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ABSTRACT

“Ar/* Ar analysis of hornblende, muscovite, biotite and K-feldspar and apatite
fission track thermochronological studies constrain the cooling history of the juvenile
terranes of the southern Trans-Hudson Orogen (THO), Canada. The Kisseynew, Flin
Flon, Snow Lake and Hanson Lake blocks are four of several lithostratigraphic terranes
within the THO that amalgamated during arc-arc and arc-continental collisions between
ca. 1.9 to 1.8 Ga. The nature of the boundaries between these terranes is the subject of
much discussion and uncertainty and the focus of this study. Thermochronology is used
to determine whether the accreted terranes have a common cooling history, or alternately,
if each records a separate thermal history. *’Ar/**Ar dating of hornblende and micas does
not reveal significant age variation across the boundaries of these terranes. However,
three distinct age groupings are identified within the study area. Where the Kisseynew,
Flin Flon and Hanson Lake blocks intersect, both muscovite and biotite ages are between
1720-1705 Ma, whereas a traverse beginning in north-central Flin Flon and extending
into the Kisseynew yields ages that cluster at 1760 Ma, as do those from the Snow Lake
region. In contrast, 1800 Ma mica ages are found in the greenschist rocks of the central
Flin Flon Belt. Orogen-wide, amphiboles are ~1760 Ma, except in the central Flin Flon
where published amphibole ages are 1840-1820 Ma. In the Kisseynew and Snow Lake
domains rapid cooling from 500-300°C is suggested by the concordant amphibole and

mica ages. The rapid cooling is interpreted to be caused by denudation, however the lack
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of any abrupt change in age across terrane boundaries suggest that the denudation
occﬁrred after amalgamation of the domains and was not accommodated along mapped
domain boundaries. In contrast, the younger 1720-1705 Ma micas occur within the
Sturgeon-Weir fault zone and may record uplift along this fault at ca. 1720 Ma. The
oldest ages recorded in the low-grade metamorphic rocks of the central Flin Flon indicate
that heating caused by overthrusting of the hot Kisseynew rocks at ca. 1.8 Ga did not
influence the thermal history of the central Flin Flon domain. Thus, rocks in the central
Flin Flon record cooling following 1.84-1.83 Ga metamorphism prior to terminal collapse
of the Trans-Hudson Orogen. K-feldspar argon analyses mainly record very slow cooling
from ~250 to 150°C between 1600-900 Ma. This protracted cooling suggests that the
THO stabilized relatively soon after assembly and that the present erosion surface has not
experienced temperature perturbations above ~175°C since ca. 1 Ga. Apatite fission-
track thermochronology (~60-100°C), when combined with geological constraints and
the low temperature history of the K-feldspars indicated that the THO was exhumed
between ca. 800 Ma and the Ordovician. Additionally, fission track length studies, when
combined with the constraint imposed by the recorded Ordovician sedimentation, define
heating during Paleozoic-Mesozoic burial and post-Cretaceous denudation of ~3.5 km of
section. Fission track data do not record any low temperature reactivation of

Paleoproterozoic structures.
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INTRODUCTION

Although it is well known that most cratons form through terrane accretion, that they
later become tectonically stable and tend to expose mid-crustal rocks (Brown, 1993), the
process by which an orogen becdmes part of a craton is still not fully understood. In
particular, how do each of the accreted terranes internal to the orogen amalgamate during
collision? Does each behave as a tectonically independent unit, thereby preserving
individual cooling histories, or do they cool as a single unit? In addition, what is the
affect of widespread plutoniém and metamorphism; will cooling rate vary as a function of
the distance from the edge of the craton? Also, how tectonically stable are cratons late in
their history? Are ancient structures reactivated? This study is part of a larger
thermochronologic study that is addressing these questions across the Trans-Hudson
Orogen (THO) of central Canada.

The THO formed about 1.9 —1.8 Ga; it is one of the best preserved and exposed
Paleoproterozoic orogens in the world (Lewry and Collerson, 1990). The THO has been
the focus of intense mapping and U-Pb geochronology studies and its collisional history
is well-constrained (Bickford et al., 1990). The interior of the orogen, the Reindeer Zdne,
is comprised of a collage of metamorphosed juvenile arc rocks and arc-related sediments
that lie between the Archean Superior province and the Archean Rae-Hearne province
(Figure 1).

The objective of this study is to document in detail the thermal histories of the terranes

of the southern THO that make up the Reindeer Zone. This has been accomplished
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through dating of cogenetic minerals using isotopic systems with a range in closure
tefnp’erature. Specifically, I have completed “Ar/”Ar dating of coexisting amphiboles
(closure temperature of ~500°C; Harrison, 1981), micas (closure temperature of ~300-
350°C; Harrison, 1985;), and K-feldspar (~150-300°C; Harrison, 1993) as well as fission
track studies in apatite (annealing ;ernperature of ~60 — 120°C; Wagner and Van Den
Haute, 1993). These results will be combined with U-Pb accessory mineral (zircon,
monazite, and titanite, 800-650 °C) studies performed at Syracuse University in order to
provide a thermal history of the interior terranes of the THO extending from ~800 °C
through ~100°C. This study describes the thermal history from ~500 to 100°C of four
terranes in the central part of the orogen: the Kisseynew, Flin Flon, Hanson Lake and

Snow Lake blocks.



GEOLOGIC SETTING

Exposed in Saskatchewan and Manitoba, the Trans-Hudson Orogen (THO) extends
from the north-central United States through central Canada into Greenland (Figure 1;
Hoffman, 1981; Van Schmus et al., 1987). This orogenic system is essentially a collage
of accreted Proterozoic arc-related rocks, reworked Archean basement, and 1.85-1.83
Ga metasediments related to the collision between the Rae-Hearne, Wyoming, and
Superior Archean provinces as Laurentia formed during the Paleoproterozoic (Lewry and
Collerson, 1990). Convergence and arc magmatism began ~1.9 Ga. Juvenile arc
volcanism continued between 1.91 and 1.87 Ga. The accretion of the western arcs to the
Hearne Province at ~1.855 Ga, and accretion-related intrusions produced the Wathaman-
Chipewan Batholith. Intrusive activity continued orogen-wide from 1860 until 1840 Ma
in an oceanic - continental collisional environment (Ansdell and Norman, 1995). As
collision between the cratons progressed, the island arcs that had formed in the
Manikewan Ocean separating the Superior and Hearne provinces were caught up in the
collision and now make up the juvenile interior of the orogen. Archean basement (Sask
Craton) is exposed in both the Hanson Lake Block and Glennie Domain. Collision of the
Hearne and Superior Provinces led to crustal thickening and resultant peak
metamorphism at ~1815 Ma (Ansdell and Norman, 1995). Terminal collision and
suturing took place in a relatively short period of time between 1.85 and 1.80 Ga
(Hoffman, 1988; Lewry et al., 1990).

The THO is divided into four major lithotectonic zones (Figure 1): 1) the Thompson

Belt, which forms the eastern boundary with the Superior craton and is largely made up



of metasediments and ultramafic lavas; 2) the Wathaman Batholith, a continental
rhagmatic arc which is analogous to the modern Andes; 3) the Crée Lake Zone
(Wollaston Belt), which is comprised mainly of reworked Archean basement, and 4) the
Reindeer Zone, a collage of accreted (juvenile) and oceanic terranes (Rottenstone Belt —
Kisseynew Domain), underlain by Archean basement (Sask Craton; Lewry and
Collerson, 1990; Lewry et al., 1994). Most of the Reindeer Zone evolved in an oceanic -
subduction related setting. As the Manikewan ocean closed, the juvenile terranes of the
THO collided with the Rae-Hearne provinces. This closure was apparently preceded by
the thrusting of arc terranes over the Archean Sask créton along the Sturgeon-Weir fault
(Ashton and Lewry, 1994; Lewry et al,, 1994). Rocks within the Reindeer Zone have
been grouped as follows: 1) Archean basement rocks of the Sask Craton exposed in the
Pelican window; 2) 1.92 — 1.83 Ga volcano-plutonic rocks from island arcs, ocean floor
and adjacent sedimentary basins, and 1.85-1.83 Ga fluvial sedimentary rocks (Missi
Group) and 3) 1.85-1.84 Ga marine sedimentary rocks and volcanics (Burntwood Group;
Ansdell et al., 1995; Bickford et al., 1990). The Reindeer Zone is further sub-divided into
terranes or domains that are defined by metamorphic grade, lithology, and structural
features, including: the Rottenstone Domain, La Ronge Domain, Kisseynew Domain,
Glennie Domain, Hanson Lake Block, and Flin Flon Belt. This study will focus on the
southernmost part of the orogen, specifically, the Kisseynew Domain, Flin Flon Belt and
Hanson Lake Block (Figure 1).
The Hanson Lake Block consists of metavolcanics, volcaniclastics, and granite
gneisses. Metavolcanic rocks and metasediments that have been intruded by plutons are

known as the Hanson Lake assemblage, which makes up the southern part of this terrane,



¢ Hanson Lake area. The other major group, the Northern Lights assemblage, is a
gr(')ﬁp of supracrustal rocks including mafic and intermediate metavolcanic rocks
(Maxeiner et al., 1999). In the northern part of this terrane, the Archean Sahli and

‘ MacMillan Point granite, part of the Sask Craton, are exposed in a window through the
overlying gneisses known as the Pelican Window (Van Schmus et al., 1987; Gala et al,,
1998). U-Pb dating of zircon from the Sahli grahite by Bickford et al. (1986) reveals an
age of 1900 Ma. Paleoproterozoic metamorphism can be bracketed between the age of
fhe Sahli granite and the age of the unmetamorphosed cross-cutting intrusives that have

7 been dated to be between 1784+18 and 175945 Ma (Gala et al., 1998). Metamorphic

- grade in the Hanson Lake Block ranges from lower to middle amphibolite facies and

- generally increases northward (Maxéiner et al., 1999; Zwanzig, 1998). Regional pgak
metamorphism reached upper amphibolite facies and is thought to have occurred between
l 1808 and 1804 Ma (Maxeiner et al., 1999). The Hanson Lake Block is bounded on all
sides by faults. The Tabbernor fault, a 10 km wide brittle fault zone that extends ~175
km south from the La Ronge — Glennie boundary, defines the western margin of the
Hanson Lake Block (Hajnal et al., 1995). Major displacement on the Tabbernor Fault
occurred after peak metamorphism and collisional deformation (1.83 —1.80 Ga; Ansdell
et al., 1995; Hajnal et al., 1995). Displacement was mostly left lateral strike-slip and the
fault zone is thought to have been reactivated intermittently during the Phanerozoic
(Hajnal et al., 1995). To the east, the Sturgeon-Weir Thrust defines the boundary
between the Hanson Lake Block and the Flin Flon Belt. Here, a block of juvenile arc
rocks has been thrust to the SW over the Archean Sask craton along the Pelican and

Sturgeon-Weir Thrusts. The hanging wall of the Pelican Thrust is made up of the



(mthem Hanson Lake, Flin Flon and Attitti blocks (Figures 1 and 2; Gala et al., 1998;
{-Léwry et al., 1990b). The northern boundary with the Kisseynew bomain is defined by

: the Pelican thrust, where southwest directed thrusting is likely to have occurred between
| 1830 — 1805 Ma (Gala et al., 1998).

| The Kisseynew Domain is made up of deformed amphibolite facies .supracrustal
gneisses, metagabbros, and metatonalites. The area is host to three distinct assemblages
of supracrustal rocks. The first is made up of the schists and migmatites of the
Burntwood Suite. The Burntwood Suite is thought to be a deep-water turbidite facies that
was deposited on oceanic crust; it is the stratigraphic equivalent of the File Lake
Formation in the Flin Flon Belt (Norman et al., 1995). The second assemblage is the
quartzofeldspathic gneisses of the Missi Group. The age of the Missi Group can be
bracketed between 1835 —1855 Ma; it is correlative to fluvial sedimentary rocks in the
Flin Flon Domain. Protoliths include mafic to felsic volcanic, volcaniclastic, and clastic
~ sedimentary rocks (Ansdell et al., 1995). In general, the Missi Group structurally
overlies the Burntwood Suite, but complex deformation makes it difficult to determine
the original stratigraphic sequence. The third assemblage is the Snow Lake assemblage,
consisting of ~1.9 Ga island arc rocks. Along the southern margin of the Kisseynew

| Domain, high-grade rocks have been thrust southward over the lower-grade rocks of the
Flin Flon. Here, sedimentary rocks are folded and intertounged with volcanics. The
southern flank of the Kisseynew Domain (SFKD) underwent peak high-temperature, low-
pressure metamorphiém during compressional deformation, at 1815 Ma. Metamorphic
grade is greatest (upper amphibolite to granulite facies) in the central part of the domain,

and decreases to greenschist facies toward the south (Gordon et al., 1990).



- The Flin Flon Belt consists of subaqueous and subaerial volcanic rocks, associated

e&imentary rocks, and a group of intrusives. Volcanic rocks of the Amisk group make
P the oldest (1886 Ma) rocks in the Flin Flon Belt (Gordon et al., 1990). These were
“deposited in a marine environment, although at some localities subaerial environments

- ¢ recognized. The Amisk Group was intruded by 1.87 -1.86 Ga plutonic rocks, folded,
faulted, eroded and later overlain by the Missi Group, consisting of metamorphosed
;‘s‘andstone and polymictic conglomerate (Lucas et al., 1996). The File Lake Formation is
fthe stratigraphic equivalent of the Burntwood Suite, the deep water turbidite facies of the
‘Kisseynew. Metamorphism in the Flin Flon Belt ranges from prehnite-pumpellyite to

v -upper greenschist facies, and generally increases northward toward the Kisseynew.
Metamorphism here is thought to be the result of a single thermal event, where greatest
metamorphism was reached in the Kisseynew and peak metamorphism occurred at ~1815
Ma (Gordon et al., 1990; Fedorowich, 1995).

The Snow Lake part of the Flin Flon Belt (Figure 1), is comprised of highly deformed
and metamorphosed volcanic, sedimentary, and intrusive rocks. Rocks of the Snow
Lake area have been grouped into five lithotectonic components: 1) 1.89 Ga
metamorphosed basalt, basaltic andesite, dacite, and rhyolite, 2) turbidites of the
rBumtwood Group, 3) sediments of the Missi Group, 4) successor arc volcanics, and 5)
calc-alkaline plutons (David et al., 1996). In general, Snow Lake is dominated by 1.84 —
1.81 Ga fold and thrust structures; this terrane was thrust over the Amisk collage to the
west between 1.84 and 1.81 Ga (Bailes and Galley, 1999; Connors, 1996). The entire
thrust package has been modified by the intrusion of granitic plutons, folding, and

regional metamorphism at 1.82 —1.81 Ga. As in the rest of the Flin Flon Belt,



. metamorphic grade increases northward from lower greenschist to upper amphibolite
: faéies (David et al., 1996). Peak metamorphism in the Snow Lake is thought to have
* occurred at ~5kb and 550°C (Menard and Gordon, 1997)

The boundary between the Kisseynew Domain and the Flin Flon Belt has been the
ubject of much investigation. The relationship between the high-grade rocks of the
Kisseynew Domain, which structurally overlie lower grade rocks of the Flin Flon Belt, is
' not well understood. Seismic profiles suggest that the present relationship between the
| two terranes is a low-anglé, southward verging thrust that formed during collision with
| the Superior Craton (Figure 2; Ansdell et al., 1995). The boundary was originally
defined by Harrison (1951) as a series of faults he named the Kisseynew lineament. In
» contrast, Bailes (1980) réported that the lineament does not exist and that the boundary is
_actually marked by a abrupt increase in metamorphic grade and/or a change in lithology
from volcanic to sedimentary rocks. It has also been suggested that the boundary be
' j‘ defined as the sillimanite-biotite-garnet isograd (Gordon et al., 1990). Most recently,

' Connors (1996) suggested that the most significant difference between the two terranes is
in tectono-stratigraphy. Connors (1996) proposed that the boundary between Amisk

- collage of the Flin Flon Belt and the turbidites bf the Kisseynew began as an extensional
- basin margin. Later, SW-directed thrusting resulted in significant southward translation
of the Kisséynew basin over the arc rocks of the Flin Flon Belt. The fault boundary was

‘ . subsequently folded by NE-SE compression. Pluton emplacement (1.84 — 1.83; Lucas et
~ al., 1996) and peak metamorphic conditions occurred during collision of the juvenile arcs
with the Sask Craton and before collision of the eastern THO with the Superior Craton.

“ Therefore, for the purpose of this study, the boundary is defined as the change in rock
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10




/pe from volcano-plutonic rocks of the Amisk collage in the Flin Flon Belt to turbidites

of the Kisseynew Domain that coincides with the Loon Head Lake — Snow Lake fault

system in the File Lake area.
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ANALYTICAL METHODS

“ArPAr

Ar/°Ar dating was carried out on four hornblende, three muscovite, twenty-four

jotite and six K -feldspar samples séparated out of rocks of various composition

ollected throughout the southern THO (Figure 1). The field sampling strategy of the

arger study was to sample across the entire orogen, focusing on major fault zones and

errane boundaries. Within the thesis area, two main traverses were taken: a long traverse

t a high angle to the Kisseynew/Flin Flon boundary, and a shorter traverse across the

” ‘bHanson Lake-Kisseynew boundary. Individual minerals were prepared for analysis using
standard crushing and sieving techniques. When necessary, samples were run through

the Franz magnetic separator and/or heavy liquids. Samples were sized to particie
diameters between 0.1 and 1.0mm and ultrasonically cleaned. A binocular microscope
was used to hand select the coarsest possible, clean, unaltered hornblende, biotite,
muscovite and K-feldspar separates. Fine grained samples (<~60 mesh) were then
wrapped in Cu-foil and all samples were placed in 6 or 12-hole machined Al irradiation
trays. Packages were irradiated at the University of Michigan Ford reactor for 100 hrs in
a known geometry. Neutron flux was monitored using Fish Canyon Tuff sanidine (27.84
Ma) as a standard.

All ®Ar/®Ar analysis were completed at the New Mexico Geochronology Research

Laboratory (NMGRL) at New Mexico Institute of Mining and Technology. Following
irradiation, J-values were determined though CO, laser total fusion of Fish Canyon

sanidine. Samples were step heated in a double vacuum Mo furnace, during which non-

12



ﬁ’.le gasses were removed using a GP-50 getter operated at 450°C. Heating was
';;omplished with a tungsten filament and temperature was monitored with a W-Re
errﬁocouple. Following heating, gas was transferred to the second stage and cleaned
ing two SAES getters (one at room temperature and one at 450°C) for a total of two
inutes. Heating schedules for micas and amphiboles consisted of 12 - 16 heating
crements of 8 minutes each. Heating duration for K-feldspars ranged from 10 minutes
to 8 hours. Heating schedules consisted of a sequence of duplicate isothermal steps
between 450°C and 1100°C, followed by single steps to 1650°C.

Argon isotope abundances were measured using a Mass Analyzer Products (MAP)
215-50 mass spectrometer, and an electron multiplier running at a gain of approximately
2,500 and a sensitivity of 1.0x10™"° mol/pA. The mass spectrometer has a resolution of
450 at mass 40. Typical measured background and blanks are 1.3x10™* mol *°Ar, and
1.0x10""5 mol “Ar for furnace temperatures of 600-1650°C. Due to the age and high

- radiogenic yield of these samples, blanks were much smaller than the signals and
therefore were not a significant source of error in the age calculation. Uncertainties in age
are reported at 20 and include error in the background and isotope measurements, and J-
factor.

A single muscovite and biotite, each from sample HUD98-86a, were analyzed using
the UV laser at NMGRL. This hand sample contained large mica grains (>5mm) that
were easily removed using tweezers. The minerals were irradiated in vacuo and
monitored by placing packets of Fish Canyon Tuff Sanidine onto the mica flakes. They
were then glued to copper plates and placed in the laser chamber. Laser ablation was

accomplished with a quadrupled SL 454 Nd-YAG laser, which produces light at a

13



elength of 266nm. Laser ablation pits were drilled in linear traverses across the
ﬁs. Ablation pits are 100x100um and spaced at 500pm intervals. Laser ﬁower was
;t 0.5 watts and ablation lasted approximately 5-10 seconds.
n order to investigate the possibility of grain to grain age variation, total fusion
(periments were performed on cry;tal fragments of two micas from the same sample.
ds was extracted using a focused 50-watt CO, laser.
For all laser procedures, gas was cleaned of non-noble gasses and isotopes were
alyzed using the above-mentioned methods for second stage cleanup. Correction
;factors were determined though analysis of K-glass and CaF, and are given in Table A of
Appendix A.
Apatite Fission —Track Analyses

Apatite fission-track analyses were performed on 15 samples from the southern THO.
Samples were crushed and apatite was separated using a Franz magnetic separator and
heavy liquids. Apatite grains were then mounted on glass slides using epoxy and
polished to expose an internal surface. Samples were etched in SM HNO, for 25 seconds
in order to reveal the tracks, making them visible with the aid of a microscope.
Muscovite detectors were placed adjacent to each slide prior to irradiation, which took
place at the Texas A&M reactor. In order to determine the variance in neutron fluence,
samples were irradiated along with Corning Glass (CN-6) and Durango apatite standards
in a known geometry. Track length measurements were made using a digitizing tablet and
petrographic microscope fitted with a drawing table and a 100x dry objective.

Calculation of fission-track ages was accomplished using the external detector

method. Induced and spontaneous tracks were counted over a known area with a
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nimum of twenty grains per sample to determine the uranium parent-daughter ratio.
rango Apatite (31.4+0.5 Ma) was used for the zeta calculation, a correction factor that
ncérporates operator observation factors and variance in neutron fluence. Age results for
ﬁ,dividual grains were run through statistical models including radial plots and the chi
uared test to determine the probability of single or multiple populations of tracks.
‘l_ncertainties in the fission-track ages -reported. here include errors in the zeta calibration
‘and decay constant for uranium.
“Ages and track length distributions can be entered into a fission-track modeling
~program based on laboratory annealing experiments and borehole data in order to
generate possible thermal histories matching the input data. The AFTSolve modeling
program used here, and described in detail in Ketchum et al. (2000), tékes into account
- the known kinetic variability among different apatite chemical compositions. In addition,
the AFTSolve model incorporates the orientation of tracks relative to the c-axis and
variation in initial track length.
Electron Microprobe Analyses

Major element analysis was done on all mica and amphibole samples. In order to
determine whether the apatites separated were flour-apatite or chlor-apatite, four
representative apatite samples were analyzed. Mineral separates were ultrasonically
cleaned, placed in epoxy in 6 or 9-hole mounts and polished using a series of grinding
wheels. Apatite grains previously mounted in epoxy for dating purposes were also used
for microprobe analysis. Following polishing, samples were carbon-coated for electrical
conductivity. Analysis was done on a Cameca SX-100 electron microprobe using a

10pm beam and a current of 20nA for micas and amphiboles and 15nA for apatite.
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RESULTS

“Ar/’Ar Analyses

etailed geochronology studies were performed on 26 samples from the southern Trans-
1dson drogen (Figure 1, Table 1, Appendices A and B). For the purpose of this study,
jateau is defined as three contiguous steps that are concordant at 26 and together

‘e at least 50% of the total ®Ar released. A preferred age is the weighted mean

ompr
age of hand selected steps that generally define the flat portion of an age spectra but fall
‘ust outside the plateau criteria. Preferred ages have been assigned by selecting steps that
differ by slightly more than 2G or make up just less than 50% of the *Ar released but
represent the flat portion of the age spectra and are interpreted as the best estimate of the
age of each sample. Radiogenic yield for all samples is consistently very high (95-
100%), and therefore has been omitted from figures and tables. In addition, UV laser

" ablation and CO, laser fusion were performed on a muscovite — biotite pair from sample
HUD98-86A in order to determine intra-grain age gradients or grain to grain age
differences. Major element compositions were determined with an electron microprobe
for all micas and amphiboles prior to “Ar/*Ar step-heating. For each separate, a number
of 10pm points were analyzed. In general, the majority of the sample points were taken
on grains of the mineral of interest; the remainder of the analyses are of contaminating or
unidentifiable phases within the separate (Appendices C, D). Because the compositions
of the mineral separates are intimately linked to the resulting age spectra, microprobe

analyses will be discussed in the context of the argon age spectra results.
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Of the four hornblende samples, one (HUD98-87, from a calc-silicate incusion in the
now Lake area) is sevefely discordant and therefore cannot provide any
e@ocmonologic information (Figure 3). This spectrum shows very youhg (<1500 Ma)
es over the first 30% of the spectrum, followed by a 1645 Ma step and two more steps
oﬁnger than ISOO.Ma. The last 45% of the gas release is comprised of two heating steps
at are concordant and yield an age of 1710 Ma. The total gas age for HUD98-87 is
520.3 + 12.2 Ma. The spectrum for HUD98-75, a quartz diorite from the central part of
the Flin Flon Belt, yields a severely hump-shaped spectrum (Figure 3). Apparent ages as
Tow as 1600 Ma are observed in the initial steps, and quickly rise to 1805 Ma over a
"’s‘hort, flat portion in the intermediate temperature steps, before falling to ~1760 Ma. The
,,s-pectrum records a total gas age of 1710.7 £ 5.2 Ma. The K/Ca ratio is inversely
correlated to the gas release pattern. Probe analysis of the hornblende reveals the
ipresence of both biotite and chlorite. The initial and final heating steps, where K/Ca is
,1high and ages are low may be the result of contaminating biotite degassing whereas the

& intermediate steps record the degassing of the hornblende. Typical K/Ca ratios for biotite
are between 10 and 100, whereas hornblende generally yields K/Ca ratios of less than 1.
Microprobe analysis yields an average K/Ca of ~0.07 whereas “Ar/®Ar analysis shows
iK/Ca no lower than ~0.16, suggesting that even the intermediate steps are a mixture of
hornblende and other K-bearing phases. Although a preferred age has been assigned
across the three intermediate steps, it seems likely that contamination of the mineral
separate is the cause for the shape of the spectrum, and that had a clean hornblende been
analyzed (with a K/Ca of 0.068), the spectrum would attain ages older than observed.

Therefore, the preferred age of 1800 + 3 is actually a minimum age.
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HUD98-75 Hornblende HUD98-80 Hornblende
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Figure 3. 40Ar/39Ar apparent age and apparent K/Ca for hornblende samples. Analytical uncertainty is repre-
sTnted by width of bars. Total gas and and preferred ages -are shown on each spectrum. See Figure 1 for sam-
ple locations.
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Hornblende samples from a granitic gneiss, (HUD98-80) and a granodiorite (HUD98-
825, both from the southern flank of the Kisseynew Domain, yield flat age spectra.
Nearly 90% of each spectrum yields preferred ages of 1764.8 £ 3.8 and 1758.2 £ 2.7 Ma,
respectively. HUD98-82 shows two steps of much lower age and a small fraction of the
gas released which correspond to a small increase in K/Ca, probably due to mica
inclusions. Microprobe images of these samples show fewer inclusions and less
alteration than HUD98-75.

Three muscovite samples from the southern Trans-Hudson Orogen were analyzed;
their age and K/Ca spectra are shown in Figure 4. HUD98-86A (a pegmatite within the
Burntwood Group) yields a plateau for greater than 90% of the gas released (MSWD =
3.63). The plateau age of 1758.4+ 2.5 Ma is nearly identical to the total gas age, 1755.6
'+ 9.2 Ma. HUD98-88, a staurolite garnet schist of the Burntwood Group, and HUD98-
72, a granodiorite from the Lynx Lake Pluton, have more complex spectra that show a
distinctive dip in the central portion of each spectrum, and an overall undulatory pattern
(Figure 4). Back-scatter electron images of HUD98-72 reveal inclusions of quartz and K-

feldspar as well as chlorite alteration and zoning. The images of HUD98-88 show
| significant alteration, especially around grain edges, as well as biotite and plagioclase
“inclusions. Total gas ages are 1684 and 1802 Ma, respectively. The K/Ca ratio mirrors
the behavior of gas release throughout all heating steps. In-situ laser analysis of
muscovite has revealed significant age gradients within individual crystals in the
southwestern United States (Hodges et al., 1994). It is therefore possible that intra-grain

age gradients are responsible for the undulatory pattern seen in these spectra.
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HUD98-72 Muscovite HUD98-86A Muscovite
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Figure 4. 40A:/39Ar apparent age and apparent K/Ca spectra for muscovite samples. Analytical uncertainty
is represented by width of bars. Total gas ages and plateau or preferred ages are shown on each spectrum.
See figure 1 for sample locations.
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{otite analyses have been placed in two groups, those with age spectra that are

tively flat and can be assigned an age with a high degree of confidence and minimal

éection (Figures 5 and 6), and those with spectra that are more complex (usually in the
+m of a hump-shaped release pattern; Figure 7). For the flat spectra, there generally
ﬁpears to be no consistent correlation with K/Ca. Electron microprobe analysis reveals

iotites that range widely in composition. Contaminating mineral phases in samples with

shaped spectra include hornblende, feldspars, chlorite, and apatite.

ump-
Of the 24 biotite samples that were step-heated, 19 yielded relatively flat age spectra

. (Figures 5, 6; Table 1). For many of the samples, a well-defined _plateau age has been

! a_é,signed. For the remaining samples, preferred ages were assignéd across relatively
‘concordant steps comprising a large percentage of the gas released (Table 1, Appendix
>,VB). In general, the samples seem to define two distinct populations. Biotite analyses
from the Kisseynew/Flin Flon traverse and Snow Lake region reveal plateau ages that
cluster at ~1760 Ma. (Figure 5). Samples from the Hanson Lake Block (Highway 135
traverse) reveal ages of ~1720 Ma. (Figure 6). Total gas ages are generally younger than
plateau and preferred ages by ~ 2 - 24 Ma.

Severe hump-shape spectra are found for five biotite samples: HUD98-72, HUD98-
73, HUD98-74, HUD98-83, and HUD98-87 (Figure 7). In these spectra, apparent ages
are significantly younger in the low and high temperature steps relative to the older,
intermediate temperature steps (Figure 7). Ages of the intermediate temperature
increments reach at least 1800 Ma for all of these samples, although the total gas ages are
much younger. Backscattered electron imaging, as well as electron microprobe major

element analysis (Appendix C, D), reveal that the majority of these samples contain
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Figure 5. 40Ar/39Ar apparent age and apparent K/Ca spectra for biotites display-
ing flat release patterns. Analytical uncertainty is represented by width of bars.
Total gas ages and plateau or preferred ages are shown on each spectrum. See
figure 1 for sample locations.
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Figure 6. 40Ar/39Ar apparent age and apparent K/Ca spectra for biotites display-
ing flat release patterns. Analytical uncertainty is represented by width of bars.
Total gas ages and plateau or preferred ages are shown on each spectrum. See
Figure 1 for sample locations.
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_Figure 7. 40Ar/39 Ar apparent age and apparent K/Ca spectra for biotites display-
ing hump-shaped release patterns. Analytical uncertainty is represented by width
~ of bars. Total gas ages and plateau or preferred ages are shown on each spectrum.
-See Figure 1 for sample locations.



e fe alteration and/or inclusions of potassium-bearing phases. The presence of K-

'ar inclusions may account for the shape of the spectra. K-feldspar degasses its
throughout heating, which would explain the step- wise pattern found in the initial
kﬁnal heating steps. However, K-feldspar alone can not explain the old ages'attaihed
e intermediate steps. The biotite can not be >1800 Ma, as this would mean biotite

1 s older than hornblende ages, which is not possible. A more likely possibility is that
‘" samples have been affected by recoil redistribution. It appears that for the THO
ples, the “hump” is most evident in samples with the most chlorite. Lo and Onstott
89) proposed that recoil of Ar into intergrown chlorite was the cause for the
sturbed age spectra they found in chlorite-altered granitic rocks from eastern Taiwan.
uring irradiation, ®Ar can travel up to ~0.16um and can implant into the adjacent
Jlorite layers, causing a spatial variation in the “Ar/Ar ratio. During step-heating,
fferential thermal release from the two phases, where chlorite degasses during the early
d late steps, corresponding to the lowest K/Ca ratios, may be the cause of the
giisbordant age spectra (Lo and Onstott, 1989). In general, discordant age spectra are
‘found for samples having of large number of inclusions and a high degree of chlorite
alteration, whereas more pure mineral separates generate much flatter, well-behaved age
spectra (Figure 8). Given this observation, recoil of ¥ Ar is the most likely explanation

| for the hump-shaped pattern of the biotite age spectra. Based on the assumption that the
dominant effect of recoil is the redistribution of *Ar, Lo and Onstott (1989) determined
that total gas ages were the best estimate for the age of their samples. The biotites

analyzed in this study show evidence of recoil as well as the effects of contaminating K-
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ng phases; therefore, the total gas age is not the best estimate of the age of these
o | 1e§. Although total gas ages seem to match ages found throughout the THO, they do
srrespond to the general age trend for each terrane and do not make sense with
@t to the entire dataset. Preferred ages have been assigned across the intermediate
rand the very young steps have been ignored as they are likely an artifact of a low
y mineral separate and/or chlorite alteration and therefore recoil. In general, this
héd of age assignment provides ages that agree with nearby analyses.
Previous authors have measured, through in situ laser analysis, significant age
dients within individual mica crystals taken from slowly cooled metamorphic terranes.
odges et al. (1994), for example, found that the diffusion domain for muscovite was
yual to the size of the grain and that a concentric age gradient was the result of the
‘:ffusive argon loss. Incremental step heating of monzogranite from a low-pressure-
gh-temperature domain revealed ~1400 Ma mica ages and indicated a uniform
stribution of *’Ar*; however, laser mapping of the same samples revealed large age
gradients ranging nearly 400 m.y. (Hodges et al., 1994). In order to determine whether
plateau ages obtained by incremental heating in this study are correct or whether they are
,merely a homogenization of a large variation of ages within the crystal, UV laser-probe
analyses were performed on a single biotite and a single muscovite crystal from a
pegmatite collected in the Snow Lake region. A series of traverses were made across the
~ cleavage surface of each grain, each consisting of 100pm x100pm ablation pits at a
spacing of approximately 500um (Figure 9).

Apparent ages from the five traverses across the muscovite range from 1640 Ma to

1916 Ma (Figures 10, 11). Ages of individual ablation pits for the three parallel traverses
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Figure 9. a )Muscovite and b) biotite crystals from sample HUD98-86A, showing loca-
tion of U-V laser traverses.

29



1850
11820 ] Traverse 1
¥ 1790

1760

1730
1700
1670%

16401
0O 2 4 6 8 10 12 14 16 18 20 22 24

Increasing Distance from Grain Edge (mm)————#»

1850

1820 Traverse 3

1790 |
= .
18 1760
1730 | |

1700 |
< 1670
1640

0] 2 4 6 8 10 12 14 16 18 20 22 24
Increasing Distance from Grain Edge (mm) —————9
1850

1820 -
Traverse 4 _

1790 -
1760
1730

1700 |

Apparent Age (Ma)

1670

1640 | . , , . . _ ‘ . . v i ,
0 2 4 6 8 10 12 14 16 18 20 22 24
Increasing Distance from Grain Edge (mm) ————— @

Figure 10. Age versus distance from the edge of the grain for UV laser traverses across
the center portion of a muscovite grain from sample HUD98-86A. Traverse locations
are shown in Figure 9. The mean weighted total fusion age of ~1740 Ma is shown as a
gray bar for reference.
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Figure 11. Age probability diagram of muscovite UV laser traverses for HUD98-
86A. Traverse locations are shown on Figure 9.
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| the center of the grain have been plotted on age probability diagrams and cluster
"() Ma. Note, however, that three points in the center of the middle traverse
¢ 3) yield apparent ages of 1916, 1823; and 1803 Ma, which are not reproduced in
Jé.cent traverses. The preservation of such old ages in the center of this grain seems
e ely given that the sa.mplie was collected from rocks of nearly sillimanite grade; at
eratures required for sillimate grade metamorphism, bioitite would still be open to
oﬂ loss. The observed old ages may be the result of excess argon (Arg).
fbrtunately, all the analyses are too radiogenic (nearly 100%) to be plotted on an
éhron diagram and therefore it is difficult to evaluate this possibility. The youngest
é, <1700 Ma, are found at the very edge of the grain, or are associated with steps of
radiogenic yield. The initial ablation pit of traverse 1 is quite young, (~1645 Ma) .
f \nd the 3 subsequent steps get progressively older until the ages level off at ~1740. The
crease in age from the grain edge may be evidence of an overall age gradient within the
rain, however, this trend is not reproduced at the opposite grain edge of in either of the
adjacent traverses. A traverse following the edge of the grain seems to have éignificant
7 ?analytical error, and gives a bimodal distribution of ages when plotted on an age
probability diagram (Figure 12). Ablation ages from traverse 5 (Fiure 9) are only slightly
younger (1734 Ma) than those through the center. Overall, this grain does not show‘the
concentric age gradients that have been reported for slowly cooled micas (e.g. Hodges et
al., 1994).

Laser ablation of the biotite crystal demonstrates more age variation, apparent ages
range between 1661.5 = 7.8 and 1761 + 10 Ma. There is no clear pattern of age zoning,

as ages do not become consistently older with increasing distance from the grain edge
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Figure 12. a) Age versus distance along grain edge for muscovite traverse 2
(I;IUD98—86A), b) age probability diagram of total fusion ages for the same sam-
ple.
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:‘9, 13) Traverse 1 yields initially young ages that level out at ~1750 Ma,

d by slightly older ages. Traverse 3, whicﬁ runs adjacent to traverse 1, reveals
ages that average ~1720 Ma, with the last analysis reaching 1750 Ma. Traverses
2, taken across the center of the grain show more structure and in general yield ages
en 17 10 and 1740 Ma. Traverse 2, which crosses from the central, pristine part of
ain into the edge of the grain, shows no obvious correlation between grain

rance and age. Virgil Lueth (personal communication, 2000) has indicated that the
ance of the grain edge is not due to alteration

n a follow-up study to the work of Hodges et al., (1994), Hodges and Bowring

5) utilized three different methods to evaluate the distribution of argon in a biotite
Prystal from the Horse Mountain monzogranite of Arizona. Although step heating

aled a flat age spectrum, total fusion of 25 biotite fragments revealed apparent ages
varied as much as 200 m.y. Therefore, Hodges and Bowring (1995) suggested that
cremental heating can homogenize intracrystalline age gradients in hydrous minerals.
‘order to determine intra-grain age gradients for the micas in my study, CO, laser total
sion was performed on fragments of the two largé mica crystals. Total fusion results
(‘>m>32 muscovite crystal fragments do not display any significant age variation. An age
obability diagram reveals a well-defined unimodal distribution, with a weighted mean
age of 1751.4 + 1.6 Ma and a MSWD of 2.17(Figure 14). This age compares favorably
with the total gas age of 1755.6 + 4.0 Ma obtained during step-heating (Figure 4). Total
fusion of biotite crystal fragments (broken from an edge of the large crystal used for UV
laser analysis) yields a bréad distribution of ages with a mean of 1748.7 +5.7 Ma and a

MSWD of 23 (Figure 14). Although incremental step heating was not done on this
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Figure 13. Age versus distance from the edge of the grain for UV laser traverses across
a biotite grain from sample HUD98-86A. Traverse locations are shown in Figure 9.
The weighted mean total fusion age of ~1748 Ma is shown as a gray bar for reference.
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Figure 14. Age probability diagram for total fusion ages from fragments of a bio-
tite and muscovite crystal from sample HUD98-86A.
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13, the mean total fusion age is somewhat older than the ages found for UV laser

‘m} sis. This discrepancy is possibly the result of a systematic analytical error between
o laboratory methods. Due to the typically small signal size of the UV laser data
ared with total fusion, the UV laser data is much more sensitive to small systematic
. Also, typical variatioh in J-factor across an irradiation tray is on the order of 1%,
correlates to a ~10 Ma difference in age. The biotite crystal that was crushed for
"analysis was roughly the diameter of an irradiation tray and therefore we would

ect the J-factor to vary accordingly. However, unlike the UV laser traverses, a single
If2lue was assigned for all total fusion analyses and this may explain the age'}

rep;ancy between the two methods. The single muscovite crystals were not broken
the large crystal; they were hand separated and irradiated in the normal

figuration, and therefore have been assigned a more accurate J-value.

K-feldspar thermochronology

. The closure temperature theory (Dodson, 1973) states that above its closure
mperature, a mineral effectively diffuses all its “’Ar* as soon as it is formed, and that
low the closure temperature, loss of radiogenic “Ar is negligible - allowing it to
cumulate in the crystal lattice, and that there is a continuous transition between these
fwo endmember states. Lovera et al. (1989) recognized that K-feldspars typically

: c‘ontain age gradients that do not conform to a single diffusion length scale or closure
temperature. This observation, and the recognition of nonlinear Arrhenius relationships,
1ed them to construct a model assuming multiple diffusion domains (MDD) for K-

feldspar. The MDD method (Lovera et al., 1989) is based on Dodson’s concept, but
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~~~~~ es that K-feldspars consist of a number of discrete diffusion domains of varying
scale and closure temperature. Since argon diffusing out of tbhe largest domains
i]ave farther to travel to get to a diffusion boundary, the large domains have a higher
iire temperature relative to the small domains.

ihe MDD theory requires the assumption that the transport of argon occurs by volume
sion in both the laboratory and in nature (McDougall and Harrison, 1999). Other
sumptions include: 1) “K must be uniformly distributed; 2) the domains can be

ribed by a simple geometry; 3) the domains are non-interacting; and 4) the formation
o ;%t'h'e domains must occur at temperatures above the. closure temperature of each domain
gMcDougall and Harrison, 1999). Controversy exists as to whether the stringent

j.vnditions of the MDD model are actually met. Parsons et al. (1999), through direct
‘sgrvation of microtextures using electron microscopy (TEM), has suggested that the
ometry, size, and boundaries of diffusion domains evolve continuously over time and
mperature. Mechanisms for the modification of diffusion domains include
etasomatism and diagenesis. In addition, Parsons et al. (1999) states that for
mperatures reached during furnace heating, K-feldspar microtextures are only
‘metastable, leading to structural and chemical changes. However, Lovera et al, (1993)
state that the structural stability of K-feldspar during step heating, the kinetic parameters
of argon can be accurately measured, and meaningful thermal histories can be
“C(mstructed (Lovera et al., 1993). The MDD model is supported by the agreement
between K-feldspar thermochonolgy and other methods of dating minerals that record a

similar portion of the thermal history (apatite fission track studies) and the identical and

vgeologically reasonable thermal histories that have been obtained for samples from a
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ca with very different kinetic parameters ( e.g. Heizler et al., 1988; Lovera et al,,

ldspar bearing samples were collecteid at six sites within the study area; their age
- are shown in Figure 15. In general, the K-feldspars show similar age spectra and
nce of non-uniform “Ar* concentrations (e.g. variation in age). Three K-feldspar
es from the Kisseynew/Flin Flon traversé (HUD98-78, HUD98-80 and HUD?98-
how a monotonic increase in age beginning at ~900 - 1100 Ma rising to between

""O and 1700 Ma (Figure 15, Appendices E, F). HUD98-86A, (from a pegmatite in the
w Lake region), yields a much ﬂatfer spectrum, which starts at 1500 Ma and gets no
Blder than 1600 Ma.

HUD98-69 and HUD98-84 display alternating old and young steps during the initial
hermal heating steps. Harrison et al. (1993) found that for a heating schedule
ontaining duplicate isothermal steps, K-feldspars reveal a reproducible pattern where the
' ”;St step of the pair yields a much older age and higher C/K than the second. These
uthors suggested that the old ages are the result of excess argon (“Arg) that degasses
uring the first of each set of duplicate heating steps and is correlated to Cl. After
xamination of electron microprobe back-scatter images of the samples, they concluded
at fluid inclusions were the source of the Cl-related excess argon (“Arg). Since
decrepitation of the inclusion occurs primarily during the first of the duplicate steps, very
little release of “’Ar; occurs during the second step. In a subsequent study, Harrison et al.
(1994) examined the argon to chlorine ratios for a number of basement K-feldspars. A
plot of A*Ar*/K (apparent age) versus ACI/K yields a well-defined line that enables a

correction to be made for “Ar;, so that thermochronologic information may be obtained.
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s obtained from the second of the duplicate steps are thought for the reasons
i above to record a more accurate age, although it is difficult to know if all the
5% argon has degassed during the first step. For the samples in this study, the first
of each duplicate pair has been corrected to fall between the second step of the
ding duplicate pair and the second step for modeling purposes (Figure 16).

gon diffusion coefficients have been calculatea, assuming a slab geometry, for each
: fsidspar by examining the héating time and fraction of argon released, and are plotted
rrhenius diagrams (Figure 17, Appendix G). The activation energy for each sample
i ¢btained by determining the slope of the initial linear segment of the Arrhenius plot.
P\ ctivation energy has been calculated (using the Lovera program) to fall between 33 and
kcal/mol for the six samples used in this study (Table 2). Lovera et al. (1997)
culated an average activation energy for 115 K-feldspars and showed that these data
define a normal distribution at 466 kcal/mol. In general, the samples from this study
ose smallest diffusion domain is well defined by the initial points on the Arrhenius
ﬁlot yield activation energies that fall within the normal distribution calculated by Lovera
et al. (1997). However, for those samples whose activation energy falls outside 46 +6
kcal/mol, the initial diffusion domain is generally not well defined. Therefore the initial
pbints on the Arrenhius plot are not reliable and should not be used to calculate an
activation energy, and an activation energy of 46 kcal/mol has been assigned to a'll six K-
feldspars from the southern THO. Relative diffusion domain sizes are obtained by
applying the activation energy and modeling the diffusion coefficients (Table 2).
Log(t/r,) plots for each sample are shown in Appendix G and an example is given in

- Figure 17. The log(t/r,) plot is a visual representation of the amount of ¥ Ar contained in
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ain and is independent of the heating schedule (Lovera et al., 1991). This plot
ted by comparing the measured diffusion coefficients to the diffusion coefficient
ted using a reference Arrhenius law. The initial linear segment of the Arrhenius
used here as the reference law and is shown as a black line on Figure 17. The

6n length associated with the reference law is denoted as r,, and r is the deviation

e reference line. Arrhenius plots as well as log 1/r, for each sample can be found

itinuous monotonic cooling model is constrained in that it only allows cooling, the free
i jﬁel is completely unconstrained and therefore allows re-heating events. Results of
deling using both methods are shown in Figures 18 and 19. K-feldspar was analyied
m several locations throughout the southern THO in a reconnaissance effort to

escribe the low temperature thermal history of the area. Results for samples from the
lin Flon/Kisseynew traverse indicate that the samples cooled rapidly through the closure
mperature of the largest domains between 1600 and 1700 Ma and that final closure
rough the smallest domains did not occur any earlier than 1100 Ma. Modeling of the
‘data allowing only monotonic cooling shows accelerated cooling between 1650 1525
Ma from ~350 -175°C, followed by protracted slow cooling until 1150 Ma, when the
samples begin to cool through their lowest closure temperature (Figure 18). Below
150°C the models are not well constrained as evidenced by the broad distribution of
acceptable thermal histories. Modeling allowing reheating reveals similar results (Figure

19). All three samples from the traverse record accelerated cooling from at least 325°C
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Figure 18. Age spectra and monotonic cooling models for K-feldspar samples. For
each sample the measured age spectrum is shown in black whereas the modeled spec-
trum appears in color. The green area represents a less precise fit than the colored areas.
The cooling history for sample HUD98-78 is plotted with each thermal history for refer-
ence.
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Figure 19. Age spectra and unconstrained thermal models for K-feldspar samples.
For each sample the measured age spectrum is shown in black whereas the modeled
spectrum appears in red.
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‘0°C at ~1600 Ma. Since these models allow thermal events, the program has
ructed multiple heating events from 1400 — 1200 Ma, which give an equally good fit
age spectra (Figure 17, 19).  The free models for both HUD98-83 and HUD98-78
ce histories with a thermal pulse at ~1200 - 1300 Ma, whereas HUD98-78 requires
W uniform temperature for the period between 1400 — 1200 Ma. The age spectruxﬁ
K-feldspar HUD98-69, from a pegmatite collected <50 km west of the traverse in the
tral Flin Flon Belt, reveals a similar release pattern to those from the traverse, but a
erent thermal history. The monotonic cooling model does not reveal the accelerated
ling seen for the traverse samples, but rather a more gradual, continuous cooling
inning at ~1500 Ma. The sample also remains warmer (~100°C) than the thermal

ory of the area to the east throughout cooling. Both the free and monotonic cooling
odels require more uniform temperatures and very slow cooling between 1300 and

100 Ma. The agreement of the two models for this sample, as well as the agreement of
e free and monotonic models for HUD98-78 and HUD98-83 support the use of
onotonic cooling for the interpretation of the thermal history of this area.

- The two samples collected in the Snow Lake region (HUD98-84 and HUD98-86a),
xhibit strikingly different age spectra and thermal histories given their close proximity in
e field. Modeling of HUD98-84 (from a granite of the Wekuso Lake ph{ton) is
',_characterized by very slow cooling until 1300 Ma when more rapid cooling begins
(Figure 18). Modeling without the monotonic cooling constraint reveals a possible
thermal spike at ~1300 Ma. However, the lack of information provided by the contour
plot between 1600 and 1400 Ma suggests that uniform continuous temperatures over this

time period are possible as well. HUD98-86a displays rapid cooling from 325° to 150°C
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11600 to 1500 Ma. Subsequent slow cooling after 1525 Ma is an artifact of the

" as it can be seen in the spectrum that there is no information for ages younger
400 Ma. Manual modeling of this sample to better resolve the age gradient in the
eating steps does not eliminate the difference in cooling history between HUD98-
: d;HUD98—86. Free modeling of this sample shows a possible thermal peak at 1300
. well, but again, the age spectrurh does not provide any information at ages less
400 Ma and therefore the monotonic cooling model is taken as the most likely

g history of this sample.

Apatite Fission-Track Results

Naturally occurring fission tracks have an average length of ~16.5um (Wagner and

» Den Haute, 1992). The stability of fission tracks is dependent mainly upon
perature, time, and chlorine-fluorine ratios. With increasing time and temperature,
acks anneal. Various laboratory experiments have shown that there is a temperature

ne where partial track stability occurs. This zone is termed the partial annealing zone
VAZ) where tracks are retained but continuously anneal with time. The partiaI annealing
ne generally occurrs between 60-70°C and 120-140 °C, depending on the chemistry of
e apatite. Tracks in a chlorapatite anneal at temperatures ~30°C higher compared to
fhose in flourapatite (Carlson et al., 1999). Temperatures greater than ~120°C will cause
tracks to anneal quickly and not be retained; below ~60°C tracks are retained, with only
slight annealing. As is true for all thermochronometers, apatite fission-track ages record
the formation age of the rock only in rare cases, usually in rapidly cooled (>5°C/Ma)

volcanic rocks that have not been deeply buried. Rocks that have undergone slow
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I jling or have experienced re-heating will record an age that is less than the formation
depending on the thermal history (Gleadow et al., 1986).

. Fission-track ages will record events that promote cooling and thereby move samples
6ugh the partial annealing zone. Examples of such events include tectonic denudation,
ift, and erosion, removal of a heat source or change in geothermal gradient. Gleadow
al. (1986) have shown that average tfack-length distributions can be used to determine
alitative thermal histories. Tracks that formed in quickly cooled samples will have an
werage track length of 14-15.61im and show a unimodal distribution, whereas samples

t have cooled slowly will reveal a distribution skewed toward longer tracks and have a
nean track length between 13 and 14pm. Samples that have experienced long residence
thin the PAZ will have mean track lengths between 10 and 12jum with a much broader
iy‘i‘stribution. If a sample has suffered a re-heating event, it will yield a geologically
meaningless age and a bimodal track-length distribution. If re-heating does not erase all
he tracks, but significantly shortens them, the resultant track-length distribution will
eveal a bimodal population of tracks: shortened tracks caused by the heating event and
onger ones that formed after the event.

A modeling program has been developed by Ketchum et al. (2000) for deriving
hermal history information from fission track ages and track length measurements. The
program utilizes mathematical formulations to characterize the annealing of fission tracks
- with temperature and time based on laboratory experiments extrapolated to geologic time
~scales. In addition to age and length data, chemical composition data can be incorporated
"'to accommodate the relationship between annealing rates and composition. For the

purpose of this study, an inverse model was run, where age, track length, and



ssitional data were entered and the program was allowed to generate a range of

g hal histories consistent with the entered measurements. Geologic constraints can be

ed in order to restrict the thermal histories to those that are geologically feasible.

fﬁfteen samples from the study area at least 20 apatite grains were separated,
g it possible to obtain an age for each sample. Three of these were collected on
side of and within the Tabbernor Fault Zone (Figure 1, Table 3). Ages on either
f the fault zone are slightly older (403 +23 and 392 + 41 Ma; samples HUD98-58
"HUD98-60) than within the zone where the apparent age is 378 = 19 Ma (HUD98-

A single sample (HUD98-63) collected from a pelitic schist along the northern

indary between the Flin Flon Belt and the Kisseynew Domain was dated as well; it
caled an apparent age of 477 +26 Ma. The remaining samples were collected along a
S traverse extending from the southern Flin Flon Belt into the Kisseynew Domain.

e traverse extends northward from the craton edge nearly 80 km where the rocks are
gely granites, schists and gniesses. Of the 12 samples along this traverse, eight were
atable, although for HUDS8-80 and HUD98-81 only 7 and 5 apatite grains were
Ee’parated, respectively (Table 3). Apparent apatite fission-track ages of these samples
ange from 401 to 466 Ma, although there is no clear correlation with distance from the
faton edge (Figure 20). Three samples collected to the west of this traverse (HUD86-9,
6-23, and 86-26) yield ages of 384 + 36, 540 + 36 and 530 +47 Ma.

Track-length measurements were made on all dated samples. Whenever possible, at

least 75 confined tracks were measured for each sample. Track length measurements
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B ion track data summary table.
Standard
No. of ps pi pd (10%) Central " Mean Track  Deviation
Location Grains x10° x10° x10% Age (Ma) P Length Track
Dated (ticm?) (t/em?) (trem?) (£20) (%) (x1c) _ Length (vm)
Flin Flon 17 5.228 3.784 1.14 383.95 + 35.7 28 11.4720.53 2.3
(1307) (9486) (73)
Flin Flon 20 14.369 6.983 1.15 538.59 ¢ 35.6 55 11.08+0.53 1.8
(4167) (2025) (71)
Fiin Flon . 19 6.252 3.328 1.15 531.28 = 46.7 82 11.1820.47 2.1
(1813) (9865) (75)
Hanson Lake 19 7.815 4.212 0.88 403.11 = 23.0 50 11.6 2.2
(2579) (1390) ' (60)
Hanson Lake 23 13.454 8.200 0.87 377.52 = 19.0 45 11.55:0.59 1.9
(5516)  (33862) (39)
Hanson Lake 18 20.886 12.168 0.87 302,15 £ 41.4 7 10.83:0.47 2.0
(5848) (3407) (72)
Kisseynew 20 24.217 13.631 0.88 476.77 = 259 63 11.8+.044 2.0
(7023) (93953) {786)
Flin Flon 20 11.673 6.645 1.14 456.95 + 29.8 82 12.34+0.52 2.4
(3852) (2193) (85)
Flin Flon 20 14.073 7.882 1.13 466.06 + 28.8 87 12.14+.042 2.4
(4644)  (2601) (122)
Flin Flon 20 7.142 4.133 1.13 453.15 = 35.2 >89 11.74:0.54 2.7
(2357) (1364) (96)
Kisseynew 20 21.924 13.055 1.13 447.00 = 23.0 60 12.19+0.47 1.8
(7235) (4308) (57)
Kisseynew 7 7.323 4.885 1.12 400.71 = 43.6 49 10.66 1.5
(952) (635) (14)
Kisseynew 5 18.878 12.011 1.1 436.47 = 37.7 <5 12.1+0.68 1.8
(1689) (1081) 27
Kisseynew 20 25.997 16.124 1.12 427.29 = 22.0 47 11.4420.32 1.6
(8579) (5321) (96)
-83 Kisseynew 19 14.368 8.156 1.12 460.06 + 28.4 35 12.110.47 1.8
(4598) (2610) (63}
pontaneous track density pi = induced track density

ir of tracks in parenthesis is the number of tracks counted for ages and fiuence calibration or the number of tracks measured for iengths
rack density in muscovite detector covering CN-6; Reported value determined from interpolation of valued for detectors

covering standards a the top and bottom of the reactor packages (fluence gradient correction)

) = Chi-squared probability analyst zeta = 4808

1.551x10%yr", g=0.5
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Fission Track Ages Vs. Distance from the Craton Edge
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Figure 20. Fission-track ages versus distance northward from the craton edge.
Red line shows the location of the boundary between the Flin Flon Belt and the
- Kissyenew Domain. Dashed lines show the locations of fault zones.
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ly display a broad, unimodal, Gaussian distribution (Figure 21 and Table 3), with
rack lengths indicating long residence time within the partial

‘i’_‘ng zone (PAZ). Samples from the Flin Flon-Kisseynew traverse have mean track
ths between 11.6 and 12.2uum, whereas those from the Tabbernor Fault Zone have
mean track lengths, 10.8-11.6pum. HUDg6-9, 86-23, and 86-26 give mean track
sof 11.47,11.08, and 11.18urn..

fajor element compositions were determined on at least ten dated apatite grains from
198-63, HUD98-79, HUD98-82, and HUD98-83 (Appendix C). Major element

ysis is necessary to determine whether the dated apatite grains are chlor-apatites or
-apatites. Carlson et al. (1999) looked at annealing rates for fission tracks in apatites
near end-member occupancy of the halogen site by F, Ci, and OH. In general, the
Epecies will behave differently during residence within the partial annealing zone, with
Riacks in chlorapatite more resistant to annealing than those in flourapatite or

; droxylapatite. Totals for the apatite samples in this study are generally greater than
)5%, and H,O accounts for less than 0.6 wt% in all cases. All samples from the study

a are flour- apatite with fluorine values ranging between ~2.3 — 3.8 wt.%, and chlorine

salues between .01-.1 wt.%.

56



(wr) ybus yoesy usey Uo7y Jneq rouraqqey, =741, (wr) ybuey xoeuL uesiy
s Bt b 6 L S ‘QUOZ 1SINY T, I -U033INS =Z I M S “J00[d 9T uosuey =T "S}nej 9L b ziol g o,

0
% juasardar souIf Jyor[q %Zwom "OH.L WIoyinos ay) wolj Amaﬁom paI) moﬁ et
i) - - = . a
oL m UIes JOrI)-UOISSIJ I0J BIRp 5@52 orl} pue SuONBOO[ oEEmm 1C o.SwE oL m
G/=u (s —u B
8b'bi=l (02 ariol loz 2
Ly M eG=aby 9eFovG=0by
92-98aNH
o€ €2-980NH |10
0z81 9L ¥L2LoL 8 9 CO_“_ C__n_ m.._T_
s
S 7
oL £
g g
£9=u & Q
vzi=1 102 =
8ZF09y=00v 9eFyee=96y
y 6-98aNH
... £8-9800HI]0¢
9L vl ZL 0L 8 9 :
0 oLbLeLole 9 v
e Zs8 e
ok | e moug o .
g 5 0
g €8 es=ut 8
0z eaoL=l| 072
2Z¥ | Ley=0by LyFZ6€=00Y
o C879800H 150 09-98aNH
0€
L SLEL W 6 L
9 ¥L 2L OL 8 9
11ulo . ulewo( o
a : b=
o1 £ MBUASSSIY| ol
I3 [¢]
2=\ & 6g=U g
vei=l P¢ sgii=1] 0=
8eFgeHy=0by 617./g=0By
18:98ANH _jyo 65-98GNH
. (wrl) ybue yoesy ueop (wrl) ybueT yoel| uespyy (wr) ybus doea) uespy (wr) yibue yoruy ueayy (0]
€L L6 LgLeLiL6 L S €4 EZLZBLILGLELLLE L ST O 8 L SLoSL UL 6 L
| w
09=u &

YT ]
£2Fe0p=0by



DISCUSSION

Closure Temperature and Age of Standards

‘largest source of uncertainty in “’Ar/’Ar thermochronology of old, high -K,
Mples is generally not the analytical error, but rather the determination of closure
rétures of dated minerals and the age assignment of secondary standards. Of the
:‘rals used in *Ar/*Ar dating, hornblende is the most retentive of “’Ar*. Harrison
(xl; 1) reported the first argon diffusion study of hornblende and determined an

ation energy of 66 x4 kcal/mol. Dahl (1996) has used an ionic porosity model
Eortier and Giletti, 1989) to predict the effect of composition on diffusivity in a

Iy jrnBlende mineral structure. He reports that diffusivity increases with an increase in
ﬁic porosity and corresponds to a ~70°C range in closure temperature for hornblende.
osure temperature for hornblende was determined by Harrison (1981) to vary between
0°C for extremely rapidly cooled terranes (~1,000°C/Ma) and 480°C for more slowly
ooled metamorphic terranes (< 5°C/Ma), given a diffusion radius between 40 - 80um.
Jornblendes analyzed in this study have been separated mainly from metamorphic and
lutonic rocks. In general, cooling rates for the THO range between 1 ad 20°C/Ma,
~corresponding to a closure temperature of ~500°C (Harrison, 1981).

Muscovite is generally considered to have good retention properties for argon, and in
contrast to biotite age spectra, muscovite age spectra can sometimes be interpreted as
revealing the spatial distribution of argon in a crystal (McDougall and Harrison, 1999).

YAr/*Ar laser studies conducted on muscovite by Hames and Bowring (1994) suggest

that diffusion in muscovite occurs via cylindrical volume diffusion and that the effective
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n length scale is equal to the crystal diameter. They also point out that the 350°C
e temperature typically assigned to muscovite (Purdy and Jager, 1976) is only
priate for moderately cooled samples; samples with much slower cooling rates may
v@ lower closure temperature. Hames and Cheney (1997) looked at argon diffusivity
scovite during polymetamorphism and found that large crystals may retain the

ty of their argon through metaxﬁorphic events of temperatures up to 425°C and a
span of less than a few million years. This observation lead them to fhe conclusion
thuscovite is more retentive of argon than previously thought. Cooling rates for the
s of the THO fall between 1 - 20°C/Ma; with the above-mentioned studies in mind, a
Closure temperature range for argon in muscovite of 350 - 400°C has been assigned.
Biotite is one of the most commonly dated minerals. Harrison et al. (1985) reported a
sion radius for biotite of 150um and calculated an activation energy of 47kcal/mol.
ven these parameters, a closure temperature for cooling rates of 100°C, 10°C, and
[°C/Ma are calculated to be 345°C, 310°C, and 280°C, respectively. However, the
esults of several studies indicate that caution should be exercised when assigning a
common value as the diffusion radius for all biotites. Copeland et al. (1987) measured a
diffusion radius of 340pm for a biotite from a granodiorite from Tibet, whereas Hess et
‘al. (1993) reported a correlation between grain size and age that suggests that grain size is
the effective diffusion radius up to ~500pum. In addition, in situ laser studies (e.g.
Hodges et al., 1994) also indicate that the effective diffusion radius for micas is
equivalent to the grain size. It should be noted that although the diffusion domain size
does affect the closure temperature, even a doubling of the diffusion domain radius will

only increase the closure temperature by ~20°C (McDougall and Harrison, 1999). The
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Interpretation of **Ar/°Ar results

results of ““Ar/®°Ar dating of micas and amphiboles reveal rapid cooling across the
THO between 500 and 300°C, followed by somewhat slower cooling. These

ts éfe shown in a summary time—temperature diagram (Figure 22 ). The definition

e boundary between the Kisseynéw Domain and Flin Flon Belt has been

huously modified since the 1950’s (e.g. Harrison, 1951; Connors, 1996). In order to
runderstand the relationship between the rocks of the Kisseynew Domain and those
e Flin Flon Belt, a sampling traverse was taken at a high angle to the terrane

};ndary (Figure 23). In an attempt to constrain possible differential cooling of the two
fianes, hornblende, biotite and K-feldspar were analyzed from either side of the
undary. Both hornblende and biotite cooling ages from either side of the sillimanite
grad reveal strikingly similar ages that cluster around 1760 Ma. The concordant

neral ages suggest that cooling was rapid and that the events that led to the formation
the boundary took place well before hornblende closure temperature (500°C) was
eached. It is noted, however, that Fedorowich et al., (1995) reported “Ar/*Ar
hornblende and mica ages that reveal much more age variation as the Kisseynew/Flin
Flon boundary is approached. Fedorowich et al., (1995) measure hornblende ages that
cluster near 1840 Ma, muscovite ages between 1782 and 1788Ma, and biotite ages that
range between 1782 and 1814 Ma from the central Flin Flon Belt. Low-temperature
 thermal histories provided by modeling of K-feldspars from samples HUD98-78, 80 and
- 83 agree well with mica and amphibole results from this study. All three samples have

very similar cooling histories where rapid cooling between 1650 — 1525 Ma was followed
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y_dramatically slower cooling beginning at roughly 1500 Ma when the samples

| parently remained at ~150 - 175°C for at least 300 m.y. (Figures 18, 19). A single
 hornblende from the traverse (HUD98-75) gives an apparent age of 1799.7 +3.22.
ixamination of the age spectra and electron microprobe analyses of the mineral separate
Appendices A and D), indicate that it is difficult to objectively assign an age to this
ample. The mineral separate contains chlorite as well as other contaminating phases that
ay have contributed to the resulting hump-shaped age spectrum. As mentioned in the
iscussion of the hump-shaped biotite spectra described previously, the presence of

' chlorite may indicate that recoil is responsible for the older age of this sample. With
“respect to the samples located in the norfhern part of the Kisseynew/Flin Flon traverse,

: {his hornblende result is an outlier. In light of the discordance of the age spectrum, and

" the lack of confidence in the assigned age, this sample could be eliminated from the

~ discussion. However, samples just to the south cluster at ~1800 Ma, and it may be that

‘ this hornblende is representative of the old ages found in the southern Flin Flon Belt.
Samples HUD98-80 and HUD98-82 yield flat hornblende spectra with preferred ages of
1764.8 £3.9 and 1758.2 = 217 Ma, reééeétively. The concordance of the hornblende and
‘biotite ages from the Kisseynew/Flin Flon traverse indicate that these rocks cooled
quickly, in a matter of a few million years, between 500 and 300°C.

One possible explanation for the agreement between biotite and hornblende cooling
ages across the boundary is that a large-scale plutonic event occurred at ~1760Ma.
Although such an event could resét the “’Ar/*Ar ages and facilitate raped cooling, it
would have had to occur on a very large scale in order to produce resetting across such a

large area (100s of km) and there is no evidence for widespread plutonism in the
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Lynew after 1.83 Ga (Ansdell et al., 1995a). A more plausible scenario is that the
of the northern Flin Flon Belt and southern Kisseynew Domain simply cooled

ly from peak metamorphic conditions. Cooling may have occurred through

dation or isobaric relaxation. Briggs and Foster (1992) have estimated peak
famorphic conditions in the southern flank of the Kisseynew at 560-625°C and 3.3-

§ fkbar (~50°C/km). Assuming cooling to 500°C by 1760Ma orogen wide, the

: bthermal gradient would have decreased to ~40°C/kmby1760Ma. However, at 500°C
tite is still open to argon loss. Given the concordance of hornblende and biotite ages
this study, we know that cooling was rapid between 500 and 300°C. This raped
oling would imply a decrease in the geothermal gradient from 40°C/km to 25°C/km.
less high goetherms are preserved by plutonism between 1800 and 1760 Ma, it is
difficult to imagine such an abrupt geotherm change, makiﬁg denudation a more likely
tause for cooling. Two major metamorphic events are recorded in the Kisseynew: the
first, M1, is attributed to back arc extension and advective heat transfer from rising

‘ plutons between 1840 —1830 Ma (Ansdell and Norman, 1995). The origin of the second
event, M2 (1820 — 1805 Ma), is uncertain. Gordon (1989) and Kraus and Menard (1997)
have estimated peak M2 metamorphic conditions in rthe central portion of the Kisseynew
Belt at 750°+ 50°C at a depth of 15 km (less than 5.5 kbar), corresponding to a linear
 thermal gradient of 50°C/km. In addition, Gordon (1989) reported no mineralogical
evidence for the rocks being buried to much greater depths, indicating that the elevated
: thermal gradient is not the result of crustal thickness alone, but rather that elevated

" mantle heat flow or heat transfer from rising plutons must have contributed to the high

geothermal gradient. In the adjacent Flin Flon Belt, temperature-pressure estimates in the
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oc/km. In addition, Gordon (1989) reported no mineralogical evidence for the rocks
being buried to much greater depths, indicating that the elevated thermal gradient is not
;?he ‘result of crustal thickness alone, but rather that elevated mantle heat flow or heat
ransfer from rising plutons must have contributed to the high geothermal gradient. In the
jacent Flin Flon Belt, temperature-pressure estimates in the File Lake area range from
560 to 625°C and 3.3 to 4.6 kbar (Briggs and Foster, 1992), suggesting an anomalously
warm thermal regime in the Kisseynew Domain (Ansdell et al., 1995). Ansdell et al.
(1995) have suggested that southward-directed-thrusting of the Kisseynew Domain
occurred synchronously with M2 deformation and that cgpling from peak metamorphic
conditions can be attributed to “thermal relaxation and e#humation of tectonically
hickened basinal rocks that were anomalously hot because of heat retained from 1.84 —
1.83 Ga metamorphism”. Therefore, the concordant “Ar/*Ar ages found here are likely
o represent continuing cooling associated with denundation, zissuming the monazite ages
record peak metamorphism. The “Ar/®Ar ages can be combined with U/Pb data to
determine cooling rates. U/Pb monazite dating of sample HUD98-83, the northernmost
sample of this traverse, yields concordant single crystal ages between 1814 + 1 and 1803
+ 1 Ma for 10 grains analyzed (Bickford, personal communication, 2000). The ages of
single grains do not overlap at 20, suggesting that monazite growth was either episodic or
occurred continuously over this time period. Due to the severe hump-shape biotite age

‘i spectrum for HUD98-83, a sample with a better behaved spectrum, HUD®98-82, is used
here to calculate a cooling rate for the southern flank of the Kisseynew Domain. These

data together imply a cooling rate of ~ 2.5°C/Ma between 1800 and 1760 Ma. The
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Ma. This sample is from a pelitic schist of the Burntwood Group, collected in the
eynew Domain just north of the Kisseynew-Hanson Lake boundary. The age
cctrum is well behaved with essentially identical plateau and total gas ages. Therefore,
hough it is at odds with the surrounding samples, there is no analytical reason to
sregard this analysis. It is interesting that this sample is of the same age as those from
¢ Kisseynew - Flin Flon traverse, suggesting that a 1aboratory mix-up is a possibility.
Several possible geological histories can be constructed that would explain the
élightly younger ages found for the highway 135 traverse. A 1758 +1Ma titanite age (Tc
 660-700°€, Scott and Onge, 1995) obtained by Wortman and Bickford (1999) from the
Hanson Lake Block is very similar to the 1760 Ma hornblende ages found by Heizler et
al. (2000) in the same area. The agreement in age suggests a plutonic event may have
occurred that reset both the U/Pb and “°Ar/*’Ar ages. However, plutonism in the Hanson
: Lake Block is not recorded after peak metamorphism (1804 — 1808 Ma; Maxeiner et al.,
©1999). Another possibility is that the rocks in this area simply cooled slightly later than
those of the Kisseynew/Flin Flon traverse to the east. This later cooling could result from
differential uplift and erosion across the Reindeer Zone. This hypothesis may be
supported by the 1758 +1Ma titanite age obtained by Wortman and Bickford (1999),
which is significantly younger than the >1800 Ma ages they have found across the
southern THO.

The Hanson Lake Block is separated from the Flin Flon Belt by the Sturgeon-Weir
thrust zone, where the rocks of the Flin Flon Belt have been thrust over those of the
Hanson Lake Block (Figure 22; Lewry et al., 1990b; Pandit et al., 1998). Heizler et al.

(1999, 2000) reported “Ar/*°Ar biotite ages from the western THO (Rottenstone, Glennie,
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d Hanson Lake Domains) of 1740 — 1710 Ma and hornblende ages of ~1760 Ma from
1] terranes west of the Sturgeon Weir fault. They calculated cooling rates of ~5°C/Ma
‘rol;Il 500 to 300°C west of the fault and cooling rates of 10 - 20°C/Ma east of the fault.
The results of this large dataset indicate that movement of the Sturgeon-Weir thrust can

o bracketed between 1760 and 1720 Ma and between ~500 and 300°C. Tectonism in the
Sturgeon-Weir — Tabbernor fault zone area created a large thermochronologic boundary.

: The older (1760 Ma) rocks to the east of this zone (Flin Flon and Kisseynew) were
uplifted relative to the younger (1720 Ma) rocks to the west (Hanson Lake and Glennie).

A K-feldspar collected in the central Flin Flon Belt, east of the city of Flin Flon
(HUD98-69), reveals a thermal history that is characterized by more gradual cooling than
those of the Kisseynew/Flin Flon traverse to the east (Figures 17, 18, 21). In addition,
this sample remained warmer (~100°C) between 1500 and 1100Ma compared to those to
the east. Considering the younger ages of the Highway 135 traverse, we would expect
this sample to have cooled later than those of the traverse and therefore this result seems
counterintuitive. Unfortunately, this is the only K-feldspar analyzed from this area, and
therefore it is not possible to make any geologic interpretations based on the results of
this analysis alone.

In the southern Flin Flon Domain, three samples reveal noticeably older “Ar/Ar
biotite ages relative to those from the Kisseynew/Flin Flon traverse to the north (Figure
23, Table 1). The Minks Nérrows pluton, (a non-deformed stitching pluton), the Lynx
Lake pluton, and the Otter Lake pluton reveal biotite plateau ages of 1825.9 +4.62 and
1802.7 +£8.12 Ma (HUD98-71, HUD98-73, respectively), and a muscovite age of 1817.6

+5.12 Ma (HUD98-72). Peak metamorphism at 1815 Ma postdated the major plutonic

69



ents (1860 — 1840 Ma). The only other heat source would be fhe presence of a buried
:'31'5 Ma pluton (Fedorowich et al., 1995). One possible explanation for the older ages
;een in the southern Flin Flon Belt is that crustal thickening due to the ongoing collision
jesulted in continuing denudation and that the southernmost Flin Flon was uplifted early
relative to those samples to the north, giv‘ing them slightly older cooling ages. However,
Fedorowich et al. (1995) performed *“°Ar/*’Ar analysis on hornblende and micas from the
west-central Flin Flon Belt and found hornblende and mica ages similar to those found to
the south. They measured hornblende ages of 1841 = 6, and 1844 +7 Ma, as well as
muscovite ages of 1791 =4 and 1782 6 Ma. The old {éges found in this study and by

' Fedorowich et al. (1995) suggest that the southern Flin Flon may have escaped the 1.8 Ga
~ metamorphism that affected the Kisseynew and other parts of the southern THO.

In the Snow Lake region (Figure 25), samples were collected both from juvenile arc
rocks and rocks of the Burntwood Group, as well as one sample (HUD98-84) from the
Wekusko lake pluton ( crystallization age: 1.83 —1.84 Ga; Gordon et al., 1990). Plateau
spectra of micas in the Snow Lake area yield well defined cooling ages of ~1760 Ma,
indicating that cooling through biotite closure temperature in this area is similar to that of
samples HUD98-76 ~HUD98-83 (Table 1). The exception is HUD98—87’, which shows
the characteristic hump-shaped spectrum discussed earlier. Alteration as well as
inclusions of feldspar indicate that recoil likely caused the shape of the spectrum
observed for this-sample. The results of this study compare favorably with those of
Marshall et al. (1997) who reported *°Ar/* Ar biotite and hornblende ages of 1720-1769
Ma and 1747-1764 Ma, respectively, in the Wekusko Lake area. K-feldspar modeling

(both monotonic and unconstrained) indicate HUD98-84 cooled to 250°C at 1300 Ma,
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warmer than samples from the Kisseynew-Flin ﬁon traversg, with accelerated

g beginning between 1250 and 1300 Ma (Figures 18, 19) and lasting through 1150
{vhen the mineral closed to argon loss. HUD98-86a, a pegmatite within the

tatwood Group, yields a flat muscovite age spectrum that defines a plateau age of
58.7 + 1.4 Ma. K-feldspar modeling shows a nearly opposiie cooling history to
iD98-84 where initially rapid cooling lasted until 1500 Ma. Considering the higher
tamorphic grade of the host rock for HUD98-86A, we would expect it to have cooled
er than HUD98-84, if denudation were acting alone. The Berry Creek fault runs

acent to the two sample locations and has offset the staurolite — biotite isograd (David
%t al., 1996; Figure 23). A scissor-like motion along this fault may have produced the
isparate cooling history of these two samples. In general, the Snow Lake area has
xperienced a similar cooling history to the Kissynew Domain, until the K-feldspar

emperatures when differential uplift caused HUD98-86A to cool faster than those

amples to the south.

Interpretation of Apatite fission-track results
Fission track ages from a traverse extending from the southern Flin Flon Belt
northward into the Kisseynew Domain range between 401 £ 44 Ma énd 466 + 29 Ma,
although there is no systematic variation in age with metamorphic grade or distance from
the craton edge (Figure 20). The results presented here are in agreement with those of
Osadetz et al. (2000), who report ages of 423, 455, and 445 Ma and track lengths of 12.1
— 12.6um for three samples in the Flin Flon Belt. Our traverse begins in the low grade

rocks of the southern Flin Flon. The first sample of the traverse (HUD98-72) is roughly



5 km from the southernmost exposure of the craton where Ordovician limestones
uhcomformably overlie the Precambrian rocks of the THO. The traverse was taken
northward through rocks of increasing metamorphic grade, across the Flin Flon —
Kisseynew boundary and ending in the southern flank of the Kisseynew Doinain,
approximately 77 km from the southern craton edge (sample HUD98-83; Figure 23). The
traverse was designed to test whether there are systematic trends in the Phanerozoic
unroofing history of the craton or any evidence of reactivation of ancient structures. As
illustrated in Figure 20, the variation in apparent ages does not follow a systematic
increase with distance from the craton edge. Potential causes for the observed variation
in age on Figure 20 include chemical composition of apatite, structural influences, and/or
differences in burial thickness. Electron microprobe data (Appendix C) shows that all
samples have similar flourine and chlorine concentrations. In addition, the apatite
fission-track ages do not seem to be controlled by the major structures crossing the
traverse. Ages from samples collected across the fault zone that defines the

| Kisseynew/Flin Flon boundary overlap within 2o error and are therefore considered to be
of equal age. Given that we know vertical displacement along this fault is significant, we
can infer that the lack of age variation across the fault indicates that movement occurred

| prior to cooling below ~100°C and that there is no evidence for significant reacﬁvation.
This observation is confirmed by other authors (e.g., Ansdell et al., 1995; Connors, 1996)
as well as ““Ar/*’Ar from this study, in which concordant mica and amphibole ages are
found across the fault zone. Thus, the observed apatite fission-track age variation may be

due to slight differences in thickness of the Phanerozoic cover.
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Samples from this traverse have short mean track lengths, and generally broad

distributions, suggesting slow cooling and long residence within the PAZ. Modeling of
‘these samples was completed using two geologic constraints. Given the presence of

Ordovician cover which overlies the basement rocks adjacent to the southernmost
| exposure of the craton, as well as the presence of Ordovician limestone found adjacent to
fault blocks within the craton(Elliot, 1996), we can infer that the samples of the traverse
were near the surface at ~ 400 Ma. Therefore, a fairly tight constraint at ~400 Ma was
- used for sample HUD98-72, which is closest to the Ordovician cover and must therefore
have been at the surface at this time (Figure 26). The second constraint was placed at
~60 Ma and reflects the presence of rocks of Cretaceous age that lie in close proximity to
the traverse and suggest recent burial, possibly related to the Cretaceous Interior Seaway.
Because samples further north are less geologically constrained, the model constrainté
~ were loosened. Comparing best-fit time-temperature models with K-feldspar cooling
histories shows that the samples remained in the PAZ for a long period of time (~400
Ma) and cooled slowly prior to Ordovician denudation. This was followed by burial
between ~160 and 80 Ma and subsequent cooling to surface temperatures (Figure 26).
The AFT model predicts that samples from the Kisseynew/Flin Flon traverse reached at
1east 50°C at roughly 80 Ma. Using heat flow measurements, Mareschal et al. (1999)
determined current geothermal gradients in the Flin Flon/Snow Lake area. A
measurement from a borehole in the southernmost Flin Flon Belt reveals a geothermal A
gradient of 13.9 °C/km. If this gradient is applied to our samples it would imply ~3.5 km
of sediment have been denuded since the Cretaceous. However, these results are

somewhat puzzling in that there is not enough Pherozoic section preserved in the eastern
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anadian Basin to verify this result ( Stockmal et al., 1992; Leckie and Smith, 1992). i
Possible mechanisms for post-Cretaceous denudation include 1) falling eustatic sea level
causing isostatic rebound and denudation, 2) changes in climate leading to a
corresponding increase in denudation rates, and 3) epeirogenic uplift. Mitrovica et al. |
(1989) proposed a mechanism for the epeirogenic movement of cratons in response to the
geometry of shallow subduction zones. They suggest that a shallowly dipping subduction
zbne could account for horizontal platform sedimentation over areas much larger than
individual basins. Their results from analysis of the cratonic tilt of North America

" indicate Late Cretaceous tilt toward the subduction zone at the margin of the continent,
followed by Teriary denudation. In a more recent study, Lithgow-Bertelloni and Gurnis
(1997) suggested that dynamic topography (that generated by flow within the mantie)
may be responsible for long-term regional uplift. They predicted significant uplift of the
North American Craton in the Cenozoic with the amount of uplift increasing northward.
The timing of uplift that their model predicts is somewhat later (35 Ma) than is predicted
by the fission-track results of this study. Although the scope of this paper does not allow
for a more in-depth discussion of the mechanisms for uplift, future work will have to be
done in order to better understand the events producing the Cretaceous denudation of the
central THO.

Apatite fission-track ages for rocks collected on either side of (HUD98-58 and
HUD98-60), and within the Tabbernor fault zone (HUD98-59), can be used to determine
the timing of faulting relative to the time that the samples passed through the PAZ.
Although major displacement along the fault is strike-slip, dip-slip slickenlines found in

outcrop provide evidence of at least some dip-slip movement. Within uncertainty, the
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ses of the two samples on either side of the fault are indistinguishable and that within
fault zone is slightly younger (Table 3). If faulting occurred after the samples had
,ooléd to temperatures less than that of the PAZ, and vertical displacement was
igniﬁcant, then there would be an age difference across the fault. If faulting occurred
:éfore cooling, rocks at the same. elevation would have come through the PAZ at the
ame time and therefore be of the same apparent age. If there was no vertical movement,
r if vertical motion were negligible, there would be no si gnificant age difference across
the fault. There are several possibilities for the young age of the sample collected from
within the fault zone (HUD98-59). This sample contains a considerable amount of
yrite, which may record fluid flow through the fault zone. If this fluid were warm
nough (>60°C), the increased temperature could anneal the tracks, thus lowering the
~age. Another possibility is that the heat generated by the slip along the fault was enough
- to lower the age. However, this seems unlikely as heat generated by slip in generally
very localized (Kelley, unpublished data). Mapping across the Tabbernor fault shows
 brittle, strike-slip motion (Elliot, 1994; Hajnal et al., 1995). Apatite fission track ages
across the Tabbernor fault do not show significant age variation, suggesting that either 1)
dip-slip movement along the fault occurred before cooling or 2) vertical offset was not
enough to be recorded by the apatite fission-track method.

All three samples have relatively short mean track lengths and broad track length
distributions, indicating that these samples had a long residence time within the PAZ
(Figure 21, Table 3). Modeling of these data using the computer program AFTSolve to
create time-temperature histories reveals that the samples were near the surface at ~ 400

Ma, buried to ~3.5km and subsequently exhumed (Figure 27). The models for samples
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the Kisseynew/Flin Flon traverse are similar. The early segment of the thermal
listory is not well constrained as indicated by the wide range in acéeptable thermal
n t(;ries prior to ~300 Ma. Feinstein et al. (2000) proposed Pennsylvanian heating for
atite fission-track samples from the Williston Basin located in Manitoba,

skatchewan, and the north central USA. When a constraint placing maximum heating
ring the Pennsylvanian is imposed for the samples in this study, the results of the
\FTSolve model still yield cooling beginning in the Cretaceous.

West of the Flin Flon/Kisseynew traverse, three samples (HUD86-9, 86-23, 86-26)
eveal much different apparent ages. HUD86-23, the northernmost of the three, gives

he youngest age, 384 + 36 Ma, (Table 3) whereas HUD86-26 and HUD86-9 yield ages
15530 Ma. IF the craton had been simply stripped form north to south, the apatite fission-
track age should decrease toward the south; however, the opposite trend if observed here.
The data imply that Phanerozoic cover was not of uniform thickness. Some areas may
have been buried more deeply than others. The areas with younger fission-track ages
ﬁlay correlate to thicker pockets of sediment.

In summary, the apatite fission-track data reveal long term Phanerozoic residence
within the PAZ and subsequent post-Cretaceous denudation. Fission-track ages across
the Tabbernor fault indicate that vertical offset was likely insignificant. Samples across
o

the Kisseynew-Flin Flon boundary imply that movement along the fault predated cooling

through 120 -60°C and there has been no Phanerozoic reactivation of this strucure.
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CONCLUSIONS

The ®Ar/*Ar result for this study demonstrate that the Kissyenew and northern Flin
Flon Belt cooled as a unit below 500°C, rather than retaining individual cooling histories.
‘Variation in cooling histories of individual samples are the result of differential uplift and
erosion (e.g. southward tilting of Flin Flon to preserve old ages to the south) and/or
movement along faults (e.g. the Sturgeon — Weir fault zone), Across the Reindeer zone,
rocks apparently cooled from peak metamorphism related to the ongoing collision.
Concordant mineral ages across the Kisseynew/Flin Flon boundary and in the Snow Lake
Te gion suggest that the events leading to the creation of the mapped terrane boundary
occurred prior to 1760 Ma and at temperatures above 500°C. The sduthernmost Flin
Flon terrane appears to have escaped regional metamorphism at 1.8 Ga that affected a
large region of the southern THO. Younger mica ages in the Hanson Lake Block and
western Kisseynew Domain are representative of the entire western portion of the THO,
which is separated from the 1760 Ma ages of the Kisseynew/Flin Flon traverse and Snow
Lake region by the Sturgeon-Weir and Tabbernor fault zones. K-feldspar dating from
across the region reveals generally similar cooling histories with accelerated cooling
through ~275°C, followed by protracted cooling through 150°C. Initial rapid cooling
between 1815 and 1760 Ma in the Kisseynew Domain and Flin Flon Belt was followed
by somewhat slower cooling and long-term residence in the PAZ. Apatite fission track

analysis show that the southern portion of the Flin Flon was denuded prior to Ordovician
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on, buried and/or heated between Middle Paleozoic and Late Mesozoic, and

quently denuded starting in the late Cretaceous to their present day surface level.
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Appendix A

Explanation of Appendix A

Pcﬁdix A contains all of the “’Ar/*Ar analytical data for the hornblende, muscovite,
biotite analyzéd in this study. The information for the individual samples includes
i neral dated, lab ID number, J-value, and irradiation ID number. The irradiation ID
il fnbers can be correlated with the information in Table A to determine nuclear
erference correction factors. All errors are quoted at the 16 level (except those

owed by a *, which are quoted at 26) and propagate errors in J-value, mass
crimination and system blank measurements. Ages given for each sample are the total

as age and the plateau or preferred age. Also included are the number of steps used to

alculate the age, and the MSWD.

A-1



L A. Nuclear interference correction factors listed by irradiation number.

At/ Ar)ca (eAr/ A, (BAr°Ar)  (40Ar/PAn)

.97 0.00073 + 0.0001 0.00025 = 0.0000 0.0119 .0291 + 0.0008
M-102 0.00073 + 0.0002 0.00028 = 0.0001 0.0119 .0282 + 0.0006

A-2
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Appendix B
Explanation of Appendix B

' The following section contains plots that graphically display the data for the resistance
tep-heated micas and amphiboles. Each spectra consists of the age of the individual
eating Steps plotted against the total %°°Ar released. The double headed arrow shows
teps that were used in calculating a plateau or preferred age. Each plot is also

ccompanied by the K/Ca for the individual heating steps.
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Appendix C
Explanation of Appendix C

e following section contains the results of electron microprobe analyses of micas and
phiboles analyzed by “Ar/°Ar dating as well as four apatite grains used for apatite
Fssion-track analysis. Samples are listed in numerical order and major elements are

ed across the top. Sample numbers can be correlated with sample points on the
Jectron microprobe images in Appendix D. All numbers are weight percentages

jormalized to 100%.
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Appendix D
Explanation of Appendix D

The following section contains electron microprobe backscattered images. A scale bar is
shown in the bottom left corner of each image. Sample numbers and points can be

correlated with the tables in Appendix C.
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Appendix E
Explanation of Appendix E
The following section contains all of the analytical data for the 6 K-feldspars analyzed in
this study. Information for the individual samples includes sample number, lab ID
| number, J-value, and irradiation ID number. Irradiation ID numbers can be correlated to
Table A to determine nuclear interference correction factors. All errors are at the 1o
level and propagate errors in j-values, mass discrimination and system blank

measurements.
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Appendix F
Explanation of Appendix F.

The following section contains plots that graphically display the data for the step-heated
K-feldspar. Each spectra consists of the age of the individual heating steps plotted
against the total %*°Ar released. Each plot is also accompanied by the K/Ca for the

individual heating steps.
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Appendix G
Explanation of Appendix G
The following section contains plots that graphically display the results of K-feldspar
modeling programs. Four plots are displayed for each sample. The measured age and
modeled spectfum are plotted as apparent age vs. cumulative %°Ar released. The
measured and modeled Arrhenious plots are shown as log(D/r)s-1 vs. 10000/T(K), Also
plotted are the measured and modeled log(1/1,) in the lower left corner. The calculated

model histories are shown in the lower right as temperature vs. time (Ma).
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Temperature° C

Temperature° C

500

4504 I 2100 - 2400
B 1800 - 2100
1500 - 1800
4004 | N 1200 - 1500
B ©00.0 - 1200
3504 | i 600.0 - 900.0
I 300.0 - 600.0
300- o - 3000
250-
200-
150 HUD98-69
100+ T T T T
800 1000 1200 1400 1600 1800
Time (Ma)
500
HUDS98-78
450
400- B 737.5 - 900.0
Bl G675.0 - 787.5
562.5 -- 675.0
350+ B 450.0 - 562.5
1| B 3375 - 450.0
3004 | N 225.0 -- 3375
Bl 1125 - 225.0
2504 Blo - 1125
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150, V'
100 m .

800
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200-
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800 1000 1200 1400 1600 1800
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S 3004 | N 450.0 - 675.0
§ 1 2250 - 450.0
250 | HEO ~ 2250
| 200-
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‘f 100 — —
800 1000 1200 1400 1600 1800
Time (Ma)
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Temperature° C

Temperature°C

500

450 | NN 3500 - 4000
I 3000 - 3500
2500 — 3000
4004 | EEEE 2000 - 2500
I 1500 - 2000
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300 4 '
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800 1000 1200 1400 1600 1800
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500
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3504 | M 1400 — 1600
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1000 - 1200
3004 | ME 5000 - 1000 ‘
B 000 - 5000 |
250+ 400.0 -- 600.0 l
200.0 -- 400.0
200 0 -- 200.0
150-
100 . r F- . ]
800 1000 1200 1400 1600 1800

Time (Ma)
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__Appendix H
- Explanation of AppendixH
" The following section contains apatite fission track age data for each sample. Sample
.. puinbers are listed in the upper left of each table.- The number of spontaneous-(Ns) and
.. induced (Ni) fission tracks.are liéted.per individual grain.- Area counted for each grain is
also given.” Age and standard deviation in millions-of years are listed for each grain.

" The.mean age is determined my averaging the individual grain ages.
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