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different from those in felsic zircon and suggest their crys-
tallization occurred in isotopically and chemically diverse 
magma batches. These magma batches formed in the lower 
crust from mingling and mixing of residual melts (derived 
from fractional crystallization of mainly amphibole from 
basaltic melt) with crustal partial melts at high tempera-
tures above zircon saturation. Zircons crystallized during 
incipient cooling of these magmas and were entrained into 
the ascending melts, which were emplaced and rapidly 
solidified in the upper crust. The reported age dispersions 
imply that fractional crystallization and hybridization in 
the lower-to-middle crust, ascent into the upper crust and 
solidification did not last for more than 200 ka. The small 
magma volumes and flux also preclude significant zircon 
crystallization at the upper crustal emplacement level.

Keywords  Pluton · Zircon · U–Pb dating · Trace 
elements · Hf isotopes · Magmatism · Adamello

Introduction

A growing body of evidence supports the notion that plu-
tons are incrementally assembled by repeated magma injec-
tions (Michel et al. 2008; Annen et al. 2006; Annen 2011; 
Miller et al. 2011; de Saint Blanquat et al. 2011; Leuthold 
et  al. 2012) and eventually build up batholiths over 
extended periods of time. Timescales of pluton construc-
tion were reported to vary from 104 to 106 years (Glazner 
et al. 2004; Coleman et al. 2004; Matzel et al. 2006; Michel 
et al. 2008; Schaltegger et al. 2009; Leuthold et al. 2012; 
Schoene et  al. 2012; Wotzlaw et  al. 2012; Chelle-Michou 
et  al. 2014). Using high-precision chemical abrasion–iso-
tope dilution thermal–ionization mass spectrometry (CA–
ID–TIMS) U–Pb zircon geochronology, it is possible to 

Abstract  The Val Fredda igneous complex in the south-
ern Adamello batholith (N. Italy) consists of dioritic to 
gabbroic sills and dykes that were injected at 6–10  km 
depth into partly crystallized tonalites and granodiorites. 
High-precision U–Pb age determinations by chemical 
abrasion–isotope dilution–thermal ionization mass spec-
trometry (CA–ID–TIMS) show very similar dispersion of 
zircon U–Pb dates over 90–200  ka and identical age dis-
tributions with a dominant mode at 42.5 Ma for six sam-
ples ranging in composition from gabbro to granodiorite. 
The co-variation of the probability density curves of zircon 
dates from mafic and felsic units suggests that they shared 
a common thermal history with periods of enhanced and 
reduced zircon growth, reflecting lowered and increased 
magma temperatures, respectively. However, trace element 
compositions, Ti-in-zircon temperatures and Hf isotopic 
compositions of zircon from mafic lithologies are distinctly 
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resolve individual magma pulses and to track both the ther-
mal and crystallization histories of magmatic systems at 
high temporal resolution (e.g., Wotzlaw et al. 2013).

During periods of repeated magma injections, tem-
perature, crystal content and composition will fluctu-
ate within magma batches, and conditions potentially 
alternate between zircon saturation and undersaturation, 
which will lead to intermittent periods of crystallization 
and resorption/partial dissolution. Following episodes of 
reheating and rejuvenation, zircon dates will record peri-
ods of enhanced zircon crystallization associated with 
cooling below the maximum temperature of zircon satu-
ration (Watson and Harrison 1983; Hanchar and Watson 
2003; Boehnke et al. 2013). This is reflected by a distinct 
mode in U–Pb age distribution curves and translates into 
an increased proportion of zircon crystals of a similar age 
in individual magma batches (e.g., Claiborne et  al. 2010; 
Vazquez and Reid 2004; Wotzlaw et al. 2012, 2013; Cash-
man and Blundy 2013; Cooper and Kent 2014). High-pre-
cision CA–ID–TIMS dating techniques applied to zircon 
have the potential to resolve the periodicity of temperature 
fluctuations in a magmatic system at lower or intermediate 
crustal levels over the time interval the magma remained 
zircon-saturated. However, such dates are obtained from 
whole zircon grains or grain fragments and are potentially 
integrated over complex and protracted growth histories. 
Spatially resolved U–Pb dates, on the other hand, do not 
offer the necessary 10–100  ka precision for resolving the 
timing of magmatic processes in most pre-Pleistocene sys-
tems (e.g., Schmitt 2011; Schaltegger et al. 2015).

We here study the timing of magmatic processes in a 
small, peripheral pluton of the southern Adamello batho-
lith, relating the high-precision U–Pb zircon crystallization 
dates to the thermal evolution of the magmatic system. We 
also try to establish the link between the presently visible 
intrusive relationships at upper-crustal paleodepth and the 
magmatic processes in the deeper crustal root zone of the 
magmatic system. We apply CA–ID–TIMS zircon geo-
chronology combined with trace element and Hf isotope 
analyses in zircon, to the Val Fredda Complex (VFC) in the 
southern tip of the Adamello Batholith, N. Italy (Fig. 1), in 
order to study the magmatic processes at the onset of the 
formation of an upper-crustal pluton.

The VFC has been constructed through multiple injec-
tions of small volumes of compositionally diverse magmas, 
ranging from gabbro to granodiorite. Field observations 
reveal complex relationships among mafic magma injected 
as sills into solidifying felsic magma, where both magma 
mingling and hybridization can be observed. We can (1) 
show that the use of chemical composition combined 
with age diversity of crystallized zircon can document the 
buildup and the thermal evolution of a magmatic pulse at a 
crustal scale; (2) describe the processes that blend magmas 

of different compositions and sources into hybrids; and 
(3) estimate the involved magmatic volumes. We further 
present a conceptual model of the processes recorded by 
zircon, starting from crystallization in the deep crustal 
magmatic-processing zone, mixing of residual with partial 
crustal melts into hybrids, entrainment of already crystal-
lized mineral phases into ascending melts and mixing with 
crustal partial melts, to the physical emplacement and rapid 
solidification of magmas in the upper crust.

Geologic setting

The Adamello batholith is exposed over an area of 670 km2 
with ~2 km of vertical relief in the Southern Alps, North-
ern Italy (Fig. 1a). It is one of the intrusive bodies of the 
Alpine orogen that was emplaced during Eocene and Oli-
gocene along the Periadriatic fault system, at the intersec-
tion of the Tonale and Giudicarie faults, following the col-
lision of European and Adriatic plates. Despite its accepted 
post-collisional nature, it is composed of an association of 
tonalites, trondhjemites and granodiorites with minor mafic 
units in the southernmost part of the batholith (Brack 1983; 
Callegari and Brack 2002) that are considered to be typi-
cal of a continental magmatic arc setting. Geochronological 
data indicate that the Adamello batholith was sequentially 
constructed between 43  Ma (southern and eastern mar-
ginal units) and 33  Ma (northeastern marginal units; Del 
Moro et  al. 1983; Hansmann and Oberli 1991; Skopelitis 
2014). Strontium and O isotopic studies reflect an increas-
ing amount of crustal assimilation during the sequential 
emplacement of the batholith (Cortecci et  al. 1979; Del 
Moro et al. 1983; Skopelitis 2014). The batholith has been 
divided into so-called super-units (Callegari and Brack 
2002), with the apparent size of the sub-intrusions and 
degree of homogeneity increasing northwards (Fig.  1a). 
The oldest rocks of the Adamello batholith are recorded in 
the Corno Alto and the southernmost Re di Castello units, 
including the ~43 Ma Corno Alto granodiorites (Del Moro 
et al. 1983; Skopelitis 2014), the 42.43 Ma Monte Frerone 
granite dykes (Schaltegger et al. 2009) and the ~42 Ma Val 
Fredda Complex (VFC; Hansmann and Oberli 1991; Tie-
polo et  al. 2011). In addition to representing one of the 
oldest parts of the Adamello batholith, the Re di Castello 
super-unit shows the most compositional diversity with 
ultramafic-to-mafic units spatially associated with tonalites 
and granodiorites. The mafic rocks occur mainly in the 
periphery and are best exposed in the Val Fredda and the 
Blumone complexes (Ulmer et al. 1983; Blundy and Sparks 
1992; Tiepolo and Tribuzio 2005, Tiepolo et al. 2011).

This study focuses on the VFC, a small marginal intru-
sion exposed over ~6 km2 in the southernmost part of the 
Adamello batholith (Fig. 1b). The VFC is bordered in the 
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Fig. 1   a Simplified geologic 
map of the Adamello batholith 
after Schaltegger et al. (2009), 
showing the four super-units 
and corresponding litholo-
gies. Location of field area in 
Fig. 1b is outlined. b Simpli-
fied geologic map of the Val 
Fredda Complex modified after 
Blundy and Sparks (1992). 
Sample locations are indicated 
by symbols: CG Cadino gabbro, 
MFG marginal facies granodi-
orite, MG, AD9, CS23 Mattoni 
gabbro, PEG pegmatite, PQD 
plagioclase quartz diorite, VFT 
Val Fredda tonalite
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east, west and south by Triassic dolomite country rocks, 
which exhibit pre-intrusive ENE–WSW striking large-
scale folds (Brack 1983; Callegari and Brack 2002) and is 
itself located within a broad syncline and bound to the west 
by the steep sub-vertical eastern limb of the Frerone anti-
cline, suggesting that the pre-intrusive folds in the Trias-
sic country rocks influenced the emplacement of the VFC. 
Roof pendants and stoped blocks up to 300  m across the 
dolomite country rocks are abundant throughout the VFC 
(Fig.  1b) and suggest that the VFC is presently exposed 
near the roof of its intrusion (Brack 1983; Blundy and 
Sparks 1992). The VFC is bordered in the north by the 
42.07–41.76  Ma old Lago della Vacca Complex (LVC; 
Schoene et  al. 2012). The “forceful” emplacement of the 
LVC caused north–south shortening in the VFC close to the 
contact, leading to flattening of mafic enclaves and stoped 
dolomite blocks in the plane parallel to the contact (Fig. 1b; 
John and Blundy 1993).

Based on detailed fieldwork (Brack 1983; Ulmer et  al. 
1983; Blundy and Sparks 1992), the VFC intrusion was 
described as a complex system where felsic magmas, 
crystallizing in the roof of a larger magmatic system, 
were injected by horizontal mafic sheets of variable thick-
ness (~0.5 m up to 100 m). The mafic magmas that form 
the Mattoni and Cadino gabbros (Fig. 1b) were quenched 

to temperatures of ~950 °C corresponding to ~40 % crys-
tals (Blundy and Sparks 1992). During their injection into 
crystallizing tonalitic magma, they partly disintegrated into 
enclaves due to the inversion of the rheology contrast dur-
ing cooling, resulting in volume contraction and the forma-
tion of wavy and lobate sheet margins (Fig. 2c, d). Evidence 
for quenching comes from the presence of chilled margins 
on some of the enclaves and the mafic sheets. Upon cool-
ing, the transfer of heat and hydrous volatiles was efficient 
enough to remelt and remobilize locally the felsic crystal 
mushes causing mingling and back-veining at the mafic–
felsic contacts (Fig. 2a), and hybridization (Fig. 2b).

The VFC consists of five distinct lithological units, dis-
played in Fig.  1b, and characteristic hand specimens are 
shown in Fig. S1 (electronic supplement). Zircons from 
one representative sample of each unit were analyzed for 
high-precision U–Pb dates and chemical and Hf isotopic 
compositions. For petrographic description and whole-
rock chemical characteristics of these units, the reader is 
referred to Ulmer et  al. (1983), and Blundy and Sparks 
(1992). (1) The marginal facies granodiorite (MFG) is 
porphyritic and contains quartz, plagioclase, biotite, mag-
netite and accessory apatite, zircon and titanite (Fig. S1a); 
the MFG outcrops mainly along the southern and east-
ern margins; (2) the plagioclase quartz diorite (PQD) is 

Fig. 2   Outcrop photogarphs of studied lithologies; a lobate mafic 
sheets chilled against marginal facies granodiorite; b various degrees 
of mingling and mixing between mafic melts and felsic crystal 

mushes; c Cadino mafic sheets injected laterally into partially crys-
tallized plagioclase quartz–diorite; d break-up of mafic sheets into 
enclave swarms
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equigranular and contains quartz, plagioclase, amphibole, 
biotite, magnetite and accessory apatite, zircon and titanite 
(Fig. S1b), which outcrops mainly in the central and north-
ern parts; (3) the Val Fredda tonalite (VFT) is equigranular 
and contains quartz, plagioclase, amphibole, biotite, mag-
netite and accessory apatite, ilmenite, zircon and titanite, 
which outcrops mainly in the north of the complex (Fig. 
S1c); (4) the Mattoni gabbro (MG) occurs mainly in the 
southernmost part of the pluton near Monte Mattoni, and 
consist of hornblende-phyric, pyroxene-bearing gabbro 
sheets that are characterized texturally by prismatic euhe-
dral hornblendes in a matrix of plagioclase, quartz and 
accessory apatite, zircon, titanite and calcite (Fig. S1d). 
Ultramafic cumulates (hornblendite) occur at the base of 
the Mattoni gabbro and consist of amphiboles that con-
tain olivine, clinopyroxene, orthopyroxene and Cr-spinel 
inclusions (Ulmer et  al. 1983; Blundy and Sparks 1992; 
Tiepolo and Tribuzio 2005; Tiepolo et al. 2002, 2011); (5) 
the Cadino gabbro (CG) occurs throughout the pluton as a 
series of horizontal sheets separated by felsic units (PQD, 
VFT) of variable thickness (mm to m scale) depending 
on the locality but outcrops most abundantly at Monte 
Cadino. The Cadino mafic rocks range from hornblende 
gabbros to quartz-diorites that are characterized textur-
ally by elongate prismatic to acicular hornblendes in a 
matrix of plagioclase, quartz and accessory apatite, zircon 
and titanite (Fig. S1e). (6) The Cadino gabbro is spatially 
associated with coarse gabbro pegmatites, which occur as 
veins and pods cross-cutting the Mattoni and Cadino gab-
broic units (Ulmer et al. 1983; Blundy and Sparks 1992). 
The dated pegmatite (sample PEG) shows acicular, skel-
etal hornblendes (Fig. S1f), which suggest high growth 
rates from supersaturated solutions. Because they typically 
occur layer-parallel near the top of the mafic sheets, the 
pegmatites are considered to represent the residual melts 
of the gabbros (Ulmer et al. 1983).

The unique occurrences of ultramafic-to-gabbroic units 
in the Re di Castello super unit have been the focus of many 
studies (Ulmer et al. 1983; Blundy and Sparks 1992; Tie-
polo and Tribuzio 2005; Tiepolo et  al. 2002, 2011, 2014) 
that provide insights into how the VFC was emplaced:

A three stage evolution has been advocated for the Mat-
toni gabbro by Tiepolo et al. (2011), invoking (1) crystalli-
zation of ultramafic anhydrous cumulates of olivine, clino- 
and orthopyroxene, and spinel from a subalkaline basaltic 
magma, which crystallized brown amphibole containing 
those minerals as inclusions; (2) intrusion of amphibole-
forming liquids that subsequently reacted with these cumu-
lates and disrupted them, forming a deep-seated magma 
at 1000–1100  °C and 0.8–1  GPa, crystallizing brownish-
green hornblende and, after a delay, plagioclase (Ulmer 
et  al. 1983), and resulting in high-Mg andesitic residual 
melts (Tiepolo et al. 2011); and (3) transport of the recycled 

lower-crustal cumulates and crystal cargo by a volatile-
rich evolved melt that was emplaced in the shallow crust 
(0.2–0.3 GPa) at ~900 °C (Ulmer et al. 1983; Blundy and 
Sparks 1992; Nimis and Ulmer 1998; Tiepolo et al. 2011). 
To elucidate the suggested duration of more than 10 million 
years for this multi-stage evolution between 51 and 40 Ma 
(Tiepolo et  al. 2011), zircon from two additional samples 
of Mattoni gabbro slightly differing in texture and grain-
size have been analyzed for their U–Pb age by laser abla-
tion inductively coupled plasma mass spectrometry (LA-
ICP-MS) techniques (samples AD9 and CS23; Fig. S1 g, h) 
in order to complement the CA–ID–TIMS dates of sample 
MG.

The evolution of the Cadino gabbro is very different 
from the Mattoni gabbro: Experimental work by Blundy 
and Sparks (1992) shows that the crystallization sequence 
for the Cadino gabbro began with hornblende followed 
by plagioclase, and the lack of olivine and clinopyrox-
ene, is the result of rapid cooling of a magma from 1000 
to 1050 °C down to ~950 °C during the rapid ascent into 
the upper crust. This is consistent with the observation of 
chilled margins along Cadino sheet edges and indicates that 
the acicular hornblendes are the result of rapid cooling and 
crystallization. The shallow emplacement is consistent with 
Al-in-hornblende geobarometry of 0.2–0.3  GPa obtained 
for the felsic units (Stauffacher 2012).

Analytical procedures

U–Pb geochronology by chemical abrasion–isotope 
dilution–thermal ionization mass spectrometry

Zircon crystals were separated using standard magnetic 
and heavy liquid mineral separation techniques, and were 
handpicked under a binocular microscope. Inclusion-free 
zircons were selected from populations of various mor-
phologies and sizes. Zircon grains were thermally annealed 
and chemically abraded (Mattinson 2005), in order to mini-
mize lead loss, as a consequence of radioactive decay dam-
age, which is essential for the interpretation of our zircon 
ages. A total of 70 zircon grains were analyzed for their 
U–Pb isotopic composition using high-precision ID–TIMS 
techniques following protocols similar to those outlined 
by Wotzlaw et  al. (2014b). They were spiked using the 
EARTHTIME (http://www.earth-time.org) 202Pb–205Pb–
233U–235U-tracer solution (calibration v. 3.0; Condon et al. 
2015). All measurements were performed at the Univer-
sity of Geneva on a Thermo-Scientific TRITON thermal 
ionization mass spectrometer, and data reduction was 
done employing Tripoli and U–Pb Redux software (Bow-
ring et al. 2011) that uses the algorithms of McLean et al. 
(2011).

http://www.earth-time.org
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Zircon 206Pb/238U dates were corrected for initial 230Th 
disequilibrium assuming a constant Th–U zircon-melt 
partition coefficient ratio (DTh/U) of 0.2 ±  0.1, covering 
the range of most empirically and experimentally deter-
mined partition coefficients, and resulting in an increase 
in 206Pb/238U dates by 87  ka (see Wotzlaw et  al. 2014b 
for details). All uncertainties are reported at the 2σ 
level. Data are presented in Table S1 of the electronic 
supplement.

U–Pb geochronology by LA‑ICP‑MS

A total of 45 U–Pb ages were analyzed on 38 zircon crys-
tals from two samples of Mattoni gabbro. Isotopic meas-
urements were done using a 193-nm excimer laser ablation 
system UP-193FX (New Wave) coupled to an ELEMENT 
2 XR sector-field, single-collector ICP-MS (Thermo Sci-
entific) at the University of Lausanne. Operating condi-
tions were very similar to those described in Ulianov et al. 
(2012) and included a 35 µm spot size combined with an 
on-sample energy density of 3  J/cm2 and a repetition rate 
of 5 Hz to minimize the fractionation. Helium was used as 
a carrier gas (1.07  l/min). Synthetic glass SRM 612 from 
NIST was used to maximize the sensitivity and to control 
the oxide and doubly charged ion production rate during 
the instrument optimization. The instrument mass bias 
was calibrated by 40 measurements of one grain of refer-
ence zircon material GJ-1 (CA–ID–TIMS 206Pb/238U age 
of 600.5  ±  0.4  Ma; Schaltegger et  al., unpublished, in 
Boekhout et  al. 2012), yielding a mean 206Pb/238U ratio 
of 0.09762 ±  0.00012 (95  % c.l., MSWD =  1.04). The 
calibration was controlled using Plešovice zircon as a sec-
ondary standard (206Pb/238U age of 337.13  ±  0.37  Ma; 
Sláma et al. 2008); 12 out of 13 analyses yielded a mean 
206Pb/238U age of 338.8  ±  1.1  Ma (MSWD  =  1.3). No 
common lead correction was applied due to the presence of 
204Hg in the system. Data are presented in Table S2 of the 
electronic supplement, including the data of the primary 
and secondary standards.

Trace element analysis in zircon

The trace element fraction, including Zr and Hf, was col-
lected after zircon ion exchange chemistry and trace 
elements analyzed following the TIMS-TEA method 
described in Schoene et al. (2010) on a Thermo Scientific 
ELEMENT 2 at ETH Zürich. Data are summarized in Table 
S3. In situ trace element analyses of zircon were carried 
out by laser ablation ICP-MS on representative zircons of 
the same zircon population as dated by U–Pb techniques, 
utilizing a Thermo Scientific ELEMENT XR coupled to a 
New Wave ArF 193 nm laser at University of Lausanne, the 
results are summarized in Table S4.

Zircon Hf isotope analysis

Hafnium isotopic compositions were analyzed from the 
same solution as trace elements (see previous section), 
using a Thermo-Fisher NEPTUNE multi-collector induc-
tively coupled plasma mass spectrometer (MC-ICP-MS) 
at Johann Wolfgang Goethe University Frankfurt. For 
sample introduction, an Aridus desolvating nebulizer was 
employed (Gerdes and Zeh 2009; Wotzlaw et  al. 2013). 
Results are summarized in Table S5. The accuracy of the 
results have been assessed by repeated measurements of 
JMC475 standard solution, yielding a mean 176Hf/177Hf 
ratio of 0.282148 ± 0.000005 (2σ), and were subsequently 
normalized to 176Hf/177Hf =  0.282160. Six aliquots of a 
GJ-1 reference zircon solution were measured as an exter-
nal standard as well, yielding an average of 176Hf/177Hf = 
0.282016 ± 0.000008 (2σ), which is in agreement with the 
overall mean 176Hf/177Hf value of 0.282010  ±  0.000026 
(2σ, Ν =  ~900) from both laser and solution analyses at 
JWG University.

Results

Zircon U–Pb geochronology by CA–ID–TIMS 
and LA‑ICP‑MS

Individual zircon grains from one representative sample 
of each lithology in the VFC were selected for U–Pb CA–
ID–TIMS analysis. Sample locations are shown in Fig. 1b; 
GPS coordinates are given in the caption of Fig. S1 (elec-
tronic supplement). Internal textures of a representative 
number of zircon crystals from each sample were imaged 
using cathodoluminescence (CL); a short description of 
these textures is presented in the electronic supplement, 
including the full set of CL images (Figs. S2 to S6). U–
Pb results of zircon are summarized in Fig. 3 and Table S1 
(electronic supplement).

Analyzed zircon populations from both felsic and mafic 
samples consist of a minimum of 8 and a maximum of 
16 dated grains per sample, which display dispersions of 
93–205 ka for their 206Pb/238U dates and does not allow the 
calculation of statistically significant weighted mean ages. 
Sample MFG contains two grains with 206Pb/238U dates of 
around 42.73 Ma, likely recycled from an older magmatic 
pulse. The age distribution of dated zircon from all samples 
is very similar (Fig.  3), showing a dominant mode in the 
probability density distribution (PDD) curve at ~42.5 Ma. 
Crystallization began at ~42.6  Ma (shared by 4 grains of 
VFT and PEG) and ended with a minor crystallization peak 
at ~42.45 Ma. The fact that all six samples from both fel-
sic and mafic lithologies describe very similar PDD curves 
suggests that all analyzed zircons share the same thermal 
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evolution, i.e., the same periods of cooling and zircon crys-
tallization. Sample PEG, a late-stage pegmatoid melt (Fig. 
S1f) contains both an older zircon with a 206Pb/238U date 
of 42.61 Ma and the youngest zircons at 42.41–42.43 Ma, 
pointing out that late-stage melts have sampled zircon crys-
tals from previously crystallized magma pulses, and also 
host the latest zircon crystallization.

The CA–ID–TIMS 206Pb/238U dates of 16 individual 
zircon grains from the MG sample spanning a range from 
42.603 ±  0.033 to 42.426 ±  0.039  Ma deserve a special 
mention. These data cannot reproduce previously published 
results of U–Pb age determinations obtained by LA-ICP-
MS, which indicate the presence of xenocrystic cores that 
range from 51.0 ±  1.1 Ma to 43.9 ±  1.2 Ma, and record 
ages of 40.3 ± 1.0 Ma for zircon rims and euhedral grains 
(Tiepolo et al. 2011). To further clarify this apparent disa-
greement, LA-ICP-MS U–Pb age determinations have 
been carried out on 38 zircon crystals from two additional 
samples of Mattoni gabbro (AD9 and CS23, see Fig. S1g, 
h). A total of 43 out of 45 analyses from zircons of both 
samples yielded a statistically significant population with 
a weighted mean 206Pb/238U date of 41.75  ±  0.14  Ma 
(MSWD = 1.9; Table S2 and Fig. S7a). This date is ~1.5 % 
younger than the youngest high-precision date obtained 
by CA–ID–TIMS, possibly reflecting the effect of post-
crystallization lead loss in non-chemically abraded, laser-
dated zircons, and corroborates the estimated general 2 % 
external reproducibility limit of LA-ICP-MS U–Pb dating 
(Schaltegger et al. 2015).

These findings clearly do not agree with the LA-ICP-MS 
data of Tiepolo et al. (2011), who claim to find a 10-Ma-
long history of zircon crystallization in their dated samples. 
This disagreement motivated us to carry out a careful re-
evaluation of the analytical data from their 2011 study (see 

Fig. S8 in electronic supplement). Their data were acquired 
during two analytical sessions (July and October); the July 
session is analytically sound and yielded a mean 206Pb/238U 
age of 41.32 ± 0.47 Ma for 40 spots (MSWD = 2.5; Fig. 
S8a), identical with our data within analytical uncertain-
ties. The quality of the calibration of the October ses-
sion is, however, inadequate to produce data from an 
unknown sample (see detailed presentation of arguments 
and Fig. S8c in electronic supplement): As a consequence, 
206Pb/238U dates of zircon from sample Mat3 show analyti-
cal scatter over ~20 %, testified by unsystematic core–rim 
relationships (see Fig. S8b). More recently, the published 
data from another sample (Mat4; Tiepolo et al. 2014) show 
very similar scatter. In the latter case, however, an evalua-
tion of the analytical quality is impossible, because no pri-
mary nor secondary standard data are published (see for-
mulated request for publishing standard data in Schaltegger 
et  al. 2015). Based on the scatter of the data from 91500 
standard and sample zircons, we conclude that the Mat3 
data set of Tiepolo et  al. (2011) does not meet minimal 
requirements regarding the precision of both the calibration 
(i.e., of the relative sensitivity factor applied to the sample 
zircons) and the analysis of the sample itself. On techni-
cal–analytical grounds, the postulated 10 Ma age span can 
therefore not be used for a geological interpretation.

Trace element compositions of zircons

Results from TIMS‑TEA and laser ablation ICP‑MS 
analyses

Trace element concentrations were analyzed from the 
same volume of zircon used for U–Pb age determinations, 
described as TIMS-TEA by Schoene et al. (2010). Zircon 
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Fig. 3   Age-ranked plots showing 206Pb/238U dates for zircon from the six studied samples. Summary PDD curves for felsic and mafic samples 
show very similar shapes with a dominant mode at 42.5 Ma, pointing to a very similar temperature–time evolution
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trace and rare earth element data together with the results 
of spatially resolved in  situ analyses using LA-ICP-MS 
(see below) are summarized in Figs. 4, 5, and 6, and Tables 
S3 and S4 (electronic supplement).

The chondrite-normalized REE patterns for zircon 
grains from felsic samples (Fig.  4a–c) are character-
ized by HREE enrichment [(Lu/Gd)N  ~40–70], positive 
Ce anomalies, and mostly negative Eu anomalies (Eu/
Eu*  ~0.5). Zircon grains from the felsic samples record 
no significant differences in concentrations of major con-
stituents, such as Hf (Figs. 5a, 6a) or Zr, which translates 
to rather homogenous Zr/Hf ratios ~40–60, typical for 
calc-alkaline intermediate to felsic rocks (Pupin 2000) 
and contrasts with more variable element ratios such as 
Y/Hf, (Lu/Gd)N, Th/U and Nb/Zr (see Table S4). Based 
on the observed trace element variations in zircon, the 
individual felsic units cannot be clearly distinguished nor 
do they record coherent fractional crystallization trends 
through time (Fig.  6), as observed in the more volumi-
nous, northerly Lago della Vacca complex (Schoene et al. 
2012). We interpret the lack of correlation between trace 
element concentrations and ratios with time to represent 
the coexistence of chemically distinct magma batches 
during zircon crystallization.

The zircon grains from the gabbro samples (MG, CG) 
have chondrite-normalized REE patterns enriched in HREE 
[(Lu/Gd)N ~20–80], but are lacking a negative Eu anomaly 

indicating a possible absence of precursor plagioclase crys-
tallization or the Eu-depletion being compensated for by 
abundant amphibole fractionation (Fig.  4d, e), which is 
required by the model of Tiepolo et al. (2011). Zircon from 
the pegmatite sample (Fig.  4f) on the other hand exhibits 
a weak negative Eu anomaly (Eu/Eu* ~0.7). Zircon grains 
from the mafic samples record rather homogenous con-
centrations of Hf (Fig. 6a) and Zr that are distinct for each 
unit, which translates to Zr/Hf ratios typical for mantle-
derived rocks (60–75; MG) and calc-alkaline intermediate 
rocks (30–55; CG, PEG; Pupin 2000). In contrast, zircon 
trace element ratios such as Th/U, Y/Hf and (Lu/Gd)N vary 
over a factor of two to three among the mafic samples. The 
two gabbros may be distinguished on the basis of Hf con-
centrations (Figs.  5a, 6a) or Th/U–(Lu/Gd)N co-variation 
(Fig. 5c).

The major advantage of analyzing trace elements by 
TIMS-TEA is obtaining trace element information from 
the exact same volume of zircon we have high-precision 
temporal information from. Despite this obvious advan-
tage, we also carried out complementary laser ablation 
ICP-MS trace element analyses on 10–20 representative 
zircon crystals per sample, mainly to obtain significant Ti 
concentrations for Ti-in-zircon thermometry. Trace ele-
ment analysis by LA-ICP-MS was optimized for a small 
beam diameter of 25 µm for sampling separately core and 
rim of zircon crystals pre-imaged by CL (see CL images 

Fig. 4   Chondrite-normalized 
rare earth element patterns for 
zircon, comparison between 
TIMS-TEA and LA-ICP-MS 
core and rim analyses. Zircons 
from the pegmatite sample were 
only analyzed by TIMS-TEA

(a) Marginal facies granodiorite

(b) Plagioclase quartz diorite

(c) Val Fredda tonalite (f) Pegmatite

(e) Cadino gabbro

(d) Mattoni gabbro

Nd Sm Eu Gd Tb Dy Ho Er Tm Yb LuLa Ce Pr

Zi
rc

on
 / 

C
ho

nd
rit

e

0.1

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
0.01

0.1

1

10

100

1000

10000

0.1

1

10

100

1000

10000

TIMS-TEA

TIMS-TEA
Rims
Cores

TIMS-TEA
Rims
Cores

TIMS-TEA
Rims
Cores

TIMS-TEA
Rims
Cores

TIMS-TEA
Rims
Cores



Contrib Mineral Petrol (2015) 170:28	

1 3

Page 9 of 17  28

in Figs.  7, S2–S6, and LA-ICP-MS trace element data in 
Table S4; electronic supplement). In the case of MFG zir-
con grains, there is virtually no variation in REE patterns 
between core and rim analyses, and the TIMS-TEA analy-
ses corresponds to the average between the core and rim 
concentrations (Fig. 4a). Zircons from PQD, VFT and MG 
exhibit trends of decreasing REE concentrations from cores 
to rims (Figs. 4b–d), whereas CG shows the opposite trend 
(Fig.  4e). The distinctive feature of the mafic zircons is 
their lack of an Eu anomaly in both cores and rims (Fig. 4d, 
e). REE concentrations of the whole zircon volume by the 
TIMS-TEA method mainly correlate with the REE con-
centrations corresponding to the rim analyses. This reflects 
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the fact that the trace element concentrations measured by 
TIMS-TEA are weighted toward the larger volume of the 
rim portion of the grains.

Summarizing our observations, we recognize that zircon 
records a complex history of multiple periods of growth 
and dissolution within individual magma batches, generally 
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more complex for the felsic members (Fig.  7a–f) than 
for the gabbro samples (Fig. 7g–j). The VFT zircon crys-
tal depicted in Fig. 7e shows several phases of resorption. 
Despite the observed differences in CL textures, only minor 
variations in trace element concentrations and ratios may 
be observed between the felsic units (Fig.  5). While the 
felsic units cannot be discriminated on the basis of zircon 
chemistry, individual zircons record inter-grain variations 
pointing to changes in both composition (e.g., (Lu/Gd)N, 
Th/U) and temperature (e.g., Ti) during crystallization 
(Fig.  5a, b). The lack of monotonic trends between cores 
and rims, and the large and non-systematic scatter in the 
trace element concentrations points to zircon crystallization 
from contrasting co-existing magma batches. Intra-grain 
variability in Ti may as well indicate temperature fluctua-
tions during growth (Table S4). There is a weak trend of 
zircon cores recording larger trace element variations than 
rims (e.g., for Ti, Hf concentrations, or for Th/U), sug-
gesting that the cores crystallized from more chemically 
distinct magma batches, prior to amalgamating them into 
compositionally more uniform, bigger magma portions, 
represented by compositionally more uniform rim growth 
(see, e.g., Wotzlaw et al. 2014a).

Zircons from Mattoni and Cadino gabbros record less 
complex growth histories as observed by planar and broad 
growth zones with little evidence for dissolution (Fig. 7g–
j). Zircons from the two gabbros show distinct chemical 
evolution trends, with higher Ti and Th/U and lower Hf 
and (Lu/Gd)N in MG compared to CG zircon (Fig. 5a–c). 
The negative correlation between Th/U and Lu/Gd pos-
sibly points to concurrent fractionation of high-Th/U and 
LREE-enriched titanite typical of Mattoni gabbro (Broder-
ick 2013) and zircon in a cooling magma (Fig. 5c). How-
ever, core–rim analyses of gabbro zircons also record non-
systematic intra-grain variability, suggesting that gabbro 
zircons are also recording non-systematic fluctuating con-
ditions during crystallization.

Ti‑in‑zircon thermometry

The application of the Ti-in-zircon thermometer (Watson 
and Harrison 2005; Watson et  al. 2006; Ferry and Watson 
2007) has been shown to be a valuable tool in constraining 
the temperatures at which zircon crystallizes in evolving 
magmas (Fu et al. 2008; Grimes et al. 2009; Claiborne et al. 
2010; Ickert et  al. 2010; Reid et  al. 2010). The thermom-
eter, which is based on the incorporation of Ti into zircon as 
a function of temperature, requires the knowledge of both 
SiO2 and TiO2 activities in the melt in order to apply the 
thermometer accurately. Quartz is abundant in the VFC fel-
sic samples and is occasionally present as inclusions in zir-
con. In the gabbros, zircon in thin section is mainly included 
in quartz and plagioclase, and occasionally contains quartz 

inclusions. The silica activity is therefore considered to be 
equal to 1 for all VFC samples, with the exception of three 
cores analyzed from the Mattoni gabbro yielding excessive 
temperatures of around 950 °C (Fig. 5a, b). Being crystal-
lized from a more primitive melt enriched in Ti, Th/U and 
depleted in (Lu/Gd)N), prior to silica saturation, an esti-
mated silica activity of 0.5 results in more likely crystalli-
zation temperatures of ~850 °C (Table S4). Direct determi-
nation of Ti by TIMS-TEA on the dated volume of zircon 
has not been possible due to elevated Ti background in the 
used ICP-MS instrument; we therefore have no direct link 
between age and temperature. The absence of rutile and the 
presence of titanite and ilmenite in all VFC samples suggest 
a Ti activity between 0.5 and 0.9. An estimated aTiO2 of 0.7 
has thus been applied to all samples, in the range of typical 
Ti activities in magmas (Hayden and Watson 2007). Varying 
the Ti activity by ±0.2 will change the calculated tempera-
tures by +33/−25 °C at 750 °C.

All Ti-in-zircon temperatures calculated according to 
Ferry and Watson (2007) using aTiO2 = 0.7 and aSiO2 = 1 
yield variable temperatures (Table S4) with no clear cor-
relations between cores and rims (Fig.  5a, b). Measured 
Ti-in-zircon temperatures are highest in MG (750–900 °C) 
and lower in CG (700–800  °C) and felsic samples (680–
850 °C). The MG is the only lithology showing a trend of 
decreasing Ti-in-zircon temperatures with increasing Hf 
concentration and decreasing Th/U ratios (Fig.  5d, e). In 
all other samples (CG, MFG, VFT, PQD), there is no clear 
correlation of Ti-in-zircon temperatures with other trace 
elements (Fig. 5a, b) nor a systematic decrease from cores 
to rims of analyzed zircon crystals.

Zircon saturation temperatures were calculated using the 
experimental calibration of Watson and Harrison (1983), 
and residual melt compositions were calculated from the 
whole-rock composition through the use of mass balance 
equations constrained by the experimental data of Piwin-
skii and Wyllie (1968), as described by Verberne (2013). 
This approach yields zircon saturation temperatures of 
830–850 °C for the MFG; ~850–870 °C for the VFT; and 
850–900 °C for the PQD, in agreement with the high tem-
peratures (>800  °C) obtained from Ti-in-zircon thermom-
etry (Fig. 5a, b).

Zircon Hf isotopic compositions

Hf isotope compositions of zircons were obtained by 
solution MC-ICP-MS from the same volume of zircon 
used for trace element analysis and U–Pb age determina-
tions (Fig. 8). The isotopic data, including εHf values and 
Lu–Hf-depleted mantle model ages (tDM), are presented 
in Table S5 (electronic supplement); histograms compar-
ing the εHf values of this study with previously published 
data from Mattoni gabbro (Tiepolo et al. 2014) are given in 
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Fig. 9. Zircon grains from the VFC show considerable vari-
ation in Hf isotopic composition, εHf varying from +2.2 to 
+12.5 (Fig. 8a, b), suggesting mixing of at least two source 
components involved in the generation of the VFC mag-
mas. The εHf values decrease with decreasing Th/U, point-
ing to increased mixing between more juvenile and crust-
derived melt batches prior to concurrent crystallization of 
zircon and high-Th/U titanite. Zircons from the felsic units 
(MFG, PQD, VFT) have initial Hf isotopic composition 
that range between εHf values of +2.2 and +8, pointing to 
a subordinate crustal contribution. The mafic zircons from 
the VFC show less variation in their initial Hf isotopic com-
positions in comparison with the felsic units. Our solution 
Hf isotopic analyses form two distinct ranges of εHf values, 
(1) Mattoni gabbro (sample MG) from +11.3 to +12.5 and 
(2) Cadino gabbro (CG) and Pegmatite (PEG) from +8.7 
to 9.9. In contrast, laser ablation ICP-MS εHf data from 
Tiepolo et al. (2014) range from +5 to +11, with a single 
value up to +14 (Fig.  9). Their sample Mat4 (amphibole 
gabbro) yields εHf results between +5.3 and +10.9, sig-
nificantly lower than our well-reproducible results of ana-
logue sample MG. We believe that differences between 
the data sets are significant, a problem that will have to be 
addressed in further work.

Discussion

Zircon U–Pb dates as recorders of the thermal 
evolution of a growing magmatic system

The U–Pb data presented above indicate that zircons from 
both felsic and mafic units crystallized over some 100–
200 ka (Fig. 3). The dispersions in our U–Pb zircon dates 
may reflect one or several of the following processes: (1) 
youngest zircons may have been affected by post-crystal-
lization lead loss despite their treatment by chemical abra-
sion, (2) zircon dates may be biased by the incorporation 
of xenocrystic cores; or (3) the duration of zircon growth 
within the VFC magmas.

Based on the consistency of our 206Pb/238U age distribu-
tion between the different samples, we exclude post-crystal-
lization Pb loss as a reason for the age dispersion. Overlap-
ping trace element concentrations from core–rim analyses 
(Fig.  5) argue against the existence of xenocrystic cores, 
despite the resorbed and truncated cores overgrown by euhe-
dral rims visible in CL (Figs. 7, S2–S7). Zircon saturation in 
granodioritic liquids occurs roughly between 700 and 850 °C 
(e.g., Harrison et al. 2007). Formation of internal resorption 
surfaces therefore points to temperature and related Zr con-
centration fluctuations in the magma, with repeated cycling 
of temperatures below, and possibly even rising above the 
upper limit of zircon saturation. The zircon age distribution 
(probability density) curves are thus a direct measure of the 
temperature evolution of a magmatic system. Since periods 
of enhanced zircon crystallization are strongly correlated 
between felsic and mafic units (common modes in the two 
probability density curves), we suggest that zircons from 
the different VFC units record a common thermal evolu-
tion. These peaks are very likely the consequence of magma 
injection pulses, leading to reduced zircon crystallization and 
possible zircon resorption due to overshooting of Tsat, and 
subsequent crystallization during cooling of the magma.

Fig. 8   a Hf isotopic composi-
tions and Th/U ratios from the 
same volume of zircon; b zircon 
Hf isotopic compositions indi-
cating variable mixing between 
juvenile and crustal sources 
unrelated to the lifetime of the 
magmatic system; symbols as 
in Fig. 6
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Simple thermal modeling suggests that ~km3 melt 
batches will reach the solidus within 103–104 years’ time-
scales, even when advecting additional heat by the injec-
tion of the mafic sheets (Broderick 2013). Since felsic and 
mafic lithologies display the same 100- to 200-ka-long zir-
con crystallization history within a single handspecimen, 
we suggest that most zircon crystals grew at depth were 
extracted from the deep crustal magma-processing zone, 
mixed and entrained in small batches of ascending magma 
that emplaced and solidified rapidly in the upper crust.

Small melt batches in an immature magma system

Our trace element and isotopic results from zircon of the 
VFC reveal no coherent temporal trace element correla-
tions over 100–200 ka timescales, suggesting that the dura-
tions recorded by U–Pb zircon dates do not record the crys-
tallization of a single cooling magma volume.

Zircon in large volumes of convecting and homog-
enizing magma can record trace element trends typical of 
fractional crystallization. They may mimic liquid lines of 
descent during monotonic cooling, but also may be formed 
during cooling-rejuvenation cycles within a large, homog-
enous near-closed system (e.g., Wotzlaw et al. 2013). Th/U 
and (Lu/Gd)N ratios in MG and CG zircons are the only 
recorders in the VFC of relatively coherent trace element 
trends that can be assigned to concomitant zircon and titan-
ite fractionation within a mafic melt (Fig. 5c). This implies 
that titanite started to crystallize at temperatures signifi-
cantly above the solidus, together with zircon. Zirconium 
concentrations of 1700–2000 ppm were reported from MG 
titanite (Broderick 2013), equivalent to a crystallization 
temperature of up to 800 °C (Hayden et al. 2008). The dis-
tinct difference in εHf from zircons from the Mattoni and 
Cadino gabbros (+11 to +12.5 vs. +8.7 to +9.1, respec-
tively) indicates that they crystallized as independent, 
hybrid magmas (Figs. 8b, 9).

Zircon from the felsic samples, on the other hand, exhib-
its a rather restricted range of trace element concentrations 
and ratios, which does not represent any systematic frac-
tionation trends (Fig.  5), maybe with the notable excep-
tion of the VFT zircon cores in the Th/U–(Lu/Gd)N space 
(Fig. 5c). We therefore advocate the hypothesis that zircon 
in the felsic melts crystallized in non-homogenized, small 
melt batches that are hybrids which contain various pro-
portions of melts derived from: (1) residual liquid from 
the fractionation of amphibole in mafic melts; (2) remelt-
ing and rejuvenation of the initial felsic intrusions; and 
(3) partial melts from surrounding crustal material at vari-
ous proportions. Mixing between these melt batches was 
concomitant with fractional crystallization of zircon and 
titanite, identified by the εHf–Th/U mixing trend visible in 
Fig. 8a between MG (εHf = ~+12), CG (εHf = ~+9) and a 

“crustal” pole at εHf = ~+2. In addition, the zircons grew 
from different melt batches that differ in their degree of 
combined plagioclase–amphibole fractionation (Eu-anom-
aly; Fig. 4, 6b).

We therefore interpret the non-systematic trace element 
variations in zircon to represent the chemical variability 
within coexisting isolated magma batches.

A conceptual model for the formation of the VFC

There are two potential end-member scenarios for the crys-
tallization of zircon in magmatic liquids: (1) crystallization 
at the final level of emplacement in the upper crust or (2) 
crystallization in an evolving magma at lower levels of the 
crust. Any model has to satisfy the chemical and isotopic 
characteristics of the analyzed zircon populations, as well 
as the observations in the field.

As discussed above, the prolonged 200-ka crystalliza-
tion history and the common thermal evolution of mafic 
and felsic units are incompatible with crystallization in a 
single homogeneous upper-crustal magma body. The chem-
ical and isotopic heterogeneities within and between felsic 
and mafic lithologies, rather point to small melt batches and 
separate reservoirs for the crystallization of zircons from 
felsic and mafic rocks that nevertheless share a common 
thermal history. The small volume of the magmatic sys-
tem precludes zircon crystallization at shallow crustal lev-
els over 200 ka. Clear contacts between felsic units as well 
as chilled margins on mafic sheets refute interpretations 
of repeated intrusion, remelting and incipient convective 
homogenization, as has been suggested for the LVC (Caric-
chi et  al. 2012; Schoene et  al. 2012). We therefore advo-
cate a model, in which zircons from both felsic and mafic 
units record the thermal evolution of a multiply replenished 
lower-crustal magma-processing zone, as proposed for sub-
recent and recent volcanic systems (Claiborne et al. 2010; 
Cooper and Kent 2014). We therefore invoke that zircons in 
upper-crustal mafic plutonic rocks provide a window into 
processes active at deep crustal levels.

We draw a model for the “infant stage” of an orogenic 
pluton (Fig. 10), which never developed into a large, con-
vecting magma chamber, but crystallized within a short 
period of time due to insufficient magma recharge.

The initial melting stage

Incipient magmatic activity starts building up a magma 
reservoir when hydrous mantle melts rise into the lower 
crust (at an estimated 25–30 km depth; Fig. 10a; Annen 
et  al. 2006), in agreement with amphibole pressures of 
0.8–1 GPa (Ulmer et al. 1983; Blundy and Sparks 1992; 
Nimis and Ulmer 1998; Tiepolo et al. 2011) and stall at 
the neutral buoyancy level. The melts start to crystallize 
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mainly amphibole, which is observed as cumulates at the 
base of the Mattoni gabbro (e.g., Ulmer et al. 1983; Tie-
polo et al. 2011) and segregate residual felsic melts. The 
residual felsic liquids mingle and mix to a great extent 
with small melt portions that formed after a short incu-
bation time from remelting of the previously crystal-
lized near-solidus crystal mush (“rejuvenation melts”) 
and from melting of the surrounding lower crust (“par-
tial crustal melts”; Annen et  al. 2007). This process of 
incorporating lower-crustal melt is traced by zircon εHf 
values down to ~+2. The isotopic signature that char-
acterizes each melt batch has therefore been acquired in 
the deep crust by effective mixing of crustal melts with 
hot, more juvenile liquids. The lack of old inheritance in 
the analyzed zircons, which also valid for other southern 
Adamello units (Schaltegger et  al. 2009; Schoene et  al. 
2012), points to conditions of melting and magma mix-
ing that were consistently above the maximum temper-
ature of zircon saturation. Some of these hybrid melts 
may already ascend into the upper crust at 6–10  km 
depth (Fig.  10a), while some others may have reached 
near-solidus conditions in the lower crust within short 
timescales.

Peak crystallization stage (~42.5 Ma)

Keeping the melt flux from the mantle constant, incom-
ing volumes of mafic melts produce a significant increase 
in temperature of the lower-crustal hot zone (Annen et al. 
2007). Each rejuvenation cycle has the potential of pro-
ducing a certain volume of volatile saturated and mobile 
(low-crystallinity) magma. These segregated volumes of 
granodioritic to tonalitic melts were sufficiently large, hot 
and buoyant to rise into the upper crust and form small, 
granodiorite to tonalite plutons. During the emplacement of 
these magmas, zircons that crystallized during earlier ther-
mal cycles were resampled, with the main volume of zircon 
crystallizing at ~42.5 Ma (Figs. 3, 10b). In addition, upon 

emplacement, batches of hybrid, felsic melts formed in dif-
ferent parts of the magma zone, and subsequently mixed 
and mingled to some extent, but did not homogenize. This 
satisfies the observation that zircon with different chemi-
cal and isotopic characteristics were exchanged between 
batches, but maintaining sample-specific differences with-
out achieving complete homogenization (Fig. 5).

Waning stage

The addition of a volatile-saturated mantle magma 
(>1100  °C; Ulmer et  al. 1983) to the magmatic system 
would mainly remelt crystals, which formed in earlier 
residual melts that were located in a hotter part of the 
magmatic system. The melts subsequently sampled previ-
ously crystallized olivines, pyroxenes, amphiboles and also 
zircons with juvenile Hf isotopic compositions, and then 
were emplaced into the upper crust. This magma intruded 
into almost completely solidified tonalite, as Mattoni gab-
bro sheets, but did not interact with crustal material dur-
ing its ascent. A mantle origin of the Mattoni gabbro liq-
uids is confirmed by radiogenic εHf values, as well as by 
a δ18O value of 5.34 permil for Mattoni zircon (Bindeman 
and Schaltegger, unpublished). Late-stage dykes collecting 
fragmented cumulate material from the root of a magmatic 
systems are known from a multitude of cases, even of per-
aluminous composition (e.g., Orano dykes of Elba; Farina 
et al. 2012), and are as well documented from later stages 
of the Adamello magmatism (picrite dykes of S. Adamello; 
Hürlimann et al., in press).

Part of these late mafic melts ascended rapidly through 
the roots of the magmatic system without interacting signif-
icantly with the cumulates, but very obviously experiencing 
a small degree of mixing with hybrid liquids to explain εHf 
values of ~+8 to ~+9, typical of Cadino gabbro zircon. 
The close spatial relationship with Mattoni melts, as well 
as the small involved magma volumes, preclude the exist-
ence of compositionally different parent melts. Amphibole 
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and plagioclase crystallization was delayed until arrival at 
upper crustal levels, most likely for kinetic reasons (Blundy 
and Sparks 1992. Extraction of the residual liquid during 
rapid crystallization of plagioclase and acicular amphibole 
lead to the formation of volatile-saturated pegmatites. Since 
these are characterized by skeletal amphibole phenocrysts 
and yield the youngest recorded zircon dates at ~42.45 Ma, 
we suggest that at least part of the zircons of sample PEG 
may have formed at emplacement level.

Our study of the VFC shows that the volume of the mag-
matic plumbing system was too small, and with a low inte-
grated magma flux, it could not reach the state of a con-
vective magma system, unlike the neighboring Lago della 
Vacca tonalite complex (Caricchi et al. 2012). In addition, 
the VFC system did not contain sufficiently mobile melt to 
feed a volcanic system at the surface at any time because 
the melt/crystal ratio of the magmatic systems was gener-
ally too low (Caricchi et al. 2014a, b). The magmatic stor-
age zone in the lower crust increased its volume through 
the advection of mafic melts, while losing melt and heat 
escaping toward shallower crustal levels. Even at a constant 
recharge rate and a positive gain versus loss ratio, the melt 
flux was insufficient to maintain elevated temperatures, and 
the magmatic system cooled and crystallized entirely (e.g., 
Marsh 1981).

Summary and conclusions

The Val Fredda Complex (VFC) of the southern Adamello 
batholith is presented as an example of an orogenic mag-
matic system in its infant stage. Water-undersaturated mafic 
melts from a depleted mantle source intruded the deep crust 
and stalled at 30–25  km depth. Fractional crystallization 
of olivine, pyroxene and amphibole led to the formation 
of felsic residual melts, which interacted with near-solidus 
crystal mushes from earlier crystallization, forming reju-
venated melts (carrying abundant recycled crystal cargo). 
In addition, melting of surrounding crustal rocks led to the 
formation of partial melts with crustal isotope character-
istics. Blending these different sources into a hybrid melt 
will cause the chemical and isotopic within-pluton hetero-
geneity observed in the VFC. The melting and blending of 
liquids appears to have happened at elevated temperatures 
above the saturation temperature for zircon, leading to the 
generally observed phenomenon of lacking inheritance in 
low-εHf zircon in orogenic systems.

The fractional crystallization of hydrous basalt in the 
lower crust is responsible for producing cumulates of olivine, 
pyroxene and amphibole, and zircon, which then are reju-
venated and re-sampled by subsequent melts (e.g., Mattoni 
gabbro). Antecrysts from different melt portions get mixed 
together; the convective mixing is, however, not sufficient to 

lead to homogenization of the hybrid magmas. Any of these 
hybrid magmas potentially contains a mixture of earlier 
formed crystal cargo and newly crystallizing mineral phases, 
reflecting the change of melt composition through time.

The recorded 200-ka period of zircon growth precludes 
crystallization at emplacement level in the upper crust 
because magma volumes and fluxes are too small. The zir-
con age systematics are interpreted to record periods of 
lower temperature, during which parts of the magmatic sys-
tems arrived at zircon saturation. Batches from these melts 
were sequentially extracted and ascended into the upper 
crust where they solidified within <20  ka at paleodepths 
of 6–10 km. The age dispersion of zircon and its composi-
tional variation in our shallow-level pluton therefore allows 
us to reconstruct the deep-to-middle crustal processes oth-
erwise not accessible to direct observation.
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