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Geochemical and boron isotopic compositions of
tourmalines from selected gold-mineralised and
barren rocks in SW Finland

1. Introduction

Tourmaline may occur in a wide variety of geologi-
cal settings. As the most widespread B-bearing mi-
neral, tourmaline is an important constituent of the
B cycle in earth’s crust. Tourmaline is a complex

borosilicate with large variations in its chemical and
physical properties, and it has a vast pressure-tem-
perature stability range. Hence, tourmaline can be
used as an indicator of magmatic, metamorphic,
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Tourmaline-bearing rocks and a number of gold occurrences coexist in southwestern
Finland, in a region where extensive magmatism and hydrothermal systems occurred
during the Svecofennian orogeny, 1.9–1.8 Ga ago. Tourmalines investigated for this stu-
dy were sampled from late-orogenic granite pegmatites (Eräjärvi, Kietyönmäki), quartz-
tourmaline veins from gold occurrences (Kutemajärvi, Riukka), and the tourmalinised
contact between a synorogenic intrusion and supracrustal rocks (Lepomäki Au occur-
rence, Ylöjärvi Cu-W-As-Ag-Au deposit).

Major element compositions of the tourmalines are controlled by their host lithologies,
whereas their boron isotopic compositions reflect the B reservoir(s) and the magmatic-
hydrothermal processes of the B-bearing systems. The obtained δ11B values for granite
pegmatite, vein, and intrusion-country rock contact-related tourmalines range between
-10.2 ‰ and -13.2 ‰, -10.2 ‰ and -11.6 ‰, and -9.6 ‰ and -8.7 ‰, respectively, and
are similar to tourmalines worldwide.

The lighter B isotopic composition at Lepomäki gold and Ylöjärvi polymetallic occurren-
ces indicate different B reservoirs and magmatic-hydrothermal processes between syn-
and late-orogenic tourmalines. Geological observations and geochemical data on tour-
malines also suggest that B was a constituent in hydrothermal fluids at all localities,
including the gold-mineralising fluids at Lepomäki, Ylöjärvi and Riukka.
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hydrothermal and mineralising processes (e.g. Henry
& Guidotti, 1985; Chaussidon & Albarede, 1992;
Henry & Dutrow, 1992).

Tourmaline is an important gangue mineral in
several metallic and non-metallic ore deposits, for
example, in granitoid-related greisens, veins in vol-
canic and metamorphic rocks, and in stratabound
deposits (e.g. Pirajno, 1992; Slack, 1996). The for-
mation of tourmaline is typically related to hydrot-
hermal processes, and the geochemical and B isoto-
pic compositions of tourmalines have been used in
the characterisation of hydrothermal fluids and their
sources (e.g. Palmer & Slack, 1989; Palmer, 1992;
Smith & Yardley, 1996; Jiang et al., 1998).

In the Finnish bedrock, tourmaline is present
in a number of mineral occurrences and other geo-
logical features. There is, however, a lack of infor-
mation on the chemical and B isotopic composi-
tions of the Finnish tourmalines. The objective of
this study is to produce new geochemical and iso-
topic data, and consider the processes that are asso-
ciated with the formation of tourmalines.

2. Geologic background

The bedrock of the study area belongs to the Pa-
laeoproterozoic Svecofennian domain that formed
as a result of orogenic events 1920–1800 million
years ago in the present Finland and Sweden (Lah-
tinen et al., 2005). The southwestern part of the
Finnish Svecofennian domain is characterised by
east-west striking supracrustal belts: Tampere, Pir-
kanmaa, Häme and Uusimaa (Vaasjoki et al., 2005).
Sedimentary and volcanic arc igneous rocks and syn-
to late-orogenic plutonic rocks are the main consti-
tuents in the bedrock of the region (Kähkönen,
2005; Lahtinen et al., 2005). Samples for the pre-
sent study were collected from six localities in the
Tampere and Häme volcano-sedimentary belts in
southwestern Finland (Fig. 1).

2.1 Tampere Belt

According to Kähkönen (1989; 1999; 2005), Käh-
könen and Leveinen (1994), Ojakangas (1986), and
Nironen (1989a), the Tampere Belt is predominant-

ly composed of turbiditic metasedimentary rocks,
felsic-intermediate arc-type metavolcanic rocks and
granitoids, and formed in an island-arc or conti-
nental arc setting. The absence of carbonate rocks
and iron formations, the presence of turbidites and
a mantle reflector dipping to the north indicate a
steep convergent plate margin and northward
subduction (Kähkönen, 1989; Kähkönen, 1999;
Lahtinen et al., 2005). The metasedimentary rocks
are mainly 2000–1910 Ma old and the metavolca-
nic rocks 1904–1889 Ma old (Huhma et al., 1991;
Kähkönen et al., 1989; Kähkönen et al., 2004).
Synorogenic granitoids in the belt are c. 1.88 Ga
old, and the emplacement of the Eräjärvi granite
pegmatite cluster is associated with late-orogenic
felsic magmatism (Lahti, 1989; Nironen, 1989a).
During the Svecofennian orogeny, the supracrustal
rocks of the Tampere Belt were deformed and me-
tamorphosed under low-pressure, greenschist to lo-
wer amphibolite facies conditions, and the regional
metamorphism peaked at c. 1880 Ma (Kilpeläinen,
1998; Mouri et al., 1999).

2.2 Häme Belt

The supracrustal rocks of the Häme Belt are divi-
ded into two main groups, the older Forssa and the
younger Häme Group (Hakkarainen, 1994). The
Häme Group is dominated by volcanic rocks, for
instance, uralite and plagioclase porphyritic basal-
tic lavas, and the Forssa Group comprises calc-alka-
line volcanic and various clastic sedimentary units
(Hakkarainen, 1994). On the basis of their chemi-
cal and isotopic compositions, the volcanic rocks
of the Forssa Group formed in a relatively mature
island-arc and the volcanic rocks of the Häme Group
in a rifted-arc setting (Hakkarainen, 1994; Lahti-
nen, 1996; Kähkönen, 2005). The supracrustal se-
quence is intruded by 1890–1880 Ma synorogenic
intrusions and 1840–1810 Ma late-orogenic
microcline granites (Nironen, 2005). In addition
to the peak regional metamorphism (1880–1860
Ma) under amphibolite facies conditions, the rocks
of the Häme Belt were subjected to a regional high-
T event during 1830–1810 Ma that was related to
the widespread, late-orogenic microcline granite
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Fig. 1. Generalised geological map of the study area in southwestern Finland, showing sample locations and
the main geological districts of the region (modified from Korsman et al., 1997; Väisänen et al., 2002).
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intrusion and migmatitisation in southern Finland
(Väisänen et al., 2002; Kähkönen, 2005).

3. Investigated samples

Samples for the present study were selected from
different types of tourmaline occurrences represen-
ting both gold-mineralised and barren environ-
ments. Samples T1–4 and T6 are from granite peg-
matites, samples T5 and T7–9 from quartz-tour-
maline veins from gold-mineralised rocks, and
sample T10 from a tourmaline breccia-hosted Cu-
W-As-Ag-Au deposit. More detailed investigations
are required to identify variations in geochemical
and B isotopic compositions in deposit and/or crys-
tal scale.

3.1 Samples T1–4, Eräjärvi
pegmatite cluster, Orivesi

The Eräjärvi pegmatite cluster is located in Orivesi
in the eastern part of the volcano-sedimentary Tam-
pere Belt (Fig. 2). Over seventy complex and nu-
merous simple pegmatite or granite pegmatite len-
ses and dykes are known in the Eräjärvi area (Alvio-
la, 2004). Approximately thirty of the pegmatite
deposits have been mined for potassium feldspar
and other minerals such as quartz, beryl, muscovite
and columbite-tantalite (Lahti, 1981).

The bedrock in the Eräjärvi area mainly compri-
ses metamorphosed and deformed mica schists and

plutonic rocks of varying age and composition (Lai-
takari, 1986). The late-orogenic pegmatites typi-
cally occur as lenses or dykes in the supracrustal
rocks in the vicinity of granitoid contacts (Lahti,
1989). The emplacement of the pegmatites is asso-
ciated with felsic magmatism, and the U-Pb dating
of metamict zircons from the Viitaniemi and Erä-
pyhä pegmatites indicate an age of c. 1.8 Ga (Lahti,
1989). Tourmaline is a typical accessory mineral in
both simple and complex pegmatite bodies (Lahti,
1981).

The Viitaniemi pegmatite contains approxima-
tely seventy mineral species and is particularly rich
in Li, Be and Fe-Mn phosphates (Lahti, 1989). The
pegmatite body (c. 100 x 10 x >200 m), which was
mined for feldspar during 1935–1965, cuts the mica
schist (Lahti, 1989). Black tourmalines (T1) are
common in the distal parts of the pegmatite body
and represent an early magmatic phase (S. Lahti,
pers. comm. 2008). Green tourmalines (T2), which
formed during a volatile-rich phase, exist in the in-
ner parts of the body (S. Lahti, pers. comm. 2008).

The subhorizontal Juurakko pegmatite dyke lies
near the contact of a granite stock and cuts the mica
schist and a minor dioritic intrusion (Lahti, 1989).
The pegmatite deposit was found as early as 1916
and was quarried during 1930–1966 (Lahti, 1989).
Black tourmaline crystals (T3) are abundant wit-
hin the zoned pegmatite dyke (Lahti, 1989).

A network of Li-bearing pegmatite lenses and
dykes is found in the mica schist next to a granitoid

Fig. 2. Generalised
geological map of
the Eräjärvi area
(simplified after
Lahti, 1989).
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in the Seppälänranta area where a small-scale quar-
ry was operated in the 1930s (Lahti, 1989). The
pegmatite contains black, green, blue and red tour-
malines (Lahti, 1989). The Li-rich red tourmalines
(T4) crystallised from late volatile-rich fluids (S.
Lahti, pers. comm. 2008).

3.2 Sample T5, Riukka gold
occurrence, Tammela

The Riukka orogenic gold prospect is located wit-
hin the Forssa group of the volcano-sedimentary
Häme Belt. The geochemical composition of the
metavolcanic rocks varies from basaltic andesite to
dacite, and they have been metamorphosed under
lower amphibolite facies conditions and deformed
during the Svecofennian orogeny (Hakkarainen,
1994). The 1890–1880 Ma granodiorites, tonali-
tes and quartz diorites, some of which may repre-
sent subvolcanic sills, intruded into the supracrus-
tal sequence (Saalmann, 2007). The closest 1840–
1820 Ma, microcline granite is located less than 5
km to the east from the Riukka gold occurrence
(Saalmann, 2007).

The gold mineralisation is controlled by shear
zones that cut the intermediate and mafic metavol-
canic rocks and a felsic dyke (Kärkkäinen et al.,
2007). The metavolcanic rocks are altered (biotiti-
sation, chloritisation, silicification, sulphidisation,
tourmalinisation) in the vicinity of the shear zones
(Kärkkäinen et al., 2007). During the exploration

activities by the Geological Survey of Finland, a
number of narrow, high-grade zones (up to 35.5
g/t Au over 1 m) in diamond drill core were en-
countered, but the economic potential of the depo-
sit is yet to be demonstrated (Kärkkäinen et al.,
2007).

Gold is mainly related to quartz-tourmaline
veins (Fig. 3). Remobilisation of the quartz veins,
their formation under divergent stress fields, and
periodic growth of gold-bearing mineral grains are
evidence for multiple mineralising fluid pulses post-
dating the peak metamorphism (Etelämäki, 2007;
Kärkkäinen et al., 2007; Saalmann, 2007). Recent
age data and structural interpretation imply that the
mineralising event or remobilisation of an earlier
mineralisation occurred at 1830–1800 Ma, and may
be linked to the late Svecofennian granitic magma-
tism (Saalmann et al., 2008). The abundant occur-
rence of tourmaline as clusters, bands and mass in
the metavolcanic rocks and in the quartz veins in-
dicate pervasive hydrothermal fluid activity (Kärk-
käinen et al., 2007). Sample T5 comprises fine-
grained, dark tourmaline mass from a quartz-tour-
maline vein. Arsenopyrite grains are abundant wit-
hin the tourmaline mass.

3.3 Sample T6, Kietyönmäki
pegmatite, Tammela

Over one hundred granite-pegmatite or pegmatite
lenses, veins and bodies, many of which contain rare

Fig. 3. Quartz-tourmaline
vein at the Riukka gold
occurrence. The diame-
ter of the compass wheel
is 6 cm.
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earth minerals, are located in the Somero-Tammela
region (Alviola, 1989). The Kietyönmäki pegmati-
te dyke swarm is located c. 500 m to the south-
southwest from the Riukka gold occurrence in the
contact between mica schist and amphibolite (Virk-
kunen, 1962; Alviola, 1993). The largest of the Li-
bearing subvertical dykes is about 10 m wide and
200 m long. The pegmatite contains black tourma-
line crystals (T6) that are 1–1.5 cm in diameter.
The formation of the post-tectonic pegmatites is
commonly associated with the 1850–1800 Ma late-
orogenic granitoids (Alviola, 1989).

3.4 Samples T7–8, Kutemajärvi
gold deposit, Orivesi

The hydrothermally altered domain, which hosts
the metamorphosed epithermal Kutemajärvi gold
deposit, is situated on the northern flank of the
Tampere Belt and is in contact with the subvolca-
nic Pukala porphyric intrusion. The altered domain
is composed of an outer rim of chlorite-sericite schist
and a central part characterised by sericite-quartz
schist and andalusite, quartz and topaz rocks (Grön-
holm, 1992; Luukkonen, 1994). The subvertical,
pipe-shaped ore bodies have been mined by Outo-
kumpu Oyj in 1994–2003 and Polar Mining Oy
from 2007 onwards. By the end of 2010, the mine
had produced 510 000 ounces of gold.

A zircon U-Pb age of 1904±4 Ma was obtained
for the unaltered metavolcanic rock (Koskuenjärvi
formation) of the Tampere Belt, located in the vici-
nity of the Kutemajärvi area (Kähkönen et al.,
1989). The Pukala intrusion has a zircon U-Pb age
of 1896±4 Ma and a titanite age of 1851±4.6 Ma
(Talikka & Mänttäri, 2005). The pervasive alterati-
on at Kutemajärvi is linked to the emplacement of
the Pukala intrusion and precedes the main regio-
nal metamorphism and deformation (Talikka,
2007). Samples T7 and T8 are from quartz-tour-
maline veins that cut the hydrothermally altered
rocks at the Orivesi gold mine. The formation of
the quartz-tourmaline veins postdates the main hyd-
rothermal alteration, deformation and gold mine-
ralisation event.

Sample T7 is fine-grained, schistose, dark tour-

maline and forms ragged but continuous sections
in a quartz-tourmaline vein. Pyrite and chalcopyri-
te grains exist in the contacts between quartz and
tourmaline.

Sample T8 is fine-grained, slightly foliated and
in places massive tourmaline from a quartz-tour-
maline vein. The tourmaline-rich section is c. 2 cm
wide and has an irregular shape. A few small pyrite
grains exist in the sample.

3.5 Sample T9, Lepomäki gold
occurrence, Hämeenkyrö

The Lepomäki gold occurrence is located in the
western part of the volcano-sedimentary Tampere
Belt, 4 km to the north of the Ylöjärvi Cu-W-As-
Ag-Au deposit. The elevated gold concentrations
are related to a set of subvertical tourmaline±quartz
veins that cut rhyolitic, dacitic and andesitic meta-
volcanic rocks at the contact between the synoroge-
nic Hämeenkyrö batholith and the supracustal rocks
of the Tampere Belt (Lehto & Vuori, 2006). The
veins are typically less than 50 cm wide and some
of them exhibit a breccia texture. The high gold
grades (up to 55 g/t Au) in arsenopyrite-bearing
tourmaline-quartz vein samples found by amateur
prospectors could not be reproduced by the Geolo-
gical Survey of Finland in 2000–2004. Exploration
activities identified elevated but subeconomic gold
values, yielding less than 0.3 g/t Au (Lehto & Vuo-
ri, 2006). According to Lehto and Vuori (2004),
the mineralisation at Lepomäki may be associated
with the formation of the tourmaline-breccia ho-
sted Cu-W-As-Ag-Au Ylöjärvi deposit and the emp-
lacement of the Hämeenkyrö batholith. Sample T9
is from a quartz-tourmaline vein and contains dark,
fine-grained tourmaline crystals and foliated tour-
maline mass.

3.6 Sample T10, Ylöjärvi
Cu-W-Ag-As-Au deposit, Ylöjärvi

The Ylöjärvi Cu-W-Ag-As-Au deposit is situated in
the western part of the Tampere Belt in the meta-
volcanic rocks immediately to the east from the
synorogenic Hämeenkyrö batholith (Himmi et al.,
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1979). The deposit was mined during 1942–1966
and produced 28 322 tonnes of copper, 49.5 t of
silver, 0.27 t of gold, 427 t of tungsten and 567 t of
arsenic from c. 4 Mt of ore (Himmi et al., 1979).
The ore deposit is hosted by one of the several tour-
maline breccia (T10) bodies that extend from the
Hämeenkyrö batholith into the country rocks
(Himmi et al., 1979; Nironen, 1989b). In addition
to tuffitic fragments, the tourmaline breccia con-
tains chalcopyrite, arsenopyrite, pyrrhotite, schee-
lite and other accessory minerals (Himmi et al.,
1979). A zircon U-Pb age for the Hämeenkyrö bat-
holith is 1885±2 Ma and uraninite from the tour-
maline breccia has a 207Pb/206Pb age of 1890 Ma
(Himmi et al., 1979; Nironen, 1989a). It has been
suggested that the ore-bearing tourmaline breccia
bodies that cut the metavolcanic rocks formed after
regional metamorphism and deformation and that
the Hämeenkyrö batholith was the source for the
ore-forming fluids (Himmi et al., 1979).

4. Sample preparation
and analytical methods
The analysed tourmaline grains (crushed tourmali-
ne crystals or fine-grained tourmaline mass) were
handpicked to minimize the risk of contamination,
particularly in the fine-grained tourmaline samples
that typically contain accessory minerals. The same
tourmaline grains (typically two spots per grain)
were used for EPMA and SIMS analysis, and at le-
ast four different grains were investigated for major
element composition and two grains for boron iso-

topic composition from each sample (Fig. 4). Po-
tential zoning within the tourmaline crystals and
grains was not investigated. Marschall and Ludwig
(2006), and Smith and Yardley (1996) indicate that
isotopic zonation of B is rare despite well-develo-
ped chemical zonation.

The major element compositions were deter-
mined using a Cameca SX100 electron microprobe
analyzer (EPMA) at the Geological Survey of Fin-
land. The used acceleration voltage was 15 kV and
electron probe current 20nA. The beam diameter
was defocused to 5 µm. Well-characterized natural
minerals were used as reference standards for the
quantitative analyses. The following x-ray lines and
reference standards were used: Si Kα, Ca Kα and
Mg Kα from diopside, Al Kα and Fe Kα from al-
mandine, Mn Kα from rhodonite, Ti Kα from ru-
tile, K Kα from sanidine, F Kα from fluorite and
Na Kα from tugtupite. The matrix correction cal-
culations were made using PAP correction procedu-
res introduced by Pouchou and Pichoir (1985).
B

2
O

3
 concentrations were calculated to 3 B per for-

mula unit, H
2
O contents to 4 (H + F + Cl) per

formula unit, and structural formulae on the basis
of 24.5 oxygens using WinClastour software by
Yavuz et al. (2006).

The B isotopic values were measured using a
Cameca ims 1270 multicollector secondary ioniza-
tion mass spectrometer (SIMS) at the University of
Edinburgh. Positive secondary ions of 10B+ and 11B+
were produced by a 8 nA, 22 keV, 16O

2
- primary

beam focused to a ~25 µm spot size. The secondary
ions were analysed with a mass resolution of ~ 2000

Fig. 4. Examples of the analysed tourmaline samples and targeted spots.
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(sufficient to resolve mass interferences of 9Be1H+
(M=1400) and 10B1H+ ( M=900)) using an energy
window of 50 eV, a 150 µm image field, a 400 µm
contrast and a 6000 µm field aperture. The B iso-
tope ratios were measured for 20 cycles, each cycle
consisting of 5 and 2 second count times on 10B+
(~1 x 107 cps) and 11B+ respectively, using Faraday
cup in single collector mode operation. Prior to each
analysis, the samples were presputtered for 2 minu-
tes to remove surface contamination. Data are re-
ported in the conventional  δ per mil (‰) notation
relative to NIST SRM 951 (Catanzaro et al., 1970).
Calibration to reference material was through tour-
maline 112566 (schorl) using the recommended
δ11B value of -12.5± 0.05 ‰ (1σ) from Dyar et al.
(2001) and Leeman and Tonarini (2001). Additio-
nal measurements were made on reference tourma-
line elbaite 98144 (-10.5 ± 0.2 ‰) (Dyar et al.,
2001; Leeman & Tonarini, 2001). The internal pre-
cisions (1σ

mean
) for analysis range between 0.3 and

1.0 ‰ (Table 1).

5. Results
5.1 Tourmaline chemistry

The chemical composition (Table 1) of the tour-
maline samples exhibit distinct variations reflecting
the environment of formation. The host rock litho-
logies of the samples correlate well with the pre-
defined fields in the Al-Fe-Mg and Ca-Fe-Mg plots
(Figs. 5 & 6) of Henry and Guidotti (1985). Samp-
les (T1–4, T6) from the Eräjärvi and Kietyönmäki
granite pegmatites fall into the fields of Li-rich or
Li-poor granitoids and associated rocks, and the
tourmaline vein samples (T5, T7–8) from the Riuk-
ka and Kutemajärvi gold occurrences fit into the
field that represents supracrustal rocks (Henry &
Guidotti, 1985). On the basis of the Al-Fe-Mg plot,
sample (T10) from the tourmaline-breccia hosted
Ylöjärvi polymetallic deposit displays the characte-
ristics of Fe3+-rich quartz-tourmaline rocks and hyd-
rothermally altered granites (Henry & Guidotti,
1985). The tourmaline vein/breccia sample (T9)
from Lepomäki plots into the border region of the
fields for granitoid-related and supracrustal rocks
(Fig. 5).

Fig. 6. Geochemical compositions of the tourmaline samp-
les (T1–10) in Ca-Fe(tot)-Mg diagram. Fields for different
rock types after Henry and Guidotti (1985). (1) Li-rich gra-
nitoid pegmatites and aplites, (2) Li-poor granitoids and
their associated pegmatites and aplites, (3) Ca-rich me-
tapelites, metapsammites and calc-silicate rocks, (4) Ca-
poor metapelites, metapsammites and quartz-tourmali-
ne rocks, (5) Metacarbonates, (6) Metaultramafics.

Fig. 5. Geochemical compositions of the tourmaline samp-
les (T1–10) in Al-Fe(tot)-Mg diagram. Fields for different
rock types after Henry and Guidotti (1985). (1) Li-rich gra-
nitoid pegmatites and aplites, (2) Li-poor granitoids and
their associated pegmatites and aplites, (3) Fe3+-rich
quartz-tourmaline rocks (hydrothermally altered granites),
(4) Metapelites and metapsammites coexisting with an
Al-saturating phase, (5) Metapelites and metapsammites
not coexisting with an Al-saturating phase, (6) Fe3+-rich
quartz-tourmaline rocks, calc-silicate rocks and metape-
lites, (7) Low-Ca metaultramafic rocks and Cr-, V-rich
metasedimentary rocks, and (8) Metacarbonates and
metapyroxenites.
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Sample T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
Host rock GRPG GRPG GRPG GRPG VEIN GRPG VEIN VEIN VEIN TURMBR
Species Schorl F-Schorl F-Schorl F-Elbaite Dravite Schorl Dravite F-Dravite Schorl Oxy-

Schorl

Electron microprobe - Geochemical analysis, average compositions

n= 15 8 8 8 7 8 12 10 9 12
SiO

2
34.36 36.08 34.15 37.17 36.24 34.40 36.45 37.36 35.40 34.22

TiO
2

0.23 0.05 0.23 0.00 0.28 0.33 0.21 0.04 0.19 0.22
B

2
O

3
* 10.14 10.37 10.07 10.67 10.48 10.11 10.61 10.90 10.27 9.84

Al
2
O

3
33.96 36.63 33.12 40.82 30.61 32.38 33.01 34.80 31.66 26.39

FeO
t

13.40 5.83 14.61 0.01 5.38 13.51 4.45 1.08 11.67 17.72
MnO 0.72 1.42 0.31 1.37 0.03 0.34 0.05 0.01 0.01 0.05
MgO 0.08 0.03 0.16 0.00 8.81 1.55 8.03 9.57 3.77 3.44
CaO 0.08 0.07 0.08 0.77 0.58 0.11 0.38 0.40 0.38 1.00
Na

2
O 1.78 3.01 1.94 1.90 2.48 2.01 1.95 1.77 1.96 2.27

K
2
O 0.03 0.03 0.04 0.01 0.01 0.04 0.01 0.01 0.02 0.03

F 0.38 1.93 0.84 1.53 0.15 0.36 0.28 0.95 0.19 0.15

Total 95.16 95.45 95.55 94.25 95.06 95.14 95.44 96.90 95.53 95.33
H

2
O** 3.315 2.663 3.077 2.954 3.548 3.317 3.527 3.312 3.454 3.324

Cl 0.001 0.002 0.003 0.003 0.003 0.002 0.003 0.002 0.002 0.006
=O-F 0.162 0.811 0.352 0.645 0.061 0.152 0.120 0.399 0.080 0.062

Total 98.64 98.92 98.98 97.85 98.68 98.61 99.09 100.61 99.06 98.72

Structural formula on the basis of 24.5 oxygens

B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Si 5.891 6.048 5.895 6.056 6.007 5.912 5.967 5.957 5.989 6.043
Ti 0.030 0.006 0.030 0.000 0.035 0.043 0.026 0.005 0.024 0.029
Al 6.863 7.238 6.737 7.838 5.980 6.559 6.369 6.538 6.311 5.493
Fe 1.921 0.818 2.110 0.001 0.746 1.941 0.610 0.144 1.652 2.617
Mn 0.104 0.202 0.045 0.189 0.004 0.050 0.007 0.002 0.002 0.008
Mg 0.020 0.008 0.040 0.000 2.178 0.397 1.959 2.276 0.951 0.906
Ca 0.015 0.013 0.015 0.135 0.103 0.020 0.067 0.068 0.069 0.190
Na 0.592 0.977 0.651 0.600 0.798 0.671 0.621 0.547 0.644 0.776
K 0.006 0.005 0.008 0.002 0.003 0.009 0.002 0.002 0.003 0.006
F 0.208 1.022 0.456 0.789 0.077 0.197 0.147 0.477 0.102 0.083
Fe/(Fe+Mg) 0.990 0.990 0.981 1.000 0.255 0.830 0.237 0.060 0.635 0.743
Fe+Mg 1.941 0.826 2.150 0.001 2.924 2.338 2.569 2.419 2.602 3.523

Secondary ionization mass spectrometer - Boron isotopic composition - δ11B (‰), 1σ
mean

 (‰)

#1, δ11B (1σ) -10.7 (1.0) -13.7 (1.0) -10.6 (0.5) -9.2 (0.5) -9.4 (1.0) -13.5 (0.6) -11.2 (0.6) -10.5 (0.6) -9.3 (0.6) -7.8 (0.5)
#2, δ11B (1σ) -12.1 (0.5) -11.6 (0.6) -10.5 (0.3) -11.7 (0.5) -10.8 (1.0) -12.8 (0.5) -10.7 (0.6) -9.9 (0.9) -9.2 (0.8) -7.8 (0.3)
#3, δ11B (1σ) -12.6 (0.8) -13.4 (0.9) -10.6 (0.7) -11.7 (0.5) -12.5 (0.8) -12.1 (0.5) -11.8 (0.8) -9.8 (0.5)
#4, δ11B (1σ) -11.2 (0.8) -14.1 (0.9) -9.8 (0.5) -13.5 (0.6) -9.4 (0.5)
#5, δ11B (1σ)   -9.5 (0.7)

δ11B mean -11.7 -13.2 -10.2 -10.9 -11.6 -12.8 -11.2 -10.2 -9.3 -8.7

Secondary ionization mass spectrometer - Boron isotopic composition, Reference tourmalines - δ11B (‰),1σ
mean

 (‰)

Elbaite 98144 (-10.5 ± 0.2‰): -10.5 (1.0), -9.2 (1.0), -9.6 (0.5), -10.4 (0.5), -9.0 (0.8), -11.1 (0.8), -11.9 (0.7), -11.8 (0.7), -10.6

(0.7), -10.8 (0.8), -9.7 (0.8), -9.3 (0.8), -10.2 (0.8), -9.9 (0.8).

Schorl 112566 (-12.5 ± 0.05‰): -12.6 (0.6), -12.5 (0.4), -12.5 (0.5), -12.5 (0.6), -12.4 (0.4), -13.0 (0.4), -12.3 (0.3), -12.2 (0.3), -

12.9 (0.8), -12.1 (0.4).

*B
2
O

3
 contents calculated stoichiometrically to 3 B per formula unit.

**H
2
O contents calculated stoichiometrically to 4 (H+F+Cl) per formula unit. 

Structural formulae and species determinations by using Winclastour software (Yavuz et al. 2006).

Abbreviations: GRPG = granite pegmatite, TURMBR = tourmaline breccia.

Table 1. Geochemical and boron isotopic compositions of the tourmaline samples.
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The red tourmaline sample (T4) from the
Seppälänranta quarry differs from other samples
from the Eräjärvi pegmatite cluster by having higher
CaO and Al

2
O

3
, and lower MgO and FeO con-

tents (Fig. 6). Samples (T1–2) from the Viitaniemi
quarry show distinct differences in their geochemi-
cal compositions, for instance, in Na

2
O and FeO

contents. Of the granite pegmatite hosted tourma-
lines, the Kietyönmäki sample (T6) has by far the
highest MgO content. The vein-related tourmaline
samples (T7–8) from the Kutemajärvi differ from
each other by concentrations of MgO and TiO

2
.

Samples (T9–10) from Lepomäki and Ylöjärvi show
notable variations, for instance, in their FeO and
Al

2
O

3
 contents.

Pirajno and Smithies (1992) suggested that the
FeOt/(FeOt+MgO) ratio of tourmalines reflects the
distance from a granitic source. The Fe/(Fe+Mg)
ratio of the studied samples varies between 0.06 and
1.00. In the FeOt/(FeOt+MgO) vs. MgO plot (Fig.
7), samples from the granite pegmatites, veins, and
contact region between intrusion and supracrustal
rocks represent their expected environment of for-
mation (Pirajno & Smithies, 1992).

5.2 Boron isotopic composition

The results for each B isotopic analysis and mean
values are presented in Table 1. Due to the limited
amount of the B isotopic data, the results and in-
terpretations should be regarded as indicative. The
mean δ11B values of the tourmaline samples range
from -13.2 ‰ to -8.7 ‰. The δ11B values of tour-
malines (T1-4, T6) from the granite pegmatites
(-10.2 ‰ – -13.2 ‰) are comparable with the vein-
related (T5, 7-8) tourmalines (-10.2 ‰ – -11.6 ‰).
The intrusion-country rock contact-related tourma-
lines (T9–10) have lighter B isotopic composition
(-9.6 ‰, -8.7 ‰).

The B isotopic compositions of the studied
samples are in accordance with previous studies
worldwide (Fig. 8) (Jiang & Palmer, 1998). In their
synthesis paper Jiang and Palmer (1998) showed
that the B isotopic data of granitic and pegmatitic
tourmalines clusters between -15 ‰ and -5 ‰ (to-
tal range -30 ‰ – +8 ‰), and that, in the local
scale, tourmalines from granite-related veins gene-
rally have greater δ11B values compared to tourma-
lines within granite bodies.

Fig. 7. Geochemical compositions of the tourmaline samples (T1–10) in FeO/(FeO+MgO) vs. MgO plot. After Pirajno
and Smithies (1992) and Yavuz et al. (2006).
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6. Discussion
6.1 Boron and tourmaline

The high geochemical reactivity of B and the vast
relative mass difference between isotopes (10B and
11B) lead to significant isotopic fractionation by
natural processes (Barth, 1993). In igneous systems,
B is an incompatible element and concentrated in
residual melts during crystal fractionation, resulting
in enrichment of B in felsic and silicic melts (Lon-
don et al., 1996). The presence of B also affects the
genesis of melts by lowering the liquidus and soli-
dus temperatures, and by increasing the solubility
of H

2
O in melt (Holz et al., 1993; Dingwell et al.,

1996; London et al., 1996; Jiang & Palmer, 1998).
Because tourmaline is the dominant B-bearing mi-
neral in most geologic settings, the δ11B value does
not change during recrystallisation of tourmaline
in a closed system during metamorphism (Palmer
& Swihart, 1996). In an open system, 11B is en-
riched into the fluid phase leaving the recrystallised
tourmaline enriched in 10B (Palmer et al., 1992).
The B isotopic composition of granite and granite-
related vein hosted tourmalines is mainly establis-
hed by pressure-temperature conditions, magma de-

gassing, the composition of the magma source and
interaction with the country rocks (Jiang & Pal-
mer, 1998). Ranges for typical δ11B values for rock
types, tourmalines from various lithologies and tour-
malines from this study are presented in Figure 8.

One of the primary processes that may lead to
the B isotopic fractionation in the formation of plu-
tonic rocks is magmatic degassing (Jiang & Palmer,
1998). Experimental studies show that the B isoto-
pic fractionation between silica melt and vapour is
greater than between tourmaline and vapour at 650–
750 ºC and 200 Mpa (Palmer et al., 1992; Hervig
et al., 1997). Boron forms tetrahedral [B(OH)

4-
]

complexes in the melt and trigonal [B(OH)
3-
] comp-

lexes in the aqueous fluids, and only the trigonal B
species is stable under the pH range (< 6.5) of tour-
maline (Pichavant, 1983; Hershey et al., 1986;
Morgan & London, 1989; Chakraborty et al.,
1993). This is the likely reason for the large B frac-
tionation during magmatic degassing that leads to
the depletion of 11B in the melt (Kotaka, 1973;
Kakihana et al., 1977; Jiang & Palmer, 1998). As a
result, tourmalines in hydrothermal veins generally
have higher δ11B values than magmatic tourmali-
nes in the same system (Jiang & Palmer, 1998). If
tourmaline crystallises from melt that has not been
affected by the B isotopic fractionation, the δ11B
values of the melt and tourmalines are similar (Jiang
& Palmer, 1998). Studies suggest that fine-grained
tourmalines may crystallise from a granitic melt
before the B isotopic fractionation and that large
magmatic tourmalines crystallise from late, evolved
fluids (London & Manning, 1995; Jiang & Palmer,
1998). Magmatic tourmalines within a single int-
rusion, however, may also show variations in their
δ11B values, for example, if magmatic degassing oc-
curred during or between the crystallisation events
or a new magma pulse with different properties was
introduced into the system.

The formation of tourmaline requires enriched
B concentration in the melt or fluid and a flux of
other elements such as Fe and Mg that are typically
derived from the adjacent country rocks. The ma-
jor element compositions of the studied tourmali-
nes reflect their geologic setting and are in accor-
dance with the results of previous studies. Intrusi-

Fig. 8. δ11B values of the tourmaline samples (T1-10) com-
pared to the δ11B values of rock types and tourmalines
from various host lithologies. Modified from Jiang and Pal-
mer (1998).
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on-related and vein-related samples can be classi-
fied by their Fe, Mg, Ca and Al contents as de-
monstrated in figures 5 and 6 (Henry & Guidotti,
1985). In terms of their FeO/(FeO+MgO) ratios,
the tourmaline samples form three groups (Fig. 7)
that correlate with the presumed distance from a
granitic source during their formation (Pirajno &
Smithies, 1992). On the basis of their mode of
occurrence, the tourmaline samples can be divided
into three groups: granite pegmatite-related (T1–
4, T6), vein-related (T5, T7–8) and intrusion-
country rock contact-related (T9–10).

6.2 Granite pegmatite-
related tourmalines
Granite pegmatite-related tourmalines show distinct
variations, for instance, in their Fe, Mg, Na, Ca and
F contents. Black (schorl) tourmalines (T1, T3)
from the Eräjärvi pegmatites show characteristics
of Li-poor granitoids, and green (T2) and red (T4)
tourmalines the characteristics of Li-rich granitoids
(Fig. 5), despite that all host lithologies contain Li-
bearing minerals (Lahti, 1989). In addition, the
divergent samples T1 and T2 are from the same
Viitaniemi pegmatite dyke. The black (schorl) tour-
malines (T1) may have formed during the early
magmatic phase and the green tourmalines (T2)
from volatile-rich melt postdating the B isotopic
fractionation (S. Lahti, pers. comm. 2008). This is
supported by the lower δ11B values of the green tour-
maline sample (T2, Table 1). The compositional
variations in the melt and fluctuating interaction
between the melt, fluids and country rocks provide
another possible explanation for the variations in
the chemical compositions of tourmalines at Erä-
järvi.

All tourmalines (T1–4, T6) from the late-oro-
genic pegmatites have broadly similar B isotopic sig-
natures (-10.2 ‰ – -13.2 ‰). The relatively cons-
tant δ11B values indicate that the material for the
pegmatites was derived from a similar source. Samp-
le (T6) from the Kietyönmäki pegmatite has com-
parable B isotopic composition with the Eräjärvi
samples despite some differences in the major ele-
ment compositions of the tourmalines. The tenfold

MgO concentration of sample T6 may reflect the
presence of amphibolite among the country rocks
at Kietyönmäki compared to the mica schist at Erä-
järvi.

6.3 Vein-related tourmalines

Vein-related tourmaline samples (T5, T7–8)
comprise fine-grained tourmaline mass, and can be
distinguished from other samples by their higher
MgO contents. δ11B values of the vein-related tour-
malines are similar or slightly higher compared to
the granite pegmatite-related tourmalines (T1–4,
T6). If the vein-related tourmalines are associated
with felsic magmatism without a significant conta-
mination from the country rocks, their B isotopic
compositions may represent either an unfractiona-
ted melt or a fractionated phase enriched in 11B.

The quartz-tourmaline veins at Kutemajärvi
(T7–8) postdate the main hydrothermal alteration,
deformation and gold mineralising event and show
relatively uniform δ11B values (-10.2 ‰, -11.2 ‰).
The quartz-tourmaline vein from the Riukka gold
occurrence (T5) shows a wide range in its δ11B va-
lues (-9.4 ‰ – -13.5 ‰). The variations may indi-
cate that the formation of tourmalines occurred
during several fluid pulses containing different B
isotopic compositions. Leaching of previously crys-
tallised tourmaline by later fluid pulses may also
result in increasing δ11B values in fluid towards the
end of the hydrothermal event. Previous studies
suggest that the hydrothermal activity at Riukka
postdates the peak metamorphism and was active
during several stages (Etelämäki, 2007; Kärkkäinen
et al., 2007; Saalmann, 2007). The formation of
the granite-migmatite zone of southern Finland at
1830–1810 Ma may have contributed to the hyd-
rothermal activity (Väisänen et al., 2002; Saalmann
et al., 2008).

6.4 Intrusion-country rock
contact-related tourmalines

The fine-grained tourmaline vein/breccia samples
from Lepomäki (T9) and Ylöjärvi (T10) represent
a contact region between the syn-orogenic Hämeen-
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kyrö batholith and its country rocks. Their chemi-
cal composition, for example MgO content (mean
3.6 %), is between those of the granite pegmatite
(MgO <1.6 %) and vein (MgO >8.4 %) related
tourmalines.

Intrusion-country rock-related tourmalines
show lighter B isotopic composition (-9.6 ‰ –
-8.7 ‰) than the granite pegmatite-related tour-
malines (-10.2 ‰ – -13.2 ‰), which could be an
evidence for divergent B reservoirs and a mode of
formation between the syn- and late-orogenic tour-
malines.

6.5 Tourmaline: A link to
hydrothermal systems and
mineralising events?

During an orogenic cycle, supracrustal rocks con-
taining minor B are subjected to increasing pressu-
re and temperature conditions, and enrichment of
B via geochemical processes may lead to the forma-
tion of magmatic or hydrothermal systems with ele-
vated B content. In igneous rocks, B is an incom-
patible element and has a significant impact on the
magmatic and hydrothermal processes. Some ore
deposit types, for example, orogenic gold style mi-
neralisations, form as a result of enrichment of me-
tals by hydrothermal circulation. Even if B was not
directly linked to the ore mineralising event, it may
have contributed to the evolution of the associated
hydrothermal system.

At the Riukka and Lepomäki gold and Ylöjärvi
polymetallic occurrences, tourmaline is associated
with the ore minerals (Himmi et al., 1979; Lehto
& Vuori, 2004; Kärkkäinen et al., 2007). At these
localities, B and ore minerals may share a common
origin. A likely source for the fluids and metals at
Lepomäki and Ylöjärvi is the adjacent Hämeenky-
rö batholith (Himmi et al., 1979). The source for
the mineralising fluids at Riukka remains unclear.

7. Conclusions

The formation of tourmaline is a highly complex
process and controlled by a number of factors such

as the fluid and host rock chemistry, activity of H
2
O

and P-T conditions. The widespread existence and
the protean nature of tourmaline, however, provide
useful information on various geological processes.
As demonstrated here and in previous studies (e.g.
Henry & Guidotti, 1985; Palmer & Slack, 1989),
the major element composition of tourmalines is
controlled by their host lithologies. Granite peg-
matite, vein and granitoid-country rock contact-
related tourmalines can be distinguished by their
major element compositions.

On the contrary, the B isotopic composition of
tourmalines typically does not have an evident cor-
relation with the major element composition. The
mean δ11B values of the investigated tourmalines
range from -13.2 ‰ to -8.7 ‰ and are in accor-
dance with other terrestrial samples (e.g. Jiang &
Palmer, 1998). Tourmalines from the late-orogenic
granite pegmatites at Eräjärvi and Kietyönmäki have
fairly uniform B isotopic compositions (-10.2 ‰ –
-13.2 ‰) that are comparable with the δ11B values
of the vein-related tourmalines (-10.2 ‰ – -11.6
‰). Tourmalines linked to the formation of the
synorogenic Hämeenkyrö batholith have distinctly
lighter B isotopic composition (-9.6 ‰ – -8.7 ‰)
indicating a difference in the B reservoirs and for-
mational processes between the syn- and late-oro-
genic tourmalines.

Field observations and geochemical data indi-
cate that the formation of tourmaline was intima-
tely associated with the gold mineralising events at
Lepomäki, Riukka and Ylöjärvi. The B isotopic and
geochemical data from Ylöjärvi and Lepomäki sup-
ports the primary role of the Hämeenkyrö batho-
lith as the dynamo and source for the hydrother-
mal system. At Riukka, the presence of multiple
fluid pulses may explain the large variations in the
δ11B values of tourmalines. A possible explanation
for the long-lasting hydrothermal circulation is the
late Svecofennian granitic magmatism and migma-
titisation in southern Finland. The coexistence of
tourmaline bearing rocks and gold occurrences in
southwestern Finland suggests that the formation
of tourmalines and gold mineralising events are in
some cases parts of the same magmatic-hydrother-
mal processes which occurred during the syn- and
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late-orogenic phases of the Svecofennian orogeny.
As a resistant mineral to weathering and meta-

morphism, and due to its widespread existence in
different lithologies, tourmaline is a suitable object
for a number of research topics. The aim of this
pilot study is to lay a basis for more detailed studies
on tourmalines and their relation to magmatic and
hydrothermal systems associated with gold minera-
lisation processes, and to encourage the develop-
ment of applications for gold and other metal exp-
loration.
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