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ABSTRACT  
Plot of densities (ρROCK) versus packing index of the metamorphic rocks (φROCK) and their glasses gives the lines with the
slope of a = 21.6 ± 0.28. This revealed slope in combination with density and packing index data determines the rock
densification trajectory, densification index (D.I.) and rock density limits. The  associated rock volume changes may be
modelled and their crustal limits approximated.  The studied metapelites have the density range of 2.69-2.86 g/cm3 and their
corresponding rock glasses 2.40-2.62 g/cm3. Packing indices for these rocks are φ =  59.1-60.9 and for their fused glasses φ =
54.0-56.3 % . Maximum density limit for these rocks is estimated to be ∼ 3.2 g/cm3, and 17 % associated volume reduction.  
 
KEYWORDS: rock density limits, rock glasses, packing index, volume change 

 

rock density change may be assessed and the specific 
densification rock trajectory numerically approxi-
mated.  

The fused rock glass, has been chosen as a 
density reference unit. Its measured density has been 
compared with the density calculated from the  molar 
volumes of the rock forming oxides. This approach 
enables to follow the density range for a particular 
metamorphic rock and makes possible to expect the 
density limits based on the presumed atom packing in 
the rock. 

 
METHODS AND MODEL 

The powdered and homogenised metapelitic rock
samples were melted in the quenching furnace in 
argon atmosphere for 4 hours at 1200 oC and 
atmospheric pressure. No major chemical changes 
have been expected. The densities of fused rock 
glasses and rocks have been determined by sink-float 
method (see e.g. Proks, 1974; Fletcher, 1979; Hey, 
1979). Bromoform (CHBr3, ρ = 2.885 g/cm3, n = 
1.598) and methanol (CH3OH, ρ = 0.792 g/cm3, n = 
1.328) form an ideal liquid solution and index of 
refraction of this mixed liquid allows direct reading of 
its density compared to floating or sinking of the 
sample. Reproducibility of a measurement was in the 
range of  ± 0.006 to 0.01 g/cm3. Standard deviation (S) 
obtained from 15 measurements represents simulta-
neously the rock homogeneity. The metapelites 
consisted of Qtz (∼25-43 mod.%), Bt (∼20-28), Ms
(∼12-30), Pl (∼15-35), St (∼1-4), Grt (∼1-3), Sil (∼1-2 
mod %). Their density data are given in Tab. 1. 

INTRODUCTION 
Progressive metamorphic rock recrystallization

is, in first approximation, an isochemical process
associated with appearance of new equilibrium
phases, redistribution of chemical components and
rock dehydration. Accompanied volume changes
during metamorphic reactions progress thus attribute
to the changes in metamorphic rock density. 

French (1976) emphasised the importance of the
relationship between silicate rock density and
composition of igneous and metamorphic rocks. His
empirical density formula  

2134262 )]/([. AlSio
F
C NNND += , where Nsi and 

NAl is the number of Si and Al atoms on the one
oxygen (No) basis, has been used as a factor
equivalent to ‘normative’ rock density. Comparison of
this calculated ‘normative’ density based on the bulk
chemical composition of a particular rock with its
measured density offered the specific data for
metamorphic pressures and temperatures evaluation
(Fig. 1). Changes of p-T and the reaction recrystal-
ization progress cause the volume changes and the
reaction products have eventually higher density with
respect to the former mineral assemblage. Calculated
‘normative’ rock density using anhydrous basis
remains however the same. Thus the densification of a
metamorphic rock runs on its specific composition
trajectory attaining consequently higher packing index
in the metamorphic reaction products.  

In the present model it has been presumed, that if
chemical  composition of metamorphic rock, its
density and the reference density unit are known, the
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Fig. 1 Increasing metamorphic pressures produce mineral assemblages with higher overal
density. As the metamorphic recrystallization is dominantly isochemical, the French
density reference unit  2134262 )]/([. AlSio

F
C NNND += calculated on the anhydrous 

one oxygen basis remains unchanged. Redrawn according to French (1976). 
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Table 1 Densities of the Malé Karpaty Mts. metapelites (ρROCK, g/cm3), their fused rock glasses (ρGLASS),
calculated non crystalline solid units (ρNCS), corresponding packing index (φ) and densification index
(D.I.). 

Sample ρROCK ρGLASS  
*F

CD  φROCK φGLASS  φNCS  D.I. 
  
 2. 2.75 ± 0.02 2.48 2.50 2.72 60.8 54.9 55.3 0.39 
 4. 2.80 ± 0.02 2.57 2.55 2.74 61.2 56.0 55.7 0.37 
 5. 2.70 ± 0.01 2.47 2.49 2.73 59.7 54.6 55.1 0.33 
 6. 2.69 ± 0.02 2.49 2.48 2.70 59.7 55.2 55.1 0.30 
 7. 2.76 ± 0.03 2.57 2.57 2.77 60.0 55.7 55.8 0.30 
 8. 2.74 ± 0.01 2.54 2.55 2.75 59.8 55.5 55.7 0.29 
 9. 2.80 ± 0.05 2.59 2.60 2.77 60.5 55.9 56.1 0.33 
 11. 2.74 ± 0.03 2.49 2.52 2.71 60.4 54.4 55.4 0.38 
 12. 2.75 ± 0.02 2.61 2.62 2.77 59.1 56.1 56.3 0.22 
 14. 2.79 ± 0.01 2.56 2.56 2.73 60.9 55.8 55.7 0.36 
 17. 2.86 ± 0.05 2.55 2.54 2.74 62.5 55.7 55.7 0.47 
 18. 2.75 ± 0.02 2.54 2.55 2.77 60.2 55.5 55.7 0.32 
 19. 2.69 ± 0.03 2.40 2.42 2.70 60.5 54.0 54.4 0.41 
 KB-1. 2.78 ± 0.04 2.55 2.55 2.73 60.8 55.7 55.7 0.36 
 KB-2. 2.79 ± 0.08 2.56 2.57 2.75 60.7 55.8 55.9 0.35 
 KB-3. 2.72 ± 0.02 2.56 2.55 2.73 59.5 55.8 55.7 0.26 
 KB-4. 2.75 ± 0.02 2.59 2.60 2.76 59.6 56.0 56.1 0.26 
 KB-5. 2.82 ± 0.04 2.62 2.63 2.78 60.5 56.3 56.4 0.31 
 

F
CD*  is density calculated according to French (1976) formula 2134262 )]/([. AlSio

F
C NNND += . 

 

Xk multiplied by molecular weight of the particular 
oxide (Wk) in the system: 

                                                                          

kk
NCS

m XWW ∑=                                                       (3)
 
As the correlation between measured densities of 

the fused rock glasses (ρGLASS) and calculated 
densities of  NCS (ρNCS) is high (Fig. 2), the model 
approach resulted thus in the calculation of the model 
rock properties.  

Bulk chemical analyses of the metapelitic rocks 
were recalculated to the unit cell formulas based on 
160 oxygens (Appendix I). The rock formulas have 
been used later for determination of volume/oxygen 
(V/Ox) and volume/atoms (V/Atoms) ratios. The V/Ox
value for numerous minerals is plotted against V/Atom 
(Fig. 3). Many minerals of the same chemical 
composition fall along the straight lines (e.g. And-Sil-
Ky, SiO2- modifications, Cc-Arg, An-AnGLASS, Di-
DiGLASS) with the same slope as it could have been 
predicted. Almost all minerals studied, metapelitic 
rocks and their corresponding glasses plotted in 
density and packing index co-orditates fall on the lines 
with the same slope (Figs. 4, 5). This revealed 
arrangement is considered to have an important 
petrologic significance. As the origin of lines with the 
same slope has not been completely understood, 

The density of the particular rock sample
(ρROCK), its fused rock glass equivalent (ρGLASS) and 
effective ion diameters given by Shannon and Prewit
(1969) were used as the basic enter data for  packing
index calculations of rock (φROCK), fused rock glass
(φGLASS) and calculated non-crystalline solid (NCS)
equivalent (φNCS ).  

As the uncertainty in co-ordination number for 
certain ions in rock and glass persists (e.g. AlIV and 
AlVI), the same ion volumes have been used for
simplified comparison. For density calculation of the
non-crystalline solid (ρNCS), the recalculated molar
volumes of rock forming oxides  of Bottinga et al. 
(1982) and their  formula  

 

i
n

i
ii

n

i
iNCS XVXM ∑∑=

== 11
/ρ                                          (1)

 

has been used (Tab. 2). Mi stands for molecular
weight, Xi for mole fraction and Vi for molar volume
of the oxide i. The molar volume (Vm) of glass may be 
computed from the composition by means of equation

                                               

kkjjii
GLASS

m XVXVXVV ∑=++= ...                       (2)
 

where Vi is the molar volume of a component i and Xi
is its mole fraction. The average molar weight of
glass (Wm) is expressed as the sum of mole fractions
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Fig. 2 The measured glass density data (ρGLASS) and densities of the rock glasses calculated (ρNCS) on the basis 
of molar volumes of the rock forming oxides in Tab. 2. and formula (1), give the high correlation (r = 
0.97). The numerical approach may serve as a good density approximation within a broader range of
metamorphic bulk rock chemical composition. 

metamorphic grade as the protolite mineral 
assemblage has a significant contribution to the 
volume changes in rock. 

If the model rock I1, I2 and I3 with different 
modal Ab/Qtz ratio is subjected to recrystallisation 
according to the reaction 

 

Ab  =  Jd + Qtz                                                       (R2)
 

the different modal composition gives different 
volume reduction in the rock as the density and 
packing index change (see Fig. 5) 
 

I1 Ab 20 Qtz 80 Qtz 85.4   Jd 14.6  ΔV = 3.6 %
I2 Ab 40 Qtz 60 Qtz 70.9   Jd 29.1  ΔV = 7.7 %
I3 Ab 60 Qtz 40  Qtz 56.3  Jd 43.7  ΔV =10.8 %
 

further studies have been made here to interpret the
meaning of this slope. 

The reactants of the low grade metamorphic
reaction 

 
7 Ms + 6 Chl  =  6 St + 7 Bt + Grt + 3 Qtz + 18 H2O 

                      (R1)
 

have overall density of 2.71 g/cm3. After the reaction
has been completed the density change is Δρ = 0.62
g/cm3, what corresponds to the volume reduction of
18.6 %. Reaction progress accompanied with water
release represents significant volume change at the
crossing of the isoreaction line. However, the extent
of the volume change may not indicate the
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Fig. 3 High pressure and temperature phases tend to have denser atom arrangement with a high packing index. Isochemical solids with different structures have in
V/Oxygen versus V/Atoms co-ordinates a similar slope, see e.g. andalusite (And) – sillimanite (Sil) – kyanite (Ky); Anatas (Ant) –brookite (Brk) – rutil (Rt).. 
that expresses the tendency of structure densification The studied metapelites represent rocks of lower to higher amphibolite facies with different modal 
amount of index minerals giving thus the scattered projection points. Mineral abbrevation according to Kretz (1983): albite (Ab), anorthite (An), Åkermanite 
(Åk), biotite (Bt), aragonite (Ar), calcite (Cc), chlorite (Chl), coesite (Cos), cordierite (Crd), cristobalite (Crs), diopside (Di), garnet (Grt), jadeite (Jd), leucite
(Lct), lechatelierite (Lst), muscovite (Ms),  staurolite (St), pyrope (Py), stishovite (Sts), tridimite (Trd), wolastonite (Wo), quartz (Qtz). 
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Fig. 4 Relation between density (ρ) and packing index (φ) of Malé Karpaty Mts. metapelites (●) and 
their glasses (○) is characterized by almost the same slopes. Packing index of the solids is 
given by their chemical composition and density. The present scattering of the rocks and 
corresponding glasses is predestined by the protolit mineral composition and the extent of the 
metamorphic reactions in particular rocks. The corresponding glasses represent the minimum 
density and packing index for their chemical composition. For the studied metapelites that 
recrystallized  at higher temperatures and pressures (Dyda, 2002) packing indices are tending 
upwards. The value φ ≈ 60.0 represents 60% of ‘space’ filled by ions, the rest is the ‘empty 
space’ in the structure.   
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Fig. 5 The slopes of the lines a = 21.6 ± 0.28 given by ρ and φ of the rocks and their glasses are 
followed by the rocks of different modal composition (I1-20Ab 80Qtz, I2-40Ab 60Qtz, I3-
60Ab 40Qtz), model metapelitic rocks (P1, P2, P3), different minerals ( ) and their glasses 
( ). The polymorphic modifications (SiO2, TiO2, Al2SiO5) have the same slope as well. 
Åkermanite glass (ρ = 3.05 g/cm3) is denser than cristalline Åk (ρ = 2.94).  
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Table 2 Molar volumes (Vm, cm3/mol) of the rock forming oxides recalculated from Vm data of Bottinga et al. 
(1982) and used for ρNCS calculation*.  

 Vm     Vm 
SiO2  26.40  MgO    10.21 
TiO2  10.78  CaO   12.71 
Al2O3  36.42  Na2O   18.50 
Fe2O3  24.44  K2O   23.02 
FeO  10.35  Li2O   11.97 
MnO  11.14  ZnO       5.42 
 

* Based on the presumption that density and coefficient of thermal expansion of the particular rock forming
oxide vary in a regular fasion within the studied bulk chemical composition. The data make the base for density
calculation and may cover a wide range of rock glasses. 

 

the reliability of the calculated ρNCS in metapelitic 
rock compositions. 

The ρNCS value and the determined densification 
trajectory slope (a = 21.6 ± 0.28) in density and 
packing index co-ordinates (Fig. 5) determines the 
density changes in metamorphic mineral assemblages. 

If dense rock structure with  packing index φ ≈
70 is taken to be the limit and the density minimum is 
given by calculated ρNCS, then the rock density limits
may be assessed by approximation (Fig. 6). With 
increasing of metamorphic temperature and pressure 
the whole rock reaction progress shifts the 
recrystallizing rock to the higher density and packing 
index. The a/b ratio on the specific densification 
trajectory, coined as the densification index (D.I.), 
expresses the distance of the metamorphic rock from 
its density limits given by the dense atom packing in 
rock structures. Thus for the studied metapelitic rock 
e.g. No 17.,  D. I. = (62.5-55.7) / (70-55.7) = 0.47. 

Density of the rock as well as packing index 
alone need not indicate the attained degree of the 
metamorphic grade. However, both ρ and φ of the 
rock combined with ρ and φ of the corresponding 
glasses obtained on experimental and/or numerical 
basis may be a useful maximum volume change 
indicator for a given rock. 

 
 DISCUSSION 

The attempts to calculate glass density from 
composition has been known for long in glass 
industry. Many distinguished authors see e.g. Baillie 
(1921), Gehlhoff and Thomas (1926), Huggins and 
Sun (1943), Demkina (1958), Rawson (1981), 
approximated successfully the relations between 
composition and density in glassy silicate systems. 

Glass structure missing the long-range  order and 
periodicity is difficult to describe with a simple 
comprehensive model (see e.g. Nicodemi and 
Coniglio, 1997; Brow, 2003; Buchenau, 2003; Pilla et 
al., 2003). Therefore some simplifications are 
accepted.  

The more complex metapelitic assemblage with
modal composition 58 mod.% Chl, 36 mod.% Ms and
6 mod.% Qtz corresponds with the reactants of the
reaction 

 
Chl + Ms + Qtz = Crd + Bt + Al2SiO5 + H2O        (R3)
 

After completing the reaction the density
changes from 2.73 to 2.81 g/cm3. With increased
pressure cordierite may eventually decompose to 61
mod.% Alm, 27 mod.% Sil and 12 mod.% Qtz and the
volume decrease is 32 %. In the presence of Bt,
cordierite decomposition may proceeds according to
reaction 

 
Crd + Bt = Alm + Kfs + H2O                                 (R4)
 

and from the previous Chl+Ms+Qtz assemblage
the new one with Alm+Kfs+Sil is produced. The
relevant volume change is 20.4 %. However, these
progressive reactions are far more complex in nature,
determined by original complex mineral assemblages
and leading to the volume reduction of  the rock.
Clearly, rocks with simple mineral compositions are
less suitable in this approach than the polyphase
mineral assemblages. Consequently, more suitable are
the rocks with the complex mineral reaction changes
and solid solution phenomena. Progressive
recrystallization brings thus the rocks to significant
‘empty space’ reduction and denser mineral rock
structures.  

The presumption of the present model is that the
given rock approaches on its densification trajectory
its density maximum given by the mineralogical
composition and the packing index. The minimum
reference density of a rock is defined by the non-
crystalline solid unit (ρNCS). The ρNCS is obtained here
numerically according to equation (1) using
recalculated molar volumes of the rock forming
oxides (Tab. 2). The measured densities of rock
glasses (ρNCS) are in good agreement with the
calculated density values see (Fig. 2, Appendix II.)
and have high correlation (r = 0.97) approving thus
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Fig. 6 Schematic presentation of rock density limits in polymineral metamorphic assemblages assessed on the
basis of chemical composition and limited packing index in rocks. The dense packed pyrope - almandine
garnet structures with φ ∼ 70 have been chosen as the boundary limits for crustal  rocks. Packing index
for eclogitic and granulitic rocks varies within the range φ ∼ 67-69, having thus the densification index
D.I. = a/b approaching ∼ 1. The studied metapelites have densification index (D.I.) from 0.22 to 0.47
(Tab. 1.), depending on the mineral composition and metamorphic grade. For the studied metapelites the
rock maximum density limit is expected to be ∼ 3.2 g/cm3 and the associated space reduction in crustal
metamorphic environment is ∼ 17 volume %. 
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 density or packing index need not represent the higher 
densification index for the sample, as well as higher ρ
or φ alone, does not represent higher metamorphic 
temperatures or pressures to which the rock sample 
might have been exposed ( see e.g. I1, I2, I3 and P1, 
P2, P3 in Fig. 5). However, the presented densificat-
ion index in Fig. 6 is a good comparison tool and 
metamorphic grade indicator expressing density and 
volume change limits in recrystallizing rocks. 

 
CONCLUSION 

Densities of rock glasses (ρNCS) can be calculated 
on the basis of their chemical composition and molar 
volume (Vm) of the rock forming oxides. The 
calculated ρNCS and measured ρGLASS density data have 
a high correlation (r = 0.97) in the metapelitic rock 
composition. The calculated ρNCS is the minimum 
density reference unit with the lowest packing index 
(φ) for the given composition.  

The densification trajectories of minerals and 
rocks presented within the ρ  versus φ co-ordinates 
give the specific slope of a = 21.6 ± 0.28. This slope 
has almost the same value if describing phase
transition, melting phenomena and metamorphic 
reaction extent. 

Using the modelled relations among the rock 
bulk chemical composition, rock density and packing 
index, the rock density limits can be estimated and 
densification index (D.I.) defined.  

The assessment of volume changes and density 
limits play a primary importance in the Earth crust 
and mantle, in tectonic environment of the subduction 
zones where density differences determine the 
dynamics of many geological processes. 
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Appendix I. 
 
Chemical composition of the studied rocks expressed in 160 oxygen Barth rock unit cell*. 
 
2.   11.80416057.5050.60916.087

3
2.133

2
2.5470.1043.2930.8203.8923.650 HOSiTiAlFeFeMnMgCaNaK ++  

4.   8.83116056.6430.65917.095
3
2.881

2
2.9320.1133.5031,2263,3323.332 HOSiTiAlFeFeMnMgCaNaK ++  

5.   15.62616056.2110.62416.309
3
2.527

2
2.6610.0973.0160.4544.7643.293 HOSiTiAlFeFeMnMgCaNaK ++  

6   5.60616061.5780.41014.821
3
2.692

2
0.9490.1101.6651.1414.0162.045 HOSiTiAlFeFeMnMgCaNaK ++  

7.   11.55416054.2190.63718.038
3
2.898

2
3.6660.1223.6701.3535.4573.119 HOSiTiAlFeFeMnMgCaNaK ++  

8.   11.54516054.8020.60318.405
3
2.705

2
3.1030.1053.3631.0993.5663.585 HOSiTiAlFeFeMnMgCaNaK ++  

9.   10.20616053.5400.69419.190
3
3.011

2
3.8840.1223.4921.3094.7923.834 HOSiTiAlFeFeMnMgCaNaK ++  

10.   9.61716057.9930.51216.801
3
3.340

2
0.8840.0812.0571.3764.7602.374 HOSiTiAlFeFeMnMgCaNaK ++  

11.   4.45816061.2270.52914.391
3
2.184

2
2.2800.1042.1361.4324.6042.277 HOSiTiAlFeFeMnMgCaNaK ++  

12.   7.28816053.4010.73120.264
3
1.886

2
4.6760.1083.4751.7705.9823.678 HOSiTiAlFeFeMnMgCaNaK ++  

14.   8.79916055.3930.576119.428
3
2.588

2
3.3240.1203.0280.7353.8712.979 HOSiTiAlFeFeMnMgCaNaK ++  

17.   10.70916055.7490.54618.017
3
2.578

2
3.0750.1132.9131.4314.2792.974 HOSiTiAlFeFeMnMgCaNaK ++  

18.   17.05316051.5360.67219.862
3
2.943

2
3.0750.0994.3210.5804.1334.679 HOSiTiAlFeFeMnMgCaNaK ++  

19.   16.56116059.3020.43214.138
3
2.605

2
1.2780.0292.5730.0003.4903.003 HOSiTiAlFeFeMnMgCaNaK ++  

KB1.   7.00116056.0610.56119.241
3
2.556

2
2.3200.1052.5051.8015.4672.178 HOSiTiAlFeFeMnMgCaNaK ++  

KB2.   7.03916056.1360.55118.208
3
2.853

2
2.6930.1363.1321.6964.9942.715 HOSiTiAlFeFeMnMgCaNaK ++  

KB3.   3.87316058.2960.46317.492
3
2.406

2
1.9940.0981.9432.3736.6512.108 HOSiTiAlFeFeMnMgCaNaK ++  

KB4.   4.51916056.9690.62517.286
3
2.508

2
3.3540.1073.0291.8875.5703.388 HOSiTiAlFeFeMnMgCaNaK ++  

KB5.   9.02816051.6030.71321.263
3
3.270

2
3.8570.2183.5402.0125.5343.312 HOSiTiAlFeFeMnMgCaNaK ++  

 
* Rock unit cell has been used  for direct  V/Atoms, V/Oxygen ratio calculations, packing  index (φ) calculations
for rocks and non crystalline solid reference units (NCS), where density (ρ), effective ion volume (Vi) and 
chemical composition of the substance is required. 
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Appendix II. 
 

 
I. Glass density calculation: 
 

Diopside CaMgSi2O6  ρNCS calculation  according to formula  (1): i
n

i
ii

n

i
iNCS XVmXM ∑∑=

== 11
/ρ  

   W % XI    Vmi   
SiO2 55.49 0.250 26.40 ρ calculated ρNCS   =   2.86 
MgO 18.61 0.250 10.21 ρ measured ρGlass  =  2.85 
CaO 25.89 0.250 12.71 
    
Density of the anorthite glass measured is ρGLASS = 2.69, anorthite glass computed is ρNCS =  2.72. 
 
II. Packing index (φ ) calculation: 
 
Phlogopite     KMg3Si3AlO10(OH)2             XY3Z4O10(OH)2 
Z  =  2 
V0 =  496.9 (Å3) 

 )(g/cm 2.788 3=ρ  

o
n

i
iio VrfVV /)](/[/ ∑==

=1

334πφ  

 

I.R.       Ion volume 
ZIV               Si                                    0.26          0.0736 
               Al3+                                0.39          0.2484 
YVI          Al3+                                0.53          0.6236 
               Fe3+                                0.53          0.6236 
               Fe2+                                0.61          0.9507 
                  Mg                                          0.72           1.5634 
               Mn                                 0.67           1.2598 
               Ti                                   0.605         0.9275 
XXII        K                                     1.60         17.1572 
                  Na                                           1.32           9.6340 
               Ca                                   1.35        10.3059 
               O                                    1.38        11.0084 
                  OH                                       1.36        10.5367 

oV/]......[ 5367102008411102484000736035634131572172 ×+×++×+×+=φ  
617094967471532 ../).( =×=φ  

Thus the ‘empty space’ in the crystal structure of phlogopite is ca. 38 %. 
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