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Ab stract We pres ent new U-Pb iso tope data ob tained us ing the sen si tive high mass- resolution ion mi cro probe (SHRIMP) tech -
nique on zir con crys tals from the ¯eleŸniak sub vol canic in tru sion in the Kac zawa Moun tains, West Sude tes, SW Po -
land. The in tru sion com prises shallow- level un meta mor phosed and un de formed fine- grained rhyo lites, rhyo dac ites, and 
trachy an des ites and deep- level medium- grained mon zo gran ites and gra no dio rites. The sur round ing coun try rocks,
thought to be frag ments of a Varis can ac cre tion ary prism, are blueschist- to sub se quent green schist fa cies me ta vol canic
and me tasedi men tary rocks of the Kac zawa Com plex. The ¯eleŸniak in tru sion has been cor re lated with other late- to
post- tectonic Varis can vol canic and plu tonic bod ies in the re gion, such as the Karkonosze Gran ite, but the scar city and
of ten prob lem atic qual ity of age con straints and of geo chemi cal data have made such cor re la tions specu la tive. Our new
SHRIMP zir con ages of ~315–316 Ma from the ̄ eleŸniak in tru sion proba bly cor re sponds to the main mag matic stage.
How ever, a younger age of ~269 Ma, de rived from some zir con rims, is more dif fi cult to in ter pret but might re flect ei -
ther a much younger ig ne ous event or a hy dro ther mal epi sode. The new date of ~315–316 Ma for the un de formed
¯eleŸniak in tru sion also pro vides an up per age limit for deeper- level tec tonic and meta mor phic pro cesses in the Ka-
czawa ac cre tion ary prism. Fur ther more, the new SHRIMP zir con ages are among the old est ob tained from the vol canic
rocks within the Varis can Belt in Cen tral Europe and may cor re spond to the fi nal stages of the ex hu ma tion of the
blueschist fa cies rocks in this part of the oro gen.

Manu script re ceived 16 May 2008, ac cepted 7 November 2008

IN TRO DUC TION

The pre- Permian geo logi cal evo lu tion of cen tral
Europe is dif fi cult to un ravel but it is gen er ally ac cepted
that the base ment struc ture of this area was largely formed 
dur ing the Varis can “cy cle” (e.g., Ma zur et al., 2006 and ref -
er ences therein). How ever, the Varis can orog eny was ob -
vi ously not a dis crete event but a spec trum of long- lasting
tec tonic, mag matic and other, re lated, geo logi cal pro -
cesses, that took place at dif fer ent times in dif fer ent places
(e.g., Alek sandrowski & Ma zur, 2002). The struc tural mo -
saic of the base ment units was fi nally shaped by late-
 orogenic tec tonic dis place ments and sealed by wide spread
late- orogenic, and un de formed, Varis can grani toids dur ing 
Car bon if er ous–Early Per mian times. The gran itic plu ton -
ism was ac com pa nied by sub vol canic and vol canic ac tiv -
ity, as re corded within time- equivalent Car bon if er ous and

Lower Per mian in tra mon tane ba sin mo lasse suc ces sions
(Ma zur et al., 2007).

The Varis can orog eny in the cen tral Euro pean part of
the oro genic belt started with the ex hu ma tion of deeply
bur ied pre- Late De vo nian crus tal com plexes, the age of
these com plexes be ing in ferred from lo cal, pre-Late-Devo-
nian un con for mi ties and from re cently re ported cool ing
ages (e.g., ¯elaŸniewicz, 2003; Kryza et al., 2004; Ma zur et
al., 2006, and ref er ences therein).

The in ter pre ta tion of the evo lu tion of the Varis can
oro gen in the Sude tes has been helped by un rav el ing the
rela tive ages of the Varis can ig ne ous rocks – those that are
syn-, late- and post- tectonic as de fined by the pres ence of
sig nifi cant, weak or non- existant tec tonic de for ma tion, re -
spec tively – com bined with their source af fini ties and



struc tural po si tions. There is also sig nifi cant varia tion
among the ages of the Varis can grani toids of the Sude tes
and Fore- Sudetic Block (Fig. 1): they vary from the Mid dle 
De vo nian (~380 Ma) syn- tectonic gran ites, such as the
anatectic gran ite dykes in the Góry Sowie Moun tains
(Timmermann et al., 2000) or the Do boszowice ortho-
gneiss in the Fore- Sudetic Block (Hanzl et al., 1998), to the
Up per Car bon if er ous/Lower Per mian (~290–300 Ma)
post- tectonic gran ites, such as the shallow- level Strze gom
gran ites (Pin et al., 1989; Tur niak et al., 2007 in press).

In ter me di ate Rb/Sr dates (i.e., those fal ling be tween
Early and Late Car bon if er ous times) are typi cal of the
more wide spread plu tonic bod ies: 347±12 Ma and 330±6
Ma for the Strze lin gran ites (Oberc- Dziedzic et al., 1996),
and 328±12 and 309±3 Ma for the Karkonosze Mas sif
(Duthou et al., 1991). The ap par ently cor re spond ing pre -
domi nantly acidic and/or bi mo dal vol canic rocks to these

gran ites are found as shallow- level sub vol canic bod ies in
the base ment com plexes, as well as in the vol canic–sedi -
men tary suc ces sions of the Intra-Sudetic- and North-
 Sudetic basins. The ages of the sub vol canic in tru sives are
un cer tain, as are those of the vol canic rocks in the low er -
most mo lasse de pos its in the Intra- Sudetic Ba sin. Nev er -
the less, these mo lasse de pos its are known to be diachro -
nous, start ing ei ther with the Up per De vo nian–Tour -
naisian coarse- clastic sedi ments of the Œwie bodzice- and
Intra- Sudetic ba sins, or from the Stepha nian red con glom -
er ates in the North- Sudetic Ba sin (Awdankiewicz, 1999;
Ba ra nowski et al., 1990). By con trast, the ages of the vo lu -
mi nous bi mo dal vol canic rocks that oc cur higher in the
suc ces sion are rela tively well con strained via pa lae on to -
logi cal evi dence de rived from in ter bed ded sedi men tary
rocks (Awdankiewicz, 1999, and ref er ences therein): these
pro vide an Autu nian age (~295–270 Ma).
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Fig. 1. (A) Geo log i cal map of the Sudetes (sim pli fied af ter Aleksandrowski et al., 1997). Ab bre vi a tions are as fol lows: C (Car bon if er -
ous); D (De vo nian); ISF (Intra-Sudetic Fault); Pt (late Pro tero zoic); Pz (Palaeozoic); SMF (Sudetic Mar ginal Fault). (B) In set map: Ab -
bre vi a tions are as fol lows: AF (Al pine Front); AM (Armori can Mas sif); BM (Bo he mian Mas sif); MC (Mas sif Cen tral); VF (Variscan
Front); TL (Teisseyre–Tornquist Line).



This pa per pres ents SHRIMP U-Pb zir con ages from
the ¯eleŸniak rhyo litic hypa bys sal in tru sion of the Ka-
czawa Moun tains, ~15 km ENE of Je lenia Góra in SW
Po land (Fig. 1). This is one of the larg est late- orogenic,
sub vol canic bod ies of the Sude tes and it cuts the low- grade
(blueschist- to green schist fa cies) meta mor phic rocks of
the Kac zawa Com plex. The Kac zawa Com plex it self is
com posed of a ?Cam brian through Lower Car bon if er ous
me ta vol canic–me tasedi men tary suc ces sion and has been
in ter preted as part of a Varis can ac cre tion ary prism (Ba ra -

nowski et al., 1990; Kryza & Muszyñski, 1992; Col lins et
al., 2000). The age of the un meta mor phosed, un de formed,
post- tectonic ¯eleŸniak in tru sion is im por tant not only to
con strain the tim ing of re gional meta mor phism and the
in tense tec tonic de for ma tion of the Kac zawa Com plex,
which is un con forma bly cov ered by Stepha nian (~300
Ma) and younger red clas tic sedi ments, but also to cor re -
late the ¯eleŸniak in tru sion with the other Varis can ig ne -
ous rocks in ad ja cent geo logi cal units, such as the Karko-
nosze Plu ton and the Strze gom–Sobótka Mas sif.

GEO LOG I CAL SET TING

The ¯eleŸniak in tru sion is lo cated in the cen tral
south ern Kac zawa Moun tains (Fig. 2) in the West Sude tes,
~3 km east of the town of Wo jci eszów, and ~10 km NE
of the Main Intra- Sudetic Fault across which the Kac zawa
Com plex is tec toni cally cut from the Karkonosze Plu ton

(Fig. 1). The ¯eleŸniak in tru sion has an ir regu lar star- like
shape com posed of a ~3 km2 core, and a number of
roughly ra di ally ar ranged dykes that range from sev eral
me tres to hun dreds of me tres in thick ness and up to 7 km
in length (Fig. 3). The acid sub vol canic rocks, mostly por -
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Fig. 2. Geo log i cal sketch map of the Kaczawa Moun tains (af ter Baranowski et al., 1990). Tec tonic unit ab bre vi a tions are B (Bolków),
Ch (Che³miec), D (Dobromierz), R (Radzimowice), RJ (Rzeszówe–Jakuszowa), S (Œwierzawa), ZL (Z³otoryja–Luboradz). Other ab bre -
vi a tions are: ISF (Intra-Sudetic Fault), MSF (Mar ginal Sudetic Fault), NSB (North-Sudetic Ba sin). The box is the lo ca tion of the study
area shown in Fig. 3.



phy ries or rhyo lites, are rather com mon in the neigh bour -
ing ar eas where they are found mostly as dykes that fol low 
the NNE–SSW trend ing faults in the meta mor phic base -
ment rocks of the Kac zawa Com plex. Fur ther to the
north, simi lar fel sic rocks form an other sub vol canic body
(the so- called “Or gany Wielis³awskie”) and are an abun -
dant mem ber of the Lower Per mian bi mo dal vol canic
com plex of the North- Sudetic Ba sin (Fig. 1).

The coun try rocks to the ¯eleŸniak in tru sion are
mostly the slates of the Radzi mowice Unit (Kryza & Mu-
szyñski, 1992). This unit is it self in tec tonic con tact with
two metavolcano- sedimentary suc ces sions: the slates, me -
ta dia bases, pil lowed me ta ba salts, meta tra chytes and me ta -
vol cani clas tic rocks of the more north erly Œwier zawa
Unit; and the so- called Wo jci eszów Lime stones, slates, me -
ta ba salts, me tarhyo dac ites, meta tra chytes and me ta vol -

cani clas tic rocks of the more south erly Bolków Unit. Evi -
dence of an Early Pa laeo zoic age for the base ment rocks
comes from Cam brian mac ro fos sils that have been con -
firmed from the Wo jci eszów Lime stones (Bia³ek et al.,
2007); from cono donts, no older than the Or do vi cian, in
the Radzi mowice Slates (Ur banek & Ba ra nowski, 1986);
and from U-Pb zir con ages of ~485–500 Ma ob tained
from the me ta vol canic rocks of the Œwier zawa Unit
(Kryza et al., 2007, 2008).

The ¯eleŸniak in tru sion has a dis tinct con tact aure ole
up to sev eral hun dred me tres wide in which rela tively
higher- grade ther mal meta mor phic min er als (e.g., gros su -
larite, di op side, hornblende- like am phi bole, co run dum
and an da lu site) over print both the ear li est blueschist fa cies 
and the later green schist fa cies re gional meta mor phic as -
sem blages (Kryza et al., 1990).

PE TROG RA PHY AND GEO CHEM I CAL FEA TURES

The spa tial re la tion ships be tween the dif fer ent ig ne -
ous fa cies of the ¯eleŸniak in tru sion are ob scure as a re sult 
of poor out crop ex po sure and the dif fi culty posed to field
map ping by the many dis used mines in the re gion. Con se -
quently, the re mains of drill cores from the min ing area
have been of con sid er able value.

The ig ne ous rocks of the ¯eleŸniak in tru sion can be
sub di vided into two groups. Group 1 is a fine- grained sub -
vol canic fa cies. Group 2 is a medium- grained hypa bys sal

fa cies. The pre domi nantly acidic and mi nor in ter me di ate
rocks of both groups are cut by sub or di nate, and ap par -
ently younger, ker san tite dykes.

Group 1 com prises fel sic rocks that dis play a va ri ety
of tex tures, in clud ing aphy ric and por phy ritic va rie ties,
and that have min eral com po si tions cor re spond ing to
trachy an des ites, rhyo dac ites, dac ites and mi nor rhyo lites
(Fig. 4). The most com mon rock type is a trachy an des ite
that is, typi cally, a light- coloured, creamy- to pinkish- grey
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Fig. 3. Sketch map of the ¯eleŸniak in tru sion and of the sam ple lo ca tions. The Œwierzawa Unit com prises slates, diabases (doler ites),
pil lowed metabasalts, metatrachytes, and metasedimentary rocks. The Radzimowice Unit com prises slates and the ¯eleŸniak
subvolcanic rocks. Qua ter nary sed i ments and re cent al lu vium have not been dif fer en ti ated.



rock with bio tite and pla gio clase phe no crysts, up to 0.5
cm in size. The ground mass is com posed of quartz + K-
 feldspar + pla gio clase in ter growths. The dac ites and rhyo -
dac ites of Group 1 rocks con tain em bayed quartz phe no -
crysts, up to 0.7 cm in di ame ter, and fine- grained phe no -
crysts of pla gio clase that are now strongly ser icitized.
Most of vol canic rocks of the Kac zawa Moun tains are al -
tered through ser iciti za tion, chlo ri ti za tion, kao lini ti za -
tion, al bi ti za tion and K- feldspathization.

Group 2 com prises rel a tively coarser-grained, com -
monly por phy ritic, microgranitoids whose bulk min eral
com po si tions plot within the fields of gran ites, monzogra-
nites and granodiorites (Fig. 5). Most are bi o tite-bear ing
rocks, al though one hornblende–bi o tite gran ite was found 
in a drill core. The microgranite is typ i cally a light-grey,
slightly pink ish rock of fine-grained and por phy ritic tex -
ture, com posed of plagioclase, quartz, bi o tite and usu ally
sub or di nate K-feld spar. Also, one sam ple of a me dium-
grained gran ite from a drill core that reached a depth of
102 m con tained hornblende and sphene (sam ple WB
102a, Fig. 3, Appendix 1).

The ma jor- and trace-el e ment chem is try and the Sr
iso tope char ac ter is tics of the ¯eleŸniak in tru sion rocks
were de ter mined by Machowiak (2002). These re sults are
given in Ap pen dix 1, but the most im por tant geo chem i cal
fea tures can be sum ma rized in the fol low ing 3 major
points:

1. On a Zr/TiO2–Nb/Y di a gram (Fig. 4), the rocks of
the ¯eleŸniak in tru sion cor re spond to subalkaline mag -
mas. Most sam ples are peraluminous, though a few are
metaluminous (Figs. 5 and 6).

2. The rare earth el e ment (REE) pat terns of rocks rep -
re sent ing the fine-grained fa cies (Group 1, three sam ples,
Fig. 7) and the me dium-grained fa cies (Group 2, five sam -
ples, Fig. 8) are broadly sim i lar. They are char ac ter ized by
rather low con cen tra tions (7–10x chondrite), a flat dis tri -
bu tion of heavy rare earth el e ments (HREE; from Eu to
Lu), and have re mark ably frac tion ated light rare earth el e -
ment (LREE) dis tri bu tion (~10x chondrite for Eu up to

~100–200x chondrite for La). In gen eral, Group 1 rocks
are con sid er ably richer in LREE than rocks from Group
2. Worth stress ing is that par tic u lar sam ples of me -
dium-grained rocks from Group 2 dis play sig nif i cantly dif -
fer ent LREE/HREE en rich ment (com pare, for ex am ple,
the rel a tively weakly en riched sam ple C, and rather
strongly en riched sam ple 5/5 in Fig. 7), in di cat ing pos si -
bly dif fer ent sources or dif fer en ti a tion pro cesses op er at ing 
on the mag mas. All the sam ples of both groups dis play ei -
ther no or weakly neg a tive Eu anom a lies. The REE pat -
terns of two kersantite sam ples (Fig. 8, sam ples KH3/1
and KH3/2) are broadly similar and resemble those of the
microgranites.

3. The Sr iso tope data (Machowiak, 2002) for 14 sam -
ples of the ¯eleŸniak in tru sion, in clud ing the 2 kersantite
spec i mens, dis play a sur pris ingly large vari a tion (Ta ble 1).
The ini tial ra tios of Sr and Nd iso topes in all the sam ples
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Fig. 5. ¯eleŸniak granitoids plot ted on a quartz–al kali feld spar–
plagioclase (QAP) di a gram.

Fig. 4. The ¯eleŸniak vol ca nic rocks plot ted on a Zr/TiO2–
Nb/Y di a gram (af ter Winchester & Floyd, 1977).

Fig. 6. ¯eleŸniak vol ca nic (open cir cles) and granitoid (full cir -
cles) rocks plot ted on multicationic di a grams (af ter Debon & Le
Fort, 1983).



are typ i cal of crustal val ues. The cal cu lated 0e Nd < 0 and
0e  Sr > 0 in di cate ei ther magma gen er ated from con ti nen -
tal crust or that had strong crustal con tam i na tion (AllÀgre
& Othman, 1980). The high ini tial iso to pic ra tios and
their wide vari a tion in di cate inhomogeneous crustal
sources of the mag mas (Johannes & Holtz, 1996), and con -
firm a com pos ite char ac ter of the ¯eleŸniak in tru sion, de -
spite its rel a tively small size.

Plots of 87Sr/86Sr vs, 1/Sr (Fig. 9) sug gest mix ing of
crustal mag mas with ma te rial de rived from a con tam i -
nated man tle source. Such trends may re flect a protolith
evolved from man tle mag mas that were sub se quently in -
volved in a re cy cling pro cess (Faure, 2001).
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Ta ble 1
Sr and Nd iso tope ini tial ra tios,  0eSr (caltulated to Sr = 0.7045, De Paulo 1988), and  0eNd

(cal cu lated to Nd = 0.512638, Wasserburg et al., 1981)

Sam ple 143Nd/144Nd ± Err 87Sr/86Sr ±  Err 0e Nd 0e Sr

23/9 - rhyodacite 0.512252 ± 5 0.712611 ± 14 -7.5 115

79/2 - trachyandesite 0.512293 ± 8 0.711985 ± 12 -6.7 106

64/2 - rhyodacite 0.512260 ± 9 0.714943 ± 12 -7.4 148

26 - rhyodacite 0.512315 ± 7 0.717670 ± 10 -6.3 187

23/5 - monzogranite 0.512219 ± 6 0.728809 ± 14 -8.2 345

12 - monzogranite 0.512285 ± 8 0.718721 ± 15 -6.9 202

5 - monzogranite 0.512298 ± 6 0.710358 ± 13 -6.6 83

14 - monzogranite 0.512226 ± 8 0.715102 ± 17 -8.0 150

C - granodiorite 0.512403 ± 9 0.708563 ± 20 -4.6 58

85 - monzogranite 0.512306 ± 5 0.710709 ± 13 -6.5 88

5/5 - monzogranite 0.512293 ± 8 0.715587 ± 15 -6.7 157

WB102a - granodiorite 0.512326 ± 7 0.709310 ± 9 -6.1 68

KH3/2 - kersantite 0.512312 ± 6 0.709561 ± 14 -6.4 72

KH3/1 - kersantite 0.512347 ± 5 0.708797 ± 11 -5.7 61

Fig. 7. Chondrite-nor mal ized rare earth el e ment (REE) plots of
the ¯eleŸniak granitoids (nor mal ized to val ues given in Naka-
mura, 1974).

Fig. 8.  Chondrite-nor mal ized REE di a grams for the ¯eleŸniak
kersantites (KH3/1 and KH3/2) and vol ca nic rocks (nor mal ized
to val ues given in Nakamura, 1974).

Fig. 9. Stron tium iso to pic data for the ¯eleŸniak subvolcanic
rocks plot ted on a 87Sr/86Sr vs. 1/Sr di a gram (af ter Faure, 2001).



ZIR CON DAT ING – SAM PLING AND AN A LYT I CAL METH ODS

Of the five sam ples that were taken for zir con sep a ra -
tion, two of them – sam ple 26 and sam ple 14 – were rep re -
sen ta tive of the Group 1 and Group 2 fa cies, re spec tively,
of the ¯eleŸniak in tru sion and were se lected for SHRIMP
zir con dat ing.

Sam ple 26 is a rhyodacite of por phy ritic tex ture, com -
posed of microcrystalline ma trix em bed ding pheno crysts
of quartz, and of idiomorphic, weakly sericitized plagio-
clase, and fine-grained bi o tite. The sam ple was col lected
from the SW slope of ¯eleŸniak Hill.

Sam ple 14 is a monzogranite of fine- to me dium-grai-
ned, slightly por phy ritic tex ture, com posed of quartz, pla-
gioclase (oligoclase), K-feld spar, bi o tite, and ac ces sory zir -
con and ap a tite. The sam ple co mes from the cen tral part
of the in tru sion (Fig. 3).

All five sam ples (0.5–2.0 kg) were crushed (®Pulve-
risette crusher) and sieved to ob tain sev eral grain-size frac -
tions and ac ces sory min er als were sep a rated us ing mag -
netic and elec tro mag netic tech niques. Zir cons suit able for
age de ter mi na tion (from sam ples 14 and 26) were man u -
ally sep a rated un der a bin oc u lar mi cro scope. Other zir -
cons for morphologic study were sep a rated us ing so dium
polytungstate [Na6(H2W12O40)H2O; den sity 3.0 g/cm3]
heavy liquid.

Zir con grains were mounted and pol ished to ap prox i -
mately half their thick nesses and pho to graphed in both re -
flected and trans mit ted light. Cathodoluminescence (CL)
and scan ning elec tron mi cro scope (SEM) im ages were pre -
pared for all zir cons and were used to de ci pher the in ter nal 
struc tures of the sec tioned grains and to tar get spe cific ar -
eas within the zir cons for spot analysis.

All U-Pb anal y ses were done us ing the SHRIMP II in -
stru ment, each anal y sis con sist ing of 6 scans through the
mass range. The data were re duced in a man ner sim i lar to

that de scribed by Wil liams (1998, and ref er ences therein),
us ing the SQUID Ex cel Macro of Lud wig (2000). The
Pb/U ra tios were nor mal ised rel a tive to a value of 0.1859
for the 206Pb/238U ra tio of the FC1 ref er ence zir cons, equi-
valent to an age of 1,099 Ma (Paces & Miller, 1989). Un cer -
tain ties given for in di vid ual anal y ses (ra tios and ages) are at 
the one sigma level; how ever, the un cer tain ties in cal cu -
lated weighted mean 206Pb/238U ages are re ported at the
95% con fi dence level and in clude the er rors in the stan -
dard cal i bra tion. Con cordia plots and weighted mean age
cal cu la tions were carried out using Isoplot/Ex (Ludwig,
1999).

For this pa per, the U-Pb data are plot ted on Tera-
Wasserburg con cordia plots, with the mea sured data plot -
ted un cor rected for com mon Pb, as is the con ven tion for
SHRIMP U-Pb anal y ses on zir cons of this age where even
small com mon Pb cor rec tions and low con cen tra tions of
207Pb can make cal cu la tion of 207Pb/206Pb ages very im pre -
cise. In these plots, the data from a sin gle age pop u la tion
will lie on a mix ing line with the ra dio genic Pb and the
com mon Pb com po si tions as end-mem bers. Those anal y -
ses with the low est com mon Pb con tent will lie clos est to
the con cordia curve. Ra dio genic Pb-loss is in di cated by the 
data spread ing to the right of the ra dio genic com po si tion,
and in her i tance would plot to the left. For the Phanero-
zoic zir con, ages are cal cu lated us ing the 206Pb/238U data,
and for the Pro tero zoic and Archaean anal y ses, the
207Pb/206Pb data are used to cal cu late min i mum ages. For
the lat ter, com mon Pb cor rec tions are made us ing the
mea sured 204Pb and the ap pro pri ate model Pb com po si tion 
af ter Stacey and Kramers (1975). The 206Pb/238U dates are
cal cu lated from data cor rected for com mon Pb us ing 207Pb
and as sum ing 206Pb/238U– 207Pb/235U concordance.

RE SULTS

GEN ERAL FEA TURES OF THE ZIR CONS

Zir cons from all 5 of the zir con-sep a ra tion sam ples are 
usu ally euhedral or subeuhedral and colour less. The av er -
age crys tal length is 230 µm (max i mum 800 µm) and
average breadth is 95 µm (max i mum 220 µm). Fol low ing
the ty po logi cal method of Pupin and Turco (1972), 9 to 15
dif fer ent zir con types were ob served in in di vid ual sam -
ples. Most fre quent among these are S1, S2, G1, P1, less fre -
quent are S11, S12, P2 and S21. In ferred tem per a tures of crys -
tal li za tion of these zir con types are 650–7000 °C and,
rarely, 800–8500 °C. The S1 and S2 types may have dif fer -
ent or i gins/sources com pared with the G1 and P1 types
(crustal and man tle af fin ity, re spec tively; Pupin & Turco,
1972; Pupin, 1980; Pupin, 1988). Thus, the ig ne ous rocks
from the ¯eleŸniak in tru sion ap pear to have a hy brid or i -
gin, which is sup ported both by zir con typology and by
rock geo chem is try.

MONZOGRANITE, SAM PLE 14

The zir cons from sam ple 14 are clear, euhedral to sub-
hedral and some what vari able in form; mor pho log i cally,
they are dom i nated by bipyramids with pro nounced,
sharp py ram i dal tips (Fig. 10). Cathodoluminescence im -
ag ing showed the well de vel oped, con cen tric compo- sitio- 
nal zon ing typ i cally ob served in zir cons that have crys tal -
lised from a fel sic magma. Oc ca sional sec tor zon ing and
broad compositional zon ing was ob served in dis crete crys -
tals and within the cen tral por tions of some grains.
Cathodoluminescence also showed the pres ence of a num -
ber of in her ited zir con cores of vari able size and shape. Al -
though these were gen er ally avoided dur ing the anal y ses, a 
few were ana lysed to de ter mine the pattern of inheritance
in their host rocks.

Nine teen anal y ses were per formed on 17 dif fer ent zir -
cons, the data from which are given in Ap pen dix 2 and
plot ted as Tera-Wasserburg U-Pb con cordia plots in Fig -
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ure 11. De spite spots be ing se lected to avoid very U-rich
zones, most zir cons had high (>500 ppm) U con cen tra -
tions. A cer tain amount of dis cor dance in some of the
analyses is prob a bly at trib ut able to Pb-loss or to in her i -
tance. Ex clud ing these dis cor dant data (points 5.1, 8.1,
10.1), thir teen anal y ses com bine to give a weighted mean
206Pb/238U age of 316.7 ± 1.6 Ma (95% con fi dence level;
MSWD = 0.90; prob a bil ity of fit = 0.55). This age of 316.7 
± 1.6 Ma is in ter preted to be the age of crystallization of
this monzogranite.

Three anal y ses were ex cluded from the data set. Two
anal y ses of cores gave min i mum 207Pb/206Pb ages of 642
Ma (anal y sis 4.2) and 2,598 ± 5 Ma (anal y sis 11.2). Anal y -
sis 4.1 was of an over growth on the in her ited core, also
gave an older age than the pre sumed crystallisation age,
and might be the re sult of a mixed anal y sis that in cor po -
rated a por tion both of the core and of the mag matic over -
growth. Two other anal y ses (5.1 and 10.1) were re jected

be cause they ap peared to have suf fered Pb-loss (Appendix
2).

RHYODACITE, SAM PLE 26

The zir cons from sam ple 26 are clear, euhedral to
subhedral and have many dif fer ent forms rang ing from
acicular to frag ments of larger, platey crys tals. The zir cons 
are struc tur ally com plex with cores of sev eral gen er a tions
and sizes. Most grains com prise a zoned, outer growth
phase that rims a comp lexly zoned, clearly xenocrystic,
zir con core (Fig. 12). Oth ers have cen tres that could be in -
ter preted as pseudo-cores, viz. sim ply an ear lier phase of
growth dur ing the same mag matic event that pro duced the 
more highly zoned outer phase but that crys tal lized un der
dif fer ent con di tions. And al though there can be a marked
change in the style of zon ing and there might be a small
ap par ent struc tural dis con ti nu ity be tween the cen tre and
rim, the age dif fer ences be tween cen tre and rim can not be
re solved. This is not an un com mon prob lem when char ac -
ter iz ing and in ter pret ing in ter nal zir con zon ing tex tures
from fel sic rocks (e.g., Pidgeon et al., 1998), and of ten it is
only the in situ geo chron ol ogi cal anal y ses that can resolve
the issue if the age difference is significantly large.

Eigh teen anal y ses were done on 17 dif fer ent grains,
with anal y ses sited in all ob served types and forms of zir -
con in an at tempt to es tab lish the geo chron ol ogi cal his -
tory of sam ple 26. Many grains have cores which are
rounded, ob vi ously in her ited, and give a range of ages up
to ~2.1 Ga. Many grains are made up pre dom i nantly of
struc tural cores, and anal y ses sited in these ar eas ap pear to
de fine a sin gle U-Pb date that is in ter pret able as rep re sent -
ing a sin gle gen er a tion or pop u la tion. Fig ure 13 il lus trates
that seven of these anal y ses plot close to con cordia, show -
ing their rel a tively low com mon Pb con tents, and com -
bine to give a 206Pb/238U age of 315.0 ± 2.1 Ma (95% con fi -
dence level; MSWD = 0.95; prob a bil ity of fit = 0.46).
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Fig. 11. Tera-Wasserburg U-Pb con cordia plot of all the sen si -
tive high mass-res o lu tion ion microprobe (SHRIMP) data for the
zir cons from monzogranite (sam ple 14). The data are plot ted un -
cor rected for com mon Pb.

Fig. 10. Cathodoluminescence (CL) im ages of zir cons from
monzogran ite (sample14). The num bers re fer to the anal y ses
listed in Ap pen dix 2.



Three anal y ses (1.1, 4.1 and 15.1) on this type of zir con
gave youn ger 206Pb/238U ages and ap pear to have suf fered
ra dio genic Pb loss. The in clu sion of anal y sis 1.1 in the
above age cal cu la tion gives a weighted mean 206Pb/238U age 
of 314.5 ± 2.7 Ma, but a low probability-of-fit.

Five anal y ses of the highly zoned, euhedral outer mar -
gins of the grains show el e vated, and vari able, U and Th
con tents (Ap pen dix 3). Un for tu nately, these zones also
have very high com mon Pb con tents, with one anal y sis
(10.1) hav ing an ex treme of 42% com mon 206Pb (ex pressed
as a per cent age of the to tal 206Pb). These high com mon Pb
anal y ses plot far above the con cordia curve in Fig ures 13
and 14. Four out of the five high com mon Pb anal y ses of
this type (2.1, 3.1, 5.1 and 8.1) com bine to give an ap par ent 
weighted mean 206Pb/238U date of 268.5 ± 4.0 Ma (95%

con fi dence level; MSWD = 0.98; prob a bil ity of fit =
0.40). The fifth anal y sis (11.1) has a higher ap par ent
206Pb/238U date and could be a mixed anal y sis. The sig nif i -
cance of the date from the four-point anal y ses is un cer tain, 
but it is pos si ble that the clus ter ing of these four points,
which yields a rea son able weighted mean 206Pb/238U date,
has a real age sig nif i cance. Equally plau si ble is the pos si bil -
ity that these anal y ses are from al tered or metamict zir con
and, thus, have lost ra dio genic Pb, re sult ing in a clus ter ing
of the age data that is sim ply fortuitous. High common Pb 
contents would be consistent with alteration.
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Fig. 13. Tera-Wasserburg U-Pb con cordia plot of all the
SHRIMP U-Pb data for the zir cons from rhyodacite (sam ple 26).
The data are plot ted un cor rected for com mon Pb. An en larged
view of the out lined area is shown in Fig. 12.

Fig. 14. An en larged view of the Tera-Wasserburg U-Pb con -
cordia plot of the SHRIMP U-Pb data for the zir cons from
rhyodacite (sam ple 26). The data are plot ted un cor rected for
com mon Pb. The er ror el lip ses and la bels are col oured ac cord ing
to the zir con type: zoned overgrowths are col oured black, the
“cores” are col oured grey. White er ror el lip ses rep re sent data not
in cluded in the age calculations.

Fig. 12. Cathodoluminescence im ages of zir cons from rhyo-
dacite (sam ple 26). The num bers re fer to the anal y ses listed in Ap -
pen dix 3.



SUM MARY OF RE SULTS

In her i tance and Pb-loss com pli cate the data for both
sam ples, with sam ple #26 (rhyodacite) be ing par tic u larly
dif fi cult to in ter pret. The zir cons from sam ple 14 (monzo- 
gran ite), how ever, are clearly mag matic, and the mag matic 
age of this rock was de ter mined by cal cu lat ing the
weighted mean 206Pb/238U, which gave an age of 316.7 ±
1.6 Ma. Zir cons from sam ple #14 also pos sessed in her ited
cores that gave ages as old as the Archaean.

The in ter pre ta tion of the data for sam ple 26 (rhyo-
dacite), how ever, is more dif fi cult. Petrographic stud ies
and cathodoluminescence im ag ing helped to iden tify a
gen er a tion of zir con dated at ~315 Ma and to re veal older
cores, all man tled by zoned high-U zir con with what
could be in ter preted as an ap par ently youn ger U-Pb age of 
about 269 Ma, al beit cal cu lated from a small dataset. We
pro pose that the ~315 Ma zir cons rep re sent the main
mag matic pop u la tion, pos si bly equiv a lent to that in the
monzogranite (sam ple 14), and that the ~269 Ma over-
growths could rep re sent a pos si ble youn ger event, of ei -
ther mag matic or fluid-in duced meta mor phic growth, or
be the re sult of Pb-loss, the ap par ent 206Pb/238U dates hav -
ing no geo chron ol ogi cal sig nif i cance. With re gard to the
first pos si bil ity, it is ob served that the zir con overgrowths
have high Th/U ra tios (0.40–0.52), typ i cal of mag matic
zir cons rather than those in flu enced by, or grown dur ing,
meta mor phic and metasomatic pro cesses. These lat ter

pro cesses typ i cally pro duce zir cons with Th/U < 0.1
(Pidgeon et al., 1998; Schaltegger et al., 1999; Eichhorn et
al., 1999). If these young zir con overgrowths re ally rep re -
sent an ig ne ous ep i sode, then that event would cor re spond 
to the youn gest Variscan plutonic/hypa bys sal event dated
thus far in the re gion and pos si bly be con tem po ra ne ous
with mid dle Early Perm ian (Autunian) vol ca nic ac tiv ity
re corded in the Intra-Sudetic and North-Sudetic bas ins.
How ever, these young zir con over growth ages, when con -
sid ered in re la tion to the ~315 Ma age of the main in tru -
sion, may sim ply re flect post-mag matic hy dro ther mal and 
metasomatic ac tiv i ties that could be part of the same event 
that led to the formation of the polymetallic lodes of Stara
Góra (Mikulski, 2005).

The new SHRIMP re sults in di cate that the main mag -
matic ep i sode in the ¯eleŸniak in tru sion, and the one that
pro duced the main zir con pop u la tions, took place around
315 Ma (late Namurian). The ages of both the fine-grained
rhyodacite and the me dium-grained monzogranite are
very sim i lar, de spite the ob served petrographic, geo chem i -
cal and Sr iso tope com plex ity of the in tru sion and de spite
the in tense late-mag matic hy dro ther mal pro cesses that
also af fected the body. Al though our mea sure ments did
not con cen trate on dat ing zir con cores, the few cores that
were ana lysed sug gest the pres ence of inherited grains that
are up to ~2.6 Ga.

RE GIONAL COR RE LA TIONS AND IM PLI CA TIONS

The ¯eleŸniak in tru sion has been cor re lated with
other bod ies of gen er ally undeformed ig ne ous rocks in the 
re gion (Majerowicz & Skurzewski, 1987), and these ig ne -
ous rocks are thought to have orig i nated from late- to
post-tec tonic Variscan mag matic ac tiv ity. How ever,
scarce, and of ten prob lem atic, age con straints, com bined
with in suf fi cient geo chem i cal data, have made such cor re -
la tions spec u la tive.

Manecki (1965), Paulo & Salamon (1974), and Maje-
rowicz and Skurzewski (1987) have all sug gested pos si ble
ge netic links be tween the ¯eleŸniak in tru sion and the
Karkonosze pluton to the SW. Al though the dis tance be -
tween the ¯elaŸniak in tru sion and the Karkonosze pluton
is only ~10 km, the two ar eas are sep a rated by the Main
Intra-Sudetic Fault, which cuts the ther mal au re ole of the
pluton (Kryza & Mazur, 1998). This fact sug gests that
there have been tec tonic dis place ments along this fault of
sev eral hun dred metres at least, and pos si bly as much as a
few ki lo me ters to tens of ki lo me ters (Aleksandrowski et
al., 1997).

Im por tant for these cor re la tions are re cent pet ro log i -
cal stud ies on the Karkonosze pluton by S³aby and Mar tin
(2008). How ever, a gen eral com par i son of geo chem i cal
features be tween the Karkonosze gran ites and the ¯eleŸ-
niak intrusives points to sig nif i cant dif fer ences be tween
the two in tru sions (Machowiak, 2002). The Karkonosze

gran ites dis play more dis tinct fea tures of crustal mag mas:
higher con tents of K2O, Na2O, Rb, Cs, Y, and lower con -
cen tra tions of P2O3, CaO, Fe2O3, TiO2 and Sr. These char -
ac ter is tics are fur ther sup ported by trends on Harker di a -
grams and on REE plots (see Machowiak, 2002), the data
in di cat ing a mixed or i gin and an im por tant role of frac -
tional crys tal li za tion in the for ma tion of the main types of 
the Karkonosze gran ites (S³aby & Mar tin, 2008). Also, on
trace el e ment dis crim i na tion di a grams of the type in
Pearce et al. (1984), the Karkonosze gran ites plot mostly in 
the fields of syn-collisional and within-plate gran ites,
whereas those from ¯eleŸniak cor re spond to vol ca nic arc
gran ites. These chem i cal dif fer ences, how ever, re flect
some what dif fer ent magma sources and/or dif fer en ti a tion
(frac tion ation/con tam i na tion) pro cesses rather than signi- 
ficantly different emplacement settings of these, roughly
contemporaneous, felsic magmas.

The Karkonosze Gran ite has been dif fi cult to date pre -
cisely: pub lished dates vary be tween ~304 (Kusiak et al.,
2008) and 328 Ma (Duthou et al., 1991) (Ta ble 2). SHRIMP 
zir con dat ing of a microgranodiorite dyke that cuts the
gran ite yielded an age of ~318 Ma (Awdankiewicz et al.,
2009). This would con strain the age of the hypa bys sal
magmatism in the Karkonosze Mas sif, as well as the min i -
mum age of the Karkonosze Gran ite in that part of the
pluton. Such an age is in broad agree ment, within er ror, of 

10 K. MA CHOWIAK et al.



ear lier Rb–Sr dat ing of the main (por phy ritic) gran ite fa -
cies of the Karkonosze pluton at 328 ± 12 Ma (Duthou et
al., 1991) and with the more re cent SHRIMP zir con ages
of 318.5 ± 3.7 Ma for the por phy ritic gran ite of the NE
part of the same pluton (Machowiak & Armstrong, 2007).
Sim i larly “old” ages have re cently been con firmed by re -
fined SHRIMP dat ing us ing chem i cally abraded zir cons
(R. Kryza T. Oberc-Dziedzic, C. Pin, 2008, unpublished).

Our new age of ~315 Ma for the ¯eleŸniak in tru sion
is slightly youn ger than the ~320 Ma age of the main
gran ite type of the Karkonosze pluton (Ta ble 2). How -
ever, the dates do over lap within an a lyt i cal er ror. The
even-grained fa cies of the Karkonosze Granite might be
youn ger at 309 ± 3 Ma (Duthou et al., 1991), but this
youn ger age needs fur ther verification.

Pos si ble di rect ge netic links with more dis tant gra nitic 
plutons of the re gion re main even more un cer tain when
one takes into ac count tec tonic lim i ta tions and that many
pre vi ous iso to pic anal y ses suf fered from a lack of pre ci -
sion. The Strzegom–Sobótka Mas sif has its west ern mar -
gin ~18 km ENE of the ¯eleŸniak in tru sion and is the
sec ond larg est granitoid pluton in the re gion. It is com -
posed of at least three ma jor parts (Ta ble 2): (1) a horn-
blende–bi o tite monzogranite in the west; (2) a two-mica
monzogranite in the cen ter; (3) a bi o tite-granodiorite in
the east (Majerowicz, 1972). The Rb–Sr whole rock
isochron ages for the Strzegom–Sobótka gran ites in di cate
that the two mica monzogranite is con sid er ably older (326 
± 22 Ma) than both the Hbl–Bt monzogranite and the
Bt-granodiorite and that the lat ter two gran ite types dis -

play sim i lar ages of about 280 Ma (Ta ble 2; Pin et al.,
1989). The age of the older two-mica cen tral part of the
mas sif cor re sponds roughly, within er ror, to the ~315 Ma 
age of the ¯eleŸniak in tru sion, whereas the youn ger (280
± 10 Ma) part of the mas sif is not much older than the
youn gest age (268.5 ± 3.9 Ma) ob tained for the ¯eleŸniak
in tru sion. How ever, re cent zir con dat ing by the Pb-evap o -
ra tion method (Turniak et al., 2007) yielded very dif fer ent
ages for the main gran ite fa cies in the Strzegom–Sobótka
Mas sif: be tween ~303 and 308 Ma (Ta ble 2). These ages
are in obvious conflict with previous dates and make
precise correlations difficult.

Tak ing into ac count all pre vi ous age data (Ta ble 2), at -
tempt ing to cor re late the ¯eleŸniak in tru sion with more
dis tant granitoid bod ies is even more spec u la tive. To do
this, one would re quire more de tailed and re li able ages
from all the granitoids of the Sudetes: this ap plies to Rb–Sr 
data and to the still rather scarce, and in some cases prob -
lem atic, U-Pb data.

The ~315 Ma age of the hypa bys sal ¯eleŸniak in tru -
sion may broadly cor re spond with Up per Car bon if er ous
(Namurian–?Westphalian) subvolcanic and vol ca nic bod -
ies of fel sic rocks in the Intra-Sudetic Ba sin (e.g., the
Che³miec in tru sion west of Wa³brzych). How ever, the lat -
ter rocks have not yet been dated.

In a wider re gional con text, the ~315 Ma ages de rived 
from the main pop u la tion of mag matic zir cons are among
the old est ages from the Variscan vol ca nic/subvolcanic
rocks in this part of Eu rope, al though sim i lar ages of 297
± 3 Ma to 302 ± 3 Ma have been re ported from NE Ger -
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Ta ble 2
Se lected granitoids of SW Po land and their iso to pic ages

In tru sion Rock types Ages (meth ods) Data sources

Karkonosze
Por phy ritic gran ite
Por phy ritic gran ite
Even-grained gran ite

328 ± 12 (Rb-Sr)
329 ± 17 (Rb-Sr)
309 ± 3  (Rb-Sr)

Duthou et al., 1991

Karkonosze
Me dium-grained por phy ritic gran ite
Coarse-grained por phy ritic gran ite
Even-grained gran ite (Miedzianka)

314.1 ± 3.3 (U-Pb zir con, SHRIMP)
318.5 ± 3.7 (U-Pb zir con, SHRIMP)
314.9 ± 4.5 (U-Pb zir con, SHRIMP)

Machowiak & Armstrong, 2007

Karkonosze
Me dium-grained por phy ritic gran ite
Coarse-grained por phy ritic gran ite
Fine-grained equigranular gran ite

313.0 ± 6.0 (U-Pb zir con, SHRIMP)
308.7 ± 4.7 (U-Pb zir con, SHRIMP)
303.7 ± 6.6 (U-Pb zir con, SHRIMP)

Kusiak et al., 2008

Karkonosze Micromonzodiorite dyke 318 ±  3 (U-Pb zir con, SHRIMP) Awdankiewicz et al., 2009, in press

Strzegom-Sobótka
Hbl-Bt monzogranite
Two-mica monzogranite

278 ± 7  (Rb-Sr)
326 ± 22 (Rb-Sr)

Pin et al., 1989

Strzegom-Sobótka
Bt-monzogranite
Hbl-Bt monzogranite

308.4 ±1.7 (Pb-evap o ra tion zir con)
302.9 ±2.2 (Pb-evap o ra tion zir con)

Turniak et al., 2005

Strzegom-Sobótka
Bt-monzogranite
Hbl-Bt monzogranite

294.2 ±4.3 (K-Ar)
298.7 ±5.2 (K-Ar)
291.0 ±4.4 (K-Ar)

Turniak et al., 2007

Strzelin I (Gêbczyce) Fine-grained gran ite
330 ± 6  (Rb-Sr)
347 ± 12 (Rb-Sr)

Oberc-Dziedzic et al., 1996

Strzelin II (Lipowe Hills) Fine-grained gran ite 329 ± 11 (Rb-Sr) Oberc-Dziedzic et al. 2000

Strzelin
Tonalite
Bi o tite gran ite

291 ± 5,5 (Pb-evap o ra tion zir con)
301 ± 7 (Pb-evap o ra tion zir con)

Turniak, 2006



many (Breitkreuz & Ken nedy, 1999). Based on the avail -
able data, it is dif fi cult to in ter pret the prob lem atic youn -
ger dates on the zir con rims that gave a weighted mean
206Pb/238U date of 268.5 ± 4.0 Ma. If this re ally re flects a
mag matic age, it would fol low that the subvolcanic ac tiv -
ity in the area lasted for (or was re peated) around 50 Ma af -
ter the main mag matic ep i sode. This pos si bil ity seems to
be sup ported by the pro longed vol ca nic re cords in the
molasse se quences of the intramontane basins in the
region (Awdankiewicz, 1999).

The new ages of ~315 Ma for non-meta mor phosed
and undeformed subvolcanic in tru sion are also im por tant
for tim ing the deeper-level tec tonic and meta mor phic pro -
cesses in this part of the Kaczawa Com plex, which is
thought to rep re sent frag ments of the Variscan
accretionary prism (Baranowski et al., 1990; Col lins et al.,
2000; Kryza & Muszyñski, 2003). The coun try rocks of
the ¯eleŸniak shal low-level in tru sion had pre vi ously gone

through blueschist-fa cies and sub se quent greenschist-fa cies 
meta mor phism, prob a bly sig nif i cantly ear lier than the in -
tru sions and, ev i dently, at much deeper lev els than the em -
place ment of the subvolcanic bod ies them selves. Con se -
quently, our new SHRIMP zir con age of ~315 Ma may
be the up per age limit for the ma jor ex hu ma tion pro cesses
that brought the deeply bur ied parts of the Kaczawa
accretionary prism, in clud ing the glaucophane schists, to
shallower crustal levels.
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Ap pen dix 2
Sum mary of SHRIMP U-Pb zir con data for sam ple 14

Grain
spots

(1)
%

206Pbc

U
(ppm)

Th
(ppm)

232Th/238U
206Pb*
(ppm)

To tal
238U/206Pb± %

To tal
207Pb/206Pb ± %

(1)
206Pb*/238U ± %

(1)
206Pb*/238U

age

1.1 - 542 311 0.59 23.6 19.75 ± 0.62 0.05268±1.5 0.05064±0.63 318.4 ± 2.0

2.1 0.12 547 274 0.52 23.6 19.93 ± 0.64 0.05368±1.4 0.05011±0.65 315.2 ± 2.0

3.1 0.07 562 379 0.70 24.5 19.66 ± 0.64 0.05337±1.4 0.05082±0.78 319.5 ± 2.0

5.1 0.31 313 140 0.46 13.2 20.37±0.76 0.0550±1.9 0.04894±0.67 308.0 ± 2.4

6.1 - 512 385 0.78 22.2 19.80±0.65 0.05240±1.5 0.05052±0.87 317.7 ± 2.1

7.1 0.02 309 124 0.41 13.2 20.07±0.85 0.0528±2.0 0.04981±0.87 313.4 ± 2.6

8.1 0.12 655 474 0.75 27.8 20.19±0.61 0.05355±1.3 0.04946±0.62 311.2 ± 1.9

9.1 0.22 580 309 0.55 25.2 19.76±0.62 0.05449±1.3 0.05049±0.64 317.5 ± 2.0

10.1 2.01 628 325 0.53 24.3 22.21±0.70 0.06794±1.3 0.04413±0.72 278.4 ± 2.0

11.1 - 309 130 0.44 13.3 19.90±0.76 0.05258±1.8 0.05026±0.77 316.1 ± 2.4

12.1 0.80 403 184 0.47 17.6 19.67±0.90 0.05913±1.5 0.05044±0.92 317.3 ± 2.8

13.1 0.05 603 275 0.47 25.8 20.03±0.64 0.05305±1.3 0.04989±0.65 313.9 ± 2.0

14.1 0.03 195 92 0.49 8.48 19.71±0.89 0.0530±2.4 0.05071±0.91 318.9 ± 2.8

15.1 0.02 447 233 0.54 19.4 19.75±0.68 0.05290±1.6 0.05062±0.70 318.4 ± 2.2

16.1 0.28 274 216 0.82 11.7 20.05±0.81 0.0549±2.0 0.04975±0.83 313.0 ± 2.5

17.1 0.02 501 292 0.60 21.7 19.86±0.91 0.05291±1.4 0.05035±0.93 316.7 ± 2.9

Er rors are 1 –sigma; Pbc and Pb* in di cate the com mon and ra dio genic por tions, re spec tively.
Er ror in stan dard cal i bra tion was 0.18% (not in cluded in above er rors but re quired when com par ing data from dif fer ent mounts)
Com mon Pb cor rected by as sum ing 206Pb/238U - 207Pb/235U age-con cor dance

Grain
spots

(1)
%

 206Pbc

U
(ppm)

Th
(ppm)

232Th/
238U

206Pb*
(ppm)

To tal
238U/206Pb

±%

To tal
207Pb/206Pb

± %

(1)
207Pb*/206Pb* 

±%

(1)
206Pb*/238U

± %

(1)
207Pb*/235U 

± %

206Pb/238U
age

207Pb/206Pb
age 

err
corr

4.1 1.09 298 219 0.76 14.5 17.64±1.1 0.0623±2.5 0.0572±2.5 0.05632±1.1 0.444±2.7 353.2 ± 3.7 500±55 0.402

4.2 1.30 448 216 0.50 28.6 13.440±0.64 0.06665±3.3 0.0611±3.3 0.07389±0.68 0.622±3.3 459.5 ± 3.0 642±70 0.204

11.2 2.94 642 927 1.49 248 2.223±0.51 0.17516±0.27 0.1742±0.3 0.4493±0.51 10.790±0.58 2 392 ± 10 2 598.2±4.6 0.883

Er rors are 1 –sigma; Pbc and Pb* in di cate the com mon and ra dio genic por tions, re spec tively.
Er ror in stan dard cal i bra tion was 0.18% (not in cluded in above er rors but re quired when com par ing data from dif fer ent mounts)
Com mon Pb cor rected us ing mea sured 204Pb
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Ap pen dix 3
Sum mary of SHRIMP U-Pb zir con data for sam ple 26

Grain
spots

(1)
%

206Pbc

U
(ppm)

Th
(ppm)

232Th/238U
206Pb*
(ppm)

To tal
238U/206Pb±%

To tal
207Pb/206Pb±%

(1)
206Pb*/238U±%

(1)
206Pb/238Uage

1.1 0.29 147 57 0.40 6.20 20.35±1.0 0.0548±2.7 0.0490±1.0 308.3±3.1

2.1 12.78 1092 539 0.51 45.5 20.63±0.53 0.15405±0.61 0.0423±0.55 267.0±1.4± 

3.1 6.20 583 293 0.52 22.2 22.53±0.62 0.1012±1.2 0.0416±0.64 263.0±1.7

4.1 1.91 358 177 0.51 15.1 20.38±0.71 0.0677±1.5 0.0481±0.73 303.0±2.1

5.1 14.42 1248 613 0.51 54.0 19.84±0.51 0.1673±0.77 0.0431±0.55 272.2±1.5

6.1 0.38 101 38 0.39 4.35 20.03±1.2 0.0556±3.1 0.0497±1.23 312.9±3.8

7.1 0.05 265 324 1.26 11.4 20.01±1.0 0.0530±1.9 0.0499±1.10 314.1±3.3

8.1 3.39 1141 440 0.40 43.5 22.53±0.53 0.07886±0.86 0.0429±0.54 270.7±1.4

9.1 0.19 577 422 0.76 25.0 19.85±0.62 0.05424±1.3 0.0503±0.63 316.3±2.0

10.1 41.99 1717 1356 0.82 86.2 17.12±0.48 0.3861±0.75 0.0339±0.79 214.8±1.7

11.1 19.61 1106 520 0.49 55.0 17.27±0.51 0.2097±1.1 0.0465±0.63 293.3±1.8

11.2 0.09 384 100 0.27 25.9 12.76±0.66 0.05756±1.2 0.0783±0.68 486.0±3.2

12.1 - 586 426 0.75 25.0 20.18±0.61 0.05100±1.3 0.0497±0.63 312.4±1.9

13.1 0.14 240 136 0.58 10.3 19.94±1.2 0.0538±2.0 0.0501±1.23 315.1±3.8

15.1 2.02 591 266 0.47 24.3 20.84±0.63 0.0685±2.2 0.0470±0.66 296.1±1.9

16.1 0.07 565 313 0.57 24.2 20.05±0.79 0.05320±1.4 0.0499±0.81 313.6±2.5

17.1 0.21 675 550 0.84 29.4 19.72±0.60 0.05446±1.2 0.0506±0.61 318.1±1.9

Er rors are 1 –sigma; Pbc and Pb* in di cate the com mon and ra dio genic por tions, re spec tively.
Er ror in stan dard cal i bra tion was 0.18% (not in cluded in above er rors but re quired when com par ing data from dif fer ent mounts)
Com mon Pb cor rected by as sum ing 206Pb/238U - 207Pb/235U age-con cor dance

Grain
spots

(1)
%

206Pbc

U
(ppm)

Th
(ppm)

232Th/
238U

206Pb*
(ppm)

To tal
238U/206Pb 

±%

To tal
207Pb/206Pb

± %

(1)
207Pb*/206Pb*

±%

(1)
206Pb*/238U

± %

(1)
207Pb*/235U

± %

206Pb/238U
age

207Pb/206Pb
age  

err
corr

14.1 1.16 143 74 0.53 43.9 2.806±0.81 0.12947±0.75 0.1274±0.75 0.3555±0.81 6.247±1.1 1,961  ± 14 2,063   ± 13 .733

Er rors are 1 –sigma; Pbc and Pb* in di cate the com mon and ra dio genic por tions, re spec tively.
Er ror in stan dard cal i bra tion was 0.18% (not in cluded in above er rors but re quired when com par ing data from dif fer ent mounts)
Com mon Pb cor rected us ing mea sured 204Pb


