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Summary

Na-—Fe augitic green-core pyroxenes (hereafter called GCPX) are common in the silica-
undersaturated basaltic rocks of many magmatic alkaline provinces. In the Cantal
massif, green-core pyroxenes occur in nearly all the Supracantalian basalts (9.5 to
2Ma), in contrast to the Infracantalian basalts (13 to 9.5 Ma) where they are rarely
observed. An electron microprobe study demonstrates that the GCPX crystallized from
evolved melts at intermediate to high pressures. Both Supra- and Infracantalian basalts
show major and trace-element compositions similar to those of Ocean Island Basalts
(OIB). However, the Supracantalian basalts exhibit an additional enrichment in Nb and
Ta which we ascribe to a metasomatic event in the magma source. This enrichment
could be related to the remobilization of metasomatic Ta and Nb-rich oxides located on
grain boundaries in mantle peridotites (Bodinier et al., 1996). The hypothesis of the
percolation of Si and K-rich metasomatic melts through the mantle is invoked to
explain the deposition of these Ta—Nb oxides. On the basis of mineralogical and
geochemical arguments, we suggest a relationship between these melts, the timing of
the percolation and the formation of GCPX observed in Cantal basalts. We propose that
GCPX crystallized in a melt differentiated by ‘““percolative fractional crystallization”
(PFC - Harte et al., 1993), a process which would account for the similar
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major-element composition of the GCPX and pyroxenes observed in the phonolites of
the Cantal massif. Amphibolitic siliceous metasomatic veins in peridotite xenoliths
recently described by Wulff-Pedersen et al. (1999) contain augites similar in composi-
tion to the GCPX in Cantal basalts, in addition to Nb-rich oxides. This confirms the
genetic relationship between metasomatic melts, GCPX and Nb-rich oxide parageneses.
GCPX would therefore seem to be linked to a metasomatic event which took place
both/either during and/or between the two main stages of basaltic outpouring, and is
consequently contemporaneous with the volcanism. We suggest that this process may
represent a common mechanism in many alkaline provinces, where asthenospheric
upwelling generates silicic metasomatizing liquids by PFC. This metasomatic process
is inferred to deposit accessory phases within the lithospheric mantle, a process fol-
lowed by the subsequent inheritance of this metasomatic imprint by the younger basalts.

Introduction

Na-Fe augitic green cores (GCPX) are a frequent feature found within augitic
clinopyroxenes of alkali basalts, basanites, nephelinites or leucitites. They have
been described in many alkali basaltic provinces such as the French Massif Central
(e.g. Babkine et al., 1968; Hernandez, 1971, 1973; Wass, 1979), the Eifel
(Huckenholz, 1966; Duda and Schmincke, 1985 and references therein), Italian vol-
canic regions (Civetta et al., 1979; Barton et al., 1982), Hungary (Dobosi et al.,
1992), the Canaries (Frisch and Schmincke, 1970), the Leucite Hills (USA) (Barton
and Bergen, 1981), Uganda (Lloyd, 1981), Isla da Trinidade (Greenwood, 1998) and
Morocco (Rachdi et al., 1985; Ibhi, 2000).

However, their origin is still a matter of debate. For instance, Barfon and van
Bergen (1981) concluded that the green pyroxenes from the Leucite Hills lava
formed either during local mantle metasomatism or by crystallization of differen-
tiated magmas of unknown origin. Since then, Duda and Schmincke (1985) have
suggested that these pyroxenes crystallized in SiO,-rich differentiated liquids dur-
ing a high-pressure stage of differentiation near the mantle/crust boundary.

We carried out a study of the green pyroxenes in the basaltic rocks of the Cantal
massif in the French Massif Central to test these contrasting hypotheses within a
context of silica-undersaturated and -oversaturated alkaline series. The Cantal alka-
line province displays a large spectrum of basaltic and intermediate compositions
and, as has been suggested by Liotard et al. (1999), shows the existence of a
metasomatized mantle directly below this province.

The Cantal massif

The Cantal massif is located in the French Massif Central, 150km south of
Clermont-Ferrand. With a volume of 2500km?® and a surface of approximately
5000km?, the Cantal massif is the largest Tertiary stratovolcano of the Tertiary-
Quaternary volcanic province of western and central Europe. The main phase of
magmatic activity between 13 and 2 Ma established the Cantal massif on a bulge of
the Variscan granitic and metamorphic basement of the Massif Central.

Between 13 and 2 Ma, three main magmatic periods occurred (Nehlig et al.,
2001). The first period (13 to 9.5 Ma) was characterized by the emission of scattered
alkali basalt or basanite flows and the formation of strombolian cones. Differentiated
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terms are missing from the beginning of the Cantal volcanic activity. During the
second period (9.5 to 6.5 Ma), a complex stratovolcano, perhaps 3000-4000 m high,
was formed by paroxysmal activity between 8.5 to 7.5 Ma. The corresponding lavas
are essentially trachybasaltic to trachytic; at the end of this period, several phonolitic
domes intruded along a SSE-NNW fault system. Pyroclastic events (Platevoet
et al., 1999) and several debris avalanches (Bourdier et al., 1989; Cantagrel, 1995;
Schneider and Fischer, 1998; Reubi and Hernandez, 2000) partially destroyed the
stratovolcano and flattened its shape. The lavas which erupted during the last period
(6.5 to 2 Ma) were again basaltic in composition and formed numerous dykes in the
center of the massif as well as large lava flows (““planezes’”) covering the foot of the
volcano, except in its south-western part. The Ice Age and subsequent erosion put
the final touch to the present landscape, with large valleys radiating from the center of
a massif culminating at 1855 m (Plomb du Cantal).

Magmatic evolution

The Mont Dore, Chaine des Puys and Cantal massifs show an association of SiO,-
saturated and SiO,-undersaturated magma series (Jung and Brousse, 1962; Brousse
et al., 1979; Maury and Varet, 1980).

The Cantal contains two mildly potassic alkaline series (Fig. 1). The undersatu-
rated series is composed of basanites, tephrites and phonolites. The oversaturated
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Fig. 1. Total alkalis vs silica diagram for the undersaturated and the oversaturated series of
the Cantal basaltic province. Classification and nomenclature from Le Maitre et al. (1989).
Data source from Collomb and Pilet (1996)
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series includes trachybasalts, trachyandesites, trachytes and rhyolites. The SiO,-
undersaturated lavas are present in minor proportion compared to oversaturated
rocks, with the exception of basanites, which are common.

Several hypotheses have been suggested to explain the existence of contrasted
series and in particular the presence of differentiated SiO,-oversaturated products,
essentially suggested for the Mont Dore area but also used for the Cantal massif: 1)
crustal contamination (Brousse et al., 1979); 2) hybridization of mantle- and crust-
derived magmas (Glangeaud and Letolle, 1966); 3) fractional crystallization, par-
ticularly amphibole fractionation (Maury, 1976; Maury et al., 1980; Villemant et al.,
1980; Villemant, 1985; Collomb and Pilet, 1996). More recently, Downes (1984)
and Wilson et al. (1995) suggested that AFC processes may explain the evolution of
the two series and, in particular, their isotopic (Sr, Nd) compositions. The origin of
these two distinct differentiation series is determined mainly by the composition
of the parental basaltic melts: basanitic melts leading to SiO,-undersaturated series
and alkali basaltic melts to SiO,-oversaturated series.

The two main periods of basalt emission, from 13 to 9.5Ma and from 9.5
to 2Ma, are usually referred to as the Infracantalian and Supracantalian basalts
respectively.

Mineralogy

Most of the Cantal lava flows are porphyritic with variable phenocryst contents (5
to 35%) (Fig. 2). The mineralogical composition of the Infracantalian and Supra-
cantalian alkali basalts and basanites is similar.

Olivine shows variable compositions in basanites (Fogg_74 from the core to the
rim) and alkali basalts (Fog4_7¢) whereas it is absent from basaltic trachyandesites
and more differentiated lava flows.

Clinopyroxene is present as phenocrysts and in the groundmass of all the rocks
from the SiO,-undersaturated series, but is not observed in trachytes with a poor
alkali content nor in rhyolites. Clinopyroxene is more abundant in basanites than
in alkali basalts. In mafic rocks, feldspar phenocrysts (Angy_34) are present only in
alkali basalts. Amphibole (kaersutite) is present from basaltic trachyandesites to
phonolites and trachytes, but not in rhyolites. Maury (1976), Maury et al. (1980),
Villemant et al. (1981) and Wilson et al. (1995) emphasized the role of this mineral
in the differentiation process of the two series. More SiO,-undersaturated rocks
contain feldspathoids (nepheline or leucite in the groundmass of basanites, hauyne,
sodalite or nosean as phenocrysts in tephrites and phonolites). Fe—Ti oxides (mag-
netite and/or ilmenite) are observed as microphenocrysts and microcrysts through-
out the basalt series. Apatite and zircon are present in trachyandesites, phonolites
and trachytes, but are absent in rhyolites. The same feature also applies to titanite,
which sometimes forms large phenocrysts in trachyandesites and phonolites, but is
absent from alkali-poor trachytes and rhyolites.

GCPX are common in Supracantalian basalts and basanites (Plate 1, photo-
graph 1) and exceptionally occur in Miocene Infracantalian basalts. We observed
different habits of crystals (Plate 1, photographs 1, 2 and 3), where three main
zones can usually be distinguished. The core zone, dark to light green in color, is
usually resorbed and surrounded by zoned inner and outer rims. The colorless
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Fig. 2. Phenocryst mineralogy of the oversaturated and the undersaturated series of the
Cantal basaltic province

weakly zoned inner rim evolves into a zoned brownish outer rim. These last two
zones, which occur in all clinopyroxene phenocrysts, are comagmatic. The color-
less inner rim is Cr-rich, whereas the brownish rim corresponds to the Ti-augite
chemical composition of the groundmass clinopyroxenes. The shape, color and
zoning of the cores are highly variable even within a single sample. Hourglass
zoning may be present (Plate 1, photograph 2), demonstrating a fast crystallization
rate for some of the cores. Most of the cores show a resorption step before the
crystallization of the colorless inner rim zone. Apatite, oxides and very occasion-
ally glass inclusions are found (Plate 1, photograph 2) in green cores. Finally, in
some rocks, the GCPX can form polycrystalline aggregates (Plate 1, photograph 3).

We carried out a systematic microprobe study of the pyroxenes in the basalts
and the other lavas to determine the origin of the GCPX (Table 1). All analyzed
pyroxenes have a QUAD composition according to the pyroxene classification of
Morimoto et al. (1988). The pyroxenes of basalts and basanites show limited
variation in composition, from Woys 4Enge oFs g7 to Woyue7Ensg gFsi4 in the
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Plate 1. (1) Typical green-core pyroxene with light Cr-augite inner rim and brownish Ti-
augite rim. (2) Green-core pyroxene with apatite, oxide and glass inclusions. (3) Green-
core CPX cumulate with common light rim. (4) Clinopyroxene with composite core:
Cr-augite inner core, GCPX outer core, light augitic rim and outer Ti-augite rim. Note
the growth of two Cr-augite cores before crystallization of outer GCPX core. This growth
association exclude in our sense the possibility of crystallization of the inner core after
dissolution of a previous GCPX (see text for explanation)

basalts and Woys oEng, 3Fs ;7 — Wos07Ensz4 7Fs 46 in the basanites. The compo-
sitional variation of pyroxenes in phonolites occupies the range Wo4gEns33Fs g to
WoysEn,sFssg. The pyroxenes from the trachytes have a more restricted composi-
tion (Woy3 9Eng, oFs135 to Woye2Ensz; »Fs 6.6). The GCPX show the same range of
compositions as the phonolitic pyroxenes. This feature can be noted in the Fe(2+)—
Na diagram (Fig. 3). In contrast, the pyroxenes from trachytes display lower Na
concentrations than the pyroxenes from phonolites and GCPX. Composition ranges
for the other elements (Mg, Al, Ca, Mn, K ...) are also similar in pyroxenes from
phonolites and GCPX, except for the total Al/Ti ratio (Fig. 4).

Thompson (1974) demonstrated that the total Al/Ti ratio in clinopyroxene is
correlated to the crystallization pressure. Compared to the other pyroxenes, the
GCPX of Cantal lavas are characterized by a higher and more variable Al/Ti ratio
(Fig. 4). According to Thompson’s (1974) experimental work on this ratio, the
compositions of pyroxenes from basalts to phonolites correspond to crystallization



16’6 SL'S 008 6C'8 gee vy §C0l 001 (42 66°S 876 IL/1vV

L90 990 8+°0 S0 vL°0 80 €L0 S0 89°0 LLO 190 #3IN
LS  +1°01 LTI PITI 0g'L 'S 9 19°61 vT'8 809 LTTT IS0
98T L6'LT 8161 00'CT vTEe ST 6L1E  LT61 8’67 ¥SSE 6192 amesug
18'LE L8LE ST0€E 16C€ 69't€ 62°6€ 86’1 LGES 119¢  L9'LE 15°g¢ AuoISTIIOM
80L €TL 95°S1 1011 €69 STy ST 008 €0'8 LT'L 658 yos1-e)
9¢ s8¢ 61°S 0S°€ 6201 A 18°€ 88'1 0Tt 65°€ 0£C o) 118D
S0€  LLT 6TL 6t'€ 10 S1'T €8'¢ 06°€ SL'T LLT SOT UOS) , 24ID-®D
LTIT 9101 LLOT v6'ST € 8T 179 8ELI 0TIl 8I'L 6111 NMOY
SIqUIIA-PUH
8586 €£T°001 9666 8666 8566 1666 LV'66  $9°001 LL66  TO'00T 7666 [e1oL
ST 6ET ua 91T 8%°0 60 88°0 vET €51 00’1 €6'1 0%N
81T 61°TT 8+'1C ¥S°0T SE 8€'TT oL1T 7661 1910 TETW 1L°0T o®rd
666 96'6 69'9 SL'L P11 6v'ST 611 SL9 0S01 €8I 676 O3
9’0  $S0 K0 050 710 010 070 VTl €20 070 950 OUN
867 88°S 98'9 69 ISy $s°€ 16' 6v'8 00°S IL€ 059 03
€09  ¥S'S 0L'8 86'L 06'€ 10T 16% L8 L8'S Sy 179 £0%d
500 200 L10 €50 800 000 200 000 100 €0%D
Sy 66'F ST'6 L9 oL'L 0S°€ $8'8 8¢y IS°S w6Y 88'p ok 1
9T 9€'1 6L'1 Tl €9°¢ VTl ST 90 8t'1 6T'1 18°0 o1L
LLULY LESY SEEr $8'9p wivy TLos POy PISY W08y 1T6h 788 o18

Aueseq Jiueseq 1eseq Y[V eseq Y[y  dlueseq  dlueseq uueseq 1eseq [y  dueseq

XdD €1 XdD €1 € 9T QTN T 6UIWOTIN  1S1°€o® 8TIBH'EO® [ 691€dS ITBCTO® € €1qW $dS  $SDIE® PG Toe

Aed Aed OHOO:QOOHO OpOOnQOOHO Wy S[IUBIA OHOOuQOOHO OHOOuQOOHO OHOQuEOOHmU OHOOnEOO.HmU OHOOnEOO.HmU

o041 Jo 3dAT,
SYO0I URT[RIUBDRIJU] syo01 uelRIuEORIdNg sasA[eue oN

DN puv upy ‘o 4D IV ‘1L 40f 225 0§ ) puv S| “I§
L0f 238 G :au] [PIYLIPUD YU ()E JUDLIND Wpaq ‘AY C[ [pyuaiod UOD2]2IID SUOIPUOD [DIULIDUY (666 ) 1P 12 UISIPIJ-PINM WoLf XdD €] APq sasCpuy
SISDG uDPIUDIVAANG pup upLIUDIDLLU] woLf uoyrsoduwtod wiLl puv puvul ‘2uaxoild 2400-u2243 fo sas{ipuv aqoidosdonu 2ayvjuasaiday T Jqe],



0.20 > O
4 CPX from Basalts
A CPX from Trachytes
® CPX from Phonolites o o
! ®, o
0 GCPX from SupracantalianBasalts o °
0.16 9| o GCPX from InfracantalianBasalts ° 0° °n °
N o ° o o o . .
. o 00 o EI. 3
a °@ e
o g oe °°.0D o
. . . D0§ % [=} r] o,
Iy E 3 0 Lo ﬂ @QGD (] .
@ 012 So o sy %, e
S o @ W 0 Toan SV,
3 Foo Y o bu@teIlyd o
o il
A % % ol 5:\ \ﬁ. %P ® e .
© o 8o . .'ED‘:'D - d .
Z 0.08 1 [m] =] % O o %,
o A ] s °0
@ 4 e % e 4
4 ¢e OO
VY A A ° &
4 ’AA‘F‘ ‘5 ST il ok B WYY YRS n 4
0.04 1 ahta, ARA ALY L as e LTSN
ARG YL G
0.00 T T T T
0.05 0.10 0.15 0.20 0.25 0.30

Fe”" (4 cations)

Fig. 3. Na vs Fe? " diagram for representative Cantal pyroxenes, calculated with a struc-
tural formula on the basis of 4 cations. Stars: pyroxene analyses from Wulff-Pedersen et al.
(1999). In all GCPX, the Fe* * content is higher than the Na content, so Na is quantitatively
used for the acmite component, whereas excess Fe** forms the Ca—CrFe® " Tschermak
molecule

0.20 i
4 CPX from Basalts /29 N
/ i i
2 CPX from Trachytes //
¢ CPX from Phonolites //
016 4 o GCPX from Supracantalian Basalts S
’ © GCPX from Infracantalian Basalts /// .
/ As
/
v A
A
A
a ad A
7 0121 S,
i
i A A 4 o
]
5 R .‘* }4‘. o ©_-079
: faat 0.95
= fats o S % 0.82
0.08 1 : e :
* £1e034oc, o_° o085
P |:F| . d]nm oo _
. 8 S
7/ - 63 g o 072 10:1
0.04 1 " &’ qyf T
om & PR t\ .
AP &
. g © o 086  1.14
Pressure: GPa
0.00 4= T T . . T
0.00 0.10 0.20 0.30 0.40 0.50 0.60

Total Al (4 cations)

Fig. 4. Ti vs total Al Total diagram for representative Cantal pyroxenes, calculated with a
structural formula on the basis of 4 cations. Numbers: minimum pressures of crystallization
for green core pyroxene, see text for explanations



S. Pilet et al.: Mantle metasomatism beneath the Cantal massif, France 47

2.0
e e P e et P, NP s e, ) 1000 um

Rim

Core |

1.0

05 ety

Na,O (wi%)

0.0 —+

15 s .
..-v-.- s —H‘\-r—-."-‘. _'-\'H‘-n.'m'.'. _r."l“'\-‘_ﬁ"-i v‘bul""‘lﬁl-“"u""v".

12

FeO (wt%)

0.4

0.2 e

Cr203 {Wﬁ'&j

- 1 - "
[ N S S S L S S

0 200 400 600 800 1000
Distance from center (microns)

b

L

y Rim

200 pm o

15 Core

e ]

P

QU5 | mmmer et am eyt s e e T e et o A S

Na,O (wt%)
P

— 15 [

§.12 :

E et p———— Lpsamreetaest
0.8
=< 04 - il e e
G 02 \ *
o0 H— : N N L
0 20 40 60 80 100 120 140 160

Distance from center (microns)

Fig. 5. a Typical line scan through a green-core pyroxene with lightly colored mantle and
brownish rim. b Line scan through a clinopyroxene with composite core



48 S. Pilet et al.

pressures ranging from 0.2 to 0.3 GPa. We recalculated the crystallization pressures
for GCPX using the clinopyroxene geobarometer of Nimis (1999). In order to
calibrate the geobarometer, which is weakly temperature-sensitive, we estimated
the minimum crystallization temperature of GCPX on the basis of the phonolitic
pyroxene microcrystals under the assumption that they crystallize at P ~ 1 atm. Our
estimate came to 1030-1050°C. Using this temperature, we obtained pressures
from 0.2 to 0.3 GPa for phonolite phenocrysts, which are in agreement with the
Al/Ti ratios observed there. When applied to GCPX of the basalts, the barometer
gives a range of pressures from 0.3 to 1.1 GPa, which are interpreted to be mini-
mum values. These pressures correspond to crystallization depths for the GCPX
ranging from the upper mantle condition to lithostatic pressures commonly
observed in the intermediate continental crust, considering a Moho depth of
28—-29 km (Perrier and Ruegg, 1974).

We performed more than 20 compositional line scans through GCPX; a
representative profile is shown in Fig. 5a. The core shows a constant Al/Ti ratio
and the Na and Fe contents are stable. The inner rim is characterized by an
increase of the Cr content, demonstrating the primitive nature of the basaltic
liquid within which this pyroxene zone has grown. The transition from the inner
rim to the outer rim corresponds to a compositional evolution that is consistent
with crystallization under decreasing pressures with increasing Al, Ti and Fe
contents and decreasing Si, Mg contents and Al/Ti ratios. This evolution is in
accordance with the evolution of the inner and outer rims in a basaltic liquid by
fractional crystallization during its ascent. On the other hand, the rounded shape
of the green cores provides evidence for the existence of a resorption stage
before the crystallization of the inner rim: they could therefore be interpreted
as Xenocrysts.

In contrast, the formation of composite cores (Plate 1, photograph 4) with
intergrowth of euhedral GCPX and augite could be explained by mixing between
a basaltic liquid within which the Mg- and Cr-rich core crystallized (Fig. 5b) and a
“phonolitic”’ liquid from which the green zone crystallized. Indeed, this latter zone
has the same composition as the xenocrystic green cores. Subsequently, the outer
rim crystallized either in the same basaltic liquid or within a new pulse of primitive
basaltic liquid. Different formation modes are needed to explain the two different
types of associations. However, both require the presence of a liquid of phonolitic
composition.

Geochemistry

Methods

We analyzed major and trace elements in 11 Infracantalian basalts, 22 Supracan-
talian basalts and 18 differentiated rocks (Fig. 1). Trace elements were analyzed by
INAA at the P. Siie laboratory (Saclay, France). We carried out complementary
analyses for REE on selected samples by ICPMS (X-Ral, Canada) and for Nb, Zr,
Y and Pb by applying a high-precision X-ray fluorescence technique (CAM,
Lausanne). In addition, we analyzed 11 Infracantalian basalts by X-ray fluores-
cence, and five by ICPMS for REE.
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Results

Table 2 shows representative analyses of eight Infracantalian and Supracantalian
basalts and basanites and two phonolites. Basalts and basanites (Fig. 1) show a
wide range of SiO, contents (~ 40 to 51 wt%) within a restricted range of alkali
content (~4 to 6 wt%). Figure 6a shows primitive mantle-normalized patterns for
typical alkali basalts (37, 39) and basanites (31, 32, 9) from the Supracantalian
period. The similarity between the patterns of basanites and alkali basalts suggests
a common mantle source for these rocks. The variation of their incompatible
element contents might be explained by a smaller degree of partial melting for
basanites than for alkali basalts. Furthermore, the distribution of the trace ele-
ments from basanites and alkali basalts shows a strong similarity with OIB pat-
terns [range of OIB composition from the compilation of Wedepohl and Baumann
(1999 and references therein)]. These authors demonstrate the existence of com-
positional similarities between Cenozoic volcanic rocks in Germany (similar to
the lavas of the French Massif Central) and OIB. The similarity to OIB composi-
tions is also observed in the Infracantalian basalts (Fig. 6b) and their higher
content of incompatible elements (Th, La, Ce, ...) compared to the Supracanta-
lian basalts might reflect an even lower degree of partial melting within a similar
source.

However, the Th—Nb diagram (Fig. 7a) shows contrasting behavior between
the Infracantalian and Supracantalian basalts. The former show a relatively straight
linear trend, resulting from limited variation of the Nb/Th ratio in these rocks
(Fig. 7b), in contrast to the latter, which show a clear enrichment in Nb. Con-
sidering that Nb and Th are both highly incompatible elements, a linear trend in
the Th—Nb diagram is consistent with a variation in the degree of partial melting of
a normal mantle (corresponding to a fertile spinel or garnet lherzolite). Further-
more, the Nb/Th ratio of Infracantalian basalts is relatively similar to that of
representative OIB analyses performed by Hémond et al. (1994), Chauvel et al.
(1992), and Allegre et al. (1995) (Fig. 7a).

The Supracantalian basalts do not show a straight linear trend in the Nb—Th
diagram. This results from a change of the Nb/Th ratio from basalts to basanites
(Fig. 7b). Other incompatible elements (La, Ce, Th, ...) do not show contrasting
behavior between Infra- and Supracantalian rocks (Fig. 7c), except for Ta, with
variations similar to Nb. This is illustrated in the Th—-Ta/Th diagram (Fig. 8a)
which shows a clear variation from basalts to basanites for Supracantalian rocks.

We examined various hypotheses to explain this decrease of the (Ta, Nb)/Th
ratio from basalts to basanites in Supracantalian lavas:

Fractional crystallization

The range of variation of the Ni content in the selected basalts is 260 to 150 ppm.
Considering that Nb, Ta and Th are all highly incompatible (Lemarchand et al.,
1987; Sun and McDonough, 1989), the fractional crystallization of olivine and/or
pyroxene, in the above range of Ni content, cannot account for a large variation of
the Nb, Ta and Th content in the residual liquid and for a variation of the Nb/Th or
Ta/Th ratios.
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Fig. 6. Primitive mantle normalized trace element variation diagrams for a Supracantalian
basalts, b Infracantalian basalts. Normalization values from McDonough (1998)

Variations of the partial degree of melting

To explain the observed variation of the Ta/Th ratio during partial melting, the
D1y /Dy, ratio should be around 10 (Fig. 8a). Ta and Th are usually considered
to have almost the same degree of incompatibility relative to partial melting
(Lemarchand et al., 1987; Sun and McDonough, 1989, and references therein).
Therefore a ratio of their distribution coefficients (Dr,/Dry) of about 10 during
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melting of a normal mantle seems too high. This assumption is supported by the fact
that a Nb/Th ratio ranging from 8 to 19, as present in the Cantal basalts (Fig. 7b), has
never been observed in any oceanic island (Bodinier, written communication). In
conclusion, the variation of the Ta/Th ratio from basanites to basalts cannot be
explained by a variation of the degree of partial melting of a normal mantle.

Crustal contamination

According to Downes and Leyreloup (1986), the granulitic crust in the Massif
Central has a ®’Sr/®°Sr ratio of between 0.704 and 0.711. Basalts and basanites
are characterized by low ®’Sr/®°Sr ratios (0.70335-0.70358). In order to explain
the decrease of the Ta/Th ratio from basalts to basanites by crustal assimilation, a
correlation between the Sr isotope ratios and the Ta/Th ratios has to be observed.

However, no correlation has been found between ®’Sr/*Sr and the Ta/Th ratio
(Fig. 7d). Crustal contamination can therefore be excluded as an explanation of the
decrease of the Ta/Th from basalts to basanites. Furthermore, Wilson et al. (1995)
indicate the lack of crustal contamination in the mafic rocks of the Cantal massif.
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Mixing with a second component

As already shown, the presence of GCPX pyroxenes in Supracantalian basalts and
basanites indicates possible mixing between basaltic and phonolitic liquids. If
phonolites are derived from the fractional crystallization of basalts, their very
low Ta/Th ratio (0.3 to 0.06) can be explained by the fractional crystallization
of magnetite, ilmenite and titanite, with Ta becoming increasingly compatible for
more differentiated liquids (Villemant et al., 1981; Lemarchand et al., 1987). A
calculated mixing curve between an alkali basalt (sample 39) and a phonolite
(sample 47) does not fit the data (Fig. 8b).

If this mixing process is associated with a variation of the degree of partial
melting assuming Dr,/Dy, =1, it should be possible to construct a combined
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curve (Fig. 8b) to explain the decrease of the Ta/Th ratio from alkali basalts to
basanites.

In that case, however, a strange and unrealistic inverse correlation appears
between the degree of partial melting and the percentage of mixing. To explain
the evolution of the Ta/Th ratios, the rocks resulting from the lowest degree of
partial melting would be correlated with the higher degree of mixing and vice versa.

Discussion

Mixing or metasomatism

The presence of GCPX in basalts and basanites is consistent with the mixing
process invoked to explain the Ta/Th ratio decrease from basalts to basanites.
However, this model fails to explain two facts:

(i) the enrichment of Ta and Nb in the Supracantalian rocks compared with the
Infracantalian basalts, and (ii) the fact that the mixing process seems inversely
proportional to the degree of partial melting.

Whereas all earlier hypotheses assume a normal mantle composition, Clague
and Frey (1982) have suggested that the presence of titanate minerals in the mantle
could influence the Ta, Nb, Zr, Ti and Hf contents in basaltic melts. Bodinier et al.
(1996) and Bedini et al. (1999) subsequently demonstrated the presence of these
minerals in peridotites from the Ronda massif (Spain) and the East African Rift
(Ethiopia). Titanates consist of a very thin reaction layer (<10 um thick) coating
the surface of spinels, which essentially concentrate Ta and Nb. According to
Bodinier et al. (1996), these spinel coatings result from a metasomatic process
involving the percolation of small silica-rich and K-rich melt fractions in the litho-
spheric mantle.

By adding 0.01% of the rutile component shown to exist by Bodinier et al.
(1996) to a spinel of peridotite composition, an increase of the Ta content from
0.037 (primitive mantle composition; McDonough, 1998) to 0.365 ppm is obtained.
Similarly, the Ta/Th ratio increases from 0.46 (primitive mantle ratio) to 4.56 in
the metasomatized peridotite. A similar calculation based on Ti contents shows
an enrichment from the primitive mantle composition (1200 ppm, McDonough,
1998) to 1250 ppm. This Ti enrichment is too low to be observed in the basaltic
compositions after partial melting of the metasomatized mantle source. The partial
melting of a mantle source containing 0.01% of titanate minerals could explain the
high Ta/Th ratio observed in the Cantal basalts. Furthermore, the addition of com-
patible Ta—Nb-bearing phases to a peridotite will change the degree of incompat-
ibility of these elements during partial melting. Bodinier et al. (1996) calculated that
the bulk coefficients of Ta and Nb for such a peridotite increase by a factor of 10. A
calculated curve for partial melting with a ratio of Dy, /Dy, =0.1/0.01 = 10 (Fig. 8a)
shows that a variation in the degree of partial melting of such a metasomatized
source could explain the decrease in the Ta/Th ratio from basalts to basanites.

In conclusion, two mechanisms could explain the Ta/Th variation:

— Mixing between a basaltic and a phonolitic liquid, as demonstrated by the pres-
ence of GCPX clinopyroxene in basalts and basanites. Taking into account the
absence of a clear mixing trend for the major elements between basalts and
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phonolites, our calculations show that the proportion of phonolitic liquid in the
mixing needs to be lower than 2%.

— Percolation of Si and K-rich melt across the lithospheric mantle leading to the
formation of a Ta—Nb-rich oxide layer in the mantle. This metasomatism could
explain the high Ta and Nb content of the mantle source on the one hand and the
correlative decrease of the Ta/Th ratio and the degree of partial melting on the
other hand.

When did the metasomatic event occur?

The Infracantalian basalts show about the same range of composition as the Supra-
cantalian basalts (Figs. 1 and 6). However, a difference appears between these two
basalts as regards their enrichment in Nb, Ta and the change of their degree of
incompatibility in the Supracantalian lavas (Figs. 7a and 7b). If partial melting of
an OIB source could explain the Ta, Nb contents of the Infracantalian rocks
(Fig. 7a), the presence of Ta—Nb-rich oxides in the source of the Supracantalian
basalts is necessary in order to explain their high Ta and Nb contents and the
decrease of incompatibility for Ta and Nb in these rocks.

A possible hypothesis to explain the absence or presence of Ta, Nb-rich oxides
in the Infra- and Supracantalian basalt sources respectively could be their occur-
rence at a particular depth in the mantle. In this case, the differences between the
Infra and Supracantalian basalts could be connected to the variation of the depth of
partial melting. However Albarede (1992) showed that the MgO and SiO, contents
are correlated with the pressure conditions during the melting event. Thus, the
similarity of MgO, SiO, and other major element contents in the two groups of
basalts (Table 2) leads us to exclude this hypothesis. The similarity between the
Infra and Supracantalian basalts seems to suggest that the addition of Ta, Nb-rich
oxides took place in the same mantle source during the time interval between the
deposition of the Infracantalian basalts (13—9.5 Ma) and the Supracantalian basalts
(9.5-2Ma). If this assumption is correct, this difference constitutes a major prem-
ise because, in this case, the metasomatic event necessarily occurred between the
two stages of basalt deposition and could be related to the Tertiary volcanic activity
but not to older (e.g. Variscan) events.

Is there a relationship between mantle metasomatism
and formation of GCPX?

Almost all the Supracantalian basalts contain GCPX whereas most of the Infra-
cantalian basalts do not. As already mentioned, the presence of composite cores
(Plate 1, photograph 4) in a 9—10 Ma basaltic lava clearly suggests the existence of
batches of phonolitic liquid at depth at around ~ 10 Ma. The inferred temporal
association of phonolitic melts and percolation of a potential metasomatic melt
suggest a link between the formation of the green pyroxenes and the metasomatic
mantle processes.

In order to explain the formation of a thin Nb—Ta-rich reaction layer coating the
surface of spinels in mantle peridotites, Bodinier et al. (1996) suggested the per-
colation of small silica-rich and K-rich melt fractions in the lithospheric mantle.
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Their estimated compositions are close to those of phonolitic melts within which
the GCPX pyroxenes could crystallize. Aspen et al. (1990) and more recently
Upton et al. (1999) described Nb-rich oxides associated with Fe—Na augites in
some mantle xenoliths of the Scottish volcanic province. These occurrences sug-
gest that both mineral assemblages may coexist under similar physical and chemi-
cal conditions. Schiano and Clocchiatti (1994) as well as Coltorti et al. (1999 and
references therein) describe numerous occurrences of small melt fractions trapped
in peridotite from alkali basaltic provinces which display a wide range of chemical
compositions from basalts to trachytes and phonolites. The origin of these melts is
currently a matter of debate, but any such process requires a metasomatic event in
the upper mantle.

From their study of veined xenoliths on La Palma (Canary Islands), Wulff-
Pedersen et al. (1999) concluded that small alkali-Si-rich melt fractions may result
from in-situ reactions between basaltic magma percolating through the mantle
peridotite. These basaltic melts occur as amphibole-rich veins consisting of
kaersutite, augite, olivine, Fe—Ti-oxide, phlogopite, traces of apatite, brownish ba-
saltic glass and in some cases hauyne. Neumann and Wulff-Pedersen (1997) called
this process Infiltration-Reaction-Crystallization (IRC). These authors concluded
that IRC may represent the general mode of formation of highly silicic melts in
the upper mantle, which may represent an important metasomatic agent.

Wulff-Pedersen et al. (1999) also described Nb-rich Fe-Ti oxides in these
amphibole veins. These oxides may represent the source of the Nb—Ta enrichment
of the mantle through the formation of thin oxide layers at the surface of spinels.
Moreover, the augites included within amphibole veins (Wulff-Pedersen et al.,
1999) have a composition close to that of the GCPX from Cantal basalts (Table 1,
Figs. 3 and 4). This feature suggests that these GCPX may have crystallized
from basaltic melt percolating through the upper mantle. In the Cantal massif, we
observed the association of GCPX with feldspar (Oligoclase Anyg_3o). This asso-
ciation indicates an evolved melt composition, an observation which contradicts
the basaltic composition of percolating melts suggested by Wulff-Pedersen. Further-
more, Upton et al. (1999) interpreted the association of anorthoclase, Fe-rich
biotite, Na—Fe salite, kaersutite, apatite, oxides, etc. in alkali basalts of Scotland
as the crystallization products of salic alkaline magmas within the upper mantle
and/or within ultramafic rocks from the lowermost crust. All these data suggest an
evolved composition for the liquid in which our GCPX crystallized.

Bedini et al. (1997, 1999) described a compositional variation of pervasively
infiltrated melts which metasomatized the lithosphere below the East African Rift.
These authors suggest that the upward migration of the percolation front would be
associated with continuous crystallization of small melt fractions and with the
formation of Ta—Nb-rich oxide layers as well as the deposition of apatite and
clinopyroxene in the peridotites. The variation of trace element contents from
deeper recrystallized peridotite, with only slight enrichments in LILE, to higher
less recrystallized peridotite, with a high LILE content and a negative HFSE
anomaly (Nb, Ta, Zr, Hf and Ti), implies an evolution of the percolating liquids.
A similar process known as ‘“‘percolative fractional crystallization”, is suggested
by Harte et al. (1993) to explain the chemical evolution of metasomatic melts
in mantle rocks. This mechanism would account for the evolution of alkali
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basaltic or basanitic melts towards evolved liquids during percolation within the
mantle.

On the basis of the basaltic nature of the percolative melts proposed in the
IRC process, the IRC model alone seems unable to account for all the previous
observations. We thus propose a model associating the IRC process with the
“percolative fractional crystallization” hypothesis, that could explain: i) the for-
mation of small Si-rich melt fractions in the mantle, ii) the chemical evolution
of the metasomatic fluid in the lithospheric mantle, and iii) the temporal connec-
tion between precursor melts of the volcanic activity and metasomatic events
observed in some regions (Bedini et al., 1997; this work). The recent description
(Lenoir et al., 2001) of a melting process related to the rise of a thermal front in
Ronda peridotite supports the same idea. These authors documented a process of
partial melting followed by a melt migration by porous flow on a kilometer
scale. This migration is associated with the deposition of Ta—Nb-rich oxides
in the mantle and seems to correspond to the beginning of the percolative frac-
tional crystallization process.

According to this model, GCPX would crystallize within the latest melts of
phonolitic composition formed by percolative fractional crystallization. The com-
positional evolution of the percolative melts in which GCPX crystallize is in agree-
ment with the wide compositional range of GCPX. Ta—Nb-rich oxide coatings
could be associated with a higher level in the percolative-reaction front (Bedini
et al., 1997). This model implies the deposition of accessory phases in the litho-
spheric mantle and the removal of these phases during the formation of the Supra-
cantalian basalts.

Conclusion

The enrichment in Ta and Nb in the Supracantalian basalts appears to be related to
the percolation of metasomatic liquids through the mantle associated with the
deposition of Ta—Nb-rich oxides during or just before the deposition of late Mio-
cene volcanic products. These metasomatic accessory phases are removed with the
formation of the Supracantalian basalts.

The appearance of GCPX in the basalts at this time suggests a relationship
between their crystallization and the metasomatic event. Because of the similarity
in composition between the GCPX and the pyroxene of phonolites and its associa-
tion with oligoclase An,y, we suggest that the chemical composition of the meta-
somatic liquids was close to that of the phonolitic liquids. One argument in favor of
this relationship is the recent discovery of pyroxene of similar composition to
GCPX in metasomatized peridotites (Wulff-Pedersen et al., 1999). The timing of
the deposition of Ta—Nb-rich oxides just before or during the deposition of the
Infracantalian basalts clearly indicates that the metasomatic process is produced by
the magmatic activity itself, which is related to an asthenospheric upwelling.

We suggest that a combination of the IRC process (Wulff-Pedersen et al., 1999)
and the ““fractional percolative crystallization” model of Harte et al. (1993) and
Bedini et al. (1997) could produce a compositional range of this kind. Hence, the
actual range might be much larger than that of the basaltic compositions estimated
by Wulff-Pedersen et al. (1999) for metasomatic liquids in Canary Island peridotites.
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Finally, GCPX are described in most continental alkali basaltic provinces (Ter-
tiary European volcanic province, North Africa, Australia) as well as in some
oceanic islands (Isla da Trinidade, Tristan da Cunha, Canary Islands). Their wide
occurrence provides evidence for a ‘“‘general process” linked to the origin and
evolution of the alkaline series. Their presence in these series would be linked
directly to a specific mode of metasomatism in the mantle beneath some alkali
provinces.
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