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Abstract

Fluorine is a minor yet important component of volatiles in silicate minerals, and affects 

greatly the physicochemical properties of the host materials. The diffusivity of fluorine 

provides critical information for quantitatively understanding its many effects, but very 

few studies have been documented. Here we evaluated the orientation-related chemical 

diffusion of fluorine in phlogopite, by conducting experiments on single crystal samples. 

Runs were carried out by the diffusion couple technique at 1 GPa and 700-800 ºC, and 

durations were typically 25-264 hours. Concentration profiles of fluorine in recovered 

samples and chemical compositions of minerals were analyzed by electron microprobe, 

and sample water content was determined by Fourier-transform infrared spectroscopy. 

The results show that, under the experimental conditions, the fluorine diffusivity is on 
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the order of 10-19 to 10-17 m2/s and is slightly anisotropic. The diffusion is fast along the 

direction ⊥(110) and slow along the direction ⊥(001), with the direction ⊥(010) falling 

between them, and the activation energy is 176 to 246 kJ/mol along the three directions. 

The comparison of the diffusivity data of fluorine with those reported for other species 

in phlogopite and fluorine in other minerals suggests a strong enhancement of the ionic 

diffusion along the interlayer direction, thus the diffusivity anisotropy, by the presence 

of molecular H2O in the system. The theoretically calculated electrical conductivity of 

phlogopite, by applying the Nernst-Einstein relation and our determined diffusion data, 

is remarkably lower than that experimentally measured for the phlogopite with the same 

fluorine content and with conduction dominated by fluorine. This indicates that the self 

diffusion of fluorine in phlogopite is much faster than its chemical diffusion, and/or that 

the mobility of fluorine is largely different between the diffusion and the conductivity 

experiments. The diffusivity data provide crucial constraints on the closure temperature 

of fluorine in phlogopite, which is critical for the kinetic analyses of preserved fluorine 

zonation in natural phlogopites.

Keywords:

Fluorine; diffusion; phlogopite; experimental studies

1. Introduction

Fluorine, the most abundant halogen element, is a minor yet important component 

in Earth’s interior. The concentration is up to several weight percent of fluorine in melts 

(Aiuppa et al., 2009), and the volume proportion can be significant in volcano-released 

gases (Symonds et al., 1994). Traditionally, the main host of fluorine is often attributed 
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to some hydrous fluorine-bearing minerals, e.g., micas, amphibole and apatite (Smith, 

1981; Edgar and Charbonneau, 1991; Newsom, 1995; Aiuppa et al., 2009). As the most 

electronegative and the most chemically active nonmetallic element, fluorine plays an 

important role in determining many physicochemical properties of the host minerals. In 

particular, fluorine affects greatly the phase stability (Foley et al., 1986), incorporation 

of structural water/hydroxyl (Robert et al., 1993), electrical conductivity (Li et al., 2016, 

2017), partitioning of trace elements relative to melts (Li and Hermann, 2017), and 

thermodynamic behaviors and hydrogen bonding (Liu et al., 2021a). Understanding the 

diffusion of fluorine in minerals is key for quantitatively assessing its many properties. 

Unfortunately, our knowledge of fluorine diffusion in minerals of geological interest is 

surprisingly limited.

Phlogopite is one of the most important fluorine-containing minerals. It influences 

the recycling of fluorine and water (Frost, 2006; Schmidt and Poli, 2014), the melting 

of mantle rocks (Mysen and Boettcher, 1975; Sudo and Tatsumi, 1990), the formation 

of potassium-rich metasomatic melts or fluids (Foley, 1993; Condamine and Medard, 

2014), and the origin of regional electrical anomalies in the shallow lithosphere (Li et 

al., 2016, 2017). In this study, we have experimentally examined the orientation-related 

chemical diffusion of fluorine in phlogopite, by adopting the diffusion couple technique. 

Two natural phlogopite single crystals with contrasting contents of fluorine were used, 

and the experiments were carried out at 1 GPa and 700-800 ºC. The obtained diffusivity 

is on the order of 10-19 to 10-17 m2/s, being slightly anisotropic, and the relevant 

diffusion laws are established. The data offer novel insights into the fluorine-involved 
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electrical conductivity and diffusivity in phlogopite and the kinetic analyses of fluorine 

zonation in natural phlogopites.

2. Experiments and methods

2.1 Starting materials

Starting materials were two natural gem-quality phlogopite single crystals (Fig. 

1): one is of dark brown color from Afghanistan (Phl-A, with 0.56 wt.% fluorine), and 

the other is of light yellow color from unknown locality (Phl-B, with 2.71 wt.% 

fluorine). Because the physicochemical properties of a given mineral at elevated 

specific pressure and temperature are mainly determined by its chemical composition, 

the general results of this study are unaffected by the localities of the samples. The two 

crystals are pseudo-hexagonal and tabular, 10 to 30 mm in size. Both starting crystals 

are homogeneous in major and minor elements and water (structural OH) contents 

(Table 1). Except fluorine, the two samples have similar compositions, in particular for 

the most abundant Si, Al, Mg and K.

The starting phlogopites were cut with a diamond wire saw into blocks of around 

2×2×1.5 mm, by considering the three fundamental (001), (010) and (110) planes (Fig. 

1). The blocks were then carefully polished with 0.25 m diamond powder and colloidal 

silica, for the subsequent experiments on fluorine diffusion perpendicular to these three 

planes. These three directions are not all coincident with the primary axes (a, b and c) 

of phlogopite, because it is a monoclinic mineral. In each experimental run, two coupled 

blocks of the two starting phlogopites, Phl-A and Phl-B with the same orientation, were 

chosen as the diffusion couples.
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2.2 Diffusion experiments

Diffusion experiments were carried out at 1 GPa and 700-800 ºC in an end-loaded 

piston-cylinder press. The temperature range was chosen by considering run durations 

(e.g., unrealistically long to produce a measurable diffusion path at lower temperature) 

and by avoiding devolatilization/breakdown of phlogopite (e.g., at higher temperature). 

Capsule design is sketched in Fig. 2. Coupled phlogopite blocks were wrapped in a thin 

Ni foil, and were then packed, along with the fine powder of inert soft hexagonal boron 

nitride (BN), into a Ni capsule (ID 4.2 mm, OD 5 mm and length 10 mm). The capsule 

was loaded into a 0.75′′ piston-cylinder assembly made of talc, Pyrex glass, graphite 

(heater) and crushable alumina, and was sealed by mechanical compression in the press. 

Pressure was calibrated against the quartz-coesite and kyanite-sillimanite transitions, 

and a fraction correction of 18% was applied. Temperature was controlled by a type-S 

thermocouple, and fluctuation in each run was usually within ±1 ºC. Run duration was 

25-264 hours, depending on experimental temperature (Table 2). Runs with increasing 

duration (25 vs. 150 hours) at otherwise identical conditions ((001) plane and 800 ºC) 

were also carried out. At the end of each run, sample was quenched by powering off 

the heating circuit, and pressure was then slowly released.

Minor green NiO was detected in recovered capsules (Appendix), due probably to 

the reaction of Ni and residual O2 in charges (e.g., 2Ni + O2 = 2NiO). The redox state 

was thus buffered by the Ni-NiO pair. Recovered samples in each capsule were cut into 

two halves along the lengthwise direction, which is perpendicular to the interface of the 

diffusion couples. One half was for measurements of major and minor elements, as well 
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as diffusion profiles and elemental mappings, and the other half for analyses of water 

(OH) content.

2.3 Sample characterization

Chemical compositions, diffusion profiles and elemental mappings were measured 

using a JEOL JXA-8230 electron microprobe analyzer. Operating conditions were: 15 

kV accelerating voltage, 10 nA beam current for chemical compositions and diffusion 

profiles and 20 nA for elemental mappings, 5 m beam size for chemical compositions, 

1 m for diffusion profiles and 0.2 m for elemental mappings, and a counting time of 

10 and 5 seconds for the peak and background. Natural minerals and synthetic oxides 

were used as the standards, and raw data were reduced with the routine atomic number-

absorption-fluorescence (ZAF) correction procedure. Profile analyses were performed 

for both fluorine and the common major and minor elements. Backscatter electron (BSE) 

imaging was performed with a field emission scanning electron microscope (FESEM, 

Zeiss Sigma 500).

Water content was determined by Fourier-transform infrared (FTIR) spectroscopy. 

The general principle can be described by the Beer-Lambert law, Cw=Abstot1.8/(ρε), 

where Cw is the water content, Abstot is the total integrated absorbance (normalized to 1 

cm thickness), ρ is the density, and ε is the calibration coefficient. Consequently, Cw is 

determined by the Abstot, given an externally calibrated ε. FTIR spectra were collected 

with a Bruker Vertex 70V spectrometer coupled to a Hyperion 2000 microscope (globar 

source, KBr-Ge beam splitter, MCT detector and ZnSe wire-grid polarizer). Polarized 

analyses along three orthogonal directions, following Shuai and Yang (2017), were 
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used to characterize the water content of the starting phlogopites (Appendix). The 

recovered samples were small, fractured and easily split into cleavage flakes, making 

them hard to prepare for polarized measurements. Therefore, unpolarized analyses 

perpendicular to the (001) plane were performed on the starting and recovered samples 

for assessing relative changes of water content in the runs (Appendix). Thickness of 

polished samples was ~5 to 13 m, as measured with a Mitutoyo digital micrometre. 

The absorbance was integrated from 3500 to 3800 cm-1 with a spline fit method for 

baseline subtractions, and the uncertainty is 10-15%, as estimated by performing 

several reasonable baseline corrections to representative spectra. The phlogopite-

specific calibration coefficient of Rouxhet (1970), ~7800 L mol-1 cm-2, was used to 

obtain the water content. The adoption of this coefficient does not change the general 

results of this study.

2.4 Determination of diffusivity

The quantitative analyses of major and minor elements show no diffusion profiles 

in the experiments (as will be further shown below). Assuming that the net diffusion of 

fluorine was one-dimensional in the runs, driven mainly by the concentration contrast 

between the starting phlogopites and being independent of the fluorine concentration, 

the diffusion profiles were fitted by the following relation (Crank, 1975):

1 2 1 2 erf ( )
2 2 2

C C C C xC
Dt

 
  (1a)

where C is the concentration of fluorine in the recovered sample at a distance x (relative 

to the crystal-crystal interface of the diffusion couples which defines the 0 position) and 

time t (e.g., the run duration), C1 and C2 are the maximum and minimum concentrations 
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of fluorine (e.g., the initial contents of Phl-B and Phl-A in this study), respectively, and 

D is the diffusivity (or diffusion coefficient). The uncertainty of the obtained diffusivity 

was propagated from the fittings to the measured data.

To determine if the diffusivity is dependent on the fluorine concentration (e.g., the 

Matano effect), the diffusion profiles of fluorine in the phlogopite samples were also 

examined using the Boltzmann-Matano analysis (Matano, 1933), by which the Matano 

interface at the modelled 0 position could be obtained:

*

*
1

* 1( )
2

C

C C

dxD C xdC
t dC

    
   (1b)

where D(C*) is the composition-dependent diffusivity at the concentration C*.

3. Results

In general, the samples, excluding the narrow diffusion zones close to the interface 

of the diffusion couples in each run, demonstrate no change in the composition of major 

and minor elements before and after the experiment (Table 1). The H2O content is ~1.23 

and 1.04 wt.% for Phl-A and Phl-B, respectively, which are consistent with the values 

ranging from less than 1 wt.% to slightly exceeding 5 wt.% in natural phlogopites (Frost, 

2006) [note: natural phlogopites rarely crystallize under fluorine- and water-saturated 

conditions, so that the ideal configuration of both fluorine and water is hard to acquire]. 

Although the absolute water contents of the samples in the run products are difficult to 

determine with polarized FTIR measurements (Section 2.3), the unpolarized analyses 

perpendicular to the (001) plane of the starting and recovered samples show almost the 

same OH absorption bands and integral absorbance for Phl-A or Phl-B (Appendix). As 

such, the sample water contents in regions away from the diffusion-couple interface did 
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not change during the experiments. A representative BSE image of a recovered sample, 

including also the elemental mapping of fluorine across the sample interface, is given 

in Fig. 3. The interface of the diffusion couples, though easily identified, is not perfectly 

flat after the experiment. This may have been produced by the non-uniform volume (or 

surface) changes of the samples at elevated run conditions.

The diffusion-driven fluorine concentration gradients across the sample interface 

are observed in all the experiments, and the diffusion distance varies with temperature, 

duration and orientation (see Appendix). A representative profile is presented in Fig. 

4a, along with the fit curves by Eq. (1a) and (1b). No zoned distribution is detected for 

the sluggish major and minor elements (Fig. 4b-c). It is likely that the water 

concentration in each recovered phlogopite varies close to the crystal-crystal interface, 

in association with the zoned fluorine profile. Unfortunately, this is difficult to verify 

because of the relatively poor resolution of the FTIR technique, e.g., usually beyond 

20×20 m.

With Eq. (1), the diffusivity of fluorine could be calculated for each of the studied 

temperatures and orientations (Table 2). The crystal-crystal and the Matano interfaces 

are well coincident, and the fit curves and the diffusivity by applying Eq. (1a) and (1b) 

to the data in each run are essentially the same (Fig. 4a and Table 2). Accordingly, the 

diffusivity is independent of the fluorine concentration. The time-series experiments at 

otherwise comparable conditions show that the diffusion path is longer in the run with 

increasing duration, and that the diffusivity is basically the same between the runs with 

contrasting durations (Appendix and Table 2). For simplicity, the diffusivity obtained 
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with Eq. (1a) are used for the discussion below. The data are further modelled by the 

Arrhenius relation:

0 exp( )ED D
RT

  (2)

where D0 is the pre-exponential factor, E is the activation energy, R is the universal gas 

constant, and T is the absolute temperature. Eq. (2) is applied to fit the data along each 

direction, and the fitting parameters are given in Table 2. The activation energy is ~176 

to 246 kJ/mol along the studied directions. The diffusivity, and their fits, are projected 

in Fig. 5. The diffusion along the three directions is quantitatively described by:

2
(001)

5.94 0.87 246 16 kJ/mol10 exp ( ) m /sD
RT


  

  (3a)

2
(010)

7.87 0.58 198 11 kJ/mol10 exp ( ) m /sD
RT


  

  (3b)

2
(110)

8.75 0.22 176 4 kJ/mol10 exp ( ) m /sD
RT


  

  (3c)

The difference in diffusivity between the three directions varies by a factor of about 10 

at 700 ºC to 5 at 800 ºC. Therefore, the diffusivity is slightly anisotropic, and regardless 

of the narrow range of temperature, the results suggest that the degree of the anisotropy 

is temperature-dependent. Below ~1000 ºC, the diffusion is fast along the direction 

⊥(110) and is slow along the direction ⊥(001), with the direction ⊥(010) falling 

between them. The average bulk diffusivity (DGM) is calculated as the geometric mean 

(GM) of Eq. (3) by assuming a self-isotopic medium:

23
GM (001) (010) (110)

7.42 0.61 205 10 kJ/mol10 exp ( ) m /sD D D D
RT  

  
   (4)

4. Mechanism of fluorine diffusion

Chemical diffusion and self diffusion are two terms frequently used in the studies 

of diffusion experiments. Chemical diffusion is primarily produced in the presence of 
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a concentration (or chemical potential) gradient, while self diffusion occurs in systems 

of homogeneous composition in the absence of chemical potential gradient. Self 

diffusion is usually assumed to be identical to tracer diffusion, which introduces an 

isotopic tracer into a material as long as there is no concentration (or chemical potential) 

gradient. The chemical diffusion of fluorine in phlogopite, as examined in this work, 

may involve the concurrent transfer of one or several other elements. However, the 

absence of any zoned diffusion profiles for the major and minor elements, as observed 

for K and Ti in Fig. 4, suggests that they have played a negligible role, if any, in 

affecting the fluorine diffusion in our samples.

The storage of fluorine and hydroxyl groups in silicate minerals is highly coupled, 

by occupying the same sites in the crystal structure and substituting for each other (e.g., 

Stormer and Carmichael, 1971; Robert et al., 1993; Hazen et al., 1997; Crépisson et al., 

2014; Roberge et al., 2015). As such, the diffusion of fluorine in the phlogopite samples 

was probably dominated by the binary interdiffusion of fluorine and hydroxyl. This has 

been proposed as the main mechanism for the chemical diffusion of fluorine in biotite 

(Sallet et al., 2018) and the ionic exchange of fluorine between fluorine-bearing silicate 

minerals (e.g., apatite and tremolite) and hydrothermal fluids (Brenan, 1994; Brabander 

et al., 1995). Similar mechanism by the exchange with hydroxyl has also been proposed 

for the diffusion of other halogens such as chlorine in amphibole (Su et al., 2015). This 

interpretation fits well with the fact that the diffusivity of fluorine is in fact independent 

of its concentration in the phlogopites (Section 3). Very likely, when an atom of fluorine 

moves from one site to another in the lattice, a counter migration of hydroxyl is induced 
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(but could be complicated as noted below). A diffusion-involved decrease (or increase) 

of fluorine content in the phlogopite may be accompanied by an increase (or decrease) 

of hydroxyl content. In this case, the diffusion profiles of hydroxyl across the diffusion-

couple interface are expected, but the general pattern should be opposite to that detected 

for fluorine (Fig. 4a).

Structure refinements have shown that, in phlogopite and other Mg-rich micas, the 

incorporation of fluorine strongly favors the trioctahedral sites, as a result of the local 

charge balance around the hydroxyl group (Robert et al., 1993). In trioctahedral sites, 

the hydroxyl group acts as a point charge, and at best weakly interacts with tetrahedral 

oxygen, making it easily substituted by fluorine. This is different from the dioctahedral 

environment where a hydroxyl group interacts via hydrogen bonding with underbonded 

oxygen of the adjacent tetrahedra, that inhibits the substitution by fluorine. Therefore, 

the interdiffusion of fluorine and hydroxyl in the phlogopite samples was more likely 

through their ionic exchange in the trioctahedral sites. The possibility of fluorine (itself) 

jumping between lattice vacancies, arising from the fact that some hydroxyl sites could 

be vacant, cannot be ruled out; however, it is at present hard to place further constraints 

on the extent the diffusion was controlled by this mechanism.

5. Comparison with previous studies

Diffusion experiments have been carried out for several other species in phlogopite, 

such as argon, oxygen and strontium (Fig. 6a). The previous studies were all conducted 

on polycrystalline samples, except two cases on single crystal phlogopites for strontium 

(Hammouda and Cherniak, 2000) and oxygen (Fortier and Giletti, 1991). The chemical 
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diffusivity of argon in the available reports, broadly comparable though with observable 

difference (Evernden et al., 1960; Giletti, 1974; Giletti and Tullis, 1977), is similar to 

or slightly greater than that of fluorine. The comparison is, however, not straightforward, 

because the movement in the structure differs between the neutral argon and the charged 

fluorine (and other ions). The comparison with oxygen may be more meaningful, owing 

to the possible role of hydroxyl in fluorine diffusion (Section 4). The self diffusivity of 

oxygen (using 18O tracer), as shown in Fortier and Giletti (1991), is highly anisotropic, 

varying by 3-4 orders of magnitude between the direction //c and ⊥c (Fig. 6a). This is 

in sharp contrast to the 0.5-1 orders of magnitude difference in fluorine diffusivity along 

three orientations (Fig. 5). The contrast may be linked to: (1) the difference between 

the chemical and the self diffusivity of oxygen, (2) the chemical effect on diffusivity, 

(3) the amount of exchangeable sites for diffusion, and (4) the difference in 

experimental methods. Point (1) is expected to be insignificant by considering the 

broadly consistent chemical and self diffusivity of oxygen as inferred from the 

comparable diffusivity of 17O and 18O in feldspar (Freer et al., 1997). Point (2) is not 

favored because the sample chemistry is similar between Fortier and Giletti (1991) and 

this study. Point (3) can be a contributing factor, because oxygen has a larger number 

of exchangeable sites relative to fluorine and perhaps the oxygen diffusivity along the 

interlayers is facilitated partly by the additional exchangeable sites. Point (4) regarding 

the study of Fortier and Giletti (1991) at hydrothermal conditions by isotope exchange 

with a hydrous fluid vs. ours at dry conditions is probably the most important factor for 

causing the contrast. In addition, the net diffusion of oxygen in Fortier and Giletti (1991) 
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was in fact not one-dimensional, and the presence of molecular H2O in the interlayers 

of their samples may have greatly enhanced the diffusion of oxygen ⊥c (thus the 

anisotropy). For strontium, the chemical diffusivity //c at dry conditions was reported 

by Hammouda and Cherniak (2000). If the slight anisotropy of fluorine diffusion under 

dry conditions (Fig. 5) is applicable to other ions, the diffusivity of strontium ⊥c might 

not be significantly different from that of //c as measured by Hammouda and Cherniak 

(2000).

Concerning fluorine diffusion, the only available data for minerals are those on the 

chemical diffusion in titanite, a very preliminary result reported in a conference abstract 

(Berds et al., 2008), and biotite (Sallet et al., 2018). The former experiments were done 

at dry conditions by exchange with a fluorine-rich apatite, and the latter at hydrothermal 

conditions by fluorine exchange between tiny biotite grains and a hydrous hydrofluoric 

(HF) acid, with some grains in the run products analyzed for the fluorine profiles along 

the interlayers. The fluorine diffusivity in phlogopite is smaller than that in biotite but 

is greater than that in titanite, both by ~3 to 4 orders of magnitude at a given temperature 

(Fig. 6b). The difference between phlogopite and biotite could be accounted for by: (1) 

the different composition of other species such as Si, Ti, Fe and Mg. It has been shown 

that iron affects lead diffusion in pyroxenes (Cherniak, 1998) and calcium and sodium 

affect strontium diffusion in feldspars (Cherniak and Watson, 1994). Phlogopite is the 

Mg endmember of biotite, and it is possible that the fluorine diffusion is influenced by 

other species; (2) the enhanced diffusivity of biotite by molecular H2O in the interlayers 

and the non-one-dimensional diffusion of fluorine in the experiments, as noted above. 
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In contrast, the difference between phlogopite and titanite may have been accounted for 

by the different crystal structures and their effects on the fluorine diffusivity. This has 

been used to explain the different diffusivity of oxygen between different micas (Fortier 

and Giletti, 1991). In any case, it is interesting to note that the low diffusivity of fluorine 

in titanite is also associated with experiments performed at dry conditions. The 

diffusion data of oxygen, strontium and fluorine in phlogopite and fluorine in biotite, 

phlogopite and titanite indicate that the diffusivity of ionic species is probably much 

lower at dry than at hydrous conditions.

6. On diffusion and electrical conduction of fluorine

Recent studies have shown that fluorine is an important charge carrier for electrical 

conduction in fluorine-containing minerals, and that the high electrical conductivity of 

phlogopite and fluorite could be reasonably attributed to fluorine conduction (Li et al., 

2016, 2017; Liu et al., 2019). The conductivity due to the transfer of a charge carrier is 

linked to its movement, and the Nernst-Einstein relation quantitatively establishes the 

relationship between the conductivity () and the diffusivity of a charged species:

2
cDc q

kT
  (5)

where cc is the concentration of the charge carrier, q is the electrical charge of the ion, 

and k is the Boltzmann constant. The reported activation energy of fluorine conduction 

in phlogopite is about 134, 179 and 204 kJ/mol along the direction ⊥(110), ⊥(010) and 

⊥(001), respectively (Li et al., 2016). In contrast, the activation energy for the chemical 

diffusion of fluorine in phlogopite is greater, ~176, 198 and 246 kJ/mol along the three 

directions, respectively (Table 2), although the anisotropy of conductivity by fluorine 
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conduction is similarly weak as that of diffusivity in diffusion experiments. The smaller 

activation energy in conductivity than in diffusivity experiments has also been reported 

for hydrogen (proton) in many minerals, e.g., olivine, pyroxenes, garnet and feldspars 

(Dai and Karato, 2009; Poe et al., 2010; Yang et al., 2011, 2012; Yang, 2012; Yang and 

McCammon, 2012; Liu et al., 2019, 2021a, 2021b). By using Eq. (5) and the parameters 

for the chemical diffusivity of fluorine (Table 2) and by assuming fluorine conduction, 

we calculated the conductivity of phlogopite with a fluorine content of 2.75 wt.% (Fig. 

7). The conductivity is about 7 to 8 orders of magnitude smaller than that 

experimentally measured by Li et al. (2016) for the phlogopite with the same fluorine 

content.

The largest assumptions required by Eq. (5) are: (1) the conductivity is dominated 

by the main charged species, and (2) the mechanism for the movement of the species in 

conductivity experiments is the same as that in diffusion runs. In theory, the self rather 

than the chemical diffusivity should be adopted in Eq. (5). The conductivity analyses 

of Li et al. (2017) on the gem-quality phlogopites with a series of fluorine contents have 

demonstrated that, under otherwise comparable conditions, the conductivity increases 

systematically with increasing fluorine content. Accordingly, fluorine is expected to be 

the main charge carrier in the conductivity experiments. The strong difference between 

the measured and the calculated conductivity of phlogopite (Fig. 7) would imply that 

the self diffusion of fluorine is much faster than its chemical diffusion. Possibly, the 

self diffusivity is ~7-8 orders of magnitude greater than the chemical diffusivity, and is 

only slightly anisotropic. The chemical diffusion of fluorine in phlogopite, dominated 
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by the interdiffusion exchange (Section 5), is rate-limited by the self diffusion of 

fluorine and hydroxyl. An immediate conclusion is that the net diffusivity of hydroxyl 

in the crystal structure is probably much slower than that of fluorine. This provides an 

additional but attractive explanation to the above noted strong anisotropy of oxygen self 

diffusion in phlogopite under hydrous conditions (Fortier and Giletti, 1991). The 

strongly enhanced diffusivity along the interlayers is related to the fast movement of 

molecular H2O (the 18O carrier, see Section 5); however, molecular H2O is hard to get 

through the mineral structure, resulting in the transfer of 18O by hydroxyl diffusion and 

the slow diffusivity perpendicular to the interlayers.

Alternatively, this could reflect the difference between diffusion and conductivity 

experiments. In diffusion runs, there is a net transfer of the species for both the chemical 

diffusion in the presence of a (chemical) concentration gradient and the self diffusion 

in the presence of an isotopic content gradient. In conductivity runs with the alternating 

voltage impedance spectroscopy which is necessary for characterizing the conductivity 

of Earth materials (Barsoukov and Macdonald, 2005), both the preparation of samples 

and the movement of species are different. In the conductivity experiments of Li et al. 

(2016, 2017), the phlogopite sample in each run is chemically homogeneous, without 

any chemical or isotopic gradient. Furthermore, the charge carrier oscillates around an 

equilibrium position, without net displacement (what moves is the electric and magnetic 

fields, or voltage). Therefore, the mobility of a charge carrier in conductivity runs is not 

necessarily the same as that of the corresponding species in diffusion experiments. In 

fact, it has already been reported in material sciences that, even for self diffusivity, the 
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conductivity calculated with Eq. (5) can be different from that measured for conduction 

controlled by the same charged species in even the same sample (Borucka et al., 1957; 

Keller et al., 1979; Andrade, 1993; Marcolongo and Marzari, 2017; France-Lanord and 

Grossman, 2019). However, all other isotopes of fluorine are extremely short-lived, and 

it is hard, if not impossible, to test this possibility by experimentally measuring the self 

diffusivity of fluorine in phlogopite (or other materials).

7. Implications for fluorine exchange analysis in natural samples

In addition to the above aspects on the chemical diffusion of fluorine in phlogopite 

and its potential impacts for electrical conductivity, the measured data can also be used 

to evaluate the kinetics of fluorine exchange in natural phlogopite, regarding the closure 

temperature and the preservation of fluorine zonation.

The closure temperature is a concept for describing a diffusive species in a system 

undergoing cooling (Dodson, 1973). It is a bulk average temperature recorded between 

a mineral and an assumed infinite reservoir, and is regarded as an intrinsic characteristic 

of the mineral, independent of the behavior and properties of other species. Below that 

temperature, the diffusion rate of the species is insignificant. The closure temperature 

of fluorine is estimated by the equations below:

2
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where Tc.is the closure temperature, a is the effective grain dimension (e.g., radius of a 

spherical grain), and dT/dt is the cooling rate. Eq. (6a) is the classic equation by Dodson 
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(1973), and Eq. (6b) is the modified form by Ganguly and Tirone (1999). The difference 

between these two equations is the geometric factor A in Eq. (6a), a constant dependent 

on grain geometry (G, A = eG, e.g., the value of A is ~55 for spherical grains), and A′ in 

Eq. (6b), a parameter related to grain geometry, cooling rate and diffusivity at T0 (the 

peak temperature at the onset of or during the cooling, A′ = A·eg, where g is a correction 

term defined by Ganguly and Tirone (1999) and its value is available from their original 

Fig. 2). Eq. (6b) extends Eq. (6a) to include cases even with arbitrarily small amounts 

of diffusion, while accounting for the dependence of Tc on T0.

The calculated results are shown in Fig. 8, as a function of grain radius and cooling 

rate. The estimated Tc by Eq. (6a) increases with increasing cooling rate and grain radius 

(Fig. 8a). The modelled Tc of fluorine in biotite, on the basis of the diffusivity data (⊥c) 

of Sallet et al. (2018), is also plotted in Fig. 8a for comparison. The Tc of biotite is lower 

than that of phlogopite at a given cooling rate. In case of a relatively large grain radius, 

the closure temperatures yielded by Eq. (6b) commonly deviate from those by Eq. (6a), 

and the relative deviation becomes smaller with increasing T0 or decreasing dT/dt (e.g., 

Ganguly and Tirone, 1999). An example figure of the calculated closure temperature of 

GM with Eq. (6b) is given in Fig. 8b, plotted as a function of the peak temperature and 

grain radius at an assumed cooling rate of 1 ºC per million years (Myr). The calculated 

closure temperatures with Eq. (6a) and (6b) are consistent at small grain sizes, but differ 

at large grain sizes, with the relative difference being smaller as grain radius decreases 

and/or peak temperature increases. The observed data trends agree with available work 

on the closure temperature of other species, e.g., Pb in monazite (Cherniak et al., 2004), 
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rare earth elements (REE) in enstatite (Cherniak and Liang, 2007), and Fe-Mg in garnet 

(Zhang et al., 2019) and clinopyroxene (Müller et al., 2013).

These data are used to constrain the fluorine zonation in natural phlogopites. Many 

studies have documented the zoned distribution of fluorine in phlogopites derived from 

the crust and mantle (Rimsaite, 1970; Belkin et al., 1988; Krasnova, 2001; Lee et al., 

2003; Downes et al., 2006; Giuliani et al., 2016; Kargin et al., 2019). The zoned patterns 

are usually on the scale of several hundreds of m to a few mm, e.g., perpendicular to 

the interlayers (Belkin et al., 1988). The origin of the zoned fluorine could be multiple, 

e.g., by metasomatism-related secondary fluid modifications or by crystallization under 

hydrothermal conditions (or both). However, the preservation of the fluorine zonation 

suggests that the diffusion-driven homogenization of fluorine was insignificant. In light 

of the diffusion data and closure temperature of fluorine, the kinetics involved with the 

zonation are analyzed for two possible scenarios of fluid mobility. First, if fluid escaped 

after the formation of the zonation, which is highly likely owing to the low density and 

high buoyancy, the behavior of fluorine diffusion was similar to that in our experiments; 

second, if fluid was still present after the crystal growth, the diffusivity of fluorine might 

be enhanced, but the enhancement was weak perpendicular to the interlayers (Sections 

5 and 6). In either case, our diffusivity data can be reasonably applied, and the GM data 

are meaningful for the modeling. The cooling rate of phlogopite-bearing samples (e.g., 

xenoliths) or complex has not been well established, but is usually larger than 1 ºC/Myr 

(Hammouda and Cherniak, 2000; Sallet et al., 2018). The closure temperature obtained 

at 1 ºC/Myr (Fig. 8b) thus reflects the bottom boundary, and is expected to be at least 
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300 to 500 ºC for the scale of the fluorine zonation. This indicates that the prevailing 

temperature in the system should have been mostly less than ~300 ºC. This agrees with 

the estimated temperature of mainly 100-300 ºC based on other mineral assemblages or 

fluid inclusions (Rimsaite, 1970; Belkin et al., 1988; Krasnova, 2001; Lee et al., 2003). 

Our data could offer more informative constraints on the kinetic processes, if the zoned 

fluorine along specific orientations of natural phlogopites is quantified.

8. Conclusions

The chemical diffusion of fluorine in phlogopite has been for the first time 

assessed, through ionic diffusion experiments between gem-quality natural phlogopite 

crystals of contrasting fluorine contents. The runs were performed in a piston-cylinder 

press, at 1 GPa and 700-800 ºC and with durations of 25 to 264 hours. The diffusion 

was probably dominated by the interdiffusion of fluorine and hydroxyl in the structure. 

We show that the measured diffusivity of fluorine is from 10-19 to 10-17 m2/s, and is 

slightly anisotropic. At a given temperature below ~1000 ºC, the diffusion is fast along 

the direction ⊥(110) and is slow along the direction ⊥(001), with the direction ⊥(010) 

falling between them. The comparison with available data on the diffusivity of other 

species in phlogopite and fluorine in other minerals indicates that the presence of water 

(i.e., molecular H2O) may enhance strongly ionic diffusion in the interlayers, as well as 

the anisotropy of diffusion. The chemical diffusivity of fluorine is used to calculate the 

electrical conductivity of phlogopite, which is, however, significantly smaller than that 

experimentally measured for the phlogopite with the same fluorine concentration and 

with conduction controlled mainly by fluorine. The difference suggests that the self 
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diffusivity of fluorine is much faster than its chemical diffusivity, and/or that the 

movement of fluorine differs greatly between diffusion and conductivity experiments. 

The diffusivity data of fluorine are applied to estimate the closure temperature of 

fluorine in phlogopite, and the preserved zonation of fluorine in natural phlogopites can 

now be kinetically analyzed regarding the fluorine exchange.
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Figure captions

Fig. 1 Sketch of the pseudo-hexagonal shape of phlogopite and images of the starting 

samples.

Fig. 2 Capsule design of diffusion experiments.

Fig. 3 (a) BSE image of a recovered sample (1 GPa, 800 °C, ⊥(110) and 240 hours), 

and (b) BSE image of magnified zone in (a) and elemental mapping of fluorine. 

Fractures in (a) were caused in the final sample decompression. Crystal-crystal interface 

of the diffusion couples is marked by arrows and dashed line.

Fig. 4 Example composition profiles of (a) fluorine, (b) potassium and (c) titanium. 

Observed crystal-crystal interface and modelled Matano interface are shown. Fit curves 

of fluorine profile in (a) by Eq. (1a) and (1b) coincide with each other.

Fig. 5 Experimentally measured diffusion coefficients of fluorine. Solid lines are fits 

to data along different directions (r2 values of fittings are shown).

Fig. 6 (a) diffusion of species in phlogopite, and (b) diffusion of fluorine in silicates. 

Data sources: (a) Ar (E60), Ar (G74) and Ar (G77) are Ar chemical diffusion in vacuum 

(Evernden et al., 1960), at 0.2 GPa (Giletti, 1974) and at 1.5 GPa (Giletti and Tullis, 

1977), respectively, O (F91, ⊥c) and O (F91, //c) are O self diffusion (⊥c and //c) at 0.1 

GPa (Fortier and Giletti, 1991), and Sr (H00, //c) is Sr chemical diffusion (//c) at 1 bar 

(Hammouda and Cherniak, 2000); and (b) biotite (S18, ⊥c) is F chemical diffusion ⊥c 

at 0.4 GPa (Sallet et al., 2018) and titanite (B08) is F chemical diffusion at 0.5-1 bars 

(Berds et al., 2008). Direction //c in available reports corresponds to ⊥(001) in this study.

Fig. 7 A comparison of theoretically calculated and laboratory measured 
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conductivity of phlogopite with 2.75 wt.% fluorine. Measured data are from Li et al. 

(2016), and calculated data are by Eq. (5) and diffusion parameters in Table 2.

Fig. 8 Closure temperature of fluorine in phlogopite. (a) closure temperature by Eq. 

(6a), with assumed cooling rates of 100 (solid lines) and 1 (dashed lines) °C/Myr. S18 

is the estimation for fluorine in biotite (⊥c) with the data reported by Sallet et al.(2018). 

(b) closure temperature by Eq. (6b) with an assumed cooling rate 1 °C/Myr, in which 

the dependence of Tc on T0 is accounted (see text). GM is the geometric mean by Eq. 

(4), and is the same in (a) and (b).
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Table 1 Chemical composition of starting and recovered samples (wt. %)

SiO2 TiO2 Al2O3 FeO MgO Na2O K2O F O = F Total H2O

Starting samples

Phl-A 41.90 0.78 16.72 0.48 26.36 0.94 9.37 0.56 -0.24 96.87 1.23

0.14 0.01 0.07 0.01 0.12 0.04 0.15 0.01

Phl-B 41.65 0.23 17.44 0.18 27.18 0.08 10.65 2.71 -1.14 98.98 1.04

0.14 0.02 0.08 0.01 0.09 0.01 0.13 0.01

Recovered samples (Phl-A)

A210 42.31 0.81 16.70 0.49 26.57 0.93 9.38 0.54 -0.23 97.50

0.31 0.04 0.32 0.06 0.22 0.02 0.11 0.02

A217 42.34 0.77 16.74 0.46 26.78 0.93 9.32 0.56 -0.24 97.68

0.10 0.01 0.08 0.03 0.01 0.02 0.03 0.04

A216 42.73 0.77 16.40 0.49 26.70 1.15 9.18 0.60 -0.26 97.76

0.19 0.03 0.16 0.01 0.05 0.01 0.02 0.01

B377 42.16 0.74 16.38 0.49 26.53 1.00 9.29 0.54 -0.23 96.90 

0.10 0.03 0.06 0.05 0.03 0.01 0.03 0.04 

A230 42.12 0.70 16.98 0.50 26.52 0.93 9.42 0.54 -0.23 97.48

0.22 0.06 0.17 0.02 0.06 0.04 0.03 0.01

B331 42.06 0.75 16.42 0.45 26.62 1.04 9.37 0.60 -0.28 97.02

0.24 0.03 0.07 0.02 0.02 0.03 0.07 0.05

B327 42.54 0.74 16.25 0.45 26.76 1.01 9.33 0.56 -0.24 97.39

0.09 0.02 0.01 0.04 0.08 0.05 0.14 0.02

B332 42.58 0.83 16.56 0.45 26.84 1.00 9.24 0.56 -0.24 97.81

0.04 0.02 0.18 0.01 0.05 0.05 0.03 0.01

A227 42.24 0.77 16.48 0.54 26.99 1.00 9.30 0.56 -0.24 97.63

0.31 0.01 0.01 0.01 0.15 0.03 0.02 0.01

B324 42.15 0.77 16.67 0.49 26.45 0.94 9.20 0.53 -0.23 96.97

0.06 0.05 0.20 0.03 0.19 0.01 0.02 0.02

Recovered samples (Phl-B)

A210 41.70 0.34 17.23 0.15 27.32 0.09 10.88 2.74 -1.15 99.29

0.32 0.07 0.09 0.01 0.24 0.03 0.05 0.05

A217 42.20 0.28 17.07 0.15 27.44 0.06 10.86 2.78 -1.17 99.67

0.10 0.02 0.01 0.02 0.14 0.02 0.05 0.05

A216 41.89 0.31 17.07 0.14 27.31 0.08 10.78 2.75 -1.16 99.17

0.08 0.02 0.06 0.01 0.05 0.02 0.01 0.03

B377 41.52 0.34 17.16 0.15 27.17 0.07 10.82 2.72 -1.15 98.80 

0.16 0.03 0.06 0.03 0.18 0.01 0.09 0.02 

A230 41.45 0.37 17.18 0.19 27.17 0.09 10.80 2.76 -1.16 98.84

0.02 0.01 0.06 0.01 0.06 0.01 0.16 0.02

B331 41.35 0.27 17.05 0.16 27.02 0.11 10.86 2.68 -1.13 98.37

0.02 0.01 0.09 0.01 0.06 0.01 0.03 0.01

B327 42.19 0.30 17.22 0.14 27.34 0.06 10.96 2.80 -1.18 99.84

0.14 0.01 0.06 0.04 0.25 0.01 0.02 0.01
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B332 41.96 0.27 17.05 0.09 27.20 0.09 10.90 2.72 -1.15 99.12

0.14 0.04 0.04 0.01 0.28 0.01 0.01 0.11

A227 41.90 0.28 17.11 0.18 27.18 0.10 10.80 2.69 -1.13 99.11

0.05 0.01 0.23 0.01 0.01 0.01 0.09 0.03

B324 41.88 0.35 17.17 0.14 27.43 0.07 10.80 2.76 -1.16 99.44

0.14 0.05 0.15 0.01 0.14 0.01 0.13 0.02

Data are the average of multi-point analyses (all Fe as FeO), and data in the italic are 

the standard deviation. Fluorine contents in rims close to diffusion interface were not 

included. Mn, Cr, Ca and Ni contents are usually ~0.01 wt.%, and are not shown (note: 

natural phlogopites contain large amounts of BaO, ranging from <1 wt.% to ~10 wt.%). 

Water contents are given as the equivalent amount of H2O, and uncertainty is about 10-

15% (see text).

Table 2 Summary of experimental conditions and fit parameters

P (GPa) T (°C) Direction Duration (h) log D (m2/s)* log D (m2/s)# log D0 (m2/s) E (kJ/mol)

A210 1 700 ⊥(001) 240 -19.14 ± 0.03 -19.15 ± 0.48

A217 1 750 ⊥(001) 200 -18.58 ± 0.12 -18.55 ± 0.17

A216 1 800 ⊥(001) 25 -17.83 ± 0.13 -17.86 ± 0.45

B377 1 800 ⊥(001) 150 -17.93 ± 0.10 -17.88 ± 0.11

-5.94 ± 0.87 246 ± 16

A230 1 700 ⊥(010) 255 -18.46 ± 0.14 -18.52 ± 0.20

B331 1 750 ⊥(010) 250 -17.99 ± 0.15 -17.98 ± 0.22

B327 1 800 ⊥(010) 260 -17.47 ± 0.15 -17.45 ± 0.21

-7.87 ± 0.58 198 ± 11

B332 1 700 ⊥(110) 226 -18.20 ± 0.12 -18.20 ± 0.20

A227 1 750 ⊥(110) 264 -17.72 ± 0.08 -17.68 ± 0.15

B324 1 800 ⊥(110) 240 -17.32 ± 0.07 -17.31 ± 0.10

-8.75 ± 0.22 176 ± 4

GM -7.42 ± 0.61 205 ± 10

*, diffusion coefficient calculated by Eq. (1a).

#, diffusion coefficient calculated by Eq. (1b).

Fit parameters (D0 and E) are obtained by Eq. (2), and GM are the geometric mean by 

applying Eq. (4).
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