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Abstract
The crystal structure and crystal chemistry of meyerhofferite, ideally  CaB3O3(OH)5·H2O, was investigated by a multi-meth-
odological approach based on titrimetric determination of boron, gravimetric determination of calcium, determination of 
fluorine by ion selective electrode, determination of water content by heating, other minor elements by inductively coupled 
plasma atomic emission spectroscopy, along with single-crystal synchrotron X-ray and neutron diffraction. The concentra-
tion of more than 50 chemical elements was measured. The combination of these techniques proves that the composition of 
meyerhofferite approaches the ideal one (i.e.,  (Ca1.012Mg0.003)  (B2.984Si0.001)O3(OH)5·1.018H2O), with only a modest fraction 
of Mg (with MgO ≈ 0.03 wt%) replacing Ca, and with Si the only potential substituent of tetrahedral B (with  SiO2 ≈ 0.02 
wt%). The content of REE and other minor elements is, overall, not significant, including that of fluorine as a potential  OH− 
substituent (i.e., < 0.01 wt%). These findings have some relevant geochemical and technical implications, here discussed. 
The X-ray and neutron structure model obtained in this study prove that the building units of the structure of meyerhofferite 
consist of: two  BO2(OH)2 tetrahedra and one  BO2(OH) triangle, linked by corner-sharing to form  [B3O3(OH)5]2− rings, and 
distorted Ca-polyhedra (with CN = 8,  CaO3(OH)4(OH2)), linked by edge-sharing to form infinite chains along [001]. The 
 B3O3(OH)5 rings are connected to the Ca-polyhedra chains by corner- and edge-sharing, on two sides of the chains. These 
heteropolyhedral chains, made by Ca-polyhedra and  B3O3(OH)5 rings, are mutually connected through hydrogen bonding 
only, giving rise to the tri-dimensional edifice of meyerhofferite. The neutron structure refinement showed no evidence of 
static or dynamic disorder pertaining to the H sites; their libration regime was found to be significantly anisotropic. At least 
seven of the nine oxygen sites of the structure are involved in H-bonding, as donors or as acceptors. The role played by the 
H-bonding scheme on the physical properties of meyerhofferite is discussed.
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Introduction

Boron is a chemical element with an average low concentra-
tion in the Earth’s crust (~ 0.00086 wt%), and natural borates 
represent the main source for this element. Demand for B 
has increased rapidly in the last 20 years, due to the wide use 
of this element in a series of technological processes (e.g., 
glass, ceramics, electronics, metallurgy, textile, cosmetics, 
fertilizers and chemicals). In 2000, the world production 
of borates was estimated to be about 4.5 million tons; in 
2020 the production raised to more than 7–8 Mtons (source: 
U.S.G.S., 2021). Due to the elevated ability of 10B to absorb 
thermal neutrons (Carter et al. 1953; Palmer and Swihart 
1996; Rauch and Waschkowski 2002), natural borates are 
also being used for the production of radiation-shielding 
concretes, used in nuclear energy plants or in facilities 
for scientific research or medical applications (e.g., Yarar 
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and Bayülken 1994; Kinno et al. 2002; Okuno et al. 2009, 
2013; Gatta et al. 2010, 2013; Korkut et al. 2010; Uysal 
et al. 2018). The most common natural borates (i.e., borax 
 Na2(B4O5) (OH)4·8H2O, ulexite  NaCa[B5O6(OH)6]·5H2O) 
produce a drastic effect on setting and hardening of Port-
land cements, with a consequent lowering of strength 
development and durability of concretes (e.g., Kula et al. 
2001; Derun and Kipcak 2012; Içelli et al. 2013; Erdog-
mus 2014; Glinicki et al. 2018). In addition, these miner-
als release sodium, when dissolved into the paste, which 
can activate harmful reactions for the durability of Port-
land cement concretes. In the framework of a long-term 
project to select new B-bearing aggregates, as potential 
substituents of borax and ulexite in cement concretes, we 
have re-investigated the crystal chemistry, chemical stabil-
ity and low/high-temperature and pressure behaviour of a 
series of natural borates: colemanite  (CaB3O4(OH)3·H2O, 
Lotti et al. 2017a,b; 2019), kernite  (Na2B4O6(OH)2·3H2O, 
Comboni et  al. 2020a; Gatta et  al. 2020), kurnakovite 
 (MgB3O3(OH)5·5H2O, Gatta et  al. 2019; Pagliaro et  al. 
2021) and inyoite  (Ca2B6O6(OH)10·8H2O, Comboni et al. 
2021a). This study extends our investigation to meyerhoffer-
ite, which is a Na-free borate, ideally  CaB3O3(OH)5·H2O (or 
 Ca2B6O6(OH)10·2H2O), and contains up to 46.7 wt%  B2O3.

Despite the geochemical and the industrial interest on 
borates, only a few studies were so far devoted to this min-
eral. Meyerhofferite was recognised as a new mineral spe-
cies by Schaller (1916). Palache (1938) provided the first 
crystallographic data of meyerhofferite. The crystal structure 
of this mineral was solved by Christ and Clark (1956) by 
single-crystal X-ray diffraction data, in the space group P-1 
with a ~ 6.6, b ~ 8.3, c ~ 6.5 Å, α ~ 90.5°, β ~ 102.3°, γ ~ 87.2°, 
and then re-investigated by Burns and Hawthorne (1993). 
Its principal building units are represented by: two Bϕ4-
tetrahedra (where ϕ: O, OH) and one Bϕ3-triangle, linked 
by corner-sharing to form  [B3O3(OH)5]2− rings (Fig. 1), and 
Ca-polyhedra (with CN = 8), linked by edge-sharing to form 
infinite chains along [001]. The Ca-polyhedra chains link, 
by corner-sharing and edge-sharing, the  B3O3(OH)5 rings 
to two sides of the chains (Fig. 1). These heteropolyhedral 
chains, made by Ca-polyhedra and  B3O3(OH)5 rings, are 
connected through hydrogen bonding only.

The type locality of meyerhofferite is the Monte Blanco 
deposit (Black Mountains, Amargosa Range, Inyo Co., Cali-
fornia, USA). Other important occurrences reported in the 
literature are: the Furnace Creek Mining District (Furnace 
Creek Borate Mining District) and the Kramer borate deposit 
(Boron, Kern Co.) in California; Mesa del Almo (Sonora), 
in Mexico; Anita mine (Sijes district) and Tincalayu borax 
deposit (Salta Province) in Argentina; several deposits of the 
Bigadiç borate district (Balıkesir Province) and the Killik 
and Espey borate mines (Emet, Kütahya Province) in Tur-
key; the Inder borate deposit, in Kazakhstan. To the best of 

our knowledge, no synthetic counterpart of meyerhofferite is 
available in the market, despite its synthesis route is known 
(i.e., Parkenson 1963, US3337292A patent).

There are some open questions pertaining to the crystal 
chemistry of meyerhofferite: (1) due to the absence of chem-
ical data based on modern standards, the potential B- or Ca-
substituents are largely unknown; (2) the H-bonding network 
in meyerhofferire is complex and pervasive (as this mineral 
contains ~ 28 wt%  H2O), and it was described on the basis 
of X-ray data only; (3) its non-ambient conditions behav-
iour (i.e., low- and high-T, high-P) is presumably strongly 
controlled by the H-bonding network of the structure. In 
this light, the aim of this study is a reinvestigation of the 
crystal chemistry and crystal structure of meyerhofferite by a 
multi-methodological approach: titrimetric determination of 
boron, gravimetric determination of calcium, determination 
of fluorine by ion selective electrode, determination of water 
content by heating, other minor elements by inductively cou-
pled plasma atomic emission spectroscopy, single-crystal 
synchrotron X-ray and neutron diffraction. The combination 
of these techniques is expected to provide:

a. A description of the crystal chemistry of this mineral 
based on modern analytical protocols, with a particular 
attention to the potential B- and Ca-substituents;

b. An unambiguous location of all the proton sites and the 
description of the complex H-bonding network expected 
in meyerhofferite structure, along with the anisotropic 
displacement parameters of all the atomic sites, includ-
ing the H-sites;

c. a more robust description of B-coordination environ-
ment (e.g., aplanarity of the Bϕ3-group, tetrahedral dis-
tortion of the Bϕ4-groups).

The results of this multi-methodological study will be 
pivotal to describe the chemical, thermal and compressional 
behaviour of meyerhofferite, along with potential T- or 
P-induced phase transitions, coupled with the mechanisms, 
at the atomic scale, which govern any potential structure 
transformations. Such experiments are in progress, and the 
first experimental findings on the compressional behaviour 
of meyerhofferite have been recently published (Comboni 
et al. 2020b, 2021b). The experimental data of this study are 
crucial for any potential technical utilization of meyerhof-
ferite in radiation-shielding concretes.

Sample description and occurrence

The sample of meyerhofferite used in this study belongs to 
the collection of the Museum of Mineralogy of the Uni-
versity of Padua (catalogue number MM5990). Centimet-
ric, white, platy-prismatic crystals, collected at the main 
borate deposit at Bigadiç, Marmara region, Turkey, make 
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the hand specimen. The Bigadiç borate deposit represents 
the largest colemanite and ulexite high-grade deposit in the 
world. Bigadiç is located in the Western Anatolia, associated 
with several other borate deposits including Emet, Kestelek 
and Kirka. The Bigadiç volcano-sedimentary stratigraphic 
sequence of Neogenic age consists of a borates-bearing non-
marine basin, composed of lower volcanic units, clays, lime-
stone, tuff and a first borate zone separated by an upper unit 
of tuff, a second borate zone and olivine basalts. The borate 
minerals, formed in the lower and upper zone, are separated 
by tuff beds, the latter is locally replaced by montmorillon-
ite, chlorite and zeolites minerals. Colemanite and ulexite 
predominate in both borate zones: other borates including 
howlite, probertite, and hydroboracite are in the lower borate 
zone, while meyerhofferite, inyoite, priceite, hydroboracite, 
howlite and tunellite, are located in the upper borate zone.

The Bigadiç borate non-marine deposits were fed by ther-
mal springs, associated with local volcanic activity under 
arid climatic conditions. The radiometric data revealed that 
the formation of the Bigadic volcano-sedimentary succes-
sion is restricted to a period between 20.6 and 17.8 My (Hel-
vaci 1995, 2015, 2019; Helvaci and Alonso 2000).

Experimental methods

Chemical characterisation

Titrimetric determination of boron

A mass of 80–100 mg of a sample of meyerhofferite was 
placed in a 50 ml plastic test tube, along with 5 ml of water 

Fig. 1  Principal building units of the structure of meyerhofferite, 
i.e.,  B3O3(OH)5 rings and distorted  CaO3(OH)4(OH2) polyhedra, the 
heteropolyhedral chains (made by  B3O3(OH)5 rings and Ca-polyhe-

dra) running along [001], and a view of the structure down to [001]. 
Model based on the neutron structure refinement of this study. Dis-
placement ellipsoid probability factor: 50%
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and 3 ml of hydrochloric acid 1 M; the plastic test tube 
was then covered and transferred in an ultrasound bath 
for 1–2 h. The resulting clear solution was transferred in 
a 200–300 ml beaker with water up to about 100 ml of the 
total solution.

A combined glass electrode  (InLab® Routine Pro—Met-
tler Toledo) was immersed in the solution, and the pH was 
adjusted to 5.5–6.5 with solutions of HCl 0.1–1 M and 
NaOH 0.1–1 M. 5–6 g of mannitol were added and stirred 
until the complete dissolution of the solid. The solution 
was then titrated with NaOH 0.1 M up to pH 8.3–8.7.

The content of titrated acid was entirely due to the 
presence of boric acid in solution, as the sample does not 
contain elements capable to hydrolyze the medium, or in 
general able to influence its acidity. The measured fraction 
of  B2O3 was 46.3(2) wt%.

Gravimetric method of calcium

A mass of 200–300 mg of meyerhofferite was placed in 
a 200 ml beaker, acidified with 40 ml of hydrochloric 
acid 0.5 N. After complete dissolution, the solution was 
treated two times with 10 ml of ethyl alcohol and boiled 
for 15 min. Heating the solution (at temperature below the 
boiling point), 10 ml of concentrated ammonium hydrox-
ide were added, followed by 5 ml of 20% sodium tungstate 
dihydrate solution dropwise. After 1 h, the white precip-
itate was collected on a preweight 30 ml sintered-glass 
filtering crucible (m1) (porosity n. 4), washed 10 times 
with 10 ml of 1:10 ammonium hydroxide solution. The 
crucible was dried at 105 °C, until a constant weight (m2) 
was measured. The difference of weight (m2–m1) repre-
sents the total calcium content of the mineral, expressed as 
 CaWO4. The measured fraction of CaO was 25.2(2) wt%.

Determination of fluorine by ion selective electrode

A mineral sample of 20 mg in mass was placed in a 50 ml 
plastic test tube, along with 5 ml of water and 3 ml of 
hydrochloric acid 1 M; the plastic test tube was covered 
and transferred in an ultrasound bath for 1–2 h. 2–3 ml of 
Total Ionic Strength Adjustment Buffer (Commercial solu-
tion TISAB III) were added to the clear solution and diluted 
to 20 ml with water. The F content was then determined 
using perfectION™ Combination Fluoride Ion Selective 
Electrode (Mettler Toledo), adopting the method of stand-
ard addition. Solutions of fluorine from 0.1 to 5.0 mg/l 
were prepared by Certified Reference Material—CRM 
1000 mg/l of fluorine. The resulting F fraction was < 0.01 
wt% (uncertainty not determined).

Determination of water content by heating

A sample of 1000 mg was placed in a quartz crucible with 
lid, and gradually heated in a muffle furnace from ambient 
temperature up to 800 °C. Assuming that the mass loss rep-
resents the total amount of  H2O, the estimated fraction of 
 H2O of the sample was 28.4(2) wt%.

Determination of minor elements by inductively coupled 
plasma atomic emission spectroscopy (ICP/AES)

All measurements were performed in axial view mode for 
REE and radial view mode for the other minor elements with 
a Perkin Elmer Optima 7000DV ICP/AES spectrometer.

Determination of  REE concentration A mass of 50  mg of 
mineral sample was placed in a 50 ml plastic test tube, along 
with 5 ml of water and 3 ml of hydrochloric acid 1 M; the 
plastic test tube was covered and transferred in an ultrasound 
bath for 1–2 h. The resulting clear solution was then trans-
ferred and diluted with water in a 50 ml volumetric flask. 
A calibration protocol was performed with a blank solution 
and series of solutions prepared with similar fractions of 
calcium and boron as those of the sample under investiga-
tion and REE concentrations from 0.001 to 0.050 mg/l for 

Table 1  REE (+ Th, U) concentration by ICP–AES (see text for 
details)

LOD ≡ 3·S/N, LOQ ≡ 10·S/N
LOD limit of detection, LOQ limit of quantification, S/N is the signal/
noise ratio

%m/m ICP/AES (nm) LOD LOQ

Ce2O3  < LOD 413.764 0.003 0.01
Dy2O3  < LOD 353.170 0.0001 0.0003
Er2O3  < LOD 369.265 0.002 0.007
Eu2O3  < LOD 381.967 0.0001 0.0003
Gd2O3  < LOD 342.247 0.0003 0.001
Ho2O3  < LOD 345.600 0.0001 0.0003
La2O3  < LOD 398.852 0.0001 0.0003
Lu2O3  < LOD 261.542 0.0002 0.0006
Nd2O3  < LOD 406.109 0.0002 0.0006
Pr2O3  < LOD 390.844 0.0002 0.0006
Sm2O3  < LOD 359.260 0.0005 0.002
Sc2O3  < LOD 361.383 0.0005 0.002
Tb2O3  < LOD 350.917 0.0005 0.002
Tm2O3  < LOD 313.126 0.004 0.015
Yb2O3  < LOD 328.937 0.0001 0.0003
Y2O3  < LOD 371.029 0.0001 0.0003
ThO2  < LOD 283.730 0.001 0.004
UO2  < LOD 385.958 0.01 0.04
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each element (using CRM multi-elemental standard mix for 
ICP).

Results and instrumental parameters are listed in Table 1.

Determination of other minor elements concentration For 
the non-REE minor elements determination, two different 
protocols were used.

Protocol 1 A mass of 10–20  mg of mineral sample was 
placed in a 50 ml plastic test tube, along with 5 ml of water 
and 3 ml of hydrochloric acid 1 M; the plastic test tube was 
covered and transferred in an ultrasound bath for 1–2  h. 
The resulting clear solution was transferred and diluted 
with water in a 25 ml volumetric flask, containing 2.5 ml 
of scandium solution 100 mg/l as internal standard. A cali-
bration protocol was performed with a blank solution and a 
series of 5 solutions prepared with concentration from 0.05 
to 1.0 mg/l for each element (using CRM multi-elemental 
standard mix for ICP).

Only the Cs concentration was measured with a Varian 
SpectrAA 220FS air-acetylene flame atomic emission spec-
trometer and some modification to the Procol 1: 50 mg of 
mineral was used, 150 mg of potassium nitrate were added, 
instead of the scandium solution, and the calibration solu-
tions were prepared with concentration from 1 to 20 mg/l 
of Cs.

Protocol 2 10–20 mg of mineral sample were decomposed 
by alkaline fusion in a platinum crucible with 100 mg of 
sodium carbonate or potassium carbonate in a muffle fur-
nace at 1000 °C for 5 min, followed by dissolution in 10 ml 
of water and 1 ml of sulfuric acid 1 M or 1 ml of hydrochlo-
ric acid 1 M. The clear solution was then transferred and 
diluted with water in a 25 ml volumetric flask containing 
2.5 ml of scandium solution 100 mg/l as internal standard. 
A calibration protocol was performed with a blank solution 
and a series of 5 solutions prepared with concentration from 
0.05 to 1.0  mg/l for each element (using CRM multi-ele-
mental standard mix for ICP).

Results and instrumental parameters are listed in Table 2.

Determination of carbon, nitrogen, hydrogen by thermal 
decomposition and detection by Infrared absorption (C,H) 
and thermal conductivity (N)

200–300  mg of mineral sample were decomposed at 
950 °C in an elementary analyzer LECO Truspec CHN, 
in excess of oxygen for 90 s. The products of decomposi-
tion were transferred to a second furnace (Afterburner) at 
850 °C for a further oxidation and particulate removal. The 
gases, after collection and homogenization in a container 
of 4.5 l at 50 °C, were analyzed by infrared absorption 
for the measurement of  CO2 and  H2O (C was measured 

in the form of  CO2 and the  H2 as  H2O). An aliquot of the 
gas was instead transferred in a stream of helium through 
a warm copper catalyst and filtered to convert  NOX to  N2 
and to remove oxygen, carbon dioxide and water. Finally, 
a thermal conductivity detector was used to determine the 
nitrogen content. As calibration standards, EDTA, sodium 
tetraborate decahydrate, boric acid, calcium carbonate, 
sodium nitrate, and dihydrate oxalic acid were used. The 
resulting concentrations were: C < 0.02 wt%, N < 0.02 
wt%, and H = 3.08(2) wt%.

The general chemical composition of the meyerhofferite 
sample used in this study, considering major and minor 
components (with a significant concentration), is given in 
Table 3. The calculated unit formula, based on 3O + 5OH 
apfu, is:  (Ca1.012Mg0.003)  (B2.984Si0.001)O3(OH)5·1.018H2O, 
or  Ca1.01B2.98O3(OH)5·1.02H2O.

Table 2  Concentration of other minor elements by ICP–AES (see text 
for details) (*data were not reproducible and were discarded – d.)

%m/m ICP/AES (nm) %m/m ICP/AES (nm)

Li2O  < 0.01 670.784 NiO  < 0.01 231.604
MgO 0.03 285.213 CuO  < 0.01 327.393
K2O  < 0.02 766.490 Ag2O  < 0.01 328.068
Rb2O  < 0.02 780.023 ZnO  < 0.01 206.200
Cs2O  < 0.02 852.100 CdO  < 0.01 228.802
BeO  < 0.01 313.107 Al2O3  < 0.01 396.153
Na2O  < 0.02 589.592 Tl2O  < 0.02 190.801
BaO  < 0.02 233.527 PbO  < 0.05 220.353
TiO2  < 0.01 334.940 P2O5  < 0.02 213.617
ZrO2  < 0.01 343.823 As2O3  < 0.02 193.696
V2O5  < 0.02 292.464 Sb2O3  < 0.02 206.836
Cr2O3  < 0.01 267.716 Bi2O3  < 0.02 223.061
MoO3  < 0.02 202.031 SiO2 0.02 251.611
MnO  < 0.01 257.610 SrO  < 0.01 407.771
Fe2O3  < 0.01 238.204 B2O3 d*. 249.677
CoO  < 0.01 228.616 CaO d*. 317.933

Table 3  Representative 
chemical composition of 
meyerhofferite from the Bigadiç 
borate deposit, and its empirical 
formula

Unit formula (based 
on 3O + 5OH apfu): 
 (Ca1.012Mg0.003)(B2.984Si0.001)
O3(OH)5·1.018H2O or 
 Ca1.01B2.98O3(OH)5·1.02H2O

%m/m e.s.d

B2O3 44.30  ± 0.20
CaO 25.20  ± 0.20
SiO2 0.02 n.d
MgO 0.03 n.d
H2O 28.40  ± 0.20
TOT 100.05
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Structural characterisation

Synchrotron X‑ray diffraction

A crystal of size ~ 50 × 30 × 20 μm3 was selected for the 
X-ray diffraction experiment. Single-crystal synchrotron 
X-ray diffraction data were collected at the ID15-b beam-
line, at the ESRF, Grenoble (France). A convergent mono-
chromatic beam (E ~ 30 keV, λ ~ 0.414 Å) was used for the 
diffraction experiment. The diffraction patterns were col-
lected by an Eiger2 9 M CdTe detector, positioned at about 
180  mm from the sample position. Sample-to-detector 
distance was calibrated using a Si standard and a vana-
dinite  (Pb5(VO4)3Cl) crystal. Further details on the beam-
line setup are reported in Merlini and Hanfland (2013). 
The data collection strategy consisted in a pure ω-scan 
(− 75° ≤ ω ≤  + 75°), with 0.4° step width and 0.5 s exposure 
time per step. Indexing of the diffraction peaks and integra-
tion of their intensities (corrected for Lorentz-polarization 

effects) was performed using the CrysAlis package (Rigaku 
Oxford Diffraction 2018). The lattice was found to be met-
rically triclinic (Table 4), and consistent with the previous 
experimental findings of meyerhofferite reported in the lit-
erature (e.g., Christ and Clark 1956, Burns and Hawthorne 
1993). A total number of 3840 reflections were collected 
(with −9 ≤ h ≤  + 10, −11 ≤ k ≤  + 11 and −10 ≤ l ≤  + 11), 
out of which 2457 were unique according to the Laue class 
-1 (RFriedel = 0.0134) and 2409 with Fo > 4σ(Fo), with 
dmin ~ 0.56 Å (Table 4). The Wilson plot and the statistics of 
distributions of the normalized structure factors suggested 
that the structure is centrosymmetric. Further details pertain-
ing to synchrotron X-ray data collection are listed in Table 4.

Anisotropic crystal-structure refinement based on the 
X-ray intensity data was performed in the space group P-1, 
using the SHELXL-2018/3 software (Sheldrick 2008, 2014), 
starting from the structure model of Burns and Hawthorne 
(1993), without any H atom. The X-ray neutral scattering 
factors of Ca, B, O and H were taken from the International 

Table 4  Details of synchrotron 
X-ray and neutron data 
collection and refinement of 
meyerhofferite

Statistical parameters according to the Shelxl-2018 definition

T (K) 293 293

Crystal shape Prism Prism
Crystal volume (mm) 0.02 × 0.03 × 0.05 0.4 × 1.0 × 3.8
Crystal colour White, pale yellow White, pale yellow
Unit-cell parameters a = 6.6405(1) Å a = 6.6683(2) Å

b = 8.3468(2) Å b = 8.3454(2) Å
c = 6.4782(1) Å c = 6.49940(2) Å
α = 90.758(2)° α = 90.658(3)°
β = 101.909(2)° β = 101.943(3)°
γ = 86.742(2)° γ = 86.516(3)°
V = 350.77(1) Å3 V = 353.21(1) Å3

Chemical formula CaB3O3(OH)5·H2O CaB3O3(OH)5·H2O
Space Group P -1 P -1
Z 2 2
Radiation type, Wavelength (Å) Synchrotron X-ray, 0.40988 Neutron, polychro-

matic
Diffractometer/Beamline ID15-b, ESRF SXD, ISIS
Data-collection method ω-scans (-75, + 75°) Laue-time-of-flight
dmin 0.56 0.50

−9 ≤ h ≤  + 10 −13 ≤ h ≤  + 14
−11 ≤ k ≤  + 11 −15 ≤ k ≤  + 14
−10 ≤ l ≤  + 11 −11 ≤ l ≤  + 9

Measured refl., unique refl 3840, 2457 /, 2003
Unique reflections with Fo > 4σ(Fo) 2409 2003
Refined parameters 140 187
RFriedel, Rσ 0.0134, 0.0139 /, 0.0725
R1 (F) with Fo > 4σ(Fo) 0.0278 0.1195
R1 (F) for all reflections 0.0280 0.1195
wR2(F2) 0.0672 0.2854
GooF 1.035 1.376
Residuals (e−/Å3, fm/Å3) −0.4/ + 0.4 −2.8/ + 3.8
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Tables of X-ray Crystallography. Secondary isotropic extinc-
tion effect was corrected according to the formalism of 
Larson (1967), as implemented in the SHELXL package. 
Convergence was rapidly reached after the first cycles of 
refinement, with a series of positive residual peaks in the 
final difference–Fourier map of the electron density, which 
were then implemented in the further cycles of refinement 
as (isotropic) H sites (Table 5). At the end of the refinement 
(with R1(F) = 0.0278 for 2457 reflections with FO > 4σ(FO) 
and 140 refined parameters), the convergence was achieved 
with all the principal mean-square atomic displacement 
parameters positive. Further details pertaining to struc-
ture refinement are given in Table 4. Site coordinates and 
atomic displacement parameters are listed in Tables 5 and 
6; selected interatomic distances and angles are given in 
Table 7. CIF is available upon request to the corresponding 
author.

Neutron diffraction

The neutron diffraction experiment was performed at the 
single-crystal diffractometer SXD (Keen et al. 2006) at the 
ISIS spallation neutron source (UK), with the Laue method 
in time-of-flight (TOF). Bragg intensities were collected 
using polychromatic radiation (0.3 < λ < 8 Å), with an 
array of eleven 2D position-sensitive TOF detectors stati-
cally placed around the sample. A series of 7 orientations 
around the vertical axis of the instrument, with a counting 
time of ~ 10 h each, were used. Data were initially indexed 
with the unit cell available from the X-ray measurement. 
Integrated intensities were extracted using the 3D-profile 
fitting method implemented in the SXD2001 software (Gut-
mann 2017) and corrected for the Lorentz effect. An absorp-
tion correction was applied to the data with an in-house 
SXD-software package that reconstructs the three-dimen-
sional shape of the crystal via image-processing of a 360° 
panoramic, and calculates the exact path-length of neutrons 
through the crystal for characteristic diffraction shape nodes 
(de Meulenaer and Tompa 1965). The transmission factor 
was, than, calculated via analytic solution of the integral of 
diffraction centres across the whole crystal volume, accord-
ing to diffraction angles and neutron wavelengths (Leonardi 
and Capelli 2022, in preparation). Final unit cell param-
eters were refined against the fitted positions of the Bragg 
peaks after the 3D profile integration. The starting model for 
structural refinement was based on the atomic coordinates of 
the non-hydrogen atoms from the X-ray structure, while all 
hydrogen atoms were located from Fourier-difference maps 
of the nuclear density function. Structure was refined by full 
matrix least squares on F2 using the SHELXL-2018/3 soft-
ware (Sheldrick 2008, 2014). The neutron scattering lengths 
of Ca, B, O and H were taken from Sear (1986). Conver-
gence was rapidly reached, and the H positions obtained by 

X-ray data were substantially confirmed, but modelled ani-
sotropically (Table 5). A careful inspection of the difference-
Fourier maps of the nuclear density showed no evidence of 

Table 5  Refined fractional atomic coordinates and equivalent/iso-
tropic displacement factors (Å2), based on the synchrotron X-ray 
(Synchr) and neutron (Neutr) structure refinement. Ueq is defined as 
one third of the trace of the orthogonalised Uij tensor. All the sites 
show s.o.fs of 100%

Site x/a y/b z/c Ueq, Uiso

Synchr
Ca 0.01078(4) 0.37604(3) 0.24438(4) 0.01426(6)
B1 0.3168(2) 0.7977(2) 0.4854(2) 0.0142(2)
B2 0.2874(2) 0.6319(2) 0.1657(2) 0.0133(2)
B3 −0.0388(2) 0.7349(2) 0.3013(2) 0.0128(2)
O1 0.4040(2) 0.7355(1) 0.3272(2) 0.0170(2)
O2 0.4223(2) 0.8868(1) 0.6477(2) 0.0188(2)
O3 0.1151(2) 0.7775(1) 0.4923(2) 0.0155(2)
O4 0.3364(2) 0.4615(1) 0.2056(2) 0.0184(2)
O5 0.0618(1) 0.6518(1) 0.1480(2) 0.0134(2)
O6 −0.1692(2) 0.6203(1) 0.3813(2) 0.0151(2)
O7 0.1519(2) 0.1072(1) 0.2109(2) 0.0195(2)
O8 −0.1538(2) 0.8776(1) 0.2015(2) 0.0186(2)
O9 0.3312(2) 0.6706(1) -0.0437(2) 0.0168(2)
H1 0.566(2) 0.892(3) 0.657(4) 0.041(3)
H2 0.455(3) 0.425(3) 0.153(4) 0.041(3)
H3 −0.313(2) 0.652(3) 0.357(4) 0.041(3)
H4 −0.245(3) 0.933(3) 0.277(4) 0.041(3)
H5 0.374(4) 0.776(2) −0.052(4) 0.041(3)
H6 0.050(3) 0.031(3) 0.224(4) 0.041(3)
H7 0.153(4) 0.102(3) 0.064(2) 0.041(3)
Neutr
Ca 0.012(1) 0.3771(8) 0.247(2) 0.005(1)
B1 0.316(1) 0.7983(7) 0.484(1) 0.002(1)
B2 0.288(1) 0.6320(7) 0.164(1) 0.003(1)
B3 −0.039(1) 0.7347(7) 0.301(1) 0.002(1)
O1 0.404(1) 0.7356(7) 0.327(1) 0.007(1)
O2 0.423(1) 0.8872(8) 0.647(1) 0.009(1)
O3 0.114(1) 0.7785(7) 0.491(1) 0.006(1)
O4 0.336(1) 0.4618(7) 0.205(1) 0.007(1)
O5 0.062(1) 0.6509(7) 0.149(1) 0.003(1)
O6 −0.169(1) 0.6198(7) 0.382(1) 0.006(1)
O7 0.152(1) 0.1069(7) 0.209(1) 0.008(1)
O8 −0.154(1) 0.8777(7) 0.201(1) 0.007(1)
O9 0.331(1) 0.6720(7) -0.044(1) 0.005(1)
H1 0.569(2) 0.894(2) 0.657(3) 0.024(3)
H2 0.455(2) 0.420(1) 0.155(2) 0.017(2)
H3 −0.317(2) 0.650(2) 0.350(3) 0.020(3)
H4 −0.251(2) 0.933(2) 0.276(3) 0.023(3)
H5 0.372(2) 0.779(2) −0.052(3) 0.023(3)
H6 0.050(2) 0.028(1) 0.223(3) 0.020(3)
H7 0.166(2) 0.100(2) 0.064(3) 0.022(3)
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positional or dynamic disorder of the H sites. At the end of 
the refinements, the variance–covariance matrix showed no 
significant correlation among the refined variables, with all 
the principal mean-square atomic displacement parameters 
positive, H included. Further details pertaining to structure 
refinement are given in Table 4. Site coordinates and dis-
placement parameters are listed in Tables 5 and 6; selected 
interatomic distances and angles are given in Table 7. CIF is 
available upon request to the corresponding author.

Results and discussion

The complex multi-methodological approach of this study, 
aimed at describing the chemical composition of the mey-
erhofferite sample, corroborates previous findings about the 
ideal formula of this mineral, that is  CaB3O3(OH)5·H2O. A 
very modest fraction of Mg (with MgO ≈ 0.03 wt%, Tables 2 
and 3) can replace Ca. The only potential substituent of B, 
in tetrahedral coordination, is Si (with  SiO2 ≈ 0.02 wt%, 
Tables 2 and 3); however, the measured fraction of Si could 
represent the effect of minor mineral impurities (e.g., quartz 
or clay minerals) in the sample of meyerhofferite used for the 
wet chemical analysis. The content of REE and other minor 
elements is, overall, not significant (Table 1), including that 

Table 6  Refined displacement 
parameters (Å2) in the expres-
sion: -2π2[(ha*)2U11 + … + 2h
ka*b*U12 + … + 2klb*c*U23], 
based on the synchrotron X-ray 
(Synchr) and neutron (Neutr) 
structure refinement

U11 U22 U33 U23 U13 U12

Synchr
Ca 0.0162(1) 0.0153(1) 0.0119(1) 0.00063(8) 0.00408(8) −0.00138(8)
B1 0.0147(6) 0.0147(6) 0.0136(6) 0.0009(5) 0.0037(5) −0.0017(4)
B2 0.0123(5) 0.0157(6) 0.0127(5) −0.0002(4) 0.0042(4) −0.0004(4)
B3 0.0130(5) 0.0139(6) 0.0118(5) 0.0003(4) 0.0037(4) −0.0002(4)
O1 0.0133(4) 0.0226(5) 0.0158(4) −0.0050(4) 0.0044(3) −0.0031(3)
O2 0.0163(4) 0.0228(5) 0.0178(4) −0.0044(4) 0.0039(4) −0.0050(3)
O3 0.0141(4) 0.0211(5) 0.0124(4) −0.0025(3) 0.0043(3) −0.0042(3)
O4 0.0175(4) 0.0159(4) 0.0234(5) 0.0030(4) 0.0091(4) 0.0027(3)
O5 0.0121(4) 0.0163(4) 0.0122(4) −0.0018(3) 0.0037(3) 0.0004(3)
O6 0.0129(4) 0.0185(4) 0.0147(4) 0.0012(3) 0.0041(3) −0.0027(3)
O7 0.0210(5) 0.0195(5) 0.0184(5) 0.0001(4) 0.0048(4) −0.0012(3)
O8 0.0221(5) 0.0173(5) 0.0176(4) 0.0033(3) 0.0084(4) 0.0063(3)
O9 0.0177(4) 0.0202(5) 0.0142(4) 0.0011(3) 0.0069(3) −0.0020(3)
Neutr
Ca 0.004(2) 0.006(2) 0.006(2) −0.001(1) 0.002(1) −0.001(1)
B1 0.002(1) 0.003(1) 0.003(1) 0.0001(7) 0.0007(7) −0.0005(7)
B2 0.003(1) 0.003(1) 0.003(1) −0.0004(7) 0.0010(8) −0.0002(7)
B3 0.002(1) 0.003(1) 0.002(1) −0.0005(7) 0.0011(7) −0.0002(7)
O1 0.005(1) 0.008(2) 0.008(2) −0.001(1) 0.002(1) −0.001(1)
O2 0.008(2) 0.009(2) 0.010(2) −0.001(1) 0.002(1) −0.002(1)
O3 0.006(1) 0.006(1) 0.006(1) −0.0004(7) 0.0012(8) −0.0008(7)
O4 0.006(2) 0.008(2) 0.009(2) −0.001(1) 0.003(1) 0.001(1)
O5 0.003(1) 0.004(1) 0.004(1) −0.0001(7) 0.0012(7) 0.0000(7)
O6 0.004(2) 0.007(1) 0.006(2) 0.001(1) 0.002(1) −0.001(1)
O7 0.008(2) 0.008(2) 0.009(2) −0.001(1) 0.002(1) −0.001(1)
O8 0.007(1) 0.008(1) 0.007(1) −0.0003(7) 0.0022(8) 0.0003(7)
O9 0.005(1) 0.006(1) 0.006(1) −0.0002(7) 0.0018(7) −0.0007(7)
H1 0.020(5) 0.027(5) 0.026(6) −0.006(4) 0.006(5) −0.008(4)
H2 0.015(3) 0.016(3) 0.019(3) −0.001(2) 0.005(3) 0.003(2)
H3 0.013(5) 0.023(5) 0.025(6) 0.002(4) 0.005(5) −0.005(4)
H4 0.021(5) 0.026(5) 0.026(6) −0.006(4) 0.012(5) 0.002(4)
H5 0.023(4) 0.022(4) 0.025(5) 0.001(3) 0.009(4) −0.007(3)
H6 0.020(3) 0.019(3) 0.022(4) 0.003(3) 0.004(3) −0.003(2)
H7 0.019(5) 0.026(5) 0.022(6) −0.006(4) 0.009(5) −0.001(4)
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of fluorine as a potential  OH− substituent (i.e., < 0.01 wt%). 
These findings have some relevant geochemical and techni-
cal implications: (i) we can infer that meyerhofferite does 

not behave as a geochemical trap of industrially relevant 
elements (e.g., Li, Be or REE) and (ii) its almost ideal com-
position makes this borate a potential B-rich aggregate in 

Table 7  Relevant bond 
distances (Å) and angles (°) 
based on the synchrotron X-ray 
(Synchr) and neutron (Neutr) 
structure refinement (*distances 
corrected for riding motion 
effect, according to Busing and 
Levy 1964)

Synchr Neutr

Ca–O4 2.377(1) O2–H1 0.95(1) Ca–O4 2.383(9) O2–H1 0.964(17)
Ca–O7 2.407(1) H1…O7 1.89(1) Ca–O7 2.417(9) O2–H1* 0.982
Ca–O9 2.422(1) O2…O7 2.790(1) Ca–O9 2.446(12) H1…O7 1.89(2)
Ca–O6 2.436(1) O2–H1…O7 157(2) Ca–O6 2.424(13) O2…O7 2.80(1)
Ca–O5 2.453(1) Ca–O5 2.439(10) O2–H1…O7 156(1)
Ca–O3 2.454(1) O4–H2 0.95(1) Ca–O3 2.464(10)
Ca–O5 2.498(1) H2…O9 1.85(1) Ca–O5 2.527(12) O4–H2 0.964(16)
Ca–O6 2.546(1) O4…O9 2.799(1) Ca–O6 2.536(9) O4–H2* 0.975

O4–H2…O9 173(2) H2…O9 1.85(2)
B1–O1 1.361(2) B1–O1 1.359(8) O4…O9 2.81(1)
B1–O3 1.369(2) O6–H3 0.96(1) B1–O3 1.378(8) O4–H2…O9 175(1)
B1–O2 1.373(2) H3…O1 1.94(1) B1–O2 1.386(11)
 < B1–O > 1.368 O6…O1 2.893(1)  < B1–O > 1.374 O6–H3 0.985(15)

O6–H3…O1 174(2) O6–H3* 1.001
B2–O4 1.455(2) B2–O4 1.452(9) H3…O1 1.92(1)
B2–O1 1.470(2) O7–H6 0.97(1) B2–O1 1.481(10) O6…O1 2.90(1)
B2–O5 1.479(2) H6…O8 1.90(1) B2–O5 1.488(8) O6–H3…O1 170(1)
B2–O9 1.488(2) O7…O8 2.861(2) B2–O9 1.486(10)
 < B2–O > 1.473 O7–H6…O8 171(2)  < B2–O > 1.477 O7–H6 0.989(16)

O7–H6* 1.003
B3–O5 1.454(2) O7–H7 0.96(1) B3–O5 1.455(7) H6…O8 1.89(1)
B3–O8 1.461(2) H7…O8 1.73(1) B3–O8 1.462(10) O7…O8 2.87(1)
B3–O3 1.487(2) O7…O8 2.679(1) B3–O3 1.489(11) O7–H6…O8 171(1)
B3–O6 1.492(2) O7–H7…O8 172(2) B3–O6 1.502(8)
 < B3–O > 1.474  < B3–O > 1.477 O7–H7 0.968(19)

H6–O7–H7 102(2) O7–H7* 0.983
O1–B1–O3 122.1(1) O1–B1–O3 122.4(7) H7…O8 1.72(2)
O1–B1–O2 122.9(1) O8–H4 0.95(1) O1–B1–O2 122.5(6) O7…O8 2.68(1)
O3–B1–O2 115.0(1) H4…O2 1.97(1) O3–B1–O2 115.1(5) O7–H7…O8 168(2)
 < O–B1–O > 120.0 O8…O2 2.875(1)  < O–B1–O > 120.0

O8–H4…O2 158(2) H6–O7–H7 105(1)
O4–B2–O1 113.4(1) O4–B2–O1 113.3(7)
O4–B2–O5 104.7(1) O9–H5 0.94(1) O4–B2–O5 103.8(5) O8–H4 0.974(18)
O1–B2–O5 113.3(1) H5…O2 2.26(2) O1–B2–O5 113.2(5) O8–H4* 0.997
O4–B2–O9 108.4(1) O9…O2 2.888(1) O4–B2–O9 109.0(5) H4…O2 1.96(2)
O1–B2–O9 109.3(1) O9–H5…O2 124(2) O1–B2–O9 109.3(5) O8…O2 2.88(1)
O5–B2–O9 107.5(1) O5–B2–O9 108.0(7) O8–H4…O2 157(1)
 < O–B2–O > 109.4  < O–B2–O > 109.4

O9–H5 0.958(14)
O5–B3–O8 108.6(1) O5–B3–O8 108.9(6) O9–H5* 0.978
O5–B3–O3 110.7(1) O5–B3–O3 110.8(5) H5…O2 2.26(2)
O8–B3–O3 111.3(1) O8–B3–O3 110.8(5) O9…O2 2.89(1)
O5–B3–O6 108.5(1) O5–B3–O6 108.5(5) O9–H5…O2 123(1)
O8–B3–O6 113.8(1) O8–B3–O6 113.7(6)
O3–B3–O6 103.9(1) O3–B3–O6 104.1(6)
 < O–B3–O > 109.5  < O–B3–O > 109.5
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Portland concretes, which does not release undesirable ele-
ments (e.g., Na) able to activate deleterious reactions for the 
durability; however, the effects of meyerhofferite on testing 
and hardening of Portland cement are still unknown. An 
open question is whether the unusual purity of meyerhoffer-
ite is governed by the absence of potential substituents in the 
growing environment or is dictated by crystallochemical rea-
sons. If we consider the mineral assemblages of the Bigadiç 
borate deposit, described in one of the previous sections, 
we are inclined to exclude that potential substituents, espe-
cially for Ca, were not available. For any evaporitic basin, 
we might expect an available source of many fluid–mobile 
elements (both during formation and later diagenesis), and 
especially for Mg, Na and K. In addition, the Bigadiç non-
marine deposits were fed by thermal springs, associated with 
local volcanic activity (e.g., Helvaci 1995, 2015, 2019 and 
references therein; Helvaci and Alonso 2000). Therefore, the 
availability of potential substituents, at least for Ca, is highly 
likely. We have recently studied the crystal-chemistry of a 
series of natural borates, potentially suitable as B-bearing 
aggregates, and we have reported similar findings for other 
minerals: colemanite (ideally  CaB3O4(OH)3·H2O), kurna-
kovite (ideally  MgB3O3(OH)5·5H2O) and kernite (ideally 
 Na2B4O6(OH)2∙3H2O). For all of those, no significant iso-
morphic substituents were observed (Lotti et al. 2017a,b, 
2019; Gatta et al. 2019, 2020). Considering that the afore-
mentioned borates are from different deposits (colemanite: 
Bigadiç Mine, Balikesir Province, Marmara Region, Tur-
key; kurnakovite and kernite: Kramer Deposit, Kern County, 
California), we are inclined to believe that the surprisingly 
high level of purity cannot be a peculiarity of meyerhofferite 
from the Bigadiç borate deposit, but it is rather a common 
feature of all the borates formed in lacustrine deposits under 
hydrothermal activity. In this light, we cannot exclude that, 
in this particular geological environment, crystal nucleation 
and growth promote purification by iterated dissolution and 
recrystallization. However, more evidence is required to cor-
roborate this potential mechanism. Furthermore, the con-
figuration of the distorted  Ca2+ polyhedron (with CN = 8) 
likely limits substitution of  Ca2+ for ions such as  Na+,  K+, 
 Mg2+ or  Sr2+ due to the resulting significant local distortion 
of the structure. Even the potential substituents of B, at least 
in tetrahedral coordination, e.g.,  Al3+ or  Si4+, would gener-
ate significant chemical strain. Therefore, we can consider 
that there are, nonetheless, crystallochemical reasons for the 
high purity of meyerhofferite.

The X-ray and neutron structure model obtained in this 
study is consistent with that previously reported by Christ 
and Clark (1956) and Burns and Hawthorne (1993), by sin-
gle-crystal X-ray intensity data. The building units of the 
structure of meyerhofferite consist of: two  BO2(OH)2 tetra-
hedra and one  BO2(OH) triangle, linked by corner-sharing 
to form  B3O3(OH)5 rings, and distorted Ca-polyhedra (with 

CN = 8,  CaO3(OH)4(OH2)), linked by edge-sharing to form 
infinite chains along [001]. The  B3O3(OH)5 rings are con-
nected to the Ca-polyhedra chains by corner- and edge-shar-
ing, on two sides of the chains (Fig. 1). These heteropolyhe-
dral chains, made by Ca-polyhedra and  B3O3(OH)5 rings, are 
mutually connected through hydrogen bonding only, giving 
rise to the tri-dimensional edifice of meyerhofferite (Fig. 2).

More specifically, the structure refinements showed that:

1. The triangular  BO2(OH) unit has an almost ideal geo-
metrical configuration, with Δ(B1 O)max ~ 0.01 Å (i.e., 
here defined as the difference between the longest and 
the shortest bond distances; X-ray data), O–B1–O angles 
ranging between ~ 115° and ~ 123°, and aplanarity < 1° 
(here defined as the average angle described by the plane 
on which the 3-oxygen sites lie and each of the three 
independent B1–On vectors) (Table 7). The tetrahedral 
 BO2(OH)2 units show only a modest distortion, with 
Δ(B2–O)max ~ 0.03 Å and Δ(B3–O)max ~ 0.04 Å, and 
both with average O–B–O angle of ~ 109.5° (Table 7). 
The  CaO3(OH)4(OH2) polyhedron is more distorted, 
with Δ(Ca–O)max ~ 0.17 Å (Table 7). As expected, the 
Ca–O and B–O distances of the same polyhedron are 
slightly different even in response to the bonding config-
uration of the oxygen site (i.e., oxygen of an  OH− group, 
 H2O molecule or as a bridging site between adjacent 
polyhedra).

2. The neutron structure refinement shows no evidence 
of static or dynamic disorder pertaining to the H sites, 
which is not unusual in this class of material (e.g., in 
colemanite, Lotti et al. 2017a,b; in kernite, Gatta et al. 
2020). Their libration regime is significantly anisotropic, 
as can be deduced by the Uij tensors, but still accept-
able (Table 7, Fig. 2). At least seven of the nine oxy-
gen sites of the structure (i.e., all excluding O3 and O5) 
are involved in H-bonding, as donors or as acceptors 
(Table 7).

3. The unique  H2O molecule (i.e., H6–O7–H7; Table 7) 
shows an almost ideal geometry with the H–O–H angle 
of ~ 105° (neutron data, Table 7). The O–H distances, 
corrected for “riding motion effect” (following Bus-
ing and Levy 1964), range between 0.983 and 1.003 Å 
(Table 7, neutron data). The two H-bonds of the  H2O 
molecule show  Odonor–H…Oacceptor angles ≥ 168° 
(Table 7), with an energetically favourable configura-
tion (i.e., approaching linearity, Steiner 1998, Gatta 
et al. 2021), and the  Odonor…Oacceptor distances rang-
ing between 2.68 and 2.87 Å with H…Oacceptor between 
1.7 and 1.9  Å (Table  7). Concerning the hydroxyl 
groups (i.e., O2–H1, O4–H2, O6–H3, O8–H4, O9–H5, 
Table 7), all the O–H distances corrected for “riding 
motion effect” range between 0.97 and 1.00 Å,  Odonor…
Oacceptor distances between 2.8 and 2.9 Å, H…Oacceptor 
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between 1.85 and 1.96 Å and  Odonor–H…Oacceptor > 156°, 
excluding the O9–H5 that shows H…Oacceptor ~ 2.26 Å 
and O9–H5…O2 angle ~ 123° (Table 7). Therefore, all 
the H-bonds, in which  H2O or OH-groups are involved, 
are relatively strong, excluding the O9–H5…O2 one, 
which is relatively weak.

4. As the heteropolyhedral chains are mutually connected 
only via hydrogen bonding, the H-bonds scheme plays 
a crucial role on the physical properties of the crystal. 
In particular, the higher number of strong H-bonds have 
major components along [100] (i.e., O2–H1…O7, O4–
H2…O9 and O6–H2…O1, Table 7, Fig. 2) followed 
by [010] (i.e., O8–H4…O2 and O7–H6…O8, Table 7, 
Fig. 2). Conversely, along [001] (i.e., the direction of 
the chains) only the weak O9–H5…O2 and the strong 
O7–H7…O8 occur (Table 7, Fig. 2). It is worth to note 
that the weakest O9–H5…O2 bond is actually an “intra-
chain” bond. Its configuration is energetically unfavoura-
ble (with  Odonor–H…Oacceptor ~ 123°); however, no other 
acceptor is actually available to establish a more favour-
able interaction. Our recent high-pressure study on mey-
erhofferite by Comboni et al. (2020b, 2021b) shows that 
this mineral is relatively soft, with the isothermal bulk 

modulus KV0 = 31.6(5) GPa, and a marked anisotropic 
compressional pattern, with mutual relationships of the 
linearised bulk moduli: K(a)0: K(b)0: K(c)0 ~ 1.5: 1: 3. 
The lowest compressibility of the structure along [001] 
is clearly due to the orientation of the heteropolyhedral 
chains, which act as “pillars” hindering the compression 
along that direction. On the ab plane, the structure is 
more compressible along [010] than along [100] (differ-
ence of ca. 50%), and this is governed by the H-bonding 
scheme. All the  Odonor…Oacceptor distances were found 
to decrease significantly with increasing pressure, with 
a rate ranging between 0.02 and 0.06 Å/GPa, toward a 
P-induced phase transition bracketed between 3.1 and 
3.5 GPa. The transition is a first-order iso-symmetric 
transformation, marked by an increase in the coordina-
tion number of the boron B1 site, from III to IV, leading 
to a more interconnected and less compressible struc-
ture (Comboni et al. 2021b). We can presume that any 
potential structural destabilization in response to envi-
ronmental variables (i.e., under chemical, compressional 
and thermal stress) would affect the H-bonding network 
first.

Fig. 2  H-bonding network in meyerhofferite structure, based on the neutron structure refinement of this study. Displacement ellipsoid probability 
factor: 50%
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5. The H-bonding scheme obtained in this study can 
explain the complex Raman and IR spectra of mey-
erhofferite, pertaining to the OH stretching region, 
given in Frost et al. (2013, 2017) and in the RRUFF 
database (https:// rruff. info/ Meyer hoffe rite). Frost et al. 
(2013) reported distinct OH stretching Raman peaks 
at ~ 3400, ~ 3480 and ~ 3610  cm−1, which emerge from 
a broad band, likely made by the convolution of more 
active modes. In addition, the IR spectrum available 
in the RUFF database shows at least five independent 
active modes ascribable to the OH stretching modes 
(at ~ 3040, ~ 3300, ~ 3430, ~ 3480, and ~ 3600   cm−1), 
which are likely superimposed to additional weak ones. 
The similar geometric configuration of a series of the 
H-bonds here described on the basis of the neutron 
structure refinement, in terms of  Odonor…Oacceptor and 
H…Oacceptor (Table 7), can explain the convolution of 
the vibrational signals.
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