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conclusions need work...

Introduction

Several geological problems require understanding the thermal nature of Earth’s crust and mantle, and mineral heat transfer properties (thermal conductivity and thermal diffusivity) provide the basis for such understanding.  Therefore, we’ve been building a database of mineral thermal diffusivities (D) measured with the Laser Flash Aparatus (LFA).  To date, several glasses and mineral systems have been probed, including quartz, olivine, clinopyroxene and garnet.  Data on albite and potassium feldspar have been pubished, but more-calcic plagioclase data is lacking.   This paper will fill that void, and present thermal diffusivity of different plagioclase crystals, ranging in composition from An5 to An71.  This is especially important, as feldspar is the most common rock forming mineral, and plagioclase is especially prevalent in intermediate and mafic igneous rocks and some metamorphic rocks. 

Methods

Samples 

Results from a low albite sample from Amelia county, Virginia, have previously been measured and published (Hofmeister et al. 2009).  We add to this data from five plagioclase samples with higher An contents (Table 1).

All samples except FON and FLN were volcanic, gemmy samples. FON and FLN both exhibit albite twinning.  FLN was a gray labradorite showing irridescence on (010), suggesting a Bøggild intergowth.  FON was a transparent oligoclase from Hawk Mine, North Carolina, provided by the Smithsonian Department of Mineral Sciences (NMNH# R2898).  In addition to twins, FON also contained 0.3-0.5 mm inclusions of an unknown mineral and/or possibly fluids.  FON has a low structural state determined by the angular difference between the 131 and 
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 XRD peaks (Hovis 2010). 

Most samples did not change appearance when compared before and after heating in the LFA.  The exception was FON.  During LFA analysis, large peaks of direct radiation detected at about 1580 K in FON001 and FON( suggested that these samples cracked.   Although intact, both samples were netted with two sets of microscopic, perpendicular fractures. FON001 had a higher density of cracks, as well as two larger cracks, one ending in a conchoidal facture, near the sample’s edge.  Also, inclusions apparent in this sample pre-heating were not visible post, although chains of dark, small dots, existed mostly parallel to the cleavages.

Sample preparation

Each sample was cut along three orthogonal directions.  Two sections were cut parallel to (001) and (010).  (These samples are called 001 and 010.)   A third sample was cut perpendicular to these two faces.  Plagioclase is triclinic and therefore the perpendicular face is not (100).  Values presented for (001) therefore quantify heat flow along c while (010) quantifies heat flow along b. Although a is almost perpendicular to b, it is oblique to c (angles range from 115.5(-116.3(), thus the perpendicular orientation does not quantify heat flow along a.

Sample sections were ground into discs about 1 cm in diameter and less than 1 mm thick.  The top and bottom of each disc were polished to be parallel.  Optical microscopy was used to identify any inclusions, lamellae, twinning, etc.  Before analyzing D, samples were spray coated in graphite.  Chips from each sample were analyzed using the electron microprobe to quantify major element chemistry.

Measurement of thermal diffusivity

Thermal diffusivity was measured with the Netsch LFA427, a laser-flash apparatus.  The LFA hits the sample’s base with a narrow laser pulse, and records emissions from the top of the sample using a remote IR detector.  Basically, the thermal diffusivity is calculated using the time taken for the pulse to travel through the sample as well as the sample thickness.  This technique is preferred because there are no contacts between thermocouples and the sample; such samples provide an additional thermal resistance which artifically lowers measured D values.  The LFA removes unwanted ballistic radiative transfer using the mathematical correction of Mehling et al. (1998)  Finally, the LFA allows for measurement of D to high temperatures (~2000 K),  For details of the LFA, see [REF].

Results

Plagioclase thermal diffusivity generally decreases with temperature (Figure 1) and can be fit with a third-order polynomial, so that:
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Fits for sample FBM are illustrated with inverse diffusivity (Figure 2).  Values of A, B, C and E for the different samples are given in Table 2.

Thermal diffusivity decreases with increased An content (Figure 3). For intermediate values of An, the diffusivity values are very similar; from An19 and An71, room temperature D decreases from 0.979 to 0.776 mm2/s along c and 0.919 to 0.794 mm2/s along b (in pure albite, these values are and 1.354 and 1.689 mm2/s along c and b, respectively).

In albite, thermal diffusivity along b (measured in the (010) samples) is clearly higher than along c for all temperatures measured (Figure 1b).  This is not the case for the other plagioclase samples studied.  Samples FON and FLN both had D001>D010 at lower temperatures, although the diffusivity values crossed over, so that D010>D001 at higher temperatures. The differences between samples can be explained by ordering.  Samples FON and FLN have an ordered structure; all other samples were disordered, with the high plagioclase structure. Ordering lengthens the c-axis relative to b, and, consequently, heat transfer should be fastest along c in ordered plagioclase but fastest along b in disordered plagioclase.

The crossover of D010 and D001 in samples FLN and FON indicates these samples disordered with heating.  The crossover temperature of FLN is about 896 K, which matches the predicted transition from the Bøgglid intergrown to a high 
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 structure (886 K, based on phase diagram from Parsons (2010); figure 4a).  The phase transition between low 
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 (combined with high 
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 is predicted at 742 K for an oligoclase composition (Parsons, 2010).  However, the crossover temperature for sample FON is hard to pinpoint; the measured diffusivity values for FON001 are slightly larger to 868 K, and by 976 K diffusivity is larger along (010) than along (001), but error bars for diffusivity along the two orientations overlap between 378 and 996 K. Diffusivity of FON001 drops drastically between 1200 and 1300 K, suggesting that this might be the temperature by which the sample completely disordered.

Like albite, diffusivity in sample FSU is significantly higher along b than c (Figure 1a).  Although samples FLL and FBM also have greater D along b than c, the diffusivity values are very similar, so that error bars overlap, at least within certain temperature ranges.  In sample FBM, D010 and D001 are similar (error bars overlap) from room temperature up to 768 K, over which the diffusivity values diverge as temperature increases (Figures 1b and 2). 

Thermal diffusivity decreases or is constant with temperature at all temperatures measured with three exceptions.  Thermal diffusivity increases significantly above 1300 K in FLN001 and FLN010 (D increases 7-11% from 1320 to 1420 K)  (Figure 1a).   What could be causing this?  Sample FON001 has a 5% increase in D from 1260 to 1460 K (filled gray circles in figure 1b).  In this sample, D decreases dramatically before the increase. What could be causing this?
Possible evidence of phase changes

Evidence for changing structural states during heating were given for ordered plagioclase samples FON and FLN.  Diffusivity values for one of the disordered samples also suggest changes in structural state (Figure 5).

In sample FLL, D010 appears to exceed D001 at room temperature and above 1400 K.  However, the error bars for D001 and D010 in sample FLL overlap at room temperature and again at temperatures greater than 1100 K.  Unlike in the other samples, D( is similar to the other orientations, being in between D001 and D010 at temperature below 1000 and above 1400 K, but lower than D001 and D010 between those temperatures.  The temperatures of these crossovers correspond to transitions between the 
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 structures.  The data may reflect phase changes in this sample.

Thermal conductivity

Bulk thermal diffusivities of samples were calculated using:
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where Dx, Dy and Dz are diffusivities along three orthogonal directions.  

Thermal conductivity (k) is then calcuted as:
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Heat capacities vary only slightly for different members of the plagioclase solid solution (Figure 6).  Nonetheless, thermal conductivities were calculated using An-specific heat capacity values from Benisek et al (2009).  The molecular volumes were assumed to vary linearly with An content, using albite and anorthite values from Holland and Powell (1998).   When combined with heat capacities, thermal diffusivities yield conductivity values that change little with temperature for all but the most albite-rich plagioclase (Figure 6).  

Plagioclase when compared with previous studies and other major rock forming minerals

Although albite and potassium feldspar minerals have been previously analyzed, measurements of plagioclase heat transfer properties are rare in the literature.  An exception is a study by Magnitskiy (1971) of a labradorite (density of 2.67 g/cm3) and an oligoclase (density of 2.63 g/cm3).  Specific An contents were not reported.  Diffusivities were measured to 1200 K with plane-periodic wave method, which involves one thermocouple attached to the sample; the samples were not oriented crystals.  Their data is in decent agreement with our measurements; the oligoclase values are slightly higher than ours to 800 K, and their labradorite values are on the low end of our labradorite measurements at temperatures up to 1000 K (Figure 7).

When compared with other common rock-forming minerals, plagioclase has one of the lowest thermal diffusivites, both at room temperature and higher temperatures (see Figure 8).  

Conclusions

Thermal diffusivity of plagioclase decreases with increasing anorthite content.  This is due to disorder accompanying Al for Si substitution. Upon heating, ordered samples disorder, and this also affects D of individual samples.

Although D does decrease with T, the slope of D(T) is fairly flat. Thermal conductivity calculated with measured D increases with temperature; this results because of the increase in heat capacity with temperature is not counteracted by D(T).  

That D is lower for plagioclase (at all temperatures) than for other major rock-forming minerals suggests that plagioclase will dictate lower bounds of diffusivity and conductivity in plagioclase-bearing rocks, especially mafic rocks in Earth’s crust.
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Figure captions

Figure 1  

Thermal diffusivitities for (a) samples FLN (filled gray), FSU (open gray) and FLL (open black), and (b) amples FON (filled gray), FBM (open black).  Albite data from Hofmeister et al., 2009 are shown with open gray symbols. in Figure1b.  Measurements made on samples 010 are shown as squares, on samples 001 are shown as circles, and on perpendicular samples are shown as triangles.  Error bars are included, but most are smaller than the symbol size.

Figure 2

Inverse thermal diffusivity for sample FBM along with fits from Table 2. Measurements made on samples 010 are shown as squares, on samples 001 are shown as circles, and on perpendicular samples are shown as triangles.


Figure 3

Thermal diffusivity decreases with An content. Measurements made on samples 010 are shown as squares, on samples 001 are shown as circles, and on perpendicular samples are shown as triangles.  Black symbols show values measured at room temperature, and gray symbols show values measured at about 1200 K.  The high temperature square and circle symbols for FON plot on top of each other, as do the high temperature square and triangle for sample FLL.

Figure 4

Inverse thermal diffusivities for samples (a) FLN and (b) FON.  Inflections in 1/D plots correspond to phase transitions marked. Measurements made on samples 010 are shown as squares, on samples 001 are shown as circles, and on perpendicular samples are shown as triangles.

Figure 5

Inverse thermal diffusivities for labradorite sample FLL.  Inflections in 1/D plots correspond to phase transitions marked. Measurements made on samples 010 are shown as squares, on samples 001 are shown as circles, and on perpendicular samples are shown as triangles.

Figure 6

Thermal conductivity and heat capacity for three newly-measured plagioclase samples are compared with albite(medium gray): FBM (black), FLN (dark gray), and FON (light gray).  


Figure 7

Comparison of our data (shaded and outlined box) with labradorite (squares) and oligoclase (circles) data from Magnitskiy (1971).

Figure 8

Plgioclase thermal diffusivities are among the lowest of all rock forming minerals, both at room temperature (D298) and at high temperature (Dsat).  Data for all orientations of other minerals are plotted along with lines of best fit; data were taken from the following references: quartz (Branlund and Hofmeister, 2007), olivine (Pertermann and Hofmeister, 2006), clinopyroxene (Pertermann and Hofmeister, 2008), garnet (Hofmeister, 2006).  Sandaine and albite mark the Kspar trend (from Pertermann et al, 2008 and Hofmeister et al, 2009, respectively).
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