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The hydrogen-bond system in pumpellyite
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Abstract: The hydrogen-bond system of pumpellyite, simplified formula WCa,XY»%S14014.,(OH),, (Z = 4), from Oberhalbstein,
Grisons, Switzerland (OHS) and Cr-rich pumpellyite from Sarany, Ural, Russia (SAR) was studied using electron-microprobe
analysis (EMPA), attenuated total reflection Fourier transformed infrared spectroscopy (ATR-FTIR), and single-crystal X-ray
diffraction. Structure refinements converged at R; factors of 2.91 % for OHS and 2.46 % for SAR. The site occupancies at X and Y
are X(Mgo.48A10.494(3)Feo.026(3))Y(Al1.0) for OHS, and X(Mgo.49Cf0.285(5)A10.225(5))Y(A10.744(4)Cf0.256(4)) for SAR, respectively. Both
bond-valence calculations and located hydrogen sites indicated that the O5, O7, 010, and O11 positions host hydroxyl groups. One
additional new hydrogen position was found in this study. Thus, two alternate hydrogen sites are linked to O5. The ATR-FTIR
spectrum in the region of the OH stretching vibrations is mainly characterized by two intense OH bands at 3522 and 3379 cm ™' and an
additional broad band around 3100 cm ™. The exact number of hydroxyl groups depends on the concentration of divalent and
trivalent cations at the X site. With only divalent cations at X, pumpellyite has four hydroxyl groups pfu (1) bifurcated
0O5-H5---01/05-H5---05, (2) bifurcated O7-H7---03/07-H7---07, (3) O10-H10---05, and (4) O11-H11---O7. If there are only
trivalent cations at X, only three OH groups pfu, (1) O5-H5'---010, (2) bifurcated O7-H7---03/07-H7---07, and (3) O11-H11:--O7,

are necessary for charge balance. The latter system with 30H groups is very similar to that in sursassite.
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1. Introduction

The crystal chemistry of many minerals formed under
low-grade metamorphism and by low-temperature hydro-
thermal activity is not completely understood. Low-
temperature silicates are often complex both structurally
and compositionally. Pumpellyite is such a relatively low-
temperature silicate, which has monoclinic A2/m symme-
try, consists of isolated [SiO4] tetrahedral and disilicate
[Si,O6(OH)] groups, and contains two symmetrically inde-
pendent chains of octahedra, oriented parallel to the b axis.
The general formula is Vi, VixVly. 2IVZ3OIAH,(OH),Z (Z=4,
Passaglia & Gottardi, 1973). The W site is subdivided into
W1 and W2. If viewed parallel to the b axis (Fig. 1), the
pumpellyite structure displays five-membered rings formed
by comer-sharing disilicate, orthosilicate, X, and Y octahe-
dra. Half of the rings are open and have W1 at their center, the
others are closed and encase W2 (Deer et al., 1986). The W
sites are predominantly occupied by Ca, and the Z sites by Si.
Both X and Y are octahedrally coordinated but the [XOg]
octahedron is larger than the [YOg] one. Both divalent and
trivalent cations, such as Mg>", AP, Mn*", Mn*", Fe?",
Fe*™, V3" and Cr’", occupy X, whereas Y is occupied by
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trivalent cations only. In the idealized formula it is com-
monly assumed that one half of the X sites are occupied by
divalent ions yielding 3.50H and 10.50 for charge balance
(Z = 4). However, results of analyses listed by Deer et al.
(1986) and Passaglia & Gottardi (1973) may imply that a
wide range of M*"/M>" ratios exist in pumpellyite-group
minerals. Pumpellyite has four hydroxyl groups, if X is only
occupied by divalent cations but it has three hydroxyl groups
if only trivalent cations occupy the X site.

Hydrogen positions in pumpellyite-group minerals were
determined for poppiite (V-analogue of pumpellyite:
Brigatti et al., 2006) by an X-ray single-crystal study and
for Cr-rich pumpellyite (Nagashima & Akasaka, 2007) by
a neutron powder-diffraction study. In addition, infrared
spectra of pumpellyite-(Al) were analyzed by Hatert et al.
(2007). However, details of the hydrogen-bond system in
pumpellyite have not yet been investigated.

Here, we studied the hydrogen-bond systems of pum-
pellyite using samples from Oberhalbstein, Grisons,
Switzerland and Cr-rich pumpellyite from Sarany, Ural,
Russia. The following experimental methods were used:
electron microprobe analysis (EMPA), attenuated total
reflection Fourier transformed infrared spectroscopy
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Fig 1. Crystal structure of pumpellyite (OHS) projected along [010] using the program VESTA (Momma & Izumi, 2008).

(ATR-FTIR) and single-crystal X-ray diffraction. A bond-
valence analysis was also carried out. Finally, we exam-
ined the hydrogen-bond system in pumpellyite, sursassite,
and macfallite.

2. Experimental methods

2.1. Samples

Pumpellyite from Alpe Flix, Val Savriez, Oberhalbstein,
Grisons, Switzerland (Sample No. 484.027 supplied by the
Natural History Museum of Geneva, Switzerland) and Cr-
rich pumpellyite from Sarany, central Ural, Russia were
studied.

Pumpellyite crystals from Oberhalbstein (OHS) occur as
aggregated needles, elongated along the b axis, up to I mm
in length, and are greenish white to white in color. With the
polarizing microscope the crystals appear pale greenish to
colorless. Cornelius (1935) performed a systematic geolo-
gical and petrographical study of the area of the sample
locality. However, pumpellyite was probably mistaken as
zoisite in his study.

The Cr-rich pumpellyite from Sarany (SAR) was inves-
tigated by Nagashima & Akasaka (2007). The locality is
ca. 10 km north of the Bisersk deposit (type locality of
shuiskite). Ivanov et al. (1981) named Cr-rich pumpellyite
from Bisersk shuiskite, in which all Cr’" ions were
assigned to the Y site. However, the distribution of Cr
among X and Y has not been determined. Thus, it remains
questionable whether shuiskite represents an independent
mineral species. Cr-rich pumpellyite crystals occur as nee-
dles or prisms, elongated parallel to the b axis, up to 2 mm
in length. With the polarizing microscope, the crystals

show pleochroism from pale grayish green to pale grayish
red.

2.2. Electron-microprobe analyses

The chemical composition of pumpellyite was determined
using a JEOL JXA-8200 electron probe microanalyzer at
the University of Bern. The abundances of Si, Ti, Al, Cr, V,
Fe, Mn, Mg, Ca, Na, K, Cu, Zn, Pb and Ni were measured
using an accelerating voltage of 15 kV and a beam current
of 20 nA, with a beam diameter of 1 um. The following
standards were used: wollastonite (SiKo, TAP; CaKo,
PET), synthetic ilmenite (TiKe, PET), anorthite (AlKu,
TAP), synthetic eskolaite (CrKo, LIF), synthetic shcherbi-
naite (VKo, LIF), synthetic almandine (FeKo, LIF), syn-
thetic tephroite (MnKo, LIF), synthetic spinel (MgKu,
TAP), albite (NaKa, TAP), orthoclase (KK«, PET), ten-
nantite (CuKo, LIF), synthetic gahnite (ZnKo, LIF), cro-
coite (PbLa, LIF), and synthetic bunsenite (NiKo, LIF).
The PRZ method (modified ZAF) with ¢(pZ) integration
for the atomic number correction (Packwood & Brown,
1981; Bastin et al., 1984, 1986) was used for data correc-
tion. The amounts of Cu, Zn, Pb and Ni were nil.

2.3. Attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR)

An IR powder spectrum of SAR was obtained on a
BRUKER TENSOR 27 FTIR spectrometer equipped with
a HARRICK MVP 2 diamond ATR accessory. A global
MIR light source, a 6 mm aperture, a KBr beam splitter,
and a DLaTGS detector were used to collect spectra in the
wavenumber range from 370 to 4000 cm™'. Sample and
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background spectra were averaged from each 32 scans at
4 cm ! resolution. The former were acquired from undi-
luted sample powder pressed to the ATR crystal, the latter
from the empty ATR unit in air. Data handling was per-
formed with OPUS 5.5 software.

2.4 Single-crystal X-ray structural analysis

The diffraction data of OHS (0.02 x 0.03 x 0.09 mm) and
SAR (0.1 x 0.1 x 0.6 mm) were collected at room tem-
perature with graphite-monochromated MoKo X-radiation
(4 =0.71069 A) using a Bruker SMART APEX II CCD
diffractometer of Bruker AXS K.K.(OHS) and an Enraf-
Nonius CAD4 diffractometer (SAR), respectively.

OHS: Preliminary lattice parameters and an orientation
matrix were obtained from three sets of frames and refined
during the integration process of the intensity data.
Diffraction data were collected with @ scans with different
@ settings (¢-w scan) (Bruker, 1999). Data were processed
using SAINT (Bruker, 1999). An empirical absorption
correction using SADABS (Sheldrick, 1996) was applied.

SAR: Data reduction, including background and
Lorentz polarization corrections, and an empirical absorp-
tion correction based on s scans, were done using the SDP
program library (Enraf-Nonius, 1983).

For both samples structural refinements were performed
using the program SHELXL-97 (Sheldrick, 2008).
Scattering factors for neutral atoms were employed. At
the primary stage populations of Ca at W1 and W2, Si at
Sil, Si2 and Si3 for both samples and Al at Y for OHS were
refined. However, these sites turned out to be fully occu-
pled within one standard deviation. Thus the site occupan-
cies at these sites were fixed at 1.0. Mg was assigned to X
on the basis of the TOF neutron and X-ray Rietveld studies
(Nagashima & Akasaka, 2007). Positions of the hydrogen
atoms of the hydroxyl groups were derived from differ-
ence-Fourier syntheses Subsequently, hydrogen positions
were refined assuming full or half occupancy with fixed
Uiso = 0.05 A2, In addition, a bond distance constraint of
O-H = 0.980(1) A (Franks, 1973) was applied.

3. Results

3.1. Chemical composition of pumpellyite

Table 1 shows the average chemical composition of OHS
(n = 17). The average FeO content is 1.25 £ 0.40 wt%.
There was no evidence of chemical zoning or of a domain
structure with variable composition in the crystals examined.
The average formula is (Caz_ooNaO,m)gz_o](Mg()_48A10'42
Fe.0sMn” 4 01)50.99(Al} 99 Ti0.01)52.00513.00010.42-10.50
(OH)3 50.353(Z = 4), where the total number of cations,
except H ions, was normalized to 8 and the amount of
OH was calculated using charge balance considerations.
There are upper and lower limits to the number of O and
OH, depending on whether Fe at X is considered Fe*"

or Fepr In this study, the chemical composition of SAR
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Table 1. Composition of pumpellyite from Oberhalbstein (OHS)
based on 17 point analyses.

Oxide wt% S.D. Element apfu® S.D.
SiO, 37.55 0.48 Si 3.00 0.03
TiO, 0.08 0.04 Ti 0.01 0.00
ALO; 25.55 0.49 Al 2.41 0.04
FeOP 1.25 0.40 Fe?" 0.08 0.01
V,0; 0.02 0.01 V3T 0.00 0.00
MnO® 0.09 0.03 Mn?*+ 0.01 0.00
MgO 4.02 0.22 Mg 0.48 0.03
CaO 23.37 0.23 Ca 2.00 0.01
Na,O 0.03 0.02 Na 0.01 0.00
K,O 0.02 0.04 K 0.00 0.00
H,O (calc.) 6.71

Total 98.69 Total 8.00

“Total cations = 8.
Total Fe as FeO, V as V,03 and Mn as MnO.

was adopted from Nagashima & Akasaka (2007), i.e.

(Cay 95sNag 02Ko.01)51.93(Mgo. 49Cr 0. 52Fe 0.0D)x1.02(Al] 58

Cr'7042) 52.00(Si2.05A10.05)5:3.0001045 (OH)355(Z = 4),
where the hydrogen content was calculated based on charge

balance. The oxidation state of chromium is trivalent as
confirmed by optical spectroscopy (Nagashima et al., in
press.). The above formulae for OHS and SAR were calcu-
lated following the cation assignments suggested by
Passaglia & Gottardi (1973). Accordingly, OHS and SAR
should be considered pumpellyite-(Mg) and ‘‘pumpellyite-
(Cr),” respectively. However, as it will be shown below,
this arbitrary cation assignment and naming is not in agree-
ment with the results of structure refinement.

Pumpellyite crystals used for EMPA and X-ray single-
crystal refinements were from the same hand specimen.
Therefore, average chemical compositions were used to
constrain the Mg content in subsequent site population
refinements.

3.2. ATR-FTIR spectrum

The ATR-FTIR spectrum between 4000 and 2500 cm ™" is
shown in Fig. 2. Two intense bands at 3522 and 3379 cm ™
and an addltlonal broad band absorption feature at ca.
3100 cm ™" have been assigned to OH stretching vibrations.
Several bands are overlapping each other.

3.3. Crystal-structure solution and refinements

Crystallographic data and refinement parameters are sum-
marized in Table 2. The refined occupancies, atomic posi-
tions and anisotropic displacement parameters are listed in
Tables 3 and 4. The latter is deposited and freely available
online on the GSW website of the journal (http://eurjmin.-
geoscienceworld.com/). Interatomic distances, angles and
site distortion for the octahedral sites are presented in
Table 5. In all tables, errors are shown with estimated
standard deviations of 1o (esd’s). The crystal structure of
pumpellyite is shown in Fig. 1.
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Structure refinements converged at R; factors of 2.91 %
for OHS and 2.46 % for SAR. As obtained by structure
3379 refinements, the site occupancies at X and Y are (Mg 4s
A10.494(3)Feo.026(3))Y(Al1.o) for OHS, and X(Mgo,49cro,285(5)
Alg225(5)) (Al 7444)Cro2s6(4)) for SAR, respectively.
Bond-valence sums were calculated using the electro-
static strength function of Brown & Altermatt (1985) and
the bond-valence parameters of Brese & O’Keeffe (1991).
The results are given in Table 6. Both bond valence calcula-
tions and located hydrogen sites indicated that the OS5, O7,
O10 and O11 positions host hydroxyl groups. The bond-
valence result is consistent with previous studies (Allmann
& Donnay, 1971, 1973; Yoshiasa & Matsumoto, 1985;
Nagashima et al., 2006; Nagashima & Akasaka, 2007).
Bond-valence sums for O5 and O7 are close to 1.0 v.u.,
suggesting full occupancy by OH, whereas bond-valence
sums for O10 and O11 are about 1.3 v.u. possibly indicating
Wavenumber (em) partial occupancy and OH /O*~ disorder.
Fig 2. ATR-FTIR spectrum of Cr-rich pumpellyite (SAR) between 10 addition to four H sites (some of them partially

4000 and 1500 cm™'. Weak C—H bands probably are derived from occupied) already reported (Brigatti et al., 2006;
laboratory air. Nagashima & Akasaka, 2007), a new additional hydrogen

0.07 4

00,06 4

0.054
From ATR
diamond

ATR Absorbance

0.04 4

0.03 4

0.02 T T T T T T T
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Table 2. Experimental details of the single-crystal X-ray diffraction analysis of pumpellyite.

Sample OHS SAR
Sample locality Oberhalbstein, Grisons, Switzerland Sarany, Ural, Russia
Crystal size (mm) 0.02 x 0.03 x 0.09 0.1 x 0.1 x 0.6
Space group A2lm A2lm
Cell parameters

a(A) 8.8177 (2) 8.805 (2)

b(A) 5.8999 (1) 5.931 (2)

c(A) 19.1056 (4) 19.133 (5)

B©) 97.401 (1) 97.49 (4)

V(AY) 985.66 (1) 990.7 (5)
Deate (g/em?) 3.17 . 3.29 .
Radiation MoKo (4. = 0.71069 A) MoKu (A = 0.71069 A)
Monochromator Graphite Graphite
Diffractometer Bruker APEX CCD Enraf-Nonius CAD4
Scan type @—m scan (Bruker, 1999) o scan (Enraf-Nonius, 1983)
Absorption correction SADABS (Sheldrick, 1996) \-scan (Enraf-Nonius, 1983)
O min (©) 2.2 2.2
Omax (°) 32.9 29.9
u (mm ") 2.63 243
Collected reflections 14,185 2136
Unique reflections 1958 1566
Rint (%) 4.54 3.12
R, (%) 3.55 3.06
Miller index limits —13<h<13,-8<k<8,-28<1<27 —1<h<12,-8<k<l1,-26<1<26
Refinement on F* using SHELXL-97 (Sheldrick, 2008) SHELXL-97 (Sheldrick, 2008)
R (%) 291 2.46
WR; (%) 7.40 6.89
No. of parameters 133 134
Weighting scheme” w = 1/[c*(F2) + (0.0319P) + 1.56P] w = 1/[6*(F2) + (0.0381P) + 0.83P]
Apmax (€ °A73) 0.728 at 0.86 A from O3 0.750 at 0.75 A from W1
ApPrin (€ A73) —0.644 at 0.57 A from Si3 —0.468 at 0.83 A from Y

Chemical formulae of OHS and SAR are represented as (CasooNago1)sn.01(Mgo.asAlyaaFeq 0sMn? o .01)550.90(Al1 00Tio 01)52.0015.00
O10.42-1050(OH)350358 (Z = 4) and (Cal.95NaO.02K0.01)Zl498(Mg0.49cr3+0.52Fe3+001)21.02(A11.58cr3+0.42)Z2.00(Si2495A10.05)23.00010.45
(OH)3 55 (Z = 4, Nagashima & Akasaka, 2007), respectively. 5

*The function of the weighting scheme is w = 1/(¢*(F3) + (a - P)"+b - P), where (P = (Max(F?) + 2F?)/3, and the parameters a and b are
chosen to minimize the differences in the variances for reflections in different ranges of intensity and diffraction angle.
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Table 3. Site occupancies, atomic positions and equivalent displacement parameters (A,

Site OHS SAR Site OHS SAR
w1 X 0.24963 (6) 0.25044 (7) 06 X 0.3693 (2) 0.3701 (2)

y 172 172 y 172 172

Z 0.33951 (3) 0.33951 (3) b4 0.04524 (10) 0.04488 (10)

Ueq 0.01245 (12) 0.00970 (14) Ueq 0.0109 (4) 0.0089 (4)
Occup. Ca Ca, o7 X 0.3671 (2) 0.3696 (2)
w2 X 0.18990 (7) 0.18851 (8) y 0 0

y 12 172 b4 0.03295 (10) 0.03352 (11)

Z 0.15427 (3) 0.15438 (3) Ueq 0.0130 (4) 0.0113 (4)

Ueq 0.01573 (13) 0.01278 (14) 08 X 0.0369 (2) 0.0361 (2)
Occup. Ca g Cap g y 0 0
X X 172 172 z 0.17578 (10) 0.17598 (10)

y 1/4 1/4 Ueq 0.0125 (4) 0.0103 (4)

z 1/4 1/4 09 X 0.4779 (2) 0.4776 (2)

Ueq 0.0095 (2) 0.0067 (2) y 172 172
Occup. Mgo.48Al0.4943)F€0.026(3) Mgo.49Cro.285(5/Al0.225¢5) z 0.17645 (10) 0.17645 (11)
Y X 0.25510 (6) 0.25439 (5) Ueq 0.0146 (4) 0.0106 (4)

y 0.24583 (9) 0.24651 (8) 010 X 0.0672 (2) 0.0670 (3)

z 0.49578 (3) 0.49560 (2) y 0 0

Ueq 0.00814 (12) 0.00579 (15) b4 0.31357 (11) 0.31357 (11)
OCCUp. All‘() A10'744 (4)CI‘0'256 () Ueq 0.0180 (4) 0.0142 (5)
Sil X 0.05043 (8) 0.05104 (9) Ol11 X 0.5014 (2) 0.5025 (2)

y 0 0 y 172 172

z 0.08955 (4) 0.09034 (4) z 0.31405 (10) 0.31484 (11)

Ueq 0.00896 (14) 0.00635 (16) Ueq 0.0133 (4) 0.0104 (4)
Occup. Sij g Sij g H5 X 0.035 (4) 0.021 (3)
Si2 X 0.16614 (8) 0.16596 (9) y 0 0

y 0 0 z 0.477 (4) 0.464 (5)

Z 0.24753 (4) 0.24784 (4) Uiso 0.05 0.05

Ueq 0.00996 (15) 0.00724 (16) Occup. Hy 5 (half) Hy 5 (half)
Occup. Siig Sip g H5' X 0.132 (11) 0.163 (11)
Si3 X 0.46571 (8) 0.46522 (9) y 0 0

y 0 0 z 0.40065 (6) 0.411 (2)

b4 0.40292 (4) 0.40279 (4) Uiso 0.05 0.05

Ueq 0.00912 (15) 0.00637 (16) Occup. Hg 5 (half) Hy 5 (half)
Occup. Sij g N H7 X 0.4791 (3) 0.4815 (5)
0Ol X 0.13735 (15) 0.13779 (16) y 0 0

y 0.2254 (2) 0.2243 (3) z 0.041 (2) 0.044 (3)

Z 0.07079 (7) 0.07186 (7) Uiso 0.05 0.05

Ueq 0.0119 (3) 0.0091 (3) Occup. H; o (full) H; o (full)
02 X 0.26649 (15) 0.26624 (17) H10 X 0.118 (9) 0.103 (12)

y 0.2313 (2) 0.2306 (3) y 0 0

Z 0.24593 (7) 0.24605 (7) b4 0.3623 (16) 0.3642 (12)

Ueq 0.0132 (3) 0.0098 (3) Uiso 0.05 0.05
03 X 0.36708 (15) 0.36684 (17) Occup. Hy 5 (half) Hy 5 (half)

y 0.2228 (2) 0.2228 (3) HI11 X 0.574 (4) 0.562 (5)

z 0.41739 (7) 0.41651 (8) y 172 172

Ueq 0.0119 (3) 0.0097 (3) z 0.3575 (13) 0.3618 (12)
04 X 0.1311 (2) 0.1307 (2) Uiso 0.05 0.05

y 12 12 Occup. H; o (full) H; o (full)

z 0.44488 (10) 0.44461 (10)

Ueq 0.0099 (3) 0.0077 (4)
05 X 0.1332 (2) 0.1303 (2)

y 0 0

z 0.45788 (10) 0.45777 (11)

Ueq 0.0116 (4) 0.0094 (4)

Note: All oxygen occupancies were fixed at 1.0.
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position, H5', has been found in both studied samples
(OHS and SAR). Thus, O5 may form hydroxyl groups
with two different O—H orientations.

4. Discussion

4.1. Nomenclature of pumpellyite-group minerals

““The unit-cell content should be calculated on the basis of 56
oxygens”’ was proposed by Passaglia & Gottardi (1973) as
the first step for the calculation of pumpellyite chemical-
formula. This rule can only be applied if the amount of H,O
and the oxidation state of the transition elements, such as Fe
and Mn, has been directly determined. If the chemical com-
positions is evaluated using conventional microprobe analy-
sis, the pumpellyite formula must be normalized to a total of
32 cations (Z = 1) instead of O = 56 because of the uncertain
oxidation state of transition elements and unknown water
content. According to the nomenclature of pumpellyite-
group minerals (Passaglia & Gottardi, 1973), the root name
is determined by the dominant cation at ¥, and the dominant
cation at X is represented as a suffix designation. The rule to
assign the cations to the X and Y octahedral sites proposed by
Passaglia & Gottardi (1973) is: (a) Al and Ti are assigned to
Y; if this assignment is not enough for full occupancy of ¥,
Fe " is added until the site is filled. (b) Mn, Fe>* and Mg are
assigned to X together with possibly remaining Fe*" and Al
Based on this precept, the amount of Al at Y is in many cases
overestimated. Following this procedure the chemical formu-
lae of OHS and SAR lead to the names pumpellyite-(Mg) and
“pumpellyite-(Cr),”” respectively. ‘‘Pumpellyite-(Cr)” has
not yet been reported as an independent species. However,
based on site occupancies obtained by X-ray structure-refine-
ments, OHS and SAR must be named pumpellyite-(Al) and
pumpellyite-(Mg), respectively. Thus, the names determined
from the chemical formula (Passaglia & Gottardi, 1973), and
the refined site-occupancies, are inconsistent. The discre-
pancy is caused by the Al distribution over X and Y.
Refined site-occupancies clearly indicate that Al occupies X
before Yis filled with Al (e.g., Artioli & Geiger, 1994; Artioli
et al., 1996; Brigatti et al., 2006; Nagashima et al., 2006;
Nagashima & Akasaka, 2007). We have to consider that, not
only for pumpellyite, mineral naming is a compromise
between a rather arbitrary rule of building up a chemical
formula from analytical results only and a more realistic
formula obtained by a combination of chemical analyses
and cation distribution by structure refinement. Probably the
best way out of this dilemma is to state only the mineral group
(e.g., pumpellyite) whenever analytical data are not sufficient
for assignment of a mineral species.

4.2. Cation distribution among the octahedral sites

Previous studies suggested that the mean Y-O distance and
the mean ionic radius of atoms at the Y site are positively
correlated whereas the mean X—O distance and the mean
ionic radius of ions at the X site show no correlation
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(Nagashima et al., 2006; Nagashima & Akasaka, 2007).
The regression line of the <Y-O> distance versus the
mean ionic radius at ¥ is y = 0.927x + 1.426, where y is
<Y-O> distance (A) and x represents the mean ionic radius
(A) (Nagashima & Akasaka, 2007). According to this func-
tion, the expected Y-O distances are 1.92 A for OHS and
1.94 A for SAR. They agree well with the observed values
(1.922 A for OHS and 1.936 A for SAR) in this study.

The polyhedral distortions at X and Y were examined by
bond-length distortion parameters <A,.> defined by
Robinson et al. (1971), DI(oct) by Baur (1974), and the
angular distortion parameter 0(,(oct) of Robinson et al.
(1971). All distortion parameters for the Y site of OHS are
larger than those of SAR (Table 5). These results confirm
that expansion of the Y octahedra, due to substitution of
larger cations for Al, makes the Y octahedron geometrically
more regular (Nagashima et al., 2006; Nagashima &
Akasaka, 2007).

4.3. Hydrogen positions and hydrogen bonds

The positions of hydrogen atoms and hydrogen bonds in
pumpellyite are shown in Fig. 3. In general, there are four
hydroxyl groups (Fig. 3a). All donor oxygen-hydrogen
bonds of pumpellyite are located on mirror planes parallel
to (010) as suggested by Yoshiasa & Matsumoto (1985).
The relationship between donor and acceptor oxygens and
their hydrogen bonds can be summarized as follows: (1)
bifurcated O5-H5---01/05-H5---05, (2) O5-H5'---010,
(3) bifurcated O7-H7---03/07-H7---O7, (4) O10-H10---
05, and (5) O11-H11---O7. The H5 and H5' sites are
assumed to be half-occupied (Fig. 3).

Bond valences of O5 and O7 are lower than those of O10
and O11 (Table 6). Therefore, O5 and O7 are privileged to act
simultaneously as donor and as acceptor. Ferraris & Ivaldi
(1988) have shown that for short O—H---O donor acceptor
distances, the acceptor benefits from additional ca. 0.25 v.u.
05 acts as donor for H5 or H5' and forms the hydrogen bond
system O5-H5---O5 or O5-H5'---010. O7 acts as donor for
H7, and forms the O7-H7---O7 hydrogen bond, crossing the
narrow channels. This hydrogen bond may be bifurcated
connecting H7 to both O7 and O3. In addition, O5 and O7
act as acceptors of H10 and H11, respectively.

The IR spectrum of SAR in the region of the OH stretch-
ing vibration is mainly characterized by two bands at 3522
and 3379 cmfl, and one broad band at ca. 3100 cm ™!
(Fig. 2). The associated OH---O distances were estimated
using the correlation between observed OH stretching
wavenumber and the O---O separation given by
Libowitzky (1999). The estimated O---O separations are
2.93 (3522 em™), 2.78 (3379 cm ') and 2.67 A (3100
cm ). Yoshiasa & Matsumoto (1985) suggested the fol—
lowing substitutional mechanism: M** + 0%~ «— M*" +
OH™. Thus, depending on M*" at X, pumpellyite is
assumed to have two different hydroxyl systems. H5' is
an indicator of an additional new hydrogen-bond system.
These two systems might also be the reason for the complex
IR spectra.
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Table 5. Selected interatomic distances (A), angles (°), volume and distortion.

OHS SAR OHS SAR
Wi-02 x2 2.409 (1) 2.416 (2) Si1-01 x2 1.599 (1) 1.597 (2)
-03 X2 2.359 (1) 2.352(2) -04 1.650 (2) 1.652 (2)
—04 2385 (2) 2.389 (2) -08 1.667 (2) 1.661 (2)
-08 2.506 (2) 2.502 (2) Mean 1.629 1.627
-011 2333 (2) 2328 (2)
Mean 2.394 2.394 Si2-02 X2 1.629 (1) 1.631 (2)
-08 1.666 (2) 1.670 (2)
w2-01 X2 2.279 (1) 2.276 (2) -010 1.624 (2) 1.621 (2)
-02 X2 2.394 (1) 2.405 (2) Mean 1.637 1.638
-06 2773 (2) 2.796 (2)
-09 2.520 (2) 2.525(2) Si3 -03 x2 1.619 (1) 1.620 (2)
-010 2.424 (2) 2.408 (2) -06 1.651 (2) 1.652 (2)
Mean 2.438 2.442 -09 1.655 (2) 1.659 (2)
Mean 1.636 1.638
X-02 x2 2.053 (1) 2.053 (2) Y-01 1.883 (1) 1.898 (2)
-09 X2 2.029 (1) 2.036 (2) -03 1.902 (1) 1.918 (2)
-011 x2 1.916 (1) 1.932 (1) -04 2.029 (1) 2.030 (2)
Mean 1.999 2.007 -05 1.893 (1) 1.910 (2)
VYD (A3) 10.58 10.68 -06 1.940 (1) 1.953 (2)
DI (oct) 0.028 0.025 -07 1.884 (1) 1.904 (2)
< oct> 1.007 1.007 Mean 1.922 1.936
o (oct)? 18.98 18.34 vVD (A3) 9.31 9.52
DI (oct) 0.022 0.019
05---01 - 2.867 (2) <) oct> 1.012 1.011
05--05 3.014 (2) 2.974 (3) oy (oct)? 37.34 35.64
07---03 2915 (2) 2.902 (2)
07---07 2.800 (2) 2772 (2) 01-Si1-01 112.6 (1) 112.9 (1)
010---05 2.744 (3) 2.734 (3) 01-Si1-04 X2 112.27 (6) 112.12 (7)
011---07 3.003 (3) 2.972 (3) 01-Si1-08 X2 108.61 (6) 108.68 (7)
H5-H5 1.14 (8) 1.47 (12) 04-Si1-08 101.8 (1) 101.7 (1)
H7-H7 1.66 (5) 1.76 (7)
02-Si2-02 113.8 (1) 114.0 (1)
05-H5-01 - 124 (1) 02-Si2-08 x2 107.48 (6) 107.29 (7)
05-H5-05 165 (1) 143 (1) 02-Si2-010 x2 111.23 (6) 111.33 (7)
05-H5'-010 162 (2) 137 (2) 08-Si2-010 105.1 (1) 105.0 (1)
07-H7-03 128.1 (9) 129 (1)
07-H7-07 128.7 (9) 124 (1) 03-Si3-03 108.5 (1) 109.3 (1)
010-H10-05 157 (2) 169 (2) 03-Si3-06 x2 110.41 (7) 110.34 (7)
011-H11-07 153.9 (9) 165 (1) 03-Si3-09 x2 112.81 (6) 112.37 (7)
06-Si3-09 101.8 (1) 101.9 (1)

Note: DI(oct) = 1/63IR; — R,y I/R,y. (R;: each bond length, R,, : average distance for an octahedron) (Baur, 1974), /o= Z?zl (L — lo)zn/6
(I;: each bond length, /y: center-to-vertex distance for an octahedron with O, symmetr}f whose volume is equal to that of a distorted

octahedron with bond lengths /;) (Robinson ef al., 1971), and O’g(OCt) Z}Z L (0; —90°) / 11 (0;: O-M-O angle) (Robinson et al., 1971).

A similar IR spectrum as described here has also been
reported for pumpellyite-(Al) by Hatert et al. (2007).
According to their description, the estimated OH---O dis-
tances using the correlation by Libowitzky (1999) are in
good agreement with those determined from the X-ray
Rietveld refinement. Hatert et al. (2007) suggested that the
observed wavenumbers correspond to the following O-H---O
distances: 2 65 (3010 cm ), 2.68 (3127 cm 1), 2.80
(3407 cm ™), 2.89 (3499 cm™ '), and 2.98 A (3542 cm ™).
As result of their structural refinement, the distances between
oxygen atoms involved in hydrogen bonds are as follows:
2708 (O7---07), 2.771 (010---05), 2.867 (O5---0O5), and
2915 A (O11---O7) (Hartert et al., 2007). As shown in this
Fig 3. Hydrogen-bond system with 40H (a) and 30H (b), in pumpel- ~ study, two different systems of hydrogen bonds may develop
lyite (SAR) projected along [010]. Dashed lines indicate H---O bonds.  in pumpellyite. Thus, the corresponding relations between IR
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Table 6. Calculated bond valences (v.u.).
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OHS
\C\ation
Anio Anion
Wi w2 X Y Sil Si2 Si3 v chemistry
01 0.393° 0.533 1.117° 2.043 0
02 0.286° 0.297° 0.357% 1.030° 1.970 0+
03 0.323% 0.507 1.058* 1.888 0>
04 0.303 0.363° 0.973 2.002 o*
05 0.519° 1.038 OH™
06 0.118 0.459° 0.971 2.007 0+
07 0.532° 1.064 OH™
08 0.226 0.930 0.932 2.088 0%
09 0.218 0.380*° 0.960 1.938 0+
010 0.276 1.044 1.320 OH™
011 0.344 0.504%° 1.352 OH™
YAV 2.091 1.992 2.482 2.913 4.137 4.036 4.047
SAR
01 0.396° 0.539 1.123% 2.058 0%
02 0.281° 0.289* 0.374% 1.025° 1.969 o*
03 0.329° 0511 1.056% 1.896 0>
04 0.300 0.380° 0.968 2.028 0+
05 0.522° 1.044 OH™
06 0.111 0.466° 0.968 2.011 o+
o7 0.530° 1.060 OH™
08 0.228 0.945 0.922 2.095 o*
09 0.216 0.390*° 0.950 1.946 o*
010 0.287 1.053 1.340 OH™
011 0.349 0.507%° 1.363 OH™
YAV 2.097 1.984 2.542 2.948 4.159 4.025 4.030

Note: X 5v is the valence of bonds emanating from a cation summed over the bonded anions. ¢ is the valence of bonds reaching an anion.

“Two bonds per cation.
Two bonds per anion.

bands and bond distances might be more complex than sug-
gested by Hatert et al. (2007).

The hydrogen-bond models can be separated into a 30H
and a 40H pfu system in order to maintain charge-balance
based on the M?" substitution mechanism (Yoshiasa &
Matsumoto, 1985). The 40H system has the following
arrangement: (1) bifurcated O5-HS5---O1/05-H5---0O5,
(2) bifurcated O7-H7---03/07-H7---O7, (3) O10-H10---
OS5 and (4) O11-H11---O7 as suggested by Yoshiasa &
Matsumoto (1985) (Fig. 3a). On the other hand, the 30H
system has (1) O5-H5:--010, (2) bifurcated
O7-H7---03/07-H7---O7, and (3) O11-H11---O7 (Fig.
3b). In the latter case, O10 acts only as acceptor. If both
systems occur side by side H5, H5" and H10 are assumed
to be half occupied. Two of the OH groups (at O5 and O7)
are located in the narrow channels between edge-con-
nected chains of [YOg] octahedra. H5-HS5 distances
between two adjacent OH groups are very short (1.1-1.5
A, Table 5) and are similar to corresponding distances
(ca. 1.33 A) in lawsonite. For Cmcm lawsonite at RT
(Libowitzky & Armbruster, 1995), the short H-H dis-
tances in a topologically similar structural environment
were explained by dynamic proton disorder (Libowitzky
& Rossman, 1996). The Pmcn lawsonite low-temperature

phase with ordered OH orientations yielded at 155 K a
corresponding H-H separation of 1.85 A. Thus, in con-
trast to lawsonite where dynamic disorder was required
by proton-proton repulsion and full occupancys, this is not
necessarily required in pumpellyite. In addition, O5-H5’
is active whenever H10 is vacant. The hydroxyl group at
O10 terminates the disilicate unit and, therefore,
O10-H10 represents a so-called silanol group. Nyfeler
& Armbruster (1998) predicted silanol groups with
lengthened Si—O bonds. However, Si2—-010 distances in
OHS and SAR are the shortest ones within the Si2 tetra-
hedron (Table 5). These short distances are explained by
disorder due to the half occupied H10 site.

The similarity of the hydrogen-bond system of pumpel-
lyite, sursassite and macfallite was pointed out by Nagashima
et al., 2008 2009). Macfallite (Z = 2, space group P2,/m,
CazMn gShO”(OH)3) and sursassite (Z = 2, space group
P2,/m, Mn>",Al138150;,(OH)5) are iso-structural and gener-
ally have three OH groups pfu. Their structures may be
derived from that of pumpellyite by a 1/2(a + c¢) shift
(Mellini et al., 1984; Moore et al., 1985; Ferraris et al.,
1986). The structural similarity of pumpellyite, macfallite
and sursassite was elaborated by Moore et al. (1985) and
Ferraris et al. (1986). Subordinate divalent cations are at M1
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in sursassite (Nagashima et al., 2009) and macfallite
(Nagashima et al., 2008) and at X in pumpellyite. [XOg]-
octahedra in pumpellyite and [M10Og¢]-octahedra in sursassite
and macfallite are topologically similar to each other, and
[YOg]-octahedra in pumpellyite are topologically similar to
[M20Og]- and [M3Og¢]-octahedra in sursassite and macfallite.
The hydrogen-bond systems in macfallite and sursassite were
resolved by Nagashima et al., 2008, 2009). In the case of
macfallite, there is only one OH group in the narrow channels
between edge-connected chains of [M20¢] and [M3Og] octa-
hedra, although in the case of pumpellyite and sursassite,
there are two hydroxyl groups located in the channel.

The IR spectra of macfalhte and sursassite showed a
broad band around 2900 cm ' (Fig. 2 in Nagashima er al.,
2008) and 2950 cm™ (Flg 1 in Nagashima et al., 2009),
Wthh are similar to the one of pumpellyite (ca. 3100
cm™ ). In macfallite the broad band was assigned to the
hydrogen bond O6---O11 with a distance of about 2.63 A,
crossing the narrow channel. In contrast, the broad IR band
at2950 cm ™' in sursassite was assigned to O6---O10 with a
distance of 2.66-2.67 A, which represents the open edge of
the Mnl channel. In the case of pumpellyite (this study),
this broad band is assigned to O10---O5, which is the open
edge of the W1 channel. This edge is topologically very
similar to O6---O10 in sursassite. The O5---O5 and
O7---O7 distances of pumpellyite, crossing the narrow
channel, are considerably longer. The possible reason for
the different assignment of the broad IR band (2900 cm ™)
in macfallite are distortions due to the Jahn-Teller effect of
Mn** at the M2 and M3 sites. The M2 and M3 sites in
sursassite are mainly occupied by Al, as is the Y site of
OHS and SAR pumpellyite. However, in the case of pum-
pellyite, Al at ¥ may also be substituted by Mn>*. Tt is
known that in pumpellyite the size and electronic structure
of the ion (Cr’", Fe>™, Mn>", and Al) at Y are crucial
factors determining the size of the channels because the
volume of the [YOg] octahedron 51mp1y reflects the sub-
stitution at Y. This implies that Mn® " substituting for Al at
Y in Mn®"-rich pumpellyite, i.e. okhotskite, leads to an
increased volume of the [YOg¢] octahedra simultaneously
shortening the distance across the narrow channels. Thus,
depending on chemistry the assignment of OH-specific IR
bands in pumpellyite may be different.

The 30H systems of isostructural macfallite
Ca,Mn? 3Sl3011(OH)’; (Fig. 4 in Nagashima et al., 2008)
and sursassite Mn> *,A155i30,,(OH); (Fig. 6 in Na §ash1ma
et al., 2009) are different. The influence of Mn’ " Jahn-
Teller distortion on hydrogen bonds has been described
above. Isostructural mozartite CaMn +8104(OH) and
vuagnatite CaAlSiO4(OH) also show a different arrange-
ment of hydrogen-bond acceptors and donors because of
the active role of the Mn>" Jahn-Teller effect (Nyfeler
et al., 1997). Thus, the investigation of the hydrogen-
bond system in Mn**-rich pumpellyite-group minerals
and the systematic understanding of the hydrogen-bond
systems in pumpellyite, sursassite, macfallite and other
structurally and compositionally related minerals are
mandatory.
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