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Age and petrogenesis of the Tinn granite, Telemark,
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The Tinn granit e is a Mid Proterozoic, fo liated pluton, sit uated in the cent ral part of the Telemark Sector, South

Norway. It is spat ially associated w ith metarhyolit e belonging to th e Tudd al Fo rmation of th e Rj ukan Group of the
Telem ark sup racrustal sequence. SIMS U-Pb dati ng indicates an age of 1476 ± 13 Ma, wh ich is sligh tly younger than
th e 1500-1514 Ma eruption inte rval for th e Tudd al Form ation rhyolit e. Rare xenoc ryst ic zircon cores g ive an age of

1506 ± 10 Ma, w hic h is indistinguishabl e from the age of the Tudd al For mat ion.The absence of olde r inh erit ed zir­

cons and evidence from w hole-rock Nd isotopes suggest that no source component older than th e Rjukan Group is
need ed in the source region of t he Tinn granite magma.The preferr ed petrogenetic mod el for th e Tinn granit e is a

part ial melting-mi xing process at mod erate depth in th e cru st, wi thin th e Rju kan Group volca nic pile, A mafic
magma acted as a source of heat and cont ributed to the bul k chemist ry of th e g rani t ic magma. Resetting of th e lead
isoto pe system of th e g ranite at min eral scale took place in Sveconor wegian time, at 1031 ± 32 Ma.
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Introduction
Granitic intr usions make up a substantial comp on ent of th e

cont inenta l crust in the southwestern part of the Baltic
Shield. Among the Precambrian granitic rocks of South

Norway, a group of grani t ic orthogneisses in the Telemark

sector stands out as especially poorly understood. These

rocks are spatially associated with the Mid to Late

Proterozoic Telemark Supracrustal sequence (Sigmond et al.

1997), and include the vo luminous south Telemark Gneisses

situated south of the main outcrop area of the supracrusta l

sequence (Ploquin 1972, Dons & Jorde 1978, Kleppe 1980)

and the Tinn granite in the north (Sigmo nd 1998).

This study presents new SIMS U-Pb data for th e emplace­

ment age of the Tinn granite, and clar ifies its relationship to

the Telemark metar hyo lite and to other possib le source
rocks.

Geologic setting
The Telemark Supracrustal sequence is a we ll-preserved

sequence of Mid Proterozoic metavolcanic and metased i­

men tary rocks, situa ted in th e central part of the Telemark

Sector (Dons & Jorde 1978, Sigmond 1998), surrounded by

stro ng ly deformed, high er-grade or tho- and parag neisses

(Fig. 1). The supracrusta l sequence consists of th ree lith os­

trat igraphic groups separated by angula r unconformities:

t he Rjukan, Seljord and Bandak Groups, and a fo urth group,

the Heddal Group, conformably overlying the Seljord Group

in the eastern part of t he outcrop area (Dons 1960, Sigmond

1998).The Rjukan Group is entire ly metavolcanic, with a thick

sequence of metarhyolite (the Tuddal Formation) over lain by

a thi nne r metabasalt ic formation (the Vemork Formation) .

The rhyol it ic rocks were deposited in extensiona l basins,

possibly as part of a continental rift system (Sigmond et al.

1997),on a migmatitic basement of unknown age. From the

north end of lake Tlnnsje to the Caledon ian nappe front, th e

Rj ukan Group is cut by younger mafic to granitic intru sions

of the Uvdal plutonic belt (Sigmond et al. 1997, Sigmond

1998).The Seljord Group consists of quartzite and conglom­

erate and th e Hedda l Group of quartz arenite with subordi­

nate metavolcanic rocks, whereas the Bandak Group is a

mixed, volcanic-sedim entary sequence comprisi ng several

fo rmat ions.

Sigmo nd (1998) reported conventiona l U-Pb zircon ages

for the Tudd al Format ion rhyolite of 1512 +9/- 8 Ma and

1499 ± 39 Ma,and 1509 + 19/-3 for an intrusion of the Uvdal

pl utonic belt the best estima te of the duration ofthe Rjukan

Group vo lcanism was given as 1500-1514 Ma.A volcan ic fo r­

mation of the Bandak Group has been dated at c. 1150 Ma

(Dahlgren et al. 1990). From detrital zircon systemat ics, Haas

et al. (1999) inferred a maximum depositiona l age of the

Seljord Group at 1450 Ma, but new U-Pb age data from rhyo ­

lite und erlying the ty pe prof ile of th e Seljord Group suggest

tha t some of the sedimentary rocks previou sly assigned to

the Seljord Group may be younger than 1155 Ma (Laajoki et
aI.2000) .

The Tinn granite makes up the southernmost part of the

Uvdal plut onic belt (Fig. 1). It is a fine -grained, pale pink, leu­

cocratic two-feldsp ar granite, wi t h minor dar k bro wn biot ite
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Fig.1 . Simplified geolog ic map of th e Tin n grani te and surround ing rocks. com pil ed from Dons & Jorde (1978) and Sigmond (1998). Overview map:

Simp lifi ed map of South Nor w ay showing regi onal subdi vision used in th is study :A:0 stfold-Akershu s sector; K:Kongsberg secto r;T:Telemark secto r; B:

Bamble sector; R: Rogaland -Vest Agd er secto r. Maj or shear zon es: MM S: Mjesa-Maqnor shear zone. 0MZ: 0 rj e mylonite zone; PKS: Porsgrunn­
Kristia nsand shear zon e; KTB:Kongs berg -Telemark bo un da ry; MANUS: Man dal-U staoset lin e;CTF (broken line ):Ca ledonian thrust front.

and magnet ite, and accessory zircon, t itanite and apatite.

Field observations do not define unambiguous age relation ­

ships between the granite and metarhyolite of the Tuddal

Formation:The contact between granite and metarhyolite is

gradat ional, and enclaves or dikes of one in the other are

nowhere observed. The grain size of the metarhyolite

increases toward the contact with the granite, however,

which suggests a local thermal imprint related to the
emplacement of the granite (Sigmond 1998). Both un its are

foliated parallel to th e cont act.This may be a result of defor­

mati on during granite emplace ment,as has been suggested

for other granites in southern Norway (e.g. Elders 1963,

Sylvester 1998), or a result of later tectonic deformation

locally cont rolled by the more competent granite.
The Tinn granit e is a moderately silica-rich granite (SiO,=

68.3-72.4 wt%, Table 1). Its atomic (Na+K)/AI ratio is well

below 1.0. The normative mineralogy is high ly leucocratic,

with a different iation index (normat ive qz+ab+qz+ne ) wel l

above 80. The samples plot well withi n th e 'granite sensu

stricto' fie lds in pq and Ab-Or-An classification diagram s (e.g.

Rollinson 1993). Compared to the average of the Tuddal

Formation meta rhyolite, the Tinn grani te is low in SiO, and
high in CaO and Na,O (Table 1). Furthermo re, the Tinn gran­

ite is metaluminous ((Ca+Na+K)/AI of 1.05-1.08, norm ative

co=O), in contrast to the peraluminous composition of the
average metarhyolite (normative co= 1.9).

Analytical methods
The present study is based on two 5-8 kg samples of the

Tinn granite (083196-2 and 071996-2), for which whole-rock

Sr, Nd, and Pb isotope data were published by Andersen et

al. (2001).The samples were crushed to a grain size of less

than 250 urn using a jaw crusher and a percussion mill.

Zircons were separated from the <250 u rn fract ion by a com­

bination of Wilfley-table washing, heavy liqu id separat ion
(1,1,2,2- tetrabromoethane and di iodomethan e) and mag­

net ic separation.The final, non-mag neti c zircon fraction was
then pur ified by hand picking under a binocu lar micro­

scope, and selected grains were mounted on doubly adhe­

sive tape, cast in epoxy and pol ished for the ion microprobe
study.Electron backscatter imaging (BSE) in a scanning elec­

tro n microscope (Department of Geology,Oslo) and an elec­

tron microprob e (Macquarie University, Sydney) was used
both as a prelim inary survey before analysis, and to docu­

ment individual grains after analysis. The U-Pb zircon dating

was perfo rmed in the NORDSIM laboratory located at the

Swedish Museum of Natural History in Sto ckholm, using a

CAMECA IMS1270 ion microprobe;analyt ical condit ions and

data reduct ion procedures are described by Whitehouse et

al. (1997, 1999).U-Pb data are listed wi th 1 <Yerrors in Table 1,

whereas th e derived ages are given wi th 95% confidence
errors.Add it ional separates of rock-form ing minera ls for the

Pb-Pb isochron study were made by a combinat ion of heavy

liq uid and magnetic separation. followed by hand picking.
Lead was separated and analysed by methods described by

Ande rsen (1997). Whole-rock and K-feldspar lead isotope
data are taken from Andersen et al. (2001).

All geochronologic calculations have been made using
IsoplotlExversion 2.32 (Ludwig 2000).
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Table 1. Ge ochemica l da ta on the Tinn g ran ite .

Radiogenic isotopes
'
47Sm/14' Nd 0.1229 0.1049

'''Nd/14'Nd 0.512083 0.511829

±2u 16 10

tDM 1.60 1.69

Major element analysis by XRF (Depart men t of Geo logy, Un iversity of Oslo), tr ace eleme nts by

ICPMS (Act labs, Canada ). Fe20 3/FeO est imated acco rd ing to Rollinson (1993).Who le-roc k radi ­

ogenic isotope data from Andersen et al. (2001), and data on Tuddal Fm. metarhyolites from

Brewe r & Me nuge (1998). Nd mo de l ages are calculate d using the deplet ed ma nt le reservoi r of

De Paolo (1981).

Fig. 2. Backscatter e lec tron images of zirco ns from th e Tinn gr ani te.

Locat io n of SIMSa na lytica l spots ind icat ed (st ip p led ellip se s) with num­
bers refe rring to Tab le 1.lmag es made afte r ana lysis, using a Cam eca SX­
50 e lec tron m icrop ro be at GEMOC Natio nal Key Centre, Macquarie

Univer sit y, Austr alia. a : Most co mmon zirco n in Tinn g ranite consist s of
ce nt ral domain w ith osci llato ry, magmatic zo ning a nd a thi n, di scontin­
uou s, BSE-bright overgr ow th (arrows) . Sample 07 1996 -2. b : Zirco n crys­

tal w it h well-ro und ed, xe noc ryst ic co re in osc illat or y zo ne d ho st . Not e

we a k, o sci llat or y zon ing in core (right pa rt ) cut by inte rface bet ween

core and ho st. Sa mple 0831 96-2 c:Zircon w ith a co rroded xenoc ryst ic

co re (st re ngthe ned by ou t line ). BSE-bright ove rg rowth is mo re st rongly

d eve loped in th is crysta l t ha n in th at in b, but it has been partl y b ro ke n

off (le ft part) d uring cru shing. Sa m ple 08 3196 -2.

28.0653 22.9046
1.282289 1.1 72639

14 11

083196-2 071996-2 Tudda l 08 3196-2 071996-2 Tuddal
Fm Fm

average average

UTM-reference
4862 4908

66509 66523

Wt%Oxides ClPW-Norm

68.30 72.41 75.07 qz 23.67 29.01 36.9

0.66 0.21 0.27 co 0 0 1.9

14.06 13.10 12.52 or 30.73 30.73 30.6

1.1 6 0.66 0.73 ab 27.76 29.47 24.2

2.10 1.19 1.47 an 8.27 4.75 0.9

0.05 0.04 0.03 di 1.27 1.31

0.54 0.13 0.40 hs 2.92 1.15 2.7

2.27 1.31 0.25 ilm 1.25 0.40 0.5

3.28 3.48 2.86 mt 1.57 0.89 1.1

5.20 5.20 5.19 ap 0.55 0.10 0.1

0.23 0.04 0.03

1.58 0.83 an% 0.23 0.14 0.04

99.43 98.61

Traceelements,partspermillion

288 310 184

364 319 491
17 17 9
32 41 33

0.46 0.65

Morphology and internal structure
of zircons
Zircons in the Tinn granite are mod erately elongated prisms.
BSE images reveal a well-developed oscillatory magmatic

zoning , in most grains overgrown by a thin and discontinu­

ous, BSE-bright outer zone (Fig. 2a).These overgrowths were
too thin to be analysed, but were most likely formed during

metamorphic recrystall ization of the granite. Xenocrystic
cores predating the main zircon-fo rming event,wit h boun d­

aries clearly discordant to the magm atic zoning , are rare.

Amo ng more than 200 grain s mounted for analysis, only

four single crystals conta ined cores which were visible in
BSEimages,two of which are show n in Fig.2b and c.

" Rbl"Sr

" Srl"Sr
±2u

UTM E
UTMN

Rb
Ba
Pb

Sr
Eu

Sample

Si02
Ti0 2
AI20 3
Fe20 3
FeO

MnO
MgO
CaO

Na20
K20
P20S
LOI

Sum

Geochronology
SIMS U-Pb data and the age of emplacement
Twenty-nine spots on 25 selected zircon grain s were

analysed by secondary ion mass spect rometry (Table 2).

Individual spot analyses are identi fied by NORDSIM labora­

tory log numbers. Core-rim pairs (denoted by a and b in
Table 2) were analysed in grains where inherited cores were
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Table 2. SIMS U-Pb data for th e Tinn gran ite.

TOM A N DERS EN, AR THUR G. SY LVESTER s ARI LD ANDRESEN---

Sam ple

Spot
.I01Pb ±u 101Pb ±u lOI>pb ±a p .lOlI pb eo Disc. U Th Pb

" Pb % mU % B~U % Error "Th % % ppm ppm ppm
correlation

Th/U Ol>pbl f;'06% X1'Pb ±a

"' Pb "' Pb
Ma Ma

.IO'"Pb eo-
mU

Ma Ma

- Pb eo­
,·U
Ma Ma

1O!IPb ±a

uTfh
Ma Ma

083196 ·2

n446-0 Ja
n446-01b

n446-02a

n446-02b

n446-03a

n446-03b

0.09367 0.4

+ 0.09297 0.3

0.06268 0.5

0.08708 2.7

0.07440 0.9

0.07351 0.8

3.5086 1.2 0.27168 1. 1

3.6029 0.8 0.28106 0.8

0.6768 0.7 0.07832 0.5

1.9590 2.8 0.16315 1.0

1.0245 1.0 0.09986 0.5

0.8177 1.0 0.08067 0.5

0.95

0.92

0.93

1.00
0.98

1.00

1 259
7 277

-31 3889

-29 903

-43 2430

-53 3444

148 89
149 98

2760 375

4068 191

2640 309

4278 365

0.57 186880 0.0

0.54 56240 0.0

0.71 1590 1.2

4.51 1300 l A

1.09 1090 1.7
1.24 980 1.9

1501 7

1487 6

697 10

1362 51

1052 18

1028 17

1529
1550

525

1102

716

607

9

7

3

19

5
4

1549

1597

486

974

614

500

15

11

2

9

3

3

083196-2

n709-01a 0.07750 OA

n709-02. + 0.09078 0.3

n709-03. + 0.09296 0.4
n709~04a-,ore 0.09423 0.4

n709-Q4b_ rim+ 0.09093 0.3

n709-05. + 0.09298 1.2
n709-06. + 0.09334 0.3

n709-07. + 0.09385 0.4

n709-08. + 0.09303 0.2

n709-09. + 0.09215 0.3

n709-10. + 0.09240 0.3

n709-11. + 0.09088 0.4

n709-12. + 0.09419 0.6

1.3477 2.6 0.12612 2.6

2.4729 2.6 0.19756 2.5

2.3622 2.6 0.18430 2.5
3.2895 2.6 0.253 18 2.6

2.5881 2.6 0.20642 2.5
1.8845 2.8 0.14700 2.6

2.7464 2.6 0.21339 2.5

2.5787 2.6 0.19928 2.6

3.3108 2.5 0.25811 2.5
2.8457 2.6 0.22398 2.6

2.9505 2.6 0.23160 2.6

2.7126 2.6 0.21649 2.6

2.6101 2.6 0.20098 2.5

0.99 0.0286 10 -34

0.99 0.02877 7.6 -21

0.99 0.01448 7.6 -29
0.99 0.08109 7.7 -4

0.99 0.02728 7.5 -18
0.91 0.00930 8.1 -43

0.99 0.03531 7.5 -18

0.99 0.01793 7.7 -24

1.00 0.07615 7.5 -1

0.99 0.02870 7.5 -13

0.99 0.03714 8.0 -10

0.99 0.02492 7.5 -14

0.98 0.03421 7.7 -24

3229 878 464

813 632 193

545 891 123

1434 682 453

770 726 193

1205 3332 225

682 588 180

557 805 136

931 507 301

875 1111 246

956 936 277
448 400 116

353 243 86

0.27

0.78

1.64
0.48

0.94

2.76

0.86

1.45

0.54

1.27

0.98

0.89

0.69

4805 OA

12228 0.2

13077 0.1
66534 0.0

8842 0.2
516 3.6

14507 0.1

25674 0.1

93371 0.0

35298 0.1

32852 0.1

13596 0.1

31182 0.1

1134 8

1442 6

1487 8

1513 8

1445 6
1488 22

1495 7

1505 7

1489 4

1470 5

1476 5

1444 8

1512 10

867 15
1264 19

1231 19

1479 2 1

1297 19

1076 19

1341 19

1295 19

1484 20

1368 19

1395 20

1332 20

1303 19

766 18

1162 27

1090 26
1455 34

1210 28

884 21
1247 29

1171 27

1480 34

1303 30
1343 31

1263 30

1181 27

570 57

573 43

291 22

1576 117

544 40

187 15

701 52

359 27

1483 108

572 42

737 58

498 37

680 51

071796-2

n71 1-01.

n7l1-02a

n711-03a

n711-04.

n711-06.

n71 1-07.

n71 1-08.

n711-09.

n711-10a

n711-12.

+ 0.09183 0.6 2.6542 2.7 0.20963 2.6

0.08781 l A 2.6250 3.0 0.21681 2.6

0.08476 0.5 1.8583 2.7 0.15901 2.7

+ 0.09345 0.2 3.0782 2.6 0.23889 2.5

+ 0.09097 0.4 2.6031 2.6 0.20754 2.6

+ 0.09268 0.5 2.1991 2.6 0.17208 2.6

+ 0.09184 0.3 2.7849 2.6 0.21993 2.6

+ 0.09294 0.5 2.8222 2.6 0.22023 2.5

0.08541 0.3 1.9206 2.6 0.16310 2.5

+ 0.09101 0.5 2.6960 2.6 0.21484 2.5

0.97 0.04561 8.2 -18 974

0.88 0.03204 7.8 -9 821

0.98 0.00845 7.7 ·29 696

1.00 0.06449 7.5 -9 1025

0.99 0.03755 7.6 -17 750

0.98 0.01344 7.7 -33 835

0.99 0.03227 7.6 -14 774

0.98 0.03356 7.7 -15 310

0.99 0.02305 7.6 -29 1760

0.98 0.03322 7.5 -15 1467

724 256

1478 24 1

986 128

568 304
581 192

1611 179

905 215

321 85

1981 357

2338 42 1

0.74

1.80

l A2

0.55

0.77

1.93

1.17

1.03

1.13

1.59

13340 0.1

585 3.2

3619 0.5

31646 0.1

4170 0.5

11330 0.2

5107 0.4

4466 0.4

14102 0.1

1212 1.5

1464 12

1378 27

1310 9

1497 4

1446 8

1481 10

1464 7

1487 10

1325 6
1447 9

1316 20

1308 22

1066 18

1427 20

1302 19

1181 18

1351 19

1361 20

1088 17

1327 19

1227 30

1265 30

951 }4

1381 32

1216 28
1024 24

1282 30

1283 30

974 23

1255 29

901 72

638 49

170 13

1263 92

745 56

270 21

642 48

667 51

461 35

661 49

Points n446·0 1 to n446·03 analysed in February 1999,the other painsin january 2000. Spotswith a number ending in a have been analysed in the centre of a grain,b in the rim.

Analysts:A. Andresen andT. Andersen.
+: indicatesanalysesincluded in the final estimate of the emplacement age. Bold typefacerefersto xenocrysticzirconcores

clearly observed or suggested by BSE im ages; all ot her

analyses are from th e centr al part of oscillato ry zon ed cry s­

tals w ithout visib le xenocryst ic cores. One of t he ana lysed

grain s (co re-rim pair n446-01a/ b) is reversely d iscordan t; the

ot he r g rains range from near-con cordant (1 % di sco rdant) to

st rong ly d iscord ant (>30% disco rdant). Wh en all po ints are

plot te d in a conco rdia d iag ram, a majority of points clu ster

alo ng a lead- loss line from a Mid Prote rozo ic upper inte rcep t

to a lower intercept w hich is poorly def ined, bu t w it hin ana­

lyt ical un certainty of 0 Ma (Fig. 3a). Several po int s fall sig nif i­

cant ly to t he left of th is lin e, however, suggest ing th at some

zirco ns have also been affec ted by a lead- loss eve nt related

to later metam orph ism (Fig . 3b,c). The metam or phic over­

print may be of Sveconorweg ian (e.g. Andersen & Mu nz

1995) or, possibl y, Caledonian age.

When th e gra ins least affecte d by Sveconorweg ian (or

Caledonian) lead-loss are regressed for each sample sepa­

rately, id entical ages of 1476 ± 20 (07 1996-2, 7 sing le analy­

ses) and 1476 ± 13 Ma (083 196-2, 12 poin ts) are obta ined

(Fig. 3b,d j, assumi ng rece nt lead- loss. The less-t han-perfect

fit of th ese regression s could be caused by th e p resence of

unde tec te d, slight ly ol der core s in th e vo lume s sam pled by

th e ion-beam, or by th e effects of incip ient Sveconorw eg ian

lead loss. However, furt her 'improvem ent' of th ese age s by

exclusion of mo re points is not j ustified.The oscillatory zir­

con m ust have grown d uring crysta lliza t io n of th e Tinn gra n-

ite magma, and 7476 ± 73 Ma is regarded as t he best esti ­

mate of it s em pla cement age .

Of t he fou r core s, tw o (n446-02a, n446-03a ) come from

grains t hat have been thoroughly reset as indi cated by

Sveconorwegian 207PbF06Pb age s (Table 2).The two rem ain­

ing cores (n446-01a and n709-04a) plot margina lly to th e

rig ht of the main popu lat ion of zircons (Fig. 3c). Regression

through a fo rced lower inte rcept at 0 Ma yields an age of

1506 ± 10 Ma (Fig.3c),w hich is slig htl y, but st ill probabl y sig­

nifi cant ly, o lde r th an t he age of the main popu lation of zir­

cons in sam p le 083 196-2 .

Pb-Pb isotope data and timing of
metamorphism
K-fel dspar, b iotite, apati te , magnetite and t it an it e separate d

from sample 07 1996-2 g ive a large range of lead isotopic

com pos it io ns (Table 3), from near-init ial lead (K-feldspar) to

radiogenic lead w ith 206Pb/,,)' Pb above 90 (t it anite). A regres ­

sion of all data (m inerals and bo th whole-rocks) yields a Pb­

Pb scatterchron w it h an age of 103 1 ± 32 Ma (Isop lot Mod el

2; Lud wi g, 2000 ) and an MSWD of 9.4 (Fig.4). Removal of the

w ho le-rock 083 196-2 from th e regression increases the

uncertainty to ± 40 Ma and raises the MSWD slightly, but

does not affec t t he age. The 1031 ± 32 Ma correlat ion line

indi cates part ial homogen izat ion of the lead isotopes in

hand speci me n as we ll as intrusion scale in Sveconorwegian
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Fig. 3. Concordia diagr am s of SIMS U-Pb data for th e Tinn granite (Table 1). Data-points are shown with 1s error ell ipses. a: All points, w ith a reference

recent lead-loss line dr awn to 1500 Ma. Not e w ide ly discordant grains, plotting between th e refe rence line and concordia. These grains lost rad ioge nic
lead both in Svecono rweg ian and in recent t imes and are om it ted from further con siderat ion . b: Data from sam ple 083196-2, showing grains wi thout

v isib le cores.Regression lin e th rou gh a fo rced lower intercept at zero is shown. c: Cores in sample 083 196-2 (white) compared to g rains of main popu­

lat ion in same sample (g ray). Regression lines fo r the mai n po pulat ion (dotted, see b) and for cores (fo rced throu gh zero ) are show n. d: Data from sam­
ple 07 1996-2, showing best -fit recen t lead- loss line. Points indicated in gray suffe red part ial lead-loss in the Svecono rwegian orogeny and have been
omi tted from th e regression .

t ime, and suggests that the partia l lead-loss observed in

some zircons was indeed due to a Sveconorwegia n meta­
morphic overprint. This age corresponds wi thin overlapping

uncertainties with a regional lead isotope resetting event

detected in metasedimentary rocks and in other felsic int ru-

Tab le 3. Lead isotope data on whole-rocks and rock -form ing min erals of
the Tinn granite .

2O'Pbl''' Pb "'Pb/' ''Pb '
01Pb/""Pb

071996-2 Whole-rock 22.843 0.018 15.962 0.019 42.043 0.066
K-feldspar 18.476 0.017 15.640 0.021 37.645 0.067
Magneti te 665 69 0.060 19.110 0.026 71.859 0.127
Biot ite 59.604 0.054 18.692 0.026 74.026 0.131
Titanite 96.349 0.087 21.389 0.029 72.433 0.128
Apatite 20.681 0.018 15.788 0.021 39.253 0.068

083196-2 Whole-rock 22.274 0.017 15.915 0.019 40.713 0.064

Whole-roc k and K·fe ldspar data from Andersen et al. (200 1)

sions in South Norway (Heaman & Smalley,1994;Andersen &

Munz 1995,Simonsen 1997).

Discussion
The age of eruption of the Tuddal format ion rhyol ite is still

not well determined, but the assumption of a c.14 Ma perio d

of volcanic activity by Sigmond (1998) is reasonable from

what is know n from modern and recent geologic analogs. In

the southweste rn United States,num erous rhyolit ic volcanic

centers formed in respon se to Cenozoic crustal extension
(e.g.,Lipman 1992).One of the largest and best studied silicic

volcanic centers in the world in the Timber Mountain - Oasis

Valley caldera complex in southwestern Nevada. It is about

100 km long and 50 km wide and has existed for 16 Ma.

Silicic volcanism predominated between 16 and 6 Ma, th e

most activity and voluminous magma production was

between 12 and 10 Ma, sing le calderas lasted 1-2 Ma, some
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Fig. 4. Lead isoto pe data for w hol e rock s and minerals from the Tinn
granit e; data from Tab le 2. The age represents an event of
Sveconorw egian lead isot ope homogen izat ion ,whose t imi ng is compa ­

rable to ot her event s in South Norway (e.g. And ersen & Mun z 1995).
Abbreviat ions:Ttn : t it anite; Mt: mag netite; Bi: b iot ite;Wr: whole rock ; Ap:

apati te; Kfsp: po tassium feldspar (microcline).

were as short as 100,000 years, and the t ime lapse between

individual erup tive events may have been only several tens

of years (Byers et al. 1989).The volcan ic center is typ ified by
at least 35 separable important eruptive eve nt s. Basaltic vo l­

canism began there at about 9 Ma and cont inue s to present

(Perry et al. 1998).
The most precise U-Pb age repo rted by Sigm ond (1998)

for a Tuddal Format ion rhyol ite (1512 +9/-8 Ma) and th e

1509 +19/ - 3 age for a crosscutt ing intrusion combine to

suggest that the rhyoli t ic magm at ism had terminated

before 1500 Ma.The two zircon cores dated here (1506 ± 10

Ma) are coeval wi th the rhyolite and may have been inher­

ited from such a source. An emplacemen t age of 1476 ± 13

21

J:l
Q.

19;;
:a
"Q.

~

17 083196-2. Wr

• Wr
Ap

15
Kfsp

10 30

TIn

Mt
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All points:

Age = 1031 0:32 Mo
MSWD =9.4

50 70 90
206Pb/ 204Pb

Ma thus makes the Tinn gran ite slightly younger than the

Tuddal Formation rhyolite. Metamorphi sm of the granite

post-dated its emplacemen t by c. 450 Ma, causing only

minor lead-loss from zircons. The present geochronologic

data thu s agree w ith the interp retat ion that the Tinn granite
intr uded the Tudd al Format ion, and th at the folia tion-con­

cordant natu re of th e contact between the two uni ts is due

to deformat ion during emp lacement or to later
Sveconorwegian(?) deformation.

At 1476 Ma, the Nd isotopic composit ion of both of the

samp les dated in this study falls within the wide range of

variation of the Tudd al Formation metarhyol ite (Menuge &

Brewer 1996, Brewer & Menu ge 1998;data for the Tinn gran ­

ite from Andersen et al. 2001, see Table 1); sample 083196-2

also overlaps wi th th e muc h more restric ted range of varia­

t ion of th e Vemork Group metabasalt (Fig. Sa). Depleted
mantl e mo del ages (De Paolo 1981 mod el) of 1.60 and 1.69
Ga are wi thin the range of th e Rjukan Group (Brewer &

Menu ge 1998).
The Tinn granite has a very radiogen ic present -day Sr

isoto pe comp osit ion,wi th 8'Sr/ 86Sr well above 1.0.The reason

for this is a very high Rb/Sr ratio , which is in turn due to

anom alously low Sr contents combined wi th a norma l

upper-crustal Rb concent rat ion (Fig 1, see also Andersen et
al. 2001). In these features, the Tinn granite resembles a

gro up of post-tecton ic Sveconorwegian granites from the
Telemark sector (I ow-Srconcentrat ion granites' of Andersen

et al. 2001). and a range of metasedim entary rocks and

gneisses of uncertain origin from the area west of the Oslo
Rift (Andersen & Knudsen 2000).The present-day Sr isotope

comp osit ion of the Tinn granite falls within the upper part of

the range of the Tuddal Formation (Fig. 5b). When recalcu­

lated to 1476 Ma, the Tinn grani te still overlaps wi th the

range of the rhyoli te, but at unrealistically low, time-cor-

1.421.5
t, Ga

0.5o
a o +-~~~-'----'---~~~~---l...~--'-~~---'~~~~-'----'

20

C'
(j)
~ 1.0
~

,!!>
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o 0.4 0.8
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1.2 1.6

Fig. 5.Sr and Nd isoto pe evolution diagrams for th e Tinn gran ite compared to th e Rju kan Group.a: Nd isotopes.Gray shadin g represents tot al range of
Tuddal Format ion; str iped field is corresponding range of Vemork Formation (data from Brewer & Me nuge 1998). b: Sr isotopes. Gray shadi ng repr e­

sents tot al range ofTuddal Format ion . Data from Kleppe (1980) and Verschure et al. (1990). See discussion in text.
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rected 8'Sr/86Sr « 0.70), indicatin g that the Sr isotope syste m

of th e granite was part ly reset in Sveconorweg ian time.The

high Rb/Sr rat ios in some of th e Tuddal Format ion rhyo lite

have been attributed to Sveconorwegian Rb-metasomat ism

(Verschure et al. 1990),but Andersen et al. (2001) argued that

the simi lar Rb/Sr ratios observed in Sveconorwegian low-Sr

granites were inherited from the source, because none of

th ese rocks is ano malously enric hed in Rb, yet th ey have

consiste nt ly low Sr concent rations.The same argument can

be used for t he Tinn granite.

The presence of 1506 ± 10 Ma inherit ed zircon cores in

the Tinn granite, and it s pronounced similarity to the Tudd al

Formation in Nd isotope systemat ics, suggest that material

related to the rhyo lite of t he Tuddal Formation has, indeed,

been involved in the pet rogenesis of th e Tinn granite, as a

source for anatec tic melt, as a significant contaminant, or as

a parent magm a.Older, region ally distri buted, possible pro­

toliths in South Norway include pre-1.65 Ga TIB equival ent s

and other, st ill unidentified rocks wit h a crusta I prehistory

back to 1.7-1 .9 Ga, w hich have acted as source terranes for

t he Seljord Group and other Mid Proterozoic clastic sedi­

mentary rocks (Knudsen et al. 1997, de Haas et al. 1999,

Bingen et al. 2001).The Nd isotop e syste mat ics of the Tinn

granite, and th e lack of pre-1.51 Ga inh erit ed zircons ind icate

that such rocks were not sign ificant as source rocks for th e

Tinn granite, nor were they importan t as contami nants.

Petrogenesis of the Tinn granite
The normative mi neralogy of th e Tudd al Form at ion rhyo lite

is strongly dominated by qz, ab, and or; and no rmat ive an is

consistently very low, wit h an average of 0.97 % (Ta ble 1,

dat a from Brewer & Menuge 1998).The mean different iat ion

index is as high as 92 ± 7 (2 (T), which allows differenti at ion

and part ial mel ti ng of a rhyo lit ic precursor to be adequately

reproduced by the ab-or-oz syste m, for which abundan t

experimenta l data are available (e.g. Johannes & Holtz 1996

and references th erein). Both fract ion al crysta llizat ion of a

rhyolit ic magm a and parti al melting of Tudd al Formation

rhyolite wo uld produce melt s at th e th ermal minimum of

th e qua rtz-feldspar cotect ic bo undary in th e Ab-Or-Oz sys­

tem at low to moderate pressures, and at t he albi te-K­

feldspar-quar tz eutectic at higher pressures. At low to mo d­

erate pressures, minimum melts would be high er in norma­

tive qz and low er in an and orthan th eTinn granite; at high er

pressures c- 5 kbar), minimum melts would be less silicic, but

would have signif icant ly higher ab/o r rat ios th an observed

(Johannes & Holtz 1996). The observed range of normat ive

an in t he Tinn granite could be caused by accumulation of

alkali feldspar and plagioclase in aTuddal-Iike magma, but it

is highly improbable that a liquid with less than 1 % norma­

t ive an could accumu late eno ug h calcic plagioclase to

increase the an content by a factor of 4 to 8.The Tinn granite

also has low concent rat ions of feldspar-compatible trace

elements (Ba, Sr, Pb, Eu;Table 1), w hich do es not agree wit h

the presence of accumulated feldspar.

The compositi on al data thu s suggest th at th e Tinn gran­

ite is neither a different iate of a Tuddal parent magma, a

cumulate formed fro m such a magma, nor a simp le anatec­

tic mel t of a Tudda l Format ion protol ith . The granite cou ld

represent a retarded batch of an undifferenti ated parent

mag ma related to the Tudda l rhyolite, but the t ime interval

between the end of rhyoliti c vo lcanism and emp lacement of

th e granite may be too long for a sing le silicic magmatic sys­

tem to have remained act ive.

The observed compos itions of th e Tinn granite can be

adequa te ly explained by mixing bet ween a min imum melt

and a low qz- high an melt, i.e. between an anatect ic melt

from a rhyolite-li ke protolith and a mafic magm a.The thick­

ness of th e Tudd al Format ion has been est imated to be min­

imum 7 km (Sigmond 1998). Rocks cogenet ic wi th the rhyo­

lite, w it h anomalously low Sr concent ration, mu st also be

present at greater depth in th e Telemark area (Andersen et

al.2001, Andersen & Knudsen 2000). 10-20 Ma after eruption

of the Tudd al Formation rhyolite, the volcanic pile and

related intrusions at deeper levels in the crust wo uld proba ­

bly be hot enough to part ially melt w hen heated up by

inject ion of mafic magma. There is abundant evidence of

mafic to intermediate magm atic act ivity in Telemark after

erupt ion of th e Tudd al Format ion rhyo lite (mafic memb ers

of th e Uvdal pluto nic belt, Vemork Format ion basalts, e.g.

Sigmond 1998), providing a source for the necessary extra

therma l energy and a mafic component. An open -system

process, involving mafic magma and material derived from a

crusta I prot ol ith related to theTudd al Format ion, is t herefore

th e preferred petrogenetic model for th e Tinn granite. The

Tinn granite must have form ed du ring a period of crusta l

extension th at perm itted mafic mag ma to ascend to a high

crustallevel and, th ereby, cause partial melting of th e upper

crust as well as to mix and mingle with th e derived silicic

melts.

Conclusions
Zircons from th e Tinn granite were dated at 1476 ± 13 Ma,

w hich suggests th at emplacement of th e granite post -dat es

th e felsic volcanism th at gave rise to th e Tudda l Format ion

by at least 11 Ma, accepti ng th e 1500-1514 Ma age est imate

of t he Tudd al Format ion by Sigmond (1998). Radiogenic iso­

top e data and rare inherited zircon cores indic ate that no

material significantl y old er than th e Rjukan Group was

involved in its petrogenesis.Whol e-rock major element data

from th e Tinn granite sugg est th at th e granit ic magma

for med by an open system process in whi ch part ial melts

fro m a prot ol ith wi t h age and Nd isotope systematics ind is­

t inguishable from the Tuddal Formation were mixed with

mafi c material. Partia l me lti ng may have been induced by

em placement of mafic magm a into the middle to upper

crust of th eTelemark secto r afte r term ination of the rhyol it ic

volcanism, but wh ile th e crust st ill remained hot .
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