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Abstract
Dating low-grade metamorphism is challenging since such rocks commonly lack 
suitable target minerals for acquiring pressure–temperature–time–deformation (P–
T–t–d) data. Herein a new geochronological method termed ‘bulk inclusion dating’ is 
applied to a chloritoid-bearing schist from the Staufen-Höllengebirge Nappe (SHN, 
Austroalpine Unit, Eastern Alps, Austria) for which Cretaceous metamorphism is 
imprecisely constrained. Thermodynamic modelling of the phase relations and min-
eral chemistry predicts the stability of the equilibrium assemblage in a P–T field be-
tween 450–490℃ and 0.5–0.7 GPa, which agrees with peak temperature constraints 
~490℃ derived from Raman spectroscopy of carbonaceous material. Chemical 
zoning of, and the zonation of inclusions within, chloritoid confirm porphyroblast 
growth at these conditions. High-resolution imaging reveals thousands of minute 
(length: 0.1–3 µm), euhedral micro-zircon crystals included in chloritoid porphyro-
blasts and in the matrix. The morphological and microstructural characteristics of 
micro-zircon as well as the crystal size distributions indicate that it nucleated and 
grew at greenschist facies conditions most likely from a Zr-saturated fluid. In situ 
laser ablation inductively coupled plasma mass spectroscopy bulk inclusion dating of 
metamorphic zircon in the chloritoid rim using a laser spot diameter of 120 μm yields 
a U–Pb age of 116.7 ± 9.1 Ma (MSWD: 1.5, n: 79). We interpret zircon precipita-
tion and progressive coarsening coeval with chloritoid growth during prograde meta-
morphism and thus link the age to the late prograde part of the P–T evolution. The 
contribution of other U-bearing phases (apatite, epidote, rutile) does not significantly 
disturb the U–Pb age. The data provide clear evidence for Early Cretaceous meta-
morphism in the SHN and indicates that metamorphism started at least 20 m.y. be-
fore the formation of eclogites in the Austroalpine Unit. The method introduced here 
allows integration between metamorphic conditions and age constraints in low-grade 
metamorphic rocks and opens up new potential applications in petrochronology.
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1  |   INTRODUCTION

Deciphering the petrologic evolution of low-grade metamor-
phic rocks is essential for a comprehensive understanding of 
the burial and exhumation processes during orogeny. Linking 
pressure (P), temperature (T), age (t), and deformation (d) 
data is comparatively straightforward in high-grade metamor-
phic rocks where some of the rock-forming minerals that can 
be directly related to P–T conditions can also be dated (e.g. 
Herwartz et al., 2011; Thöni et al., 2008). Low-grade meta-
morphism and deformation, on the other hand, is commonly 
dated with white mica geochronology, but linking white mica 
ages to metamorphic events is sometimes ambiguous due to 
the complex response of the Rb–Sr and K–Ar isotopic sys-
tems to a variety of phenomena (e.g. Cossette et  al., 2015; 
Eberlei et al., 2015; Kula et al., 2010). Certain studies have 
documented the growth of U–Th-rich phases (e.g. zircon, 
REE-phosphates, epidote) during low-grade metamor-
phism (e.g. Dempster et al., 2004; Janots et al., 2006, 2008; 
Rasmussen, 2005). In situ U–Th–Pb dating of these phases 
has greatly improved our ability to link P–T–d and age data in 
low-grade rocks (e.g. Janots et al., 2009); however, successful 
data acquisition is challenged by small grain sizes and the rar-
ity of the relevant phases. Moreover, preliminary thermody-
namic data for REE phases (Kelsey et al., 2008; Spear, 2010; 
Spear & Pyle, 2010) potentially lead to large P–T errors of 
the stability fields involving these phases, or even more fun-
damental questions about the relative timing of accessory 
minerals’ appearance (Kohn et  al.,  2015). Partial resetting 
during complex fluid–rock interaction (e.g. Grand’homme 
et al., 2016) may additionally jeopardize the age interpreta-
tion. Using a sample from the Staufen-Höllengebirge Nappe 
(SHN) (Austroalpine Unit, Eastern Alps, Austria) we intro-
duce a novel method that directly relates P–T–d estimates de-
rived from thermodynamic modelling of porphyroblast phase 
relations and chemical compositions with U–Pb geochrono-
logical information from micro-zircon inclusions within the 
same porphyroblasts.

2  |   GEOLOGICAL SETTING

The Austroalpine unit in the Eastern Alps is a nappe stack 
that was built from material of the Adriatic continental crust 
in the Cretaceous and then became the upper plate during the 
subsequent closure of the Alpine Tethys and collision of the 
European plate in the Cenozoic era (Figure 1a; Froitzheim 
et al., 2008; Schmid et al., 2004). Its tectonostratigraphic age 
is constrained by the synorogenic sediments on top of the 
cover nappes (140–100 Ma; Ortner et al., 2008) and by P–T–
t–d data in the upper greenschist to eclogite facies nappes that 
together form a metamorphic extrusion wedge (100–85 Ma; 
Sölva et al., 2005; Tenczer & Stüwe, 2003; Thöni, 2006). The 

samples investigated in this study were collected at the base 
of the SHN, the upper structural level of the Austroalpine 
unit exposed in the Kitzbühel mountains north of the Tauern 
Window (Figure 1b, Pestal et al., 2005). The nappe consists 
of (a) Neoproterozoic to Carboniferous metasediments and 
metavolcanics stacked together during the Variscan orog-
eny between 350 and 300 Ma (Heinisch et al., 2015), (b) a 
Permian to Jurassic cover sequence, and (c) Valanginian to 
Barremian (140–125  Ma) synorogenic sediments (Ortner 
et al., 2008). Alpine deformation and metamorphism docu-
mented by K–Ar and 40Ar/39Ar white mica ages commenced 
between 120 and 113 Ma and lasted until 90–95 Ma (Frank 
& Schlager,  2006; Kralik,  1983). Metamorphic conditions 
are constrained by Raman spectroscopy of carbonaceous 
material (RSCM) yielding maximum temperatures between 
200 and 400℃ with a normal bottom to top field gradient 
(Rantitsch & Judik,  2009). Preliminary petrological stud-
ies in rather high levels of the SHN yielded P–T conditions 
of 350–400℃ at 0.3–0.8  GPa in metabasic rocks (Collins 
et al., 1980) and 320 ± 30℃ at 0.49 ± 0.12 GPa in metasedi-
ments (Tropper & Piber, 2012). The absence of direct links 
between the geochronology and P–T conditions hampers the 
interpretation of these data and their integration in a geody-
namic model of the Eastern Alps.

3  |   METHODS

Samples A and B were collected at the same outcrop at the 
base of the SHN at E 47.30301°/N 12.392431° (Figure 1b) 
and were analysed using the following procedures.

3.1  |  Rock and mineral characterization

The petrographic and chemical characterization of the rock 
samples was carried out at the University of Vienna (Austria). 
Polished thin sections cut in the XZ plane of finite deforma-
tion were investigated using a FEI Inspect S scanning elec-
tron microscope (SEM) equipped with a tungsten hairpin 
electron source operated at 15 kV acceleration voltage. High-
resolution images of micro-zircon were captured on a FEI 
Quanta 3D FEG SEM equipped with a field emission gun 
which was operated at 10–15 kV acceleration voltage and a 
probe current of ~4 nA. Zircon was identified by EDS analy-
sis using an EDAX Pegasus Apex 4 system consisting of an 
Apollo XV Silicon Drift Detector. Large (>3 µm in length) 
crystals yielded a pure zircon EDS spectrum, however, small 
crystals yielded an EDS signal which was polluted by the 
silicate host phase. From similar characteristics compared to 
larger zircon crystals (Z-contrast, crystal shape), we assume 
that small, Zr-bearing crystals are zircon as well. The absence 
of a Ca- or Ti-peak excludes zirconolite (CaZrTi2O7), and 
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baddeleyite (ZrO2) is highly unlikely given the elevated bulk 
rock silica content. Therefore, the presence of a detectable 
Zr peak in the EDS spectrum gives sufficient evidence for 
zircon (Dempster et al., 2008).

Mineral chemical analyses were carried out with a field 
emission gun-equipped Cameca SXFiveFE electron probe 
microanalyser (EPMA), using a 15 kV acceleration voltage, a 
beam current of 10–20 nA and a spot size of 1 µm (for garnet, 
chloritoid, ilmenite, rutile) and 5  µm (for muscovite, chlo-
rite). Analytical details are provided in Ntaflos et al. (2017); 
the full EPMA data set is in Table S1. Apatite analyses were 
obtained using 20 kV acceleration voltage, 20 nA beam cur-
rent, and a defocused beam (spot size 8  µm) to minimize 
damage. Yttrium, La, and Ce were analysed using the Lα-
line with TAP (Y) and LLIF (La, Ce) crystals, respectively, 
and calibrated using synthetic glasses. Structural formulae 
were calculated following Ketcham (2015). The full data set 
is provided in Table S2. For whole-rock analyses, the two 

chloritoid-bearing schist samples selected for thermodynamic 
modelling were carefully cleaned from macroscopic signs of 
alteration, crushed and ground to a fine powder. Major and 
trace elements were analysed by inductively coupled plasma 
mass spectrometry (ICP-MS) at Activation Laboratories Ltd. 
(Canada) with additional measurement of FeO by titration 
and S by infrared analysis. Results are in Table 1.

3.2  |  Raman spectroscopy of 
carbonaceous material

Two graphite-bearing phyllites sampled within 100 m of the 
chloritoid-bearing schist outcrop were used for RSCM anal-
yses at the University of Leoben (Austria). Carbonaceous 
matter for the Raman measurements was isolated by an 
acid treatment. A Horiba LabRAM HR Evolution instru-
ment, equipped with a 100 mW Nd:YAG (532 nm) laser, a 

F I G U R E  1   (a) Overview map of the Eastern Alps showing palaeogeographic affiliation of the main tectonic units (modified after Froitzheim 
et al., 2008). (b) Simplified geological map of the Kitzbühel mountains showing the nappes and their lithological contents (modified after Pestal 
et al., 2005). The star indicates the sample location
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confocal microscope (hole aperture: 100 µm), a 1,800 g/mm 
grating, and a Peltier cooled charge-coupled device detector 
was used to collect Raman spectra. Two scans in the 700–
2,000 cm−1 region, divided in four 20 s accumulations, were 
averaged. Several spectra were recorded for each sample 
and the band positions were maintained by using reference 
standards. The Raman spectra were evaluated by the Iterative 
Fitting of Raman Spectra (IFORS) approach of Lünsdorf and 
Lünsdorf (2016), excluding subjectivity in curve fitting. The 
results were used to estimate metamorphic temperatures from 
the regression of the scale total area parameter against meta-
morphic temperatures of thermometrically well-constrained 

reference samples (Lünsdorf et al., 2017). To avoid any bias 
arising from the sample preparation method and instrumental 
settings, the reference samples were prepared and analysed in 
an identical manner as the unknowns. Results are presented 
in Table S3.

3.3  |  Thermodynamic modelling

Equilibrium assemblage diagrams were calculated using 
the Theriak/Domino software package (De Capitani & 
Petrakakis,  2010). Calculations were performed using the 

Whole-rock analysis Trace element composition

(w%) A B (ppm) A B avg. upper crusta 

SiO2 54.67 48.14 V 215 150 97

TiO2 2.80 1.29 Ba 515 46 628

Al2O3 19.53 17.50 Sr 62 12 320

Fe2O3 4.38 5.36 Y 38 52 21

FeO 7.80 16.10 Zr 246 175 193

MnO 0.55 0.83 Cr 170 100 92

MgO 1.98 3.77 Co 24 27 17.3

CaO 0.85 0.58 Ni 70 90 47

Na2O 0.38 0.03 Cu 60 180 28

K2O 2.85 0.23 Zn 120 190 67

P2O5 0.46 0.40 Rb 68 6 82

Total S 0.03 0.32 Nb 44 23 12

LOI 3.59 4.47 La 41 70.4 31

Total 99.83 98.69 Ce 79.3 134 63

Model bulk composition Pr 9.22 14.8 7.1

(mol) A B Nd 37.2 57.1 27

Si 53.79 48.67 Sm 8.1 12 4.7

Ti 2.07 0.97 Eu 2.61 3.31 1

Al 22.64 20.85 Gd 8.4 11.9 4

Fe 9.66 17.38 Tb 1.3 1.8 0.7

Mn 0.45 0.7 Dy 6.9 10.3 3.9

Mg 2.9 5.68 Ho 1.3 1.9 0.83

Ca 0.26 0.05 Er 3.4 5.3 2.3

Na 0.72 0.05 Tm 0.46 0.75 0.3

K 3.57 0.29 Yb 2.8 4.6 2

O 162.01 154.97 Lu 0.4 0.68 0.31

H2O 25 25 Hf 5.1 3.7 5.3

XMg 0.23 0.25 Ta 3 1.8 0.9

XFe3+ 0.20 0.05 Pb 24 < 5 17

Th 6.5 11.4 10.5

U 1.1 2.6 2.7

Th/U 5.9 4.4 3.9
aRudnick et al. (2003).

T A B L E  1   Whole-rock analyses, model 
bulk rock compositions and trace element 
analyses of sample A and B
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database file td-tcds62-6axmn-03.txt (http://dtink​ham.net/
peq.html) compiled by D. Tinkham (Laurentian University, 
Canada) and combining the tc-ds62 thermodynamic data set 
(Holland & Powell, 2011) and mineral activity–composition 
relations in the MnNCKFMASHTO system (White 
et al., 2014). The white mica model was modified to account 
for pyrophyllite substitution (Coggon & Holland, 2002). The 
equilibrium bulk composition for thermodynamic modelling 
was calculated from whole-rock analyses with modifications 
of the CaO and FeO to account for phases not considered 
in the model and ferric iron (XFe

3+) content estimated from 
P–X pseudosections at fixed temperature (see Appendix S1 
for details). The unusually high bulk MnO content of the 
samples required minor modifications of the thermodynamic 
properties of Mn end-members of chloritoid and ilmenite 
in order to correctly reproduce observed assemblages and 
compositions (see Appendix S2 for details). A minimal ab-
solute error of 30–50℃ and 0.1 GPa can be assumed for all 
P–T constraints with the uncertainty on XFe

3+ being probably 
the largest source of error (Plunder et  al.,  2012; Powell & 
Holland, 2008).

3.4  |  Image analysis

We determined the abundance, size, and distribution of U-
bearing accessory phases using image analysis. The drastic 
difference of phases regarding their abundance and size re-
quired the acquisition of two data sets: one high-resolution 
(pixel width: 0.02 µm) data set for zircon and one lower reso-
lution data set for larger accessory phases of interest (apatite, 
epidote, rutile). High-resolution images collected during the 
rock and mineral characterization step were stitched together 
and loaded into Fiji (imagej.net; Schindelin et  al.,  2012) 
where a grey value threshold corresponding to the Z-contrast 
of zircon was applied. The image was then converted to bi-
nary and an erosion algorithm was applied to reduce effects 
of oblique chloritoid–zircon phase boundaries with respect 
to the thin section surface, which appear blurry in the image. 
The binary image was then vectorized in QGIS (qgis.org). 
Since zircon and rutile have overlapping Z-contrasts, poly-
gons of the resulting data set were manually checked to ver-
ify they represent zircon and removed if otherwise. Zircon 
aggregates were separated in order that each polygon repre-
sents a single zircon, or treated as a single zircon where no 
grain boundary was discernable. The resulting 2,580 zircon 
polygons were classified according to their microstructural 
position (e.g. host mineral, location at a grain/phase bound-
ary or included in a host mineral). From the resulting data 
set, the zircon area and long axis (approximated from diam-
eter of polygon-enclosing circle) were derived (Table S4). 
For crystal size analysis, an equivalent radius defined by the 
square root of the area divided by Pi was calculated. Very 

small, poorly defined crystals (equivalent radius <0.04 µm) 
were removed from the data set. The zircon orientation was 
determined from the long axis of best-fit ellipses of zircons 
(Szpak et al., 2014). For the orientation rose diagrams, iso-
metric crystals with an aspect ratio of ellipse axes between 
0.95 and 1.05 were excluded from the data set. Although the 
digitizing procedure may introduce errors in the area of indi-
vidual, particularly small grains, general trends concerning 
crystal size in different domains are valid.

Coarser grained accessory phases (apatite, epidote, rutile) 
were assessed with respect to their maximum expected con-
tribution to the LA-ICP-MS analysis of the chloritoid rim. 
We imaged 36 apatite grains, 210 epidote grains, and 298 
rutile grains (single crystals or aggregates) in the rims of 10 
chloritoid porphyroblasts that were then manually digitized 
in QGIS to determine their area. Grains that lie within a circle 
with a diameter of 120 µm (corresponding to the diameter of 
the laser ablation spot) were grouped into clusters to calculate 
the areal contribution to the ablated chloritoid. Grain clusters 
were chosen to maximize the area of the resulting cluster in 
order to obtain a maximum estimate of the area contribution 
of these phases.

3.5  |  LA-ICP-MS analysis

A Resonetics M-50 193 nm ArF Excimer laser ablation sys-
tem coupled to an Agilent 7700x quadrupole ICP-MS sys-
tem (University of New Brunswick, Canada) was utilized for 
the U–Pb analyses, following the protocol of McFarlane and 
Luo (2012). Single spot analyses were completed on a pol-
ished thin section with the laser operated at a repetition rate 
of 4 Hz, spot size of 120 μm for chloritoid rim and 20 μm 
for apatite, pulse energy of 4  J/cm2, and 30  s of ablation 
preceded by 30  s of gas background collection. We chose 
ablation regions in the chloritoid rim which were devoid of 
inclusions that are detectable with an optical microscope. 
Isotopes of 206Pb, 207Pb, and 238U were collected with 50, 
70, and 20 ms dwell times, respectively, and 10 ms for 232Th 
and 208Pb. Reference material NIST610 and NIST612 were 
used as primary standards. Isotope working values for Pb/U 
in NIST610 are from Horn and von Blanckenburg (2007) 
whereas those for NIST612 were measured in-house rela-
tive to NIST610. Reference standards were analysed under 
the same conditions as the unknowns. Although no second-
ary standards for the bulk inclusion method exist, chloritoid 
from the Jumping Brook Metamorphic Suite, Nova Scotia 
(McCarron et al., 2021), was analysed using the same routine 
and yielded an age of 420 ± 48 Ma that overlaps with 395 Ma 
garnet Lu–Hf dates obtained from the same sequence. All 
data were reduced offline using a combination of Iolite 
v3.7 (Paton et al., 2011) and VizualAge v2015.06 (Petrus & 
Kamber,  2012) running under Wavemetrics IgorPro v6.22. 

http://dtinkham.net/peq.html
http://dtinkham.net/peq.html
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Iolite's U–Pb geochronology data reduction scheme (Paton 
et  al.,  2010) performs a down-hole Pb/U fractionation cor-
rection, followed by a drift correction, reference material 
normalization, and uncertainty propagation. The combina-
tion of ablation time, crater diameter, fluence, and repetition 
rate yielded a shallow exponential down-hole fractionation 
fit for NIST610 and NIST612 which, when applied to the un-
knowns, minimized residual Pb/U fractionation as observed 
in the individual time-series data. Analyses that displayed 
obvious heterogeneity in the time-resolved U–Pb concen-
trations were removed during this step. Tera–Wasserburg 
plots of the U–Pb data were calculated using IsoplotR 
(Vermeesch, 2018).

Trace element analyses of the chloritoid rim were per-
formed using the same analytical system as for U–Pb anal-
yses at an energy density of 4  J/cm2 at a repetition rate of 
3 Hz and a spot size of 112 μm. We analysed the following 
isotopes: 45Sc, 47Ti, 51V, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 133Cs, 
139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 
165Ho, 166Er, 169Tm, 172Yb, 175Lu, 181Ta, 201Hg, 205Tl, 208Pb, 
232Th, and 238U. Calibration was performed using NIST610 

and GSE-1G glass. The full trace element data set is provided 
in Table S5.

4  |   RESULTS

4.1  |  Sample petrography, mineral 
chemistry, and P–T–d analysis

Two chloritoid-bearing schists were collected at the same 
outcrop at the base of the SHN (Figure  1b) for P–T–t–d 
analysis. Sample A contains millimetre-scale chloritoid 
porphyroblasts in a foliated matrix of chlorite, phengitic 
white mica, and quartz (Figure 2a). Chloritoid is oriented 
both parallel and oblique to the main foliation, contains 
an internal foliation delineated by inclusion trails and has 
strain shadows filled with chlorite and quartz (Figure 2a,b). 
These observations indicate intertectonic growth of the por-
phyroblasts. Chloritoid is chemically zoned with a core to 
rim decrease in Fe and Mn and increase in Mg (Figure 3a). 
It also exhibits zoning with respect to inclusion distribution 

F I G U R E  2   Transmitted light microscope (a) and backscattered electron scanning electron microscope (BSE SEM) images (b–f) showing 
phase relations of sample A (a–e) and B (f). Mineral abbreviations follow Whitney and Evans (2010). (a) Chloritoid porphyroblasts in a matrix 
of muscovite, chlorite, quartz, ilmenite, rutile, and apatite. (b) Chloritoid core with small inclusions of ilmenite, hematite, rutile, and apatite. The 
hourglass zoning is defined by quartz inclusions. (c) Different stages of the retrograde reaction ilmenite=hematite+rutile. Ilmenite is best preserved 
where shielded by chloritoid. Matrix ilmenite is partially to fully replaced. Note the increasing grain size of ilmenite inclusions in chloritoid from 
core to rim. (d) Matrix ilmenite with chlorite inclusions shows partial replacement by hematite and rutile and overgrows epidote. Note the zoning of 
epidote with a REE-rich core. (e) Large apatite exhibits chemical zoning with a higher REE+Y concentration in the core. The apatite rim contains 
rutile inclusions. Note the adjacent ilmenite being fully replaced by hematite+rutile. (f) Small garnet with ilmenite inclusions in a chloritic layer of 
sample B
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defined by a strongly pigmented core with numerous small 
(<10  μm), euhedral inclusions of zircon, ilmenite, he-
matite, rutile and subordinate apatite and epidote whereas 
the rim possesses the same phases but the grain size is 

markedly larger (Figure 2b,c). Moreover, many chloritoid 
porphyroblasts exhibit an hourglass zoning defined by 
quartz inclusions (Figure 2a,b). The oxide assemblage con-
sists of hematite–ilmenite solid solutions and chemically 

F I G U R E  3   Mineral chemistry measured with EPMA for (a) chloritoid, (b) garnet, (c, d) chlorite, (e, f) white mica, (g) ilmenite–hematite 
solid solutions, and (h) rutile. Modelled compositions are represented as stars. Numbers in stars correspond to prograde stage 1 at 460℃–0.54 GPa, 
peak stage 2 at 485℃–0.7 GPa and retrograde stage 3 at 450℃–0.5 GPa on Figure 2a. End-member abbreviations according to Whitney and Evans 
(2010)
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zoned Nb-bearing rutile (Figure  3g,h). Hemo-ilmenite 
(Xhem~8%) forms up to 200  μm long porphyroblasts con-
taining mostly quartz and occasional chlorite and epidote 
inclusions (Figure  2d). When hemo-ilmenite is included 
in chloritoid, its grain size increases from the chloritoid 
core to the rim (Figure  2c). Unless armoured by chlori-
toid, it exhibits exsolution patterns with Ti-rich hematite 
and various stages of replacement by hematite and rutile 
(Figure  2c–e). Accessory phases are apatite, epidote, and 
zircon, which are described in detail in Section 4.2. The 
assemblage chloritoid+chlorite+white mica+ilmenite+h
ematite+rutile+epidote+quartz is interpreted to represent 
equilibrium close to peak conditions in sample A. Sample 
B is a chloritoid–chlorite schist, which in contrast to sam-
ple A contains ilmenite as the only oxide phase and a few, 
small (<100 μm) garnet (Figure 2f). The mineral chemistry 
of both samples is characterized by high XMn in chloritoid 
(0.06–0.09), ilmenite (0.06–0.20), and garnet (0.33–0.36, 
Figure 3a,b,g; Table S1).

Thermodynamic forward modelling reproduces the peak 
assemblage of sample A in a narrow stability field defined by 
the presence of ilmenite, hematite, and rutile and the absence 
of magnetite, garnet, and margarite at 450–490℃ and 0.5–
0.7 GPa (Figure 4a). The chloritoid composition of sample A 
and garnet composition of sample B are modelled along a P–
T path traversing this field (Figure  4b,c). The prograde and 
retrograde P–T path is constrained by (stage 1–2) the chang-
ing chemical composition of chloritoid in the stability field of 
ilmenite during the prograde path (stage 2) the absence and 
presence of garnet in sample A and B, respectively, at peak 
metamorphic conditions at 485℃ and 0.7 GPa, and (stage 3) 
the breakdown of ilmenite to rutile and hematite during the 
retrograde evolution. The peak temperature of stage 2 agrees 
with RSCM temperature estimates of 490℃ on neighbouring 
samples (Figure 4a, Table S3). An excellent match of predicted 
and observed mineral compositions is achieved for chloritoid 
and garnet, and Si p.f.u. in white mica (Figure  3a,b,f). The 
observed misfit of modelled and measured mineral composi-
tion for chlorite, white mica and ilmenite may be attributed to 
poorly constrained thermodynamic properties of end-members 
or solid solution models at low P–T conditions and the uncer-
tainty of the bulk rock XFe

3+. Additionally, the chlorite model 
overestimates Si p.f.u. at low-grade conditions (Figure 3c,d). 
However, given the excellent fit of thermodynamically well-
constrained phases (i.e. garnet) and consistent P–T conditions 
for both samples, we emphasize the robustness of our P–T con-
straints despite slight inconsistencies.

4.2  |  Petrography of accessory phases

A detailed description of U-bearing accessory phases (zircon, 
epidote, apatite, rutile), which are potential targets for U–Pb 

geochronology in sample A, is provided in the following 
sections.

4.2.1  |  Zircon

Micro-zircon (mostly <5 µm) is ubiquitous in the matrix and 
occurs also as an inclusion in all porphyroblasts. No larger 
zircon exhibiting typical features of a detrital zircon such as 
a rounded shape and complex internal zoning was observed. 
We imaged 2,580 zircon crystals in different microstructural 
domains of sample A, characterizing them in terms of mor-
phology, size, orientation, and spatial distribution.

Zircon inclusions in the chloritoid range between 0.04 and 
0.50 µm (equivalent radius) with crystals smaller than 0.25 µm 

F I G U R E  4   (a) P–T pseudosection for sample A with results 
from RSCM thermometry. The garnet-in (Grt) reaction for sample 
B is indicated. Stars indicate the stages of metamorphic evolution 
(see text of Section 4.1. for further explanation). Modelled chloritoid 
composition of sample A (b) and garnet composition of sample B (c) 
along the prograde P–T path (dotted yellow line) show an excellent 
fit with the measured chloritoid and garnet composition respectively 
(boxes)
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dominating the spectrum. Zircon generally exhibits straight 
phase boundaries. Smaller zircons are typically thin, elongate 
(aspect ratio »1), and lack any internal complexities observable 
by SEM (Figure 5c–f). By contrast, a few larger zircons have 
more irregular phase boundaries, have an aspect ratio closer 
to 1 and may display tiny pores and inclusions (Figure 5g,h). 
Zircon aggregates consisting of several zircon nuclei are ob-
served at all grain sizes (Figure 5c,d). Rather than being evenly 
dispersed, zircon is more commonly found forming clusters 
(Figure 6c,d) and may be aligned along inclusion trails associ-
ated with rutile, hematite, and ilmenite in the chloritoid core or 
alone in the chloritoid rim (Figures 5a,b and 6c). Elongate zir-
con is preferentially oriented parallel to these inclusion trails 
(rose diagram, inset in Figure 6c), and no shape preferred ori-
entation parallel to the 001 cleavage of chloritoid is observed.

In core–rim sections of two chloritoid porphyroblasts, 
1,297 zircons were imaged and their crystal size distribu-
tion (CSD) was statistically evaluated (Figure  6). In both 
the core and the rim, the minimum zircon size is 0.04 µm 
and the median zircon size shows only a slight increase from 
core to rim (0.09 and 0.11 µm respectively). However, the 
maximum zircon size is significantly larger in the chloritoid 
rim (0.54  µm) compared to the chloritoid core (0.28  µm). 
The mean logarithm of the equivalent radius increases from 
−1.21 (σ = 0.15) in the chloritoid core to −0.96 (σ = 0.19) 
in the chloritoid rim (Figure 6e). We use the zircon area as 
a proxy to estimate the changes in the zircon volume in dif-
ferent domains. Although there is no significant difference 
in the total zircon area fraction (0.048% and 0.042% in core 
and rim respectively), the comparatively large contribution 

F I G U R E  5   BSE SEM microscope images of micro-zircon (Zrn) in chloritoid core (a–d), rim (e–h), and the matrix (i–l). Mineral abbreviations 
follow Whitney and Evans (2010). Note that phase boundaries that are oblique with respect to the thin section may result in blurred edges. (a, b) 
Tiny (<0.4 µm) micro-zircon (circled) associated with abundant rutile and occasional hematite and ilmenite along inclusion trails in the chloritoid 
core. (c, d) Detail of sub-micron scale zircon and rutile. (e–h) Larger micro-zircon in chloritoid rim growing in aggregates or as individual crystals. 
(g) Note the pores in the largest occurring grains. (i–l) Micro-zircon in the matrix that represents large outliers in the crystal size distribution. These 
grains may exhibit (i, k) pores and inclusions (j) embayments or (k) variable Z-contrast indicating internal chemical heterogeneity. The bright 
inclusion in (k) was too small to be identified. (l) Aggregate of submicron-scale zircon that probably formed from recrystallization of a larger 
zircon grain
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of the few large zircons in the chloritoid rim is highlighted: 
the largest 5% comprise 22% of the zircon area (Figure 6f).

Zircon in the matrix ranges between 0.04 and 1.31 µm 
(equivalent radius), with a median of 0.14 µm and the ma-
jority (97%) of zircon is <0.4 µm. These small zircons have 
the same properties as similarly sized zircon inclusions in 
the chloritoid. By contrast, the few large outliers exhibit 
more complex internal features, such as small pores and 

inclusions, and diffuse variations of the BSE Z-contrast, 
which is indicative of chemical zoning (Figure 5k). Phase 
boundaries are mostly straight, although some of the larg-
est zircons exhibit shapes that are more irregular, contain 
embayments or possess larger pores (Figure  5j). Zircons 
are isolated or occur as clusters of several grains, and can 
form aggregates of several nuclei (Figure 5k). In rare cases, 
these aggregates are composed of more than 20 smaller 

F I G U R E  6   BSE SEM images showing the zircon distribution in representative chloritoid core, rim, and matrix regions and results of 
statistical evaluation of zircon crystal size distribution. Mineral abbreviations follow Whitney and Evans (2010). (a) Overview image showing 
chloritoid inclusion zonation. Note that the core–rim inclusion zonation is superimposed by an hourglass zonation defined mostly by quartz 
inclusions. Micro-zircon in the clear rim domain is not discernable due to its small grain size. The size of an ablation region is indicated. 
(b) Representative overview of a phyllosilicate-rich matrix domain. Note some larger micro-zircons. (c, d) Same overview as in (a) and (b) 
respectively, with zircon being symbolized as circle coloured according to its area and radius scaled to its long axis. The largest zircons are shown 
as open circles. Rose diagrams were drawn for zircon with an aspect ratio of >1, showing a shape preferred orientation of elongate zircon parallel 
to the inclusion trails in the chloritoid and parallel to the schistosity in the matrix. (e) Crystal size distribution of zircon in different domains 
represented as histograms and cumulative distribution. Note the excellent fit of the empirical cumulative distribution to the theoretical log-normal 
cumulative distribution function calculated with empirical mean and standard deviation. (f) Zircon areal contribution of each domain. The numbers 
indicate the integrated fraction of zircon area for each domain. The raw zircon size data are provided in the Supporting information
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zircons (Figure 5l). Zircon show a shape preferred orien-
tation parallel to the main schistosity, which is defined by 
the basal cleavage of phyllosilicates (rose diagram, inset in 
Figure 6d).

Statistical evaluation of 1,282 zircons in five arbitrarily 
chosen locations of the matrix revealed that the majority of 
zircons (62%) are located at grain and phase boundaries, 
which accounts for 78% of the total zircon area in the ma-
trix. Zircon is found more commonly in phyllosilicate-rich 
domains (Figure 6b,d) where it comprises 0.114% of the total 
area, in contrast to quartz-rich domains (0.022% of the total 
area). The mean logarithm of the equivalent radius is −0.85 
(σ = 0.22), which is larger compared to those occurring as 
chloritoid inclusions (Figure 6e). Similarly, the total zircon 
area fraction is 0.101%, which is significantly larger than 
in the chloritoid (Figure 6f). This may, however, arise from 
the fact that more phyllosilicate-rich domains were imaged 
rather than corresponding to an actual increase in zircon area 
fraction in the matrix. Similar to the chloritoid rim popula-
tion, the largest 5% of the matrix zircon population have a 
large contribution (38%) to the total zircon area (Figure 6f). 
One-sample Kolmogorov–Smirnov (Davis, 2003) testing in-
dicates that the three zircon populations are from log-normal 
distributions with means and standard deviations identical 
to the empirical values (significance level of 5%) corrobo-
rated by the excellent fit between the empirical and theoret-
ical cumulative frequency curves (Figure  6e). Two-sample 
Kolmogorov–Smirnov testing indicates that the sampled 
populations are from different continuous distributions (sig-
nificance level of 5%).

4.2.2  |  Apatite, epidote, rutile

Apatite is common in the matrix and occasionally enclosed 
in chloritoid. It forms euhedral, up to 300 μm long grains 
that are aligned parallel to the main schistosity. Especially 
larger grains occasionally show chemical zoning with el-
evated Y and Ce contents in the core (Figure 2e, averaged 
compositions are in Table 2; the full data set is in Table S2). 
Both cores and rims indicate that fluoroapatite is the domi-
nant end-member. The REE+Y-free apatite rims contain 
rutile, hematite, epidote, and zircon inclusions (Figure 2e). 
The boundary between these zones is straight (Figure 2e) 
or highly irregular (Figure  7a). Epidote is usually found 
forming rhomboid-shaped aggregates of numerous, small 
(<20 μm) crystals or larger (up to 80 μm long) individual 
crystals, which are euhedral, elongate, and commonly ori-
ented parallel the main schistosity. Most crystals show a 
distinctive chemical zoning with REE-rich cores and REE-
poor rims (Figure  2d) although the cores are not always 
present (Figure  7c). In chloritoid, it occurs both as small 
(<10 μm), single crystal inclusions in the core and achieves 

larger grain sizes (mostly in aggregates) in the rim. Rutile 
occurs abundantly in the chloritoid core and in the matrix. 
Two dominant morphological types are distinguished: tiny 
(<1 μm), needle-shaped rutile is mostly found in chloritoid 
core where it forms inclusion trails (Figure 5a,b), and larger 
(1–5 μm), isometric to elongate rutile crystals are occasion-
ally enclosed in the chloritoid rim (Figure 7c,e). In a few 
cases, distinct zones with a high Nb content are observed 
(Figure 7e). In the matrix, rutile commonly occurs as ~20–
30 μm large euhedral or subhedral crystals (Figure 2d,e) and 
exhibits core to rim zoning with up to 9 wt% NbO2 in the 
core (Figure 3h). Moreover, rutile with low Nb concentra-
tions is found together with hematite growing at the expense 
of ilmenite (Figures 2c–e and 3h).

T A B L E  2   Average apatite core and rim composition sample Aa

(wt%)

n = 4

std. core

n = 7
std. 
rimavg. core avg. rim

P2O5 41.43 0.28 42.20 0.27

SiO2 0.42 0.26 0.06 0.09

FeO 0.61 0.23 0.25 0.07

MnO 0.11 0.03 0.07 0.02

MgO 0.07 0.03 0.01 0.02

CaO 53.63 0.52 55.33 0.36

SrO 0.05 0.03 0.03 0.02

La2O3 0.13 0.09 0.02 0.04

Ce2O3 0.35 0.18 0.04 0.07

Y2O3 0.30 0.19 0.01 0.03

F 3.91 0.72 3.83 0.33

Cl 0.01 0.00 0.00 0.00

Total 101.04 1.02 101.87 0.58

a. p. f. u.

P 5.956 0.049 5.992 0.024

Si 0.072 0.044 0.010 0.015

Fe 0.086 0.033 0.035 0.010

Mn 0.015 0.005 0.011 0.003

Mg 0.017 0.009 0.002 0.005

Ca 9.757 0.074 9.942 0.041

Sr 0.005 0.003 0.003 0.002

La 0.008 0.005 0.001 0.002

Ce 0.022 0.011 0.002 0.004

Y 0.027 0.017 0.001 0.003

F 2.100 0.381 2.032 0.170

Cl 0.000 0.000 0.000 0.000

Σ P site 6.028 0.092 6.002 0.038

Σ Ca site 9.938 0.157 9.998 0.071

Note: Bold values highlight the differences in the Ce and Y content of the core 
and rim domains.
aStructural formulae calculation after Ketcham (2015).
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Similar to zircon, epidote, apatite, and rutile grain sizes 
systematically increase when comparing their presence in 
the chloritoid core, rim, and the matrix. To estimate their 
expected contribution to the LA-ICP-MS analysis of the 
chloritoid rim, the areal proportion of crystals or crystal 
clusters that lie within a 120 μm circle (corresponding to 
the laser spot diameter) was determined (Figure 7). Note 
that the cluster yielding the maximum area was cho-
sen, thus maximizing the contribution of these minerals. 
Apatite and epidote show a similar cluster size distribu-
tion (median: 0.32% and 0.55%; maximum: 6.24% and 
6.51% respectively); epidote clusters occur twice as often 
(Figure 7b,d). Most rutile clusters range between 0% and 
0.1% (median 0.02%) with a maximum area proportion of 
0.95% (Figure 7f). This is consistent with the observations 
that rutile is less abundant than zircon, but reaches larger a 
crystal size (Figure 7c).

4.3  |  Laser ablation ICP-MS

4.3.1  |  U–Pb isotopic data of epidote, 
apatite, and chloritoid rim

In sample A, we attempted to date the main metamorphic 
event by obtaining LA-ICP-MS U–Pb data from accessory 
minerals that grew during metamorphism. REE-rich epi-
dote, a promising candidate for such an attempt (e.g. Janots 
et al., 2009), did not yield sufficiently high U and Pb con-
centrations to calculate a geologically meaningful age. 
Moreover, the mineral's small size mostly prevented analysis 
of single growth zones of individual crystals. LA-ICP-MS 
U–Pb analyses of apatite in sample A yielded a lower in-
tercept age in Tera–Wasserburg space of 429.3 ± 14.7 Ma 
(n: 59, MSDW: 1.2; Figure  8a, Table S6). Apatite analy-
ses generally exhibit high common Pb concentrations with 

F I G U R E  7   BSE SEM images of 
potential U-bearing accessory phases in 
chloritoid rim showing (a) a relatively 
large apatite inclusion with a REE+Y-rich 
core zone associated with micro-zircon, 
(c) epidote and rutile clusters enclosed in 
chloritoid rim, (e) small rutile inclusions 
with a distinct Nb-rich zone. The histogram, 
KDE function, and boxplot of area 
contribution of clusters of each phase to an 
ablation region with 120 µm diameter are 
shown for (b) apatite, (d) epidote, and (f) 
rutile. Mineral abbreviations follow Whitney 
and Evans (2010)
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the majority of the data plotting close to the y-intercept at 
207Pb/206Pb0 = 0.851 ± 0.003. The positive correlation of U 
and Y (Figure 8a) suggests that analyses with higher U/Pb 
ratios likely stem from apatite cores.

Although it is challenging with any presently avail-
able analytical technique to extract quantitative isotopic or 
geochemical analysis of the individual micro-zircons, we 
attempt to derive such information from the bulk zircon 
population included in the chloritoid rim using LA-ICP-MS 
analysis. To maximize the zircon signal, a laser spot diam-
eter of 120  μm was employed for ablation and larger in-
clusions detectable with reflected light microscope were 
avoided. From the U–Pb isotopic data, a Tera–Wasserburg 
lower intercept age of 116.7 ± 9.1 Ma (n: 79, MSDW: 1.5) 
was calculated (Figure 8b, Table S7). Most analyses lie close 
to the y-intercept, indicating that common Pb dominates the 
isotopic signal. The intercept at 207Pb/206Pb0 0.840 ± 0.005 
is consistent with terrestrial 207Pb/206Pb0 of 0.843 at 120 Ma 
as predicted by the model of Stacey and Kramers (1975).

4.3.2  |  Trace element data of bulk inclusions in 
chloritoid rim

We performed additional LA-ICP-MS trace element analyses 
of chloritoid rims to characterize the source of U, Th, and 
Pb (Figure 9, Table S5). Most analyses yield relatively low 
U, Th, REE, and Y concentrations except for three outliers 
(shown as red squares in Figure 9a–d; scaling factor indicated 
in the upper right corner of the diagrams). Zirconium (up to 
350 ppm) is positively correlated with U, with only five anal-
yses yielding Zr of <10 ppm and where U is below the detec-
tion limit. Most analyses follow a linear trend (Zr/U ~ 320). 
Few analyses that deviate from the trend have an elevated 
Y content. Yttrium and uranium are positively correlated 
as well, and several linear trends can be distinguished 

(Figure 9b). Analyses characterized by a very low Sr content 
of <0.5 ppm dominantly plot along a well-defined Y/U of 
8. Analyses with Sr ranging between 0.5 and 2 ppm scatter 
around a trend that follows Y/U of 13. Four analyses with el-
evated Sr and Y define a separate linear trend above the main 
group—these are the same analyses, which deviate from the 
main Zr–U trend. Three outliers (red squares in Figure 9b, 
scaled by factor 15) follow a different, much steeper trend. 
No correlation between Sr (up to 13 ppm, outliers excluded) 
and U was found; however, elevated Sr correlates with higher 
Ce (up to 11 ppm, Figure 9c). Significant amounts of Ti (up 
to 31,100 ppm), which is positively correlated with Nb (up 
to 116  ppm) were detected, yet no systematic correlation 
between Ti and U concentrations was observed (Figure 9d). 
The majority of analyses follow a linear trend with a Ti/Nb 
ratio of 400; few points plot on a steeper trend (Ti/Nb ~33).

The trace element data set is compared with the U–Pb 
data set of chloritoid rim and U–Pb data set from matrix 
apatite in terms of U–Th systematics. Apatite core anal-
yses have the highest U concentrations (up to ~8  ppm) 
and scatter around the trend defined by Th/U of ~4. Three 
outliers from the trace element data set show much higher 
Th/U ratios of ~25 (Figure 9e). The majority of all data are 
characterized by low U (<1.5 ppm) and Th (<4 ppm) con-
centrations (Figure  9f; note that analyses represented by 
squares are scaled by a multiplication factor of 10). Apatite 
core analyses tend to have higher Th/U ratios, in contrast 
apatite rim analyses show a larger variation (Th/U  =  1–
10). The lower limit of Th/U  =  1 is well-defined by all 
three data sets. The trace element data mostly plot along 
the Th/U of ~1 and few have higher Th/U values of ~4; no 
systematic correlation between an elevated Th/U ratio of 
~4 and a different element (e.g. Ce, Y, Sr, Ti) is obvious. 
The chloritoid rim U–Pb data set shows similar character-
istics, although few analyses have even higher Th/U values 
of 4–12.

F I G U R E  8   Tera–Wasserburg diagrams of (a) LA-ICP-MS U–Pb matrix apatite and (b) chloritoid rim bulk inclusion analyses of sample 
A. Insets show the full Tera–Wasserburg diagram including the lower intercept with the Concordia curve, which defines the age. The colour 
indicates (a) the Y concentration in apatite and (b) the Th/U ratio of bulk inclusions. Analyses represented as open ellipses were discarded for age 
calculation. Age ticks on the Concordia curve are given in (Ma). Data are shown at 2σ errors. See Supporting information for data tables
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5  |   DISCUSSION AND 
CONCLUSION

We have successfully acquired P–T–t–d data on low-grade 
metamorphic samples of the SHN by conducting an innovative 
approach on chloritoid porphyroblasts that resulted in a U–Pb 
date (116.7 ± 9.1 Ma) and conditions of metamorphism (450–
490℃ and 0.5–0.7  GPa). Our geochronologic data are rela-
tively precise, with modest errors and small MSWD values, and 
are geologically realistic. However, we must evaluate which 
phase(s) were analysed to make an informed interpretation.

5.1  |  Formation of the accessory minerals

From petrographic relationships and geochronologi-
cal data, we can establish the timing of growth of the U-
bearing phases. In metapelites, zircon is typically a detrital 
phase, although small-scale Zr mobility and the growth of 
metamorphic zircon have been documented at low-grade 

metamorphic conditions where it can form outgrowths 
on detrital zircon grains (Dempster et  al.,  2004; Kelly 
et  al.,  2017; Rasmussen,  2005). Our sample A, however, 
lacks zircon exhibiting typical features of a detrital phase 
that record a complex history. By contrast, the zircon is 
mostly small, unzoned, and euhedral indicating a single-
phased growth event. The lack of detrital zircon can be ex-
plained in two ways: Either it was absent from the protolith, 
which is unlikely given the relative high bulk Zr content 
(246 ppm, Table 1; Rudnick et al., 2003), or all the detri-
tal zircon grains were consumed by the growth of a meta-
morphic Zr-bearing phase. In the matrix of our sample A, 
zircon is particularly abundant at grain and phase bounda-
ries, especially in phyllosilicate domains, and the chains of 
many small zircons oriented parallel to the schistosity likely 
indicate syntectonic formation (Didier et  al.,  2014). The 
prevalence of zircon along the metamorphic planar fabric 
of the rock and its shape preferred orientation parallel to 
this fabric support the conclusion that zircon is metamor-
phic (Dempster et al., 2008). Zircon inclusions in chloritoid 

F I G U R E  9   Chloritoid rim bulk 
inclusion LA-ICP-MS trace element 
analyses showing the relationship between 
(a) U and Zr, (b) U and Y, (c) U and Sr 
(d) Ti and Nb, and (e, f) U and Th. Marker 
colour represents the concentration of (a) 
Y, (b) Sr, (c) Ce, and (d) U respectively. 
Red squares in (a–d) are outliers and shown 
scaled by a multiplication factor given 
in the upper right corner of each plot. (e) 
Comparison of the U–Th systematics of 
the trace element data set and the U–Pb 
data sets of apatite and chloritoid rim. (f) 
Zoomed view of (e), analyses represented 
as squares are scaled by a factor of 10. 
See Table S5 for the full trace element 
data set
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exhibit no preferred orientation relative to its crystallo-
graphic planes, thus precluding exsolution of zircon after 
crystallization of chloritoid as a growth mechanism.

The analysis of CSD may provide additional insight. Note 
that in the present case, the two-dimensional data can be ex-
trapolated to three dimensions (Higgins, 2000) since zircon 
crystals were studied in a thin section cut perpendicular to 
the schistosity and parallel to the lineation, and prismatic 
zircon crystals can be approximated by a parallelepiped. 
The observed zircon populations have a very well-defined 
distinct log-normal CSD in the three microstructural posi-
tions (chloritoid core, chloritoid rim, and matrix). Grain size 
reduction due to cataclastic deformation or dynamic recrys-
tallization of zircon could produce such a log-normal CSD 
(e.g. Phillips & Williams, 2021; Shimizu, 1999), however, 
given the lack of evidence supporting these processes, it is 
more likely that the observed CSD is due to the zircon nu-
cleation and growth processes. Theoretical derivations and 
experiments demonstrate a log-normal CSD can either re-
sult from nucleation followed by surface-controlled growth 
(Kile et al., 2000 and references therein) or from random nu-
cleation and growth with a decreasing nucleation rate con-
trolled by limited reactant supply (Bergmann & Bill, 2008). 
Both models align with the notion that the zircon is meta-
morphic and nucleated at some point during metamorphism. 
The second model may be valid for our sample A since lim-
ited reactant supply appears to be realistic given the finite 
amount of Zr in the rock.

We conclude that the three measured CSDs demonstrating 
progressive coarsening from chloritoid core to the matrix re-
flect a single zircon population characterized by a single set 
of nucleation and growth parameters. The three distributions 
represent a logical evolution of the same crystal population 
with time. In this framework, the oldest preserved stage is 
frozen in chloritoid cores, an intermediate stage is found in 
the chloritoid rim and the matrix contains the final stage. The 
results of our study document extensive nucleation of micro-
zircon during prograde low-grade metamorphism, similar to 
Dempster et al.  (2008) who reported sequential crystalliza-
tion and dissolution of micro-zircon during amphibolite fa-
cies metamorphism. Contrary to these authors who postulate 
precipitation of micro-zircon during the prograde evolution 
followed by dissolution at peak metamorphism, we interpret 
that zircon precipitation commenced on the prograde met-
amorphic path prior to chloritoid growth and continued at 
least until peak metamorphism was achieved. Only the largest 
zircons in the matrix exhibit features that can be interpreted 
as signs of dissolution (porosity, embayments), which likely 
occurred during retrogression. The lack of dissolution may 
be explained by the fact that zircon grew prior to crystalliza-
tion of garnet, which can incorporate significant amounts of 
Zr (e.g. Degeling et al., 2001) and probably promotes micro-
zircon dissolution.

We can only speculate on the exact mechanisms of zir-
con growth and transport of Zr as well as the Zr source. The 
shape, the preferred orientation, and the preferred occurrence 
of zircon at grain and phase boundaries in the matrix sug-
gest that these grains precipitated from a Zr-saturated fluid 
that migrated along boundaries (Dempster et al., 2008; Hay 
& Dempster,  2009). Zircon occurring more abundantly in 
phyllosilicate-rich layers may be an effect that these domains 
have a higher density of boundaries, hence more theoretical 
nucleation sites would have existed. It could also demon-
strate a structural or mineralogical control (or combination) 
of zircon nucleation sites (Dempster et  al.,  2008; Hay & 
Dempster,  2009). Rasmussen (2005) suggested that Zr can 
be transported in a fluid within a halogen complex and that 
fluorine plays a crucial role in the Zr solubility. This may be 
applicable to our sample as the crystallization of metamor-
phic fluoroapatite rims suggests that fluorine was present in 
the metamorphic fluid. Although there is no clear evidence 
for a potential source of initial Zr, we can consider likely can-
didates. The most likely candidate is detrital metamict zircon 
that is readily dissolved under greenschist facies conditions 
(e.g. Dempster et al., 2008; Rasmussen, 2005). It is, however, 
unusual that no detrital remnants survived low-grade meta-
morphism. Other possibilities include detrital phases that 
contain more modest amount of Zr and U and that became 
unstable during metamorphism, such as igneous titanite 
(Cherniak,  2006; Ventura et  al.,  1999) or ilmenite (Bingen 
et  al.,  2001). Detrital titanite and ilmenite would also ac-
count for a Ti source of the metamorphic Ti-bearing phases. 
If the source material of the sedimentary protolith involves 
mafic volcanic material, detrital baddeleyite is also an option 
(Heaman & LeCheminant, 1993).

The timing of apatite, epidote, and rutile growth is in 
comparison easier to pin down. New apatite LA-ICP-MS 
dating yielded a pre-Variscan date of 429.3  ±  14.7  Ma. 
Microstructural evidence such as the overgrowth over met-
amorphic phases (e.g. rutile, hematite, and epidote) suggests 
crystallization of apatite during metamorphism. Combining 
the apatite chemistry and U–Pb data, it is apparent that met-
amorphic apatite is depleted in REE, Y, and U, consistent 
with that of Ribeiro et al. (2020), and it is most likely that the 
apatite date can be linked to the inherited REE+Y-rich cores. 
The preservation of inherited apatite dates is not unexpected 
since the metamorphic temperatures of the sample (490℃) 
did not exceed the range of closure temperatures for Pb dif-
fusion in apatite (350–550℃; Engi,  2017 and references 
therein). Removing some of the low-U rim analyses, which 
lie slightly below the isochron, shifts the lower intercept to-
wards older apparent ages (474.3 ± 16.5 Ma, n: 27, MSWD: 
0.7), thus the c. 429 Ma is interpreted as the minimum age 
of protolith formation. The temporal constraint for this rock 
in the middle Silurian is consistent with the Neoproterozoic 
to Carboniferous deposition age for the metasediments and 
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metavolcanics within the SHN (Heinisch et al., 2015; Pestal 
et al., 2005). The abundant Ordovician volcanism (Loeschke 
& Heinisch, 1993) is also in line with a dominant pre-Silurian 
source. We interpret that epidote and rutile grew during 
metamorphism, which is supported by thermodynamic mod-
elling. Furthermore, similar to zircon, petrographic observa-
tions (i.e. euhedral shape, increasing grain size comparing 
chloritoid inclusions and matrix grains) suggest progressive 
coarsening over time.

5.2  |  Interpretation of the chloritoid rim 
LA-ICP-MS data

Very low U and Zr concentrations in some trace element 
analyses of the chloritoid rim suggests that these elements do 
not substitute in the chloritoid crystal lattice and can thus be 
predominantly attributed to inclusions. This is unsurprising 
considering that no position in the chloritoid crystal lattice 
is favourable for U substitution, and hence, the term ‘bulk 
inclusion’ seems appropriate. Using results from trace ele-
ment analysis combined with petrographic evidence we can 
qualitatively estimate the proportions and compositions of 
inclusions and their influence on the U–Pb isotopic data.

Petrographic observations revealed that micro-zircon is by 
far the most abundant inclusion phase in the chloritoid rims. 
The correlations that we identified between U, Zr, Y, and 
HREE, which are typically present in zircon in abundance (e.g. 
Rubatto,  2002), suggest that the micro-zircon inclusions are 
likely the major source of U and Pb in our analyses. Assuming 
a simple substitution of U for Zr, the expected amount of U in 
zircon can be calculated. The observed Zr/U ratio of 320 corre-
sponds to a U concentration of ~1,550 ppm in zircon, which is 
consistent with published zircon data (Rubatto, 2017 and ref-
erences therein). Calculating the amount of Zr in a chloritoid 
volume that contains 0.042 vol.% zircon (approximated from 
the mean area contribution, Figure 6f) yields 280 ppm, thus 
petrographic constraints on the amount of zircon are consistent 
with results from trace element analysis.

Other inclusions in the chloritoid rim that may have po-
tentially contributed to the bulk inclusion U–Pb signal in-
clude rutile, epidote, and apatite. These inclusions are much 
less abundant compared to zircon; however, given their larger 
size, they may have a relatively larger contribution to the ab-
lation volume. Of the trace element analyses, 77% of the data 
yield a Ti content of >10  ppm, which correlates with ele-
vated Nb, suggesting some amount of rutile in the majority of 
the analyses. The perception of two distinct chemical trends 
agrees with the observation of few high Nb rutile grains and 
a majority of low Nb rutile. Since neither Ti nor Nb are cor-
related with U content, it can be assumed that rutile does not 
affect the bulk inclusion U–Pb data. Three analyses display 
REE, Y, Sr, U, and Th contents that are orders of magnitudes 

higher than the rest of the data set. Considering the high Th/U 
ratio, it is most likely that this can be attributed to larger in-
clusions of REE-rich epidote (Gieré & Sorensen, 2004).

Rare elevated Sr concentrations that correlate with high Y 
concentration, which were observed in the trace element data 
set, may indicate apatite inclusions. A large proportion of ap-
atite in the analytical volume would be indeed problematic, as 
the evidentially older apatite core domains could result in a 
bias towards older ages. To estimate whether this has a signif-
icant effect on the U–Pb age, the contribution of apatite to the 
total U budget in the chloritoid rim was calculated, assuming 
a simplified model considering only zircon and apatite. The 
fraction of U coming from apatite can be expressed as a func-
tion of the 238U concentration in apatite (238UAp) and zircon 
(238UZrn) and the mass fraction of apatite, which is determined 
from the area fraction of apatite and zircon calculated from 
image analysis. The 238UAp concentration is known from the 
apatite U–Pb data and the 238UZrn concentration can be derived 
from the Zr/U ratio of the trace element data set (see Appendix 
S3 for the derivation). Using median values for all variables, U 
from apatite contributes 0.12% to the total measured U value. 
Assuming the maximum apatite fraction or the maximum U 
concentration in apatite yields an apatite contribution of 2%–
3% when all other values are kept at median. Note that all these 
values are overestimated since they assume the presence of an 
apatite cluster in the ablated region (see Section 3.4). However, 
larger inclusions were avoided by carefully selecting the posi-
tion of the region of ablation and petrographic observations 
suggest that inherited cores are only present in some grains, 
thus the majority of apatite grains included in chloritoid are 
metamorphic. We emphasize that due to the different size and 
abundance of apatite (few, large grains) and zircon (numerous, 
tiny grains), a potential influence of apatite would affect at 
most just a few analyses, but would not result in a systematic 
‘drag’ of the bulk inclusion U–Pb trend towards older apparent 
ages. In the unlikely event that a large, U-rich apatite was pres-
ent in the ablated chloritoid volume, the corresponding ellipse 
would lie below the main trend on the Tera–Wasserburg plot 
and can therefore be excluded from the age calculation.

The majority of trace element analyses have a Th/U value 
of ~1, which is principally compatible with reported Th/U 
values for metamorphic zircon (e.g. Garver & Kamp, 2002; 
Martin et al., 2008; Rubatto,  2002, 2017; Yakymchuk 
et  al.,  2018), suggesting that this corresponds to the Th/U 
ratio of zircon in our sample. Generally elevated Th/U ratios 
of U-bearing phases are unsurprising considering the rela-
tively high bulk rock Th/U value (Table 1). However, some 
chloritoid rim U–Pb analyses have higher Th/U values that 
demand explanation. Small epidote inclusions may be one 
reason; also, metamorphic apatite with Th/U up to 20 may 
play a role. The contribution of another, unidentified Th-rich 
phase (e.g. thorite) cannot be excluded. To determine if the 
bulk inclusion date is compromised by high Th/U analyses, 
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we calculated apparent ages on subsets of the bulk inclusion 
U–Pb data based on the Th/U values. The resulting dates de-
viate, at most, by 6 m.y. from the age calculated for the full 
data set (Table 3), thus a perturbation of Th-rich phases is 
considered as insignificant.

Finally, we have to address the problem that the chlorit-
oid rim bulk inclusion U–Pb data are highly discordant, sug-
gesting a major contribution of non-radiogenic Pb. This is 
inconsistent with the notion that zircon typically does not in-
corporate common Pb and yields concordant dates. The vast 
majority of the zircon literature reports geochemical data of 
metamorphic zircon that formed at high-grade metamorphic 
conditions (e.g. Harley et al., 2007; Rubatto, 2017), conse-
quently limiting our knowledge about the chemistry of zircon 
that formed at low-grade conditions. Experiments investigat-
ing the incorporation of Pb in zircon demonstrated that zircon 
growing at wet-metamorphic conditions in a Pb-rich environ-
ment can accommodate common Pb concentrations orders of 
magnitudes higher than those assumed for high-grade zircon 
(Watson et al., 1997). These results are applicable to our sam-
ple A, given its metamorphic grade and its elevated bulk rock 
Pb content (Table 1). Aside from zircon, the contribution of 
other metamorphic phases that can incorporate significant 
amounts of common Pb may play a role (e.g. apatite: Chew 
et al., 2011; epidote/allanite: Darling et  al.,  2012; rutile: 
Cherniak, 2000). Substitution of divalent Pb in the chlorit-
oid crystal lattice seems unlikely, given its large ionic radius. 
Regardless of the common Pb host, we stress that the isotopic 
composition we measured is consistent with the terrestrial Pb 
composition at 120 Ma (Stacey & Kramers, 1975), suggest-
ing isotopic equilibrium between the different phases at the 
time of closure of the U–Pb system (i.e. the mineral growth). 
We conclude that although other inclusions may have been 
present, the chloritoid rim U–Pb date is dominantly attributed 
to metamorphic micro-zircon inclusions.

5.3  |  Link of P–T and t and regional 
geological implications

Calculations using the Pb diffusion coefficient of Cherniak 
and Watson (2001) resulted in negligible diffusional Pb loss 
during peak metamorphism even for the smallest (0.04 μm) 

zircons. Furthermore, we assume that U and Pb loss due to 
metamictization since the Early Cretaceous is insignificant 
because the calculated α-decay dose for a 120 Ma zircon con-
taining 1,550 ppm U and Th corresponding to a Th/U ratio of 
1–4 is too low to cause significant radiation damage (Ewing 
et  al.,  2003; Murakami et  al.,  1991). Hence, the chloritoid 
rim U–Pb date can be interpreted as the age of zircon growth. 
Our zircon CSD data imply continuous zircon precipitation 
throughout prograde metamorphism, and each laser spot con-
tains variable numbers of zircons that grew over short yet 
variable time intervals on the prograde metamorphic path. 
This results in an underlying dispersion of the data set and 
potential disturbances that may arise from other inclusions 
are within this dispersion. Although zircon nucleated and 
grew in the matrix and was later overgrown by chloritoid, 
within the U–Pb date error it is valid to propose that zircon 
grew coevally with chloritoid, which formed at known P–T 
conditions. The zircon bulk inclusion age of the chloritoid 
rim is thus attributed to the late prograde evolution in the 
range of 460–485℃ and 0.5–0.7 GPa.

Our new P–T and age data are consistent with previously 
published data for the same nappe, although our P–T condi-
tions indicate a higher metamorphic grade than the previous 
studies (Collins et  al.,  1980; Tropper & Piber,  2012). This 
is unsurprising, considering that our samples were collected 
at the base of the SHN, whereas the previously investigated 
samples come from higher structural positions. Late prograde 
metamorphism at 116.7  ±  9.1  Ma is consistent with pub-
lished white mica K–Ar and 40Ar/39Ar ages from the same 
nappe (Frank & Schlager, 2006; Kralik, 1983). In contrast to 
conventional mica geochronology, the bulk inclusion U–Pb 
dating method allows a direct link to metamorphic P–T con-
ditions. For the first time, we provide direct evidence that (a) 
peak metamorphism was reached relatively soon after sedi-
mentation ceased at higher structural levels of the nappe at c. 
125 Ma (Ortner et al., 2008) and (b) a relatively long period of 
c. 25–30 m.y. occurred between metamorphism in the upper 
structural level of the nappe stack and peak metamorphism of 
the eclogite-bearing units (c. 90 Ma; Thöni et al., 2008). This 
could imply that nappe stacking and metamorphism in low-
grade units of the Austroalpine unit was a protracted process, 
which is in contrast to the postulated rapid exhumation of these 
eclogites (Thöni et al., 2008). This could alternatively reflect 
two different stages in the collision. Results of this study un-
derscore the need of integrated P–T–t–d data for low-grade 
metamorphic rocks to better understand orogenic processes.

5.4  |  Advantages and applicability of the 
bulk inclusion method

Metamorphic micro-zircon was documented in an 
Alpine chloritoid-bearing schist that experienced peak 

T A B L E  3   Apparent ages from subsets of the chloritoid rim U–Pb 
data

Th/U subset
Age 
(Ma)

±2σ 
(Ma) n MSWD

Δ age 
(Ma)

<12 116.7 9.1 79 1.5

<4 121.2 10.4 62 1.3 −4.5

<2 122.4 11.1 47 1.2 −5.7

<1.5 113.3 12.2 38 1.2 3.4
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metamorphism at 485℃ and 0.7 GPa. Although widely per-
ceived as contaminants of the true trace element and isotopic 
composition of the porphyroblast (e.g. Scherer et al., 2000), 
we demonstrated that inclusions can be used to derive robust 
geochronological constraints of near-peak metamorphism in 
low-grade rocks and, potentially, the prograde evolution in 
higher grade rocks. The newly introduced method termed 
‘bulk inclusion’ dating considerably improves the link of 
geochronological information and P–T–d data, which relies 
on well-established thermodynamic data of rock-forming 
minerals (e.g. Holland & Powell, 2011; White et al., 2014) 
rather than preliminary data from accessory minerals (Kelsey 
et al., 2008; Spear, 2010; Spear & Pyle, 2010). Once incor-
porated into porphyroblasts, small inclusions are shielded 
from fluids that may affect the otherwise closed system of 
accessory phases dated with conventional U–Pb geochro-
nology (e.g. Grand’Homme et  al.,  2016), allowing rather 
straightforward interpretation. Bulk inclusion dating by LA-
ICP-MS allows efficient and economical data acquisition 
avoiding the tedious task of precisely locating submicron-
sized grains necessitated by high-resolution single grain 
analysis. With enhanced sensitivity of LA-ICP-MS instru-
mentation allowing analysis of smaller domains of porphy-
roblasts, the mass and spatial resolution of this method may 
significantly improve in future. Finally, we highlight the 
potential of the method for age determination of low-grade 
metamorphic rocks and emphasize their importance in the 
overall understanding of collisional orogeny.
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