP (4.3 pW/ms),
the Otter Park Formation the lowest (2.3 pW/ms), and the Muskwa Formation falls in between (3.6 pW/m3).
Elevated RHP, particularly values exceeding 4 UW/m?®in the Evie Formation near the base of the HRB, indicates
substantial internal heat generation. When integrated with BHT data and regional basement heat production
(AGS, 1994), our results indicate that RHP from the HRG shale contributes significantly to the total basin-wide
thermal regime, accounting for up to 40%. This also implies that, in the absence of this radiogenic shale, the
Horn River Basin might be less thermally mature, which has important implications for oil and gas generation.
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