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Sr and Nd isotopes were determined using new thermal ionisation mass spectrometry (TIMS) techniques for a
suite of 21 olivine-hosted (85–92 mol% Fo) melt inclusions selected from potassic and ultra-potassic lavas
from the Italian peninsula. Sr isotopesweremeasured using default 1011Ω resistors, whereas Nd isotope compo-
sitions were determined using new 1013 Ω resistors mounted in the amplifiers' feedback loop. Compared to
default 1011 Ω resistors, use of 1013 Ω resistors results in a 10-fold improvement of the signal-to-noise ratio
andmore precise data when analysing small ion beams (b20mV). Aminiaturised Sr and Nd chemical separation
procedurewas developed tominimise total procedural blanks. Using the combined new chemical separation and
TIMS analysis techniques samples as small as 2 ng Sr and 30 pg Nd were analysed successfully. 87Sr/86Sr ratios in
themelt inclusions range from 0.70508 to 0.71543 and 143Nd/144Nd ratios range from0.51175 to 0.51268. Signif-
icant differences in 87Sr/86Sr and 143Nd/144Nd were found between melt inclusions and host lavas indicating
distinct evolution paths for the lava groundmasses and the primitive melts that were trapped in the olivine
phenocrysts. In line with magmatic processes known to have affected Italian potassic volcanics, the observed
differences between inclusions and host lavas can be attributed to (1)mixing andmingling of isotopically distinct
magma batches, (2) assimilation of crustal material with different isotope compositions, and (3) early (incom-
plete) mixing of primitive melts derived from an isotopically heterogeneous mantle source. These data demon-
strate the potential of the analysis of Sr and Nd isotope ratios in individual melt inclusions for detailed studies of
magma mixing and evolution processes.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Advances in the detection system of mass spectrometers allow in-
creasingly smaller geological samples to be precisely analysed for their
isotope composition (Tuttas et al., 2007, 2008; Jakopič et al., 2009;
Wielandt and Bizzarro, 2011; Koornneef et al., 2013; Liu and Pearson,
2014). An important new development has been the fabrication of
1013Ω resistors mounted in the feedback loop of Faraday cup amplifiers
(Koornneef et al., 2014). Use of these 1013Ω resistors in the detection of
ion beams results in a 100 times higher output V compared to default
1011 Ω amplifiers. At the same time the electrical noise level only
increases by a factor of 10, resulting in a 10-fold improvement of the
signal-to-noise ratio. The 1013Ω amplifiers therefore producemore pre-
cise data on small ion beams compared to the conventional 1011 Ω am-
plifiers used in Faraday detection. Prototype 1013 Ω amplifiers were
recently tested in thermal ionisation mass spectrometry (TIMS)
.

analyses of Sr and Nd isotope compositions in reference materials,
demonstrating their excellent performance (Koornneef et al., 2014).

In this manuscript we present a first application of the use of
amplifiers equipped with the new 1013 Ω resistors; determination of
the Sr and Nd isotope compositions of individual melt inclusions by
TIMS. Melt inclusions are trapped by crystals growing from melts
accumulating in a magmatic system. With respect to bulk rock lavas,
melt inclusions have been shown to record more extreme isotopic
heterogeneity suggesting that melt extraction from the mantle may
involve the accumulation of multiple melts derived from different
sources (Saal et al., 1998, 2005; Jackson and Hart, 2006; Maclennan,
2008; Sobolev et al., 2011). Analyses of radiogenic isotopes in individual
melt inclusions are challenging because of their size and the resulting
amount of material available for analysis. To date Sr and Pb isotope
data have been obtained by application of in situ analytical techniques,
either secondary ionmass spectrometry (SIMS) or laser ablation (multi-
collector) inductively coupled plasma mass spectrometry (LA-ICPMS).
Here we report the first Sr and Nd isotope data on individual melt
inclusions obtained using combined wet chemistry techniques and
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TIMS analysis. The advantage over in situ techniques is that our mea-
surements do not suffer from potential isotope fractionation associated
with matrix effects and interfering elements (e.g. 87Rb) as we use
chemical separation to eliminate elements other than Sr and Nd.

Olivine-hosted melt inclusions from seven volcanic centres along
the Italian peninsula were analysed. The subduction related potassic
and ultra-potassic lavas from the Italian peninsula are especially
suitable for this application as they are rich in incompatible elements
and display a large range in Sr–Nd–Pb isotope compositions (Civetta
et al., 1991; Conticelli and Peccerillo, 1992; Conticelli et al., 2002,
2011; Peccerillo, 2005; Peccerillo and Lustrino, 2005). The isotopic
heterogeneity recorded in lavas from the region has been attributed to
variable mantle source contamination by subducted continental
components (Foley, 1992; Conticelli et al., 2002; Avanzinelli et al.,
2009). Furthermore, there is widespread evidence for mixing/mingling
between different magma series and shallow-level crustal contamina-
tion (Vannucci et al., 2006; Nikogosian et al., 2007; Nikogosian and
van Bergen, 2010; Rose-Koga et al., 2012; Schiavi et al., 2012).

The specific aims of this studywere to: (1) demonstrate that we can
precisely and accurately determine the 87Sr/86Sr and 143Nd/144Nd
isotope ratios of individual melt inclusions using the prototype 1013 Ω
resistors and (2) explore the extent to which isotopic compositions of
melt inclusions can differ frombulk host lavas placingmore quantitative
constraints on the evolution of the magmatic system.

2. Sample selection

For this studywe selected twenty-one olivine hostedmelt inclusions
from eleven lavas collected from seven volcanic centres along the Italian
peninsula (Fig. 1). Host lavas belong to lamproitic (LMP), silica-
undersaturated leucite-bearing high-potassic (HKS), shoshonitic
(SHO), high potassium calcalkaline (HKCA) and calc alkaline (CA) rock
series (Table 1). The lavas are all younger than 0.8 Ma and cover a
large and representative range of Sr and Nd isotope compositions. The
host olivines of the selected melt inclusions have high forsterite con-
tents (85–92 mol% Fo) to ensure the (near) primary nature of the
Fig. 1. Map of the Italian peninsula region showing the locations for samples used in this
study (red circles) as well as other Pliocene–Quaternary Italian volcanic centres (grey
circles). Map modified by Peccerillo (2005).
trapped melts. Such primitive melt inclusions are a promising target
as theymight be isotopically distinct frombulk lavas if magmaswere af-
fected by mingling between different series and/or assimilation. More-
over, primitive inclusions potentially preserve pre-entrapment
isotopic heterogeneity of melts extracted from a heterogeneous mantle
source.

A key sample selection criterion was the required inclusion size to
obtain accurate Sr and Nd isotope data (Fig. 2). All olivine hosted melt
inclusions were previously homogenised and analysed by electron
microprobe and secondary ionisation mass spectrometry (Nikogosian
et al., 2007; Nikogosian and van Bergen, 2009, 2010) and thus had
known major and trace element concentrations. Compared to host
lavas the melt inclusions show significant major and trace element
variability. Fig. 3 presents the Sr and Nd concentrations for inclusion
and host lavas for the Roccamonfina locality as an example. The equiv-
alence between the average composition of a set of melt inclusions
and their host lava indicates that a whole-rock sample represents a
mixture of heterogeneous melts that are preserved in early crystallised
olivine. Melt inclusions with variable trace-element concentrations
were selected, so that relationships between trace element and isotope
compositions could be investigated. We selected host olivine with
single melt inclusions using an optical microscope. Based on known Sr
and Nd concentrations and approximate volume of an inclusion, the
available amount of Sr and Nd could be estimated. Fig. 2 shows the rela-
tion between melt inclusion diameter and the concentration required
for the minimum amount of material needed for a precise and accurate
analysis: 2 ng Sr and 30 pg Nd (see Section 3.3). Sizes and concentra-
tions for the selected melt inclusions are listed in Table 1. At least two
melt inclusions were analysed from each locality. Images of representa-
tive samples are shown in Fig. 4.

3. Materials and methods

3.1. Miniaturised chemical separation of Sr and Nd

For isotopic analysis of the melt inclusion a miniaturised chemical
procedure was developed to separate Sr and Nd and minimise the
handling steps and amounts of acids and resins and hence keep
procedural blank levels to a minimum.

Host olivines with the selected individual melt inclusions were
removed from the epoxy mounts and dissolved together with the
melt inclusions. Laser ablation ICPMS data established that Sr and Nd
contents in olivine were near and below detection levels; at least
lower than 0.1 ppm for Sr and 0.02 ppm for Nd (see also De Hoog
et al., 2010).We thus assume that the olivine does not contribute signif-
icantly to the Sr and Nd isotope budgets of the melt inclusions. Before
dissolution the olivine grainswere cleanedwith ultrapure acetone to re-
move potential contamination from sample preparation and handling.
Samples were dissolved in Teflon vials in a 9:1 mix of HF and HNO3 on
a hotplate at 120 °C for 3 days. Sr and rare earth elements (REEs)
were separated from the matrix in a setup whereby Sr Resin columns
(Eichrom Technologies 50 μl resin, 100–150 μm mesh) were placed
directly above TRU Resin columns (Eichrom Technologies, 150 μl resin,
100–150 μm mesh; Fig. 5). The Sr Resin columns were made of 1 ml
pipette tips (PE, Greiner Bio-one) using a 3.5 mm PE frit (Angst and
Pfister, h = 2 mm, porosity 35 μm). TRU resin columns were made of
disposable Pasteur pipettes (PE, diameter of 3.4 mm) cut to obtain a
height of 17 mm using a frit with 3.5 mm diameter. By placing the Sr
column above the TRU Resin column during loading and washing, the
pre-fraction from the Sr Resin column (in 3 M HNO3) was directly
eluted onto the TRU Resin column, after which the two column sets
were separated and Sr and REE were eluted (Fig. 5 see also Mikova
and Denkova, 2007). The Nd was further purified from the REE fraction
in a Ln Resin column procedure modified after Pin and Zalduegui
(1997). The columns were made of disposable Pasteur pipettes (PE,
diameter of 3.4 mm) cut to obtain a height of 80 mm with a Ln resin



Table 1
Selected melt inclusions.

Volcanic centre Age (ka) Host lava Sample Fo olivine MI type Size (μm)a Sr (ppm) Sr (ng)b Nd (ppm) Nd (ng)b

Torre Alfina 800 LMP TA-15 90.2 LMP 150 1295 9 320 2
LMP TA-66 88.5 LMP 150 1318 9 133 0.9

Vulsini 210 HKS Vul-28 91.6 HKS 150 775 5 53 0.4
HKS Vul-21 91.8 HKS 200 925 12 64 0.8

Sabatini 206 HKS Sab-224 90.2 HKS 150 1710 12 90 0.6
HKS Sab-85 90.9 HKS 160 1660 12 88 0.6

Latera 157 SHO Lat-222 89.1 SHO-I 150 470 3 33 0.2
SHO Lat-220 89.1 SHO-I 220 543 7 34 0.4
SHO Lat-256 89.3 SHO-II 150 350 2.2 55 0.4
SHO Lat-157 89.1 SHO-II 100 203 0.3 16 0.03

Roccamonfina 150–500 HKS Rocc7-8 87.0 HKS 70 2306 1.3 111 0.06
HKS Rocc7-265/9 87.4 HKS 100 2295 2.7 110 0.13
SHO Rocc5-40 89.3 HKS 220 1225 7 61 0.4
HKCA Rocc6-107 90.7 CA 250 813 17 28 0.6
HKCA Rocc6-104 90.7 SHO 150 1030 7 36.8 0.26

Vesuvius 1.8 HKS Ves2B-187 87.9 HKS 120 870 2 66 0.12
HKS Ves2B-176/9 88.1 HKS 140 862 6 62 0.4
HKS Ves2L-152 89.0 HKS 150 722 5 42 0.3

Vulture 629 HKS Melf7-57 85.3 HKS 250 896 20 102 2.5
HKS Melf7-82 88.6 HKS 150 2000 14 50 0.35
HKS Melf7-244 89.3 HKS 200 4583 55 143 1.8

a Size represents the estimated diameter of the melt inclusion determined by optical study.
b The amount of Nd and Sr is calculated based on the inclusion's optically estimated volume.
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volume of 0.74ml (Eichrom Technologies, 50–100mmmesh). See Fig. 5
for the detailed elution schemes. Total procedural blanks varied
between 3 and 20 pg for Sr and were below 2 pg for Nd. The blanks
were determined by isotope dilution using an 84Sr spike and a 150Nd
spike respectively. The host lavas were processed using standard Sr
and Nd separation procedures (Koornneef et al., 2009; Font et al., 2012).
Fig. 2. Relationships between required melt inclusion size (diameter in μm) and element
concentration for Sr (a) and Nd (b), based on the minimum amount (2 ng of Sr and
30 pg of Nd) needed for a reliable analysis of 87Sr/86Sr and 143Nd/144Nd. Calculations as-
sume a spherical melt inclusion geometry. Inclusions that fall on the right of theminimum
curves qualify for analysiswith thepresented techniques. Symbols represent selectedmelt
inclusions analysed in this study.
3.2. Mass spectrometry

Sr and Nd analyses were performed on a Thermo Scientific Triton-
Plus TIMS at the VUUniversity, Amsterdam. Sr/Nd ratios inmostmantle
derived rocks are above 20. Hence we were able to perform Sr isotope
analyses using default 1011 Ω amplifiers in the feedback loop of the
Faraday detectors whereas Nd analyses were undertaken using 1013 Ω
amplifiers. For a detailed description of the 1013Ω resistor analysis tech-
niques the reader is referred to Koornneef et al. (2014) and only a brief
summary is given here.

Four prototype 1013Ω (recently released and available as a product)
and six default 1011 Ω amplifiers were installed in a Triton Plus. Each of
the amplifiers can be connected to any Faraday cup through the virtual
amplifier relay matrix (Schwieters and H. Lerche, Thermo Electron
(Bremen), US Patent 6,472,659 B1, issued 29/10/2002). For Nd analyses
1013Ω amplifierswere connected to L2, L1, C, andH1 tomeasuremasses
143Nd to 146Nd. An 11 minute baseline was measured during heating of
the sample and subtracted online from the raw intensity values. Instru-
mental mass fractionation was corrected for using the exponential law
and a 146Nd/144Nd value of 0.7219. The La Jolla reference standard was
Fig. 3. Sr andNd variability ofmelt inclusions fromRoccamonfina compared towhole-rock
compositions. Note that thewhole-rock compositions are close to the averages of themelt
inclusions, indicating that a lava sample is a mixing product of melts similar to those
included in its olivines. Melt inclusions selected for this study are indicated.
Data are from Nikogosian and van Bergen, 2010.



Fig. 4. Microphotographs of melt inclusions within their host olivine that were analysed
for Sr and Nd isotope compositions. Inclusions from (a) Vulsini, (b) Latera, (c) Sabatini,
(d) Roccamonfina, (e) Vulture, and (f) Vesuvius are shown as examples. Note that cracks
are secondary and formed mechanically during preparation and handling. Spinel inclu-
sions as observed in olivine grains from Sabatini and Roccamonfina do not influence the
Sr and Nd isotope analyses as they contain negligible amount of Sr and Nd.
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analysed once a day to perform an external gain correction on themass
bias corrected 143Nd/144Nd using the reference value of 0.511841 ±
0.000002 (Jochum et al., 2011). The 2SE error on this analysis was prop-
agated into the final error on the 143Nd/144Nd and typically represented
10% of the total error. The gains for the 1013Ω amplifierswere set to 1 in
the software (executive table). Beam intensities were always kept
Fig. 5. Schematic overview of the miniaturised chemical
below 3 V (30 mV if measured on a 1011 Ω amplifier). Samples
were loaded on out-gassed annealed Re filaments with 1 μl H3PO4

and run to exhaustion to obtain the best in-run precision. A mini-
mum of 60 cycles (8 s integration each) was collected, but on aver-
age samples ran for 168 cycles. For two of the larger samples the
analyses on the 1013 were stopped after ≥260 cycles and re-
analysed using 1011 Ω amplifiers as a secondary check on the
accuracy (Section 3.4; Table. 2). Small, 100 pg, aliquots of our in
house Nd standard (CIGO) were measured next to our samples to
check for accuracy and reproducibility (143Nd/144Nd =
0.511322 ± 104, n = 7). Accuracy is confirmed by the excellent
agreement with the long-term average of CIGO determined on
default 1011 Ω amplifiers: 143Nd/144Nd = 0.511333 ± 11, n = 72.
Host lavas were measured using default 1011 Ω amplifiers.

3.3. Validation by rock standard analyses

International rock standards AGV-1 and BHVO-2 were used as
secondary standards to validate our combined miniaturised chemical
separation method and analytical procedures. Initial tests explored the
minimum amount of material that could be processed and analysed.
Aliquots of AGV-1 containing 50, 100, 150, 200 and 500 pg Nd were
loaded onto the columns. The corresponding amounts of Sr were 1, 2,
3, 4 and 10 ng. The obtained data are shown in Fig. 6 Although all the
Nd data are both accurate and reproducible, the Sr data become less
accurate for smaller sample aliquots. The off-set of the measured
87Sr/86Sr towards higher values for aliquots lower than 2 ng can be
explained by a contribution from a procedural chemistry blank. We
determined the isotope composition of our total procedural chemical
blank through a test in which we multiplied all used materials by a
factor of 30 and obtained 87Sr/86Sr = 0.71112 ± 5, n = 3. Using this
value, the observed off-set for samples below 2 ng can be explained
by a total procedural blank of 7–10 pg.Measurements of samples small-
er than 2 ng Sr thus preferably require a blank correction, necessitating
the amount of Sr in the sample to be known accurately. Nd analyses do
not suffer from procedural blanks, samples as small as 30 pg can be
analysed precisely. Interspersed with our samples we processed four
aliquots of AGV-1 and four aliquots of BHVO-2 containing ~3 ng Sr
and 150–200 pg Nd. AGV-1 gave 143Nd/144Nd = 0.512759 ± 75 and
87Sr/86Sr = 0.704009 ± 10, 2SD n = 4 in excellent agreement with its
reference values 0.512790 ± 20 and 0.703999 ± 60, respectively
separation method for Sr and Nd in melt inclusions.



Table 2
Sr and Nd isotope data for melt inclusions and host lavas.

Volcanic centre Sample 87Sr/86Sr 2SE ∗ 10−6 143Nd/144Nd 2SE ∗ 10−5

Melt inclusions
Torre Alfina TA-15 0.714045 30 0.51199 6

TA-66 0.715429 21 0.51210 7
Vulsini Vul-28 0.709744 8 0.51216 7

Vul-21 0.709777 8 0.51190 5
Sabatini Sab-224 0.710156 11 0.51197 7

Sab-85 0.709560 10 0.51214 4
Sab85-re-run 1011 Ω
amplifiers

0.51207 4

Latera Lat-222 0.709847 11 0.51211 7
Lat-220 0.709482 17 0.51209 7
Lat-256 0.709855 27 0.51212 5
Lat-256 re-run 1011 Ω
amplifiers

0.51215 6

Lat-157 0.709841 28 0.51213 5
Roccamonfina Rocc7-8 0.709838 8 0.51175 5

Rocc7-265/9 0.709800 10 0.51214 5
Rocc5-40 0.709435 13 0.51209 6
Rocc6-107 0.706500 10 0.51235 6
Rocc6-104 0.706663 32 0.51223 11

Vesuvius Ves2B-187 0.707462 15 0.51234 8
Ves2B-176/9 0.707315 7 0.51237 6
Ves2L-152 0.707661 10 0.51227 7

Vulture Melf7-57 0.705084 8 0.51262 6
Melf7-82 0.705337 9 0.51265 5
Melf7-244 0.705857 9 0.51268 8

Host lavas
Torre Alfina Torre Alfina 0.716369 9 0.512055 3
Vulsini Vulsini12 0.710073 9 0.512140 4
Sabatini Sabatini6 0.710058 9 0.512084 7
Latera Latera20 0.709947 9 0.512156 4

Latera21 0.709972 8 0.512166 6
Roccamonfina Rocc5 0.708312 8 0.512233 4

Rocc6 0.706500 8 0.512372 4
Rocc7 0.709874 11 0.512085 4

Vesuvius Ves2b 0.707371 10 0.512426 5
Ves2L 0.707646 8 0.512423 11

Vulture Vul7 0.705248 10 0.512681 5
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(GeoReM preferred value). BHVO-2 gave a 143Nd/144Nd = 0.512890 ±
113 and 87Sr/86Sr = 0.703500 ± 23, 2SD n = 4 also in agreement
with its reference values 0.512980 ± 12 and 0.703469 ± 17. It follows
from the rock standard data that the external reproducibility (2SD) is
on average a factor of 1.4 larger compared to the propagated internal
error (2SE).
Fig. 6. To validate the techniques 143Nd/144Nd (left) and 87Sr/86Sr (right) were determined on s
Nd corresponding to ~1, 2, 3, 4 and 10 ng Sr.
3.4. Validation by repeat analyses on 1011 Ω amplifiers

Twomelt inclusions (Sab-85 and Lat-256) had sufficient Nd to allow
a second analysis of the same filament using default 1011 Ω amplifiers.
First, the samples were run for 260–300 cycles using 1013 Ω amplifiers
and subsequently they were run to exhaustion using 1011 Ω amplifiers.
The 2SE error on the first analysis using the 1013 Ω amplifiers was al-
ways better than 100 ppmbefore it was stopped for the repeat analysis.
The data for these repeat analyses (Table 2) demonstrate excellent
reproducibility when using either set of amplifiers, reconfirming the
high quality of data collected with the prototype 1013 Ω amplifiers.
The 2RSD for Sab-85 is 177 ppm and for Lat-256 it is 66 ppm, n = 2.
Note that for Sab85 the repeat analysis by 1011 Ω amplifiers yielded
more precise data because the sample could be run at higher intensities
and for larger amounts of cycles. The propagated 2SE for Sab85 using
1011 Ω amplifiers is 78 ppm whereas for the 1013 Ω amplifier analysis
it is 81 ppm.
4. Results

Melt inclusion and host rock Sr and Nd isotope data are presented in
Table 2 and displayed in Fig. 7 together with literature data for each
locality. 87Sr/86Sr ratios in the melt inclusions range from 0.705084 ±
8 to 0.715429 ± 21 and 143Nd/144Nd ratios range from 0.51175 ± 5 to
0.51268 ± 8. Host lavas 87Sr/86Sr range from 0.705248 ± 10 to
0.716369 ± 9, and 143Nd/144Nd from 0.512055 ± 3 to 0.512681 ± 5.
These new bulk-rock data are in agreement with the extensive data
sets for K-rich lavas from the Italian peninsula available in the literature
(Fig. 7).

Four melt inclusions have indistinguishable 87Sr/86Sr and
143Nd/144Nd compositions from their host lava; 2 inclusions from
Vesuvius and 2 inclusions from Vulture (Fig. 7). All other isotopic
compositions of melt inclusions differ from the bulk host sample,
even though most are within the range defined by bulk lavas for
the specific volcanic centre. In five cases the isotope compositions
of the inclusions are distinct from both host lava compositions and
literature data for that locality. For example, the 87Sr/86Sr deter-
mined for the melt inclusions from Torre Alfina and Latera volcanoes
plots at lower 87Sr/86Sr compared to the fields defined by lavas for
each of these localities (Fig. 7), while the Nd isotope compositions
of three melt inclusions from Vulsini, Sabatini, and Roccamonfina
plot below the fields defined by lava compositions for the host volca-
no (Fig. 7).
mall aliquots of AGV-1. Aliquots were processed to contain 50, 100, 150, 200 and 500 pg of



Fig. 7. Overview of the 87Sr/86Sr versus 143Nd/144Nd data for the melt inclusions (open
circles) compared to host lavas (filled triangles) for all sample localities.
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5. Discussion

5.1. Significance of observed variability

Multiple analyses of small aliquots of international reference
materials AGV-1 and BHVO-2 demonstrated that samples with
150 pg Nd and 3 ng Sr yield accurate and reproducible data
(Section 3.3). These data validate our combined miniaturised chem-
ical separation and the Sr and Nd analysis techniques. The external
errors (2SD) for the Nd and Sr analyses suggest that variability larger
than 220 ppm for 143Nd/144Nd and 33 ppm for 87Sr/86Sr can be
resolved using our techniques on such small samples. For our melt
inclusions we had generally more than 150 pg Nd and 3 ng Sr avail-
able (Table 1). Therefore, we consider the reproducibility tests on
the international standards as yielding maximum errors for the
analysed melt inclusions.

The differences in isotopic composition between host lava and
individual melt inclusions are in most cases significantly larger than
the external reproducibility of the measurements (Table 2; Fig. 8).
Expressed relative to the host lava, the difference in 87Sr/86Sr between
inclusions and lavas is up to 3‰ for Torre Alfina for example. This differ-
ence is a factor of 100 larger than the external reproducibility of 33 ppm.
For Vulsini, Latera, and Roccamonfina the 87Sr/86Sr of inclusions and
hosts differs by 463 ppm, 650 ppm and 1.6‰ respectively, factors of
14, 20 and 48 larger than the 2RSD on the 87Sr/86Sr ratio. In 3 cases
143Nd/144Nd ratio differs significantly between melt inclusions and
host lavas. For Roccamonfina, for example the difference is 653 ppm; a
factor of 3 larger than the external reproducibility of 220 ppm. This
quantitative comparison with the obtained external analytical error
confirms the significance of the measured isotopic variability. Excellent
reproducibility for repeat analyses of melt inclusions Sab85 and Lat256
using 1013 and 1011Ω amplifiers (see Section 3.4) reinforces the validity
of our techniques.

No blank corrections could be performed to the 87Sr/86Sr data
since the exact amounts of Sr within the processed inclusions were
unknown. Five of the selected inclusions were estimated to contain
less than 3 ng Sr (Table 1) suggesting a possible contribution of a
chemistry blank. The sample with the lowest estimated Sr content
(Lat-157) yielded a Sr isotope composition indistinguishable from
that of two other Latera melt inclusions (87Sr/86Sr = 0.709841 ±
28), lower than that of the host lava (87Sr/86Sr = 0.709947 ± 9).
The expected effect of a contribution of a procedural blank would
be to shift the measured value to higher 87Sr/86Sr as the isotope
composition of our procedural blank is 87Sr/86Sr = 0.71112 ± 5
(see Section 3.3). If we assume that the sample was affected by a
procedural blank of 10 pg the 87Sr/86Sr would have been ~0.7094,
similar to that of inclusion Lat-220 and still significantly lower than
the host lava value.
5.2. Comparison with previous melt inclusion isotope analyses and method
limitations

Sr and Pb isotope compositions of individual melt inclusions have
previously been determined by in situ techniques (Saal et al., 1998,
2005; Jochum et al., 2004; Jackson and Hart, 2006; Nikogosian et al.,
2007; Maclennan, 2008; Paul et al., 2011; Sobolev et al., 2011;
Rose-Koga et al., 2012). Far more Pb isotope data have been produced
than Sr isotope data, presumably because the latter are compromised
by isobaric interfering isotopes such as 87Rb and 86Kr. The Rb interfer-
ence limits the precision, due to uncertainty associated with the Rb
correction. A corrected 87Sr/86Sr ratio exhibits an error magnification
that is directly proportional to the Rb/Sr ratio of the sample (Jackson
and Hart, 2006). These authors reported an upper limit for the external
precision on 87Sr/86Sr of 335 ppm (2SD) based on analysis of 7 inclu-
sions from Samoan basalt with low Rb (Rb/Sr = 0.053), using a
213 nm NewWave laser ablation system coupled to a Thermo-Finnigan
NeptuneMC-ICPMS. Sobolev et al. (2011) analysed combined Sr and Pb
isotopes at precisions of 0.04–0.2% for 87Sr/86Sr and 0.1% for 208Pb/206Pb
and 207Pb/206Pb, using a New Wave 193 nm laser ablation system
coupled to a Thermo Element2 ICP-MS. Compared to these previous
results our technique to determine 87Sr/86Sr produces significantly
more precise data (2RSD of 33 ppm). Although this better precision
comes with the relatively time-consuming step required for chemical
separation, our procedure allows us to analyse Rb-rich samples. In
addition, it allows precise determinations of coupled Sr–Nd isotope
compositions for melt inclusion studies.

The limitation of the presented technique currently lieswithin the Sr
procedural blank which requires Sr sample sizes to be larger than 2 ng.
Despite thorough cleaning of labware andminimisation of the volumes
used in the elemental separation procedures, our Sr blank levels vary
between 3 and 20 pg. The lower limit of Sr required for an analysis
currently determines the minimum size of an inclusion at a certain
concentration level. For inclusions with high Sr concentrations
(N1000 ppm), as often the case in subduction related settings, the
analyses of single inclusions with a diameter N100 μm are viable
(Fig. 2). When inclusions have lower Sr concentrations, for instance in
a NMORB settings (b100 ppm Sr), an accurate Sr analysis can only be
performed on a single inclusion with a relatively large size (N230 μm
diameter). Reduction of Sr blank levels to sub ng levels would be
required if the size is smaller. Because our Nd analyses on single melt
inclusions are not compromised by the procedural blank, an analysis
of a single inclusion with NMORB-like composition (~10 ppm Nd) is
viable for inclusions with a minimum diameter of 120 μm (Fig. 2). For
such a small Nd analysis, however, (30 pg Nd) the measurement error
(2RSE ~ 300 ppm) will likely become an issue in view of the usually
limited isotope variability in NMORB settings. Problems with the Sr
blank and the analytical error on Nd could be avoided by selecting
melt inclusions of a similar type and pooling them for the measure-
ments. Obviously, this strategy requires careful petrological characteri-
sation of host olivine and/or the inclusions themselves. Grouping of
melt inclusions based on minor element compositions (e.g., CaO and
NiO) of olivine is relatively straightforward (e.g. Elburg et al., 2006;
Kamenetsky et al., 2006). Detailed major and trace element characteri-
sation of the inclusions themselves (Nikogosian and van Bergen,
2010) would be a more reliable and preferred approach, but is much
more time consuming as it requires homogenisation, polishing and
analysis by microbeam techniques.

5.3. Isotopic contrasts between melt inclusions and host lavas

Based on the combined Sr and Nd isotope data for melt inclusions
and host lavas we distinguish three different scenarios: 1) the melt
inclusions and their host lavas have identical Sr and Nd isotope compo-
sitions; 2) the melt inclusions have either different Sr or different Nd
isotope compositions; and 3) neither Nd nor Sr isotope ratios are



Fig. 8. 87Sr/86Sr versus 143Nd/144Nd data per locality (a. Latera; b. Vulsini–Sabatini; c. Torre Alfina; d. Roccamonfina; e. Somma–Vesuvius; f. Vulture) for amore detailed comparison ofmelt
inclusion data with the host lava and literature lava compositions. Data used to draw the literature fields are from Lustrino et al. (2011) and references therein; D'Orazio et al. (2007),
De Astis et al. (2006), and Downes et al. (2002). The arrow in (d) indicates the link between the melt inclusion and its host lava. Note that the inclusion rocc-5 plots in the field of HKS
lavas suggesting that a HKS type olivine was entrained by shoshonite magma.
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identical formelt inclusions andhost rocks. The cases of different isotope
compositions reflect dissimilar evolution histories for the primitivemelt
that was trapped as inclusion in an olivine phenocryst and melt that is
represented by the groundmass of the host lava. Potential processes
responsible for isotopic inhomogeneity in a single lava sample are:

- Mixing/mingling of magmas with different isotope signatures.
This process creates textural and compositional disequilibrium
between lavas and xeno/phenocrysts, and is a widespread
phenomenon in the potassium-rich magmatic systems of main-
land Italy (Civetta et al., 1981; Barton et al., 1982; Giannetti and
Luhr, 1983; Giannetti and Ellam, 1994; Nikogosian and van
Bergen, 2010).

- Assimilation of crustal rocks with contrasting isotopic composi-
tion. Interaction of magmas with crustal rocks, particularly
Mesozoic limestones, is relatively common in Italy and has been
inferred for several of the studied volcanic centres (Marziano
et al., 2008; Peccerillo et al., 2010; Conticelli et al., 2013).
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- Melt extraction from a heterogeneous mantle source. Melting of a
heterogeneous mantle results in formation of melts with variable
isotopic compositions. Bulk lavas derived from a heterogeneous
mantle represent accumulated melts that are mixed and
homogenised before eruption. If melt inclusions are trapped
deep within the magmatic plumbing system they have the poten-
tial to recordmuchmore heterogeneity compared to the accumu-
lated bulk lavas (Saal et al., 1998, 2005; Jackson and Hart, 2006;
Sobolev et al., 2011). The large variability in Sr–Nd–Pb isotope
compositions found in Italian magmatism has been explained by
melting of a veined metasomatised sub-continental lithospheric
mantle that resulted from subduction and input of variable
amounts and types of sediments (Foley, 1992; Conticelli et al.,
2002, 2009; Boari et al., 2009). Primitive melt inclusions from
Italy may thus record larger isotope variability than the host
lavas and provide better constraints on the mantle components.

Below we will illustrate how isotopic differences between melt
inclusion and host lava (Fig. 8) can place constraints on the evolution
of a magmatic system that would not be possible with whole-rock
results alone. The potential processes listed above and existing informa-
tion for each of the localities will be used as guidelines.

5.3.1. Latera
Four melt inclusions from two samples of a shoshonitic lava flow

from Latera volcano (Fig. 8a) yield Nd isotope compositions identical
to those of the host lavas when considering the analytical uncertainties.
In contrast, their Sr isotope ratios are significantly less radiogenic than
the bulk rock lavas. For example, the two inclusions Lat-220 and Lat-
222 in host Lat-21 have dissimilar Sr isotope compositions and differ
from the host by 0.65‰ and 0.15‰ respectively, indicating significant
internal heterogeneity within this sample. These observations suggest
involvement of isotopically heterogeneous melts in the plumbing
system during early olivine growth. The higher Sr isotope ratios of
samples from the lava reflect the addition of a more radiogenic
component possibly via crustal assimilation or magma mixing after
the inclusionswere trapped. The small range in Sr isotope compositions
for bulk Latera lavas suggests that the magma became homogenised
prior to eruption. These explanations for the isotopic relationships are
consistent with earlier petrological evidence for contributions of multi-
ple mantle derived melts to the late-stage effusive and strombolian
products of the Latera complex, admixture of a distinct lamproitic
component to the shoshonitic magma and for the role of crustal
assimilation and the presence of potential assimilants with high
87Sr/86Sr in the subsurface (Ferrara et al., 1986; Varekamp and
Kalamarides, 1989; Conticelli et al., 1991).

5.3.2. Vulsini and Sabatini
The four melt inclusions in two HKS lava samples from Vulsini and

Sabatini volcanic complexes have 87Sr/86Sr ratios that overlap with the
data range for bulk lavas reported in the literature (Fig. 8b). Minor but
significant differences exist, however, between the inclusions and
their hosts, with the inclusions tending to be less radiogenic (up to
0.46‰ difference). The inclusions also show considerable variation in
143Nd/144Nd, ranging from similar to the host rock towards significantly
lower values than the HKS lavas from Vulsini and Sabatini (0.47‰ and
0.22‰ difference, see Fig. 8b). The K-rich magmas in these regions are
known to have locally interacted with Mesozoic limestone that have
lower 143Nd/144Nd ratios than the volcanics (Peccerillo et al., 2010).
Such a late-stage open-system process, however, is an unlikely explana-
tion for the observed low Nd isotopes in themelt inclusions, as the high
REE concentrations inmaficHKSmagmaswould imply large amounts of
limestone assimilation, unrealistic in view of the primitive nature and
early entrapment of the inclusions. In addition, assimilation of the
local limestone is expected to lower the 87Sr/86Sr ratios of magmas
(Peccerillo et al., 2010) given the highly radiogenic nature of the
ultrapotassic primary melts and would therefore result in a melt in-
clusion–host lava relationship opposite to that observed. Instead,
our results are more in accordance with a temporary co-existence
of different primitive melts shortly after segregation from an isotopi-
cally heterogeneous mantle. This mantle presumably contains an
unradiogenic Nd isotope component that has so far remained
unnoticed in bulk-rock data. These inferences are consistent with
the widespread evidence for veined or otherwise inhomogeneous
mantle sources of the HKS magmas in these regions, attributable to
heterogeneous subduction-relatedmetasomatic enrichments in sed-
imentary components (Conticelli and Peccerillo, 1992; Kamenetsky
et al., 1995; Conticelli et al., 2002; Peccerillo, 2005).

5.3.3. Torre Alfina
The two melt inclusions from the Torre Alfina lamproite have

143Nd/144Nd identical to the host lava and overlap with the data for
the bulk lavas reported in the literature (Fig. 8c). The 87Sr/86Sr ratios
in the melt inclusions, however, differ from each other and are signifi-
cantly less radiogenic than the host lava (1‰ and 3‰). Assimilation of
a component with radiogenic Sr is a plausible explanation since the
Torre Alfina lavas show an increase in 87Sr/86Sr with increasing SiO2

and contain gneiss xenoliths from the metasedimentary basement
(Ferrara et al., 1986; Conticelli, 1998). Whether interaction with base-
ment rocks is also responsible for the isotopic difference between the
melt inclusions is questionable in view of the primitive nature of both
inclusions and the substantial amount of assimilation that would be
required to create the observed shift, given the relatively low Sr content
of the potential assimilant (~200 ppm, Ferrara et al., 1986). Instead, the
melt inclusions appear to have inherited their Sr isotope signatures
from an isotopically heterogeneous mantle source.

5.3.4. Roccamonfina
The studied melt inclusions from Roccamonfina volcano are from

samples of three rock series (HKCA, SHO and HKS) with different Sr–
Nd isotope compositions (Fig. 8d). Of the two analysed melt inclusions
from the HKCA lava, one is identical to the host, whereas the other has
higher Sr and a lower Nd isotope ratios, so that it plots at the margin
of the field defined by SHO lavas of Roccamonfina. This second melt
inclusion was specifically selected because of its shoshonitic major
and trace element composition that had been taken as evidence for
mixing/mingling processes within the plumbing system of this volcano
(Nikogosian and van Bergen, 2010). The 87Sr/86Sr and 143Nd/144Nd
ratios determined for this inclusion support this interpretation.

Likewise, a melt inclusion from a SHO lava was selected for analysis
because of its major and trace element similarities with HKS lavas. This
inclusion has significantly lower 87Sr/86Sr (1.6‰) and 143Nd/144Nd
(0.27‰) than its host, and indeed overlaps the field of Roccamonfina
HKS lavas (Fig. 8d). Both examples thus demonstrate the presence of
forsteritic olivine populations from other rock series in HKCA and SHO
lavas, and confirm mineralogical and chemical evidence for mixing/
mingling of magmas with different serial affinities (Giannetti and
Luhr, 1983).

The twomelt inclusions from the HKS lava have Sr isotope composi-
tions identical to that of the host lava but show significant Nd isotope
variation. One is close to the host lava whereas the other has 0.65‰
lower 143Nd/144Nd. The inclusions were selected for analysis because
of their strong contrast in major and trace element compositions
(Fig. 3), thought to result from selective melt extraction from a
metasomatised mantle. According to Nikogosian and Van Bergen
(2010), the primitive HKS magmas of Roccamonfina represent
collections of mixed primary melts. Strong chemical heterogeneity of
Mg-rich melt inclusions suggests that melts represent progressive
stages of melt extraction from a chemically and mineralogically hetero-
geneous mantle that were trapped in olivine phenocrysts before a
sizeable volume of relatively homogeneous magma could form and
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rise to the surface. Since the inclusion with the lowest 143Nd/144Nd
belongs to a subgroup of melt inclusions with carbonatitic affinity (e.g.
low K2O and Rb/Sr; high CaO, Ba/Cs and La/Yb) and the other inclusions
to a more strongly potassic subgroup (Nikogosian and Van Bergen,
2010), the observed contrast in Nd suggests that the mantle source of
HKS magma is isotopically heterogeneous. We speculate that the K-
rich silicic and carbonatite-like components of metasomatic agents
created a veined source domain below Roccamonfina that is reflected
by isotopic inhomogeneity of the melt inclusions (Conticelli et al.,
2009; Nikogosian and Van Bergen, 2010). A separate hybrid source
has also been inferred for the HKCA and SHO magmas, based on the Sr
isotope variability of mafic lavas from these series (Giannetti and
Ellam, 1994). These combined compositional relationships testify that
local heterogeneities in mantle source can be traced with isotopic
analysis of individual melt inclusions.

5.3.5. Vesuvius
Three melt inclusions from two HKS lavas of Vesuvius show similar

87Sr/86Sr ratios to their hosts and overlap with compositions reported
for other lavas (Fig. 8e). Nd isotope compositions of two inclusions are
within error of the host lava but one inclusion has a significantly
lower 143Nd/144Nd value (0.3‰) and other Vesuvius lavas. Earlier
evidence for isotopic variability in Vesuvius products comes from inho-
mogeneity of bulk samples from individual lavas and contrasts between
phenocrysts and bulk host samples (Caprarelli et al., 1993; Ayuso et al.,
1998; Piochi et al., 2006 and references therein). It is widely accepted
that the potassic parental magmas of Somma–Vesuvius originate from
a metasomatically enriched mantle source. Changes in the Sr–Nd
isotope signatures in the history of the complex can be attributed to
the combined effects of heterogeneity in the mantle source, interaction
or assimilation of carbonates and other shallow crustal rocks, and
entrapment of crystal mush generated during previous magma storage
in the crust (Ayuso et al., 1998; Piochi et al., 2006).

5.3.6. Vulture
Three melt inclusions from Vulture volcano have 143Nd/144Nd ratios

that are indistinguishable from the Vul 7 host lava. Their Sr isotope
compositions, however, show significant variability (1‰; Fig. 8f). The
Sr isotope composition of one inclusion plots outside the field defined
by melilitic, foiditic, carbonatitic and more evolved products of Vulture
(De Astis et al., 2006; D'Orazio et al., 2007), but coincides with data
reported for local mantle xenoliths (Downes et al., 2002). Within this
context, the melt-inclusion data are consistent with the presence of
heterogeneous near-primary melts within the plumbing system of the
complex.

6. Conclusions

We determined Sr and Nd isotope compositions by TIMS in individ-
ual olivine-hosted melt inclusions from a variety of mafic potassium-
rich lavas from Neogene–Quaternary volcanic centres in mainland
Italy with the aim of testing a novel TIMS technique for the analysis of
small geological samples. Sr isotopes were measured using default
1011 Ω amplifiers, whereas Nd isotope compositions were determined
using new 1013 Ω amplifiers that were designed to measure small ion
beams at relatively high precision. A miniaturised Sr and Nd chemical
separation procedure was used to keep procedural blanks to a mini-
mum. Small aliquots of international rock standards were used to
check for accuracy and reproducibility. Samples as small as 2 ng Sr
and 30 pg Nd were analysed successfully. Compared to previous tech-
niques that analysed Sr isotopes in melt inclusions in situ, our approach
is not limited by the amount of Rb present in a sample, which greatly
expands the compositional range of samples that can be analysed.

Our data cover a large range in Sr and Nd isotope compositions as
expected for the Italian peninsula illustrating the applicability of the
technique. The data, however, also expose inhomogeneity in 87Sr/86Sr
and/or 143Nd/144Nd ratios when comparing the isotopic compositions
of primitive melt inclusions and studied bulk Italian lavas. The detected
differences between inclusions and host lavas point to different evolu-
tion histories of melts trapped in early crystallised phases and those
that are represented by the groundmass. In linewithmagmatic process-
es known to have affected Italian potassic volcanics, such features can
be attributed to mixing and mingling of isotopically distinct magma
batches, assimilation of crustal material with different isotope composi-
tions or early (incomplete) mixing of primitive melts derived from an
isotopically heterogeneous mantle source. The presented examples
demonstrate the potential of our methodology to analyse individual
melt inclusions for detailed studies of magma evolution processes.
Further more detailed work is required to fully quantify the processes
responsible for the isotopic variability recorded in magmatism from
the Italian peninsula. Currently the applicability of the technique is not
limited by the Nd content as would be expected owing to generally
lower Nd concentrations compared to Sr concentrations in lavas, but
rather by the Sr concentration and size of the melt inclusions because
of the inability to correct for the procedural Sr blanks (3–20 pg). For
an accurate Sr analysis with the current technique we need 2 ng Sr,
implying that an inclusion with 100 ppm Sr (NMORB) should have a
diameter of 225 μm. Blank levels should be further reduced for melt
inclusions with lower concentrations or smaller volumes.
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