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The 1·5 Ma evolution of the Late Pliocene (5·7 to 4·2 Ma) Mt incompatible element enrichment (e.g. Zr>2000 p.p.m. and

Sidley volcano, Marie Byrd Land, is examined using major and Th>100 p.p.m.).

trace elements, Sr, Nd, O and Pb isotopic data. A large (5 km×5

km) breached caldera exposes lavas and tephras, deep within Mt

Sidley, and allows its magmatic evolution to be elucidated. Two

alkaline rock series are distinguished: (a) a strongly silica-under-
KEY WORDS: alkaline magmas; AFC; magma commingling; Marie Byrdsaturated basanite to phonolite series; (b) a more silica-saturated
Land; volcanismto -oversaturated alkali basalt to trachyte series. Rock compositions

in both series fall within a narrow range of 87Sr/86Sri (0·7028–

0·7032), 143Nd/144Ndi (0·51285–0·51290) and d18O (5·0–

6·0‰), and with 206Pb/204Pb (>19·5), suggest an asthenospheric
INTRODUCTIONsource containing a strong mantle plume component. Partial melting
Mt Sidley, an Early Pliocene composite volcano, is atmodels require Ζ2% melting to produce primary basanite and
the south end of the Executive Committee Range, a 100-[5% melting to produce alkali basalt from the same mantle
km chain of volcanoes in west Antarctica (Fig. 1). Thesource. The differentiation of the phonolitic series is modeled by
Marie Byrd Land volcanic province lies within a broadfractionation of diopside, olivine, plagioclase, titaniferous magnetite,
region of extended crust and young (~35 Ma to activenepheline and/or apatite from basanite to derive 35% mugearite,
at present) alkaline volcanism that occurs along the Pacific25% benmoreite and 20% phonolite as residual liquids. Fractional
margin of Antarctica from Ellsworth Land to the northerncrystallization of a similar mineral assemblage from alkali basalt
coast of Victoria Land (~3500 km). It is one of theis modeled for compositions in the trachyte series. However, many
world’s major continental rift systems (LeMasurier &trachytes have variable 87Sr/86Sri (0·7033–0·7042), low 143Nd/
Thomson, 1990). In Marie Byrd Land, 18 large composite144Ndi (0·51280–0·51283), high d18O (6·5–8·4‰) and are
centers rise above the West Antarctic Ice Sheet, but fewsilica oversaturated, suggesting they are contaminated by crust. The
have adequate ice-free exposures to permit com-trachytes evolved by a two-step assimilation–fractional crys-
prehensive study of their eruptive history and petro-tallization process (AFC). The first step involved contamination of
genesis. At Mt Sidley, a large breached caldera hasalkali basalt by calc-alkaline granitoids within the middle crust
exposed volcanic strata deep within its interior, revealingwhere high assimilation to crystallization rates (high-r AFC)
a long and complex history of eruption (Panter et al.,produced trachytic magmas characterized by depletions in Ta and
1994).Nb relative to K and Rb. The second step involved further

Volcanic rocks in the Marie Byrd Land province arefractionation of these magmas by low-r AFC within the upper

crust to produce another suite of trachytes showing extreme dominantly alkaline. Geochemical studies of other similar
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Fig. 1. Major volcanoes in Marie Byrd Land, Antarctica. ECR, Executive Committee Range.

continental alkaline suites have shown that alkaline rocks and reveals a complex magmatic history involving vari-
evolve along a strongly silica-undersaturated basanite to able degrees of mantle partial melting, magma mixing
phonolite lineage and a more silica-saturated alkali basalt or mingling, fractional crystallization and crustal as-
to trachyte lineage (Wilson et al., 1995). Only rarely have similation.
the two lineages been traced through a suite of coexisting
rocks at a single volcano, often because of the pre-
ponderance of either basaltic or highly evolved com-
positions and the dearth of intermediate rock-types.

VOLCANIC GEOLOGYPetrogenetic studies of closely associated silica-under-
Mt Sidley (4181 m) is a large (>200 km3) volcano com-saturated and silica-oversaturated rock suites commonly
posed primarily of phonolitic and trachytic lavas. Map-invoke complex open system processes to explain their
ping, stratigraphy and 14 high-precision 40Ar/39Ar agesorigin from a common parent (e.g. Turbeville, 1993;
reveal a complex, polygenetic volcano built in successiveFreundt & Schmincke, 1995) and specifically, the as-
stages from 5·7 to 4·2 Ma (Panter et al., 1994). Mt Sidleysimilation of crust by mantle-derived silica-under-
comprises several coalesced phonolitic volcanoes flankedsaturated melts to produce oversaturated alkaline
by many smaller centers. Changes in magma compositionmagmas (e.g. Foland et al., 1993; Macdonald et al., 1995).
coincide with a southward migration of volcanic activity,Here we present geochemical data to examine the
occurring in four main stages. In stage I (5·7–4·8 Ma),petrogenesis of phonolitic and trachytic magmas at Mt
three major volcano-building episodes (Byrd, Weiss andSidley. Our objective is to determine the genetic re-
Sidley; Table 1), each culminated with caldera formationlationships between silica-undersaturated and silica-sat-
and produced >1000 m of phonolite–tephriphonoliteurated to -oversaturated rocks within the volcanic
lavas. Trachyte lavas, domes and pyroclastics eruptedsuccession. Theoretical modeling of geochemical vari-

ations addresses both open and closed system processes during stage II (4·6-4·5 Ma) were centered 5–6 km to
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Table 1: Summary of petrographic features for Mt Sidley rocks; samples grouped by stage and episode of activity

(Panter et al., 1994)

Stage Episode Rock type Major minerals ([5%) Minor minerals Accessory Phenocryst % Texture

IV
Parasitic basanite Plag+Ol+Cpx — Ox 5–30 p→fp, t

Cones

Trachyte tephras:

Doumani welded fall Akf Cpx+Ol Ox 10–15 w, vtph

ignimbrite (pumice) — Akf+Cpx — Ζ1 vtph
III

Activity

benmoreite Akf OlqCpxqmica Ox 30 fp, t

phonotephrite Ol Plag>mica Ox 10 fp→mp

mugearite Plag>Ol mica+Cpx Ox 40 p

Pirrit trachyte Akf+Cpx Ol+PlagqAmp Ox 5–30 gp→p, t
II

Activity commingled lavas:

trachytic Akf Cpx+Ol+Amp Ox 10–25 cp→p

Sidley phonolite Akf Cpx+Ol+Fspth Ox+Ap 5–45 cp→fp, amg, vtph

Volcano

Weiss phonolite Akf Fspth+Plag+Cpx + Ol Ox+Ap 1–10 fp→mp, t, amg

I Volcano Intrusives: Akf OlqCpx Ox>Ap 25 vtph

phonolite

benmoreite Akf>Fspth>Cpx Ol Ox>Ap — so

Byrd tephriphonolite– Akf+Fspth Plag+Ol+Cpx Ox+Ap 30–50 cp, t, amg

Volcano phonolite

Akf, alkali feldspar; Fspth, feldspathoid; Cpx, clinopyroxene; Ol, olivine; Plag, plagioclase; Ox, Fe–Ti oxides; Ap, apatite;
Amp, alkali-amphibole; mica, brownish red mica (phlogopite–biotite). cp, coarsely porphyritic (>1 cm); p, porphyritic (>5
mm); fp, finely porphyritic (<5 mm); mp, microporphyritic (<2 mm); gp, glomeroporphyritic; amg, amygdaloidal; t, trachytic;
w, welded; vtph, vitrophyric; so, subophitic. The commingled lavas in stage II refer to mafic inclusion-bearing lavas (see
text).

the south of the stage I vents. A black, compositionally which mugearite and benmoreite lavas were erupted.
Volcanism ceased at 4·2 Ma (stage IV) following theheterogeneous (phonolite–trachyte), lapilli tuff fall deposit
eruption of xenolith-bearing parasitic cones of basanite.in the southwestern caldera wall defines the shift from

phonolitic to trachytic magmatism. The black pyroclastic
fall deposit passes up into a 70 m thick unit of alternating
lithic breccias and trachyte lavas. The transition from

PETROGRAPHY AND MINERALthe fall deposit into the trachytic sequence (dark gray
unwelded cindery scoria→fiamme-like flattened scor- CHEMISTRY
ia→light gray strongly welded tuff→cream-colored thinly Mt Sidley volcanic rocks are strongly porphyritic and
foliated lavas), is interpreted to be the product of a single their petrographic features are summarized in Table
eruptive phase (Smellie et al., 1990). In the upper portion 1. Minerals were analyzed by a JEOL-733 electron
of this cogenetic sequence, several trachyte lavas contain microprobe, using 15 kV accelerating potential, 12-13
partially resorbed mafic inclusions (commingled lavas; nA sample current and 1-10 lm electron beam.
Panter et al., 1994, fig. 7b). Stage III (4·4-4·3 Ma) began
with an explosive paroxysmal eruption of trachytic
magmas (conformable units; lithic-rich welded pyroclastic

Olivinefall and unwelded ignimbrite) and catastrophic landslide
of the southern flank of the volcano, leading to the Olivine phenocrysts occur in all rock types, ranging from
formation of the 5 km×5 km, 1200 m deep Weiss 10% (modal) in mafic and intermediate lavas to Ζ2 %
Amphitheater. This was followed, 9 km south of stage I in phonolites and trace amounts in trachytes. Olivine

ranges from Fo86 within mafic inclusion-bearing trachyticactivity, by a final pulse of differentiated magmas, in
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lavas to Fo1 in trachytes (Fig. 2; Table 2). Olivine phe- from the Sidley succession display discontinuously zoned
rims enriched in the An component. The occurrence ofnocrysts are often normally zoned with homogeneous

cores mantled by more fayalitic rims. Reversely zoned reversely zoned feldspars in these lavas is consistent with
compositional reversals in coexisting clinopyroxenes andolivine occurs in several phonolitic lavas of stage I and

within mafic inclusion-bearing trachytic lavas of stage olivines.
II. The outermost rims of reversely zoned olivines in
phonolites are enriched in MgO (Ζ0·6 wt %) and CaO
(Ζ0·1 wt %) with depletions in FeO (Ζ1·0 wt %) and Amphibole and mica
MnO (Ζ0·2 wt %) relative to their cores. The zoning

Strongly pleochroic (brownish green, blue) alkali am-suggests an abrupt compositional change in the coexisting
phibole occurs as small (Ζ0·3 mm) euhedral mi-melt during olivine crystallization.
crophenocrysts within some trachytes. Alkali amphibole
is the most abundant in mafic inclusion-bearing lavas,
where it is found predominantly as subhedral to euhedral

Clinopyroxene crystals within vesicles. Brownish red mica occurs within
several mafic to intermediate lavas (stage III, Table 1).The clinopyroxene phenocrysts plot mostly in the Ca–

Stoichiometric amphiboles are arfvedsonite [clas-Mg–Fe quadrilateral (Fig. 2), although some lie above the
sification of (Mogessie et al., 1990)]. Arfvedsonite is aCaMg-CaFe2+ join. Diopsides in basanite are subsilicic
product of magmatic-subsolidus processes, principally(<1·75 Si atoms per formula unit, a.f.u.) aluminian,
found in differentiated alkaline magmas (Ernst, 1962;calcian (Ca>0·9 a.f.u.) and magnesian (Mg>0·9 a.f.u.).
Wolff & Toney, 1993). Compositional trends towardsDiopside and calcian diopside occur in phonolites and
Ca+Mg depletion (Fig. 2) and alkali enrichment areferroan (Fe2+>0·5 a.f.u.) hedenbergite within trachytes
similar to the observed amphibole trends within theand mugearites (Fig. 2). Clinopyroxenes within mafic
alkaline Ilı́maussaq complex (Larsen, 1976) and theinclusion-bearing trachytic lavas show a large com-
Kungnat Field, south Greenland (Stephenson & Upton,positional range (Fig. 2) from subsilicic aluminum
1982). Such changes in amphibole chemistry can bediopside and magnesian diopside in mafic inclusions
partly explained by the coupled substitution of (Na,to ferroan hedenbergite within the felsic host.
K)+Si for Ca+Al, occurring when residual liquids be-Pyroxene phenocrysts in mafic inclusions from trachytic
come peralkaline.lavas have Fe-rich rims relative to cores (D=14 wt %

FeO), whereas pyroxene in the trachytic host is reversely
zoned with MgO content increasing (from ~1 to 4 wt
%) and FeO decreasing (from ~28 to 25 wt %) from Mafic inclusion-bearing trachytic lavas:
cores to rims. Pyroxenes in several stage I phonolitic evidence for magma commingling
lavas are reversely zoned and phenocrysts within one flow

The commingling of mafic and felsic magmas forms(K144, Table 2) have significantly higher mg-numbers for
heterogeneous mixtures which often produce bandedrims relative to cores, indicating disequilibrium conditions
or inclusion-bearing rock units. The textural featuresduring crystal growth.
exhibited by the mafic inclusion-bearing trachytic lavas
of stage II are consistent with an origin by magma
commingling. Mafic inclusions (typically Ζ10 cm) are

Feldspars rounded and vesicular with well-developed crenulated
surfaces embayed by the trachytic host. The contactFeldspar phenocrysts (Table 2) range from labradorite

(An54Ab44Or2) in basanites and mugearites to sodic san- interface between the inclusions and the host is sharp on
a macroscopic scale; however, petrographic observationsidine (An2Ab54Or44) in tephriphonolites and trachytes.

Potassic anorthoclase in mafic inclusion-bearing trachytic reveal fine-scale dissemination of inclusion material
within the host and abundant amygdules containinglavas have a limited compositional range (An<7Ab55–66Or30–42)

and plot near the thermal minimum of the binary system feldspar and alkali amphibole. Amphibole in mafic in-
clusions becomes increasingly rare within several mil-An–Or (Tuttle & Bowen, 1958). This suggests the feldspar

precipitated as a hypersolvus phase during late-stage limeters of the contact (unless vesicles are present) but
can be found several times further within the host. Thecrystallization of highly fractionated liquids (Brown,

1993). textural relationships suggest that amphibole crystallized
from a vapor phase which exsolved from the magmasIn trachytic lavas, feldspars are normally zoned with

Or-rich rims. Pronounced, oscillatory normal-zoning of during mingling.
The interaction of mafic and felsic magmas can produceanorthoclase in a benmoreite stock reveals a pronounced

increase in the Or molecule between cores and rims complex disequilibrium textures in minerals (e.g. Stimac
& Pearce, 1992). Large (up to 1 cm) anorthoclase crystals(sample K166; Table 2). Feldspars in phonolitic lavas
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Fig. 2. Electron microprobe analyses of clinopyroxene, olivine and amphibole phenocrysts plotted in terms of atomic % Ca, Mg, Fe2+.
Compositions of olivines plot along the Mg–Fe2+ join and clinopyroxenes are shown relative to fields for diopside (Di), hedenbergite (Hd) and
augite (Morimoto et al., 1988). Clinopyroxenes in benmoreite (Α) are from stage I intrusion. The ‘commingled lavas’ refer to mafic inclusion-
bearing trachytic lavas of stage II (see text).

within the mafic inclusions indicate both mechanical volcano were analyzed by X-ray fluorescence (XRF) and
transfer (e.g. Gourgaud, 1991) and chemical diffusion instrumental neutron activation analysis (INAA). Major
between magmas. Phenocrysts of alkali feldspar within element data used in plots are recalculated on a 100%
the trachytic host have rounded and embayed crystal volatile-free basis with total Fe as FeO. Representative
forms and are considered to be a product of simple analyses are given in Table 3.
dissolution during rapid heating by mafic magmas. A Neodymium isotopes (Table 4) were analyzed on a
rapid increase in temperature is also recorded by com- five-collector VG Isotopes 354 mass spectrometer. Nd
positional reversals in olivine and clinopyroxene phe- data were normalized to a 144Nd/146Nd of 0·7219. The
nocrysts within the host (discussed above). Phenocrysts J&M in-house standard was used to correct data to an
within the mafic inclusions are normally zoned, indicating equivalent value of 0·511850 for the La Jolla standard.
rapid undercooled crystallization of mafic magmas. Analyses of BCR-1 gave a 143Nd/144Nd ratio of

0·512628±10 (n=3) and for JB-1 0·512780±41 (n=6).
Nd and Sm concentrations were determined by isotope
dilution, and gave Sm/Nd ratios averaging 0·2279 for

WHOLE-ROCK GEOCHEMISTRY BCR-1 and 0·1933 for JB-1. Strontium isotopes (Table
4) were analyzed on a Finnegan MAT 262 instrumentRepresentative whole-rock samples from Mt Sidley and

from the neighboring and younger (<2 Ma) Mt Waesche using static multiple collection. Long-term drift (caused

1230
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by cup efficiency changes) was normalized using NBS987 P2O5 contents (~0·4 wt %) found at Doumani Peak (DPM;
Fig. 4). Differences between the two mugearites areto a preferred value of 0·710230. During the present
small but important for understanding the petrogeneticwork, BCR-1 gave an 87Sr/86Sr value of 0·704991±14
differences between the trachyte and phonolite suites.(n=2) and JB-1 gave 0·704111±32 (n=5). These results

show that JB-1 is not homogeneous.
Lead isotopes were measured using a multicollector

Trace element chemistryVG Sector TIMS (Mukasa et al., 1991). A procedural
blank had 0·2 ng of Pb. Precision on the Pb ratios is Mt Sidley volcanic rocks have high concentrations of
better than 0·05% at the 95% confidence level, although incompatible elements and are enriched in light rare
replicate analyses of NIST standard NBS-981 required earth elements (LREE) over heavy rare earth elements
applying a fractionation factor of 0·102 per a.m.u. (HREE) [(La/Yb)n=9–19], a feature typical of intraplate

Oxygen isotopes (Table 4) were measured at New alkaline magmas. Phonolitic lavas have lower LILE (large-
Mexico Tech using a Finnigan MAT delta-E mass spec- ion lithophile elements)/Zr and LREE/Zr ratios and
trometer. d18O values are reported in the ‰ notation higher HFSE (high-field strength elements)/Zr ratios
relative to Vienna Standard Mean Ocean Water relative to trachytic samples. Several trachytes contain
(VSMOW; Coplen, 1994). Analyses of quartz standard ~70 wt % SiO2 andΖ15% normative quartz, and exhibit
NBS-28 and an in-house basalt standard gave an ana- extreme incompatible element enrichment (e.g. MB33.8,
lytical precision of ±0·3‰. Table 3; Zr/Rb=3·5, Zr/Th=20·0, Zr/La=7·1 and

Zr/Ce=3·8).
The phonolite lavas have uniform trace element com-

positions (Fig. 5), considering they were erupted during
Major element chemistry a ~1 m.y. time-interval from three centers (Panter et al.,
Rocks at Mt Sidley are dominated by strongly silica- 1994). The tephriphonolites have similar concentration
undersaturated sodic lavas, ranging from basanite to levels but are less depleted in Ba, K, Sr, P and Ti (Fig.
anorthoclase phonolite and comenditic trachyte (Fig. 3). 5b) and they lack significant negative Eu anomalies (Fig.
Trachytic lavas and tephra are under- and oversaturated. 5a; Eu/Eu∗~0·95). The trachytes, in contrast, show a
Some phonolites and trachytes are weakly peralkaline wider range of trace element concentrations, including
[molecular (Na2O+K2O)/Al2O3Ζ1·2]. Samples display stronger depletions in Sr, Eu and Ba relative to other
a decrease in FeOt, MgO, CaO and P2O5 with increasing compositions.
silica concentration (Fig. 4). The phonolites have re- The least evolved basanites have trace element abund-
stricted SiO2 between 56 and 58 wt %, whereas trachytes ances similar to HIMU (high U/Pb)-type ocean island
range from 60 to 70 wt % SiO2. Nevertheless, phonolitic basalts (OIB). Mt Sidley basanites have lower LILE/
samples display nearly as much variation with respect to HFSE and LREE/HFSE ratios (e.g. sample K109, Table
other oxides as do the trachytes. The phonolites have 3; La/Nb=0·68, Ba/Nb=5·7, Ba/Th=68, Th/Nb=
higher Al2O3 contents (18–21 wt %), whereas the trach- 0·085) compared with average EM-type OIB (La/Nb=
ytes show lower Al2O3 (18–13 wt %) with increasing silica 0·95, Ba/Nb=12·8, Ba/Th=101, Th/Nb=0·123)
concentration (Fig. 4). (Weaver, 1991) and strong positive Ta and Nb anomalies,

The basanites are not primary mantle melts according relative to LILE and LREE, on primordial-mantle nor-
to the criteria of Frey et al. (1978). The most primitive malized trace element plots (Wood et al., 1981), which is
basanites have mg-numbers <56, Ni and Cr <150 p.p.m. characteristic of HIMU-OIB.
(Table 3), olivine of ~Fo74, and trend towards lower The SFM mugearites have higher elemental abund-
CaO and MgO with increasing SiO2 (Fig. 4), indicating ances and are more LREE enriched [(La/Yb)n=15·5–17]
differentiated magmas. Using K D [(Fe/Mg)/(ol/liq)]= relative to DPM mugearites [(La/Yb)n=11·5–13] (Fig.

5c and d). REE levels in DPM rocks are identical to0·30 at 1 bar (Roeder & Emslie, 1970; Ulmer, 1989),
those in less evolved basanites, whereas SFM lavas haveonly the cores of olivine phenocrysts (~Fo86) within mafic
REE levels slightly higher than those of the more evolvedinclusions of commingled lavas approach equilibrium
basanites (Fig. 5c). Alkaline magmas are typically depletedwith primary partial melts from upper-mantle peridotites
in K relative to Th and Nb on chondrite-normalized(calculated mg-number ~65 for the coexisting liquid); yet
diagrams, yet DPM, as well as some trachytes, displaythe mafic inclusions in trachyte are unsuitable for use as
flat to small positive K anomalies (Fig. 5b).parental material in fractionation models because of their

‘evolved’ bulk chemistry (e.g. sample K63b, Table 3).
Mugearites are subdivided into lavas with low mg-

Isotope geochemistrynumbers (20–30) and high P2O5 concentrations (>0·9 wt
%) restricted to the southern flanks of Mt Sidley (SFM), Initial isotopic ratios (Table 4) have been calculated using

the 40Ar/39Ar dates given by Panter et al. (1994). Manyand tephras with higher mg-number (40–50) and moderate
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Fig. 3. Classification of Mt Sidley rocks after Le Bas et al. (1986).

trachytes and phonolites have high 87Rb/86Sr ratios (>10) 0·512898 for sample MB27.5) to trachyte (e.g. 0·512803
for sample MB33.8) compositions. A notable exceptionand hence large corrections in initial 87Sr/86Sr ratios (e.g.

tephra samples MB35.5 and K137, Table 4). Improved is mugearite sample MB32.11 (DPM type), which has
trace element abundances similar to those of primitiveresolution on Sr-poor samples was obtained using anor-

thoclase separates. basanite (Fig. 5c and d) but possesses a lower 143Nd/144Ndi

value (0·512848). Several highly differentiated samplesMost samples display a narrow range in 87Sr/86Sri

(0·7028-0·7032), 143Nd/144Ndi (0·51285-0·51290) and (mainly trachytes) have high 87Sr/86Sri (0·7033–0·7042),
low 143Nd/144Ndi (0·51281–0·51283) and elevated d18Od18O (5·0-6·0‰), indicating derivation from primitive

mantle broadly similar to OIB. Basaltic samples, (6·5–8·4 ‰) values (Table 4). A positive correlation of
increasing d18O with 87Sr/86Sri (Fig. 7) offers strong sup-MB32.11 and MB27.5, have average Pb isotope ratios

of 206Pb/204Pb=19·53, 207Pb/204Pb=15·66 and 208Pb/ port for assimilation of crust by mantle-derived magmas
(see James, 1981).204Pb=39·14 (Panter, 1995), indicating a significant

HIMU mantle component (Zindler & Hart, 1986), con- Twelve of the 32 samples analyzed for oxygen isotopes
display d18O values of Ζ4·0‰. The extent of 18O de-sistent with trace element data. Initial Sr–Nd isotope

data for Mt Sidley and Mt Waesche plot just below the pletion shows a positive correlation with LOI. There is
also a broad correlation between high-LOI, low-d18OHIMU mantle field (Fig. 6) defined by Mangaia Island

samples (Woodhead, 1996). A HIMU-OIB isotopic com- values and incipient alteration (palagonitized glass and
amygdaloidal zeolites and calcite). The low d8O samplesponent ( 87Sr/86SrΖ0·703 and 206Pb/204Pb[19·5) is ubi-

quitous in Late Cenozoic volcanic rocks throughout west are considered to be the result of low-temperature hy-
dration and exchange with extremely light (d18O<−30‰)Antarctica (Kyle et al., 1992, 1994; Hart & Kyle, 1994)

and suggests a common mantle reservoir for west Ant- Antarctic meteoric waters. Water–rock interaction is re-
stricted to the alteration of available glass and secondaryarctic rift volcanism (Hart et al., 1994; Hole & LeMasurier,

1994; Weaver et al., 1994). mineralization by solution-precipitation within vesicles,
voids and fractures. Anorthoclase phenocrysts appearThe variation of 143Nd/144Ndi with 87Sr/86Sri (Fig. 6) is

explained by interaction of a HIMU-OIB source with to be unaffected by alteration-exchange and contain
consistently higher, magmatic, d18O values relative tocrust. For the majority of samples, as Nd becomes less

radiogenic (from ~0·51290 to 0·51280), d18O remains whole-rock values (Table 4 and Fig. 7). Apart from
minor leaching of alkali metals in some phonolites, otherbetween 5·5 and 6·5‰, and 87Sr/86Sri varies from

~0·7028 to 0·7032. This may indicate a contaminant elements, including Ba, appear to be unaffected by sur-
ficial alteration at Mt Sidley.characterized by a relatively low time-integrated Rb/

Sr signature. The decrease in radiogenic Nd broadly In Fig. 7, anorthoclase phenocrysts from three py-
roclastic tephra deposits (samples MB35.5, K137 andcorrelates with sample differentiation and increasing

LREE, HFSE and Rb/Sr ratios from basanite (e.g. MB29.4) have lower Sr isotope ratios and higher d18O
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Fig. 4. Variation of selected major elements with silica content. Mugearites are subdivided into two types: low MgO, high FeOt and P2O5 lavas
located on Mt Sidley’s southern flank (SFM); and higher MgO and CaO tephra from Doumani Peak (DPM).

values relative to the whole rocks from which they were Moreover, major and trace element data indicate separate
magmatic lineages for trachytic and phonolitic com-separated. This difference can be explained in three steps

by a combination of primary and secondary processes positions.
Magma genesis by fractional crystallization is evaluated(inset Fig. 7).

by the least-squares mass balance methods using major
elements (Table 3) and phenocryst chemistry [Tables 2
and 3; other analyses taken from Panter (1995)]. Mass

MAGMA GENESIS balance models are further tested through trace element
On the basis of geological mapping and stratigraphy approximations using published mineral–liquid partition
(Panter et al., 1994), the phonolites and trachytes cannot coefficients (K D values) determined for alkaline as-

semblages (Table 5) and the Rayleigh fractionationbe related by evolution in a simple magma system.

1235



JOURNAL OF PETROLOGY VOLUME 38 NUMBER 9 SEPTEMBER 1997

Fig. 5. Chondrite-normalized REE and trace element patterns of representative Mt Sidley rocks, using normalizing values of Sun & McDonough
(1989) and Thompson et al. (1984), respectively.

Fig. 6. Age corrected Sr–Nd isotope plot. The shaded field encompasses data from Mangaia Island (Woodhead, 1996). Asterisk represents a
black, compositionally heterogeneous (phonolite–trachyte), pyroclastic fall deposit marking the transition between stage I and stage II activity.
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Fig. 7. d18O vs initial 87Sr/86Sr. Half-shaded squares represent anorthoclase and other symbols are for whole-rock compositions (as in previous
diagrams). Dashed lines connect anorthoclase to whole rocks from which they were separated. Two general trends are observed: (1) a positive
correlation between O and Sr isotopes, reflecting assimilation of crust by magmas; (2) a trend towards lower d18O values (<5‰), indicating
hydration-exchange between glass and Antarctic meteoric waters (–35‰). Anorthoclase separated from three pyroclastic tephras (samples MB35.5,
K137 and MB29.4) has lower Sr isotope ratios and higher d18O values relative to whole rocks. To explain the discordance, a three-stage process
is envisaged (see inset): (1) assimilation of crust by magmas produced the isotopic signature recorded by anorthoclase (shaded square); (2) physical
entrainment of crust by erupting magmas resulted in bulk analyses (lithics+pumice+matrix) with 87Sr/86Sr and d18O above magmatic values
(×); (3) alteration of lithic-rich tephras by meteroric water produced the isotopic signature of bulk analyses (open diamond).

equation (Arth, 1976). It is important to emphasize that described the xenoliths as being angular in form and
devoid of decompressive melting textures, attesting tobasanites and mugearites are younger than phonolites
their rapid entrainment and ascent to the surface. Thisand most trachytes (Panter et al., 1994) but they are
suggests that basanitic melts differentiated within theassumed to be representative of parental magmas. In
upper mantle or near the base of the crust (~30–35 km;addition, rock compositions from the younger Mt
Wysoczanski, 1993).Waesche volcano are used to model some aspects of Mt

Sidley petrogenesis.
Fractional crystallizationBulk distribution coefficient (D) values were also de-
Fractional crystallization (FC) models predict two frac-termined by regression of trace element data on log–log
tionation schemes for the phonolite series: a high-alkalidiagrams [method of Allègre et al. (1977); after Treuil &
trend evolving tephriphonolites and phonolites from ba-Joron (1975)], using Th as a reference incompatible
sanite (phonolitic sequence, Tables 7 and 8, models A–E);element (DTh

p 1) (Table 6). In general, data regressed
and an intermediate sequence producing mugearite andfor Ba, Sr, Eu and K show low correlation coefficients
benmoreite liquids from basanite (models F–H in Tables(Table 6), and the scatter on log–log plots may reflect
7 and 8). Differentiation of basanite by fractionationchanges in feldspar stoichiometry. In addition, poor cor-
of diopside, olivine, plagioclase, titaniferous magnetite,relation of data on log–log diagrams for several rock
nepheline and/or apatite produces ~35% mugearitesuites does not allow D to be determined.
(models F and G), 25% benmoreite (models F–H), and
~20% tephriphonolite and phonolite liquids (models A–
C).

Phonolite series The compositions of phonolitic lavas within the high
Basanite sample K109 (Table 3) is considered rep- alkali trend are distinct for each stage I volcano and
resentative of the parental magma for the phonolite together show a compositional continuum (Fig. 8a). Al-
series. Basanitic scoria cones at Mt Sidley contain lower- though the order is inconsistent with the observed stra-

tigraphy, the trend emulates progressive differentiationcrustal and upper-mantle xenoliths. Wysoczanski (1993)
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Table 6: Bulk distribution coefficients (D) calculated from log–log diagrams

Basanite R2 Tephriphonolite R2 N-trachyte R2

Sc 1·66 0·78 P>1 0·64 3·64 0·66

Rb 0·03 0·87 — — 0·27 0·92

Sr — — 1·92 0·88 3·74 0·68

Ba 0·29 0·43 — — — —

La 0·12 0·84 0·79 0·93 0·15 0·94

Ce 0·18 0·78 1·30 0·97 0·09 0·95

Nd 0·31 0·69 0·67 — 0·25 0·83

Sm 0·49 0·47 0·54 0·92 0·24 0·84

Eu 0·74 — 0·73 0·47 2·14 0·39

Tb 0·36 0·90 0·45 0·84 0·15 0·84

Yb 0·19 0·93 0·03 0·99 0·12 0·97

Lu 0·34 0·81 0·19 0·92 0·19 0·93

Hf 0·45 0·80 0·74 0·50 0·02 0·98

Ta 0·12 0·87 — — 0·08 0·96

Y 0·44 0·83 0·08 0·96 0·09 0·93

Zr 0·37 0·96 0·47 0·63 0·01 0·94

Nb 0·17 0·80 0·83 0·74 0·06 0·96

K 0·55 0·70 1·22 0·42 — —

Slope P=(1 − Di). Dashes indicate uncorrelatable data.

of Byrd magmas through Sidley compositions to Weiss phonolites show strong relative depletions in Eu, Ba, K
phonolites. If a common lineage is assumed, strong and Sr, indicating feldspar fractionation (Fig. 5a and b).
depletions in Ba (Fig. 8) must reflect substantial loss of
alkali feldspar, which is underscored by an overall de-
crease in its average modal abundance between Byrd Magma mixing
(33%), Sidley (13%) and Weiss (5%) lavas. Fractional We interpret the chemical departure of phonolites from
crystallization models offer good estimates for the evol- FC model liquids to result from mixing between magmas
ution of tephriphonolite to phonolite (Tables 7 and 8, from the phonolite series. Mixing is consistent with reverse
model E); however, for the majority of Sidley volcano zoning in olivine, clinopyroxene and feldspar phenocrysts
phonolites, FC models give poor solutions (Fig. 8b–d). It and crystal–liquid disequilibrium within the stage I Sidleyis considered unlikely that the compositional variations

volcano sequence. Similar disequilibrium textures occurin the phonolites of the Sidley volcano reflect a simple
in the inclusion-bearing trachytic lavas of stage II, whereliquid line of descent.
strong mafic–felsic magma interaction is explicit. How-The feldspar phyric character of the phonolites suggests
ever, unlike the commingled lavas (heterogeneous mix-cumulus enrichment and the analyses of highly por-
tures) which contain coexisting anorthoclase and forsteritephyritic lavas may deviate from normal liquid lines of
(Fo86–82), hybrid phonolites possess a phenocryst as-descent (Cox et al., 1979). The phonolites of the Sidley
semblage that is considered to be in equilibrium with avolcano, which plot above model fractional crystallization
limited range of melt compositions. Furthermore, cal-curves in Fig. 8b–d, show a relative enrichment in ele-
culated liquid compositions in chemical equilibrium withments compatible with feldspar addition (K, Ba, Sr and
olivine cores and rims (mg-number increases from coreEu). They are also enriched in several incompatible
to rim) show small, yet statistically significant differences,elements (Ta, Hf and Th) with respect to model liquids
suggesting that mixing between endmembers of the phon-(Fig. 8c); this feature could reflect chemical enhancement
olitic spectrum is likely. Two lavas featuring pronouncedby glass and mineral inclusions (e.g. apatite) observed
disequilibrium textures, samples K144 and K149, plotwithin large phenocrysts. However, feldspar ac-
along with other Sidley volcano phonolites off the FCcumulation should show Eu anomalies on chondrite-

normalized trace element diagrams, but in fact, all model curve (Fig. 8b–d).

1239



JOURNAL OF PETROLOGY VOLUME 38 NUMBER 9 SEPTEMBER 1997

Table 7: Least-squares mass balance solutions for Phonolite Series rocks

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 RR2

Phonolitic sequence

A basanite (K109)→‘evolved’ basanite (K133)

K109=0·609(K133)+0·114Cpx (En48)+0·061Ol (Fo86)+0·132Pl (An63)+0·048Mt (Usp65)+0·036Ne

meas. 45·12 3·06 15·18 12·09 0·17 8·43 9·42 4·46 1·46 0·59

calc. 45·22 3·04 15·11 12·09 0·22 8·42 9·40 4·48 1·36 0·53 0·032

B evolved basanite (K133)→phonolite (K149)

K133=0·326(K149)+0·125Cpx (En48)+0·072Ol (Fo86)+0·268Pl (An47)+0·129Mt (Usp58)+0·02Ap+0·06Ne

meas. 46·09 3·06 16·18 12·34 0·21 5·87 7·99 5·42 1·97 0·86

calc. 46·15 3·11 16·12 12·32 0·27 5·86 7·97 5·45 1·91 0·88 0·019

C evolved basanite (K133)→tphn-phn (K114)

K133=0·329(K114)+0·132Cpx (En48)+0·067Ol (Fo86)+0·237Pl (An47)+0·13Mt (Usp58)+0·02Ap+0·085Ne

meas. 46·09 3·06 16·18 12·34 0·21 5·87 7·99 5·42 1·97 0·86

calc. 46·17 3·15 16·09 12·31 0·27 5·86 7·96 5·45 1·89 0·89 0·036

D tephriphonolite (K122)→‘evolved’ tephriphonolite (K121)

K122=0·933(K121)+0·057Akf (Or20)+0·001Ap+0·009Ne

meas. 57·92 0·79 18·55 6·78 0·23 0·67 2·45 7·63 4·66 0·30

calc. 57·91 0·79 18·62 6·77 0·24 0·73 2·44 7·61 4·67 0·32 0·010

E tphn-phn (K114)→phonolite (MB35.2)

K114=0·478(MB35.2)+0·02Ol (Fo65)+0·223Pl (An35)+0·199Akf (Or48)+0·03Mt (Usp65)+0·01Ap+0·04N

meas. 57·13 0·79 19·90 5·95 0·18 0·73 2·76 7·72 4·55 0·28

calc. 57·20 0·80 19·92 5·95 0·17 0·72 2·67 7·70 4·46 0·38 0·032

Intermediate sequence

F basanite (K109)→evolved basanite (K95)

K109=0·629(K95)+0·188Cpx (En50)+0·055Ol (Fo86)+0·019Pl (An54)+0·044Mt (Usp65)+0·005Ap+0·06Ne

meas. 45·12 3·06 15·18 12·09 0·17 8·43 9·42 4·46 1·46 0·59

calc. 45·21 3·07 15·09 12·08 0·23 8·42 9·41 4·52 1·26 0·60 0·064

G evolved basanite (K95)→mugearite (SFM, K93)

K95=0·558(K93)+0·070Cpx (En48)+0·057Ol (Fo86)+0·226Pl (An54)+0·050Mt (Usp65)+0·039Ne

meas. 48·25 2·51 17·55 11·40 0·19 5·24 7·38 5·22 1·65 0·62

calc. 48·23 2·44 17·53 11·43 0·20 5·23 7·39 5·27 1·49 0·63 0·035

H mugearite (SFM, K93)→benmoreite (K134)

K93=0·758(K134)+0·019Cpx (En45)+0·051Ol (Fo65)+0·110Pl (An54)+0·046Mt (Usp58)+0·016Ap

meas. 51·58 1·58 17·01 12·45 0·24 2·50 5·25 5·97 2·28 1·14

calc. 51·57 1·61 17·01 12·44 0·29 2·51 5·25 5·96 2·33 1·13 0·006

Cpx, clinopyroxene; Ol, olivine; Pl, plagioclase; Mt, titaniferous magnetite; Ap, apatite (from Kyle, 1986); Ne, nepheline (from
Deer et al., 1966); Akf, alkali feldspar.

On a log Ba vs log Th plot (Fig. 8c), phonolites of the to crystal fractionation following hybridization and/or
multiple mixing events allowing for slight variations inSidley volcano form a curving array between com-
endmember compositions.positions of the Byrd and Weiss volcanoes. The data can

be approximated by modeled mixing hyperbola (Fig. 8c).
An origin by magma mixing for Sidley phonolites is
further supported by the broad linear correlation with

Trachyte seriesByrd tephriphonolites shown in Fig. 8d [a companion
plot to Fig. 8b; see Langmuir et al. (1978)]. The scatter Mt Sidley trachytes form three main types based on

stratigraphy, and differences in chemical (Fig. 9) andof data about a straight line of mixing may be attributable
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Table 8: Elemental concentrations for FC models (Table 7) calculated using published KD values ( Table 5 )

Phonolitic sequence

A bas→bas B bas→phn C bas→tphn D tphn→tphn E tphn→phn

K109 to (0·609)K133 K133 to (0·326)K149 K133 to (0·329)K114 K122 to (0·933)K121 K114 to (0·478)MB35.2

meas. 109 calc. meas. 133 calc. meas. 133 calc. meas. 122 calc. meas. 114 calc.

Sc 21·8 20·6 17·3 4·47 17·3 5·69 3·2 3·12 3·3 0·68

Rb 35 35·55 55 75·60 55 52·63 111 144·19 140 141·05

Sr 752 782·93 950 954·48 950 925·81 313 317·46 322 338·92

Ba 344 432·28 666 679·20 666 757·62 732 748·03 663 528·74

La 40·7 45·58 68·8 82·48 68·8 67·02 103·5 106·49 98·9 110·06

Ce 82·8 91·01 134·0 153·59 134·0 139·76 244·0 216·23 201·7 191·68

Nd 32·0 35·86 51·0 60·01 51·0 50·22 70·0 63·22 60·0 63·09

Sm 7·60 7·96 11·27 11·03 11·27 10·28 13·74 14·28 12·56 11·32

Eu 2·43 2·25 3·20 3·53 3·20 4·01 4·22 4·35 3·36 2·08

Tb 0·96 0·88 1·24 1·53 1·24 1·42 1·85 1·90 1·77 1·68

Yb 1·84 1·90 2·63 4·58 2·63 3·61 5·24 6·66 6·30 6·15

Lu 0·28 0·24 0·33 0·54 0·33 0·44 0·81 1·01 0·94 0·89

Hf 6·00 6·12 8·12 10·99 8·12 9·44 18·70 20·13 21·50 19·88

Ta 4·3 5·18 6·6 6·45 6·6 5·27 12·6 12·68 13·7 12·60

Th 5·1 5·09 7·9 13·77 7·9 8·16 11·7 14·27 21·0 20·43

Intermediate sequence

F bas→bas G bas→mug H mug→ben

K109 to (0·629)K95 K95 to (0·558)K93 K93 to (0·758)K134

meas. 109 calc. meas. 95 calc. meas. 93 calc.

Sc 21·8 22·25 15·0 6·42 6·5 3·47

Rb 35 29·95 44 33·32 56 67·35

Sr 752 742·02 715 649·37 734 768·14

Ba 344 289·34 404 405·54 662 783·72

La 40·7 39·57 52·5 49·38 80·6 91·28

Ce 82·8 77·59 99·2 95·94 153·9 159·46

Nd 32·0 33·78 39·0 39·11 62·0 62·06

Sm 7·60 6·72 7·80 7·29 11·42 10·79

Eu 2·43 1·99 2·39 2·12 3·31 3·18

Tb 0·96 0·88 1·00 0·83 1·31 1·19

Yb 1·84 2·04 2·47 2·20 3·39 3·65

Lu 0·28 0·27 0·34 0·34 0·52 0·52

Hf 6·00 5·51 6·70 6·19 9·20 11·05

Ta 4·3 4·20 5·2 4·62 6·3 6·77

Th 5·1 4·72 7·5 5·26 8·9 10·45

bas, basanite; mug, mugearite; ben, benmoreite; tphn, tephriphonolite; phn, phonolite.

lithologic character. With increasing stratigraphic height low K/Nb ratios (<200); (2) low-Th (LT)-trachyte, tephras
and lavas, including commingled units, which are char-they are: (1) high-Th (HT)-trachyte, lavas and lithic

breccias distinguished by Th contents >60 p.p.m. and acterized by having lower overall incompatible element
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Fig. 8. Trace element (p.p.m.) variations for phonolites of the stage I succession (oldest to youngest: Byrd→Weiss→Sidley volcanoes). Solid
stars represent hybrid lavas. (a) Ta vs Ba. Decrease in Ba content is due to fractionation of alkali feldspar. (b) Ba vs K/Rb showing closed system
fractional crystallization (FC) of sample K114. Model curve calculated using D K=0·8, D Rb=0·2 and D Ba=3·5 (Table 7, model E). Numbered
tick marks indicate the percent magma remaining. (c) Variation of Ba with Th. Fractional crystallization of K114 (straight line) is calculated
using DBa=3·5 and D Th=0·01. Mixing sample K114 with a hypothetical composition derived from 65% crystallization of K114 closely
approximates hybrid compositions. Tick marks on the mixing hyperbola are in 20% increments. (d) Ba/Rb vs K/Rb (compare with b) showing
a linear mixing trend for data plotted above the FC curve (inclusive of hybrid samples).

abundances (Th <50 p.p.m.) and high K/Nb ratios fractionation of basanite liquids was evaluated using least-
squares models and Rayleigh trace element ap-(some >500); (3) ‘normal’ (N)-trachyte, tephras with inter-

mediate incompatible trace element concentrations. proximations, and produced unsatisfactory results. The
inconsistencies of the models do not unequivocally pre-Although N-trachytes are chemically similar to some

‘evolved’ (e.g. Th>20 p.p.m.) LT-trachytes, they represent clude a basanite parent, but may reflect overprinting by
open system processes. Still, the temporal and spatiala separate magma batch erupted during a single, stage

III caldera-forming event (conformable units; welded separation of trachytic and phonolitic activity suggests
that they developed within discrete systems (Panter et al.,pyroclastic fall and unwelded ignimbrite) that occurred

more than 100 ka after the eruption of the cogenetic 1994), and their evolution from separate parental magmas
is investigated below.HT-, LT-trachyte sequence.

The evolution of coexisting undersaturated and over- The strong geochemical dissimilarity between mu-
gearite types DPM and SFM (Figs 4 and 5c and d)saturated rocks is often bound by the assumption of a

common parent. At Mt Sidley, parental magmas which requires the existence of at least two separate basaltic
parental compositions. At Mt Sidley only basanites (>10%evolved trachytic and phonolitic magmas are distinct,

thus providing a fundamental basis for their diverging ne) are exposed. Alkali basalts (<8% ne) from Mt Waesche
are shown with other mafic compositions on a plot ofpetrogenesis. The formation of the trachyte series by
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Fig. 9. Th (p.p.m.) vs K/Nb diagram showing main trachyte types: HT-trachyte (high-Th, low K/Nb); LT-trachyte (low-Th, high K/Nb); N-
trachyte (‘normal’ trachytes having intermediate concentrations). Mafic inclusions (open crosses) are hosted by LT-trachyte lavas (commingled
lavas). Shaded box (B) includes basanite from Mt Sidley and alkali basalt from Mt Waesche.

La/Yb vs mg-number in Fig. 10. Values of La/Yb for (K, Ba, Sr and Eu) in evolved compositions. A two-step
SFM lavas fall within the range of Sidley basanites least-squares mass balance model describes the genesis
but they have significantly lower mg-numbers (Fig. 10). of Waesche trachytes from alkali basalts by fractionation
Progressive fractionation of olivine, clinopyroxene, pla- of clinopyroxene, olivine, plagioclase, magnetite and ap-
gioclase, magnetite and nepheline from a basanite magma atite (Table 9). In Table 9, the calculated bulk distribution
in the proportions predicted by FC models (i.e. Tables coefficients decrease slightly with differentiation for all
7 and 8, model G) can explain this relationship. On the elements except Sr and Eu. Their compatible behavior
other hand, DPM samples cannot result from basanite corresponds to an increase in the modal proportion of
fractionation, as incompatible element concentrations in plagioclase subtracted for mass balance calculations.
the former have similar or lower levels (Table 3; Fig. 5c
and d). We argue that fractional crystallization of alkali

Assessment of crustal contributions
basalt can produce hawaiite and more evolved magmas

The assimilation of crust by silica-undersaturated mantle-broadly similar to Mt Sidley DPM and N-trachyte com-
derived melts has been used to explain the genesis ofpositions. The relationship between alkali basalt and
silica-oversaturated trachytes (e.g. Foland et al., 1993;basanite shown in Fig. 10 cannot be explained by frac-
Macdonald et al., 1995), yet silica oversaturation maytional crystallization but may reflect source variations;
be explained without additions from the crust. Onean interpretation supported by their distinctive isotopic
mechanism involves the removal of silica-poor phasescharacteristics (Fig. 6).
(amphibole or spinel) to promote silica oversaturation of
residual liquids (e.g. Fitton, 1987; Cox et al., 1993).

Fractional crystallization of alkali basalt Although minor amounts of arfvedsonite exist within
some trachytes (Tables 1 and 2) the fractionation of suchWe propose that DPM-type mugearites and N-trachytes
silica-rich (up to 52 wt % SiO2 ), hy-normative (~57%),represent magmas derived by fractional crystallization of
amphiboles could not produce a silica-over-‘Waesche-type’ alkali basalts. Incompatible trace ele-
saturated residual.ments (e.g. Nb, Zr, Rb and La) for Mt Waesche rocks

The high LILE/HFSE ratios for LT-trachytes, whichshow extremely good linear correlations (R 2[0·95) on
distinguish them from other trachytes including thoselog C Th vs log C i diagrams, indicating that differentiation
from Mt Waesche (Fig. 9), are interpreted as indicatingwas controlled by fractional crystallization processes.
contribution from a crustal source depleted in HFSE.Changes in slope on logarithmic plots (positive to neg-

ative) are restricted to elements compatible with feldspars The depletion in HFSE relative to LREE and LILE is
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Fig. 10. Plot of La/Yb vs mg-number [atomic %=Mg/(Mg+Fe2+)] showing mugearite types, DPM and SFM, relative to basanite and Mt
Waesche basalts (akb). Dashed arrow represents the general fractional crystallization trend for basanite (model G, Table 7). FC models also
predict the evolution of alkali basalt (akb) to hawaiite (haw) for the Mt Waesche suite (Table 9).

Table 9: Least-squares mass balance and Rayleigh fractionation for Mt Waesche rocks

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 RR2

alkali basalt (MB4.1)→mugearite (MB21.1)

MB4.1=0·31(MB21.1)+0·14Cpx (En48)+0·09Ol (Fo86)+0·37Pl (An61)+0·08Mt (Usp49)+0·01Ap

meas. 46·35 2·06 16·80 11·32 0·18 7·75 11·09 3·36 0·59 0·49

calc. 46·53 2·03 16·74 11·32 0·23 7·73 11·05 3·24 0·52 0·54 0·06

mugearite (MB21.1)→trachyte (MB15.1)

MB21.1=0·39(MB15.1)+0·12Cpx (En33)+0·06Ol (Fo53)+0·38Pl (An54)+0·04Mt (Usp77)+0·01Ap

meas. 50·79 1·78 18·57 9·57 0·18 3·03 8·60 5·39 1·54 0·53

calc. 50·88 1·61 18·58 9·64 0·23 2·90 8·60 5·24 1·53 0·53 0·08

Trace element solutions

Rb Sr Ba La Ce Nd Sm Eu Tb Yb Lu Hf Ta Th

MB4.1

meas. 11 494 199 20·2 44·8 21 5·03 1·81 0·73 1·78 0·26 3·60 1·58 1·7

calc. 12 420 170 25·1 49·8 21 4·61 1·39 0·67 1·53 0·18 3·20 2·07 1·7

D 0·17 0·83 0·16 0·54 0·52 0·62 0·59 0·44 0·59 0·44 0·34 0·44 0·52 0·19

MB21.1

meas. 31 513 457 43·0 87·5 32 7·46 2·69 1·09 2·96 0·39 6·17 3·64 4·5

calc. 36 512 465 46·3 89·5 37 7·03 3·10 1·02 3·18 0·44 6·93 3·37 4·9

D 0·15 1·88 0·17 0·41 0·38 0·43 0·40 0·86 0·39 0·32 0·27 0·21 0·09 0·14

Bulk distribution coefficients (D) for each step of differentiation calculated using published KD values (Table 5). Cpx,
clinopyroxene; Ol, olivine; Pl, plagioclase; Mt, magnetite; Ap, apatite.
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a prominent chemical feature of calc-alkaline magmas effects of AFC. Initially, basaltic magmas are buffered
against significant changes in Sr isotopic compositiongenerated within subduction zones (Thirlwall et al., 1994).

Hence, contamination by calc-alkaline compositions may because of the high Sr abundance in the initial magmas
relative to the assimilant. Because D Sr>1, as crystal frac-perturb ‘normal’ OIB-type trace element signatures in

alkaline magmas. A potential subduction-related ‘con- tionation proceeds Sr concentrations decrease and the
resultant magmas become more sensitive to con-taminant’ is the Ford Granodiorite (Weaver et al., 1991,

1992); a biotite-rich, hornblende-bearing granodiorite– tamination. This effect is clearly demonstrated by the
models presented in Fig. 11a, where high 87Sr/86Sr valuesmonzogranite suite found ~450 km to the west of Mt

Sidley in the Ford Ranges. Although Ford Granodiorite are limited to low-Sr samples (<150 p.p.m.). In contrast,
Nd behaves incompatibly with differentiation and itsis not exposed near Mt Sidley, several granitoid xenoliths

collected at Mt Sidley are chemically similar, suggesting abundance in basaltic compositions is roughly equivalent
to that of the contaminant. Hence in AFC model cal-that it may occur at depth.

Geochemical variations of the LT-trachytes can be culations, contaminated basaltic magmas are displaced
towards the Nd isotopic composition of the wallrockexplained by assimilation of Ford Granodiorite and frac-

tional crystallization (AFC). Ford Granodiorite 87Sr/86Sr much more efficiently than are contaminated, highly
evolved magmas. On a graph of 143Nd/144Nd versus aand 143Nd/144Nd ratios, recalculated to 5 Ma, range from

0·7105 to 0·7361 and 0·51227 to 0·51233, respectively, highly incompatible element (i.e. Nb and Ta), AFC curves
will be steeper for less evolved magmas and flatten outand are more radiogenic than Mt Sidley volcanic rocks

(Table 4) and lower-crustal xenoliths (Wysoczanski, for more evolved compositions. This effect is accentuated
with changes in the rate of assimilation to crystal frac-1993). Mt Sidley samples with elevated 87Sr/86Sri (Fig.

11a) and low 143Nd/144Ndi (Fig. 11b) lie along AFC trends tionation (r). High r values are suggested for basaltic AFC
trends whereas low r paths fit more evolved compositionscalculated using a Ford Granodiorite contaminant and

model magma compositions derived by 80% fractional (inset Fig. 11b). This may be explained by differentiation
of basaltic magmas at deep levels in the crust, wherecrystallization of Sidley basanite and Waesche alkali

basalt. Sr, Nd and Nb concentrations predicted by FC high ambient wallrock temperatures and hot basic
magmas would facilitate higher rates of assimilation (Dav-curves at 20% magma remaining (F=0·2; Fig. 11) are

comparable with measured values of phonolitic and trach- idson & Wilson, 1989; Shaw et al., 1993; Reiners et al.,
1995).ytic compositions. During Mt Sidley magma genesis, Sr

is compatible because of fractionation of plagioclase. D Sr To further test and refine the roles of initial magma
compositions and granodiorite contaminant in Mt Sidleyvalues increase from 1·7 to 4·0 in model differentiation

trends (Fig. 11a) marking the onset of alkali feldspar magma genesis, model differentiation trends are used to
predict high LILE/HFSE ratios of LT-trachytes. AFCfractionation. Assimilation of granodiorite by highly

differentiated magmas at low mass assimilation to mass model curves presented in Fig. 12 can adequately explain
the shift towards higher K/Ta ratios in LT-trachytes andcrystallization rates (r=0·01–0·3) and moderate to high

F values ([0·3 on AFC curves) can produce high 87Sr/ DPM samples. The convolute trends emanating from
basalt towards Ford Granodiorite compositions bend at86Sri–low Sr (<150 p.p.m.) and low 143Nd/144Ndi–high

Nb (>200 p.p.m.) samples. a point (F~0·8–0·7) where the relative enrichment of Ta
exceeds that of K (e.g. as F becomes small, ~0·7→0, TaYet this scenario fails to account for the low Nb

concentrations (<200 p.p.m.) of the LT-trachytes. For concentrations are enriched by a factor twice that of
K). Several interdependent variables control the relativeinstance, in Fig. 11b, an AFC evolutionary path cannot

extend below the Nb content of the initial magma, abundance of an element in a magma experiencing AFC
and hence the shape and position of inflection in Fig.assuming that D Nb is p1. Thus, assimilation by differ-

entiated magmas will produce compositions that evolve 12. Our calculations require high values of r (0·9), low
Nb contents in both the assimilant and the initial magmaaway from the LT-trachyte field. This suggests that low

Nb–low 143Nd/144Ndi samples are best explained by AFC (C a~Ford Granodiorite and C°m~Waesche alkali basalt,
respectively, C a /C°m~1) and low bulk distribution co-involving less fractionated magmas. To illustrate, alkali

basalt (sample K19; Table 3) incorporating granodiorite efficients (D K<1) to best fit high-K/Ta–low-Nb data.
This model offers a hypothetical magma history linkingat elevated assimilation rates (r=0·9) can account for

samples with low 143Nd/144Ndi and Nb concentrations alkali basalt (sample K19) to DPM (as in Fig. 11) and
LT-trachyte compositions.<100 p.p.m. This model closely approximates the com-

position of DPM in Fig. 11. The apparent discrepancy Progressive fractionation of LT-trachyte magmas may
explain high incompatible trace element concentrationsbetween this explanation and the previous models re-

quiring contamination of highly evolved magmas to ex- in the HT-trachyte rocks. Yet, because of the chemical
diversity of LT-trachytes and the complexity posed byplain low Sr–high 87Sr/86Sri samples in Fig. 11a can be

reconciled by considering trace element and isotopic multiple open system processes, models describing the
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Fig. 11. Graphical presentation of FC and assimilation–fractional crystallization (AFC) models. (a) Plot of initial 87Sr/86Sr vs Sr (p.p.m.).
Horizontal FC trends from basanite (squares) and alkali basalt (solid crosses) calculated with D Sr=1·7. Model AFC curves calculated after
DePaolo (1981) use Ford Granodiorite (FG) as an assimilant (sample R7460, Weaver et al., 1992; 87Sr/86Sr(5)=0·71174, 143Nd/144Nd(5)=0·512279,
Sr=306, Nd=33·4 and Nb=15 p.p.m.) and model magma compositions derived by 80% crystallization of basanite and alkali basalt (samples
MB27.5 and K19, respectively; Tables 4 and 5) at low mass assimilation to mass crystallization rates (rΖ0·1) and D Sr=4·0. Assimilation of
granodiorite by alkali basalt at r=0·9 and D Sr=1·7 approximates DPM. (b) Plot of initial 143Nd/144Nd vs Nb (p.p.m.). Generated FC and AFC
trends use the same contaminant and modeled compositions as in (a), with D Nd=0·5 and D Nb=0·2. The dashed arrow from LT-trachyte field
represents a generalized AFC trend with r=0·1. In (a) and (b), numbered tick-marks along FC and AFC curves refer to percent magma
remaining. ∗, Samples from a mixed phonolite–trachyte, black pyroclastic fall deposit. HT and LT refer to trachyte types presented in Fig. 9.
Other symbols are the same as in previous figures.

petrogenesis of HT-trachytes cannot be suitably con- along three major lineages: (1) fractional crystallization
of basanite (ne>10%) to produce the phonolite series;strained. We propose that further assimilation at low

values of r (refer to the dashed AFC trend at r=0·1 in (2) fractional crystallization of alkali basalt (ne<8%) to
Fig. 11b) could produce the low Nd isotopic ratios produce the N-trachyte suite; (3) assimilation of crust by
and high incompatible trace element contents of HT- alkali basalt and concurrent crystal fractionation evolving
trachytes. LT- and HT-trachyte compositions. Magma mixing or

mingling and the assimilation of wallrock in upper-crustal
chambers may account for some enigmatic variationsMAGMA ORIGIN AND PHYSICAL within each series; however, these effects are secondary

MODELS OF EVOLUTION in terms of controlling the main trends of differentiation.
The apparent change in parental magma compositionThe complex geochemical variations of Mt Sidley vol-

canic rocks are best explained by magmatic differentiation from basanite to alkali basalt reflects a shift towards
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Fig. 12. Plot of Nb (p.p.m.) vs K/Ta showing model AFC curves. The two convolute trends describe the contamination of alkali basalts by
Ford granodiorite. Model calculations use alkali basalt MB4.1 (lower curve) and K19 (upper curve), granodiorite as in Fig. 11, r=0·9, and D K=
0·5, DTa=0·2 and D Nb=0·2. Inset shows Ford Granodiorite relative to volcanic rocks and general FC and AFC trends. Abbreviations: B, alkali
basalt and basanite; D, DPM; S, SFM; phn and tphn, phonolite and tephriphonolite, respectively; N, HT and LT, trachyte types as in Fig. 9.

higher degrees of partial melting of mantle peridotite. residence within upper-crustal chambers would probably
Different degrees of partial melting may be the fun- facilitate magma–wallrock interaction; however, the iso-
damental basis for the divergent petrogeneses of Mt topic and trace element signatures of phonolitic lavas
Sidley magmas. show no contamination by crust (Table 4; Fig. 11). This

may reflect the low assimilation potential of magmas
surrounded by ‘cold’ country-rock in shallow reservoirs.
In this case, a large magma-wallrock thermal contrastPartial melting and magma ascent
would promote rapid heat loss by conduction and de-

The REE contents of basanitic lavas suggest they can be
crease the rate ratio r in AFC models (Reiners et al.,generated by low degrees of melting (<1%) of a ‘depleted’
1995). Another explanation could be the lack of a strongperidotite (Frey & Roden, 1987; Haase & Devey, 1994).
compositional dissimilarity between magma and wallrock;In Fig. 13, liquid lines are calculated by non-modal
a situation that would most probably occur within alkalineequilibrium batch melting of mantle peridotite. Liquids
rocks of the uppermost Marie Byrd Land crust. Magmacalculated using a spinel lherzolite from the Executive
storage near the surface may be facilitated by horizonsCommittee Range (sample 40E; Wysoczanski, 1993) show
of neutral buoyancy within a volcanic pile. Ryan (1987)that 2% melting with a clinopyroxene/garnet ratio of
suggested that magma stored in equilibrium with ambientbetween 4/1 and 9/1 in the residual will approximate
density must also be in mechanical equilibrium with itsprimary basanite compositions (Fig. 13). The production
surroundings, thus providing long-term stability to theof Mt Waesche alkali basalt involves higher degrees of
system. Such a mechanism may explain the ~1 m.y.partial melting ([5) leaving a clinopyroxene/garnet ratio
eruptive history of Mt Sidley phonolites.of between 4/1 and 6·5/1.

Higher degrees of partial melting will produce moreSmall-degree volatile-charged alkaline melts that rise
silica-saturated volatile-poor basaltic melts (Green, 1971).rapidly to the surface will undergo minimal fractionation
A more saturated melt may rise more slowly to theand interaction with the lithosphere. Mt Sidley basanites,
surface than a strongly undersaturated melt, providing aalthough slightly evolved, are not contaminated by crust;
greater opportunity for magmas to interact with thefurthermore, the presence of peridotite and pyroxenite
lithosphere (see Hoernle & Schmincke, 1993). Mt Wae-xenoliths attests to their rapid ascent. A low-pressure
sche alkali basalts, which represent higher degrees ofenvironment for differentiation to phonolite is inferred

from normative mineralogy (Panter, 1995). Long-term partial melting (up to 10% from a spinel lherzolite,
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Fig. 13. Plot of chondrite-normalized Yb vs normalized Ce/Yb for Mt Sidley and Mt Waesche basalts and mugearites. Arrows linking
compositional fields illustrate two major magmatic lineages; basanite→SFM and alkali basalt→DPM compositions. Continuous lines at left
represent non-modal equilibrium batch melting (Shaw, 1970) of a spinel lherzolite (sample 40E; Wysoczanski, 1993). Partial melting lines are
calculated using K D values from Johnson et al. (1990), a melting mode of 5% ol, 5% opx, 50% cpx, 40% gt, and a residual mineralogy of 65%
ol, 20% opx, 10% cpx, 5% gt. Secondary curves that branch to the right are for higher residual cpx/gt ratios (4/1, 6·5/1, 9/1) calculated at a
constant percent of partial melting (denoted by numbered tick marks along the primary curve). Open crosses represent mafic inclusions from
commingled lavas.

Fig. 13), contain abundant upper-crustal xenoliths yet (Blankenship et al., 1993) and by analogy with the western
Ross Sea (Berg et al., 1989; Della Vedova et al., 1992).inclusions of lowermost crust or mantle are notably absent

(Wysoczanski, 1993). This suggests that magmas may The emplacement of AFC-derived trachytic com-
positions within an upper-crustal reservoir allowed forhave fractionated at mid-crustal levels en route to the

surface. Mantle-derived melts that pool at deeper levels the chemical stratification of the magma. In Fig. 14, we
illustrate LT-trachyte magma passing upward into HT-in the crust where ambient temperatures are higher will
trachyte magma, implying strong roofward enrichmentprobably experience AFC, suffering significant elemental
in Rb, Th, Nb, Ta, Hf, Y, Zr and REE (and volatiles?)and isotopic changes only if the assimilant is geo-
and depletion in Al, Ba and Sr. We speculate thatchemically distinct from the magma. Such a scenario
differentiation at this stage was dominated by frac-could explain the origin of the LT-trachyte rocks.
tionation of alkali feldspar, probably, in concert with
very low rates of assimilation.

The eruption of the compositionally zoned system was
Chemical zonation and eruption of trachyte initiated by explosive interaction between cupola liquids
magmas (HT-trachyte) and a separate body of phonolitic magma
The ascent of alkali basalts through the lithosphere was (Fig. 14b). The intrusion of slightly less dense trachytic
arrested at a level where reaction with crust could occur magma [~2·40 g/cm3; calculated at 900°C using the
at high assimilation to fractional crystallization rates (r= method of Bottinga et al. (1982)] into phonolite (>2·47
0·9). Based on isenthalpic AFC calculations, Reiners et g/cm3 ) caused vigorous convection and magma mixing.
al. (1995), determined that high r values ([1) can result The geochemical heterogeneity of a black pyroclastic fall
during early stages of basalt contamination when initial deposit (Table 4; Fig. 11) suggests that the interaction
country rock temperatures are between 400 and 800°C. between the two magmas occurred shortly before erup-
A high geothermal gradient within the Marie Byrd Land tion. Injection of trachyte magma into the overlying
crust may be inferred by the presence of young volcanic chamber and the subsequent heating and vesiculation of

the resident magma increased fluid pressure sufficientlycenters (LeMasurier & Thomson, 1990), active volcanism
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Fig. 14. Model for the chemical zonation and eruption of trachyte magmas. (a) Phonolitic magma-reservoir (Phn) situated within the volcanic
edifice at the end of stage I activity (4·8 Ma). Basanitic melts (bas), parental to stage I phonolites, are superseded by alkali basalt (akb) because
of an increase in the degree of mantle partial melting. Alkali basalt reacted with granodiorite at high assimilation–fractional crystallization rates
(high r) to form LT-trachytes. Emplacement of LT-trachyte magmas into an upper-crustal chamber allowed further differentiation by low-r AFC
producing HT-trachyte magmas. (b) Upper portion of zoned trachytic chamber intrudes a separate body of phonolite causing chamber
overpressure and explosive eruption of mixed magmas (phonolite+trachyte) to produce a compositionally heterogeneous black pyroclastic fall
deposit (bf ). (c) As the pressure in the system decreased, lower discharge rates erupted lavas of HT- followed by LT-trachyte compositions (4·6
Ma). At some stage, basalt was injected into the chamber and cooled against the overlying magmas. (d) Plumes of vesiculated basalt rose from
a layer of gravitational instability and mingled with the overlying LT-trachyte magmas and were erupted as commingled lavas (CL).

to fracture the confining chamber walls and drive magmas eruption column height as the gas content in the magma
and its rate of discharge decreased. Such a scenario canexplosively to the surface. The appearance of a strongly

welded black pyroclastic fall deposit may reflect higher explain the passage of the black pyroclastic fall unit up
into basal lavas of the HT-trachyte suite. As the pressure inaccumulation rates near the vent; a consequence of lower

1249



JOURNAL OF PETROLOGY VOLUME 38 NUMBER 9 SEPTEMBER 1997

the system decreased and mixing abated, lower discharge trachytes of stage II (HT- and LT-trachyte suites) must
ultimately reflect an increase in the degree of partialrates were driven by volatile exsolution in reservoir

magmas, erupting the upper portion of the chamber as melting of the source. The N-trachytes, which were
erupted at the beginning of stage III, are overlain bylavas (Fig. 14c).

Later the chamber was replenished by basaltic magma DPM tephras (derivatives of alkali basalt) and then by
SFM and other intermediate compositions (derivativeswhich pooled beneath the trachyte magma at the base

of the system (Fig. 14c). Initially, mixing of the two of basanite) at the southern end of Mt Sidley. The stage
III succession is interpreted as being transitional betweenmagmas was inhibited because of their strong density

contrast (see Koyaguchi & Blake, 1991). On the basis of higher and lower degrees of partial melting that cul-
minated with the eruption of xenolith-bearing basanitefield observations and fluid dynamical concepts, magma

mixing in a stratified system may occur if the lower mafic during stage IV.
The variation in the degree of partial meltinglayer becomes vesiculated, which effectively decreases its

density until it is equal to that of the overlying magma (low→high→low) during the 1·5 Ma life-span of Mt
Sidley is coincident with a southward migration of its(Eichelberger, 1980; Huppert et al., 1982, 1984; Thomas

et al., 1993). This may occur when hot volatile-rich activity. The rate and style of migration is emulated on
a larger scale by the Executive Committee Range, wheremafic magma is cooled rapidly against lower-temperature

reservoir magma, crystallizing and becoming saturated the southward displacement of activity corresponds to
major changes in the composition of erupted magmaswith respect to volatile components. In laboratory ex-

periments, Thomas et al. (1993) demonstrated that gas between centers (Panter et al., 1994). Volcanic migration
in Marie Byrd Land cannot be explained as traces ofbubbles moving through a high-viscosity liquid will ac-

cumulate below a lower-viscosity less dense liquid and individual mantle hot spots, as the Antarctic Plate is
stationary (Lawver et al., 1991) and the trends of otherform a layer of gravitational instability, giving rise to

bubble plumes which buoyantly ascend and mix with linear volcanic chains, which also show progressive
younging towards the outer edge of the province (Le-overlying fluids. In Fig. 14d, we adopt the plume theory

of mixing for mafic inclusion-bearing lavas of the LT- Masurier & Rex, 1989), are at 90° to each other. There-
fore, the gross surficial expression of volcanism musttrachyte suite to best explain: (1) the coarse mixture of

small (typically Ζ10 cm) vesiculated inclusions; (2) the reflect a horizontal relocation of sub-lithospheric zones
of decompressive melting towards the outer edge of thelack of hybrid lithologies (homogeneous mixtures); (3) the

occurrence of individual small volume inclusion-bearing province. The partial melting cycle at Mt Sidley is thus
interpreted to reflect the passing influence of a mantleunits. The third observation argues against deposition

during a single large eruption triggered by convective upwelling beneath that portion of the lithosphere. Taking
into account the HIMU OIB-like geochemical signatureoverturn (e.g. Sparks et al., 1977; Wolff, 1985; Araña et

al., 1994). of basaltic samples, volcanism must have tapped a source
largely affected by mantle plume activity.

The whole-rock and mineral compositions of Mt Sidley
rocks suggest a complex differentiation history within the

CONCLUSIONS continental crust. Theoretical modeling of geochemical
variations reveals that, whereas crystal–liquid frac-Studies of Mt Sidley permit the dynamic reconstruction
tionation processes within shallow reservoirs were dom-of its volcanic history and petrogenesis, and offer an
inant during phonolite production, AFC played aninsight into the genetic relations of phonolitic and trach-
important role in trachyte genesis and led to the pro-ytic magma series within an intraplate continental setting.
duction of silica-oversaturated compositions. We considerAt Mt Sidley, the spatial and temporal distinction between
this to be a partial function of the rate of ascent throughphonolites and trachytes and their strongly divergent
the crust, implying that alkali basaltic melts (parental togeochemistry have been explained by evolution along
trachyte) rose more slowly than basanitic melts (parentalseparate magma trends. Furthermore, each series appears
to phonolite).to have originated from a distinct basaltic parent (i.e.

basanite→phonolite, alkali basalt→trachyte).
Major changes in the composition of erupted magmas

at each stage of activity can be related to variations in
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a differentiating alkaline complex: Kûngnât Fjeld, south Greenland.Larsen, L. M., 1976. Clinopyroxene and coexisting mafic minerals

from the alkaline Ilı́maussaq intrusion, south Greenland. Journal of Mineralogical Magazine 46, 283–300.
Stimac, J. A. & Pearce, T. H., 1992. Textural evidence of mafic–felsicPetrology 17, 258–290.

Larsen, L. M., 1979. Distribution of REE and other trace elements magma interaction in dacite lavas, Clear Lake, California. American

Mineralogist 77, 795–809.between phenocrysts and peralkaline undersaturated magmas, ex-
emplified by rocks from the Gardar igneous province, south Green- Sun, S. & McDonough, W. F., 1989. Chemical and isotopic systematics

of oceanic basalts: implications for mantle composition andland. Lithos 12, 303–315.
Lawver, L. A., Royer, J. Y., Sandwell, D. T. & Scotese, C. R., 1991. processes. In: Saunders, A. D. & Norry, M. J. (eds) Magmatism in the

Ocean Basins. Geological Society of London, Special Publication 42,Evolution of the Antarctic continental margin. In: Thompson, M.
R. A., Crame, J. A. & Thomson, J. W. (eds) Geological Evolution of 313–345.

Thirlwall, M. F., Smith, T. E., Graham, A. M., Theodorou, N.,Antarctica. Cambridge: Cambridge University Press, pp. 533–539.
Le Bas, M. J., Maitre, R. W., Streckeisen, A. & Zanettin, B., 1986. A Hollings, P., Davidson, J. P. & Arculus, R. J., 1994. High field

strength element anomalies in arc lavas: source or process? Journalchemical classification of volcanic rocks based on the total alkali–silica
diagram. Journal of Petrology 27, 745–750. of Petrology 35, 819–838.

Thomas, N., Tait, S. & Koyaguchi, T., 1993. Mixing of stratifiedLeMasurier, W. E. & Rex, D. C., 1989. Evolution of linear volcanic
ranges in Marie Byrd Land, west Antarctica. Journal of Geophysical liquids by the motion of gas bubbles: application to magma mixing.

Earth and Planetary Science Letters 115, 161–175.Research 94, 7223–7236.
LeMasurier, W. E. & Thomson, J. W., 1990. Volcanoes of the Antarctic Thompson, R. N., Morrison, M. A., Hendry, G. L. & Parks, S. J.,

1984. An assessment of the relative roles of crust and mantle inPlate and Southern Oceans. Antarctic Research Series 48. Washington, DC:
American Geophysical Union, 487 pp. magma genesis: an elemental approach. Philosophical Transactions of

the Royal Society of London, Series A 310, 549–590.Macdonald, R., Davies, G. R., Upton, B. G. J., Dunkley, P. N., Smith,
M. & Leat, P. T., 1995. Petrogenesis of Silali volcano, Gregory Rift, Treuil, M. & Joron, J. M., 1975. Utilisation des éléments hy-
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