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ABSTRACT

The gabbro pile cored at the ODP sites 921-924 (Mid-Atlantic Ridge) underwent subseafloor alteration under polyphase retrograde recrystallization fron
very high temperatures in a ductile deformation regime to amphibolite and greenschist facies under transitional to brittle regimes (Gaggero and Cortesogr
1997).

To complement the study on the highest grade conditions (Cortesogno et al., 2000), amphiboles developed in different textural sites during the amphib
lite to greenschist facies alteration of an olivine gabbro and an Fe-Ti oxide gabbro were analysed for REE, HFSE, LILE, LLE (Li, Be, B) and volatile ele-
ments (H, F, Cl) using SIMS.

Brown, amphibolite facies, Mg-hornblendes grading to actinolitic hornblendes (Ti 16795-8645 ppm), which had replaced pyroxenes or filled veins, were
analysed. The normalised C1 patterns of the pseudomorphic grains were, on the whole, comparable to those of the higher-temperature titanian amphibc
(Cortesogno et al., 2000), whereas the hornblendes filling the veins showed abundances of normalised Nb, La, Ce, Nd, Sm, Gd, Dy, Y, Er, Yb about 10 tim
higher with moderately increased Eu. On the contrary, Sr, Zr, Ti, Cr were lower. The REE and trace elements were largely controlled by heritage fron
clinopyroxene, water—amphibole partitioning and water—rock interactions.

Green hornblendes (Ti 3492-207 ppm) that had filled the veins within the amphibolite facies, at lower temperatures, under the brittle regime, had C:
normalised patterns parallel to those of the brown hornblendes filling the fractures; the element contents being controlled by microsite equilibria. On th
whole, the late actinolite filling of the fractures had low trace and RE element contents, and a positive Eu anomaly; the trace and REE element level d
creased in the pseudomorphic grains. The tremolite pseudomorphic on olivine had a C1 normalised pattern parallel to, but with lower values than, the vei
filling hornblendes, except for very low Nb. The pattern was also comparable to the vein-filling actinolites, except for higher Dy, Y, Er, Yb and a negative
Eu anomaly.

On the whole the KO content of the amphiboles decreased and F increased with the metamorphic temperatures, whereas Cl increased in the greensch
facies actinolites.

INTRODUCTION re-equilibration from very high to low temperature condi-
tions, and from almost closed, rock-dominated systems, to-
The interaction between fluids and the oceanic lithos-wards seawater-dominated systems during the tectonic up-
phere has recently been studied using many disciplines antift. During the high-temperature, ductile regime, the recrys-
techniques (Alt, 1995, and references therein; Fletcher et altallization of the anhydrous assemblages showed an essen-
1997; Staudigel et al., 1998; Bach and Irber, 1998; ODPtially conservative behaviour with regard to the trace and
Legs 168-169 Shipboard Scientific Party), with significant RE elements, but incipient mobilisation, with an exotic sup-
improvements in the resolution of the investigations and inply of elements associated with element-partitioning in the
the refinement of the derived models. amphiboles from the assemblages, developed through the
The present study is focused on the behaviour of raretransitional and brittle regimes (as defined in Cortesogno et
earth and trace elements in the metamorphic amphibolesl., 2000).
that developed in the oceanic gabbros from the 117.38 me- The switch from a ductile to a transitional regime in the
tres cored at ODP Sites 921-924 in the Mid-Atlantic Ridge, seafloor environment was marked by the development of
between 23°N and the Kane fracture (Leg 153 Shipboardorown amphibole and plagioclase filling and suturing mi-
Scientific Party, 1995a and quoted references; ODP Pro<crocracks and fractures. At the regional scale this represents
ceedings Scientific Results, 1997; Gaggero and Cortesognahe transition from lateral displacement of the limbs of a
1997). slow-spreading ridge to their tectonic uplift coupled with
The parent rocks are high to low Mg# troctolites, olivine lateral displacement (Cannat et al., 1995; Gillis et al., 1993).
gabbros, gabbros, and Fe-Ti oxide gabbros respectivelyFinally, the brittle regime was characterised by greenschist
(Casey; Cannat et al.; Kempton and Hunter, 1997; Ross antb subgreenschist assemblages in several fracture sets, and
Elthon, 1997; Barling et al., in Karson et al., 1997), which represents the shallow-level alteration of the gabbro before
preserve magmatic features and weak to pervasive seafloats unroofing to the seafloor.
metamorphic alteration in localised rock domains. A model of the fluid circulation in the gabbro pile has to
The present investigation follows and integrates a micro-consider the penetration of fluids that originated in seawater
textural and mineral chemistry study (Gaggero and Corte-and were progressively heated with depth and their possible
sogno, 1997), and a SIMS study of the igneous and highinteraction with fluid exsolved from evolved melts. The
temperature metamorphic phases (Cortesogno et al., 2000)ow-grade alteration induced the release of elements from
These studies show the evolution of retrograde metamorphithe shallower rocks, which became concentrated and precip-
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itated in the deeper high-T levels. The whole process of rees during syn-to post-magmatic recrystallization in gra-
crystallization and chemical mobilisation was the result of anoblastic aggregates. Fluid diffusion along shear bands con-
complex pattern evolving over time and in space. trolled the development of red titanian amphibole (up to 6-

In the MARK gabbros, fractures and veins related to the 7% in volume; Cortesogno et al., 2000).
younging and cooling of the oceanic crust were the apparent The foliation that developed in the ductile regime inter-
paths for the seawater-derived fluids. The veins show seversected the visco-plastic igneous layering at low angles, and
al fluid-rock interaction textural patterns such as syntaxial, was then cut at high angles by the deformations of the tran-
antitaxial and composite veins. For this reason, particular atsitional regime, thus suggesting a sharp change in tectonic
tention was paid to the transepts from the wall to the core ofenvironment. The transitional and brittle textures generally
the veins. lie parallel and in some cases the transitional ones were re-

This study is addressed to the element partitioning in theactivated during the brittle regime.
amphiboles from the assemblages that developed through During the transitional and brittle regimes, the fluid dif-
the transitional and brittle regimes. fusion was the major factor controlling the metamorphic re-

According to Gaggero and Cortesogno (1997) and refer-actions. Fluid diffusion mainly occurred along a mesoscopic
ences therein, the transition from ductile to brittle deforma-- microscopic network of tectonically induced discontinu-
tion is evident in: 1) Late cracks generally showing very low ities, whereas inter- and intra-granular diffusion in unde-
or no displacement (< 1 mm) and opening. Cracks are ofterformed rock domains, revealed by the development of hy-
restricted to porphyroclasts, evidenced in a more plastic bedrous phases, was generally limited to the centimetre scale.
havior of the matrix; elsewhere, cracks cut the metamorphic The incomplete re-equilibration resulted in mineral zon-
banding. 2) Local appearance of fine (maximum size a fewing and in the conservation of compositional heterogeneity,
mm) cataclastic bands parallel or at a low angle to ductilealso at a millimetre scale, so that the element distribution
shear zones. Minerals are affected by grain-size reductiortan largely depend on different diffusion rates.
and display irregular grain boundaries; the recrystallization
extent is generally low. Brittle textures develop as: 1: Frac-
tures, veins and microcracks filled by secondary phases. = ANALYTICAL STRATEGY AND METHODS
Fracture distribution is often irregular and does not exhibit
an obvious association with ductile fabrics. Fracturing de- Amphibole was the most important phase in the partition-
velops as roughly parallel sets; more rarely, fractures develing of RE and trace elements during the transitional and brit-
op an irregular network. 2: Broken and fractured fragmentstle regime. Owing to its complicated and flexible structure,
in an extremely fine-grained cataclastic matrix (centimeterthe amphibole crystal-chemistry was extremely sensible to
to decimeter thick). The alteration of mineral phases is genthe variation in the intensive parameters of the system. As a
erally extensive. consequence, its composition (e.g., the tetrahedral Al and oc-

tahedral Ti contents) is frequently used to infer quantitative

information on the conditions of crystallization (Liou et al.,
METAMORPHIC HISTORY 1974; Ernst and Liu, 1998, Cortesogno et al., 2000). On the
OF THE MARK GABBROS other hand, compositional heterogeneity and zoning preserve

the topology of the microtextural domains. In order to recon-

Plutonic rocks in the MARK area are troctolites, olivine struct the metamorphic evolution, two gabbro samples
gabbros, gabbros, subordinate oxide-gabbros and oxidefolivine gabbro 153 921E 3R-1 99-103 and Fe-Ti oxide gab-
diorites (Fe-Ti oxides > 2% in volume); diorites and pla- bro 153 921B 3R-1 33-36) were selected as representative of
giogranites are restricted to dikelets and veins (Shipboardhe compositional range of the gabbro suite (see Appendix).
Scientific Party, 1995). The amphiboles that developed in the most representative

The igneous petrography of the MARK gabbros is pre- microtextural domains under different metamorphic condi-
sented in Shipboard Scientific Party (1995), Casey (1997) tions were analysed for REE, HFSE, LILE, LLE (Li, Be, B)
Cannat et al. (1997), Ross and Elthon (1997), Kempton andnd volatile elements (H, F, Cl) using a Cameca IMS 4f ion-
Hunter, (1997), Barling et al. (1997). Three main metamor- probe installed at the CNR-C.S. Cristallochimica e Cristallo-
phic regimes were distinguished in the metamorphic evolu-grafia of Pavia. The analytical details are reported in Corte-
tion of the MARK gabbros by Gaggero and Cortesogno sogno et al. (2000, and references therein). A scheme of the
(1997) and Cortesogno et al. (2000). analysed phases is reported in Table 1.

i) A ductile regime characterised by high-grade, anhy-  Selected whole-rock major and trace element data, amphi-
drous to hydrous metamorphic recrystallization (T = 750- bole major element data and related analytical details (see
1000°C and P 8.3 GPa) and ductile fabrics. Gaggero and Cortesogno, 1997; Cortesogno et al. 2000, for a

i) A transitional regime characterised by medium-T am- comprehensive dataset) are reported in Table 2.
phibolite facies assemblages (600 <T< 700°C, P 2 0.2 GPa),
associated with semi-brittle (e.g. bending and sliding of
cleavage or twinning, grain boundary dislocation) to brittle MINERAL CHEMISTRY, RARE EARTH
microfabrics. AND TRACE ELEMENTS OF AMPHIBOLES

i) A brittle regime characterised by low-temperature am-
phibolite to subgreenschist facies assemblages developed at
decreasing temperatures in the estimated range of 600-250°C
and P < 0.2 GPa. The recrystallization was controlled by The brown hornblendes, which characterised the mineral
rock-fluid interaction within or at the wall of the fractures. assemblages during the transitional regime, were Mg-horn-

During the ductile regime, reactions were mostly trig- blende, sometimes grading to actinolitic hornblendes (Leake
gered by deformations, and characterised by grain reductioret al. 1997). Tschermakitic hornblende compositions also
in the igneous phases and the growth of metamorphic phassccurred in the oxide-gabbro. The Ti content was in the

Brown hornblende
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Table 1 - Main characteristics of analysed samples and minerals.

Sample Lithology Bulk rock composition |Analysed minerals
Amphiboles
Mg# TiO,Wt% | Brown Hbl  Green Hbl Act Trm Titanite
153 921E 3R-1 99-103 Ol-gabbrg 69.78 0.47 4 6 2 3 1
153 921B 3R-1 33-36 Fe-Ti Oxide-gabbro 34.21 5.51 4 2

range 8646-16793 ppm (Table 3; FibA and B). The  similar compositions have also been observed in late-mag-
Na/(Na+Ca) vs. Al/(Al+Si) ratios (Gaggero and Cortesogno, matic titanian pargasites in MOR-type gabbroic rocks from
1997) showed a positive correlation for increasing pargasitethe Northern Apennines (Tribuzio et al., 1999; Tribuzio et
substitution with metamorphic temperatures. al., 2000). Moreover, the a) and a’) amphiboles showed a
Three hornblende grains in the olivine-gabbro were higher HO content£1.6 wt%) than the high-T amphiboles
analysed: a) and a’) pseudomorphics on igneous clinopyroxfrom the same samples, but similar F, Cl (CI/F ratio in the
enes affected by folding and sliding of cleavages; b) sutur-range 0.02-0.03), Li and Be (mean 0.18 and 0.33 ppm, re-
ing a microfracture within a clinopyroxene grain (Figs. 1A spectively); B was sometimes higher (up to 1.2 ppm).
and 2). Hornblende b) had a REE content about 10 times higher
There was a relative homogeneity for the major elementthan a) and a’) (LdYb, = 0.23; HREE = 700), with the
composition (Table 2c). C1-normalised trace element pat-exception of Eu, which was only moderately increased, so
terns showed a moderate LREE depletior (Kb, = 0.18- that there was a large negative anomaly in the normalised
0.20; HREE, = 40-50), a negative Eu and Sr anomaly, but a patterns (Fig. 1A). A large negative anomaly was also
positive Zr and Nb anomaly (Fig. 1A). Compared to the ig- shown by Sr, Zr and Ti, which were lower than in amphi-
neous and granulitic clinopyroxenes from the gabbrosboles a) and a’) (Sr was relatively depleted to magmatic
(Cortesogno et al., 2000), the a) and a’) amphiboles had @&linopyroxene). Nb was greater than in the a) and a’) amphi-
larger proportion of highly-to-moderately incompatible boles, but Ng/La, was 0.5. On the other hand, the V and Cr
trace elements (mostly LREE and HFSE, namely Ti, Zr andcontents slightly decreased, whereas the Sc and Ba contents
Nb) (Fig. 1A), whereas the Sc and Cr (compatible with bothwere relatively homogeneous in the brown amphiboles, and
clinopyroxene and amphibole) were similar. The compari- the Ba significantly greater than the Ba content in the
son with the high temperature titanian amphibole from theclinopyroxene. Close similarities were found by Tribuzio et
same sample (Cortesogno et al., 2000) pointed to a strongl. (2000) in hornblendes from highly evolved ophiolitic
compositional similarity with the amphiboles from a high- diorites from the Northern Apennines. Finally, thgOH Cl
strain domain. The main exception was the systematic negaand Be contents were significantly higher than in a) and a’),
tive Eu anomaly in the a) and a’) amphiboles, which alsowhereas F was lower (CI/F = 0.16). Li and B were relatively
had a slightly lower Ti, Nb, Sr, La and Ce content. Very low (0.14 and 0.51 ppm).

1000 — T 1000

Fig. 1 - Incompatibility spidergrams for the
brown hornblendes of the transitional regime. 1o | 7
Compositions are normalised tq €hondrite E
(Anders and Ebihara, 1982). Sample 153 |
921E 3R-1 99-103;, pattern a: brown horn- 1k
blende replacing igneous clinopyroxene at the
wall of the vein, spot a) in Fig. 2 ; 5, pattern
a’: brown hornblende replacing or epitactical-
ly overgrowing clinopyroxene, spot a’) in
Fig. 2; j, pattern b: brown hornblende filling oo [, , |, | |, | | i
fracture, spot b) in Fig. 2. BSample 153 ' 8298 332NERZFB>n £8>5
921B 3R-1 33-36;, patterns a and a": brown 440
hornblendes replacing clinopyroxene along
microcracks and cleavages; 5, patterns b and

b’: brown hornblendes replacing and over- 100
growing clinopyroxene at the clinopyrox-
ene/plagioclase boundary. For comparison m:
titanian hornblende and o: igneous clinopy- 10
roxene (after Cortesogno et al., 2000). C- pat-
terns of n: igneous clinopyroxene; s: igneous
plagioclase; m: high temperature metamor-
phic titanian amphibole in olivine gabbros
(after Cortesogno et al., 2000). D- patterns of ¢ L
n igneous clinopyroxene; s igneous plagio-
clase; m: high temperature metamorphic ti-
tanian amphibole in Fe-Ti oxide gabbro (after 0.01
Cortesogno et al., 2000).

01 L #| 01
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Table 2 - a- Representative whole—rock composition of ODP Leg 153 gabbros (after Gaggero and Gazzotti, 1996); b- Bul
rock RE element contents of representative gabbroic rocks. Bold: samples selected for SIMS analytical runs (after Cortesog!
et al., 2000); c- representative EMP analyses of silicate minerals corresponding to SIMS spots referred both to Cortesogno
al. (2000) and to the present study; d- Rare earth and trace element contents of igneous and high temperature clinopyroxe
(after Cortesogno et al., 2000); e- Rare earth and trace element contents of high temperature titanian amphiboles (after Cor
sogno et al., 2000).

Hole 921B 921D 922A 922B 922B 923A 923A 923A 923A 923A 9234
Sample ID 921B 3R|921D 3RO1 922A 2R| 922B 4R| 922B 4R| 923A O9R| 923A 10R| 923A 13R| 923A 13R| 923A 14R| 923A 15R
01 46-52 69-75 05 90-95| 01 48-52 02 24-30 01 16-19| 03 113-120 01 129-136 02 27-36| 02 24-28/ 02 61-6
. Fe-Ti oxidg mn-ga0org . . Magmatic | OI(-Cpx) Flaser Ol-gabbro re TTox
Lithology gabbro W/P.Ijg:rflnlte Ol-gabbro| Troctolite| Troctolite vein gabbro gabbro Gabbro W/GHbI vein gal‘),?[? W,
Oxide wt%
Sio, 44.84 53.57 43.02 46.99 44.83 55,88 50.34 49.73 49.98 18.03 47.9
TiO, 5.51 0.41 1.57 0.16 0.38 1.13 0,29 0.56 0.39 0.26 0.39
AlLO, 12.84 14.99 16.7 16.31 17.66 16|24 17.45 18.13 16.85 20.72 19.94
FeO; 16.67 7.2 10.68 6.00 5.7 7.28 6,31 7.33 71.00 4.8 5.15
MnO 0.28 0.13 0.14 0.08 0.07 Q0.1 012 0[13 0.14 D.08 0.1
MgO 7.8 10.14 13.98 21.00 18.98 471 11.3 10.51 11.19 12.09 11.34
CaO 9.19 9.57 9.49 7.44 7.61 6.39 1142 10.89 11.84 10.73 11.82
Na,O 2.69 3.02 1.63 0.85 0.96 6.34 231 2,49 2.24 1.84 1.85
K0 0.08 0.06 0.06 0.02 0.02 0.p8 0/03 0.03 0.03 0.04 0.04
P.Os 0.05| 0.01 12 0.03 0.01 1.23 0,00 0,02 Q.01 D.01 0.04
LOI 0.01 0.91 1.59 1.12 3.87 0.62 0443 0.17 0.34 1.4 1.43
Trace ppm
Ba 31 19 18 16 19 20 21 17 21 17 8
Ce 15 27 23 11 6 100 8 11 5 7 12|
Co 128 71 74 4 49 55 70 54 b6 A2 B9
Cr 89 59 164 197 8 15 239 550 1043 291 V18
Cu 108 39 66 29 7 33 81 67 738 45 a9
La <2 7 2 2 <2 26 <Z <2 <2 P <p
Nb 8 <3 <3 <3 <3 8 <3 <3 <3 <3 <
Nd 9 15 22 <2 <2 80 <R 3 <2 <2 <7
Ni 63 84 348 627 624 30 125 2p1 159 286 P13
Pb 4 5 5 <2 3 7 5 4 5 5 2)
Rb <4 <4 <4 <4 </ <4 <4 <4 < 4 4
S 1469 507 1510 21 37 2351 961 787 D50 622 731
Sc 54 41 17 6 <5 28 37 35 44 15 42
Sr 113 123 126 111 101 170 188 133 118 136 139
Th <2 3 <2 <2 <2 2 2 <2 <2 2 <2
u <2 4 <2 <2 2 <2 <2 <2 <2 3 3]
Ga 22 16 17 1 10 24 11 14 12 11 3
Y 41 47 47 8 3 148 9 12 10 6 11
Zn 161 47 103 a4 28 33 40 49 45 B3 36
Zr 144 154 52 3y 26 3070 16 BO R4 22 36
Table 2a
REE (ppm)
Sample Lithology La| Ce Nd Sn Eu Gd D Er Yb Lju
153 921B 3R01 33-36 Oxide gabbro 1.98 6.86 8.59 3.65 1.95 5.58 7/02 4.34 4.29 D.73
153 921E 3R-199-103  |Ol-gabbro 1.03 3.3 271 0.66 0/4 1.05 111 0,69 Q.75 12
153 921D 3R1 69-75 limenite-bearing gabbro
(with plagiogranite vein) 6.52 18.3 14.756 4.64 1.28 6.11 7|55 4.83 5.01 D.75
153 921D 5R1 31-35 Gabbro 0.4 1.35 2.01 0.85 0.53 1.46 1,82 1,08 1.05 .19
153 922A 2R05 90-95 Ol (Cpx. Opx)-gabbro 5.1 19.2 20.5 6.88 1.93 9.14 8,46 4,47 3.36 D.47
153 923A 2R02 74-82 Gneissic metagabbro 0.76 3,00 2.92 0.89 0.67 1.34 1,49 0.87 0.86 D.15
153 923A 6R02 13-18 Ol-gabbro 0.44 1.36 2.06 08 0.56 1.44 176 1,04 1.01 D.17
153 923A 9RO1 16-19 Ol (Cpx)-gabbro 0.66 2.15 3.41 1.38 0.63 2.p2 2|72 157 1.56 D.25
153 923A10R01 18-23  |Gabbro (Cpx > 50%) 0.35 1.22 1.64 0.68 0.52 1.p1 1/52 0.9 Q.83 D.16
153 923A 10R02 19-25  |Ol-gabbro 0.31 1.25 1.72 0.74 0.51 13 158 0,95 Q.87 .19
153 923A 13R01 39-47 | Ol-gabbro 0.44 1.07 0.99 0.23 0.33 0.89 0/41 0.21 0.24 D.09
153 923A 13R02 27-36  |Gneissic metagabbro 0.5 1.82 2.36 0.94 0.58 1.58 1,95 117 11 0.2
153 923A 15R02 61-67 | Oxide (olivine) gabbro 1.09 3.55 3.62 1.23 0.54 1.79 2/00 1.17 1.15 0.2
153 924B 3R01 4-7 Ol-gabbro 0.22 0.75 1.26 0.51 0.37 0.97 1.3 0.8 Q.72 .16
153 924B 4WO01 50-56 Ol-gabbro 0.54 1.56 1.59 0.61 0.45 1.13 1,36 0.82 0.79 .17

Table 2b
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Sample ID 153 921E3R-1 99-103
Lithology Ol-gabbro
Occurrence of Titanian Titanian Brown Hbl
mineralphase  anphibole anphibole  Brown Hbl  Brown Hbl  coex Py Act-Hbl Act-Hbl Trm Act Act Act
Oxide wt%
Sio, 45.27 47.00 49.91 47.15 49.96 47.17 529 56.5 52.39 52.84 52.45
TiO, 3.91 0.18 0.14 1.50 0.25 0.58 0.25 0.02 0.31 0.14 0.44
Cr,0, 0.23 0.13 0.00 0.13 0.00 0.08 0.25 0.11 0.14 0.12 1.14
AlLO; 10.63 8.38 4.99 8.25 3.90 10.83 1.15 1.09 3.48 1.75 3.87
FeO, 5.26 5.92 9.78 8.08 12.12 11.38 10.2 4.22 9.04 5.43 3.79
FeO 5.7 11.09 11.99 5.12 8.82 0.00 7.91 4.06 8.24 9.44 8.29
MnO 0.16 0.30 0.24 0.21 0.29 0.19 0.39 0.15 0.28 0.24 0.28
MgO 15.27 12.25 11.03 14.49 12.11 17.05 14.33 19.86 13.82 14.72 15.7
caO 11.34 12.11 11.1 10.85 10.62 11.11 11.16 12.71 11.04 11.68 12.24
Na,Oo 2.41 1.38 0.56 1.62 0.39 2.06 0.00 0.00 0.23 0.00 0.3
K0 0.24 0.11 0.16 0.21 0.17 0.26 0.08 0.07 0.16 0.08 0.27
Sum 100.42 98.85 99.90 97.61 98.63 100.71 98.62 98.79 99.13 96.44 98.77
Cations
Si 6.359 6.838 7.215 6.752 7.254 6.484 7.588 7.798 7.453 7.699 7.438
Ti 0.413 0.020 0.152 0.161 0.027 0.060 0.027 0.002 0.033 0.015 0.047
Cr 0.026 0.015 0.000 0.015 0.000 0.009 0.028 0.012 0.016 0.014 0.128
Al 1.760 1.436 0.850 1.392 0.667 1.755 0.194 0.177 0.584 0.301 0.647
Fe 0.556 0.648 1.064 0.948 1.324 1.177 1.100 0.439 0.968 0.595 0.405
Fe 0.669 1.349 1.449 0.613 1.070 0.000 0.949 0.469 0.981 1.149 0.984
Mn 0.019 0.037 0.029 0.026 0.036 0.022 0.047 0.017 0.034 0.030 0.034
Mg 3.197 1.656 2.376 3.092 2.621 3.493 3.064 4.085 2.930 3.196 3.318
Ca 1.707 1.877 1.719 1.664 1.652 1.636 1.715 1.879 1.682 1.823 1.859
Na 0.656 0.389 0.157 0.450 0.110 0.549 0.000 0.000 0.063 0.000 0.083
K 0.043 0.020 0.029 0.038 0.032 0.046 0.015 0.012 0.029 0.015 0.049
Sum 15.405 14.285 15.04 15.151 14.793 15.231 14.727 14.89 14.773 14.837 14.992
Sample ID 153 921B3R-1 33-36
Lithology Fe-Ti oxide gabbro
Occurrence of Secondary Secondary Red titanian Red titanian  Titanian Green Act- Green Act -
mineral phase  Igneous Plag Plg Igneous Cpx Cpx amphibole amphibole amphibole  Brown hbl Hbl Hbl in vein
Oxide wt%
Sio, 57.21 56.33 51.61 52.07 43.37 43.37 47.3 47 51.59 51.59
TiO, 0.07 0.00 0.90 0.36 3.62 3.09 1.50 1.50 0.19 0.24
Cr,0, 0.16 0.12 0.30 0.23 0.20 0.18 0.13 0.13 0.07 0.15
AlLO; 26.49 26.28 2.09 1.60 11.54 11.37 8.25 8.25 4.24 4.09
FeO, 0.00 0.00 0.00 0.00 6.56 7.14 0.54 8.89 7.77 7.9
FeO 0.36 0.36 10.36 11.67 6.38 9.34 5.35 5.03 8.82 10.19
MnO 0.06 0.04 0.46 0.36 0.29 0.29 0.21 0.21 0.21 0.34
MgO 0.00 0.00 13.58 12.98 13.37 11.62 14.49 14.49 13.64 12.61
CaO 9.55 9.52 20.79 20.4 11.61 10.94 10.85 10.85 11.45 11.31
Na,O 5.76 5.86 0.00 0.00 142 2.13 1.62 1.62 0.17 0.06
K0 0.13 0.13 0.05 0.08 0.32 0.44 0.21 0.21 0.02 0.06
Sum 99.79 98.64 100.14 99.75 98.68 99.91 90.45 98.18 98.17 98.54
Cations
Si 2.588 2.573 1.936 1.969 6.244 6.265 6.780 6.741 7.409 7.431
Ti 0.002 0.000 0.025 0.010 0.392 0.336 0.161 0.168 0.021 0.026
Cr 0.006 0.004 0.009 0.007 0.023 0.021 0.015 0.018 0.008 0.017
Al 1.412 1.415 0.092 0.071 1.957 1.936 1.386 1.394 0.717 0.694
Fe 0.000 0.000 0.000 0.000 0.711 0.776 0.916 0.960 0.840 0.856
Fe 0.014 0.014 0.325 0.369 0.768 1.128 0.638 0.604 1.059 1.227
Mn 0.002 0.002 0.014 0.012 0.035 0.035 0.025 0.025 0.025 0.041
Mg 0.000 0.000 0.759 0.732 2.868 2.502 3.078 3.097 2.919 2.707
Ca 0.463 0.466 0.836 0.827 1.790 1.693 1.657 1.667 1.761 1.745
Na 0.519 0.519 0.000 0.000 0.396 0.587 0.448 0.451 0.047 0.016
K 0.007 0.008 0.002 0.004 0.059 0.081 0.038 0.038 0.004 0.011
Sum 5.013 5.001 3.998 4.001 15.243 15.36 15.142 15.163 14.81 14.771
Table 2c

In the oxide-gabbro, four hornblendes were analysedto 1. These features (Fig. 1B) were comparable with those
(Table 3, Fig. 1B; Fig. 5): a) and a’) that had developed of both the red titanian amphibole (ductile regime) from the
within igneous clinopyroxene grains affected by internal same sample (Cortesogno et al., 2000) and the brown horn-
sliding and strain-induced optical anomalies; b) and b’) thatblendes a) and a’) replacing the clinopyroxene in the olivine
had overgrown igneous clinopyroxenes and was in equilibri-gabbro (Fig. 1A). Amphibole a’) in the oxide gabbro had a
um with plagioclase (A ). The C1l-normalised pattern of similar LREE, Ba, Zr, Sc, V and Ti content, a slightly high-
amphibole a) was characterised by a slight LREE depletiorer Sr and Eu content, but a significantly lower Y, and M-
(La/Yb, = 0.30; Yb = 80), a positive Zr anomaly, a nega- HREE. As a consequence a positive Eu anomaly appeared,
tive Ti and Sr anomaly, no Eu anomaly and M, close whereas LREE/MREE, increased and the negative Sr
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Sample | 924B3R-14{924B3R-1 41 924B3R-1 41 | 923A10R-1| 923A10R-1| |923A2R-2 74923A2R-2 74 923A2R-2 74 | 921B3R-1 33 921B3R-1 33
7 7 7 18-23 18-23 82 82 82 36 36
Lithology Ol-gabbro | Ol-gabbro | Ol-gabbro Gaglggo/(gpx Gal:bsrgo/(o():px Granulite | Granulite | Granulite Feé;ég;gde Fe{;;;)g;(cl)de
Ogcurrence off Igneous cpx  Igneous cpl Metamorphic Igneous cpx Metamorphic Igneous cpx Metamorphic Metamorphig Igneous cpx Metamorphid
mineral phase cpx cpx cpx cpx cpx
TiO;intherock  0.23 0.23 0.23 0.29 0.29 0.27 0.27 0.27 5.51 5.51
Elements (ppm)
K
Sc 108.91 104.97 93.93 101.53 115,98 106.71 124.85 127.87 120.77 140.17
Ti 3569.81 3237.38 2755.3 2749/42 4300.73 3755.68 4510.31 3037.69 3824.58 P347.52
v 420.49 393.81 352.22 355.36 465,75 530.42 534.44 486.92 328.19 194.41
Cr 1711.99 1613.10 1480.71 1062/01 972.59 533.54 243.50 265.40 80.72 75.71
Rb 4,30
Sr 9.15 9.0] 7.78 9.58 9.72 8.86 1011 g.39 10.75 0.45
Y 21.61 21.04 18.35 19.25 3150 22,45 31.39 26|90 67.34 1p2.73
zZr 14.47 13.08 11.59 10.85 3208 1324 21.71 15|68 50.52 b0.93
Nb 0.06 0.0 0.05 0.03 0.04 0.01 0/02 0.02 0.03 .06
Cs
Ba 0.05 0.14 0.14 0.04 0.19 0.03 0/32 0.04 0.15 D.08
La 0.23 0.24 0.1y 0.27 0.4 0.9 0/36 0.41 1.12 p.09
Ce 1.59 1.28 1.3p 1.42 2.45 1.50 2|31 2.07 5.78 1p.38
Nd 3.39 3.26 2.8p 2.94 5.2 2.73 4190 412 11.60 24.83
Sm 1.84 1.75 1.59 1.67 2.64 1.58 2|49 2 6.12 1p.02
Eu 0.70 0.5 0.48 0.61 1.0 0.68 1/00 a. 1.92 1.92
Gd 2.63 2.39 2.29 2.86 4.65 2,87 4l87 4 10.93 18.73
Dy 3.66 351 3.18 3.31 5.71 3.01 5/91 5.03 12.41 23.09
Er 2.21) 1.94 1.99 1.43 3.4( 211 2|99 213 7.11 1p.92
Yb 2.01) 1.75 2.04 1.92 2.7( 2.30 2|99 244 6.47 1p.51
LaJ/Yb, 0.08 0.09 0.06 0.09 0.11 0.08 0/08 0.11 0.12 .18
La/Sm, 0.08 0.09 0.07 0.10 0.1 0.12 0/09 0.12 0.24 .30
GdJ/Yby 1.06 1.14 0.91 1.20 1.39 1.01 1)31 1.34 0.61 .64
SREE 18.25 16.66 15.82) 16.82 28.00 17,95 27.82 28[75 63.46 1p0.49
SLREE 7.05 6.54 5.90 6.30 10.84 6.09 10/06 8.69 24.62 q1.32
SHREE 10.51) 9.59 9.45 9.91 16.4 1118 16.76 14.05 36.92 $7.25
Table 2d
= anomaly decreased. Analogous compositional variations
B —— N A A were reported by Tribuzio et al. (2000) in late-magmatic
PP zannac i e X4 amphiboles affected by metamorphic re-equilibration.
T BN A &l B Overall, amphiboles b) and b’) had lower trace element
HENert HHE C levels, with the exception of Eu, Sr, V and Cr, which were
= D from slightly lower to higher than in a’). This determined a
: E further_ increase in the_ positive Eu anomaly and a strong at-
B F tenuation of the_ negative Sr anomaly. _ _
The comparison with the igneous clinopyroxene high-
B G lights the increase in Ba, Nb, La, Sr, Zr and Ti in horn-
u = Wis [ 1H blendes a) and a’). On the contrary, hornblendes b) and b’)
i P A have lower HREE, Y and Sc.
it A ) [ l Unlike the trace elements, the brown hornblendes from
' LL] Z the oxide-gabbro do not show a significant and systematic

variation in the proportion of volatile and light elements,
Fig. - 2: Sample 153 921E 3R-1 99-103, Olivine-gabiMrotextural which are similar to thos_e of the hlgh—T amphlbOIes from
sketch. Brown hornblende developed along a fracture replacing the WaII-the same sample. Amphlbo_le a) has the maximum _CI con-
rock clinopyroxene and filling the vein. The fracture, which developed un- t€Nt (110 ppm) and CI/F ratio (0.08), whereas amphibole b)
der the transitional regime, cuts across granoblastic stripes of the ductildhas the maximum B content (1.2 ppm). As a whole, brown
regime. Legend: A- Igneous clinopyroxene. B- Igneous plagioclasg (An  hornblendes from oxide gabbro are richer in Be and poorer

+5). C- Granoblastic clinopyroxene + titanian amphibole (Ductile regime). in Lj than those from olivine gabbro (Table 3).

D- Granoblastic plagioclase (4p Ductile regime). E- Brown hornblende

replacing or overgrowing igneous and metamorphic clinopyroxenes # ti-

tanian amphibole F- Secondary plagioclase, {j\overgrowing an optical Green hornblende

continuity of the igneous plagioclase. G- Vein-filling brown hornblende. .

H- Vein-filling plagioclase (Ap,). Scale bar corresponds to 1 mm. a), &) The green hornblendes that developed under the relative-

and b) are the analysed spots. ly high temperature conditions of the brittle regime are acti-



113

Lihology | Okgabbro | Okgabbro || SPRELEP> T Granuie FeTloxde | FeTiodde [ FeTiodde
TiO, in the rock 0.47 0.47 0.29 0.27 5.51 5.51 5.51
Elements (ppm)

K 915.08 2121.38 1018.39 1057.92 1926.00 1863.87 1698.Y5
Sc 119.85 89.30 150.58 160.57 147.24 189.20 128.04
Ti 22239.39 20904.12 20529.3 22843.55 19088.58 184)7.42 18196.02
\% 793.13 1104.86 942.61 1065.91 524.11 493.56 547.71
Cr 2261.24 813.1Q 1659.93 299.71 83.49 55.84 89.87
Rb 4.64 7.97 6.74 6.87 9.54 9.53 10.89
Sr 131.22 58.65 45.09 54.78 54.97 53.68 63.22
Y 42.16 69.74 68.26 66.25 121.71 123.02 96.56
Zr 53.81 287.44 68.26 48.24 372.08 337.19 300.84
Nb 12.12 6.19 0.90 1.17 5.89 4.96 3.77
Cs 0.04
Ba 4.84 3.10 2.37 2.48 4.43 4.99 2.97
La 1.60 3.33 1.12 0.90 5.10 3.07 2.71
Ce 6.10 15.91 6.57 5.28 24.62 14.65 11.44
Nd 8.14 17.81 12.64 10.94 32.29 19.6Q 19.63
Sm 3.61 6.35 6.27 5.59 11.84 8.25 8.04
Eu 1.66 2.2] 2.07 2.02 4.50 3.05 2.62
Gd 5.48 8.11 8.86 8.37 15.88 13.05 12.86
Dy 7.01 11.15 11.33 10.72 20.75 20.06 16.84
Er 4.16 7.18 6.79 6.72 13.28 15.10Q 9.44
Yb 3.75 7.41 5.54 5.98 14.79 17.35 10.74
Law/Yby 0.29 0.30 0.14 0.10 0.23 0.12 9.7q
La/Smy, 0.28 0.33 0.11 0.10 0.27 0.12 2.44
GdJ/Yby 1.18 0.88 1.29 1.13 0.87 1.36 3.90
>REE 41.49 79.45 61.19 56.52 143.03 114.17 94.42
SLREE 19.45 43.40 26.59 22.7Q 73.85 45.57 41.84
YHREE 20.39 33.84 32.52 31.80 64.69 65.56 49.95
Table 2e
1000 e rp— 3 100
ses B ]
100 4100
10 310
1 11
a ]
0.1k }'\’b 30.1
153 921E 3R-1 99-103 153 921B 3R-1 33-36 Eh
Fig. 3 - Incompatibility spidergrams for the Actinolitic hornblende Actinalitic hornblende ]
green hornblendes of the brittle regime. o001 [, v v v v 0 vy L b i st s A ni b eoas s g S
Compositions are normalised tg €hon- Ba NblaCeSrNd Zr SmEuGATi Dy Y Er YbSe V Cr  Ba NblaCe SrNd ZrSmEnGdTiDy Y Er  YbSe V Cr
drite (Anders and Ebihara, 1982). &am-
ple 153 921E 3R-1 99-10Billing-vein acti- Brittle regime f\
nolitic hornblendes: ;, pattern a- epitaxial i i
growth; 5, S, patterns b- and c- aggregates E ;
of prismatic elongated crystals. Bample 153 921B 3R-1 99-103 C = D 1
153 921B 3R-1 33-3@, pattern a: actino-  jop b Actinolite and tremolite 4100
litic hornblende replacing igneous clinopy- \ b
roxene and brown hornblende; ;, pattern b- " A
fracture-filling actinolitic hornblende. C- 10 110
Sample 153 921E 3R-1 99-103, patterns
a- and af- actinolite filling a vein across_ig- [ ,
neous clinopyroxene; —, pattern b- actino-
lite filling a vein across plagioclase; D- 153 921E 3R-1 99-103 ]
Sample 153 921E 3R-1 99-103pattern a: 0.1 %7 Titanite 10,1
tremolite pseudomorph at olivine rim; S, i 3
patterns b- and b'- tremolite pseudomorph at | 1/ b b e g E e BB R EE DSy .
olivine core. E:Sample 153 921E 3R-1 99- Ba Nb La Ce SrNd Zr SmEuGd Ti Dy Y Er YbSc V Cr Ba NbLaCe St Nd Zr SmEu Gd Ti Dy Y Er YhSc V Cr ’

103.Neoblastic titanite within vein.
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Table 3 - Rare earth and trace element contents of brown amphibole. Concentrations are expressed in parts per million (ppr
Rare earth element ratios are chondrite-normalised, with chondrite values from Anders and Ebihara (1982).

Sambple 153 921E 3R-1 153 921E 3R-1 153 921E 3R-1 153 921B 3R-1 153 921B 3R-1 153 921B 3R-1 153 921B 3R-1
p 99-103 99-103 99-103 33-36 33-36 33-36 33-36
. o - - Fe-Ti oxide Fe-Ti oxide Fe-Ti oxide Fe-Ti oxide
Lithology Olivine gabbro  Olivine gabbro  Olivine gabbro gabbro gabbro gabbro gabbro
Brown Hbl Brown Hbl Brown Hbl Brown Hbl Brown Hbl Brown Hbl

Spseudomorph onpseudomorph onB:/%"i\;‘n(';?rI]f::”igg
1A)

Cpx (a inFig. Cpx(a' in Fig.
1A) 1A)

pseudomorph onpseudomorph on reaction rim on reaction rim on

Textural feature Cpxcore (ain Cpx (a'inFig. Cpx(binFig. Cpx (b'in Fig.
1B) 1B) 1B)

Fig. 1B)
Analysis n°. 1 2 3 4 5 6 7
Elements (ppm)
K 1988 1698 1194 2105 2012 1043 937
Sc 120 141 130 153 140 45 49
Ti 16793 15919 8646 16401 17204 13407 11155
\Y, 1081 1037 359 530 599 513 431
Cr 776 890 314 59 51 42 51
Rb bdl bdl 3 4 bdl bdl bdl
Sr 36 44 6,2 54 70 80 67
Y 68 89 1102 106 68 35 44
Zr 328 262 67 352 402 129 133
Nb 4.7 4.6 18 35 2.9 1.3 1.3
Cs - - - - - - -
Ba 24 25 3.1 5.8 5.0 2.2 1.8
La 1.99 2.02 34.0 3.8 4.5 2.42 2.03
Ce 105 11.7 187.3 16.1 16.7 7.8 8.0
Nd 14.5 18.5 272.9 19.9 17.7 7.2 9.2
Sm 6.2 7.1 107.9 8.0 5.7 2.44 3.4
Eu 1.57 1.58 5.2 2.88 3.3 3.2 34
Gd 8.7 11.0 146.0 11.3 6.5 34 4.1
Dy 10.2 134 190.9 17.7 9.9 5.0 5.8
Er 6.5 8.8 104.6 12.7 7.7 4.2 4.9
Yb 8.2 10.2 101.0 14.2 8.6 6.0 6.0
LaJ/Yby 0.16 0.13 0.23 0.18 0.35 0.27 0.23
La/Sm, 0.20 0.18 0.20 0.30 0.50 0.63 0.38
Eu/Eu* 0.65 0.55 0.13 0.93 1.7 34 2.8
TilTi* 0.90 0.66 0.03 0.58 1.1 1.6 12
Sr/Sr* 0.19 0.19 0.002 0.20 0.27 0.72 0.52
F 1753 2934 1278 1421 2153 1714 1714
Cl 57 57 203 110 38 76 76
Li 0.17 0.21 0.14 0.13 0.079 0.075 0.075
Be 0.33 0.32 3.0 0.69 0.69 0.49 0.49
B 1.2 0.43 0.51 1.0 0.6 12 12
H,O (%) 1.60 1.62 1.72 1.49 1.37 1.50 1.50

nolitic hornblende (Leake et al., 1997) with Ti in the range normalised pattern of the brown, fracture-filling, hornblende
207-3492 ppm (Table 4; FigA and B). Brown and green arises/There is a similarity to the normalised pattern of the
hornblendes locally show intermediate textural features andorown-fracture-filling hornblende (b in Fig. 1A).
mineral compositions; in most cases, cracks that developed The quantity of the trace elements was also strongly cor-
under the transitional regime were reactivated under therelated with the variation in Be and B, reaching higher val-
brittle conditions. ues in the a) amphibole (8.3 and 3.1 ppm, respectively),
Three actinolitic hornblendes in the olivine gabbro were whereas Li was constantly low (£ 0.33 ppm). Important
analysed (Fig. 5): a) filling a 1 mm-thick vein together with variations were also displayed by the volatile elements. Cl
oligoclase and titanite; b) filling a 0-7 mm-thick vein to- attained significant values [up to 1574 ppm in amphibole a)]
gether with oligoclase; c) suturing an epitaxial overgrowth and the CI/F was always > 1. TheHcontent was high, the
of a clinopyroxene grain cut by a 0-8 mm vein. oxy-component becoming progressively subordinated as the
The Ti contents of the amphiboles analysed increasedri decreased.
progressively from a) (2232 ppm) to c¢) (3492 ppm) together Two actinolitic hornblendes in the oxide-gabbro were
with Nb, La, Ce, Nd, Sm, Gd, Dy, Y (up to 1145 ppm), Er, analysed (Table 4; Fig. 4B): a) pseudomorphic after igneous
Yb, Sc (up to 34 ppm). A moderate decrease was observedlinopyroxene and brown amphibole at the selvedge of a 0-1
for V (from 411 to 200 ppm), Sr (4.8-2.2 ppm) and Rb (up mm vein. b) filling the vein together with oligoclase. The
to 10 ppm), whereas Zr, Eu and Cr were slightly increased pseudomorphic amphibole a) showed REE and Ti contents
Normalised patterns were LREE-depleted ji¥b, from coincident with those of the igneous clinopyroxene (see Fig.
0.01 in a) to 0.08 in c), respectively] and showed marked1D). The Zr content was significantly higher, and Ba, Sr and
negative Sr, Zr, Eu and Ti anomalies. Parallelism with theNb showed slight increases. In general, amphibole a) had an
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intermediate composition between the igneous clinopyroxer
and amphiboles from the granulitic or transitional regimes.

The vein-filling amphibole b) was characterised by high:
er Y and REE but markedly lower Nb, Zr, Ti and Sc con
tents. In spite of its lower abundance, the normalised pe
terns were very similar to those of the vein-filling horn-
blendes from the olivine gabbro, being characterised b
La,/Yb,=0.08 and large negative Eu, Sr, Zr and Ti anom
alies. Amphibole b) also showed high@and Cl contents
(1.91 wt% and 2100 ppm, respectively), low Li and Be con
tent and a very low amount of F (66 ppm).

Qmmcow>

Actinolite and tremolite

H

Five analyses were performed along a millimetric transej
in the olivine gabbro: a) and a’) actinolite partially replacing
igneous clinopyroxene interstitial between plagioclase an
altered olivine; b) and b’) actinolites overgrowing the inter- rig. 4 - Sample 153 921E 3R-1 99-103, Olivine-gabirotextural
stitial clinopyroxene, which had developed towards the sketch. Vein-filling actinolitic hornblende and oligoclase. The fracture de-
olivine microdomain; c) tremolite, from the tremolite—chlo- veloped under the brittle regime, reactivating a microcrack (Transitional
rite mat, replacing olivine (Table 5; Fig. 4C, D). re_gime) marked by brown hornb_lende and plagioclase. Legend: A- Igneous

Actinolite a) and a’) had noticeably lower RE and trace Sinopyroxene. B- igneous plagioclase (4 C- Brown hornblende. D-

. . . Secondary plagioclase (4. E- Vein-filling actinolitic hornblende. F-
element contents thar.] their ancestor igneous CI_InOpyroxen'Vein-filling oligoclase (An,,). G- Titanite. Bar scale corresponds to 0.1
(Fig. 1C). The normalised values were systematically below mm. a), b) c) and d) are the analysed spots.
1 time C1, except for Yb. The normalised patterns were
characterised by a convex-upward shape in the L-MREE par.
(La,/Sm, = 0.44-0.55), in which a significant positive Eu
anomaly occurred, and by a steep positive slope in the HRE}
(Lay/Yb, = 0.10-0.12). §y, Zr, and Tj, were higher than
the adjacent REE, whereas Band NR were lower than
Lay, even if they defined a smooth fractionation trend in the |E
spiderdiagrams. The B content was high (1.98-2.06 wt%),
whereas both the F and Cl were very low (hundreds and ten
of ppm, respectively). Li, Be and B were nearly constant and
in very low quantities (lower than 0.07, 0.41 and 0.28 ppm,
respectively). Compared to the b) and b’) actinolites, they
showed extremely depleted REE (especially L-MREE),
whereas they had similar Ba, Nb, Sc and Cr contents.

The normalised patterns of the b) and b’) actinolites had KRRKRE 1
an L-MREE-enriched sigmoidal shape (maximum aj €e =
3.3-7.4; La/Yb, = 0.81-1.44) and were characterised by an fig 5 .sample 153 9218 3R-1 33-36, Oxide-gabMizrotextural sketch.
evident positive Eu anomaly. Highly incompatible (Nb, Ba, Legend: A- Igneous clinopyroxene. B- Igneous plagioclase partially re-
Sr) and compatible (Sc, Cr) elements and the LREE ancequilibrated during the transitional regime. C- Brown hornblende (Transi-
LILE were similar to those of tremolite C), but the HREE tional regime). D- limenite and magnetite (Transitional regime). E- Actino-
was lower. IjO was nearly stoichiometric. The F and Cl Ii_tif: hornpleqd_e replacing cIinopyro_xeng and .brown hornblende. F- Vein-
contents were low, but positively correlated. The B content filling actinolitic hornblende. G- Vein-filling oligoclase. a- and b- are the

- . . analysed spots.
was always high (1.14-2.72 ppm), whereas Li was very vari-
able (0.04-2.05 ppm).

The normalised pattern of tremolite ¢) showed a signifi-
cant parallelism with that of the vein-filling hornblendes and/or actinolite, iii) the fracture-filling phase, together with
(La/Yb, = 0.18), in spite of normalised contents that were green hornblende + oligoclase or actinolite + albite.
lower by one order of magnitude. The tremolite showed One euhedral grain (0.3 mm) of titanite in equilibrium
similar Ba, Nb and REE to the igneous clinopyroxene, butwith actinolitic hornblende (Table 5, Figs. 3 and 4D) and
largely lower Sr, Zr, Ti, V, Sc and Cr. The®icontent was  oligoclase, filling a fracture, was analysed. The REE content
the highest of the analysed amphiboles (mean 2.08 wt%)was high § REE= 540 ppm); the normalised pattern showed
The Cl was relatively high (137-285 ppm), but the CI/F was very high Nb, high Ce, Nd, Sm, low Sr, Zr and Eu and very
<<1 (0.14-0.18). As in the case of the LLE, the Li content low V and Cr.
was very low (0.02 ppm), whereas B was in the range 2.86-

3.4 ppm (Fig. 6).

Qmmcdw>

DISCUSSION
Trace and rare earth element content of fitanite Various factors are believed to control the element con-
The titanite developed during the brittle events as: i) acentration in amphiboles, of these the following are dis-
breakdown product of ilmenite, ii) the segregation by re- cussed: 1) crystallographic constraints 2) equilibrium tem-
placement of titanian amphibole by actinolitic hornblende peratures 3) microtextural site and associated mineral phase
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Table 4 - Rare earth and trace element data for green hornblende. Concentrations are expressed in parts per million (pp!
Rare earth element ratios are chondrite-normalised, with chondrite values from Anders and Ebihara (1982).

153 921E 3R-1 153 921E 3R-1 153 921E 3R-1 153 921E 3R-1 153 921E 3R-1 154 921B 3R-1 155 921B 3R-1 156 921B 3R-1

Sample 99-103 99-103 99-103 99-103 99-103 33-36 33-36 33-36
Fe-Ti oxide Fe-Ti oxide Fe-Ti oxide
Lithology Olivine gabbro  Olivine gabbro  Olivine gabbro  Olivine gabbro  Olivine gabbro gabbro gabbro gabbro
Act Horn filling Act Horn filling ~ Act Horn filling Act Horn filling  Act Horn filling ActHorn  ActHorn filling Act Horn filling
Textural features veinw/ Ttn (ain . veinw/ veinw/ vein (cin Fig.  vein (cin Fig. pseudomorphic _ veinw/ veinw/
Fig. 4A) oligoclase (b in oligoclase (b in 4A) 4A) on igneous Cpx oligoclase (b in oligoclase (b in
Fig. 4A) Fig. 4A) (ain Fig. 4B) Fig. 4B) Fig. 4B)
Analysis n°. 1 2 2 3 3 4 5 5'
Elements (ppm)

K 1080 1521 - 2177 - 342 176 -

Sc 4 13 - 34 - 182 <1 -

Ti 2232 2428 2428 3492 3492 2529 207 207

\% 411 265 - 200 - 203 121 -

Cr 45 54 - 75 - 80 45 -
Rb 9 10 - 7 - bdl 4

Sr 4.8 3.8 - 2.2 - 17 24 -

Y 482 892 892 1145 1145 76 157 157

Zr 20 22 - 25 - 127 0.63 -
Nb 5.1 7.7 - 22 - 0.10 0.01
Cs - 0.08 - - - 0.04 -

Ba 0.67 0.75 - 14 - 0.39 0.33 -

La 1.14 7.59 7,59 15,7 15,72 1,49 1,84 1,84

Ce 9.6 52.7 52.7 101.4 101.4 7.2 11.7 11.7

Nd 27.5 109.0 109.0 172.7 172.7 12.2 28.2 28.2

Sm 21.5 55.5 55.5 82.0 82.0 6.2 16.3 16.3

Eu 2.67 3.6 3.6 31 3.1 1.66 1.91 1.91

Gd 42.0 82.4 82.4 119.3 119.3 8.8 24.6 24.6

Dy 70.9 123.4 123.4 175.7 175.7 12.6 29.0 29.0

Er 46.9 83.6 83.6 113.9 113.9 7.9 15.0 15.0

Yb 55.1 91.6 91.6 128.6 128.6 7.6 14.9 14.9

Lay/Yby 0.01 0.06 0.06 0.08 0.08 0.13 0.08 0.08

Lay/Sm, 0.03 0.09 0.09 0.12 0.12 0.15 0.07 0.07

Eu/Eu* 0.27 0.16 0.16 0.10 0.10 0.69 0.29 0.29

TilTi* 0.02 0.01 0.01 0.01 0.01 0.12 0.004 0.004

Sr/Sr* 0.02 0.003 0.003 0.001 0.001 0.11 0.08 0.08

F 612 1019 986 1043 1048 44 66

Cl 716 1305 1327 1574 1270 1287 2162

Li 0.18 0.13 0.14 0.12 0.33 0.19 0.12

Be 19 4.8 5.3 8.3 8.0 0.16 0.15

B 0.24 14 15 2.6 31 0.97 0.95

H,O (%) 1.92 1.93 1.94 1.74 1.80 1.96 1.91

44) water/amphibole partitioning coefficient 5) composition and MREE/HREE (0.3-0.8) ratios were low (Figs. 1A, B
of the fluid phase 6) rock/water ratios. and 2B) and Nb/La varied from > 1 (olivine gabbro) té <

Of the major elements in the amphiboles, Al, Si and, (oxide gabbro). On the whole, the comparison with the an-
mostly, Ti correlate with the metamorphic temperatures cestor pyroxene suggested an important compositional her-
(Gaggero and Cortesogno, 1997). The RE, trace, lightitage, together with RE and trace element introduction with
lithophile and volatile elements highlight an increased, posi-fluids.
tive correlation with factors other than temperature. The The brown hornblendes that developed through a reac-
composition of the amphiboles is discussed in relation to thetion involving both pyroxene and the surrounding plagio-
microtextural site. clase and oxides (b an b’ in Fig. 1B; analyses Am# 6 and 7
in Table 2) showed significant differences to the pseudo-
morphic brown hornblendes (lower Ti, Zr, Nb SREE and
HFSE, but higher Sr and Eu, LREBMREE, and

At relatively high T, the brown hornblendes replacing LREE/HREE), which were consistent with reactions and
clinopyroxene grains (patterns a and a’ in Figs. 1A and B;element partitioning that mostly involved plagioclase.
analyses Am #1, 2, 4, 5 in Table 3) have Ti in the range The pseudomorphic actinolites had significantly lower
15919-17204 ppm, a slightly negative or positive Eu anom-REE and trace elements than their ancestor clinopyroxene
aly and a positive Zr anomaly (Zr between 262-402 ppm).(patterns a and a’ in Fig. 4D; analyses 7-8 in Table 5), most-
They show a rough similarity to their ancestor clinopyrox- ly for L- and MREE and Dy, with low Y, V, Sc and Cr, sug-
ene (Fig. 1C and D), but have higHeREE (in particular ~ gesting element partitioning in the fluid phase during the
LREE) and trace elements (mostly Zr and Nb). greenschist facies metamorphic reactions.

The pseudomorphic green hornblende (analysis #4 in The alteration of olivine to chlorite (at the rim) and
Table 4) has a RE and trace element content similar to thatremolite (prevailing at the core) reflected the introduction
of homologous brown hornblendes, except for lower Ti, no of Ca, Si, and Al by fluids and their differential mobility
Zr anomaly and a weak negative Eu anomaly. In both the(Cortesogno et al., 1975). Due to the negligible contribution
brown and green hornblendes the LREE/HREE (0.6-1.3)of olivine and the negligible role of chlorite, the abundance

Pseudomorphic amphiboles
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Table 5 - Rare earth and trace element data for actinolites, tremolite and titanite. Concentrations are expressed in parts per r
lion (ppm). Rare earth element ratios are chondrite-normalised, with chondrite values from Anders and Ebihara (1982).

153 921E 3R-1 9953 921E 3R-1 99153 921E 3R-1 153 921E 3R-1 153 921E 3R-1153 921E 3R-1 99153 921E 3R-1153 921E 3R-1 99
Sample 103 103 99-103 99-103 99-103 103 99-103 103
Lithology Olivine gabbro  Olivine gabbro  Olivine gabbro Olivine gabbro Olivine gabbro Olivine gabbro  Olivine gabbro  Olivine gabbro
pseudomorphic orct overgrowing Act overgrowing Act overgrowing
Act replacing Cpx  Cpx (a in Fig. Cpx/OI (b in Fig. Cpx/OI (b in Fig. Cpx/OI (b"inFig. Trmon Ol (cin Trmon Ol (c in

Textural features (a in Fig. 4C) 4C) 4C) 4C) 4C) Fig. 4C) Fig. 4C) Ttn (Fig. 4D)
Analysis n°. 7 8 9 9 10 11 11 12
Elements (ppm)
K 77 97 270 - 389 151 - -
Sc 3 3 7 - 7 6 - <1
Ti 562 424 340 340 316 128 128 237261
\% 29 12 24 - 32 11 - 602
Cr 53 54 66 - 64 83 - 94
Rb 3 2 bdl - bdl bdl - <1
Sr 4.0 4.1 2.2 - 2.1 1.6 - 41
Y 0.46 0.40 21 21 25 14.6 14.6 365
Zr 3.2 1.9 33 - 14 2.6 - 48
Nb 0.04 0.02 0.07 - 0.04 0.03 - 1292
Cs - - - - - - - -
Ba 0.06 0.09 0.22 - 0.08 0.03 - 1.2
La 0.05 0.04 0.47 0.47 1.02 0.49 0.49 215
Ce 0.20 0.18 2.03 2.03 4.5 2.35 2.35 145.3
Nd 0.19 0.13 1.39 1.39 3.3 3.3 3.3 171.7
Sm 0.07 0.04 0.29 0.29 0.62 1.40 1.40 46.1
Eu 0.05 0.03 0.47 0.47 0.99 0.41 0.41 7.0
Gd 0.07 0.02 0.32 0.32 0.51 1.59 1.59 45.5
Dy 0.06 0.02 0.32 0.32 0.43 2.18 2.18 46.2
Er 0.10 0.09 0.25 0.25 0.28 1.46 1.46 26.4
Yb 0.28 0.24 0.39 0.39 0.48 1.88 1.88 30.0
Lay/Yby 0.12 0.10 0.81 0.81 1.4 0.18 0.18 0.48
Lay/Smy 0.44 0.55 1.0 1.0 1.0 0.22 0.22 0.29
Eu/Eu* 2.2 2.7 4.7 4.7 5.2 0.84 0.84 0.46
TilTi* 4.3 10.6 0.53 0.53 0.33 0.03 0.03 2.6
Sr/Sr* 1.4 1.9 0.09 0.09 0.04 0.04 0.00 0.02
F 130 153 456 786 950 1587 949
Cl 20 11 82 109 221 285 137
Li 0.07 0.05 2.05 0.59 0.04 0.02 0.02
Be 0.41 0.32 0.30 0.17 0.10 0.40 0.21
B 0.21 0.28 1.7 1.1 2.7 3.4 2.9
H,O (%) 1.98 2.06 1.95 1.96 1.91 2.02 2.14

of REE (in particular LREE) and trace elements in tremolite can be interpreted as due to progressive fluid dilution, possi-
supports a supply by entering fluids. bly induced by precipitation in the solid phase.

When compared with vein-filling hornblendes, the low At relatively low temperatures (brittle regime) the local
REE content in tremolite suggests possibly lower elementprecipitation of titanite in the veins of the Ol-gabbro indi-
concentrations in the hydrous fluids at the greenschist faciegates Ti enrichment in the fluid phase, probably as a conse-
conditions, but this could also depend on the higher solubili-quence of ilmenite breakdown and of decreased Ti uptake in
ty of the REE, due to the stability of chloride complexes, asthe amphibole structure. On the other hand, the element par-
well as crystallography. titioning with titanite can account for the decrease of most

The actinolites that developed at the clinopyroxene- RE and trace elements in the co-existing actinolitic horn-
olivine interface (b, b’ in Fig. 4D; analyses Am# 9-10 in blende (a in Fig. 4A; analysis Am# 1 in Table 4). Accord-
Table 5) showed intermediate patterns, except for evideningly, the widespread growth of secondary titanite in the ox-
positive Eu anomalies and higher Ba, Nb, La, Ce. The posiide-gabbro (Fig. 4E) can account for the relatively low level
tive Eu anomaly in the actinolites was probably controlled by of RE and trace elements, in particular Nb, in the vein-fill-
the breakdown of plagioclase to albite, whereas the bufferingng actinolitic hornblende (analysis Am# 5 in Table 5).
effect of albite which ha®'¥D > 1 for Ba and Sr (Blundy
and Wood, 1994) may account for their low contents. Trace and rare earth element behaviour

Important mobilisation by fluids and partitioning in the
hornblendes at high temperature conditions are implied

In the olivine gabbro, the vein-filling brown (b in Fig. mostly for Nb, La, Ce, Nd, Sm, Gd, Dy, Y, Er and Yb. Low-
1A; analysis Am# 3 in Table 3) and green (a, b, c in Fig. er concentrations in the fluids andF™u“D are suggested
4A; analyses Am# 1, 2 and 3 in Table 4) hornblendes ardyy the tremolite composition.
characterised by high REE, Nb, Be, B, and CI, and a sharp The Sc, V and Cr concentrations remained almost con-
negative Sr, Eu, Ti and Zr anomaly. The apparent paral-stant during the alteration of igneous clinopyroxene to horn-
lelism of the patterns suggests the homogeneous composblende, indicating a virtual lack of mobilisation; moreover
tion of the fluids, and little correlation with the metamorphic the relative increase in volume following hydration possibly
grade except for Ti. accounts for small decreases. Low mobilisation rates for Sc

The compositional zoning of the amphiboles in the veinsand Cr in the fluid phase, and for Zr are also consistent with

Amphiboles filling veins
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the low contents in vein-filling hornblendes. On the other lowing the alteration of igneous plagioclase to albite or al-
hand, the Zr increase during the alteration of clinopyroxenebite + adularia at lower temperatures (Bach and Irber, 1998;
to hornblende, can probably be attributed to reactions in-Vanko and Laverne, 1998), can account for the positive (in
volving interstitial igneous Zr phases, thus implying only actinolites) or weak negative (in tremolite) Eu anomalies in
short-range mobilisation. The Ti had a similar behaviour, greenschist facies amphiboles.

apart from the inferred positive correlation with the meta- The Sr content is higher in the pseudomorphic brown

morphic temperatures (Cortesogno et al., 2000). hornblendes than in the clinopyroxene; in the vein-filling
The Eu increased during the alteration of the clinopyrox- hornblendes as well as in the tremolites and actinolites coex-
ene to brown hornblendes, @;y: 0.48-0.70 ppm, Ey, = isting with plagioclase or, respectively, albite, the Sr content

1.57-1.58 ppm in Ol-gabbro and Fy= 1.92-2.17 ppm, Eu-  was significantly lower, possibly due to preferential parti-
up = 2.88-3.4 ppm in ox-gabbro). In the vein-filling horn- tioning in the feldspar. Furthermore, the very low Ba content
blendes, the Eu had relatively high absolute values but negain the greenschist facies amphiboles could depend on its
tive anomalies in accordance with the plagioclase buffercompatibility with albite (Blundy and Wood, 1994), whereas
(Figs. 1A, 4B). In the oxide-gabbro, the pseudomorphic K (incompatible with albite) had moderately high contents.
brown hornblendes in contact with plagioclase had a posi-
tive Eu anomaly (b and b’, Fig. 1B); possibly the buffer of
high modal oxides can increase?#Hu** with a consequent
increase in B 3YREE*in the amphibole. The relatively The volatile and LL elements were correlated with the Ti
high concentration of Eu in low-T hydrothermal fluids fol- contents (Fig. 6), assumed to be indicative of the metamor-

Volatile and LLE behaviour
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phic temperature. The progressivgCHncrease towards the from the oxide gabbro (Cortesogno et al., 2000). During
lower grade and the opposite trend of F were evident. Thdow-temperature (28150°C) rock-seawater interaction in
H,O contents lower than the stoichiometric characterisedbasalts, Li tends to enter secondary clay minerals (Donnelly
the higher-temperature red and brown hornblendes and weret al., 1979; Seyfried et al. 1984, Chan et al. 1992). At
ascribed to important oxy-component substitution (Corte- greenschist facies conditions, albite and micas can preferen-
sogno et al., 2000). Average high oxy-component substitu-tially host Li (Bindeman et al. 1998). On the other hand, at
tions in amphiboles from the oxide gabbro, suggested bytemperatures exceeding 350°C, Li is highly soluble in hy-
low H,O and F contents, could be favoured by the rockdrothermal fluids equilibrated with tremolite—albite
composition. Absolute Cl values were very low in the red (Seyfried et al. 1984; 1998). Li contents of about 9 ppm
amphiboles (33-130 ppm) and pseudomorphic brown horn-have been recorded in hydrothermal fluids (Von Damm et
blendes (38-110 ppm), with slight increases (203 ppm) inal., 1985) comparable with 3-8 ppm in MORB (Ryan and
the vein-filling brown hornblende, and low to very low (11- Langmuir, 1987). Li solubility at fluid/rock ratios higher
285 ppm) in the actinolites and tremolite. By contrast, in- than 5 seems to yield prevailing values lower than 0.4 ppm.
creased CI contents (716-2162 ppm) and pronounced com¥he Li content in the fluid phase in equilibrium with red,
positional zoning were found in the green hornblendes.brown and green hornblendes, calculated as in Cortesogno
High-Cl amphiboles (Fe-rich hastingsites, Fe-tscher- et al. (2000), is generally lower than 3 ppm.
makites and rarer edenites), crystallized at temperatures esti-
mated in the range of 350°-600°C at P = 0.2-0.9 GPa, have
been reported from ocean-floor metamorphosed intrusives
(Honnorez and Kirst, 1975; Jacobson, 1975; Hodges and Pa- This study confirmed that hydration processes induced
pike, 1976; Ito and Anderson, 1983; Pritchard and Cann,by diffusing fluids largely control the metamorphic reac-
1982; Mevel, 1987; 1988; Vanko, 1986; Bideau et al., tions during brittle, transitional and, in part, ductile regimes.
1991), ophiolitic complexes (Liou and Ernst, 1979; Corte- The following hypotheses were considered for the origin
sogno and Lucchetti, 1984; Nehlig and Juteau, 1988), oreof the fluid during the high-T ductile regime (Cortesogno et
deposits (McCormic and McDonald, 1999) and retrogressedal., 2000): i) from highly evolved trapped melts (Tribuzio et
granulites (Markl et al., 1998). The role of the fluid phase al., 2000), ii) exsolution of fluids and brines from highly
composition and thermal evolution is discussed later. evolved, late-stage melts injected during tectonic-metamor-
There is little data available on the LLE of silicate miner- phic events (Gillis, 1996; Kelley, 1997), iii) seawater-de-
als in MORB (e.g. Cortesogno et al., 2000). Very low Be rived fluids highly modified during a long-lasting interac-
values occur in amphiboles (Be0.4 ppm in olivine gab-  tion with rocks at increasing metamorphic P and T (Gillis,
bro; Be < 0.7 ppm in oxide-gabbro) except for vein-filling 1996; Kelley, 1997). The origin of the fluids, mostly from
brown (up to 3 ppm) and green (up to 8.3 ppm) hornblendeseawater, during the hydrothermal and greenschist facies al-
of the olivine gabbro, where the Be is in positive correlation teration is commonly assumed (Gillis, 1996; Kelley 1997;
with the Cl. There is a broad positive correlation of Be and Fletcher et al., 1997; Scott, 1997). However a contribution
LREE for red (Cortesogno et al., 2000) and green horn-by fluids originating in subsequent pulses of highly evolved
blendes, also recorded for mantle amphiboles in equilibriumMOR liquids is likely to occur at higher temperatures. For
with different melt/fluid ratios (Zanetti, 1994; Zanetti et al., the Hess Deep gabbros, Gillis (1996) has hypothesised the
2000). The Be/Nd ratios of about 0.05 were similar to thoseprevalence of seawater-derived fluids under low-T condi-
found in MORBs and OIBs (Ryan and Langmuir, 1988). At tions and an increasing contribution of a magmatic compo-
high T and P, Be is compatible with clinopyroxene, and at-nent at higher temperatures. Similarities in fluid composi-
tains values as high as 0.2-2.4 ppm in MOR differentiates tions in evolved MOR melts are also suggested by data on
whereas in low-T hydrothermal solutions Be is nearly insol- amphiboles from Northern Apennine ophiolites (Tribuzio et
uble (Bourles et al., 1992) and values < 1 ppb are reportel., 1999; 2000). In the MARK area, multiple magma injec-
(Measures and Edmond, 1983). On the whole, the Be contions occurred and highly evolved dioritic to trondjemitic,
tents of pseudomorphic amphiboles probably match a preamphibole-bearing veins were emplaced within the plutonic
dominant heritage from the pristine mineral; the higher con-sequence at temperatures comparable to those of the high
tents in the vein-filling hornblendes of the olivine gabbro re- temperature metamorphic event. The fluid inclusions in the
quired mobilisation and precipitation from high-T fluids. igneous phases gave salinities (38-59 wt% NaCl; Kelley,
A large compositional range (0.21-3.4 ppm) arises for B 1997) and temperatures consistent with those envisaged for
in greenschist facies amphiboles and in hornblendes. The Bhe fluids in equilibrium with the amphibolite facies meta-
increase from pseudomorphic actinolites to tremolite (up tomorphic asssemblages. As a consequence, hydrothermal flu-
3 ppm) is consistent with the introduction of this element by ids associated with intrusions could play a role during the
hydrothermal solutions and with the composition of fluids in metamorphic event. Isotopic systematics able to provide da-
equilibrium with basic rocks at ¥ 350°C (Seyfried et al., ta on the magmatic/seawater fluid ratio is not available at
1984). On the other hand, the wide compositional range inpresent, so only speculative rationales can be discussed. Sr
vein-filling green hornblendes (Fig. 4C) suggests inhomoge-isotope systematics are reported for N-MORB in late mag-
neous concentrations in the fluid phase. At higher metamoriatic amphiboles from an oxide gabbro in Northern Apen-
phic temperatures, the B content of amphiboles is generallynine ophiolites, whereas slightly more radiogenic Sr in am-
low (0.30-1.24 ppm in titanian amphiboles; 0.43-1.20 ppm phiboles from a diorite has been interpreted as due to chemi-
in brown hornblendes). cal reactions with late fluids (Tribuzio et al., 2000). The fact
The greenschist facies amphiboles show a wide range ofhat a major increase in the RE and HFS concentration
Li contents, increasing from tremolite (0.02 ppm) to actino- would be needed during the fluid penetration of the rock to
lites (0.04-2.05 ppm). In higher T amphiboles, Li is low account for the composition of the amphiboles studied
(0.02-0.33 ppm) with the exception of a titanian red amphi- favours the hypothesis that the fluid originated in seawater.
bole (Li = 0.79 ppm) pseudomorphic on the clinopyroxene  The superposition of ductile, transitional and brittle fea-

The nature of fluids
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tures at decreasing temperatures records the history of prcseawater-derived fluids (0.5-20 wt% equivalent salinity) en-
gressive unroofing of the gabbros from the level of liquid ter the vapour + liquid field and separate into,&QO rich
emplacement towards the footwall of a brittle-ductile de- vapours and COH,O-NaCl brines. A 1 wt% equivalent
tachment fault. The rock underwent progressive hydration atsalinity in CQ-H,O vapour and a 38-59 wt% in NaCl brines
decreasing temperatures; at the same time, fluids of seawdias been suggested for the MARK area (Kelley, 1997). Sep-
ter origin penetrated the higher-temperature metamorphicration and mixing of vapour and brines (Palmer, 1992) are
zones and equilibrated chemically with the rock. Open frac-expected to occur within the fracture net system controlled
tures that developed during the transitional and brittle by the turbulent circulation of fluids and temperature inho-
regimes in gabbros that had previously been affected bymogeneities. The large Cl range (716-2162 ppm) possibly
higher T processes, provided the pathway for progressivelepends on equilibration with vapour and/or brines. The
penetration of fluids of seawater origin associated with de-sharp decrease of the Cl contents in higher-T amphiboles
creasing temperatures. The heat flow (Lister, 1977; 1980) asuggests that brines are not present during amphibolite fa-
well as pressure gradients created by the opening of theies crystallization and that their concentrations in vapours
fractures (Fletcher et al., 1997) provided the driving force are dramatically lowered.
for the fluid flows. The RE and HFS element enrichment in amphiboles at
At shallower subseafloor conditions, fluids in contact the greenschist - amphibolite facies transition and within the
with rock at low temperatures, even for relatively short amphibolite facies could also be favoured by the decreasing
times, are largely re-equilibrated with the rock and their stability of fluoride complexes at higher temperatures (Haas
composition varies greatly from that of seawater (Bideau etet al., 1995), and by the reduced possibility of developing
al., 1991; Giorgetti et al., 2001; Marescotti et al., 2000; chloride complexes due to the Cl separation in the brines.
Porter et al., 2000). Hydrothermal fluids have salinity of
about 60-170% of seawater; Mg tends to have very low val-

ues and REE are about 1-3 orders of magnitude greater than CONCLUDING REMARKS
seawater abundances (Michard and Albaréde, 1986; Camp-
bell et al., 1988; Scott, 1997; Bau and Dulski, 1999). The alteration of the MARK gabbros corresponds to pro-

Rock/fluid equilibria cannot efficiently enrich the fluid if gressive hydration of the virtually anhydrous igneous as-
thesiicaelfuid p __ _..>>1 (Brenan et al., 1998) is consid- semblages through recrystallization at decreasing tempera-
ered. During the subgreenschist and greenschist facies hytures during the tectonic steps in their uplift to the seafloor.
drothermal alteration, high degrees of metasomatic ex-The process, largely controlled by the flow of exotic fluids,
changes and important water addition to the rock from theinduced chemical fluxes through precipitation-dissolution
fluid phase are implied (Fletcher et al., 1997). Moreover, el-mechanisms and solid-fluid reactions. Crossing the rock pile
ements such as Na and Mg are largely incorporated inop to bottom, at lower to medium levels, during low-to-
neoblastic minerals such as chlorite and albite. On the othemedium-T, brittle and transitional tectonic regimes, water-
hand, chlorite is not able to host large amounts of REE andlominated systems developed within the fracture network,
HFSE, so that an effective enrichment of these elements irwhich represented the main conduit for the introduction of
the fluids of seawater origin is likely (Bach and Irber, 1998). fluids of seawater origin. During a high-T, ductile regime,
The alteration of clinopyroxene to actinolite can also resultmetamorphic recrystallization occurred under anhydrous to
in a transfer of REE and HFSE from solid to fluid. More- water-saturated conditions. The descent from the overlying
over, the incorporation of water during the formation of the levels of the fluid phase is responsible for the hydration
hydrous phases (chlorite, actinolite etc.) leads to the selecprocess; however a contribution of late magmatic fluids ex-
tive element concentration in the solutions. The “drying-up” solved from highly evolved liquids cannot be ruled out.
process due to hydration reactions is known to sharply in- Evidence for rock/fluid interaction and chemical changes
crease the concentration of most species at water/rock ratiom the seawater-derived fluids during their descent to deeper
between 10 and 16? (Reed, 1997) and represents the most and warmer levels can be ruled out. Deep changes are re-
important process controlling the wall rock/fluid balance. ported to affect the major and trace element composition of

Salinities in a range from near-seawater to six times seathe seawater-derived fluids interacting with the rock under
water values (1-20 wt% NaCl equivalents) have been pro-subgreenschist conditions (Bideau et al., 1991; Porter et al.,
posed for fluids penetrating the MARK gabbros at tempera-2000). During the low-T alteration of clinopyroxene to acti-
tures in the range 275-350°C (Kelley, 1997). The CI con- nolite, the dissolution of RE and trace elements is prevalent,
tents (11-185 ppm) of greenschist facies amphiboles arewvith a consequent enrichment in the fluid phase, which is
consistent with high variability in hydrothermal fluids and antithetic to the behaviour of elements such as Mg, which
with values generally lower than 500 ppm (Vanko, 1986). enter the chlorite-actinolite bearing assemblages. In addi-
Values in the range of 100-300 ppm are considered to fittion, an enrichment of most trace and REE elements at the
with equilibration of rocks with hydrate fluids having salini- expense of fluids in the solid phase is observed during the
ty comparable with seawater (about 3.2 wt% NaCl). Finally, alteration of olivine to tremolite.
the stability of the main complexing ligands such as El RE and trace element concentrations are typically lower
and OH can favour the permanence of REE in solution in amphiboles that developed in cold, brittle regimes; be-
(Haas et al., 1995, Jiang et al., 1998; Bau and Dulski, 1999¥ides the crystallographic constraints, this depends on a rela-
and accounts for the low concentrations in greenschist faciesively low amphibole/water partitioning coefficient and rela-
amphiboles. tively low concentrations in the fluid phase.

At the transition upper greenschist-lower amphibolite fa- Be, B and Li enter amphiboles at low-medium rather
cies (T = 450-550°C; P = 0.2-0.3 GPa), green hornblendeshan high temperatures. High F contents are restricted to
have REE and HFSE contents (except for Ti) comparablehigher-T amphiboles, whereas®ireaches values of about
with higher-T amphiboles and are characterised by an evi2 wt% at greenschist temperatures.
dent peak in the Cl contents. Within the same T and P range, On the whole, drying-up processes induced by water-
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APPENDIX

Sample 153 921E 3R-1 99-103 Olivine-gabbro Sample 153 921B 3R-1 33-36 Oxide gabbro

Coarsegrained with euhedral plagioclase (40%, grain  The rock is medium-grained, with subhedral plagioclase
size between 0.5-6 mm) and subhedral olivine (> 10%).(340% in volume, grain size 1-4 mm) and clinopyroxene
Large anhedral clinopyroxene (> 10%, grain size between 3{240% in volume, grain size 1-4 mm), and trellis texture ex-
6 mm) often includes plagioclase grains. limenitelfo) solutions of ilmenite and Ti-magnetite (13-14% in volume,;
occurs as micro-inclusions at the rims of the clinopyroxene,1-2 mm). Apatite (£1% in volume), minor chalcopyrite and
or as small interstitial grains. Tiny sulphide inclusions occur pyrrothite are accessory phases.
in the plagioclase and, more rarely, in the clinopyroxene. The porphyroclastic igneous phases are wrapped in gra-
Gneissic bands (thickness 0-5 mm) with granoblastic pla-noblastic plagioclase, clinopyroxene, orthopyroxene, red
gioclase and clinopyroxene cut the rock. The developmentamphibole (5-7% in volume), ilmenite and Ti-magnetite
of granoblastic bands is progressive, with local concentra-(13-14% in volume; grain size 1-2 mm). The brown amphi-
tions of pyroxene and red amphibole (maximum grain size:bole developed along microfractures replacing pyroxene and
0.5 mm). Porphyroclastic plagioclase, clinopyroxene andred amphibole; green hornblende occurs filling later frac-
olivine relics occur within the granoblastic plagioclase, tures and propagating in the rock. Modal brown and green
clinopyroxene and red amphibole (< 1%, average grain sizeamphibole is= 4%.
0.5 mm). Zoned brown amphibole (?6% in volume) diffuses
in the rock from microcracks cutting the foliation. Olivine
(2-3 mm) is completely replaced by tremolite and chlorite
(Trm + Tc + Chl @ 18%). Later microcracks are filled by
green hornblende (2 2% in volume), oligoclase, actinolite,
chlorite, albite, and titanite.






