
Studies on the Spatial Distribution
of Radiogenic Elements in the Crystalline

Basement Used for the Evaluation
of Deep Geothermal Resources
in the Southwestern Québec

Hejuan Liu(&)

State Key Laboratory of Geomechanics and Geotechnical Engineering,
Institute of Rock and Soil Mechanics, Chinese Academy of Sciences,

Wuhan 430071, China
hjliu@whrsm.ac.cn

Abstract. Accurate assessment on the subsurface geothermal resources
remains challengeable from the scientific point of view. The parameter uncer-
tainties and incomplete knowledge of initial conditions for the subsurface
environment make the prediction of subsurface temperature based on the ther-
mal models present a strong uncertainty. Forward modeling of the temperature
at depth may be highly dependent on the radiogenic heat production of the
geological layers which are affected by the concentration of uranium, thorium
and potassium, and density. It shows that the average concentration of uranium,
thorium and potassium is 1.78 ppm, 6.01 ppm and 2.64%, with the standard
deviation error of 3.57, 7.27 and 1.85 respectively for the selected region in
southwestern Quebec. The sequential gaussian simulation (SGS) method was
used to obtain the spatial distribution of the radiogenic elements in a selected
region with the size of 35 km � 80 km. Using the density values for specific
rocks, the distribution of the radiogenic heat production over the study area is
also simulated. Results show that the difference between the minimum and the
maximum radiogenic heat production value is 30% when considering the dif-
ference in density.

Keywords: Ordinary kriging � Sequential gaussian simulation
Radiogenic elements � Uncertainty � Geothermal energy

1 Introduction

The production of geothermal energy at depth has become a worldwide hot topic in
recent years with the reduction in the drilling cost and the development of the reservoir
stimulation technologies. However, the reliable assessment on the geothermal resources
at depth is very challengeable because of the great uncertainties subsurface (Fuchs and
Balling 2016). There are many methods for the spatial interpolation on variables (e.g.
radiogenic elements concentration, thermal conductivity etc.) related with the
geothermal energy assessment and they can be classified into three categories (Li and
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Heap 2008): (1) non-geostatistical methods, (2) geostatistical methods and (3) com-
bined methods. The stochastic simulation is a variogram based-model, general means
for generating multiple realizations of a specific variable, rather than a map of local best
estimates produced by kriging (Goovaerts 1997). Unlike kriging methods, the simu-
lation approaches take into account both the spatial variation of raw data at sampled
locations and the variation of estimates at unsampled locations (Delbari et al. 2009).
Since 1990s, as a popular stochastic simulation method, the Sequential Gaussian
Conditional Simulation method (SGCS) has been developed and often applied in the
fields of hydrogeology, ecology, pedology, mining, petroleum etc. (Dubrule 1989;
Caers 2005). It is used to model the continuous variables such as porosity, perme-
ability, concentration of elements etc. SGCS is based on the Monte Carlo method and
overcomes the smoothing effect induced by the kriging interpolation method. In
comparison with the partial optimization of the estimator value in the kriging inter-
polation algorithm, the geostatistical stochastic simulation is able to assess the spatial
distribution of desired variables and analyzing its uncertainty (Soltani et al. 2013),
realizing the optimization of the estimator values in the whole region through multiple
realizations based on the same input data (Zhao et al. 2010).

Parameters involved in the calculation of radiogenic heat production that may
strongly affect the subsurface temperature distribution, include the concentration of
uranium, thorium, potassium and density. However, because of the limited samples in
the subsurface and the strong heterogeneity of the lithology in different geological
formations, it is difficult to have a clear understanding on their spatial distribution over
a large region. The assessment of the geothermal potential in the western St. Lawrence
Lowlands located at the southwestern Quebec is highly dependent on the clear
understanding on the characteristics of its basement. However, because of the limited
samples and incomplete knowledge of the uncertainty associated with the distribution
of radiogenic elements, it is meaningful to make a comparison by investigating the
radiogenic characteristics of its neighbored outcropping regions (e.g., Portneuf-
Mauricie domain, Parc des Laurentides domain, Morin Terrane etc.). The main
objective of this study is to understand the spatial distribution of the radiogenic ele-
ments and the radiogenic heat production in the Grenville basement of the western St.
Lawrence Lowlands using the geostatistics studies and the Sequential Gaussian Sim-
ulation (SGS) method.

2 Study Area

The Grenville Province (Fig. 1a) is composed of high-grade metamorphic terranes and
thrust stacks along ductile shear zones, equivalent to the roots of a Himalayan-type
collisional orogeny (Rivers 2015; Davidson 1984; Dufréchou et al. 2014). It was found
that the north-south strike of the Grenville structure belt extends from Canada south-
ward into the subsurface of the Appalachian basin (or foreland) (Shumaker and Wilson
1996), which belongs to part of the Appalachian orogeny that extends from New-
foundland to North Carolina. Grenvillian age rocks outcrop in southwestern Quebec in
lithotectonic domains including Morin Terrane, Portneuf-Mauricie Domain and Parc
des Laurentides Domain etc.
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The St. Lawrence Lowlands located at the southwestern Quebec is comprised of
Cambrian to Ordovician sedimentary rocks and their crystalline basement is made up of
rocks including granite, granitic gneiss, paragneiss, orthogneiss, gabbronorite, mon-
zonite, and amphibolite etc. (Tremblay et al. 2003; Lavoie et al. 2009). Figure 1b
shows the simplified geological map of the western part of the St. Lawrence Lowlands
and its neighbored geological regions at Grenvillian age including the Portneuf-
Mauricie (PM) domain, Morin Terrane (MT) and Parc des Laurentides domain
(PDLD). The study area bounded by the blue rectangle covering intrusions of Gagnon,
Lapeyrere and Montauban group is selected because of the rich data in the concen-
tration of the radiogenic elements.

Fig. 1. Study area (surrounded by the blue rectangle) in the Grenville Province. (a) Location of
the Grenville Province; (b) simplified geological map of the western St. Lawrence Lowlands and
its neighbored geological regions composed of Grenville age rocks including Portneuf-Mauricie
(PM) domain, Shawinigan domain (SD) that is part of the Morin Terrane (MT), Parc des
Laurentides domain (PDLD) etc. (modified from Nadeau and Brouillette 1994, 1995; Sappin
2012).
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3 Methodology

3.1 Sampling

In the study area shown in Fig. 1b bounded by the blue rectangle, 170 samples were
collected by using RS-230 spectrometer and compiled the available data from the
Quebec Ministère des Ressources naturelles et de la Faune (SIGEOM). For the data
collected from the SIGEOM database, most of the uranium concentration samples are
based on NAA-neutron activation method, while the thorium concentration are mainly
based on NAA and X-ray fluorescence, the potassium concentration are based on X-ray
fluorescence and plasma emission spectrum. When a much larger region with the
longitude in the range of W73°15’ and W71°45’ and the latitude in the range of N46°
04’ and N47°50’ shown in Fig. 1b is considered in the Grenville Province covering
Morin Terrane, Portneuf-Mauricie domain, Parc des Laurentides domain, a total of 404
uranium data, 357 thorium data and 411 potassium data were collected.

3.2 Sequential Gaussian Simulation

In the SGS algorithm the mean and variance of the Gaussian distribution at any
location along the simulation path is estimated by the kriging estimate and the kriging
variance (Vidal and Archer 2015). Rather than choosing the mean as the estimate at
each grid node like the kriging interpolation method, SGS uses a random deviate from
the normal distribution. This random deviate is selected according to a uniform random
number representing the probability level. The variable at each unknown grid node is
simulated sequentially according to its normal conditional cumulative distribution
function (ccdf). During the multiple realizations, it uses not only the original data but
also all previous simulated values.

3.3 Calculation of Radiogenic Heat Production

When the concentration of the radiogenic elements including uranium, thorium and
potassium is known, together with the values of density for the samples, the radiogenic
heat production can be calculated using the following empirical function (Mareschal
and Jaupart 2004; Rybach 1976):

A ¼ qr 9:52Cu þ 2:56CTh þ 3:48Ck½ � � 10�5 ð1Þ

where qr is dry density of rock (kg/m3), Cu is the uranium content (ppm), CTh is the
thorium content (ppm), and Ck is the potassium content (%).

4 Results and Discussion

4.1 Concentration of Radiogenic Elements at Sampled Sites

The average concentration of uranium, thorium and potassium is 1.78 ppm, 6.01 ppm
and 2.64%, with the standard deviation error of 3.57, 7.27 and 1.85 respectively.
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It presents that 90% of the total samples have the uranium concentration less than
3 ppm, 64% of the samples have the thorium concentration less than 5 ppm, and 56%
of the samples have the potassium concentration less than 3%.

4.2 Spatial Distribution of Uranium, Thorium and Potassium Based
on SGS

Based on SGS modeling method and the omni-directional variogram with the range of
3400 m shown in Fig. 2, spatial distribution of the uranium under 100 realizations is
generated (see Fig. 3a) in the study area of 35 � 80 km2, with the cell size of
175 m � 400 m performed using the geostatistics software - SGeMS (Remy et al.
2009). Using the same process above, the spatial distributions of the thorium and
potassium are also simulated.

Except the uranium concentration, the distribution of the thorium (Fig. 3b) and
potassium (Fig. 3c) using SGS simulation method are also shown by applying the
omni-directional variograms with the range of 7200 m and 6000 m respectively (see in
Fig. 2).

4.3 Spatial Distribution of the Radiogenic Heat Production Based on SGS

Based on the range of the density value (minimum, average and maximum) for the
specific rock in the study area, using the empirical function Eq. 1, accordingly, three
types of radiogenic heat production can be calculated and their spatial distribution can

Fig. 2. The omni-directional variograms for the concentration of uranium, thorium and
potassium in the study area

Studies on the Spatial Distribution of Radiogenic Elements 69



Fig. 3. The concentration of uranium(a), thorium(b) and potassium(c) by using conditional SGS
simulation based on 100 realizations applying the omni-directional variograms shown in Fig. 2.

Fig. 4. Spatial distribution of the radiogenic heat production using the average (a), minimum
(b) and maximum (c) density values for specific rocks at the sample points through applying the
conditional SGS with 100 realizations
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be simulated by applying the SGS method (Fig. 4). It shows that the difference between
the minimum and maximum radiogenic heat production can reach to an extent of 30%
compared Fig. 4a and c.

5 Conclusions

In the western St. Lawrence Lowlands, the radiogenic characteristics of its basement is
less known. The information from the neighbored Grenville Province may provide a
reference in understanding the heterogeneity of basement buried by the sedimentary
rocks in the western St. Lawrence Lowlands. Some main conclusions are as follows:
(1) radiogenic elements concentration for most samples in the research region is low;
(2) The minimum and the maximum radiogenic heat production value is 30%. Results
from this paper on the spatial distribution of the radiogenic heat production will be
applied in the forward modeling of the subsurface temperature and the assessment on
the geothermal resources in the western St. Lawrence Lowlands in the future.
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