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Abstract: In Archean greenstone belts, magmatism is dominated by intrusive and volcanic rocks
with tholeiitic affinities, as well as tonalite- and granodiorite-dominated large-volume batholiths,
i.e., tonalite–trondhjemite–granodiorite (TTG) suites. These intrusions are associated with poorly
documented mineralization (Cu-Au porphyries) that, in the Neoarchean Abitibi Subprovince
(>2.79 to ~2.65 Ga), Superior Province, Canada, are associated with diorite bearing plutons, i.e.,
tonalite–trondhjemite–diorite (TTD) suites. The importance of TTG versus TTD suites in the evolution
of greenstone belts and of their magmatic-hydrothermal systems and related mineralization is
unconstrained. The aim of this study was to portray the chemistry and distribution of these suites
in the Abitibi Subprovince. The study used data compiled by the geological surveys of Québec
and Ontario to evaluate the chemistry of TTG and TTD suites and uncovered two coeval magmas
that significantly differentiated (fractional crystallization mostly): 1) a heavy rare earth elements
(HREE)-depleted tonalitic magma from high pressure melting of an hydrated basalt source; and 2) a
hybrid HREE-undepleted magma that may be a mixture of mantle-derived (tholeiite) and tonalitic
melts. The HREE-depleted rocks (mostly tonalite and granodiorite) display chemical characteristics
of TTG suites (HREE, Ti, Nb, Ta, Y, and Sr depletion, lack of mafic unit, Na-rich), while the other rocks
(tonalite and diorite) formed TTD suites. Tonalite-dominated magmatism, in the Abitibi Subprovince,
comprises crustal melts as well as a significant proportion of mantle-derived magmas and this may
be essential for Cu-Au magmatic-hydrothermal mineralizing systems.

Keywords: tonalite; granodiorite; diorite; TTG suite; TTD suite; magmatic-hydrothermal systems;
Archean magmatism; greenstone belt; Abitibi Subprovince; Cu-Au mineralization

1. Introduction

The Abitibi Subprovince is the largest continuous greenstone belt of the Canadian Shield
(Figure 1) [1]. In greenstone belts, the main magmatic phase produced magmas with tholeiitic
affinities (mafic lava flows and layered intrusions), as well as tonalite- and granodiorite-dominated
large-volume batholiths [2–4]. In the Abitibi Subprovince, an additional rock type (diorite) is observed as
part of tonalite plutons associated with Cu-Au magmatic-hydrothermal systems [5,6]. The petrogenetic
evolution, as well as the geodynamic and economic significance of the tonalite, granodiorite, and
diorite suite, is not fully resolved [4]. The aim of this study is therefore twofold: 1) to examine the
chemistry and distribution of these intrusive rocks in greenstone belts, using the Abitibi Subprovince
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as an example; and 2) to address the potential metallogenic relevance of these petrologically different
suites, which may have implications on a much larger scale.
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Figure 1. Geological map of the Abitibi Subprovince showing the distribution of the main lithologies
as classified for the need of this study (see text for details). The map is modified from the Ministère de
l’Énergie et des Ressources Naturelles of Québec (MERN), Sigeom dataset, and the Ontario Geological
Survey (OGS). The projection is UTM NAD83 Zone 17N. Numbers locate the Chibougamau (1) and
Chester (2) plutons, as well as the gold-endowed Cadillac-Larder Lake fault zone (3).

The evolution of greenstone belts can be summarized in two main periods. The main magmatic
phase is the synvolcanic period, and it is followed by the syntectonic period, i.e., the main sedimentation
(e.g., Timiskaming basin in the Abitibi Subprovince) and deformation phase (mostly shortening related
to terrane assembly) that leads to cratonization. In the Abitibi Subprovince, the synvolcanic period
extends from >2790 to ~2710 Ma (north) and 2730 to 2695 Ma (south), and the syntectonic period extends
from 2701 to 2690 Ma (north) and 2695 to 2650 Ma (south) [2,7,8]. The Abitibi Subprovince is renowned
for its gold and base-metal mineralization, which are mostly VMS (volcanogenic massive sulfide;
synvolcanic period), as well as orogenic and intrusion-related gold (IRG) systems (syntectonic period)
that are particularly abundant in the southern part of the subprovince, along the Cadillac-Larder Lake
fault zone (Figure 1). Less recognized mineralization corresponds to magmatic-hydrothermal systems
related to intermediate-felsic intrusions of the synvolcanic period. These systems are considered as
porphyry-style mineralization, and examples include the Central Camp Cu-Au and the Côté-Gold
Au-(Cu) deposits associated, respectively, with the Chibougamau pluton and the Chester intrusive
complex [5,6] (Figure 1). In greenstone belts, granitoid intrusions of the synvolcanic period are
mostly tonalite–trondhjemite–granodiorite (TTG) suites [9,10], which are felsic (>64 wt% SiO2),
aluminous (>14–16 wt% Al2O3 for 70 wt% SiO2), and Fe-Mg-poor ([Fe2O3T + MgO + MnO + TiO2] <

5 wt%) intrusive rocks characterized by a low K2O/Na2O ratio (<0.6) [10]. Most TTG suites are also
HREE-depleted which reflects their derivation from high-pressure partial melting of mafic crust–i.e.,
garnet amphibolite [10]. However, the Chibougamau and Chester intrusive complexes are too mafic to
be classified as TTG suites, as they contain significant amounts of diorite, and thus, are referred to as
tonalite–trondhjemite–diorite (TTD) suites [5,6].

The Central Camp Cu-Au and Côté-Gold Au-(Cu) mineralization raise the question of
the importance of TTG versus TTD suites in the evolution of greenstone belts and their
magmatic-hydrothermal systems and related mineralization. This contribution uses the Abitibi
Subprovince as an example to discuss the chemistry of tonalite-dominated magmatism in the
context of greenstone belts. The relative abundance and distribution of diorite, tonalite, and
granodiorite are also evaluated, and the importance of these parameters for the prospectivity of
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fertile magmatic-hydrothermal systems is discussed. These questions are addressed using whole-rock
chemistry and maps provided by Canadian geological surveys.

2. Materials and Methods

This study relied on the mapping, U-Pb geochronological data, and whole-rock chemical analyses
performed and compiled by the Ministère de l’Énergie et des Ressources Naturelles of Québec (MERN).
These data are compiled in the Sigeom dataset, which can be downloaded online free of charge [11].
The dataset covers the Québec half of the Abitibi Subprovince. For Ontario, this study relied on
mapping and U-Pb geochronological data performed and compiled by the Ontario Geological Survey
(OGS) and the Metal Earth project, and these data can also be downloaded online free of charge [12].
Chemical data for Ontario was performed and compiled by Beakhouse [13].

Maps from the OGS and MERN were combined and displayed using the ArcGIS 10.7 software
(Esri, Redlands, CA, USA) (Figures 1 and 2). Maps showing the distribution of lithologies in individual
plutons are provided as supplementary material to this contribution. Supplementary material also
includes whole-rock chemistry displayed on arachnid and major elements diagrams.
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sub-alkaline (Figure 3a) and calc-alkaline (Figure 3b). Data scattering seen on the total alkali versus 
silica (TAS) and alkali-FeOT-MgO (AFM) diagrams (Figure 3) is likely due to hydrothermal alteration, 
which does not seem to affect overall the reliability of the data based on the integrity of rock 
distributions seen in the chemical plots below. Thus, as rocks modified by hydrothermal alteration 
are much less abundant than fresh rocks (Figure 3), the chemical considerations reported in this 
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uncommon in intermediate-felsic intrusive rocks. Meanwhile, the Sigeom dataset is likely dominated 
by fresh rocks. 

Figure 2. Geological map of the Abitibi Subprovince displaying intrusions of the synvolcanic and
syntectonic periods. The map is modified from the MERN and OGS dataset, and the projection is UTM
NAD83 Zone 17N. Numbers locate the Chibougamau pluton (1), the Ouest granodiorite (2), the Marest
(3) and Bernetz (4) batholiths, the Rivière Bell (5), Lac Doré Complex (6), and Opawica River (7) layered
intrusions, as well as the Powell, Flavrian and Dufault plutons (8) and the Lacorne pluton (9). In the
legend for geochronological data, ‘other methods’ refers to Ar/Ar, K/Ar, Sm/Nd, Pb/Pb, and Rb/Sr data
(cooling ages, age of peak metamorphism, etc.).

Whole-rock chemical data of the Sigeom dataset were performed on behalf of the MERN by
Activation Laboratories Ltd. (Actlabs, Ancaster, Ontario, Canada). Samples were decomposed
by lithium metaborate or tetraborate fusion and were analyzed by inductively coupled plasma
(ICP)-optical emission spectroscopy (OES) and ICP-mass spectrometry (MS) for major and trace
elements, respectively. The detection limits are 0.01 wt% for major elements and 0.1–1 ppm for trace
elements. Other analyses were performed on behalf of mining companies and universities as part of
exploration and research programs. For this study, only samples of intrusive rocks with major and
rare earth elements (REE) analyzed were considered. Iron and volatiles were reported as Fe2O3T and
LOI, respectively, and FeO, Fe2O3, H2O, CO2, and S values were available for <10% of the analyses.
When unavailable, Fe2O3T and LOI were calculated using reported iron (FeO*1.1113 + Fe2O3) and
volatile (H2O + CO2 + S) values. From this, totals were calculated, and only data for which the
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total was between 90 and 110 wt% were imported into the ArcGIS software (n = 5006 for the Sigeom
dataset), as data that did not satisfy this condition were either incomplete or poor quality analyses.
Totals >100 wt% are the consequence of iron reported as Fe2O3T and can be due to GOF (gain on fire)
for carbonate and sulfide-bearing rocks, while totals <100 wt% correspond to partial analyses (e.g.,
unreported volatiles values). However, these analyses were considered to maintain analytical coverage
for the studied greenstone belt. Among these, only samples collected from the intermediate-felsic
intrusive rocks displayed in Figure 1 are considered (n = 840). For Ontario, only samples identified as
diorite, granodiorite, tonalite, as well as intermediate-felsic intrusions of the synvolcanic period, were
considered (n = 201 for the Beakhouse dataset [13]).

3. Spatial Distribution of Intrusive Rocks

3.1. Distribution of the Main Lithologies

Most of the intermediate-felsic plutons of the Abitibi Subprovince are multiphase intrusions.
Two or more intrusive phases with distinct composition and/or ages can generally be identified at
the outcrop scale, e.g., the Chibougamau pluton [6]. At the scale of the Abitibi Subprovince, such
areas are mapped as units made of two or more lithologies and the MERN map contains hundreds
of unit types. In this study, the units of the Sigeom dataset were re-classified into nine categories of
intermediate-felsic intrusive rocks (Figure 1) as listed below.

• Granodiorite-granite (30.5%)—units with granite and/or granodiorite as the main lithology;
• Tonalite-granodiorite (21.7%)—units dominated by tonalite and granodiorite intrusive rocks with

similar or distinct ages;
• Tonalite (20.6%)—units dominated by tonalite rocks and locally referred to as leucotonalite, i.e.,

quartz-rich tonalite and trondhjemite;
• Tonalite-diorite (6.5%)—diorite and tonalite dominated intrusions;
• Diorite (6.2%)—diorite-dominated plutons;
• Tonalite-granodiorite-(diorite) (1.0%)—tonalite- and granodiorite-rich intrusions with minor

amounts of diorite;
• Syenite, monzodiorite, carbonatite, among other (8.2%)—intrusions of the syntectonic period that

contain more K than the intrusions considered here;
• Syenite, monzodiorite, granodiorite, tonalite (4.9%)—syntectonic intrusions that crosscut

tonalite-dominated intrusions of the synvolcanic and syntectonic periods;
• Unclassified (0.4%)—units identified as intermediate-felsic intrusions.

These units cover 40.9% of the aerial surface of the eastern part of the Abitibi Subprovince, which
is also made of metamorphosed (greenschist facies mostly) volcanic rocks (36.1%), sedimentary rocks
(8.9%), gneisses with undocumented protoliths (8.4%), and mafic to ultramafic intrusions (5.7%). The
lithology classification proposed by the Ontario map has also been simplified. The western half of the
Abitibi Subprovince contains volcanic rocks (47.6%), sedimentary rocks (7.9%), mafic to ultramafic
intrusions (4.5%), as well as tonalite (13.5%), granite-granodiorite (23.7%), and diorite (2.8%) dominated
units (Figure 1).

In the Abitibi Subprovince, the main intrusive lithologies are tonalite and granodiorite (Figure 1),
while diorite and tonalite-diorite dominated plutons are less abundant. Intermediate-felsic intrusions
are mostly tonalite-granodiorite (61%), tonalite (25%), and tonalite-diorite (15%) in the eastern part of
the subprovince (Québec), whereas in the west (Ontario), intrusions are dominated by granodiorite
(59%), tonalite (34%), and diorite (7%). Most plutons are TTG suites and TTD suites are less abundant.

Intrusive rocks are well distributed in the Abitibi Subprovince and are most abundant along a
NNE-SSW corridor near the Grenville Front, a 1.1 Ga orogeny [14], and along the eastern edge of
the greenstone belt, next to the Kapuskasing uplift [15] (Figure 1). Large-volume batholiths are also
observed in the central part of the greenstone belt. Some intrusive suites are clusters of tonalite and
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granodiorite plutons, while others are made of several phases emplaced in a restricted area to form
multiphase plutons. Note that intrusive phases emplaced in the same area are not necessarily coeval,
e.g., the Chibougamau pluton [6].

3.2. Distribution of Synvolcanic Intrusions

In this section, plutons of the Abitibi Subprovince are tentatively classified as either synvolcanic
or syntectonic intrusions. Among the lithologies classified in the previous section, rocks identified
as ‘syenite, monzodiorite, carbonatite, among others’ likely formed during the syntectonic period
(Figure 2) as, in the Abitibi Subprovince, alkaline intrusions intersect the main foliation observed in
volcanic rocks, cross-cut Timiskaming and other sedimentary basins formed during the syntectonic
periods, and have syntectonic radiogenic ages. Tonalite, granodiorite, and diorite dominated intrusions,
on the other hand, mostly formed during the synvolcanic period, but such intrusions may also display
syntectonic ages, e.g., the 2700 ± 2 Ma Ouest granodiorite [16] (Figure 2).

The studied intrusions are classified using U-Pb geochronological data (Figure 2). However,
this classification has limits as spatially related synvolcanic and syntectonic intrusions are rarely
distinguished on maps. For example, the Chibougamau pluton includes several intrusive phases
formed at 2718–2715 Ma (synvolcanic period) and 2705–2701 Ma (syntectonic period) [17–20] that are
not distinguished on the MERN map. However, as synvolcanic magmatism is more voluminous than
syntectonic magmatism, this pluton is classified as synvolcanic (Figure 2). Additional geochronological
data and dedicated mapping are necessary to better portray the distribution of synvolcanic and
syntectonic magmatism in the Abitibi Subprovince.

In addition to U-Pb geochronological data, plutons that crosscut sedimentary basins constructed
during the syntectonic period are classified as syntectonic intrusions. The undated Marest and Bernetz
batholiths are considered synvolcanic, given their large volume and tonalitic composition. The three
largest anorthosite-dominated layered intrusions with tholeiitic affinities—Rivière Bell, Lac Doré
Complex, and Opawica River—are synvolcanic intrusions [21–23]. Foliated rocks and orthogneiss may
also correspond to synvolcanic intrusions (Figure 2).

Most synvolcanic intrusions (Figure 2) are large-volume batholiths (~50 km long in map view
or larger) (supplementary material 2), but small-volume plutons also formed during this period.
For example, the ~10 km in diameter Powell, Flavrian and Dufault plutons emplaced at shallow depth
in the Blake River Complex volcano [24]. Syntectonic intrusions are generally small-volume plugs, but
can also form larger (20–30 km long) plutons (Figure 2). For simplification, the general designation
‘syntectonic’ is also applied to late- to post-tectonic intrusions such as the S-type granite phase of the
Lacorne pluton [25].

4. Chemistry

Most of this section relies on MERN whole-rock chemical analyses (i.e., Sigeom dataset).
Only analyses performed on intrusive rocks located in plutons previously identified as tonalite,
tonalite-diorite, tonalite-granodiorite, or granodiorite were considered in this section (n = 840). Most
rocks are sub-alkaline (Figure 3a) and calc-alkaline (Figure 3b). Data scattering seen on the total alkali
versus silica (TAS) and alkali-FeOT-MgO (AFM) diagrams (Figure 3) is likely due to hydrothermal
alteration, which does not seem to affect overall the reliability of the data based on the integrity of rock
distributions seen in the chemical plots below. Thus, as rocks modified by hydrothermal alteration are
much less abundant than fresh rocks (Figure 3), the chemical considerations reported in this section
apply to fresh rocks. Moreover, hydrothermal alteration likely modified the chemistry of a limited
amount of rocks because magmatic-hydrothermal and other mineralizing systems are uncommon in
intermediate-felsic intrusive rocks. Meanwhile, the Sigeom dataset is likely dominated by fresh rocks.
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Figure 3. Chemical composition of intermediate-felsic intrusive rocks of the Sigeom dataset (n = 840)
displayed on (a) the total alkali versus silica (TAS) diagram [26] and (b) the alkali-FeOT-MgO (AFM)
ternary diagram [27]. The rocks identified as felsic and intermediate intrusions are fine-grained and
could not be classified precisely in the field.

Analyses were classified using field-based rock names (Figure 4a,b). Most rocks identified as
diorite were intermediate to felsic rocks and had the highest Mg number (MgO/[Fe2O3T + MgO]) and
Ca contents of the data subset (Figures 3 and 4a,b). A part of the rocks identified as diorite were mafic
and may correspond to unrecognized mafic enclaves (Figure 3a). Diorite also displayed the lowest
Zr/Ti ratio, which is a proxy for SiO2 used to evaluate the extent of magmatic differentiation [28].
The other lithologies were felsic rocks (Figure 3a) with similar Mg numbers, Ca contents, and Zr/Ti
ratios (Figure 4a). Trondhjemite and granodiorite are relatively enriched in Na and K compared to
tonalite (Figure 4b). There were some inconsistencies between field-based rock names and chemistry,
possibly due to imprecise field-estimates of modal proportions (e.g., K-feldspar).

To further evaluate the whole rock chemistry of these suites, samples were classified using
the normative quartz–alkali–feldspar–plagioclase (Q-A-P) ternary diagram [29,30]. The normative
minerals were calculated using a modified CIPW method to include biotite and amphibole [31] after
estimating the values of FeO and Fe2O3 [32]. The normative minerals were then displayed on the
Q-A-P ternary using the method of Le Maître [32] to distribute normative albite between the A and P
poles (Figure 4c). According to this diagram, a significant amount of tonalite and granodiorite are
alkaline rocks, which is in disagreement with field observations and the regional context. Considering
that albite and anorthite are mostly in plagioclase, normative minerals can be used to approximate the
An number of rocks recognized as tonalite (median = An24, mean = An25), trondhjemite (median =

An00, mean = An11), granodiorite (median and mean = An21), and diorite (median and mean = An43)
in the field. This is in agreement with known characteristics of TTG suites that mostly contain Na-poor
alkali-feldspar and oligoclase [10].

The normative minerals were displayed on the Q-A-P ternary assuming pole A = [normative
orthoclase] and pole P = [normative albite + anorthite] (Figure 4d). This is also unrealistic, as
alkali-feldspar is not pure orthoclase. However, this classification correlates better with field-based
names (Figure 4d) and orthoclase, in the compiled rocks, is likely Na-poor. Diorite classified based on
normative quartz and feldspar contents mostly corresponded to rocks identified as diorite in the field
(Figure 4d). In contrast, there were discrepancies between classifications for tonalite and granodiorite
(Figure 4d), possibly because the modal proportion of the least abundant feldspar (orthoclase) could
not be precisely estimated visually in the field and also because CIPW calculations had limitations.
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(Figure 6a), and chemically, they equate to the diorite unit of the Chibougamau pluton [6]. These 
rocks display a range of Zr/Ti values (0.002 to 0.2) and Ca contents (Figure 6c,d). The FeO/(FeO + 
Fe2O3) ratio has a median value of 1.2 (n = 40 samples with ferric and ferrous irons analyzed). Rocks 
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Figure 4. Chemical composition of intermediate-felsic intrusive rocks of the Sigeom dataset (n = 840)
displayed in plots of (a) Mg number vs. Zr/Ti binary, (b) Na2O-K2O-CaO (in wt%) ternary, and (c,d)
Q-A-P ternary [29], after performing a CIPW normative calculation [31]. The main difference between
(c) and (d) is the method used to distribute normative albite between poles A and P (see text for
details). The Le Maître [32] method is used to distribute normative albite between the A and P poles
(c). Normative minerals are also displayed assuming pole A = [normative orthoclase] and pole P
= [normative albite + anorthite] (d). Color codes correspond to field-based rock types. The rocks
identified as felsic and intermediate intrusions are fine-grained and could not be classified precisely in
the field.

The rock samples of the Sigeom dataset could also be classified based on their trace element
contents. On the REE diagram, rocks display a range of HREE concentrations—where REE profiles
are either moderately or strongly fractionated. Rocks are classified based on the (La/Yb)N parameter,
with La and Yb normalized to primitive mantle [33]. A cut-off value of 6 was used because rocks with
(La/Yb)N < 6 and > 6 displayed distinct chemical characteristics (Figures 5 and 6).

Rocks with (La/Yb)N > 6 were HREE-depleted (Figure 5a) and resembled typical TTG suites [10].
These rocks had an intermediate Zr/Ti ratio of 0.01 to 0.1 and were Ca depleted (Figure 5c,d). Where
ferric and ferrous irons were available (n = 22), the FeO/(FeO + Fe2O3) ratio had a median value of 3.7.
These rocks also displayed negative Ta-Nb-Ti anomalies (Figure 5b). The Zr and Hf anomalies were
negative for samples relatively depleted in SiO2 and became positive with increasing SiO2 content.
Also, accompanying the increase in SiO2,

∑
REE values decreased with ΣHREE decreasing faster than

ΣLREE. According to field-based classifications, rocks with (La/Yb)N > 6 were tonalite and granodiorite,
with minor amount of diorite (Table 1).
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Figure 5. Chemical composition of intermediate-felsic intrusive rocks of the Sigeom dataset with
(La/Yb)N > 6 (n = 588). Rocks are displayed on (a) a primitive mantle-normalized [34] REE plot, (b) a
primitive mantle-normalized [33] multi-element arachnid diagram modified from Pearce [35], (c) a
binary plot of Mg number vs Zr/Ti, and (d) a Na2O-K2O-CaO ternary diagram (in wt%). For plots in (a)
and (b), mean values are displayed as solid lines and the 25th, 50th (median) and 75th percentiles are
displayed as dashed lines.

Table 1. Rock types with fractionated ((La/Yb)N > 6) and less fractionated ((La/Yb)N < 6) REE profiles.

Sigeom Dataset Beakhouse Dataset

(La/Yb)N < 6 (La/Yb) N > 6 (La/Yb) N < 6 (La/Yb) N > 6
Field 1 CIPW 2 Field CIPW Field Field

Granite, granodiorite 8.73 % 11.11% 29.93% 39.29% 30% 35.08%
Diorite 39.29 % 32.14% 17.01% 10.03% 20% 13.61%
Tonalite 32.54 % 45.24% 40.14% 35.37% 40% 27.22%

Trondhjemite 10.32 % 2.55%
Syenite, monzodiorite 1.59 % 4.93%

Felsic intrusions 6.75 % 3.57% 10% 9.95%
Intermediate

intrusions 0.79 % 1.87% 14.13%

Other 11.15% 15.31%
n data 252 588 10 191

1 Rock-type as identified in the field; 2 Rock classified using the Q-A-P ternary [29], after performing a CIPW
normative calculation [31].

Rocks with (La/Yb)N < 6 are less HREE-depleted than rocks with more fractionated REE profiles
(Figure 6a), and chemically, they equate to the diorite unit of the Chibougamau pluton [6]. These rocks
display a range of Zr/Ti values (0.002 to 0.2) and Ca contents (Figure 6c,d). The FeO/(FeO + Fe2O3) ratio
has a median value of 1.2 (n = 40 samples with ferric and ferrous irons analyzed). Rocks with (La/Yb)N

< 6 display a negative Nb anomaly (Figure 6b). The negative Ti and Eu anomalies were observed in the
most SiO2 enriched rocks only. Moreover,

∑
REE increased with increasing SiO2 content. According to
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field-based classifications, these rocks were diorite and tonalite with minor amounts of granodiorite
and trondhjemite (Table 1).
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Figure 6. Chemical composition of intermediate-felsic intrusive rocks of the Sigeom dataset with
(La/Yb)N < 6 (n = 252). Rocks are displayed on (a) a primitive mantle-normalized [33] REE plot, (b) a
primitive-mantle normalized [31] multi-element arachnid diagram modified from Pearce [35], (c) a
binary plot of Mg number vs. Zr/Ti, and (d) a Na2O-K2O-CaO (in wt%) ternary diagram. In plots (a)
and (b), mean values are displayed as solid lines, and the 25th, 50th (median), and 75th percentiles are
displayed as dashed lines.

Concerning the western part of the Abitibi Subprovince, samples compiled by Beakhouse [13]
mostly display fractionated REE profiles ((La/Yb)N > 6). They corresponded to tonalite and granodiorite
with a minor amount of diorite (Table 1). Samples with (La/Yb)N < 6 are diorite and tonalite
(Table 1). This was consistent with observations made in the eastern part of the subprovince using the
Sigeom dataset.

Most plutons are constructed by rocks that are HREE-depleted with (La/Yb)N > 6 or of both
HREE-depleted and HREE-undepleted rocks with any (La/Yb)N value (Figure 7). The plutons
dominated by HREE-depleted rocks are mostly made of tonalite and granodiorite and are synvolcanic
intrusions, except for the Adams, Geikie, and Blackstock plutons that formed at the beginning of
the syntectonic period (supplementary material 1). Examples are the Marest and Bernetz batholiths,
which span a range of SiO2 values (52 to 76 wt% SiO2, median = 70 wt% SiO2), and are made of
felsic rocks (tonalite, granodiorite) and a minor amount of intermediate rocks (diorite). Examples of
batholiths dominated by HREE-undepleted rocks are synvolcanic diorite and tonalite intrusions, e.g.,
the Bourlamaque pluton (55 to 65 wt% SiO2), as well as tonalite and trondhjemite, e.g., the Flavrian
and Powell plutons (52 to 79 wt% SiO2, median = 73 wt%).
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Figure 7. Geological map of the Abitibi Subprovince displaying intrusions with strongly fractionated
((La/Yb)N > 6) and less fractionated ((La/Yb)N < 6) REE profiles. Only tonalite, granodiorite, and diorite
dominated intrusions are classified. The map is modified from the MERN and OGS datasets, and
the projection is UTM NAD83 Zone 17 N. Numbers locate the Chibougamau (1) and Bourlamaque
(2) plutons, the Marest (3) and Bernetz (4) batholiths, the Adams (5), Geikie (6) and Blackstock (7)
plutons, the Powell, Flavrian, and Dufault plutons (8), La Dauversière (9), Mistaouac (10) and Hébert
(11) plutons, and the Eau Jaune Complex (12).

Plutons with both HREE-depleted and HREE-undepleted rocks are tonalite and granodiorite,
e.g., the Josselin batholith (57 to 75 wt% SiO2, median = 71 wt%). Other plutons are more mafic and
contain diorite and tonalite, e.g., the Eau Jaune Complex (58 to 75 wt% SiO2, median = 65 wt%). In the
Hébert, Chibougamau, and Mistouac plutons, HREE-undepleted rocks are diorite and tonalite and
HREE-depleted rocks are tonalite and/or granodiorite, whereas in the Josselin batholith and Eau Jaune
Complex, diorite, tonalite, and granodiorite are both HREE-depleted and HREE-undepleted. These are
synvolcanic intrusions.

5. Discussion

The Abitibi Subprovince is a greenstone belt mostly made of volcanic rocks (~40% aerial surface)
and intermediate-felsic intrusions (~40%). The remaining 20% is mixed gneisses, metasedimentary
rocks, and mafic/ultramafic intrusions. Most of the intermediate-felsic intrusions are classified as
tonalite ± trondhjemite, and granodiorite (TTG suites). Diorite is a minor lithology; hence, TTD
suites only represent ~7–15 % of the intermediate-felsic intrusions (Figure 1). Diorite-rich plutons are,
importantly, most abundant in two areas: 1) the north-eastern corner in the Chibougamau area, and 2)
in the southern part next to the gold-endowed Cadillac-Larder Lake fault zone (Figure 1).

Synvolcanic and syntectonic intrusions are well distributed in the Abitibi Subprovince, but
synvolcanic plutons are most abundant (Figure 2), as in other greenstone belts [2]. The studied
intrusions displayed a range of major and trace element compositions and were classified based
on their HREE-abundance and (La/Yb)N ratio. Intrusions with distinct (La/Yb)N ratios were well
distributed in the study area and formed during the synvolcanic and syntectonic geodynamic periods.
This contribution focuses on two intrusive suites that are dominated by tonalite, granodiorite-granite,
and diorite, i.e., on TTG and TTD suites. Whereas most samples are HREE-depleted, as is expected for
TTG suites [10], a significant proportion of them (30% for the Sigeom dataset) are HREE-undepleted
rocks. These HREE-depleted and HREE-undepleted rocks may correspond to differentiated magmas
derived from two main types of primitive magmas.
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Rocks characterized by (La/Yb)N > 6 (Figure 5) display chemical characteristics similar to TTG suites,
except that TTG suites are generally more La enriched with (La/Yb)N > 15 [10]. These HREE-depleted
rocks of the Abitibi Subprovince are Na-rich, mostly felsic, and were likely derived from magmas
produced by high-pressure melting of hydrated basalt [10]. The source of these magmas is an enriched
basalt [9] introduced at depth by a subduction process, delamination, or other processes [3,36,37].
The HREE-depleted rocks of the Abitibi Subprovince also lack a mafic association—mafic enclaves of
footwall rocks excepted (not considered here)—and the few intermediate rocks with Zr/Ti <0.01 may
correspond to cumulates (e.g., amphibole-rich area).

According to their Yb content, 75% of the 588 analyzed samples were ‘low HREE-high-pressure
TTGs’ defined by Yb < 1 ppm [10]. Other rocks were more Yb enriched (14% with 1 < Yb < 1.5 ppm; 5%
with 1.5 < Yb < 2 ppm; 5% with > 2 ppm Yb) and may have been produced by lower pressure partial
melting of hydrated mafic crust [10]. The bulk of HREE-depleted rocks display primitive-mantle
normalized negative Ta, Nb, and Ti anomalies likely inherited from the primitive magma, i.e., Ta,
Nb, and Ti were retained in the source by a Ti bearing residual phase(s). That their REE contents
decrease with increasing SiO2 suggests a fractional crystallization process controlled by amphibole
and, possibly, apatite [38,39]. The Eu anomaly is influenced by the fractionation and accumulation of
feldspar and amphibole, which preferentially incorporate Eu2+ and Eu3+, respectively [40,41]. Hence,
significant fractionation of both these minerals may explain the lack of an Eu anomaly (Figure 5a).
Amphibole fractionation points to elevated water content and potentially moderate to elevated oxygen
fugacity (f O2), as confirmed by a median FeO/(FeO + Fe2O3) ratio of 3.7. The features reported here
also characterized other TTG suites [10].

The HREE-depleted rocks were also characterized by a high Sr/Y ratio (Figure 8a). This signature
can be achieved through several processes, including deep partial melting with abundant residual
garnet and fractional crystallization [42,43]. In the Abitibi Subprovince, this signature likely results
from a combination of high-pressure melting of a hydrated basalt source (low Y content) and
fractional crystallization (variable Sr content and Sr/Y ratio) (Figure 8a). Besides their Sr content, the
HREE-depleted rocks are a chemically diverse group spanning a range of major element content.
The major and trace elements content of TTG suites is generally interpreted in terms of depth of
partial melting, with the most HREE-depleted and Na-rich magmas produced by higher-pressure
melting of the hydrated mafic crust [10]. However, recent studies show that these magmas differentiate
significantly upon ascent [39,44]. Thus, the HREE-depleted rocks of the Abitibi Subprovince likely have
a homogeneous source, and their noted compositional diversity (e.g., Yb content) is a consequence
of lower to upper crustal differentiation—fractional crystallization likely—and is not indicative of a
variable depth of partial melting.
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In the study area, high-pressure partial melting of hydrated mafic source likely formed HREE-
depleted tonalitic magma that subsequently differentiated to form trondhjemite and granodiorite 
(Figure 8b), as the SiO2 and K2O contents of the melt increased. According to this hypothesis, HREE-
depleted rocks with heterogeneous major element chemistry observed in the same batholith may 
share a common primitive magma and may correspond to the TTG series. Thus, the apparent point 
alignment of data on TAS and AFM diagrams (Figure 3) may be interpreted as liquid lines of descent, 
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Figure 8. Chemistry of intermediate-felsic intrusive rocks of the Sigeom dataset displayed on the Sr/Y
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In the study area, high-pressure partial melting of hydrated mafic source likely formed
HREE-depleted tonalitic magma that subsequently differentiated to form trondhjemite and granodiorite
(Figure 8b), as the SiO2 and K2O contents of the melt increased. According to this hypothesis,
HREE-depleted rocks with heterogeneous major element chemistry observed in the same batholith
may share a common primitive magma and may correspond to the TTG series. Thus, the apparent
point alignment of data on TAS and AFM diagrams (Figure 3) may be interpreted as liquid lines of
descent, but this hypothesis remains to be tested using dedicated petrogenetic and isotopic studies.
A minor amount of the HREE-depleted rocks was identified as diorite, which suggested a possible
interaction between the TTG melt and a limited amount of mantle-derived magma.

Rocks characterized by (La/Yb)N < 6 (Figure 6), in contrast, lack HREE depleted signatures and
indicate a garnet-barren source region. These rocks lack primitive-mantle normalized Ta anomalies,
and negative Ti and Eu anomalies are only observed in the most felsic rocks. These Ti and Eu anomalies
are unlikely to be inherited from a primitive magma and are likely a consequence of fractionation.
In contrast, as Nb anomalies are observed in most rocks, this is likely a signature inherited from the
primitive magma. The Eu anomaly suggests low to moderate f O2 conditions that are confirmed by a
median FeO/(FeO + Fe2O3) ratio of 1.2. Differentiation also produced increasing

∑
REEs and indicated

a limited role for amphibole fractionation. Thus, these suites lacking depleted HREE signatures
were related to magmas having lower relative H2O contents than the amphibole-rich TTG melts
described previously.

The rock characterized by (La/Yb)N < 6 also displayed chemical variations likely due to
differentiation. As differentiation (fractional crystallization in this case) progresses, these magmas are
not significantly enriched in iron (Figure 3b), as is also typical for calc-alkaline series in modern-day
subduction settings. However, the Archean suites differ from typical calc-alkaline magmas by their
absence of K enrichment during differentiation and low LREE-content (Figure 6). On the other
hand, the suites characterized by (La/Yb)N < 6 were LREE enriched compared to evolved tholeiitic
rocks such as the soda-granophyre unit (tonalite) observed at the roof of the Lac Dore Complex
layered intrusion [21,45]. In summary, the suites lacking HREE depletion had characteristics of both
mantle-derived magmas (high HREE content, the abundance of intermediate units, low- to moderate
f O2, and water content) and TTG melts (Na-rich, LREE enriched, negative Nb anomaly, an abundance
of felsic units). These could be mantle-derived melts that hybridized with TTG melts in the lower crust,
where mixing of magmas with distinct viscosities was most likely.

This hypothesis was tentatively tested by calculating the trace element content of a mixture of
TTG and tholeiitic melts (Figure 9). Median values for the least differentiated HREE-depleted rocks and
basalts of the Sigeom dataset were used to approximate the chemistry of primitive TTG and tholeiitic
melts, respectively, and to calculate mixed compositions (Figure 9). The chemistry of the SiO2-poorest
HREE-undepleted rocks was best approximated by a mixture of 80% basalt and 20% HREE-depleted
rocks. The model reproduced the slope of the REE profile (Figure 9a) imperfectly, possibly because
median values from intrusive and volcanic rocks represented differentiated melt chemistries (parental
magmas?), not primitive magmas. Moreover, for this reason, the most compatible elements (Cr and
Cu, especially), as well as Ta, were improperly modeled by this simplistic calculation (Figure 9b).
The hybrid origin of the HREE-undepleted magmas is a hypothesis that remains to be tested using
dedicated petrogenetic studies focused on differentiation processes.

Rocks with HREE-depleted and HREE-undepleted chemistries are coeval and spatially related,
i.e., about half of the batholiths of the Abitibi Subprovince are constructed of both rock types. In this
greenstone belt, magma production during the synvolcanic period can be summarized as follows:

• Mantle-derived magma (tholeiitic affinity) formed lava flow piles and layered intrusions, and
locally induced anatexis to produce felsic magmas emplaced as flows and pyroclastic units with
calc-alkaline-like affinities [4];

• High-pressure partial melting of basalt (TTG magma) formed plutons possibly associated with
volcanic units [46];
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• Hybrid magmas from the mixing of TTG melt and tholeiitic magma formed plutons and, possibly,
volcanic units that remain to be identified.

The magma types enumerated above also intruded the upper crust during the syntectonic
period, next to additional magma types such as sanukitoid and alkaline intrusions. The magmatic
record of the synvolcanic period shows that mantle-derived magmas form a more significant part of
tonalite-dominated batholiths than previously recognized. Geodynamic models should account for
the specificity of magmatism to evaluate the evolution of the Abitibi Subprovince. By showing that
chemical diversity is partially a consequence of differentiation rather than exclusively a function of the
depth of partial melting, geodynamic models referring to progressively steeper subduction to explain
the HREE content of TTG suites become unreasonable [47,48].
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Figure 9. Median values displayed on (a) a primitive mantle-normalized [33] REE plot and (b)
a primitive-mantle normalized [31] multi-element arachnid diagram modified from Pearce [35].
The median values for the least differentiated (<60 wt% SiO2) intermediate-felsic intrusions with
(La/Yb)N < 6 (n = 115) and (La/Yb)N > 6 (n = 87) are displayed as red lines. Green lines correspond to
the least differentiated basalts of the Abitibi Subprovince (Sigeom dataset) with REE, and other trace
elements analyzed, and with 45 wt% < SiO2 < 50 wt% (n = 913). Modeled melts (blue and black lines)
correspond to a mixture of 70% to 90% basalt (~tholeiitic melt) and 30% to 10% least differentiated
HREE-depleted rocks (~TTG melt).

The main synvolcanic magmatic-hydrothermal systems documented in the Abitibi Subprovince
are genetically related to TTD suites, i.e., to plutons that may contain hybrid magmas (Chester
intrusive complex) or both TTG and hybrid magmas (Chibougamau pluton), according to published
REE-profiles [5,6]. These plutons may contain a significant amount of mantle-derived magma,
and in both cases, the mineralizing systems have been discussed and compared to porphyry
deposits [49]. In modern subduction and post-subduction settings, porphyry mineralized settings
require metal-bearing magmas with relatively elevated f O2 that are emplaced in the upper crust [50–52],
and which relate to long-lived magmatic systems [53]. In the Abitibi Subprovince, dedicated studies
are required to evaluate these factors better, that is, the emplacement depth of the main batholiths and
the duration of magmatic events. Whole-rock chemistry, which indicates limited Eu anomalies and low
FeO/[FeO + Fe2O3] ratios, suggests a favorable f O2, but this parameter should be characterized using
zircon chemistry. The Cl, S, and metal contents of source rocks (basalt for TTG magma, mantle rock
for tholeiites) also remain to be quantified by more detailed studies. However, even with the noted
limitations, hybrid magmas may have the best potential to generate Cu-Au magmatic-hydrothermal
systems because: 1) mantle-derived magmas may contain more metals than magmas derived from
crustal rocks; or 2) hybridization produces magmas with intermediate f O2 possibly close to one unit
above the fayalite-magnetite-quartz solid oxygen buffer (FMQ + 1), which approaches f O2 conditions
for which magma can dissolve the largest amount of gold [54]. Evaluation of petrogenetic models and
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physico-chemical parameters should help clarify magmatic-hydrothermal metallogenic models and
identify magmas with favorable chemistry that can be targeted by exploration programs.

6. Conclusions

Tonalite-dominated magmatism, in the Abitibi Subprovince, derives from two main parental
magmas: (1) a TTG melt from high pressure melting of a hydrated basalt source; and (2) a hybrid TTD
melt that may be a mixture of mantle-derived magma (tholeiitic melt) and TTG melt. Both magmas
significantly differentiated, and the intrusive suites observed in the field may correspond to TTG
and TTD magma series. The TTG, on the one hand, are HREE-depleted and are characterized by
low HREE, Y, Ti, Nb, and Ta contents (garnet and Ti-mineral bearing source), elevated Sr content
and Sr/Y ratio (barren feldspar source), and elevated H2O and Na contents (hydrated basalt source).
These characteristics, as well as the lack of mafic components, are inherited from the primitive
magma (‘source signature’) and are features that also characterize other TTG suites [10]. This magma
crystallized mostly plagioclase and amphibole, as well as quartz, biotite, and K-feldspar, which are the
main phases observed in tonalite, trondhjemite, and granodiorite-granite in the field. Differentiation
induced an

∑
REE decrease, SiO2 and slight K2O enrichment, as well as a limited increase of the K/Na

ratio. The rocks derived from hybrid melts, on the other hand, have inherited characteristics of the
mantle-derived magma (high HREE content, an abundance of intermediate units, low- to moderate
f O2 and water content) and of the TTG melt (Na-rich, LREE enriched, negative Nb anomaly, an
abundance of felsic units). Fractional crystallization induced an

∑
REE increase, SiO2 enrichment,

as well as negative Eu and Ti anomalies (feldspar and titanite fractionation). Dedicated studies are
required to explain their lack of K enrichment during differentiation. Evaluating the implication of
these conclusions for porphyry mineralization will require documenting the critical parameters that
trigger efficient magmatic-hydrothermal systems. It remains unclear whether mantle or mafic crust
is a better source for metals and volatiles, and which source produces magmas with optimal f O2 for
gold and base metal transportation in magmatic systems. Additionally, by analogy with modern
systems [55], the mingling of magmas with distinct chemistries, in the upper crust, may be essential to
mineralizing processes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/3/242/
s1, Supplementary-material-1.pdf—contains maps, arachnid, and major element diagrams for the intrusions
mentioned in the text, Supplementary-material-2.pdf—contains the main phases (aerial extent and proportion) for
the intrusions mentioned in the text.
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