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Crustal Assimilation as a Major

Petrogenetic Process in the East

Carpathian Neogene and Quaternary

Continental Margin Arc, Romania

Miocene to Pleistocene calc-alkaline volcanism in the East

Carpathian arc of Romania was related to the subduction of a

small ocean basin beneath the continental Tisza—Dacia micro -

plate. Volcanic products are predominantly andesitic to dadtic in

composition, with rare basalts and rhyodacites (51—71% SiO?;

mg^number 0-65-0-26) and have medium- to high-K calc-

alkaline and shoshonitic affinities. Mg, Cr and Ni are low in

all rock-types, indicating the absence of primary erupted com-

positions. Detailed trace element and Sr, Nd, Pb and 0 isotope

data suggest that magmas were strongly crustally contaminated.

Assimilation and fractional crystallization (AFC) calcula-

tions predict the consumption of 5-35% local upper-crustal

metasediments or sediments from the palaeo-accretionary wedge.

Variations in the isotopic composition of the contaminants and

parental magmas caused variations in the mixing trajectories in

different parts of the arc The most primitive isotopic composi-

tions are found in low-K dacites of the northern Cdlimani vol-

canic centre and are interpreted as largely mantle derived. A

second possible mantle reservoir of lower Nd/
1
 Nd and

lower Pb/
20

*Pb is identified from back-arc basic calc-alka-

line rocks in the south of the arc Both magmatic reservoirs have

elevated isotopic characteristics, owing either to source bulk

mixing (between depleted or enriched asthenosphere and <1%

average subducted local sediment) or lower-crustal contamina-

tion.

KEY WORD& Carpathians; assimilation; calc-alkalint; Sr-Nd-Pb-

0 isotopes; laser Jhwrination

INTRODUCTION

Controls on magmatism in continental margin arc
environments are extremely complex, with most arcs
showing evidence for significant contamination by
continental material either through mantle source
enrichment (e.g. Thirlwall, 1982; Ellam et al., 1988;
Stern, 1991) or crustal assimilation (e.g. James,
1982; Leeman, 1982; Davidson et al., 1990). Vari-
ations in crustal thickness (Hildreth & Moorbath,
1988) and the type of contaminant involved in
assimilation (Worner et al., 1992) have been cited as
controls on radiogenic isotope systematics of con-
tinental arc magmas. Combined trace element and
Sr-Nd-Pb isotope studies have been used to attempt
to quantify the mechanism of crustal assimilation
(e.g. DePaolo, 1981; Aitcheson & Forrest, 1994).

Neogene to Quaternary volcanic activity of the
Eastern Carpathians (Romania) forms the youngest
and most south-easterly segment of the subduction-
related Inner Carpathian continental margin arc.
Here we report the first detailed geochemical and
isotopic study for calc-alkaline magmas from the
East Carpathian arc and present evidence that
crustal contamination was a significant process
during magma genesis. We attempt to identify the
crustal lithologies involved in assimilation and show
how their variation affects the composition of the
erupted magmas. Mantle source enrichment and
lower-crustal assimilation are discussed as processes

•Present address: NERC ICP-MS Facility, Centre for Analytical

Research in the Environment, Imperial College, Silwood Park,

Ascot, Berkshire SL5 7TE, UK. Telephone: 01344 294514.

Fax: 01344 873997. e-mail: p.r.mason@ic.acuk. © Oxford University Press 1996

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/3
7
/4

/9
2
7
/1

5
0
8
4
7
2
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



JOURNAL OF PETROLOGY VOLUME 37 NUMBER AUGUST 1996

which may have led to slightly enriched isotopic sig-
natures in the most parental magmas.

Tertiary-Quaternary magmatism in the
Carpatho-Pannonian area

Magmatism in the Carpatho-Pannonian region
occurred in response to contemporaneous collision
and extension (Szab6 et al., 1992). Although sub-
duction was related to Alpine tectonic activity which
was initiated during the Cretaceous, a major con-
vergence event occurred in the Miocene (Balla,
1987; Sandulescu, 1988) with extensive subduction
around the arcuate Carpathian rim (Radulescu &
Sandulescu, 1973; Csontos et al., 1992). The Inner
Carpathian calc-alkaline arc was active from the
Neogenc to the Quaternary, with predominantly
Miocene volcanism in the Western Carpathians of
Slovakia and Hungary, and Miocene to Quaternary
activity in the East Carpathians in Romania (Szabo
et al., 1992). The focus of volcanism shifted along the
arc, in a very general sense, from west to east
through time (Pecskay et al., 19954). An earlier
isotopic study of the Carpathian volcanic arc was
concerned with early Miocene calc-alkaline lavas
from the Western Carpathians (Salters et al., 1988).
Sr, Nd and Pb isotopic signatures for these rocks
suggested significant contamination by continental
crust during magma genesis. Upper-crustal meta-
sediments were recently proposed as the enriched
end-member (Downes et al., 1995a). Previous
workers have indicated geochemical and Sr isotopic
variation within volcanics of the East Carpathians
(e.g. Peccerillo & Taylor, 1976; Peltz et al., 1987;
Seghedi et al., 1995), much of which was attributed
to fractional crystallization and partial melting pro-
cesses rather than to crustal assimilation.

Behind the Carpathian arc lie the Pannonian and
Transylvanian Basins, which underwent extension
from late Miocene to Quaternary times. Plio-Pleis-
tocene alkali basalt lavas erupted sporadically in
these regions are considered to represent an asthe-
nospheric mantle source enriched by the subduction
of sediment along the Carpathian arc (Embey-Isztin
et al., 1993; Downes et al., 1995*). Petrogenetic
modelling of both the calc-alkaline and alkaline
magmas in the West Carpathians suggested three-
component mixing involving the subducted slab,
pristine mantle and continental crust (Salters et al.,
1988).

Tectonic evolution and geological
background of the East Carpathians

Collision took place between North Eastern Europe
and the Intra-Carpathian area during the Cenozoic

(Royden & Baldi, 1988; Royden & Burchfiel, 1989).
Oceanic crust attached to the European plate
(Radulescu & Sandulescu, 1973) was subducted
beneath the Alcapa and Tisza-Dacia microplates to
accommodate complex relative plate motions
between the European and African continents
(Royden, 1988). The subducted crust probably ori-
ginated from a small basin, analogous to the present-
day Black Sea, attached in the north-east to the
Scythian-Russian continental platform (Burchfiel,
1976). The main convergence event took place
during the Miocene (Balla, 1987; Csontos et al.,

1992) during which all of the ocean basin was con-
sumed. Continent-continent collision occurred
between the Tisza-Dacia and Scythian blocks at the
end of the Miocene. Convergence subsequently
waned in magnitude until the present day and tec-
tonic activity is now localized in the extreme south-
east of the arc (Horvath, 1988), where deep focus
earthquakes still occur at the south-eastern extremity
of the East Carpathians (Vrancea zone) (Oncescu et
al., 1984).

Calc-alkaline volcanic activity in the Calimani-
Gurghiu-Harghita arc (CGHA) took place from late
Miocene (~ 12 Ma) to Quaternary times (<0-2 Ma)
(Bleahu et al., 1973; Boccaletti et al., 1973; Peltz et al.,
1985; Szabo et al., 1992; Szakacs et al., 1993; Pecskay
et al., 1995a). From north to south, the CGHA con-
sists of the Calimani, Gurghiu and Harghita Moun-
tains (Fig. 1). Calimani is the largest and oldest
volcanic centre (11-9-6-7 Ma) (Pecskay et al.,
1995a). Further south, activity in the six strato-
volcanic centres of the Gurghiu Mountains over-
lapped the later activity of Calimani, but continued
later into the Pliocene (9-2-5-4 Ma) (Fig. 1, Table
1). Younger eruptions in the Harghita Mountains
overlapped the later stages of Gurghiu volcanism
and continued until the Pleistocene. The Harghita
Mountains can be divided into a northern (6-3—4-1
Ma) and a southern (2-8-0-2 Ma) section, both
consisting of five volcanic centres (Peltz et al., 1973;
Seghedi et al., 1986, 1987; Szakacs et al., 1993). The
most recent magmatism (<1 Ma; Szakacs et al.,

1993) took place in the Southern Harghita Moun-
tains at the extreme south-eastern end of the Inner
Carpathians.

To the east of the CGHA (Fig. 1) is a zone of
strongly thrust turbidite sediments of Cretaceous to
Recent age (Roure et al., 1993), which make up the
Outer Carpathians. These represent the uplifted
palaeo-accretionary wedge of the Carpathian sub-
duction zone. Flysch and molassc sediments are 6—7
km thick, suggesting that only a small proportion of
the sediment overlying the downgoing plate was
subducted. Total shortening, estimated from cross-
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Calc-alkaline
lavas

Calc-alkaline
volcaniclastics

Alkali basaltic
volcanics

Metamorphic
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Flysch
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Continental
sediments

Calimani
Low-K
Calimani

Gurghiu

i. Harghita

S. Harghita

Fig. 1. Geological map of the Calimani-Gurghiu-Harghita Mountains (East Carpathians) with pans of the Persani Mountains and the
Birgau Mountains. Key to volcanic edifices: 1, Gllimani; 2, Fined Lapusna; 3, Bacta; 4, Seaca Tatarca; 5, Borzont; 6, Sumulcu; 7,
Gumani Fieraestrae; 8, Ostoros; 9, Rachitis; 10, Ivo Cocoizas; 11, Harghita VIrghis; 12, Sumuleu Ciuc; 13, Luci-Laiu; 14, Cucu; 15,
PiUsca; 16, CiomiduJ; 17, Murgul Mic; 18, Malnas. The location of the Low-K Calimani group rocks is also shown (a). Modified from
the 1:100 000 geological map of Romania (1966, 1990). Inset shows location of the study area with respect to the Eastern Mediterranean
and calc-alkaline rocks of the Carpathian arc (filled black regions). Dotted lines are Neogene plate boundaries. AM, Alcapa MicropUte;

TDM, Tisza—Dacia Microplate.
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Table 1: CGHA groups, based on location, age, andgeochemical and isotopic

characteristics

CGHA group

Low-KCJIimanl

C&limani

Guryhlu

Northern Harghita

Southern Harghita

Constituent volcanic centres

Outcrops In the Voevodaasa and Lome* valleys.

southern part of Callmanl

Cilimani (excluding above)

Rncel-LJpusna, Seaca-Tatarca, Bacta, Sumuleu,

Ciumani-Reraestrae

Ostoros, Rachitis. Ivo-Cocolzas, Vtrghb, Lud-Lazu

Cucu, Pllisca, Clomadul. Malnas, Murgul Mlc.

Sumuleu-Cluc (~6 Ma)

UbeU In Hg. 1

1a

1

2-7

8-11 and 13

12and14-18

Approxags(Ma)

8-6-8-0

9-5-6-5

7-5-5-5

6-0-3-8

2-8-0-6

K-Ar age data (P6cskay eta/., 1995a) shows the approximate age ranges within each group. Luci-Lazu is geographically in the Southern

Harghita MB but has been included in the Northern Harghita group because of its similar chemical and isotopic composition. Similarly,

Sumuleu-Cluc of the Northern Harghita Mtshas been included in the Southern Harghita group.

section balancing (Rourc et al., 1993), is 130 km for
post-Oligoccne convergence. In the extreme south of
the CGHA and to the north of the CSlimani centre,
the lavas have been erupted through these sediments.

Continental metamorphic basement of the Tisza-
Dacia microplate outcrops immediately to the east of
the volcanic arc (Fig. 1). This crustal basement was
technically active during the Variscan and Alpine
orogenies (Pana & Erdmer, 1994) and consists of
heterogeneous Precambrian to Cambrian meta-
morphic rocks of low, intermediate and high grades,
together with Mesozoic sedimentary cover
(Burchfiel, 1976). Three major lithostratigraphic
units have been identified (Burchfiel, 1976; Balintoni
& Gheuca, 1977). The lowest unit, the Bretila series,
which occurs as discontinuous tectonic wedges,
includes micaceous gneisses-paragneisses, meta-
granitoids and rocks rich in K-feldspar with some
amphibolites. Rebra series rocks form the middle
unit and consist of paragneiss, amphibolite, mica
schist, quartzite and calc-silicates at intermediate
depths. The highest tectonic units, the Negrisoara
series, include quartzitic paragneiss, schists and
gneisses. CGHA magmas have been erupted through
all three crustal lithostratigraphic units and may
have assimilated this material during ascent.

The Transylvanian Basin borders the East Car-
pathians to the west and is filled with Neogene to
Recent sediments. Mafic alkaline magmas were
erupted during the late Pliocene (Downes et al.,
19956) at the eastern edge of the basin, ~30 km
from the southern end of the CGHA (Fig. 1). These
alkali basalts and trachybasalts show subduction-
modified trace element signatures with slightly ele-
vated LILE/HFSE (large ion lithophile element to
high field strength element) ratios. They contain

ultramafic xenoliths, derived from the shallow litho-
spheric upper mantle (Vaselli et al., 1995), which
indicate the presence of depleted mantle beneath the
Eastern Transylvanian Basin (the part of the lower
lithosphere immediately overlying the mantle wedge
of the CGHA).

Two isolated occurrences of calc-alkaline mag-
matdsm are situated in the back-arc area, near the
outcrops of alkaline volcanics. One is a small plug or
lava flow of basaltic andesite at Rupea, ~40 km
from the CGHA axis, which has a K/Ar age of 6-81
Ma (Downes et al., 19956) and was therefore con-
temporaneous with activity in the Gurghiu Moun-
tains. The second is a 2

-14-Ma-old lithic block of
high-K calc-alkaline basalt from La Gruiu Fintina,
which was brought to the surface during a pyro-
clastic eruption associated with the alkaline mag-
matism in the Eastern Transylvanian Basin (Downes
et al., 19956). This may have been related to vol-
canism in the Southern Harghita Mountains,
although the age, which was determined by K/Ar
dating, may have been reset during the pyroclastic
eruption.

SAMPLING METHODS AND

ANALYTICAL TECHNIQUES
Over 160 samples of volcanic rocks were collected to
investigate all major lithologies in the 18 volcanic
centres within the CGHA. Samples cover the range
in age, geographical and chemical variation noted
by previous workers. In addition to in situ flows and
intrusions, some samples were collected from large
blocks in volcanidastic deposits. A selection of
crustal rocks have also been analysed to constrain
possible high-level contaminants. Samples of flysch
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sediments from the palaeo-accretionary wedge were
analysed to constrain the types of sedimentary
material which may have been subducted.

Major and trace element abundances were deter-
mined on a Philips PW1480 X-ray fluorescence
(XRF) spectrometer at the University of London
XRF facility at Royal Holloway. Major element
oxides were determined on fused glass discs and trace
elements on pressed powder pellets with matrix cor-
rections calculated from major element composi-
tions. Selected major and trace element data are
included in Table 2. Analytical reproducibility for
most trace elements is either about ± 1 p.p.m. (2 SD)
or ± 1 % , whichever is greater, but is about ±0-3
p.p.m. for Nb, Rb and Y.

Sr, Nd and Pb isotope analyses (Table 3) were
made using standard ion exchange separation tech-
niques and a VG 354 multicollector thermal ion-
ization mass spectrometer at the University of
London Radiogenic Isotope Facility at Royal Hol-
loway. Procedures for Sr and Nd isotopes have been
described by Thirlwall (1991). A laboratory Nd
reference standard (AldrichJ during the period of
data acquisition yielded 1+3Nd/144Nd = 0-511425±9
(2 SD on 62 analyses), equivalent to a La Jolla value
of 0-511857, and SRM987 yielded
87Sr/86Sr = 0-710241 ±30 (2 SD on 242 analyses).
Samples for Sr isotopic analysis were leached in hot
6 M HC1 for 1 h before digestion, to remove the
effects of post-magmatic groundmass alteration.
However, repeat analyses of leached and unleached
samples revealed a minimal difference, within
analytical error (e.g. Cl-Leached = 0706850 ±9,
C1-Unleached = 0-706848 ±11). "Sr/^Sr was nor-
malized to 86Sr/ Sr = 0-1194 to account for mass
fractionation.

 43Nd/144Nd was reproducible to
better than 0-000010 and results were normalized for
fractionation to 146Nd/I44Nd = 0-7219. Leaching for
Pb analyses was carried out on 250 fim sieved rock
chips in hot 6 M HC1 for 1 h. Repeat analyses for
both leached and unleached samples gave repro-
ducibility similar to that of standard SRM981. Pb
isotopic analyses were normalized for mass frac-
tionation using SRM981, which yielded
206pb/204pb = 16-891 it 12,

 207Pb/2O4Pb = 15-433 ± 12,
208Pb/204Pb = 36-516±38 (2 SD on 54 analyses).

Mineral separates were analysed for O isotope
ratios because whole-rock <5

18O (<518OWR) values
can often be affected by late-stage alteration (e.g.
Downes et al., 1995a). Minerals were separated from
a 250 fim fraction using a magnetic separator and
by hand picking. Approximately 1 mg of sample
was required for each analysis and duplicate ana-
lyses were made on all samples. O isotope analyses
were carried out at the University of London Stable

Isotope Facility at Royal Holloway using a laser
fluorination system attached to a VG Isotech
PRISM gas-source mass spectrometer fitted with a
micro-inlet (Mattey & Macpherson, 1993). Samples
were heated with a defocused Nd:YAG laser oper-
ating at 1064 nm and fluorinated with C1F3 at a
pressure of 200 mbar. Liberated O2 was cleaned
with KBr and then converted to CO2 over hot gra-
phite. Sample gases were measured against a
laboratory reference gas. Results (Table 3),

• recorded as 5 O, are given with reference to
Vienna Standard Mean Ocean Water (V-SMOW)
and are reported as the mean of two or more
replicate analyses with external precision typically
±0-1 %o (2 SD). Blank levels were ~002 fimol O2.
The technique is sensitive to O2 yield, which was
continuously monitored. Analyses with <95% O2
yield were discarded. Data from each batch of
samples were normalized to a secondary standard
(San Carlos olivine) to account for instrumental
drift, with typical corrections less than ±0-2%o.
Crustal lithologies were not measured by the laser
fluorination technique but two samples were ana-
lysed by conventional whole-rock Ni-bomb methods
at the NERC Isotope Geosciences Laboratory,
Keyworth (P. B. Greenwood, personal commu-
nication, 1995).

PETROGRAPHY
CGHA lavas vary from basalts, through basaltic

andesites, andesites and dacites, to rare rhyodacites.

Major phenocryst phases are listed in Table 2. The

lavas are typically porphyritic with variable pheno-

cryst assemblages related to the SiOz content of the

magmas. Plagioclasc, magnetite and ilmenite are

ubiquitous. Clino- and orthopyroxene are common

in basalts, andesites and some dacites. Olivine is

recorded in some basalts and basaltic andesites, and

amphibole is mainly present in rocks with ^ 5 9 %

SiO2. Quartz occurs in rhyodacites, some dacites and

in high-K to shoshonitic magmas from the extreme

southern end of the arc. Accessory phases include

apatite and rare zircon. Sphene is a rare phenocryst

phase in some rocks, particularly those from the

youngest volcanic centre in the south of the chain.

Biotite occurs in the more evolved and more K-rich

rocks in the south of the CGHA. A few aphyric

rocks, containing only rare plagioclase phenocrysts,

occur in several volcanic centres, but most lavas are

vitrophyric or fine-grained porphyritic. Two shosho-

nitic lava domes contain disequilibrium mineralogies

with phenocrysts of magnesian olivine, clino-

pyroxenc, plagioclase, quartz, amphibole, biotite

and sphene (Mason, 1995; Mason et al., 1995).
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CO CD CD ^̂ ^ ^^* Ĉ J P^ 00 P^ 00 C 3̂ CM LC)

P^ CO ^ ^ ^— 00 ^ ^ 00 C^ v^ ^m CO trt r̂ l QQ (0 gQ r̂  ^ ^

S C D C D L O C D C O O * — O O P P » — I O i - ^ f s » r - » - 0 ) ^ f l ) N * - O n N M ^ ' ( n ( 0

r- O i - C N P - » C N r * » C O ^ - r - C N C O C O C M « - C M T -
•— CM CO 00

S p-i-.-ocoSr»SSi3 LO «-o
p r— P* CN ̂  CM CM r» r~ Cn CO P* LO CO f* P* CD

tO r~ CD ^ (D r S ^ 00 P"» »— ^- CO *•

CM i- ^-

CO U3 CO 00 CM CD ^J ^T CO ^ * CA CM ^ " CO 00 CO P^ ^f

" ~ " ~ ' * ¥ ~ C M ^ ^ " ~ * " C > ' < ~

oo oo in m
^^m C )̂ 0 0 CM QQ U3 ^ ^ ^M ^M O CO CM Ĉ )
T— CD f** •— O CD CD ID r- i— f*« CO r^ 00 CD CO O O

S S ^ i - i o n o o o o CD o»- tooi-ionnh^ni-fflQioniDr̂ r-

«- CD O f - t - l D ^ C O D T r O 1 - I - I N T -
r- CM • - r -

S Cp CD CD

ID 3 p- O N <f

ID r * ~ * ~ CD f- 5 i- i- (O r- 00̂ -CDC*) CMW-CMT-

CM *- r-

Si
^ to

CD

3

a.

I I

si
a. o

a.

CD ^

o. IT

CM CO

r r
L O r^
CM 5

o

CD

pl
a

•if

a

o

8-

S.U

X

b
CM

LO
CM

2
4
'

Lo
CM

to

CO

p

47
'

s

CM

•

S 5

r
1
 P

LO F»

s

LO fO

r P
L O r-.
CM 5

a g

Q. a ^ - CN *r

to co

LO S
CM * t

8" LD h

w CM ^

f 1 I s 5 < 5 > < ) { c 3 f 5 3 £ a 5 L € S ^ i i E > 5 ( 5 l f

932

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/3
7
/4

/9
2
7
/1

5
0
8
4
7
2
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



MASON*/ al CRUSTAL ASSIMILATION IN EAST CARPATHIAN ARC

|

I
8

en

CO

S

CO

O)

5

CO

o

CO

u

*

5

* j to «dr co 3.

CX CO * i * ^* CO ^B CO ^^ ^™ ^~ 00 1A CD ^^ CO ^^ ^Q CO ^2 Q^ ^ f ^ ^y

j <o cb co cb co - 6 6 6 A 6 6 g 3 eg en g g r; r- 3 A | g A 6 A ;* jo o 5 | 2. to fc

n o ^ r - m ^ c o t o r - r - co S N U> op co ̂  co . o x tor
1
*

*- CN co *- " d & o i c s ' " *

c o r j c N j « N i r » o j c n 5 ' ? f t i c O Q r 5 o. ^ ^

o) co CD o CD c*) T~ 6 6 o 6 o o o) ̂  cp w co ^ r 1 * ^ ' ^ ^ * * ' ^ ® ® f **? ̂  en ̂  d »J o. f̂  j *
I O « — O » - I O N CH 00 r - C i M ( D N C N r - N t — w R f c 1 O C D

X

^̂ ^ vO v ^ ^^J CD ^̂ * U ) ^^) ^^ ^̂ " ^̂ J ^T PO ^̂ * QD Ĉ V ^̂ * vO _^ ^ C^ ĈO
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Table 2: continued

Northern Harghlta

Sample: H51 H21 H17 H23 H20 H30 H8 H18 H24 H27 H16 H44 H28

S!02

AljO,

FejOj

MgO

CaO

NajO

K20

TTO2

MnO

PjO,

Total

mg-no.

LOI

Nl

Cr

V

Sc

Cu

Zn

Ga

Pb

Sr

Rb

Ba

Zr

Nb

Th

Y

La

Ce

Nd

Major

phases

Long.

Let

5602

18-38

6-80

3-94

8-92

3-13

1-219

0-860

0-135

0-151

99-65

0-54

1-84

7

37

101

26

9

71

18

4-6

372

41-9

299

125

11-6

4-3

21-7

17

34

17

Plag.

cpx

25*40'

46*06'

67-90

18-86

7-16

3-20

6 91

3-50

1-416

0-741

0-139

0-204

100-02

0-47

0-69

5

11

85

18

7

75

19

6-2

469

42-3

390

146

10-6

7 0

23-7

26

49

21

piag.
opx,cpx

amph

25*40-

46*22"

6906

18-43

6-29

3-32

6-49

3-47

1-810

0-732

0-109

0-141

99-85

0-51

106

7

16

146

21

11

61

18

7-5

337

63-3

522

148

10-7

8-9

26-9

25

45

20

plug.

opx,cpx

25*44'

48*08-

60-18

17-85

5-99

3-40

6-71

3-56

1-736

0-617

0-159

0-128

100-32

0-53

0-97

18

30

126

21

17

60

18

6-1

324

63-1

408

148

8-3

8-1

220

20

37

17

plag,

cpx.opx

25*39-

46*23-

60-60

16-94

5-88

3-64

6-88

2-82

2-17

0-700

0-124

0-134

99-87

0-55

0-50

8

94

73

17

15

69

19

11-1

374

87-1

509

143

12-7

11-0

26-1

30

53

23

plag.

opx,cpx

bl, amph

25*41'

46*20-

60-94

17-62

6-76

3-07

6-25

3-23

2-07

0-641

0-120

0-127

99-83

0-51

0-48

6

19

106

16

8

65

18

9-0

376

75-9

408

149

8-1

9-7

20-6

24

41

18

Plag,

amph.

cpx,opx

25*35'

46*34'

61-85

17-61

5-18

3-12

5-80

305

2-11

0-689

0-098

0-137

99-65

0-54

1-41

12

56

74

18

6

61

19

12-1

308

79-6

496

149

12-6

110

21-5

25

45

19

Plag,

cpx.opx

amph

26*61'

46*21'

62-31

18-86

5-22

2-73

5-43

3-11

1-940

0-646

0-112

0-144

100-49

0-51

2-18

6

16

66

16

8

62

19

110

317

77-9

475

143

11-4

100

21-2

25

46

19

plag.

opx,cpx

amph

25*42-

46*22-

63-16

16-88

4-80

2-91

6-99

3-46

1-98

0-631

0-104

0-120

99-92

0-55

0-48

14

37

80

15

17

57

16

8-7

317

78-3

484

137

8-8

9-6

21 0

26

42

18

Plag.
cpx,opx

25*41'

46*25'

6588

1701

458

0-79

3-79

4-68

2-26

0-556

0076

0-224

99-83

0-26

1-03

3

9

33

8

13

79

18

12-6

274

81-3

548

211

12-4

11-1

24-8

35

63

26

Plag,
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65-95
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4-04

2-81

3-95

2-88

255

0-537

0-083
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19

80

66

17
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223
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532
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0029

0-168
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005
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4
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26

5

6

65

17

12-2

305

952
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9-2

110
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27
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20
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Table 2: continued

Sample:

Series:

SiO2

AljO,

FejO,

MgO

CaO

K,0

TTOj

MnO

Total

Local metamorphlc basement Palaeo-accretionary wedge sediments

CB1

Negris.

68-01

16-32

6-98

2-41

0-95

2-32

2-80

0-767

0-107

0-182

CB3

Bratlla

65-75

1605

5-62

2-30

4-86

3-20

1-900

0-583

0-102

0-090

CB4

Negris.

67-97

14-59

5-61

1-75

2-53

2-95

3-14

0-758

0081

0-178

CB5

Bretlla

90-03

5-99

0-91

0-10

0-05

1-88

1-009

0-152

0026

0040

CB6

Rebra

64-89

19-30

7-35

2-29

0-49

1-45

3-18

0-806

0-111

0-133

CB7

Negris.

61-20

20-08

7-47

2-67

0-40

1-91

5-00

1-031

0-085

0-192

FS1

Ceahlau

59-99

18-31

10-84

2-45

0-48

0-75

5-62

0-903

0-255

0-110

FS2

Ceahlau

28-28

4-56

3-44

1-33

60-33

0-49

0-490

0-175

0-542

0073

FS3

ConvoL

57-22

20-02

8-73

3-70

3-66

1-13

4-13

0-925

0-057

0-144

FS4

ConvoL

58-22

16-82

5-64

2-90

11-61

1-27

3-24

0-709

0-119

0-171

FS6

Ceahlau

58-66

17-53

5-62

2-79

9-72

1-69

3-33

0-898

0-050

0-170

FS7

Margin.

60-36

10-47

4-84

1-80

19-44

103

1-798

0-557

0097

0-169

FS8

Tarcau

70-84

18-94

3-51

1-83

0-12

0-65

3-66

0-923

0009

0076

FS9

SubCarp

60-88

20-33

6-20

2-98

3-90

1-16

4-03

0-766

0-098

0-131

99-83 100-45 99-55 100-19 10000 99-94 99-71 99-71 99-72 99-70 100-45 100-50 100-45 100-45

o
a

o

I
o
o
o

mg-no.

LOI

Nl

Cr

V

Sc

Cu

Zn

Ga

Pb

Sr

Rb

Ba

Zr

Nb

Th

Y

La

Ce

Nd

0-42

3-17

45

94

126

17

21

89

19

16-1

87

77-1

732

189

13-6

9-8

25-5

34

68

31

0-42

2-11

10

29

120

19

12

68

17

11-5

145

66-1

322

125

6-9

5-3

34-7

17

36

19

0-36

3-10

21

60

91

17

13

91

18

17-7

207

106

888

268

16-4

14-8

370

42

88

40

0-16

1-89

11

11

18

1

1

16

7

7-9

18

27-1

315

58

3-4

3-3

8-9

12

21

9

0-36

2-66

44

108

133

17

43

210

28

9-2

105

113

578

197

13-7

120

28-7

38

73

33

0-38

2-21

54

120

164

21

27

127

25

8 6

86

169

1011

207

18-3

13-7

30-6

28

67

26

0-29

2-10

128

114

174

22

37

145

23

430

35

248

383

179

17-7

12-6

26-3

19

47

19

0-41

2-87

45

28

36

0

24

6

6-7

1018

22-1

83

23

3-6

2-7

28-1

18

33

20

0-43

1-90

75

141

183

24

63

163

25

27-8

103

195

640

204

17-0

15-8

36-8

37

81

37

0-48

2-22

49

101

135

19

36

120

19

28-5

204

139

467

157

13-4

10-4

40-1

32

70

31

0-47

2-71

85

161

160

19

43

134

21

20-2

352

145

413

223

17-6

13-2

24-3

36

73

32

0-40

2-80

41

70

93

10

6

44

10

5 0

270

65-6

998

188

9-8

7-2

31 0

27

54

28

0-48

2-99

23

152

225

19

19

44

23

13-2

71

150

319

233

16-7

8-9

21-6

29

57

24

0-46

3-22

77

157

202

22

46

122

26

19-4

187

187

389

127

16-1

12-8

26-5

37

77

33

Analyses were calculated on a volatile-free basis with major elements given in wt % and trace elements in p.p.m. Reprodutibility is reported in the text Additional data are available from
the authors on request Dominant phenocryst phases present in each rock are indicated in the table using the following notation: plag, plagioclase; cpx, clinopyroxene; opx, orthopyr-
oxene; ol, olivine; amph, amphibole; bi, biotite; qz, quartz; ap, apatite; kfeld, sanidine; sp, sphene; g t gamet Parentheses indicate that the mineral in question is rare. Sampling localities
are given with reference to latitude and longitude.
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Table 3: Sr-Nd-Pb—O isotope analyses for representative CGHA volcanic and crustal rocks

Low-K CiBmani

C2

C3

C7

C8

CSBmani

C1

C4

C5

C6

C9

C10

C13

C14

C16

C18

C21

C24

C26

C47

C65

GurgNu

G1

G3

G5

G7

G9

G12

G19

G31

G32

G39

G40

"Sr/^Sr

0-7041911

0-7045011

0-7045711

0-7040911

0-7068611

0-7056212

0-7099511

0-7067311

0-7086312

0-7066411

0-7090211

0-7069411

0-7102811

0-7065111

0-7083011

0-7062011

0-7075211

0-7060911

0-7052511

0-7062711

0-7062012

0-7060311

0-7054712

0-7066711

0-7074511

0-7055711

0-7050811

0-7082011

0-7066911

0-7056511

l4INd/144Nd

0-51286814

0-51281515

0-51278019

0-51290215

0-51264616

0-51277514

0-51244815

0-51249416

0-51249415

0-51265115

0-51239115

0-51257215

0-51247314

0-51258815

0-512494111

0-512565113

0-61252019

0-51257116

0-51274915

0-51265415

0-51262115

0-61261715

0-51272018

0-51259214

0-51249915

0-512711113

0-51270319

0-51241317

0-51256315

0-51268915

4-3

3-2

2-6

4-9

-0-6

2-6

-3-9

-3-0

-3-0

0-0

-6-0

-1-5

-3-4

-1-0

-3-0

-1-8

-2-5

-1-5

2-0

0-1

-0-6

-0-6

1-4

-0-9

-2-9

1-2

1-1

-4-6

-1-7

0-8

18-819

18-775

18-834

18-904

18 821

18-889

18-762

18-797

18-821

18-820

18-978

18-986

18-980

18-872

18-858

18-903

18-951

18-898

18-794

18-784

15-627

15-634

16-641

16-661

15-644

15-656

15-650

15-650

15-661

15-644

15-667

15-679

15-675

15-663

15-668

15-673

15-682

15-660

15-654

15-656

j 20tPb/2O4PI

38-737

38-737

38-748

38-925

38-823

38-937

38-847

38-978

38-895

38-932

38-953

38-973

38-956

38-924

38-941

39070

39-108

39-046

38-790

38-933

9-6

10-8

10-8

12-1

11-3

11-7

12-6

12-1

130

11-3

11-9

130

12-7

12-6

13-3

13-3

13-7

11-1

12-6

12-9

A - P b

38

41

35

44

44

47

54

63

51

55

38

39

38

48

52

69

67

57

44

60

<51'Oa»<

6-9

5-8

7-3

7-0

6-7

6-7

5-6

6-4

6-0

5-7

6-2

5-7

6-9

6 0 (plag) 5-4 (amph)

6-2(amph)

6-1 (amph)

5-7 (ol)

8-7 (bi)

7-6 (amph) 7-4 (gt)

5-7 (amph)

(continued on next page)
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Table 3: continued

Northam HtrgMa

H8

H16

H17

H18

HjO

H21

H23

H j 4

H,7

H j 8

H30

H44

H51

Southern Hirghlta

Ha

H3

H4

H6

H7

H10

H11

H12

H13

H46

"Sr/^Sr

0-7069011

0-7069011

0-7057711

0-7066112

0-7071911

0-7057911

0-7058411

0-7063611

0-7065811

0-7062211

0-7066411

0-7059811

0-7062411

0-7047811

0-7046411

0-7050211

0-7048511

0-7056911

0-7055111

0-7047811

0-7054411

0-7062311

0-7049111

14JNd/144Nd

0-61244415

0-61247116

0-612612111

0-61248716

0-51240716

0-61256719

0-61253416

0-61253216

0-51263719

0-51264416

0-51247814

0-61261018

0-61250716

0-61263214

0-51262616

0-61253216

0-51247714

0-61240915

0-51245415

0-51262316

0-51264216

0-51244018

0-51248115

-4-0

-3-5

-0-7

-3-2

-4-7

-1-6

-2-2

-2-3

-0-2

-0-1

-3-3

-0-8

-2-8

-0-3

-0-5

-2-3

-3-4

-4-7

-3-8

-0-5

-2-1

-4-1

-3-3

18-990

18-981

19-014

19037

18-878

18-881

18-603

18-674

18-678

18-427

18-474

18-612

18-754

16-691

15-696

15-683

16-692

16-661

15-674

15-703

15-660

15-664

15-649

15-683

16-644

15-733

39-093

39-086

39-134

39-123

38-973

39-028

39-243

38-785

38-723

38-701

39-014

38-578

39-498

14-2

14-8

13-1

13-7

12-4

13-6

19-5

16-6

16-9

16-1

18-9

13 6

20-9

A ~ P b

51

61

62

48

52

57

113

70

64

80

105

45

120

8-5

8-0

7-7

7-1

6-9

6-9

6-4

6-4

*1><w

8-6 (tmph)

7-8 (amph) 8 3 (opx)

7-6(amph)

7-4 (opx)

7-0 (opx)

6-3 (bi) 7-3 (plug)

6-6 (amph) 6-6 (bi)

6 8 (opx)

r
O

P
E

T
R

O

n

3
S

§

1
z

0

CA
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D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/3
7
/4

/9
2
7
/1

5
0
8
4
7
2
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



" P b / ^ P b 20ePb/204Pb

Southern back-arc calc-aOoline

Rupea 0-70407 ±V

Lgf 0-70441 ± 1 *

Local metamotphk batamant

CB1 0-72136 ±1

CB3 0-70936 ±1

CB4 0-71839±1

CBS 0-72431 ±2

CB6 0-73201 ±1

CB7 0-73619±1

PM/aao-accrathotry wadga tadhnents

FS1 0-76007 ±1

FS2 0-70780 ±1

FS3 0-72740 ±1

FS4 0-71562 ±1

FS6 0-71171 ±1

FS7 0-71024 ±1

FS8 0-72337 ±1

FS9 0-71556 ±1

0-512760 ±40*

0-512762 ± 6 '

0-512057 ±9

0-512346±6

0-512134 ±5

0-512295 ±6

0-511963±5

0-512067 ±9

0-612246±15

0-512242 ±6

0-612126 ±4

0-512141 ±5

0-512147 ±4

0-512255 ±6

0-512127 ±5

0-512186±4

2-2

2-2

-11-6

-6-9

-10-0

-6-9

-13-4

-11-4

-7-6

-7-7

-10-0

-9-7

-9-6

-7-5

-10-0

-8-8

18-628

18-578

18-381

18-710

18-458

18-543

19-236

19-352

18-634

18-642

18-616

18-775

18-895

19012

18-826

15-592

15-630

15-676

16-633

15-679

15-637

15-767

15-736

15-651

15-654

16-685

16-663

15-665

16-667

15-654

38-503

38-418

38-713

38-614

38-730

38-570

39-837

39-781

38-724

38-753

38-811

38-897

38-731

39-185

38-753

8-2

12-6

19-3

11-4

18-7

13-6

19-1

14-7

140

14-2

17-6

13-7

17-4

11-6

12-2

36

33

86

37

79

53

95

76

57

59

68

57

78

57

37

6-9

17-9

13-1

sru is reported relative to a CHUR value of 0-512638. A207Pb and A20ePb have been calculated using the NHRL of Hart (1984). Errors quoted are the internal precision at 2 SE for Sr and

Nd isotope analyses. Internal error on Pb isotope determinations is insignificant when SRM 981 reproducibility is taken into consideration.

'Analyses taken from Downesefa/. (19956).
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Xenoliths of crustal material, typically schists and
gneisses, are common within the lava flows. Cognate
plutonic xenoliths with igneous textures, composed of
amphibole ± clinopyroxene ± plagioclase ± magnetite,
are also widespread as are basic and acidic igneous
inclusions. Xenoliths of older andeaite are sometimes
found. However, lower-crustal and mantle xenoliths
are not found in CGHA lavas.

MAJOR AND TRACE
ELEMENT GEOCHEMISTRY

Major element variations

Most CGHA samples are medium-K calc-alkaline to
high-K calc-alkaline and are andesitic and dacitic in
character (Fig. 2). A few lavas have low-K sig-
natures, although tholeiitic volcanism is absent.
Basalts are rare and occur only in the Calimani
centre; rhyodacites are also rare, although evolved
differentiation products may occur within pyro-
clastic flows where poor preservation precludes sam-
pling for geochemical study.

CGHA magmatic rocks have been divided into five

groups using the criteria of age, occurrence and
chemistry (Table 1). The Low-K Calimani group
( ~ 1 % K2O) consists of four evolved rocks (62-68%
SiO2) from the south-east of the Calimani centre.
These are close to the base of the volcanic pile and
have K/Ar ages in the range 86-80 M^, i.e. towards
the earlier stages of Calimani volcanism (Pecskay etal.,
1995a). The Calimani group covers the widest range of
compositions within the CGHA from basalt to rhyo-
dacite (51-71% SiO2). This is also the most volu-
minous lava sequence, including the bulk of the
extrusive products in the Calimani volcanic centre.
K2O varies considerably within this group, from 06 to
3-2%. The Gurghiu group shows a moderately large
compositional variation but does not extend above
64% SiO2 or 20% K2O. Northern Harghita group
lavas are generally evolved (57-70% SiO2) and cover
a narrow band of variation in the medium-K calc-
alkaline field. Southern Harghita group centres, in the
extreme south of the CGHA, are more potassic and
overlap the shoshonitic field. There is a general
increase in K2O content of the lavas at a constant SiO2

content, through volcanic centres, southwards from
the Gurghiu Mountains to the Southern Harghita

K2O

EHHl Southern Harghita

[TTTT1 Northern Harghita

[773 Gurghiu

£S5 Calimani

Low-K Calimani

3 -

Shoshonitic

Jl) Murgul Mic

Medium-K

Low-K Calimani

50 52 54

Fig. 2. SiO2 VJ K2O diagram ol Gill (1981) for CGHA rodu. Symbolj are as followi: filled »quara, Calimani; open »quare», Low-K

Calimani; open circles, Gurghiu; open trianglo, Northern Harghita; filled triangle*, Southern Harghita; filled itan, Rupea and La

Gruiu Finrina. Data from Rupea and La Gruiu Finrina are taken from Downa et al. (19954).
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MASON ttd. CRUSTAL ASSIMILATION IN EAST CARPATHIAN ARC

Mountains. This mirrors a general decrease in the age
of the rocks.

The back-arc basaltic andesite from Rupea
(Downes et al., 19956) has characteristics similar to
magmas in the Gurghiu group. The block from La
Gruiu Fintina plots on the boundary between the
basalt and absarokite fields (Fig. 2) and is close in
composition to the high-K rocks of the Southern
Harghita group.

Major elements show clear trends within most
volcanic centres and within the spatial and temporal
groups defined above (Fig. 3). MgO, CaO, Fe2O3,
TiOj, MnO and P2O5 display negative correlations
with SiC>2, whereas K2O and NajO increase with
increasing SiC>2. These trends are consistent with
fractional crystallization involving olivine and clino-
pyroxene in the most basic magmas (supported by a
steep trend on MgO vs SiC>2 for Calimani basaltic
rocks). Clinopyroxene, orthopyroxene, plagioclase,
amphibole, apatite, magnetite and ilmenite fractio-
nated in the intermediate magmas, with the addi-
tional effect of biotitc in the more fractionated and
high-K magmas of the Southern Harghita group
(Mason et al., 1995). Fractionation of amphibole,
pyroxene, plagioclase and magnetite is indicated by
the widespread presence of cognate xenoliths which
contain these phases.

Some of the scatter in major element variation
diagrams may be due to magma mixing. A high-K
magma H3 from the shoshonitic lava dome of
Murgul Mic contains very high P2O5 and low AI2O3
(Table 2). This rock contains a disequilibrium
mineral assemblage with coexisting olivine, pyr-
oxene, quartz, amphibole and biotite phenocrysts.
Similarly, an olivine- and amphibole-bearing
andesite (C13) from Calimani shows anomalously
high MgO. Both Na and Al show much more scatter
than the other major elements, a feature which may
be attributable to variable fractionation and mixing,
probably involving plagioclase. Crustal wall-rock
assimilation may also have affected major element
concentrations (Mason et al., 1995).

Trace element signatures

Ni and Cr generally behaved compatibly in the most
basic magmas and have low concentrations in even
the most basic magmas (Fig. 3; Table 2), supporting
the assertion that a large amount of fractionation of
olivine and the pyroxenes occurred at an early stage.
Some andesites have high Ni contents owing to the
presence of olivine- and clinopyroxene-rich basic
inclusions or xenocrysts. Sc was removed from the
melt by fractionation of pyroxenes, amphibole and
Fe—Ti oxides. Y was compatible in amphibole

(hornblende), which is a ubiquitous phenocryst in
more evolved rocks. Sr contents arc considerably
elevated in the Southern Harghita group (800-2695
p.p.m.) but on a smaller scale there is a large vari-
ation between 300 and 450 p.p.m. in the Calimani
group basalts. Sr remains relatively constant with
increasing SiO2, indicating control by the frac-
tionation of plagioclase in shallow crustal magma
chambers (Mason et al., 1995).

Figure 4 shows normal mid-ocean ridge basalt (N-
MORB) normalized (Sun & McDonough, 1989)
incompatible trace element diagrams for repre-
sentative samples from the CGHA and present-day
subduction zones in the Mediterranean region. In
general, LILE to HFSE ratios are high (e.g. Ba/
Nb = 50) in CGHA lavas and a pronounced trough is
seen at Nb which is typical for arc magmas. There is
only a small enrichment in Nb and Zr and no
enrichment in Ti above N-MORB concentrations
but LREE and Pb contents are considerably ele-
vated. Trace element patterns for CGHA basalts
(Figs. 4a,d) are very similar to those from the
Aeolian arc (Ellam et al., 1988), which are con-
sidered to have been derived from a source enriched
by sediment subduction, and the Aegean arc (Barton
et al., 1983), thought to be from a source enriched by
sediment subduction and subsequently modified by
intra-crustal contamination. A striking similarity is
seen between trace element signatures for the arc
volcanics and those for local crust and sediments
(Fig. 4b).

Figure 4b shows data for representative andesites
at 57% SiO2 from each group of volcanic centres.
This is the most basic composition at which magmas
from each group can be compared. Trace element
patterns are affected to some degree by fractional
crystallization. Ti is depleted through the removal of
magnetite and ilmenite, P by apatite and Sr by pla-
gioclase. The Calimani, Gurghiu and Northern
Harghita groups have very similar patterns, sug-
gesting they have undergone fractionation involving
common minerals from similar parental basalts. The
Southern Harghita group differs by having elevated
incompatible trace element concentrations which
increase from moderate levels in the rest of the arc
(e.g. ~300 p.p.m. Sr) to very high concentrations
(1540-2695 p.p.m. Sr) in the high-K magmas. Most
incompatible trace elements are enriched, including
the LILE, LREE and HFSE, but the enrichment is
not uniform, with fractionation of Ba/La, Ba/Rb and
Sr/Y ratios reflecting an increase in Ba and Sr over
the other incompatible elements. Rb, K, P, Ti and Y
could have been removed by the fractionation of
mineral phases which are present in some high-K
Southern Harghita rocks, notably biotite, sphene
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Fig. 3. Major and trace element Harker variation diagrams for CGHA lava suites. Symbols are as those in Fig. 2.
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Fig. 4. N-MORB-normalized incompatible trace element diagrams uiing the normalizing coefficienti of Sun & McDonough (1989). (a)
Comparison of CGHA baialt data (C65) with other local arcs. Data sourcei are: Western Carpathians—Downes it al. (1995a); Aegean
arc—Barton it al. (1983); Aeolian arc—Ellam it al. (1988). (b) Representative samples at 57% SiO2 for the main groupi of the CGHA.
The field for upper-cruital lamplei and flysch sedimenti ii also ihown (local cruit field), (c) Samples from the low-K Calimani and

Cilimani groups with 62% SiOj. (d) Basalu from Calimani, the Southern Harghita group and back-arc cak-alkaline basalu.

and amphibole. However, Th and Pb would not be
removed by fractionation of this assemblage and are
not enriched to the same degree as Ba and Sr. Nb
and Y contents are similar to other CGH lavas, pre-
cluding extensive sphene and amphibole removal.
Thus, fractional crystallization combined with
smaller degrees of partial melting does not explain
the elevated Sr and Ba contents.

Figure 4c shows MORB-normalized incompatible
clement patterns for evolved andesites in both the
main Calimani and the low-K Calimani groups. The
patterns arc similar in shape but the low-K Calimani
pattern is significantly less enriched in all incom-
patible trace elements. The low-K rocks are also less
enriched than more basic lavas from the rest of the
arc.

Incompatible trace element concentrations (Fig.
4d) in the back-arc calc-alkaline sample from La
Gruiu Fintina are very similar to those in a basaltic
andesite from the Southern Harghita Mountains. In
comparison, a basalt from Calimani has a slightly
different trace element pattern with lower overall
concentrations. The Rupea basaltic andesite has a
much smaller positive Pb anomaly and lower Rb/Th
than the other basaltic samples. There may be a
close geochemical relationship between the La Gruiu
Fintina high-K basalt and the Southern Harghita

group, but the Rupea lava is different from all of the

CGHA lavas.

ISOTOPE GEOCHEMISTRY

Sr-Nd-Pb isotopes

Values of "Sr/^Sr and 143
Nd/

1+4
Nd (Table 3, Fig.

5a) vary widely in the CGHA and reach strongly
enriched compositions (

87
Sr/

86
Sr = 0-70409-0-71028;

1+3
Nd/

144
Nd = 0-512902-0-512391), overlapping the

fields of the Aegean arc (Briqueu etal., 1986) and the
Aeolian arc (Ellam et al., 1988). The Western Car-
pathian calc-alkaline arc (Saltcrs et al., 1988) defines
a narrow Sr—Nd isotope field which reaches more
enriched

 87
Sr/

86
Sr ratios than the CGHA trend.

The five groups defined in Table 1 are largely
discriminated by their Sr-Nd isotope ratios (Fig.
5b). The low-K Calimani group has the lowest
"Sr/^Sr and highest

 I43
Nd/

t44
Nd for the CGHA

whereas the Calimani group shows a large variation
(

87
Sr/

86
Sr = 0-70525-0-71028;

 143
Nd/

144
Nd =

0-512775—0-512391) and reaches the most enriched
87

Sr/
86

Sr values. The Gurghiu group has inter-
mediate isotope ratios (

87
Sr/

6
Sr = 0-70508-0-70820;

143
Nd/

144
Nd = 0-512720-0-512413) and is wholly

enclosed within the Calimani field. Further south,
the Northern Harghita ("Sr/^Sr = 0-70558-0-70719;
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0.5132

0.5130 -

0.5128 -

143Nd
1 4 4 Nd 0.5126 -

0.5124 -

0.5122 -

0.5120

(a)

0.702 0.704 0.706 0.708 0.710 0.712 0.714

0.5129

ETB alkaline magmas
(b)

143Nd

1 4 4Nd 0.5126 "

0.5125 -

0.5124-

Calimani

S. Harghita N. Harghita

0.5123

0.704 0.705 0.706 0 707 0.708 0.709 0.710 0.711

Fig. 5. ''Sr/^Sr vi
 l45

Nd/
l44

Nd isotope diagram for CGHA volcanic and crustal rocks. Symbols are explained in Fig. 2. (a) Comparison
with other arc and mantle reservoirs in the Carpatho-Balkan—Mediterranean areas. Data sources are: West Carpathians—Sal ten it al.
(1988); East Transylvanian Basin (ETB) alkali basalts—Downes tt al. (19954); Aeolian arc—Ellam tt al. (1988); Aegean arc—Briqueu tt
al. (1986); N-MORB compilation of Saunders it al. (1988). (b) Variations within the CGHA. Progressing southwards from the Cilimani

group to the Southern Harghiu group *
7
Sr/

M
Sr decreases at a constant'

43
Nd/'

44
Nd.

143
Nd/

144
Nd = 0-512644-0-512407) and Southern

Harghita groups (
87

Sr/
86

Sr = 0-70464-0-70623;
144Nd = 0-512632-0-512409) have slightly

From north to south within the
CGHA,

 87
Sr/

86
Sr broadly decreases in rocks with

equivalent '
 3

Nd/
144

Nd values. The East Transyl-
vanian Basin alkali basalts (Downes tt al., 19956)
have similar

 143
Nd/

I44
Nd to the low-K Calimani

volcanics but lower
 87

Sr/
86

Sr at a given
 143

Nd/
144

Nd.
The back-arc calc-alkaline rocks from Rupea and La

lower
 87

Sr/
86

Sr.

Gruiu Fintina have identical Si—Nd isotope char-
acteristics to the more enriched East Transylvanian
Basin alkaline magmas (Fig. 5).

Pb isotopes (Fig. 6) exhibit more limited variation
and only minor differences are observed between the
different groups.

 207
Pb/

204
Pb and

 208
Pb/

204
Pb are

enriched above the Northern Hemisphere Reference
Line (NHRL: Hart, 1984; Fig. 6a). CGHA data plot
close to (but at slighdy lower ^ P b / ^ P b ) data for
the Western Carpathian (Salters et al., 1988) and
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15.8

207Pb

15.7 -

15.6 -

15.5 -

15.4

(a) Local upper crusi

Aegean
arc

Palaeo-
accretionary
wedge •••yr

Hungarian West
lower crusi Carpathians

ETB alkaline magmas

Pannonian alkali basalts

17.5 18.0 18.5 19.0 19.5 20.0

15.75

207Pb
204'Pb

15.70-

15.65-

15.60-

15.55

N. Harghita

Calimani

S. Harghita Lgf Low-K
Calimani

2s.d.

Rupea

18.4 18.6 18.8 19.0 19.2

206,Pb

Fig. 6. Pb uotope iyitematici for selected CGHA volcanic and crujtal samples. Symbols as in Fig. 2. (a) Comparison with other arc
volcanics and mantle reservoirs in the Carpatho-Pannonian area. Data sources are as in Fig. 5 with the addition of: Hungarian lower

crust—Kempton it al. (1993); Aegean arc—Pe-Piper (1994). The local upper-cruitil signature covers the range of variation in the vol-
canics. (b) Variations within the groups are small and cluster close together, with the exception of the Southern Harghita group.

Aegean arcs (Pe-Piper, 1994), but do not approach
the higher

 2o6Pb/
20*Pb values found in the Aeolian

arc (Ellam et al., 1988). Eastern Transylvanian Basin
alkali basalts have similar values to the lowest
206Pb/20+Pb CGHA samples (Downes et al., 19956).

The strong enrichment trends for Sr and Nd bo-
topes within each group are accompanied by only
small variations in Pb isotope ratios (Fig. 6b). Low-
K Calimani rocks have Pb isotopic compositions
closest to the NHRL (A207Pb= 10-11; A208Pb = 35-
41) whereas the Ciilimani, Gurghiu and Northern

Harghita groups plot very close together at higher
^ P b / ^ P b and ^ P b / ^ b ratios (Fig. 6b). The
Calimani group does not extend to as high
207pb/2O4pb a n d 208pb/204pb ^ ^ c q u i v a l c n t
206Pb/2<HPb as the Gurghiu and Northern Harghita
groups, but differences are close to analytical error.
Southern Harghita magmas have lower 206Pb/204Pb
(18-43—18-75) than those from the other groups, with
the La Gruiu Fintina back-arc basalt plotting close
to the most primitive sample. The Rupea basaltic
andesite has lower " ' P b / ^ P b and 208Pb/204Pb than
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the CGHA samples and lies below the field for East
Transylvanian Basin alkali basalts (Fig. 6a).

The local East Carpathian upper crust (Table 3,
Figs 5 and 6) has highly enriched and variable iso-
topic compositions typical of old metasedimentary
material and granitoids (

87Sr/
86Sr = 0-70936-

0-73619;
 143Nd/

144Nd = 0-512346-0-511963; A^Pb
= 37-95). The abundant schists tend to have the
highest Sr/^Sr ratios. The Pb isotopic composition
of the local upper crust completely overlaps the Pb
data field for the CGHA volcanic rocks.

 87Sr/
86Sr

values of East Carpathian palaeo-accretionary
wedge flysch sediments arc fairly low (0-70780-
0-71702) compared with the upper-crustal samples
but their

 1<t3Nd/
liKNd is similar (0-5012255-

0-512126). Pb isotope ratios in the flysch samples
(A

208Pb = 26-68) arc similar to those in present-day
sediments from the Black Sea basin (Cooper et al.,
1974) and lie between the data fields of the Southern
Harghita and Calimani groups. An Oligocene flysch
sample has slightly higher

 2(*Pb/
204Pb than the Cre-

taceous flysch samples.

Laser fluorination oxygen isotope data

<5
18O values have been determined for clinopyroxene,

amphibole and orthopyroxene mineral separates
(Table 3), which are abundant, fresh phenocryst
phases in most lithologies. Additional measurements
were made on biotite, plagioclase, olivine and garnet
where fresh pyroxene or amphibole was scarce or not
available. Oxygen isotopes are fractionated between
different mineral phases (Friedman & O'Neil, 1977)
but the degree of fractionation between amphibole,
pyroxene and biotite is small (<0-3%o; Taylor &
Sheppard, 1986) and within analytical error in most
cases within this study. Data used in all figures and
modelling are for pyroxene, amphibole or biotite (to
remove any large-scale fractionation effects) and will
be referred to as <5

18O*. Fractionation between these
phases and basaltic magma is about -0-4%o (Taylor
& Sheppard, 1986) and after extensive fractional
crystallization of a typical calc-alkaline magma both
the magmatic <5

18O value and the isotopic frac-
tionation factor increase. We prefer to use S O*
data for comparative purposes as they probably
behave in a constant manner with fractionation,
rather than make a double correction to the data.

<518O* results for mineral phases from the CGHA
cover a wide range (5-l-8-796o) and are similar to
<518OWR values for typical island arc and continental
margin arc volcanic rocks (Hoefs, 1987; Harmon &
Hoefs, 1995). Variations are seen in mineral S O*
values between lavas from different groups. The
Calimani group covers a wide range in 8

18
O* data,

CUnopyroxene

O Orthopyroxeoe

A Ampittwto

6 1 8 O 7 •

618O* -

5 0 5 2 5 4 5 6 58 60 62 64 66 68 70 72

50 52 54 56 58 60 62 64 66 68 70 72

SlO2

Fig. 7. SiOj vi <5"O diagram for mineral separata from the
CGHA. Mineral phases from the tame rock are indicated by tie
lines. The lower diagram shows data for pyroxene, amphibole

and biotite only (<5
r
 O*) from each of the evolutionary groups.

with samples high in <5
18O* being generally more

evolved (Fig. 7) and enriched in radiogenic isotopes
(Fig. 8). Northern Harghita samples contain mineral
phases with exclusively high <5

18O* (>70%o) corre-
sponding to high bulk-rock SiC>2 contents and
enriched Sr isotope ratios. In contrast, Gurghiu and
Southern Harghita rocks contain minerals with
lower <5

18O* (<7-2%o) and display high
 87Sr/

86Sr
and low

 143Nd/
144Nd.

DISCUSSION
Fractional crystallization accounts for the bulk of the
major and trace element variation in the CGHA
(Mason et al., 1995). The effects of this dominant
petrogenctic process can be filtered by focusing on
incompatible element ratios and isotopic composi-
tions. The most critical problem to address in the
CGHA is the origin of the large isotopic variation
within each magma series (Figs 5-8). Highly
enriched isotopic compositions (5 O* =5-l-8-7%o;
87Sr/86Sr = 0-70409-0-71019; 1+3Nd/144Nd = 0-512902
-0-512391; 206Pb/204Pb= 18-43-1904) may reflect
either assimilation of continental crust or enrichment
of the mantle source by sediment subduction. The
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61BO* 7-

N. Harghita

Calimani

Low-K Calimani

Gurghiu

0.704 0.706 0.708 0.710 0.712 0.5124 0.5125 0.5126 0.5127 0.5128 0.5129 0.5130

143Nd/144Nd

9T 1 9-

618O*

18.4 18.5 18.6 18.7 18.8 18.9 19.0 19.1 8 10 12 14 16 18 20 22

206pb /204pb A 207p b

Fig. 8. <5
lf
O* vi Sr, Nd and Pb Uotopa for CGHA magmai. Symbols are ai in Fig. 2.

following discussion initially focuses on the balance
of evidence in favour of crustal assimilation or source
enrichment. Crustal contamination effects are then
quantified and removed before an attempt is made
to characterize the mantle source.

Coupled variations between radiogenic and O iso-
topes have frequently been used to argue for or
against crustal assimilation (e.g. James, 1981). In
the CGHA, correlations are seen between mineral
separate <518O* and whole-rock 87Sr/86Sr and
144

Nd/
144

Nd (Figs 8 and 9), with several magmas
having both high <5

18
O* and low

 143
Nd/

144
Nd. Local

metamorphic basement has moderate to high
<518OWR (131—17-9%o, Table 3) and assimilation of
this crust could produce the most isotopically
enriched Calimani and Northern Harghita magmas

(Fig. 9a). <518OWR is used for crustal material (as
opposed to <5

18
O*), as crust is considered to be

thoroughly digested during assimilation (e.g.
Watson, 1982). Lower crust can frequently have \o\i

& OWR (Fowler & Harmon, 1990) and so magmas
with lower 5 O* (6-7%o) may also have undergone
crustal contamination (dotted assimilation trajectory
in Fig.' 9a). Crustal assimilation was therefore a
viable process to produce the enriched radiogenic
isotopic signatures in most magmas.

However, isotopic mixing lines (Fig. 9) are
dependent upon the composition of the two end-
members and crustal contamination may not be the
only process which could produce the enriched mag-
matic isotopic characteristics. The interpretation of
Nd-O mixing lines in Fig. 9 is governed by the Nd
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10

9"

61 8O* 8 "

' 7 •

6-

h (a) Assimilation of moderate and low fiieo crust
by parental magmas

13%.

61 8O

0.55
0.7

cmst-

basaltic
parental
melt

045

XL—i—i—" 1—i—i—i—i—i 1—i—r—i—r

0.5123 0.5124 0.5125 0.5126 0.5127 0.5128 0.5129 0.5130

(b) Addition of subducted sediment to mantle source

— DMM(<1ppmNd) +sediment

-•-- EAR (4ppm Nd) + sediment

DMM

1 1 1 1 1 r

0.5123 0.5124 0.5125 0.5126 0.5127 0.5128 0.5129 0.5130

143Nd/144Nd

Fig. 9. Cruital assimilation and source bulk mixing models to explain Nd and O isotope variations in CGHA magmas, (a) AFC model-
ling for mixing between a hypothetical parental magma and local crust of variable <5

18
OWR. Variations in r (degree of assimilation/

degree of fractionation) are shown with tick marks for every 5% of crust consumed. Values for the amount of crust consumed and the
amount of melt remaining (f) are shown for the case where r = 0-4 and also for the case of r = 0 2 for the high £ " O W R assimilant £>Nd >*
assumed to be 0-3 in all calculations, (b) Bulk mixing calculations for addition of average palaeo-accretionary wedge sediment to a

depleted MORB-source mantle and an enriched EAR mantle.

contents of the mantle source and the contaminant,
the latter also having variable <5

18
OW-R- Bulk mixing

models which approximately represent the effects of
adding subducted sediment into the mantle are
shown in Fig. 9b. Mixing between sediment and
depleted mantle cannot generate the entire range of
magmas even when varying the sediment 8 OWR
value up to 22%o (a probable maximum for sedi-
mentary rocks), but mixing lines can explain the
variation when adding subducted sediment to an
enriched mantle source with a higher Nd content
(~4 p.p.m. Nd, Fig. 9b, Table 4). However, it seems
unlikely that a mantle source with such high Nd
could generate the Calimani and Gurghiu basalts
which have 12—15 p.p.m. Nd. Such basalts are

themselves the product of substantial fractional
crystallization which increased the Nd content from
that of the parental magma. The maximum per-
centage of melting in an arc environment is unlikely
to be >20%, which would generate a magma with
~14 p.p.m. Nd from an enriched peridotite source
(4 p.p.m. Nd) and ~3 p.p.m. from a depleted peri-
dotite source (<1 p.p.m. Nd). In addition, unrealis-
tically large amounts of sediment (> 10%) would be
required by the mixing models to explain the iso-
topic variation within the enriched magmas. Thus,
assimilation is the most likely process which could
produce the more isotopically enriched magmas
(143Nd/144Nd <0-5127, 8™O*>7%o).

Pb isotopes do not vary significantly with <5I8O*

948

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/3
7
/4

/9
2
7
/1

5
0
8
4
7
2
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



MASON et oL CRUSTAL ASSIMILATION IN EAST CARPATHIAN ARC

Table 4: Compositions of parental and mantle end-members used in AFC and bulk mixing

modelling

Isotopic

reservoir

"Sr/^Sr

1"Nd/144Nd

""Pb/^Pb

^ P b / ^ P b

""Pb /^Pb

Sr p.pm.

Ndp.p.m.

Pbp.pjn.

Calimani parental

mogmai

C65

0-7053

0-51276

18-86

15-67

38-94

5-7

320

16

4-8

C4

0-7055

0-51278

18-82

15-64

38-82

5-7

295

12

4-8

Gurghhi

parental

•• magma

(GPM)

0-70409

0-512902

18-90

15-65

3905

6-7

300

14

5

N. Harghfta

parental

magma

(NHPM)

070409

0-512902

18-88

15-66

38-97

5-7

300

14

5

S.Harghtta

parental

magma

(SHPM)

0-7047

0-51263

18-61

15-64

38-58

6-7

950

17

23

Depleted

atthenospheric

to urea

(DMM)

0-7031

0-5130

18-5

15-5

38 2

5-7

9

0-73

0-03

Enriched

aithenospheric

source

(EAR)

0-7037

0-51285

19-7

15-7

39-6

5-7

66

4

0-3

Trace element concentrations fof depleted and enriched asthenosphere are taken from Sun &McDonough (1989) assuming 10% melting.

Isotope ratios for D M M and EAR are calculated from the composition of East Transytvanlan Basin alkali basalts (Dowries era/., 19956)

and Pannonian Basin alkali basalts (Embey-lsztinsta/.. 1993).

(e.g. Fig. 8). In the Calimani group 3
1B

O* varies
over a wide range whereas

 206Pb/
204Pb and A

2O7Pb
are rather uniform. The Gurghiu and Northern
Harghita groups appear to lie along the same trend
as the Calimani samples. The isotopic variation
could be produced by crustal assimilation from one
of two initial parental magma compositions. The
parental melt could have had: (1) low A

207Pb with
very low 5

1B
O* (~5-0%o), as a steep mixing tra-

jectory would produce little Pb isotopic variation in
the contaminated magmas; or (2) low <5

18O*
(~5

-7%o) with similar A
207Pb to the contaminant.

Parental basalts from Calimani have <5
18O* of

~5-7%o, which suggests that the latter case is more
likely, i.e. parental magmas and contaminant had
similar Pb isotopic signatures. The mantle source is
also unlikely to have <5

18O* below 5-6%o (Mattey et
al., 1994). In contrast, the Southern Harghita
magmas display minor variation in £

18O* with
large shifts in 206Pb/

204Pb and A
207Pb (Fig. 8).

Contamination with crust with similar <5
18O to the

parental magmas but radically different A
207Pb

could explain the variation. However, this is
unlikely as Pb/O ratios are generally high in the
crust and consequently mixing curves involving
expected mantle and crustal end-members would
lead to homogeneous Pb isotope ratios in the
magmas, which are not seen. Thus, it is likely that
Pb isotopes were significantly modified from
depleted mantle values before large-scale upper-
crustal assimilation in all parts of the arc. This may

have occurred through either lower-crustal assim-
ilation or source enrichment by subducted
sediment.

Mechanism of crustal assimilation

Interaction with the continental lithosphere was
probably extensive, as magmas traversed 30-40 km
of the East Carpathian crust and/or palaeo-accre-
tionary wedge sediments to reach the surface.
During ascent, crystallization, fractionation and
mixing probably occurred. Isotopic and trace
element modification is likely to have taken place
during residence in the crust. The sampled upper
crust is heterogeneous (Tables 2 and 3; Figs 4-6) but
the composition of the lower crust in Romania is
poorly understood. The most closely related lower-
crustal rocks which have been investigated are those
from the Western Pannonian Basin (Kempton et al.,
1993), but these are part of the separate Alcapa
microplate (Csontos et al., 1992) where the tectonic
and magmatic history may have been significantly
different. Therefore, although we will investigate the
interaction between magma and upper crust, lower-
crustal contamination may also have occurred but is
more difficult to constrain.

Correlations between radiogenic isotopes and
fractionation indices (e.g. SiC^, MgO) have often
been used as evidence for assimilation during frac-
tionation (AFC). The fractionating mineral assem-
blage in common calc-alkaline magmas (e.g.
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plagioclase, pyroxenes) would cause an increase in
S1O2 and a decrease in MgO during fractionation.
Viewed as a whole, the CGHA data do not show
clear AFC correlations and even within the iden-
tified spatial and temporal groups only weak trends
are present (Fig. 10). A positive correlation occurs
within the Calimani group for

 87Sr/
86Sr vs SiO2 and

a slight negative
 3Nd/

1 4^d vs SiO2 trend is
observed. The low-K Calimani group shows no iso-
topic variation with fractionation and isotope vs
fractionation index variations are also absent for the
Gurghiu and Northern Harghita groups. For
Northern Harghita lavas the trends are scattered,
with dacitic rocks being some of the least isotopically
enriched. <5

18O* is high in all Northern Harghita
samples but is higher in andesites than in dacites. If
the dacites are excluded from this series, then a
simple AFC trend could be described for the group.
Clearly, crustal contamination processes in the

0.711

87Sr
86 S r

143Nd °-5127 '
1 1 3No r

0.5126 "

0 5.23

55 60 65 70 75

SiO,

Fig. 10. Variation! in Sr and Nd isotope ratioi during fractional
crystallization. Symbols as in Fig. 2. (a) SiO2 vs " S i / ^ r , (b)
SiOj vs

 m
Nd/

l 4 +
Nd. The dashed part of the Northern Harghita

field represents a group of more evolved magmas with unusually
depleted uotopic signatures when compared with the remainder

of the group.

CGHA were more complex than the simple AFC
model.

Differences in the isotopic signatures of the lavas
might have been produced by longer residence
times in thicker crust. Crustal thicknesses increase
from 30 km in most of the CGHA, to 40 km in the
Southern Harghita Mountains (Stanica et al., 1990)
and in the eastern part of the Calimani Mountains
(Socolescu et al., 1964; Lillie et al., 1994, and refer-
ences therein). At a constant

 143Nd/
144Nd, the

Calimani group have higher
 87Sr/

86Sr, whereas the
Southern Harghita group have lower

 87Sr/
86Sr,

compared with the groups erupted through the
thinner crust. Significantly,

 1+3Nd/
144Nd reaches

similar enriched values in both the thinner and the
thicker zones. Thus, the change in the isotopic
mixing trends is not directly related to the dif-
ference in crustal thickness and a more profitable
argument would be to consider the possibility of
different contaminants or contamination processes
in different parts of the arc.

Within individual volcanic centres, the oldest
lava flows and intrusions are commonly the most
evolved and isotopically enriched. The few basic
CGHA magmas with

 U3Nd/
144Nd > 0-5127 all

occur in large, long-lived eruptive centres. In the
Calimani area the oldest flow (C16) is also the most
evolved and has the highest

 87Sr/
8(*Sr and <5

18O* of
any magma in the CGHA. Such correlations
between isotope geochemistry and field relationships
suggest a simple evolution of magmatic pathways
through the crust, whereby more mantle-derived
magmas were only able to reach the surface
through established channels and conduits. The
juvenile nature of the CGHA and the rapid
migration of the focus of magmatic activity through
time along the strike of the arc probably con-
tributed to the highly contaminated nature of
CGHA magmas. The absence of dominant AFC as
a contamination mechanism (except in the most
established magmatic centre of Calimani) may also
be related to the constant migration of magmas into
new areas of crust.

The lack of basic and isotopically depleted
magmas which reached the surface may also suggest
that a zone of mixing, assimilation, storage and
homogenization (MASH; Hildreth & Moorbath,
1988) operated at lower-crustal depths in the
CGHA. The incorporation of crust would lead to
enriched baseline isotopic characteristics in magmas,
which may have been further fractionated and con-
taminated at shallower crustal depths through AFC.
It is difficult to constrain lower-crustal con-
tamination, owing to a lack of knowledge concerning
the composition of the deep crust beneath the
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CGHA. However, it is very likely that MASH was
operating and differences in the isotopic character-
istics of parental magmas in different parts of the arc
may be a feature of MASH processes.

Quantitative AFC modelling

From the combined isotopic and chemical evidence
discussed above, it appears that upper- and possibly
lower-crustal assimilation were important petrogen-
etic processes during magma genesis in the CGHA.
Although contamination probably did not follow a
simple model throughout the arc, AFC modelling
(DePaolo, 1981; Aitchenson & Forrest, 1994) is still
the best method with which to quantify upper-
crustal assimilation and to constrain the crustal con-
taminants. Isotopic and trace element data (Tables 2
and 3) for local crustal lithologies constrain our esti-
mations of the enriched end-members in con-
tamination models. The sampled upper-crustal
material probably represents the range of con-
taminants involved. Schists are used in the modelling
as these have low melting points, contain significant
Sr, Nd and Pb abundances and arc a major com-
ponent of the crust. They are also frequently seen as
crustal xenoliths in lava flows.

The least isotopically enriched and most basic
magmas have been identified for each group so as to
assess subsequent crustal assimilation. These gen-
erally have low mineral <5

18
O* (~5-7%o) but also

have low MgO ( < 6 % ) , low Ni (<63 p.p.m.) and
low Cr (<173 p.p.m). Olivine and clinopyroxenc
fractionation affected the chemistry of these magmas
before eruption. CGHA basic rocks have enriched
87

Sr/
86

Sr (0-70525-O-70820) and low
 143

Nd/
I44

Nd
(0-512775-0-512413) at <5'

8
O* values typical of

mantle clinopyroxene (5-7%o; Mattcy et al., 1994).
These characteristics, coupled with high K/Nb and
low Ce/Pb ratios, either may have been derived from
a subduction-modified mantle source or may reflect
assimilation of low <518O\VR lower crust.

Basalts C65 and C4 are used as parental composi-
tions for the Calimani group. These are not the most
isotopically depleted magmas from the area but are
related by fractionation to other more evolved
Calimani magmas. Parental compositions for the
Gurghiu and Northern Harghita groups have
somewhat lower

 143
Nd/

144
Nd ratios. The Southern

Harghita parental magma appears to have lower
87

Sr/
86

Sr and a much higher Sr content.

AFC curves calculated using estimated parental
magmas with schists as contaminants can explain the
Sr, Nd, Pb and O isotope variation. Modelling is
most tightly constrained using Nd and O isotopes

(Fig. 9). The bulk oxygen content of the primitive
and enriched end-members is identical, Nd isotopes
are not affected by alteration and bulk distribution
coefficients can be well constrained. Furthermore,
the

 143
Nd/

144
Nd of the local upper crust is con-

strained to be ~0-5122 (Fig. 5, Table 3). The
greatest unknown is the (5

18OWR of the crust, which
may vary considerably. Figure 9a shows two models
for assimilation of moderate (13%o) and low (7%o)
<5

18OWR crust. A hypothetical parental magma with
the composition of basalt C65 from Calimani is used
here with schist CB6 as the contaminant. Up to 25%
crust is required with varying amounts of fractional
crystallization (F). The closeness of the models to
reality varies depending on the ratio of mass assim-
ilant/mass crystallization (r) which is taken. Z)Nd is
assumed to be 0-3, based upon average distribution
coefficients for andesitic rocks, but may vary to some
extent in evolved magmas. It is significant that by
varying r, the range in the data cannot be produced
by a single contaminant and thus assimilation of
more than one type of crust is required to explain the
trends. One sample from the Gurghiu group (G32)
has low

 143
Nd/

144
Nd and low <5

18
O*, which might

suggest the inheritance of low
 143

Nd/
I44

Nd from the
mantle source. However, this sample contains
quartzitic xenoliths and hence the low

 143
Nd/

144
Nd

is more likely to be the result of contamination by
low 5 OWR crust.

Sr and Nd isotope diagrams emphasize the differ-
ences in contaminants and parental magmas along
the arc (Fig. 11). The alignment of lavas from dif-
ferent geographical areas along different mixing
trends is distinct. The Calimani and Gurghiu groups
appear to diverge from a common primitive end-
member close to the values of the low-K Calimani
dacite group. The observed heterogeneity in upper-
crustal

 87
Sr/

86
Sr (Table 3) may explain the wide

variation in isotopic compositions in the Calimani,
Gurghiu and Northern Harghita groups, at the
enriched ends of these arrays. A similar model may
apply to the Southern Harghita and back-arc
magmas but involving a parental magma of similar
87Sr/86Sr, but slightly lower 143Nd/144Nd.

An important variable in the Sr isotope modelling
is the Sr content of the initial magma (e.g. Sr = 300-
420 p.p.m. for basaltic rocks in the Calimani group).
This can have a significant effect on contamination
models and precludes the exact identification of the
crustal contaminant involved. However, more than
one contaminant is required to explain the isotopic
variation in different parts of the arc. Both meta-
morphic basement rocks and flysch sediments may
have been assimilated in the Calimani area (Fig.
l la ) . It is difficult to generate the magmas with

951

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/3
7
/4

/9
2
7
/1

5
0
8
4
7
2
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



JOURNAL OF PETROLOGY VOLUME 37 NUMBER 4 AUGUST 1996

•o

I

0.5130

0.5129

0.5128

0.5127

0.5126 1

0.5125

0.5124

0.5123

(a) CSIimani parental magma + crust or ftysch sediment

•
a

C65

Contaminant

— • FS8-ftysch
— CB4-crust

0.704 0.705 0.706 0.707 0.708 0.709 0.710 0.711

0.5130 i

0.5129 -

0.5128 •

0.5127 •

0.5126 •

0.5125

0.5124

0.5123

(b) Northern Harghita and Gurghiu parental
magmas with crust

CB6

r.0 8

0.704 0.705 0.706 0.707 0.708 0.709 0.710 0.711

0.5130 -,

0.5129 -

|/
1
4
4
f

f

0.5128 -

0.5127 -

0.5126 -

0.5125 -

0.5124 -

0.5123

(c) Southern Harghita parental magma + flysch sediment

a
a

r.0.8

0.704 0.705 0.706 0.707 0.708 0.709 0.710 0.711

Fig. 11. AFC trajectories using Sr and Nd isotopes for assimilation of local crust by parental magmas in the CGHA. (a) Both meta-
morphic upper crust and flysch sediment could explain enriched isotopic compositions in the Calimani area. Tick marks show the
amount of crust consumed (%). (b) Slightly different parental magmas and contaminants could explain differences in Sr and Nd isotopes
between the Gurghiu and Northern Harghita areas. GPM, Gurghiu parental magma; NHPM, Northern Harghita parental magma
(compositions are in Table 4). Tick marks show the amount of cnut consumed (%). (c) Calculated mixing trajectories for assimilation
of palaeo-accretionary wedge sediments in the Southern Harghita area. Upper-crustal AFC between a parental basaltic magma SHPM

(Table 4) and adjacent shales from the accretionary wedge (Tables 2 and 3).
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"Sr/^ST-0-7065 and 1{
3Nd/

144Nd = 051265 with
the sampled metamorphic basement as a sole con-
taminant. Flysch may also have been incorporated
and an AFC model is shown in Fig. 11 a using
Oligocene sediments from the southern Flysch belt
which are probably similar to those in the Calimani
area. Between 5 and 35% assimilation of crustal
material is required to explain the isotopic variation.

Crustal schists are the most likely contaminants in
the Gurghiu and Northern Harghita areas (Fig. 1),
and modelling using these compositions explains the
isotopic enrichment well. The data for these magma
series are rather tightly defined along two simple
AFC trajectories (Fig. lib), suggesting slightly dif-
ferent crustal compositions in each area.

In the Southern Harghita area, AFC calculations
suggest the assimilation of 10-35% flysch sediment
by parental magma SHPM (Fig. lie, Table 4).
However, 5

 8O* is fairly low in all Southern Har-
ghita magmas (6-3—7-l%o, Figs 7 and 8), suggesting
that such extensive crustal assimilation with high
<5

18
OWR flysch is not feasible. Contamination with

low <5
18

OWR crust could be one explanation for this
variation but flysch sediment is unlikely to be low in
"5

18
C*WR at either upper- or lower-crustal depths.

The evidence for assimilation is weak but values of
5

18O* ^7%o are probably too high to have been
produced solely through sediment subduction into
the mantle source. Some of the variation to low
87Sr/

B6Sr in the Southern Harghita group is probably
due to the higher Sr/Nd ratio of parental magmas in
this part of the chain. Samples H4 (Sr/Nd = 54-6)
and H6 fSr/Nd = 73-5) have slightly lower

 87Sr/
86Sr

at low Nd/
144Nd with the sample with the greater

Sr/Nd ratio having the lower
 87Sr/

86Sr. Mixing tra-
jectories have been modified reflecting the lesser

R7 .ftfi

impact of the contaminant on Sr/̂  Sr in a magma
with a greater Sr content.

In summary, much of the Sr, Nd and O isotope
variations can be explained by crustal assimilation
between the least isotopically enriched parental
magmas and schists from the local upper crust or
terrigenous sediments from the palaeo-accretionary
wedge. Variations in Sr and Nd isotope correlations
correspond to variations in parental magmas and
variations in basement lithologies from schist to
flysch sediment (Fig. 11).

Identification of mantle-derived magmas

The characterization of primary mantle-derived
magmas is contentious for the CGHA, as in many
continental margin arcs. Basaltic magmas in equi-
librium with a typical depleted mantle source would
be expected to have high Ni concentrations, MgO

>8%, <5
18O* ~5-7 and high Ce/Pb (> 12). Parental

magmas from the CGHA are fractionated and small
amounts of contamination, particularly at lower-
crustal depths, cannot be ruled out owing to their
elevated 5

 8O* values. It is not clear whether their
radiogenic isotopic characteristics have been derived
from the mantle source or are due to assimilation at
the base of the crust. Other local mantle reservoirs
must be considered, to aid the characterization of
primary arc magmas.

Asthenosphere-derived alkali basaltic volcanism
occurred contemporaneously with calc-alkaline
activity at the southern end of the CGHA (Downes
et al., 19956). Enriched mantle signatures [European
Asthenospheric Reservoir (EAR); Cebria & Wilson,
1995] which lie between depleted and HIMU com-
positions have been observed in parts of the Eur-
opean asthenosphere (Wilson & Downes, 1991;
Hoernle et al., 1995). Pb isotopes in the East Tran-
sylvanian Basin alkali basalts and in basalts across
the Pannonian Basin trend away from an initial
mantle of EAR composition (Embcy-Isztin et al.,
1993; Downes et al., 19954). Back-arc basic calc-
alkaline rocks are closely associated with the alkaline
magmas (Fig. 4) and are isotopically identical to the
enriched end of the alkali basalt field (Fig. 5b). Thus
the back-arc rocks and the alkali basalts may have
been derived from the same mantle source. Southern
Harghita group lavas, in turn, trend away from the
back-arc basalts on Sr, Nd and Pb isotope diagrams
(Figs 5 and 6) and so the true parental magma for
the Southern Harghita group may have been similar
to the back-arc magmas. This primary isotopic
composition is significantly more primitive than the
previously proposed parental Southern Harghita arc
lava (SHPM, Table 4). The mantle wedge beneath
the Southern Harghita area may thus have EAR
characteristics which are reflected in the alkaline and
calc-alkaline magmas.

There is no reason to extrapolate an enriched
EAR signature across the entire CGHA mantle
wedge, the bulk of which may be depicted MORB-
source mantle, as has been suggested for many arcs
(e.g. White & Dupre, 1986). Pb isotope compositions
(Fig. 6) for the most primitive lavas from the
remainder of the CGHA are similar to those of the
alkali basalts but there are differences in the Sr and
Nd isotopic ratios, with the most primitive Calimani
and Gurghiu calc-alkaline rocks having higher
"Sr/^Sr at a similar 1+3Nd/144Nd (Fig. 5). A
MORB source would be more consistent with trace
clement levels in Calimani and Gurghiu basalts, as it
would be difficult to generate basic magmas with ~ 3
p.p.m. Nb from an enriched mantle (EAR) source
with no more than 20% partial melting.

953

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/3
7
/4

/9
2
7
/1

5
0
8
4
7
2
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



JOURNAL OF PETROLOGY VOLUME 37 NUMBER • AUGUST 1996

The most isotopically primitive CGHA lavas are
the low-K CSlimani group, of which dacite C8 has
the most depleted Sr and Nd isotopic composition
(

87Sr/
86Sr = 0-70409;

 143Nd/
144Nd = 0-512902; Figs 5

and 6). The covariation in
 87Sr/

86Sr vs
 14JNd/

1+*Nd
within the low-K Calimani group may be due to a
small amount of crustal assimilation but there is no
corresponding increase in S

1B
O*. These rocks have

low incompatible element concentrations compared
with other CGHA samples; this feature could be due
to a lower degree of contamination within the crust.
However, their Pb/Nd and Ce/Pb ratios and Pb
isotope ratios are similar to other isotopically
enriched samples, and this suggests either that the
magmas are indeed contaminated or that the local
mantle has elevated

 2O7Pb/
2O+Pb and low Ce/Pb. Pb

isotopes appear to be decoupled from Sr and Nd
isotopes but Pb is a much more sensitive indicator of
contamination than other isotopes and trace
elements. 5

le
O* for separated mafic minerals from

dacite C8 range from 5-1 to 5-4%o, somewhat lower
than expected values for pyroxenes in mantle-
derived melts. Fractionation factors between
magmas and clinopyroxenc or amphibole are not
well documented in evolved melt compositions;
however, <5

18Opi»giociml(. is also low in the low-K
dacites. Thus, the low 518OWR probably represents
an unusually low magmatic <5

18O and may reflect
interaction with a contaminant with very low <5

18O*,
such as hydrothermally altered crust.

The low-K Calimani dacites may have been
derived from more basic magmas which existed at
mantle or lower-crustal depths, before large-scale
crustal assimilation, although basic rocks with the
isotopic characteristics of this group have not been
identified within the CGHA. Trace element abund-
ances (e.g. low Y, low Cr) indicate extensive frac-
tionation of mafic minerals, but extensive plagioclase
fractionation is precluded by similar Sr/Nd ratios to
other Calimani samples (Fig. 4). On some major
element diagrams (e.g. SiO2 vs K2O) the low-K
dacites appear to be related to other more basic
Calimani andesites. However, these andesites have
more enriched isotopic signatures than the low-K
dacites and higher Pb, Rb and Th contents. Thus, it
is unlikely that the dacites were directly related to
the more basic Calimani magmas.

A basaltic magma with the same isotopic com-
position as the low-K Calimani dacites may be close
to a primary mantle-derived magma. Sediment sub-
duction may have increased 87Sr/86Sr and A207Pb,
and decreased l43Nd/l44Nd from an even more
depleted mantle composition.

Evidence for sediment subduction

After subtracting the effects of crustal assimilation,
enrichment of the initial mantle composition by
subducted sediment may be investigated. Sediment
may be introduced into the mantle source region of
the magmas by addition from the subducted slab
through fluid release or melting (Thirlwall, 1983;
Arculus & Powell, 1986; White & Dupre, 1986).
Potential sediment sources in the Carpatho-Scythian
area include: (1) pelagic sediment on the subducted
oceanic crust; (2) terrigenous sediment derived from
the Scythian platform-Ukrainian shield area; (3)
sediments eroded from the Carpathians and recycled
into the fore-arc trench. Any of these sediment types
could have been subducted into the mantle. Car-
pathian flysch sediments and present-day Black Sea
sediments (Cooper et al., 1974) arc probably
chemically and isotopically similar to subducted
material (Table 4).

Sediment subduction beneath the Carpathian arc
has been suggested on the basis of Pb isotope vari-
ations in the Eastern Transylvanian Basin alkali
basalts (Downes et al., 19954). Mixing with con-
tinental material produced a strong variation within
the magmas from EAR values to lower

 206Pb/
204Pb

at a constant
 207Pb/

204Pb. Crustal contamination
was thought to be minimal because of the presence of
mantle xenoliths within the alkali basalts (Downes et
al., 19954). However, the Pb isotopic data may also
be explained by the high-level assimilation of
Western Pannonian Basin lower crust.

Modelling of Sr, Nd and Pb isotopes indicates that
depleted MORB-source mantle could give rise to the
low-K Cilimani isotopic reservoir by bulk mixing
with < 1 % subducted terrigenous sediment (Fig.
12). The exact amount of sediment added to the
source cannot be quantified owing to a lack of con-
straints on the isotopic composition of the pristine
mantle wedge.

Enriched EAR mantle could also give rise to a
mafic precursor to the low-K Calimani dacites.
However, much larger amounts of mixing (5—10%)
would be required to produce the parental magmas
of the CGHA because of the high Sr and Nd contents
of the EAR mantle source. These amounts are
inconsistent with the amount of sediment commonly
believed to be added to a subduction zone mantle
source (e.g. Whitford et al., 1981; Vroon et al., 1993)
and the presence of a thick palaeo-accrctionary
wedge in the Carpathians. Thus a depleted MORB-
source mantle beneath these areas is more probable.

For the Southern Harghita magmas, an enriched
EAR mantle source could closely resemble the
mantle end-member (Fig. 12), with models requiring
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AFS

iajo 1900 19.20 19« noo

"Nd
0-5I2J

0 5127

0-5124

0.SI2S

EAR

~:_ FSS

0 7030 0 7035 0 7040 0 7045 0 7050 0 7055 0 7060

Fig. 12. Bulk mixing curve! for the addition of lubducted terrigen-
oui sediment to the mantle lource region. Mixing ii shown
between three different mantle compositions: depleted MORB-
source mantle (DMM), fluid modified DMM (FM-DMM:
87

Sr/
S
Sr = 0-7035;

 143
Nd/

l44
Nd = 0-5130; Sr 20 p.p.m.; Nd 0-9

p.p.m.) and enriched European asthenosphere (EAR) (Table 4).
Average flyich icdiment (AFS) and Oligocene flyich (FS8) are
used to represent the subducted sedimentary component. Tick
marks show the percentage of sediment which should be added to

the source.

the addition of a few percent sediment to produce

parental calc-alkaline melts. However, the sub-

duction of average flysch sediment cannot produce

the parental melts and it is necessary to use Oli-

gocene flysch FS8 as the subducted material. Oli-

gocene sediments may have more closely resembled

the subducted component than the Cretaceous

material during the final stages of subduction in the

late Miocene. Fluid-modified depleted mantle could

also give rise to the lower 87Sr/ Sr seen in Southern

Harghita parental magmas (Fig. 12). A greater flux

of fluids from the downgoing lithospheric slab would

be consistent with the high Ba/La and Sr/Nd ratios

which are seen in the magmas.

In conclusion, the enriched isotopic characteristics

of parental magmas can be explained by the

addition of local sediment to the mantle source via

subduction. However, it is not possible to distinguish

this process from lower-crustal MASH or AFC,

which could produce identical effects.

Summary of isotopic mixing

Figure 13 summarizes the relationship between Sr,
Nd, Pb and O isotopes in CGHA magmas. Correla-
tions between Nd and Pb isotopes show various
trends along the strike of the arc. The interpretation
of the trends is complex but it is possible to identify
several end-members from these diagrams:

(1) A component high in e^^ from which the
CSlimani, Gurghiu and Northern Harghita magmas
appear to be derived. This is probably similar to, or
slightly enriched above an initial depleted mantle
composition. The low-K Calimani group (with
magma C8 as an end-member) is closely related to
this primary isotopic reservoir. The Southern Har-
ghita magmas may be related to a slightly enriched
or fluid-modified mantle end-member with lower
206Pb/204Pb which was the source of the back-arc
basaltic rocks (LgF).

(2) A crustal component which is high and
variable in 206Pb/204Pb (> 18-7), has variable A208Pb
(40-80), moderate to high 87Sr/86Sr and high
<5

18OWR (>8%o). Two distinct mixing trends can be
identified owing to variations in the chemistry and
isotopic characteristics of this contaminant. The first
trend is shown by all the Northern Harghita
samples, most of the Gurghiu and some of the
Calimani. It is probably contained in the meta-
morphic upper crust which underlies this region and
may be close in composition to schist CB6 (Fig. 13).
A second possible trend describes a mixing trajectory
which passes through the data with lower
206Pb/2<MPb. None of the sampled crust can explain
these magmas but it is likely that a crustal con-
taminant does exist to explain this trend which has
not yet been identified. SiO2 correlates with eNd and
87Sr/86Sr for magmas on this trend, confirming AFC
as a contamination mechanism. Most of the magmas
in Calimani and some Gurghiu samples lie on this
trend. This composition probably represents the bulk
crust beneath the north of the CGHA where AFC
was able to operate more effectively in longer-lived
magmatic systems.

(3) The second crustal component is low in
206pb,2(Hpb / < 1 8 . 6 5 ) f h a s v c r y high A208Pb (>70),

low '"Nd/ '^Nd, low 87Sr/86Sr, low to moderate
<518OWR (~6-5%o) and has high Sr and Pb contents.
Most Southern Harghita group magmas trend

'*
3
 ^

g g p g

towards this isotopic composition. '*3Nd/ ^ J d and
206Pb/2(HPb decrease as SiO2 increases within the

magmas, suggesting modification within the crust.

The upper crust in this area is overlain by the edge

of the thick palaeo-accretionary flysch wedge. Sedi-

ments from the flysch wedge could have been

assimilated at upper- or lower-crustal depths owing
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to the probable underthrust nature of the accre-
tionary prism (Tomek & Hall, 1993). However, the
flysch does not have as high A

208
Pb as the magmas.

5 '
8 OWR of the flysch is likely to be high (> 16%o), a

feature which is not reflected in the low S
 8

O* of the
magmas (<7%>). The assimilation of crust from the
Tisza—Dacia metamorphic basement was unlikely in
this area, as there is no tectonic evidence for the
presence of this material at depth. This Southern
Harghita crustal component has not yet been iden-
tified in the sampled palaeo-accretionary wedge or
upper crust.

CONCLUDING REMARKS
The calc-alkaline volcanic rocks of the East Car-
pathian arc are related to a Miocene convergence
and subduction event. Volcanic centres can be clas-
sified into groups of a similar age, location and
internal magmatic evolution. From a new, extensive
geochemical and isotopic database we conclude that
fractional crystallization and crustal assimilation are
dominant petrogenetic processes in the CGHA.
Variations in the upper-crustal contaminant and the
parental magmas along the arc could be responsible
for most of the Sr, Nd, Pb and O isotope hetero-
geneity. Between 5 and 35% upper crust is required
in AFC modelling to account for the range in
observed isotope ratios.

Upper-crustal contamination has strongly masked
the mantle source within this continental margin arc
environment, a feature which may be common
among juvenile, short-lived continental arcs. The
most primitive arc magmas can be produced by
adding ~ O 5 % subducted terrigenous sediment to a
depleted MORB-source or EAR mantle. However,
this process cannot be conclusively distinguished
from lower-crustal MASH or AFC.

Petrogenetic processes within the five groups
defined in this study can be summarized as follows:

(1) Low-K Calimani group: crustal contamination
in the dacites was minor in comparison with the rest
of the arc. Unseen basalts at depth, to which the
dacites are related by fractionation, are postulated to
form the most primitive magma for most of the
CGHA.

(2) Calimani, Gurghiu and Northern Harghita
groups: parental magmas are not readily identified,
but the least isotopically enriched basalts or basaltic
andesites can be used as a baseline magmatic com-
position. Magmas were strongly contaminated by
local upper-crustal schists and possibly palaeo-
accretionary wedge sediments in the Calimani area.

(iii) Southern Harghita group: a slightly different
mantle source with lower "Sr/^Sr and 2(fe

ou/204Du

than the remainder of the arc was enriched in Ba
and Sr. Back-arc calc-alkaline lavas most closely
resemble this source. Some contamination took place
in the upper crust with sediment of the palaeo-
accretionary wedge, but the main crustal component
has not been identified.
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