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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 ym), 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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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 um), 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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Introduction

U-Pb titanite (Ca[Ti,Al,Fe**]SiO4[O,0H,F,Cl]) dates have been interpreted to record
neocrystallization and growth (Corfu, 1996; Kohn and Corrie, 2011; Mottram et al., 2018;
Olierook et al., 2018; Scott and St-Onge, 1995; Spencer et al., 2013; Stearns et al., 2016, 2015;
Verts et al., 1996), recrystallization during deformation (Bonamici et al., 2015; Spencer et al.,
2013), alteration/reaction with a fluid (Corfu, 1996; Garber et al., 2017; Holder and Hacker,
2019; Marsh and Smye, 2017; Olierook et al., 2018), and cooling (Cherniak, 1993; Mattinson,
1978; Mezger et al., 1991; Tucker et al., 1987). The Zr content of titanite has been calibrated as a
thermobarometer (Hayden et al., 2008) and titanite commonly contains many other trace
elements that can be used to relate dates to physical conditions (pressure, temperature, mineral
assemblage) of neocrystallization, growth, dynamic recrystallization, or alteration (Garber et al.,
2017). Unlike zircon, titanite reacts with rock-forming minerals, making it useful for
conventional thermobarometry (Table 2 of Frost et al., 2001), further allowing U-Pb titanite
dates to be tied directly to physical conditions of magmatism and metamorphism (e.g. Scott and
St-Onge, 1995). Although titanite is a potentially versatile petrochronometer, interpretations of
U-PD titanite dates are limited by uncertainties in the diffusivities of petrochronologically
important elements such as Pb, U, Zr, Al, Fe, Nb, Ta, and REE (see Kohn, 2017, Smye et al.,
2018, and Online Resources 1 and 2 for reviews of elemental diffusion in titanite).

Experiments suggest that typical metamorphic titanite grains (~100-um diameter cooled at 10
K/Myr) should have a whole-grain closure temperature to Pb diffusion of ~575°C (Cherniak,
1993), to Zr diffusion of ~675°C (Cherniak, 2006), to Nb and Ta diffusion ~725°C (Cherniak,
2015), and to Sr and Nd diffusion of ~800°C (Cherniak, 1995). For Pb, the experimental closure
temperature of ~600°C (Cherniak et al., 1993) has been supported by some empirical U-Pb
TIMS studies (Mattinson, 1978; Mezger et al., 1993, 1991; Spear and Parrish, 1996; Tucker et
al., 2004, 1990, 1987; Verts et al., 1996); however, a growing number of studies by TIMS
(Corfu, 1996; Kylander-Clark et al., 2008; Pidgeon et al., 1996; Schirer et al., 1994; Zhang and
Schirer, 1996), SIMS (Castelli and Rubatto, 2002; Rubatto and Hermann, 2001), and LA-ICP-
MS (Gao et al., 2012; Garber et al., 2017; Kohn and Corrie, 2011; Marsh and Smye, 2017;
Mottram et al., 2018; Spencer et al., 2013; Stearns et al., 2016, 2015; Walters and Kohn, 2017)
have documented preservation of inherited titanite U-Pb dates and/or heterogeneity in U-Pb

dates at the outcrop and grain scales in igneous and granulite-facies-metamorphic rocks that
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require little to no Pb diffusivity in titanite at temperatures as high as 800°C (see Online
Resource 2 for review of empirical studies that have inferred slow Pb diffusion). Although Pb
diffusion has been the focus of most studies, rates of diffusion similar to, or slower than Pb have
also been suggested for other elements, such as Zr (e.g. Stearns et al., 2016; Walters and Kohn,
2017) and the rare-earth elements (REE; e.g. Garber et al., 2017). Two exceptions to the
empirical in-situ studies that have hypothesized slow diffusion in titanite are those of Kirkland et
al. (2016) and Bonamici et al. (2015). Kirkland et al. (2016) argued that apparently inherited,
but geologically meaningless U-Pb dates in granulite-facies titanite could result from
preferential U loss relative to radiogenic Pb. Bonamici et al. (2015) interpreted core—rim
covariance in U-Pb dates and §'®0 in mm-scale granulite-facies titanite grains to record
diffusion during rapid cooling in agreement with the experimental diffusion parameters
(Cherniak, 1993; Zhang et al., 2006).

Whereas many studies have suggested limited elemental diffusivity in titanite, the diffusivity
estimates of these studies are semi-quantitative, based on the preservation of compositional and
isotopic heterogeneity (or lack thereof) within and among titanite grains, rather than the
quantification of diffusion profiles. Furthermore, the available empirical constraints on elemental
diffusivity in titanite are all from rocks of similar temperature: 700—800°C. In this study, both of
these limitations are addressed through the calculation of elemental diffusivities of Zr, Nb, Ce,
Al Fe, and Pb in titanite as a function of the length scales of preserved compositional gradients
in titanite—interpreted to be arrested diffusion profiles—from 800—1000°C calc-silicate gneisses

from southern Madagascar.

Studied samples

Two titanite-bearing samples were chosen from the gneisses of southern Madagascar that were
metamorphosed during the Ediacaran—Cambrian continental collision between East and West
Gondwana (Fig. 1: Collins et al., 2012; Tucker et al., 2014; Boger et al., 2015; Fitzsimons,
2016). Titanite 12D is from a calc-silicate gneiss exposed in a road cut ~12 km west of
Ankaramena in the Ikalamavony Domain (location: 46.5498, -21.9645). The gneiss consists of
clinopyroxene, plagioclase, scapolite, quartz, Ca-amphibole, titanite, calcite, epidote, minor
garnet, minor magnetite, minor apatite, and trace zircon. Grains are typically equant and

xenoblastic, except that amphibole and titanite are (hyp)idioblastic. Foliation is defined by
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alternating layers of pyroxene—amphibole rich and poor layers. Finer-grained Ca-amphibole,
epidote, chlorite, calcite, and white mica occur interstitially, along grain boundaries, and as
coronae and pseudomorphs after other phases (mainly clinopyroxene); these features are
interpreted to be retrograde. The studied titanite is a 0.5 cm euhedral grain separated from a
coarser clinopyroxene—amphibole-poor layer. Peak metamorphic temperature is inferred to have
been 750-800°C, based on Zr-in-titanite thermometry and the inferred peak-7" assemblage
clinopyroxene—Ca-amphibole—calcite (Holder and Hacker, 2019). For additional information on
the thermal history of this region, see Grégoire et al. (2009) and Ganne et al. (2014). A different
cm-sized titanite grain from this outcrop was studied by Holder and Hacker (2019) to determine
the efficiency of fluid—titanite interaction in resetting U—Pb titanite dates.

Titanite 21B is from a calc-silicate gneiss collected across the river from the Gendarmerie in
Tranomaro in the Anosyen Domain (location: 46.4757, -24.5989). The sample contains two
spatially distinct mineral assemblages: (1) clinopyroxene, scapolite, titanite, quartz, plagioclase,
wollastonite, minor apatite, and trace zircon and (2) clinopyroxene, scapolite, titanite, quartz,
plagioclase, alkali-feldspar, epidote, minor apatite, and trace zircon. Scapolite—quartz
symplectites along the contact between the two mineral assemblages suggest they are not in
equilibrium. In mineral assemblage 1, calcite and quartz occur around and along fractures
through wollastonite and are interpreted to be the result of retrogression. The presence of epidote
in mineral assemblage 2, along with the symplectite along the boundary of the two mineral
assemblages suggests that it crystallized at a lower temperature, probably associated with post-
peak-temperature “stage 2”” metasomatism (Rakotondrazafy et al., 1996). Titanite
petrochronology from mineral assemblage 2 was studied by Holder and Hacker (2019) to
determine the efficiency of fluid-titanite interaction for resetting U—Pb titanite dates during
retrogression. This study examines a single large titanite grain from mineral assemblage 1, which
is interpreted to have equilibrated at or near the peak metamorphic temperature, based on the
assemblage wollastonite—quartz. The peak metamorphic temperature is estimated to have been
900-1000°C based on pseudosections (Boger et al., 2012; Holder et al., 2018a), feldspar-solvus
thermometry (Holder et al., 2018a), Al in orthopyroxene (Jons and Schenk, 2011), Zr in rutile
and Ti in quartz (Horton et al., 2016), Zr in titanite (Holder and Hacker, 2019), oxygen-isotope
thermometry (Holder et al., 2018b), and the widespread stability of (ultra)high-temperature

mineral assemblages (sapphirine—quartz, orthopyroxene—sillimanite—quartz: Jons and Schenk,
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2011; osumilite, Al-spinel—quartz: Holder et al., 2018a; Jons and Schenk, 2011). For additional

information on the thermal history of this region, see Holder et al. (2018a).

Methods
Laser-ablation split-stream inductively coupled plasma mass spectrometry (LASS)
One thousand twenty-six LASS spot analyses were conducted on a single titanite grain in a thin
section from sample 21B to assess grain-scale heterogeneity in U-Pb dates. Dates and trace-
element compositions were measured using the split-stream procedure described by Kylander-
Clark et al. (2013) and Kylander-Clark (2017) at the University of California, Santa Barbara.
Four LASS depth profiles were measured perpendicular to a titanite crystal face in sample
12D to evaluate possible Pb diffusion out of titanite. The titanite was then cut perpendicular to
the measured crystal face after laser ablation to measure the pit depths (19 pm) and to map near-
rim Zr, Nb, Ce, Al, and Fe concentrations in two dimensions by EPMA (see Quantified EPMA
trace-element maps) as a complement to the one-dimensional LASS data. The methods used to
acquire and processes the depth profile data, along with an assessment of data precision and
accuracy, are given in Online Resource 3. The precision of each datum in each depth profile is:
5.1% for 2°"Pb/?*3U, 4.3% for 2°°Pb/*8U, 2.0% for 2°’Pb/?°Pb, and 7.5% for 2°*Pb/***Th (95%
confidence interval). All four depth profiles yielded consistent results; the 2-standard-error of the
weighted mean of the four depth profiles is: 2.6% for 20’Pb/?*>U, 2.2% for 2°°Pb/?**U, 1.0% for
207pb/2%Ph, and 3.8% for 2%®Pb/?**Th. Secondary-reference-material reproducibility for the depth
profiles was <1.5%, suggesting that the accuracy of the depth profiles is comparable to the
accuracy of traditional LASS spot analyses: 1-2% (Kosler et al., 2013; Spencer et al., 2013).

Quantified EPMA trace-element maps

The elemental concentrations of Al, Fe, Zr, Nb, and Ce were mapped parallel to the LASS depth
profiles in titanite 12D (after cutting the grain perpendicular to the profiled crystal face; Fig. 2)
and in a single large titanite grain in thin section (titanite 21B) using a Cameca SX100 EPMA at
the University of California, Santa Barbara. The beam current was 200 nA. The accelerating
voltage was 15 kV. The counting time per pixel was 1 s. The activation volume (the region from
which 95% of X-rays were generated) under these beam conditions was estimated to have been

1.5 pm in diameter using the program CASINO. The maps of titanite 21B were collected using a
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10 um pixel spacing, and those collected parallel to the depth profiles in titanite 12D using a 1
um pixel spacing (slightly smaller than the 1.5 um activation volume). LPET crystals were used
to measure Zr and Nb L, X-rays, LLIF crystals for Fe K, and Ce Ly, and a TAP crystal for Al K.
The maps were processed using Calc Image of the Probe for EPMA software. The weight
percent of each element was calculated from the counts-per-second per nA of each pixel in the
maps using a mean-atomic-number background calibration (Donovan et al., 2016) and ZAF
correction assuming that the matrix composition was CaTiSiOs. Because this approach to
quantifying EPMA maps is not yet widely used, the accuracy of the method is demonstrated, as a
proof-of-concept, by direct comparison of quantified map pixels with spot analyses from the
same location (Fig. 3). The spot-analysis beam current was 40 nA, the accelerating voltage was
15kV, and the beam diameter was 10 um. The elements F, Na, Al, Si, Cl, Ca, Mn, Fe, Zr, Nb, Ce
were measured; Cl and Na were below detection limit in all analyses. Additional details of the
data collection are given in Online Resource 4. Representative EPMA spot analyses are shown in
Table 1. All spot analyses are presented in Online Resource 5 and the corresponding map pixel

values are presented in Online Resource 6.

Results
Due to the large amount of data used in this study, only representative EPMA spot analyses are
presented in the main text of this paper (Table 1). The rest of the data are available in .xlsx

format in Online Resources 5—11.

800°C titanite 12D
Four U/Th—Pb+Zr LASS depth profiles were measured by ablating into the crystal face of titanite
12D (Figs. 3-5; Online Resource 7); afterward, the titanite was cut perpendicular to that crystal
face, polished until two of the LASS pits were partially exposed, and mapped by EPMA for Al,
Fe, Zr, Nb, and Ce (Fig. 6). Compositional gradients were extracted as swath profiles (averages
of parallel line profiles) from the area between the two exposed laser pits in the EPMA maps
(Online Resource 8).

LASS depth profiles (Figs. 4, 5) of titanite 12D show downhole increases and decreases in U,
Th, and individual Pb isotopes within the same pit. The 2*°Pb and 2*’Pb profiles mimic the shape
of the U profile and the 2°*Pb profile mimics the shape of the Th profile, as expected for a system
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that has remained largely closed since 500 Ma. However, the 2°°Pb/?33U, 27Pb/?*°U, 2%8Pb/>*2Th,
and 2°’Pb-corrected 2°°Pb/?*8U date (corrected using the 2°’Pb/?°Pb composition of
clinopyroxene from the same rock; Online Resource 9) profiles decrease toward the grain rim,
corresponding to younger dates. The dates decrease gradually from 550 + 12 to 535 + 12 Ma (2se
of the weighted mean of the four adjacent depth profiles) between the bottom of the pit and 5 pm
depth, then decrease more rapidly to 495 + 11 Ma at the crystal face.

The EPMA maps and extracted swath profiles of Al, Fe, Zr, Nb, and Ce are shown in Fig. 6.
Zr, Al, and Fe all decrease monotonically toward the crystal face of titanite 12D; no clear
diffusion profiles are present. The Nb and Ce concentrations increase toward the crystal face
within the outermost 6 and 20 um of the profile, respectively, possibly the result of diffusive

influx or growth zoning.

900-1000°C titanite 21B
EPMA maps of Al, Fe, Zr, Nb, and Ce and a LASS map of U-Pb dates in titanite 21B are shown
in Fig. 7. A larger version of the U-Pb map, with surrounding phases annotated, is shown in Fig.
8. The LASS spot analyses that define the U-Pb map are presented in Online Resource 10.

Elemental zoning, best seen in Zr, is characterized by: 1) gradual changes in composition at
the mm scale, and 2) sharp (10-100 um scale) compositional steps. The sharp compositional
gradients are similar to those documented by Holder and Hacker (2019) for titanite throughout
the Anosyen domain; they were interpreted to have formed by interface-coupled dissolution—
precipitation (replacement of precursor titanite by titanite of different composition).
Compositional gradients in Al, Fe, Zr, Nb, and Ce were extracted from three of these sharp
compositional steps as swath profiles (averages of parallel line profiles). The swath profiles are
shown in Fig. 9; data for the profiles is presented in Online Resource 11. The length scales of the
compositional gradients in Zr, Al, and Nb across these profiles are ~40 um. The length scales of
the compositional gradients in Ce range from 40—120 pm. The length scales of compositional
gradients in Fe are 50—150 um. These relatively sharp compositional steps are all associated with
the regions of highest Zr concentrations.

The LASS map of titanite 21B1 (Fig. 8) shows U-Pb dates from 545 + 11 Ma to 490 + 10
Ma (spot analyses corrected for common Pb using the 2°’Pb/2%Pb composition of clinopyroxene;

Online Resource 9). Three domains of distinctly older U-Pb dates were observed, each ~200—
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300 um in radius/half-width. Whereas the majority of U-Pb titanite dates in the Anosyen domain
are <530 Ma and interpreted to record low-temperature retrogression (Holder and Hacker, 2019),
the oldest dates from titanite 21B1 agree with the age of peak metamorphism (550 £ 11 Ma;
Holder et al., 2018a). The spread of dates from 545 to 490 Ma coincides with abundant monazite
and zircon dates from pelitic and felsic gneisses (Holder et al., 2018a; Horton et al., 2016; Jons
and Schenk, 2011) and widespread partial melt crystallization (Collins et al., 2012; Jons and
Schenk, 2011; Paquette et al., 1994; Tucker et al., 2011) interpreted to reflect cooling of the
terrane (Holder et al., 2018a) and local hydrothermal fluid circulation (Holder and Hacker,
2019).

Discussion

Estimate of Pb diffusivity in titanite 12D

The U-Pb date decreases by 30—40 Myr within the outermost 5 pm of the depth profile. This
could reflect (1) loss of Pb by volume diffusion or (2) protracted growth, as suggested by Stearns
et al. (2016) for near-rim zoning in titanite from gneiss domes in the Pamir Mountains. If the
profile reflects volume diffusion, assuming a conservative range of 1-40 Myr for the duration of
near-peak-temperature metamorphism (750-800°C; Holder and Hacker, 2019), the Pb diffusivity
is calculated to be 102*’~1072%2 m?/s (Table 2; Fig. 10) using the equation for the characteristic
length-scale of diffusion: u = 2V(D¢) (u the diffusion length scale, D diffusivity, and ¢ time at
peak temperature). This simple equation was used because the complex zoning of U observed in
the depth profile does not permit an error-function fit, although the approximate length-scale of
the near-rim zoning from diffusion should still be similar (see Smye et al., 2018). This estimate
for Pb diffusivity agrees with extrapolated values of experimental Sr diffusivity (hypothesized to
be a reasonable approximation of Pb diffusivity in natural titanite; Kohn, 2017), but is
significantly slower than experimental Pb diffusivity (Cherniak, 1993). If some of the U-Pb

zoning reflects protracted growth, this estimate of Pb diffusivity is a maximum.

Estimates of Al, Fe, Zr, Nb, and Ce diffusivities in titanite 12D
Zr, Al, and Fe all decrease monotonically toward the crystal face of titanite 12D; no clear
diffusion profiles are present, suggesting that the length scale of diffusion was shorter than the

analytical resolution of the maps (1.5 um). Based on a conservative range of durations of near-
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peak-temperature metamorphism (1-40 Myr; the same as that used for the Pb diffusion
estimates) the diffusivities for these elements at ~800°C must be less than 102810274 m?/s (u
= 2V(D¥); Table 2; Fig. 10). The Nb concentrations increase toward the crystal face within the
outermost 6 um of the profile. If this is the result of diffusive influx, rather than growth, this
corresponds to a diffusivity of 1024°-107262 m?/s (Table 2; Fig. 10). Ce increases gradually
toward the crystal face within the outermost 20 um of the profile. If this is the result of diffusive
influx, rather than growth, this corresponds to a diffusivity of 102*°-1072>! m?/s (Table 2; Fig.
10). However, the absence of Zr, Al, or Fe diffusion profiles suggests that the Ce and Nb profiles
might simply reflect growth zoning (similar to the interpretation of near-rim zoning in the depth
profiles of Stearns et al., 2016), in which case the estimated diffusivities of Nb and Ce are

maxima.

Estimate of Pb diffusivity in titanite 21B

The LASS map of titanite 12B1 (Fig. 8) shows U-Pb dates from 545 + 12 Ma to 490 + 11 Ma
(spot analyses corrected for common Pb using the 2°’Pb/?*Pb composition of clinopyroxene).
The oldest dates agree with the age of peak metamorphism in the Anosyen Domain (550 + 11
Ma; Holder et al., 2018a); the youngest dates correspond to cooling, retrogression, and
widespread hydrothermal circulation during retrogression (Holder and Hacker, 2019). The
isotopically older domains within the titanite have radii/half-widths of 200300 pm. For a length
scale of 200-300 pum, a peak temperature of 900—1000 °C (Jons and Schenk, 2011; Boger et al.,
2012; Horton et al., 2016; Holder et al., 2018a,b; Zr-in-titanite 7, this study), and a timespan of
1-20 Myr for peak metamorphism (Holder et al., 2018a), the calculated Pb diffusivity is 10720~
102" m?/s (Table 2; Fig. 10). This value is equivalent to estimates of Sr diffusivity from the
experiments of Cherniak (1995), and consistent with the hypothesis of Kohn (2017) that
experiments for Sr diffusivity provide reasonable estimates of Pb diffusivity.

Although the length scale of Pb diffusion within Madagascar titanite is consistent with
experimental estimates for Sr diffusivity, the distribution of U-Pb dates within the grain suggest
that diffusion of Pb out of titanite might not have occurred at the same rate everywhere. The
titanite dates do not simply decrease from core to rim (Fig. 8), but rather, three regions of older
dates are preserved. Some of the oldest dates (c. 545 Ma) are within 200 um of the grain rim.

(All of these data have been screened using trace-element concentrations to remove the effects of
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small impurities such as zircon or monazite.) Holder and Hacker (2019) discussed the
importance of interface-coupled dissolution—precipitation reactions (ICDR), rather than volume
diffusion, for resetting other titanite grains in Madagascar during retrogression; however, the
lack of correlation between U—-Pb dates and elemental zoning suggests that ICDR cannot be the
sole explanation for the irregular distribution of U-Pb dates in this titanite. Alternatively, the
irregular distribution of U-Pb dates might indicate that: 1) diffusion of Pb out of titanite
depended on grain-boundary conditions, such as the availability of a fluid phase or the phase
adjacent to titanite (see Kohn et al., 2016, and Smye et al., 2018, for discussions of possibly
grain boundary effects on the preservation of U-Pb dates), 2) that Pb diffusion rates in titanite
were not the same everywhere due to fast-diffusion pathways, such as those documented for
oxygen diffusion in experiments (Zhang et al., 2006), or those discussed for cation diffusion by
Marsh and Smye (2017) and Smye et al. (2018), and/or 3) the titanite grain might have grown
and/or been resorbed during cooling—as suggested by its xenoblastic habit—resulting in a
moving grain boundary during or after Pb diffusion. Differentiating among these hypotheses is
beyond the scope of this study, but they are pointed out to highlight the complexities of

interpreting elemental and isotopic zoning titanite.

Estimates of Al, Fe, Zr, Nb, and Ce diffusivities in titanite 21B

In titanite 21B, three steep compositional gradients were chosen to calculate elemental
diffusivities (locations marked with stars in Fig. 7; swath profiles shown in Fig. 9). Due to the
possible complications of grain-boundary effects mentioned in the previous paragraph, profiles
internal to the titanite, rather than grain-boundary profiles, were chosen. The steep (10-100-pm
scale) compositional gradients were chosen over the more-gradual (mm-scale) compositional
gradients, because the shortest length scales of compositional heterogeneity provide the strongest
constraints on diffusivity (e.g. 10—100 pm compositional gradients cannot be preserved if the
length-scale of diffusion is 1 mm). Assuming that these steep compositional gradients began as
step functions and that the rock cooled linearly from the time that each of the step functions
formed, diffusion parameters for Al, Fe, Zr, Nb, and Ce were calculated using the following
equation from Watson and Cherniak (2015):

1 1 1 . E
logloso = 2504 — EEOQIODO - IogloTi + E logloEa - ElogloT + (2611 Fa)
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where Sy 1s the slope at the center of the best-fit (least-squares) error function (normalized such
that the maximum value of the error function is 100 and the minimum value is 0); 7; the
temperature (K) at which the compositional step formed and cooling began; 7 the cooling rate
(K/s); and Do (m?/s) and E, (kJ/mol) the elemental diffusivity at infinite temperature and the
activation energy of diffusion, respectively. Do and E, describe the temperature dependence of
elemental diffusivity D by the Arrhenius relationship, D = D, ¢ Z“RT (R, the gas constant). The
cooling rate used for the calculations was 17+7 K/Myr, constrained by monazite petrochronology
(Holder et al., 2018a) and U/Th—He monazite dates (Montel et al., 2018); for discussion of the
thermal history of the Anosyen Domain, see Holder et al. (2018a). The 7; used for the
calculations are described below.

Because there are two unknown diffusion parameters, Dy and E,, the calculated value of each
can only be described as a function of the other. It was found that permissible values of Dy and
E, are related by logi0Do = m x E, + b. Uncertainties in Sp (as a function of analytical
uncertainties in the swath profiles), 7; (next paragraph), and 7' (17+7 K/Myr; Holder et al.,
2018a) were propagated into uncertainties in m and » by Monte Carlo analysis. All uncertainties
presented are 95% confidence intervals. Implicit in these calculations is that the chemical
potential of each element is proportional to its concentration; this is a reasonable assumption
based on the low concentrations of each element (~2.0 wt.% Al; ~1.4 wt.% Fe; <1 wt.% each of
Ce, Nb, and Zr) and their limited compositional ranges (1000 ppm Al and Fe, £500 ppm Ce,
+200-400 ppm Nb, £3000-5000 ppm Zr).

For each element in each profile, two calculations were made starting with the Zr-in-titanite
temperatures from either side of the compositional steps as 7:. Uncertainties used for 7; are the
propagated uncertainties of the coefficients of the experimental calibration of the Zr-in-titanite
thermobarometer (Hayden et al., 2008), uncertainty in the pressure of metamorphism (0.6+0.2
GPa; Holder et al., 2018a), and a conservatively large uncertainty in ario2 (0.75 + 0.25) reflecting
the absence of rutile in the samples, but recognizing that arioz is likely greater than 0.5 in titanite-
bearing rocks (Chambers and Kohn, 2012; Ghent and Stout, 1984). The highest 7; was
956+£64°C, the lowest 873+57°C (Table 2). As stated in the previous paragraph, the uncertainties
in these 7; values were propagated through the calculations by Monte-Carlo analysis, along with
uncertainties in the cooling rates, and in the elemental concentrations extracted from the

quantified maps. The large uncertainties in 7; contribute to order-of-magnitude uncertainties in
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calculated elemental diffusivities, but ensure that the results are not strongly biased toward a
single interpretation of the thermal history. For example, the highest 7;is consistent with the
inferred peak metamorphic temperature of Holder et al. (~950°C; 2018a,b), Horton et al. (2016),
and Jons and Schenk (2011), whereas the lowest 7; is consistent with the inferred peak
temperature of Rakotondrazafy et al. (>850°C; 1996), and both are consistent with the peak
metamorphic temperature of Boger et al. (880-920°C; 2012).

The calculations presented in this section assume that the steep compositional gradients
formed at or near the peak metamorphic temperature. This assumption is based on the
preservation of both Zr temperatures and U-Pb dates that are consistent with independent
estimates of the temperature and timing of peak metamorphism (previous paragraph; Holder et
al., 2018a, and references therein). It is noted, however, that the sharp profiles used for diffusion
modeling occur at the edge of irregularly shaped, lobate compositional domains. The lobate
shapes of the domains and their relatively sharp compositional boundaries are consistent with
formation by ICDR (Putnis, 2009) in which precursor titanite was replaced by titanite of
different composition. If the zoning formed by such reactions, and if titanite—zircon equilibrium
was not achieved during formation of the new domains (as suggested for some titanite by Holder
and Hacker, 2019), the profiles might have formed at lower temperature than indicated by Zr
thermobarometry and the calculated diffusivities would not be accurate. However, as discussed
below, the calculations for Zr diffusivity in titanite 21B (the most studied of the elements Al, Fe,
Zr, Nb, and Ce) are consistent with the maximum diffusivities estimated by other empirical
studies (Kohn, 2017; Stearns et al., 2016; Walters and Kohn, 2017). Furthermore, the diffusivity
estimates for all elements in titanite 21B agree, within uncertainties, with those in titanite 12D
(Fig. 10). While there will always be geological uncertainty in the calculation of empirical
physical properties (like diffusivities or partitioning coefficients) the consistency of empirical
diffusivities calculated from different samples and in different studies suggests that the assumed
thermal history used in these calculations is appropriate.

Best-fit error functions are shown in Fig. 9. Calculated diffusion parameters are shown in
Fig. 10 and Table 2. The estimates of elemental diffusivity extracted from these profiles are
maxima, because the modeled compositional boundaries are likely not perpendicular to the thin

section, resulting in apparent length scales of diffusion greater than the true length scales.
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The estimates for maximum Zr diffusivity are ~4+1 orders of magnitude slower than the
experimental results of Cherniak (2006). This is consistent with the common preservation of
granulite- or high-temperature eclogite-facies Zr-in-titanite temperatures in many terranes (Gao
et al., 2012; Garber et al., 2017; Kirkland et al., 2016; Kohn and Corrie, 2011; Mottram et al.,
2018; Olierook et al., 2018; Spencer et al., 2013). It is also consistent with the preservation of
sector zoning (um-scale) in ~800°C titanite in the Greater Himalayan Sequence (Walters and
Kohn, 2017), and the absence of inferred diffusion at the sub-pum scale in depth profiles of 750—
800°C titanite from gneiss domes in the Pamir Mountains (Stearns et al., 2016).

The estimates for maximum Nb diffusivity are ~3+2 orders of magnitude slower than
experiments (Cherniak, 2015). The individual estimates for maximum Al diffusivity range from
the same as experimental Nd diffusivity within uncertainty (at FMQ: Cherniak, 1995) to 2+1
orders of magnitude slower than experimental Nd diffusivity and 3—4+1 orders of magnitude
slower than experimental Nb—Ta diffusivity (Cherniak, 2015). In the Nd and Nb diffusion
experiments, each was diffusively coupled to Al. Surprisingly, the calculated diffusivities of Nb
and Al—which rely on coupled substitutions—are the same as those of Zr, within uncertainty,
which is thought to enter titanite by the simple substitution mechanism Zr** = Ti*" (Hayden et
al., 2008).

The estimates for maximum Ce diffusivity are the same as, or within one order of magnitude
of, the experimental Nd diffusivity measured at the FMQ buffer (Cherniak, 1995). This
agreement is consistent with the predicted similarities in geochemical behavior of the REE, but
significant in that Ce has two common valence states (Ce*" and Ce*") that likely diffuse by
different mechanisms and at different rates. Due to differences in Ce valence, Ce diffusivity is
likely to be influenced by fO».

Fe exhibits the largest and most variable length scales of compositional variation. Fe is
commonly assumed to substitute into titanite by the same mechanism as Al—(Al,Fe*") + (F~
,OH") = Ti*" + 0> —and therefore might be expected to have an elemental diffusivity similar to
Al. However, Fe gradients are >3x longer than the Al gradients, corresponding to a weighted
average difference between calculated Dr. and D4 of 1.440.6 orders of magnitude (2se). This
may be explained, in part, by the presence of some Fe?" in titanite, rather than pure Fe’" as

commonly assumed (e.g. Franz and Spear, 1985): Fe** would likely diffuse faster than Fe** due
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to its lower charge. If titanite accommodates Fe?" and Fe**, the diffusivity of Fe is likely to be

influenced by fO».

Differences among empirical and experimental diffusivity estimates in titanite: the possible
role of coupled substitutions and differences in titanite compositions

The purpose of this study is to provide empirical constraints on elemental diffusion in titanite. As
with previous empirical studies, the elemental diffusion rates of Pb and Zr were found to be
slower than in experiments. Nb diffusion was also found to be slower than experiments. This
section discusses chemical and physical differences between the titanite used in experiments and
most natural titanite that might explain the reported differences in elemental diffusivities.

A notable difference between the empirical and experimental studies of elemental diffusion
in titanite is that the experimental studies have used near-end-member CaTiSiOs—as evident
from its pale green color, minimal Al-Fe content, and near 100 wt.% totals for EPMA
measurements of major elements (Online Resource 1)—whereas most titanite used for
geochronology is brown—orange—red and has a wider range in composition,. For example, titanite
reported in Garber et al. (2017)—which might be considered typical for granitic rocks—has 0.5—
2 wt.% each of Al, Fe, and F (2-3x higher than the titanite used in experiments) as well as 0.2—
7.1 wt.% trace elements (measured by LASS; median = 1.3 wt.%). In the calc-silicate samples
12D and 21B of this study, non-CaTiSiOs substituents comprise 3.9—6.0 and 8.9—13.1 wt%,
respectively (Table 1; Online Resource 5). These points emphasize that most natural titanite
grains have more complex solid solutions (commonly >10-20 mol% non-CaTiSiOs end-
members) than the titanite used in experimental diffusion studies (6 mol% non-CaTiSiOs end-
members; Cherniak, 1993, 1995). Most of these minor and trace elements are accommodated in
titanite by multiple coupled substitutions that may not have operated in experiments with purer
titanite.

The possible importance of coupled versus uncoupled diffusion in titanite, as well as the
complexity of individual diffusion mechanisms is illustrated in part by the experiments of
Cherniak (1995) on Sr and Nd diffusion. Cherniak found that Nd diffusion in air was ~1 order of
magnitude faster than Nd diffusion buffered at FMQ. The activation energies of diffusion were
lower in air than at FMQ, indicating that the diffusion mechanism was different. Nd diffusion

was coupled to Al diffusion (one-to-one) in experiments conducted at FMQ, but showed no
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coupling to Al (and Al showed no evidence of diffusion) in experiments conducted in air. The
coupling of Nd to Al at FMQ can be explained by the reaction Nd** + AI** «<» Ca** + Ti*", but
the mechanism for the apparently uncoupled diffusion in air is unclear. Cherniak suggested that
it might be related to the presence of defects (a faster diffusion pathway) created by the oxidation
of Fe (the samples changed from green to red when annealed in air prior to experiments), or by
coupled substitution with anions on the volatile site (O, OH, F, Cl), although she did not find
appreciable differences in O or F contents among untreated, annealed-in-air, or annealed-at-FMQ
samples. The apparently uncoupled Nd diffusion in air (faster than at FMQ) was found to have
the same rate as Sr diffusion, which was also interpreted to be uncoupled (Sr*" <> Ca?") and did
not have different diffusion rates at different fO. These experiments show that order-of-
magnitude differences in elemental diffusivities (of Nd and Al) can result from differences in
how elements are coupled in the crystal lattice and, possibly, differences in ambient conditions
(in this case, fO2).

In experiments on Nb and Ta diffusivity (Cherniak, 2015), the length scales of Nb and Ta
diffusion were found to be identical to the length scales of Al diffusion, although the molar
proportions of Al were not sufficient to charge balance the amount of Nb—Ta present, suggesting
that other elements (Fe**, Na*, F-) must have been involved. Even in the relatively simple titanite
used in experiments, diffusion of a single element may require exchange of other elements in the
crystal lattice. The correlations between Al and Nd—Nb—Ta diffusion suggest that trace-element
diffusivities and Al (and Fe*") diffusivity are fundamentally linked, such that movement of any
of these elements will be partially limited by the mobility of other elements. This interpretation is
supported by the similarities among calculated diffusivities for Al, Nb, and Ce (a REE, like Nd)
in this study.

The complexity of cation substitution in titanite is also highlighted by Prowatke and
Klemme’s (2005) experimental study of trace-element partitioning between titanite and silicate
melt. Prowatke and Klemme found that total REE-Nb—Ta partitioning into titanite was
correlated with titanite Al content, but that Al content was independent of REE-Nb-Ta content.
The correlation between Al and total REE-Nb—Ta concentrations was nonlinear. They concluded
that titanite—melt trace-element partitioning was affected more by trace-element coordination in
the melt than by changes in crystal structure caused by changes in titanite composition. More

importantly for this discussion, Prowatke and Klemme concluded that the substitution of REE—
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Ta-Nb into titanite may have involved vacancies (4Nb>" + [J < 5Ti*", 2REE*" + [J < 3Ca?"),

in addition to the aforementioned coupled substitutions involving Al.

Although Prowatke and Klemme concluded that total REE partitioning was not a function of
Al content, they did recognize changes in the physical properties of the titanite crystal lattice as a
function of Al content. With increasing titanite Al content, their REE profiles exhibited more-
pronounced MREE enrichment (higher Gd relative to La and Lu). Lattice strain models of REE
substitution into the Ca site suggested an increase in the apparent Young’s modulus by a factor
of 2.3 for an increase in Al,O3 of 0.13 to 0.69 wt.%; natural titanite commonly exhibits much
higher concentrations (e.g. this study; Franz and Spear, 1985; Garber et al., 2017). Garber et al.
(2017) noted the same correlation between REE concavity and Al content in Norwegian titanite,
and interpreted this to reflect decreases in the Ca—O and [Ti,Al]-O bond lengths and unit-cell
volume as a function of Al <> Ti substitution (Oberti et al., 1991).

To summarize, most natural titanite is a more-complex solid solution than titanite used in
diffusion experiments. Non-CaTiSiOs substituents in titanite commonly comprise >5—-10 wt.%
(>10-20 mol% non-CaTiSiOs end members). The substitution of Al is most prominent and has
been studied in the most detail. Incorporation of Al has been shown to correspond to changes in
the size and elasticity of the titanite lattice. Although speculative, these changes in composition
and crystal structure might correspond to changes in elemental diffusivities, as has been shown
for interdiffusion in metal alloys (Porter and Easterling, 1990) and predicted for O diffusion in
silicates (Zheng and Fu, 1998). Most substituents enter the titanite lattice through multiple
coupled substitution mechanisms, such that none of the substituents likely diffuse independently
of the others. The rates of even relatively simple diffusion mechanisms, like Zr*" < Ti*", might
be limited by the extent to which each of these elements is coupled to other elements in the
titanite lattice (such as AI**, which occupies the same site, but is coupled to substituents on the
Ca- and O-sites). Another parameter than might influence elemental diffusivities in a complex
solid solution like titanite are the abundance of vacancies; however, assessment of the role of

vacancies on cation diffusion is beyond the capabilities of the data presented in this study.

CONCLUSIONS
Elemental diffusivities in titanite were estimated from the length scales of compositional and

isotopic heterogeneity in granulite-facies titanite from southern Madagascar (Fig. 10; Table 2).
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The calculated Pb diffusivities are similar to the experimental data for Sr (Cherniak, 1995),
implying that most titanite U-Pb dates will be preserved through temperatures as high as 850°C
and should not be interpreted as cooling ages unless grain-scale evidence for volume diffusion
can be documented; strategies for differentiating diffusion, growth, and other mechanisms of
recrystallization (sensu lato) based on U-Pb zoning have previously been outlined by Stearns et
al. (2015) and Smye et al. (2018). The elements Al, Fe, Nb, Zr, and Ce diffuse slower than Pb
and reflect the conditions of titanite crystallization in all but the highest grade rocks (>850°C).
Although the calculations in this study are subject to terrane-scale geological uncertainty, they
provide a quantitative framework, consistent with previous semi-quantitative empirical studies,
to assess and refine understanding of titanite petrochronology and elemental diffusion. It is
hypothesized that differences between empirical and experimental diffusivities may be related to
physical and chemical differences between most natural titanite and near-end-member CaTiSiOs

titanite used in experiments.
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Figure Captions

Fig. 1 (a) Simplified geological map of the tectonometamorphic domains of southern
Madagascar showing the locations of samples used in this study and diagnostic high-temperature
mineral assemblages modified after Holder and Hacker (2019; the assemblage spinel—quartz is
also known throughout the Anosyen Domain and eastern Androyen Domain). (b) Location of
study area in Madagascar. (¢) Photograph of a typical calc-silicate gneiss with large titanite
grains near Tranomaro: 2 cm chisel for scale. (c) Thin section (2x4.5 cm) of typical calc-silicate
gneiss. Mineral abbreviations after Kretz (1983)

Fig. 2 Near-rim compositional and isotopic zoning in titanite 12D was measured by LASS depth
profiling of a crystal face followed by sectioning the grain perpendicular to the analyzed crystal
face and mapping the sectioned plane by EPMA. Results of these analyses are shown in Figs. 4—
6. Elemental diffusivities calculated from near-rim zoning are shown in Table 2 and Fig. 10

Fig. 3 Comparison of elemental concentrations in titanite 21B calculated from individual pixels
of a quantified EPMA map and traditional EPMA spot analyses on the same location,
demonstrating the accuracy of the map quantification method described in the text. The plotted
data are available in Online Resource 6

Fig. 4 Near-rim concentration gradients of 2°°Pb (a), °’Pb (b), 2%*Pb (c), Th (d), U (e), and Zr (f)
as well as isotope-ratio gradients of 2°Pb/2*8U (g), 2°’Pb/?*3U (h), and 2°’Pb/?%Pb (i) measured by
LASS in titanite 12D. Points are the individual data from each of four depth profiles measured
on the same crystal face. The line is the average of all four profiles. The precision of each datum
and the 2se uncertainty of the average profile for each isotope and ratio are presented in the
corresponding panels. 2°°Pb and 2°’Pb profiles mimic U and 2°*Pb mimics Th, as expected for a
system that has remained closed since 500 Ma. Decreases in Pb/U isotope ratios toward the grain
rim could reflect protracted growth or diffusional Pb loss. Diffusional Pb loss is the favored
interpretation for these data for reasons outlined in the text. Fig. 5 shows the common-Pb
corrected U-Pb date profile and corresponding concordia diagram

Fig. 5 (a) Common-Pb-corrected 2°°Pb/***U date profile for LASS analyses of the crystal face of
titanite 12D and (b) corresponding concordia diagram showing each datum of the averaged
profile colored by depth from the crystal face. Data in (a) were corrected using the 2°’Pb/>%Pb
composition of clinopyroxene in the same rock (so-called 2°’Pb-corrected 2*°Pb/?*3U dates or
Tera—Wasserburg intercept dates anchored to 2°’Pb/?Pb). The abrupt decrease in U-Pb date in
the outermost 5 um is interpreted to reflect diffusional loss of Pb. See text for discussion

Fig. 6 (a) Elemental concentration maps perpendicular to titanite 12D crystal face. Two of the
four LASS depth profiles (Figs. 5 and 6) are partially exposed. Irregularities in the shape of the
laser pits are due to damage accrued during sectioning and polishing: qualitatively visible by the
accumulation of polishing medium along fractions and the edges of the pits (Al and Fe maps).
(b) Elemental concentration profiles extracted by swath transect of the area between the two
LASS pits. Zr, Al, and Fe decrease monotonically toward the crystal face and show no evidence
for near-rim diffusion. Possible diffusive influx of Nb and Ce are inferred from increases in their
concentrations in the outermost 6 and 20 pum, respectively; however, the absence of any apparent
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diffusion profiles in Zr, Al, or Fe suggest the Nb and Ce profiles might be growth zoning.
Maximum elemental diffusivities inferred from these compositional profiles are shown in Table
2 and Fig. 10

Fig. 7 (a) LASS U-Pb map and EPMA Al, Fe, Zr, Nb, and Ce maps for titanite 21B. The LASS
U-Pb map is shown in more detail in Fig. 8. Steep compositional gradients in the EPMA maps,
marked with stars, were modeled as diffusively relaxed compositional steps to estimate
elemental diffusivities in titanite (Figs. 9 and 10). (b) Higher magnification images of steep
compositional gradients in Zr used to calculate elemental diffusivities. The map resolution is 10
pum

Fig. 8 Map of LASS U-Pb dates in titanite 21B with. Surrounding minerals are labeled with the
symbology of Kretz (1983). Dates are 2°°Pb/**8U dates corrected for common Pb using the
207pb/2%Pb composition of clinopyroxene from the same thin section. Dates correspond to the
timing of peak metamorphism (550+11 Ma; Holder et al., 2018) and subsequent cooling. The
preservation of U-Pb dates corresponding to the timing of peak or near-peak temperature
metamorphism was used to estimate Pb diffusivity in titanite (Table 2; Fig. 10)

Fig. 9 Elemental concentration profiles across the steep compositional gradients shown in Fig. 7
and best-fit error functions to each profile (black lines). Error bars are 2se. Elemental
diffusivities were calculated from these profiles using an independently constrained thermal
history (Holder et al., 2018; Montel et al., 2018) and the equations of Watson and Cherniak
(2015). Calculated diffusivities are shown in Table 2 and Figure 10.

Fig. 10 Calculated elemental diffusivities from this study compared to experimental data. (a)
Calculated Pb diffusivities from rocks are similar to experimental Sr diffusivity, but slower than
experimental Pb diffusivity as hypothesized by Kohn (2017). For rocks that reached peak
temperatures <850°C, titanite U-Pb dates likely reflect the timing of titanite (re)crystallization,
rather than a cooling age. (b—f) Other cations diffuse more slowly than Pb; their compositions
should reflect conditions of (re)crystallization in all but the smallest grain sizes in the highest
grade rocks
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titanite 21B

q fractures in titanite with abundant inclusions of zircon (high Zr spots in Fig. 7 maps), allanite
(high Fe—Al—Ce spots in Fig. 7 maps), and calcite (low Zr—Fe—Al-Ce—Nb in Fig. 7 maps)

L’ subgrain boundaries (abrupt changes in extinction angle in cross-polarized light)

o) LA-ICP-MS spot analyses (40 um diameter)
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cations

elemental wt% Al 20 Si 20 Ca 20 Ti 20 Mn 20
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% Al203 20 Si02 20 Ca0o 20 TiO2 200 MnO 20
12D| 1.35 0.02 31.61 0.48 2856 0.10 3594 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 (highzr)| 3.85 0.02 31.71 0.48 2830 0.10 3043 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 20 Zr 20 Nb 20 Ce 20 0 F 20
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
Fe203 20 ZrO2 20 Nb205 20 Ce203 20 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 (0] F OH
0.03 0.00 0.00 0.00 492 0.03 0.05
0.05 0.01 0.01 0.01 4.80 0.17 0.03
0.05 0.02 0.00 0.01 481 0.16 0.03




T D
sample element °C logyo (M2/s) 20
12D Pb 750-800 —24.7 t0 -26.2 —
Al, Fe, Zr 750-800 <-25.8t0-27.4 —
Nb 750-800 <-24.5t0-26.2 —
Ce 750-800 <-23.5t0-25.1 -
21B Pb 900-1000 -20.5t0-21.9 —
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 -234 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 14
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: log,o Dy =m xE, +b

°C 20 m 20 b 20
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

log,o (M2/s) 20

-4.7t0 6.2 —
-3.7t0-5.3 —
-1.4t0-3.1 —
same as Nd at FMQ —

-1.9to—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 —




