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Magma dynamics of ancient Mt. Etna inferred
from clinopyroxene isotopic and trace element systematics
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Abstract
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Dynamic magmatic processes driving volcanic eruptions, including melting,
fractionation, and assimilation, provide critical insights into plumbing systems
supporting long-lived magmatism. Here we describe an approach combining in
situ elemental analyses in clinopyroxene phenocrysts, integrated thermobarometry models, and bulk crystalline Hf, Nd, and Pb isotopic studies to reconstruct
a key period of ancient eruptions of Mount Etna (Sicily), Europe’s largest, most
active volcano. Trace element signatures recorded in clinopyroxene from 220 to
100 ka are consistent with derivation from a heterogeneous mantle of hydrated
peridotite and ~10 % pyroxenite, also consistent with sources feeding recent Etna
eruptions. Isotopic data from Mount Etna alkaline lava clinopyroxene, crystallised
between 0.5 and 0.2 GPa, insignificantly vary from whole rock values, ruling out
substantive assimilation of material during magma ascent from the onset of
clinopyroxene fractionation through the mid-crust, storage, and eruption.
Together, our results suggest that varying contributions of well-mixed hydrated
peridotite and pyroxenite melts have been consistent features of magma assembly
beneath Mt. Etna since the development of ancient alkaline centres.
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Introduction
Volcanism began at Mount Etna, Europe’s largest and most
active volcano, at ~0.5 Ma (Gillot et al., 1994), with ancient
lavas now exposed around the perimeter of the modern-day
edifice. Tholeiitic lavas were overlain by transitional and alkaline sequences starting at ~230 ka (Gillot et al., 1994; Branca
and Del Carlo, 2004). Mt. Etna sits on the northern edge of
the African plate at the European-African collision zone and
the western hinge of escarpments dividing it from where
the Ionian slab descends beneath the Aeolian arc (Fig. S-1,
Supplementary Information). Volcanism has been attributed
to the manifestation of mantle upwelling independent of, or
in response to, a slab tear (e.g., Gasperini et al., 2002), subduction-related fluid-triggered melting (e.g., Armienti et al., 2007
and references therein) or enhanced decompression melting
resulting from convective anomalies (Gvirtzman and Nur,
1999; Schellart, 2010).
Magmatic products of the early Etna centres, including
those of the ancient alkali centres active at ~200–100 ka, bear
mantle-derived isotopic signatures consistent with contributions from both enriched and depleted source components
(Marty et al., 1994; Tanguy et al., 1997). Though more recent
Etna volcanic products exhibit distinctive signs of assimilation

in the form of elevated Sr isotopic values and large ion lithophile element enrichments (Tonarini et al., 1995), the degree to
which crustal contamination influenced early alkaline products
is uncertain. Similarly, magmatic processes between mantle
melting regions and shallow reservoirs supplying volcanic
activity remain enigmatic. In this study, we combine clinopyroxene (cpx) barometry, trace element concentrations, and Pb,
Hf, and Nd mineral-whole rock (WR) isotopic (dis)equilibria
to constrain source compositions and differentiation depths of
magmas feeding lavas erupted at Timpe Santa Caterina (TSC).
The advantage of employing these three isotopic systems
together lies in the coupling of the slowly diffusing Hf and
Nd with the more rapidly diffusing Pb, thereby providing the
potential to infer magma assembly processes prior to eruption
during this early period.

Sample Selection and Analytical Methods
Lavas at TSC encompass the whole ancient alkaline magmatism period at Etna, from 220 ka near sea level to likely <100
ka exposed atop the sea cliff (Gillot et al., 1994). Early trachybasaltic and basaltic flows, TSC-2 and TSC-3, are overlain
by more alkalic basanites and phonotephritic lavas (TSC-7
and TSC-9). Flows selected for this study contain the most
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abundant large cpx from the TSC suite (Fig. S-2, Supplementary Information). Major and trace element and isotopic
analytical details and data are provided in Tables S-1 to S-5
(Supplementary Information).

Results and Discussion
Barometry. Observed cpx phenocrysts (>2 mm, large relative
to other TSC lava phases) coupled with theoretical modelling
of Etna compositions indicate early cpx crystallisation; hence
cpx holds a potential record of pre-eruptive magma assembly
processes (Armienti et al., 2009). Crystallisation temperatures
and pressures, solved iteratively using a single-cpx thermometer and single-cpx barometer for hydrous systems (respectively, Eqs. 32d and 32b in Putirka, 2008), yielded temperatures
of 1060–1175 °C and an average pressure of 0.34 ± 0.16 GPa
(Fig. 1a,b). Thermobarometric model accuracy was evaluated
using a literature dataset of >100 experimentally coexisting
cpx-liquid pairs over a compositional range bracketing TSC
lavas and cpx compositions (cf. Supplementary Information
Table S-6 for equations, ranges, references, and selection
criteria). As noted by Mollo et al. (2010), single-cpx barometers can outperform liquid-based models for volatile-rich
alkaline compositions. The single-cpx barometer for hydrous
systems yields an average uncertainty of 0.17 versus 0.28 GPa
for the cpx-liquid model of Putirka et al. (2003) for the compiled
experiments, placing a lower bound of pressures recorded by
TSC cpx at below 0.8 GPa, within the uppermost lithospheric
mantle.
Crystallisation of TSC-2 and TSC-7 cpx generally
occurred at depths centred around 0.5 GPa and 0.2–3 GPa,
respectively (Fig. 1a), suggesting specific magma reservoir
locations near the crystalline basement-granulite boundary
and within the carbonate platform beneath Etna. More continuous polybaric crystallisation is apparent in TSC-3 and TSC-9.
Combined with previous work on Etna lavas (see Supplementary Information), thermobarometry indicates that the bulk of
ancient clinopyroxene phenocrysts crystallised between 0.5
and 0.2 GPa (Fig. 1b).
Heterogeneous mantle sources for ancient Etna. Clinopyroxene trace element concentrations, when coupled with
single-cpx barometry pressure estimates, place constraints
on magma source compositions and crustal mixing depths.
Cerium, incompatible in all major TSC phases, functions
as a fractionation proxy and indicator of magma evolution.
Two distinct crystallisation paths are apparent in TSC cpx:
trends characterised by high Y/La (TSC-2, TSC-7) and low Y/
La (TSC-3, TSC-9) when linked with Ce (Fig. 1c). Clinopyroxene from the 2001 eruption also follow the low-Y/La trend,
as do other known historic and recent Etna cpx (Viccaro et
al., 2006). Scarlato et al. (2014) have documented preferential
HREE incorporation into cpx relative to LREE as a function of
cooling rate, but in TSC phenocrysts, HREE-like Y has either
negative or no correlation with major element chemistry
associated with elevated cooling rates (e.g., Na, Al IV, and Ti).
Accordingly, we interpret the Y/La-Ce trends to reflect source
characteristics beneath Etna over time rather than being a
feature of crystallisation conditions.
Clinopyroxene grains record existence of magmas
beneath Etna deriving from melting of both pyroxenitic and
peridotitic mantle components. The source characterisation
enabled by analysis of Y/La-Ce trends in Etna TSC cpx can also
be used to evaluate the composition of cpx in pyroxenite and
peridotite xenoliths from the nearby Hyblean Plateau (Fig. 1c).
Clinopyroxene from Hyblean pyroxenite xenoliths plot along
the high-Y/La TSC trend (Fig. 1c), which is reproduced with
a primary melt generated by a heterogeneous source of 10 %
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dry pyroxenite and 90 % hydrated peridotite in which ~10 %
of each lithology melts and mixes at 1.5 GPa. Figure S-3 shows
hypothetical source compositions with up to 20 % pyroxenite
to constrain model sensitivity (Supplementary Information).
These lithologies, similar to those determined by Correale et al.
(2014) modelling trace element systematics in primitive Etna
WR samples <15 ka, are distinct from peridotitic cpx from the
nearby Hyblean plateau that fall below the low-Y/La trend.
Low Y/La in cpx may result from either a hydrated peridotite
source or a more evolved melt of the mixed pyroxenite source
following apatite saturation.
Isotopic (dis)equilibria. Most Etna mineral-WR pair
isotopic work has focused on the Sr and Nd systems in recent
lavas (e.g., Tonarini et al., 1995; Armienti et al., 2007), which
generally exhibit more radiogenic Sr and less radiogenic Nd
than ancient lavas. Within recent eruptive episodes, marked
increases in WR 87Sr/86Sr are often accompanied by 87Sr/86Sr
WR-cpx disequilibria (e.g., 0.70348 cpx core values accompanied by 0.70362 WR values in 2001 eruptives; Armienti et al.,
2007).
Our approach employing coupled Hf, Nd, and Pb
isotopic signatures in ancient volcanics brings three distinct
chemical affinities to bear on determining magma assembly,
as recorded in cpx trace elements, at depths constrained by
thermobarometry. As refractory elements diffusing slowly in
clinopyroxene (cf. Van Orman et al., 2001), Nd and Hf may be
expected to retain isotopic signatures from early crystallisation
depths and exhibit large isotopic disequilibria with hosting
magmas subject to mixing with recharging, or assimilating
magmas, carrying isotopically distinctive compositions immediately prior to eruption. In contrast, Pb diffuses relatively
rapidly, making Pb isotope systematics an especially promising
approach for placing constraints on magma residence times
within the crust.
Since each separate cpx analysis represents digestion of
multiple grains likely crystallised at different depths, reported
isotopic values reflect an average over the polybaric cpx crystallisation history. However, sluggish Nd and Hf re-equilibration will manifest itself as WR-cpx disequilibria in cases
of late-stage incorporation of any volumetrically significant
isotopically distinct magma during the final stages of magma
assembly.
Neodymium and Hf isotopic compositions (Fig. 2a) of
TSC cpx and WR demonstrate they are insignificantly distinctive at the 2σ level. However, it is notable that all cpx have
slightly more enriched Nd isotopic signatures that trend toward
those of continental values. This could result from a recharge
process of fresher mantle-derived material that drives eruption. Late-stage shallow contamination, by contrast, would
impart enriched crustal signatures to the WR, presumably
after cpx phenocryst formation. Though Hf and Nd isotopic
data for sedimentary units directly beneath Etna are unavailable for comparison with cpx and WR values, Sicilian beach
sand εNd derived from the western extension of sedimentary
units underlying Etna and crustal rocks of south and central
Italy are all considerably more enriched (Fig. 2a; εNd -10.3 to
-16.0, Conticelli et al., 2002; Brems et al., 2013). Such large
differences make it unlikely that crustal sediments contributed
to the Hf and Nd isotopic compositions observed in TSC cpx
and WR materials. Rather, we infer that the isotopic signatures
of these magmas were locked in at pressures corresponding, at
minimum, to early cpx crystallisation at mid-crustal pressures
of 0.5–0.2 GPa.
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Figure 1 (a) Ce contents of TSC cpx as a function of single-cpx pressure estimates (1σ uncertainty) superimposed on Etna stratigraphy (after Spilliaert et al., 2006). (b) Proportions of ancient Etna barometry from this study and previous work (cf. Supplementary
Information, n = 287). (c) TSC cpx and 2001 eruption cpx (Viccaro et al., 2006) shown with Hyblean pyroxenite and peridotite cpx fields
(Correale et al., 2012, and references therein). Isobaric cpx fractionation modelling for peridotite melt (solid lines) and pyroxenite
melt (dashed lines) at 1.0 (black), 0.6 (grey), and 0.2 (blue) GPa performed using alphaMELTS (Smith and Asimow, 2005); conditions
described in Supplementary Information. Fractionation of apatite, well known to incorporate REEs, is modelled in purple using the
partitioning of Prowatke and Klemme (2006). Ol+cpx±opx+sp is present at the start of both trends, though olivine drops out at
T < ~1100 °C for pyroxenite melt.
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Figure 2 Ancient Etna cpx and WR data. (a) εHf vs. εNd for recent and historic Etna and the Mediterranean region. Historic Etna,
mid-ocean ridge basalt (MORB) and ocean island basalt (OIB) fields from Lassiter et al., 2003; Stracke et al., 2003; Gaffney et al.,
2004; Huang et al., 2005; Xu et al., 2007; Sims et al., 2008; Blichert-Toft and Albarède, 2009; Yamasaki et al., 2009; Garcia et al., 2010;
Peate et al., 2010; Chekol et al., 2011; Salters et al., 2011; Viccaro et al., 2011); mantle components from Zindler and Hart, 1986; Salters
and White, 1998; Workman et al., 2004; Stracke et al., 2005; Workman and Hart, 2005. Hafnium isotopic values for Italian sediments
(Conticelli et al., 2002; Brems et al., 2013) are calculated from Nd isotopic data and both cases following the seawater array (SA) and
the terrestrial array (TA) of Vervoort et al. (2011) are shown. (b) 208Pb/ 204Pb vs. 206Pb/ 204Pb shown with OIB and mid-ocean ridge basalt
(MORB) fields, historic Etna (Viccaro and Cristofolini, 2008) and Hyblean Plateau field from Trua et al. (1998). Italian crustal values
from Conticelli et al. (2002). External reproducibility is conservatively set at 0.01 for 206Pb/ 204Pb and 0.02 for 208Pb/ 204Pb.

Constraints on mantle mixing processes. In spite of
barometric model uncertainties, sites of cpx crystallisation
(shallow crust vs. lower crust/mantle) can be readily distinguished by the barometry and thus provide meaningful stratigraphic context for cpx isotopic values. The lack of significant
disequilibrium can be explained by magma sources feeding
Etna during the period of ancient alkaline eruptive activity
being either broadly isotopically homogeneous or well mixed
before eruption. The few reported WR-cpx pairs from 15–30
ka (Valle del Bove sequence; D’Orazio et al., 1997) show corresponding Sr and Nd isotopic equilibria (isotopic differences
<0.00002 and <0.00001, respectively) and results here extend
this phenomenon back an additional 200 ka.
The interpretation of limited mixing is further supported
by the observed equilibrium in three of the TSC lavas between
cpx and WR Pb isotopic signatures (Fig. 2b). Only one WR-cpx
pair (TSC-7) exhibits isotopic disequilibrium in the Pb isotope
system just outside the range of external reproducibility.
Limited crustal storage time implied by Pb isotopic cpx-WR
equilibria also bolsters trace element records of crystallisation from heterogeneously sourced magmas being largely
preserved in this system. Trace element modelling of sources
is particularly valuable in cases where source isotopic signatures are relatively well homogenised.
The restricted isotopic range of TSC cpx and WR values
contrasts sharply with the variety of Pb isotopic signatures
observed for plagioclase-rich and magnetic splits of a finergrained 260 ka Etna tholeiite (SdV-1) reported by Bryce and
DePaolo (2004) and olivine-hosted melt inclusions from recent
(2002) eruptions (Rose-Koga et al., 2012). Possible explanations
include that these lavas may sample geographically different
magma supplies or derive from magmas experiencing additional mixing immediately prior to eruption, as inferred from
olivine in recent lavas (Kahl et al., 2011). Variable Pb isotopic
compositions in olivine-hosted melt inclusions could signify
that minute amounts of isotopically distinct melts are simply
insufficiently abundant to change the “deep”, dominant
isotopic signal locked into cpx.

Lack of Hf-Nd-Pb isotopic disequilibria in ancient TSC
lavas between cpx-WR pairs indicates that any mixing of
isotopically distinct magmas supplying ancient Etna eruptions
occurred at depths preceding cpx crystallisation. Melts then
rose to the surface without significant assimilation in (and
associated heat exchange with) shallow reservoirs.

Conclusions
Thermobarometrically controlled elemental and isotopic analyses of clinopyroxene provide a means to reconstruct ancient
magma assembly processes at Mt. Etna. Single-crystal cpx
barometry places most phenocryst crystallisation within the
mid-crust and permits distinction between deep and shallow
processes when coupled with trace element and isotopic data.
In situ trace element data from cpx allow for the assessment
of pyroxenite vs. peridotite contributions to Etna magmas.
Chemical signatures apparent in these ancient lavas as well
as in modern products suggest that hydrated peridotite has
been an important component of the magma source region
over the history of this volcano. The present dataset further
supports the interpretation that observed isotopic systematics
in ancient Etna lavas resulted from mixing between depleted
and enriched mantle sources, with volatile-bearing peridotite
and pyroxenite components preferentially melting to generate
volatile-rich ancient alkaline volcanism. Hf-Nd-Pb isotopic
equilibria between TSC WR and cpx are consistent with a
model of an ancient Etna plumbing system wherein melts
were homogenised below mid-crustal depths and then rapidly
transported to the surface without substantial assimilation of
crustal material at pressures lower than 0.5 GPa. More extensive combinations of bulk isotopic stratigraphy with mineral
barometric and trace element modelling as applied here are
expected to afford opportunities to reconstruct the longevity
of magmatic plumbing systems and deconvolve distinctive
magma source regions feeding Mt. Etna through time.

Geochem. Persp. Let. (2017) 4, 47-52 | doi: 10.7185/geochemlet.1735

50

Geochemical Perspectives Letters

Letter

Acknowledgements

Correale, A., Paonita , A., M artelli, M., R izzo, A., Rotolo, S.G.,
Corsaro, R.A., Di Renzo, V. (2014) A two-component mantle source

We thank Nilanjan Chatterjee, Julie Chouinard, Philippe
Télouk, and Gerald Wynick for technical assistance, the Alfred
University Center for Advanced Ceramic Technology (CACT),
and Wendy Bohrson for comments on an earlier version of the
manuscript. We appreciate thoughtful suggestions of Pietro
Armienti, two anonymous reviewers, and the editorial handling
by Bruce Watson, all of which improved the quality of our
manuscript. Financial support from NSF grant EAR-1057611
to JGB and SAM, the UNH Undergraduate Research Opportunities Program to MM, and the French Agence Nationale de
la Recherche (grant ANR-10-BLANC-0603 M&Ms – Mantle
Melting – Measurements, Models, Mechanisms) to JBT is
gratefully acknowledged.

feeding Mt.Etna magmatism: Insights from the geochemistry of primitive magmas. Lithos 184–187, 243–258.

D’Orazio, M., Tonarini, S., I nnocenti, F., Pompilio, M. (1997) Northern
Valle del Bove volcanic succession (Mt. Etna, Sicily): petrography,
geochemistry and Sr-Nd isotope data. Acta Vulcanologica 9, 73–86.

G affney, A.M., Nelson, B.K., Blichert-Toft, J. (2004) Geochemical

constraints on the role of oceanic lithosphere in intra-volcano heterogeneity at West Maui, Hawaii. Journal of Petrology 45, 1663–1687.

Garcia, M.O., Swinnard, L., Weis, D., Greene, A.R., Tagami, T., Sano,
H., Gandy, C.E. (2010) Petrology, geochemistry and geochronology
of Kaua ‘i Lavas over 4· 5 Myr: Implications for the origin of rejuvenated
volcanism and the evolution of the Hawaiian plume. Journal of Petrology
51, 1507–1540.

Gasperini, D., Blichert-Toft, J., Bosch, D., Del Moro, A., M acera, P.,
A lbarède, F. (2002) Upwelling of deep mantle material through a plate
window; evidence from the geochemistry of Italian basaltic volcanics.
Journal of Geophysical Research 107, 2367.

Editor: Bruce Watson

Gillot, P.Y., K ieffer, G., Romano, R. (1994) The evolution of Mount Etna
in the light of potassium-argon dating. Acta Vulcanologica 5, 81–87.

Gvirtzman, Z., Nur, A. (1999) The formation of Mount Etna as the conse-

Additional Information

quence of slab rollback. Nature 401, 782–785.

Supplementary Information accompanies this letter at www.
geochemicalperspectivesletters.org/article1735
Reprints and permission information are available
online at http://www. geochemicalperspectivesletters.org/
copyright-and-permissions
Cite this letter as: Miller, S.A., Myers, M., Fahnestock, M.F.,
Bryce, J.G., Blichert-Toft, J. (2017) Magma dynamics of ancient
Mt. Etna inferred from clinopyroxene isotopic and trace
element systematics. Geochem. Persp. Let. 4, 47–52.

Huang, S., F rey, F.A., Blichert-Toft, J., Fodor , R.V., Bauer , G.R.,
Xu, G. (2005) Enriched components in the Hawaiian plume: Evidence
from Kahoolawe Volcano, Hawaii. Geochemistry Geophysics Geosystems
6, Q11006.

K ahl, M., Chakraborty, S., Costa, F., Pompilio, M. (2011) Dynamic

plumbing system beneath volcanoes revealed by kinetic modeling, and
the connection to monitoring data: An example from Mt. Etna. Earth
and Planetary Science Letters 308, 11–22.

L assiter, J.C., Blichert-Toft, J., H auri, E.H., Barsczus, H.G. (2003)

Isotope and trace element variations in lavas from Raivavae and
Rapa, Cook‚ Austral islands: constraints on the nature of HIMU- and
EM-mantle and the origin of mid-plate volcanism in French Polynesia.
Chemical Geology 202, 115–138.

M arty, B., Trull, T., Lussiez, P., Basile, I., Tanguy, J.-C. (1994) He, Ar,

References

O, Sr and Nd isotope constraints on the origin and evolution of Mount
Etna magmatism. Earth and Planetary Science Letters 126, 23–39.

A rmienti, P., Tonarini, S., I nnocenti, F., D’Orazio, M. (2007) Mount

Etna pyroxene as tracer of petrogenetic processes and dynamics of
the feeding system. In: Beccaluva, L., Bianchini, G., Wilson, M. (Eds.)
Cenazoic volcanism in the Mediterranean Area. Geological Society of
America Special Paper 418, 265–276.

A rmienti, P., Gasperini, D., P erinelli, C., P utirka, K.D. (2009) A new

Mollo, S., Del Gaudio, P., Ventura, G., Iezzi, G., Scarlato, P. (2010)

Dependence of clinopyroxene composition on cooling rate in basaltic
magmas: Implications for thermobarometry. Lithos 118, 302–312.

P eate , D.W., Breddam , K., Baker , J.A., Kurz , M.D., Barker , A.K.,
P restvik, T., Grassineau, N., Skovgaard, A.C. (2010) Compo-

sitional characteristics and spatial distribution of enriched Icelandic
mantle components. Journal of Petrology 51, 1447–1475.

model for estimating deep-level magma ascent rates from thermobarometry: an example from Mt. Etna and implications for deep-seated
magma dehydration. Acta Vulcanologica 21, 145–158.

P rowatke, S., K lemme, S. (2006) Trace element partitioning between apatite

Blichert-Toft, J., A lbarède, F. (2009) Mixing of isotopic heterogeneities

P utirka , K.D. (2008) Thermometers and barometers for volcanic systems.

in the Mauna Kea plume conduit. Earth and Planetary Science Letters
282, 190–200.

Branca, S., Del C arlo, P. (2004) Eruptions of Mt. Etna during the past 3,200

Years: A revised compilation integrating the historical and stratigraphic
records. In: Bonaccorso, A., Calvari, S., Coltelli, M., Del Negro, C.,
Falsaperla, S. (Eds.) Mt. Etna: Volcano Laboratory. American Geophysical
Union, Washington, D.C., 1–27.

Brems, D., G anio, M., L atruwe , K., Balcaen, L., C arremans, M.,
Gimeno, D., Silvestri, A., Vanhaecke, F., Muchez, P., Degryse,
P. (2013) Isotopes on the beach, part 2: neodymium isotopic analysis for
the provenancing of Roman glass-making. Archaeometry 55, 449–464.

Bryce , J.G., D e Paolo, D.J. (2004) Pb isotopic heterogeneity in basaltic
phenocrysts. Geochimica et Cosmochimica Acta 68, 4453–4468.

Chekol, T.A., Kobayashi, K., Yokoyama, T., Sakaguchi, C., Nakamura,
E. (2011) Timescales of magma differentiation from basalt to andesite

beneath Hekla Volcano, Iceland: Constraints from U-series disequilibria in lavas from the last quarter-millennium flows. Geochimica et
Cosmochimica Acta 75, 256–283.

Conticelli, S., D’A ntonio, M., P inarelli, L., Civetta, L. (2002) Source

contamination and mantle heterogeneity in the genesis of Italian
potassic and ultrapotassic volcanic rocks: Sr‚ Nd‚ Pb isotope data from
Roman Province and Southern Tuscany. Mineralogy and Petrology
74,189–222.

C orreale , A., M artelli , M., Paonita , A., R izzo, A., B rusca , L.,
Scribano, V. (2012) New evidence of mantle heterogeneity beneath

the Hyblean Plateau (southeast Sicily, Italy) as inferred from noble
gases and geochemistry of ultramafic xenoliths. Lithos 132–133, 70–81.

and silicate melts. Geochimica et Cosmochimica Acta 70, 4513–4527.
Reviews in Mineralogy and Geochemistry 69, 61–120.

P utirka, K.D., M ikaelian, H., Ryerson, F., Shaw, H. (2003) New clino-

pyroxene-liquid thermometers for mafic, evolved, and volatile-bearing
lava compositions, with applications to lavas from Tibet and the Snake
River Plain, Idaho. American Mineralogist 88, 1542–1554.

Rose-Koga, E.F., Koga, K.T., Schiano, P., Le Voyer, M., Shimizu, N.,
Whitehouse, M.J., Clocchiatti, R. (2012) Mantle source hetero-

geneity for South Tyrrhenian magmas revealed by Pb isotopes and
halogen contents of olivine-hosted melt inclusions. Chemical Geology
334, 266–279.

Salters, V.J.M., White, W.M. (1998) Hf isotope constraints on mantle evolution. Chemical Geology 145, 447–460.

Salters, V.J.M., M allick, S., H art, S.R., L angmuir, C.E., Stracke, A.
(2011) Domains of depleted mantle: New evidence from hafnium and
neodymium isotopes. Geochemistry Geophysics Geosystems 12, Q08001.

Scarlato, P., Mollo, S., Blundy, J.D., Iezzi, G., Tiepolo, M. (2014)

The role of natural solidification paths on REE partitioning between
clinopyroxene and melt. Bulletin of Volcanology 76, 810, doi: 10.1007/
s00445-014-0810-1.

Schellart, W.P. (2010) Mount Etna–Iblean volcanism caused by rollback-induced upper mantle upwelling around the Ionian slab edge: An alternative to the plume model. Geology 38, 691–694.

Smith, P.M., A simow, P.D. (2005) Adiabat_1ph: A new public front-end to

the MELTS, pMELTS, and pHMELTS models. Geochemistry Geophysics
Geosystems 6, Q02004.

Geochem. Persp. Let. (2017) 4, 47-52 | doi: 10.7185/geochemlet.1735

51

Geochemical Perspectives Letters

Letter

Sims, K.W.W., Blichert-Toft, J., Kyle, P.R., P ichat, S., Gauthier, P.-J.,
Blusztajn, J., K elly, P., Ball, L., L ayne, G. (2008) A Sr, Nd, Hf,

and Pb isotope perspective on the genesis and long-term evolution of
alkaline magmas from Erebus volcano, Antarctica. Journal of Volcanology
and Geothermal Research 177, 606–618.

Spilliaert, N., A llard, P., Métrich, N., Sobolev, A.V. (2006) Melt inclusion record of the conditions of ascent, degassing, and extrusion of
volatile-rich alkali basalt during the powerful 2002 flank eruption of
Mount Etna (Italy). Journal of Geophysical Research 111, B04203.

Stracke, A., Bizimis, M., Salters, V.J.M. (2003) Recycling oceanic crust:
Quantitative constraints. Geochemistry Geophysics Geosystems 4, 8003.

Stracke, A., Hofmann, A.W., H art, S.R. (2005) FOZO, HIMU, and the
rest of the mantle zoo. Geochemistry Geophysics Geosystems 6, Q05007.

Tanguy, J.-C., Condomines, M., K ieffer, G. (1997) Evolution of the Mount

Etna magma: Constraints on the present feeding system and eruptive
mechanism. Journal of Volcanology and Geothermal Research 75, 221–250.

Tonarini, S., A rmienti, P., D’Orazio, M., I nnocenti, F., Pompilio, M.,
P etrini, R. (1995) Geochemical and isotopic monitoring of Mt. Etna

1989-1993 eruptive activity: bearing on the shallow feeding system.
Journal of Volcanology and Geothermal Research 64, 95–115.

Trua, T., Esperança, S., M azzuoli, R. (1998) The evolution of the lithospheric mantle along the N. African Plate: geochemical and isotopic
evidence from the tholeiitic and alkaline volcanic rocks of the Hyblean
plateau, Italy. Contributions to Mineralogy and Petrology 131, 307–322.

Van Orman, J.A., Grove, T.L., Shimizu, N. (2001) Rare earth element

diffusion in diopside: influence of temperature, pressure, and ionic
radius, and an elastic model for diffusion in silicates. Contributions to
Mineralogy and Petrology 141, 687–703.

Vervoort, J.D., P lank , T., P ry tulak , J. (2011) The Hf-Nd isotopic
composition of marine sediments. Geochimica et Cosmochimica Acta 75,
5903–5926.

Viccaro, M., Cristofolini, R. (2008) Nature of mantle heterogeneity and

its role in the short-term geochemical and volcanological evolution of
Mt. Etna (Italy). Lithos 105, 272–288.

Viccaro, M., Ferlito, C., Cortesogno, L., Cristofolini, R., Gaggero,
L. (2006) Magma mixing during the 2001 event at Mount Etna (Italy):
effects on the eruptive dynamics. Journal of Volcanology and Geothermal
Research 149, 139–159.

Viccaro, M., Nicotra , E., M illar , I.L., C ristofolini, R. (2011) The
magma source at Mount Etna volcano: Perspectives from the Hf isotope
composition of historic and recent lavas. Chemical Geology 281, 343–351.

Workman, R.K., H art, S.R., Jackson, M., R egelous, M., Farley, K.A.,
Blusztajn, J., Kurz, M., Staudigel, H. (2004) Recycled metaso-

matized lithosphere as the origin of the Enriched Mantle II (EM2)
end-member: Evidence from the Samoan Volcanic Chain. Geochemistry
Geophysics Geosystems 5, Q04008.

Workman, R.K., H art, S.R. (2005) Major and trace element composition of
the depleted MORB mantle (DMM). Earth and Planetary Science Letters
231, 53–72.

Xu, G., Frey, F.A., Clague, D.A., A bouchami, W., Blichert-Toft, J.,
Cousens, B., Weisler, M. (2007) Geochemical characteristics of West
Molokai shield-and postshield-stage lavas: Constraints on Hawaiian
plume models. Geochemistry Geophysics Geosystems 8, Q08G21.

Yamasaki, S., K ani, T., H anan, B.B., Tagami, T. (2009) Isotopic geochem-

istry of Hualalai shield-stage tholeiitic basalts from submarine North
Kona region, Hawaii. Journal of Volcanology and Geothermal Research
185, 223–230.

Zindler, A., H art, S. (1986) Chemical geodynamics. Annual Review of Earth
and Planetary Sciences 14, 493–571.

Geochem. Persp. Let. (2017) 4, 47-52 | doi: 10.7185/geochemlet.1735

52

