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Thc l l | r ly P!l !eo/oic l}st Krkonoie Cornflc\ ( l lKC) si lrutcd in Ihe cc0lrr l  West Sudetes. NE Bohcnrirrr lhssi l-  is .r  volc.uro
scdinrcntar-y suitc containing abundant nlr l ic irnd l i ls ic \(r lcanics lncLanxxlhoscd k) Srcenschist lacies.
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that thc l i l \ ic rnahc volcanic suitc was l lcncralcd during intfacontinental r i l i ing. ' lhis proccss- rvidespreacl in Wcsteln and
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I. INTRODL]C]TION

Bimodrl DrlgDrrtic suites. ubiquitr)us in the Europern Vr|iscan Belt. extend fr{)nr north$,estern Iberia (e.g.
Sar)chez Carretero tt ul. l99O). thlough the southern Mrssif Centlal (Pin and Marini 1993: Briand (/.r/. 1995)
ancl Arnrorican Massif (Bernafd-Gr.itt i ths rl (]/. 1986)tothe West Sucletes ofthe Bohenrian Massif (e.g. Narehski
.ra1. I 986: Furnes cr ri l . 1994;Narebski 1 99;1; Wi nchester ct d/. 1995;Floydcra/. I 996). They are pr.obably |elated
to ao l-larly Palneozoic lrrge scale ensialic rift ing (Pin 1990), and fiagmentation ofthe northern Gondwanil super
continent (Ziegler l9tl9).

Early Palacozoic volcanic suilcs which can shcd light on thc prc-Vrriscan cvolution ol thc norlhcrn nrar!: in of
Condwana are lbundaDt in the West Sudetes. The West Sudetes (NE Bohemian Massif) are composed of Late
Proterozoic to Errly Carhonilerous nretanrorphosed supracrustal sequences that \\,ere intr-uded by I-ate Proterozoic
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wi th in the tsoh. ' rn ia| l  N{as\ i l .  The rer tLugle in the lowcr r ig l r l  o l  lhe l igufe cofresponds ro r l rc  rL lcr  shosD in Figure l

and Palleozoic graniloids (S \()bodr and Chaloupsky I 966; Tcisseyre I 97 -l; Ze l l zn icu icz I t lq 7 ) The \\ 'e.r S udetes
rre infered to be it collagc of ten.anes arnalgamalcd during the Vlriscan orogeny (c.-q. Nargbski 199'11.

The l ' lnrly Pahcozoic metavolcanics of the ccntl l l  West Sudetes show considcrable diversity both in the mcta-
rnorphic gritdc lnd lhil nature of the protoli lh. Thcy occur as minor ult i ls dislt ibuted along the eastern rnd southcl.n
Iniirgins ol thc Krkonoie Jizera lerrrnc ol' Nlrgbski ( I 99,11. n{me1y in thc Erst and South Krkonoic Compleres
(Figure l). The geocht onokrgical t lrta (Oltyer et al. 1993; Bcndl rnd Patoika 199-5) put thc onset 0fthe volcaDism
to the Middle to l-lte Camblian. According to fossil cvidcncc (e.g. Chlupii 1993) the volcanic activity $as pro
tmcted. lasting unti l the Silurian (and possibly Devonian.) and. in the $'estemnlost plf ls ol lhc terrane (in the JeStEd
Mts). urrti l  the Errly Ctrboniferous. The lorg mrgmatic period is conrplrable to that ol t ime-equivrlent ualogous
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suites of the Sirxothuringian zone (e.g. Tischcnr:lorf ct a/. 1995) ancl of the Polish Wcst Sudetes (Nlrebski cl ai.
1986:: lrulnes 4 dl. 1991. Winchesler d rr1. 1995. 1998).

The pulposc of this paper is to prcsent geochemicll datr (nraior i l l ld tracc c]cnrents alrd Sn] Nd isotopes) on the
binrodal metavoLcanic suilc of the East Krkonoic Cornplex of the ccntral West Sucletes. lnd in evaluating thcir '
pctrogenesis to conslrain their tectonic selting as [ 'ell as their signil icance fbr the Early Palaeozoic evolulion ol
the northern rnargin of the Cio|rdwlna supcrcontirent.

2,, GEOLOCICAL SETTING

The llast Klkonoic Cornplex (EKC) is situatecl in the cenlral prrt of the West Sudctcs u'hefe it lblnts an almost
continuous tt lountain l itnge: the R:fcholy Mts (in the Czech Rcpublic) l l l ld the Lasocki Riclge and Rudawy Jano-
wickie Mts (in Poland). ' Ihe eitslcrn malgin of the EKCI is t i)rmed by the Lcszczyniec Volcanic Fm. (LVF) (e.g.
S vobotla and Chaloupsky 1966; Tcisseyre I 973 ) (Figulc I ). The compler is composed of rock botl ics that display
slecply clipping NNW SSE lbliation related to lhc N S oliented Leszczynicc shear zone oflalc Viuiscan age (e.g.
Mazur antl Klyza 1996: Zcli l i .niewicz 1991 1.

On the Czech terri l(ny thc EKC is tbl lhc most part represenled by a low-grade netamorphosed voicano sctl i-
rnentary suite contposed of quarlzites. phyll ites, rnarbles. metachcrts arrd binotlal nlctavolcrnic rocks (Figurc 2).
I ielsic nelavttlcanic rocks (porphyroids) lre far nlorc abundant than lnallc typcs (greenschisls. grccnstones)
(Figutes 2 antl 3). The rvhole rock Rb-Sl rge of 50[ a8 Ma (Bencll arrd l 'atoika 1995) dates the igncous plorolit l l
of the bimodal metavolcanics lround the Middle/Lale Cambrian houndary (cf. Davidek c/ rri. 1998.t. Matic blues
chists (usually retrogressed inlo grccnsclrist f ltcies) are cnclosed in phyll ites in tlre eastem part ol thc R]},chory Mts
(Figurc 2). These ll letav(tcanics show geochemical charactelistics of rocks of oceanic crust (Patoaka c/ .r1. 1996;
Maluski rrrcl l 'atocka 1997: Dostal .,1 .]/. 2(XX)). and the blueschisl bodies are interyreted lo bc the disnembelcd
southelnnost Promontory ofthe LVF (Patoakr and Smulikowski 19911) (Figure l). Thc U-Pb data on zircons fiom
the tnlf ic blucschists yielded a prololith rge of 4851,1 Ma (Tinrnrermann .,t rrl. 199.9), conpatible with U-PD zlr
con xges o1 505+5 Ma and.19.112 Mr tit-the felsic and nrafic r.ocks of thc LVF nrtin body (Olivclcral. 1993):
these ages con.espond to the l inlcspln since Middle Canrbrian to the eiulicsl Ordovician (cf. Gratlstcin and Ocq
[996; Daviclek cr ul. ]998t.

The EKC experieoced lwo main Variscan metlmorphic events (Patoaka dt.r1. 1996). The first wrs a bluescnlsr
lacics metrmorphisn (T:300 500'C and P:0.7 l.0CPa) followcd by a greenschist t ircies event. Thc
10Ar-r')Ar clating ol phcngites fion the malic blueschists yieldcd an aseof360 -165 Ma tirr the endof thcblues-
clrist facies mctitmorphism. and an age of 3:10 34-5 Ma lin the greenschist lacies overprint (Maluski ancl Patocka
1997; Marhcine et al. 1999t.

3. PETROCRAPHY OF METAVOI-CANIC ROCKS

In the East KrkonoSe Complex, the bodies of malic and telsic netavolcanic rocks are closely associated ald even
grildc into erch other (Teisscyre 1973; Chrloupsky et ul. 1989: Bendl and Patoaka 1995).

Fclsic metavolcanic rocks are rnade up ol'albite, queLrtz, n]uscovite, chlo:-ite and clinozr)isite. The phenocrysts
(c. l-2 mm in size) arc oriented parallel to the rock fabric. Albitc phenocrysts are abundant; quartz and/or miertr-
cline phenocrysts arc rare. The quartz phenocrysts usually show semi-hexagonal shapes typical of magmatrc
quartz. Some rocks display mylonitic fabric. Only the outcrops of large bodies of lelsic metavolcanics with abun-
dance of feldspar ( + quartz) phenocrysts were sampled fi)r the pulpose of this study (Figure 2). Thcse rocks
tenned poryhyroids or netarhydites - are considered to be metamorphosed cquivalents offelsic lavas and/or shal
low sttbvolcanic intrusives;lhc associated sericitc phyll ites are interprcted as metamorphoscd f 'elsic pyroclastic
(Bendl and Patocka 1995).

Mallc metitvolcanic rocks (metrbasites), subordinate in the complex, are composed of actinolite, chlorite, epi
dote. albite and carbonale. Sodic arnphiboles arc ubiquitous but rare (Chaloupski e/.r/. t9tt9; Smulikowski 199-5,

Copyright ii r 2001 John Wiley & Sons, Ltd. Geol. .1.36: I  l7 (2001)
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Figure 2. Geological map of the East lftkonoie Complex- Based on Ch.rloupski (1989).
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o f  the East  Krkonoic Ormplex and the subalkal int  (o a lk. r l i  cornposi t ion of  the brs ic rocks of  the sui te.

1999! Patoaka tntl Noviik 1997). More massivc metabasites (greenstones) - supposed to represent pritnary basic

lavas (Bendl arrd Patoika 1995i Patoaka ancl Srnulikowski 1998.t were sampled by the ruthors (Ficure 2).

I. ANAL\ TIC'AT. MF.THODS

Rcpresenttt ive srnrplcs (21 lt lsic and eight mafic nrctavolcrnic rocks) \\,ere selectcd l iom I bimodal suite sample

sct collected during thc mapping of the Rychory Mts. Major element concentrations u,crc detennined in the Tnsti-

tutc ol 'Geology of the Czech Acadcmy ol Science using wet chcmical technique (Table I ). Somc trace (Rb, St'. Ba,

Zr, Nb. Y, CI. Ni. Sc. V Cu antl Zn) clcmenls u'ere analysed by X-ray l luorescerce at the Department ol Geology,

Saint Mary's University, Halitax; eight samples (four nrafic ancl l irul tclsic locks) were also anrlysccl by induc

tively coupled plasma mlss spectrometry 1i)r thc rarc earth elenents (REE), Hf. Zr, Nb. Y and Th (Table 2). Thc
precision and accur.acy rre discussed in Dostal dl .r1. (1986, 1994). Tn general, thcy are less than 5% fi)r mJjlr

clemerts rnd 2 l\a/c fo tr-lce elements.
Six stmples of thc mclavolcall ic locks (three nrafic and three felsic rocks) were sclccted lbr Nd isotopic analyses

(Table 3). The 'ttN.l/ ' tuN.l values l ld the concentrirt ion\ ol Sm aud Nd uere detelnrinctl by isotope dilution and

thcnnal ionization mass spectromctry iu CNRS Universit6 Blaise Pascal. Clernront Fer.rancl, lbllowing the tech-
rrique ouLlinctl by Pin and Marini ( 1993). The ' ' 'rNcl/ ' ttNd values wcrc noLnrlized to Lrt 'Ncl/rlNd 0.7219. The
La Jolla Nd standard iunlysed at the srmc time yielded averrge of ra'Nd/r'r rNtl: 0.5 I I 85.1+ 0.00(X) | 3 (r : l-5 ).
lnit ial ratios and E1; values were calculrted assuming the age of 500 Ma ti)r thc rocks (Bendl and Patoaka 1995 ).
81,1 l lnd T1.111n values wete calculatetl basccl on moclern values of larNcvl "Ntlr '111rn 0.51263[J and
' Itsm/'raNcl - 0.1966. and ..\r '1/Snr - 6.5.1 x I 0 rr a r. Depleted mantle modcl lges (To,,r) uere crlculated
lccordinc to DePaolo ( l9ll l).

5. EFFECTS OF SECONDARY PROCESSES

The use of chemical compositions of netavolcanic rocks to dctermine the tectorric setting in which they wele gen-

crated is based upon well dcfincd rela(iors between maSnrr chcmis(ry irnd tectonic scttings (e.g. Pearce 1982:

Clopy'ighl 1 2(X)l John Wrlcy & Sons, l- ld. Gcul. J. -16. I 17 (2(X)l)

0.001
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Table I Mxior and trace clcrncnl abundances in represcnlat ive samples ol thc rnetavolcdnic rock\ ol_ the Lasl KrKonosc
Clnnplex

Mclabrsi lc\ Porphyroicls

Samplc BK 52

4).62
0.95

r6 .96
.1.21
1.51
0 . 1 2
11.45
8.90
:l.50
0.25
1) . I  I
5 .51

1 0 0 . l 6

251
t 3 5
.15

179
1

55
I (12

0 . 1 9
3.1
| .6'/

65
l 6
0.39
l.4l
9.:10
'7.36

t .91)
0.81J
2.93
0.,11
0.59
o.)1
1.6.1
0 .25

EK (r2

. .89
.1.52

t ' / . 91
3 .  l 9
rJ. l5
{).2E
-s.29
6.06
2.36
2.34
1.0-5
1 .27
2.41

99.80

1

211
t3 l
10,1
.1t 9
261

6.79
1)'7 .t)

13.5lt
41 .+

3 l
9 .3  t

80..17
| 6t.20
67.00
|  1 . ,19
3.,1:l

10.00
|  .25
L 2 2 .
0.,+4
2.52
0.'1{)

EK.4

]f .8'�7
0 . I  l l

I 2 . t 5
|  . 8 1
0.33
0.01
{).15
0.06
l . -17
8.79
0.06
0.:15
0.05

99.llJ

1 9 1
52
,\1
l . l

16.1
883

t 4
|  . 1 2

2.91
l 3 t
t 1
t ( ,
11 .99
51.7  t
r0 .85
2.2'7
0  1 6

. 2 . 1 1
0..1|
0.6,1
0.39
).16
0..1t

oK1

71.11
0.116

13.05
t .26
0.08
0.02
0 . 5 1
0.10
1 . 3 5
5.39
0.02
L55
0.01

99.t2

llJ
:+li
3 l
6

l4E
950
+l
0 .85
:+.6
3 .19

9lJ
2lt
1 ) . .21
l -1.65
39.99
13.65
l.lJ0
1).-17
1 . 1 )
o.'71
0.91
0..15
1.07
0.,11

tsK-102

76.-\)
0 . 1 2
l . -59
l . t 9
0.29
0.i)2
0.ltl
0 .3  I
1 . 2 5
6.}l
0.0.+
0.99
0 . 1 8

99.,11

l { )
,13
5

t97
r 26-t

11
0.98
;+ . I
4 . 1 3

1 5 3
l0
1 .1 .53
25.95
61).26
21.57
.l.lJll
0.18
:1.:+6
0.80
I . I I J
0.60
,+.{)6
0.56

EK t 0-l

76.79
0.0E

1 2 . 5 7
l . l 9
0 .3 i
0.02
t .3 l
0 .78
t . 7 3
t.0.1
0 .01
).10

\)9.26

59

1(t
2

.+5
6IJ2

'7

9 t
52

22.30
56.80
,+ l. l l0

9.2lt
0. r0
1..16
0.65
0.u6
0.,1.1
2.9'7
0.,10

EK-,13 E K  5 I

N'lajor elcrncnls (wt%)

IreO 7.66
MnO 0. l l t
MgO 11.70
CrO 1t.79
N l rO  l . 5 l
K:c)
P,Or
HrO
Cor
'Tblal

siol
Tiol
Alro r
F c r O l

,1-5.97
| .6'�7

l.+..13
L l 7

0 . t 0
0. tr)

0.69
r00.02

.11J. t7
2.50

l5 .  l l l
.+..1t
6.-56
0. t ,1
6.06
8 . 2 1
2 .71
0 .19
0.: l l
3.11
0.21

99.37

175
62
4(l

291
t 0

)16
3 9 1

0.75
t -1. I
:1.95

2 5 1
:12

L7.1
t '7.s9
4 1 . t 0
24.1{J
5 .12
1 . 9 5
6.,10
r .05
| .21
0.52
-l.t2
0..16

' I  
racc clernents ( lprn)

Cr' 112
N i 125
Co 5:l
V 37IJ
I i b  12
Ila 15.1
S r  2 1 7'l'r (1.9
N b
Hf
Zl

1 h
La
Ce
Nd
Snr
Eu
Gd
Tb
Ho
Trn
Yb
LU

2 . 1
90
l5
0.5'7.1

2.1. t0
t2 .90
-1.69
L l l
3.76
0.6u
L00
0..12
2.u0
o.22

Pearce.' l .?/. 191J4.) andtn lssunlption thit l at least lhc abundlnces of thc relntivcly irnnlrbile elemcnts wer.c not
signil icantly rnoditied by secondary proccsses.

Thc concentrrtion.\ ol the high-tield strcngth elcnlents (HFSE), REE ancl lransitioD clements in the srmples ol.
thc EKC malic and lclsic nlctl\olcanics p|obably rieflect the prinrary nlagmatic distributions (Figurcs i to 7.
Tables I and 2). The ovelall similarit ies of the rbunclances ol'these elcments in the nretavolcanic rocks ol the
EKC 1() those ol' modern volcuics (e.s. Winchester and t. ' loyd 1977; Pcarce l9li2: Pearcc rl d/. I9ll.1: Wilson
1989) suggesl that their distribution wrs not signil icrntly nroclif ied anr:l can bc used 1iu petrqgenetic aud ge.
teclonic inte4)rctitt ions.
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' l ible 
2. Gcochcmical characleri \ t ics of lhc Ei lsL Krkonoic ( lomplex rnettvolca ic rocks discusscd in thc Ic\t .  Tlte Eu/Eu and

(l,itlYb)r vaLres are relaled to thc chondrite- omlitlized RBB distribution p^ttcrns.

sxnrflc K.O/NnrO Mg# ZrlNl)

Me{ab sites
EK-.11
tsK 5 l
EK-52
EK 62
Porphyroids
EK-4
EK-:11
EK I02
BK IO]

7t/\ Nb/Y ' lh/La Ti (pprnl TilZr Eu/Eu (L{/Yb)\

0.01
o.29
0.07
0.99

6.12
1.99
5.02
0.60

5u.86
50..11
6,1.1I
4-5.66

1 9 . 1 6
r 9.70
3.24

t'7.21
2 t . l{)
'.4'/.32

13.00

3.6
7.8.1
,1.06

l ] . - ]5

' t  .11
1 .50
5 .  1 0
L75

0.,11
0.21
.+ . l3

{)..15
0.1( r
0.1,+
0 . 1 l

0 . l ( )
0 . l 0
0 . 1  I
0 . 1 2

0.7'7
0.90
0.-s2
o.'7 |

r0.020 21.86
15.(x)0 59.76
5.700 87.(19

2  t .  t 2 0  5 1 . 0 1

10.800 82.,t,1
360 1.67
121) 1.11
.180 5.21

1 8 . E 7
,  3 . 1 5

t.2.1
llJ.96

{).2,1 2.62
1) .1 I  2 .11
0.2'7 3.s5
0. l  - l  1 . t1

'lhble 3. Sm Nd isok)pe dak lor (he mctavolcanic rocks of the Easl KrkonoSe Complcx

S )rple J llt

{pPm)
Nd

(ppm.1

7 . l  l l
t 2 . 9
7-r.6

t.1.0
28.2
,11  .8

I l rsn/LarNd T ' rn '  Tc  rn  r
(Ma)  (Ma)

Mctabasi lcs
EK-52
EK .1.1
EK 6]
Porphyroids
EK .1I
EK t { )2
[K- 103

2 . l l i
L69

t2.'7

3 .78
5.92
9.28

0 . 1 8 3 5
0. t '721
0. t042

0.1635
0. t26ll
0. | 1.1-l

+ 6.6

.+.1

600
110
710

1800
1550
t590

10.10
10,10

0.511916 (  l7 )
0 .5121J53 ( l  l )
0.512.198 (8)

0.512241J (6)
0 . 5 1 2 1 6 2  ( 7 )
0 . 5 r 2 2 r 4  0 0 )

6. WHOI-E ROCK GEOC]HEMISTRY

'Ihe lnetavolcanic rocks fronr the Ilast Krkonoie Cornplex are clistinctly binodal: the mallc locks have Si01 ran
ging fion 46 to 52 wt% (volati le ftee) whereas thc lclsic rocks have SiOz above 72 wtTr (Figure 3). The tell ls
'basalt ancl rhyolite' are used li)r mctabrsites (metabasnlts) rntl polphyloicls (metarhyolites). respectivcly, in
thc l ir l lowing cliscttssiott, although thc rocks are composed of secontlaly rninerals, typical of low gradc rcgional
meraololpltlslt't.

h. I  14, t l t ,  t t , t  A '

Thc matic rocks include a valiety of conrpositions langing l iorn l lkali to subalkaline basrlts as shown in thc Zrl
TiOl vs SiOl plot (Figure 3). On Lhc M!# [ - | trO MgO/(MSO + Fc() ) in mole %] vs Zr and Mg# vs TiOl clia-
grarns (lrigure ,11. the subalkaline basalts display a tholeii l ic l iactionrtion trencl, characterized by an incrcase of Zr
and TiOl with dil ' l trentiation. The Mg# value varies bctwccn 30 and 65 (Table 2). The tholeiit ic basalts rre. q1
average, less dil lclcntirted (i.e. with highel Mg#) thrn the alkrl i basalts. The ma.jor clcmcnl composition of both
basalt typcs rcsenrbies that of oceanic antl somc continental intraplate basalls. Thc tholciit ic brsalts differ t 'ronl
islantl-alc tholeiites by lrighel abundanccs of Ti and other HFS elements (Figurc 5. Tables I and 2).

The abunclance ofincompittiblc 1r'rcc elements jncleases with dil l 'ercntiation (Figure.1) ancl also with thc dcgrcc
of alkalinity ns indicatcd by the Nb/Y ratio (Winchcstcr ancl Floycl 1977) (Table 2). Conrparccl to prinrit ive
rrelts derived fiom uppcr'-mantle periclotites (Maaloe and Aoki 1977), the abundances of compaliblc clements
are louer in the EKC mafic metavolcanics and indicatc that the basaltic rocks underwent sisnil icant t lactional
crvstall izalion.

a , ' p ) r i p l I  |  2 n 0 l  l , ' h n  $ r l , )  &  S , ' 1 . .  l l L l ( ; r , , / . . / .  - 16 :  I  l 7  i l l rU l )
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r 0 0

5 0
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t r igrr ru.1.  Thc metrbasi t .s  o l  lhc lust  Kfkonon'( innplcx in (  )  Mg# |  l (X)rMSO/{M-( I+ lc()  r rn rn, i l (  a l  \  \  Zr  . lnd l  h r  I l I# \  s  TiO.
dingrtus.  (  + .  equivalcnts (n lhole i i t ic  brsxl ts i  l ,  cqUi\  u lents of  . r lkr l i  bxsr l ls j

The chonddte nornralized REE pattclns (Figurt 6a1 of thc i l lkali basalts show a distinct enrichment ol l ight REE
(LREE) and fractionatcd heavy REE (HREE) with a (Lir/Yb)\ ratio around 20. rvhcleas the tholeiit ic types have a
signil icantly f lr l ler pattern with vllucs ol this rrt io betwecn I antl:1 (Table 2).

The tDlntlc-nrtrnralized abuntlancc patterns of iDcompll1ible elements. shown by the EKCI alkali brsaltic rocks.
peak at Nb ilnd smoothly tlecrcasc fionr Nb to morc compatible elemenls such as Y and HREE (Figure 7a.t. The
plttcrns are similar to occan island basalts (OIB) (Figure 7b) and to rnany alkali basall ic lavas fionl contincntl l
cnv i ronrnents  (Menz ics  e l  a / .  198-5 ;  Kcmpton e t  u l .1987;F t rnget  a l .1992;  P in  and Paquet te  1997) .  Thc  tho le i i t i c
btsalts hrve signil icantly f latter pallcrns, similar to those ol E{ype MORB (Figurc 7r.b).

The basalts havc higlt positivc E*.' r,alues (Table 3). Tholciit ic basalt tsK -52 with rn almost l lat REE pattern irlso
has the most racliogenic Ncl isotopc signature (EN(r : * 6.6) implying a mantlc source which was str)nely depleted
in LREE on a tirne-iptegrltetl basis. AIkali basil l l  EK-62 has a lower E1,1 value (+ 3.1). whercas sample EK .13 is
mtermcdiatc. both in (LalYb)p ratio (Table 2) and Ntl isotope composition (EN,r +-5.7).

6.2 P.trogen(sis ol mt{it nt<:ks

h gencral, cotnpositional dil lcrences anong 1hc rnafic rocks rnay lellcct dif lererces in the source conrposititrn. in
the tlcgrcc of tnelting and/or l i-actionll crystall ization. ol in the degrcc ol contamination uith coeval felsjc lavas or

Copylighl .(  2001 Johrr Wiley & Sons. Lid. Gnl. .1. 36: I  l7 (2001 )
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contiDental crust. However. the geochemical differences between the tholeiit ic antl alkali basall ic (rcks, including
the DN,L value lt lrd tlace elell lent chrracteristics, calrrot be explained by crustal contamination: in fact. theil Ir igh
0\,r values, lou' fh/La ratios anil a lack of Nb depleliolr ( Figure 71. Tablcs I 1() 3 ) suggcst that thc mafic locks rvere
not significi lntly nffected by cruslal c(nrtanlinati(nr.

Although thc basrlt ic locks wclc nroclif ied by tmctional crystrl l izrtion. the signitjcant variations in the (La./Yb)N
and ZrlNb lalios in thc basaltic sanrplcs of sirnilar Mg# (Figule 7a, Table 2) indicite that the basnlts caDnol be

!:cncrutcd by closcd-systcm fractioDrl clystall ization of a single parent l) laglna i ls alscl shown by vlriablc E1,1
v l lues-

An inclerse of the (I-a/Yb)N ratio fiom tholeiites to irlkali btsalts is typical of inlraplatc basaltic suitcs (e.-e.
Shimjzu and Arculns 1975: Takahashi and Kushiro l9ll3; Sun and McDonough l9li9) and lrrs been attributed
to the clecreasilg degree of paltial neltiDg of the source (Table 2). ln atlt l i t ion. thc distinct clcpletion of HREE
in the EKC alktl i basitlts irnplics thc prcscncc ol garnct in tlrc rnelting resiclue. whereas the flat HREE piltterD
ol thc tholciit ic basrlts implics that galncl $'as not involved in theil genesis (Fisure 6a). Thns. clifferenees rn
thc sJopc ol thc REE pattcrns and in elementirl rrt ir)s, such as ZrlYand Ti/Zr (Figures 6a and 7r. Table 2). bctwcen
thc tholciit ic and rlkali basaltie rocks can be explairrecl by dii lerent clegrees of rnelting ol r soulce in thc ganrct (l in'
rlkali basalts) and in the spinel (1irr tholeiit ic basalts) stabil ity helds: Mantle normalizctl incompatiblc trace ele-
ment profi les ol the EKC basirlts t lo not exhibit a negative Nb anomaly (Figulc 7r). In conhast. mrny continentrl
f lood basalts with a signil icant subcontinentll l i thosphcric r)r cr.ustal component. such as those of Colunbia River
and Kitloo. cxhibit a ncgalivc Nb anomaly (Hrxrpcr and Hawkes\()rth I 993). The lac k of a subduction signature rn
tlrc cornposition of thc EKC n)ctlbrsaltic rocks inclicates that they u'ere not gererated fioln subconlinenlrl l i lho-
sphelic n)antlc heavily f luxecl by subduction cornponents. The basalts were probably delivetl 1)'om a sour-cc rvith an
incomprtihle element cornposition between that of oceirnic isl lnd basrlts lnd E lypc MORBs.

Radiogenic isotope latios indicate that the rnalrtle source \4-rs hclerogeneous. Thc mantlc sources of t lre EKC
rnetablsalts varied considenbly in EN,r valucs. l l t lrn + 3. | 1o a 6.(r (Table l), suggesting that these rnafic rocks are
m(]l ls ol r helerogcnleous uppcr- lsthcnosphcrc. composccl largely of a clepleted drantle rnatd x ( En,, - 1 71 1ru, a.rrt
trining inc(nnpatible element-enliched bkrhs or veins (varirble D\,r values > + l) (e.g. Clousens {,ra1. 1995.t. Mix-
ing of mcJts fronr both blobs and matrix would produce a source cornposition which has a l irnge of inconpatiblc
elernent patterns and 851,1 values. Incompatible element rich alkali basllt ic locks hiive the lowesl E5.1. a ltatulc
consistent $'ith this rnodel (l i igur e 7a. 'fahle 3). Similiu geochen'rical vrriations appeaL 1o be conmon in ri l i-rclatcd

(bpyright ( 2(X)l joho Wilcy & Sous. l , td. Gco l .  J . 36 :  I  l 7  ( 1001 )
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seltings with stroog rttenuation ofcontinental l i thosphere including thc broaclJy cocval nrcks ofthe Massif centrul(Pin lnd Marini 1993: Pin rnd paquette 1997).

6.3 I;elsir: rocks

Thc felsic netavolcanic rocks have rnostly |hyolit ic cornposition with Sio:r above 72 rtz, and Al,Or abovcllwt% (volati le-tiec abundanccs). They are K.ich nrostly with K.o above 5wt7o a'cr typicaly u,ith rzo >Na2C) (Trrble l) Most REE patterns ofthc rhyolites are enriched in LRtjE and have flat. unl'r.actionated HREEpattems as is shown by sarnplc EK- 103 (Figtuc 6c). The (L/Yb)N ralios runge from 2..1 to .1.2; thc prtterns alsodisplay distinct ncgativc Eu |nomalies tlcmonstrated by Eu/Eu values as low as 0. l3 (Trble 2). Their manfle normalized incQlnpatible elemcnt patterns lre chlraclcl ized by negativc Nb. Eu and Ti anomalics. and resemble mocl
em rhyolites (Figure 7c).

The init ial EN.r values of t l le rhyolites are signiticlntly unradiogenic rlnd contr.asl mlrkedly with those of theassocialed blsalts: :1.3 1() 5.5 ve$us + 3.1 to + 6.6. respcctivety (tit t" :t.

6.1 Petrogentsi.s of .feltit: rocks

The Ielsic rocks in thc binlodrl suites may have becn tbnnecl either by l i lctronal crystall ization from cocvrl brsrlt ic maglnas. or by crustal anatexis. Cornpared to the basalts. the REL prtterns ot the rhyolites have flatter HRtjE
and also hlve a dislinct ncgativc Eu itnotnaly; thcy also fiequently lr lre a morc pronounccd enrichrnent of LRI,IE(Figue 6a.c) ln conrparison with thc associated basalts. thc nrantle-nolmalizecl inconpatihle trace clemerrL pat-
lcrns ol'the rhyolites arc characteizecl by negrtive Nb and Ti anomalies (Fr-qure 7a,c).'Ihc Ihyolites also hitve a morc distinct enrichnrent of strongly incompatible tracc elements such as Th (Tables Iand 2) The rhyolites have untadiogenic Nd isotope compositions. r 'uling out any ciose r.elationship u,ith the rsso-
cil lcd mclabasites. This contrrsl\ with the Lcszczyniec vrlclnic Fm. (Fi-qure I ) wherc felsic r.ocks ofthe bimoctal
su i te  h rve  h igh  E51,1  va lues(be lween+6rnd+7) (Kryza t ta l .  1995) .  The neg i i r t i ve  va lues  o f  EN. r  ( :  5+ t )a \
well ls the moderate value ofthe inirial Sr isorope rrl io (:0.706) (Bendt antl Fatoika 1995) oIr;; EKC rhyolires
suggest thal their protolith colltaincd a maior conlinentit l crusl component, reflccting cither crustal r 'elt ing ofreservoit-s with lo\r ' sm/N{l lnd tr<lt lerate Rb/Sr timc-integlated l i l t ios. or substanlial inc'orporatioo of crustl l rncltduring dil lcrentiation l iont nrantlc magnras (via AFC).

The ovcrrl l fertures of thc EK(-' himodrl suite, i.c. the lack of intenrecliate rocks, thc high propor.tion of felsrc tomalic volcanic rocks as wcll as the diffelences in the dist[ibution of incornpatible trlce e]ements, and the lar.ge
contrasl in IJ1,l valttcs. t ' i lv()ur crustal anlrtcxis (triggercd by rising brsall ic ma-qma) i ls thc geneption proa"r. ofthc rhvolites.

7. CEODYNAMIC MODEI-S

7.1 Melt gene niiort
' l lhc 

Early Palacozoic basitlt ic rocks r,l the Erst Krk.rrurc (e11p1s1 uele cmplaced in a .wilhin plate, sctting. l.helack of a subduction signature in the mantlc-clerived basalts suggests thiit their sour.cc u,as not in the l ithosphenc
subdttction nloclif icd nllntle' but in the asllrenosplreric rnantlc. Sevclal tectonrc modcls ibr the basalts can bc coD
siclered. Thcy include: (a) CI, 'B-l ike mantlc plume-fel ted origin; (b) back-arc spreatl ing; and (c) manllc upwcll itg
i r r r r l / , ' l  r ' r L t \ l i r l  C \ t (  n \ i r , l l  j r n J  r [ ( | | l l i t l i o l t .

(a) Thc cruplion ol the brsalls can be tentatively attributecl b thc init iation of a mantle plume and continental
break u p such as occurrcd in the development of continental l l  ood basalts (CFB ) prov inces (e.g. Cox cr a/. I 9g.1:
Pccceril lo cl rr1 l9li8). Hou'ever, conrpared to typical cFB scquenccs. thc EKCI basalts are significantly snrallcr in
volulnc; this is truc both in lcl-nrs of the lotal volunlcs eruptecl and, nrore significantly. in telnrs q[ the r.atc of

CopyrighL 1 2001 John Wilcy & Soos. Lrd. G to l .  J . 36 :  I  l 7  ( 2 (X ) l )
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extrusion and thc volumes of many individual eruptions. The srnall erupti(m rate accompanied by protrlcted extru

sions. arsues against this model for the studi()d basirlts.
(b) t lnlike typical back-arc basalts. the rralic rocks do not show ury geochemical subduction imprints. implying

that the rocks are not related to b.rck iuc spreading: more N-MORB like basalts would also be expected in the

back-arc spreading tectonic setting.
(c) Thc geochemical data demonstrrtc that the basalts are chemically similar to OIB (Figurcs 6 and 7. Table 3)

suggcsling that they are related to asthenospheric mantle (cf. Floyd el a1. 2000). The basalts probably resulted tr-om

the impin-qcmcnt of asthenospheric rnantlc upwelling on l ithospherc thinned by extension. Thc asthenospheic

upwetling rnd melting nlay not only have causcd the OIB like basalt genesis but also. by sofiening the l ithosphere.

triggered further extension and melting in the overlying continental crust.
Thc contrast between alkali ancl tholeiitic magmatism may rcllect <lifferences in the depth and degrce of paftilrl

nrelt ing: rclatively high degrees of partid melti l lg at Iower pressures (spinel stabil ity t ielcl) l irr the tholeiites, and
lower clcgrccs of partial melting at highcr pressures (garnet sttbil i ty l ield) for the alkali basalts. The data are con-
sistent with progressive upwelling of thc rsthenosphe|ic mantle. During the ascent, meltinS of thc asthenospheric
mantle in thc gamet stabil ity f ield generatcd the alkali basalts, whilc subsequently a Iar-ger degrec of nelting of the

uantle upwelling rt a shallower depth producctl the tholeiit ic basalts. As the spinel garnet transition occurs at ! l

depth of around 60-lJ0 km (Wtrtson and McKenzie l99l ), the init ial depth of origin for the alkali basalts is nonl

inally this deep or deeper. Although the data frorr the EKC clo not indicate the time relrt ion between tholeiit ic and

alkrl i basalts, a cotrpa son with a similar sequerce in the Krczawa Mts suggests that the alkali basalts are older

than the tholciit ic basalts (Fumes d dl. 1991, Winchester r: l al. 1998).
'Ihe thermal cncrgy. provided by the ascent ol 'mrntle derived basic magmas related to asthenosphcric upwel

ling. was rcsponsiblc for plrt ial meltirrg rt lower or medium crustrl Ievels (c.g. Frng cr a/. I 992: Dostrl . ' l  ./1. 1993:

Pin and I 'aquette 1997) which yielded lelsic magmas of the IiKC rhyolites.
The great volurne of thc ft lsic rocks as well as the rssoci{tion of the metavoicanic rocks with abundrnt tcn i-

genous mctlsediments quartzites, phyll ites (e.g. Teisseyre |973; Chaloupski ?l d/. 191J9) - secnls to point to an

origin during the development of the intrlcontinental rit i . This tectonic setting is i lso eviclenccd by the crustal

coDtamination tcatulcs in some ofthe volcrnics (Patodka ancl Srnulikowski 1998) and by the c. 2.0Ga oltl zrrcon

xenocrysts fbu nd in thc rcl ict felsic rock s of the EKC Polish parl (Olivel et d1. 1993 ). The presence of contincnlal

crust irt depth mly also bc conlirnecl by the occulrencc of the Plczyn Gneisses thcrc (Smulikowski and Pttoaklt

I998) .

- . )  
R , l , r r i , ' n . ' l r i1 '  t , '  t ' th  t  l t tn , ' J , t l  ,u i r ,  t

' l 'he Early Palacozoic East nnd South Krkonoic Complexes the latter situated on the south$'estern nrargin ol the
Krkonoie-Jizcra tcrrtne (Figure l) are chrractcrized by abundant intrrc(mtinenli l l  r ift related bimodal metavol

canics (BenclJ itnd Patoaka 1995: Winchestef ?t d/. 1995: F'aist c/ dl. l99ll; Floyd cr r.r/. 20001. The complexes are

c,-rusidered to be csscntially equivalent (e.g. Svobocla antl Chaloupsky 1966; Tcisscyre l9' l3.7.elai.niewicz 1997).

and the protolith history ol 'Lhc EKC metavolcanics is in its principal features comprrablc with the evolution ol the

South Krkonose Complex (SKC) rocks (Frjstr:ta1. 1998).Thcagcof the FIKC is also cornparable to the SKC. i.e.

the Cambrian to Silurian (Chlup/ra 1993, 1997, 1998).
I{owcvcr. the IfKC volcano-sedirnentary suile is both spatially and tcmporll ly (Oliver cl .?1. 1993: Bendl and

I'atoi 'ka 1995; Timrnernann c/ a/. 1999) intimately associated with the Lcszczyniec Volcanic Fm. (LVF) (Figure I )
which is clominated by N to H MORB-like malic rocks lK1'y7.Lr (it al. 1995; Winchester "r a/. 1995; Maluski and

Pttoaka 1997; Dostal clul. 2000). The I-VF suite is prcsumed to be generated dufing the protncting Early Paliteo

zoic extension of the EKC inlrrcontinental ri l i  Ieading to a narrow oceanic basin opcning (e.g. Winchester et /?1.

1995: Pakrikr rnd Snrulikowski l99li; Doslal et a|.2000).
The abscncc o[ a vo]unrinous nrafic suitc of the LVF type, either in thc SKC or ir its close vicinity, indicates that

the tectonic scll ing lnd magmatic developnrcnt o[ the l ltter conrplex did not involve the generation ol eitrly ocea
l)ic l i thosplrerc which is presurned in the EKC-LVF historyi the conrparison ol the majo:' geochemical lcrtures of
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the EKC LVF ancl SKC metavolcrttrics' respcctively, is interpletecl by F'rjst .r d1. ( 1998) as the record of magrnatrc
devclopmcnt ol 'the (a) l i l terl l l ly expanding and (b) l incrrly propagating ltronr l l  to w) intracontinental ritt arm.
. 

The intracontinental ri l i  devckrpmcnt in the ccntral west s;deics was also rssocirted with emplacement ()1 gr.an
ittt id bor:l ies which are exposctl both as the large corc 4ntif6rm 6f the Krkonoie Jizerr tenane and as rather snrall
lrt ' ::t ::1,l"id 

in rhe surrouDding vo lcano sctrimentary sequences ( Borkowska r:/ a1. | 9g0; Kryza ancl pin r 997:B iaelk I 99li: Kachlik and Patocka I 99lt). The granitoids were intrudcd between 5 I 5 and ,1g0 Mil (Borkou,ska .t d1.1980: Krcincr ct n1. 19921), nnd are coevar wirh the EKC ancl SKC vorcanic acitivity.
Thc structurl l and metamorphic fealures indicate thal the Krkonoie Jizer-a tcrrane is a stlck of para-aulochtho-

nous tQ allochthonous s l iccs I Kach lik I 997) thrust to the N w on the saxothuringian firreland during the vrri scancoll ision of thc Tepli-Brrlandian terrrne with Sitxuthuringian terrane (Frankc cr a1. | 995; Mrzur anil Kryza I 996:Kachli l and Prto'ka l99lt) ln such a setting. the Klkonoie-Jizcra terrane rif i  arm may be pr.esunred to be a pr,longation of the vcsser Rifl composed ol'c. -500 Ma old volcano-setl inrenlaly complexes of bimodrl suites occurIing dong the northern bordcr o| the saxothuringian prate (Bankwitz and Bankwitz I99u).
Thc nlelavolcanic rocks of the Krkonoie Jizerl terranc show clisl inct similrrit ies with the netavolcanics ot theNW Bohenrian Massil (Mlri lnsk6 Litznd Complex. Klaclskd tJnit) both in geochemistry and emplacenrenr ages( Knch lik 1997: winchester e1 .r/. I 9913; crowley .r a/. 2000). Even though Variscan tcctono- metarnorphic hrstoncs

of these units dit ler in deg|ee and scrle, thcir Early Palaeozoic nragmilt ic developnrents nray be correlatcd. Existing geochemical itnd slructttral inlormrtion indicatc that the ultlarialic/rnahc parts ol the Madinsk6 Lazn€ conrplex' the Zone ol Eibcndorl-Vohcnsttau ss rnd Mtinchbcrg klippe mly rcpresent the \veslcrn continuation ot anophiolite bcarinB sulure zone bctueen slxothuringiarr anrl Tepli lBarrandian tet.ri lnes (e.g. winchester .,r ..?/.1991i: (lrrwley er d. 2000).
The EKC-LVF and SKC volc:rnisrn rod sedimentil l ion comrnenced pr'ror k) the subduction-relatcd bluesc1rrstlncics nlctatnorphism which is almost ubiquitous irr the Krkonoie-Jizerr tcrrane (smulikowski I995: patoika

ct al ' 1996) Taking into account rnodern active plrte nrargin geometry and convergence .tes (e.g. windrey
1977). the onset of subduction ol'the above nrentionecl nurro* oceu,]ic basin l ithospher.e mitht be conterrrpora
neous with the Ea|ly Givetian vrriscan tectonisln (375 to 380 Ma) which lerminrtid Ear.ly pal-aeozoic sedimenra
tion and volcanism in the Tcpld Brrrtndian temane (chlupdi et dl. l.)()2; patoaka.r a/. 19931. pr.ovicled tnar rncEarly I 'alaeozoic l ithospheric extension of the Barlandian may l 'r lve becn related kr the dcvelopment of thc intra-
conlinenlal rif l  in the Kr-kono!e Jizera terrane, thc Barranclian basin coulcl be interplcted as the l 'arthest pror'onr.r.y
ol r t i l i lcd latcral ri l i  airn. I-atc virriscar horizontrl Inovenrcnts irlor!r lhe l. l lbc tir i l t oblitcratecl this or.iginaily con-tinuous slr 'ucture (P|teaka and Kachlik l99lJ).

The ltrge-scalc extensional teclonic setting recorded by thc K[konose-JiTera te[ane n]ctl lyolcrnic suites u,asrclated to lhe Ii lr iy Palaeozoic l ithosphcric attenuatioo and ri l i ing of Catlorrian bascmenl; thesc p.occsses \\,erewidespreacl in the Wcstern and Central European r.ealnrs (pin lgt0). ancl heraldecl the uorthem Gondwiua trag_menlrtron and origin of thc pr.e Vrriscan pcr.i_Gond$,ana 

 

microplates (e.c. Ziegler I9g9).

Ii. CONCLUSION

The gcochenrical drta on thc Early Palacozoic Eisl Krkonoie Contplex (BKC) metavolca ic rocks lncl their association wilh largc volumes of tell igeneous metascdimentary rocks suggcst that the volcirnic rocks $.cl.e fbmreddu.ing intracooliDental rif l ing related to incipient break-up ol Catlorniin basenrent ol the west sudetes. Tosetheru i lh  i r  I l t t tnhe f , ' l  ro l r ' ; rn ic  . r r rL l  ! , ' l c r r " -s (L l in r (n t i ry  su i te .  r r ,cu t r i r rp  r r r  Wes ler .n : r r r t l  C" , , , r , r t  t -un ,1 . . . "h ; : ; ; , .
si lnilar in age and oliginal tectonic scttinc, they rnay be intcqrretcd to be evidencc of large scitle fragnrentation()1 lhe northern margin ol the Gondwana supercontinent. The nirl ic rocks wcle probably firnncci by the mclting oftsrheft)spheric mantle upwelling. At grcrter depth iD thc gamct stabil ity l ield. a low clegrec of neiting proclucecl
alkali basalt nrells. As the mrntle rose. a largcr deglee ol melting ar a shallower deprh 1in a spincl .t"i i i ;tf l i"r,rigerrerlted magtna parental lo the tholeiit ic basalts. Rising basrlt ic magrrr probabtv irigger.ccl melring in the lou,eror middle contineltir l crusl le ding to the gcneraliou oj.lbundut leli ic volcanic r.ocks_

( - , ' f ) I | l l r l  ,  2 l l 0 l  J , , l r r r  \ \  i l c l  A .  S , , r r \  |  r J (;,  ,  y '  . / .  .16 |  l7 {2lr l i  l )
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Tn the Errly Palaeozoic history of the EKC an iDtraco[tinertrl r ift tectonic setting rupid]y cvolvcd 1() incipient
oceanic basin reginre as indicatcd by thc geochemical fertures ofthe Leszczyniec Vrlcanic Frn. (LVF) malic locks
ill the Polish part of the EKC. The Early Palaeozoic low-gradc metamorphosed volca[o-sedin]entary sequence of
thc ncarby South Krkonoie Clomplex considered to be the EKC cquivalcnt is missing a voluminous mafic suite
of thc LVF typc and never relched such an advancecl stage of the lithosphclic cxtcnsion and related nagrnrtic
developnrenl. Thc plincipal geochemical tnits of the South and East KrkonoSe Complexes as well as the
abovc-mcntioncd dominance of the N MORB-like metabasites in thc lrttcr may be intellreted lrs the features
of magmatic dcvclopmcnt ol '(a) laterally extencling alrd (b) I inearly (in the lecent geographical situation fron]
E to W) propagating rit i  alm.
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