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Abstract The boron isotopic composition of zoned

tourmaline in two metasediments from the island of Syros,

determined by secondary-ion mass spectrometry (SIMS),

reflects the sedimentary and metamorphic record of the

rocks. Tourmaline from a silicate-bearing marble contains

small (B20 lm) detrital cores with highly variable d11B

values (-10.7 to +3.6%), pointing to a heterogeneous

protolith derived from multiple sources. The sedimentary B

isotopic record survived the entire metamorphic cycle with

peak temperatures of *500�C. Prograde to peak meta-

morphic rims are homogeneous and similar among all

analysed grains (d11B & +0.9%). The varying d11B values

of detrital cores in the siliceous marble demonstrate that in

situ B isotope analysis of tourmaline by SIMS is a poten-

tially powerful tool for provenance studies not only in

sediments but also in metasediments. A meta-tuffitic

blueschist bears abundant tourmaline with dravitic cores of

detrital or authigenic origin (d11B & -3.3%), and pro-

grade to peak metamorphic overgrowth zones (-1.6%).

Fe-rich rims, formed during influx of B-bearing fluids

under retrograde conditions, show strongly increasing d11B

values (up to +7.7%) towards the margins of the grains.

The d11B values of metamorphic tourmaline from Syros,

formed in mixed terrigenous–marine sediments, reflect the

B signal blended from these two different sources, and was

probably not altered by dehydration during subduction.

Keywords Boron isotopes � Tourmaline � High-pressure �
Metasediment � Subduction zone

Introduction

Tourmaline occurs in a variety of lithologies and is stable

over an exceptionally large P–T range, including condi-

tions in subducting slabs upto a depth of *250 km

(Reinecke 1998; Werding and Schreyer 2002; Bebout and

Nakamura 2003). Growth and stability of this widespread

boro-silicate in subducting metasediments is thought to be

responsible for recycling of B with an isotopic composition

influenced by surface processes into the deep mantle.

Previous B isotope studies on high-pressure metamorphic

tourmaline have revealed important insights into B isotope

fractionation within dehydrating subducting crust (Nakano

and Nakamura 2001; Bebout and Nakamura 2003).

During sedimentary processes, tourmaline together with

zircon and rutile is one of the most stable minerals (see

Henry and Dutrow 2002, and references therein). It is

enriched in highly mature sediments (Thiel 1941; Hubert

1962; Henry and Dutrow 2002), and is one of the most

important minerals used in provenance studies (e.g. Lihou

and Mange-Rajetzky 1996; Li et al. 2004; Mange and

Otvos 2005; Morton et al. 2005). The chemical composi-

tion of detrital grains preserved in metasediments has

commonly been used to investigate the provenance of the

sedimentary protoliths (Henry and Guidotti 1985). The B
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isotopic composition of tourmaline is a potentially pow-

erful indicator in provenance studies of sediments and

metasediments, given the extensive range of d11B values of

tourmaline in natural rocks of * 55% (Slack et al. 1993;

Marschall et al. 2006).

Volume diffusion of major and trace elements and B

isotopes in tourmaline is insignificant up to temperatures of

600�C (Henry and Dutrow 1994; Dutrow et al. 1999;

Henry and Dutrow 2002; Bebout and Nakamura 2003).

Therefore, chemical and isotopic heterogeneities of detrital

grains, as well as metamorphic growth zones, are readily

preserved even in rocks equilibrated in the amphibolite or

low-T eclogite facies. In addition, tourmaline itself records

the metamorphic evolution of the host rock by changing its

major element composition, such as XMg and Ca/Na ratios.

With future advancements in the investigation of the

thermodynamic properties of tourmaline (e.g. van Hinsberg

and Schumacher 2007), this has the potential for a quan-

tification of the metamorphic P–T history of tourmaline in

a specific sample, with a correlation to its B isotopic

evolution.

Studies of various isotope systems in tourmaline have

been successfully applied to decipher the fluid history of

fluid-melt-rock systems (e.g. King and Kerrich 1989; Frei

and Pettke 1996; Jiang 1998; Dyar et al. 1999; Slack 2002;

Maloney 2007). The preservation of growth zones in

hydrothermal and metamorphic tourmaline related to its

slow intracrystalline diffusivity predestines tourmaline to

be used as a key to the fluid–chemical history of meta-

morphic rocks. Thus, the internal B isotopic zonation of

tourmaline grains can be employed as a reliable monitor for

the B isotopic evolution of a rock throughout its pre-

metamorphic and metamorphic history.

The development of the secondary-ion mass spectrom-

etry (SIMS) technique for in situ analyses of B isotope

ratios allows for detailed investigations of multiple zoned

tourmaline (Smith and Yardley 1994; Chaussidon and

Appel 1997; Nakano and Nakamura 2001; Bebout and

Nakamura 2003; Altherr et al. 2004; Marschall et al. 2006;

van Hinsberg and Marschall 2007). In this paper, we

demonstrate that high-resolution B isotope analyses of

high-pressure metasedimentary tourmaline from Syros

(Greece) by SIMS enables us to discriminate detrital cores

from prograde and retrograde growth zones.

Geology of Syros and occurrence of tourmaline

The major part of the island of Syros (Cyclades, Greece;

Fig. 1) is composed of interlayered pelitic to psammitic

schists and marbles with minor intercalations of quarzites,

calc-schists and metaconglomerates (Hecht 1984; Dixon

and Ridley 1987; Seck et al. 1996). They are interpreted as

metamorphosed flysch sediments (Dixon and Ridley 1987)

deposited during the Triassic and Jurassic (up to Creta-

ceous?) (Keay 1998; Bröcker and Pidgeon 2007).

The petrological, geochronological, structural and tec-

tono-metamorphic evolution of the island of Syros has

been investigated in a large number of studies (e.g. Dixon

1968; Ridley 1984; Rosenbaum et al. 2002; Brady et al.

2004; Keiter et al. 2004; Forster and Lister 2005; Bröcker

and Keasling 2006). For different rock types, a prograde
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Fig. 1 Simplified geological

map of the northern part of

Syros (after Keiter et al. 2004).

SY314 was sampled from a lens

of meta-sedimentary schist

within the Kampos mélange,

while SY432 was sampled from

an outcrop of layered marbles

north of the mélange. The inset
shows a map of Greece with the

location of the island of Syros
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P–T path was derived, characterised by a high P/T ratio,

typical for subduction zone metamorphism. Metamorphic

peak conditions were estimated to be *470–520�C and

1.3–2.0 GPa (Dixon 1968; Ridley 1984; Okrusch and

Bröcker 1990; Trotet et al. 2001; Rosenbaum et al. 2002;

Keiter et al. 2004). A number of U–Pb TIMS and SHRIMP

data from zircon, Lu–Hf data from garnet and 40Ar/39Ar

data from white mica and glaucophane are now available

and have been used to date the evolution of Syros HP

rocks. Subduction and high-pressure metamorphism most

probably occurred in the Eocene (*54–50 Ma) (Maluski

et al. 1987; Tomaschek et al. 2003; Lagos et al. 2003;

Forster and Lister 2005), although an additional pre-

Eocene high-pressure event at *80 Ma was suggested by

Bröcker and co-workers (Bröcker and Enders 2001;

Bröcker and Keasling 2006). In some parts of Syros, for-

mations are composed of blocks of meta-igneous and meta-

sedimentary rocks embedded in a matrix of chlorite schist

and serpentinite, referred to as ‘‘mélanges’’ (Dixon 1968;

Hecht 1984; Dixon and Ridley 1987; Okrusch and Bröcker

1990; Seck et al. 1996; Bröcker and Enders 2001; Marsc-

hall et al. 2006). The exhumation path of the Syros high-

pressure rocks is characterised by near-isothermal decom-

pression at *400�C, with a preservation of the HP

assemblages and minerals in many parts of the island, but

variable rehydration during exhumation (Trotet et al. 2001;

Marschall et al. 2006).

Tourmaline in Syros HP metamorphic rocks is related to

two different occurrences, which can be distinguished

petrographically. Type-I is found dominantly within me-

tasedimentary rocks as small (B100 lm in cross-section)

complexly zoned crystals, typically occurring as inclusions

in garnet, glaucophane or phengite. Type-II appears as

aggregates of large (0.1–15 mm in cross-section), rela-

tively homogeneous grains and is clearly related to

metasomatism during exhumation of the rocks (Marschall

et al. 2006). It is restricted to hydrous reaction zones

formed at the contact between blocks and the ultramafic

matrix of the mélange. Type-II tourmaline grew at the

expense of retrograde glaucophane and chlorite during

rehydration and exhumation. It shows exceptionally high

d11B values exceeding +18% in all samples (Marschall

et al. 2006). The formation process, chemistry and B iso-

topic composition of Type-II tourmaline are discussed in

detail in Marschall et al. (2006). This paper deals with the

genesis, chemistry and B isotopic composition of Type-I

tourmaline in rock samples that show only limited influ-

ence of metasomatism and reaction with the ultramafic

portion of the mélange. Two metasedimentary samples

(SY314 and SY432) have been recognised to contain

abundant Type-I tourmaline, which was analysed in detail

for major element composition by EPMA and for B iso-

topic composition by SIMS.

Investigated samples

Phengite–glaucophane schist SY314

Sample SY314 is a meta-sedimentary glaucophane schist

from the northern mélange, approximately 250 m W of

Kámpos (37�29028@N; 24�5401700E; Fig. 1), close to

Monolith I of Dixon and Ridley (1987). The sample was

taken from a glaucophane-schist lens with a foliation

concordant to the dominant foliation of the mélange. The

contact of the schist with the ultramafic matrix is charac-

terised by metasomatic reaction zones. Sample SY314,

which was taken from the centre of the schist lens, consists

of (ferro-)glaucophane, phengite, garnet and accessory

apatite, titanite, epidote, quartz, tourmaline and Fe-oxide.

Tourmaline occurs as small euhedral grains, 50–100 lm in

cross-section as inclusions in glaucophane porphyroblasts

and in the phengite-rich matrix (Fig. 2a–d). Many tour-

maline grains have anhedral poikiloblastic cores,

overgrown by three zones (Figs. 2, 3) that differ by colour

intensity in optical images from light green near the core to

dark green at the edges. Inclusions of Fe-oxide (?) in poi-

kiloblastic cores are typically B1 lm.

SY314 displays prograde zonation of minerals, such as

garnet and Na-amphibole, a HP metamorphic assemblage

of glaucophane + garnet (*15% Prp) + phengite, and clear

evidence for retrograde reactions, such as the formation of

albite, stilpnomelane and Ca-amphibole from glaucophane

(Fig. 2a), Fe-rich rims on tourmaline, garnet and glauco-

phane, and biotite after phengite (Fig. 2d). However, most

parts of the minerals are unaltered and still display their

prograde and peak-metamorphic compositions. These

observations suggest a restricted influx of hydrous fluid

into the rock during retrograde metamorphic conditions.

On the basis of mineral and whole-rock major- and

trace-element analyses, the rock has been interpreted as the

metamorphic equivalent of a tuffitic marine sediment

mixed with continental detritus (Marschall 2005). Elevated

contents of MnO (1.0wt%), K2O (2.3wt%), SiO2 (54wt%)

and B (94 lg/g) with respect to MORB are explained by

exposure of the former tuffite to seafloor alteration, which

typically leads to the formation of Fe–Mn hydroxides, clay

minerals and opal or chalcedony (e.g. Alt et al. 1986).

Siliceous marble SY432

Sample SY432 is a fine-grained, well-foliated siliceous

marble from the schist-and-marble sequence north of the

Kambos mélange. The sample locality is an outcrop of

several tens of metres of a layered marble sequence, which

is located on the north-eastern slope of the island, *250 m

N of Kambos (37�2905300N; 24�5500300E; Fig. 1). The rock
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consists of calcite, epidote, quartz, phengite, paragonite,

apatite, zircon and small euhedral tourmaline grains of 50–

100 lm in cross section (Fig. 2). Secondary albite, hema-

tite and chlorite are rare. Tourmaline grains show anhedral

poikiloblastic cores overgrown by euhedral, homogeneous

rims (Figs. 2f, 4). The rock is interpreted as a former car-

bonate-rich sediment diluted by silicate detritus (probably

clay minerals, feldspar and quartz).

Fig. 2 Photomicrographs of Phe-Gln schist SY314 (a–d) and

siliceous marble SY432 (e–h). All images were taken in plane-

polarised light, except for h (crossed polarisers). a Replacement of

Gln by Ca-rich amphibole (Act), Ab and Stp. b Tur and Grt inclusions

in Gln. c Several Tur grains included in and surrounding Gln

displaying a dark (Fe-rich) rim. d Several zoned Tur grains with

poikiloblastic cores and dark (Fe-rich) rims. Phe display (dark) brown
rims (transformation to Bt). e Microstructure of siliceous marble

SY432 with Ep, white mica, Tur and some secondary Ab in a Cal

matrix. f Tur grain with bright, rounded core and dark, euhedral,

homogeneous rim. g Euhedral Tur grain ‘‘C’’ cut parallel to the

crystallographic c-axis (polariser E-W). h Grain C after being

analysed with SIMS. The section is still covered by the gold layer

with the analysis sites visible as bright spots. Mineral abbreviations

after Kretz (1983): Ab albite, Act actinolite, Cal calcite, Ep epidote,

Gln glaucophane, Grt garnet, Pg paragonite, Phe phengite, Stp
stilpnomelane, Tur tourmaline
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Analytical methods

Compositions of mineral phases were determined using a

Cameca SX 51 electron microprobe equipped with five

wavelength-dispersive spectrometers (Mineralogisches

Institut, Heidelberg). Operating conditions were 20 nA

beam current and 15 kV acceleration voltage. For analyses

of micas, the electron beam was defocused to 10 lm in

order to avoid loss of alkalis. For analyses of tourmaline it

was defocused to 5 lm. For tourmaline, a modified matrix

correction was applied assuming stoichiometric oxygen

and all non-measured components to be B2O3. The accu-

racy of the electron microprobe analyses of tourmaline and

the correction procedure was checked by measuring three

samples of reference tourmalines (98144: elbaite, 108796:

dravite, 112566: schorl; Dyar et al. 1998, 2001). Analytical

errors on all analyses are ±1% relative for major elements

and ±5% for minor elements. A detailed description of the

applied electron microprobe techniques for tourmaline

analysis is given elsewhere (Kalt et al. 2001).

Fig. 3 Back scattered electron (BSE) images of individual tourma-

line grains in sample SY314 displaying poikiloblastic cores and

different growth zones. Fe-rich rims (bright zones) are visible on most

grains. Dark spots in a, b and d are spots from SIMS analysis. Scale
bar in all pictures is 20 lm
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Boron isotope ratios of tourmaline and phengite were

measured by secondary ion mass spectrometry (SIMS) with

a modified Cameca IMS 3f ion microprobe at the Miner-

alogisches Institut, Heidelberg. Primary ion beam was
16O- accelerated to 10 keV with a beam current of 1 nA,

resulting in count rates for 11B of *2 9 105 s-1 and

*5 9 104 s-1 for 10B on tourmaline, collected by a single

electron multiplier. Diameter of the 1 nA spot ranged from

5 to 10 lm mainly depending on the operating duration of

the ion source. The energy window was set to 50 eV and no

offset was applied. Each analysis consisted of 50 cycles

with counting times of 3.307 and 1.660 s on 10B and 11B,

Fig. 4 BSE images of individual tourmaline grains in sample SY432 displaying rounded and patchy cores and homogeneous rims. Dark spots in

a, b and c are spots from SIMS analysis. Scale bar in all pictures is 20 lm
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respectively. Presputtering lasted for 5 min and settling

time between two different masses was 200 ms, resulting

in total analysis time for one spot of approximately 10 min.

Internal precision of a single analysis was B1% (2r).

Boron isotopic compositions of samples are reported in

delta notation (d11B in %) relative to the SRM 951 certi-

fied value (Catanzaro et al. 1970). Instrumental mass

fractionation was corrected by using three samples of

proposed reference tourmaline (98114: elbaite, 108796:

dravite, 112566: schorl; Leeman and Tonarini 2001).

Long-term reproducibility of measured isotope ratios on

these standard tourmalines was ±1.0% (2r). A total of 56

B isotope analyses on tourmaline were completed

(Table 1). Further details on boron isotope analysis at the

SIMS facility in Heidelberg are given elsewhere (Marsc-

hall 2005; Marschall and Ludwig 2006; Marschall et al.

2006).

Contents of H2O and B2O3 were calculated stoichio-

metrically (OH + F + Cl = 4 pfu, B = 3 pfu). Li and Be

were assumed to be negligible. These assumptions are

justified by SIMS analyses on sample SY314 using

*30 lm spots (averaging large parts of tourmaline grains).

They revealed B2O3 concentrations of 10.14wt%, and Li

and Be concentrations of 8.6 and 0.37 lg/g, respectively

(Marschall 2005).

Results

All investigated tourmalines belong to the schorl–dravite

solid solution series with some Ca-rich domains, repre-

senting an uvite component of up to 25 mole%. Most of the

tourmaline is Mg-rich (dravitic; XMg & 0.6–0.8). In detail,

tourmaline grains of the two samples display chemical

(Mg-Fe-Ca-Ti-F) and B isotopic zonations, which are

crucial for the interpretation of the B isotopic history of the

rocks.

Tourmaline in sample SY314 displays significant

chemical differences between the zones that are visible

under the optical microscope. Anhedral poikiloblastic cores

have very low Ca (*0.01 pfu), F (\0.1 pfu) and TiO2

(\0.1wt%) concentrations and relatively high XMg (0.68;

Fig. 5 and Table 1). No differences in chemical composi-

tion were observed between poikiloblastic cores of

different grains. Euhedral homogeneous cores, some of

which overgrew poikiloblastic cores show relatively high

Ca (*0.05 pfu) and F (*0.2 pfu) contents but are still low

in TiO2 (B0.25wt%; Fig. 5 and Table 1). All analysed

grains are characterised by strongly decreasing XMg and Ca

contents from homogeneous cores to mantle to rim at the

edge of the crystals, while F contents are more or less

constant (Fig. 5 and Table 1). Most analyses of rims reveal

schorl rather than dravite with XMg as low as *0.35.

Boron isotope analyses also revealed systematic differ-

ences among the different zones. Poikiloblastic cores of the

three analysed grains are indistinguishable within error

with d11B values of -3.3 ± 1.8% (Fig. 5 and Table 1).

Euhedral homogeneous cores show d11B values of

-1.6 ± 1.1% (six grains) and mantles show values of

+0.7 ± 1.7% (three grains). Within Fe-rich rims, the d11B

values of all analysed grains strongly increase outwards,

and reach values as high as +7.7% (Fig. 5 and Table 1).

In sample SY432, poikiloblastic cores of tourmaline

grains display strong chemical differences from one grain

to another. Ca, Ti and F contents as well as XMg are very

different among different cores (Fig. 6 and Table 1). The

rims on the other hand, are homogeneous and all chemi-

cally similar, with dravitic composition. They contain

*0.25–0.45 apfu F, display Ca/(Ca + Na) ratios of

*0.09 and XMg of *0.64 (Fig. 6). Cr and Zn contents of

most cores are below the detection limits of EPMA, while

rims show elevated concentrations of both elements

(Table 1). Fe-rich rims were not observed in tourmaline

from sample SY432.

Boron isotope analyses of cores from different tourma-

line revealed strongly contrasting d11B values, ranging

from -10.7 ± 1.1 to -2.8 ± 1.6 to +3.6 ± 1.5% (Fig. 6

and Table 1). The chemically homogeneous and similar

rims of all analysed grains display nearly constant d11B of

+0.9 ± 1.8% (Fig. 6 and Table 1). At the boundaries

between cores and rims, SIMS analyses revealed d11B

values intermediate between core and rim. In principle,

these could be artefacts of the SIMS spot overlapping the

two contrasting zones, or true values resulting from diffu-

sional re-equilibration between the two zones during

metamorphism. The major element profiles determined by

EPMA and the sharp boundaries in the BSE images

(Fig. 4), which both provide a higher lateral resolution than

SIMS, do not show evidence for diffusional equilibration

between cores and rims. Therefore, intermediate d11B

values should be interpreted as analytical artefacts.

Increasing d11B values at the rims of tourmaline (as in

sample SY314) were not observed in sample SY432.

Discussion

Previous studies on d11B variations in high-pressure

metasedimentary tourmaline

Nakano and Nakamura (2001) investigated tourmaline

from a series of metasediments (metapelites and metap-

sammites) from the Sambagawa belt. They observed

strongly zoned tourmaline with d11B values decreasing

from -3% in the core to -10% at the rim within single

grains. Mg contents steadily increase from core to rim, due
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to tourmaline growth during increasing temperatures. The

authors explain the B isotope zonation patterns by B iso-

topic fractionation between mica, fluid and tourmaline in

the following way: d11B values of tourmaline cores are

higher than d11B values of the surrounding mica. At the

beginning of metamorphic tourmaline growth, 11B is

preferentially released from mica and transported via fluids

along grain boundaries and concentrated in tourmaline

cores. The remaining mica is isotopically lighter and

releases B with progressively lower d11B value into the

fluid during further heating. Consequently, the growing

tourmaline incorporates the lower 11B/10B ratio of the

surrounding fluid, without re-equilibrating earlier growth

zones. Thus, the B isotopic composition of a fluid phase

within the metasediments during any one stage of meta-

morphism is recorded in the respective growth zone of

tourmaline.

In a second study, Bebout and Nakamura (2003)

investigated (U)HP metamorphic rocks from the Catalina

Schist, California (USA) and from Lago di Cignana,

Western Alps (Italy). Tourmaline grains from Catalina

display decreasing d11B values (from -7 to -15%) and

increasing XMg from cores to rims, similar to the Sam-

bagawa samples. At the outermost rims (*30 lm), d11B

values increase again to -7% concomitant with a decrease

in XMg. Following Nakano and Nakamura (2001), Bebout

and Nakamura (2003) attribute the core-to-rim decrease in

d11B values to prograde redistribution of B from mica into

growing tourmaline, and the increase of d11B at the outer

rims to growth of tourmaline during influx of B-rich fluids

at retrograde metamorphic conditions. Tourmaline grains

from Lago di Cignana display homogeneous XMg and B

isotopic compositions of -10% in cores and again a strong

increase of d11B values within the outermost 100 lm

accompanied by a decrease in XMg. According to the

authors, the homogeneous core resulted from intra-grain

diffusive re-equilibration of B isotopes at peak-metamor-

phic temperatures, which were higher for these samples

(*620�C) than in the other localities. Decrease of XMg and

increase of d11B values to +4% again resulted from ret-

rograde influx of B by fluids. In the case of Lago di

Cignana, this interpretation is strongly supported by

inclusions of coesite, garnet and rutile in the low d11B

cores and of quartz and epidote in the high d11B rims.

Tourmaline in phengite–glaucophane schist SY314

Tourmaline in phengite–glaucophane schist SY314 shows

poikiloblastic, rounded cores, which are different in

chemical and B isotopic composition from all other zones.

Stemming from the early or pre-metamorphic history of the

rock, the poikiloblastic core tourmaline could be of twoT
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possible origins. They could represent detritus from a

source supplying tourmaline with relatively homogeneous

isotopic composition (d11B = -3.3%) and major element

chemistry (low-Ca–Ti–F dravite). This hypothesis would

explain the rounded shape and the slightly exotic chemical

and isotopic composition compared to the other tourmaline

growth zones. On the other hand, poikiloblastic grains are

mechanically weaker and are, therefore, less likely to sur-

vive transport over large distances. Alternatively, the

poikiloblastic cores could have formed by authigenic or

epigenetic processes, i.e. within the un-solidified sediment

during its exposure to B-bearing solutions at the seafloor.

Previously reported d11B values of tourmaline formed

during marine hydrothermal activity range from approxi-

mately -15 to 0% (Palmer 1991). This type of tourmaline

is reported to display dravitic compositions (Slack 2002).

The rounded shape of the poikiloblastic cores could, in that

case, be explained by a stage of tourmaline dissolution in

the history of the metamorphic rock.

The highest XMg and Ca contents of tourmaline in this

sample are displayed by the euhedral Mg-rich cores and

euhedral Mg-rich overgrowths on the anhedral poikilob-

lastic cores. These Mg-rich core zones are interpreted to

have grown from mica-derived B during prograde and/or

peak metamorphism, similar to the cases described by

Nakano and Nakamura (2001) and Bebout and Nakamura

(2003). A prograde zonation with a core-to-rim decrease in

d11B was not observed in SY314, probably due to analyt-

ical limitations through small grain size and zoning.

However, the d11B value of -1.6% in these core zones is

interpreted to represent the last prograde growth zone of

tourmaline in sample SY314 (Fig. 7). They show the

highest Ca and Mg contents and are included in glauco-

phane blasts, as well as in phengite. The actual chemistry
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of tourmaline is of course dependent on the chemical

composition of the rock in which it formed, and may, for

example, be more Ca-rich in marbles than in metapelites

(Henry and Dutrow 2002), but it also varies with the P–T

conditions of formation. In general, Ca and Mg contents of

tourmaline increase with metamorphic grade in all kinds of

lithologies (Henry and Dutrow 2002).

Towards the rims, Ca and Mg contents of tourmaline in

the phengite-rich matrix decrease, while Ti and Fe contents

increase significantly, which is interpreted as a result of

tourmaline growth during decreasing temperatures. Retro-

grade growth of tourmaline requires influx of external B,

which must have had a very high d11B value of at

least +7.7% in the case of sample SY314, as recorded by

the Fe-rich rims of tourmaline. Retrograde influx of

hydrous fluid is also documented by other petrographic

evidence, such as Fe-rich rims and streaks in garnet and

glaucophane and the formation of stilpnomelane and bio-

tite/chlorite at the expense of phengite. Tourmaline, in

contact with hydrous fluids at high pressures probably

shows no or very little B-isotope fractionation (Palmer and

Swihart 2002; Marschall et al. 2006; Meyer et al. 2007).

The retrograde influx of fluids carrying isotopically heavy

B has been demonstrated earlier for rocks of the Syros

mélange (Marschall et al. 2006). This process of rehydra-

tion during exhumation led to the precipitation of Type-II

high-d11B tourmaline in the strongly metasomatised zones

of the mélange (Marschall et al. 2006) and may also have

formed the rims of Type-I tourmaline in sample SY314.

Influx of high-d11B fluids, which led to retrograde tour-

maline formation occurred during and after the formation

of chlorite and albite (Marschall et al. 2006, Fig. 7).

Tourmaline
chemistry

SY432

0

0.1

0.2

0.3

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Mg/(Mg+Fe)
C

a/
(C

a+
N

a)

core
grain 2

core
grain 6

core 4

all rims

(a)

core
grain 1

Tourmaline
chemistry

SY432

0.0

0.1

0.2

0.3

0.4

0.5

0.00 0.05 0.10 0.15

Ti (cpfu)

F
 (

ap
fu

)

core
grain 2core grain 4

core
grain 6

all rims

(b)

-15

-10

-5

δ

0

5

0 10 20 30

Distance (µm)

11
B

 (
‰

)

SY432
B isotopes

Grain 1

(c)

corerim rim

0 50 100 150

Distance (µm)

SY432
B isotopes
Grain C

(d)

-15

-10

-5

0

5

0 10 20 30 40 50

Distance (µm)

11
B

 (
‰

)

SY432
B isotopes

Grain 2

(e)

rim rimcore

0 10 20 30 40 50

Distance (µm)

SY432
B isotopes

Grain 4

(f)

rimrim core

δ
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composition of tourmaline in
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Fig. 4 and Table 1): grain 1

(circles), grain 2 (triangles),

grain 4 (diamonds) and grain 6
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similar, while core compositions
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parallel to its crystallographic c-
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Tourmaline in siliceous marble SY432

Tourmaline in sample SY432 also contains rounded cores

with chemical compositions different from the surrounding

euhedral rims of the grains. In contrast to sample SY314,

the chemical and the B isotopic compositions of individual

grains are significantly different from one another with

d11B values differing by more than 14% (-10.7

to +3.6%). Therefore, it can be ruled out that the different

tourmaline cores grew in a uniform chemical and B iso-

topic environment, i.e. in the same rock. The most

plausible explanation for the observed variety in tourma-

line core compositions is a contribution of detrital

tourmaline from a heterogeneous source to the former

sediment. Euhedral rims of all grains analysed in sample

SY432 are very similar in chemistry and B isotopic com-

position and show d11B values of +0.9 ± 1.8%. These

rims are interpreted as prograde or peak metamorphic

overgrowths on the detrital cores. Hence, their d11B value

is thought to be characteristic for the peak metamorphic

stage of tourmaline in sample SY432. Fe-rich rims were

not observed on tourmaline in this sample, and no increase

in d11B values has been found. Hence, the rock was not

influenced by retrograde influx of B-bearing fluids.

Boron isotope signatures of terrigenous and marine

sediments

The B isotopic composition of continental crust and ter-

rigenous sediments (*-10%) is distinctly lighter than the

composition of altered oceanic crust (AOC; *+5%) (Le-

eman and Sisson 2002). Terrigenous clay (illite) found in

marine sediments still comprises lighter B (-16 to -3%)

(Ishikawa and Nakamura 1993; Leeman and Sisson 2002)

than marine smectite formed during alteration of basalts (-

2 to +10%) (Spivack et al. 1987; Leeman and Sisson

2002). Therefore, it has been suggested before that fluids

expelled from subducted sediments or AOC could be dis-

criminated by their B isotopic composition (Bebout and

Nakamura 2003). Accordingly, tourmaline formed in

metamorphosed terrigenous sediments or AOC during

subduction should still record the B isotopic composition

of the respective rock type. The d11B values between -15

and -10% for peak metamorphic tourmaline from me-

tasediments from Sambagawa, the Catalina schists and

from Lago di Cignana (Nakano and Nakamura 2001;

Bebout and Nakamura 2003) are in accordance with the

terrigenous character of their protoliths. SY314 and SY432,

however, display major-element and modal compositions

that are in agreement with protoliths blended from terrig-

enous and marine contributions. The d11B values of

prograde to peak metamorphic tourmaline in samples

SY314 (-1.6%) and SY432 (+0.9%) are significantly

higher than values from Sambagawa, Catalina and Cig-

nana. Thus, it can be concluded for the Syros samples that

the two different sedimentary sources have both influenced

the B isotopic composition of the rocks and of the meta-

morphic tourmaline.

Including tourmaline boron isotopes in provenance

studies

The aim of provenance studies is the identification and

characterisation of various sources of a sedimentary unit,

and its correlation with other sediments. Heavy minerals,

such as rutile, zircon and tourmaline, which are highly

stable during sedimentation and diagenesis, have been

extensively used to approach this aim. Conventional

provenance studies compare relative and absolute abun-

dances of the different minerals in order to characterise the

sediment, and consider bulk analyses of mineral separates.

More advanced provenance studies include structural,

morphological, optical and chemical analyses of minerals,
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revealing more detailed information on the sources of

sediments (Zack et al. 2004; Mange and Otvos 2005;

Morton et al. 2005). The high stability of tourmaline dur-

ing diagenetic and metamorphic processes together with its

low intracrystalline diffusivity makes it an ideal monitor

during provenance studies not only in sediments and sed-

imentary rocks, but also in metamorphic rocks (Henry and

Guidotti 1985; Henry and Dutrow 2002). In situ analyses of

B isotopes in tourmaline from Syros metasediments dem-

onstrate that tourmaline is also a reliable isotopic archive,

which can be deciphered in great detail using SIMS,

requiring relatively little sample preparation (polished thin

sections or grain mounts) and short analyses times

(*10 min per spot). Therefore, the analysis of B isotopes

in sedimentary and metasedimentary tourmaline could be a

practical tool in provenance studies.

Conclusions

(1) Zones in individual tourmaline grains from HP me-

tasedimentary rocks were demonstrated to be of

different origins, such as detrital, metamorphic and

metasomatic (Fig. 7). The correlation of such zones

to their different formation processes is essential for

an unambiguous interpretation of tourmaline trace-

element and isotope signatures. This condition com-

plied, the different zones can be used to characterise

fluids that interacted with the HP metasediments at

various stages of their P–T path.

(2) The contrasting d11B values of detrital cores in the

siliceous marble (sample SY432) demonstrate that B

isotope inhomogeneities are preserved during low-

and medium-grade metamorphism even in small

grains (*20 lm). Therefore, in situ B isotope

analysis of tourmaline by SIMS could be employed

as a tool for provenance studies not only in sediments,

but also in metasediments.

(3) Metamorphic tourmaline from Syros, formed in

metamorphic mixed terrigenous-marine sediments,

reflects a B isotope signal influenced by these two

different sources. d11B values of prograde to peak

metamorphic tourmaline from Syros are significantly

higher than values reported from tourmaline in

terrigenous sediments from other localities. There-

fore, the B isotopic composition of tourmaline from

metasedimentary rocks can probably be used to

distinguish between terrigenous precursor rocks,

altered oceanic crust and mixed lithologies.
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