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Abstract 

The Grenvillian Orogeny was a drawn-out mountain building event occurring in the 

Mesoproterozoic Era induced by the formation of the supercontinent Rodinia. This event 

produced several distinguishable waves of metamorphism preserved throughout the Grenville 

Province. Although a significant portion of the Grenville province located in North America has 

been precisely dated, the Chicoutimi Gneiss Belt within the St. Fulgence region of Quebec is one 

region in which precise metamorphic dates have not been obtained. The aim of this project is 

to use the well-known Monazite dating method, in order to discover the metamorphic age(s) 

that are preserved in this particular suite of rocks. In the study, the monazite grains selected are 

analysed in situ, to allow for easier interpretation of their relationship to the metamorphic 

fabric seen throughout the terranes. Samples from the Cap a l’Est Gneiss Complex are also 

examined in this study. Metamorphic age peaks at 1060 ± 7.3 Ma and ~1145Ma ± 16 Ma were 

found in the Chicoutimi Gneiss samples, and age peaks of 969 ± 13 Ma and 1029.1 ± 8 Ma were 

found for the Cap a l’Est Gneiss samples. These metamorphic ages obtained are consistent with 

the ages of the orogenic events occurring in the area, as well as the plutonism, and show that 

there are several pulses of metamorphism preserved in these rocks, along with relict ages of 

the basement rock and xenocrysts. 

Keywords: Grenville, Gneiss, Monazite, U-Th-Pb Dating, Electron Microprobe 
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Chapter 1: Introduction 

1.1 Objective  

Although much of the Grenville has been precisely dated, the Chicoutimi Gneiss Belt, 

outcropping in the St. Fulgence region of Quebec, has not. The aim of this study is to provide a 

precise estimation of the age for this particular suite of paragneisses. To obtain these ages, we 

will use the well-established U, Th, Pb dating method of monazite. From previous works 

completed in the surrounding areas, there are some constraints in the metamorphic ages of 

these rocks. The ages of metamorphism are limited by the Cap de la Mer amphibolite (1506 ± 

13 Ma), the basement rock, and the Simoncouche gabbro, which is the youngest intrusion that 

cross-cuts the Chicoutimi Gneiss Belt (1045 ± 5 Ma) (Hébert and van Breemen, 2004). It is 

however possible for younger ages to occur as the Simoncouche gabbro is known to have 

experienced later metamorphism in the low to mid amphibolite facies. Therefore, with these 

constraints we expect to obtain ages younger than 1506 Ma and (potentially) older than 1045 

Ma. Obtaining precise dates for this suite of rocks will help lead to a more complete 

metamorphic/ tectonic history of the Grenville province. 

1.2 Monazite 

Monazite is a rare earth element (REE) bearing phosphate, with the chemical formula (Ce, La, 

Nd, Th)PO4. As seen from its principal formula its composition can vary, and upon analysis it is 

seen that it contains many other rare earth elements as well. This variability in its composition 

produces many different domains that are characteristic of specific metamorphic events 

experienced by the suite of rocks (Williams et al., 2007). Monazite also has some other very 
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Figure 1.1: Geologic Map of the Chicoutimi region of the Grenville Province. The Chicoutimi Gneiss Belt is labelled 
cmr. After Hébert and van Breemen 2004. 
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useful properties that makes it a good candidate for age dating in this project. One being its 

slow rate of diffusion for many elements, which is important as it necessary for the different 

compositional domains to remain relatively constant through geologic time to obtain an 

accurate date on the metamorphic event that produced them (Williams et al., 2007). Another 

characteristic of monazite is that it contains relatively high concentrations of Thorium and 

Uranium, and a very small amount of common Lead (Williams et al., 2006). This is important in 

the fact that U-Th-Pb dating requires a measurable amount of U and Th, but a negligible 

amount of common Pb, as we only want to measure the amount of radiogenic lead produce by 

the U-Th-Pb decay series. It should be mentioned as well that radiogenic lead can accumulate 

relatively quickly in monazite grains, reaching hundreds to thousands of ppm in just 100 Ma. As 

this study is dealing with rocks above 1000 Ma, this is most certainly way above the detectable 

limits (Williams et al. 2007). All of these properties combined make it an extremely good device 

for finding an accurate metamorphic age for this suite of rocks. 

1.3 Microprobe Analysis 

This project uses the EMPA method for the analysis of monazites to date this suite of rocks. One 

of the biggest advantages to using the electron microprobe is its spatial resolution. With its 

ability to do analysis at a one-micron beam size, it is ideal for producing ages of small grains and 

compositional domains. Compared to other methods of dating such as LA-ICPMS analysis, it is 

also a fairly non-destructive technique (Williams et al., 2006). However, there are 

disadvantages as well, the most prominent being its precision compared to that of LA-ICPMS, 

which does isotopic dating of the monazites and zircons. There are ways of increasing its 

precision, such as increasing count times on specific trace elements, however due to time 
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constraints this may not always be possible, and this may end up causing more damage to the 

samples. 
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Chapter 2: Geologic Background 

2.1 Overview of the Grenvillian Orogeny 

The Grenvillian Orogeny generally refers to the late Mesoproterozoic mountain building event 

caused by the formation of the supercontinent Rodinia. The suites of rock analysed in this 

paper are between ~1-1.5 Ga (Hebert and van Breeman, 2004). This period is when the bulk of 

tectonic activity (convergence) was occurring in the region, which at the time was the 

Southeastern margin of Laurentia (Tollo et al., 2004). Rivers et al. (2008) separated the orogeny 

into two phases, the older Ottawan orogenic phase and younger Rigolet orogenic phase (Figure 

2.1), which induced prolonged amphibolite facies metamorphism on the Grenville terrane. The 

Ottawan orogenic phase is thought to be a result of the collision of Amazonia and Laurentia, 

while the Rigolet orogenic phase is interpreted to be renewed contraction in the area 

(McLelland et al., 2010). The two different phases of metamorphism are proclaimed to be 

caused by the large extent of the area 

involved in the orogenesis. The orogenic 

core experienced the effects of the 

orogenesis during the Ottawan orogenic 

phase, while the northwestern margin 

experienced the effects during the 

Rigolet orogenic phase. These two 

regions are separated by a large crustal 

scale thrust (Rivers et al., 2008).  Figure 2.1: Timeline of different orogenic events in the St. 
Fulgence region. After Rivers et al. (2008) 
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One other orogenic event that predates the Grenvillian orogeny is the Shawinigan Orogeny 

occurring ~1140-1190 Ma (Rivers et al., 2008). However, Rivers et al., 2008 states that the 

effects of this orogeny are contained within the terranes in the southwestern Grenville 

Province. An explanation as to why this is important to mention is in Section 5.2.1. 

2.2 Geologic Units 

The basement rock in the area of study is the Cap de la Mer Amphibolite, which Hebert and van 

Breemen (2004) described as medium- to fine- grained, foliated amphibolite. The rock consists 

mainly of plagioclase and amphiboles, with little secondary quartz. Using zircons found within 

the samples analysed, Hebert and van Breemen (2004) determine upper and lower intercept 

ages of 1506 ± 13 Ma and 1077 ± 12 Ma, respectively. They interpreted the upper age intercept 

as the formation of the original gabbro, while the lower age intercept was interpreted to be the 

growth of new zircon during the Grenvillian Orogeny. 

The Cap a l’Est Gneiss Complex is a course grained gneiss containing predominantly quartz and 

microcline, with small amounts of plagioclase and biotite as well (See Section 4.1.1 for brief 

textural description). Hebert and van Breemen (2004) mention the presence of pyroxenes in 

their samples, but none were seen in the sections analysed here. Once again, a Concordia 

diagram was created by Hebert and van Breemen (2004) to give an upper and lower age 

intercept of 1391 +8/-7 Ma and 1027 ± 18 Ma, respectively. The upper age is interpreted as the 

original age of crystallization, while the lower is thought to be lead loss during the Grenvillian 

Orogeny. 
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The Lac-Saint-Jean Anorthosite Complex (labelled lsj in Figure 1.1) is a large ensemble of 

plutons within the Grenville province that began forming at ~1160 Ma and continued through 

to the end of the Grenvillian orogeny, although those yielding younger ages are found in 

Southern regions (Higgins et al., 2002). The range in composition of the plutons vary from 

anorthosite to leucogabbro (Higgins and van Breemen, 1992), however each pluton is rich in 

plagioclase and has variable amounts of olivine and pyroxene throughout (Higgins et al., 2002). 

There are many shear zones and faults present throughout this complex, and it is thought that 

the deformation that caused this was somewhat synchronous with the emplacement of the 

plutons due to the deformation within and around the individual plutons (Higgins et al., 2002).  

The Chicoutimi Gneiss Belt itself is composed mainly of paragneisses, which show various 

degrees of partial melting, from local development of garnet-bearing leucosomes to small 

(<10m wide) granitic dikes. A textural description of the samples examined will be provided in 

Section 4.1.2. The relation between the Chicoutimi Gneiss Belt and the Cap de la Mer 

Amphibolite would presumably be deformational, with the former being deposited on the 

latter. However, no contact between the two could be seen in the field, so this an assumption 

Figure 2.2: Pictures from field showing the various degrees of partial melting in the Chcicoutimi Gneiss terrane. A 
shows small scale plagioclase-quartz rich leucosomes, with garnet porphyroblasts. B shows a larger scale granitic 
dike. 
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based on the fact that the Cap de la Mar Amphibolite is defined as the basement rock. The 

metamorphic grade of this suite would be upper amphibolite into granulite facies. This was 

determined from the fact that Hebert and van Breeman (2004) stated that the Cap de la Mer 

amphibolite, which is the proposed basement rock, as well as the Cap a l’Est Gneiss 

(neighbouring terrane) experienced granulite facies metamorphism. This is supported by the 

presence of cordierite, sillimanite, and orthopyroxene seen within the outcrops. The fact that 

leucosomes are present is further evidence for granulite facies metamorphism, as high 

temperatures would be required for partial melting of the rock. 
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Chapter 3: Methods 

3.1 Textural Analysis 

The first step in this project is to complete a textural analysis of the thin sections that house the 

analysed grains. The purpose of this is not only to understand the metamorphic textures 

displayed by the two terranes, but also to be able to later observe the relationships between 

the ages found and the textures within the rocks.  

3.2 Electron Microprobe 

The process used for this project is based on Williams et al. (2006) procedure for analyzing 

monazite, but follows closely to Gagne et al. (2004) procedure designed specifically for the 

microprobe in the Robert MacKay Electron Microprobe Laboratory at Dalhousie. 

3.2.1 Compositional Mapping 

Before the analysis of the grains, composition maps were produced to distinguish 

compositional zoning throughout the grains. Four maps were produced using the JEOL JXA-8200 

Superprobe software for each grain, displaying the distribution of Uranium, Thorium, Lead, and 

Yttrium throughout the grains (Figure 3.1). In these particular samples, the BSE imaging of the 

grains displayed the same zoning seen in the composition maps. It is however recommended 

that composition maps always be produced, as if the variation in the average atomic number 

between zones is not significant, the zones will not be distinguishable in the image (Williams et 

al., 2007). It should be as to why Uranium, Thorium, and Lead were chosen to be mapped, as 

they are the three elements that this dating method is concerned with. It may however not be 

as obvious as to why yttrium was also chosen. One reason is that the Y lγ peak 
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produces a peak overlap with the Pb lα peak, which was being measured originally, which 

meant that improper correction of this overlap could (and did) lead to false lead counts 

(Hetherington et al., 2008).  This would not necessarily be an issue in domains where the 

yttrium concentration was relatively constant throughout. However, it could cause issues in 

smaller grains or domains where only one or two analyses are being done, because if one of the 

points of analysis has a high yttrium count then it is more likely that that point will also be not 

corrected properly, therefore leading to an inaccurate age. This particular reason however did 

not end up being an issue in this experiment as the Pb mβ line was measured instead of mα in 

the end.  

Figure 3.1: Comparison between BSE image (A) and composition map (B) of the same monazite grain (3NO* 
MNT5), showing that the zonation shown in the BSE image is the same as that shown in the composition map. 

A B 
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Another reason as to why yttrium is a good element to map is that it could also show the 

grains/ zones age relative to the growth of garnet in the samples, as garnet tends to take up 

yttrium before monazite and many other minerals including xenotime (Hetherington et al., 

2008). Therefore, zones of higher yttrium could potentially indicate that they formed before the 

growth of the garnet. Thorium and yttrium showed the most distinct compositional zonation, 

this is probably because compared to uranium and lead, these two had relatively high 

abundances (Figure 3.2). Appendix 4 and 5 display all the BSE and composition maps, 

respectively. 

Figure 3.2: Example of four composition maps showing Th, U, Y, Pb. Th and Y show the most distinct zonation 
within the monazite grain (2NO* MNT2). Complex zonation seen suggests growth during deformation. 



12 
 

3.2.2 Major Element Analysis 

From the composition maps produced, the zonation of the crystals can be determined and 

analysis of each domain can begin. The first step is to complete major element analysis. The 

precision of the analysis was periodically checked by analysing Monazite53, a major element 

standard used in the lab. The major elements analysed on Probe for EPMA Xtreme Edition 

were: P, Ca, Si, S, Th, Y, Ce, Gd, Nd, Dy, U, Pr, Sm, La. U, Th, Y will be analysed once again in the 

minor analysis, however they are in somewhat greater concentrations (specifically thorium) and 

it is important when analysing to get a sum as close to 100 as possible. One analysis per 

compositional domain was completed, as it was assumed that the majors for a domain 

remained relatively constant throughout. The on-peak count time for all elements, except for P 

and La (which were 20s), was 40s with a beam current of 20nA and spot size of one micron. See 

Appendix 1 for element/ cation properties used in the major element analysis. 

3.2.3 Minor Element Analysis 

With the major element analysis completed, the next step is analysis of the minor elements. 

We once again analysed Y, Th, U, but this time Pb was added to the analysis, the other major 

elements measured above were entered as fixed values for each domain. JEOL JXA-8200 

Superprobe was used to analyse the minors, as there were issues in the yttrium correction 

(mentioned in Section 3.3) using Probe for EPMA. A count time of 360s was used for each of the 

four elements, with a background count time of 180s. A beam current of 200nA was used. The 

beam size was a micron, and the amount of analyses per zone/ grain was based on its size, 

anywhere between one and seven, obviously as the number of analyses per zone is increased, 
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the statistics on the answer will become better. Table 1 gives an overview of the general 

conditions used to measure the four minor elements.  

However, it should be mentioned that before accurate analysis of these 4 minor elements can 

be obtained, background wavescans for each of the four elements in each compositional 

domain must be completed using the Probe for EPMA software. An appropriate place must be 

chosen to measure the backgrounds for that particular element within a particular domain. A 

spot is chosen on either side of the peak, and the average is taken (Figure 3.3). The purpose of 

this portion of the procedure is to chose where an appropriate place to measure background 

signal for each of the four elements is, so that the computer can accurately subtract them. 

Without this subtraction, false counts would be added to the measurements. Once a spot is 

Figure 3.3: Example of background scan from Probe for EPMA software, the green lines represent the chosen 
positions to measure the background, the red line in the center represents the on-peak position. The horizontal 
axis is the position of the measured x-ray in millimeters, while the vertical axis represents the counts per second 
(normalized to 20Na) of the element in question (Thorium here) 
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chosen, the high and low background values are entered into the element conditions window 

of the minor’s and that is where the background is measured.  

Element Th U Y Pb 

X-ray Measured mα Mβ lα mβ 

Channel 1 2 4 5 

Crystal PETJ PETJ TAP PETH 

PHA Gain 16 64 16 64 

High V. (V) 1682 1716 1724 1716 

Base L. (V) 1.00 2.50 1.00 0.70 

Window (V) 5.00 3.00 6.00 9.30 

Diff/ Int Diff Diff Diff Diff 

Table 1: Acquisition parameters for minor element analysis. Data collection done at 15keV, 200nA 

To acquire the age using the minor element data found from the process given above, a 

spreadsheet designed (by John Foster, Dalhousie University) specifically for this monazite 

dating procedure (using JEOL) was used. This spreadsheet not only calculated the ages of each 

individual point, by use of the Montel Equation (Equation 1) (Montel et al., 1996), but also their 

errors based on ZAF corrections, k-raw%. From the ages found, a probability distribution plot 

was created using Isoplot 4.15 in order to define different groups of ages seen throughout the 

suite. A GSC standard (8153) of monazite was analysed several times throughout the data 

acquisition to check that the procedure was being followed correctly and that the technology 

was working properly. 
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3.3 Sources of Error 

When the major element analysis was being performed, the largest potential source of error 

was peak drift, specifically on the phosphorous peak. From the time peak searches were 

performed, to the time points had been set, the phosphorous peak had shifted, which was 

noticed by inconsistencies in the standard’s output. This was hard to control as the room’s 

temperature fluctuated, especially into the night. 

During the minor element analysis, the greatest source of error would most likely have come 

from the background estimations as there is no specific formula to choose these, and it is 

different for each element and each domain. It is quite possible that in some domains, a 

background was chosen too high, therefore removing counts of the minor elements, or vice 

versa. There are options on the Probe for EPMA Xtreme Edition software to model the 

background, however it has never been tested before here, so for the sake of saving time, the 

well established (yet more manual) way was chosen. 

Another issue that occurred during the minor element analysis was improper counts on the 

lead peaks which lead to calculated ages on the GSC monazite standard to come out to 440-470 

Ma, when it should actually be 495-505 Ma (490-510 Ma acceptable). The hypothesized reason 

for this is the use of yttrium aluminum garnet (YAG) to standardize Y as opposed to an yttrium 

phosphate (xenotime). YAG is a garnet, and is therefore isometric, while xenotime is tetragonal, 

this difference in crystal structure leads to differences in the fluorescence of the two standards. 

(1) 
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Because YAG is isometric, it has a higher fluorescence and therefore produces an 

overcorrection of lead, as (mentioned before) there is a peak overlap of Y lγ on Pb mα 

(Jercinovic and Williams, 2005). To fix the over correction of yttrium on the mα peak, it was 

decided that the Pb mβ peak would be measured instead as it does not have a significant 

yttrium overlap, however its count intensity is less than that of the Pb mα peak which could 

cause issues with domains of low lead content. It should be mentioned that there is a second 

order overlap of Ce lα on the Pb mβ line, however the interference affects on the Pb mβ in 

general are much lower than those on the Pb mα line (Pyle et al., 2002). 
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Chapter 4: Results 

4.1 Textural Description 

An attempt to locate monazite grains was made while looking at the textures of the sections 

examined. Essentially any small grain that had high relief and very high birefringence was 

targeted, although these criteria could potentially lead to finding zircon as well, however, EDS 

was used on the microprobe to confirm that the chosen grains were in fact monazite. 

4.1.1 Cap a l’Est Terrane 

The minerology of the samples analysed here is: Microcline (~50%), Quartz (~40%), Plagioclase 

(~5%), Biotite (<5%), muscovite (<1%). In general, the samples are coarse-grained, 

inequigranular interbolate, with quartz and microcline grains growing to 11+ mm. Most grains 

of plagioclase show extensive sericitization, and several areas display small scale myrmekite. 

4.1.2 Chicoutimi Gneiss Belt 

The dominant mineralogy exhibited by the samples examined here is: Quartz (50%), Biotite 

(30%), Plagioclase (20%). This list of minerals is what makes up the fine-grained (average 

0.25mm), granoblastic matrix.  Larger veins (leucosomes) composed of coarse grained (11+ 

mm) quartz and plagioclase (70% and 30% respectively) are present, as well as what appear to 

be some mylonitic bands (composed of quartz). There is schistosity defined by the biotite 

within the matrix, and also large garnet porphyroblasts exhibiting abundant inclusions 

(predominantly quartz), which upon close inspection shows evidence of the garnet growing 

syntectonic. Strain shadows defined by the biotite support this syntectonic growth as well. 
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The zonation seen in all of the monazite grains (see Appendix 5) analysed is quite complex, 

suggesting that their growth was during the deformation experienced by the two terranes. 

 

 

 

 

A 

B 

C 

D 

Figure 4.1: Textures seen in samples 2NO (A &B), 4NO* (C), and 5NO* (D). Field of view for A, C, and D is 6mm, B is 
1.1mm. A shows the course grained inequigranular interbolate texture seen in the Cap a l’Est Gneiss samples, 
microcline and quartz dominating. B displays small scale myrmekite seen in the Cap a l’Est terrane. C shows large 
vein composed predominately of quartz surrounded by the finer grained matrix. Birefringence appears unusually 
high here due to a thicker thin section. D shows aligned biotites in the Chicoutimi Gneiss terrane, forming a strain 
shadow around the small garnet porphyroblast seen, which contain even smaller inclusions of quartz. 
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4.2 Monazite Geochemistry 

A complete table of the major element geochemistry for each compositional domain can be 

found in Appendix 2. Figure 4.2 shows that the major element weight oxide percents were 

relatively constant throughout all of the domains being measured, other than the xenotime 

core that was discovered in one of the grains which showed anonymously low concentrations 

for all elements, apart from phosphorous and yttrium (not shown in figure). As expected, 

phosphorus showed the highest weight percent, followed by Cerium, Lanthanum, and 

Neodymium which of course are all present in the principal formula for monazite. The other 4 

REE measured along with Calcium were in low concentrations (<5 wt%) and varied much less 

than the elements mentioned above. Sulphur was also analysed as a major, however in many 

domains the counts were negative, and the overall average across the grains was ~0.03 wt%, 

Figure 4.2: Plot of the major elements for each of the compositional domains showing little variations throughout 
the suite.  
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which is negligible. It was however a good choice to analyse sulphur as there was a crystal 

containing only Copper, Iron, and Sulphur (potentially chalcopyrite), meaning that there had to 

have been a significant amount of sulphur in the area to form this mineral.  

The minors showed much more variability in their concentrations, although they were of course 

in much smaller concentrations (ppm). Figure 4.3 illustrates the consistency of the REE trend 

seen throughout all the measured domain (aside from the yttrium core). Figure 4.4 shows the 

variability in minor element concentrations for the Cap a l’Est terrane. However, this variability 

is not seen in yttrium. It makes sense that these elements would not be at consistent values 

throughout the Cap a l’Est terrane, as each analysis and/ or domain hypothetically yields a 

different age, and therefore has different concentrations of U, Th, Pb, based on how much 

decay has occurred.  

Figure 4.3: REE plot of the LREE, normalized to chondrite (ppm). All samples analysed show similar trend, apart 
from the obvious anomaly (green line), which represents the xenotime core discovered in one of the grains. This 
shows that the concentrations of the REE’s is relatively constant throughout all the different age domains and 
terranes that were studied. 
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4.3 Monazite Ages 

In the end, a total of 97 analysis across 24 grains were completed, 34 of which were completed 

in an earlier analysis from Cox (unpublished data). It should be noted that there were several 

monazite grains that had been mapped and analysed for majors, but due to their small size, re-

analysis was not able to be completed. All but three of the grains in this analysis were found 

within the matrix. Two were inclusions in biotite grains, while the other was an inclusion in a 

large grain of potassium feldspar, however this did not have any apparent affect on their age. 

Figure 4.5 shows the probability distribution (made with Isoplot) of all the ages obtained from 

this and the previously done analysis (Cox, unpublish data). Table 2 gives the average 

(weighted) ages of the domains measured in this analysis. It should be noted that three ages 

(1545, 1535, and 2164 Ma) were left out when making this diagram so that the distribution 

among the bulk of the data could be could be seen clearly. There are three distinguishable 

peaks: one around 970 Ma, ~1040 Ma, and ~1150 Ma. 

Figure 4.4: Graph of the analysed minor elements (in ppm) from the Cap a l’Est terrane. This shows that there is a 
fair amount of variability of thorium alone throughout the terrane, and on a much smaller scale, the uranium and 
lead also tend to vary.  
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Table 2: Weighted average of ages, with the 2σ errors, found for each composition domain. See Appendix 5 for 
legend of domains within grains. The MSWD represents the Mean Square Weighted Deviation, which is a goodness 
of fit test, this is preferably as close to one. Chicoutimi Gneiss Terrane includes: 3NO, 4NO*, 5NO*. Cap a l’Est 
Gneiss Terrane includes: 3NO*, 2NO, 2NO*, 18NO* 
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Figure 4.6 shows the probability distribution of the Cap a l’Est terrane, which appears to have 

two peaks at 969 ± 13 Ma and 1029.1 ± 8 Ma. The data for the Cap a l’Est terrane was inspected 

and it was determined that two of the domains measured within two different grains were the 

cause of the younger peak, while the rest of the data produced the peak at the greater age. 

These two different age groups were plotted as separate normal distributions shown in Figure 

4.7. The lower age group is more tightly constrained as seen by its tight probability density 

curve, compared to the higher age group which had a few outliers on either end, although it 

should be noted that the “outliers” on the upper end of the spectrum were from small domains 

within the core of one of the grains.  

Figure 4.5: Probability distribution diagram of the obtained ages from both terranes showing a trimodal 
distribution with peaks at 970, 1040, and 1150 Ma. 
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Figure 4.6: Probability distribution diagram of the obtained ages in the Cap a l’Est terrane. Two peaks at 969 ± 13 
Ma and 1029.1 ± 8 Ma are present with two outliers greater than 1100 Ma. 

Figure 4.7: Normalized probability distribution of the Cap a l’Est terrane separated into two distinct age groups at 
969 ± 13 Ma and 1029.1 ± 8 Ma 
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Moving onto the Chicoutimi Gneiss Suite, it is seen that there are also two distinct peaks, one at 

around 1060.1 ± 7.3, while the other is at 1145 ± 16 Ma (Figure 4.8). The peak at ~1060 Ma 

contains the data that was analysed in this experiment, while the peak at ~1145 Ma contains 

the majority of the data from the previous analysis (Cox, unpublished data). A probability 

distribution plot of the two peaks is shown in Figure 4.9. It should be noted that these plots are 

plotting normalized data and are using the arithmetic mean, as opposed to a weighted average, 

and are not taking the individual point’s errors into effect. 

Although there are several distinguishable peaks overall, when looking at a plot of all of the 

ages (Figure 4.10), it is seen that there is still a wide swath of ages that were observed in both 

terranes. This makes sense as the periods of metamorphism are caused by orogenic events 

which last millions to tens of millions of years. The errors of the unpublished data from Cox are 

Figure 4.8: Probability distribution diagram of the obtained ages in the Chicoutimi Gneiss Belt. Two peaks at 1060.1 
± 7.3 Ma and ~1145 ± 16 Ma 
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much bigger than those collected in this study because of the fact that the errors in the 

unpublished data represent the absolute minimum and maximum ages, whereas here, the 1σ 

values are used in the plot. 
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Figure 4.9: Normalized probability distribution of the Chicoutimi Gneiss Belt separated into two distinct age groups 
at 1060.1 ± 7.3 Ma and ~1145 ± 16 Ma. 

900

950

1000

1050

1100

1150

1200

1250

1300

Figure 4.10: Plot of ages obtained ordered from least to greatest. Areas that contain steeper slopes indicate little 
deformation, or little effect of deformation on the monazite growth.  

Lac-Saint Jean 
Anorthosite 

Ottawan 
Orogenic Phase 

Lac St. Jean 

Anorthosite 

Ottawan 
Orogenic Phase 

Rigolet 
Orogenic Phase 

No Activity 



27 
 

Chapter 5: Discussion 

5.1 Entire Suite 

As discussed in Section 4.2, and seen in Figure 4.4, there are three distinct peaks seen 

throughout the two terranes observed. These three peaks are actually quite consistent with the 

timing of the different orogenies defined in this region. The data that gave the highest age 

peak, is presented as a weighted average in Figure 5.1. The average is 1145 ± 16 Ma, which is 

time at which is around the time at which a) the Shawinigan Orogeny occurred in the Southern 

region of the Grenville province, and b) the emplacement of the Lac-Saint-Jean-Anorthosite 

Suite occurred. As for the intermediate aged peak, its data corresponds to the Ottawan 

orogenic phase of the Grenvillian Orogeny, as defined by Rivers et al. (2008). The lower end of 

this peak, along with the upper end of the lowest aged peak is thought to correspond to the 

Figure 5.1: Weighted average of the ages that formed the oldest aged peak in the probability distribution plot 
shown in Figure 4.5 
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Rigolet orogenic phase of the Grenvillian Orogeny which occurred from ~980 Ma-1010 Ma 

(Rivers et al., 2008). Most of the points analysed that gave ages younger than 980 Ma, seen in 

the youngest age peak of Figure 4.5, are thought to be due to lead loss that may have occurred 

following the end of the Grenvillian Orogeny (specifically the Rigolet orgonic phase). An 

explanation for lead loss after the orogeny would be that the age preserved in these domains 

represent growth along the retrograde path (i.e. when temperature is decreasing), as the 

closure temperature for monazite is ~800˚c (Williams et al., 2007). So, the terrane would have 

experienced the upper amphibolite into granulite facies metamorphism (>800˚c), then when 

the rocks began retrogression (cooling) lead loss could have kept occurring until they reached 

800˚c. 

Three analysed points were omitted from Figure 4.5 as they were several hundred million years 

older than the rest. Two of these omitted ages are 1545 ± 47 Ma and 1535 ± 47 Ma, these two 

“outliers” are interpreted to represent monazite growth (potentially xenocrysts inherited) from 

the basement rock of the complex, which is the Cap de la Mer Amphibolite. This basement rock 

was dated at 1506 ± 13 Ma by Hébert and van Breemen (2004), which is equal within error to 

the ages listed here. These grains/ domains from the basement rock may be found in the 

Chicoutimi Gneiss sample because of melting that occurred due to the prolonged high 

temperatures and pressures experienced during the Ottawan orogenic phase. The other point 

that was omitted in Figure 4.4 was 2164 ± 44 Ma, according to the literature there are no suites 

of rock exposed in this region that are older than the Cap de la Mer amphibolite. So, this age is 

interpreted as the age of an undissolved xenocryst that was in place before the formation of 

the gabbro which formed the protolith of the Cap de la Mer Amphibolite. 
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Figure 4.10 shows that there was a wide range of ages observed from the analysis. There are 

two small areas which show steeper slopes which correspond to the ages of ~980-1020 Ma and 

~1100-1130 Ma. The first of the two suggests that we have very little ages from the Rigolet 

orogenic phase, which perhaps means that its affect was not as significant on this suite 

compared to that from the Ottawan orogenic phase. This could also suggest that these lower 

ages are just due to lead loss (also mentioned later). The second of the two (~1100-1130 Ma) is 

consistent with the fact that there is no orogenic/ metamorphic activity occurring at that time 

in the area (other than localized emplacement of plutons), meaning that there in fact should be 

a minimal of ages in that range. The sections with a shallower slope suggest that there is more 

age data from that range, the two predominate ranges with a shallow slope are ~1020-1100 Ma 

and ~1130-1190 Ma. These two ranges correspond to the Ottawan orogenic phase and the 

emplacement of the Lac-Saint-Jean Anorthosite Complex, respectively. 

5.2 Terrane Ages 

5.2.1 Chicoutimi Gneiss Belt 

When looking at Figure 4.8 it is seen that the Chicoutimi Gneiss suite shows a broad range of 

ages, and (as mentioned before) two distinct peaks of ages. The lower aged peak is at 1060 ± 

7.3 Ma, with its spread ranging from ~1020-1100 Ma which corresponds to the Ottawan 

orogenic phase that occurred from 1090-1020 Ma, defined by Rivers et al. (2008). The higher 

aged peak has an average age of 1145 ± 16 Ma as mention in Section 5.1 and corresponds to 

the age of the emplacement of the Lac-Saint-Jean Anorthosite Complex as mentioned 

previously and the associated deformation that occurred with it, as the Chicoutimi Gneiss Belt is 
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in very close proximity to it (<1 km in some places, see Figure 1.1). This close proximity would 

have caused partial melting and therefore an opportunity for these monazite crystals to form. 

These ages also correspond to the age of the Shawinigan Orogeny, and may mean that most 

previous studies in the area were only able to find the metamorphic overprint from the 

Ottawan orogenic phase. However, it is the former that is most likely in this case, as the 

thrusting and deformation associated with the Shawinigan Orogeny is only known to have been 

present in the Southeastern portions of the Grenville Province (as mention in Section 2.1). 

All of the analysed points that yielded an age of ~1145 Ma were found within the garnet which 

were placed within leucosomes, Pyle et al. (2001) mentions that unless extremely high-grade 

metamorphism is reached, monazite inclusions in garnet will not re-equilibrate with the 

surrounding garnet over a geologically relevant time frame. This would be the reason these 

ages are not found in monazite grains of the matrix, with the exception of small domains found 

within larger grains as mentioned in Section 5.2.2. The yttrium content in these analyses were 

also lower (on average), suggesting that the growth of these monazites must have occurred at 

the same time the garnets were forming. The process that would have formed this garnet, and 

the leucosomes is shown in Equation 2. All the analysed points in the Chicoutimi Gneiss Belt 

gave ages above 1020 Ma, suggesting that it was not significantly affected by the 

metamorphism associated with the Rigolet orogenic phase. 

Biotite + sillimanite + plagioclase + quartz = garnet + k-feldspar + melt  (2) 
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5.2.2 Cap a l’Est Terrane 

Figure 4.6 in Section 4.2 shows that the Cap a l’Est terrane also displays two age peaks, with a 

trail of higher ages. The higher peak is at 1029.1 ± 8 Ma which agrees with the ages obtained by 

Hébert and van Breemen (2004), who interpreted this age to be a result of lead loss during the 

Ottawan orogenic phase. This lead loss would be due to re-equilibration or new monazite 

growth. The low peak yields ages younger than the Rigolet orogeny (969 ± 13 Ma), there are 

however no defined metamorphic events that occurred at this period of time, so a possible 

explanation would be lead loss, once again due to re-equilibration of the monazite, as the two 

domains that displayed these ages were overgrowths on older cores.  

There were two outliers in the data at 1108 ± 18 Ma and 1153 ± 19 Ma, the first of the two 

could potentially belong to the Ottawan orogenic, although it was measured within the same 

compositional domain (Thorium depleted, dark blue, domains seen in Figure 3.1) as the latter 

point which has an age consistent with that of the emplacement of the Lac-Saint-Jean 

Anorthosite Complex. The compositional domain that hosted these ages were small and 

separated throughout the monazite grain hosting them. As none of the grains analysed here 

were in garnet, all of them were susceptible to overprinting during the Ottawan orogenic 

phase, this lasted ~50 Ma and involved high temperatures and pressures meaning that little 

relict monazite (in the matrix) from ~1145 Ma would have remained in equilibrium.  
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Chapter 6: Conclusion and Recommendations 

6.1 Conclusion 

After thorough analysis of monazite grains found throughout samples collected from the 

Chicoutimi Gneiss Belt, two distinct metamorphic ages were found through the use of U-Th-Pb 

dating. An older age of ~1145 Ma (~1120-1190 Ma range) was found from monazite grains 

present as inclusions in large garnet porphyroblasts. The garnet protected these monazites, 

presumably formed by the emplacement of the Lac-Saint-Jean Anorthosite Complex, to be 

preserved and not overprinted by the amphibolite facies metamorphism experienced during 

the Ottawan orogenic phase. The lower age was ~1050 Ma (~1020-1100 Ma range), which is 

most definitely explained by the Ottawan orogenic phase of the Grenvillian Orogeny. Therefore, 

this belt experienced two separate metamorphic events, the second of which overprinted much 

evidence of the first (aside from the grains within the garnet). 

Samples from the Cap a l’Est terrane in the same area were also analysed, and were also found 

to have two distinct age groups. The older of the two (average of ~1030 Ma) agrees with 

previous ages obtained via dating of zircons in other studies, and are thought to represent lead 

loss (or monazite growth/ re-equilibration) during the Ottawan orogenic phase. The younger of 

the two could possibly represent the effects of the Rigolet orogenic phase, or post-Grenvillian 

lead loss. 

 



33 
 

6.2 Recommendations 

One recommendation for future projects involving the dating of this suite of rocks would be to 

analyse more samples to look for more monazites within the garnet. This could potentially 

show even older monazites preserved within the rocks (potentially detrital grains). An analysis 

of more grains in general would be highly recommended, with an emphasis on larger grains, as 

the more analyses completed per domain, the more certainty there is in the answer. 

Attempting to use LA-ICPMS technique to analyse not only monazite, but also zircon would be 

recommended as it produces more accurate ages from isotopic analyses. This along with the 

dates from the EPMA method would provide more confidence in the obtained ages. It is 

cautioned however that this method is very destructive and the section you wish to analyse 

should be one in which you do not plan to go back to in the future. 
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Appendices 

Appendix 1: Analytical Conditions for Major Element 
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Appendix 2: Major Element Data 
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Appendix 3: Minor Element and Age Data 
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Location of analyses within grains shown in Appendix 5 
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Appendix 4: BSE Images 
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Top: 2NO* MNT2 

Bottom Left: 3NO MNT4   Bottom Right: 3NO MNT2 
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Top: 3NO MNT1 

Bottom: 3NO MNT2 
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Top: 3NO* MNT4 

Bottom: 3NO* MNT5 
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Top: 4NO* MNT1 

Bottom: 4NO* MNT5 
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Top: 4NO* MNT7 

Bottom: 5NO* MNT1 
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Appendix 5: Composition Maps 
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