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ABSTRACT

Recent geochronologic and structural investigations have provided new
knowledge of U-Th-Pb systematics for monazite in high-grade terranes and new
constraints specifically for thermotectonic modeling of the northern Monashee complex
within the southeastern Canadian Cordillera. Of particular importance to this study and
the model is the Sibley Creek syncline (SCS), located within the footwall of a major
crustal-scale thrust fault termed the Monashee décollement (MD). The SCS belongs to a
regional-scale fold system which dominates the western part of the complex and controls
map-scale distribution of lithologies. These structures represent the earliest stages of
Cordilleran deformation within the complex. Also found within the footwall associated
with the SCS is evidence of inverted amphibolite-facies metamorphism, with higher-
grade sillimanite-K-feldspar gneiss and extensive anatexis in the immediate hanging
wall. Constraining the timing for the deformation and metamorphism within the footwall
is an essential requirement for developing a thermotectonic model of the region.

Monazite and zircon extracted from six samples taken at systematically deeper
structural levels within the footwall were dated by U-Th-Pb isotope dilution using a
mixed U-Th-Pb spike to (1) test the assumption that excess “®Pb is the only significant
cause of reverse discordance, (2) to assess the extent of Th-U mobility in monazite and
zircon, and (3) arrive at more confident interpretations of crystallization age via the
additional Th-Pb decay system.

All analyses were sequentially assessed, and it was discovered that approximately
40% of the monazite analyses demonstrate relative U loss of 2-7%, resulting in
exaggerated U-Pb ages. Additionally, it was found that structurally higher samples have
increasingly complex systematics with evidence of U loss, preservation of excess 2°°Pb,
and a substantial spread of ages of up to 10 Ma (resulting from Pb loss and/or protracted
crystal growth), with older ages at highest levels closest to the overlying allochthon.
Conversely, the structurally lowest sample has the simplest systematics, with complete
agreement between four analyses and little or no evidence for Th-U mobility. This
sample also demonstrates that reverse discordance can be explained entirely by initial
incorporation of excess “*Th. Necessary corrections and changes to the Pb/U ages were
performed to account for the excess “°Pb and U loss.

The U-Th-Pb chronometry also revealed a systematic younging of peak
metamorphic ages (from ca. 77 to 59 Ma) with increased structural depth across the SCS.
The restricted structural distance between the above ages (1.7-2.5 km) is not compatible
with previous models which proposed that the preservation of inverted metamorphism
was accomplished primarily by heat transfer from an overlying heat source (i.e., Selkirk
allochthon). The data require that the inversion of ages and isograds was primarily
accomplished mechanically. Therefore, a coupled thermomechanical model is proposed
in which substantial easterly directed shear strain and attendant attenuation in the
footwall led to relative lateral transfer of rocks preserving evidence of diachronous
metamorphism. This model incorporates a clear role for shear strain and a probable but
less important role for heat transfer from the allochthon. Thermochronologic and
structural data suggest that the SCS initiated in pre-peak metamorphic conditions and was
modified by diachronous and penetrative syn-peak metamorphic deformation. Thus, in
its earliest stages the SCS evolved in a cool environment, possibly as a buckle fold. With



progressive burial and heating the SCS approximated a passive flow fold; during this
flow hot rocks at deeper structural levels were translated eastward resulting in the present
fold geometry. This model accounts for the diachronous upward increase in peak
metamorphic ages within the footwall across the SCS while requiring negligible
downward transmission of heat from the overlying allochthon.

Significant implications of these data are the following: (1) U loss in monazite is
not detectable using only U-Pb dating; if U loss is present, U-Pb dates will be inflated.
This situation is entirely cryptic without Th-Pb measurements. There seems little doubt
this previously undetected problem has clouded interpretations of many monazite U-Pb
studies. (2) The apparent inversion of metamorphic ages and isograds within this part of
the complex was accomplished primarily by thermally aided deformation requiring
negligible heat transfer from the overthrusted allochthon.
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Chapter 1. Introduction

Foreword

The purpose of this thesis is to present data that test previous models of orogenic
processes, with particular focus on the Monashee complex of the southeastern Canadian
Cordillera. Chapters 2 and 3 have been written in paper format. Both have relevance to
each other and should not be considered as separate entities. Chapter 2 focuses on
geochronology with emphasis on the U-Th-Pb systematics of monazite and zircon.
Chapter 3 describes the structural elements of the northern Monashee complex and draws
upon conclusions of Chapter 2 to constrain the timing of deformation and metamorphism

for the purpose of constructing a thermotectonic model.

The Canadian Cordillera and the Monashee complex
The orogenic evolution of the Canadian Cordillera involved a protracted and complex
interplay between rifting (Sears and Price 1978, Scammell and Brown 1990), contraction,
and extension (Gabrielse and Yorath 1992 and references therein). Many questions
remain to be addressed, and it is generally agreed that deeper crustal levels must be
evaluated in order to find answers. As a result, much emphasis has been focused upon
the Monashee complex , located in the southern Omineca Belt (Fig. 2-1), where some of
the deepest levels within the Cordillera are exposed. The unique preservation of deep-
seated thrusting and related thermal events provides an excellent laboratory for studying
mid-crustal orogenic processes. Thus, in the recent past there has been extensive

regional



mapping ( e.g., Wheeler 1965, McMillan 1970, Reesor and Moore 1971, Brown 1980,
Hoy and Brown 1980, Read 1980, Read and Brown 1981, Hoy 1982, Journeay 1986,
McNicoll and Brown 1995), geochronologic dating (Parrish 1995 and references therein,
J.L. Crowley unpublished data 1997), metamorphic studies (Journeay 1986, Scammell
1986), and Lithoprobe deep seismic reflection imaging (Cook et al. 1992 and references

therein) conducted throughout the complex.

Previous models

In the past decade, modeling of the complex has evolved substantially. It is
generally agreed that the complex was buried during crustal thickening associated with
the Cordilleran orogeny (170 - 50 Ma), but the timing of initial burial and metamorphism
remains uncertain. Brown (1980) first suggested that burial occurred as early as the
Jurassic. Journeay (1986) and Brown et al. (1986) modified this idea by proposing a
duplex model of crustal thickening of the complex beneath the Selkirk allochthon. This
model implied eastwardly displacement developing in the Jurassic and progressing into
the Tertiary. The complex was modeled as being exhumed initially during the late stages
of compression with final exhumation occurring as the result of extension and tectonic
denudation in the Eocene (Brown and Journeay 1987). More recently using structural
arguments based on crustal cross sections and palinspastic restorations, Johnson and
Brown (1996) suggested that the complex was deeply buried during Cretaceous time
followed by partial exhumation during the Late Cretaceous. Final exhumation from
middle crustal depths (~12 km) was facilitated by Tertiary extension.

Parrish (1995) reinterpreted the tectonic history of the complex based on new

geochronologic data. He argued that the complex is autochthonous and was not deeply



buried until Paleocene time. Parrish proposed that rapid burial beneath the hot Selkirk
allochthon, followed by exhumation in the Paleocene to Eocene allowed for the inversion

and preservation of the present-day metamorphic isograds.

Study objectives

To test the above-mentioned models this study is focused on the northern flank of
the Monashee complex (Fig 2-2) where the Sibley Creek syncline (SCS) has been
mapped by Brown (1980), Journeay (1986), and Scammell (1986). This structure is
thought to be part of a regional-scale easterly vergent isoclinal fold system that includes,
from south to north, the Mount Grace syncline, the Kirbyville anticline, and the Sibley
Creek syncline (Figs. 2-1c, 2-2, and 3-2) whose axial surfaces dip moderately away from
the complex toward the northwest and southwest (Brown 1980). These folds involve
both the basement and cover sequence lithologies and are thought to be concomitant with
the earliest phases of Cordilleran deformation recorded in the complex (Journeay 1986,
Scammell 1986). Therefore, knowledge of the timing of the SCS relative to related
structures and metamorphism is an essential requirement for developing a tectonic model
of the region.

Detailed mapping (1:10 000) and geochronology were carried out during this
study to further complement the data base already established for this part of the
complex. Additionally, during this study Th-Pb chronometry and dual U-Pb analyses
were performed on a suite of high-grade metamorphic rocks. This was done in order to
test previous assumptions concerning U-Th-Pb systematics in monazite and zircon, as
well as to attempt to arrive at more confident interpretations of crystallization age via the

additional Th-Pb decay system. Samples were collected at systematically deeper



structural levels within the footwall lithologies of the complex across the SCS as a further
test of the diachroneity of the metamorphism and deformation within this part of the
complex.

The goals of this thesis are as follows:
(1) To present the geochronologic, structural, and metamorphic elements of the SCS area.
(2) To examine the U-Th-Pb systematics of monazite and zircon using U-Th-Pb
chronometry and determine possible avenues for correcting any U-Th-Pb disturbance that
may be affecting the minerals; also, to consider what implications this may have with
regards to interpretations made in this and other studies.
(3) To constrain the timing of deformation and metamorphism by drawing upon the
superposition of structures, fabrics, and metamorphic assemblages in conjunction with
the U-Th-Pb geochronology.
(4) To apply these data to a more regional scale in order to test previous models and, if
necessary, propose a new model that accounts for the thermotectonic evolution of the

northern Monashee complex.



Chapter 2. U-Th-Pb systematics in metamorphic terranes using Th-Pb and U-Pb

chronometry: northern Monashee complex, southeastern Canadian Cordillera

Introduction

Accurate thermal and deformational chronology is essential to construct viable
tectonic models of orogenic belts and processes. In particular, coupled U-Pb analyses
(®**U-2"Pb and 28U-?°Pb) on accessory minerals such as zircon and monazite have been
extensively used and accepted as reliable chronometers for constraining ages of
magmatism, metamorphism, and deformation. Because U-Pb analyses have the potential
to resolve detailed events with high precision, the faith in and the importance pinned to
the ages produced have increased proportionally with the evolution of the analytical
precision and accuracy attained in the last few decades. Thus, the interpretations
accompanying U-Pb studies that yield seemingly straightforward data are usually
accepted with little hesitation. However, as this chapter will show, there are situations
where data can be misleading when only the U-Pb chronometer is used in the analyses of
rocks that experienced a complex thermal history or that have been disturbed.

Consider the case of monazite, a Th-rich mineral, which commonly plots as
reversely discordant data with conspicuously low or negative 2°’Pb/?®Pb ages. This
phenomenon is thought to be the result of an excess accumulation of 2°°Pb in monazite
due to a large component of 2*°Th incorporated during crystallization, causing low
207pp2%pp ages concurrent with reverse discordance produced by an exaggerated
208pp/238 ratio (Scharer 1984, Parrish 1990). Scharer outlines a procedure that corrects
for this disequilibrium effect using measurements of Th/U ratios of the monazite and of

the



magma from which it crystallized. This concept is widely applied in monazite
geochronology even though it is based on theoretical assumptions that have never been
rigorously tested. Additionally, the potential relative mobility of U and Th have not been
addressed.

To address these problems, a suite of high-grade metamorphic rocks (upper
amphibolite to granulite facies) from the northern flank of the Monashee complex of
southeastern British Columbia (Figs. 2-1 and 2-2) were studied. ***Th-?*®Pb analyses
were carried out in conjunction with U-Pb chronometry in an attempt to more fully
understand the U-Th-Pb systematics. Since the intermediate daughter isotopes in the
232Th-2%8ph decay chain are short-lived, the ***Th-2®Pb chronometer does not suffer from
significant unsupported daughter isotopic complexities and should yield correct ages.
Using these chronometers together allows for an evaluation of the explanation for
monazite discordance in U-Pb space (Scharer 1984, Parrish 1990) and also provides a
means to examine the possibility of U and/or Th loss or gain as a mechanism in monazite
systematics. The Th-Pb dating technique was applied to zircon as well. The focus of this
chapter is to present the newly acquired data and their interpretations in order to provide
additional insight into monazite-zircon systematics, U-Th leaching, and Pb loss, and their

relevance to past and future geochronologic studies.

Geologic setting
I have chosen a study area containing amphibolite-facies metamorphic rocks
within the footwall of a major crustal-scale thrust fault in British Columbia, termed the
Monashee décollement (MD; Read and Brown 1981) (Figs. 2-1 and 2-2), which may be

responsible for inverted metamorphism (Figs. 2-2 and 2-3) and related heating of the



footwall rocks. These rocks are best exposed in the northern flank of the Monashee
complex (Fig. 2-1c), which is a domed metamorphic core complex exposed through a
structural window in the southeastern part of the Omineca Belt within the hinterland of
the Canadian Cordillera. High-grade deformation and metamorphism within the complex
occurred during Late Mesozoic to Paleocene compression and crustal thickening (Brown
1980, Journeay 1986, Brown et al. 1992, McNicoll and Brown 1995). Tertiary extension
(Parrish et al. 1988, Carr 1990, Parrish 1995 and references therein) facilitated the
exhumation and exposure of some of the deepest structural levels within the Cordillera,
preserving excellent evidence of deep-seated thrusting and related thermal processes.
Locally, the focus of this study centres on the Sibley Creek syncline (SCS, Fig. 2-
2) (Wheeler 1965, Brown 1980, Journeay 1986, Scammell 1986), which is a recumbent
kilometre-scale fold that controls map-scale (1:20 000) geometry of stratigraphic units
and is thought to belong to a regional-scale easterly vergent fold system found in the
western flank of the complex (Brown 1980). The tectonic implications of this structure
and its timing are important to the overall understanding of the deformation history
within the complex and the Canadian Cordillera as a whole and are described in more

detail in Chapter 3.

Geochronology
Analytical methodology
With the exception of the procedures outlined below, the U-Th-Pb analytical
methods for all samples closely followed those applied to U-Pb dating described by

Parrish et al. (1987). These methods included Teflon® micro-capsules (0.35 ml) for



mineral dissolution (Parrish 1987), multicollector mass spectrometry (MAT261,
Geologic Survey of Canada in Ottawa; Roddick et al. 1987), and estimation of U-Pb
errors using numerical error propagation (Roddick 1987). Only zircons from DG-118-95
were abraded according to procedures described by Krogh (1982). Mineral selection and
U-Th-Pb chemistry were performed at the Geological Survey of Canada (GSC) in Ottawa
where U blanks were <1 pg, Pb blanks were 5-10 pg, and Th blanks were estimated at 4
pg. All steps of the U-Th-Pb analyses were performed by the author under the guidance

of Dr. R.R. Parrish.

Additional Th-Pb procedures

An additional set of ion exchange columns was added to the procedure to separate
and purify Th isotopes. We used Th-Spec Eichrome® resin with HCI and HNO;. For all
analyses a mixed spike consisting of °Th-2*U-**U-?®Pb isotopic tracers was used.
This spike was prepared by R.R. Parrish at the GSC in Ottawa and carefully calibrated
against a freshly prepared gravimetric U-Th-Pb metal solution of known concentration.
The 22U-?**U isotopic composition of the spike was precisely determined using a three-
isotope critical mixture procedure (Hofmann 1971) in order to make U-fractionation
corrections for individual analyses; a description of this process is given in Appendix 2.
The Th mass spectrometric analysis included the use of double Re filaments, which were
loaded using H3sPO,4 combined with 2N HNO3 and analyzed as the metal ion. Conditions
of 2.5-3.0 A for evaporation and 5.0-6.0 A for ionization filaments produced stable and
relatively strong Th* beams (100-500 mV) which were measured mainly in faraday cups;

the temperature of ionization, as measured using an optical pyrometer, was 1850-2000°C.



Unfortunately, absolute Th fractionation during mass spectrometric ionization could not
be determined due to the lack of an independent isotopic standard. However, an
assessment of internal variability was attained by repeated measurement of a Th isotopic
solution (*°Th/?**Th ~ 7.0826 + 0.0036 at 1 standard deviation (c) of 10 measurements);
this indicated that the error arising from fractionation variability was of the order of
0.025%/atomic mass unit (a.m.u.) at 1 . We also measured simultaneously the three U
and two Th isotopes. Under these conditions of mutual ionization of Th and U, the
absolute fractionation of U isotopes was determined to be 0.1%/a.m.u., and we have
assumed this value to be equal to the absolute Th fractionation in this study. The atomic
Th/U ratio of the sample as measured by isotope dilution has been added to Table 1 to
allow a direct comparison with the model atomic ***Th/Uietai (Uoral = 22U + 2°U) as
calculated from their respective decay constants and stable radiogenic daughter products
(i.e., *°®Pb/(*'Pb + 2Ph)). Discrepancies between the two atomic ratios are ascribed to
relative loss of Th or U. This is discussed in more detail below. A spreadsheet program
in Excel Version 5.0° capable of performing the functions necessary for Th-Pb data
reduction (Appendix 3) was created using isotope dilution equations from Faure (1986)
and error propagation calculation formulas outlined in Appendix 1. A description of the
errors incorporated into the calculations for the final isotopic ratios are described in
Appendix 1. Finally, in addition to the traditional U-Pb concordia diagrams (Wetherill
1956), U-Th-Pb “concordia’ plots were constructed to allow for the immediate visual

comparison of the Pb/Th versus Pb/U ages (Figs. 2-4 and 2-5).
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Background of samples

Numerous samples were taken from a variety of lithologies, which included
pelitic schists, amphibolite, pegmatite, a pyroclastic horizon, mafic dikes, and quartzite.
Of these, six samples were strategically chosen for the following reasons: (1) their key
locations at systematically deeper structural levels (Figs. 2-3 and 2-8), (2) their likelihood
of yielding peak metamorphic accessory minerals such as monazite and metamorphic
zircon, (3) their potential to test previously published ages that remain questionable, and
(4) their ability to bracket metamorphic and structural events. U-Th-Pb analyses are
shown on three cascading ‘concordia’ diagrams for each of the six samples in Figure 2-4
(a-r), all relevant isotopic data and mineral characteristics are found in Table 1, and
sample localities are indicated in Figure 2-2. This section will provide sample
descriptions for each analysis, beginning with monazite analyses presented in order of
highest to lowest structural level, followed by the zircon analyses. Grains were selected
based on their clarity (absence of inclusions), magnetic susceptibility, size, and
morphology. For each sample, the vertical distance beneath the extrapolated Monashee
décollement surface has been provided in the sample description subheadings and was

determined from the following calculation:

Vmg=(Dtana) £ d [1]

where V4 is the vertical separation between the sample location and the extrapolated

MD surface overhead, D is the distance between the sample location and MD surficial

expression (MDg), o is the apparent dip angle of the MD surface (true dip ~ 27°) using
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azmuthal direction between the MDs, and sample location as dip azimuth, and d is the
difference in elevation between the MDg and the sample location. Sample localities have
been projected onto a cross section (Fig. 2-3) which intersects approximately
orthogonally with the axial surface trace of the SCS. The projection of sample localities

assumes a two-dimensional model with very little along-strike variation.

Monazite analyses

Sample DG-105-95, unit 7P, highest structural level, ~510 m below MD*

Four multigrain monazite analyses using metamorphic equant crystals were
carried out on DG-105-95, a Ky-Bt-Ms-PI-Qtz (mineral symbols used are from Kretz
1983) pelitic schist of unit 7P found within the upper overturned limb of the SCS and
closest to the MD (Figs. 2-1c, 2-2, 2-3).

Mapping by the author during this study and by Scammell (1986) suggests that
the thickness of this unit has been dramatically attenuated at this locality, probably due to
its proximity to the MD (Fig. 2-2). In both hand sample and thin section there is visible a
planar fabric that parallels the penetrative foliation found throughout the mapping area.
The above mineral assemblage parallels and overgrows this fabric, indicating peak
metamorphism was syn- to post-kinematic. DG-105-95 was chosen because it represents
the highest structural level closest to the MD of all samples taken from its footwall, and
hence its age brackets approximately peak metamorphic and syn- to post-deformation

conditions closest to the shear zone and presumed heat source.

Sample DG-136-95, unit 7P, ~600 m below MD
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Four monazite analyses were performed on equant single grains from sample DG-
136-95, a Ky-Sil-Grt-Bt-PI-Qtz-bearing pelitic schist also from unit 7P. The thickness of
this stratigraphic unit at this location is more than double that of DG-105-95. The fabric
found in this sample is not as strongly developed as in DG-105-95, and more of the peak
metamorphic minerals grew after the deformation. It appears as though the deformation
at this locality was not as pronounced as at DG-105-95, consistent with it being located

structurally further beneath the MD (Figs. 2-2 and 2-3).

Sample DG-122-95, unit 11P, ~2200 m below MD

Four multigrain monazite analyses on equant to elongate crystals were conducted
on DG-122-95, a Ky-Grt-Bt-Qtz-Pl-bearing semi-pelitic schist from unit 11P, found in
the overturned limb of the SCS. Evident in hand sample and thin section is a well
developed foliation mainly defined by the preferred orientation of biotite. Most kyanite
is aligned parallel to the fabric and displays a significant amount of embayment by quartz
and biotite. The quartz crystals appear to be mylonitized because of their small, equant,
and aligned (parallel to the main fabric) character, suggesting dynamic recrystallization.
The above observations indicate that peak metamorphism in this rock was approximately

coeval with deformation.

Sample DG-167-95, unit 7P, lowest structural level, ~3010 m below MD

Four multigrain monazite analyses on relatively equant crystals were carried out
on DG-167-95, a Ky-Sil-Bt-Ms-PI-Qtz-Grt-bearing pelitic schist from unit 7P, located in

the lower, upright limb of the SCS. Thin section analyses showed that much of the

! Distance below extrapolated surface of the Monashee décollement.
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kyanite, sillimanite, and biotite were aligned in the main fabric of the rock, paralleling
the regional penetrative foliation. However, some garnets did preserve an earlier fabric
defined by the alignment of quartz inclusions, intersecting the main fabric at a high angle.
The preservation of the earlier fabric may be attributed to the structural depth at which
this sample was found, insulating it from the subsequent penetrative overprint of the

deformation recorded in the rocks above it.

Zircon analyses

Sample DG-107-95, unit 90, ~1215 m below MD

Four multigrain metamorphic zircon fractions were taken from DG-107-95, a
nearly vertical metamorphosed and recrystallized mafic dyke containing evidence of
shortened melt veins and a strongly divariant mineral fabric. Most of the zircon grains
were small (<100 um), inclusion-free, euhedral with well formed prismatic crystalline
faces, equant and elongate (aspect ratios (a.r.) ~ 1:1 to 1:2), and non-magnetic at 1.80 A.
Additionally, because the microscopic analyses suggested no evidence of inheritance or

damage due to Pb loss, the grains were not abraded.

Sample DG-118-95, unit 90Q, ~1046 m below MD

Eight single grain zircon analyses were completed on DG-118-95, which came
from a felsic pyroclastic horizon of unit 9Q, in the upper, overturned limb of the SCS. In
the hope of finding magmatic zircons to constrain the age of deposition, all grains chosen

were elongate (a.r. ~ 1:2 to 1:4) square prisms. Most grains were abraded for 9-12 hours,
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had a size of > 100 um, and were nonmagnetic at 1.8 A on a 1° side slope.

Isotopic results

Results are described below and are illustrated in Table 1 and Figure 2-4 (a-r),
beginning with the data that appear to be most straightforward. Additionally, the first
three samples described below (DG-167-95, DG-136-95, and DG-105-95) are all taken
from the same lithologic unit (unit 7P pelitic schist) but at systematically shallower
structural levels beneath the MD and across the SCS from its lower to upper limb. All
sample localities with regards to geographic and structural placement are provided in

Figures 2-2 and 2-3.

DG-167-95 (Fig. 2-4 a-c)

Sample DG-167-95 was taken from the lowest structural level in the field area for
the present study. In plot (a) all four analyses form a cluster above ~60 Ma on the
concordia curve in U-Pb space, suggesting that the duration of monazite crystallization at
this level was short-lived. In the 2°®Pb/?**Th - 2°Pb/ 23U diagram (plot b) the data
remain reversely discordant, whereas fractions in the 2’Pb/?*°U - 2°®Pb/***Th plot (c)
agree almost within error, plotting on or immediately below concordia between ~59.5
and 60.5 Ma. These plots, considered in conjunction with the significantly younger
207pp/20%ph ages (Table 1), strongly suggest that there is a disequilibrium in the Z8U-
2%pp decay series which does not significantly affect the other two chronometers. The
argument by Scharer (1984) which favors accumulation of excess °°Pb due to an initial

disequilibrium of %°Th during monazite crystallization appears to be a valid explanation,

2 Using a Frantz™ electro-magnetic separator.
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although in the present case the crystallization was metamorphic rather than magmatic.
Based on this conclusion, Pb loss is interpreted to be insignificant because the excess
accumulation of ?®Pb is very rapid due to the relatively short half life of its parent
isotope, 2*°Th. Thus, if Pb loss had occurred in these relatively young rocks, the isotopic
composition data would have quickly migrated back towards the concordia curve in an
asymptotic path (Parrish 1990), and would likely plot with very little or no reverse
discordance. The residual discordance found in the 2°’Pb/?°U - 2°®Ph/2Th plot suggests

that other factors still need to be considered.

DG-136-95 (Fig. 2-4 d-f)

This sample is located structurally higher than DG-167-95 and is composed of
single grain monazite analyses. The U-Pb concordia diagram (plot d) for this sample
displays the analyses spread out from 65.9 + 0.1 to 77.5 + 0.3 Ma (**’Pb/***U) along the
concordia curve. The range of ~10 Ma in age for this sample is in sharp contrast to the
tight grouping of ages observed in DG-167-95, suggesting that this locality experienced a
more complex and protracted thermal history. Additionally, the 2°®Pb/***Th ages sit both
above and below the concordia curve when plotted against the 2°Pb/?*®U and %’Pb/**U
data, respectively, showing that neither of the U-Pb analyses agree with the Th-Pb
chronometry. The two additional plots indicate that there are complicated U-Th
systematics not readily apparent when considering only the U-Pb analysis and suggest
that the concordant U-Pb data may be fortuitous and misleading. The mechanisms that
may explain the ~10 Ma range of ages and conspicuous Pb/Th - Pb/U plots are

considered below in the U-Th-Pb systematics section.
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DG-105-95 (Fig. 2-4 g-i)

DG-105-95 represents the structurally highest locality, closest to the Monashee
décollement. Like DG-136-95, this sample is spread out along the concordia curve in U-
Pb space over an approximate range of 11 Ma from 71.4 £ 0.1t0 82.3+ 0.1 Ma
(**’Pb/?*U ages). However, unlike DG-136-95 where all fractions plot both reversely
and normally discordant in U-Th-Pb space, only fractions M-3 and M-4 of this sample

clearly plot in this manner, whereas M-1 and M-2 fall very near concordia (plots h and 1).

DG-122-95 (Fig. 2-4 j-1)

Sample DG-122-95 was taken from an intermediate structural level within the
unit 11P pelitic schist. All the fractions for this sample plot in a tighter spread (~4 Ma in
U-Th-Pb space) than those taken from structurally higher levels (DG-136-95, DG-105-
95). It is also worth noting that these fractions all remain to some degree above
concordia in U-Pb space suggesting that these monazites retain some or all of the initial
accumulation of excess °Pb. Both of these observations for DG-122-95 suggest that the
thermal history at this particular structural level compared to higher levels was not as
complex and monazite crystallization was shorter in duration. This will be discussed in

more detail below.

DG-107-95 (Fig. 2-4 m-0)

The fractions in this sample consisted of multiple grain zircon analyses taken
from a mafic dyke that displays obvious signs of internal deformation (i.e., shortened
leucocratic melt veins and a strong mineral fabric) but preserves fairly straight margins.

The zircons in this sample are interpreted to be metamorphic. In U-Pb space the data plot
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normally discordant in a tight cluster with 2’Pb/?*°U ages of 58.2 + 0.9 to 59.2 + 0.2 Ma,
206pp/238 ages of 56.5 + 0.5 to 57.0 + 0.2 Ma, and *°’Pb/*°°Pb ages of 130-160 Ma. DG-
107-95 is located at an intermediate structural level and has U-Pb dates that are slightly
younger than those produced for DG-122-95, which is calculated to be approximately
985 m structurally below it. The significance of this and the normal discordance will be
discussed below.

The ?®®Pb/?**Th ages produced for this sample have quite large errors which
fortuitously overlap concordia when plotted in U-Th-Pb space. Most of the error for Th-
Pb analyses on zircon results from the uncertainty introduced by the common Pb
correction due to its low radiogenic 2®Pb content (total Pb < 6 ppm, Table 1).

Accordingly, the age of zircon crystallization is best interpreted using U-Pb data.

DG-118-95 (Fig. 2-4 p-r)

Eight single grain zircon fractions were analyzed from this felsic pyroclastic
horizon (1 fraction rejected due to poor mass spectrometry conditions) in the attempt to
reproduce the ~388 Ma zircon age documented by Scammell and Parrish (1993) and
tentatively interpreted as a magmatic age for a similar horizon found immediately to the
south. Unfortunately, all zircons dated were Proterozoic in age and are interpreted to be
xenocrystic. Three colinear analyses G, A, and C were regressed (Fig. 2-6) by a modified
York program described in Parrish et al. (1987) and yield an upper age intercept of
~1778.7 £ 2.7 Ma, interpreted to reflect timing of crystallization and a lower intercept of
~62.1 + 6.1 Ma (MSWD = 0.32), suggesting a younger thermal event causing either Pb
loss or metamorphic overgrowth on the Meso-Proterozoic zircons. These three grains

could be cogenetic although their colinearity could also be entirely coincidental. In their
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study, Scammell and Parrish (1993) also produced a similar array of ages (with the
exception of the concordant Devonian zircon) and concluded that a discordia with upper
and lower intercept ages of 1772 +5/-4 Ma and 68 + 60 Ma, respectively, was the best fit

for their data.

U-Th-Pb systematics

Only the U-Th-Pb systematics of the monazite-bearing samples will be
considered in this section because the lack of precision achieved for Th-Pb analyses of
zircon fractions renders their Pb/Th ages to be of little value. Of the upper level
monazite analyses, DG-136-95 will be examined most thoroughly because it consists of
single grain fractions unaffected by the interpretation complexity introduced by
multigrain analyses (DG-105-95, DG-122-95), whose ages and potential inhomogeneity
are averaged together. However, the apparent similarities in the plots of the upper level
samples argue that mechanisms affecting DG-136-95 were likely present in varying
degree in the other samples. Although the sample for the lowest level (DG-167-95)
consisted of multigrain fraction analyses, the tight clustering of data above concordia
suggest that if there were past U-Th-Pb disturbances, they were too insignificant to affect
the data in U-Th-Pb space. Therefore, the confidence in the interpretation for this sample
is thought to be comparable to that of DG-136-95.
Excess “®®Pb and relative Th-U mobility

The luxury of being able to perform and compare U-Pb and Th-Pb analyses in the
manner discussed above provides an excellent opportunity to examine some interesting
and important U-Th-Pb systematics associated with monazite geochemistry. To begin

with, the previously noted problem of reverse discordance of monazite data in U-Pb
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space caused by excess accumulation of *®°Pb (Scharer 1984, Parrish 1990) will be
examined. The above description of the U-Th-Pb concordia plots for DG-167-95
combined with the conspicuously low 2’Pb/*®Pb ages (Table 1) clearly show that the
2%pp value is inflated, strongly suggesting that there is unsupported “°Pb which does not
significantly affect the other two chronometers. As mentioned earlier, the argument by
Scharer (1984) which favors accumulation of excess “°Pb due to an initial disequilibrium
of *Th during monazite crystallization appears to be a valid explanation. A variation of
the formula for the correction of the 2°Pb/?*®U age outlined by Scharer (1984) is applied
below in the attempt to compensate for the apparently excessive 2°°Pb value.

Another interesting observation is that U-Th-Pb plots (Fig. 2-4 e and f) for sample
DG-136-95 (as well as DG-105 and 122-95) have data falling both above and below
concordia. A disturbance such as U loss or Th gain (i.e., U-Th fractionation) following
monazite crystallization could move the isotopic composition of the data away from
concordia in such a manner. An inspection of the (Th/U)mogel VErsus (Th/U)measured ratios
for sample DG-136-95 in Table 1 shows that the measured ratios are consistently 4.0-
5.7% higher than the model ratios, which is proportional to the difference between the
Pb/Th and related Pb/U ages. This observation supports the idea that a loss/gain of U
and/or Th is responsible for the discordance of ages for DG-136-95 in U-Th-Pb space and
suggests that these grains experienced a U-Th disturbance not detectable using only U-Pb
chronometry. A correction for this apparent U-Th disturbance based on the difference

between the model and measured Th/U values is also outlined below.

Correction for 2°Pb

Examination of the model and measured Th/U values for DG-167-95 in Table 1
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shows a clear discrepancy between the two values, indicating potential U-Th disturbance.
However, the cause of this apparent disturbance is not the result of Th-U mobilization but
is attributable to the incorporation of excess 2°®Pb, which biases the determination of the
(Th/U)megel ratio because it is calculated using the measured radiogenic daughter isotopes
of Th and U (*®pb/“*"*ph: the denominator is the total radiogenic Pb derived from
2% and *°U). Because some of the 2°Pb is unsupported, the excess ®Pb results in an
exaggerated value for the U denominator in the (Th/U)megel ratio causing this ratio to be
smaller than it should be. This problem can be circumvented by recalculating the
(Th/U)moger after making a correction for the excess ?°°Pb. This can be accomplished by

employing a slightly modified version of Scharer’s (1984) equation:

AP = (hageu hzzomn) (F-1) [1/(e 28 %" - 1)] 2°Pbimeasured [2]

where A?%°Pb is the excess 2°°Pb, Lasgy is the 238U decay constant (1.55125 x 107%a),
A2soTh is the 2°Th decay constant (9.22 x 10°%/a), f is the Th-U fractionation factor
between the mineral and the magma from which it crystallized (f = (Th/U)mineral +
(Th/U)magma, Schérer 1984), t is the age of crystallization (which for this study is taken to
be the Pb/Th age), and 2®Pbeasured is the actual 2°°Pb value (nanomoles/gram) determined
using mass spectrometry. Schérer (1984) applied his correction to magmatic rocks on the
assumption that the whole rock Th/U value approximated that of the magma during
crystallization of monazite. In this study, we deal with solid state crystallization in a
metamorphic environment, and analogous measurement of the Th/U ratio available to

monazite during crystallization is not possible, since it is unknown to what extent U and
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Th were already trapped in other mineral phases. Thus, no measurement of the
fractionation factor, f, is possible in metamorphic rocks. Instead, we used the following
equation to calculate the Th/U of the ‘metamorphic fluid’ which would yield **°Pb/**U

ages equal to the calculated *®Pb/>?Th ages:

(Th/U)‘metamorphic fluid” = (Th/U)measured in monazite [3]
[((1 _ e?u238 X t) + 206Pb/238U)/(}L238/7M230)]+1

The (Th/U)-metamorphic fiuia Values calculated (Table 2) are considered reasonable estimates
because they are similar to whole rock values from a number of studies carried out in the
southern Monashee complex on rocks from similar metamorphic terranes (e.g., 0.5, Carr
1990; 0.6-1.4, Carr 1992). Using equation [2], the excess 2°°Pb for each fraction was
determined (Table 2) and subtracted from their measured *°Pb value, which was used to
recalculate the (Th/U)megel ratios of these fractions (Table 2).

Similar calculations were carried out on DG-122-95 because of its obvious
reverse discordance in U-Pb space. However, a slight modification was performed to
account for the likelihood of a U-Th disturbance because the U-Th-Pb plots for DG-122-
95 (Fig. 2-4 j and K) display very similar characteristics to other U-Th-Pb plots
belonging to samples which are interpreted to have suffered a U and/or Th disturbance
(i.e., DG-105-95, DG-136-95). Also, the (Th/U)moger Versus (Th/U)measured ratios indicate
a loss of U for all the samples in DG-122-95. Thus, assuming that the (Th/U)measured ratio
used in the calculation of the (Th/U) metamorphic fiuia Was affected to some degree by U
mobilization, the °’Pb/**U age is applied as t in the denominator because it will also

have been affected by a U disturbance. In general, this should compensate for the effect
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of the disturbance and produce a more accurate (Th/U) metamorphic fiuia> Value than if the
208pp/232Th ages were used which would not reflect this U disturbance. Once the
(Th/U)-metamorphic fluia- Value is confidently determined, the A*®Pb value is calculated using
the 2°8Ph/**Th ages because it is assumed that essentially no 2°Pb has been lost (because
the data plot with significant reverse discordance in U-Pb space as alluded to above), and
therefore the best approximation of this value is determined using the chronometer least

affected by any U-Th-Pb disturbance (i.e., Th-Pb).

Correction for U loss

Above, we interpret samples (especially the upper level samples) displaying
discordance on either side of the concordia curve in U-Th-Pb space and having
proportionate differences between their model and measured Th/U values and their Pb/U
- Pb/Th ages to have suffered some degree of a U and/or Th disturbance. Accepting this,
logic dictates that loss of U and/or Th is more probable than addition because the
concentration gradient is strongly from crystal to matrix in these samples with very high
U and Th concentrations. Also, for monazite, it could be argued that U loss is more
probable than Th loss because Th is a major element of monazite and would have higher
crystal chemical stability. Accordingly, other studies have shown that in situations such
as this, U loss is considered to be the most probable mechanism when considering Th-U
systematics due to U’s apparent affinity to mobilize more readily than Th. This concept
was investigated in a study of high-grade metamorphic rocks by Keppler and Wyllie
(1990) in which the role of fluids in the transport and fractionation of U and Th at

magmatic temperatures was examined. They concluded that fluids high in CO, or HCI
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preferentially complexed with U and not Th, which causes a depletion of U relative to Th
in granulite-facies rocks. Accordingly, many of the mafic dykes and lithologies
examined in this study contain evidence of secondary carbonate precipitation in cracks
and joints, suggesting circulation of CO,- rich fluids which may have preferentially
complexed with U. Thus, assuming DG-136-95 has suffered U loss that is directly
proportional to the difference between the model and measured Th/U ratios, a correction
has been formulated that accounts for the U loss affecting measured U concentration

(Unmeasured) Which gives Uy, the corrected U concentration:

Uo = Umeasured X (Th/U)measured - (Th/U)modeI [4]

The “‘measured’ values come from isotope dilution analyses, and the (Th/U)mogel ratio is
calculated using the radiogenic Pb products of Th and U. This equation does not provide
the actual quantity of U or Th lost, or the timing at which it happened. The model Th/U
value calculated from their respective radiogenic daughter Pb isotopes (*°®Pb/Y-%"edpp;
the denominator is the total radiogenic Pb derived from *®U and ***U) represents an
averaged rate of Pb accumulation. It does, however, provide the most accurate
representation of the actual Th/U concentration that would be responsible for the total
accumulation of radiogenic Pb throughout the mineral’s history (this is examined in more
detail below). Additionally, if there appears to be obvious retention of excess *°Pb (i.e.,
significant reverse discordance in U-Pb space), corrections for this must be applied first
as described above in equation [2].

Once U, is calculated, the corresponding *°U and #**U concentrations are



24

determined based on their natural abundances (***U/**°U ~ 137.88). Their respective

207pp/235 and 2°°Pb/*U ratios and ages are recalculated. The estimation of errors

(Ecorrectea ) Tor the corrected ages includes the following uncertainties:

a = the error given for the uncorrected Pb/U ratio (1 o of mean in percent).

b = the error associated with the (Th/U)megel ratio. This is thought to be approximately
equal to the radiogenic *°’Pb/?®®Pb error because it is proportional to the measured
radiogenic *®®Pb/?°°Pb. The error may be a bit less since the common Pb
correction is much lower for ?®Pb than ?’Pb in Th-rich monazites, but the
207pp2%ph error is considered as an adequate estimate.

C1, C2, C3 = the errors associated with the (Th/U)measured ratio, which must include both
of the uncertainties associated with the measured U and Th concentrations.
Ultimately this comes back to how well the Th concentration in the spike is
known and the fractionation of Th isotopes in the mass spectrometer. ¢; =
uncertainty of Th concentration in spike (1 o of mean in percent) = ~ 0.1 %,
based on reproducibility of 10 repeated measurements of spike against standard
solution; ¢, = uncertainty of Th fractionation during the 10 repeated
measurements of an isotopic standard (1 o of mean in percent) = ~ 0.05%, as
explained in the Analytical Methodology section above; ¢z = uncertainty
associated with the mass spectrometric measurement of the 2°Th/**Th for each
analysis.

The resulting calculation for the corrected age errors (Ecorrected) 1S @pproximated as

follows:
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Ecomected (2 & OF mean in percent) = 2— (a)>+ (b)?+ (c0)>+ (C2)* + (Ca)? [5]

The above calculations for the corrected ages and their errors were performed by the
author using the Excel Version 5.0® spreadsheet program. Once the new data were
reduced, the corrected ages and their errors were plotted on U-Pb and U-Th-Pb concordia
diagrams (Fig. 2-5 a-1). In a few of the fractions, the (Th/U)megel Value was greater than
the (Th/U)measured Value (Table 1), suggesting either U gain or Th loss, but these
differences were < 1% and may not be significant. Even so, Th loss has been interpreted

as the most probable candidate and the calculations were adjusted accordingly.

Dispersion of data in U-Th-Pb space (Fig. 2-5 a-l)

Once initial corrections for excess 2°°Pb were performed on DG-167-95 and DG-
122-95 in the attempt to produce more accurate (Th/U)meqel Values, and all monazite
samples and their fractions were corrected for apparent U loss or Th loss, the data were
replotted in U-Th-Pb space (Fig. 2-5 a-1). The following is a summary of these plots with
regard to success or failure of the above-mentioned corrections. The enormity of the
errors in the zircon analyses basically invalidates the U-Th loss correction, and therefore
will not be examined any further. Also, there is only one monazite fraction that
apparently suffered very minor Th loss (DG-105-95, M-2). It would appear that when
there is post-crystallization U-Th fractionation, U loss is the norm. Hence, from this
point on, the correction will be referred to as the U loss correction.

All monazite samples show considerable improvement with respect to their

positioning around the concordia curve in U-Th-Pb space. In these samples, almost all



26

fractions are concordant within error except for M-3 of DG-122-95 (Fig. 2-5 f), which
remains reversely discordant and may be attributable to an underestimation of the amount
of excess “°Pb to be removed. This is also a multigrain fraction which may partly
account for the calculation falling a bit short. Additionally, fractions M-1, M-3, and M-4
of DG-167-95 display noticeable normal discordance in the 2°’Pb/?°U - 2°®pb/?2Th plot
(Fig. 2-5c) (this is considered in more detail below). Nevertheless, the data decreased in
age approximately proportionally to the percentage of U loss (or Th loss) assigned to
each fraction and produced U-Th-Pb ages that are in very good agreement. If you
assume the Pb/Th ages to be the best approximation of the timing of crystallization, then
the good agreement displayed by the U-Th-Pb plots for the corrected data suggest that the
U loss calculation is a legitimate procedure for correcting U and/or Th loss suffered by
the analyzed grains. This also indicates the potential hazards of interpreting ages using
only U-Pb chronometry. For example, if a U-Pb plot contains nicely concordant data,
then these data may be used to constrain the age of an important thermal event; however,
if the grains analyzed have suffered a significant amount of U loss, the calculated ages

will be older than the age of the event in question.

Residual dispersion of data, DG-167-95

Accepting that the reverse discordance of monazite data in U-Pb space is caused
by the accumulation of excess *°°Pb from the decay of preferentially integrated 2*°Th
during crystallization, then the positioning of the data in the U-Pb plot for DG-167-95
suggests that the monazite grew in a stable closed-system environment. The data for this
sample would not remain at such a degree of reverse discordance in a tight clustering

above the concordia curve if complexities such as continuous or episodic high-



27

temperature Pb loss were significant factors. Parrish (1990) provides adequate
descriptions and illustrations regarding these complexities and the probable migratory
paths of affected monazite data which clearly differ from the U-Pb plot of DG-167-95.
Therefore, we suggest that the monazites grew in a relatively simple closed-system
environment that allowed near-complete retention of radiogenic Pb both during and after
crystallization..

The slight normal discordance displayed by fractions M-1, M-3, and M-4 in plot ¢
(Fig. 2-5) was a common phenomenon for the corrected monazite data in Scharer (1984).
Following the same line of reasoning used in his ?*®Pb/?*®U age correction, Schérer
speculates that the normal discordance may be attributable to an initial disequilibrium of
281pa during crystallization. This isotope is the longest-lived (A = 3.25 x 10* years)
intermediate daughter nuclide found in the 2°U-?*’Pb decay chain, suggesting that it has
the potential to cause an excess accumulation of 2°’Pb, which would result in inflated
207pp/235 ages. Scharer finds support for this theory in a study of oceanic sediment by
Bacon and Rosholt (1982), which suggests Pa and Th have a similar chemical behavior.
Consequently, Scharer concludes that the timing of crystallization is best approximated
by his corrected *°Pb/?*®U ages because the °’Pb/**°U ratios may be exaggerated,
causing the data to plot slightly below concordia. However, this interpretation is tenuous
because Pa has an unknown oxidation state at magmatic conditions, which could affect
its geochemical affinity. The monazites in this analysis come from rocks thought to have
been buried at pressures in excess of 6.4-7.1 kbar and heated to 640-679°C (Scammell
1986). In addition, the likelihood that assumptions in Scharer’s correction procedure are

met has been doubted (Parrish 1990); this is most certainly an improper model for
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metamorphic growth of monazite. Suffice it to say that this correction cannot be

quantitatively made in metamorphic monazite.

Possible mechanisms affecting DG-136-95, DG-105-95, and DG-122-95

Three scenarios will be considered to explain the dispersion of data found in these
samples: (1) high-temperature episodic Pb loss, (2) high-temperature continuous Pb loss
immediately after crystallization, and (3) growth of monazite over a protracted period of
time in a metamorphic environment.

Scenario 1 involves high-temperature Pb loss at a time, t,, following
crystallization (t;), during a second discrete event. Depending on the timing and extent
of Pb loss the data will (a) plot on a normally discordant line that fortuitously intersects
concordia at a time younger than t;, (b) remain reversely discordant, spread out in a line
that may or may not inadvertently intersect concordia at a time slightly older than t; (figs.
9 and 10, in Parrish 1990), or (c) plot as a combination of the above.

Scenario 2 requires that peak temperatures persisted after monazite
crystallization, driving high-temperature Pb diffusion. If all initial excess 2°°Pb diffused
out, the isotopic composition would migrate asymptotically towards and eventually
intersect with the concordia curve (in U-Pb space) and continue to migrate down the
concordia until full retention of radiogenic Pb were achieved (Fig. 2-7). Conversely, if
Pb loss terminated before all initial ?°°Pb diffused out, then the isotopic composition
would migrate towards but remain above the concordia curve. Varying degrees of Pb
loss could explain the data for the samples in question, which have fractions on or very
near the concordia curve or hanging just above it (DG-136-95, M-3). If Pb loss is

accepted as a plausible mechanism, then the dispersion of ages found in these samples
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suggests an apparent contrast in the extent of Pb loss for each the fractions analyzed,
possibly being related to grain size within a sample and/or in duration of heating between
samples. Higher cooling rates, larger grain sizes, and cylindrical geometries will lead to
less diffusion (and higher closure temperatures (T.), Dodson 1973), which in turn result
in older isotopic cooling ages. These factors could explain the ages of single grain
fractions of DG-136-95. The three larger grains, M-1, M-3, and M-4, are significantly
older (~9-10 Ma) than the smallest grain, M-2, and the only cylindrical grain, M-4,
produced the oldest age of the lot (Table 1, Figs. 2-4 d-f and 2-5 g-i).

To quantify the effect these differences in size and shape have on the relative
spread of ages, the cooling rate must be known. However, no lower temperature
accessory minerals such as titanite were analyzed to give us a control on the cooling rate
at this location. Therefore, a moderate estimate of 10°C/Ma for metamorphic terranes
(Heaman and Parrish 1991) is used to calculate the difference between the T, of the
largest grain (+300 mm cylindrical, T, > 710°C) and smallest grain (+150 mm spherical,
T.>670°C) in this sample. The difference of ~40°C yields a maximum age difference of
~4 Ma, well short of the 10 Ma spread found in this data set. However, other variables
not considered in the T, equation of Dodson (1973) could have an effect on the rate of Pb
diffusion and T, for a given mineral. For instance, lattice-scale disruptions (e.g.,
dislocations) caused by pre- to syn-tectonic crystallization could act as a conduit system
for Pb diffusion. As identified above, there is definite evidence for deformation of peak
metamorphic mineral assemblages at this level (and at DG-105 and 122-95), so it is quite
likely that the fractions analyzed contain micro-structural defects. The degree to which

each mineral was affected and the permeability of the defects could influence the extent
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and duration of Pb diffusion. Presently, this cannot be tested but is important to keep in
mind and warrants further micro-analyses.

The third scenario considers a protracted duration of monazite growth in a
metamorphic environment. The limiting factors in this scenario would either be
sufficient elevated temperatures and/or the availability of elements (i.e., phosphate, Th,
Ce, La) required for sustained monazite growth. Either of these factors considered in
conjunction with other kinetic arguments affecting mineral growth such as size, shape,
and impurities could greatly influence the initiation and termination of monazite
crystallization, resulting in the observed spread of ages. Additionally, the relative
abundance of available 2°Th during crystallization could influence the position of
monazite data in U-Pb space. If *°Th is readily incorporated during crystal growth then
the data should plot reversely discordant, but if there is none present then the data should
plot on or near concordia (assuming no other complexities).

Given the current data set, none of these options can be ruled out as possible
mechanisms (separately or together). However, the systematic pattern of the data from
higher to lower structural levels and the knowledge that there were thermal events
affecting the upper part of the footwall at ca. 60 Ma suggest that both continuous Pb loss

and protracted growth may be the most acceptable explanation.

Complexities associated with the U loss correction

Ideally the percent difference between the (Th/U)measured @Nd the (Th/U)mogel
reflects the actual loss of U experienced by the analyzed grain. If the timing of U loss is
effectively at t = 0 Ma, then the above statement is valid because the (Th/U)moger IS based

on the assumption that the 2®Pb and *°Pb which decay from #**Th and ?*®U, respectively,
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accumulate through the entire history of the mineral and only in recent times is the Th/U
disturbed, thus having little effect on the integrated “®Pb/ 2®Pb. However, if there is a
Th-U disturbance at some intermediate point in the history of the grain, then the ratio of
accumulation of ®®Pb to *®®Pb will change, and ultimately, this will affect the (Th/U)model
value, as is best illustrated by the following example.

A monazite crystallizes at 80.0000 Ma incorporating 3.2000 nmol of ***Th and
1.0000 nmol #U, yielding a Th/U ratio of 3.2000 (note: to simplify the calculation **U
is not considered; this does not affect the legitimacy of the example). After 20 Ma,
~3.1648 x 10" nmol *®Pb and ~3.0977 x 10" nmol ?**Pb accumulate from the decay of
the 22Th and *®U, respectively. Accordingly, the remaining amount of #**Th and **U
would now be ~3.1968 and 0.9969 nmol (i.e., after 20 Ma). If at this time there is a
disturbance that causes 50% U loss lowering the ***U value to ~0.4985 nmol, then the
subsequent accumulation (for 60 Ma) of 2°®Pb and “°Pb would be ~9.4757 x 10 and
~4.6178 x 10° nmol, respectively. The resulting U-Th-Pb measured values for the 80 Ma
monazite would be as follows:

Total 2?Th ~ 3.1874 nmol

Total ***U ~ 0.4938 nmol

Total ?°®Pb ~ 1.2641 x 10 nmoles

Total 2°Ph ~ 7.7155 x 10 nmoles

This would yield a (Th/U)megel ratio of ~5.1587 and a (Th/U)measured Value of ~6.4543.
The percent difference between the (Th/U)measured @nd the (Th/U)moger at the present time
will be around 25% compared to the 50% U loss suffered at 60 Ma. However, the

measured 2®Pb/**Th and 2°°Pb/**U values yield ages of 80.0000 Ma and 99.9381 Ma,

respectively, resulting in a percent difference of ~25%. Applying the U loss correction
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described above (equation [4]), the new #*®U concentration would be ~0.6179, generating
a corrected *®°Pb/*®U age of 80.0000 Ma. Therefore, based on this example we have
demonstrated that the formula outlined in equation [4] is a valid technique for correcting
Pb/U ages affected by U loss. However, the calculation cannot account for the timing or
the actual amount of U loss if the disturbance occurred at an intermediate point in the

grain’s history.

Summary of U-Th-Pb systematics

The importance of Th-Pb chronometry is profound especially in the dating of Th-
rich accessory minerals such as monazite because the ?**Th-?*®Pb decay chain is less
susceptible to U-Th-Pb disturbances or disequilibriums than both U-Pb decay series. For
instance, the 2°°Pb disturbance commonly affecting monazite analyses may be corrected
using the equation set up by Schérer (1984) but only if the mineral crystallized from a
magma which evolved under ideal conditions; this is highly improbable in a metamorphic
environment. Also, the data in this study suggest that samples with more complex
thermal histories not only sustained probable Pb loss, but also indicate varying degrees of
U loss not detected by the U-Pb chronometers. Fortunately, the 2?Th-®pb decay series
does not seem to be affected by either of these problems and can be relied upon to yield
more accurate ages for minerals (at least for monazite) that grew in less than ideal
conditions. Additionally, the Th-Pb analyses when used in conjunction with the U-Pb
analyses provides a method to account for and correct the U loss (equations [4]). Even
though the correction cannot accurately estimate the timing or the amount of U loss for
disturbances occurring intermediate in the grain’s history, the excellent agreement

between the corrected Pb/U and Pb/Th ages suggests that this is a valid technique to



33

correct U loss. Also, and just as importantly, the U-Th-Pb analyses and the U loss
correction have illustrated the commonality of U disturbances in U-bearing minerals such

as monazite and the inherent problems of using U-Pb analyses as the sole chronometer.

Apparent metamorphic age inversion

The monazite data in this study display a distinct trend of ages becoming
consistently younger with increasing structural depth below the MD (Figs. 2-3 and 2-8).
Additionally, mineral assemblages and thin section analyses indicate that the monazites
grew during metamorphism, apparently coeval with the peak assemblage. Therefore,
based on these observations it is clear that the rocks in this study record an apparent
metamorphic age inversion which is consistent with data produced to the south within the
Monashee complex (J.L. Crowley, unpublished data, 1997). This apparent inversion
appears to support conclusions made by Parrish (1995) which argue that the Monashee
complex records a peak thermal inversion caused by a rapid underthrusting beneath the
hot Selkirk allochthon during the Paleocene. However, some older ages in the current
data set are inconsistent with the above conclusion. Monazites in sample DG-105-95 (M-
3) crystallized at least by 77.7 + 0.3 Ma, suggesting peak thermal conditions were
reached prior to the Paleocene.

Another observation to take note of is the tightening of the age spread for the
samples as you progress structurally downwards (Fig. 2-8), with the greatest range in
ages closest to the Monashee décollement (DG-105-95, ~10 Ma) compared to those of
the deepest level (DG-167-95, ~0.5 Ma). This trend has been noted further south in the

complex and is thought to reflect a decreasing duration of peak thermal conditions at
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structurally deeper levels (J.L. Crowley, personal communication, 1996). Thus, given
the current data set and the interpretations made above, it appears inescapable that rocks
sampled closest to the Monashee décollement experienced metamorphic conditions prior

to and for a longer period of time than those located deeper in the tectonic pile.

Further complexities in Pb/U age interpretations

The last problem to be addressed is the age discrepancy between the metamorphic
zircon ages produced for sample DG-107-95 (Pb/U ages ~ 59.2 £ 0.2 to 56.5 £ 0.5 Ma)
and the metamorphic monazite ages of DG-122-95, (Pb/Th ages ~ 61.8 £ 0.3 t0 57.6 £
0.2 Ma). DG-107-95 is a mafic dyke found at a structurally higher level than DG-122-
95, yet the metamorphic zircon ages for DG-107-95 are younger than or equal in age to
the metamorphic monazites of DG-122-95. This is inconsistent with the downward
younging pattern of metamorphic monazite ages (interpreted to be coeval with peak
metamorphism) found throughout this study. One explanation could be that the chemical
elements necessary for zircon growth in the mafic dyke were not immediately available
when monazites began to grow in the pelitic schist layer of DG-122-95. It is possible
that at a later time during high-temperature metamorphism at this level, dehydration of
certain lithologies hydrated the mafic dyke and facilitated Zr-liberating metamorphic
reactions in the dyke. Another and perhaps better explanation is that the actual structural
distances of DG-107-95 and DG-122-95 below the extrapolated MD surface (Figs. 2-3
and 2-8b) are less than what are predicted by the geometrical calculation (equation [1]).
Equation [1] does not consider moderate shallowing of the MD extrapolated surface as it

crests over the top of the Monashee complex. However, previous workers (e.g., Journeay
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1986, Scammell 1986) have postulated that there must be some lessening of dip for the
MD extrapolated surface as it passes over the hump of the Monashee complex. Figure 2-
3 is a cross section through the present study area which incorporates very moderate
shallowing of the MD surface as it crests the dome of the Monashee complex. In this
cross section the approximate structural distance below the MD thrust surface for both
samples is ~1200 m. With this in mind, the ages at both locations are similar with only

minor discrepancies and could be regarded as dating the thermal peak.

Possible thermotectonic model

The above observations and interpretations in conjunction with the model
proposed by Parrish (1995) suggest that this part of the Monashee complex experienced
an inverted thermal regime where rocks closest to the overlying heat source (Selkirk
allochthon) were maintained at peak thermal conditions for an extended duration of time.
Shortly after the heat front progressed through the tectonic pile to the level of DG-167-
95, the heat source dissipated resulting in the quenching of the system and the locking in
of metamorphic ages and assemblages. Parrish (1995 and references therein) attributes
the quenching of this system to tectonic unloading on oppositely verging Eocene normal
faults (Columbia River fault and Okanagan Valley fault, Fig. 2-1c). The rates of heat
diffusivity through the tectonic pile and the mechanical role of thermally aided
deformation have not been fully considered in this model. However, first order
approximations using average crustal conductivities and heat diffusivities predicted by
England and Thompson (1984) of ~1.5t03.0 W m™Kand 1.2 x 10°t0 6.0 x 10" m*s’
! respectively, strongly suggest that there has to be more than just vertical conduction of

heat causing the discrepancy in ages (~18-20 Ma) between the highest (DG-105-95) and
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lowest (DG-167-95) sample localities. The limited distance between these levels (~
1.7~2.5 km) requires heat conductivities and diffusivities to be orders of magnitude lower
than the above values. Therefore, considering the above and given the overwhelming
evidence for syn-peak metamorphic deformation, the current juxtaposition of ages
requires a significant thermomechanical component. These topics are addressed in
Chapter 3, which examines the structural data in conjunction with the geochronology

presented in this chapter for the purpose of thermotectonic modeling.

Conclusions
(1) Reverse discordance in U-Pb space for monazite analyses is caused by excess 2°Pb.
(2) The calculation proposed by Schérer (1984), which presents a correction procedure
for excess 2°°Pb, cannot be applied to metamorphic rocks.
(3) The ®Pb/***Th chronometer is an essential tool for monazite geochronology: it lacks
long-lived intermediate daughter products and related isotopic complexities, and it is the
only way to evaluate U or Th loss in minerals and perform the related corrections to
calculate ages of crystallization.
(4) The U correction outlined in equation [4] is valid for correcting Pb/U ratios and ages.
Although it cannot determine the actual amount or timing of U loss if that event occurred
in the past, it does nevertheless accurately correct for the U loss effect.
(5) The minor residual discordance of the corrected data in U-Th-Pb space could be
caused by an initial disequilibrium of #'Pa in the **U-?"Pb decay chain; this cannot be
clearly demonstrated.
(6) Within the current study area, burial, heating and growth of metamorphic monazite

began in the Late Cretaceous prior to 77.7 = 0.3 Ma and continued at lower structural



levels to at least 59.5 Ma. Monazite ages produced in this study suggest that there is a
systematic inversion of peak metamorphic ages and that the higher level samples grew

for a longer duration of time in a more complex thermal regime.
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Table 2-1. U-Th-Pb analytical data

206D 0 0750 g T 1h 20850

Weight” U  Pb®  2%pp? ppt 206ppyf 207ppyf 207ppyf 238y 2%y Correlation *%Pb Th  ®pp U U 208ppyf 282Th
Fraction® (mg) (ppm) (ppm) 2**Pb  (pg) 238y 2%y 206pp (Ma) (Ma) coefficient (Ma)  (ppm) 2*Pb  (meas) (model)  %*Th (Ma)
DG-167-95
M1-7,er,+110 0.060 5142 158.5 1851 101 0.00950+0.11 0.06097+0.19 0.04656+0.11 60.940.1 60.1+0.2 0.86 26.915.2 43197 4998 8.62 8.43 0.002961+0.21 59.8+0.3
M2-7.er+110 0.050 5941 200.6 1675 107 0.00959+0.15 0.06103+0.23 0.04615+0.13 61.5+0.2 60.2+0.3 0.84 5.446.1 56158 5045 9.70 9.41 0.002969+0.23 59.9+0.3
M3-10,er,+100 0.099 4094 129.8 1762 136 0.00945+0.10 0.06059+0.18 0.04650+0.11 60.6+0.1 59.7+0.2 0.84 23.7+5.4 35979 4975 9.01 8.82 0.002946+0.21 59.5+0.2
M4-10,er,+100 0.111 4571 141.3 1564 191 0.00942+0.09 0.06077+0.18 0.04677+0.12 60.5+0.1 59.9+0.1 0.83 37.4+5.7 38862 4281 8.72 8.56 0.002945+0.20 59.4+0.2
DG-136-95
M1,s,er,+300 0.030 4876 172.1 882.8 123 0.01167+0.14 0.07621+0.24 0.04736+0.21 74.8+0.2 74.6+0.4 0.53 67.7+0.2 38213 2155 8.04 7.65 0.003529+0.21 71.2+0.3
M2,s,er,+150 0.016 4475 1511 1263 37 0.01027+0.09 0.06692+0.17 0.04724+0.12 65.940.1 65.810.2 0.71 61.1+5.8 38984 3460 8.94 8,59 0.003140+0.21 63.4+0.3
M3,s,er,+250 0.019 3883 1395 1088 51 0.01185+0.08 0.07704+0.20 0.04717+0.16 75.940.1 75.4+0.3 0.68 57.7+7.5 30607 2669 8.09 7.68 0.003576+0.21 72.240.3
M4 s, Ir,+300 0.028 4884 173.1 1171 89 0.01213+0.08 0.07928+0.17 0.04738+0.13 77.8+0.1 77.5+0.3 0.73 68.5+6.0 36627 2722 7.69 7.28 0.003649+0.20 73.6+0.3
DG-105-95
M1-10,er,+100 0.035 5577 1344 4498 32 0.01177+0.08 0.07739+0.10 0.04770+0.06 75.440.1 75.7£0.1 0.77 84.5+3.1 22537 5966 4,15 4.14 0.003730+0.20 75.2+0.3
M2-14.er,+100 0.021 6126 156.9 4534 19 0.01115+0.06 0.07287+0.09 0.04740+0.06 71.5+0.1 71.4+0.1 0.75 69.5+3.0 29810 7316 499 5.03 0.003573+0.20 72.1+0.3
M3-12,Ir,+125 0.027 8084 179.6 7297 24 0.01282+0.07 0.08447+0.09 0.04779+0.04 82.1+0.1 82.3+0.1 0.92 88.8+1.8 25002 7026 3.17 3.00 0.003851+0.20 77.7+0.3
M4-13,Ir,+100 0.025 5287 88.5 6560 14 0.01119+0.08 0.07349+0.10 0.04763+0.06 71.740.1 72.0£0.1 0.75 80.8+3.1 11879 4528 231 2.15 0.003308+0.21 66.8+0.3
DG-122-95
M1-10,er,+100 0.032 3430 128.8 3612 18 0.00967+0.06 0.0627540.10 0.04705+0.07 62.0+0.1 61.8+0.1 0.76 52.0+3.1 37324 12398 11.2 10.7 0.002959+0.20 59.7+0.2
M2-11,er,+100 0.020 5601 186.3 2554 26 0.00943+0.08 0.06084+0.11 0.04680+0.08 60.5+0.1 60.0£0.1 0.67 38.9+3.9 53086 1724 9.72 9.46 0.002918+0.20 58.9+0.2
M3-13,er,+100 0.021 4151 182.3 2507 20 0.00925+0.07 0.05854+0.12 0.04589+0.10 59.4+0.1 57.840.1 0.58 -8.3+4.7 577934 11078 14.3 13.8 0.002854+0.20 57.6+0.2
M4-11.er,+125 0.0086 9551 374.8 5067 10 0.00973+0.07 0.06292+0.10 0.04692+0.07 62.4+0.1 62.0+0.1 0.72 45.1+3.4 106130 18287 114 11.3 0.003062+0.21 61.8+0.3
DG-118-95
A-a,s.el,+100 0.0046 134.7 39.87 847.7 12 0.26473+0.17 3.95928+0.23 0.10847+0.18 1514.0+4.6 1625.9+3.7 0.65 1773.9+6.4 80.50 195.3 0.62 0.65 0.080783+2.00 1570.2+62.8
C-a,s,el,+100 0.0050 362.4 105.4 4000 7.9 0.28112+0.09 4,20509+0.10 0.10849+0.07 1597.0+2.6 1675.0+1.6 0.75 1774.2+2.5 114.4 412.3 0.32 0.32 0.081229+0.99 1578.6+31.2
D-a,s,el,+100 0.0042 433.5 115.8 2714 11 0.26702+0.14 3.96953+0.12 0.10782+0.11 1525.7+3.7 1628.0+2.0 0.67 1762.8+3.8 117.3 187.0 0.28 0.19 0.053048+5.86 1044.8+122.4
E-a,s,el,+100 0.0040 353.0 1134 2049 12 0.28396+0.10 4,32350+0.12 0.11045+0.08 1611.0+2.9 1697.9+1.9 0.75 1806.9+2.9 221.1 4526 0.64 0.70 0.089761+0.60 1737.4+20.8
F-a,s,el,+110 0.0118 109.0 32,57 2562 8.4 0.26799+0.06 4,17257+0.09 0.11292+0.05 1530.6+1.7 1668.7+1.4 0.80 1847.0+1.9 5852 502.7 055 0.63 0.088394+0.29 1712.0+10.1
G-a,s,Ir,+100 0.0050 3919 75.97 3423 5.4 0.1520640.08 2.23594+0.09 0.10665+0.06 912.5+1.3 1192.4+1.2 0.73 1742.9+2.2 249.2 1307 0.65 1.28 0.086301+0.23 1673.1+7.82
H-a,s,Ir,+110 0.0065 326.9 58.46 3145 6.8 0.16191+0.06 3.63821+0.08 0.16297+0.05 967.4+1.1 1557.9+1.2 0.81 2486.7+1.5 69.74 4142 0.22 0.43 0.088673+4.07 1717.2+139.9
DG-107-95
1-80,u,eq,#50  0.050 537.9 4.330 1480 10 0.00888+0.20 0.05974+0.32 0.04878+0.27 57.0+0.2 58.9+0.4 0.55 137.0+12.7 9.18 459 0.018 0.018 0.002915+13.6 58.8+16.1
J-41,u,eq,+80  0.027 367.7 2932 779.3 7.1 0.00881+0.43 0.05903+0.82 0.04860+0.75 56.5+0.5 58.2+0.9 0.42 128.6+35.4 6.94 41.2 0.019 0.015 0.002165+38.6 42.9+33.2
K-80,u,el,+60 0.031 7575 6.046 1767 7.3 0.00882+0.24 0.05964+0.27 0.04905+0.24 56.61+0.3 58.8+0.3 0.56 150.0+11.2 10.95 45.0 0.015 0.013 0.002484+15.6 50.1+15.7
L-39,u,el,+100 0.030 813.0 6.498 1877 7.3 0.00883+0.08 0.06002+0.17 0.04930+0.14 56.7+0.1 59.2+0.2 0.57 162.2+6.7 N/A N/A  N/A N/A N/A N/A

®M1-4, monazite fraction # and grains per fraction (monazites unabraded); all other analyses are zircon; s, single grain analyzed; a, abraded; u unabraded; el, euhedral and elongate; eq, euhedral & equant; er, equant and rounded; Ir, elongate and rounded. Number refers to size in um.
—u - -
Weighing error = 0.001 mg.

‘Radiogenic Pb.

Measured ratio, corrected for spike, and Pb fractionation of 0.09% + 0.03%/AMU.
®Total common Pb in analysis corrected for fractionation and spike.
fCorrected for blank Pb, U, and Th, and common Pb (Stacey-Kramers model Pb composition equivalent to the interpreted age of the individual grains); errors are 1 standard deviation of the mean in percent for ratios and 2 standard deviations of the mean when expressed in Ma.
9Corrected for blank and common Pb, errors are 2 standard deviations of the mean in Ma.
"As measured by isotope dilution; uncertainty is approximately + 0.5% (2c)

'As calculated from radiogenic 2°8phyY deived (206 & 200ppy g 1ch that: Th/Umege = P23z / Pagg + Pass -

[Dyos / ("% *"-1)]

; where P and D are atoms of radiogenic Parent and Daughter respectively and A is the decay constant.

[Daos / Am%wmﬂ .“_.vH + [Dag7 /( miwmxﬂ -”_.z
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Figure 2-2. Lithologic compilation map of northern Frenchman Cap dome incorporating
detailed mapping (1:15 000) of Scammell (1986) and the current study. Sample locations
(e.g., DG-105-95) for this study’s geochronology (both monazite and zircon analyses) are
included. A-B indicates cross-section line for this chapter. Contour interval is 100 m.
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Figure 2-4. (a-i) Uncorrected U-Th-Pb concordia plots for DG-167-95, DG-136-95,
and DG-105-95; presented in order of depth (deepest to shallowest) below the
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Figure 2-4. (j-r) Uncorrected U-Th-Pb concordia plots for DG-122-95, DG-107-95,
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Figure 2-5. (a-f) U-Th-Pb concordia plots for DG-167-95 and DG-122-95,
corrected for excess ““Pb and apparent U loss. Distances below the Monashee
décollement (MD) provided in ascending order are maximum depths which do
not consider any shallowing of the thrust surface as it crests over the Monashee
complex. Plots (g-1) are continued on next page.
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Figure 2-5. (g-1) U-Th-Pb concordia plots for DG-136-95 and DG-105-95,
corrected for apparent U loss. Samples are presented in order of ascending
structural level beneath the Monashee décollement.
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Figure 2-6. Concordia plot displaying the modified York regression discordia line for DG-118-
95, through colinear fractions G, A, and C. Upper intercept age of 1778.7 = 2.7 Ma is interpreted
to reflect timing of crystallization. Lower intercept age of 62.1 & 6.1 Ma suggests a younger
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Figure 2-7. U-Pb concordia plot with migratory path of isotopic of U-Pb in monazite fractions
with time. M-1 through M-4 grew with an initial excess of *“Pb and were affected by post-
crystallization contiuous Pb loss unitl full retention was achieved (i.e., M-1"). Factors
controlling the amount and duration of Pb loss, which affect the spread of data along the
concordia curve are discussed in the text.
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Figure 2-8. Age versus depth (below Monashee décollement, MD) plot illustrating the
downward younging and decrease in spread of metamorphic ages within the northern
Monashee complex. Plot (a) assumes no decrease in dip of the MD thrust surface,
whereas (b) incorporates a moderate decrease.
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Chapter 3. Thermotectonic evolution of the Sibley Creek syncline, northern

Monashee complex, southeastern Canadian Cordillera

Introduction

Inverted metamorphic isograds are common features in the footwalls of crustal-
scale thrust sheets, and understanding the mechanisms responsible for their development
is essential for thermotectonic modeling. Some explanations for inversion argue for
transmission of heat from above. These include mechanisms such as shear heating along
thrust faults (e.g., England and Molnar, 1993) and/or heat transfer to a cool footwall from
an overlying hot thrust sheet (e.g., Lefort 1975, Royden 1993, Ruppel and Hodges 1994)
causing inversion of thermal gradients with an upward decrease in metamorphic
pressures resulting in the inversion of metamorphic gradients (e.g., Hubbard 1989,
England and Molnar 1993, Royden 1993). Alternatively, inversion may be the result of
mechanical repositioning of metamorphic isograds. This could involve folding of pre-
existing isograds (e.g., Tilley 1925, Bhattacharya and Das 1983, Searle et al. 1992), post-
metamorphic thrust stacking of isograds from differing structural levels (e.g., Bordet
1961, Treloar et al. 1989), displacement along shear zones (e.g., Jamieson 1986, Brunel
and Kienast 1986, Reddy et al. 1993, Hubbard 1996), synmetamorphic ductile shear
while preserving structural continuity of the metamorphic sequence (e.g., Grujic et al.
1996), or ductile inversion by progressive shear strain of diachronous isograds (e.g.,
Jamieson et al. 1996).

Much attention regarding this issue has been focused on the Main Central Thrust
zone (MCT) of the Himalayas (e.g.,. Lefort 1986, Royden 1993, England and Molnar

1993, Ruppel and Hodges 1994, Grujic et al. 1996, Hubbard 1996, Jamieson et al. 1996).
50
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A large quantity of stratigraphic, structural, metamorphic, and chronologic data have
been collected, but there remains little agreement concerning the mechanisms responsible
for the inversion. Another example of metamorphic inversion is found in the footwall of
the Selkirk allochthon in the southern Canadian Cordillera. This footwall is the
Monashee complex, which is exposed in a tectonic window through the basal zone of the
thrust sheet (Figs. 3-1c, 3-2, and 3-3) (Brown 1980, Read and Brown 1981, Journeay
1986). Journeay (1986) described the inverted isograds in detail and attributed the
inversion to heat transfer from the Selkirk allochthon. Parrish (1995) has supported this
conclusion, based on analyses of recent geochronologic data. The purpose of this
communication is to present new structural and geochronologic data from the Monashee
complex that appear to be incompatible with such a heat transfer model. To reconcile
these new results with previous data and interpretations, we propose a model that
attributes the inversion primarily to diachronous heating due to burial of the footwall, and
progressive ductile deformation resulting in the mechanical inversion of isograds. This
model does not refute the probability of some degree of downward heat transmission
from the allochthon to the complex but does imply that mechanical inversion was the

dominant process in this part of the footwall.

Geologic setting
The Monashee complex is exposed through a structural window within the
metamorphic hinterland of the southern Canadian Cordillera (Fig. 3-1). It represents an
exhumed basement complex of middle crustal rocks interpreted to be an inlier of the
North American craton (Armstrong et al. 1991, Parrish 1995 and references therein). The

Monashee complex consists of two distinct polydeformed and metamorphosed
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assemblages. Coring the complex are Early Proterozoic crystalline orthogneiss and
paragneiss rocks of North American cratonic affinity (Armstrong et al. 1991) which are
unconformably overlain by the Monashee cover sequence, composed of a 2-3 km thick,
laterally extensive assemblage of metasedimentary siliciclastics and carbonates
intermixed with metaigneous rocks (Wheeler 1965, Scammell and Brown 1990 and
references therein). The cover sequence is thought to have been deposited on a stable
coastal platform located on the western margin of paleo-North America that was later
affected by synsedimentary rifting and magmatism (Scammell and Brown 1990).

Bounding the Monashee complex to north, west, and south is a crustal-scale
northeasterly directed ductile shear zone termed the Monashee décollement (MD) (Read
and Brown 1981, Journeay 1986), which is thought to be the westerly continuation of the
sole thrust of the Foreland Belt (Fig. 3-1a) (Brown et al. 1992, Cook et al. 1992). The
MD separates the basement and cover sequences of the MC from the hanging-wall rocks
of the Selkirk allochthon (Figs. 3-1c, 3-2 and 3-3). The eastern limit of the complex is
demarcated by the Columbia River fault (CRF) (Figs. 3-1c and 3-2), which is an east-
dipping Eocene normal-sense shear zone partly responsible for the tectonic unloading of
the complex (Journeay and Brown 1986, Parrish et al. 1988, Carr 1991, Johnson and
Brown 1996).

Interpretation of the tectonic history for the complex has evolved substantially
over the past decade. It was generally agreed that the complex was buried during crustal
thickening associated with the Cordilleran orogeny, but the timing of initial burial at pre-
peak metamorphic conditions was uncertain. Brown (1980) first suggested that burial
occurred as early as Jurassic time. Journeay (1986) and Brown et al. (1986) modified

this idea by proposing a duplex model of crustal thickening of the complex beneath the
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Selkirk allochthon. This model implied eastwardly displacement developing in the
Jurassic and progressing into the Tertiary. The complex was thought to have been
exhumed initially during the late stages of compression, and final exhumation occurred as
the result of extension and tectonic denudation in the Eocene (Brown and Journeay
1987). More recently, using structural arguments based on crustal cross sections and
palinspastic restorations, Johnson and Brown (1996) suggested that the complex was
deeply buried during Cretaceous time followed by partial exhumation during the Late
Cretaceous. Final exhumation from middle crustal depths (~12 km) was facilitated by
Tertiary extension.

Parrish (1995) reinterpreted the tectonic history of the Monashee complex based
on new geochronologic data. He argued that the complex is autochthonous and was not
deeply buried until Paleocene time. Parrish proposed that burial of the complex beneath
the hot Selkirk allochthon was rapid and was quickly followed by exhumation in the
Paleocene to Eocene, which allowed for the inversion and preservation of the present-day

metamorphic isograds.

Structural setting of the footwall: northern Monashee complex

The northwest portion of the MC is dominated by a regional-scale isoclinal fold
system that includes from south to north the Mount Grace syncline, Kirbyville anticline,
and the Sibley Creek syncline whose axial surfaces dip moderately away from the
complex toward the northwest and southwest (Brown 1980, HOy and Brown 1980).
These folds involve both the basement and cover gneiss sequences of the complex and
form kilometre-scale, easterly vergent isoclinal nappes. They are thought to be coeval

with the earliest stages of Cordilleran deformation recorded in the complex (Journeay
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1986, Scammell 1986) and are therefore important to the overall understanding of its
thermotectonic evolution.

This study is focused on the northern flank of the Monashee complex (Figs. 3-1,
3-2 and 3-4) where the Sibley Creek syncline (SCS) and its associated structures are
found. Many of the structural elements described herein have been previously
documented by Scammell (1986) and are diagramatically illustrated in Figure 3-5 and
Plates 3-1 through 3-7. Ascribing of structures to a “generation” has been based on
superposition of one generation upon the other as observed in outcrop and hand-specimen
scale. As such, “generations” have geometric and sequential significance, but time
correlations (at the regional scale in particular) are not implied. Indeed, data presented
here demonstrate that “generations” are diachronous.

The SCS is a second generation structure (D2) which is a pre- to -early
metamorphic (Journeay 1986, Scammell 1986) kilometre-scale, overturned and non-
planar fold that controls map-scale geometry (Fig. 3-4; Map 2; Plate 3-1). Its axial
surface is periclinal and moderately dipping (~20-30°) with a hinge line that plunges
shallowly at ~10-25° towards the west-southwest (Scammell 1986). The trend and
plunge of the hinge line is based on stereonet calculations using strike and dip
measurements of compositional layering in opposing limbs (Scammell 1986, fig. 7),
direct measurement of hinge lines in the current study (Fig. 3-6 a-3), and the fact that the
axial planar measurements are also shallowly dipping (Fig. 3-6 a-2). Journeay (1986)
also measured shallow south-plunging hinge lines for this generation of deformation
along the western flank of the complex (The mechanism causing the variation in the

orientation of these hinge lines is discussed below). The SCS is well defined by an
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established stratigraphy that can be walked around major closures. Stratigraphic facing
directions have been determined in this study and by Scammell and Brown (1990) using
preserved cross-bedding found in competent quartzites in the hinge zone of the SCS
(Plate 3-2).

The SCS has highly attenuated limbs that thicken dramatically towards its core
(Fig. 3-4; Map 2). This is especially true for unit 9Q quartzite, which increases from less
than 1 m in thickness in the lower limb to greater than 1 km in the core, suggesting that
transposition was occurring during the formation of the SCS causing lithologic layering
to become subparallel to the axial planes of the SCS. The fact that the trend of the hinge
line for the SCS varies between a shallow westerly plunge in the east (Fig. 3-6 a-5) and a
southwesterly plunge in the west (Scammell 1986, fig. 7) is likely attributable to the
subsequent doming of the complex, bending the SCS around the northwest corner of the
dome (Brown 1980). This interpretation is also supported by the change in direction of
the axial surface trace of the SCS from east-west in the east to northeast-southwest in the
west (Figs. 3-4 and 3-6, Maps 2 and 3) of the field area for this study and that of
Scammell (1986).

The SCS and its related macroscopic folds (i.e., Mount Grace syncline, Kirbyville
anticline) do not appear on the eastern side of the complex (Psutka 1978, Hoy and Brown
1980), thus the development of overturned stratigraphy due to that phase of deformation
is restricted to the west flank of the complex. The proximity of these structures to the
basal zone of the Selkirk allochthon suggests that their formation is a result of its
emplacement.

In the core of the SCS, associated parasitic folds and fabrics are sparse and only

clearly identified in the eastern portion of the field area within competent lithologies such
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as the unit 9 quartzite (Fig. 3-4). The geometry of the minor folds is close to tight and
vary between Class 1C and Class 2 similar folds (Ramsay and Huber 1987) (Fig. 3-5,
Plates 3-3 and 3-4). They are usually 1-2 m in scale, symmetric in the hinge zone to
strongly asymmetric toward the limbs. Hinges plunge shallowly to the west or west-
southwest, and axial planes dip moderately to the north or northwest. In the highly
attenuated limbs of the SCS these associated minor structures become completely
isoclinal and boudinaged and are rarely preserved.

Folded around the hinges of some of the minor parasitic folds of the SCS is a
foliation surface (S0;) which is interpreted to be the first observable generation of
deformation in this study (D1) (Fig. 3-5, Plate 3-4 ). These foliation surfaces are defined
by the preferred orientation of muscovite-biotite + chlorite and appear to pre-date the
growth of high-grade metamorphic minerals. The significance of the deformation
responsible for the formation of the foliation surfaces is not known, but preservation of
sedimentary structures (e.g., cross bedding; Plate 3-2 ) in the hinge zone of SCS and the
other major closures of this generation suggest that any previous deformation was not
regionally significant.

Observed in only two locations throughout the field area were folds that are
assigned to the third generation of deformation. They are tight to isoclinal with
approximately vertical axial planes and shallow west-plunging hinge lines. Outcrop
relationships demonstrate that they deform peak metamorphic minerals such as kyanite,
biotite, and hornblende. In both locations, these folds are refolded by the subsequent
generation of deformation, D4 (Fig. 3-5, Plate 3-5) which is penetrative throughout most
of the current field area. The D4 structures overprint earlier generations of deformation

at the outcrop scale, but do not have an obvious effect on the larger-scale SCS. The D4
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folds vary between northerly and southerly vergent, but do not systematically change
vergence across the hinge of the SCS. They are asymmetrical, tight to isoclinal,
overturned, reclined, and sometimes disharmonic (Fig. 3-5, Plate 3-6). The axial planes
(S4) dip moderately to the west and northwest, paralleling the penetrative foliation found
throughout most of the field area (Fig. 3-6; Map 3) and for the most part are parallel to
sub-parallel to the compositional layering (Fig. 3-5). Stereonets in Figure 3-6
demonstrate that the hinges of D4 plunge shallowly to the west colinear with the regional
mineral lineation defined by stretching of quartz and feldspars and by the alignment of
peak minerals such as kyanite, sillimanite, amphibole, and pyroxene (Journeay 1986,
Scammell 1986). This dominant orientation is approximately parallel to the interpreted
direction of transport for the Selkirk allochthon (east-northeast) over the Monashee
complex (Journeay 1986).

The geometry of these D4 folds indicate that they were products of both passive
and flexural flow folding (Scammell 1986), suggesting high temperatures during their
formation. This is confirmed by the observations at the outcrop, hand-sample, and thin-
section scale which indicate that the peak mineral assemblages both pre-date and
overgrew the D4 fabrics. These observations and interpretations agree with those made
by Journeay (1986) in which he attributes the colinearity between hinge-line orientation
of D4 folds (F4) and the regional trend of mineral lineations to high-temperature passive
rotation during non-coaxial flow associated with the east-northeast-directed overthrusting
of the Selkirk allochthon. In light of the above description, it is quite likely that the SCS
and its associated fabrics were significantly modified during generation of D4 structures.

The last generation of deformation (D5) in the study area consists of brittle

structures that are dominantly steeply dipping and trend to the north (Plate 3-7). Minor
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faults, fractures, and joints overprint all the earlier deformation described above and
rarely display displacements of over 5 m. They are likely related to the development of
Eocene extensional faults which bound the Shuswap complex (Journeay 1986, Parrish et
al. 1988, Johnson and Brown 1996). Although most of the D5 features described above
appear to be brittle in this part of the complex, Journeay (1986) described discrete west-
dipping ductile normal sense shear zones along the western flank of Frenchman Cap
dome (Fig. 3-1c) that are possibly related to the Eagle River - Okanagon Valley fault
(ERF, OVF) system. These structures pre-date younger brittle extension of probable
Eocene age and post-date easterly directed mylonitic fabrics related to Late Cretaceous to

Paleocene compression.

Summary

The following is a summary of the relationships between the multiple generations
of deformation and metamorphism found in the northern Monashee complex:
(1) The SCS and related D2 structures are pre-to-early metamorphic and fold a pre-
existing foliation surface (D1) that contains low-grade micaceous minerals.
(2) D2 structures and a rare occurrence of synmetamorphic upright folds assigned to D3
are refolded by pervasive syn-peak metamorphic D4 structures.
(3) D5 structures, which appear to be related to extensional denudation of the complex,
include ductile extensional shear zones and brittle normal faults.
(5) Low-grade metamorphism is thought to have started during D1, before the initiation
of D2 deformation (i.e., SCS), and to have attained peak conditions during the generation
of D3 and D4 structures. Peak temperatures continued to persist up to the initiation of

extensional deformation (D5), but decreased to low-grade conditions during the final
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stages of extension.

Timing constraints of deformation and metamorphism
Summary of geochronology

The geochronologic data presented in Chapter 2 are now reviewed and the results
are applied to the timing of the deformation fabrics and regional metamorphism.

For this study, *®Pb/*2Th and dual Pb/U chronometry were performed on
monazite and zircon from six strategic localities. The “®Pb/***Th ages are interpreted to
be the most accurate approximation of the time of crystallization (Chapter 2). Thus, the
ages referred to are those produced using 2°®Pb/?*2Th chronometry. Of particular
significance are 16 monazite fractions extracted from four pelitic schist samples
containing peak metamorphic mineral assemblages of kyanite + andalusite + sillimanite,
garnet, biotite + muscovite, quartz, plagioclase £ k-feldspar. These samples were taken
from systematically deeper structural levels beneath the Monashee décollement (Figs. 3-7
aand b, and 3-8). Additionally, three of the four pelitic samples were taken from the
same lithological unit (unit 7P, Fig. 3-4; Map 2) that occurs in both the upper and lower
limbs of the SCS. The data produced enable examination of the timing of deformation
and metamorphism with increasing depth.

Sample DG-105-95, unit 7P, highest structural level, ~510 m below MD

Sample DG-105-95 was taken from a kyanite-biotite-muscovite-plagioclase-
quartz-bearing pelitic schist of unit 7P, found within the upper, overturned limb of the
SCS (Fig. 3-4). This sample represents the highest structural level of all the analyses

performed in this study and the closest to the MD of all rocks taken from the Monashee
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complex. In both hand sample and thin section a conspicuous foliation (fabric) is
present, designated S,, defined by the preferred alignment of metamorphic minerals such
as kyanite and biotite, consistent with deformation and peak metamorphism being coeval
at this location.

The 2°®Pb/*?Th ages for this sample range from 77.7 + 0.3 t0 66.8 + 0.3 Ma
which is interpreted to be equivalent to the age of syn-peak metamorphism and
deformation (D4) at this level. The monazite crystals in this sample have evidently
persisted during a complex thermal history which involved a sustained duration of
elevated temperatures during and after crystallization. Additionally, some loss of U

evidently occurred.

Sample DG-136-95, unit 7P, ~600 m below MD

This sample was also taken from unit 7P within the upper, overturned limb of the
SCS but at a slightly lower structural level (Figs. 3-4, 3-7, and 3-8). The metamorphic
assemblage of DG-105-95 consisted of kyanite-sillimanite-K-feldspar-garnet-biotite-
plagioclase-quartz. The metamorphic fabric is not as strongly pronounced at this
location.

The ?®Pb/?**Th ages approximate those produced for DG-105-95, ranging from
73.6 £ 0.3 10 63.4 £ 0.3 Ma, and are interpreted to reflect the timing of peak
metamorphism and deformation (D4). This suggests an environment of prolonged peak
thermal conditions during and immediately following crystallization. Like DG-105-95,

U loss was interpreted to be significant for all fractions analyzed.

Sample DG-122-95, unit 11P, ~2200 m below MD
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DG-122-95, a kyanite-garnet-biotite-quartz-plagioclase-bearing pelitic schist of
unit 11P represents an intermediate structural level, located within the overturned limb
immediately proximal to the hinge of the SCS (Fig. 3-4). Deformation of the peak
metamorphic mineral assemblage is prevalent, with thin sections showing a definite
alignment of biotite and kyanite defining the main fabric within the rock interpreted to
have formed during S4. The quartz grains appear to have been dynamically recrystallized
and elongated, suggestive of mylonitization.

The 2®Pb/?**Th ages are substantially younger and closely grouped at this locality
versus higher structural levels, ranging from 61.8 + 0.3 to 57.6 + 0.2 Ma (Fig. 3-7a and 3-
8) possibly suggesting a shorter duration of crystallization at a younger time.
Additionally, the U loss for the fractions in this sample is interpreted to be minor,

indicating a more simple thermal history at this level.

Sample DG-167-95, unit 7P, lowest structural level, ~3010 m below MD

Located within the lower, upright limb of the SCS at the structurally lowest level
sampled in this study, DG-167-95 was taken from a kyanite-sillimanite-biotite-
muscovite-plagioclase-quartz-garnet-bearing pelitic schist of unit 7P. Thin section
analyses showed that most of the kyanite, sillimanite, and biotite are preferentially
oriented, defining the main penetrative foliation of this rock which parallels the main
westerly to northwesterly dipping penetrative foliation (S;). However, one garnet crystal
does display a preserved fabric defined by an alignment of quartz inclusions at a high
angle to the main fabric. It is difficult to establish which generation of deformation this
belongs to because of the paucity of preserved pre-S, fabrics at all other localities.

The ?®Pb/?**Th ages are tightly clustered, ranging from 59.9 + 0.3 t0 59.4 + 0.2
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Ma, significantly younger than the ages produced at the highest structural levels. The
data for this sample are interpreted to be indicative of a closed-system environment
where crystallization of monazite was of short duration and U loss insignificant,
suggesting a much simpler thermal history than those located at higher structural levels

(Chapter 2).

Timing of deformation and metamorphism

The timing of D1 can only be qualitatively interpreted as pre-dating the SCS (D2)
event. Likewise, the SCS and its minor structures can only be loosely constrained given
the lack of data needed to accurately quantify this generation of deformation. However,
general timing constraints can be applied which take into account the information
presented above and previously published geochronology. The SCS and associated D2
structures can be no older than the youngest dated lithology they deform, which is ~388
Ma for a pyroclastic horizon belonging to unit 10AP (Scammell and Parrish 1993).
Additionally, this timing may be further constrained by palinspastically restoring
Cordilleran deformation that is considered to have occurred prior to the Late Cretaceous.
This restoration suggests that the deformation front was still to the west of the Monashee
complex at that time (Brown 1997, work in progress).

To constrain the minimum age limit of the SCS (D2), its relationship to D4 must
be considered. At outcrop scale, the peak metamorphic D4 structures penetratively
overprint the macroscopic-scale SCS and through thermally aided deformation
undoubtedly modified the pre-existing structure of the SCS. Furthermore, it is quite
plausible that the generation of D4 structures was part of the continuing high-temperature

development of the SCS. Thus, the D4 structures that we observe today at the outcrop-
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scale represent a snap shot of the latest stages in the evolution of the SCS. Thus, D2 is
interpreted to be pre-D4 and pre- to syn-peak metamorphism, whereas D4 is thought to
be syn-D2 and syn-peak metamorphism. Both of these generations of deformation are
overprinted by peak mineral assemblages, suggesting that these structures were likely
completed prior to the termination of peak conditions and the most recent mineral
growth. Accordingly, the minimum age limit for completion of D2 and D4 can only be
bracketed by the overprinting ductile and brittle structures of D5. D5 is thought to be
related to the extensional denudation of the complex (as discussed earlier), which is
interpreted to have initiated at least by 59-58 Ma (Parrish et al. 1988, Parrish 1995). A

summary of the above interpretations is provided in the diagrammatic table of Figure 3-5.

Thermotectonic models
Apparent metamorphic age inversion_

The monazite data are interpreted to reflect the timing of peak metamorphism at
each locality based on thin section analyses which displayed monazite crystals
intergrown with the peak mineral assemblages. Two cross sections have been
constructed at an acute angle to each other (Fig. 3-7 a and b), which show the estimated
position of the sample localities with respect to the SCS and the extrapolated position of
the Monashee décollement overhead. Figure 3-8 is an X-Y plot illustrating the
relationship of monazite ages to depth below MD. From these figures it is clear that the
timing of peak metamorphism is consistently younger with increasing structural depth.
This inversion is consistent with the results of J.L Crowley (unpublished data 1997)
produced further south within the Monashee complex where zircon, monazite, titanite,

and hornblende ages illustrate a younging of peak thermal conditions at progressively
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lower structural levels beneath MD.

Another observed trend is the consistent decrease in the spread of ages for each
sample with increasing structural depth (Fig. 3-8) beneath MD, with the greatest range
found closest to the déecollement (DG-105-95, ~10 Ma) as opposed to the tight clustering
found at the deepest level (DG-167-95, ~0.5 Ma). This trend has also been noted by J. L.
Crowley (unpublished data 1997), and he interprets this to reflect a decreasing duration
of peak thermal conditions at structurally deeper levels. However, within the limits of
this study and the data generated, there is not sufficient evidence to corroborate or refute
this interpretation. Nevertheless, based on the observations made above one can
conclude that monazites from rocks sampled closest to the Monashee decollement
experienced a more complex thermal history and grew at an earlier period of time than

those located deeper in the tectonic pile.

Rapid Paleocene burial and Eocene denudation (Parrish 1995)

The observations and interpretations made above concerning the apparent
inversion of peak metamorphic ages and the decrease in duration of elevated
temperatures with depth seem on the surface to be consistent with the model proposed by
Parrish (1995). As pointed out earlier, Parrish argues that the Monashee complex was
rapidly underthrust beneath the hot Selkirk allochthon during the Paleocene, causing a
thermal inversion which resulted in an inverted Barrovian metamorphism. This was
followed immediately by rapid exhumation of the complex and the allochthon during an
episode of Eocene extension. Parrish bases these conclusions in part on petrographic
evidence presented by Journeay (1986) and the abundant geochronologic data produced

within and around the complex that suggest a brief thermal peak of 600-700°C at
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approximately 60-55 Ma.

Simply put, the complex begins to heat up from the top down resulting in
monazite (and peak metamorphic assemblage) growth closest to the heat source (the
Selkirk allochthon) where sufficient elevated temperatures are first attained. As the
thermal front progresses downward through the footwall, subsequent growth of monazite
occurs, post-dating those found at higher levels. Eventually, as the front reaches its
deepest levels (i.e., DG-167-95) the onset of Eocene extensional denudation occurs,
which in turn allows for the partial exhumation and quenching of the upper level samples
while the lower levels are still in an environment hot enough to allow the growth of peak
metamorphic minerals. As the rapid exhumation of the tectonic pile continues, deeper
level rocks are cooled at shorter and shorter times following their attainment of peak
temperatures. These factors together result in the observed inversion of metamorphic
ages, decrease in durations of elevated temperatures with depth, and more regionally, the

inversion of metamorphic isograds.

Problems with the heat transfer model

The new geochronologic and structural data presented in this study appear to be
inconsistent with a model of thermal inversion as presented by Parrish (1995). The
monazite Pb/Th ages, which are considered to be the best approximation for the timing of
peak metamorphism, are not consistent with rapid burial of the complex initiating in the
Paleocene. Monazite belonging to sample DG-105-95 began to crystallize at least by

77.7 £ 0.3 Ma, suggesting that elevated thermal conditions due to substantial tectonic
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burial were reached prior to the Paleocene. Additionally, observations and
interpretations presented herein suggest that rocks closest to the overlying heat source
(Selkirk allochthon) were maintained at peak thermal conditions for at least 10 Ma,
doubling the time predicted by Parrish. This prolonged duration of elevated temperatures
is difficult to reconcile with model studies by England and Thompson (1984) and Ruppel
and Hodges (1994), which indicate that any thermal inversion would have been relaxed
in only a few million years. Thus, the duration of elevated temperatures indicated by the
data should have allowed for nearly complete thermal relaxation of the isotherms, erasing
any evidence of inverted isograds.

Another limitation of the thermal inversion model invoked by Parrish (1995) is
that it does not consider the potential role played by deformation processes. It will be
demonstrated that without invoking a significant component of mechanical modification,
the distribution of ages found in this study is difficult to reconcile. There is at least an
18.3 Ma age difference between the initiation of monazite growth for the highest and
lowest structural levels sampled (DG-10-95 and DG-167-95). With initiation of growth
assumed to be analogous to the timing of peak metamorphism at these levels and with the
structural distance between them calculated at ~1.7-2.5 km (Figs. 3-7 and 3-8), then a
thermal inversion model would require an extremely slow rate of conductively driven
heat diffusion from the overlying allochthon. A first order approximation of the vertical
distance (Z) that would be penetrated in 18.3 Ma (t) by heat conducted from the hot
overthrusted Selkirk allochthon has been calculated using the following equation

modified from Hargraves (1981):
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Z=1x xt [6]

Where « is thermal diffussivity in continental crust which is estimated to be between ~1.2
x 10°m?s™? t0 6.0 x 10" m?s™ (England and Thompson 1984), assuming a constant heat
source of 2.5 x 10° J K™ m™ and average crustal conductivities of 1.5 W m™* K*to 3.0 W
m™* K. Asaresult, a vertical separation of ~18.6-26.3 km between the highest and
lowest sample localities is required, equal to at least ten times the actual calculated
distance. Conversely, if it had taken 18.3 Ma for the heat to penetrate the restricted
vertical distance of ~1.7-2.5 km, an inexplicably low heat diffusivity value of

approximately 5.0 x 10° m? s would be required.

Coupled thermomechanical model

To overcome the apparent difficulties of applying a simple thermal inversion
model, a coupled thermomechanical model is proposed (Fig. 3-9) using lines of reasoning
similar to those put forward by Jamieson et al. (1996). In this model substantial easterly
directed shear strain and attendant attenuation in the footwall led to the apparent
preservation of inverted diachronous metamorphism.

Thermochronologic and structural data presented above suggest the SCS was
initiated in pre-peak metamorphic conditions and was modified by diachronous and
penetrative syn-peak metamorphic deformation. In the earliest stages of Cordilleran
deformation within the western limit of the Monashee complex, the SCS is presumed to
have evolved significantly west of its present-day position in a cool environment as a

buckle fold (Fig. 3-9b). With time, progressive burial (maximum thickness ~20-25 km;
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Fig. 3-9 a-2) and heating contribute to an increase in the mean ductility of the rocks being
deformed, leading to an overall decrease in their ductility contrast and thus a change in
fold mechanism from buckling to passive flow. During this flow, hot rocks at deeper
structural levels would be translated eastward relative to the underlying rocks, resulting
in the present fold geometry (Fig. 3-9). During this time (~78-59 Ma) the deformation
front is presumed to be located a significant distance to the east (~ 94-237 km) where the
tectonic pile is of minimal thickness with little or no heat production. This distance can

be determined using a simple geometric calculation:

D = v/tan B [7]

where D is the distance (east) to the leading edge of the tectonic wedge (or front), v is the
maximum vertical thickness (~20-25 km) above the SCS, and B is the angle of critical
taper (Suppe 1981) of the tectonic wedge with the horizontal (~6-12°, based on
reconstruction by Johnson and Brown 1996).

Figure 3-9 diagramatically illustrates that during the onset of Cordilleran
deformation ( ca. 100-77 Ma, Brown 1997 work in progress), the western flank of the
Monashee complex began to deform in a break thrust fashion (Willis 1893). Stratigraphy
is folded in an anticline-syncline geometry proximal to the surficial expression of the
progressing thrust front. In time, the connecting limbs of the anticline-syncline pair are
sheared, overthrusting the hanging-wall anticline and preserving a footwall syncline. As
overthrusting progresses there is an increase in the mean ductility of lithologies due to

the heat provided by tectonic burial to ~20-25 km and to a lesser extent from the hot
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allochthon. This leads to a reduced contrast in ductility of the lithologies which allows
the SCS to approximate a passive flow fold. Figure 3-9b demonstrates how rocks
presently found in the overturned limb of the SCS (A’) may have been translated
eastward up to 11 km from their original position (A) along passive flow lines at a rate of
approximately 0.6 mm/a for ~18 Ma. Conversely, rocks located in the lower limb (B”)
traveled significantly smaller distances (~1.5 km) for a lesser amount of time (possibly
0.5to 1 Ma). At approximately 59 Ma the tectonic pile rapidly denudes via erosion,
doming, and extensional unloading beneath the Columbia River and Okanagan Valley
faults (Parrish et al. 1988, Johnson and Brown 1996), quenching the heat and preserving

the present configuration of inverted peak metamorphic ages found in the footwall.

Summary of current thermotectonic model

This model incorporates a coupled thermomechanical effect with a clear role for
shear strain and a probable but less important role for heat transfer from the advancing
allochthon. The systematic nature of the change in ages also argues against local heating
due to transmission of fluids in which you would expect a more random distribution of
ages with depth. As a result the diachronous and upward increase in peak metamorphic
ages within the footwall across the SCS is accomplished via mechanical juxtaposition
while requiring no downward transmission of heat from the overlying allochthon.
Although it is recognized that some downward heat transmission is to be expected, it
appears that in this part of the MC the diachronous distribution of peak metamorphic
assemblages is largely a result of syn-metamorphic progressive deformation.
Accordingly, applying this model to the more regional scale of the MC would require a

significant component of thermally aided deformation and rapid exhumation as opposed
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to heat transfer from above to satisfy the present distribution of inverted metamorphic

ages and isograds (Figs. 3-2, 3-3, 3-7a, and 3-8).

Conclusions
(1) Structural evidence suggests that the Sibley Creek syncline deforms a pre-existing
foliation surface. Therefore, the Sibley Creek syncline post-dates the earliest generation
of deformation affecting the cover sequence stratigraphy of the Monashee complex.
(2) There are at least five discernible generations of deformation found in the Sibley
Creek syncline area. These generations are local markers of progressive deformation, but
each generation evolves diachronously as a function of structural depth beneath the
Selkirk allochthon.
(3) Major tectonic loading of the complex occurred at least by 77.7 Ma and continued
until approximately 59 Ma when it was rapidly denuded.
(4) An analysis of the structure and geochronology of the area indicates that the pattern
of dates relative to the overlying allochthon is consistent with distributed ductile
deformation of isograd surfaces by substantial east-directed shear strain and attendant
attenuation in the footwall, leading to relative lateral transfer of rocks preserving
evidence of inverted diachronous metamorphism. Previous tectonic models that attribute
the distribution of diachronous and inverted peak metamorphic assemblages solely to

conductive heating from a hot overthrusted heat source are rejected.



71

‘pap1Aoid are SAI30[OY)I] JO SULWI) JALIB[L AU} J[qISSOd QIYA\ "UOYIYDO[[.

YID[OS Y} JO SAI30[0y] [[em SUISuey] oy} PUB JUIWR[[OIIP IOYSBUOA Y} JO [[BMI00F AU} UIYIIM PAJRIO] “XI[dW0d 99YSLUOIA A} JO SAISO[OI]
Jolew oyy axe papn[ou] (1661) A[99IN PUE I[QIYA PUR (066 ) UMOI PUE [[OUWIEIS WO POYIPOW ‘BII[[IPIO)) UBIPBUL) AU} JO PUBRTIAIUIY
QU UI PAIBOO[ 1]2q BIQUIW() UIA)SLayInos Jo dew o1uo3o0) (0) -3[2g Boruaw() Ay} pue BIqUINO)) YSHLIF UIIm (0) JOJ uoneoo] dewr oy} souIfino
() urjosur xog "(066) UMOIG PUE [[QWLUEIS WOIJ PIYIPOW ‘BID[[IPIO)) UBIPEUR)) d) JO SOUBLID) Pue s}[oq dr3ojoydiow (q 29 ©) *J-¢ 9In31

o o .>>¢Z ~A|[ DINOLNId VN INVHYIL 3ZITVHE3NTO
ssioub jusweseq xo|dwoo 88YsBUO O © sebng A~ A~ A Al|DIHAHOWVYLIN . al o
2 e WY +|| @a3alAlaNna\ o AT M\ L0
oj0zolajoidosjed 0} (i) ueayoly mm e p——— g ) ___.f X
Yo d 1
aouanbas 19A00 Xxa|dwoo 8aYSEUo ) N\ © o 0¢ Ql ) SANVHYIL (AN ST
. _ useuon () : N RN {ETETONEN 7 A N 7
(¢) o10zos|ed 0} 210ZOJIB)0IdOB|EY ] Tror Ve Sl s M d
,»M ~ TN Aw : - APNveELEEdNS
papiaipun xa|dwoo %eﬁ::m@ * W. DI mmw__ﬂg.\_mﬂ_dw_wm_z.". A : T w
dnoibiadng mEELmuE\S@ \) 7%&0@ /Mw. * 51 1eaeiy R N __ N
ol10zolajoldoaN uipQ-J4oyL ) INVYHEYILNEIdANS i
\IN g TNl TINVINOWEEINND, A o
uonewso4 Joyspeg pue dnoso fiwen (T B £ uopuoolie T L ss‘\ OINOLYHOREd\\ | 0
UBLIQWED JOMOT 0} 910z0J8}0idodN o L HBHISS . . NIOYVIA TVLNINILNOD 09 = :
dnois pioyiy pue ‘dnoi COSSNS W o ‘snowesls Q30V1dSIav .
neapieq ‘sbejquasse Aeg o|be] smﬁ_\@ INVYY3L IFHSYNON A i
0l0zoajed 0} ol0zoisjoldoaN [+ &’ %Qa.\NGmQ. .. SOUBIIR] !
ssioub onuopouest () [ 7\ oy .%_wmwﬂv.rvw VOIIINY HLYON TR S
ueuoneQ [N 1t g Sosanet ) T AN | % émhmm%%o\ \\
mn_o:cmhm@ N A >Mssss M D
snosoejal) 8jeT 0} uelUOAS( s
TS S1139 JI90T103I90HdH0N
sdnolf youey JadieH pue o|sey @ M .
JISSell] 0} UeluoAs( swop deg |4
uewyoual4 67
SOIUED|OA OJE B|ODIN @ J;
w o
ol|sselnf JamoT-oIsseld] Jaddn 7 P N L Y B
%_B_cma@ S \ A\ A @
olsseinp a|ppInN A - BN
= " TN -
“ K ' . .
spiojiuesB @ _ 2\ | 2 N A =z .
snoeoejal) 8|ppiw iy mw < xS [ '
\ X X X5 AN A !
splojiues ‘e SUIPUAS 99815 JUNON = SON ~ % ¢ oA N 09
fienual Alle3 o) snoeoejely oje BUIIONUE B|INAGUI = W o A < 8-\ !
auljouAs yaau) A9|qIS = SOS e\ 2. LI
wn_o:cmhmO VNA 2\ \2 -H ‘) -
suso03 Aje3 BJB1L 80BUNS [BIXY Nn_\A \mu 2= ®//oo s
ne4 |ew.lo = - -
solueo|oA dnolg sdoojwe)y Q H_H_smu_n__aw:._c—./__. Eoz.u. .. N M e
2 suaboajed SIHNLONYLS N ¥ .



Dan
Text Box
71


N

Selkirk allochthon

Lithologies of Frenchman Cap dome
Late Proterozoic to Paleozoic

. -~ o S8 558 S +
-g 8 8 % E 8 8 S ’ '\,QSY\,QS&'Q y
02 N 23 T 3 28 o5 8 29 T
— - - c = = A R e
25 ¢. S 855g, s T L 2 =0 © Tt
30 o = < =2 QS ® @& o 5
o2 TR=R= Nz £ £o 8902 £0 o w5 ©w <& 2 < g 4+ o+
— 0 o)) w O L:‘E’ el o = ro¥ = L .
s32 o  S45 %% of °% o Go s S & 5 95 © . 2 HE++++4H++4++
I 3 23S %o 9_ 82 92 955 3 3 E oo -8 £288,2 £ e+ +++4++4+
S5EE 2 EQE 2 9> ZEZ oEp; £5 B £ € & 3w 85 52823 o
Exz 2 2 5%. 09 Ok CE 5.2 SEE 2 2 0 2. T8 EESEOR. - + o+t +t
0 2o 28 £ Q8eZ 2% gy 85 fgo ©E= 00 E DT 20 5=25032% S
= ©c 2 = = T< == ®-— ' ' i += £ ;
= = o ® = - © no o o ) )
NG 0gl® €22 ° S w0l , 25 40 2g¢ °2 ‘ { eidel ® "lhg oo A N s ,
22 =25 333 9 £3%,75 5% 57 o% 293 Lo <l ShaLnSs SO0 { | PRI S 2
'E‘L on Eu 1 OO0 = o3 s N WO —~ = o= o c
“"E =0 o c 2— (Sled E o oSS
592 o %% -° s o Egs O §§ o= §» 588 -z o R D
= 30 c o pas =
To® = o°= 896 02 4T 1 20 g5 °2 ~ _~— L Tttt Yt S
CE 2 5.9 ot 5 v = gUE O Y= c® O .....
482 5820 ESo N5 S 58488 8 (O o __ o Al AR Gkt
(] - © = -— -_ 0
poa _ 9G8 5 < O o5 c© ++ At
cE_. g E®° wec o £ O 3%2 > o%
org € 0,5 ®EN = = £ 035 T < + + A+t
o) > Q00 . c =
a8 5 352 olo S5 > ©
m PES ocp & 2 = i @ S
Q- ©®g0o [o o7 = \\l
23 a2 ©to © ‘ T ottt
Q.'_tn quL)'.C '—LC (O] L
0% © gFs E8s % o
<5 . c abe S = +++++
8¢ ©°°° K@ 0 ++++
c
558 O @ o ot
= & +++++ + 1
0 &
ot N EaE e
R SRR
""" DR T L
4 s+ TR E TR P
ot ++++++§ .
R TR P
g RS
————k L
+ 4+ + +1ONY Auag + & F FF F 0500
R R R T T T Y
Prrree e gon g
R S ’ * > 4 7 SRS s"-'-'--"'s'sssgssgje'\ogsg%,sg%sgssg% s

........... < FHt++ A+t
hTER IN-SIN-IIIS oF 4

R I T A A S S S A S S
, - - A T T R e O S N S S A AR A S S A
h s S P I I S A AR AR
4 > S L3 - ' - S8 %S
NG S S S AR A 5555855 s

< L} < < < < o

s $ IS

R T T T T T R S T S

Lake

IFigure 3-2. Generalized geologic compilation map of Frenchman Cap dome, modiﬁed. frbm Journeay

1986). Box inset outlines field area for current study.



Dan
Text Box
72


73

-€ "1, uI UMOUS aJIe SN 3901 10§ suroped pue uonoos Jo uoneoo| ‘wisiydiowejow Arenid], A[1ed I0 910Z01301d SuLmnp MIIF S[eIour
oY) JOYIOYM UIBLIOUN SI JI 9SNBIIQ UMOUS JOU dIB JUIWASEq dY) Ul SOFB[qUIASSY “(UIdIOY) SOOUIQJAI pue (986 ) AeduInof woyj
p1Ep) 90Uuanbas 10409 Y} Jo s3sIyos onrad ur sadejquiasse [erour orgdiowejow ayp o uonisod [ergoniys gjewrxoidde Surmoys (9861)
Keawno( 191ye paygrpowt ‘(L661 ‘uoneredard ur) A9[mo1)) T ( WOy udye} ‘Qwop de) uewyoudl,| UIdYIoU JO UONIIS SSOI)) “¢-¢ INJI|

wJolue asyseuop = YN
sp|o} ssed @oaldilled = 4dd
sp|oj olydiowe)sw-}sod

BUI|oUAS 89BI9 JUNON = SO
auldnue o||INAqQIIY = VY

sp|o} olydiowelsw-aid ‘sauloost de) uewyouali

Jiney ¥9919 plojyorey
1Ine) abuey Asisuy

S90BlJ} 90BLINS |BIXE

404
44V

ajluewljis = |IIS
9}IA0OSNW = S|\
Haw = |w
a1uRAY = Ay
Jedsp|a)-y = SIM
ajisnjepue = puy

|eyuoziioy

~

T v+ F T+ F F F o~
L R

Yo s, -+ [OA9

N LN

JaMo|

2ayseuop

— o — =

|[oA8]| JOMO

\
|7
.
e

uoyyyooje
SINER

> 7]
s -

st el sy Ay

~ < Jaddn

MS



Dan
Text Box
73


74

Figure 3-4. Lithologic compilation map of northern Frenchman Cap dome incorporating
detailed mapping (1:15 000) of Scammell (1986) and the current study. Sample locations
(eg. DG-105-95) for this study’s geochronology (both monazite and zircon analyses) are
included. A-B and C-D indicate cross-sections lines for this chapter. Contour interval is
every 100 metres.
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Figure 3-6. (a) the poles to the axial planes for D2 (S2) and D4 (S4) for total field area, and their respective
hinge lines; mineral lineations for total field area have also been included to illustrate their colinearity with the
hinge lines. Poles to transposition foliation are separated into three areas (A, B, & C) within the map.

(b) is a structural map with pertinent strucutral data included; a larger and more complete version is provided
in Map 3 in the back pocket.
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Figure 3-8. Age versus depth (below Monashee décollement, MD) plot illustrating the
downward younging and decrease in spread of metamorphic ages within the northern
Monashee complex. Plot (a) assumes no decrease in dip of the MD thrust surface,
whereas (b) incorporates a moderate decrease.
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Figure 3-9a & b. Schematic thermotectonic model for northern Monashee complex.
Figures 3-7 a-1 through a-4 illustrate the progressive burial and deformation of the
Monashee complex with time. Cordilleran deformation and burial of the Monashee
complex beneath the Selkirk allochthon initiates previous to 77 Ma (a-1) and
diachronously progresses until ca. 59 Ma (a-4) when the tectonic load is maximum (~20-
25 km) and extensional unloading is thought to have initiated (Parrish 1988 and
references therein). The Sibley Creek syncline (SCS) originates (pre 77 Ma, a-1) as a
buckle fold in a cool environment, but evolves into a thermally aided passive flow fold
with increased heat and tectonic load (a-2 to a-4). Rocks initially located to the west are
buried and heated first, and are laterally transported over rocks to the east which reach
peak temperatures and depths at a later time. Figure 3-7 b illustrates a scaled cross
section of the SCS and the flow lines of the rocks initially found to the west as they are
transported eastward in a passive flow fashion resulting in the present day geometry of
the SCS.
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Plate 3-1. Facing northeast, a profile of the kilometre scale Sibley Creek syncline
(SCS) is found preserved within a cliff face of the competent unit 9 quartzite. The
line drawing below superimposed on a scan of the above photo highlights the
geometry of the SCS.
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Plate 3-2. Facing north, looking down on a smooth unit 9 quartzite face found in the
core of the Sibley Creek syncline (SCS). The photo above and scanned image with
superimposed line drawing display primary cross-bedding structures which indicate tops
down, agreeing with their location in the upper, overturned limb of the SCS. Primary
structures such as these within the SCS have also been described by Scammell (1986)
and Brown (1980).
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late 3-3. Facing east and located in the eastern flank of the current study, this S-
haped, south-verging fold is interpreted to be parasitic to the kilometre scale Sibley

reek syncline (SCS, D2). Folds such as these were found only in close proximity to
he hinge zone of the SCS, within the competent unit 9 quartzite.
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Plate 3-4. Facing west, the above photo and scanned imaged below illustrate another
example of a D2 structure found in the unit 9 quartzite within the lower upright limb of
the Sibley Creek syncline (SCS). A foliation surface (S01) defined by the preferred
orientation of Ms, Bt, £ Chl is folded around the hinge of this structure, indicating at leas
one earlier generation of deformation.

S01 foliation surface containing Ms
—] ’
Bt, £ Chl folded by a F2 fold interpreted
to be parasitic to the SCS
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Plate 3-5. Facing west, looking at a outcrop of arenitic and mafic gneiss found in unit
9Q within the upright, lower limb of the Sibley Creek syncline. The above photograph
and the digitally enhanced scanned photo beneath illustrate at least two generations of
deformation superimposed upon each other at this outcrop. The first observable phase is
interpreted to be the tight, upight folds of D3 (F3) which have nearly vertical axial
planes. Superimposed upon this are smaller D4 folds (F4) that have sub-horizontal axial
planes, which rework the D3 axial planes. Both sets of folds deform peak mineral
assemblages and have hinges shallowly plunging to the west.
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Plate 3-6. Fourth generation of deformation (D4)

A. This photo shows a coarse grained pegmatite folded within a dirty marble matrix of
unit 6iii. Facing WNW, this photo illustrates a characteristic D4 fold (F4) that is tight to
isoclinal, with sub-horizontal axial planes, and shallow west plunging hinges.

B. Facing west, looking at another F4 fold, but with a different geometry. These are
reclined, disharmonic folds which deform peak minerals such as kyanite and hornblende
of unit 8G. Hinges plunge moderately to the west.
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~10m

Plate 3-7. Facing north, looking at a late brittle normal fault (D5) with apparent down to
the east sense of displacement. This brittle feature and most other joints, fractures, and
faults found in this study trend mainly to the north. They are interpreted to be associated
with the late stages of tectonic unloading of the Monashee complex facilitated by
extensional faulting along the Eocene Columbia River and Okanagan Valley faults.
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Chapter 4. Summary of conclusions

In light of the new data presented in this thesis the following conclusions have been
made:
(1) Reverse discordance in U-Pb space for monazite analyses is caused by excess *°Pb.
(2) The calculation proposed by Schérer (1984) can correct this problem only if the
monazite grew in an ideal stable environment which meets all the criteria for the
calculation. Unfortunately, these criteria are seldom met for most rocks found in high-
grade metamorphic terranes that have experienced significant deformation.
(3) The 2°®Ph/***Th chronometer is an essential tool for monazite geochronology for the
following reasons:
(a) It is immune to the problem of excess 2°°Pb caused by an initial
disequilibrium of #°Th or any other intermediate daughter isotope disequilibrium
concerning monazite U-Th-Pb systematics.
(b) The use of both Pb/U and Pb/Th chronometry has illustrated that U loss in
metamorphic monazite from high-grade deformed terranes is fairly ubiquitous and
is undetectable using only Pb/U chronometry.
(c) The #2Th - #®pb chronometer is mostly unaffected by this phenomenon, and
the ages produced are the best estimate for the timing of monazite crystallization.
(4) The U correction outlined in Chapter 2 (equation [4]) is a valid process for correcting
the Pb/U ratios and ages. Although, it cannot be relied upon to account for the actual
amount or timing of U loss, it does correct for the U loss and also illustrates the
commonality of U loss in U-bearing minerals.

(5) The residual discordance of the corrected data in U-Th-Pb space may be caused by
91
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an initial disequilibrium of ?*!Pa in the ?*°U - ?’Pb decay chain, but further U-Th-Pb
systematics studies concerning this problem need to be performed before any hard
conclusions can be made.

(6) Within the field area for the current study, burial, heating, and growth of peak
metamorphic assemblages had to have initiated during the Late Cretaceous on or before
the oldest monazite date produced (77.7 + 0.3 Ma). Additionally, the monazite ages
produced in this study suggest that there is a systematic inversion of peak metamorphic
ages and that the higher level samples grew for a longer duration of time in a more
complex thermal regime.

(7) Structural evidence suggests that the SCS deforms a pre-existing foliation surface.
Therefore, the Sibley Creek syncline post-dates the earliest generation of deformation
affecting the cover sequence stratigraphy of the Monashee complex.

(8) There are at least five discernible generations of deformation found in the SCS area.
These generations are local markers of progressive deformation, but each generation
evolves diachronously as a function of structural depth beneath the Selkirk allochthon.
(9) Major tectonic loading of the complex occurred at least by 77.7 Ma and continued
until approximately 59 Ma, when it was rapidly denuded by a combination of extensional
faulting and erosion.

(10) An analysis of the structure and geochronology of the area indicates that the pattern
of dates relative to the overlying allochthon is consistent with distributed ductile
deformation of isograd surfaces by substantial east-directed shear strain and attendant
attenuation in the footwall, leading to relative lateral transfer of rocks preserving
evidence of inverted diachronous metamorphism. Previous tectonic models that attribute

the distribution of diachronous and inverted peak metamorphic assemblages solely to



conductive heating from a hot overthrusted heat source are rejected.
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Appendix 1: Errors for Th-Pb chronometry (personal communication, R. Parrish
1996)

Sources of error are approximated as follows:

(1) Errors related to uncertainty in the 2°Th/?%Pb ratio of the spike, i.e.,

a = 0.1%, estimated error in the reproducibility of repeated measurements of spike 2°Th-
2%5pp calibrated against a standard reference solution

b = the uncertainty in the 2°Th/®®Pb ratio of the spike emanating from the absolute
uncertainty in the 2°Th/?*?Th fractionation in the above measurements (), estimated
at + 0.05%/a.m.u.

¢ = the uncertainty in the 2°Th/?%Pb ratio of the spike emanating from the uncertainty in

the Pb fractionation in the above measurements (a), estimated at = 0.02%

(2) Errors related to uncertainties tied to each individual measurement on monazite or
zircon, i.e.,

d = the uncertainty in the 2°Th/?*?Th fractionation of each individual run on a monazite
sample (0.1%)

e = the uncertainty of fractionation in the Pb isotopic ratios for individual runs (0.09% for
the 3 a.m.u. difference from 208 to 205)

f = the measured uncertainty in the 2°Th/?*?Th ratio for each analysis (Th)

g = the measured uncertainty in the 2°’Pb/?Pb ratio for each analysis (Pb)

(3) The error introduced by the uncertainty in the common Pb correction, i.e.,

h= 100/(208Pb/204Pb measured ~ 208Pb/204Pb Stacey-Kramers model common Pb); in perCent for each run,
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where the common value is the calculated model composition

Total error propagation would be as follows, assuming that there is no correlation

between any of these errors:

A= P52 Th error (16 in %) =—J(@) + (0 + () + (@) + () + (A) + (@) + (1)

B = final Pb/Th age error (2 ¢ in Ma) = (2A/100)(**®Pb/**Th age)
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Appendix 2: Description of spike preparation (as summarized from notes provided by

R.R. Parrish)

(1) Pure metal of natural Th, U, and SRM 982 Pb were weighed to + 2 x 10°gon a
calibrated Mettler™ micro-balance and dissolved to make a reference solution whose

concentrations and isotopic compositions of Th, U, and Pb are precisely known.

(2) A mixed spike was prepared by obtaining isotopic tracers of *°Th, U, ?**U, and
2%5pp and mixing known amounts of these individual tracers in appropriate isotopic

ratios.

(3) The precise isotopic composition of the dual U tracer was determined by the critical
mixture measurements following Hofmann (1971). During calibration of the
concentrations of °Th, ?°U, 23U, and ?®Pb in the spike, U and Pb mass spectrometric
measurements were normalized using the known isotopic compositions of the tracer U
and the reference solution Pb. In practice, this meant mixing a known weight of each
solution, letting the isotopes equilibrate, measuring the isotopic composition of the
mixtures, and then performing isotope dilution unmixing calculations following
normalization of isotopic compositions of U and Pb. This had to be done several times
(10) to obtain adequate reproducibility of inter-elemental isotopic ratios. A successful
conclusion to this step enabled high-precision Th-U-Pb geochronology on the chosen

samples to proceed.
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