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Abstract

Along the inner part of the East Carpathians, a discontinuous subduction-related volcanic arc includins the Oas-GutAi
(OG), libleg-Toroiaga-Rodna-Rdrgiu (lTlB),and Cilimani-Gurghiu-Harghita (CGH) segments, dJveloped'during
the Neogene-Quaternary.. Based on.extensive petrographic geochemical and isotopic data, the complex petrogenetii
processes in this arc can be summarized as follows: (1) magma with a <subduction-related> chemical sienaturJ is the
common source for all the segments. Two mantle sources were recognized: one for the South Harghita-volcanics and
the other one for the remainder.of the ary_rygments. An additional crustal source is suggested foi the northern seg-
ments (OG, TT!.B a1d Cilimani_from 9_CH),. (2) mantle-derived magmas were formed by almost the same degree 5f
partial melting (10-15Vo), whilst South Harghita magmas result from gradually decreasing degrees of partial rielting
along the chain; (3) in ar.eas. with large volumes of erupted magmas (CIlimani, Gutdi,) fractional crystallisation coml
bined with crustal assimilation are the dominant petrogenetic processes. In areas with smaller voiumes of erupted
products (Oa;, Jibles, To-roiaga, _ng9nu) extensive mixing between crustal-derived magmas in deep-seated magma
chambers is envisaged. The South Harghita volcanics suggest a complex combination-of fractional crystallisatlon.
magma mixing and assimilation, characteristic for each volcanic structure.

l. lntroduction

The East Carpathian volcanic arc (ECVA) is an impor-
tant geological structure in the East Carpathians. The
volcanic activity accompanied the complex tectonic
movements during Lower Miocene-Pleistocene times.
The arc was formed by southward and westward subduc-
tion of the Eurasian Plate beneath small continental
fragments, followed by continental collision of the Afro-
Arabian and European Plates (Sdndulescu, 1988;
Royden & Burchfiel, 1989).

The ECVA volcanism. which is mainlv calc-alkaline
with minor shoshonitic series rocks, showi a wide range
of petrographic types and geochemical and isotop-ic
variations (e.g. Peltz et al., 1974;Peccerillo & Taylor,
1976a; Borcoq et al., 1979; Berza et al., 1982, 1984;
Udubasa et al., 1983; Seghedi et al., 1986, 1987; Kovi4cs
et al., 1992; Mason et al. , 1995; Mason et al., in press).
We present a general picture of the origin and evolution
of the ECVA magmas and focus on the implications of
important petrogenetic processes. We use extensive
published and unpublished petrographic, geochemical
and isotopic data. The study does not include the Lower
Miocene (Badenian) altered explosive acidic rocks, as
the volcanic centers of these rocks have not yet been
identified in Romania.

2. Distribution of Neogene - Quaternary magmatic
rocks in eastern Carpathian volcanic arc

The ECVA lies along the inner part of the Romanian
East Carpathians (Fig. 1). Large occurences of calc-
alkaline volcanism are clustered from north to south in
three principal segments: (1) Oas-Gutdi (OG); (2) T"

bles-Toroiaga-Rodna-Bdrgiu (TTRB); (3) Cilimani-
Gurghiu-Harghita (CGH).

The OG segment is controlled by NW-SE, N-S and
W-E-oriented deep fracture zones. [n Oaq, calc-alkaline
rock assemblages are complex and from rirainly isolated
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Eg. 1 - Sketch-map of the distribution of Neogene-
Quaternary magmatic segments in the East Carpathians
(Romania).

* Present address: NELq ICP-MS Facility, Centre for Analytical Research in the Environment, Imperial College, Silwood park,
Ascot, Berkshire. SL5 7TE. UK.

135



L Seghedi et al.

structures. Petrographic types range from basaltic ande-
sites to rhyolites. K-Ar data (P6cskay et al., 1995) sug-
gest that rhyolites and dacites pre-date the andesites and
basaltic-andesites between 12 and 9 Ma. In the GutAi
Mts., volcanic edifices are superimposed upon one
another and actually deeply eroded. Volcanic rocks are
calc-alkaline basalts, basaltic-andesites, andesites and
dacites, with a predominance of two pyroxene-bearing
andesites (Kov6cs et al., 1992). Older volcanics are da-
cites in the south (13 Ma) (P6cskay et al., 1994) and
younger basalts in the central area (7-8 Ma) (Edelstein
et al . ,  1993).

The TTRB sector or <subvolcanic zone" is characte-
rised by shallow intrusive bodies. Rock types range from
calc-alkaline basalt to rhvolite. Rhvolite and dacites are
generally older than bas-alts and b-asaltic andesites, the
main interval of intrusions being 9 to 11 Ma (P6cskay et
a l . , 1 9 9 5 ) .

The CGH arc sector consists of a 160 km lons con-
tinuous volcanic range, with decreasing width. 

-height

and volume from north to south. Volcanic activity
formed stratovolcanic edifices, building up a chain of
adjoining and partially overlapping composite volcanoes
surrounded by volcaniclastic aprons (Szak6cs & Seghe-
di, 1995). Typical calc-alkaline rocks of the CGH, range
from basalts to rhyolites, but andesites form most of the
chain (Ridulescu, 1973; Peltz et al., 1974). Some volca-
nics in the Cdlimani Mts. show a low-K calc-alkali trend
(Seghedi, 1987) and rocks in the southernmost segment
of the chain are shoshonitic in composition (Seghedi et
al., 1986; 1987). Volcanic activity took place between
9.5-0.2 Ma ago. A spectacular age progression is seen
for 40 km along the southernmost chain segment (4.5-
0,2 Ma) (Szak6cs et al.,1993; P6cskay et al., 1995; Sza-
k6cs & Seghedi, 1995).

3. Petrography

In the ECVA, lithologies range from basalts to
rhyolites, although andesites are most prevalent. There
are petrographic differences between different arc seg-
ments, but each contains most of the petrographic range
(Tab. 1).

Effusive rhyolites are extensive only in the Oaq
Mountains and are slightly porphyritic with plagioclase,
biotite and quartz microphenocrysts in a mostly glassy
matrix. The Cilimani Dragoiasa volcanics are similar
with a slightly rhyolitic character (Peccerillo & Taylor,
I976a; Nitoi, 1986; Mason et al., 1995), but are mainly
dacites (Nitoi, 1986; Seghedi, 1987). Similar petrog-
raphic features, but with a microcrystalline matrix, are
seen in rhyolites from the Rodna Mountains.

Dacites are the second most abundant rock type in the
ECVA. They are classified on the basis of their mafic
phenocryst assemblage: with orthopyroxene and glassy
matrix (Oaq and Gutai Mts.); with amphibole and
pyroxene (Oas, GutAi, Rodna and North Harghita
Mts.); with amphibole, biotite and quartz (Rodna,
Toroiaga, fibleq, Cblimani, South Harghita Mts.); with
biotite, amphibole, quartz, two pyroxene and olivine
(Gutdi, Cdlimani, Harghita Mts.). This latter variety
suggests magma mixing between acid and basic end-
members. Garnet (almandine) is also present in some
amphibole-biotite dacites from Rodna intrusives.

Andesites with two pyroxenes, two pyroxene and

t36

Table I - ECVA groups of selected samples for which major,
trace element data and Sr isotope analyses are presented in
Table 2. For each group sample number, petrography and
location are shown. Analvses marked * were oerformed in the
U.K. Abbreviations: B-basalts; BA-basaltic andesites; A-
andesites: D-dacites: RD-rhvodacites: R-rhvolites: Sh-
shoshonites: Di-diorites; Gd-granodiorites: Mzd-
monzodiorites; Mzg-monzogabbros; G-gabbros; af-aphanitic;
h-hyalo-; m-micro; px-pyroxene; am-amphibole; ol-olivine; bi-
biotite; q-quartz.
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amphibole are the most dominant. A few aphyric ande-
sites and dacites occur in several volcanic centers of the
CGH segment. Basalts with clinopyroxene and olivine
are present in the Gutdi, Cdlimani, Rodna and BArgdu
Mountains. Important accessory minerals in the calc-
alkaline series include magnetite, ilmenite, apatite and
zircon (the latter mainly in acidic rocks).

Small volume shoshonitic rocks in the southernmost
part of the CGH contain plagioclase, K-feldspar, two
pyroxenes, amphibole, biotite, olivine and quartz, in a
non-equilibrium mineral assemblage. This is character-
istic of magma mixing between basic and acidic end-
members (Seghedi et aL.,1987; Mason et al., in press).

Crustal xenoliths (metamorphic and sedimentary
rocks from the basement) are generally rare, but cog-
nate xenoliths, which represent accumulation of crystal
clots (plagioclase * amphibole + pyroxene + magne-
tite), are widespread in all the areas.



4. Analytical techniques

pvel 700 samples were collected to investigate the ma-
jor lithologies within the ECVA. Selected major and
trace element data and Sr isotope analyses are shown in
Tab.2 .

The East Carpathian Neogene volcanic arc

Major elements were determined by wet chemical
methods at Prospectiuni S.A. laboratory. Trace ele-
ments have been determined by emission spectrography
at the Geological Institute of Romania. The detection
limits were 1 ppm for Yb, 3 pp- for Cu, Pb,Zn, Cr, Co,
Ni, Sc, V and 10 ppm for Nb, Zr, Y , Sr, Ba. Rb and Sr

Table 2 - Major and trace element data and Sr isotope analyses of ECVA magmatic rocks. The determination made in U.K. were
calculated on a volatile-free basis and all Fe was determined as Fe2O3. Major elements are given in wtVo and trace elements in ppm.

OA$ Mouuteir GTITAI Mounteiro
BO-75 BO-12 20t 2002 210 2 1 6 BO; :|t-105 B}I-94 Blt-r061 Bsl-25 Bu-36 BIt-3r l l t-3

75r/865r' 0.707 I 0 7057 0 708:l 0 .71200.7089 0.1101 0 70.130 7087 0.7066 0.7090 0 ?083 0.7080
sio2 75-'t I 75 .35 71.92 67.51 66.37 6.1.56 6t .7 i 59.06 10 z4 68.90 6 5 5 5E.56 57.EE 55.69 50.5i
Tio2 0.  l6 0.20 0.3E 0. l r 0.62 0.E6 0.E0 1.00 0.50 0_{0 0.12 0.70 0.76 0.76 0.9t
At2()3 t]..r0 12.98 t5.02 15.93 l 5 . lE 15.'19 l i.2.r t6.89 t9  {6 l l . t0 l. l.E6 15. t1 17.61 1E.00 t6.51 18.?5
Fc2OJ 0.50 0.t5 t.'t6 1.00 3 l t 0 4 .29 t 1 7 2.02 1 i 9 5 .6 t 2.90 6 . t 2

0.00 0.00 0.05 1..t0 l . l . l t .29 0.5{ t - )  / l . ) ) 2 . t 6 1.97 09
illnO 0.00 0.02 0.0 0 0 9 0 0 E 0 . 1 I 0 .  l0 0 . l . l 0 l 0.0? 0.08 0.0E 0 . 1 0 .  l { 0 0 .  l6
\teO 0.  l7 o.22 0.2J 0.{8 0.77 2.0i 2 3 J 3.22 1.92 0.26 1 8 5 l . J 0 2.E0 1.75 r 6 5
CrO l 0 t l . J  I 2.00 3 6 2 3.27 I 5.1 i . {s 6 9 8 E.95 !.91 2.95 6.70 't.26

8_40 9 i 0
K20 1 2 t 3.0{ 2.6 t.0E 2 . 5 1 7.O2 2.00 l J o t . t l 2.'tE 2.16 t . 6 l o.97 1.02
N!2O l .  l0 3.E2 7 3. t6 3.2 I 2.6E 2.7 1.00 2.@ 3 5 2 2.62 2.92 2.26

0 . 1 I 0 .  l5
820+ 1.06 l . l 0 l . J 2 I E.l l . 6 l 1.09 I J l .  l 7 2.03 l .{6 0.70 1 . 5 5 1.02 0 9.1 2.00 1.32s 0.2E 0.  l6 0.08 0 0 7 0.08 0.0? 0.07 0 0 8 0 .1 0.08 0.03 0. l2 0.  l? 0.  16 0.29 0. l {
Totrl 99.89 99.7  I 99.7t 99.12 99 6l 99.'t2 100.25 00. ls 99.92 99.61 97.86 99.6 99.7 | 99.91 99.t8 99.69

Sc 6 t 0 l o I E l 7 l 9 26 2!
l 9 l { 80 l 3 i 130 160 60 EE 75 l{0 200 225

Cr 2 3.5 6 l , 26 5.5 I E 6 3 3 85
Co 2.5 7.5 6.5 E.5 l l 1.5 o . ) E 8 22 1 1

u 7 6 20
Cu t0 2 l J . ) l i t l s 9 5 .l l t 60
Zi 42 75 7D 7E 9J 7t 6l 50 65 50 125 90
Gr l 5 t1 I E I J l 6 t2 ? n t ) 5 20
Rb 170 200 100 i 100 l l 0 100 70 90 50 ) l l.r0 9E 50 40 35

30 225
!' 2E l l  E i E l I 2t.1 290 26 ?+ 20 2E 22

t30Zt l.r0 197 717 36 lE0 l 2 130 l J 0 170 l l 5 70 l . l5 l l 0 43
Nb t2 20.5 lE . { o t6.2 l 5 . E l 6

700Br E30 6 1 0 610 600 500 5i0 500 70 {50 730 r60 100 260 2J0 180
.10 i 5 33

Pb l l 7 l t 5 t l I O t o l 0  I E 5 32 'l z b ) l6 2
I b t o z 3.6 i _ i 2.E l 9 3 I I 2.9 t . 2
Th l . l  E t2 9.J l {  i 6_2 t0.7 ) 1 7 . t 2 { 6

6I.. 7 2 9 t . 7 t 8 2 3 l . E I0 9
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BT-37 BT.3O BT.{O BT.I5 BT.I2 BT{ aT-2l BT-7 BT.I t4 t3 rE5 E6 5lE

0.7065 7100o.7073o.707c0.7w1 0.7090 0.?0I o.7016
sio2 7 1 .  I 59.21 5E.E6 5E.00 56.60 55.1  1 54.85 53.40 63.60 61.40
Tio2 0.19 0.30 0.50 0.60 0.80 0.90 0.65 0.70 0.55 0.51 o;t5 0.E0 0.E6

41203 t6.42 lt.22 16.34 t5.29 9.53 14.04 1E.32 16.( 17.o2 t6.E2 t6.52 16.57 16.62 t5.21
Fe2O3 0.68 2.54 4.05 l .3E 5.52 0.80 5.95 1.19 0.E4 t .62 2.42 l . 9 l

FcO 1.30 3.@ 4.90 d l 2.93 3.t7 4.10 5.01
MnO 0.06 0_ l5 0. 14 0. t6 0.09 0. 16 o.24 o.27 0.t3 0. l4 0. l0 oIA-I0 _ 1 4
MeO 0.56 3.@ 2.E0 3.  l6 2.30 4.80 4.20 3.6 2.70 1.45 t .52 2.E l lri-T 4.29
CrO 6.16 6.44 5.63 6.47 E.34 t.26 6.53 4.95 5.17 5  t ? 5.97 7.63
K:lo 2.52 2.1t 2.94 z - J l 1.39 t.41 o.E4 l . t  I 2.79 2.69 3.56 2.97 1.90
Nr2O 2.69 2;t0 2.U 2.17 2.91 2.62 2.70 3.3 I 3.3t i .49 1 2 1  |
EtoS 0.05 0.20 0. l5 0.14 0. tE 0.t  I 0.40 0.20 o.24 0.2t 0.23
E2(}} t .17 0.6t 0.84 o.97 t.0E t . 2 l 0.64 50 t.67 1.42 0.E7 2.05

s o 6 0 . 1 | 0.06 0.7t 0.02 0.56
Told 99.70 99_50 Im. 100.3 I v).74 99.24 w.a7 100.30 9.32 100.67 99. t3 99.14

Sr l5 t9 t2 z4 25 J J 1 I ' T 20
22 85 120 130 il0 200 200 220 45 67 130 u0 t00

Cr l 5 I 4 E 47 l 7 42 25 J J 82
Co I J t2 l 6 9 20 t 7 l6 24 l 0 t l 3 27 1 l 3
Ni E.5 t1 6.5 l 7 I J 39 4.5 ?.00 7 1 3 T
Cu 25 20 75 65 50 ,4 I05 I 1 5  I t6
7^ 46 160 220 55 190 l l 0 190 140 67 54 46 90 48
Gr 22 l 5 20 l 5 I E l6 23 22 23 t2
nb 100 EO l0 95 65 30 75
Sr 170 370 t65 250 135 310 160 320 3 1 5 440 440 320 4 1 0 440
Y 20 22 24 20 20 l 9 ZE z8 27
Zr t70 lE5 2.10 I65 145 l l 0 140 I00 340 zfi l l 5
Nb
Br 500 830 lE0 680 730 400 3ZO 320 300 700 940 710 750 5E0
l.r 30 30 48 30
Pb 150 3 .t6 55 E3 2 46 30 zo I t 26
Yb 2.4 2.2 2 .6 z 1 . 9 2.5 2,8 2.2 2.3 2
Th t 42 5.6
U
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Table 2 (continued).

RODNA : i r
397 5.19 213 537 53E 539 2244 545 s s l c46 c44 rrzrTcr3-Tc22-Tsoffi
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Kj20 2.77 0.96 1.40 l .  l 4 2.E2 2.t ) 0.49 t.64 30 0 3.  lE t . t 2 2.74 1.94 0.17 1.96 l . 7 l l . l 0
Ndo 3.59 3.6t 3.72 3 . 1 3.85 7.15 3.33 3.6 3.26 1.25 1.06 2.98 3.75 3.63 3.32
PloS 0. t6 0.26 0.5E 0.26 0.40 0.00 0 49 0.  l5 0 .  l2 0 .  l5 0. t8 0.22 0.43 0.  I9 0.26 0.37 0.41 0.30
II2O} l.2E 0-9 1 2 5 1.97 0.66 0.59 1.34 0.96 t.70 0.E0 0.79 0.66 t.09 0.96 0.69

s 0_ l0 0 . 1  I 0.42 1.50 0.21 a.z o.22 0.20 0.04 0_09 0.  l4 0 .  l3 0_04 0.( o.2
Totd 100.2( 100. I I 100.36100.17 99.71 100.2999.65 99.E5 99.90 99.90 99.71 99.65 100.42 100.08 99.67 94 lm 99.66 99.'tE

Sc t2 l 4 I 26 t< 26 27.7 I3 .5 22 l 6 l 8 24.5
48 21 105 130 155 220 230 270 5 1 . 9 241.1 90 134 145 130 150 t t n 235 160

Cr l 0 6 .5 E2 t0 46 t5 220 2 4E.5 a l @ 70 43 43 57 45
Co 4 3 5 l l 8.5 l 5 l 7 36 21.5 l 5 t2
N i E 4.5 l 5 I O a a l 9 55 1.9 z5 6.9 2.3 I l 5 26 58 4 l
Cu 7 6.5 3E 56 60 95 E.2 4 7 1 23.4 48 4 4 5 120 t0 t 9
7^ 46 44 4E 7E 44 1a 46 92.5 80.2 60 54. I 6 l 1 7 74
Gr l l l 5 l l 20 I E 20 l 5 lE_7
Rb 125 tn 65 l l 0 75 l0 )) 40 20.0 l E  5 t 79.t l l l . 6 il0 60 90 60 60
Sr 220 210 lE0 2E0 330 3E0 350 3 1 0 1000 257.1 286.,1 2E5 362.9 320.5 140 320 320 130 330 250

20 l l 22 20 2E l l 23 26.4 2 4 E E 16.E9 26.?.3 3 8 26 l 9 3 7 l 5
Zr 3E 95 65 145 180 140 85 100 ! s t L E 89.07 I l 4 l 1 3  E 210 140 100 lE5 1 9 5 < ,

Nb 6.44 5 0 5 1 4 . 2 1 1 0 . 5 1 l2  09
Br J70 7ao 220 720 950 720 170 420 700 16E.6 109.6 750 5E3.3 599.8 6't5 360 l l 0 95 100 160
Lr 60 9.46 't 

32 26.46 l t  1 0 '14 I 32 3'l
Pb 2.5 5 230 8 5 6.5 E.5 '72 3 t 2 2'7 l0 66 l7  08 .t5 t 7 20 26 2
Yb I E 2.5 3 2.2 1 . 8 l . E 2 6 2 l l-7 l 9 2.4 I
Th l l  t . 3 t0 .9 6.6 l 2 4 ' l 9.. t4 1 5  3 6 . t 0 7 5 . 1 9 J 1 0 6 .l

I I l 5 1 . 9 0 6 4
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sio2 62.49  I  61  73 6 1 . 3  | 59 52 5E,?E 5E.06 57.81 57.00 55.59 50.99 69.93 65.EE i l _  /u 60_17 59.86 57. lt 56. l0
Tio2 0 5 6 0 6 r 0 5 0 7 0 0 6 9 0 t 0 0.82 0.68 0.E6 1.33 0.28 0.56 o.62 0.7 t 0 .71 0.12

A1203 l E . o l  '  l ?  9 l l ? . 1  | t't '15 1E.37 17.10 t7.91 lE . l  I t8 .?5 19.76 I  5 .9E t7 .01 16.20 tE.07 t6.47 tE.56 I  / -O)

Fe2Ol 5 3 1 { .26 201 3. r0 i r 8 6 8 1 ? E.l 5 . 2 2  r ' 1 . 6 E t  l ) {.56 3.t3 5.7.1 2.46 7.09 t . J t

FeO l . u 2 E l 60 0.56 2.36 +.E9 0.93 2.16 1.22
Ir lnO 0 . l l  ! 0 l l 0  1 2 0  l i 0 t { 0 . t i 0 _  l l 0 1 6 0. t5 0 . 1 7 0. l0 0.08 0.0? 0 1 2 0. l . t 0.12 0.tE
NIgO l 9 { 7E 3 0 0 1.0  | 3.63 ).62 2.26 l .6l 3.92 0.3J 0.19 2.4E 2.91 3.00 3.2E 4.41
C!o 6.20 ,  5.55 6.2 t 6 l { 6 .92 7.08 7 . 1 8 6.61 932 2.82 3.79 5.85 6.36 1.70 ?.40 7.!4
x20 1.70 1.2 I  2 t I .10 |  ) t 2.25 t.. l l l .E5 1.2'1 L l { 2 .8 i 1..26 2.92 2.09 2.25 l .5 l 1 .35
N12o l . 2 l  r 3 . 6 E 291 3.5 i J .  ) J 3. i5 3 .63 3.5{ 3.  lE 2.69 .1.28 4.6t 2 .E l 3.45 3.10 3.50 3.  l4
P205 0 l J | 0.2'l 0.20 0 . l l 0.  l i 0 . 1  I 0 , 1 9 o.26 0.  l7 0.3.1 0 . 1  l 0.22 0.20 0.  l3 0 .10 0.  l4 0.20
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s 0 0.21 o72 0 . l E 0.2.r 0.  l7 0 .1 0 .10
t00.80 99.61 99.55 100.22 99.65 100.72 100. l8 100.06 99.E2 99.E3 76 99.97 100.09 99.56 t00.02

Sc l6 . t t 9.5 l 5 t 1 2t.3 8 l 9 2.3 8 . 1 7 t6.6 l d 20.1 20
06.1 ,  ?0 90 160 l i6 . l l{0 162.6 EO 160 1 1 0 E.2 31.  l E2 lo0 90

Cr 3 0 2 J J 45 ) l . l . I a 29.8 E.5 J . O 9 . 1 5{ 13.3 l 5
't.E 7 l

Co i 1 l 0 t l l 0 9 I. l 9 9.5
Ni t0.  I I O

'l l ? ) 1 3 . 9 I J 25 1 t 6 6.5 6
Cu l i ? 9 .5 1t_9 20 J J t 9 32 l 3 . l I t 14.6 6 20.5 E
7r o J . )  I  o ) 7i 66 67.1 EO 75 95 11 EO 7t_6 70.5 75 6.3
Ga l o  o 8 5 t2 t ? lE .6 l'7 t9.2 l 5 t 3 15.7 t't;l l l lE .4 l 5 tE.7 l6
Rb 5 6 5 6  |  5 7 9 42 49. j j { 2 5 15.23 101.7 Et .29 E l 12.31 105 47.E5 43
Sr 267.E | 230 211 190 3 1 5  7 150 320 530 lE0 360 2{0.6 190 7t6.2 3{7.5 326
t l E l t. l 20 23 2 1.3.1 t t 23  4 l 25 20 z0 l . l .E5 21.82 t2 2t.73 t7 22.91
Zr 1 2 5 9  i  9 5 l l 5 l.t0 153.2 120 150.6 220 125 't5 2t7.5 2il 2 125 I 56.5 120 125.9 160
Nb E.4 E.23 a o 6 . v 6 l z . {  I 9.22 7.05
Ba 292..1 r 155 280 290 39 i .9 210 129.9 ?00 220 150 565.1 54E l 0  l 5 3EE. I 340 320.s 210
Lr 17.98  i 22 26 71 )U 2E.35 3 5 . 1  1 20 32 16.31

Pb t0 .25  I  3  5 5.' l 2 6.58 ).) 2.5 1 3 . 0 1 t2.51 9 . t I 6 1.27 4

Yb l _ + t . l l 2 l _ J l . { t . 2 1 . 6

Th 5 . 1 )  t f 6 J J t2.12 l l 0 6 / o o 4.91

u 0 0 0 0 0 0 0
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CPXP B{ ca2 E37 c77 c76 H] LIE E l l

87Sr/86Sr 0 ?060 0.?060 0_7050 0.?057 0.?05 0.?016 0.70E0 0.?047
sio2 65 98 61.'1 62.40 61.00 OU.)U )v.)u 5't -92 51.42 51.90
Tio2 0.29 0.56 0.76 0.80 0.81 0.7E 0.9? 0.73 1.02

A1203 16..r6 1 7 . 3 1 t ? .  l 0 16. i2 18 25 l?  80 15.?{ 17 .03 tE.51
Fe2O3 1.30 3.96 3.09 2.3E 2,E5 J.03 1.E9 1.59

Fe() 0 t l . 3 l 3.03 2.56 1.96 3.98
\1nO 0.0{ 0.  l0 008 0.10 0 .1 0 . 1 0 .  l9
ItsO l . o  / 1 99 3..{5 2.O7 2.16 4.4E 4.t9 3.?0
CrO 2.9E 4.51 5 . 7 1 5.33 6.38 o / ) 8.3{ 8.2{
K20 J O J 2.51 2.20 2 . 1 6 l 7 l 4 0 3 1.50 t .6 l
Nr2() 4.60 4.03 3.E l 2.83 3.92 4.04 3.91 2.98 3.12
P205 0. t6 0.14 0.57 0.11 0.4,1 0.?0 0_52 0.17 0. t7
820+ 0.70 0 7 8 0.90 t .36 0.2E u.v)

S 0.08 0.04 0.1 0.04 0.0E 0.0t
Totsl 99.62 99.54 99.E4 t00.01 100.06 99.88 99.28 100.23 99.6E

Sc 6.5 10.2 155 E.5 13.9 20 26_'l
\ 100 140 E5 l l 5 I 1 4 . 6 l l 5 202.1
Cr 28 t'!.9 40 l l 0 5 .5 6 .5 t23.8 {0.{
Co 8 7 E.5
Ni l 8 E.6 6 6 5.5 5 .5 35.7 9 lE .2
Cu 4 4.6 t l 9 I E t t_ l t2
Zn 46.3 50 70 55 55 54 'lE 69.6
Ga 28 l 3 30 20 !E .7 l6 t 9
Rb EO E6.69 l l 0 100 53 69 65.17 70 35.1

1150Sr 529.3 440 170
'1'10 E20 330 9t'1.5

l 8\ l ? .01 14.5 l ) l 4 l o 18.47 22 25.26
t90Lr 138.? 150 190 t54. I 160 107.8

Nb 16.59 25 I E.?3 u.79
Ba 900 771 560 480 950 700 2694.6 300
La 5E 29.24 28 3 l 20 l 0 l 19,46
Pb 13.65 1.5 3 l 1 l l 23. I J ) 22.51
Yb t .4 3 1 . 5
Th 12.4 l l 4 I  1 . 1 I  1 . 2 E 9 l4  04 )
U 3 8 0 2 8 2 6 1 1 0 0

Table 2 (continued).

were determined by nondispersive XRF spectrometry
using a Si (Li) detector with 190 eV resolution at 5.9
Kev. The detection limits were 10 ppm.

875r/865r isotope analyses were d-etermined at the In-
stitute of Nuclear Physics in Bucharest. The sample dis-
solution process used an admixture of HF and HNO3 at
200"C for 24 hours. The dissolved Rb-Sr were separated
using Amberlit (G Type II 200-400 mesh) cationic resin
of analytical purity. The Sr separated from the column
was nitrated and was isotopically analysed using a CH6
VARIAN MAT mass spectrometer, using thermal
ionization.

The major and trace elements performed in the U.K.
were determined on an automated Philips PW1400 XRF
spectrometer. Sr isotope analyses were made using stan-
dard ion exchange separation technique and a VG 354
multicollector mass spectrometer at Royal Holloway,
University of London. The determination made in
Romania and the U.K. are comparable as can be seen in
Tab.2 .

5. Petrochemistry

SiO2-K2O variations - ECVA samples mostly cover the
medium-K calcalkaline field (Fig.2). High-K calc-
alkaline samples are mainly from the CGH segment
and, to a lesser extent, from the OG and TTRB areas. A
low-K signature chatacterizes some early volcanic pro-
ducts in the Cilimani Mountains. Andesites and dacites
prevail, followed by basaltic andesites. Basalts and
rhyolites are sparse, the TTRB rhyolites being richer in
K2O than those of the OG and CGH sectors. The Cili-
mani area covers the widest range of compositions (50-

3iO2 'h

Fig.2 - SiO2 vs. K2O diagram of Peccerillo & Taylor (1976b),
showing fields for different ECVA segments.

TlVo 5iO2,0.6-3.2Vo KzO). In the southern Harghita,
there is a clear trend of increasing K2O and SiO2 content
along the arc. The southernmost centers lie in the field
of shoshonites and banakites (Peccerillo & Taylor,
1976b).

Trace element behaviour - Sc and V are compatible,
showing well-defined trends against fractionation in-
dices, indicating fractionation of pyroxenes and amphi-
boles. The behaviour of Ni and Cr is less well-defined
with some volcanic areas showing clear compatible be-
haviour (CGH segment), whilst other exhibit more scat-
ter (OG and TTRB arc segments). Scatter may be due
to magma mixing. Olivine and clinopyroxene have a ma-
jor impact upon the Ni and Cr concentrations in a mag-
ma. Introduction of these minerals during an iniection
of basic magma into an evolved magma ihamber may
have created the scattered data. This can be backed up
by petrographic evidence in some samples. Fractional
crystallisation of olivine and clinopyroxene is indicated
by subtraction of Ni and Cr. Y shows incompatible be-
haviour in many basalts and basaltic andesites, but is
frequently compatible in more evolved lithologies, due
to Y removal by amphibole. Sr is broadly compatible in
many volcanic centers, but shows scatter against SiO2,
probably caused by variable plagioclase fractionation
and accumulation.

Most other trace elements are incompatible. Many
trends show scatter, but there is a lot of variation be-
tween volcanic centers. Crustal assimilation may cause
some of the variability in incompatible element con-
tents, particularly for Pb.

SrlCa-BalCa or SB diagram - The SB diagram (Onuma
et al., 1983) can be used to elucidate magma generation
and evolution, based on the behaviour of Ca, Sr, and
Ba. The distribution of these elements is influenced by
magmatic processes (partial melting and fractional crys-
tallisation) and reflects the nature of mantle-derived
primary magmas and the interaction between mantle
and crustal magmas (Fig. 3).

SB systematics in the ECVA is presented in Fig. 4,
showing the evolution corresponding to each segment of
the arc. The diagram reveals that trends start close to
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Fig. 3 - Schematic presentation of the relationship between
magma genesis by partial melting in mantle diapirs and Sr/Ca
and Ba/Ca ratios of generated primitive melts. The upper fi-
gure presents evolution related to different degrees of partial
melting and consequent fractional crystallization. The lower
figure shows evolution by mixing between mantle-derived
melts and crustal melts. After Onuma et al. (1983) with mod-
ifications.

the PML only in the 2"d and 3'd stages of volcanic activ-
ity in Cilimani. Close proximity to the Partial Melting
Line (PML) suggests derivation of melts close to a chon-
dritic mantle source. Rodna basalts and basaltic ande-
sites are intermediate. The Oag rhyolites are most dis-
tant from the PML suggesting a different source for
these rocks, probably crustal. There is a specific Crustal
Fractionation Line (CFL) trend for each area, with the
exception of the Cilimani, Toroiaga and South Harghita
areas which show at least two parallel trends. The South
Harghita volcanics evolved gradually from north to
south to a lower degree of partial melting along the
PML.

87srlffiSr - Sr diagram - Separate diagrams are shown
for the ECVA data obtained in Romania (partially pre-
sented by Peltz et al., 1987; Koviics er al., 1.992) (Table
2) (Fig. 5a) and data obtained in the U.K. for the CGH
arc segment (partially presented in Mason et al., in
press) (Fig. 5b). The two data sets and the respective
diagrams are similar. For almost all the areas, the rocks
plot very close together_between 200-400 ppm Sr, but
with a large range of o'Sr/ooSr (0.7030-0.7110). South
Harghita is the exception having a large variation in Sr
c_ontent (300-2500 ppm) vs. an in:ignificant range of
o'Sr/ooSr (0.7040-0.7050). Higher o'Sr/ooSr values are
typical of acid rocks in the Oas and Gutdi areas, but
some high values were also found in the Cilimani and
Toroiaga areas.
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6. Discussion

Complex petrogenetic processes must be taken into
account in order to identify and reconstruct the evolu-
tion of the ECVA magmas. Here we consider the domi-
nant petrogenetic processes which include fractional
crystallisation, magma mixing and assimilation, and
attempt to identify the magma sources.

The magma source problem - It is difficult to envisage
the source components of the ECVA without elimina-
tion of the later processes such as crystal fractionation,
magma mixing and assimilation. None of the ECVA
rocks, even the most basic ones, are representative of
parental or close to parental mantle-source partial
melts. Even the most depleted and uncontaminated
rocks have undergone fractionation of mafic minerals
(e.g. low Sc, Cr, Ni content corresponding to olivine
and clinopyroxene fractionation). However, general
trends suggest that most of the magmas are related to a
mantle rolr1." 1e.g. 

875r/865r-5r, SF systematics). Using
SB systematics, the basalts and/or basaltic andesites plot
closer to the PML, but each area shows its own specific
trend (Fig. 4). The only volcanics whose trend starts
closer to the PML belong to the early stages of the Cili-
mani area, suggesting a closer-to-chondritic composition
for the mantle source of these rocks. Sr-Nd systematics
also suggest that the most primitive magmas in the CGH
arc segment are found in Cdlimani (Mason et al., in
press). The other groups show a generally parallel trend
with the CFL, starting at some distance from the PML,
suggesting that the original mantle material was metaso-
matically enriched. Detailed trace element and isotope
systematics seem to indicate that a second primary man-
tle reservoir existed for the South Harshita volcanics
(Mason et al., 1995; Mason et al., in preis). In most of
the northern segments, but especially in the Oaq, GutAi
and Rodna areas, the youngest magmatic products are
represented by basalts and basaltic andesites, whereas
the older magmatic products are of acid composition
(rhyolites in Oag, Rodna and Cdlimani, dacites in GutAi,

fibleg, Toroiaga and Cdlimani). These rocks plot furth-
er from the PML on the SB diagram. Being the earliest
volcanic or subvolcanic products, it is very difficult to
consider these rocks as derived from basaltic magmas
through magmatic differentiation processes. It is more
likely that these small volume acid magmas were partial
melts of the lower crust. Crustal melting involves heat-
ing of the lower crust (close to the mantle-crust bound-
ary) and could be facilitated by the intrusion of mantle-
derived magmas from below. If the rhyolites could be
entirely explained by this mechanism, then at least for
part of the.dacites, other contributing processes (e.g.
magma mixing, assimilation) should also be envisaged.
Another possible explanation for the first erupted acid
products could be important fractional crystallisation of
an andesitic mantle-derived magma which experienced
important assimilation in the crust prior to eruption.

Degree of partial melting - Based on SB systematics,
the degree of partial melting of primary basaltic magmas
can also be deduced (Onuma et al., 1983). Different dis-
tributions along the PML are related to different de-
grees of partial melting. The approximate range of par-
tial melting for the studied regions shows, is, with one
exception (South Harghita), a relatively constant (10-
I5%) along the chain (Fig. a). The South Harghita vol-
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canics exhibit a progressively lower degree of partial
melting (2-4Vo) southward along the chain (Szak5cs et
al., 1993). Sometimes the same region may present
different degrees of partial melting for different sequ-
ences of volcanic evolution, interpreted as discrete
batches of magma supply (e.g. Cdlimani area).

Crystal fractionation - Compatible trace element be-
haviour (Ni, Sc, Co, Cr, V ), incompatible element con-
centration (Rb, Th) and SB systematics support frac-
tional crystallisation as the dominant petrogenetic pro-
cess in ECVA magma evolution during storage in shal-
low magma chamber. Olivine and clinopyroxene and
sometimes amphibole are the main mafic minerals in-
volved in all areas except for the South Harghita where
amphibole dominates over clinopyroxene and olivine as
the fractionated phase (Mason et al., 1995). In the SB
diagram (Fig. a) in almost all the areas, the parallel dis-
tribution of the plots along the CFL is obvious only be-
tween the basaltic composition and the andesite-dacite
boundary. Thereafter the plots are randomly distri-
buted. This aspect possibly relates to the involvement of
other processes such as magma mixing and/or assimila-
tion.

Evidence for crastal contamination - The presence of
crustal xenoliths is good evidence for crustal contamina-
tion. Isotopic studies suggest that crustal contamination
of primary magmas is an important process, especially in
Cilimani and Gutdi areas (Peltz et al.. 1987; Kov6cs et
al.. 1992: Mason et al., 1995: Mason et al., in press).
This contamination directly correlates with the large
volumes of extruded products (Fig. 1), suggesting either
long storage in shallow magma chambers or the em-
placement of sequences of magma batches that con-
tinuously allowed crustal heating and facilitated assi-
milation. Gurghiu and North Harghita volcanics are less
affected by contamination and erupted less voluminous
products. The high Sr isotopic ratio of the first erupted
acid products from Oas and Jible; (0.710-0.711) could
be related to an origin from a lower crustal source. Assi-
milation processes cannot be excluded, but may be less
important. The earliest products from the Cilimani area
(Diagoiasa dacites) are-similar and show high 875r/865r

(0.71-0) and low r+:p67t++116 (0.51245), sriggesting a
close relation to a crustal source. Their genesis as highly
contaminated products of the depleted source of the
Cilimani volcanics seems more unlikely, although this is
a possible alternative explanation. South Harghita vol-
canics have lower Sr isotope values, but modelling of
combined assimilation and fractional crystallisation
proves important contamination processes in the upper
crust (Mason et al., in press).

Types of magma mixing - Magma mixing is another im-
portant process that influenced the evolution of ECVA
magmas. Based mainly on the types of contrasting mag-
ma end-members and the extent of mixing, three kinds
of magma mixing processes can be distin-
guished in the ECVA:

(1) mixing between mantle-derived and crustal-
derived magmas in deep-seated magma chambers. This
mixing was inferred from the SB systematics in the Oas
area (Fig. 4), where intermediary plots between
rhyolites (which initiated magmatic activity from a crust-
derived source) and basaltic andesites (youngest pro-
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ducts and derived from a mantle-derived source) are
randomly distributed, suggesting mixing between crus-
tal- and mantle-type magmas. A very similar mechanism
can be envisaged for the Rodna area where acidic rocks
are older and basaltic ones are younger. This interpreta-
tion is also supported by the SB systematics (Fig. a).
The same mechanism, but to a lesser extent, also oper-
ated in the Gutdi area, where the older dacite products
may represent small volume mixing products between
crustal and mantle source melts. The dacites of fibleq
area would be interpreted in a similar manner;

(2) magma mixing between differentiated and un-
evolved mantle-derived melts in shallow magma cham-
bers. This mechanism produced only minor volumes of
products in the final stage of volcanism in the Gut6i and
Cdlimani areas. The rocks contain mineral assemblages
showing strong disequilibrium (commonly resorbed
quartz, amphibole and biotite together with orthopy-
roxene, clinopyroxene and olivine). A similar mechan-
ism but at greater depth can explain the generation of
the two South Hargita shoshonitic domes, which contain
crystals of Mg-olivine, clinopyroxene and corroded and/
or resorbed quartz, amphibole and biotite. Cauliform
crystal-clot inclusions with Hopper crystallisation which
contain plagioclase * amphibole + pyroxene and glass
are common in these rocks, and are characteristic of this
type of mixing processes (Eichelberger, 1978);

(3) mixing between two slightly differentiated mag-
mas. This kind of mixing is typical for some areas but
does not strongly affect geochemical composition.
Generally, the end-members are close in composition.
We explain the random distribution of plots in SB dia-
grams by this mechanism. In the Jibleg, Rodna, Gur-
ghiu and South Harghita areas, mixing between melts
which have undergone different degrees of partial melt-
ing has taken place. This is supported by the parallel,
but random distribution of points when compared with
the PML (Fig. a). However, the random distribution of
the points along the CFL, in regions other than South
Harghita could be related to the mixing of melts which
had undergone different degrees of fractionation. Pet-
rographic observations support this mainly in Gurghiu
and South Harghita areas, where some disequilibrium
mineral phases and/or different generations of the same
mineral were recognized in the rocks. Cauliform inclu-
sions are also present in these types of rocks, supporting
the mixing processes hypothesis.

7. Concluding remarks

This general comparative approach to the generation
and evolution of ECVA magmas reflects the complexity
of petrogenetic processes, which can be summarised as
follows: (1) the great bulk of the magma is mantle-
derived, affected by a <subduction-related" geochemical
signature. There are at least two mantle sources: one for
the South Harghita volcanics and other for the remain-
der of the ECVA. This latter source is a complex one. It
is most depleted and uncontaminated in the Cdlimani
area and probably slightly metasomatised in the rest of
the arc segments. An additional crustal-type source is
supposed for the northern segments (OG, TTRB, Celi-
mani), suggested by small volume acid magmas erupted
at the inception of magmatic activity. The South Harghi-
ta source which shows lower Sr and Pb isotopic ratios,
produced Sr and Ba-enriched magmas; (2) tor most of
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the ECVA, almost constant degrees of partial melting of
l}-l1Vo are inferred, except for the South Harghita area
where magmas result from gradually lower degrees of
partial melting along the chain; (3) in areas with large
volumes of erupted magmas (Cdlimani, GutAi) pet-
rogenetic processes are dominated by combined frac-
tional crystallization and crustal assimilation. In areas
with smaller volume erupted products (Oaq, fibleq,
Toroiaga, Rodna) extensive mixing between crustal-
and mantle-source melts in deep-seated magma cham-
bers, followed by fractional crystallisation and assimila-
tion processes in shallow magma chambers is envisaged.
The South Harghita volcanics suggest a complex com-
bination of processes such as assimilation, fractional
crystallisation and magma mixing, characteristic for
each volcanic structure.
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