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Abstract

Two C2/c pyroxene suites from sodic alkaline rocks (Basanite-Phonolite: B-Ph and Alkali basalt-
Trachyphonolite: AB-T) belonging to the McMurdo Volcanic Group (Mt. Melbourne province and Mt.
Erebus, Antarctica) were investigated by single-crystal X-ray diffraction combined with electron probe
microanalysis which together provide accurate site occupancy and site configuration parameters. Variations in
site volumes distinguish the clinopyroxenes belonging to the more alkaline B-Ph suite from those of the AB-T
suite. The former have higher Vi, and, for similar cell volume, lower Vy and higher Vr. In these C2/c
pyroxenes, the bond lengths of M1 depend on R** content, necessary to balance A" in the T site. M1
geometric variations are similar for both B-Ph and AB-T suites. However, the M2 site is crucial for variations
in polyhedral configurations. The increase in Al'Y affects the shortest M2—O bond lengths in different ways
depending on (Ca+Na) contents in the M2 site. Thus, the clinopyroxenes were distinguished in two different
groups not related to the two suites. The first group is characterized by (Ca+Na) higher than 0.90 atoms per
formula unit but shows a good positive correlation between the shortest M2—O bond lengths and AlY content,
at quite constant (Ca+Na). The second group has (Ca+Na) less than 0.90 atoms per formula unit but shows a
poor correlation between the shortest M2—O bond lengths and AI'Y content. In general, shortening of the
longest M2—0O bond lengths is associated with increase in ALY, The cell and M1 volumes suggest that the
clinopyroxenes, including the larger and sometimes resorbed macrocrysts, crystallized at a pressure lower than
5 kbar, fitting the petrography and evolved character of the rocks in question.

KeyworDps: clinopyroxene, X-ray diffraction, site occupancy, Antarctica.

microanalysis techniques on the same crystal has
been carried out in the last few years. Dal Negro et
CrysTAL chemical study of several C2/c pyroxenes al (1989) summarized crystal chemical variations in
(cpx) based on single-crystal X-ray diffraction and c¢px from distinct magmatic environments and
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stressed the fact that cpx is a sensitive genetic
indicator related to specific host rocks. Its structural
geometry depends on the various cation occupancies
in the M1, M2 and T sites, as well as the relationships
between the sites, and the charge balance around the
oxygens, the latter being obtained by means of
cation-oxygen bond length variations.

The present work evaluates similarities and
differences in the crystal chemistry of cpx from
sodic volcanic rocks from suites with various degrees
of silica-undersaturation (see below). Moreover, the
pressure of cpx crystallization, including that of the
larger and sometimes corroded cpx macrocrysts, is

estimated. The volcanics mainly come from the Mt.
Melbourne Province (McMurdo Volcanic Group
Western Ross Embayment, Antarctica).

Geological setting and petrological outlines

The Mt. Melbourne Volcanic Province (MMVP) is
part of the McMurdo Volcanic Group which
comprises all Cenozoic alkaline volcanic rocks
outcropping in the Western Ross Embayment in
Antarctica (Kyle, 1990). The MMVP extends north-
ward from Mt. Melbourne to the Malta Plateau
(Fig. 1), on the uplifted western shoulder of the Ross
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Fig. I. Schematic tectonic map of western Ross Sea Rift (modified after Kyle, 1990), showing sites of analysed
samples (1 to 10) reported in Table 1. Dotted areas: distribution of McMurdo Volcanic Group
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Sea Rift System. The age of the MMVP volcanism is
younger than 25 Ma, Late Oligocene to Quaternary
(Kyle, 1990). The investigated samples (0.1—8 Ma;
Kyle, 1990) belong to various volcanic centres and
represent scoriae, bombs and lava flows. They are
located mainly south and east of Mt. Melbourne and
south of Mt. Overlord (Fig. 1).

The MMVP volcanics are mostly represented by
sodic alkaline rocks (20—1% CIPW nepheline);
hypersthene- and quartz-normative rocks are volu-
metrically scarce. The R1—R2 classification of De
La Roche ef al. (1980) (Fig. 2) shows that these rocks
(Table 1) belong to two main suites: Basanite-
Phonolite (B-Ph) and the less alkaline Alkali basalt-
Trachyphonolite (AB-T) (see also Table 1 and
Antonini et al., 1994).

The B-Ph rocks show olivine and augite with a
porphyritic texture and abundant vesicles; kaersutitic
amphibole is an important phenocryst phase only in
phonotephrite (no. 9); plagioclase is confined to the
groundmass. Basanite (no. 6) is characterized by the
presence of spinel-lherzolite mantle nodules. The
rocks of the AB-T suite have subaphyric to strongly
porphyritic texture. In contrast with the B-Ph suite,
plagioclase is an important phenocryst phase even in
the least evolved rocks (mg#, less than 48; Table 1),
associated with olivine and clinopyroxene.
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Fic. 2. Classification diagram of De La Roche ef al.
(1980) showing that the studied rocks may be sub-
divided into basanitic-phonolite (B-Ph, filled squares)
and alkali basalt-trachyte (AB-T, open squares) suites. A
= alkali-basalt; B = hawaiite; C = mugearite; D =
trachyphonolite; E = basanite; F = tephrite; G =
phonotephrite; H = phonolite. Numbers 1 to 10 refer
to rock types reported in Table 1.
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Major and trace element chemistry (Table 1)
shows that there is some compositional overlap
(e.g. SiO;, ALOj;, TiO,, CaO) between the B-Ph
and AB-T suites. However, the B-Ph rocks have
higher alkali and incompatible trace element contents
than with those of the AB-T rocks. Basanite (no. 6) is
characterized by higher LREE/HREE ratios (e.g.
Lan/Ybn = 18.3) than those of alkali-basalt (no. 1;
Lan/Yby = 14.5), according to Antonini et al. (1994).
Notably, mg# vs. Na,O, K,0, La, Zr and Y (Table 1)
show similar but distinct trends in the two suites.

Mass balance calculations (Antonini et al., 1994)
indicate that the transition basanite-tephrite-phonote-
phrite-phonolite (B-Ph suite) is compatible with
fractional crystallization involving olivine, clino-
pyroxene, and minor magnetite, apatite and amphi-
bole. The transition alkali basalt-hawaiite-mugearite-
trachyphonolite (AB-T suite) is compatible with
gabbro fractionation involving olivine, clino-
pyroxene, plagioclase, and minor magnetite and
apatite.

In summary, petrographic, geochemical and mass
balance data suggest that both B-Ph and AB-T suites
evolved by fractional crystallization from parental
melts corresponding to basanite and alkali-basalt,
respectively.

Analytical procedures

Optically homogeneous crystal fragments (about
0.2 mm in diameter) were hand-picked from a
section about 100 pm thick for X-ray diffraction
and microanalysis. They usually come from the core
and rim of a single phenocryst, and some from a
single microphenocryst.

X-ray diffraction data were recorded on an
automated SIEMENS AED H diffractometer using
Mo-Ko radiation monochromatized by a flat graphite
crystal, using the techniques and procedures given in
Dal Negro et al. (1982).

The same crystals used for X-ray single-crystal
analysis were used for chemical analyses, performed
on a CAMECA-CAMEBAX microprobe operating at
15 kV and 15 nA. A PAP CAMECA program was
used to convert X-ray counts into weight percent of
the corresponding oxides. Results are considered
accurate to within 2—3% for major and 10% for
minor elements.

Site occupancies were calculated according to Dal
Negro et al. (1982). The calculation of Fe* is based
both on charge balance (Papike et al, 1974) and
geometric parameters. The mean of M1—-O bond
lengths derived from crystal structure refinement
(<M1-0>,s) was compared with that calculated
from the site occupancies of the various cations, on
the basis of the following equation:
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2.081 Mgy + 2.126FeZ;; + 2.030Fe>* + 1.930A1%"
+ 2.010CC™ + 1.990Ti* = <M1—0> .

where 2.081, 2.126, 2.030, 1.930, 2.010 and 1.990 are
the means of M1—O bond lengths in the octahedrons
coordinated by Mg, Fe**, Fe**, AIY!, Cr** and Ti**,
respectively (Shannon, 1976). When the <M1 —O>gps
— <M1-0>, | difference was lower than 0.0050 A,
the (Fe?*/Fe**)y ratio was modified according to
Secco (1988). In the investigated cpx, the maximum
<M1—-0> difference was 0.005 A (one crystal; mean
0.002 + 0.002 A, N = 29).

Chemical and crystallographic data are reported in
Tables 2 and 3, respectively; bond lengths and
volume data are reported in Table 4.

Crystal chemistry

In the conventional pyroxene quadrilateral Ca-Mg-
Fe, (Fe** + Fe** + Mn), the studied cpx (Table 2) fall
in the diopside and augite fields (Fig. 3).

M1 site. The M1 site is essentially filled by Mg
(0.62—0.74 a.f.u.: atoms per formula unit), except for
crystal 8 of hawaiite no. 3 which is characterized by
an Mg content of 0.82 a.f.u.. Fe** ranges from 0.06 to
0.30 a.fu. and R** (AIY' + Fe** + Cr’* + Ti**) from
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0.05 to 0.24 a.f.u., without distinction between B-Ph
and AB-T cpx (Table 2).

The volume of the quite regular M1 octahedron
(Vagy) increases from 11.5 to 12.1 A® (Table 4), with
decreasing R>* content. The Va1 increase is due to
lengthening of all M1—-O bond lengths; the
lengthening of the shortest M1—-O2 bond lengths
(2.009—2.057 A) shows the best relationship with the
R* decrease.

T site. In the tetrahedral site, Al'Y contents range
from 0.02 to 0.25 a.f.u. (Table 2). The Al"Y increase
is poorly correlated with the increase in tetrahedral
volume (Vi = 2.23—2.29 A%; Table 4). Note that for
similar AI'Y contents, Vi may have different values.
Actually, the crystals from the B-Ph suite have a
larger Vr, except for crystals 24 and 25 of
phonotephrite (no. 9), and 27 and 29 of phonolite
(no. 10).

M2 site. The crystals of the AB-T suite have
(Ca+Na) lower than 0.89 a.f.u., excluding crystals 15
and 16 of trachyphonolite (no. 5). In the B-Ph suite,
the cpx (Ca+Na) is higher than 0.90 a.f.u., except for
crystals 24, 25 and 26 of phonotephrite (no. 9), and
22 and 23 of tephrite no. 8 (Table 2, Fig. 4).

The volume of the M2 polyhedron (V) ranges
from 25.38 to 25.87 A® (Table 4) and generally
increases with (Ca+Na) content. Note that the

LT
50
N 17. N /N
' 27 \.zo .
I " S0 " Di
’
3. 5o 2l829!D13
’ 4. 315
1D (a2t B Uy
: B, toy
45 T T B by - - - - - -
, [} 25 g 1200
8 23 24 1471,
’ =) DH
v 6 AU
40 N AV4 V \/
0 5 10 15 20 25

Fic. 3. AB-T and B-Ph clinopyroxene compositions projected in Ca-Mg-Fe, (Fe**+Fe**+Mn) system. Symbols as in
Fig. 2.
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F1G. 4. Relationship between M2 site volume (Vyy2) and (Ca+Na). Symbols as in Fig. 2.

crystals of the B-Ph suite with (Ca+Na) less than 0.90
a.fu. for similar (Ca+Na) content, tend to have
slightly higher Vi, than that of AB-T cpx (Fig. 4).
The AB-T cpx are clearly distinct from the B-Ph cpx
due to their shorter <M2—01,02> (less than 2.340 A;
Fig. 5a); there is a tendency for AB-T cpx to have
longer <M2—-03> bond lengths (Fig. 6a), (Ca+Na)
contents being the same.

For example, the shorter <M2—03> (mean) bond
length in crystal 26 relative to crystal 11 (Fig. 6a) is
due to the former’s higher Al content in the T site,
i.e. 0.235 vs. 0.151 a.fu.. respectively. The higher
A" in the T site of crystal 26 requires higher
contents of R** in the M1 site, which induces greater
shortening of the mean <M1—0> distance (crystal 26

=2.058 A; crystal 11 =2.072 /Q\). The consequence is
the greater length of the <M2-~01,02> (mean) bond
length in crystal 26 (2.346 A) relative to crystal 11
(2.329 A; Fig. 5a).

Discussion

Several works on pyroxene crystal chemistry have
highlighted the fact that the polyhedral configura-
tions of the M1, M2 and T sites are mutually
dependent. The configurations of M2 and T
polyhedra are constrained by (Ca+Na) and Al'Y
contents, respectively. (Ca+Na) increase is generally
accompanied by A" increase. The charge balance is
ensured by the increase of R** in the M1 site, when
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Na content is low. This cation distribution produces
the lengthening of M2-01, M2—-02, T-01 and
T-02 bond lengths and the shortening of M2-03
and M1-0O bond lerlgths (Dal Negro et al., 1989).

(Ca+Na) and Al variations in the investigated
cpx are not accompanied, however, by regular
variations in M2—O bond lengths. For the crystals
with (Ca+Na) content lower than 0.90 a.f.u., the bond
lengths of the M2 polyhedron are poorly correlated
with Al"Y content (Figs. 5b and 6b). There are several
crystals with different Al"Y and (Ca+Na) contents but
virtually identical <M2—01,02> bond lengths (e.g.
crystals 6, 14 and 15 in the AB-T suite; 25 and 28,
and 26 and 29 in the B-Ph suite). All these crystals
show an increase in the (Ca+Na)/Al'Y ratio (3.8 to
24.4: AB-T suite; 4.5 to 10.3 and 3.6 to 8.3: B-Ph
suite), due to both Al'"Y decrease and (Ca+Na)
increase. The decrease in A" (7) is associated
with R** (M1) decrease. For the above-mentioned
crystals, the substitution of R** by Mg?* and Fe**
lengthens the M1—O bond lengths. Therefore, for
each crystal group above mentioned, <M2—-01,02>
cannot lengthen, even though (Ca+Na) content
increases (Fig. 5a). In addition, increasing Si** (D),
the local charge balance around O3 oxygens is
reached by means of the increase of <M2—03> bond
lengths, even though (Cat+Na) content increases
(Fig. 6a).

In contrast to the above, there are crystals
belonging to both B-Ph (28, 29, 18, 17) and AB-T
(15, 16) suites which are characterized by high and
quite constant (Ca+Na) (over 0.90 a.f.u.). These
crystals show a good relationship between Al" and
<M2-01,02> and <M2—03> bond lengths (Figs. 56
and 6b). In addition, with increasing <M2—01,02>
and decreasing <M2—03>, (Ca+Na)/Al" ratio (41.1
to 3.9) decreases due to the increase of AlY (D
(0.022 to 0.248 a.f.u.). The Al"Y increase is balanced
by the entry of R>* (M1) which shortens M1—0 bond
lengths, so <M2—01,02> lengthens, even though
(Ca+Na) contents remain virtually unchanged. In
these crystals, the net charge of T site cations on O3
oxygens decreases and, even though the (Ca+Na)
content is similar, this requires shortening of
<M2—03> bond lengths. Note that for different
A1"Y the T—O3 bond lengths are virtually unchanged
(Tables 2 and 4).

In summary, AlY (T) increase is correlated with
M2-0O bond lengths only if (Ca+Na) is almost
constant (e.g. crystals 15 and 16 in the AB-T suite; 28
and 29 in the B-Ph suite) or the M2 site is nearly
filled by (Ca+Na) (more than 0.96 a.f.u., e.g. crystals
17 and 18 in the B-Ph suite). On the contrary, when
A"Y (D) increases and (Ca+Na) decreases M2—0O
bond lengths are poorly correlated with AlY (D
content (e.g. crystals 15, 14, 6 in the AB-T suite or
28, 25 or 29, 26 in the B-Ph suite).
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Concluding remarks

Variation of the M1 bond lengths depend only on R**
content, necessary to balance the AI'"Y in the T site.
M1 geometric variations are similar in both B-Ph and
AB-T cpx. On the other hand, the increase of Al"Y in
the T site affects M2—O bond lengths in different
ways, depending on (Ca+Na) content in the M2 site.
Thus, the crystals with their M2 sites nearly filled by
(Ca+Na) (more than 0.90 a.f.u) show that M2—O
bond length variations respond essentially to an
increase of Al'Y in the T site (cf. Dal Negro et al.,
1985; Salviulo and Molin, 1993). Instead, the cpx
with (Ca+Na) less than 0.90 a.f.u. show that Al'Y and
(Ca+Na) increases are accompanied by a shortening
of the <M2—03> distance, while <M2—01,02>
remains virtually unchanged.

It is noteworthy that variations in cell volume
(Veen) vs. site volumes (Fig. 7) clearly separate the
cpx of the two suites and highlights the fact that the
geometric features of cpx reflect the different
alkaline character of the magmas.

G. SALVIULO ET AL.

The V.. variations in the studied cpx are closely
correlated with those of Vyy, (i.e. (Ca+Na) content)
(Fig. 7a) and to a lesser extent with those of Vg
(Fig. 7b). The V. variations do not appear to be
correlated with those of V¢ (Fig. 7c¢). .

Except for one crystal, V¢ is higher than 437 A3,
suggesting low pressure conditions (less than
10 kbar). An estimate of crystallization pressure for
near-liguidus C2/c pyroxenes has been proposed by
Nimis (1995) on the basis of the V. -Vyy relation-
ship. In our cpx, we considered only the cores of the
phenocrysts, which may be considered of near-
liquidus crystallization. Fig. 8 shows that the
maximum pressure of cpx crystallization for the
basic rocks of B-Ph and AB-T suites is about 5 kbar.
This low pressure is consistent with the petrography
and evolved character (cf. Table 1) of these rocks.
Note that the smallest V. (436.6 A’; Fig. 7),
corresponding to ca. 8 kbar, is that of a late-
crystallized cpx (crystal 4: rim), while the core
(crystal 3) of the same phenocryst indicates a
distinctly lower pressure (conservatively, ca.

444
- XK Alk (Nimis, 1995)

442 —0 AB-T suite

440 —

sl

438 -

B B_Ph suite

430 —

428 -

20 ]kb

0 kb

L 1 L I . | L 1 .

426 L [ t 1 .
111

11.2 11.3 11.4 11.5

11.6 11.7 11.8 11.9 12.0

VM1 (A?)

F1G. 8. Relationship between Vyy

1 and cell volume (V,) of phenocryst cores of the investigated cpx from basic rocks

and those for alkaline C2/c pyroxenes (Nimis, 1995). LP = low pressure; Alk = alkaline; Th = tholeiitic fields (Dal
Negro et al., 1989); AB-T alkali-basalt- trachyphonolite suite (open squares); B-Ph = basanite-phonolite suite (filled
squares).



C2/c PYROXENES

2 kbar). Therefore, the differences in the crystal
chemistry of cpx of early and late crystallization are
not related to distinct pressure, but may reflect
variation in melt composition and, possibly, the
influence of other crystallizing mineral phases.
Lastly, it must be stressed that even the largest cpx
macrocrysts (c. 3—6 mm) crystallized in low-
pressure conditions (less than 5 kbar).
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