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Abstract.

Calc.alkaline to high-K calc-alkaline volcanism took place in the Cálimani, Gurghiu and Harghita Mountains of Roma-
nia between the late Miocene and the Pleistocene. Magmatism was related to the subductioi of the European plate to
the west and the south-west beneath the Tisza-D-acia microplate. A succession of 18 major volcanic cent.es is recog-
nised along the arcsegment.for-approximately 200km from north to south. Eruptive products were dominated biy
two-pyroxene andesites but lithologies from basalt to rhyolite are identified withiil individual volcanoes

Fractional crystallisation of plagioclase, pyroxenes, lmphibole and Fe-Ti oxides controlled major and compatible
trace.elemen.t.chemistry in most volcanic centres. Amphibole is a major crystallising phase in moré evolved an^desites
and dacites. Modelling is presented to quantify the role of fractionation in several vólóanic centres. Mixing of magmas
was an important process on both a macroscopic and microscopic scale including the dispersal of xenocrystíthrougiout
host magmas. Crustal assimilation can be deduced from petiographic evidenie and is supported byhajor el&nent
modelline.

1. Introduction

The Cálimani, Gurghiu and Harghita Mountains (CGH)
represent the final burst of calcalkaline magmatism in
the Inner Carpathian arc. The CGH province contains
18 major volcanic centres which were active over a
period of approximately 10Ma from the late Miocene
into the Quaternary (Pécskay et al., 1995). The oldest
volcanism took place in the north of the segment and the
focus of magmatic activity shifted southwards, along the
arc, with time.

The CGH volcanic province forms the most recent
segment of the Inner Carpathian calc-alkaline arc and
can be divided into four geographical units (Fig. 1).
From north to south These are the Cálimani, Gurghiu,
Northern Harghita and Southern Harghita Mountains.
Volcanism was active from the late Miocene into the
early Pliocene in Cálimani (Pécskay et al., 1995). The
Gurghiu and Northern Harghita arc segments were ac-
tive from the late Miocene into the Pliocene (Szakács et
a|., I993b; Pécskay et al., 1995) and the youngest mag-
matism occurred in the Southern Harghita Mountains
from the Pliocene into the Pleistocene (Peltz et al.,
1985; Szakács et al., I993a,b; Pécskay et al., 1995). The
tectonic setting of the CGH arc is discussed in more de-
tail elsewhere (Csontos et al., 1992; Szabó et a|., 1992;
Rádulescu & Sándulescu, 7973; Csontos, 1995).

Here we present mineral compositions and new major
and trace element data for calc-alkaline rocks from the
CGH volcanic province. The roles of fractional crystal-
lisation, magma mixing, crystal accumulatíon and crus-
tal contamination are addressed.

Fig. 1 - Map of the CGH volcanic province after 1:100.000
geological map of Romania (1966; 1990), showing main volca-
nic centers. Volcanic centres are grouped into arc segments as
follows: Cálimani: Cálimani ; Gurghiu = Fincel-Lápusna, Bac-
ta, Seaca, Borzont, Sumuleu, Ciumani-Fierástrae; Northern
Harghita: ostoros, Ráchitis, Ivo-Cocoizas, Virghis, Sumuleu
Ciuc; Southern Harghita: Luci-Lazu, Cucu, Pilisca, Cioma-
dul, Malnas, Murgul Mic. Inset shows the location of the CGH
arc within the Carpatho-Pannonian region.

Present Address: NERC ICP-MS Facility, Centre for Analytical Research in the Environment, Imperial College, Silwood Park,
Ascot, Berkshire, SL5 7TE, United Kingdom.
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2. Local geological features

The local upper crust (Fig. 1) consists of extremely
heterogeneous Precambrian to Cambrian and Mesozoic
metamorphic rocks (East Carpathian Block) of low, in-
termediate and high grade (Burchfiel,1976; Balintoni et
al., 1989). Total crustal thickness beneath the Gurghiu
and Northern Harghita Mountains is approximately
30km but thickens slightly to 40km to the north beneath
the eastern Cálimani Mountains and to 40km in the
south beneath the Southern Harshita Mountains
(Socolescu et a|., 1964; Stánicá et al.,-1990).

To the east of the CGH arc is the East Carpathian
Flysch Belt which consists of strongly folded and
thrusted terrigenous sedimentary sequences (Roure et
al., 1993). This represents the paleo-accretionary wedge
of the Carpathian subduction zone. Volcanic rocks over-
lie the flysch belt in the extreme south of the CGH arc in
the Southern Harghita Mountains.

Cálimani is the largest volcanic centre (60 by 30km)
and consists of a complex series of lavas, volcaniclastics
and intrusions. Volcanism has been divided into four
main stages (Seghedi, 1987) and covers a wide range of
lithologies and volcanological features. The remainder
of the volcanic centres are smaller and typically capped
by a crater or caldera. Central volcanic edifices are
dominated by lavas with more distal sequences of volca-
niclastics. A detailed discussion of the volcanic features
of the CGH arc is given by Szakács & Seghedi (1995).

3. Analytical techniques

Electron microprobe analyses (Tab. 1) were carried out
at Birkbeck College using a JEOL-133 Superprobe
equipped with a LINK systems EDS and using a 15kV
accelerating potential for 100 seconds. Whole rock ma-
jor and trace element concentrations (Tab. 2) were de-
termined by XRF analysis on an automated Philips
PW1400 spectrometer at Royal Holloway College. Ma-
jor element oxides were measured on fused glass beads
and trace elements on pressed powder pellets. Matrix
corrections were calculated from major element com-
positions. Analytical reproducibility for most trace ele-
ments is -+1ppm (2 s.d.) or +IVa whichever is more
significant, but is approximately +0.3ppm for Nb, Rb
and Y.

4. Petrography and mineral chemistry

Lithologies vary from basalt to rhyodacite with a pre-
dominance of andesitic compositions. The majority of
lavas are porphyritic with fine-grained or glassy ground-
masses and frequently show glomerophyric clinopy-
roxenes. Plagioclase is the most common crystallising
phase and occurs in all lithologies. Olivine is rare but is
present in some more basic rocks and a few mixed mag-
mas. Augite and hypersthene are common pyroxenes in
basaltic andesites and andesites. Hornblende crystallises
in rocks with >59 wtVo SiO2 and occurs in some more
basaltic compositions due to more hydrous conditions or
magma mixing processes where it has reacted strongly
with the groundmass. Opaque oxides range from
magnetite to titanomagnetite, often coexisting with
ilmenite. Most minerals are normally zoned but show
strongly variable zoning profiles which may record
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periods of replenishment and fractionation within mag-
ma chambers.

Cognate xenoliths are widespread and are typically
rich in mafic phases such as orthopyroxene -F clinopy-
roxene with amphibole in more evolved lithologies. Pla-
gioclase and opaque oxides also occur. These are likely
to represent fractionating phases from calc-alkaline
magmas. Crustal xenoliths and xenocrysts are common
on a microscopic scale. Quartz xenocrysts with strongly
embayed or reacted margins are frequently seen and
occasional xenoliths of gneiss, shale and quartzite are
encountered. Mixing between magmas is indicated by
small blebs of xenocrysts with slightly different composi-
tions and textures that have commonly reacted with the
groundmass.

Feldspar

Plagioclase (Fig.2) varies from bytownite to oligoclase
in composition (AnT-es) with more anorthite-rich types
in more basaltic rocks. Composition may vary consider-
ably within a single phenocryst in oscillatory-zoned
bands; however, phenocryst cores are commonly quite
homogeneous. Sieve textured cores are seen in many
lithologies but not in all phenocrysts within a single sam-
ple, suggesting multistage crystallisation. Phenocryst
rims, which are typically more sodic, are usually in
equilibrium with the groundmass plagioclase composi-
tion. Inclusions of glass, opaques and microphenocrysts
of pyroxene are sometimes found within plagioclases.

Alkali feldspar occurs in the groundmass of rocks
from Ciomadul in the south of the CGH arc and in the
shoshonitic lava domes at Malnas and Murgul Mic,
some of which contain rare alkali feldspar phenocrysts.
Compositions lie in the range anorthoclase-sanidine.

Pyroxene

Augite is the most common clinopyroxene found in
CGH volcanics with diopside in some lithologies, parti-
cularly the high-K to shoshonitic lavas from Malnas and
Murgul Mic (Fig. 3). Compositions from endiopside to

Ab

Fig. 2 - Feldspar compositions in CGH province magmas.
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Table 1- Microprobe analyses (inwt. Vo) of dominant phenocryst mineral phases in CGH province volcanic rocks. All samples were
determined by EDS analysis at Birkbeck College.

Plagioclase
CI C4 C5 C7 C8 C9 GI G3

sio2 53.40 49 13 54.12 52 69 54 I7 56 63 49 95 5I 17
A l2o3  2885  3133  284 |  2977  2928  2730  3 l 15  30 ó ó
FeO 0 58 079 0 54 032 029 0.30 0 60 071
Cao |2 |6 15.05 l  l  óó  1299 l  l  90 9 87 14 80 |4 04
KrO 0.49 0.14 037 0.14 0l2 0 43 0 20 0.26
N a 2 O  4 1 5  2 . 7 2  4 5 1  4 0 4  4 4 8  5 3 0  3 0 0  3 3 1
Total 99 63 99 76 99.61 99 95 100.34 99 83 99 70 100.15

Orthopyroxene
c4 c5 c7 c9 G3 G7 Gll G32

s io2 s2.58 s4 0l  55 31 54.92 53.t2 5201 5t 70 53 00
Tior 0 61 029 0 020 0 0 1 5  0 l l  0 2 2
Al2o3 | 43 I 13 2.t0 206 0,40 0.44 0.49 0 58
Feo ló .85 L. l '02 10.57 1203 2665 27 73 29.46 2428
MnO 057 0.53 0.31 029 069 064 094 048
Cr2O3 0 0  0 5 5  0 3 7  0 0 0 0
C a O  8 7 8  1 2 0  l . l 5  l Z 9  L l 3  l 1 3  1 0 3  1 2 6
MgO 18.49 25.54 2989 28.U 1786 t7.79 1639 z0t2
Na2O 043 0 0 0.20 0 0 0 023
Total 99 74 99 12 99 88 100 00 99 85 99 89 100 12 100 17

HI H3 H4 HE H9 HI3 H18
Sior 5282 54.71 5277 52.26 52 88 51 98 52.38
Tio2 0.13 0 36 0.17 0 08 0.14 0 t2 0 14
Al2o3 0-37 0 96 l.l4 0 40 0.ó8 0.58 0.52
Feo 24.09 15 5ó 22.28 27 22 23 86 26,34 27.|3
MnO 0.42 0.54 0.60 0 67 0 59 0 8l 0 62
Cr2O3 0 0 0 0 0 0 0
Cao  l . 88  l ' 93  l . l 9  l ' l 3  l - 3 ó  0 . 80  l . 09
MgO 20 l0 26.16 21 54 18 02 20.61 19 05 18 17
Na,O 0.I3 0.21 0 0. l3 0 02z 0.20
Total 99 94 I 00.43 99 69 99.91 I 00. 12 99 90 100 25

Amphibole

C'I

sior 44.68 42 47 45 80 48 88 48 I7 42.37 4498

G7 Gll G32 Hl H2 H4 H5 Hó
Sior 53.10 5529 4977 5650 5722 5427 6029 6078
Al2o3 29 85 2803 3245 2650 2665 2878 25 t7 2487
F e O  0 3 5  0 2 8  0  0 . 8 1  0 5 1  0 3 5  0  0
Cao 12 85 l0 80 |5 52 9 '40 9 16 || 42 6.96 ó 53
K l o  z , 3 5  0 4 l  0 l l  | 0 ó  0 5 8  0 3 3  0 5 8  0 5 9
Na 'O  I  95  497  2 .50  5 .17  566  465  667  703

H20 H25H I EH l 3H9H8d l

SiOr 57.09
AlzOt ?7 12
FeO 032
CaO 929
K,O 0.42
Na'O 5 63

5 t  4 2
29 34 29.09 28 54 28 45 27.53 30 90
0.13 0 42 0 24 0.21 0.27 0 28

t2 . t 4  12  08  l l  4 l  I  1 . 34  l 0  13  14  l 0
0 2 4  0 6 8  0 3 3  0 2 9  0 4 3  0 1 3
4,32 3 98 4 70 4 64 5 37 3.32

Toral  9987 9995 10002 9966 9985 10020 100 l5

K-Feldspar
H2 Í17 H l 0

7 t 0 ' 7  7 9 9 1
1 5  7 l  1 2  6 8
0  55  021
0 0 3  0 6 4
923 3 43
3 3 0  3 0 1

SrO. 6682 6423
Ál2o3 l9 29 200z
FeO 0 i4 0.18
C a O  1 9 3  1 7 3
K ' O  5 9 3  8 1 7
Na.O 4 80 -l i8
f o t a l  9 9 l l  9 9 2 1  9 9 8 9  9 9 9 3

53.78 53 17 54 44 54 8ö

H8H7H6H5H4C9c8

H J T i o r  t 7 0  l 5 l
Al2O3 l0 87 14 47
FeO  l 5  13  l l - 89
MnO 041 021
Cr2O3 0 0
CaO 10.35 1 ' l . lZ
MgO 12.3s t3'75
KzO 0.22 0 2l
Na2O 1.90 2.55

1  8 7  t 2 2
l l  5 7  l l  9 3
7 94 1029
025 0
0 1 6  0

10.85 10.03
l ó  65  |2 . | 5
0.22 0.39
2.89 3 0Z

1 7 1  1 0 2
9 8 6  7 6 2

l  l  40 i l .53
0  l ó  026
0 0.04

L | 7 4  l l ó 8
14  68  15  l 0
0  8 7  0 7 5
1 9 0  t 7 6

2 1 8  2 4 2
t z 3 0  9  4 3
| 3  1 2  1 5  3 ó
0 l l  0 . 1 4
004  002

l l ó 8  l 0 9 4
t270 u 95
| 0 2  0 ó 9
2 3 2  I  9 0

Clinopyroxene
C I  C 4

Total 99 83 99 88 99 9l 9 9 9 8  9 9 7 5  1 0 0 0 3  1 0 0 1 3  1 0 0 4 1

Hl i  Hl i i  H2 H3i H3i i  H4 H8 H9

T io2  038  039  045  032  0 . ó6  050  0  027

A l : O r  1 5 4  2 2 6  1 . 7 6  1 2 7  1 8 6  1 1 7  0 7 9  1 0 6
F e o  ] 1 9  7 6 5  3 . 6 s  z 8 9  6 7 6  8 8 2  l l 8 ó  t l 5 0

Total 97.61 98.18 98 20 57.91 98 0l  91 93 S7 84 97 8l

Biotite

37 38 37 59 37 39
4 . 3 |  3 8 ó  4 6 2

t4.21 13 9t 1478
| 7  4 5  l ó  1 9  1 5  1 9
0 0.04 0

13 45 14.07 14 64
8.91 8.95 8 8l
0 72 0,57 0 90

Total 96 16 9524 96.43 95 lE 9ó J3

(a) Feldspar compositions, (b) Clinopyroxene compositions. Two
populations are shown for sarnples Hl and H3, (c) Orthopyroxene
compositions, (d) Amphibole and Biotite compositions.

c3zG l lG3G IC9C5
Sio2 5I t7 50.94
T iO2  098  096
A l zO r  335  343
FeO 8 19 8.84
MnO 020 022
Cr2O3 028 007
CaO 1924 ?041
MgO 15 65 14.57
Na2O 017 044

51 71 5269 53 07
0 48 0.42 0 53
2 0 0  2 3 7  2 3 4

r 0 1 4  1 0 4  5 8 1
0 35 0.23 0 13
0 l0 0.26 0 08

20 6t 20 50 19 7Z
14.01 15 94 1 ' t  59
0.51 0.53 0.48

51 0ó 52.50
r 0 9  0 3 0
3 82 097
8 7 4  l 1  1 3
023 0 30
007 0

t9 88 20 80
t47 t  13  63
0 4 3  0 5 0

Sio2 40,00 42.97
Tio2 5.87 2.33
Al2O3 13.31 13.29
FeO 7 42 10.54
MnO 002 0
MgO 19 97 t7 56
KzO 86'1 802
Na2O 090  053

52  13
0 8 5
z 6 l
8 1 4
0 1 9
0  1 5

20 r0
I )  t z

052

H7HóH5H3

MnO 0 024 0.1 l  0 024 026 024 0 38
C r2O3  053  0  0 .50  074  0  005  0  0

CaO 22.t2 22 95 ?t s2 22 46 Zl 36 20 65 2t 37 20 62
Mso |7.45 13 34 |7 43 ,17 65 l5.ó5 14 84 |2 63 |3 2.7
Na'o 0.4l 0'ól 0 45 0 48 0.54 0 48 0 41 0 44

T6tat sgjo 99J9 lOoos loo.l7 9995  9998  100 .31  10023

H l 3  H l  I
SiO2 50 79 52.78
T io z  08 ó  048
A l :O l  412  374
FeO  661  326
l V Í n o  0 1 7  0 l 8
C r2O3  012  064
CaO 21 60 20 80
MgO 15  2 i  17  08
N a ' O  0 3 3  0 8 4
l'otal 99 83 99 80
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Table 2 - Selected major and trace element data for ECV rocks determined by XRF analysis and calculated on a volatile-free basis.
Major elements are _gi-ven inWtVo and trace elements in ppm. Standard errors and reproducibility are reported in the text. Analyses
marked * are from Mason et al.. in press.

Cdl iman i - P re-C aldera group
có* c3ó c64 c3,1 c29

sio2 53.94 55,15 55.33 56.96 59.31
Al2o3 16.85 |7 .46 l7.8ó l8 30 18.80
Fe2o3 9.46 8 40 E.3ó 1 40 6.47
MgO 4.42 4. lE 4.25 3 69 2-42
CaO 8 .35  841  E l s  7 . 52  6 - ?5
Na2O 3.10 2.E3 3 15 3.27 3 46
KzO LE87 1.83 | | .379 l -742 L709
Tio2 0.993 0.93l 0.923 0.to6 0.ól8
MIo  0 ' l 7 ó  0 . 170  0 .137  0 . l t 3  0 . | 2 l
Pzos 0.376 0.216 0.180 o. l tó  0.|8 l
Total 99.50 99.58 99.72 100.06 99.85

N i  1 7 6 1 0
C r 4 5 7 2 0
v  t 5 l  9 0  l 0 l
Sc 22 l2 14
Cu 34 25 l8
Zn E0 t9 ó0
G a  l E  l 8  1 7
Pb 3.2 5.2 6.2
Sr 510 272 300
Rb r5.3 30.3 27.6
Ba 87 208 213
Zr 106 155 142
N b  4 . 0  7 5  7 0
T h  t l  3 . 3  3 . 4
Y 22 5 22.9 20.r
La  l 0  13  14
Ce 25 29 30
N d  l 7  l 5  1 5

Ostoros
G25 H3l

63  31  60  82
17.5E rr .22
5.35 5 t6
1 8 8  3 5 9
ó04  646
3 90 3.26
| 230 2.03E
0 s90 0.652
0 109 0 .12E
0  161  0 . 1  t 9

100. t5  100.14

0.4 r0 0.548
0.61 0.59

t 0  t 7
22 óE
9E 107
14  t 1
l 2  1 4
57 62
l t  t 7
6.0 7.5

267 309
50.0 74.2

199 392
t43 135

67  t . 0
4.0 8.6

l E.4 18.ó
13 19
26 35
l 4  l 4

FÍnceI.Ldpusna
c27 Gl7 cl I

60-47 52.54 54-41
18.42 19.2t 19.05
5.74 8.85 8. t 8
222 5.07 3.94
6.t2 9.03 8.69
3.30 3 .19 3 . lE
2.38 0.990 1.037
0.6t4 l.0l I 0.981
0.131 0.177 0.129
0. |ó4  0 . l8 l  0 . |23

99.55 100,25 99.72

0.43 0.531 0.4E8
l .15  r .49  0 .51

6 2 t u
4 2 7 2 s

r03 236 256
14 30 32
34 29 20
76 69 72
19 20 19
t42 2-6 7.7

270 263 256
79.3 27.s 33.0

372 237 200
165 t24 97

8.7 6.0 5.5
6.4 2.2 2.8

25.5 24.9 24.8
1 9  l 0  1 l
39 24 23
18  l 4  1 4

H30 H43
60 94 62-21
t't 62 t1.54
5.76 5 .14
3.01 2 40
6.24 5.91
3.23 3 43
2 074 2.t39
0  u t  0 . 5  t 5
0120 0 . t24
0.121 0. t45

99.t3 99.54

0.5 t4 0.4t I
0.4t l .st

6 8
1 9  1 3

t06 t02
1 6  1 5
8  t t

65 75
t 8  1 6
E.3 9.1

374 3t4
75.5 76.3

409 4t0
149 150

t .3  7  . l
9.0 E.ó

20.9 I E. l
24 Z1
4t  39
l 8  1 5

G l 2 .  G l 4
54-97 58.71
18.70 l8.09
E.70 7.07
c . t s  J . J J

E.3l 7 -19
2.96 3-27
l. ló6 |.274
0.967 0.7t0
0 . | ó6  0 . l  l5
0.145 0.t69

t00.32 99.99

0.49 t 0 483
0.28 0.65

E  15
17 43

24t 153
3t  22
23 27
E2 75
l 9  l E
9 .6  .6 .9

2E2 2E0
36.9 45-4

207 257
104 t45

6.6 7.E
3.0 4.8

25.4 26.5
13  18
28 33
t 5  17

Piltsca
H44 H4* Hl2*

67.75 59.46 63 16
16 .99  t 7  . 69  t 7  . 51
4.04 5 t4 4-2'I
0  l 0  3 . 57  2  t E
3.72 5.9E 4.92
4.52 4.01 4.38
2.643 2.t66 2.581
o.44| 0.795 0.5Eó
0.029 0 090 0.t01
o. lót  0.172 0-|97

100.39 99.07 99.E8

0.M5 0-579 0.503
r.03 0.69 1.35

I t  7
{ ?  r ?

t34 8l
I t  t l
t E  7
49 4 l
1 9  l 8
22.0 15.6

I  l8 l  E7 l
53.2 70.2

t76 ll28
125 124
14.4 20.3
E.2 t3.3

17.5 15.7
2E 3E
5 0 u
) )  1 ?

GIE G27
59 53 61.47
18.26 | 7.ó0
6.42 ó.| l
3 .2 t  t .9 l
7 . t6  5 .79
3-25 3.t4
l . l ?5  1 .850
0.678 0.721
0.142 0.t04
0.169 0 . t93

t00.05 99.59

0.503 0.382
4.47 2.66

15  t 0
3 t  1 7

t4t  130
20 16
36 23
7t 76
l E  l t
5.8 9.3

244 271
35.9 62.5

309 451
147 174

E.3 I 1.5
4.5 I 1.3

21.7 229
l4 22
30 4 l
t4 20

H47 H50
u.72 66.53
t7.3t 17.46
3.96 3 -75
1.67 l-29
4.51 4.09
4.03 3.91
2.540 2-6?4
0.559 0.516
0.095 0.074
0.140 0  134

99.54 t00.38

0.456 0.406
0.E r r .39

9 7
18  l 2
52 59
t 0 9
5 4

46 47
l 7  l 7
13.7 t5.4

529 503
86.7 93-4

77t 743
139 r39
16.6 t6.6
I  r .5  I  1 .5
l'1.0 23.2
29 32
51  55
18  2 l

Mg# 0.4t 0.50 0.50 0.50
LOr 2.t8 0.E0 0.73 l.3 t

0.43
r . r 8

7
l 4

103
t 3
t 9
I )

l 8
9.5

3t4
ó l . l

3 r 5
r50

7 9
4.8

22-l
l 7
36
t 8

Ni 27 22 14 r2
Cr 32 52 37 25
v 235 20s 2r5 t55
Sc 27 31 29 22
Cu 74 40 53 2l
Zn 8ó t0 73 75
Ga  20  l 8  18  20
Pb  99  E7  i l . 8  E . 0
Sr 48l  3ó8 250 3l t
Rb 52-2 55.E 52.0 59 9
Ba M2 394 332 332
Zr ll2 164 132 16l
Nb  t . 0  96  6 s  8 . t
Th 4.0 5.3 5.0 5.5
Y 24-0 323 26.1 24.6
La 2l  22 l4 21
Ce 44 46 29 43
Nd 24 23 ló  z|

Fincel-Ldpusna Iow K-seues
Gzt G20 Gr3

Sio '  5ó.0ó 59.|3 62.30
A t2o3  18 .8 t  18 .96  17 .88
Fe2O3  E04  664  556
MgO 3.54 2 t6 2.29
C a o  8 3 l  6 9 8  ó l 8
N a 2 O  3 1 7  3 8 8  3 6 2
KrO 0490 0963 t004
Tio' 0.737 0,62| 0 5ó8
Mno  0 .  | ó0  0  |84  0 .  I  18
P:os 0225 0202 0.|ó5
Total 99.55 100.32 99.69

Mg# 0 47 0.39 0.450
LOI 0.32 r .r5 0-69

4
4

26
)
6

65
l 7
12.2

305
95.2

502
2M

9.2
I  1 .0
r8.2
27
49
)n
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Lavas

Fig. 3 - Pyroxene compositions in CGH magmas for (a) lavas
and intrusions from the major volcanic centres; and (b) high-K
to shoshonitic mixed magma intrusions of Malnas and Murgul
Mic.

titanaugite are also found. Such a wide variation in corn-
position within individual rocks indicates crystallisation
over a wide range of temperatures (Lindsley, 1983;
Matthews et al.,1994). Both normal and reverse zoning
is seen within phenocrysts but variations in composition
are much less pronounced than in the plagioclases. Cli-
nopyroxene is frequently glomerophyric and small opa-
que inclusions, commonly magnetite, are very common.
A few xenocrysts of sub-calcic augite were identified in a
basaltic andesite from Cálimani (Fig. 3).

Orthopyroxene compositions vary from 50 to 90Vo en-
statite (Fig. 3). Euhedral phenocrysts are typically smal-
ler than clinopyroxene within the same sample. Opaque
inclusions are rare. The proportion of orthopyroxene to
clinopyroxene varies considerably between lithologies;
however, orthopyroxene is more common in andesitic
rocks. Zoning may be normal or reverse with phenoc-
ryst rims having similar compositions to microphenoc-
rysts in the groundmass.

Geothermometry has been carried out on clinopy-
roxene-orthopyroxene pairs using the techniques of
Wells (1977) and Wood & Banno (1973). Temperatures
were estimated from mean mineral analyses; however,
care was taken to ensure that a representative popula-
tion was used, especially where more than one popula-
tion of pyroxene may have resulted from magma mix-
ing. The composition of phenocryst rims and ground-
mass microphenocrysts were used to estimate the
magmatic temperature at the tíme of crystallisation.
Calculated temperatures lie in the range 1150-860"C for
basaltic to dacitic magmas with more parental, mafic
magmas generally 200"C hotter than evolved silicic mag-
mas (Fig. 4).

60 65 70

St02

Fig. 4 - Variation of magmatic temperature with melt com-
position. Two pyroxene geothermometers are calculated using
the methods of Wells (1977) afi Wood & Banno (1973).
Geothermometers using magnetiteilmenite pairs (Andersen &
Lindsley, 1988) and the Al-in-Hornblende method (Blundy &
Holland, 1990) are also shown.

Amphibole

Hornblende is a ubiquitous phenocryst in more evolved
lithologies. Margins are typically rimmed with opacite
(opaque-rich aggregates) and may be corroded or rag-
ged. In some cases, phenocrysts have been wholly re-
placed by opacite or by a fine-grained mass of plagioc-
lase, opaques and pyroxenes.

Hornblende analyses have been used to estimate mag-
ma chamber pressures and temperatures using the Al-
in-hornblende system (Johnson & Rutherford, 1989;
Blundy & Holland, 1990) in magmas from Ciomadul,
Malnas and Murgul Mic where alkali feldspar is an
equilibrium phase. Pressure estimates for these volcanic
centres are in the range2.82-5.55kb suggesting upper to
mid-crustal depths of approximately 10-20km. Temper-
atures given by this model are in the range 830-882'C
(Fig. a).

Opaque oxides

Magnetite, titanomagnetite and ilmenite occur in all
lithologies and are ubiquitous as groundmass phases or
microphenocrysts. Large phenocrysts are rare. Both
titanomagnetite or magnetite (less common) and ilme-
nite commonly coexist. In some phenocrysts, exsolution
lamellae of one oxide occur in the other, indicating slow
cooling and oxidation. Magnetite inclusions are fre-
quently found enclosed in clinopyroxene phenocrysts.

Geothermometry using ulvöspinel and ilmenite activi-
ties (Andersen & Lindsley, 1988) gives temperatures in
the range 832-947"C. Agreements with temperatures de-
termined by two-pyroxene and the Al-in-Hornblende
methods are within analytical error in most cases (Fig.
4).

Others

Olivine in CGH rocks has a wide variation of composi-
tions from Fo52 to Foes. Many basaltic rocks contain oli-

Malhod u*d

O Wood {l Banno
. W€ils

! Á| |n Homb|trde
E AMeÉn & Lnds|ey

o

6 tmoö
o

. @

FsEn

Mixed magma intrusions

47



P. R. D. Mason et al.

vine but it is frequently altered to serpentine. Only sam-
ples with fresh olivine have been analysed and inóluded
in this study. The most Fo-rich olivine occurs in the Mal-
nas and Murgul centres which is much more Mg-rich
than in the remainder of the basaltic samples.

Biotite is found in high-K lavas and intrusions at the

Murgul Mic. It is euhedral and has a uniform composi-
tion. Almandine garnet occurs in a few intrusíons from
Cálimani and has been recorded in a hish-K biotite-
bearing intrusion on the eastern flanks of úrghis where
it appears to be in equilibrium with the gróundmass.
Apatite is rich in rocks from Cucu and Ciomadul and is
common as small inclusions, particularly in plagioclase,
in rocks from other centres.

5. Bulk rock chemical composition

Most CGH volcanic centres are medium-K calc-alkaline
(Fig. 5) and show tightly defined rrends on a SiO2 vs.
K2o plot with minor internal variation (Mason et al., ín
press). SiO2 contents vary from 51 to 71. wtVo. The
majority of volcanic centres overlap in composition and

reaching almost tholeiitic compositions. In the extreme
south of the arc, volcanic centres are hish-K calc-
alkaline. In centres from Cucu southward;, average
K2O progressively increases until slightly shoshonitic
compositions are reached in Malnas and Murgul Mic
(Seghedi et al., 1.986, 1987).

Major element Harker diagrams are presented here
for representative volcanic centres (Fig. 6). CaO, Fe2O3
and TiO2 are strongly compatible within the centres and
small variations are seen between the centres. Some

scatter is seen within the data involving MgO, Al2O3
and MnO. Na2O is very scattered and PrO, shows little
variation but concentrations of P2O5 decrease between
certain samples.

The highest concentrations of Ni and Cr are found
within andesitic lithologies rather than in more basic
compositions (Fig. 6). However Sc, V and Y are strong-
ly compatible and show clear negative variations with
SiO2 content. Y commonly behaves slightly incompat-
ibly or slightly compatibly until around 59Va SiO2when
it becomes more strongly compatible. Pb, Rb and Th
are broadly incompatible but show some scatter and Sr
is also scattered.

ó. Processes affecting magma composition

the centre; however, fractionation can be investisated
within small magma series which are closely relateíboth
in the field and in chemistry. Most maior elements show
well-defined linear trendó with fraótionation indices
such as SiO2, but there is significant scatter shown by
some elements, particularly Al2O3. MgO, MnO and
P2O5 concentrations are also scattered, some of which
could be caused by fractionation in separate magma
plumbing systems during different periods of magmatic
evolution.

A <<pre-caldera> eruptive series (Fig. 6) has been
selected in which to investigate fractional crystallisation.
Al2O3 is incompatible within the andesitic samples, sug-
gesting that plagioclase did not fractionate. Small
amounts of plagioclase removal may have started as the
melt reached 59-60Vo SiO2. Basalts of the series are high
in Al2O3 and do not corréspond to the low Al2o3 fral-
tionation scheme in the andesites. Heteroseneous accu-
mulation of plagioclase was probably respönsible for the
wide variation in Al2O3. Na2O behaved incompatibly
supporting the lack of plagioclase fractionation or sug-
gesting the removal of only basic plagioclase.

In the remainder of the CGH arc, volcanic centres are
smaller and more easily resolved by field relationships.
Magmas are likely to have evolved from more simple
magma plumbing systems. This is reflected in more
closely defined trends on Harker diagrams. In Gurghiu,
rocks from the Eincel-Lápusna volcanic edifice (Fig. 6)
show good evidence for fractional crystallisation involv-
ing plagioclase, the pyroxenes and Fe-Ti oxides.
However, some scatter is seen in A12O3 and MnO when
plotted against SiO2. Anomalously high concentrations
of Al2O3 could be due to plagioclase accumulation in
some lavas, which is confirmed by the plagioclase-rich
nature of these rocks in thin-section. PzOs and Y are
also high within two of the plagioclase-rich samples sug-
gesting the additional accumulation of apatite. Amphi-
bole removal occurred only in the most evolved mag-
mas, where Y was removed. Four samples appear to
form a low-K series which may have undergone evolu-
tion in a separate magma chamber. These rocks are also
lower in Pb, Rb and Th.

Kza za

KzQ

Sr02 s o

Fig. 5 - K2O vs. SiO2 in CGH province magmatic rocks (a) for
the Cálimani volcanic centre, (b) for centres from the Gurghiu
Mountains, (c) for Northern Harghita are volcanic edifices and
(d) for the Southern Harghita Mountains arc segment.
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Fig. 6 - Major and trace element Harker variation diagrams
for rocks from the Cálimani volcanic centre (closed squáres).
Fincel.Lápusna (open circles), ostoros (open triangles), Pilis-
ca (filled triangles) and Malnas and Murgul Mic (ciosíes).

Scatter within the data is seen in other volcanic cen-
tres from Gurghiu and can be explained by similar phe-
nocryst accumulation processes. Major and trace ele-
ments vary more consistently with fractionation in the
Northern Harghita arc segment, but some scatter is
observed, also caused by variable fractionation and
accumulation. Fractionation systems in Fincel-Lápusna
are a good model for most of these volcanic centies.

In the Southern Harghita magmas, fractionation pro-
cesses varied quite considerably between volcanic óen-
tres. Luci-Lazu behaved in a similar manner to more
northerly centres in the Northern Harghita area and
appeared to have fractionated plagioclase, pyroxenes,
Fe-Ti oxides and apatite. However, Pilisca and Cioma-
dul crystallised predominantly amphibole and biotite
alongside plagioclase and the fractionation of these
phases had more control over magma chemistry. Trends
for Pilisca are closely correlated (Fig. 6) except for some
incompatible elements (e.g. Pb) and this is typical for all
of the centres in this area.

Rocks from the Malnas and Murgul Mic high-K to
shoshonitic lava domes have slightly anomalous chemis-
tries. Samples plot close together on all the Harker dia-
grams (Fig. 6) and are distinctively high in MgO, P2O5,
TiO2, Ni, Cr, Sr and Pb. AlzO3, Fe2O3 and Y are low.

These slight differences in chemistry occur in combina-
tion with the unusual mineralosies.

When the effects of phenocrlst accumulation are re-
moved and rocks are grouped into suites of similar age
and location, approximately linear trends are seen on
Harker diagrams within all of the volcanic centres, sug-
gesting that fractional crystallisation was a dominaát
petrogenetic process. This assertion is supported by the
common occurrence of cognate xenoliths in CGH rocks.
Minera|s which have beön suggested as fractionating
phases are all found as cognate material.

may be some disparity between the selected mineral
analyses and the minerals in parental magmas. Numeric-
al methods support qualitative observations of the frac-

vary within each centre from relatively low to quite high
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c36-C37 0 93
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Pairs F Plag opx
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Table 3 - Least squares fractional crystallisation models on
rock pairs from C^GH volcanic centres. F is the amount of melt
remaining and Rr is the sum of the squares of the residuals.

Cdlimani - Pre -Ca lde ra group

and contain a different mineral assemblase or minerals
of a slightly different composition. Reaötion with the
groundmass can be seen by a preferential crystallisation
of orthopyroxene around the rims. This type of mixing is
particularly noticeable in the Cucu volcánics (Masón.
lees).

sions of xenocrysts, up to a few mm across, are some-
times seen but can be difficult to distinguish from cos-
nate xenoliths. The most spectacular exinple of magnia
mixing is seen in Malnas and Murgul Mic, high-K Íava
domes at the southern end of the CGH arc. Málnas con-
tains coexisting Mg-olivine (Fosa_so), qtartz, two
populations of clinopyroxene, two populations of
orthopyroxene plus amphibole and biotite. Small
amounts of sphene, zircon and apatite are also found
along with a few rare phenocrysts of K-feldspar. The
quartz is probably of crustal origin. The large xenocrysts
are rounded and have well-defined reaction rims of
orthopyroxene. Amphibole is of an unusual composi-
tion of the tremolite-actinolite series and is probably of
crustal origin as a xenocryst phase. The rock appears
homogeneous on a hand-specimen and field scale with
no evidence for mixing. The magmas were probably
erupted through crustal basement rocks at depth. Crus-
tal source rocks are medium to high grade schilts, gneis-
ses and amphibolites but the presence or absence of this
material at depth beneath the southern end of the chain
cannot be proven. Such crust would be a feasible source
for the amphibole and quartz. The olivine is unusually
Mg-rich and is of a composition usually associated with
mantle peridotites. It may have originated from dis-
aggregated mantle xenoliths in a similar manner to that
proposed for olivine xenocrysts in alkali basalts of the
Persani Mountains (Downes et al.. 1995).

Magma chamber replenishment is a major mechanism
for mixing and this can be identified from zoning pro-
files of plagioclases and pyroxenes. In some rocks more
than one replenishment event has taken place. The in-
jection of basic material into a magma chamber, which
may be up to 200'C hotter than the host magma, could
produce a strong convective overturn which would thor-
oughly mix the two magmas.

The effect of magma mixing on major and trace ele-
ment trends is difficult to quantify. Mixing and frac-
tionation were likely to have occurred together and
could have produced similar trends. If the two end-
members are from the same magmatic system, which
has been crystallising and fractionating an identical
mineral assemblage, then the product will lie along the

diagram) or where unusual magma compositions such as
a crustally contaminated magma are mixed with the
basic end-member.

The addition of small amounts of crustal material to
CGH magmas is proven by the presence of crustal xeno-
liths and xenocrysts within certain lavas. However, with-
out extensive field sampling or the study of many thin-
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values and this is reflected in the scatter seen on major
and trace element Harker diagrams. The models are
strongly dependant on mineral chemistry and small
variations in the major element contents of some miner-
als can have a large effect on the modelling. However,
some additional processes may have caused the high re-
sidual values. Several factors could have contributed to
this scatter, most notably magma mixing, crustal assi-
milation and crystal accumulation.

Magma mixing between basic and acidic end-
members could have produced similar trends to those
predicted by fractional crystallisation on major and
trace element Harker diagrams. Petrographic evidence
for mixing is widespread in volcanic rocks from the
CGH province. Mixing has been identified on both a
hand-specimen and a microscopic scale. In hand-
specimen, small blebs of magmatic material are seen en-
closed within a host rock. Blebs commonly have round-
ed margins, a different texture to that of the host sample
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sections, crustal material may not always be identified in
rocks which are contaminated. CGH magmas have been
investigated isotopically (Mason, 1995; Mason et al., in
press) and found to have been strongly contaminated in
the upper crust. 875r/865r and 143Nd/r44Nd extend over a
wide range and can be explained by mixing parental
magmas with a variety of contaminants from the local
upper crust.

Magmas would have been initially hot enough to melt
and assimilate upper crustal lithologies. Assimilation
probably took place through partial rather than batch
melting and this is supported by the dispersal of xenoc-
ryst phases throughout the contaminated magmas.

Crustal contamination can be verified by adding small
amounts of crust to the least squares fractional crystal-
lisation models. This has been attempted here for rocks
from the Cálimani and Luci-Lazu volcanic centres.
Within each centre, rocks have been taken which are
related by fractionation and variably contaminated
(Mason et al., in press). Sample pairs C2 to C3 and H18
to H16 are progressively moré enriched in 87Sr/8óSr with
increasing SiO2. Schist from the local crust (Mason et
al., in press) can be added to the mixing calculations for
steps C2 to C3 and H18 to H16. Calculated residuals are
reduced by adding crust of this composition. However,
residuals are often reduced by simply adding another
phase to the calcúlation. Thus, assimilation is viable but
not proven by this method. The most important point is
that assimilation of crust may explain some of the high
residuals in fractional crystallisation models for CGH
magmas. A noticeable problem is that adding crust can
affect the phases which will work in the modelling.

Phenocryst accumulation can considerably affect least
squares models and produce significant scatter on major
and trace element Harker diagrams. This has been de-
monstrated qualitatively and such samples have been
omitted from the calculations. This preferential accu-
mulation, usually of plagioclase, suggests possible tap-
ping of the margins of a magma chamber during a more
closed system evolution. A simple model of a single
fractionating body is precluded.

The least squares modelling outlined above does have
significant limitations and has been carried out to show
that fractional crystallisation is a viable process in CGH
magmas rather than trying to prove that it took place.
Mineral compositions vary widely within a single sample
and the compositions taken for the purposes of the mod-
elling are clearly approximations of what may have been
fractionated. Small variations in the chemistry of the
mineral phases used in the modelling can have a large
effect on the proportion of fractionation of that mineral
and on the sum of squares of the residuals.

7. Conclusions

The CGH arc segment is a large chain of complex inter-
related calc-alkaline volcanic edifices. Lavas and intru-
sions from each of the central structures have been in-
vestigated chemically and found to show large ranges in
mineral and bulk compositions. Major crystallising
phases vary between compositions which are in equilib-
rium with basic and acidic melts.

Fractional crystallisation controlled significant
changes in major and trace element geochemistry in
CGH magmas. Plagioclase, pyroxenes, amphibole,

Low-pressure evolution of magmas from the East Carpathians

biotite, apatite and Fe-Ti oxides were all important frac-
tionating phases to varying degrees. Orthopyroxene
fractionation was typically more dominant than clinopy-
roxene fractionation. Amphibole crystallised and frac-
tionated in rocks with >59vo Sío2 except in a few cases
where more basic magmas were hydrated or mixed with
acidic melts. Apatite fractionation was important in
several. but not all. volcanic centres.

Variations in the type and proportions of fractionat-
ing rninerals are seen between volcanic centres and with-
in individual magma series. Basaltic andesites and ande-
sites from the precaldera group from Cálimani did not
fractionate plagioclase. Elsewhere plagioclase was the
most important fractionating phase. Biotite and amphi-
bole replaced pyroxene as the controlling mafic phases
in the Pilisca and Ciomadul volcanoes from the southern
end of the arc.

Residuals calculated by least squares modelling are
low to relatively high. Higher values are due to mixing
with other (often closely related) magmas and assimila-
tion of crustal material. Residuals are reduced by adding
crust to the least squares fractionation models.
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