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Abstract. Ti-andradite (melanite) has been found in a 
metapyroxenite layer in the upper part of the Malenco 
ultramafics (Italy), coexisting with clinochlore, diopside 
and magnetite. Field observations, as well as major and 
trace element bulk-rock composition, strongly suggest 
a cumulate origin for the layer. Textural relationships 
indicate that Ti-andradite formed during two different 
metamorphic stages. Under peak metamorphic condi- 
tions (400-450 ~ C, 5_+ 2 kbar) Ti-andradite grew in an 
assemblage of diopside, clinochlore, magnetite and rare 
ilmenite and perovskite. Later, retrograde brittle defor- 
mation induced formation of veins containing the para- 
genesis Ti-andradite, vesuvianite, diopside, chlinochlore, 
magnetite and accessory perovskite. The Ti-andradite 
varies considerably in TiO 2 (0Al-9.62wt%), Fe203 
(14.3-30.5 wt%), A1203  (0.65-3.90 wt%), Cr203 
(<0.18-0.98 wt%) and SiO 2 (32.1-36.1 wt%); this is 
mostly, but not entirely, due to distinct zoning. Ti-andra- 
dire contains 0.32 to 0.66 wt% H20 as determined by 
infrared spectroscopy and 0.83 to 1.76 wt% FeO. The 
CaO shows almost no variation (34.1 +0.7 wt%) and 
Ca completely fills the dodecahedral site. Single crystal 
site refinements indicate that no tetrahedral Ti or Fe 
replaces Si. Titanium incorporation is attributed to simi- 
lar degrees of substitution along the exchange vectors 
Ti3+Fe 3+, Ti4+AlIVAlV_IiSi_ 1 and (Fe z+, Mn 2+, 
Mg2 + )Ti 4-' 2Fe 3+ . The presence of mixed valence states 
of both Fe and Ti suggests a low oxygen fugacity during 
crystallization of Ti-andradite. Mass balance calcula- 
tions indicate an isochemical origin of the first genera- 
tion of Ti-andradite in the clinopyroxenite layer. Its oc- 
currence is restricted to antigorite-free mineral assem- 
blages containing clinochlore of 0.95 < XAI< 1.1. The hy- 
drothermal crystallization of Ti-rich andradite in veins 
demonstrates Ti mobility in aqueous fluids under moder- 
ate P-T conditions. The zonation patterns indicate dis- 
equilibrium conditions during vein crystallization. As no 
fluorine-, carbonate- and phosphate-bearing minerals 
were found, O H -  is most probably the ligand complex- 
ing Ti. 

Introduction 

Occurrences of Ti-garnets are usually associated with 
undersaturated alkaline igneous rocks (e.g., Howie and 
Woolley 1968; Dowty 1971 ; Amthauer et al. 1977; Hug- 
gins et al. 1977b; Deer et al. 1982; Flohr and Ross 1989) 
and skarns (e.g., Sawaki 1988). Ti-andradite in ultramaf- 
ic rocks is relatively rare and mostly associated with 
metarodingites (Manning and Harris 1970; Keusen 
1972; Basso et al. 1981; Evans et al. 1981; Schmidt 
1989). Not associated with rodingites, it has been re- 
ported from a few localities: from San Benito County, 
California (in blocks of serpentinized peridotite and tec- 
tonic inclusions: Howie and Woolley 1968; Isaacs 1968; 
Huggins et al. 1977a, b; Lager et al. 1989; Van Baalen 
1993), from the Sanbagawa terrain in Central Japan (in 
metamorphosed wehrlites, clinopyroxenites and gabbro- 
ic rocks: Onuki et al. 1981, 1982), and from the Mid 
Atlantic ridge (Switzer et al. 1970; Shibata and Thomp- 
son 1986). Onuki etal. (1981, /982) and Lager et al. 
(1989) have found substantial amounts of hydrogarnet 
component in natural Ti-andradite. 

Garnets from the Val Malenco ultramafics are pri- 
marily known as demantoids, a gem variety of andradite 
(Amthauer et al. 1974). Val Malenco Ti-andradite was 
first mentioned by Sigismund (1948), and later Gramma- 
cioli (1962, 1975), Benetti (1987), Hermann (1991), 
Mfintener (1991) and Bedogn6 etal. (1993) described 
parageneses with diopside, chlorite, vesuvianite, magne- 
tite and perovskite. 

In this study, the assemblage Ti-andradite, diopside, 
chlorite, vesuvianite, magnetite and perovskite found in 
the upper part of the Malenco ultramafics is described. 
Electron microprobe (EM) analyses, infrared (IR) spec- 
troscopy, M6ssbauer spectroscopy, crystal structure re- 
finements and colorimeric measurements were done on 
Ti-andradite and andradite 1. Unit cell parameters and 
refractive indices were determined for both. The EM 

1 Wc use Ti-andradite for andradite containing more than I wt% 
TiO2 
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Fig. 1. Geological map of the 
Malenco ultramafics, partly after 
Montrasio (1984) and Spillmann 
(1993) 
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C: Diopside-chlorite schist 
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(contains Ti-andradite veins) 

I 

Fig. 2. Simplified sketch map of 
the outcrop at Forc. Fellaria. The 
Ti-andradite-bearing veins are lo- 
cated in boudinaged chlorite clino- 
pyroxenite lenses 

analyses of associated minerals  as well as the whole-rock 
compos i t ion  of  the layer are presented.  Mass balances  
and  problems concern ing  the valence state and  t r anspor t  
mechanisms  of  Ti in ul t ramafics  are discussed. 

Geological setting 

The Malenco ultramafics are tectonically situated between the 
lower Austroalpine Margna nappe and the upper Penninic Suretta 
nappe (Fig. 1). They are mainly composed of metapcridotites ex- 
hibiting the assemblage diopside + antigorite + olivine + chlorite + 
magnetite, a product of the main Alpine upper greenschist to lower 
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amphibolite facies metamorphism (Trommsdorff and Evans 1974). 
Primary igneous layers are locally preserved, varying from harzbur- 
gite to lherzolite and olivine websterite compositions (Trommsdorff 
and Evans 1974; Bucher and Pfeifer 1973; Honegger 1977; Peretti 
1988; this study). The samples for this study were collected from 
a clinopyroxenite layer near Forcella (Forc.) Fellaria (Swiss Coord. 
790'870/133'800) in the northern part of Val Malenco (Fig. 1). For 
comparison, andradite associated with serpentine asbestos was col- 
lected in Val Scerscen (Swiss Coord. 788'600/132'730). The assem- 
blage Ti-andradite + diopside + chlorite _+ vesuvianite _+ magne- 
titc + perovskite has been found in boudinaged lenses of chlorite- 
bearing.clinopyroxenitc (Fig. 2). The lenses are most probably rel- 
ics of a primary magmatic layer. The surrounding serpentinites 
are highly deformed due to polyphase Alpine overprint (Hermann 
and Mfintener 1992; see Table 2). 

Near Forc. Fellaria two generations of Ti-andradite-bearing as- 
semblages can be distinguished. During the main alpine metamor- 
phism (400-450 ~ C, Mellini et al. 1987; 4-7 kbar, Guntli and Lin- 
iger 1989) the first generation developed in microboudinaged old 
clinopyroxene, parallel to (100) and (010). The second one occurs 
in tension cracks which crosscut all othcr structures produced by 
ductile deformation. They were developed under retrograde condi- 
tions. 

Mineralogy of the chlorite clinopyroxenite boudins 
(rock D) 

Garnet. The Ti-andradite of thefirst generation is usually anhedral, 
weakly zoned and exhibits pale brown colors in thin section. It 
most probably represents alteration of lbrmer exsolution lamellae 
of opx (orthopyroxene) and FeTi-oxides. The mostly euhedral gar- 
nets of the second generation occur in veins and are characterized 
by zonation patterns between a brown-red Ti-andradite core and 
a slightly yellow andradite rim (Fig. 3). The size of thc garnets 
varies from 1 to 12 rmn in diameter. Unzoned individual andradites 
are often translucent and of gem quality. A detailed description 
of the different features of the andradites is given in Table 1. 

Almost all the garnets examined exhibit anomalous birefrin- 
genee. Only andradite-rich garnets (And>98%) are isotropie, 
whereas grossular-rich samples are strongly anisotropic. In Ti-an- 
dradite the birefringence is hardly visible because of the strong 
absorption color; maximum birefringence is estimated to be less 
than 0.007. Both biaxial positive and negative garnets occur. Bire- 
fringence in grandite garnets is likely to result from A1/Fe 3+ order- 
ing on the octahedral sites (Tachduchi et al. 1982; Allen and Buseck 

Petrography 

The Ti-andradite-bearing veins are located in one outcrop near 
Forc. Fellaria (Fig. 1). A simplified sketch map of this outcrop 
is given in Fig. 2. The outcrop consists of several boudinaged lenses 
of chlorite-clinopyroxenite which are bordered on one side by diop- 
side chlorite schist (C in Fig. 2). Field relations give no evidence 
for a reaction zone along the contact with the antigorite-rich rocks 
(A, B in Fig. 2). 

The clinopyroxenite lenses are coarse-grained with little or no 
observable schistosity. Most of the minerals occur in more than 
one generation. The only presumably pre-metamorphic mineral is 
a dusty clinopyroxene with tiny inclusions of opaques. The first 
generation of Ti-andradite occurs within the clinopyroxenite bou- 
dins in an assemblage which is composed of poikiloblastic Ti-an- 
dradite, diopside, chlorite, opaques and rare perovskite. The most 
conspicuous paragenesis developed in veins crosscutting the ductile 
structures. The veins contain idioblastic crystals of Ti-andradite, 
diopside, chlorite, vesuvianite, as well as rare magnetite and perovs- 
kite. 

2 m m  
t w 

Fig. 3. Drawing from thin section showing two different Ti-andra- 
dite generations (breakdown products of primary pyroxene and 
vein paragenesis, respectively): Ti-andradite, gar; chlorite (clino- 
chlore), chl; diopside, di; vesuvianite, yes 

Table 1. Macroscopic and microscopic features of Val Malenco Ti-andradite and andradite (for detailed analyses see Table 3) 

Sample Occurrence Size 
no. (analysis number in (mm) 

brackets) 

color  Color in thin section Characteristic chemical 
elements 

SA 10 In former pyroxene, 0.5-1 Black to orange 
parallel (100) and 
(olo) (9) 

SA i0 Vein paragenesis 2-12 Black 
(core) (1-6) 

SA 10 Vein paragenesis 1-5 Orange 
(rim) (7, 8) yellow 

SA 11 Single crystal in Pale yellow 
vein (10) 

SA 12 Single crystal in 1-4 Emerald green 
vein (11 13) 

SA 17 Asbestos mine 3-11 Pale green 
Val Scerscen (14, 15) 

Brown red to pale brown 

Dark brown red to pale brown 

Slight yellow to colorless 

Slight yellow to colorless 

Slight green 

Colorless 

Ti-rich 
(Tie2 = 1 to 9.61 wt%) 

Ti in traces 
(<0.5 wt%) 

Cr-rich 
( C r 2 0 3  = 1 to 4.82 wt%) 

Pure andradite 
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Table 2. Chemical composition of the ultramafic layer and the sur- 
rounding Malenco serpentinite. The Ti-andradite veins have been 
found in chlorite-clinopyroxenite. Normative composition calculat- 
ed with M A N N O R  (written by P. Ulmer) using the following con- 

ditions: Tschcrmaks component  in pyroxene=0.1 ; SAX 1, 2, 3, 5, 
KFX 8, Fea-~/Fet.,n=0A ; SAX 4, 6, 8, Fc3+/Fetot.l=0.25; SAX 7, 
Fe 3 +/Fetot~l = 0.5 

Sample no. A B 
Antigorite Chloritc-diopside- 
serpentinite antigorite serpentinite 

C D 
Diopside-chlorite Chlorite-clinopyroxenite 
schist 

K FX  8 SAX 3 SAX 5 S A X I  S A X 2  S A X 4  S A X 6  S A X 7  S A X 8  2or 

Major 
elements 2 
(wt%) 

SiO 2 - 39.2 40.3 41.6 
TiO2 0.10 0.10 0.06 
A1203 2.6 3.0 3.3 
Fe20~ 8.56 8.28 7.94 
MnO 0.11 0.13 0.11 
MgO 35.8 35.9 33.4 
CaO 0.7 1.6 4.3 
P205 0.04 <0.02 <0.02 
Cr203 0.28 0.33 0.31 
NiO 0.28 0.29 0.22 
volatiles 10.96 10.77 9.56 

98.6 100.7 100.8 

Trace Sr < 15 < 15 < 15 
elements Y < 4 < 4 < 4 
(ppm) 3 V 47 51 60 

Cr 1781 2596 2659 
Ni 1773 1848 1473 
Co 42 62 57 
Cu < 12 < 12 < 12 
Zn 48 40 40 
Sc 9 11 10 
S <100 216 <100 

Normative Cpx 3.1 6.7 18.2 
composition Opx 38.9 37.3 32.9 
(mineral %) Olivine 55.6 53.1 46.1 

Spinel 2.4 2.9 2.6 
Xu~ 4 0.90 0.90 0.90 

Primary rock Harzburgite Lberzolite 

39.4 40.7 44.1 47.7 49.0 48.0 0.72 
0.07 0.06 0.17 0.19 0.17 0.26 0.01 

10.7 9.9 6.5 4.0 2.7 4.6 0.32 
6.24 5.82 6.54 5.57 5.33 4.32 0.06 
0.11 0.11 0.15 0.12 0.11 0.12 0.02 

24.4 24.1 21.5 19.0 17.7 19.4 0.17 
10.4 11.4 15.4 20.7 22.7 20.1 0.16 
0.02 0.02 0.06 <0.02 <0.02 <0.02 0.02 
0.41 0.38 0.43 0.10 0.08 0.08 0.01 
0.16 0.17 0.10 0.08 0.05 0.06 0.01 
8.64 6.53 4.66 2.81 1.97 2.88 

100.5 99.2 99.6 100.2 99.8 99.8 

Detection 
limit 

<15 <15  47 <15 <15 21 15 
< 4  < 4  < 4  < 4  < 4  4 4 
64 52 94 90 91 128 14 

4185 4002 4175 960 821 810 25 
1114 1152 798 577 382 417 11 

72 70 56 45 43 33 16 
<12 24 <12  <12  <12  <12  12 

38 34 51 27 21 24 7 
10 6 34 41 41 48 2 

<100 <100 <100 <100 <100 <100 100 

44.2 48.2 64.7 84.1 90.6 81.8 
22.9 21.5 12.9 0.8 0.0 5.2 
19.8 18.8 16.1 13.7 9.1 11.5 
13.1 11.5 6.3 1.4 0.3 1.5 
0.89 0.90 0.89 0.90 0.93 0.92 

Spinel-olivine Olivine-pyroxenite 
websterite 

Fe203 is total iron 
2 Na20  <0.18, K20 not detected 
3 Zr  < 10 ppm, Ba < 10 ppm, Rb < 8 ppm, Pb < 5 ppm, Th < 5 ppm, U < 10 ppm, Nb < 4 ppm, Ce < 21 ppm, La < 20 ppm, and Nd < 25 ppm 
4 XM, = Mg/(Mg + Fe z +) 

1988; Kingma and Downs 1989) or from lattice mismatch at com- 
positional, twin or grain boundaries (Kitamura et al. 1986). The 
lamellae inside the birefringent andradite did not have different 
chemical compositions and are therefore different from those de- 
scribed by Jamtveit (1991). In the samples studied however, there 
is a correlation between birefringence and grossular component 
(Mfintener 1991). Ahnost  pure andradite in samples from Val Scers- 
cen (Table 1) is isotropic. 

Chlorite, Chlorite of the first generation is widespread in metamor- 
phosed olivine websterite and elinopyroxenitc. It grew either along 
exsolution lamellae of former opx in primary cpx (clinopyroxene)- 
rich pyroxenes (Fig. 3. Fig. 4) or it formed the matrix of diopside- 
chlorite schists (Fig. 2, C in Table 2). Chlorite shows systematic 
differences in its optical properties and chemical composition (Ta- 
ble 6). Pale green Fe-pennine with anomalous brown or rarely blue 
interference color is present in olivine-websterite layers and/or  
coexisting with antigorite (A and B in Table 2, sample S 60 in 
Table 6). Colorless clinochlore with first-order grey interference 
color is the typical feature of the clinopyroxene and its margin 
(C and D in Table 2). 

Second generation chlorite occurs in veins together with Ti- 
andradite an is of clinochlore composition as well. It is present 
as intergrowths with diopsidc (Fig. 3) and as idiomorphic single 
crystals (maximum size 10 mm) exhibiting weak zonation. 

Diopside. Diopside of the first generation is dusty but almost color- 
less in thin section, and most  probably represents the cpx-rich part  
of a primary pyroxene. It is up to 3 cm in size. The diopside con- 
tains considerable amounts of Cr203 (up to 0.7 wt%)  and Na20  
(up to 0.6 wt%) and minor quantities of A1203 (up to 0.4 wt%), 
TiO2 (up to 0.3 wt%), and of  MnO and NiO (around 0.1 wt%) 
as well as tiny inclusions of opaques. 

The second generation occurs as fine and clear needles in Ti- 
andradite bearing veins (maximum size 1 cm) or as xenomorphic 
intergrowths with chlorite (Fig. 3). This diopside is almost pure 
CaMgSizO6 with minor amounts  of hedenbergitc component  
( < 5  tool%). 

Vesuvianite. Vesuvianite is closely associated with chlorite, diopside 
and garnet (Fig. 3) and occurs only as part  of the vein assemblage. 
Both anomalous blue-brown and normal  interference colors are 
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Fig. 4. Drawing from thin section showing the paragencsis diop- 
side, di; chlorite (Fe-penninc), chl; magnetite, mag; and perovskite, 
per, as breakdown products of primary pyroxene, embedded in 
an antigoritc, ant, matrix 

present. Most of the vesuvianite is colorless in thin section but 
in a few samples patches of a red-brown tint are recognizable. 
Vesuvianite varies considerably in composition (A1203:12.02 to 
17.56wt%; FcO 2.58 to 7.26wt%) and contains significant 
amounts of TiO2 (0.18 to 5.13 wt%). Ti-vesuvianite with a similarly 
high concentration of TiO2 has rarely bccn reported in literature. 
Myasnikov (1940) described Ti-vesuvianite associated with perovs- 
kite. The crystal chemistry of Ti-vesuvianite has been investigated 
by Manning (1975) and Manning and Tricker (1975). Murdoch 
and Ingram (1966) found a REE-titanian vesuvianite together with 
Ti-andradite, perovskite, diopside and chlorite in veins similar to 
those from Forc. Fellaria. 

Accessories. Accessory minerals occurring either in dusty diopside 
or in veins are magnetite, perovskite, ilmenite, pentlandite and 
hematite. Magnetite is common in the surrounding serpentinite. 
In the clinopyroxenite it occurs as aggregates of up to 1 cm in 
size associated with clinochlore, diopside and pentlandite. The sec- 
ond generation occurs as single crystals in veins exhibiting octahe- 
dral or rhombododecahedral shape. Its composition is close to 
pure magnetite. In thin section perovskite can be observed in chlo- 
rite lamellac bctwccn diopside (Fig. 4), where it is brown to almost 
opaque depending on the size (maximum size 0.5 mm). In veins 
perovskite rarely occurs as single crystals associated with chlorite. 
It contains small amounts of FeO and MnO (< 0.5 wt%): Ilmenite 
and hematite occur as tiny inclusions in dusty diopsides. 

Analytical procedure 

Mineral compositions were analyzed using a Cameca SX-50 micro- 
probe, equipped with five crystal spectrometers. Samples were coat- 
cd with 200 A of carbon. Operating parameters include an accelera- 
tion potential of 15 kV, a beam current of 20 nA and a beam 
size of ~1 ram. The data time was 20s for chlorites and 10s 
for all other minerals. Data collection background positions on 
both sides of the peaks was half the time of data collection on 
the respective peak position. A natural andradite was used as stan- 
dard for Ca and Fe, and was carefully checked against another 
natural standard for its composition. For other elements natural 
and synthetic oxides and silicates were used. Raw data wcrc cor- 
rected for drift, dead time and background. A ZAF-type con-ection 
procedure was applied to the data (Pouchon and Pichoir 1984). 
The relative error due to counting statistics (2a) is listed in Tables 3 
and 4. The bulk chemical composition of the ultramafic layering 

was determined by X-ray fluorescence (XRF) analyses, with a se- 
quential spectrometer (Philips PW 1404) using natural USGS refer- 
ence rock samples for calibration. Rocks were ground in a tungsten 
carbide mill, Major elements were determined using glass beads 
which were fused from ignited (at 1050 ~ C) rock powders mixed 
with Li2B407 in a 1/5 ratio (Dietrich et al. 1976) in gold platinum 
pans at 1150 ~ C. The intensities were corrected for instrumental 
drift, background and matrix effects. Trace elements were deter- 
mined by XRF analyses of 10 g powder samples using the synthetic 
background method for which major elements have to be known 
(Nisbet et al. 1979). The relative error (2a) due to counting statistics 
and regression, and detection limits are listed in Table 2. 

The refractive index was determined by using the immersion 
method (grain size 75-150 ram, monochromatized light of 589 nm). 
The calibration of the standard solutions (' Cargille Index of refrac- 
tive liquids ') was checked with a Leitz-Jelley refractometer. 

The water content of carefully separated single grains of Ti- 
andradite and andradite (SA 10) was determined by Leco IR spec- 
troscopy (Leco RC 412) using Donham gypsum rock C as standard 
material. After drying the powdered samples at 105~ for 24 h 
the garnets were gradually heated under oxygen atmosphere in 
a quartz oven from 100 to 1100 ~ C. The released vapor phase 
was simultaneously recorded by infrared cells. The resulting accu- 
racy for H20 is _+ 3 % relative to the result or __ 0.10 of the absolute 
value�9 

Bulk-rock chemistry 

The bu lk  c o m p o s i t i o n  o f  the d i f ferent  samples  ( A - D  
in Table  2) as well as ca lcu la ted  p r i m a r y  minera l  assem- 
blages  using a " sp ine l  p e r i d o t i t e "  n o r m  z are given in 
Table 2. The  rocks  (A) and  (B) exhib i t  a typ ica l  u l t r abas -  
ic c o m p o s i t i o n  c o m p a r e d  to o r d i n a r y  A lp ine  me tape r i -  
dot i tes .  D e p e n d i n g  on  the a m o u n t  o f  CaO the compos i -  
t ion  is e i ther  ha rzburg i t i c  (A) or  lherzol i t ic  (B). The  nor -  
ma t ive  mine ra l  a s semblage  yields for  (C) an ol ivine-spi-  
nel webster i te ,  and  for  (D) an  ol ivine c l inopyroxen i te .  
The  h igh  Cr  and  Ni  con ten t  and  the h igh  J(Mg [Mg/  
( M g + F e  2+) 0.89 to 0.92] con f i rm  the field obse rva t ions  
tha t  they  are  all p a r t  o f  a l aye red  u l t r amaf i c  body .  Nor -  
ma t ive  spinel  ranges  f rom 0.3 to 13.1%. The  rocks  wi th  
high n o r m a t i v e  spinel  exhibi t  h igh Cr con ten t s  which 
migh t  be due  to A1 r ep l acemen t  by  Cr  in spinel.  

G a r n e t  and  vesuviani te  in u l t r amaf i c  env i ronmen t s  
are  of ten assoc ia ted  with rod ing i tes  which  are  me ta so -  
ma t i ca l ly  a l te red  basal ts ,  g a bb ros  or  t ec ton ic  inc lus ions  
o f  sed iments  (e.g., Rice 1983). C o m p a r e d  with  pub l i shed  
analyses  o f  me ta rod ing i t e s  (e.g., Evans  et  al. 1979, 1981), 
the ana lyzed  chlor i te  c l i nopyroxen i t e  con ta ins  signifi-  
can t ly  lower  V, M g O ,  A1203, and  TiO2, and  h igher  Cr  
and  N i  than  usual  me ta rod ing i t e s .  F o r  these several  rea-  
sons we conc lude  tha t  the  ga rne t -bea r ing  rocks  represen t  
a f o rmer  py roxen i t e  layer  a n d  are  no t  a p r o d u c t  o f  rod -  
ingi t iza t ion.  

The  n o r m a t i v e  c o m p o s i t i o n  o f  the  rocks  is d i sp l ayed  
g raph ica l ly  in Fig. 5, where  they  are  c o m p a r e d  with  anal -  
yses desc r ibed  by  T r o m m s d o r f f  and  Evans  (1974), 
Bucher  a n d  Pfeifer  (1973) and  Peret t i  (1988). This  corn- 
pa r i son  d e m o n s t r a t e s  several  fea tures :  Serpent in i tes  o f  
lherzol i t ic  o r  ha rzbu rg i t i c  c o m p o s i t i o n  (A and B in Ta- 

2 Spinel peridotite norm: corundum and anorthite were converted 
to spinel, opx and cpx using a computer program (MANNOR) 
written by P. Ulmer 
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Opx Cpx 

II. rock A 
�9 rock B 
�9 rock C 
q- rock D 
t3 Bueher and Pfeifer (1973) 
- "Frommsdorff and Evans (1974) 
o llonegger (1977) 
V Perelli (1988) 

Fig. 5. Normative olivine, orthopyroxene and clinopyroxene in ul- 
tramafic rocks from the Central Alps. Normative conditions are 
given in Table 2 
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ble 2) are widespread in  the Malenco  ul t ramafics  and  
in other  peridoti tes f rom the Alps. The diopside-chlori te  
schist (C) is comparab le  with the Cpx-richest  par t  of  
a magmat i c  layer described by Peretti (1988). His analy-  
ses show A1203 contents  of on ly  abou t  5 w t % as com- 
pared  to abou t  10 w t %  in rock C (Table 2). Chlori te  
c l inopyroxeni te  (D) has rarely been described in per ido-  
tites f rom the Alps and is me n t i one d  by Honegger  (1977) 
f rom the Malenco  ultramafics.  

The T i -andrad i te -bear ing  veins lie therefore in a layer 
whose chemical  compos i t ion  is  very different f rom the 
major  par t  of  the Malenco  u l t ramaf ic  body.  

C o m p o s i t i o n  o f  andradi te  

Compositional variation in andradite 

The chemical compos i t ion  of  the Val Malenco  andrad i te  
was main ly  de termined by means  of  EM analyses. It 
conta ins  only  small  concen t ra t ions  of  M n O  and  MgO 
(Table 3). Wavelength  spectra did no t  reveal detectable 
a m o u n t s  of  Co, Cu,  Zn ,  Ni, Nb,  Na,  K, Zr, V or F. 
Recalcula t ion of  E M  analyses as well as site ref inements  
further  indicated tha t  the dodecahedra l  site is completely 
occupied by Ca (Table 3), Thus,  the Val Malenco  andra -  
dite can be described as Ca-garne t  with compos i t iona l  
var ia t ion  only  at  the octahedral  a nd  te t rahedral  sites. 

Table 3. Representative microprobe analyses of Val Malenco andradite: (1-9, sample SA 10; 10, sample SA I1; 11-13, sample SA 12; 
14, 15, sample SA 17). Sample description see TaMe 1 

Wt% Sample SA 10 SA 11 SA 12 SA 17 Average relative 
error 

Analysis (20-) in % 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

SiO2 33.9 3 3 . 0  3 3 . 2  33 .3  34 .1  3 2 . 9  3 5 . 7  35 .7  34 .5  35.3 
TiO2 6.49 9.62 8 . 5 7  8 . 2 4  3 . 9 2  8 .65  0 .53  0 . 2 5  3 . 2 4  0.24 

Cr203 0.36 <0.18 <0.17 <0_18 <0.18 0.31 <0.17 <0.18 1.73 <0.18 

A1203 2.97 2 . 0 5  1 . 3 4  1 . 5 2  1 . 7 2  2 . 3 7  3 .89  2 .31  0 . 9 3  1.40 

Fe/O3 17.3 15.4 1 7 . 4  18 .2  2 3 . 8  1 6 . 0  25 .8  2 7 . 6  2 4 . 0  29.9 
FeO 1 2.47 3 . 5 6  3 . 9 6  3 . 0 7  0.92 3 . 3 0  0.00 0 . 0 0  0 . 4 5  0.00 
MnO 0.19 0 . 2 5  0.21 <0.18 <0.18 <0.18 <0.17 <0.18 <0.18 <0.18 
MgO <0.18 <0.17 <0.18 <0.18 <0.17 <0.17 <0.17 <0.17 <0.18 <0.18 
CaO 34.1 34.4 33 .7  3 4 . 2  3 3 . 8  34 .1  3 4 . 3  3 3 . 8  3 3 . 9  33.8 

97.8 9 8 . 3  98.4 9 8 . 5  9 8 . 3  9 7 . 6  ]00.2 99.7  9 8 . 8  100.6 

Ions calculated on the basis of 8 cations 

34.9 35.2 35.3 34.6 34.7 1.0 
1.14 0.61 0.58 <0.10 <0.10 6.0 (at 0.5% level) 

2.4 (at 5.0% level) 
4.82 2.87 3.61 <0.18 <0.18 6.6 (at 0.4% level) 

3.0 (at 4.0% level) 
0,76 0.73 0.72 <0.15 <0.15 6.0 (at 0.3% level) 

2.6 (at 3.0% level) 
23.8 2 6 . 7  25.6 31.2 31.4 2.4 
0.00 0.00 0.00 0.00 0.00 

<0.18 <0.18 <0.18 <0.18 <0.18 6.8 
<0.18 <0.17 <0.17 0.18 <0.18 6.4 
33.7 33.7 33.5 33.4 33.0 1.2 

99.3 99.8 99.3 99.2 99.1 

Si 2.87 2 . 7 9  2.82 2.82 2 . 9 0  2 .81  2 . 9 5  2 . 9 9  2 . 9 3  2.94 2 . 9 5  2.96 2.98 2 . 9 4  2.96 
Ti 0.41 0.61 0 . 5 5  0.52 0 . 2 5  0 . 5 5  0 .03  0.02 0 .21  0,02 0 . 0 7  0.04 0.04 0 . 0 0  0.00 
Cr 0.02 0.00 0.00 0,00 0.00 0 . 0 2  0 . 0 0  0.00 0.12 0 . 0 0  0.32 0.19 0.24 0.00 0.00 
A1 0.30 0 . 2 1  0.14 0 , 1 5  0.17 0.24 0 .38  0 . 2 3  0 . 0 9  0.14 0 . 0 8  0.07 0.07 0.00 0.00 
Fe 3+ 1.10 0 . 9 8  1 . 1 2  1 . 1 6  1 . 5 2  1 .03  1 . 6 0  1 .73  1 ,53  1.88 1.51 1.67 1.63 1.99 2.02 
FcZ+ 1 0 .18  0.25 0.28 0.22 0.07 0 . 2 3  0.00 0.00 0 . 0 3  0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.02 0.02 0 .01  0.00 0 . 0 0  0 . 0 0  0 . 0 0  0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.00 0 . 0 0  0.00 0.00 0.00 0.00 0 . 0 0  0 . 0 0  0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Ca 3.10 3 . 1 2  3 . 0 7  3 . 1 0  3 . 0 8  3 .11  3 . 0 3  3 . 0 3  3 . 0 8  3.03 3.05 3.04 3.03 3.04 3.02 

1 Calculated assuming stoichiometry 
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Fig. 6. Variation of the octahedrally coorinated major elements 
through a Ti-andradite of sample 13. Ti, filled triangles; A1, open 
circles; and Fe ~ +, dots. Error bars represent the relative error due 
to counting statistics (2a). Error bars for Al and Ti are smaller 
than symbols 

Representat ive analyses (Table 3) exhibit a var ia t ion 
in Cr, A1, Fe, Ti and Si. Ti-andradi te  is character ized 
by Si deficiency (S iO2:32 .9  to 34.9 w t % )  which is no t  
u n c o m m o n  for  Ti-garnets in ul tramafics  (eg., Zedlitz 
1933; Howie  and  Woolley 1968; Basso et al. 1981; On-  
uki et al. 1981, 1982; Lager  et al. 1989). The cores o f  
andradi te  f rom sample SA 10 are always enriched in Ti 
(TiO2 : 5.55 to 9.62 w t % )  and they show a na r row transi- 
t ion to the Ti -poor  rims (Fig. 6). In cont ras t  to andra-  
dite, Ca in Ti-andradi te  significantly exceeds 3.00 per 
fo rmula  uni t  3. These observat ions  as well as the lower 
analysis totals in Ti-rich garnets  (Table 2) suggest pres- 
ence o f  addit ional  elements in Ti-andradi te  which were 
either no t  analyzed or  no t  detectable by  microprobe.  

Based on the constra ints  described above the compo-  
sitional var ia t ion o f  Val Malenco  andradi te  involves 
mainly the octahedra l  site. This is demons t ra t ed  by 
Fig. 7. With in  the limits o f  analytical  er ror  Fe 3 + and  
~. A1 + Cr + Ti + M n  + Mg  + Fe 2 + correlate negatively 
a long a theoretical  line o f  slope - 1 (Fig. 7). Dur ing  this 
exchange CaO remains a lmost  cons tan t  (CaO:  34.1 • 
0.7 wt%) .  Compos i t iona l  var ia t ion  in andradi te  (i.e., Cr 
and A1 are the p r imary  substitutes for  Fc 3 +) is ascribed 
to the simple exchange vectors A1Fe_ ~ and  CrFe_ ~. In  
analyses where Ti is the p r imary  substitute for  Fe, a 
positive deviat ion f rom the theoretical  line (i.e., ~ y- 
cat ions = 2) can be found,  but  this is due to cat ion nor-  
mal izat ion based on H20- f ree  E M  analyses and  small 
amoun t s  o f  A1 w (see above and Table 5). 

IR  spectroscopy for  H 2 0  was made  on  carefully sepa- 
rated Ti-andradi te  cores and  andradi te  rims f rom sample 

3 Ca in excess of 3.00 cations is not uncommon for melanite in 
ultramafics (Huggins et al. 1977b; Onuki et al. 2981; Lager et al. 
1989), but it is striking that most of these melanites contain signifi- 
cant hydrogarnet component. Therefore excess Ca is most probably 
an artifact of a water free cation normalization. Huggins et al. 
(1977b) did not find hydrogarnet component. In this study how- 
ever, despite allowance for H20 Ti-andradite still contains a signifi- 
cant Ca excess 
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0,80 1.00 1,20 1.40 1.60 1,80 2.00 2.20 

F,e 3§ 

Fig. 7. Octahedral cation exchange in andradite from Val Malenco, 
based on electron microprobe analyses. The diagram shows the 
substitution of Ti, A1, Cr and Fe 2* for Fe a +. Slope of the theoreti- 
cal line of exchange is - 1. Note the positive deviation from the 
theoretical line for garnets with Ti as main substitute for Fe. This 
is mostly due to significant hydrogarnet component (see text for 
discussion). Error bars represent the relative error due to counting 
statistics (2a). Filled circles, Ti is the main substitute for Fe; open 
circles, Cr is the main substitute for Fe; crosses, A1 is the main 
substitute for Fe 

Table 4. Unit-cell parameters (JQ, oxygen parameters, interatomic 
distances (A) and comparison of water contents (wt%) for Val 
Malenco andradite 

Sample SA 12 

Ti-andradite (core) Andradite (rim) 

Unit-cell 12.089 (_+0.002) 12.050 (+0.002) 

Oxygen parameters 

x 0.03894 (_+0.00008) 0.03935 (_+0.00008) 
.y 0.04810 (_+0.00009) 0.04828 (_+0.00009) 
z 0.65466 (_+0.00009) 0.65521 (__.0.00009) 

Interatomic distances 
T - O  1.658 (_+0.001) 1.646 (+0.001) 
Y - O  2.014 (_+0.001) 2.015 (_+0.001) 
X 1 - O  2.365 (_+0.001) 2.359 (_+0.001) 
X 2 - O  2.512 (_+0.001) 2.503 (_+0.001) 

Water content 
X-ray refinement 0.9 0 
IR-spectroscopy 0.66 0.32 

SA i0. IR-spec t roscopy  revealed that  the Ti-andradi te  
contains  0.66 (+0 .10 )  w t% H 2 0  which is is in good  
agreement  with water  conten ts  derived f rom site refine- 
ments  (Table 4). The andradi te  rim contains  only 0.32 
( + 0 . 1 0 )  w t %  H2O (Table 5). 

The results o f  the site refinements (unit-cell, oxygen 
parameters ,  in tera tomic  distances and water  content ,  re- 
spectively) between the Ti-rich core and  the andradi te  
rim are c o m p a r e d  in Table 4. The slightly larger tetra- 
hedral  T - O  and  dodecahedra l  X1-O,  X2-O distances o f  
the Ti-andradi te  relative to tha t  o f  andradi te  is consis- 
tent with an increase in the unit-cell parameter .  How-  



Table 5. Crystal chemical formula and re- 
fractive index of Val Malenco Ti-andradite 
(sample SA 10). The water content has 
been calculated as hydrogarnct component 
(SiO4) 4 -  (OH4)Z1- See text for discussion 
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Wt% Andradite 1 Ti-andradite (mela- 
nite) 1 

Yi-andradite (mela- 
nite) z 

Mean Standard Mean Standard Mean Standard 
n = 35 deviation n = 94 deviation n = 94 deviation 

(2a) (2or) (2a) 

SiO2 35.4 0.4 
TiO2 0.16 0.07 
Ti203 
Cr203 trace 
AlzO3 1.77 0.71 
Fe203 27.7 1.1 
FeO 0.83 
MnO trace 
MgO trace 
CaO 33.8 0.3 
HzO 0.32 

100.1 

33.3 0.4 
4.93 1.12 a 
2.43 
0.35 0.29 
1.59 0.77 

19.4 2.0 
1.76 
0.17 0.04 

trace 
34.1 0.3 
0.66 

98.7 

Ions calculated on the basis of 8 cations 

Tetrahcdral cations 

Si 2.95 2.80 
(H4) 0.04 0.09 
A1 Iv 0.01 0.11 

Octahedral cations 

Ti 4+ 0.01 0.31 
Ti 3+ - 0.17 
Cr 0.00 0.02 
A1 0.16 0.06 
Fe 3 + 1.74 1.24 
Fe z+ 0.06 0.12 
Mn 0.01 0.01 
Mg 0.00 0.00 
Ca 0.02 0.07 

Dodecahedral cations 

Ca 3.00 3.00 

Ti exchange vectors 

AlWTi4 + (AlVaSi) i 23% 
Ti3+Fe 3+ -1 35% 
Me2 +Ti'~ + 2Fe3_] 100% 42% 

Refractive index (n) 1.848 ___0.003 1.878 + 0.002 

33.3 0.4 
4.26 1.123 
3.04 
0.35 0.29 
1.59 0.77 

20.3 2.0 
0.96 
0.17 0.04 

trace 
34.1 0.3 
0.66 

98.7 

2.80 
0.09 
0.11 

0.27 
0.21 
0.02 
0.06 
1.29 
0.07 
0.01 
0.00 
0.07 

3.00 

23% 
43% 
34% 

1 Formula calculated on the basis of EM analyses, site refinements, colorimetry and infrared 
spectroscopy. FczO3 was calculated as 1.1113 (FeOtot,t-- FeO~o~or) 
2 Formula calculated on the basis of EM analyses, site refinements, M6ssbauer spectroscopy 
and IR spectroscopy. Fe203 was calculated as 1.1113 (FeO~o~,~-FeOu~s~) 
3 Standard deviation calculated for total TiO2 

ever, the site ref inements  for the te t rahedral  posi t ion 
indicate nei ther  te t rahedral  Fe nor  Ti, in agreement  with 
the low scattering power  observed at the te t rahedral  site. 
Therefore it is likely tha t  hydrogarne t  c o m p o n e n t  
(O4H,)  (SiO4)_ 1 subst i tutes the Si deficiency in Ti -an-  
dradi te  (minor  A1 can no t  completely be excluded be- 
cause of  the similar  a tomic  number s  of  A1 and  Si). The 
site ref inement  parameters  for T i -andrad i te  are in good 
agreement  with the publ ished da ta  of  Lager  et al. (1989). 
In  contrast ,  site ref inements  of  a synthetic  Ti-garnet  
(Weber et al, 1975) indicate  considerable  a m o u n t s  of  te- 
t rahedra l  Fe and  Ti, resul t ing in a much larger un i t  cell 
( a = 1 2 , 2 3 9 9 / ~ )  and  a larger T - O  distance (T O =  

1,744 ~) .  The site re f inement  data  of  the andrad i te  r im 
correspond well with na tu ra l  and synthetic  andrad i te  
(eg., A m t h a u e r  et  al. 1974; K i n g m a  and  D owns  1989; 
Armbrus t e r  a nd  Geiger 1993). 

C o l o r i m e t r i c  m e a s u r e m e n t s  were made  in order to de- 
termine the " F e O " ~  con ten t  in Ti -andrad i te  and  andra-  
dire. For  the T i -andrad i te  " F e O "  = 1.76 ( ___ 0.12) w t %  
result ing in a Xve = 0.08 ( _+ 0.01) 5. The  m e a s u r e d "  F e O "  
for andrad i te  is 0.83 (_+0.12) wt% resul t ing in a Xve=  

4 However, wet chemical analyses do not distinguish between dif- 
ferent reduced cations such as Fe 2 + and Ti 3 +. Therefore "FeO" 
possibly includes contributions from both reduced cations 
5 Xv=Fe2+/Fet,,t,i 
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0.03 (-t-0.01). Both Xr, are different from those calculat- 
ed from EM analyses alone (the means are XFo=0.14 
and Xw = 0, respectively). 

Many of the published M6ssbauer spectra report dif- 
ferent valence state and different site occupancies of Fe 
(Huggins et al. 1977 b; Amthauer et al. 1977; Schwartz 
etal. 1980; Onuki etal. 1982; Kfihberger etal. 1989). 
The 57Fe M6ssbauer spectrum of Malenco Ti-andradite 
reveals resonant absorption peaks mainly of Fe 3 + and 
traces of Fe 2 +. Both doublets are assigned to octahedral 
ferric and ferrous iron (G. Morin, personal communica- 
tion), consistent with the results of the site refinements. 
Because of the low intensitiy of the Fe z § peak it is diffi- 
cult to fit this doublet exactly. Therefore the "exact" 
determination of Fe 2+ contains still some uncertainty. 
A comparison of the values for Ti-andradite obtained 
by EM analyses, colorimetry and by M6ssbauer spectro- 
scopy, respectively reveals a variation from X~=0.05 
to 0.14. Both colorimetry and M6ssbauer spectroscopy 
data were used to calculate the final garnet formula (see 
below). 

Exchange vectors 

The chemical composition of andradite may be ex- 
pressed in terms of one additive component (andradite 
Ca3FezSi3012) and several exchange vectors. The dode- 
cahedral site is completely occupied by Ca (Table 3). 
The Si deficiency at the tetrahedral site of the andradite 
can be explained completely and, the Si deficiency in 
Ti-andradite partly by the hydrogarnet substitution 
(O4H4) (SiO4)_ 1 (Table 5). This is the usual way to in- 
corporate H20 , as shown for many garnets (mainly gros- 
sular-hydrogrossular series, e.g., Lager et al. 1987), and 
for Ti-andradite by Onuki et al. (1982) and Lager et al. 
(1989). In contrast, Kiihberger et al. (1989) analyzing 
their synthetic Ti-andradite by FTIR, proposed anion 
substitution of (OH)- for O 2- in the presence of tetra- 
hedral Fe 2+. Regarding the results of the site refine- 
ments, there is no evidence for the latter substitution. 
Besides the hydrogarnet substitution, and according to 
the results of the site refinements and M6ssbauer spec- 
troscopy, most likely small amounts of A1 replace Si. 
This is consistent with the relative preference for substi- 
tution on the tetrahedral site given by Huggins et al. 
(1977a). Therefore A1 is accommodated in the tetrahed- 
ral site in Val Malenco Ti-andradite suggesting the sub- 
stitution Ti 4 § (AlVlSi) 1. 

The crystal chemical formula and the exchange vec- 
tors were calculated on the basis of 8 cations and 24 
positive charges. In order to combine M6ssbauer spec- 
troscopy, IR spectroscopy and site refinement data with 
EM analyses, means of EM data of sample SA 10 (94 
and 35 single spot analyses, respectively) were calculated 
(Table 5). Based on these constraints and considering 
the two different determinations of ferrous iron, two 
formulas were calculated for the Ti-rich variety (Ta- 
ble 5). The formula calculation results in significant 
amounts of Ti 3 § and can be summarized as follows: 

Taking into account that the tetrahedral site is com- 
pletely occupied by Si and small amounts of hydrogarnet 

component, the operative Ti-exchange vector for andra- 
dite is Me 2 +Ti 4+ 2F -3c_ 1. + Both formula calculations for 
Ti-andradite, either based on colorimetry or based on 
M6ssbauer spectroscopy, indicate that substantial 
amounts of Ti 3 + are present. However, the calculation 
using M6ssbauer spectra exhibits higher amounts of 
Ti 3§ as more Fe is ferric. The incorporation of Ti is 
therefore best explained by the exchange vectors 

:3  + ~2P~3 + TI 1'~_1, Ti4+A1 ~v (AlVISi)_l) and Me2+Ti 4+ 2Fe3-~ 
(Table 5). 

The existence of Ti 3 + in minerals is a matter of de- 
bate. Direct evidence of Ti 3 + is given by EPR spectro- 
scopy of synthetic minerals (Schneider and Rager 1984; 
Rager et al. 1993; L6ffier et al. 1993). De Groot et al. 
(1992), investigating a series of natural Ti-minerals by 
2p X-ray absorption spectroscopy did not observe Ti 3 +, 
except possibly in a Ti-rich andradite garnet. For ligand 
field reasons and from the studies cited above, Ti 3 + oc- 
cupies the octahedral sites. 

Ti 3 + in Ti-andradite is commonly suggested to occur 
in small concentrations. However, Ti-andradite in ultra- 
mafic rocks is often reported to contain significant 
amounts of Ti 3+ (Manning and Harris 1970; Huggins 
et al. 1977b; Schwartz et al. 1980; Onuki et al. 1981, 
1982). Kfihberger et al. (1989) investigated the crystal 
chemistry of Ti-andradite synthesized at different oxy- 
gen fugacities. Their sample TA 3 synthesized at solid 
state N i - N i O  exhibits Ti 3+ together with Ti 4+ and 
Fe 3+ but no Fe 2+. In contrast, their sample TA 13 syn- 
thesized at iron-quartz-fayalite (IQF) oxygen buffer con- 
tains Fe 2 + and Ti 3 + together with Fe 3 + and Ti 4 +. Virgo 
et al. (1976) measured a low intrinsic oxygen fugacity 
in a Ti-andradite from San Benito, California, approxi- 
mately 4log units below quartz-fayalite-magnetite 
(QFM). Furthermore, Peretti et al. (1992) in a study of 
the Malenco ultramafics calculated the logfo2 to approx- 
imately 4 log units below QFM using the equilibria heaz- 
lewoodite+ awaruite +magnetite. Peretti et al. (1992) 
also determined H2 in fluid inclusions from metamor- 
phic diopside. These conditions may represent the lower 
limit of log Jo2 as magnetite is a stable member of the 
paragenesis Ti-andradite + chlorite + diopside. In a simi- 
lar occurrence of Ti-andradite in San Benito, California, 
Ti-andradite contains CH~ in fluid inclusions (M. Van 
Baalen, personal communication). The presence of re- 
duced Ti 3 + and small amounts of F e  2 + together with 
Fe 3 + and Ti 4+ at similar sites in Val Malenco Ti-andra- 
dite may reflect a low oxygen fugacity during crystallisa- 
tion. The limits of log fo~ for the Val Malenco Ti-andra- 
dite may be given by the above mentioned conditions, 
e.g, between QFM and 4 log units below QFM. 

Composition of chlorite 

Chlorite from the samples studied may be described by 
the general formula (Mg6 _xAlx)(Si4_xAlx)O1 o(OH)s, 
where X is the A1-Tschermaks content of chlorite (Jen- 
kins and Chernosky 1986). From the EM analyses (Ta- 
ble 6) it is evident that the Malenco chlorites have totals 
reflective of ideal stoichiometry (deviation is less than 



TaMe 6. Representative microprobe analy- 
sis of Val Malenco chlorite (1~4, chlorite 
of the vein paragenesis of sample SA 10; 
5, 6, chlorite coexisting with antigorite of 
sample S 60 for comparison) 
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wt% Sample SA 10 S 60 

Analysis 

1 2 3 4 5 6 

Average relative 
error 
(2a) in % 

SiOz 30.3 30.7 30.8 30.4 32.9 32.6 
Cr203 < 0.06 < 0.06 0.38 0.44 0.65 0.60 
A1203 18.8 17.7 17.0 16.9 13.3 13.2 
FeO 1 9.43 7.62 6.41 6.55 4.49 4.31 
MnO 0.17 0.13 0.06 <0.06 <0.06 <0.06 
MgO 28.3 30.8 32.1 32.0 34.7 35.4 
NiO 0.29 < 0.28 < 0.28 < 0.28 < 0.28 < 0.28 
H 2 O e a l e  12.34 12.50 12.55 12.46 12.54 12.62 

99.6 99.5 99.3 98.7 98.6 99.1 

Ions calculated on the basis of 10 cations and stoichiometric OH 

Si 2.94 2.95 2.95 2.92 3.14 3.10 
A1 Iv 1.06 1.05 1.05 1.08 0.86 0.90 
A1 vl 1.09 0.96 0.87 0.84 0.64 0.58 
Cr 0.00 0.00 0.03 0.03 0.05 0.05 
Fe2+ i 0.77 0.61 0.55 0.52 0.36 0.34 
Mn 0.01 0.01 0.01 0.00 0.00 0.00 
Mg 4.10 4.41 4.58 4.59 4.94 5.02 
Ni 0.02 0.00 0.00 0.00 0.00 0.00 
OH 8.00 8.00 8.00 8.00 8.00 8.00 

0.8 
15.8 (at 0.5% level) 
0.8 
3.0 

16.6 
0.6 

32.0 

H2Oc~lc = stoichometric OIt converted into wt% H20; TiO2 < 0.03 wt% 
1 Total Fe as FeO 
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Fig. 8. Si against A1 in chlorite from Val Malenco. Idcal clinochlore 
has Si = 3 and A1 = 2 cations per lbrmula unit. Slope of the theoreti- 
cal line of A1-Tschermak exchange is - 1 .  Deviations below the 
theoretical line indicate substantial amounts of Fe 3 +. Note that 
chlorites from the clinopyroxenite layer, Jull dots, have X values 
between 0.94 and 1.1. Error bars represent the relative error due 
to counting statistics (2a). Open circles, chlorites of an olivine web- 
sterite; full squares, chlorites coexisting with antigorite; crosses, 
data from Peretti (1988) 

1.5%). Wavelength spectra did not  show detectable 
quantities o f  Zn, V, K, Ca, Na,  C1 and F. The analyzed 
chlorites contain  minor  amoun t s  o f  M n O ,  NiO and 
Cr203 whereas the concent ra t ion  o f  TiO2 is below 
0.03 w t% (Table 6). Chlori te coexisting with Ti-andra-  
dite and diopside exhibits significantly higher contents  
o f  i ron than chlorite f rom antigorite serpentinite. 

In Fig. 8 Si is plot ted against  AI showing that  a lmost  
all the chlorites are below the theoretical line for  the 

pure A P  + Mg  1Si 1 exchange. The chlorites show sig- 
nificant differences in their composi t ion  which are con-  
sistent with optical observations.  Chlorite (clinochlore) 
with 0 . 9 5 < X < 1 . 1  occurs only in antigorite-free rocks 
o f  olivine websterite and cl inopyroxenite  composi t ion ,  
whereas chlorite (Fe-pennine) with 0.7 < X <  0.8 coexists 
with antigorite. Ti-andradite is always associated with 
clinochlore. 

Mass  balance and field observations: a comparison 

Mass balance calculations have shown that  the para-  
genesis Ti-andradi te  + cl inochlore + diopside _+ magneti te  
originates wi thout  in t roduct ion o f  elements. This is con- 
sistent with field observat ions as no react ion zone is 
recognizable a long the contac t  with antigori te-rich 
rocks. The compos i t ion  o f  the harzburgi t ic  (A) and lher- 
zolitic (B) rocks results in coexisting, me tamorph ic  chlo- 
rite and antigorite (Table 2). Unde r  the given me tamor -  
phic condit ions (see above) chlorite in equil ibrium with 
antigorite shows a composi t ional  range o f  0.65 < XA~< 
0.8 (Fig. 8) which seems to be close to the low-A1 compo-  
sition limit o f  chlorite (Foster 1962; Peretti 1988). The  
composi t ion  o f  the normat ive  websteritic (C) and clino- 
pyroxenit ic (D) rocks results in an antigorite-free para-  
genesis conta in ing chlorite with a composi t ion  o f  XA~ = 
1.1. The calculated value is consistent with E M  analyses 
(0.95 <)f 'Al< 1.1, Fig. 8). 

It is no tewor thy  that  no  Ti-andradi te  and vesuvianite 
was found  in antigori te-rich rocks (A, B). The occur-  
rence o f  Ti-andradi te  is restricted to antigorite-free rocks 
(C, D) with chlorite o f  0 .95<XA~<1.1 .  A compar i son  
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between the normative and the metamorphic phase as- 
semblage of  rock A - D  (mass balance) has shown that 
the formation of  Ti-andradite is likely in rock C and 
D, but  unlikely in rock A and B, consistent with field 
observations. 

Discussion and conclusions 

The study of  a chlorite clinopyroxenite representing a 
former igneous layer has shown that Ti-andradite is a 
stable member of  the paragenesis chlorite-t- diopside + 
magnetite 6(__ vesuvianite __ perovskite). Ti-andradite does 
not occur together with serpentine. The conditions of  
the regional Alpine metamorphism found in that area 
(400-450 ~ C, Mellini et al. 1987; 4-7 kbar, Guntli and 
Liniger 1989) constrain the upper limit of  formation of  
the Ti-andradite. These data, especially the formation 
temperature, are in good agreement with the results of  
Onuki et al. (1982) and Van Baalen (1991). 

The Ti-minerals ilmenite, Ti-andradite and perovskite 
in the Malenco serpentinite are always associated with 
diopside and chlorite and are most abundant  in virtually 
monomineralic diopside layers (pyroxenite, Table 2). 
Some of  the primary pyroxenes show perovskite or Ti- 
andradite as alteration products of former opx and FeTi- 
oxides (Figs. 3, 4). These observations suggest that mag- 
matic Ti-augites are the source of  Ti, similar to occur- 
rences of  titanian hydroxyl-clinohumitc in the Malenco 
ultramafics (Trommsdorff  and Evans 1980). 

The formation of  Ti-andradite in veins provides evi- 
dence for the mobility of  Ti and other elements in an 
aqueous hydrothermal fluid. The Xco~ of  the fluid pres- 
ent during Alpine metamorphism was very low because 
of  the stable paragenesis antigorite + diopside in the sur- 
rounding serpentinites (Xco~ < 0.005, Trommsdorff  and 
Evans 1977; Trommsdorff  and Connolly 1990). This is 
supported by field observations as no carbonates were 
found. Only small amounts of  species other than H 2 0  
in the fluid phase are observed (Peretti et al. 1992). Ti- 
tanium transport  is reported to occur under a wide vari- 
ety of  conditions, often at higher temperatures and in 
other geological environments (i.e., skarn deposits, gran- 
ite alteration zones, basalt alteration zones, chloritic 
blackwalls), in which F - ,  P O ] - ,  CO~-,  and O H -  seem 
to be the most likely ligands for complexing Ti (Alderton 
et al. 1980; Hynes 1980; Gier6 1986). The concentration 
of Ti in geological fluids is limited by the solubility of  
Ti-oxides; depending on Eh-pH values, temperature and 
chemical species (Ayers and Watson 1993; Van Baalen 
1993; and quoted references). From experimental inves- 
tigations, the solubility of  Ti-oxides is enhanced by fluo- 
ride complexes (Barsukova et al. 1979; Bright and Rea- 
dey 1987), whereas sulfate, carbonate and chloride com- 
plexes are not  of  major importance (Van Baalen 1993 
and quoted references). 

6 A similar occurrence of the paragenesis Ti-andradite, diopside 
and chlorite has been reported from the New Idria area, California. 
The overall compositional range of Ti-andradite, diopside and 
chlorite is similar, with some tendency for the New Idria chlorites 
to be more Fe-rich (M. Van Baalen, personal communication) 

From the Malenco ultramafics, Ti transport  is mostly 
known from titanian hydroxyl-clinohumite bearing veins 
which often contain hydroxyl-apatite and perovskite 
(Trommsdorff  and Evans 1980). In contrast, there is no 
evidence for F , CO~- and PO]- -bear ing  minerals in 
the clinopyroxenite, thus indicating that O H -  most like- 
ly is an agent complexing Ti. Under moderate to low 
P, T conditions in ultramafic rocks, aqueous rich fluids 
may be able to transport  Ti on a meter scale. 

Taking into account that the dodecahedral site is 
completely occupied by Ca, the compositional variation 
in Malenco andradite is consistent with the following 
exchange vectors: 
1. in andradite the tetrahedral site is occupied by Si and 
small amounts of  the hydrogarnet  exchange vector 
(O4H4) (SiO4)-1. The variation on the octahedral site 
is attributed to the exchange A1Fe_~, CrFe_l  and 
Me 2 +Ti 4 + 2Fe3 +. 
2. In Ti-andradite the Si deficiency can be explained by 
the exchange (O4H4) (giO4)_ 1 and Ti 4 +A1 Iv (AlVISi)_ 1 
respectively. The variation on the octahedral site is main- 
ly attributed to the Ti exchange vectors Ti3+Fe3_ +, 
Tig+A1TM (AlVISi)_l and MeZ+Ti 4+ 2F -3+c_ 1. Minor ex- 
change vectors are AWe_ 1, and CrFe_ 1. 

Under  the given metanaorphic conditions and within 
the analyzed range no compositional gap could be 
found. 

Mass balances have shown that the vein paragenesis 
Ti-andradite, andradite, chlorite, diopside, magnetite 
and vesuvianite originates without introduction of  ele- 
ments from the surrounding serpentinite. In the studied 
ultramafics Ti-andradite and vesuvianite originate only 
in association with chlorite with high A1 (0.95 <J(AI< 
1.1), The Al-content of  this chlorite differs from antigor- 
ite-chlorite paragenesis (JfA, ~ 0.7). Antigorite-frce clino- 
pyroxenites containing clinochlore have most probably 
formed from an orthopyroxene/olivine poor  and clino- 
pyroxene rich layer. Clinopyroxenite rocks of  this type 
are rare in the Malenco ultramafics. Compared to other 
layers, the chemistry in this layer may be unusual. As 
reducing conditions seem to be common in the Malenco 
ultramafics (Peretti et al. 1992), the formation of  Ti-an- 
dradite may be related to low oxygen fugacity. 
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