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Monazite from granulite-facies rocks of the Åreskutan Nappe in the Scandinavian Caledonides (Seve Nappe Complex, 
Sweden) was dated using in-situ U–Th–total Pb chemical geochronology (CHIME). Multi-spot analyses of a non-she-
ared migmatite neosome yielded an age of 439 ± 3 Ma, whereas a sheared migmatite gave 433 ± 3 Ma (2σ). Although 
the obtained dates are rather similar, a continuous array of single dates from c. 400 Ma to c. 500 Ma suggests possibly 
a more complex monazite age pattern in the studied rocks. The grouping and recalculation of the obtained results in 
respect to Y–Th–U systematics and microtextural context allowed distinguishing several different populations of mo-
nazite grains/growth zones. 
In the migmatite neosome, low-Th and low-Y domains dated at 455 ± 11 Ma are considered to have grown under high-
grade sub-solidus conditions, most likely during a progressive burial metamorphic event. The monazites with higher 
Th and lower Y yielded an age of 439 ± 4 Ma marking the subsequent partial melting event caused by decompression. 
The youngest (423 ± 13 Ma) Y-enriched monazite reveals features of fluid-assisted growth and is interpreted to date the 
emplacement of the Åreskutan onto the Lower Seve Nappe. 
In the sheared migmatite, the high-Th and low-U (high Th/U) monazite with variable Y contents yielded an age of 438 
± 4 Ma, which is interpreted to date the partial melting event. Relatively U-rich rims on some of the monazite grains 
again reveal features of fluid-assisted growth, and thus their age of 424 ± 6 Ma is interpreted as timing of the nappes 
emplacement. These results call, however, for further more precise, isotopic (preferably ion microprobe) dating of 
monazite in the studied rocks. 
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1. Introduction

Monazite (LREEPO4) is one of the most common ac-
cessory phosphates in metamorphic, igneous and sedi-
mentary rocks (Williams et al. 2007). Monazite often 
incorporates Th and U into its structure and has been 
used for isotopic dating (e.g., Parrish 1990; Poitrasson 
et al. 2000). The typically negligible amount of common 
Pb in the monazite lattice provides a unique opportunity 
for non-isotopic chemical electron microprobe (EPMA) 
dating (e.g., Suzuki and Adachi 1991; Montel et al. 1996; 
Williams et al. 2006; Suzuki and Kato 2008; Spear et al. 
2009). This feature of monazite is, in many cases, the 
greatest advantage, because the very high spatial resolu-
tion of the EMPA allows the dating of fine-scale compo-
sitional domains (e.g., Terry et al. 2000; Dahl et al. 2005; 
Kohn et al. 2005; Pyle et al. 2005; Mahan et al. 2006; 
Krenn et al. 2009; Petrík and Konečný 2009).

Metamorphic monazite growth has been described 
over almost the whole P–T range from greenschist (e.g., 
Catlos et al. 2002) through amphibolite (Ferry 2000; Pyle 
and Spear 2003; Wing et al. 2003; Majka et al. 2008; 
Kim et al. 2009), to granulite (Bingen et al. 1996; Bea 
and Montero 1999; Mahan et al. 2006) and even eclogite 
facies (Krenn et al. 2009). Although monazite occurs over 
such a wide range of P–T conditions, it is not stable in 
some bulk compositions and parageneses (e.g. Williams 
et al. 2007). Monazite-in reactions, due to the prograde 
breakdown of allanite (and probably apatite) or vice 
versa, are known both from many metamorphic terrains 
(Bingen et al. 1996; Broska and Siman 1998; Finger 
et al. 1998; Ferry 2000; Wing et al. 2003; Majka and 
Budzyń 2006; Kim et al. 2009) and from experimental 
studies (Janots et al. 2007). Monazite “bloom” has also 
been recognized as an effect of garnet breakdown near 
the staurolite-in reaction (Pyle and Spear 2003; Kohn 
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and Malloy 2004). The growth of distinct generations 
under varying metamorphic conditions commonly re-
sults in zoned monazite crystals with multiple domains 
characterized by different trace-element compositions. 
The zoning pattern is thus not always a straightforward 
continuous core-to-rim change but it can be patchy, con-
volute or even inverse. Detailed definition of the various 
monazite domains with respect to chemistry, especially 
the trace-element systematics, is a key to genetic and geo-
chronological interpretation of the host rock (Williams et 
al. 2007 and references therein).

In this study, we applied EPMA U–Th total Pb dating 
of monazite to investigate the metamorphic history of 
the Caledonian Seve Nappe Complex migmatites at Mt. 
Åreskutan (Sweden). The main goals are to compare the 
results with existing U–Pb zircon ages (Ladenberger et 
al. 2012 and unpublished data by the same authors) and 
to better understand the history prior to the partial melt-

ing event and after the pegmatite intrusion. In-situ work, 
along with chemical characterization of various growth 
domains, demonstrates the importance of monazite for 
deciphering the evolution of complex polymetamorphic 
terrains. The results are used to reconstruct metamorphic 
paths and the tectonic evolution of the highest grade units 
of the Seve Nappe Complex, at this key locality of the 
central Scandinavian Caledonides.

2. Geological background 

2.1 Scandinavian Caledonides 

The Caledonide Orogen in Scandinavia consists of an as-
semblage of allochthons that were thrust eastwards (pres-
ent coordinates) onto the margin of Baltica in Silurian 
and Early Devonian (Fig. 1). Some of the nappes record 

Cambro–Ordovician history 
of subduction and Ordovician 
thrusting (Dallmeyer and Gee 
1986). The nappe pile includes 
allochthons derived from the 
Early Paleozoic Baltoscandian 
Platform and foredeep basins 
(Lower Allochthon), the Neo-
proterozoic outer margin rift 
basins and continent–ocean 
transition zone (Middle Alloch-
thon), oceanic domains (Upper 
Allochthon) and fragments of 
the Laurentian margin (Up-
permost Allochthon) (Gee et 
al. 1985; Andréasson and Gee 
2008). Metamorphic grade in-
creases from the Lower into and 
through the Middle Allochthon. 
The highest metamorphic grade 
(granulite and eclogite facies) 
was reached in the upper parts 
of the Middle Allochthon in the 
Seve nappes, which are over-
lain by lower grade outboard 
terranes of the Köli and related 
nappes of island-arc and back-
arc association and ophiolites 
(Upper Allochthon).

The Seve nappes are duc-
tilely deformed and, in the 
southern parts of the Swedish 
Caledonides, yield evidence 
of Early Silurian granulite-
facies metamorphism (Claesson 
1982; Ladenberger et al. 2012), 

Fig. 1 Simplified tectonostratigraphic map of the Scandinavian Caledonides with geochronological data 
marked for Seve Nappe Complex, Kalak Nappe Complex and Jæren Nappe (Gee et al. 2010, modified).
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suggesting emplacement onto 
the Baltoscandian Platform 
while still at high temperatures. 
This tectonothermal activity 
has been related to Scandian 
collisional orogeny and un-
derthrusting of Laurentia by 
Baltica (Gee 1975). However, 
farther north in the orogen, 
in Norrbotten (Grapesvare), 
where the Seve nappes host 
abundant eclogitized doler-
ites (Andréasson et al. 1985; 
Albrecht 2000), the peak of 
metamorphism occurred earlier 
(Finnmarkian episode) with 
Sm–Nd garnet–whole rock 
ages of eclogites of c. 505 Ma 
(Mørk et al. 1988), titanite 
conventional U–Pb ages for 
calc-silicate host rocks ranging 
from 475 to 500 Ma (Essex et 
al. 1997), zircon conventional 
U–Pb ages on eclogites of 482 Ma (Root and Corfu 
2009) and 40Ar–39Ar hornblende and muscovite ages 
of c. 490 and c. 440 Ma, respectively (Dallmeyer and 
Gee 1986). Apparently, subduction of the Baltoscandian 
outer margin in the Early Ordovician (perhaps starting 
in the Cambrian) with thrust emplacement of these al-
lochthons, occurred at least 50 million years before Bal-
tica–Laurentia collision and 80–90 m. y. prior to early 
Devonian eclogite-facies metamorphism in the Western 
Gneiss Region farther south (see also Brueckner and Van 
Roermund 2007). Dallmeyer and Gee (1986) related this 
early subduction along the outer margin of Baltica to 
continent–arc collision. Volcanic rocks of the lowest Köli 
nappes (Stephens and Gee 1985) yielded zircon U–Pb 
ages of 488 ± 5 Ma (Claesson et al. 1983). Emplacement 
of the Grapesvare eclogite-bearing allochthons was in-
ferred to continue through the Ordovician and end in the 
Late Ordovician, based on 40Ar–39Ar muscovite cooling 
ages of ~440 Ma.

Within the Seve nappes south of Norrbotten, but north 
of northern Jämtland, the peak of metamorphism (c. 453 
Ma) in the Seve was somewhat younger than in Norr-
botten (Williams and Claesson 1987). Farther south, in 
northern Jämtland, Brueckner et al. (2004) and Brueckner 
and Van Roermund (2007) obtained 458 ± 4 Ma Sm–Nd 
ages on eclogites and garnet peridotites and Root and 
Corfu (2009) 446 ± 1 Ma zircon U–Pb ages on eclogite. 
These data suggest that subduction along the Baltoscan-
dian margin may have continued throughout the Ordovi-
cian and culminated – at least in southern areas – during 
the Early Silurian Baltica–Laurentia collision.

2.2 Seve nappes in west-central Jämtland

The presence of granulite-facies gneisses of the Seve 
nappes in the open Åre Synform of western Jämtland 
(Figs 1–2), thrust over highly deformed coral and cri-
noid-bearing limestones and other low greenschist-facies 
sedimentary formations of the Lower Allochthon, was 
recognized in the late nineteenth century (Törnebohm 
1888), establishing Mt. Åreskutan as one of the classical 
localities for the study of thrust tectonics. For nearly a 
hundred years, these migmatized gneisses were thought 
to be of Precambrian age, though clearly subjected to 
intense Caledonian deformation and, at least, low-grade 
metamorphism. Conventional U–Pb zircon dating (Claes-
son 1982, 1987) and subsequent ion microprobe studies 
(Williams and Claesson 1987; Tab. 1), demonstrated that 
the high-grade metamorphism is Silurian, whereas vari-
ous older cores in zircon of the paragneisses have Pre-
cambrian, mainly Mesoproterozoic, ages. Later studies 
of the high-grade Seve Nappes farther west in Jämtland 
on Snasahögarna (Gromet et al. 1996; Tab. 1) confirmed 
the Silurian ages with U–Pb dating of monazite in the 
granulite facies gneisses at 440–435 Ma. Recent ion 
microprobe analysis of zircon from the Åreskutan mig-
matites yielded an age of 442–436 Ma (early Llandov-
ery) for the peak of metamorphism (Ladenberger et al. 
2012; Tab. 1). 

Migmatites on the top of the Mt. Åreskutan pass 
downward into a high-grade shear zone and mylonite 
units (Helfrich 1967; Yngström 1969), which separate 
them from the underlying amphibolite-facies Lower Seve 
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Nappe (Fig. 3). The parageneses of the Åreskutan migma-
tites have been described by Arnbom (1980) and Arnbom 
and Troëng (1982). The neosomes are dominated by 
quartz, K-feldspar, plagioclase, sillimanite and/or kyanite, 
garnet, biotite and cordierite. The paleosome consists of 
two main components, pelitic gneiss and mafic rock, with 
the former having a similar, but less felsic mineralogy 
than the neosome and the latter containing both ortho- 
and clinopyroxene, hornblende, garnet and plagioclase. 
Early foliations are commonly present in the paleosome, 
providing an evidence of deformation and metamorphism 
prior to migmatization. A younger foliation is usually 
present in the neosome and it increases in intensity to-
wards the base of the nappe and towards the basal shear 
zone. Concordant elongate bodies of leucogranite, up to 
about 20 m thick, occur within the migmatites. Abundant 
pegmatite veins clearly truncate the younger foliation 

within the migmatites, but not 
the mylonites at the base of the 
nappe. The basal shear zone is 
developed over a thickness of 
c. 50 m with the upper parts 
having parageneses generally 
similar to the overlying pelitic 
gneisses and neosome. In ad-
dition, they contain a second 
generation of generally smaller, 
idiomorphic garnet. Gromet et 
al. (1996) demonstrated that ti-
tanite in calc-silicate-rich psam-
mitic metasedimentary units of 
the Lower Seve Nappe, directly 
beneath this shear zone at the 
base of the Åreskutan Nappe, 
also recorded early to mid-Silu-
rian ages (437–427 Ma; Tab. 1). 

2.3 Samples for monazite electron-micro-
probe analysis 

To investigate the metamorphic events recorded within 
the Åreskutan Nappe migmatites and relate these to 
the possible effects of thrusting of the unit on top of 
the Lower Seve Nappe, samples were collected from 
within the basal shear zone and upwards into the nappe. 
These included: (1) a neosome of a non-sheared mig-
matite (sample 3) located about 100 m above the basal 
shear zone, and (2) a sheared migmatite (sample 64) 
from within the basal shear zone, c. 30 m above the 
mylonitic contact to the underlying nappe (Figs 2–3). 
Notably, ion microprobe U–Pb dating of zircon from 
sample 3 yielded an age of 442 ± 3 Ma (Ladenberger 
et al. 2012), timing the main migmatization event in 
the nappe.

Tab. 1 Previous U–Pb dating results from the Åre area

Unit Method Age (Ma) Reported error 
(± 2σ) Reference

Åreskutan Nappe (leucogranite) U–Pb zircon
ion microprobe 441 10 Williams and Cleasson (1987)

Åreskutan Nappe
(granulite-facies gneiss)

U–Pb monazite
TIMS 440–435 – Gromet et al. (1996)

Lower Seve Nappe at Åreskutan Mt. U–Pb titanite
TIMS 437–427 – Gromet et al. (1996)

Åreskutan Nappe (leucogranite) U–Pb zircon
ion microprobe 442 5 Ladenberger et al. (2012)

Åreskutan Nappe (migmatite) U–Pb zircon
ion microprobe 441 4 Ladenberger et al. (2012)

Åreskutan Nappe (leucocratic segrega-
tion in mafic paleosome)

U–Pb zircon
ion microprobe 436 2 Ladenberger et al. (2012)

Åreskutan Nappe (pegmatite) U–Pb zircon
ion microprobe 430 3 Ladenberger et al. (2012)

Sample 64

Sample 3

SW NE

Åreskutan Nappe

Lower Seve Nappe

Fig. 3 View of Mt. Åreskutan from the southeast.
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2.3.1 Migmatite neosome (sample 3)

The sample is a reddish garnet–sillimanite migmatitic 
paragneiss with well-developed melanosome and leuco-
some domains. The layered fabric is intensively folded 
indicating movement top to the east. The rock contains 
numerous leucocratic veinlets composed mostly of 
quartz and plagioclase, which postdated the main fo-
liation and flow structures in the host rock. A typical 
feature is the occurrence of a wide range of garnet sizes, 
from a few millimeters to several centimeters in diam-
eter. Garnet grains dominate biotite–sillimanite-rich 
layers (melanosome) and show evidence of retrogres-
sion, such as resorption microtextures or sillimanite and 
biotite coatings (Fig. 4a). Garnet is commonly deformed 
and rotated. Garnet porphyroblasts contain inclusions 
of quartz, biotite, muscovite, monazite, sillimanite and, 
rarely, kyanite. Kyanite occurs also in the matrix (Fig. 
4b) and is commonly overgrown by tiny sillimanite. Bi-
otite, quartz, sillimanite, muscovite and titanite are also 

observed in cracks within the garnet. Leucosome layers 
are mainly composed of plagioclase (albite–oligoclase) 
and quartz mosaic. K-feldspar is scarce and represented 
by microcline, typically with visible twinning. Rare 
myrmekitic intergrowths of quartz and plagioclase are 
also found. Quartz, sillimanite and biotite locally form 
symplectites. Accessory minerals are represented by 
titanite, apatite, zircon, monazite (usually as inclusions 
in biotite and quartz) and epidote (scarce). Later altera-
tion processes are expressed by the presence of sericite 
and calcite in plagioclase as well as chloritization of 
biotite and garnet.

2.3.2 Sheared migmatite (sample 64)

This mylonitic migmatite gneiss exhibits a strong pen-
etrative flat-lying foliation. The composition is similar 
to sample 3, but with thinner layers (≤ 5 mm) of me-
lanosome and leucosome and superimposed mylonitic 
fabrics. Garnet occurs in the melanosome where it is 
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Fig. 4 Photomicrographs of (a) garnet porphyroblast partially replaced by sillimanite in migmatite neosome (sample 3), (b) kyanite partially replaced 
by sillimanite in migmatite neosome (sample 3), (c) deformed porphyroblast of earlier garnet generation in sheared migmatite (sample 64) and (d) 
euhedral garnet of second generation in sheared migmatite (sample 64).
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generally smaller than in migmatites located further up 
in the section (e.g., sample 3). Two main generations 
of garnet are distinguished: (1) older, relatively large 
anhedral porphyroblasts up to several centimeters across 
with inclusions and fractures; the garnet grains rotated 
and commonly exhibit embayed shapes indicating syn-
kinematic resorption or retrogression (Fig. 4c) and (2) 
younger, smaller euhedral porphyroblasts up to 1 mm in 
diameter, which usually contain fewer inclusions than 
the larger grains (Fig. 4d). The variety of inclusions in 
garnet includes biotite, quartz, zircon, monazite, apatite, 
and sillimanite. Biotite and sillimanite also grew in pres-
sure shadows of larger garnet grains. Sillimanite occurs 
in two forms, as larger euhedral grains and in aggregates 
of anhedral small grains within higher strain zones. The 
leucosome is dominated by a recrystallized mosaic of 
quartz, plagioclase (albite–oligoclase) and occasion-
ally K-feldspar (microcline). Myrmekites of quartz and 
plagioclase are present. A characteristic feature of this 
mylonitic migmatite is the presence of graphite which, 
along with biotite and sillimanite, defines the foliation. 
Accessory minerals are: titanite, rutile, zircon, monazite 
(mostly in matrix, but found also in garnet), and epidote. 
Kyanite has not been found in thin section, but has been 
observed in a hand specimen. Secondary alteration is 
indicated by sericitization of plagioclase.

3. Methods

3.1 analytical conditions

Electron-microprobe dating and chemical characteriza-
tion of monazite grains was performed using a Cameca 
SX-100 electron microprobe housed at the Department of 
Electron Microanalysis at the Dionýz Štúr State Geologi-
cal Institute (Geological Survey) in Bratislava, Slovak 
Republic. 180 nA beam current and 15 kV accelerating 
voltage were used with a beam diameter of 1 to 3 µm. 
Background level was determined using a linear fit. The 
counting time (peak + background) for Si, Al, Ca, P 
and As was 20 s, for REE 25 s, for Th and Y 35 s, for 
U 65 s and for Pb 150 s. The following standards were 
used: Si – wollastonite, Al – Al2O3, Ca – wollastonite, 
Pb – PbS, Th – ThO2, U – UO2, P – apatite, As – GaAs2, 
S – pyrite, Fe – fayalite, Sr – SrTiO3, REE and Y – REE 
and Y phosphates. Si, Al, As were measured with the use 
of a TAP crystal; Ca, Pb, U, Th, Y, P on LPET and REE 
on LLIF crystals. The following analytical lines were 
utilized: Kα for Si, Al, Ca, P, Fe, Sr and S, Lα for La, Ce, 
Gd, Tb, Tm, Yb, Y and As, and Lβ for Pr, Nd, Sm, Eu, 
Dy, Ho, Er and Lu. In order to determine concentrations 
of Pb and Th, Mα line was used, whereas determination of 
U was performed with Mβ spectral line. PAP corrections 

(Pouchou and Pichoir 1985) were applied throughout. All 
errors reported, depicted, and discussed in this paper are 
at the 2σ level (95% confidence limits).

Monazite analyses are usually complicated by peak 
overlaps among various elements. Intra-REE interfer-
ences were avoided in part by selection of Lβ lines. 
Other peak overlaps were corrected for by empirically 
derived correction factors (Cf, after Pyle et al. 2002). 
Interferences, harmful for age determination, on PbMα 
(by Y Lγ2,3), UMβ (by ThMγ, ThM3–N4, and ThM5–P3), 
and PbMα (by ThMζ1 and ThMζ2) were also resolved by 
Cf. Monazite was analysed during two sessions. The cali-
brations of Pb–Th–U–Y were refreshed at the beginning 
of both. The Cf factors were derived concurrently with 
each new calibration. Background intensity, measured at 
two points located on both sides of the PbMα line, was 
used for the linear background correction. This leads to 
a potential deficiency in Pb net counts, given the curved 
(exponential) nature of the background in vicinity of 
the PbMα peak (Jercinovic and Williams 2005). The Pb 
deficiency is further corrected for by linear regression of 
some 100 chemical spot analyses of five monazite age 
standards. The resulting factor delta Pb includes the req-
uisite correction for the Pb deficiency mentioned above. 
Representative compositional analyses of different types 
of dated monazites are presented in Tab. 2.

X-ray maps of the selected monazite grains were col-
lected using a Cameca SX-50 electron microprobe in the 
National Microprobe Laboratory at the Department of 
Earth Sciences, Uppsala University, Sweden. For X-ray 
maps, an accelerating voltage of 20 kV and a beam cur-
rent of 50 nA were used.

3.2 Dating strategies and age calculations

Chemical monazite dating strategies have been catego-
rized into two types: “top-down” and “bottom-up” (Dahl 
et al. 2005; Williams et al. 2006). The first invokes the 
traditional pseudo-isochron method of Suzuki and Adachi 
(1991) as well as the age histogram method of Montel 
et al. (1996). “Top-down” methods are based on collec-
tion of a large number of analytical spots from many 
individual domains/crystals in single or even multiple 
samples. Subsequently, a statistical analysis is used for 
the age calculation. 

According to the “bottom-up” dating strategy (Wil-
liams et al. 2006, 2007), detailed analyses of previously 
characterized compositional domains (by X-ray composi-
tional mapping) should be carried out. Subsequently, the 
geological meaning of the obtained dates is interpreted as 
a function of monazite chemistry, textural and structural 
context and statistical arguments.

The dating routine used in this study basically fol-
lowed that of Konečný et al. (2004), recently revised 
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soft Excel add-in program DAMON (Konečný et al. 
2004) which reads the data, calculates model dates and 
weighted average ages, and constructs histograms with 
pseudo-isochrons.

4. Y–Th–U systematics and monazite 
growth

Considering the pelitic protolith of the Åreskutan mig-
matites, the Y and Th systematics in monazite may be 
crucial for defining their metamorphic evolution (e.g. 
Terry et al. 2000; Pyle and Spear 2003; Dahl et al. 
2005; Kohn et al. 2005; Pyle et al. 2005). Monazite in 
low- and middle-grade rocks incorporates Th via Ray-
leigh-like fractionation (Kohn and Malloy 2004); with 
the increasing temperatures, the Th content typically 
decreases, though. In absence of prograde xenotime 
and/or allanite, the Y partitioning is mainly governed 
by reactions involving garnet (e.g., Pyle and Spear 
2003; Högdahl et al. 2012). Zhou and O’Nions (1999) 
showed that monazite growing after garnet-in reactions 
will contain rather low Y + HREE concentrations. The 

in Petrík and Konečný (2009). According to this dat-
ing protocol, we have imaged all monazite grains with 
backscattered electrons (BSE) to identify and delimit 
different compositional domains. Subsequently, we have 
selected most representative grains for dating. These 
were covered by as many analytical spots as possible 
ensuring that none of the spots straddled boundaries 
between neighboring domains. According to Williams 
et al. (2006) such a “top-down” dating strategy can be 
satisfactory when the dated grains are large enough and 
show well visible growth or sector zones. Here, we con-
sidered first the “top-down” strategy for a large number 
of grains. Then we recalculated ages for all grains ac-
cording to the “bottom-up” strategy similar to that of 
Williams et al. (2006) in order to further constrain the 
age variation and its relation to the composition of the 
dated domains.

Age results are based on the weighted histogram 
method of Montel et al. (1996) whereby model dates 
calculated for each spot analysis are presented in an age 
histogram. Subsequently all model dates are processed 
together and weighted average ages are calculated. 
The age calculation was performed using the Micro-

Tab. 2 Representative chemical analyses of different monazite types dated in this study (wt. % and apfu)

wt. % A* B C D E
P2O5 28.56 31.06 30.41 28.18 28.53
PbO  0.05 0.08 0.10 0.14 0.16
ThO2 2.45 4.30 4.72 3.71 3.73
UO2 0.18 0.19 0.32 1.30 1.70
Y2O3 0.20 0.33 2.49 1.25 0.37
La2O3 15.07 13.46 13.97 12.89 13.87
Ce2O3 30.73 29.53 27.69 27.71 29.19
Pr2O3 3.56 3.50 3.08 3.24 3.32
Nd2O3 13.49 13.53 11.24 13.08 12.77
Sm2O3 2.38 1.24 2.03 2.52 2.27
Eu2O3 0.07 n.d. 0.17 0.32 0.03
Gd2O3 1.18 1.32 1.52 1.79 1.35
Tb2O3 0.03 0.07 0.14 0.10 0.09
Dy2O3 0.11 0.14 0.66 0.51 0.17
Ho2O3 n.d. n.d. 0.06 n.d. n.d.
Er2O3 0.30 0.32 0.47 0.38 0.34
Tm2O3 0.06 0.19 0.06 0.12 0.04
Yb2O3 0.12 0.13 0.15 0.15 0.09
Lu2O3 0.11 n.d. 0.08 0.06 0.07
FeO  n.d. n.d. n.d. n.d. 0.04
SO3 0.02 n.d. 0.03 0.15 0.02
CaO  0.56 0.89 1.05 1.17 1.10
SrO  n.d. 0.01 0.04 n.d. n.d.
Al2O3 n.d. n.d. n.d. n.d. n.d.
SiO2 0.18 0.24 0.23 0.33 0.28
As2O5 0.17 n.d. 0.15 0.15 0.16
Total 99.60 100.53 100.86 99.25 99.67

n.d. – not detected
*migmatite neosome: A – Th-poor zone, B – Th-rich zone, C – Y-rich zone
sheared migmatite: D – Y-rich core of grain enclosed in garnet, E – U-rich rim of grain enclosed in garnet

apfu (based on 24 O)
P 5.824 6.067 5.950 5.755 5.809
Pb 0.003 0.005 0.006 0.009 0.010
Th 0.134 0.226 0.248 0.203 0.204
U 0.010 0.010 0.016 0.070 0.091
Y 0.026 0.041 0.306 0.160 0.047
La 1.339 1.146 1.191 1.147 1.230
Ce 2.710 2.495 2.343 2.447 2.570
Pr 0.312 0.294 0.259 0.284 0.291
Nd 1.160 1.115 0.928 1.127 1.097
Sm 0.198 0.099 0.162 0.210 0.188
Eu 0.006 0.000 0.014 0.027 0.002
Gd 0.095 0.101 0.116 0.143 0.107
Tb 0.002 0.005 0.011 0.008 0.007
Dy 0.009 0.010 0.049 0.039 0.013
Ho 0.005
Er 0.023 0.023 0.034 0.029 0.025
Tm 0.004 0.014 0.004 0.009 0.003
Yb 0.009 0.009 0.011 0.011 0.007
Lu 0.008 0.006 0.004 0.005
Fe 0.000 0.008
S 0.004 0.005 0.027 0.003
Ca 0.144 0.220 0.261 0.301 0.283
Sr 0.001 0.005
Al
Si 0.044 0.055 0.052 0.080 0.068
As 0.021 0.018 0.019 0.020
Total 12.085 11.934 12.001 12.110 12.090
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behavior of monazite during migmatization is, how-
ever, still not well understood. This mineral may grow 
directly from the melt, or form due to final melt crystal-
lization (see also Högdahl et al. 2012). Notwithstanding 
this problem, a general trend of increasing Y content 
from initial melting up to melt crystallization has been 
observed (Kohn et al. 2005). Given this, the youngest 
monazite should be the richest in Y, which is a conse-
quence of garnet consumption during melting or post-
crystallization retrogression during cooling. The Th/U 
ratio may be also used to discriminate among various 
monazite generations from the same migmatite sample 
(e.g., Bea and Montero 1999). This ratio is probably 
independent of chemical reactions involving monazite 
and garnet and should hence decouple from Y partition-
ing, which is strongly connected with garnet stability. 
Bea and Montero (1999) noticed that monazite newly 
grown in equilibrium with melt has significantly higher 
Th/U ratios than the previous metamorphic monazite 
generation. The authors interpreted this to reflect the 
increased partitioning of U into the melt.

5. Back-scattered electron images and 
chemical zoning of monazite from 
Mt. Åreskutan

5.1 Migmatite neosome

Monazite in this lithology occurs as grains exhibiting: 
(1) concentric zoning in the BSE images, with the cores 
darker and usually Th-poorer than the rims, (2) sector 
zoning, whereby the central zones are usually Th-poorer 
than the rims, and (3) patchy zoning, with no apparent 
correlation between the chemistry and geometric position 
of the given zone (Fig. 5a–c). 

In most cases, monazite shows normal core–rim 
zoning with Th-depleted core and Th-enriched, com-
monly composite rim (Fig. 6a). The Th-poor cores, 
characterized by the lowest Th/U ratios, are thought 
to reflect sub-solidus pre-melting, prograde growth. 
High Th rims, with higher Th/U ratios suggestive of 
growth in equilibrium with melt, are evident in most 
of the dated grains. Interestingly, these do not show 
substantial variations in the, generally low, Y contents. 
Such low-Y zones presumably developed in the garnet 
stability field. Similar trends are visible in chemistry 
of the grains exhibiting sector zoning. In case of one 
grain (Fig. 6b), peculiar cloudy core was observed with 
relatively high Y and slightly elevated U contents. The 
cloudy Y-enriched core extends from the grain boundary 
towards its center. A closer look at neighboring phases 
reveals that this high-Y zone has developed only at a 
place where the monazite was in contact with biotite. 
We suggest that this phyllosilicate played a role as a 

fluid channel, a feature commonly observed in other 
metamorphic rocks (e.g., Poitrasson et al. 2000; Majka 
and Budzyń 2006). Indeed the chemistry of this zone 
indicates most probably a late, sub-solidus growth, 
induced by fluids. Additionally, the presence of a tiny 
inner core (being probably an equivalent of the inner 
rim; see Fig. 6b) entrapped in the cloudy outer core 
may suggest fluid-induced dissolution–reprecipitation 
of this part of monazite. Inner rim and inner core (tiny 
zone mentioned above) in this grain are characterized by 
Th and Y values similar to the outer zones in normally-
zoned monazites. Additional U-enriched outermost 
discontinuous rim is also visible in this grain.

5.2 Sheared migmatite

Back-scattered electron (BSE) imaging and spot analyses 
revealed that monazite in this lithology shows two types 
of internal zoning: (1) continuous normal zoning with Th 
content increasing rimwards (Fig. 5d), only sometimes 
slightly decreasing in the outermost rims and (2) discon-
tinuous core to rim zoning, whereby the cores enriched in 
Th and slightly in U are surrounded by a Th-rich domain, 
which is then enclosed by rather Y-poor and clearly U-
enriched rim. Notably, such monazites occur as inclusions 
in garnets (Fig. 5e–f). 

Typical examples of these two monazite varieties 
were mapped chemically (Fig. 6c–d). The inner core 
of the matrix grain showing core–rim zoning (Fig. 6c) 
is Th- and Y-poor, which is indicative of a sub-solidus 
growth, probably pre-dating the partial melting. The 
outer core and rim of this grain, both characterized by 
high Th contents (and Th/U ratios) and low Y, have been 
most probably growing in equilibrium with the melt. 
Monazite shown on Fig. 6d exhibits a core character-
ized by relatively low Th and high U at relatively high Y 
contents. Its low Th/U and elevated Y may indicate either 
a sub-solidus growth or an effect of garnet consumption 
at a very early stage of melting. Such a pattern of Th/U 
vs. Y in monazite incorporating Y from resorbed garnet 
in granulite-facies migmatites was reported by Hermann 
and Rubatto (2003). Recent thermodynamic modeling of 
garnet–monazite interaction by Spear and Pyle (2010) 
suggested that coexistence of sharply Y-contrasting and 
simultaneously crystallizing monazite domains may oc-
cur in a high-grade rock due to diffusion of Y between 
garnet and monazite. Importantly, the studied grain is 
enclosed within garnet and thus the interaction with the 
host mineral seems likely. 

The outer strongly U-enriched rim of this grain re-
flects most probably a post-melt crystallization induced 
by late metamorphic fluids. The grain is connected with 
the matrix via cracks in the garnet, providing a possible 
path for such a fluid infiltration. Relatively low Y con-
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tent suggests growth in presence of a stable garnet (of 
second generation, see also Fig. 4d). Similar, partially 
altered monazites that are known from previous works 

(e.g. Terry et al. 2000) were recently experimentally 
grown by Harlov and Hetherington (2010 and citations 
therein). 

a

50 mµ

b

dc

e f

50 mµ

50 mµ

20 mµ

1000 mµ 50 mµ

Fig. 5 Back-scattered electron (BSE) images of different zoning patterns in the studied monazites. Monazite in migmatite neosome (sample 3) 
features normal (a), sector (b), or patchy (c) zoning. The grains in sheared migmatite (sample 64) reveal usually simple two-fold normal zoning 
(d), but those enclosed in Grt-I porphyroblasts (e) show more complicated core-to-rim zoning pattern (f).
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6. Dating results

6.1 Multi-spot dating (“top-down” approach)

Electron-microprobe single spot model dates from both 
migmatite neosome (sample 3; n = 118 on 8 grains in one 
thin section) and sheared migmatite (sample 64; n = 149 
on 11 grains in two thin sections) are presented in Tab. 3. 
Regardless of being characterized by normal zoning or 
patchy texture, one significantly darker and up to two 
brighter zones are visible in all grains. Calculation of all 
model dates yielded weighted averages of 439 ± 3 Ma (n = 
118, MSWD = 1.17, probability – p = 0.1) for migmatite 

neosome (sample 3) and 433 ± 3 Ma (n = 149, MSWD 
= 1.08, p = 0.24) for sheared migmatite (sample 64). 
However, a nearly continuous array of dates from 400 to 
500 Ma is visible, suggesting the presence of monazite 
domains of distinct ages. 

Although the obtained weighted average ages are 
not in conflict with the geological context and previous 
dating results from the same locality, the associated low 
probability values, composite internal zoning of mona-
zite and the very large spread of single dates all suggest 
that rather than representing single meaningful geologic 
events (at c. 433 and 439 Ma), these averages represent 
mixed ages of several monazite generations, possibly 

20 µm 50 µm

Th

Y U

Th

UY

b
d

BSE

BSE

50 µm

Th

c
BSE

100 mµ

a
BSE Th

Fig. 6 Back-scattered electron (BSE) images and Th, Y, U chemical maps (light = high and dark = low concentrations) of selected monazite grains. 
(a) monazite 3–5 with a Th-depleted core that presumably recorded of the early burial metamorphism, whereas the two outer rims enriched in Th 
reflect partial melting stage; (b) monazite 3–7, the two Th-enriched domains of which could have grown at the partial melting stage, whereas the 
cloudy, Y-enriched core (reconstituted) originated probably during the nappe emplacement; (c) monazite 64–1, where the tiny Th-depleted core 
may have recorded the burial metamorphism, whereas the inner and outer rims are formed by Th-enriched monazite typical of partial melting; 
(d) monazite 64–4, where the two Y- and Th-enriched core domains reflect partial melting, whereas reconstituted U-enriched “rim” has been formed 
during nappe emplacement. Monazites 3–5 and 64–1 did not show any specific Y and U zoning patterns.
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Tab. 3 Measured Th, U, Pb concentrations, Th* values, ages and 1 sigma errors for dated monazite samples 3 (AL07003) and 64 (AL08064)

Analysis 
number Sample Th (wt. %) U (wt. %) Pb (wt. %) Y (wt. %) Th (1σ) U (1σ) Pb (1σ) Age (Ma) Error (Ma) Th* Th/U

1 3 1.6032 0.1818 0.0427 0.3871 0.0112 0.0060 0.0026 434 30.9 2.20 8.82
2 3 1.6515 0.1820 0.0503 0.3538 0.0114 0.0060 0.0026 499 30.8 2.25 9.07
3 3 1.6519 0.1875 0.0460 0.3612 0.0114 0.0061 0.0026 453 30.2 2.27 8.81
4 3 1.7247 0.1854 0.0495 0.3279 0.0116 0.0060 0.0026 473 29.5 2.33 9.30
5 3 1.7725 0.1005 0.0443 0.2787 0.0117 0.0059 0.0026 470 32.4 2.10 17.63
6 3 1.8005 0.0924 0.0421 0.2830 0.0118 0.0059 0.0026 447 32.1 2.10 19.48
7 3 1.9310 0.1471 0.0480 0.1579 0.0122 0.0059 0.0026 444 28.0 2.41 13.13
8 3 1.9494 0.1612 0.0511 0.1784 0.0123 0.0060 0.0026 460 27.7 2.48 12.09
9 3 1.9612 0.1836 0.0472 0.1863 0.0123 0.0060 0.0026 412 26.5 2.56 10.68

10 3 2.0978 0.1656 0.0505 0.1533 0.0127 0.0060 0.0026 428 25.8 2.64 12.67
11 3 2.1240 0.1615 0.0565 0.1629 0.0128 0.0060 0.0026 475 26.1 2.65 13.15
12 3 2.1332 0.1917 0.0559 0.1656 0.0127 0.0059 0.0026 452 24.6 2.76 11.13
13 3 2.1537 0.1616 0.0518 0.1569 0.0128 0.0059 0.0025 431 24.8 2.68 13.33
14 3 2.1816 0.1845 0.0579 0.1645 0.0130 0.0060 0.0026 464 24.5 2.79 11.82
15 3 2.1984 0.1313 0.0572 0.3386 0.0130 0.0059 0.0026 485 26.4 2.63 16.74
16 3 2.2739 0.1719 0.0600 0.1696 0.0133 0.0060 0.0026 472 24.4 2.84 13.23
17 3 2.2838 0.1707 0.0601 0.1800 0.0134 0.0060 0.0026 472 24.4 2.84 13.38
18 3 2.5674 0.1523 0.0619 0.1780 0.0143 0.0061 0.0027 450 23.0 3.07 16.86
19 3 2.6146 0.1309 0.0595 0.3515 0.0144 0.0060 0.0026 437 22.8 3.04 19.98
20 3 2.7760 0.1454 0.0690 0.1631 0.0149 0.0060 0.0026 473 21.7 3.25 19.09
21 3 2.7913 0.1631 0.0652 0.1858 0.0150 0.0061 0.0027 438 21.2 3.33 17.11
22 3 2.8662 0.1854 0.0706 0.1752 0.0152 0.0060 0.0026 454 20.2 3.47 15.46
23 3 4.2800 0.1048 0.0905 0.0328 0.0197 0.0059 0.0027 437 15.5 4.62 40.86
24 3 4.7166 0.1153 0.0915 0.0415 0.0211 0.0059 0.0027 401 13.9 5.09 40.91
25 3 4.7237 0.1095 0.0997 0.0424 0.0211 0.0059 0.0027 438 14.1 5.08 43.14
26 3 4.7772 0.1161 0.1005 0.0457 0.0213 0.0059 0.0027 435 13.9 5.16 41.15
27 3 4.5731 0.1101 0.1012 0.0471 0.0206 0.0059 0.0027 458 14.6 4.93 41.55
28 3 4.7750 0.1074 0.1001 0.0486 0.0212 0.0059 0.0026 436 13.9 5.13 44.46
29 3 4.7587 0.1031 0.0992 0.0497 0.0212 0.0059 0.0027 434 14.1 5.10 46.16
30 3 4.2245 0.1179 0.0958 0.0498 0.0196 0.0060 0.0027 463 15.8 4.61 35.83
31 3 4.6627 0.1114 0.0994 0.0508 0.0209 0.0060 0.0027 441 14.3 5.03 41.85
32 3 4.2684 0.1690 0.0999 0.0515 0.0197 0.0060 0.0026 462 14.8 4.82 25.26
33 3 4.3903 0.1169 0.0935 0.0563 0.0201 0.0060 0.0027 437 15.0 4.77 37.56
34 3 3.1761 0.2384 0.0744 0.0734 0.0161 0.0060 0.0025 420 16.8 3.96 13.32
35 3 4.0393 0.1841 0.0899 0.0767 0.0188 0.0060 0.0026 432 15.0 4.64 21.94
36 3 3.9846 0.2250 0.0882 0.0804 0.0188 0.0061 0.0027 418 15.0 4.72 17.71
37 3 3.9467 0.1962 0.0962 0.0819 0.0186 0.0061 0.0026 468 15.5 4.59 20.11
38 3 4.0390 0.2386 0.0920 0.0839 0.0189 0.0061 0.0026 426 14.6 4.82 16.92
39 3 3.9512 0.2179 0.0873 0.0846 0.0186 0.0061 0.0026 418 15.0 4.66 18.14
40 3 3.9760 0.2260 0.0968 0.0861 0.0188 0.0086 0.0027 458 16.2 4.72 17.59
41 3 3.8740 0.2075 0.0883 0.0876 0.0184 0.0061 0.0026 433 15.5 4.55 18.67
42 3 3.9858 0.2777 0.0927 0.0887 0.0187 0.0062 0.0026 423 14.4 4.90 14.35
43 3 3.9336 0.2053 0.0868 0.0897 0.0185 0.0061 0.0026 421 15.2 4.61 19.16
44 3 4.1516 0.2383 0.0910 0.0907 0.0193 0.0062 0.0027 413 14.4 4.93 17.42
45 3 3.8781 0.1998 0.0811 0.0917 0.0184 0.0061 0.0026 400 15.4 4.53 19.41
46 3 3.9489 0.2787 0.0969 0.0930 0.0186 0.0062 0.0026 445 14.6 4.86 14.17
47 3 4.1021 0.1132 0.0860 0.0990 0.0191 0.0059 0.0027 429 15.9 4.47 36.23
48 3 4.5399 0.1503 0.1015 0.0996 0.0205 0.0060 0.0027 450 14.3 5.03 30.20
49 3 3.9053 0.2509 0.0919 0.1004 0.0185 0.0061 0.0026 434 14.9 4.73 15.57
50 3 4.1705 0.2144 0.0950 0.1025 0.0194 0.0061 0.0026 435 14.5 4.87 19.45
51 3 4.0738 0.0979 0.0898 0.1030 0.0190 0.0059 0.0027 456 16.3 4.40 41.59
52 3 3.9473 0.2188 0.0904 0.1034 0.0186 0.0061 0.0026 433 15.1 4.66 18.04
53 3 4.0605 0.1189 0.0849 0.1038 0.0190 0.0060 0.0027 426 16.0 4.45 34.15
54 3 3.9419 0.1037 0.0886 0.1044 0.0186 0.0060 0.0027 462 16.8 4.28 38.02
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Tab. 3 continued

Analysis 
number Sample Th (wt. %) U (wt. %) Pb (wt. %) Y (wt. %) Th (1σ) U (1σ) Pb (1σ) Age (Ma) Error (Ma) Th* Th/U

55 3 4.0670 0.2106 0.0866 0.1046 0.0190 0.0061 0.0026 407 14.7 4.76 19.31
56 3 4.1271 0.1088 0.0901 0.1069 0.0192 0.0059 0.0027 448 16.0 4.48 37.92
57 3 4.0643 0.1068 0.0854 0.1071 0.0190 0.0059 0.0026 432 16.0 4.41 38.07
58 3 4.0575 0.1080 0.0865 0.1072 0.0190 0.0060 0.0027 438 16.2 4.41 37.56
59 3 4.3006 0.1042 0.0902 0.1078 0.0197 0.0060 0.0027 434 15.4 4.64 41.27
60 3 4.3207 0.1631 0.0882 0.1095 0.0198 0.0061 0.0027 406 14.6 4.85 26.49
61 3 4.1240 0.0909 0.0903 0.1101 0.0192 0.0059 0.0026 455 16.1 4.42 45.39
62 3 4.3284 0.2547 0.0988 0.1108 0.0198 0.0062 0.0027 428 13.8 5.16 16.99
63 3 4.1417 0.1024 0.0944 0.1123 0.0191 0.0059 0.0026 470 15.9 4.48 40.46
64 3 4.1249 0.1132 0.0924 0.1158 0.0192 0.0060 0.0027 459 16.0 4.50 36.45
65 3 4.2321 0.0996 0.0951 0.1205 0.0195 0.0059 0.0026 465 15.7 4.56 42.49
66 3 4.0987 0.1257 0.0909 0.1239 0.0191 0.0060 0.0027 450 15.9 4.51 32.62
67 3 4.3022 0.1055 0.0901 0.1299 0.0198 0.0060 0.0027 433 15.4 4.65 40.78
68 3 3.9838 0.1114 0.0853 0.1300 0.0188 0.0060 0.0027 438 16.4 4.35 35.77
69 3 4.0692 0.3343 0.1086 0.1316 0.0187 0.0061 0.0026 469 13.7 5.17 12.17
70 3 4.0157 0.1162 0.0874 0.1399 0.0188 0.0059 0.0027 444 16.2 4.40 34.55
71 3 4.2227 0.1158 0.1010 0.1428 0.0195 0.0060 0.0027 489 16.0 4.60 36.46
72 3 4.0218 0.1205 0.0888 0.1527 0.0189 0.0060 0.0027 448 16.2 4.42 33.36
73 3 4.0267 0.1045 0.0852 0.1614 0.0188 0.0059 0.0026 435 16.1 4.37 38.54
74 3 4.0220 0.1214 0.0859 0.1639 0.0189 0.0060 0.0027 434 16.1 4.42 33.12
75 3 3.4540 0.1402 0.0803 0.1669 0.0171 0.0060 0.0027 458 18.3 3.91 24.63
76 3 4.2145 0.1259 0.0889 0.1670 0.0195 0.0059 0.0026 429 15.2 4.63 33.47
77 3 4.1693 0.1202 0.0931 0.1694 0.0193 0.0060 0.0027 455 15.9 4.56 34.68
78 3 4.1075 0.1306 0.0878 0.1724 0.0191 0.0060 0.0027 432 15.7 4.54 31.46
79 3 4.1026 0.4984 0.1143 0.1903 0.0188 0.0064 0.0026 445 12.4 5.74 8.23
80 3 4.3950 0.0960 0.0894 0.2011 0.0200 0.0085 0.0027 424 15.9 4.71 45.77
81 3 4.6462 0.1151 0.0946 0.2090 0.0208 0.0060 0.0027 420 14.2 5.02 40.37
82 3 4.8090 0.1404 0.1003 0.2100 0.0214 0.0060 0.0027 425 13.7 5.27 34.25
83 3 4.3890 0.1039 0.0944 0.2122 0.0200 0.0060 0.0027 445 15.3 4.73 42.25
84 3 4.8774 0.1450 0.1062 0.2130 0.0216 0.0061 0.0027 443 13.6 5.35 33.63
85 3 4.2207 0.1050 0.0936 0.2165 0.0195 0.0085 0.0027 457 16.6 4.57 40.18
86 3 4.6104 0.1174 0.0941 0.2196 0.0207 0.0059 0.0027 421 14.3 4.99 39.26
87 3 4.3192 0.1530 0.0980 0.2232 0.0198 0.0061 0.0027 454 15.1 4.82 28.23
88 3 4.8253 0.1467 0.1011 0.2267 0.0215 0.0061 0.0027 425 13.6 5.31 32.89
89 3 4.0807 0.1498 0.0893 0.2276 0.0191 0.0060 0.0027 436 15.8 4.57 27.25
90 3 4.6881 0.1170 0.0980 0.2284 0.0210 0.0060 0.0027 432 14.1 5.07 40.06
91 3 4.6693 0.1588 0.1001 0.2285 0.0209 0.0061 0.0027 431 13.8 5.19 29.40
92 3 4.6664 0.1253 0.0989 0.2298 0.0209 0.0059 0.0027 435 14.1 5.08 37.25
93 3 4.6365 0.1798 0.1037 0.2300 0.0209 0.0061 0.0027 443 13.9 5.23 25.78
94 3 4.8568 0.1222 0.0983 0.2303 0.0215 0.0085 0.0027 418 14.5 5.26 39.76
95 3 4.6095 0.1226 0.0974 0.2321 0.0207 0.0060 0.0027 434 14.3 5.01 37.59
96 3 4.8695 0.1264 0.1046 0.2340 0.0215 0.0060 0.0027 442 13.6 5.28 38.52
97 3 4.9027 0.1208 0.1035 0.2345 0.0216 0.0060 0.0027 436 13.6 5.30 40.58
98 3 4.4063 0.3078 0.1060 0.2386 0.0201 0.0063 0.0027 437 13.4 5.42 14.32
99 3 4.7007 0.1608 0.1036 0.2448 0.0210 0.0061 0.0027 442 13.9 5.23 29.24

100 3 4.3465 0.1620 0.0976 0.2493 0.0199 0.0061 0.0027 447 14.9 4.88 26.83
101 3 4.7657 0.1395 0.0994 0.2500 0.0212 0.0060 0.0027 425 13.7 5.22 34.16
102 3 4.8373 0.1370 0.1010 0.2505 0.0215 0.0060 0.0027 427 13.6 5.29 35.31
103 3 4.1995 0.1118 0.0890 0.2552 0.0195 0.0085 0.0027 435 16.6 4.57 37.57
104 3 4.2450 0.1155 0.0911 0.2572 0.0196 0.0060 0.0027 440 15.5 4.62 36.77
105 3 4.4313 0.1358 0.0975 0.2589 0.0201 0.0060 0.0027 446 14.7 4.88 32.63
106 3 4.4410 0.2677 0.1083 0.2644 0.0202 0.0062 0.0027 454 13.7 5.32 16.59
107 3 4.8920 0.1958 0.1065 0.2664 0.0217 0.0062 0.0027 430 13.1 5.53 24.99
108 3 4.4391 0.1174 0.1000 0.2665 0.0202 0.0060 0.0027 462 15.0 4.82 37.81
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Tab. 3 continued

Analysis 
number Sample Th (wt. %) U (wt. %) Pb (wt. %) Y (wt. %) Th (1σ) U (1σ) Pb (1σ) Age (Ma) Error (Ma) Th* Th/U

109 3 4.9521 0.1880 0.1097 0.2671 0.0219 0.0062 0.0027 440 13.2 5.57 26.35
110 3 4.8785 0.1875 0.1140 0.2674 0.0216 0.0061 0.0027 463 13.4 5.49 26.02
111 3 3.9229 0.5564 0.1139 0.2826 0.0182 0.0065 0.0026 443 12.3 5.75 7.05
112 3 3.8819 0.8622 0.1378 0.2918 0.0181 0.0069 0.0027 459 10.8 6.71 4.50
113 3 3.9476 0.1754 0.0916 0.4418 0.0186 0.0060 0.0027 452 15.8 4.52 22.51
114 3 3.8594 0.2011 0.0887 1.8404 0.0183 0.0061 0.0027 438 15.8 4.52 19.19
115 3 3.9348 0.3135 0.0931 1.9532 0.0183 0.0061 0.0026 420 14.0 4.96 12.55
116 3 4.1474 0.2903 0.0951 1.9614 0.0190 0.0061 0.0026 417 13.7 5.10 14.29
117 3 3.5077 0.2423 0.0818 2.1808 0.0169 0.0059 0.0026 425 16.0 4.30 14.48
118 3 3.6272 0.2332 0.0819 2.4671 0.0173 0.0059 0.0026 417 15.7 4.39 15.55
1 64 3.9048 0.0782 0.0879 0.1184 0.0195 0.0065 0.0036 471 22.5 4.16 49.92
2 64 4.3985 0.0825 0.0900 0.0853 0.0211 0.0066 0.0036 430 20.0 4.67 53.30
3 64 4.4601 0.0853 0.0934 0.0761 0.0213 0.0066 0.0036 439 19.7 4.74 52.29
4 64 3.7798 0.0869 0.0820 0.1331 0.0191 0.0066 0.0036 450 22.7 4.06 43.49
5 64 4.4203 0.0966 0.0952 0.1452 0.0211 0.0066 0.0036 448 19.8 4.74 45.76
6 64 4.4856 0.0995 0.0956 0.1225 0.0214 0.0066 0.0036 443 19.6 4.81 45.07
7 64 3.8081 0.0999 0.0834 0.2281 0.0191 0.0066 0.0036 450 22.4 4.14 38.13
8 64 3.7678 0.1021 0.0848 0.2290 0.0190 0.0066 0.0036 461 22.6 4.10 36.91
9 64 3.8163 0.1047 0.0825 0.2469 0.0192 0.0066 0.0036 443 22.2 4.16 36.47

10 64 4.3339 0.1067 0.0902 0.1581 0.0236 0.0081 0.0044 430 24.2 4.68 40.62
11 64 3.8144 0.1074 0.0802 0.2481 0.0192 0.0066 0.0036 430 22.1 4.17 35.52
12 64 3.7950 0.1087 0.0834 0.2509 0.0191 0.0066 0.0036 448 22.3 4.15 34.92
13 64 3.6085 0.1102 0.0806 0.0774 0.0212 0.0081 0.0044 453 28.4 3.97 32.75
14 64 3.7279 0.1114 0.0761 0.2821 0.0189 0.0066 0.0036 415 22.4 4.09 33.47
15 64 4.5234 0.1114 0.0942 0.2652 0.0215 0.0066 0.0036 430 19.1 4.89 40.59
16 64 4.4759 0.1127 0.0934 0.1953 0.0213 0.0067 0.0036 430 19.4 4.85 39.73
17 64 3.7174 0.1128 0.0809 0.0796 0.0187 0.0065 0.0035 442 22.2 4.09 32.94
18 64 3.3067 0.1143 0.0799 0.1141 0.0202 0.0081 0.0044 484 30.8 3.68 28.93
19 64 4.1205 0.1149 0.0832 0.1694 0.0230 0.0081 0.0044 413 25.2 4.50 35.86
20 64 3.7117 0.1150 0.0757 0.2698 0.0188 0.0066 0.0036 413 22.4 4.09 32.27
21 64 3.7982 0.1173 0.0854 0.2411 0.0219 0.0082 0.0044 455 27.2 4.18 32.37
22 64 3.7744 0.1174 0.0817 0.2606 0.0191 0.0067 0.0036 438 22.4 4.16 32.15
23 64 4.6549 0.1175 0.0937 0.3415 0.0219 0.0067 0.0036 415 18.6 5.04 39.62
24 64 3.7956 0.1180 0.0862 0.1850 0.0219 0.0081 0.0044 460 27.3 4.18 32.18
25 64 4.7472 0.1191 0.1043 0.2834 0.0212 0.0060 0.0027 453 14.1 5.14 39.85
26 64 3.7446 0.1206 0.0780 0.2149 0.0213 0.0079 0.0043 421 26.4 4.14 31.04
27 64 3.8501 0.1208 0.0892 0.1719 0.0193 0.0067 0.0036 468 22.1 4.25 31.86
28 64 3.8271 0.1230 0.0774 0.2566 0.0192 0.0066 0.0036 409 21.6 4.23 31.12
29 64 4.7026 0.1233 0.0956 0.2728 0.0210 0.0060 0.0027 418 14.0 5.11 38.12
30 64 4.0754 0.1240 0.0904 0.2293 0.0200 0.0067 0.0036 450 20.7 4.48 32.87
31 64 4.3296 0.1253 0.0983 0.2076 0.0236 0.0082 0.0044 462 24.2 4.74 34.57
32 64 3.9266 0.1258 0.0857 0.1700 0.0219 0.0080 0.0043 441 25.6 4.34 31.21
33 64 3.4229 0.1294 0.0818 0.3051 0.0180 0.0066 0.0036 474 24.1 3.85 26.46
34 64 3.7745 0.1295 0.0765 0.2921 0.0191 0.0066 0.0036 407 21.9 4.20 29.15
35 64 3.2665 0.1304 0.0729 0.5131 0.0174 0.0066 0.0036 441 24.9 3.69 25.05
36 64 3.9003 0.1310 0.0816 0.2860 0.0195 0.0066 0.0036 421 21.2 4.33 29.77
37 64 3.8188 0.1313 0.0806 0.2658 0.0220 0.0081 0.0044 424 26.7 4.25 29.08
38 64 3.6421 0.1345 0.0788 0.1060 0.0213 0.0081 0.0044 431 27.7 4.08 27.09
39 64 3.2915 0.1386 0.0783 0.5272 0.0175 0.0066 0.0036 466 24.7 3.75 23.74
40 64 3.2657 0.1415 0.0674 0.5503 0.0174 0.0066 0.0035 404 24.2 3.73 23.08
41 64 3.3201 0.1433 0.0691 0.5641 0.0176 0.0066 0.0036 408 24.0 3.79 23.17
42 64 3.6916 0.1441 0.0877 0.2466 0.0214 0.0081 0.0044 470 27.4 4.17 25.61
43 64 3.6955 0.1445 0.0870 0.2440 0.0215 0.0082 0.0044 465 27.4 4.17 25.58
44 64 3.6445 0.1449 0.0871 0.3153 0.0184 0.0065 0.0035 471 22.3 4.12 25.15
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Tab. 3 continued

Analysis 
number Sample Th (wt. %) U (wt. %) Pb (wt. %) Y (wt. %) Th (1σ) U (1σ) Pb (1σ) Age (Ma) Error (Ma) Th* Th/U

45 64 3.7999 0.1450 0.0813 0.2591 0.0218 0.0081 0.0044 425 26.4 4.27 26.21
46 64 3.3510 0.1480 0.0692 0.5505 0.0177 0.0066 0.0036 403 23.7 3.84 22.64
47 64 3.7819 0.1488 0.0854 0.5420 0.0191 0.0066 0.0036 446 21.6 4.27 25.42
48 64 3.3556 0.1516 0.0757 0.2285 0.0204 0.0082 0.0044 439 29.3 3.85 22.14
49 64 1.4365 0.1558 0.0397 1.3880 0.0115 0.0066 0.0035 455 45.7 1.95 9.22
50 64 3.5767 0.1567 0.0810 0.2635 0.0184 0.0067 0.0036 442 22.5 4.09 22.82
51 64 3.7825 0.1589 0.0816 0.2608 0.0218 0.0082 0.0044 424 26.2 4.30 23.81
52 64 4.7556 0.1628 0.0947 0.4799 0.0222 0.0068 0.0036 400 17.7 5.29 29.22
53 64 3.7358 0.1647 0.0867 0.2476 0.0216 0.0082 0.0044 453 26.6 4.28 22.69
54 64 3.5318 0.1664 0.0782 0.7904 0.0183 0.0067 0.0036 428 22.7 4.08 21.22
55 64 3.2855 0.2030 0.0798 0.4515 0.0175 0.0067 0.0036 451 23.3 3.95 16.18
56 64 3.1704 0.2055 0.0723 0.4799 0.0171 0.0067 0.0035 420 23.6 3.84 15.42
57 64 3.8723 0.2108 0.0903 0.3362 0.0194 0.0068 0.0036 442 20.4 4.56 18.37
58 64 3.2633 0.2184 0.0799 0.2933 0.0174 0.0067 0.0036 448 23.1 3.98 14.95
59 64 4.7271 0.2215 0.1080 0.1097 0.0222 0.0069 0.0036 442 17.4 5.45 21.34
60 64 4.0984 0.2230 0.0976 0.4122 0.0201 0.0068 0.0036 451 19.4 4.83 18.38
61 64 3.4558 0.2244 0.0778 1.1766 0.0181 0.0068 0.0036 415 22.0 4.19 15.40
62 64 3.2916 0.2251 0.0776 1.0730 0.0175 0.0068 0.0036 430 22.9 4.03 14.62
63 64 3.7036 0.2306 0.0841 0.3973 0.0189 0.0069 0.0036 421 20.8 4.46 16.06
64 64 3.2648 0.2313 0.0789 0.1967 0.0174 0.0068 0.0036 438 22.8 4.02 14.11
65 64 2.5775 0.2348 0.0636 1.4532 0.0150 0.0067 0.0035 425 26.7 3.35 10.98
66 64 3.6557 0.2355 0.0898 0.4243 0.0185 0.0067 0.0035 453 20.5 4.43 15.53
67 64 3.7203 0.2369 0.0842 0.2250 0.0189 0.0068 0.0036 418 20.6 4.50 15.70
68 64 3.9074 0.2386 0.0876 0.6938 0.0196 0.0069 0.0036 418 19.9 4.69 16.38
69 64 2.6549 0.2477 0.0705 0.1776 0.0154 0.0068 0.0035 454 26.2 3.47 10.72
70 64 2.6606 0.2486 0.0691 2.0952 0.0156 0.0069 0.0036 444 26.8 3.48 10.70
71 64 1.9425 0.2488 0.0543 1.5592 0.0131 0.0067 0.0035 441 32.3 2.76 7.81
72 64 2.6477 0.2490 0.0632 2.0467 0.0155 0.0068 0.0036 408 26.4 3.46 10.63
73 64 3.9433 0.2493 0.0941 0.2538 0.0196 0.0068 0.0036 442 19.6 4.76 15.82
74 64 3.6285 0.2501 0.0867 0.4486 0.0186 0.0069 0.0036 435 20.9 4.45 14.51
75 64 3.9672 0.2563 0.0960 0.3974 0.0197 0.0069 0.0036 446 19.4 4.81 15.48
76 64 2.5988 0.2586 0.0621 0.1742 0.0152 0.0068 0.0035 403 26.0 3.44 10.05
77 64 2.6850 0.2587 0.0743 0.2171 0.0155 0.0068 0.0035 470 25.8 3.54 10.38
78 64 4.0263 0.2592 0.0933 0.2893 0.0199 0.0069 0.0036 428 19.1 4.88 15.53
79 64 3.9225 0.2605 0.0891 0.2920 0.0196 0.0069 0.0036 417 19.4 4.78 15.06
80 64 2.8719 0.2637 0.0783 0.2083 0.0161 0.0068 0.0035 468 24.5 3.74 10.89
81 64 3.6048 0.2655 0.0891 0.2464 0.0185 0.0068 0.0036 445 20.8 4.48 13.58
82 64 2.8827 0.2675 0.0750 0.2120 0.0161 0.0068 0.0035 446 24.2 3.76 10.78
83 64 2.8299 0.2688 0.0727 0.2033 0.0160 0.0068 0.0035 438 24.4 3.71 10.53
84 64 2.6470 0.2698 0.0709 0.2046 0.0154 0.0068 0.0035 449 25.7 3.53 9.81
85 64 2.8919 0.2743 0.0805 0.2050 0.0162 0.0069 0.0036 474 24.4 3.79 10.54
86 64 2.8300 0.2745 0.0711 0.2101 0.0160 0.0068 0.0035 426 24.2 3.73 10.31
87 64 2.7991 0.2771 0.0776 0.1974 0.0159 0.0068 0.0036 467 24.8 3.71 10.10
88 64 2.8622 0.2774 0.0707 0.2323 0.0161 0.0068 0.0035 419 23.9 3.77 10.32
89 64 2.8691 0.2790 0.0764 0.7942 0.0162 0.0068 0.0036 451 24.3 3.78 10.28
90 64 2.7355 0.2800 0.0694 0.1891 0.0157 0.0068 0.0036 425 24.9 3.65 9.77
91 64 2.8178 0.2800 0.0741 0.2071 0.0160 0.0068 0.0035 443 24.3 3.74 10.06
92 64 2.5134 0.2806 0.0706 0.2088 0.0150 0.0068 0.0035 459 26.5 3.43 8.96
93 64 2.5588 0.2821 0.0647 0.2061 0.0151 0.0069 0.0035 415 25.8 3.48 9.07
94 64 2.8925 0.2822 0.0842 0.7159 0.0163 0.0069 0.0036 492 24.3 3.82 10.25
95 64 3.9721 0.2827 0.0948 0.3413 0.0197 0.0069 0.0036 433 18.8 4.90 14.05

96 64 2.7574 0.2832 0.0717 0.2176 0.0158 0.0068 0.0035 435 24.6 3.69 9.74

97 64 2.7453 0.2882 0.0704 0.1983 0.0157 0.0069 0.0036 427 24.7 3.69 9.52
98 64 2.6690 0.2892 0.0741 1.8935 0.0155 0.0069 0.0036 458 25.4 3.62 9.23
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Tab. 3 continued

Analysis 
number Sample Th (wt. %) U (wt. %) Pb (wt. %) Y (wt. %) Th (1σ) U (1σ) Pb (1σ) Age (Ma) Error (Ma) Th* Th/U

99 64 4.1664 0.2895 0.1035 0.4168 0.0231 0.0085 0.0045 452 22.6 5.12 14.39
100 64 4.1349 0.2917 0.0951 0.8394 0.0202 0.0070 0.0036 418 18.2 5.09 14.18
101 64 2.7788 0.2923 0.0807 0.2280 0.0158 0.0069 0.0036 482 24.7 3.74 9.51
102 64 3.9843 0.2948 0.0946 1.5715 0.0197 0.0069 0.0036 427 18.9 4.95 13.51
103 64 3.7363 0.2965 0.0923 0.4642 0.0189 0.0069 0.0036 438 19.6 4.71 12.60
104 64 3.7716 0.3020 0.0887 0.3715 0.0191 0.0070 0.0036 417 19.4 4.76 12.49
105 64 2.5769 0.3024 0.0766 0.3165 0.0177 0.0084 0.0044 479 31.6 3.57 8.52
106 64 3.8512 0.3059 0.0914 0.4281 0.0194 0.0070 0.0036 421 19.3 4.85 12.59
107 64 3.7250 0.3150 0.0873 0.4149 0.0189 0.0070 0.0036 410 19.4 4.76 11.82
108 64 3.6845 0.3152 0.0926 0.4291 0.0188 0.0070 0.0036 439 19.7 4.72 11.69
109 64 4.1555 0.3218 0.1093 0.1355 0.0203 0.0070 0.0036 468 18.1 5.21 12.91
110 64 2.4775 0.3302 0.0656 1.8940 0.0147 0.0068 0.0035 413 25.0 3.56 7.50
111 64 3.7101 0.3417 0.0964 0.8700 0.0189 0.0070 0.0036 446 19.5 4.83 10.86
112 64 4.1890 0.3452 0.1093 0.1133 0.0204 0.0070 0.0036 459 17.7 5.32 12.14
113 64 3.0491 0.3519 0.0849 2.3481 0.0168 0.0070 0.0036 452 22.3 4.20 8.67
114 64 4.2054 0.3676 0.1006 0.4537 0.0203 0.0070 0.0036 416 17.0 5.41 11.44
115 64 2.9577 0.3810 0.0780 0.4634 0.0164 0.0070 0.0036 415 21.7 4.20 7.76
116 64 3.0236 0.4008 0.0803 1.7821 0.0167 0.0071 0.0036 415 21.4 4.34 7.54
117 64 1.3144 0.4041 0.0545 1.6221 0.0111 0.0070 0.0035 462 34.0 2.64 3.25
118 64 3.6469 0.4171 0.0990 0.7387 0.0187 0.0072 0.0036 441 18.7 5.01 8.74
119 64 3.5511 0.4222 0.0958 1.4226 0.0181 0.0070 0.0036 434 18.6 4.94 8.41
120 64 2.5142 0.4669 0.0711 1.6245 0.0150 0.0072 0.0036 394 22.6 4.04 5.39
121 64 3.6335 0.4680 0.1031 1.2645 0.0186 0.0072 0.0036 446 18.2 5.17 7.76
122 64 3.0916 0.4809 0.0903 2.0757 0.0168 0.0072 0.0036 433 19.8 4.67 6.43
123 64 3.1256 0.5092 0.0903 2.2131 0.0170 0.0073 0.0036 422 19.4 4.79 6.14
124 64 2.8754 0.5107 0.0881 1.2614 0.0161 0.0073 0.0036 433 20.3 4.55 5.63
125 64 3.4606 0.5364 0.0928 0.4966 0.0181 0.0074 0.0036 399 17.7 5.21 6.45
126 64 3.9972 0.5497 0.1161 0.9575 0.0198 0.0074 0.0037 448 16.4 5.80 7.27
127 64 3.5697 0.5685 0.0999 0.4646 0.0184 0.0074 0.0036 412 17.2 5.43 6.28
128 64 3.9254 0.5762 0.1283 0.1046 0.0186 0.0067 0.0027 492 12.8 5.82 6.81
129 64 3.7036 0.6547 0.1088 0.3745 0.0189 0.0076 0.0037 417 16.1 5.85 5.66
130 64 3.9168 0.6885 0.1154 0.9826 0.0196 0.0077 0.0037 419 15.4 6.17 5.69
131 64 3.3417 0.7758 0.1082 0.4038 0.0176 0.0078 0.0036 412 15.9 5.88 4.31
132 64 3.5083 0.8013 0.1144 0.2814 0.0182 0.0078 0.0036 418 15.3 6.13 4.38
133 64 2.9385 0.8124 0.1100 0.1110 0.0164 0.0078 0.0036 440 16.8 5.60 3.62
134 64 2.1517 0.8142 0.0902 0.0991 0.0139 0.0078 0.0036 420 19.2 4.82 2.64
135 64 2.8612 0.8179 0.1106 0.0898 0.0161 0.0078 0.0036 447 16.9 5.54 3.50
136 64 2.8274 0.8220 0.1029 0.0941 0.0160 0.0078 0.0036 418 16.9 5.52 3.44
137 64 2.7916 0.8285 0.1052 0.0985 0.0160 0.0079 0.0037 428 17.1 5.51 3.37
138 64 2.5158 0.8418 0.1030 0.8392 0.0150 0.0078 0.0036 438 17.7 5.28 2.99
139 64 2.8849 0.8781 0.1076 0.1134 0.0162 0.0079 0.0037 419 16.3 5.76 3.29
140 64 2.6805 0.9551 0.1144 0.9169 0.0146 0.0073 0.0027 441 12.4 5.81 2.81
141 64 2.6941 0.9767 0.1073 1.0701 0.0147 0.0073 0.0027 409 12.1 5.89 2.76
142 64 3.4190 0.9856 0.1176 1.7491 0.0169 0.0073 0.0027 397 10.8 6.64 3.47
143 64 3.1121 1.0945 0.1210 0.3997 0.0169 0.0083 0.0037 406 14.2 6.69 2.84
144 64 3.0047 1.1065 0.1325 0.9231 0.0155 0.0075 0.0027 447 11.1 6.64 2.72
145 64 3.2574 1.1508 0.1344 0.9824 0.0164 0.0076 0.0027 429 10.5 7.03 2.83
146 64 2.9457 1.4540 0.1448 0.2268 0.0164 0.0089 0.0037 422 12.4 7.71 2.03
147 64 3.2356 1.5020 0.1563 0.3468 0.0163 0.0082 0.0028 430 9.2 8.16 2.15
148 64 3.2811 1.5059 0.1540 0.2885 0.0165 0.0082 0.0028 421 9.1 8.21 2.18
149 64 3.0909 1.5306 0.1568 0.4570 0.0169 0.0090 0.0037 434 12.0 8.11 2.02
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connected with different stages of metamorphic history 
of the studied rocks. Moreover, a correlation between Th, 
U and Y content and single ages has been noticed (Tab. 3, 
Fig. 7). This indicates that important chemical variations 
were associated with monazite reconstitution and further 
imply that monazite may have grown (reconstituted) dur-
ing specific time intervals.

6.2 recalculation of the dating results in 
respect to Y–Th–U systematics and 
micro-textural context (“bottom-up” 
approach)

The variety of the “bottom-up” approach of Williams et 
al. (2006) was applied to test the existence of various 
age domains. All the results from both, the migmatite 
neosome and the sheared migmatite were recalculated 
based on the chemistry of the dated domains and their 
geometric position within the grains (Tab. 4).

6.2.1 Migmatite neosome

Based on Th vs. Y and U vs. Y relationships (Fig. 7a–b) 
and microtextural observations, three populations of mon-
azite domains were distinguished. All of them correspond 
well to the relative differences in the single-spot dates, 
and as a consequence to the calculated average ages for 
the distinguished groups. The oldest population, yield-
ing an age of 455 ± 11 Ma (n = 22, MSWD = 0.63), is 
characterized by low Th (<3 wt. %) and Y contents (<0.4 
wt. %). The most numerous population, giving an age of 
439 ± 3 Ma (n = 91, MSWD = 1.2), is characterized by 
higher Th (>3.1 wt. %) and low Y contents (<0.45 wt. %). 
The youngest and smallest population indicating an age 
of 423 ± 13 Ma (n = 5, MSWD = 0.34), is characterized 
by a strong Y enrichment (1.8–2.5 wt. %) and moderate 
Th contents (3.5–4.15 wt. %). It must be emphasized 
here that the latter results were collected solely from the 
cloudy core (Fig. 6b).

6.2.2 Sheared migmatite

In case of the sheared migmatite, different monazite 
chemical populations are not so well distinguishable 
like in the migmatite neosome. Nevertheless, careful 

examination of Th vs. Y and U vs. Y relationships 
(Fig. 7c–d), coupled with microtextural observations, 
confirms existence of at least two populations, corre-
sponding well to the single-spot dates. This is visible 
on U vs. Y diagram (Fig. 7d), where obtained results 
are grouping in terms of U content. Monazites revealing 
lower U content (<0.6 wt. %) yielded an average age of 
438 ± 4 Ma (n = 128, MSWD = 0.97), whereas the rest 
(U = 0.65–1.54 wt. %) gave an age of 424 ± 6 Ma (n = 
21, MSWD = 1.09). It must be stressed that all the lat-
ter measurements were taken on tiny rims of monazites 
enclosed in garnets (two grains). The Th vs. Y relation-
ships do not allow any grouping to different chemical 
populations. Although several e.g. low-Th outliers are 
visible, there is no correlation between their relatively 
low Th contents and age. 

7. Discussion

7.1 age of the Åreskutan migmatites 

Correlation of ages and trace-element contents, along 
with microtextural evidence coming from petrographic 
study and BSE imaging, have been used here to show a 
protracted monazite growth in the Åreskutan migmatites. 
The individual domains crystallized from the prograde 
metamorphic phase (~455 Ma), through migmatization 
(~439 Ma) to late subsolidus stage probably in associa-
tion with fluids induced by tectonic events (~424 Ma). 
We note, however, that some ages in this study were 
determined by using only a few grains (and a small 
total number of analyses) and are thus associated with 
relatively large 2σ errors. Clearly further detailed, pref-
erably ion-probe dating on numerous grains is required 
to improve the statistics and test the validity of the 
obtained ages.

7.2 Tectonic implications 

The evidence from the Seve Nappe Complex of northern 
Sweden (Norrbotten) of high-grade metamorphism of 
early Ordovician age (Dallmeyer and Gee 1986), perhaps 
starting in the late Cambrian based on Sm–Nd garnet–py-
roxene–whole-rock data (Mørk et al. 1988), suggests that 
the subduction of the Baltoscandian outer margin may 

Tab. 4 Age calculation results for selected age populations of monazite in samples 3 and 64

Sample Population Average age (Ma) 2s error (Ma) MSWD
3 low Th, low Y 455 11 0.63
3 high Th, low Y 439 3 1.2
3 high Th, high Y 423 13 0.34

64 low U 438 4 0.97
64 high U 424 6 1.09
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have been diachronous, starting earlier in the northern 
part of the mountain belt and migrating southwards dur-
ing the Ordovician. Brueckner et al. (2004), and Brueck-
ner and Van Roermund (2007) inferred that in northern 
Jämtland, some parts of the Seve Nappe Complex were 
subducted to mantle depths during the late Ordovician 
(c. 455 Ma), and rapidly exhumed in Silurian. The au-
thors assigned this early Seve Nappe Complex evolution 
to a collision of Baltica with an arc or a microcontinent. 
Recently, additional evidence for an early to middle Or-
dovician event was provided by Kirkland et al. (2009), 
who described zircon rim growth and monazite crystal-
lization starting at least at c. 470 Ma and peaking at c. 
450 Ma in higher units of the Kalak Nappe Complex 
(Seve Nappe Complex equivalent) of northern Norway. 
Smit et al. (2010) reported a HP eclogite-facies event at 
470–455 Ma (based on Lu–Hf and Sm–Nd garnet–om-
phacite–whole-rock data) from the Jæren Nappe in the 
southernmost part of the Scandinavian Caledonides, 
similar to that in northern Jämtland. It seems likely that 
these early and middle Ordovician HP events reflect 
multiple continent–arc (or continent–microcontinent) 
collisions during the closure of the Iapetus Ocean, before 
the Laurentia and Baltica collided.

Younger metamorphic ages (453–423 Ma) are re-
corded by zircon rims in a variety of lithologies of the 
Seve Nappes Complex in the central–northern Jämtland 
(Williams and Claesson 1987; Ladenberger et al. 2010, 
2012; see also Tab. 1). Other workers have documented 
a continuous deformation evolution from Finmarkian to 
early Scandian (e.g., 40Ar–39Ar dating of Rice and Frank 
2003) in the Kalak Nappe Complex. In the context of the 
events recorded by the Seve Nappe Complex, the oldest 
Åreskutan monazite ages of c. 455 Ma reported in this 
study are not substantially different from the 460–450 
Ma ages from northern Jämtland given by Brueckner et 
al. (2004) and Brueckner and Van Roermund (2007). The 
chemical character of these pre-Scandian monazites sug-
gests that they grew under high-grade subsolidus condi-
tions, possibly related to a subduction regime along the 
Baltoscandian margin.

The younger, ~439 Ma monazite ages obtained in 
the current study are coeval with zircon rim ages from 
sample 3, i.e. the same rock (Ladenberger et al. 2010, 
2012). Given the chemical character of the dated mona-
zite domains, suggesting crystallization from a partial 
melt, this provides an important age constraint for the 
granulite-facies migmatization in the Seve Nappe Com-
plex on Mt. Åreskutan. This event may well be represen-
tative of migmatization within the Seve Nappe Complex 
in all of Jämtland (e.g., Williams and Claesson 1987). 
However, this age is younger than early peak metamor-
phism and melting (c. 470–450 Ma) in the Kalak Nappe 
Complex recorded by zircon overgrowths in granitic 

dykes of the Hjelmsøy shear zone. On the other hand, it 
is consistent with younger U–Pb monazite ages (446 ± 3 
Ma) from the same rocks (Kirkland et al. 2009).

The youngest group of monazite dates peaks at c. 424 
Ma for the migmatite neosome and the sheared migmatite 
samples. In both cases fluid-assisted growth is assumed. 
In detail however, differences in the chemistry (mainly 
with regard to Y content) of these monazite domains im-
ply that garnet was a stable phase in the sheared migma-
tites, whereas it was breaking down in the less deformed 
migmatite neosome. This agrees with the occurrence of 
a second generation of garnet (post thrusting) within the 
shear zone (Arnbom 1980) and its absence in the non-
sheared migmatites.

Fluid flow is to be expected within hot shear zones 
(e.g., Mahan et al. 2006; Kirkland et al. 2009) and we 
thus interpret the ~424 Ma age of the monazite from 
the sheared migmatite to reflect late stages of the hot 
Åreskutan Nappe emplacement by thrusting along the 
subjacent shear zone. This suggestion is also indirectly 
supported by the 430 ± 3 Ma U–Pb zircon age of peg-
matites occurring within the Åreskutan migmatites 
(Ladenberger et al. 2010). The pegmatites cross-cut the 
granulite-facies migmatites, but are deformed by the 
shear zone. Moreover the occurrence of metamorphic 
garnet (Arnbom 1980 and this paper) within the pegma-
tites implies that post-430 Ma metamorphism was likely 
associated with subsequent shearing. Still, it is more dif-
ficult to reconcile fluid-associated (re?)crystallization of 
monazite in the overlying non-sheared migmatites as the 
sample 3 was located approximately one hundred meters 
above the shear zone. One may postulate an existence of 
concealed, less prominent shear zones or may suggest a 
late-metamorphic fluid infiltration affecting the whole 
Åreskutan Nappe. 

The ~424 Ma monazite age from Mt. Åreskutan is 
similar to the second peak of monazite and zircon growth 
in the upper parts of the Kalak Nappe Complex (Kirkland 
et al. 2009) showing that Scandian emplacement of the 
Seve Nappe Complex and its equivalents may have been 
contemporaneous over a large region.

8. Conclusions

The chemical monazite dating of the granulite-facies 
migmatites on Mt. Åreskutan (west-central Sweden) 
complements previous ion microprobe zircon ages of the 
Early Silurian peak partial melting. It provides evidence 
of both an earlier (Ordovician) sub-solidus history and 
subsequent (Late Silurian) nappe emplacement. Follow-
ing conclusions can be made:

(1) Careful examination of Y– Th– U systematics and 
microtextures of dated monazite grains from migmatite 
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neosome and sheared migmatite and calculation of dates 
for each of the chemically characterized monazite popula-
tions document the multistage growth of this mineral at 
c. 455 Ma, 439 Ma and 424 Ma.

(2) Chemical characteristics of the various monazite 
domains indicate that: (a) monazite growth at c. 455 
Ma took place under high-grade sub-solidus conditions 
during progressive metamorphism, possibly within a sub-
duction tectonic regime, (b) younger, ~439 Ma monazite 
is interpreted to date partial melting caused by decom-
pression and (c) the youngest monazite ~424 Ma reflects 
fluid-assisted growth within and around shear zones, pre-
sumably timing the thrusting within the Åreskutan Nappe.
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