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ABSTRACT

The Meguma terrane experienced a complex tectonothermal
history. %0Ar-39ar data on slates, amphiboles, and micas
indiéate that regional metamorphism was initiated about 400
Ma ago. Plutons were intruded approximately 386-360 Ma ago.
The Southern Satellite plutons appear to be of similar age
to the South Mountain batholith. An overprinting event
which peaked about 320-300 Ma ago was much more extensive
than previously considered. Information from fission track
dating of apatite, and K-feldspar age spectra have been
combined to put constraints on the timing, duration, and
temperature of overprinting. The effects were most severe
in the southwest, where domains of economic mineralization
are located. Although opening of the Bay of Fundy rift
about 210 Ma ago was accompanied by basaltic magmatism, the
thermal effects of this event were mild in the Meguma
terrane. Fission track ages from apatite suggest that final
cooling below 100 degrees C occurred about 190-170 Ma, soon
after magmatism associated with opening of the present
Atlantic Ocean.

Overprinted mica and K-feldspar samples seem incapable
of yielding meaningful data on closure temperature by the
vacuum diffusion technique of Berger and York (1981).
Quantification of discordance in 40Ar-39ar age spectra
provides a wuseful framework for evaluating information
contained in such spectra, and for testing reproducibility

in the 40Ar-39ar step-heating technique.
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CHAPTER 1

INTRODUCTION

1.1. GENERAL STATEMENT

The Meguma terrane is one of several megatectonic units
accreted to the eastern flank of the North American craton
during the Paleozoic (Williams and Hatcher, 1982). It
consists dominantly of clastic metasediments intruded by
granitoid plutons which are overlain by a mixture of clastic
sedimeﬁts, carbonates, and evaporites. One distinctive
feature of the Meguma terrane is that it contains several
domains of economic mineralization, including major tin and
gold deposits. As a first step towards tracing the
ancestral affinities of the Meguma terrane, and

understanding the processes responsible for the economic

~deposits, much effort has recently been directed towards

understanding the deformational history, geochemistry,
geochronology, metallogeny, metamorphism, and stratigraphy
(e.g. Schenk, 1980, 1981; Clarke and Halliday, 1980;
Reynolds et al., 1981; Keppie, 1982; Muecke, 1984; Zentilli
and Reynolds, 1985), This study is part of that continuing
research. By means of the principles of thermochronometry,

constraints can be placed on tectonothermal events which
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affected the Meguma terrane. The background is outlined
below. To facilitate discussion of geochronologic data,
absolute ages of stratigraphically dated units are referred

to the time scale of Palmer, (1983, fig. 1-1).

1.2, LOCATION AND ACCESS

The study area, located in southwestern Nova Scotia, is
outlined in fig. 1-2, Easy access is provided by Highway
103 and numerous branch roads. Some points ' 'in Shelburne
County are accessible only through fair-weather gravel
roads. Outcrop exposure 1is fair 1in coastal areas, but
rather poor inland, where bedrock 1is covered with thick

glacial overburden and peat bogs.

1.3, PREVIOUS WORK AND GEOLOGICAL SETTING

Recorded geologic work in the study area dates back to
the early nineteenth century. The first substantial mapping
program was undertaken by Bailey (1898). He recognized
three units in what is now known as the Meguma Group. From
bottom to top, they are: (1) quartzite wunit, (2) banded
argillite wunit, and (3) black slate unit. Members of the
Geological Survey of Canada continued field mapping in areas
that were not previously described (Faribault, 1912;
Faribault et al., 1938a, 1938b).

The first major geochronological survey was undertaken

by Fairbairn et al. (1960) and Fairbairn et al. (1964).



Figc l_l.

part of the Geologic Time Scale (after Palmer, 1983).
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By means of conventional K-Ar and Rb-Sr methods, these
workers acquired a considerable body of data which suggested
Devonian-Carboniferous ages for most of the granitoid rocks
in Nova Scotia. The results are summarized in Fig. 1-3.
Although analytical precision may have played a role, the
wide range of ages in these early studies suggests that the
tectonothermal history of the Meguma terrane may have Dbeen
complex.

Taylor (1965, 1967, 1969) mapped most o{ southwestern
Nova Scotia on a scale of one inch to two miles. He
clarified the stratigraphic relationships among the Lower
Paleozoic Goldenville, Halifax and White Rock Formations,
and determined that all three were conformable, as
previously suggested by Crosby (1962). The maps produced by
Taylor still provide the basis for more detailed work in the
area, Smitheringale (1973) mapped north of the study area
on a scale of 1:50,000, 1including large portions of the
South Mountain Batholith. He cited the findings of Boucot
(1960) that the fossil assemblage in the Devonian Torbrook
Formation suggests that southwest Nova Scotia is of European
Rhenish affinities.

Schenk (1970, 1978, 1980, 198l1) conducted detailed
sedimentological studies of the Meguma Group and concluded
that the sediments were derived from a region located to the
southeast. He noted several similarities and
dissimilarities in the sedimentology, stratigraphy, and

tectonic setting between the Meguma zone and western



Fig 1-3. Histogram of early geochronolecgical
data from the Meguma terrane (after Reynolds
et al., 1981),
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Morocco. Schenk therefore suggested that the Saharan Shield
may be a source of both sedimentary units, although he did
not fule out other source areas like Western Europe or the
Guyana Shield. The Paleozoic stratigraphy of the Meguma
terrane is outlined in fig. 1-4 and map 2 (inside back
cover).

Systematic documentation of metamorphism in the Meguma
Group was first done by Taylor and Schiller (1966). They
concluded that deformation preceded regional , metamorphism,
which reached almandine amphibolite facies. This was
followed by granitoid intrusions with attendant contact
metamorphism, Regional metamorphism was further described
by Muecke (1973, 1984), and Clarke and Muecke (1980). Maps
outlining the regional metamorphic zones (from chlorite to
sillimanite zone) were produced by Keppie and Muecke (1979).
A copy (map 1) is included in the folder in the back cover.
Chu (1978) described regional metamorphism in  the
Goldenville and Halifax Formations in the Shelburne area,.
He concluded that regional metamorphism post-dates two
episodes of regional deformation, and that regional
metamorphism was followed by shearing associated with the
generation of pseudotachylites and local retrograde
metamorphism. Sarkar (1978) studied wvolcanism and
metamorphism in the White Rock Formation, and suggested
alkaline affinities for these rocks. Metamorphism 1in part
of the Meguma Group in Yarmouth County was investigated by

Cullen (1983). He concluded that regional metamorphism in
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Fig. 1-4. Cambrian - Carboniferous stratigraphy of the
Meguma terrane, (after Hacquebard, 1972; and
Schenk, in press). For complete stratigraphy,
see map 2 (Keppie, 1979  inside back cover.
SMB = South Mountain Batholith
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the biotite zone occurred at relatively low pressure (ca,
0.3 GPa). Subsequent intrusion of the Wedgeport pluton
superimposed a contact aureole on the regional metamorphic
rocks. Regional metamorphism 1is further discussed in
Chapter 4.

The structural history of the Meguma terrane is quite
complex. The principal foliation (S3), is associated with
open to 1isoclinal folds, which were generated during the
Acadian orogeny. For most of the Meguma terrane, the
foliation trend 1is generally northeast, but this changes
abruptly to north-northeast in the southwestern region (e.q.
Keppie, 1979). Later deformation produced ductile and
brittle shearing, crenulation cleavage, and faulting, which
were superimposed on the main foliation, at least locally
(Fyson, 1966; Keppie,1983; O'Brien, 1983; Hwang and
Williams, 1985).

K-Ar and 40Ar-39ar data on slates suggest that the
initiation of regional metamorphism occurred about 410 Ma
ago {(Reynolds et al., 1973; Reynolds and Muecke, 1978). The
age of intrusion of the South Mountain Batholith (SMB) has
been constrained at 361-372 Ma by the Rb-Sr isochron method
(Clarke and Halliday 1980). 40Ar-3%ar ages on micas
produced an average cooling age of 367 Ma for the batholith
(Reynolds et al., 1981). In contrast, 40Ar-39Ar mica ages
for the southern satellite plutons average 312 Ma (Reynolds
et al., 1981). To account for the contrasting apparent ages

of the SMB and SSP, Reynolds et al., (1981) proposed three
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alternative hypotheses, but their data did not permit a
clear choice. They are:

(1) The SSP were intruded considerably later than the
SMB.

(2) The SSP are of similar age to that of the SMB, but
cooled much more slowly to argon retention temperatures in
micas.

(3) The SSP are of similar age to that of the SMB, but
were overprinted by a later tectonothermal event.

Fig. 1-5 illustrates the relationship between the SSP

and the regional metamorphic zones.

Three orogenies are considered to have affected the
Appalachians during the Paleozoic. They are (1) the
Ordovician Taconic orogeny which resulted in closure of
lapetus ocean (Wilson, 1966; Williams, 1980); (2) the
Devonian  Acadian orogeny associated with regional
deformation, regional metamorphism and large-scale
plutonism; and (3) the Alleghanian orogeny of Permo -
Carboniferous age, probably involving collision of Gondwana
with North America (Riding, 1974; Keppie, 1982). The Meguma
terrane is thought to have been joined to the Appalachian
Orogen during the Devonian period (e.qg. Schenk, 1978;
Keppie 1982), and therefore did not experience the Taconic
Orogeny. The only clearly documented evidence of
significant pre-Devonian thermal activity in the Meguma

terrane is the White Rock volcanics, which are
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Fig. 1-5. Map outlining the relationship between
plutons and regional metamorphic zones
in the Meguma terrane, southwest Nova Scotia.
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1.7
stratigraphically dated as pre-Ludlovian (Late Silurian) to

possibly Ordovician (Taylor, 1965).

1.3.1, THE ACADIAN EVENT

During the Devonian period a major tectonothermal event
occurred in the Meguma terrane. Multiphase deformation is
represented by open to 1isoclinal folds, associated with
gold-bearing quartz veins (Fyson, 1966; Keppie, 1977;
Keppie, 1983; O'Brien, 1983). The folding may have been
accompanied by transcurrent movement along the Minas
Geofracture (Keppie, 1982). Folding was followed by
regional metamorphism (e.q. Taylor and Schiller, 1966;
Muecke, 1974; Chu, 18978). A Devonian age (ca. 410-380 Ma)
is suggested for the Acadian event by K-Ar and 40ar-39r
dates on slates and phyllites from various localities in the
Meguma terrane (Reynolds et al., 1973; Reynolds and Muecke,
1978; sSavell, 1980; Dallmeyer and Keppie, 1986). Ages of
362-373 Ma were obtained for micas from (1) metamorphic
rocks, (2) granites, and (3) rocks dynamically
recrystallized during shearing associated with movement of
the Minas Geofracture (Dallmeyer and Keppie, 1984). These
ages suggest that regional metamorphism and plutonism
occurred within a short period in Devonian ﬁime, as
suggested by Schenk (1978). The data of Dallmeyer and
Keppie (1984) were, however, obtained outside the study area

(in the northeastern part of the Meguma terrane).
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Table 1-1. Evidence for an Acadian event in the Meguma

terrane, and elsewhere in the Appalachians.

North Carolina Piedmont

TECTONIC OR THERMAL APPARENT AGE REFERENCE
DISTURBANCZ
Regional metamorphism 31950-410 Reynolds and
in Meguma Muecke, 1978,
Devonian Keppie,1977
Transcurrent motion Devonian Keppie,b1982.
on Minas Geofracture Dallmeyer and
Keppie,b 1984,
ég Acadian folding Devonian Keppie,1977.
o in Meguma
Intrusion of South 372-361 Clarke and
Mountain Batholith Halliday,13980.
Reynolds et al.,l1981.
w0 Motion on Dover- Devonian Kennedy et al,,1982.
EE Hermitage Fault
— Plutonism in Devonian Bell et al.,18977.
ot Newfoundland Jayasinghe and
Q Berger,1979.
:g Strong,1980.
] Faulting and folding Devonian Fyffe,b1982.
= in New Brunswick Ruitenberg and
Ez McCutcheon, 1982,
) Plutonism in Devonian Fyffe et al.,138la
= New Brunswick Fyffe et al., 13981b
& Deformation and 380 Butler,1973
£, high grade metamorphism
O in the Blue Ridge
[N Metamorphism and Devonian Butler and
(7] granite intrusien in the Fullagar,1978.
=l
(s 4
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Interpretation derived from them requires testing on a
regional scale.

Timing of the main phase of plutonism in the Meguma
terrane is well constrained. The Meguma metasediments were
post-tectonically intruded by the South Mountain Batholith
(SMB), and several satellite plutons comprising
approximately half of the outcrop area within the Meguma
terrane. The age of deéosition of the youngest sediments
intruded by the SMB is Gedinnian-Emsian (ca. 408-387 Ma).
The upper 30% of these sediments (Torbrook Forma;ion) is not
exposed (Smitheringale, 1973), which suggests that they may
be somewhat younger than Emsian, The South Mountain
Batholith is overlain by sediments of possible Tournaisian
age (ca. 360-352 Ma). The Rb-Sr mineral-whole rock
isochron ages of 372-361 Ma for the SMB (Clarke and
Halliday, 1980) and the stratigraphic constraints sharply
define this major plutonic component of the Acadian Orogeny
in the Meguma terrane.

The Acadian Orogeny has been recorded elsewhere in the
Appalachian Belt, although interpretations on its timing
permit inclusion of some events much younger than Devonian.
Granite plutonism has been dated in Newfoundland (e.g. Bell
and Blenkinsop 1977), New England {(e.g. Naylor 1971,
Aleinikoff et al., 1985; Dallmeyer et al., 1982), and the
Southern Appalachians (Fullagar and Butler, 1979). Table
1-1 summarizes evidence for an Acadian event in the Meguma

terrane, and elsewhere in the Appalachians.
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1.3.2. THE ALLEGHANIAN EVENT

As stated above, the Alleghanian Orogeny is one of the
major tectonothermal events recorded in the Appalachians.
Correlation of 1local thermal and tectonic perturbations
assigned to this event along the length of the orogen is not
well-documented, but recent work has added considerably to
its definition (table 1-2).

In Néva Scotia, the Late Carboniferous intense shearing
and faulting, defined as the Maritime Disturbance (Poole,
1967), is thought to be associated with the Alleghanian
orogeny. Several other workers have reported thermotectonic
activity of Late Carboniferous age in the Meguma terrane.
Notable among these are: (1) hydrothermal alteration
associated with polymetallic base metal mineralization 1in
southwestern Nova Scotia (e.g. Hutchinson, 1982; Keppie et
al., 1983; Zentilli and Reynolds, 1985); (2) intense
shearing deformation on scales ranging from less than one
meter to several kilometers (e.g. Belt, 1968; Reynolds et

al,, 1981; Giles, 1985; Dallmeyer and Keppie, 1986).

1.3.3. THE MESOZQIC EVENT

Rifting, block faulting, and basaltic magmatism are
events ascribed to Triassic-Jurassic time (Crosby, 1962;
Klein, 1962; wWark and Clarke, 1980; Keen and Cordsen, 1981:
Bedard, 1985). The present Atlantic Ocean was opened,

marginal basins were created, and deposition of sediments




Table 1-2. Evidence for an Alleghanian event in the
Meguma terrane, and elsewhere in the Appalachians.

e

TECTONIC OR THERMAL
DISTURBANCE

APPARENT AGE

REFERENCE !

MEGUMA

Maritime Disturbance

Shearing of
Brenton Pluton

Deerfield,Barrington
shear zones

East Kemptville
mineralization

Brazil Lake Pegmatite
Wedgeport pluton

SMB reset

Tobiatic Fault Zone
Dunbrack mineralization
Mylonitization of SMB

Mineralization
of SMB (3 locations)

OF THE APPALACHIANS

d
T

rﬁ REST

Deformation in
Stellarton Graben

Deformation
in
New Brunswick

Plutonism in
Newfoundland

Metamorphism in the
Narragansett Basin,RI

Metamorphism in
New England

Metamorphism in
Southern Piedmont

Plutonism in
Southern Appalachians

Plutonism in Maine

" 300-325

Late
Carb.
320-330

275-325

255

333
311-31%6
320
271-300
300

post-
Devonian

281-332

Late
Carboniferous

Carboniferous

239-258

Carboniferous
to Permian

Carboniferous
to Permian

Carboniferous
to Permian

325

Poole,b 1967

Reynolds et al.,1981.

Dallmeyer and
Keppie, 1986.

Zentilli and
Reynolds,1985.

Hutchinson,1982.
Keppie et al., 1983
Reynolds et al.,1981.
Giles,b 1985 ’

Reynolds et al.,h 1981

Smith,1985.
O'Reilly et al.,1985.

prr————

Yeo and
Ruixing, 1986

Rast and Currie,b1976
Ruitenberg and
McCutcheon,1982.
Nance, 1985.

Nance and
warner,1986.

Bell and
Blenkinsop,1977,1979.

Dallmeyer,1982.
Zartman et al.,1970,
Lux and

Guidotti,1985.

Kulp and
Eckelmann,1961.

Fullagar and
Butler,b1979

Aleinikoff
et al.,198S5.
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into basins in the Bay of Fundy and the Atlantic continental
margin was initiated. Whereas sedimentation commenced in
the Bay of Fundy (Fundy Group) in Late Triassic time (Klein,
1962), accumulation of sediment in the present North
Atlantic continental commenced in Middle-Late Jurassic (e.gq.
Keen and Cordsen, 1981; Tankard and Welsink, in press).

Extrusive and intrusive basaltic rocks are exposed in
narrow strips along the northern and southern flanks of the
study area {(map 2). These rocks gave K-Ar apparent ages of
about 200 Ma (Poole et al., 1970; Wark and Cfarke, 1980).
This phase of magmatism is associated with opening of the
Bay of Fundy rift, into which Triassic-Jurassic sediments
were deposited (map 2). Field mapping indicates that
deformation of the Triassic-Jurassic rocks of the Bay of
Fundy is confined to gentle open folds and minor faulting
(Crosby, 1962; Smitheringale, 1973). Recent drilling and
seismic interpretation, however, suggest major deformation,
including formation of large-scale folds and thrust faults
(Brown, in press). Although mafic dikes have been reported
at several 1localities in southwestern Nova Scotia (Taylor,
1967, 1969), their ages and overall thermal effects on the
Meguma terrane are not yet fully established. Biotite from
a lamprophyre dike swarm cutting the Wedgeport pluton
(southwest Nova Scotia), gave an 40ar-3Sar plateau age of

225 Ma (Reynolds, 1986, personal comm.).
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1.4. SCOPE OF THE THESIS

In order to answer some of the questions raised above,
this study focuses on the following:

(1) 40Ar-39Ar dating of slates from the chlorite zone
(fiqg. 1-5). These data are compared with those previously
derived by Reynolds et al. (1973), and Reynolds and Muecke
(1978). Since white micas in slates are formed at
relatively low temperatures, they are likely to cool rapidly
to argon retention temperatﬁres and yield apparent ages
close to the metamorphic event. Timing of regional
metamorphism can be better defined.

(2) 40Ar-3Sar dating of available amphiboles in the
"Regional Metamorphic Terrane" (RMT). Because of their high
closure temperatures (e.g. Harrison, 1981), amphiboles are
likely to start quantitative argon retention soon after
crystallization, and to remain closed to subsequent mild
tectonothermal events, Dating of amphiboles, 1like the
slates, should help constrain the early thermal history of
the Meguma terrane.

(3) 40Ar-39ar dating of micas from the RMT. Even
though micas have lower closure temperatures than
amphiboles, they are dated because they set 1limits on the
post-metamorphic cooling history of the RMT. When combined
with apparent ages of coexisting amphiboles, data from micas
can be wused to identify domains within the RMT which

experienced complex thermal histories.
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(4) 40Ar-39ar dating of amphiboles, micas and feldspars
from the southern satellite plutons (SSP). This is done in
order to resolve the apparent discrepancy between the SSP
ages aﬁd those of the South Mountain Batholith (Reynolds et
al., 1981). Because of the 1low closure temperatures of
feldspars (e.qg. Harrison and McDougall, 1982) they can be
used to define late-stage cooling and mild tectonothermal
events.

(5) Fission track dating of apatite from the SSP and
RMT. The annealing temperature for apatite fission tracks
is ~100 degrees C (e.q. Naeser, 1979). Data from this
mineral should supplement the feldspar data in defining the
latest cooling and mild tectonothermal events.

(6) Performing diffusion experiments on micas and
K-feldspars to determine whether the technique described by
Berger and York (1981) 1is capable of yielding meaningful
results,

(7) Evaluation of these data in conjunction with other

available information to elucidate the tectonothermal

history of the Meguma terrane.




CHAPTER 2

PRINCIPLES AND PROCEDURES

2.1. INTRODUCTION

In this chapter, the theoretical basis for K-Ar
systematics, fission track dating and diffusioniexperiments
are briefly examined. Principles of thermochronometry are
discussed. Laboratory procedures employed in applying these

techniques to the Meguma Terrane are outlined.

2.2. K-Ar SYSTEMATICS

Most of the data in this study are based on the natural
production of 40Ar from 40K, and its retention in minerals.
The conventional K-Ar technique and the 40Ar-3Sar

modification employed in this study are described below.

2.,2.1. CONVENTIONAL K-Ar DATING

40K spontaneously decays by the branching scheme.
11.2% of 40K is converted by electron capture and B+
emission to 40Ar, To obtain an age from a K-bearing phase,

the potassium content 1is measured by flame photometry or

25




26
another similar method. 40K is readily determined if it |is
assumed that the present-day isotopic composition of
potassium is 40K/K = 1.167 x 10-%4. From a separate aliquant
of the sample, 40ar is determined by mass spectrometry,
usually with the aid of an 38Ar tracer. This method |is
capable of dating K-bearing phases of any grain size, but is

subject to large errors if the sample is not homogeneocus.

2.2.2 40aAr-39xr MODIFICATION

In a conventional Argon equation, the age t, 1is given

by:
1
o= o= 20Tt * A8 et 29T a1
A = total decay constant for 40K.
AE = decay constant for electron capture by 40k,
40Ar* = radiogenic 40ar.
. Decay constants are as suggested by Steiger and Jager
(1877).

In the 40ar-39ar method, a finite amount of 3% is
converted to 39Ar by neutron bombardment in a nuclear
reactor  (Natural 39k/40K = 7.99 x 103)., For the nuclear
reaction 39K(n, p)39Ar, the amount of 39Ar produced is given

by:
Wt o B XY T B enleiE sanviiinimsieraanat e

¢(€) = neutron flux with energy e.

g(€). = cross section for the reaction 39k(n, p)3%r at




&

energy €.

AT = duration of the reaction.

Since 40k = (39)/(7.99 =x 103), equations (1), (2),

yield:

g a (PAr)/(7.99 x 10° aT J ¢le)alelde . ., (3).

By substituting into equation (1), the age, t, becomes:

wop L ¥ ) E

t = 1/% &n (Mg 1%5: x 7.99 x 10® AT [ ¢(e)a(elde + 1) (u). |
) i1

!

|

Because the value of f d(e)a(e)de is not 1

easily  determined, unknown samples are irradiated with
standard monitors (flux monitors), whose ages are assumed
known. The apparent age of the unknown is then derived |
simply by proportionality, as outlined below. i

A parameter, J, may be defined thus:

J =7.99 x 10° A/Ac AT [ ¢(e)de +--+-+-(5)

i _ Equation {4) now becomes :
t=1/A1n [1 +JR)..ceeevene..(B) (R = 40ar*/3%r)
Or by rearrangement,
J = [expit)=1]/Reicecenenssl?)

J is readily determined for a sample of known age
(standard), provided the ratio R= 40Ar*/39ar is measured.

Conversely, the age, t, is readily determined for a sample

‘..l.lllllllIlIllllllIllIIllllllllllIIII----------
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Fig. 2-1(a). Arrangement of standards and unknowns
in canister for irradiation.

Fig 2-1(b). Typical curve from which 'J'
is derived.

28
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to which a J-value is assigned.

Fig. 2-1(a) shows a typical arrangement of standard
monitors and unknown samples in a canister during
irradiation. Because of a possible small flux gradient
along the length of the canister, J 1is expected to vary
concomitantly. A graph is made of these values (fig.
2-1(b), and an appropriate J value for each unknown sample
is determined by interpolation.

With the 40Ar-39ar method, analyses can be performed
with smaller samples than in conventional K-Ar dating.
Analyses are completed in single experiments, where isotopic
ratios are measured. Hence, greater precision is attained
with this method. Minor sample inhomogeneity is tolerable,
and there is no need to prepare and calibrate an 38Ar tracer
system, The most important advantage is that an age
spectrum (section 3,1) may be generated by heating the
sample in a stepwise manner, and analysing the gas released
at each step. This yields information not obtainable by the
conventional K-Ar technique (Chapter 3). The mos£ important
disadvantage is that very fine grained samples may lose 39Ar
by recoil, producing anomalously high ages (e.g. section
3.6). The necessity of handling radicactive materials is a

potential hazard.
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2.2.2.1, FLUX MONITQRS (STANDARDS)

Dalrymple et al., (1981) listed desirable criteria for
minerals used as flux monitors.

(1) The mineral should have a uniform ratio of
40ar/40k.

(2) Both 40k and 40Ar should be homogenously
distributed. This criterion and the one above are necessary
because the age 1is determined by the conventional K-Ar
method, where sample splitting is necessary. Calculation of
the factor J assumes a reproducible 40Ar/3%ar ratio.

(3) The monitor should be of similar age and K/Ca ratio
to the sample being dated. Wide disparity 1is undesirable,
since these two parameters determine sample size and optimum
irradiation dose. K/Ca disparity between standards and
unknowns is important only when their ages are very
different. For example, a 600 Ma old amphibole standard may
be irradiated with a 500 Ma old mica unknown, in spite of
their dissimilar K/Ca ratios. If a 3 Ga old mica were
irradiated with a 10 Ma old amphibole, precision would be
low, because of their contrasting neutron dose requirements.

(4) The monitor should be fairly coarse grained.
Extremely fine grain size (<50ym) would likely increase the
risks of releasing radioactive dust during sample handling
and of recoil induced 1loss of 39%r (e.qg. Turner and
Cadogan, 1974).

(5) The monitor should be available in reasonable
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quantity. This criterion is obviously required to ensure
availability to laboratories for repeated analyses.

Two flux monitors were used during this study :

(1) NS-231 Dbiotite collected from the South Mountain
Batholith, Halifax County, Nova Scotia. Its conventional
K-Ar age is 368+/-5Ma (Reynolds et al,, 1973). It produced
an age spectrum with a well defined plateau (fig. 4.4-2)

(2) MMhb-1 hornblende. This is a well-calibrated
specimen collected from a syenite body in the Cambrian
McClure Mountain Complex, Fremont County, Colorado,
(Alexander et al., 1978;Roddiék, 1983). 'The conventional
K-Ar age accepted for this mineral is 520 +/- 8 Ma, 1Its
40Ar-39ar age spectrum gave a well defined plateau
(Harrison, 1981).

Both of these standards appear to meet the criteria
listed above. They both produce plateau ages comparable to
their conventional K-Ar  ages, suggesting uniform
distribution of 40Ar/40k, when included in the same
irradiation package, the two standards yielded J values that

agreed within 1 8. (e.g. fig. 2-2).

2.2.2.2. CORRECTION FOR INTERFERING ISQOTOPES

Neutron irradiation of K-bearing minerals is designed
to produce 3%Ar from 39k. Ideally this should be the only
reaction, so that the measured 40Ar/3%Ar is equivalent to

40ar/40K in conventional K-Ar dating. However, other Ar

S p—
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irradiated in the same

canister {(can. 53).

Fig. 2-2. Experimental 'J' curve derived from standards
MMhb-1 and NS-231,
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Table 2-1(a). Isotopes generated during neutron irradiation
of K-bearing phases in a reactor (Brereton, 1970).

Argon Isotope
Produced Ca Reaction K-fteaction
36 **Ca(n,na)
37 **Ca(n,a) ”K(n,nd)'
38 *Ca(n,na) YK(n,d); “'K(n,a)
39 *Ca(n,a); “’Ca(n,na) PK(n,p); “°K(n,d)
40 “Ca(n,u)*; ‘“Ca(n.nu)* “*K(n,p); “'K(n,d)

+ Negligible quantlitlies
Table 2-1(b). Argon ratios from salts.of Ca and X

irradiated inthe McMaster reactor (Mak et al., 1976).
Ar isotope ratios Values
(37/39)cq 1.536 % 103
(36/39)¢a 0.390
(40/39) 1.56X 10-2

GE
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isotopes are produced, and corrections must be made for
them. Brereton (1970), listed the isotopes generated during
neutron irradiation of minerals with K and Ca. They are
shown in table 2-1(a). 37ar, 38ar, and 39%r are also
produced by neutron activation of Ar isotopes, but the
quantities are always small and therefore ignored (Brereton,
1970). From table 2-1(a), the following observations may be
made: 38Ar does not enter into the age calculation, and
therefore need not be further considered. -Quantities of
K-derived 37Ar and Ca-derived 40Ar are small ‘enough to be
ignored. Correction for interfering isotopes is therefore
confined to Ca-derived 36ar (36arc,) and 3%ar (3%rc;) and
K-derived 40ar (40arg) (Mak et al., 1976).

Since all 37ar is assumed to be derived from Ca, the
measure of 37Arc, can be used to estimate 3%aArc, and 36arc,.
The magnitude of interference produced in the McMaster
reactor (section 2.7.3), was estimated by irradiating pure
salts of Ca and K, of "zero" age (Mak et al., 1976). The
values are listed in Table 2-1(b). The numbers 36, 37, 39
and 40 refer to Ar isotopes with those mass numbers.

In the absence of interference, the equation from which
the 40Ar/3%ar ratio is derived is:

40*/39 = (40/39)y - 295.5 (36/39)p ... (8),

where * and m signify radiogenic and measured argon
respectively. All contaminating argon is assumed to have
the atmospheric ratio (40/36) = 295.5. For most analyses

where Ca/K is very low (micas, K-feldspars), equation (8) is
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adequate.
To correct for 36arcy, 39rc,, and 40arg, equation (8)

is modified to:
40*/39 = (40/39)p(1-£1) - 295.5 (36/39)p(1-f3)
= (40/39)1( ooo---locnoooon(g)-

g 1 dsondnpes < ON0E
1-1(37/39)c5/(37/39) 4]

£, = 1-0(36/39)¢ca/(36/39)p],........ (11).
l— 37 39 Ca 7 m 1

Since (37/39)ca = 1.536 x 103 (>> 1), £; 1is always

negative. When (36/39)y 1is small (<<l), the numerator in
equation (11) is negative and f, is positive; this 1is the
usual case. Where (36/39)y 1is large (high atmospheric
contamination), f; may be negative. Since the half-life of
37ar is 35.1 days, a correction must be made for

post-irradiation decay before calculating f; and fj.

2,3. PRINCIPLES OF FISSION TRACK DATING

The uranium isotope 238U undergoes spontaneous fission.
The fission products are propelled through the host crystal
(or glass) leaving damaged zones known as fission tracks.
Once the host crystal is etched with a suitable chemical,
the fission tracks are exposed for viewing with a
petrographic microscope. Track density is proportional to

uranium concentration, age, and etching efficiency. Hence,
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if the uranium concentration and an etching efficiency can
be determined, an apparent age can be calculated. Several
techniques and various versions of the age equation have
been emﬁloyed, e.g. Fleischer et al., (1975); Naeser
(1967); Gleadow (1981); Hurford and Green, (1982); Hurford
and Green (1983).

In this study, the method is analogous to that used in
40Ar-39ar dating, modified after Hurford and Green (1983).
To estimate uranium content (235y, proportional to total U),
fresh tracks were induced in the specimen by thermal neutron
bombardment in the McMaster reactor. The induced tracks
were recorded in a low uranium muscovite external detector.
To account for indeterminate factors associated with the
reaétor process, the sample canistér was stacked with
standards of known age, as well as those whose ages were to
be determined. The standard selected for this study is
apatite from the Fish Canyon Tuff. The age of the tuff has
been determined as 27.79 +/- .07 Ma, on the basis of
40ar-39ar dating of amphibole, biotite, and sanidine (Kunk
et al., 1985). This age has been calibrated against the
flux monitor MMhb-1, upon which 40Ar-39Ar dates in this
study are based (section 2.2.2.1). Dosimeter glasses (NBS
glass SRM-963A, U = ,823 +/- .002 ppm) were included to
monitor the flux gradient and to construct the zeta
calibration baseline (Hurford and Green, 1983). The age, t,

is given by:

U,

T
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1
t = s anl1 + ApZ(ps/P1)8PD] +eveeeee.. (12).

exp(AptgTp)-1
Ap(ps/ p1)STDEPD

where zeta (Z)

AD total decay constant of 238y

It

(1.55125 x 10-10 a-1),

Ps = spontaneous track density.

P{ induced track density.

PD

track density of dosimeter.
tstp = age of standard.
g = geometry factor (.5).

The parameter zeta (Z) is somewhat analogous to J in
40Ar-39ar dating, and takes into account neutron flux in the
reactor, thermal neutron Cross section, uranium
concentration, etching efficiency, and counting Dbias,
provideq both standards and unknowns are treated the same
way. Once zeta is found by interpolation between standards,
the apparent age of the unknown can be calculated by one of
two methods:

(a) The age 1is calculated by simply inserting the

interpolated value of f% and the mean value of zeta from a

e e
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given irradiation batch into equation (12).

(b) The age is calculated by inserting the interpolated
value of.fg and the mean value of zeta from several
determinations (several irradiation batches) into equation
(12). Values for Zeta from individual determinations may be
unreliable, because of underestiﬁated errors in the
procedure (e.g. Hurford and Green, 1983). The value of
zeta can be specified with greater precision if standards
are repeatedly calibrated against uraniuf glass dosimeters
as described by Hurford and Green (1983). This prbcedure is
adopted in this study. An average value for 2Z  was
calculated after four batches of samples were irradiated (12

determinations). Details of the procedure are given in

section 2.7.2.

2.4. DIFFUSION AND CLOSURE TEMPERATURE,

The retention of argon in a K-bearing mineral is best
described by diffusion theory. Thermally-driven diffusion
is governed by the Arrhenius relationship:

D = Dy exp(-E/RT)......(a)

D = diffusion coefficient, a measure of diffusion rate.

Do = diffusion <coefficient at infinitely  high

' temperature.

E = activation energy
R = gas constant

T = temperature (Kelvin)
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Diffusion is also governed by Fick's Second Law, one

version of which is:

d%x d* d%
dc/dt = e T Maee, el )
L B Bl e B

where t = time over which diffusion occurs he

I )

C = concentration

X, ¥, 2 = Cartesian coordinates in space.

E
}
\
‘!
Equation (b) must be solved to derive 'E' and Dy (or L

_i Do/az, see below). Solutions to the diffusion equation (b)

have been derived and listed by several ’au%hors, e.qg.

Crank, 1857;Carslaw and Jager, 1959; Jost, 1960; Fechtig and
Kalbitzer, 1966; Mussett, 1969. To facilitate calculation,

the geometry of the system out of which diffusion occurs,

|
has been modelled as one of the following (a) sphere, with |
|
radial diffusion; (b) cylinder of infinite length with |
radial diffusion; (c) infinite plane sheet with diffusion %

perpendicular to the sheet (see fig.2-3). 1In each case, the

exact solution is in the form of an infinite series. For

practical purposes, approximate solutions are given, e.g
Fechtig and Kalbitzer, 1966; Musset, 1969. Some solutions

are listed in table 2-2,

In the equations listed in table 2-2, f = cumulative
fraction of gas removed up to a given temperature T. By !

rearrangement, equation (a) becomes:

1nD=ln DO-E/RT L I (C)




Fig. 2-3 ., Models for which solutions to the diffusion
equation have been obtained.
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Table 2-2. Some approximate solutions to the d:.ffus:.on
equatlons (Mussett, 1969).
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Shape Validity Solution
Sphere 0.85sfs1 £k =y exp[-:raTtJ
Radius a
: /2
- B [xoe} _ 3 ﬁ)q
n OSfSO-Ss f 1{’/2 [?] n_z a; |
-apt
Cylinder 0.6sfs1 f=1- a—z- exp[ j?]
n
Radius a
where a4 = 2.405
Length =
1/ 2
g -8 e . b
0srs0.6 f = i/ [ET_ e
Shest 0.45sfs1 £ =1 - -1?5 exp[-gjzt}
Thickness 2a
1/ 2
2.2 Dt
Extent 0srs0.5 f = fr—‘/-':’ [—57]

i
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~
If 1og D is plotted vs 1/T (derived experimentally),
both Dy and E are derived. A grain size parameter, a, can

be included to give the relationship
ln D/a2 = 1n D0/3a2 = E/RT cveeeennneces (d)

From equation (a), D increases exponentially with T.
Therefore, although an isotopic system would not be
completely closed at a precise temperature, the open-closed
temperature interval is likely to be very small, {rovided
the cooling system 1is not held wunduly 1long 1in the
open-closed transitiénal interval, it is reasonable to speak
of a single closure temperature. The concept of 'closure'
to diffusion is illustrated in fiq. 2-4. Dodson (1973)
made the assumption that over a limited temperature range,
cooling can be approxiﬁated by a linear increase of 1/T with
respect to time. The exponential decrease in D is described
by a time constant 7, which is the time taken for D to
decrease by a factor of 1/e, that is, for E/RT to increase

by 1.
It follows that E/RT = E/RTg+ t/7" .... (e)

where t = time
To = temperature at t = 0
Equation (a) becomes:-

D = Do exp[-E/RTo- T/7T 1]

From equation (e)




Fig., 2-4,.

Schematic diagram illustrating the relationship
between temperature and argon retention in a
K-bearing mineral,
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t = ET/RT - E7T/RTq

dt/dT = 1/T = -BET/RTZ vvviernonnnas (f)

Therefore 7~ = -RT2/ET ...ccieaneeees  (Q)
Assuming slow cooling, temperature-controlled volume
diffusion, and adapting the principles of heat conduction,

Dodson (1973) derived the following equation for closure

temperature, Te:

E/MT s = INATD /") susnonenall)

Where 'a' describes the dimensions of the volume
through  which diffﬁsion occurs (e.g. radius of
sphere/cylinder).l 'A' 1is a constant = 55 for a sphere, 27
for a cylinder, 8.7 for a plane sheet.-

By rearrangement of equations (g,h),

-ART2D
Mo % BIR Bn] s e | wiis | 45D

ETa’
This equation can be solved iteratively. Since T, s
rather ‘insensitive to the cooling rate T, a reasonable
estimate of T is inserted on the right hand side. A

solution is reached after a few iterations.
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2.5. A DISCUSSION OF DIFFUSION EXPERIMENTS

Before the results of diffusion experiments are applied
to geologic problems, it is important to document the
boundary conditions assumed, and the possible 1limitations
involved.

Harrison (1981) listed some criteria for meaningful
diffusion experiments:

(1) The mineral phase should remain stable throughout
the entire experiment,.

(2) The effective diffusion radius is known or can be
derived from the experiment.

(3) The shape of the volume from which diffusion
proceeds should approximately conform to one of the
geometric solutions to the diffusion equation.

(4) The grain size of the mineral aggregate should fall
within a narrow range.

(5) Only one mineral phase should be present

(6) Initial distribution of argon within the mineral
should be homogeneous.

The criteria listed above may be examined in turn.

(1) sShould a mineral undergo any phase change during a
diffusion experiment, its activation energy E, would not be
constant, and no single solution would be found for the
Arrhenius equation. Hydrous minerals 1like amphiboles and
micas are known to undergo dehydration during vacuum

heating. For this reason, such diffusion experiments have
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been criticized (e.g. Harrison, 1981, 1984). K-feldspars
are subject to perthite homogenization and polymorphic
inversion du-ing heating. To partly overcome problems
associated w: 1 phase changes, data should be taken only for
temperatures -elow which such transformations occur.

(2) Attempts have been made to calculate the effective
diffusion radius of K-bearing phases (e.q. Harrison 1981;
Harrison and McDougall, 1882). This calculation is,
however, not explicitly- required in some diffusion
experiments. The compound term D/a2 can be calculated
without specifying the grain dimension a (e.g Berger and
York, 1981; Hammerschmidt and Wagner, 1983).

(3) The shape of the presumed diffusion volume for any
given mineral._ is not completely understood. It 1is
frequently assumed that the mineral structure as observed
petrographically is a reflection of its diffusion geometry.
For example, perthitic K-feldspars are modelled as sheets
whereas hornblende 1is modelled as a sphere or a cylinder
(e.g. Harrison, 1981; Harrison and McDougall 1982),

(4) Since calculation of the diffusion coefficient D
depends_on the geometry of the volume from which diffusion
proceeds, it is desirable to work with uniform grain size.
Diffusion gradients may be imposed on a sample because of a
complex thermal history. In such cases the sample grain
size must exceed the effective diffusion radius for the
gradient to be reflected in a diffusion experiment

(Harrison, 1981). Samples with very fine grain size (<100
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um) may experience 39Ar 1loss during irradiation (e.g.
Huneke and Smith, 1976; see section 3.6).

(5) Since each mineral has 1its own peculiar argon
retention properties, it is highly desirable to prepare pure
monomineralic separates for diffusion studies. The
activation energy would not be a constant for a mixture of
phases; no single solution can be found for the Arrhenius
equation, and Dodson's formula cannot be solved,

(6) The approximate solutions to the diffusion equaticﬁ
(listed in table 2-2) require that the initial concentration
of argon within the phase being studied be uniform,
Therefore, samples that experienced complex thermal
histories may yield spurious diffusion data. This was

emphasized by Berger and York (1981).

2.6. THERMOCHRONOMETRY AND METHODS OF DERIVING Tc_

The term thermochronometry was introduced by Berger and
York {(1981). It assumes that each isotopic system dated is
associated with a characteristic closure temperature that
can be estimated. With various values of age and T., the
thermal history of an igneous or metamorphic terrane can be
deduced. To perform thermochronometric studies, various
techniques have been used to derive T.. Some examples are

outlined below.
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2.6.1. THE BERGER-YORK PROCEDURE FOR DERIVING T _

As outlined in section 2.4, Dodson's formula permits
calculation of T if a method can be found to derive the
activation energy E and the frequency factor Do/aZ. Berger
and York (1981) proposed that the 40Ar-39ar step heating

technique could be regarded as a diffusicn experiment, as

wvell as a dating procedure.

The Berger-York method is a direct application of the
theory described by Fechtig and KRalbitzer (1966), and
Mussett (1969). The mineral sample is heated at successively
higher temperatures. The duration of each heating step,
ati, and the fraction of argon released, afj, are recorded.
From these data, D/a2 is calculated. The experiment may be

based on an equation of the form:

wa?
(Sheet model, Musset, 1969).

.
« & & & 0 2 39 bR A eSS (J)

As outlined in fig 2-5, when a diffusion experimeht is
performed at several temperatures, T3, T2, T3, the diffusion
profiles a, b, ¢, are different for each temperature. The
diffusion 'constant' varies with corresponding values Dj,
Da, D3. over time atj) atz, at3. The values are calculated
as follows:

For Temperature T) over time atj:

(Dat/a2); = (Dyty/a?)

The value (Djtj/a?) is calculated directly from
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equation (j). (D/a2); is readily found since (at)) is known

(actual duration of heating at Tj).

"For temperature T2 over time at3

(Dat/a2), = (D1ty/a2) - (Dyty/a?)

The value (Dity/a2) is derived from eéuation {3y it
corresponds to point tp on profile (a), (fig. 2-5). This
value would. give the diffusion constant for t3 if the
experiment was conducted at the single teﬁperature 3 B8 As
for T3, (D/a2); is readily found since , {(at); is known

{actual heating time at temperature T3).

Similarly, fof Ty
(Dat/a2)3 = (D1t3/a2) - (D1ta/a?),
: and so on for Ti, Tgs TEeoe
.i j when log (D/a2) is plotted against 1/T;, the activation
| energy, E, 1is derived from the slope, and the frequency

factor (Do/a2) is obtained from the intercept (see section

B e
BRI e

3.8)

Since conditions 1in a vacuum contrast so sharply with
those likely to be encountered in the geologic environment,
‘ﬁ;l the above procedure may give incorrect results. However, it
| has been argued by Berger and York (1981) that internally
;?f consistent results from the technique suggest that the

method may be appropriate, Berger and York (1981) have
L ] recorded a wide range of closure temperatures for

hornblende, biotite and feldspars. The mean values and




Fig. 2-5. ,

Schematic diagram outlining the diffusion
profile for isothermal heating (T3) and heating
at several temperatures (Tj, Ty, T3...).
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standard deviations are 685 +/- 469 C for hornblende, 373
+/= 179 C for biotite, 230 +/- 189 C for K-feldspar, and 193
+/- 320 C. for plagioclase. The large uncertainties (~10%)
reflect Ithe need for caution in applying these estimates to
thermochronometry. It is clear, however that the method is
capable of yielding results consistent with relative argon
retentivity of the above minerals. Using the same technique
on unirradiated Hercynian biotites, Hammerschmidt and Wagner
(1983) calculated a closure temperature of 3309 C for this

mineral.

2.6.2. THE HARRISON-McDOUGALL METHOD

Harrison and McDougall (1982) applied the Berger-York
technique to K-feldspar, deriving a closure temperature of
132 +/- 13© C. They argued, however, that hydrous minerals
(micas, amphiboles) should not be treated in this manner,
since they are dehydrated during vacuum extraction of argon.
Dehydration leads to lattice changes, which affect diffusion
calculations by producing phases which have different
activation energies. Harrison (1981) conducted diffusion
experiments on hornblende at about 1lkb water pressure.
Although this pressure is somewhat lower than expected in
plutonic and regional metamorphic environments, it was
presumed to be a reasonable simulation. Depending on grain
size and cooling rate, closure temperatures for hornblende

were estimated to be in the range 490-578 degrees® C,

e
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Harrison et al (1985) pefformed diffusion experiments on
biotite under hydrothermal conditions (15 kbars), and
derived closure temperatures of 280 - 310 C, slightly lower

than those obtained by Hammerschmidt and Wagner (1983).

2.6.3. OTHER METHODS OF DERIVING Te

Attempts have been made to obtain closure temperatures
from more direct geologic observations. This approach is
especially applicable 1in active geothermal fields, where
geothermal gradients are unusally high, Because high
temperatures are attained at relatively shallow depths,
thermal resetting of minerals can be observed by recovering
samples in drill holes. Closure temperature for biotite has
been estimated as 225° C (Turner and Forbes, 1976) and 400°
C (Del Moro et al., 1983). The estimate for apatite fission

track annealing is 1059 C (Naeser and Forbes, 1376).

.Closure temperatures have also been estimated by comparison

with other isotopic systems and metamorphic assemblages of
known thermall stability. This method has been used to
estimate a closure temperature of 350° C for muscovite and
300 C for biotite (Purdy and Jager, 1976). Similarly, a
closure temperature of 480° C for hornblende and 345° C for
biotite has been estimated by Dallmeyer(1978). These
techniques assume that opening of an isotopic system is an
exact reverse of closure. Complications associated with

variables such as 1local partial pressure of argon,
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a 23 : : ¢ :
' permeability, and state of deformation, may invalidate this

assumption,

2.7. LABORATORY PROCEDURE

2.7.1, MINERAL SEPARATION

Representative samples of up to a few kg in size were Al
first trimmed of weathered surfaces, then comminutgd in a
steel jaw crusher. Where the grain size warranted, final 'J;

pulverization was performed in a tungsten carbide shatter

box. Appropriate size fractions were screened and

thoroughly washed in tap water, then air dried. Mineral

separation was completed in a Franz magnetic separator, or
by means of heavy liquids (methylene iodide,
tetrabromoethane). Hand picking of individual grains was

sometimes necessary to attain high purity.

2.7.2. FISSION TRACK DATING PROCEDURE |

For standards and samples, apatite grains were mounted

in epoxy, polished and etched in 7% nitric acid for 30

seconds. A layer of clear low uranium muscovite was
attached to the polished surface as an external detector.
) Muscovite detectors were also attached to wuranium glass

dosimeters. Pin holes were made through the mounts and

detectors, to act as reference points for matching

T
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spontaneocus and induced tracks. Samples were interleaved
with standards and dosimeters in aluminum canisters.
Samples were irradiated as described in section 2.3. After
irradiation, each muscovite external detector was etched in
48% HF for 28 seconds, and the exposed fission tracks were
counted. Spcntaneous fission tracks were counted in samples
and standards at this time. Spontaneous and induced tracks
were carefully matched on a grain - to - grain basis, by
means of the pin holes and a graduated grid mounted on the
microscope stage. Counting magnification was '400x  for
dosimeters, and 1000x for standards and samples. The size
of the counting field was determined by an eyepiece
graticule (5x5 grid). The size of the counting field was
55x55 wum at 1000x, and 125x125 um at 400x. Ages were
calculated as described in section 2.3, after Hurford and

Green, 1983).

2.7.3. ARGON DATING PROCEDURE

Samples were packed into small thin-walled aluminum
discs or simply wrapped 1in aluminum foil. Samples and
standards were stacked in aluminum canisters. Most of the
canisters were lined with 1.0 mm of cadmium metal to absorb
thermal neutrons.

Samples were irradiated with fast neutrons in position
5C, in the core of the McMaster Reactor, Hamilton, Ontario.

Irradiation typicallly lasted for 7.5 hours (15 MWH power),

=
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but some samples received larger doses.  Sample
configuration in a typical canister is shown schematically
in FPig 2.1.(a),

After irradiation, samples were stored for a few weeks
to permit safer handling. Each sample was subsequently
loaded into a quartz boat and placed in a quartz extraction
tube connected to a glass vacuum line. The quartz tube was
heated to a maximum of 1200 degrees C by means of a Lindberg
(type 59344) furnace. Temperature within the furnace was
monitored by a "Platinel™ thermocouple. The gas was
extracted in a stepwise fashion, usually at 50 degree
intervals, purified over a Ti sponge getter, and leaked
directly into the chamber of a substantially modified MS-10
mass spectrometer,

Analyses were accomplished by sequentially scanning for
masses 36, 37, 39 and 40. Mass 37 was omitted for samples
with low Ca/K ratios, and mass 38 was not recorded for any
samples (section 2.,2,2.2). A peak hopping procedure was
executed automatically and the amplified signal fed into an
on-line Apple lle microcomputer., Each mass was measured 15
times. Peak positions were relocated before the first,
sixth and eleventh measurements.

Amplified signals arriving from the mass spectrometer
were digitized and the following mass ratios calculated:
36/39, 37/39, 40/39. The measured isotopic ratios often
vary significantly over the duration of 15 determinations

(about 45 minutes). Consequently, a linear extrapolation of
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ratios was made back to zero time, when the gas was first
let into the mass spectrometer. 1In calculating the ratio of
40Ar/39ar, a correction was made for the tailing of the 40ar
peak at the 39Ar position. Very occasionally, the 40Ar tail
was observed to extend over to the 36ar position, in which
case a correction was performed manually.

After the above mentioned ratios were determined,
appropriate corrections were made (section 2.2.2.2), and the
age calculated according to equation (4) (section 2.2.i.
The complete data sets for all heating steps were:stored on
discs. They were subsequently retrieved ¢to make summary

sheets and age spectrum plots for each sample.
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CHAPTER 3

EVALUATION OF SPECTRA AND DERIVATION OF CLOSURE TEMPERATURES

3.1. INTRODUCTION

This chapter focuses on techniques commonly used in the
interpretation of age spectra. Some problems are
highlighted and suggestions are made for improvements. To
facilitate quantitative evaluation of spectra, some
numerical parameters are introduced. The Berger - York
method for deriving closure temperature 1is tested.
Interpretation of the age data on a regicnal scale is
deferred to Chapter 4. Three terms are defined:

Age spectrum: A graphic plot of apparent age versus
fraction of gas released. The apparent age of each
increment is displayed with appropriate error bars.

Plateau age (tp): The apparent age of that portion of
the spectrum which defines a plateau (Section 3.2).

Total Fusion Age: The apparent age derived from the
40ar/3%Ar ratio after all argon is released in a single
heating step.

Incremental Total Gas Age (tp): The apparent age

derived from the 40ar/3SAr ratio after total gas release in

62
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several steps. The ratios of all steps are compounded; each
step is given weight commensurate with its percentage of the
total.

Sigmé (s): The uncertainty associated with an apparent
age. By convention, ls = uncertainty at the 68% confidence

level; 2s = uncertainty at the 395% confidence level.

3.2. CONCORDANT AND DISCORDANT SPECTRA

A concordant spectrum is one in which the apparent age
of every step is indistinguishable at the 95 % ;onfidence
level (Fleck et al., , 1977). 40K and radiogenic 40Ar are
presumed to occupy similar lattice sites; therefore the
release of 39Ar (representing 40K) is highly correlated with
that.of radiogenic 40Ar., The entire spectrum is a plateau,
wvhere the apparent age of each step agrees with the total
fusion age, the incremental total gas age, and the
conventional K-Ar age,

Ideal concordant spectra have rarely been produced from
terrestrial samples. Even in well defined, undisturbed
samples, small fractions of the total 39Ar yield ages
substantially different from the plateau age (e.qg.
Dalrymple and Lanphere, 1974). These minor effects are
usually ascribed to: (a) minor excess argon; (b) minor argon
loss during sample preparation, (c¢) minor argon loss during
irradiation (e.g. Harrison, 1983; Huneke and Smith, 1976).

Since gas increments which represent small fractions of the
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total may be unreliable, steps containing less than 3% of
the total 39Ar are ignored when determining a plateau (Fleck
et al., 19727).

A épectrum is considered discordant if any step,
containing more than 3% of the total 39Ar does not 1lie on
the plateau.

Fleck et al. (1977) emphasised the distinction between
discordant spectra and spectra from tectonothermally
disturbed samples. 1In some cases, disturbance may cause
discordance (as outlined above), but this shéuld not be
automatically assumed. Thermally overprinted samples have
been known to yield concordant spectra (e.g. Berger 1975},
while some undisturbed samples have produced discordant
spectra (RKunk et al., 1985). Even though most terfestrial
samples do not produce ideal concordant spectra, many
produce plateaus that are considered reliable and of
geologic significance. These features are further discussed
below.

Berger and York (1981) defined a reliable plateau as
that part of a spectrum where five or more contiguous steps
agree at the 95% confidence level (2s). A plateau has also
been defined as that part of the spectrum where contiguous
steps, constituting 50% or more of the total gas agree at
the 95% confidence level (Fleck et al., 1977). The value of
s depends on experimental conditions: the above definitions
imply that analyses with large values of s (experimental

uncertainty) have the best chance of producing plateaus.




et

e

65
According to these definitions, a spectrum may contain a
plateau even though substantial portions of the gas give
discordant ages. Although the presence or absence of a
plateau can sometimes be used as a qualitative indicator of
tectonothermal history, this distinction can be obscured by

variation of conditions during the step-heating process.

3.3. DISCORDANCE FACTORS

To quantify deviation from ideal concordance in an age
spectrum, three numerical parameters (DISCORDANCE FACTORS)
are proposed: The term 'plateau' is as defined by Fleck et

al., (3977)x

1. DISCORDANCE NUMBER (DN): This 1is simply the
difference between the mean plateau age and the incremental
total gas age, expressed as a percentage of the incremental

total gas age. For ideal concordance, DN = 0,

2. PLATEAU DISCORDANCE FACTOR (PDF): This 1is the
summed difference between the mean plateau age and that of
each individual step. Each step is weighted according to
the percentage of 39Ar it contains. For ideal concordance,

PDF = 0.

3. INCREMENTAL TOTAL GAS DISCORDANCE FACTOR (IDF).This
is analogous to PDF and is applied when a plateau does not
exist, IDF is the summed difference between the tp age and

that of each individual step. Each step 1is weighted
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according to its percentage of 39Ar., The value of IDF is

always greater than 0.

A related parameter, COMPOUND SIGMA, is defined as the
summed errors (2s) of all steps. The error in each step is
assigned weight according to the fraction of the total 3%ar
it contains. COMPOUND SIGMA (CS) gives a measure of
interstep uncertainty (analytical precision).

For most samples, the parameters IDF and CS are
adequate to describe both the deviation from ideal
concordance, and interstep uncertainties at the 95%
confidence level. They are employed 1in sections which
follow. The equations which define these terms are listed
in table 3-1.

For comparison with values from this study, PDF values
have been calculated for five samples from published
literature, which produced highly concordant spectra. These

values which range from .24 to .8l are listed in table 3-2.

3.4. A MODEL FOR ARGON RELEASE DURING STEP HEATING

In order to critically evaluate 40Ar-39ar age spectra,
it is wuseful to consider some factors which affect the
release of 39Ar and 40Ar. The location of radiogenic argon
within a K-bearing mineral may be conveniently viewed in
terms of sites of occupancy. Fitch et al., (1969) and
Brereton (1972) suggested that there are three types of

sites within K-bearing minerals in which 40Ar resides:
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-séi*iﬁ ;

tT ® incremental total gas age.

tp = plateau age.
fi =fraction of 3%r in individual step.

0y = inter-step uncertainty on individual step.

(aP); difference between apparent age of individual
step and the plateau age.

(AT); difference between apparent age of individual
step and the incremental total gas age.




Table 3-2, PDF values for some bilotite and hornblende
samples which produced highly concordant age spectra.

Sample Phase| Geologic Setting PDF Ref.
MMhb-1 Hb McClure Mt Complex 0.24 Harrison, 1981,
Colorado
4A Hb Hartland Stock,Maine 0.69 Dallmeyer et al
1982
4A Bi Hartland Stock,Maine 0.72 Dallmeyer et al
1982,
9400 Hb Eldorado Stock 0.32 Berger, 1975,
Colorado
22500 Bi Eldorado Stock 0.81 Berger, 1975,
Colorado

89
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Type (1). Non-lattice sites. 40ar 1is adsorbed on
surfaces (crystal faces, cracks, cleavages, intergranular
boundaries), or loosely held in lattice  imperfections
(cavities, fluid inclusions).

Type (2): High Diffusion Probability lattice sites,
40Ar is held within normal lattice, buﬁ close to grain
boundaries, cavities, cracks, and other discontinuities; or
in damaged lattice sites.

Type (3): Low diffusion probability sites. 40ar is
held in undamaged lattice sites away from discontiﬁuities.

Although it is recognized that this model may be an
oversimplification the three categories probably cover the
range of argon retention sites that may be found in a
mineral, It provides a basis for discussion of argon
release. The sites are shown schemafically in figq. 3-1.
The relative proportions of types 1, 2, and 3 will depend on
the tectonothermal history of the rock, and may vary within
individual samples, It was suggested by Brandt and
Voronovskiy (1967) that after 40Ar is produced from
interlayer 40K in micas, it recoils with an energy of about
30 eV, with 497 geometry. This ensures that about 93% of
the 40Ar produced 1is directed towards the mica crystal
lattice. Since the bond energy is about 5 eV (Brandt and
Voronovskiy, 1967), the 40Ar atom has enough kinetic energy
to become imbedded in the mica structure. These estimates
suggest that about 93% of 40Ar occupies type 3 sites for

undisturbed micas. The other 7% remain in types 1 and 2

>
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Fig. 3-1. Schematic diagram illustrating possible
distribution of sites where radiogenic

argon may reside in a K-bearing mineral.
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sites. If the mica lattice 1is subsequently disturbed by
tectonothermal events, the proportion of sites may change
‘ drastically. Although this structural analysis is not
%’i appropriate to most other K-bearing minerals, it emphasizes

- the potential complexity of K-Ar systematics,

Reactor-produced 3%9Ar moves over a distance of 0.08 - 0.1 um

ﬁi (Brereton, 1972; Huneke and Smith, 1976), leading to
| redistribution among the three site types. In rocks which
* have had a simple tectonothermal history, only a small
; proportion of the sites are likely to be type 1 and type 2.
Redistribution of reactor-produced 39Ar would occur largely

within type 3 sites. Subsequent step heating analysis

f— ._&-ﬁ_,.-‘.- .

should produce a high correlation between 39ar and 40ar,

resulting in a plateau in the age spectrum. Small portions

of the spectrum will be discordant, reflecting the small

S

-proportion of type 1 and type 2 sites. These observations

are generally confirmed by experimental results, where the

low temperature early steps give discordant ages followed by

1 a plateau. (e.g. Dalrymple and Lanphere, 1974; Berger,
1975; Hurford and Hammerschmidt, 1985).

Disturbed samples are likely to have a high proportion
of type 1 and type 2 sites. Redistribution of 3%ar during

irradiation should cause 39Ar and 40Ar to occupy different

sites, The two isotopes will be poorly correlated during
stepwise release, producing discordance in the age spectrum.
Where tested, this model 1is supported by experimental

results and field observations (e.qg. Berger, 1975;

oA e
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Dallmeyer, 1975; Hanson et al., 1975; Ozima et al., 1979;

Harrison et al., 1985).

3.5. INFORMATION CONTAINED IN 40Ar-3SAr SPECTRA

When tested on meteorite samples (Tu;ner, 1968), the
40Ar-39ar step heating technique appeared capable of giving
the following information:

(1)The time of original post-crystallization cooling
from the plateau age of an undisturbed sample. §

(2) The time of reheating from the plateau age of a
sample completely outgassed by a secondary event.

' (3) The time of ‘reheating as well as the time of
initial crystallization from a sample which suffered minor
gas loss during a secondary event.

Results from terrestrial samples have been rather
ambiguous. Few studies have been undertaken with samples
whose thermal histories have been independently determined.
In some cases, amphiboles seem capable of giving information
on the time of original crystallization, the time and
temperature of overprinting, and the fraction of gas lost
during that secondary event (eg Harrison and McDougall,
1980). This follows from the model of Turner (1968, 1969),
which assumes that a crystal that suffered partial loss of
40ar retains an argon concentration gradient from core to
rim (fig 3-2). Analyses of such grains by the 40ar-39ar

step heating technique should reflect the naturally induced
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Fig. 3-2. Schematic diagram illustrating typical
argon concentration gradient expected
in a2 mineral that suffered episodic loss
or cooled very slowly.
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gradient. The rim of the crystal is presumably outgassed
completely.by the overprinting event: the first few steps of
the age spectrum represent the rim and therefore should give
the age of overprint. Apparent ages increase in successive
steps as argon is removed from domains progressively closer
to the center of the crystal. The apparent age of the last
step should be close to the original cooling age for small
losses (less than about 20%). For much larger 40aAr losses,
the original cooling age cannot be determined; the last step
defines a minimum value. This ideal model réquires-two
conditions to be fulfilled:

(1) The 40Ar gradient must be maintained throughout the
experiment. Loss of crystalline integrity by processes such
as dehydration, polymorphic inversion, and excessive
pulverization may obliterate the naturally induced gradient.

(2) It is necessary that the overprinting event did not
also induce a gradient in K, which is known to be highly
mobile in hydrothermal solutions. Further, it is necessary
that the release of 39Ar reflect the original
(pre-overprint) distribution of 40K, Redistribution of 3%ar
by recoil may distort the release pattern (see fig. 3-1).

It may be noted from fig. 3-2 that a concentration
gradient may also be induced in a crystal by slow cooling
through the transitional <closure interval (section 2.4).
Such gradients are indistinguishable from those produced by
episodic loss (e.g. Harrison and McDougall, 1982).

Gerling et al., (1966) performed heating experiments on
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amphiboles, which indicate that dehydration is almost
complete in the temperature range 765-1005 degrees C.
Amphiboleé are converted to the pyroxene structure,. They
also found that most radiogenic argon from the same samples
was released after dehydration. Harrison (1983) suggested
that this behaviour of amphiboles ensures that naturally
induced argon diffusion gradients are preserved. This may
be an oversimplification, since dehydration and argon
release partly overlap. Information from | the low
temperature end of the spectrum may be unreliable. The
effects of the phase transformation after dehydration on an
argon concentration gradient are uncertain. Since the
change from amphibole to pyrcxene can occur with minor
rearrangement of the chain structure, the interpretation of
Harrison (1983) may be valid in some cases. In contrast,
argon release from micas 1is apparently accompanied by
dehydration and delamination (Gerling et al., 1966; Brandt
and Voronovskiy, 1967; Zimmerman, 1972). This implies that
argon concentration profiles are unlikely to be preserved,
~although some thermally overprinted muscovites have been
shown to produce staircase profiles in their spectra (e.g.
Hanson et al., 1975). Harrison and Be (1983) employed the
model of Turner (1968) to derive information on 40Ar 1loss
from detrital  microcline. Homogenization of perthite
lamellae and inversion of microcline to orthoclase should
occur over the temperature range 500-1200 degrees C (e.g.

Evernden et al., 1960; Abramov et al., 1972), but it is
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uncertain how far these transformations reach during the
short duration of a step heating experiment. Harrison

(1983) suggested that most argon is released from perthitic

‘microcline before any significant phase changes. This

conclusion is, however, based on deductions from age spectra
instead of direct measurements, and 1is contrary to the
findings of Evernden et al., (1960). The following
observations may be made on the information obtainable from
terrestrial samples.

(1)Most samples from undisturbed volcanic roéks produce
plateau ages equal to the time of crystallization (e.gq.
Hurford and Hammerschmidt, 1985; RKunk et al., 1985;
McDougall, 1985).

(2)Samples from undisturbéd plutonic and metamorphic
rocks yield plateau ages lower than the time of original
crystallization. The difference between the plateau age and
the original crystallization age is inversely proportional
to the <c¢ooling rate and the closure temperature of the
mineral dated. (e.g. Dallmeyer et al., 1975 ; Berger and
York, 1981).

(3) Samples completely outgassed during an overprinting
event produce plateau ages lower than the time of that
second event, (e.g. Berger, 1975; Hanson et al., 1975). As
in (2), the age difference is inversely proportional to the
cooling rate and the closure temperature.

'{4) Samples partially outgassed during a secondary

event may produce spectra of various shapes (Berger, 1975;
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Hanson et al., 1975). Spectra from some overprinted
amphiboles may give plateau ages (e.g. Berger, 1975;
Harrison and McDougall, 1980). The significance of sucH
plateau ages must be interpreted in conjunction with other
geologic information. The model of Turner (1968) may be
applied to amphiboles and K-feldspars with the reservations
listed above.

(5) Samples containing excess argon sometimes give
saddle shaéed spectra (Lanphere and Dalrymple, 1%76). This
shape is difficult to explain and may not always be present

(e.g. Foland, 1983). This is further discussed in Chapter

4.

3.6. THE EFFECTS OF RECOIL ON THE SPECTRA OF SLATES

Because of their complex nature, whole rock samples are
rarely dated. Interpretation of their spectra is,
therefore, poorly documented. White micas in slates are
commonly less than 100um in size, and a substantial fraction
are smaller than 20 um. This raﬁge in size provides ample
opportunity for 39Ar transfer to K-poor minerals (mainly
quartz and chlorite), For example, samples NS72-31 and
NS72-33 (Chapter 4) contain white micas with approximate
mean dimensions of 30 um diameter, and 3 um thickness when
viewed parallel to the 001 cleavage (figs. 3-3, 3-4, 3-5).
Many grains are smaller than these. The shape of white

micas in these samples can be approximated by a circular
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Photomicrograph of slate sample NS71-139.
Note high quartz content and poor foliation,
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Photomicrograph of slate sample NS72-31,
Note good foliation and range of white mica size.
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Fig- 3-5.

Photomicrograph of slate sample NS72-33,
Note good foliation and range of white mica size.
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disc 30 um in diameter and 3 um in height, Assuming a
peripheral -'damage zone' of 0.1 um (e.g. Brereton, 1972),
such grains would lose 103 of their 3%Ar to recoil. By a
similar model, grains of 30 um length and 1 um thickness
would lose about 20% of their 39Ar to recoil. These
predicted losses are similar to those found experimentally
by Hunziker et al., (1986) for 1illite extracted from
pelites. Three size fractions, 6 - 20 um, 2 - 6 um, 0.6 - 2
um, were analysed by both conventional K-Ar and 40Ar-39ar
techniques. Apparent age differences indicate 39Ar losses
of 21.9%, 22.8%, and 35.6% respectively.

Since whole rock slate samples in this study were not
crushed to sizes below 100 um (typically about 200 um), 3%Ar
expelled from white mica was largely retained 1in the
aggregate. ' The detailed shapes of the spectra aré
distorted, but the incremental total gas ages are not
significantly affected. Recoil-induced discordance may be
superimposed on geologically significant profiles, rendering
interpretation of the spectra difficult. Because of the
small grain size of white mica in slates, release of the
argon can be expected at relatively low temperatures during
step-heating. Experimental results support these
predictions. All slate/siltstone spectra are highly
discordant (Chapter 4&). IDF ranges from 2.68 to 10.92,
Except for sample PE85-138 (346 Ma), ages range from 368 Ma
to 406 Ma, consistent with stratigraphic constraints

(Chapter 1). The 40Ar-39ar apparent ages of three of the
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samples are indistinguishable from their conventional X-Ar
ages (Chapter 4). These results would not be expected if
significant amounts of 39Ar were lost during irradiation.
Except for samples KBl, KB3, and KB6, all samples release
more than 50% of their total argon below 800 degrees C
(Appendix A). The slower release of KBl, KB3, and KB6 has
been ascribed by Savell (1980} to slightly 1lower
permeability. This may be partly due to slightly greater
grain size (Chapter 4). Release of argon from slates,
phyllites, and illite/phengite separates, at relatively low
temperatures, has been recorded elsewhere (e.g. Reynolds
and Muecke, 1978; Dallmeyer, 1982; Hunziker et al,, 1986).
The extent to which early argon release is induced by recoil
in very fine grained micas is uncertain. This can 5e tested
by observing the release pattern of irradiated and

unirradiated aliquants of the same sample.

3.7. THE RELATIONSHIP BETWEEN 37Ar/3%Ar _ anD

Ca/K_IN AMPHIBOLES.

During neutron irradiation, 37Ar is produced from
40ca(n, a)37ar, whereas 39Ar is produced from 39K(n, p)39ar.
For a given neutron spectrum, therefore, 37Ar/3%r is
proportional to Ca/K. It is possible to evaluate a
conversion factor F= (Ca/K)/(37Ar/3%Ar) for a given position

in a reactor, where the neutron spectrum 1is reproducible.
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The value for position 5C of McMaster reactor has been
calculated using the standard hornblende sample MMhb-1,
which has Ca/K =4.54 +/- 0.24 (Alexander et al., 1978). The
calculated conversion factor is 1.86 +/- 0.12, which can be
used to estimate Ca/K in the release pattern of ‘'unknown'’
samples in this study.

The 37ar/3%Ar ratio is sometimes regarded as a faithful
reflection of Ca/K during step-heating. Variations in
37ar/3%r are usually ascribed to chemical zoning, where
each domain supposedly releases Ar separ;tely with
characteristic 37Ar/39Ar, reflecting its composition (e.g.
Harrison and Fitzgerald, 19886).

A uniform 37Ar/39Ar ratio throughout an age spectrum
requires complete correlation between the release of the two
isotopes. The absence of complete correlation is not always
caused by chemical zonation of the amphibole. The following
factors may contribute to variation in 37ar/3%ar:

(1) Minor mica contamination. Since micas commonly
contain more than 50 times the K-content of hornblende, even
a minor mica contaminant would substantially distort the
37ar/3%r ratio.

(2) The reaction 40ca(n, a)37Ar has a maximum recoil
energy of 360 keV, 20% higher than that for 39K(n, p)39r
(300 kev) (Brereton, 1972). Recoil redistribution is
therefore unlikely to be the same for the two isotopes.
This problem will be aggravated by the presence of crystal

defects imposed by tectonothermal disturbance.
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In the spectra of sample PE83-11 and PE84-130 (fig.
3-6), 37ar/3%Ar starts quite low for the first 20 $ of the
gas, then rises to a relatively uniform value. The initial
value is 3-5 in sample PE83-11 which rises to 16-19 . For
sample PE84-130 37ar/39%Ar starts at 4-4.5, .then rises to
11-12. The trend 1is similar for samples PE83-9 and
PE84-114. In contrast, 37Ar/39Ar for sample PE84-64C, rises
from an initial wvalue of 9 to a wuniform 12-13.5 (see
Appendix A). The low initial 37Ar/39Ar values of the first
four samples are probably due to minor biotite
contamination. Sample 84-64C was not so affeéted since
biotite does not occur in the rock. The inferred Ca/K
values are similar to those obtained by microprobe analyses
(fig. 3-6). Minor discrepancies are probably due to low
precision in measuring K (s~8%), and the possible recoil
problems discussed above. Both microprobe analyses and
37ar/3%9Ar data from the age spectra indicate that the
amphiboles dated in this study are not complexly zoned. 1t
may be possible, therefore, to extract geologically
meaningful information from the age spectra of these

samples., (cf. Harrison and Fitzgerald, 1986).

3.8. GENERAL OBSERVATIONS ON MICA SPECTRA

Micas constitute 75% of the spectra generated in this
study. (38 biotites, one phlogopite, and 18 muscovites).

It is, therefore, necessary to assess criteria for
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Fig. 3-6. Age spectra for amphiboles showing variation
of Ca/K with argon release. The vertical bar represents
the Ca/K ratio determined by microprobe analyses.,

The number below the sample number is the incremental
total gas age. 'H' signifies hornblende.
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¥ evaluating them. 40Ar-39aAr experiments on biotites which

were artificially heated or deformed, indicate that detailed

i

shapes of spectra from such samples are not diagnostic (e.g.

Ozima et al., 1979; Harrison et al., 1985). On the contrary

Dallmeyer (1975, 1982) suggested that such spectra are

1
|
characterized by anomalously low ages in their intermediate %
|

steps (saddle-shaped). Although spectra from some samples ’

(e.g. PE84-41, PE84-72) display this feature, it is not
very pronounced (figs. 4.2-15, 4.2-18). Some samples (e.q.
muscovite PE48-77M, biotite PE82-9) display profiles similar Bt
to those described by Turner (1968), for partial argon loss:

The earliest step gives the lowest age, while successive

steps give progressively higher ages, approaching or
attaining a plateau. Since the first few steps tend to be
poorly defined, and vary considerably in apparent age, it is
difficult to assign geolologic significance to them, as
required by the Turner model. The varied texture of these
spectra support the findings of Dallmeyer (1975), that the

diffusion loss model of Turner (1968) is not applicable to

micas. Since argon release in micas is accompanied by

dehydration (section 3.5), it is likely that any
geologically induced profile is modified during step

heating.
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3.9. DERIVATION OF CLOSURE TEMPERATURES

An attempt was made in this study to test the
Berger~York technique (Section 2.6.1) for deriving closure
temperature. As described in Chapter 2, the step-heating
procedure was treated as a diffusion experiment,
Experiments were performed on muscovite, biotite and
K~feldspar. Of the three available models (section 2.5),
the sphere is probably the least relevant; both feldspars
and micas are highly anisotropic. The cylindrical mgdel was
chosen for the micas because diffusion is believed to
proceed easiest parallel to the 001 cleavage, instead of
perpendicular as required by the plane sheet model (e.g.
Giletti, 1974). Both the cylindrical and sheet models were
tested on the K-feldspars. A cooling rate of 1 degree/Ma is

assumed.

3.9.1. ARRHENIUS PLOTS

Following the procedure outlined in Section 2.6.1, 1log
D/a2 was plotted again;t 1/T for each sample, The plots are
displayed in fig. 3-7. It can be seen that the plots are
not linear throughout the range of experimental
temperatures. For most samples, there is an abrupt change
of slope at some point in the temperature range 650-850
degrees C (1000/K = 1.08 - .89). This implies a change in
activation energy, which is probably accompanied by

structural transformation (e.q. Gerling et al., 1966;
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Fig. 3-7. Arrhenius plots for muscovite, biotite and I
K-feldspar. il

"Non-linear" plots did not satisfy the criteria of
section 3.9.1.
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Table 3-3. Derived closure temperatures and activation
energies for muscovite, biotite and K-feldspar.
NINERAL | SAMPLE E 1 7e | moper
NUMBER (kcal/mol) ¢t c)
BQ-2 55 +/=- § | 270 +/~ 20
PE82-2 59 /- 9 | 250 +/~ 35 ’
PEE3-2 37 /- 8 | 200 +/- 40
PEA2-4 61 o/~ 7 | 265 +/- 25
PE83-5 36 +/- 6 | 155 +/- 40 .
PES2-9 855 +/= 9 | 245 +/- 40 g
E PE83-9 72 +/- 14| 320 +/- 40 §
= PES2-10 A4S +/= 7 | 200 +/- 45 i
} PES3-11 46 +/- & 210 +/- 30
| Pr83-12 S6 +/= § | 240 +/- 35
PE82-21 49 +/- 8 235 +/- 35
PE84~-39 58 +/- 9 240 +/- 35 .
€ PES4-43 47 +/- 7 | 270 +/- 40 é |
§ PES84~64D 51 +/- 8 21S +/- 35 g |
PES4 72 51 «/- 8 | 215 +/- 3%
PE34-100 S4 +/- 6 | 230 +/- 30
PE84-108 60 +/- 10| 2S5 +/- 15
PES4-114 34 +/- S | 180 +/- 30




T—

MINERAL

SAMPLE E ‘ Te MODEL
NUMBER {kcal/mol} | {(°C)
PES4-39 21 +/= 4 30 +/- 30 5
g PES4-54B 20 +/- 3 25 +/= 25 S
i a
g | PEa4-127 21 +/~ 3 IS +/= 30 g
] i
= PEAS-144 23 +/= 3 70 +/- 10 =
PES4-46 36 +/- 7 150 +/- 45
= PES4-548 19 +/- 3 1§ «/= 19
& 5
a PEB4~127 20 +/- 3 2§ «/=- 20 o
E 1]
& PESS-142 15 +/- 2 -23 /= 25
PESS-143 22 +/- 4 45 /- 40
PES2-22X 43 «/- 8 210 +/- SO
PES4-27 64 +/- 7 280 +/=- 25
PE84-29 48 +/- S 255 +/~ 25 :
- =
g PES4-34 41 +/- S 220 «/- 25 E
=
g PES4-77X 36 «/- 4 180 +/= 25 =
(]
PES4-54B 62 +/~ 6 320 +/= 25
PES4-121 16 +/- 6 190 +/- 15
PE84-125 44 +/= 8 215 +/- 40
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Fig. 3-8. Plot of biotite activation energy vs
Fe/(Fe+Mg).

Fig.3-9. Plot of closure temperature vs IDF.
for biotite.

'2' on the diagram signifies position where
two data points coincide.




E (KCALUMOL)

103

65. ¢

B X b 4

- X

- X
SS.[ X X %

- X

- X
450F' X

X X

25,

e 320 + 400 + 480 . 560 + 540 N o)

; FeQ (FeO+ Mg0Q)

3560.%F

- X

b ¢

2704 X X b

3 X b 4 X

’ X X X

* X X X 2

S 2 X
1800 ™ * *

L X
_900'

0.0 1.0 2.0 3.0 4,0 S50




3

104
Foland, 1974). Polymorphic inversion and homogenization of
perthitic microcline may occur over a wide temperature range
(section 3,5). The same 1is true for dehydration and
delamination of micas (e.qg. Gerling et al., 1966). To
avoid complicatons associated with possible phase changes,
the following criteria are adopted for derivation of
activation energy from the slope of the Arrhenius plots: (1)
Points on the curve, corresponding to temperatures above 850
degrees are omitted. (21 The straight line portion of the
curve below 850 degrees must be defined by at least four

points.

3.9.2. MUSCOVITE

Of the 8 muscovite samples on | which diffusion
experiments were performed, all satisfied the criteria
listed in section 3.9.1. They gave closure temperatures
ranging from 180+/-25 degrees C to 320+/-25 degrees C, with
an average of 234 +/- 33 degrees C. Results are displayed
in Table 3-3. Activation Energies vary from 36+/-4 kcal/mol
to 64+/-7 kcal/mol, giving a mean of 47+/-6 kcal/mol.

These values are significantly 1lower than others
derived elsewhere by other methods. The average closure
temperature is about 33% 1less than that estimated for
muscovite deduced from metamorphic facies temperatures
(Purdy and Jager, 1976). The average activation energy is

49% lower than that reported by Gerling (1984, technigue not
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described). The average value is only 14% lower than that
derived by Brandt and Voronovskiy (1967, technique not
described). Although the coarsest sample (PE84-54B) gave
the highest T., there is no clear correlation between grain
size and closure temperature. This implies either that
diffusion was not by volume diffusion, or that the effective
diffusion radius was smaller than the smallest grain size
used. Very little 1is known about the effective diffusion
radius for muscovite, but the value for biotite ,is thought
to be about 200 um (Harrison et al., 1985). All of the

muscovite samples were coarser than 200 um.

3:8..3, BIOTITE

Diffusion experiments were performed on 28 biotite
samples. Eighteen satisfied the criteria listed above for
an acceptable straight line on the Arrhenius plot. These
samples produced closure temperatures ranging from 155 +/-
40 degrees C to 320 +/- 40 degrees C. The average value is
233+/-35 degrees C. Activation energies range from 34 +/- 5
to 72 +/- 14 kcal/mol, with a mean of 58 +/- 8 kcal/mol.
The mean closure temperature is 32% lower than that obtained
by Berger and York (1981) for biotite samples analysed under
similar conditions. The mean activation energy is 27% lower
for the same samples. Harrison et al., (1986) found a
strong positive correlation between activation energy and

the phlogopite content of biotite. Fig 3-8 shows a plot of
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activation energies vs Fe/(Fe+Mg) for twelve biotite samples
in this study. The correlation is poor (r=0.498), and
opposite to the findings of Harrison et al., (1985). The
rank correlation coefficient between T, and IDF is r =
-0.408. A significant correlation for 18 samples at the 95%
confidence 1level should give -0.399 < r < +0.399 (Lewis,
1984). This weak, but significant correlation suégests that
the same processes which produce discordance in biotite age
spectra also contribute to lowering of the apparent T..

¥

3.9.4. K-FELDSPAR

Diffusion experiments were performed on 8 K-feldspar
samples. They are intermediate to maximum microcline
(section 4.4). Since K-feldspars are often perthitic on a
fine scale, they have been modelled as sheets by some
investigators (e.g. Harrison and McDougall, 1982). This
model would Dbe applicable only 1if diffusion occurs
perpendicular to the perthite 1lamellae. Should diffusion
proceed parallel to the lamellae, the cylindrical model
would apply. Both models were tried and the results
compared.

Five K-feldspar samples satisfied the criteria for the
sheet model. The average activation energy is 22 +/- ¢
kcal/mol. Corresponding closure temperatures range from -23
degrees C to 150 +/- 45 degrees C. Four samples satisfied

the criteria for the cylindrical model. Activation energies
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are similar to those of the sheet model (21 +/- 3 kcal/mol).
Closure temperature ranges from 30 +/- 30 degrees C to 70
+/- 30 degrees C.

Although the derived activation energies for microcline
are quite uniform, they are about 30% 1lower than that
calculated by Harrison and McDougall, (1982). The derived
values for E are, however, quite similar to those obtained
by Evernden et al., (1960), using the vacuum step heating
technique, and assuming spherical geometry. The closure

temperatures obtained for microcline by both models show too

much variation to be considered reliable.

3.9.5. SUMMARY

Although these experiments seem capable of yielding
consistent values for activation energies for microcline,
(cf Harrison and McDougall, 1982), this is not so for micas.
The derived closure temperatures show very wide and
apparently unsystematic variation. The apparently low
values for closure temperature cannot be accounted for
simply by the slow cooling rate assumed (1 degree/Ma). For
instance, a tenfold increase in the assumed cooling rate for
biotite sample PE84-100 results in a 9% increase in T, (from
230 to 250 ©C). An assumed cooling rate of 100 degrees/Ma
produces a T, of 270 degrees C, 17% higher than that at 1
degree/Ma. Very large differences in assumed cooling rate

would be required to produce uniform values for T.. The
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similarity in ages between hornblende and biotite from
adjacent outcrops in the White Rock Formation (section
4.2.5.2), suggests that the cooling rate 1in the interval
between the c¢losure temperatures of these two minerals was
substantially greater than 1 degree/Ma. From the
calculations on sample PE84-100, it can be inferred that the
derived average T. for muscovite and biotite would be about
9-19% higher (i.e. 254 - 273 ©C) if more realistic cooling
rates (10-100 degrees/Ma) are adopted. ,

One of the boundary conditions of diffusion experiments
is that the initial distribution of the diffusant be uniform
in structurally equivalent sites. Apparently this boundary
condition was not met (cf. -~ section 3.4). As shown in
Chapters 1 and 4, the Meguma terrane experienced at least
one episode of tectonothermal overprinting. This may have
caused sufficient 1lattice distortion to the samples to
render them unsuitable for diffusion experiments. The
selected lower portion of the curves may have been affected
by loosely held argon (section 3.4), and not reflect

diffusion behaviour that can be generally applied to these

minerals.
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CHAPTER 4

DATA BASE AND REGIONAL INTERPRETATION

4,1, GENERAL INTRODUCTION

This study records apparent ages ranging from 413 Ma to
170 Ma. An attempt is made in this chapter to interpret
these data in the context of the geologic framework
described in Chapter One. For convenience, data from the
Regional Metamorphic Terrane (RMT) and the Southern
Satellite Plutons (SSP) are treated separately. Each pluton
is evaluated individually, after which the total data base
is assessed. The implications of data from apatite fission
track and K-feldspar 40ar-39ar analyses are also discussed.
The inter-step errors on 40Ar-3%aAr age spectra are as quoted
on the summary sheets (Appendix A). They are ls values (see
below), and do not include a contribution from the standard.
The 1s error for intralaboratory comparison of sample ages
is 1%. This includes the wuncertainty in J, (.7%). For
comparison with ages obtained elsewhere, the estimated 1ls
error is 2%. This includes the uncertainty in the age of

the standards. The 1s error on fission track ages are as
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quoted in table 4.4-2. They were obtained by an error
propagation technique which takes into account uncertainties
in the counting procedure, the age of the standard, and the
value of Zeta (Chapter 2). Absolute age estimates of
stratigraphically dated units are based on the ‘GSA time
scale of Palmer, (1983).

To facilitate discussion, appropriate values for
closure temperatures must be selected. Since no reliable
values were derived from this study (Chapter 3), estimates
will be taken from data published elsewhere.

(a) Hornblende: As stated in Chapter 2, estimates for
hornblende closure temperature vary considerably, depending
on assumed cooling rate, grain size, and experimental
technique. Harrison (1981) calculated a closure temperature
of 490-578 degrees C for hornblende with assumed cooling
rates of 5-500 degrees/Ma. This calculation was based on
observed gas loss in a contact aureole, as well as
hydrothermal diffusion experiments. No significant
difference was observed between hornblendes of contrasting
Fe/(Fe+Mg) ratios, (.72, .36). Although this conflicts with
predictions from vacuum experiments (e.g. Gerling et al.,
1966), the close correspondence between data derived from
laboratory and field observations, gives some reliability to
the calculations of Harrison (1981). A value of 500 degrees
C is here adopted. This corresponds to a cooling rate of
about 5 degrees/Ma, and 1is similar to the <closure

temperature suggested by Dallmeyer (1978) from comparison
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with metamorphic assemblages.

(b) Muscovite: Few studies have been done on the
closure temperature of muscovite, Diffusion experiments
suggest that it has activation energies similar to biotite
(e.g. Brandt and Voronovskiy, 1967). The only available
estimate is 350 degrees C (Purdy and Jager, 1976), which
suggests that muscovite is slightly more retentive of argon.
This value is tentatively adopted.

(c) Biotite: Of the various estimates for biotite
closure temperature, most are very close to the vélue of 300
degrees C, suggested by Purdy and Jager (1976, see section
2. B 3). This wvalue will be used in this study. The
annealing temperature for fission tracks in apatite is
assumed to be 100 degrees C (Naeser, 1979). Although this
value may vary slightly with assumed cooling rates, it has
been derived both from laboratory annealing experiments, and
observations in geothermal fields. The closure temperature
for K-feldspar is discussed in section 4. 4.

The following abbreviations are used in this Chapter.

SMB = South Mountain Batholith.
SSP = Southern Satellite Plutons
RMT = Regional Metamorphic Terrane

tT = Incremental Total Gas Age
IDF = Incremental Total Gas Discordance Factor (Chapter

3).
CS = Compound Sigma {Chapter 3)
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s = 1 sigma (error at 99% confidence level).
2s = 2 sigma, (error at 95% confidence level).
F/FM = [total Fel/[total Fe + Mg] (atomic $%).

Ti/Al(iv) = Ti/[tetrahedral Al] (atomic %).

4.1.1., THE POSSIBLE ROLE OF EXTRANEQUS ARGON

IN THE MEGUMA TERRANE

Before any evaluation is made of 40Ar-39ar data, the
possible contribution of excess argon should be assessed.
Extraneous argon can be derived from two sources: (a)
inherited argon, and (b) excess argon. Inherited argon is
that portion which was generated in the sample prior to the
event being dated. For example, detrital micas in a slate
sample may contain inherited argon from some event prior to
deposition. The term "excess argon" means argon that was
trapped in the mineral, other than that which is produced by
in situ decay of 40K. Early research (e.g. Lanphere and
Dalrymple, 1976) suggested that extraneous argon resides in
special sites within the mineral lattice. These sites were
expected to release argon in a fashion which produces
characteristic patterns in their spectra. Intermediate
temperature steps in the spectra produce relatively low
apparent ages, resulting in ‘'saddle shaped' depressions.
The conclusions of Lanphere and Dalrymple (1976) were based
on one phlogopitic biotite, one plagioclase, and two

pyroxene samples. Lanphere and Dalrymple also cited

P ——
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examples of saddle shaped spectra from_ whole-rock basalt
samples suspected of containing excess argon, Later studies
(e.g. Harrison and McDougall, 1981; Harrison = and
Fitzgerald, 1986) suggest that the shape of spectra from
plagioclase, pyroxenes, and amphiboles can be affected by
complex exsolution features. It was suggested by Harrison
and McDougall (1981) that the complexity of these minerals
permit excess argon and radiogenic argon to occupy separate
sites, which outgas separately. Such behaviour is, however,
possible only if the exsolution features are preserved
during step-heating. There is much uncertainty about this
problem (section 3. 5} . Other studies on biotites
suspected to contain excess argon have produced spectra
which are nearly flat for most of their release pattern (eq.
Pankhurst et al., -1973; Roddick et al., 1980; Dallmeyer and
Rivers, 1982; Foland, 1983). Furthermore, it has been shown
that biotite samples which suffered 40Ar 1loss by an
overprinting event produce saddle - shaped spectra (Berger,
1975; Dallmeyer, 1975; Reynolds et al., 198l1; Dallmeyer,
1982). It therefore appears that the saddle-shaped feature
is not a reliable indicator of excess argon, at 1least for
biotite. The probability of the occurrence of extraneous
argon in a given terrane is best assessed by inference from
its geologic constraints, instead of simply relying on the
shape of individual spectra.

The geologic constraints within which this study is

undertaken are outlined in Chapter 1. On the basis of
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the slate and mica samples were taken, was deposited during
the Tremadocian, about 500 Ma ago (Cumming, 1985). Fossil
evidence also suggests that the depositional age of the
youngest pre - metamorphic unit, the Torbrook Formation, |is
Siegenian to Emsian, about 395 Ma ago (Jensen, 1976). The
regionally metamorphosed rocks were intruded by the SMB,
producing hornfelses which overprint the regional fabric
(Reynolds et al., 1973): Since the SMB is 372-361 Ma old
(Clarke énd Halliday, 1980), timing of regional m;tamorphism
appears to be constrained between 372 and 395 Ma.
Conceivably, this "window"” could be wider if regional
metamorphism was initiated prior to deposition of the
Torbrock Formation. During regional metamorphism, the most
likely source of extraneous argon would be detritus within
the Halifax and underlying Goldenville Formations. The
'crustal residence' age of these two formations is 1773 +/-
95 Ma (Clarke and Halliday 1985). Detrital components with
inherited argon (e.g. white mica) would lead to anomalously
high ages for samples from the lowest grades (slates). Such
components are likely to be completely outgassed at
metamorphic temperatures prevailing at the biotite zone or
higher. Substantial partial pressures of excess argon from
these sources would result in ages much greater than 385 Ma.
None of the samples dated in this study show ages (tT) above
406Ma, except for one poorly defined hornblende age of 413

Ma (section 4.2.3). It may be concluded that, except for

fossil evidence, the Halifax Formation, from which most of
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possibly some slate samples, inherited argon very likely did
not affect any of the Meguma terrane samples. In all cases
where mineral pairs were dated, apparent ages were similar,
or in the order expected from estimated closure
temperatures. Apparent ages of a few samples are 390 - 406
Ma. Since the estimated uncertainty in these ages is 2% (8
Ma), they seem reasonable within the stratigraphic
constraints 1listed above. While these constraints rule out
the influence of major amounts of excess argon, they cannot
exclude the possibility of minor 1local contamination.
Because pegmatites probably crystallize under high fluid
pressures {(e.g. Jahns and Burnham, 1969), samples from them
may contain excess argon. Since amphiboles analysed in this
study contain less than .5 wt% K70, even minor amounts of
excess argon would result in anocmalously high ages.

Individual cases are examined below.

4.2, DATA BASE AND INTERPRETATION FROM

THE REGIONAL METAMORPHIC TERRANE

4.2.1. INTRODUCTION

The RMT consists of three stratigraphic units: (1) the
Goldenville Formation, which consists of metapsammites and

minor metapelites; (2) the Halifax Formation, which is made
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up dominantly of metapelites; and (3) the White Rock
Formation, which consists of quartzites, metavolcanics, and
minor metapelites, Metamorphic grade ranges from lower
greenschist to upper amphibolite facies. Zone boundaries
have been drawn by Keppie and Muecke (13979). These are
shown on Map 1.

Three amphibole and thirty-nine mica samples from the
RMT were dated by the 40ar-39ar method. One sample was
dated by the apatite fission track technique. To facilitate
evaluation, the samples are divided into five groups: (a)
slates; (b) amphiboles; (c) older micas (d) younger micas;
(e} apatite fission track. The dividing line between older
and younger micaslis taken as 360 Ma, the approximate age of
the youngest phase of the SMB. Since intrusion of the SMB
marks a major tectonothermal event in the Meguma terrane,
which partly or completely reset some metamorphic ages
(Reynolds and Muecke, 1978), the 360 Ma line is considered a
reasonable choice. Any RMT ages younger than 360 Ma cannot
be attributed simply to outgassing during the SMB intrusive

event.

4.2.2., SUMMARIZED GEOLOGY OF THE RMT

As stated in Chapter 1, the Meguma terrane consists
dominantly of flyschoid metasediments (Goldenville and
Halifax Formations}, with minor volcanics (Map 2). Although

deformation is locally complex, rocks within the Halifax and
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Goldenville Formations display a principal NE to NNE
trending foliation (S3), associated with folding during the
Acadian orogeny {(e.g. Keppie, 1977). The foliation is more
pronounced in the metapelitic units, where it is defined
mainly by parallel orientation of muscovite and lenticular
quartz. Generally, porphyroblasts of biotite, staurclite,
andalusite, cordierite, and sillimanite are weakly aligned
with Sj, or randomly overgrow it. These features indicate
that regional metamorphism was late syn- to post-tectonic
with respect to regional deformation (e.q. | Taylor and
Schiller, 1966; Chu, 1978; Muecke, 1984),

Metamorphic grade ranges from 1lower greenschist to
upper amphibolite facies, Details have been described by
several authors (e.gq. Taflor and Schiller, 1966; Chu, 1978;
Sarkar, 1978; Cullen, 1983; Muecke, 1984). Keppie and
Muecke (1979) defined the following metamorphic zones in the
Meguma Terrane: (1) Chlorite zone (2) Biotite zone (3)
Garnet zone (4) Staurolite-andalusite-cordierite zone, and
(5) sillimanite zone {(Map 1). Metamorphic conditions were
of low-pressure type, with pressures less than 4 kbars (Chu,
1878; Cullen, 1983; Muecke, 1984). This corresponds to a
depth of 10-15 km, and is summarized in table 4.2-1 and fig.
4.2-1;

Retrograde metamorphism in the Meguma Terrane has been
noted by previous workers (e.g. Taylor and Schillef 1966;
Cullen, 1983). The mineral assemblages produced include

chlorite, muscovite, epidote, and albite. The regional



Table 4.2-1, Estimates of metamorphic temperatures

and pressures in the Meguma terrane
(courtesy, G.K. Muecke).

MEGUMA ME TAMORPHISM

ZONE T RANGE PRESSURE
CHLORITE 300-430C ~-29-3 KB
BIOTITE 430-470C -5 KB
GARNET 470-520C

ANDALUSITE

STAUROLITE; 520-600C <3 KB
CORDIERITE

SILLIMANITE 600-650C 3 KB MAX.

RTT




Fig. &.2-1.

Diagram illustrating P-T conditions of
regional metamorphism in the Meguma terrane.
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extent of this event is still poorly documented. Recent
studies suggest such alteraticon is not only common in the
metamorphic rocks, but is characteristically associated with
economically important mineralization. Most of the
documented domains of alteration are within or close to
plutons (e.q. Chatterjee and Keppie, 1981; Richardson et
al., 1982; O'Reilly et al., 1985; Zentilli and Reynolds,
1985). In many cases the alteration is associated with
ductile shear zones that post-date plutonism and regional
metamorphism. 1% is very likely that Jdomains of
post-metamorphic shearing and alteration observed in the
plutoné (see below) are more widespread in the RMT than
previously realized. Observations by the author suggest
that such a domain exists immediately south of the Shelburne
and Barrington Passage plutons (fig. 4.2-2), A preliminary
report by Hwang and Williams (1985) 1indicates that the
domain was subject to a complex tectonothermal history.
They 1identified ductile shear zones up to 100m wide. Where
retrograde metamorphism is most advanced, the assemblage
biotite - staurolite - cordierite - plagioclase ~ quartz has
been replaced by an aggregate of chlorite, muscovite,
quartz, albite and minor tourmaline (e.g. fig. 4.2-3).
Most samples were selected from areas where visible effects
of shearing and alteration are 1least severe. The few
samples that are strongly sheared or severely altered are

discussed in section 4.2.5.5.
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southwest Nova Scotia.
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Fig. 4.2-3. Photomicrograph of metapelite from the 'Complex

Domain', showing advanced chloritization of biotite. The

groundmass is mainly sericite and quartz,

(Sample PEB84-120).
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4.2.3. SLATES

Eight slate/siltstone samples from the Halifax
Formation (chlorite zone) were selected from areas where

contact effects of the granitoid intrusions seemed minimal.

Sample locations are shown in fig. 4.2-4, Data are !
displayed in table 4.2-2 and fig. 4.2-5. ;

Three of the samples (NS71-139, NS72-31, NS72-33) are |
replicates of samples previously analysed (Reynolds et al., |

1973; Reynolds and Muecke, 1978). The analyses were

repeated to obtain greater resolution in the spectra, and to

% calibrate the slate ages against the international standard
flux monitor MMhb-1, A greater number of standards were
included in the irradiation canister to reduce the
uncertainty in J (from 1s = 2% to .7%). All three are
fissile. slates from the chlorite zone with white mica 10 to
30 um in diameter. The mica/quartz ratio of sample NS71-139
is about 2:1, whereas that of the other two is about 3:1.
Samples NS72-31 and NS72-33 were obtained from locations
about 3km from the SMB contact, whereas sample NS71-139 was
located about 10 km from the SMB contact. In the order

listed above, apparent ages (tT) from the present study

(406, 390, 384 Ma) agree within analytical uncertainty with

the conventional XK-Ar ages (397, 392, 382 Ma, Reynolds et i

al., 1973). This suggests that no significant amounts of i
39ar were 1lost during irradiation. The 40Ar-39ar ages of

Reynolds and Muecke, (1978) also agree (within analytical
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Fig. 4.2-4. Sample location for slates.
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Table 4.2-2. Ages and discordance factors of slates.

SAMPLE PHASE AGE (Ma) IDF cs
“Ma X
NS71-139 Sit 406 i B T 3.9 1.0
N§72-31 Slt 390 4,22 1.8 &9
NS§72-33 Slt 384 3.16 1.2 o3
KB-1 : Slt 38l 2.68 242 .6
KB=-13 slt 393 4,53 2)5 .6
KB-6 Slt 392 2.96 8.2 258
PEBS-137A st 368 10,92 S.2 | 1.4
PE85-1138 Slt 346 7.95 } 3.8 y [ |
NS§71-139 sit 3sg 3.45 3.9 9
N§72-31 Slt 354 5.36 1.7 .4
NS§72-133 Sl 399 2.61 3.4 +9
* Recalculated by Reynolds, 1985, (pers. comm).
.1
Reynolds and Muecke {1978).
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Fig. 4.2-5. Age spectra of slates.
Bars on vertical axes represent 10 Ma,
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uncertainty), with the conventional K-Ar  ages. The
discrepancy in age between replicate analyses of samples
NS71-139 and NS72-33 (4%) 1is probably due to improved
analytical precision. Spectra from all three samples are
highly discordant (IDF=3.16 - 4.22). The 'imperfect
plateaus’ reported by Reynolds and Muecke (1978), have not
been reproduced in the new analyses, possibly because of
higher resolution in the new spectra (fig. 4.2-5).

The relative order of discordance, howeverﬂ has been
reproduced (31>139 >33).

Both spectra for sample NS-71-139 display profiles
suggestive of partial 40Ar 1loss (e.g. Turner, 1968).
Superficially, the spectra suggest an overprinting event at
330-335 Ma. The maximum ages suggested by the spectra are
405 Ma and 447 Ma respectively. Since the youngest
pre-metamorphic  unit in the Meduma Terrane (Torbrook
Formation) is about 395 Ma, these high ages cannot be
regarded as cooling ages (cf. Turner, 1968). It is
possible that the high ages represent contributions from an
inherited argon component. This 1is consistent with the
greater detrital fraction (lower mica:quartz + feldspar) in
this sample, and its slightly higher tT age (406 Ma).
Alternatively, the high apparent ages in the
high-temperature part of the age spectra may also be due to
redistribution of argon isotopes during irradiation, or to
the combined effects of recoil and inherited argon.

Three of the samples were <collected and analysed by
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savell (1980). They were obtained from two adjacent
outcrops at King's Bay, Lunenburg county, where slates grade
into siltstones. These three samples reflect that gradation
in their mica/quartz ratio and fissility. The samples in
decreasing order of fissility and mica/quartz ratio are KB-1l
(slate), KB-3 ("silty slate"), KB6 (siltstone). Mica:quartz
ratios are approximately 1:1, 0,731, and ;0721
respectively. White mica ranges in size from 10um to 80um.
These samples were analysed to test whether thege were any
compositional effects on the 40Ar-39ar systematics of low
grade metapelites. Savell (1980) found that siltstones tend
to release argon at higher temperatures than more fissile,
less silicious slates. The difference 1in these three
samples 1is, however, quite subtle (Appendix A), but as a
group, they seem to release most of their argon at higher
temperatures than the other slate samples. This may be
partly due to uncertainty in the extraction temperature
calibration when these samples were analysed (P. H,
Reynolds, 1986, personal comm.). All three spectra are
highly discordant (IDF=2.68 - 4.53). Spectra from two of
the samples KB-1] and KB-3 display a profile usually
associated with partial loss of 40Ar., rThis poSsibility
cannot be excluded, since the Meguma terrane was affected by
at least two later tectonothermal events (Chapter 1). As
suggested in Chaper 3, redistribution of 3%r during
irradiation may be responsible for much of the discordance

observed. The apparent age of KB-1 is slightly lower (3%),
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than those of the other two. This difference is marginally
larger than the estimated error in ages (2s=2%). It is
possiblg that this lower age in KB~1l may be due to a greater
amount of 40Ar* loss. This is consistent with the greater
fissility (greater permeability) of this sample. The 1loss
may have been caused by intrusion of the SMB, as found for
other slates in the Mequma terrane (Reynolds and Muecke,
1978). _

Samples PE85-137A and PE85-138 were obtained from the
chlorite zone 1in Digby County, over a distance of Skm.
White mica is 10 - 30um in diameter in sample PE85-137A and
10 - 60um in diameter in sample PE85-138. Both samples have
similar mica/quartz ratios (3:1), but sample PE85-138
displays a distinct crenulation fabric not seen in any of
the other slates. This superimposed fabric may be related
to observed shearing in the Mavilette gabbroic intrusive 2
km to the east (Calder and Barr, 1982). This fabric
illustrates the polyphase nature of deformation in the
Meguma terrane, (eg. Fyson, 1966; QO'Brien, 1983; Hwang and
Williams, 1985). These two samples produced the lowest ages
among the slates analysed so far. There 1is also a sharp
difference between the two ages (368 Ma, 346 Ma). The
spectra are highly discordant (IDF= 10.92, 7.95 ), and both
display profiles usually associated with 40Ar loss. For
sample PE85-137, it 1is difficult to assign geologic
significance to either the lowest age step, 232 Ma or the

highest step, 449 Ma. The corresponding ages for sample
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PE85-138, 263 Ma and 434 Ma are also difficult to interpret.
The apparent ages (tT) of samples PE 85-137A and PE85-138
are 368 Ma and 346 Ma respectively. This age contrast |is
probably not due to diachronous post-metamorphic cooling.
The sharp difference in age (over 5 km) and the textural
evidence of a superimposed foliation suggest that the more
likely explanation is post-metamorphic 40Ar 1loss. The
effect was more severe in the vicinity of sample PE85-138,
which is reflected in its secondary deformation.

In summary, the data from the slates confi;m geologic
observations and conclusions from previous studies that
regional metamorphism occurred prior to the intrusion of the
SMB. Two  of the samples indicate substantial
post-metamorphic 40Ar 1loss. One of the samples (NS71-139)
may be contaminated with inherited argon. The other five
indicate an age for regional metamorphism of 381-393 Ma.
These data are similar. to those obtained from the
northeastern section of the Meguma terrane, where whole rock
slates and phyllites yielded discordant spectra with tT ages
of 384-407 Ma (Keppie et al., 1985).

4,2.4, AMPHIBOLES FROM THE RMT

Three amphibole samples from the RMT were analysed.
They are all from the White Rock Formation. This unit
conformably overlies the Halifax Formation, and consists of

mafic to felsic volcanics, interbedded with quartzites and
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pelites, with a maximum thickness of 3km (Sarkar, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>