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Abstract: Length scales of compositional heterogeneity in titanite from 800–1000°C metamorphic
rocks from southern Madagascar were measured to provide empirical constraints on
elemental diffusivities. The calculated Pb diffusivities are comparable to experimental
estimates of Sr diffusivity; because of this, U–Pb dates from rocks that reached peak
temperatures <850°C should be interpreted as the time of titanite (re)crystallization, not
cooling ages. The length scales of Zr diffusion are negligible (<20 µm), even at T
>900°C; thus, Zr-in-titanite thermobarometry should not be reset by diffusion in all but
the smallest grains in the hottest rocks. Al and Nb diffuse at similar rates to Zr. Ce and
Fe diffuse slower than Pb, but faster than Zr. Differences in empirical and experimental
estimates of elemental diffusivities might be related to the complexity of most natural
titanite solid solutions compared to the near-end-member titanite used in experiments.
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(high Fe–Al–Ce spots in Fig. 7 maps), and calcite (low Zr–Fe–Al–Ce–Nb in Fig. 7 maps)
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cations
elemental wt% Al 2σ Si 2σ Ca 2σ Ti 2σ Mn 2σ

12D 0.71 0.01 14.78 0.23 20.41 0.07 21.54 0.03 0.08 0.01
21B (low Zr) 2.02 0.01 13.35 0.20 20.08 0.07 18.68 0.03 — —

21B (high Zr) 2.04 0.01 14.82 0.23 20.23 0.07 18.24 0.03 — —

oxide wt% Al2O3 2σ SiO2 2σ CaO 2σ TiO2 2σ MnO 2σ
12D 1.35 0.02 31.61 0.48 28.56 0.10 35.94 0.06 0.10 0.01

21B (low Zr) 3.81 0.02 28.56 0.44 28.10 0.10 31.15 0.05 — —
21B (high Zr) 3.85 0.02 31.71 0.48 28.30 0.10 30.43 0.05 — —

formula Al Si Ca Ti Mn
12D 0.05 1.02 0.99 0.87 0.00

21B (low Zr) 0.15 0.95 1.00 0.78 —
21B (high Zr) 0.15 1.01 0.97 0.73 —



anions
Fe 2σ Zr 2σ Nb 2σ Ce 2σ O F 2σ

0.96 0.02 0.13 0.02 0.09 0.02 0.08 0.03 40.54 0.31 0.03
1.34 0.03 0.24 0.02 0.25 0.02 0.59 0.04 38.37 1.61 0.04
1.38 0.03 0.79 0.03 0.21 0.02 0.48 0.04 40.01 1.63 0.04

Fe2O3 2σ ZrO2 2σ Nb2O5 2σ Ce2O3 2σ total
1.37 0.03 0.17 0.03 0.13 0.03 0.10 0.04 99.64
1.91 0.04 0.32 0.03 0.36 0.03 0.69 0.05 96.53
1.97 0.04 1.06 0.04 0.30 0.03 0.56 0.05 99.83

Fe Zr Nb Ce O F OH
0.03 0.00 0.00 0.00 4.92 0.03 0.05
0.05 0.01 0.01 0.01 4.80 0.17 0.03
0.05 0.02 0.00 0.01 4.81 0.16 0.03



T D

sample element °C log10 (m2/s) 2σ
12D Pb 750–800 –24.7 to –26.2 —

Al, Fe, Zr 750–800  ≤ –25.8 to –27.4 —
Nb 750–800  ≤ –24.5 to –26.2 —
Ce 750–800  ≤ –23.5 to –25.1 —

21B Pb 900–1000  –20.5 to –21.9 —
Al profile 1 900 -24.8 1.0
Al profile 1 900 -23.9 1.0
Al profile 2 900 -24.9 1.0
Al profile 2 900 -24.6 1.0
Al profile 3 900 -24.9 1.2
Al profile 3 900 -24.6 1.2
Fe profile 1 900 -22.9 1.1
Fe profile 1 900 -22.0 1.1
Fe profile 2 900 -24.1 1.1
Fe profile 2 900 -23.8 1.1
Fe profile 3 900 -23.4 1.1
Fe profile 3 900 -23.1 1.1
Zr profile 1 900 -24.9 1.0
Zr profile 1 900 -24.0 1.0
Zr profile 2 900 -25.2 1.0
Zr profile 2 900 -24.8 1.0
Zr profile 3 900 -24.7 1.1
Zr profile 3 900 -24.4 1.1
Nb profile 2 900 -24.7 1.8
Nb profile 2 900 -24.3 1.8
Nb profile 3 900 -24.6 1.9
Nb profile 3 900 -24.3 1.9
Ce profile 1 900 -25.0 1.4
Ce profile 1 900 -24.0 1.4
Ce profile 2 900 -24.1 1.4
Ce profile 2 900 -23.8 1.4
Ce profile 3 900 -24.2 1.9
Ce profile 3 900 -23.9 1.9



starting T  used in 21B 
calculations 21B calculations: log10 D 0  = m  x E a  + b

°C 2σ m 2σ b 2σ
— — — — — —
— — — — — —
— — — — — —
— — — — — —

— — — — — —
939 62 0.044 0.003 -24.6 0.4
873 57 0.047 0.003 -24.6 0.4
956 64 0.044 0.003 -24.7 0.3
919 61 0.045 0.003 -24.7 0.4
953 64 0.044 0.003 -24.7 0.7
919 60 0.045 0.003 -24.7 0.7
939 62 0.044 0.003 -22.7 0.5
873 57 0.047 0.003 -22.7 0.5
956 64 0.044 0.003 -23.9 0.5
919 61 0.045 0.003 -23.9 0.5
953 64 0.044 0.003 -23.2 0.6
919 60 0.045 0.003 -23.2 0.6
939 62 0.044 0.003 -24.7 0.3
873 57 0.047 0.003 -24.7 0.3
956 64 0.044 0.003 -25 0.3
919 61 0.045 0.003 -24.9 0.3
953 64 0.044 0.003 -24.5 0.4
919 60 0.045 0.003 -24.5 0.5
956 64 0.044 0.003 -24.5 1.5
919 61 0.045 0.003 -24.4 1.5
953 64 0.044 0.003 -24.4 1.6
919 60 0.045 0.003 -24.4 1.5
939 62 0.044 0.003 -24.8 1.0
873 57 0.047 0.003 -24.7 1.0
956 64 0.044 0.003 -23.9 1.0
919 61 0.045 0.003 -23.9 1.0
953 64 0.044 0.003 -24.0 1.6
919 60 0.045 0.003 -24.0 1.6



difference in D  between 
calculations and experiments

log10 (m2/s) 2σ
–4.7 to –6.2 —
–3.7 to –5.3 —
–1.4 to –3.1 —

same as Nd at FMQ —

–1.9 to –4.4 —
— —
— —
— —
— —
— —
— —
— —
— —
— —
— —
— —
— —

-4.2 1.1
-3.3 1.1
-4.5 1.1
-4.1 1.1
-4 1.2

-3.7 1.2
-2.9 1.9
-2.5 1.9
-2.8 2.0
-2.5 2.0

 -2.2 (Nd at FMQ) 1.5
same as Nd at FMQ —
same as Nd at FMQ —
same as Nd at FMQ —
same as Nd at FMQ —
same as Nd at FMQ —


