Antarctic Science 12 (1): 105-116 (2000) © British Antarctic Survey Printed in the United Kingdom

Experimental study on a basanite from the McMurdo Volcanic
Group, Antarctica: inference on its mantle source
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Abstract: Experiments to reconstruct the liquidus curve and establish the phase relationships of a basanite
(Mg# = 72) from the McMurdo Volcanic Group, (thought to represent a nearly primary magma) used 1.0—
3.0 GPaand 1175-1550°C. The results suggest that this basanite could be generated by partial melting either
of aspinel lherzolite (at P = 1.5-2.0 GPaand T = 1390-1490°C) or of a garnet pyroxenite (at P > 3.0 GPa and
T > 1550°C) source. Several lines of petrological and geochemical evidence support the latter hypothesis.
Moreover, experimental results indicate the presence of mica in the source if it is assumed that the magma lost
some water during its ascent to the surface. This is supported by the presence of mica and amphibole-bearing
mantle xenoliths hosted in the most primitive volcanic rocks of the McMurdo Volcanic Group. These results
and observations suggest that the source of magmas underwent metasomatism prior to partial melting.
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Introduction

Alkaline to transitional volcanic suites are often related to
continental break-up, and their study represents an important
tool to disentangle the complex geological processes in this
geodynamic setting. Furthermore, the reconstruction of the
pressure—temperature conditions of magma generation and
evolution helps to better constrain the features of the rifting
and to define its passive or active nature.

McMurdo Volcanic Group (MMVG) in Antarctica is a
Cainozoic—Recent alkaline volcanic province related to the
extension in the Ross Sea and represents one of the widest
regions in the world where rifting related magmatism occurs
(e.g. Harrington 1958, Kyle & Cole 1974, Tonarini et al.
1997). The MMVG overlies continental crust ranging in
thickness from 17 to 40 km (Trehu et al. 1989), which was
stretched and thinned during development of the basins of the
Ross Sea, although no evidence of oceanization has been
found (Davey & Brancolini 1997). Even if the formation of
the basins dates back to Cretaceous time, the earliest evidence
of magmatism is a set of shallow level Oligocene (48-38 Ma)
alkali-gabbro to syenite stocks, which were exposed in North
Victoria Land during the uplift of the Western Rift shoulder in
the Transantarctic Mountains (Tonarini et al. 1997).
Magmatism has continuously accompanied the uplift of the
Western Rift shoulder producing modest amounts of alkaline
magmas (less than 102 km?® yr! in the last 50 Ma, Armienti
et al. 1995). The most conspicuous developments of igneous
rocks are mainly located along the N-S master faults in a belt
between the Transantarctic Mountains and the Ross Sea.
There the larger intrusions and central volcanoes lie at the
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intersections between N-S faults and the regional NW-SE
strike-slip faults (Kyle & Cole 1974). This pattern of faulting
is considered by Salvini et al. (1997) to be the expression of
a regional right-lateral, strike-slip motion that is co-linear in
the last 55 Ma with deformation belts crossing the Southern
Ocean, North Victoria Land and Ross Sea accommodating
major transform movements along the Tasman and Balleny
fracture zones. In this transtensional context, preferential rise
of magma occurs where local crustal extension is possible.
Volcanic rocks of the MMVG range from basanites and
alkalibasalts to phonolites and trachytes, whereas transitional
basalts give rise to peralkaline rhyolites and trachytes (e.g.
Goldich et al. 1975, Beccaluva ef al. 1991a, Miiller et al.
1991). The presence of deep magma chambers in which
magmatic evolution occursis strongly suggested by the frequent
occurrence of cumulates in suites of ultramafic inclusions.
These include wherlites and pyroxenites which often exhibit
widespread evidence of veining by hydrous fluids that induce
the formation of hornblendite or kaersutite megacrysts
(Beccaluva et al. 1991b, Gamble & Kyle 1987, Gamble et al.
1988, Hornig & Worner 1991, Armienti et al. 1994). The
relative abundance of metasomatism in lithospheric mantle in
the area is also shown by veined harzburgite nodules and glass
blebs in mantle peridotites (Perinelli et al. 1998). Among the
alkaline and transitional suites, the most mafic rocks frequently
represent compositions eligible to have been in equilibrium
with their source (Orlando et al. 1997). Namely, a basanite
from Malta Plateau (MP24, Fig. 1) exhibits compositional
(Mg-#=72;Ni=367 ppm)and mineralogical data suggestive
ofanear “primary” nature suggesting thatearly crystallization


https://doi.org/10.1017/S0954102000000134

106 A. ORLANDO et al.

stages occurred within the ranges of 2.0-2.5 GPa and 1250~
1300°C (Orlando et al. 1997); its melting relationships have
been determined in order to constrain experimentally the
nature of the mantle source and to characterize the possible P—
T conditions in which liquid segregation occurred. Phase
relationships and mineral compositions are also presented.

Experimental and analytical techniques

The starting material was a finely-ground (< 50 pm) natural
basanite sample (MP24; Orlando et al. 1997). Homogeneity
and major and trace element contents were accurately checked
using differentanalytical methods on different splits (Table I).
Experiments were performed in a half-inch piston cylinder
apparatus using a salt cell/Pyrex pressure medium with a
graphite heater. Pressure was applied using the “hot-piston-
out” technique and calibrated at the ferrosilite-fayalite+quartz
transition (1.41 GPaand 1000°C; Bohlen et al. 1980). A 5%
negative pressure correction relative to the nominal pressure
was found to be necessary. Temperature was continuously
monitored using a Pt/Pt, Rh  thermocouple, without any
pressure correction applied to the electromotive force.
Temperature calibration was performed on the melting point
of Au and error was found to be within+ 5°C. Ptand Ag, Pd,,
capsules were used. In the case of Pt capsules, experimental
durations of near-liquidus runs were kept as short as possible
(Table IT) in order to minimize Fe-loss through capsule walls
(Biggar 1977). Experiments were performed with the natural
contents of volatile elements after drying the starting material
at 120°C for 12 hours to remove any adsorbed H,O.
Experimental products were studied by optical methods and
X-Ray Difractometry. Subsequently primary minerals and
glasses were analysed with a JEOL JXA-8600 electron
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Fig. 1. Volcanic rocks of the MMVG (in black) from North
Victoria Land. Malta Plateau indicated: sampling locality of
the basanite sample MP24 subject of this study. Map modified
from Carmignani et al. (1989).

microprobe using an accelerating voltage of 15 kV, a beam
current of 10 nA, and counting times ranging from 20 to 40
seconds. Data were corrected for the matrix effect using the

Table I. Composition of the starting material (mean of four analyses) used to study melting relationships in the sample MP24,

wt % lo ppm lo INAA (ppm) CS analyses (ppm)

SiO, 43.7 0.13 \Y 298 3 Sc 28.5 C 562
TiO, 2.69 0.04 Cr 773 13 La 42.8 S 33
ALO, 13.8 0.04 Co 58 1 Ce 79
Fe,0, 2.28 0.14 Ni 367 3 Nd 32 CIPW norm
FeO §.08 0.05 Cu 82 3 Sm 7.7 ab 6.8
MnO 0.17 0.01 Zn 81 9 Eu 2.14 ne 10.1
MgO 12.6 0.04 Rb 33 I.1 Tb 0.7 ol 19.9
CaO 11.2 0.07 Sr 586 4.7 Yb 1.9
Na,0 2.96 0.0t Y 22 2 Lu 0.22 Mg-# 723
K,0 1.24 0.02 Zr 202 5 Hf 4.4 co,;? 0.20
PO, 0.48 0.03 Nb 58 1.9 Ta 4.6 H,O* 0.65
Lor 0.85 0.01 Ba 383 7 Th 5.1

La 40 1.5

Ce 83 1.9

Nd 38 2

Pb 14 0.7

Th 11 0.9

u 3 0.8

Mg-# = 100*[Mg/(Mg+0.85*Fe)] molar, where Fe is total Fe. CIPW norms: ab = albite, ne = nephelinepl = olivine. INAA after Poli et al (1977).
lincludes correction for weight gain due to Fe oxidation (Lechler & Desilets 1987), *estimated (calculated transforming all C to CO,)’estimated (LOI-CO,)
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Bence & Albee (1968) method. Errors were estimated
according to Vaggelli et al. (1999).

Experimental results

Experimental conditions and results are listed in Table II;
when reversals were performed, durations at the different
temperatures are also reported.

Olivine is the liquidus phase between 1.0 and 1.5 GPa,
being replaced by clinopyroxene at higher P. Phase relations
(Fig. 2a) show that clinopyroxene is present in the whole P—
T range, apart from the portion where olivine is the liquidus
phase. At P higher than 2.0 GPa olivine stability field is
restricted at low T, whereas spinel is found near the liquidus
at P higher than 1.5 GPa. Garnet is stable at high P (2.5 and
3.0 GPa) and its stability field approaches the liquidus with
increasing P. Althoughmica laths (length 5-10 um)are found
at P higher than 1.5 GPa, it is most likely a quenched phase.

Comparison between experimental and calculated liquidus
curves using MELTS software package (Ghiorso et al. 1994,
Ghiorso & Sack 1995) is shown in Fig. 2b. The agreement
between the calculated and experimentally determined curves
is good for P ranging between 2 and 2.5 GPa, whereas at
higher pressures, the differences may be due to experimental
uncertainty: these pressures are significantly higher than the
calibration pressure. The slight discrepancy observed in the
range between 1 and 2 GPa is within 15-20°C. The largest
deviation is observed at 1.6 GPa where the experimental
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Fig 2. a. Phase relations in the P-T considered area. The heavier
line represents liquidus curve. Ol = olivine, Cpx =
clinopyroxene, Sp = spinel, Ga = garnet. In parentheses, phases
found in very small amounts. Open circles = phases in
equilibrium with melt (apart run performed at P = 3.0 GPa and
T = 1225°C); solid circles = only glass present. b. Comparison
between experimental and calculated liquidus curves. Bars
represent the ranges between two runs straddling the
experimental liquidus curve. Theoretical liquidus curve was
calculated using MELTS software package (Ghiorso ef al.
1994, Ghiorso & Sack 1995) considering a fO, at FMQ buffer.
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liquidus curve is interpolated and not determined. The slopes
for both experimental and calculated curves change in the
proximity of 1.5 GPa, and is likely related to a change from
olivine toclinopyroxene as the liquidus phase. No experiments
below the solidus temperatures were obtained, although no

Table I1. List of runs, conditions and results.

Run Pressure  Temp. duration results
# (GPa) °C) (min)

15 1.0 1300 15 Cpx, Ol, Sp, Gls

17 1.0 1250 15 Cpx, Ol, Sp, Gls

19 1.5 1350 15 Cpx, Ol, Sp, Gls, Phl, (1Im)
21 2.0 1350 20 Cpx, Ol, Sp, Phl, Gls

22 2.5 1350 30 Cpx, Ol, Sp, Phl, Gls, (1lm)
24 1.5 1400 20 Gls

26 1.0 1375 10 Gls

28 2.0 1400 20 Cpx, Sp, Phl, Gls, (O)

29 1.5 1300 40 Cpx, O}, Sp, Gls, (Phl)

30 2.5 1400 15 Cpx, Sp, Phl, Gls

31 2.5 1450 10 Cpx, Gls, (Sp)

32 2.0 1450 10 Cpx, Ol, Phl, Sp, Gis

33 25 1300 25 Cpx, Sp, Phl, Gls, (Ol)

34 1.5 1225 120 Cpx, Ol, Sp, Gis, (Ilm)

35 2.0 1225 120 Cpx, Ol, Sp, Phl, Gls

36 25 1225 120 Cpx, Ol, Ga, Sp, Phl, Gls, (1Im)
38 3.0 1225 150 Cpx, Ol, Ga, Sp, (Ilm)

39 3.0 1450 15 Cpx, Sp, Phl, Gls

40 3.0 1400 20 Cpx, Ga, Sp, Gls, (Phl)

41 3.0 1350 25 Cpx, Ga, Phl, Sp, Gls, (Ol
43 3.0 1300 30 Cpx, Ga, Phl, Sp, Gls

44 1.5 1375 10 Cpx, Ol, Sp, Gls

45 2.0 1500 10 Gls

46 2.5 1500 10 Cpx, Phl, Gls

47 3.0 1500 15 Cpx, Phl, Gls

49 2.0 1475 10 Cpx, Ol, Sp, Phl, Gls

50 2.5 1550 10 Gis

53 3.0 1550 6 Gls

54 2.0 1300 30 Cpx, Ol, Sp, Phl, Gls, (Ilm)
55 1.0 1225 80 Cpx, Ol, Sp, Gls

56 1.0 1175 60 Cpx, Ol, Sp, Gls

58 1.0 1375/1350 6+1+10 Cpx, Ol Sp, Gls

59 1.5 1175 150 Cpx, OL, Gls

60 1.5 1375 40 Cpx, Ol, Sp, Gls, (Phl)

61 2.5 1525 10 Cpx. Phl, Gls

63 1.5 1390 10 Cpx, Ol, Sp, Gls

64 1.5 1400/1375 6+1+6 Gls

66 1.0 1325 20 Ol, Gls

67 1.0 1350 15 Cpx, Ol, Gls, (Sp)

68 1.5 1400/1350 6+3+6 Cpx, Ol, Sp, Gls

69 2.0 1175 165 Cpx, Ol, Sp, Phl, Gls, (1lm)
70 1.5 1390 60 01, Gls

71 2.0 1487 10 Gls

72 2.0 1475 45 Cpx, Gls

73 1.0 1362 15 Ol, Gls, (Sp)

75 2.3 1525 40 Cpx, Phl, Gls

Runs with added H,O: in parenthesis the amount added (in wt%):
107 (5) 2.0 1300 30 Cpx, Ol, Sp, Phlog, Gls, (1im)
108 (10)2.0 1300 30 Cpx, Ol, Sp, Phlog, Gls, (1lm)

Ol = olivine; Cpx = clinopyroxene; Sp = spinel; Ga = garnet; Phl =
phlogopite (quenching); Phlog= phlogopite (primary); Ilm = ilmenite; Gls
= glass. In parentheses phases present in very small amounts. Runs #58,
64, 68 are reversal experiments (see text): the second value in the
duration colon refers to the time taken to lower the temperature.
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glass was observed at 3.0 GPa, 1225°C.

One major problem with experimental runs is to evaluate the
attainment of equilibrium, especially with the very short
duration necessary to avoid Fe loss to the Pt capsule walls. We
used various criteria to check the attainment of equilibrium:

a) Reversal experiments (e.g. Edgar 1973). Consideringa
near-liquidus point, duplicate runs were made reaching
the run conditions from lower and higher temperatures.
If the same products with similar compositions are
obtained, we argue that equilibrium was achieved and
the reaction is said to be reversible. This approach,
however, is hindered by the silicate liquid tendency to
undercool. Withthis inmind, three reversal experiments
were carried out on points lying very close to the
liquidus curve at 1.0 GPa and 1.5 GPa.

The first reversal (experiment #58) was performed at
1.0 GPa with the temperature initially at 1375°C and
then dropped to 1350°C. This experiment shows the
same phase assemblage (olivine + glass) as the normal
experimentat 1350°C (experiment #67). Moreover, the
phases show the same proportion and composition.

Two more reversals were performed at 1.5 GPa:
experiment #64 (T dropped from 1400 to 1375°C) and
experiment #68 (T dropped from 1400 to 1350°C).
These can be compared to the normal experiments
performed atthe same final P-T conditions: experiments
#44 (1375°C) and #19 (1350°C) respectively. In
experiment #64 undercooling caused only glass to be
observed unlike experiment #44 in which cpx, ol, spand
glass weredetected. However, the experimental products
in experiments #19 and #68 are similar, although some
compositional differences still persist. In fact, phase
compositions and proportions of experiment #68 are
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Fig. 3. Representation of the application of Nimis (1995)
geobarometer on rim clinopyroxenes crystallized in near
liquidus conditions (T“q'—Tcrisl_<50°C) up to 2.5 GPa, in absence
of garnet.
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actually the same as those found in experiment #44 at
higher T (1375°C). These discrepancies are probably
caused by undercooling (AT) effects. The obtained
AT’s(15-50°CatP=1.5 GPaand25°CatP =1.0 GPa)
are consistent with the values obtained considering
similar compositional systems (e.g. Donaldson 1979).

b) Experiments of variable duration under the same P and
T conditions. Several run pairs with variable duration
were performed (i.e., experiments #4460, #63-70,
#49-72,#61-75). In general, atnear-liquidus conditions,
short duration runs (about 10 min) yield unclear results
because of the presence of too many phases. Long
duration (40—60 min) experiments unequivocally show
liquidus phase evenif Fe losses could have considerably
changed the chemical composition of the system.

c) Geothermobarometers. Several geothermobarometers
have been applied to run products to check attainment of
equilibrium. The Nimis (1995) geobarometer was
applied to clinopyroxene rims crystallized in absence of
garnetunder near-liquidus conditions (T, T . <50°C)
up to 2.5 GPa. Although there is a good agreement
between mean calculated values and experimental
pressures (Fig. 3), some scattering is evident. This can
be due either to the uncertainty of the geobarometer (+
0.2 GPa) or to incomplete attainment of equilibrium in
some crystal rims. The major scattering at 2.5 GPa is
probably due also to the fact that this pressure exceeds
the upper limit of the geobarometer calibration (i.e.
2.4 GPa, Nimis 1995).

The clinopyroxene-garnet geothermometer using the
calibrations of Rdheim & Green (1974), Ellis & Green
(1979) and Pattison & Newton (1989) gives the best
values (+ 100°C) if crystal rim compositions are used.
The poorest results were obtained with the Pattison &
Newton (1989) calibration, owing probably to the upper
limit (1200°C) in which it was calibrated. This
temperature is lower than all run temperatures in which
garnet was found. The upper calibration limits used by
Réheim & Green (1974), and Ellis & Green (1979) are
1400°C and 1300°C, respectively.

Another criterion for evaluating attainment of equilibrium is
given by the Fe/Mg exchange between olivine and melt.
Considering the runs where olivine coexists only with melt,
the K (Fe/Mg) between the two phases is in the range between
0.27 and 0.33, compared to the equilibrium value of 0.30
(Roeder & Emslie 1970, Gerlach & Grove 1982).

Although complete equilibrium was notcompletely achieved
in short duration runs, it was strongly suggested that at the
crystal scale, rims equilibrated with glasses. This is further
demonstrated by the similarity of products of reversal
experiments and by the close agreement between calculated
and observed liquidus curves.
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Mineral composition

Olivine usually has subeuhedral shape with a Fo content
ranging from 65 to 94 mol% (Table I1I). Sometimes it shows
a“skeletal” habit (Fig. 4) suggesting of high cooling rate and/
or the undercooling of the melt. Generally, rims of near-
liquidus olivines have a greater Fo content respect to the rims
of lower T crystals. MnO and CaO contents are not strictly
dependent on either P and T and they vary upto 0.9 and 1.5
wt%respectively. In somenear liquidus runs performedat 1.0
and 1.5 GPa, melt inclusions are found in olivine (Fig. 5);
mass balance calculations indicate olivine crystallization
variable from 11to 17 wt% afterthe trapping of melt inclusions.

Garnetcrystallizes after clinopyroxene and isa predominantly
pyrope (45-70 mol%)-almandine (5-35 mol%) solid solution
(Table IV). TiO, contents are high (up to 3 wt%) and
comparable with those of garnets synthesized in melting
experiments of metabasalts from 1.6 GPato 3.6 GPa(Rapp &
Watson 1995) and of H,O saturated basalts in the range of 1.8
t0 3.6 GPa(Green & Ringwood 1968). MgO contents sharply
decrease (from 19 wt% to 12 wt%) in crystals grown at
3.0 GPa and 1225°C, probably due to the coexistence with
olivine in this run. The grossular end-member does not
increase with T as in experiments performed by Green (1977).

Clinopyroxene is usually euhedral and is represented by Ca—
Mg-Feand Na—Capyroxenes{Table V); diopsideisprevalent
at 1.0 GPa, augite predominates at higher P whilst omphacite

Table I1I. Representative analyses of olivine from charges.

8006 15.8KU

Fig. 4. Backscattered electron microphotograph showing a crystal
of skeletal olivine immersed in the glass, beside an euhedral
zoned clinopyroxene crystal (P = 1.5 GPa, T = 1350°C).

is detected only at P=2.5 GPa. The Na contents increases in
the M2 site with increasing P, as a consequence of the entry of
trivalent cations (R*") in the M1 site (Fig. 6). Moreover, as
stated by White (1964) and Herzberg & Chapman (1976) V'Al
and Al generally increase with P and T respectively. In
Fig. 7a & b these two values are plotted against P (at T =
1300°C) and T (at P = 2.5 GPa) respectively. In Fig. 7b a

Run # 67 15 17 56 63 34 32 21 35 36
Spot # 67-8 15-30 17-2 5618 63-9 34-7 32-17 21-26 35-9 36-29
P (GPa) 1 1 1 1 1.5 1.5 2 2 2 25
T (°C) 1350 1300 1250 1175 1390 1225 1450 1350 1225 1225
Sio, 41.0 40.6 395 41.1 40.3 37.5 414 40.0 39.5 39.8
TiO, 0.07 bdl 0.04 0.04 0.06 0.10 0.03 0.04 0.05 0.06
ALO, 0.02 0.07 0.04 0.10 0.03 0.09 0.06 0.13 0.26 0.73
Cr,0, bdi 0.09 0.03 0.06 bdl 0.04 0.17 0.03 bdl bdl
FeO 9.92 13.0 12.2 11.7 13.5 25.0 10.4 13.2 17.9 20.6
MnO 0.24 0.26 0.21 0.15 0.11 0.39 0.24 0.22 0.25 0.24
NiO 0.17 0.26 0.24 na na na na 0.22 na 0.18
MgO 492 46.3 47.1 46.7 47.2 373 48.2 46.6 42.6 395
Ca0 0.49 0.36 0.32 0.22 0.31 0.45 0.26 0.34 0.32 0.82
Sum 101.2 100.9 99.7 100.0 101.5 100.9 100.8 100.8 100.9 101.9
Si 0.996 1.002 0.986 1.013 0.990 0.983 1.009 0.990 0.996 1.006
Ti 0.001 0.000 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001
Al 0.001 0.002 0.001 0.003 0.001 0.003 0.002 0.004 0.008 0.022
Cr 0.000 0.002 0.001 0.001 0.000 0.001 0.003 0.001 0.000 0.000
Mg 1.782 1.701 1.752 1.716 1.729 1.457 1.749 1.720 1.603 1.486
Ni 0.003 0.005 0.003 0.000 0.000 0.000 0.000 0.004 0.000 0.004
Fe 0.201 0.268 0254 0.241 0277 0.547 0.213 0.274 0377 0.436
Mn 0.005 0.005 0.004 0.003 0.002 0.009 0.005 0.005 0.005 0.005
Ca 0.013 0.010 0.009 0.006 0.008 0.013 0.007 0.009 0.009 0.022
Z 0.996 1.002 0.986 1.013 0.990 0.983 1.009 0.990 0.996 1.006
Y 2.005 1.993 2.026 1.970 2.018 2.029 1.978 2.016 2.002 1.975
Fo 89.8 86.4 873 87.7 86.2 72.7 89.2 86.3 80.9 713

bdi = below detection limit, na = not analysed, Fo = forsterite (mol%).
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agae
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Fig. 5. Backscattered electron microphotograph showing an
euhedral olivine crystal with a melt inclusion in glass. Mass
balance calculations indicate that composition of the melt is
from crystallization of about 11 vol% of the host, suggesting
the vicinity with liquidus curve (P = 1.5 GPa, T = 1390°C).

decrease of VAl at the higher T is matched by the absence of
spinel; this phase is present in all the other charges at P =
2.5 GPa.

Spinelhas the widest compositional range among all analysed
mineral phases (Table VI). Compositions synthesized at T =
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Fig. 6. Trivalent cations (R*") vs Na contents in experimental
clinopyroxene rims. Crystaliization pressures (in GPa) are
shown in legend. The distance from the dotted line shows how
much of the trivalent are charge balancing for Na.
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Table IV. Representative analyses of garnet from charges.

Run # 36 40 43 38
Spot # 36-26 40-8 43-16 38-22
P (GPa) 2.5 3 3 3

T (°C) 1225 1400 1300 1225
Si0, 41.8 40.0 41.0 39.3
TiO, 1.94 2.80 1.23 1.94
AlLO, 20.7 20.9 209 21.0
Cr,0, 0.07 0.17 0.17 0.09
FeO 13.9 12.1 13.0 16.1
MnO 0.42 0.30 0.34 0.45
MgO 14.9 17.4 17.1 13.6
Ca0O 7.79 6.97 6.60 8.22
Na,O 0.33 0.18 0.35 0.28
Sum 101.8 100.8 100.6 101.0
Oxides recalculated on the basis of the mineral formula:

FeO 13.0 8.96 9.18 12.1
Fe,0, 0.94 3.50 4.23 4.43
# of cations on the basis of 24 oxygens:

Si 6.025 5.758 5.902 5.760
AlY 0.000 0.242 0.098 0.240
AlY 3.515 3.312 3.454 3.395
Cr 0.008 0.019 0.019 0.010
Ti 0.211 0.303 0.133 0214
Fe¥* 0.102 0.380 0.459 0.490
Mg 3.211 3.729 3.669 2,973
Fe?* 1.577 1.080 1.103 1.486
Mn 0.051 0.037 0.042 0.056
Ca 1.204 1.076 1.019 1.292
Na 0.092 0.050 0.098 0.080
X 6.139 5.972 5.933 5.890
Y 3.836 4.015 4.067 4.110
Z 6.025 6.000 6.000 6.000
Uv 0.2 0.5 0.5 03
Ad 2.8 9.9 1.8 12.7
Py 59.0 64.7 62.9 51.6
Sp 0.9 0.6 0.7 1.0
Gr 19.1 83 5.2 9.4
Al 17.9 16.0 18.9 25.0
Mg# 67.1 77.5 76.9 66.7

End-members (in mol%) calculated according to Rickwood (1968): Uv =
uvarovite, Ad = andradite, Py = pyrope, Sp = spessartine, Gr = grossular,
Al = almandine. Mg# = 100*Mg/(Mg + Fe**).

1350°C are reported in Fig. 8, and compared with fields of
three spinel types found in lherzolitic xenoliths (Carswell
1980). All crystals synthesized at 1.0 GPa are Cr-spinels
whereas all the others are Cr- and Al-spinels. Ulvospinel end-
member reaches values up to 60 mol%.

Micaisonly found in glasses and italways has a lathlike shape
(Fig. 9a). Compositionally, it ranges from phlogopite to Fe-
biotite. The lathlike shape of the mica suggests that it is a
quenched phase. The quenched nature of the mica is also
suggested by the high and variable TiO, contentranging from
4t0 11 wt% (Yoder & Kushiro 1969, Edgaret al. 1976, Lloyd
et al. 1985) even if, according to Forbes & Flower (1974),
such Ti-rich micas can be stable at 3.0 GPa, up to 1500°C in
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Table V. Representative analyses of clinopyroxene from charges.
Run # 15 55 44 34 72 35 61 36 39 38
Spot # 15-22 55-32 44-26 34-23 72-14 35-6 61-20 36-33 39-2 38-3
P (GPa) 1 1 1.5 1.5 2 2 2.5 2.5 3 3
T (°C) 1300 1225 1375 1225 1475 1225 1525 1225 1450 1225
SiO, 48.1 489 47 .4 48.0 44.7 48.3 477 48.3 49.6 50.1
Tio, 1.96 1.95 1.54 2.52 5.07 2.38 1.32 1.94 1.30 1.64
ALO, 8.21 9.50 10.0 10.5 17.7 11.5 11.9 11.8 10.7 9.26
Cr,0, 0.45 0.21 0.22 0.07 0.04 0.04 0.14 0.11 0.08 0.12
FeO 4.82 5.86 6.19 9.16 2.87 7.62 6.40 8.74 7.41 8.23
MnO 0.22 0.15 0.13 0.17 0.20 0.18 0.15 0.19 0.23 0.14
MgO 14.5 13.7 13.9 12.5 133 12.8 14.6 12.7 15.7 12.4
CaO 20.7 19.4 18.7 15.2 12.6 14.1 15.6 13.3 12.4 13.8
Na,0 0.68 0.98 1.10 2.29 2.71 2.42 1.93 2.50 2.76 3.50
Sum 99.7 100.6 99.2 100.3 99.2 99.3 99.8 99.7 100.2 99.1
Oxides recalculated on the basis of the minerai formula:
FeO 3.49 5.86 3.97 7.16 2.87 7.54 3.13 8.00 3.56 5.23
Fe O, 1.48 - 2.47 2.23 - 0.09 3.63 0.82 4.28 3.34
# of cations on the basis of 24 oxygens:
Si 1.765 1.780 1.742 1.754 1.616 1.770 1.727 1.767 1.776 1.832
AlY 0.235 0.220 0.258 0.246 0.384 0.230 0.273 0.233 0.224 0.168
Fe* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sum T 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
AM 0.121 0.188 0.176 0.206 0.371 0.267 0.233 0.277 0.228 0.231
Fe** 0.041 0.000 0.068 0.061 0.000 0.002 0.099 0.023 0.115 0.092
Ti 0.054 0.053 0.043 0.069 0.138 0.066 0.036 0.053 0.035 0.045
Mg 0.771 0.744 0.707 0.661 0.490 0.664 0.628 0.643 0.619 0.629
Cr 0.013 0.006 0.006 0.002 0.001 0.001 0.004 0.003 0.002 0.003
Fe* 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sum M1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Na 0.048 0.069 0.078 0.162 0.190 0.172 0.135 0.177 0.192 0.248
Mn 0.007 0.005 0.004 0.005 0.006 0.006 0.005 0.006 0.007 0.004
Ca 0.816 0.756 0.738 0.593 0.487 0.555 0.606 0.521 0.477 0.542
Fe* 0.107 0.170 0.122 0.219 0.087 0.231 0.095 0.245 0.107 0.160
Mg 0.022 0.000 0.057 0.020 0.230 0.036 0.159 0.051 0.217 0.046
Sum M2 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
MI1+M2 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
(6] 6.000 6.006 6.000 6.000 6.037 6.000 6.000 6.000 6.000 6.000
Q 1.7 1.7 1.6 1.5 1.3 1.5 1.5 1.5 1.4 1.4
J 0.1 0.1 0.2 0.3 0.4 0.3 0.3 0.4 0.4 0.5
Wo 46.2 449 435 38.0 37.5 37.2 38.1 350 309 36.8
En 45.0 442 45.0 43.7 554 46.8 49.4 46.7 54.2 45.8
Fs 8.8 10.9 11.5 18.3 72 16.0 12.5 18.4 14.9 17.4
Mg # 88.1 80.6 86.2 75.7 89.2 75.1 89.2 739 88.7 80.8

cations calculated according to Morimoto e al. (1988). Wo = wollastonite (mol%), En = enstatite (mol%), Fs = ferrosilite (mol%).

vapour-free systems.

supported by the Mg# (= Mg/(Mg+Fe*?)), which does not
increase with T (at the same P) as generally observed for the
other phases. Although mica is not a primary phase in the
investigated conditions, its presence as a quenched phase
suggests that the conditions are not far from those under which
mica is stable. It is possible that an increase in the activity of
H,0 could stabilize mica as a primary phase. To check this
possibility, two experiments with 5 and 10 wt% of H,O added,
respectively, were performed at 2.0 GPa and 1300°C. These
P-T conditions are not too close to the liquidus (the addition
of water can bring a pointnear the liquidus in “supra-liquidus”

https://doi.org/10.1017/50954102000000134 Published online by Cambridge University Press

Moreover, the quenched origin is

conditions) but not too far either, so that the kinetic efficiency

isnot too low. In both experiments, the phases detected were
the same as in the experiment performed without any H O
added. Nevertheless, in the experiments performed with
added H,0, the micaattains a prismatic habit with size ranging
from 10to 30 pm, strongly suggesting its stability asaprimary
phase. Mica, synthesized in experiments performed without
adding water and in hydrated conditions are shown in Fig. 9a
& brespectively, and their chemical compositions are reported
in Table VII. Apparently, no significant differences were
noticed between the two H,O-added experimental products.
Note the high TiO, contents of primary mica compared to the
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o f a values relative to mica synthesized in experiments performed
without adding water; hence, even if some authors state that
= E Ti-rich micas are likely to represent a quenched phase (see
i E E above), at least in the present case, this is not true. This

[ = . . . .

° E difference in TiO, abundance between primary and quenched
3.0l crystals can be due to the highly refractory nature of the
;:i | primary mica (stable at the P-T conditions of the run) relative
: oo L E to the non-primary one (stable at lower T). On the other hand,

| the Na,O and CaO contents seems to better discriminate
oos L between primary and quenched crystals; the primary crystals
| have Na,O < 0.65 wt% and CaO < 0.30 wt%, whereas the

000 L | N R I \ L quenched crystals have Na,O in the range 1.0-4.9 wt% and

10 1 20 25 30 Ca0 in the range 0.4-7.0 wt% (Table VII).
05 P (GPa)
A b
Inferences on the origin of magma
04 fm
i Orthopyroxene was not found in any run. This absence is
common in many experimental studies on basalts (e.g. Allen
0.3
3l EE
Fol X .
'
00 PR W S SRS | A 1 )

1200 1250 1300 1350 1400 1450 1500 1550
7rC)

Fig. 7. a.Y'Al vs P in clinopyroxene rims, b. VAl vs T in
clinopyroxene rims. Bar represents standard deviation
calculated on the base of the compositional range for each run.
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Mg/(Mg+Fe™) Fig. 9. a. Microphotograph of quenched mica grown in the glass
around clinopyroxene (P = 2.0 GPa, T = 1300°C, H,0 =
Fig. 8. Mg/(Mg+Fe**) vs Cr/(Cr+Al) in spinels for experiments 0.65 wt%), b. Microphotograph of primary mica (P = 2.0 GPa,
performed at T = 1350°C. Symbols as in Fig. 6. T=1300°C, H,0 = 5.65 wt%).
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Table VI. Representative analyses of spinel from charges.
Run # 67 15 44 68 49 54 30 33 39 43
Spot # 67-4 15-35 44-11 68-27 49-7 54-15 30-7 33-7 39-9 43-39
P (GPa) 1 1 1.5 1.5 2 2 25 25 3 3
T(C) 1350 1300 1375 1350 1475 1300 1400 1300 1450 1300
SiO2 0.19 0.71 0.09 0.25 0.37 0.62 1.04 0.11 4.63 0.14
TiO, 1.27 3.28 0.87 2.99 0.98 2.60 1.12 2.57 1.25 0.96
AlLO, 223 20.8 242 435 55.6 453 55.0 28.7 50.8 20.1
Cr,0, 36.4 340 38.6 bdi 0.19 341 0.25 24 4 0.75 41.2
FeO 20.2 272 19.0 38.0 23.5 322 222 292 22.1 24.1
MnO bdl bdl bdl 0.19 0.21 0.10 0.13 0.09 0.16 bdi
MgO 16.9 12.8 15.9 14.0 19.0 154 19.7 13.2 19.3 12.1
Ca0 0.32 0.50 0.14 0.15 0.13 0.25 0.26 0.34 1.46 0.52
Na,0 bdl na 0.05 bdl 0.05 0.12 na na na na
K,0 0.03 na bdl 0.02 0.03 0.05 na na na na
NiO na 0.13 na na na na bdl 0.18 0.31 0.14
ZnO na 0.13 na na na na 0.02 0.12 0.10 0.15
Sum 97.5 99.6 98.9 99.1 100.0 100.0 99.7 99.0 100.8 99.4
Oxides recalculated on the basis of the mineral formula:
Fe,0, 10.84 8.67 7.63 19.64 11.56 14.89 10.48 12.10 5.36 7.40
FeO 10.42 19.39 12.16 20.36 13.11 18.80 12.82 18.36 17.25 17.43
Formula on the basis of 24 cations:
Fe¥ 2.131 4.038 2.456 3.836 2.291 3475 2.240 3.709 3.055 3.670
Mn 0.000 0.000 0.000 0.036 0.037 0.019 0.023 0.018 0.029 0.000
Mg 6.148 4.752 5.723 4.690 5.903 5.075 6.129 4.765 6.095 4.547
Sum A 8.279 8.790 8.179 8.562 8.231 8.568 8.393 8.493 9.179 8217
Si 0.046 0.177 0.022 0.056 0.077 0.137 0217 0.027 0.980 0.035
Ti 0.233 0.614 0.158 0.506 0.154 0.432 0.176 0.467 0.199 0.182
Al 6.421 6.109 6.883 11.545 13.689 11.791 13.526 8.154 12.662 5.971
Cr 7.025 6.686 7.371 0.000 0.031 0.595 0.041 4.661 0.126 8.194
Fe** 1.995 1.624 1.386 3.330 1.818 2.477 1.647 2.200 0.854 1.401
Sum B 15.720 15.210 15.820 15.438 15.769 15.432 15.607 15.507 14.821 15.783
Mg# 743 54.1 70.0 55.0 72.0 59.3 732 56.2 66.6 55.3

bdl = below detection limit; na = not analysed. Mg# = 100*Mg/(Mg+Fe?*).

et al. 1975, Arculus 1975, Maalae & Jakobsson 1980) and
may be explained by a reaction relationship between
orthopyroxene and the liquid at the source. Experimental
studies on peridotitic compositions within the CMAS system
have demonstrated that enstatite is in reaction relationship
with the liquid generated in the first stage of partial melting
(Maalge & Petersen 1976, Wyllie & Huang 1976). In our
starting material, this can be deduced by the rare orthopyroxene
found as xenocrysts in the natural sample. In this case,
orthopyroxene could come from mantle xenoliths, representing
the source of the investigated basanite. Another explanation
can be provided by the paucity of CO, in the starting material;
this component indeed tends to stabilize orthopyroxene with
respect to olivine and clinopyroxene (Eggler 1974, 1978). If
we accept this, we must assume that the investigated basanite
lost some CO, during its ascent to the surface. Finally, some
authors (e.g. Green et al. 1979, Stolper 1980) suggest that
orthopyroxene is never on the liquidus if starting materials
with MgO < 13 wt% are considered. This is compatible with
the results of this petrological investigation (MgO in the
studied basanite is 12.5 wt%).

Assuming that the absence of orthopyroxene can be justified,
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multiple saturation with a lherzolitic source can occur when
olivine, clinopyroxene and an Al-phase (plagioclase, spinel
or garnet) are stable at near-liquidus conditions. This seems
to be verified when the liquidus phase change occurs, that is
at 1.5-2.0 GPa and 1390-1490°C. It is therefore possible
that liquid was generated in these P—T conditions by a spinel
lherzolite mantle source. Nevertheless if the gamet in line in
Fig. 2ais extended, it probably intersects the extended liquidus
curveat3.2-3.5 GPaat T>1550°C. Itislikely thatabove this
pressure garnet becomes a liquidus phase. Thus, the primary
liquid couldalso have been generated from a garnet pyroxenite
source at pressures above 3.2 GPa. A garnet therzolite mantle
source, however, can be ruled out because olivine and garnet
never coexist near the liquidus.

In summary, on the basis of our experimental results, two
hypotheses can be formulated about the nature of the mantle
source and the P-T conditions in which the basanite liquid
was generated:

i) spinel lherzolite (at 1.5-2.0 GPa and 1390-1490°C),
ii) garnet pyroxenite (at 3.2-3.5 GPa at > 1550°C).

Both hypotheses have to be evaluated in the context of other
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Table VII. Representative analyses of mica from charges performed at
P=2.0GPaand T = 1300°C.

Run # 54 54 107 107 108 108
Spot # 17 25 1 5 2 4
H,0 (wt%)

added 0 0 5 5 10 10

q/p q q P P P p
Sio, 38.1 39.1 36.1 35.7 356 35.7
TiO, 8.34 8.36 12.4 12.9 11.9 11.5
ALO, 15.2 15.7 15.3 14.8 15.2 15.8
Cr,0, 0.02 0.06 bdl bdl 0.05 0.07
FeO 15.0 15.3 9.49 12.2 12.5 12.0
MnO 0.09 0.11 0.11 0.05 0.03 0.03
MgO 9.90 8.00 12.7 11.3 12.1 12.2
Ca0 0.82 1.30 0.21 0.14 0.22 0.26
Na,0 2.00 1.80 0.46 0.60 0.50 0.62
K,0 7.47 7.23 8.39 8.25 8.55 8.54
SrO na na 0.21 0.27 0.23 0.25
BaO na na 1.63 1.68 2.25 1.90
F na na 0.96 0.64 0.68 1.09
SO, na na 0.06 0.14 0.10 0.09
Cl na na 0.02 bdl 0.04 0.03
O=F,Cl 0.40 0.27 0.28 0.45
Sum 97.0 97.0 97.8 98.4 99.8 100.2
Numbers of ions on the basis of 22 oxygens:

Si 5.565 5.694 5.258 5.237 5.187 5.183
AlVY 2.435 2.306 2.624 2.554 2.619 2.711
TiV 0.000 0.000 0.118 0.209 0.194 0.106
AV 0.183 0.384 0.000 0.000 0.000 0.000
Tiv! 0916 0.915 1.237 1.218 1.117 1.152
Fe* 1.833 1.862 1.156 1.495 1.524 1.462
Mn 0.0t 0.014 0.014 0.066 0.004 0.004
Mg 2.156 1.735 2.791 2.461 2.640 2.655
Cr 0.002 0.007 0.000 0.000 0.006 0.008
Ca 0.128 0.203 0.033 0.022 0.034 0.040
Na 0.566 0.508 0.130 0.170 0.141 0.175
K 1.392 1.342 1.558 1.543 1.591 1.583
Z 8.000 8.000 8.000 8.000 8.000 8.000
Y 5.102 4916 5.198 5.181 5290 5.280
X 2.086 2.052 1.721 1.735 1.766 1.799
Sum 15.188 14968 14919 14916 15.056 15.079
Mg # 54.0 482 70.7 62.2 63.4 64.5

q = quenching crystal, p = primary crystal, bdl = below detection limit, na
= not analysed

studies onthe primitive volcanic rocks of this volcanic region,
to evaluate which one would be more compatible with the
petrology of this suite of rocks. In this respect, the following
points are of interest:

a) Orlando et al. (1997) have shown that the onset of
crystallization of the rocks considered here occurs
between 1250°C and 1300°C at 2.0 to 2.5 GPa. These
results would exclude the spinel lherzolite source
hypothesis because crystallization would occur deeper
than depth of generation.

b) Considering the rare-earth pattern normalised to
chondrite, Armienti et al. (1991, 1997) established that
garnet is a likely residual phase in the mantle during
partial melting. This conclusion seems also to exclude
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the first hypothesis. However, this statement is valid if
we do not consider the possibility of a metasomatized
source. The rapid ascent of the basanite liquid to the
surface (this should be true if we assume that the
basanite has a near “primary” composition) would
exclude the hypothesis that the liquid could have re-
equilibrated in spinel field.

¢) The geotherm calculated on the basis of
geothermobarometry of granulitic xenolithsenclosed in
MMVG lavas(Berget al. 1989)indicatesthatat1.5 GPa,
the temperature is around 900-1000°C. Extrapolating
this geotherm up to 2.0 GPa, amaximum temperature of
1100°C is obtained. lt is, therefore, difficult to accept
that the primary liquid was generated under conditions
compatible with a spinel lherzolite source. These
conditions would imply indeed a very high geothermal
gradient, greater than the average geothermal gradient
in mid-ocean ridge areas.

All these considerations seem to favour the garnet pyroxenite
source hypothesis. Furthermore, it has been proved that the
addition ofatleast 5 wt% of H,O stabilizes the mica; therefore
this mineral can be a residual phase during mantle partial
melting if it is assumed that some water was lost during the
ascent of the liquid.

Phlogopite pyroxenites are thought to be a possible source
ofalkali-rich magmas (e.g. Wass 1980, Wass & Rogers 1980).
Thepresence ofmica, together with the experimental evidence
of the possible pyroxenite source, would constitute an
indication of a metasomatized mantle source. Subcrustal
mica- and amphibole-bearing xenoliths enclosed in lavas of
MMVG are a further evidence of a metasomatized mantle
source. The presence of hydrous phases in the mantle beneath
the area is also shown by the mineralogy of mantle xenoliths
enclosed in the most primitive of MM VG volcanic rocks (e.g.
Gamble er al. 1988, Beccaluva et al. 1991b, Homig et al.
1991).

If the garnet pyroxenite hypothesis is accepted, the “low”
temperatures of the beginning of crystallization (1250-1300°C;
Orlando ef al. 1997) have to be explained. The shape of the
liquidus curve (Fig. 2) suggests that adiabatic decompression
ofthe primary liquid caused an overheating of the liquid itself,
allowing achievement of the calculated temperatures of onset
of crystallization without changing its composition.
Furthermore, the presence in the source of higher amounts of
H,O than that of starting material (LOI-CO, = 0.85-0.20 =
0.65 wt%, see Table I) can lower the generation temperature
of the primary liquid and cause it to approach its liquidus
temperature. The presence of higher amounts of H,O in the
source is also consistent with mica being a residual phase
during mantle partial melting.

Conclusions

Based upon our experimental results, two hypotheses can be
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formulated for the source of near “primary” magma: a spinel
lherzolite or agarnet pyroxenite. Inthe former case segregation
would have occurred at 1.5-2.0 GPa at GPa and 1390-
1490°C, inthe latterat> 3.0 GPa(presumablyat3.2-3.5 GPa)
at > 1550°C. A comparison with the results obtained in a
previous paper evaluating phase equilibria among primitive
rocks suggests a garnet pyroxenite source. Furthermore, mica
canrepresentaresidual phase in the source if it is assumed that
the liquid lost some H,O during its ascent. A phlogopite-
bearing garnet pyroxenite source suggests the occurrence of
mantle metasomatism prior to partial melting.

In Victoria Land, a region with positive heat anomaly
associated with magmatism, melt generation and segregation
seem to be controlled by local extension provided by a wider-
scale regional transtensional domain. Experimental data
discussed in this paper show thatamajor role inthe generation
of primitive basanitic magma is played by a metasomatized
mantle source. Inthis contextthe evaluation of therole played
by an active mantle plume in melt generation needs to be
carefully investigated extending experimental work to less
alkaline magmas that are abundant in the region.
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