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Crystal structure refinement and crystal chemistry of pumpellyite
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Abstract
Refinement of the crystal structure of an Alrich pumpellyite {(Cay 56
Nay 0, Mng g)AL(Aly.93F€0 46M8o.67)S160.01021(OH);;  a=88124) b=58952) c=

19.116(11)A B = 97.41(7)°; space group A2/m} from Sanbagawa, Gunma Prefecture, Central
Japan, was carried out by a least-squares method with X-ray single-crystal counter-collected
data. The locations of hydrogen atoms have been determined based on the difference Fourier
maps. The final R index for 1328 observed reflections is 2.69% for the structure including the
hydrogen atoms. All hydrogen positions, located on the mirror planes, are consistent with the
results deduced from bond-valence calculations. Hydrogen bonds occur between O(5) and
O(10) with a distance of 2.750(4)A.
The chemical formula of pumpellyite based on the structure analysis should be written as

(Ca, Mn)CaAl,(OH),(Mg, Fe?*, Al, Fe*)[(OH), 0]Si0,Si,0,OH)

and it has the following characters: the double tetrahedral unit [Si,O4OH)] characteristically
has a hydroxide group directly attached to the silicate tetrahedron; one of two kinds of octa-
hedral sites is occupied by an aluminum ion in preference to the others; the other octahedral site
is occupied by both divalent and trivalent ions such as Fe?*, Mg2*, Fe®*, and AI>*; and the
electric charge of the latter site is compensated by the amount of hydrogen atoms.

Introduction

Pumpellyite occurs commonly in low-grade metamor-
phic rocks of the pumpellyite-actinolite and prehnite—
pumpellyite facies. Gottardi (1965) first proposed the crys-
tal structure model of pumpellyite. Galli and Alberti (1969)
tried to refine the structure using film data. In their refine-
ment, however, the temperature factor of the Si(3) atom
became negative, and the occupancies of atoms for cation
sites were obscured, due to the lack of accurate chemical
data. Since then no structure refinement has been done,
perhaps due to the poor crystalline nature of the mineral.

Based on the calculations of bond strengths, Allman and
Donnay (1971) and Baur (1971) have succeeded in as-
signing hydrogen atoms to oxygen atoms in the structure
model of Galli and Alberti. Their calculations demon-
strated that the hydrogen atoms were coupled to O(5),
O(7), O(10), and O(11), even though the positions of the
hydrogen atoms were not determined. Furthermore, the
likelihood of molecular water was excluded.

Various chemical formulae for pumpellyite have been
offered by many authors. For instance, Galli and Alberti
(1969) showed the following formula on the basis of their
crystal structure analysis: CagAlg(Mg, Fe2*, Fe3™,
Al,[(8i0,), /(5i,0-),/(OH)4(H,O, OH),]. From the val-
ence summation procedure, Allman and Donnay (1971)
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proposed the following formula for the pumpellyite studied
by Galli and Alberti: Ca,Al,(OH),(Al, Mg, Fe)OH,
0)Si0,8i,040OH, 0). Coombs et al. (1976) used (Ca,
Mn),[(Mg, Fe**, Mn),_(Fe®*, Al),J(Fe**, Al),Sis
O, +x(OH)g_, to represent the chemical data from micro-
probe analysis.

In this study, the structure of pumpellyite has been re-
fined in order to accurately determine the structure param-
eters and hydrogen positions. Bond-valence calculations
are also carried out to ascertain the hydrogen positions.
Finally, the crystal chemistry and chemical formula for this
mineral are discussed.

Experimental procedure

Material

Through the courtesy of Dr. Kin-ichi Sakurai, we obtained
specimens of pumpellyite veins from Oonara, Sanbagawa, Oni-ishi
cho, Tano gun, Gunma Prefecture, Central Japan. The species
occurs as flat prismatic to bladed crystals up to 0.4 mm in length,
clongated along [010] and flattened parallel to (100). The other
predominant plane is (102). The fragments show relatively dark-
green to pale yellow pleochroism.

Table 1 presents the chemical compositions obtained using a
HITACHI XMA-5A electron microprobe analyzer. The chemical com-
positions vary with the analyzed point from place to place in
one grain, and the Fe/(Fe + Mg + Al) atomic ratios for M(2) sites
are ca. 0.22. The calculation of the unit cell contents of pumpelly-
ite from microprobe analysis is difficult due to the following rea-
sons: uncertainties of the oxidation state of iron, presence of hy-
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Table 1. Microprobe analyses of pumpellyite

avaTage

£io, 37.63 37.46 37.48 36.76 36.15 IFAD
Tio, 0.15 0.12 0.11 6.13 0.01 010
Al,04 26,24 25.95 25,92 25.98 25,01 | 28,82
Fea03* 3.68 3.41 3.77 3.90 3.80
MnO 9.65 0.62 0,51 0.51 0.58 0,58
MgC 2,81 2,84 2.74 2.70 2.85 | ]
ca0 21,97 22.16 22.13 22415 2254 | 32.18
Naj0 0.07 0.06 0.07 0.09 009 | .o
K20 0.02 0.01 0.00 0.01 0.03 0,01
Tatales 93.22 92.64 52,11 922 91.06 43,37
Iwk.nl
= FwY |
| Faralerer! TR S L 2 0.229 0,236 0.2
M -site

Chemical formula*+**

Total 1ron as FEZO]
(Cay_gaNag,oMnp gg)Als (Alg ggFep. 45M90.67)515.95021(0H) 5
Total ircn as FeQ

(Ca3, geNag,02Mnp.og)Ala (Alp 93Fep. 46M90.67)Si6.0102) (OH)7

* total iron as Fep0y

**excluding Hy0

ees calculated on the basis of 24.5 oxygens per formula unit

drogen which is not directly determined, and substitution of O for
OH accompanying the introduction of trivalent ions into one of
two kinds of octahedral sites (M(2) sites). Because of the above
reasons, we employed 24.5 oxygen atoms as the basis for calcula-
tion of cell contents of pumpellyite assuming that half of the M(2)
sites were occupied by divalent cations. The lower part of Table 1
gives the unit cell content of the mean composition calculated on
the basis of total iron as either FeO or  Fe,O,.

Data collection

The size of the crystal used in the refinement was
0.11 x 0.10 x 0.14 mm3. Weissenberg photographs revealed mon-
oclinic symmetry, and the only observed systematic absence (hkl,
k + 1= 2n + 1) was consistent with space groups A2/m, A2, and
Am as previously described (Coombs, 1953, Gottardi, 1965, and
Galli and Alberti, 1969). We chose the space group 42/m and
found the centric model to be satisfactory with regard to agree-
ment between F,,, and F_, . Application of the NZ-test (Howells
et al., 1950) also supported the centric model. The data were col-
lected on the Philips PW1100 four-circle diffractometer with
graphite-monochromatized MoKu radiation. The unit cell con-
stants determined by the method of least-squares from 20 reflec-
tions are given in Table 2, together with other X-ray data.

The intensities of reflections within 20 = 8° — 60° were mea-
sured in the @ — 28 scan mode. A total of 1549 reflections was
collected over one asymmetric unit. The data were corrected for
Lorentz and polarization factors, and for the absorption effect, the
crystal was assumed to be a sphere (uR = 0.15 for MoKa radi-
ation). Reflections were included in the calculations if their struc-
ture fractors exceeded three standard deviations based on count-
ing statistics. This resulted in 1318 unique reflections.
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Table 2. Pumpellyite, X-ray data

a (&) 8.812(4)
b 5.895(2)
c 19.116(11)
B (" 97.41(7)
v (A3 984.75
space group A 2/m
Doale (g.cm™3) 3.23

radiation used MoKa (0.710693)

monochrometer graphite

crystal size (mm) 0.11 x 0.10 x 0.14

B (em™l) 21.61
diffractometer Philips PW11l00
scan type w-29
20 range (°) 8 - 60
No. of indep. reflections

measured 1525

No. of indep. reflections
used for refinement with Fo>30(Fo) 1328

final R 2.69 %
final R, 2.74 %
Refinement

The refinement was initiated with the positional parameters re-
ported by Galli and Alberti (1969) for the 1318 observed unique
structure factors using the program LINUS (Coppens and Hamil-
ton, 1970). Neutral atomic scattering factors (International Table
for X-ray Crystallography, Vol. 3) were used for each atom. Na
and Mn atoms were disregarded in the refinement, since their
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Fig. 1. Portion of the difference Fourier section, y = 0.0, of
pumpellyite, passing through the hydrogen positions, HS, H7,
H10, and H11; neighboring tetrahedra and octahedra formed by
oxygen atoms are indicated. Contours are drawn at an interval of
0.2 e/A3, zero contours being omitted, and negative contours
broken. Atoms lying on the plane are indicated by +.
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Table 3. Pumpellyite, positional parameters and isotropic Table 4. Pumpellyite, anisotropic temperature factor coefficients
temperature factors for hydrogen atoms for non-hydrogen atoms
site

atoml cccypancy: ¥ £ d Biso atam 811 822 F33 B12 813 823

ca(l)  221(9)  591(21)  31{2) 0.0 28(3) 0.0
ca{l) 0.25033(8} 0.5 0.33962(4)

ca(2)  558(11)  380(20)  34(2) 0.0 -9(3) 0.0
e Satagis ) 03 s M (1) 165(9)  315(21)  33(2) 8(10) 22(3) -4(4)
Mo(2) S-eohs 0.5 0.25 0.25 M (2) 289 (1) 479 (25) 55(2) 12(12) 32(3) 4(6)

o-20%e si(l)  150(10) 418(23)  34(2) 0.0 11(4) 0.0
M (1) 1.00A1 0.25469(8) 0.24585(13)  0.49589(4) si2) 209(10)  401(24) 38(2) 0.0 -3(4) 0.0
s givaessiay  fem S Si(3)  156(10) 432(23)  29(2) 0.0 16(4) 0.0
§i(2) 0.16539(11) 0.0 0.24764(5)
'G) Wl 0 40323.(5) 0 (1} 253(18) 450(43)  55(4) -44(24) 38(DH)  2Q11)
o (1) 0.13767(18)  0.22615(30)  0.07086 (8) 0 (2)  381(20) 49B(44)  53(4) -15(25) -4(7)  8(12)
o (2 0.26532(20)  0.23090(31)  0.24597(9) 0 (3)  283(19) 522(44)  56(4) 112(25) SL(7)  13(11)
EN 0.36694(19)  0.22415(33)  0.41795(9) 0 (4)  201(26) 500(61)  53(6) 0.0 5(10) 0.0
o (4 0.13068(27) 0.5 0.44515(13) 0 (5)  193(28) S96(65)  65(6) 0.0 9(11) 0.0
o (5) 6.13328(30) 0.0 0.45815(15) o (6) 205(27) 453 (60) 53(6) 0.0 -10(10) 0.0
o (&) 2.36919(27) 0.5 0.04487(13) o (m 179(28)  610(66) 71(6) 0.0 -4(11) 0.0
0 0.36712(29) 0.0 0.03267(23) o (8)  203{27) 1072(72)  29(6) 0.0 6(10) 0.0
o (8) 0.03611(28) 0.0 0.17546(12) o (s 242(28) 1330(79) 48(6) 0.0 33(10) 0.0
s [ = olom safishy o R w8 EEH A
S TSI 1.8 0.31488(14) 0 (11)  281(30) 1128(75)  57(6) 0.0 40(11) 0.0
H (5) 0.069(17) 0.0 0.466(8) 1.1(3.0)
H(7) 0.444(7) 0.0 0.045(3) 0.3(1.4) *Byy=Biyx 103
H (10) 0.092(13) 0.0 0.343(6) 5.40(4.4)
H (11} 0.441(9) 0.0 0.155(4) 3.0(2.2)
b
/A

250 °

N\

- %\
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Fig. 2. Pumpellyite, view parallel to [010]. The heights of the atoms are indicated in 1000y. The elements of symmetry are indicated
in half of the unit cell.
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Table 6. Pumpellyite, interatomic distances (A) and angles (°)

Ca{1)-pnlyhedron

ca(1)-0(2) 2.408(2) 0{2}-ca{1)-0{3) 87.51(6)
-0(3) 2.355(2) 0(2)-Ca(1)-0(4) 137.33(5)
-0(4) 2.394(3) 0{2)-ca(1)-0(8} 93.77(6)
-0(8) 2.503(3) o(2)-ca(1)-0(11) 72.77(7)
-o(11) 2.327(3) 0(3)-ca(1)-0(4) 70.59(6)

= 0(3)-Ca{1)-0(8) 115.08(5)

Average 2.393

0(3)-ca(1)-0(11) 77.30(6)
0(4)-ca{1)-0(8) 63.24(8)
0(4)-ca(1)-0{11)  13)4.95(9)
0(8)-Ca(1)-0(11}  161.82(9)

ca{2)-polyhedron

ca(2)-0(1) 2.278(2} 0(1)-ca(2)-0(2) 93.17(6)
-0(2) 2.389(2} 0(1)-ca(2)-0(6) §3.55(5)
-0(5) 2.780(3) 0(1)-0a(2}-0(9) 102.93(5)
-0(9) 2.519(3) 0(1)-ca(2)-0(10) 93.65(6)
-0(10) 2.419(3) 0(2)-ca(2)-0(6) 114.95(6)

=AW 0(?)-ca(2)-0(9) 72.79(6}

i M6 0(2)-Ca(2)-0(10)  B9.73(7)

0(6)-c(2)-0(9) 57.64(R)

0(6)-Ca(2)-0(10)  146.03(8)
0(7)-ca(2)-0(10)  156.33(9)

Mil}-sstnahedron

M(1)-0(1) 1.878(2) o(1)-m(1)-0(a) 89.15(9)
-0(3) 1.696(2) 0(1)-M(1)-0(5) 11.06(11)
-0(4) 2.026(2) 0(1)-M(1)-0(6) R3.93(10)
-0(5) 1.888(2) 0(1)-M(1)-0(7) 87.68(10)
-0(6) 1.937(2) 0(3)-M(1)-0(4) 88.71(9)
-0(7) 1.682(2) 0(3)-M(1)-0(5) AR.62(11)

e 1. 91A 0(3)-M(1)-0(6) 92.14(10)

' 0(3)-M(1)-0(7) 92.54(10)

0(1)-0(4} 2.698(3) 0(4)-M(1)-0(5) 98.10(8)
-0(5} 2.687(3) 0(4)-m(1}-0(7) 79.37(8)
-0(6) 2.697(3) 0(5)-M(1)-0(5} AL.04(8)
-0(7) 2.604(3) o{6)-M(1)-0(T) 101.47(R)

o(y)-0(4) 2.744(3)

-0(5) 2.643(3)
-0(6) 2.689(3)
-0(7) 2.730(3)

0(4)-0(5) 2.958{3)
-0(7) 2.498(3)

0(5)-0(6) 2.485(3)

o{6)-0(7) 2.997(4)

M{>)-octahedron

¥(2)-0(2) 2,063(3) 0(2)-M(2)-0(9) 90.63(9)
-0(9} 2.036(2) 0(2)-M(2}-0(11) A9.54(9)
-0(11) 1.925(2) 0(9)-M(2)-0(11) R3.49(8)

Averans 2.008

0(2)-0(9) 2.914(3)

-0(9) 2.883(3)
-0(11} 2.810(3)
-0(11} 2.832(3)

0(7)-0(11) 2.637(4)

-0(11) 2.956(4)

51(1)~tatrahedron

51(1)-0(1) 1.002(2) 0(1)-51(1)-0{1) 112.62(10)
-0(4) 1.643(2) 0(1)-51(1)-0(4) 112.13(8)
-0(8) 1.661(3) 0(1)-51(1)-0(8) 108.75(8)

Avcra“ei‘ 0(4)-51(1)-0(8) 101.81(13)

0(1)-0(1) 2.666{3}

-0(4) 2.698(3)
~0(8) 2.653(3) $1(1)-0(8)-51(2)  133.15017)
0(4)-0(8) 2.569(3)

S1(2)-tetrahedron

s1(2)-0(2) 1.024(2) 0(2)-51(2)-0(2) 113.92(11)
-0(8) 1.672(2) 0(2)-51(2)-0(8) 107.24(8)
-0(10) 1.624(3) 0(2)-51(2)-0(10)  111.23(9)

Average 1.63 6(8)-51(2)-0{10)  105.34(14)

o(2)-u(?} 2.722(3)

-0(8) 2.655(3)
~0(10) 2.680(3)
0(8)-0(10) 2.621(4)

$1(3)-tetranedron

51(3)-0(3) 1.624(2) 0(3)-51(3}-0(3) 108.87(10)
-0(6) 1.655(2) 0{3)-51(3}-0(6) 110.17(8)
-0(9) 1.651(3) 0(3r-5i(3)-0(9) 112.86(8)

Average 1.639 0(6)-52(3)-0(9) 101.75(13)

0(3)-0(3) 2.643(3)

-0(6) 2.689(3)
-0(9) 2.729(3)
0(6)-0(9) 2.564(3)

contents were too small. As the scattering factors of Mg and Al
atoms are nearly identical, the octahedral sites were modified so as
to be occupied by Al and Fe only. A scattering factor, (1-
g)f(Al) + gf(Fe), was used for the composite atom at the octahedral
sites, where f(Al) and f(Fe) are the scattering factors of Al and Fe,
respectively, and g is the occupancy factor. The occupancy factors
were varied with positional parameters, isotropic extinction pa-
rameter, temperature factors, and scale factor. Several cycles of
least-squares refinements, gradually increasing the number of vari-
ables, resulted in convergence at an R index (=X || Fo | — | Fc||/Z]
Fo|) of 0.0516 for isotropic temperature factors. Then temperature
factors were converted to anisotropic, and several cycles of refine-
ment resulted in convergence at an R index of 0.0291.

After the convergence a difference Fourier synthesis was com-
puted to find the hydrogen atoms of the hydroxyl groups. A por-
tion of the difference Fourier section, y = 0.0, is shown in Figure 1
together with the tetrahedra and octahedra formed by neighbor-
ing oxygen atoms. The map revealed the hydrogen atoms at dis-
tances of about 1A from O(5), O(7), O(10), and O(11) for OH, the
peak height being 0.6, 0.8, 0.6, 0.8 eA ~ 3 respectively.

Upon further refinement including the hydrogen atoms, for
which positional parameters and isotropic temperature factors
were varied, the R index converged to 0.0269.

Site occupancy showed (0.80 Al + 0.20 Fe) in the centro-
symmetric M(2) site, and (1.01 Al + —0.01 Fe) in the M(1) site.
The negative occupancy of Fe in the M(1) site suggests that the
M(1) site would primarily be occupied by Al

The positional parameters (Table 3) and the temperature factor
coefficients (Table 4) were used to calculate a final set of structure
factors (Table 5).% Interatomic distances, angles, and estimated
standard errors calculated using RSDA-4 program (Sakurai, 1967)
are given in Table 6.

Discussion

Description of the structure

Our structural refinement confirmed the general poly-
hedral linkage proposed by the earlier studies. The struc-
ture contains octahedra which share edges to form infinite

2 To receive a copy of Table 5, order Document AM-85-276
from the Business Office, Mineralogial Society of America, 2000
Florida Avenue, N.W., Washington, D.C. 20009. Please remit
$5.00 in advance for the microfiche.
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Al

Fe* Mg

Fig. 3. Pumpellyite compositions from various rock types in
the diagram of atomic proportions Al-Mg-Fe*(Fe?* + Fe3*),
Dashed line indicates Mg/(Al + Mg + Fe*) = 0.167, full line indi-
cates Al/(Al + Mg + Fe*) = 0.667. Solid circle—this study; open
circle—(julgoldite) Moore (1971); striped field—(ophiolite mem-
bers) data from Liou et al. (1977), Liou (1979) and Ishizuka (1981);
stippled field—data from Deer et al. (1962), Passaglia and Got-
tardi (1973), Zen (1974), Kawachi (1975), Coombs et al. (1976),
Kuniyoshi and Liou (1976), Aiba (1982), Nakajima (1982), and
Arai (pers. comm.)

linear chains parallel to the [010] direction. There are the
two symmetrically independent chains, one of which is
composed of the M(2) octahedra on a special position,
while the other is the M(1) octahedra on the general posi-
tion. In the unit cell, there are four symmetrically equiva-
lent M(2) sites, and eight M(1) sites, therefore four M(1)
chains and two M(2) chains run parallel to [010]. The
shared edges in these chains are O(9O(11) for the M(2)
site, and O(5)-0(6) and O(4)-O(7) for the M(1) site.

The existence of both double tetrahedra Si,O4(OH) and
isolated tetrahedra SiO, is characteristic for this crystal
structure. There is no edge shared between the tetrahedra
and the octahedra. Tetrahedra which alternate at heights
y = 0.0 and 0.5, laterally bridge between O(1)~O(1), O(2)-
0O(2), and O(3)-O(3) vertices (unshared edges) of the differ-
ent octahedra. The cross-linking by the octahedra and the
tetrahedra exists as shown in Figure 2. This octahedra—
tetrahedra linkage therefore results in a three dimensional
framework. This framework is sufficiently open to accom-
modate a calcium atom.

The observed mean Ca-O distances for seven-fold Ca(1)
and Ca(2) sites are 2.393 and 2.436A respectively. The ad-
ditional eighth oxygen atoms are located at distances of
3.369 (Ca(1)-O(10) and 3.292A (Ca(2)-O(8)). The coordi-
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nation polyhedron of seven oxygen atoms around each cal-
cium atom is described as a square with two oxygen atoms
on one side and one on the other. Ca(1)-polyhedra share
the edges O(3)-O(4) with M(1)-octahedra and the edges
0O(2)-0O(11) with M(2)-octahedra, and the Ca(2)-polyhedra
also share the edges O(1)-O(6) with M(1)-octahedra and
the edges O(2)}-0O(9) with M(2)-octahedra (note that the
number of sharing edges for the M(2) sites is twice that for
the M(1) sites). Ca(l)- and Ca(2)-polyhedra share the edges
0O(4)-O(8) with Si(1)-tetrahedra and the edges O(6)}-O(9)
with Si(3)-tetrahedra, respectively.

The polyhedra show the usual effect of sharing edges.
The lengths of edges shared between the octahedra, 2.485
and 2498A for M(1)-octahedra and 2.639A for M(2)-
octahedra, are significantly shorter than the edge lengths
parallel to the b axis, 2.958 and 2.957A and 2.956A. In the
tetrahedra, the lengths of edges shared by Ca-polyhedra

Table 7. Pumpellyite, magnitude and orientation of principal

axes
Equivalent
isotropic RMS .
temperature Axes deviation o(a) el e(c*)
factor =

1 0.095 27 20 63

call) 0.63 2 0.102 90 0 90
3 0.070 117 90 27

1 0.150 6 90 96

caf2) 0.9 2 0.082 90 0 90
3 0.078 84 90 6

1 6.109 37 84 53

no(2) e.77 2 0.091 94 6 94
: 3 0.095 127 89 37

1 0.084 44 89 6

M1} 0.46 2 0.075 74 25 108
3 0.069 129 65 49

1 0.076 15 20 105

si(l) 0.51 2 0.086 90 0 90
g 0.079 75 90 15

1 0.095 25 90 115

5i(2) 0.58 2 0.084 90 o 90
g 0.078 65 90 25

1 0.079 33 90 57

s1(3) 0.49 2 0.087 90 0 90
3 0.070 123 90 33

1 0.094 65 135 125

of1) 0,72 2 0.082 52 47 113
3 0.108 49 101 44

1 0.126 20 95 109

0(2) 0,51 2 0.093 90 13 103
3 0.101 70 77 24

1 0.120 46 63 56

ol 0.78 2 0.078 135 56 €5
5 0.095 97 134 I

1 0.087 22 90 68

oie] 0.69 2 0.094 90 [} 90
3 0.106 112 90 22

1 0.087 10 90 80

o(5) 479 2 0.103 90 [ 30
3} 0.109 100 90 10

1 0.083 36 90 55

o6} 0.69 2 0.089 90 0 90
3 0.107 126 90 36

1 0.082 18 90 72

o7 0.82 2 0.104 90 0 90
3 0.117 108 90 18

1 0.089 4 30 94

08 0.85 2 0.137 90 0 90
3 0,073 86 90 4

1 0.085 44 90 134

0(9}) 1.08 2 0.153 90 [ 90
3 0.103 46 90 44

1 0.117 9 90 81

o{10} 1.43 2 0.177 90 0 90
3 0.098 99 90 9

1 0.093 43 90 133

0(11) 1.07 2 0.141 90 0 90
3 9.111 47 90 13
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Fig. 4. Projection of magnitude and orientation of principal
axes of M(2), Si(1), and Si(2) sites on the (010) plane. Root-mean-
square thermal displacements (A) are shown.

(O(4)-O(8) and O(6)-0(9)) are also shorter than those of
the others. Si(1}-O(8) and Si(2}-O(8) bridging bonds are
longer than the mean interatomic distance of 1.635A for all
tetrahedral sites. A combined slight undulation of edge-
sharing octahedral chains bridged by tetrahedra (as shown
in zoisite and clinozoisite, Dollase (1968)) could be caused
by the difference between the tetrahedral edge length and
the expected distance to be bridged for the octahedral
chains.

Distribution of cations

In pumpellyite, there are two distinct octahedral sites
(M(1) and M(2)), two distinct seven-fold polyhedral sites
(Ca(1) and Ca(2)), and three distinct tetrahedral sites (Si(1),
Si(2), and Si(3)). The M(1) sites are almost completely oc-
cupied by AI**, and M(2) sites are occupied by Mg,
Fe**, Fe3*, and AI®*; that is to say Fe and Mg atoms in
this structure are concentrated in the site of higher sym-
metry of the two octahedral sites. This result is consistent
with the distribution which was previously assumed by
Galli and Alberti (1969). From site-population refinement,
the M(2) site was composed of Al(80%) Fe(20%), and then
the Fe/(Fe + Al) value of 0.20 was in agreement with the
Fe/(Fe + Al + Mg) values of 0.207 ~ 0.236 from micro-
probe analyses.

The scattering factors of Mg—Al and of Al-Si are very
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similar, but the effective ionic radii (Shannon, 1976) of
viMg2*+(0.720A) — “AIP*(0.535A) and of ™AI**(0.39A)
— ¥§i**(0.26A) are considerably different; the observed
mean interatomic distances thus should give some indica-
tion of the site occupancies. The mean distances in the
octahedral sites (M(1)-O = 1.918 and M(2)}-O = 2.0084)
indicate that A13* occupies the M(1) sites in preference to
any other ions, and that Mg?*, Fe?*, and Fe?* occupy the
M(2) sites, in agreement with the site-population refine-
ment. The tetrahedral sites are composed of Si only.

Chemical compositions of pumpellyite reported in the
literatures are plotted on a three-component diagram (Fig.
3) of atomic proportion; Al :Mg :Fe*(=Fe?* + Fe*). We
can use this diagram to find the ratio of the cations for
octahedral sites on the assumption that M(1) sites (=8/12)°
are occupied by aluminum (trivalent) ions in preference to
any other. It is evident that no specimen exceeds the
dashed line of Mg/(Al + Mg + Fe*) = 2/12; Mg atoms do
not occupy over half of M(2) sites (=4/12) which are oc-
cupied by both divalent and trivalent ions such as Mg?*,
Fe?*, Fe**, and AI®*, If the M(2) sites were separated into
two sites by site-preference of Mg ions, or rather by the
difference of ionic radius and valence, the space group of
pumpellyite would be A2 or Am.

Anisotropic thermal motion

Magnitude and orientation of the principal axes of the
thermal ellipsoids are presented in Table 7. The equivalent
isotropic temperature factors of the O(2), O(9), O(10), and
O(11) oxygen atoms are significantly greater than the
others. Among them O(2), O(9), and O(11) form the cen-
trosymmetric octahedron of the M(2) site. The con-
centration of Fe or Mg atoms occurs in the M(2) site ex-
panding this octahedron. Therefore, it may be emphasized
that the displacement of the coordinates of the M(2)
octahedra-forming oxygen atoms occurs statistically due to
the difference of sizes among the M(2) sites and that this
displacement has an effect on apparent temperature factors
of these oxygen atoms. The root-mean-square displace-
ments for axis-1 of O(2) and axes-2 of O(9) and O(11) are
0.126, 0.153, and 0.141A, respectively (see Fig. 4). The
bridging Si(2) tetrahedra pivot on O(8) atoms in proportion
to the expansion of M(2) sites; so that the orientation of
the ellipsoid of Si(2) approximately correlates with that of
O(2).

The ellipsoid of O(10) has its two shorter axes lying in
the mirror plane with O(10)-Si(2) and O(11)-Ca(2) bonds
and the direction of the greatest vibration is normal to
these bonds. The greatest temperature factor of O(10)
among all anions in the crystal could be understood from
the expansion of M(2) sites and from the fact that O(10) is
the single oxygen atom which does not involve the frame-
work of octahedra and tetrahedra.

3 In one unit cell of the mineral there are twelve octahedral sites
in all.
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Table 8. Interatomic distances () and angles (°) for hydrogen

atoms

H(7)-0(7)
H(T)-0(11)
H(T7)-0(T) 2.

v oo

H(11)-0(11) o

H(11)-0(7) 2.
H(7)-H(11) 2
H(T)-H(T) 2
0(7)-0(11) 2.
0{7)-0(7) 2

M(1)-0(7)-H(7)
M(2)-0(11)-H(11)

7(1)
7(1)
4(1)

27(1)

4(1)

.1(2)
.1(1)

993(4)

.793(4)

125(1)
118(4)

H(5)~0(5) 0.

H(5)-0(5) 2

H(10)-0(10) o,

H(10)-0(5) 2
H(5)-H(5) 1
0(5)-0(10) 2.
0(5)-0(5) 39

M(1)-0(5)-H(5)

6(2)

.4(2)

6(2)

.2(2)

.9(3)

750(4)
006(4)

114(7)

5i(2)-0(10)-H(10) 125(11)

Hydrogen atom positions

The positions of hydrogen atoms are depicted in Figure
3. All donor oxygen-hydrogen bonds is pumpellyite are
located in mirror planes parallel to (010). Interatomic dis-
tances and angles for hydrogen atoms based on the refined
coordinates are presented in Table 8. The distances
O(donor)-H are only 0.7(1)A or 0.6(2)A. While the hy-
drogen atoms are located in the general vicinity of these
positions, it appears that these refined positions are not as
accurate as their precision might imply.

The oxygen atoms connected with these hydrogens are
consistent with the results deduced from bond-valence cal-
culations (Allman and Donnay, 1971 and Baur, 1971).
Table 9 shows the valence sums recalculated by Donnay
and Allman’s method (1970). The sums for O(5) and O(7)
are close enough to the expected value of 1.0 for a hydroxyl
group, while those for O(11) and O(10) are 1.3 v.u.. Substi-

Table 9. Estimated bond valance *** (v.u.) in pumpellyite. The numbers in the left superscripts give the number of identical bonds
reaching the anion; the numbers in the right superscripts give the number of identical bonds emanating from the cation

M(2)*
cations cal(l) ca(2) Mil) Si(l) Si(2) 5i(3) Iv anion
) (M(2)%*) c chemistry
anions
x2 <2
o(1) 0.36 0.56 1.06 1.98 02"
x2 x2 x2 <2
0(2) 0.28 0.31 0.40 1.01 2.00 02~
(0.40) (2.00)
x2 x2
0(3) 0.30 0.54 1.03 1.87 02-
x2
o(4) 0.29 0.35 0.95 1.94 02"
x2
0(5) 0.54 1.08 OH~
x2
0(6) 0.14 0.47 0.97 2.05 0?-
x2
0(7) 0.55 1.10 OH
o(8) 0.24 0.93 0.94 | 2.11 02-
x2 x2 -
01(9) 0.25 0.42 0.58 2.07 02~
(0.41) {2.05)
01(10) 0.29 1.03 $32 oH™ ¥
x2 x 2
0(11) 0.31 0.53 1.37 oH™ ¢
(0.49) (1.29)
Ev 2.00 2.02 3.01 2.70 4.00 3.99 4.01
(2.60)
**%  See Donnay& All +
¥ man 1970 ** (Alg gqFedtyiMag 33) ' (Alg g3FedtyoMgg 33)

# See text
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Fig. 5. Pumpellyite, scatter diagram of the observed Si—-O bond
lengths (d(Si-0)) plotted against the average of the three O-Si-O
angles common to each bond ((O-Si-O),) after Wan et al. (1977).

tution, Mg, + Hija1y + Oda1) 2 M) + 0334y, which
reduces the number of hydrogen atoms possibly occurs at
the M(2) site. Thus the O(11) atom bonded to two M(2)
should calculate more than 1.0 v.u.. The sum for O(10)
should be explained by the hydrogen bond (O(10)-H(10)----
O(5)) which is deduced from the reasonable O(10)}-O(5)
distance and from the position of the H(10) atom. There-
fore the O(5) atom is the acceptor atom for the H(10) atom,
and is simultaneously the donor atom for the H(5) atom. A
donor and acceptor atom such as O(5), can be seen in
afwillite (Malik and Jeffery, 1976) and rosenhahnite (Wan
et al,, 1977). The acceptor atoms for the other hydrogen
atoms can be inferred (two O(3) atoms for H(7) and two
O(1) atoms for H(S)), though the proton’s positions is not
accurately determined.

The double tetrahedral unit, Si,O4(OH), has a hydroxide
group directly attached to the silicate tetrahedron in our
crystal and perhaps in other pumpellyites. The silicate
tetrahedron with a hydroxide group has been found in
several minerals. For instance, single tetrahedra (SiO,;(OH))
occur in afwillite, double tetrahedra (Si,O4OH)) in killa-
laite (Taylor, 1977), triple tetrahedra (Si;O4(OH),) in ro-
senhahnite, and single chains (Si;Og(OH)) in pectolite
(Takéuchi and Kudoh, 1977). Wan et al. (1977) showed that
Si-OH(non-br) bonds were significantly longer than the
Si-O(non-br) bonds in rosenhahnite. This tendency, how-
ever, is not evident in pumpellyite, although we must pay
attention to the temperature factor for O(10). Figure 5 (the
same as that for rosenhahnite) shows that the shorter bond
involves the wider O-Si—O angles. Consequently the Si(2)-
O(10) distance is not specifically anomalous.
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Chemical formula of pumpellyite

Based on the present crystal structure analysis the
chemical formula of Al-rich pumpellyite should be written
as (Ca, Mn)CaAl,(OH),(Mg, Fe?*, Al, Fe**)[(OH),
018i0,Si,04(OH) with four formula units per unit cell.

We also suggest the following general formula for the
collective pumpellyite group, which include special Mn-rich
pumpellyites reported by Togari and Akasaka (1982):

Ca,M1,(OH),M2[(OH), O]SiO,Si,04OH)
M1 = Al, Fe3*, Mn3*; M2 = Mg, Fe?*, Mn, Al, Fe3".

Pumpellyite has the following characteristics: both iso-
lated [SiO,] and double [Si,O4(OH)] tetrahedra; one of
two kinds of octahedral sites is occupied by aluminum ion
in preference to any other; the other site is occupied by
both divalent and trivalent ions such as Mg?*, Fe?*,
Mn?*, Mn3*, Fe**, and Al*T; and the electric charge of
the latter site is compensated by the amount of hydrogen
atoms.
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