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ABSTRACT 14 

Upper mantle carbonates are thought to be iron-poor and magnesium-rich. However, at lower 15 

mantle conditions spin-pairing transitions in iron-bearing phases may trigger iron redistribution 16 

between the minerals. Here, using visible and near infrared absorption measurements, we examine 17 

the siderite crystal field up to 65 GPa. Optical spectrum of siderite at 1 bar has an absorption band at 18 

10325 cm-1 corresponding to the crystal field splitting energy (10Dq) of ferrous iron in an octahedral 19 

field. This band intensifies and blue-shifts (86 cm-1/GPa) with pressure, but disappears abruptly at 20 

44 GPa signaling the spin transition. Simultaneously, a new absorption band centered at 15629 cm-1 21 
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(88 cm-1/GPa) appears in the spectrum. Tanabe-Sugano diagram analysis allowed assigning the 22 

observed absorption bands to 5T2g → 5Eg and 1A1g → 1T1g electronic transitions in high- and low-23 

spin siderite, respectively. Similarly, we evaluate the crystal field splitting energy of low-spin 24 

siderite 10Dq = 17600 cm-1 (45 GPa), as well as the Racah parameters B = 747 cm-1 and C = 3080 25 

cm-1. We find that the crystal field stabilization energy (CFSE) of ferrous iron in low-spin siderite 26 

(45700 cm-1 at 45 GPa) is an order of magnitude higher than that in the high-spin phase (4130 cm-1 27 

at 1 bar). From the derived CFSE values we estimate the iron-partitioning coefficient for the 28 

carbonate-perovskite system and show that low spin carbonates are iron-rich and magnesium-poor. 29 

We also show that the color of siderite is governed by the 1Ag → 1T1g absorption band and the Fe-O 30 

charge transfer. 31 

Keyword: crystal field, high pressure, crystal chemistry, Tanabe-Sugano diagram, iron partitioning. 32 

INTRODUCTION 33 

Carbonates are involved in the deep carbon cycle with subduction being the major process in 34 

transportation of carbon to the mantle (Dasgupta and Hirschmann, 2010; Dobretsov and Shatskiy, 35 

2012). Chemical interaction of Ca-rich carbonates with silicate minerals in subducting slabs 36 

ultimately results in the formation of iron-bearing magnesite (Biellmann et al., 1993; Grassi and 37 

Schmidt, 2011; Litasov, 2011; Seto et al., 2008). Magnesite (MgCO3) is isostructural with siderite 38 

(FeCO3) with a continuous range of compositions established for natural and synthetic samples 39 

(Boulard et al., 2012; Rividi et al., 2010; Shatskiy et al., 2014). Laboratory experiments (Fiquet et 40 

al., 2002; Isshiki et al., 2004), together with findings of carbonates as inclusions in transition zone 41 

and lower mantle diamonds (Brenker et al., 2007; Bulanova et al., 2010), indicate that Mg,Fe-42 

bearing carbonates may withstand high-pressure high-temperature conditions of subducting slabs, 43 

penetrate into the lower mantle, and experience structural transformations (Boulard et al., 2011; 44 
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Mao et al., 2011; Oganov et al., 2013; Skorodumova et al., 2005). If so, the electronic structure of 45 

iron in lower mantle carbonates may undergo a high-spin (HS) to low-spin (LS) transformation 46 

resulting in abrupt changes of carbonate physical properties. 47 

The spin transition in siderite was first reported to occur at approximately 50 GPa by Mattila 48 

et al. (2007) who employed x-ray emission spectroscopy to measure the spin state of iron in siderite 49 

upon compression. Subsequently, the structures of HS and LS siderite were studied by synchrotron 50 

x-ray diffraction, and the spin transition pressure was established to be at 43-49 GPa (Lavina et al., 51 

2009; Lavina et al., 2010b). Discontinuities in vibrational properties over the spin transition were 52 

revealed by Raman spectroscopy; it was found that the Raman shift of lattice modes increases 53 

abruptly, whereas C-O symmetric stretching vibration softens at the spin transition pressure 54 

indicating a collapse of the FeO6 octahedra (Farfan et al., 2012; Lin et al., 2012). This is in 55 

agreement with the structural model of HS to LS transformation, where the atomic displacements 56 

upon the spin transition do not result in a space-group change, and the symmetry of LS siderite is the 57 

same as the HS phase (Lavina et al., 2010b). Elastic constants have been reported for a wide range 58 

of magnesite-siderite solid solutions both for the HS and LS states (Lavina et al., 2009; Lavina et al., 59 

2010a; Lavina et al., 2010b; Lin et al., 2012; Litasov et al., 2013; Liu et al., 2014). It was established 60 

that the LS phase is denser and has a higher bulk modulus than HS siderite (Lavina et al., 2009; Lin 61 

et al., 2012; Liu et al., 2014). Overall, the pressure-induced spin transition of iron-bearing 62 

carbonates is well characterized by a number of experimental techniques. Likewise, theoretical 63 

modelling of siderite under pressure reproduces the spin transition at pressures in agreement with 64 

the experimentally-derived ones (Ming et al., 2012; Shi et al., 2008). 65 

Discontinuities in the physical properties are accompanied by color changes from colorless 66 

(HS) to green (LS) and red (LS) as pressure is increased (Lavina et al., 2009). As electrons rearrange 67 

on the d-orbitals upon the spin transition, the energy separation between the ground and excited 68 
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electronic states of HS and LS is different (Burns, 1993); thus the apparent change in color is not 69 

unexpected. In siderite, iron is located in FeO6 octahedrons and the degeneracy of five d orbitals is 70 

broken by the crystal field to three t2g (lower in energy) and two eg (higher in energy) orbitals 71 

(Ballhausen, 1962; Figgis, 1966). The ground state electronic configuration of HS ferrous iron is 72 

5T2g (Burns, 1993), with five of the d electrons spread among d orbitals with parallel spins in 73 

accordance with the Hund’s first rule, and the sixth d electron paired to the t2g level. The ground 74 

state electronic configuration of LS ferrous iron is 1A1g, with all electrons located on the t2g orbitals 75 

(Burns, 1993). The electronic structures of HS and LS Fe2+ can be found elsewhere (e.g. Badro et 76 

al., 2003; Burns, 1993; Li et al., 2004). The energy gap between the t2g and eg orbitals is termed 77 

crystal field splitting energy (10Dq), and it always increases with pressure as the metal-oxygen 78 

distance decreases (Ballhausen, 1962; Burns, 1993; Drickamer and Frank, 1973; Figgis, 1966). 79 

Crystal field effects are now well known to contribute to bulk thermodynamic properties of 80 

materials and may affect chemical equilibrium between coexisting Fe-bearing phases (Badro et al., 81 

2003; Crispin and Van Orman, 2010; Prescher et al., 2014). However, no data is currently available 82 

on the siderite crystal field splitting energy. In this paper we report the results of visible and near 83 

infrared (IR) spectroscopy of siderite single crystals in the 0-72 GPa pressure range. The 84 

measurements allowed us to characterize the energy separation between t2g and eg orbitals of ferrous 85 

iron in HS and LS siderite up to 65 GPa, evaluate crystal field contributions to thermodynamic 86 

properties of iron-bearing carbonates, and estimate the effect of spin transition on the carbonate iron 87 

content in the lower mantle. 88 

EXPERIMENTAL METHODS 89 

Chemically homogeneous siderite (Fig. 1) from Panasqueira tungsten mine, Covilhã, Castelo 90 

Branco, Portugal (mineralogical collection of Tohoku University Museum of Natural History) with a 91 

composition Fe0.95,Mn0.05CO3 was used in this study. Calcium, magnesium and other impurities total 92 
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content is less than 1 at% according to the electron microprobe analyses performed in the 93 

Geophysical Laboratory using a JEOL JSM-6500F field emission scanning electron microscope. 94 

Cleaved rhombohedral single crystals (typically 30 x 50 x 10 µm3) were loaded in diamond anvil 95 

cells with culets of 200 or 300 µm in diameter. Holes of 100-200 µm in diameter were drilled in the 96 

center of rhenium gaskets and served as sample containers. Neon was used as a pressure medium. 97 

Pressure was determined by the ruby fluorescence method (Mao et al., 1978). 98 

Optical properties of natural siderite were measured in UV-visible and near IR absorption 99 

spectral ranges up to 72 GPa. A fiber-coupled halogen-deuterium lamp served as a light source for 100 

optical measurements. The light was focused to a 50 µm spot on the samples and a 20 µm central 101 

portion of the transmitted radiation was selected by a confocal aperture. The light is transported by 102 

an all-reflective microscope with relay optics and projected on the entrance slit of the UV-vis and IR 103 

spectrometers. Spectra were collected in 9000-25000 cm-1 range using a 300 grooves/mm grating of 104 

an Acton Research Corporation Spectra Pro 500-i CCD spectrometer sensitive in UV-vis. Near IR 105 

absorption was collected for 512 scans with a Varian Resolution Pro 670-IR spectrometer using a 106 

quartz beam splitter in the 3000-10000 cm-1 spectral range with 4 cm-1 resolution. The microscope 107 

setup was previously described in detail (Goncharov et al., 2009). The sample absorbance was 108 

calculated as ܣሺߥሻ ൌ െ logଵሺܫ௦ ⁄ܫ ሻ, where Isample is the intensity of light transmitted 109 

through the sample, and Ireference is the intensity of the radiation passed through the pressure medium. 110 

We neglected the light reflection from the sample as it is less than 4% and is comparable to the other 111 

experimental uncertainties (Goncharov et al., 2009). All absorption spectra were collected at room 112 

temperature. Linear baseline subtraction preceded the deconvolution of absorption bands into the 113 

Voigt functions. The two sigma uncertainty of the band’s spectral position was within ± 200 cm-1. 114 

RESULTS AND DISCUSSION 115 

Absorption spectra of high-spin siderite 116 
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A weak and broad absorption band centered at 10325 cm-1 can be observed at 1 bar (Fig. 2). 117 

We assign this band to the 5T2g → 5Eg electronic transition as it is the only spin-allowed transition of 118 

the 5T2g ground state (Burns, 1993). This assignment provides the crystal field splitting energy of d-119 

orbitals of Fe2+ in octahedral crystal field (10DqHS) at 1 bar. The energy of 10325 cm-1 is typical for 120 

the energy gap between t2g and eg orbitals of Fe2+ ions in octahedral crystal field. For example, 10Dq 121 

values for ferropericlase and ringwoodite at 1 bar were estimated to have energies of approximately 122 

10850 and 10470 cm-1 respectively (Keppler and Smyth, 2005; Keppler et al., 2007). The shape of 123 

the absorption band is quite symmetrical and only one maximum can be observed; thus, FeO6 124 

octahedra in HS siderite can be considered as non-distorted. Absorption spectra of HS siderite 125 

measured at 0-43 GPa allowed tabulating 10DqHS values (Table 1). Expectedly, application of 126 

pressure increases the splitting between t2g and eg orbitals and blue-shifts the crystal field band (Fig. 127 

3). The pressure shift is approximately linear with d10DqHS/dP = 86 cm-1/GPa. At the spin transition 128 

pressure the increased 10DqHS equals to the spin pairing energy: 10Dq=Π=2.5B+4C≈19B (Hauser, 129 

2004), where Π is the spin pairing energy, B and C are the Racah parameters of electron-electron 130 

repulsion. Accordingly, we get the Racah parameters B and C for Fe2+ in octahedral crystal field in 131 

HS siderite as B = 747 cm-1 and C = 3080 cm-1. These values closely resemble BVI(Fe2+) ~ 500 cm-1 132 

inferred from magnesiowustite optical absorption spectra in the proximity of HS to LS transition 133 

(Goncharov et al., 2006). Also, Gavriliuk et al. (2004) have reported similar values of B = 680 cm-1 134 

and C = 3150 cm-1 for ferric iron in the octahedral crystal field of FeBO3.  135 

The increase in overall absorption from 0 to 44 GPa is small and HS siderite remains visually 136 

colorless and transparent. However, at 39 GPa a rise in absorption is evident at frequencies higher 137 

than 22500 cm-1. We assign this band to Fe-O electron transfer in FeO6 octahedra, as the position, 138 

intensity, and pressure-induced red-shift of this absorption edge are typical for metal-oxygen charge 139 

transfer transitions (Burns, 1993; Goncharov et al., 2006; Mao and Bell, 1972).  140 
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Absorption spectra of low-spin siderite 141 

A green domain appeared in siderite single crystal at 44 GPa signaling the spin transition has 142 

started (Fig. 4). We attribute the presence of colorless (HS) and green (LS) domains of siderite in the 143 

sample to the presence of pressure gradients across the single crystal. This observation indicates that 144 

at room temperature the spin transition in pure siderite occurs in a very narrow pressure range (44±1 145 

GPa). Previous estimations based on carbonate samples with variable iron content (0.12 to 0.87 Fe 146 

in formula unit) have reported spin transition pressures between 43-49 GPa (Farfan et al., 2012; 147 

Lavina et al., 2009; Lavina et al., 2010a; Lin et al., 2012; Liu et al., 2014; Nagai et al., 2010).  148 

Absorption spectra of HS and LS siderite are very different. A significant increase in overall 149 

optical absorption of LS siderite (Fig. 2) accounts for the dramatic color changes over the spin 150 

transition. At 45.5 GPa, a new sharp absorption band can be observed at 15629 cm-1 (dν/dP = 88 151 

cm-1/GPa). At the same time, the crystal field band observed in HS siderite is no longer present in 152 

the absorption spectra implying that the newly formed band is similar in nature to that in HS 153 

siderite; thus, it is related to d-d transitions. The ground state electronic configuration of LS Fe2+ in 154 

octahedral site is 1A1g with five spin-allowed d-d transitions (Burns, 1993). We assign the observed 155 

absorption band to the 1Ag → 1T1g transition, as it is the lowest in energy out of all spin-allowed 156 

transitions, with the rest occurring at much higher energies (Fig. 5). The previously determined 157 

Racah parameter B permits plotting the absorption energies of this band on the Tanabe-Sugano 158 

diagram for a d6 ion in octahedral crystal field, which in turn allows estimating the 10DqLS values in 159 

the LS state as schematically shown in Figure 5. Alternatively, the crystal field splitting energy has 160 

inverse fifth-power dependency on the metal-oxygen distance (Burns, 1993), offering another way 161 

to evaluate 10DqLS: ଵಽೄଵಹೄ ൎ ቀಹೄಽೄ ቁହ
, where rHS and rLS are the Fe-O bond distances in FeO6 162 

octahedra in HS and LS siderite respectively. Using the spectroscopically determined 10DqHS and 163 
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previously reported Fe-O distances for HS and LS siderite (Lavina et al., 2010b) we solved the 164 

proportion for 10DqLS at 45.5, 48.5, 52, and 57 GPa (Table 1). Two independently constrained 165 

10DqLS values are in fair agreement (Fig. 3) indicating that the main absorption band observed in the 166 

spectra of LS siderite indeed belongs to 1A1g → 1T1g transition. The magnitude of 1Ag → 1T1g 167 

absorption in LS siderite is much higher compared to 5T2g → 5Eg in the HS phase. Such 168 

intensification may result from a relaxing of the Laporte selection rule, which states that electron 169 

transitions between orbitals with equal parity are forbidden. The selection rule may be lifted if FeO6 170 

clusters of LS phase get distorted or vibronic coupling occurs (Burns, 1993).  171 

According to the Tanabe-Sugano diagram, the energy separation between the two lowest in 172 

energy excited states in LS siderite (1T1g and 1T2g) is approximately 11B (Fig. 5); thus, the energy of 173 

the 1Ag → 1T2g transition can be estimated as approximately 23850 cm-1 at 45.5 GPa. However, this 174 

band is likely hidden by the high-frequency absorption edge, which is Laporte allowed; therefore it 175 

is much more intense. It is worth noting that no spin-forbidden transitions were observed in the 176 

studied spectral range, as the spectral positions of the 1A1g → 3T1g, 1A1g → 3T2g, and 1A1g → 5T2g 177 

transitions should be in the 8500-14100 cm-1 range as inferred from the Tanabe-Sugano diagram 178 

analysis (spin-forbidden transitions are not shown in Fig. 5). This is why we do not expect that the 179 

divalent manganese impurity (<5 at%) of our siderite samples significantly contributes to the 180 

absorption spectra as the ground state of HS Mn2+ (6A1g) has no spin-allowed transitions (Burns, 181 

1993), and the HS configuration is stable up to at least 54 GPa (Farfan et al., 2013). 182 

The energy of metal-oxygen charge transfer absorption also shows a clear discontinuity upon 183 

the HS to LS transition (Fig. 6). We have determined the positions of the absorption edge by fitting 184 

the spectra and assuming that the absorbance follows the energy dependence characteristic for a 185 

direct band gap: ܣሺߥሻ ן ߥ݄√ െ  where A(ν) is sample absorbance, hv is the photon energy, and E 186 ,ܧ

is the absorption edge energy. The position of absorption edge is shifted for about 2500 cm-1 187 
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towards lower frequencies upon the HS to LS transformation, and is within the visible range at 45.5 188 

GPa (Fig. 6). The color of LS siderite is governed by the interplay of the 1Ag → 1T1g absorption 189 

band and the Fe-O charge transfer. Green color of LS siderite is due to the absorption minima at 190 

around 17500-20000 cm-1. At P > 65 GPa siderite turns red, because of the overlap of the crystal 191 

field band with the absorption edge. Eventually, LS siderite turns black at pressures exceeding 71.5 192 

GPa (Fig. 4) with Fe-O charge transfer absorption shifted to the near IR region. 193 

Implications to carbonate crystal chemistry at lower mantle conditions 194 

Spin pairing transitions may affect crystal chemistry of iron-bearing minerals (Badro et al., 195 

2003; Lin et al., 2013). Iron content of carbonates in subducting slabs is controlled by partitioning 196 

coefficients K(P,T) between the carbonate phase and coexisting silicates (Kiseeva et al., 2013; 197 

Yaxley and Brey, 2004). Mg,Fe-perovskite (Pv) is the most abundant iron-bearing phase in a 198 

basaltic lithology at pressures exceeding 30 GPa (Hirose et al., 1999; Perrillat et al., 2006). 199 

Assuming no other Fe-bearing phases participate in the partitioning, the reaction can be written: 200 

௩ଶା݁ܨ  ଶା݃ܯ ൌ ଶା݁ܨ   ௩ଶା.  201݃ܯ

At a given pressure and temperature, the partitioning coefficient is: 202 

ln ܭ ൌ ln ቀ ிெቁ௩ െ ln ቀ ிெቁ ൌ െ ீሺ,்ሻோ் , 203 

where ΔG is the Gibbs free energy of the reaction and R is the gas constant.  204 

Crystal field stabilization energies (CFSE) contribute to the enthalpy terms of the Gibbs free energy 205 

and, as such, might be expected to affect the partitioning coefficient (Burns, 1993). CFSE values are 206 

4Dq and 24Dq for HS and LS Fe2+ in an octahedral crystal field, respectively (Burns, 1993); 207 

whereas CFSE ≈ 6Dq for ferrous iron in the pseudo-dodecahedral crystal field of Mg,Fe-perovskite 208 
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(Keppler et al., 1994). Our optical absorption measurements yield over an order of magnitude 209 

increase in the Fe2+ CFSE in siderite, with a CFSE of 4130 cm-1 (HS phase, 1 bar) and 42181 cm-1 210 

(LS phase, 45.5 GPa). In comparison, the increase of Fe2+ CFSE in Mg,Fe-perovskite is less 211 

pronounced and changes from approximately 4200 cm-1 (1 bar) to only 5100 cm-1 (46 GPa), as can 212 

be deduced from the absorption measurements by Goncharov et al. (2008), assuming all iron 213 

remains in the HS state. The difference between CFSEPv and CFSECarb gives us ΔCFSE = −445 214 

kJ/mol. To estimate the effect of spin transition on the partitioning coefficient one has to consider 215 

the electron-electron repulsion between paired electrons on the t2g orbitals in LS siderite (5B+8C = 216 

339 kJ/mole) (Lyubutin et al., 2013; Ovchinnikov, 2011). Likewise, the PΔV contribution to the 217 

Gibbs free energy is -542 kJ/mole, accepting ΔV=10% at P = 45 GPa for the HS to LS 218 

transformation in pure FeCO3 (Lavina et al., 2010b). Assuming no change in configurational 219 

entropy of carbonates across the spin transition, as well as ΔUHS=ΔULS, where ΔU is the internal 220 

energy difference for the partitioning reaction between HS or LS carbonate and Mg,Fe-perovskite 221 

we can write: 222 

ௌܭ݈݊ െ ுௌܭ݈݊  ൌ ܸ߂ܲ  ܧܵܨܥ߂ െ ܤ5 െ ܴܶܥ8  

, where lnKLS and lnKHS are the logarithmic partitioning coefficients for the considered partitioning 223 

reaction, B and C are the Racah parameters. At 45 GPa and 2500 K we get ݈݊ܭௌ  ൌ െ31.2 224 ݈݊ܭுௌ ൌ  െ29, accepting ݈݊ܭுௌ  ൌ 2.2 (Stagno et al., 2011). Strongly negative values of lnKLS 225 

suggest the composition of LS carbonates in equilibrium with Mg,Fe-perovskite is close to pure 226 

FeCO3. However, the change in carbonate chemical composition with depth is likely to be gradual, 227 

because of the temperature-induced broadening of the spin transition pressure range (Lin et al., 228 

2007; Liu et al., 2014; Lyubutin et al., 2013). 229 

 230 
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Tables 238 

Table 1. Position and assignment of the main absorption band in HS and LS siderite. 239 

High-

spin 

P, 

GPa 

Absorption, 

cm-1 

FWHM, 

cm-1

Electronic 

transition

10DqLS, cm-1 CFSE, 

cm-1Tanabe-Sugano 10DqHS*(rHS/rLS)5 

0 10325 4241 5T2g → 5Eg − − 4130 

25 12256 4295 5T2g → 5Eg − − 4902 

28 12860 3963 5T2g → 5Eg − − 5144 

39 13532 3838 5T2g → 5Eg − − 5413 

43 14102 3627 5T2g → 5Eg − − 5641 

Low-

spin 

45.5 15629 2721 1A1g → 1T1g 17634 17517 42181 

45.5 15618 2879 1A1g → 1T1g    

48.5 15973 2729 1A1g → 1T1g 18153 17844 43196 

52 16146 2587 1A1g → 1T1g 18301 18227 43834 

53 16079 2734 1A1g → 1T1g    

57 16672 2560 1A1g → 1T1g 18819 18871 45228 

62 17116 2674 1A1g → 1T1g 19318   

65 17332 2522 1A1g → 1T1g 19451   

Note: 10DqLS (crystal field splitting energy in low-spin siderite) cannot be measured directly in 240 

experiment. We independently estimated these values based on the Tanabe-Sugano diagram 241 

analysis, as well as on the relation between the Fe-O bond length and 10DqHS (see text). CFSE 242 

stands for the crystal field stabilization energy. Standard deviation is < 100 cm-1 for the absorption 243 

position. 244 

 245 

  246 
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Figures 247 

 248 

Figure 1. Scanning electron image (top left) and corresponding elemental maps of Fe, Mn, and Mg 249 

of a representative siderite single crystal. The white scale bar corresponds to 10 µm. 250 

 251 

 252 

Figure 2. Optical and near IR absorption spectra of siderite to 71.5 GPa. Low-frequency 253 

oscillations originate from multiple reflections between parallel sample surfaces.  254 
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 255 

 256 

Figure 3. Positions and assignment of absorption bands in HS and LS siderite. Blue squares and 257 

red circles represent the measured absorption bands. White and black squares approximate the 258 

10DqLS values estimated with the Tanabe-Sugano diagram and through the inverse proportion with 259 

the (Fe-O)5 bond distance, respectively. Vertical dashed line shows the spin transition pressure. 260 

 261 
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 262 

Figure 4. Siderite color in HS (42 GPa), mixed HS and LS (44 and 45 GPa) and LS state (50, 65, 263 

and 88 GPa). The scale bar corresponds to 20 µm. Note the gradual growth of transient green LS 264 

domain at 44 and 45 GPa. 265 

 266 
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 267 

Figure 5. The Tanabe-Sugano energy (E) level diagram for a d6 ion in octahedral crystal field. Only 268 

spin-allowed electronic states are shown (green solid lines). Blue squares correspond to the 5T2g → 269 

5Eg transition in HS siderite at pressures of 0, 25, and 39 GPa. Red squares correspond to 1A1g → 270 

1T1g absorption energies in LS siderite at 45.5, 52, 57, and 65 GPa. Spin transition occurs at 271 

10DqHS ≈ 19B, shown by thick solid black line (B is the Racah parameter). Dotted lines show the 272 

procedure for 10DqLS estimation from the absorption band at 45.5 GPa. 273 

 274 
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 275 

Figure 6. Position of the absorption edge as a function of pressure. Vertical dashed line 276 

shows the spin transition pressure. 277 

  278 
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