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ABSTRACT

Microprobe analyses of glass which occurs as
late-stage segregations in gabbroic xenoliths included
within the olivine basaltic lavas of Piton de la Four-
naise, R6union Island, are used to define the closed-
system, low-pressure evolutionary trend for the
basaltic liquids. Glass of a trachytic composition
located in a doleritic sample associated with recent
scoria activity on Fournaise and hawaiitic vein se-
gregations in an olivine basalt lava lake follow low-
pressur€ evolutionary trends similar to those defined
by the glass in the gabbroic xenolitls. Using frac-
tional crystallization models, the Fournaise evolu-
tionary trend has been compared to that of the ad-
jacent volcanic centre, Piton des Neiges, which
displays a sequence of lavas ranging from ne-nor-
mative hawaiite to qz-normative trachyte. This
comparison shows that the chemical variation with-
in both the Piton des Neiges Differentiated Series
lavas and the Piton de la Fournaise glasses may be
accounted for by low-pressure fractionation of min-
eral assemblages comprising olivine * clinopyrox-
ene { plagioclase * magnetite. Rare occurrences of
highly oxidized glass of a rhyodacite composition
as vesicle infillings in some lavas are interpreted to
have formed as a result of local development of high
P(O)z conditions, possibly by inclusion of ground-
water in the basaltic melt. Alkaline glass (NazO *
KrO - 10.8 wt. 7o) occurs as primary inclusions
within the olivines of a dunite xenolith; these com-
positions may provide evidence for immiscibility
between alkali-rich and basaltic liquids in the low-
pressure magma reservoir.

Sourvrenr

Les analyses i la microsonde de verres form6s
par s6gr6gation tardive dans les x6nolithes des laves
basaltiques i olivine du Piton de la Fournaise, lle
de la R6union, permettent de d6finir l'dvolution de
liquides basaltiques i basse pression en sysGme
ferm6. Un verre de composition trachytique dans
un fragment dol6ritique issu d'une scorie rEcente sur
le Piton de la Fournaise et les s6gr6gations hawaii
tiques dans un lac de lave basaltique i olivine ap-
pafiiennent i la m6me lign6e d'6volution I basse
pression que les verres des x6nolithes gabbroiques.

*Present address: D6partement de Gdologie, Uni-
versit6 de Montr6al, Montr6al, Qu6. H3C 3J7.

L'6volution des liquides du Piton de la Fournaise
est compar6e, i taide de moddles de cristallisation
fractionn6e, aux produits du volcan voisin, Piton
des Neiges: association de laves allant d'une ha-
waiito d n6ph6line normative ir des trachytes quart-
zifdres. La variation en composition des liquides de
la s6rie diff6renci6e du Piton des Neiges et des
verres du Piton de la Fournaise s'explique par une
s6paration ir basses pressions de I'assemblage olivine
f clinopyroxdne * plagioclase a magn6tite. De
rares indices d'un verre trds oxyd6 de composition
rhyodacitique, qui remplit les vacuoles de certaines
laves, semblent r6sulter d'un d6veloppement loca-
lis6 de hautes pressions d'oxygdne, dues peut-Otre
au m6lange d'eau m6t6orique i la lave basaltique.
Des verres alcalins (NaO * KzO = IO.8 Vo en
poids) en inclusions primaires dans I'olivine d'une
enclave de dunite seraient le produit de l'immisci-
bilit6 e basse pression de liquides hyperalcalin et
basaltique dans la chambre magmatique,

Clraduit par la R6daction)

INtnonucttott

The geology and chemistry of the two volcanic
centers, Piton (P.) des Neiges and P. de la Four-
naise (Fournaise) which comprise R6union
Island have been studied by Lacroix (1936) and
Upton & Wadsworth (1966, 1972a). The
volcanic shield of Fournaise occupies the south-
eastern third of the island, the northwestern two-
thirds being occupied by the denuded volcanic
shield of P. des Neiges. Both volcanic centres
comprise a chemically uniform sequence of lry-
normative olivine basalts, termed "transitional
basalts" by Upton & Wadsworth (L972a). How-
ever, the P. des Neiges sequence is capped by a
Differentiated Series @. S., Upton & Wadsworth
1972a) of lavas and intrusive bodies that range
in composition from hawaiite, mugearite and
benmoreite to trachyte and syenite.

Glass was first reported in the basalts of
Fournaise by Upton & Wadsworth (1971). They
described the occurrence of a rhyodacite glass
which had segregated into the vesicles of a re-
cent lava lake. A detailed survey of the prehis-
toric and recent lavas of Fournaise, together
with the xenoliths included within these lavas
(Ludden 1976), has uncovered additional exam-
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ples of rhyodacite glass as well as several glass-
bearing xenoliths. The most common occurrence
of glass is within gabbroic xenoliths enclosed in
some basaltic-scoria eruptions of Fournaise; in
fhese samples glass occurs interstitially and as
inclusions within the minerals of the xenoliths.
Glass inclusions of highly alkalic composition
are found as inclusions in olivine crystals of
dunite xenoliths. The xenoliths have been de-
scribed by Upton & Wadsworth (1972b) and
Ludden (in prep.), and are considered to repre-
sent both cumulate rocks formed at low pressure
within the magma reservoir and intrusive otf-
shoots from the low-pressure magma reservoir.
Compositions similar to those of the glasses in
the gabbroic xenoliths occur in two lavas: firstly,
trachytic interstitial glass is found in an olivine
dolerite block associated with recent scoria
activity; secondly, hawaiitic vein segregations
occur in an olivine-basalt lava lake.

The relationship between mineral and liquid
compositions is of fundamental importance when
evaluating liquid compositions inferred to repre-
sent a fractional crystallization sequence. The
association of the glass with mineral phases
within the gabbroic xenoliths and basaltic lavas
and its compositional range are useful in making
such an evaluation. In particular, due to the
similarity of the glass compositions to those of
the P. des Neiges D. S. lavas, the low-pressure
evolutionary trend of the R6union basaltic melts
may be evaluated.

PBTR0GRAPHY

The mode of occurrence of the glass in the
gabbroic xenoliths is shcywn in Figures la, b.
Figure la shows both interstitial glass and glass
included within the mineral grains of an olivine
gabbro (RF47L). The glass is dark brown; in
contrast to the ligbt brown trachytic glass of
the olivine dolerite RF18 (Fig. 1b), it contains
few microlites. An interpretation of the timing
of incorporation of the glass in the mineral
phases is difficult. However, a preferred rnech-
anism is similar to that proposed by Donaldson
(L975), in which ultramafic liquids are trapped
as primary inclusions along the crystal faces of
anorthite megacrysts. Partial melting of the
xenoliths is discounted owing to the lack of tex-
tures (i.e., fritted edges and crystal embayments)
indicative of such a process. Thus the glass witl-
in mineral phases of the gabbrois xenoliths and
lavas probably formed as a result of static frac-
tional crystallization. Analogous processes have
been described for differentiated intrusions by
Wilkinson (1,966), and Thompson (1972) argued

that such a process may result in a "silica gap"
when liquids are released from an intrusion 50-
70Vo crystaTTine. This tendency has been further
demonstrated for P. des Neiges by Upton &
Wadsworth (I972a), who described syenitic vein-
lets and pegmatites of comenditic composition
that segregated frorn basic sheets and rnicro-
syenite intrusions, respectively. Thus, these se-
gregations and the formation of evolved glass
within the gabbroic xenoliths may be taken as
the counterparts of large-scale formation of
evolved magma in a fractionating magma reser-
voir. The xenoliths may not represent the bulk
composition of the liquid, and ,may therefore
result from an inhomogeneous accumulation of
crystals from a fractionating liquid. However,
fractional-crystallization relationships between
the composition of the glass, microlile5 vvithin
the glass and the rirns of zoned mineral phases
would be expected.

The rhyodacite glass was described in detail
by Upton & Wadsworth (L971). The glass is
pale brown and sontains microlites of sodic felo-
spar, ferrian augite and hematite. The vesicles
into which the glass has segregated are sur-
rounded by a 2-3 cm mantle of highly oxidized
basalt that contains olivine with vermicular in-
tergrowths and coronas of magnetite (Fig. 1c),
yellow 'ostained" clinopyroxene, and complex
mixtures of magnetite, hematite and ilmenite.

The alkalic glass inclusions, w'hich occur
within olivine in the dunite xenoliths, are com-
monly 5-25 ;r,m in diameter and contain a 1-5
p,m shrinkage bubble (Fig. 1d). There appears to'be 

no reaction with the surrounding olivine, and
the glass contains no accessory mineral phases.
These inclusions are comparable in morphology
to primary glass inclusions reported in olivine
and ilmenite from lunar basalts by Roedder &
Weiblen (L970, L97L) and from Hawaiian basalts
by Anderson & Wright (1972).

Anelvrrcer, PnocsouRE

Glasses and minerals were analyzed using a
Link Systems (Model 29O-2I<X) energy disper-
sive (E.D.) spectrometer attached to a Cam-
bridge Instruments Geoscan II microprobe. The
system consisted of a Kevex detector (resolution
- 150eV F.W.H.M. at 5.9 keV; Be window of
0.3 mil.), Harwell (Model 2010) and ADC
(Model 1057) processors. The digitized informa-
tion was processed using a commercial version
of software developed by Statham (1975) and
a Nova 16K computer. The proglams included
an iterative stripping routine and full ZAF cor-
rection. Conditions for analysis were 15 kV
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5 i02
41203
lilg0
Ca0
Na20

56.81 56.83 0.04 56.72 56.95 0.23
8.44  8 .91  0 .02  8 .85  8 .97  0 . l l

12 .39  11 .94  0 .03  11 .87  12 .02  0 . r5
17.23  17 .14  0 .03  t7 .06  17 .22  0 .16
5 . 1 3  5 . t 8  0 . 0 2  5 . 1 3  5 . 2 4  0 . l l

' r .999  
0 .001 1 .996 2 .001 0 .004

0.369 0.001 0.367 0.372 0.004
0.626 0.001 0.622 0.6$ 0.007
0.646 0.001 0.643 0.649 0.006
0.353 0.001 0.350 0.357 0.(m

TAEIE I. 5TATISTICIL DATA FOR ENERcY.DISPERSIVE I.TICMPROBE
AMLYSES OF DIOPSTDE 65.JADEI1E 35 GI-ASST

accepted @g! std. error 99% conf.
cmp. of mean limits

!gg! std. dev. countlng

(F. C. F. Wilkinson & A. C. Dunham, pers.
comm.).

By using an E.D. technique, rapid analysis
with a low beam current was possible; tlis re-
duced problems of loss of light elements during
analysis of the glass and microlites. During glass
analysis the area of excitation of the electron
beam was maintained as large as possible without
overlap on to the mineral phases within or sur-
rounding the glass. At least five deterrninations
were made on each sample; the averages of these
analyses are given in Table 2.

Crmrvrrsrny

Major element analyses and CIPW normative
values for the glasses are presented in Table 2.
The low totals for some glass cornpositions, in
particular RF183Y, RF18 and RE934, were
verified during repeated analyses. The differ-
ence from lO}Vo is therefore inferred to repre-
sent the volatile component of the glass.

errcr

0 . 1 7
0.07
0.  r0
0 .  r0
0.07

si
A l
ilg
Ca
Na

2.000
0.350
0.650
0.650
0.350

I based on 30 analyses by F.C.F. [ i lkinson & A.C. Dunhu (peE.
com.) on the University of manchester micmpmbe faclllty.

accelerating voltage, a specimen current of
3nA on cobalt metal and a usual analysis live-
time of 100 secs. Standards were pure metals,
glasses and minerals. A statistical analysis of
diopside 65ljadeite 35 glass is given in Table 1

TABLE 2. MICROPROBE ANALYSESI AND C.I.P.W. NORMATIVE VALUES OF GLASSES FROM
THE IAVAS AND XENOLITHS OF PITON DE LA FOURMISE

RF47L RF47L RFI83R RF]83R RFI83Y RF]83Y RF47G RF47C RF]8 RE49O RE49O2 RE934
(Min) ( Int)  ( Int)  ( Int)  ( l t in)  ( Int)  (Min)  ( Int)  ( Int)  (ves) (ves) (Min)

56.86 58.94 62.14 64.65 64.94 57.38
2 . 1 4  1 , 7 5  1 . 2 8  1 . 1 2  1 . 1 2  0 . 5 3' t 7 . 60  

16 .65  16 .50  13 .29  13 .92  I 7 .05
2 .50  2 .50  2 .50  2 .50  2 .92  2 .50
5 . 2 I  5 . 1 4  0 . 7 1  0 . 4 0  0 . 8 4  I . 9 7
2 . 2 1  2 . 2 2  0 . 5 8  I . 1 6  1 . 8 8  2 . 2 7
5 .10  4 .48  0 .32  2 .68  3 .76  2 .55
4 .74  4 ,66  3 .91  4 .17  3 .87  4 .20
2 .74  2 ,84  5 .68  3 .39  3 .56  5 .60

99 .12  99 .18  93 .62  93 .36  96 .91  95 .21

4 . 2 1  7 . 6 2  1 6 . 1 1  2 I . 4 1  2 0 . 9 4
3 .34

16 .19  I 6 .78  33 .56  17 .67  21 .70  39 .35
40 .1 I  38 .92  33 .08  35 .28  32 .73  35 .54
1 8 . 6 5  1 6 . 3 9  1 . 5 9  8 . 9 8  9 . 7 9  8 . 0 0

5 .44  4 .79  1 .54  1 .62  3 .65
6 .81  7 .65  

' 1 , 44  
2 .18  3 .93  2 .36

1 . 4 8
3 .63  3 .63  3 .63
4 . 0 6  3 . 3 2  1 . 5 0  0 . 8 4  2 . 0 3  I . l 9

2 .50  2 ,50  2 .92
61 63 83 75 76 75

s i02
T  i 0 2
A l  2 0 3
Fe203
Fa0

Mso
Ca0
Na20
Kz0

Totai
qz

OT
ab
qn
re
dL

w
O L
fit

7m
D, r.

53 .45  54 .31  50 ,61  51 .73  59 .97  55 .60
1 . 9 7  1 , 9 8  2 , 2 8  2 . 9 8  L 3 8  1 . 3 8

16 .52  17 .65  16 .40  16 .38  16 .90  16 .50
2 ,50  2 .50  2 .50  2 .50  2 ,50  2 .50
5 .29  4 .7 I  8 .10  7 .77  4 .52  4 ,6 I
4 .04  3 .21  3 .63  3 .75  2 ,79  1 .89
7 .45  7 .23  7 . s6  7 .26  5 .26  5 .40
4 .01  3 .5 ' l  4 . 56  4 ,21  3 .86  3 .66
1 . 6 8  1 . 8 9  1 . 9 3  1 . 9 8  4 . 6 1  4 . 3 9

96 .91  96 .99  97 .57  98 .56  96 .79  95 .93
. . V  I  O .  J J  U .  U J  J .  O D

s.is rr.iz rr.so rr.io zt-.iq zs-.iq
33.93 29.70 33.74 35.62 32.66 30,97
22 .12  26 .82  

. l 8 . 58  
19 .95  15 .17  15 .63

2 .62
11  , 97  7  . 28  1  5 .65  1  3 .1  8  8 .87  9 .  1  9
8 .68  7 .78  5 . ' , 19  6 .59  4 ,29

7 . 6 1  3 . 6 3
?  A ?  ?  A ?  1  6 ?  ?  6 ?  ?  4 ?  ?  4 2

3 ,74  3 .76  4 .33  5 .66  2 .62  2 ,62

o l6047484847

1 Analyses are average values of  at  least  5 determinai ions;  Fez0g normal ized to
2.5% for  norm calculat ion.

2 l,le! chemical analysis of rhyodacJte glass and included microlJtes (Upton &
Wadsworth l97t) .  The higher tota l  Js due to inc lusion of  microl i tes in the
analysls.

Host-rock descriptJons

RF47L: o l lv ine-gabbro xenol i th,  among scorJa,  south of  Pi ton Chisny,  RF47G:
ol ivJne-poor gabbro xenol i th,  among scor ia,  Pi ton Chisny.  RFI83R: pyroxene-
magnetite-plagioclase clsnulate xenollth, Rempart de Tremblet. RFl83Y: ferrogabbro
xenol i th,  Rempart  de Tremblet .  RFlS:  o l iv ine doler l te b lock among eJectamenta
from the 1936 erupt ion (18% modal  g lass).  RE490: residual  g lass segregated into
vesic les in an ol ivJne basal t  lava lake,  Cratare Bory (Upton & l {adsworth,  l97l) .
RE934: g lass lncluded ln o l lv ine f rom a dunl te xenol i th f rom Pi ton Chisny.
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TABLE 3. AVEMGE DIFFERTNIIAIED SERIES ANALYSES AND NORI4S.
PITON DES NEIGES, REUNION TSIAND1

s l0 ,
fi0;
A l , 0 .
Fe ;o ;
Fe0
l,lgo
Ca0
Na,0
Kz0
Pzo,
Mn0

Hawallt€ l4ugeafite

47.1 52.1
3 . 7  2 . 3' f  
5 . 7  1 7  . 1
2 . 0  2 . 0

1 l  . 8  8 . 7
4 . 7  2 . 6
9 . 5  6 . 9
3 . 5  4 . 9
1  , 2  2 . 4
0 . 5  0 . 7
o . 2  0 . 2

7 . 1
26.6
23.6'I 

.6
1 6 . 9

r  ! .0
7 . 0
2 . 9
1 . 2

ri-.2
38.2
17.6
1 . 8

10.2

9 . 1
4 . 4
2 . 9' 1 . 6

6 3 . 5

1 7 . 8
2 . 0
2 . 5
0 . 4' I  

.5
7 . 2
4 . 1
o.2
0 . 2
4 . 1 t

24.4'1-'
o.s
i .o
2 . 9
0 . 6

t \

;o

Benmrelte Trachyte Syenite

6 4 6

I . 3
1 7  . 8

t i

5 . 2
! a

4 . 3
6 . 1
2 .4

0 . 2
0 .9'16.6

5 t . o' t2 .9

i-.q
7 .2

z-.s
2 .9
1 . 2

- d - ^ -

; og  .Y9 .  Oo .oo  Ooo59.6
l . l

16 .2
2 . 0
5 . 8
1 . 0
3 . 1

3 . 5
0 , 2
o .2
' t . 8

20.7
52.5
6 .0

6 . 8
4 .6

t-.c

u . f ,

Rqi6 Edsltr

Alzoo

M g o

Frnsgregdion

q z
o4
ob
M
w
di
ha

.i).
nt
ap

6 * o * -

r 5
"-t9,t o-

t .

s
* 

lncludes 2.lZ cormdum; I analyses recalculated to l00g on a

itillSifrii,?irirsjs 
(Thompson et aL. 'te72), taken frcn upton

Average major-element analyses for the D.S.
lavas of P. des Neiges, taken from Upton &
Wadsworth (1972a), are given in Table 3. The
glass compositions have been compared with
those of the D.S. in Figure 2. Relative to D.S.
samples of equivalent Si saturation, (1) the
glass from the gabbroic xenoliths (RF183R,
RF183Y, RF47L, RF47G) and the glass of tra-
chytic composition RF18 are comparable, and
define a trend which may be interpreted in
terms of fractional crystallization through
(compositions equivalent to the) hawaiite, muge-
arite, benmoreite and trachyte lavas; (2) the
rhyodacite glass RE490 (this paper and Upton &
Wadsworth 1971) is depleted in ALO", Na,O
and KzO and enriched in CaO; (3) the glass
within the olivine of dunite xenolith RE934 is
enriched in alkalis and depleted in total iron.

FnecrtoNel Cnysrlr.lzertoN

Models for Piton des Neiges
Arguments for the evolution of the D.S. have

been developed by Upton & Wadsworth (1972a),
Zielinski (1975) and Nativel (1976). Radio-
metric age determinations (McDougall 1971) in-
dicate a period of quiescence of 1X105 years
between the eruption of the oldest shield basalts
and youngest D.S. lavas. Upton & Wadsworth
(1972a) tentatively interpreted this interval as
a period during which a stagnant magma body
below P. des Neiges was subject to closed-system
fractionation of olivine t pyroxene at depths of
1G-20 kbar. The ne-normative character of the
hawaiitic and some mugearitic eruptive rocks of
the D.S. was ascribed to this fractional crvstal-

lo.

L

o.

1 .

s ioz

Frc. 2. Major element variation diagram showing
glass compositions from Fournaise compared with
the Piton des Neiges Differentiated Series lavas.
Glass in gabbroic xenoliths, solid squares; RF 18
glass in olivine dolerite, inverted solid triangle;
rhyodacite glass RE 490, open squares; alkali-
rich glass inclusion in olivine, RE 934, solid tri-
angle.

lization episode. Low-pressure (( 5 kbar) frac-
tionation of plagioclase * clinopyroxene *
Fe-Ti oxide assemblages was inferred to be re-
sponsible for the evolution of the more evolved
D.S. liquids. Upton & Wadsworth suggested that
the reversion from ree-normative basalts, hawai-
ites and mugearites of the D.S. to saturated
and oversaturated mugearites and trachytes (and
their intrusive equivalents) was possibly effected
by both crystallization of ne-normative clino-
pyroxene and amphibole and an increase in Fe-
Ti oxide precipitation; Macdonald (1974) sug-
gested that similar reversals may be achieved by

_ e o
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fiactionation of a non-stoichiomefric, Silica-
deficient feldspar. Similar teversals in the
normative character of the evolved liquids have
been observed for other volcanic provinces, e.9.,
Hawaii (Macdonald 1968) and Skye (Thompson
et al. 1,972).

Data for 4z-trachytes and comendites from
the youngest D.S. eruptive rocks (Nativel 1976)
largely support Upton & Wadsworth's model in-
voking late-stage plagioclase fractionation in a
low-pressure magma reservoir system. Using
rare-earth elements (REE) and quantitative
models involving mass-balance equations, Zie-
linski (1975) defined two groups of D.S. rocks:
group-l compositions follow Uptop & Wads-
worth's model and show a proportional increase
in toral REE with differentiation index (D.I.)
and an increasingly negative Eu anomaly. How-
ever, group-2 compositions, comprising both
intrusive and extrusive rocks, show ngither a
positive correlation of REE with D.I. nor a
significant Eu anomaly. In addition, LalYb is
enriched twofold (19-24) relative to 1O-14
for group 1. Zielinski interpreted the group-2
liquids as partial melts from a source rich in
clinopyroxene or hornblende or both, similar in
character to that represented by the low-pres-
sure cumulate xenoliths described by Upton &
Wadsworth (1,972b). Mixing of these partial
melts with liquids having REE abundances equi-
valent to group 1 was expected to account for
anomalous variation of REE with respect to D.I'

Models for Piton de la Fournaise: maiot
elements

Conpositions of glasses from the gabbroic
xenoliths and of the trachytic glass RF18 provide
an apportunity to assess the fractional crystalli-
zation of the Fournaise magma relative to that of
P. des Neiges. In addition, the hawaiitic vein se-
gregation RF16A from olivine basalt RF16
(Fig. 2) has been taken to represent the one-
atmosphere evolution from basalt to hawaiite.
Successive glass compositions have been con-
sidered parent and daughter; compositions of
the fractionated phases have been taken from
microprobe determinations of microlites in the
host glass and rims of zoned phenocrysts in the
host rock.

This sequence of compositions from basalt
to trachyte has been assessed using a least-
squares technique (e,g., Bryan et al. L969,
Wright & Doherty 1970). Relative to similar
models (e.g., Ewart et al. (1973) for the Tonga
islands, Zielinski & Frey (1970) for Gough Island
and Zielinski (1975) for the D.S. of P. des
Neiges, the relations between host rosks and

glass compositions provide an excellent control
of closed-system fractional crystallization for
Fournaise.

The calculations involve matrix solutions of
mass-balance equations comprising compositions
of a parental liquid, mineral phases and a deri-
vative liquid. The results of five solutions for
the evolved liquids of Fournaise are given in
Table 4. The accuracy of a solution for element
(i) is represented by the difference between the
observed composition (Bi) and the estimated
composition (Br8), i.e., @r - Bie)' is minimized.
The coefficients represent either the positive or
negative contribution of the parent liquid or
mineral phases required for the solution. Thus
the degree of crystallization (in Vo) and the rela-
tive proportions of mineral phases fractionated
may be evaluated.

The compositional trend fot Solution / (oli'
vine basalt lava-lake sample RF 16 to hawaiitic
vein segregation RF 16A) is shown by the tie
lines in Figure 2. T\e trend differs from that
observed for the lavas of P. des Neiges in that
it involves enrichment of Fe and Ti. Such a
trend is inferred to result from fractionation of
mafic minerals within the host rock and suppres-
sion of magnetite fractionation. The solution to
the mass-balance equations involving the liquid'
clinopyroxene, plagioclase and olivine composi-
tions of RF 16 (olivine basalt) demonstrates this
process. Ludden (1973) has shown that frac-
tionation of significant quantities of magnetitc
in addition to olivine, clinopyroxene and plagio-
clase are required to satisfy compositional va-
riations within the basaltic and hawaiitic lavas
of Fournaise. This has been confirmed by the
observation of magnetite horizons in cumulate
blocks associated with basaltic eruptions on
Fournaise (Upton & Wadsworth L972a, Ludden
1976), T:hie difference in fractionation trends
(i.e., RF16+RF16A relative to Fournaise olivine
basalt lavas + hawaiitic lavas) is inferred to be
controlled by l(O), oxygen fugacity of the melt.
In the case of the vein segregation in the lava-
lake sample, the liquid has fractionated under
higher l(Or) than the basaltic melts of Fournaise
(i.e., rhe lava-lake sample is degassed relatrve to
the basaltic melts fractionating in the low-pres-
sure .magma reservoir). Upton & Wadswortl
(1972a) and Ludden (1978) have observed that,
for the basaltic lavas of both P. des Neiges and
Fournaise, the near-surface crystallization pro'
gression is olivine -+ plagioclase + clinopyroxene,
whereas petrographic evidence from gabbroic
and peridotitic xenoliths included in the lavas
indicites the sequence oLvine -+ clinopyroxene
+ plagioclase at confining pressures equivalent



TABTE 4. LEA5T-SQUARIS SOLUTIOIIS TO IHE PIION DE tA FOUNMISE
LO}I-PRESSURE EVOLUTIOMNY ruND

Solutlon l: olivlne basalt RFI6 (D.I. 23) * fpa611gi" ,"1n
segr€gatton RFI6A (D.I. 36) ln oiivlne basalt Rn6

RFl6 cpx ptag ol iv  RFI6A:(Br)  ct . (B.rr )
!19, 48.33 5't.71 46.42 38.6t 4s.41 4s.6i
J lo? 2.32 1.33 -_ 3.46 s. ,8A1203 13.63 1.92 33.38 ]3.29 ]a: i ,
fe!  1] .64 7.37 15.66 13.e2 i , . i i
Is9 ,e.66 15.60 45.53 4.64 i .s i
! a0 -  10 .31  21 .62  l 7 . n  , 10 . . n  

d . , o
l !a?o 2.64 0.30 2.07 3.35 : .aO
!,s 0.80 0.35 1 .2s ] . raPa0" 0.33 0.53 o. i t
Coeff lc ientr :  RFt6 + 1.452;  cpx -  0.089,  p lag.  -  0. ]943

o l l v .  -  0 . 177 -
e(8., - BOa)2 - 0.62, crystal lizailon : 32
S o l u t i o n  2 :  a v e r a g e  h a r a J t t e  A . H .  ( 0 . 1 .  3 8 )  r  t l u g e a r J t e  g l a s s

R F  l 8 3 R  ( T a b l e  2 ,  c o t .  4 .  D . t . ' 4 7 1  
'

A.l .  mt cpx plag RFtg3R:(Bt)

! lQ ,  59 .12  - -  5 t . 32  48 .11  s . I . 73
l l 0 ,  2 . 8s  22 .36  1 .34  2 . s8
l l : 0 ,  11 .95  1 .56  1 .75  31 .91  16 .38
I "9  11 .16  66 .41  9 .72  - -  10 .07
lsq 4.94 3.00 14.65 3.75
9u0- 9.q - -  zo. ts 16.02 7.26
f !a- ,O 9.58 --  0.  35 2.s4 4 . r iKzo  1 .28  0 .39  1 .98

ffi i':"l;li: 1' [: #''?';#,;!i?Xi,;l:9,0"' pras -0' 207'

sol ution 3: 
il;ii'ir:3i:'l:",j?: 

",r31,1 

!!y"u"it" oru.'
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to the low-pressure magma reservoir ({5 kbar,
Upton & Wadsworth L972b). The evidence for
the near-surface crystallization progression (RF
16 + RF 16A, this paper) and the low-pressure
evolutionary trend for the basaltic melts of Four-
naise and P. des Neiges (Upton & Wadsworth
I972a, b; Ludden 1978) indicates that such a
change in crystallization sequence may be a re-
sult of variation in l(Or) with confining pressure
of the basaltic melts.

Transitions from hawaiite (represented by the
average hawaiitic liquids erupted on Fournaise:
Ludden 1978) through mugearite, benmoreite
and trachyte compositions are given in Solutions
2-5. The gla$s represents a liquid composition
and mineral analyses are taken from microlites
within the glass and rims of minerals associated
with the glass. All transitions involve removal of
clinopyroxene, plagioclase and magnetite. The
Fe content of the clinopyroxene and Na content
of the plagioclase increase during fractional
crystallization. Fe-Ti oxide (magnetite) compo-
sitions remain relatively constant at Usp 60-75.
For comparisono the mineral end-member com-
positions are given for intrusive rocks from P.
des Neiges CIabIe 5); data are taken from in-
trusive fragments included within the St-Pierre
ash flow, R6union (Ludden, unpubl. analyses).
Fe-amphibole commonly occurs in the most
evolved intrusive rocks (Iable 5; Upton & Wads-
worth 1972a), Trace-element evidence, cited
later in this paper, requires amphibole in the
fractionation sequence during evolution of the
"water-saturated" syenitic melts of P. des Neiges.

Considering the funplication of solutions 2-5
relative to petrographic evidence for fractional
crystallization on P. des Neiges:
(1) Plagioclase dominates the fractionation se-
quence; the plagioclase/clinopyioxene ratio of
the fractionated .mineral assemblage increases

TABLE 5. COMPAMTIVE IiINERALOGY FOR'IIIE DTFFERENTIATED
SERIES OF PITON DES NEIGES

Sampl e

RF25*
(vt )

RF25(vr r )

RF25
(v r  i r  )

D.L cpx plaq mt other

36 Fs 15-19 An 65-25 Usp 50-70
En 38-40 Ab 34-65
D1 42-45 0r 2-9

40 Fs 14-20 An 50-30
En 39-21 Ab 40-60
Di 43-46 Ot 2-7

75 Fs 18-23 An 30-2 Usp 50-70 Fe. Anph.
En 3l-37 Ab 6l-54
D1 24-46 0f 9-44

Fe. A[ph.
F a . 0 l i Y .

REsTDUAL cLAssEs rN n6uNroN LAvAs aND xENoLITHs

est .  (Bi i )

51 .77
, 7 0

' 16 .20
' 1 0 . 1 9

3.47
7,47
4.34
I  .81

5i0z 50.72
Ti02 2.89
Al  r0 r  14 .55
F e o  l 1 . 1 6
M90 4.94
Cao 9 .86
Na20 3 .58
KzO 1 .28

mt  cpx  p laq  RF47t (8 . )  esr -  fR-* ).  1 ,  _ - - .  . " 1  ,

51.32 48. n 54.31 54.21
2 2 . 3 6  1 . 3 4  1 . s 7  1 . 7 3' t . 5 1  

l . 7 s  3 r . e r  t t . i i  1 7 . 5 r
6 ! . 4 1  9 . 7 2  7 . O l  7 . 1 3
3.00  14 .65  3 .21  3 .02

20.19 16.02 7 .23 7 .44
0.35  2 .54  3 .51  3 .68

0 . 3 9  1 . 8 9  1 . 7 9

Coef f l c ien t :  A-H.  + - ] .362;  mt .  -  0 .052;  cpx  -  0 .0g6;

e(Br - Bi*)2 J|lli,o'f,olu"r"r.rzation: 28
sor urion 4: 

#ii3"ii:ryll: i5iltr!r;];.r8Ji bemreite srass

RF47L mt cpx p lag  RF47C(B j  )  es t .  (B1r )

50.67 58.94 58.88
1 . 7 5  1 . 9 8

4 . 0 0  1 6 . 6 5  1 6 . 8 5
7.44  7 .28
2.22  2 .46

13.84  4 .48  4 .13
3.73  4 .66  4 .35
0.23  2 .9  2 .72

Coef f i c len t :  RF47t  +  1 .478;  mt .  -  0 .029;  cpx  -  0 .116;
.  p l a s .  -  0 . 3 0 5 .

e ( B ,  -  B 1 * ) ' z : 0 . 8 4 :  %  c r y s t a l l t z a t t o n : 3 0 .

So lu t lon  5 .  bemret te  g tass  RFI83Y (Tab le  Z ,  co l .  6 ;  D . l .  6 l )
*  t r a c h y t e  g l a s s  R F l 8  ( T a b 1 e  2 ,  c o l . 9 ;  D . 1 . 8 0 )

A I

s l02  54 .31
T i 0 ,  1  . 9 8  1 9 . 1 0
Al  z0  s  17  .65  3 .70
Feo 7.01 68.65
l'fg0 3.21 5.46
Cao 7 .23
Na20 3 .51
Kuo 1 .89

RFI83Y mt cpx

48.81

2.42
9.54

1 4 . 6 1
2 1 . 9 0

n  1 E

s t0 ,  54 .39
T t 0 2  1  . 3 7  1 9 . 1 0
4 1 2 0 3  t 7 . 7 1  3 . 7 0
Feo 7.M 68.65
l'fSo 2.95 5.46
Cao 4.54
Nazo 4.24
KzO 3.30

p l a s  o l i v  n F l 8 ( B . )  e s t . ( B r * )
|  - t

54.06 38.59 62.'t4 62.05'I 
.28 1 .48

28.85  16 .50  16 .46
3 t . 1 6  3 . 0 1  2 . 9 5
3 l .56  0 .58  0 .75

1 1  .07  0 .32  0 .44
5.47  3 .91  4 .27
0.63  5 .68  5 .82

51 .74
0.82
I .48'| 
3.40

1 0 . 9 0
20.85

0 . 1 0

Coefflcient: RFI83Y + I.874; mt. - 0.069; cpx - 0.083;
,  p l a g . -  0 . 5 7 2 ;  o l l v  -  0 . . l 2 1 .

e(B{  -  Br r ) '  :  Q.79 :  x  c rys ta l l l za t lon  :  45 .

RF24 79 Fs 26-27 n.d.
(vI) En 27-2s

Di 45-it6

I Totat lmn as Feo; coefficlents mfer to the fracuons of
Ilquld and crystall lne phases requlred for the solufion of
the mlxlng calculatlons Br ls the actual comDos.lt. lon of audaughter l lquldn, Br* is-the corDosltlon of the 'dauqhter
l lqu ld"  p red lc ted  by ' the  ca lcu la t ion

rRF25 (VD- RF25 (VIII) Intrusive fragrEnts included rlthin the
St. Pierre ash flm, P. des t{€iges.
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from 2.5 for hawaiitic and mugearitic compo-
sitions to 7 for trachytic compositions. The com-
mon occurrence of highly plagioclase-phyric
basalts in the D.S. lava sequences (Upton &
Wadsworth 1'972a) and complex, plagioclase-
rich (mugearitic) dykes (Upton & Wadsworth
1970) support the interpretation of the mass-
balance equations.
(2) An intermediate-pressure (10-20 kbar) frac-
tionation episode primarily involving clinopyrox-
ene, as inferred by Upton & Wadsworth (L972a)
for the evolution of the ne-normative hawaiitic
and mugearitic liquids of P. des Neiges, would
be compatible with the model. However, solu-
tions 2-5 indicate that the complete evolutionary
sequence may be achieved by clinopyroxene'
plagioclase and magnetite removal at low pres-
sures ((5 kbar). Solution 1 indicates that ma-
jor changes in crystallization (fractionation) pro-
cesses may result from subtle variation in
fractionating regime. In addition, the normative
character of the mugearitic glasses (RF 183Y,
RF 183R and RF 47L) indicates that the liquids
are critically situated with respect to the boun-
dary between hy- and tte-normative liquids.
Thus, it is anticipated that the complex evolu-
tion of the P. des Neiges D.S' liquids may be
achieved in a low-pressure magma reservoir;

changes in the normative character of the ha-
waiitic and mugearitic liquids may reflect minor
changes in fractionating environment. Fraction-
ation of a relatively calcic plagioclase from
mugearite liquids (i.e., solution 4) would main-
tain the residual liquids in a 4z-normative field.
(3) Solution 5 requires temoval of fayalitic oli-
vine. The presence of olivine (Fa'o) in the syeni-
tic intrusions of P. des Neiges (fable 5) and
microlites located within the glass supports this
process.

Models lor Piton de la Foumaise: trace elements

Trace element behavior during fractional
crystallization may be evaluated by substituting
tle appropriate mineral/liquid partition coeffi-
cients (D) in the proportions required by the
mass-balance equations. The agreement between
calculated and observed compositions provides
a constraint on the solutions to the rnass-balance
calculations. Zielinski (1975) has completed
such calculations for the D.S. of P. des Neiges.
Two rare-earth-element (REE) profiles taken
from analytical data presented by Zelinski are
shown in Figure 3 (solid symbols): RE 634, a
trachyte, represents the most evolved members
of Zielinski's Group 1 liquids, characterized by

AVE. HAWAIITE
R F 4 7 L
RF I83 Y
R F  I 8

RE 16
RE 634
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Frc. 3. Calculated REE profiles for the Fournaise average hawaiite and glass

compositions (open symbols). RE 634, a trachyte, and RE !6,3 sV-enite,
frori groups l'and 2 respectively, defined by Zielinski (1975). The-dotted
lines ieprisent calculated fractionated liquids.,A = RF 183Y after re-

moval 6f 35% clinopyroxene. B - RF 18 after fractionalion of 35Vo

amphibole. All values- are normalized to the composition f the Fournaise
pareotal basalt (Luddeo 1978).



a positive correlation of D.I. with REE abun-
dance and an increasingly negative Eu anomaly;
RE 16, a quartz syenite, represents Zielinski's
Group 2 liquids, characterized by high La/Yb,
lack of Eu anomaly, lack of heavy-REE enrich-
ment and non-correlation of D.I. and REE abun-
dance. The open symbols represent the calcu-
lated compositions of tJre average Fournaise
hawaiite (Ludden 1978) and glasses RF 47L,
RF 183Y and RF 18. In this model fractiona-
tion from parental basalt compositions (I-udden
1978) through to the most evolved glass RF 18
is considered. Mineral/liquid D values have
been taken from Schnetzler & Philpotts (1968,
1970), Buma et al. (1971) and Philpotts et al.
(1972).

The glass compositions define a trend of in-
creasing REE abundance and negative Eu ano-
maly with D./. This trend reflects fractionation
of clinopyroxene, plagioclase and ,magnetite, and
the negative Eu anomaly is attributed to the in-
creasing plagioclase/clinopyroxene ratio. Thus,
the calculated abundances are equivalent to those
of Zielinski's Group 1 D.S. compositions and
confirm the low-pressure fractionating assem-
blage of plagioclase :t clinopyroxene t magne-
tite for these liquids. A near-perfect match for
the calculated profile for RF 18 glass (D.L 82)
and the observed profile for RE 634 (trachyte;
D.I. 84) is obtained when IVo apatite is added to
the fractionating assemblage; owing to mineral/
liquid D values in the order of 5G-10 (Nagasa-
wa L970), apatite acts as a major sink for REE.

Zielinski considered the REE abundance of
Group 2 liquids to reflect partial melting of a
mafic mineral assemblage similar to that re-
ported for the cumulate rocks of P. des Neiges
(Upton & Wadsworth L972b). It is considered
improbable that such a partial rnelting event
occurred on R6union during the evolution of the
D.S. lavas, and it proposed that the REE pro-
files of the Group 2 liquids reflect fractionation
of amphibole. Recent data for amphibole in
acidic volcanic rocks (Sun & Hanson 1976;Kyle
& Rankin 1976; Zielinski & Lipman 1976) indi-
cate that amphibole may: (1) act as a major
sink for REE: (2) fractionate heavy REE pre-
ferentially to light REE; (3) offset the effect
of plagioclase fractionation on the Eu abundance
due to a negative Eu anomaly. Data from Sun &
Hanson and Kyle & Rankin give Sm/Yb ratios
of. 34 and mineral/liquid D values of l-10.
Profiles A and B shown in Figure 3 model the
effect of extensive amphibole fractionation on
a D.S. liquid which has already undergone some
gabbroic fractionation (in this model RF 183Y
and RF 18). ln profile A, RF l83Y has been
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subjected to 35Vo clinopyroxene fractionation;
in profile B, RF 18 has been subjected to 35%
kaersutite fractionation, with mineral/liquid D
values taken from Sun & Hanson 1976). After
amphibole fractionation a relatively close ap-
proximation to RE 16 is obtained. In addition,
if. LlVo apatite were fractionated with amphi-
bole, a close match to RE 16 would be obtained.
Thus profile B supports an origin for the sye-
nite liquids of R6union by stabilization of
amphibole as a fractionating phase in the D.S.
liquids (see Upton & Wadsworth 1972a fot
petrographic arguments for such a process).
Removal of small quantities of a silica-free phase
having high mineral/liquid D values for REE
(i.e., apatite) would result in an inconsistent
variation of Si-saturation (D.I) with total REB
abundance of the liquid.

RnvopectrB Gr,ess

Upton & Wadsworth (1971) considered the
origin of the rhyodacite glass in the olivine basalt
lavaJake sample, RE490, in some detail. They
considered the glass to have formed after a
localized increase in F(O)r of the basaltic melt,
possibly as a result of inclusion of groundwater.
The high P(O)s resulted in early Fe-Ti oxide
precipitation and subsequent Si-enrichment to
rhyodacite compositions. The oxidized nature of
the glass is indisated by microprobe determina-
tions on oxide phases; the analyses show hema-
tite (Usp l2%) in the glass and a gradient in
oxygen fugacity (estimated using the calibration
curves of Buddington & Lindsley 1964) of. LAr''u
near the glass to 10-10'4 in the fresh basalt.

The restricted occurrence of oxidized glass,
the lack of hydrous mineral phases in the ba'
saltic melts and the apparently low P(O)z (non-
oxidized nature) of the trachyte glass in RF18
favor a mechanism, such as that described by
Upton & Wadsworth, involving a very localized
process for increasing P(O)r. Localized solution
of water in the basaltic melt implies that the
Fournaise basaltic melts are undersaturated witlt
respect to water.

Pnrvrenv AxerrNe Gllss

Occurrences of large inclusions in minerals
(>10p) such as the glass within the olivine of
dunitb RE934 (Fig. ld) are rare. However, mi-
croprobe scans across smaller inclusions indicate
a similar alkali-rich nature. This paper presents
data for the glass in RE934 and a preliminary
interpretation of its significance: a more de-

RESIDUAL GLASSES TN NEUNTON LAVAS AND XENOLITHS
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tailed survey of similar glass occurrences is in
progress.

Silicate inclusions in olivine crystals have
been reported by Roedder & Weiblen (1970,
1971), Anderson (1974) and Anderson & Wright
(L972). The latter two papers presented data
for inslusions which, when corrected for olivine
crystallizationo reflect the bulk rock or primary
liquid chemistry. The silica-rich "granitic" glass
reported by Roeddler & Weiblen (1970, 1971) is
inconsistent with such an explanation.

Figure 4 shows microprobe scans across tle
glass. The steep crystal-glass contact indicates
that no diffusion has occurred between the
trapped liquid and olivine host. The peak towards
the center of the glass inclusion may indicate
either tlinning of the glass at its centre, or a
crystal-glass ooedge effect" caused by differential
X-ray excitement. The normative values for the
crystal extract from an average Fournaise basalt
composition required to form the glass compo-
sition are ab 2L, an 27, di 33, hy 8, ol 3, mt *
ilm 8. T\us, by extraction of olivine alone, it
would be impossible to form such compositions
after inclusion of the basaltic liquid within the
olivine. The implication is that the alkali-rich
liquid existed as an immiscible phase in the
basaltic melt and was included in the olivine
during crystal growth in the low-pressure mag-
ma reservoir.

To be considered for the origin of such liquids
are: (1) melting of material from a granitic or
syenitic source in the oceanic crust or volcanic
superstructure; (2) the existence of immiscible
alkali-rich liquids in the source region for ba-
saltic melts; (3) partial rnelting of gabbroic ma-
terial to yield alkalic liquids; (4) gabbroic frac-
tionation and mechanical liberation of evolved
liquids from partly crystalline cumulate horizons
in the low-pressure magma reservoir.

The formation of evolved liquids in the gab-
broic xenoliths and the compositional similarity
of the RE934 glass to the evolutionary trend
displayed by the glasses in the gabbroic xeno-
liths seem to indicate the fourth mechanism.

Surrrueny oF TrrE CoNct ustoNs

Fractional crystallization models based on
the compositions of glass phases within gabbroic
xenoliths and basaltis lavas of Fournaise indi-
cate:
1. Differences between the near-surface se-
quence of crystallization and the crystallization
sequence equivalent to the low-pressure magma
reseryoir (probably (5 kbar). This difference
reflects a higher l(Oz) for magmas crystallizing
at 1 atm relative to magma$ fractionating in the
low-pressure magma reservoir.
2. The evolution from hawaiitic to trachvtic

Ftc.4. Electron-microprobe scans across a 20p glass inclusion in an olivine
crystal in dunite xenolith RE 934. Scale expansion is represented by
weight 7o values.



compositions is controlled by clinopyroxene,
plagioclase and magnetite fractionation at low
pressure. The plagioclase/clinopyroxene ratio of
the fractionated mineral assemblage increases
from 2-5 in hawaiitic compositions to 7 in tra-
chytic compositions.
3. Comparison with P. des Neiges indicates that
a similar model will satisfy the evolution of rnost
D.S. compositions. However, syenite generation
is expected to be a result of stabilization of am-
phibole as a fractionating phase by introduction
of water into the fractionating liquid.
4. Models based on the REE and the mass-
balance equaiions'indicate that enrichment in
REE is proportional to increases in D.l. and an
increasingly negative Eu anomaly during frac-
tionation, from hawaiite through to trachyte.
Models involving the syenitic liquids provide a
good match with observed data. The introduc-
tion of amphibole as a fractionating phase in
evolved liquids affects the REE pattern of the
residual liquid significantly in that it reduces the
overall abundance of REE, it fractionates the
heavy REE preferentially to the light REE, and
it offsets the Eu anomaly normally attributed to
plagioclase fractionation.
5. Highly oxidized rhyodacite glass in the ve-
sicles of some lavas is inferred to reflect the de-
velopment of a high P(Os) by localized inclusion
of groundwater in the basaltic melt.
6. Primary alkaline glass inclusions in olivine
crystals are tentatively inferred to represent the
presence of immiscible alkali-rich liquids in the
basaltic melts.

ACKNowl,EDGEMENTS

I should like to thank Dr. A. C. Dunham and
Mr. F. C. F. Wilkinson for discussion of micro-
probe analytical techniques. This work formed
part of a Ph.D. thesis initiated by Drs. W. J.
Wadsworth and B. G. J Upton and supported
by the National Environment Research Council,
U.K.

RnrenpNcrs

AronRsoN, A. T., Jn. (L974): Evidence for a picri-
tic, volatile-rich maerna beneath Mt. Shasta,
California. l. PetrologX L5, 243-267,

& Wnrcrt, T. L. (1972): Phenocrysts and
glass inclusions and their bearing on oxidation
and mixing of basaltic magmas, Kilauea Volcano,
Hawaii. Amer. Mineral, 67, L88-216.

BRyAN, W. B., FrNcrn, L. W. & Cnevrs, F. (1969):
Estimating proportions in petrographic mixing
equations by least-squares approximation. Science
163,926-927.

27s

BuDDrNoro\ A. F. & LrNDsLEy, D. H. (1964): Iron
titanium oxide minerals and synthetic equivalents.
t, PetrologX 5, 310-357.

BUMA, G., Fnrv, F. A. & WoNss, D. R. (1971):
New England gtanites: trace element evidence
regarding tleir origin and differentiation. Contr.
Mineral, Petrology 31, 300-320.

DoNALDsoN, C. H. (1975): Ultramafic inclusions in
anorthite megacrysts from the Isle of Skye. Earti
Planet. Sci. Lett. 27, 251-256.

EwARr, A., BnraN, W. B. & GEL, J. B. (1973):
Mineralogy and geochemistry of the younger vol-
canic islands of Tonga, S. W. Pacific. l. Petrolqry
L4, 429-465,

KYI.E, P. R. & RaNrrN, P. C. (1976): Rare earth ele-
ment geochemistry of Late Cenozoic alkaline la-
vas of the McMurdo volcanic group, Antarctica.
Geochim. Cosmochim. Acta 40, 1497-1507.

Lecnor& A. (f 936): Le volcan actif de l'ile de la
R6union et ses produits. Gauthier-Villars, Paris.

LuoorN, J. N. (1976): The Petrology of the Vol-
cano Piton de la Foarnaise, Reunion Island, Vl/est'
ern Indian Ocean. Ph.D. thesis, University of
Manchester, England.

(1978): Magmatic evolution of the basaltic
shield volcanoes of Reunion lslatd, I. Volc.
Geotherm, Re.,r. 3 (in press).

MecooNer.o, G. A. (1968) l Composition and origin
of Hawaiian lavas. Geol. Soc. Amer. Mem, LL6,
477-522.

MecpoNetn, R. (1974): The role of fractional crys-
tallization in the formation of the alkaline rocks.
In The Alkaline Rocks (II. Slrensen, ed.), J.
Wiley & Sons, London.

McDouo.lr-r-, I. (1971): The geochronology and
evolution of the young volcanic island of R6union,
Indian Ocean. Geochim. Cosmochitn. Acta 35,
26r-288.

NAcAsAwA, H. (1970): Rare earth concentrations in
zircons and apatites and their host dacites and gra-
nites. Earth Planet. Sci. Lett. 9, 359-364.

Nerrvrr-, P. (1976): Trachytes quartzifbres et co-
mendites i la R6union. Aspects p6trologiques.
Soc. Giol. France Bull. Sdr.7, L8, t357'1364.

PHrr,porrs, J. A., ScnNetz.rr., C, C. & Tnoues,
H. H. (1972): PetrQgenetic implications of some
new geochemical data on eclogite and ultrabasic
inclusions. Geochim. Cosmochirn. Acta 16, l13l'
1166.

RoBoor,n, E. & Wsrsr.rN, P. W. (1970): Lunar
petrology of silicate melt inclusions' Apollg, 11
iocks. Proc. lst Lunar Sci. Conf. 1, 801-837.

& - (197L): Petrology of silicate melt
inclusions, Apollo 11 and Apollo 12 and terres-
trial equivalents. Proc,Znd Lunar Sci. Conf. I'
507-528.

ScHNET:ZLER, C. C. & PHtLPorrs, J. A. (1968): Par-
tition coefficients of rare earth elements and ba-

RESIDUAL GLASSES IN RfUNION LAVAS AND XENOLITHS



276 THE CANADIAN MINERALOGIST

rium between igneous matrix material and rock-
forming-mineral phenocrysts. I. In Origin and
Distribution of the Elements (L. H. Ahrens, ed.),
Pergamon, Oxford.

& _- (1970): partition coefficients of
rare-earth elements between igneous matrix ma-
terial and rock-forming mineral phenocrysts. II.
Geochim. Cosmochim. Acta 84, 331-340.

StertuM, P. J. (1975): Quantitative X-ray Energy
Spectrometry: the Applications of a Si(Li) Detec-
tor to Electrcn Microprobe Analysis. Ph.D. thesis,
University of Cambridge, England.

Sutit, S. S. & HeNsoN, G. N. (L976): Rare earth
element evidence for differentiation of McMurdo
volcanics, Ross Island, Antarctica. Contr. Mineral,
Petrology U, 139-155,

Tnoursory R. N. (1972): Evidence for chemical
discontinuity near the basalt-andesite transition
in many anorogenic volcanic srites. Nature 2N6,
106-1 10.

-, EssoN, J. & DuNneu, A. C. (1972): Major
element chemical variations in the Eocene lavas
of the Isle of Skye, Scotland. J. Petrology 11,
219-253.

UrroN, B. G. J. & Weoswonnr, W. J. (1966): The
basalts of R6union Island. Indian Ocean. Bull.
Volc. 29, 7-24.

& _ (1970): Intra_volcanic intrusions
of R6union. /n Mechanisms of Igneous Intrusion
(G. Newall & N. Rast, eds.), Geol. l, Spec.
Ed. 2, l4l-t56.

& - (1971): Rhyodacite glass in R6u-
nion basalt. Mineral. Mag. 38, 152-159.

& -- (1972a): Aspects of magmatic
evolution on R6union Island. Piil. Trans. Roy.
Soc. London A271, 105-130.

& _ (I972b): peridotitic and gabbroic
rocks associated with the shield forming lavas of
R6union. Contr. Mineral. Petrology 35, 139-158.

Wrr-roNsow, J. F. G. (1966): Residual glasses from
some alkali basaltic lavas from New South Wales.
Mineral. Mag. 35, 847-860.

WnlcHt, T. L. & DonnRTy, P. C. (1970): A linear
programming and least squares computer method
for solving petrographic mixing problems. GeoI.
Soc. Amer. Bull, 91, 1995-2008.

ZrrrrNsrr, R. A. (1975): Trace element evaluation
of a suite of rocks from R6union Island, Indian
Ocean. Geochim. Cosmochim. Acta Ng, 713-734.

& Fnel F. A. (1970): Cough Island: evo-
Iution of a fractional crystallization model. Contr.
Mineral. Petrology 29, 242-254.

& LtrulN, P. W. (1976): Trace-element va-
riations at Summer Coon volcano, San Juan
Mountains, Colorado, and the origin of continen-
tal-interior andesite. Geol. Soc, Amer, Bull. 87,
1477-1485.

Received September. 1977; revised manuscript ac-
cepted March 1978.


