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ABSTRACT 16 

In this paper we have presented a detailed response to Ertl et al. (2012a) who, in a recent 17 

paper in this journal, claim evidence for limitations of Fe2+ and Mn2+ occupancy at the Z site of 18 

the tourmaline structure. They also propose a model by which the <Z-O> distance of 19 

tourmaline varies as a function of its <Y-O> and <T-O> bond lengths. We have examined their 20 

conclusions and find that a different distribution of cations over the Y and Z sites gives better 21 

agreement with the extensive experimental information available. In fact, on the basis of 22 

crystal-structure refinements, Mössbauer spectroscopy, optical absorption spectroscopy, bond-23 

valence theory, ionic radius concept and literature, the occurrence of Fe2+ at the Z site of 24 

tourmaline is well supported. Conversely, existing experimental data does not provide 25 

indisputable evidence for the occurrence of Mn2+ at the Z site. In spite of this, there is no 26 

evidences for inductive effects of YMn2+ on <Z-O>, and the proposed effects must be regarded 27 

as speculative. Statistical analysis shows that the <ZAl-O> average value is 1.906(2) Å, which 28 

is consistent with the observed values of <ZAl-O> at the 99% confidence limit (within 3σ) in 29 

tourmalines with the Z site fully occupied by Al. Consequently, the proposed inductive effect 30 

of <Y-O> and <T-O> on <Z-O> can be ruled out. 31 
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 32 

INTRODUCTION 33 

In a recent publication in the American Mineralogist, Ertl et al. (2012a) reported 34 

experimental results which they interpret as definitive evidence that Fe2+ occurs only at the Y 35 

site in the tourmaline structure. Our analysis of the extensive available experimental 36 

information suggests that significant amounts of Fe2+ can  be found at the Z site (see below). In 37 

addition, we will show that the apparent correlation between the average <Z-O> and <Y-O> 38 

(or <T-O>) bond distances which Ertl et al. (2012a) ascribe to an inductive effect is an artefact 39 

of the way they selected their statistical sample. 40 

The tourmaline supergroup minerals are widespread borosilicates, occurring in 41 

sedimentary, igneous and metamorphic rocks. In accordance with Henry et al. (2011), the 42 

general formula of tourmaline may be written as: XY3Z6T6O18(BO3)3V3W, where X = Na+, K+, 43 

Ca2+,  (=vacancy); Y = Al3+, Fe3+, Cr3+, V3+, Mg2+, Fe2+, Mn2+, Li+; Z = Al3+, Fe3+, Cr3+, V3+, 44 

Mg2+, Fe2+; T = Si4+, Al3+, B3+; B = B3+; V (≡O3) = OH1–, O2–; W (≡O1) = OH1–, F1–, O2–. 45 

  46 

A BRIEF HISTORY ON FE2+ AT THE Z SITE IN TOURMALINE 47 

To our knowledge, the first experimental information on Fe2+ occupancy at Z originates 48 

from Mössbauer studies by Burns (1972) and Hermon et al. (1973). Later, Korovushkin et al. 49 

(1979), Kraczka et al. (1986), Ferrow et al. (1988, 1993), Ferrow (1994), Foit et al. (1989), 50 

Fuchs et al. (1995, 1998), Baksheev et al. (2010), and Gadas et al. (2012) interpreted their 51 

Mössbauer spectra of various tourmalines in terms of Fe2+ disordering over the Y and Z sites. 52 

Additional information on the occurrence of Fe2+ at Z comes from the structural studies of 53 

Fortier and Donnay (1975), Razmanova et al. (1983), Grice and Robinson (1989), Francis et al. 54 

(1999) and Ertl and Hughes (2002), which quantified such an occurrence up to 7% atoms/site 55 

(Table 1). Supplementary pieces of information on Fe2+ at Z come from the optical absorption 56 

studies of Smith (1978), Mattson and Rossman (1987), de Camargo and Isotani (1988) and 57 

Taran et al. (1993). 58 

An explanation supporting Fe2+ at Z was suggested by Donnay and Barton (1972) on the 59 

idea of the mutual size adjustment required of the edge-sharing coordination polyhedra about Y 60 

and Z cations. Using short-range bond-valence constraints, Hawthorne (1996) predicted that in 61 

addition to (Mg,Al) disordering “similar arguments apply to their (Fe2+,Fe3+) analogues”. 62 

Such a prediction was recently confirmed by Bosi (2011). Again, in a general review on boron-63 

bearing minerals, dealing with the tourmaline crystal-chemistry, Henry and Dutrow (1996) 64 
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stated that the Z site “can contain significant amounts of the divalent cation Mg2+ and Fe2+”. 65 

The end-member oxy-schorl NaY(Al2Fe2+)Z(Al5Fe2+)Si6O18(BO3)3(OH)3O was defined by 66 

Hawthorne and Henry (1999) and successively modified by Henry et al. (2011) as 67 

NaY(Al3)Z(Al4Fe2+
2)Si6O18(BO3)3(OH)3O. In this regard, however, it should be noted that an 68 

end member is an algebraic entity, not a mineral. Consequently, the occurrence of such an end-69 

member does not ensure that it can occur as a mineral. On experimental basis, Bosi and 70 

Lucchesi (2004), Bosi et al. (2005a), Bosi (2008) Andreozzi et al. (2008) proposed a model in 71 

which Fe2+ may occur at Y and Z, and Filip et al. (2012) reported a thermally-driven study in 72 

which Fe2+ is disordered over the Y and Z sites. 73 

Ertl et al. (2012a) focus their attention only on published studies lacking evidence for 74 

significant amounts of Fe2+ at the Z site (Dyar et al. 1998; Bloodaxe et al. 1999; Pieczka and 75 

Kraczka 2001, 2004; Kraczka and Pieczka 2000), and stated that these studies are in contrast to 76 

the studies of Bosi, Andreozzi and co-workers, but disregard much of the literature mentioned 77 

above. 78 

 79 

INCONSISTENCIES IN THE TOURMALINE LITERATURE ON FE 80 

Dealing with Fe2+ site assignment, Ertl et al. (2012a) stated that (p. 1410) “assignment of 81 

the Fe2+ doublets to Y sites in the Dyar et al. (1998) paper was mainly based on the compelling 82 

theoretical models of Pieczka (1997), Pieczka and Kraczka (1997), and Pieczka et al. (1998), 83 

who used structural analyses and chemical composition as the basis for their models. They 84 

concluded that Fe2+ occupies only the Y site in the structure, and argued that previous 85 

assignment of Fe2+ to the Z site simply does not make crystallochemical sense”. The models of 86 

Pieczka (1997) and Pieczka and Kraczka (1997) are based on literature data, and their 87 

conclusions need to be analyzed carefully. First, some of the data used in the development of 88 

the model are questionable. For example, the cation distributions of Grice and Ercit (1993) 89 

samples are affected by large errors (see the comment below); the olenite of Gorskaya et al. 90 

(1982) displays erroneous Z-O bond distance (see Bosi and Lucchesi 2007); the chromdravite 91 

of Nuber and Schmetzer (1979) has significant compositional uncertainties (see Foit 1989). In 92 

detail, the amounts of ZFe3+ reported by Grice and Ercit (1993) for samples 43167, 43293, 93 

Cross, 32008, and 43873 actually correspond indeed to ZFe2+, as already pointed out by Bosi 94 

(2008). This can be easily verified by comparing total Fe2+ and Fe3+ atoms per formula unit 95 

(apfu) from the chemical analysis shown in their Table 2 with the cation distributions shown in 96 

their Table 5: e.g., for sample 43167, Fe2+
tot = 0.70 apfu and Fe3+

tot = 0.98 apfu; but YFe2+ = 97 
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0.21 and ZFe2+ = 0.00 (total = 0.21 apfu), and YFe3+ = 0.97 and ZFe3+ = 0.49 (total = 1.46 apfu).     98 

Moreover, the models of Pieczka (1997) and Pieczka and Kraczka (1997) optimize bond 99 

distances using <Y-O> and <Z-O> rather than ionic radii. This is not the optimal approach, 100 

because it is well known that the cation-to-anion distance is also a function of constituent anion 101 

radius, which can offset in mean bond distance by up to 0.012 Å (see Hawthorne et al. 1993). 102 

Finally, the Pieczka model was obtained by constraining the Z site to be fully occupied by Al, 103 

although the <Z-O> distance varies from 1.90 to 1.94 Å in the samples used. Such a variation 104 

may also reflect Al replacement by larger cations such as Mg without showing any sign in the 105 

refined effective scattering at the Z site. On these grounds, the Pieczka model reveals a large 106 

degree of uncertainty. 107 

Another controversial point concerns Fe3+/Fetot ratios of the crystals analyzed by 108 

synchrotron micro-X-ray absorption near-edge spectroscopy (SmX) by Bloodaxe et al. (1999). 109 

The same samples had been previously studied by Mössbauer Spectroscopy (MS) in Dyar et al. 110 

(1998), and showed significant variations: e.g., for sample Ru-T17-92, %Fe3+
MS = 0 and 111 

%Fe3+
SmX = 35; for sample HP 2-1, %Fe3+

MS = 8 and %Fe3+
SmX = 27. In spite of this 112 

inconsistency, Ertl et al. (2012a) invoked the support of both the studies of Dyar at al. (1998) 113 

and Bloodaxe et al. (1999) to corroborate the model of Pieczka, i.e., Fe2+ solely at Y. 114 

 115 

EVIDENT CONTRADICTIONS IN THE PAPER OF ERTL ET AL. (2012A) 116 

Ertl et al. (2012a) state that (p. 1411) “a simple calculation of theoretical <Z-O> bond 117 

lengths shows that such occupancies with only ZFe2+ in sample GRAS1, as modeled by Bosi 118 

(2008), seems unrealistic. For GRAS1, in which <Z-O> is determined to be 1.921 Å (Ertl et al. 119 

2006b), an extrapolative calculation of the theoretical <Z-O> bond length […] and a (slightly 120 

simplified) refined occupancy of Z(Al5.6Fe0.4), gives a theoretical value of <Z-O> = 1.916 Å for 121 

a completely Fe2+-free Z site [i.e., Z(Al5.6Fe3+
0.4)], but 1.924 Å for a Fe3+-free Z site [i.e., 122 

Z(Al5.6Fe2+
0.4)]”. It is obvious from a simple arithmetical consideration that the value of 1.921 123 

Å measured for sample GRAS1 is closer to the ideal value of 1.924 Å, calculated for 124 
Z(Al5.6Fe2+

0.4), than to the value of 1.916 Å, calculated for Z(Al5.6Fe3+
0.4). In addition, it should 125 

be noted that using the ionic radii of Bosi and Lucchesi (2007), the ideal value of <Z-O> 126 

obtained for Z(Al5.6Fe2+
0.4) is 1.922 Å, in excellent agreement with the measured one. 127 

Ertl et al. (2012a) criticize the refined octahedral ionic radii for Fe3+ obtained by Bosi 128 

and Lucchesi (2007) and consequently their optimization model, stating that (p. 1411) “Bosi et 129 

al. (2005b) and Bosi and Lucchesi (2007) gave values [rFe3+(Y) = 0.697 Å, rFe3+(Z) = in the 130 
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range 0.705 to 0.698 Å], which are, however, considerably larger than the Shannon (1976) 131 

value of rFe3+(HS) = 0.645 Å [...] Interestingly, the optimized radius values for Fe2+, rFe2+(Y) = 132 

0.778 Å and rFe2+(Z) = 0.774 Å (Bosi and Lucchesi 2007), are in good agreement with the 133 

Shannon (1976) value of rFe2+(HS) = 0.78 Å. These obvious contradictions are not addressed by 134 

either Bosi (2008) or Bosi and Lucchesi (2007)”. Actually, Bosi and Lucchesi (2007) dedicated 135 

a whole section of their paper (“The ionic radii of Al and Fe3+”) to the reasons why the ionic 136 

radius of Fe3+ can vary from 0.705 to the Shannon value of 0.645 Å. In addition, the robustness 137 

of both the ionic radii of Bosi and Lucchesi (2007) and their approach to the optimization of 138 

cation distributions is confirmed by another optimization procedure (i.e., that of Wright et al. 139 

2000), which results in comparable cation distributions. Compare, for example, Table 3 of Bosi 140 

and Lucchesi (2007) with appendix A.4.3 of Lussier (2011); see Table 6 of Bosi et al. (2012a, 141 

2013a); see also Table 2 of this paper. 142 

Ertl et al. (2012a) state that the structural refinements of Bosi et al. (2005b) are affected 143 

by large errors. However, the same authors use the bond distances of Bosi et al. (2005b) to 144 

obtain their findings and extrapolate their models (see below, section on “Mn2+-rich 145 

tourmalines”).  146 

 Ertl et al. (2012a) state that the smallest acceptable peak width for a single line in a 147 

quadrupole doublet in 57Fe Mössbauer spectroscopy cannot be less than 0.24-0.25 mm/s. 148 

However, the same authors fit their Mössbauer spectra using a quadrupole distribution with 149 

Lorentzian peak widths of 0.20 mm/s (see their Table 5). 150 

Ertl et al. (2012a) state that the optical absorption spectra of samples drv18 and GRAS1 151 

show a pair of bands corresponding to Fe2+ at about 770 nm in the E\\c spectrum. However, 152 

such samples show no significant bands at 770 nm in E\\c (Figs. 5 and 6 in Ertl et al. 2012a). 153 

Ertl et al. (2012a) refined a significant negative value of the Flack x parameter (absolute-154 

structure determination of the noncentrosymmetric tourmaline structure) for samples MNELB3 155 

and MNELB3H: –0.10(2) and –0.12(2), respectively. However, according to Flack and 156 

Bernardinelli (2000), the x parameter has a physically meaningful range only for –3u ≤ x ≤ (1 + 157 

3u), where u is the standard uncertainty of x. Values of x(u) lying outside this statistical range, 158 

as is the case for MNELB3 (–0.10 < –3u = –0.06) and MNELB3H (–0.12 < –3u = –0.06), 159 

indicate that there is some systematic error in the model or in the data (H.D. Flack, personal 160 

communication). Thus, there is significant systematic error in the data for both MNELB3 and 161 

MNELB3H. Ertl et al. (2012a) did not give any explanation for the negative Flack parameter 162 
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values they obtained. Furthermore, Ertl et al. (2012b) did not give any explanation for the 163 

negative Flack parameters [–0.33(6) and –0.38(6)] refined for two Fe-rich tourmalines. 164 

 165 

INCONSISTENCIES IN THE STRUCTURAL FORMULA OF SAMPLE BLS1 166 

To evaluate the quality of a structural formula, we may refer to the recommendations by 167 

Hawthorne (1996) “In combination, SREF and chemical analysis can, in many cases, indicate 168 

which scattering species occupy which sites, provided the number of scattering species at each 169 

site does not exceed two and provided that the species have significantly different scattering 170 

powers. Again, use of these methods alone can lead to erroneous assignment of cations to 171 

specific sites (e.g., see discussion by Hawthorne et al. 1993). It is necessary to combine 172 

crystal-chemistry analysis with SREF and chemical analysis (and possibly spectroscopic 173 

methods) to arrive at a correct structure and formula. Mean bond-length versus ionic radius 174 

relations and bond-valence theory Brown (1981) are of particular importance in this regard. It 175 

is necessary to stress these points, as several conclusions and proposals of previous work can 176 

be shown to be untenable when all aspects (crystal structure, crystal chemistry and chemical 177 

composition) of the problem are considered”. 178 

For sample BLS1, the following structural formula was reported by Ertl et al. (2012a): 179 
X(Na0.88Ca0.07K0.020.03)Y(Fe2+

2.02Al0.41Mn2+
0.32Fe3+

0.23Zn0.02)Z(Al4.82Fe3+
0.78Fe2+

0.23Ti4+
0.14Mg0.03180 

)T(Si5.92Al0.08)O18(BO3)3
V(OH)3

W[O0.49F0.28(OH)0.23]. Such a formula, however, is inconsistent 181 

from both ionic-radius and bond-valence perspectives. This is clearly shown in Table 2, where 182 

the cation distribution at the Y and Z sites in sample BLS1 are analyzed in detail. In this table, 183 

bond valences are calculated using bond-valence parameters from Brown and Altermatt (1985), 184 

and significant mismatch (Δ) is encountered between observed and calculated mean atomic 185 

number (ΔY-man = –0.37 and ΔZ-man = 0.25), as well as between observed and calculated mean 186 

bond distances (Δ<Y-O> = –0.041 Å and Δ<Z-O> = 0.011 Å). In addition, there is a clear violation 187 

of the valence-sum rule, i.e., the mismatch between the bond-valence sum and the respective 188 

mean formal valence (ΔY = 0.23 v.u. and ΔZ = –0.06 v.u.). Moreover, the above structural 189 

formula is in contrast to the short-range bond-valence constrains around the O1(≡W) site of the 190 

tourmaline structure. Thus, Henry et al. (2011) suggest stable local arrangements for Li-free 191 

tourmaline as follows: Y(3R2+) or Y(R3+ + 2R2+) around W(OH+F)1– and Y(3R3+) or Y(2R3+ + 192 

R2+) around WO2– (Hawthorne 1996, 2002; Bosi 2010, 2011). This assignment means that the 193 

occurrence of 0.5 apfu of WO2– has to be associated with the occurrence of 1.0-1.5 apfu of 194 
YR3+. In spite of this, the structural formula of Ertl et al. (2012a) for sample BLS1 has only 195 
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0.64 apfu of R3+-cations at the Y site. On these grounds, such a structural formula seems 196 

incorrect. Furthermore, considerations about Ti4+ site allocation are reported in Appendix 1. 197 

An alternative cation distribution for sample BLS1 may be obtained by using the 198 

methods of Bosi and Lucchesi (2004; 2007) and Wright et al. (2000). The results of these two 199 

independent approaches converge to very similar cation distributions (see Table 2), which 200 

show larger amounts of both Fe2+ at Z and Fe3+ at Y than those presented by Ertl et al. (2012a). 201 

The new structural formulae show excellent agreement between calculated and observed data 202 

(e.g., ΔY-man = 0.04 and ΔZ-man = 0.04; Δ<Y-O> = –0.002 Å, Δ<Z-O> = 0.001 Å) and satisfy the 203 

valence-sum rule (ΔY = 0.01 v.u. and ΔZ = 0.05 v.u.). Moreover, they are fully consistent with 204 

the short-range bond-valence constraints around the O1 site: about 1.3 apfu of YR3+-cations 205 

may now be associated with 0.5 apfu of WO2–. 206 

As a conclusion, the cation distribution given by Ertl et al. (2012a) is not supported by 207 

the crystal-chemical evidence or the chemical and crystallographic data that they presented.  208 

 209 

OPTICAL ABSORPTION SPECTROSCOPY 210 

Ertl et al. (2012a) presented optical absorption spectra of three Fe-bearing tourmalines 211 

(samples BSL1, drv18 and GRAS1), and concluded that the recorded absorption bands near 212 

720 and 1120 nm  (BLS1) and 770 and 1160 nm (drv18 and GRAS1) in the E//c polarization 213 

display no evidence of doubling, which would indicate Fe2+ occupancy at the Y and Z sites. 214 

However, Ertl et al. (2012a) did not refer to published spectra and spectral interpretations that 215 

indicate otherwise in other samples of tourmalines. For example, the studies of Smith (1978), 216 

Mattson and Rossman (1987), de Camargo and Isotani (1988), and Taran et al. (1993) 217 

converge to the conclusion that the bands at ~670 and ~1180 nm observed in the optical spectra 218 

of some Fe-bearing tourmalines, are caused by Fe2+ at the Y and Z sites of the structure. In 219 

detail, Ertl et al. (2012a) stated that the optical spectrum of sample BSL1 is comparable to that 220 

of Mattson and Rossman (1987). However, Mattson and Rossman (1987) interpreted their 221 

optical spectra in the E⊥c polarization by assigning the 670 nm band to Fe2+ at the Z site, and 222 

the 765 nm band to Fe2+ at the Y site, with both sites absorbing at 1100 nm. We note that the 223 

value of 720 nm recorded by Ertl et al. (2012a) for sample BLS1 is exactly intermediate 224 

between those of ZFe2+ and YFe2+, but they offer no comment to this. 225 

Moreover, in support to their interpretation, Ertl et al. (2012a) presented an optical 226 

spectrum of sample drv18. However, this spectrum shows a clearly asymmetric band close to 227 

700 nm in the E⊥c polarization (Fig. 5 in Ertl et al. 2012a). This asymmetry strongly suggests 228 
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that at least two separate absorption bands contribute to this absorption feature, reflecting a 229 

“band doubling” most likely ascribable to Fe2+ at Y and Z. This band asymmetry is even more 230 

pronounced in the optical spectrum of sample GRAS1 (Fig. 6 in Ertl et al. 2012a). Such a E⊥c 231 

spectrum is extremely similar to that reported in Figure 11 by Mattson and Rossman (1987), 232 

who stated that the spectra “exhibit an asymmetric 720 nm band which indicates two 233 

components” (i.e., Fe2+ at Y and Z). As a conclusion, no evidence for the complete ordering of 234 

Fe2+ at the Y site in samples BSL1, drv18 and GRAS1 is provided. 235 

 236 

MÖSSBAUER SPECTROSCOPY 237 

Ertl et al. (2012a) considered the Mössbauer spectrum interpretation of Bosi (2008) to be 238 

uncertain because the peak width (Γ) for the doublet assigned to ZFe2+ assignment is 0.53 239 

mm/s. They stated that this is “anomalously large” and “much greater than widths of other 240 

peaks that are closer to typical Γ values for silicates of ~0.26-0.30 mm/s”. Although this is 241 

correct in principle, inspection of real Mössbauer spectra reported in the literature (even 242 

restricting the analysis to tourmaline) offers several examples of peak widths up to 0.53 mm/s 243 

or even larger (see, for example, Mattson and Rossman 1984; Dyar et al. 1998; Pieczka and 244 

Kraczka 2004; Ertl et al. 2010a). 245 

In the Appendix of Ertl et al. (2012a) a criticism of Mössbauer spectra interpretations 246 

offered by Andreozzi et al. (2008) is presented. The main concern is about the Fe2+ doublet 247 

with a quadrupole splitting (QS) of 1.38 mm/s, which was assigned by Andreozzi et al. (2008) 248 

to Fe2+ at the octahedrally-coordinated Z site on the basis of an integrated spectroscopic and 249 

structural approach. Ertl et al. (2012a) list a number of “imprecisions” which are hereafter 250 

examined according to their order of appearance. 251 

1) As previously mentioned, Ertl et al. (2012a) stated that the smallest acceptable peak 252 

width in the Mössbauer spectroscopy for a single line in a quadrupole doublet cannot be 253 

below 0.24-0.25 mm/s. These values are, actually, the typically assumed lowest values 254 

for full-width at half-maximum of Lorentzian lineshapes in a Mössbauer spectrum. 255 

However, values somewhat lower may be observed in the literature, and this was not 256 

considered a problem (e.g., Dyar et al. 1998). In fact, the above mentioned values of 257 

0.24-0.25 mm/s do not correspond to a physical limit, because it is well known that the 258 

natural line width of 57Fe is about 5·10-9 eV, corresponding to a minimum line width 259 

0.194 mm/s for a Lorentzian absorption lineshape (Hawthorne 1988; Amthauer et al. 260 

2004; McCammon 2004; Dyar et al. 2006). In Andreozzi et al. (2008), the lowest values 261 
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reported are 0.20 mm/s. Moreover, in the two cases where an unconstrained value of 0.20 262 

was obtained (for Fe3+ in Y of sample 61Vbh, and for Fe2+ in Y3 of sample 65e), the area 263 

of the peak was so small (i.e., comparable to the experimental error) that it did not 264 

significantly affect the final fit. 265 

2) In Andreozzi et al. (2008), the model proposed by Dyar et al. (1998) was initially 266 

adopted: Fe2+ doublets were assigned to Y-sites with different nearest-neighbor 267 

environments, arbitrarily designated Y1, Y2 and Y3. For most of the samples, this 268 

approach worked very well. However, in some cases, the three environments were not 269 

easy to be distinguished: e.g., QS value of the doublet assigned to Y1 in sample 61Vbh 270 

(2.39 mm/s) was very close to that assigned to Y2 in sample 62ha (2.35 mm/s). An 271 

equally acceptable choice would have been labeling both doublets as Y2, but there was 272 

not enough information to do it.  273 

3) As repeatedly stressed in Andreozzi et al. (2008), the assignment of Fe2+ to Y and Z was 274 

the result of an integrated approach in which the optimized cation distribution was the fit 275 

to chemical, structural and spectroscopic data. In particular, in the cases where Fe2+ was 276 

assigned to Z, site-scattering results pointed to the presence of Fe at Z and the observed 277 

bond lengths suggest that Fe is present as Fe2+ rather than as Fe3+. For the same samples, 278 

Mössbauer fits required an extra Fe2+ doublet after refining Y1, Y2 and Y3: the final 279 

assignment of this additional doublet to Fe2+ at Z was therefore supported by structural 280 

results and led to convergence of all experimental data. In spite of that, Ertl et al. (2012a) 281 

focus only on the Mössbauer parameters, which are well known to be insufficient in 282 

some cases to discriminate Fe2+ site allocation. In detail, they stated that the relatively 283 

low QS values of Andreozzi et al. (2008) may be due to oxy-varieties, for which the first 284 

coordination sphere of Fe2+ at Y and Z is similar. However, the Y and Z sites have 285 

different second coordination spheres, different point symmetry and different polyhedral 286 

distortion which yield different QS values (Putnis 1995; Dyar et al. 2006). In addition, 287 

sample 61Vbh of Andreozzi et al. (2008) has ZFe2+ without an oxy-component. 288 

4) With respect to the criticism on doublets associated with electron delocalization (ED), 289 

namely Fe2.5+, the same considerations as point 3) apply. In detail, Andreozzi et al. 290 

(2008) specified that the assignment of ED doublets to Y-Z, Y-Y or Z-Z is not based on 291 

spectral evidence, but on cation distribution derived from single-crystal structure 292 

refinement. 293 
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5) The criticism regarding the occurrence of Fe2.5+ only in a spectrum with the simultaneous 294 

presence of Fe3+ is hypothetically acceptable only assuming a random cation distribution. 295 

However, this seems to be in contrast to the experimental evidence. For example, the 296 

Mössbauer spectrum of sample L2al (Andreozzi et al. 2008) shows only Fe2.5+ without 297 

the simultaneous presence of Fe3+. An alternative interpretation of this spectrum is not 298 

reliable because clear evidence of Fe3+ was not observed, and the refined Fe2.5+ 299 

quadrupole doublet has the typical center shift value of ED doublets (0.73 mm/s). 300 

6) Again, the criticism on the supposed impossibility of ED between two adjacent Z sites is 301 

based on the hypothesis of a random cation distribution, and is not supported by 302 

experimental evidence. What is important for ED is the distance of the two cation sites, 303 

which is smaller in Z-Z than in Y-Z and Y-Y. In this regard, a good example of a non-304 

random association of different-valence cations is given by blue sapphire, where trace 305 

amounts of Ti4+ and Fe2+ form locally associated Fe2+-Ti4+ pairs responsible for the blue 306 

color. 307 

7) Finally, the criticism on the absence of Fe2.5+ when high amounts of Fe3+ are present is 308 

again a speculation not supported by experimental evidence. 309 

 310 

MN2+-RICH TOURMALINE 311 

Ertl et al. (2012a) present several critical comments on the proposed occupancy of 312 

0.08(2) apfu of Mn2+ at the Z site in a tourmaline sample (Bosi et al. 2005b). We find this 313 

rather excessive as the proposed amount of Mn2+ at Z is very small: about 1% atoms/site. 314 

Ertl et al. (2012a) stated that the structural data for Mn-rich tourmalines of Bosi et al. 315 

(2005b) are affected by large errors due to the release of the multiplicity of all cation sites (X, 316 

Y, Z, T, B) at the same time during the refinement, which could lead to significant correlations 317 

between site occupancy and scale factor. Such a statement would be correct only if significant 318 

correlations were observed, as listed in the SHELX.LST file (Sheldrick 2008). Bosi et al. 319 

(2005b), however, did not observe any of such correlations. Conversely, Bosi et al. (2012) 320 

demonstrated that the simultaneous refinement of a large portion of the total scattering is 321 

possible in the tourmaline structure if no correlation between site occupancy and scale factor 322 

occurs. In fact, a new refinement of sample Tsl2g of Bosi et al. (2005b) was done by Bosi et al. 323 

(2012b) constraining the site occupancy of T- and B-sites to 1. Results showed no significant 324 

difference with respect to the previous refinement. As a conclusion, the arguments used by Ertl 325 

et al. (2012a) against the data of Bosi et al. (2005b) can be ruled out. 326 
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Ertl et al. (2012a) also stated that the observed <Z-O> distance of Mn-bearing 327 

tourmalines can vary as a function of the Y-cation population, which could accommodate 328 

atoms with ionic radius from 0.535 Å (i.e., [6]Al) to 0.83 Å (i.e., [6]Mn2+). Using the structural 329 

data of Mn-bearing tourmalines reported in Bosi et al. (2005b), Ertl et al. (2012a) showed that 330 

there is a positive correlation between the Mn2+
total and <Z-O>, which can be extrapolated to a 331 

value of 1.902 Å for Mn2+-free tourmalines (Fig. 1a). However, such an extrapolation does not 332 

work when a real Mn2+-free tourmaline (Elb2rim) is added to the plot (Fig. 1a). Notably, 333 

sample Elb2rim comes from the same macrocrystal as the fragments of the Mn-rich 334 

tourmalines. The quadratic form of the new correlation obtained suggests the occurrence of 335 

cations larger than Al at the Z site. This quadratic trend is further confirmed by considering a 336 

larger dataset of 48 Mn-bearing tourmalines (Table 3) with amounts of Mn larger than 0.1 apfu 337 

and ZAl = 6.00 apfu (Fig. 1b). However, it should be noted that that the correlation between 338 

<Z-O> and Mn2+
total disappears when the standard errors associated with the observed bond 339 

distances are taken into account. The observed variation in <Z-O> is within a 3σ uncertainty. 340 

As every experimental measurement is always affected by uncertainty, Hazen and Finger 341 

(1982) recommended calculating the standard error of a mean bond length as the average of 342 

standard errors (σ) from single bond lengths: e.g., σ<Z-O> = (Σσsingle length)/6. This procedure, 343 

used for example by Shannon et al. (1975) and Shannon (1976), is adopted here. In normal 344 

probability theory, two parameters are significantly different if S = Δ/(σ1
2+σ2

2)1/2 > 3, where Δ 345 

is the difference between the two parameters, and σ1 and σ2 are their errors. By applying this 346 

procedure to the smallest and largest <Z-O> values [samples T15 and NP1, 1.902(2) Å and 347 

1.910(2) Å, respectively, Burns et al. 1994], with the Z site fully occupied by Al, S less than 3 348 

(2.67) is obtained, that is to say these two distances are not distinguishable statistically. As a 349 

general conclusion, in Mn-bearing tourmalines there exists no solid evidence for the 350 

occurrence of Mn2+ at Z or for inductive effects of YMn2+ on <Z-O>, but just speculative 351 

models can be proposed.  352 

 353 

VARIATION IN <ZAL-O> DISTANCE 354 

Ertl et al. (2012a) suggested that the out-of-fit plot of Mn2+-free elbaite sample Elb2rim 355 

with respect to their linear relation <Z-O> vs. Mn2+
total was due to ”inductive effect of different 356 

Y-site and maybe also T-site populations”. In fact, they interpreted the apparent variation of 357 

<ZAl-O> distance from 1.902 to 1.913 Å in a dataset of 54 tourmaline as due to inductive 358 

effects of <Y-O> and <T-O> on <ZAl-O>. Their main argument for this model was the 359 
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correlation between <T-O> and <ZAl-O> observed by Ertl et al. (2010a, 2012b) and by 360 

multiple regression relations between <ZAl-O> vs. different Y-site occupants. The argument 361 

will be analyzed from random error perspective (see below), although systematic error may 362 

also have a certain relevance (see Appendix 2). 363 

 364 

Inductive effect of <T-O> on <Z-O> 365 

Ertl et al. (2010a, 2012b) stated that the influence of <T-O> on the <ZAl-O> distance can 366 

be calculated as <ZAl-O> = [(<T-O>meas. + 1.0439)/1.3961]. A good test to check the accuracy 367 

of this relation is given by the olenite sample of Marler et al. (2002), which has a composition 368 

…Z(Al)6
T(Si3.8B2.2)… and the smallest observed <T-O> distance (1.573 Å). Using the relation 369 

proposed by Ertl et al. (2012b) a calculated <ZAl-O> = 1.874 Å is obtained. This value is far 370 

less than 1.908 Å observed by Marler et al. (2002). 371 

As for the relation between <T-O> and <ZAl-O>, we used a larger dataset (with 110 372 

samples instead of 54, Table 3) than Ertl et al. (2012b). It is evident from the plot of <ZAl-O> 373 

vs. <T-O> (Fig. 2) that the correlation between the parameters is extremely poor (the 374 

determination coefficient drops to r2 = 0.34 from r2 = 0.62, when comparing with Figure 8a of 375 

Ertl et al. 2012b) and that the variation in <ZAl-O> is within the experimental error (3σ). In 376 

fact, a simple statistical analysis shows that the <ZAl-O> average value, calculated from the 377 

present dataset, is 1.906(2) Å and such a value is consistent with the observed <ZAl-O> values 378 

at the 99% confidence limit (3σ). As a conclusion, inductive effect of <T-O> on <Z-O> can be 379 

ruled out, and <ZAl-O> values ranging from 1.900 to 1.912 Å can be considered as statistically 380 

equal in tourmalines with the Z site fully occupied by Al. 381 

  382 

Inductive effect of <Y-O> on <Z-O> 383 

 As for the multiple regression relation between <Y-O> and <ZAl-O> proposed by Ertl et 384 

al. (2012a), there are several issues related to the dataset used. Ertl et al. (2012a) used 54 385 

samples, but they gave no explanation for the exclusion of samples such as those of 386 

Kahlenberg and Veličkov (2000) and Aurisicchio et al. (1999) with the Z site fully occupied by 387 

Al, whereas they used samples with the Z site not fully occupied by Al (5.92 apfu) such as 388 

those of Hughes et al. (2000) and Bosi et al. (2005b). Again, no explanation was given for the 389 

use of <Z-O> = 1.908 Å for the sample of Gorskaya et al. (1982), who instead reported <Z-O> 390 

= 1.898 Å. 391 
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Ertl et al. (2012a) stated that the correlation between <Y-O> and <Z-O> is displayed in 392 

Fig. 11 of Ertl et al. (2010b), here re-plotted in Figure 3a. What is immediately noticeable from 393 

this figure is the small number of samples used (five). A far larger number of tourmalines with 394 
ZAl = 6 apfu can be used (110 samples, Table 3) for a plot of <Y-O> against <ZAl-O> (Fig. 395 

3b). The extremely poor correlation (r2 = 0.08) between these parameters is immediately 396 

evident from this figure, and furthermore it is obvious that any variation in <ZAl-O> is random 397 

and can be satisfactorily explained by an experimental error (within 3σ) around a mean value 398 

of <ZAl-O> = 1.906(2) Å. 399 

A detailed analysis of polyhedral distortions shows that the global distortion of the ZO6 400 

polyhedron is smaller than that of YO6: mean quadratic elongation (<λ>) ranges from 1.012 to 401 

1.018 for ZO6 and from 1.017 to 1.030 for YO6 (Bosi and Lucchesi 2007). Bosi et al. (2010) 402 

showed that <λ> can change as a function of both the bond-angle distortion and bond-length 403 

distortion. In accord with the distortion theorem of bond-valence theory (Brown 2002), the 404 

bond-length distortion increases with increasing mean bond length. Brown (2006) proposed a 405 

parameter to measure the bond-length distortion and, then, to quantify (in Å) the increase in the 406 

mean bond length: ΔR = –(0.37/N) Σln(si/s’), where N is the number of bonds formed by the 407 

central atom, si is the valence of the ith bond and s’ is the average valence of the bonds in the 408 

coordination sphere (Σsi/N). ΔR reflects, via bond valences, the deviation of the bond lengths 409 

from their average value (D’) found in a polyhedron with undistorted bond distances. As a 410 

result, the mean-bond distance in the observed distorted polyhedron can be expressed as <D>obs 411 

= (D’ + ΔR ± σ). The calculated ΔR values for tourmalines with ZAl = 6.00 apfu (ZΔR) vary 412 

from 0.001 to 0.003 Å, which are clearly too small to account for the variation in <ZAl-O> 413 

(~0.012 Å) observed in tourmalines. Consequently, there is no evidence to indicate any 414 

inductive effects of variation in <ZAl-O>. 415 
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FIGURE 1. Variation in <Z-O> as a function of the Mn2+ content in tourmalines with Z site 669 

population consistent with the occurrence of Al: plot obtained by using (a) 7 670 

samples coming from the same macrocrystal, (b) 48 samples with Mn > 0.01 apfu. 671 

Dotted line shows the linear fit obtained by Ertl et al. (2012a) using 6 samples with 672 

Mn > 0.80 apfu. Solid and dashed lines show the quadratic fit obtained using 7 and 673 

48 samples, respectively (see text). Black circles = data from Bosi et al. (2005b); 674 

white circles = data from Table 3. 675 

FIGURE 2. Plot of <ZAl-O> vs. <T-O> in tourmalines having the Z site population consistent 676 

with the occurrence of Al. The horizontal solid line represents the <ZAl-O> average 677 

value (1.906 Å) for 110 data found in the literature (see Table 3), the two dashed 678 

lines represent ±3σ departure from <ZAl-O>. 679 

FIGURE 3. Plot of <ZAl-O> vs. <Y-O> in tourmalines having Z-sites having the Z site 680 

population consistent with the occurrence of Al: plot obtained using (a) the data 681 

reported in Fig. 11 of Ertl et al. (2010b), (b) 110 data found in the literature (see 682 

Table 3). The horizontal solid line represents the <ZAl-O> average value (1.906 Å), 683 

the two dashed lines represent ±3σ departure from <ZAl-O>. 684 

 685 

 686 

APPENDIX 1. ASSIGNMENT OF TI4+ TO THE Y AND Z SITES 687 

Ertl et al. (2012a) present a method for the assignment of Ti4+ to the Y or Z sites of 688 

tourmaline by calculation of bond-valence sums for the ion at the two sites. They stated that 689 

about 0.14 apfu of Ti4+ occurs at the Z site in sample BLS1 because Ti4+ at the Y site is greatly 690 

underbonded (bond-valence sums 3.11 valence units, v.u.), but Ti4+ at the Z site is close to its 691 
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formal valence (bond-valence sums 4.29 v.u.). They used this method to support the 692 

assignment of Ti, Mn and Fe at one of the two octahedrally coordinated sites of tourmaline. 693 

However, 1) the interatomic distances are the long-range average and only are relevant to the 694 

bond valences calculated with the average site populations (one has no idea of the local Ti-O 695 

distances at either of the sites) and 2) the bond-valence method is limited by the experimental 696 

uncertainty in bond distance as well as by possible steric strains that, in general, also contribute 697 

to deviations from the valence-sum rule. In practice, the accuracy of any determination of 698 

occupation numbers by this method is limited to around 10% (I.D. Brown, personal 699 

communication). As a consequence, for sample BLS1 this method is obviously not sufficiently 700 

accurate to determine the distribution of Ti4+, because its occupancy is less than 5% for Y sites 701 

and smaller than 3% for Z sites. 702 

 In accordance with the bond-valence theory (Brown 2002, 2009), however, it is 703 

possible to make some predictions on the assignment of Ti4+ to the Y or Z site of tourmaline. 704 

The Z site would be the most favorable for Ti4+ in terms of charge as the valence of 4+ is closer 705 

to the ~3+ of the Z site than to the typical ~2+ of the Y site. The valence match of any site to 706 

the Ti atom is reflected in the ability of the ligands to accept the 4/6 = 0.67 v.u. Ti4+-O bonds. 707 

Clearly the Z site would be better, since it already accepts bonds of 3/6 = 0.5 v.u. while the Y 708 

site ligands only accept bonds of valence 2/6 = 0.33 v.u.. Against this, one could argue that 709 

although the Y site is too large for the Ti atom, it is possible for Ti to compensate for this in 710 

several ways. Firstly, the Ti atom could move away from the center of the cavity. The nature of 711 

the bond-valence vs. bond-length correlation shows that such a displacement will increase the 712 

bond-valence sum. Notably, Ti4+, being a d0 transition metal cation, is susceptible to such a 713 

distortion. The combination of steric and electronic effects might be sufficient to stabilize Ti in 714 

the Y site. In addition, another important factor may come into play: the bond strain. To 715 

evaluate this strain, ideal bond lengths for the tourmaline structure should be calculated by 716 

solving the network equations for the bond valences (Brown 2002; Bosi and Lucchesi 2007). 717 

Mapping the distances calculated in this way into real space may require stretching some bonds 718 

and compressing others, so that the measured bond lengths may not be the same as the ideal 719 

bond lengths. This strain can often be recognized by the bond-valence sums (BVS) calculated 720 

from the experimental bond lengths being too large (compression) or too small (tension) with 721 

respect to mean formal valence (MFV). If the Z-O bonds had to be stretched when they were 722 

mapped into three dimensions (i.e., giving a weighted bond valence sum for the atoms known 723 

to occupy the site that is too small), then substituting Ti would help to relieve the strain since 724 
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Ti would help to increase the average bond-valence sum. The same would be true if the Y-O 725 

bonds were compressed (weighted bond-valence sum on the site is too large) since Ti would 726 

help to lower this sum. If the bonds in both sites were therefore stretched, this would favor 727 

substitution on the Z site, and if the bonds on both sites were compressed, the Y site would be 728 

favored. 729 

For sample BLS1, the mismatch between BVS and MFV at Y and Z sites was calculated 730 

in Table 2, first according to the cation distributions proposed by Ertl et al. (2012a) and then 731 

according to the two new optimized formulae. In the first case, the Y site is strongly 732 

compressed (BVS – MFV = 0.23) while the Z site is not (BVS – MFV = –0.06), suggesting 733 

that Ti4+ should accommodate at Y (rather than Z)  in order to lower the BVS value and then 734 

minimize the observed mismatch. In the other two cases, however, no significant mismatch is 735 

observed between BVS and MFV, and consequently the very small Ti amounts may occupy Y 736 

or Z without affecting the results. 737 

 738 

 739 

APPENDIX 2. DECEPTIVE CORRELATIONS IN SREF DATA 740 

Misleading correlations between structural parameters of a crystal structure may appear 741 

as an effect of the occurrence of systematic error. Among several types of systematic error, the 742 

most invidious are probably those derived from a poorly aligned diffractometer because they 743 

are difficult to detect, and lead to a reduction in accuracy in the crystal geometry. A badly 744 

aligned diffractometer, in fact, involves systematic errors in 2θ, which lead to a corresponding 745 

error in the refined unit-cell parameters and, hence, in bond distances. These latter can assume 746 

either smaller or larger values with respect to the correct one. As these errors depend on the 747 

diffraction geometry, no indication of them can be seen in the statistical indices of a successful 748 

crystal-structure refinement. As a result, an apparent inductive effects of <T-O> (or <Y-O>) on 749 

<Z-O> in tourmaline may arise by the occurrence of systematic errors. 750 

 751 



TABLE 1. Structural studies reporting Fe2+ at Z from the literature (before 2004)  

Papers Z site population (apfu) 

Fortier and Donnay (1975) 5.60 Al + 0.40 Fe2+

Razmanova et al. (1983) 5.00 Al + 0.67 Mg + 0.33 Fe2+

Grice and Robinson (1989) 4.72 Al + 0.82 Mg + 0.34 Fe3+ + 0.12 Fe2+

Francis et al. (1999) 4.76 Al + 0.18 Mg + 0.06 Fe2+

Ertl and Hughes (2002) 5.70 Al + 0.20 Mg + 0.08 Fe2+ + 0.02 Mn2+
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TABLE 3. References of tourmalines having the Z site population 
consistent with the occurrence of Al. 

Reference Sample numbers 

Bosi and Lucchesi (2007) 45 

Ertl et al. (2007) 1 

Kihara et al. (2007) 1 

Ertl et al (2008) 1 

Lussier et al. (2008) 9 

Lussier et al. (2011a) 8 

Lussier et al. (2011b) 23 

Ertl et al. (2012b) 6 

Ertl et al. (2012c) 3 

Gatta et al. (2012) 1 

Ertl et al. (2013) 8 

Bosi et al. (2013b) 2 

Bosi et al. (unpublished) 2 
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