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different steps of the metamorphic evolution. Rutile grains 
that equilibrated their Zr concentrations at temperatures 
above 1070 °C (i.e. 1.1 wt% Zr) could not retain all Zr in 
the rutile structure during cooling and exsolved baddeley-
ite (ZrO2). By subsequent reaction of baddeleyite exsolu-
tion lamellae with SiO2, zircon needles formed before the 
system finally closed at 650–700 °C without significant net 
loss of Zr from the whole host rutile grain. By reintegration 
of zircon exsolution needles, peak metamorphic tempera-
tures of up to 1190 °C are derived for the studied rocks, 
which demonstrates the suitability of this solution ther-
mometer to record UHT conditions and also confirms the 
extraordinary geological setting of the lowermost part of 
the Ivrea Zone.

Keywords Zr-in-rutile thermometer · Ultra-high 
temperature metamorphism · Ivrea Zone · Zircon/
baddeleyite exsolution · Diffusion · Granulite facies

Introduction

The empirically and experimentally calibrated Zr-in-rutile 
geothermometer (Zack et al. 2004a; Watson et al. 2006; 
Tomkins et al. 2007) holds great potential to identify and 
investigate ultra-high temperature (UHT) metamorphic ter-
ranes (e.g. Luvizotto and Zack 2009; Meyer et al. 2011; 
Kooijman et al. 2012; Ewing et al. 2013, Korhonen et al. 
2014). Conventional geothermometry based on element 
exchange reactions between two phases is very susceptible 
to post-peak diffusional resetting and thus might underes-
timate peak temperatures, especially for UHT conditions. 
Furthermore, for exchange thermometry, both phases 
involved in the reaction need to be stable at UHT condi-
tions, which for many mineral pairs is often not the case. 

Abstract The Zr-in-rutile geothermometer is potentially 
a widely applicable tool to estimate peak metamorphic 
temperatures in rocks from diverse geological settings. In 
order to evaluate its usefulness and reliability to record 
and preserve high temperatures in granulite facies rocks, 
rutile from UHT rocks was investigated to assess differ-
ent mechanisms of Zr (re-)distribution following cooling 
from high temperature. Granulite facies paragneisses from 
the lowermost part of the Ivrea Zone, Italy, incorporated 
as thin sheets into the extensive basaltic body of the Mafic 
Complex were selected for this study. The results show that 
Zr-in-rutile thermometry, if properly applied, is well suited 
to identify and study UHT terranes as it preserves a record 
of temperatures up to 1190 °C, although the thermom-
eter is susceptible to partial post-peak metamorphic reset-
ting by Zr diffusion. Texturally homogeneous rutile grains 
preserve Zr concentrations corresponding to temperatures 
of prograde rutile growth. Diverse rutile textures and rela-
tionships between some rutile host grains and included 
or adjacent Zr-bearing phases bear testimony to varying 
mechanisms of partial redistribution and resetting of Zr in 
rutile during cooling and link Zr-in-rutile temperatures to 
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For these reasons, the identification of UHT terranes and 
of the peak temperatures they may have attained are com-
monly based on P–T pseudosection calculations and on the 
appearance or the absence of critical mineral parageneses.

The Zr-in-rutile thermometer is an excellent alternative 
when searching for ancient UHT terranes and investigat-
ing their equilibration temperatures. However, it can only 
be a powerful tool, if its behaviour at UHT conditions is 
known. The application of the Zr-in-rutile geothermometer 
is straightforward as it is mainly based on the temperature-
dependent incorporation of Zr as a trace element into rutile 
in the presence of quartz and zircon. Rutile is a common 
accessory mineral in a wide variety of high-grade meta-
morphic rocks including those from UHT environments. 
The thermodynamic basis of the temperature-dependent 
incorporation of Zr into the rutile structure is quite simple 
(e.g. Watson et al. 2006; Ferry and Watson 2007). Never-
theless, over the last decade, numerous studies have shown 
that the incorporation of Zr into rutile and its resetting 
under geological conditions is a more complex process than 
originally thought when considering the thermodynamic 
parameters exclusively. Temperature data from the Zr-in-
rutile thermometer can thus be challenging to interpret cor-
rectly in a geological context, especially for HT and UHT 
samples (e.g. Zack et al. 2004a; Luvizotto and Zack 2009; 
Kooijman et al. 2012; Ewing et al. 2013; Smye and Stockli 
2014). Commonly, Zr is homogenously distributed in rutile 
crystals, but its concentration can range from a few hundred 
to several thousand µg/g between different rutile grains 
within the same thin section, resulting in a spread of several 
100 °C in the estimated Zr-in-rutile temperatures for the 
same rock sample. Explanations for this intergranular vari-
ations of Zr contents include: (1) the preservation of pri-
mary Zr concentrations from rutile growth at different tem-
peratures during the prograde metamorphic evolution; (2) 
rutile recrystallization or resetting by diffusion and re-equi-
libration of Zr concentrations during subsequent retrograde 
metamorphic stages (e.g. Luvizotto and Zack 2009); and 
(3) a combination of both mechanisms. For a robust inter-
pretation of Zr-in-rutile temperatures, it is consequently 
essential to establish which of these mechanisms controls 
the behaviour of Zr in rutile. Since large intergranular 
spreads of Zr concentrations in rutile are particularly well 
documented in UHT rocks, this study focuses on the under-
standing of the behaviour of Zr in rutile from granulite 
facies rocks for which the peak metamorphic temperature 
can be estimated independently. For this purpose, the Ivrea 
Zone in north-west Italy provides excellent rutile-bearing 
high and ultra-high temperature rocks from the lower con-
tinental crust. Metapelitic xenoliths metamorphosed by the 
surrounding gabbroic melt of the Mafic Complex in the 
Ivrea Zone were selected for a detailed study to constrain 
the behaviour of Zr in rutile under extreme temperature 

conditions. It can be shown that the Zr-in-rutile thermom-
eter, if applied to UHT rocks, is susceptible to post-peak 
metamorphic redistribution and resetting of Zr by differ-
ent processes such as exsolution and diffusion. However, if 
applied properly, it indeed records prograde metamorphism 
and UHT conditions, and by reintegration of zircon exsolu-
tions, it recovers exceptionally high temperatures reflecting 
the extraordinary geological setting of the lower part of the 
Ivrea Zone.

Geological setting

The Ivrea Zone exposed in north-west Italy corresponds to 
a cross section through the Adriatic lower continental crust 
that was subsequently uplifted and tilted during the Alpine 
orogeny (Barboza et al. 1999; Quick et al. 1995; Sinigoi 
et al. 1995; Zingg 1980). The Ivrea Zone can be subdivided 
into two major units—the Kinzigite Formation and the 
Mafic Complex (Quick et al. 2003; Fig. 1). Zingg (1980) 
was one of the first who clearly identified critical mineral 
reactions and mineral isograds providing first evidence for 
granulite facies metamorphism in the lower parts of the 
Ivrea Zone.

The Kinzigite Formation consists mainly of amphibolite 
to granulite facies paragneisses, which include dominantly 
metamorphosed wackes, metapelites, marbles and mafic 
rocks (Quick et al. 1995). An important mineral reaction 
within the amphibolite to granulite facies metapelitic rocks 
of the Kinzigite Formation is the breakdown of biotite and 
the formation of garnet and K-feldspar by the reaction Bt 
+ Sil + Qtz = Grt + Kfs + H2O, which led to an increas-
ing amount of garnet over biotite in the granulite facies 
metapelites of the Ivrea Zone. Additionally, the breakdown 
of high-Ti biotite released Ti, which enabled the forma-
tion of rutile (Luvizotto and Zack 2009; Schnetger 1994; 
Zingg 1980). For this reason, rutile-bearing metapelites 
are mainly found in K-feldspar + garnet-bearing gneisses 
of the Ivrea Zone. The dehydration reaction liberates H2O 
and thereby decreases the melting temperature of crustal 
rocks. Widespread anatexis in the lower part of the Ivrea 
Zone consequently resulted in strongly restitic metapelites 
depleted in trace elements (Schnetger 1994) and enriched 
in garnet and up to one mm large rutile crystals.

The Mafic Complex consists of an extensive body of 
mafic rocks, which underlies the Kinzigite Formation. Its 
evolution is interpreted as resulting from a thermal event 
related to widespread lithospheric thinning during Permo-
Carboniferous time (Barboza and Bergantz 2000; Schus-
ter and Stüwe 2008). The main magmatic event and the 
emplacement of the major part of the Mafic Complex have 
been dated with U–Pb in zircon at 288 ± 4 Ma (Peressini 
et al. 2007). The occurrence of small slices of the Mafic 
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Complex along the Insubric Line, which separates the Ivrea 
Zone from the Central Alps (Fig. 1), with distinct texture 
and composition suggests that the Mafic Complex did not 
intrude within or underplated the lower continental crust 
in a short-term single-step event, but rather resulted from 
several successive intrusions (Barboza and Bergantz 2000). 
The Mafic Complex includes gabbros and norites and few 
small lenses of mantle peridotite. Additionally, it contains 
thin elongated sheet-like lenses of metapelitic rocks, so-
called paragneiss septae (Sinigoi et al. 1996), which are 
clustered within the ‘paragneiss-bearing belt’ (PBB) (Sini-
goi et al. 1995; Fig. 1). They range in thickness from a 
few dm to 100 m and are interpreted as slices of the low-
ermost crustal rocks of the Kinzigite Formation (Quick 
et al. 1995) that were incorporated into the Mafic Complex 
during its emplacement (Sinigoi et al. 1995). These highly 
restitic, metapelitic rocks have been consequently exposed 
to the melting temperature of basalt i.e. up to ca. 1200 °C 
and are particularly suitable to study the behaviour of the 

Zr-in-rutile thermometer at UHT conditions. The gneisses 
generally consist of quartz, feldspar, garnet, silliman-
ite, orthopyroxene ± rutile ± zircon ± biotite ± corun-
dum ± graphite (Quick et al. 2003). In comparison with the 
granulite facies paragneisses of the Kinzigite Formation, 
they show a higher abundance of garnet and a lower abun-
dance of biotite.

Thermal conditions for mineral equilibration in the 
metapelites of the Kinzigite Formation have been estimated 
by classical geothermometry using the Fe–Mg exchange 
between garnet and biotite (Henk et al. 1997). The result-
ing temperature estimates of ~600 to ~810 °C for rocks 
from Val Strona record the increasing metamorphic condi-
tions in the Kinzigite Formation towards the Mafic Complex 
(Fig. 1). More recent Zr-in-rutile temperatures (Luvizotto 
and Zack 2009) and P–T estimates by pseudosection calcu-
lations (Redler et al. 2012) for similar transects give signifi-
cantly higher peak temperatures of ca. 850–950 °C. These 
higher temperatures indicate the susceptibility of Fe–Mg 

Fig. 1  Geological map of the 
Ivrea Zone, NW Italy, showing 
the two main units of the IZ. 
The red stars mark the sample 
localities near Isola (Val Sesia) 
and Fobello (Val Mastallone) 
within the paragneiss-bearing 
belt (PBB) in the Mafic Com-
plex. Modified after Barboza 
and Bergantz (2000), Meyer 
et al. (2011) and Ewing et al. 
(2013)
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exchange thermometry to post-peak resetting by diffusion 
and thus potentially underestimates peak metamorphic con-
ditions—at least for granulite facies rocks. Even higher tem-
peratures are expected for the septae that were completely 
enclosed in the basaltic melts of the Mafic Complex. Zr-
in-rutile temperatures of 1000–1020 °C are so far the only 
temperature estimates for the Val Mastallone septae (Ewing 
et al. 2013). For the Val Sesia septae, temperature estimates 
are presented in this study for the first time.

Methods

Imaging by scanning electron microscopy (SEM)

Backscatter electron (BSE) and secondary electron (SE) 
images were performed using a scanning electron micro-
scope (SEM) ZEISS EVO50 instrument at the Institute of 
Geological Sciences, University of Bern. Acceleration volt-
age was set between 15 and 20 kV, and the beam current 
ranged from 500 pA to 2000 nA at high vacuum condi-
tions. All thin sections were carbon-coated.

Electron microprobe analysis (EMPA) and Zr‑in‑rutile 
temperatures

To quantify the chemical composition of rutile, EMP analy-
ses were carried out at the Institute of Geological Sciences, 
University of Bern, using a JEOL JXA-8200 Superprobe. 
Rutile grains were analysed in polished and carbon-coated 
thin sections (~30 µm). Acceleration voltage and beam 
current were set at 15 kV and 100 nA, respectively, for all 
measurements. A focused beam with a spot size of ~1 µm 
was used for spot analyses. For line analyses, the spot size 
was set at 5 µm during a first session and 1 µm for a second 
session.

Some rutile grains containing zircon exsolution nee-
dles were additionally analysed by EMP using a defocused 
60 µm beam diameter. Depending on rutile grain size, up to 
20 defocused spots were set on individual rutile grains in 
order to cover whole grains for analytical reintegration of 
zircon needles of Type-II rutile grains.

The concentrations of Si, Zr, Nb, Cr, Al, Ti, V and Fe 
were analysed using five wavelength-dispersive X-ray spec-
trometers (WDS). X-ray intensities were determined on Kα 
lines (Si, Cr, Al, Fe, Ti, V) and Lα lines (Nb, Zr) using the 
spectrometer crystals TAP (Si), PETH (Zr), LIF (Cr), PETL 
(Nb), TAPH (Al), PET (Ti, V) and LIFH (Fe). The X-ray 
peak and background intensities of Cr, Nb, Al, Fe and V 
were measured for 150 and 75 s, respectively, intensities of 
Si for 30 and 15 s, of Ti for 20 and 10 s and of Zr for 300 and 
150 s. The detection limit for Zr was about 40 µg/g. For all 
the other elements, the detection limit was between 40 and 

100 µg/g. Automated matrix correction was done according 
to the CITZAF package (Armstrong 1995). Interference of 
Ti Kβ X-rays on the V Kα line was corrected offline using 
a previously determined correction factor. Because this cor-
rection provokes a higher uncertainty on the resulting con-
centrations of V, the absolute V concentrations were not 
further evaluated. Vanadium concentration profiles are still 
useful, since evaluation of potential concentration gradients 
(e.g. due to diffusion) is not affected by the high systematic 
uncertainty introduced by the interference correction.

To identify analyses of micro-inclusions such as zircon 
exsolution needles, Si was used as a monitoring element for 
all analyses. Measurements with Si > 300 µg/g and anoma-
lously high Zr contents were discarded. Obviously, this 
method is suitable for zircon inclusions but is not appropri-
ate for baddeleyite exsolutions. In order to minimize this 
issue, all rutile grains were carefully studied by SEM and 
Raman spectroscopy prior to the EMP analyses.

EMP line profiles were measured in two different ana-
lytical sessions. In order to obtain a good spatial resolution 
along the quantitative profiles towards rutile grain bounda-
ries, the measurements of the first session were performed 
as overlapping point measurements with a defocused beam 
of 5 µm and a step size of 2.5 µm. In a second session, line 
profiles were measured with a focused beam of 1 µm and a 
step size of 3 µm.

Altogether, more than 550 individual points on ~150 rutile 
grains from six hand specimens were analysed by EMP. The 
chemical composition of rutile grains was determined on the 
basis of two to four point measurements on each grain. The 
results were then carefully checked for homogeneity and 
precision of the concentrations of measured trace elements. 
In case of homogeneous and consistent data on single grains, 
the point measurements were averaged to calculate mean 
values for all elements. These weighted mean results were 
subsequently used for temperature calculations. Pressures of 
8–10 kbar are assumed for the samples collected from both 
the Val Sesia and the Val Mastallone septae and are similar 
to previously published pressure estimates for Val Mastal-
lone (Ewing et al. 2013). Zr-in-rutile temperatures that are 
calculated for these estimated pressures generally do not 
differ significantly for the two different calibrations of Wat-
son et al. (2006) and Tomkins et al. (2007). All Zr-in-rutile 
temperatures presented in this study are calculated using the 
calibration of Watson et al. (2006).

Error estimation for Zr measurements and Zr‑in‑rutile 
temperatures

The successful calibration of Zr measurements using EMP 
was confirmed by additional analyses performed on the sec-
ondary natural rutile standard R10b (see Supplementary). 
Based on the results of repeated measurements on R10b, an 
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analytical uncertainty of ±10 % for low Zr concentrations 
(i.e. <1000 µg/g) is assigned to the microprobe measurements. 
For the sake of simplicity, this analytical uncertainty was 
also assigned to high Zr concentrations, even though the true 
uncertainties for high Zr rutiles (i.e. >1000 µg/g) are signifi-
cantly smaller. The uncertainties of the final Zr-in-rutile tem-
peratures were calculated based on Gaussian error propagation 
considering the analytical uncertainty and the uncertainties 
inherent in the equation of Watson et al. (2006), and result in 
±5.0–5.3 % error on the calculated Zr-in-rutile temperatures 
over the temperature range of interest (i.e. 600–1100 °C).

Mathematical reintegration of zircon exsolutions

Zirconium contents of zircon needles, which are interpreted 
as exsolutions, were reintegrated to obtain Zr contents of 
the rutile host grains prior to exsolution. First, rutile grains 
were analysed by EMP-focused beam measurements for 
the Zr contents of the grain matrix. Subsequently, BSE/
SE-microphotographs were used to quantify the volume 
percent of exsolved phases based on their 2-dimensional 
distribution for each grain. This was done by pixel counting 
using an image editing software. Care was taken to only 
include rutile grains with absolutely regular and evenly 
distributed zircon exsolution needles. For the following 
calculations, the exsolved zircon needles were assumed to 
be stoichiometric with 67.2 wt% ZrO2 or 49.75 wt% Zr. 
Densities used for the calculations were 4.25 and 4.60 g/
cm3 for rutile and zircon, respectively. The calculations are 
based on the following equation

where Vol%Rt-h is the percent by volume of the rutile host 
grain, ρRt is the density of rutile in g/cm3, ZrRt-h is the 
Zr content of the matrix of the rutile host grain in µg/g, 
Vol%Zrn-x is the percent by volume of the exsolved phase, 
ρZrn is the density of zircon in g/cm3 and ZrZrn is the Zr 
content of stoichiometric zircon in µg/g.

Samples

The set of samples comprises six hand specimens of 
metapelitic rocks from two different paragneiss septae from 
the Val Sesia and the Val Mastallone (Fig. 1). The samples 
VA10_7 and VA10_8a were taken from a few metre wide 
paragneiss septae along a feeder creek of the Val Sesia 
River south of the village of Isola (Fig. 1, Table S2). The 
samples VM13_1 to VM13_6 were collected from a par-
agneiss septae outcropping in the Val Mastallone along the 
Mastallone creek and along the Strada Provinciale 9, about 
1 km south-east of the village of Fobello (Fig. 1, Table S2).

Zrint =
[(Vol%Rt-h ∗ ρRt ∗ ZrRt-h)+ (Vol%Zrn-x ∗ ρZrn ∗ ZrZrn)]

[(Vol%Rt-h ∗ ρRt)+ (Vol%Zrn-x ∗ ρZrn)]

All samples show a similar mineral assemblage with 
garnet as main mineral phase associated with rutile + zir-
con + quartz, which is the critical paragenesis for tempera-
ture estimates using the Zr-in-rutile thermometer. Orthopy-
roxene, sillimanite and quartz are present in samples from 
Val Sesia suggesting UHT metamorphism (e.g. Harley 
1989), although not displaying a paragenetic relationship in 
thin section. In addition, low Zn hercynitic spinel + quartz 
and the occurrence of perthitic feldspar in some of the 
samples indicate UHT conditions. Sillimanite is present 
in all but two samples indicating HT. All samples are only 
weakly altered and commonly contain abundant and large 
rutile, mostly consisting of 20–900 µm subhedral to euhe-
dral crystals. Some gneiss samples show a layered struc-
ture with restitic, garnet-rich layers and leucocratic layers. 
Rutile grains can be found in both, the matrix assemblage 
and as inclusions within garnet, pyroxene or quartz.

The investigated rutile grains show a large range in sizes, 
shapes and also in their textures. In thin sections, some 
grains are featureless in transmitted and reflected light, 
showing no alteration, no degradation and no reactions 
with other phases. In contrast, some other grains enclose or 
are intergrown with ilmenite crystals, or show partial pseu-
domorphic replacement of rutile by ilmenite.

Rutile types and Zr‑bearing phases within or adjacent 
to rutile

Many rutile grains occur intimately associated with Zr-
bearing phases (Figs. 2, 3). These phases were identified 
by Raman spectroscopy (Fig. 4) and EMP elemental map-
ping to be commonly zircon, although baddeleyite may 
be present in rare cases (Fig. 2f). Due to the small size of 
the exsolutions, Raman analyses never resulted in distinct 
spectra for host and inclusion but always revealed mixed 
spectra with the rutile host dominating (Fig. 4).

Zr-bearing phases closely associated with rutile occur 
(1) commonly as very tiny lamellae or needle-like exsolu-
tions of baddeleyite or zircon in rutile (Figs. 2f, 3), which 
are only known from high-temperature (HT) and ultra-high 
temperature (UHT) samples (e.g. Harley and Motoyoshi 
2000; Ewing et al. 2013) and provide strong evidence for 
redistribution of Zr in rutile; (2) as small rounded inclu-
sions within rutile (Fig. 2b) or (3) as small and thin crystals 
adjacent to and rimming the rutile grains (Fig. 2b–e).

The differences in texture between rutile grains suggest 
multiple mechanisms for the redistribution of Zr in rutile, 
and play an important role, when discussing and interpret-
ing the spread in Zr contents of rutile grains from single 
thin sections. Therefore, rutile grains are subdivided into 
three different groups depending on the type and textural 
relation with zircon or baddeleyite. It should be stressed 
that Zr-bearing phases within or adjacent to rutile can 
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Fig. 2  Backscattered electron (BSE) images of rutile grains per-
formed on a scanning electron microscope (SEM) showing a homo-
geneous (Type-I) rutile grain with minor replacement by ilmenite, 
b homogeneous unzoned rutile grain partially replaced by ilmenite, 

with some small zircon crystals at the lower grain edge and within 
the grain, c–e rutile grains (Type-III) with different amounts of small 
zircon crystals at the grain edges but a very homogeneous matrix, f 
Type-II rutile grain with regular exsolution lamellae of baddeleyite
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Fig. 3  Backscattered electron (BSE) images of rutile grains per-
formed on a scanning electron microscope (SEM) showing a rutile 
grain partially replaced by ilmenite with regular, needle-like exsolu-
tion of zircon (Type-II rutile), b detail of the same rutile grain as a 
with preferred orientations of zircon exsolution needles in 2–3 direc-
tions, c rutile grain included within garnet, cut parallel to a1 and a2 
axes, showing regular zircon exsolution needles in two preferred ori-

entations, d rutile grain cut parallel c showing regular zircon exso-
lution needles in the direction of the c-axis, e rutile grain partially 
replaced by ilmenite with zircon exsolution needles stretching across 
the rutile–ilmenite grain boundary, f rutile grain with regular zircon 
exsolution needles showing three preferred orientations and granular 
zircon within the matrix
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hardly be observed by optical microscopy, requiring 
detailed and careful scanning electron microscopy (SEM) 
investigations.

Type‑I rutile, without textural relation with zircon or 
baddeleyite

About the half of the analysed rutile grains show no tex-
tural relation with zircon or baddeleyite. Neither do these 
rutile crystals contain zircon exsolutions or baddeleyite 
lamellae nor are they rimmed by zircon (e.g. Fig. 2a).

Type‑II rutile, containing zircon exsolution needles or 
baddeleyite lamellae

About 10 % of all analysed rutile grains contain small 
zircon crystals that form elongated needle-like exsolu-
tions (Fig. 3). The size of the zircon needles ranges from 
less than a μm in diameter to a few μm in length. In some 
cases, where rutile has been partly replaced by ilmenite, 
zircon exsolution needles cross the rutile–ilmenite grain 
boundary without any change in crystal size, shape or ori-
entation (Fig. 3e). This indicates that ilmenite not only 
served as a source of TiO2 to form rutile during prograde 
metamorphism (besides biotite), but rutile itself became 
replaced by ilmenite on the retrograde path after forma-
tion of zircon needles. The two major reactions responsible 
for the retrograde formation of ilmenite may be the GRIPS 
and GRAIL reactions Grs + 2Alm + 6Rt = 6Ilm + 3An 
+ 3Qtz and Alm + Rt = Ilm + Sil/And + Qtz which 
are predominantly pressure sensitive, with the formation of 
ilmenite on the low-pressure side (Bohlen and Liotta 1986; 
Bohlen et al. 1983a). According to these two reactions, the 
breakdown of garnet and rutile leads to the formation of 
ilmenite during decompression. However, reaction textures 

directly pertaining to the two reactions were not identified 
in the thin sections.

Zircon needles in rutile commonly show shape-preferred 
orientations (SPO) in four directions controlled by the lat-
tice of the host rutile, with two SPO orthogonal to each 
other parallel to {110} of the rutile host (Fig. 3c) and one 
SPO in the direction of the c-axis of the rutile host (Fig. 3j). 
One additional SPO of zircon needles is less abundant, but 
its crystallographic orientation could not be determined. 
The extinction behaviour in polarized light, which could 
give hints about the crystallographic orientations of the zir-
con needles, could not be examined by optical microscopy, 
because the crystals are too small.

One rutile grain was found to preserve baddeleyite 
exsolution lamellae (Fig. 2f). In contrast to the needle-like 
zircon exsolutions, baddeleyite lamellae occur as more 
continuous sheet-like structures displaying rather faint 
boundaries with the rutile host. Baddeleyite lamellae show 
shape-preferred orientations in three directions. As for the 
zircon exsolution needles, extinction behaviour of badde-
leyite lamellae could not be examined by optical micros-
copy due to the small size of the crystals.

Type‑III rutile, containing granular zircon inclusions or 
with granular zircon along grain margins

Numerous rutile grains contain small rounded, drop-like 
μm-sized zircon crystals that show no evidence for SPO. 
Clusters of several of these zircon grains can be observed 
locally in the rutile host, whereas other zircon grains 
are randomly distributed in the host grain (Figs. 2b, 3f). 
The extinction behaviour of granular zircon within rutile 
could not be examined by optical microscopy. Thus, evi-
dence of crystallographic preferred orientation (CPO) is 
not given.

A more common feature of many rutile grains is the 
occurrence of numerous and thin zircon crystals along the 
grain edges. Some of these small, typically 2–4 µm thick, 
zircon crystals are elongated, rimming almost the whole 
rutile grain (Fig. 2c, d). In some cases, the zircon crystals 
rim the rutile crystals only locally (Fig. 2b, e). A systematic 
correlation between the textural arrangement of the zircon 
rimming rutile and the adjacent major mineral phases in the 
matrix is not obvious.

Results

Trace elements in rutile

Within single samples, Zr concentrations range from 
271 to 7650 µg/g (VA10_7), 266–6274 µg/g (VA10_8a), 
317–11228 µg/g (VM13_1), 308–8735 µg/g (VM13_4a), 

200 400 600 800 1000 1200

Raman shift cm-1

0

5000

10000

15000

20000

25000

30000

35000

In
te

ns
ity

Rt host
Rt host + exsolution

900 950 1000 1050 1100

1000

1500

2000

2500

Zrn

Rt

300 350 400

6000

7000

8000

Zrn
Rt

A

A

B

B

Fig. 4  Raman spectra of Rt host (blue) and Rt host + Zrn inclusion 
(orange). Although the strong Rt signal predominates the spectra, two 
characteristic Zrn peaks at 975 and 1007 cm−1 (subwindow B) and a 
weaker Zrn peak at 355 cm−1 (subwindow A) are clearly visible



Contrib Mineral Petrol  (2016) 171:44  

1 3

Page 9 of 20  44 

Fig. 5  Temperature frequency histograms of samples a VA10_7 and 
b VA10_8a from Val Sesia and samples c VM13_1, d VM13_4a, 
e VM13_5, and f VM13_6 from Val Mastallone. Some samples 
(VA10_7, VM13_1, VM13_4a and VM13_5) show distinct bimodal 

temperature distributions. The histogram (g) pools the results based 
on sample locality; in figure h samples are grouped based on textural 
differences (see text for details)
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293–9119 µg/g (VM13_5) and 235–6593 µg/g (VM13_6) 
(Fig. 5a–f). The Zr concentration of all analysed rutile 
grains ranges from 235 to 11,228 µg/g (Fig. 5g). Niobium 
concentration of all analysed grains ranges from 200 to 
5000 µg/g and Cr concentration from 340 to 2100 µg/g 
(Fig. 6). The Fe content of the Val Mastallone samples 
ranges from 200 to 1000 µg/g, whereas the Fe content 
of the Val Sesia samples ranges from 200 to 3500 µg/g 
(Fig. 6). The rutile grains included in garnet typically con-
tain more than 1000 µg/g Fe. With Al concentrations from 
~100 to 200 µg/g, the rutiles from Val Sesia show concen-
trations very similar to Val Mastallone samples which con-
tain between ~120 and 250 µg/g of Al (Fig. 6). The sam-
ples from the Val Sesia display generally a larger spread in 
Nb, Cr and Fe compared to those from the Val Mastallone 

(Fig. 6). Aluminium, Fe, Nb and Cr do not correlate sys-
tematically with Zr (Fig. 6). 

Zr‑in‑rutile temperatures

The calculated Zr-in-rutile temperatures for the focused 
beam EMP analyses are plotted in temperature histograms 
using a bin size of 25 °C which also corresponds to the esti-
mated absolute error on low Zr-in-rutile temperatures. Four 
out of six samples show a bimodal distribution of Zr, and 
consequently two groups of temperatures can be derived 
with the Zr-in-rutile thermometer (Fig. 5). The first group 
provides temperatures from ~650 to 750 °C (VA10_7) 
(Fig. 5a), 750 to 800 °C (VM13_1, VM13_4a) (Fig. 5c, d) 
and ~700 to 750 °C (VM13_5) (Fig. 5e), whereas the other 

Fig. 6  Zr versus Nb, Cr, Fe and 
Al. Data are distinguished by 
their locality
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Table 1  Data used for and results of mathematical reintegration of Zr contents of zircon exsolution needles

Sample Vol%Rt-h Vol%Zrn-x ZrRt-h (µg/g) Zrint (wt%) TRt-h (°C) Tintegrated (°C)

VA10_7_gRt8 96.9 3.1 321 1.68 648 1153

VA10_7_gRt9 97.5 2.5 375 1.35 661 1112

VA10_7_gRt11 96.6 3.4 250 1.85 628 1172

VA10_7_gRt12 97.9 2.1 271 1.17 634 1085

VA10_7_Rt1 96.3 3.7 558 2.06 696 1194

VA10_8a_Rt5 97.5 2.5 266 1.36 633 1113

VM13_4a_Rt19 97.7 2.3 308 1.25 645 1096

VM13_5_Rt3 97.8 2.2 313 1.24 646 1095

VM13_5_Rt7 96.8 3.2 293 1.75 641 1161

VM13_5_Rt16 96.3 3.7 438 2.04 674 1192

VM13_6_Rt4 96.8 3.2 235 1.76 623 1162

VM13_6_Rt13/1 96.4 3.6 269 1.97 634 1186

VM13_6_Rt15 97.0 3.0 244 1.63 626 1147
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group records temperatures from ~900 to 1000 °C for the 
Val Sesia samples and 950 to 1050 °C for the samples from 
the Val Mastallone (Fig. 5g). A general trend shows that 
the samples from the Val Sesia display a well-defined high 
temperature cluster around 900–1000 °C and a more poorly 
defined cluster around 750–800 °C (Fig. 5g). The Val Mas-
tallone samples record both, a distinct high temperature 

cluster around 950–1050 °C and a pronounced low temper-
ature cluster around 700–800 °C (Fig. 5g). Combining all 
Zr-in-rutile temperatures of all analysed Ivrea Zone rutile, 
the resulting frequency histogram shows three distinct tem-
perature clusters at ~640, 760 and 1000 °C (Fig. 5g).

Mathematical and analytical reintegration of zircon 
exsolution needles

The zircon exsolution needles of 13 Type-III rutile grains 
were mathematically reintegrated to obtain the initial Zr 
content of the rutile host grains prior to the exsolution 
(Table 1). All rutile grains have low matrix Zr concentra-
tions of ~250–550 µg/g resulting in Zr-in-rutile tempera-
tures of 600–700 °C. EMP concentration profiles between 
these exsolutions reveal that between zircon exsolution 
needles, the Zr concentration is homogenous (Fig. 7). The 
volume of exsolved zircon is always between 2 and 4 %, 
so that reintegration of the Zr content of zircon exsolution 
needles shifts the Zr concentration for the rutile host grains 
to ~1.2–2 wt% and thus Zr-in-rutile temperatures to 1080–
1200 °C (Table 1). The analytical reintegration by defo-
cused beam measurements on the same rutile grains as used 
for mathematical reintegration results in systematically 

Fig. 7  Zirconium concentration profile within rutile grain gRt9 
between and adjacent to zircon needles showing no decrease or sys-
tematic variations in Zr concentrations towards the zircon needles. 
Within uncertainty, Zr concentrations are identical. See text for fur-
ther explanations

Fig. 8  a Backscattered electron image of rutile grain Rt11 of sam-
ple VM13_6. The EMP concentration profiles VM13_6_Rt11_Prf1 
and VM13_6_Rt11_Prf2 are drawn in and show the systematic 
decrease of Zr in rutile towards adjacent zircon and the flat Zr profile 
towards the rutile grain edge without zircon. b Concentration profile 
VM13_6_Rt11_Prf1 towards adjacent zircon showing the systematic 

decrease of Zr towards the zircon grain. Subwindow b* shows the 
constant concentration profiles of Si (teal), Al (black), Cr (red) and 
Nb (blue) over the same distance as for Zr. c The profile VM13_6 
Rt11_Prf2 was set within the same grain but towards rutile grain 
boundaries without adjacent zircon and shows constant Zr concentra-
tions
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lower Zr contents and thus lower Zr-in-rutile temperatures 
of 941–1065 °C. 

Trace elements concentration profiles

A total of 18 profiles across 10 different rutile grains 
from 4 different samples were measured from rutile cores 
towards rutile grain boundaries with and without adjacent 
zircons along the grain edges. No systematic variations 
for Nb, Cr, Al and V were detected for any of the profiles, 
independently of whether or not the profile was set towards 
adjacent zircon (Fig. 8b*). In addition, regardless of the 
main neighbouring phases, Nb, Cr, Al and V concentrations 
are always homogeneous along the profiles. The Fe con-
centration in rutile increases towards the rutile grain edges 
with neighbouring Fe-bearing phases, which is most likely 
an analytical artefact due to secondary X-ray fluorescence 
effects.

Rutile grains with adjacent zircons show always a sys-
tematic Zr decrease towards the rutile–zircon interface 
(Fig. 8, Supplementary Fig. S2). These Zr profiles are 
always smoothly curved and never stepped (Fig. 8, Supp. 
Fig. S2). Concentration profiles within the same grains 
but towards rutile grain boundaries without adjacent zir-
con always display constant Zr (Fig. 8, Supp. Fig. S2). For 
example, a 30-µm-long concentration profile (VM13_4a_
Rt24_Prf1, Supp. Fig. S2) displays a decrease of Zr in the 

outermost 20–30 µm of the grain towards the rutile–zircon 
interface from 1200 to 600 µg/g. Spot measurements within 
the core of this ~150 µm grain yielded Zr concentrations 
of 1600 µg/g. A second 30-µm-long profile (VM13_4a_
Rt24_Prf2) within the same grain, but towards a rutile grain 
edge devoid of zircon, displays constant Zr concentrations 
of ~1500 µg/g Zr. Another Zr profile (VM13_6_Rt11_Prf1) 
is recorded in rutile grain Rt11 from sample VM13_6 
(Fig. 8). The Zr concentration decreases from ~1000 to 
500 µg/g over a 30-µm-long profile towards the rutile 
grain edge with adjacent zircon, whereas a second profile 
(VM13_6_Rt11_Prf2) within the same grain towards the 
zircon-free grain boundary displays constant Zr concentra-
tion of ~900 µg/g (Fig. 8). The systematic decrease of the 
Zr concentration in rutile towards adjacent zircon is also 
documented in three more Zr profiles (Supp. Fig. S2) and 
in a 30 × 30 µm Zr X-ray intensity map, where a Zr deple-
tion halo is visible (Fig. 9). The true decrease of Zr towards 
adjacent zircon might be slightly stronger as is reflected in 
the EMP profiles, because of possible X-ray fluorescence 
effects impacting up on the analyses.

Discussion

Nb, Cr systematics

Some studies report that Nb and Cr contents of rutile can 
be used to discriminate between rutile growth in a pelitic 
or in a mafic environment during metamorphism (e.g. 
Meinhold et al. 2008; Meinhold 2010; Triebold et al. 
2007; Zack et al. 2004b), whereas other studies query this 
potential (e.g. Kooijman et al. 2012; Meyer et al. 2011). 
The rutile grains investigated in this study display Nb and 

Fig. 9  X-ray intensity map of Zr for rutile grain gRt5 from sam-
ple VA10_8a showing the systematic, orbital decrease of Zr in 
rutile towards grain boundary with adjacent Zrn (red). Colour code 
indicates relative Zr concentration from high (red) to low (blue). A 
22.5 µm quantitative EMP concentration profile, carried out over the 
same area (from A to A1), shows a systematic decrease of Zr from 
~4500 to 3600 μg/g. The dashed line marks the rutile grain edge
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Cr concentrations from 200 to 5000 and 340 to 2100 µg/g, 
respectively (Fig. 6). Neither Cr nor Nb contents corre-
late systematically with Zr (Fig. 6). The samples from the 
Val Sesia (VA10) show a larger spread in both, Nb and 
Cr contents compared to the samples from the Val Mas-
tallone (VM13). When the data are plotted in the Nb–Cr 
source rock discrimination diagram, all but two rutile 
grains (98.6 %) plot in the field for metapelites, despite 
the large variability in Nb and Cr concentrations (Fig. 10). 
Two studies presented Nb versus Cr data for UHT rutile 
from Archean rocks, and both pointed out the ambiguity 
of their results that are not in agreement with the potential 
of Nb versus Cr source rock discrimination (Meyer et al. 
2011; Kooijman et al. 2012). The contrasting results can 
be interpreted in various ways. Either Nb–Cr source rock 
discrimination does not generally apply, though it is not 
clear yet which parameters control whether or not Nb–Cr 
ratios refer to the source rock; or the Nb–Cr source rock 
discrimination generally applies but complex metamor-
phic histories alter the pristine signature as the samples of 
the two studies showing contrasting results (Meyer et al. 
2011; Kooijman et al. 2012) derive from ancient UHT 
domains and both areas display very heterogeneous geo-
logical settings and have undergone complex metamor-
phic evolution histories. The geological setting and met-
amorphic history of the rocks from the Ivrea Zone have 
been studied in detail by numerous authors (e.g. Zingg 
1980; Sinigoi et al. 1991; Schnetger 1994; Barboza and 
Bergantz 2000; Quick et al. 2003) and are now very well 
understood. Since the investigated rutile crystals clearly 
grew in metapelitic rocks, the data presented in this study 
support the potential of source rock discrimination by 
Nb–Cr content of rutile.

Shielding effect of garnet on the trace element budget 
of rutile?

Zack et al. (2004a) reported that rutile grains included in 
garnet commonly preserve the highest Zr content. They 
argued that rutile inclusions in garnet can be shielded from 
the rock matrix and protected against diffusive re-equili-
bration of Zr during cooling. They further concluded that 
Zr content of rutile inclusions in garnet systematically dif-
fers from Zr content of rutile grains in the rocks matrix. 
In the present study, rutile does not show any systematic 
correlation between Zr concentrations and textural set-
ting. The Zr concentrations spread over several thousand 
µg/g for both matrix rutile and rutile included in garnet, 
with the highest Zr concentrations found in matrix rutile 
(Fig. 11a). These findings agree with the results of Ewing 
et al. (2013), who found that Zr-in-rutile temperatures from 
included rutile are lower than those estimated from rutile 
grains entrapped or entirely surrounded by e.g. feldspar or 
quartz. Indeed, the ability of garnet to preserve inclusions 
from reaction with other minerals is well known from e.g. 
monazite (Montel et al. 1996; Terry et al. 2000). However, 
rutile and garnet grow predominantly during prograde met-
amorphism by biotite breakdown reactions. Consequently, 
garnet overgrows rutile during prograde metamorphism 
below peak temperature and not during cooling. If the gar-
net container prevents Zr re-equilibration in rutile during 
cooling, it would also prevent early entrapped rutile crys-
tals from equilibrating their Zr content at peak metamor-
phic conditions. Consequently, rutile inclusions yield Zr 
contents that correspond to the temperature conditions at 
the time of their entrapment. The rutile inclusions in gar-
net from the Ivrea Zone show no systematic high or low Zr 

Fig. 11  Box and whisker plots 
showing a Fe, b Nb, c Cr and 
d Al contents in matrix rutile 
compared with concentrations 
of rutile inclusions within 
garnet. The boxes represent the 
first to third quartile of data; 
whiskers represent minimum 
and maximum values. The bars 
inside the boxes represent the 
median
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concentration, which suggests continuous rutile and garnet 
growth during prograde metamorphism. Interestingly, some 
rutile inclusions in garnet reveal zircon exsolution needles 
indicating intragranular re-distribution of Zr during cool-
ing. As formation of zircon exsolution from rutile most 
likely requires the addition of SiO2 from outside the rutile 
grain, the garnet container either does not totally shield the 
rutile from the rock matrix, or the garnet itself provides the 
Si for zircon formation.

Other trace elements in rutile inclusions in garnet, like 
Al and Nb, which could give further evidence for shielding 
effects, show no systematic variations (Fig. 11b, c). Only 
the Cr content of matrix rutile displays a slightly larger 
scatter to higher values compared with the Cr content of 
rutile that occurs as inclusions (Fig. 11d).

Zr systematics in UHT rutile

Diffusion of Zr in Type‑III rutile

Many rutile grains that are associated with granular zircon 
(Type-III rutile) record low to medium Zr content com-
pared to the maximum Zr concentration preserved in homo-
geneous crystals (Type-I rutile) from the same samples. Zr 
concentration in these partly rimmed crystals decreases 
systematically towards adjacent zircon grains (Figs. 8, 9, 
Supp. Fig S2). The onset of the decrease occurs steadily 
at 20–30 μm from the edge of the rutile, regardless of the 
grain size or the maximum Zr content in the grain centre. 
Except for the outermost 30 μm, Zr profiles are generally 
homogeneous across the whole grain. Similar zircon–rutile 
textures were observed and explained with dissolution–
reprecipitation processes affecting these crystals and reset-
ting their Zr-in-rutile temperatures (Ewing et al. 2013). 
According to this view, recrystallization of rutile at lower 
temperatures let rutile incorporate less Zr than released 
during dissolution, resulting in a decrease of Zr towards the 
rim of the rutile grain, with the released Zr then providing 
the chemical conditions for zircon crystallization along the 
rutile rim. This interpretation explains some aspects of the 
ambiguous Zr profiles and zircon crystals adjacent to rutile, 
yet some observations need further explanation. Recrystal-
lization of whole up to mm-sized rutile grains at dry HT 
conditions is unlikely since it could not proceed without 
dissolution and reprecipitation. The large spread of temper-
atures recorded in single rock samples is difficult to explain 
in a model suggesting complete recrystallization of rutile as 
the temperature spread implies that only some grains would 
have recrystallized during cooling, whereas others did not 
and different grains in the same sample recrystallized dur-
ing different temperature intervals of the retrograde path. 
If recrystallization would have occurred, one could expect 
smaller rutile grains to have been more susceptible to 

complete dissolution and reprecipitation. However, the 
analysed samples show no correlation between Zr-in-rutile 
temperature and grain size. During such a process, there 
is the chance for partial recrystallization of rutile grains. 
However, neither backscattered electron (BSE) nor sec-
ondary electron (SE) imaging reveal textural evidence for 
partial recrystallization of rutile rims like characteristic for-
mer reaction fronts or other heterogeneities. In addition, the 
trace element distributions in different rutile grains do not 
reveal any discontinuities, as would be expected across a 
dissolution–precipitation front. The chemical homogeneity 
in all trace elements but Zr, the decoupling of Zr-in-rutile 
temperature and rutile grain size, and the probably dry con-
ditions recorded by the mineral assemblage in the rocks 
suggests that a recrystallization model—with partial disso-
lution and reprecipitation of the rutile—is not adequate to 
explain the modification of primary Zr signatures in Type-
III rutile and the decrease of Zr towards rutile–zircon inter-
faces. An alternative explanation is that tiny parts of rutile 
rims dissolved without subsequent recrystallization and 
initiated zircon nucleation along rutile rims during cooling. 
Rough mass balance calculations show that this process 
could contribute to crystallization of first zircon nuclei but 
could not solely explain µm-wide zircon rims. The amount 
of Zr needed for crystallization of zircon rims would 
require dissolution of rutile corresponding to 50–120 times 
the volume of zircon crystallized (calculated for initial Zr 
concentrations in rutile with 10,000 and 1000 µg/g, respec-
tively). However, the crystallization of first zircon nuclei 
will enhance Zr diffusion towards the rutile rim. The newly 
formed zircon provides a sink for Zr and allows equili-
bration between Zr in rutile and zircon in the presence of 
quartz during cooling as the Zr does not have to be trans-
ported through the rock matrix. Diffusion of Zr in rutile is 
fast (Sasaki et al. 1985; Cherniak et al. 2007) and thus the 
primary and prograde zoning of Zr in rutile grown during 
prograde metamorphism equilibrates, resulting in the flat 
Zr profiles across rutile with the minor loss of Zr by dif-
fusive along the rim. The two studies that have experimen-
tally investigated Zr diffusion in rutile differ significantly 
in their results; yet, both suggest quite fast diffusivity for 
Zr in rutile. Sasaki et al. (1985) determined diffusion con-
stants as a function of oxygen partial pressure (fO2), crys-
tallographic direction and temperature. Calculating logD 
for their data at 1100 °C, diffusion of Zr perpendicular to 
the c-axis is with logD = −17.01 m2/s slightly faster than 
diffusion parallel to the c-axis with logD = −17.71 m2/s. 
More recently, Cherniak et al. (2007) investigated diffu-
sion of Zr under anhydrous conditions in both natural and 
synthetic rutile at different fO2. According to their data, the 
diffusion coefficient logD for Zr diffusion parallel to the 
c-axis at T = 1100 °C is logD = −20.48 m2/s, and thus 
about three orders of magnitude smaller than the diffusion 
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coefficient calculated from the data of Sasaki et al. (1985). 
The common preservation of high Zr contents in HT rutile 
is better explained by slower Zr diffusion, whereas the 
absence of Zr growth zoning rather indicates fast Zr dif-
fusion. Both experimentally determined diffusivities are 
too high to account for the limited retrograde Zr diffusion 
along the outermost rim of the UHT rutiles and are theoret-
ically also too high to support the capability of rutile to pre-
serve UHT Zr signatures—unless unrealistically fast cool-
ing rates are assumed (e.g. Zack et al. 2004a; Watson et al. 
2006; Tomkins et al. 2007; Luvizotto and Zack 2009; Kooi-
jman et al. 2012, Ewing et al. 2013). Sasaki et al. (1985) 
described a strong influence of fO2 on Zr diffusion depend-
ing on temperature and crystallographic direction, which 
implies that possible variations in fO2 during metamor-
phism of the investigated terranes need to be considered as 
well. As a consequence, care should be taken to compare 
samples from different HT and UHT terranes in order to 
evaluate and quantify Zr diffusion in rutile.

Considering only thermodynamics and assuming equi-
librium among rutile + zircon + quartz at any given 
moment, all rutile grains that equilibrated their Zr contents 
during prograde or peak metamorphic conditions would 
adjust their Zr concentrations during cooling. However, 
rutile retains high concentrations of Zr providing evidence 
that high temperatures were attained at some point during 
the thermal evolution of the host rock (e.g. Luvizotto and 
Zack 2009; Jiao et al. 2011; Meyer et al. 2011; Kooijman 
et al. 2012; Ewing et al. 2013; Korhonen et al. 2014; Smye 
and Stockli 2014). This feature suggests that kinetics play 
an important role. Instead of the intragranular transport of 
Zr in rutile restricting equilibration, it might be the limited 
mobility of ZrO2 or SiO2 in the rock matrix (an intergranu-
lar problem) that governs the equilibration between the 
phases. Taylor-Jones and Powell (2015) proposed a theoret-
ical approach of Si diffusion in rutile and its possible influ-
ence on the preservation of Zr in rutile acknowledging that 
SiO2 is known to be one of the least mobile species (Béjina 
and Jaoul 1997). Diffusion constants for Si in rutile, which 
are required to calculate Si closure temperatures, have not 
been experimentally determined yet. However, Taylor-
Jones and Powell (2015)computed closure temperatures for 
Si in rutile using theoretical values for EA and D0 which 
they inferred from a compensation trend for Si diffusion 
in silicates presented by Brady and Cherniak (2010). Even 
though the approach is somewhat speculative, it is useful to 
discuss a probable influence of Si diffusion in rutile on the 
behaviour of Zr in rutile. For any given grain size and cool-
ing rate, Si closure temperatures might be several 100 °C 
higher than the closure temperatures for Zr in rutile. If so, 
the interaction between rutile (or the Zr in rutile) and other 
phases stops once the temperature has decreased below 
Si closure—which will always be far above Zr closure 

temperature. From that moment on, the thermodynamic 
basis of the Zr-in-rutile thermometer, which is the equi-
librium rutile + zircon + quartz, is not any longer valid, 
allowing rutile to retain high Zr concentrations. Combined 
with the relatively fast diffusivity of Zr in rutile, this helps 
to understand the nearly homogeneous Zr profiles in sin-
gle grains. However, the presence of zircon exsolutions 
in some rutile grains while totally absent in other grains 
remains unclear when focusing only on Si closure in rutile.

Baddeleyite exsolution from Type‑II rutile with subsequent 
zircon formation

The oriented zircon needles found in some ultra-high tem-
perature (UHT) rutiles are collectively interpreted as zir-
con exsolutions from the rutile host (e.g. Zack et al. 2004a; 
Watson et al. 2006; Kooijman et al. 2012). Spatial and tex-
tural relationships between rutile and Zr-bearing exsolu-
tions indeed indicate that zircon needles source the Zr from 
their rutile host. Some repeated features observed for all 
the zircon needles analysed in this study seem to be spe-
cific and characteristic for their formation processes: (1) all 
rutile crystals that contain zircon exsolution needles (Type-
II) have low Zr concentrations of 200–500 µg/g between 
exsolved zircon, corresponding to Zr-in-rutile temperatures 
of 630–700 °C. (2) Zr concentrations of the rutile matrix in 
between zircon needles are always homogeneous on a µm 
scale and do not change towards zircon (Fig. 7). (3) Zir-
con exsolution needles do not vary significantly in size—
neither in length nor in width—within single and between 
different rutile grains. (4) Zircon exsolution needles mostly 
show shape-preferred orientations (SPO) in different direc-
tions controlled by their rutile host crystal with a prominent 
orientation being Zrn[001]//Rt {110}. (5) Zircon exsolution 
needles commonly show crystallographic preferred orien-
tations (CPO) (unpublished data, this study). Therefore, it 
can be ruled out that zircon needles in rutile are inclusions 
that grew before their host grains and were entrapped dur-
ing rutile growth.

Of all investigated rutile crystals containing exsolu-
tions, one grain was found to contain lamellae-like bad-
deleyite (ZrO2) instead of zircon (Fig. 2f), indicating that 
zircon exsolutions in rutile do not form by direct exsolu-
tion of ZrSiO4 but through the intermediate step of expul-
sion of ZrO2. For zircon formation, the exsolved ZrO2 sub-
sequently reacts with SiO2 to form zircon according to the 
reaction: 

 Yet, the source of Si required for the reaction and the tem-
perature of this reaction need to be established. The Zr-in-
rutile temperatures of 630–700 °C recorded in the matrix of 
all rutile grains with zircon exsolution needles imply that 

ZrO2(exsolved baddeleyite) + SiO2 = ZrSiO4(zircon exsolution needle)
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equilibration of Zr in rutile and formation of zircon exsolu-
tion needles proceeded until temperatures down to 630 °C 
were attained.

If the closure temperature for Si diffusion in rutile is 
high and well above the Zr closure (Taylor-Jones and Pow-
ell 2015), the zircon-forming reaction should be restricted 
to very high temperatures, especially if the Si originates 
from outside the rutile grain. However, as long as no exper-
imental data on Si diffusion in rutile are available, this 
issue remains speculative. Microprobe measurements have 
failed to detect systematic differences in the Si concentra-
tions of rutile matrix with or without zircon exsolution nee-
dles. This suggests that the formation of zircon from bad-
deleyite required Si to come from outside the rutile grains. 
The nearby presence of quartz is, however, apparently not 
the main prerequisite for SiO2 availability, since the only 
rutile grain that preserved baddeleyite occurs as inclusion 
within quartz. Due to the general low mobility of SiO2, it 
is likely the absence or presence of a fluid to transport the 
Si. Undamaged quartz crystals hardly allow fluids to pass 
through their structure, which led to the preservation of 
metastable baddeleyite exsolutions within the rutile crystal 
included in quartz. The intra-grain mobility of Si in rutile, 
which is needed to form zircon from baddeleyite, is facili-
tated by structural defects that result from the exsolution 
of baddeleyite. Nanoscale dislocations and misfits between 
baddeleyite exsolutions and host grains are generally 
known to be the result of exsolution processes, and they 
will provide excellent pathways for Si transport. It is thus 
the ZrO2 exsolution process itself, which enforces the later 
fluid-supported in-diffusion of Si into rutile. Future TEM 
studies are needed to detect former fluid pathways to test 
this hypothesis further.

Reconstructing peak T by mathematical and analytical 
reintegration of zircon exsolutions

Since zircon needles in rutile are the product of exsolution 
of ZrO2, its reintegration yields the Zr concentration of the 
rutile host grains prior to the exsolution. We selected the 
rutile crystals that provided the most regular and homo-
geneously distributed zircon needles for mathematical 
and analytical reintegration (e.g. Fig. 3b, c). Although this 
approach is based on the two-dimensional distribution of 
zircon needles using BSE and SE images, the regular dis-
tribution of zircon needles observed in rutiles grains cut in 
various crystallographic orientations suggests that zircon 
exsolution needles are homogeneously distributed within 
the whole rutile grains (Fig. 3).

The mathematical reintegration of zircon needles 
reveals initial Zr concentrations of ~1.2–2 wt%, equivalent 
to Zr-in-rutile temperatures of 1085–1194 °C (Table 1). 
These temperatures are extremely high compared to other 

UHT-areas and are higher than previously reported Zr-in-
rutile temperatures from the same area that were deter-
mined by LA-ICP-MS analyses (Ewing et al. 2013). Due to 
the exponential increase of Zr incorporation in rutile with 
increasing temperature, the estimated volume of exsolved 
zircon is the major factor controlling the mathematically 
integrated temperatures. This volume could be overes-
timated due to e.g. brightness effects in the BSE images, 
or if zircon exsolutions contain unrecognized sub-micron-
sized minor oxide phases. Electron backscatter diffraction 
studies (unpublished data), EDX mapping and comprehen-
sive Raman analyses on the investigated samples reveal 
that zircon exsolutions typically range in thickness from 
300 to 700 nm and never reveal other minor phases associ-
ated with them.

The analytical reintegration of zircon exsolution nee-
dles by 60 µm defocused beam microprobe analyses 
results in systematically lower Zr-in-rutile temperatures of 
940–1060 °C (Fig. 12). The results of these analyses are, 
however, biased towards lower temperatures by numerous 
effects. Rutile and zircon differ in their chemistry, crystal 
structure and density. Both phases have different absorp-
tion coefficients resulting in different characteristic X-ray 
efficiencies. Possible fluorescence effects due to zircon in 
rutile and the difference of the incident angle of the elec-
trons at the centre and at the periphery of the spot bias the 
analyses. Summing up these effects, the analytically inte-
grated Zr concentration will be underestimated resulting in 
systematically low Zr-in-rutile temperatures. It is unfortu-
nately not possible to quantify the underestimation of Zr-
in-rutile temperatures by analytical reintegration. The tem-
peratures of 940–1060 °C are therefore treated as absolute 
minimum temperatures for peak metamorphic conditions, 
indicating that the true peak temperatures must be higher.

Although uncertainties in the estimated volume of zir-
con exsolution are expected and inevitable, the mathemati-
cally calculated temperatures of 1085–1194 °C are never-
theless in good agreement with the thermal history of the 
selected samples and likely reflect the best estimates of the 
peak metamorphic conditions. The studied samples were 
collected in centimetre to decimetre thick metapelitic bands 
(paragneiss septae) from the Kinzigite Formation that 
underwent regional granulite facies metamorphism already 
before being subsequently affected by the contact meta-
morphic overprint during the emplacement of the Mafic 
Complex. During this major magmato-thermal event, the 
paragneiss septae were intruded and surrounded by basaltic 
magma for which a temperature of 1200–1250 °C is a real-
istic estimate. Parts of the dry and restitic metapelites were 
completely immersed in the basaltic magma and thus could 
have reached the basalt melt temperature. As the reinte-
grated Zr-in-rutile temperatures never exceed temperatures 
of 1200 °C, and taking into account the thermal history of 
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the collected samples, the temperatures of 1085–1194 °C 
are geologically realistic. Consequently, these tempera-
tures are interpreted as the peak metamorphic temperatures 
for the lower parts of the Kinzigite Formation of the Ivrea 
Zone that were stepwise immersed in the basaltic magma 
of the Mafic Complex (Table 1; Fig. 12). They reflect the 
unique geological settings and metamorphic conditions of 
the lowest continental crustal section of the Ivrea Zone.

The reintegration not only recovers the peak tem-
peratures of the investigated samples but also reveals that 
exsolution in the investigated samples most probably only 
occurred when initial Zr concentrations exceeded ~1.1 wt% 
(~1085 °C), while no exsolution-free rutile grain record-
ing Zr concentrations higher than 1.0 wt% (~1050 °C) 
was found. This suggests a threshold of 1.1 wt% above 
which rutile could not retain its Zr and started to exsolve 
baddeleyite during cooling. As only rutile grains showing 
absolutely regular and homogeneously distributed exsolu-
tion, needles were used for reintegration, it should be noted 
that the reintegration for other rutile crystals could result 
in lower initial Zr contents, which would lower the thresh-
old of 1.1 wt% Zr or even make it invalid. Beside the ini-
tial Zr content, additional aspects might control the onset 
of exsolution or prevent it e.g. the post-peak metamorphic 

evolution—particularly the cooling rates of samples, micro-
structural defects, the presence of a (hydrous) fluid during 
cooling or the presence of water in nominally anhydrous 
minerals. Degeling (2002) presented integrated Zr-in-rutile 
temperatures for rutile samples from the Napier Complex 
containing zircon exsolutions, some of which are signifi-
cantly lower than temperatures obtained from homogene-
ous grains from the same samples. Since the mechanisms 
and necessary conditions for the onset of exsolution during 
cooling from high temperature are not known, the threshold 
for zircon exsolution suggested here may not necessarily 
apply to samples from other high-grade terranes.

Prograde and retrograde temperature evolution recorded 
by Zr in rutile

In the frequency histograms (Fig. 5a–g), all analysed rutile 
grains were plotted, regardless of whether the rutile was 
homogeneous (Type-I), contained zircon needles (Type-II) 
or contained or was rimmed by granular zircon (Type-III). 
Additionally, no integrated temperatures are considered in 
the histograms. Hence, these temperatures reflect a combi-
nation of (prograde) equilibration temperatures and more 
or less reset temperatures, and therefore, these temperatures 

Fig. 12  Zr-in-rutile temperatures separated in three different groups 
based on textural distinct types of crystals and sorted by temperature. 
Teal circles and red squares indicate Zr-in-rutile temperatures of Val 
Mastallone and Val Sesia rutile, respectively. Hexagons (grey band) 
indicate analytically reintegrated and diamonds (yellow band) indi-
cate mathematically reintegrated Zr-in-rutile temperatures. The Zr 
threshold of Zrn exsolution and the low T band of Zr closure in Rt are 

marked as grey dashed line and dotted area, respectively. The x‑axis 
indicates the proposed link between Zr-in-rutile temperatures and rel-
ative timing of the metamorphic evolution, with prograde-, peak- and 
retrograde metamorphism. For the sake of clarity, error bars are not 
shown for individual samples. The grey and black error bars repre-
sent the error on Zr-in-rutile temperatures at 750 °C considering ana-
lytical uncertainties only (grey) and total error (black), respectively
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can only be interpreted in a petrogenetic context. Since 
rutile grains that are partially rimmed by zircon never pro-
vide fully equilibrated Zr-in-rutile temperatures (as shown 
by the Zr diffusion profiles), the temperatures obtained 
from the cores of such grains cannot easily be linked to a 
specific stage of the metamorphic history of the rock. The 
Zr-in-rutile temperatures from the core regions of such 
grains (Type-III) range from 650 to 950 °C (Fig. 12). In 
contrast to homogeneous (Type-I) rutile grains, these grains 
are in direct contact with zircon (along the rims), which 
provided a sink for Zr and enabled diffusional loss of Zr 
during cooling. The texturally homogeneous Type-I rutile 
grains, which are free of both zircon exsolution and zircon 
at the rim, show no textural or chemical evidence that sup-
port re-equilibration of Zr. Additionally, these grains show 
homogeneously distributed Zr, Nb, Cr, Al and Fe and reveal 
no growth zoning or diffusive loss of Zr in EMP concen-
tration profiles. Thus, the different temperatures recorded 
by different homogeneous Type-I rutile grains from the 
same sample correspond to the thermal condition during 
their growth and the different temperatures then preserve 
evidence for different rutile producing reactions during the 
prograde path. Since there is no correlation between trace 
element content (Nb, Cr. Fe, Al, Fig. 6) and Zr-in-rutile 
temperatures, it is likely that the rutile grains all formed 
as a result of biotite breakdown during the prograde path, 
but different sub-parageneses in the same sample reacted to 
form rutile at different temperatures.

Nearly all of these homogeneous grains record distinct 
high temperatures of 900–1000 °C in samples from the Val 
Sesia and 950–1050 °C in samples from Val Mastallone, 
with only five grains recording temperatures significantly 
lower than 900 °C (760–840 °C) (Fig. 12). Rutile grains 
with equilibration Zr temperatures below 1050 °C retained 
their Zr, stayed homogeneous and thus record their growth 
temperatures during the prograde path. Figure 5h shows a 
temperature histogram of all analysed samples, including 
the reintegrated peak temperatures and the pooled results 
based on rutile texture.

Conclusions

The comprehensive set of metamorphic rutile crystals in 
metapelites from the lowermost part of the Ivrea Zone 
reveals the behaviour of the Zr-in-Rt thermometer during 
the prograde and retrograde path that reached UHT condi-
tions and is suitable to evaluate its robustness during pro-
grade and retrograde metamorphism. A key observation 
is that rutile grains with the same P–T history show quite 
diverse textures and a wide range in Zr concentrations 
that translate into a wide range in apparent formation or 

equilibration temperatures. Experimental studies show that 
diffusion of Zr is quite fast, and equilibration after UHT 
metamorphism is to be expected. This is consistent with 
the general observation that prograde growth zonation in 
rutile grains cannot be observed. However, this equilibra-
tion affects only the intragranular distribution of Zr in sin-
gle rutile grains. Limited transport of Zr between minerals 
and very slow Si diffusion within rutile generally prevent 
Zr re-equilibration with other minerals during cooling. The 
differences in textural relations between rutile grains and 
adjacent or included zircon in UHT samples indicate vari-
able processes of Zr redistribution in rutile following peak 
metamorphic conditions. The different bulk Zr concen-
trations of individual rutile grains in the same sample are 
evidence for the lack of Zr exchange with the surrounding 
rock matrix during the metamorphic evolution, an observa-
tion that contrasts with the behaviour of the U–Pb system 
in rutile. The different Zr contents imply that rutile grains 
in these layered pelitic gneisses grew in an environment 
where not enough Zr was available during mineral reac-
tion, or at different intervals during the prograde meta-
morphism, and thus rutile kept the information on the time 
integrated temperature interval of its growth. Rutile grains 
with extensive exsolution (Type-II) of zircon or rare bad-
deleyite record the highest temperatures if the exsolved 
zircon is re-integrated. These zircon needles formed when 
baddeleyite exsolved from rutile during cooling and subse-
quently reacted with SiO2—probably derived from outside 
the rutile grains. The exsolution proceeded down to tem-
peratures of 630–700 °C, which corresponds to the closure 
temperatures for intracrystalline Zr redistribution in rutile. 
The reintegration of zircon exsolution needles results in 
temperatures of up to 1190 °C which is similar to the melt 
temperature of the surrounding gabbro and reflects the 
peak metamorphic temperature in the septae of the Mafic 
Complex in the Ivrea Zone. The preservation of such high 
temperatures by Zr-in-rutile thermometry makes this solu-
tion thermometer indeed a powerful geothermometer to 
recover peak conditions during UHT metamorphism if 
post-metamorphic-peak modifications such as exsolu-
tion of zircon or baddeleyite and minor granular exsolu-
tion along the grain boundaries are taken into account. The 
preservation of these various temperature information in 
grains with extensive exsolution of zircon implies that the 
texturally homogeneous Type-I rutile grains with relatively 
low Zr contents do not indicate retrograde modification of 
Zr but record prograde rutile growth from temperatures 
of 750–1080 °C. Thus, the different Zr concentrations in 
rutile crystals from the same sample provide a record of 
prograde metamorphic reactions and the distinct equilibra-
tion textures developed in individual grains are an effect of 
retrograde adjustment.
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