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Metasomatic monazite growth as a result of apatite-
fluid interactions: U-Pb dating of monazite in the
Siilinjarvi glimmerite-carbonatite complex, Finland
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Abstract

Monazite U-Pb results obtained for a calcite carbonatite sample from the Siilinjarvi
glimmerite-carbonatite complex yields a lower concordia intercept age of 1760 + 17 Ma
(20 uncertainty, n = 50). This age is inconsistent with the magmatic emplacement age
(ca. 2610 Ma) of the complex based on published zircon U-Pb ages. The conspicuous and
systematic spatial relationship among large apatite grains and fine-grained monazite and
apatite indicates monazite formation through fluid-mediated dissolution-reprecipitation
processes. The monazite dating result presented here supports the prior interpretation
that this monazite is post-magmatic in origin and provides a minimum age for the fluid-
mediated dissolution-reprecipitation processes in the Siilinjarvi complex.
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1. Introduction

Monazite is a mineral group of light rare earth
element phosphates [(LREE)PO4] named
according to the dominant cation [e.g., monazite-
(Ce), CePO4]. Monazite group minerals often
incorporate Th and U, allowing their radiogenic
ages to be determined using the (Th-)U-Pb isotope
system (e.g., Williams et al. 2007 and references
therein; Schoene 2014). Monazite has a Pb closure
temperature comparable to that of zircon (> 900 °C,
Cherniak et al. 2004) and as such, is robust against
resetting of the system due to volume diffusion.
Metasomatism, the process of alteration of a rock
by a fluid in disequilibrium, involves addition or
removal of chemical components (e.g., Yardley
2013). Interaction with hydrothermal fluids may
reset the isotope system below closure temperatures
by fluid-mediated dissolution-reprecipitation
processes in monazite-fluid reactions (e.g., Budzyn
2011; Williams et al. 2011) or to the formation of
new monazite in apatite-fluid reactions (Harlov et
al. 2005; Harlov 2015).

The Siilinjarvi glimmerite-carbonatite complex,
located in eastern Finland (Puustinen 1971; O’Brien
et al. 2015), was likely emplaced at 2610 + 4 Ma,
based on zircon U-Pb dating (an unpublished age
of O. Kouvo, 1984, concordia shown in O’Brien
et al. 2015). Similar ages have been reported by
other studies (Rukhlov & Bell 2010 and references
therein). Other isotope systems in other minerals
yield considerably younger ages (2030—-1785 Ma,
K-Ar in phlogopite; Puustinen 1972; ~1770 Ma,
Rb-Sr isochron, phlogopite; Tichomirowa et al.
2006) that have been interpreted to represent
metamorphic overprint during or after the
Svecofennian orogeny (e.g., Holttd & Heilimo
2017) which took place at 1920-1770 Ma (e.g.,
Korsman et al. 1999; Lahtinen et al. 2005, 2018).

Monazite has been reported in the glimmerite-
carbonatite rocks found within the Siilinjirvi
complex (Al-Ani 2013; O’Brien et al. 2015;
Karvinen et al. 2024) but no age determinations
have been published. Karvinen et al. (2024) studied
the petrography and chemical composition of

apatite within the complex and found that monazite
is petrographically associated with large apatite
grains and interpreted the monazite to be the
metasomatic product of apatite-fluid dissolution-
reprecipitation processes (e.g., Harlov et al. 2005).
In this study, we dated the monazite previously
studied by Karvinen et al. (2024) utilizing in situ
U-Pb analysis to investigate the age of the monazite
and present an interpretation of their formation via
metasomatic processes.

2. Geological background

The Siilinjirvi glimmerite-carbonatite complex is
located in the Karelia province (Nironen 2017) to
the east of the NW-trending Raahe-Ladoga suture
zone that roughly marks the Archean-Proterozoic
boundary (see Kohonen et al. 2021). The complex
consists primarily of glimmerite (phlogopite-rock)
that is crosscut by sub-vertical calcite carbonatite
dikes that represent only 1.4 or 2.3 % of the total
rock volume, in the Sirkijirvi main and Saarinen
satellite pits, respectively (O’Brien et al. 2015).
The petrology of the complex is presented in detail
in Puustinen (1971) and O’Brien et al. (2015).
The complex has likely been affected by several
deformation events during and possibly before the
Svecofennian orogeny (O’Brien et al. 2015). The
complex is located within a roughly N-trending
shear zone (Lukkarinen 2008) and it shows signs
of deformation from macroscale, evident as the
irregular, bifurcating Y-shaped plan section of the
complex down to microscale as recrystallized calcite
and fractured apatite grains and kinked phlogopite
(e.g., Sartori et al. 2022; Karvinen et al. 2024).
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3. Samples and methods

3.1 Scanning electron microscopy
(SEM)

Two petrographical sections (thin and thick, 30 and
100 pm, respectively) of sample SAA4 (sheared calcite
carbonatite, Saarinen satellite pit; see Karvinen et al.
(2024) for detailed petrography) were studied using
Hitachi SU3900 scanning electron microscope
(SEM) with back scattered electron (BSE) images at
the Geological Survey of Finland, Espoo, Finland.
The samples were scanned with electron dispersive
X-ray spectrometry (EDS, X-Max 20 mm?2 silicon
drift detector) with an acceleration voltage and
probe current of 20 kV and 1 nA, respectively. The
scans were followed by automated classification by
AzTEC software (Oxford Instruments) that detects
phases and classifies grains according to their size,
shape, and composition. The method provides
non-standardized chemical compositions that are
normalized to 100 wt.% that are considered semi-
quantitative. Monazite grains were then imaged
to study possible zonation and to target U-Pb
geochronology spots and were found to be unzoned
in high contrast BSE images (Fig. 1; Electronic
Appendix A, Karvinen et al. 2026).

3.2 Monazite U-Pb geochronology

A total of 59 analyses from 49 monazite grains
were analyzed for U-Pb isotopes in situ from
two polished sections representing a single
sample (SAA4; Electronic Appendix A) with
laser ablation single-collector inductively coupled
plasma mass spectrometry (LA-SC-ICP-MYS) at
the Geological Survey of Finland, Espoo, Finland.
The setup consists of a Teledyne Photon Machines
Analyte Excite+ 193 nm laser coupled with a
Nu Instruments AttoM single-collector mass
spectrometer. A detailed description of the method
can be found in Molndr et al. (2018). The following
masses were measured: **?Hg, 2*‘Pb, 2*Pb, **’Pb,
208Pb, 22Th, ¥U. #°U was calculated from the *¥U

signal, using the natural #*U/**U ratio of 137.88.
Monazite were pre-ablated for 1 s with a 20 pm
beam, followed by a 20-s washout period before
gas background was analyzed for 20 s followed by
ablation for 40 s. The analysis beam diameter was
15 pm, repetition rate and fluence were 5 Hz and
1.09 J/cm2, respectively. The unknown analyses
were bracketed with analyses of both in-house (A49,
1874 + 3 Ma; A1326, 2635 + 2 Ma; Holttd et al.
2000) and external reference monazites (TS, 910.42
+0.34 Ma, Budzyn etal. 2021a; Vermilion, 2666.5
+ 3.0 Ma, Mazoz et al. 2024; Thompson Mine,
1766 + 0.6 Ma, Williams et al. 1996). Standards
were run after every 15 sample analyses. The data
was reduced in Iolite (Paton et al. 2011) version 4
using the VizualAge UComPbine data reduction
scheme (DRS, Petrus & Kamber 2012; Chew et al.
2014) with TS as the primary reference material.
The analyses were not corrected for common Pb, see
Electronic Appendix B for details. The DRS plots
the signal selection live on a concordia diagram that
allows the selection of a concordant portion of the
signal, in case of heterogenous concordance within
an analysis. The readers are referred to Petrus &
Kamper (2012) for an in-depth explanation of this
approach. External uncertainties were propagated
into all age calculations and uncertainties are reported
at the 20 level. Reference monazite yielded the
expected concordia ages, within uncertainty. Results
for reference monazite are reported in Electronic
Appendix B. The sample results are presented below
in a Tera-Wasserburg concordia plot (Fig. 2). All
results can be found in Electronic Appendix C. All
geochronology figures and calculations were created
with IsoplotR (Vermeesch 2018).

4, Results

All analyzed grains are classified as monazite-(Ce)
(later “monazite”), based on the prevalence of
Ce over other lanthanides in EDS analyses (25.8
+ 2.65 wt.% Ce, semi-quantitative; Electronic
Appendix C). Monazite crystal habits range from
individual, anhedral to subhedral grains to grain
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aggregates (Fig. 1). The U content is highly variable,
but <10 ppm in most analyses (n = 47, 84 %, Fig.
3). Thorium is more abundant (median 765 ppm)
but likewise shows a wide range among analyses
(42-7990 ppm). Consequently, Th/U is on median
121, from 3 to 2177. Three analyses were of poor
quality and were discarded during data reduction.
In Tera-Wasserburg concordia space, most
analyses are discordant, plotting slightly above the
concordia curve or forming a discordia towards
higher 2’Pb/**Pb and lower 2*U/?**Pb. Individual
single-spot age outliers were excluded from date
calculations (empty ellipses Fig.2). The remaining
analyses yield a Tera-Wasserburg concordia lower
intercept date of 1760 + 17 Ma (20 uncertainty,
n = 50, Fig. 2), calculated using model 3 in
IsoplotR, fitted by a discordia line using a modified
maximum likelihood algorithm that accounts for

overdispersion by an added geological variance term
(Vermeesch 2018).

5. Discussion

5.1 Evaluation and interpretation
of the results

The monazite age result of ca. 1760 Ma indicates
closure of Pb system in monazite over 800 Myr
after the ca. 2610 Ma crystallization of zircon in the
Siilinjdrvi glimmerite-carbonatite complex, which
is regarded as the magmatic age (e.g., Rukhlov
& Bell 2010; O’Brien et al. 2015). The result
presented above is, to the authors’ knowledge, the
first published dating result of monazite from the
Siilinjdrvi glimmerite-carbonatite complex. Were
the monazite analyzed in this study comagmatic
with zircon, they should yield a similar U-Pb
date, as zircon and monazite have comparable,
high closure temperatures for Pb (= 900 °C; e.g.,
Cherniak et al. 2004) yet none of the analyses do.
An alternative interpretation for the 1760 + 17 Ma
age is that the monazite is primary (i.e., 2610 Ma)
and was completely overprinted by fluid-mediated

Figure 1. Backscattered electron (BSE) images of
monazite textures (white in BSE), with high-contrast close-
up insets that show that the monazite is unzoned. Large
apatite (Ap) is surrounded by groundmass calcite (Cal)
with minor dolomite (Dol). Monazite is typically found
on the grain boundaries of large apatite grains (a, c), as
subhedral grains, associated with recrystallized, fine-
grained apatite (Recryst. Ap; ¢) or anhedral or subhedral
as inclusions within apatite (b). The highest analyzed U
content (480 ppm) is found in analyses 77a,b from the
anhedral monazite within apatite (b).
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Figure 2. Monazite U-Pb results
plotted in Tera-Wasserburg space
with a lower concordia intercept at
1760 £ 17 Ma (20), calculated with
IsoplotR (Vermeesch, 2018) using
discordia model 3 (see text). Empty
ellipses denote analyses not used
in the discordia calculation (n =
6) as they were determined to be
outliers based on their calculated
concordia intercept ages. Age and
individual analysis uncertainties
are 20, represented by ellipse size.

Figure 3. Monazite U versus Th
diagram. The analyzed monazite
(blue circles) are dispersed and
plot mostly to the carbonatite and
Mountain Pass hydrothermal fields
or below them. Most analyses are
situated in the low U area with
100-1000 Th/U. Some analyses
have atypically low Th and plot
outside of all compositional
fields. ‘lgneous and high T
metamorphic’, ‘hydrothermal
and low T metamorphic’, and
‘carbonatite fields’ are from Zi et al
(2024). Mountain Pass monazite
fields are based on Figure 17b in
Benson & Watts (2024). Both axes
are logarithmic.
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alteration at ~1760 Ma. The monazite U-Pb
system can be reset below its closure temperature
by fluid mediated coupled dissolution-precipitation
(Harlov et al. 2011; Williams et al. 2011; Budzyni
et al. 2021b) Fluid-interaction should modify the
BSE signal in monazite compared to unaltered
areas, due to either lower (Williams et al. 2011)
or higher (Shazia et al. 2015) concentrations of
high Z elements (i.e., Th, Pb, and U) in the altered
areas, resulting in darker or brighter BSE signals,
respectively. Neither zonation nor heterogeneity
were observed during BSE imaging of any of the
monazite grains analyzed in this study (Fig. 1;
Electronic appendix A). Fluid-induced alteration
will also lead to lower Th content, and consequently,
lower Th/U. The conspicuous systematic textural
association of apatite and monazite, however, is
not explained by metasomatic alteration of primary
monazite.

The studied monazite has low U and Th content,
compared to typical monazite (e.g., Zi et al. 2024;
Fig. 3). Carbonatitic monazite also typically has low
U (<100 ppm) and elevated Th/U (>1000, Zi et
al. 2024). The studied monazite generally plot in
and below the carbonatite field (Fig. 3), due to the
low Th content, and in the field of hydrothermal
monazite from the Mountain Pass carbonatite
(Benson & Watts 2024). The atypically low Th and
U content of the monazite analyzed in this study
can be explained as inherited from the apatite,
which has very low content of both elements (<4
ppm and <20 ppm, respectively) but highly varying
Th/U ratios (3—184, Karvinen et al. 2024). The
analyzed monazite has been previously interpreted
as metasomatic (Karvinen et al. 2024), based on
its textural association with two generations of
apatite — large (>1000 pm) apatite with fluid and
mineral inclusions and fine-grained (<100 pm),
recrystallized apatite devoid of inclusions (Fig. 1;
Fig. 5 in Karvinen et al. 2024). Interaction of apatite
and hydrothermal fluids may lead to complex
dissolution and reprecipitation processes of apatite
and to the formation of monazite (e.g., Harlov et al.
2005 and references therein). This process has been
invoked to explain textural relationships found in
natural rocks between apatite and monazite where

monazite is within, in contact or near apatite, a
common observation in carbonatites (e.g., Chen et
al. 2017; Lu et al. 2021; Su et al. 2021). Therefore,
we conclude that the monazite analyzed in this
study is post-magmatic and metasomatic in origin,
and the 1760 + 17 Ma lower concordia intercept
is our best estimate for the minimum age for the
apatite-fluid processes that formed the monazite.

5.2 1780-1760 Ma monazite in the
northern Fennoscandian shield

Ages similar to the age result presented above
are found within the youngest monazite age
populations elsewhere in northern Fennoscandia
(~1780-1760 Ma; Corfu & Evins 2002; Lahtinen
et al. 2013; Holetd et al. 2020; Salminen et al.
2022) that experienced metamorphic overprint
in the Svecofennian orogeny (Holttd & Heilimo
2017). The orogeny was followed by a large-scale
orogenic collapse at 1790—-1770 Ma (Lahtinen et
al. 2005), before crustal stabilization after 1760
Ma (Nironen 2017). In the Raahe-Ladoga shear
zone, metamorphic monazite, formed through
dissolution-reprecipitation processes from apatite,
was dated at 1793 + 3 Ma, interpreted to represent
recrystallization related to the final stage of
Svecofennian deformation (Woodard et al. 2017).
In northern Fennoscandia, monazite within the
Central Lapland Granitoid Complex yields a similar
U-Pb age (1785 + 9 Ma) likewise interpreted to
represent the final deformation stage associated
with compressional shortening at 1780-1760 Ma,
followed by retrogressive metamorphism (Lahtinen
et al. 2018). This metamorphic overprint also
affected zircon, the youngest metamorphic rims
yield ages of ca. 1760 Ma (Lahtinen et al. 2018).
Similar ages are also reported from within the
Siilinjarvi complex from other isotope systems and
minerals (2030-1770 Ma; K-Ar, Puustinen 1972;
Rb-Sr, Tichomirowa et al. 2006; this study) and
elsewhere in the Archean craton in eastern Finland
(1795 + 21 Ma, K-Ar in biotite; Kontinen et al.
1992). The ca. 1800—1770 Ma monazite dates from

paragneisses from the Svecofennian province in
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Central Finland were primarily from monazite rims
and overgrowths, indicating secondary monazite
growth likely due to dissolution-reprecipitation
processes (Salminen et al. 2022), as discussed
previously. Monazite from metasedimentary rocks in
the Karelia province primarily yields ages of 1790—
1770 Ma (Holttid et al. 2020 and references therein).
The metamorphic monazite ages overlap with the
age presented in this study. The difference between
the fluid-mineral reactions was likely controlled
by the rock composition, as apatite is abundant
in the Siilinjirvi complex, and only an accessory
phase in typical paragneisses. In this study, monazite
was formed from interaction between apatite and
hydrothermal fluids, rather than monazite-fluid
reactions or solid-state metamorphic growth.

Conclusions

This study reports the first U-Pb dating result
of monazite from the Neoarchean Siilinjirvi
glimmerite-carbonatite complex. The lower
concordia intercept age of 1760 + 17 Ma (20)
shows that the monazite, at least in the studied
sample, is post-magmatic, metasomatic in origin
and formed through dissolution-reprecipitation
reactions between hydrous fluid and apatite. This
study provides temporal information about the flux
of hydrothermal fluids in the Archean bedrock in
the Karelia province and gives a minimum age for
post-orogenic fluid-rock interactions at the onset of
cratonization of the Fennoscandian shield.
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