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Summary

The coexistence of a colourless and a yellow garnet was observed in eclogite-facies
manganese concentrations of the Mesozoic ophiolitic Zermatt-Saas Unit, at the
Praborna mine near Saint-Marcel, Val d’Aoste, Italy, and in the upper Maurienne
Valley, France. They occur both in oxidised metachert with hematite and braunite
(+ minor Mn-pyroxenoid and tirodite, rare tiragalloite; with ardennite or piemontite in
distinct layers), and in more reduced, carbonate-rich boudins included in it. The co-
occurrence takes a variety of textural aspects, from coexisting euhedral garnets
(10—100 pm in size for the calderite to mm-size for spessartine) to sharp overgrowths of
yellow calderitic garnet on colourless spessartine, to yellow cauliflower-like masses (a
few hundreds of um in size) overgrowing colourless spessartine and showing evidence
of oscillatory zoning, resorption stages and resumed growth. Sector zoning and
anisotropy are common, although not consistent features.

Compositions can be expressed to 95% in the quadrilateral system (Ca, Mn>*);
(Al, Fe*"), Siz0y,, with less than 1.0 wt% MgO and 0.8 wt% TiO, in colourless spessar-
tine, and less than 0.2 wt% MgO and 1.6 wt% TiO, in yellow garnet. Calcium partitions
into the ferric garnet. Coexisting pairs define two compositional gaps, bounded by
values of the Fe’*/(Al +Fe’") ratio of 10 and 15% for the first one, of 40 and 65%
for the other. The optically obvious discontinuity (colour change and Becke’s line)
corresponds to the narrower gap, between colourless spessartine and yellow spessartine,
whereas the broad compositional gap occurs within yellow garnet, between yellow
spessartine and yellow calderite, and is only revealed by back-scattered electron
images. Only the latter can be a candidate for a miscibility gap, if any.



B. Cenki-Tok and C. Chopin

Introduction

Calderite, Mn3Fe’*,Si30,, is the manganese ferric end-member silicate garnet.
Calderitic garnet, greenish-yellow under the optical microscope, is relatively rare
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Fig. 1. Occurrence and composition of calderitic garnet: literature data projected in the
Ca—Mn-Al-Fe3* quadrilateral. 1: Amphibolite-facies, Namibia (Vermaas, 1952; Dunn,
1979). 2: Amphibolite facies (0.6—-1.0GPa, 600—650°C), Labrador, Canada (Klein,
1966); with rhodonite, kutnahorite or rhodochrosite, and hematite. 3: Amphibolite-facies,
Maharastra, India (Sastri, 1963). 4: External zone of a contact aurcole (P=1.0-1.2 GPa),
Brezovica, Serbia (Schreyer and Abraham, 1977), with howeite, amphibole, apatite and
ferristilpnomelane. 5: Blueschist facies, Laytonville, California (Muir Wood, 1982); with
rhodonite, grunerite, kutnahorite and deerite. 6: Amphibolite-facies (0.6 GPa, 600—-650 °C),
Maharastra, India (Dasgupta et al., 1987); with braunite, pyroxmangite, rhodochrosite,
jacobsite, quartz and hematite. 7: Blueschist facies (>1.0GPa, 450-500°C), Andros,
Greece (Reinecke, 1987); with quartz, rhodonite, rhodochrosite, deerite, magnetite, barite,
androsite-(La). 8: Orthogneiss (UHP or 0.5 GPa? 400-500°C), Su-Lu, eastern China
(Enami et al., 1995); overgrowth on grossular-almandine garnet in gneiss with quartz,
microcline, albite, biotite, epidote, hematite, titanite and zircon). 9: Ultrahigh-temperature
granulite facies, Eastern Ghats, India (Mukhopadhyay et al., 2002); with tephroite, cli-
nopyroxene, hausmannite, apatite, Mn-rich calcite, +bustamite, magnetite. 10. Eclogite
facies, Praborna, W. Alps (Martin and Kiénast, 1987); with hematite, Mn-pyroxenoid,
tirodite and quartz. 11. Amphibolite facies, Gamsberg, Namaqualand, S. Africa (Stalder
and Rozendaal, 2005); with rhodonite, hematite or magnetite, calcite, Mn—Zn-spinel,
quartz. 12. Amphibolite facies, Otjosondu, Namibia (Bithn et al., 1995), with braunite,
jacobsite, rhodonite, etc. 13. Same locality as 12 (Amthauer et al., 1989). 14. Greenschist
facies? Delinesti, Romania, with spessartine, aegirine, pyrophanite, hematite, etc (wet-
chemical analyses, Hartopanu et al., 1997)



Calderite and spessartine garnets in eclogite-facies

in nature (caption to Fig. 1), although favourable rock-compositions are common.
It occurs in Mn-rich metasediments, in which the aluminous counterpart spessar-
tine, Mn3Al,Si30,, is normally very common. Calderite and spessartine may
indeed occur in neighbouring rocks (e.g. Bithn et al., 1995); however, their coex-
istence has been reported only once (calderite in cross-cutting veins or as over-
growth on earlier spessartine, Fig. 6 in plate Il of Hartopanu et al., 1997). In this
contribution, we report their coexistence in Mn-deposits metamorphosed under
blueschist- to eclogite-facies conditions in the Western Alps. This coexistence
raises two problems. The first one deals with the nature of the solid solution
between aluminous and ferric Mn-garnets, in particular whether a miscibility gap
exists along this join. This is a long-standing problem in the calcic system between
grossular, CazAl,;Si304,, and andradite, CazFe?t,Si30,. In oscillatory zoned
hydrothermal garnet formed at 300—400 °C, Jamtveit (1991) observed two compo-
sitional gaps, one for molar fractions of andradite (Xa,q) between 0.20 and 0.35,
the other one between Xa,q 0.65 and 0.90. He interpreted the latter as a miscibility
gap because of the agreement with the gap predicted at these temperatures by the
subregular solution model of Engi and Wersin (1987) for this system, based on the
experimental work of Huckenholz and Fehr (1982). However, direct textural evi-
dence for immiscibility, like exsolution, has not been reported yet.

The second problem is that the compositional range observed is also controlled
by the thermodynamic stability of calderite, which is much more restricted than
that of andradite. Indeed, experimental studies suggest that calderite is a high-
pressure phase (Lattard and Schreyer, 1983), with a stability field limited on the
high-temperature and low-pressure side by the reaction

calderite = Fe,O3 (hematite) + MnSiO3 (pyroxmangite) 1],

running at about 2 GPa at 700 °C and 3 GPa at 850 °C.

The products of this simple reaction as well as equivalent assemblages such
as pyroxenoid—spinel are quite common in metamorphosed Mn-ores, suggesting
that uncommon conditions are required for calderite formation, like high pressure
(P) or low temperature (7). Oxygen fugacity (fO,) also plays a role since, at least
in the experiments, calderite only appears in a narrow fO, range around the
hematite /magnetite buffer (Lartard and Schreyer, 1983). However, the occurrence
in nature of calderitic garnets over a range of P—T conditions, from the blueschist
to the granulite facies (Fig. 1), points to the possible stabilising effect of additional
components.

On the basis of a petrographic study of two occurrences of associated calderite
and spessartine, we aim at (i) constraining the nature of the calderite—spessartine
solid-solution, which is controlled by Al-Fe3t substitution in the octahedral site,
(i1) accounting for the origin of the observed textures and assemblages in the light
of intensive and extensive parameter variations.

Geological setting

The Mesozoic sedimentary sequence associated with the ophiolites of the Western
Alps, i.e. the “Schistes lustrés” formation, hosts a number of manganese concen-
trations in radiolarites or siliceous strata. These sediments belong to the lower part
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of the section deposited on the Jurassic, Tethyan ocean floor, either on pillow lavas
or hydrothermally altered metabasites, or directly on gabbro or serpentinite. This
sequence was metamorphosed during Alpine subduction and collision, from
lowest-grade blueschist-facies conditions in the external units (e.g. Martin and
Polino, 1984; Martin and Lombardo, 1995) to eclogite-facies conditions in the
internal units (Gruppo Ofioliti, 1977), locally reaching coesite-eclogite conditions
(Reinecke, 1991). The two localities studied belong to the eclogite-facies Zermatt-
Saas Unit (e.g. Dal Piaz et al., 2001), which structurally overlies the Monte Rosa
and Gran Paradiso internal crystalline massifs. The Ouille du Midi locality belongs
to a small group of concentrations occurring at the upper end of the Maurienne
Valley, France (Chopin, 1978), on the western tip of the Gran Paradiso massif. The
Saint-Marcel locality is the famous Praborna mine, in Val d’Aosta, Italy, on the
north-eastern flank of the Gran Paradiso massif and immediately overlain by
the Austro-alpine Mt Emilius klippe (Martin and Kiénast, 1987). In either locality
the presence of eclogitic metabasite (with paragonite and glaucophane stable)
and of the talc—chloritoid—garnet (&£ phengite) assemblage in metapelite (Chopin,
1981a, b) [the latter magnificently developed near Praborna, at the Servette mine
(Martin and Tartarotti, 1989)] points to peak conditions on the order of 1.5 GPa,
500°C. These may be marginally lower in Maurienne (1.25+ 0.3 GPa, 480 4
50°C, Rolland et al., 2000) as compared to Val d’Aosta (P>1.0-1.2 GPa, 500—
600 °C; Martin and Tartarotti, 1989; Dal Piaz et al., 2001).

Occurrence and mineralogy

In Maurienne, a few small Mn deposits occur as quartz-rich lenses intercalated
within several-metre-thick, mappable layers of quartz—phengite—almandine schist
(‘Radiolarites’ on the 1:50,000 geological map, Fudral et al., 1994) in a series of
calcschist and metashale overlying bodies of serpentinite with ophicalcite and
minor metabasite. The lenses show a strong compositional layering among the
main phases quartz, braunite, hematite, spessartine, ardennite and piemontite.
These ‘oxidised assemblages’ imply several oxidation states of manganese and
essentially trivalent iron. In some lenses, a black weathering crust signals deci-
metre-size quartz-poor to quartz-free pods that consist of either rhodochrosite and
Mn-silicates (pyroxmangite, tephroite, friedelite, Mn humites), or of Mn-silicates
(tephroite, humites, chlorite) and spinels (galaxite, jacobsite). In both cases the
assemblages contain only divalent Mn, i.e. are ‘reduced’. These mineralogical
and chemical variations across the lenses most likely reflect the original composi-
tional banding of the protolith. For more details the reader is referred to Chopin
(1978) for the mineral assemblages, to Pasero and Reinecke (1991) and Pasero et al.
(1994) for ardennite. Since then, in one such lens on the slopes of QOuille du Midi
(OM), we found calderitic garnets in two rock-types: oxidised braunite-quartzite
showing the strong compositional layering mentioned above (sample series
OM-Mn and Ard) and a small massive, pink to grey Mn-silicate—carbonate pod
(OM-96M).

The Praborna mine in Saint-Marcel (SM) is a classical locality from which a
number of Mn minerals have been described, like piemontite (Kenngott, 1853),
roméite (Damour, 1841; Brugger et al., 1997) and strontiomelane (Meisser et al.,
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Fig. 2. a Typical overgrowth of yellow garnet on colourless spessartine. Note the Becke
line between core and overgrowth. b Octahedral yellow garnet in quartz. Both: photomi-
crographs, plane polarised light, quartzite sample # Ard, Ouille du Midi
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1999), not to mention the spectacular colour varieties of pyroxene, phengite, tita-
nite, etc (e.g. Bondi et al., 1978; Brown et al., 1978; Mottana et al., 1979). A fine
geological and petrological description is given by Martin and Kiénast (1987) and
Tumiati (2005), to which the reader is referred for details. The situation and struc-
ture of the deposit, with a layered oxidised quartzite horizon containing the brau-
nite ore but also some reduced boudins of Mn carbonate—silicates assemblages, are
basically the same as in other deposits of the Val d’Aosta or the Maurienne valley,
yet with a greater thickness and areal extension. We found calderite in two com-
posite samples collected on the mine dumps, macroscopically described below.
One [SM54] shows the contact between a pink pyroxenoid—rhodochrosite fels
and spessartine quartzite, in a single thin section. The other [SM56], is a two-
fist-size block of vein quartz containing abundant brecciated fragments of a dis-
membered yellow, very spessartine-rich bed and a larger, about 5 cm cockade. The
dark greyish-brown cockade core consists of fine-grained tephroite (partly ser-
pentinised) and rhodochrosite (thin section SM56-5, with calderite, hematite
and minor pyrophanite, jacobsite and manganiandrosite-(Ce) [vote 2002-49 of the
IMA-CNMMN, Cenki-Tok et al., 2006; cf. Bonazzi et al., 1996]). This core is sur-
rounded by a centimetre-thick pink spary reaction rind of rhodochrosite and Mn-
pyroxenoid (along with scattered crystals of spessartine, calderite, hematite and
pyrophanite, section SM56-2) passing, through increasing modal amounts of spes-
sartine, to a yellowish outer rim. The cockade represents a fragment of a carbonate-
rich, Si-undersaturated protolith and its successive reaction zones with the vein quartz
(a more complete description is in Cenki-Tok et al., 2006). To our knowledge
calderite is new to Praborna; the closest and sole approach was a zoned spessartine
crystal analysed by Martin and Kiénast (1987) in hematite—Mn-pyroxenoid quartz-
ite, showing a ferrian rim on a nearly Fe-free core (no. 10 in Fig. 1).

Some samples devoid of calderitic garnet may give hints as to bulk-chemical
controls on the appearance of this garnet. For instance, the silica-deficient but
Al-rich, Mn-chlorite—galaxite—jacobsite assemblage in Le Villaron Mn-ore body,
near Ouille du Midi, does not bear calderite (Chopin, 1978). Similarly, in the
quartz—braunite ore at Ouille du Midi, calderitic garnet is typically absent from the
layers containing other Mn—Al-silicates in addition to spessartine, like piemontite
and ardennite. Clearly the more alumina-rich compositions of these systems pre-
vented calderite occurrence. In Saint-Marcel, green pods in quartzite (SM-57) con-
sist of clinopyroxene, spessartine, epidote, titanite, hematite; these less Mn-rich and,
again, more Al-rich bulk compositions were not suitable for calderite formation.

Petrography, textural relationships of garnets

In hand specimen calderite crystals cannot be distinguished from the millimetre-
sized spessartine crystals. In transmitted light two garnet phases are conspicuous:
colourless spessartine and a greenish to yellow garnet, referred to as calderitic.
This practical colour distinction is retained for the micro-petrographic description,
even if calderitic garnet, i.e. yellow garnet, will be shown later to be either Al-
dominant (then referred to as yellow or calderitic spessartine), or Fe*"-dominant
(then referred to as calderite). Given the composite or layered nature of most
samples, the petrographic description is more conveniently made according to a
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few generic rock types that may occur side by side in a given sample. These are
quartz—braunite ore, spessartine quartzite and pyroxenoid—rhodochrosite fels.

Quartz—braunite ore (sample OM-Mn) is the most oxidised rock type, with
trivalent Mn expressed in braunite and piemontite. Locally lensoid aggregates
containing macroscopically yellow garnet (mostly spessartine) appear within the
gneissosity. Attesting to an early assemblage, small (20—100 pum) crystals of apa-
tite, braunite, rutile, piemontite and rare pyrophanite are preserved as inclusions in
some colourless garnets. The main rock-forming assemblage, with some composi-
tional layering, includes poikilitic, colourless garnet, quartz, braunite, carbonate,
Mn-pyroxenoid, tiragalloite (MnsAsSi;O;,(OH), a new occurrence, cf. Gramaccioli
et al., 1980) and yellow garnet, although there is locally evidence that the latter
postdates the main assemblage. Retrograde manganocummingtonite and carbonate
developed locally, and coatings of Mn higher oxides are supergene. This is the sole
rock type in which calderitic garnet reaches a relatively large size (50—200 pm); it
is pale yellow, zoned, with anisotropic extinction and sector-twinning. Locally
yellow garnet forms blurred isotropic overgrowth (<30 pm) on poikilitic, colourless
spessartine crystals (100—300 pm). Quartz grains commonly mark the boundary
between the two garnet phases. Rarely small yellow calderite crystals (<30 pm)
grow at the grain boundaries of coexisting colourless spessartine, pyroxenoid, he-
matite and braunite crystals. Ardennite and piemontite coexist in other layers.

Spessartine quartzite (SM54 pro parte, SM56 pp, OM-Mn pp, Ard) is a less
oxidised rock type, bearing mostly divalent Mn but essentially trivalent Fe. Large
(up to mm-size) colourless spessartine crystals contain quartz and opaque in-
clusions, and, together with quartz, rhodochrosite, hematite, pyrophanite and
pyroxenoid, make most of the mineral assemblage. In addition, coarse yellow
manganoan aegirinic diopside and amphibole occur locally in sample SMS56.
Yellow garnet (Fig. 2) forms systematic over- and inter-growths (<100 pm) around
and along poikilitic, colourless spessartine crystals (200-600 um) shielded in the
quartz matrix. The contact is blurred or sharp; in the latter case it can be crystal-
lographically controlled (Fig. 3a). Locally yellow calderite also appears as tiny
single crystals (<100 pm) included in late developed quartz areas, or forms thin
amoebic arms interstitial to matrix quartz.

The rhodochrosite—Mn-pyroxenoid fels (SM54 pp, SM56 pp, OM-96M) occurs
as pods or layers within spessartine quartzite. It is a relatively reduced (divalent Mn
and mostly trivalent Fe) and carbonate-rich, silica- and alumina-poor rock type.
Quartz-free parts bear tephroite in both localities (SM56-5, OM-96M). Pyrophanite
is a common accessory, along with manganiandrosite-(Ce) in SM54 and SM56, and
with rare titanite in OM-96M; all are anhedral and fine-grained. Yellow garnet is
absent from the pink fels part of SM54 but occurs in the other samples as heaps of
small euhedral isotropic crystals (10-50 pum) arranged in necklace texture in the
carbonate groundmass, and as overgrowth (<100 pm) on and along fractures in a
few scattered poikilitic, colourless spessartine crystals (100-300 pm).

Backscattered-electron (BSE) images reveal that, in quartz—braunite ore and
spessartine quartzite, three rather than two garnet phases can be distinguished
(Fig. 3b—d). The darker phase in BSE is richer in Al and corresponds to the colourless
spessartine. The brighter and the intermediate phase are richer in Fe, both appear
yellow in transmitted light and they correspond to yellow calderite and yellow
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Fig. 3. BSE images of calderitic overgrowths (light) on spessartine cores (dark). a Simple
overgrowth, with no evidence of resorption at the interface (#Ard 2a; the bright spots are
artifacts). b Complex overgrowth. Note the embayment (resorption of the core), the growth
of an intermediate zone, then of the outer calderite rim (#SM-54). ¢ Cauliflower-like
overgrowths of yellow garnet on colourless spessartine, with evidence of oscillatory
zoning (right hand side of the picture; #0OM-Mn). d Calderite envelope on spessartine-
intermediate garnet intergrowth (#SM-54). Note the highly corroded remnants of high-Al
spessartine within the intermediate zone (upper left quarter), whereas the contact between
intermediate and outer zone is smoother (along rational planes?), as in (b). The arrowheads
on the right-hand side indicate the profile shown in Fig. 6
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spessartine, respectively. At the Ouille du Midi locality, brighter and intermediate
garnet form complex intergrowths (Fig. 3c) in spessartine quartzite and quartz—
braunite ore. The large euhedral anisotropic yellow garnet crystals in the latter rock
type are also of intermediate composition, whereas, both in the carbonate rock and
the quartzite, the strings of small yellow calderite (Fig. 2b) are extremely rich in
Fe** and can also directly overgrow the colourless spessartine (Figs. 2a, 3a). In the
Saint-Marcel quartzite samples, the three garnet phases are well represented. The
darker and brighter garnets [colourless spessartine and yellow calderite] are com-
monly not in contact but are separated by a rim of intermediate garnet [yellow
spessartine] (Fig. 3b—d), with the sequence: darker garnet core, darker and inter-
mediate garnet intergrowths, brighter garnet rim sharply overgrowing the envelope
of the intergrowths.

In summary, whatever the locality and the rock-type, the growth of a yellow
calderitic garnet postdates that of colourless spessartine. This yellow garnet is only
of intermediate, spessartine composition in quartz-braunite ore (OM), only of cal-
derite composition in the carbonate—pyroxenoid fels (OM and SM), and grades from
intermediate spessartine to calderite in the quartzites (SM mostly, OM).

Chemistry of coexisting garnets

Analytical procedure

Electron-microprobe (EMP) analyses were performed with a Cameca Camebax
apparatus at University Paris 6 (I15kV, 15nA, 10-30s counting time on peak,
and natural and synthetic standards: diopside (Si, Mg, Ca), anorthite (Al), albite
(Na), orthoclase (K), Fe,Oz, MnTiO3; (Mn, Ti), AsGa (As). Garnet formulae are
recalculated on a fixed number of cations, which makes the result independent of
the actual valence state of Fe and Mn. Considering the possibility of a hydrogarnet
component, all cations are calculated on the basis of 5 non-tetrahedral cations, a
procedure that admittedly amplifies any analytical error on the major cation Si [for
which an andradite standard could have been more appropriate (D. Lattard, pers.
comm.)] and ignores tetrahedral ferric iron. Silicon and arsenic if any are assigned
to the tetrahedral site. The octahedral site is first filled with aluminium, titanium
and iron. If their sum is larger than 2, the remaining Fe is assigned to the dode-
cahedral site and can form a ‘skiagite’ (Fe’*3Fe’*,Si30;,) component. If the sum
is lower than 2, the octahedral deficit is filled by Mn which may form a ‘blythite’
(Mn?*3Mn**,Si30;,) component.

Results and a graphical representation

The average atomic Si content per formula unit (pfu) obtained for colourless garnet
as well as for yellow garnet is 2.97, implying a negligible hydrogarnet component,
if any. This is confirmed by analytical totals close to 100 wt% if all Fe is considered
trivalent, as indicated by the structural formulae. Accordingly, the Al (or "Fe)
percentage is always low and was ignored in the following. Likewise the ‘blythite’
or ‘skiagite’ percentage calculated for most garnets is lower than 1.1 mol%, except
for a few analyses of yellow garnet in sample OM-Mn1 that show ‘blythite’ con-



Calderite and spessartine garnets in eclogite-facies

Table 2. Representative EMP analyses of coexisting carbonate (carb) and Mn-pyroxenoid (pxd) in the
main rock-types, and of tiragalloite

wt%™ Quartzite SM 54  Rhodochr.-pyroxenoid fels OM 96 Qtz-braunite ore OM Mnl
pxd carb pxd a pxdb carba carbb pxd carb tiragal.

Si0, 45.90 46.40 4643 46.69 31.20
ASQO5 16.06
V,05 0.85
FeO tot 0.35 0.16 0.43 0.24 0.09 0.11 0.00 0.12 0.17
MnO 51.34 55.45 51.48 4850 5595  53.59 51.18  49.78  47.70
MgO 0.49 0.43 1.30 2.24 0.99 2.06 1.18 2.29 0.21
CaO 1.36 3.19 1.28 2.36 2.84 4.15 2.03 6.05 0.63
Total 99.42 59.24 100.88  99.76  59.88 5991 101.08  58.24  96.81
Cation basis 2 1 2 2 1 1 2 1 8

Si 0.999 0.991 0.992 0.994 3.06
As 0.82
v 0.06
Fe 0.006 0.003 0.008  0.004 0.001 0.002 0.000  0.002  0.01
Mn 0.947 0.918 0.931 0.878 0912  0.856 0.923  0.808  3.96
Mg 0.016 0.012 0.041 0.071 0.028  0.058 0.037  0.065 0.03
Ca 0.032 0.067 0.029  0.054 0.059 0.084 0.046  0.124  0.07

* Nazo, A1203 and T102 all <0.05 wt%

tents up to 9.8 mol% (for a negligible Al component). Magnesium is consistently
low and partitioned into colourless garnet (<1 wt% MgO in colourless garnet;
<0.2wt% MgO in yellow garnet; Table 1). Titanium is a minor component pre-
ferentially incorporated into yellow garnet (<0.8% vs. <1.6% TiO, in colourless
and yellow garnet, respectively; Table 1). Other elements like Na, V, As or P
are below or close to EMP detection limit, even in the presence of tiragalloite
(analysis in Table 2, along with those of coexisting carbonate and Mn-pyroxenoid).
Therefore, the chemistry and compositional variations of the studied garnets are
accounted for to more than 95mol% by the four components CazAl,Si30;,
Mn;Al,Si504,, CasFe’*,Si30;, and Mn3Fe’*,Si30,,. Hence we chose a quadri-
lateral chemical representation (Fig. 4) in which the XFe =Fe/(Fe + Al) and
XMn =Mn/(Mn + Ca) ratios represent the amount of substitution in octahedral
or dodecahedral site, respectively. We definitely recommend the use of this repre-
sentation, because it avoids the pitfalls of the arbitrary choices inherent to any
decomposition of structural formulae into end-member garnets, and to any trian-
gular plot. The X=0.5 lines divide this diagram into the four fields grossular,
andradite, calderite and spessartine (Fig. 4c), allowing unique assignment of the
proper name to any relevant garnet.

Paragenetic variations

The garnet compositions for each rock type are shown in Fig. 4. In spessartine
quartzite (Fig. 4a), calderite compositions cluster around XFe =0.75 and XMn =
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Fig. 5. Histograms showing
(a) the proportion of octahe-
dral ferric iron in all the gar-
net analyses of this study (362
EMP analyses); (b) the pro-
portion of octahedral ferric
iron in grandite garnets stud-
ied by Jamtveit (1991) and
Pollok et al. (2001)
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Fig. 4. Quadrilateral representation of the chemistry of coexisting garnets (MgO < 1 wt%),
TiO, < 1.6 wt%) according to rock types. Squares, Saint-Marcel locality; triangles, Ouille
du Midi locality; circled crosses, analyses from profile of Fig. 6. Tie-lines connect com-
positions of colourless core and yellow rim in a garnet crystal
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0.6. These correspond to the sharp yellow garnet overgrowth on both yellow and
colourless spessartine, as found in the two localities. For most spessartine garnets
XFe ranges between 0.0 and 0.4, the boundary between colourless and yellow
colour occurring near XFe =0.15. Therefore, the common pattern observed is
colourless spessartine core, yellow spessartine overgrowth (with or without resorp-
tion features) and yellow calderite rim (Fig. 3b, d). Intermediate, ‘yellow-spessar-
tine’ compositions are widespread in Saint-Marcel but rare at Ouille du Midi in this
rock type. In the rhodochrosite—Mn-pyroxenoid fels from both localities (Fig. 4b)
garnet compositions cluster in two groups, calderite and colourless iron-poor spes-
sartine, without intermediate compositions. Isolated calderite and colourless spes-
sartine crystals show higher iron and aluminium content, respectively, than their
counterparts in rare crystals showing overgrowths. In the braunite—quartz ore
(Fig. 4c; Ouille du Midi only), garnet compositions form two groups. One is close
to the spessartine end-member, the other is of intermediate composition (XFe ranges
between 0.20 and 0.45) and corresponds to yellow spessartine. In this group, the
more Mn-rich analyses pertain to large, euhedral isolated yellow garnet crystals,
the less Mn-rich to overgrowths on colourless spessartine. The compositional var-
iations in these overgrowths must be connected to the density contrasts revealed by

Yellow P Yellow Colourless

» @
Ll )

—_ = = — —»< . -
calderite spessartine spessartine

1.0

0 8 16 24 32
Distance (um)

Fig. 6. Analytical traverse (ca. 35 um) across the contact between spessartine and calderite
(#SM-54; see location on Fig. 3d): concentration profiles from EMP analyses. XFe = Fe/
(Fe 4+ Al); XAl = Al/(Al+ Fe); for this figure XMn=Mn/(Mn + Ca+ Mg); XCa=Ca/
(Mn + Ca+ Mg); XMg=Mg/(Mn + Ca+ Mg). Note the Mn and Ca behaviour in the
intermediate zone, which precludes the possibility of mixed analyses
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BSE pictures (Fig. 3c) that suggest complex, locally oscillatory zoning, below
EMP spatial resolution.

Compositional gaps

All the 362 garnet analyses performed are presented with respect to Fe—Al sub-
stitution on the histogram of Fig. 5a. This projection highlights the three groups
defined above, corresponding to spessartine with XFe = (0.00—0.10 (colourless in thin
section, darker zones on BSE images), yellow spessartine with XFe =0.15-0.40
(yellow in thin section, intermediate brightness in BSE) and calderite with
XFe>0.65 (yellow in thin section, brighter zones on BSE images). Very few
analyses (4 out of 362) project in the XFe =0.40-0.65 range and may represent
mixed analyses near zone boundaries. The implied compositional gap is the most
obvious candidate for a miscibility gap, if any. Ironically, this large gap defined
within yellow-garnet compositions does not match the conspicuous optical discon-
tinuity materialised by the colour change and a Becke’s line between yellow and
colourless garnet. The latter corresponds to the narrow range XFe =0.10-0.15, in
which only few analyses do project (Fig. 5a).

Al/(Al+Fe)

SPESSARTINE
1.0

ocolourless spessartine

0.9

0.8

0.7

0.6

0.5

0.4
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0.0 - - . . ' . . . '
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CALDERITE Tia.p.f.u

Fig. 7. Titanium content as a function of Al-Fe*" substitution in Mn-rich garnets of Saint-
Marcel and Ouille du Midi: in quartz-braunite ore (##OM-Mnl, squares), spessartine
quartzite (#SM54, #0OM-96M p.p., small diamonds) and rhodochrosite—Mn-pyroxenoid
fels (#SM56, #0OM-96M, triangles). The larger circles refer to the point analyses of the
profile of Fig. 6 and Fig. 3d. The uncertainty on Ti is much larger than symbol size
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The nature of these potential gaps was further explored by a compositional
profile (Fig. 6; circled crosses in Fig. 4a) across three apparently homogeneous
garnet zones (Fig. 3d). Calderite is homogeneous and shows the highest XFe and
lowest XMn values (around 0.78 and 0.60, respectively). Colourless spessartine
is homogeneous, with the lowest XFe (0.07) and a high XMn value (0.80).
Yellow spessartine is not homogeneous, unlike suggested by BSE images. It
shows continuously decreasing XFe values (0.32—0.12) which are intermediate
between those of calderite and spessartine. In contrast, the XMn value shows
only minor variations (around 0.87) but is the highest of all the three zones —
which, incidentally, is evidence that none of the three yellow-spessartine anal-
yses can be a linear combination of calderite and colourless spessartine. The two
analyses located on either side of the optical and BSE discontinuity give a
maximum extent for a compositional gap on the Al-rich side (XFe=0.08—
0.14 and XMn=0.81-0.89), if any. Yet, the major chemical changes in both
dodecahedral and octahedral sites occur at the border between yellow spessartine
and calderite: XFe and XMn drastically change from 0.78 to 0.32 and 0.59 to
0.86, respectively.

The minor element Ti provides one more dimension to look at these composi-
tional gaps (Fig. 7). Its partitioning between coexisting colourless and yellow
spessartine in quartz—braunite ore shows a quite different pattern from that be-
tween directly coexisting colourless spessartine and yellow calderite (in quartzite
or carbonate fels), and from that between colourless Ti-rich spessartine and yellow
Ti-poor spessartine in quartzite.

Discussion

Crystal chemistry

The analyses of coexisting garnets suggest that Ca and Ti are preferentially incor-
porated into the calderite-rich crystals. In Fig. 4, the positive slope of the lines
linking calderite-rich and calderite-poor clusters shows a coupled incorporation of
Fe** (for Al) and Ca?>* (for Mn) into the calderitic garnets, which may reflect a
concomitant increase in size of the octahedral and dodecahedral sites. Jamtveit et al.
(1995) made a similar observation for hydrothermal Mn-poor andradite-rich gar-
nets. In addition, we observe that, in most instances, Ti preferentially enters the
ferric garnet (cf. Table 1 and Fig. 7). For andratitic garnets, Armbruster et al. (1998)
suggested that Ti is incorporated via the schorlomitic mechanism [©/Ti*t+
WEe3t = BIFe3t + MWISi**, to which Chakhmouradian and McCammon (2005)
added the "AI analogue O1Ti** + WAP+ = OJFe3+ 4 [4Si**. The small range of
Ti contents and the small departure of the Si contents from 3 pfu in our calderite
analyses do not allow identification of one particular mechanism.

Another crystallographic particularity of the spessartine—calderite garnets stud-
ied here is that they are not always isotropic. This feature is common in grandite
garnets (e.g. Allen and Buseck, 1988) and a variety of possible mechanisms has
been proposed to account for the departure from cubic symmetry (reviewed by
Andrut and Wildner, 2001), like partial ordering of Al-Fe in octahedral sites, or of
a hydrous component; or strain arising from lattice mismatch at compositional
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boundaries in zoned garnets. However, we could not establish any consistent link
between anisotropy and composition or paragenesis.

Controls on calderite stability; growth and dissolution features

Experiments as well as other natural occurrences point to the importance of exten-
sive and intensive parameters for the appearance of calderitic garnet. Lattard and
Schreyer (1983) suggested that the formation of end-member calderite is restricted
to fO, close to the hematite/magnetite buffer. In the grossular—andradite system,
Jamtveit et al. (1995), considering the different aqueous complexation behaviour of
AI** and Fe*, showed that Fe’* incorporation in garnet is strongly dependent on
temperature, pH, fO, and salinity, a higher fO, favouring Fe** incorporation in the
solid (garnet). Thus, the composition of the intergranular fluid may play a key role
in the appearance of calderitic garnet as well. The deposits studied here were
metamorphosed under similar temperature conditions but show quite a range of
oxidation states, with layer to layer variations that are inherited from the sedimen-
tary protolith and reflect internal fO, buffering by the solids (Chopin, 1978, cf.
Buthn et al., 1995). For the samples bearing calderitic garnet, the relevant fO,
conditions can be bracketed between 10~'“~10~7 bar for the spessartine quartzite
and rhodochrosite fels (i.e. between the hematite/magnetite buffer and the Mn-
pyroxenoid—quartz /braunite buffer), and, for the braunite ore, near 1077 bar with
pyroxmangite (e.g. Abs-Wurmbach et al., 1983).

The petrographic observations show that the growth of calderitic garnet post-
dates that of spessartine. Indeed, even if calderitic garnet was able to nucleate
independently of pre-existing spessartine (e.g. as strings of minute crystals in
rhodochrosite—pyroxenoid fels or hematite—quartzite), the few spessartine porphyr-
oblasts present have an overgrowth of yellow garnet. Spessartine is the sole mineral
with Al in all the calderite-bearing samples studied, and layers bearing other Mn—
Al-silicates like piemontite or ardennite do not contain calderitic garnet. This
clearly points to Al availability as one of the controls on calderite formation and
shows that, in the less Al-rich systems, Al was early sequestered into the spes-
sartine garnet. As the spessartine porphyroblasts do not show early inclusions of
calderitic garnet, nor an increase in Fe** content toward their rim, the inference is
that calderitic garnet was not stable during spessartine growth but rather that the
composition of the latter was buffered to very low Fe** values by the stable
coexistence of hematite with pyroxenoid (cf. reaction [1]) — or even of hematite
with rhodochrosite + quartz at a very early stage of the prograde history. It is
difficult to assign the few chronological indications derived from textures [like
rhodonite cores in pyroxmangite in Haute-Maurienne (Fig. 2 in Chopin, 1978)
or the calderitic overgrowths on spessartine] to specific stages of the regional
P-T evolution through eclogitic conditions. However, given the high-pressure sta-
bility of end-member calderite (Lattard and Schreyer, 1983) [and of pyroxmangite
vs. rhodonite (Maresch and Mottana, 1976)], these overgrowths are tentatively
assigned to the prograde history and, for the calderitic garnets, to late stages of
the prograde history. With increasing pressure, pyroxmangite /rhodonite + hematite
become unstable and, through the intergranular fluid, calderitic garnet may nucleate
at some distance (within rhodochrosite pockets of the rhodochrosite—pyroxenoid
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fels, or within the quartz groundmass of the quartzite) or grow on pre-existing
spessartine crystals.

The textural relationships between colourless spessartine and the yellow spes-
sartine overgrowth are most enlightening in this respect, considering that erosion of
original features by late re-equilibration through volume diffusion is highly un-
likely at such low temperatures as 500 °C. Figure 3d shows that ‘intermediate garnet’
(yellow spessartine) precipitates on a highly corroded and resorbed (colourless)
spessartine core and that, therefore, the intergranular fluid attending such preci-
pitation was clearly out of equilibrium with the spessartine core. An important
implication is that the narrow gap (XFe =0.10-0.15) between the core and over-
growth compositions does not reflect equilibrium (cf. Fig. 7) and cannot represent a
miscibility gap, but rather the extent to which a calderite-(super)saturated inter-
granular fluid reacted with pre-existing garnet. Figure 3d suggests that this inter-
mediate zone was corroded in turn as the outer calderite rim precipitated. However,
this may not be the rule (cf. Fig. 3a, b) and calderite rims may also directly over-
grow colourless spessartine, with or without corrosion (Figs. 2a, 3a).

Miscibility gaps in garnet?

According to textural and chemical evidence, and within analytical error, if a
miscibility gap exists along the spessartine—calderite join, it has to be located
within the chemical domain XFe =0.40—0.65. However, immiscibility between
two phases is difficult to prove. The only definitive petrological evidence would
be exsolution of colourless spessartine within yellow garnet or vice versa, or, less
obviously, of a yellow calderitic garnet within another yellow, more or less cal-
deritic garnet. However, we did not find any evidence for exsolution.

There are few records of garnet immiscibility, and many of them are question-
able. They basically rest on three types of evidence: i) garnet precipitates within a
garnet matrix, which should be definitive evidence for exsolution; ii) a composi-
tional gap between two coexisting but physically distinct garnet groups, iii) a
compositional gap between growth zones of single garnet crystals, commonly
oscillatory zoned.

Cressey (1978) reported HRTEM observations of unoriented precipitates of an
iron-rich cubic phase in a grossular—almandine matrix, suggesting separation of two
garnet phases in this system. However, the observation was convincingly reinter-
preted by Brearley and Champness (1986) as magnetite precipitates in garnet.

Jamtveit (1991) recognized two compositional gaps in discrete coexisting gar-
net grains of the grandite series (Fig. 5b), one of which he interpreted as a possible
miscibility gap on account of a similar gap found in other occurrences, compatible
with unreversed experiments of Huckenholz and Fehr (1982), and suggested by the
subregular solution model of Engi and Wersin (1987), based on these experiments.
The coexistence of two Ti-rich garnets was reported by Labotka (1995) and taken
as evidence for immiscibility between andraditic grossular and schorlomite. How-
ever, the very cuspate, corroded outline of the inclusion of a less Ti-rich garnet
within a more Ti-rich garnet (his Fig. 1) can as well be reinterpreted as that of a
relic, with growth of a second garnet generation and partial resorption of the early
one. For a similar case of grossular-rich inclusions in pyropic garnet, Wang et al.
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(2000) provided an elegant method to distinguish a stable immiscible pair from a
disequilibrium coexistence in a single-phase field. If the pair results from immis-
cibility, decreasing temperature should lead to an enlargement of the compositional
gap at the interface, whereas an initial compositional difference due to disequili-
brium coexistence in a single-phase field will tend to homogenize upon annealing.
However, such observation is practically limited to high-temperature garnets for
diffusion to be effective and measurable; besides, it relies in its principle on the
assumption that no uphill diffusion of Ca or Mg occurs for the envisaged complex
compositions — a point that still needs to be ascertained.

The case of compositional gaps within oscillatory zoned crystals has received
much attention in the grandite series (e.g. Ivanova et al., 1998 with references),
including analysis at the very high spatial resolution required by oscillatory zoning
down to nanometre-scale (Pollok et al., 2001). Molecular simulations (Becker and
Pollock, 2002) suggest the existence of two miscibility gaps in the grandite series
at XFe =0.16—0.44 and XFe =0.55-0.85, both with critical solvus temperatures
of 370K at XFe~0.25 and XFe ~(.75. Such temperatures are too low to make
miscibility gaps responsible for the compositional oscillations during near-equili-
brium grandite growth (e.g. Jamtveit, 1991), rendering kinetic effects at the fluid—
solid interface a more likely explanation for the fluctuations (Becker and Pollock,
2002). In any event, the spectacular intergrowth texture observed by Yardley et al.
(1996) in a low-grade grossular-almandine overgrowth remains a unique and puzzling
observation; it is the most suggestive of a miscibility gap, although the compositions
involved are much more Fe-rich than expected from thermodynamic data.

Conclusion

The Mn garnets studied here reveal two compositional gaps that may be very remi-
niscent of those found by previous workers in the grandite system (even if a compi-
lation of the latter data does not show much consistency, Ivanova et al., 1998) and
of the immiscibility gaps derived from molecular modelling (Becker and Pollock,
2002). However, the textural evidence for heavy resorption of colourless spessartine
kernels before the (over) growth of yellow garnet precludes an equilibrium process
and, therefore, equilibrium compositions representative of a miscibility gap. The
situation is less clear-cut for the calderite overgrowths on either colourless or yellow
spessartine, but the weight of evidence also favours corrosion of the substrate,
hence disequilibrium compositions. Therefore the compositional gap observed
(XFe = 0.40-0.65) between these two yellow garnets represents only an upper bound
to any miscibility gap in the spessartine—calderites series.
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