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Abstract

Trace element, Hf, and O isotopic composition and U-Pb geochronological data are reported for 
zircon megacrysts found in miaskitic (zircon, biotite, plagioclase-bearing) nepheline syenite pegmatites 
from the Finero complex in the Northeastern part of the Ivrea-Verbano Zone, southern Alps. Zircon 
from these pegmatites was reported to reach up to 9 cm in length and is characterized by ~100 μm 
spaced planar fractures in different directions. Small volumes of these highly evolved alkaline melts 
intruded into the lower crust and were emplaced within amphibole peridotites and gabbros between 
212.5 and 190 Ma. A zircon crystal of 1.5 cm size records a systematic core-to-rim younging of 4.5 
Ma found by high-precision CA-ID-TIMS 206Pb/238U dating of fragments, and of 8.7 Ma detected by 
laser ablation ICP-MS spot dating. Volume diffusion at high temperatures was found to be insufficient 
to explain the observed within-grain scatter in dates, despite the fact that the planar fractures would 
act as fast diffusion pathways and thus reduce effective diffusion radii to 50 μm. The U-Pb system of 
zircon is therefore interpreted to reflect an episodic protracted growth history.

These high-pressure miaskites probably formed by episodic, low-degree decompression melting of 
a metasomatically enriched mantle source and subsequent crystallization in the lower crust at volatile 
saturation with explosive volatile release, evidenced by their brecciated texture in the field and by 
the occurrence of planar fractures in zircon. They point to the existence of a long-lived period of heat 
advection in the deep crust by highly differentiated melts from enriched, lithospheric mantle.

Keywords: Miaskitic pegmatite, zircon megacrysts, U-Pb, planar fractures, southern Alps, diffu-
sion modeling, volatile explosions

Introduction

The mineral zircon (ZrSiO4) can form exceptionally large 
crystals in various different rocks: zircon crystals of up to 25 
cm size have been reported from carbonatites (Black and Gulson 
1978; Crohn and Moore 1984); centimeter-sized megacrysts 
are known from granitic pegmatites (Lacroix 1922; Besairie 
1966), alkaline basalts (Hollis and Sutherland 1985; Yu et al. 
2010), and from kimberlites (e.g., Schärer et al. 1997; Page et 
al. 2007, and references therein). Kimberlite zircons are at least 
partly interpreted as fragments of coarse-grained, LILE, and 
HFSE enriched mantle veins formed by crystallization of melts 
of lamproite or kimberlite affinity at mantle depths (so-called 
MARID’s; Dawson and Smith 1977; Bayly et al. 1979; Waters 
1987; Konzett et al. 1998) entrained by the rising kimberlite 
magma. However, most studies about megacrystic zircon fo-
cused on nepheline syenites and their associated pegmatites and 
pneumatolytic-hydrothermal veins, such as at Seiland (Pedersen 
et al. 1989; Weiss 2011), Khibiny and Lovozero (e.g., Arzamast-

sev et al. 2008), and in the Ilmeny and Vishnevye Mountains, 
which is the type locality for miaskite (Popov and Popova 2006, 
and references therein). Other prominent examples, especially 
from tectonized nepheline syenites, were summarized by Ash-
wal et al. (2007). Nepheline-syenite pegmatites are usually part 
of alkaline magmatism associated with intracontinental rifts, 
such as the Oslo Rift (e.g., Andersen et al. 2010) and the Gar-
dar rifting province of Greenland (Upton and Emeleus 1987). 
Zircon is a characteristic mineral in miaskitic rocks. Along the 
miaskitic-agpaitic differentiation trend of nepheline-bearing 
syenitic magmas, zircon gets replaced by Zr-bearing silicates at 
higher activities of sodium, water, and halogens forming minerals 
such as eudialyte, rosenbuschite, or catapleiite (Andersen et al. 
2010). The described mineral parageneses in the literature are 
known to have crystallized at moderate or low pressures (e.g., 
0.1 GPa for the Larvik and Ilímaussaq complexes, Andersen et 
al. 2010; Konnerup-Madsen and Rose-Hansen 1984; Markl et 
al. 2001), with some localities still preserving remnants of the 
volcanic suite pre-dating the intrusion of nepheline syenite (e.g., 
Arzamastsev et al. 2008).

In this study, zircon crystals from a spectacular occurrence 
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of megacrystic miaskite-type (zircon, biotite, and nepheline-
bearing) alkaline pegmatites from the northeastern termination 
of the South-Alpine, high-grade Ivrea-Verbano Zone (IVZ; Fig. 
1) are examined. These pegmatites seem to have formed through 
differentiation of partial melts of a metasomatized lithospheric 
mantle during Triassic lithospheric thinning. Zircon crystals up 
to 9 cm in length were previously reported (Girlanda et al. 2007; 
Weiss et al. 2007). We present data from several up to centimeter-
sized, short prismatic zircon crystals, collected from small pods 
of these alkaline pegmatites that intruded between 212.5 and 190 
Ma in the mafic-ultramafic Finero Complex, a 15 km long inlier 
in the IVZ lower crust.

Some of the studied crystals present striking features, such as 
(1) U-Pb age differences up to 8.7 Ma from laser ablation ICP-MS 
spot dating on a single crystal, and up to 4.5 Ma from CA-ID-
TIMS analyses on crystal fragments; and (2) conspicuous planar 
fractures running through the crystals along different directions. 
We will discuss two hypotheses, namely whether (1) such large 
intracrystal age differences are resulting from pulsed growth with 
long intermediate periods of stagnation due to repetitive injection 
of zircon-saturated melt or fluid, or, (2) whether age differences 
may be explained by diffusion processes removing radiogenic 
lead at high temperatures and pressures over long periods of 
time. The studied zircon bearing pegmatites are to the best of 
our knowledge the first report on high-pressure crystallization 
of a zircon-bearing miaskitic, alkaline pegmatite, while known 
occurrences linked to nepheline-syenite intrusions were forming 
at shallower crustal levels. We have to assume elevated ambient 
temperatures and pressures in both mantle and lower crustal units 
of the Finero area in between 212 and 190 Ma; sapphirine-spinel 

equilibrium temperatures of 980–1030 °C were reported from 
leucogabbroic veins cutting phlogopite-bearing peridotite (Sills 
et al. 1983; Giovanardi et al. 2013; Zanetti, oral comm.). The 
further thermal evolution of this area is approximated by a U-Pb 
age of 181 ± 4 Ma from rutile of the IVZ (Zack et al. 2011), 
dating the cooling to around 600–700 °C (Cherniak et al. 2007).

Crystallization of the studied zircons at high pressures is also 
indicated by the conspicuous presence of planar fractures, which 
are otherwise typically known from kimberlitic and impactite-
hosted zircons. We suggest that the planar fractures may result 
from sudden volatile release in the host pegmatite and discuss 
whether they may have acted as diffusion pathways along which 
radiogenic lead was removed.

The triassic age of the Finero mafic-ultramafic 
complex

The studied zircon crystals originate from alkaline pegma-
tites within hornblende peridotites and gabbros at the eastern 
termination of the Finero ultramafic-mafic complex (Centovalli 
area, southern Switzerland/northern Italy; Fig. 1). This complex 
is included in the high-grade, South-Alpine polymetamorphic 
basement of the IVZ, interpreted to represent a ~30 km thick 
section of the Mesozoic passive margin of the Adriatic plate 
(Rutter et al. 2007). The IVZ hosts several ultramafic-mafic 
bodies, the Finero body being the easternmost and largest one. 
The Finero Complex has been described as a large antiform 
with a distinct uppermost-mantle to lower-crustal “stratigraphy” 
(see descriptions in Siena and Coltorti 1989, Giovanardi et al. 
2013, and Zanetti et al. 2013): The center of the antiform hosts 
a mantle-derived phlogopite peridotite, surrounded by a lower 
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crustal Mafic Complex. The latter is differentiated into (1) a 
Layered Internal Zone, featuring amphibolites, garnet-bearing 
gabbros, anorthosites, pyroxenites, and rare peridotites; (2) 
lower crustal cumulus peridotites (“Amphibole peridotite” in 
Fig. 1), which are markedly different from the mantle-derived 
phlogopite peridotites in the center, but hosting sometimes 
similar looking harzburgites; and (3) External Gabbros (mainly 
consisting of amphibole gabbro and diorite) that intruded into 
the lower crustal units.

Recent geochronological work (Zanetti et al. 2013) evidenced 
that the emplacement of the External Gabbros of the Finero 
Mafic Complex occurred at 232 ± 3 Ma, which corroborates 
numerous earlier dating attempts that revealed Triassic ages, 
for both mantle and intrusive rocks of the Finero complex (e.g., 
Grieco et al. 2001; Lu et al. 1997). The more westerly ultramafic 
bodies of the Ivrea Zone (Balmuccia, Premosello; inset Fig. 1), 
in contrast, are considered to be presumably emplaced at lower 
crustal levels during the 340–300 Ma Variscan orogeny before 
the lower Permian intrusion of the Mafic Complex (Peressini et 
al. 2007), despite some radio-isotopic data pointing to possibly 
younger ages at around 250–260 Ma (e.g., Gebauer et al. 1992; 
Mayer et al. 2000).

The Finero mantle unit, i.e., the phlogopite peridotite, was 
overprinted by several metasomatic events (see Zanetti et al. 
2013; Giovanardi et al. 2013; and references therein), leading to 
the formation of phlogopite in the peridotites that were dated at 
220 to 190 Ma (Hartmann and Wedepohl 1993; Hunziker 1974), 
and of chromitite veins featuring anhedral zircon dated at 204 
to 208 Ma (von Quadt et al. 1993; Grieco et al. 2001). Alkaline 
pegmatites and plagioclase-rich dikes and bodies of Triassic 
age were previously reported (Stähle et al. 1990; 225 ± 13 Ma; 
Grieco et al. 2001; 195–202 Ma).

Description of the pegmatites and their zircons
We report chemical and isotopic data of zircon from three 

pegmatite occurrences: ZFG1 and ZFG2 occur within the amphi-
bole peridotites of the Inner Layered Series, close to the contact 
with cumulus harzburgites, while ZFG3 is hosted within gabbros 
of the Layered Internal Zone (Fig. 1).

Pegmatite ZFG1 is hosted by a serpentinized and weathered 
peridotite; it contains albite, biotite, and highly fractured and 
shattered zircon, occurring in 5–9 cm large masses containing 
centimeter-large, transparent, and inclusion-free fragments 
(Weiss et al. 2007). The zircons show equally spaced planar 
fractures in different directions [Fig. 2a; orientations parallel 
to (100), (010), and (211)]. Since no euhedral crystals could be 
sampled, five gem-quality fragments were randomly selected 
from a gem-quality domain of a shattered big zircon crystal and 
analyzed for U and Pb isotopes. The other studied pegmatites 
contain both nepheline and albite, whereas ZFG1 is albite-
bearing only.

Pegmatite ZFG2 is situated within strongly weathered pe-
ridotite and contains an exceptional mineral assemblage with 
abundant zircon crystals, some up to 9 cm in length, beside 
nepheline, albite, biotite, zircon, apatite, sodalite, magnetite, 
hercynite, ferrocolumbite, and corundum (Weiss et al. 2007). 
The pegmatite lens had an original volume of some 50 to 100 m3 
(Fig. 2b). The pegmatite displays a macroscopic texture that 
indicates a formation during two phases: In first instance, a 
miaskite-type melt first crystallized subhedral megacrysts and 
lense-shape nepheline crystals up to 50 cm in size, together 
with albite megacrysts of up to 30 cm. in a second stage, more 
potassic (and probably volatile-saturated) melt was fracturing 
the pre-existing nepheline and albite crystals, and was filling the 
interstitial space and fractures by a much finer grained matrix 
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►Figure 2. (a) A 4 cm long 
zircon from pegmatite ZFG1 
showing conspicuous planar 
fracturing parallel to c axis; (b) 
outcrop photograph showing the 
original extension of the pegmatite 
body delivering the ZFG2a, b, and 
c crystals, prior to excavations 
for scientific purposes by the 
Museum of Natural History of 
Lugano; (c) polished rock slab 
displying the fracturing of Na-
rich first magmatic phase with 
nepheline and albite crystals by 
K-rich melt crystallizing biotite, 
showing ductile deformation in 
the left part. Scale bar = 10 cm; 
(d) an example of a large zircon 
from pegmatite ZFG2b; Scale bar 
= 1 cm.
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mainly consisting of biotite±albite. The second stage seems to be 
related to ductile deformation (Fig. 2c). The breccia-like structure 
may be compared to hydrofracturing in magmatic systems and 
will be used as an argument for involving sudden volatile release 
at mantle or lower crustal depth.

Zircon crystallized in large grains of brown to pink color 
during both phases (Fig. 2d). The morphology suggests higher 
zircon crystallization temperatures for the Na-dominated phase; 
the presence of {211} bi-pyramids of zircon enclosed in biotite 
may indicate lower temperatures during the K-dominated fractur-
ing phase (Girlanda et al. 2007).

Zircons of ZFG2 were randomly selected from a collection 
of isolated crystals, representing grains without recognizable 
intergrowth with matrix minerals. They are pink to brownish in 
color, non-transparent, and show a comparable degree of planar 
fracturing. Three crystals have been studied from this sample, 
termed ZFG2a, ZFG2b, and ZFG2c. Each is measuring some 1 to 
1.5 cm in length, is of pink to brownish color and fragmented into 
lozenges by a multitude of planar fractures (PFs; Fig. 3). The PFs 
in crystal ZFG2b exhibit clearly one distinct direction {211}, in 
addition of a multitude of other less-developed directions. Grain 
ZFG2a was crushed in a small agate mortar and fragments were 
randomly selected for CA-ID-TIMS U-Pb dating, whereas grains 
ZFG2b and ZFG2c were embedded into epoxy resin, cut down 
to an approximately equatorial section and polished for further 
in situ imaging and microanalysis (see Fig. 3).

Pegmatite ZFG3 is contained by a gabbroic host rock, is less 
megacrystic compared to the two other samples and contains 
nepheline, albite, apatite, and corundum. The maximum 5 cm 
large albite and nepheline crystals are separated by a network 
of chlorite; the same mineral constitutes dark interstitial patches 
between the other minerals. This sample being closest to the 
Insubric Line, we assume that the chlorite formed as an altera-
tion product of biotite during Alpine metamorphism. Sample 
ZFG3 was manually crushed and zircon crystals separated by 
methylene iodide and were selected for further analysis using a 
binocular microscope. Twelve zircons from two subpopulations 
of pink and colorless transparent zircons, respectively, were 
analyzed for U-Pb age determinations, 6 pink single crystals of 

100–200 μm length, and 6 colorless fragments of initially larger 
zircon crystals.

Results

Analytical techniques are described in detail in the electronic 
supplementary material1, which is available on deposit. 

Cathodoluminescence and backscattered electron 
imaging of analyzed zircon

Representative grains or fragments of zircon from all three 
samples were imaged by panchromatic cathodoluminescence 
(CL) before any further thermal treatment, to characterize the 
internal textures. The zircon fragments of sample ZFG1 did 
not reveal any texture in CL. The two 1.5 cm long crystals 
ZFG2b and ZFG2c are dissected by several orientations of 
parallel fractures, already visible macroscopically (Fig. 3). The 
CL images (Figs. 4a–4d) show a mosaic-like texture formed 
by 100–200 μm large homogenous domains with slightly dif-
ferent CL intensity, limited by open fractures and indicating 
late (Alpine?) brittle fracturing of the grains. In several cases, 
semi-quantitative EDS analyses were carried out on the material 
filling these fractures, which turned out to be either albite (Fig. 
4e; BSE image) or high-Th, U zircon (Fig. 4f; BSE image), 
pointing to the fact that these fractures may initially have been 
formed at elevated temperatures from late- to post-magmatic 
melt or fluid. Post-magmatic pneumatolytic and hydrothermal 
processes forming mineralized veins (including zircon) have 
frequently been reported from alkaline complexes and neph-
eline syenite massifs (e.g., Arzamastsev et al. 2008). The CL 
image of ZFG2b (Fig. 4a) shows irregular patchy distribution 
without a relation to fractures, with high-CL patches of 50–100 
μm size. Only the outermost 200 μm display fine oscillatory 
zoning without a sharp boundary toward the more internal, 
homogeneous domain (Fig. 4d).

Two CL images of zircons from ZFG3 are shown in Figures 
4g and 4h. They display simple sector zoning without any trace 
of neither oscillatory growth zones, nor any of the above fea-
tures such as planar fractures. Such sector or broad band planar 
zoning is typical for growth at elevated pressures in oceanic 
and continental arc gabbros, kimberlites, or granulite-facies 
lower crustal rocks (e.g., Schaltegger et al. 1999; Corfu et al. 
2003; Grimes et al. 2009).

Electron backscatter diffraction
To test whether the mosaic-like texture shows a coherent 

structural orientation, an EBSD cumulative misorientation map 
was acquired from crystal ZFG2c (Fig. 5). The EBSD map in-
dicates no important misfit beyond 2–3°; the apparent misfit in 
marginal portions may be considered as an artifact of structural 
damage during the preparation of the sample at the polishing 
stage. ZFG2c does therefore not display a typical mosaic texture 
and is considered to be a near-perfect mono-crystal without 
evidence for different lattice orientations.ZFG2b ZFG2c

A
A’

B

Figure 3. Optical picture of zircons ZFG2b and ZFG2c embedded 
in epoxy resin before analysis. A-A′ trace of laser ablation ICP-MS trace 
element profile in Figure 6; B = trace of the U-Pb ID-TIMS transect 
drawn in Figure 7c. Scale bar = 1 cm.

1 Deposit item AM-15-103, Analytical techniques, including supplemental figure 
and tables. Deposit items are stored on the MSA web site and available via the 
American Mineralogist Table of Contents. Find the article in the table of contents 
at GSW (ammin.geoscienceworld.org) or MSA (www.minsocam.org), and then 
click on the deposit link.
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Trace element composition of zircon
The results of trace-element analysis of crystals ZFG2b and 

ZFG2c are summarized in Supplemental Table 11 and Figure 6. 
A trace element profile has been analyzed across crystal ZFG2b 
(line A-A′ on Fig. 6a) across a domain boundary with slightly 
different CL intensity. The results for Yb, U, Th, and Nb are 
displayed in Figure 6b. The low-CL margins show a two- to 
threefold enrichment in the heavy elements U, Th, and of 50% 
in Yb relative to the central portion with slightly higher lumi-
nescence, whereas Nb does not exhibit any significant variation 
across the profile. The Nb/Ta ratio, however, changes from 
about 60 in the central part to about 35 in the margin (Supple-
mental Table 11). This variation is entirely caused by variable 
Ta contents. The outermost rim is again low in Yb, U, and Th, 
and may correspond to the oscillatory-zoned rim in Figure 4d. 
REE analyses of this transect through zircon ZFG2b are shown 
separately for inner bright-CL, marginal low-CL and outermost 
rim spot locations (Fig. 6c). The different zones have slightly 
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Figure 4. CL and BSE images. (a) Patchy CL emission in ZFG2b; 
(b) mosaic structure in CL (ZFG2c); (c) mosaic structure limited by open 
fractures (CL, ZFG2b); (d) fine oscillatory CL zoning in the outermost 200 
mm of ZFG2b; (e) fracture filled with albite (BSE; ZFG2b); (f) fracture 
filled with high-Th, U zircon (BSE, ZFG2b); (g) CL image of a 50 μm 
large pink zircon from ZFG3; (h) CL image of a 150 mm large transparent 
zircon fragment of ZFG3, both showing undisturbed sector zoning.

0°
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1 mm

Figure 5. EBSD cumulative misorientation map of sample ZFG2c 
showing the relative change in crystallographic orientation from a user-
defined reference point (white cross, blue) to a maximum of 7° (red). The 
map shows that the whole grain lattice lies within a 3° misorientation 
interval (blue to green) with maxima located along crystal fractures 
(arrows). The map was intentionally scaled over 7° (instead of 3°) to 
reduce the image noise resulting from tiny differences in orientation 
measurements between contiguous pixels and to limit treatment-related 
defects, such as scratches. The misorientation of ~2° (green) that can 
be observed in the borders of the grain (in contact with the weak and 
non-conducting epoxy resin) are either due to charging effects, or to 
a slight shift of the EBSD pattern center caused by the preferential 
polishing of crystal edges.

variable REE concentrations with a weak negative Eu anomaly 
ranging from 0.47–0.75 (Supplemental Table 11), a common 
positive Ce anomaly, but slightly variable La, Pr, Nd, and Sm, 
probably caused by microinclusions of albite. Trace and rare 
earth element analyses on crystal ZFG2c yielded a very similar 
result (Fig. 6d). The REE patterns are representative of zircon 
from a granitic melt, the Zr/Hf ratios of ~53 are, however, higher 
than any chondritic, crustal or basaltic value (Schärer et al. 1997; 
Wang et al. 2010), but typical for alkaline liquids and their zircons 
(Linnen and Keppler 2002).

U-Pb spot dating of zircon by laser ablation ICP-MS
To assess the duration of growth of 1.5 cm large zircon 

crystals we have performed laser ablation-ICP-MS U-Pb dating 
on crystal ZFG2b (Supplemental Table 21; Fig. 7a). A 3020 μm 
long profile following the A-A′ trace in Figure 6a was analyzed 
with a total of 72 laser spots, split in two halfs: a 2330 μm long 
first part had to be interrupted due to the presence of a 500 μm 
wide zone of cracks and was completed by another 130 μm long 
transect toward the core. The 206Pb/238U dates reveal a resolvable 
difference between 197 Ma (± 2.5 Ma typical 2s) for 2 points in 
the outermost, oscillatory-zoned rim, and up to 205.7 Ma, i.e., 
over 8.7 Ma. Excluding the two younger outermost rim points 
and two outliers (all marked in black in Fig. 7a), a mean 206Pb/238U 
age of 202.54 ± 0.46 Ma (95% c.l.; MSWD = 2.2) is calculated. 
The slightly elevated MSWD is in agreement with the analyti-
cal scatter of the 91500 standard (MSWD = 2.0; Supplemental 
Fig. 11), indicating the presence of some additional, unresolved 
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source of error in our data set. The data therefore reflect analyti-
cal scatter only and do not resolve any significant age difference 
within the central portion of the grain. The zircons therefore do 
not support the hypothesis of episodic or continuous growth from 
core to rim over millions of years, except for the presence of a 
thin young overgrowth rim at around 197 Ma.

High-precision U-Pb dating of zircon using CA-ID-TIMS 
techniques

High-precision U-Pb data were obtained using air-abrasion for 
sample ZFG1, and chemical abrasion, isotope dilution thermal ion-
ization mass spectrometry (CA-ID-TIMS) techniques for zircons of 
samples ZGF2 and ZFG3 (for results see Supplemental Table 31).

ZFG1. Five air-abraded fragments of a strongly shattered 
but clear, gem-quality zircon containing 19 to 38 ppm of U and 
a Th/U ratio of 0.5 were analyzed for U and Pb isotopes using 
analytical protocols valid in 1999 (see description in electronic 
appendix1). The five analyses resulted in a mean 206Pb/238U age 
of 212.46 ± 0.33 Ma (95% c.l.; MSWD = 0.66; Fig. 7b).

ZFG2a. A randomly picked crystal from the zircon-mega-
crystic pegmatite was crushed, and 5 chemically abraded and 
randomly chosen fragments analyzed for their U-Pb age. The 
206Pb/238U data scatter between 207.6 ± 0.21 and 209.5 ± 0.15 
Ma (2σ; Fig. 7c), at low U concentrations of 23 to 67 ppm and 
Th/U ratios of 0.6 to 0.8.

ZFG2b. The recognized differences in the U-Pb dates from 
LA-ICP-MS spot dating (Fig. 7a) as well as from ID-TIMS dat-
ing of ZFG2a (Fig. 7c) indicated variability or disturbance of 
the U-Pb system in these crystals and asked for a more detailed 
and systematic investigation. Precise U-Pb dating was carried 
out on a transect through the 1.5 cm long crystal ZFG2b: a slice 
of some 500 μm width and 200 μm thickness was cut from the 
crystal already embedded in epoxy resin (see Fig. 3) and manu-

ally fragmented producing fragments numbered 1 to 10 (inset 
Fig. 7d). Each of these fragments representing several hundred to 
1000 μg of zircon material was further fragmented with tweezers 
to arrive at sample sizes of a few micrograms suitable for ID-
TIMS analysis. Several sub-fragments were randomly selected 
from six of the fragments, chemically abraded and analyzed. The 
206Pb/238U dates scatter over 4.5 Ma, between 200.7 ± 0.24 and 
205.1 ± 0.22 Ma (2σ). The oldest dates were found in the central 
portions 5 and 6, the youngest in the marginal fragments 1, 8, 
and 9. For comparison, the two youngest LA-ICP-MS spot dates 
were obtained from the oscillatory rim of fragment 1.

ZFG3. Twelve zircon crystals have been analyzed, forming 
two sub-populations according to their U concentration: pink 
zircon contains 400–570 ppm U, whereas colorless zircon shows 
higher concentrations between 730 and 1200 ppm. 206Pb/238U ages 
scatter between 189.0 ± 0.14 and 189.9 ± 0.15 Ma (2σ), without 
systematic distribution between the two zircon types. No mean 
age can therefore be calculated from these data and the scatter 
needs to be explained by natural processes.

Initial Hf isotope composition of zircon
Some of the trace element fractions from the U-Pb anion 

exchange column chemistry were analyzed for initial Hf isotopic 
composition. One fragment of ZFG1 has an εHf of 8.9 ± 0.1 (all 
uncertainties at 2σ); analysis of five fragments of crystal ZFG2a 
resulted in εHf of 8.9 ± 0.7 to 9.8 ± 0.4 (Supplemental Table 31). 
The fragments of the U-Pb dating transect through crystal ZFG2b 
were also analyzed for Hf isotope composition (Supplemental 
Table 31). A total of 24 analyses from 6 fragments have been 
carried out in one measurement sequence starting with fragment 
1.1 and ending with 9.3, showing a systematic scatter with higher 
εHf of 7.4–8.0 along the rims, and a low-εHf zone at values of 
7.0 in fragment 6 (±0.2–0.3 typical uncertainties at 2σ; Fig. 8). 

◄Figure 6. Results of laser 
ablation ICP-MS trace and rare earth 
element analyses: (a) CL image of the 
tip of crystal ZFG2b with indication 
of the trace element transect A-A′; (b) 
variation of U, Th, Yb, and Nb along 
transect A-A′; gray bands correspond 
to the low-CL zones of Figure 6a, 
hatched bands represent the outermost, 
oscillatory rim visible in Figure 4d; 
(c) REE patterns of zircon ZFG2b for 
central, marginal, and outermost rim 
spot locations; (d) REE patterns of 
zircon ZFG2c for comparison. 
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The scatter is significant; to test for a possible instrumental drift 
and to quantify internal reproducibility, sub-fragment 5.4 has 
been analyzed in duplicate at the very end of this measurement 
series, indicated by asterisks in Figure 8, and a total of 21 JMC-
475 standard solutions have been measured before, in between 
and after the unknowns. The deviation between the duplicates 
and the standard results indicate that a potential instrumental 
drift would be within analytical uncertainty of any individual 
analysis and would not influence the zone of low εHf values 
in the center. The observed systematics is in line with a weak 
zonation indicated by trace elements (Fig. 6a). The Hf isotopic 
composition of the zircons points to a source that is slightly 

enriched compared to depleted mantle at 200 Ma. The six pink 
zircon crystals from sample ZFG3 have significantly lower εHf 
at 6.4–6.7 ± 0.3 (Supplemental Table 31).

Oxygen isotope analysis
Oxygen isotopic compositions have been determined on 0.5 to 

1 mg of zircon material from crystals ZFG2a and ZFG2b, using 
laser fluorination stable isotope mass spectrometry (Supple-
mental Table 41). Four random fractions of ZFG2a have δ18O 
(VSMOW) values of 6.05–6.14‰ (all values ±0.1‰ at 2σ; the 
transect through crystal ZFG2b yielded a non-systematic across-
grain variation of δ18O between 5.98 and 6.25‰. All determined 
values are distinctly higher than a value of 5.3 ± 0.3‰ typical for 
zircon in equilibrium with a melt from a depleted mantle source, 
and for example, reported from kimberlite zircon megacrysts 
(Valley et al. 1998). The δ18O values show no systematic core-

Figure 7. Results of U-Pb age determinations: (a) 206Pb/238U age 
ranked plot with results from laser ablation ICP-MS spot analyses 
along a core-rim profile through zircon ZFG2b; data are shown with 
2σ uncertainty bars, analyses marked in gray are excluded from mean 
age calculations; (b) concordia diagram with results of CA-ID-TIMS 
analyses from crystal ZFG1; (c) concordia diagram with results of CA-
ID-TIMS analyses from crystal ZFG2a; (d) concordia diagram with 
CA-ID-TIMS results from a transect through ZFG2b, shown as inset. The 
color coding and numbering of the error ellipses refers to the fragment 
colors and numbers shown in the inset. The transect is indicated in 
Figure 3; (e) concordia diagram with results of CA-ID-TIMS analyses 
of zircons from sample ZFG3.

207Pb/235U
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rim correlation; for fragments of ZFG2b a 206Pb/238U date was 
obtained, the oxygen isotope data may indicate a weak tendency 
of higher δ18O values toward lower ages (Fig. 9).

Discussion

Formation of the nepheline pegmatites
Nepheline-bearing pegmatites are usually associated to large 

masses of nepheline-syenite intrusions that were differentiated 
from mantle-derived parental melts (e.g., Andersen et al. 2010). 
Formation by direct melting of a metasomatized mantle is un-
likely, because of their negligible Mg contents and very high 
degrees of enrichments in elements such as K, Na, U, Th, and Zr. 
In addition, there are no mantle-derived enclaves or xenocrysts 
in the studied rock samples. We may envisage a multi-stage 
evolution of (1) partial melting of a metasomatic, CO2-enriched, 
amphibole-bearing and/or carbonated lithospheric mantle source 
to form an olivine nephelinitic or basanitic precursor magma 
(Francis and Ludden 1990, 1995; Price et al. 2003; Jung et al. 
2006; Ulianov et al. 2007), (2) formation of K, U, Th-enriched 
nepheline-syenitic magmas through fractional crystallization of 

olivine and clinopyroxene from the basanitic precursor, followed 
by (3) exsolution of a volatile and LILE/HFSE-rich residual 
magma forming the pegmatites. This exsolution of volatiles 
in nepheline syenite system was previously described as being 
responsible for violent “mantle explosions,” fracturing overlying 
rocks and driving volatile and residual liquid- and incompatible 
element enriched magma upward into previously crystallized 
magmas or into host rocks, as inferred for the formation of 
incompatible element-rich peralkaline rocks in the Ilímaussaq 
alkaline complex (Sørensen et al. 2011).

The studied pegmatite bodies of Finero have typical alka-
line geochemical characteristics with elevated Na, K, Zr, and 
P contents, and high Zr/Hf ratios in zircon; their mineralogy, 
particularly the abundance of biotite and the presence of corun-
dum and zircon is characteristic of miaskitic pegmatites. The 
absence of any resorption textures indicates that the parental 
magmas remained saturated with respect to zircon and the 
melts, therefore did not evolve toward agpaitic compositions 
(Andersen et al. 2010). Initial εHf values of +9 to +6.5 point 
to a metasomatically enriched mantle as a source of the melts, 
in line with εNd and 87Sr/86Sr values of +5.4 and 0.7042, 
respectively, reported by Stähle et al. (1990) from a syenite 
pegmatite from Rio Creves near the southwestern termination 
of the complex (Fig. 1).

Our new and published U-Pb age determinations suggest that 
smallest volumes of highly evolved melts emplaced as alkaline 
pegmatites over 22.5 Ma (212.5 to 189 Ma) in the area around the 
Finero complex. The large age variation found within the same 
zircon grains of pegmatite ZFG2 may be interpreted as protracted 
or repeated growth periods, which is difficult to reconcile with 
the maximum 100 m3 size of the pegmatites, unless the pegmatite 
vein acted as a melt/fluid channelway for a long period of time. 
Alternatively or additionally, open-system behavior of the U-Pb 
system in zircon at high temperature of the lower crust has to 
be considered to explain this data. We first evaluate whether the 
planar fractures encountered in zircons of ZFG1 and ZFG2 may 
have facilitated lead loss at high temperatures.

Origin of the planar fractures in zircon
Planar fractures (PFs) in zircon and other minerals have been 

extensively documented and discussed in the literature from vari-
ous impact sites (e.g., French 1998; Kamo et al. 1996; Cavosie et 
al. 2010) and were experimentally produced above shock pres-
sures of 20 GPa (Wittmann et al. 2009). The reported PF values 
in our pegmatite zircons are similar to those described by Cavosie 
et al. (2010; their Fig. 6) from shocked zircon of the Vredefort 
dome, but at considerably greater spacing. Planar fractures in 
terrestrial zircon have been known from zircon (mega)crysts 
in kimberlites. According to Kresten et al. (1975), kimberlitic 
zircons show “one or several directions of perfect cleavage, in 
contrast to the zircons from most other sources.” These authors 
also emphasize the absence of a crystallographic control on the 
orientation of the “cleavages” and suggest that it is appropriate 
to describe them as a parting. Stress at mantle depths has been 
invoked as a possible explanation for these findings. Dawson 
(1980) considers parting as a feature characteristic of kimberlitic 
zircons in general. Later, Schärer et al. (1997) reinforced and 
interpreted planar and mosaic textures from kimberlitic mega-
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zircons as a “stress produced feature affecting the megacrysts 
at great depth.” However, they also suggested that they “may 
be indicative of very fast decompression in the ascending kim-
berlite,” this process apparently having no direct relation to the 
stress conditions of the upper mantle. Planar fractures have never 
been reported from granulite-facies zircons of the Ivrea Zone or 
other granulite terrains. Long residence at lower crustal condi-
tions is therefore an unlikely mechanism to form planar fractures.

A tentative explanation, partly consistent with the decom-
pression hypothesis above, invokes volatile saturation at deep 
crustal or mantle levels. Alkaline magmas are some of the most 
volatile-enriched magmas, and consequently some of the most 
explosive magmas known. It is the explosive nature of kimberlite 
melts, combined with their low density and viscosity, that allows 
these melts to rise rapidly through the 200 km thick lithosphere, 
fragment the rocks adjacent to the magma conduit, and form 
tuffisitic breccias inside the pipe. Explosions in phonolite (Price 
et al. 2003) and nepheline syenite (Sørensen et al. 2011) systems 
are also well documented. Explosions probably take place dur-
ing the MARID crystallization as well, irrespective of whether 
the MARIDs form from lamproitic (Waters 1987) or kimberlitic 
(Dawson and Smith 1977; Konzett et al. 1998) precursor melts. 
We therefore propose that these specific “mantle pegmatites” 
arrived at volatile saturation during the crystallization history.

An “explosion” at mantle or possibly lower crustal pressure 
conditions may be defined as a sudden pressure release (decom-
pression) at a rate much faster compared to a constant magma 
ascent. We imagine that this is caused by fracturing and faulting 
of the surrounding environment, followed by sudden volume 
increase and forceful injection of the volatile-saturated and 
LILE, LREE, and HFSE-enriched residual melts into overlying 
fracture systems. Such processes may send forceful shock waves 
through their surroundings; the planar fractures in zircon of the 
two older nepheline syenite pegmatites of Finero (ZFG1 and 
ZFG2), as well as the above described brecciation of nepheline 
megacrysts in ZFG2 is consistent with this interpretation. The 
euhedral shape of all zircons in pegmatites ZFG2 and ZFG3 
argues for growth from a zircon saturated liquid as no resorption 
textures have been observed in CL images. This is in line with the 
phase with the SiO2-undersaturated portion of a H2O-saturated 
system NaAlSiO4-KAlSiO4-SiO2 (nepheline-kalsilite-quartz) at 
pressures of ~1.0 GPa, which suggest the presence of a large 
proportion of melt at 900 °C (Zeng and MacKenzie 1984, 1987; 
Gupta et al. 2010).

Age record from the pegmatites: Multi-episodic growth vs. 
lead loss by volume diffusion

The U-Pb data presented here are to some extent in contradic-
tion to the present understanding of the U-Pb isotopic system 
in zircon, and needs to be discussed in the light of U-Pb system 
behavior at elevated temperatures and pressures. Both LA-ICP-
MS and CA-ID-TIMS U-Pb data on the two crystals (ZFG2a and 
ZFG2b) indicate within-grain age variation of several millions of 
years. LA-ICP-MS U-Pb dating only is capable of distinguishing 
between a ca. 197 Ma old, 200 μm wide oscillatory-zoned rim 
(Fig. 4d), and the rest of the grain with an average age of 202.54 
± 0.46 Ma (Fig. 7a). The 4.5 Ma U-Pb age scatter obtained by 
CA-ID-TIMS may therefore be explained by mixing of growth 

zones within one analyzed fragment. Below, we discuss the 
question whether this age variation in the studied zircon grains 
is caused by (1) protracted, continuous, or episodic growth; or 
(2) by post-crystallization loss of radiogenic lead due to volume 
and fast pathway diffusion:

An argument for protracted growth is the fact that three 
growth generations can be distinguished from trace element 
concentrations, Hf isotopes, and CL images:

(1) A Th-U-REE depleted zone with higher CL intensity, 
low Th/U ratios, and low εHf values that forms the cores (Figs. 
6a, 6b, and 8)

(2) A Th-U-REE enriched zone with low luminescence and 
slightly higher εHf values, forming the intermediate rims (Figs. 
6a, 6b, and 8). The divide between growth generations 1 and 2 
seems to be sharp.

(3) Outermost oscillatory-zoned ~200 μm wide rim with 
overall slightly lower REE concentrations (Figs. 4d and 5c), 
which obviously crystallized several million years later (Fig. 7a).

These observations are in agreement with an interpretation 
invoking growth zoning. Oxygen isotope values, however, record 
a narrow range of values between 5.98 and 6.25‰, without any 
systematic core-rim variation nor a discernible covariation with 
U-Pb date (Supplemental Table 41; Fig. 9). The narrow range 
of δ18O values may be explained by slight variation of oxygen 
isotope composition of the melts, from which the zircon crys-
tallized, but it is close to the analytical precision of the method 
used and we favor homogeneous oxygen isotope distribution 
across the grain. Complete post-crystallization 18O/16O isotope 
homogenization at PH2O = 10 kb and 900 °C is possible (Cher-
niak and Watson 2003), if we assume spacing of a few hundred 
micrometers of the planar fractures as fast-diffusion pathways.

Another important issue is whether the large size of these 
zircons implies very long crystallization periods, which could be 
reflected by the spread in U-Pb ages. Radial crystallization rates 
of zircon range between 10–13 cm/s (measured value from a vol-
canic rock; Schmitt et al. 2011) to 10–17 cm/s (inferred minimum 
value from a kinetic model; Watson 1996). For uninterrupted, 
continuous growth of an equant-shaped zircon of 1 cm diameter 
these values translate into growth durations between 530 Ka 
and 1.6 Ga. Assuming that an analytically determined date is 
more accurate than kinetic model calculations (i.e., adopting 
the values from Schmitt et al. 2011), we argue that the growth 
of the ZFG zircons was considerably shorter than the age span 
determined by our high precision U-Pb data. In addition, grow-
ing a zircon crystal continuously over a period of some 4.5 Ma 
would in fact imply that high temperatures at zircon saturation 
were maintained throughout this period. This seems improbable 
for melt volumes that obviously did not exceed a few tens to 
hundreds of cubic meters.

We further evaluate the hypothesis that the above described 
U-Pb age dispersion of some 4.5 Ma reported by ID-TIMS from 
crystal ZFG2b may be due to continuous loss of radiogenic Pb 
through volume diffusion at elevated temperatures: This loss 
is unrelated to any decay damage effect, and instead reflects a 
steady state process occurring at elevated temperatures at mantle 
or lower crustal depths. To test this hypothesis, we modeled 
volume diffusion through zircon using the equations of Crank 
(1975) and the diffusion parameters of Cherniak and Watson 
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(2001; see details in the electronic supplementary materials1), 
assuming a spherical morphology. We constrained the tempera-
tures in our model to between 850 and 980 °C, a very sensitive 
temperature range with respect to volume diffusion of Pb in 
zircon. These values are close to sapphirine-spinel equilibrium 
temperatures of reported igneous sapphirine within ca. 200 Ma 
old leucogabbro dikes within the phlogopite peridotite (Sills et 
al. 1983, Giovanardi et al. 2013; Grieco et al. 2001).

As a minimal diffusion domain size we may adopt 100 μm 
(i.e., 50 μm diffusion radius), and we also show computed 
curves for 25 and 100 μm radii (Fig. 10). The results demon-
strate that we need a residence of some 9.5 Ma at temperatures 
of 950 °C, assuming a 50 μm diffusion radius, to reproduce the 
4.5 Ma age scatter found in ZFG2b by ID-TIMS U-Pb dating 
(Fig. 7d). Reducing the temperatures to 900 or 850 °C, would 
only produce some 3 and 0.4 Ma age reduction, respectively 
(Fig. 10). The EBSD misorientation map of grain ZFG2c (Fig. 
5) did not reveal any mosaic texture with subgrains below 100 
μm size, which does not give support to adopt shorter diffusion 
distances for our model calculations. We feel that the adopted 
temperatures are unrealistically high to be representative for a 
regional metamorphic temperature in the lower crust between 
205 and 195 Ma; the occurrence of igneous sapphirine in a few 
centimeters thick leucogabbro dikes would only cause transient 
temperature peaks of shortest duration (Giovanardi et al. 2013). 

This diffusion-induced age dispersion is equally insufficient 
to explain the 0.8 Ma scatter of 500–1000 μm sized, single zircon 
crystals in sample ZFG3, which interestingly do not show any 
planar fracturing and show sector zoning typical for undisturbed 
growth at high temperatures and pressures (Figs. 4g and 4h). The 
five ID-TIMS analyses of zircon ZFG1 do not reveal any age 
scatter (Fig. 7b) despite the abundance of planar fractures visible 
in Figure 2a. It may be argued that the elevated uncertainties of 
the 1999 analytical procedures applied to ZFG1 are masking 
minor scatter in the 206Pb/238U data from this sample.

In conclusion, we consider partial loss of radiogenic Pb by 

volume-diffusion as being of marginal importance for explain-
ing the observed age scatter through crystals ZFG2b and zircons 
from sample ZFG3.These age differences have, therefore, to be 
considered to be caused by protracted crystal growth.

Implications

Unique megacrystic zircon from alkaline, nepheline-bearing, 
miaskitic pegmatites from the Finero complex situated at the 
eastern termination of the Ivrea Zone are described and their 
geochemical compositions interpreted. These pegmatites rep-
resent smallest volumes of highly fractionated partial melts 
from a metasomatized mantle that intruded the lower crust of 
the Adriatic plate in the late Triassic to early Jurassic between 
212.5 and 190 Ma in at least three pulses. This occurrence is 
to our knowledge the first high-pressure miaskitic pegmatite 
reported. Phenomena of hydrodynamic fracturing in one of 
the pegmatites suggest that the LILE and HFSE enriched and 
volatile-saturated residual melts became strongly overpressured, 
underwent boiling, and explosive volatile release. Zircons of 
this pegmatite show several orientations of planar fractures that 
are partly filled by albite and zircon. We therefore provide here 
an example for the occurrence of terrestrial non-impact related 
planar fractures in zircon, tentatively interpreted as the result of 
the explosive volatile release, and subsequent crystallization of 
albite and zircon from vapor-saturated melt.

The described zircons do not have simple crystallization ages, 
but show up to million-year large age dispersions in one single 
crystal. Model calculations of continuous loss of radiogenic lead 
under lower-crustal conditions at elevated temperature may only 
explain a minor component of the observed scatter of U-Pb ages 
along the concordia. Unrealistically high regional temperatures 
of 950 °C during 9.5 Ma are needed to reproduce the 4.5 Ma 
reduction in age, based on a 100 μm spacing of planar fractures 
acting as fast diffusion pathways. We therefore conclude that 
the planar fractures do not play a significant role in removal of 
radiogenic Pb and that the observed age dispersions are reflecting 
continuous or episodic growth of zircon, in agreement with weak 
core to rim zoning in U, Th, P, and REE concentrations, and the 
systematic variations in Nb/Ta and Th/U ratios, CL intensity and 
O,Hf isotope compositions.

Intrusion of miaskite melts over more than 20 Ma in Triassic 
times marks a protracted period of heat advection into the lower 
crust of the Ivrea Zone. This may explain widespread disturbance 
of isotope systems in minerals, which closed after the Permian 
granulite-facies metamorphism and subsequent lower-crustal, 
mafic magmatism.
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