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Abstract. The in situ Lu-Hf geochronology of garnet, apatite, fluorite, and carbonate minerals is a fast-
developing novel analytical method. It provides an alternative technique for age dating of accessory minerals
in lithium—caesium—tantalum (LCT) rare-element (RE) pegmatites where zircon is often metamict due to alter-
ation or radiation damage. Currently most dates from Finnish LCT pegmatites are based on columbite-group
minerals (CGMs), but their occurrence is restricted to mineralised zones within the pegmatites. Accessory min-
erals such as garnet and apatite are widespread in both mineralised and unmineralised LCT pegmatites. Lu—Hf
dating of garnet and apatite provides an exceptional opportunity to better understand the geological history of
these highly sought-after sources for battery and rare elements (Li, Nb, Ta, Be) that are critical for the green tran-
sition and its technology. In this paper we present the first successful in situ Lu—Hf garnet date of 1801 £ 53 Ma
for an LCT pegmatite from the Kietyonmiki deposit in the Somero-Tammela pegmatite region, SW Finland.
This age is consistent with previous zircon dates obtained for the region, ranging from 1815 to 1740 Ma with a

weighted mean 297Pb / 29°Pb age of 1786 4 7 Ma.

1 Introduction

Understanding the timing of pegmatite formation and em-
placement is critical for deciphering how pegmatites have
formed and thus identifying suitable regions for future explo-
ration. The current global shift towards green energy sources
makes the discovery and understanding of lithium—caesium—
tantalum (LCT) rare-element (RE) pegmatites a high prior-
ity. Currently ages are determined for LCT pegmatites using
U-Pb dating of columbite-group minerals or zircon (Alviola
et al., 2001). However, the occurrence of columbite-group
minerals is often restricted to mineralised domains, making
it difficult to determine ages from unmineralised domains of
pegmatites (Alviola et al., 2001). Zircon occurs commonly in
LCT RE Li-pegmatites but is frequently found to be metam-

ict (Alviola et al., 2001; Saalmann et al., 2009), resulting in
poorly resolved or meaningless ages.

Recent analytical advances have made it possible to date
garnet, apatite, fluorite, and carbonate minerals using an
in situ Lu-Hf method (Simpson et al., 2021, 2022; Glorie
et al., 2023). Garnet and apatite are both ubiquitous phases
in LCT RE pegmatites within Finland; therefore, the Lu—Hf
method represents a viable alternative for dating these peg-
matites.

The pegmatites of the Somero—Tammela region were dis-
covered in late 18th century and supported the local ce-
ramic industry in Somero (Mékinen, 1913). The Li, Cs, and
rare-element enrichment of some pegmatites was recognised
in the early 19th century (Aurola, 1963; Teertstra et al.,
1993, 1998), and two Li-pegmatites with economic potential,
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Figure 1. Regional geology map of the Somero-Tammela pegmatite region. Data source: “Bedrock of Finland” — DigiKP, digital map
database, 1:200 000, Geological Survey of Finland, https://gtkdata.gtk.fi/mdae/index.html (last access: 21 May 2024).

Hirvikallio and Kietyonmiki, were discovered (Vesasalo,
1959; Saikkonen, 1981). The Geological Survey of Finland
(GTK) investigated the Kietyonméki occurrence in detail
by surface trenching and mapping in 1983-1988 (Alviola,
1993). The results indicated that the Kietyonméki pegmatite
is considered to have the second-highest economic potential
of hard-rock Li deposits in Finland (ca. 300kt at 1.5 wt %
Li»O, non-compliant resource), after the Keliber mine dis-
trict in NW Finland, which was also discovered by GTK later
in 2009 (Kuusela et al., 2011). The Somero—Tammela region
currently attracts many explorers. Alviola (1993) studied the
deposit in detail and reported on the texture and mineralogy
of the dykes, including garnet and apatite as minor mineral
components. Therefore, the Kietyonméki pegmatite offered a
great test site for the first evaluation of the novel Lu—Hf dat-
ing method, based on abundant magmatic garnets and apatite
easily found in some outcrops, and the existing zircon U-Pb
age for the area.

In this study, we first applied the in situ Lu—Hf method to
date garnet from an LCT pegmatite from the Kietyonmaki
deposit in the Somero—Tammela pegmatite region, SW Fin-
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land. A detailed description of the geology and mineralogy
of the pegmatite deposit is also provided to give context for
the dated sample. Thus, our result represents the first suc-
cessful in situ Lu-Hf pegmatite dating in Finland, opening
up a great opportunity to revisit many undated pegmatite
fields elsewhere in Finland and/or Fennoscandia. We have
reviewed the literature and made our own field observations,
sampling, sample analysis, and geology modelling based on
archive drilling data to present an up-to-date review of this
Li deposit with economic potential.

2 Methods

Field observations, structural measurements, and sampling
were conducted during two short visits to Kietyonméki in
2022 and 2023. Large 5-10kg rock samples were collected
to make polished slabs of > 10 cm in size. The rock samples
were diamond-sawn and ground on 600-grit diamond laps at
the Geological Survey of Finland (GTK) laboratory in Espoo.
The slabs were analysed by a flatbed scanner, Keyence VHX-
7000 digital microscope, and Hitachi SU3900 low-vacuum
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Figure 2. Simplified 3D geology model of the Kietyonméki pegmatite deposit. (a) 3D model view (note compass ball for viewing angle).

(b) Section A through the 3D geology model.

scanning electron microscope (SEM) to identify and visu-
alise the Li minerals and their textures. Qualitative elemental
analysis was carried out by the EA-300 laser-induced break-
down spectroscopy (LIBS) analytical unit on the Keyence
VHX-7000 digital microscope for confirmation of RE and Li
minerals and Li trace levels in minerals. Semiquantitative el-
emental analyses were conducted on a Hitachi SU3900 SEM
equipped with an Oxford Instruments energy-dispersive X-
ray spectroscopy (EDS) X-Max 20 nm” (SDD) using AZtec
software. Minerals were identified from backscattered elec-
tron (BSE) imaging, and elemental maps were scanned over
the sample area. The instrument used requires no sample
preparation and offers the ability to map and image large
samples such as rock slabs up to 5kg and 20 cm in diam-
eter. Minerals were manually analysed by collecting EDS
spectra for 10 s from each mineral grain. The software con-
verts the EDS spectra into chemical compositions. The re-
sults are normalised to 100 %. The run conditions were 20 kV
accelerating voltage and 1 nA probe current. Electron micro-
probe analyser (EMPA) analysis on garnets used for Lu—Hf
dating was performed with a (JEOL JXA-iHP200F) field-
emission electron microprobe analyser (FE-EMPA) at the
GTK using the WDS (wavelength-dispersive spectrometry)
technique. The accelerating voltage and beam current were
15kV and 20nA, respectively. A defocused beam diameter
set to 10 um was used for the apatite and a 1 um beam was
used for the Ti-oxides. Analytical results have been corrected
using the XPP online correction programme (Pouchou and
Pichoir, 1991). Natural and synthetic minerals and metals
were used as standards. Additionally, a geological 3D model
was created by Leapfrog Geo software by Seequent. The
“pegmatite”-lithology intercepts and the surface map (Alvi-
ola, 1993) were used for simplified modelling.
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One garnet-bearing sample was prepared in a 25 cm pol-
ished epoxy mount for in situ Lu—Hf geochronology at Ade-
laide Microscopy, University of Adelaide, Australia. The gar-
net Lu/Hf ratio analyses were conducted in a single analyt-
ical session using a RESOlution-LR 193 nm excimer laser
ablation system, coupled to an Agilent 8900 inductively cou-
pled plasma—tandem mass spectrometry (ICP-MS/MS) in-
strument. The laser beam diameter was set to 173 or 120 um,
depending on the grain size, and ablation was conducted at
a 10 Hz repetition rate and a fluence of ~3.5Jcm™2. The
laser-based Lu—Hf method uses an NH3—He gas mixture in
the reaction cell of the mass spectrometer to promote high-
order reaction products of Hf, with a mass shift of 482,
while equivalent Lu and Yb reaction products are minimal
(i.e. Hf reacts at a rate of 50 %—60 %, while Lu reaction is
< 0.003 %; Simpson et al., 2021). Consequently, the result-
ing mass-shifted (+82amu) reaction products of "6+82Hf
and '78+82Hf can be measured free from isobaric interfer-
ences. The '"7Hf was subsequently calculated from !78Hf,
assuming natural abundances. The !”Lu was measured on
mass as a proxy for !"Lu (see details in Simpson et al.,
2021, 2023). In addition to Lu and Hf isotopes, other trace
elements, including a selection of other rare-earth elements
(REES) (details in File S1 in the Supplement), were measured
simultaneously to monitor for inclusions. However, not ev-
ery REE was measured as this would compromise the dwell
times on the Hf isotopes required for age calculations.

Isotope ratios and trace element concentrations were cal-
culated in LADR (Norris and Danyushevsky, 2018) us-
ing NIST610 as a primary standard (Nebel et al., 2009).
Lu-Hf ages were calculated as inverse isochrons using
IsoplotR (Li and Vermeesch, 2021; Vermeesch, 2018)
and the 7Ly decay constant of Soderlund et al. (2004;
0.0001867 & 0.00000008 Ma—'). The isochron was an-
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Figure 3. The main spodumene-bearing pegmatite dyke (MD) looking towards NE is well exposed on a large outcrop on the top of Kietio-
nahde Hill. The location of the GTK’s channel sampling and the channel sampling site are shown in the inset.

Figure 4. (a) Example of massive and fine-grained spodumene mineralisation of the main dyke. White spodumene (inset 1) occurs in 1—
3 mm subhedral-to-euhedral prismatic crystals intergrown with quartz, albite, K-feldspar, and muscovite. Microscopic platelets of columbite—
tantalite-group minerals (CGMs) are disseminated through the groundmass as 100—400 um sized laths (inset 2, 3). (b) Banded albite pegmatite
of the SE dyke swarm consists of distinct undulating thin layers of biotite—apatite—garnet, with quartz—albite—green apatite.

chored to an initial '7”Hf / '7OHf composition of 3.55 £ 0.05,
which spans the entire range of the terrestrial reservoir (cf.
Simpson et al., 2022). Garnet from the Hogsbo pegmatite
was used as a secondary reference material to correct the
Lu/Hf ratios for matrix-dependent elemental fractionation.
The correction factor is based on the difference between
the measured and reference pegmatite crystallisation age,

Eur. J. Mineral., 36, 433-448, 2024

which is a columbite U-Pb date of 1029 £ 1.7 Ma (Romer
and Smeds, 1996; Simpson et al., 2021). The uncertainty
in the Hogsbo garnet age is subsequently propagated to the
isochron age uncertainty in the analysed samples (Table S1
in the Supplement). NIST610 glass was also used to estimate
trace element concentrations in garnet using Al as the inter-
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nal standard element. More details on the analytical approach
can be found in Simpson et al. (2021, 2022).

Trace element mapping of a garnet grain was performed
by laser ablation—inductively coupled plasma-mass spec-
troscopy (LA-ICP-MS) at the GTK, using a Nu AttoM
single-collector (SC)-ICP-MS (Nu Instruments Ltd., Wrex-
ham, UK) and an Analyte Excite 193 nm ArF laser ablation
system (Teledyne Photon Machines, San Diego, CA, USA).
The analysis was performed by the Chromium v.2 software
with mapping mode using line sampling in continuous-scan
mode. The lines were 1000 um long with 10 um spacing cov-
ering an approximate 1 mm by 1 mm area by 101 lines in
total. The spot spacing on the line was 10 um. The laser was
run at 10ums~! speed at a pulse frequency of 20 Hz and a
pulse energy of 5ml] at 35 % attenuation to produce an en-
ergy flux of 1.09J cm~2 on the sample surface with a 10 um
square spot size. Analyses were made using time-resolved
analysis (TRA) with continuous acquisition of data for each
line. Each line analysis was initiated with a 20 ums~! pre-
ablate line scan and 15s washout time. Then 15s baseline
measurement was followed by 104.3 +0.1 s signal acquisi-
tion on each line with a 5s pause to allow the signal to
come down to the baseline after each line. The total run time
was 7h including bracketing of samples by standards ap-
proximately every 1-1.5h. Primary standards NIST610 and
NIST612 were used including external standards of BHVO
and BCR. Data reduction and image processing were per-
formed using Iolite 4 software (Paton et al., 2011), loading
the TRA data files for each line and the laser log file saved
by Chromium v.2. Images were processed both in the “input
channel”, i.e. intensity maps, and using standards and base-
line reduction for quantified maps according to cell-space
imaging procedures of Paul et al. (2012). The following iso-
topes were measured during line scanning: °Li, "Li, ?Be,
HB, 23Na, 24Mg, 27A1, 29Si, 43Ca’ 44C3., 4SSC, 47Ti, 49Ti,
SIV, SZCI', 53CI', SSMH, 57Fe, SQCO, 63Cll, 662[1, 69Ga, 72Ge,
75AS, 77S€, SSRb, 8851.’ 89Y, 9er’ 93Nb, 95M0, IMCd, 11511’1,
120G, 121G, 124 133 137B, 139 5 140Ce 141py 146N,
1479 m, 153Eu, 157Gd, 19Tb, 163Dy, '95Ho, '66Er, 169Tm,
172Yb, 175Lu, 178Hf, 181Ta, 182W, ZOSTI, 208Pb, 209Bi, 232Th,
and 2*8U. Image interrogation tools (Petrus et al., 2017) were
used to create regions of interest (Rols) and line profiles as
well as chondrite-normalised REE plots from the quantified
images.

3 Geology of the Somero—-Tammela pegmatite province

The Somero-Tammela pegmatite region (Fig. 1) is lo-
cated within the Svecofennian crustal and SW Finland tec-
tonic provinces, in the ENE-WSW-trending Hiame volcanic
belt. The Hime Belt comprises volcanic rocks with minor
greywackes and metapelitic units and is intruded by syn-
tectonic plutonic rocks and late-tectonic K-granites and peg-
matite dykes (Eilu et al., 2012). The Hame Belt is highly
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prospected, throughout, for base metal and gold resources
(Saalmann, 2007; Eilu et al., 2012), but RE pegmatites con-
taining LCT/Li types only occur in the Somero-Tammela
township region within a ca. 300 km? area, catalogued as the
“Li FOO5” metallogenic province by the GTK (Eilu et al.,
2012). The Somero—Tammela region contains 56 known RE
pegmatites (Fig. 1), with 9 containing lithium minerals. Ac-
cording to Alviola (2003), the lithium pegmatites belong to
the LCT (Li, Cs, Ta) family of éerny (1991). The two most
significant lithium pegmatite deposits are Hirvikallio and Ki-
etyonmiki. The Hirvikallio petalite pegmatite is 170 m long
and 5-25m wide. It contains 200kt at 1.78 wt % Li>O to a
depth of 50 m. The Kietyonmiki dyke swarm is composed of
several Li-bearing pegmatites, of which the largest is 200 m
long and 10 m wide (Alviola, 1989). It contains 300kt at
1.5 wt % Li;O. However, according to mineral prospectivity
modelling (MPM) studies by Levéniemi (2013), the province
has a large area of high pegmatite potential.

Based on our GIS compilation (Fig. 1), the Somero—
Tammela pegmatite region is located within an apparent in-
tersection of older ENE-WSW-trending and younger NW-
SE-trending regional structural zones. The early Svecofen-
nian syn-tectonic structures, folds, foliation, and major shear
zones are responsible for the N-S stacking of ENE-WSW-
trending belts of plutonic microcline granite (Eilu, 2015)
to the south and granodiorite—-gabbro composite intrusions
mantled by volcanic rocks and metasediments in the central-
north of the Somero—Tammela pegmatite region (Fig. 1).
The largest concentration of LCT pegmatites occurs within
the granodiorite—gabbro intrusive complex centred on map-
pable bodies of granite pegmatite, north of the Luolaméiki
Cs, Be, (Li) pegmatite deposit (Fig. 1). However, signifi-
cant Li concentrations are only found distally, 5-7 km to the
north-northwest within metavolcanics and metasediments in
the two deposits with economic potential, Kietyénméki and
Hirvikallio (Figs. 1, 2).

The only radiometrically age-dated pegmatite within the
region is the Kietyonmiki (or Riukka) pegmatite, although
this was part of a study investigating gold mineralised quartz
veins and pegmatites (Saalmann et al., 2009). U-Pb dating
of zircon from a pegmatitic quartz—feldspar dyke produced
a weighted mean 207Pb / 2°Pb age of 178647 Ma. (https:
/lgtkdata.gtk.fi/mdae/index.html, last access: 23 May 2024;
and Saalmann et al., 2009). The investigated zircons con-
tained older-age domains up to a maximum 2°’Pb / 29Pb age
of 1815 &4 Ma and were very U-rich (Th /U ~ 0.00-0.03),
making them extremely sensitive to radiogenic lead loss. As
such, Saalmann et al. (2009) interpreted that the older age
of ca. 1815 Ma more likely represents the emplacement age
of the pegmatite. There are very few age dates available
from W and S Finland LCT pegmatites, and they are based
on columbite U-Pb geochronology indicating 1803 + 3 Ma
(Lindroos et al., 1996) for the Kemit pegmatite province in
the Uusimaa Belt. The pegmatites of the Seindjoki area in
Ostrobothnia were more extensively age-dated, and Alviola
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https://gtkdata.gtk.fi/mdae/index.html
https://gtkdata.gtk.fi/mdae/index.html

438 K. Szentpéteri et al.: First in situ Lu—-Hf garnet date for an LCT pegmatite

Figure 5. (a) Digital microscope view of the spodumene pegmatite of the main dyke (MD). Platy elongated white spodumene (Spd) can be
easily seen intergrown with quartz (Qz) (the texture most reminiscent of common SQI symplectite after petalite) and K-feldspar (Kfs), but
the anhedral white masses cannot be resolved very well. (b) SEM-BSE elemental mapping, using Si—Al-Na as the RGB colour composite
on top of the BSE electron image reveals that those white anhedral masses on the optical images consist of fine myrmekitic intergrowths
(“Myr”) of spodumene (Spd) and quartz (Qz) along with subhedral platy spodumene and albite (Ab). (¢) Digital microscope view, which
shows blocky yellow-white clouded pseudomorphs of spodumene—albite—-muscovite (Spd—Ab—Ms) aggregates potentially as an alteration
product of earlier petalite and brown “FeMnLi-phosphate” (Trp) with green apatite (Ap). (d) SEM-BSE image shows the composition and

texture of these pseudomorphs.

et al. (2001) concluded that the pegmatites fall into two age
groups: the niobium—yttrium—fluorine (NYF) family of peg-
matites, such as the Alavus REE pegmatites, crystallised at
1.86 Ga, and other pegmatites, i.e. the pegmatites of the LCT
family, formed much later at 1.80-1.79 Ga in the Seindjoki
and Kaustinen provinces.

The existing age data and excellent pegmatite outcrops
with visible garnets at the Kietyonmiki location have pro-
vided the opportunity for trialling the novel Lu—Hf garnet
geochronology method (Simpson et al., 2021). This is the
first time this method has been applied in Finland to garnet
in a Li-pegmatite.

Eur. J. Mineral., 36, 433-448, 2024

4 Research and exploration history of the Kietyonmaki
pegmatite

The area was first prospected by Swedish geologists, who
discovered Cu-sulfide mineralisation, which attracted more
explorers to the area (Aurola, 1963). Soon pegmatite occur-
rences were discovered, and quartz was found to be suit-
able for glass manufacturing, processed in smelting plants
built in the town of Somero. Pegmatite mining exposed a lot
of material, and subsequently, rare minerals and metals be-
came known through investigations by Nils Nordemskiold
(see Mikinen, 1913). The first geology map sheet of the area
was published in the early 1900s by Jakob Johannes Seder-
holm (Aurola, 1963), and then updated maps, already show-
ing locations of pegmatites, with descriptions were published
by Maikinen (1913) and later by Simonen (1956). The first
detailed study and classification of pegmatite types were un-

https://doi.org/10.5194/ejm-36-433-2024
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Figure 6. SEM-BSE images of Li-phosphate and RE minerals. (a) Secondary “FeMnLi-phosphate” triphylite-group (Trp) intermediate
phase surrounded by apatite (Ap). Inset 1 shows the optical image with a distinct brown colour. (b) CGM platelets (CGM) and zircon (Zrn)
in albite. Note the brighter core with a higher Ta concentration. (¢) A zoned CGM grain with a distinct brighter core of higher Ta concentration
associated with apatite (Ap). (d) Euhedral single crystal of cassiterite (Cst) in a quartz—albite matrix.

dertaken done by Aurola (1963). The RE-rich pegmatite min-
erals attracted trace element studies in K-feldspar and pol-
lucite from the Loulaméki pegmatite (Teertstra et al., 1993,
1998) and the unique massive petalite deposit of Hirvikallio
(Vesasalo, 1959; Saikkonen, 1981).

The Kietyonmiki Li-pegmatite occurrence was first inves-
tigated, utilising modern and systematic exploration, by the
GTK in 1983-1988 with surface sampling, ground magnet-
ics, and diamond drilling (Alviola, 1993). A total of 17 di-
amond holes were drilled on three traverses for a total of
884.45 m. Mineralised pegmatite dykes were confirmed to a
depth of about 50mb.s. (below surface) with intercepts (in
hole R310) of 24 m at 1.31 % Li,O, including 3m at 3.6 %
Li;O. Exploration potential remained open to the south along
strike and downdip. To the north, the pegmatite swarm is off-
set by an ENE-trending fault (Fig. 2).

In 2016 Sunstone Metals (formerly Avalon Minerals) joint
venture with Scandian Metal Pty Ltd. completed six dia-
mond drill holes totalling 1171.9m, confirming the high-
grade spodumene-bearing pegmatite dyke swarm, with hole
KMDDOOI1 returning 24.2m at 1.4% LiyO. In 2021 the
prospect was acquired by United Lithium Corp., a Canadian
company, and they announced additional further drilling that
started in late 2022. A first-stage 10-hole drill programme
was planned, with holes averaging 100 m in length aiming
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to confirm a mineralised body exceeding 0.5 Mt at > 1 wt %
Li;O. Results have been reported for a total of 1450 m of di-
amond drilling in 13 holes as of late 2023, confirming 205 m
of drilled strike length and a depth extension of 160 m below
the surface for the main dyke.

5 Geology and petrography of the Kietyonmiki
pegmatite

5.1 Review of 3D geology

The GTK’s drilling database was used for simple geologi-
cal 3D modelling to understand and summarise the geome-
try and extent of the dyke swarm. The four additional holes
drilled by Sunstone Metals (KMD001, KMD002, KMDO003,
KMDO006) were digitised (for pegmatite intersections) from
sections published on company websites. A simplified 3D
geology model was built by Leapfrog Geo (Fig. 2a). The
modelling indicates that the pegmatite swarm contains at
least six NW-trending dykes within a 200m wide corridor
with a strike length of at least 150 m NW-SE and with ver-
tical to 70° SW dips. The main dyke (MD) is the most con-
tinuous along strike and depth and is the most consistently
Li-mineralised (Fig. 2b). It was intersected 100-130 m b.s. at
both section A and section B with still significant 17 m true

Eur. J. Mineral., 36, 433-448, 2024
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Figure 7. Examples of garnet occurrences in the SE swarm albite pegmatite dykes. (a) Garnet grains aligned along the contact margin of
the dyke. (b, ¢) Single garnet grains in a quartz—feldspar matrix. (d) Tourmaline and garnet grains in an albite—quartz matrix and garnet—
tourmaline bands in an albite—quartz matrix with green-blue apatite, with CGM minerals in the matrix (inset 1). (e) Surface scan of a polished

epoxy mount dated using the Lu—Hf method.

thickness on section B with a total of 11 m Li mineralisa-
tion, including 2m at 1.9 % Li;O and 9m at 0.8 % Li,O at
130 mb.s. Li-grade distribution within the MD may indicate
a plunge at 144° azimuth and 70° dip, suggesting some fur-
ther potential SW along strike and downdip. However, it is
likely that a potential open-pit resource is contained within
the outcropping MD and down to about 100 mb.s., which
United Lithium Corp. is about to define. The SW dyke swarm
is also continuous down to about 100 m but contains minor
or no Li mineralisation and is restricted only to section A.

5.2 Field and petrography observations
5.2.1 Main dyke

The main dyke of the Kietyonmaiki deposit is well exposed
on a > 25 m long, 8—16 m wide, NNW-trending outcrop with
steep vertical sides and inclusions of country rocks visi-
ble (Fig. 3). The pegmatite consists of massive and even-
grained white and light-grey material. On the hand specimen
scale, only quartz, muscovite, and porphyritic K-feldspar
are visible in a white fine-grained (0.1-2 mm) matrix of in-
distinguishable Li minerals. Therefore, large rock samples
were collected and slabbed and then finely ground and in-
vestigated with a digital microscope and low-vacuum SEM
(Figs. 4-6) to observe the Li minerals. Smooth surfaces re-
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veal the presence of white spodumene throughout the sam-
ples (Figs. 4a and 5a). Spodumene occurs in two textu-
ral associations: (1) well-defined subhedral-to-euhedral pris-
matic elongated crystals intergrown with quartz and albite
(Fig. 5a). SEM-BSE imaging shows that some spodumene
occurs in myrmekitic intergrowths with quartz in this associ-
ation (Fig. 5b). (2) In other samples, anhedral 1-2 mm spo-
dumene occurs as complex intergrowths with tabular mus-
covite and albite — forming 0.5-1 cm blocky pseudomorphs
after pre-existing Li minerals spodumene or petalite (Fig. Sc,
d). These textural features, the mineral assemblage, and the
fine grain size are reminiscent of symplectite and granu-
lar SQIs (spodumene—quartz intergrowths) typical in some
Li-pegmatites, suggesting a breakdown reaction from pre-
existing more coarsely grained petalite (Cerny and Ferguson,
1972; Thomas et al., 1994; London, 1984, 2008; Bradley
et al., 2017; Dias et al., 2019; Lima and Dias, 2019; Roza
Llera et al., 2019). However, the pseudomorphs including
the muscovite (cymatolite/aglaite) could suggest many other
processes such as alteration by late hydrothermal acidic flu-
ids or reaction of K-feldspar or albite by a Li fluid as well
as breakdown due to, for example, syn-post-mineralisation
pressure (Charoy et al., 2001; Martins, 2009; Chischi et al.,
2021).
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Both optical microscopy and SEM-BSE imaging found
abundant minor (50-300 um) inclusions of platy columbite—
tantalite-group minerals (CGMs) and subhedral-euhedral
cassiterite (Figs. 4, 6, 7) The CGMs from the main dyke
are homogenous and have the composition of columbite-
(Fe) with Ta# (Ta/(Ta+Nb)) of 0.36 (Fig. 8). In addi-
tion, minor dark-green, blueish Mn-rich fluorapatite was
found, associated with rare brown anhedral, blocky Fe,
Mn-bearing Li-phosphate of the triphylite group (Fig. 5).
The latter mineral was confirmed, with a combination
of SEM-EDS (Fig. 6), LIBS analysis, and observation
of optical properties, to be an intermediate phase in
the triphylite-heterosite and lithiophilite—purpurite solid
solutions, i.e. “Li(Fe?*,Mn>*)(PO4) — Lij_ Mn]' Fel*
(PO4) — (Fe** Mn3T)(PO,)” (Lyalina et al., 2023). A few
pink, 1-2 mm garnet grains were observed macroscopically.

5.2.2 The SW dyke swarm

Several narrower (30cm to 1.5m) dykes are exposed in
numerous smaller outcrops to the west of the main dyke
(Fig. 9). The mafic amphibolite host rock shows clockwise
deflection of the foliation along the contacts, indicating a
dextral shear sense for the fault zone in which the peg-
matites were emplaced (Fig. 9). The dykes often show weak
to moderate magmatic foliation parallel to the walls, marked
by darker bands rich in biotite, garnets, and blue apatite
(Figs. 4b, 7). Garnets of 0.5-3 mm in size can be observed
throughout the dykes from rim to core, often associated with
black tourmaline (schorl) and/or biotite (Fig. 7). Garnet is
most abundant in the outcrops of the SW dyke swarm. Or-
ange, pinkish garnet occurs in 1-3 cm flow bands associated
with tourmaline and/or biotite and blue-green apatite (Figs. 4,
7, and 10). The grain size is generally fine (0.1-3 mm) but
can be somewhat variable (smaller than 4-5 mm). Due to its
higher abundance, the garnet targeted for Lu—Hf geochronol-
ogy was sampled from one of the dykes from the SW dyke
swarm.

Small pockets of coarse quartz 4 schorl occur in some
dykes. Digital and SEM microscopy studies of the cut
and ground rock slabs reveal that most of these dykes are
composed of quartz—albite—muscovite—biotite—tourmaline—
garnet—apatite (Figs. 7, 10). Li minerals were not observed
in the studied sample, but CGMs were found at the same
abundance as in the main dyke. Most CGMs occur as minor
50-200 um platelets with homogenous columbite-(Fe) com-
position, but a few grains had brighter (Fig. 6) cores on the
BSE images corresponding to a Ta-rich (up to tantalite-(Fe))
core and Nb-rich rims in these simply zoned grains (Fig. 8,
Table 1). The CGMs in the SW dyke swarm are less evolved
(Ta# 0.15-19) compared to the CGMs in the MD (Ta# 0.37)
(Fig. 8). However, one core of a CGM in the SW dyke swarm
has the highest Ta# 0.52, corresponding to a tantalite-(Fe)
composition. Compositional zoning observed in these grains
is reverse zoning. Based on homogenous and simple- and
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Figure 8. SEM—EDS compositions of CGM (MD — main dyke; SW
— southwest dyke swarm) core and rim analyses plotted on the CGM
compositional diagram with trends after Cerny (1989, 1992) and the
miscibility gap by Cerny et al. (1992b).

reverse-zoned textures, the CGMs all appear to be primary
magmatic minerals at Kietyonmiki (Cerny, 1989; Cerny et
al., 1992a; Cerny et al., 1986; Tindle and Breaks, 2000), de-
spite the apparent multistage formation/alteration of the Li
minerals in the MD. Compositional variation trends in CGMs
(Fig. 8) are not obvious based on the limited number of ob-
servations but may fall in the spodumene or spodumene—
petalite pegmatite trends with low Ta and slightly increasing
Mn (Anderson et al., 2013; Pan and Breaks, 1997; Breaks
and Tindle, 1997). The reverse zoning and differing Ta#
numbers between the MD and SW dyke swarm may indicate
emplacement of the Kietyonmaiki pegmatite swarm in multi-
ple batches with differing initial Ta/Nb in the melt (Ander-
son et al., 2013).

6 Lu-Hf garnet age dating

6.1 Garnet major element composition by SEM-EDS
and EMPA

The major element geochemistry of garnet was studied by
EMPA spot analysis and SEM-EDS elemental mapping. El-
emental mapping by SEM-EDS shows that all garnets are
included in albite—quartz matrix in association with tourma-
line and that garnet has no major variation in Fe and Mn el-
emental distribution within single grains (Figs. 10, 11) at the
sensitivity level of the SEM—EDS. Garnets from the sample
used for Lu—Hf age dating were analysed by an EMPA, and
results are reported in Table 2 and plotted in Fig. 11a. The
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Table 1. Composition of columbite group minerals (CGMs) determined by SEM-EDS. Element oxide concentrations are in weight per-
cent (wt %). Cation calculations are on the basis of six oxygen atoms for the stoichiometric formula XY,Og. Bold values are cation site
occupancies from cation calculation. Ideal occupancies: PY =2.0; PX =1.0; PX+Y =3.0.

MD \ SW

‘ Core Rim Rim Core Rim

27 37 102 108 109 116 117 120 121 122

Nb,O5 41.7 41.5 63.1 28.9 59.1 58.5 61.3 62.4 52.5 62.4
TapOs5 39.9 36.8 17.8 51.6 21.3 22.8 20.8 19.7 28.8 18.9
FeO 13.7 16.3 14.0 13.0 13.7 14.5 13.7 144 134 13.8
MnO 4.4 5.4 5.1 4.4 6.0 4.2 4.1 3.5 5.3 4.9
Sum (recal.) 99.7 100 100 97.9 100 100 100 100 100 100
Nb 1.26 1.25 1.72 0.95 1.64 1.63 1.69 1.71 1.51 1.71
Ta 0.73 0.67 0.29 1.02 0.36 0.38 0.34 0.32 0.50 0.31
Xy 1.99 1.92 2.01 1.97 1.99 2.01 2.03 2.04 2.00 2.02
Fe 0.77 0.91 0.71 0.79 0.70 0.75 0.70 0.73 0.71 0.70
Mn 0.250 0.303 | 0.259 0.272 0310 0.221 0212 0.180 0.284 0.251
Xx 1.02 1.21 0.96 1.06 1.01 0.97 091 091 0.99 0.95
Yx+y 3.01 3.13 2.98 3.04 3.01 2.98 2.95 2.95 3.00 2.97
Ta# 0.365 0.348 | 0.145 0.518 0.178 0.190 0.169 0.159 0.248 0.154
Mn# 0.325 0.333 | 0.367 0.343 0441 0296 0303 0.247 0.400 0.359

Ta# = Ta/(Ta+ Nb), and Mn# = Mn/(Mn + Fe).

Figure 9. (a) Example of a smaller dyke in the SE dyke swarm albite pegmatite. Weak-to-moderate magmatic flow banding can be observed.
(b) Deflection of the near-vertical foliation plane (shown by dashed yellow lines) in the metavolcanic bedrock along a 1 m wide dyke contact.
(c) Deflection of the foliation along a 20 cm wide dyke contact. The clockwise rotation of the foliation plane suggests a dextral shear sense
of the ENE-trending shears zones along which the Kietyonmiki pegmatite dykes were emplaced.

results show an enriched (38.2-39.4 Sp) spessartine compo-
nent and low Ca and Mg contents, which is typical of the
LCT pegmatite garnet compositional field and of a weakly to
moderately evolved pegmatite (Miiller et al., 2012; Moretz et
al., 2013; Herndndez-Filiberto et al., 2021) (Table 2). This
moderately evolved composition may explain the lack of
Li minerals in the garnet-bearing albite pegmatites of the
SW swarm. LIBS analysis and mapping indicate the pres-
ence of Li in the garnet structure (Fig. 11b). The observed Li
(671 nm) signal intensity of ca. 500-550 counts corresponds

Eur. J. Mineral., 36, 433-448, 2024

to a maximum 161 ppm Li quantified by LA-ICP-MS map-
ping (see Sect. 6.2).

6.2 Garnet trace element mapping by LA-ICP-MS

One solitary, euhedral grain of orange-coloured garnet was
selected for LA-ICP-MS line mapping (Fig. 12). A rectangu-
lar area of 1000 x 1000 um was used to fully cover a target
grain. Time-resolved analysis (TRA) results were processed,

and elemental images were created using Iolite 4 (Paton et
al., 2011; Paul et al., 2012). Relative-intensity maps were

https://doi.org/10.5194/ejm-36-433-2024
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Table 2. Composition of garnets measured by the EMPA method.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Si0, 3629 3613 3600 3594 3619 3568 3563 3612 3582 3601 3570 3549 3554 3571 3554 3573 35.60
TiO, 006 006 006 005 004 007 007 007 006 006 008 004 007 008 006 007 0.09
ALbO3 2082 2110 2092 21.00 21.01 2080 21.07 2077 2094 2069 21.22 2095 2098 20.66 21.01 20.79 20.83
FeO 2572 2560 2573 2601 2582 2580 2546 2597 2555 2576 2575 2579 2564 2552 2558 2563 25.52
MnO 17.13 1725 1736 1680 17.10 1693 1739 1698 17.18 17.10 1698 17.09 17.12 17.05 17.12 17.33 1746
MgO 077 080 078 071 074 076 076 079 079 079 075 079 081 084 080 080 0.82
Ca0 024 025 026 023 023 025 023 022 024 023 023 026 024 026 025 024 024
Total 101.0 1012 101.1 1007 10L.1 1003 1006 100.9 100.6 100.6 1007 1004 1004 100.1 1004 100.6 100.6
Endmembers
Py 307 316 310 285 296 304 303 315 316 314 300 314 322 337 318 318 326
Alm 5746 57.14 5713 5833 57.68 57.81 5693 57.88 5720 5753 5775 5750 5732 5720 5726 57.07 5673
Gro 070 070 073 066 066 072 067 063 068 066 066 075 070 073 073 068 070
Sp 3877 3899 39.04 3816 3870 3843 3937 3834 3896 3867 3858 38.61 3877 3870 38.83 39.07 39.31
Sp/Alm 067 068 068 065 067 066 069 066 068 067 067 067 068 068 068 068  0.69

- -
] (@) ]
Age = 1801 + 53 Ma (n=53)

. . (TH/7oH) =3.55 + 0.02
MSWD= 0.87, p(x?) = 0.73

T 176 1
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28
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26
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24

761 /O Hf

Figure 10. (a) Lu—Hf isochron for the Kietyonmiki sample. (b) Scanned image of the dated sample indicating the spot locations. (¢) SEM—
EDS maps of Kietyonmaiki garnet indicating major element intensity (Fe, Mg, Al, Si, and Na) and Fe and Mg intensity.

created from the background-corrected input channel signals
(Fig. 12), and quantitative image maps were processed using
background correction and internal standards (Fig. 12). Stan-
dards used were BHVO for major elements and NIST612
for trace elements and REEs. Quality checks were made us-
ing NIST610 as an external standard and BCR. Relative-
intensity maps reveal zoned distribution of trace elements:
Li, V, Sc, Ga, Zn, and most of the heavy REEs (HREEs)
and Y. Y zoning is most clearly defined and forms concentric
face-parallel oscillatory zones with high and low concentra-
tions gradually decreasing from core to rim with a maximum
pixel value of 202 ppm and an average of 140 ppm in the
core and 15 ppm in the outer rim (Figs. 12 and 13). The gar-
net is enriched in HREEs, especially in the core, reaching up
to 150 ppm (sumHREESs) on average and decreasing towards
the rim down to 10-15 ppm levels (Fig. 13). However, the to-
tal HREE concentration (sumHREEs) map strongly mimics
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that of Y, so Y appears to be a suitable proxy for HREEs
including Lu. Quantified maps allow for the extraction of
chondrite-normalised REE profiles from different growth
zones, and it appears that two types of profiles are present and
alternating during growth. Domain 1 (D1) is characterised by
the highest relative and absolute values of HREEs compared
to light REEs (LREEs). In D1 the concentration of LREEs is
below the limit of detection (LOD). In Domain 2 the LREEs
are above the LOD, but the total concentration of HREEsS is
lower and the profile shows a large negative anomaly of inter-
mediate REEs (MREEs). Li concentration is somewhat dif-
fuse but higher (i.e. 160 ppm) in the core, roughly coeval with
the area of highest trace element concentrations, and lower
(118 ppm) in the rims (Fig. 12b). Sc distribution is complex
(Fig. 12e) and most similar to Lu distribution (Fig. 12d). Sc
has a clear low-concentration (37 ppm) rim zone with ele-
vated concentric zones in the core (155 ppm) and areas rem-

Eur. J. Mineral., 36, 433-448, 2024
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Figure 11. (a) Binary MgO + FeO wt % versus CaO + MnO wt % plot for garnet grains analysed by an electron microprobe analyser (EMPA)
in reference to typical LCT pegmatite garnet compositions (Moretz et al., 2013) along magmatic garnet composition evolution tends. (b) LIBS
emission spectrum of Li in garnets at 671 nm, the most intense Li line.
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Figure 12. LA-ICP-MS trace element map of one Kietyonmiki garnet grain from the same sample dated using the Lu—Hf method. (a) Y
intensity map. Note distinct and fine magmatic growth zones. Points indicate locations of Rols where quantitative concentrations were
extracted and are shown on the chart. (b) Intensity map of Li. Note the diffuse core of slightly higher Li concentrations. (¢) Scanned optical
image of the mapped garnet grain. (d) Lu intensity map mimics the Y intensity, which appears to be a suitable proxy in garnets. (e) Sc
intensity map correlates vaguely with Li but shows concentric and possible sector zoning. (f) Quantitative section construction by eight Rols,
each > 200 pixels, sampling the growth zones.
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Figure 13. LA-ICP-MS-quantified trace element maps of garnet showing the distribution and concentrations of total heavy rare-earth el-
ements (sumHREEs) and Y. A profile has been made across the grain (white line) showing enrichment of all HREEs and Y in the core.
Chondrite-normalised REE plots show two distinct patterns with extreme HREE enrichment in Domain 1 (D1) and with the highest absolute
values and LREEs below the detection limit. In Domain 2 (D2) there is a negative MREE anomaly and lower total REE concentrations.

iniscent of sector zoning with the highest observed concen-
tration of 185 ppm.

6.3 Lu-Hf garnet geochronology by in situ LA-ICP-MS

Five grains were analysed from a single epoxy mount, pro-
ducing 54 spot analyses. Two analyses were not included
in the age calculation because of the presence of inclu-
sions. The resulting isochron age is 1801 53 Ma (Fig. 10;
MSWD =0.87). Garnet cores have Lu concentrations of 5—
10 ppm, and garnet rims have Lu concentrations of 0.4—
4 ppm. Spots target both the cores and the rims of the grains;
however no age difference was observed between core and
rim spots. The enriched Lu composition of the garnet core in-
dicates that the Lu—Hf age obtained from these garnet grains
likely represents the crystallisation age.

6.4 Discussion of the Lu—Hf garnet geochronology
results

The only other age obtained from pegmatites (Fig. 1)
in this region is the U-Pb zircon age by Saalmann et
al. (2009), which gave a weighted average 2°’Pb /2%Pb
age of 1786 &7 Ma. Due to the high U content of the zir-
con grains and their susceptibility to lead loss, Saalmann et
al. (2009) suggest that the oldest obtained single grain age
of 1815 +4 Ma more likely reflects the pegmatite emplace-
ment age. Due to the relatively low Lu contents of the tar-
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geted garnet, the Lu—Hf isochron age of this study has sig-
nificant uncertainty. Consequently, the garnet age is identical
within error to the zircon age of Saalmann et al. (2009) and
likely reflects the crystallisation age of the pegmatite. For the
purposes of this first-pass study, only one pegmatite sample
could be targeted.

It is likely that other samples of garnet-bearing pegmatite
from Kietyonméki may have higher Lu contents and pro-
duce more precise ages. A future study should target a vari-
ety of garnet samples and run micro-X-ray fluorescence (mi-
croXRF) maps targeting Y as a proxy for Lu to locate garnet
regions with the highest Lu contents. These regions should
then be investigated for Lu content using LA-ICP-MS analy-
sis. The samples producing the highest Lu contents are most
suitable to be targeted for subsequent Lu—Hf geochronology.

The results of this study are consistent with the zircon age
of Saalmann et al. (2009) and suggest that the Kietyonmaéki
pegmatites are ca. 1790-1815 Ma. This age is consistent with
the age of other LCT pegmatites throughout Finland (Lin-
droos et al., 1996; Alviola et al., 2001) but younger than
1.86 Ga NYF pegmatites occurring in western Finland (Alvi-
ola et al., 2001). Further work is required to obtain more pre-
cise age constraints and better understand the relationship be-
tween the different pegmatite occurrence and NYF and LCT
pegmatite families.
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7 Conclusions

The Kietyonmiki pegmatite dyke swarm belongs to the rare-
element (RE) LCT Li, spodumene—pegmatite type contain-
ing Li, Nb, Ta, and Sn mineralisation. It consists of a main
dyke with large 5-25m width and > 150m strike lengths
with significant Li grades (> 1 Li;O%) due to the abundance
of fine-grained spodumene (SQIs). The SW dyke swarm is
composed of narrow 0.3-2m albite—pegmatite bodies with
enrichment of CGMs, garnet, and apatite. Garnet and apatite
are almost always present in many LCT pegmatites in Fin-
land as well as worldwide and offer a unique opportunity for
novel geochronology applications. In this paper we have ob-
tained the first in situ Lu—Hf garnet date from the Kietyon-
méiki LCT pegmatite deposit. We demonstrate that the in situ
Lu-Hf garnet method can produce reliable dates, in excel-
lent agreement with existing zircon and CGM U-Pb ages.
This finding opens up a new opportunity to systematically
date pegmatite deposits where zircons are absent or metamict
and/or to use this method in parallel with established CGM
U-Pb dating to investigate the possible multistage evolution
of the pegmatites. We have also presented, for the first time,
a detailed LA-ICP-MS quantitative concentration map of a
magmatic, pegmatite-hosted garnet from Finland. The results
revealed complex textural patterns and concentration levels
of Y and HREEs, showing elevated values in the core, and
indicated that Y and sumHREEs patterns are the best proxy
for elevated Lu (5-12 ppm), which is required for successful
Lu-Hf dating. The Lu—Hf garnet method has great potential
for understanding the age relationships of LCT pegmatites in
Finland.
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