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Abstract: Nodules (coarse-grain “plutonic” rocks) were collected from the ca. 20 ka Pomici di Base (PB)-Sarno eruption
of Mt. Somma-Vesuvius, Italy. The nodules are classified as monzonite-monzogabbro based on their modal
composition. The nodules have porphyrogranular texture, and consist of An-rich plagioclase, K-feldspar, clinopy-
roxene (ferroan-diopside), mica (phlogopite-biotite)± olivine and amphibole. Aggregates of irregular intergrowths
of mostly alkali feldspar and plagioclase, along with mica, Fe-Ti-oxides and clinopyroxene, in the nodules are in-
terpreted as crystallized melt pockets.
Crystallized silicate melt inclusions (MI) are common in the nodules, especially in clinopyroxenes. Two types of
MI have been identified. Type I consists of mica, Fe-Ti-oxides and/or dark green spinel, clinopyroxene, feldspar
and a vapor bubble. Volatiles (CO2, H2O) could not be detected in the vapor bubbles by Raman spectroscopy.
Type II inclusions are generally lighter in color and contain subhedral feldspar and/or glass and several opaque
phases, most of which are confirmed to be oxide minerals by SEM analysis. Some of the opaque-appearing
phases that are below the surface may be tiny vapor bubbles. The two types of MI have different chemical com-
positions. Type I MI are classified as phono-tephrite – tephri-phonolite – basaltic trachy-andesite, while Type II MI
have basaltic composition. The petrography and MI geochemistry led us to conclude that the nodules represent
samples of the crystal mush zone in the active plumbing system of Mt. Somma-Vesuvius that were entrained into
the upwelling magma during the PB-Sarno eruption.

Keywords: Mt. Somma-Vesuvius • nodules • melt inclusions • crystal mush zone
© Versita sp. z o.o.

∗E-mail: krita@vt.edu
†E-mail: rjb@vt.edu
‡E-mail: bdevivo@unina.it
§E-mail: torokklm@elgi.hu

¶E-mail: anlima@unina.it
E-mail: petrosin@unina.it

324

Unauthenticated
Download Date | 8/23/19 9:16 PM



R. Klébesz, R. J. Bodnar, B. De Vivo, K. Török, A. Lima, P. Petrosino

1. Introduction

Nodules are foreign materials (xenoliths) found in erupted
volcanic rocks. The term nodule usually refers specifically
to coarse-grained “plutonic” xenoliths (e.g. [1–3]). In the
Mt. Somma-Vesuvius literature, the term “nodules” has
been used to describe a wide variety of rock types and tex-
tures. Hermes & Cornell [4] divided Mt. Somma-Vesuvius
nodules into four groups: (1) biotite-bearing pyroxenite,
wehrlite, and dunite “accumulative” rocks; (2) “skarns”,
represented by metasomatized carbonates; (3) recrystal-
lized carbonate hornfels and (4) shallow plutonic rocks
(“sub-effusive rocks”). Previous workers have studied
these nodules extensively, especially the skarn and cumu-
late nodules from the younger Mt. Somma-Vesuvius erup-
tions [4–12]. Minerals in these nodules contain several
different types of inclusions, including silicate melt, hy-
drosaline melt, and S-rich or CO2-rich fluids. The nodules
and their inclusions could provide tools for understand-
ing magmatic processes associated with the Mt. Somma-
Vesuvius system, including crystallization and mixing his-
tories of magmas, as well as hydrothermal processes, in-
cluding ore metal transport and deposition [10].
Nodules from the Pomici di Base (PB)-Sarno eruption at
Mt. Somma-Vesuvius, which are the focus of this inves-
tigation, have not been previously studied to our knowl-
edge. These nodules are found almost exclusively in the
final products of the PB-Sarno eruption, which are com-
prised of lithic-rich fall deposits, surges and flows. In
other eruptions of Mt. Somma-Vesuvius (e.g. Avellino and
79 AD eruptions), nodules are also found in the early
ash and pumice airfall phase. Our goal in this study is
to constrain the origin of the PB-Sarno nodules, and to
determine what additional information they might provide
concerning the underlying magmatic system prior to the
PB-Sarno eruption. In this paper we present a detailed
description of the nodules found in the final products of
the PB-Sarno eruption, including their petrography and
mineral chemistry and preliminary results of melt inclusion
(MI) studies.

2. Geological setting

Mt. Somma-Vesuvius is located at the southern end of
the Campanian Plain, near the city of Naples in south-
ern Italy. The Mt. Somma-Vesuvius volcanic complex com-
prises the older, truncated edifice of Mt Somma, and Vesu-
vius, which forms a cone that developed within the older
caldera by predominantly effusive activity (Fig. 1). Erup-
tive activity associated with the volcanic complex started
after the huge Campanian Ignimbrite eruption (39 ka [13]),

but other volcanic activity in the area which is not related
to Mt. Somma-Vesuvius dates back to ca 400 ka [14, 15]
(and references therein). According to Santacroce et
al. [15] the PB eruption represents the first explosive event
of the Somma volcano, dated at ca 22 ka. Other au-
thors [16, 17] refer to this event as the Sarno eruption,
and report that it follows an older explosive event, the
Codola eruption. We use the term PB-Sarno eruption to
recognize the fact that the two different names are com-
monly used in the literature to refer to the same eruptive
event.

Eruptive activity at Mt. Somma-Vesuvius is cyclical, and
three mega-cycles can be distinguished based on bulk
rock compositional data [18] (and references therein).
Within each mega-cycle the primary magma composi-
tion remains the same, but a new mega-cycle is char-
acterized by a different composition [17]. The com-
positions of the eruptive products of the 3 mega-
cycles change from slightly, to mildly, to highly silica-
undersaturated [15, 18]. The products of the first mega-
cycle are slightly silica-saturated (K-trachyte, K-latite)
evolving toward slightly silica-undersaturated [17, 18].
The products of the second mega-cycle are mildly silica-
undersaturated (phonotephrites to phonolites; [15, 17, 19]).
The third mega-cycle is characterized by strongly silica-
undersaturated rocks with tephrite to tephriphonolite-
foidite composition [15, 19]. Each mega-cycle is made up
of several shorter cycles, each starting with a plinian or
sub-plinian eruption, followed by a strombolian-vulcanian
“interplinian” stage. The first mega-cycle lasted from
>25 ka to about 14 ka, the second from 8 ka to 2.7 ka.
The third mega-cycle began after ≈800 years of repose
with the 79 AD eruption that destroyed Pompeii. The last
eruption at Mt. Somma-Vesuvius took place in 1944 and it
is not clear if this represents the closing event of the third
mega-cycle, or if it represents the beginning of a repose
time within the shorter cycle that began in 1631. As noted
by De Vivo et al. [18], the current repose time (68 years) is
anomalous for the 1631-1944 interplinian cycle in which
eruption cyclicity was between 7 and 30 years [18] (and
references therein).

The PB-Sarno eruption occurred in three phases: (1)
the opening phase consisting of ash and minor pumice
fall, followed by: (2) a plinian phase comprising up to
6.5 m of compositionally zoned (trachyte to latite) fallout
deposits with minor surge deposits; and (3) the closing
phreatomagmatic phase characterized by lithic-rich fall,
surge and flow deposits [20, 21]. According to Bertagnini
et al. [20] this was the largest eruptive event in the history
of Mt. Somma-Vesuvius on the basis of the thickness and
areal distribution of the erupted material.
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Figure 1. Map of Mt. Somma-Vesuvius – adapted from Peccerillo [40] – and the sample location within the C. Traianello quarry.

3. Samples and analytical methods

Samples were collected from the C. Traianello quarry, lo-
cated on the NE slope of Mt. Somma (Fig. 1). All samples
were collected from the topmost unit (about 1.5 m thick at
the sample location) that consists of a pyroclastic flow
deposit (Fig. 2). The studied nodules are coarse-grained
(grain size up to 7 mm) igneous rocks with rounded to
slightly angular equant to elongated shape. Nodule size
varies from 1 to 5 cm. Nodules were divided into two
sub-equal portions, and one portion was gently crushed
by hand and clinopyroxene phenocrysts were handpicked
under a binocular microscope. Single clinopyroxene crys-
tals were polished on both sides, following procedures de-
scribed by Thomas and Bodnar [22]. The other part of the
nodule was used to prepare a doubly-polished thin section
for analysis of phenocrysts by Cameca SX50 electron mi-
croprobe (EMPA) at Virginia Tech (Blacksburg, VA, USA).

A beam current of 20 nA and an accelerating voltage of
15 kV were used during the analyses for olivine, clinopy-
roxene, amphibole and mica. A 5 µm defocused beam was
used for feldspars, with analytical conditions similar to
those described above for other minerals. The one sigma
relative error is always less than 5%, and is usually under
1%, if the concentration of the element is >1 wt%.

Individual crystallized MI in single crystals extracted
from the nodules during crushing were analyzed using an
Excimer laser-ablation inductively-coupled plasma mass
spectrometry (LA-ICPMS) system at Virginia Tech follow-
ing the method described in Halter et al. [23]. Details of
run conditions are reported in Table 1. The pit size was
selected to be slightly larger than the inclusion diame-
ter for each inclusion. The chemical composition of MI is
quantified following the procedure described in Halter et
al. [23], using the software package AMS [24]. The un-
certainities are estimated to be 2-4% relative [25]. For
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Figure 2. a) Stratigraphy of volcanic activity of Mt. Somma-
Vesuvius, modified from Piochi et al. [25]. b) Schematic
stratigraphic column of the PB-Sarno eruptive products,
adapted from Bertagnini et al. [20]. The rectangular box
near the top of the expanded column on the right indicates
the portion of the unit that contains the nodules.

the internal standard, a value of Al2O3=18 wt% was used,
because the aluminum content of the magma varies little
(15.2 to 19.8 wt%) during the early history (megacycle I
and earlier) of Mt. Somma [17, 19, 21].

4. Petrography
In this study we have recognized two types of nodules
(Type A and B) based on their modal composition. All
of the samples display a porphyrogranular texture (larger
crystals in a finer-grained polycrystalline matrix) and are
compositionally classified as monzonite-monzogabbro.
Type A nodules contain euhedral clinopyroxene and eu-
hedral to subhedral olivine phenocrysts (Fig. 3a-b). The
clinopyroxene phenocrysts show minor compositional zon-
ing, and they contain olivine, apatite and Fe-Ti-oxide min-
eral inclusions, as well as MI. The rims of the crystals
are irregular and show abundant embayments (“jagged”
rims), suggesting that locally the clinopyroxenes were out
of equilibrium with the melt. Mica ± clinopyroxene over-
growths are often observed around the olivine phenocrysts.
The groundmass is completely crystallized, and consists
of euhedral to subhedral (tabular) feldspar, clinopyrox-
ene, mica, F-apatite and Fe-Ti-oxides. We also observed
crystal aggregates comprised of irregular intergrowths of
alkali feldspar and plagioclase, with lesser mica, Fe-Ti-

Table 1. LA-ICPMS instrument and data acquisition parameters.

Excimer 193-nm ArF laser GeoLasPro
Output Energy 150 mJ
Energy Density on sample ∼7 – 10 J/cm2

Repetition Rate 5 Hz
Pit Size Between 16 and 60 mm
Ablation Cell Volume ∼1.5 cm3

Cell Gas Flow (He) ∼1 L/min
Agilent 7500ce quadrupole ICP-MS
Auxiliary gas flow 1.03 l/min Ar
RF power 1500 V
Detector Mode Dual 8 orders of magnitude lin-

ear dynamic range
Quadrupole Settling Time 2 ms
Data acquisition parameters
Sweeps per reading 1
Reading per replicate 200 – 300
Replicates 1
Dwell time per isotope 10 ms
Points per peak 1 per measurement
External Standard NIST610 glass
Isotopes Analyzed 23Na, 25Mg, 27Al, 28Si, 39K,

40Ca, 45Sc, 49Ti, 51V, 52Cr,
55Mn, 56Fe, 62Ni, 85Rb, 88Sr,
89Y, 90Zr, 93Nb, 138Ba, 139La,
140Ce, 143Nd, 147Sm, 153Eu,
172Yb

oxides and clinopyroxene (Fig. 3c). The size of the aggre-
gates ranges from about 100 µm up to a few mm. Crys-
tals in the aggregates are much smaller than those in the
groundmass. Based on the petrographic characteristics
described above, we interpreted the aggregates to repre-
sent crystallized melt pockets.
The dominant phenocryst in Type B nodules is sub- to an-
hedral amphibole (Fig. 3d-e). A reaction rim, consisting of
mica, clinopyroxene and feldspar, is sometimes observed
around the amphiboles. The edges of the amphibole phe-
nocrysts are more irregular compared to the clinopyroxene
phenocrysts in type A nodules. The groundmass consists
of clinopyroxene, K-feldspar, Fe-Ti oxide, F-apatite and
an unidentified Ca-K-silicate phase. Crystal aggregates
are also observed and consist of irregular intergrowths
of K-feldspar and the same unidentified Ca-K-phase as
in the groundmass, with abundant mica and Fe-Ti-oxides.
The crystal aggregates range up to a few hundred mi-
crons. The aggregates and the groundmass show simi-
lar textures, except that the aggregates are finer grained.
Based on the petrographic characteristics we interpret the
aggregates to represent crystallized melt pockets, similar
to those in Type A nodules.
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Figure 3. Photomicrographs showing mineral textures and melt in-
clusions in the nodules. a) Photomicrograph (in plane po-
larized light) of Type A nodule showing a porphyrogran-
ular texture with clinopyroxene (cpx) and olivine (ol) phe-
nocrysts. The matrix consists of feldspar (fsp), phlogopite
(phl), apatite and Fe-Ti-oxides. b) Scanning electron mi-
croscope back-scattered (BSE) image of Type A nodule.
Aggregates of cpx, phl and irregular intergrowths of alkali
feldspar and plagioclase can be observed. c) BSE image
of Type A nodule at higher contrast and higher magnifi-
cation compared to image “b”. The irregular intergrowth
of feldspars in the groundmass is highlighted (lighter ar-
eas are alkali feldspar, and darker areas are plagioclase).
d) Photomicrograph (in plane polarized light) of Type B
nodule showing a porphyrogranular texture with amphi-
bole (amph) phenocrysts. The matrix consists of cpx, phl,
fsp, apatite and Fe-Ti-oxides. e) BSE image of Type B
nodules. Note the irregular intergrowth of phl, fsp and an
unknown phase (unk) adjacent to the amph phenocryst. f)
Photomicrograph of Type I and Type II melt inclusions in
cpx from Type A nodule. Type I consists of mica (mi), Fe-
Ti-oxides (ox) and/or dark green spinel (sp), clinopyrox-
ene (cpx), feldspar (fsp) and a vapor bubble (bbl). Type
II Inclusions are generally lighter in color and they con-
tain feldspar and/or glass and several dark phases that
are possibly oxide minerals and/or tiny vapor bubbles.

5. Mineral chemistry
Compositions of representative mineral phases in the nod-
ules are listed in Table 2. Clinopyroxene is present as
phenocrysts and in the groundmass in Type A nodules,
while it only appears in the groundmass in Type B nod-
ules. Clinopyroxenes have diopside-ferroan diopside com-

positions (En49−33Wo46−47Fs5−20) in Type A nodules, and
a ferroan diopside composition (En39−24Wo48−49Fs13−27) in
Type B nodules (Fig. 4a). The mg# (Mg/(Mg+Fetot))
ranges from 0.92 to 0.63 in Type A nodules, and from 0.79
to 0.49 in Type B nodules. The clinopyroxenes gener-
ally show normal zoning, but rarely show reverse zoning.
The composition of the clinopyroxene in the groundmass
is similar to the composition of the rims of clinopyroxene
phenocrysts, suggesting that the groundmass clinopyrox-
enes crystallized as a result of rapid cooling of the same
melt that was crystallizing at the rims of clinopyroxene
phenocrysts.

Olivine phenocrysts were only observed in Type A nodules.
The Fo content of olivine (Mg*100/(Mg+Fe)) ranges from
76 to 54. The olivines have uniformly low NiO (<0.16 wt%)
and relatively high CaO content (up to 0.36 wt%).

Micas in both nodule types are fluorine-rich phlogopites,
but the composition in Type A nodules has a wider range
(Fig 4b). The mg# (Mg/(Mg+Fetot)) ranges from 0.88
to 0.59 and from 0.90 to 0.86, in Type A and B nodules,
respectively. The F content ranges from 6.5 wt% to 2.3 wt%
in Type A, and from 8.3 wt% to 7.2 wt% in Type B nodules.

Feldspar is the main component of the groundmass. K-
feldspar and plagioclase are equally abundant in type A
nodules, but K-feldspar is much more abundant than pla-
gioclase in type B nodules. Intergrowth feldspars in
Type A nodules are enriched in K and Na compared to
the tabular feldspars in the same nodule (Fig. 4c). Many
tabular K-feldspars have a Ba-rich core (up to 6 wt%),
with Ba content decreasing gradually towards the rim to,
in some cases, below detection limit.

Magnesio-hastingsite amphiboles with small variations in
FeO (7.3-9.7 wt%), MgO (15.6-17.4 wt%) and F content
(3.6-4.8 wt%) occur as phenocrysts in Type B nodules.
Accessory apatite in both types of nodules is extremely
F-rich (up to 6 wt%).

Landi et al. [21] described both polycrystalline and
plagioclase-only aggregates in the pumice and scoria that
were deposited during the plinian phase of the PB-Sarno
eruption. They interpreted the aggregates to represent
fragments of the crystal mush zone at the upper mar-
gins of the magma chamber that were entrained into the
erupting material. The compositions of plagioclase and
sanidine in the aggregates described by Landi et al. [21]
are similar to those in our samples (Fig. 4c). They also
report clinopyroxene, but with a more evolved composi-
tion (Fs20−24) compared to that found in this study, and
potassium-ferripargasite amphibole, which is also different
from the magnesio-hastingsite amphibole in our samples.
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Figure 4. Chemical composition of minerals in Type A and B nodules: a) clinopyroxene (cpx), b) mica, and c) feldspar (fsp) compositions. For
comparison, compositions of feldspars in crystal aggregates reported by Landi et al. [21] have been plotted.
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Table 3. Representative LA-ICP-MS analysis of crystallized silicate-melt inclusions in clinopyroxene host from Type A nodule.

Sample Type I Trans. Type II
(wt%)
SiO2 52.35 48.89 52.97 56.01 52.09 49.44 48.53 52.34 45.03
TiO2 1.19 1.75 1.31 1.18 1.63 1.00 0.90 0.40 0.63
Al2O3 17.83 18.01 18.01 18.01 18.00 17.92 18.00 18.01 18.00
FeO 6.81 8.03 6.30 5.75 6.71 6.09 2.48 2.82 2.16
MnO 0.14 0.12 0.13 0.08 0.11 0.11 0.11 0.08 0.11
MgO 4.78 4.58 4.00 3.28 4.18 7.24 8.23 7.79 9.84
CaO 7.60 8.11 7.26 4.12 8.30 13.21 19.55 16.19 21.89
Na2O 2.73 1.24 3.09 3.08 2.52 1.37 1.40 1.04 1.31
K2O 6.18 8.56 6.54 7.85 5.86 3.24 0.58 0.75 0.68
Total 99.61 99.29 99.61 99.36 99.40 99.62 99.78 99.42 99.65
(ppm)
Ni 50 59 52 51 64 65 84 136 21
Cr < 0.156 267 <0.108 768 447 146 <0.314 2265 616
V 251 206 242 106 294 320 253 201 183
Sc 35 32 23 27 50 54 66 75 89
Rb 215 272 239 306 201 111 4 17 10
Ba 2237 3541 2350 2847 2589 1294 562 476 552
Nb 33 48 41 45 42 14 1 3 1
Sr 682 918 604 658 591 771 1008 979 1051
Zr 202 261 244 207 247 113 59 55 49
Y 26 33 27 15 29 20 17 11 14
La 51 76 57 50 56 29 9 8 9
Ce 100 152 117 89 110 62 29 25 24
Nd 46 66 52 36 53 35 17 17 16
Sm 8.8 15.3 9.8 7.2 12.7 4.1 1.5 3.1 7.4
Eu 2.5 2.7 2.4 1.3 2.4 2.6 2.3 0.7 1.4
Yb 2.5 2.3 2.7 <0.06 3.2 1.7 1.6 0.5 2.1
MF 0.29 0.20 0.37 0.24 0.31 0.36 0.27 0.23 0.21
host com-
position

En43Wo46En41Wo45En42Wo45En41Wo45En43Wo45En43Wo45En41Wo44En42Wo45En43Wo44

MF - mass factor (mass of inclusion/total mass ablated); Trans. - Transitional type MI

6. Melt inclusions

MI are abundant in clinopyroxenes in Type A nodules.
All MI examined are partially to completely crystallized,
which is typical of MI that cooled relatively slowly after
trapping [26, 27]. The MI are mostly 20-30 µm in maximum
dimension, but range from about 5 to 60 µm, and have
rounded to angular shape.

MI are grouped into two types based on petrography
(Fig. 3f). Type I consists of mica, Fe-Ti-oxide minerals
and/or dark green spinel, clinopyroxene, feldspar and a
vapor bubble. No volatiles (CO2, H2O) were detected
in the bubbles by Raman spectroscopy [28]. Type II in-
clusions are generally lighter in color when observed in
transmitted light and contain subhedral feldspar and/or

glass and several black (opaque?) phases, most of which
are confirmed to be oxides by SEM analysis. Some of the
opaque-appearing phases that are below the surface may
be tiny vapor bubbles. The MI are either randomly dis-
tributed in the crystals or occur along a growth zone and
are, therefore, interpreted to be primary. The two types of
MI are spatially associated, appearing in the same area
within the crystals. Type I MI comprises 70 to 80% of
total melt inclusions observed. Moreover, some MI ap-
pear to be transitional between Types I and II in both
their petrographic features and compositions. Only MI in
clinopyroxenes from Type A nodules were analyzed.

Abundant data are available in the literature for compar-
ison with our MI data. These include:
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1. bulk rock compositions of pumices erupted during
the plinian phase of the PB-Sarno eruption [17, 21]

2. bulk compositions of lavas erupted between 35-
25 ka [17, 19]

3. bulk rock compositions of lava and scoria erupted
after 25 ka but before the PB-Sarno eruption [19]

4. compositions of MI in clinopyroxene from lavas
erupted between 35-25 ka, as well as compositions
of MI from lavas that are younger than 25 ka but
older than the PB-Sarno eruption [29]

The various types of data listed above have been plotted
along with our MI data on various chemical discrimination
diagrams, including total alkali-SiO2 classification dia-
gram (Fig. 5a; [30]), primitive mantle normalized [31] trace
element diagrams (Fig. 5b-d), and major element varia-
tion diagrams (Fig. 5e-g). Because the Codola eruption
(∼25 ka) cannot be related to a specific Campanian source
(i.e., Mt. Somma-Vesuvius, Campi Flegrei, or elsewhere in
the Campanian region) [15, 16], it is not included in the
comparison on Figure 5.
Our results indicate that Type I MI can be classified
as phono-tephrite – tephri-phonolite – basaltic trachy-
andesite (Fig. 5a), and are similar to compositions of other
MI from related eruptions [29]. The compositions of Type I
MI from this study overlap with the compositions of the
older Somma lavas (<35 ka but older than the PB-Sarno
eruption) and show trends on major element variation di-
agrams that are similar to trends for MI from the litera-
ture [29] (Fig. 5e-g). The PB-Sarno pumices have a more
evolved composition compared to the MI compositions of
this study. However, trace element patterns for the Type I
MI are similar to the older Somma lavas and the PB-Sarno
pumices when plotted on primitive mantle normalized [31]
trace element diagrams (Fig. 5b-d). Furthermore, the MI
show enrichment in LILE (Rb, Ba, Th, K) and, to a lesser
extent, HFSE (Nb, Zr) with respect to the primitive man-
tle.
Type II MI are mainly basaltic in composition, and show
more primitive compositions with lower silica, alkalies and
higher Ca and Mg content compared to published MI and
bulk rock compositions (Fig. 5a, e-f). Type II MI show
less enrichment in LILE and HFSE with respect to the
primitive mantle, compared to Type I MI (Fig. 5b). Some
MI could be classified as either type I or type II, based on
petrography alone. These transitional MI appear to also
show intermediate compositions (squares in Fig. 5).
Equilibrium between the MI and host was tested based
on the Fe-Mg exchange reaction between clinopyroxene
and host. Using the models in Putirka [32] that are based

on the Fe and Mg content of the melt and crystal, equi-
libration temperatures range from 1058 to 1264◦C and
pressures ranging from 3.9 to 10.6 kbar. Entering these
temperatures into equation (35) of Putirka [32] predicts
KD(Fe-Mg)cpx−liq ranging from 0.25-0.29 over this range
of temperatures, assuming that the melt and crystal are
in equilibrium. However, the KD(Fe-Mg)cpx−liq predicted
from [32] for Type I MI ranges mostly from 0.3 to 0.45
(with a few values up to 0.6). This suggests that Type I
MI were not in complete equilibrium with the host. The
KD(Fe-Mg)cpx−liq predicted for Type II MI are all >1, indi-
cating that these MI compositions are far from equilibrium
with the host.
Trends in MgO vs. CaO/Al2O3 (Fig. 5h) for MI in this
study are similar to trends defined by previously published
MI data [29], and are consistent with melt compositions
that would be produced during clinopyroxene fractionation
from a crystallizing melt.

7. Discussion

The studied nodules were collected from the upper part
of the PB-Sarno eruption deposits. As such, the nodules
could have formed earlier from the same magma that pro-
duced the PB-Sarno eruption. Alternatively, the nodules
might represent samples of older Somma volcanic activity
(39-22 ka) that were ripped from the conduit walls and
entrained into the PB-Sarno magmas as they ascended.
Cioni et al. [33] found clear evidence of a caldera collapse
associated with the PB-Sarno eruption, and Rolandi et
al. [34] suggested that the PB-Sarno eruption was one of
four eruptive events that contributed to the destruction of
the older Somma cone. Therefore, it is likely that mate-
rials from the conduit walls and from older eruptive units
have collapsed into the erupting PB-Sarno magma and
were carried to the surface during the eruption.
Similarities between Type A and B nodules, including the
presence of melt pockets, jagged (irregular) edges and
slight zoning of the phenocrysts and the absence of typ-
ical equilibrium textures (e.g. planar boundaries, 120◦
jointing, absence of zoning) indicate that the two different
nodule types formed in similar environments and experi-
enced similar pre-eruptive histories. The textural features
described above are common in the “sub-effusive” type of
nodule described by Hermes & Cornell [4]. They inter-
pret these nodules to have formed at a shallower level
compared to the “accumulative” nodule type. These work-
ers state additionally that the compositions of sub-effusive
nodules and compositions of extruded lavas are similar.
They suggest that the "sub-effusive" type of nodule rep-
resents samples of the crystal mush zone in which the
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Figure 5. Compositions of host rocks, minerals and melt inclusions associated with PB-Sarno nodules. Compositions of crystallized MI were
determined by LA-ICP-MS analysis. a) Total alkali – silica diagram [30] showing MI and published bulk rock compositions of associated
Somma lavas and pumices, b-d) Primitive mantle-normalized [31] trace element diagram, e) SiO2 versus MgO, f) SiO2 versus CaO, g)
SiO2 versus K2O, h) MgO versus CaO/Al2O3. The arrows on Fig. 3f labeled “cpx fract” and “ol. fract” show the compositional trends
in residual melt which would result from clinopyroxene and olivine crystallization, respectively. For comparison, the bulk composition
of the pumices erupted during the plinian phase of the PB-Sarno eruption [17, 21], the bulkcompositions of lavas erupted between
35-25 ka [17, 19], of lava and scoria erupted after 25 ka but before the PB-Sarno eruption [19], and compositions of melt inclusions
hosted in clinopyroxene from lava erupted between 35 ka and the PB-Sarno eruption [29] are also plotted.

333

Unauthenticated
Download Date | 8/23/19 9:16 PM



Composition and origin of nodules from the ≈20 ka Pomici di Base (PB)-Sarno eruption of Mt. Somma – Vesuvius, Italy

crystal/melt ratio was high. This material was extracted
from the crystal mush zone and then transported upwards
“slowly and intact, permitting crystallization of the inter-
stitial liquid” [4]. Alternatively, Hermes and Cornell [4]
also suggest that the type of nodule described here could
represent cumulitic xenocrysts that were extracted from
the mush-zones and then mixed with magmas of different
compositions within a chemically zoned magma chamber.
The rare reverse zoning observed in clinopyroxene and the
relatively low-Fo olivine (Fo≤76 mol%) inclusions in prim-
itive clinopyroxene (mg#≥0.80) indicate that some mixing
occurred. However, the lack of typical non-equilibrium
textures (e.g. multiple resorption surfaces within a crystal;
complex zoning; reaction rims) suggests that the samples
more likely represent a crystal mush zone where the crys-
tal/melt ratio was high, rather than mixing with magmas
of different composition. The differences between Type A
and B nodules suggest that, even though they formed in
a similar environment (probably a crystal mush zone at
the margins of a magma chamber), they are derived from
different regions of a compositionally zoned magmatic sys-
tem.

The compositions of the crystals in the studied samples
are more primitive compared to the crystal aggregates de-
scribed by Landi et al. [21], which they found in pumices
and scorias deposited during the sustained column phase
of the eruption (“plinian phase” in [20, 21]). This composi-
tional difference suggests that the nodules in the present
study were derived either from a region of the magma
chamber that was not sampled during the plinian phase
of the eruption, e.g. from the more crystal-rich part that
is closer to the margin, or from a different depth in a lay-
ered magma chamber. The latter interpretation is consis-
tent with results of Landi et al. [21], who suggest that the
magma chamber associated with the PB-Sarno eruption
was compositionally layered. As such, the studied nod-
ules were likely entrained as the magma passed through
a portion of the magma chamber with a more primitive
composition as it ascended to the surface. Various ther-
mobarometers were applied to the mineral assemblages
contained in the nodules in an effort to constrain the pres-
sure and temperature of crystallization. The models in
Putirka [32] predict temperatures ranging from 1058 to
1264◦C and pressures ranging from 3.9 to 10.6 kbar. Ad-
ditional MI studies, including analysis of MI in Type B
nodules as well as analysis of volatiles in MI from both
Type A and B nodules, may help to better constrain the
PT conditions.

Two very distinctive types of MI were observed in clinopy-
roxenes from Type A nodules. The two types of MI are
spatially associated, which would suggest a genetic rela-
tionship, but the nature of this relationship is unclear. The

trace element compositions and the close spatial associa-
tion of these MI with different compositions indicate that
the melts are not differentiated from the same parent melt.
Type I MI are in or close to chemical equilibrium with the
host and are interpreted to represent the melt from which
the surrounding host clinopyroxene crystallized. Type II
MI occur in close association with Type I MI, but Type II
are not in chemical equilibrium with the host. This sug-
gests that the composition of Type II MI was either mod-
ified by accidentally trapped solid phases or that the MI
composition reflects heterogeneities within the melt. The
high Ca- and low K-contents of Type II MI suggest that
trapping and/or dissolution of An-rich plagioclase, which
is observed in MI and as solid inclusions in clinopyroxene,
might have played a major role in altering the composi-
tion of the Type II MI. This process, however, does not
explain the high Mg-content of the Type II MI. Mesozoic
carbonates with a thickness of ∼8 km that dip westward
from the adjacent Apenninic belt have been detected at a
depth of 2–3 km in the Mt. Somma-Vesuvius area [35–37].
Both the high Ca- and Mg contents of Type II MI can be
explained by assimilation of dolomite at depth, either by
trapping small dolomite crystals in the MI or incorporat-
ing dolomite into the parental magma before MI trapping,
but stable isotopic data are required to confirm this hy-
pothesis.

Previous studies have reported anomalous MI (e.g. high-
Ca inclusions in Fo-rich olivine) occurring together with
“normal” MI (i.e. in equilibrium with the host) in the same
sample from various mid-ocean ridge and subduction en-
vironments [38] (and references therein). Danyushevsky
et al. [38] attributed the origin of these anomalous MI
to “dissolution-reaction-mixing (DRM) processes”. In a
complex magmatic plumbing system consisting of intercon-
nected chambers, each with a well-developed mush zone,
the intruding magma batches can react with the much
cooler wall-rock and/or material in the semi-solidified
crystal-mush zones. In addition to cooling of the intruded
magma in the mush zones, phases which are not in equi-
librium with the intruded melt may undergo partial dis-
solution. This may be followed by mixing of the reaction
products with the intruded melt to produce hybrid melts
that can be trapped as MI. These processes can lead to
large localized melt heterogeneities which are then sam-
pled by the crystallizing phases [38]. Danyushevsky et
al. [38] emphasize that these anomalous and commonly
large inclusions are formed at the edges of the conduit
system, where the fresh, hot magma is in contact with the
cooler mush-zone. In the center of the magma chamber
or conduit, olivine (and other phases) would crystallize
in equilibrium with the surrounding melt, and these phe-
nocrysts would not contain anomalous MI.
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We suggest a model similar to that of Danyushevsky et
al. [38] for the origin of Type II MI in the PB-Sarno nod-
ules. It is well documented that Mt. Somma-Vesuvius has
a complex plumbing system consisting of three main lev-
els of magma storage, the two deepest of which represent
long-lived reservoirs [39] (and references therein). This
geometry provides the opportunity for the formation of ex-
tensive mush zones over an extended depth range and P-T
conditions [11, 12, 39]. Subsequent interaction of mate-
rial in these mush zones with the differentiating or up-
welling melt and/or the wall rock can occur. The process
described by Danyushevsky et al. [38] is consistent with
our hypothesis that the Type A nodules represent sam-
ples of a crystal-mush zone that was once in contact with
the magmas that formed the bulk of the erupted material.
However, we are unable to determine the specific loca-
tion within the overall plumbing system of the mush zone
that was sampled, and when in the overall evolution of the
system that sampling occurred. The major element com-
position of the MI overlaps with the composition of the
older Somma lavas and their MI, which suggests that the
Type A nodules more likely were formed prior to the PB-
Sarno plinian eruption. However, because data for the
composition of PB-Sarno pumice parental magma is not
available, we are unable at this time to test our hypothesis
that the nodules formed before the PB-Sarno eruption.

8. Conclusions

Petrographic features, including the porphyrogranular tex-
ture, slight zonation of the phenocrysts, crystallized melt
pockets, and “jagged” edges of crystals, all suggest that
nodules collected from the PB-Sarno eruption represent
samples of the mush zone of the active plumbing system
of Mt. Somma-Vesuvius. Geochemically different but spa-
tially associated MI, and similarities between type A MI
and the BP-Sarno bulk rock composition and the compo-
sition of older eruptive material, support this hypothesis.
The nodules could have crystallized either from the same
magma that was erupted during the earlier plinian phase
of the PB-Sarno eruption, or from a magma associated
with an older eruptive phase. Data obtained from Type I
MI may provide valuable information about inferred het-
erogeneities (layering within the magma chamber) during
the early history of the volcano. Further studies are in
progress to homogenize the crystallized MI and deter-
mine the major and trace element compositions as well as
the volatile content of the melts. These data will help to
better constrain the structure of the plumbing system and
pre-eruptive processes that formed the nodules and led to
the BP-Sarno eruption.
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