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Abstract

The post-collision late-kinematic Tismana pluton belongs to the shoshonitic series. It is part of a Late Precambrian
basement within the Alpine Danubian nappes of the South Carpathians (Romania). This pluton displays an exceptionally
complete range of compositions from ultramafic to felsic rocks (granites). Widespread mingling,/mixing relationships at all
scales give rise to a variety of facies. A liquid line of descent from the diorites to the granites is reconstructed by considering
the variation in major and trace elements (REE, Sr, Rb, Ba, Nb, Zr, Hf, Zn, V, Co, Cr, U, Th, Ga, Pb) from 33 selected
samples as well as mineral /melt equilibrium relationships. The first step of fractional crystallization is the separation from a
monzodioritic parent magma of a peridotitic cumulate similar to the ultramafic rock found in the massif. A possible
contamination by lower crustal mafic component takes place at this stage. The second step marks the appearance of apatite
and Fe—Ti oxide minerals as liquidus phases, and the third step, saturation of zircon. Mixing by hybridisation of magmas
produced at different stages of the evolution along the liquid line of descent is also operating (endo-hybridisation). As
depicted by Nd and Sr isotopes, fractiona crystallization was combined to an important early contamination by a mafic
lower crust in a deep-seated magma chamber and to a later and mild contamination by a felsic medium crust in an
intermediate chamber. The mingling essentially occurred during the final emplacement in the high-level magma chamber.
The monzodioritic parent magma, identified by major and trace element modelling, is shown by Sr and Nd isotopes to have
its source in the lithospheric mantle or in a juvenile mafic lower crust derived from it. The necessarily recent enrichment in
K ,O and associated elements of the lithospheric mantle is likely to be related to the preceding Pan-African subduction
period. The partial melting of this newly formed deep source has to be linked to a major change in the thermal state of the
plate. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The post-collisional period of an orogen probably
encompasses the largest variability in chemistry, tec-
tonic links and origin of magmatism in a single
geodynamic setting. It is poorly understood, as it fits
with difficulty in simplistic plate tectonic models.
However, the tendency to produce high-K calc-al-
kaline and even alkaline granitoids after collision
seems to be widespread (Bonin et al., 1987; Liégeois
and Black, 1987; Sylvester, 1989). Extreme products
such as the shoshonitic series (= very high-K calc-
akaline) are scarce but may throw a new light on
post-collision events.

Such a shoshonitic series occurs in the Precam-
brian basement of Danubian Alpine nappes in the
Romanian South Carpathians. The studied Tismana
pluton encompasses a large and continuous range of
compositions from ultramafic cumulates and diorites
to granites. These different facies show remarkable
mingling and mixing patterns that transform this
granitoid pluton into a complex object. A requisite
approach is therefore to first sort out the influence of
mixing and fractional crystalization before recon-
structing the genuine characteristics of the shoshonitic
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source. We will show that Tismana gives evidence
that a unique parental magma may produce a series
of coexisting melts, which can in turn mix together
to give rise to a series of hybrids (endo-hybridisa-
tion). In this process, interaction with medium and
lower crustal rocks has been evidenced by isotopes
at two stages of the fractionation process, but in too
small amounts to be revealed by maor and trace
element modelling. Tismana thus points to complex
multistage magma chamber processes and source
composition within a post-collisional setting.

2. The South Carpathian Tismana pluton

Two tectonically juxtaposed Precambrian groups
compose the basement of the Danubian nappes, the
lowermost Alpine units in South Carpathians (Fig.
1). The first basement group, Dragsan, is mainly
amphibolitic and represents a ca. 800 Ma old oceanic
idand arc (Liégeois et al., 1996), subsequently meta-
morphosed in an HP-HT amphibolite subfacies. The
second basement group, Lainici-Paiug, is metasedi-
mentary, mainly quartzitic, older than 588 Ma (U-Pb
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Fig. 1. Simplified geological map of the Danubian window in South Carpathians (from Liégeois et a., 1996) enhancing the Precambrian

lithologies. C-A means calc-alkaline. The upper nappes group the Getic and the Upper Danubian nappes.
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Fig. 2. Geologica map of the Tismana pluton (after Berza, 1978). The smaller strips are not at scale, most of them being only a few metres
thick; the larger strips of equigranular mafic rocks are interleaved with irregular porphyritic granites dykes or bands.
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zircon; Grunenfelder et al., 1983), and has been
metamorphosed in a LP-HT amphibolite subfacies.
Both basement groups have been intensely intruded
by granitoids, but only Lainici-Paius metasediments
are cut by late-kinematic plutons with shoshonitic
compositions, the Tismana and Novaci massifs. For
more details on the regional setting, see Liegeois et
al. (1996).

The emplacement of the Tismana pluton has been
dated at 567 + 3 Ma (U—Pb zircon; Liégeois et a.,
1996) and the twin Novaci pluton at 588 + 5 Ma
(U—Pb zircon; Grunenfelder et al., 1983). This study
focuses on the shoshonitic Tismana pluton, nicely
exposed (300 km?; Fig. 2) and studied in detail
(Berza, 1978). It was emplaced in the amphibolite
facies Lainici-Paius Group. Both at small and
medium scale, the contacts of the pluton are concor-
dant with the schistosity of the country rocks. No
apophyses or pluton-induced migmatites occur in the
vicinity of Tismana, and only a few roof pendants of
calc-silicate bearing marbles are found within the
massif, close to the contacts.

3. A mafic—felsic association

The main rock types of the Tismana pluton (Fig.
2) are (1) a porphyritic granite, with K-feldspar
megacrysts, containing abundant mafic enclaves and
covering around 80% of the exposed area; (2) a
darker equigranular facies, grading from diorite and
uncommon gabbros to granodiorites and uncommon
tonalites; the latter facies herein referred to as * mafic
rocks'. Pods of a few hundred metres of ultramafic
rock outcrop in a restricted area. Although initially
considered as a younger body (Berza, 1978), it actu-
aly belongs to the Tismana suite, the enclosing
granite showing reaction and mingling structures at
the contact (Tatu and Berza, 1994).

The distribution of the mafic rocks is systematic
(Fig. 2). They prevail near the northwestern border,
where they form a 1 to 1.5 km wide strip, here called
the *main mafic strip’. They are also common in the
central part, where they occur as thinner strips or
lenses with a maximum width of a few tens of
metres and usually disposed in swarms. They are
completely missing in the southernmost part of the
exposed area. The grain size of these rocks aso

decreases southward: from 1-4 mm in the main
mafic strip down to 0.3-0.5 mm in the smaller
enclaves, which correspond to mafic microgranular
(magmatic) enclaves (= MME; Didier and Barbarin,
1991).

K-feldspar megacrysts represent around 40% of
the porphyritic granite. Assuming that they were
floating, 40% of crystals in the melt would approach
the limit between magmatic and submagmatic flow
for acid magmas (Pitcher, 1993). The Tismana por-
phyritic granite commonly shows planar or swirling
patterns similar to those described elsewhere (Nevez
and Vauchez, 1995) and inferred to register mag-
matic flow with rigid body orientation of megacrysts
or oblate enclaves. A free flow of K-feldspar
megacrysts in the granitic magma is consistent with
their trapping in blobs of coeval basic magma
(Vernon, 1986).

4. A late-kinematic post-collisional pluton

The pluton induced a therma effect on its
metasedimentary envelope (Berza, 1978). According
to P-T grids (Spear, 1993), pressures around 2 kbar
and temperatures around 600°C outside the body and
over 800°C in the roof pendants are suggested.

The Tismana and Novaci massifs are late relative
to the tectonics affecting the Lainici-Paius Group.
The late effect of the tectonics on Tismanais marked
by large (wavelength of 100 m to 1 km) symmetrical
folding with vertical axial planes (Berza, 1978). A
foliation, mainly NE—-SW oriented and apparently
not constrained by the pluton shape, is defined by:
(a) oriented euhedral K-feldspar megacrysts in por-
phyritic granites; (b) oblate MME; (c) bictite orienta-
tion in mafic rocks of the main mafic strip. This
foliation is parallel to the contacts between the por-
phyritic granite and the more mafic rocks and proba-
bly results from both magmatic flow and Pan-Afri-
can regiona tectonics. Despite Variscan and Alpine
tectonics, these observations and the sheet-like em-
placement of Tismana (Fig. 2) strongly suggest a late
kinematic emplacement in a post-collisional setting,
the collision being represented by the preceding am-
phibolite facies metamorphism.



Table 1

Major (%) and trace (ppm) element composition of representative samples of the Tismana pluton

Types Peridotites | Mafic rocks Intermediate rocks Feélsic rocks
| Group Gl Gl Gl (<3 G G G G G4 G4 G4 G4 G4 G4 G4
Texture m) m m m m m

R4 R650 R26 550 R12 504 826 1028 1143 | R17 432 51 926 7 52 1316 46 1264 375 1313 28 1265 | 430 53 927 1256 431 a0 5 1311 827 1266 1267
SI02 4110 4562 | 47.21 4768 4966 51.30 54.18 5149 5032 | 5207 5551 57.94 S3.19 5491 60.89 5879 5864 5964 6299 61.81 S57.46 63.77 | 6858 6964 67.14 68.16 6729 71.19 6964 6801 6513 7001 74.02
Tio2 017 045 1.64 178 120 1.70 153 125 1.53 1.80 1.85 141 1.94 1.56 122 1.56 1.5 1.40 117 117 172 m 09 065 0.64 070 071 0.49 0.59 0.68 039 0.56 0.05
A203 431 7.87 1697 1687 1682 17.00 1604 1794 17.95] 1639 1484 1611 1524 1621 1578 1537 1568 1548 1433 1541 1475 1422 | 13.03 1404 1513 1457 1488 1350 14.01 1474 1731 1438 1358
Fe203t 1312 el 11.08 1042 1032 8.62 9.10 938 24 | N4 10.08 807 11.43 9.86 7.36 839 8.22 7.87 6.63 677 10.04 6.02 541 3.05 3.78 4.06 4.62 3.28 3.64 3.95 1.85 3.56 0.98
MnO 016 016 017 016 015 0.14 0.1s 016 019 019 016 o 016 0.16 0.10 0.13 012 on Q.09 0.08 016 0.08 0.07 0.04 0.07 0.04 0.05 0.04 0.04 0.05 0.03 0.03 0.03
MgO 3248 23.83 718 6.73 651 S.69 4.87 4.61 4.42 334 331 285 276 27 2.59 257 218 21 1.89 1.87 1.84 1.61 139 m 1.08 1.07 1.03 0.84 0.80 0.79 0.78 048 029
Ca0 1.00 417 7n 843 7.95 6.60 719 573 591 543 555 419 517 452 4.57 422 4n 3.77 323 347 448 3.04 201 1.56 193 216 1.80 0.61 1.46 1.87 .68 1.52 0.69
INa20 023 058 214 260 262 FAR 2.41 3.02 293 243 272 258 265 291 315 273 282 273 228 242 267 2.46 201 287 257 241 2.50 257 264 274 287 264 2.60
K20 038 052 249 210 256 2.88 203 352 296 4.24 270 4.56 393 435 225 3.46 3.48 4.42 4.67 4.74 423 47 5.48 522 6.63 5.42 5.63 5.62 573 5.46 775 546 6.16
P205 0.02 0.03 077 o7 073 0.54 0.61 0.60 1.00 1.03 0.62 049 1.01 079 039 0.48 [oX:3} 0.48 0.60 041 098 036 039 020 023 035 0.32 024 023 0.28 013 020 0.02
LO 7.00 443 2.40 2.40 1.86 273 2.60 1.98 1.62 1.46 114 125 1.67 1.55 134 173 1.47 1.62 1.20 1.48 1.04 172 133 125 0.98 0.96 131 1.29 1.25 132 115 119 071
Total 99.97 9927 | 9.76 9988 10038 99.31 10071 99.68 100.07| 99.79 9848 99.56 99.15 99.53 99.64 9943 99.04 9963 99.08 9963 9937 99.10 | 10061 99.63 100.18 99.90 100.14 99.67 100.03 99.88 99.07 100.03 99.13
FeOt/FeOt+MgO | 017 020 0.44 0.44 0.44 0.43 0.49 0.51 0.56 063 061 0.59 068 0.65 0.59 0.62 0.66 0.65 064 0.65 073 0.65 0.66 058 0.64 0.66 0.69 0.66 070 072 054 079 063
Agpadty 018 019 037 039 0.42 039 038 0.49 045 0.52 0.50 057 057 0.59 0.48 0.54 0.54 0.60 061 059 0.61 0.64 an 074 075 0.67 0.69 076 075 o7 076 071 081
U 04 0.4 1.6 11 1.4 1.2 0.4 03 14 20 1.0 o8 04 16 11 13 18 17 33 1.4 18 29 28 20 1.4 2.0 1.8 3.0 1.8 21 09 38 23
Th 88 38 1.6 65 153 39 4.6 37 89 24.0 13.7 108 36 14.2 35 89 163 84 31.0 2.0 17.0 14.0 38.0 46.0 81 10.4 10.7 45.0 121 19.0 29 46.0 22.0
/U 24 mn 7 6 n 3 n 12 6 12 14 14 8 9 3 7 9 S 10 15 9 S 14 23 6 S 6 15 7 9 3 12 10
Zr S1 47 236 300 322 305 337 265 224 519 547 517 472 442 425 336 659 545 745 554 732 560 S04 376 364 402 424 355 341 329 191 336 90
Hf 1.6 14 7.9 65 7.0 7.0 7.7 56 45 124 13.8 12.6 108 105 10.0 98 17.9 14.4 186 143 151 139 12.2 9.1 91 97 100 86 80 81 34 77 30
Zr/HE 33 34 30 46 46 44 44 47 49 42 40 41 44 42 43 34 37 38 40 39 48 40 4 41 40 42 42 41 43 / 57 44 30
No 2 2 9 &0 6 2 49 3 89 %2 3 s7 102 70 42 51 75 9 61 e 93 47 47 28 39 35 36 42 36 37 18 43 4
Rb 22 41 8 o4 107 167 76 143 106 s m 153 122 153 140 REL] 173 152 178 165 123 141 205 158 167 158 225 225 227 256 203 29 178
Sr 44 203 688 740 1047 835 533 1281 1336 744 407 545 628 561 S35 S9s 539 s71 339 447 54 516 233 510 475 391 331 170 255 192 479 231 165
Ba %8 228 135 1035 1497 1ns2 S41 1478 1848 2014 1003 1522 2074 1864 703 1se7 1252 1676 1251 1496 2009 1539 o 1522 1586 1462 1424 RS 1006 807 2179 773 683
K/Rb 143 105 21 185 199 143 222 204 232 233 3 247 267 236 133 219 167 241 218 238 286 277 222 274 330 285 208 207 210 177 317 198 287
K/Ba R 19 18 17 14 20 18 20 13 17 22 25 16 19 27 24 23 22 31 26 17 25 47 28 35 31 33 S0 47 6 30 59 s
vV 83 128 180 190 163 157 144 131 93 105 1z 97 105 m 94 94 =] 68 63 I3 48 46 26 34 26 36 27 30 34 25 26 56
o 2548 2090 2 55 88 31 57 10 17 12 n n 16 9 14 12 8 17 15 12 7 13 21 13 n 14 7 9 14 9 9 7
n 8 91 106 n2 9 102 122 84 108 132 134 91 15 120 94 8 102 107 3 7 132 ke k:>3 43 S5 S8 69 6 46 69 35 57 o
Co ns 91 32 37 26 27 32 25 27 25 19 22 20 12 21 10 16 9 16 14 17 7 4 3 10 15 2 15 8 1 20 22
Ga 19 22 22 19 17 23 23 24 23 20 22 21 22 24 2 20 21 18 20 20 22 20 22 23 21 20 15
Po 6 7 17 n S 12 12 n 14 21 8 17 17 27 n 17 16 13 22 34 22 17 23 21 22 21 23 27 19 21 24 25 35
Y 7 16 35 34 35 36 37 25 33 46 65 43 60 43 40 29 S3 37 46 44 57 25 31 16 23 19 27 38 22 25 9 21 28
La 8 70 75 20 62 R 154 130 120 87 89 n2 46 69 108 74 143 R 162 77 109 176 9 63 67 116 n 76 29 86 27
Ce 14 14 134 138 182 ne 130 150 204 266 229 162 198 227 %6 129 241 154 283 178 301 153 213 321 109 1s 130 204 131 146 48 158 64
Nd 7 9 60 9 77 49 62 S8 74 1ns 10 75 97 90 2 54 97 73 107 81 16 61 8 103 46 45 £ 74 48 59 18 >3 25
m 13 25 ns3 12.0 1.8 84 108 84 106 17.9 200 14.0 16.0 14.4 9.7 S.4 16.4 nz 157 142 18.0 89 13.6 ns3 7.7 6.6 80 14.0 7.6 9.4 27 93 50
Eu 03s 0.60 3.03 290 272 235 2.67 2.60 315 320 3.00 290 3.68 298 204 267 283 270 267 2.59 3.43 229 174 208 222 216 178 1.52 1.63 163 233 150 1.06
Gd 23 8.4 88 9.9 71 o1 66 82 145 16.0 108 138 159 7.8 7.4 13.4 9.2 123 108 15.1 67 10.1 78 6.0 S4 6.1 87 56 75 1.9 73 31
il 017 038 1.26 1.20 130 0.94 1.28 0.87 1.10 1.94 242 153 201 1.67 114 0.97 1.85 1.26 1.61 1.50 205 084 128 078 083 059 078 124 068 1.00 0.20 083 0.s8
Dy 097 219 631 5.80 617 5.05 6.40 4.40 5.40 9.25 12.40 7.65 10.40 8.08 5.64 517 876 614 690 7.41 10.40 423 575 269 4.24 3.20 3.84 5.96 361 4.74 113 4.5 3.03
Er 0.60 127 330 320 296 267 3.43 235 286 4.30 628 395 5.46 4.03 341 288 491 325 3.65 375 5.44 223 27 119 214 175 210 3.26 1.92 213 0.78 1.84 3.16
Yo 0.65 121 3.02 290 283 2.41 3.02 223 3.00 3.88 5.26 353 4.96 3.89 3.70 282 4.61 3.00 3.47 3.57 5.09 235 232 123 215 167 1.85 3.02 173 1.82 0.67 1.59 461
Lu .10 020 Q.55 0.50 0.49 033 0.44 032 048 0.64 077 049 075 063 0.48 039 058 038 0.44 048 078 030 036 ois 031 0.24 0.27 0.50 021 025 0.08 022 079
La/Yb n 4 15 17 21 18 13 27 33 2 15 16 12 19 8 16 15 16 27 17 21 21 30 a3 18 24 23 25 26 27 28 35 4
LEu/Eu* 143 076 0.88 083 0.76 091 0.81 1.04 1.01 0.60 0.50 070 075 0.60 0.70 095 057 078 0.57 0.62 062 088 044 065 0.08 1.09 0.76 0.38 074 058 3.04 0.54 078

(1) m: microgranular texture

(1) m: microgranular texture.

Sample location, petrographic name and, in brackets, the geochemical name after Debon and Le Fort (1988). R24 and R650: Ultramatic cumulate, Fintina valley; R26 and 550:
Microgranular diorite (monzogabbro), Giula valley; R12: Diorite (monzogabbro), Mare valley; 504: Quartz diorite (quartz monzodiorite), Mare valley; 826: Quartz monzodiorite
(quartz monzodiorite), Frasin valley; 1029: Quartz diorite (monzonite), Petru valley; 1143: Diorite (quartz monzonite), Runcu valley; R17: Microgranular enclave (quartz
monzonite), gallery tailings, Pocrula valley; 432: Microgranular inclusion (quartz monzodiorite), Pocruia valley; 51: Microgranular enclave (quartz monzonite), Tismana valley;
926: Quartz monzodiorite (quartz monzonite), Bistricioara valley; R27: Microgranular enclave (quartz monzonite), Giula valley; 52: Granodiorite (granodiorite), Tismana valley;
1316: Tonalite (adamellite), Runcu valley; 46: Tondite (granodiorite), Tismana valley; 1264: Granodiorite (quartz monzonite), Petru valley; 375: Biotite and hornblende
porphyritic granite (granite), Poiana cu Fragi valley; 1313: Granodiorite (granite), Runcu valley; 28: Granodiorite (quartz monzonite), Pocruia valley; 1265: Biotite and
hornblende porphyritic granite (granite), Petru valley; 430: Granite (granite), Tismanita valley; 53: Porphyritic granite (granite), Tismana valley; 927: Porphyritic granite
(granite), Bistricioara valley; 1256: Porphyritic granite (granite), Mare valley; 431: Porphyritic granite (granite), Pocruia valley; 241: Porphyritic granite (granite), Paltinei valley;
5 and 1311: Porphyritic granites (granites), Pocruia valley; 827: Porphyritic granite (quartz syenite), Frasin valley; 1266: Porphyritic granite (granite), Neguroasa valley; 1267:

Aplite (granite), Neguroasa valley.
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Fig. 3. Selected geochemical characteristics of the Tismana shoshonitic series (Iegend for rock typesin C). (A) CaO vs. MgO; (B) K ,0 vs.
SiO,; thedividers are after Rickwood (1989); (C) Peacock index (CaO,/(Na,O + K ,0) vs. SIO, after Brown (1981); (D) CaO/Na,O + K ,0
vs. Zr+ Nb + Ce+ Y after Whalen et al. (1987); (E) Agpaitic index (Na+ K) /Al (atom%) vs. SiO,. The limit at Al = 0.87 (minimum
value for akaline meta-aluminous granitoids) is after Liégeois and Black (1987); (F) Zr vs. (Na+ K + 2Ca) /Al = Si after Watson and
Harrison (1983); zircon saturation isotherms are indicated; the average zircon saturation temperature (865°C) is calculated for the felsic
rocks and the intermediate rocks with the X parameter < 2.
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5. Tismana granitoids. petrography and mineral-
ogy

Tismana felsic and mafic rocks show clear evi-
dence of mingling and mixing processes, as de-
scribed elsewhere (Vernon, 1986; Didier and Bar-
barin, 1991; Pitcher, 1993). They have given rise to
a hybrid porphyritic granodioritic facies. For clarity
of the petrographic description, we have distin-
guished four distinct rock types although progressive
transitions between all of them are witnessed by field
evidence: (1) the porphyritic granite; (2) the
equigranular mafic rocks; (3) the hybrid granodi-
oritic facies; (4) the ultramafic rock.

5.1. The porphyritic granite

The Tismana porphyritic granite is a coarse-
grained rock characterized by abundant (40%) ori-
ented white-grey euhedral K-feldspar megacrysts up
to 12 cm in length (with a mean of 3—4 cm). The
groundmass is made up of plagioclase, quartz, mi-
crocline, biotite, scarce hornblende and abundant
accessory minerals (ilmenite, apatite, zircon, titanite,
alanite). The K-feldspar is a perthitic maximum
microcline (Or,,Ab,,; Berza, 1978). The K-feldspar
megacrysts contain abundant plagioclase inclusions
whose {010} planes are parallel to those of their host.
Plagioclase crystals are much smaller (~ 2—-3 mm),

1000 T

A

Ultramafic

La Ce NdS'mI'Suéd”f'bD'y "Er  YbLu

| Felsic

. Intermediate

laCe NdSmEuGdTbDy Er  YbLu
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52 granodiorite 827
L 1267 aplite

827 K-feldspar laden granite

]
La Ce Nd Sm Eu Gd Tb Dy Er Yb Lu

] At}
La Ce Nd Sm Eu Gd Tb Dy Er Yb Lu

Fig. 4. Chondrite-normalized REE distribution. (A) Ultramafic and mafic rocks; (B) Intermediate rocks; (C) Felsic rocks, main stream
(without 52); (D) Atypica samples 827 (K-feldspar laden porphyritic granite), 1267 (aplite), 52 (granodiorite) and 53 (porphyritic granite).
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mostly euhedral. Generally An,g_5, in composition,
they are more calcic (Ang) when hornblende is
present (hybrid facies, see below). Bictite is red-
brown, euhedral and contains most of the accessory
minerals. It has an mg no. (Mg/(Mg + Fe?* + Mn))
between 0.34 and 0.43 and a TiO, content around
3.4%. Some hastingsitic brown-olive hornblende (mg
no. 0.37) occurs locally. The colour index of the
typical Tismana granite is between 10 and 15, rather
high for granite. Aplites appear in numerous dykes
(sample 1267).

5.2. The mafic rocks from the strips and enclaves

In the main mafic strip, the mineral grain size is
nearly constant (~ 1-3 mm). Variations on the scae
of a few metres of the quartz and intergranular
K-feldspar contents shift the rocks from diorite to
tonalite, granodiorite or quartz monzodiorite with a
constant high mafic mineral content (35—-45%). Bi-
otite is aways present whereas the hornblende and
clinopyroxene contents vary considerably. Orthopy-
roxene is locally present, giving rise to noritic vari-
eties, a unique feature in the South Carpathians. The
rock is either massive or, more commonly, has a
fabric, biotite defining a foliation plane.

Plagioclase is euhedral and its composition varies
from Ang,_,, in granodiorites and quartz monzodi-
orites to a mean of Ang, for gabbros or norites.
K-feldspar isinterstitial. The mg no. of biotite dimin-
ishes from 0.90 (ultramafic rock) to 0.40 (granite).
The amphibole mg no. in the granodiorite averages
0.42 (Berza, 1978). Clinopyroxene can form up to
25% of the more mafic rocks. Orthopyroxene, com-
monly altered to bastite, grades from Eng;Fs;,Wo,
in norites to Eng, Fs,,Wo, in quartz norites (Berza,
1978). In diorites and quartz diorites, apatite is the
most abundant accessory. Zircon and rutile are ubig-
uitous. lImenite is the characteristic opaque mineral,
representing up to 3—4% of the rock.

5.3. The hybrid granodioritic facies

This transitiona facies is porphyritic, with ran-
domly oriented K-feldspar megacrysts, typical of the
granite, and with amphibole and locally clinopyrox-
ene, which are characteristic minerals for the MME.
For similar reasons developed by authors who stud-
ied similar plutons (e.g., Nevez and Vauchez, 1995),
including field observations, we consider this facies
as resulting from hybridisation (complete mixing) of
mafic and porphyritic granite melts. Moreover, in the
regular porphyritic granite, there are zones several
hundred metres wide which contain amphibole in
addition to biotite and a plagioclase some 7% richer
in anorthite than is the case in the main granitic
mass. This facies is also considered as hybrid.

5.4. The ultramafic rock

The most mafic rocks in Tismana are olivine-
bearing cumulates, outcropping as a few lenses of
several hundred metres in the centre of the pluton, a
unique occurrence in South Carpathians plutons. This
fine-grained (~2-3 mm) rock contains 40-45
modal% olivine oikocrysts (Fog, _g,), 15—-20% inter-
stitial orthopyroxene (mg no. 0.86—0.90), 10% brown
phlogopite (mg no. 0.85-0.90), 5-10% brown am-
phibole (mg no. 0.81-0.84) and less than 10% pla-
gioclase. Accessory minerals are pyrrhotite with
pentlandite exsolutions, and titanomagnetite. Olivine
is commonly altered into a mixture of smectite and
chlorite. In some places, clinopyroxene coexists with
orthopyroxene. Oikocrysts of olivine are devoid of
deformation features, and far from the contacts with
olivine, orthopyroxene and phlogopite are commonly
euhedral. Even if the whole rock normative composi-
tion is harzburgitic, the general characteristics of
these ultramafic lenses are typical of alkaline cumu-
lates. According to Edgar (1987), the olivine +
orthopyroxene + phlogopite association is at the lig-
uidus of K-rich magmas with 5% H,O below 15

Fig. 5. Major element content (%) vs. MgO content (see Table 1). Legend: O (open circle) unspecified rocks; < (diamond): microgranular
rock;) @ (open circle with cross): porphyritic granite, sample no. 827 (K-feldspar laden melt); = (asterisque): aplitic granite no. 1267; G1 to
G4 refer to groups of rocks which show similar geochemical characteristics (see text and Table 2). Dashed lines connect samples considered

together in the modelling.
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kbar. A discussion of this occurrence will be pub-
lished elsewhere (Latouche et al., in preparation).

6. Geochemical modelling

Magjor and trace element analyses of 33 represen-
tative samples of the pluton, including six micro-
granular enclaves (MME), are reported in Table 1
and plotted in Figs. 3—6. The analytical methods are
briefly described in annex.

6.1. Main characteristics

Four main groups of rocks can be distinguished
on the basis of the MgO and CaO contents (Fig. 3A;
Table 1) in order to simplify the discussion: (1) the
ultramafic cumulates (24-33% MgO); (2) the mafic
rocks (7.5% to 4.5% MgO); (3) after a small gap in
MgO, the intermediate rocks (3.5-1.7% MgO) and
(4) the felsic rocks (1.5-0.5% MgO) separated from
the intermediate rocks by a small gap in CaO (Fig.
3A).

The Tismana pluton forms a continuous
shoshonitic series from 50% to 75% SiO, (Fig. 3B;
Le Maitre, 1989; Rickwood, 1989). It is worth men-
tioning that the Tismana trend mimics the classical
shoulder (transition from mafic to intermediate rocks)
defined for the lower boundary of the shoshonitic
fiddd. This trend is alkali-calcic (Peacock index;
Brown, 1981: Fig. 3C). The shoshonitic character is
accompanied by high contents of some incompatible
elements not linked to an alkaline affinity even if the
Tismana trend is falling into the A-type domain of
the widely used diagram of Whalen et al. (1987; Fig.
3D). Indeed, the agpaitic index reaches a value of
only 0.8 in the most acid rocks (Fig. 3E), far from
perakalinity or even from the minimum value of
metaluminous granites belonging to the alkaline se-
ries (0.87; Liégeois and Black, 1987). One obvious
difference between the Tismana and the akaline
seriesis that Tismana has low Na,O contents (2—-3%
from 47% to 74% SiO,) and in turn high K ,0/Na,O
ratios (1.5 to > 2 for intermediate and felsic rocks).

Structural data (see above) preclude an anorogenic
setting, and the mineralogy is not anhydrous (biotite
and amphibole are ubiquitous as well as subsolvus
feldspars). None of the A-characters that would sup-
port an A-type suite according to the original defini-
tion is present. Consequently, Tismana cannot be
considered as an A-type suite nor as a transalkalic
suite: it shares only some common geochemical
characteristics with A-type series, as a result of its
shoshonitic signature.

A relatively high temperature of crystalization,
around 865°C, is given by the saturation of zircon
(Fig. 3F; Watson and Harrison, 1983). Indeed, after
an increase within the mafic rocks, Zr reaches its
maximum content within the intermediate rocks. It is
only from this point that the zircon thermometer
gives liquidus values.

The incomplete mixing and mingling patterns ob-
served at all scales everywhere in the Tismana plu-
ton point to a complex geochemistry. Indeed, all
elements (except V, CaO) show a variable spreading
in variation diagrams (see below, Figs. 5 and 6). In
the best cases, rough trends can be observed (e.g.,
Rb and K increase with the decrease of MgO). Only
diadochic elements behave in a consistent way (Ta-
ble1): Zr /Hf hasan average of 41 + 5and La, /Yb,
varies between 12 and 35 (with the exception of
ultramafic cumulates, granite 5 and aplite 1267; Table
1); K/Rb (grossly) and K /Ba (strongly) increase
towards acid rocks (Table 1). U and Th contents as
well as Th/U ratios vary more erraticaly (Table 1)
with values between 4 and 12. Large Th variations
occur within asingle facies (e.g., from 2.9 ppm to 46
ppm in the porphyritic granites) whereas other trace
elements are more homogeneous (e.g., Ta from 1.2
to 4.8 ppm). This could be due to some heterogene-
ity in the distribution of Th(-U)-bearing accessory
phases or /and to the supergene mobility of U.

As discussed below, REE patterns show evidence
of fractional crystallization, of mixing between dif-
ferent facies and of local accumulation of feldspar.
However, all spectra share a common signature:
(high REE content and similar La/Yb ratios) which
strongly point to a consanguineous origin and similar

Fig. 6. Selected trace element contents (ppm) vs. MgO content (see Table 1). Same legend as in Fig. 5.
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evolution. Ultramafic cumulates (Fig. 4A) have low
REE abundances, an enrichment in LREE
(Lay/Yby = 4-6) and a small negative Eu anomaly
or none. Mafic rocks (Fig. 4A) are remarkably very
enriched in LREE (La, = 170-400; La, /Yb,: 14—
33) and the negative Eu anomaly is small or absent
(Eu/Eux: 1.04 to 0.76). The main stream in the
intermediate rocks (Fig. 4B) is dlightly more en-
riched in REE (Lay = 105-309) but the Lay/Yb,
ratio is somewhat smaller (12—22) and the Eu nega-
tive anomay is pronounced (average Eu/Eux =
0.68 + 0.13). Felsic rocks show grossy the same
characteristics as intermediate ones (average
Lay/Yby = 26 + 5, average Lay = 238 + 62,
Eu/Eu* = 0.69 + 0.25; Fig. 4C), except for an aplite
(1267), a K-feldspar laden magma (827 with an
Eu/Eux = 3), an atypical granite (53, Lay/Yby =
97; Fig. 4D) and a granodiorite (52) with a peculiar
low K ,O content.

6.2. Modelling a liquid line of descent

When the fractional crystallization trend of agiven
element is close to a straight line in a variation
diagram, the possible effect of a mixing between
basic and acid members will generally increase the
linear character of the trend, and the two processes
will be difficult to distinguish (Provost and Allegre,
1979). On the other hand, when the trend is curved
or bell-shaped (as in the case of incompatible ele-
ments which increase up to saturation), mixing be-
tween any liquid on the trend can dramatically dis-
perse the data points inside the concavity of the
fractional crystallization trend. This blurring effect
can make the interpretation more intricate. Neverthe-
less, if samples are properly chosen, the actual dif-
ferentiation trend—the liquid line of descent—can
be delineated. These selected samples have to be
quantitatively modelled, while the others must fit
into a mixing framework. Our selection was based
on the following points: (1) in the mafic rocks,
homogeneous microgranular rocks are preferentially
considered because they are the best candidates to
represent liquid compositions; (2) the most basic
ones are selected as representing the parent magma;
(3) samples reaching maxima in P,O;, TiO, and Zr
contents (classical incompatible elements) are con-
sidered as belonging to the liquid line and to reach

saturation in apatite, ilmenite and zircon, respec-
tively; (4) among the felsic rocks, a series of samples
of similar composition in some elements or showing
a short evolution trend for others have been chosen.
Based on these criteria the samples that belong to the
liquid line of descent have been divided into four
groups (G1 to G4; Figs. 5 and 6; Tables 1 and 2).

6.2.1. The G1 group (R26, 550 and R12)

The first two samples are microgranular diorite
forming large (> 1 m, up to 50 m) inclusions in the
southern part of the pluton (Fig. 2). The third sample
comes from the main mafic strip in the NW of the
massif. In most variation diagrams, the three samples
are closely grouped. The microgranular texture, the
non-porphyritic character and the similarity in com-
position of these rocks suggest crystallization from a
melt, considered here as the parent magma.

6.2.2. The G2 group (R17, 926)

R17 is a microgranular quartz diorite enclave and
926 a coarser-grained quartz monzodiorite. Both
samples have similar composition in all elements and
display maximum valuesin P,O;, TiO,, Nb, Zn, and
Ba

6.2.3. The G3 group (28, 46, 375)

Samples 28 and 46 are two granodiorites and 375
a hornblende-bearing porphyritic granodiorite (35).
G3 is characterized by maximum vaues in Zr and
REE contents.

6.2.4. The G4 group (5, 241, 431, 927, 1256, 1266,
and 1311)

They are porphyritic granites, which display simi-
lar values in Zr, Nb, TiO, or short evolutionary
trends for Rb, Ba and P,0;.

A consistent body of evidence supports the four
groups as defining a liquid line of descent.

(1) Liguidus minerals in G1. Taking the FeO
vaue of 7.44% in sample 550 (from Table 8 of
Berza, 1978) and using the method of calculation of
Ford et a. (1983), the temperature and composition
of olivine in equilibrium with G1 are 1220°C and
Fog, (at 3 kbar). Similarly, application of the MIXN-
FRAC3 agorithm (Nielsen, 1988) to simulate the
crystallization of G1 at a f,, a FMQ (the FeO and
Fe,O, contents were calculated at FMQ, 1220°C and
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Table 2
Average composition of the various groups of rocks

Gl G2 G3 G4
Sio, 48.18 52.63 59.70 68.78
TiO, 154 1.87 147 0.62
Al,O4 16.89 15.82 14.92 14.46
Fe, Ot 10.61 11.42 8.30 3.84
MnO 0.16 0.18 0.12 0.05
MgO 6.81 3.05 1.97 0.87
CaO 8.03 5.30 3.94 1.62
Na,O 2.45 254 2.59 2.58
K,O 2.38 4.09 4.13 571
P,05 0.74 1.02 0.80 0.26
LOI 222 157 1.24 1.19
Total 100.01 99.47 99.16 99.98
FeOt,/FeOt + MgO 0.44 0.65 0.68 0.69
Agpaicity 0.39 0.54 0.59 0.72
U 14 12 23 23
Th 11 14 21 22
Th/U 8 10 9 9
s 286 496 712 364
Hf 7 12 17 9
Zr /Hf 41 43 42 42
Nb 63 97 76 38
Rb 100 137 158 212
Sr 825 686 467 292
Ba 1222 2044 1504 1140
K/Rb 198 250 223 231
K/Ba 16 17 24 14
\ 178 101 78 30
Cr 65 12 14 11
Zn 106 142 109 59
Co 35 24 11 10
Ga 19 12 22 21
Pb 11 19 20 23
Y 35 53 52 25
La 78 110 138 7
Ce 151 232 275 142
Nd 65 108 107 55
Sm 12 17 17 9
Eu 29 34 3.0 18
Gd 9.4 14.2 13.6 6.8
Th 1.25 1.98 184 0.85
Dy 6.1 9.8 8.7 4.2
Er 3.15 4.88 4.67 2.16
Yb 292 4.42 4.39 1.98
Lu 0.51 0.70 0.60 0.29
La/Ybn 17 17 21 25
Eu/Eux 0.82 0.67 0.59 0.72

3 kbar using the regression of Kress and Carmichael,
1991: FeO = 7.98% and Fe,O,; = 1.99%) shows that,
at 1193°C, Fog is the only phase present at the
liquidus, a composition in close agreement with the
previous calculation. This calculated composition for
olivine closely matches the measured composition of
this mineral in ultramafic cumulates (Fog, to Fog,).
This strongly suggests that the olivine of this cumu-
late has crystallised from a liquid close to G1. At
1161°C, olivine(Fog, ) isjoined by plagioclase (An,,)
and, at 1080°C, augite (Wo,, En,; Fs,¢) appears and
coexists with Fogg and Ang,. At the latter tempera-
ture, the residual liquid is close in composition to
G2, but differs by higher contentsin CaO and Fe,O,.
This difference can be accounted for by a higher
augite proportion in the subtracted assemblage, as
shown by a least square calculation (Table 3 cumu-
late no. 1). The fraction of 0.13 augite compared to
0.02 in Nielsen's calculation can be explained by
some intercumulus augite crystallised from en-
trapped liquid in the liquidus assemblage (ortho-
cumulate). The fraction of residua liquid at this
stage is 0.58. Consistently, incompatible elements,
such as Zr, Nb and the REE, increase by approxi-
mately a factor of 2 during this stage of evolution.
Similarly, transition elements (e.g., V, Cr, Co) de-
crease because they are strongly partitioned into the
mafic minerals.

(2) Liquidus minerals in G2. Further modelling
by Nielsen’s approach of the liquid line of descent
has not been performed because hydrous phases like
biotite and hornblende (minerals not taken into ac-
count in the simulation of MIXNFRAC3) appear on
the liquidus of more evolved stages. Instead, we
have used a least square regression method (Table
3). In order to evolve towards G3, which is lower in
P,O; than G1, G2 has to be saturated in apatite.
According to Harrison and Watson (1984), this satu-
ration will take place around 1000°C. Subtraction of
a cumulate containing Plag (An,) + Bt (mg no.
0.72) + Aug (mg no. 0.65) + Ilm (Hem,) + Mt (5%
TiO,) + Ap, in which the clinopyroxene and biotite
compositions were taken according to respective
compositions measured in dioritic rocks (Berza,
1978), gives an acceptable residue (r2 = 0.14). Due
to subtraction of apatite in which REE are enriched,
the REE become compatible and decrease further in
the liquid evolution. Similarly, decrease in Zn can be
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Table 3
Modelling of the three differentiation stages of the Tismana liquid line of descent
Stage 12

Plag (Ang,) Ol (Fogg) Aug* (mg no. = 0.70)
Sio, 53.40 36.27 50.69
TiO, 0.00 0.00 0.50
AlL,O, 29.70 0.00 3.60
Fe,O4 0.00 30.75 10.55
MgO 0.00 32.97 13.34
Ca0O 12.10 0.00 21.19
Na,O 4.80 0.00 0.00
K,O 0.00 0.00 0.00
P,0; 0.00 0.00 0.00
Stage 2°

Plag# (Angg) Biot* (mg no.=0.72) Aug (mg no. = 0.65) IIm (Hemy) Magn Ap
SO, 57.30 36.90 41.75 0.49 174 0.00
TiO, 0.00 3.25 0.50 48.81 4.84 0.00
AlLO, 27.10 15.77 1055 0.39 3.10 0.00
Fe, O, 0.00 22.44 13.84 49.67 87.75 0.00
MgO 0.00 12.97 13.71 0.55 0.46 0.00
CaO 9.00 0.00 19.25 0.10 0.11 54.80
Na,O 6.10 0.00 0.00 0.00 0.00 0.00
K,O 0.50 8.67 0.00 0.00 0.00 0.00
P,05 0.00 0.00 0.00 0.00 0.00 41.70
Stage 3¢

Plag (Ang) Biot* (mg no. = 0.38) Horn# (mg no. = 0.43) IIm (Hemy) Ap
SO, 61.00 34.86 39.24 0.49 0.00
TiO, 0.00 348 159 48.81 0.00
Al,O, 24.70 16.31 10.59 0.39 0.00
Fe,O4 0.00 29.61 27.81 49.67 0.00
MgO 0.00 7.24 6.46 0.55 0.00
CaO 6.10 2.01 10.42 0.10 54.80
Na,O 7.20 0.00 1.20 0.00 0.00
K,O 1.00 6.46 2.09 0.00 0.00
P,0s 0.00 0.00 0.00 0.00 41.70

#From G1 to G2. MIXNFRACS3 algorithm of Nielsen (1988): T = 1193°C, Fogs, F=0.99; T=1161°C, Fog,An,,, F=0.96; T = 1080°C,
Fogg AngoAug(Wo,5En,, Fs,¢), F=0.58. At T=1080°C, the subtracted assemblage is 0.32 Ol + 0.66 Plag+ 0.02 Aug. Least square
regression method: cumulate no. 1: 0.60 Ang, + 0.27 Ol + 0.13 Aug; Yr? (sum of squared residues) = 1.7 F, (fraction of residual

liquid) = f = 0.46.

PFrom G2 to G3. Least square regression method: cumulate no. 2: 0.42 An,g + 0.36 Biot + 0.07 Aug + 0.02 IIm + 0.08 Mag + 0.05 Ap.

Yr2=0.14; F,=066, f=0.30.

°From G3 to G4. Least square regression method: cumulate no. 3: 0.39 Ang, + 0.14 Biot + 0.40 Hornb + 0.04 1im + 0.03 Ap. ©r2 = 0.20;

F;=0.65, f=0.20.
+ From Berza, 1978.

explained by crystallization of magnetite and de-
crease in Ti and Nb by crystallization of ilmenite.
The subtracted assemblage is a meladiorite. Similar
assemblages and bulk compositions have their coun-
terparts in diorite massifs (e.g., Traversdla van

Marcke de Lummen and Vander Auwera, 1990). The
high mafic content is not surprising: mafic-rich cu-
mulates (with apatite and oxides at the liquidus) are
also known in layered intrusions (such as the
Bjerkreim—Sokndal intrusion; Wilson et a., 1996)
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and their occurrence as liquidus assemblages has
been confirmed experimentally (Vander Auwera et
al., 1998).

(3) The final stage from G3 to G4. Subtraction of
a cumulus assemblage containing biotite (mg no.
0.38) and hornblende (mg no. 0.43) with composi-
tions currently found in the most basic granodiorites
(Berza, 1978; Table 3) together with ilmenite, apatite
and andesine mimics the observed evolution. Zr
evolution culminates in G3, which indicates that
zircon is at saturation in that liquid. According to
Watson and Harrison (1983), zircon should precipi-
tate at 865+ 32°C in G3 (Fig. 3), a reasonable
liquidus temperature for such potassic melts. The
presence of zircon in the liquidus assemblage to-
gether with apatite, whose partition coefficients for
REE should be larger than in the previous stage due
to the increase in the silica content of the liquid
(Watson and Green, 1981), induces a decrease of the
REE content from G3 to G4 (Fig. 6). Zircon precipi-
tation would aso explain the increase in the
Lay/Yby from 21 in G3 to 25 in G4. Transition
elements continue to decrease due to the subtraction
of mafics. Ba and Zn aso decrease, as a conse-
quence of bictite crystallization (Ba up to 3000 ppm
in biotites separated from granodiorites; Berza, 1978;
Zn up to 1240 ppm; Corriveau, 1989). Rb increases
with differentiation, indicating that K-feldspar at lig-
uidus was not abundant enough to decrease the Rb
content, thus permitting the liquid to keep high K ,O
contents.

Sample 1267 (aplite) has unique characteristics: it
is the most evolved rock (extreme values in all major
elements, and the lowest Zr, Hf, Nb, V, Cr, Zn, Sr,
Ba contents). Rb is dightly depleted compared to the
most evolved granites, possibly due to very late
K-feldspar crystallization. The average REE are low
and the distribution shows a typical enrichment in
HREE, which is not uncommon for aplite (e.g., van
Marcke de Lummen and Vander Auwera, 1990) or
for highly evolved granites in which titanite has
crystallised (e.g., Cocherie et al., 1994).

6.3. Mixing between liquids and the role of cumula-
tive K-feldspar

We have tested the hypothesis that some samples
that plot inside the bell-shaped liquid line of descent

correspond to mixing between two different liquids
taken among the four groups defined above (G1 to
G4). Moreover, some samples are considered as
liquids laden with some excess K-feldspar. For this
purpose, proportions of the two end-members have
been calculated by mass balance on the major ele-
ments using multiple regression techniques. Results
indicate that the average of samples 826 and 504 can
be accounted for by mixing of 78% G1 and 22% G4.
Sample 1316 contains a more important proportion
of G4: 52% of G4 and 48% G1, whereas the average
composition of samples 51 and R27 is explained by
the mixing of 74% G2 and 26% G4. Findly, the
average of samples 1313, 430, 1264 and 1265 corre-
sponds to the mixing of 59% G3 and 41% G4. The
same mixing calculations have also been performed
with trace elements, using the fraction of the end-
members calculated from the major elements. The
range of differences between calculated element con-
tent and the observed one is shown in Fig. 7 as a
function of Z?R, where Z is the valence and R the
ionic radius. As noted by Hofmann (1980), the diffu-
sivity or mobility of a cation in a melt decreases with
increasing ionic charge and size, and is negatively
correlated with the empirical Z?R value. Fig. 7
indicates that (1) except for Th and U, the agreement
between observed and calculated values is good and
supports the hypothesis of a bulk mixing; (2) the
large discrepancy observed for Th is not observed
for its neighbour Nb. It cannot, therefore, reflect
heterogeneity in the melts due to low diffusivity of
this element.

We have used a similar approach to test that
severa granites are laden with K-feldspar. The por-
phyritic granite 827, characterized by a strong posi-
tive Eu anomaly, high Al,O,, K,0 and Ba contents
together with low REE contents, is likely to repre-
sent the G4 liquid laden with 46% K-feldspar. Gran-
ites 927 and 1256 which display no Eu anomalies
and are enriched in Ba(Table 1) possibly correspond
to a G4 liquid in which 8% K-feldspar has accumu-
lated. Note that granitic samples only are laden with
K-feldspar, which confirms that this mineral began
to crystallise belatedly.

All other samples are localised inside the polygon
formed by G1 to G4 and can be considered as
mixtures between liquids generated at various stages
of the evolution along the liquid line of descent.
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Fig. 7. Difference between observed and calculated contents in
major and trace elements of sample 1316 or of several groups of
samples (826+ 504, 51+ R27, 1313+ 430+ 1264+ 1265) which
possibly represent hybrid compositions (see text for explanation).
The range of differences are expressed as relative percent of the
observed compositions and shown as a function of the relative
diffusivity (Z2R; Hofmann, 1980). Z is the ionic charge and R,
the ionic radius. lonic radii are taken from Whittaker and Muntus
(1970), assuming octahedral coordination for all cations except Si
and Al, for which tetrahedral coordination has been considered. A
+ 3 oxidation state was chosen for V and a + 2, for Fe.

Several of them are microgranular enclaves (432, 27,
51), in which 432 shows the petrographic character-
istics of a chilled liquid (apatite with high aspect
ratio). This points to a complete mixing process at a
temperature above the liquidus temperatures.

In conclusion, the complex mixing process, well
displayed in the field, is trandated in the geochem-
istry. However the characteristic feature is that the

melts that mix together are not two distinct unrelated
magmas but derive from the same parent magma. It
can therefore be called endo-hybridisation. The origi-
nal liquid line of descent can be reconstructed, show-
ing a complete evolution from diorite to granite by
crystal fractionation. The ultramafic cumulate con-
tains an olivine in equilibrium with the most basic
parent liquid. This one (~ 50% SiO,), as well as the
associated ultramafic cumulate, are already enriched
in K,O (3% in dioritic liquid; primary phlogopite in
the ultramafic rock). This implies that the source was
already enriched in K ,O.

7. Isotopic constraints for a crustal contamination

Recaculated back to 567 Ma (U—Pb zircon age;
Liegeois et al., 1996), the Sr and Nd isotopic ratios
form a trend (Sr; /£Nd) from mafic (0.7065/ — 2.5)
to felsic rocks (0.712/ — 6; Table 4; Fig. 8A), sug-
gesting a combined assimilation/fractional crystal-
lization process (AFC; DePaolo, 1981). The crustal
contaminant having to be older than 1100-1500 Ma,
as indicated by the T,, model ages (Table 4).
However, when looking at silica vs. initial ratios
(Fig. 8B,C), the global trend appears less regular,
particularly within each group: e.g., during the dif-
ferentiation of intermediate rocks, the Sr and Nd
initial ratios are rather stable. A simple binary mix-
ing between a mafic magma and a felsic magma—
aready invoked in the geochemical modelling—can
explain the composition of two samples (52 and
1316, hybrid rocks) only, as particularly well shown
by Nd vs. SO, in Fig. 8D but aso by Sr (Fig. 8E,F).
Such a mixing process however does not explain the
Nd contents of the other samples: the Nd concentra-
tions in the intermediate rocks are higher than in
both the mafic and the felsic samples (incompatible
before apatite saturation and compatible afterwards;
Fig. 8D, inset), a feature already highlighted in the
geochemical modelling. On the other hand, the ap-
parent regular increase of Sr; with the decrease of Sr
is only roughly related to the differentiation index
(Fig. 8E and inset), particularly in the mafic rocks.
Actually, each element which behaves regularly with
silica (e.g., Ca0; Fig. 8F) displays a rough correla-
tion with Sr; from the means of mafic to that of the



Table 4

Sr and Nd isotopes

Group No. Rb & ¥Ro/%sr s/ 20m Sr,=567Ma Sm  Nd ¥om/Nd - Nd/**Nd 2om ena Tee  Tom
Ultramafic R24 22 44 1.4482 071659  0.000013 0.704883 131 65 01219 0512385 0000029 049 516 1094
Ultramafic  R650 41 203 0.5847 0711434  0.000010 0.706708 249 94 0.1600 0.512398 0000010 —2.03 998 1824
Mafic 550 94 740 0.3677 0710434  0.000011 0.707462 1200 59 0.1230 0512127 0.000008 —4.63 1057 1535
Mafic R12 107 1047 0.2958 0708879  0.000010 0.706488 11.85 77  0.0936 0512124 0000006 —256 760 1166
Mafic 1029 143 1281 0.3231 0709441  0.000010 0.706829 840 58 0.0876 0.512090 0000028 —279 766 1152
Intermediate 52 141 535 0.7632 0715165  0.000010 0.708995 968 52 01126 0.512094 0000008 —452 986 1427
Intermediate 432 173 407 1.2315 0719887  0.000014 0.709932 19.00 102 0.1126 0.512051 0.000008 —5.37 1064 1493
Intermediate 926 121 620 0.5651 0714384  0.000011 0.709816 1530 93  0.0995 0.512046 0000010 —451 928 1329
Intermediate R17 151 744 05877 0714073  0.000011 0.709322 17.90 119  0.0910 0512012 0.000007 —456 903 1279
Intermediate R27 153 561 0.7898 0715516  0.000019 0.709131 1440 90  0.0968 0511954 0000004 —6.11 1043 1417
Intermediate 1316 131 595 0.6375 0713507  0.000011 0.708354 940 54 01053 0.512080 0000012 —427 930 1352
Intermediate 28 123 524 0.6798 0715688  0.000011 0.710193 1800 116  0.0938 0.512007 0000013 —4.86 935 1316
Intermediate 46 176 542 0.9405 0716705  0.000009 0.709102 1640 97 0.1022 0.512076 0000013 —4.12 907 1321
Felsic 431a 225 331 1.9711 0728221  0.000008 0.712287 797 50  0.0964 0.511984 0000018 —550 994 1374
Felsic 1256 158 391 1.1709 0720672  0.000019 0.711207 658 45  0.0884 0511948 0000007 —562 971 1331

Tge and Tpy (in Ma), calculated following parameters of Nelson and DePaolo (1985). &4 calculated at 567 Ma.

Rb, Sr, Sm, Nd concentrations are in ppm.
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Tables 1 and 4.
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felsic rocks, but detailed correlations show the con-
stancy of initia ratios within the intermediate rocks.

Two trends can be decrypted within the Tismana
bi-isotopic diagram (Fig. 8A): from the ultramafic
cumulates (which have been in isotopic equilibrium
with a liquid) to the mafic samples, there is an
important decrease in g4 (from +0.5to —4.6) for
a moderate increase in Sr; (from 0.7049 to 0.7075),
while from intermediate to felsic rocks thereis mainly
an increase in Sr; (0.7084 to 0.7123 for —4.1 to
—5.6 in gy, excluding R27 at —6.1). This points
to a Rb-depleted lower crust as the first contaminant
and to an undepleted medium crust for the second.
Sample R27 seems to indicate that some intermedi-
ate rocks could have also suffered an additional
lower crustal contamination (Fig. 8A). Additional
data, including oxygen isotopes, are needed, how-
ever, to precise the respective role of lower and mid
crusts.

An attempt to quantify this process needs the
definition of these contaminants;, they cannot be
determined for the Tismana pluton, which belongs to
athin Alpine thrust. However, Liégeois et al. (1996)
have proposed links with the Pan-African Tuareg
shield (Central Sahara) where a potassic leucogranite
of regional extension has been described (Renatt
granite; Liégeois et al., 1994). This Renatt crustal
granite resulted from a widespread regional melting
of the Archaean lower crust and interacted in many
places with the amphibolite facies mid crust. It thus
provides an excellent average for the less refractory
felsic components of both the lower and mid crusts
(FLC and FMC, respectively). Average of FLC and
FMC can then be set up (Liégeois et al., 1994). FLC:
Sr;=0.71038, &qy= —22.1, Sr=80 ppm, Nd=
15.6 ppm; FMC: Sr; = 0.74468, gy = —19.1, Sr=
187 ppm, Nd = 24.4 ppm.

AFC equations, mainly developed by DePaolo
(1981), have been recently extended by Aitcheson
and Forrest (1994) to allow independent estimation
of the r value (crust/magma ratio in non-recharge
situations) for different isotopes or elements. Taking
both Sr and Nd isotopes, it is possible to vary the r
value (rate of assimilation of crust/rate of fractional
crystallisation) to obtain an identical r for both iso-
topes (Aitcheson and Forrest, 1994). An aternative
approach would assume a selective contamination
due to decoupling of isotopes and elements (Lesher,

1990) but, in this case, few constraints can be given
(Roberts and Clemens, 1995, 1997). We used here
the Eg. (5) of Aitcheson and Forrest (1994), which is
the most complete one, and the partition coefficients
based on the calculated cumulate compositions de-
rived from the Tismana major element modelling
(within G1 and from G1 to G2 Dg = 1.17 and
Dyg = 0.376; from G2 to G3: Dg, = 1.46 and D4
=0.831; from G3 to G4: Dy =215 and Dy, =
1.66).

Evolution from mafic to felsic rocks implies the
use of the FMC parameters (Fig. 8A). This gives a
crustal participation of 13.7% from G1 to G2, of 0%
from G2 to G3 (they have indeed the same Nd and
Srinitial ratios) and a maximum of 4.5% from G3 to
G4. The low values of the contamination do not
significantly alter the major element modelling pre-
sented above, inasmuch as the process could be
selective for theisotopes (Baker, 1989; Lesher, 1990).
For the early evolution, to explain the variation
during the formation of the ultramafic cumulates, we
must contaminate the G1 group with an FLC con-
taminant. This gives a crustal participation of 33%
from R24 to 550. Such a high contamination by a
felsic component is, however, unrealistic from a heat
budget point of view and moreover would drastically
change the major element composition, which is not
the case (e.g., sample 550 has 47.7% SiO,). This
suggests that the contaminating lower crust was also
of mafic composition. To further evaluate this hy-
pothesis, we use the Sr and Nd concentrations of the
parental magma of the Bjerkreim—Sokndal lopolith
in Norway, the Tjorn monzonorite (530 ppm and 39
ppm, respectively; Duchesne and Hertogen, 1988),
without changing the Nd and Sr isotopic ratios typi-
cal anyway for an old lower crust. The calculation
gives rise to a contamination of 23%, but with slight
major element modifications, as the Tjorn mon-
zonorite composition is not very different from that
of the Tismana (monzo)diorites.

8. Constraints on the source of the Tismana
shoshonitic series

The trend observed in the ¢y vs. Sr; diagram
indicates that the source of the Tismana shoshonitic
series had a Sr; <0.7049 and an gy > +0.5, as
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suggested by the dotted arrow (Fig. 8A). These
constraints point to a mantle or to a juvenile mafic
lower crust enriched or formed not a long time
before Tismana. In the first case, a strong interaction
(e.g., an acceptable 23% contamination) with an old
mafic lower crust is needed, while in the second
case, the mafic lower crust could be composed of
aternating juvenile and old dioritic layers. In both
cases, the mantle source of Tismana or of the juve-
nile lower crust, had to be enriched in K,O and
associated elements. This could result from a subduc-
tion-related enrichment of the lithospheric mantle
during the Pan-African orogeny. The 800 Ma old
Draggan oceanic island arc in the South Carpathians
basement (Liégeois et al., 1996) could reflect this
subduction.

Experimental works indicate that K ,0 metasoma-
tism of the mantle wedge overlying the subduction
zone can produce mantle phases such as phlogopite
or K-richterite (Schmidt, 1996), and relict subduction
zones are seen by seismic reflection profiles in old
lithospheric mantle (Warner et al., 1996). Substantial
participation of a lithospheric mantle, previously en-
riched in LILE stocked in refractory phlogopite, has
been invoked as the source of potassic magmas in
China (Zhang et a., 1995) and in Tibet (Turner et
al., 1996).

Partial melting of such a formerly refractory
source (either lithospheric mantle or layered mafic
lower crust) implies an extra heat supply which
could be brought about by a rapid asthenospheric
upwelling, such asin Tibet or in Alr, possibly due to
lithospheric delamination (England and Houseman,
1989; Black and Liégeois, 1993). All these features
are consistent with an extensional post-collisional
setting for Tismana.

9. The magma chamber and emplacement sce-
nario

The structure of the massif and the petrological
and geochemical data put several constraints on the
differentiation and emplacement mechanisms. Sev-
era liquids of different composition corresponding
to various stages of fractional crystallization have to
be present simultaneously in the actua magma
chamber to account for mingling structures and mi-

crogranular enclaves. No particular mafic cumulates
stuck against wall rocks are observed that could
explain the evolution towards acidic rocks (McBi-
rney et al., 1985) within the Tismana pluton itself. It
can thus be concluded that neither wall-rock segre-
gation nor crystal fractionation by gravity were oper-
ating in the chamber represented by the actual plu-
ton. Another magma chamber (at least) at greater
depth (> 2 kbar) is thus required to develop a com-
positionally zoned magma column, grading towards
the roof of the chamber to the most evolved granite.
This chamber could be compared to, e.g., the mid-
crustal Bjerkreim—Sokndal layered intrusion (Wilson
et a., 1996). A selective or a mild isotopic contami-
nation with a felsic medium crust has taken place in
this chamber.

During the formation of the ultramafic cumulates
—in afirst magma chamber or in the conduit through
the lower crust—Nd and Sr isotopes indicate either a
strong interaction between a mantle mafic magma
with an older mafic lower crust or the partial melting
of a layered lower crust comprising mafic juvenile
and older rocks. The latter situation can easily occur
in a post-collisional setting, the preceding subduction
and/or collision having the opportunity to incorpo-
rate juvenile mafic materia into the lower crust.
Finally, en route to the actual Tismana chamber, the
Tismana felsic rocks might also have suffered an
additional slight contamination with the crust. In the
Tismana chamber, observed mingling and mixing
processes between mafic and felsic magmas gener-
ated hybrid rocks of intermediate composition, but
with peculiar geochemical and isotopic character-
istics when compared to differentiated intermediate
rocks.

Before complete crystallization, the two deep-
seated chambers were deformed due to late tectonic
post-collisional movements. This deformation tapped
the magma chambers from the top: the granitic liquid
(in which phenocrysts of K-feldspar had already
crystallized) intruded a shallower magma chamber
(the actual pluton), together with less evolved liquid
drawn from lower zoned parts, to form the main
mafic strip, lots of strips and countless enclaves.
Stirring and mingling were active during the em-
placement. Finaly, as the initiad magma chamber
was more and more reduced in size, some of the
bottom cumulates, still incompletely crystallised (the
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ultramafic cumulates), were dragged and sgueezed
into the shallower chamber, the Tismana pluton.

10. Conclusions

Though complex and partly enigmatic, the petro-
logical and geochemical characters of the Tismana
pluton point to severa patent features.

(1D A liquid line of descent, linking dioritic
(monzodioritic) liquids to granites can be recon-
structed, which indicates that the granitic end-mem-
ber is derived from the former by fractional crystal-
lization, with only dlight crustal contamination, but
not from the partid melting of a distinct siaic
source.

(2) Several influxes of parent magmas have taken
place since the parent liquid (or less evolved, or most
basic liquid) is found as inclusions in the more
evolved melts.

(3) Mixing occurred between parent liquid and
granitic melt, as well as between liquids at various
stages of evolution, which could be called endo-hy-
bridisation; total mixing was possible above liquidus
temperature.

(4) Though porphyritic, the granite is likely to
represent a liquid, sorting and accumulation of K-
feldspar phenocrysts being very local.

(5) The ultramafic cumulate is a cognate inclu-
sion, its olivine being in equilibrium with the parent
liquid.

(6) Nd and Sr isotopes show that the most mafic
rocks could have suffered a relatively high contami-
nation (ca. 23%) by an old mafic lower crust, while
more evolved rocks could have been contaminated
by afelsic medium crust (from 15% for the interme-
diate rocks to 4% for the felsic rocks).

(7) Based on these constraints, a model reguiring
at least two magma chambers is built up. In the
high-level chamber (the actual pluton) only min-
gling/mixing occurred. The deep seated chamber, in
which most of the evolution takes place including
contamination with mid-crustal material, can be
compared to the Bjerkreim—Sokndal intrusion. Crys-
tallization of the ultramafic cumulate and lower
crustal isotopic contamination can possibly develop
in the early conduit.

(8) the Sr and Nd isotopic initial ratios of the
parent magma of the Tismana shoshonitic pluton
indicate that its source was either a K,O-enriched
lithospheric mantle or a juvenile mafic layered lower
crustal source deriving partly from such a mantle.
This enrichment could have taken place during the
preceding Pan-African subduction period. Its partia
melting soon after its generation may be due to a
mantle delamination.

(9) The main characteristics of the Tismana plu-
tons, viz. composition, contamination, magma cham-
bers succession and relation with regional tectonics,
al point to a post-collisionna setting; in particular,
its source, either the mantle or a juvenile mafic lower
crust, requires modifications or generation during the
just preceding collision or subduction period.
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Appendix A. Analytical techniques

Isotopic measurements were carried out on a
Fisons VG Sector 54 mass spectrometer. Repeated
measurements of Sr and Nd standards have shown
that between-run error is better than 0.00002. The
NBS987 standard has yielded a value for &'Sr/*sr
of 0.710263 + 0.000005 during this study (2s on the
mean, normalised to *Sr/%*Sr=0.1194) and the
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MERCK Nd standard a value for ***Nd/***Nd of
0.512722 + 0.000006 (2s on the mean, normalised to
“8Nd /™ Nd = 0.7219). Decay constants used
(Steiger and Jager, 1977) are 1.42x 107! a*t
(*Rb), and 6.54 10712 a~* (**"Sm). For more de-
tails, see Liégeois et al. (1996).

XRF on Li borate and carbonate (with La) glass
discs was used to determine major elements, except
Na, measured on pressed raw material, and FeO,
determined by titration (Bologne and Duchesne,
1991). Two different techniques were used for the
analysis of 26 trace elements: XRF on raw material
for Rb, Sr, Zn, Nb, and V (Bologne and Duchesne,
1991); ICP-MS for dl the other elements (Vander
Auwera et al., 1999)
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