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ABSTRACT

°ar/3°Ar analysis of ten muscovite samples from the
western Central Gneiss Belt, Grenville Province, Ontario,
yielded good argon spectra. The ages calculated show a trend
of decreasing age southward into the orogenic interior. These
new ages necessitate reinterpretation of previous data from
the same area. Combined, the two data sets show an age
gradient of -0.23 Ma / km along an 85 km transect through the
Britt Domain and northern Parry Sound Domain, perpendicular
to the strike of the orogen.

The samples reached muscovite closure temperature more
than 70 Ma after deformation ceased. The data record events
in the post-tectonic thermal history occurring during the
erosional degeneration of the mountain belt.

Two models of post-tectonic thermal behaviour offer
possible explanations of this trend in ages. One model
assumes erosion-controlled variable uplift rates and a
constant geothermal gradient across the transect. The
northern end of the transect experiences rapid uplift
relative to the south. A greater erosion rate at the margin
of the orogen could explain this.

The second model assumes a variable geothermal gradient
and constant uplift rate across the transect. The northern
end passes through the depressed end of the muscovite closure
temperature isotherm first.

A combination of both models may best explain the

observed trend in ages.

Key Words: Grenville Province, Central Gneiss Belt, orogen,
uplift, geothermal gradient, argon, geochronology,

muscovite, radiogenic, closure temperature, plateau
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CHAPTER 1: INTRODUCTION
1.1 The Study Area and Its Geology

The Central Gneiss Belt, Georgian Bay, Ontario, lies in
the westernmost extent of the Grenville Province, the
youngest structural province of the Canadian Shield (Davidson
1984a) . The Grenville Province is "a terrane of high grade
and structurally complex gneissic rocks" (Davidson 1984a, p
263) . It stretches 1900 km from the east coast of Labrador to
the eastern shore of Georgian Bay. Across strike, it is 400
km wide (Davidson 1984b). The main metamorphic and structural
event of the Grenville Province occurred during the
Grenvillian Orogeny, "a polyphase tectonic event ... that
affected the southeastern Canadian Precambrian Shield,
culminating between 1.15 and 1.0 Ga" (Davidson 1985, p 137).

Wynne-Edwards (1972) divided the Grenville Province into
six subprovinces (Fig. 1.1). The Central Gneiss Belt, one of
these subprovinces, is an area of mostly quartzofeldspathic
gneisses (Davidson 1984b). Within the Central Gneiss Belt
there are ductile shear zones which are the loci "of high
strain concentration formed during ductile deformation deep
in the crust along which large crustal blocks and slices have
been displaced with respect to one another" (Davidson 1985, p
140) . These ductile shear zones juxtaposed assemblages of
different rock types during continental convergence and
crustal thickening. Two of these assemblages, the Britt and
the Parry Sound domains, lie within the study area. The Britt
Domain (Fig. 1.2), an assemblage of amphibolite facies rocks,
is subdivided into five distinct gneiss associations (Culshaw
et al. 1988). These may represent terranes assembled in the

mid-Proterozoic or earlier, or Grenville thrust sheets.



Muscovite 40Ar39Ar Geochronology of the W. Parry Sound & Britt Domains, C.G.B., Grenville Province

The Parry Sound Domain lies to the south of the Britt
Domain. It is an assemblage of granulite facies rocks
overthrust onto the Britt Domain, (Davidson 1986). Figure 1.2
shows the geology of the study area, including relevant
portions of the Britt and Parry Sound domains.

The presence of assemblages equilibrated at 8 - 10 kb
(Corrigan 1990, Ketchum 1991, pers comm) suggests that the
present day surface was once at 24 - 30 km depth. As well,
Rivers et al. (1989) believe that the Grenville Province was
once comparable to large mountain belts of today, and as such
it "presents an unrivaled opportunity to study orogenic
processes at mid- to deep crustal levels" (Culshaw et al.
1991, p 3).

1.2 Historical Background

Mapping of the Grenville Province has taken place for
more than a century with Logan (1847, 1863) and Wilson (1918,
1925) identifying some of the first elements. As a result of
its complex nature and general lack of economic minerals, the
Ontario segment of the Grenville Province has received less
attention than other areas in this time (Davidson, 1986).
Davidson and coworkers (1981, 1982, 1984, 1985, 1986) and
Culshaw and coworkers (1983, 1988, 1989, 1990) carried out
recent work in the Central Gneiss Belt of western Ontario.
Ellsworth (1932) obtained the first radiometric date from the
Grenville Province by using uraninite-bearing pegmatites from
the Bancroft area (Easton 1986). Easton (1986) documented
1400 radiometric dates from the Grenville Province between
1932 and 1985. Methods used include K-Ar, Ar-Ar, Rb-Sr, Nd-
Sm, and U-Pb.

page 2
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Figure 1.1 Location of the Grenville Province within Eastern North America, including

major subdivisions (after Davidson 1984b). I: Grenville Front Tectonic Zone, II: Central

Gneiss Belt, IIT: Central Metasedimentary Belt, IV: Central Granulite Terrane, V: Baie

Comeau Segment, VI: Eastern Grenville Subprovince. Location of Figure 1.2 is shown.
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Britt Domeain

gkH Key Harbour gneiss association: leucocralic granite-
granodiontic gneiss with supracrustal gneiss; younger
and oider orthognerss (eg. gSR, Still River gneiss).

got Single cycle megacrystic granitoids:
Britt phuton, {overlying, 1o N & W, mixed orthogneisses
of Pickerel complex).

1gB. gN Bayfeid -, Nadeau Island gneiss associations: fonalite,
granodiorite, granite; metasediment.

90. MO Ojibway gneiss association: granodiorite - tonalite,
migmatite.

sS Sand Bay gneiss association: quartzofeidspathic
supracrustal gneiss, schist
amphibolite, quartzite, marble.

Single cycle megacrystic graniloids.

ga Pointe-au-Baril complex
gb Shawanaga piton
Parry Sound Domain

Margins, including Parry Sound shear zone
LPa, Lighthouse -, and Armer Bay gneiss associations:
aaPa (semi-) pelitic gneiss, amphibolite.

quartzite with mafic dykes . tonalite-granodiorite.

Interior, granulte and retrograded granulite facies.

mcPh, Mclaren Island-, Moon Island gneiss associations:

mgPb layered mafic and granitoid gneiss, (quartz-) diorite,
minor charnockite, pelite, marble.

pPb Retrograded and variably transposed gneiss.

¢~
BRITT DOMAIN - PARRY 14\; l
SOUND DOMAIN BOUNDARY———- % /

an

Figure 1.2 Geology of the study area, and sample locations (after Culshayv et al. 1988,
1989). PS: Parry Sound. #1: Sample #1. Refer to Appendices 1 and 2 for site and sample
descriptions.
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Within the Central Gneiss Belt, numerous radiometric
studies have been carried out. Workers such as Corrigan et
al. (1990), Davidson and Breemen (1988), and van Breemen et
al. (1986) used these methods in an attempt determine the age
of emplacement of plutonic rocks, metamorphism, and
deformation. Others, such as Cosca et al. (1990), and Culshaw
et al. (1991) used radiometric methods to investigate post-
tectonic cooling and thermal histories.

In a study of post-tectonic cooling, Culshaw et al.
(1991) carried out a *°ar/3°ar study of the Britt Domain (Fig.
1.2) using amphibole, biotite, and K-feldspar from granitoid
plutons of mid-Proterozoic age, and muscovite from paragneiss
of the country rock. From north to south, muscovite ages
decreased approximately 20 Ma. Since the samples passed
through hornblende closure temperature at least 20 Ma after
deformation ceased, Culshaw et al. (1991) considered the data
to be a record of post-tectonic thermal history in the
orogen.

Cosca et al. (1990) also did a *°Ar/’°Ar study using
muscovite, among other minerals, but farther south in the
Central Gneiss Belt. Their most northerly sample, which is
approximately on strike with the most southerly of Culshaw et
al. (1991), 1is the oldest. This pattern of decreasing age
with increasing distance from the Grenville Front Tectonic
Zone led Culshaw et al. (1991) to suggest tentatively a

decrease in cooling rate to the south.
1.3 Purpose, Direction, and Scope of Study

The motivation for this study is the need to investigate
further the apparent decrease in age of muscovites across the
orogen from the Grenville Front Tectonic Zone. If such a

trend is present, it may have significant implications for
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the post-tectonic thermal history of the orogen. To date, the
apparent trend in ages is based on only four ages. Therefore,
determination of more ages from the same area 1s required to
substantiate a trend. Reexamination of the earlier data
(Culshaw et al. 1991) helps to qualify the interpretation.
°7r/3°Ar analysis of a suite of fourteen muscovite
samples is the basis of this study. Samples came from the
northern end of the Parry Sound Domain to the northern end of
the Britt Domain (Fig. 1.2). Petrological description of the
samples accompanies details of their processing and analysis.

An overview of radiometric dating provides necessary
background information. The theory behind the actual
techniques used in this study follows this, with attention
paid to aspects such as closure temperature and argon loss.
These are of importance to the interpretation of the data.

Interpretation and discussion lead to two uplift models.
These are intended to help explain the history of this part
of the Grenville Province.

Appendices elaborate on some of the details of this
study. These include the petrographic, mathematical, and
numerical background to much of the information summarized in
the main body of this thesis.

Conclusions apply primarily to the study area. In future
the model presented should be tested against similar data
from other parts of the Grenville Province. From this, a
better understanding of post-tectonic uplift and cooling in

major orogenic belts may evolve.

page 6



Muscovite 40Ar/39 Ar Geochronology of the W. Parry Sound & Britt Domains, C.G.B., Grenville Province

CHAPTER 2: SAMPLES
2.1 Sampling

Culshaw and coworkers collected all samples during the
summers of 1987 - 1990, inclusive, as part of the Georgian
Bay Geological Transect. Appendix 1 gives the sample location
and code name assigned by Culshaw for each sample, to
facilitate comparison with related studies. For this study,
the samples are numbered 1 through 14, north to south,
respectively.

Samples 1, 3, 9, and 14 come from Culshaw et al. (1991).
All others were prepared and analysed specifically for this
study. Because the method of analysis used was the same in
each case, the two data sets have been combined for

interpretation.

2.2 Petrology

Culshaw (1991, pers comm) believes that all samples are
metasedimentary in nature. Petrographic examination and
interpretation supports this idea in most cases.

Appendix 2 details the results of hand specimen and thin
section analysis of each sample. Photomicrographs accompany
the descriptions. Muscovite received particular attention,
because of its importance in the radiometric analysis.

Tables 2.1 and 2.2 summarize the petrologic results.
Sample mineralogy and muscovite characteristics such as form,
texture, alteration, deformation, and orientation help
identify similarities and differences among samples. The
quality of these characteristics may help explain radiometric
ages that do not appear appropriate. For example, mineral

spectra with poor or no plateaux (discussed in Chapter 4) may
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correlate with muscovite grains with unique,

textures.

In general, most samples

or deformed

contain significant amounts of

feldspar, and commonly quartz. Biotite is almost always
present. The muscovite grains usually fit one of two general
descriptions. Some are in the form of short (length:width <
5:1), tabular, euhedral or subhedral, decussate grains.
Others may be longer (length:width > 5:1), euhedral,
subhedral, or anhedral, bent grains.
# Rock Type Mineralogy
1 quartzofeldspathic pelitic gneiss Ms Qtz O Bt Crn
2 quartzofeldspathic pelitic gneiss Ms Qtz Afs Kfs Crn
3 quartzofeldspathic gneiss Ms Afs + Bt Qtz Chl
4 quartzofeldspathic gneiss Kfs Ms O * Ky Qtz
5 quartzofeldspathic gneiss Kfs Afs Bt Ms * Qtz
6 quartzofeldspathic migmatitic gneiss Qtz Afs Bt Ms Kfs
7 quartzofeldspathic pelitic gneiss Ms Kfs Afs Bt Gr
+ Otz
8 schist Ms Kfs Bt O
guartzofeldspathic gneiss Afs Qtz Ms Bt
+ Ky Crn
10 quartzofeldspathic gneiss Qtz Afs Ms Bt
11 quartzofeldspathic gneiss Qtz Ms Afs Bt * Hem
12 schist Ms Bt Afs Qtz Grt
13 schist Ms Afs Qtz Bt Grt
+ Chl st O
14 quartzofeldspathic gneiss Otz Bt Kfs Afs Ms

Table 2.1 General petrology of samples. Refer to Appendix 2 for complete details. Mineral
abbreviations (after Kretz 1983): Afs: alkali feldspars, Bt: biotite, Chl: chlorite, Crn:
corundum, Grt: garnet, Hem: hematite, Ky: kyanite, Ms: muscovite, O: opaques, Kfs: K-

feldspars, Qtz: quartz, St: staurolite.. # refers to sample number.
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Samples
Characteristics 1 2 3 4 5 6 7
apparent 2:1 2:1 3:1 5:1 4:1 2:1 5:1
length:width
extinction ub ub b ub
straight + + + + + + +
inclusions + - - - - - -
micrographic + + + + - + -
altered + - - - - - -
grain boundaries sa satd esatd sa esa sa esd
clustered - - - - - - -
8 9 10 11 12 13 14
apparent 3:1 3:1 2:1 4:1 10:1 10:1 15:1
length:width
extinction b b +b bu bu bu
straight + + + + - - +
inclusions - - - + + - -
micrographic - - + + + + +
altered - - - - - - -
grain boundaries esd sa esad esd sa esd esd
clustered + - - - + - -

Table 2.2 Comparison of muscovite grain characteristics. "Straight" grains are no bent or
physically deformed.+ indicates presence of characteristic in sample, - indicates absence,
and * indicates minor presence. u: undulose, b: bird's eye, e: euhedral, s: subhedral, a:
anhedral, d: decussate. Appendix 2 contains more complete descriptions, including
photomicrographs.
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CHAPTER 3: LABORATORY PROCEDURES

3.1 Sample Preparation

Whole—rock samples containing visible muscovite were
crushed, sieved, washed, dried, and then sieved again to
obtain 125 gm - 210 pm fractions. The fraction was poured
onto a sheet of paper and the paper was tilted, according to
the paper panning method. Blocky minerals, such as quartz and
feldspars, rolled off the paper while the platy micas
remained. A Frantz magnetic separator separated the
muscovites from the biotites by their magnetic
susceptibilities to obtain fractions greater than 99% pure.

The muscovites were irradiated with fast neutrons in the
McMaster University nuclear reactor for ten hours. Before
mass spectrometric analysis, the samples remained undisturbed

for two months.

3.2 Sample Analysis

Muscovite samples were analysed by two mass
spectrometers. An A.E.I. MS-10 mass spectrometer analysed
samples 1, 3, 5, 6, 7, 8, 9, 11, and 14. A VG3600 mass
spectrometer analysed samples 2, 4, 10, 12, and 13. Figure
3.1 i1s a generalized diagram of a mass spectrometer system
similar to the ones used in this study.

For each sample, an aliquot of irradiated muscovite was
placed in an extraction furnace. The sample was heated in 11
- 13 steps from approximately 300°C to 1150°C to release
trapped argon (known as outgassing). Each step represented an
increase of 30 C° to 50 C° and lasted for approximately one

hour.
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After heating, the gas was collected in a charcoal
finger held at -196°C by liquid nitrogen. A titanium "getter"

removed impurities from the gas.

— —
mass ™ 1 «
spectro- extraction
meter furnace
& titanium
Ilgemrll
& direction of flow
@ valve
electronics computer  datastorsge output

Figure 3.1 Generalized mass spectrometer system.

Once cleaned, the argon gas was admitted to the mass
spectrometer. A liquid nitrogen cold trap removed any
remaining impurities as the gas entered the mass

spectrometer. The mass spectrometer analysed the gas for 36

Ar,
37Ar, 39Ar, and “‘°Ar. a computer acquired the data, corrected
for atmospheric and background argon, and calculated an age
based on the amount of “°Ar and radiogenic Onar present.

After each heating step, the mass spectrometer was
pumped free of the gas and the next step started. After
completion of all steps, the computer produced a plot of
apparent age versus cumulative %*°Ar released for all steps.

Chapter 4 and Appendix 3 describe the theory behind
°ar/3°ar dating and how actual ages are calculated. The

results are presented in Chapter 5 and Appendices 4 and 5.
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CHAPTER 4: RADIOMETRIC DATING
4.1 Introduction

Some atoms spontaneously decay from their parent
isotopes to daughter isotopes (Skinner and Porter 1987), i.e.
the atoms give up parts of their nuclei to become lighter and
more stable. This is radioactive decay.

Although the process is random, radioactive decay is
statistically predictable for large numbers of atoms. The
rate of decay of a parent isotope is proportional to the
number of atoms present in the sample (Petrucci 1985). As
well, each radioactive element has its own characteristic
rate of decay. Many of these have been determined
experimentally and are expressed as decay constants (Sharma
1987) . '

Another useful term is the half life. According to
Skinner and Porter (1987, p 184), the half life is "the time
required to reduce the number of parent atoms by one half."
According to Sharma (1987), the half life, t,,,, may be
related to the decay constant, A, by

ty/, =(1ln2) /A (4.1)

The rate of decay of a radiocactive element is not
affected by geologic processes. Therefore, for rocks which
contain minerals with radioactive elements, absolute age
determinations may be made. The process, known as radiometric
dating, involves the measurement of parent and daughtef
isotopes present.

Once isotopic measurements have been made, the following

equation may be used to calculate the age of the sample:
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t = (1/A) 1n (1 + D/N) (4.2)

where t is the age of the sample (in years), A is the decay

constant (in yearsJ), D is the daughter isotopic count, and N

is the parent isotopic count. This is the basic equation of

geochronology (McDougall and Harrison 1988). Appendix 3

explains the derivation and use of this equation more fully.
Easton (1986, p 128) presents some assumptions that must

be made when calculating ages from radiometric methods. These

are:

"the decay constant is known and is constant";

"there 1s no gain or loss of parent or daughter isotopes

other than by radiocactive decay"; and
"all samples were initially isotopically homogeneous™.
If any of these assumptions are not met, the calculated age

will not be correct.

4.1.1 Y9K/4%0Ar Dating

Potassium, a common element in the crust, has a
radiocactive isotope, 0k, which decays to two daughter
products, °ar and ‘°ca. ‘°r/°aAr dating is a common
radiometric technique (Sharma 1986). Table 4.1 shows the
decay scheme of potassium, and other pertinent data.

According to Faure (1986), the accumulation of

radiogenic argon (Ar™) may be expressed as
OAr* = M/A) Ok (e - 1) (4.3)

where A = A¢ + Ag (see Table 4.1). This is the K-Ar equation.
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It may be rearranged to solve for t:

t =1 1n|®ar*[A |+ 1 (4.4)
/8 I:‘“’K A ]

Parent Isotope: 4OK

% of Natural Element: 0.001167

Half Life (years): 1.25 = 109

Decay Mechanism: 11% x-electron capture: 89% P emission:

Stable Daughter: 40Ar 40Ca

Decay Constant (yrs4): (A¢) 0.581 * 10710 (AB) 4.962 * 10710

Table 4.1 Decay scheme of Potassium (after Sharma 1987). Refer to Sharma (1987) for
more detailed explanation of characteristics.

The measurement of *°Ar and ‘°K may be made by mass
spectrometry, and wet chemistry, respectively. Because some
of the ‘°Ar measured may be atmospheric, a correction must be
made with the help of 3°Ar which is non-radiogenic. The ratio
of “°ar/3°Ar in the atmosphere is well known, so by measuring
the amount of >°Ar present in the sample, the amount of
atmospheric Oar may be calculated. This amount may then be
subtracted from the total *°Ar. The corrected “°Ar value may
then be used in the age calculation of equation 4.4 (Sharma
1986) .

Because argon may diffuse from the host mineral at
temperatures as low as 300°C, “°K/“°Ar geochronometers may be
reset during periods of metamorphism. In light of this
phenomenon, the Oar/3°ar dating method may be used to provide

a better thermal history (Reynolds 1991, pers comm).
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4.1.2 “0Ar/3°Ar Dating

°ar/3°Ar dating is a variation of *°k/%°Ar dating. It

involves the irradiation of a mineral sample by fast neutrons
in a nuclear reactor. This converts a portion of the 3%k atoms
to 2°Ar, which is considered to be stable during the period of
analysis. One of the advantages of this method is that both
isotopes of argon may be measured by mass spectrometry at the
same time. Because the amount of >°Ar produced is proportional
to the amount of °°K present in the original sample, and the
amount of °°K is proportional to the amount of g present,
the amount of “°K may be calculated from the amount of *°Ar
measured. The age of the sample may then be calculated by

using the equation

t = 1/X 1n ((*°ar*/*°ar) 7 + 1) (4.5)

Appendix 3 contains the derivation of this equation, as well
as the calculation of its error.

Another advantage of the “°ar/?*°Ar method is the
incremental heating technique. Incremental heating allows a
sample to be outgassed of argon incrementally over a series
of temperature increases. If the isotopic system were closed
since the time of formation, then the gas produced by each
step should give the same age when analysed. As was noted
previously, radiogenic argon may be lost because of diffusion
at temperatures well below that of the event under
investigation. The incremental heating technique allows dates
to be calculated based on parts of the mineral which may have
lost different amounts of radiogenic argon since formation.
This provides an opportunity to calculate an age based on the

part of the mineral which lost the least argon. Without this
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technique, only an average for the whole sample would be
available (Faure 1986).

4.2 Closure Temperatures

The exact meaning of dates obtained from radiometric
analyses requires further explanation. According to the
theory of radiometric methods examined in Section 4.1, the
age of a mineral is the time since a radioactive isotope in a
mineral began to decay to a daughter isotope. This age also
requires that none of the daughter product escapes after
formation. A better definition of this age is the time since
a mobile radioactive isotope became immobile within the
crystal lattice of the mineral. Mobility refers to the
ability of the isotopes (both parent and daughter) to diffuse
from their locations within the crystal lattice (Dodson
1973) .

The traditional view of mobility is that it ends at the
point of crystallization or recrystallization. In the late
1960s and early 1970s new evidence suggested that mobility
continued, in some cases, well below crystallization and
recrystallization temperatures. The radiometric age of a
mineral is, therefore, the time since the mineral cooled
through this "closure temperature" (also known as blocking
temperature) (Dodson 1973, p 259).

Figure 4.1 gives a graphic definition of closure
temperature. At high temperatures the rate of diffusion (of
the radiogenic isotope) i1s greater than the rate of
accumulation, so that no radiogenic isotope accumulates. As
the temperature decreases, the rate of accumulation increases
until essentially all of the radiogenic isotope produced is
retained in the crystal lattice. Extrapolation of the low

temperature part of the accumulation line to zero provides
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0 ta time —

Figure 4.1 Definition of closure temperature (after Dodson 1973). T, is the initial
temperature, t, is the apparent age, T, is the closure temperature, and D/P is the ratio of
accumulated daughter to residual parent isotopes. See text for further explanation.
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the apparent age of the sample on the time axis. This point
may then be projected vertically to the temperature curve to
determine the closure temperature of the mineral (Dodson
1973) .

4.2.1 Muscovite Closure Temperature

Laboratory attempts to determine the closure temperature
of muscovite, the mineral radiometrically analysed in this
study, have not been entirely successful (McDougall and
Harrison 1988). Snee et al. (1988) did a literature search of
muscovite closure temperature and arrived at the value of

320° £ 40° C. This is the value used in this study.
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CHAPTER 5: RESULTS
5.1 Age Interpretations

Appendix 4 contains analysis summaries for all samples.
Appendix 5 contains plots of calculated ages against % *°ar,
known as mineral age spectra.

From these spectra, and the corresponding analysis
summaries, interpretation of ages is possible. The simplest
way 1is to calculate a weighted average of the results of all
fractions of the gas. This is known as the total gas age. At
the bottom of each summary sheet is a total gas age.

Examination of the argon release spectra reveals that
they are not flat. During incremental heating, the earliest
gas released comes from the outer edges of the mineral
grains. These parts of the grains are the most likely to have
lost argon since passing through the closure temperature.
Therefore, this gas indicates a younger age. As temperature
increases, gas 1is released from regions deeper within the
grains. Calculated ages become greater until they reach a
maximum. In terms of the spectrum, this maximum age may
appear as a plateau (Faure 1986). This plateau age is more
representative of the time of cooling through the closure
temperature.

Fleck et al. (1977, p 19) define a plateau as "that part
of an age-spectrum diagram composed of contiguous gas
fractions that together represent more than 50% of the total
3°Ar released from the sample and for which no difference in
age can be detected between any two fractions at the 95%
level of confidence." The latter requirement may be tested
with the "critical value" test. This critical value may be

calculated as
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C.V. = 1.960 (0;2 + 0,2)1/2 (5.1)

where 0;2 and 0,2 are the standard deviations of the ages. No

two ages may differ by more than the critical value.

In most cases, definition of a plateau age was possible.
However, in the case of sample 2, the data failed the
definition of Fleck et al. (1977) in a minor way. Step 13 was
omitted because it was anomalously low. This age is
designated a "modified plateau age."

In two cases, no plateau existed. For these samples,
weighted averages of all but the earliest steps were used to

calculate ages. These ages are designated "modified total gas

ages."

Sample Age (Ma) Comments

1 924 *+ 3 plateau age

2 906 * 4 modified plateau age

3 922 t 3 plateau age

4 907 £ 4 plateau age

5 904 *+ 4 plateau age

6 899 £ 4 plateau age

7 893 + 4 plateau age

8 898 t 4 modified total gas age
9 904 + 3 plateau age

10 892 *+ 4 plateau age

11 898 * 4 plateau age

12 884 + 2 plateau age

13 892 *+ 2 modified total gas age
14 905 £ 3 plateau age

Table 5.1 Apparent ages of samples and distances from sample 1.Techniques of
determining ages are described in the text.
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Table 5.1 lists the calculated ages for all samples.
Appendix 6 provides an example of plateau age calculation, as

well as explanations of particular age calculations.

5.2 Age Adjustments

The samples of Culshaw et al. (1991) (1, 3, 9, and 14;
referred to as "the earlier set") appear to be significantly
higher in age than closely located ones processed for this
study. Reexamination of the data for the earlier set revealed
doubt over the accuracy of the J values (discussed in
Appendix 3) used in calculating the original ages. As the
same J value applied to all four samples, the ages obtained
were all satisfactory relative to each other. Their absolute
values were less certain, and awaited further samples from
the same area to assist in better definition (Reynolds pers
comm 1991).

The four ages from the earlier set have been reevaluated
in accordance with the new ages, for which the J value was
better determined (Reynolds pers comm 1991). Because both
subsets span the same geographic area, their average ages
should be the same. Calculation of these averages revealed
the earlier set to be, on average, 15.5 Ma older than the new
set. This value has been subtracted from each age from the
earlier set. Table 5.2 lists these adjusted ages. Appendix 6

more fully explains the procedure of adjustment.

5.3 Final Ages, Errors, and Reliability

Table 5.2 ranks ages in terms of reliability. Increasing
number represents decreasing reliability. Those ranked 1 are
plateau ages, those ranked 2 are modified plateau ages, and

those ranked 3 are modified total gas ages. Sample 7 received
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a rank of 4 because its spectrum displays a pattern that
suggests the sample lost a significant portion of its “Onr
after cooling through its closure temperature. This is also
suggested by the anomalously low calculated age. For these
reasons, this sample has been omitted from further
consideration in this study.

The error of each sample is based on the error of its J
value. Appendix 6 explains the calculation of these errors,

with an example.

Sample Age (Ma) Reliability Comments
907 3
906
906
908
904
899
893
896
887
892
901
884
892
14 888

recalculated

H

recalculated

H + + H+

displays argon loss pattern

W 0O d4 o0 U W N R

H+

recalculated

N
O
I+

'_\
N
H M

H+

=
w
e I T e S S OV R N e O =

H+
W N DR R W R DD DD W

H

recalculated

Table 5.2 Adjusted ages of samples, including errors, and reliability. Techniques of
adjusting ages and error calculation are described in the text. Reliability is based on method
of calculation.
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CHAPTER 6: INTERPRETATION
6.1 Age Versus Distance

Figure 6.1 shows the sample locations projected to a
common line perpendicular to the strike of the orogen. This
line (146°) is parallel to the hinges of major folds,
stretching lineations, and direction of orogenic transport.
The reason for using this arrangement is to investigate the
relation of the data to the cross-sectional geometry of the
orogen. Distances of the samples are all relative to a point
on the line just north of sample 1 (Key Harbour). Table 6.1

lists these distances and the ages of the samples.

Distance From

Sample: Key Harbour (km): Age (Ma)
1 1.0 907 + 3
2 3.2 906 £ 4
3 5.9 906 * 3
4 13.0 908 + 4
5 22.8 904 * 4
6 32.8 899 % 4
8 45.0 896 * 4
9 49.8 887 t 3
10 60.7 892 £ 4
11 70.7 901 + 4
12 79.8 884 £ 2
13 86.5 892 + 2
14 80.4 888 * 3

Table 6.1 Adjusted ages of samples and distances from Key Harbour.
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Figure 6.1 Projection of sample locations to a common line.
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Figure 6.2 is a plot of apparent age versus distance.

The equation of the linear regression line through the data
is

y = -0.22563x + 907.28 (6.1)
where y is the age of the sample, in Ma, and x is the
distance of the sample from Key Harbour, in km. The
coefficient of determination (R?) for this relationship is

0.712. An R? value this close to 1 argues favourably for a
linear relationship among the data.

910

Age (Ma)

880 L] i T
0 20 40 60 80 100
Distance From Key Harbour (km)

Figure 6.2 Plot of apparent age versus distance from Key Harbour. Numbers refer to
samples.
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6.2 Discussion

Examination of Figure 6.2 reveals two features of the
trend. Ages in the north conform to the line much better than
those in the south. Samples 9, 11, 12, and 13 are so far from
their predicted values that even their error bars do not lie
on the line. Most of these samples come from the vicinity of
the Britt Domain - Parry Sound Domain boundary. Although the
duplexing event which created this boundary may have altered
local isotherms, Culshaw (1991, pers comm) believes this
event was too early to affect the times of closure of the
muscovite in these samples.

Petrographic examination (Chapter 2, Appendix 2) offers
possible explanations for some of these deviations. Muscovite
in sample 11 contains hematite inclusions. If the presence of
hematite increases the argon retentivity of muscovite, then
the calculated age of sample 11 may be unrealistically old.

The muscovites of sample 13 are crenulated, possibly
because of a later deformational event. If this event caused
new argon to become trapped in the muscovite, then the sample

would appear anomalously old.

6.3 Models

The ages of these samples decrease 0.23 Ma / km, north
to south. Because the samples passed through the closure
temperature at different times, two possible explanations
arise:

(1) The samples were at different depths in the crust in the
past, and the geothermal gradient was constant across the
orogen.

(2) The samples were always at the same depth, but the

geothermal gradient varied across the orogen.
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The following models explore these possibilities.

6.3.1 Variable Uplift

This model assumes that the closure temperature of
muscovite represents a common depth in the crust. For these
samples to have passed through a common depth point at
different times requires that they experienced different
uplift rates.

One way of exploring the effect of variable uplift rates
on the data is mathematical modelling. 1DT is a program which
allows modelling of one-dimensional geothermal histories on
IBM PC computers (Haugerud 1989). Culshaw et al. (1991) used
this program to produce a one-dimensional thermal model of
the Britt Domain (Fig. 6.3). Age and closure temperature data
from several sets of different minerals defined an uplift
history consisting of five stages of decelerating uplift.
While this model is not unigque, it is plausible (Culshaw
1991, pers comm). Appendix 7 discusses the assumptions and
parameters of this model.

Figure 6.4 illustrates the use of 1DT to determine
different uplift rates for each end of the transect. The
boxes represent the ranges of ages and possible closure
temperatures of hornblende (Culshaw et al. 1991) and
muscovite (this study). The hornblende box is at the start of
the third stage of uplift, while the muscovite box is at the
end of this stage. Adjustment of the uplift rate of stage 3
resulted in the temperature-time path passing through the
muscovite box at different points. Table 6.2 is a summary of

calculated uplift rates for each end of the transect (908 % 4
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Figure 6.3 One-dimensional thermal model of the Britt Domain (after Culshaw et al. 1991).
Bt: biotite, Hb: hornblende, Kf: K-feldspar, Mu: muscovite, Mz: monazite, Sph: titanite.
Numbers refer to locations of Culshaw et al. (1991). 1, 2, 4, 5, and 7 are the same as
locations 1, 3, 5, 9, and 14 of this study. 3 is midway between locations 4 and 5 of this
study, and 6 is 5 km south of sample 10 of this study. Appendix 7 describes the model
parameters.
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Figure 6.4 Method of determining effect of different uplift rates on samples of different

ages and closure temperatures. Adjustment of stage 3 uplift rate causes temperature-time

path to cross muscovite (Ms) box at different points. Hornblende (Hbl) end of stage
remains fixed.
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Ma and 884 #2 Ma) at three different closure temperatures
(360°, 320°, and 280°).

uplift rate (mm / year) % decrease
temperature north end south end (N to S)
360° C 0.06 0.03 50
320° C 0.10 0.05 50
280° _C 0.14 0.07 50

Table 6.2 Calculated uplift rates for stage 3 of model. See Appendix 7 for complete details.

Altering the uplift rate to fit various ages and
temperatures showed that the data could be satisfied by a 50%
decrease in uplift rate from the north end of the transect to
the south, over a minimum of 80 Ma. More generally, it
demonstrated that a decrease in uplift rates into the orogen

is a possible cause of the trend in ages.

6.3.2 Variable Geothermal Gradients

This model assumes that the rate of uplift is constant
across the orogen, but the geothermal gradient varies
laterally.

Gaudemer et al. (1988) proposed that isotherms are
offset vertically in a continental collision zone. In wide
brogens, the interior of the continent heats up as a result
of radiocactive decay and lack of erosion. The frontal thrust
zone, however, tends to be cooler than the interior of the
orogen because of subduction of the lithospheric mantle along
the Moho.

Figure 6.5 illustrates the model of Gaudemer et al.
(1988) . In Figure 6.5 (a), the shortening rate is held
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Figure 6.5 "Influence of belt width and shortening on the thermal structure of a collision
belt. Selected isotherms are shown at the end of collision, prior to erosion." a: "Influence
of belt width for a given shortening rate (5 mm / a). Parameters used in the calculations are
Kc=25W/m K,Q.=7*10-7 W/m3". b: "Influence of shortening rate for a given

width (300 km)." Thermal parameters of b are the same as in a (after Gaudemer et al.
1988, p 53).
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constant and the width of the orogen is varied. Depression of
isotherms occurs below narrow orogens. For wider orogens,
isotherms dip downward at the frontal thrust zone, but rise
in the interior. Figure 6.5 (b), holds the orogenic belt
width constant while varying the rate of shortening. All
three rates result in depressed isotherms at the frontal
thrust zone, but only the lower rates produce higher
isotherms in the orogenic interior.

Isotherm depression near the frontal thrust zone is a
common feature of all the models. Minerals of the same
species at a common depth, but located at different distances
from this front and rising at the same rate, would pass
through their closure temperature at different times. They
would reach the surface simultaneously, yet display different
ages.

The program 1DT also has potential to investigate this
model. Estimation of two different geothermal gradients based
on the model of Gaudemer et al. (1989) led to two 1DT models.
The first, calculated close to the frontal thrust zone, has a
shallower gradient. The second, calculated farther from the
frontal thrust zone, has a steeper gradient. Appendix 7
contains the details of these calculations.

The two new geothermal gradients replaced the original
one, while all other variables remained as in the original
model. Figure 6.6 shows the results. The shallower gradient
caused the temperature-time path to pass through the
muscovite closure temperature box slightly earlier than the
temperature-time path influenced by the steeper gradient.
These results show that a variable geothermal gradient can
affect the times at which same-depth samples pass through a

given temperature.
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Figure 6.6 Temperature-time paths for two different geothermal gradients, starting at 30 km
depth and. Figure 6.6 a is a shallower gradient which brings samples in contact with
muscovite closure temperature slightly earlier than the steeper gradient of Figure 6.6 b.

Appendix 6 explains the derivation of the two geothermal gradients.
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6.3.3 Discussion

A possible explanation for variable uplift rates across
the orogen is differential erosion. According to Gaudemer et
al. (1988), erosion affects the outer edges of orogenic belts
more than the interiors. The northern end of the transect is
closer to the outer edge of the orogenic belt. It is,
therefore, possible that this end of the transect experienced
greater erosion which led to greater uplift.

The model of Culshaw et al. (1991) suggests that the
samples were at roughly the same depth and followed the same
uplift path at least until the hornblendes passed through
their closure temperature. After this, the northern end of
the transect experienced more rapid uplift at least until the
samples passed through muscovite closure temperature. K-
feldspar data indicate that the two ends of the transect
continued along different uplift paths. Culshaw et al. (1991)
assumed that the present day surface was attained sometime in
the Late Proterozoic / Early Cambrian. Unless relative uplift
rates were reversed, the northern end of the transect reached
the surface before the southern end did. Erosion continued to
the south until the southern end of the transect reached the
surface. Figures 6.7 a - e illustrate this.

Figures 6.7 £ - j illustrate the model of depressed
isotherms. This model appears to be a simpler explanation of
the trend in ages because it requires no changes in uplift
rates of one end relative to the other. Although Gaudemer et
al. (1988) did not discuss erosion of an orogen with
depressed isotherms, it is possible that the depressed
isotherms would relax as the crust thins. The models
represent the peak of the orogenic event, while the muscovite
samples provide data for approximately 100 Ma after the peak

of the Grenville orogenic event.
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a (> 908 Ma) f (> 908 Ma)
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Figure 6.7 Comparison of possible uplift models. a - e: variable uplift, f - j: variable
geothermal gradient. Dashed line represents level of muscovite closure temperature.
Arrows represent relative rates of uplift. Storm cloud represents area of rapid erosion. N
and S indicate north and south, respectively. Thick line represents past position of transect.
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CHAPTER 7: CONCLUSIONS
7.1 Ages of Samples

The muscovite ages of the samples in this study range
from a high of 908 *4 Ma in the north, to 884 *2 Ma in the
south. These findings suggest that the muscovite ages
obtained by Culshaw et al. (1991) are, on average, 15.5 Ma
too old.

The data set, consisting of the recalculated values of
Culshaw et al. (1991) and the values of this study, form a
trend in ages, perpendicular to the strike of the orogen.
This trend may be described as a linear, north to south,

decrease in age of samples of 0.23 Ma / km.

7.2 Uplift Models

Both uplift models presented in Chapter 6 explain the
trend in ages determined by radiometric dating. Although both
models have many assumptions which may never be validated,
each one is a plausible explanation of the trend observed.

The model of variable uplift rates is not as simple as
it seems initially. In order to satisfy the assumptions of
Culshaw et al. (1991), the following series of events must
occur. Uplift rates must initially be the same, increase in
the north relative to the south, then increase in the south
relative to the north. Another problem involves having one
end of the transect arrive at the surface and then remain
stable for several million years while the other end
continues to rise. The pattern of higher erosion rates moving
into the interior of the orogen with time may explain these

problems.
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The model of variable isotherms is a simpler explanation
of the trend in ages. Relative uplift rates remain the same
throughout, and all samples arrive at the surface at the same
time. The problem of why this trend in ages was not observed
in the hornblende samples of Culshaw et al. (1991) remains.
Temperature-time data indicate that the hornblendes uplifted
at a rate significantly greater than that of the muscovites.
Therefore, the hornblendes possibly passed through a
depressed isotherm representing hornblende closure
temperature too quickly for them to record significantly
different ages.

Neither model is perfect, but each one offers plausible
elements the other lacks. The two models may be viewed as end
members of a model which incorporates elements of both. This
hybrid model suggests that isotherms were depressed below the
frontal thrust zone, and that uplift was greater in the north

at first, then greater in the south.

7.3 Future Work

Problems worth investigating in the future include:

development of the hybrid model discussed in the previous
section;

obtaining more data, both to the north and south of the study
area (not enough is known about the Grenville Front
Tectonic Zone); and

the possibility of several cooling paths below 300° C, as
suggested by muscovite and K-feldspar data.
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Sample #:

APPENDIX 1: SAMPLE SITES

Code Name:

Location:

1

10

11

12

88 G404

87DMG DO14b

88 G7b

87DMG N56

87DMG N202

H Lk Rd

90DMG Nc529%a

90DMG Ncl93a

87 DMG N428

87DMG P196

90DMG Nc210

89DMG SH7a

Key Harbour, Key Harbour gneiss
association

Key River, Key Harbour gneiss
association

Henvey Inlet, Key Harbour gneiss
association

Golden Sword Island,

gneiss association

Key Harbour

Norgate Inlet, Key Harbour gneiss
association

Highway 69, north of Harris Lake
Road, metasedimentary part of
Bayfield gneiss association

100 m south of Highway 529%a garbage
dump, narrow band of metasediment
in Bayfield gneiss association
south side of Pointe Au Baril
channel, metasediment of Nadeau
Island gneiss association

Nadeau Island, quartz-rich
paragneiss of Sand Bay gneiss
association

bush locality within Sand Bay
gneiss association

140 m north-west of Sand Bay and
Killbear Roads intersection, Sand
Bay gneiss association

1 km south of Nobel post office on
Highway 69, Lighthouse gneiss

association
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Sample #: Code Name: Location:

13 88DMG Nb160 island on southeast shore of Depot
Harbour Inlet, Lighthouse gneiss
association

14 88 DMG Nb397a island north-west of Sandy Island,

Sand Bay gneiss association
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APPENDIX 2: SAMPLE PETROGRAPHY

The major minerals of the quartzofeldspathic gneisses
are quartz, feldspar(s), and mica(s). Quartzofeldspathic
pelitic gneisses may also contain corundum and/or garnet.
Schists contain large percentages of micas, obvious in both
hand specimen and thin section. Migmatitic samples contain up
to 60% leucosome.

Modal percentages and grain sizes are approximations.

Commonly, grains occur in distinct groups of
discontinuous size ranges. These "grain size families"™ are
noted only for muscovite.

Tabular muscovite grains are short and blocky with a
minimal number of sides. Radiator-fin muscovite grains
(Lister 1986) tend to be longer, and have Jjagged ends which
fit into other grains in a manner similar to Jjig—-saw puzzle
pleces. Muscovite grains with regular, straight boundaries
are decussate. Photomicrographs show examples of these
characteristics.

In cases where the variety of feldspars 1s too great, or
the sizes are too small, to accurately distinguish types and
abundances, the feldspars are grouped. "Others" indicates all
other minerals which, in total, account for less than 5% of

the sample. Mineral abbreviations are after Kretz (1983).
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Rock Type: quartzofeldspathic gneiss
alternating Ms-rich and feldspar-rich lavers
Minerals: Modal %: Grain Size:
muscovite 40 1 -3 mm
microcline 45 1 -2 mm
other feldspars 5 <1lm

others (including biotite, quartz, chlorite and plagioclase)
10 variable
Muscovite Comments: tabular grains

some grains have decussate texture

Table A2.3 Petrography of sample 3.

Rock Type: quartzofeldspathic gneiss
Minerals: Modal %: Grain Size:
quartz 35 0.5 -2 mm
plagioclase 15 < 1 mm
other feldspars 30 0.5 - 2 mm
muscovite 5 0.1 - 3 mm
kyanite 5 0.1 - 2 mm
opaques 5 < 0.5 mm

others (including kyanite)

5 variable

Muscovite Comments: very few muscovite-muscovite contacts

Table A2.4 Petrography of sample 4.
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APPENDIX 3: MATHEMATICAL FORMULAE

The basic equation of geochronology, as outlined by
McDougall and Harrison (1988), is derived as follows.

Because a radioactive element decays in an exponential
manner, the number of radiocactive atoms present at any time

may be expressed as
dN/dt = -A N (A3.1)

where N is the number of radiocactive atoms present at time t
and A is the decay constant of that isotope. The half life,

t of the radioactive element may be expressed as

1/2f

t,,, = (In2) /A (A3.2)
= 0.693 / A

Equation A3.2 may be rearranged and integrated as
N = N, exp(-A t) (A3.3)

where N, is the number of radioactive atoms present at time t

(a time in the past).

If a parent isotope decays to a daughter isotope, then

No =N + D (A3.4)

where N is the number of parent atoms and D is the number of
daughter atoms. Equation A3.4 may be substituted into

equation A3.3 to obtain

N = (N + D) exp(-A t) (A3.5)
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Oar* = e 9k (eM-1) (A3.9)
3ar ALK AT | @(e) o(e) de

A parameter, J, may be introduced to express some of the

variables which are difficult to evaluate:

J = A¥K AT | ¢(e) o(e) de (A3.10)
Ae Y%K

Substituting (A3.10) into (A3.9) yields

W0p % = gAt_q (A3.11)
3°ar J

If a sample of known age is irradiated along with the others,

J may be determined by

J = ehMm_ 1 (A3.12)
Oar*/3°ar

where tm is the known age of the sample and ‘°Ar*/?°Ar is the
measured value for this sample.

Equation A3.11 may be rearranged as

t = 1/A 1n ((*°ar*/*°ar) J + 1) (A3.13)

After inserting the value of J determined with (A3.12), the

age of each unknown sample may be calculated by inserting its
measured ‘°Ar*/3°Ar ratio. The error in t, Ot, may be

expressed as

ot =|-J2 F?2 (oF? + oJ)/? (A3.14)
| €222 (1 + Fro)?
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where "F = 40Ar*/39Ar, oF’ and 06J° are the variances of F and

J, respectively, expressed in percent, t is the age of the
sample, andA is the total decay constant of 9g" (Faure 1986,
p 924).

A simpler way of calculating the error in t is to base
it on the errorin J. The relationship between t and J is
assumed to be approximately linear, so the error in t is
calculated proportionately to the error in J (Reynolds 1991,

pers comm) .
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APPENDIX 4: ANALYSIS SUMMARIES

GD—-D4-88 MUSCOVITE SUMMARY
°C  mVv 39 X 39 AGE(Ma) X ATMOS 37/39  40/36  39/36 % IIC
650 29 4 877 +/- 1 9 - 3338 12.1 -

680 18 3 921 +/- 1 3 - 9173 33.2 -
710 15 2 925 +/- 2 2 - 13316  48.5 -
740 36 5 921 +/- 1 3 - 11204  40.8 -
770 36 5 925 +/- 3 2 - 15680  57.3 -
800 121 18 926 +/- 1 2 - 12128 44 -
830 24 4 923 +/- 1 1 - 24166  89.1 -
860 150 23 922 +/- 1 1 - 20076  73.9 -
890 70 11 922 +/- 2 2 - 12562  45.8 -
920 42 6 923 +/- 3 3 - 10097  36.6 -
950 47 7 927 +/- 3 5 - 5522 19.3 -
1000 33 5 916 +/- 4 11 - 2665 8.9 -
1050 24 4 911 +/- 1 19 - 1588 4.9 -
1100 20 3 901 +/- 2 30 - 976 2.6 -

TOTAL GAS AGE = 920 Ma

J = 2.495E-03

ERROR ESTIMATES AT ONE SIGMA LEVEL

37/39,40/36 AND 39/36 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES

X IIC - INTERFERING ISOTOPES CORRECTION

Table A4.1 Analysis summary for sample 1.
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DMG—DO14B—87 MUSCOVITE SuUMMARY
°c mV_ 39 % 39 AGE (Ma) 4 ATMOS 37/39 40/36 39/36 4 11IC
740 78 2 - - - - - -
770 32 <1 611 +/—- 7 22 - 1344 5.9 -
800 25 <1 713 +/- 7 il - 2726 11.5 -
830 S0 1 716 +/- 4 ) - 5010 22.2 -

» 860 34 <1 779 +/- 2 S - 6215 25.2. -
890 86 2 759 +/- 3 2 - 13893 57.8 -
920 73 2 917 +/- 3 2 - 13367 52.3 -
3350 66 2 915 +/- 2 2 - 14615 49.8 -
980 156 4 913 +/- 2 2 - 17937 61.6 -
1010 405 10 05 +/—- 2 2 - 17822 61.9 -
1040 770 18 908 +/- 2 2 - 15484 53.4 -
1070 938 22 05 +/- 2 2 - 13947 48.2 -
1100 790 19 879 +/- 3 2 - 14570 52.3 -
1130 333 8 904 +/- 2 <1 - 33525 117.6 -
1160 199 S 08 +/- 2 1 - 20959 72.7 -
1190 132 3 908 +/- 2 2 - 15638 53.72 -

J = 2.303E-03
ERROR ESTIMATES AT ONE SIGMA LEVEL
37/39,40/36 AND 39/346 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES

% IIC - INTERFERING ISOTOPES CORRECTION

Table A4.2 Analysis summary for sample 2.
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G7TB—88 MUSCOVITE SUMMARY
°C mV 39 X 39 AGE(Ma) X ATMOS 37/39 40/36 39/36 X IIC
650 35 5 863 +/- 1 9 - 3279 12.1 -
680 10 1 914 +/- 2 3 - 11362 41.8 -
710 7 <1 927 +/- 3 2 - 12358 44.7 -
740 110 15 924 +/- 1 <1 - 33678 124.4 -
770 248 34 923 +/- 1 <1 - 62714 232.9 -
800 51 7 924 +/- 11 <1 - 45211 167.6 -
830 88 12 920 +/- 2 <1 - 34870 129.7 -
860 37 5 925 +/- 3 1 - 22682 83.4 -
890 25 3 921 +/- 1 2 - 12296 44.9 -
930 43 6 919 +/- 2 3 - 8900 32.3 -
970 30 4 916 +/- 1 6 - 5075 18 -
1010 25 3 917 +/- 1 8 - 39217 13.6 -
1150 25 3 898 +/- 2 30 - 989 2.6 -

TOTAL GAS AGE = 919 Ma

J = 2.495E-03

ERROR ESTIMATES AT ONE SIGMA LEVEL

37/39,40/36 AND 39/36 Ar RATIGS ARE CORRECTED FOR INTERFERING ISOTOPES

% IIC - INTERFERING ISOTOPES CORRECTION

Table A4.3 Analysis summary for sample 3.
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DMG—NTS3&—87 MUSCOVITE sSUMMARY
°C my_39 % 39 AGE (Ma) %< ATMOS 37/39 40/36 39/36 % 1IC
800 114 2 718 +/- 2 4 - b&bb 30 -
850 63 1 889 +/- 2 2 - 16085 57 -
900 108 2 908 +/- 2 1 - 22904 79.5 -
950 154 3 922 +/- 2 <1 - 31982 109.3 -
975 160 3 P03 +/- 2 <1 - 31177 109.3 -
1000 181 4 07 +/- 2 1 - 23587 82 -
1025 500 10 06 +/- 2 1 - 27333 95.4 -
1050 882 18 08 +/- 2 <1 - 33465 116.6 -
1075 1078 21 910 +/- 2 <1 - 446352 161.5 -
1100 770 15 05 +/- 2 <1 - 435333 159.1 -
1125 343 7 910 +/- 2 <1 - S1874 i81 -
1150 255 S 09 +/- 2 <1 - 36730 128 -
1175 261 S 908 +/- 2 <1 - 38071 132.9 -
1200 166 3 908 +/- 2 <1 - 32374 112.9 -

TOTAL GAS AGE = 904 Ma

J = 2.303E-03

ERROR ESTIMATES AT ONE SIGMA LEVEL

37/39,40/36 AND 39/346 Ar RATIONS ARE CORRECTED FOR INTERFERING ISOTOPES

%Z 1IC - INTERFERING ISOTOPES CORRECTION

Table A4.4 Analysis summary for sample 4.
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DMG—N202 MUSCOVITE sSuUMMARY
il 1 mV_39 % 39 AGE (Ma) Z ATMOS 37/39 40/36 ' 39/36 % 11C
630 8 3 842 +/- 3 S - 5812 21.6 -
780 13 S 03 +/- 3 2 - 14915 52.6 -
710 28 11 05 +/- 1 2 - 19962 70.6 -
740 40 16 903 +/- 1 2 o 184675 66.1 o]
770 47 19 05 +/- 1 2 - 19174 67.8 -
800 30 12 903 +/- 1 3 - 10879 38.1 -
830 17 7 04 +/- 1 3 - 9394 32.7 -
860 i3 S F01 +/- 2 S - 5410 18.4 -
890 10 4 04 +/- 2 7 - 4352 14.5 -
220 ? 4 Q07 +/- 2 8 - 3537 11.6 -
1000 22 9 904 +/- 1 6 - 4939 16.6 -
1100 12 S 901 +/- 2 22 - 1313 3.6 -
1140 1 <1 747 +/- 144 85 - 348 .2 -

TOTAL GAS AGE = 901 Ma

J = 2.34E-03

ERROR ESTIMATES AT ONE SIGMA LEVEL

37/39,40/3b6 AND 39/36 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES

% IIC - INTERFERING ISOTOPES CORRECTION

Table A4.5 Analysis summary for sample 5.
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HLK RD MUSCOVITE sSuUMMARY
=c my_39 % 39 AGE (Ma) %L ATMOS 37/39 40/36 I9/36 % 11C
650 8 S 843 +/- 4 -} - 4978 18.3 -
680 10 6 889 +/- 3 4 - 8228 29.1 -
710 30 19 899 +/- 1 2 - 15745 55.9 -
740 27 16 898 +/- 1 2 - 13402 47.3 -
770 24 15 Q00 +/- 1 3 - 10232 3& -
800 21 13 897 +/- 1 4 - 7499 26.1 -
830 17 i0 902 +/- 1 ] - 5170 17.5 -
860 10 -} 905 +/- 2 11 - 2715 8.6 -
890 ) 3 898 +/- 7 22 - 1361 3.8 -
820 4 2 888 +/- 9 37 - 791 1. -
1000 S 3 8BS +/- B 30 - 59& 1. -
TOTAL GAS AGE = B95 Ma
J = 2.34E-03
ERROR ESTIMATES AT DONE SIGMA LEVEL
37/39,40/36 AND 39/36 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES

% I1IC - INTERFERING ISOTOPES CORRECTION

Table A4.6 Analysis summary for sample 6.
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NC2O0O—-329A MUSCOVITE SUMMARY
pad > my_ 39 % 39 AGE (Ma) % ATMOS 37/3%9 40/36 39/36 % 11C
650 446 12 796 +/- 1 4 - 7896 32 -
680 18 S5 854 +/- 2 4 - 6776 25 -
710 31 8 872 +/- 1 4 - 8442 30.6 -
740 69 i 890 +/- 2 3 - 9699 34.5 -
770 47 12 894 +/- 3 3 - 9284 32.8 -
800 24 ) 893 +/- 2 S . - 6487 22.6 -
830 47 12 895 +/—- 1 6 - 4990 17 -
860 34 9 896 +/- 1 12 - 2475 7.9 -
890 13 3 904 +/- 2 18 - 1617 4.7 -
930 10 3 900 +/- 3 25 - 1198 3.2 -
1000 27 7 08 +/- 1 21 - 1395 3.9 -
1100 27 7 909 +/~- 2 36 - 823 1.8 -

TOTAL GAS AGE = 881 Ma

J = 2.34E-03

ERROR ESTIMATES AT ONE SIGMA LEVEL

37/39,40/36 AND 39/34& Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES

% I1IC - INTERFERING ISOTOPES CORRECTION

Table A4.7 Analysis summary for sample 7.
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NC220—193A MUSCOVITE SUMMARY

pud > my_39 % 39 AGE (Ma) %_ATMOS 37/39 40/36 39/36 % 11C
600 12 2 758 +/- 4 21 - 1420 S -
650 9 1 863 +/- 5 11 - 2760 9.4 -
680 i3 2 891 +/- 3 9 - 3229 10.7 -
710 &0 9 900 +/- 1 3 - 9142 31.9 -
740 26 15 ? 903 +/- 1 2 - 18143 54.2 -
770 121 19 894 +/- 2 2 - 12868 45.8 -
810 85 13 889 +/- 2 3 - 10852 38.8 -
B840 &7 10 896 +/- 5 2 - i2701 45.1 -
870 35 S 884 +/- 4 S5 - 6166 21.7 -
{00 22 3 901 +/- 2 4 - 7779 27 -
930 23 4 898 +/- 2 S5 - 5800 19.9 -
1000 51 8 898 +/~ 2 4 - 8173 28.5 -
1050 52 8 02 +/- 2 ) - 6344 21.8 -

TOTAL GAS AGE = B93 Ma

J = 2.34E-03

ERROR ESTIMATES AT ONE SIGMA LEVEL

37/39,40/36 AND 39/36 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES

% 1IC - INTERFERING ISOTOPES CORRECTION

Table A4.8 Analysis summary for sample 8.
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N428-87 MUSCOVITE SUMMARY
°C mV_39 X 39 AGE(Ma) X ATMOS 37/39 40/36 39/36 X 1IC
650 32 4 833 +/- 1 7 - 3981 15.6 -
700 275 33 901 +/- 1 1 - 22600 85.9 -
750 2617 32 904 +/- 1 1 - 27467 104.2 -
780 115 14 909 +/- 1 <1 - 38597 145.9 -
810 33 4 902 +/- 1 2 - 16560 62.5 -
840 15 2 897 +/- 2 4 - 7059 26.2 -
870 16 2 894 +/- 2 5 .1 5513 20.2 0
900 11 1 888 +/- 2 7 - 3982 14.4 -
930 53 6 906 +/- 2 10 - 2982 10.2 -
960 12 1 905 +/- 3 12 - 2451 8.2 -
990 8 1 895 +/- 3 23 - 1259 3.7 -
1050 5 <1 870 +/- 12 45 - 655 1.4 -

TOTAL GAS AGE = 900 Ma

J = 2.495E-03

ERROR ESTIMATES AT ONE SIGMA LEVEL

37/39,40/36 AND 39/36 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES

X IIC - INTERFERING ISOTOPES CORRECTION

Table A4.9 Analysis summary for sample 9.
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DMG—F126—87 MUSCOVITE SUMMARY
™ my_ 39 % 39 AGE (Ma) %4 ATMOS 37/39 40/36 39/36 % _11C
850 8 <1 798 +/- 3 10 - 3038 11.3 -
900 78 1 874 +/- 2 3 - 10806 38.8 -
975 71 1 P03 +/- 2 <1 - 130554 461.9 -
1000 261 4 893 +/- 2 2 - 13561 47.6 -
1023 361 S 889 +/- 2 2 - 18079 64.3 -
1050 868 12 893 +/- 2 1 - 22733 80.6 -
1075 1288 i8 891 +/- 2 <1 - 53369 119.1 -
1100 B26 12 893 +/- 2 <1 - 40828 145.6 -
1125 &B6 10 894 +/- 2 <1 - 40340 143.6 -
1150 490 7 889 +/- 2 <1 - 31463 112.7 -
1175 350 S B93 +/- 2 1 - 21914 77.6 -
1200 294 4 895 +/- 2 1 - 19925 70.3 -
1225 308 4 897 +/- 2 1 - 20525 72.3 -
1250 3560 8 900 +/- 2 1 - 26383 ?2.8 -
1275 588 8 03 +/- 2 <1 - 328640 114.6 -

TOTAL GAS AGE = 894 Ma
J = 2.303E-03
ERROR ESTIMATES AT ONE SIGMA LEVEL

37/39,40/36 AND 39/36 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES

Table A4.10 Analysis summary for sample 10.
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NC2O—210 MUSCOVITE sSuMMARY
°c __mv 39 % 39 AGE (Ma) % ATMOS 37/39 40/36 39/36 % 11C

65 15 3 844 +/- 2 5 -
480 31 7 894 +/- 1 2 -
710 75 16 899 +/- 2 2 -
740 70 15 901 +/- 2 1 -
770 &6 14 903 +/- 2 1 -
800 44 10 903 +/- 4 1 -
83 28 6 904 +/- 11 3 -
860 23 5 879 +/- 12 & -
890 29 6 897 +/- 1 5 -
920 36 8 898 +/- 1 s _
950 30 7 897 +/- 2 8 -
1000 12 3 888 +/- 3 22 -

TOTAL GAS ABE = 897 Ma

J = 2.34E-03

ERROR ESTIMATES AT ONE SIGMA LEVEL
37/39,40/36 AND 39/346 Ar RATIOS ARE CORRECTED

% IIC - INTERFERING ISOTOPES CORRECTION

Table A4.11 Analysis summary for sample 11.
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DMG—SH7AaA—87 MUSCOVITE SUMMARY
°c myV 39 % 39 AGE {(Ma) %4 ATMOS 3I7/39 40/36 39/36 4 11C
700 1 <1 704 +/- 14 17 - 1718 6.7 -
200 8 <1 8460 +/- 4 2 - 13112 47.7 -
50 140 2 B2 +/- 2 2 - 16440 58.3 -
975 126 = 2 887 +/- 2 2 - 18609 65.6 -
1000 148 3 878 +/—- 2 2 - 16563 358.9 -
1025 434 7 887 +/- 2 1 - 23959 84.7 -
1050 756 12 886 +/- 2 <1 - 30347 107.8 -
1075 868 14 880 +/- 2 <1 - 45131 162.3 -
1100 2114 33 884 +/- 10 2 - 16315 58.3 -
1125 924 15 884 +/- 2 <1 - 35444 126.5 -
1150 364 6. 887 +/- 2 <1 - 34402 122.1 -
1175 238 4 889 +/- 2 1 - 28316 100 -
1200 224 4 883 +/- 2 1 - 24399 86.7 -

TOTAL BAS AGE = 881 Ma

J = 2.275E-03

ERROR ESTIMATES AT ONE SIGMA LEVEL

37/39,40/36 AND 39/3&6 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES

% I1IC - INTERFERING ISOTDPES CORRECTION

Table A4.12 Analysis summary for sample 12.
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DMG—NB1&60—88 MUSCOVITE

SuUurMMARY

°C my 39 % 39 AGE (Ma) L ATMOS 37/39 40/36 39/36 %4 1IC
850 112 2 829 +/- S 6521 24.2 -
900 96 2 891 +/- 2 13767 47.9 -
950 179 4 891 +/- 3 11247 39 -
975 119 2 890 +/- 2 14822 S51.8 -
1000 148 4 883 +/- 2 19320 68.5 -
1025 560 12 887 +/- 2 17295 60.9 -
1050 1176 25 01 +/- <1 380478 1335.2 -
1075 1418 34 891 +/- <1 68270 242.2 -
1100 771 16 884 +/- 2 19347 68.5 -
TOTAL GAS AGE = 890 Ma

J = 2.275E-03

ERROR ESTIMATES AT ONE SIGMA LEVEL

37/39,40/36 AND 39/36 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES

% IIC - INTERFERING ISOTOPES CORRECTION

Table A4.13 Analysis summary for sample 13.
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NB—397 MUSCOVITE SUMMARY
°C mV_39 X 39 AGE(Ma) X ATMOS 37/39 40/36 39/36 X IIC
650 23 4 856 +/- 1 4 - 6699 26.2 -
680 8 1 889 +/- 2 5 - 6561 24.5 -
710 13 2 902 +/- 2 2 - 13999 52.6 -
740 75 13 906 +/- 2 2 - 17116 64.3 -
770 102 18 905 +/- 1 <1 - 41691 158.4 -
800 20 4 901 +/- 1 <1 - 32656 124.5 -
830 93 17 905 +/- 1 1 - 23145 87.4 -
560 88 16 910 +/- 5 <1 - 34376 129.5 -
890 24 4 902 +/- 1 2 - 17585 66.4 -
920 18 3 901 +/- 1 2 - 12094 45.4 -
950 25 4 901 +/- 1 3 - 8886 33 -
1000 40 7 901 +/- 3 6 - 4811 17.3 -
11560 29 5 899 +/- 1 7 - 3966 14.1 -

TOTAL GAS AGE = 903 Ma

J = 2.495E-03

ERROR ESTIMATES AT ONE SIGMA LEVEL

37/39,40/36 AND 39/36 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES

% IIC - INTERFERING ISOTOPES CORRECTION

Table A4.14 Analysis summary for sample 14.
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APPENDIX §: MINERAL SPECTRA
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Figure A5.2 Mineral spectrum for sample 2.
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Figure A5.3 Mineral spectrum for sample 3.
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Figure AS.4 Mineral spectrum for sample 4.
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Figure A5.5 Mineral spectrum for sample 5.
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Figure A5.6 Mineral spectrum for sample 6.
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Figure A5.7 Mineral spectrum for sample 7.
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Figure AS5.8 Mineral spectrum for sample 8.
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Figure A5.9 Mineral spectrum for sample 9.
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APPENDIX 6: SAMPLE CALCULATIONS

Ages of samples were calculated‘by the plateau method,
where possible, as described by Fleck et al. (1977). This
method was used for samples 1, 3, 4, 5, 6, 9, 10, 11, 12, and
14.

An example of these calculations is provided for sample

4., The critical value was calculated as

1.960 (012 + 622) 1/2

1.960 (22 + 22)1/2
= 5.5

C.v.

I

I

Determination of this value lead to the identification of

nine steps to be used in the age calculation.

t = (4 * 907) + (10 * 906) + (18 * 908) + (21 * 910) + (15
* 905) + (7 * 910) + (5 * 909) + (5 * 908) + (3 * 908)
(4+10+418+21+15+7+5+5+3)

79896 / 88
907.91

The calculated age of this sample is 908 Ma. Figure A6.1 is
its spectrum, with the plateau marked.
The J value of this sample is 0.00234 * 0.00001. As a

percentage of the total, the error may be expressed as

0.00427
0.427%

0.00001 / 0.00234

0.427% of the age is then calculated to determine the error

in the age

907.91 * 0.00427
3.88

ot
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Therefore, the age of the sample, including its error, is
907 * 4 Ma.

As discussed in section 5.2, several of the ages were
recalculated. These recalculations are displayed in Table
A6.1 and explained here. The calculated average of the ages
from the earlier set i1s 913.48 Ma while the calculated
average of the trusted ages from this study (all of the
remaining ones, except sample 7 because of its argon loss) is
897.99 Ma. The difference in averages, 15.48 Ma, has been
subtracted from each age of the earlier set. The new values,
along with the trusted ones, have been tabled as Adjusted

Ages. These ages are the ones used in the remainder of this

study.

Apparent Culshaw's New Recalula—- Adjusted
Ages: Ages: Ages: ted Ages: Ages:
923.55 923.55 908.07 907.06
906.06 906.06 906.06
922.10 922.10 906.62 905.61
907.91 907.91 907.91
904.03 904.03 904.03
898.57 898.57 898.57
893.16

896.30 896.30 896.30
903.55 903.55 888.07 887.06
892.14 892.14 892.14
901.29 901.29 901.29
884.08 884.08 884.08
891.57 891.57 891.57
904.71 904.71 889.23 888.22
totals 3653.91 8081.95

average 913.48 897.99

difference of averages 15.48

Table A6.1 Apparent Ages to Adjusted Ages. All ages are in Ma. Apparent Ages are those
of Table 5.1. Culshaw's Ages are those from Culshaw et al. (1990). New Ages are those
determined from from plateaus in this study. Recalculated Ages are Culshaw's Ages
recalculated. Adjusted Ages are the final ages used in this study. The seventh value was
discounted because its spectrum showed the pattern of argon loss. See text for further
explanation.
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APPENDIX 7: DETAILS OF MODELING PROGRAM (1DT)

Table 1.7 outlines the parameters used in the one-
dimensional thermal model of the Britt Domain by Culshaw et
al. (1990). Figures A7.1 and A7.2 show the depth-time plot
and temperature-time plot, respectively, of this model.

Figures A7.3 through A7.8 show graphically the results
of adjusting the en-bloc velocity of stage 3 (boxed) to make
the temperature-time paths pass through various points of the
muscovite box. Note that the scales of these plots are
different than the scales of the first two plots.

Figure A7.9 is a model of Gaudemer et al. (1988) from
which different geothermal gradients were calculated.
Shortening rate is 5 mm / a and width is 300 km. Each
vertical line corresponds to the location of one end of the
transect line. Table A7.2 lists the geothermal gradients
estimated.

Use of these two geothermal gradients allowed 1DT to
produce two temperature-time paths (Fig. 6.6). All other

parameters of the model remained as in Table A7.1.
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thermal conductivity (W m-1 K-1) = 2.00E+00

density (kg m-3) = 2.78E+03 heat capacity (J K-1 kg-1) = 9,00E+02
# layers = 3 # stages in uplift history = 5
total model time (years) = 5.000E+08

surface temperature = 0 C; 1initial basal flux (W m-2) = 3.00E-02
constant basal flux

Heat generation in the modelled space:

--surface~--~===-mr e e e - Z = 0.00 km -~
LAYER 1 heat generation at top of layer = 2.00E-06 W m-3
heat generation at base of layer = 2.00E-06 W m-3
———————————————————————————————————————————————— Z =15.00 km --
LAYER 2 heat generation at top of layer = 0.00E+00 W m-3
heat generation at base of layer = 0.00E+00 W m-3
———————————————————————————————————————————————— Z =18.00 km --
LAYER 3 heat generation at top of layer = 2.00E-06 W m-3
heat generation at base of layer = 2.00E-06 W m-3 :
———————————————————————————————————————————————— Z =33.00 km --
heat generation = 0.0
Initial surface flux = 0.00 W m-2

Prescribed initial gradient

Velocities relative to the earth's surface (negative values for uplift):
time at end of en-bloc velocity strain rate "thrust" event

stage, in yrs in mm/yr in sec-1 (Y or N)

Stage 1 5.00E+06 -0.50 -1.0E-15 N

Stage 2 7.50E+0Q7 -0.11 0.00E+00 N

Stage 3 1.55E+08 0.00E+00 N

Stage 4 2.35E+08 -0.05 0.00E+00 N

Stage 5 4.35E+08 -0.03 0.00E+00 N
time thickness of amount of section
years thrust sheet (km) duplicated (km)

time-step (years) = 5.00E+04

# of depth steps = 65 depth-step size (km) = 1.00

model depth (km) = 65.00

P-T-t data recorded every 1 timesteps
5 timesteps between plots of the geotherm
P-T paths tracked for 3 points:

point 1 initial depth (km) = 10.00
point 2 initial depth (km) = 20.00
point 3 initial depth (km) = 30.00

Table A7.1 Parameters of model of Culshaw et al. (1990).
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Figure A7.1 Depth-time plot of uplift history of three points originating at 10, 20, and 30
km depth, according to model of Culshaw et al. (1990). Numbers indicate stages of uplift.
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Figure A7.2 Temperature-time plot of uplift history of three points originatin g at 10, 20,
an? 1;3»0 km depth, according to model of Culshaw et al. (1990). Numbers indicate stages of
uplift.
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Figure A7.3 Temperature-time path which intersects northernmost sample at maximum
closure temperature. Rate of uplift for stage 3 is 0.06 mm / year.
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Figure A7.4 Temperature-time path which intersects southernmost sample at maximum
closure temperature. Rate of uplift for stage 3 is 0.03 mm / year.
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Figure A7.5 Temperature-time path which intersects northernmost sample at median
closure temperature. Rate of uplift for stage 3 is 0.10 mm / year.
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Figure A7.6 Temperature-time path which intersects southernmost sample at median
closure temperature. Rate of uplift for stage 3 is 0.05 mm / year.
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Figure A7.7 Temperature-time path which intersects northernmost sample at minimum
closure temperature. Rate of uplift for stage 3 is 0.14 mm / year.
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Figure A7.8 Temperature-time path which intersects southernmost sample at minimum
closure temperature. Rate of uplift for stage 3 is 0.07 mm / year.
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Figure A7.9 Estimation of two geothermal gradients from model of Gaudemer et al.
(1988).

Depths
Temperature Shallower Gradient Steeper Gradient
300° C 24 km 19 km
650° C 70 km 57 km
1000° C 124 km 120

Table A7.2 Geothermal gradients estimated from Figure A7.9.
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