
Intra-grain variability of hydrogen and trace elements in rutile

Mona Lueder a,*, Jörg Hermann a, Renée Tamblyn a, Daniela Rubatto a,b, Pierre Lanari a,b,  
Thorsten Andreas Markmann a

a Institute of Geological Sciences, University of Bern, Baltzerstrasse 1+3, CH-3012 Bern, Switzerland
b Institute of Earth Sciences, University of Lausanne, Géopolis, Quartier Mouline, 1015 Lausanne, Switzerland
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A B S T R A C T

Rutile is a commonly used petrogenetic indicator mineral to determine metamorphic temperatures, ages, host− / 
source lithologies, geochemical reservoirs, and subduction conditions. However, intra grain variabilities of trace 
elements in rutile are rarely considered. We performed trace element and hydrogen mapping of rutile to assess 
zoning and diffusion in natural rutile from various lithologies. Trace element and hydrogen show distinct zoning 
patterns, with mostly regular zoning in rutile from pegmatites and low-T hydrothermal clefts, and typically 
irregular zoning in rutile from high-P veins and metamorphic rocks. Whereas no clear patterns of trace element 
correlations can be identified, hydrogen, tri-, tetra- and pentavalent cations can show the same zoning patterns 
within single rutile grains, despite different substitution mechanisms. This indicates that hydrogen and trace 
element incorporation is externally controlled by availability and diffusivity of hydrogen and trace elements 
within the rock matrix, as well as rutile growth rates. H2O mapping reveals that hydrogen is retained in rutile at 
temperatures of up to ~650 ◦C. Coupled substitution of hydrogen with divalent and trivalent cations requires 
coupled diffusion processes for charge balance if hydrogen is diffusively re-equilibrated. Slow diffusion rates and 
thus relatively high temperatures for diffusive closure in rutile lead to retention of primary hydrogen and trace 
element zoning. At high-T conditions of >650 ◦C, diffusive re-equilibration of all trace elements can be observed. 
Complex zoning patterns of Zr in rutile show that Zr incorporation into rutile is not purely temperature 
dependent. In this study, Zr-undersaturation can lead to inaccurate Zr-in-rutile temperatures of up to ~35 ◦C 
difference from peak formation temperatures within single rutile grains and might be a useful tool to evaluate 
rutile growth conditions. Niobium and Ta are highly zoned in rutile, leading to extremely variable Nb/Ta ratios 
within single rutile grains that cannot be reconstructed from single spot analyses. Overall, mapping offers a novel 
and promising tool to understanding trace element behavior in rutile.

1. Introduction

Rutile is one of the most common accessory minerals in high-grade 
metamorphic rocks and can also occur in eclogite facies quartz-veins, 
as needles in fissures, and as cm-sized grains in some pegmatites 
(Meinhold, 2010, and references therein). Rutile geochemistry is largely 
host-rock dependent and has multiple applications as petrogenetic in-
dicator. Rutile is a main host of high field strength elements (HFSE), 
such as Nb and Ta, allowing for Nb/Ta ratios to be used to identify 
geochemical reservoirs (e.g., Foley et al., 2000; Rudnick et al., 2000; 
Stepanov and Hermann, 2013). Additionally, Nb and Cr contents allow 
the differentiation of mafic and felsic rutile (Zack et al., 2004b; Mein-
hold et al., 2008), with negative log(Cr)/log(Nb) ratios and Nb contents 
above 800 μg/g being diagnostic of felsic rutile. This allows for the 

identification of source lithologies of detrital rutile and can be applied to 
vein-related rutile to identify fluid sources. The chondritic Nb/Ta ratio 
lies at about 17.5 (McDonough and Sun, 1995), but most geochemical 
reservoirs and lithologies have been found to display variable sub-
chondritic values between 8 and 14 for continental crust (Barth et al., 
2000), ~14 for mid ocean ridge basalt (MORB; Münker et al., 2003), 
~11–16 for the depleted mantle (DM; Jochum et al., 2000), and ~ 16 for 
ocean island basalt (OIB; Pfänder et al., 2007). It has been suggested that 
fluid-rock interaction processes in rutile-bearing rocks are able to frac-
tionate Nb and Ta to a significant degree (Huang et al., 2012).

Rutile is also used as temperature indicator in igneous and meta-
morphic rocks. The temperature dependence of Zr incorporation into 
rutile has first been shown by Zack et al. (2004a), and a pressure 
dependence has further been shown by Tomkins et al. (2007). The 
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thermometer is based on the exchange of Zr, Si, and Ti between rutile, 
quartz and zircon, and thus requires rutile to be in equilibrium with 
zircon and quartz within the sample. Rutile can contain significant 
amounts of U (10s to 100 s μg/g), which allows for the application of 
U–Pb geochronology (e.g., Mezger et al., 1989; Kooijman et al., 2010; 
Zack et al., 2011; Schmitt and Zack, 2012; Bracciali et al., 2013; Xia 
et al., 2013; Zack and Kooijman, 2017; Hou et al., 2020; Jenkins et al., 
2023). However, mafic rutile often has rather low U contents (<5 μg/g), 
making U–Pb geochronology challenging. Therefore, it may be useful to 
establish a mapping-based method to identify domains of elevated U in 
rutile, to improve the success rates of rutile U–Pb geochronology.

The incorporation of trace elements into rutile depends on their ionic 
charge and ionic radius of the substituted cation (e.g., Meinhold, 2010). 
The incorporation mechanism is mainly dependent on the ionic charge. 
Tetravalent cations can be substituted directly for Ti4+ (e.g., 
Ti4+→Zr4+), whereas the incorporation of di- tri-, penta-, and hexavalent 
cations requires coupled substitution to maintain charge balance (e.g., 
Graham et al., 1973; Tollo and Haggerty, 1987; Urban et al., 1992; Rice 
et al., 1998; Scott, 2005; Carruzzo et al., 2006; Meinhold, 2010). 
Trivalent cations can be charge balanced by pentavalent cations (e.g., 
2 Ti4+→Fe3+ + Nb5+). Similarly, divalent and hexavalent cations can 
charge balance each other. Alternatively, two pentavalent cations are 
required for the charge balance of one divalent cation (e.g., 3 Ti4+→ 
Mg2+ + 2 Nb5+) and two trivalent cations can charge balance one hex-
avalent cation (e.g., 3 Ti4+→2 Fe3+ + W6+). Di- and trivalent cations can 
also be charge balanced by the formation of oxygen vacancies (e.g., 
Bromiley et al., 2004). Two trivalent cations can be substituted for two 
Ti4+ cations, if an oxygen vacancy is formed (e.g., Ti4+2 O4→Fe3+

2 O3). 
Similarly, a Ti4+ cation can be replaced by one divalent cation along side 
the formation of an oxygen vacancy (e.g. Ti4+O2→Mg2+O). Additionally, 
rutile can incorporate up to several 1000 μg/g H2O as H+-defect linked 
to di- and trivalent cations, such as Ti3+, Fe3+, Al3+, Mg2+, Fe2+, and 
Cr2+ (e.g., Johnson et al., 1968; Hammer and Beran, 1991; Zhang et al., 
2001; Bromiley and Hilairet, 2005; Lueder et al., 2023). A trivalent 
cation is substituted for Ti4+, creating a charge deficit that can be 
balanced by the incorporation of H+ onto an interstitial site (e.g., 
Ti4+O2→Fe3+H+O2). Fourier transform infrared spectroscopy (FTIR) 
mapping has been used to show that H2O contents in rutile can be zoned 
and it has been suggested that H+ zoning is dependent on inhomoge-
neous incorporation of trace elements to which H+ is coupled (Lueder 
et al., 2024). In order to assess these possible substitution mechanisms, it 
is necessary to have combined measurements of H2O and trace elements 
in rutile and to know their spatial distribution.

In all of the above mentioned applications of rutile geochemistry, 
intra grain variabilities of trace element contents in rutile are generally 
not assessed, with homogeneity often being implicitly assumed. How-
ever, it has been shown that core-rim zoning of Zr, Nb and Ta in rutile (e. 
g., Huang et al., 2012; Kooijman et al., 2012; Kohn et al., 2016; Mark-
mann et al., 2024), zoning of Zr related to deformation features 
(Verberne et al., 2022), and irregular trace element zoning in rutile 
associated with mineralizations (e.g., Sciuba and Beaudoin, 2021) can 
occur. Still, systematic studies of intra grain variability of trace elements 
in rutile are missing.

In this study, we investigate intra grain variabilities of trace elements 
and H+ in rutile in different lithologies. Mapping of rutile was carried 
out by laser ablation inductively coupled plasma mass-spectrometry 
(LA–ICP–MS) and Fourier transform infrared spectroscopy (FTIR). The 
results reveal trace element zoning patterns and compositions that can 
be used to infer fluid composition and fluid sources during rutile growth. 
Further, we evaluate implications of Zr zoning for Zr-in-rutile ther-
mometry. We compare Nb–Ta contents and Nb/Ta ratios from 
LA–ICP–MS maps with extracted spot data, to discuss the potential 
applicability of Nb-Ta-mapping to investigate Ta fractionation in (fluid 
rich) pegmatites and metamorphic rocks. Lastly, we assess the correla-
tion between trace elements and H+ in rutile and its possible significance 

for trace-element coupling in rutile, as well as coupled diffusion of H+

with other trace elements and the implications for H+ retentivity.

2. Materials and methods

2.1. Samples

We investigated nine samples, from high-pressure metamorphic 
conditions, hydrothermal cleft environments, and pegmatites (Table 1). 
The hydrothermal sample A7653 is an elongated, light brown single 
rutile grain of ~2 × 0.5 × 0.5 cm with prominent ilmenite needles from 
Faulhorn, Swiss Central Alps (Fig. 1a). Sample A5732 is a columnar ~1 
cm long, dark-brown rutile grain from a pegmatite from Iragna, Swiss 
Central Alps (Fig. 1b). The second pegmatitic sample SFJ comes from a 
Brazilian pegmatite with unknown locality, is elongated and ~ 2 cm 
long, with one pronounced twin, and reddish-brown color (Fig. 1c).

Metamorphic and vein-related samples include rutile from different 
localities in the European Alps. Two rutile samples from eclogite lenses 
within micaschist and paragneiss from Monte Mucrone, Sesia Zone, 
Western Alps were selected. The eclogites have a mineral assemblage of 
omphacite, garnet, Na-amphibole, and white mica and record peak 
metamorphic conditions of 1.8 ± 0.1 GPa and 550 ± 50 ◦C (Regis et al., 
2014; Vho et al., 2020). The selected rutile samples M-Q1 (Fig. 1d) and 
M-E2 (Fig. 1e) are single, dark-brown grains from quartz veins within 
the host-eclogite lenses with grain sizes of ~2.5 × 5 mm and ~ 1.5 × 2.5 
mm, respectively. Both samples show ilmenite lamellae.

Two metapelitic amphibolite facies samples from Alpe Senevedo 
Superiore, Val Malenco, Eastern Central Alps were selected. The samples 
record peak metamorphic conditions of 1.0 ± 0.3 GPa and 475 ± 25 ◦C 
(Bissig and Hermann, 1999). Sample AS19–1 has a mineral assemblage 
of garnet, phengite, and quartz, with quartz occurring both within the 
matrix and as quartz-layers. Rutile has a reddish-brown color and occurs 
in the matrix as ~200 μm grains and within the quartz-layer as cm-sized 
grains showing ilmenite exsolution needles (Fig. 1f). Sample AS19–3 
contains a mineral assemblage of garnet, phengite, quartz, chlorite, and 
green amphibole. Phengite, chlorite and amphibole form a pronounced 
foliation around larger garnet grains. The mapped rutile grain was from 
within a quartz lens together with other mm-sized rutile grains (Fig. 1g). 
It has a size of ~3 × 2 mm and contains inclusions of matrix minerals.

Two samples from Pfulwe, Zermatt-Saas-Zone, Western Alps were 
collected from a metamorphic Fe-Ti-gabbro with peak metamorphic 
conditions of 2.1 ± 3.0 GPa and 550–600 ◦C (Bucher et al., 2005). 
Sample PF18–14 has a matrix assemblage of chloritoid, omphacite, 
paragonite, strongly resorbed glaucophane, and small amounts of quartz 
with inclusion-rich garnet phenocrysts that are rimmed by retrograde 
amphibole. Rutile occurs as pseudomorph after ilmenite in an aggregate 
of >100 grains of 100–800 μm size (Fig. 1i). Individual rutile grains 
contain ilmenite needles and often show dark, blueish-brown cores with 
light brown rims. Sample PF21–02 is a ~ 2 cm sized rutile grain from a 
quartz vein within the metagabbro (Fig. 1h). It is dark brown in color 
and has prominent ilmenite exsolutions.

One metapelite sample (VS23) from Val Strona, Ivrea-Zone, Southern 
Alps, was collected as loose block within a river. The sample records 
peak metamorphic conditions of 0.7 ± 0.1 GPa and 900 ± 50 ◦C (Ewing 
et al., 2013) and has a mineral assemblage of garnet, sillimanite, quartz, 
and minor plagioclase. Rutile occurs as dark brown grains of ~30–700 
μm with pronounced ilmenite rims.

2.2. Sample preparation

The rutile vein samples and whole rock samples from Pfulwe 
(PF18–14) and Alpe Senevedo Superiore (AS19–3) were prepared as 
double polished thick sections of 100–120 μm thickness, polished with 
diamond paste to a grade of 3 μm. The vein-related sample from Pfulwe 
(PF21–02) and the hydrothermal sample (A7653) were prepared as 
oriented grains. The grains are elongated along their crystallographic c- 
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axis, allowing orientation according to this morphological character-
istic. The samples were then cut approximately perpendicular to the 
crystallographic c-axis. Sample PF21–02 was additionally cut parallel to 
the c-axis. The resulting cross-sections, as well as the pegmatitic (A5732, 
SFJ) and single grain samples from Monte Mucrone (M-E2, M-Q1) were 
mounted in 2.5 cm-round epoxy mounts and doubly polished to 
~100–250 μm thickness. Sample thickness was determined using a 
vertically mounted mechanical Mitutoyo ID-S112X micrometer with a 
precision of ±3 μm after the samples were removed from their glass 
plates and the epoxy was dissolved by leaving them in acetone for 
~8–48 h. Samples were re-glued on glass plates for LA–ICP–MS 
measurements.

2.3. FTIR

Transmission Fourier Transform Infrared Spectroscopy (FTIR) was 
performed at the University of Bern using a Bruker Tensor II spec-
trometer with a globar infrared source equipped with a Bruker Hyperion 
3000 microscope. High-resolution maps were collected using a focal 
plane array (FPA) detector, composed of 64 × 64 liquid nitrogen cooled 

mercury‑cadmium-telluride (MCT) elements on a square array. Data 
were acquired over a wavenumber range of 900–3800 cm− 1 with a 
resolution of 8 cm− 1, 64 scans, and a binning of 2, resulting in a spatial 
resolution of ~5.4 × 5.4 μm. Samples SFJ and AS19–3 were additionally 
mapped with a resolution of 25 μm following the mapping procedure 
described in Lueder et al. (2023), due to the large grain size and inter-
ference effects in FPA-FTIR measurements. The closed sample chamber 
was purged with nitrogen gas or dried air during measurements to 
minimize interference from atmospheric water. Single grain samples 
were analyzed on CaF2 plates that are transparent in the measured IR- 
range. Samples were measured polarized with the electric vector (E) 
parallel to the crystallographic a-axis by rotating the polarisor until the 
measured spectrum reaches its maximum absorbance (Lueder et al., 
2023). Using the OPUS © software provided by Bruker, maps were 
corrected for interference of atmospheric H2O and CO2, as well as 
baseline corrected using the ‘concave rubberband’ method with four 
iterations and 64 baseline points. Evaluations of FTIR maps was per-
formed using the software SpecXY (Gies et al., 2024). The SpecMaps 
module allows the exclusion of fractures, mineral inclusions and sur-
rounding phases. Individual trace-element related OH-band positions 

Table 1 
Sample localities, mineral assemblages, lithologies, peak metamorphic P-T-conditions, and calculated maximum Zr-in-rutile temperatures (T[Zr]). References: [1] 
Bucher et al. (2005), [2] Bissig and Hermann (1999), [3] Ewing et al. (2013), [4] Regis et al. (2014). Mineral abbreviations after Warr (2021).

Locality Sample 
name

Lithology and mineral assemblage Grain size 
(mm)

Metamorphic P-T T[Zr] 

(◦C)

Western 
Alps

Monte Mucrone 45◦37′48” N 
7◦56′31″ E

M-Q1 Qz-vein in eclogite Omp, Grt, Amp, Mca ~2.5 × 5 1.8 ± 0.1 GPa, 550 ±
50 ◦C [4]

557 ± 1

45◦37′48” N 
7◦56′31″ E M-E2 ~1.5 × 2.5 555 ± 3

Pfulwe

46◦00′59” N 
7◦50′53″ E PF18–14 Fe-Ti-metagabbro

Grt, Omp, Pg, Gln, 
Cld, Qz, ± Zrc, ± Ap ~0.1–0.8 2.1 ± 0.3 GPa, 575 ±

25 ◦C [1]

495 ± 5

46◦00′48” N 
7◦50′23″ E PF21–02 Qz-vein in metagabbro Qz, Rt ~20 × 7 517 ± 1

Ivrea
45◦55′56” N 
8◦15′39″ E (river 
sample)

VS23 Metapelite
Grt, Sil, Qz, ±Pl, ±
Zrc, ±Rt, ± Ilm ~0.3 × 0.7

0.7 ± 0.1 GPa, 900 ±
50 ◦C [3]

1090 ±
13

Central 
Alps

Faulhorn A7653 Hydrothermal ~20 × 5 495 ± 1

Iragna A5732 Pegmatite ~10 × 2
0.7 ± 0.1 GPa, 650 ±
50 ◦C 592 ± 2

Alpe Senevedo 
Superiore

loose block AS19–1
Qz-lense in amphibolite 
facies metapelite

Grt, Qz, Mca, Rt, ±
Ap, ± Zrc

~3 × 7
1.0 ± 0.3 GPa, 475 ±
25 ◦C [2]

484 ± 5

loose block AS19–3 Grt, Qz, Mca, Chl, 
Amp, Rt, ± Ap, ± Zrc

~5 × 20 490 ± 2

Brazil (bought at a gem show) SFJ Pegmatite ~5 × 5 496 ± 3

Fig. 1. Photomicrographs of double polished rutile grains and thick sections. Pink boxes show areas of LA–ICP–MS trace element maps, orange boxes show FTIR H2O 
mapping areas. Blue circles indicate points for random sampling of Nb and Ta contents. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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were identified by peak deconvolution of fixed width and fixed position 
Lorentzian peaks in the OH-region. Quantification of total- and trace- 
element related H2O contents is done using a modified Beer-Lambert 
Law from maximum polarized spectra (Lueder et al., 2023).

2.4. LA–ICP–MS

LA–ICP–MS mapping was performed at the University of Bern using a 
Resonectics RESOlution SE 193 nm excimer laser system equipped with 
a S-155 large volume constant geometry ablation cell (Laurin Technic, 
Australia) coupled to an Agilent 7900 quadrupole ICP-MS system. 
Ablation was performed in an ultra-pure He (0.7 l min− 1) and N2 (0.003 
l min− 1) mix with Ar (0.86 l min− 1) immediately after the ablation cell. 
A surface energy density on the sample of 7 J/cm2 and a laser repetition 
rate of 10 Hz were used. For this, line scans with a scan speed of ~2/3 of 
the spot size per second was used, to generate overlapping spots, and 
thus a high spatial resolution (Markmann et al., 2024). Spot sizes of 
12–38 μm were chosen, depending on the size of the map area, resulting 
in a special resolution of ~20 μm. A suite of 26 elements was measured. 
Primary- (SRM-NIST610, Jochum et al., 2011) and secondary standard 
(SRM-NIST612, Jochum et al., 2011) were measured approximately 

every 15–25 min. Data reduction was performed using the software 
XMapTools (Lanari and Piccoli, 2020; Markmann et al., 2024). A step 
function was fitted to the standard measurements to correct for instru-
ment drift, and backgrounds were subtracted from all measurements. All 
samples were quantified using a fixed value of 59.94 wt% Ti. To 
correlate H2O- and trace-element maps, H2O maps were exported from 
SpecXY and superimposed on LA–ICP–MS trace-element maps using the 
StackMaps module in XMapTools 3.4.1 (Reynes et al., 2020).

3. Results

All investigated rutile grains show trace element zoning. Zoned trace 
elements and zoning patterns vary strongly between samples and 
geological settings. Trace elements that show zoning in this study are: 
Al, Sc, V, Cr, Fe, Zr, Nb, Mo, Sn, Sb, Ta, W, and U. Selected, represen-
tative trace element maps are shown in Figs. 2, 3, 4 and 5; all additional 
trace element maps can be found in Supplementary material A. Addi-
tionally, all analyzed samples are inhomogeneous in both total- and 
trace-element related H2O contents, with the exception of sample M-E2 
which shows homogenous H2O contents.

Fig. 2. Selected trace element and H2O maps of pegmatitic samples A5732 (a-f) and SFJ (g-l) for V (a, g), Fe (b, h), Zr (c, i), Nb (d, j), Ta (e, k), and H2O (f, l). Total 
H2O maps are calculated from individual trace element related H2O maps from quantification of deconvolution results. Map areas shown in Fig. 1a and b. The pink 
rectangle in (f) shows the location of the trace element map of sample A5732. Trace element and H2O map locations for sample SFJ are nearly identical. Additional 
trace element maps can be found in Supplementary Material A1 and A2. Trace element related H2O maps can be found in supplementary material B1 and B2. White 
areas in a)-e) and g)-k) are above the maximum value of the color bar. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)
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3.1. Pegmatitic rutile

Trace elements in sample A5732 can be divided into two groups 
based on zoning patterns (Supplementary material A1). (i) Fe (Fig. 2b) 
and Al show two regions of relatively homogeneous trace-element 
contents. Additionally, needle-like striations can be seen that are 
either high in Fe and low in Al or low in Fe and high in Al. (ii) Vanadium 
(Fig. 2a), Zr (Fig. 2c), Sc, Cr, Mo, and Sn show a slight compositional 
gradient, with Sc and V being inversely correlated to Cr, Zr, Mo, and Sn. 
Niobium (Fig. 2d), Ta (Fig. 2e), W, and U also show a general gradient, 
with additionally oscillatory (20–50 μm scale) and/or sector zoning. 
This is most pronounced for Ta and least pronounced for W. Niobium, 
Ta, and W also show sector zoning whereby the element composition 
changes across sectors, but the oscillatory zoning continues across the 
sector boundary.

Sample A5732 is zoned in total (Fig. 2f) and trace-element related 
(Supplementary material B1) H2O contents. The H2O zoning does not 
show the sector zoning or oscillatory zoning observed in most trace el-
ements. Instead, H2O contents show some of the features observed for Al 
and Fe. The Ti3+- and Fe3+-related H2O contents are approximately the 
same, whereas Al3+-related H2O contents are half compared to the other 
trace-element related H2O contents. The H2O distribution also displays 
needle-like features, which however do not correspond to those of the 

trace elements.
Sample SFJ shows prominent sector-like zoning in all measured trace 

elements (Supplementary material A2). Five main sectors can be iden-
tified with generally sharp boundaries between sectors and clear vari-
ations in trace element contents (e.g. V, Fe, Zr, Nb and Ta in Fig. 2g-k).

Sample SFJ shows sector zoning in Ti3+-related, Fe3+-related (Sup-
plementary material B2), and total H2O (Fig. 2l) content similar to the 
trace elements. Total H2O contents are fairly homogeneous within the 
individual sectors at ~250–550 μg/g. Trace-element related H2O con-
tents follow the same pattern with ~75–325 μg/g Ti3+-related H2O and 
~ 140–300 μg/g Fe3+-related H2O. Thus, Fe3+-related H2O contents 
vary more strongly between sectors than Ti3+-related H2O. The mapping 
areas for trace elements and H2O contents of sample SFJ are very similar 
(Fig. 1b, 2g-l) and the observed sectors are visually comparable.

3.2. Hydrothermal cleft rutile

In sample A7653, two different types of zoning are observed on 
different scales. All trace elements show sector zoning at scale of 100 s of 
μm (Supplementary material A3). Within each sector, all trace elements 
show an additional oscillatory zoning where each oscillation is 
approximately 20–100 μm wide. On the oscillatory zoning scale, two 
groups of trace elements can be seen. Group I is comprised of Cr 

Fig. 3. Selected trace element maps and total- and trace element related H2O maps for hydrothermal sample A7653. Trace element maps for Cr (a), Fe (b), Zr (c), Nb 
(d), and Ta (e). Total H2O contents (f) are calculated from deconvolution results for H+ related to Ti3+ (g), Fe3+ (h), V3+ (i), and Al3+ (j). Map areas are shown in 
Fig. 1c. The trace element map area is shown as pink square in (f). Additional trace element maps can be found in Supplementary Material A3. White areas in a)-e) are 
above the maximum value of the color bar. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Selected trace element maps for vein related samples M-E2 (a-d), M-Q1 (e-h), AS19–1 (i-l), AS19–3 (m-p), and PF21–02 (q-t), as well as total and trace 
element related H2O maps for sample AS19–3 (t-v). Total H2O contents (u) are calculated from deconvolution results for H+ related to Ti3+ (v) and Fe3+ (w). Map 
areas show in Fig. 1d-h. The pink rectangle in (u) shows the trace element mapping are for sample AS19–3. Additional trace element maps can be found in Sup-
plementary Material A4, A5, A6, A7 and A8. White areas in a)-t) are above the maximum value of the color bar. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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(Fig. 3a), Zr (Fig. 3c), Sc, Sn, and U, which are correlated to each other. 
Group II is comprised of Fe (Fig. 3b), Nb (Fig. 3d), Ta (Fig. 3e), Al, V and 
Sb. The two groups are anti-correlated to each other.

The hydrothermal cleft sample A7653 also shows sector zoning 
similar to that observed for the trace elements. Total H2O contents vary 
between ~50–1100 μg/g (Fig. 3f). Zoning for Ti3+- and Fe3+-related 
H2O (Fig. 3g, h) follows the same pattern as the total H2O content with 
Ti3+-related H2O of ~20–300 μg/g and Fe3+-related H2O of ~50–600 
μg/g. Generally, Fe3+-related H2O contents are approximately twice as 

high as Ti3+-related H2O contents. The Al3+-related H2O content varies 
between ~0–120 μg/g and is anti-correlated with Ti3+-and Fe3+-related 
H2O contents (Fig. 3j). The V3+-related H2O content does not show 
sector zoning (Fig. 3i), but a general core-rim zoning with ~250 μg/g 
within the core and decreasing H2O content towards the rim at <50 μg/g 
H2O.

Fig. 5. Selected trace element maps and total- and trace element related H2O maps for metamorphic samples PF18–14 (a-k) and VS23 (l-q). Trace element maps for 
sample PF18–14 for Cr (a), Fe (b), Zr (c), Nb (d), Sn (e), Ta (f), U (g); for VS23 for Cr (l), Fe (m), Zr (n), Ta (o), and U (p). Total H2O contents (h, q) are calculated from 
deconvolution results for H+. H+ contents related to Ti3+ (i), Fe3+ (j), and Fe2+ (k are shown for sample PF18–14). Map areas show in Fig. 1i and j. Trace element and 
H2O maps of both samples are nearly identical. Additional trace element maps can be found in Supplementary Material A9 and A10. White areas in a)-g) and l)-p) are 
above the maximum value of the color bar.
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3.3. Vein-related rutile in metamorphic rocks

Sample M-Q1 shows a patchy texture of high Fe (Fig. 4f) and Al 
contents towards the rim. Zirconium (Fig. 4g), Ta (Fig. 4h), Sc, Nb and 
Sb decrease from core to rim, whereas V content increases towards the 
rim. Mo, Sn and U are homogeneous (Supplementary material A4). 
Niobium and Ta show oscillatory zoning with a general increase towards 
the rim. Chromium (Fig. 4e) also shows oscillatory zoning but with no 
increasing nor decreasing trends from core to rim.

Sample M-E2 is homogeneous in all trace elements but Ta (e.g., Zr 
Fig. 4b, Nb, Fig. 4c; Supplementary material A5). Ta shows pronounced 
sector zoning with internally homogeneous sectors of ~35 μg/g, ~45 
μg/g, and ~ 50 μg/g Ta (Fig. 4d). A patchy texture with areas of high Fe 
(4a) and Al contents is also observed.

The rutile grain in sample AS19–1 is characterized by an anhedral 
shape with irregular contours and embayments. It is mostly homoge-
neous in Al, Mo, Sb, and U (Supplementary material A6), whereas all 
other trace elements show clear differences between the core and the 
irregular and patchy zoned rim. Core and rim zones are not concentric 
and multiple finger-like features can be observed going from the rim- 
zone into the core-zone. Iron (Fig. 4j), Zr (Fig. 4k), and Sn are higher 
in the core than at the rim, whereas Cr (Fig. 4i), Ta (Fig. 4l) V, and Nb are 
higher at the rim. The boundary between core and rim are sharp in Sc, 
Cr, Zr, Nb, and Ta, and less pronounced in V, Fe, and Sn.

Trace element zoning in rutile from sample AS19–3 is complex 
(Supplementary material A7). Aluminum, Fe, Mo, Sb, and U are rela-
tively homogeneous, with some needle-like features with very high Fe 
contents >10,000 μg/g, related to ilmenite exsolutions. Zirconium 
(Fig. 4o), Nb (Fig. 4p) and Ta show correlating growth zones with 
generally higher contents in the grain center and relatively lower con-
tents towards the mantle and rim. Niobium and Ta show one mantle 
zone with highest contents, whereas Zr significantly decreases within 
that zone before increasing again in the outer most rim. Chromium 
(Fig. 4n) and Sn show oscillatory zoning on a scale of ~50–100 μm, with 
a general anti-correlation between Cr and Sn. Vanadium (Fig. 4m) shows 
some of the zones observed for Cr, Zr, Nb (Fig. 4p), and Ta, which are, 
however, not as sharply defined. Sample AS19–3 has complex zoning in 
total- and trace element dependent H2O content, which does not follow 
the zoning of most trace elements but is broader and more patchy. 
Generally, different growth zones can be observed (Fig. 4u), with low 
total H2O contents of ~150–250 μg/g and high H2O contents of 
~500–650 μg/g. This zoning pattern is similar to the zoning observed 
for Cr. It can also be seen that H2O contents increase in the mantle, 
before decreasing towards the outermost rim. In the inner mantle, close 
to an inclusion of white mica, total H2O contents are ~400 μg/g. They 
increase towards the outer mantle at ~650 μg/g and decrease again to 
~350 μg/g at the rim. The Ti3+- and Fe3+-related H2O contents follow 
the same trend as the total H2O content (Fig. 4v, w) with lower Ti3+- and 
Fe3+-related H2O in the center than towards the rim and the highest H2O 
content being related to the Ti3+-defect.

Sample PF21–02 shows a general core-rim zoning parallel to the 
crystallographic c-axis (Supplementary material A8). Iron (Fig. 4q) and 
V are homogeneous; Sc, Cr, and U increase towards the rim; Zr (Fig. 4r), 
Ta (Fig. 4s), W (Fig. 4t), Al, Nb, Mo, Sn and Sb decrease towards the rim. 
Chromium, Nb, Ta and W show a sharp boundary between low and high 
contents, whereas Mo, Sn, and Sb show a less clear boundary, and Al, Sc, 
Zr and U show a rather continuous gradient. One vein-like feature of low 
Zr, Sn and W contents within the core zone can be observed. Niobium 
and Ta show an additional patchy zoning within the core zone. Needle- 
like features with high Fe and V contents are related to ilmenite exso-
lutions: the needles show clear preferred orientations, with two groups 
of needles oriented ~60◦ towards each other and ~ 60◦ off the crys-
tallographic c-axis.

3.4. Metamorphic rutile

Trace elements in the rutile aggregate of sample PF18–14 (eclogitic 
Fe-Ti-metagabbro) can be classified into three groups with different 
zoning patterns (Supplementary material A9). (i) Chromium (Fig. 5a), 
Nb (Fig. 5d), and Ta (Fig. 5f) show patchy, irregular zoning with no 
apparent correlations. Zirconium (Fig. 5c), Sn (Fig. 5e), and Mo show 
areas of low contents in the center of one large grain and higher content 
towards the rim. Small grains have high Zr, Mo, and Sn contents in the 
core and lower contents towards the rims. Molybdenum and Sn strongly 
correlate, whereas Zr is less strongly correlated. Uranium (Fig. 5g) 
contents are generally low (<0.1 μg/g), though a clear core-rim zonation 
in a large rutile grain is visible, with U-contents in the core being about 1 
order of magnitude higher than in the rim. Vanadium also shows a 
general core-rim zoning in one large rutile grain, however, V zoning is 
much smoother compared to other trace elements and partially even 
flattened out across grain boundaries. Iron (Fig. 5b) and Al are relatively 
homogeneous, with some Fe-rich needles, related to ilmenite exsolu-
tions. Total- (Fig. 5h), Ti3+- (Fig. 5i), Fe3+- (Fig. 5j), and Fe2+-related 
(Fig. 5k) H2O contents of the rutile aggregate in sample PF18–14 
generally show core-rim zoning that resemble that of the trace elements. 
The highest H2O contents is observed in the core of one large grain at 
~1400 μg/g. H2O contents decrease towards the rim to ~800 μg/g. The 
high H2O content correlates to a darker, ilmenite inclusion-rich area 
seen in the photomicrograph (Fig. 1i). Smaller grains mainly show 
higher H2O contents at the rim. One grain with very low trace-element 
contents also has very low H2O contents. The Ti3+- and Fe3+-related H2O 
contents show the same zoning pattern observed for the total H2O 
content (Fig. 4h, i), with ~600 μg/g H2O[Ti3+] and ~ 800 μg/g ~ 
H2O[Fe3+] in the core, and ~ 400 μg/g H2O[Ti3+] and ~ 400 μg/g ~ 
H2O[Fe3+] at the rim. The Fe2+-related H2O content also shows a similar 
pattern with ~90 μg/g in the core and < 20 μg/g towards the rim. 
However, a pronounced increase in Fe2+-related H2O to ~90 μg/g can 
be seen in the outer most ~20 μm of most grains.

Sample VS23 (granulite-facies metapelite) shows no trace-element 
zoning in most elements (Supplementary material A10). Iron 
(Fig. 5m), Al, and Sc show needle like features and increase at the very 
rim. Zirconium (Fig. 5n) and U (Fig. 5p) are mainly unzoned, however, 
in one part of the grain (area of ~500 × 250 μm) an aggregation of Zr- 
and U-rich needle-like features can be seen, likely representing sub- 
microscopic zircon exsolutions, as described by Ewing et al. (2013)
and Pape et al. (2016) for the sample locality, as well as Meyer et al. 
(2011) for granulite facies rutile from the Epupa Complex, NW Namibia. 
All other trace elements do not show zoning (e.g., Cr, Fig. 5l, Ta, Fig. 5o), 
with minor patchy areas seen in Nb and Ta. Granulite-facies sample 
VS23 shows a pronounced core-rim zonation of total H2O contents 
(Fig. 5q) that is distinct from the homogeneous distribution of trace 
elements. The highest H2O contents of ~180 μg/g are seen in the core, 
forming an area elongated approximately perpendicular (~75◦) to the 
crystallographic a-axis. Parallel to the a-axis, H2O contents continuously 
decrease towards ~30 μg/g at the rim, whereas the decrease perpen-
dicular to the a-axis is much less pronounced.

4. Discussion

All analyzed samples show trace-element and H2O zoning with 
different zoning patterns that can be classified into regular zoning and 
irregular zoning. Correlating H2O and trace-element zoning can be used 
to quantify trace-element coupling and charge balance in rutile and can 
give information on (coupled) diffusion in rutile. Rutile is commonly 
zoned in Cr, Zr, Nb and Ta, which makes rutile trace element maps a 
potentially interesting tool for the application of rutile as petrogenetic 
indicator through (i) classification of host/source lithologies using Cr 
and Nb contents, (ii) Zr-in-rutile thermometry, and (iii) identification of 
source reservoirs from Nb/Ta ratios.
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4.1. Trace element zoning in rutile

Trace element contents can be quite variable between different 
samples. Aluminum, Fe and V contents are comparable between all 
samples (100–800 μg/g Al, 2000–5000 μg/g Fe, 400–900 μg/g V), with 
the exception of higher Fe contents in hydrothermal sample A7653 and 
higher V contents in the high-T metamorphic sample VS23. Chromium 
contents are variable between 40 and 900 μg/g, independent of sample 
lithology. Zirconium contents are generally low (20–80 μg/g), with 
elevated Zr contents observed in pegmatitic sample A5732 (230 ± 13 
μg/g) and significantly higher Zr contents in the high-T metamorphic 
sample VS23 (2425 ± 1800 μg/g). Niobium, Ta, Sc, Sn and U contents 
vary depending on sample lithology. Niobium and Ta contents are 
elevated in felsic rutile (pegmatitic, hydrothermal, metapelitic, high-P 
veins in metapelites, 1400–9000 μg/g Nb, 70–200 μg/g Ta) compared to 
mafic rutile (metagabbro, high-P veins in mafic rocks, 250–850 μg/g Nb, 
15–40 μg/g Ta), with one order of magnitude higher Nb and Ta contents 
in the hydrothermal cleft sample A7653 (8680 ± 1620 μg/g Nb, 1190 ±
380 μg/g Ta). Similarly, U contents are generally low in mafic rutile and 
vein-related rutile (< 0.1–2.5 μg/g) and higher in the pegmatitic and 
hydrothermal rutile samples, as well as the metapelitic sample VS23 
(8–25 μg/g). Scandium and Sn contents are generally low in vein-related 
and metamorphic rutile samples (1–5 μg/g Sc, 20–35 μg/g Sn) and 
higher in hydrothermal and pegmatitic rutile (10–30 μg/g Sc, 100–750 
μg/g Sn). Pegmatitic rutile shows relatively higher Sc contents (20–30 
μg/g), whereas hydrothermal rutile has comparably higher Sn contents 
(650 ± 110 μg/g).

All samples show distinctly different zoning patterns, and no clear 
patterns or consistent trace element behavior can be observed. Multiple 
trace elements can be correlated or un-correlated depending on the 
sample. Although no general correlation trends can be identified, there 
are groups of trace elements that are more likely to be correlated: i) Al 
and Fe, ii) Sc, Zr, Nb, and Ta, iii) Cr anti-correlates with (ii), and V, Sn, 
and W can be correlated or anti-correlated with (ii). Additionally, it can 
be observed for this sample set that samples from pegmatites and hy-
drothermal conditions show more regular zoning, whereas metamorphic 
rutile from both high-P metamorphic veins and as accessory phase in the 
matrix, are more likely to show irregular zoning (Table 2).

We observe two different types of regular zoning: sector zoning and 
oscillatory zoning. Oscillatory zoning is characterized by continuous 
variations of higher and lower trace element contents with sharp 
boundaries between different oscillations. Oscillatory zoning in rutile 
has been explained by different factors (Carocci et al., 2019, and refer-
ences therein) such as the changing composition of the melt or the hy-
drothermal fluid. Alternatively, a faster rutile growth rate than diffusion 
rates of trace elements in the fluid/melt, can result in the formation of a 
boundary layer at the crystal interface, even when the bulk external 
fluid/melt composition is invariable (Carocci et al., 2019). Sector zoning 
is marked by different trace element contents in different growth faces, 
which leads to sharp, often non-straight boundaries between different 
sectors. Sector zoning is a growth-related feature, commonly observed in 
magmatic minerals (e.g., pyroxene: Nakamura, 1973), and is common in 
ore-related hydrothermal rutile (e.g., Rice et al., 1998; Carocci et al., 
2019). Different mechanisms have been proposed for the formation/ 
preservation of sector zoning, all relying on either different growth 
rates, growth mechanisms, atomic configurations, or diffusion rates 
depending on the crystal faces (e.g., Rice et al., 1998, and references 
therein). Oscillatory zoning and sector zoning can occur within the same 
grain superimposing oscillatory zoning within each individual sector, as 
can be observed for pegmatitic sample A5732 and hydrothermal cleft 
sample A7653. Additionally, minor sector- and oscillatory zoning can be 
observed in the vein-related rutile M-Q1.

Irregular zoning is mostly observed in veins and metamorphic sam-
ples. Vein rutile AS19–3 and PF21–02, as well as pegmatitic rutile SFJ 
shows “angular zoning” with sharp, relatively straight boundaries be-
tween zones. Unlike sector zoning however, these boundaries are very 

linear, which can be best seen in comparison to Ta zoning in sample M- 
E2 (Fig. 4d) and sample A5732 (Fig. 2e). This type of zoning has pre-
viously been reported by Sciuba and Beaudoin (2021) for rutile from 
sediment-hosted orogenic gold deposits. Irregular zoning with soft or 
curved boundaries of zones, i.e., “cloudy zoning”, can be observed in 
vein-related sample AS19–1 and metamorphic sample PF18–14. In the 
vein-related sample AS19–1 a sharp difference in Sc, Cr, Zr, Nb, Sn, and 
Ta between core and rim can be observed. The boundary between core 
and rim is irregular and indicates resorption of the core before the rim 
growth suggesting a two-stage growth process. The finger-like features 
going from the rim into the core could either be resorption features or 
fracture fillings. Similar zoning in major or trace elements (e.g. Pollok 
et al., 2008; Ague and Axler, 2016; Giuntoli et al., 2017; Rubatto et al., 
2020) have been observed in metamorphic garnet and attributed to 
replacement along fractures. Metamorphic sample PF18–14 shows a 
particular type of cloudy zoning in Cr, Nb, and Ta. As this sample is a Fe- 
Ti-metagabbro, it is likely that rutile formed as a pseudomorph on a pre- 
existing ilmenite. Cloudy zoning in zircon has been attributed to growth 
over a heterogeneous matrix or recrystallization processes (e.g., Corfu 
et al., 2003, and references therein). Thus, it is plausible that cloudy 
zoning in rutile would be related to recrystallization in the form of 
regrowth at sub-solidus conditions during pseudomorphism of rutile 
after ilmenite. The diffusion-limited uptake of slow-diffusing elements 
has been described in subsolidus conditions in garnet (Skora et al., 
2015). We propose that slow diffusing tetravalent cations (e.g., Zr, Mo, 
Sn; Dohmen et al., 2019) might mimic the zoning of original ilmenite 
grains, whereas faster diffusing pentavalent (e.g., Nb, Ta, V; Marschall 
et al., 2013; Dohmen et al., 2019) and trivalent cations (e.g., Cr) were 
able to partially re-equilibrate.

As rutile has a very simple composition and with that crystallo-

Table 2 
Classification of observed trace element zoning as regular (sector or oscillatory) 
zoning vs. irregular (angular or cloudy) zoning. (*) – minor degree of zoning 
observed. See text for definitions of zoning.

Sample Lithology Regular zoning Irregular zoning

Sector 
zoning

Oscillatory 
zoning

Angular Cloudy

A5732

Pegmatite

V*, Zr*, 
Nb. 
Sn*, 
Ta, W, 
U*

Nb, Ta, W*, 
U

Al, Fe

SFJ

Pegmatite

Al, Sc, V, 
Cr, Fe, 
Zr, Nb, 
Sn, Sb, 
Ta, U

A7653

Hydrothermal 
cleft

Al, Sc, 
V, Cr, 
Fe, Zr, 
Nb, Sn, 
Sb, Ta, 
U

Sc*, V*, Cr, 
Fe*, Zr*, 
Nb, Sn, Ta, 
U*

M-Q1 Vein-related Nb*, Ta Cr*, Nb*, Ta Al, Fe
M-E2 Vein-related Ta Al, Fe
AS19–1

Metamorphic 
vein-related

Al*, Sc, V*, 
Cr, Fe*, Zr, 
Nb, Sn, Ta

AS19–3
Vein-related

V*, Cr, 
Zr, Nb, 
Sn. Ta

V*

PF21–02
Vein-related

Cr, Zr*, 
Nb, Sn, 
Ta, W

PF18–14
Metamorphic

V*, Cr, Zr, 
Nb, Mo, Sn. 
Sb*, Ta, U*

VS23 Metamorphic Zircon 
exsolutions
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graphic structure, only one site is available for trace element substitu-
tion. However, differently charged cations require different substitution 
mechanisms. Tetravalent cations (e.g., Zr, V4+, Hf, W4+, Sn) can be 
directly substituted for Ti4+, whereas tri- and pentavalent cations 
require coupled substitution for charge balance, e.g. 2 Ti4+→Fe3+ +

Nb5+. It can be observed that tri-, tetra- and pentavalent cations can 
show the same zoning behavior within one rutile grain, with Cr, Zr, Nb 
and Ta having similar zoning patterns in samples SFJ, A7653, AS19–1, 
AS19–3, PF21–02 and PF18–14. Additionally, cations with the same 
charge have different zoning patterns in some rutile. The pentavalent 
cations Nb and Ta show different zoning behavior in sample M-E2, and 
the trivalent cations Cr, Al and Fe show different behavior in most 
samples. Thus, we conclude that zoning is neither controlled by substi-
tution onto different sites, nor by different diffusion mechanisms, nor by 

different charge. Consequently, trace element zoning must be externally 
controlled by diffusivity and availability of trace elements in the matrix, 
e.g., matrix diffusion, rutile forming reactions, fluid chemistry and 
saturation, and by rutile growth rates.

The high-T metamorphic sample VS23 is the only sample not 
showing trace element zoning, suggesting diffusive re-equilibration of 
all analyzed trace elements at high-T conditions (800–900 ◦C, see below 
Zr-in-rutile section). However, the presence of zircon exsolution needles 
in only one area of the grain might suggest original zoning of trace el-
ements before retrograde re-equilibration.

4.2. H2O zoning

In all investigated samples H2O zoning is observed, with zoning 

Fig. 6. Total- and trace element related H2O correlation plots, for each pixel from superimposed trace element and H2O maps. a) Ti3+-related H2O vs. total H2O for 
samples A5732, SFJ, A7653, AS19–3, PF18–14, and VS23, b) Fe3+-related H2O vs. total H2O for samples A5732, SFJ, A7653, AS19–3, PF18–14. c) Fe3+- vs. Ti3+- 
related H2O for samples A5732, SFJ, A7653, AS19–3, and PF18–14. The black dashed line indicates a 1:1 ratio between both trace-element related H2O contents. d) 
Fe3+-/Ti3+-related H2O ratio vs. total H2O for samples A5732, SFJ, A7653, AS19–3, and PF18–14. e) Fe vs Fe3 + − related H2O for sample A5732. f) Al vs. Al3+- 
related H2O for sample A5732. The black dashed lines in e) and f) represent a molar 1:1 ratio of Fe over Fe3+-related H2O and Al over Al3+-related H2O, respectively, 
as can be expected for total charge balance. The intercepts are offset by 2500 μg/g Fe (~45 μmol/g) and 100 μg/g Al (~4 μmol/g), respectively. The grey bars show 
the general data trends. Each point represents one pixel in the FTIR maps (a-d), or one pixel in superimposed LA–ICP–MS and FTIR maps (e, f), respectively.
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patterns in trace element-related H2O maps appearing very similar to 
total H2O maps (Figs. 2, 3, 4, 5). Visually, similar zoning patterns of H+

and some trace elements can be recognized for each sample (Figs. 2, 3, 4, 
5). To evaluate the degree of correlation between H+ and trace elements 
and potential preferred coupling of different trace elements with H+ and 
consequent implications for charge balance in rutile, H2O maps were 
superimposed on trace-element maps. The resulting transformed H2O 
maps allow for a pixel-by-pixel one-to-one correlation of H2O -, trace 
element relates H2O - and trace element contents (Fig. 6).

Total H2O contents are linearly correlated with Ti3+- and Fe3+- 
related H2O contents (Fig. 6a, b). Slopes of Fe3+-related H2O contents vs. 
total H2O contents are very similar for all analyzed samples, whereas 
slopes of Ti3+-related H2O contents vs. total H2O contents vary more 
broadly. Most samples do not have a 1:1 ratio of Ti3+-related and Fe3+- 
related H2O (Fig. 6c). Sample SFJ is the only rutile showing on average a 
molar 1:1 ratio of Ti3+-related and Fe3+-related H2O, with some areas 
having preferentially higher Ti3+-related H2O and other areas having 
slightly higher Fe3+-related H2O contents. In rutile from samples A7653 
and PF18–14, H+ is preferentially coupled with Fe3+ over Ti3+, whereas 
in sample AS19–3H+ is preferentially coupled with Ti3+. Sample A5732 
shows a slight preference of Ti3+-related H+ over Fe3+-related H2O. This 
relates to different ratios of Fe3+-related H2O over Ti3+-related H2O 
(H2O[Fe3+]/H2O[Ti3+]). It has been proposed that the H2O[Fe3+]/ 
H2O[Ti3+] ratio might be indicative of redox conditions under which 
rutile formed, as Fe3+ can be expected in oxidized systems, whereas Ti3+

would be expected in reduced settings (Lueder et al., 2023). Plotting the 
H2O[Fe3+]/H2O[Ti3+] ratios against total H2O contents shows the high 
variability of the H2O[Fe3+]/H2O[Ti3+] ratio (Fig. 6d). In pegmatitic 
sample A5732 the H2O[Fe3+]/H2O[Ti3+] ratio even shows preferred 
coupling of H+ with Fe3+ or Ti3+ in different zones of the sample. For the 
H2O[Fe3+]/H2O[Ti3+] ratio to be dependent solely on redox conditions (i. 
e., oxygen fugacity), it would be expected that the H2O[Fe3+]/H2O[Ti3+] 
ratio is mostly constant throughout one sample or shows a clear zonation 
dependence (e.g., core-rim-zoning). If this is not the case, as can be 
observed in all samples, the H2O[Fe3+]/H2O[Ti3+] ratio must be 
controlled by other factors instead of, or in addition to, oxygen fugacity. 
Hence, the H2O[Fe3+]/H2O[Ti3+] ratio is not likely a viable proxy for 
redox conditions during rutile formation.

A complete charge balance of trace elements by related H+ would 
lead to a molar 1:1 correlation of H+ and the related trace element (e.g., 
Fe3+, Al3+), which is not observed for any sample (e.g., A5732 Fig. 6 e, f; 
Supplementary material E). Thus, Fe and Al are always coupled with H+

as well as pentavalent cations and/or oxygen vacancies. For samples SFJ 
and A7653 multiple data clusters can be observed due to sector zoning 
(Supplementary material E2, E3).

For sample A5732 we observe a large spread in the data, though a 
general correlation of Fe and Fe3+-related H2O contents can be 
observed, as well as for Al and Al3+-related H2O (Fig. 6e, f). The general 
trends of the data clusters show a steep slope for Fe vs. Fe3+-related H2O 
content (Fig. 6e) and a slope that is approximately parallel to the molar 
1:1 correlation for Al vs. Al3+-related H2O content (Fig. 6f). Thus, Fe in 
sample A5732 is preferentially coupled with pentavalent cations and/or 
oxygen vacancies, whereas Al has no preferred coupling. However, for 
both Fe and Al, the trends are shifted towards higher trace element 
contents than predicted by the molar 1:1. This might represent the sol-
ubility of trivalent cations into rutile at the given P-T-X conditions in the 
absence of H+. Additionally, the data clusters taper at higher Fe3+- and 
Al3+-related H2O contents, suggesting that the partitioning of a given 
trace element into rutile might have more influence on trace element 
coupling at low H2O contents.

Equivalently, negative correlations between pentavalent cations and 
H2O could be expected, as they compete for trivalent cations. Some 
samples show a negative correlation in Nb-H2O plots, if any correlation 
can be observed at all. The slope for Nb vs. H2O in sample A5732 is 
relatively flat, whereas in sample A7653 the slope is much steeper. The 
vein-related sample AS19–3 also shows a general steep, negative 

correlation between Nb and H2O. Thus, it can be concluded that Nb has a 
significant contribution to charge balance in samples A7653 and 
AS19–3, Sample A5732 has a significant W content which largely con-
tributes to charge balance. Molar charge balance calculations (Supple-
mentary Material F) show that there is a significant charge deficit due to 
the presence of trivalent cations, which requires ~0.9 × 10− 3 a.p.f.u. of 
oxygen vacancies in sample A5732. Sample AS19–3 requires slightly 
more oxygen vacancies at ~1.2 × 10− 3 a.p.f.u. Oxygen vacancies are 
more abundant in areas of high trace-element contents and correlation 
plots of trivalent cations and oxygen vacancies show that Fe in samples 
A5732 and A7653 are preferentially coupled with oxygen vacancies 
over penta- and hexavalent cations or H+. However, in some areas of 
sample A5732, approximately 35 % of all trivalent cations are charge 
balanced by oxygen vacancies. Thus, understanding processes forming 
oxygen vacancies in rutile are vital for understanding trace-element and 
H2O systematics. We conclude that H+ and trace element incorporation 
into rutile and the formation of oxygen vacancies in rutile are correlated 
processes.

4.3. Implications for H+ and trace element diffusion in rutile

Diffusive H+ loss can be evaluated by plotting Fe3+-related vs. Ti3+- 
related H2O contents (Fig. 6c). If no H+ diffusion occurs, H2O contents in 
the two defects are expected to show a linear correlation, as can be seen 
for trace element related vs. total H2O contents (Fig. 6a, b). If both Fe3+- 
and Ti3+-related H+ diffuses, a large spread of data, away from a linear 
correlation would be expected. If Fe3+- related or Ti3+-related H+ dif-
fuses preferentially, a shift of the intercept away from 0 μg/g towards 
higher Ti3+-related or Fe3+-related H2O contents, respectively, would be 
observed.

All investigated samples show a linear correlation of Fe3+- related 
and Ti3+- related H2O contents, without large degrees of spread or shift 
away from the 0 intercept (Fig. 6c). Thus, the initial H+ content is most 
likely retained in the investigated samples, without any diffusive re- 
equilibration after growth. All samples formed at relatively high tem-
peratures of ~450–900 ◦C, significantly above the expected closure 
temperatures (i.e., temperatures below which trace element diffusion is 
no longer significant) for H+ in rutile of <0 ◦C (e.g., Caskey, 1974; 
Johnson et al., 1975; Cathcart et al., 1979; Lueder et al., 2024). This H+

retentivity can be explained by coupling of H+ and trace elements, as has 
been demonstrated by Joachim-Mrosko et al. (2024). As H+ is incor-
porated through coupled substitution with di- and trivalent cations, H+

loss would create a charge deficit. To regain charge balance, coupled 
diffusion of H+ with tri-, tetra-, or pentavalent cations (e.g. Fe3+ + H+ ➔ 
Ti4+; 2Fe3+ + 2H+ ➔ Fe3+ + Nb5+; Fe3+ + H+ + Ti4+ ➔ Fe3+ + Nb5+) or 
the formation of oxygen vacancies (e.g. [Fe3+H+]2O4 ➔ [Fe3+]2O3) 
would be required. Diffusion of tri-, tetra-, and pentavalent cations as 
well as oxygen in rutile is significantly slower and has higher closure 
temperatures (e.g., Sasaki et al., 1985; Moore et al., 1998; Cherniak 
et al., 2007; Marschall et al., 2013; Dohmen et al., 2019; Lueder et al., 
2024). As H+-loss requires coupled diffusion for charge balance, diffu-
sion of H+ should be limited to diffusion rates of the much slower 
diffusing species, i.e., other cations and/or oxygen, and their expected 
higher closure temperatures. Based on this coupling effect, closure 
temperatures can be expected to be in a range of 600–750 ◦C for grain 
sizes of 50–250 μm and cooling rates of 1–100 ◦C/Ma (Lueder et al., 
2024). For rutile of larger grain sizes, such as hydrothermal-, pegmatitic, 
or vein-related rutile grains, even higher closure temperatures could be 
expected.

A significant proportion of H+ in rutile is coupled to Ti3+. The ex-
change Ti3+ + H+ ➔ Ti4+ does not require the above discussed coupled 
diffusion and closure temperatures for Ti interdiffusion are in a range of 
~300–400 ◦C (Hoshino et al., 1985). However, deconvoluted FTIR maps 
of Ti3+-related H+ show that zoning is preserved. Thus, even this defect 
does not completely homogenize by diffusion, even in amphibolite- 
facies samples that experienced 500–600 ◦C. Understanding the 
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controlling mechanism for this observation would require further 
investigation through experimental studies on coupled substitution 
mechanisms and verification on natural rutile.

Trace-element zonation in all samples formed <600 ◦C is preserved, 
as closure temperatures are typically above peak metamorphic tem-
peratures. Several experimental studies investigated trace-element 
diffusion in rutile, suggesting closure temperatures for Zr of 
~500–700 ◦C (Cherniak et al., 2007; Dohmen et al., 2019), for Al of 
~1000–1050 ◦C (Cherniak and Watson, 2019), for Fe of ~120–220 ◦C 
(Sasaki et al., 1985), and for Nb of ~550–710 ◦C (Marschall et al., 2013; 
Dohmen et al., 2019), at cooling rates of 1–100 ◦C/Ma and grain sizes of 
50–250 μm. For natural rutile, it was shown that diffusivities of Fe and 
Al behave similarly, with closure temperatures of Al in rutile in a range 
of 675–775 ◦C (Joachim-Mrosko et al., 2024). As similar zoning patterns 
can be observed for Al, Sc, V, Cr, Fe, Zr, Nb, Sn, Ta, W, and U, it is likely 
that most trace-elements have closure temperatures in a range of 
~500–750 ◦C for cooling rates of 1–100 ◦C/Ma and grain sizes of 
50–250 μm. As Fe is only zoned in fast growing pegmatitic rutile, where 
growth rates can be faster than diffusion rates, as well as relatively low-T 
hydrothermal rutile, relatively lower closure temperatures as suggested 
by experimental data of Sasaki et al. (1985) could be feasible. Vanadium 
in samples AS19–3 and PF18–14 shows a less pronounced zonation 
compared to other trace elements. This might indicate a lower closure 
temperature (<500 ◦C) resulting in (partial) diffusive equilibration of V 
in these samples. In the high-T sample VS23, all trace elements are ho-
mogeneous, with Zr and U maps showing evidence of zircon exsolutions. 
This phenomenon has been described before by Meyer et al. (2011), 
Ewing et al. (2013) and Pape et al. (2016), who proposed that rutile 
formed at high temperatures of ~900–950 ◦C and subsequently cooled. 
During cooling the peak Zr contents in rutile were exsolved forming sub- 
micron sized zircon. This process protects the rutile grain from Zr-loss in 
areas with exsolutions, whereas zircon-free areas within the same grain 
can diffuse freely. Consequently, areas of rutile with zircon exsolutions 
are able to “preserve” peak Zr contents.

Generally, coupling between H+ and trace elements protects rutile 
from H+-loss at temperatures below ~600–750 ◦C, whereas at higher 
temperatures, H+ and other trace elements can be diffusively lost, 
potentially affecting common applications of rutile trace element con-
tents, such as Zr-in-rutile thermometry or Nb/Ta ratios.

4.4. Rutile classification

Detrital rutile is commonly classified into mafic and felsic based on 
Cr and Nb contents (e.g., Meinhold et al., 2008). High Nb contents (>
800 μg/g) and a Cr/Nb ratios below 1 are typical for rutile from felsic/ 
metapelitic lithologies, whereas mafic rutile has either low Nb contents 
(< 800 μg/g) or Cr/Nb ratios above 1. Applying this to our samples 
might allow to identify fluid sources for hydrothermal and vein-related 
rutile (Fig. 7a). The mafic eclogite PF18–14, the metapelitic granulite- 
facies sample VS23 and the two pegmatitic samples A5732 and SFJ 
plot into the expected fields. The vein-related samples M-E2, M-Q1, and 
PF21–02, which come from quartz-veins that are associated with mafic 
eclogites, have low Nb contents (<800 μg/g), thus plotting in the mafic 
field. Vein-forming fluids are, therefore, likely derived or in equilibrium 
with the surrounding eclogite. The hydrothermal rutile A7653 has Cr/ 
Nb ratios below 1 and very high Nb contents (>5000 μg/g), thus plotting 
in the felsic field. The sample comes from an alpine cleft within a 
micaschist, making it likely that the hydrothermal fluid is regionally 
sourced or has re-equilibrated with the country rock. The vein sample 
AS19–1 has Cr/Nb ratios below 1 and high Nb contents (>1000 μg/g). 
The host rock is a metapelite, showing that the fluid precipitating vein- 
rutile was in equilibrium with the country rock. Sample AS19–3 falls 
both into the felsic and mafic fields. The rim of the sample has high Nb 
contents (>800 μg/g) and Cr/Nb ratios below 1, thus the co-existing 
fluid was likely mainly in equilibrium with the metapelitic host. Chro-
mium and Nb contents of hydrothermal and vein-related rutile can 

indicate whether rutile-forming fluids are in equilibrium with the vein 
host rock and might track the evolution of such equilibria or non- 
equilibrium conditions.

4.5. Zr-in-rutile thermometry

Zirconium-in-rutile thermometry uses the temperature and pressure 
dependent incorporation of Zr into rutile to estimate temperature con-
ditions of rutile growth (e.g., Zack et al., 2004a; Tomkins et al., 2007; 
Kohn, 2020). The thermometer is widely applied and very well cali-
brated, allowing for precise temperature determinations in rutile-zircon- 
quartz-bearing metamorphic rocks. However, the thermometer has its 
limitations. Taylor-Jones and Powell (2015) showed that re- 
equilibration of Zr, Ti, and Si in the rutile‑zirconium-quartz system 
can be limited during cooling from high temperatures, due to high 
closure temperatures for Si-diffusion in rutile, slow grain boundary 
diffusion, and restricted zircon nucleation. This would potentially lead 
to rutile recording temperatures above the closure temperature for Zr in 
rutile, but below the peak metamorphic temperature, i.e. temperature at 
the peak pressure, giving the impression of a too low peak metamorphic 
temperature. Mapping of Zr in rutile is the best way to identify zones 
with the highest Zr content, which would provide the best estimates for 
peak metamorphic temperatures. It has also been shown that Zr-in-rutile 
thermometry and fluid inclusion thermometry in hydrothermal rutile 
result in different temperature estimates (Cabral et al., 2015). The au-
thors suggested that even though equilibrium between zircon and rutile 
is possible at relatively low temperature hydrothermal conditions, high 
fluid-rock ratios in hydrothermal systems could result in non-Zr- 
buffered conditions, invalidating the conditions for Zr-in-rutile ther-
mometry (Cabral et al., 2015).

As Zr-in-rutile thermometry is only applicable to zirconium buffered 
systems, only samples containing zircon are considered; these are: two 
metamorphic samples (PF18–14, VS23), the two amphibolite-facies 
veins (AS19–1, AS19–3), and both pegmatitic samples (A5732, SFJ). 
The pegmatite samples are only single rutile grains of which we do not 
know the rock assemblage; however, we argue that the assumption of 
zircon presence in a pegmatite is reasonable, as pegmatites are highly 
differentiated felsic melts that should contain abundant zirconium. The 
hydrothermal sample A7653 and the vein rutile PF21–02 are not 
considered, as it cannot be determined whether zircon is present, and 
the vein rutile M-E2 and M-Q1 do not contain zircon. Additionally, silica 
buffering needs to be considered. All samples containing zircon also 
contain quartz, thus can be used for Zr-in-rutile thermometry following 
the calibration of Kohn (2020). This method can yield a high precision of 

Fig. 7. Correlation plot for Cr vs. Nb of all investigated samples. Each point 
represents one pixel in LA–ICP–MS maps. The boundary between mafic and 
felsic rutile is according to Meinhold et al. (2008). The stars represent median 
values over the entire map.
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~ ± 5 ◦C (2σ) and has an accuracy of 10–15 ◦C. As we consider calcu-
lated temperatures and temperature variations within one grain, the 
accuracy can be neglected and we report errors as 2σ standard de-
viations from counting statistics.

Sample A5732 has relatively homogeneous Zr contents of 230 ± 12 
μg/g (Fig. 2c). Assuming pressures for melt emplacement in the crust of 
0.7 GPa (Simmons and Webber, 2008), this would yield Zr-in-rutile 
temperatures of 584 ± 4 ◦C. Emplacement temperatures for pegma-
tites are in a range of 500–600 ◦C, thus it is likely that Zr-in-rutile 
temperatures reflect magma emplacement temperatures for this 
pegmatitic sample.

Zirconium in the pegmatitic sample SFJ shows strong sector zoning 
(Fig. 2i), correlating with other trace elements. The different sectors 
would result in calculated temperatures of 470 ± 3 ◦C, 486 ± 3 ◦C, and 
492 ± 3 ◦C. The difference between lowest and highest sectors are not 
within the precision of ±5 ◦C of the thermometer. We conclude that in 
this case, Zr-in-rutile thermometry is not necessarily accurate, as vari-
ations in Zr content may not reflect temperature variations but are 
rather a consequence of different trace element incorporation in sector 
zoning.

The metamorphic sample VS23 show needle-like features of high Zr 
and U contents that are interpreted as sub-microscopic zircon exsolu-
tions. Apart from the exsolutions, the grain is fairly homogeneous in Zr 
contents (2390 ± 170 μg/g), equivalent to a Zr-in-rutile temperature of 
850 ± 10 ◦C (Fig. 8a). This is consistent with cooling temperatures 
observed for this locality (e.g., Ewing et al., 2013). If data equivalent to 
LA–ICP–MS spot measurements is extracted from the area with zircon 
exsolutions, the calculated average temperatures can yield up to 950 ±
80 ◦C. This is similar to reported peak temperatures of the area (Ewing 
et al., 2013). Thus, we confirm the observation of Ewing et al. (2013)
and Pape et al. (2016) that rutile grains can record both peak temper-
atures and cooling temperatures if the formation of zircon exsolutions is 
able to hinder the diffusive loss of Zr from the rutile grain to the outer 
matrix of the rock.

The vein rutile AS19–1 shows higher Zr contents in the core than at 
the rim, that relate to a temperature decreases of 20 ◦C from 484 ± 5 ◦C 
to 463 ± 1 ◦C (e.g., Fig. 8b). The temperatures calculated for both rutile 
core and rim are very close to the peak metamorphic temperature of 475 
± 25 ◦C (Bissig and Hermann, 1999). This can be explained in three 
possible ways: (i) Rutile formed close to the metamorphic peak and 
subsequently lost Zr by diffusion, preserving peak metamorphic tem-
peratures only in the core; (ii) Rutile-bearing veins grew retrograde 

during exhumation and cooling, with Zr-in-rutile depicting the cooling 
path; (iii) Rutile grew at peak metamorphic temperatures, but during 
rutile growth, Zr was no longer buffered, resulting in Zr undersaturation 
and consequently lower Zr incorporation than would be expected.

In the case of sample AS19–1, Zr zoning with a relatively sharp 
boundary between core and rim does not resemble diffusive Zr loss or 
continuous retrograde rutile growth. A two-stage growth at different 
temperatures could explain the Zr zoning. However, Zr-contents even in 
the core are slightly patchy. This might indicate that variations in Zr 
content reflect disequilibrium growth or conditions of Zr under-
saturation in the vein forming fluid. Assuming constant formation 
temperature and pressure it is possible to express the variations in Zr 
content as variations in Zr activity. The Zr activity can be expressed as 
ratio of actual content over expected content: 

aZr = CZr
/
CTmax

Zr
(1) 

With aZr as Zr-activity, CZr the measured Zr content, and CTmax
Zr the 

expected Zr content at the formation temperature and pressure. Kooij-
man et al. (2012) described Zr profiles in rutile from the Pikwitonei 
Granulite Domain, Canada, which show a decreasing Zr content within 
the rutile moving away from the contact of rutile towards a neighboring 
garnet grain. This zonation results in a large calculated temperature 
variability of 725–780 ◦C. The slow cooling rate of the granulite terrain 
of ~1 ◦C/Ma (Kooijman et al., 2010) would result in ~40 Ma growth 
duration for rutile growth during retrogression, which the authors state 
to be highly unlikely. Consequently, they attribute the Zr zoning to be 
dependent on Zr-activity, with Zr diffusion within the rock matrix being 
slower than rutile growth. Thus, limited Zr-availability or aZr<1 can be 
expressed by different zoning patterns in rutile.

Sample AS19–3 has similarly complex growth zoning as sample 
AS19–1, with highly variable Zr contents, with no clear core-to-rim 
trend. Both samples come from the same locality and show maximum 
Zr contents corresponding to temperatures of 480 ± 5 ◦C, with some 
areas yielding Zr-activities as low as 0.7 (Fig. 8c, d). Another cause of 
cloudy zoning and complex zoning patterns could be inheritance from 
precursor phases. This is well known for e.g. Cr in garnet (e.g., Baxter 
et al., 2017, and references therein). In the case of rutile AS19–3, this 
may have been matrix rutile entrained into the quartz vein during 
formation.

Cloudy zoning in metamorphic sample PF18–14 also may be caused 
by inheritance. As rutile likely formed as pseudomorph after ilmenite, 
the original Zr composition of ilmenite could have been inherited by 

Fig. 8. Zr-in-rutile temperature and activity maps. Maps are calculated using the Zr-in-rutile thermometer calibrated by Kohn (2020). a) Temperature map for 
metamorphic sample VS23, calculated at peak-pressure of 0.8 GPa. b) Temperature map for vein-related sample AS19–1, calculated for peak-pressure of 1.0 GPa. c) 
Zr-activity map for sample AS19–3, calculated at peak-temperature of 485 ◦C. d) Zr-activity map for sample AS19–3, calculated at peak-pressure of 1.0 GPa and 
calculated peak-temperatures of 495 ◦C. e) Zr-activity map for metamorphic sample PF18–14, calculated for peak-pressure of 2.1 GPa and calculated temperatures of 
500 ◦C. White areas in are above the maximum value of the color bar.
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rutile, due to low intracrystalline diffusivity of Zr. To alter this signature, 
Zr would subsequently need to be diffusively re-equilibrated. However, 
the large volume fraction of approximately 15 vol% rutile in this rock 
compared to likely less than 0.1 vol% zircon, together with slow diffu-
sion rates of Zr in rutile (Dohmen et al., 2019), makes complete re- 
equilibration unlikely. Therefore, Zr zoning most likely reflects inheri-
tance with minor re-equilibration. Thus, calculated temperatures of 
475–500 ◦C, with a median of 485 ± 5 ◦C, are significantly below peak 
metamorphic temperatures of 550–600 ◦C and reflect significant Zr- 
undersaturation (Fig. 8e).

Overall, the differences in Zr content caused by potential Zr under-
saturation are minor and temperatures calculated through Zr-in-rutile 
thermometry often overlap within the uncertainty of the method. 
Thus, identifying Zr zoning might have more significance for identifying 
other factors during rutile growth. It is evident that variations in Zr 
content in rutile are not necessarily related to temperature variations 
during rutile growth, but rather can be caused by a variety of different 
factors. As trace element mapping of rutile is not always feasible due to 
generally small grain sizes, Zr-Nb-diagrams could be a useful tool to 
identify factors causing variability of Zr contents in rutile. In pegmatitic 
and hydrothermal samples with strong oscillatory or sector zoning, we 
observe different clusters of Nb and Zr contents, related to different 
zones. This is more pronounced in samples SFJ and A7653 with sector 
zoning showing six and four clusters (Supplementary material C1b, c), 
compared to pegmatitic sample A5732 with one main cluster and only 
few data points forming a second group (Supplementary material C1a). 
For sample AS19–1, a general positive correlation between Zr and Nb 
can be seen, although there is significant noise in the data (Supple-
mentary material C1f). The sample records a two-stage growth during 
retrogression, which is reflected in two parallel and overlapping data 
clusters. Metamorphic sample PF18–14 shows a data cloud, with no 
observable trends but rather an almost normal-distribution of Nb and Zr 
contents (Supplementary material C1i). This is well in line with the 
interpretation that Zr contents are not purely temperature dependent 
but also depend mainly on Zr availability. For sample AS19–3, a general 
dispersion of data can be observed, with a small cluster showing a cor-
relation of Nb and Zr.

Three general types of trends in Zr–Nb diagrams can be distin-
guished (Fig. 9): i) Zr and Nb contents are not correlated, but rather 
show a general dispersion (Fig. 9b), which indicates that Zr contents are 
dependent on Zr availability or Zr inheritance (samples AS19–1, 
AS19–3, PF1814). ii) Zr and Nb show a general positive correlation 
(Fig. 9c) indicating diffusive alteration and thus preservation of cooling 
temperatures (sample VS23). iii) multiple clusters of Zr and Nb can be 
seen (Fig. 9d), which indicates sector- or oscillatory zoning and Zr 
incorporation dependent on textural controls (sample A5732). For rutile 
grains recording peak temperatures, it would be expected that Zr con-
tents are nearly invariant, whereas Nb contents can be variable, resulting 
in near-horizontal lines, with only minor scatter in Zr vs Nb plots. As 
oscillatory zoning, sector zoning and Zr-undersaturation can be readily 
identified, this classification might function as a first order approxima-
tion in cases where trace element mapping is not feasible to evaluate 
whether Zr-in-rutile thermometry can be reliably applied.

4.6. Nb–Ta contents and Nb/Ta ratio

Rutile is a main host of HFSE, and rutile Nb/Ta ratios are expected to 
represent bulk rock Nb/Ta ratios. As Nb/Ta ratios can be used to infer 
geochemical reservoirs (e.g., Foley et al., 2000; Rudnick et al., 2000; 
Stepanov and Hermann, 2013), rutile Nb/Ta ratios potentially can 
provide the same information.

The investigated samples show zonation of Nb and/or Ta, resulting 
in highly variable Nb/Ta ratios within each sample (Fig. 10). The vein 
samples M-E2, M-Q1, and PF21–02 show sector-like- or oscillatory 
zoning in Nb and/or Ta, resulting in the same zoning patterns in Nb/Ta 
ratios, with a spread of Nb/Ta ratios between 11 and 19, ranging from 

values typical for continental crust, over DM or MORB, up to chondritic 
values. Zoning in samples AS19–1 and AS19–3 also follows Nb and Ta 
zoning with Nb/Ta ratios from 10 to 23 and 27, respectively. These 
values are equivalent to values for continental crust (8–14; Rudnick and 
Fountain, 1995) and extend to superchondritic values known for the 
upper lithospheric mantle or refractory eclogite (19–37; Rudnick et al., 
2000; Kalfoun et al., 2002). Metamorphic sample PF18–14 has highly 
patchy Nb and Ta zoning, resulting in Nb/Ta ratios between 7 and 35, 
spanning almost the entire range of known Nb/Ta ratios.

The pegmatitic sample SFJ shows sector zoning of Nb/Ta-ratios, with 
values of 8–14, typical for continental crust. However, the pegmatitic 
sample A5732 has extremely variable Nb/Ta ratios of 15–52, which is 
significantly higher than reported suprachondritic values. Hydrothermal 
sample A7653 has Nb/Ta ratios of 4–15. Fluids typically have low Nb/ 
Ta ratios, which increase with increasing temperature (Schmidt et al., 
2004). However, a variability of Nb/Ta ratios in this range would sug-
gest a temperature variation of ~500–1000 ◦C, which is not realistic for 
a hydrothermal system, suggesting sector- and oscillatory zoning as the 
main cause for variable Nb/Ta ratios.

The spread of Nb/Ta ratios across and within samples can be best 
seen in Nb-Ta-diagrams (Fig. 11a, c). All mafic samples show linear 
correlations between Nb and Ta. However, the trends are not parallel to 
Nb/Ta-ratio isopleths, but Ta contents are more variable, indicating that 
variability of Nb/Ta-ratios depends mainly on variability of Ta, likely 
due to stronger fractionation of Ta in the fluid mitigated systems that 
have dominantly been investigated. As rutile contains >95 % of the bulk 
Nb and Ta, median Nb/Ta ratios of rutile should reflect the bulk rock 
Nb/Ta ratio. The observed zoning of Nb, Ta, and Nb/Ta ratios indicates 
thus that Nb and Ta do not behave fully as geochemical twins but can 
fractionate during rutile growth. One possible explanation for this 
fractionation might be different transport mechanisms of Nb and Ta in 
the intermedium due to their mass difference. The differences in Nb and 
Ta diffusion in rutile itself (Dohmen et al., 2019) are not a reasonable 

Fig. 9. Zr–Nb diagrams. a) Schematic sketch of data clusters in Zr–Nb dia-
grams. The three clusters represent: (I) dispersed data (magenta) due to a 
dependence on Zr availability or Zr inheritance. (II) positive correlation (pink) 
indicating preservation of cooling temperatures. (III) multiple clusters (purple) 
indicating sector- or oscillatory zoning. b-d) Examples for each group from 
measured rutile samples. b) Metamorphic sample PF18–14 showing a pattern 
representative for group (I). c) Vein-related sample VS23 showing a pattern 
representative for group (II). d) Pegmatitic sample showing a general pattern 
representative for group (III). (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Nb/Ta-ratio maps for selected samples. Calculated from Nb and Ta maps. White areas are above the maximum value of the color bar.

Fig. 11. Correlation plots for Ta vs. Nb of all investigated samples. a) Each point represents one pixel in LA–ICP–MS maps. b) Ta vs. Nb plot of ten randomly sampled 
spots for each sample. Spot positions are shown in Fig. 1 and spot data was extracted from maps in XMapTools. The boundary between mafic and felsic rutile in a) 
according to Meinhold et al. (2008). The black lines represent Nb/Ta-ratios of 4, 12, 15, 18, and 50, the stars represent median values over the entire maps. c) Nb/Ta 
ratios vs. Nb contents with each point representing one pixel in LA-ICP-MS maps.
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explanation, as the investigated rutile grains formed below the closure 
temperatures of Nb and Ta diffusion in rutile.

To test the intra-grain variability of Nb/Ta ratios, Nb- and Ta con-
tents of ten randomly sampled, ~70 μm-sized spots for each sample, 
representing typical LA–ICP–MS spot measurements (Fig. 1, 10b; Sup-
plementary material D) were extracted using XMapTools (Lanari and 
Piccoli, 2020). Generally, median Nb/Ta ratios from the entire map data 
are represented relatively well by extracted spots. However, extracted 
spots do not represent the range of Nb and Ta contents or Nb/Ta ratios 
that can be observed in the maps (Fig. 11), and in most samples show a 
significantly narrower range of Nb/Ta ratios, as can be expected from 
comparing a “micro-bulk” (i.e., spots) to higher resolution data (i.e., 
maps). The range between Nb/Ta ratios of values typical for continental 
crust up to supra-chondritic values seen in the maps are not reflected by 
the spots. Similarly, sector zoning in Nb and/or Ta cannot be identified 
from extracted spots, as the data commonly appears scattered. Even if 
distinct groups of Nb and Ta contents might be recognizable, as for 
sample PF21–02, the small number of spots makes it much more difficult 
to interpret, and sector zoning might be miss-interpreted as normal 
metamorphic, core-rim type, linear growth zoning, as can be observed in 
e.g., samples AS19–1, AS19–3 and M-Q1. In the comparison of Fig. 11, 
significant differences of Nb/Ta ratios between the microscale (trace 
element maps, Fig. 11a, c) and mesoscale (spot analyses, Fig. 11b) can be 
seen. Spots represent the median values but do not necessarily depict the 
large spread observed in maps. Mapping approaches allow for a more 
detailed understanding of Nb and Ta incorporation into rutile and might 
show fractionation processes of Nb and Ta at the microscale. Therefore, 
mapping approaches might be useful in investigating the “missing Nb- 
paradox” and Nb-Ta-fractionation processes (e.g., Rudnick et al., 2000; 
Foley et al., 2000; Stepanov and Hermann, 2013), leading to sub-
chondritic Nb/Ta ratios in most geochemical reservoirs. Additionally, if 
zoning patterns have similar characteristics on smaller grain scales, 
mapping might be a useful tool to identify source lithologies of detrital 
rutile, which is vital for provenance studies.

5. Conclusions

We investigated intra–grain variabilities of trace elements and H2O 
contents in rutile for pegmatites, hydrothermal- and vein-related sam-
ples, amphibolite-facies quartz lenses, a mafic low-T eclogite, and a 
metapelitic granulite. All samples show different, partially complex 
trace element and OH zoning, that seems to be largely controlled by 
external factors, such as availability and diffusivity within the rock 
matrix. The complexity of rutile trace element geochemistry that may be 
observed through mapping approaches offers multiple directions for 
future research: 

i) Trace element zoning varies between regular patterns more 
commonly observed in rutile from hydrothermal clefts and peg-
matites and irregular zoning in rutile from high-P veins and 
metamorphic rocks.

ii) Zirconium contents in rutile can be highly variable and, besides 
the well-established temperature dependence, it can also be 
dependent on Zr availability (e.g., Zr activity, disequilibrium, 
kinetics). Mapping of Zr contents can help identify areas with the 
highest Zr contents, that are most likely to reflect peak meta-
morphic temperatures.

iii) Nb/Ta ratios are more variable than can be seen from LA–ICP–MS 
single spot measurements, suggesting that mapping approaches 
might be a useful tool to investigate Nb–Ta fractionation pro-
cesses during rutile growth.

iv) Hydrogen is retained in low-T rutile (below ~650 ◦C), likely due 
to coupling of H+ with trivalent cations, which limits diffusion 
rates and increases closure temperatures. The H+ retentivity has 
implications for trace-element incorporation (e.g., preferred trace 
element coupling) and charge balance in rutile.
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