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Abstract 

U-Pb ID-TIMS ages are reported for several magmatic and anatectic phases 

from the Kalak Nappe Complex (KNC), northern Norwegian Scandinavian 

Caledonides.   Euhedral prismatic zircons from a suite of plutons intruding the 

metaturbidite sequences of the Hellefjord Group, Sørøy-Seiland Nappe (upper 

KNC) yielded intrusion ages of  440.9 ± 1.5 Ma for a syenogranite,  and 435.9 ± 

1.6 Ma and 436.7 ±0.8 Ma, respectively,  for a granite and gabbro.  The period of 

magmatic activity was followed closely by a phase of deformation associated 

with upper amphibolite-granulite facies metamorphism at c.  430 Ma.  This 

caused local anatexis in the granite and growth of magmatic zircon (429.5 ± 1.4 

Ma),  as well  as the common growth of metamorphic titanite (431.4 ± 1 Ma and  
427.8 ±2.7 Ma).   These late Ordovician-early Silurian ages l ink this 

tectonometamorphic activity to the Scandian  phase of  the Scandinavian 

Caledonian orogeny.  Evidence for Scandian tectonometamorphic activity is 

also recorded at c.  425 Ma in the Klubben Group of the Olderfjord Nappe (lower 

KNC).  This is  documented by the intrusion of a granodiorite pegmatite (425.9 

±0.7 Ma) and anatexis of the Klubben Group (425.5 ± 1.3 Ma).   In addition, the 

Klubben Group records a c.  980 Ma Grenvillian  age for anatectic veins 

crosscutting an earlier fabric (980.9 ± 2.6 Ma, syenogranitic leucosome),  

l inking the initial  evolution of the Klubben Group to the amalgamation of 

Rodinia.  

It  is  suggested that a previously undetected structural break exists in the 

Sørøy Succession of the KNC at base of the Hellefjord Group.  This is supported 

by c.  441-436 Ma Scandian ages obtained for bimodal magmatic activity in the 

Hellefjord, which does not relate to the intrusion of the SIP further down in the 

Sørøy Succession at c.  570-560 and c. 530-520 Ma.  In addition, Scandian  

magmatic ages have not been detected in the Sørøy Succession underlying the 

Hellefjord Group.  However,  these ages are coeval with bimodal plutons in the 

overlying Magerøy Nappe (c.  440-436 Ma),  which is composed largely of 

metaturbidite sequences.   The Hellefjord Group is suggested to represent an 

extension of  the Magerøy Nappe, which evolved in a ridge-trench intersection.   

A tentative window of c.  430-425 Ma is suggested for the thrusting of  the 

Magerøy Nappe over the Kalak Nappe Complex, in l ight of the formation of 

deformational fabrics in the Hellefjord Group at c.  430 Ma and the localised c.  

425 Ma anatexis recorded in the Klubben Group. 
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1.  Introduction 

The current constitution of nappes in parts of Scandinavia (Norway and 

Sweden) is a direct consequence of  collisions related to the Scandinavian 

Caledonian Orogeny, which thrust these units onto the Baltic shield during the 

early Palæozoic.   This series of  events involved collisions between Baltica, 

Laurentia and Avalonia,  ultimately creating the superterrane ‘Laurussia’  just  

prior to the construction of Pangæa (Torsvik & Cocks,  2003 & 2004; figure 1.1).  

It  also culminated in the closure of the Iapetus Ocean between Laurentia and 

Baltica that had opened after the break-up of  Rodinia in the Neoproterozoic 

(Torsvik & Cocks,  2003).    

 

Previous models for the evolution of the Scandinavian Caledonides assigned 

most of the polyphasal deformation and metamorphism observed in the 

Caledonian nappes to four stages,  from c.  550-410 Ma.  These stages affected 

different parts of Norway, and include the Finnmarkian ,  Trondheim ,  Taconian  

and Scandian  events (Roberts,  2003 and references therein).   The Finnmarkian  

event was the earliest noted Caledonian event in Norway (northern Norway, c.  

late Cambrian – middle Ordovician; 4 0Ar/3 0Ar mineral separates,  Rice & Frank, 

2003; Rb-Sr whole rock, Sturt et  al. ,  1978).   Sturt & Roberts (1991) suggested 

that the Finnmarkian  was the result of the collision between the Baltoscandian 

margin and a magmatic arc.   The Trondheim  Event occurred some 25 million 

years after the Finnmarkian  (central Norway, early Arenig; U-Pb zircon, 

Dunning, 1987; Roberts,  D. et al. ,  2002) and is related to oceanward subduction 

along the Baltoscandian margin and caused the obduction of ophiolites onto 

Baltica (Roberts,  2003).   The Taconian  event occurred during the mid–late 

Ordovician (central  Norway, U-Pb zircon, Pedersen et al. ,  1999; Nordgulen et  

al. ,  1993) but only affected the lithologies off  Laurentia that were later thrust  

onto Baltica.   The last stage of the Norwegian Caledonian orogeny, the Scandian  

event (late Silurian – early Devonian; U-Pb zircon, Corfu et al. ,  2006; Rb-Sr 

whole rock, Andersen et al . ,  1982),  relates to the collision of Baltica-Avalonia,  

Laurentia and the British Isles and is responsible for the current distribution of  

nappes within Scandinavia (Gee, 1975).   However,  more recent models for the 

tectonometamorphic evolution of the Kalak Nappe Complex (KNC), northern 

Norwegian Scandinavian Caledonides (figure 1.2) indicate a complex polyphasal 

history that began far earlier than the Caledonian orogeny.  The KNC occurs 

towards the top of the nappe pile thrust  onto the Baltic shield and is best 

exposed in the Finnmark province of  northern Norway (figure 1.2).  Recent U-

Pb zircon SHRIMP and ID-TIMS ages have assigned a Grenvillian  (1100-900 

Ma; Meert & Torsvik,  2003) origin to felsic plutonism crosscutting the earliest 
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deformational fabrics in the lower KNC (Kirkland et al. ,  2005a; Kirkland et al. ,  

in press; Corfu et al. ,  2005b).   This relates the initial evolution of  the lower 

KNC to the amalgamation of the supercontinent Rodinia at c.  1  Ga-1.2 Ga 

(Meert & Torsvik,  2003).   Corfu et al.  ( in press) suggested that the KNC was 

largely derived from sediments shed off  the margin of either Laurentia or

F i g u r e  1 . 1   S c h e m a t i c  d i a g r a m s  s h o w i n g  t h e  e ve n t s  l e a di n g  to  t h e  C a l e d o n i an  O r o g e ny .   
480 Ma  –  Po st -R o din ia  b re ak -u p.   R i f t i n g  has  s t a r t e d  o f f  t h e  co ast s  o f  G o n dw a n a  a n d 
L a u r e n t i a ,  s i g n a l l i ng  the  c l o s u re  o f  t h e  I a p e tu s  O c e a n.   460 Ma  –  T h e  I a p e t u s  O c e a n  i s  
s t e a d i l y  c l o s i n g ,  f o l l o w i n g  t h e  r i f t in g  o f  t he  co n t in e nt  A v a l o n i a  o f f  of  G o n d w a n a,  w h i c h  
i s  m o v i ng  t o w a r d s  B al t i c a  a n d  Lau r e n t i a .   S u b d u c t io n c on t in u e s o f f  t h e  co a s t s  o f  
L a u r e n t i a  an d  A v a l o ni a .   440 Ma  –  A v a l o n i a  do c k s  w it h  B a l t i c a  a n d  si g n a l s  t h e  st a r t  o f  
t h e  S c a n d in a v i a n  C a l ed o n i a n  O ro g e n y .   C on ti n u e d  s u b du c t io n  a lo ng  L a u r e n t i a  f u r t h e r  
c lo s e s  t h e  I a p e t u s  O c e a n .   420 M a  –  B a l t ic a -A v a l o n i a  d o c k  w it h  L a u r e n t i a ,  c lo si n g  t h e  
I a p e t u s  O c ean .   T h i s  r ep r e s e n t s  t h e  m a i n  p a r t  o f  t h e  S c an d i n a v i a n  Cal e d o n i an  O r o g e ny .   
(Af ter  To rsvi k  & Co cks,  2003).   T h e  r e l a t i ve  p o s i t io n o f  nor t h e r n N o rw a y  i n  B a l t i c a  i s  
m a r k e d  w i th  a  w h i t e  s ta r .  
 
L  –  La u r e n ti a ;  B  –  B a l ti ca ;  A  –  A va l o ni a;  G –  Go n d w a n a.  
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 Greenland during this orogeny.  Three additional tectonometamorphic events 

followed at c.  850 Ma (Porsanger),  c.  710 (Snøfjord) and c.  440-420 Ma 

(Scandian)  (Kirkland et al. ,  in press;  Corfu et al. ,  in press).   The Porsanger  and 

Snøfjord  events are recorded in the middle KNC and are likewise related to 

Fi g u r e  1 . 2   Si m pl i f i e d  te c to n o st r ati g r aphy  o f  the  F i n n m a r k  p r o v i n c e,  n o r t h e r n  N o r w ay .   
T he  i n s e t  s ho w s  t he  l oc at io n  o f  t he  Fi n n m ark  pro vi n c e  in  N o r w ay  (c ol o u r e d  in  b l ac k ).   
T he  pro vi n c e  i s  c o m po s e d  o f  l ate  A r c hæ an -e ar l y  Pro tero z oi c  b as em e n t  g n ei sse s  o f  t he  
Balt ic  shield  and several  nappes  thrusted dur i n g  t h e  C a le d o n i a n  O ro g e ny .   T h e n a p p e s  
i n c lu d e  ( f r o m  b o tt o m t o  t o p ) :   T h e  G a i ss a  Nappe C o m plex,  the  Laksef jord  Nappe  
C o m pl e x ,  the  K a l a k  Nappe  C o m pl e x  a n d  t h e  M a g e r ø y  N appe .   T h e  Kal a k  N a ppe  C o m pl e x  
i s  i n t r u d e d b y  v o l u m in o u s  u lt r am a f i c - m a f i c- f e l s i c - a l k al i n e  i n t r u sio n s  o f  t h e S e i l a n d  
Igneo u s Province.   ( Af te r  Si e d l e c ka  &  Ro b e r t s,  1 9 9 8 ).  
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felsic plutonism and anatexis (Kirkland et al. ,  2006; Corfu et al. ,  2005a).   The 

Porsanger  event has been related to the accretion of volcanic arcs outboard 

from the Baltic margin (Kirkland et al. ,  in press). The Scandian  event appears 

to be the only truly Caledonian orogenic phase recorded in the KNC, resulting 

from the initial  collision of Baltica and Avalonia at c.  443 Ma, followed by their 

collision with Laurentia at c.  425 Ma (Robin et al. ,  2005; Cocks et al. ,  2003;  

Torsvik et al . ,  1992).   Geochronological evidence for Scandian  tectonothermal 

activity is primarily recorded in the Silurian Magerøy Nappe that was thrust 

over the KNC during this phase (Corfu et al. ,  2006; Andersen et  al. ,  1982),  

although some Rb-Sr resetting has been recorded in the KNC (Dallmeyer,  1988).  

In addition, a period of active mafic-ultramafic-felsic-alkaline plutonism was 

recorded in the upper KNC at c.  570-560 Ma (R.J.  Roberts;  in press; R.J.  

Roberts,  et  al.;  2004),  followed by a period of  alkaline plutonism at c.  530-520  

Ma (Pedersen et al. ,  1989).   These plutons (collectively known as the Seiland 

Igneous Province) are suggested to have originated in an intracontinental rift  

environment (R.J.  Roberts et al. ,  in press).  

 

Despite these published data,  exact ages for many of  the tectonothermal 

features in the KNC are stil l  lacking.  This project forms part of  a  

reconnaissance study aiming to provide precise U-Pb ages for several of  these 

features,  with the ultimate aim of aiding in the tectonic re-evaluation of the 

area.  The selected lithologies include mafic and felsic plutons, migmatites and 

a pegmatite from the KNC, and are all  previously undated by U-Pb Isotope 

Dilution Thermal Ionization Mass Spectrometry (ID-TIMS).  Zircon, and 

occasionally titanite,  is  dated because the former is more resilient and likely to 

retain ages of anatexis/intrusion, while the latter is  highly reactive and useful 

for dating post-melting or post-intrusion metamorphic events.   ID-TIMS is used 

in conjunction with petrography and cathodoluminescence (CL) imaging to 

determine the origin of  zircon and titanite (magmatic vs.  metamorphic), 

thereby aiding in a more rigorous interpretation of the U-Pb data.  
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2.  Geology 

The KNC consists of up to eight nappes (Gayer et al . ,  1985; Rice,  1985),  which 

are not necessarily laterally continuous (Zwaan & Roberts,  1978).   In addition, 

the nappes are known by different names in different regions of Finnmark 

(Zwaan et al. ,  1975; Roberts,  1974; Ramsay & Sturt,  1976; Daly et al. ,  1991).  The 

tectonostratigraphic divisions and nomenclature of Daly et al .  (1991) are used 

(figure 2.1) since they cover the same general area as the present study.  The 

nappes of the KNC include the basal Kolvik Nappe, which rests on the major 

Kalak thrust separating it  from the underlying Laksefjord Nappe Complex.  The 

Kolvik Nape is sequentially overlain by the Olderfjord Nappe, Havvatnet 

Imbricate Stack and finally the Sørøy-Seiland Nappe.  The latter is  bound at the 

top by the Magerøy Fault and the overlying Silurian aged Magerøy Nappe.   

 

The constituent nappes of the KNC repeat a tectonostratigraphy of a younger 

sedimentary cover sequence unconformably overlying Precambrian gneisses 

(Ramsay & Sturt,  1977).   The sedimentary sequence has been correlated between 

the various nappes of the KNC (Zwaan & Roberts,  1978) and was named for the 

type locality on the island of Sørøy (figure 2.2) (Ramsay, 1971b).   The Sørøy 

Succession (SS) is thought to represent a conformable sedimentary package 

from a deepening ocean basin (from bottom to top)(Ramsay, 1971b):   Klubben 

Group quartzites and psammites (shallow water environment),  Storelv Group 

schists and pelites,  Falkenes Group marbles and pelites (slightly deeper shelf  

environment),  Åfjord Group pelites and quartzite,  and the Hellefjord Group 

metaturbidite sequence (deeper basin shelf  environment) (Ramsay, 1971b; 

Roberts,  1968, Roberts,  1971; f igure 2.1).   The Precambrian gneisses underlying 

the SS include both para- and orthogneisses thought to have been rifted off  the 

Baltic shield (Ramsay & Sturt,  1977).   The latter comprises Proterozoic granite,  

diorite and mafic gneisses (c.  1450-1800 Ma; Siedlecka et al. ,  2004; Skår,  2002) 

with variable Riphean-Cambrian sedimentary cover (Zwaan & Roberts,  1978).   

Various igneous bodies intrude the Klubben and Storelv groups of  the Sørøy-

Seiland Nappe, the largest of  which includes the range of  variably deformed 

ultramafic-mafic-felsic-alkaline plutons of the Seiland Igneous Province (SIP; 

Robins & Gardner,  1974).   Several small  felsic and gabbroic bodies also intrude 

the Hellefjord Group and were assumed to form part of  the SIP based on 

petrographic similarities (Roberts,  1968; Stumpfl & Sturt, 1965).   The base of  

the KNC is characterised by a thick sequence of  blastomylonites where it  was 

thrust over the Laksefjord nappe (Sturt et al. ,  1975).    

  



 6

The Silurian Magerøy Nappe overlies the KNC and was thrust onto Klubben 

Group psammites of the Sørøy-Seiland Nappe during the early Silurian 

Scandian  event (Andersen, 1981; Ramsay & Sturt,  1976).   The contact between 

the two nappes is characterised by strongly flattened and sheared lithologies,  

including blastomylonites,  phyllonites and mylonitised augen gneisses and 

schists (Ramsay & Sturt,  1976).   Away from the sheared contact the Klubben 

Group has undergone preferential  partial  melting of its more arkosic members,  

which gave rise to the Gjesvær Migmatite Complex (Andersen et al. ,  1982).   The 

migmatites contain two generations of  leucosome: the first  generation 

leucosome is conformable with the folded gneissic host,  and the second occurs 

along the hinges of  these folds (Ramsay & Sturt,  1976).   Andersen (1982) noted 

that the deformation and anatexis relating to the formation of the Gjesvær 

Migmatite Complex occurred prior to the emplacement of  the Magerøy Nappe 

and assigned the metamorphism to the Finnmarkian event.   Rb-Sr ages in the 

GMC were reset to c. 410 Ma by the Scandian  orogeny (Andersen et al. ,  1982).    

 

Deformational features in the KNC are preserved to varying extent.   Depending 

on the locality,  anything from two (Akselsen, 1982) to five (Gayer et al . ,  1985) 

deformational phases relating to the Scandinavian Caledonian orogeny are 

preserved, and are usually not traceable over long distances (Townsend, 1987).  

Fi g u r e  2. 1   S i m pl i f i e d  t e c to n o st rat i g r aphy  f o r  t h e  C a l e d o n i a n  N a ppe s  o f  t h e  F i n n m a r k 
pro vi n c e,  whi c h r e s t  o n  au t o c ht ho n ou s  B al t ic  s h i e l d .    D e t a i l s  f o r  t h e  t e c to nost r a t i g r a -
p h y  o f  t h e  K a l a k  N a p pe  C o m p l e x  are  a f t e r  D a ly  e t  a l .  (19 91 ) .   T h e  in se t  s h o w s  t h e  s i m p l i -
f i e d  s t r a t ig r a p h y  f o r  t he  S ø rø y  S uc c e s s i o n  (Af ter  Ramsay,  1971b).  
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 Relating the deformational phases to specific orogenic events has also proved 

to be a complex matter.   Sturt et al.  (1978) related D1 and D2 to early 

Caledonian activity and D¬3 to the onset of the later Scandian  event,  while 

Gayer et al.  (1985) report evidence from the eastern KNC suggesting that all  

f ive deformational phases are solely related to early Caledonian deformation.  

In contrast,  evidence for only two thrusting events is  relatively common in the 

KNC (e.g. Zwaan & Roberts,  1978; Akselsen, 1982).  Generally,  metamorphic 

grades increase from the bottom of the nappe pile to the top, from upper 

greenschist to amphibolite and local granulite facies (Townsend, 1987; Rice,  

1985).   The initial  deformation in the KNC was of a ductile nature and produced 

large scale,  commonly recumbent folding (Ramsay & Sturt,  1975; Zwaan & 

Roberts,  1978; Gayer et al . ,  1985) (Sturt et  al . ,  1977; Zwaan & Roberts,  1978; 

Townsend, 1987).   Periods of strong flattening are also associated with this  

deformation and are locally preserved (Zwaan & Roberts,  1978).   This was later 

followed by brittle deformation (Zwaan & Roberts,  1978; Townsend, 1987; Gayer 

et al . ,  1985) involving ‘open, upright to moderately f lat  folds’  (Zwaan & 

Roberts,  1978).   Transport directions in the KNC are generally SE and ESE, with 

a minimum transport distance of 75 km determined from palinspastic  

reconstructions of the Finnmark Caledonides (Townsend, 1987).    

 

The lithologies described in this study were selected to represent magmatic and 

anatectic events from the top and bottom of the SS in an attempt to provide a 

broad overview of tectonometamorphism throughout the succession.  Sample 

locations are shown in figures 2.2 and 2.3.   Samples 1-3 were taken from the 

Hellefjord Group (upper Sørøy-Seiland Nappe),  Sørøy Island (figure 2.2).   

Exposures of the Hellefjord Group are largely restricted to the NE corner of  

Sørøy, with the exception of  a relatively small  occurrence along the northern 

central part of the island (figure 2.2).   In the NE sector of Sørøy the Hellefjord 

Group is only moderately deformed, with dips ranging from 10-30°, and dip 

direction turning from NW in the south to SW in the north.  However,  the 

Hellefjord Group becomes increasingly deformed towards the contact with the 

underlying Falkenes Group.  The three sampled lithologies represent both felsic 

(sample C04-16 syenogranite augen gneiss;  sample NM04-9 migmatised granite 

gneiss) and mafic (sample NM04-3, metagabbro) magmatic activity.   

Deformation in the samples is  similar to that of the host metasediments,  with 

local evidence for upper amphibolite-granulite facies metamorphism (sample 

NM04-9).   Samples 4-6 were taken from the Gjesvær Migmatite Complex in the 

Klubben Group (Olderfjord Nappe) on Magerøy Island.  Regional dips of  the 

Klubben Group on Magerøy are fairly steep (~50-70°),  with dip directions 
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turning from ESE in the north to SSE in the south.  Sample NM04-16 represents 

the younger of two generations of leucosome in the main body of  the Gjesvær 

Migmatite Complex.  On hand specimen scale,  the restite and conformable f irst 

generation leucosome are affected by t ight centimetre-scale isoclinal D1-folds,  

while the crosscutting second generation leucosome is locally undeformed.   

Sample C04-2 represents a single leucosome phase conformable to the folded 

bedding in the Klubben Group and occurs outside and to the SE of the main 

migmatite body (2 km SE of sample NM04-16).   Sample RJR02-58B is a 

pegmatite that crosscuts the Klubben Group (collected ~2 km SE of C04-2).    
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3.  Methods 

Non-magnetic zircons with a euhedral simple prismatic morphology and without 

any visible inclusions or cores were selected and prepared following the 

methods of  Krogh (1982a, 1982b, 1972).  A simple prismatic morphology implies 

that the crystal  is  dominated by one of  each prism and pyramidal faces (Pupin, 

1981; Corfu et al. ,  2003).  U-Pb isotope measurements were done on a Finnigan 

MAT 262 thermal ionization mass spectrometer.   All  errors are given to 2σ .   CL 

images were done on a Jeol SEM with CL-detector.   A full  description of  the 

methods and related theory are given in Appendix C.   
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4. Sample descriptions 

Visually estimated modes for all  samples are given in Appendix A.   

 

4.1.  C04-16 (Garnet-hornblende syenogranite augen gneiss) – Sørøy 

Island 

Foliated, black, white and pink, porphyroblastic (≤0.5-10 mm) garnet-

hornblende-syenogranite augen gneiss.   The gneiss was sampled approximately 

1 km E of Langvatn, Sørøy Island, by Prof.  F.  Corfu (no GPS coordinates 

available).   The gneiss is  foliated and dip directions change abruptly from NW-

dipping in the western part to S-dipping in the eastern part of  the body.  It  is  

currently unclear whether this change in dip-direction is due to faulting or 

folding.  The foliation observed in the gneiss is  parallel  to foliation in the host  

Hellefjord Group.  The contact with the Hellefjord schists is  sharp, supporting 

an intrusive nature (F. Corfu, f ield notes).    

 

The sample consists of  elongate perthite porphyroclasts (7-20 mm) surrounded 

by a matrix of microcline,  plagioclase,  quartz,  biotite,  hornblende, garnet,  

zircon, myrmekite and minor apatite and oxides (figure 4.1a).   Hornblende is 

porphyroblastic and occurs as slightly elongated clusters 2-4 mm in length 

associated with biotite laths (figure 4.1b).   The foliation is defined by the 

subparallel  alignment of perthite porphyroclasts,  hornblende and biotite (figure 

4.1a).   Garnet porphyroblasts (1-2 mm) are associated with biotite and 

hornblende and commonly crosscut them (figure 4.1c).   Zircon is generally 

associated with biotite (figure 4.1d, e,  g) and occurs as colourless simple 

euhedral prisms with dominant {100} prism and {101} pyramidal terminations 

and length:width ratios of either >1:3 or ≤1:3 (figure 4.2).   These features are in 

keeping with the crystallisation of primary zircon from a granitic magma (Corfu 

et al. ,  2003; Pupin, 1981; also see Appendix D, section D-1).   CL imaging of 

simple prismatic zircons with length:width >1:3 indicates fairly simple 

crystallisation histories with no change in crystal  morphology (figure 4.3a).   

Oscillatory growth zones (OGZs) are partially obliterated by recrystallisation 

textures (figure 4.3a).    Euhedral zircon crystals with length:width ratios ≤1:3 

occasionally contain cores that are variably rounded (figure 4.3c).   Overgrowths 

around the cores show variations in crystal  morphology during their growth, 

but usually have well  preserved OGZs (figure 4.3b, c).   A small  population of 

zircon crystals with either complex prismatic or rounded morphologies are also 

present.   Zircon is also occasionally hosted by hornblende (figure 4.1f)  and 

garnet.   However,  this association is considered to be inherited from biotite 

that was replaced by hornblende and later garnet.   Titanite occurs both as 
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euhedral-anhedral crystals with light yellow-pale brown colouring (figure 4.1g).   

Euhedral titanite crystals with a distinct diamond shaped cross section are 

found as inclusions in biotite and are primary magmatic in origin (Deer,  Howie 

& Zussman, 1992; Corfu & Stone 1998).   Subhedral and anhedral titanite 

crystals occur as inclusions in,  or lenticular aggregates of crystals along the 

edges of hornblende, suggesting a metamorphic origin (Corfu & Stone, 1998).   

Occasionally a euhedral titanite crystal  is  shared between an adjacent 

Fi g u r e  4. 1   Pho t o m ic r og r aphs  o f  s am pl e  C 04- 1 6  (g arn e t -ho r n b l en d e s y e n o g r an it e  au g e n 
g n e i s s,  S ø rø y a ).   (a)  M e s o s c o p i c  c h a r a c t e r i s t ic s  s h o w i ng  t h e  s u b p a r a l l e l  a l ig n m en t  o f  K -
f e l d s p a r  p o r p h y r o c l a s t s ,  a m p h i b o le  a n d  b io t i t e  c l u st e r s .   (b)  H o r n b l en d e  p o r p h y r o b l a st  
w i t h  a  b i o ti t e  i n c l u s i o n .   H o r n b le n d e  a p p ea r s  t o  have  g r o wn  fro m t he  b r e ak d o w n  o f  
b i o ti t e.   (c)   Ga rnet  po rphyrobla st  c r o s s c ut t i ng  b o t h  h o r nb l e n d e  a n d  b i o ti t e.    (d ,  e ,  f  & 
g)  Z i r c o n  is  o b s e r ve d  as  i n c l u si on s  i n  m i c ro cl i n e,  qu art z ,  bi o ti t e  an d  am phi b o l e.  (g)  
E u h e d r a l  t i t a n i t e  oc c ur s  a s  i nc l usi o n s  i n  b io t i te ,  T h e s e  c r y st a l s  m a y  b e  s h are d  w i t h 
m e t a m o r p h i c  h o rn bl e nd e  o r  g a r n et .    
 
bt  –  bi o ti te;  gn t  –  ga rn e t;  h bl d  –  h o r n blen de ;  mi cr o  –  mi cr o cli n e ;  my r  –  my r me ki te ;  
perth  –  perthi te;  plag –  plagi o clas e;  qtz  –  quartz ;  t tn  –  t i tani te;  z r c  –  z i rco n.  
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hornblende and biotite crystal.   In such a case the portion of  the crystal 

enclosed by biotite retains a euhedral shape, but is distinctly rounded where it  

is  enclosed by hornblende.  Rare examples of metamorphic titanite rosettes 

occur as inclusions in garnet and hornblende.  Magmatic zircon in the granite 

could provide an age for the initial  intrusion, while metamorphism in the gneiss 

might be constrained by titanite.  

 

4.2  NM04-3 (Metagabbro) – Sørøy Island 

Foliated, altered, grey and black, homogeneous, f ine-medium grained (≤6 mm) 

metagabbro.  The sample was taken along the road from the town of Hellefjord 

to Skarvfjord (N70°48’30.2’ ’ ,  E23°18'40.7") by M. Gerber and Prof.  F.  Corfu. At 

the sample location the metagabbro has retained most of its igneous texture,  

although hornblende clusters are partially aligned and elongated creating a N-S 

foliation dipping 10° W (figure 4.4).   The sampled body is one of several 

metagabbros present in the Hellefjord Group that were originally regarded as 

sheared and tectonically emplaced equivalents of the Storelv gabbro of  the SIP 

(Roberts,  1968).    

 

The gabbro is composed of  hornblende clusters 0.5-5 mm in length (after 

pyroxene),  plagioclase,  titanite,  rutile and minor zircon (figure 4.5a).   Zircon is 

only observed in mineral separates,  and occurs as euhedral simple prisms 

dominated by {100} prism and {101} pyramidal faces,  indicative of 

crystallisation from a magma (Corfu et al . ,  2003) (figure 4.6).   Zircon is 

generally of poor quality with surface pitting and common occurrences of  

Fi g u re  4. 2   Se l e ct i on s o f  z i rc on s fro m  C04-16  (g arn e t -ho rn b l en de sy e no g ranit e  au g en  
g n e i s s,  S ø rø y a ).  (a)  S i m p l e  p r i s m a t i c  z i rc on s  w i t h  l e ng t h :  w i d t h  r a t i o s  ≤1: 3  an d (b)  
s i m p l e  p r i sm a t i c  z i r con s  w it h  l eng t h :  w i d t h  r at i o s  o f  > 1: 3 .   Bo t h z ir c o n po pu l at i o n s are  
fair l y  un iform in  their  morpho l o g ie s ,  c o l o u r an d  p r e s e n c e o f  i n c l u s ion s .   H o w e v er ,  c o r e s  
are  observed in  the  shorter  prisms.  
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cracks.   Titanite is  associated with hornblende and occurs as elongate 

aggregates of  subhedral crystals parallel  to the foliation (figure 4.5a,  b,  c) .   

Their association with hornblende and subhedral morphologies are indicative of  

a metamorphic origin,  growing from the breakdown of hornblende (Corfu & 

Stone, 1998; Frost et al. ,  2000).  Examples are observed of titanite-clusters 

replacing hornblende crystals to varying extent.   The growth of  titanite from the 

metamorphic breakdown of hornblende parallel  to the fabric dates both the age 

F i g u r e  4. 3  C L -i m a g es  f o r  
z ircons  from sample  C04-16  
( g a r n e t - h o rn b l e n de  sy e n o -
g r a n i t e  a u g e n  g n e i s s ,  
Sø rø ya).   (a )   S i m pl e  pri s-
m a t i c  c r y s tal s  w i t h l en g t h :  
w i d t h  r a t io s  > 1: 3  s h o w  
m u l t iph a s e d  c r y st a l l isa t i o n 
h i s t o r i e s,  b u t  n o  mar k e d  
c ha n g e  i n  m o r pho lo g y.   R e -
c r y s t al l i s a tio n  t e xt u r e s  a r e  
c o m m o n  a n d  v a r i a b l y  r e -
p l a c e  O G Z s.   (b)   S i m pl e  
p r i s m a t i c  c r y s t a l s  w i t h  
l e n gt h :  w id t h  r a t i o s  ≤1 : 3   
are  a lso  characterised by  
m u l t i p h a s e  c r y s t a l l isa t i o n 
h i s t o r i e s,  bu t  w it h  c h an g e s 
i n  m o r p h o l o g y  f ro m c o m -
pl e x  (phase  1)  to  si m pl e  
prismatic  (phase  2)  an d vice  
versa  (p has e  4-6) .   In  addi-
t i o n,  c o r e s  a l s o  p r e s en t  i n 
t h e  s h o r t  p r i s m s  (c ,  phase  
1)  and are  co mm o n ly  
rounded,  possibly  by  m e-
c h a n i c al  a b r a s i o n.  
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Fi g u r e  4. 4  Pho t o g r aph o f  N M 04-3  (m e t ag ab b r o ,  Sø rø y a)  (g e o l og ic al  ham m e r -h an d l e  fo r  
s c a l e ) ,  s h o w i n g  t h e  s ub - p a r a l l e l  al i g n m en t  o f  h o r n b l en d e  c l u s t e r s.   H o r n b l e n de  ( a f t e r  
py r o x ene)  w ea thers  nega t ively ,  g ivi ng  the  ro c k a  poc k-m arked appearanc e.    

F i g u re  4. 5   Pho t o m i c ro g raphs  o f  sam pl e  N M04-3  (m e t a g ab b ro,  Sø rø y a).   (a)  s h o w s  t h e 
s u b - par a l l el  a l ig n m en t  o f  ho r n bl en d e  cl u s t e rs.   T he  o r an g e  c ol ou r in g  i s  c a u s ed b y  t he  
p r e s e n c e  o f  m e t a m o r p h i c  t i t a n it e  an d  r u t il e  fro m  t he  b r e ak d o w n  o f  ho r n bl e n d e.   (b  & c)  
T i t a n i te  ( i n d i c a t e d  in  r e d  c i r c l e s)  o c c u r s  in  c luste rs  of  subhedral -anhedral  crystals  
a s s o c i a t e d w i t h  h o rn b le n d e ,  co m m o n ly  wi t h  a  c r o s sc u t t i ng  r e l at i on s hi p .  
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of metamorphism and deformation.  In addition, an age of intrusion can be 

determined from the magmatic zircon obtained from mineral separates.    

 

4.3  NM04-9 (Migmatised granite gneiss) – Sørøy Island 

A folded, foliated, black, white and red, heterogeneous, coarse grained-

pegmatitic (2-12 mm) garnet-biotite-migmatised granite gneiss.   The sample 

was taken approximately 2.5 km southwest of the Akkarfjord docks 

(N70°46’13.5’ ’ ,  E23°20'37.2") by M. Gerber.    The degree of  gneissosity varies 

throughout the body from a strongly foliated medium-grained rock (figure 4.7) 

to a poorly foliated or coarsely crystalline body resembling a granitic intrusion.   

Isoclinal folding is present on a cm scale with fold hinges running 

approximately SSW.  Where the rock is strongly gneissic, leucosomes (3-20 cm) 

are coarsely crystalline compared to the host gneiss and parallel  to the 

foliation, sometimes pooling in the fold axes (figure 4.7).   In contrast,  where 

the rock is poorly foliated and coarsely crystalline,  the leucosomes are short (2-

4 cm) and poorly defined.  Adjacent to the gneiss the Hellefjord Group appears 

to have undergone partial melting of  its more arkosic layers,  but returns to 

normal sedimentary layering away from the gneiss.   The Hellefjord Group 

locally dips at approximately 4° SSW, with little obvious evidence for 

deformation.   

  

The granite gneiss consists of microcline, perthite,  plagioclase,  quartz,  biotite,  

garnet,  myrmekite and minor hornblende, zircon and titanite (figure 4.8a).   

Garnet is porphyroblastic and occurs as elongate grains up 1 cm in length 

(figure 4.8 a,  d).   The leucosomes consist of microcline,  quartz,  myrmekite and 

minor plagioclase and zircon.  The gneissic foliation (where present) is  defined 

by the segregation of subparallel  aligned biotite.   Zircon in both the gneiss and 

leucosomes dominantly occurs as colourless euhedral simple prisms with {100} 

Fi g u re  4. 6  Se l e c t io n o f  z i rco n s  from  sam pl e  NM04-3  (m e t ag ab b ro,  Sørø y a).   T he  c ry st al s  
have  s impl e  euhedral  mo rpho logies  do min at e d b y  { 1 00}  pri sm  an d { 1 01}  py r am i dal  
t e r m i n a t io ns  (a) .   T h e i r  o v e r a l l  q u al i t y  i s  po o r  d u e  t o  f r e qu e n t  oc c u r re n c e s  o f  i n cl u s i on s 
a n d  c r a c k s.   A  s m a l l  n um b e r  o f  c r y s t a l s  a l s o  ap p e a r  t o  c o n t a i n  c o r e s.   H o w e v e r ,  a b r a s i o n 
y i e l d e d go od q u a l i ty ,  bu t  s m a ll ,  i nc l u s io n - f r ee  z i rc o n pi ec e s  (b)  e nc ir c l e d  i n  re d.    
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prism and {101} pyramidal faces,  indicating a magmatic origin (Corfu et al. ,  

2003) (figure 4.9).   In the gneiss,  zircon is hosted by biotite (euhedral-

subhedral,  length:width up to 1:4) (f igure 4.8b),  whereas in the leucosome 

zircon is found in either microcline or plagioclase (euhedral,  length:width >1:4) 

(figure 4.8e).   CL images of  euhedral simple prismatic zircon indicate cores in 

simple prisms with length:width ratios ≤1:4,  but none in crystals with ratios 

>1:4 (figure 4.10).   Cores occasionally retain primary OGZs and are 

characteristically bordered by a CL-bright rim (figure 4.10a).   Prisms with 

length:width ratios of >1:4 show evidence for continuous growth histories with 

no change in crystal morphology (figure 4.10).   In addition, recrystallisation 

textures are also observed that partially or wholly replace OGZs.  Titanite in the 

gneiss occurs as euhedral-subhedral crystals associated with biotite (figure 

4.8b),  as well  as occasional metamorphic titanite rosettes in garnet (figure  

4.8c).   Since magmatic zircon is observed in both the leucosomes and the 

gneiss,  it  is  possible to obtain ages for both the initial  intrusion of  the granite 

and subsequent anatexis.   Furthermore, the apparent synchronicity between 

anatexis and deformation implies that ages obtained for anatexis will  date both 

the metamorphism and deformation.   

 

F i g u r e  4.7   P ho t og r a ph o f  N M 0 4-9 (m i g m a ti s e d  g r a n ite  g n ei s s ,  Sø r øy a )  (g eo lo g ic a l  
h a m m e r  f o r  s c a l e ),  sho w i n g  a  st r o ng ly  gn ei s s i c  n a t u re  w i t h  p rom i n e n t  a s ym m e t r i c a l  
f o l d s .   W el l  d e v e l o pe d  a n a t e c ti c  l eu c o so m e s  oc c u r  bo t h  par a l l e l  to  the  g n e i s s i c  f o l i a t i on 
(X )  a n d  a s  l a r g e  poo l s  o f  m e l t  par a l l e l  t o  t he  f o l d  a x i s  (Y) .   G a r n e t  p o r p h y r o b l a s t s  a r e  
vi s i b l e,  w i th  l arg e r  c ry st al s  assoc i at e d wit h t h e  l e uc o so m e s .   E l s ew h e r e  t h i s  l i t h o l o g y 
g r a d e s  i n t o  a  s l i g h t l y  m o r e  m a s s i v e ,  c o a r s er  g r a i n e d  v a r i e t y  w i t h  sm a l l e r  a n d  l e s s  w e l l  
d e f i n e d  l e uc o so m e s .  
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F i g u r e  4. 8   P ho t o m i c ro g r a phs  o f  s a m pl e  N M 0 4-9 (m i g m a t i s e d  g r a ni t e  g n e i s s,  S ø r ø y a ).  
(a)  T h e  l e u c o so m e s  a r e  c h a r a c t e ri s e d  b y  a  s ma l l e r  propo r t i on  o f  m a f i c  m i n er a l s  ( e . g.  
b i o ti t e,  t i t an i t e,  g a r n e t)  c o m p a r e d  t o  t h e  r e s t i t e .   (b)   Z i r c o n  a n d  t i t a n i t e  i n  t he  g n e i s s  
o c c u r  a s  i nc l u s io n s i n  b i o ti t e,  a n d a r e  e a s i l y  d i s t i n g u i s h a b l e  by  b l a c k  p l e o c h r o ic  h a lo e s .    
(c)   B o t h  p r i m a r y  e u h e d r a l  a n d  m e t a m o r p h ic  t i t a n it e  a r e  p r e s e n t  i n  t h e  s am p l e .   (d)   
O c c a s io n a lly ,  m e t a mor p h i c  t i t a ni t e  oc c u r s  a s  t i t a n ite  r o s s e tt e s  i n  p o r p h yr o b l a st i c  
g a r n e t.   (d)   Z i rc o n  in  t he  l e u co so m e s oc cu r  o n ly  as  i n c l u sio n s i n  pl ag i ocl ase  an d 
m i c r oc l in e  w i t h  le n gt h :  w i d t h  r at i os  > 1 :3 .  
 
bt  –  bi o ti te;  gn t  –  ga rn e t;  mi cro  –  mi cro cl i ne ;  my r  –  my r me ki te ;  pla g –  p l a gio cla s e;  qtz  
–  quartz;  t tn  –  t i tan i te;  z r c  –  z i rcon .  

Fi g u re  4. 9   Se l e c t io n o f  z i rco n s from  N M04-9 (m i g m at i se d g ran it e  gne i ss ,  Sø røya).   T he  
z i r c o n s  a r e  d o m i n a t e d  b y  t h e  { 10 0}  p r i s m  a n d { 10 1 }  p y r am i d a l  t e r m in a t i o n s .   Co r e s  a r e  
o n ly  ob s e r ve d  i n  c ry s t al s  w i t h  a  l en g t h :  w i d t h r a t i o  ≤1 : 3.   B e s i d e s  t hi s ,  t h e  zi r c o n s  a r e  
g e n e ral l y  un i fo rm  i n  mo rpho lo g y an d co lo u r.    
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4.4  RJR02-58B (Granodiorite pegmatite) – Magerøy Island 

Pink and white, granodiorite pegmatite.    The pegmatite outcrops along road no. 

169, approximately 4 km SE of the town of Gjesvær (N71°04’40.6’ ’ ,  

E25°27'31.6").   The pegmatite is  ~4 m wide and intrudes the Klubben Group 

psammites at a shallow angle relative to the relict sedimentary bedding.  Visible 

disruption and folding of the sedimentary layering occurs at the contact with 

the pegmatite and continues for ~2 m outwards from the contact after which the 

metasediments resume a fairly undeformed appearance (figure 4.11a).   Variably 

melted xenoliths are entrained in the pegmatite and are correlated with the 

adjacent Klubben Group (figure 4.11b).    

 

The pegmatite is composed of  plagioclase,  microcline, quartz,  muscovite and 

minor biotite and zircon (figure 4.12a).   Zircon occurs dominantly as euhedral 

F i g u r e  4 . 1 0  C L  i m a g e s  f o r  z i r c o n s  f r o m  s a m pl e  N M 0 4 - 9  ( m i g m a t i s e d  g r a n i t e  g n e i s s,  
Sø rø ya).   (a)   E u h e d r al  s i m p l e  p r ism s  w i t h  l en g t h :  w i d t h r a t io s  ≤1: 4  co m m o nl y  c o nt ai n  
c o re s.   So m e  o f  t he  c ore s  appe ar  t o  b e  m ag mat i c al l y  ro un de d (phas e  1a) ,  w hi l e  o t he rs  
r esembl e  complex  prisms (pha se  1b) .   OGZs are  w e ll  p r e se r v e d  i n  som e  c o r e s  ( p h a s e  1 a )  
a n d  s u g g e st  t h a t  t h ey  w e r e  o ri g i n a l l y  s im pl e  p r i s m a t ic .   O v e rg ro w t h s  a r e  s i m p l e  
p r i s m a t i c  w i t h  d e v e l o p m e n t  o f  b o th { 1 0 1 }  a nd { 211}  pyramidal  terminations  (ph ases  2a 
and b) ,  a l tho u gh this  changes  to  { 101}  do m inant  (phases  3  and 4) .   Overgrowths  may  
s h o w  s e c to r  z o n i n g .   (b)   In  c o n t rast ,  s i m pl e  pri sm s w i t h  l e n g t h:  w i dth rat i o s  > 1:4  do  n o t  
c o n t a i n  c o re s  a n d  i n d ic a t e  c on t i nu o u s  m ul t i ph a s e d  g r o wt h  h i s t o r i e s  d o m i n at e d  b y  { 10 0 }  
p r i s m  a n d  { 1 0 1 }  p y r am i d a l  t e r mi n a t io n s .   R e c r y s t al l i sat i o n t e x ture s  a r e  p r ese n t  a n d  
par t i a l l y  o bl i t e r a t e  O GZ s .   M a n y  cry s t a l s  a re  b o r d e r e d  b y  a  b r o k e n  CL- b r i g h t  r im  ( e . g .  a ,  
phase  4) .  
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complex prismatic or partially rounded crystals in muscovite and plagioclase 

(figure 4.12b, c,  d),  and rarely biotite (figure 4.12e).   These zircon crystals are 

dominated by {100} prism and {101} pyramidal terminations, typical for zircons 

crystallising from a pegmatitic melt (Corfu et al. ,  2003) (figure 4.13).   

However,  in the heavy mineral separates,  these simple prismatic features are 

restricted to l ight-dark brown overgrowths on complex prismatic crystals.   

Nevertheless,  based on the similarities in morphologies between the simple 

prismatic crystals and the overgrowths, it  is  argued that they represent that 

same phase of zircon growth and will  yield an age on intrusion.   

 

4.5  C04-2 (Granitic leucosome) – Magerøy Island 

Folded, white and pink, coarse grained (1-10 mm) granitic leucosome, hosted by 

a foliated, black and white,  medium-coarse grained (0.5-2mm) garnet-biotite-

gneiss.   The sample was collected by Prof.  F.  Corfu approximately 2 km S of  the 

town of Gjesvær along road no. 169 (N71°05´13.3",  E25°24'48.7").   The 

leucosome occurs as a ‘discrete vein, 1-5 cm wide’,  controlled by the ‘steep, 

westward striking gneissosity of the host ’ .  Tight cm scale isoclinal folds affect  

both the leucosome and the host gneiss.   (F.  Corfu, f ield notes).    

 

The leucosome is composed of plagioclase,  microcline,  quartz and minor biotite,  

muscovite and zircon (figure 4.14a).   Zircon is hosted in muscovite (figure 

4.14b) and occurs as colourless euhedral simple prismatic crystals dominated by 

{100} prism and {101} pyramidal faces,  typical  for crystallisation of  zircon from 

Fi g u r e  4. 1 1   Fi e l d  ph o t o s  o f  s am pl e  R J R 02-5 8 B  (g r an o d io r i t e  pe g m at i t e,  M ag e r ø y a)  
P i c t u r e  (a )  s h o w s  t h e  c on t ac t  o f  t h e  p e g m at i t e  w i t h  the  h o s t  m et a p s a m m i t e s  o f  t h e  
K l u b be n  G r o u p  ( r e d  a r r o w s ) .   J u s t  t o  t he  r i g h t  o f  t h e  c o n t ac t  the  b e d d i n g o f  t h e  
m e t a p s a m m i t e s  a r e  d i sru p t e d  a n d f o l d e d  u pw a r d s  ( y e l lo w  l i n e s ) .   W i t h i n  t wo  m e t e r s  
a w a y  f r o m  the  c o nt a c t  the  b e d d i n g  o f  t h e  m e t ap s a m m i t e s  h a v e  r e t u r n e d  t o  no r m al  ( b l a c k  
l i n e s ) .   (b)  C l o s e - u p  o f  t h e  c o nta c t .   T h e  p s a m m it e s  a d j a c e n t  t o  t h e  p e g m a ti t e  ( r e d  
arro ws)  are  fo lded and bo und by  a  sharp co ntac t  w i t h  t h e  p e g m a t i t e.   I n  a d d i t i o n,  p i e c e s  
o f  p s a m m i t e  a r e  i n c l ude d  i n  t h e  p e g m a t i t e  (y e l lo w  a r r o w )  a n d  a r e  m e l t e d  t o  v a r i o u s  
d e g r e e s .   Han d  l en s  fo r  s c a l e.  
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a granitic melt (Corfu et al. ,  2003) (figure 4.15).   The zircon prisms are 

dominated by length:width ratios of ≤1:3,  although a small  population with 

ratios >1:3 also occurs.   CL imaging revealed the common presence of  cores in 

zircons with length:width ratios ≤1:3,  with overgrowths that show a gradual 

change from a complex prismatic to simple prismatic morphology (figure 4.16a).   

The cores are variably rounded and commonly show recrystallisation textures.   

All  cores are bordered by a CL-bright rim.  In contrast, simple prisms with 

F i g u r e  4 . 12   P h o t o m i c r o g r a p h s  f o r  s a m pl e  R J R 0 2 - 5 8 B  ( g r a no d i o r it e  p e g m a t i t e,  
Mag e rø y a).   Z i rc on  com m o n ly  o ccu rs  as  i n c lu si o n s  in  hi g hl y  se ric it i z e d  pl ag ioc l ase  (a)  
a n d  m u s c o v i t e  (c  &  d) .   C r y s t a l  m o r ph o l og i e s  v a r y  f r o m  v a r i a b l y  r o u n d e d s i m p l e  
prismatic  (b)  t o  v a r i a bl y  ro u n d e d c o m pl e x pri s m s  (c) .   R ar e  o c c u r r en c e s  a r e  o b se r v e d  o f  
c o m p l e x  p ri s m a t i c  z i rco n  h o s t e d  b y  b io t i te  (e)  a n d  s m a l l  v e i n s  ( f )  i n  a s s o c i a t io n  w it h  
g a r n e t,  b io ti t e  a n d  q u art z .   Co r e s  a n d  o c c a s i o n a l l y  O G Z s  (g)  are  v is i ble .   Al l  z irc o n s  have  
l e n gt h :  wi d th  r a t i o  < 1: 3.  
 
bt  –  bi o ti te;  ch l  –  chl or i te ;  gn t  –  ga r n e t;  mus c  –  mus covi te ;  p l a g –  p l a gi o cla se ;  qtz  –  
qua r tz ;  s e r  –  se r i ci te ;  zr c  –  zi r con .  
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Fi g u r e  4. 1 3   Se l e c t io n o f  z i r co n s fro m  s am pl e  R J R 02- 5 8 B  (g r anod i o r i t e  pe gm at i t e ,  
M a g e r ø y a ).   (a)   Ove r g r o w t h s w i t h  a  si m p l e  p r i s m a t i c  mo rph o l o gy  a re  e a s i l y  
d i s t i n g u i s h e d  f r o m  the  c o m p l ex  p r i s m a t i c  c o re  t hro u g h co lo ur  di f fe re n ce s.   T he  
o v e r g r o w t hs  a r e  a l s o  n o t a bl y  f r e e  o f  i ncl usion s,  co mpared t o  t he  co res.   (b)   T h e  c o r e s  
w e r e  e a s i l y  r e m o v e d  u s i n g  a  p a i r  o f  b l u n t  tw e e z e r s ,  l ea v i n g  h i g h  q u a l i t y  o v e r g r o wt h s  
w i t h  n o  o r  l i t t l e  t r a c e s  o f  c o r e .   (c)   A b r a s i o n  o f  t h e  o v e r g r o wt h s  y i e l d e d  h i g h  q u a l i t y  
p i e c e s ,  w ith  t h e  e x c e p t i o n  o f  t h e  e n c i rc l e d  g r a i n  t h a t  s t i l l  c o nt a i n ed  a  p i e c e  o f  v i s i b l e  
c o r e.  

Fi g u r e  4. 1 4   Pho t o m ic ro g r aphs  fo r  s am pl e  C 04-2  (g r an i t ic  l e uc o so me ,  M ag e rø y a).   (a)   T he 
l e u c o s o m e  a n d  h o s t  g n e i s s  h a v e  b e e n  d e f or me d ,  pro d u c in g  t i g h t  i soc l i n al  f o l d s.   (b)   A n  
e x a m p l e  o f  z i r c o n  h o ste d  b y  m u sco v i t e  in  t he l e u co so m e .   T he  z i rc on  appe ars  t o  have  a  
s i m p l e  p r i sm a t i c  mo r p h o l o g y .   
 
a p  –  a p a t i te ;  b t  –  bi o t ite ;  m icro  –  micro cli ne;  musc  –  musco vite;  myr –  myrmekite;  plag –  
plagi o clas e;  qtz  –  quartz ;  s er  –  s e ri ci te;  t tn  –  t i tan i te;  zrc  –  z irco n.  
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F i g u r e  4 . 1 6 C L  i m a g e s f o r  zi r c o n s  f r o m  s a mpl e  C 04-2  (g r an i t ic  l e uc o so m e ,  M ag e r øy a).   
(a)   S i m p l e  p r i s m s  w i t h  l e n g t h:  r a ti o s  ≤1: 3  com m o n ly  c ont a i n  co r e s  ( ph a s e  1  a n d  2 )  w i t h  
c o m p l e x  g ro w t h  h i s to ri e s ,  I n  t h i s  p a r t i c u l a r  c a s e ,  t h e  c o re  i s  a  d o u b l e  i n h e r i t an c e  s i n c e  
t w o  c o m p o n e n t s  a r e  pre s e n t .   T h e  c o r e s  a re  v a r i a b l y  re c r y s t al l i s ed  a n d  m a g m a t i c a l l y  
r o u n d e d,  a n d  v e r y  s e l d o m  r e t a i n  O GZ s .   A d d it ion a l ly  t h e  cor e s  a r e  m a r k e d  b y  a  C L- b r i g h t  
r im.   Overgrowths  occur  as  bo t h  s i m p l e  a n d  c o m p l e x p r i s m a t i c .   T h i s  e x a m p l e  sho w s  a n 
overgrowth (phases  3-6)  that  chan ges  from {100}  prism and { 101}  py ramidal  do minated 
( p h a s e  3  a n d  4 )  t o  s l i g h t l y  { 21 1}  p y r a m i d a l  d o m i n a t e d  (ph a s e  5 )  a n d  b a c k  a g a i n  ( p h a s e  
6 ) .   (b)   S i m p l e  p r i s m s  w i t h  l e n g t h :  w i d th  r a t i o s  > 1: 3  s h o w  n o  o b v i o u s  s ig n s  f o r  
i n h e r i t a nc e,  a l t h o u g h r e c r y st a l l isa t i o n f e a tu r e s  a r e  c o m m o nl y  o b s e r v e d ,  par t i a l ly  
o b s c u ri n g o r i g i n al  r el a t i o n s h i p s.   O c c a s io n ally  O G Z s  an d o r ig i n al  p h a s e  b o un d ar i e s  a r e  
s t i l l  v i si b l e  ( p h a s e  2 ) ,  a n d  m a y  s h o w  s i g n s  o f  m ag m at i c  re so rpt i on  (phase  3 .   In  g e n e ral ,  
the  prisms are  bo un d by  a  CL-dark phase  (a ,  pha s e  6  a n d  b ,  pha s e  5 ).  
 

F i g u r e  4. 1 5   Se l e c t io n o f  z i r co n s fro m  s am pl e  C 04-2  (g r an i t ic  l e uco s o m e,  M age r ø y a).   
The  z irc ons  have  a  s im ple  prismatic  mo rpho log y  d o m i n ate d  b y  { 10 0 }  p r i s m a t i c  a n d  { 10 1 }  
py r a m i d a l  fac e s .   I n  g en e r a l  t h e  c ry s t a l s  a re  h o m o g e n eo us  i n  c o l o u r  a n d  f l u i d  inc l u s io n s  
a r e  c o m m o n l y  o b s e r v e d .    
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length:width ratios >1:3 show no evidence for inheritance (figure 4.16b).  

Recrystallisation textures are observed in all  zircon morphologies.   The 

presence of  magmatic zircon in the leucosome dates the migmatisation event.   

 

4.6  NM04-16 (Syenogranitic leucosome) – Magerøy Island 

Folded, foliated, black, white and red, medium-coarse grained (1-5 mm) 

migmatitic garnet-biotite-gneiss hosting two generations of folded, white,  

medium-coarse grained (2-5 mm) syenogranitic leucosomes.  The sample was 

collected from the Gjesvær docks by M. Gerber (N71°05’51.6’ ’ ,  E25°24'09.1").   

The first  generation leucosome is parallel  to the foliation of  the host gneiss 

(figure 4.17) and both are affected by a D1 folding event (Andersen et al . ,  1982).   

The second generation leucosome is parallel  to the D1-fold axis and crosscuts 

both the gneissic foliation and the first  generation leucosome.  Folding occurs 

on a centimetre scale and is asymmetrical .   For the purposes of this study, the 

second generation leucosome was isolated for U-Pb geochronology in order to 

date the youngest melt producing event that affected the Gjesvær Migmatite 

Complex.   

 

The leucosome consists of  microcline,  quartz,  biotite,  plagioclase,  muscovite,  

myrmekite and trace garnet,  zircon, titanite and oxides (f igure 4.18a).   Garnet 

is  porphyroblastic and occurs as 1-2 mm crystals evenly distributed throughout 

the leucosome and commonly grows at the expense of biotite.   Zircon is hosted 

in biotite and occurs as colourless variably rounded complex prismatic crystals,  

with few occurrences of colourless simple euhedral crystals (f igure 4.18b).   The 

latter are typified by {100} prism and {101} pyramidal terminations,  

characteristic of crystallisation from a granitic melt (Corfu et al. ,  2003; Pupin,   

1981) (figure 4.19).  Length:width ratios of both ≤1:3 and >1:3 are observed in 

the simple prismatic crystals.   CL revealed the presence of  cores in crystals with 

length:width ratios ≤1:3 (figure 4.20a, b).   Cores show evidence for resorption 

indicated by highly irregular but smooth boundaries,  and are overgrown by 

normally zoned magmatic zircon with both simple and complex morphologies.   

Simple prismatic zircons with length:width ratios >1:3 are characterised by 

continuous growth phases and do not contain evidence for inheritance (figure 

4.20c, d).   Recrystallisation textures are observed in all  zircon morphologies,  

which partially or wholly obliterate OGZs.  Most of  the zircons are bordered by 

a CL-bright rim, indicating a post-crystallisation disturbance.  Zircon is 

occasionally hosted in porphyroblastic garnet (f igure 4.18c).   However,  this is  

considered to be an inherited inclusion from biotite replaced by the garnet.   

Since the second generation leucosome contains magmatic zircon it  is  possible 
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Fi g u r e  4. 1 7   Pho t o g r aph o f  N M 0 4-16  (sy e n o g r an i t ic  l e uc o so m e ,  M ag e r øy a)  (pe n c i l  fo r  
scal e) ,  showing two genera t ions  of  an at e ct i c  le u c o so m e .   T he  f i r s t  g en e r at i on  l eu c o so m e  
i s  par a l l e l  t o  t h e  fo l de d  g n e i s s ic  f o l i at i on  o f  t h e  h o st ,  w h i l e  t h e s e c on d  g en e r a t i on  
l e u co s o m e  i s  par a l l e l  t o  t h e  f ol d a x i s  a n d  cro s s - c u t s  the  g n e i s s ic  f o l i a t i o n  an d  f i r s t  
g e n e r at io n l e u co s o m e.  

Fi g u r e  4. 1 8   Pho t o m i c ro g r aphs  o f  s am pl e  N M 04-16  (sy e n o g r an it ic  l eu c o so m e ,  Mag e r ø y a).   
(b)   Z i rco n i s  assoc i at ed e xc lu si ve ly  w it h  b io t it e ,  an d mo st l y  oc c u rs  as  vari ab l y  ro u n de d 
c o m pl e x  pri s m a t i c  c r yst a l s  w it h  f e w  s i m pl e  pri s m s .   B io t i te  i s  o ccas i o n all y  ero d e d  b y  
quartz  o r  garnet  (b  and c) ,  e x p o sin g  t h e  z i rc o n  i nc l u si o ns.    
 
bt  –  bio ti te;  ch l  –  ch lor i te ;  gn t  –  ga r n e t;  mi cr o  –  mi cro cl i n e ;  mus c  –  mus co vi te ;  my r  –  
my r me ki te ;  pla g –  pla gi o clas e ;  qtz  –  qua r tz ;  se r  –  s e ri ci te ;  z r c  –  zi r co n.  
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to date the age of the migmatisation.  This will  also give a minimum age for the 

D1-folding and anatexis that is  crosscut  by the second generation leucosome  

  

Fi g u r e  4. 1 9  Se l e c t i on o f  z i r c on s fro m  s am pl e  N M 04-16  (sy e n o g ran i t ic  l e u co s o m e,  
M a g e r ø y a ).   (a)   S i m p l e  p r i s m s  ( e s p e c i a l ly  t h o s e  o f  l en gt h :  w i d t h  r a tio s  > 1: 3 )  com m o n ly  
o c c u r  a s  b r o k e n  p i e c e s  w i t h  s l i g h tly  p i t t e d  f e a t u r e s .   (b)   However,  ab rasion yie lded high 
qual i ty ,  but  small  grains.  

Fi g u r e  4. 20 C L  i m ag e s  fo r  z i r co n s  fro m  sam pl e  N M 04-16  (sy e n og r an i t ic  l eu c o so m e ,  
M a g e r ø y a ).   (a)   S i m pl e  e u he dral  pri sm s w i t h  l e ng t h:  w i dt h rati o s  ≤1: 3  c o m m o n l y  
c o nt ai n co re s.   T he  co re s  t he ms e l ve s  h a v e  c o m p l e x  h i s t o r i e s ,  a n d may  c o n t ai n  the i r  o w n  
i n h e r i t e d  co m p o n e nt  ( p h a s e  1 ) .   R e c r y s t al l i s at io n  te x t u r es  a r e  o b s e r v e d  i n  t h e  c o r e  t h a t  
p a r t i a l l y  o bl i t e r a t e s  o ri g i n al  O G Z s .   T h e  c o r es  a l s o  s h o w  s i g n s  o f  m ag m a t i c  r e sor p t i o n ,  
e s p e c i a l ly  in  (b) ,  w h e re  t h e  i n h e r it e d  p h a s e s  1 - 5  h a v e  an ero ded anhe dral  shape.   Growth 
p h a s e s  a n d  O G Z s  a r e  c o m m o n ly  w e l l  p r e s e rv ed  i n  t h e  o v e r g r o w t hs ,  w h i c h  a re  a l w a y s  
b o r d e r e d  b y  a  C L - b r i g ht  r i m .    
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Fi g u re  4. 20 CL i m ag e s  fo r  z irc o n s from  sam pl e  N M04-16,  c on t.  (sye n o g ran i t ic  
l e u co s o m e,  M ag e r ø y a).   (c)   S i m p l e  p r i s m a t i c  z i r c o n s  w it h  l e n gt h: w i d t h  r a t io s  > 1 : 3  
g e n e ral l y  sho w  c on t inu o u s  g row th hi st o ri e s  w i t h  n o  chan g e  i n  cry st al  m o rpho l o gy .   
R e c r y s t al l i sat i o n t e x t u re s  a r e  co m m o n  a n d  v ar ia b l y  o bl i te r a t e  t h e  OGZ s .   E xt r em e  c a s e s  
o f  r e c ry s t al l i s a t io n  w er e  a l s o  o b se r v e d  (d)  w h e r e  n o  i n te r n a l  s t ru c tu r e  r e m a i ne d  a t  a l l ,  
p r o d u c i ng  an  ‘ ag a t e - l i ke ’  p a t t e rn .  
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5.  Results and discussion 

All TIMS data are given in Appendix B. 

 

5.1  C04-16 - (Garnet-hornblende syenogranite augen gneiss) – Sørøy 

Island 

5.1.1  TIMS data: 

Zircon 

Five U-Pb analyses were performed on multicrystal  fractions of euhedral tips 

(fractions 87/6 and 89/51), simple prisms with length:width >1:3 (fractions 

87/5 and 89/57) and simple prisms with length:width ≤1:3 (fraction 87/7).   

Prisms and tips with larger length:width ratios were preferentially selected for 

analyses since their potential  for carrying an inherited component was 

considered smaller.   The data indicate moderate to high U concentrations (200-

863 ppm), 206Pb/204Pb values of 452-12,639 and Th/U ratios between 0.33-

0.45. 

 

Four of the analyses (87/6, 87/7B, 89/51 and 89/57) are concordant within 

error,  but are spread along the Concordia curve between approximately 433 and 

442 Ma (figure 5.1).  The fifth point (87/5) is  slightly discordant with an older 

207Pb/206Pb age of 447 ± 4 Ma.  There is no apparent correlation between 

crystal  morphology and discordancy or age.    

 

Titanite 

Two fractions of titanite were selected based on colour (pale titanite,  fraction 

89/S3 and yellow titanite,  fraction 89/S4) (figure 5.2).   The data indicate very 

low U content (43 and 62 ppm), Th/U values (0.05 and 0.06) and 206Pb/204Pb 

ratios (144 and 191) compared to zircons from the same sample.   The colour 

difference is attributed to slightly lower concentrations of Pb and U in the pale 

titanites.  

 

Both the analyses are concordant within error and yield a Concordia age of 

431.4 ± 1.1 Ma, which overlaps with the younger of the zircon data points 

(figure 5.1).   The larger error ellipses for the titanite analyses are due to small 

concentrations of U and Pb, as well  as a large 204Pb component.    

 

5.1.2  Discussion: 

Based on the magmatic morphologies of  the zircons in sample C04-16, the 

spread of concordant data over c.  8 m.y. along Concordia is suggested to be a 

combination of magmatic growth with either a) the presence of  an inherited 
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component,  or b) dispersion through Pb-loss and/or the growth of metamorphic 

zircon.  In the former case the zircons may contain a component inherited from 

the Hellefjord schists.   However,  only fraction 87/5  has an older 207Pb/206Pb 

age of  447 ± 4 Ma that indicates a possible inherited component.   In addition, 

only one example of  inheritance was observed under CL (n=17) (figure 4.3).  

Therefore,  while cores may be present,  their scarcity implies that they account 

for only a very small  proportion of the total  zircon population and are not solely 

responsible for the spread of data.   On the other hand, many crystals show 

evidence for recrystallisation (e.g.  f igure 4.1),  thereby arguing in favour of Pb-

loss.   No evidence for metamorphic overgrowths is observed.  In this case,  the 

older data point (fraction 89/57) at 440.9 ± 1.5 Ma is suggested to best 

F i g u r e  5 . 1  Co n c o r d i a  d ia g r a m s  f o r  s a m p l e  C 04 - 1 6  ( g a r n e t -h o r n b l en d e s y e no g r a nit e  a u g en  
g n e i s s,  S ø rø y a ) ,  i nc l u di n g  z i r co n (re d )  a n d  t i tan i t e  ( bl u e )  d a t a  p o in t s.   T h e  d a t a  p o i n t s  o f  
t h e  i n d i v i du a l  f r a c ti o n s  a r e  s h o w n ,  i n d ic a tin g  n o  a ppar e n t  co r r el a t i on  b et we e n  z i rc on  
mo r pho l ogy  a nd the  sprea d o f  a ges.   The  fo ur c o n c o r d a n t  d a t a  p o i n ts  d e f i n e  a  spr e a d  o f  
ag e s  o f  c .  6  m . y  fro m  c.  441-43 5  Ma.   T h e  f i f th  d i s c o r d a n t  p o i n t  h a s  a n  o l d e r  2 0 7 P b / 2 0 6 Pb 
ag e  o f  447  ±  4  M a.   T w o  frac t io ns  o f  s phe n e  d e f i n e  a  C o n co r d i a  age  o f  43 1 . 44 ± 0. 9 7  M a 
w h i c h  m a r gi n a l ly  o v e r lap s  w i t h  t he  l ow e r  co nc o r d a nt  z i rc o n d a t a  p oi n t .   A  di s c o r d i a  l in e 
f i t t e d  to  t h e  d a t a  h a s  a n  i m p r e c i s e  lo w e r  i nt e r ce p t  o f  4 3 1  ±  2 6  M a .   T h e  u p p e r  i n t e r c e p t  is  
i g no r e d  d u e  t o  t h e  l a rg e  e r r o r.   D u e  t o  t h e  m i n i m a l  e v ide n c e  f o r  c o r e s ,  in h e r it a n c e - e f -
f e c t s  a r e  a s s u m e d  t o  b e  n e g l ig i b l e .   H o w e v e r ,  the  a b u n d a n t  e v i d e n c e  fo r  r e c r y st a l l i s a t ion 
s u g g e s t s  a  d e g r e e  o f  Pb - l o s s  h a s  o c c u r r e d .   T he r e f o r e ,  t h e  u p p e r m o st  c on co rd a n t  z i rco n  
p o i n t  i s  s ug g e s t e d  t o  a p p r o x i m a t e  t h e  a g e  o n i n t r u si o n a t  c .  4 4 1  M a ,  w h i l e  the  l o w e r  
i n t e rc e p t  i s  t h e  b e st  a pp r o x i m a t i on  f o r  a  m etam o r p h i c  eve n t  a t  c .  43 1  M a .  
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approximate the age of  intrusion, with Pb-loss during a subsequent 

metamorphic event. 

  

Due to the highly reactive nature of  titanite and its ready growth under 

metamorphic conditions (Scott & St.  Onge, 1995),  it  is  l ikely that both the 

primary magmatic and later metamorphic crystals in this sample will  record the 

same age.   Therefore the 431.4 ± 1.1 Ma Concordia age from titanite fractions 

89/S3 and 89/S4 is suggested to date a post-intrusion metamorphic event.  

These data points overlap with the youngest of  the concordant zircon data 

points (fraction 87/6).   It  is  suggested that the recrystallisation and associated 

Pb-loss observed in the zircons are related to this c.  430 Ma event.  

 

5.2  NM04-3 (Metagabbro) – Sørøy Island 

5.2.1  TIMS data: 

Zircon 

Due to the general lack and poor quality of zircons in this sample,  all  crystals 

that did not contain obvious inclusions or cores were abraded, and the best 

parts salvaged for analyses.   This approach yielded small,  but high quality 

pieces.   Four single-crystal  analyses were performed, for which data indicate 

moderate to low U contents (126-240 ppm), high Th/U ratios (1.18-1.41) and 

206Pb/204Pb ratios between 160-2,075.  The low 206Pb/204Pb ratio and high 

204Pb content in fraction 87/11 may be a result  of  contamination rather than 

alteration processes, since the high common Pb level is  not shared by any of  the 

other grains.   

Fi g u re  5. 2   E xam pl e s  o f  pal e  (a)   and dark  (b)  t i t a n i te  f r o m  s a mpl e  C 0 4 - 1 6  ( g a r n e t -
h o r n b l en d e s y e n o g r a n i t e  a u g en  g n e i s s ,  Sø r ø y a) .   A  s ep a r a t e  f r a c t i o n  e a c h  ty p e  w a s  
s e l e c te d  f o r  a n a l y s e s.   T h e  p a l e  t i tan i t e s  h a v e s l i g h tl y  lo we r  c o n c en t ra t i o n s  o f  P b a n d  U ,  
w h i c h  wo u ld  a c c o u nt  fo r  t h e c o lo ur  d i f f e r e nc e.  
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The four analyses define a Concordia age of 436.7 ± 0.8 Ma (MSWD = 1.8; 

f igure 5.3).    

 

Titanite 

Three fractions of inclusion-free titanite were analysed (figure 5.4).   Data 

indicate low U contents (18-25 ppm), very high Th/U ratios (2.95-3.90) and 

206Pb/204Pb ratios between 65-102.   

 

The three data points define a Concordia age of 427.8 ± 2.7 Ma (MSWD = 1.7) 

(figure 5.3).   Although fraction 117/S7 is similar to fraction 89/S8 in total Pb (4 

ppm), total  U (18 and 22 ppm, respectively) and common Pb content (~50 and 

67 pg, respectively),  it  has a lower 206Pb/204Pb ratio,  suggesting less 

radiogenic Pb.  Such a small  concentration of  radiogenic Pb (<4 ppm) may have 

lead to an erroneous measurement of the Pb-isotopic ratios and subsequent 

larger errors and a younger 207Pb/206Pb age.   The Concordia age is therefore 

suggested to be closer to the c.  428 Ma ages of fractions 89/S8 and 117/S10. 

 

5.2.2  Discussion: 

A slight spread (~ 3 m.y.)  is  observed in the zircon data points,  which, based on 

the generally poor quality of  the zircons, is attributed to recent Pb-loss.   

However,  since both the 207Pb/206Pb and U-Pb are within error,  the spread is 

considered negligible.   In this case the Concordia age of 436. 73 ± 0.84 Ma is 

suggested to best approximate the age of crystallisation. 

 

The metamorphic nature of the titanites implies that the c.  428 Ma age dates 

post-crystallisation metamorphism.  This is  within error of the c.  430 Ma 

metamorphic age obtained from sample C04-16, suggesting that both ages relate 

to the same event.   In addition, the growth of titanite in clusters parallel  to the 

foliation suggests that the combined metamorphic age of c.  430 also dates the 

age of  formation of  the fabric observed in the gabbro. 

 

5.3  NM04-9 (Migmatised granite gneiss) – Sørøy Island 

5.3.1  TIMS data: 

Five analyses of zircons were performed on multicrystal  fractions of tips 

(fractions 87/2 and 89/52), broken (fractions 87/4 and 89/56) and whole 

prisms (fraction 87/3) with length:width >1:4.  However,  since the distinction 

between long and short simple prisms is somewhat arbitrary,  a small  number of 

simple prisms with length:width ≤1:4 may have been included in the selected 



 35

F i g u r e  5 . 3   C o n c o r di a  d i a g r a m s  fo r  N M 0 4 - 3  (metag abbro ,  Sø rø ya).   Zirco n  (red)  and 
t i t a n it e  ( blu e )  d a t a  p o in t s  d e f in e  tw o  ag e  p o pu l a t io n s  w i th  a  C o nco r d i a  a g e o f  4 3 6 . 7±  0 .8 
M a (MSW D  =  1 .8 )  fo r  t he  z i r co n s an d 427 . 8  ±  2.7  M a (MSW D  =  1 .7 )  fo r  t i t ani t e ) .   T he 
l arg e r  e rror  i n  frac t ion  8 7/ 11  appe ars  t o  b e  c au se d by  a  l arg e am ou n t  o f  c o mm o n  Pb,  
w h i l e  i n  f r a c t io n  1 1 7/ S 7  i t  i s  a  c o m b i n a t io n  o f  l o w  o v e r al l  U  a n d  P b  a n d  a  l a r g e  co m m o n 
Pb co mpo n en t.   

F i g u r e  5 . 4  S e l ec t io n o f  t i t a ni t e  f r o m  s a mpl e  N M 0 4 - 3  ( m e t a g a bb r o ,  S ø rø ya) .   T wo 
po pul at ion s are  o b served –  (a)  pal e  y el lo w  t o  c ol o u rl es s  g r a i n s  tha t  a r e  m os t l y  w e ll  
r o u n d e d  and  (b)  an  o ran g e -y el lo w an g ul ar  po pu l at io n co m po s e d  o f  co m po s i t e  g r ai n s.   
I n c l u s io n s  a r e  s e l d o m  o b s e r v e d  i n  t h e  p a l e  y e l l ow  p o p u l at i o n s,  b u t  are  u b i q u i t ou s  i n  t h e  
o ra n g e -y e l l o w  g r a i n s.   A f t e r  a b r a s i o n,  h o w ev e r ,  t h e  c o m p o si t e  g ra i n s  b r o k e  d o w n  t o  
grains  o f  s imilar  appearance  to  the pale-yel low grains ( inset) .    
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fractions.  Preference was given to tips,  since they were less l ikely to contain 

any inherited component.   The data indicate moderate U contents (182-417 

ppm), 206Pb/204Pb values between 3195-5765 (with the exception of  fraction 

89/52 which has a value of 535) and Th/U ratios 0.20-0.33.   

 

Four of the analyses plot concordantly but are spread along the Concordia curve 

between approximately 436-429 Ma.  The fi fth point is  discordant with an older 

207Pb/206Pb age of 464 ± 14 Ma (figure 5.5).   A discordia l ine fitted to the data 

points yields lower intercept of 432 ± 10 Ma and an imprecise upper intercept 

of 872 ± 640 Ma (MSWD = 5.6).   There is no apparent correlation between 

crystal  morphology and age. 

 

5.3.2  Discussion: 

The euhedral magmatic zircon morphologies and evidence for both inheritance 

and recrystallisation suggest that the poor MSWD of the discordia line could be 

a mixture between either: a) inheritance + magmatic growth + Pb-loss or b) 

inheritance + 2 stages of  ‘magmatic’  growth.  In the first  case,  the growth of all  

the euhedral zircons would be related to the initial  intrusion of  the granite,  

possibly at c.  436 Ma.  The upper discordant point would then represent the 

inherited component,  while the spread of  data below c.  436 Ma is attributed to 

Pb-loss from a metamorphic event at c.  430 Ma.  While this model accounts for 

the older 207Pb/206Pb age of 464 ± 14 Ma in fraction 89/52 and the evidence 

of recrystallisation, it  does not account for the growth of new zircon in a 

leucosome assemblage.  Since euhedral crystals are observed in both the host  

gneiss and leucosome in different associations, it  suggests that at least two 

phases of ‘magmatic’  zircon growth have occurred.  Therefore,  evidence appears 

to favour the intrusion of the granitic body at c.  436 followed by an anatectic 

event at c.  430 Ma, with a minor older component inherited from the Hellefjord 

Group.  The recrystallisation textures observed in some crystals may be a result  

of  the continuation of metamorphism after crystallisation.  The additional 

overlap of metamorphic titanite data from samples C04-16 (~12 kms to the 

west) and NM04-3 (~6 kms to the west) at c.  430 Ma supports the suggestion of  

an anatectic event and zircon growth at 429.5 ± 1.4 Ma.  In addition, the 

pooling of melt in the fold hinges suggests that anatexis occurred 

simultaneously with deformation.  Therefore the 429.5 ± 1.4 Ma zircon age also 

dates the folding event.   This overlaps well  with the c.  430 Ma age obtained for 

the formation of the foliation in the metagabbro (sample NM04-3).    
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A discordia l ine between the upper concordant (fraction 89/56) and the 

discordant point (fraction 89/52) yield an imprecise upper intercept of 1391 ± 

490 Ma, suggesting a Mesoproterozoic source for the inheritance.  However,  

owing to the small  number of data points and large error,  this intercept is  not 

interpreted with confidence. 

 

5.4  RJR02-58B (Granodiorite pegmatite) – Magerøy Island 

5.4.1  TIMS data: 

Three single crystal  analyses were performed on selected simple prismatic 

overgrowths.  The data indicate high to very high U contents (843-3,432 ppm), 

206Pb/204Pb values between 2,875-22,110 and Th/U ratios of ≤0.01.   

F i g u r e  5 . 5  C o n c o r d i a  d i a g r a m s  fo r  zi r c o n s  f r o m  s a m p le  N M 0 4 - 9  ( m i g m a t i s e d g r a n it e  
g n e i s s,  S ø rø y a ).   (a)   T h e  d i s t r i b u t i o n  o f  c o n c o r d an t  dat a  p o i n t s  al o ng  C on cord i a  i s  d u e  
t o  P b - lo s s  rat h e r  t h a n  in h e r i t a n ce  s i n c e  t h e r e  i s  v e r y  l i t t l e  e v i d e n c e  fo r  c o r e s  u n d e r  C L .   
I n  c on t r a s t  r e c r y s t al l i sat i o n  t e x t ure s  a r e  c omm o n ly  o b ser ve d .   Ho we ve r ,  frac t io n  8 9 /5 2 
d o e s  c o n t a in  s o m e  i n h er i t e d  c o m pon e n t  in d i c at e d  b y  a n  old e r  2 0 7 P b / 2 0 6 Pb age  o f  464 ±  1 4  
M a .   A  d i s c o r d i a  l in e  f i t t e d  to  t h e d a t a  p o i nts  has  a  ve r y  po o r  M SW D  o f  5 . 6 ,  r e s u l t in g  
f r o m  t h e  p r e s e n c e  o f  m o r e  t h a n  t w o  z i rco n  c o m p o ne n t s .   T h e r e f o r e ,  b a s ed  o n  t h e  
e v i d e n c e  for  P b - l o s s  a n d  l i t t l e  i n h er i t a n c e,  t h e u p p e r  c o n c o r d a n t  d a t a p o i n t  i s  s ug g e s t e d 
t o  b e s t  a p p r o x i m a t e  t he  d a t e  o f  i n t r u s i on  ( c .  4 3 6  M a ) ,  w i t h  a  m e t a m o r p h i c  e v e n t  a t  c .  
430 Ma.   (b)   A n  e s t i mat i o n  o f  t h e a g e  o f  t h e  i n h e r i t e d  co m p o n e nt  is  m a d e  b y  f i t t i ng  a  
d i s c o r d i a  l in e  t h r o ug h  t h e  u p p e r  c o n c o r d an t  a n d  t h e  d i s c o r d a n t  p o i n t .   T h i s  y i e l d s  a n  
i m p r e c i s e  up p e r  i n t e r c e p t  o f  1 3 9 1  ±  4 9 0  M a ,  su g g e s ti n g a  P r o t e r o z o ic  s o u rc e .  
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The three data points define a Concordia age of 425.9 ± 0.7 Ma, with an MSWD 

of 0.47 (figure 5.6).   

 

5.4.2  Discussion: 

Since the simple prismatic morphologies  of  the overgrowths correspond to a 

magmatically grown phase, 425.9 ± 0.7 Ma is interpreted as the age of intrusion 

for the pegmatite.   This is  approximately 5 m.y.  younger than the 429.5 ± 1.4 

Ma zircon age for anatexis determined for sample NM04-9 (migmatised granite 

gneiss) and the 431.4 ± 1.1 Ma titanite metamorphic age of sample C04-16 

(garnet-hornblende syenogranite augen gneiss) from the overlying Hellefjord 

Group. 

 

5.5  C04-2 (Granitic leucosome) – Magerøy Island 

5.5.1  TIMS data:   

One multicrystal  (fraction 87/1) and a single crystal  analysis (fraction 97/9) 

were performed on selected simple prisms with length:width ≤1:3,  as well  as 

one single crystal  analysis on a simple prismatic tip from a crystal  with 

length:width >1:3 (fraction 89/59).   The data indicate moderate to high U 

contents (302-1,828 ppm), 206Pb/204Pb values between 1,972-10,604 and 

Th/U ratios of ≤0.20.   

 

The result  of  the single tip analysis plotted concordantly at 425.5 ± 1.3 Ma. The 

two fractions of  stocky prisms plotted discordantly with older 207Pb/206Pb 

ages of 864 ± 3 Ma and 712 ± 8 Ma, respectively (figure 5.7).   A discordia l ine 

fitted to the data was anchored at 425.5 ± 1.3 Ma, and gave an imprecise upper 

intercept of 1002 ± 52 Ma (MSWD = 11.7).    

 

5.5.2  Discussion: 

The crystal morphology of the euhedral simple prisms with length:width ratios 

>1:3 (fraction 89/59) and lack of inheritance under CL suggests that this 

represents new zircon grown from a melt  environment.   This implies that the 

concordant 425.5 ± 1.3 Ma age represents the age of  anatexis in the 

metasediments.   This age also overlaps with the similar Concordia age 

determined for the granodiorite pegmatite (RJR02-58B) at 425.9 ± 0.7 Ma, 

assigning them both to the same event.   The poor MSWD (11.7) of  the discordia 

l ine suggests that the data are a combination of more than just the c.  425 Ma 

and a c.  1000 Ma component.     Discordia l ines anchored at 425.5 ± 1.3 Ma and 

taken through the individual discordant data points yield upper intercepts of 
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952 ± 23 Ma (fraction 87/9) and 1007.0 ± 7.4 Ma (fraction 87/1),  respectively.   

This suggests two Mesoproterozoic sources for the inheritance most l ikely 

entrained from the host Klubben Group psammites.  

 

5.6  NM04-16 (Syenogranitic leucosome) – Magerøy Island 

5.6.1  TIMS data: 

Four single crystal  analyses were performed on simple prismatic tips (fractions 

89/16, 89/17 and 89/18) and a single prism with length:width >1:3 (fraction 

89/55).   The prism analysed in fraction 89/55 initially contained a biotite 

inclusion that extended along the c-axis for the entire length of the crystal.   

After abrasion the prism was cleaved in half  along the inclusion, but the halves 

were themselves devoid of  any inclusions or surficial  remains of the biotite.   

Therefore,  it  is  unlikely that the prism contained an inherited component.   Tips 

were selected since they were also less l ikely to contain any inherited material.   

Data from the analyses indicate low to moderate U contents (71-281 ppm), Th/U 

ratios between 0.15-0.50 and 206Pb/204Pb ratios between 1,099-3,280. 

  

Three of  the analyses plot concordantly  within error but are spread between 

approximately 980-957 Ma.  The fourth point plots discordantly,  with an older 

207Pb/206Pb age of 952 ± 10 Ma (figure 5.8).   A discordia l ine fitted to the 

F i g u r e  5 . 6  C o n c o r d i a d i a g r a m  f o r  z i r c o ns f r o m  s a m p l e  R J R 0 2 - 5 8 B  ( g r a nod i o r i t e  
p e g m a t i t e,  M a g e r ø y a ).   T h e  t h r e e  s i n g le  c ry s t a l  a n a l y s e s  ( r e d )  y i e l d e d  a  C o n c o rd i a  a g e  
(g reen)  o f  425 . 9  ±  0. 7  Ma (MSWD =  0. 47 ) .   Des p i t e  t h e  s m a l l  s a m p l e s i z e s ,  t h e  hi g h  U  a n d  
P b  co n t en t s  a l lo w e d f o r  h i g h  a cc u rac y .  



 40

data has an upper intercept of 982 ± 12 Ma and an imprecise lower intercept of  

704 ± 180 Ma, with an MSWD of 1.3.    

 

5.6.2  Discussion 

Two possibilities exist  to explain the spread of concordant data points over ~23 

m.y.  along Concordia,  and include inheritance and Pb-loss.   Frequent 

observations of cores under CL makes it  likely that some inheritance has 

occurred.  This is confirmed by the older 207Pb/206Pb age of 952 ± 10 Ma 

fraction 89/16.  In addition, the presence of recrystallisation textures observed 

in CL strongly suggests that a degree of Pb-loss has occurred.   

 

However,  since it  is  unlikely that fraction 89/55 contained any inherited 

component,  the 980.9 ±2.6 Ma Concordia age is regarded as the best  estimate 

for the melt-producing event.   The lower intercept of discordia l ine (704 ± 180 

Ma) is interpreted with caution due to the large error.   Rb-Sr dating of the GMC 

F i g u r e  5 . 7  C o n c o r d i a  d i a g r a m s  fo r  z i rc o n s  fro m  s am ple  C 04-2  (g r an i t ic  l euc o so m e ,  
Mag e rø y a).   T he  s i n g l e  c o nc o rdan t  dat a  po in t ,  fract i on 8 9/ 5 9 ( i nset)  y i e l d s  a n  a g e  o f  
4 2 5 . 5  ±  1 . 3  M a .   T h i s  a g e  i s  w i t h i n e r r o r  o f  t h e  C o n c o r d i a a g e  o f  c .  425  M a  a g e  o b t a i n e d 
f o r  R J R 0 2 - 5 8 B  ( g r a nod i o r i t e  p e g m a t i t e ) .   F ra ct io n s  8 7 / 1  a n d  8 7 / 9  a r e  b o t h  d is c o r d a n t ,  
a n d  d e f i n e  a  d i s c o r d i a  l i n e  ( a n c h o r e d  a t  f r a c tio n  8 9/ 5 9 )  w i t h  a n  u p p e r  i n t e rc e p t  o f  1 0 0 2  
±  5 2  Ma (MSW D  =  11. 7) .   Bo t h t he po o r  MSWD  an d CL evi de n c e  sugg e st s  t hat  the re  are  
m u l t i pl e  sou r c e s  o f  i nhe r i t an c e  in  ad d i t io n  t o  t he  yo u ng e s t  e pi so de  o f  g r o wt h at  c .  425 
M a .   D i sc o r d i a  l i n e s  thr o u g h  e a c h  o f  t h e  d is c o r d a n t  dat a  p o i n t s  ( a n c h o r e d  a t  8 9 / 5 9 )  
y i e l d e d  u p p e r  i n t e r c e pt s  o f  9 5 2  ±  2 3  M a  ( 8 7 / 9 )  a n d  1 0 0 7 . 0  ±  7 . 4  M a  ( 8 7 / 1 ) ,  s ug g e s ti n g  
t w o M e s o pro t e ro z oi c  so u r c e s.  
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by Andersen et al.  (1982) confirmed c.  410 Ma whole-rock resetting, suggesting 

that the c.  740 Ma age obtained from the zircon discordia may be a ‘ghost’  event 

caused by partial  resetting of the U-Pb systems.  However,  Corfu et al.  (in 

press) report c.  850 and c.  700 Ma ages for two distinct orogenic events in the 

KNC.   In view of this,  the 704 ± 180 age may be a real age related to either one 

of  these orogenies.   Upper intercepts for discordia l ines through fractions 89/16 

and 89/17 anchored at 425 Ma (963 ± 17 Ma and 966 ± 13 Ma, respectively) and 

700 Ma (993 ± 34 Ma and 975 ± 25 Ma, respectively) yield ages for the 

inherited component that are younger than the c.  980 Ma magmatic age of 

fraction 89/55.  However,  i f  the discordia l ines are anchored at 850 Ma (± 10 

Ma), the upper intercepts become 1087 ± 90 Ma and 999 ± 58 Ma, respectively,  

yielding a more realistic age for the inherited component.   In addition, the 

latter intercepts are within error of the intercept obtained for fraction 87/1, 

sample C04-2 (1007.0 ± 7.4 Ma),  suggesting a similar source.   Although this is  

Fi g u r e  5 . 8  C o n co r d i a  d i ag r am s  fo r  z i rco n s  fro m  s am ple  N M 04-16  (g r an i t ic  l eu c o so m e ,  
M a g e r ø y a ).   T h e  s p r e a d  o f  c o n c o rdan t  a g e s  a p p e a r s  t o  b e  a  c o m b i n ati o n  o f  i n h er i t a n c e  
an d Pb -l o ss,  s i nc e  e vi de n c e  fo r  b ot h w as  o b serve d i n  CL.     Frac t io n 8 9/ 55 ,  howe ve r,  i s  
s u g g e s t e d t o  b e s t  a p p r o xi m a t e  t h e  a g e  o f  m i g m a t i s a t i o n  a t  9 8 0 . 9  ± 2. 6  M a .   T h e  l o w e r  
d i s c o r d a n t  d a t a  p o i n t  ( f r a c t i o n  89/ 1 6 )  h a s  a n  o l de r  2 0 7 P b / 2 0 6 Pb  age  o f  95 2 ±  10  Ma,  
s u p p o r t i n g  a n  i n h e r i t ed  c o m p o n e n t .   A  d i sc o rd ia  l i n e  h a s a n  u p p e r  i n t e r c e p t  o f  9 8 2  ±  1 2  
M a ,  a n d  a n i m p r e c i s e  l o w e r  i n t e rc e p t  o f  7 4 0  ±  1 8 0  M a .   I t  i s  s p e c ul a t e d  t h a t  the  l o w e r 
i n t e r c e p t  may  r e f l ec t  the  e f f e c t s  o f  t wo  e v e nts:   o n e e v e nt  a t  c .  85 0  M a  a n d  a  l at e r  e v e nt  
a t  c .  425 M a ,  r e c or d e d  i n  s a m pl e s  C 04 - 2  ( g r a n i t i c  l e uc o so m e )  a n d  R J R 0 2 - 5 8 B  
( g r a n o d io r it e  p e g m a t i te ) .   D i s c o r di a  l i n e s  t hr o u g h  f r a c t io n s  8 9 / 1 6  a n d  8 9 / 1 7 ,  an c h o re d 
a t  8 5 0  M a,  y i e l d  u p p e r  i n t e r c e p t  a g e s  o f  1 0 87  ±  90 Ma and 999 ±  58  Ma respect ively ,  and 
a r e  w i t h in  er r o r  o f  t h e u p p e r  i n t e rc e p t s  o b t a in e d  f r o m C04 - 2  f o r  i n he r i t a n c e  a g e s .  
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not conclusive,  it  seems more likely that the lower intercept for sample NM04-

16 is related to an orogenic event at c.  850 Ma, rather than a c.  410 Ma event.   

The latter would stil l  have led to Pb-loss subsequent to the c.  850 Ma orogeny, 

causing the large error currently observed in the lower intercept.   In addition, 

the c.  980 Ma age obtained from the second generation leucosome yields a 

lower l imit for the D1 deformation and anatexis.  
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6.   Regional Implications 

The original interpretation of Roberts (1968) that the gabbroic bodies in the 

Hellefjord Group are tectonically transported equivalents of the SIP is annulled 

for the following reasons.  Most importantly,  a Concordia age of 436.7 ±0.8 Ma 

obtained from euhedral magmatic zircons places it  well  outside the range for 

the intrusion of mafic plutons of the SIP at c.  570-650 Ma (R.J.  Roberts,  in 

press; R.J.  Roberts et al. ,  2004).   Therefore,  the metagabbro (sample NM04-3) 

cannot be part of  the SIP.  In addition, the corresponding date of 435.9 ± 1.6 

Ma for the initial  intrusion of  the granite (sample NM04-9) suggests that it  is 

co-genetic with the gabbro.  Consequently the metagabbro (sample NM04-3) is 

suggested to be intrusive into the Hellefjord Group rather than a thrusted 

component.   In light of  this,  the data for the plutons from the Hellefjord Group 

suggest a relatively simple tectonothermal evolution related to the Scandian  

event (figure 6.1).   Magmatic activity occurred from c.  441 Ma to c.  436 Ma, 

starting with the intrusion of a syenogranite (sample C04-16),  followed by a 

granite (sample NM04-9) and gabbro (sample NM04-3).   Scandian  post-

intrusion metamorphism in the HG appears to be relatively well  defined at c.  

430 Ma, and is responsible for local anatexis and growth of new zircon (sample 

NM04-9) and titanite (sample C04-16 and NM04-3) as well  as partial  resetting 

of pre-existing zircon and titanite (sample C04-16 and NM04-3).   In addition, 

the c.  430 Ma event appears to be responsible for the formation of metamorphic 

fabrics in the granite (sample NM04-9) and gabbro (sample NM04-3).   This 

association is extended to sample C04-16 (syenogranite),  considering the small  

distance between the samples and the overlap of metamorphic ages at c.  430 

Ma.  In contrast,  data from the Klubben Group on Magerøya indicate a more 

complicated tectonothermal history (figure 6.1).   Samples C04-2 and RJR02-

58B show that the Scandian  event produced upper amphibolite/granulite facies 

metamorphism and anatexis in the Klubben Group at c.  425 Ma.  These 

anatectic melts allowed for the growth of new magmatic zircon and overgrowths 

around pre-existing grains.   In contrast,  sample NM04-16 from the Gjesvær 

Migmatite Complex (2 km N of C04-2) shows no definite U-Pb zircon evidence 

for a Scandian  event,  suggesting that the latter did not play an important role 

in its tectonometamorphic evolution.  However,  the CL-bright rims observed in 

the last growth phase in zircons from NM04-16 are interpreted to be a result  of 

minor recrystallisation and Pb-loss related to the Scandian .   This would be in 

agreement with the 410 ± 28 Ma metamorphic age obtained by Andersen et al.  

(1982) for Rb-Sr resetting in the Gjesvær Migmatite Complex.   
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 The c.  980 Ma age obtained for the younger leucosome generation from the 

Gjesvær Migmatite complex (NM04-16) overlaps well  with 970-980 Ma 

Grenvillian  ages for adamellites and a granite intruding the Klubben Group in 

the Olderfjord Nappe (Kirkland et al. ,  2005a; Kirkland et al. ,  2006; Corfu et al. ,  

2005a).   This supports the existence of  a major tectonothermal event in the 

KNC related to the amalgamation of Rodinia (Meert & Torsvik,  2003).   In 

addition, the upper intercept age obtained for fraction 87/9, sample C04-2 (952 

± 23 Ma) is almost within error of  the c.  980 Ma age from sample NM04-18 and 

F i g u r e  6. 1   S c h e m a t i c  su m m a r y  o f  r e s u l t s  o bt ai n e d  in  t h i s  s t u d y .   (a)   Relati ve  posit ions  
o f  S ø r ø y a  an d  M a g e r ø y a .   I n s e t  (b)  s h o w s  t h e  i n t r u s i v e  ( g ive n  i n  b l a c k)  a n d  m e t a m o r p h i c  
ag e s  (g i ve n i n  r e d )  fo r  t he  var i o u s  pl u t o n s i n t r u d i ng  He l l e f j o r d  Gro u p o n  Sø r ø y a.   
Mag m at i c  ac t i vi ty  appe ars  t o  have c on t in u e d fo r  c .  5  m .y .  ( fro m  c.  441-43 6 Ma ),  w hi l e 
m e t a m o r p h i s m  i s  r e l at i v e l y  w e ll  c on s t r a i n ed  t o  c .  4 30  M a .   B ot h  m a g m a t ism  a n d  
m e t a m o r p h i s m  a r e  t h ere f o r e  r e l ate d  t o  t h e  Sca n di an  e ve n t .   I n  c o n t r a s t ,  t w o  d i s t i n c t  
e p i s o d e s  o f  m e t a m o r p h i s m  ( g i v e n  i n  r e d ) a r e  r e c o r de d  i n  t h e  K l u b be n  G r o u p  o n 
M a g e r ø y a  (c)  –  o n e  at  c .  98 0 Ma (G r e n v i l l i a n )  and one at  c .  425  Ma (S c a n d ia n ) .   
A l t h o ug h  bo t h  t h e  K lu b b e n  G rou p  a n d  H e l l e f jo r d  G r o u p  h a v e  s u f f e r e d  Sca n di an  
d e f o r m a t i o n  a n d  m e t a m o r p h i s m ,  t h e r e  i s  a  s l i g h t  d i s c r e pan c y  i n  t h e  s p e c i f i c  t i mi n g  (d) ,  
w i t h  yo u nge r  a g e s  ( c .  4 2 5  M a )  r e c o r d e d  i n  the  l o w e r Klu b b e n  G ro up  c o m p a r e d t o  t h e  
o l d e r  c .  4 30  M a  a g e s  r e c o r d e d  i n  t h e  u pper  Hel lef jord  Schists .   In  addit i on,  the 
H e l l e f j o r d G r o u p  d o e s n o t  r ec o rd t h e  c .  98 0  M a  e v e n t  s e en  i n  t h e  K l u b be n  G r o u p .   
A p p r o x i m a t e d  a g e s  o f  i n h e r i t e d  c o m p o n e n t s ( g i v e n  i n  g r e e n )  o bs e r v e d  i n  b o t h  t h e 
H e l l e f j o r d  G r o u p  a n d  t h e  K l ub b en  G r o u p  s ug g e s t  a  M es o p r o t e ro zo i c  s o u rc e,  a l t h o ug h  
t h i s  i s  n ot  co n s i d e r e d  co n cl u s i v e  bas e d  o n  t he  l a r g e  e r ro r s  a s s o c i a t e d  w i t h  t h e  C o n c o r di a  
i n t e r ce p t s .  
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may reflect the presence of  an inherited zircon component grown during this 

Grenvillian  event.   CL-bright rims observed around cores from C04-2 are also 

suggested to be related to this event.   The interpretation of the lower discordia 

intercept of NM04-16 (704 ± 180 Ma) is somewhat ambiguous due to the large 

error.   As discussed in section 4.6.5,  intercepts through the discordant data 

points only yield realistic ages of  inheritance if  they are anchored at c.  850 Ma 

(± 10 m.y.).   An anchor-age of  <850 Ma (e.g.  425 Ma) yields upper intercepts 

that are younger than the magmatic data point at 980.9 ± 2.6 Ma.  Ages of 800-

870 Ma are known from numerous intrusive rocks throughout the KNC (e.g.  

Lil lefjord granite,  Klubben Group, 849 ± 6 Ma, Corfu et al. ,  in press; Litlefjord 

granite,  Klubben Group, 850 ± 15 Ma, Kirkland & Daly,  2003),  supporting a 

possible c.  850 event in the Gjesvær Migmatite Complex.  A Scandian  overprint 

and related Pb-loss may then account for the large error observed in the lower 

intercept.  In addition, discordant fractions 87/1 (sample C04-2) and 89/16 

(sample NM04-16) yield upper intercepts of c.  1000 Ma (1007.0 ± 7.4 Ma and 

1087 ± 90 Ma, respectively),  suggesting a similarly-aged Mesoproterozoic 

source for the inherited component.    

 

The original model of a conformable Sørøy Succession (Ramsay, 1971b) dictates 

that the entire succession suffered the same tectonometamorphic evolution.  

However,  the assumption of a conformable sedimentary sequence appears to be 

invalid for several reasons.  Firstly the Hellefjord Group has not been intruded 

by the SIP, and conversely,  the Scandian  plutonism present in the Hellefjord is 

not present in underlying units of the Sørøy Succession.  Secondly,  migmatites 

of  the Gjesvær Migmatite Complex (Klubben Group) that were supposedly of 

early Caledonian origin (c. 500; Sturt et  al. ,  1978),  are related to a distinct 

Grenvillian  event.   Migmatites from the Hellefjord Group (sample NM04-9, 

migmatised gneiss), which were originally suggested to be part of the same 

early Caledonian anatexis (Sturt et  al. ,  1978),  are Scandian  in origin.  Thirdly, 

Scandian  metamorphic ages in the Hellefjord (c.  430 Ma) are slightly older than 

those in the Klubben Group (c.  425 Ma).   These data suggest that there may be 

a previously undetected structural break in the Sørøy Succession.   A marked 

decrease in deformation is observed in the Hellefjord Group, from highly 

deformed at the contact with the Falkenes Group to relatively undeformed 

further away from the contact.   It  is  also noteworthy that no transitional facies 

has been observed between the Åfjord Group and the Hellefjord Group (Ramsay, 

1971).   Therefore it  appears that the Hellefjord may represent a completely 

different tectonic unit to the rest of the Sørøy Succession.  A structural break is 

therefore proposed at the base of  the Hellefjord Group (figure 6.2) 



 46

The Magerøy Nappe overlying the KNC consists largely of several formations of  

thick meta-turbidites sequences of Silurian age (Curry,  1975; Andersen, 1984) 

that are intruded by bimodal plutons dated between c.  440-436 Ma (Corfu et al. ,  

2006).  These characteristics are similar to the HG, which is also a) largely 

composed of thick metaturbidite sequences (Roberts,  1968; Ramsay, 1971),  and 

b) intruded by bimodal plutonism from c.  441-436 Ma as shown by this study.  

In addition, no older tectonothermal activity is recorded in either the HG (this 

study) or the MN (Corfu et al. ,  2006).   Based on the similarities in style of 

deposition and ages and compositional range of intrusions in the HG and 

Magerøy Nappe, it  is  suggested that the HG is an extension (or equivalent unit) 

of  the Magerøy Nappe (figure 6.2).   Furthermore, Corfu et al .  (2006) remarked 

on the peculiarity of  rapidly deposited low temperature turbidite/greywacke 

successions intruded by high temperature mafic/ultramafic/granitic intrusions.  

This association has also been noted by other authors for the Hidaka magmatic 

zone (Maeda & Kagami, 1996) and the Ofoten-Efjorden area,  northern Norway 

(Northrup, 1997).   Both ridge subduction, suprasubduction zone rifting and 

basinal rifting have been put forward as possible explanations (Corfu et al. ,  

2006; Northrup, 1997; Maeda & Kagami, 1996).   In the case of progressive ridge 

subduction, MORB magmas erupted from the ridge will  at f irst intrude the 

accretionary prism and associated deep water sediments.   This leads to anatexis 

of the sediments and subsequent intrusion of granites.   Some intermediate 

F i g u r e  6 . 2   A g e s  f o r  p l u t o n i s m  i n  t h e  H e l l ef j o r d  G r o u p  p re s e n t e d  i n  t h i s  s t u d y  ( c .  4 4 1 -
4 3 6  M a )  a s  w e l l  a s  t h e  d o m i n a nce  o f  m e t a t ur b i d i t e  s e qu e n c e s  i n  thi s  u n i t  a r e  g r e a t l y  
s i m i l a r  t o  t h e  l i t h o l o gi c al  c h a r a c t e r i s ti c s  o f  t h e  M a g e r ø y  Nap p e  ( m e t a t u r b i d i t e 
s e q u e n c e s )  a n d  a g e s  o f  i n t r u s io n  de t e r m i n e d  b y  C o r f u  e t  a l .  ( in  press)  (c .  440-4 36 Ma).   
B a s e d  o n  thi s ,  t h e  p re s e n t  s t u dy  s u g g e st s  tha t  t h e  H e l l e f j o r d  G ro u p ,  c u r r en tl y  o f  t h e  
S ø r ø y  S u c c es s i o n  ( d i a g ra m  a ,  i n d i c a t e d  b y  a  r e d  s t a r  o n  S ø r ø y  I s l a n d ) ,  i s  a n  e x t e n s i o n  o f  
t he  M a g e r øy  N a ppe  (di a g r a m  b)  a n d  r e s t s  u n c o n f o r m ab l y  o n t he u n d e r ly i ng  Sø rø y 
S u c c e s s io n.  
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magmas (notably tonalite) from mixing of MORB and the anatectic melts are 

also observed (Northrup, 1997; Maeda & Kagami, 1996).   It  is  less clear how this 

association is achieved with basinal rifting since the turbidites are deposited 

along the margins of  the basin while MORB volcanism occurs along the central  

spreading ridge.   Furthermore, rifting is usually associated with additional 

more alkaline magmas besides granites and gabbros (e.g.  feldspathoid-syenite,  

syenite; Burke et al. ,  2003; Bailey,  1992, 1977, 1974).   Since only gabbros and 

granites are observed in both the HG and the Magerøy Nappe (Corfu et al . ,  

2006; Roberts,  1968; current author) development in a rift  environment is 

thought unlikely.   However,  the alternative model of ridge subduction is l ikely 

only if  the granites are proven to be derived from the host sediments.   However,  

this is  beyond the current scope of this project.   On the other hand, the 

presence of  closely temporally spaced bimodal volcanism (e.g.  metagabbro – 

NM04-3, 436.7 ±0.8 Ma; migmatised granite gneiss – NM04-9, 435.9 ± 1.6 Ma) 

intruding into a turbidite host and the absence of alkali  magmatism suggests 

that ridge subduction may be a plausible scenario.  

 

Geophysical  constraints on the evolution of the Caledonian Orogeny (figure 1.1) 

have determined that the docking of Baltica-Avalonia with Laurentia occurred 

between c.  440 Ma and 420 Ma. The intrusion of the plutons into the turbidite 

succession during the evolution of  the ridge-trench intersection provides a 

maximum age for the thrusting of the Magerøy Nappe of c.  436 Ma.  However,  

the ages obtained for the deformation and anatexis of the Hellefjord Group 

suggests that collision of the ridge-trench complex with the Kalak Nappe 

Complex may have occurred at c.  430 Ma.  Furthermore, the c.  425 Ma ages 

obtained for the intrusion of  the granodiorite pegmatite (sample RJR02-58B) 

and migmatisation of the Klubben Group (sample C04-2, granitic leucosome) 

are suggested to best approximate the minimum age for the thrusting of  the 

Magerøy Nappe over the Kalak Nappe Complex.  It  therefore appears as though 

thrusting of the Magerøy Nappe may have occurred between c.  430-425 Ma. 
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7.   Conclusions 

The bimodal plutonism that intruded the Hellefjord Group (Sørøy-Seiland 

Nappe, Sørøy Island) from c.  441-436 Ma is not related to the large scale SIP 

intrusions (c.  570-560 and c.  530-520 ma) present in the underlying Sørøy 

Succession.  However,  the bimodal plutonism is coeval with similar magmatic 

activity in the Magerøy Nappe overlying the Kalak Nappe Complex dated at c.  

440-436 Ma (Corfu et al . ,  2006).   Additionally,  the Hellefjord Group and 

Magerøy Nappe are both dominantly composed of metaturbidite sequences.   

Therefore,  a structural break is proposed at the base of the Hellefjord Group in 

the Sørøy Succession of  the Kalak Nappe Complex, and it  is  suggested that the 

Hellefjord Group represents an extension of  or an equivalent nappe to the 

Magerøy Nappe.  Additionally,  the intrusion of bimodal volcanism (with an 

absence of alkaline magmas) into a turbiditic sequence suggests that the 

Hellefjord Group, like the Magerøy Nappe, may have developed at a ridge-

trench intersection. 

  

The Klubben Group (Olderfjord Nappe; Magerøy Island) contains evidence for 

an extensive pre-Caledonian evolution.   The c.  980 Ma age obtained from the 

second generation leucosome in the Gjesvær Migmatite Complex ties the 

anatexis to a major Grenvillian  event recorded elsewhere in the Olderfjord and 

Kolvik Nappes (Kirkland et al. ,  in press; Corfu et al. ,  2005b).  This ties the 

initial  evolution of  the KNC to the amalgamation of  Rodinia.   D1 deformation 

and anatexis is  therefore older than c.  980 Ma.  Data from this study further 

suggest a later period of  tectonothermal activity at c.  850 Ma, which caused 

partial  U-Pb resetting in the Gjesvær Migmatite Complex.  This was later 

followed by the thrusting of the Magerøy Nappe at c.  425 Ma during the 

Caledonian Orogeny, and locally produced upper amphibolite-granulite 

conditions in the underlying Kalak Nappe Complex.  Figure 7.1 is a summary of 

the evolution of the KNC. 

 

A window of 5 m.y. (from c.  430-425 Ma) is suggested for the thrusting of the 

Magerøy Nappe over the Kalak Nappe Complex.  The upper l imit of  c.  430 Ma is 

based on the formation of post-intrusion deformational fabrics in the Hellefjord 

Group.  The lower limit is  constrained by the c.  425 Ma age for anatexis and 

intrusion in the Klubben Group. 
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F i g u r e  7 . 1   T i m e l i n e s um m a r i s i n g  t h e  e v o l ution  o f  t he  K alak  N appe  Co m pl e x  (KNC).   T he  
K N C  i s  s u g ge s t e d  t o  h a v e  o r i g i n ate d  o f f  t h e  B a l t i c  m a r gin  d u r i n g  t he  G r e n v i l l e  O r o g e ny  
(Co rfu  et  al . ,  i n  pre ss,  a ;  K i rk l an d e t  a l . ,  in  press)  with  subseque nt  defo rmation and 
m e t a m o r p h i s m  a t  t h e e n d  o f  t he  G r e n v i l l e .   T hi s  w as  fo l l o we d b y  at  l e ast  fo u r 
t e c to no t h e rm a l  e v e n t s ,  i n c l u di n g  t h e  P o r sa ng e r  (c .  85 0 Ma)  a n d  S n ø fjo r d  (c .  7 00 Ma)  
o r o g e n i e s  an d  p o s s i b l e  r i f t i n g  r el a te d  i n t r u s i on  o f  t he  S I P  (c .  5 7 0 -5 6 0 M a  a n d  c .  5 3 0 -5 2 0  
Ma).   The  S c a n d ia n  eve n t  r e s u l te d  o n ly  i n  d e f o r m a ti o n  a n d  l o c a l  a n a t e x i s  in  t h e  K N C 
c lo s e  to  t h e  t h r u s t e d  bou n d a r y  wi t h t h e  M a g e røy  N a p p e .  
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Appendix A - Visually estimated modal proportions 
 

 
  
 
 
 

Table A- 1  Visually estimated modal proportions 

Figure A- 1 Modal classification of samples based on visually estimated
modes.  (a)  Classification of felsic plutons and (b)  mafic rocks (After
Streckeisen, 1976) .   Note that the metamorphic amphibole after pyroxene in
the metagabbro (NM04-3) is used to determine the original composition of
the gabbro. 
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Appendix B - TIMS results
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Appendix C - Methods 

Relevant theory is given in italics following the associated method. 

C.1  Sample Preparation 

C.1.1  Sampling: 

Hand samples of no more than 1-2 kg were selected, with special  attention paid 

to the selection of  specimens that represented the particular features of  the 

rocks that were to be dated.  Due to zircon’s resistance to weathering, less 

attention was paid to selecting pristine samples since slight amounts of 

weathered surface would not upset the U-Pb systems in the zircons.  Where 

necessary (and possible) the samples were further reduced using a diamond 

edged saw – this was done primarily to isolate specific features of the sample 

(e.g.  a specific phase of anatectic melt) in order to increase the chances of  

recovering zircons related to that feature.    

 

C.1.2 Crushing: 

Prior to crushing, samples were brushed clean to remove any loose surface 

particles and placed in an ultrasonic bath for 10 minutes,  after which they were 

transferred to an oven to dry overnight.  Crushing was performed in a clean 

crushing room at Department of Geosciences,  Oslo University,  with extraction 

vents placed at the openings of  both the primary and secondary crushers.   All  

work surfaces were wiped clean.  As an extra precaution, clean paper towel was 

laid down to work on.  All  working parts and contact surfaces of the primary 

and secondary crushers were removed before crushing, scrubbed and placed in 

an ultrasonic bath for 10 minutes,  followed by thorough rinsing with ethanol 

and oven drying.  Primary crushing was done using a Sturtevant Roll  Jaw 

Crusher, reducing the sample size to a maximum of 7 mm in size.   Secondary 

crushing was done with a Retch Cross Beater (rotor) Mill  SK 100.  The sample 

was put through the rotor mill  twice,  f irst  reduced to <5 mm diameter and then 

to <0.5 mm diameter.    

 

C.1.3 Mineral separation: 

Primary separation was performed on a Wilf ley table.   Only the densest fraction 

was collected, which included zircon, titanite,  plagioclase,  rutile,  pyroxene, 

garnet and sulfides.   The water streams on the Wilfley board were set to 

minimise the amount of plagioclase collected in the heavy fraction in order to 

increase the efficiency of the heavy liquid separation.  The collected fraction 

was washed into a porcelain dish with ethanol and dried overnight in an oven.   
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Secondary separation was performed firstly by vertical free fall  magnetic 

separation using a Frantz Isodynamic Magnetic Separator,  model L-1 (1.5 

Amperes), and secondly by horizontal slope magnetic separation using a Frantz 

Magnetic Barrier Separator,  model LB-1 (15° horizontal ti lt,  15° vertical  ti lt ,  0.4 

Amperes).  Due to a positive correlation observed between the amount of  

paramagnetism (magnetic susceptibility),  uranium content and discordance 

(Silver & Deutsch, 1963; Krogh, 1982b), zircons in the magnetic fractions from 

magnetic free-fall  and horizontal slope separation were not chosen for analyses.    

 

The magnetic fraction from the ‘free fall ’  separation removed most of  the 

oxides,  sulfides and garnet.   The non-magnetic fraction from the vertical  ‘ free 

fall ’  was transferred to the horizontal slope separator,  which further separated 

out any paramagnetic minerals such as pyroxene, amphibole,  sphene and only 

the most U- and Th-rich zircons.  The non-magnetic fraction from the 

horizontal slope separator contained zircon and sphene ideal for dating, as well  

as feldspars.   

 

Magnetic  separation methods  are  based on permanent  magnet ism /  paramagnetism versus  

non-magnetism (diamagnetism)  (Huheey,  Kei ter  & Kei ter ,  1993;  Kearey,  Brooks  & Hil l ,  

2002) .   Paramagnet ic  minerals  have  unpaired e lectrons  that  al ign themselves  under  the  

inf luence  of  an external  magnetic  f ie ld ,  creating a  temporary induced magnetic  f ie ld  ( i .e .  

induced magnetism).   The  greater  the  amount of  unpaired e lectrons  in  the  mineral ’s  atoms,  

the  greater  the  induced magnetic  f ie ld  and the  smaller  the  external  f ie ld  required to  induce  

magnetic  properties .   Diamagnetic  minerals  (non-magnet ic)  have  only  paired e lectrons  –  

under  an external  magnetic  f ie ld,  the  opposed spin  of  the  e lectron pairs  cancel  out  each 

other ’s  induced magnetic  f ie ld  and the  mineral  remains  non-magnetic .    

 

For the final mineral separation, Diiodomethylene (DIM = methylene iodide, ρ  

= 3.28 kg/dm³) and the non-magnetic fraction of the horizontal slope magnetic  

separation were poured into a separating funnel.   DIM allows for the separation 

of the accessory minerals most commonly used for U-Pb dating (e.g.  zircon,  

monazite, t itanite,  baddeleyite,  xenotime) from other less dense minerals that 

passed through the magnetic separation (e.g.  feldspar).   After agitating the 

DIM-sample combination, the heavy minerals were allowed to settle to the 

bottom of the separating funnel and decanted into a fi ltration paper, repeating 

several times.  The collected heavy mineral fraction was washed with acetone 

and ethanol to remove any trace of  the DIM.  
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Only sample NM04-9 had a sufficiently large heavy mineral fraction after DIM 

separation to warrant further horizontal magnetic separation (15° horizontal 

ti lt ,  15° vertical  ti lt ,  1.5 Amperes).  

 

C.1.4 Mineral picking: 

The heavy mineral fraction was transferred into a plastic Petri  dish fi l led with 

ethanol.   A Leica MZ16 binocular microscope with fibre optic light source and 

fine nosed tweezers were used for picking.  Zircon selection was based on the 

morphologies of Pupin (1980),  with preference given to ‘simple euhedral 

prisms’ dominated by one of  either the common prism or pyramidal faces (also 

see Appendix D, section D-1).  Euhedral  simple prismatic crystals (or parts of 

crystals) with no evidence for cores or inclusions were selected for abrasion and 

analysis.   A simple prismatic crystal  is  defined as a crystal  with one dominant 

prism and pyramidal termination (also see Appendix E, section E-1).  It  was 

generally accepted that broken tips and crystals large length: width ratios of 

>1:3 stood a better chance of  containing no inheritance, and were preferentially  

selected.  However, this value is somewhat arbitrary and the division may be 

adapted for a specific sample if  backed by visual evidence.  Where the last  

magma phase was represented by large prismatic overgrowths on cores,  the tips 

were removed from the cores by gently squeezing the latter with a pair of 

tweezers.   The cores would usually crack and fall  away, leaving core-free tips.    

 

C.1.5 Abrasion: 

Abraders were based on the design of Krogh (1982b).  The selected zircons were 

pipetted into the base of the abrader.   Pyrite was added (~5 mg pyrite:  0.5-1 mg 

zircon; Krogh, 1981) to keep the crystals from completely disintegrating during 

abrasion, to aid rounding of the crystals and to provide a smooth polish.   Air 

exit  vents in the abrador were covered by 28 µm abrader mesh.  Any residual 

ethanol in the abrader was removed by keeping the abrader at a low pressure 

for about 30 min.  The pressure was then increased and left  overnight.   Where 

multiple cycles of abrasion were required within one day, it  was also possible to 

achieve comparable results by increasing the air pressure and leaving the 

abrader for only 4-6 hours.   The results were usually well  rounded crystals with 

a shiny, smooth finish.  Titanites were only l ightly abraded (3-4 hours) with no 

pyrite,  resulting in matte,  rounded crystals.   After abrasion, the crystals were 

carefully removed from the abrader by tipping it  over a glass Petri  dish and 

giving the abrader a slight tap.  Any crystals that remained in the abrader were 

washed into the Petri  dish with ethanol.   Care was taken to check the abrader 

mesh for any crystals that may have clung to it  by rinsing it  into the Petri  dish 
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with ethanol.   The ethanol in the Petri  dish was carefully decanted and replaced 

with HNO3, after which it  was placed on a hotplate to dissolve the pyrite.   After 

complete pyrite dissolution, aliquots of distil led H2O were repeatedly added to 

the Petri  dish, decanting after each addition.  Care was taken not to add 

distil led H2O while decanting (the extra turbulence could cause the crystals to 

go over the side of  the Petri  dish).   This process was repeated with ethanol.   The 

abraded crystals were then examined by binocular microscope again, and the 

final selection made for analysis.  

 

The crystals selected for abrasion were usually clear grains completely devoid of 

inclusions,  cracks and cores.   However,  this was not possible in some samples 

due to generally poor quality of  zircon/titanite,  especially in the case of 

gabbros,  where the zircons were largely fractured or carried inclusions with 

only few clear zones.  Other samples contained potentially good quality large 

zircons that had either one or two surficial  inclusions or elongate inclusions 

that stretched the crystal ’s  length.  In these cases it  proved advantageous to 

abrade these crystals,  since the abrasion process removes a proportion of the 

outer zircon, and also often cleaved the crystal  along the length of the 

inclusion.  Abrasion also removed any surface impurities or highly cracked 

zones.    This yielded satisfactory abraded zircon fragments.  

 

C.1.6 Mineral cleaning: 

The zircons/ sphenes were transferred to ~2 ml glass vials with 2-4 drops of 

distil led H2O.  The vial  was then topped up with 8 N HNO3 and placed on a 

hotplate at 100°C for 20-30 min.  After heating, the vial  was held in an 

ultrasonic bath for a few tens of  seconds, and then gently tapped with a pair of  

scissors.   As much as possible of the HNO 3 was removed with a pipette.   The 

vial  was fi l led with distil led H2O and the process repeated twice more with 

acetone.  The aim of the cleaning was to remove any sulphide (or other 

coatings) that may stil l  adhere to the crystal  surface,  and to loosen the crystals 

in the vial.   

 

C.1.7 Weighing, spiking and dissolution: 

The glass vial  was gently tipped over into a pre-zeroed aluminium foil  ‘boat’ .   

Using a pair of  fine tweezers,  the boat was placed on a Mettler Toledo 

microbalance, and the weight measured to an accuracy of 1  µg.  One drop 8 N 

HNO3 was added to a cleaned Teflon® bomb.  The weighed aluminium foil  ‘boat’  

was gently tipped over the bomb using tweezers to transfer the minerals to the 

bomb, followed by 12 drops 48% HF.  Throughout the weighing, no two vials or 



 59

bombs were open at the same time, and all  surfaces were cleaned to avoid cross-

contamination between samples.   Care was taken to avoid any hand movements 

directly across an open bomb in an attempt to keep common Pb contamination 

to a minimum.  The same procedures were followed for titanite.  Titanite,  

however,  does not require such high temperatures for dissolution and was 

transferred into 3 ml Savillex®  rounded screw cap vials after weighing.  An in-

house artificial  2 0 5Pb/2 3 5U spike was added to the Teflon® and Savillex® bombs 

before closing them fully.  

 

The sealed Teflon® bombs were dressed in Teflon® jackets and enclosed in a 

Monel-alloy metal sleeve capped top and bottom with a dual Teflon® -metal 

puck.  The metal sleeves were placed on a metal carousel (six sleeves per 

carousel) and secured by hand tightened screws.  The carousel was placed in an 

oven for 4-6 days at 191°C.  After 4-6 days,  the bombs were removed and the 

HF-HNO3 evaporated.  It  was extremely important that all  the HF-HNO3  

evaporated, since HF forms fluoride complexes with U and Pb that can hinder 

full  equilibration of sample and spike,  causing subsequent incorrect 

measurements.   Fluoride complexes of  U and Pb are also undesirable because 

they do not form temporary bonds with ions exchange resins,  which leads to 

improper separation (see following section).   Ten drops of 3 N HCl were added 

to the bombs after evaporation, and the bombs were placed back in the carousel  

overnight at ~191°C.  HCl acts to dissociate any fluoride complexes that may 

have formed during the dissolution.  The Savillex ® vials were placed on a 

hotplate at ~120°C for 3-4 days,  followed by HF-HNO3 evaporation.  Ten drops 

3 N HCl were added to the Savillex ® vials,  after which they were placed back on 

the hotplate overnight at ~120°C. 

 

C.1.8  Ion exchange columns: 

Analytical grade AG 1-X8 Cl-form anion exchange resin (200-400 mesh) was 

used in the columns.   

 

The ion exchange columns were based on the design of  Krogh (1973).   The 

columns are made from 1:4 heat shrinkable Teflon®  FEP tubing with ~15 x 2 mm 

resin beds and ~10 x 10 mm loading chambers.   The resin beds were terminated 

by porous polyethylene frits to keep the resin in place,  and the columns were 

stored in HCl.   Before clean resin was added, the columns were thoroughly 

rinsed with distil led H2O to remove any residual resin from previous 

separations,  and to check for air bubbles.    From this point forwards it  became 

important to ensure that only extremely clean H 2O was used.  H2O, HF and HCl 
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were triple distil led in-house by sub-boiling, and the common Pb levels 

measured with a Finnigan MAT 262 Mass Spectrometer with thermal source 

ionisation (≤1 ppt Pb and 0.1 ppt U, F.  Corfu, 2004).  The resin was added while 

the column was sti l l  full  of  water to ensure that no air bubbles formed.  If  air 

bubbles were present and large enough, they could disrupt the f low rate or even 

lead to improper separation. Distil led H2O, 6 N HCl and 8 N HNO3 were added 

to the columns in sequential  steps (Krogh, 1973).  Care was taken not to make 

any hand movements over the columns to avoid common Pb contamination.  The 

columns were rinsed on the outside to avoid any spilt  resin from falling into the 

sample during elution, as this leads to improper ionisation and inaccurate 

measurements.   Column and resin preparation was the same for both zircon and 

titanite.  

 

The samples were loaded onto the columns and allowed to settle for a few 

minutes.   For zircon, Zr,  Hf and the REEs were eluted out first  with a four-step 

elution with 3 N HCl.   This eluant was received in a centrifuge tube.  The U + Pb 

were then eluted into the Teflon® bombs with a three-step elution with 1x 6 N 

HCl and 2x distil led H 2O.  A drop of H3PO4 was added to the bomb, after which 

it  was placed on the hotplate at ~100°C.  Under these conditions, HCl and H2O 

evaporate, leaving behind the H 3PO4 which forms a small  droplet that contains 

the U + Pb. Because titanite has larger concentrations of REEs, Ca, Ti,  Fe,  and 

Al,  it  requires more washes with 3 N HCl.   This poses problems since U and Pb 

will  elute out with the REEs after about 4-5 washes of HCl (Tremillon, 1965).  

In order to solve this, 0.5 N HBr is added to the initial  eluant,  since Br-  

increases U and Pb retention on the resin (Tremillon, 1965).   Consequently,  the 

REEs in titanite were eluted out with an eight-step elution with 5x [3N HCl + 

0.5 N HBr] and 3x 3 N HCl,  and the eluant collected in a centrifuge tube.  

However,  since HBr increased the retention time of the U and Pb, it  was 

necessary to elute them out with a four-step elution of 1x 6 N HCl and 3x 

distil led H2O compared to the three-step elution for zircon. The eluant was 

collected in the Savillex® vials.   One drop H3PO4 was added to the eluant and 

the Savillex® vial  then placed on the hotplate.  

 

The resin  (or  s tat ionary phase)  is  composed of  s i l i ca  part ic les  that  have  polar  organic  

compounds  bonded to  the  surface  (Skoog et  al . ,  1996) .   The  organic  compounds  are  bonded by  

react ing organochlorosi lanes  (Cl-Si (Me) 2 R,  where  Me = methyl ,  CH 3 -  and R = straight  chain 

carbon compound) with  –OH groups on the  s i l icon partic les ’  surface .   For anion exchange,  

the  R-group usual ly  ends  in  an amine  group (amine  = carbon compound with  N on the  

terminat ing C  atom).   
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In  order  for  separation of  d i f ferent  analyte  anions  to  take  place ,  the  analyte  anion must  be  

able  to  form temporary bonds  with  the  res in .   The  s trength  of  the  temporary bond wi l l  

determine  how long the  anion wi l l  remain on the  resin  (retention t ime) .  Retent ion t ime is  ion 

speci f ic .  The  abi l i ty  for  these  bonds  to  form depends largely  on the  respect ive  polari t ies  o f  

the  res in and the  analyte  anions  –  analyte  ions  and resins  with  comparable  polari t ies  wi l l  

form suf f ic ient  bonds  to  ensure  separation i .e .  po lar  analyte  ions  wi l l  bond to  polar  res ins  

and vice  versa.   I f  the  polari t ies  are  not  wel l  matched,  no  bonds  wi l l  form between the  

analyte  anions  and the  res in .   Consequent ly  no  separation wi l l  occur  and the  analyte  wi l l  

e lute  out .   In  th is  regard,  i t  i s  preferable  that  the  analyte  ions  are  present  as  Cl - -complexes  

and not  F - -complexes .    F -  and Cl -  are  ‘hard bases ’  and U 6 +  and Pb 4 +  are  ‘hard acids ’  i .e .  they 

are  ions  with  large  charge:  s ize  rat ios  and are  s l ightly  polarizable ,  and preferent ia l ly  bond 

with  each other  (Huheey,  Kei ter  & Kei ter ,  1993) .   Important  to  note ,  however,  i s  that  the  Cl - -

ion i s  s l ight ly  larger  (167  pm) than the  F - - ion  (114.5  pm) and therefore  more polarizable  

(Huheey,  Kei ter  & Keiter ,  1993;  table  4 .4) .   Since  the  amine  groups on the  res in  are  polar ,  Cl -

-complexes  wi l l  bet ter  match the  polari ty  of  the  res in  than the  F - -complexes ,  and wi l l  be  

separated more  thoroughly.     

 

Even though F - ,  Cl - ,  Pb 4 +  and U 6 +  are  a l l  ‘hard ’  ions ,  there  is  a  tendency for  F -  (smal ler  

radius)  and U 6 +  (higher oxidation state)  to  preferential ly  bond due  to  their  s l ightly  ‘harder ’  

natures ,  compared to  Cl -  and Pb 4 + .   S ince  this  has  potent ial  to  negatively  af fect  the  ion 

exchange chemistry,  i t  i s  crucial  to  ensure that  both the  U and Pb are  present  as  Cl - -

complexes  before  commencement  of  ion  exchange chromatography.   The  evaporation of  HF-

HNO 3  after  dissolut ion and the  addi t ion of  HCl  swamps the  analyte  ion/spike  mixture  with  

Cl - - ions ,  forc ing the  formation the  Cl - -complexes .   

 

The  ion  exchange process  is  based on equi l ibrium exchange between the  ions  in  the  mobi le  

phase  or  e luant  and the  s tat ionary phase  (the  resin) ,  represented by   

 

xRN(CH 3 ) 3 + Cl -  +  A x -  ↔  [RN(CH 3 ) 3 + ] x A x -  +  xCl -  

 

where  x  =  integer  and A = anion.   When the  sample  is  ini t ial ly  loaded onto  the  co lumn,  the  

anions  ( in  the  mobi le  phase)  exchange with the  Cl -  on  the  res in  and form temporary bonds.  

The  number of  Cl - - ions  that  are  expel led  from the  resin  is  1 :1  with  the  valence  of  the  anion.   

The  larger  the  valence  of  the  anion,  the  stronger  i t  wi l l  be  he ld  on the  resin  and the  longer  i t  

wi l l  take  to  e lute  out  of  the  column.   When the  e luant  is  added to  the  co lumn (HCl) ,  the  Cl - -

ion from the  dissociat ion of  HCl  competes  with  the  analyte  anions  on the  resin ,  and 

eventual ly  replaces  them.   Once the  Cl - - ion replaces  the  analyte  anion,  i t  passes  down the  

column and is  e luted  out .    

 

C.1.9  Filament loading: 

New Re-filaments were outgassed prior to use by passing currents of 1.0,  2.0,  

and 3.0 A through each fi lament for 20 minutes,  and finally 3.5 A for 1 minute 

to remove any dust/other contaminants.   The fi laments were then attached to 

the sample turret (carries 13 samples) of  the mass spectrometer.   One drop of 

SiO2-gel was mixed in with the spiked sample and the sample-SiO2 mixture then 

carefully loaded onto the fi lament with a pipette.   A 1-1.5 A current was run 
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through the fi lament until  a small  trail  of  smoke appeared.  The fi lament was 

covered with a metal plate with a slit  opening along the entire length of  the 

fi lament.  

 

C.2 Isotope Dilution Thermal Ionisation Mass Spectrometry (ID-TIMS) 

A Finnigan MAT 261 Mass Spectrometer with thermal source ionisation was 

used for the measurements.  The sample chamber was pumped down with a dual  

turbo and rotary pump, and the flight tube by two ion pumps.  The ideal sample 

chamber pressure was around 10- 7  atm.  

 

Measurements were taken in several blocks (each block containing 20 analyses) 

on both Faraday cups and Secondary Electron Multiplier (SEM).  The Faraday 

cups were only used if  the smallest signal from the sample was >3-4 mV (10- 1 3  

A) (relatively larger U and Pb concentrations and stronger intensities).   Data 

were collected separately for the U and Pb systems.  Four Faraday cups were in 

use,  which allowed for the simultaneous measurement of  all  isotopes of either U 

or Pb.  Pb is measured as Pb+ ions with atomic masses Pb 204, 206, 207 and 

208.   U oxidises readily and is measured as UO 2
2 + ions with molecular masses 

of 267 (for 2 3 5U) and 270 (for 2 3 8U).   The alignment and spacing of the Faraday 

cups was periodically checked since improper alignment could lead to a 

decrease in the intensity and incorrect measurements.  In addition, the beam 

was centred at the beginning of  each set of  measurements by ‘scanning’  the ion 

beam across the entrance of the cups.  This was achieved through changing the 

high voltage, thereby changing the f light path of  the ion beam. The highest 

intensity measured during this process corresponds to the peak fl ight angle.   

The Faraday cups generally gave better precision compared to the SEM, because 

the former are used to measure larger concentrations (larger intensities).   The 

SEM only has a single collector and can measure one isotope at a time. A 

discrepancy of  ~1‰ (although it  can be larger) exists between Faraday cups and 

SEM measurements – it is  uncertain as to why the discrepancy exists or what 

causes it .   Subsequently,  the measurements from the SEM are corrected 

according to an empirical  formula based on standard measurements.    The 

reproducibility of the measurements for both Pb and U on the Faraday cups is 

estimated at ± 0.06% /AMU and ± 0.1% /AMU on the SEM.  

 

NBS 982 Pb + U 500 (Catanzaro et al . ,  1968) was used as standard reference at 

the beginning of each set of TIMS measurements to gauge the stability of 

operating conditions in the TIMS.   
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A mass  spectrometer  precise ly  measures  isotopic  rat ios  by accelerat ing isotopes  along a  

curved f l ight  path  that  passes  through an e lectromagnetic  f ie ld .   The  e lectromagnetic  f ie ld  

separates  the  isotopes  based on di f ferences  in  weight  as  determined by  the  equation,  

 

m = B 2 r 2  

e       2V 

 

where  m = the  atomic  mass  of  the  isotope  (neutrons  + protons) ,  e  =  charge  on the  i sotope,  B  

=  magnet ic  f ie ld  s trength,  r  =  radius  of  the  f l ight  path  of  the  part icular  isotope  and V = 

potentia l  di f ference  appl ied  over  the  f l ight  tube  (Faure,  1986) .  From the  equat ion i t  i s  

apparent  that  the  mass  and f l ight  path  radius  of  any isotope  are  direct ly  proport ional .   For  

example ,  2 0 4 Pb wil l  have  a  smaller  f l ight  path  radius  than heavier  2 0 6 Pb.    Individual  isotopic  

masses  are  measured and the  ratios  computed.   The  ratios  are  determined by comparing the  

intensi t ies  o f  the  d i f ferent  isotopic  masses  to  a  reference  i sotope ( the  spike)  of  which a  

known quanti ty  is  added to  the  sample .   

 

C.3  Data conversion and error analysis: 

For each sample,  measurements were taken in several blocks,  each block 

containing 20 analyses.  Mean (M) values,  standard deviation (SD) and 2σ-

errors (2σE) were determined at the end of  each block (based only on analyses 

that fell  within statistical  probability).  The M, SD and 2σE values from each 

block were combined at the end of  the complete sample run to give total  values 

for the sample run (based on ~20 analyses x number of blocks).    

 

The 2 0 7Pb/2 3 5U, 2 0 6Pb/2 3 8U and 2 0 7Pb/2 0 6Pb ages and associated uncertainties 

were computed with Romage 5.3.   Error estimates on the input data for the 

calculations were given as 0.001 mg for sample weight and 0.1 mg for spike 

weight.   The programme also calculated [U],  [Pb] t o t a l ,  [Pb]c o m m o n,  [Th]m o d e l ,  

Th/Um o d e l ,  discordance (%) and Rho. Final errors are calculated by propagating 

all  sources of uncertainty and quadratically adding the resulting deviations.  

Line fitting and plotting was done with Isoplot (Ludwig, 2003).   A full  

breakdown of the data reduction process is  given in Appendix D. 

 

C.4 Cathodoluminescence (CL) imaging  

For this study a Jeol SEM with CL-detector was used due to the small  crystal  

size of some of the zircons (a few tens of microns).   The zircon crystals were 

mounted in resin on thin section slides and polished down to roughly half  the 

width of  the zircon, followed by carbon coating for conductance.  Black and 

white photographs of relative CL intensity were taken of each crystal.   Due to 

time restrictions,  CL images were only taken after the ID-TIMS analyses as a 
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means to clarify discordant data.   Where the samples showed concordant data 

no CL images were deemed necessary.    

 
When an energetic  ray (e .g .  ion  or  e lectron beam) bombards  a  mineral ,  the  e lectrons  of  the  

crystal ’ s  consti tuent  atoms are  exci ted  to  a  higher  energy level  (Skoog et  al . ,  1996;  Potts ,  

1987) .   This  exci ted  atomic  s tate  i s  inherently  unstable ,  and the  e lectrons  soon decay back  to  

their  groundstate .   The decay is  accompanied  by  an emission of  energy proportional  to  the  

magnitude  of  the  fal lback  of  the  e lectrons  to  the  groundstate .   When the  energy is  emit ted  in  

the  v is ible  l ight  region the  mineral  i s  said to  be  f luorescent  (emiss ion t ime <10 - 8 s)  or  

luminescent  (emission t ime >10 - 8 s)  (Curie ,  1960) .   CL  uses  an e lectron beam to  exc i te  

consti tuent  atoms of  minerals ,  compared to  radioluminescence  (x-ray source)  or  

ionoluminescence  ( ion-beam source)  (Skoog et  a l . ,  1996) .    

 

Cathodoluminescence  in minerals  may be  inherent  to  a  crystal  composi t ion and structure ,  or  

may be  caused by  defects  that  include  anomalies  such  as  impuri t ies/  subst i tut ion or  broken 

Si-O bonds,  and so l id  solut ion (Ramseyer  & Mul l is ,  2000) .   In  inherent  luminescence ,  a  

variety  of  cat ions  are  potential  act ivators ,  and the  emiss ion wavelength  of  the  act ivator  is  

determined by  i ts  cat ion posi t ion.   In  z ircon the  most  important  CL act ivators  inc lude  Ce 3 + ,  

Pr 3 + ,  Gd 3 +  and Ho 3 +  (Ramseyer  & Mul l is ,  2000).    

 

CL  is  a  part icularly  useful  tool  for  dis t inguishing di f ferent  generat ions  of  a  mineral  or  

internal  structure  (such as  zoning)  in  a  fair  number of  minerals ,  inc luding z ircon (Corfu  et  

a l . ,  2003;  Ramseyer  & Mul l is ,  2000;  Kempe et  al ,  2000).   Di f ferences  in  concentrations  of  

trace  e lements  (potential  luminescence  centres)  between di f ferent  zones  in  z ircon (and 

subsequent  di f ferences  in  CL)  al low for  detai led  s tudy of  phenomena such as  osc i l latory 

growth zoning (OGZ),  sector  zoning and core-and-rim complexes  (e .g .  Corfu  et  a l . ,  2000).   In  

the  lat ter  type  of  s tudy CL (especial ly  when combined with  backscatter  e lectron images ,  BSE)  

proves  invaluable  in  the  recognit ion of  cores  that  would  lead to  discordant  data  and which 

may otherwise  be  invis ib le  under  normal  binocular studies  (e .g .  Kempe et  a l . ,  2000;  Pol ler ,  

2000).    
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Appendix D - Data Reduction & Standards 

(Adapted from F. Corfu lab notes) 

D.1  Data reduction: 

D.1.1  Fractionation correction, U: 
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where 0.1%/AMU  = the percentage fractionation for U per atomic mass unit 
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where 
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= 137.88;  [235U]spike = 586.00 ng/g;   

 
Wsp = Spike weight 
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D.1.4  Fractionation correction, Pb: 
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where 0.05%/AMU  = the percentage fractionation for Pb per atomic mass unit.    

 

Please note that for Pb, percentage fractionation per AMU is 0.05% if  measured 

using Faraday cups, and 0.1% if  measured with the Secondary Electron 

Multiplier.  

 

D.1.5  Total Pb in sample: 
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where [2 0 5Pb] = 4.28 ng/g 
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D.1.6  Removal of spike contribution: 

⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

spike

f
fsf

Pb
Pb
nanomolsPb

nanomolsPbnanomolsPb

206

205

205
206

,
206 )(][

)(][)(][  

 

⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

spike

fsf

Pb
Pb
nanomolsPbnanomolsPbnanomolsPb

207

205

205
207

,
207 )]([)(][)(][  

 

⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

spike

fsf

Pb
Pb
nanomolsPbnanomolsPbnanomolsPb

208

205

205
208

,
208 )]([)(][)(][  

 

⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

spike

fsf

Pb
Pb
nanomolsPbnanomolsPbnanomolsPb

204

205

205
204

,
204 )]([)(][)(][  

 

where 
spikePb

Pb
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
206

205

= 6670;  
spikePb

Pb
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
207

205

= 7590;  
spikePb

Pb
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
208

205

= 3190;  
spikePb

Pb
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
204

205

= 28,000 

 

 

D.1.7  Removal of blank contribution to sample: 

 

Calculation of blank 2 0 6Pb composition 
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D.1.8  Removal of initial Pb: 

 

Calculation of Stacey & Kramers (1975) initial Pb 
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age for the Stacey & Kramers (1975) Pb-isotope evolution model ;  T = 3.70 Ga 
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D.1.9  Calculation of U-Pb ratios and ages: 
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D.1.10  Calculation of 2 0 7Pb/2 0 6Pb ratio and age: 
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⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

=

f

iblsf

f

iblsf

U
Pb

U
Pb

Ra

][
][

][
}{

235
.,,

207

238
.,,

206

 

 



 70

A = starting age estimate 
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The calculation is repeated until  |AA-A|<0.01 

 
 

D.1.11  Calculation of concentrations: 
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D.1.12  Calculation of total Common Pb (max. value for Pb-blank): 
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D.1.13  Calculation of percentage discordance: 

Calculated from the 2 0 6Pb/2 3 8U and 2 0 7Pb/2 0 6Pb ages along a line to 0 Ma. 
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D.2  Standard: 

A single sample of zircon standard 91500 (Wiedenbeck et al . ,  1995) was 

analysed as an internal check for the preparation sequence.  Values obtained for 
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91500 by the author yielded errors that are consistently one order of  magnitude 

larger than those obtained by Wiedenbeck et al .  (1995).   Published values for 

91500 and values measured by the author are given in table B-1.   The chief  

source for the larger errors appears to be a generally smaller measured U 

concentration (~53 ppm in the analysed samples vs.  81.2 ppm in the standard) 

and radiogenic Pb (suggested by a smaller 2 0 6Pb/2 0 4Pb ratio).   However,  the 

almost identical  2 0 7Pb/2 0 6Pb and U-Pb ratios,  as well  as U-Pb and 2 0 7Pb/2 0 6Pb 

ages suggest fairly similar levels of contamination.  

 





 73

Appendix E - Additional Theory: Zircon, Titanite and U-Th-

Pb systematics 

E.1 – Zircon: 

Zircon is a fairly common accessory mineral in igneous rocks,  occurring more 

commonly in acid and alkali  plutons than in mafic rocks.  Primary magmatic 

zircon is generally characterised by euhedral crystals (Corfu et al. ,  2003) of 

which the morphology is a combination of {100}/{110} prism and 

{101}/{211}/{301} pyramidal faces (Pupin, 1981; Corfu et al. ,  2003; figure D-1).   

Simple prismatic morphologies are usually dominated by one of each prism and 

pyramidal faces,  and specific combinations of faces appear to be associated with 

specific melt compositions.  For instance, zircon crystals from relatively dry,  

alkalic and tholeiitic melts are dominated by {100} and {101} faces,  while 

pegmatites and water-rich granites tend to have dominant {110} and {101} faces 

(Corfu et al . ,  2003; Pupin, 1981).  In prisms with a complex morphology, more 

than one prism and pyramidal face is present (e.g.  {100} + {110} and {101} + 

{211}),  giving the crystal  a rounded appearance (figure D-1).   Length: width 

ratios are thought to be an indication of  growth rate, where ratios >1:3 indicate 

fairly fast crystallisation and ≤1:3 fairly slow (Corfu et al . ,  2003).   Magmatic 

zircon is usually characterised by well  defined oscil latory growth zones (OGZ) 

under CL, and may also develop sector zoning that cuts across the OGZs (Corfu 

et al . ,  2003).    

 

Zircon can also be produced under metamorphic conditions,  either as 1) crystals 

grown from an anatectic melt,  or 2) crystals grown from subsolidus processes 

such as the release of  Zr from Zr-bearing minerals through metamorphic 

reactions or recrystallisation of existing zircons.  The first  instance requires 

that a small  reservoir of melt exists that is  capable of crystallising zircon. 

Where melting is in an incipient stage with only small  volumes of melt,  zircons 

crystallise along grain boundaries of existing minerals and have acicular 

morphologies  with little or no development of the pyramidal terminations 

(Schaltegger et al. ,  1999).   However,  if  sufficient pools of  melt exist,  normal 

euhedral magmatic zircons will  develop (Schaltegger et al. ,  1999; Corfu et al . ,  

2003).   In this case the zircons are usually enclosed in melt-mineral phases 

such as feldspars and quartz (e.g.  Schaltegger et al. ,  1999).  Zircon grown during 

anatexis may also grow as rims around pre-existing zircon grains.   Sources of Zr 

during melting include inherited zircon that is  resorbed by the melt (Watson & 

Harrison, 1983),  biotite (Vavra et al . ,  1996),  garnet and amphibole (Fraser et 

al . ,  1997).  Evidence suggests that zircon is more likely to crystallise early in an 
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anatectic melt since: a) the composition of  the initial  melt is felsic,  implying a 

lower Zr-solubility (Watson & Harrison, 1983) and b) the small  amount of melt 

would be easily supersaturated in Zr.   Further production of anatectic melt  

would be less Zr-saturated and more mafic in composition, thereby allowing 

less or no zircon to crystallise and will  eventually partially/wholly resorb the 

early zircons (Vavra et al . ,  1996).   With subsolidus growth, zircons can be 

grown through the net-transfer of  Zr from the metamorphic breakdown of Zr-

bearing phases (e.g.  amphibole and garnet) (Fraser et al. ,  1997;  Degeling et al . ,  

2001) without necessarily involving a f luid phase.  Breakdown reactions of  this  

nature are common in high-grade (upper-amphibolite/granulite) rocks and 

include (Fraser et al . ,  1997):  

 

1)  2Fe3Zr2Al2Si2O1 2 + 4Al2SiO5 + 13SiO2  3Fe2Al4Si5O1 9 + 4ZrSiO4    

 garnet   +   si l l imanite  +  quartz    cordierite  +  zircon 

 

2)  2Fe3Zr2Al2SiO1 2 + 11SiO2  Fe2Al4Si5O1 8 + 4FeSiO3 + 4ZrSiO4   

   garnet  +  quartz    cordierite  +  opx  +  zircon 

 

This style of growth yields rounded zircon morphologies (Schaltegger et al. ,  

1999) that occur within the reaction rims surrounding the garnets (Fraser et al . ,  

1997).   However,  the growth of zircon under these conditions is controlled by 

the solubility of Zr into the product phases.   If  Zr is easily accommodated in the 

crystal  structure of  one of  the daughter phases,  then it  is  unlikely that free 

F i g u r e  E - 1   S c h e m a t i c  d i a g r a m s  o f  c o m mo n  zi r c o n  m o r ph o l o g i e s.   Z i r c o n s  w i th  s i m p l e  
p r i s m a t i c  mo r p h o lo g i e s  a r e  d o mi nat e d  b y  e i t he r  t h e  { 1 0 0}  o r  { 1 1 0 }  pri s m a t i c  f a ce s ,  a n d  
c o m m o n ly  h a v e  e i t h e r  t h e  { 1 0 1 }  o r  { 2 1 1 }  p yr a m i d a l  t e rm i n a t i o n s .   W h e n  bo th o f  t h e 
r e s p e c t i v e  p r i s m a t i c  an d  p y r a m i d a l  f a c e s  a r e  p r e s e n t  i n  r o u g h ly  e q ual  p r o p o r t io n s ,  t h e  
p r i s m  i s  s a i d  t o  h a v e  a  c o m p l e x  m o r p h o l o gy .   (A f t e r  P u p i n ,  1 9 8 1 ;  a d apt e d  f r o m  C o r f u,  e t  
a l . ,  2003)  
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zircon will  form (Degeling et al . ,  2001).   For example,  in the reaction (Degeling 

et al . ,  2001): 

 

gnt + biot + qtz + si l   osumilite + opx + spinel + mgt 

 

all  the Zr contained in the garnet is  accommodated in the opx and osumilite 

structures,  thereby inhibiting the formation of  free zircon.  Such net-transfer 

reactions appear capable of producing new zircon as well  as nucleating new 

growth around existing zircons caught in the reaction rims around the Zr-

bearing phase (Degeling et al . ,  2001).    

Subsolidus recrystallisation of zircons is not responsible for any new growth, 

but merely for the reorganisation of the internal crystal  structure without any 

change in external morphology.  During this process,  however,  trace elements 

and Th and Pb are sequentially expelled from the crystal  structure (Hoskin & 

Black, 2000) thereby yielding discordant ages.   In an extreme case the zircon 

would be completely reset,  although this appears to be very rare.   Complete 

recrystallisation takes a long time (Hoskin & Black, 2000) and a l imited period 

of  recrystallisation may lead to ‘ false’  metamorphic events since the U-Pb clock 

has not completely reset.   Temperatures lower than amphibolite facies appear to 

be insufficient to instigate the growth of new metamorphic zircon or internal 

recrystallisation of existing grains (Fraser et al. ,  1997; Hoskin & Black, 2000).   

Zircons that have undergone recrystallisation may show blurring of the primary 

OGZs, often leading to segments of crystals or whole zircons that show poorly 

defined growth zoning.  These recrystallisation textures may also occur as 

completely CL-homogeneous patches or ‘ f low textures’ ,  the latter appearing 

similar to smeared paint or agate-like patterns (e.g.  sample NM04-16, f igure 

4.20b).   Recrystallisation textures in zircon are associated with Pb-loss,  where 

the degree of  Pb loss is  considered proportional to the amount of  preservation 

of the original OGZs (Connelly,  2001).  

 

An important characteristic that makes zircon a useful geochronometer is  the 

ready accommodation of U into its crystal  structure during crystallisation 

through simple substitution of U4 + for Zr4 +,  and the complete exclusion of 

common Pb (Hoskin & Schaltegger,  2003).   More importantly,  zircon has a high 

closure temperature to the diffusion of  Pb through its crystal structure,  

effectively trapping radiogenic Pb.  In addition zircon is resistant to weathering 

(Faure,  1986).   This creates a closed system that is highly amenable to 

geochronological  investigations.   Since zircon is grown under both metamorphic 

and igneous conditions it  is  possible to date these respective events.   In this 
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regard, it  is  important to determine the origin of the zircon.  Besides 

petrographic associations and zircon morphologies,  Th/U ratios in zircons were 

considered to act as a fingerprint for distinguishing between magmatic and 

metamorphic zircons (Rubatto & Gebauer, 1999).   Th/U ratios of >o.4 are 

considered magmatic while values <0.1 are considered metamorphic.   Values of 

0.1 < x < 0.4 are somewhat obscure and suggested to represent zircon growth 

during the incipient stages of  partial  melting before the volumes of melt are 

sufficient to provide an essentially ‘magmatic’  environment.   However,  zircons 

collected from a plutonic source (e.g.  Wiedenbeck et al . ,  1995; Corfu et al . ,  

2006) have shown values below 0.4 and even as low as 0.1.   In addition, Ashwal 

et al.  (1999) also observed a spread in Th/U ratios of  ~0.2-0.9 in zircons from 

cogenetic plutons, and concluded that this was a result  of fractional 

crystallisation.  Th/U ratios are therefore not used as a diagnostic tool to 

distinguish zircon with a definite metamorphic overprint from purely ‘melt ’  

derived zircon.  In accordance with general practise in U-Pb geochronology 

publications, however,  Th/U are noted for all  samples.   The distinction between 

metamorphic and magmatic zircon is largely based on petrographic studies 

(including binocular inspection of crystal  morphologies),  cathodoluminescence 

(CL) and backscatter electron (BSE) imaging.   

 

E.2 – Titanite: 

Titanite is  a common accessory mineral both in primary igneous and 

metamorphic assemblages.   In the former, titanite is  abundant in rocks with 

high bulk Ca content,  but less abundant or absent in rocks with high Al 

activities or low Ca/Al ratios (Frost et al . ,  2000).  Consequently,  t itanite is  

generally found in metaluminous I-type diorites and granodiorites,  as well  as 

alkali-rocks (Frost et al . ,  2000).  Typical igneous titanite has euhedral 

morphologies with a distinct diamond-shaped cross-section.  Titanite is  a 

common metamorphic mineral in mafic rocks that have undergone mild 

metamorphism, as well  as orthogneisses,  calc-silicate rocks and marbles (Frost  

et al . ,  2000).  Metamorphic titanite generally has a rounded, subhedral  

diamond-shaped to anhedral cross-section that is  easily distinguished from 

euhedral igneous titanite (Corfu & Stone, 1998).  One reason for the abundance 

of titanite in metamorphic assemblages is the relative abundance of Ca and Ti 

in rock forming minerals (e.g.  i lmenite,  feldspar, pyroxene, amphibole,  biotite),  

which is released during metamorphic reactions (Frost et al . ,  2000; Corfu et 

al . ,  1998).   
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Easy incorporation of U into titanite’s crystals structure and a high closure 

temperature to Pb diffusion (≤700°C; Frost et al . ,  2000) makes it  a useful 

geochronological  tool.   Since titanite is  readily grown in metamorphic 

environments,  it  potentially provides ages for such events,  especially where the 

growth of titanite is  visibly associated with the formation of a deformational 

fabric or metamorphic reactions (Corfu & Stone, 1998).  However,  t itanite 

reacts easily during high temperature metamorphism in the presence of  other 

Ti-bearing phases (Scott & St.  Onge, 1995).   Under these circumstances titanite 

may reset its U-Pb age, and as a result,  even remnant primary titanite will  date 

the metamorphic event with little trace of the original magmatic age.   In 

addition, since Pb is also easily accommodated into structure, age data obtained 

from titanite are prone to large errors due to a large 2 0 4Pb component.  

 

E.3  -  U-Th-Pb Systematics: 

Pb has four natural stable isotopes (Pb 204, 206, 207 and 208) and U three 

unstable isotopes (U 234, 235 and 238) (Faure, 1986).   2 0 7Pb and 2 0 6Pb are 

formed from the radioactive decay of  2 3 5U (λ  = 9.8485 x 10- 1 0)  and 2 3 8U (λ  = 

1.55125 x 10- 1 0),  respectively,  via a lengthy chain of intermediate radioactive 

daughter products,  while 2 0 8Pb is formed from the radioactive decay of  2 3 2Th 

(Faure,  1986).   2 0 4Pb occurs naturally (termed ‘common Pb’),  and is used as a 

reference isotope.  The age of  a rock and initial  Pb can be related to the 

present-day ratios of  2 0 6Pb/2 0 4Pb, 2 3 8U/2 0 4Pb, 2 0 7Pb/2 0 4Pb and 2 3 5U/2 0 4Pb in a 

sample through the equation, 
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where (2 0 6Pb/2 0 4Pb) and (2 3 8U/2 0 4Pb) are the respective ratios as measured, λ  = 

decay constant,  t  = age and (2 0 6Pb/2 0 4Pb) i  = the Pb ratio at the time of mineral 

closure (Faure,  1986).   A similar equation can be written for the 2 3 5U/2 0 4Pb-

2 0 7Pb/2 0 4Pb system.  If  the two decay systems are left  undisturbed, they will  give 

the same ages within error and are said to be concordant.  If  the systems are 

disturbed in some way the two U-systems may no longer yield the same age and 

are said to be discordant.  This is  usually due to Pb loss or the addition of  U to 

either or both the systems.  This ‘youngs’  the age of  the rocks since there is less 

Pb than there should be for the same amount of U at that age.   
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All the concordant ages throughout Earth’s 4.5 Ga history define a non-linear 

curve called the Concordia (Wetheril l ,  1956), which plots 2 0 6Pb/2 3 8U vs.  

2 0 7Pb/2 3 5U.  The curve is a function of  the decay constants of the two U-Pb 

systems, and is non-linear due to dissimilar decay constants.   The actual curve 

itself  is  a thin band because of the uncertainties on the decay constants (Jaffey 

et al . ,  1971).   If  the two U-Pb systems for any sample are concordant,  the 

sample is said to behave as a closed system and the data will  plot as a point that 

overlaps on the concordia curve.  However,  if  the system has suffered any 

disturbance with subsequent Pb loss or U addition, the system’s behaviour is 

open and the data will  plot discordantly.   Such discordant data plot in a linear 

array below  concordia,  and define an upper and lower intercept for which the 

interpretation differs from sample to sample. In addition to Pb loss,  inheritance 

of radiogenic Pb from an older source will  also cause discordant data.   Both Pb 

loss and inheritance yield identical concordia plots,  and require further 

investigation by additional methods (e.g.  CL, BSE) to determine the dominant 

process.   Besides Pb-loss and inheritance, exclusion of 2 3 0Th (one of the 

intermediate daughter products of the decay of 2 3 8U, which eventually decays to 

2 0 6Pb) from the zircon structure during crystallization, will  also lead to 

discordant data (Parish & Noble,  2003).   On rare occasions, the decay of 2 3 1Pa 

(Protactinium) to radiogenic 2 0 7Pb is invoked to account for the horizontal 

spread of data points on a Concordia diagram due to excess radiogenic 2 0 7Pb 

(Mortensen et al ,  1992; Anczkiewicz et al ,  2001).    

 

In addition to the U-Pb isochron and 2 0 6Pb/2 3 8U vs.  2 0 7Pb/2 3 5U concordia ages,  

2 0 7Pb/2 0 6Pb ages are also determined from the equation: 
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where (2 0 7Pb/2 0 6Pb)* = the ratio of radiogenic Pb, (2 3 5U/2 3 8U) = the measured 

ratios of the U-isotopes,  λ  = the decay constant of the respective U isotopes 

(Faure, 1986).   This equation does not require knowledge of the specific U 

concentration in the given sample.   2 0 7Pb/2 0 6Pb ages are particularly useful as 

indicators of old Pb-loss events or inheritance.  
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