Advances in

Geo-Energy Research

Original article

Vol. 6, No. 3, p. 206-220, 2022

Characteristics of Precambrian basement intruded by
Cretaceous geological intrusions in Monteregian Igneous
Province and their impacts on regional thermal structure

Hejuan Liu!?®*, Shengnan Ban'2, Karine Bédard®, Bernard Giroux

3

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

Sciences, Wuhan 430071, P. R. China

2University of Chinese Academy of Sciences, Beijing 100049, P. R. China
3Institut National de la Recherche Scientifique, Centre-Eau Terre Environnement, 490 de la Couronne, Québec GIK 9A9, Canada

Keywords:

Monteregian intrusions
thermal structure

thermal physical properties
fault system

Cited as:

Liu, H., Ban, S., Bédard, K., Giroux, B.
Characteristics of Precambrian basement
intruded by Cretaceous geological
intrusions in Monteregian Igneous
Province and their impacts on regional
thermal structure. Advances in
Geo-Energy Research, 2022, 6(3):
206-220.
https://doi.org/10.46690/ager.2022.03.04

Abstract:

With the progress of geothermal exploration in deep buried geological bodies, high
radiogenic geological intrusions have become the hot spot in recent years. However, the
assessment of the complex structure, lithology of geological intrusions by the geophysical
methods has uncertainty, making it a challenging to accurately predict the thermal
structure around the geological intrusions. In southern Québec, Canada, recent studies
show that a relative high surface heat flux has been detected in the region enclosed by
Montréal, Salaberry-de-Valleyfield and Saint-Jean-sur-Richelieu, around the southwest of
the Monteregian Hills, which belong to the Early Cretaceous alkaline and carbonatite
intrusions. It is not clear whether these Monteregian intrusions have impacts on the
thermal anomaly of the Montréal, Salaberry-de-Valleyfield and Saint-Jean-sur-Richelieu
region. The objective of this paper is to numerically investigate the thermal structure in the
thermal anomaly region, considering the impact of different Monteregian intrusions. The
simplified Monteregian intrusions are embedded into a three-dimensional geological model
consisting of the sedimentary formations in the St. Lawrence Lowlands and the simulator
Underworld?2 is used for the thermal modelling. Simulation results show that the geological
intrusions in this region have large impacts on the thermal structure at the local-scale,
depending on the radiogenic heat production, thermal conductivity, emplacement depth and
size. Temperature in the sedimentary formations may be lower or higher than that of the
adjacent geological intrusions, highly depending on the thermal physical characteristics of
these intrusions. Furthermore, the complex fault systems also strongly control the thermal
distribution in different fault blocks, making the Potsdam Group sandstone located between
the Grand-St-Esprit and Notre-Dame-du-Bon-Conseil faults as the potential geothermal
TESErvoir.

1. Introduction

Geothermal energy is an important indigenous energy

has become one important factor hindering the development
of geothermal energy industry. Reservoir temperature and
permeability enhancement are the most important factors of

characterized as clean, renewable, widely distributed, with
large reserves and various ways of utilization (Liu et al., 2015).
However, compared with other renewable energies, such as
wind or photovoltaic energy, its global installed capacity
and market share is still very limited. High exploration risk

a successful geothermal project either in the hot dry rocks
(usually in the depth of 3-5 km), or the sedimentary aquifer
(Chen et al., 2019; Anyim and Gan, 2020).

For a long period of time, the young, active volcanic
or magma related systems, which contribute a very high
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temperature at a shallow depth, has become the target of
geothermal exploration and exploitation (Capuno et al., 2010).
However, in most parts of the world, the geothermal energy
with the low to medium enthalpy is the dominant type. In
recent years, more potential regions in sedimentary basins
with buried high radiogenic geological intrusions and covered
by thick sedimentary rocks, are discovered to have thermal
anomaly at deep depth, like the Cooper Basin in Australia
(Meixner et al.,, 2012), the Qiongdongnan Basin in China
(Tang et al., 2014), and the Serdan-Oriental Basin in Mexico
(Lemgruber-Traby et al., 2021).

The surface heat flux, which is the consequence of multiple
factors including the radiogenic heat production of rocks,
depth of the Moho surface, structural configuration, intrusive
events, depth to crystalline basement, fault systems etc., is
usually considered to be an efficient indicator for the thermal
anomaly at depth (Perry et al., 2010; Jaupart and Mareschal,
2011; Siler et al., 2019; Yang et al., 2020). On a global scale,
the average value of heat production is in the range of 0.95-
1.20 uW/m? in the upper crust, and 0.4 yW/m? for the lower
crust.

Eastern Canada mainly constitutes a great proportion of
the Canadian Shield and has always been known as a “cold
basin”. The Canadian Shield presents an overall low heat flux
(i.e., <60 mW/m?), and the Moho depth of the Grenville
Province is around 40 km at depth (Cook et al., 2010). The
previous geothermal potential evaluations for the province of
Québec have concluded that there is little potential for high-
temperature geothermal resources because of the deep buried
crustal granitic rocks with low heat generation, high thermal
conductivity (>3 W/(m-K)), and low geothermal gradients
(Grasby et al., 2012). However, recent evaluations of geother-
mal potential in parts of the St-Lawrence Platform (especially
the Trois-Rivieres area), Gaspésie Peninsula, Anticosti Island
and Madeleine Islands (Perry et al., 2010; Majorowicz and
Minea, 2012, 2013; Liu et al., 2018) have shown that the
corrected bottom hole temperatures can reach >120 °C when
drilled to the depth of more than 4 km in the sedimentary
formations (Bédard et al., 2018), meaning that it still has
great potential for geothermal production by applying the
double-cycle power generation system or EGS to generate
electricity in this region. However, it is unclear about the
thermal properties of the Precambrian basement, especially
whether this is related with the possible high radiogenic
elements in some much younger geological intrusions (e.g.,
granite, carbonatite etc).

The objective of this paper is to clarify the thermal prop-
erties of the Precambrian basement with igneous geological
intrusions in the Monteregian Igneous Province (MIP) in East-
ern Québec and to study how they affect the regional thermal
structure and temperature distribution by numerical modelling.
The physical and thermal properties of the Monteregian ig-
neous intrusions are based on literature and experiments. A
series of sensitivity analyses have been carried out by thermal
modelling in Underworld2 (Quenette et al., 2015), studying
the impacts of the heat production generated by radiogenic
elements of uranium (U), thorium (Th) and potassium (K), the
emplacement depth of igneous intrusions and fault systems on
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the distribution of regional temperature.

2. Geological setting of the St. Lawrence
Platform in eastern Québec

2.1 Tectonic setting

In the southeast of Grenville Province, many dykes, sills,
plugs and joints are found, which are parallel to the trend
of the Ottawa-Bonnechere graben, considered as a failed arm
of a triple junction along the larger Iapetan rift system. It
also includes the Ottawa River-Lake Temiskaming and the
Saint Lawrence rift systems including Saguenay graben. The
age of the dykes along the Ottawa-Bonnechere graben can be
dated back to late Precambrian (ca. 575 Ma), representing the
initiation time of the rift system. The stratigraphic informa-
tion indicates that these rift systems were active during the
Cambrian period associated with the clastic deposition of the
Covey Hill Formation sandstone and conglomerate (Rankin,
1976; Kumarapeli, 1985). The major period of reactivation of
faulting within the Ottawa Valley culminated during the Cre-
taceous Period (145-66 Ma ago) associated with the dominant
period of igneous intrusive activity (Bleeker et al., 2011).

The St. Lawrence Lowlands (see Fig. 1), composed of the
St. Lawrence Platform and the Anticosti Platform, underwent
the initial rifting phase during the latest Proterozoic- Early
Cambrian period and convergent phase (from Early Cambrian
to Early Ordovician), then evolved into a tectonic active
foreland basin, finally ending after the main Taconian accretion
event (450-445 Ma) caused by the closure of the Iapetus Ocean
(Rimando and Benn, 2005; Lavoie et al., 2009). Afterwards,
during Middle to Late Devonian period, Acadian orogeny
activated because of the collision of the eastern margin of
North America with northwestern part of Africa (Rimando and
Benn, 2005), which was followed by the Appalachian orogeny
(beginning of Pensylvanian to Later Permian).

2.2 Fault system and stratigraphic sequence

The St. Lawrence Platform is mainly divided into three
regions constrained by large basement faults (Fig. 1): 1) the
northwest region of the St. Lawrence Platform, which is
controlled by the Yamaska fault, is characterized by thin-
layered sediments (<750 m in thickness); 2) the intermediate
depth basin, with a thickness of 1,250-2,500 m, is located
between the Yamaska fault and the Logan thrust fault; 3)
a deep basin (with a thickness of more than 2,500 m) is
located southeast of the Logan thrust fault which marks the
NW margin to allochthonous units (Majorowicz and Minea,
2012). These NE-SW trending normal faults (e.g., Tracy Brook
fault, Notre-Dame-du Bon-Conseil fault, Grand-St-Esprit fault,
Yamaska fault, Deschambault fault and Delson fault) cut
Grenville basement and Lower Palaeozoic sedimentary se-
quences. Lithostratigraphic units thus thicken and occur at
greater depths toward the southeastern direction, and the
NWW-SEE trending fault (Bédard et al., 2013a, 2013b).

The St. Lawrence Platform in southern Québec, corre-
sponding to the Cambrian to Early Ordovician passive margin
of the Iapetus Ocean, is filled to a depth of ca. 3000 m
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Fig. 1. Location of the St. Lawrence Platform and the intrusions, dykes, faults distribution in the Monteregian Igneous Province
(modified after Theriault et al. (2005), blue rectangle shows the scope of MIP).

Table 1. Density, concentration of radiogenic elements and thermal properties of sedimentary rocks in the St. Lawrence

Platform.
Groups Density (kg/m®) U (ppm) Th (ppm) K (%) A (UW/m3)  k (W/(m-K))&b
Potsdam sandstone 2540-2640 0.4-0.45°  1.38-1.4°  0.05-2.3°  0.19-0.42 477-6.9
Beekmantown dolomite  2640-2810 0.07-3.08¢  3-144 0.19-6.269  0.24-2.44 2.7-4.24
TR-BR-Ch limestone 2630-2700 0.2-6.64 24479 0.04-2.669 0.22-2.27 2.22-2.98
Utica shale 2700-2710 2.59-3.41°  2.9-9.8°  0.29-3.42¢  0.89-1.88 1.93-2.46
SR-LO-QT siltstone 2450-2720 3.1¢ 10.2¢ 0.05-0.8°  1.37-1.59 1.91-4.1

Note: a. Nasr et al. (2015); b. Perozzi et al. (2016); c. Rivard et al. (2002) and Owen and Greenough (2008);

d. Pinti et al. (2011); e. Vantour et al. (2015).

of Cambrian-Ordovician sedimentary rocks. Based on the
deposition sequence, from bottom to top, the sedimentary
stratigraphy is mainly composed of 9 groups: Potsdam, Beek-
mantown, Chazy, Black River, Trenton, Utica, Sainte-Rosalie,
Lorraine and Queenston (Liu et al., 2018). The Potsdam group
is divided into two formations, the lower Covey Hill Formation
is made up of coarse conglomerates, impure fluvial-original
sandstones and siltstones and the upper Cairnside Formation
is made up of well sorted silica-cemented quartz derived from
a marginal marine setting (Lavoie et al., 2009). The Potsdam
group and its overlying Beekmantown group show a significant
sub-aerial unconformity, where the entire Tremadocian stage
is absent. The foreland basin is composed of the Chazy, Black
River and Trenton groups, which is filled on a carbonate slope.
The rapid, tectonically-controlled, deepening upward event
resulted in the deep-sea calcareous shale of the Utica Shale;
deep-marine flysch of Lorraine Group and the regressive
shallowing upward post-orogenic coarse to fine-grained fluvial

to marginal clastics of the Queenston Group (Lavoie et al.,
2009).

Rocks from the bottom five groups comprise sandstone
for the Potsdam Group with the average porosity and per-
meability of 3.77%-6.09% and 0.03-0.10 mD, dolomite for
the Beekmantown Group with the average porosity and per-
meability of 1.25%-1.49% and 0.02 mD, and limestone for
the Trenton, Black River and Chazy Groups with the average
porosity and permeability of 0.88% and 0.01 mD, respectively
(Dietrich et al., 2011; Tran Ngoc et al., 2012). Fine-grained
siliciclastic rocks of the top four Groups (i.e., Utica, Sainte-
Rosalie, Lorraine and Queenston) can be regarded as the good
regional caprocks (Majorowicz and Minea, 2012). The density,
concentration of radiogenic elements (uranium-U, thorium-
Th and potassium-K), calculated heat production and thermal
conductivity of these representative sedimentary rocks are
listed in Table 1.
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Fig. 2. Main geological regions in Grenville Province, modified from McLelland et al. (2010) and Dufréchou et al. (2014)
(A: Algonquin terrane; AH: Adirondack Highlands; CMBQ: Central Metasedimentary Belt of Québec; LD: Lac Dumoine
terrane; M: Morin terrane; PAB: Parautochthonous Belt; PM: Portneuf-Mauricie terrane; RC: Reservoir Cabonga terrane; RG:
Reservoir Gouin area; RT: Reservoir Taureau terrane; SCGP: South-Central Grenville Province; SL-A: St. Lawrence platform
and Appalachian orogeny; MH: Monteregian Hills; AMCG: Anorthosite-Mangerite-Charnockite-Granite suite; LL: Logan’s

Line; LSZ).

3. Characteristics of Precambrian basement in
western St. Lawrence Platform

The Precambrian basement rocks beneath the St. Lawrence
Platform have been studied previously (Liu et al., 2018)
considering the Portneuf-Mauricie domain, Morin Terrain,
Mekinac Taureau domain and Parc des Laurentides domain.
However, the Precambrian Grenvillian basement rocks be-
neath the western part of the St. Lawrence Platform, es-
pecially in Monteregian Igneous Province, are subject to
speculation. They may be composed of undifferentiated highly
deformed metasedimentary and granulite-grade metavolcanic
rocks (Williams, 1991; Guillou et al., 1995; Rimando and
Benn, 2005), including marble, biotite gneiss, granitic and
anorthosite-mangerite-charnockite-granite (AMCG) suites, etc.
To know the thermal property of the Precambrian Grenvil-
lian basement units underlying by the Cambrian-Ordovician
sedimentary rocks in the Monteregian Igneous Province, the
relationships of different geological terranes in this region

should be clarified. The key is to see whether there is tectonic
continuity between the Adirondack highlands that is mainly
composed of granulite-grade gneisses, and Morin terrane that
is mainly composed of a central anorthosite massif, with
voluminous mangerite and monzonite, minor jotunite and
gabbro, with the host rocks of gneiss at granulite facies
including quartzofeldspathic orthogneiss, granitic gneiss and
granodioritic gneiss and mafic granulites, amphibolite, politic
metasediments and quartzite (Peck, 2012).

3.1 Possible Adirondack-Morin terranes type
basement in the Monteregian Igneous Province

The Adirondack highlands terrane is probably a southward
extending of the north Morin terrane along Carthage-Colton
Shear zone (CCSZ) and Labelle Shear zone (LSZ) (Geraghty
et al., 1981). Based on the Nd-model ages of Morin and
Adirondack terranes (McLelland et al., 2010), the host rocks
of these two terranes are at the same period, i.e., 1.3-1.5 Ga
(Fig. 2). They also show similar large anorthosite intrusions
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Table 2. Thermal properties of the Precambrian rocks beneath the Morin terrane-St. Lawrence Platform-Adirondack terranes
(Souza et al., 2011; SIGEOM database).

Locations Rock type N  Th (ppm) U (ppm) K (%) Th/U k (W/(m-K))?
Bondy complex gneiss 92 0.032-18.85 (3.73)  0.052-5.0 (1.17)  0.05-11.1 (2.5) 0.25-13.3 (2.88)  1.53-5.88 (2.24)
Granite 25 0.1-57.1 (20.5) 0.4-11.8 3.7) 0.92-5.57 (4.17)  0.15-44.5 (7.77)  2.76

CMBP Quartzofelspathic gneiss 9  04-17 (6.9) 0.4-3.7 (1.5) 0.63-12.84 (4.35) 0.3-13.1 (4.52) 1.53-5.88 (2.24)
Granitic gneiss 9  0.1-54 (11.0) 0.4-3.5 (1.3) 0.59-6.26 (4.17)  0.25-15.43 (6.05)  1.53-5.88 (2.24)*
Amphibole 14 0.3-26 (4.2) 0.4-5.6 (1.4) 0.67-5.46 (2.20)  0.84-7.25(292) 23
Granodiorite 2 0.26-4.75 (2.29) 0.12-1.2 (0.52)  0.14-1.92 (0.87)  2.27-8.67 (4.66)  3.35-3.92 (3.64)

Adirondack®  Anorthosite 11 0-1.62 (0.28) 0.01-0.84 (0.16)  0-0.96 (0.37) 0-162 (18.5) 1.7-3.78 (2.36)
Charnockite 6  091-18.08 (8.72)  0.5-1.3 (1.00) 1.06-4.94 (3.76) 1.82-13.9 (7.74)  3-3.56 (3.39)
Quartzite 10 1.7-2.4 (2.0) 0.05-0.22 (0.1) - 6.08-6.38 (6.23)

Morin Amphibolite 4 11 0.2-1.1 (0.48) 0.91-2.01 (1.46) - 2.27-2.32 (2.30)
Granitic, Granodioritic, charnockitic gneiss 18  0.25-26 (6.94) 0.3-3.95 (1.49) 1.48-4.90 (3.73) 0.8-12.4 (4.14) 1.53-5.88 (2.24)

Data source: a. Mareschal database, personal communication, 2017; b. Corriveau (2013); c¢. Mareschal and Jaupart (2004).

at 1.1 Ga, which was coeval with the Chevreuil suite in the
Central Metasedimentary Belt, proving that they may ever
behave as a single tectonic entity. Heaumann et al. (2006) also
suggested that the Black Creek shear zone (BCSZ) separating
the Adirondack Lowlands from the Frontenac terrane and the
LSZ may be continuous. Based on the studies of McLelland
et al. (2010), the crust of New Jersey-New York-Vermont-
Adirondack-Mauricie area connected, which underwent rifting,
opening and closing stages with the Central meta-sedimentary
belt since ca. 1.4-1.3 Ga. All of these prove that the character-
istic of the basement unit underlying the Monteregian Igneous
Province may have great similarity with that of Adirondack-
Morin terranes (i.e., Central Granulite Belt) (McLelland et
al., 2010). Therefore, the averaged Morin-Adirondack type of
Grenvillian rocks can be represented as the general Precam-
brian basement rocks in the Monteregian region.

3.2 The Central Metasedimentary Belt in the
Monteregian Igneous Province

It can be inferred from the large scale that the Central
Granulite Belt docked with the northeast extending Central
Metasedimentary Belt (CMB) connect through the CCSZ and
LSZ. During the Elzevirian orogeny (ca. 1.22-1.21 Ga), the
accretion of the CMB and Morin terrane to Laurentia (Grenvil-
lian continent-continent collision) was placed, resulting in the
over-thickness of the crust during that time. In the southwest-
ern Grenville Geological Province, the outcropped tonalitic
Dysart-Redsandstone gneiss in the Central Metasedimentary
Belt boundary thrust zone and Mont Holly gneiss complex in
the Adirondack Highlands, were thought to the remnants of an
early continental rifted arc called the ‘Dysart-Mt. Holly arc’
at ca. 1.35-1.3 Ga (Agustsson, 2012).

Therefore, the lithology of the basement unit covered
by CMB may also represent part of the composition of
the thick crustal rocks buried underneath the Adirondack-
Morin terranes (i.e., Adirondis in McLelland et al. (2010)).
The host rocks of the Central Metasedimentary Belt are
mainly composed of marble, quartzite, amphibolite-granulite
gneiss complexes, high-grade orthogneiss and paragneiss,

granitic to tonalitic gneiss complexes, quartzofelspathic gneiss,
aluminous gneiss, sillimanite-quartz gneiss, garnet-biotite-
sillimanite gneiss, siliceous gneiss, dioritic gneiss, hornblende
gneiss, granitic gneiss, etc (Tremblay et al., 2003). These
small terranes comprising CMB (e.g., Central Metasedimen-
tary Belt boundary thrust zone; Harvey-Cardiff domain; Bel-
mont domain; Grimsthorpe domain; Mazinaw domain; Sharbot
Lake domain; Frontenac terrane; Adirondack Lowlands) and
Adirondack Highlands were formed and subsequently juxta-
posed in a complex series of collisional events related to arc
formation and amalgamation (Agustsson, 2012), including the
Elzevirian and Shawinigan orogenies and two “Grenvillian”
events related to later continental collisional orogenic phases:
The Ottawan and Rigolet (Rivers, 2008; McLelland et al.,
2010; Easton and Kamo, 2011). The thermal properties of the
Grenville rocks at the CMB, Adirondack and Morin terrane
are collected in detail, shown in Table 2.

4. Geological characteristics of Cretaceous
Monteregian intrusions

4.1 Lithology of Monteregian intrusions in the
St. Lawrence Platform

During the Cretaceous period, especially 140-100 Ma ago
(Eby, 1987), the St. Lawrence Platform, and Appalachian
mountains was intruded by a series of intrusive igneous
rocks, including dykes, sills, plugs, and fissures (Fig. 1). This
was almost coeval with the rifting of the Atlantic-Labrador
Ocean, which possibly reactivated some pre-existing faults
(Rocher and Tremblay, 2001). At present, the term MH is
used to include typical exposed all Cretaceous age intrusions
with alkali and carbonatitic affinities from the St. Lawrence
Platform to the Appalachian mountains (Gold et al., 1963;
Feininger and Goodacre, 1995, 2003). These intrusions were
surrounded by shaly materials which acted as an impermeable
and easily deformable host rock favouring a dome-shape
envelope for the cooling magma mass (Seguin, 1982). It is
assumed that, after the Monteregian magmatism, at least 1.6
km of cover rocks were removed by erosion (Clark, 1972).
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Table 3. Properties of the Monteregian intrusions.

Intrusions Longitude Latitude Outcrop elevation Outcrop area  Average density  Distance to basement
w N (m) (km?) (kg/m?) (km)

St. André 74°18’ 45°33/ 137 - - 0

Oka 73°01’ 45°30/ 65-250 15.8 - 0

Royal 73°36 45°30 231 3.51 3155 1.2

Saint-Bruno 73°20' 45°33/ 218 4.63 3201 1.8

Saint-Hilaire 73°10’ 45°34’ 415 9.47 2853 2.6

Saint-Grégoire ~ 73°09’ 45°21' 267 0.75 2785 2.8

Rougemont 73°03’ 45029/ 384 12.52 3178 3.7

Yamaska 72052/ 45°28' 445 8.44 3144 4.7

Brome 72°38' 45°17 465 57.93 2775 59

Shefford 72°36 45°22' 526 14.41 2746 6.8

Megantic 71°14/ 45°26 1110 54 2690 ~10.0

Data source: Valiquette and Pouliot, 1977; Seguin, 1982; Eby,

Except for the well-known 11 Monteregian intrusions (St.
André, Oka, Mont Royal, Saint-Bruno, Saint-Hilaire, Rouge-
mont, Yamaska, Shefford, Brome and Mégantic), studies of
aeromagnetic and gravity also showed the existence of other
non-outcropping intrusions, such as the Grand Bois/Iberville
pluton and the Boucherville intrusion buried by the Port of
Montreal. The studies of the 11 typical intrusions revealed
that they differ in the petrology, varying from pyroxenite to
peralkaline granite (see Table 3).

From west to east, the chemical composition of these
Monteregian intrusions presents a variation trend from mafic
or ultramafic rocks to silica-undersaturated, to silica saturated
rocks.

1) The westernmost carbonatite complexes at Oka and St.
André, are composed of strongly silica-undersaturated
rocks and carbonatites, including ijolite, okaites, soviet,
rauhaugite, melteigite and urtite. The carbonatite com-
plexes at Oka, containing numerous U-bearing minerals
(i.e., apatite, perovskite, pyrochlore and niocalite), show
a circular structure, composing of an earlier outer annulus
of alkaline silicate-rich rocks and a later central plug of
carbonatite (Treiman and Essene, 1985). These carbon-
atites are often associated with rifts and translithospheric
breaks, and they were considered as the partial melting
products of mantle materials (Tappe et al., 2008).

The central alkaline plutons, including Mont Royal,
Saint-Bruno, Saint-Hilaire, Saint-Grégoire, Rougemont
and Yamaska, are largely composed of slightly silica-
undersaturated (nepheline syenite, essexite) to moder-
ately silica-oversaturated rocks (pyroxenites and gabbros)
(Roulleau et al., 2013).

The eastern intrusions, including Brome, Shefford and
Mégantic, have a large proportion of both felsic rocks and
quartz-saturated rocks. The felsic rocks for mounts Brome
and Shefford include the series from slightly under-

2)

3)

1987; Feininger and Goodacre, 1995, 2003; Roulleau, 2010.

saturated (pulaskite) to slightly over-saturated syen-
ites (nordmarkite). For the easternmost intrusion, i.e.,
Meégantic, showing also ring structure, is composed of the
main minerals of gabbro, diorite, quartz, syenite, nord-
markite, granite etc. The petrography and geochemistry
characteristics of this intrusion are very similar to the
rocks of the Mesozoic White Mountain intrusions of New
England (Bédard, 1985).

4.2 Emplacement stratigraphy of Monteregian
intrusions

It seems that very few igneous rocks are exposed and most
of other intrusions are entirely capped with Lorraine siltstone
(Philpotts, 1970). Except for the Mont Royal intrusion, all
other exposed classical Monteregian intrusions were found
to be emplaced in the Lorraine siltstone and shale (Fig. 3).
Mont Royal intrusion penetrated to the Trenton limestone and
the overlying Utica shale. The contact relationships of these
igneous rocks and their host rocks show the existence of rheo-
morphic breccia composed of refractory sedimentary rocks
formed from the melting of less refractory beds (Philpotts,
1970). The plutons in the east have penetrated upward with a
much greater thickness than those in the west.

4.3 Structure of the Monteregian intrusions

These typical intrusions show great difference in the ge-
ometry (Fig. 4). Few geophysical studies of the MH and their
surroundings have been published. Based on the observed
Bouguer gravity anomalies at the eight classical intrusions
(e.g., Mont Royal, Saint-Bruno, Saint-Hilaire, Rougemont,
Yamaska, Brome and Shefford), their respective simplified
three-dimensional (3D) cylinder (or ring/subcircular) models
were computed by Feininger and Goodacre (1995). The tiny
Saint-Grégoire was not included in their studies. It can be
concluded that the eastern Brome and Shefford intrusions are
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more slablike, displaying little or no downward enlargement.
While for the other 6 intrusions, they are composed of multiple
intrusion bodies (i.e., ring-type structure) with downward
enlargement trend.

4.4 Genesis of the Monteregian intrusions

These western MH intrusions are located at the interaction
of two major paleo-rift systems: Ottawa-Bonnechere graben
(may represent a plume-generated lapetan failed arm that
developed at the onset of the breakup of Laurentia and St.
Lawrence rift systems, which are composed of a set of Neo-
proterozoic normal faults associated with the opening of the

Iapetus Ocean (Bédard, 1985; Kumarapeli, 1985). About the
genesis of the Monteregian intrusions, it is still controversial
and there are mainly two types of hypotheses: 1) The hot
spot model (Foster and Symons, 1979; Foland et al., 1988)
and 2) the continental rift model (Wen et al., 1987; Matton
and Jébrak, 2009). For these two models, the hot spot model
meets more challenges because of the hotspot track cannot be
supported by the age progression (Roulleau, 2010). The ap-
pearance of carbonatite intrusions at Oka and St. André and the
alkaline Monteregian intrusions along a W to WNW linement
at the eastward extension of the Ottawa-Bonnechere graben,
may imply that the reactivation of major EW to WNW trending
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faults during the Cretaceous period in Ottawa-Bonnechere
graben (Roulleau, 2010). The St. Lawrence rift system played
an important role in the emplacement of the Monteregian
intrusions and related numerous dykes, sills (Seguin, 1982;
Rimando and Benn, 2005). The easternmost Mt. Megantic
pluton located far away from the main axis of Monteregian
intrusions, however, may show a different genesis, relating
with some major basement faults (Bédard, 1985). Based on
these two types of models, the magmas may derive from
two types of sources: 1) A deep plume origin (Foland et al.,
1988); or 2) the melting of the lithospheric mantle induced
by the opening of north Atlantic Ocean (Wen et al., 1987;
Roulleau, 2010). It appears in the Monteregian intrusions that
two types of magmas with contrasted composition were often
alternatively intruding upon the same conduit, thus the thermal
plume mechanism is inadequate to support (Seguin, 1982).
The mafic to felsic composition changes in the Monteregian
intrusions, may reveal the melting of lower crust and the
lithospheric mantle, which results in bimodal magmas (i.e.,
mafic and felsic magma reservoirs). After accumulation to
a very large amount, they underplated and intruded into the
lower crust (Corriveau and Morin, 2000). During the ascending
process of magmas, the host rocks of Monteregian intrusions
also underwent different levels of contamination (Seguin,
1982), while Feininger thought that these Monteregian hills
or intrusions were sited somewhat at random, in response
to the lateral spread of the Monteregian magmas along the
Precambrian unconformity and the distribution of local fault
systems (Feininger and Goodacre, 1995).

5. Thermal structure and geothermal potential
analysis

These MH intrusions cooled down during the Cretaceous
period (113-136 Ma) (Feininger and Goodacre, 1995), demon-
strating that they may have little or no effect on the present’s
regional temperature field. However, whether the current fault-
controlled deep geothermal system (or circulation) is still
affected by the residual heat caused by previous thermal events
in or younger than Cretaceous period, through other ways (e.g.,
radiogenic heat production) is not known. The thermal mod-
elling simulator Underworld developed by Moresi’s team was
applied by considering the thermal conduction and radiogenic
heating effect (Moresi et al., 2007; Quenette et al., 2015; Liu et
al., 2018). It is the 3D-parallel geodynamics modeling software
based on the programming framework StGermain (Moresi et
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al., 2007). Within this framework, the Lagrangian Particle-
In-Cell Finite Element scheme is used to solve mathematical
functions related with specific physical phenomenon, such as
thermal convection for a creeping fluid, thermal diffusion,
energy, velocity, stress and deformation equations and so on
(Rawling et al., 2013).

5.1 Enrichment of the radiogenic elements in
Monteregian intrusions

Based on the averaged densities of MH intrusions in
Table 3, and the statistical analysis of radiogenic elements
(i.e., uranium, thorium and potassium) in some volcanic
rocks (e.g., granite, syenite, carbonatite etc) from different
sources, see Tables 4 and 5, the radiogenic heat production
of different MH intrusions were calculated using empirical
function listed in Liu et al. (2018). It shows that the radiogenic
heat production of these nine intrusions (i.e., Royal, Saint-
Bruno, Saint-Hilaire, Saint-Grégoire, Rougemont, Yamaska,
Brome, Shefford, Megantic) is in the range of 0.06 and 8.77
UW/m?, the carbonatite has even much higher radiogenic heat
production up to 29.09 pW/m?>. It implies that the impact
of these MH intrusions and some other non-discovered deep
buried intrusions are deserved to be investigated in detail, to
see the contribution to the regional temperature field.

5.2 Simplified Monteregian intrusions embedded
in geological model

In this paper, six simplified Monteregian intrusions (i.e.,
Royal, St-Bruno, St-Hilaire, Rougemont, Yamaska) are em-
bedded in a 3D faulted geological model in the study region
based on drill core information, seismic interpretation and
gravity data (Bédard et al., 2013a). The Mont Oka, St. André,
Brome, Shefford and Mégantic intrusions are not packed in the
3D geological model because they are out of the study region.
This 3D geological model covers 6 groups, including Potsdam,
Beekmantown, Chazy-Black River-Trenton and Utica. The
depth of the model was extended to 13,250 m to study the
impact of different emplacement depths of the Monteregian
igneous intrusions on local temperature.

5.3 Boundary conditions

Top boundary: The temperature at the top surface boundary
is estimated to be 10 °C, based on the average annual
temperature in the St-Lawrence Platform.

Table 4. Radiogenic elements concentration of the carbonatites from the Grenville Province.

Locations N Th (ppm) U (ppm) K (%) Th/U A (uW/m3)  Data source

Oka intrusions - 8-137 2-65 - - 1.19-29.09 Ford et al. (2001)
Outside of the 5 13 40) 04515 (1.0) - - 0.14-143  Ford et al. (2001)
Oka intrusions

CMBbz 5 22-29.(9.34) 1.8-48(3.3) 0.025-1.39 (0.92) 1.16-6.04 (2.45) 0.64-3.49 Moecher (1997)
Lorne rapids 4 4-38 (12.5) 13-26 (17) 0.008-0.31 (0.13)  0.15-2.7 (0.86)  4.02-10.38 ~ Mungall (1989)

Note: CMBbz-Central Metasedimentary Belt boundary zone.
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Table 5. Radiogenic elements content of the Monteregian intrusions.

Mount Rock type N  Th (ppm) U (ppm) K (%) A (uW/m3)
Gabbro-pyroxenite 7-46 (23.1) 1.93-14.7 (7.1) 0.92-5.76 (3.40)
Gabbro 5 4.17-8.33 (6.33)  1.19-5.34 (2.63)  0.23-0.71 (0.42)
Leucogabbro 3 6.9-24.4 (13.2) 1.74-2.12 (1.95)  1.39-2.08 (1.67)
Royal 0.72-8.77
Monzonite-quartz monzonite 3 4.7-24 (15.7) 1.22-5.9 (3.66) 0.85-6.73 (3.57)
Nepheline diorite 1 9.9 24 1.51
Essexite 1 9.66 4.79 0.52
Gabbro-pyroxenite 5 0.6-7.2 (3.82) 0.2-2.2 (0.99) 0.16-0.61 (0.31)
Saint-Bruno Felsic gabbro 3 7.2-9.4 (8.53) 2.1-39 (3.2) 0.15-0.23 (0.18)  0.13-2.15
Peridotite 2 1.6-9.2 (5.4) 0.4-44 (2.4) 0.21-0.48 (0.35)
. . Nepheline diorite 3 20.6-24.9 (22.7)  9-11.1 (10.3) 0.54-1.21 (0.9)
Saint-Hilaire 4.0-4.95
Gabbro 3 19.6-22 (21.1) 10-11.8 (11.1) 0.21-0.66 (0.45)
. o Essexite 10 6.8-23.3 (16.8) 1.85-10.4 (6.4) 0.78-2.42 (1.43)
Saint-Grégoire 1.05-4.65
Pulaskite 1 10.5 2.85 2.79
Gabbro 4 6.9-9.4 (8.4) 2.8-4.5 (4.0 0.005-0.2 (0.1)
Rougemont Pyroxene gabbro 1 52 0.9 0.008 0.70-2.44
Quartz gabbro 1 10.5 5.1 0.37
Gabbro 4 0.2-17.7 (10.3) 0.1-6.6 (4.13) 0.12-0.71 (0.86)
Essexite 3 12.8-21 (17.7) 3.11-9.0 (6.50) 0.51-1.85 (1.07)
Yamaska Nepheline syenite 1 14.5 4.4 3.76 0.06-4.59
Akerite 2 9.9-10.1 (10) 2.39-2.53 (2.46) 2.85-3.08 (2.97)
Yamaskite 2 0.7-3 (1.85) 0.2-0.7 (0.45) 0.11-0.66 (0.39)
Gabbro 9 0.3-32.8 (10.9) 0-21 (6.0) 0.09-0.46 (0.22)
Pulaskite 3 4.8-9.1 (7.0) 1.08-2.1 (1.53) 4.19-5.92 (4.86)
Brome Foyalite 2 10-11 (10.5) 2.7 3.29-4.96 (4.13)  0.03-7.92
Nordmarkite 1 4.6 0.96 4.96
Nepheline diorite 2 8.2-32.7 (20.5) 2.37-12.7 (7.54) 1.27-1.33 (1.3)
Gabbro 6 15.8-19.3 (17.7)  6.9-10.2 (8.33) 0.43-0.92 (0.66)
Shefford 2.42-4.11
Nordmarkite 3 14.6-24.6 (18.3) 3.8-4.87 (4.48) 4.21-4.66 (4.45)
Granite 6 23-33.1 (29.5) 1.4-9.4 (4.74) 3.61-4 (3.81)
. Syenite 1 6.5 2 4.86
Megantic 0.06-5.06
Gabbro 2 0.3-1.2 (0.75) 0.1-0.3 (0.2) 0.19-0.43 (0.31)
Diorite 2 1.9-2.3 (2.1) 0.7-0.8 (0.75) 0.75-2.3 (1.53)

Note: Density of different kinds of rocks are based on the measurement of similar rocks from Paradis (2004).

Data source: Bédard (1985), Eby (1987), Roulleau (2010).
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Fig. 5. Relationship between temperature (before and after
Harrison correction) and depth in the St. Lawrence Platform.

Bottom boundary: In the thermal modelling, there are
often two kinds of thermal boundary (i.e., constant heat flux
and constant temperature). In this paper, the temperature at
the bottom surface boundary of the 3D numerical model at
a depth of 13.25 km is assumed to be 265 °C, based on
the average temperature gradient of 19.86 °C/km (Bédard
et al.,, 2013b). However, the temperature data were often
measured at the shallow depth, which is difficult to give a clear
understanding of the entire basin-scale vertical temperature
profile going through the basement. It is also doubtful to
apply the interpolation and extrapolation method based on
very limited experimental data due to the strong heterogeneity
of the rocks. It has a large scope of the geothermal gradient
based on available data (19.86-35 °C/km) (Fig. 5), illustrates
that much deep temperature measurements together with deep
depth drilling are required for a reasonable estimation of
temperature gradient.

5.4 Intrusions on local temperature

The initial value of 10 °C is set to the model, based on
the thermal properties of the rocks and boundary conditions,
Underworld will solve the steady state equation. After the
thermal modelling in Underworld, the thermal structure can
be generated. To analyze the temperature difference at various
depth, the slices of thermal model at different depth were used.
The temperature models with and without the consideration of
six Monteregian intrusions (from left to right, including Royal,
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Bruno, Hilaire, Rougemont, Gregoire and Yamaska) were
compared. Fig. 6 shows the temperature difference with and
without the consideration of geological intrusions, showing
that the intrusions have a positive impact on temperature, i.e.,
higher temperatures are found in the presence of the intrusions.
With depth (1, 3, 5 and 7 km), the temperature difference
increases, implying the “thermal blanket effect” of heat by
sedimentary layers, which is also affected by the relative
thermal properties between the intrusions and the surrounding
sedimentary layers (Fig. 6).

Temperature perturbation is quite local-scale. When the
heat production factor is considered, it shows that the high
temperature region concentrates in the high heat production
area (Fig. 7(a)), while a relative low temperature region
appears when the radiogenic heat production of the intrusion
is 100 times lower (Fig. 7(b)), compared with the surrounding
sedimentary layers.

5.5 Impact of intrusion depth on local
temperature

The intrusion depth also affects the local temperature.
When these six Monteregian intrusions were assumed to be
emplaced at 5 km depth, it is observed that the temperature
difference at 5 km depth will be much larger (Fig. 8(a)) in
comparison with the case of emplacement at 13.25 km depth
(see Fig. 6). At a 5 km depth, the rocks are dominated by base-
ment rocks with a high thermal conductivity (5.91 W/(m-K)),
while the intrusions have a relative low thermal conductivity
(2.51 W/(m-K)), the difference in thermal conductivity helps
more heat flow from the basement rocks to the geological
intrusions. The shallow emplaced intrusions also influence
the temperature field at a depth beneath the intrusion bodies.
However, at distance far away from the geological intrusive
bodies, its disturbance on the temperature can be negligible

(Fig. 8(b)).

5.6 Impacts of fault system and geological
intrusions on regional thermal structure

In the St. Lawrence Platform, basement faults are highly
developed (Bédard et al., 2013a, 2013b). Except for controlling
the sedimentation characteristics, normal faults affecting the
basement may constrain the thermal structure by controlling
the upward or downward movement of structural blocks with
different heat production and thermal conductivity. Faults can
also significantly influence the hydrogeology and the distri-
bution of the permeability in the reservoir of the geothermal
system (Soengkono, 2000; Koestono et al., 2010). By using
the 3D geological model with some simplified faults and
geological intrusions, their impacts on the distribution of the
regional thermal field can be investigated. At the depth of
1 km, the highest temperature concentrates in the block sur-
rounded by Delson, Notre-Dame-du Bon-Conseil, Tracy Brook
faults, where the sedimentary rocks in Beekmantown Group
have the highest thermal conductivity (i.e., 4.74 W/(m-K). The
region bounded by Grand-St Esprit and Deschambault faults
also show a relative high temperature feature because it is the
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Fig. 6. Impact of simplified Monteregian intrusions on the distribution of local temperature (°C) at different depths (a. 1 km;
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combination of Potsdam and Beekmantown Groups with the
top and second highest thermal conductivity (Fig. 9(a)). How-
ever, the high temperature region moves and is constrained
between Grand-St-Esprit and Tracy Brook faults at the depth
of 3 km (Fig. 9(b)). This is due to the dominating effects of the
distribution of sedimentary facies, which is characterized by
a combination of Potsdam sandstone, Beekmantown dolomite,
Utica shale and the caprock. Considering the reservoir prop-
erties, the Potsdam Group sandstone can be selected as the
target reservoir for extracting hot water or applying a binary
cycle power system to generate electricity. At the depth of 7
km, there are only basement rocks and the faults don’t extend
to this depth. In this case, the high thermal anomaly is located
at the south of the Tracy Brook fault (Fig. 9(c)).

6. Conclusions

The geological granitic intrusions emplaced in the sed-
imentary basins, has attracted the geothermal exploration.
In this paper, the characteristics of Monteregian intrusions
emplaced at the St-Lawrence Lowland Basin were studied.
The deep buried Grenvillian basement beneath the geothermal
anomaly region around the Trois-Rivieres city was studied
based on the geological connection between Morin Terrane,
Adirondack Terrane, Central Metasedimentary Belt. Further-
more, both the Grenvillian basement and the Cretaceous Mon-
teregian intrusions were considered in the thermal modeling.
The main conclusions can be drawn as follows:

1) The geological intrusions have a considerable impact
on the local temperature distribution, depending on the
emplacement depth, content of the radiogenic elements,
etc. Far away from the intrusion bodies, the impact of
temperature disturbance is negligible. The young deep
buried intrusions with a large size and much higher
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radiogenic element concentrations may have a great con-
tribution to the local thermal anomaly.

2) Sedimentary facies also obviously affect the thermal
structure by constraining the distribution of rocks with
various thermal properties. Taking the St. Lawrence
Platform as an example, the Potsdam Group sandstone
located between the Grand-St-Esprit and Notre-Dame-
du-Bon-Conseil faults could be selected as the target
reservoir for extracting the geothermal fluid.

3) The highly developed fault systems may have a con-
siderable impact on the large-scale hydrothermal con-
vection, which brings the heat to the regions enclosed
by Montreal, Salaberry-de-Valleyfield and Saint-Jean-sur-
Richelieu. However, this assumption needs further inves-
tigations to verify.

This paper can give a better understanding on how the
geological intrusions and deep buried basement affect the
thermal structure by using the MIP as an example. But more
geophysical work is required to confirm the characterization
of basement with deep buried geological intrusions. Espe-
cially, the heat flow at depth should be better characterize
to accurately model the temperatures, as it was shown in
Liu et al. (2018) that the bottom boundary condition has a
tremendous effect on the modeling results. Furthermore, the
complex geometry of these Monteregian intrusions, which
show complex thermal properties are difficult to be considered
in models, both should be updated with more geophysical
work.
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