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ABSTRACT 

The Grenv i l le Front marks the boundary between the e a . 1 . 2  - 1 . 0  
Ga Grenv i l le Prov ince and its fore land . Abrupt increases i n  metamorphi c  
grade acro s s  the Front in central Ontario , and pervas ive h igh- strain , 
Front-paral l e l  fabric in the adj acent tectonic zone ( GFTZ ) ,  imply that 
it accommodated substant ial d i f ferent ial upl ift relat ive to the foreland 
dur ing the Grenv i l l e  orogeny . Knowledge of the t iming , durat ion , and 
s igni f ic ance of tectono-metamorphic event s at the Front is fundamental  
t o  deve loping model s  o f  the evolut ion o f  the orogen . 

U-Pb and 40Ar /39Ar dat ing o f  a suite o f  miner a l s  from a transect 
acro s s  the Front and GFTZ , along the north shore o f  Georgian Bay , 
provides new ins ight into the thermal hi story o f  the area . After 
met amorphism at about 1446 Ma , probab ly re lated to voluminou s gran itoid 
p l utoni sm ,  the GFT Z did not undergo s igni f ic ant metamorphi sm again unt i l  
about 9 9 0  Ma . The second event cau sed part ial resett ing o f  U-Pb 
systemat i c s  in t itanite . Al l t itanites from along a 1 5 -kilometre 
transect perpendi cu l ar to the Front fall along a s ing le d i s cordia , and 
degree of resett ing is corre l ated with di stance from the Front . The 
s econd metamorphi sm was there fore a rapid event , dur ing whi c h  
t emperatures exceeded those requ ired t o  cause P b  d i f fu s ion in t it anite , 
for a s hort t ime . Temperatures increased with distance f rom the Front 
toward the Grenv i l le inter ior . Peak temperatures were not h igh enough 
to  generate the granu l ite-grade mineral assemb l ages observed within 1 0  
k i l ometres o f  the Front . Granu l ite grade metamorphi sm i s  t here fore 1 4 4 6  
Ma , or o l der . Tectonism in the GFTZ accompanying the 1 4 4 6  Ma event , and 
l ater tectoni sm related to thrust event s occurring in the Grenv i l le 
inter ior during 1 1 60  to 102 5 Ma , may have caused init ial d i f ferent ial  
upl i ft o f  the GFTZ  relat ive to the foreland . 

40Ar /39Ar dat ing o f  hornbl ende from the s ame transect conf irms the 
trend of increasing temperature with di stance from the Front , and 
demonstrates very rapid coo l ing through hornb lende c l o sure f o l lowing the 
thermal event . 40Ar /�9 Ar ages from b iot ite and mu lt iple d i f fus ion domain 
model l ing o f  K- feldspar provide addit ional evidence for rapid cool ing . 

Telescoping o f  ea . 9 8 5  Ma mineral as semb l age s toward the Front , 
documented by other worker s ,  demonstrates that thru st ing cont inued 
beyond the peak of the thermal event . The as soc iat ion o f  the 
t emperature increase and coo l ing with thru st ing imp l ie s  that the event 
was the result o f  burial by overthru sting . The event part i a l l y  reset 
t it anite and hornb lende near the Front in the GFT Z but f a i led to reset 
40Ar /39Ar systemat i c s  in mu scovite within 5 kilometres o f  the Front . 
Syntectonic eros ion accompanying the thru st ing event , result ing in rapid 
unroo f ing and cool ing , best explains these observat ions . 

The event post -dates the peak of  met amorphi sm in the adj acent 
Br itt domain o f  the Grenv i l le inter ior by about 5 0  My . Metamorphi sm 
near the Front during 9 9 0  to 9 7 0  Ma , later than the peak o f  event s in 
the inter ior , i s  we l l  documented in Labrador . This  impl ies that the 
event occurred on the scale of  the whole orogen , and mu st be explained 
by an orogen-wide phenomenon . 

The mu l t iple d i f f u s ion domain theory o f  K- feldspar Ar d i f f u s ion 
behaviour appears to provide real istic coo l ing h i storie s , whi c h  are more 
u s e f u l  in construct ing low temperature T-t paths than est imated c lo sure 
t emperatures a s s igned to plateau - l ike part s o f  apparent age spectra . 
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CHAPTER I 

I NTRODUCT ION AND GEOLOGY OF THE STUDY AREA 

1 . 1  I NTRODUCT ION 

Recent geo logical mapping o f  transect s o f  the Grenv i l l e  Province 

i n  Labrador , Quebec , and Ontar io , comb ined with modern methods in 

geochrono logical , metamorphic , and structural studie s , has led to the 

pre l iminary understanding of  the tectonic framework o f  the province . It  

i s  now known to be composed o f  d i st inct l ithotectonic domai n s  whi c h  have 

been a s semb l ed along duct ile shear zones with a cons i stent northwest­

d i rected thrust sense ( e . g .  Davidson , 1 9 8 6 ; Rivers and Chown , 1 9 8 6 ) . 

The genera l l y  h igh metamorphic grade and the duct i l e  conditions under 

whi c h  a s s emb ly occurred imply that the province repre sent s a cro s s ­

sect ion o f  the mid- t o  deep root s o f  a n  orogen . 

The Grenv i l le Front marks the approx imate northwestern l imit o f  

penetrat ive deformat ion and met amorphism during the e a . 1 . 1  Ga Grenv i l l e  

orogeny , the main event respons ible for as semb ly o f  the prov ince . The 

Front divides o lder structural provinces o f  the Shield unaf fected by the 

Grenv i l l e  orogeny from the Grenv i l l e  Province proper . It  is expo sed for 

2 00 0  kilometres from the coast o f  Labrador to the north shore of 

Georgian Bay o f  Lake Huron ( Fig . 1 ) , and may cont inue under Paleozoic 

cover to Texas . The Front i s  recogn ized as a ma j or crustal 

d i scont inu ity , pos s ibly extending to the lower cru st ( Green et a l . ,  

1 9 8 8 ; River s et al . ,  1989 ) . Some units of  the Archean and early 

Proterozoic forel and corre l ate acro s s  the Front ( Bethune and D avidson , 

1 9 8 8 ; Rivers and Chown , 1 9 8 6 ) , def in ing a " Parautochthonou s Belt " 

( Rivers et al . ,  1 9 8 9 ) up to 1 5 0  kilometres wide in place s , extending the 

length o f  the orogen . This prec ludes it s interpret at ion as  a suture 

zone . However , the Front is the locus of  maj or movement a long reverse 

f au l t s  and thru st s ,  and of  loc a l ly abrupt change in met amorph ic grade 

( Owen et al . ,  1 9 8 6 ; I ndare s and Mart ignole , 1 9 8 9 ; Davidson , 1 9 8 6 ) . It  

i s  one o f  three fundamental boundar ies recogni zed in the Grenv i l l e  

Province ( River s e t  al . ,  1 9 89 ) , and knowledge o f  it s re l at ionships t o  

t h e  forel and and parautochthon which i t  separates i s  e s sent ial  t o  the 

deve lopment o f  tectonic mode l s  for the orogen . 

A deep s e i smic re f lect ion pro f i l e  ( GL IMPCE Pro f i le J )  acro s s  the 

extens ion o f  the Grenv i l l e  Front under Lake Huron prov ide s an image o f  

t h e  deep structure o f  the Front at it s western end . Structure s in the 

Superior - Southern Provinces foreland are abrupt ly truncated by a 

spectacu l ar series o f  east-dipping reflector s wh ich corre spond to a zone 

of h ighly strained rocks known as the Grenv i l l e  Front Tectonic Z one 

( GFTZ ) .  The strong ref lectors die out beneath the adj acent 
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Fig. 1. The Grenville Province. The Grenville Front divides the 
Grenville Province (stippled) from its foreland, consisting of 
older structural provinces of the Canadian Shield. CP = Churchill 
Province; SP = Superior Province; so = Southern Province. Some 
units of the foreland provinces correlate across the Front, 
defining the Parautochthonous Belt (PB). The outline of the inset 
in Fig. 2 is shown. 



parautochthonou s Br itt domain , which i s  characteri zed by subhor i zontal , 

l o z enge- s haped packages of  ref lectors ( Green et al . ,  1 9 8 8 ) . 
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These features have been tentat ive ly interpreted , u s ing ava i l ab l e  

pre s sure , temperature , and geochrono logical dat a from the GFT Z , a s  

demonstrat ing northwest-directed duct ile imbricat ion along h igh strain 

zone s . High-grade met amorph ism i s  thought to have occurred prior to 

strain , due to the thrust ing o f  Br itt domain over the GFTZ . Throughout 

these event s , the fore land acted as a rigid buttre s s , c au s ing 

de format ion and relat ive upl i ft to be concentrated in the tecton ic zone 

and at the Front . The Br itt domain suf fered minimal imbr i c at ion ( Green 

et a l . ,  1 9 88 ) . However , l ittle geo logical informat ion is ava i l ab l e  on 

t he pre c i s e  relat ionship of  the Br itt domain to the GFTZ , a s  no thorough 

mapping of the boundary zone between them has been undert aken . The 

i nterpret at ion above i s  based on minimal geo logical  data . 

Northeast o f  prof ile J ,  about 30  kilometres inl and from the north 

shore o f  Georgian Bay , Sudbury dikes ( 1 2 3 8  Ma; Krogh et al . ,  1 9 8 7 ) which 

cont inue from the foreland into the Grenv i l le Province , have been 

met amorphosed to upper amphibo l ite to granu l ite facies  within 8 

k i l ometres o f  t he Front in the GFTZ . Metamorphi sm i s  presumed to have 

o ccurred dur ing the Grenv i l l e  orogeny ( Bethune and Davidson , 1 9 8 8 ; 

Bethune , 1 9 89 ) . The dikes remain es sent i a l l y  fresh and unmetamorphosed 

north of the Front . The short distance over which the change in 

metamorph ic grade occurs sugge st s that cons iderab le syn- or post­

metamorphic upl i ft o f  the GFTZ re l at ive to the forel and mu st have 

oc curred along the Front s ince dike intru s ion . However , d ike s have been 

s hown to cut some my lonite zones and gne i s s ic f abr i c s  in the GFT Z , 

part icu l arly within the f irst few kilometres ,  and metamorphi c  grade in 

the country rocks appears to r i se more abrupt ly adj acent to the Front 

than in the dike s  themse lve s ( Bethune et al . ,  1 9 9 0 ) . The se 

r e l at ionships imply at  least a two-stage metamorph ic and de format ional 

h i story for the GFTZ . 

1 . 2  PURPOSE OF THE STUDY 

Several  que st ions ar ise from these observat ions . First ly , what 

was the extent of heat ing of the forel and and GFTZ dur ing the Grenv i l le 

orogeny and the earl ier metamorphic episode ? Were the h igh-grade 

mineral as semb l ages observed within a few ki lometres of the Front 

deve loped dur ing the f irst met amorphi sm or the second? Secondly , 

subsequent to metamorphism,  how qu ickly did exhumat ion and coo l ing o f  

t h e  GFT Z occur , and was i t  early , late , o r  s imu ltaneou s re l at ive t o  

cool ing in the orogenic inter ior ? 

The se que st ions have important implicat ions for geodynamic and 



tectonic mode l s  o f  the orogen . The quest ion o f  the extent and t ime o f  

heat ing o f  the forel and and GFTZ needs t o  b e  reso lved becau s e  o f  the 

unexpl ained absence o f  a Grenv i l l ian forel and bas in . I f  such a basin  

ever ex i sted , it has  been completely eroded or otherwise removed , 

l e av ing uncerta inty about how to mode l l ithospheric behaviour ( e . g .  

Qu i n l an and Beaumont , 1984; Ho f fman , 1 9 88 ) , and a l so , on which s ide o f  

t he orogen i t  w a s  located . The o n l y  way to determine i f  i t  ex i sted 

northwest o f  the Grenv i l le Front i s  to detect Grenv i l l ian heat ing of 

" ba sement " rocks o f  the fore l and , po s s ibly a result o f  bur i a l  by 

fore l and bas inal sediment s .  Before this kind o f  study c an be u s e fu l , 

contro l s  mu st be provided on the t iming and spat ial extent o f  

Grenv i l l ian versu s pre-Grenv i l l ian event s in the GFT Z . 

Knowledge o f  t iming and rates of  coo l ing in the tectoni c  zone 

r e l at ive to the orogenic inter ior i s  important because the s e  data 

provide the only informat ion about exhumat ion avai l ab l e  in a deeply 

eroded orogen l ike the Grenv i l l e . Exhumat ion rate i s  a fundament al  

control on orogenic evo lut ion ( Jamieson and Beaumont , 1 9 8 9 ) and it must 

be incorporated in geodynamic and therma l mode l s . 
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This  study attempt s to addre s s  these quest ions by obt a i n ing 

geochrono log i c a l  data for relevant spat ial and temperature point s  in the 

fore l and and the GFTZ , by compar ing this informat ion with s im i l ar 

studies in other part s of  the orogen , and by sugge st ing what tectonic 

mode l s  are con s i stent with the thermal hi story . 

1 . 3  METHOD OF STUDY - THERMOCHRONOLOGY 

It i s  genera l ly accepted by geochrono logists  that the radiometric 

dates  obt ained from metamorphic mineral s  repre sent e ither age s o f  

cool ing or part ial  thermal overpr int ing ( e . g .  Z e it ler , 1 9 8 9 ) . Coo l ing 

age s record the t ime when the daughter product of the dec ay s cheme o f  

interest was n o  longer d i f fu s ing out of  the mineral . The temperature at 

whi c h  t h i s  occurred i s  known as the closure temperature , Tc . I f  the 

mineral exper ienced a subsequent increase in temperature , the age may 

have been completely or part ial ly " reset " , depending mainly on 

temperature but a l so on durat ion of heat ing , and po s s ib l y  on other 

factors such as  deformat ion and chemical environment . 

Su f f ic ient work has been done by geochrono log i s t s  on a var iety o f  

mineral " thermochronometers " that range s o f  Tc are e ither reasonab ly 

wel l  known , or can be calcu l ated . As dif ferent minera l s  have d i f ferent 

c lo sure temperatures , dat ing of a suite of  appropriate miner a l s  from the 

s ame local ity can provide a series of  temperature - t ime ( T-t ) po int s 

whi c h  together def ine the coo l ing hi story o f  the rock . T h i s  technique 

is a u se f u l  too l for studying the therma l h i stories o f  orogen s ,  becau s e  



several T-t po int s  from peak met amorphic condit ions ( u s ing z ircon U-Pb 

method s ) down to about 7 0 ° C  ( u s ing apat ite f i s s ion tracks ) can be 

acqu ired for most assemb lage s o f  rock type s ( e . g .  Dewitt et a l . ,  1 9 8 4 ; 

Wagner et al . ,  1 9 7 7 ) . 

I n  this  study , thermochronometry is  appl ied to a transect acros s  

t h e  Grenv i l le Front i n  southwe stern Ontar io , in a n  attempt to  answer 

s ome of the quest ions discus sed in the previou s sect ion . The ab solute 

t iming o f  met amorph ic event s in this area i s  be ing documented by other 

worker s u s ing U-Pb dat ing met hods on z ircon and monaz ite , wh ich have 

h igh Tc ' s  ( see Sect ion 1 . 5 , Ex i st ing T-t Data ) . This  study u s e s  

severa l  we l l -estab l i shed thermochronometers in the intermediate- and 

l ow-Tc range ; these are U-Pb dat ing of t itanite , and 40Ar /39Ar dat ing o f  

amphibo l e , mica and K- feldspar . The data are then used to construct 

thermal h i stor ies o f  the GFT Z , and are compared to s im i l ar 

thermochronometr i c  studies in other part s o f  the orogen , in order to 

constrain tectonic mode l s  for this area . 

1 . 4  GEOLOGY OF THE STUDY AREA 
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The area selected for this  study forms a transect acro s s  the 

Grenv i l l e  Front in the vicinity of  K i l l arney , Ontario ( F ig . 2 ) , where 

near ly cont inuou s exposure along the shores and channe l s  of Georgian Bay 

provides a cro s s - sect ion of  the fore l and , the Front , and the GFTZ . 

To the northwest o f  the Front , the area i s  under lain by rocks o f  

t h e  Southern Prov ince , o f  which the Huronian Supergroup i s  t he main 

component . The mainly e l ast ic sed iment ary rocks were laid down in a 

b a s inal sett ing on the margin o f  Archean Super ior Prov ince c raton , in 

the t ime per iod 2 5 00  to 2 2 00 Ma ( Card , 1 9 7 8 ) . They were int ruded by 

Nipi s s ing diabase s i l l s  at about 2 2 2 0  Ma ( Corfu and Andrews , 1 9 8 6 ) , then 

fo l ded about east -west trending axe s  and met amorpho sed to greens c h i st to 

lower amphibo l ite grade ( Card , 1 9 7 8 ) dur ing the Penokean orogeny ( 1 890  -

1 8 3 0  Ma , Van Schmu s , 1 9 80 ) . 

The Southern and Grenv i l le Provinces are separated by a series o f  

igneou s complexes o f  two dif ferent ages . The Ki l l arney Complex ( KC ) , i s  

a t r iangu l ar zone o f  mainly fel s i c , high- leve l plutons , with 

interca l ated vo l c anic  rocks , dated at about 1 7 4 0  Ma ( van Breemen and 

D avidson , 1 9 8 8 ) . These rocks have been corre l ated with a s im i l ar 

terrane o f  the s ame age , the Central P lains orogen , wh ich under l ies  much 

o f  the North American mid-cont inent . The KC and other granites o f  

s im i l ar age a long the Front t o  the northeast and within t h e  Grenv i l le 

Province ( Krogh et al . ,  1 9 7 1 ;  Corrigan , 1 9 9 0 ) may represent t he eastern 

extens ion o f  this terrane ( Davidson , 198 6 ) . 

The complex i s  in intru s ive contact with Southern Province rocks 





on it s northern s ide , enc los ing sharply-bounded xeno l iths and raft s o f  

Huron ian format ions; the contact h a s  been mod i f ied b y  f au l t ing . Near 

t he margin , Huronian units and Nipi s s ing diabase have been therma l ly 

met amorphosed . 
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The complex i s  compo sed o f  two main unit s . The f ir st i s  a granite 

with K- fe ldspar phenocryst s in a f iner-grained mat r ix . The second i s  a 

porphyr it ic " fe l s ite " , an extreme ly f ine-grained rock with equant , 

embayed quart z microphenocryst s . These two units are in both 

gradat ional and abrupt contact with each other , suggest ing s imu lt aneou s 

intru s ion ( D avidson , 1 9 8 6 ) . Both unit s  enc lose l ayer s and xeno l iths o f  

vo l c an i c  rocks , inc luding vo l c anic last i c s  w i t h  coarse , f l attened c l asts 

o f  f e l s ite ( Cl i f ford , 1 9 8 6 ) . The fe l s ite unit contains a h ighly 

s i l ic i f ied zone , in which the rock i s  converted into a quart z -

mu s covite s c h i st . 

The who le KC i s  var iably fol iated , with intens ity increas ing to 

the southeast towards the Grenv i l l e  Front . However , the f o l iation i s  

steeper and a t  a d i f ferent or ientat ion t o  that in the adj acent Front 

my lonites and tectonic zone gne i s ses , except within a short d i s t ance o f  

t he Front , where fol iation turns into and become s paral l e l  to t h e  Front 

( D av idson , 1 9 8 6; C l i f ford , 1 9 8 6 ) . The d i f ference in structural 

or ientat ion imp l ie s  that deformat ion in the KC i s  unre l ated to 

Grenv i l l ian tecton i sm . Th is has been confirmed by the ident i f i c at ion of 

about 1400 Ma pegmat ites and 1 2 3 8  Ma diabase dikes which cut the 

f o l iat ion in the complex but are truncated by my lonites o f  t he Grenv i l le  

Front ( Davidson , 1 9 8 6; van Breemen and Davidson , 1 9 8 8 ) . 

A few narrow maf i c  unit s ( dikes ? )  are a l s o  present wh ich are 

strongly fol iated para l l e l  to fol iat ion in the f e l s ite . The age 

r e l at ionships to other features in the complex are uncertain , but the 

a l b ite - chlorite - act inol ite - epidote - b iot ite met amorph ic 

a s semb l age in the s e  unit s  suggests that metamorphic grade in the KC i s  

n o  h igher than upper greenschist . 

Northeast o f  the Ki l l arney Complex , the Huronian and GFTZ are 

separated by the 1 4 7 0  Ma Be l l  Lake granite ( van Breemen and D avidson , 

1 9 88 ) . This pluton correl ates with the eastern granite - rhyo l ite 

province o f  the mid-cont inent , emplaced in the t ime range 1480 to 1 4 5 0  

M a  ( B i ckford e t  a l . ,  1 9 8 6 ) . Granitoid plutons o f  s imilar age o c cur 

within the parautochthon of  the Grenv i l l e  Province ( Corr igan , 1 9 9 0 ; van 

Breemen and Davidson , 1 9 8 6 ) . 

The Be l l  Lake granite i s  a coarse-grained , b iot ite-r i c h  granite 

with abundant euhedral , pink K- feldspar megacryst s .  Megacryst s and 

sma l l  met ased imentary inc lus ions are in places qu ite strong ly a l igned , 

but only where the host rock i s  al so fol iated , implying a secondary 



r at her than pr imary al ignment ( Frarey , 1 9 8 5; van Breemen and D av idson , 

1 9 8 6 ) . Fol iation i s  cut by pegmat ites , dated at 1 4 3 0  Ma ( Rb-Sr  

mu scov ite; Krogh and Davis , 1 9 7 0 ) , which are in turn cut  by mylonites 

re l ated to the Grenv i l l e  Front ( van Breemen and Davidson , 1 9 8 6 ) . 
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On their southeast s ides , the Ki l l arney Complex and the Be l l  Lake 

gran ite are truncated by mylonites of the Grenv i l l e  Front . The nature 

of the Front var ies along str ike . On Phi l ip Edward I s l and and Co l l ins  

I nl et , the ma in focus  of  this study , the Front as  de f ined by D av idson 

( 19 8 6 ) i s  represented by a s ingle maj or mylonite zone , up to about 50 

metres wide in p l aces , and surrounded by protomylonites . Here the 

mylonites are der ived from Ki l l arney Complex fel s ites , pegmat ite s , and 

amphibo l ite dike s  which have been chevron- folded and my lonit i zed , but 

retain their cro s s - cutt ing character ( are not attenuated para l l e l  to the 

mylonites ) .  Farther inl and near Tyson Lake , mylonites are deve loped in 

Be l l  Lake granite as we l l  as probab le KC equ ivalent s . The mylonite zone 

apparent ly b i furcates and no one s ingle fau lt or mylonite can be 

l abe l led the " Front " ;  rather several of them are re spons ib l e  for 

progres s ive d i f ferent ial upl i ft o f  the GFTZ ( Bethune and D av idson , 

1 9 88 ) . 

No detai led , up-to-date map has yet been made o f  the Grenv i l le 

Front Tecton ic Zone in the Co l l ins Inlet area . It was l ast completely 

mapped in the 1 9 6 0 ' s  at a scale of  1 to 5 0 , 000 ( Frarey , 1 9 8 5 ) . I n  1 9 8 8 , 

the south shore o f  Phi l ip Edward I s land was mapped in det a i l  by Davidson 

and Bethune ( 1 9 88 ) , but unit s were traced inland mainly on the bas i s  of 

pre-ex i st ing maps ( Bethune , per s . comm . , 1 9 8 8 ) and corre l at ions are 

specu l at ive . The geology descr ibed below is  thu s  a comb inat ion o f  

previou s work and o f  observat ions made by the author dur ing s ample 

c o l lect ion and thin- sect ion analys i s . 

Along Co l l ins I n let , the f irst nine kilometres ( as far as  Mi l l  

Lake ) are dominated by pink , variably fol iated gran it ic orthogne i s ses , 

some o f  which retain evidence o f  a vo lcanic lastic protol ith ( D avidson 

and Bethune , 1 9 88 ) . Krogh et al . ( 1 9 7 1 ) obtained a 1 7 3 0  Ma igneou s 

z ircon ( U-Pb ) date from s imilar pink granit i c  orthogne i s s  about 1 0  

k i l ometres northeast o f  Co l l ins  I nlet , corroborat ing t h e  inference that 

these gne i s ses  were der ived from a Killarney Complex equ ivalent . Minor , 

l ayered , hornb lende-bearing quart zofeldspathic gne i s se s  o f  uncertain 

parent age are also present in this part of Co l l ins  I nlet . E a st o f  Mi l l  

L ake a s  f ar a s  Beaverstone Bay , the gneisses are predominant ly 

granodior it i c  in compo s it ion . Within Mi l l  Lake and Beaverstone Bay , 

d i st inct ive assemb l ages of  met ape l ites , semi-pe l ite s , quart z ites and 

amphibo l ites have been part ial ly weathered out , but are preserved along 

shores and on i s l ands . Abundant , thin maf ic dikes are pre sent a l l  along 



t he inlet ( Burke , 1 9 9 1 ) . They are attenuated para l l e l  to regional 

str ike , but fold noses can be found which have ax ial p l anes paral le l  to 

strike . Most o f  the units along the inlet carry a southeast-plunging 

l ineat ion , typical  of the who le GFTZ . 

9 

Metamorphi c  grade rises  abrupt ly from greenschist in the K i l l arney 

Complex to epidote amphibol ite grade in the Front mylonite s .  Between 

t he Front and M i l l  Lake , the granit ic gne i s se s  provide no opportu n ity to 

a s s e s s  degree of met amorphi sm but where observed , maf i c  d ike s have 

typ i c a l  middle amphibo l ite facies assemb l age s of hornb lende -

p l agioc lase - b iot ite - quart z .  Immediately southwest o f  Mi l l  Lake , 

granit ic gne i s se s  with textures ( f lattened l ap i l l i ? ) imply ing a 

vo l c an i c l ast ic protol ith were observed dur ing f ieldwork for t h i s  thes i s . 

Within M i l l  Lake , metape l ites bear the as semb lage garnet - s i l l imanite -

K- f e l d spar - b iot ite - quart z - plagioc lase , and some maf i c  boudins have 

complex garnet - orthopyroxene - opaques ( Fe-Ti oxides ? )  symplect i c  

t exture s , with hornb lende r imming orthopyroxene . These mineralogies are 

indicat ive of granu l ite facies metamorphi sm .  East of Mi l l  L ake , some 

maf i c  dikes are garnet and/or orthopyroxene - bear ing , and the gne i s se s  

a r e  s l ight ly migmat it i c . The c hanges in metamorphic as semb l ages in 

d i f ferent rock type s along the transect are summar i zed in T ab l e  1 .  

The change from greens c h i st to granu l ite grade occurs over a 

d i stance o f  about nine kilometres from the Front . Severa l  northeast­

striking mylonite zones with a " top to northwest " thru st sense were 

mapped on Phi l ip Edward I s l and by Davidson and Bethune ( 1 9 88 ) ; these are 

probab ly respons ible for bringing up progre s s ive ly deeper crust . The 

j uxtapo s it ion of granit ic gne i s ses  st i l l  s howing evidence of t heir 

protol ith with granu l ite facies assemb lage s at  Mi l l  Lake imp l ie s  that a 

h igh-strain zone on the western boundary o f  the met asediment ary package 

may be respons ib l e  for cons iderab le relat ive upl ift of the eastern hal f  

o f  the area . 

The youngest rock unit exposed in the area i s  a set o f  east-we st 

trending diabase dikes , known as the Grenv i l le swarm . The d ikes occupy 

an east-west fracture system which i s  obv ious on a l l  air photos  and maps 

o f  the region as  l akes and inlet s  o f f  Georgian Bay . The d ike s are 

d i s c ont inuou s ( Lumbers , 19 7 5 ) but cut Grenv i l le Front my lonite s .  They 

have been a s s igned an age o f  5 7 5  Ma on the bas i s  of K-Ar who le-rock 

determinat ions ( Fahr ig and West , 1 9 8 6 ) . One such dike occupies part of 

the fracture which de f ines Col l ins Inlet . It i s  loc a l ly exposed on the 

shores of the I n l et , but it s exact extent and width are uncert ain 

becau s e  o f  the deep water o f  the I nlet and the l imited geo logical  

mapping that has been conducted in the area . 
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Few T-t dat a  are avai l ab l e  for this part o f  the Grenv i l l e  

Province . Bethune et al . ( 1 9 9 0 ) obtained met amorphic U-Pb monaz ite ages 

o f  1 4 4 5  Ma from metasediment ary gne i s s  3 and 7 kilometres southeast o f  

t h e  Grenv i l le  Front at Tyson Lake , 3 0  kilometres northeast o f  Co l l ins  

I nlet . Met amorphic z ircon in adj acent metadiabase ( intru s ion age 1 2 3 8  

Ma ) has a U-Pb age o f  about 9 8 5  Ma ( Bethune et a l . ,  1 9 9 1 ) . Max imum 

met amorphic temperatures of ea . 7 2 0 ° C  are indicated by the f a i lure o f  

the 9 8 5  M a  event to af fect monaz ite ( Bethune e t  al . ,  1 9 9 0 ) . Krogh 

( 1 9 8 9 ) ident i f ied a metamorphic me lt ing event in Beaver stone Bay , at the 

eastern edge o f  the study area . U-Pb ages o f  z ircon and t it an ite from 

leucosome s in a migmat it ic gne i s s  def ine a d i s cordia with an upper 

intercept of 1 4 5 3  + / - 7 Ma and a lower intercept of 9 8 2  + / - 2 7  Ma , 

apparent ly corresponding to the same event s as  ident i f ied at Tyson Lake . 

The cause and extent of  these two event s are uncertain , part icu l arly 

a l ong Co l l ins  I n l et where the met amorphic grade i s  l e s s  t e l e scoped than 

at Tyson Lake ( granu l ite grade within 9 kilometres o f  the " Front " versus 

3 k i l ometres at Tyson Lake ; Dav idson et al . ,  1 9 9 0 ) . 

The only other data regarding t iming o f  met amorphi sm in this  part 

of the Grenv i l l e  Province comes from about 60 kilometres southeast o f  

t h e  Front , in the Br itt domain near Key Harbour ( F ig . 2 ,  inset ) . At 

l e a st three phases of metamorph i sm have been ident i f ied : one pre-dat ing 

granite intru s ion at 1 6 8 4  Ma ; a second po st -dat ing this  granite but pre­

dat ing a 1 4 4 2  Ma granodiorite intru s ion ; and a third , Grenv i l l ian 

met amorphi sm with a peak age s l ight ly greater than 1 0 3 5 Ma , the t ime of 

c lo sure o f  the U-Pb system in monaz ite ( Corr igan , 1 9 9 0 ) . 

Few rel iab l e  coo l ing data are availab l e  for the area . Seric ite in 

t he Ki l l arney Complex was dated by the K-Ar system at about 1 1 9 0  +/- 40 

Ma ( Wanl e s s  et a l . ,  1 9 7 4 ) , and K-Ar biot ite at 1 1 80  ( error unknown ) 

( Lowden et a l . ,  1 9 6 3 ) ( a l l  age s recalculated u s ing decay constant s  

recommended by Ste iger and Jager , 19 7 7 ; rec a l cu l at ion b y  Ander son , 

1 9 8 8 ) . B iot ite in granit ic gne i s s  of  the GFT Z northeast o f  Beaverstone 

Bay was a s s igned a K-Ar age o f  1000 Ma ( error unknown ) ( T i lton et a l . ,  

1 9 6 0 ) . Three Rb-Sr mu scovite ages for pegmat ites cutt ing f abr ic in 

c ountry rock adj acent to the Be l l  Lake granite ( BLG ) range f rom 1410 to 

1 4 4 0  Ma ( Krogh and Davis , 1 9 7 0 ) . Other nearby age determinat ions 

inc lude a K-Ar mu scovite age near the BLG , o f  1065 +/- 4 0  Ma ; K-Ar 

b iot ite near the BLG , 1006  + / - 3 6 ;  and K-Ar b iot ite from a granit ic 

gne i s s  between Tyson Lake and the BLG of  897  +/- 3 3  ( Wan l e s s  et a l . ,  

1 9 6 8 ) . K-Ar b iot ite age s are known to be unre l iab l e , part i c u l arly in 

the vic inity o f  orogenic front s ( Wanless  et a l . ,  1 9 7 0 ) and i n  high-grade 

met amorphic terranes ( Foland , 1 9 7 9 ) , cal l ing into quest ion t he val idity 
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o f  these dates . Furthermore , the l arge error as soc iated w i t h  t h e  ages 

make s their u s e f u l ne s s  in constrain ing therma l hi stor ies rather l imited . 

This  study provide s new T-t dat a for the 2 5 -ki lometre transect 

acro s s  the Grenv i l le Front . T itanite was dated u s ing the U-Pb method , 

f rom a su ite o f  s amples within the GFTZ ( no t itan ite was obt ained from 

northwest o f  the Front ) . Arnphibo le , b iot ite and K- feldspar were dated 

by the 40Ar /39Ar method , for su itab l e  samples from the who l e  transect . 

These new result s ,  comb ined with some of  the ex ist ing dat a ,  permit 

construct ion of a complete T-t hi story for this  part of the Grenv i l le  

fore l and and GFTZ . 



CHAPTER I I  

U-Pb ( T ITANITE ) DAT I NG :  METHODS AND RESULTS 

2 . 1  METHODS 

Uran ium - l ead dat ing o f  t itanite was carr ied out in the Jack 

S atter ley Geochrono logy Laboratory at the Royal  Ontario Mu seum ( ROM ) , 

Toronto . The bas i s  o f  the U-Pb method has been documented by numerou s 

workers ( Faure , 1 9 8 6 ; Parr ish and Roddick , 1 9 8 5 ) . The techniques u sed 

i n  t h i s  study f o l low those out l ined in Krogh ( 19 7 3 , 1 9 8 2 ) ,  and in 

S c harer et al . ( 1 9 8 6 ) . A brief de scr ipt ion of the procedures at the ROM 

i s  g iven here . 

2 . 1 . 1  S ample Se lect ion 

Heavy mineral separates were obtained u s ing st andard heavy l iqu id 

and magnet ic separat ion technique s .  

Grains were selected for dat ing one-by-one , under a b inocu l ar 

microscope , with the stipu l at ions that they be : 

a )  crack- free , to avo id those wh ich may have suf fered l ate Pb-

lo s s ; 

b )  free o f  inclus ions , part icularly sol id inc lus ion s , whi c h  may be 

Pb-bear ing ; 

c )  as  dark in colour as pos s ible , indicat i ng a h igh U content ; 

t h i s  reduces uncertaint ies as soc iated with the common Pb correct ion ( see 

sect ion 2 . 1 . 2 ) . 

D i f ferent generat ions o f  t itan ite were distingu i s hed on the bas i s  

o f  s i ze ,  colour , and per fect ion o f  crystal shape . For examp l e , rel ict 

igneou s grains in orthogne i s ses  tend to be blocky and anhedral  whi l e  

met amorphic g r a i n s  are smal ler , mu lt i-faceted subhedra to euhedra ( T .  

Krogh , per s . comm . , 1 9 9 0 ) . Pos s ible dif ferent generat ions were picked 

into separate f ract ions , to be dated separately . 

Some fract ions were air-abraded to remove surface part s whi c h  may 

have s u f f ered Pb- los s ,  features l ike leucoxene overgrowths , or to induce 

breakage o f  grains which were severe ly cracked . This  technique was 

deve loped mainly for z ircon by T .  Krogh ( 1 98 2 ) , but i s  also su itable for 

t itanite if done on a much shorter t ime scale ( 2 0 minutes per s ample 

ver sus 24 hours  for z ircon abras ion ) .  Because o f  the re l at ive softne s s  

o f  t it an ite , abras ion i s  carried out without a bu f fer ( whereas pyr ite i s  

u sed f o r  z ircon abras ion ) .  After abras ion , s amples were p i c ked a f inal 

t ime to remove broken grains and those which st i l l  had surface 

irregu l arities or inc lus ions . 

1 3  
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2 . 1 . 2  S ample Preparat ion and Analys is 

Samples were c leaned twice by moderate heat ing in a so lut ion o f  

approx imately 2M HN03; the second t ime , 2X d i st i l led solut ions were 

u sed , in acid-cleaned beakers ,  under pos it ively pres sured , f i ltered air 

hoods . All subsequent steps were carr ied out with s im i l ar st andards of 

c l eanl ines s .  S amples were we ighed , then tran s f erred to Te f lon c apsu les 

for d i s so lut ion under seal on a hot-plate , in a HF / HN03 so lut ion . At 

t h i s  po int a known amount of a mixed 205Pb-235u tracer was added ( Krogh 

and D av i s , 1 9 7 5 ) . D i ssolut ion t ime was approx imately 1 2 0  hou r s  at 

1 00 ° C .  Uranium and Pb were removed from the s ample u s ing wet co lumn HBr 

c hemi stry as  des c r ibed by Krogh ( 1 9 7 3 ) . Dr ied-down s amp l e s  were loaded 

on Re s i ngle- f i l ament s with H3Po4 and s i l ica-ge l , and measured on VG- 3 0  

and VG-3 5 4  thermal ionisat ion mas s spectrometers . Analyses were 

corrected for a Pb b l ank of 8 . 2  picograms and a U b l ank of 3 . 8  pg , and 

further corrected for common Pb u s ing the i sotopic compo s it ion predicted 

by the Stacey and Kramers ( 1 9 7 5 ) model . L inear regre s s ion and 

c a l c u l at ion of intercept s and errors ( 9 5 %  conf idence leve l ) was c arr ied 

out u s ing the method of  Davis  ( 1 9 8 2 ) . Bl anket errors o f  0 . 5 % for the 

Pb / U  rat io and 0 . 1% for the 207Pb/ 206Pb rat io were est imated . The error 

on 207Pb/ 206Pb may be underest imated in the case o f  s amples  with 
206Pb / 204pb rat ios o f  less than 1 5 0 0  ( S charer et al . ,  1 9 8 6 ) , s ince 

uncertainty in the common Pb correct ion introduces greater error for 

these s ample s . 

2 . 2  RESULTS 

S ix rock s amples from the Co l l ins I nlet transect ( southeast of the 

Grenv i l le Front ) were prepared for dat ing . Three s amples  each y ie lded 

two fractions , pos s ibly represent ing d i f f erent generat ions of t itanite; 

these were dated separately . As a result , nine fractions altogether 

were dated . Descr ipt ions and photomicrographs of fract ions are located 

i n  Appendix A; det a i l s  o f  t itanite occurrence in thin sect ion ( where 

observed ) are des c r ibed in Appendix B .  

Analyt ical  results are shown in Table 2 and plotted on a concordia 

d iagram in F ig . 3 .  An inset o f  sample locat ions i s  inc luded in Fig . 3 .  

Al l fract ions yielded discordant po int s with a range in 207Pb / 206Pb age s 

between 1 4 3 4 . 3  Ma and 1 1 4 3 . 1  Ma . The nine fract ions a l l  f a l l  a long a 

s ingle l ine def ined by the method of  Davis ( 1 9 8 2 ) ,  with a probab i l ity o f  

f it o f  4 . 8% .  T h e  lower intercept is  9 8 5  +2 1 /-2 0 Ma , and t h e  upper 

intercept is 1 4 4 6  + 1 1 /-10 Ma . The fract ions range in d i scordancy a long 

the l ine from 5 . 7 % to 7 8 . 1 % .  

The upper intercept age ( 1 4 4 6  Ma ) i s  ident ical  within error to the 

upper intercept ( 1 4 5 3  Ma ) o f  a discordia de f ined by z ircon and t itanite 
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i n  me lt pods i n  Beaverstone Bay at the eastern end o f  t h i s  transect 

( Krogh , 1 9 89 ) . It  i s  a l so ident ical to the age o f  met amorph ic monaz ite 

( 1 4 4 5  Ma ) in gne i s ses  about 30 kilometres northeast , near Tyson Lake 

( Bethune et al . ,  1 9 9 0 ) . I n  Beaverstone Bay , many of the migmat it ic 

gne i s se s  in the area are granodior itic in compo s it ion , s im i l ar to 

granodiorit ic gne i s s  der ived from ea . 1 4 4 2  Ma plutons in the Br itt 

domain to the southeast ( Corr igan , 1 9 9 0 , per s . comm . , 1 9 9 0 ) . The upper 

intercept age cou ld be an age of contact metamorphi sm a s s o c i ated with 

intru s ion o f  granodior ite . However , west o f  Mi l l  Lake , where several of 

t he s amples dated in this study were taken , the gne i s se s  are 

predominant ly granit ic , and are almost certainly corre l at ive with the 

1 7 4 0  Ma K i l l arney complex ( sect ion 1 . 4 , Geology of the Study Area ) . 

There are no other gne i s ses in this section o f  the transect wh ich c an be 

ident i f ied as  having ea . 1 4 5 0  Ma plutonic ( granodiorit ic ) parent rock . 

The 1 4 4 6  Ma upper intercept obt ained in this  study i s  mo st probab ly the 

age of a regional met amorphic event , pos s ib ly related to vo luminou s 

intru s ion o f  plutons at this t ime , which caused e ither growth o f  

t it anite , or complete resett ing o f  it s U-Pb system . The Krogh ( 1 9 8 9 ) 

date i s  probab ly a l so related to this event . Further evidence to 

support this  come s from pre l iminary results  in the Br itt domain o f  the 

Grenv i l l e  inter ior where a ea . 1 4 5 0  Ma met amorphic event appears to have 

o ccurred ( Ketchum , pers . comm . , 1 9 9 1 ) . Addit ional ly , Corrigan ( 1 9 9 0 ) 

ident i f ied an undated metamorphic event po st-dat ing 1 68 4  Ma granites and 

pre-dat ing 1 4 4 2  Ma granodior ite in the Key Harbour area of the Br itt 

domain , 35 kilometres southeast of Beaver stone Bay . 

The most common pract ice in U-Pb dat ing i s  to draw d i scordia only 

t hrough fract ions from the s ame sample or from nearby s amp l e s  ( i . e .  s ame 

outc rop ) ( Sc harer et al . ,  1 9 8 6 ) . Here , a l ine is drawn through resu l t s  

for d i f ferent s amples from a 1 5  kilometre transect . T h e  rat ionale for 

t h i s  is the arrangement of  these po int s  along the d i s cordia in r e l at ion 

to t heir s ampl e  locat ion ( see Fig . 3 ) . Samples c losest to the Grenv i l le 

Front ( GF- 3 2 , GF-2 0 )  are least dis cordant , c l u ster ing near the upper 

intercept ( 9 . 0% and 5 . 7 % ,  respect ive ly ) .  The degree to which s amples 

are s h i fted along the discordia general ly increases with d i stance from 

t he Front , such that samples located farthest from the Front ( two GF- 3 5  

fract ions ) are the most discordant ( 6 7 . 3 % and 7 8 . 1 % ) . 

Two pairs o f  adj acent samples are minor except ions to this  

arrangement . G F - 3 2  i s  about 1 kilometre c loser to the Front than GF- 2 0 , 

but i s  s l ight ly more dis cordant ( 9 . 0% ver sus 5 . 7 % ) . GF- 1 8 , whi c h  i s  

about 1 . 5  kilometres farther from the Front than GF- 1 9 , yields a 

fract ion o f  sma l l  euhedral cryst a l s  which i s  1 4 . 6%  discordant compared 

to 1 5 . 9 % for s im i l ar euhedral  crystals  from GF- 1 9 . It  a l s o  yields a 
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f r act ion o f  l arge fragment s wh ich i s  2 1 . 2 % d i s cordant compared to 3 0 . 2 % 

for fragment s from GF- 1 9 . 

For a l l  other samples the pattern i s  cons i stent . T h i s  suggests  

t hat the main  inf luence wh ich cau sed the discordancy increased in 

importance away from the Front towards the inter ior of  the Grenv i l l e  

Province . 

One pos s ib l e  reason for the ob served discordance array i s  mix ing 

of two generat ions o f  t itanite . Two morpho logies o f  t itanite were 

observed in at least four o f  the samples ( e ither in thin sect ion or in 

grain separate s ) . I f  the picked fractions for a s ingle s amp l e  

represented more than one generat ion , the dates cou ld represent mixed 

ages of the two generat ions , one formed at 1 4 4 6  Ma and the second at 9 8 5  

Ma . 

For fract ion pairs from s amples GF- 1 9  and GF- 1 8 , a dist inct ion was 

made between euhedral , rounded , puck- shaped grains , all o f  s im i l ar sma l l  

s i ze ,  and anhedral , coarser , blocky fragment s ( see Appendix A for 

c omplete des c r ipt ions and photomicrographs ) .  The se two fract ions were 

qu ite d i f ferent in s i ze and appearance , and no core/ overgrowth 

r e l at ionship was observed between them . This i s  conf irmed by thin­

sect ion study o f  GF- 1 9 , in which t itanite occurs as s ingl e , rounded 

grains or as irregu larly shaped r ims on magnet ite . The irregu l ar r ims 

are probab ly the source of  the fragment s . It  i s  c l ear that in GF- 1 9  

t h e s e  two type s o f  t itanite are morphological ly dist inct , a n d  wou ld have 

been eas i ly ident i f ied dur ing picking . In GF- 1 8 , t itanite was only 

observed in thin- sect ion as r ims on z ircon . Neverthe l e s s , s ign i f ic ant 

d i f ferences in s i ze and morpho logy between the two picked fractions 

suggest that the two generat ions are dist inct , and were succe s s fu l ly 

s eparated by careful picking . For GF- 19 and probab ly GF- 1 8 , a much 

stronger contrast in dis cordancy between the two d i f ferent f ract ions 

wou l d  therefore be expected i f  d i s cordancy was a result only o f  mix ing 

of these two generat ions ( one fract ion shou ld be near ly concordant and 

t he other near ly 1 0 0 %  discordant ) .  

For s ample GF-3 5 ,  the two fract ions picked were dist ingu i s hed on 

t he bas i s  o f  colour , with a uniform fraction o f  l ight ye l low rounded 

euhedra , and a mixed fract ion of dark brown fragment s and cryst a l s  

s e lected . The darker fract ion i s  more concordant , and i s  po s s ib l y  a 

result o f  mix ing o f  generat ions . However , the l ight ye l low cryst a l s  are 

probably from a s ingle generat ion and also f a l l along the d i s cordia 

( 7 8 . 1 % ) . Th i s  implies that d i scordance o f  the GF- 3 5  fract ions i s  not 

due to s imple mix ing of  the two type s of  t itan ite picked . 

Only one fract ion was picked from GF- 3 2 , although two type s o f  

t itanite were obs erved in thin sect ion . Euhedral  cryst a l s  were 
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second kind , which are irregu lar r ims on Fe-T i ox ides . 
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It  i s  pos s ib l e  that a third generat ion o f  t itanite grew a t  9 8 5  Ma , 

but the only evidence for it i s  some colour var iat ion within s ingle 

grains o f  the GF- 1 9 - 1  fract ion ( fragment s ) . All other grains in a l l  

other s amples appear t o  b e  homogeneou s ,  lacking evidence o f  r ims ( as 

observed under the b inocu lar microscope and in thin sect ion ) .  SEM 

image s of po l i shed grain mount s ,  as are somet ime s made for z ircons , 

might provide conf irmat ion o f  this  observat ion , but no such work was 

carr ied out . 

However , regardless  o f  the types and morpho logies o f  t itanite 

present in these s amples , s ign i f icant and regu l ar enough d i f f erences in 

t he degree o f  new met amorphic growth over the 15 kilometre d i stance are 

u n l ikely to produce the observed dis cordance array . Titanites were 

dated from several d i f ferent rock type s ( granit i c , granod ior it ic and 

amphibo l it i c  gne i s ses ) which obviou s ly have d i f ferent bu l k  compo s it ions . 

T itanite-generat ing react ions in these d i f ferent compo s it ions in 

response to d i f ferent condit ions o f  metamorph i sm ( demonstrated by 

resu l t s  from 40Ar /39Ar dat ing ) are unl ike ly to generate the regu l arly 

increas ing amount s o f  t itanite which wou ld be requ ired to produce the 

observed pattern . 

The pre ferred interpretat ion o f  the d i scordance array i s  that 

t itanite suf fered d i f fu s ional Pb- loss  at 9 8 5  + 2 1 / - 2 0  Ma , f rom grains 

whi c h  had original age s of  about 1446 Ma . Both morpho logies  o f  t it an ite 

grains in s amp l e s  GF- 1 9 , GF- 1 8 , and GF- 3 5  pre sumab ly had s im i l ar 

or iginal age s , but were af fected to dif ferent degrees by the 9 8 5  Ma 

event . The fragment s dated in GF- 19 and GF- 18 may have contained more 

cracks which f ac i l itated d i f fu s ion and resulted in greater l o s s  o f  

radiogenic P b  f o r  these fract ions . 

The probab i l ity of  f it ( 4 . 8% )  of  the d i s cordia to the po int s  i s  

l ower than normal ly acceptab le f o r  several fract ions o f  t it anite and 

z ircon from the s ame sample ( 2 0 % ; L .  Heaman , per s . comm . 1 9 9 0 ) . The 

infer ior f it may be due in part to s l ight d i f ferences in the original 

age o f  the t it anites from each s ample . Also , as stated earl ier , error 

on fract ions with low 206Pb/ 204Pb rat ios ( < 1 5 0 0 ) may have been s l ight ly 

undere st imated ( S charer et al . ,  1 9 8 6 ) . I f  the error e l l ipses on s amples 

GF- 1 9 - 1 ,  GF- 1 9 - 2 , GF- 18-2 and GF- 3 5 - 2  were expanded to incorporate 0 . 2 % 

errors in 207Pb / 206Pb rat ios , the l ine f it wou ld probab ly be s im i l ar but 

with a higher probab i l ity of f it .  This was not done becau se it was seen 

a s  unnece s s ary in l ight of the interpret at ion o f  the resu l t s  ( Krogh , 

per s . comm . 1 9 9 1 ) ,  which focuses more on the nature o f  the d i scordance 

array and l e s s  on the error on the upper and lower intercept s . The f act 



t hat the l ine f it s  a su ite of  samples from d i f ferent locat ions and 

d i f ferent rock unit s  to any degree is  remarkab le ( Krogh , per s . comm . , 

1 9 9 1 ) and probab ly has geologic s ign i f icance . 

2 . 3  I N I T IAL I NTERPRETAT ION OF T I TANI TE TRAVERSE 
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Most t itanites from metamorphosed terranes yield concordant or 

nearly concordant dates de f i n ing e ither upper or lower intercept s on a 

d i s cordia between " or iginal " and " reset " ages ( S chlrer et a l . ,  1 9 8 6 ;  

Corfu , 1 9 8 8 ; Corr igan , 199 0 ) . As a result , very few dat a are avai l ab l e  

i n  the l iterature on how to interpret a d i scordance array l ike that 

obt ained for t it anites along the Co l l ins I nlet transect . There are , 

however , two except ions , which wi l l  be de scr ibed here as pos s ib l e  

analogues f o r  the GFT Z data . 

2 . 3 . 1  Previou s Work on D i scordance Arrays 

The f irst example of a discordance array i s  from a study conducted 

by Hanson et a l . ( 1 9 7 1 ) on t itanites from a traver se acro s s  the thermal 

aureo l e  o f  a pluton intruded 1 6 0 0  My after l a st met amorphi sm .  T itanites 

have s imilar morpho logies along the length o f  the traver se , even in 

s amples  taken from beyond the therma l aureo le . This  imp l ie s  no new 

t it an ite growt h during contact met amorph ism .  New growth may a l so be 

prec luded by the short durat ion of  pluton-re l ated heat ing , est imated at 

tens to  hundreds of thou sands o f  years . T itanite age s l ie on or c lose 

to  a c hord between the original age o f  the country rocks in the thermal 

aureole and the age o f  the intru s ion , and are more discordant as  the 

contact i s  approached . The preferred interpretat ion o f  the s e  dat a i s  

t hat t itanites have been increas ingly reset to lower ages ( probab ly due 

to Pb- l o s s ) ,  by progres s ive ly greater peak temperatures nearer the 

contact , dur ing the intrus ion episode ( Hanson et al . ,  1 9 7 1 ) .  

The second example of  t itanite U-Pb dat a with a thermal ly re l ated 

d i s cordance array i s  from a study of  a regional ly met amorphosed terrane , 

t he Western Gne i s s  Region ( WGR ) of  Norway ( Tucker et al . ,  1 9 8 7 ) . 

T itanites yield an array between the t ime o f  igneou s cryst al l i zat ion and 

regional metamorphism about 1 2 5 0  My later . The degree o f  d i scordance 

general ly increases with met amorphic grade , reaching 1 0 0 %  ( complete 

resett ing to metamorphic age ) in areas where inferred metamorphi c  

condit ions were 5 7 5  t o  640 ° C  and 7 . 0  t o  9 . 5  kilobar s . The cause o f  

d i s c ordance i s  not c learly known . However ,  met amorphic t itanite i s  

probab ly produced in les ser quant ity at highe st grades than a t  moderate 

grade s , becau se at these condit ions , react ions occur which are t itanite­

consuming ( Tucker et al . ,  1 9 8 7 ) . Th is sugge st s that mix ing o f  two 

generat ions wou ld not produce the ob served max imum d i s cordance at 
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h ighest grades . D i f fu s ional Pb- loss  dur ing met amorphi sm i s  a more 

p l au s ib l e  expl anat ion for the observed pattern . A second important 

observat ion is that t itanites from higher- strain rocks undergo more 

resett ing than lower- strain rocks of  s imilar met amorph ic grade , implying 

t hat factors l ike strain state and pos s ibly f lu id avai l ab i l ity 

contr ibute to resett ing of  t itanite U-Pb systemat i c s  dur ing met amorphi sm 

( Tu c ker et a l . ,  1 9 8 7 ) . 

The f act that a s ingle regre s s ion l ine f it s  the data f rom 

d i f ferent crustal  leve l s  of the WGR ( for 4 1  d i f ferent s amp l e s ; Tucker , 

per s . comm . , 1 9 9 1 ) shows that the " c losure " temperature o f  t itan ite mu st 

have been exceeded ( in order for d i f fus ional Pb- l o s s  to occur ) but not 

by enough for long enough to completely reset t itanites ( except at 

deepe st crustal leve l s ) .  Coo l ing therefore mu st have oc curred soon 

after heat ing , and synchronou s ly across  the who le WGR , in order to 

de f ine a common lower intercept for all samples . Synchronou s coo l ing of 

d i f fer ing crustal  leve l s  with peak met amorphic temperature s ranging from 

4 8 0  to 6 4 0 ° C  ( Tucker et al . ,  1 9 8 7 ) requ ires that coo l ing to t itan ite 

c lo sure mu st have been rapid in the deeper leve l s . The durat ion o f  the 

heat ing and cool ing event can be e st imated from the error on the lower 

intercept , which de f ines the max imum scatter of the lower intercept s for 

s ingl e  s amples ; in this case only 4 My ( Tucker et a l . ,  1 9 8 7 ) . 

2 . 3 . 2  I nterpret at ion of  GFTZ T itanite Data 

The dat a presented in this  the s i s  for the Co l l ins  I nlet transect 

of the Grenv i l le Front Tectonic Zone are analogou s to both the Tucker et 

a l . ( 1 9 8 7 ) and Hanson et al . ( 1 9 7 1 ) resu lt s . The ages of succe s s ive 

fract ions are progres s ive ly shi fted down the d i scordia with increas ing 

d i stance from the Grenv i l l e  Front . The regu l ar ity of  this  pattern and 

t he probab i l ity that dis cordance i s  due to part ial  d i f fu s ive Pb- l o s s  at 

about 9 8 5  Ma ( as discus sed in sect ion 2 . 2 ,  " Re s u l t s " ) ,  demonstrate that 

t he increas ing part ial resett ing of  t itanites was a result o f  gradu a l ly 

more extreme heat ing during the Grenv i l l e  event ; e ither durat ion or 

t emperature o f  heat ing cou ld have been higher with d i stance from the 

Front . 

The lower end o f  the discordia is  re l at ively poor ly constrained 

( to + 2 1 / - 2 0  Ma ) . This i s  part ly due to the method o f  l ine- f itt ing . A 

pos s ib l e  range o f  l ines is  f it to we ighted dat a ,  with heavier we ight ing 

g iven to the dat a nearest the upper intercept . No data po int s are 

located beyond 7 8 %  discordancy , so the range of lower intercept s  o f  

d i f ferent l ines f itt ing the data is  qu ite l arge . The prob l em may occur 

because no s amp l e s  have been dated far enough from the Front , in an area 

where Grenv i l l ian e f fect s were strong enough to complete ly reset the 



age s . Concordant t itanite dates o f  1 0 0 1  to 1 0 0 4  Ma and 9 6 3  to 9 8 0  Ma 

have been obt ained in the Key Harbour area ( Corr igan , 1 9 9 0 ) , wh ich i s  

about 3 5  kilometres farther from the Front than the mo st d i s cordant 

s amp l e s  in t h i s  study ( from the north end of  Beaver stone Bay ) . 1 0 0 %  

d i s c ordance ( concordance at the lower intercept ) a t  ea . 9 8 5  M a  in 

t itanites may be achieved somewhere between Beaver stone Bay and Key 

Harbour ( but see Chapter 6 ) . 
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Because o f  the s imilar ity o f  these resu l t s  t o  the Tucker and 

Hanson studie s , the preferred interpretat ion of the dat a is s im i l ar 

their mode l s . A period of  heat ing , of high enough temperature to 

part ial ly open the t itanite to d i f fu s ion o f  Pb , mu st have occurred 

throughout the transect at some t ime before 9 8 5  Ma . Heat ing was more 

intense with increas ing di stance from the Front , as  shown by the general 

trend o f  greater resett ing with increas ing di stance . The probab le range 

of temperatures reached dur ing this t ime wi l l  be discus sed , u s ing a l l  

ava i l ab l e  thermochronometric dat a ,  i n  Sect ion 5 . 2  ( I ntegrated 

I nterpretat ion of Results ) .  

The nearest s ample to the Front , GF- 3 2 , i s  s l ight ly more 

d i s cordant than GF-2 0 ,  the next nearest sample .  GF- 3 2  probab ly s u f fered 

greater strain dur ing movement on the Boundary Fau lt dur ing e ither this  

or previou s event s ,  than did  GF-2 0 .  This  re lat ionship i s  s im i l ar to  

that observed by  Tucker et  al . ( 1 9 8 7 ) , who found greater resett ing in 

more deformed s amples . The same phenomenon i s  known e l sewhere ( Krogh , 

per s . comm . , 1 9 9 0 ) . 

Coo l ing f o l lowed the thermal epi sode , at 9 8 5  +2 1 / - 2 0  Ma . The 

max imum durat ion o f  the event which opened and re-c l osed the t it anite to 

Pb d i f fus ion can be est imated from the error on the lower intercept , and 

thus is only constrained to be on the order of 40 Ma . The magn itude o f  

t h i s  value may , however , b e  a funct ion of  the poor control on t h e  lower 

end of the d i s cordia ( described above ) .  The Tucker et al . ( 1 9 8 7 ) and 

Hanson et al . ( 1 9 7 1 ) mode l s  for a discordance array sugge st that to 

produce such an array , the durat ion of  the event mu st be s hort . 

An addit iona l ,  important impl ication of  the 1 4 4 6  - 9 8 5  Ma 

d i scordia i s  that in the intervening 460  Ma , the temperature in t he s e  

r o c k s  cou l d  not have exceeded t itanite closure without c au s ing t itanite 

age s to s h i ft down the discordia between 1 4 4 6  Ma and the age o f  the 

event . I f  this  were the case , the po int s  from acro s s  the transect wou ld 

not f a l l along the s ingle l ine between 1446 Ma and 985 Ma . 

T it anite resu lt s are discus sed further in Chapter V ( Synthe s i s  of  

Re s u l t s  and Thermal H i story ) . The tectonic impl icat ions o f  this 

interpret at ion wi l l  be addres sed in l ight o f  all  the geochrono log i c a l  

a n d  geo logical  data available in Chapter VI ( Tectonic I nterpret at ion ) .  



CHAPTER I I I  
40Ar /39Ar DAT I NG 

3 . 1  I NTRODUCTION : BAS I S  OF METHOD 

The 40Ar /39Ar dat ing method i s  based on the radioact ive dec ay o f  
40K to 40Ar over geo logic t ime . 39K i n  the s ample being dated ( u sual ly a 

monominera l i c  vo lume of  a K-bearing phase ) i s  converted to 39Ar by 

irradiat ion with f ast neutrons in a nuc lear reactor . Argon is extracted 

f rom the s ampl e  by heat ing in a vacuum furnace . The isotopic rat io of 
40Ar to 39Ar i s  then measured in a mas s  spectrometer , corrected for 

i nter fer ing i s otopes and atmospheric Ar component s ,  and u sed in the 

c a l c u l at ion o f  the age o f  the s ample . 

The amount o f  39K converted to 39Ar dur ing irradiat ion i s  dependent 

on the irradiat ion parameters ( spec i f ical ly , the neutron f lux dens ity 

and the energy distribut ion o f  the neutrons ) ,  which are d i f f icult to 

measure d irect ly . For this reason , standard f lux monitors with a known 

age are inc luded with the unknowns in a " package " dur ing irradiat ion . 

The i s otopic rat io s  in the standards are measured , and a term de s c r ib ing 

the irradiat ion parameters is calculated . This term is known a s  the J­

value . 

The mathemat ical  development o f  the age equat ion and the J-value 

c a l c u l at ion are detai led in Mit c he l l  ( 19 68 ) , McDougal l and Harr ison 

( 1 9 8 8 , pp . 1 7  - 1 9 ) ,  and Gr i st ( 1 9 89 ) . 

The standard procedure for carrying out 40Ar /39Ar dat ing i s  to 

extract gas in sequent ial temperature steps , and to measure i s otope 

rat ios for each step . The apparent age of  each step is plotted against 

the percentage o f  total 39Ar released which each step represent s . The 

result i s  an age spectrum . The larger the step ( in gas volume ) , the 

more we ight it s apparent age carries in the determinat ion o f  the age of 

the s ample . 

The value o f  the step-heat ing exper iment ( versus a convent ional K­

Ar date or total  gas date ) i s  that steps which have irregu l ar it ie s  in 

the i s otopic rat io ,  due to various exper iment al  and natural art i f act s , 

may be recogn i zed , and can be e l iminated from the age determinat ion . 

For example , the f irst few percent o f  gas released may g ive impo s s ibly 

h igh age s , due to reactor- induced recoil  o f  39Ar from the near- sur f ace 

regions o f  grains ( Harr i son , 1 9 8 3 ) . If a s ample has exper ienced a l ate 

t hermal epi sode , the f irst gas released may have young age s . The l ater 

steps may st i l l  record the original age o f  the s ample . I n  e ither case , 

a K-Ar age or total  gas age wou ld incorporate these art i f  acts i n  the age 

c a l cu l at ion , po s s ibly giving a geological ly meaningl e s s  result . 

Many d i f ferent forms of  age spectra may ar ise . The meaning o f  
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those obtained in this  study wi l l  be cons idered in Sect ion 3 . 3 . 1  

( I ntroduct ion to I nterpret at ion o f  40Ar /39Ar Age Spectra ) .  
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The age obt ained by 40Ar /39Ar dat ing o f  a met amorphic mineral  i s  

normal ly cons idered t o  corre spond t o  the temperature at whi c h  

radiogenical ly produced A r  ceased to d i f fu se out o f  the mineral , termed 

the " c losure temperature " .  D i f fu s ion is  a therma l ly act ivated proc e s s  

whi c h  can be de scr ibed b y  a n  Arrhenius re lat ionship . Based on t h i s , 

Dodson ( 1 9 7 3 ) der ived an expre s s ion which des c r ibes c losure o f  

d i f fu s ional processes  in mineral s : 

( 1 )  

where Tc i s  c l o sure temperature , E8 i s  act ivat ion energy , R i s  the gas 

const ant , A i s  a geometrical const ant , a i s  e f fect ive d i f fu s ion lengt h ,  

Do i s  frequency f actor ( di f f u s iv ity when T = ro ) , and dT / dt i s  coo l ing 

rate . The expres s ion permit s calculat ion of  c l o sure temperature for 

g iven d i f fu s ion parameters and geometry o f  d i f fu s ion domains , and 

a s s ume s a s ingle d i f fu s ion doma in s i ze , and s low cool ing a s  a l inear 

increase in l / T . The deve lopment of  Dodson ' s  theory i s  completely 

exp l a i ned in McDougal l  and Harri son ( 1 988 ) and Gr i st ( 1 9 89 ) . 

Berger and York ( 1 9 8 1 ) propo sed a method for extract ing the 

d i f fu s ion parameters direct ly from step-heat ing exper iment s .  The method 

a s sume s that the d i f fu s ional processes operat ing dur ing step-heat ing are 

t he s ame as those operat ing in nature when the mineral c lo s e s  to Ar 

d i f f u s ion . For this  as sumpt ion to be val id ,  only one minera l  phase mu st 

be present , and the phase mu st remain stab l e  throughout the exper iment . 

Hydrou s phases l ike micas and amphiboles have been shown to  u ndergo 

structural breakdown dur ing in vacua heat ing ( Gaber et a l . ,  1 9 8 8 ) . 

D i f fu s ion exper iment s are only val id for these miner a l s  i f  t hey are 

conducted under hydrothermal ,  oxygen bu f fered condit ions ( McDouga l l  and 

Harr ison , 1 9 8 8 ) . Closure temperatures for convent ional 40Ar /39Ar dates 

on amphibo les  and micas mu st there fore be assumed rather t han 

c a l c u l ated . 

K- feldspars appear to conform to the requ irement s for u s ing the 

Berger and York method , permitt ing calculat ion of c losure temperature 

for each sample dated . 

3 .  2 METHODS 

The standard techniques u sed in 40Ar /39Ar dat ing are we l l  known 
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becau s e  the method has been in common use s ince the l ate 1 9 60 ' s . A fu l l  

and re l at ive ly up-to-date d i s cu s s ion of  technical  cons iderat ions i s  

avai l ab l e  in McDougal l  and Harr i son ( 1 98 8 ) . A b r i e f  out l ine o f  methods 

u sed in this  study , espec ially where these are spec i f ic to the 

l aboratory , is g iven below . 

3 . 2 . 1  Sample Select ion 

Samples u sed for 40Ar /39Ar dat ing were selected on the bas i s  o f  

their appearance in thin sect ion . Brief f ield des c r ipt ions and thin 

sect ion descr ipt ions are presented in Appendix B .  

Mineral s appropr iate for dat ing by the 40Ar /39Ar method 

( hornb lende , b iot ite and K- fe ldspar ) were examined with the f o l lowing 

c r iter ia in mind : 

a )  I ntergrown phases shou ld be avo ided i f  po s s ible . T h i s  i s  

part icu l arly important when the mineral o f  intere st has a re l at ively low 

K- content , and i s  intergrown with a high-K phase , s ince even a sma l l  

amount o f  the h igh-K phase may produce enough radiogenic A r  dur ing 

outga s s ing to obscure that produced by the phase for which dat ing i s  

intended . 

b )  Samples  shou ld be fresh and unaltered to avo id grains wh ich 

have suf fered K- l o s s  or gain dur ing weathering or l ate react ion , for 

examp l e  part ial  chlorit i z at ion o f  b iot ite or development o f  ser i c ite in 

K- f e ldspar grains . 

c )  Mu lt iple generat ions o f  a part icu l ar mineral  group s hou l d  be 

recogni zed so that they can be segregated i f  pos s ib l e  dur ing separat ion , 

or at least acknowledged dur ing interpretat ion o f  spectra . The relat ive 

t iming of mineral growth , deformat ion , and epi sode s of  heat ing 

( met amorph i sm? ) shou ld be determined i f  po s s ible , so that the dates  

obt ained can be a s s igned to  the correct event . 

d )  The range o f  grain s i z e  of  the part icu l ar phase to  be dated 

s hou ld be noted so that dur ing s ample preparat ion an appropr i ate grain 

s i ze fract ion i s  selected ( idea l ly ,  1 / 2  to 1 / 4  o f  the average grain 

s i ze ;  McDougal l  and Harr ison , 1 9 8 8 ) . If the selected fract ion i s  too 

coarse , much o f  the mineral phase be ing sought w i l l be present a s  part 

of po lyminer a l i c  grains , which shou ld not be u sed for dat ing because age 

spectrum interpret at ion wi l l  be d i f f icult . I f  it is too sma l l , the 

separate wi l l  con s i st of  unrepresentat ive fragment s o f  the original 

grains , which may cause the e f fect ive d i f f u s ion radius o f  the s ample to 

be reduced be low that which operated in nature . 

3 . 2 . 2  Sample Separat ion 

Mineral fract ions were extracted from crushed and s ieved bu lk rock 
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s amp l e s  u s ing st andard magnet ic , heavy l iqu id and paper-panning 

techniques . Re lat ive ly c lean separates were then picked by hand under a 

b inocu l ar microscope to increase purity . 

Two bat ches o f  s amples were proces sed . The f irst was prepared for 

analys i s  with a modi f ied MS l O  mas s  spectrometer , requir ing l arge s ampl e  

vo lumes to obt ain measurable g a s  volumes . As grain s i ze s  in a lmost a l l  

s amp l e s  u sed in this  study were re lat ively sma l l  ( 1 2 5  to 1 8 0  microns 

d i ameter in most ) , large number s o f  grains were requ ired to make up the 

s ample volume . This  prec luded select ion o f  individual grains , so that 

s amples  were l ike ly to have at least some degree o f  cont aminat ion by 

other phases . Hornblende s amples are the most l ike ly to exhib it 

prob lems aris ing from contaminat ion , due to the relat ively low K- content 

( hence l arge vo lume requirement ) ,  and d i f f icu lty o f  dist ingu i s h ing 

intergrown b iot ite except on very c lose examinat ion o f  each individual 

grain . 

The second batch was prepared for analy s i s  by a new VG3 600  mas s  

spectrometer , which has su f f ic ient sens it ivity to permit step-heat ing 

analyses on much smal ler sample volumes . This a l l owed individual 

s e l ect ion from an init ial volume o f  separated grains , increas ing the 

proport ional pur ity o f  the samples dated , and great ly reduc ing the t ime 

requ ired for pur i f icat ion . 

The system u sed to date each sample i s  noted in the s ample 

de s c r ipt ions in Appendix B and on their data summary sheet s in Appendix 

c .  

3 . 2 . 3  S ample Analys i s  

Al l 40Ar /39Ar data acqu ired for s amples dated in this  study u s ing 

the methods below are summar i zed in Appendix c .  
S amples dated u s ing the MS l O  system were analysed according to the 

procedure s out l ined in Muecke et al . ( 1 988 ) , except as noted here . 

The f lux mon itor used in this study was MM-Hb hornb l ende , with a 

st andard K-Ar age o f  5 1 9 ± 3  Ma ( Alexander et al . ,  1 9 7 8 ) . St andards were 

pl aced at regu l ar interval s  throughout the irradiat ion canni ster . J­

values were measured for each standard , then plotted with errors versus 

pos it ion in the c anni ster . A l ine was f itted to these po int s  u s ing the 

York ( 1 9 6 9 ) method , then J-values for the intersper sed samp l e s  were 

determined by interpo lat ion along the l ine . This permitted 

determinat ion of J to within ± 1 %  ( l o )  or better , depending on the 

goodne s s  of  f it o f  the l ine . The values o f  individual errors  in J ( l o )  

are quoted with the J-value s for each sample on the ir dat a summary 

sheet s in Appendix c .  
Hornb lende and b iot ite samples were heated to a max imum o f  1 1 5 0 ° C  
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i n  an external Lindberg furnace , with step-heat ing schedu l e s  varying 

according to the gas vo lume s der ived . ( S i z e  o f  steps was cut down in 

t emperature range s wh ich produced large gas vo lumes , in order to 

max imi ze the reso lut ion of the age spectrum ) . K- feldspar s amples  were 

heated in uni form , t imed steps to a max imum of 1 1 5 0 ° C  in t h i s  system . 

Some were then tran s f erred for complete outgas s ing to a higher 

temperature furnace att ached to the VG3 600 mas s  spectrometer , as 

des c r ibed below . T ime steps for K- fe ldspar outgas s ing are prec ise to ± 1  

minute . Temperature i s  accurate t o  ± 1 %  i n  the range used , with about 

1 ° C  f luctuat ion dur ing the heat ing step , for the Lindberg furnace . 

A l l  remaining samples were analysed on the new VG3 6 0 0  mas s  

spectrometer , which for the present study was coupled t o  a doub le-vacuum 

t anta lum res i st ance furnace bu i lt at Dalhou s ie Univer s ity by K .  Tay lor . 

Packaging and irradiat ion procedure s ,  and the st andard u sed , were the 

s ame as  those for the MS lO system , except that package s were much 

sma l ler . Samples were loaded into a c ircu lar loading port system 

des igned and bu ilt  by K .  Taylor , which permit s s imu ltaneou s load ing to 

the vacuum l ine o f  up to 12 samples . After loading , the l ine was 

" roughed out " by a mechanical pump-backed sorpt ion pump . H igh vacuum 

was then achieved by a 2 5  l itre per second ion pump . Prior to 

individual s ample loading to furnace , the furnace was outgas sed at 

max imum temperature ( about 1300 ° C )  for about 1 hour ; this  was repeated 

unt i l  measured b l ank was su f f i c ient ly low . 

Temperature in the sample chamber was measured by a p l at inum -

rhodium thermocouple , wh ich was prev iou s ly cal ibrated u s ing a second , 

external thermocouple inserted into the hot zone . Temperatures were 

f ound to be o f f set by a value of 7 0 ° C  ( K .  Taylor , per s . comm . , 1 9 9 1 ) ,  

c on s i stent over the temperature-range capab i l ity o f  the furnace . A l l  

t emperatures quoted f o r  steps have been corrected f o r  this  o f f set . A 

control i s  a l s o  provided on the high temperature c a l ibrat ion o f  the 

furnace by outgas s ing of  pure K- feldspar , wh ich me l t s  incongruent ly to 

leuc ite and l iqu id at 1 1 5 0  ±2 0 ° C  ( Deer et al . ,  1 9 6 6 ) , and in the proces s  

o ften l iberates a large vo lume o f  Ar . Very l arge steps were obt ained 

for several s amples within temperature steps which cros sed t h i s  

temperature range . Only one sample ( CI - 1 4K ) released a l arge amount o f  

A r  out s ide this  temperature range ( at 40 ° C  o r  more lower than expected ) .  

T h i s  may be due to Na in the alka l i  feldspar , exhibited by t he presence 

of a l b ite ex solut ion lame l l ae . The me lt ing temperature o f  K- feldspar is 

reduced from the pure K-end-member temperature o f  1 1 5 0 ° C  to a min imum of 

1 0 6 3 ° C  for about 6 5 %  Na- feldspar ( Bowen and Tutt le , 1 9 5 0 ) . As suming the 

c a l ibrat ion prov ided by K-fe ldspar me lting in several other s amples , 

temperature i s  known to ± 2 0 ° C ;  f luctuat ion during a s ingle step i s  about 
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5 ° C  once the furnace has reached temperature . 

Hornb lende and b iot ite s amples were maintained at temperature for 

about 30 minutes .  Approx imately 2 0 -minute heat ing steps for K- fe ldspar 

were c arefu l ly t imed , start ing when the furnace reached temperature and 

ending when the furnace was turned down ; these t ime s are pre c i s e  to ± 1  

minute . The durat ion o f  each heat ing step i s  noted o n  the dat a summary 

s heet s for K- feldspars in Appendix c .  
Dur ing extract ion , gas was c leaned by const ant expo sure t o  a GP 5 0  

A l - Z r  a l loy getter , run at room temperature . After adm i s s ion to the 

mas s  spectrometer , an automated data acqu i s it ion system provided by VG 

I sotopes measured the abundance o f  each Ar isotope 1 5  t ime s . The s ize 

o f  t he 40Ar peaks neces s itated measurement o f  the 40Ar /39Ar rat io u s ing 

the Faraday detector f irst ; then 36Ar /39Ar and 37Ar /39Ar rat ios were 

measured u s ing the e lectron mu lt ipl ier . ( The init ial ver s ion o f  

operat ing so ftware provided b y  VG I sotopes and used in t h i s  study d id 

not permit swit ching between the Faraday and the mu lt ipl ier dur ing the 

15 measurement s ) . Measured rat ios were then extrapo lated back to zero 

t ime ( the t ime o f  init ial adm i s s ion of gas to the mas s  spectrometer ) 

u s ing l inear regre s s ion . Treatment of  data beyond this  st age was the 

s ame a s  for the MS- 1 0  system , described in Muecke et al . ( 1 9 8 8 ) , u s ing 

s o ftware written at Dalhou s ie Univers ity . Age spectra were obt ained for 

a l l  s amples ; in  addit ion , Arrhenius plot s  were c a l c u l ated for some K­

f e l d spar s , again u s ing Dalhou s ie Univers ity so ftware . 

3 . 2 . 4  Error Analys i s  

Error in J i s  the maj or source of error in t h e  f inal a g e  a s s igned 

to  the s ample . J i s  the same for each individual step in a s ingl e  

s ample , so i s  not cons idered in t h e  error quoted on steps n o r  when 

comparing age s of steps . Error on individual steps ( quoted at lo i n  

Appendix C )  i s  mainly a funct ion o f  the uncert ainty in t h e  correction 

for atmospheric argon , which ar ises  as a result o f  the sma l l  s i ze o f  the 
36Ar peak which mu st be measured to make the correct ion . Step error s 

a l so depend on uncertaint ies in measurement o f  40Ar and 39Ar peaks , in 

mas s  d i s c r iminat ion correct ions , and in inter fer ing isotope correct ions . 

Error on J-values ( quoted at l o  in Appendix C )  was determined by u s ing 

the York ( 1 9 69 ) method to f it l ines to the J-value ver sus po s it ion data 

for the standards . Error quoted is  the error in the intercept on the J­

value ( y- )  ax i s , which i s  thu s  a max imum error for the package ; actual 

errors may be les s for samples in the middle of the package . 

Errors on f inal ages were calculated u s ing a standard sum o f  

s quares c a l cu l at ion o n  the steps which were cons idered t o  have 

representat ive age s ( plateaux for some samples ; see section 3 . 3 . 1  



( I ntroduct ion to I nterpret at ion of  40Ar /39Ar Age Spectra ) .  The f inal 

error c a l c u l at ion incorporates error in J and i s  quoted at 2 a .  
37Ar /39Ar rat ios were measured for a l l  amphibo les . Apparent Ca/K 

rat ios were c a l c u l ated for each step us ing the relat ionship : Ca/K 

29  

( ( 1 . 82 ± . 1 7 )  x c 37Ar /39Ar ) ) ,  in which the coe f f ic ient i s  t hat quoted by 

Onstott and Peacock ( 1 9 8 7 ) for the SC s ite of the McMaster Univers ity 

nuc lear reactor in Hami lton , Ontar io . The coe f f i c ient is con s i stent 

within error with values of 1 . 8 3 reported by Hanes et al . ( 1 9 8 S ) and 1 . 9  

obt a ined by the D a l hou s ie laboratory ( P . H .  Reynolds , pers . comm . , 1 9 9 1 ) , 

for the McMaster SC  s ite , which was a l so u sed in this  study . Errors 

quoted on c a l c u l ated Ca/K rat ios ( 2 a )  are a comb inat ion o f  the 9 . 3 % 

error ( 2 a )  in t h i s  value and a typical error o f  1%  ( 2 a )  in the 37Ar /39Ar 

rat io . 

3 . 3  HORNBLENDE AND B IOT ITE RESULTS 

K- fe ldspar , b iotite and hornb lende separates were a l l  dated u s ing 

the 40Ar /39Ar method in this study . The interpretat ion o f  K- fe ldspar 

resu l t s  is more complex than for hornb lende and b iot ite , and wi l l  be 

addres sed in a separate chapter . The fo l l owing introduct ion to 

interpret at ion o f  40Ar /39Ar resu lts there fore dea l s  only with K- feldspar 

regard ing the po int s of interpret at ion which it has in common with 

b iot ite and hornb lende . 

3 . 3 . 1  I ntroduct ion to I nterpretat ion of  40Ar/39Ar Age Spectra 

The original theory o f  Ar d i f fus ion u sed by the ear l iest workers 

for 40Ar /39Ar age interpretat ion , was the s ingle- s ite , volume d i f fu s ion 

mode l of Turner ( 19 68 ) . Thi s  mode l pred icts that s amples cooled qu ickly 

through their c lo sure temperature , and not subsequent ly di sturbed , wi l l  

y i e l d  per fect ly f l at age spectra ( plateaux ) correspond ing t o  the t ime o f  

c l o sure t o  d i f f u s ion . Thermal ly di sturbed samples are predicted to 

exhibit age gradient s , with the original age reduced to some degree , 

depending on the intens ity o f  the episode . 

Experience with the 40Ar /39Ar method has shown that cons iderab le 

deviat ion from the theoret ical mode l occurs in the spectra produced by 

real s amples , probab ly due to violat ion of  one or more o f  the 

a s sumpt ions o f  the model . D i sturbed samples o ften record the ir or iginal 

c lo sure age in higher temperature extraction steps ( Berger and York , 

1 9 8 1 ) ,  permitt ing app l icat ion o f  the method in thermal ly complex 

terrane s . D i sturbed samples also  often yield several low-temperature 

increment s contr ibut ing to a s ignif icant vo lume o f  gas release , which 

somet imes record the age of  a thermal di sturbance . 

These observat ions , made in l ight o f  the pred ict ion o f  p l ateaux by 
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the Turner theory , led t o  the estab l i shment o f  arb itrary c r iteria for 

spectrum interpret at ion , which requ ired the ex i stence o f  a " pl ateau " in 

an age spectrum for the determinat ion of a geo logic a l ly mean ingful  age . 

The de f in it ion o f  a plateau var ies between d i f ferent worker s ,  but 

genera l ly requ ires that several cont iguou s steps , making up a 

s igni f ic ant proport ion of  the total gas released , have the s ame age 

within the error . For reasons discus sed l ater the absence of a p l ateau 

i s  no longer cons idered a val id criter ion for outr ight rej ect ion o f  an 

analys i s , part icu l arly for K- fe ldspars . Likewise , the pre sence of a 

p l ateau i s  no longer su f f ic ient to val idate an age . However ,  the 

t r ad it ion o f  de s c r ib ing a sample as having or lacking a p l ateau 

per s i st s . 

The amph ibo les and biot ites dated in this  study have been tested 

for the presence o f  a plateau in their spectra u s ing the c r iter ia of 

F l e c k  et al . ( 1 9 7 7 ) . The requ irement s are as  fol lows : that cont iguou s 

gas fract ions represent ing more than 5 0 %  o f  total  39Ar released have no 

age d i f ference between any two fract ions at the 9 5 %  conf idence leve l . 

Thi s  requ irement i s  tested u s ing the Crit ical Value test , i n  wh ich 

apparent age d i f f erences between steps can be no greater than the 

Crit ical  Value : 

c. v. ( 2 )  

where o1 , a2 are the st andard deviat ions o f  the age s . Steps cont a in ing 

l e s s  than 3% of gas release are ignored in the determinat ion of a 

p l ateau . An example of  a 40Ar /39Ar apparent age spectrum with a p l ateau 

i s  i l lu strated in Fig . 4a . 

Age spectra o ften have irregu lar shapes , e ither f a i l ing to yield a 

p l ateau , or having a plateau but otherwise di sturbed , due to both 

exper iment al and geo logical ef fect s . The interpret at ion o f  spectra is 

not a lways stra ight forward , but the accumu lated experience of workers 

u s ing the method has produced a degree of  underst anding o f  irregu l ar 

spectra which permits at least part ial interpret at ion . The 

cons iderat ions o f  interpret at ion which have arisen in this study are 

d i s cu s sed below . 

Impur it ies in the separate may release component s o f  radiogen ic Ar 

whi c h  are d i f ferent in age from the bu lk o f  the separate . T h i s  i s  a 

part icu l ar prob lem for re lat ive ly low-K phases l ike amphibo l e  s ince the 

tot a l  gas produced i s  low and thu s  more eas ily swamped if a h igh-K 

impur ity is a l s o  outgas s ing . Clearly , care ful  s ample select ion and 

pur i f i c at ion are es sent ial , but when a sample i s  var iab l y  altered or 
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intergrown , and when a large s ample i s  requ ired , s ample pur ity i s  not 

a lways certain . contr ibut ion o f  gas from a secondary alterat ion phase 

or exso lut ion l ame l l ae is  a commonly ob served e f fect ( Onstott and 

Peacock ,  1 9 8 7 ; Ro s s  and Sharp , 1 9 88 ) . It i s  somet ime s po s s ib l e , 

however , to a s s e s s  whether the Ar produced by a separate i s  actu a l ly due 

to outga s s ing of the intended mineral . This is done by measur ing the 

rat io of the Ca-der ived 37Ar to the K-der ived 39Ar isotope , both produced 

by irradiat ion , for each extract ion step . Knowing the irrad i at ion 

parameters typical  o f  the nuc lear reactor u sed , Ca/K rat ios for each 

step are c a l cu l ated from the 37Ar /39Ar rat ios . These c an be compared to 

the Ca/K o f  the phase as determined by e lectron microprobe . 

I ncons i stency in the values for a part icu l ar step sugge s t s  that another 

phase is contr ibut ing to the Ar produced by the sample for t hat step . A 

c on s i stent set o f  step value s for a fu l l  age spectrum , or for several  

cont iguou s steps , impl ies that a s ingle phase i s  outga s s ing . A plot o f  

apparent C a / K  rat io ver sus 39Ar release is  i l lu strated in Fig . 4b . This 

method i s  u sed only for amphibo les in this study s ince the 37Ar i s otope 

was measured only for samples with high Ca/K , in order to correct for 

Ca-der ived interferences .  

A common exper imental art i f act i s  recoi l  o f  39Ar out o f  the near­

sur f ace of the grains in the s ample dur ing irradiat ion , due to the 

reco i l  energy of the react ion o f  39K to 39Ar ( Huneke and Smit h ,  1 9 7 6 ) . 

Rec o i l  af fect s only the f irst few percent o f  gas released , except for 

very f ine-grained s amples . It is  usually eas i ly ident i f ied , becau s e  it 

c au s e s  the age s of the f irst few percent ( or les s ) of gas to have 

exc e s s ive ly high ages . It i s  there fore of  l ittle  import ance in  the 

interpretat ion o f  age spectra , although it may interfere with t he 

acqu i s it ion o f  d i f f u s ion informat ion . Thi s prob lem w i l l  be d i s cu s sed in 

more det a i l  in  Sect ion 4 . 3  ( D iscuss ion o f  K- fe ldspar Resu l t s  and 

Mode l s ) .  

A second , more ser iou s exper iment al art i fact i s  the prob l em o f  

s ample breakdown dur ing dry in vacua heat ing . Hydrou s miner a l s  become 

unstab l e  in t h i s  environment as temperature i s  increased . It has 

recent ly been demonstrated that b iotite suf fers de l aminat ion and 

alterat ion o f  the crystal structure during heat ing , the breakdown 

start ing to occur at or below the temperatures at which argon release 

usual ly occur s dur i ng step-heat ing exper iment s ( Gaber et al . 1 9 8 8 ; Lo 

and Onstott , 1 9 89 ) . This resu l t s  in drast ic mod i f icat ion o f  the 

mechan i sm o f  argon release relat ive to the way it happens in nature , 

c a l l ing into quest ion mode l s  o f  the s ign i f ic ance o f  pl ateaux or 

gradient s . The ex i stence of  a plateau for b iot ite may be noth ing more 

t han a result of re-homogenizat ion of the distr ibut ion of 40Ar and 39Ar 
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dur ing heat ing . The age of  the p l ateau may thus b e  a geo l og i c a l ly 

meaningles s number i f  it has been part ly di sturbed , for example by a 

t hermal event or by the incorporat ion o f  exc e s s  Ar ( see below for 

d i s c u s s ion o f  exc e s s  Ar ) . A further consequence o f  b iot ite breakdown is 

that d i f f u s ion exper iment s are not val id for this phase u n le s s  conducted 

under i s othermal ,  hydrothermal ,  oxygen-bu f fered condit ions , which are 

beyond the c apab i l ity of  most l aboratories conduct ing rout ine 40Ar /39Ar 

analys i s . 

Amph ibo l e s  seem to suf fer only minor structural change dur ing dry 

heat ing ( Gaber et a l . ,  1 9 8 8 ) and pl ateaux obt a ined f rom amph ibo l e s  are 

u s u a l l y  st i l l  interpreted with reasonab le as surance . A recent study , 

however , has shown that amph ibo l e s  can a l s o  yield p l ateaux in certain 

c a s e s  where they demonstrably contain exce s s  Ar  or have been part i a l ly 

reset , po s s ibly due to isotope re-homogeni zat ion during s ampl e  breakdown 

( Maboko et a l . ,  1 9 9 1 ) . This i l lu strates that requir ing a p l ateau for 

amph ibo le may a l so be an art i f ic i a l  constraint on interpret at ion , s ince 

cons i stency in step ages and between samples may be more s ign i f ic ant 

than a r igorou s p l ateau requ irement . Some workers have begun to attach 

s igni f icance to age s o f  re l at ive ly f l at spectra wh ich do not contain 

pl ateaux becau s e  they yield  reasonable age s ( " near-pl ateau age s " )  

c on s i stent with nearby samples or known thermal h i stor ies ( S c hermer et 

a l . ,  1 9 9 0 ) . This  method of spectrum interpretat ion is probab ly 

pre ferab le to e s t ab l i shing strict but arb itrary ru l e s  requ ir ing p lateaux 

( Harr i son , 1 9 9 0 ) . An apparent age spectrum containing a " near-pl ateau " 

i s  i l lu strated in Fig . 4c . 

K- fe ldspar s , be ing anhydrou s ,  do not appear to break down dur ing 

step heat ing ( Fo l and , 1 9 7 4 ) , although structura l  change s have been 

invoked in the past to explain irregu l arities in the Arrhenius plot s  

produced for certain samples . K- feldspars u su a l ly f a i l  t o  yield pl ateau 

age s , an observat ion which led early workers to rej ect K- f e l d spar as a 

thermochronometer , on the grounds that it i s  intrins i c a l l y  " leaky " . 

However ,  it i s  now understood that the age gradient s or stepped spectra 

typ i c a l  o f  K- f e l d spars are a result o f  s l ow cool ing or part i a l  resett ing 

in response to a thermal event , and that geol ogical ly meaning f u l  ages 

can be acqu ired for such spectra ( Harri son , 1 9 9 0 ) . The means by wh ich 

this i s  done i s  d i s cu s sed in det a i l  in sect ion 4 . 1 ,  the I ntroduct ion to 

K- f e ldspar interpret at ion . 

The oc currence o f  " exce s s  argon " is  the mo st prob lemat i c  o f  the 

pos s ib l e  d i f f icu l t ie s  with 40Ar /39Ar age spectrum interpret at ion . Exces s  

A r  i s  40Ar not produced by i n  s itu decay o f  4°K .  I t  i s  dist inct f rom 

inher ited Ar , which resu lts from retent ion of o l d  in s itu radiogenic Ar 

dur ing a thermal event . Exc e s s  Ar has been ident i f ied in variou s  
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mineral s  from d i f ferent geologic environment s ,  in part icu l ar in b iot ite 

and f rom orogenic front s  l ike the present study area ( Wanl e s s  et al . ,  

1 9 7 0 ; D a l lmeyer , 1 9 8 7 ; Owen et al . ,  1 9 88 ) . It  i s  thought to be a resu lt 

o f  local i zed argon overpres sure during mineral cryst a l l i z at ion or. 

recryst a l l i z at ion , caus ing Ar o f  non-atmospheric compo s it ion ( with an 

exces s  40Ar component ) to enter the structure at temperature s at which 

d i f f u s ion i s  not f ast enough to expe l it  again ( Harr i son and McDougal l ,  

1 9 8 1 ) . Because it i s  non-atmo spher ic , the normal correct ion u s ing the 

atmospheric 36Ar /40Ar rat io does not ful ly remove the exc e s s  40Ar f rom 

the age c a l cu l at ion . 

" U- s haped " age spectra are character i s t i c  o f  some s amp l e s  

containing exc e s s  Ar , and t h e  recognit ion o f  these permit s part i a l  

interpret at ion o f  t h e  spectrum without further dat a manipu l at ion . The 

U- s haped spectrum ( F ig . 4d ) typically has very high age s at both low and 

h igh amount s of gas release , with a low po int in the midd l e . The low 

po i nt i s  o ften a geo logically reasonable age and at worst de f ines a 

max imum age for the sample ( Harr i son and McDouga l l , 1 9 8 1 ) . 

More irregu l ar forms of  age spectra caused by exces s  Ar can a l so 

potent ial ly be interpreted . This i s  based on the observat ion that 

d i f ferent non-radiogenic component s ( i f present ) are somet ime s released 

i n  d i f f erent temperature ranges . On an " inverse i sochron " p l ot , in  

whi c h  36Ar ;40Ar i s  plotted against 39Ar ;40Ar for each step , one or more 

component s of  non-atmospheric Ar may be revealed if several cont iguou s  

steps de f ine a l ine ( Roddick e t  al . ,  1980 ; He i z ler and Harr i son , 1 9 88 ) . 

The 36Ar /40Ar rat io de f ined by the Y- intercept o f  the l ine i s  used 

instead o f  the atmospher ic rat io to correct for non-radiogenic  40Ar in 

these steps . Age s are re-cal culated and may rede f ine the shape o f  the 

age spectrum from discordance to relat ive concordance if several non­

radiogenic component s are ident i f ied ( He i z ler and Harr ison , 1 9 88 ) . For 

a s ingle non-radiogenic component , the age of the steps c an be 

c a l c u l ated u s ing the 40Ar /39Ar rat io de f ined by the X- intercept . The 

method alternat ive ly provides confirmat ion that the atmospheric  

a s s umpt ion is  correct ( note that the steps making up a p l ateau w i l l  

a lways plot as  a straight l ine inter sect ing the 36Ar /40Ar ax i s  a t  the 

atmo spher ic value ; P . H .  Reyno lds , pers . comm . , 1 9 9 1 ) . 

An import ant prerequ i s ite for us ing this  method i s  that the s ampl e  

l ine b l ank i s  known f o r  the dat ing system , and i s  corrected for before 

the dat a  are plotted on the isochron plot ( Roddick , 1 9 7 8 ) . I f  the 

s ample l ine b lank is poorly known , the method cannot be u sed . In this  

study , s amples were dated u s ing two d i f ferent extract ion systems and 

mas s  spectrometers ( described in Sect ion 3 . 2 . 3 ,  S ample Analys i s ) .  The 

error in the b l ank measurement on the MS l O  system is o f  the s ame 
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magnitude a s  the total measurement o f  the 36Ar /40Ar rat io .  Thu s the y­

ax i s  co-ordinates  of many po int s on the inverse i sochron p l ot c annot be 

d i s t ingu i s hed f rom one another nor from zero , and the inverse isochron 

method cannot be appl ied to the samples dated on this  system . 

At the t ime s amples were dated on the VG3 600 system , s ample l ine 

b l ank was poor ly known , becau se the system was new ( K .  Taylor , per s . 

c omm . , 1 9 9 1 ) . As a result the inverse i sochron method c annot be appl ied 

to  t h i s  second group of  samples . 

I nterpret at ion of  40Ar /39Ar age spectra c an be a sub j ect ive 

proce s s , part icu l arly if test s l ike the inver se isochron method c annot 

be u sed . This makes the val idity o f  s ingle ages somewhat que st ionab l e . 

However , by dat ing c losely spaced s amples of  the same miner a l , and by 

dat ing suites of mineral s with d i f ferent c losure temperatures , this  

prob lem c an be reso lved to  a s igni f ic ant degree . Con s i stent age s and 

patterns of age s are the best as surance that the dates interpreted from 

age spectra are val id . 

Where pos s ib l e  in this study , c losely spaced s amples  and/or 

d i f ferent phas e s  from the s ame rock were dated . The resu l t s  o f  t he 

indiv idual hornblende and b iot ite s amples are des c r ibed below , d ivided 

into sect ions by mineral phase . ( K- f e ldspar interpret at ion i s  more 

complex and the resu lts wi l l  be addre s sed separately in Chapter 4 ) . 

Most s amples exhibit reco il e f fect s and other minor irregu l ar i t i e s  in 

steps which contr ibute <3% of  total gas ; these are ignored in the 

descr ipt ions unle s s  they are part o f  a larger trend . Complete dat a 

s heet s on a l l  step-heat ing exper iment s are presented in Appendix C .  

E lectron microprobe data and calculated Ca/K rat ios for hornb lendes are 

g iven in Appendix D .  

Within each sect ion , samples are addres sed in order o f  s ample 

l o c at ion , st art ing with samples in the Southern prov ince fore l and , and 

progres s ing into the Grenv i l l e  Front Tectonic Zone . Sampl e  locat ions 

are shown in Fig . 5 .  The s ign i f icance o f  the dates  are des c r ibed with 

reference to a l l  the avai l able data in Chapter 5 .  

3 . 3 . 2  Hornblende 40Ar /39Ar Re su lts 

S ample GF-44H ( Fig . 6a ) yields a di sturbed , U - shaped spectrum . 

Steps have unreasonably high ages for the f irst 2 0 %  o f  gas release 

( o lder than the probable igneou s age o f  2 2 2 0  Ma ) . Apparent age s drop to 

a minimum , then rise again and leve l o f f . Th i s  form o f  spectrum is 

norma l ly attr ibuted to the presence o f  exce s s  Ar , and the apparent age 

minimum is normal ly taken as a max imum for the age of the s ample 

( Harr i s on and McDouga l l , 1 9 8 1 ) . However , in t h i s  s ample the apparent 

Ca/K rat ios are a l s o  highly irregu l ar , vary ing from 3 . 6  to about 4 3 . 5  
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F i g . 6 .  40Ar /39Ar apparent age spectrum and Ca/K rat io p l ot for GF-44H 
amph ibo le . a )  Age spect rum . The gap in the spectrum i s  the 

37 

result o f  a " lost " step on which isotope rat i o s  were not measured 
due to a leak in the vacuum of the Ar extract ion system . b )  Ca/K 
r at io plot . The st ippled bars are the apparent ca/K rat ios 
c a l cu l ated for each step from the measured 37Ar /39Ar r at io s , with 2 o  
error s . The s ingle vert ical bar shows the range o f  Ca/K rat ios 
measured for amphibole by electron microprobe ( not an error bar in 
t h i s s ample ) .  Note the l arge range o f  Ca/K step rat io s . 
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( F ig . 6b ) .  Ca/K rat ios calculated from e lectron microprobe data 

( Appendix E )  vary from 5 6  to 153  for  re l ict hornb lende . Thin sect ion 

study shows that newer , act ino l it ic hornb lende ( no K) and chlorite are 

intergrown with and r im the rel ict hornblende , and that a l l  amphibo l e s  

contain abundant opaque inc lus ions . The incons i stency in Ca/K rat ios 

may be due to contaminat ion o f  the amphibo le separate by these other 

phase s , or to part ial mob i l ity o f  K during the met amorphi c  epi sode 

c au s ing growth of the act ino l it ic rims . For these reasons no 

s igni f icance is attached to the minimum in the age spectrum , and no age 

is a s s igned to t h i s  s ample . 

Sample GF- 2 H ,  a highly strained amphibo l ite from the Grenv i l le 

Front Boundary Fau lt , yields a total gas age o f  1 4 1 7  Ma and an irregu l ar 

age spectrum ( F ig . 7 a ) . Step ages rise from improbab ly low values to a 

max imum at about 5 0 %  gas release , then drop again . The apparent Ca/K 

r at ios mimic the rise  in ages to 5 0 %  release , then leve l off at a value 

of 9 . 5  ± 1 . 0  ( 2 a )  ( F ig 7b ) . E lectron microprobe analyses o f  two s l ight ly 

d i f ferent type s o f  hornb lende give Ca/K values o f  about 1 3 . 0  ± 1 . 3  for 

one type , and 1 3 . 3  ± 1 . 3  for the other ( errors are quoted at 2 a ) . The 

d i s c repancy between the microprobe and apparent value s sugge st s that the 

gas obtained does not represent strictly the outga s s ing o f  amphibo le . 

The low apparent values are probab ly due to contaminat ion o f  the 

separate by b iot ite intergrown with hornb lende . No age i s  a s s igned to 

the s ample . 

Sample GF- 3 2 H  gives a spectrum which genera l ly conforms to the 

shape expected for a relat ively undi sturbed s ample with no s ignif icant 

exc e s s  Ar e f fects  ( F ig . Ba ) . The stepped nature of the early part o f  

t h e  spectrum appears to indicate a s low cool ing or part ial  resett ing 

d i f f u s ion gradient , but the stepping ages are matched by irregu l arities 

in the apparent Ca/K rat ios ( F ig . Sb ) ,  and may be due to 39Ar rec o i l  or 

s l ight s ample contaminat ion . No plateau i s  pre sent according to the 

c r iteria o f  F l e c k  et al . ( 1 9 7 7 ) , but 3 0 %  o f  39Ar release in three 

cont iguou s high-temperature steps ( 1 0 5 0 ° C ,  10 7 5 ° C ,  1 1 00 ° C )  g ive mutua l l y  

con s i stent apparent ages ( according t o  crit ic a l  value c r iter i a ) wh ich 

de f ine a segment with an age o f  1206  ± 1 8  Ma ( 2 o ) . A fourth , non­

cont iguou s step ( 1 000 ° C ) , gives the same age for another 1 2 %  of gas , 

whi l e  the 1 02 5 ° C  step , which contr ibutes 2 5 % o f  tot al gas , has a 

s l ight ly higher age o f  1 2 3 0  Ma . A l l  these steps have Ca/K rat ios o f  6 . 6  

to  7 . 1  ± 0 . 7 ,  roughly consi stent with the measured value o f  7 . 7  ± 0 . 8 .  

Together they de f ine an approx imate " near-plateau " age o f  1 2 1 5  ± 1 8  Ma 

( 2 o ) , wh ich is the pre ferred date for the sample . 

C I - 3 7H yields an irregu l ar spectrum which i s  at be st con s i stent 

for two steps contr ibut ing 2 3 %  o f  the gas ( F ig . 9 a ) . Ca/K rat ios ( F ig . 
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F i g . 7 .  40Ar/ 39Ar apparent age spectrum and Ca/K r at io plot for GF-2H 
hornb lende . a )  Age spectrum . b )  Ca/K rat io plot . The increase 
i n  apparent Ca/K rat ios ( st ippled bar s ; 2 o  error s ) over the f irst  
50%  o f  cumu l at ive gas  released corresponds to an incre a s e  in step 
ages in the age spectrum . The last 50% of gas  released has a 
c on s i stent Ca/K rat io but i s  lower than the Ca/K rat io measured by 
e lec�ron microprobe ( error bar ; 2o error s ) .  This  ind i c at e s  
cont aminat ion o f  the outgas sed samp le b y  a higher K or lower C a  
phase , probab ly b iot ite . 
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F i g . 8 .  40Ar /39Ar apparent age spectrum and Ca/K rat io plot for GF- 3 2 H  
hornb l e nde . a )  Age spectrum . F ive steps with f a irly con s i stent 
apparent age s def ine a near-plateau . b )  C a / K  rat io plot . The 
near-pl ateau in  the age spectrum corresponds to con s i stent Ca/K 
step r at ios  which agree within error with the measured value . The 
f ir s t  1 7 %  of gas released has irregu l ar Ca/K rat ios , corresponding 
t o  irregu l ar step ages . 
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F i g . 9 .  40Ar /39Ar apparent age spectrum and C a / K  rat io plot s f o r  C I - 3 7 H  
hornb l ende . a )  Age spectrum . Step ages are very con s istent , but 
f a i l  to  def ine a plateau . No age is a s s igned . b )  Ca/K rat io 
p l ot . Ca/K step rat ios are a l so cons i stent , but do not agree 
within 2o error with the Ca/K rat io measured by e lectron 
microprobe . The d i f f erence i s  smal l ,  suggest ing only s l ight 
contr ibut ion of gas f rom the contaminat ing phase . 
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9 b ) c l imb stead i l y  from 10 . 0  ± 1 . 0  to about 1 1 . 0  ± 1 . 1  except for the l ast 

mea sured step ( which has a higher value but contr ibute s  only 4 %  of gas ) . 

Thes e  values are s l ight ly lower than the measured value o f  1 3 . 6  ± 1 . 4 , 

ind i c at ing that another higher-K and/or lower-Ca phase i s  contr ibut ing 

s l ight ly to the gas . Becau s e  of this  no f irm age c an be a s s igned t o  the 

s ample . Thin- sect ion study reve a l s  that hornb lende i s  a ltered a long 

c le avage planes and fractures to an unknown cryptocryst a l l ine brown 

mat e r i a l  ( probab ly phyl l o s i l icates with re l at ive ly high K ) . However , 

t he contaminat ing gas contr ibut ion in this s ample i s  re l at ive ly minor , 

s ince t he Ca/K rat ios d i f fer by only 2 - 3 % when errors are cons idered . 

Age s  obt ained for 8 1 %  o f  gas re leased in cont iguou s steps range f rom 

1 2 0 0  to 1 2 2 0  Ma , and yield an integrated age of 1 2 1 3  Ma , v irtua l ly 

ident i c a l  to the age for GF- 3 2 H . 

GF-8H yields  a c l a s s ic U- shaped spectrum ( F ig . l Oa ) , with h igh 

age s at l ow and h igh gas release , and geo logical ly reasonab l e  age s in 

t he centre . Four steps const itute a plateau at the low point in the 

sadd l e , with 50% o f  total  gas release and an age o f  1 1 1 1  ± 9  Ma . Ca/K 

r at ios ( F ig . l Ob ) have cons istent values o f  5 . 6  to 5 . 8  ± 0 . 6  for t he f our 

p l ateau steps a s  we l l  as the two previou s steps . The se values agree 

within error with the value of 6 . 5  ±0 . 7  obta ined by e l ectron microprobe 

for hornb lende . The lowest-age steps in a U-shaped spectrum are 

normal ly t aken as max imum age for the sample ; thus a max imum age of 1 1 1 1  

± 9  M a  i s  a s s igned . 

S ampl e  T Z - 19H i s  from the s ame unit in the s ame out crop a s  GF-8H , 

about 7 metres along str ike . The spectrum for t h i s  s ample ( F ig . l l a )  i s  

o f  t h e  oppos ite s hape to GF-8H , with low ages in t h e  early steps , r i s ing 

to a max imum at about 1 5 %  gas release , then f a l l ing aga i n . The shape o f  

t h i s  spectrum i s  not understood . S ample contaminat ion i s  u n l ike l y  to be 

t he c au s e  o f  d i scordance s ince the Ca/K rat ios for the bu l k  of gas 

release  ( Fig . l lb )  are cons istent at about 8 . 0  ± 0 . 8 ,  and corre spond 

f a i r l y  we l l  to the measured ( microprobe ) value from s ample GF-8 of 6 . 5  

± 0 . 7  ( no microprobe analys i s  was done for T Z - 1 9H ) . D i s cordance may be 

due t o  analyt ical  prob lems , as  the s ample vo lume was very sma l l  and it 

was one of the f irst s amples dated on the new VG3 600 mas s  spectrometer 

when s ample l ine b l anks were virtu a l ly unknown . Alternat ive ly , t he drop 

in ages at high temperature may have a geological expl anat ion such a s  

po s t - c losure de format ion induc ing part ial outgas s ing o f  s it e s  which are 

retent ive of Ar under laboratory condit ions ( e . g .  Maluski 1 9 7 8 ) . The 

s ample is highly strained ( see Appendix B )  but the t iming of t h i s  

re l at ive to l a s t  metamorphi sm i s  not certain . The max imum a g e  o f  9 5 6  

± 6 . 2  M a  and the age o f  the l argest step o f  888 M a  are both unreasonab l e  

when compared to other nearby s amples ( CI - 1 9H ,  GF- 3 4H ,  GF- 3 5H ,  
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F i g . 10. 40Ar/39Ar apparent age spectrum and C a / K  r at io p l ot for GF-SH 
hornb l ende . a )  Age spectrum . The spectrum has a c la s s ic U-
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s hape , demonstrat ing cont aminat ion by exce s s  Ar . The f our lowest-
age steps const itute a p l ateau , wh ich d e f ines the max imum age o f  
t h e  s amp l e . b )  Ca/K rat io plot . T h e  step r at ios are mutua l ly 
cons i stent , and are cons i stent with t he mea sured value within 2 o  error . 
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F ig .  1 1 . 40Ar / 39Ar apparent age spectrum and C a / K  rat io plot for T Z - 19H 
hornb lende . a )  Age spectrum . The spe c trum i s  c omp l ex and i s  
poorly understood . N o  age i s  a s s igned . b )  C a / K  rat io plot . The 
s t ep values are con s i stent and are roughly cons i stent with the 
measured Ca/K rat io for GF-8H , which was t aken f rom the s ame 
outc rop . S ample contaminat ion i s  probab ly not t he c au s e  o f  the 
d i s cordant age spectrum . 



4 5  

de s c r ipt ions t o  f o l l ow ) . The s ample is  poor ly understood and so n o  age 

is a s s igned . It  i s  interest ing to note that unl ike GF-8H , the spectrum 

doe s not exhibit evidence of exces s  Ar , s ince none of the individual  

steps  are " too o l d " . This  demonstrate s that exc e s s  Ar can be 

irregu l arly d i str ibuted within s ingle outcrops , a s  shown by Fol and 

( 1 9 7 9 ) and Maboko et al . ( 1 9 9 1 ) . 

The C I - 19H spectrum ( F ig . 12 a )  is  s l ight ly irregu l ar at l ow and 

h igh gas release but yields a four step plateau which cont r ibute s  7 8 %  o f  

tot a l  g a s  re leased . The corre sponding Ca/K rat io s  for these steps ( F ig . 

1 2 b ) g ive con s i stent values o f  5 . 6  to 6 . 0  ± 0 . 6 .  Al l o f  the avai l ab l e  

s ample w a s  u sed to obtain a n  adequate vo lume o f  separate and 

consequent ly no po l i shed sect ion was made . There fore no mea sured Ca/K 

value i s  ava i l ab l e  for compar ison . However ,  the con s i stency o f  the 

rat ios and the s i ze o f  the plateau provides reasonab le certainty about 

the val idity of the analys i s . The plateau age is 9 88 . 0  ± 1 8 . 4  Ma . 

S ample GF- 3 4H has a s imi l ar spectrum to C I - 1 9H , with sma l l , 

irregu l ar steps at low and high gas vo lume s , and a p l ateau which 

contr ibutes  58%  o f  total  gas ( F ig . 1 3 a ) . The Ca/K rat io s  for the s e  

steps range from 5 . 6  t o  5 . 8  ±0 . 6  ( F ig . 1 3b ) , cons i stent w i t h  the 

mea sured value of 6 . 3  ±0 . 6 .  The plateau has an age o f  9 8 7 . 7  ± 1 5 . 4  Ma , 

ident i c a l  to the age for C I - 1 9 H . 

GF- 3 5H ( F ig . 14a ) yields a plateau for four steps cont r ibut ing 9 2 %  

o f  g a s  released . The Ca/K rat ios for these steps vary from 5 . 5  to 5 . 6  

± 0 . 6  ( F ig . 1 4b ) , con s i stent with the measured value o f  6 . 0  ± 0 . 6 .  The 

p l ateau age of 9 7 9  ±8  Ma is a l so ident ical within error to t he two 

previou s s ample s . 

3 . 3 . 3  8 iot ite 40Art39Ar Re su l t s  

T h e  GF- 1 9 8  spectrum ( F ig . 1 5 a ) is  f a irly f l at but f a i l s  to yield a 

p l ateau . 6 2 %  o f  cont iguou s steps give con s i stent apparent ages between 

1 2 4 6  and 1 2 5 7  Ma , which are incompat ib le with the hornb lende ages from 

t h i s  area . Exce s s  Ar is probab ly present but no inver se isochron 

correct ion i s  pos s ib l e  ( sample l ine bl ank i s  poorly known ) . The 

re l at ive f l atne s s  o f  the spectrum i s  probab ly a result of i s otope 

homoge n i z at ion due to s ample breakdown . No age is a s s igned . 

GF- 7 8  has a relat ively f l at spectrum ( F ig . 1 5b )  with apparent ages 

i n  the range 1 0 2 0  - 1 0 3 5  Ma , but f a i l s  to yield a p l ateau . One step in 

t he middle has an anomalou s ly high age re l at ive to other steps . This  

f orm o f  spectrum has been observed by other workers and i s  attr ibuted to 

the pre sence o f  minute alterat ion zones o f  chlorite along c le avage 

p l anes in b iotite ( He s s  and Lippolt , 1 9 8 6 ; Lo and Onstott , 1 9 8 9 ) . The se 

have not been observed in this s ample , but may be cryptocry st a l l ine and 
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F ig .  1 2 . 40Ar /39Ar apparent age spect rum and C a / K  r at io p lot for C I - 1 9 H  
hornb lende . a )  Age spectrum . T h e  spe c trum y i e l d s  a 4 - step 
p l ateau contr ibut ing 7 8 %  o f  tot a l  gas . b )  Ca/K r at io plot . Step 
ages are cons i stent over the range of the p l at e au i n  t he spectrum . 
Ca / K · rat io was not measured by e lectron m i croprobe for t h i s  
s ample . 
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F i g . 1 3 . 40Ar /39Ar apparent age spectrum and C a / K  rat io plot for GF- 3 4H 
hornb lende . a )  Age spectrum . Three steps make up a p l ateau 
contr ibut ing 5 8 %  of  total gas . Note the near ly ident i c a l  age o f  
t h i s  p lateau with that o f  C I - 1 9 H  ( F ig . 1 2 a ) . b )  Ca/K rat io plot . 
The steps wh ich const itute the age pl ateau have mutu a l ly 
cons i stent Ca/K rat ios and are cons i stent with the mea sured value . 
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F i g . 1 4 . 40Ar/ 39Ar apparent age spectrum and Ca/K rat io plot for GF- 3 5H 
hornb l ende . a )  Age spectrum . Four steps de f ine a p l ateau which 
cont r ibute s  92% o f  tot a l  gas . b )  Ca/K r at io plot . The s ame four 
s t eps have mutually cons i stent Ca/K r at ios wh ich are c on s i stent 
with the measured value . 



1 3 0 0  
A p p a r e n t A g e ( M a ) 

a 
1 2 5 0  

1 2 0 0  

1 1 5 0 --
1 1  0 0  -

1 0 5 0 -

1 0 0 0 >-

9 5 0 

G F  - 1  9 B B i o t i t e  

I 

9 0 0  I I I I I I I I I 

L 

0 1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0 

C u m u l a t i v e  % 3 9 A r  R e l e a s e d  

1 1  0 0  

1 0 5 0  

1 0,9 0 

9 5 0  

G F - 7 8  B i ot i t e  

9 0 0 ��������������� 
0 1 0 2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0  

C u m u l a t i v e  % 3 9 A r  R e l e a s e d  

49 

F ig . 1 5 . 40Ar /39Ar apparent age spectra for b iot ite s . a )  GF- 1 9 8  age 
spectrum . The spectrum i s  irregu l ar and t he step age s are o lder 
than for nearby hornb lende . Exces s  Ar is pres ent . b )  GF- 7 8  age 
spect rum . No plateau is  de f ined but step age s are roughly 
cons i stent at about 1030 to 1040 Ma . The s ingle o lder step at 
about 55 to 6 0 %  gas release suggest s the b iotite i s  altered 
s l ight ly to chlorite . See text for exp lanat ion . 



there fore only v i s ible u s ing TEM . No age i s  a s s igned becau se o f  

pos s ib l e  further e f fect s o f  ch lorit i zat ion l ike K- los s ,  l e ading t o  

exces s ive ly high apparent age s . 

GF-8B ( F ig . 1 5 c ) yields a 9 - step plateau compr i s ing 8 3 %  o f  gas 

r e leased , with an age o f  954 ±7 Ma . Thi s  date i s  younger than max imum 

K- f e l d spar ages for nearby s amples , the reverse of the normal pattern . 

I t s  val idity wi l l  be discus sed l ater . 

5 0  

GF- 3 5 B  ( F ig . 1 5 d )  gives a range o f  step ages substant i a l ly o lder 

t han the amphibo l e  age in the s ame rock . One anomalou s ly o l d  step i s  

pre sent in mid- spectrum as f o r  GF- 7 B , and i s  attr ibuted to c h l o r ite 

a lterat ion ( only hemat ite lame l l ae along c leavage have been ob served , 

but as  for GF- 7 B , chlorite may be sub-microscopic ) . This  s ample e ither 

c o ntains  exc e s s  Ar or has su f f ered subst ant ial K- l o s s  due to  alterat ion ; 

no age i s  a s s igned . 

No further b iot ites were dated in this  study , becau s e  o f  t he 

probl em o f  exc e s s  Ar and chlor ite alterat ion encountered in the s amples  

des c r ibed above . 
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F ig . 15  cont ' d . c )  GF-8B b iot ite 40Ar /39Ar apparent age spectrum . A 9 -
step p l ateau i s  present contr ibut ing 8 3 %  o f  gas released . d )  GF-
3 5 B  b iot ite . The step ages are about 2 7 0  m . y .  o lder than 
hornblende in  the s ame rock . Chlorite a lterat ion ( K- l o s s ) may be 
indicated by the s ingle , h igher-age step at about 50 t o  5 5 %  
cumu l at ive gas released ; exce s s  Ar i s  probably pre sent . 



CHAPTER IV 

INTERPRETAT ION OF K-FELDSPAR 40Ar /39Ar RE SULTS 

4 . 1  I NTRODUCT ION 

K- fe ldspars are anhydrou s ,  and unlike amphibo l e s  and micas , do not 

appear to  break down or change their crystal structure over most of t he 

range o f  temperatures in which Ar i s  usually extracted in  vacuo . This  

means  that a substant ial  port ion o f  Ar  re lease from feldspars dur ing 

step-heat ing probab ly occurs by volume d i f fu s ion ( Harr ison , 1 9 9 0 ) . One 

result  of t h i s  is that s lowly- cooled K- feldspars yield spectra in which 

apparent ages step up gradual ly throughout the durat ion o f  t he 

exper iment , giving a stepped or " staircase " pattern . This  renders the 

p l at eau c r iter ion an inappropr iate way o f  determin ing an age for the 

s amp l e . Workers have there fore u sed the mo st con s i stent part o f  the 

spectrum , as  near to a plateau as pos s ib l e , to a s s ign an age to the 

s ampl e  ( Harr i son and McDouga l l , 1 9 8 2 ; He i z ler et a l . ,  1 9 88 ) . 

For the s e  age s , recent pract ice has been to  c a l cu l at e  a c lo sure 

t emperature based on d i f fu s ion informat ion ava i l ab l e  in step-heat ing 

exper iment s ,  u s ing the method advanced by Berger and York ( 1 9 8 1 ) ( see 

Appendix E ,  part 1 ) . Arrhenius plot s  are constructed based on the step­

heat ing data for 39Ar . The l ine ideal ly def ined by dat a  on the 

Arrhenius plot is u sed to calculate the s amp l e ' s  d i f f u s ion paramet er s , 

E8 ( act ivat ion energy ) and D0 / a2 ( frequency f actor divided by s quare o f  

e f fect ive d i f fu s ion di stance ) .  From these , an e f f ect ive c l o sure 

t emperature can be calculated u s ing the Dodson equat ion ( equat ion ( 1 ) , 

Chapter 3 ) . 

Arrhenius plot s  for K- f e ldspar s frequent ly have " kinks " ,  at which 

the values  o f  D / a2 for  individual steps drop abrupt ly below the previous 

trend , t hen cont inue to rise  as before with increas ing t emperature ( F ig . 

1 6 ) . Some workers have suggested that the kinks are due t o  the re­

homogen i z at ion o f  p l agioc lase exso lut ion l ame l l ae or other structural 

c hange s , e f fect ively alter ing the d i f fus ion parameters s o  t hat t hey no 

l onger apply to  the s ample as  it ex i sted in nature ( Harr ison et a l . ,  

1 9 8 6 ; He i z ler et al . ,  1 9 88 ) . I f  this  i s  the case , only the l inear , low­

T part of the Arrhenius plot below the kink yields d i f f u s ion parameters 

whi c h  are val id for calculat ion o f  the sample ' s  c l o sure t emperature 

( Harr i son and McDouga l l , 1 9 8 2 ; Z e it ler , 1988b ) . C l o sure t emperatures 

c a l c u l ated in t he past u s ing this  assumpt ion are in  the r ange o f  1 2 5 ° C  

t o  1 8 5 ° C  for microc l ine and up to 3 1 5 ° C  for ortho c l ase ( Harr i son and 

McDougal l ,  1 9 8 2 ; He i z ler et al . ,  1 9 88 ) . 

More recent work sugge st s that the kinks need not nece s sarily be 

exp l ained by exso lut ion lame l l ae re-homogenizat ion . Incon s i stenc ies are 
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F ig . 1 6 . Typ i c a l  Arrhen iu s plot f o r  K- f e l d spar ( error bars ) .  The s lope 
o f  the segment marked s ,  to the r ight of the f irst " kink " , can be 
u sed to determine E8 , the act ivat ion energy of d i f fu s ion o f  Ar ; the 
y- intercept of t h i s  segment has been used by s ome workers to 
de f ine D0 / a2 , the f requency f actor d ivided by the squ are of the 
e f fect ive d i f fu s ion radiu s , for the who l e  s ample . T h i s  is  based 
on t he premise that a " kink" corresponds to a breakdown o f  the 
s ampl e ' s  structure once furnace temperature i s  high enough , so  
t hat only the f ir st segment de scribes  the true d i f fu s ion behaviour 
of the s ample . New work sugges t s  that kinks may be due to the 
e x i stence of more than one e f fect ive d i f f u s ion doma in s i ze , a .  
The three segment s marked s ,  m ,  and 1 then corre spond to 
t emperature ranges in wh ich gas der ived f rom smal l ,  medium and 
l arge domains dominate the gas release . I n  t h i s  c a s e , 
dete rm inat ion o f  D0 / a2 requ ire s mode l l ing o f  the domai n  distribut ion . 
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found between coo l ing rates calculated us ing only the low-T segment o f  

t he Arrhenius p l ot to determine Tc ' and t h e  ( mathemat i c a l l y  predictab l e ) 

shape o f  age spectra expected for such rates ( Lovera et a l . ,  1 9 89 ) . An 

a lternate expl anat ion for kinks which appears to prov ide internal ly 

c on s i stent coo l ing histor ies i s  to assume that the s ampl e  i s  made up o f  

" d i f fu s ion domains " o f  several d i f f erent s i zes , rather than a s ingl e  

s i ze ( Ze it ler , 1 9 8 8 a ; Lovera e t  al . ,  1 9 89 ) . A l l  domains are 

subdiv i s ions o f  the actual phys ical grain s i ze o f  the separate and are 

phy s i c a l ly independent of  one another . As one set o f  doma i n s  i s  

exhau sted o f  it s gas , domains with a larger s i ze ( l arger e f fect ive 

d i f fu s ion l ength 1 or radius a )  dominate the gas release . A kink 

corresponds to the trans it ion po int between the two doma in s i zes . This 

t heory has been quant i f ied for the general case o f  mu l t ip l e  d i f f u s ion 

doma ins for various geometries o f  domains ( pl ane sheet s , sphere s , etc . ) ,  

by Lovera et a l . ( 1 9 8 9 ) ( de s c r ibed in Appendix E ,  part E . 2 ) . The method 

permit s determinat ion o f  the d i stribut ion o f  d i f f u s ion domai n s  based on 

mode l l ing o f  the exper imenta l ly determined Arrhenius plot . The peak 

ages of domains are determined by model l ing the s ample ' s  age spectrum 

u s ing the distribut ion of domains , and est imat ing appropr iate coo l ing 

r ate s . A mod i f i c at ion of  the Dodson equat ion is u sed to c a l c u l ate 

c lo sure temperatures corre sponding to the peak age o f  each domain 

( equat ion ( 1 4 ) , Appendix E ,  part E . 2 ) . Thu s a series o f  temperature­

t ime ( T-t ) po int s with corre sponding coo l ing rat e s  may be obtained from 

a s ingl e  K- feldspar sample . Closure temperatures c a l cu l ated u s ing this  

method to date range from about 1 2 5 ° C  for  smal lest domains to 4 0 0 ° C  for 

the l argest domains , depending on cool ing rates ( Harr i son , 1 9 9 0 ; Foster 

et a l . ,  1 9 9 0 ) . 

Whether t h i s  theory correct ly describes Ar d i f fu s ion in  K­

f e ldspars is st i l l  a matter of  debate . Some author s ins i st that c hanges 

o ccur in K- feldspars at low-T condit ions in nature , such a s  deve l opment 

o f  micropores ( Parsons et al . ,  1 9 8 8 , 19 9 1 ) or other sub- s o l idu s 

reactions , wh ich cause act ivat ion energy ( Ea ) o f  argon release dur ing 

l ow temperatures of step-heat ing to be unre l ated to the d i f f u s ive 

behaviour o f  argon during the s ample ' s  coo l ing h i story ( Vi l l a  1 9 8 8 , 

1 9 9 1 ) .  These argument s  are countered by evidence that the " smal l "  

domains do not c hange their phy s ical structure on normal step-heat ing 

( Lovera et a l . ,  1 9 9 la ) , and by the content ion that s amples  which have 

such character i st i c s  are spec i f ic examples of non- ideal K- f e ldspars and 

are not typ i c a l  of a l l  samples ( Harr i son , 1 9 9 0 ) . However , the best test 

of the val idity o f  the mu lt iple d i f f u s ion doma in theory i s  to determine 

if con s i stent resu l t s  are obtained by applying it , and some succe s s  has 

been achieved to date ( Lovera et al . ,  1989 ; Richter et a l . ,  1 9 9 1 ;  
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S charer et a l . ,  1 9 9 0 ; Harr i son , 1 9 9 0 ) . 

Al l K- f e ldspars dated in this  study have had d i f fu s ion exper iment s 

conducted on them , the resu lts  o f  wh ich are presented below in  

conj unct ion with their spectra . Where pos s ib l e , Arrhenius p l ot s  and age 

spectra have been mode l led to determine apparent d i f fu s ion domain s i ze 

d i st r ibut ions and thereby to c a l c u l ate several T-t po int s . 

Two point s shou ld be made here regarding the mode l l ing .  F irst , 

s ome workers have estab l i shed the pract ice o f  mode l l ing orthoc l a s e  u s ing 

a spher ical  geometry to de scr ibe domains , and microc l ine u s ing a p l ane­

s heet geometry . This  is based on the observat ion that in microc l ine , 

exper iment a l l y  c a l c u l ated e f fect ive d i f f u s ion d i stances are often on the 

order o f  the spac ing between near ly ubiqu itou s alb ite ex so lut ion 

l ame l l ae .  Orthoc lase is  more o ften non-perthit i c  and spher i c a l  geometry 

is seen as  better de scribing it s d i f f u s ion behaviour ( Harr i son and 

McDouga l l , 1 9 8 2 ; He i z ler et al . ,  1 9 8 8 ; Lovera et a l . ,  1 9 8 9 ) . However , 

mineralog i s t s  ins i st that exso lut ion l ame l l ae boundar ies are l arge ly 

coherent and are therefore not l ikely to act as routes for e s c ape o f  Ar 

( Parsons et a l . ,  1 9 8 8 , 199 1 ) .  No convinc ing evidence has yet been 

presented to demonstrate that any part icu l ar geometry accurat e l y  

de s c r ibes t h e  reservoirs out o f  which argon d i f fuses . As u s ing 

d i f f erent geometries  to mode l d i f ferent kinds o f  K- fe ldspars may 

i nt roduce an unj u st i f iable b ias between samples  in the c a l cu l ated 

d i f f u s ion parameters , a s ingle geometry was u sed in this study 

regardl e s s  o f  the presence or ab sence of opt ic a l l y  v i s ib l e  ex so lut ion 

l ame l l ae .  A spher ical  geometry was selected for mode l l ing .  Where 

evidence is avai l ab l e  that a d i f ferent geometry wou ld be more 

appropr iate , it has been noted . 

Secondly , the step-heat ing schedules  u sed in t h i s  study were in 

s ome cases  not ideal for determining Arrhenius parameters . Samp l e s  

dated on t h e  MS - 1 0  system cou ld o n l y  b e  heated to a max imum o f  1 1 5 0 ° C ,  

and a few were heated only t o  lower temperatures . I n  other s amp l e s , 

subst ant ial  vo lume s of  gas were obt ained above 1 1 5 0 ° C .  The D / a2 value 

for each individual step is  a direct funct ion of  the fract ion o f  total  

gas it repre sent s ( see Appendix E ,  equat ion ( 1 1 ) ) .  If  the total gas  is  

u nderdetermined because the sample i s  not fu l ly outgas sed , t he apparent 

D / a2 terms and consequent ly the o0 / a2 for each domain wi l l  be 

overest imated , yielding art i f ic ial ly low Tc ' s . Thus the dat a  obt ained 

for s amples that were not fu l l y  outgas sed cannot be u sed to re l i ab l y  

determine c l o sure temperatures . 

Some o f  the s amples init i a l l y  dated on the MS l O  system were 

tran s f erred for complete outgas s ing to the h igh-temperature furnace 

attached to the VG3 600 . No compar ison of  vo ltage recorded on the mas s 
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spectrometer analy s i s  system versus actual vo lume o f  gas i s  ava i l ab l e  

between t h e  two systems , so compar ing measured voltages i s  not a 

s at i s f actory way to determine re l at ive vo lume o f  steps . An 

approx imat ion of percent of total  gas released in each step has been 

made in  the D ata Summary Tab l e s  in Appendix C, based on release patterns 

for s amples wh ich were completely outgas sed on the VG3 6 0 0  system . The se 

data are used to plot the age spectra , but the est imat ion is 

i n su f f ic ient ly prec ise for product ion of rel iab l e  Arrhenius p l ot s . 

F inal ly , those samples which were completely outgas sed in the 

h igh-temperature furnace were heated with re l at ively coarse s c hedu l e s . 

T h i s  was done because they were among the f irst samples  dated on the new 

VG3 600  mas s  spectrometer and heat ing steps were made l arge in order to 

ensure adequate gas volume . As a result , l imited numbers of po int s  

d e f ine the s lope o f  segment s o f  the Arrhenius plot s ,  lead i ng t o  

uncertainty in the calculated act ivat ion energy , Ea . However ,  the plot s  

are we l l -enough de f ined t o  permit complete mode l l ing o f  several  s amples  

and to make a " f irst -pas s "  attempt at  de f ining coo l ing h i storie s . The 

que st ion of whether this proc e s s  is more s at i s f actory than u s ing 

e s t imated c lo sure temperature s , or ass igning Tc ' s  for " pl ateau " ages 

based on the low-T gas release , wi l l  be addres sed l ater in t he context 

of the resu l t s  from this  study . The resu l t s  as  they were acqu ired are 

descr ibed below . Errors quoted on mode l c lo sure temperatures cons ider 

only the uncertainty in the act ivat ion energy de f i ned by the Arrhenius 

p l ot ; error s on both Tc and Ea are quoted at 2 a .  Errors quoted ( 2 a )  on 

mode l age s cons ider errors in J only . 

4 . 2  K-FELDSPAR 40Art39Ar RESULTS 

GF- 4 2 K  ( F ig . 1 7 a ) is a highly perthit ic  microc l ine f rom the 

K i l l arney Complex . It was step-heated only to 9 0 0 ° C ,  whi c h  i s  

i n su f f ic ient to fu l ly outgas the sample . ( The s ampl e  was d i s c arded 

acc ident a l ly be fore outgass ing was completed on the high-temperature 

furnace ) .  Based on the release pattern o f  sample GF- 6 2 K ,  a s im i l ar 

perthit ic  micro c l ine outgas sed with the same heat ing schedu l e  ( de s c r ibed 

b e l ow ) , the gas obt ained by 9 0 0 ° C  represent s l e s s  than 5 6 %  of the tot a l  

gas avai l ab l e  in t h e  sample . The calculat ion o f  t h e  Arrhenius plot 

depends on the total gas pre sent , so a re l iab l e  set o f  paramete r s  c annot 

be determined . The age spectrum i s  also o f  l itt le u s e  s ince the 

character istic  pattern o f  increases in step age cont inue s we l l  beyond 

9 0 0 ° C  outga s s ing for most K- feldspars . However , t h i s  character i s t i c  

permit s a s s ignat ion o f  a minimum age of 8 8 6  ± 2 6 Ma . A corre spond ing 

c lo sure temperature o f  200 ± 7 5 ° C  is  real istic cons idering typ i c a l  values 

obt a ined in other studies for perthit ic microc l ine ( Lovera et a l . ,  
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F ig . 1 7 . Approx imate 40Ar /39Ar apparent age spectra for GF-42 K and GF-
6 2 K  K- f e l dspar . a )  GF-42 K age spectrum . The s ample was heated 
o n l y  to 9 00 ° C  which is insu f f ic ient to fu l ly outgas K- feldspar . 
The amount o f  gas rema in ing has been e s t imated to p lot the 
s pectrum . b )  GF- 62K age spectrum . The s ampl e  was heated to 
1 1 5 0 ° C  which may be insu f f ic ient to fu l ly outgas it . The 
rema ining gas has been est imated to plot t he spectrum . The 
concave-downward shape over 12 to 3 3 %  cumu l at ive gas re lease 
( de noted S ? ) may be a re sult o f  outgass ing o f  seric ite . 

5 7  
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1 9 89 ) . 

GF- 6 2 K  ( perthit ic microc l ine ) was outgassed dur ing step heat ing to 

a t emperature of 1 1 5 0 ° C  ( F ig . 1 7b ) , which probab ly l iberated about 7 5 %  

o r  more o f  the tot a l  gas avai l ab l e  ( based o n  other s amp l e s ) .  Age s  step 

up gradual ly from about 540 Ma ( except ing the f irst o l der step which i s  

presumab ly a reco i l  art i fact ) to about 9 0 0  Ma . A local max imum g iv ing a 

concave-downward shape occurs over the 6 3 0  to 8 1 0 ° C  steps ( 1 2 to 3 3 %  o f  

cumu l at ive gas released ) , not typical of  pure K- fe ldspar spe ctra . This  

i s  probab ly the result of  outgas s ing of  seric ite which i s  pre sent to a 

moderate degree in the sample ( see Append ix B ,  Thin-Sect ion 

D e s c r ipt ions ) .  Micas tend to outgas predominant ly over a restricted 

r ange o f  temperature , part icularly at low temperatures if grain s i ze 

( and therefore d i f f u s ion di stance ) i s  sma l l  as for seric ite alterat ion . 

Thu s the e f fect s o f  ser ic ite-der ived gas are probab ly l imited to the 

t emperature range where the spectrum is  concave ( Reyno lds et a l . ,  1 9 8 7 ) . 

However , it i s  in  t h i s  range where the most u s e f u l  d i f f u s ion informat ion 

is norma l l y  obt ained . Also , outgas s ing was probab ly incomp l ete , so a 

r e l i ab l e  Arrhenius plot cannot be determined for the s amp l e . A minimum 

age of 9 0 3  ± 1 2  Ma is ass igned , with corresponding c losure temperature 

probab ly in the range of  2 00 ± 7 5 ° C .  

GF- 3 2 K  ( homogeneou s orthoc l ase from the GFTZ ) was fu l ly outgas sed 

i n  the new t ant alum double-vacuum re s i stance furnace . Apparent ages 

( F ig . 1 8 a ) step up qu ite uni formly from about 5 6 0  Ma to a max imum o f  

1 0 5 7  M a  a t  1 1 60 ° C ;  t h i s  is  f o l l owed b y  a very l arge step contr ibut ing 

2 6% o f  total gas , with an age o f  9 9 5  Ma , and two sma l ler steps of 

s im i l ar age . The l arge step probab ly represent s gas l iberated by the 

incongruent me lt ing of  orthoc lase at 1 1 5 0  ± 2 0 ° C  to leuc ite and l iqu id 

( Bowen and Tutt l e , 1 9 5 0 ; Harr i son et al . ,  1 9 9 1 ) .  The irregu l ar age s o f  

t h i s  step and t h o s e  preceding and following it are probab ly a r e s u l t  o f  

inc ipient structural breakdown and result ing re-arrangement o f  i sotope s , 

and individual l y ,  shou ld not be cons idered rel iab l e  age s . The overal l 

stepped pattern o f  the spectrum i s  su f f ic ient ly regu l ar to infer that it 

is pure ly a result o f  K- feldspar outgas s ing . 

The low-temperature-re lease part of  the age spectrum s hows a trend 

towards an age of about 600 Ma , observed in several other K- f e ldspar 

s amp l e s  from this study as we l l .  In GF- 3 2 K  only a sma l l  volume o f  gas 

g ives t h i s  age , with the 6 5 0 ° C  and 7 00 ° C  steps , represent ing 5% o f  gas , 

having a mean age o f  5 9 8  Ma . This i s  probab ly due to s l ight radiogenic 

gas loss from the feldspar due to intru s ion o f  the Grenv i l l e  dike along 

Co l l ins  I n let ( sect ion 1 . 4 ,  Geo logy of the Study Area ) . The age o f  

Grenv i l l e  dike s  h a s  been est imated at 5 7 5  M a  ( Fahr ig and We st , 1 9 8 6 ) , 

based on K-Ar who le-rock determinat ions . The predominance i n  the ear ly 
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r e l e a s e  part s o f  these K- fe ldspar age spectra ( see resu l t s  below ) o f  

p l ateau - l ike features at a mean age of  about 600  M a  sugge st s the 

previou s est imate i s  s l ight ly too young . A few sma l l  steps in  GF- 3 2 K  at 

l ower release temperatures , with younger age s , may represent post­

i ntru s ion coo l ing ages or reco i l  e f fect s . 

The Arrhenius plot ( F ig . 1 8b ) is  very regu l ar ,  with three we l l ­

d e f ined , sub-paral l e l  segment s .  L inear regre s s ion u s ing the method o f  

York ( 1 9 69 ) de f ines a we l l -constrained l ine · ( SUMS / n-2 = . 08 1 ) through 

e ight point s  of the lower segment , giving an E8 of 3 8 . 6  ± 1 . 0  kca l /mo l . 

Mode l l ing o f  the Arrhenius plot ( F ig . 18c ) demonstrates that a three­

domain mode l best f it s  the dat a ,  with the d i str ibut ion parameters  

( D0 / a2 , proport ion o f  gas  contr ibuted , for  each domain ) noted on the 

p l ot . Det a i led f itt ing of  a l l  part s of the curve i s  t ime-consuming and 

probab ly unwarranted s ince var iat ions of  up to 2 5 %  in the o0 / a2 

determined for " medium" and " l arge " doma ins produce change s o f  only 1 0 ° C  

o r  l e s s  i n  c a l cu l ated c losure temperature s .  

This  mode l c losely descr ibe s the degree o f  outga s s ing observed 

be fore me lt ing o f  6 1 %  ( as noted in Fig . 18 c ) . This  is an important 

constraint on the mode l , s ince numerou s domain distribut ions c an be 

determined which f it the Arrhenius plot up to me lt ing , but predict 

e ither too much or too l ittle gas remaining in the s ampl e  at this po int . 

Such a model g ive s erroneou s c losure temperatures becau s e  the o0 / a2 

values o f  the domains are incorrect . Al l mode l s  made in t h i s  study 

f o l low the constraint that they correct ly predict the amount o f  

outga s s ing u p  to me lt ing ( within about 5 % ) .  

Mode l l ing o f  the age spectrum ( F ig . 18a ) produces a moderately 

good f it .  The mode l parameters T ,  the t ime const ant , and the peak age 

of each domain , are noted on the plot ( see Appendix E ,  part E . 2  for 

de s c r ipt ion o f  the mode l l ing procedure ) .  The " l arge " doma i n , high­

t emperature end of the spectrum can only be approx imated becau s e  o f  the 

l arge me lt ing step and the errat ic nature o f  the step ages on each s ide 

of the big step . It is  as sumed that at me lt ing , the remaining gas i s  

d i sturbed and i sotopes are homogeni zed . The age o f  gas rema ining in  any 

domain is averaged out in the ob served ages of  the me lt ing step and the 

preced ing ( in it i a l  breakdown ? )  and subsequent ( gas release f rom l eu c ite 

plus me lt ? ) steps . The mode l c annot descr ibe me lt ing , so in  the mode l , 

the average age o f  the mode l steps above me lt ing temperatures 

approx imates the average age o f  the observed me lt ing steps . 

The mode l f a i l s  to reproduce the curve at 2 2  to 2 5 %  and at 3 7  to 

4 7 %  outgas s ing . This i s  an expected resu lt as it i s  in these range s 

that the kinks in the Arrhenius plot occur , which the mode l a l s o  f a i l s  

to de scr ibe . F i na l ly ,  the age spectrum mode l does not cons ider the 
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part i a l  resett ing o f  sma l l  domains during dike intru s ion a t  6 0 0  Ma , 

whi c h  appears to be minimal and probab ly af fects only the sma l l  domains 

to  any s igni f ic ant degree . Thi s  i s  nece s s ary because the mode l ' s  

mathemat ical  de s c r ipt ion o f  d i f f u s ion app l ie s  to s low coo l ing only and 

doe s not correct ly de scribe resett ing episode s . The fol l owing T-t 

po int s  are def ined by " l arge " and "medium " domains : 2 3 2  ± 1 4 ° C  at 1 0 1 0  

± 2 0  Ma ; 1 6 8  ± 1 2 ° C  at 8 6 5  ± 1 8  Ma . 

S ample GF- 2 0K is  microc l ine with no perthite ex solut ion v i s ib l e  in 

t h i n - s ect ion . The age spectrum ( F ig . 1 9 a ) init ial ly has less than 3 %  o f  

gas in very young steps which are probab ly af fected b y  reco i l  a n d  have 

l arge atmospheric  component s ;  the spectrum then steps up qu ite regu l ar l y  

f rom two steps which contr ibute 7 %  of  g a s  and have a mean age o f  5 9 8  Ma ; 

again t h i s  i s  probab ly due to part ial resett ing by Grenv i l le dike 

intru s ion . Thi s  sample has no obvious ( l arge ) me lt ing step , so it i s  

a s sumed that me lt ing occurred at 1 1 5 0 ° C .  I n stead , steps are o f  qu ite 

u n i form s i ze except in the range 870 - 9 9 0 ° C ,  where a s l ight ly concave 

downward shape suggests s l ight ser i c ite contaminat ion . The s amp l e  was 

only outgas sed to 1 1 7 0 ° C ;  after this subst ant ial  gas , probab ly most of 

what was ava i l ab l e , was obt ained in repeated steps at 1 1 7 0 ° C  and 1 1 5 0 ° C .  

The Arrhenius plot for GF- 2 0K ( F ig . 1 9 b ) has three we l l -def ined , 

l inear segment s .  From the segment below the f ir st " kink " , an act ivat ion 

energy o f  3 6 . 9  ± 5 . 8  kcal /mo l  was calculated u s ing the method o f  York 

( 1 9 6 9 ) ( SUMS / n-2 = . 2 8 9 ) . Mode l l ing of  the Arrhenius p l ot u s ing dat a  

up to t h e  l a st 1 1 7 0 ° C  step g ives a three-domain model w i t h  parameters as  

noted on the plot ( F ig . 1 9 c ) . Prec ise mode l l ing o f  the age spectrum i s  

d i f f icult in t h i s  s ample ( F ig . 1 9 a ) . The mode l c a n  b e  made to f it i n  

t he 1 5  - 3 5 %  outgas s ing range and again above about 6 0 %  outgas s i ng unt i l  

me lt ing . Becau s e  the sample probab ly me lted at 1 1 5 0 ° C ,  the mode l i s  f it 

t o  the mean age o f  the gas obt ained above this  temperature , wh i c h  ranges 

f rom 1 0 4 7  Ma to 1 0 8 4  Ma . The zone in which the mode l depart s 

s igni f icant l y  from the observed spectrum occurs over the 8 7 0  - 1 0 8 0 ° C  

steps . I t  i s  a l s o  i n  this range that the mode l f a i l s  t o  des c r ibe the 

subt let ies o f  the Arrhenius plot . The f itt ing prob lems may be due to 

f a l se as sumpt ions in the mu lt iple d i f f u s ion domain mode l , or v io l at ions 

of the s low coo l ing requ irement ( see Sect ion 4 . 3 ,  D i scus s ion o f  K­

f e ldspar Re sults  and Mode l s ) .  Alternat ive ly , the poor f it over 8 7 0  -

9 9 0 ° C  may be a result o f  contaminat ion by seric ite . Last l y ,  the choice 

o f  a spherical  mode l may be inappropr iate cons ider ing that the f e ldspar 

is microc l ine and cou ld we l l  be cryptoperthit ic . Neverthe l es s ,  the 

d i str ibut ion o f  domains in this  sample ensures that the model appears to 

des c r ibe both " l arge " and "medium " domains fairly we l l , as  the f it above 

6 5 %  outgas s ing is a result of  subequal gas contr ibut ion from both domain 
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s i z e s . Sma l l  domains are again not cons idered due to probab l e  e f fect s 

f rom resett ing at 6 0 0  Ma . Two poorly de f ined T-t po int s  are obt ained : 

2 0 3  ± 7 4 ° C ,  1 0 8 0  ± 1 0  Ma ; 1 8 5  ± 7 2 ° C ,  1 0 1 0  ± 1 0  Ma . 
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S ample GF- 1 9 K  i s  a microc l ine which is  opt ic a l l y  homogeneou s ( no 

ex so lution l ame l l ae ) . The sample was init ial ly outgas sed to 1 0 5 0 ° C  on 

the MS l O  system , then transferred for f inal outgas s ing to the VG3 600 

system . By compar ing the percentage of  gas norma l ly obt ained by 1 0 5 0 ° C  

for fu l ly outgas sed s amples o f  s imilar nature , GF- 2 0K and GF- 1 8 K ,  an 

approx imate age spectrum can be plotted ( F ig . 2 0 ) . After two i n it i a l  

sma l l  steps whi c h  have probably been affected b y  reco i l , age s are 

i n it ia l ly a lmost ident ical for more than 10% gas release , t hen step up 

gradua l ly .  The max imum age reached on the new system was 888 Ma , for a 

repeat step at 1 1 5 0 ° C .  Th i s  K- feldspar d i f fers from the prev iou s two 

a l ong Co l l in s  I nlet in that it seems to have undergone cons iderab le gas 

l o s s  due to d i ke intrus ion , as indicated by the dominance of 

approx imately 600 Ma ages over the f irst 14% o f  gas release , and the 

f l attened shape o f  the age spectrum . I gnoring the steps a f fected by 

reco i l  ( 2 . 5 % of gas ) and averaging the age of gas up to the 6 9 0 ° C  step 

where the spectrum start s to step up not iceab l y , the age o f  intru s ion i s  

c a l c u l ated to be 5 9 8  Ma , which i s  ident ical  to the ages obt ained f o r  GF-

3 2 K  and GF- 2 0K .  

The max imum age obtained for GF- 19K i s  substant ia l ly l ower than 

those obtained for previou s samples . This may be because the s ample had 

a l ower c losure temperature and there fore it c lo s ed to radiogenic Ar 

l o s s  l ater after the Grenv i l le orogeny ; the s amp l e  wou l d  a l so then be 

more eas i ly a f fected by the re-heat ing epi sode caused by d i ke intrus ion 

( s ince " opening " temperature is c losely related , although not 

equ ivalent , to c lo sure temperature ) .  Bec ause t h i s  s ample was 

tran s f erred from one mas s  spectrometer system to another dur ing step 

heat ing , and because of  the s ignif ic ant resett ing at e a . 600 Ma , the 

hypothes i s  o f  l ow c losure temperature cannot be te sted by mode l l ing . 

However , the s amp l e  was obta ined within about 5 0 0  metres o f  an observed 

out c ropping of the Grenv i l le dike on Co l l ins I nl et , unl ike the previou s 

s amp l e s  which are from a sect ion of  the I nlet where the d i ke ( known to 

be d i scont inuou s ) has not been observed ( D av idson and Bethune , 1 9 88 ) . 

Consequent ly , the s ample was probab ly heated to higher temperatures  by 

d i ke intru s ion , and suf fered cons iderab ly more gas l o s s  than other 

s amp l e s , result ing in max imum ages which are part i a l ly reset and 

t here fore meaning l e s s . 

S ample GF- 1 8 K ,  a microperthit ic orthoc l ase which has part ly 

ordered to microc l ine ,  yields an enigmat ic age spectrum ( F ig . 2 1 a ) . The 

l owest age obt ained for the low temperature , init i a l  gas release part o f  
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t h e  spectrum i s  6 9 1  Ma , and the f irst step containing more than 2 %  o f  

gas  has an age o f  7 2 5  Ma , despite it s location about 2 0 0  metres acro s s  

Co l l in s  I nlet f rom a n  outcrop o f  5 9 8  Ma Grenv i l le dike . Apparent ages 

then step up to a max imum of 9 1 8  Ma at about 6 0 %  outgas s ing ,  and 

decrease again to a constant value of about 8 9 0  Ma . The humped shape o f  

t h i s  spectrum i s  not character istic  of  feldspars except t ho s e  containing 

exc e s s  Ar ( Foster et al . ,  1 9 9 0 ) , which is  unl ike ly in t h i s  case because 

t he age s are too young rather than too old compared to nearby fe ldspar s . 

Cont aminat ion by ser i c ite can be ruled out becau se o f  the per s i stence o f  

t h e  apparent age max imum t o  1040 ° C ,  contradict ing the normal pattern o f  

s er i c ite outga s s ing over a l imited range o f  temperature , and to a 

max imum o f  9 5 0 ° C  or less  ( Reyno lds et al . ,  1 9 8 7 ) . 

The low age s o f  the last 10%  o f  gas may be explained by the 

heat ing schedu l e . Heat ing was cont inued only to 1 1 7 0 ° C ,  beyond which 

steps were repeated at 1 1 7 0 ° C  and 1 1 5 0 ° C  to try to fu l ly outgas the 

s ample . The resu lt s from other samples show that substant i a l  vo lumes o f  

o l der g a s  c a n  somet imes b e  present at temperatures above 1 1 7 0 ° C ,  only 

part o f  which wi l l  be tapped by repeat ing steps at lower temperatures 

( un l e s s  durat ion o f  heat ing i s  much longer ; Lovera et a l . , 1 9 9 lb ) . I f  

the mu lt iple d i f fu s ion domain theory holds , the remaining gas in  

" smal ler " domains , pos s ibly o f  lower age , wi l l  dominate in  l ate steps 

t aken o f f  at reduced temperature s ,  whereas if temperature cont inued to 

increase , older gas in " l arger " domains wou ld cont inue to increase in 

dominance ( F ig . 2 2 ) .  Several s amples in this  study have y i e l ded older 

gas beyond a l arge me lting step , showing that older gas c an st i l l  be 

obt ained above me lt ing ( although it no longer f o l lows K- f e l d spar 

d i f fus ion l aws ) . This sample yielded gas which increased s l ight ly in 

age for each repeat at 1 1 5 0 ° C ,  sugge st ing that very sma l l  amount s o f  

o l der g a s  remained in the s ample . T h i s  means t hat mode l l i ng o f  the 

Arrhenius plot and spectrum wi l l  yield a c lose approx imat ion o f  the true 

c lo sure temperature of  the s ample ( i f the other as sumpt ions of t he 

method are val id ) . 

However ,  the age decrease in the 60 to 9 0 %  outga s s ing range i s  not 

as e a s i l y  expl ained , s ince furnace temperature was increa s i ng in t h i s  

sect ion . One pos s ible expl anat ion i s  the part i a l l y  ordered structural 

state o f  the s ample , cau s ing compl icat ions not present in other s amples . 

The microc l ine cou ld be behaving d i f ferent ly from the orthoc l a s e  due to 

d i f ferences in  act ivat ion energy or the ir domainal structure . A second 

pos s ib l e  expl anat ion is  the f a i lure of  the pre sent mode l to  f u l ly 

des c r ibe domainal behaviour . It  i s  worth not ing that the drop in  ages 

i n  t h i s  s ample corresponds to a kink in the Arrhen iu s plot ( kink 2 ,  

between m and 1 segment s ; see F igs . 2 1 a and 2 lb ) . This sub j ect wi l l  be 
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F i g . 2 1 .  GF-18K K-feldspar 40Ar /39Ar apparent age spectrum and 
Arrhen ius  plot , with mode l s . a )  Observed ( bars ) and mod e l  
( square s ) a g e  spectrum . T h e  observed spectrum exhibit s a decrease 
i n  step ages start ing at  about 6 0 %  cumu l at ive gas r e l e a sed . T h i s  
corre sponds to the 1040 ° C  step . The mode l spectrum a s s ume s a peak 
age of 9 2 0  Ma for gas re leased after t h i s  po int becau se t he mode l 
c annot des c r ibe the decrease in apparent ages . b )  Observed 
Arrheniu s p l ot . There is evidence for t hree doma ins ( s  = smal l ,  m 
= medium , 1 = l arge ) although the l arge domai n  segment i s  poor ly 
d e f ined . The locat ion o f  the second kink ( kink 2 )  correspond s to 
t he 1 0 4 0 ° C  step , where the decrease in apparent ages occur s . 
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F ig . 2 2 . Examp l e  o f  a K- feldspar 40Ar /39Ar apparent age spect rum 
i l lustrat ing e f fect of reduc ing furnace temperature . The downward 
spike caused by a low step age at about 7 0 %  cumu l at ive gas 
re leased is due to a reduct ion in furnace temperature . 
Temperature was reduced to 9 5 0 ° C  f rom 1 1 5 0 ° C  for t h i s  one step . 
The d i sturbance in the spectrum at about 3 5 %  gas released i s  a l so 
c au sed by several reduced temperature steps but the s i ze  o f  the 
steps is very sma l l  ( 0 . 1% o f  tot a l  gas released ) and t he 
c a l cu l ated ages are not re l iab l e . The remainder o f  t he exper iment 
was conducted u s ing monoton i c a l ly increas ing or stab le furnace 
t emperature . The drop in apparent age i s  probab ly because o lder 
gas in  l arger domains is not t apped when t he temperature i s  
reduced . P lotted us ing dat a o f  Lovera e t  a l . ( 1 9 9 1 ) ( s ampl e  
MH . 1 0 . c f ) . 



cons idered more fu l ly in Sect ion 4 . 3  ( D i s cu s s ion o f  K- f e l d spar Re su l t s  

a n d  Mode l s ) . 

7 1  

Becau s e  o f  the lack o f  evidence for exce s s  Ar , the peak age o f  9 1 8  

M a  mu st b e  t reated a s  a " real " feldspar age . The po s s ib i l ity t hat older 

gas  might have been present in the s ample had it been outgas sed to 

h igher temperatures suggests that this cou ld be a minimum age . This  i s  

s upported b y  evidence obta ined dur ing the mode l l ing procedure , which i s  

c arr ied out under the as sumpt ion that only sma l l  amount s o f  g a s  o f  

unknown age rema ined i n  the s ample ( probably < 1 0% ) and wou ld there fore 

c hange the Arrhenius plot by only a sma l l  amount . 

A l ine f it to the l i near , low-T port ion o f  the Arrhenius plot 

y i e l d s  an E8 o f  3 8 . 8  ± 3 . 2  kc al /mol  ( SUMS / n-2 = . 0 7 4 ) . The plot ( F ig . 

2 lb )  sugge s t s  a t hree-domain structure , but shows l itt le contrast 

between the second and third domains . Due to the poorly understood age 

spectrum , a 2 -domain mode l was thought to be su f f ic ient to determine the 

general cool ing h i story of  the s ample . The best - f it model i s  shown in  

F i g . 2 1 c with the parameters noted . Mode l l ing o f  the age spectrum i s  

c arr ied out a s suming a peak age o f  9 2 0  M a  and ignor ing t h e  drop in  age s , 

whi c h  c annot be mode l led u s ing the pre sent method . The lower-T part o f  

t h e  age spectrum c annot b e  adequately mode l led whi l e  ret a i ni ng a f it t o  

t he upper , f l at part of  the spectrum . This prob lem may be due to the 

approx imat ions u s ed : 

1 )  The a s sumpt ion of  9 2 0  Ma peak age for the l ast 4 0 %  o f  gas 

r e l eased , in addit ion to the ob served 25% of  gas o f  this age ( 3 5 - 60% 

cumu l at ive gas ) requ ires the mode l spectrum to be f l at for t he l ast 6 5 %  

o f  outga s s ing , neces s itat ing rapid cool ing in t he input parameter s . As 

there is no other evidence avai l ab l e  for rapid cool ing at 9 2 0  Ma it i s  

probab ly not real . A higher peak age wou ld a l low better de s c r ipt ion o f  

the shape o f  the curve below 3 5 %  outgass ing . Addit ional ly , more , o l der 

gas wou ld have the e f fect o f  " shr inking " the s i ze o f  the f l at port ion of 

the spectrum , a l l owing mode l l ing with more real i s t i c  cool ing rate s . 

T h i s  evidence support s the suggest ion that 9 2 0  Ma i s  only a min imum , and 

imp l ie s  that the model cool ing rate is too h igh . 

The corre sponding Tc calculated for the l arger domains i s  probab ly 

a max imum for the 9 2 0  Ma age , because the s l ower cool ing rate needed to 

f it a more comp l ete spectrum wou ld lead to a lower Tc . However , the 

pos s ib l e  f a i lure to outgas the s ample fu l ly introduces a compet ing 

e f fect on the est imated Tc . Underest imat ing tot a l  gas lead s  to 

overest imat ion of a l l  D0 / a2 values in the s ample and thereby to 

erroneou s ly low c a l c u l ated c losure temperatures ; these wou ld probab ly 

apply to s l ight ly older age s . Which of these two e f fect s wou ld dominate 

is  d i f f icult to assess with the present dat a . The est imated coo l ing 
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rate d i f fers in  t h i s  sample by two orders o f  magnitude f rom other 

c a l c u l ated rates ( see Table 2 ) , but two or more orders of magnitude 

c hange in  D0 / a2 cou l d  be cau sed by addit ion o f  a s ingle , l arge me lt ing 

step l ike that observed in GF- 3 2 K .  The two e f fect s may there fore cancel 

one another ( see equat ion ( 1 4 ) , Appendix E ,  part E . 2 ) . This sub j ect , as  

we l l  a s  other pos s ible inf luences on mode l led c l o sure temperature s ,  wi l l  

b e  addres sed more fu l ly i n  Sect ion 4 . 3  ( D i scu s s ion o f  K- f e l d spar Resu l t s  

a n d  Mode l s ) . 

2 )  A second pos s ible f a l s e  as sumpt ion may be the u s e  o f  spher ical  

geometry . The e f fect of  u s ing a plane-sheet geometry in the mode l s  

i nstead , wou ld b e  t o  al low a f l atter age spectrum without requ i r ing such 

a rapid coo l ing r ate . 

The s ample does not appear to be af fected by intru s ion o f  the 

Grenv i l le dike at 600  Ma , despite it s prox imity to a known out crop o f  

t he d ike ( and t h e  relat ively low calculated c l o sure temperature f o r  

sma l l  domains ) .  The reason f o r  this  i s  not known ; it may be that here 

the d i ke is narrow and there fore af fected it s country rock l e s s  than in 

other section s . The dike has not been thoroughly mapped and t h i s  c annot 

be tested . An alternat ive expl anat ion is that the age spectrum has been 

a f fected by an exper imental prob lem such as  mas s ive recoi l  or 

homogeni z at ion o f  the 40Ar isotope dur ing heat ing . The former theory i s  

preferred , a s  mode l l ing of  the Arrhenius plot and age spectrum produced 

reasonab le if not def init ive and complete resu lt s . Addit iona l l y ,  the 

7 2 5  Ma minimum age o f  gas in the s ample ( for a rel iably l arge step ) i s  

s im i l ar to the minimum for other s amples a l so unaf fected b y  t h e  dike , 

and presumab ly represent s f inal c losure o f  the K- fe ldspar to d i f f u s ive 

l o s s  of argon . Because of the lack of  re sett ing , the sma l lest domains 

c an be used to de f ine the cool ing hi story . The two-domain mode l 

produces two T-t po int s as fol lows : 2 8 5  ± 4 4 ° C ,  9 2 0  ± 1 0  Ma ; 1 5 0  ± 3 4 ° C ,  

8 2 5 ± 8  Ma . 

Sample GF- 7 K  ( Fig . 2 3 ) i s  microperth it i c  ortho c l ase f rom 

mylonit ic , granu l ite grade metasediment s .  After a few percent of gas  

a f f ected by reco i l , ages step up steeply from 7 2 6  Ma to a l o c a l  peak at 

1 2 00 Ma , drop abrupt ly and step up gradu a l ly to 1 0 6 6  Ma , be fore me lt ing 

at 1 1 5 0 ° C ,  which is expres sed as a very l arge step o f  age 1 0 4 3  Ma . 

D at ing was started on the old MS- 1 0  system and trans ferred for complete 

outga s s ing to the VG3 600 after the 900 ° C  step , which was repeated on the 

new system . Exact matching o f  the two halves o f  the spectrum i s  

d i f f icult s o  i t s  shape over the trans it ion po int i s  uncert a i n ; t h i s  

inc ludes the steps surrounding the local max imum . However , i t  i s  c lear 

t hat t here is a maj or abnormal ity in the spectrum in t h i s  region . The 

best expl anat ion is again ser ic ite outga s s ing over a l imited T-range , 
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F ig .  2 3 . Approx imate 40Ar /39Ar apparent age spect rum for G F - 7 K  K­
f e ldspar . The concave downward part of t he spectrum , denoted S ? , 
i s  probab ly a result o f  outga s s ing o f  s e r i c it e . 



because as  for s amples GF- 6 2 K  and GF- 2 0K ,  the spectrum returns t o  a 

" norma l " curve once the spike has dropped o f f . 

7 4  

The peak age s o f  the strictly K- feldspar part o f  the spectrum , 

inc l uding the me lt ing step , are s imilar to those obt ained for s ampl e  GF-

3 2 K  and GF-2 0K at high furnace temperatures .  The s ample is south o f  

Co l l in s  I n let and i s  not expected t o  show the e f fects o f  Grenv i l l e  d ike 

intru s ion . Rather , the min imum age shou ld represent f inal  c lo sure o f  

the s ample to e s c ape o f  radiogenic argon fol lowing the l a s t  event in the 

area . The age o f  about 7 2 6  - 7 3 1  Ma o f  the f irst gas not a f fected by 

reco i l  is reasonab l e , and s im i l ar to ages of low-T gas for other s amples  

( GF - 1 8K ,  CI - 2 0K ) a l so unaf fected by the dike . 

Bec au s e  t he s ample was dated on two systems , a re l iab l e  Arrheniu s 

p l ot c annot be der ived . 

S ample C I - 2 0K ( homogeneou s orthoc lase ) has a s imi l ar age spectrum 

to GF- 18K , with init ial  ages of about 7 2 5  Ma stepping up to about 8 9 5  Ma 

at 5 0 %  gas release , then remaining roughly const ant unt i l  8 5 %  release , 

beyond which ages f a l l  again ( F ig . 2 4 a ) . The drop in age s corresponds 

to the end of increased temperature steps . The max imum temperature to 

whi c h  the s ampl e  was heated was 1 1 5 0 ° C ,  beyond which more gas  was 

obta i ned from repeat temperature steps . This was probab ly c lo s e  to but 

not ent irely su f f ic ient to f u l l y  outgas the s ample . Older gas may have 

remained untapped as  indicated by the drop in age s in repeat steps , for 

s im i l ar reasons t o  those given for GF- 18K . L ike GF- 18K a s  we l l ,  e f fects 

o f  the Grenv i l l e  dike are not ob served in the spectrum , perhaps for 

s im i l ar reasons a s  given for GF- 18K . 

C I - 2 0K i s  eas ier to interpret and mode l , becau s e  the peak age 

remained re l at ive ly constant as  temperature steps increased , rather than 

f a l l ing a s  for GF- 18K . Thi s  provide s as surance that strict l y  K- f e l d spar 

is outga s s ing , and permit s s at i s f actory mode l l ing of the observed 

spectrum . A t hree-domain mode l best f it s  the Arrhenius p l ot ( F igs . 2 4b 

and 2 4c ) , with an E8 o f  3 2 . 8  ± 2 . 0  kca l /mo l  der ived f rom a l ine f it to 

the f irst seven po int s ( SUMS / n-2 = . 0 68 ) . The contrast in o0 / a2 and 

the d i s t r ibut ion of the three domains is  such t hat when mode l l ing the 

age spectrum ( F ig . 2 4 a ) the l arge domains have l it t l e  e f fect on t he 

out g a s s ing up t o  me lt ing temperature ; thu s  the peak age ( 9 1 0  Ma ) o f  

l arge domains i s  only a gues s ,  and i s  probab ly a min imum g iven the 

f a i lure to outgas the s ample above 1 1 5 0 ° C .  The corre sponding cool ing 

rate for l arge doma ins is  then a max imum , as  it de s c r ibes very r apid 

coo l ing in order to mimic the hor i zontal  nature o f  the spectrum observed 

for medium domains ; this  is  an art i f icial  constraint . The f a st cool ing 

rate resu l t s  in a relat ive ly high mode l c losure temperature . This  

e f fect compete s  with probab le f a i lure to f u l ly outgas the s ample , a s  
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F ig .  2 4 . C I - 2 0K K- feldspar 40Ar/39Ar apparent age spectrum and 
Arrheniu s  plot , with mode l s . a )  Observed ( ba r s ) and mode l 
( square s ) age spectrum . The drop in ages over t he l a st 1 0 %  o f  gas 
re l e ased corresponds to a decrease in furnace t emperature . The 
spectrum was model led as suming a sma l l  amount of o lder gas 
remained in t he s ample , hence the departure o f  the mod e l  from the 
observed spectrum . Refer to text for det a i led expl anat ion . 
b )  Observed Arrhenius plot . Approx imate r ange s o f  gas dominated 
by sma l l  ( s ) , med ium ( m )  and large ( 1 )  doma ins are ' s hown . 
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des c r ibed for GF- 1 8 K ,  leading t o  underest imat ion o f  Tc for a l l  domains . 

Again , t h i s  sub j ect i s  addre s sed more fu l ly in Sect ion 4 . 3  ( D i s cu s s ion 

of K- f e ldspar Res u l t s  and Mode l s ) . 

Medium and sma l l  domains are we l l  constrained , with an exc e l lent 

f it t o  the Arrhenius plot and the age spectrum . The fol lowing T-t 

po int s are de f ined by the mode l : 2 6 1  ± 3 4 ° C ,  >9 1 0  ±18 Ma ; 1 7 0  ± 2 8 ° C ,  9 0 0  

± 1 8  Ma ; 1 0 1  ± 2 4 ° C ,  7 2 5  ± 1 4  Ma . 

The next s ample , a homogeneou s orthoc lase , was run in  two 

d i f ferent a l iquot s . The f irst , denoted GF-3 5 K ,  was a l arge separate 

prepared for t he MS l O  system , and the second , GF-3 5K-2 , was a muc h  

sma l ler separate picked very c arefu l ly and dated on the VG3 6 0 0  system . 

GF- 3 5 K  ( F ig . 2 5 a )  was heated only to 1 1 5 0 ° C  with no subsequent 

repet it ions , pos s ibly insu f f ic ient to fu l ly outgas the s amp l e , and no 

s ingle l arge me lt ing step was observed . However , after a very f l at 

segment con s i st ing o f  1 6 %  of  gas with a mean age o f  5 9 8  Ma , t he spectrum 

steps up regu l ar l y  then f l attens at a mean age of 9 7 7  Ma for f ive steps 

contr ibut ing 3 8 %  of gas released . A l arger , f inal step has an age of 

9 9 0  ± 9 Ma , whi c h  may indicate that the s ample cont a ined s l ight l y  o lder 

gas yet . 

Becau s e  t he s ample was outgas sed only to 1 1 5 0 ° C  with no repeat 

step s , a val id Arrhenius plot c annot be constructed . 

GF- 3 5K- 2 , the second al iquot , has a d i f ferent age spectrum from 

the original s ample ( F ig . 2 5b ) . The f irst 3 to 5 %  of gas is c l early 

a f fected by 39Ar reco i l , with age s f luctuat ing before start ing to 

increase regu l arly . Resett ing at 598  Ma , as  observed in GF- 3 5 K ,  i s  not 

apparent , and age s increase rapidly over the f irst 3 0 %  of gas before 

f l attening somewhat and stepping s l owly to a l arge me lt ing step of age 

9 3 5  Ma . Age s increase again in three steps above me lt ing , to a max imum 

o f  9 7 5  Ma . Out g a s s ing was probably complete for t h i s  s ample as it was 

heated to 1 2 1 0 ° C  and the last two steps were extreme ly smal l .  

The Arrhenius plot ( F ig . 2 5 c )  is  qu ite regu l ar at h igh 

t emperatures but the low-T segment i s  non- l inear . The f ir st t hree or 

four of the seven steps de f in ing this  part of the curve are a f fected by 
39Ar reco i l , whi c h  may part ly explain the irregu l ar shape ( s ince the 

Arrhenius plot i s  based on 39Ar release ) . The apparent " medium " domains 

de f ine a very l inear segment wh ich i s  c learly much steeper than the 

l ower segment . The drast ic d i f ference in s l ope o f  these two segment s 

i nval idates  t he a s sumpt ion o f  equ ivalent act ivat ion energy u sed in  the 

mode l s  constructed in this study . Therefore no attempt has been made to 

mode l t he Arrhenius plot . 

The d i f ference in the resu l t s  yie lded by these two a l iquot s 

requ ires further d i s cu s s ion be fore an age can be a s s igned . They wi l l  be 
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F i g . 2 5 .  GF- 3 5K K- fe ldspar 40Ar /39Ar apparent age spectrum , and GF-3 5K-
2 spectrum and Arrheniu s plot . a )  Approx imate age spectrum for 
G F - 3 5 K . The s ample may not be ful ly outg a s sed . See text for 
de s c r ipt ion . b)  Apparent age spectrum for GF- 3 5K-2 . The l arge 
s ing l e  step from about 60 to 9 0 %  gas rel e a s e  resu l t s  f rom 
incongruent me lting . Note the contrast between t h i s  spectrum and 
the GF- 3 5K spectrum above . The ages o f  steps at l ow gas release 
( be l ow 1 0% ) , and in  the f l at part s o f  the spe c t r a  above 3 5 %  
release , are qu ite d i f f erent . See text for de s c r ipt ion . 
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F ig . 2 5  cont ' d .  c )  GF-3 5K-2 K- fe ldspar Arrheniu s p l ot . Note t he 
d i f f erence i n  s lope between t he low-temperature segment , s ,  and 
t he upper two segments , m and 1 .  The uppermo st segment , 1 ,  i s  
poor l y  de f ined . 
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F ig . 2 6 .  C I - 14K K-feldspar 40Ar/39Ar apparent age spectrum and 
Arrheniu s p l ot , and mode l s . a )  Observed ( bar s ) and model 
( squares )  age spectrum . The last 4 0 %  o f  gas  released was obt a i ned 
i n  a s ingle step , probab ly result ing from incongruent me lt ing o f  
the s ampl e . b )  Observed Arrhenius p l ot . The plot sugge s t s  a 
two-goma in structure ( sma l l ,  s ,  and l arge , l )  with a high degree 
of over l ap i n  their range o f  gas re lease . 
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F i g . 2 6  cont ' d .  c )  C I - 14K observed ( error bar s ) Arrheniu s plot , with 
mode l ( square s ) super impo sed . A three domain mode l i s  requ ired to 
s at i s f actor i ly f it the dat a ,  with a low contrast in o0 / a2 between 
sma l l  ( s )  and medium ( m )  domains . 
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a s s e s sed in  det a i l  in sect ion 4 . 3  ( D iscu s s ion o f  K- f e ldspar Re s u l t s  and 

Mode l s ) .  

S ample C I - 1 4 K ,  perthit ic orthoc l ase , yields a very regu l ar age 

spectrum ( F ig . 2 6 a ) , which steps up from about 4 9 0  Ma to a peak age , for 

a l arge me lt ing step , o f  1038 Ma . Two large steps early in release g ive 

a f l at ,  apparent ly reset segment with an average age of 6 0 5  Ma ( ± 6 Ma 

when J is cons idered ) ,  almost ident ical to the age determined in 

previous s amp l e s  for Grenv i l l e  dikes . The two previous steps with young 

ages and very sma l l  percent contr ibut ion of gas are somewhat unre l iable 

because o f  the ir l arge atmospher ic argon component ( see Appendix C ) , but 

may represent post- intrus ion cool ing ages . 

The Arrhenius plot ( F ig . 2 6b )  cons i s t s  o f  two paral l e l  segment s 

with a hor i zont al  sect ion j oining them rather than a sharp drop a s  

observed in other s amples . L inear regre s s ion o f  the lower sect ion o f  

s ix po int s yields a n  Ea o f  3 3 . 2  ± 3 . 4  kc al /mo l  ( SUMS / n - 2  = . 2 5 4 ) . The 

two- segment plot appears to requ ire a two-domain mode l but a t hree­

domain mode l is in  fact needed to properly f it the j o in between the two 

segment s ( F ig . 2 6 c ) . The f it of the mode l is the best obta i ned in this  

study ; parameters are shown on the  plot . 

The mode l age spectrum a l s o  f it s  we l l  ( F ig . 2 6 a ) . The spher ical  

mode l appears to de s c r ibe t h i s  s ample adequately , despite it s perthitic 

structure . The me lt ing step o f  age 1038  Ma i s  mode l led by s e l ect ing a 

peak age and cool ing rate which de scribe a curve cro s s ing the me l t ing 

step midway acro s s  it . The peak age and cool ing rate for l arge domains 

is  thu s  a gue s s  but i s  qu ite we l l  constrained becau s e  o f  the 

predominance o f  l arge domains ( 7 8% ) in the mode l , which therefore 

d i c t at e  t he shape of the spectrum above about 30% gas release . Both 

medium and smal l domains appear to be affected by resett ing so  no 

s ig n i f i c ance is att ached to the mode l resu l t s  for these domains . Thus 

only one T-t po int i s  obt ained for s ample C I - 1 4K :  1 6 6  ± 4 4 ° C ,  1 0 6 0  ± 2 2  

Ma . 

4 . 3  D I SCUSS I ON OF K-FELD SPAR RESULTS AND MODELS 

The mode l led Arrhen ius plot s and age spectra do not f it the 

observed dat a  in deta i l  in a lmo st all examples . One po s s ib l e  reason for 

t h i s  is that the mu lt iple d i f f u s ion doma in theory may be wrong . 

However , some result s , inc luding those for unmode l l ed s amp l e s , are 

better expl ained u s ing the theory than the old s ingle-s ite d i f f u s ion 

mode l . Non- ideal dat a  may explain many of  the f itt ing prob l ems . 

Addit iona l l y ,  some o f  the as sumpt ions made have been demonstrated 

recent ly to be inadequate for certain K- feldspars . The data are 

d i s c u s sed and interpreted below in l ight o f  the most recent deve lopment s 
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o f  the mu l t iple d i f f u s ion domain theory , in order to c l ar i f y  t he resu l t s  

o f  t h i s  study . 

4 . 3 . 1  D i s cu s s ion o f  Data 

One o f  the critical  as sumpt ions u sed in the mode l l ing is that each 

domain s i ze has equ ivalent act ivat ion energy . For norma l heat ing 

s c hedu l e s  the low-temperature segment of the Arrheniu s plot , result ing 

mainly from out g a s s ing of  the sma l lest domains , i s  de f ined by the 

greatest number of point s on the Arrheniu s plot . Therefore t h i s  segment 

was u sed here to def ine the s lope of  a l l  the segment s ,  and thus the 

act ivat ion energy for the who le s ample . The heat ing s c hedu l e s  u s ed for 

a l l  mode l led s amples  were re l at ive ly coarse because o f  uncert a i nty about 

whether s amp l e s  wou ld produce measurable gas vo lume s for t he new VG3 600  

mas s  spectrometer . By the f irst kink , which in these s amp l e s  occurred 

at 8 0 0 ° C  or higher , only seven or eight po int s def ined the l ine u sed to 

determine act ivat ion energy . The l ine- f it method o f  York ( 1 9 69 ) 

e s t ab l i s hed errors of  6 to 1 6 %  ( 2 a )  on the s lope s o f  the s e  l ine s , 

introduc ing error s of  the s ame magnitude on c a l c u l ated act ivat ion 

energy , and hence to c losure temperature s appl i c ab l e  to a l l  domains . 

I dea l ly ,  to better de f ine act ivat ion energy , many more steps o f  s horter 

dur at ion shou ld be u sed , resu lt ing in a l ine f it to a greater number of 

po i nt s . This is made more important becau se the early steps are often 

a f fected by 39Ar reco i l , as was the case for up to four point s in some 

mode l led s amp l e s . Gas volumes may not re f lect s imple vo lume d i f f u s ion 

i n  these steps . Harr ison et a l . ( 1 9 9 1 ) have shown that depending on 

whether the s i ze o f  sma l l  doma ins is  l arger or sma l ler than the 

character i s t i c  reco i l  lengt h ,  reco i l  can a f fect e ither the e s t imate o f  

Ea , or t h e  D0 / a2 value . 

Furthermore , recent work has shown that the as sumpt ion o f  

equ ivalent act ivat ion energy may not neces sarily be correct . Some 

worke r s  have st arted to u sed " cycled "  step-heat ing exper iment s ,  in which 

t emperature i s  not monotonical ly increased but rather increased and t hen 

decreased and he ld at low temperatures for long t ime spans ( Lovera et 

a l . ,  1 9 8 9 ; Lovera et al . ,  1 9 9 0 ) . The informat ion obt ained from t h i s  

c omes a t  the expense of  t h e  age spectrum , which wi l l  have an errat i c  

pattern ; but t h e  r e s u l t  is  to y i e l d  better def ined array s  o f  po int s o n  

t he Arrhenius p l ot f o r  a l l  domains . Such a plot i s  i l lu strated in 

F igure 2 7 .  Exper iment s u s ing cyc led temperatures have demonstrated that 

d i f ferent d i f f u s ion doma ins in a s ingle s ample can have act ivat ion 

energies which vary by as much as  8 kc al /mol ( Harr ison et a l . ,  1 9 9 1 ) . 

There i s  some evidence in the s amples mode l led in t h i s  study that 

d i f ferent d i f fu s ion domains have d i f f erent Ea ; s ample GF-2 0K in 
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part icu l ar h a s  steeper s lope s in the upper segment s than i n  the l ower 

one on it s Arrhenius plot ( F ig . 19b ) . The fai lure o f  the GF- 2 0K 

Arrheniu s plot mode l to f it above 8 7 0 ° C  may be a consequence o f  t h i s , as  

the s l ope o f  the model is  c lear ly too low . The d i f f erence between the 

s l ope of sma l l  and medium domains in GF- 3 5K-2 ( F ig . 2 5 c )  may be due in 

part to a s im i l ar prob lem ,  although reco i l  e f fect s are probab ly a l so 

respon s ib l e . 

D i f ference s  in Ea may have further consequenc e s . The Arrhenius 

p l ot mode l s  con s i stent ly fail to describe sharp kinks , as  best 

i l lu strated by s ample GF- 3 2 K  ( F ig . 18c ) . If  domains with h igher 

act ivat ion energy predominate in outgass ing upon exhaust ion of smal l ,  

lower Ea domains , the kink wi l l  be sharper than for domains with 

equ ivalent Ea because gas wi l l  not be so eas i l y  obtained , s o  , 
d i f fu s ivit ies wi l l  drop . An extreme resu lt o f  t h i s  e f fect , g iven the 

correct comb inat ion o f  heat ing s chedule and contrast in Ea , cou ld be a 

drop i n  age s corresponding to a kink in the Arrheniu s  plot even upon 

increas ing temperature , as observed in GF- 18K ( F igs . 2 1 a and 2 lb ) ; 

however ,  t h i s  phenomenon i s  more probab ly re l ated to the presence o f  

both microc l ine and orthoc lase i n  the sample , wh ich may have not only 

d i f f erent Ea but a l so d i f ferent D0 ( frequency f actor ) .  

Another result o f  mu l t iple act ivat ion energy i s  that for d i f ferent 

a l iquot s of a s ingle sample , changes in their step-heat ing s c hedu le wi l l  

l e ad t o  d i f ferences in their Arrhenius plot s and age spectra ( Harr i son 

et a l . ,  1 9 9 1 ) . The two al iquot s o f  K- feldspar f rom s amp l e  GF- 3 5  may 

have exhibited t h i s  behaviour . GF- 3 5 K  was heated to 9 0 0 ° C  in f i fteen 

3 0 °  steps , whi l e  3 5K-2 was heated to 890 ° C  in only 10  step s , seven of 

5 0 ° and three of 3 0 ° . Lovera et al . ( 1989 ) have shown that the s horter 

the durat ion of heat ing over a f ixed range of temperature in the heat ing 

s c hedu l e , t he l e s s  gas wi l l  come out o f  the domains , part i cu l ar ly t he 

l arger one s , be fore me lt ing . Age s wi l l  there fore be younger be fore 

me lt ing . This behaviour i s  observed in the two a l iquot s of GF- 3 5 K  

( F i g s . 2 5 a and 2 5b ) , but the d i f ferences in heat ing schedu l e  are 

probab ly not dras t i c  enough to ful ly explain the d i f ferences in the 

spectra . 

However , the further d i f ferences  in the age spectra o f  these two 

a l iquot s can a l so be explained u s ing an extens ion of the mu l t iple 

d i f fu s ion doma in theory . The thoroughne s s  o f  the pur i f i c at ion procedure 

dur ing s ampl e  preparat ion i s  for pract ical reasons a funct ion of the 

s i ze  of the a l iquot . The sample prepared for the VG3 600 system was 

picked more care f u l ly becau s e  o f  the much smal ler t ime invo lved in 

p i cking a 5 mg ver sus a 100 mg sample . Larger grains , being more eas i l y  

observed under t h e  b inocular microscope , may have been pre ferent i a l ly 
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removed becau se o f  this . The resultant al iquot ( GF-3 5K-2 ) ,  w i t h  a 

greater percent age o f  sma l l  grains and pos s ib ly o f  sma l l  domains , wou ld 

have su f fered a greater percent age e f fect o f  reactor- induced reco i l , 

c au s ing the d i f ferences in the low-T part o f  the age spectrum . The l o s s  

o f  l arger grains may have skewed the domain s i ze distribut ion by 

preferent ia l ly removing grains which contained the l argest domains , 

hence l e s s  " o l d "  gas was present to inf luence step age s , in  part icu l ar 

o f  that o f  the me lt ing step . Evidence that some older gas was present 

in the s ample comes from the approx imately 9 6 9  Ma age of the l ast 9% o f  

gas  released ( F ig . 2 5b ) , but the overal l  contr ibut ion o f  t h i s  age o f  gas 

to  the age spectrum i s  c lear ly reduced from the GF- 3 5K spectrum ( Fig . 

2 5 a ) . This argument is  strengthened by exper iment al  evidence that by 

s ieving separates to very sma l l  grain s i zes , the volume fract ion o f  

sma l l  doma ins c a n  b e  increased subst ant ial ly ( Lovera e t  al . , 1 9 9 l a ) . 

Both o f  these expl anat ions for the d i f ference s  between the two 

a l iquot s of K- f e ldspar from s ample GF- 3 5  requ ire mu lt iple d i f fu s ion 

domain s i zes  to adequately explain the observat ions . This is some of 

the best evidence avai l able in this study that the mode l i s  at least in 

part correct . 

There i s  there fore cons iderab le evidence in the s amp l e s  dated in 

this study that the mu ltiple d i f f u s ion domain theory de s c r ibes the 

outgas s ing behaviour we l l ,  and that many o f  the f a i lures o f  the mode l s  

are due t o  underest imat ion o f  the act ivat ion energy o f  l arger domains . 

The consequence o f  underest imat ing act ivat ion energy i s  that c l o sure 

temperatures wi l l  be underest imated , s ince the c l o sure temperature 

c a l c u l at ion i s  a direct funct ion o f  act ivat ion energy ( see equat ion 

( 14 ) , Appendix E ,  part E . 2 ) , and depends much l e s s  direct ly on o0 / a2 • 

Harr i son et al . ( 1 9 9 1 ) have demonstrated this  po int by c arryi ng out 

mode l l ing of an Arrhenius plot u s ing the equ ivalent act ivat ion energy 

a s sumpt ion for one model , and mu lt iple act ivat ion energies in a second 

( F igs . 2 8 a  and 2 8b ) . After determining d i f f u s ion parameters , they can 

achieve v irtual ly ident ical f it s  to the age spectrum u s ing e ither 

method , but the calculated cool ing histor ies d i f fer by as  muc h  as  3 0 ° C  

for a g iven age ( F ig . 2 8 c ) . 

For a l l  s amples mode l led in this  study except perhaps C I - 2 0K ,  

s lopes i n  Arrhenius plot s  for medium and l arge domains are greater than 

those for sma l l  domains . Calcu lated c losure temperatures for medium and 

l arge domains must therefore be cons idered minima . Harr i son et a l . 

( 19 9 1 ) suggest a value o f  up to 3 0 ° C  increase in mode l led Tc for a 5 

kcal /mo l  increase in Ea of  larger domains over the sma l l  doma in Ea . 

A second prob lem introduced by the heat ing schedu l e s  u sed in this  

study i s  that for  many samples , substant ial amount s o f  gas remained in 



F ig .  2 8 .  E f fect on computed t hermal h i story o f  a s suming equ ivalent 
act ivat ion energy for a l l  domains . a )  Model Arrheniu s plot 
( tr i ang l e s ) versus observed Arrheniu s p lot ( square s ) obt ained by 
cyc l ing temperature . The mode l plot is c a l c u l ated as suming 
equ ivalent act ivat ion energy for a l l  domains . It f a i l s  to 
r eproduce t he observed plot for steps cyc led to low temperature . 
b )  New model ( triangl e s ) vers u s  the s ame observed plot ( square s ) 
a s  in a ) . This  mode l u s e s  act ivat ion energy o f  8 kc a l /mol higher 
for medium and large domains than t hat c a l c u l ated for sma l l  
doma ins and appl ied to a l l  domains in a ) . Note t h e  better f it at 
l owered-T cyc led steps . ( After Harr i son et a l . ,  1 9 9 1 ) .  
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the s amples at  incongruent me lt ing at  1 1 5 0 ° C  or l e s s . This  i s  an  

avo idab le prob lem i f  a l l  heat ing steps are kept very short i n  durat ion , 

e spec ial ly at lower temperature s , and i f  temperatures are increased in 

sma l l  increment s dur ing heat ing . The most extreme cases o f  t h i s  prob lem 

are s amples GF- 3 2 K  ( Fig . 18a ) , GF- 7K ( F ig . 2 3 ) ,  GF- 3 5K-2 ( Fig . 2 5b ) , and 

C I - 1 4K ( F ig . 2 6a ) , which yielded 2 6% ,  40% , 3 1 %  and 40% of tot a l  gas , 

re spect ively , in s ingle steps . Sample breakdown c au s e s  the Ar to e s c ape 

by some mechan i sm other than by which it occurred in nature ( and 

probab ly not volume d i f f u s ion ) , and inval idates the mathemat i c a l  

de s c r ipt ion o f  d i f f u s ion u sed in t h e  mode l l ing procedure . The 40Ar i s  

probab ly re- d i str ibuted dur ing me lt ing , and thu s  the ages o f  individu a l  

steps beyond t h i s  point are meaningless . The solut ion u sed in mode l l ing 

was to as sume that the o0 / a2 o f  the largest domains was des c r ibed by the 

last  few steps be fore me lt ing ( in the case of three-domain mode l s ) . The 

value thu s  determined was appl ied during spectrum mode l l ing to a l l  

remaining gas , with steps above me lt ing mode l led t o  f it their average 

age rather than their individual ages . The s ame value was u sed to 

determine the c lo sure temperature for this gas . However , with up to 4 0 %  

o f  gas sub j ect to this  procedure , i t  is  not certain that t h e  two o r  

three steps be fore melt ing def ined the o0 / a2 app l i c able to a l l  remaining 

gas . Poss ibly these steps repre sented a tran s it ion between the second 

and third domains . The mode l s  attempt to des c r ibe this  by ensur ing that 

t he predicted percentage of outgas s ing up to me lt ing matches what i s  

ob served . T h i s  i s  l argely a funct ion of  the model D0 / a2 values ; however 

there is substant ial uncertainty involved in f inding the correct value 

for two or three steps , and not all mode l s  f it this segment per fect ly . 

Additional uncertainty i s  introduced i f  the s amples are not fu l ly 

outgas sed . F i na l ly ,  the sample may contain more than three domains : a 

fourth and maybe f i fth domain with even lower o0 / a2 ( and therefore 

h igher Tc ) may ex ist ( Foster et al . ,  1 9 9 0 ) . Bec ause o f  this the c lo sure 

temperatures c a l c u l ated from the present mode l s  mu st again be cons idered 

minima , e spec ial ly for the mode l led samples GF- 3 2 K  and C I - 1 4K whi c h  had 

l arge me lt ing steps . 

The correct cool ing rate to ass ign to the l arge domains  i s  a l s o  

uncertain when the sample me lt s , s ince t h e  mode l spectrum u s e s  a n  

arb itrary peak age and coo l ing rate . The o n l y  constraint on their 

s e l ect ion i s  that the total gas age of this  sect ion i s  approx imately 

equ ivalent to the total gas age o f  the me lt ing steps . If  too low a peak 

age is selected , the cool ing rate wi l l  be too high , and v i ce-ver s a . For 

the mode l s  of s amples with l arge me lt ing steps , the coo l ing rates  may 

not be val id for l arge domains . 

The heat ing schedules u sed here were respons ible for a f inal 
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degree o f  uncert a inty ; s ince some s amples yielded u p  to 1 3 %  o f  their gas 

i n  steps beyond me lting ,  it is  po s s ible that some s amples  were not fu l ly 

outgas sed even i f  t aken to the me lt ing temperature . GF- 2 0 K ,  GF- 1 8K and 

C I - 2 0K are sub j ect to this uncertainty , s ince they were heated t o  

max imum temperature s of  1 1 7 0  ( ± 2 0 ) ° C f o r  the f irst two a n d  1 1 5 0  ( ±2 0 ) ° C  

for the l ast , with no observed melt ing step . The heat ing was conducted 

f o l l owing coarse heat ing schedu l e s , ident ical  to s c hedu l e s  which left 

substant i a l  gas at  me lt ing and beyond in other s amples . For all  three 

s amp l e s  addit ional gas was obt ained in short repeat steps at equal and 

lower temperature s , but as temperature is  the main contro l l ing inf luence 

on outgas s ing dur ing step-heat ing , it is  pos s ib l e  that not a l l  gas  was 

obt a ined . The net result o f  f a i lure to ful ly outgas s amp l e s  is t hat 

o0 / a2 values are too high , and lead to undere st imated c l o sure 

t emperatures .  

Uncerta inty in o0 / a2 i s  o f  much l e s s  import ance in the c a l cu l at ion 

of Tc t han the E a  term , which i s  direct ly proport ional to Tc . However , 

for these three s amples , it i s  pos s ible that c l o sure temperatures are 

addit iona l ly underest imated due to this prob l em .  

4 . 3 . 2  Summary o f  Result s 

The resu l t s  o f  this  study are admittedly only a f ir st-pa s s  attempt 

at determining mu lt iple T-t po int s from K- fe ldspar s , becau s e  o f  t he 

d i f f icult ies de s c r ibed above . However , several conc lus ions can be 

reached about the s amples cons ider ing the po int s  j ust addre s sed . 

I n  s amp l e s  GF- 3 2 K  and C I - 1 4 K ,  Tc may be s l ight ly underest imated 

for the oldest gas in the s ample because of l arge me lt ing steps , and the 

a s soc i ated cool ing rates may be erroneou s . For GF- 2 0 K ,  GF- 1 8K and C I -

2 0K ,  incomplete outgas s ing may have reduced t h e  Tc e st imat e . 

Underest imat ion o f  act ivat ion energy may dominate these other e f fects  in 

l arge and medium domains ; therefore for mo st s amples , mode l Tc ' s  for 

l arge and medium domains cou ld be undere st imated to some degree , 

probab ly l e s s  than 3 0 ° C  ( Harr i son et al . ,  1 9 9 1 ) .  I n  GF- 18K and C I - 2 0 K ,  

however , the e f fect i s  probably o f f set , and po s s ib ly overcompe n s ated , b y  

overest imat ion o f  cool ing rates  for l arger domains . Coo l ing r at e s  

obt ained b y  mode l l ing w i l l  a l so not b e  strict ly val id f o r  s amp l e s  with 

mu l t iple Ea . For sma l l  domains in GF- 18K and C I - 2 0K ,  not a f fected by 

d ike intru s ion , the est imated act ivat ion energy and cool ing r at e s  shou ld 

be correct , but the pos s ible fai lure to ful ly outgas the s amp l e s  may 

lead to s l ight undere st imat ion of Tc in these doma ins as we l l .  They 

s hou ld a l so be treated as min ima . 

The two d i f ferent spectra from samples GF- 3 5 K  and GF- 3 5K- 2 , 

although unmode l led , can now potent ially be interpreted , g iven that the 
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mu lt iple d i f fu s ion domain theory expl ains their d i f ference s . The 

heat ing s chedu l e  for GF- 3 5 K  was relat ively f ine compared to other s in 

this study , with more steps taken at smal ler temperature interval s below 

9 0 0 ° C  than for other samples ( see Appendix c ,  40Ar /39Ar D at a  Summary 

S heet s ) .  At 1 1 5 0 ° C  no large me lt ing step was observed , and the peak 

ages of gas obt ained from the s ample were con s i stent with the o ldest gas 

in GF-3 5K-2 , which was heated to 1 2 1 0 ° C .  These ob servat ions suggest 

t hat GF- 3 5K may in f act have been near ly f u l l y  outgas sed at 1 1 5 0 ° C .  The 

peak " pl ateau " age o f  979 Ma i s  therefore taken as  the max imum age of 

the K- f e ldspar in this sample . Thi s  probab ly corresponds to  a minimum 

c l o sure temperature of 2 0 0  - 2 5 0 ° C ,  based on the resu l t s  for other 

s amp l e s  in this  study . The plateau - l ike feature in GF- 3 5K-2 at 9 3 5  Ma 

may correspond to the peak age o f  "medium " domains but without mode l l ing 

it is d i f f icult to pinpo int an exact age , s ince the contr ibut ion of gas 

f rom l arger domains to these steps is  uncertain . 

A summary o f  a l l  K- feldspar T-t data with their interpreted 

s igni f icance is g iven in Table 3 .  

4 . 3 . 3  Comment on Mu ltiple D i f fu s ion Domain Theory 

The " o l d "  method of  determining K- fe ldspar T-t po int s , o f  

a s s igning est imated c losure temperatures t o  f lat port ions o f  spectr a ,  i s  

a l imit ing procedure . The var iab i l ity of  peak age s obta i ned in t h i s  

study and the exi stence of stepped age spectra demonstrates that K­

f e l d spars c lose at a range of c losure temperatures , probab ly in the 

range of 1 2 5 to over 3 00 ° C .  As s igning an assumed temperature covering 

t h i s  r ange to a s ingle age wou l d  lead to a l arge swat h ,  rather than a 

contro l led curve , on a T-t diagram . 

The quest ion o f  whether kinks in Arrheniu s plot s  demonstrat e  

s ampl e  breakdown , and therefore inval idate calculated d i f f u s ion 

parameter s , has yet to be answered . However , despite the comp l i c at ions 

introduced by the non- ideal data mode l led in this  study , a reasonab l e  

s e t  o f  T - t  po int s  h a s  been obt ained us ing the mu lt iple d i f f u s ion domain 

t heory . Addit iona l ly ,  several ob servat ions c an only be expl a ined by the 

t heory . It seems l ike ly that this  theory correct ly de s c r ibes Ar 

d i f fu s ion in K- feldspar , at least in general terms . The T-t po int s 

obtained here are there fore cons idered to be reasonab le constraint s  on 

the low-temperature cool ing hi story of the Grenv i l le  Front Tectonic 

Z o ne . Further a s s e s sment of  their val idity f o l lows in Chapter V 

( Synthe s i s  o f  Res u l t s  and Coo l ing H i story ) . 
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S ample 
Number 

GF-4 2 K  

GF- 6 2 K  

GF- 3 2 K  

GF- 2 0K 

GF- 1 9 K  

GF- 18K 

GF- 7 K  

C I - 2 0K 

GF- 3 5 K  

GF-3 5 K-
2 

C I - 1 4K 

Tab le 3 :  Summary o f  K- feldspar Mode l l ing Re su l t s  

5 . 5  

3 8 . 6  5 0 0  

± 1 . 0  6000 

5 

3 6 . 9  9 

± 5 . 8  2 000 

3 8 . 8  30  

± 3 . 2  3000  

0 . 1 5 

3 2 . 8  9 

± 2 . 0  2 7 5  

1 . 2 5 

3 3 . 2  2 5 0  

± 3 . 4  2 5 0 

dT* 

dt 
° C /My 

0 . 2 6 

0 . 0 7 

0 . 1 2 

0 . 0 6 

5 3 . 2  

0 . 0 5 

1 7 . 3  

0 . 3 4 

0 . 2 4 

0 . 09 

Age 

o c  Ma 

2 0 0± 7 5  8 8 6± 2 6  

2 0 0± 7 5  9 0 3 ± 1 2  

2 3 2 ± 1 4  1 0 1 0 ± 2 0  

1 6 8 ± 1 2  8 6 5 ± 1 8  

2 0 3 ± 7 4  1 0 8 0 ± 1 0  

1 8 5 ± 7 2  1 0 1 0 ± 1 0  

2 8 5 ± 44  9 2 0 ± 1 0  

1 5 0 ± 3 4  8 2 5 ±8 

2 00± 7 5  1 0 4 5 ± 1 0  

2 6 1 ± 3 4  9 1 0 ± 1 8  

1 7 0 ± 2 8  9 0 0 ± 1 8  

1 0 1 ± 2 4  7 2 5 ± 1 4  

2 5 0 ± 5 0  9 7 9 ± 1 0  

1 6 6 ± 4 4  1 0 6 0 ± 2 2  

Comment s 

Ages are 
minima ; 

Tc ' s  are 
est imated . 

T i s  a 
mln imum@ . 

Tc; i s  a 
minimum@ . 

Re set by dike . 

T i s  a 
mln imum@ . 

Tc; i s  a 
minimum@ . 

Reset by dike . 

Strongly reset 
by d ike 

Coo l ing rate 
too h igh ; Tc 
uncert a in . 

Tc; i s  a 
minimum@ . 

Tc i s  
est imated . 

Coo l ing rate 
too h igh ; Tc 
uncert a i n . 

T� a minimum@ . 

T,. a minimum@ . 

Tc e s t imated ; 

peak age i s  for 
both a l iquot s 

Re set by dike . 

Reset by d ike . 

Al l cool ing rat e s  are uncertain because o f  uncert ainty in Tc . 
@ Tc may be underest imated in these samples by up to 3 0 ° C .  

9 2  
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CHAPTER V 

SYNTHE S I S  OF RESULTS AND THERMAL H I STORY 

5 . 1  CLOSURE TEMPERATURES AND RESETT ING 

I n  order to interpret thermochronologic dat a ,  appropr i ate c l o sure 

temperatures mu st be assumed . Closure temperatures are only app l icab l e  

t o  s amples  which have undergone s imple coo l ing h i stor ie s . I f  rocks have 

su f fered a subsequent thermal episode which part ial ly reset s their 

i sotopi c  systems , the date obtained may no longer represent cool ing 

through a f ixed temperature . Al l dates obtained in a study of t h i s  kind 

mu st be a s s e s sed with this in mind be fore they are interpreted a s  ages 

and u sed in construct ion o f  coo l ing paths . 

The c losure temperatures appl icable to d i f ferent domains  in K­

f e l d spar have been determined exper imentally as  de s c r ibed in Chapter 4 .  

For t itanite , hornb lende , and biot ite , Tc must be a s sumed ; the rat ionale 

for c lo sure temperatures a s s igned in this study i s  des c r ibed below . 

5 . 1 . 1  Closure Temperature in the T itanite U-Pb System 

T itanite c losure temperature is  often c ited as  being in the range 

6 0 0  - 6 5 0 ° C  ( Ghent et al . ,  1 9 88 ) , but as for the 40Ar /39Ar system ,  

c lo sure temperature i s  a funct ion o f  cool ing rate and e f fect ive 

d i f f u s ion di stance as we l l  as  act ivat ion energy . Some geochronologists 

now quote t itanite c losure as  be ing in the range o f  5 0 0  - 6 7 0 ° C ,  

depending on grain s i ze ,  which i s  thought t o  des c r ibe e f fect ive 

d i f f u s ion di stance ( Mezger et al . ,  1 9 9 1 ) . By compar ison with est imated 

condit ions of metamorphi sm ,  Tucker et al . ( 1 9 8 7 ) found that t it an ite 

cou ld lose s ign i f icant radiogenic Pb at temperatures as  low a s  4 8 0  -

5 4 0 ° C ,  implying that Pb d i f fuses  in t itan ite in the range o f  5 00 ° C .  

Based o n  evidence to fol low from other i sotopic  systems , t it an ite i n  the 

GFTZ u nderwent part ial resett ing at temperatures which in some places 

probab ly did not exceed 5 0 0  - 5 5 0 ° C .  Norma l l y , for s impl e  post­

met amorphic or po st - intrus ion cool ing , t itanite yields coo l ing ages 

o l der than hornblende ( e . g .  Corrigan , 1 9 9 0 ; DeWitt et al . ,  1 9 8 4 ) . It  

w i l l  be assumed here that the lower intercept obtained on a concord i a  

d iagram represent s coo l ing o f  t itanite through a c losure t emperature o f  

5 0 0 ° C  or higher , as compared to the lower Tc o f  hornb lende , des c r ibed 

b e l ow .  

5 . 1 . 2  C losure Temperature in the Hornblende 40Ar/39Ar System 

Sub stant ial  work has been undertaken on hornb lende in recent years 

to  try to better determine its c losure behaviour . Hydrotherma l 

d i f fu s ion exper iment s and empirical f ield studies have been conducted by 
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various workers ( Harr ison , 19 8 1 ; Harri son and McDouga l l , 1 9 8 0 ; Onstott 

and Peacoc k ,  1 9 8 7 ; Baldwin et a l . , 1 9 9 0 ) . Rel at ive ly con s i stent values 

o f  act ivat ion energy have been obt ained by these studies ( 60 - 6 5  

kca l /mo l ) ,  but i t  i s  becoming apparent that as  for K- feldspar , e f fect ive 

d i f f u s ion distances for Ar are not neces sar i l y  dictated by the phy s ical  

grain s i ze o f  the separate , but by some other sub-grain size structure s . 

Candidates for these structures are phy l l o s i l icate intergrowths or 

alter at ion , and exsolut ion l ame l l ae ( Baldwin et al . ,  1 9 9 0 ;  Onstott and 

Peacoc k ,  1 9 8 7 ) , which may subdivide the hornb lende into domains  ranging 

down to 10µ in s i ze . The e f fect o f  these i s  to lower the retent ivity o f  

t h e  hornb lende , and thus to lower the c losure temperature . C a l cu l ated 

c lo sure temperatures u s ing the best availab l e  d i f fu s ion parameters and 

the e f fect ive d i f fu s ion radii  de f ined by such features are a s  low as  3 60 

to  4 5 0 ° C  in some s amples for s l ow cool ing o f  5 ° C/Ma ( Baldwin et al . ,  

1 9 9 0 ; Onstott and Peacock ,  1 9 8 7 ) . For more homogeneou s hornblende s , 

a s suming e f fect ive radii  c loser to the phy s i c a l  grain s i ze o f  the 

s eparate yields c lo sure temperatures on the order o f  5 00 ° C .  Homogeneous 

igneous hornblendes cooled rapidly may close a s  high as  5 80 ° C  ( Harr i son , 

1 9 8 1 ) . 

Proper c haracteri z at ion o f  microstructure and textures u s ing TEM 

and SEM is needed in order to de f ine the pos s ib l e  s i zes  of e f fect ive 

d i f fu s ion radi i .  This is beyond the s cope of this  study , but 

observat ions in thin- sect ion reveal the presence of brown 

c ryptocryst a l l ine alterat ion product s , probab ly phy l l o s i l i c ate s , along 

c leavage planes in most hornb lende samples dated here . The t iming of 

these features is uncertain and they may post-date coo l ing a fter the 

Grenv i l l e  orogeny , but given the long hi story of the GFT Z ( e . g .  at least 

one met amorphi sm by 1450 Ma ) , they or s imilar feature s may have been 

present and acted as  d i f f u s ion pathways for Ar dur ing the e a . 1 . 0  Ga 

Grenv i l l ian epi s ode in the area . This uncertainty requ ires that a 

f a ir l y  l arge po s s ib l e  range of  Tc be ass igned ; about 4 5 0  ± 5 0 ° C  i s  

cons idered appropr iate . 

5 . 1 . 3  Closure Temperature in the B iot ite 40Art39Ar System 

Experimenta l  work has a l s o  been carr ied out on b iot ite but much o f  

it has been inval idated due to fai lure t o  keep the s ampl e  stab l e  

t hroughout the exper iment ( McDougal l  and Harr ison , 1 9 88 ) . T h e  few 

remaining exper iment s yield varying result s ,  pos s ibly becau s e  o f  

c ompo s it ional dependence of  d i f fu s ion parameters in b iot ite ( Harr i son et 

a l . ,  1 9 8 5 ) . The best estimates of c losure temperature in b iot ite 

requ ire a s s ignment o f  substant ial uncertainty to the value , in order to 

incorporate this po s s ib i l ity as  we l l  as the dependence on coo l ing rates 



inherent in a l l  Tc determinat ions . Based on exper imenta l  work a s  wel l  

a s  compar i son o f  resu lt s from f ield studie s , a Tc o f  3 0 0  ± 5 0 ° C  i s  

cons idered real i s t i c  for b iot ite . 

5 . 1 . 4  Re sett ing o f  Radioact ive I sotopic Systems 

9 5  

The systemat i c s  o f  U-Pb in t itanite and K-Ar i n  hornb lende and 

b iot ite are poorly understood for increas ing temperature . C l osure 

temperature ( Tc ) i s  not nece s sarily equ ivalent to " opening " temperature 

( T0 ) ,  which is the temperature at which an i sotopic system is fu l ly 

reset dur ing re-heat ing . Tc and T0 may be d i f ferent becau s e  o f  

d i f f erences in heat ing/ cool ing rates o r  in kinet ic behaviour dur ing 

heat ing ver s u s  cool ing ( Cl i f f , 1 9 8 5 ) . A general , " very rough ru l e  o f  

t humb " given in a review paper b y  Zeit ler ( 1 9 8 9 ) i s  that heat ing to 

c lo sure temperature ( as def ined for cool ing rates  o f  1 0 ° C/Ma ) requ ires 

1 0  Ma to induce 99% resett ing , and for a durat ion o f  only 1 Ma , 

overstepping o f  5 0  - 100 ° C  above Tc wou ld be requ ired for 9 9 %  resett ing . 

Addit ional ly ,  the kinet ic d i f ferences between the behaviour o f  Pb in 

t it anite , whi c h  i s  part of  the crystal structure , and Ar , wh ich i s  inert 

and occupies voids , are not understood . Therefore for condit ions o f  

increas ing temperature , the degree o f  resett ing o f  one system may b e  

qu ite d i f ferent from the degree of  resetting o f  another , despite having 

s im i l ar c lo sure temperatures .  However , it can be stated qua l itat ively 

that part ial resett ing may occur at temperatures as  low as  c lo sure , but 

c omp l ete resett ing wi l l  requ ire over stepping of  Tc by some amount 

depending on the durat ion of  the event . 

Addit ional ly ,  studies of  the e f fect of  strain on resett ing K-Ar 

i s otopic ages s how that although temperature is the main control on 

d i f f u s ive l o s s  of Ar , recrysta l l izat ion due to strain accompanying a 

t emperature increase can fac i l itate resett ing ( De smon s  et a l . ,  1 9 8 2 ; 

Berry and McDouga l l , 1 9 8 6 ) s ince creat ion o f  new , smal ler grains w i l l  

speed d i f f u s ive argon l o s s  ( Dempster , 198 6 ) . The Tucker e t  a l . ( 1 9 8 7 ) 

study a l s o  demonstrated the fac i l itat ing e f fect o f  strain on resett ing 

of t he U-Pb system in t itanite . Temperature is the dominant f actor , so 

that minimum c l o sure temperature mu st be reached to reset age s . 

However , the over stepping of  Tc requ ired during a short thermal event 

accompanied by strain is probab ly less  than for a short , purely t hermal 

event . 

5 . 2  I NTEGRATED INTERPRETATION OF RESULTS 

The best way to interpret the 40Ar /39Ar resu l t s  obt ained in t h i s  

study i s  b y  compar i son , both between nearby s ample s ,  and w i t h  the 

t it anite result s . As descr ibed in sect ion 2 . 3  ( D i s cu s s ion of T itanite 
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Res u lt s ) , t itanite records a thermal event c au s ing part i a l  resett ing at 

9 8 5  + 2 1 / - 2 0  Ma which af fected the transect to a greater degree with 

increas ing distance from the Grenv i l l e  Front . The upper intercept age 

of e a . 1 4 5 0  Ma is apparent ly the age of  a granu l ite grade metamorph ic 

event in the parautochthon o f  the southwe stern Grenv i l l e  Province . The 

s ingle d i s cordia between the upper and lower intercept which f it s  a l l  

dat a  suggest s that n o  s igni f icant thermal episode occurred i n  t h i s  

region in t h e  intervening 4 5 0  Ma . Because t it an ite resu l t s  are from the 

GFT Z , this  region wi l l  be addres sed be fore the forel and resu l t s  are 

d i s cu s sed . 

5 . 2 . 1  Grenv i l l e  Front Tectonic Zone 

The var iab i l ity of  the 40Ar /39Ar dates from the GFTZ pre sented in 

Chapters 3 and 4 c learly demonstrates the import ance of dat ing mu lt iple 

s amp l e s  in a sma l l  area when studying a region o f  complex met amorphic 

and structural hi story . Only a few samples in t h i s  study have provided 

unequ ivocal , eas i ly interpreted spectra . Howevever ,  most s amp l e s  dated 

provide some informat ion about Grenv i l l ian or ear l ier event s when 

interpreted in l ight of a l l  avai l able data , from several phases  in the 

s ame s ample or from nearby outcrops . The resu l t s  wi l l  be d i s cu s sed in 

these grouping s , st art ing with s amples nearest the Grenv i l l e  Front and 

moving eastward into the GFTZ . 

Grenville Front to Mill Lake 

Hornb lende from a thin , mylonit ic amph ibo l ite dike l et on the 

Grenv i l le Front Boundary Fau lt ( " the Front " ) f a i led to y i e l d  a u seab l e  

age , becau se o f  contaminat ion o f  t h e  separate despite care f u l  picking . 

Although the age spectrum i s  extreme ly complex , the total  gas age o f  the 

s ample i s  1 4 1 7  Ma , which seems a reasonab l e  age for coo l ing f o l lowing a 

h igh-temperature 1 4 5 0  Ma event . It i s  tempt ing to interpret the complex 

spectrum as a result of  re-distr ibut ion of Ar , without l o s s or gain , due 

to  sub sequent deformat ion on the Grenv i l l e  Front ( e . g .  Maluski , 1 9 7 8 ) . 

The d i f ference in apparent ver sus measured Ca/K rat ios c learly 

demonstrates that a higher-K phase , probab ly b iotite , i s  contr ibut ing 

s igni f icant ly to the gas obtained from the s ample . Thu s the total  gas 

age i s  at best some average of  hornb lende and b iot ite age s , and given 

t he propens ity of b iot ite to contain exces s  Ar , may not represent a 

mixture o f  cool ing ages , but rather , a meaning l e s s  number . T h i s  s ample 

s hows the value o f  calculat ing apparent compos it ional data f rom the 

i s otope rat io s  and comparing it to electron microprobe data i n  order to 

a s s e s s  s ample pur ity . 

S ample GF- 3 2 H  i s  from a hornblende-bear ing quart zofeldspathic 
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gne i s s ,  about 1 . 5  kilometres into the GFTZ . I t  has no pl ateau but 

y i e l d s  a fairly f l at spectrum with a near-plateau age of 1 2 1 5  ± 18 Ma . 

A t it an ite fract ion dated from the same rock gave a 9 . 7 % d i scordant 

po i nt on the 1 4 4 6  - 9 8 5  Ma dis cordia . Titanite is general ly cons idered 

to  have a higher c losure temperature than hornbl ende ( 5 00 ° C  or more 

ver s u s  4 5 0  ± 5 0 ° C  for metamorphic hornblende ) ,  meaning that dur ing 

cool ing it c lo s e s  to d i f fu s ive l o s s  of  radiogenic Pb before hornb lende 

c lo s e s  to l o s s  of radiogenic Ar . However ,  the systemat i c s  of U-Pb in 

t it anite and K-Ar in hornblende are much l e s s  we l l  understood for 

increas ing t emperature , as des c r ibed above . T it an ite and hornblende in 

t he s ame rock exper ienc ing the s ame temperature increase may t hu s  

re spond qu ite d i f ferent ly . Also , there i s  some evidence t hat in t h i s  

s ample , part ial  resett ing o f  t itanite may have been f ac i l it ated by 

strain accompanying the thermal event at e a . 9 8 5  Ma . 

The 1 2 1 5  Ma date obtained for GF- 3 2 H  hornb lende may t here fore 

represent very s low coo l ing f o l l owing the 1 4 4 6  Ma event with no e f fect s 

f rom the 9 8 5  Ma epi sode . Alternat ively , it may be a result o f  an event 

not recorded in t itanite , such as  intru s ion of the Sudbury dike swarm at 

1 2 3 8  Ma ( Krogh et al . ,  1 9 8 7 ) . The out crop from which s amp l e  GF-3 2  was 

t aken is not near any known Sudbury dike so therma l e f fect s from 

intru s ion of a dike are unlikely . However , intru s ion of t he dike swarm 

cou ld a l s o  have c au sed , or been the result o f , a regional upl i ft event 

whi c h  induced exhumat ion and cool ing through t he c losure t emperature for 

hornb lende , having pas s ed through the temperature for U-Pb t it anite 

c lo sure 2 40 Ma be fore . Litt le other evidence i s  avai l ab l e  f rom dat a  

obt a ined in t h i s  study to support this  theory ( except ing C I - 3 7H , 

d i s cu s s ion to f o l l ow ) , but several K-Ar dates on b iot ite and mu s c ov ite 

in t he Ki l l arney Complex about 5 to 10 kilometres we st yield cons i stent 

values o f  1 180  to 1 19 0  Ma ( ±  4 0  Ma ) ( Wanl e s s  et al . ,  1 9 7 4 ; Lowdon et 

a l . ,  1 9 6 3 ) . 20 t o  35 kilometres farther northeast in the Southern 

Province , the only other two K-Ar mu scovit e s  dated from north of the 

Grenv i l le Front i n  this region give age s o f  1 2 2 4  ±45 Ma ( 2 a )  and 1 2 2 4  ± 

4 0  Ma ( 2 a )  ( Wanl e s s  et al . , 1 9 7 4 ; ages rec a l c u l ated u s ing t he dec ay 

constant s  o f  Ste iger and Jager ( 1 9 7 7 ) by Anderson ( 1 9 8 8 ) ) .  The mutual 

c on s i stency o f  these dates at about 1200 Ma sugge s t s  they may represent 

a real event . As c losure temperatures of  micas are genera l ly lower than 

those for hornb lende , these dates might demonstrate further coo l ing of 

t he who le area . 

The 1 2 1 5  Ma date for GF- 3 2 H  cou ld a l s o  indicate the presence o f  

exc e s s  Ar , but as  i t  doe s not exceed the age o f  t it anite , t h i s  c annot be 

confirmed . 

G iven the evidence of  part ial resett ing o f  t itanite at about 9 8 5  



9 8  

Ma , t he best interpret at ion o f  the 12 1 5  M a  date i s  that i t  repre sent s 

part ial  resett ing o f  the K-Ar system in hornb lende dur ing t he s ame 

event . The re l at ive f l atne s s  of the age spectrum may be a result o f  

homogeni zat ion o f  isotopes due t o  sample breakdown during in vacuo 

heat ing ( Maboko et al . ,  1 9 9 0 ; Lee et al . , 1 9 9 1 ) ,  e l iminat ing any 40Ar 

gradient s induced by part ial resett ing . The l atter interpret at ion 

prec ludes use of t h i s  date in a T-t hi story of the area as  it does not 

represent the true age of  any event or of  cool ing . However ,  some 

specu l at ion i s  po s s ible u s ing t he Zeit ler ( 1 9 8 9 ) " ru l e  of t humb " . 

Temperatures dur ing the therma l event at ea . 9 8 5  Ma cou ld have reached 

but not exceeded hornb lende c l o sure for l e s s  than ten mi l l ion year s , 

without complete resett ing , or about 5 0 ° C  higher for one mi l l ion year s . 

The durat ion o f  t he thermal episode is  uncertain but as suming a max imum 

Tc for hornb lende o f  5 0 0 ° C ,  max imum temperatures o f  5 5 0 ° C  are imp l i c ated 

for the event , a s suming it l a sted 1 Ma or more . The sma l l  degree o f  

resett ing o f  t h e  t itanite sugge st s that t h i s  value cou l d  be even lower , 

but cou ld not be l e s s  than 5 0 0 ° C  without leaving the t itanite 

undi sturbed . Strain cou ld also have fac i l itated resett ing in the 

hornb lende ( e . g .  De smons et al . ,  1 9 8 2 ; Deut s c h  and Ste iger , 1 9 8 5 ) ,  as  it 

may have done for t itanite . 

A K- feldspar was also  dated from this  s ample . GF- 3 2 K  yielded a 

regu larly stepping age spectrum which had a mode l led peak age o f  about 

1 0 1 0  Ma , corresponding to a minimum Tc of 2 3 2  ± 1 4 ° C .  Error c annot be 

mathemat ical ly c a l c u l ated for a mode l but cons ider ing t he error in J­

value only , o f  ± 2 %  ( 2 a )  for t h i s  sample , a minimum error of ± 2 0  Ma can 

be a s s igned to the model age , wh ich is  of course based on the step­

heat ing data . The 1 0 1 0  ± 2 0  Ma peak age i s  then cons istent ( at about 9 9 0  

Ma ) with the 9 8 5  +2 1 / -2 0  M a  age of  part ial resett ing o f  t it anite , 

implying that the K- feldspar in this  sample cou l d  have been completely 

reset at the s ame t ime . Evidence to fol low demonstrates that f arther 

east along the tran sect , cool ing to a s imilar temperature r ange occurred 

s l ight ly l ater ; t h i s  sugge sts  diachronou s coo l ing in the two part s o f  

t h e  transect . Alternat ively , t h i s  K- feldspar cou l d  cont a i n  exc e s s  Ar . 

The pre ferred interpretat ion i s  that this  i s  a real coo l ing age , part ly 

becau s e  the spectrum has a 9 9 5  ( ± 2 0  Ma ) me lt ing step . The mode l age i s  

1 0 1 0  ± 2 0  Ma ma inly because of  the e f fect of  apparent ly o lder gas 

obta ined after melt ing , for which Ar systemat i c s  are not under stood . 

A s s uming the age i s  a cool ing age , the virtual ly ident ical  peak age o f  

t h e  feldspar and the t itanite lower intercept impl ies rapid coo l ing , i n  

agreement with t he interpretat ion of  the t it an ite d i s cordia d i s cu s sed in 

Chapter 2 .  Coo l ing mu st have s lowed soon afterwards ,  as  the s ample did 

not coo l be low about 1 7 0 ° C  before 865 Ma . 
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S ample C I - 3 7H was obt ained from a thin , i soc l ina l l y  folded 

amph ibo l ite unit from about 3 kilometres east o f  the " Front " . T h i s  unit 

i s  one o f  a series o f  very thin , dike- l ike unit s which are abundant 

a l ong Co l l in s  I n l et ( Burke , 1 9 9 1 ) and i s  probab ly compo s it ional ly 

equ ivalent to GF- 2 H  which was taken from a s im i l ar unit . I n  t h i s  are a , 

these met ab a s i c  rocks have the mineral a s s emb l age hornb l ende -

p l agioc lase - b iot ite - quart z ,  indicat ive o f  midd l e  amphibo l ite grade 

met amorphi sm ( o f uncert ain age ) . The separate yields a f a i r l y  f l at 

spectrum , but as  for GF-2H , Ca/K rat io analy s i s  indicat e s  contr ibut ion 

of gas from a h igher K and/or lower Ca phase . The d i s c repancy in Ca/K 

rat ios i s  sma l l  in this  sample , suggest ing that the cont r ibut ion is  

re l at ively minor . The best date for the s ample i s  about 1 2 1 3  Ma , in 

c lo s e  agreement with the date o f  1 2 1 5  Ma obta ined for GF- 3 2 H . This  may 

further support the argument of an event at about t h i s  t ime not recorded 

in t it an ite , pos s ibly s l ight exhumat ion and cool ing fol lowing Sudbury 

d i ke int ru s ion . Unfortunately , no further evidence i s  avai l ab l e  to  test 

this hypothe s i s , and the evidence presented here i s  at best tenuou s . 

G iven t he lack o f  further dat a ,  the interpret at ion that t h i s  too i s  a 

part ia l ly reset hornb lende , which has undergone isotope homogeni z at ion 

to  e l iminate age gradient s ,  mu st be pre ferred , and again no T-t po int 

a s s igned . 

A K- feldspar , GF- 2 0 K ,  was dated from a nearby out crop o f  granit i c  

gne i s s ,  about 2 5 0 metres acro s s  Co l l ins I nlet from C I - 3 7 H . A mode l peak 

age of 1 0 8 0  Ma is obt ained for the s ample , to de scr ibe gas released 

above the me lt ing temperature . G iven the evidence presented so far that 

there was a thermal event at e a . 9 9 0  - 9 8 5  Ma , the age spectrum for t h i s  

s ampl e  may be t he complex result of  subst ant ial  but not comp lete 

resett ing . However , temperatures in this area mu st have reached 5 0 0 ° C  

o r  more , wh ich for a l l  K- feldspar s known t o  date ( Harr i son , 1 9 9 0 ) wou ld 

be  su f f ic ient to fu l ly reset the K-Ar system . There fore it mu st be 

a s sumed t hat the K- feldspar contains exce s s  Ar . According t o  e ither 

interpret at ion , t he T-t po int s calculated by mode l l ing are meaningles s . 

T it anite was a l so dated from this  s ample and produced a 5 . 7 % 

d i s cordant po int on the discordia , the least d i s cordant o f  a l l  t it anite 

dated in this study , despite be ing from about 1 . 5  kilometres furt her 

into the GFTZ than GF-3 2 . A pos s ible interpretat ion , as  noted in 

sect ion 2 . 3  ( D i s cu s s ion of  T it anite Re sult s ) , is that GF- 3 2  has 

u ndergone more strain due to it s prox imity to the Grenv i l l e  Front 

Boundary Fault , and its t it anite i s  there fore more suscept ib l e  to 

d i f f u s ive loss o f  lead than in GF-2 0 .  

No further hornb lende was dated in the next 6 . 5  kilometres o f  

perpendicu l ar d i s t ance from the Front . Two K- fe ldspar s f rom granit ic 



gne i s se s  were dated in this stretch and g ive resu l t s  wh ich provide 

l imited informat ion about post -Grenv i l l ian cool ing and other event s . 

1 0 0  

T h e  f irst , GF- 1 9 K ,  w a s  strongly a f f ected b y  gas l o s s  due t o  intru s ion o f  

a Grenv i l le dike along Co l l ins I nlet . Thi s  and other s amp l e s  provide a 

re-de f init ion o f  t he age o f  these dikes as  5 9 8  ± 6  Ma , previou s ly thought 

to be about 5 7 5  Ma ( Fahr ig and West , 1 9 8 6 ) . Becau se GF- 1 9 K  s u f fered 

cons iderab l e  gas l o s s  at this t ime , it i s  uncert ain whether it s peak age 

of 888 Ma is a cool ing age or a result o f  part ial  resett ing during the 

Grenv i l le and/or the dike intru s ion episode . Also , it was only heated 

to  1 1 5 0 ° C  dur ing step-heat ing , pos s ibly inadequate to fu l ly outgas it . 

B iotite from t h i s  rock ( GF-19B ) yielded meaning l e s s  resu l t s  due t o  

exc e s s  Ar . 

The second s ample , GF- 18K , gave somewhat equ ivoc a l  re s u l t s  becau s e  

o f  an unu s u a l l y  shaped age spectrum and pos s ib l e  f a i lure t o  fu l ly outgas 

the s ample . However resu lt s are adequate to attempt mode l l ing and 

y i e lded two approx imate point s on the post -Grenv i l l ian cool ing curve . 

The age o f  the o ldest step i s  9 1 8  Ma , implying complete resett ing o f  t he 

s ampl e  dur ing t he e a . 9 9 0  - 9 8 5  Ma event . This  age may be a minimum 

s ince there i s  evidence that o l der gas may have been left in the s ample 

dur ing step-heat ing . Mode l l ing of  the age spect rum further j u st i f ie s  

t h i s  interpretat ion , which c auses  uncertainty in t h e  T - t  po int s 

obt ained . Coo l ing through a c l o sure temperature o f  about 2 8 5  ± 4 4 ° C  at 

9 2 0  Ma or ear l ier c an be inferred from the dat a ;  subsequent cool ing to 

a s  l ow a s  1 5 0 ° C  by 850 Ma f o l l owed . This i s  in c lose agreement with 

data f rom GF- 3 2 K ,  which de f ined cool ing to as low as  1 7 0 ° C  by 865 Ma . 

Summari z ing a l l  data avai l able for t h i s  sect ion o f  Co l l in s  I nlet 

( Grenv i l l e  Front to Mill Lake ) , at about 985 +2 1 / - 2 0  Ma the area 

underwent a temperature increase which resulted in var i ab l e  resett ing of 

d i f ferent isotopic systems . Based on hornb lende 40Ar /39Ar dat a ,  

t emperature s did not exceed about 5 5 0 ° C  but mu st have reached 5 0 0 ° C  for 

a brief t ime in order to part i a l ly reset t it anite . Strain on  the 

Grenv i l le Front may have accompanied this thermal event , f ac i l it at ing 

resett ing of i s otopic systems in nearby rocks . Extreme ly rapid coo l ing 

f o l lowed unt i l  9 9 0  Ma or l ater . Subsequent cool ing mu st have s lowed 

drast i c a l ly as t he area was st i l l  at 1 5 0  - 1 7 0 ° C  or more at 8 5 0  - 8 6 5  

Ma . 

Mill Lake 

The next set of dat a comes from samples t aken on the shores and 

i s l ands of M i l l  Lake . This sect ion of  the transect is  under l a in by 

inter l ayered met asediment s and metabasites , prov iding the best 

opportunity to a s s e s s  met amorphic grade along the transect . Assemb l ages 
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o f  garnet - s i l l imanite - K- fe ldspar - pl agioc lase - quart z i n  

met ape l ites  and garnet - orthopyroxene - plagioc lase - quart z - Fe-Ti 

oxides - ( hornb lende ) in some met abasites demonstrate that these rocks 

have been met amorpho sed at granu l ite grade . Hornb lende r ims 

orthopyroxene , indicat ing subsequent retrogre s s ion . Not all met abas ites 

cont a i n  orthopyroxene or garnet ; whether this i s  due to d i f ferences in 

bu l k  compo s it ion or to complete retrogre s s ion i s  not c lear . However , 

southeast o f  t h i s  area unit s are migmat it ic in places ( Davidson and 

Bethune , 1 9 88 ) , suggesting that east of  Mi l l  Lake met amorphi c  grade i s  

h igher than t h e  middle amphibol ite facies des c ribed b y  t h e  met abas ites 

we st o f  Mill Lake . Al l rocks in Mi l l  Lake have undergone substant i a l  

strain , demonstrated b y  quart z r ibbons in pe l ites and e l ongat e , 

f ractured garnet in amphibo l ite . The t imes of  met amorphi sm and strain 

are uncertain . 

D ated s amples from the area yield complex re sult s . A b iot ite ( GF-

7 B ) separated from a met ape l it i c  outcrop on an i s l and in the l ake 

y i e lded a fairly f l at spectrum but shows evidence of s l ight alterat ion 

to chlorite . K- f e ldspar from the s ame sample ( GF - 7 K ) cou ld not be 

mode l led but gave peak ages in the range o f  1 0 4 5  Ma ( ex c luding 

contr ibut ion from ser i c ite ) .  The max imum age s o f  both these miner a l s  

a r e  not unreasonable given the t iming of  event s occurring in t he nearby 

Br itt domain of t he interior Grenv i l le Prov ince . However ,  t he K­

f e ldspar was heated dur ing analys is  only to 1 1 5 0 ° C  with no repeat steps , 

and may have contained o lder gas yet , as do other s amples heated above 

1 1 5 0 ° C  in t h i s  study . Also , there is abundant evidence already 

presented that even c loser to t he Grenv i l l e  Front , temperatures reached 

between 5 0 0 ° C  and 5 5 0 ° C  dur ing the thermal event at e a . 9 9 0  - 9 8 5  Ma , 

and that the intens ity of  this  event increased to the southeast . Both 

K- f e l d spar and b iot ite wou ld have suf fered complete l o s s  o f  Ar under 

these condit ions , making the two s amples su spect o f  having incorporated 

exc e s s  Ar . They therefore c annot be u sed to de f ine T-t po int s to 

constrain the coo l ing hi story o f  the area . 

Two hornb lende samples were dated from an out crop southeast o f  GF-

7 .  The s amples  were taken about 7 metres apart in the s ame boudinaged 

amphibol ite unit . A bu lk s ample ( GF-8H ) of about 300 m i l l igrams dated 

on t he MS- 1 0  system gave a c l a s s ic U-shaped exc e s s  Ar spectrum , de f ining 

a max imum age o f  1 1 1 1  Ma . A 1 . 9  mi l l igram separate ( T Z - 1 9 H ) dated on 

t he VG3 600  system yielded a poor ly understood concave downward age 

spectrum . This may be due to exper imental art i f act s ,  or an unrecogni zed 

geo logical  expl anat ion such as very late strain . However , a l l  apparent 

age s are too young for the s ample to contain exce s s  Ar . Neither o f  

t h e s e  resu l t s  provide much informat ion o n  the Grenv i l l ian h i story o f  the 
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a r e a  except to show that i t  w a s  a f fected more b y  reheat ing a t  some po int 

l ater t han 1 4 5 0  Ma than were hornbl endes nearer the Front , s ince it s 

max imum age is 1 1 1 1  Ma . Neverthele s s ,  they demonstrate t hat exc e s s  Ar 

i s  not neces sar i ly a ubiqu itou s  phenomenon even on the s c a l e  of a s ingle 

out crop , and mu st there fore be proven before it i s  used a s  an 

expl anat ion for unexpected resu lt s . 

B iotite dated from the same s ample as  the hornb lende with exces s  

argon yie lded a plateau age o f  9 5 4  ± 7 Ma , which i s  geo log i c a l l y  

reasonab l e , and h a s  c lear ly been completely reset . D u e  to t he 

propens ity o f  b iot ite to contain exc e s s  Ar , t h i s  age must be cons idered 

a max imum ; evidence to fol low sugge s t s  it i s  probab ly a val id cool ing 

age . B iot ite c l o sure temperatures are generally accepted to  be in the 

r ange o f  300 ± 5 0 ° C ,  depending on cool ing rate s . For probab l e  cool ing 

r at e s  at 3 0  Ma after the therma l event of  1 0 ° C /Ma or les s , the actual 

c lo sure temperature for b iot ite in this transect i s  probab ly at the low 

end o f  t he est imated range , l e s s  than 30 0 ° C .  

I n  summary , most data avai l ab l e  from the group o f  s amp l e s  i n  Mi l l  

Lake are sub j ect t o  problems o f  exc e s s  Ar . This  may be a result o f  the 

high strain state o f  the rocks in t h i s  area , which may have f ac i l itated 

movement of f lu id s , inc luding 40Ar , from deeper crustal leve l s  dur ing 

t he e a . 9 9 0  Ma t hermal event . The b iotite GF-8B , however , provide s a T­

t point on the coo l ing curve which helps constrain the K- f e l dspar 

result s in nearby sample s . 

Mil l  Lake to Beaverstone Bay 

The remaining part of the transect east of Mi l l  Lake gave 

c on s i stent resu l t s  for a l l  phas e s  dated and wi l l  be cons idered t ogether 

here . Three hornblende separates from d i f ferent rock types yielded 

mutual ly con s istent ages of  9 88 . 0  ± 1 4  Ma , 9 8 7 . 7  ± 1 5 . 4  Ma , and 9 7 9 ± 8  Ma 

( CI - 1 9H , GF- 3 4H , and GF- 3 5H ,  respect ively ; 2 o  errors ) .  Thes e  ages are 

indist ingu i shab le from the 9 8 5  +2 1 / - 2 0  Ma age of the t it anite lower 

intercept , demonstrat ing that in this  part of the GFTZ , the t hermal 

epi sode c au s ing part ial re sett ing o f  t itan ite succeeded in c ompletely 

resett ing hornb lende . Hornb lende c losure temperatures were probab ly 

about 450 ± 5 0 ° C ,  so temperatures o f  resett ing mu st have reached we l l  

above 5 0 0 ° C  i n  t h i s  area . The virtually ident ical  age o f  the t it anite 

l ower intercept and hornb lende , as we l l  as further evidence ava i l ab l e  

f rom f e l d spar s and from other studie s , sugges t s  that t h i s  epi s ode may 

have been brie f , requ ir ing overstepping of c l osure temperatures in order 

to  acce lerate resett ing ; i f  t h i s  is the case , temperatures may have been 

a s  h igh as  600 - 6 5 0 ° . It i s  unl ikely that temperatures reached higher 

t han t h i s  becau se i f  so , t itanite wou ld have been ful ly reset . The 
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pos s ib l e  T-range o f  t h i s  event , o f  5 0 0  - 6 5 0 ° C ,  i s  not hot enough to  

have produced the granu l ite grade metamorphic a s s emb l age s preserved in 

the rocks in Mi l l  Lake ; however , it could have induced retrogre s s ion o f  

orthopyroxene to hornb lende . The f irst met amorphic episode recorded i n  

t h e  rock mu st therefore pre-date the 9 9 0  M a  t herma l event . L i kewi se , 

max imum temperatures o f  600 - 6 5 0 ° C  probab ly wou ld not c au s e  generat ion 

of migmat it ic me lt s in the gne i s se s  east o f  M i l l  Lake ( Turner , 1 9 8 1 ) , 

sugge st ing that t h i s  met amorphi c  event a l s o  pre-dates  the 9 9 0  Ma event . 

The cont inuou s d i scordia between 1 4 4 6  Ma and 9 8 5  Ma in t itanites acro s s  

t h i s  t ransect s hows that no other metamorphi sm a t  temperatures h igher 

t han about 5 0 0 ° C  cou ld have occurred in the intervening 4 6 0  Ma . The 

granu l ite grade metamorphi sm mu st be 1 4 5 0  Ma or o lder . 

A b iot ite f rom sample GF- 3 5  ( GF-3 58 ) yields  a near ly concordant 

spectrum . The age spectrum c learly g ives exc e s s ive ages s ince they 

exceed the cons istent hornb lende age s by about 2 5 0  Ma . E it her 

incorporat ion o f  exc e s s  Ar or loss of  K may be respon s ib l e  for t h i s . 

Three K- f e l d spars were dated from t h i s  area , one in dup l i c ate . 

The f irst ( CI - 2 0K )  i s  from an outcrop 300  metres acro s s  Co l l in s  I nlet 

from the outcrop where hornblende and t it anite in s ample C I - 1 9  were 

obt ained . I t  has a re l at ive ly f l at age spectrum l ike GF- 1 8 K  and may not 

have been f u l l y  outgas sed dur ing the step-heat ing exper iment s ince it 

was heated to a max imum of 1 1 5 0 ° C .  Max imum age s of steps were about 9 0 0  

Ma , a n d  may have been s l ight ly h igher i n  t h e  remaining ( unt apped ) gas , 

a s  i s  t he norma l pattern of feldspar s heated with a s imi l ar s c hedu l e . 

The s ampl e  was c learly ent irely re set by the 9 9 0  Ma thermal event , and 

cooled through a poor ly def ined mode l led temperature of 2 6 1  ± 3 4 ° C  at 

about 9 1 0 Ma or earl ier . The lower temperature part of the spectrum 

yie l ded better constrained T-t po int s implying cool ing to 1 7 0 ° C  by 9 0 0  

Ma , a n d  to 1 0 1 ° C  by 7 2 5  Ma . 

Two K- f e l d spar separates  were obtained f rom s ample GF-3 5 ,  in  which 

t it an ite , hornb l e nde , and b iot ite were a l s o  dated . They were picked 

independent ly and dated on two d i f ferent systems fol lowing d i f ferent 

heat ing s c hedu l e s  ( see Appendix C ) . The spectra obt ained are 

d i s s imi l ar , an expl ainable re sult as  addre s sed in Sect ion 4 . 3  

( D i s cu s s ion o f  K- fe ldspar Re s u l t s  and Mode l s ) . Both s amp l e s  have 

evidence o f  g a s  o f  max imum age o f  9 7 9  ± 1 0  Ma , ind i c at ing t hat the s ample 

was f u l ly reset by the 9 9 0  Ma  event . The virtua l l y  ident i c a l  age o f  the 

K- f e ldspar , hornb lende , and t it anite lower intercept in t h i s  one rock 

s ampl e  ( GF- 3 5 ) suggests  extreme ly rapid cool ing to their c lo sure 

t emperatures f o l l owing heat ing . Ne ither K- f e ldspar a l iquot was 

mode l led , so their c losure temperature i s  uncertain , but work by others 

on mode l l ing K- fe ldspar u s ing the mu lt iple d i f f u s ion doma in t heory has 
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yielded max imum temperature s on the order o f  4 0 0 ° C  f o r  extreme cool ing 

rat e s  o f  2 0 0 ° C/Ma ( Foster et al . ,  1 9 9 0 ) . This is the max imum pos s ib l e  

Tc for t h e s e  s amples . A minimum Tc of  2 5 0 ° C  i s  impl ied by mode l l ing o f  

C I - 2 0K ,  and i f  b iot ite in Mi l l  Lake i s  cons idered , Tc mu st be above 

2 5 0 ° C .  A range o f  3 0 0  ± 5 0 ° C  i s  a s s igned to the GF- 3 5 K  peak age , for 

coo l ing rates observed here . 

A f inal K- feldspar from s l ight ly east o f  GF- 3 5  has a max imum 

( me l t ing ) step age of 1038  Ma . Even cons ider ing error s , t h i s  age is too 

old to be con s i stent with all other data from the area . Part ial  

resett ing i s  not a reasonable explanat ion s ince several con s i stent 

hornb lende dat e s  demonstrate that temperatures reached in t h i s  area at 

9 9 0  Ma mu st have exceeded 5 00 ° C ,  high enough to reset any K- f e l d spar 

regard l e s s  o f  structural state . The only rat ional expl anat ion for t h i s  

s ample i s  that i t  contains exces s  Ar . 

U s ing a l l  dat a  avai l ab l e  from this sect ion o f  the transect , east 

o f  Mi l l  Lake , the f o l l owing conc lus ions can be reached . The thermal 

event at about 9 9 0  - 9 8 5  Ma was of  su f f ic ient intens ity to fu l ly reset 

the K-Ar system in amphibo le but only af fected t itanite in part . 

Temperature s mu st there fore have exceeded 5 0 0 ° C  by a subst ant ial  amount , 

but were probab ly no higher than 6 5 0 ° C .  Based on t h i s  we l l -constrained 

temperature range , the part ial me lt ing and granu l ite-grade met amorphi sm 

whi c h  a f fected the rocks as far west as Mi l l  Lake mu st be 1 4 4 6  Ma i n  age 

or o l der . After the thermal event at ea . 9 9 0  Ma , coo l ing oc curred very 

qu i ckly s ince i n it ial c losure of largest domains in K- feldspar , at T ' s  

between 2 5 0 and 3 5 0 ° C ,  happened within 5 - 1 0  m . y .  o f  c lo sure in 

hornb lende ; hornb lende dates coo l ing through e a . 4 5 0 ° C  at a t ime 

ind i st ingu i s hab l e  from f inal c losure in t itanite . 

5 . 2 . 2  Grenv i l l e  Fore l and 

Having constrained the thermal history of the GFTZ near the Front , 

the fore l and resu l t s  can now be better interpreted . 

An amphibol e  s ample ( GF-44H ) from 1 1  kilometres northwe st o f  the 

Front ( as ident i f ied by Davidson , 1 9 8 6 ) yields comp l i c ated resu lt s which 

r e f lect contaminat ion of  the sample with secondary phases and/ or 

mob i l ity o f  pot as s ium . The sample i s  from an amphibo l ite pod wh ich may 

be equ ivalent to 2 2 2 0  Ma Nipi s s ing diabase ( Card , 1 9 7 8 ; Frarey , 1 9 8 5 ) . 

I f  so , this  pod , which is  adj acent to the northern margin o f  the 

Ki l l arney granite , has suf fered contact metamorphi sm at 1 7 40 Ma in 

addit ion to greenschist to amphibo l ite grade met amorphism dur ing the 

Penokean Orogeny at about 1 8 9 0  - 1 8 3 0  Ma ( B ickford et al . , 1 9 8 6 ) . A 

c omp l i c ated mineralogy and disturbed amphibo le age spectrum are probab ly 

the result o f  these mu ltiple , relat ively low temperature event s . Any 
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subsequent Grenv i l l ian heat ing caus ing complete o r  part ial  resett ing o f  

t h e  K-Ar system c annot b e  ru led out u s ing the spectrum o f  t h i s  

individual s amp l e . However , g iven the fact that Grenv i l l ian 

met amorphi sm f a i led to reset t itanite or to completely reset hornb lende 

in the GFTZ , approx imately 12 kilometres away perpendicu l ar to the 

Front , su f f ic ient heat ing o f  this area to reset amphibo le i s  u n l i kely . 

Other evidence f rom lower c lo sure temperature systems conf irms t h i s . 

The two K- feldspar samples ( GF-42K,  GF- 6 2 K ) from northwe st o f  the 

Front a l so g ive equ ivocal resu l t s  because of the f a i lure to  f u l l y  outgas 

the s amples . Minimum ages o f  8 8 6  Ma and 9 0 0  Ma imply that f inal c l o sure 

t o  Ar cou l d  have occurred sub sequent to the e a . 1 0 0 0  Ma Grenv i l l e  

orogeny , but whether t h i s  represent s  cool ing fol lowing a t hermal episode 

or s imply s low cool ing due to f inal eros ional unroof ing c annot be 

resolved by t h i s  data . 

However , the K-Ar mu scovite dates o f  1 1 8 0  - 1 1 9 0  Ma obtained by 

Wan l e s s  et al . ( 1 9 7 4 ) , descr ibed in sect ion 5 . 2 . 1  ( GFTZ ) ,  are from 

locat ions relat ive ly c lose to the two K- feldspar s , about 5 to 1 0  

k i l ometres northwest of  the Boundary fau lt . Although these K-Ar dates 

may di sgu i se very compl icated thermal historie s , the fact t hat they are 

o lder than 9 9 0  Ma demonstrates that they were not fu l ly reset at this  

t ime and that temperatures in this  area cou ld not have exceeded about 

3 5 0 ° C  s ince about 1 180 Ma . For mu scovite , exc e s s  Ar i s  a rare prob lem 

( Parr i s h  and Roddick , 1983 ; Anderson , 1988 ; McDougal l  and Harr ison , 

1 9 8 8 ; Cu l shaw et a l . ,  in pres s ) .  The mutual con s i stency o f  the ages 

f rom d i f ferent locat ions strengthens the argument that the s e  dates  are , 

at worst , part i a l ly reset , and may pos s ibly represent age s o f  cool ing or 

of growth o f  mu s covite . 

The poor qual ity o f  data obtained in this  study for the Grenv i l l e  

fore l and prec ludes determinat ion o f  it s low-temperature thermal h i story 

dur ing the Grenv i l le event . Clearly , more work mu st be conducted in 

this area before que st ions related to the pos s ible ex i stence o f  a 

forel and bas in can be resolved . 

5 . 2 . 3  Summary o f  Results 

The two extreme ends o f  the GFTZ part o f  the transect , near the 

Grenv i l le Front , and east o f  M i l l  Lake , have prov ided the mo st useful  T­

t informat ion o f  the study . Both areas demonstrate part ial resett ing o f  

t itanite a t  9 8 5  + 2 1 / - 2 0  Ma , which suggests that temperatures exceeded 

5 0 0 ° C  for a s hort t ime . Near the Front , however , hornb lende has been 

only part ial ly re set , in contrast with the eastern end of the transect 

where hornb lendes record post - 990 Ma coo l ing . This  imp l ie s  that 

t emperatures were not more than 5 5 0 ° C  near the Front . E a st o f  t h i s , 
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t emperatures may have reached 6 5 0 ° C  for a b r i e f  t ime without resett ing 

t it an ite , and were de f initely we l l  above the complete " opening " 

t emperature for hornb lende , probab ly of  5 0 0  - 600 ° C  depending on 

durat ion o f  heat ing . The higher temperatures reached in the eastern 

part o f  the transect , as pred icted by the t itanite d i s cordance array , 

are therefore con f i rmed and addit ional ly constrained by hornbl ende data . 

The higher temperature thermal hi story o f  the midd l e  part o f  the 

transect i s  not so we l l  constrained , part ly becau s e  o f  the ab sence o f  

hornb lende s amples  over much o f  Co l l ins I nlet , and part ly because o f  

exc e s s  argon and other ( exper imental ? ) prob lems . However , t itanites 

f rom this segment ( GF-18 , GF- 1 9 ) fall along the d i s cordia midway between 

those from the two ends of  the transect , thereby implying temperatures 

midway between the two end ranges o f  500  - 5 5 0 ° C  and 500 - 6 5 0 ° C .  

K- feldspars from each end o f  the transect have been f u l ly reset by 

the thermal event , and cert ain s amples pre serve a record of very rapid 

cool ing fol lowing this event . Near the Front , a " l arge domai n " model 

cool ing age o f  1 0 1 0  ± 2 0  Ma impl ies cool ing through a minimum Tc o f  2 3 2  

± 1 4 ° C  ( cou ld b e  u p  t o  3 0 ° C  higher ) by no l ater than about 9 9 0  Ma , 

sugge s t ing that the ea . 9 8 5  Ma event in t itanite i s  s l ight ly o lder , 

pos s ib l y  up to it s max imum age , within error , o f  1 0 0 6  Ma . As suming that 

in Mi l l  Lake the b iot ite age of 9 5 4  ±7 Ma which dat e s  coo l ing through no 

l ower than 2 5 0 ° C  a l so appl ies nearer the Front , the t rue c lo sure 

t emperature o f  l arge domains in GF- 3 2 K  K- feldspar mu st exceed 2 5 0 ° C .  

A l s o  as suming that the K- feldspar between t h i s  region and Mi l l  Lake 

records part of the s ame thermal hi story , the curve is rest r i cted to 

cool ing through a minimum of 2 8 5  ±44 ° C  by 9 2 0  Ma or earl ier , and to 1 5 0  

± 3 4 ° C  b y  8 2 5 Ma . The se po int s constrain the coo l ing curve o f  the 

Grenv i l le Front to Mi l l  Lake segment of  the transect qu ite we l l ,  as 

s hown in F igure 29 ( curve A ) . The max imum temperature reached in this  

area i s  u sed as  a start ing po int for  the curve . 

At the eastern end of  the transect , hornb lende and K- f e ldspar both 

record rapid cool ing after resett ing . Two hornb lende ages are 

c ompat ible with cool ing as ear ly as 1002 Ma , but a third date is better 

constrained and g ives a max imum age of  987 Ma , probab ly corre sponding to 

t emperatures in the range o f  4 5 0 ° C .  Coo l ing t o  4 0 0 ° C  or l ower by about 

9 7 9  ± 1 0  Ma is de f ined by K- feldspar , and to about 1 7 0 ° C  by 9 0 0  Ma . The 

cool ing h i story is a l so constrained by the b iotite in Mi l l  Lake , 

presuming it had a s imilar thermal hi story . The s imilar it i e s  between 

the two ends of the transect suggest this is a val id interpret at ion . 

Coo l ing to 3 0 0  ± 5 0 ° C  at 9 5 4  ± 7  Ma is  de f ined . The curve for t h i s  

segment o f  t h e  transect is  shown in Figure 2 9  ( curve B ) , again u s ing the 

max imum temperature s reached as a st art ing po int . 
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B o t h  e n d s  o f  the GFTZ segment of  the transect have very s im i l ar T­

t h i storie s , the main d i f ference being the max imum temperatures reached 

by the rocks at about 9 9 0  Ma . The 40Ar /39Ar data conf irm the rapid 

cool ing at 9 9 0  - 9 8 5  Ma which was init ial ly in ferred from the f act that 

a l l  t itanites dated had a common lower intercept . It is more d i f f icult 

to addres s  the quest ion of  the durat ion and origin of  the t hermal event . 

T h i s  i s  part ly becau s e  the relat ively imprec i s e  data in t h i s  study do 

not a l l ow c lo ser a s s e s sment of whether any real d i f ferences ex i s t  

between the age s over the approx imately 40 M a  interval which their 

errors de f ine . Addit iona l ly ,  as  Zeit ler ( 1 9 8 9 ) po inted out , degree of 

resett ing o f  an i sotopic system i s  a funct ion o f  t ime as  we l l  as  

t emperature . H i s  " rule  o f  thumb " suggest s ea . 1 0  Ma as a max imum 

durat ion of heat ing at a system ' s  c l o sure temperature ( as de f ined for 

moderate cool ing rate s ) before complete resett ing wou ld occur . However , 

a more s at i s fying argument i s  avai l able . 

At Tyson Lake , about 3 0  kilometres northeast o f  Co l l in s  I n let , a 

study o f  the progre s s ive met amorphi sm o f  1 2 3 8  Ma Sudbury d ike s in the 

GFTZ ( Bethune , 1 9 9 1 ) ,  has shown that 8 - 1 0  kilometres southeast o f  the 

Grenv i l le Front , z ircon react ion r ims overgrew pr imary badde lyite at 

about 9 8 5  Ma . Z ircon growth i s  interpreted to coinc ide with format ion 

of met amorphic coronas around plast ically de formed , rel ict p l agioc l ase 

l at h s , and i s  attr ibuted to a metamorphic event which out l a sted 

deformat ion in the dikes . Z ircon can grow below it s c lo sure temperature 

of about 7 5 0  - 8 0 0 ° C ,  and fai lure of  the region t o  reach more than e a . 

7 2 0 ° C  at t h i s  t ime i s  demonstrated by the preservat ion o f  1 4 4 5  Ma age s 

i n  monaz ite from adj acent rocks ( Bethune et al . ,  1 9 9 0 ) . Becau s e  t h i s  

z ircon dat e s  growt h ,  i t  de f ines t h e  t ime o f  peak met amorphi sm more 

c lo s e ly t han a cool ing age doe s . Errors on the 9 8 5  Ma date are as  yet 

u npub l i shed but it s co inc idence with the 9 9 0  - 9 8 5  Ma coo l ing ident i f ied 

i n  t h i s  study strongly sugges t s  they result from the s ame , s hort- l ived 

metamorphic event of temperature l e s s  than ea . 7 00 ° C .  The d i s c ordance 

array in GFT Z t it anite there fore mo st l ike ly re f lect s rapid heat ing and 

cool ing of 5 Ma or l e s s  in durat ion , as interpreted for the s im i l ar 

arrays , d i s c u s sed in Chapter I I ,  o f  Hanson et al . ( 1 9 7 1 ) and Tucker et 

a l . ( 1 9 8 7 ) . 

The coo l i ng ages obtained from 40Ar /39Ar dat ing sugge st t h i s  

metamorphi sm took place between about 9 9 0  and 9 8 5  Ma , and w a s  t hen 

f o l l owed by decreas ing cool ing rates . Us ing 9 9 0  Ma as the max imum age 

of peak temperature s , minimum cool ing rates for the eastern part of the 

transect , where the data are better constrained , are on the order o f  

1 0 ° C  / Ma , and cou ld b e  as high as 5 0 ° C  / Ma , dur ing t h i s  t ime interval . 
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Coo l ing then s lowed to about 10 ° C  / M a  unt i l  c lo sure o f  d i f f u s ion in K­

f e l d spar , then s lowed again to rates of about 2 - 6 ° C  / Ma by about 9 5 0  

Ma . The s igni f ic ance o f  these conc lus ions i s  d i s c u s sed i n  Chapter VI . 



CHAPTER VI 

TECTONI C  INTERPRETAT ION 

6 . 1  THERMAL HI STORY OF THE BRITT DOMAIN 

The tectoni c  relat ionship of  the Grenv i l le Front Tecton ic Z one to 

the orogenic inter ior i s  not yet wel l  known , because o f  a pauc ity of 

r e l i ab l e  dat e s  a s  we l l  as l imited geological mapping invo lving deta i led 

structural and metamorphic analys i s . The present study area s u f fers  

from both o f  t he s e  prob lems and therefore l acks a strong tectono­

metamorphic database to which the T-t data can be l inked . However , by 

c omparing the results  of this  study with work c arr ied out at other 

l o c at ions along the Grenv i l l e  Front and in the Britt domain to  t he 

southeast , some specu lat ions about the tectonic deve lopment o f  the GFT Z 

can be made . 

Corrigan ( 1 9 9 0 ) and Cu l shaw et al . ( in pre s s ) have e l u c idated the 

t hermal h istory o f  the Br itt domain of  the Central  Gne i s s  Belt , which i s  

the tectonic divis ion o f  the Grenv i l le province to the southeast o f  the 

GFTZ in Ontario . The area underwent metamorphi sm and de format ion at 

least once before intrus ion of gran it ic bodies at about 1 6 8 0  Ma . This  

was f o l l owed by a metamorphic episode o f  unknown age whi c h  predated 

granodiorite with an intru s ion age of  1442  Ma . The northern part of the 

Br itt domain ( near Key Harbour ; see Fig . 2 ,  inset ) underwent peak 

Grenv i l l ian metamorphi sm at ea . 1 0 3 5  Ma ( s l ight ly d i s cordant U-Pb in 

monaz ite ) .  Metamorphic condit ions at this t ime reached 7 0 0  - 8 0 0 ° C  and 

8 - 10 ki lobars ( Corr igan , 1 9 9 0 ) . U-Pb data from t itanite in t he area 

y i e l d  b imodal result s , with one group giving ages o f  9 6 3  - 9 8 0  Ma , and a 

s econd group , 1 0 0 1  - 1004 Ma . The older ages are interpreted to  

represent cool ing o f  the area through t itanite c l osure temperatures o f  

< 6 0 0 ° C ,  whi l e  t he younger are cons idered to have remained open to  Pb 

d i f fu s ion for l onger , or to represent a second generat ion of growth . 

F inal ly , U-Pb z ircon dates on a post-tectonic pegmat ite dike g ive 

pre c i s e  ages of 9 9 0  Ma , and date the t ime of emplacement of t he dike s  

into warm , duct i l e , but genera l ly stat ic crust ( Corr igan , 1 9 9 0 ) . 

Coo l ing through t he c losure temperature of  hornb lende f o l l owed at e a . 

9 64 to  9 7 4  Ma , both at Key Harbour and throughout the Britt domain to 

the south ( Cu l s haw et al . ,  in pre s s ) .  

These dat a  i l lu strate that Grenv i l l ian deformat ion and 

metamorphi sm in northern Britt domain occurred over a muc h  longer t ime 

span than the l at e  event s in the western part of the GFT Z , ident i f ied by 

t h i s  study . The pattern of t it anite dis cordance in the GFTZ rules  out 

met amorph ism at t emperatures of  �500 ° C  between about 9 9 0  Ma and 1 4 5 0  Ma . 

T h i s  means that t he event cau s ing upper amph ibo l ite grade met amorphi sm 
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at e a . 1 0 3 5  Ma at Key Harbour did not af fect rocks o f  the pre sent 

t r ansect , 3 5  kilometres northwest toward the Front . 
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Addit ional ly ,  the fact that ea . 9 9 0  M a  pegmat ite po st-dates the 

maj or de format ion in Br itt domain imp l ies that the bu lk o f  Grenv i l l ian 

t hru st-re l ated de format ion had ceased by 990 Ma . 

Coo l ing o f  the Br itt domain following these event s took muc h  

l onger than in t h e  GFTZ . Cu l shaw e t  al . ( in pre s s ) have u sed the U-Pb 

dat a of Corrigan ( 19 9 0 ) descr ibed above in conj unct ion with 40Ar /39Ar 

dat ing to der ive the coo l ing hi story shown in Fig . 3 0 . The curve 

indicates that the whole Britt domain was st i l l  at temperatures of e a . 

3 00 ° C  at 9 0 0  Ma , in  contrast with the GFTZ , which had coo l ed to � 3 0 0 ° C  

b y  a s  early a s  9 5 4  ± 7  Ma , and was at about 2 0 0 ° C  at 9 0 0  Ma . There i s  

some sugge st ion in the Cu l shaw e t  al . data that cool ing was not uniform 

over the who le area ; there appears to be a decrease in coo l ing ages 

toward the sout h ,  which i s  supported by dat a from other worke r s  in the 

more central part o f  the Grenv i l l e  Province ( Cosca  et al . ,  submitted ) .  

The shape o f  the Cu l s haw et al . coo l ing curve h inges strongly on the 

con s i stency o f  mu s covite 40Ar/39Ar age plateaux at 9 2 4  - 9 0 4  Ma to which 

t hey have a s s igned a closure temperature o f  350 ± 2 5 ° C .  T h i s  Tc may be 

too high , as  some workers have demonstrated that mu s covite can c lose as  

l ow a s  2 80 ° C  ( Snee , 1 9 8 2 ; quoted by Zeit ler , 1 9 8 9 ) and that a value o f  

3 2 0  ± 4 0 ° C  may be more appropr iate . For the northern part o f  the Br itt 

domain , max imum cool ing rates from t itanite c losure at 1 0 0 0  Ma to 

hornb lende c losure at ea . 9 7 0  Ma are 5 ° C / Ma , and for hornblende to 

mu s covite , a l s o  5 ° C / Ma , although Cu l shaw et al . predicted s l ight ly 

l ower rates of 2 - 4 ° C  for this t ime per iod . 

Unfortunate ly , no mus covite data are avai l ab l e  for the GFTZ , but 

cool ing over the temperature range of  3 5 0 ° C  to 2 5 0 ° C  is moderately wel l  

constrained by the b iot ite and K- feldspar data from this  study ; cool ing 

r at e s  dur ing the 9 9 0  - 980 Ma t ime interval were de f initely much higher 

than in Br itt domain ( minimum rates of  10 ° C  / Ma , but more probab ly up 

to  5 0 ° C  / Ma ) ,  although cool ing s lowed soon afterwards to rates  s imilar 

to  those in the Br itt . 

6 . 2  TECTONIC INTERPRETAT ION 

Because the Grenv i l l e  Front i s  one o f  only three recogni zed 

fundamental  boundar ies of the Grenv i l le Province ( Rivers et a l . ,  1 9 8 9 ) , 

underst anding it s s igni f icance i s  o f  great importance in deve loping 

tectonic mode l s  o f  the orogen . The data produced by this  study s hed 

some l ight on the problem of  the tectonic hi story of the Front and the 

adj acent GFTZ . 
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The pos it ion o f  the GFT Z t o  the northwest o f  northwe st - directed , 

thrust-dominated act ivity in the Grenv i l l e  inter ior , it s pervas ive 

northeast str iking f abr ic with southeast-dipping l ineat ion s , and it s 

granu l ite-grade met amorphic assemb lages , have o ften been c ited a s  

evidence that the area mu st have been buried under a cons iderab l e  depth 

of thrust- stacked crust dur ing the Grenv i l l e  orogeny ( Green et a l . ,  

1 9 8 8 ; D avidson and Bethune , 1 9 8 8 ) . Although the relat ionship between 

t he southeast s ide of the GFT Z and the northwe st Br itt domai n  is poor ly 

known , the s e i smic ref lect ion pro f ile GL IMPCE J acro s s  the Front , the 

GFTZ , and the Br itt domain , was interpreted to demonstrate t he presence 

of a crustal s l ice , not now exposed at surface , which was thrust over 

the GFTZ in some t ime interval before intru s ion of 1 2 3 8  Ma Sudbury 

d i ke s . After 1 2 3 8  Ma , the Br itt domain was thrust over t h i s , c au s ing a 

s e cond metamorphi sm ;  and eventual ly the whole package was thrust back up 

to shal low crustal  leve l s  dur ing Grenv i l l ian tectoni sm ,  generat ing the 

strong southeast-dipping fabr ic which de f ines the GFTZ ( Green et al . ,  

1 9 88 ) . They suggested a date o f  1 1 5 0  Ma for this  bur ial event , based on 

a U-Pb z ircon date o f  pegmat ite near the Front ( Krogh and Ward l e , 1 9 84 ) , 

and propo sed that the Front acted as a rigid buttre s s  throughout 

Grenv i l l ian tectoni sm . 

The dat a obtained in this study , combined with the resu l t s  o f  

Bethune ( 19 9 1 ) and Corr igan ( 1 9 9 0 ) , are incompat ib l e  with muc h  o f  t h i s  

interpretat ion . There is  strong evidence for a high-grade metamorphic 

event at 1445  - 1450 Ma , produc ing granul ite-grade as semb l ages within 

3 - 9 kilometres o f  the Front ; this result has been obt ained both by 

Bethune et al . ( 1 9 9 0 ) and in this study . Mylonite zones cut by Sudbury 

d ike s s how that northwest-directed thru st ing occurred along the Front 

before 1 2 3 8  Ma . Metamorphic grade in the dike s  i s  lower than in the 

country rocks they cut , which imp l ies  that the d ikes were emp laced 

across  an already upl i fted and telescoped metamorphic gradient ( Bethune 

et al . ,  1 9 9 0 ) . Tectonic fabr i c s  in the ea . 1 7 4 0  Ma Ki l l arney Compl ex 

and the e a . 1 4 7 0  Ma Bel l  Lake granite immediately northwe st o f  the Front 

have a d i f ferent or ientat ion from the uni formly northeast - st r iking , 

southeast-dipping f abric in the GFTZ ( Cl i f ford , 19 8 6 ;  D avidson , 1 9 8 6 ; 

van Breemen and D av idson , 1 9 8 8 ) . Ca . 1400 Ma ( U-Pb z ircon ) pegmat ite 

d i ke s  cut this  f abric in the KC ( van Breemen and Davidson , 1 9 88 ) , 

demonstrat ing that it is  between 1 7 4 0  Ma and 1 4 0 0  Ma in age . Pegmat ite 

d ike s dated at 1 4 3 0  Ma by Rb-Sr on mu scovite ( Krogh and D av i s ,  1 9 7 0 ) cut 

tectonic fabr ic in the BLG and are themselves  cut by 1 2 3 8  Ma d ikes ( van 

Breemen and D av idson , 198 8 ) . This fabric must there fore be between 1 4 7 0  

M a  and about 1 4 3 0  M a  in age . The obviou s candidate for the c au s e  o f  
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t h i s  i s  tectoni sm related t o  met amorphism a t  e a . 1 4 4 5  Ma , whi c h  may a l so 

have been respons ible for init ial upl i ft o f  granu l ite grade rocks 

re l at ive to the forel and in this area . If s igni f ic ant topography was 

generated by this event , it was probab ly eroded away by about 2 00 - 400 

My l ater . However ,  the voluminou s intru s ion o f  granitoids dur ing this  

interval ( 14 7 0  Ma  Be l l  Lake granite ; 1 4 5 7  Ma  Br itt pluton , van  Breemen 

et a l . ,  1 9 8 6 ; 1 4 4 2  Ma Mann I s l and granodior ite , Corrigan 1 9 9 0 ; po s s ib ly 

other granodior ites now with gne i s s ic fabr ic in the GFTZ and Central 

Gne i s s  Belt , van Breemen and D avidson , 1988 ) suggests  that crustal 

growth and granu l ite grade met amorphi sm were pr imar i ly r e l ated to 

pluton i sm .  Addit iona l ly ,  not a l l  o f  these plutons bear the impr int o f  a 

tectonic event and metamorphi sm at this t ime . The Mann I s l and 

granodiorite and Br itt pluton are apparent ly " s ingle-cyc l e " ; that i s , 

a f fected by only one tectono-met amorphic event , the e a . 1 0 3 5 Ma 

Grenv i l l e  orogeny ( Corr igan , 1 9 9 0 ) . Pos s ibly the peak o f  deformat ion 

and met amorphi sm at e a . 1 4 5 0  Ma was out lasted by pluton i sm ,  or as  van 

Breemen and D av idson ( 1 988 ) point out , magmat i sm and tectoni sm were not 

neces s ar i l y  coeval in d i f ferent places . These po int s a l l  argue against 

bur i a l  by an inv i s ible crust al s l ice to explain pre- 1 2 3 8  Ma 

metamorphism,  a s  proposed by Green et al . ( 1 9 88 ) . Whatever the cause 

and extent o f  the 1 4 5 0  Ma act ivity , it seems probable that at least some 

o f  the re l at ive upl i ft of what became the GFTZ , relat ive to t he Southern 

Province and Front granites , occurred at this  t ime . This exp l a i n s  in 

part t he j uxtapo s it ioning o f  rocks near ly una f fected by Grenv i l l ian 

metamorphi sm with granu l ite-grade rocks , without invoking 2 0  kilometres 

of d i f ferent ial upl i ft of  the GFT Z dur ing Grenvi l le tectoni sm alone . 

I n  the Co l l ins  I nlet transect , granu l ite-grade met amorphi sm ,  o f  

probab l e  1 4 5 0  M a  age , i s  observed in the rocks o f  the i s l ands o f  Mi l l  

Lake . These are j uxtaposed with granit ic gne i s se s  containing rel ict 

vo l c an i c l astic textures at the southwest end o f  the l ake . The evidence 

t hat both west and east of  Mi l l  Lake , temperatures at e a . 9 9 0  Ma reached 

r e l at ively s im i l ar ranges ( max imum 100 - 1 5 0 ° C  hotter in the east ) , 

sugge st s that the high- strain zone between the two areas probab ly 

accommodated a s ignif ic ant amount of movement we l l  before 990 Ma . 

Although much o f  the GFT Z cons ists  of  high- strain gne i s s e s  and mu l t iple 

mylonite zone s , the pos it ion of  this  zone at the bottom o f  a package o f  

met asediment s surrounded b y  f a i r l y  homogeneou s granitoid gne i s se s , seems 

a logical locat ion for concentrat ion of strain . 

Work along the Grenv i l l e  Front about 1 0 0  ki lometres to  the 

northeast , near Sudbury , has demonstrated act ivity along the Front at 

about 1 1 5 0  Ma , pos s ibly related to Grenvi l l ian thru st event s o f  s imilar 

age a long maj or boundar ies in the inter ior o f  the orogen ( e . g .  van 
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Breemen e t  al . ,  1 9 8 6 ) . Pegmatoids near the Front contain z ircons o f  

1 1 5 0  M a  in age ( Krogh and Wardle , 1 9 84 ) , implying that minor act ivity 

was occurring dur ing this interval . In  the present study area at least , 

no metamorphi sm o f  this  age i s  apparent . However ,  at this  t ime , 

r e l at ive upl i f t  o f  the GFTZ may have occurred along older mylonite zone s 

react ivated by the compres s ional act ivity in the interior o f  the orogen . 

React ivat ion o f  o l der structures dur ing col l i s ional tectoni c s  i s  a 

c ommon phenomenon , observed , for example , in the Hima layan orogen , even 

a l ong structure s thousands of kilometres north of the ma in mount ain 

range ( Mo l nar and Tapponnier , 1 9 7 5 ) .  Further detai led dat ing of 

syntectonic pegmat ites  in the var iou s shear zones o f  the GFTZ wou ld he lp 

to  reso lve this pos s ib i l ity . Again , this cou ld explain addit ional 

upl i ft o f  high-grade rocks relat ive to the forel and . 

Certainly , by the later stages o f  the Grenv i l le orogeny at e a . 1 

Ga , the tectonic zone had already undergone d i f ferent ial upl i ft r e l at ive 

to  the foreland . The t itanite U-Pb system was c losed by 1 4 4 5  Ma , 

implying that the area had already cooled through about 5 0 0 ° C  s ince 

granu l ite grade metamorphi sm .  Further coo l ing may or may not have 

o ccurred after this ; the ef fect of the late Grenv i l l ian thermal event 

has ob l iterated this  informat ion , at least from the s amp l e s  i n  the 

present study . The f act that 35 kilometres southeast of the pre sent 

t r ansect the Br itt domain underwent peak metamorphi sm at 1 0 3 5  Ma 

sugge s t s  that t he GFTZ must have had some act ivity at t h i s  t ime . The 

t it anite data do not ru le out weak heat ing dur ing this  t ime frame , but 

t emperatures cou l d  not have exceeded about 5 00 ° C .  

The dat a from this study demonstrate that the GFTZ near the Front 

did not undergo s ign i f icant met amorphism again unt i l  about 9 9 0  Ma . The 

Br itt domain has c learly undergone qu ite a d i f ferent T-t h i story , a s  

des c ribed above . The quest ion that ar ises i s  this : I f  the 9 9 0  - 9 8 5  Ma 

thermal event and subsequent rapid cool ing is unre l ated to the peak o f  

tectono-met amorphic act ivity in the Br itt domain , what i s  i t  related t o ?  

6 . 2 . 2  New Mode l 

The work o f  Bethune ( 1 9 9 1 ) on the Sudbury dikes i l lu strates that 

t he peak o f  the 9 9 0  Ma met amorphi sm out lasted plastic de format ion o f  

p l agioclase in t h e  dikes , s ince these are r immed b y  metamorphi c  coronas 

corresponding to the 985 Ma z ircon r ims . The age or cau s e  o f  the 

p l ag ioc lase deformat ion is  not avai l able from the informat ion present ly 

pub l i s hed , but it mu st be between 1 2 3 8  Ma and 9 8 5  Ma . However ,  Bethune 

( 1 9 9 1 ) has a l so noted that l ate , high-temperature duct i l e  s hear zones 

c au sed recryst al l i zat ion of  the 9 8 5  Ma overgrowths , showing that 

de format ion was st i l l  underway in the GFT Z after the met amorphic event . 
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I t  i s  apparent , then , that any tectonic mode l for the l ate evolut ion o f  

t h e  GFTZ mu st invo lve both a source of  heat , probab ly bur i a l , and a 

t hrust ing event , to explain the observat ions . I n  this  regard , the 

general model o f  Green et al . ( 19 8 8 ) has some mer it , although it is 

probab l e  that muc h  o f  the deformat ion , and generat ion o f  r e f lect ive 

shear zones in the GFTZ , which they a s s ign to the l ast event s in the 

Front ' s  hi story , had already occurred we l l  before 1 . 0  Ga . 

The dat a o f  Corrigan ( 1 9 9 0 ) demonstrate that by 9 9 0  Ma , the Br itt 

domain had ceased to undergo pervas ive deformat ion and was st art ing to 

c oo l . Maj or met amorphism and deformat ion within other part s o f  the 

southwestern Grenv i l le Province had also f inished ; in some part s o f  the 

Central  Gne i s s  Belt ( CGB ) , cool ing to hornb lende c l o sure temperature of 

about 4 5 0 ° C  occurred as early as  1000  Ma ( Co s c a  et al . ,  submitted ) .  

Maj or thrusting apparent ly migrated from northwest to southeast in the 

CGB , and the l atest tectoni sm in this region , dated by syn-tectonic 

pegmat ites in thrust s , occurred at 102 7 Ma ( Nadeau , 1 9 9 0 ) . Bur ial , 

upl i ft and cool ing o f  a segment of  the Grenv i l le Front Tecton i c  Z one as  

l at e  a s  990 Ma i s  unexpected given the patterns o f  peak act ivity in the 

interior o f  the orogen . The explanat ion for this  event may therefore be 

r e l ated to cool ing o f  the inter ior . 

Dur ing the l ate stages o f  col l i s ional orogene s i s , hor i zont a l  

driving f o r c e s  diminish , and gravity may induce extens ional f au l t ing o f  

t he overthickened crust u n l e s s  t h e  hori zontal  conf ining stre s s  i s  

su f f ic ient ( Mo l nar and Lyon-Caen , 1988 ; Dewey , 1 9 8 8 ) . Late extens ional 

shear on a l arge scale has been demonstrated in the inter ior o f  the 

Grenv i l le Province ( van der Plu i j m  and Car l son , 1 9 8 9 ) and has  a l s o  been 

observed in the southern Britt domain ( Ket chum , Ph . D .  thes i s  in 

progre s s ; Cu l shaw et al . ,  in pre s s ) ,  along re-act ivated thru st s .  The 

t iming of these event s is not yet known , although they post-date 

t hrust ing . Pos s ib l y , extens ion pl ayed some role in the rapid cool ing o f  

t h e  GFTZ after 9 9 0  Ma , due t o  rapid unroo f ing b y  extens ional fault ing at 

h igher crustal leve l s . However ,  as yet , no evidence for extens ional 

movement has been noted on any o f  the mylonite zone s which occur in the 

GFT Z or a long t he Front . This may be due in part to a s impl e  lack of 

det a i l ed structural analy s i s  o f  the area , although the work o f  D avidson 

and Bethune ( 1 9 8 8 ) fai led to reveal any " top- s ide down " kinemat ic 

i nd i c ators in the mylonites they mapped . Neverthe l e s s , it i s  d i f f icult 

to env i s ion a s cenario of  extens ional movement along re-act ivated 

t hru s t s  which wou ld explain burial and heat ing , and then sub sequent 

rapid cool ing , of an area to the north-we st of southeast-dipping 

structure s . Rather , to explain this kind of episode , a bur i a l  event 

r e l ated to overthru st ing , with subsequent rapid unroo f ing ,  is more 
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p l au s ib l e . 

A cool ing co l l i s ional orogen undergoes st i f fen ing , an oppo s ite 

response to the weakening due to thermal relaxat ion after t hru st ing 

wh ich is now a we ll-known phenomenon ( Engl and and Thompson , 1 9 8 2 ) . This 

i s  becau s e  duct i l ity i s  a funct ion of  temperature , so  that s imply , as  

the rocks  cool they become stronger . Addit iona l ly , dur ing metamorphi sm ,  

water i s  produced by prograde react ions , which contr ibut e s  t o  weakening 

o f  the crust ; once metamorphi sm has peaked , the rocks are r e l at ively 

stronger . 

Var iou s workers have shown that orogenic crust i s  c apab le o f  

t r ansmitt ing hor izontal forces acro s s  i t  for very long d i stance s . For 

example , crustal  shortening is occurring at the margins of the T ibetan 

p l ateau whi l e  the plateau it se l f  i s  undergo ing only high- l eve l extens ion 

and apparent ly , no internal deformat ion ; the hor i zontal  c ompr e s s ional 

forces o f  the H imalayan orogen thought to be respon s ib l e  ( Mo l nar and 

T apponnier , 1 9 7 5 ;  Mol nar and Lyon-Caen , 1 9 8 8 ) . 

Although the Grenv i l l e  orogen underwent subst ant ial internal 

de format ion during the period 1 1 6 0  - 102 5 Ma , as  shown by t hru st event s 

and metamorphi sm dur ing this  interval , it s behav iour mu st have changed 

as it cooled . The addit ional strength of the deeper crust gained by 

cool ing may have permitted transmi s s ion of forces acro s s  the orogen in 

it s l ate stage s . Pos s ibly , the last increment o f  compres s ional stre s s  

occurred short ly before 9 9 0  Ma , having been act ive i n  stage s for nearly 

1 5 0  My previou s ly ;  this cou ld be due , for example , t o  accret ion of 

another fragment of crust to the southeast margin o f  the unknown 

cont inent which caused the Grenv i l l e  orogeny to occur . The area between 

the Britt domain , which had cooled to about 5 5 0 ° C  or l e s s  by t h i s  po int , 

and the o ld ,  cold Superior cratonic margin , was already the locus  o f  

de format ion and thru st ing along mylonite zone s  from event s a s  f ar back 

a s  1 4 5 0  Ma . Some of these thru s t s  may also  have been act ive at 

temperatures l e s s  than 4 5 0 ° C  during the 1 1 6 0  to 1 0 2 5 Ma act iv ity in the 

Grenv i l l e  inter ior . This area , wedged between the buttre s s ing Super ior 

Province and the st i f fening Grenv i l l e  Province , was there fore an ideal 

p l ac e  to accomodate the f inal crustal  shortening o f  the Grenv i l l e  event . 

Some bur ial must have been invo lved , at least for the 1 5  kilometre 

segment o f  the GFTZ studied here , in order to cause the t emperature 

increase requ ired to part ial ly reset t itanite , and to indu c e  

metamorphi sm in the Sudbury dike s . Whether the northern margin o f  the 

Br itt domain was thru st over the who le GFT Z , or whether segment s o f  the 

3 5  kilometre wedge of  the GFT Z between the study area and t he Br itt 

doma in bur ied the segment s nearest the Front , c annot be determined from 

the present dat a . Further dat ing of  the area between Beaverstone Bay 
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help reso lve this quest ion . 
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The rapid cool ing for 5 to 10  My fol lowing burial  i s  probab ly too 

rapid to have occurred s imply due to unroo f ing during i s o s t at ic rebound 

and eros ion , although later t h i s  proce s s  probab ly occurred . Bethune ' s  

( 1 9 9 1 ) Sudbury dike study demonstrates that 8 to 1 0  kilomet res southeast 

of t he Front , s ome shear zones post-date the 9 8 5  Ma metamorph i c  event . 

A l s o , progre s s ively deeper leve l s  of  metamorphi sm o f  the d ike s are 

exposed with increas ing distance into the GFT Z , unt i l  about 2 0  

k i l ometres from the Front . The resu lts  o f  the t it anite dat ing i n  t h i s  

study sugge st t hat strain accompanied part ial resett ing o f  t it anite near 

t he Grenv i l le Front on Col l ins I nlet . Rapid exhumat ion by ero s ion , 

remov ing material  fed to surface by tectonical ly dr iven d i f ferent ial  

upl i ft ( Jamieson and Beaumont , 1 9 8 9 ) wou ld explain these observat ions , 

a s  we l l  as  the s hort per iod o f  very rapid cool ing a fter 9 9 0  Ma . The 

f a i lure of the rocks to reach peak temperature condit ions for more than 

a f ew mi l l ion years i s  demonstrated by the complete resett ing of t he 

t it anite in t he GFTZ transect . Rapid unroof ing wou ld a l so he lp t o  

exp l a i n  the abrupt f a l l - o f f  in peak temperatures northwest o f  the 

Grenv i l le Front , where K-Ar mu s covite age s 5 kilometres beyond the Front 

have not been reset , and temperatures there fore mu st have rema ined at 

3 5 0  - 4 0 0 ° C  or le s s . Syntectonic unroo f ing accompanying the therma l 

event imp l i e s  that after burial , therma l equ i l ibr ium may not have been 

reached , s ince peak metamorphi sm i s  o ften att ained after a s igni f ic ant 

t ime l ag ( Fowler and Nisbet , 1 9 8 8 ; e . g .  Corrigan , 1 9 9 0 ) . The thickne s s  

o f  t he crust caus ing burial may therefore have been higher t han that 

predicted for a normal geothermal gradient . Met amorphic a s s emb l ages in 

t he area do not s how evidence for this , but at other loc a l it ie s  along 

the Front to t he northeast , for example near Val d ' Or ,  Quebec , kyanite 

i s  found loc a l ly in the parautochthon ( I ndare s and Mart igno l e , 1 9 8 9 ) . 

The rapid cool ing phase did not last long , and by about 9 5 5  Ma at 

the l atest , cool ing rates were more anal agou s to rates in t he Br itt 

domain as  determined by Cu l shaw et al . ( in pres s ) .  This cou l d  s ignal 

t he end of compres s ional forces at the margins of t he Grenv i l le 

Province , and t he onset of  cool ing contro l led by unroo f ing due to 

i s o st at ic rebound and eros ion . 

The main po int s o f  the new tectonic mode l suggested above are 

summar i zed and contrasted with the mode l of Green et a l . ( 1 9 8 8 ) in  Tab l e  

4 .  
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Tab l e  4 :  Summary o f  contrasts between Green e t  a l . ( 1 9 8 8 ) and new 
tectonic mode l s . 

Main observat ions 

pre- 1 2 3 8  Ma h igh­
grade metamorphi sm 

post - 1 2 3 8  Ma 
met amorphi sm and 
de format ion 

exposure 

Green et al . 
( 1 9 8 8 ) 

burial  by ( now ) 
inv i s ible crustal 
s l ice in early 
stages of 
Grenv i l l ian 
orogeny 

bur ial  by Br itt 
domain during 
act ivity in 
Grenv i l le interior 
( ea .  1 1 5 0  Ma? ? )  

thru sting of  GFTZ 
to surf ace / 
deve lopment of  
f abr ic in GFTZ 
dur ing Grenv i l l ian 
tectoni sm ( ea .  
1 1 5 0  - 102 5 Ma? ) 

This  study 

metamorphi sm at 
1 4 4 6  Ma r e l ated to 
granitoid 
intru s ion with 
accompanying 
tectoni sm 

part i a l  unroof ing 
of granu l ites  by 
cont inu ing reverse 
movement a long 
Front dur ing peak 
tectonometamorphi c  
act ivity in 
Grenv i l le interior 
( 1 2 3 8  Ma to 1 0 2 5 
Ma ) ; no 
s ign i f i c ant 
met amorph i sm 
dur ing this  t ime 

bur i a l  by 
southeastern GFTZ 
or northern Britt 
domain at e a . 9 9 0  
M a  whi l e  interior 
o f  Province 
coo l ing ( thermal ly 
st i f fen ing ) 

e a . 9 9 0  - 9 8 5  Ma 
thru st i ng along 
pre-ex i st ing , 
react ivated s hear 
zone s accompanied 
by rapid unroof ing 
( eros ion? ) /  
coo l ing 



6 . 2 . 3  Support ing Evidence 

This  interpret at ion suggest s that the 9 9 0  - 9 8 5  Ma met amorphi sm 

was a regiona l , r ather than local , event . I f  stre s s e s  were being 

t ransmitted acro s s  the orogen from some unknown col l i s ional event s to 

the southeast , it i s  unl ikely that the section o f  the Grenv i l le Front 

be ing studied here was the only area to experience these e f fect s . 

1 2 0  

I n  the we stern Quebec segment of  the Grenv i l l e  Front , det a i led 

structural and metamorphic analys i s  of  an area between the Front and 30 

k i l ometres southeast was carried out in order to separate the e f fects of 

early , Kenoran ( Archean ) metamorphi sm from Grenv i l l ian e f fect s ( I ndares 

and Mart igno l e , 1 9 8 9 ) ( this  area did not exper ience 1 4 5 0  Ma 

metamorph i sm ) .  Results  suggest that the Grenv i l le orogeny was 

re spons ib l e  for a low temperature , high pre s sure met amorphi sm in the 

region , wh ich was then thru st- imbricated . This was super impo sed on a 

Kenoran-age , already telescoped , met amorphic terrane . A s hort durat ion 

of heat ing related to the Grenv i l l ian event is impl ied by t he 

observat ions , as  we l l  as subsequent rapid coo l ing , based on the f a i lure 

of garnet compo s it ions to re-equ i l ibrate despite temperature cond it ions 

of � 6 00 ° C .  K-Ar ages of  b iot ite demonstrate cool ing to e a . 3 00 ° C  by 9 5 0  

M a  ( I ndares and Mart ignole , 1 9 8 9 ; Sne l l ing , 1 9 62 ) . Although the t imes 

o f  these event s are as yet unconstrained , the qual itat ive s im i l ar it ies  

with the we stern end of  the Grenv i l l e  Front are noteworthy . 

I n  d i f ferent part s of Labrador , there i s  s imilar evidence for a 

l ate metamorphi c  event near the Front . East o f  the Labrador Trough , in 

an area up to 1 0 0  kilometre s south of  the Grenv i l l e  Front , Krogh and 

Wardl e  ( 1 9 8 4 ) found a mixing l ine de f ined by U-Pb dat ing of t itanite , 

monaz ite and z ircon , with a lower intercept o f  9 9 3  Ma , s im i l ar to the 

t it an ite d i scordia obtained in this  study . New z ircon which grew dur ing 

t h i s  epi s ode formed at 9 9 2  Ma . 

I n  eastern Labrador , Scharer et al . ( 19 8 6 ) dated new growth o f  

t itanite and z ircon in two tectono-met amorphic terranes adj acent to the 

Grenv i l le Front , at t imes o f  about 9 7 8  - 9 7 0  Ma . I n  terrane s f arther 

sout h , more dist ant from the Front , t itanite and monaz ite y i e l ded age s 

o f  about 1 0 3 8  to 1 0 2 6 Ma , dat ing Grenv i l l ian met amorphi sm in these 

areas . The ir interpret at ion of  the re sults i s  that the more northern 

terranes nearer the Front underwent Grenv i l l ian met amorph i sm about 60  My 

l ater than the Southern part s ,  and attr ibute this  to expo sure o f  

d i f ferent cru st a l  leve l s  separated b y  a maj or f au l t . They do not 

specu l ate on the cause of  this event . The widespread nature o f  their 

s ample loca l it ies  prec ludes observat ion of  any progres s ive trends in 

part ial  resett ing o f  phases pos s ibly pre served by a rapid met amorph ic 

event , which i s  crucial to the interpret at ion propo sed here o f  a short -
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l ived , l ate thermal event along the northern margin o f  the Grenv i l l e  

Province . However ,  their observat ion of  the l ate peak o f  metamorphi sm 

i n  the area , comb ined with Krogh and Wardle ' s  mixing l ines to the west , 

sugges t s  again a strong analogy with the area studied in t h i s  thes i s . 

I n  conc lus ion , evidence along var iou s d i f ferent part s o f  the e a . 

2 00 0  kilometre long Grenv i l l e  Front may po int to a late met amorph ic 

event , invo lv ing bur ial and rapid upl ift , at a t ime when more souther ly 

part s of the orogen had already pas sed through their met amorph ic peak 

and were cool ing . Thermal s t i f fen ing may have permitted l ate 

t r ansmi s s ion o f  stre s s  acro s s  the orogen which had formerly accomodated 

c ompre s s ional stre s se s  with internal strain . I n  the late st age s o f  the 

orogenic event , stre s s  was accomodated instead by the rocks of the GFTZ , 

pu s hed against the strong , cold buttress o f  the var iou s forel and 

province s . Probab ly ,  this ef fect wou ld occur at d i f ferent t imes in 

d i f ferent places along the orogen , depending on the geometry and 

rheology of the fore land , the nature of  the cool ing crust to the 

southeast , and the t ime of  concentrat ion o f  the compre s s ional forces 

from the far southeast . However , test ing this  theory wi l l  need 

cons iderab ly more work on intergrat ing structural and met amorphic 

studies with the resu lts of  detai led geochrono logy over sma l l  areas , 

s ince changes in resu lts crit ical  to interpretat ion can o c cur over 

re l at ively short di stances on the scale of  the orogen . 



7 . 1  SUMMARY OF CONCLUSIONS 

CHAPTER VI I 

CONCLUSIONS 

The GFT Z underwent granu l ite grade metamorphi sm at 1 4 4 6  Ma , part 

of a regional event af fecting the Parautochthonou s Belt in central  

Ontar io . Temperatures in the GFTZ  did not exceed t itanite c lo sure again 

u nt i l  about 9 9 0  Ma , even dur ing met amorphi sm o f  the Britt domain at 1 0 3 5  

Ma . At 9 9 0  to 9 8 5  Ma , the GFTZ underwent a brief thermal event , which 

opened t itanite to d i f f u s ion of  Pb but fai led to completely reset the u­

Pb system . Temperatures dur ing the event were greater to t he southeast , 

away from the Grenv i l le Front , probab ly due to increas ing depth o f  

bur i a l  b y  crustal  b locks overthru st from the southeast . Rapid cool ing 

f o l lowed , preserving ident ical lower intercept age s in a l l  t itanites 

a l ong a 1 5  kilometre transect perpendicular to the Front . 

Hornbl ende 40Ar /39Ar dat ing conf irms that temperature s were h igher 

to  the southeast . Fai lure of the ea . 9 9 0  event to reset hornb lende age s 

near the Front restr ict s the peak temperature o f  the event to S5 5 0 ° C .  

About 1 0  kilometres f arther southeast , hornb lende was completely reset 

and records coo l ing ages of 9 7 9  ±8  Ma , wh ich are almost ident ical  to the 

t it anite lower intercept . This conf irms rapid cool ing immediately po st­

dat ing the thermal event . 

B iot ite and K- feldspar 40Ar /39Ar dat ing , and mu lt iple d i f f u s ion 

domain mode l l ing o f  K- feldspar , addit iona l ly demonstrate rapid cool ing 

u nt i l  9 7 9 ± 1 0  Ma , and an abrupt decrease in cool ing rates f o l l owing this . 

The init ial  rapid cool ing rate s ,  evidence for de format ion 

cont inu ing after the metamorphic peak , and an abrupt drop acro s s  the 

Grenv i l le Front in temperatures reached at 9 9 0  Ma , are best expl ained by 

rapid exhumat ion by eros ion during dif ferent ial upl ift of t he GFTZ 

r e l at ive to the forel and . 

This  the s i s  estab l i shes for the f irst t ime that Grenv i l l ian 

tecton i sm in the GFTZ post-dated all maj or tectonotherma l act ivity in 

the Grenv i l le inter ior at the southwestern end o f  the Prov i nce . A 

s im i l ar sequence o f  event s has previou s ly been recogni zed i n  Labrador . 

The age o f  Grenv i l le dikes is  about 5 9 8  ± 6  Ma , not 5 7 5  Ma as  

previou s ly reported ( Fahr ig and West , 1 9 8 6 ) . 

K- f e ldspar mu lt iple d i f fu s ion domain mode l l ing yields f a i r ly 

con s i stent resu l t s  despite the non- ideal data in t h i s  study . I f  the 

t heory i s  correct , it can provide cons iderab le control on thermal 

h i stories for temperatures s3 5 0 ° C .  

1 2 2  



7 . 2  FUTURE WORK 
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Future work i n  this  part o f  the Grenv i l l e  Province s hou ld 

concentrate on reso lving the re l at ionships between the GFT Z and the 

Br itt domain . Met amorphic , structural ,  and geochrono logic studies of 

t he area between the present transect and Key Harbour are needed . The 

l o c at ion and nature o f  the tran s it ion between rocks a f fected by t he 

s hort e a . 9 9 0  Ma event , and cooled rapidly , and rocks whi c h  u nderwent 

peak metamorphi sm at 1 0 3 5  Ma mu st be reso lved before an understanding o f  

t h e  geodynamic evolut ion of  t h e  GFTZ c a n  be achieved . 
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APPEND IX A 

T I TANI TE FRACTION DESCRI PT IONS 

GF- 3 2 : - non-magnet ic at 1 . 0  amps ; magnet ic at 1 . 7  amps 

- rounded , euhedral c lear l ight to medium brown cryst a l s  

- grain s i ze 60  - 1 2 0  µm 

- abraded . 

GF-2 0 :  - magnet ic at 1 . 0  and 1 . 7  amps 

- rounded to f l att ish l ight honey-brown euhedral crysta l s ; some 

cracks and inc lu s ions 

- grain s i ze 60  - 120 µm 

- abraded . 

GF- 1 9 - 1 :  - magnet ic at 1 . 0  and 1 . 7  amps 

- l arge anhedral fragment s ;  l ight to medium brown with 

var iat ion in colour within grains 

- grain s i ze 110 - 2 3 0  µm 

- abraded . 

GF- 1 9 - 2 : - magnet ic at 1 . 0  and 1 . 7  amps 

- sma l l  euhedral rounded to f l at crystal s , dark to  medium 

brown 

- grain s i z e  60 - 1 2 0  µm 

- s l ight ly abraded . 

GF- 1 8 - 1 :  - magnet ic at 1 . 0  amps 

- sma l l  rounded euhedral l ight to medium brown cryst al s ; some 

with reddish material c l inging 

- grain s i ze 90  - 1 2 0  µm 

- abraded . 

GF- 1 8 - 2 : - magnet ic at 1 . 7  amps 

- l arge red-brown to l ight honey-brown fragment s 

- grain s i z e  1 7 0  - 2 9 0  µm 

- abraded . 

C I - 1 9 : - magnet ic at 1 . 0  and 1 . 7  amps 

- l ight brown to dark red-brown , rounded to f l at euhedral 

cryst a l s  

- grain s i ze 3 0  - 1 1 0  µm 

- unabraded . 



GF- 3 5 - 1 : - magnet ic at 1 . 0  and 1 . 7  amps 

- dark brown , fragment s and rounded euhedral to subhedral 

cryst a l s ; some inc lus ions 

- grain s i ze 60 - 1 2 0  µm 

- abraded . 

GF-3 5 - 2 : - magnet i c  at 1 . 0  and 1 . 7  amps 

- l ight ye l low , rounded euhedral cryst al s ; some cracks and 

minor red-brown coat ing 

- grain s i ze 60 - 140 µm 

- abraded . 

1 2 5  
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P l ate 1 :  T itanite fract ions pr ior t o  abras ion . Grains with cracks and 
inc l u s ions which remained after abras ion were removed . a )  GF- 3 2 . 
b )  GF-2 0 .  c )  GF- 1 9 - 1 .  d )  GF- 1 9 - 2 . e )  GF- 18 - 1 . f )  GF- 1 8 - 2 . g )  
C I - 1 9 . h )  GF-3 5 - 1 . i )  GF- 3 5 - 2 . 



APPEND IX B 

SAMPLE DESCRIPTIONS 

1 2 7  

S amples  des c ribed below are ordered with respect t o  their pos it ion 

a long the study transect , from northwest ( forel and ) to southeast ( GFTZ ) .  

" MS 1 0 " and " VG3 6 0 0 " denotes . the mas s  spectrometer and corresponding gas 

extract ion system used to date the sample . 

GF- 4 4 : 

I n  outcrop : a p itted , rough-weathering , grey-black met adiabase with 

d i s seminated pyr ite ; pos s ibly N ip i s s ing metadiabase . 

I n  thin sect ion : Strongly sau s serit i zed p l agioc lase l aths de f ine a 

r e l ict sub-oophit i c  texture . Re l ict hornb lende grains are severe ly , 

pat c h i ly rep l aced by ragged act ino l it ic hornb lende , a colour l e s s  

amphibo l e , chlorite , and opaque grains ( chalcopyrite ? ) .  Pat c he s  o f  t a l c  

surround coarse opaque grains . 

D ated phase ( s ) : amphibole ; grain s i z e  2 5 0 µm to 1 mm ;  MS l O  

GF- 4 2 : 

I n  outcrop : a mas s ive , f ine-grained pinkish-red granite enc l o s ing 

s harply-bounded rafts of  Huronian s i lt stones ( Ki l l arney Complex/ 

Southern Province contact ) .  

I n  thin sect ion : A porphyrit ic granite with a f ine-grained groundmas s  

o f  equant , inter locking quart z and feldspar grains , with r at ional grain 

boundar ies . Phenocrysts are about 1 mm diameter , coarsely perthitic 

microc l ine , spl it into angu l ar subgrains by strips o f  recryst a l l i zed 

grains . Phenocryst grain boundar ies are embayed by groundma s s - s i z e  

f e ldspar . Some phenocryst grain margins and occas iona l ly core s , have 

zones and pat c he s  of secondary f ine-grained mu s covite ; a l l  phenocryst s 

are turb id due to a cryptocryst a l l ine , reddish brown alterat ion phase 

( hemat ite ? ) . 

D ated phase : microc l ine ; grain s i ze . 5  to 1 . 5  mm ( phenocryst s ) ; 

1 5  to 60 µm ( matrix ) ;  MS l O  

GF- 6 2 : 

I n  outcrop : Reddi s h-pink weathering , medium-grained weakly f o l iated 

granite . 

I n  thin sect ion : Rock is  s l ight ly catac lased . Quart z has a r ange o f  

grain s i zes  and i s  strained into subgrains with sutured grain 

boundar ies . Fe ldspars have a strongly bimodal  distr ibut ion ; l arge 

grains are blocky and have recrystal l i zed to very f ine-grained 

aggregates along grain margins and in fractures . P l agioc l a s e  i s  

ant iperthit i c , and some grains have twins o f f set along fracture s . 
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ant iperth it ic , and some grains have twins o f f set along fracture s . 

Microc l ine i s  coarsely perthit ic and has myrmekit ic r ims . The sect ion 

is cut by fractures along which opaque s ,  f ine-grained mu scovite , 

chlorit i zed b iot ite and t itanite are concentrated ; zone s o f  redd i sh­

brown hemat ite du st c ause turbidity in feldspar s adj acent to f ractures . 

D ated phase : microc l ine ; grain s i z e  2 5 0 µm to 1 . 2 5 mm ( coarse ) 

5 to 60  µm ( recrystal l i zed ) ;  MS l O  

GF-2 : 

I n  out crop : a thin , mylonit ic amphibol ite dike , chevron - f o l ded with fold 

axe s  paral le l  to l ineat ion in granit ic mylonite host . 

I n  thin sect ion : Very f ine-grained . Hornb lende laths are strongly 

a l igned , with ragged , f inely recrystal l i zed grain boundar ies . Minor 

amount s o f  b iot ite are intergrown with hornblende . P l agioc l a s e  and 

minor quart z are uni formly f ine-grained and equant , have irregu l ar ,  

recryst a l l i zed grain boundar ies , and are evenly interspersed with 

hornb lende . P l agioclase i s  moderately ser i c it i c . T it anite is present 

as t iny ( < 5 0  µm ) ,  abundant , euhedral to rounded grains in c lumps , 

str ings and a s  s ingle grains , most o f  which are subparal l e l  to 

f o l iat ion . 

D ated phase : hornblende ; grain s i z e  100 to 2 5 0  µm ; MS lO . 

GF- 3 2 : 

I n  out c rop : a l ayered , straight , hornb lende granodiorite gne i s s . 

I n  thin sect ion : sect ion has a protomylonit ic texture , with medium­

s i zed , equant grains of the maj or const ituent s surrounded by f inely 

recryst a l l i zed grains . Quart z ,  plagioc lase and orthoc l ase have 

s c a l loped and sutured grain boundar ies , and undu l atory ext inct ion or 

subgrain s . Ortho c l ase i s  not v i s ibly perthit ic . Fe ldspars are variably 

s er i c it i zed . Hornb lende i s  po ikilobl ast ic , with inc lus ions of quart z ,  

f e l d spar s , t it anite and apat ite , and i s  altered along c leavage to a 

brown , cryptocryst a l l ine mater ial . Greenish b iotite with hemat ite 

l ame l l ae is concentrated in f ine-grained recryst a l l i zed l ayer s ; these 

def ine an anastomo s ing fol iat ion . T itanite occurs s ingly or in c lumps 

o f  rounded to  pear- shaped grains , as inc lus ions in hornb lende and 

f e l d spars or between grains , espec ially in the recrystal l i zed zones ; and 

as irregu l arly- shaped r ims on opaque grains . 

D ated phase s : hornb lende - grain s i z e  100 - 5 0 0  µm ; VG3 600 . 

ortho c l ase - grain s i ze 1 5  µm - 1 . 1  mm ;  VG3 6 0 0 . 

t it anite 
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C I - 3 7 : 

I n  outcrop : nose o f  i soc l inally fo lded , cro s s - cutt ing amphibo l ite dike , 

with very strong southeast-dipping l ineat ion . ( Sample obta i ned from M .  

Burke ) . 

I n  thin sect ion : Strongly al igned , green-brown hornb lende l at h s  dominate 

the sect ion ; these are interspersed with equant p l ag ioc lase , and minor 

quart z and b iot ite . Hornblende i s  altered along c leavage pl anes and 

f ractures to cryptocryst a l l ine brown mater ial ; most grains have opaque 

inc lus ions . Hornb lende grain margins are irregu l ar and surrounded by 

f inely recryst a l l i zed grains . In some places hornb lende and b iot ite are 

s evere ly intergrown but this is volumetrically ins ign i f icant . 

P l agioc l ase i s  moderately ser i c it i zed . Tiny ( 2 5 µm ) apat ite i s  

d i spersed throughout the sect ion . A few annealed fracture s are present 

a l ong which f ine-grained b iot ite , opaques ,  hemat ite and ser i c ite are 

concentrated . 

D ated phase : hornb lende - grain s i ze 100 µm - 1 . 2 5 mm ; MS l O . 

GF-2 0 :  

I n  outcrop : a we l l - fo l iated pink b iot ite granite gne i s s  with variable 

grain s i ze . 

I n  thin section : a protomylonit ic texture , with about 5 0 %  equant , f inely 

recryst al l i zed groundmass , and 50% coarse porphyroc l ast s of quart z ,  

plagio c l ase and microc l ine . Most coarse feldspars have a core and 

mant l e  structure , surrounded f ir st by subgrains and then by 

recryst a l l ized secondary grains . Quart z and f e ldspars have undu l atory 

ext inct ion and s c a l l oped grain boundaries , except in some zones o f  

recrystal l i zed grains which have po lygonal grain boundar ies . Some 

myrmekite is present on rims of microc l ine ; no perthite l ame l l ae are 

apparent . Fe ldspar s are moderately ser i c it i zed . Chlorit i zed , irregu l ar 

l at h s  o f  b iot ite with enc losed hemat ite lame l l ae are distr ibuted 

throughout the sect ion ; some are associated with annealed fractures 

de f ined by concentrat ions o f  opaques ( pyrite ) ,  hemat ite , apat ite , 

chlorite , z ircon , rut i le ( ? ) ,  and an unknown yel lowish cryptocry st a l l ine 

alterat ion phase . T itanite i s  not present in the sect ion . 

D ated phases : microc l ine - grain s i ze - 10 µm to 1 mm ;  VG3 6 0 0 . 

t itanite 

GF- 1 9 : 

I n  outcrop : a med ium-grained , weakly fol iated grey to pink orthogne i s s . 

I n  thin sect ion : Mainly medium-grained , granob lastic texture . Most o f  

m a i n  const ituent s ( quart z , feldspar , biot ite ) a r e  subhedral  to  anhedral ,  

with rat ional grain boundar ies . I n  some zones , quart z and f e l d spar 
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grains  have s c a l l oped grain boundar ies , undulose ext inction and / or 

subgrains , and strips of  f inely recryst a l l i zed grains are present . 

Microc l ine has dense t artan twinning , and myrmekite i s  deve l oped on 

grain margin s ; minor seric ite i s  pre sent . No perthite ex s o lut ion is 

v i s ib l e . B iotite i s  greenish and some grains have minor deve lopment o f  

hemat ite l ame l l ae ,  but laths are euhedral to subhedral and appear to be 

in textural equ i l ibr ium . Sect ion contains coarse ( 1  - 2 mm ) grains o f  

magnet ite de f in ing a weak fol iat ion ; these are part ly r immed b y  e longate 

b l e b s  of t it anite and rounded apat ite grains . Titanite , rut i l e  and 

apat ite are a l so present as rounded grains as soc iated with b iot ite or as 

individu a l , inter st it ial grains . 

D ated phase s : microc l ine - grain s i ze - 1 5  to 5 0 0  µm ; MS l O  and VG3 600  

b iotite - grain s i ze - 1 0  to 350  µm ; MS l O . 

t it anite ( 2  kinds ? )  

GF- 1 8  

I n  outc rop : a f o l iated , red granite orthogne i s s . 

I n  thin  section : A b iot ite-bear ing , granit ic protomylonite ; quart z and 

f e l d spar s are part ly recryst a l l i zed , with about 5 0 %  original grains ; 

these have sutured grain boundar ies . Some plagio c l a s e s  have bent twins . 

Mos t  K- fe ldspar i s  orthoc lase but minor cro s s-hat c h  twinning i s  pre sent 

in some grain s , and grains are microperthit ic . Some grains have 

myrmekit i c  subgrains or recrysta l l i zed grains surrounding or  enc l osed by 

them ; a few exh ib it core- and - mant le structure . B iot ite contains  

hemat ite l ame l l ae . I n  places it i s  associated with pyrite and l arge 

z ircon grains which are part ly converted to several unknown a lterat ion 

phases . T it anite i s  pre sent only in trace amount s ,  as r ims on z ircon . 

B iot ite and zones o f  recryst a l l i zed grains de f ine an anastomo s ing 

f o l iat ion . 

D ated phase s : orthoc lase ( ? )  - grain s i ze 1 0  µm to 1 . 2 5 mm ; VG3 6 0 0 . 

t it anite ( 2  kinds ? )  

GF- 7 : 

I n  outc rop : a pink , moderately fol iated gne i s s , inter layered with mixed 

paragne i s se s . 

I n  thin- sect ion : A pe l it ic protomylonite with as semb l age qt z -pg-Kf s -gt­

bt- s i l - zrn-ap . Quart z occurs as r ibbons with only moderate 

recryst a l l i zat ion and de f ine s a strong pre ferred or ient at ion . 

Ortho c l ase i s  microperthit ic and plagioclase i s  ant ipert h it ic ;  many 

grains are qu ite blocky and have undu latory ext inct ion or in s ome 

grain s , s harply bent twins . Feldspars have not recrystal l i zed , and some 

grains are moderately to strongly ser i c it ic . Minor myrmekite i s  
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deve loped at grain margins . Biot ite i s  qu ite pr ist ine except for 

numerou s pleochro i c  haloes surround ing sma l l  z ircon grains . Garnet 

c o nt a i n s  inc lus ions of s i l l imanite , b iot ite , and quart z ,  and is strongly 

embayed . S i l l imanite needles and sma l l  rhombs occur in c lusters  and 

l ayers which cut acro s s  garnet and quart z grain boundar ies . B iotite , 

s i l l imanite and garnet are concentrated in l ayer s which with quart z 

r ibbons de f ine a f o l iat ion ; t h i s  has been folded but t iming o f  mineral 

growth relat ive to this i s  unc lear . 

D ated phas e s : ortho c l ase - grain s i ze : 2 5  µm to  1 mm ;  MS l O  and VG3 600  

b iotite - grain s i ze : 10  to 5 0 0  µm ; MS lO  

G F - 8 : 

I n  outc rop : A garnet amphibo l it e  boud in , from a maf ic layer ( dike ? ) in 

l ayered semi-pe l it i c  to pe l it i c  metasediment s .  

I n  thin- sect ion : A moderately f o l iated , b iot ite-garnet amphibo l it ic 

g ne i s s . Hornb lende and b iot ite def ine the fol iat ion ; the s e  are 

substant ia l ly intergrown . Hornb lende is  altered to a browni s h  

c ryptocryst al l ine substance along c leavage . Quart z and p l ag i o c l ase are 

equ ant and have rat ional grain boundar ies ; plag io c l ase is s l ight ly 

s e r i c i t i c . Garnet i s  fractured and embayed , and i s  e longated paral le l  

t o  f o l iat ion ; it contains inc l u s ions o f  biot it e , apat ite , and an opaque 

phase ( Fe-Ti ox ides ? ) .  

D ated phases :  hornb lende - grain s ize : 1 0  to 5 0 0  µm ; MS l O  

b iotite - grain s i ze : 10  to 2 5 0  µm ; MS l O . 

T Z - 1 9 : 

I n  out crop : Another boudin from same layer as GF-8 . 

f rom M .  Burke ) . 

I n  t hin- sect ion : see GF-8 . 

( S ampl e  obtained 

D ated phase : hornb lende - grain s i ze 10 to 5 0 0  µm ; VG3 600 

C I - 2 0 : 

I n  out crop : not observed ( sample obtained from M .  Burke ) ; a b iot ite 

granodiorite orthogne i s s . 

I n  thin- sect ion : Feldspars and quart z are in l ayer s o f  equant , 

unrecrysta l l i zed grains with rat ional grain boundar ies , alternat ing with 

s t r ips  o f  very f ine ly recryst a l l ized grains . B iot ite i s  coarse and 

f r e s h  but contains  l ame l l ae of hemat ite ; it occurs in the coar se qt z -

f e ldspar layers as soc iated with severe ly altered rel ict hornb lende . 

B iotite i s  a l so concentrated as f iner grains in the recryst a l l i zed 

s t r ips . Orthoc lase and plagioc lase are moderat e ly ser i c it ic ,  and have 

m i nor myrmekite between them . Re l ict hornb lende is almo st completely 
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repl aced b y  a n  unknown cryptocrystal l ine subst ance . Z ircon and apat ite 

are pre sent in trace amount s .  

D ated phase : orthoc lase - grain s i ze : 2 5  µm to 1 . 2 5 mm ; VG3 6 0 0 . 

C I - 19 : 

I n  outc rop : not observed ( sampl e  obtained from M .  Burke ) ; amphibol it i c  

gne i s s . 

I n  thin- sect ion : A fairly granob lastic amphibol ite with a s l ight 

pre f erred or ientat ion . Clinopyroxene , plagioc l ase , hornb l ende and minor 

quart z occur in equant , anhedra l  grains with rat ional grain boundar ies 

except for s l ight recrystal l i zat ion around the margins o f  s ome 

p l agioclase  and quart z . Hornb lende and c l inopyroxene are s l ight ly 

altered a long fractures and cleavage . Severe ly chlorit i zed b iot ite i s  

present in minor amount s ;  some grains are intergrown with hornb lende . 

T it an ite occurs a s  isolated , rounded sma l l  grain s . Trace apat ite i s  

pre sent . 

D ated phases : hornb lende - grain s i ze : 5 0  to 7 5 0  µm ; VG3 6 0 0 . 

t it anite 

GF-3 4 :  

I n  outc rop : a migmat it ic amphibo l ite pod in a migmat itic granodiorit ic 

gne i s s . 

I n  thin- sect ion : Equant hornb lende , plagioc lase and quart z grains with 

r at ional to ragged grain boundar ies de f ine a granob last i c  texture . 

Hornb lende i s  altered along fracture s and c leavage to a brown 

c ryptocryst a l l ine material , and rarely is intergrown with minor b iot ite . 

Quart z and plagio c l ase are s l ight ly recrysta l l i zed along grain margins 

and some myrmekite i s  developed between them ; plagioc lase i s  s l ight ly 

ser i c it ic . Trace apat ite and opaques are pre sent . 

D ated phase : hornblende - grain s i ze : 2 5  to 5 0 0  µm ; VG3 6 0 0 . 

GF-3 5 :  

I n  outc rop : a migmat itic biot ite-hornb lende granodior it ic gne i s s . 

I n  thin sect ion : Anhedral , equant grains o f  quart z ,  feldspar , b iot ite , 

and hornb lende , with rat ional to scal loped grain boundar ies , s it in a 

recryst a l l i zed matr ix . Recrysta l l i zed zones de f ine a weak preferred 

or ient at ion . Quart z has undu latory ext inct ion . P l agioc lase  and 

orthoc lase are variably seric it ic ;  some are severe ly altered and some 

only s l ight ly . Orthoc lase is homogeneou s ( no v i s ib l e  perthite 

ex s o lut ion ) .  Hornb lende contains apat ite and z ircon inc l u s ions , and 

l ame l l ae of  an opaque phase ; it is  locally intergrown with b iot ite , 

whi c h  has hemat ite along c leavage planes . Minor apat ite and opaques , 
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and trace z ircon , are present . T itanite i s  not present in t h e  sect ion . 

D ated phase s : hornb lende - grain s i ze : 100 to 7 5 0  µm ; MS l O  

C I - 1 4 : 

b iot ite - grain s i ze : 100 to 7 5 0  µm ; MS l O  

orthoc lase - grain s i ze : 50  µ m  to 1 mm ;  MS l O  and VG3 600  

( two d i f f erent al iquot s ) 

t it anite ( two kinds ? )  

I n  outc rop : not observed ( sample obtained from M .  Burke ) - a b iot ite -

hornb l ende granodior it i c  gnei s s .  

I n  thin- sect ion : Sect ion has a protomylonitic texture , with irregu l ar ,  equant 

grai n s  of quart z and feldspars surrounded by unrecryst a l l i zed quart z r ibbons 

and f ine-grained feldspar . Porphyroclasts o f  feldspar have undu l atory 

ext inction and sub-grains deve loped ; some plagioc lase twins are gent ly bent . 

Anastomos ing l ayers o f  recrysta l l i zed grains de f ine a moderate pre f erred 

orientat ion . Orthoc l ase and plagio c l ase have moderate amount s of seric ite 

alterat ion , and orthoc l ase is microperthit ic . Red-brown b iot ite has minor 

hemat ite a l ong c leavage . Hornblende i s  local ly severely altered a l ong 

fractur e s  and c leavage to chlor ite and cryptocrysta l l ine mater ial . Trace 

z ircon , apat ite and opaques are present . 

D ated phas e : orthoc lase - grain s i ze : 10  µm to 3 mm ;  VG3 600  
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APPEND IX C 
40Ar /39Ar STEP-HEAT ING EXPERIMENT DATA SUMMARY SHEETS 

For a l l  s amples : error est imates at one s igma leve l ; 37Ar /39Ar 

( 3 7 / 3 9 ) , 40Ar /36Ar ( 40 / 3 6 ) , and 39Ar ;36Ar ( 3 9 / 3 6 ) rat ios are corrected for 

interfering isotopes . % I IC = interfering isotopes correct ion . 

GF-44H HORNBLENDE ( MS l O ) 

o c mV3 9  % 3 9  AGE ( Ma )  % atmos 3 7 / 3 9  4 0 / 3 6  3 9 / 3 6  % I I C 

6 5 0  1 0  1 6  2 68 5 ± 1 8  6 2 . 4  5 3 4 9  3 . 6  < l  
7 0 0  2 3 2 4 2 7 ± 3 4  7 2 . 0  4 3 2 8  3 . 5  < l  
7 5 0  < l  1 2 3 2 0 ±40 9 2 . 8  3 4 1 7  2 . 9  < l  
8 0 0  2 3 2 0 9 6 ± 1 7  7 4 . 2  4 0 5 9  4 . 2  < l  
8 5 0  5 8 1 5 9 2 ± 7  7 2 . 8  4 4 0 6  7 . 2  < l  
9 0 0  7 1 1  1 6 1 5 ± 7  5 7 . 8  6 5 4 5  1 0 . 7  1 
9 2 5  6 1 0  
9 5 0  7 1 1  1 9 62 ± 1 3  7 2 3 . 9  4 4 1 6  5 . 2  2 
9 7 5  9 1 5  2 0 0 5 ± 8  6 2 3 . 9  4 7 4 3  5 . 4  2 
9 9 5  4 6 1 9 6 2 ± 1 3  8 2 2 . 5  3 608  4 . 1  2 
1 0 1 5  3 4 1 9 3 7 ± 1 5  1 6  2 0 . 6  1 8 4 3  1 . 9  2 

" 1 0 3 5  2 3 1886±2 8 2 9  1 9 . 8  1 0 2 2  0 . 9  1 
1 0 5 5  1 2 1 8 1 3 ± 4 4  3 1  1 9 . 0  9 4 9  0 . 9  1 
1 0 7 5  < 1  1 1 9 2 3 ± 5 3  3 4  1 7 . 8  8 6 9  0 . 7  1 
1 10 0  1 2 1 9 2 4 ± 3 1 2 9  1 6 . 7  1 0 0 3  0 . 9  1 
1 1 5 0  2 4 1 9 5 1 ± 1 7  2 1  14 . 9  1 4 3 6  1 . 4  1 

( J = 2 . 49 x 1 0 -3 ± 0 . 5 % r 

GF-2 H  HORNBLENDE ( MS l O ) 

o c mV3 9  % 3 9  AGE ( Ma )  % atmos 3 7 / 3 9  4 0 / 3 6  3 9 / 3 6  % I IC 

6 5 0  2 1  9 8 7 1 ± 2  1 7  0 . 7  1 7 7 1  5 . 7  < 1  
7 0 0  6 3 1 1 9 4 ± 3  9 0 . 6  3 1 7 1  7 . 4  < 1  
7 5 0  5 2 1482 ± 6  1 0  1 . 0  2 9 3 6  5 . 0  < 1  
8 0 0  5 2 1 1 8 6 ± 6  1 0  1 . 2  2 9 3 9  6 . 9  < 1  
8 5 0  6 3 1 1 5 0 ± 2  9 1 . 5  3 2 7 0  8 . 1  < 1  
8 7 5  5 2 12 10±3  10  2 . 0  3 0 6 4  7 . 0  < 1  
9 0 0  7 3 1 2 2 0 ± 3  9 2 . 9  3 1 2 0  7 . 1  < l  
9 2 5  1 5  6 1 2 9 3 ± 2  5 3 . 8  5 5 68  1 2 . 2  < l  
9 4 0  1 3  5 1 3 9 4 ± 4  6 4 . 5  5 2 3 9  1 0 . 3  < 1  
9 5 5  3 2  1 3  1 5 4 6 ±2  3 5 . 0  1 0 9 6 3  1 9 . 1  < l  
9 7 0  3 6  1 5  1 6 3 7 ± 2  2 5 . 2  1 2 1 6 8  1 9 . 5  < 1  
9 8 5  2 6  1 1  1 5 7 3 ±3 3 5 . 2  1 1 4 8 3  1 9 . 5  < l  
1 0 0 0  3 8  1 6  1 4 5 2 ± 2  3 5 . 2  1 1 0 7 1  2 1 . 2  < 1  
1 0 1 5  1 8  7 1 4 1 0 ± 4  4 5 . 2  6 6 5 4  1 3 . 0  < 1  
1 0 3 0  5 2 1 3 7 9 ± 6  1 6  5 . 5  1 8 9 2  3 . 3  < 1  
1 0 4 5  3 1 1 3 7 9 ± 1 6  3 4  6 . 0  8 6 5  1 . 2  < 1  

J = 2 . 4 3 5  x 1 0 -3 ± 0 . 5 %  



1 3 5  

C I - 3 7  HORNBLENDE ( MS l O ) 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmo s 3 7 / 3 9  4 0 / 3 6  3 9 / 3 6  % I IC 

8 0 0  2 1 
9 0 0  4 2 1 1 6 6 ± 1 5  6 8  5 . 5  4 3 3  0 . 3  < 1  
9 1 5  8 5 1 19 9 ± 4  3 8  5 . 5  7 7 7  1 . 2  < 1  
9 2 5  9 6 1 1 8 4 ± 5  3 2  5 . 6  9 3 4  1 .  6 < 1  
9 3 5  7 5 1 1 90±4  24  5 . 6  1 2 0 8  2 . 3  < 1  
9 4 5  1 2  8 1 2 0 3 ± 3  2 4  5 . 7  1 2 0 6  2 . 3  < 1  
9 6 0  8 5 1 2 0 6 ± 3  2 0  5 . 5  1 4 9 1 3 . 0  < 1  
9 7 5  1 8  1 1  1 2 2 0 ± 2  18  5 . 7  1 6 4 9  3 . 4  < l  
9 9 0  1 9  1 2  1 2 1 9 ± 2  1 6  5 . 7  1 8 0 1  3 . 7  < 1  
1 0 0 5  1 8  1 2  1 2 1 2 ± 3  1 9  5 . 8  1 5 8 1  3 . 2  < 1  
1 0 2 0  1 6  1 1  1 2 0 5 ± 4  2 4  6 . 1  1 2 1 1  2 . 3  1 
1 0 5 0  2 7  1 7  1 2 1 9 ± 2  1 6  6 . 0  1 7 9 9  3 . 7  1 
1 0 8 0  7 4 12 00±9 4 3  6 . 6  6 9 0  1 . 0  1 
1 1 3 0  1 < 1  

J = 2 . 4 3 x 1 0 -3 ± 0 . 5 %  

GF- 3 2 H  HORNBLENDE ( VG3 600 ) 
" 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmos 3 7 / 3 9  4 0 / 3 6  3 9 / 3 6  % I IC 

6 5 0  1 < l  1 2 18±43  1 2 9 408 6 7 . 0  
7 0 0  3 < 1  5 2 4±9  57  4 . 2  5 1 8 1 .  5 < 1  
7 5 0  3 < 1  5 5 9 ± 2 0 9  5 1  2 . 2  5 7 6  1 .  7 < 1  

r 8 0 0  2 < 1  102 6 ± 3 7 6  ? ?  1 4 5 5 8  4 1 . 3  
r 8 5 0  3 1 9 7 1 ± 1 8  3 5  4 . 2  8 4 5  1 .  7 < 1  

9 0 0  2 < l  82 1 ± 4 6  3 8  3 . 1  7 7 3  1 . 8  < 1  
9 5 0  1 5  5 8 6 9 ± 2  7 4 . 0  4 1 0 7  1 3 . 7  < l  
9 7 5  1 6  5 1 0 5 1 ± 1  4 3 . 3  7 1 48 1 9 . 2  < 1  
1 0 0 0  3 5  1 2  1 2 08±4  1 3 . 8  2 0 1 8 6  4 6 . 3  < 1  
1 0 2 5 7 5  2 5  12 3 0 ± 2  < 1  3 . 7  4 1 3 7 1  9 3 . 3  < 1  
1 0 5 0  4 5  1 5  12 1 1 ± 6  < 1  3 . 9  3 3 684 7 7 . 5  < 1  
1 0 7 5  2 9  1 0  1 2 04±4  3 3 . 6  1 09 3 7  2 4 . 9  < 1  
1 1 0 0  14  5 1 1 9 9 ± 1 1  3 3 . 8  9 68 3  2 2 . 1  < 1  
1 1 5 0  4 6  1 5  1 2 5 3 ± 4  1 3 . 7  2 2 7 3 8  4 9 . 7  < l  
1 2 0 0  1 3  4 1 3 7 2 ± 1 7  4 4 . 1  7 0 9 2  1 3 . 2  < l  

J = 2 . 2 2 x 1 0 -3 ± 1 . 0 %  



1 3 6  

GF-8H HORNBLENDE ( MS l O ) 

o c mV3 9  % 3 9  AGE ( Ma )  % atmos 3 7 / 3 9  4 0 / 3 6  3 9 / 3 6  % ! I C 

6 5 0  5 1 182 7 ± 1 1  1 1  1 .  5 2 80 1  3 . 5  < 1  
7 0 0  2 < l  1 3 3 6 ± 1 4  1 1  0 . 7  2 60 1  5 . 2  < 1  
8 0 0  2 < l  1 2 2 9 ± 1 5  1 4  0 . 7  2 1 5 7  4 . 7  < 1  
8 5 0  3 < l  1 2 4 0 ± 1 1  1 5  1 9 7 8  4 . 2  
9 0 0  1 2  3 1 18 1 ± 4  4 2 . 8  7 5 7 9  1 9 . 5  < 1  
9 3 0  8 7  2 3  1 1 2 8± 3  2 3 . 1  1 7 1 1 2  4 8 . 1  < 1  
9 5 0  6 5  1 8  1 1 1 7 ± 3  2 3 . 1  1 7 0 1 1  4 8 . 4  < 1  
9 6 5  7 6  2 1  1 1 1 3 ± 3  1 3 . 1  2 0 1 0 2  5 7 . 6  < l  
9 8 0  5 5  1 5  1 1 0 9 ± 4  2 3 . 1  1 3 1 1 5  3 7 . 4  < l  
9 9 5  4 2  1 1  1 1 0 7 ± 3  3 3 . 2  8 4 7 2  2 3 . 9  < l  
1 0 1 0  1 2  3 1 1 1 7 ± 5  1 2  3 . 2  2 4 2 4  6 . 1 < l  
1 0 2 0  4 1 1 1 3 9 ± 1 3  2 7  3 . 4  1 0 8 6  2 . 2  < l  
1 0 4 0  3 < l  1 1 8 0 ± 1 8  3 5  3 . 7  8 5 1  1 . 4  < l  
1 0 7 0  2 < 1  1 2 7 6 ± 2 2  3 7  4 . 0  8 0 2  1 . 2  < 1  
1 1 0 0  3 < 1  1 2 9 7 ± 2 1 4 6  4 . 1  6 4 2  0 . 8  < 1  

J = 2 . 4 8 5  x 1 0 -3 ± 0 . 5 %  

T Z - 1 9 H  HORNBLENDE ( VG3 600 ) 
'i' 

o c mV3 9  % 3 9  AGE ( Ma )  % atmos 3 7 / 3 9  4 0 / 3 6  3 9 / 3 6  % ! I C 

9 0 0  3 5 6 2 8 ± 1 8  5 3  1 . 8  5 5 5  1 . 4  < 1  
9 5 0  1 2 7 2 9 ± 5 9  8 3  2 . 3  3 5 8  0 . 3  < l  
9 7 5  < l  2 7 4 4 ± 8 5  8 6  3 . 6  3 4 2  0 . 2  < 1  
1 0 0 0  3 6 9 5 7 ± 6  1 0  4 . 2  2 9 08  8 . 6  < l  

r 1 0 2 5 8 1 6  9 5 1±4  6 4 . 4  4 8 0 1  1 5 . 0  < 1  
1 0 5 0  9 1 7  9 4 0 ± 5  8 4 . 5  3 9 2 2  1 2 . 2  < l  
1 0 7 5  2 2  4 4  888±4 4 4 . 4  7 4 7 1  2 6 . 0  < l  
1 1 0 0  2 4 84 0 ± 1 1  2 9  4 . 3  1 0 1 2  2 . 8  < 1  
1 1 2 5  1 2 7 8 1 ± 1 3  4 1  4 . 3  7 1 5  1 . 8  < 1  

J = 2 . 3 0 5  x 1 0 -3 ± 0 . 5 % 

C I - 1 9 H  HORNBLENDE ( VG3 600 ) 

o c mV3 9  % 3 9  AGE ( Ma )  % atmos 3 7 / 3 9  4 0 / 3 6  3 9 / 3 6  % ! IC 

8 5 0  1 0  3 7 3 7 ± 6  4 7  1 . 8 7 6 3 4  1 .  5 < l  
9 0 0  2 < 1  9 5 3 ± 6  1 9  2 . 4 6 1 5 7 4  4 . 1 < 1  
9 5 0  4 1 1 0 3 9 ± 4  1 2  2 . 8 7 2 3 89 6 . 0  < l  
9 7 5  18  5 9 1 9 ± 3  5 3 . 1 4 6 4 5 2  2 0 . 6  < l  
1 0 0 0  4 5  1 2  988±4  2 3 . 1 5 1 8 8 5 2  5 6 . 5  < l  
1 0 2 5 9 8  2 6  989 ± 1 6  < l  3 . 1 2 3 3 4 1 2  1 0 0 . 6  < l  
1 0 5 0  1 0 0  2 7  9 8 7 ± 1  < 1  3 . 1 5 5 2 9 4 7  1 6 0 . 5  < 1  
1 0 8 5  4 9  1 3  9 8 8 ± 3  2 3 . 2 6 1 7 5 4 4  5 2 . 5  < l  
1 1 2 0  2 3  6 1 0 1 5 ± 7  3 3 . 3 1 1 0 0 8 2  2 8 . 8  < 1  
1 1 5 0  1 7  5 9 5 6± 3  10  3 . 5 4 3 0 4 7  8 . 9  < l  
1 2 0 0  7 2 1 1 00±3  7 4 . 09 4 1 9 6  1 0 . 3  < l  

J = 2 . 2 2 x 1 0 - 3 ± 1 . 0% 



1 3 7  

GF- 3 4H HORNBLENDE ( VG3 600 ) 

o c mV3 9  % 3 9  AGE ( Ma )  % atmos 3 7 / 3 9  4 0 / 3 6  3 9 / 3 6  % I I C 

8 5 0  2 4  5 62 5 ± 2  3 7  1 . 09 7 9 6  2 . 7  < 1  
9 0 0  2 < 1  9 5 7 ± 8 2 2  2 . 4 3 1 3 4 5  3 . 3  < 1  
9 5 0  1 0  2 1 0 0 5 ± 2  < 1  0 . 2 7 4 0 7 9 6  1 2 0 . 5 < 1  
9 7 5  2 3  5 880±1  3 0 . 3 1 9 0 1 1  3 0 . 8  < 1  
1 0 0 0  7 1  1 5  9 7 8 ± 2  < 1  3 . 0 5 3 5 7 9 9  1 0 9 . 5  < 1  
1 0 2 5 1 3 4  2 9  9 8 6 ± 2  < 1  3 . 08 5 8 6 8 6  1 7 8 . 1  < l  
1 0 5 0  9 1  2 0  9 9 1 ± 2  < 1  3 . 1 4 4 4 6 7 4  1 3 4 . 6  < 1  
1 0 7 5  4 2  9 9 8 7 ± 2  2 3 . 2 0 1 60 4 9  4 8 . 0  < l  
1 1 0 0  3 0  7 9 9 4 ± 5  3 3 . 2 9 1 0 7 6 8  3 1 .  6 < 1  
1 1 5 0  2 5  5 8 9 2 ± 2  8 3 . 2 6 3 6 60  1 1 . 7 < l  
1 2 0 0  9 2 1 0 0 3 ± 4  1 6  3 . 2 3 1 8 7 1  4 . 7  < 1  

J = 2 . 2 2 x 1 0 -3 ± 1 . 0% 

GF - 3 5 H  HORNBLENDE ( MS l O ) 

o c mV3 9  % 3 9  AGE ( Ma )  % atmos 3 7 / 3 9  4 0 / 3 6  3 9 / 3 6  % I I C 

7 5 0  2 1 9 4 3 ± 1 4  3 3  0 . 6  9 0 9  2 . 2  < 1  
8 0 0  1 < 1  9 7 1 ± 1 5  1 0  1 . 0  2 9 0 6  9 . 1  < 1  

� 8 5 0  2 < l  9 60±9 1 3  1 . 4  2 3 6 3 7 . 3  < 1  
9 0 0  3 1 9 9 4 ± 5  7 2 . 2  4 3 8 6  1 3 . 8  < 1  
9 5 0  7 5  3 3  9 7 7 ± 1  1 3 . 0  2 4 1 2 2  8 2 . 5  < 1  
9 8 0  4 9  2 2  9 8 0 ± 2  1 3 . 0  2 8 4 0 5  9 6 . 9  < l  
1 0 0 0  5 8  2 6  9 8 1 ± 4  1 3 . 1  2 5 7 8 1  8 7 . 8  < l  
1 0 2 0  2 4  1 1  9 7 6±3  3 3 . 1  8 7 60 2 9 . 3  < 1  

r 1 0 4 0  5 2 9 9 3 ± 6  8 3 . 1  3 6 7 6  1 1 . 4  < l  
� 1 0 6 0  2 1 1 0 2 0 ± 1 0  2 0  3 . 6  1 4 5 0  3 . 7  < 1  

1 1 0 0  2 < 1  1 0 6 9 ± 1 4  3 3  5 . 0  8 8 5  1 . 8  < 1  
1 1 5 0  2 < l  1 0 4 8 ± 1 3  3 8  2 . 1  7 7 2  1 .  5 < l  

J = 2 . 4 9 x 1 0 -3 ± 0 . 5 %  



1 3 8  

GF- 1 9 B  B IOT ITE ( MS l O ) 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmos 4 0 / 3 6  3 9 / 3 6  

5 0 0  1 0  2 7 1 4 ± 3  2 0  1 4 7 6  5 . 9  
5 5 0  1 4  3 1 1 4 5 ± 2  5 6 0 0 2  1 5 . 6  
6 0 0  2 9  5 1 2 1 8 ± 2  2 1 2 8 1 0  3 1 . 6 
6 5 0  7 9  1 5  1 2 3 7 ± 2  2 1 7 2 9 0  4 2 . 0  
7 0 0  6 3  1 2  12 4 8 ± 3  2 1 7 8 1 3  4 2 . 7  
7 5 0  80  15  1 2 5 6 ± 3  2 1 4 1 1 1  3 3 . 4  
8 0 0  3 9  7 12 4 8 ± 3  5 5 5 08  1 2 . 7  
8 5 0  3 0  6 1 2 4 6 ± 2  8 3 5 4 9  7 . 9  
9 0 0  4 0  8 1 2 4 7 ± 3  8 3 6 0 7  8 . 0  
9 5 0  7 4  1 4  1 2 5 7 ± 2  6 5 2 4 2  1 1 . 9  
1 0 0 0  60  11  1 2 7 8± 3  1 0  2 8 4 1  6 . 0  
1 0 5 0  1 4  3 1 2 4 2 ± 3  4 5  6 6 1  0 . 8  
1 1 0 0  2 < l  

J = 2 . 4 3 5  x 1 0 - 3 ± 0 . 5 % 

GF- 7 B  B IOTITE ( MS l O ) 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmos 4 0 / 3 6  3 9 / 3 6  
� 

5 0 0  2 0  4 5 2 1 ± 2  4 5  6 5 6  2 . 6  
5 5 0  1 1  2 9 4 1 ± 2  2 1 2 4 4 1  4 4 . 0  
6 0 0  5 0  1 0  1 0 3 2 ± 3  < 1  42 3 6 6  1 3 5 . 4  
6 5 0  5 2  1 1  1 0 3 2 ± 2  < 1  4 4 9 9 2  1 43 . 8  
7 0 0  3 2  6 1 0 2 1 ± 1  < 1  4 2 5 2 9  1 3 7 . 9  

r 7 5 0  9 2 1 0 2 4 ± 3  < 1  4 04 7 6  1 3 0 . 6  
� 8 0 0  5 9  1 2  1 0 2 6 ± 2  2 1 7 69 0  5 6 . 3  

8 5 0  9 2 1 0 1 9 ± 4  5 6 0 3 1 1 8 . 7  
9 0 0  2 4  5 1 0 2 7 ± 1  6 5 3 5 8  1 6 . 3  
9 5 0  3 6  7 1 0 5 3 ± 4  4 7 4 8 7  2 2 . 5  
1 0 0 0  1 0 6  2 2  1 0 3 5 ± 1  2 1 4 4 7 6  4 5 . 4  
1 0 5 0  8 5  1 7  102 5 ± 2  4 7 9 1 1  2 4 . 7  

J = 2 . 48 5  x 1 0 - 3 ± 0 . 5 % 



1 3 9  

GF-88 8 IOT ITE ( MS l O ) 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmos 4 0 / 3 6  3 9 / 3 6  

5 0 0  5 1 3 9 7 ± 6  5 1  5 8 0  2 . 8  
5 5 0  6 1 8 3 7 ± 4  1 0  2 9 1 0 1 1 . 0  
6 0 0  1 5  3 9 5 6 ± 2  2 1 2 2 2 3  4 2 . 6  
6 5 0  2 2  4 9 5 5 ± 1  2 1 6 9 4 0  5 9 . 5  
7 0 0  8 8  1 7  9 5 4 ± 2  < 1  3 4 5 1 0  1 2 2 . 6  
7 5 0  6 1  1 2  9 5 3 ± 2  < 1  4 0 8 1 3  1 4 5 . 5  
8 0 0  4 6  9 9 5 4 ± 2  1 2 9 4 3 8  1 04 . 5  
8 5 0  4 1  8 9 5 5 ± 3 2 1 9 0 4 2  6 7 . 1  
9 0 0  4 0  8 9 5 6 ± 3  3 8 7 69 3 0 . 2  
9 5 0  5 0  1 0  9 5 8 ± 2  3 1 0 4 3 3  3 6 . 1  
1 0 0 0  5 9  1 2  9 5 3 ± 2  4 7 8 1 8  2 7 . 0  
1 0 5 0  4 4  9 9 4 8 ± 3  9 3 4 3 0  1 1 . 3  
1 1 5 0  3 4  7 9 4 6 ± 3  1 4  2 1 2 6  6 . 6  

J = 2 . 5  x 1 0 -3 ± 0 . 5 % 

GF- 3 5 8  8IOT I TE ( MS l O ) 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmos 4 0 / 3 6  3 9 / 3 6  
.< 

6 0 0  2 5  4 
6 5 0  3 1  5 1 2 4 1 ± 5  5 6 4 3 5  1 5 . 2  
7 0 0  8 3  1 3  1 2 4 2 ± 2  3 108 7 3  2 6 . 6  
7 5 0  1 0 7  1 7  1 2 3 4 ± 2  3 1 1 4 1 0  2 8 . 2  
8 0 0  3 5  6 1 2 4 4 ± 7  5 5 8 6 5  1 3 . 9  

( 8 5 0  2 9  5 1 2 4 7 ± 4  7 4 4 1 4  1 0 . 3  
r 9 0 0  3 7  6 1 2 7 9 ± 5  8 3 8 4 6  8 . 5  

9 5 0  1 0 3  1 7  1 2 4 0 ± 2  4 7 9 1 7  1 9 . 2  
1 0 0 0  1 5 5  2 5  1 2 3 2 ± 1  2 1 6 7 4 9  4 1 . 8  
1 0 5 0  1 9  3 1 2 1 8 ± 2  1 5  1 9 7 4  4 . 3  

J = 2 . 49 5  x 1 0 -3 ± 0 . 5 % 



1 4 0  

GF- 4 2 K  K-FELDSPAR ( MS l O ) 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmos 4 0 / 3 6  3 9 / 3 6  TIME 
( sec ) 

4 8 0  4 2  4 62 1 ± 2  6 5 2 1 6  2 9 . 7  1 2 0 0  
5 1 0 18  1 6 0 8 ± 2  2 1 7 8 4 3  1 0 8 . 6 1 2 0 0  
5 4 0  1 7  1 682 ± 3  1 2 7 2 3 5  1 4 5 . 6  1 2 0 0  
5 7 0  1 8  1 7 7 3 ± 2  < l  3 0 4 4 5  1 40 . 0  1 3 80 
6 0 0  1 5  1 8 1 4 ± 5  < l  3 0 0 2 3 1 2 9 . 4  1 2 0 0  
6 3 0  1 6  1 8 1 7 ± 2  1 2 2 3 2 3  9 5 . 5  1 2 0 0  
6 6 0  1 9  2 8 2 8 ± 2  < l  3 2 1 4 7  1 3 5 . 8  1 2 0 0  
6 9 0  2 8  2 8 4 4 ± 2  1 3 0 6 1 4  1 2 6 . 3  1 2 0 0  
7 2 0  3 5  3 8 6 1 ± 1  1 2 8 4 0 0  1 1 4 . 2  1 3 8 0  
7 5 0  8 < l  8 6 7 ± 3  2 1 7 0 7 9  6 7 . 5  1 2 0 0  
7 8 0  1 3  1 8 5 8 ± 3  1 2 5 0 7 9  1 0 1 . 1  1 2 0 0  
8 1 0  2 6  2 8 5 6 ± 2  1 2 3 489  9 4 . 9  1 2 60  
840  2 7  2 8 6 4 ± 2  1 2 5 5 4 8  1 0 2 . 1  1 2 0 0  
8 7 0  2 0  2 8 7 0 ± 2  1 2 4 5 2 9  9 7 . 1  1 2 0 0  
9 0 0  8 < l  8 8 6 ± 9  1 2 9 5 2 8  1 1 4 . 5 1 2 0 0  

J = 2 . 48 5  x 1 0 -3 ± 0 . 5 % 

GF- 6 2 K  K-FELDSPAR ( MS l O ) 
" 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmo s 4 0 / 3 6  3 9 / 3 6  T I ME 
( sec ) 

4 8 0  1 7  2 6 5 1 ± 1  1 5  1 9 7 5  9 . 4  1 2 0 0  
5 1 0  1 3  1 5 3 7 ± 2  4 8 2 5 5  5 5 . 9  1 3 2 0  
5 4 0  1 6  2 5 4 7 ± 1  3 1 1 3 6 3  7 6 . 0  1 2 0 0  
5 7 0  2 1  2 5 8 5 ± 1  2 1 6 0 6 3  1 0 0 . 2  1 2 0 0  

r 6 0 0  2 0  2 6 3 9 ± 1  2 149 5 3  8 4 . 0  1 2 0 0  
6 3 0  2 5  3 6 8 1 ± 1  1 2 2 2 9 0  1 1 6 . 7 1 3 2 0  
6 6 0  2 3  2 7 0 0 ± 2  1 2 4 4 6 4  1 2 4 . 1  1 2 0 0  
6 9 0  3 0  3 7 0 3 ± 1  4 7 1 7 8  3 5 . 1  1 2 0 0  
7 2 0  4 7  5 7 1 4 ± 1  < l  3 5 0 2 4  1 7 4 . 1  1 2 00 
7 5 0  4 7  5 7 2 2 ± 1  < l  3 0 5 5 5  1 4 9 . 6  1 2 60  
7 8 0  3 0  3 7 0 9 ± 1  2 1 6 6 1 1  8 2 . 4  1 2 0 0  
8 1 0  2 7  3 7 0 5 ± 1  2 1 3 8 8 4  69 . 1  1 2 0 0  
8 4 0  2 3  3 7 0 8 ± 1  3 1 1 0 4 0  5 4 . 3  1 2 0 0  
8 7 0  2 8  3 7 2 0 ± 1  7 4 4 0 1  2 0 . 3  1 2 0 0  
9 0 0  2 6  3 7 2 5 ± 1  7 4 2 8 2  1 9 . 6  1 2 00 
9 5 0  4 6  5 7 3 4 ± 1  3 1 1 7 6 1  5 5 . 5  1 3 8 0  
1 0 0 0  6 0  7 7 4 2 ± 1  3 1 1 2 0 7  5 2 . 1  1 2 00 
1 0 5 0  7 0  8 7 6 2 ± 1  6 4 6 6 5  2 0 . 2  1 2 00 
1 1 0 0  6 6  7 8 1 0 ± 1  5 5 4 9 8  2 2 . 3  1 3 80 
1 1 5 0  4 5  5 9 0 3 ± 1  9 3 3 3 0  1 1 . 3 1 2 00 

J= 2 . 4 3 5  x 1 0 -3 ± 0 . 5 % 



1 4 1  

GF- 3 2 K  K-FELDSPAR ( VG3 6 00 ) 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmo s 4 0 / 3 6  3 9 / 3 6  TIME 
( sec ) 

S O O  1 7  < l  7 S S ± 3  2 0  1 S 09 S . 2  1 S 60 
s s o  1 6  < l  S 6 0 ± 3  6 S l 64 2 9 . 7  1 2 0 0  
6 0 0  3 7  1 S 6 3 ± 1  4 7 2 0 S  4 1 . 9  1 2 0 0  
6 S O  4 7  2 6 0 4 ± 2  1 2 1 S 4 7  1 1 8 . 7 1 3 2 0  
7 0 0  7 9  3 S 9 4 ± 2  6 4 6 6 3  2 4 . 8  1 3 8 0  
7 S O  1 4 8  s 640± 1 2 1 6 3 1 3  8 3 . 4  2 100  
800  1 1 7  4 6 9 7 ± 1  2 1 S l 2 2  6 9 . 8  1 2 0 0  
8 3 0  1 6 0  6 7 3 1 ± 1  1 2 1 S 8 6  9 4 . S  1 2 0 0  
8 6 0  4 S  2 8 0 1 ± 2  s 6 4 9 8  2 4 . 6  1 6 8 0  
8 9 0  s o  2 8 3 6 ± 2  4 8 1 3 7  2 9 . S  1 3 8 0  
9 2 0  8 2  3 8 6 7 ± 1  2 1 2 9 2 4  4 S . S  1 3 8 0  
9 S O  9 4  3 8 7 6 ± 1  1 2 2 2 3 8  7 8 . 0  1 2 0 0  
9 8 0  l l S  4 8 8 7 ± 1  2 1 6 S 6 2  S 6 . 8  1 2 00 
1 0 1 0  9 8  4 9 1 2 ± 2  2 1 8 2 8 4  6 0 . 7  l S O O  
1 0 4 0  l O S  4 9 1 4 ± 2  < l  S 4 4 S 9  1 8 2 . 3  1 S 60 
1 0 7 0  8 1  3 9 1 8 ± 2  < l  8 2 1 2 9  2 7 3 . 9  1 2 0 0  
1 10 0  1 1 1  4 9 6 9 ± 2  < l  1 0 09 9 6  3 1 4 . 1 1 2 6 0 
1 1 3 0  1 3 2  s 1 0 1 2 ± 1  < l  9 1 9 1 6  2 7 0 . 4  1 2 0 0  
1 1 6 0  1 6 1  6 1 0 S 2 ± 1  < l  7 3 S 8 S  2 0 S . 4  1 2 00 
1 1 9 0  7 1 6  2 6  9 9 S ± 2  < l  S 9 3 2 3  1 7 8 . 0  1 2 00 

i' 1 2 2 0  2 0 4  7 1 0 3 6 ± 1  < l  4 3 1 8 7  1 2 2 . 8  1 1 40 
1 2 S O  1 6 S  6 1009 ± 1  < l  3 7 0 8 0  1 0 9 . 0  1 3 2 0  

J = 2 . 2 2 x 1 0 -3 ± 1 . 0% 

GF- 2 0K K-FELDSPAR ( VG3 600 ) 

� o c  mV3 9  % 3 9  AGE ( Ma )  % atmo s 4 0 / 3 6  3 9 / 3 6  TIME 
( sec ) 

S O O  6 1 4 3 3 ± 3  4 S  6 6 1  3 . 0  1 2 0 0  
s s o  s < l  4 8 0 ± 2  3 1  9 4 9  4 . 9  1 4 4 0  
6 0 0  8 1 4 3 6 ± 6  2 0  1 4 6 2  9 . 8  1 3 2 0  
6 S O  1 2  2 60 9 ± 1  s S 4 0 1  2 9 . 4  1 3 80 
7 0 0  2 S  s S 9 3 ± 1  2 1 1 9 6 7  6 9 . 4  1 3 80 
7 S O  3 S  6 6 2 6 ± 1  1 2 1 7 8 4  1 2 0 . 0  1 3 8 0  
7 8 0  3 2  6 6 9 9 ± 1  1 2 7 6 2 S  1 3 3 . 6  1 4 4 0  
8 1 0  3 0  6 6 9 6 ± 1  1 2 8 1 7 9  1 3 7 . 1  1 2 00 
8 4 0  3 7  7 7 1 9 ± 1  4 7 0 6 0  3 2 . 0  4 9 8 0  
8 7 0  9 2 7 6 3 ± 1  3 1 0 3 0 9  4 4 . 0  1 2 0 0  
9 0 0  6 1 7 8 8 ± 2  7 4 0 1 3  l S . 7  1 2 60 
9 3 0  1 1  2 8 1 0 ± 1  4 6 9 3 0  2 7 . 0  l S O O  
9 6 0  l S  3 8 2 4 ± 1  3 1 0 7 8 0  4 1 . 9  1 3 2 0  
9 9 0  2 1  4 8 3 8 ± 1  2 1 3 1 4 1  S 0 . 2  1 2 00 
1 0 2 0  2 6  s 8 S 2 ± 1  2 1 8 6 6 4  7 0 . 4  1 2 0 0  
l O S O  2 3  4 8 4 7 ± 1  2 1 4 6 7 4  S S . S  1 2 0 0  
1 0 8 0  2 8  s 8 9 S ± l  2 1 7 S 3 4  62 . 1  1 2 00 
1 1 1 0  4 3  8 9 4 2 ± 1  1 2 2 6 3 9  7 S . 4  1 2 60  
1 14 0  S l  9 9 9 4 ± 1  1 2 4 608 7 6 . S  1 2 60 
1 1 7 0  s o  9 1042 ± 1  1 2 2 S 7 4  6 6 . 0  1 2 0 0  
1 1 7 0b 3 0  6 1048± 1 2 1 8 6 3 7  S 3 . 8  r 
1 1 7 0c 1 6  3 1 0 6 2 ± 1  3 9 6 7 4  2 7 . 0  r 
l l S O d  6 1 1 0 S 0 ± 3  4 6 7 0 2  1 8 . 7  r 
1 1 7 0e l S  3 1 0 8 4 ± 2  < l  7 S 6 3 9  2 1 1 . 7 r 
l l S O f  4 < l  1 0 4 7 ± 4  9 3 2 1 0 8 . S r 

J 2 . 3 1 S  x 1 0 - 3 ± 0 . S % 
r = repeated temperature step to attempt to ful ly outgas s ample 
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GF- 19K K-FELD SPAR ( MS l O ) 

o c  mV3 9  % 3 9* AGE ( Ma )  % atmos 4 0 / 3 6  3 9 / 3 6  TIME 
( sec ) 

4 8 0  4 < l  8 1 1 ± 5  1 4  2 0 5 1  7 . 5  1 2 00 
5 1 0 3 < l  6 2 7 ± 6  5 6 2 7 8  3 4 . 9  1 2 0 0  
5 4 0  5 < l  5 8 1 ± 3  5 5 4 4 3  3 2 . 9  1 1 4 0  
5 7 0  1 0  1 5 8 8 ± 2  2 1 3 1 5 3  8 1 . 0  1 2 0 0  
6 0 0  1 5  1 5 9 4 ± 2  1 2 1 3 4 2  1 3 1 . 0  1 2 0 0  
6 3 0  2 4  2 5 9 8 ± 1  1 2 2 480  1 3 7 . 2  1 2 0 0  
6 6 0  2 8  2 5 9 5 ± 1  1 2 4849  1 5 2 . 7  1 2 0 0  
6 9 0  6 2  5 600 ± 1  < l  3 2 7 4 0  1 9 9 . 8  1 5 60 
7 2 0  5 2  4 6 0 6 ± 1  < l  3 7 7 69 2 2 7 . 9  1 2 00 
7 5 0  60  5 6 0 8 ± 1  < l  3 7 0 2 2  2 2 2 . 8  1 2 0 0  
7 8 0  6 5  5 6 1 4 ± 1  1 2 1 0 9 4  1 2 4 . 5  1 2 0 0  
8 1 0  4 5  4 6 2 1 ± 1  < l  3 4 1 9 4  2 0 0 . 3  1 3 2 0  
8 4 0  6 6  5 6 3 3 ± 1  1 2 7 0 0 2  1 5 4 . 1  1 2 0 0  
8 7 0  5 8  5 6 5 4 ± 1  2 1 2 5 7 0  68 . 2  1 2 60 
9 0 0  4 7  4 6 7 0 ± 1  2 1 8 1 6 4  9 6 . 4  1 2 0 0  
9 5 0  6 5  5 6 9 0 ± 1  2 1 7 1 5 7  8 7 . 9  1 2 0 0  
1 0 0 0  6 5  5 7 1 0 ± 1  3 1 1 64 6  5 7 . 2  1 2 0 0  
1 0 5 0  6 5  5 7 4 8 ± 1  5 6 4 4 7  2 9 . 0  2 2 2 0  

GF- 19K K-FELDSPAR ( cont ' d ) ( VG3 6 00 ) 
\i 

OC mV3 9  % 3 9* AGE ( Ma )  % atmos 4 0 / 3 6  3 9 / 3 6  TIME 
( sec ) 

1 0 0 0  6 6  2 7 7 1 ± 5  9 3 3 5  1 3 . 8 5 1 2 0 0 ?  
1 0 2 5 62  2 7 9 8 ± 6  1 1  2 7 3 9  1 0 . 6 7 1 3 8 0  
1 0 5 0  7 5  2 8 1 6 ± 2  9 3 1 8 3  1 2 . 2 7 1 3 2 0  
1 0 7 5  1 3 2  4 82 5 ± 1  7 4 4 5 7  1 7 . 4 5 1 5 0 0  
1 1 0 0  2 8 3 8 8 4 0 ± 1  4 8 1 3 7  3 2 . 1 5 1 2 0 0  
1 1 2 5  1 5 3  4 8 5 4 ± 1  6 5 1 9 5  1 9 . 6 7 1 2 00 
1 1 5 0  3 3 8  9 8 5 7 ± 1  3 8 6 3 9  3 3 . 3 2 2 2 80 
1 1 7 5  2 2 2  6 8 7 5 ± 1  3 9 4 0 9  3 5 . 4 6 1 3 2 0  
1 1 5 0b 1 0 8  3 888±2  7 3 9 9 1  1 4 . 1 2  r 

J = 2 . 4 3 x l o -3 ± 0 . 5 % * 
e s t imated %39Ar release , due to two mas s  spectrometer analys i s , based 

on pattern for GF- 1 8  and GF- 2 0  
r = repeated temperature step t o  attempt to f u l ly outgas s ampl e  
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GF- 18K K-FELDSPAR ( VG3 600 ) 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmos 4 0 / 3 6  3 9 / 3 6  TIME 
( sec ) 

5 0 0  4 9  < 1  1 0 4 3 ± 7  2 2  1 3 4 7  3 . 1  1 3 2 0  
5 5 0  6 6  1 7 2 0 ± 2  1 5  2 0 1 0  8 . 0  2 1 00  
6 0 0  8 2  1 6 9 1 ± 2  9 3 4 4 5  1 5 . 6  1 2 0 0  
6 5 0  1 5 1  2 7 0 9 ± 1  3 8 4 7 3  3 9 . 2  1 2 00 
7 0 0  3 1 4 5 7 2 6 ± 1  2 1 2 8 5 3  5 8 . 6  12 00 
7 5 0 4 1 0  6 7 5 4 ± 1  2 1 6 3 0 7  7 1 . 4  1 3 2 0  
8 0 0  3 9 4  6 7 9 5 ± 1  1 2 3 1 6 3  9 5 . 5  1 4 4 0  
8 3 0  3 4 9  5 8 3 5 ± 1  1 2 0 408 7 9 . 1  1 2 0 0  
8 6 0  2 8 2  4 8 7 4 ± 1  2 1 7 4 3 7  6 3 . 6  1 2 0 0  
8 9 0  2 2 4  3 9 0 3 ± 1  2 1 5 1 7 3  5 3 . 0  1 4 4 0  
9 2 0  2 7 1  4 9 1 6 ± 1  2 18089  6 2 . 2  1 3 2 0  
9 5 0  3 2 9  5 9 1 7 ± 1  2 1 9 5 2 1 6 7 . 1  1 3 8 0  
9 8 0  480  7 9 1 5 ± 1  1 2 6 8 8 1  9 3 . 1  1 2 00 
1 0 1 0  4 9 0  8 9 1 8 ± 1  1 2 5 688  88 . 6  1 3 2 0  
1 0 4 0  3 0 3  5 9 1 6 ± 1  2 1 7 5 1 7  60 . 2  1 3 8 0  
1 0 7 0  4 3 4  7 9 0 8 ± 1  1 2 1 603  7 5 . 3  1 3 8 0  
1 1 0 0  3 14 5 9 0 2 ± 1  1 2 0 4 7 0  7 1 . 9  1 2 00 
1 1 3 0  4 3 6  7 89 3 ± 1  1 2 7 1 7 7  9 7 . 1  1 2 00 
1 1 7 0  5 7 3  9 8 8 8 ± 1  1 2 4 449  8 7 . 9  1 2 60 
1 1 7 0b 3 1 0  5 889 ± 1  2 1 4 2 0 8  5 0 . 5  r 

'l 1 1 5 0 c  9 5  1 8 9 0 ± 1  5 5 7 0 7  1 9 . 6  r 
1 1 5 0d 7 0  1 8 9 1 ± 2  7 4 0 4 9  1 3 . 6  r 
1 1 5 0e 7 8  1 8 9 4 ± 2  6 4 7 5 2  1 6 . 0  r 

J 2 . 3 1 5  x 1 0 - 3 ± 0 . 5 % 
r = repeated temperature step to attempt to fu l ly outgas s ampl e  

r 
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GF- 7K K-FELDSPAR ( MS l O ) 

o c  mV3 9  % 3 9* AGE ( Ma )  % atmos 4 0 / 3 6  3 9 / 3 6  TIME 
( sec ) 

4 8 0  1 0  1 
5 1 0  9 1 7 7 7 ± 2  2 1 8 7 9 5  8 3 . 2  1 2 0 0  
5 4 0  1 3  2 7 2 6± 2  1 2 1 8 6 8  1 0 5 . 6  1 2 0 0  
5 7 0  2 1  3 7 3 1 ± 1  < 1  3 1 9 8 5  1 5 3 . 7  1 2 0 0  
6 0 0  2 6  4 7 4 6 ± 1  < 1  4 4 5 1 4  2 09 . 1  1 2 0 0  
6 3 0  2 1  3 7 5 7 ± 1  1 2 7 0 6 7  1 2 4 . 3  1 2 0 0  
6 6 0  1 7  2 7 6 7 ± 1  2 1 2 0 7 9  5 3 . 9  1 2 60 
6 9 0  1 5  2 8 0 4 ± 2  4 7 1 2 3  2 9 . 4  1 2 0 0  
7 2 0  1 7  2 9 3 8 ± 2  1 2 5 8 2 6  9 0 . 7  1 2 60 
7 5 0  1 7  2 1 0 2 5 ± 2  1 2 0 1 7 4  6 2 . 9  1 2 0 0  
7 8 0  1 2  2 1 0 4 7 ± 3  1 2 2 3 5 7  6 7 . 9  1 2 0 0  
8 1 0  1 1  2 1 0 6 0 ± 2  2 1 4 0 9 4  4 1 . 8  2 5 8 0  
8 4 0  1 3  2 1 0 9 3 ± 2  3 1 0 0 4 3  2 8 . 3  1 2 0 0  
8 7 0  1 7  2 1083 ± 2  2 1 2 1 8 9  3 5 . 0  1 2 0 0  
9 0 0  2 1  3 1042 ± 1  2 1 2 5 3 9  3 7 . 9  1 2 0 0  

GF-7K K-FELDSPAR ( cont ' d )  ( VG3 600 ) 

o c  mV3 9  % 3 9* AGE ( Ma )  % atmo s 40 / 3 6  3 9 / 3 6  TIME 
" ( sec ) 

9 0 0  2 1  2 1 2 0 0 ± 1  6 5 0 5 5  1 2 . 2 2 1 4 4 0  
9 2 5  1 5  1 1 1 6 6 ± 1  4 6 7 1 9  1 7 . 1 5  1 2 0 0  
9 5 0  2 2  2 9 5 7 ± 1  4 7 1 2 9  2 3 . 6 7 1 3 8 0  
9 7 5  2 9  2 9 5 5 ± 1  5 6 3 6 8  2 1 . 0 9 1 5 00 
1 0 0 0  2 8  2 9 8 8 ± 1  4 8 3 8 6  2 6 . 9 1  1 2 0 0  

r 1 0 2 5 4 9  4 102 0 ± 1  3 1 0 7 1 6  3 3 . 2 2 1 6 8 0  
� 1 0 5 0  6 5  5 1 0 1 7 ± 1  2 1 3 5 7 2  4 2 . 5 2 1 3 2 0  

1 0 7 5  5 4  4 1 0 5 0 ± 1  2 1 6 0 3 9  4 8 . 3 2 1 4 4 0  
1 1 0 0  6 9  5 1048 ± 1  2 1 3 5 7 6  4 0 . 8 8  ? 
1 1 2 5 7 4  5 1 0 6 6 ± 1  < 1  2 9 7 1 5  88 . 5 8 1 2 0 0  
1 1 5 0  4 5 2  3 3  1 0 4 3 ± 3  1 2 3 1 8 5  7 0 . 8 7 1 8 6 0  

J = 2 . 4 2 5  x 1 0 - 3 ± 0 . 5 %  

* 
e s t imated %39Ar release , due to two mas s - spectrometer analy s i s ; based 

on GF- 2 0K and GF-18K 
? = step not t imed 



1 4 5  

C I - 2 0K K-FELDSPAR ( VG3 600 ) 

o c  mV3 9 % 3 9  AGE ( Ma )  % atmos 4 0 / 3 6  3 9 / 3 6  TIME 
( sec ) 

5 0 0  4 9  1 7 0 7 ± 10 1 3  2 2 9 6  9 . 2  1 2 60 
5 5 0  4 1  1 6 3 6 ± 2  7 4 2 9 5  2 1 . 0  1 2 00 
6 0 0  9 6  3 7 3 1 ± 1  2 1 4 3 3 4  6 2 . 4  1 3 2 0  
6 5 0  9 1  3 7 2 0 ± 1  2 1 64 0 9  7 3 . 0  1 2 0 0  
7 0 0  1 6 1  4 7 2 4 ± 1  5 6 3 8 2  2 7 . 4  1 2 60  
7 5 0  2 42 7 7 4 6 ± 1  2 1 8 4 9 6  7 8 . 9  1 3 8 0  
8 0 0  2 8 8  8 7 7 0 ± 1  1 2 1 9 2 5  9 0 . 1  1 2 0 0  
8 3 0  2 42 7 7 9 3 ± 1  1 2 5 9 5 7  1 0 3 . 1  1 2 60  
860  1 9 6  5 82 2 ± 1  2 1 9 5 2 0  7 4 . 0  1 2 0 0  
8 9 0  1 0 4  3 8 4 3 ± 1  2 1 4 0 7 2  5 1 . 3  1 2 0 0  
9 2 0  2 1 3 6 8 7 0 ± 1  1 2 3 1 7 4  8 1 . 9  1 2 60  
9 5 0  1 9 7  5 8 9 8 ± 1  3 9 2 4 9  3 0 . 8  1 3 2 0  
9 8 0  1 5 8  4 9 0 4 ± 1  1 2 0 9 7 3  7 0 . 6  1 2 0 0  
1 0 1 0  1 1 1  3 89 2 ± 1  2 1 9 3 8 3  6 6 . 2  1 2 0 0  
1 0 4 0  2 3 1  6 8 9 4 ± 1  < 1  3 6 9 7 1  1 2 7 . 0  1 9 8 0  
1 0 7 0  1 1 5  3 88 5 ± 1  2 1 8 7 2 4  6 4 . 6  1 5 00 
1 1 0 0  1 9 0  5 8 9 7 ± 1  < l  3 3 0 4 2  1 1 3 . 0  1 5 0 0  
1 1 5 0  3 8 8  1 1  8 9 5 ± 1  < 1  4 0 1 3 1  1 3 7 . 7  1 2 0 0  
1 18 0  2 9 5  8 8 6 8 ± 1  1 2 7 9 4 1  9 9 . 3  r 
1 180b 17  < 1  8 1 5 ± 2  8 3 6 5 9  1 3 . 1  r 

� 1 1 5 0 c  7 8  2 8 4 0 ± 2  7 4 3 8 8  1 5 . 3  r 
1 1 5 0d 4 9  1 7 1 5 ± 1  6 4 8 7 1  2 0 . 9  r 
1 1 5 0 e  3 3  < 1  7 6 6 ± 1  8 3 6 5 7  1 4 . 1  r 

J 2 . 2 2 x 1 0 -3 ± 1 . 0% 
r = repeated temperature step to attempt to fu l ly outgas s ample 

r 
� GF- 3 5K K-FELDSPAR ( MS l O ) 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmo s 4 0 / 3 6  3 9 / 3 6  TIME 
( sec ) 

4 8 0  7 . 2  < 1  7 3 4 ± 3  6 4 8 5 9  2 2 . 6  1 2 0 0  
5 1 0 7 . 3  < l  5 9 8 ± 2  3 1 1 4 9 7  7 0 . 8  1 2 0 0  
5 4 0  1 1 . 6  1 5 9 7 ± 2  1 2 0 7 5 2  1 2 9 . 7  1 2 0 0  
5 7 0  1 5 . 5  2 5 9 9 ± 2  1 2 8 0 7 9  1 7 5 . 8  1 2 0 0  
6 0 0  2 1 . 8  2 5 9 6 ± 1  < 1  3 0 7 7 8  1 9 4 . 0  1 2 0 0  
6 3 0  2 5 . 0  3 5 9 5 ± 1  1 2 3 8 9 9  1 5 0 . 4  1 2 0 0  
6 6 0  3 1 . 0  4 6 0 0 ± 1  2 1 3 9 0 0  8 5 . 8  1 2 0 0  
6 9 0  3 7 . 3  4 6 2 7 ± 1  < l  4 7 6 2 2  2 8 3 . 5  1 2 0 0  
7 2 0  3 8 . 6  4 6 5 1 ± 1  < 1  3 9 188 2 2 2 . 8  1 2 0 0  
7 5 0  5 4 . 4  6 6 9 7 ± 1  < 1  4 8 7 7 9  2 5 5 . 8  1 2 0 0  
7 8 0  3 1 . 7 4 7 3 8 ± 1  < l  3 6 2 04 1 7 6 . 7  1 2 0 0  
8 1 0  1 5 . 1  2 8 1 0 ± 1  1 2 6408 1 1 4 . 7 1 3 2 0  
8 4 0  2 8 . 7  3 8 8 1 ± 1  1 2 7 7 4 2  1 0 8 . 5 1 2 0 0  
8 7 0  2 8 . 0  3 9 4 2 ± 2  < 1  3 0 8 7 4  1 1 1 . 0  12 60  
9 0 0  3 1 . 2  4 9 68 ± 2  < l  3 1 1 4 4  1 08 . 0  1 2 0 0  
9 5 0  5 3 . 0  6 9 7 7 ± 4  < 1  4 49 2 8  1 5 4 . 6  1 2 00 
1 0 0 0  6 3 . 0  7 9 8 2 ± 2  < l  3 1 0 3 0  1 0 5 . 8  1 2 60  
1 0 5 0  5 1 . 4  6 9 7 7 ± 3  1 2 5 7 9 7  8 8 . 2  1 2 00 
1 1 0 0  7 2 . 2  8 9 7 0 ± 3  2 1 6 5 3 9  5 6 . 7  1 2 00 
1 1 5 0  9 9 . 0  1 1  9 9 0 ± 9  2 1 5 1 0 8  5 0 . 4  2 5 80  

J = 2 . 4 9 x 1 0 -3 ± 0 . 5 % 
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GF-3 5K2 K-FELDSPAR ( VG3 600 ) 

o c  mV3 9  % 3 9  AGE ( Ma )  % atmo s 4 0 / 3 6  3 9 / 3 6  TIME 
( sec ) 

5 0 0  2 7  1 7 2 6 ± 2 7  < 1  2 4 2 5 6 5  1 0 8 6 . 2  1 2 0 0  
5 5 0  1 9  < 1  5 0 9 ± 9  2 0  1 4 5 1  7 . 9  1 2 0 0  
6 0 0  2 7  1 6 0 7 ± 2  < 1  3 5 8 9 5  1 9 7 . 5  1 2 0 0  
6 5 0  5 4  2 5 3 1 ± 1  4 7 2 8 1  4 5 . 3  1 2 0 0  
7 0 0  6 4  3 5 8 9 ± 1  1 0  2 9 9 4  1 5 . 5  1 5 60 
7 5 0  5 5  2 6 2 8 ± 1  3 8 4 5 1  4 3 . 4  1 2 0 0  
8 0 0  1 1 4  5 6 6 8 ± 1  1 2 0 2 2 8  9 8 . 7  1 5 0 0  
8 3 0  6 7  3 7 4 2 ± 2  2 1 3 4 0 4  5 7 . 2  1 2 0 0  
8 6 0  5 0  2 7 5 7 ± 2  3 1 0 1 1 5  4 1 . 8  1 2 0 0  
8 9 0  5 0  2 8 5 2 ± 3  3 1 0 8 4 6  3 8 . 8  1 4 4 0  
9 2 0  5 2  2 8 9 0 ± 3  3 9 4 8 2  3 1 . 9  1 2 0 0  
9 5 0  7 0  3 9 0 1 ± 2  2 1 8 9 3 8  6 3 . 9  1 2 0 0  
9 8 0  8 6  4 9 3 6 ± 2  1 2 80 2 5 9 0 . 5  1 2 0 0  
1 0 1 0  1 5 4  7 9 0 8 ± 2  1 2 4 9 2 3  8 3 . 6  1 3 2 0  
1 0 4 0  9 7  4 9 2 3 ± 2  4 8 0 7 9  2 5 . 9  1 4 4 0  
1 0 7 0  1 3 0  6 9 1 7 ± 1  1 2 7 3 1 5  9 0 . 5  1 3 8 0  
1 0 9 0  1 2 3  5 9 2 8 ± 1  1 2 5 604 8 3 . 6  1 8 0 0  
1 1 1 0  1 2 3  5 9 42 ± 1  1 2 00 4 3  6 3 . 9  1 2 0 0  
1 1 3 0  7 0 0  3 1  9 3 5 ± 1  < 1  3 7 2 4 7  1 2 0 . 7  1 2 0 0  
1 1 5 0  1 4 7  6 9 6 6 ± 1  1 2 9 1 7 7  9 0 . 5  1 2 0 0  

' 1 1 80  17  <1  9 7 6 ± 1  < 1  3 2 2 2 2  9 8 . 7  1 2 0 0  
1 2 1 0  5 6  2 9 7 5 ± 2 3 1 1 2 5 9  3 3 . 9  4 2 0  

J = 2 . 2 2 x 1 0 -3 ± 1 . 0% 

C I - 14K K-FELDSPAR ( VG3 600 ) 

� o c  mV3 9  % 3 9  AGE ( Ma )  % atmos 4 0 / 3 6  3 9 / 3 6  TIME 
( sec ) 

5 0 0  2 5  1 6 2 6 ± 3 3  3 2  9 3 2  3 . 4  1 8 0 0  
5 5 0  2 5  1 5 0 6 ± 2  3 9  7 60 3 . 2  1 5 60 
6 0 0  4 7  3 488 ± 1  2 3  1 3 0 3  7 . 2  1 3 2 0  
6 5 0  4 6  3 4 9 6 ± 1  2 6  1 1 5 1  6 . 0  1 3 2 0  
7 0 0  1 1 2  6 6 0 1 ± 2  1 6  1 8 9 9  9 . 0  1 4 4 0  
7 5 0  1 2 5 7 6 0 8 ± 1  10  2 9 5 0  1 4 . 7  1 4 4 0  
8 0 0  1 1 1  6 6 3 6 ± 1  9 3 2 9 4  1 5 . 7  1 8 0 0  
8 3 0  7 0  4 6 9 1 ± 2  1 4  2 0 5 4  8 . 4  1 3 8 0  
8 6 0  5 8  3 7 3 8 ± 2  1 3  2 3 0 6  8 . 8  1 5 00 
8 9 0  5 6  3 7 7 4 ± 3  1 3  2 2 6 6 8 . 2  1 5 00 
9 1 0  3 0  2 7 9 2 ± 4  2 0  1 5 0 6  4 . 9  1 2 00 
9 4 0  5 5  3 8 2 9 ± 2  8 3 9 1 1  1 3 . 7  1 5 60 
9 7 0  4 2  2 8 4 7 ± 2  1 0  3 0 6 2  1 0 . 2  1 2 00 
1 0 0 0  68  4 8 7 7 ± 2 10  3 0 7 9  9 . 9  1 2 0 0  
1 0 3 0  1 0 0  5 9 0 0 ± 2  5 6 2 1 3  2 0 . 3  1 5 0 0  
1 0 6 0  1 2 1 7 9 5 0 ± 2  4 7 5 44  2 3 . 2  1 2 0 0  
1 0 9 0  7 2 8  4 0  1 0 3 8 ± 2  1 2 6 5 3 7  7 4 . 9  1 2 0 0  
1 1 2 0  1 < 1  7 8 9 ± 6 8  8 1  3 6 5  0 . 3  1 4 4 0  
1 1 5 0  1 < 1  9 2 0±9  3 8  7 8 7  1 .  6 1 2 0 0  

J = 2 . 2 2 x 1 0 -3 ± 1 . 0% 
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APPEND IX D 

AMPHI BOLE ELECTRON MI CROPROBE DATA ( AVERAGED ) 

E lectron microprobe analyses were obtained for amphibo l e s  on a 

Jeo l - 7 3 3™ system u s ing four WDS spectrometer s . Operat ing cond it ions 

were 15 kV at 1 0  na beam current . A Tracor-Northern ZAF mat r ix 

correct ion program was u sed for data reduct ion . Two to four analyses 

per grain o f  two to four grains per po l ished thin sect ion were obtained . 

More analyses were obtained for the samples which exhib ited zoning or 

mu l t iple kinds of amphibo le . Analyses presented below represent 

aver ages o f  three to s ix individual analyses .  

E rror est imates were obt ained on data u sed to c a l c u l at e  Ca/K 

r at io s . Error on Ca has  been determined by rep l i c ate analyses  of  

standard KK hornb lende ; for a l l  s amples , error i s  2%  ( 2 a ) . For K,  3 9  

rep l i c ate analyses o f  KK ( we ight % K2o = 2 . 04 % ) were conducted over a 

s ix -week period , dur ing four separate sess ions ( R .  Mackay , per s . comm . 

1 9 9 1 ) .  The rep l i c ates gave a mean K2o of  1 . 9 6 with a S . D .  o f  0 . 0 5 .  

Error on K i s  there fore about 8 - 10%  ( 2 a ) . Net error on Ca/K rat ios i s  

est imated at roughly 10% ( 2 a ) . 

wt . % GF-44H GF-44H GF-44  GF-2 GF-2 
ox ides core r im act in 1 Mghb2 hsthb3 

S i02 4 7 . 1 3 43 . 7 4 5 1 . 40 4 5 . 3 3 4 3 . 09 
T iO 0 . 3 6 0 . 7 8 0 . 2 1 0 . 9 2 0 . 2 1 
A1263 9 . 3 3 12 . 2 2 5 . 0 7 9 . 2 3 1 1 . 5 6  
cr6o3 0 . 2 3 0 . 18 0 . 0 0 0 . 0 5 0 . 00 
Fe 1 1 . 9 0 13 . 7 4  9 . 6 1 1 7 . 2 1 1 8 . 80 
MnO 0 . 1 9 0 . 2 0 0 . 2 3 0 . 3 4 0 . 3 5 
MgO 1 4 . 1 7 12 . 2 4 1 6 . 9 6 10 . 7 4 9 . 2 9 
Cao 1 2 . 02 1 1 . 9 5  1 2 . 4 7 1 2 . 04 1 2 . 00 
Na0o 1 . 40 1 . 8 5 0 . 8 1 1 . 2 8 1 . 4 7 

�i 0 . 0 7 0 . 1 8 0 . 00 0 . 7 6 0 . 7 7 
0 . 0 5 0 . 1 1 0 . 0 3 0 . 1 4 0 . 1 7 

F 0 . 00 o . o o 0 . 0 1 0 . 02 0 . 0 7 
TOTAL 9 6 . 8 5 9 7 . 19 9 6 . 80 9 8 . 0 6  9 7 . 7 8 

Ca/K 1 5 3 . 1  5 6 . 1  1 3 . 3  1 3 . 0  
Fe# 0 . 49 0 . 5 6 0 . 3 9 0 . 64 0 . 7 0 

1 actino l it i c  hornblende 
2 magnes ia-hornb lende ( Leake and Winche l l , 1 9 7 8 ) 
3 magnes ian hast ings it ic hornb lende ( Leake and Winche l l ,  1 9 7 8 ) 
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wt . %  GF-8H 
oxides GF- 3 2 H  C I - 3 7H T Z - 19H GF- 3 4H GF- 3 5 H  

S i02 4 3 . 02 43 . 02 4 0 . 9 5 4 0 . 6 3  4 1 . 7 6  
T iO 0 . 8 5 1 .  5 0  1 .  5 0  1 . 8 3 1 .  5 8  
Al263 9 . 1 6 10 . 9 7 1 2 . 7 1  1 1 . 08 1 0 . 6 3 
Crbo3 0 . 00 0 . 04 0 . 00 0 . 00 0 . 0 6 
Fe 2 0 . 0 6 1 7 . 09 1 9 . 5 0 1 8 . 3 8 1 7 . 69 
MnO 0 . 49 0 . 3 0 0 . 3 8 0 . 2 8 0 . 6 5 
MgO 8 . 9 7 9 .  7 2  7 . 7 3 9 . 3 5 9 . 8 0 
cao 1 1 . 4 5 1 1 . 6 5  1 1 . 5 3  1 1 . 5 1  1 1 . 4 6 
Na0o 1 .  7 3  1 . 9 5 1 .  5 8  1 .  69  1 .  6 2  

�i 1 . 2 4 0 . 7 2 1 . 48 1 .  5 4  1 .  6 0  
0 . 04 

F 0 . 1 7 
TOTAL 9 6 . 9 7  9 7 . 0 5 9 7 . 5 7  9 6 . 2 9 9 6 . 8 5 

Ca/K 7 . 7  13 . 6  6 . 5  6 . 3  6 . 0  
Fe# o .  7 1  0 . 6 7 0 . 7 4 0 . 69 0 . 6 7 
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APPEND IX E 

THEORY OF K-FELDSPAR D I FFUS ION EXPERIMENTS 

E . l )  Determinat ion of closure temperature from step-heat ing exper iment s 

( Berger and York ( 19 8 1 ) method ) - ( modif ied after Grist , 1 9 8 9 ) 

Assuming that d i f fus ion o f  argon out o f  mineral grains i n  nature 

is a therma l ly act ivated proce s s , the temperature at which d i f fus ion 

e f fect ive ly stops ( denoted Tc ) can be descr ibed by the fol l owing 

r e l at ionship ( Dodson , 1 9 7 3 ) : 

( 1 )  

where Ea i s  the act ivat ion energy ; R i s  the gas constant ; Tc i s  the 

c lo sure temperature in degrees Ke lvin ; T i s  the t ime const ant ( the t ime 

for D to diminish by e- 1 ) ;  A is a geometrical constant ; v0 is the 

d i f f u s ion coe f f ic ient as the temperature approaches inf inity ; and a is 

the e f fect ive d i f f u s ion length ( al so expre s sed as  1 ) . 

Changes in concentrat ion o f  argon with respect to t ime in a 3 -

d imens ional system ( thermal ly induced mas s d i f fu s ion ) , can be des c r ibed 

by F i ck ' s  second l aw :  

( 2 )  

Numerical  solut ions t o  this equat ion have been deve loped des c r ib ing 

d i f fu s ion out of s imple geometr i c  forms . D i f fu s ion in feldspars is best 

des c r ibed by the equat ions for d i f fu s ion from e ither a sphere or an 

i n f i n ite plane-sheet : 

For a sphere : 

l l 

for o .  8 5 s; fs; l  

fu ( 6 / 1t 2 ) ( 1t 2Dt/ a 2 )  2 - ( 3 /1t2 ) ( 1t 2Dt/ a 2 )  for O s; fs; 0 . 8 5 

For a p l ane- sheet : 

for 0 . 4 5 s; fs; l  

l 
fu ( 2 /,/it ) ( Dt/ 1 2 ) 2 for O s; fs; 0 . 6 0 

where f i s  the fract ion of  gas lost by dif fus ion in terms o f  the 

( 3 ) 

( 4 )  

( 5 )  

( 6 )  
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parameter (D/1 2 ) ( or D / a2 ) ,  1 ( or a )  i s  the e f fect ive d i f fu s ion 

d i s t ance , and t is the t ime d i f f u s ion is  occurr ing . 

I n  l aboratory step-heat ing exper iment s ,  f and t can be measured 

and c an be used to calculate D / a2 , i f  the fol lowing stipu l at ions ho ld : 

1 )  the phase remains stable throughout the durat ion o f  the 

exper iment ; 

2 )  the s hape o f  the d i f fu s ion domains in the exper iment conforms 

to the shape as sumed in the solution o f  the d i f f u s ion equ at ion ; 

3 )  only one mineral phase i s  present ( e . g .  no cont r ibut ion o f  gas 

from ser i c it i c  alterat ion , perthite l ame l l ae ,  et c . ) ;  

4 )  the i n it ial distribut ion o f  argon i s  uni form ;  

5 )  heat ing i s  isothermal . 

The means by which these c a l cu lat ions are carr ied out for step­

heat ing exper iment s i s  as fol lows : 

Refer to f igure A ,  which i s  a diagrammat ic represent at ion o f  

t h e  method des c r ibed here . 

Cons ider gas evolving from a sphere ( for 0 s f  s 0 . 8 5 ) . This  i s  

des c r ibed b y  equat ion ( 4 ) . Rearranging : 

D t  _ 2 _ f _ 2 Pt- 1t - - - - - -
a 2 1t 3 1t 3 

At temperature T ( l )  ( see f ig .  A ) : 

D ( l )  t ( l )  = 2 - f ( l )  - 2/l - 1tf( l )  
a 2 1t 3 1t 3 

( 7 )  

( 8 )  

where f ( l )  i s  the fract ion o f  total gas released i n  the f ir st heat ing 

step . ( Norma l l y  the 39Ar release i s  used to determine thi s ) . t ( l )  is 

the durat ion of the f irst heat ing step . Both these value s are known and 

t here fore D ( l ) / a2 can be calculated . 

At t ( l ) ,  temperature i s  increased to T (2 ) , and d i f f u s ion becomes 

more rapid . At T (2 ) : 

and : 

D ( 2 )  t ( 2 ) 1  = 2 - f ( l ) + f ( 2 ) 
a 2 1t 3 

2
/1 - 1t (f( l ) +f(2 ) ) 

1t 3 

f ( l ) and f ( 2 )  are known but t (2 )  and t (2 ) ' are not . However : 

( 9 )  

( 10 ) 
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t (2 ) ,  - t (2 ) = tJ.t (2 ) 

whi c h  i s  the heat ing t ime for the second step . By subtract ion : 

1 5 1  

D ( 2 ) d t ( 2 )  = � - £ ( 2 ) - � ( /1 _ 1t (f( l ) +f (2) ) _ /1 _ 1tf(l) ) ( 1 1 )  
a 2 1t 3 1t Y 3 Y 3 

D iv iding by tJ.t (2 ) , D/a2 
i s  calculated for the second step . The 

c a l c u l at ion i s  repeated iterat ive ly for subsequent heat ing steps . 

The D/a2 
values are normal ly plotted on a log scale  ( 1 og1 0v;a2 ) 

vers u s  the inverse o f  temperature ( in Ke lvin ) .  This  i s  known a s  an 

Arrhenius plot because the Arrhenius equat ion p lot s as  a straight l ine 

in the form : 

l o  - = + l o -� D ) - . 4 3 4 3 Ea ( 1 0 0 0 ) � D0 )  

a 2 RT a 2 
( 1 2 )  

T h i s  a l lows derivation of  the act ivat ion energy ( Ea ) '  from the s lope o f  

t h e  l ine , and o f  t h e  frequency f actor D0/a2 
from the y- intercept . 

As suming a cool ing rate , which def ines T by the relat ionship : 

-RT2 
't = c 

Ea ( dT/ dt )  ( 13 ) 

equat ion ( 1 )  c an be u sed to calculate Tc , u s ing the Ea and D0/a2 
der ived 

by the exper iment . 
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i_ _ _  - - - - - - - - - - - - - - - -

f( 3) 
"'O 
� 
I/) 
0 
� 
� "-
I/) 
0 
CJ) 

'+- f ( 2 ) 0 
c 
0 

� 
0 
0 "-'+-

f ( 1 )  

, �������� 
0 h e a t i n g  t i m e s  ) ) c. t ( 3 ) t d (2 ) t (  1 )  ) t ( 3 ) 

t ( 2 ) ' 
t (  3 ) ' 

F i g . A .  D i agram i l lustrat ing the Berger and York ( 1 9 8 1 ) method o f  
c a l c u l at i ng d i f fu s ion parameters ( see text f o r  a complete 
des c r ipt ion o f  the method ) .  t ( l ) , A t ( 2 ) , and A t ( 3 )  are actua l  
l aboratory heat ing t imes . f ( l ) , f ( 2 ) , . . .  f ( n )  are the f r act ions o f  
g a s  evo lved during each of  the heat ing steps , such t hat 
f ( l ) + f ( 2 )  . . .  + f ( n )  = 1 .  The t ime s t ( 2 )  and t ( 2 ) ' are the 
t heoret i c a l  t imes requ ired to obt ain vo lume s of gas equ ivalent to 
f ( l )  and f ( l ) + f ( 2 ) ,  re spect ive ly , had a l l  heat ing been conducted 
at t he e l evated temperature T ( 2 )  rather than at the actual 
t emperature s T ( l )  and T ( 2 )  respect ive ly . The d i f ference o f  t ( 2 ) ' 
and t ( 2 )  i s  known , as is  f ( l ) + f ( 2 ) ,  and can t herefore be u sed t o  
c a l c u l ate D / a2 for the second step u s ing equat ion ( 1 1 ) . 
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E . 2 )  Determinat ion o f  c losure T for a distribut ion o f  d i f fu s ion domain 

s iz e s  

Lovera e t  a l . ( 1989 ) have der ived a method to des c ribe l o s s  o f  

argon due t o  d i f fu s ion i n  a sample which contains a mixture o f  e f fect ive 

d i f fu s ion domai n  s i zes . They use their method to mode l Arrhenius plot s  

and age spectra produced b y  K- fe ldspars , in order to constrain several 

T-t po i nt s , one corresponding to each domain s i ze . The Lovera method i s  

deve l oped f o r  the general case o f  a n  unl imited number o f  d i f f u s ion 

domain s i zes  and a var iety o f  grain geometries . 

P . H .  Reyno lds at Dalhou s ie Univer s ity has deve loped a method o f  

des c r ib ing d i f fu s ional l o s s  for the more spec i f ic c a s e  o f  up to t hree 

d i f ferent d i f f u s ion domain s i zes o f  spherical  ( or inf inite p l ane- s heet ) 

geometry . The rat ionale for the method i s  des c r ibed be l ow , then the 

BAS I C  computer program u sed to carry out the actual c a l cu l at ion of mode l 

Arr henius p lot s and age spectra i s  presented and annotated . 

The Arrhenius plot produced during a d i f fu s ion exper iment i s  

presumed t o  b e  due t o  a mixture o f  gas from d i f ferent domain s i ze s . The 

domains are as sumed to be ident ical  in the ir d i f fu s ion parameters ( Ea 
and D0 ) and K concentrat ion , and it i s  as sumed there i s  no interact ion 

between domains . E ach s i ze fract ion is  as sumed to obey the Arrhenius 

equat ion . Al l other assumpt ions of  the Berger and York ( 19 8 1 ) method as  

s t ated in part E . l also  apply . 

The re l at ive ly l inear , low-T part o f  the plot ( be l ow t he observed 

" kink" ) is predominant ly , but not ent irely , the result of gas produced 

by " smal l "  domains ( the degree to which this is so is a funct ion o f  the 

r e l at ive vo lume fract ions of  the d i f ferent domain s i zes and the contrast 

i n  their s i ze s ) . Where the kink occurs , sma l l  domains have been 

exhau sted and medium and/or l arge domains take over in vo lumet r i c  

s igni f i c ance . However , the D / a2 values for the low-T port ion o f  the 

p l ot are c a l cu l ated cons ider ing the gas produced by med ium and l arge 

domains as  we l l , s ince the calculat ion inc lude s terms incorporat ing the 

f ract ion o f  the total gas released ( see equat ion ( 8 ) ) .  Thu s a 

c a l c u l ated D0 / a2 u s ing the y- intercept of  a l ine f it to the l ow­

t emperature end of the whole Arrhenius plot does not accurately 

represent the sma l l  domains , but i s  some funct ion o f  the two or three 

domains ' D0 / a2 . 

I f  only the gas produced below the temperature at wh ich the kink 

occurs is cons idered in the calculat ion of  D / a2 for each step , this is a 

c loser approx imat ion of  the contr ibut ion o f  gas by the sma l l  domains . 

The c a l c u l ated D0 / a2 value is  st i l l  a funct ion o f  the l arger domai n s ' 

contr ibut ion , but this  value set s a lower l imit on the D0 / a2 o f  sma l l  

domains .  
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o0 / a2 for the " medium " and/or " l arge " domains i s  init ia l ly gues sed 

at by a s s e s s ing the degree o f  o f f set of  the higher-T part s of the 

Arrhenius curve from the low-T part . The relat ive proport ions o f  the 

tot a l  gas contr ibuted by each o f  the domain s i z e s  i s  a l so gues sed at , 

based in part on the shape o f  the age spectrum , in which l o c a l  

f l attening o f  the step ages ( a  " plateau " ) may indicate t h e  predominance 

of  one part icular domain outga s s ing ( according to s ingle- s ite d i f fu s ion 

t heory ) . 

The c a l cu l ated E8 and as sumed o0 ; a2 values for two or three 

domains , and the as sumed vo lume fractions o f  domain s i z e s , are entered 

into a BAS I C  computer program ( annotated be low ) , which c a l c u l at e s  the 

( D / a2 , 1 0 00 / T ) pair s . These values are tested for f it to the mea sured 

Arrhenius curve . The f it i s  a s s e s sed on the bas i s  o f  the mat c h  in 

( D / a2 , 1 0 00 / T ) pairs and by compari son o f  the predicted percent age o f  

outgas s ing o f  the s ample at incongruent melting ( or at t h e  end o f  the 

exper iment for 1 0 0 %  outga s s ing be fore me lting ) . The l atter constraint 

is import ant s ince it is pos s ib l e  to f ind domain distribut ions which f it 

t he curve but predict e ither too much or too l itt l e  outga s s ing . The 

r e l at ive s i z e s  and proport ions o f  the domains are adj u sted , and the 

program re-run , unt i l  the best f it i s  obtained . 

The d i str ibut ion of  domains ( D0 / a2 , vo lume fract ion pairs ) thus 

c a l c u l ated i s  then u sed to mode l the age spectrum . The method f o l lows 

t hat o f  Lovera et al . ( 19 89 ) , which uses an age spectrum normal i zed to T 
to c a l c u l ate the age of  gas for each heat ing step for each domain ( P . H .  

Reynolds , per s . comm . , 1 9 9 1 ) . The BAS IC program annotated below 

inc lude s this  funct ion but i s  bypas sed for the init ial a s s e s sment o f  

domain distribut ion . I n  t h i s  procedure , a n  as sumed peak age o f  each 

domain , and a t ime const ant T ( re l ated to cool ing rate by equat ion ( 1 3 ) ) 

app l i c ab l e  to t h i s  age , are input ; a mode l age spectrum i s  generated and 

is compared for f it to the observed spectrum . The input paramete r s  are 

again adj u sted unt i l  a sat i s f actory f it is achieved . 

The Arrhenius parameters obt ained from the mode l l ing o f  Arrheniu s 

p l ot s  are f inal ly u sed in the f o l l owing mod i f icat ion o f  the Dodson 

equat ion to c a l c u l ate c losure temperature s for the peak age o f  each 

domain s i ze ( as suming spher ical geometry ) :  

( 1 4 )  

where : TP i s  the c l o sure temperature apply ing t o  the peak age , and y i s  

E u l e r ' s  const ant . 
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E . 3 )  Program MODSPEC ( in GW8AS I C ) , u sed t o  calculate Arrheniu s 

parameters for mode l d i f f u s ion domain distribut ions , and 

spectra ( modi f ied after original by Dr . P . H .  Reyno lds ) 

mode l age 

1 0  REM PROGRAM MODSPEC T O  CALCULATE SUM OF 

2 0  
3 0  
4 0  
5 0  
6 0  

7 0  

8 0  

9 0  

1 0 0  
1 1 0  

1 2 0  

1 3 0  
1 4 0  
1 5 0  
1 6 0  
1 7 0  
1 8 0  
1 9 0  
2 0 0  
2 1 0 

2 2 0  
2 3 0  
2 4 0  
2 5 0 
2 60 

2 7 0 
2 8 0  
2 9 0  
3 0 0  
3 1 0  

LOSSES FROM THREE SPHERES O F  D I FFERING 
RAD IUS , AND MODEL AGE SPECTRA 
READ SAMPNUM$ 
READ N , RR 
PRINT " For " ; SAMPNUM$ 
I NPUT " Enter act ivat ion energy : " ,  E 
I NPUT " E nter D O / a2 for three domains , 
start ing with l arge domains . Separate 
values with commas . " , D l , D2 , D3 
I NPUT " E nter fraction o f  total gas , in 
percent , for three domains . Start with 
l arge domains . Separate values with 
commas . " , F l , F2 , F3 
I NPUT " E nter trial tau values ( in Ma ) 
a s  a pos it ive number for cool ing , for 
t hree domains . Start with large 
domains . " , TAU1 , TAU2 , TAU3 
I NPUT " Enter trial ages ( in Ma ) o f  last 
gas released from each domain s i ze . 
Start with l arge domains . " 
MAXAGE 1 , MAXAGE 2 , MAXAGE3 
P I  = 3 . 1 4 1 5 9 2 6 5 #  
D IM ADT ( 3 5 ) , L 1 ( 3 5 ) , AA ( 3 5 ) ,  8DT ( 3 5 ) , 
L 2 ( 3 5 ) , 88 ( 3 5 ) , CC ( 3 5 ) , TK ( 3 5 ) ,  F ( 3 5 ) , 
S IGMA ( 3 5 ) , 8ELTADA2 ( 3 5 ) , DTA2 ( 3 5 ) , 
IMTK ( 3 5 ) , TLGDDA2 ( 3 5 ) , SUM ( 3 5 ) , 
CDT ( 3 5 ) , L3 ( 3 5 ) , TIME ( 3 5 ) , TEMP ( 3 5 )  
D IM M1 ( 3 5 ) , M2 ( 3 5 ) , M3 ( 3 5 ) , T 1 ( 3 5 ) , 
T 2 ( 3 5 ) , T 3 ( 3 5 ) , AVT ( 3 5 ) , DELAGE 1 ( 3 5 ) , 
DELAGE2 ( 3 5 ) , DELAGE 3 ( 3 5 ) , STEPAGE 1 ( 3 5 ) , 
STEPAGE2 ( 3 5 ) , STEPAGE3 ( 3 5 ) , TOTAGE ( 3 5 ) , 
CUPERC ( 3 5 )  
FOR I =  1 TO N :  READ TIME ( I ) : NEXT 
FOR I =  1 TO N :  READ TEMP ( I ) : NEXT 
R = . 00 1 9 8 7  
LPRINT SAMPNUM$ 
LPRINT " act ivat ion energy = " ;  E 
LPRINT " D 0 / a2 = " ,  D l , D2 , D 3 
LPRINT " fract ions = " ,  Fl , F2 , F3 
LPRINT " t au = " ,  TAU1 , TAU2 , TAU3 
LPRINT " Max . ages " ,  MAXAGE l ,  
MAXAGE 2 ,  MAXAGE 3 ;  " Ma " 
LPRINT 
FOR I = 1 TO N 
PRINT " P lease wait 
TK ( I )  = TEMP ( I )  + 2 7 3  
TADA2 = TIME ( I )  * D l  * ( 1  / EXP ( E l / 
( R  * TK ( I ) ) ) ) :  T8DA2 = TIME ( I )  * D2  * 
( 1  I EXP ( E 2 I ( R  * TK ( I ) ) ) ) :  TCDA2 
T IME ( I )  * D3 * ( 1  I EXP ( E3 I ( R  * 
TK ( I ) ) ) )  
ADT ( I )  = ADT ( I  - 1 )  + TADA2 
DT = ADT ( I )  
I F  I = 1 GOTO 3 1 0  
I F  AA ( I - 1 ) < . 00 0 1  GOTO 4 3 0  
GOSU8 1 2 2 0  

l ine 3 0 : reads number 
o f  steps and value of RR 
from data statement 
1 4 2 0 ; i f RR > 1 then 
program bypas se s  
printout o f  model age 
spectrum and pr int s only 
values for mode l 
Arrheniu s p l ot 

l ine 1 3 0 : reads 
( in second s ) o f  
steps 

t imes 
heat ing 

l ine 1 4 0 : reads 
temperatures ( in 
heat ing steps 

° C )  of 

l ine 2 60 :  c a l c u l ates  
Dt / a2 for  sma l l  ( A ) , 
medium ( 8 )  and l arge 
domains 

( C )  
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3 2 0  
3 3 0  
3 4 0  
3 5 0  
3 60 
3 7 0  
3 8 0  
3 9 0  
4 0 0  

4 1 0  
4 2 0  

4 3 0  
4 4 0  
4 5 0  
4 6 0  
4 7 0  
4 8 0  

4 9 0  
5 0 0  
5 1 0 
5 2 0  
5 3 0  
5 4 0  
5 5 0  
5 6 0  

5 7 0  
5 8 0  

5 9 0  
6 0 0  
6 1 0  
6 2 0  
6 3 0  
6 4 0  

6 5 0  
6 6 0  
6 7 0  
6 8 0  
6 9 0  
7 0 0  
7 1 0 
7 2 0  

7 3 0  
7 4 0  

7 5 0  
7 6 0  
7 7 0  
7 8 0  

7 9 0  
8 0 0  
8 1 0  

8 2 0  
8 3 0  

L l ( I )  = ( 1  - ( 6  I ( P I A 2 ) ) * F )  * F l  
I F  Fl  = 0 GOTO 3 6 0  
Ml ( I )  = L l ( I )  I Fl  
GOTO 3 7 0  
Ml ( I )  = 0 
AA ( I )  = L l ( I )  - L l ( I  - 1 )  
T l ( I )  = - 2  * A/B 
DELAGE l ( I )  = T l ( I )  * TAUl 
STEPAGE l ( I )  = ( MAXAGE l + DELAGE l ( I ) ) * 
AA ( I )  
GOTO 4 3 0  
AA ( I )  = 0 :  T l ( I )  = 0 :  L l ( I )  L l ( I - 1 ) : 
Ml ( I )  = 1 
BDT ( I )  = BDT ( I  - l )  + TBDA2 
DT = BDT ( I )  
I F  I = 1 GOTO 4 7 0  
I F  BB ( I - 1 ) < . 00 0 1  GOTO 5 8 0  
GOSUB 1 2 2 0  
L2  ( I )  ( 1 - ( 6 I ( P I A 2 )  ) * F )  
* F2 
BB ( I )  = L 2 ( I )  - L2 ( I  - 1 )  
I F  F2 = 0 GOTO 5 3 0  
M 2  ( I )  = L2 ( I )  I F2 
GOTO 5 4 0  
M2 ( I )  = 0 
T2 ( I )  = - 2  * A/B 
DELAGE 2 ( I )  = T2 ( I )  * TAU2 
STEPAGE 2 ( I )  = ( MAXAGE2 + DELAGE2 ( I ) ) * 
BB ( I )  
GOTO 5 9 0  
BB ( I )  = 0 :  T2 ( I )  = 0 :  L2 ( I )  L2 ( I - l ) : 
M2 ( I )  = 1 
CDT ( I )  = CDT ( I  - 1 )  + TCDA2 
DT = CDT ( I )  
I F  I = 1 GOTO 6 3 0  
I F  CC ( I - 1 ) < . 00 0 1  GOTO 7 4 0  
GOSUB 1 2 2 0  
L 3  ( I )  ( 1 - ( 6 I ( PI A 2 ) ) * F )  
* F3  
CC ( I )  = L 3 ( I )  - L3 ( I  - 1 )  
I F  F3 = 0 GOTO 690  
M3 ( I )  = L 3 ( I )  I F3 
GOTO 7 0 0  
M3 ( I )  = 0 
T 3 ( I )  = - 2  /A*B 
DELAGE 3 ( I )  = T3 ( I )  * TAU3 
STEPAGE 3 ( I )  = ( MAXAGE 3 + DELAGE 3 ( I ) ) * 
CC ( I )  
GOTO 7 5 0  
CC ( I )  = 0 :  T3 ( I )  = 0 :  L4 ( I )  = L3 ( I - 1 ) : 
M3 ( I )  = 1 
SUM ( I )  = AA ( I )  + BB ( I )  + CC ( I )  
CUPERC ( I )  = L l ( I )  + L2 ( I )  + L3 ( I )  
I F  SUM ( I )  < . 00 1  GOTO 9 2 0  
TOTAGE ( I )  = ( STEPAGE l ( I )  + STEPAGE2 ( I )  
+ STEPAGE 3 ( I ) ) / SUM ( I )  
I F  RR >l  GOTO 9 3 0  
LPRINT " T = " , TEMP ( I ) , " DEG C "  
LPRINT TAB ( 5 )  L l ( I )  TAB ( 2 0 )  AA ( I )  
TAB ( 3 0 )  Ml ( I )  
LPRINT " DELTA t / TAU = " , T l ( I )  
LPRINT TAB ( 5 )  L2 ( I )  TAB ( 2 0 ) BB ( I )  

1 5 6  

l ines 2 7 0  - 4 2 0 :  for 
sma l l  domains : sums 
Dt / a2 for pre sent and 
previou s steps ; 
subst itutes t h i s  into 
c a l c u l at ion o f  
theoret ical  f ract ion o f  
g a s  l o s s  ( in subrout ine 
at l ine 1 2 2 0  and in l ine 
3 2 0 ) ; c a l cu l at e s  gas 
fract ion in present 
step ; c a l cu l at e s  age o f  
g a s  on normal i zed age 
spectrum ; c a l c u l ates  
actual age o f  gas  
relat ive to peak age o f  
domains , and we ight s age 
by volume fract ion o f  
step 

l ines 4 3 0  - 5 8 0 : repeat s 
as  above for medium 
domains 

l ines 590 - 7 4 0 : repeat s 
as above for l arge 
domains . 

l ine 7 5 0 : sums tot a l  
volume fract ion o f  g a s  
evo lved from three 
domains in present step . 

l ine 7 6 0 : sums tot a l  
cumu l at ive volume 
fract ion of gas evo lved 
to present step . 

l ine 7 8 0 : c a l c u l ates  age 
of gas in present step 
by summing we ighted age s 
o f  individual  domains 
and norma l i s ing to total 
gas in step 



8 4 0  
8 5 0  

8 6 0  
8 7 0  
8 8 0  

8 9 0  

9 0 0  
9 1 0  
9 2 0  
9 3 0  
9 4 0  
9 5 0  
9 6 0  
9 7 0  
9 8 0  

9 9 0  

1 0 0 0  
1 0 1 0  

1 0 2 0  
1 0 3 0  
1 0 4 0  
1 0 5 0  
1 0 6 0  

1 0 7 0  
1 0 8 0  

1 0 9 0  

1 1 0 0  
1 1 1 0 
1 1 2 0  

1 1 3 0  
1 1 4 0  

1 1 5 0  

1 1 6 0  

1 1 7 0  

1 1 8 0  
1 1 9 0  
1 2 0 0  
1 2 10 
1 2 2 0  
1 2 3 0  
1 2 40 
1 2 5 0  
1 2 6 0  
1 2 7 0  
1 2 8 0  
1 2 9 0  
1 3 0 0  

TAB ( 3 0 )  M2 ( I )  
LPRINT " DELTA t I TAU = " , T2 ( I )  
LPRINT TAB ( 5 )  L3 ( I )  TAB ( 2 0 )  
CC ( I ) TAB ( 3 0 )  M3 ( I )  
LPRINT " DELTA t j TAU = " , T3 ( I )  
LPRINT TAB ( 5 )  " SUM= " , SUM ( I )  
LPRINT TAB ( l 5 )  " CUMULATIVE GAS = " 
CUPERC ( I )  
LPRINT TAB ( l 5 )  "AGE OF STEP = " 
TOTAGE ( I )  
LPRINT 
GOTO 9 3 0  
LPRINT " INS I GN I F I CANT GAS REMAINING "  
NEXT 
LPRINT 
PRINT " SPHERI CAL MODEL " 
LPRINT 
LPRINT " E a  = " ; E ; " kcal/mo l " 
LPRINT " D 0 / a ft 2  = " ; D l ; " , " ; D 2 ; " , " ; D3 ; "  
/ sec " 
LPRINT " proport ions = " ; F1 ; " % " ; F2 ; " % " ; 
F3 ; " % "  
LPRINT 
LPRINT TAB ( 5 )  " 1 000/ T ( K ) " ; " LOG10D /Aft 2 " ;  
" F ( I ) "  
LPRINT 
TL=O 
FOR I 
FOR I 
FOR I 
F ( I )  
NEXT 

1 TO N :  TL = TL+SUM ( I ) : NEXT 
1 TO N :  F ( I )  = SUM ( I ) / TL : NEXT 
1 TO N :  S IGMA ( I )  = S I GMA ( I - 1 ) + 

FOR I = 1 TO N :  I F  S IGMA ( I )  > . 8 5 THEN 
GOTO 1 1 1 0  
DTA2 ( I )  = ( 2 / P I ) - SIGMA ( I )  / 3 ) -
( 2 / P I * SQR ( l - P I * S IGMA ( I ) / 3 ) ) 
GOTO 1 1 3 0  
I F  S IGMA ( I )  > . 9 9 THEN S IGMA ( I )  = . 9 9 
DTA2 ( I )  = ( 1 / ( P i ft 2 ) ) *LOG ( 6 / ( ( P i ft 2 ) * 
( 1 - S I GMA ( I ) ) ) )  
NEXT 
FOR I = 1 TO N :  BELTADA2 ( I )  = 
( DTA2 ( I )  - D TA2 ( I - 1 ) ) /TIME ( I ) : NEXT 
FOR I = 1 TO N - 1 : IF BELTADA2 ( I )  < 0 
THEN GOTO 1 1 80 
TLGDDA2 ( I )  = LOG ( BELTADA2 ( I ) ) *  . 4 343 : 
IMTK ( I )  = 1000  I ( TK ( I ) ) 
LPRINT TAB ( 5 )  IMTK ( I )  TAB ( 2 5 )  
TLGDDA2 ( I )  TAB ( 40 )  SIGMA ( I )  
NEXT 
LPRI NT 
LPRI NT " END " 
END 
F = 0 
B=O : M= l 
D F  = 1 / ( ( EXP ( ( M ft 2 ) * ( P i ft 2 ) *DT ) ) * ( Mft 2 ) ) 
D B  = DF * ( W 2 ) 
F = F + DF 
B = B + DB 
M = M + 1 
I F  D F / F  < . 0 0 0 1  GOTO 1 3 1 0  
GOTO 1 2 4 0  

l ine s 1 0 1 0  to 1 2 1 0 : 
For c a l cu l at ion o f  
Arrhenius parameters 
only : 

l ine 1 0 4 0 : c a l c u l ates  
total  vo lume o f  gas  
evolved dur ing who l e  
exper iment 

1 5 7  

l ine 1 0 5 0 : c a l c u l ates  
vo lume fract ion o f  total 
for each step 
l ine 1 0 6 0 : c a l c u l ates 
cumu l at ive volume 
fract ion evo lved after 
each step 

l ines 1 0 9 0  and 1 1 2 0 : 
c a l c u l ate Dt / a2 for 
cumu l at ive gas f ractions 
< . 8 5 and > . 8 5 ,  
re spect ive ly 

l ine 1 14 0 : c a l c u l ates  
D / a2 for step 

l ine 1 1 6 0 : c a l c u l at e s  
l o g  D / a2 , 1 0 0 0 / T ( ° K )  
po int s for Arrhenius 
plot 

l ine s 1 2 4 0  and 1 2 60 : 
summat ion to c a l c u l ate 
F,  i s  subst ituted into 
l ines 3 2 0 , 4 8 0 , 6 4 0  

l ines 1 2 5 0 , 1 2 7 0  to 
1 3 9 0 : c a l cu l ate terms A 
and B which subst itute 
into l ines 3 4 0 , 5 8 0 , 7 0 0  
to c a l c u l ate norma l i zed 
age spectrum f o l l owing 
method o f  Lovera et a l . 
( 1 9 8 9 ) 



1 3 1 0  
1 3 2 0  
1 3 3 0  
1 3 4 0  
1 3 5 0  
1 3 6 0  
1 3 7 0  
1 3 8 0  
1 3 9 0  
1 4 0 0  
1 4 1 0  
1 4 2 0  
1 4 3 0  

1 4 4 0  

I F  DB/B < . 00 0 1  GOTO 1 3 3 0  
GOTO 1 2 4 0  
A=O : M=2 
DA = LOG ( M )  I EXP ( ( MA 2 ) * ( P I A 2 ) *DT ) 
A = A + DA 
M = M + 1 
I F  A/B  < . 00 0 1  GOTO 1400 
I F  DA/A < . 00 0 1  GOTO 1400 
GOTO 1340 
RETURN 
DATA " Sample GF- 3 2 K  orthoc lase " 
DATA 30 , 1  
DATA 1 5 6 0 , 1 2 0 0 , 1 2 0 0 , 1 3 2 0 ,  1 3 8 0 , 
2 100 , 1 2 00 , 1 2 0 0 , 1680 , 1 3 8 0 , 1 3 8 0 , 
1 2 0 0 , 1 2 0 0 , 1 5 0 0 , 1 5 60 , 1 2 0 0 , 1 2 60 , 
1 2 00 , 1 2 0 0 , 1 2 0 0 , 1 1 40 , 1 2 60 , 1 2 0 0 , 
1 2 00 , 1 2 0 0 , 1 2 0 0 , 1 2 0 0 , 1 2 0 0 , 1 2 00 , 
1 2 0 0  
DATA 5 0 0 , 5 5 0 , 600 , 6 5 0 , 7 0 0 , 7 5 0 , 800 , 
8 3 0 , 860 , 8 9 0 , 9 2 0 , 9 5 0 , 9 8 0 , 1 0 1 0 , 
1 0 4 0 , 1 0 7 0 , 1 100 , 1 1 40 , 1 1 6 0 , 1 1 9 0 , 
1 2 2 0 , 12 5 0 ,  1 3 5 0 , 1400 , 1 5 0 0 , 1600 , 
1 7 0 0 , 1800 , 1900 , 2 000 

1 5 8  

l ine s 1 4 1 0  t o  1 4 4 0 : 
example dat a st atement s 
for s ample GF- 3 2 K .  
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