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Abstract Trace element distribution in titanite over-

growths on rutile has been investigated experimentally at

600 �C, 400 MPa and fO2 near NiNiO buffer. Composi-

tionally homogenous Cr- or Nb-doped synthetic rutile

single crystals or Nb-containing natural rutile crystals were

the source of Cr, Nb and Ti to synthesize titanite using the

double-capsule technique. All element exchange with the

source of Si, Ca and Al occurred via a NaCl–H2O fluid.

Titanite forms quickly and exclusively around the rutile

crystals. The titanite overgrowth separates rutile from the

bulk fluid, and all elements from rutile dissolution have to

pass through the titanite rim. Trace element concentrations

in titanite show a considerable scatter in experiments with

and without Al, although the average concentrations of Cr

or Nb of titanite around compositionally homogeneous

synthetic rutile approach the expected values for closed

system conditions. Variability of Al with Cr or Nb in the

titanite is not correlated. The Al zoning is irregular and

patchy, and also the distribution of trace elements does not

show systematic trends in the spatial distribution. In

experiments using zoned natural rutile, the concentrations

of Nb in titanite are related to the Nb zoning in rutile, but

the contents also vary unsystematically. Under the con-

trolled conditions of the experiment, the explanation for the

strongly irregular spatial distribution is most likely due to

variations in elemental concentrations during transport

from the rutile along the titanite grain boundaries. The

transport pathway is complex because grain boundary

migration is important during titanite growth. Such irreg-

ular element distribution is also found in a natural sample

of titanite overgrowth on rutile from an eclogite with ret-

rograde overprint in the amphibolite facies. Transport of Ti

and trace elements was focused on grain boundaries and

shielded from the rutile as a source of these elements. We

conclude that this type of zoning is not related to changes

in P–T or composition in an open system, but solely con-

trolled by transport in and through the titanite rim.

Keywords Titanite growth on rutile � Cr and Nb in rutile �
Cr and Nb in titanite � Experimental study

Introduction

Trace elements in metamorphic and igneous rocks can be

hosted by single or few accessory minerals with high

partition coefficients for the respective elements (e.g., Bea

et al. 2006). Release and redistribution of trace elements

occur if the host mineral becomes unstable and reacts due

to changes in physical and/or chemical parameters in the

rock. Mineral reactions and hence redistribution (transport)

of trace (and major) elements are largely enhanced by
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mobile fluid phases during devolatilization of volatile-rich

rocks during prograde or the reverse process in dry rocks

during retrograde metamorphism (e.g., Fyfe et al. 1978).

Mobility of trace elements triggered by metamorphic

reactions potentially influences a broad spectrum of

applications of such elements in metamorphic petrology

and geochemistry. The knowledge of trace element com-

position and distribution in minerals evolved rapidly with

the progress of in situ analytical methods and proliferation

of analytical equipment (e.g., Kohn 2003; Bea et al. 2006;

Storey et al. 2007; Martin 2009; Smith et al. 2009). Trace

element compositional zoning of minerals has been

extensively studied in melt–mineral systems to monitor

changing melt compositions. In metamorphic minerals,

studies of trace element compositional zoning were moti-

vated by the application of trace element geothermo-

barometry (e.g., Zr in rutile and titanite; Zack et al. 2004;

Hayden et al. 2008), in situ isotopic dating (e.g., Grew et al.

2008; Smith et al. 2009), or mineral–mineral (fluid) inter-

action (e.g., Schmidt et al. 2009; Martin 2009; Lucassen

et al. 2010a, 2011). Compositional zoning of minerals

reflects either changing physicochemical conditions during

mineral growth (growth zoning) or compositional modifi-

cations during the post-growth history by volume diffusion

in the mineral. In natural minerals under high-T conditions,

diffusion patterns commonly overprint growth zoning,

leading to the formation of complex element distribution

pattern (e.g., Konrad-Schmolke et al. 2007). The motiva-

tion for our experimental study is to show that during

growth of a metamorphic mineral at fixed P–T, a complex

and irregular appearing distribution pattern of trace ele-

ments can be formed.

Titanite is considered as a versatile sink for various trace

elements (e.g., Ribbe 1980; Oberti et al. 1991). Substitution

on the viiCa site includes rare earth elements, Y, Sr, U, Th,

Pb and Fe2?. Niobium, Ta, Zr, W (HFSE, high-field

strength elements), Cr, Fe3? and Al substitute on the viTi

site, OH and F substitute on the O1 site, whereas the ivSi

site is not affected at crustal pressures. High concentrations

of trace elements occasionally reported from titanite sug-

gest that their incorporation is controlled by availability

rather than compatibility, for example, Ta2O5 and Nb2O5 in

pegmatitic titanite with 6 and 5 wt%, respectively (Groat

et al. 1985); Nb2O5 up to *10 wt% in metamorphic

titanite (Bernau and Franz 1987). The commonly observed

variation of major element composition in natural titanite is

dominated by up to 0.5 atoms pfu substitution of (Al3?,

Fe3?) ? (F-, OH-) $ Ti4? ? O2- (e.g., Oberti et al.

1991).

Growth of titanite on rutile up to complete consumption

of the latter is observed in many retrogressed metamor-

phosed mafic rocks (e.g., Brewer et al. 2003; Romer and

Rötzler 2003; Lucassen et al. 2011). Rutile is the prevailing

Ti accessory mineral at high pressures in amphibolite and

granulite facies and in eclogite facies rocks of mafic bulk

compositions. The rutile hosts most of the Nb and Ta

contents in these rocks and can also contain elements such

as W, Zr, Cr and V in appreciable amounts (e.g., Zack et al.

2002; Meinhold 2010 and references therein). Towards

lower T and P and increasing fluid activity, the accessory

Ti mineral titanite is stable (e.g., Frost et al. 2000).

We investigated experimentally the Nb and Cr distribu-

tion in titanite during growth in the dissolution–precipitation

reaction TiO2 (rutile)in fluid ? CaSiO3 (wollastonite)in fluid =

CaTiSiO5 (titanite), the latter forming an overgrowth on the

rutile single crystal. The possible influence of the substi-

tution of Ti by Al on the trace element distribution

was also studied at the same P–T conditions of 400 MPa/

600 �C, which are in the stability field of titanite for given

bulk compositions at temperature in the amphibolite facies.

Our experiments mimic a scenario that includes transport

of Ca, Si (and optional Al) by a fluid phase (H2O, NaCl

and optional F) towards rutile. The trace elements Nb and

Cr are available during dissolution of rutile, the only

source of Ti and the trace elements Nb or Cr. Wollastonite

(?Al2O3) or grossular (instead of wollastonite and Al2O3)

serves as Ca, Si (?Al) source. During the experiment,

rutile is separated from the Ca, Si and Al sources by a

permeable Pt capsule and all elemental transport within the

capsules occurs via the fluid. We will show that the con-

tents of Nb and Cr in newly formed titanite as rims around

rutile is variable and irregularly distributed, because Nb

and Cr released from the rutile are not homogenized by

the fluid. Similarly as Ti, they remain in close vicinity of

their source.

Experimental approach, starting materials

and analytical technique

Experimental approach

All experiments were performed with the same double-

capsule technique (see electronic appendix eFigure 1) at

600 �C and 400 MPa in cold seal autoclaves using water as

a pressure medium. The fO2 is fixed close to NNO by the

use of Ni reducers in the autoclave assemblage. Detailed

account to the experimental technique is given in Lucassen

et al. (2010b, 2012) where we investigated the zoning

pattern Al–Ti in synthetic titanite and the reaction mor-

phology at the titanite–rutile interface. For all runs with

natural rutile as a starting material, we had used Pt capsules

for the inner capsule; for most runs with synthetic rutile

and Fe-bearing grossular, we used Au or AgPd capsules.

Key information of the experimental setup is given in

Table 1. Minimum run time was 14 days; we had shown
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previously that after this time, no significant changes occur

in the growth of the reaction rim (Lucassen et al. 2012). In

the experiments, the bulk composition and the phases in the

outer capsule were varied: first, we used wollastonite (size

between *100 and 500 lm) as Ca–Si source in the system

TiO2–CaO–SiO2 fluid. The system was then extended by

c-Al2O3 to account for possible influence of major element

variability in titanite on the trace element incorporation.

The bulk composition of wollastonite ?c-Al2O3 closely

corresponds to that of grossular, which was also used (grain

size between *100 and 500 lm) to check for possible

influence of different solubility of the Ca–Al–Si source.

These systems are SiO2-undersaturated, but Al-saturated.

Some experiments in the TiO2–CaO–SiO2–Al2O3 fluid

system were run under SiO2-saturation by adding natural

quartz (size *500 lm). Exploratory experiments showed

that solubility of the crystalline phases in H2O is low and

hence reaction progress slow. Therefore, we added Cl and

in some experiments additional F to the aqueous fluid,

because solubility of rutile (e.g., Ayers and Watson 1993;

Antignano and Manning 2008; Rapp et al. 2010), grossular

(Fockenberg et al. 2008), wollastonite, corundum and

quartz (Newton and Manning 2006) is strongly enhanced.

The extrapolation of solubility from simple mineral-fluid

studies to the more complex solute in our experiments is

likely not straightforward, but the observations of enhanced

titanite growth in Cl- and F-bearing fluids indicate

enhanced solubility in accordance with solubility studies

(cf references above).

Starting material

Experiments were carried out with both natural and syn-

thetic rutile. Niobium or Cr-doped synthetic rutile was

grown by the flame fusion (Verneuil) method from near

pure TiO2 (provider: SurfaceNet GmbH, Rheine, Ger-

many). Trace element contents in rutile and their distri-

bution were checked before and after run by electron

microprobe analysis (EMP) and laser ablation inductively

coupled mass spectrometry (LA-ICP-MS; for the applied

technique see Lucassen et al. 2010a, 2011). In individual

EMP analyses with a beam size of 1–2 lm and the corre-

sponding excitation volume, the Nb contents in the crystals

vary between 330 and 610 lg/g (rutile before reaction) or

420–620 lg/g (rutile from runs RT69 and RT74), but is

more uniform between 460 and 512 lg/g (rutile before

reaction) in LA-ICP-MS analyses. The time-resolved

spectra show no relation of the calculated 93Nb intensities

to spot size (60, 44 and 32 lm diameter) or depth (time),

and Nb distribution in the rutile is uniform at this scale

of measuring. The average Nb contents of the rutile

from EMP (505 ± 80 lg/g, n = 30; unreacted rutile;

498 ± 56 lg/g; n = 48, rutile runs RT69 and RT74) and

LA-ICP-MS (480 ± 19 lg/g, n = 22) are similar. The Cr

Table 1 Run data for the experiments at constant P–T conditions of 400 MPa and 600 �C

Run Run time

(days)

Rutile (g) Wollastonite

(g)

Al2O3 (Al) or

grossular (grs) (g)

CaF2 (g) SiO2

(quartz) (g)

H2O ?

NaCl* (g)

Natural rutile

RT11 30 0.0487 0.0592 0.0557

RT16** 60 0.0599 0.0591 0.0305 (Al)

RT17** 60 0.0553 0.0412 0.0209 (Al) 0.0096 0.1467

RT20** 107 0.0524 0.0533 0.0329 (Al) 0.0128 0.1133

RT21 107 0.0287 0.0622 0.1148

RT22** 30 0.0640 0.0462 0.0385 (Al) 0.1224

Synthetic 2,000 lg/g Cr-doped

RT41 30 0.0117 0.0220 0.0750 (Al) 0.1158 0.0894 0.0956

RT42 14 0.0121 0.0206 (grs) 0.1007

RT50 14 0.0048 0.0134 (grs) 0.0089 0.0833

RT51 14 0.0051 0.0208 (grs) 0.1416

Synthetic 500 lg/g Nb-doped

RT49 14 0.0061 0.0106 (grs) 0.1432

RT69 30 0.0042 0.0075 (grs) 0.0054 0.0990

RT74 30 0.0058 0.0089 (grs) 0.0035 0.0046 0.0550

* The fluid contains *50 wt% NaCl except run RT11 with 20 wt% NaCl; ** Run data RT16, RT17, RT20 and RT22 from Lucassen et al.

(2010b)

Contrib Mineral Petrol (2012) 164:987–997 989

123



content is uniform with *2,000 lg/g (EMP range,

1,910–2,100 lg/g; average, 2,016 ± 42 lg/g; n = 30;

LA-ICP-MS range, 1,950–2,144 lg/g; average, 2,010 ± 43

lg/g; n = 21.

Natural rutile is from a pegmatite in Minas Gerais,

Brazil. X-ray powder diffraction analysis (XRD) as well as

optical microscopy showed that it is free of other phases

such as ilmenite or hematite (Lucassen et al. 2010b), but it

shows sector zoning. In difference to the synthetic rutile,

the trace element distribution in the natural rutile is het-

erogeneous. Niobium contents are highly variable

(*500–2,500 lg/g) and roughly correlated with variable

Fe contents (*3,000–9,500 lg/g) in the sectors (see

eFigure 2 in the electronic appendix). Analyses of three

small rutile fragments by solution ICP-MS reveal also

variable amounts of Nb (805; 955; 2,040 lg/g), Ta (200;

280; 180 lg/g) and W (2,300; 3,100; 2,700 lg/g); Zr is

\30 lg/g.

The natural grossular used in some experiments as the

Ca, Si and Al source (Ca2.86 Fe0.07
2? Mg0.07 Fe0.10

3? Al1.90

Si3.00 O12) is the same that was used in a solubility study by

Fockenberg et al. (2008). Wollastonite is pure CaSiO3

(Lucassen et al. 2010b) from a contact metamorphic rock

from Namibia. Rutile and wollastonite were cleaned in

HNO3 and HCl, respectively; Au and Pt capsules were

boiled in HNO3. The other ingredients are NaCl, c-Al2O3

and CaF2 (all analytical grade powders) and distilled H2O.

Analytical technique

Titanite overgrowth of all samples was documented by

SEM using a Hitachi S-2700 at TU-Berlin or a Zeiss Ultra

55 Plus at GFZ-Potsdam. The compositions of quench

material on the surface of the titanite, new crystals in the

outer capsule and the inner walls of the capsule were

controlled by energy dispersive analysis. Chemical com-

positions of minerals in polished grain mounts were ana-

lysed by wavelength-dispersive analysis with a Cameca SX

100 EMP at the Deutsches GeoForschungsZentrum at

operating conditions of 15 kV accelerating potential, 20 nA

beam current and beam diameters of 1–2 lm. Peak

counting times were 10–30 s, and backgrounds were

counted 5–15 s. Standards were the following synthetic

and natural minerals: topaz (F), albite (Na), orthoclase (Al,

Si), borazite (Cl), wollastonite (Ca), rutile (Ti) and hema-

tite (Fe). The raw intensity data were corrected with the

‘PAP’ program (Pouchou and Pichoir 1985). For trace

element analysis, conditions were an accelerating voltage

of 15 kV, a beam current of 100 nA, a beam size of 1 lm

and counting times of 300 s on the peak. The following

standards were used: synthetic Cr2O3 for Cr, Nb metal,

orthoclase for Al and hematite for Fe. Fixed values for the

major elements were included in the correction procedure.

The detection limit was *50 lg/g for Nb, *45 lg/g for

Cr and 40 lg/g for Fe. In the trace element measuring

routine, Al (applicable in Al-bearing compositional sys-

tems) and/or Fe (applicable in runs with natural rutile

and/or grossular) were analysed together with the trace

elements Cr and Nb in order to evaluate the impact of

major element (Al) variability. The contact between rutile

and titanite is well defined, and the Al content in titanite

and the Fe content in natural rutile are also used to identify

mixed analyses in profiles.

The element mappings on polished sections of grain

mounts in epoxy resin were carried out in the wavelength-

dispersive mode with a Cameca SX100 and a JEOL JXA-

8500F (HYPERPROBE) (a) moving the stage in steps of

0.1–2 lm, using a beam current of 40 nA, a focussed beam

and counting times of 300–500 ms per step, or (b) scanning

the focussed beam in steps of 0.04 lm and a counting time

of 2 ms and 20 accumulations per frame.

Pattern of titanite growth on rutile

The appearance and morphology of titanite overgrowths on

rutile have been previously documented in detail (Lucassen

et al. 2010b, 2012). Complete or almost complete over-

growth of the rutile by titanite occurs already after 1-day

runtime in both systems without and with Al or SiO2 sat-

uration (Table 1). With increasing runtime, small titanite

crystals recrystallize to larger prismatic crystals and

euhedral crystals grow into the fluid. There is no systematic

difference of titanite overgrowth pattern between synthetic

and natural rutile. Natural rutile additionally shows titanite

growth in fractures invading or crosscutting the host rutile

crystals. Fractured and unfractured rutile crystals occur

within the same run and there is no difference in the

composition of titanite growing on fractures or as rim

around rutile.

Major element composition

In the system TiO2–CaO–SiO2–NaCl–H2O, the only newly

formed mineral in the experiments is titanite as a reaction

rim around rutile. In the experiments with c-Al2O3, the

newly formed minerals are titanite around synthetic or

natural rutile, and additionally grossular, anorthite and

corundum in the outer capsule. The stable paragenesis at

600 �C/400 MPa for the system TiO2–SiO2 (saturated)–

CaO–Al2O3–NaCl–H2O calculated with Perplex (Connolly

1990, 2009) is titanite–grossular–anorthite–wollastonite.

This is consistent with the observed mineral assemblage,

although we cannot account for the solid solution of Al, F,

OH in titanite (see discussion in Tropper and Manning
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2008). All starting materials are still present after the

experiments except c-Al2O3 that forms crystals of corun-

dum already in 1-day experiments. We observed extensive

precipitation of new wollastonite (‘fluid-transport crystals’)

in the outer capsule from wollastonite dissolution in some

experiments, but also transport crystals of quartz and

corundum in respective starting compositions. The pres-

ence of Al leads to irregular, patchy zoning of the coupled

Al–Ti–(OH, F) contents in the otherwise stoichiometric

titanite as shown previously (Lucassen et al 2010b). Con-

siderable scatter of the Al–Cr and Al–Nb contents is

observed in all runs (Fig. 1). The irregular pattern of the

zoning is neither related to the Al source (c-Al2O3 or

grossular) nor the presence of F, SiO2-saturation or SiO2-

undersaturation, or the use of natural or synthetic rutile.

The effect of SiO2-saturation is lowering the Al contents of

titanite, with the lowest values in the F-free system and

higher values in the presence of F, whereas Al2O3-satura-

tion (SiO2-undersaturation) extends the Al substitution in

titanite (Fig. 1), which reaches up to 0.5 pfu of Al if F is

present (Lucassen et al. 2010b). The zoning is controlled

by the activity of Al at the site of titanite growth and not by

P and T (Lucassen et al. 2010b).

Quench products appear as spheres or thin layers of

porous microcrystalline (?) material of variable outline on

the titanite. Quench contains variable proportions of Si, Ca,

Al (in respective bulk compositions) and Na. Titanium is

absent, below *1 mol%, estimated from energy dispersive

analysis and also not detected in quench or run products of

the outer capsule (newly formed wollastonite and grossular

garnet; Lucassen et al. 2010b). Rarely corundum occurs as

a quench phase.

Trace element distribution in titanite

Cr- and Nb-doped synthetic rutile

Experiments with synthetic rutile were performed in the

Al-bearing system (Table 1). The scatter of Cr and Nb

(Fig. 1) contents in titanite is large, and the variation shows

no systematic spatial distribution in 2D sections. Variation

of Cr contents along profile lines and scattered single

analysis is very similar with most points between 600 and

800 lg/g (for frequency distribution, see eFigure 3 in the

electronic appendix). Several analyses show Cr contents

much higher than 800 lg/g up to *5,100 lg/g that exceed

the contents of the Cr source, but also much lower down to

240 lg/g. Chromium and Nb contents are not correlated

with the Al contents of titanite (Fig. 1d). Distribution of Nb

contents especially in runs RT49 and 74 shows a large

scatter including a considerable number of analyses with

Nb [ 500 lg/g, which is the average content of the rutile

source. Extreme Nb concentrations reach *7,000 lg/g.

BSE images and small-scale X-ray mapping did not show

indications for the presence of inclusions of Cr or Nb

phases in titanite (Fig. 1).

Natural rutile

In the system without Al, Nb distribution in rutile and

titanite was analysed along 17 profiles, and in the Al-

bearing system along 18 profiles (representative profiles see

Fig. 2a, for full data set see eFigure 4 in the electronic

appendix) including the rutile. This analytical approach was

chosen because Nb contents of rutile (combined with Fe;

Fig. 2b, d) show strong zoning. The scatter of the Nb con-

tents in titanite is large (Fig. 2). In most profiles, the aver-

age Nb content in titanite adjacent to rutile is substantially

lower than in rutile (Fig. 3). There is a tendency that higher

Nb contents in rutile at the rutile–titanite interface cause

higher Nb contents in adjacent titanite in the same run,

which means at least partial local control of Nb contents in

titanite by the variable rutile composition. The Nb contents

of Al-free and Al-bearing titanite are similar (Fig. 3) and

there is no obvious correlation between Nb and Al.

Discussion

The synthetic, Cr- or Nb-doped rutile serves as a compo-

sitionally homogeneous model source in the evaluation of

trace element incorporation from rutile into titanite. The

average Cr and Nb contents of synthetic rutile are *2,000

and *500 lg, respectively, as measured by EMP and

LA-ICPMS analyses. Though the EMP analyses of

Nb-doped rutile indicate a larger scatter of Nb contents

than LA-ICPMS analyses, both methods result in the same

average Nb concentrations. Even neglecting the effect of

averaging potential small-scale heterogeneities of Nb by

the reaction, the scatter of Nb contents in the titanite

exceeds the scatter observed in the EMP data of the rutile.

In our experiments, the rutile crystal (natural or syn-

thetic) is the source of Ti and the trace elements Cr and Nb.

Except titanite no other new Ti-bearing mineral formed in

the experiments. Loss of these elements into the capsule

material is unlikely, because we see no systematic effects

of different capsule material (Pt or Au) on Cr or Nb con-

tents of titanite as seen for Fe (van der Laan and van Groos

1991) and conclude that these elements do not alloy. The

composition of quench material, the absence of Ti minerals

in the outer capsule and the composition of newly formed

minerals in the outer capsule (Lucassen et al. 2010b)

indicate that the aqueous fluid in the outer capsule contains

Ca, Si, Na, Cl (plus Al and F in respective compositions),

but no traceable Ti (?Nb, Cr). This fluid is considered as
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the bulk fluid. The bulk of the Ti (?Nb, Cr) is transported

through the reaction rim around the rutile, but not further.

All Ti and trace elements released from the rutile are

available.

The reaction progress is based on dissolution of the

minerals providing the elements for the formation of

titanite. The observation that titanite exclusively formed

around rutile proves the relative immobility of Ti compared

with Ca, Si and Al. Dissolution of synthetic rutile should

result in uniform trace element composition of the solute,

that is, in the same Ti/Cr or Ti/Nb ratios independent of the

spatial focus of dissolution on the rutile surface. If all Ti

and Cr or Nb released from a rutile of uniform composition

are incorporated and uniformly distributed in new titanite,

the trace element contents from the rutile are diluted

according to the ratio of the molecular weights rutile/
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Fig. 1 Titanite composition around doped synthetic rutile a, b, c Cr

and d, e, f, g, h Nb. a Cr–Al; the line at 800 lg/g indicates the

composition of titanite if all Cr from the dissolved rutile (*2,000 lg/g)

enters the titanite and is uniformly distributed. Random single point

analyses and analyses along lines across the titanite (runs RT41 and

RT42) show a similar scatter, although it seems more likely to

encounter extreme values in random single points. Run RT 50 was at

quartz saturation. b, c The Cr and Al distribution in low (left column)

and high-resolution (right column) element distribution maps; the area

covered by the high-resolution maps is indicated by the box in (c).

d Nb–Al; many analyses show a higher concentration than the expected

composition of 200 lg/g from the dissolved rutile (*500 lg/g) and

some even higher than the Nb contents of the rutile (note log-scale).

Run RT 69 was at quartz saturation. e Scanning electron microscope

image of the titanite overgrowth on rutile of RT69. The box indicates

the position of high-resolution mapping in (f, g, h)
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titanite of *1/2.5, for example, the average contents of

2,000 lg/g Cr or 500 lg/g Nb in the synthetic rutile should

result in 800 lg/g Cr, respectively, 200 lg/g Nb in the new

titanite provided the spatial distribution of the trace ele-

ments in titanite is uniform. The latter values serve as

potential baseline composition in the discussion of trace

element heterogeneity of the titanite. In contrast to the

rutile source, the spatial distribution of Cr and Nb in the

titanite is very heterogeneous (Fig. 1) and in addition

contains small areas with high concentrations of Cr or Nb.

High-resolution element mapping by EMP showed no

indications for the presence of inclusions of Cr- (Fig. 1b, c)

or Nb-rich (Fig. 1f–h) phases.

The average Cr content of titanite including all analyses

is close to the theoretical value of *800 lg/g in runs

RT41, RT42 and RT51 but considerably lower in RT50

(Table 2). If values above 1,000 lg/g are excluded (cor-

responding to a 25 % overstep of the theoretical value), the

average values are *740 lg/g (RT42), *720 lg/g

(RT41), *650 lg/g (RT51) and *560 lg/g (RT50), about

*8 to *30 % lower than the theoretical Cr concentration.

Sequestration of Cr in the high Cr areas could be respon-

sible for the missing Cr and we assume that Cr from the

rutile is almost quantitatively included in the titanite.

The average Nb content (including analyses B250 lg/g

allowing for a maximum of 25 % overstep of the theoret-

ical Nb value of 200 lg/g) is *200 lg/g (RT49),

*190 lg/g (RT74) and *180 lg/g (RT69) corresponding

to B10 % lower values than the expected Nb concentration

(Table 2). The match of average and expected values
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appears to be excellent; however, in runs RT49 and RT74,

the 25 % overstep criterion excludes a significant number

of analyses, and among them a number of analyses that

exceed the Nb contents of the rutile source (Fig. 1d). The

run with the highest number of analyses (n = 143; RT69)

shows a rather robust Nb distribution: 100 analyses meet

the criterion\250 lg/g Nb and yield an average *180 lg/g.

If 32 analyses between 250 and 500 lg/g are included, the

average is *210 lg/g. Including 11 analyses [500 up to

6,900 lg/g (all 143 analyses) yields an average

of *400 lg/g, that is, \10 % ‘outliers’ nearly double the

average Nb if included in the calculation (Table 2). Com-

pared with RT69, the titanite analyses of RT74 show a

similar, in run RT49 a smaller range of Nb content. Sim-

ilarly as for Cr, we assume that Nb from the rutile is almost

quantitatively included in the titanite. A rigorous mass

balance of Cr and especially Nb in titanite is hampered by

(1) biased statistics of a small number of analyses and by

non-representative analyses in a single 2D section in

samples with heterogeneous zoning and (2) the sequestra-

tion of Cr and Nb in areas with extremely high contents.

A resolution of this problem would require more analyses

of different sections or bulk analyses of the titanite over-

growth. The key result that the distribution of Cr and Nb in

titanite is strongly variable on the lm scale is not affected

by the ambiguity in the mass balance calculations.

In experiments with natural rutile, average Nb contents

in titanite commonly scatter to values higher and lower

than the values expected from Nb contents of adjacent

rutile and average Nb concentrations in profiles vary by a

factor of up to 4 in the same run (RT20; Fig. 3). The

tendency that average Nb concentrations in titanite vary

systematically with the Nb concentrations in adjacent rutile

(Fig. 3) indicates local redistribution of Nb. Homogeniza-

tion of the Nb into the bulk fluid did not occur. The strong

variation of Nb in the rutile inhibits any mass balance

approach (Fig. 3).

Profiles of Cr and Nb contents perpendicular to the

contact rutile–titanite show no systematic zoning in titan-

ite. We have made the same observation for Al–Ti (-F)

contents in titanite (Lucassen et al. 2010b). Important

variables, which commonly contribute to compositional

zoning in minerals, such as P–T, the bulk composition of

the system and fO2 are fixed by the experimental setup and

the compositions of the element sources are uniform if

synthetic rutile is used. Starting materials remain present

throughout the experiment and indicate phase saturation.

The assemblage in the outer capsule dominates the com-

position of the bulk fluid and the latter should be near to

saturation as indicated by quench composition, transport

crystals of wollastonite, corundum, quartz by dissolution–

precipitation. Differences between the runs such as the

saturation of SiO2 or Al2O3 or presence of F result in

variable Ca–Si–Al proportions in the bulk fluid, which

obviously influence the maximum substitution of Al for Ti

in the titanite (Fig. 1a, d; Lucassen et al. 2010b), but the

patchy zoning of the trace elements (and of Al) persists.

Major element variability in titanite influences the bond

length and site volume. The volume of both the octahedral

site and viiCa decreases linearly with increasing Al sub-

stitution for Ti (Oberti et al. 1991). Therefore, trace ele-

ment distribution might be controlled by changing crystal

lattice parameters. Substitution in the experimentally

formed titanite of Al3?, Cr3? and Nb5? restricts to the
viTi4? site; the viiCa2? site could be substituted by Na?, but

Na was never detected. However, the absence of correla-

tions of Cr or Nb with Al precludes a control of trace

element distribution by change of crystal lattice parameters

during substitution of Ti by Al. Furthermore, small-scale

(\10 lm considering distances of spot analyses) hetero-

geneity of trace element contents occurs also in titanite

without Al.

We conclude that the compositional variability of Nb

and Cr must have been caused by variable availability of

Table 2 Result of mass balance, calculated values of lg/g trace element content in titanite from point analyses, assuming closed system

conditions

Run

#

Rutile starting

material

Titanite theoretical

value Cr

Number of all

analyses (n)

Average All analyses

included (lg/g)

(n) analyses

B1,000 (lg/g)

Average

(lg/g)

Average

(lg/g)

RT41 2,000 lg/g Cr 800 (lg/g) 93 800 83 720

RT42 75 850 60 740

RT50 49 650 43 560

RT51 51 770 45 650

Theoretical value Nb B250 (lg/g) B500 (lg/g)

RT49 500 lg/g Nb 200 (lg/g) 71 370 25 200 58 280

RT69 143 400 100 180 132 210

RT74 48 990 9 190 27 300
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the respective elements at the spot of titanite growth. The

availability of these elements is controlled by transport

from the rutile crystal within the titanite rim, whereas Ca

and Si (and Al) are delivered by the bulk fluid (see Fig. 4).

Effects of solid-state diffusion for large cations in titanite at

600 �C and the given time scale are negligible (Cherniak

2006). Our experimental study of dissolution patterns on

rutile beneath evolving titanite overgrowth (Lucassen et al.

2012) demonstrated that (1) the access to the Ti (Nb, Cr)

source is canalized along titanite–titanite grain boundaries

through the titanite rim; (2) titanite crystals grow by grain

boundary migration and therefore the spatial configuration

of transport paths changes during the runs. Sites of titanite

growth are the crystal interfaces and the bulk fluid–titanite

interface (Fig. 4). The importance of local element trans-

port from the rutile along grain boundaries is corroborated

by the correlation of Nb concentration in titanite with

variable Nb concentrations in their substrate, the zoned

natural rutile (Fig. 3). The irregular compositional zoning

in the titanite precludes a systematic transport gradient of

Nb, Cr, Ti and Al, for example, related to the distance to

the rutile or bulk fluid. The driving mechanism behind the

build-up of different element concentrations and growth of

compositionally different domains in the crystals is not

understood, but obviously bound to the specific spatial

relations of the element sources and restricted access via

grain boundaries.

Relevance for natural rutile–titanite assemblages

Trace element contents of titanite overgrowths on rutile

and vein-grown large single-crystal titanite without rela-

tions to precursor rutile in a retrogressed eclogite was

studied in detail (Lucassen et al. 2010a, 2011). The retro-

grade titanite growth occurred at amphibolite facies tem-

peratures and formed a complete overgrowth on rutile,

which was consumed to different extent by titanite. Natural

and experimental titanite on rutile show similar elemental

zoning (Lucassen et al 2010b, 2011) and dissolution pattern

on the rutile surface (Lucassen et al. 2012). Element

transport paths (Fig. 4) in the natural titanite overgrowth

were similar as those in the experiments according to the

dissolution patterns on the rutile (Lucassen et al. 2012). In

this sample, the scatter of Nb contents (from *40 to

*180 lg/g; Fig. 5a) and other HFSE elements in titanite

on rutile is considerable and shows no systematic distri-

bution. Variable Al and HFSE contents are not correlated,

and Al zoning in the titanite is irregular. In contrast, the

large single-crystal titanite in a vein has lower and uniform

HFSE contents, analysed in a core-rim profile (Fig. 5a),

and the spatial distribution of variations of the HFSE

concentrations appears to be related to changes in the

composition of the vein fluid. The composition of the vein

fluid represents a larger rock volume, whereas Nb (also Ta

and W; Lucassen et al. 2011) in the titanite overgrowths

comes from the rutile precursor and is likely distributed by

elemental transport along titanite grain boundaries. Inter-

estingly, strongly variable concentrations of other trace

elements (e.g., Sr, U, Pb, REE) that are brought from an

external source via fluid to the titanite show a good to fairly

Fig. 4 Typical pattern of titanite overgrowth on rutile and transport

paths for elements from the rutile source. a Photomicrograph in

reflected light; 2D section of run RT42. The originally polished rutile

surface was reshaped by titanite growth. Rutile dissolution occurs

preferentially beneath grain boundaries of titanite; the zig-zag pattern

of the rutile surface beneath the titanite reflects former growth stages

of the titanite. b Scheme of titanite growth with transport pathways.

Cr–Nb–Ti are transported from the rutile to the titanite–bulk fluid

interface. The patchy Al zoning requires a boundary layer between

titanite and bulk fluid; the compositions of boundary layer and bulk

fluid are different. c Dissolution of rutile, titanite growth, grain

boundary migration and element transport in both directions on the

grain boundary occur concomitantly
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good positive correlation with the Al contents of titanite

(Fig. 5b). This means that the composition of the

Al-bearing fluid is fairly constant and likely buffered by the

mineral assemblage of the rock, but the amount of Ti (and

related trace elements) incorporated in the titanite is con-

trolled locally by the transport growth mechanism in and

around the titanite.

We conclude from observation of the experimentally

and natural titanite overgrowth on rutile that the compo-

sitional zoning is due to the availability of elements at the

site of growth in the titanite. This is strongly influenced by

the extent of elemental transport within the titanite rim

between the inner (rutile) source and the outer source (fluid

from the rock matrix in nature or bulk fluid in our exper-

iments). Such zoning allows no direct clues, for example,

on changes of P–T or on the possibly changing composi-

tion of open systems.
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