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Auszug

Larsenit, ein seltenes Mineral aus Franklin, New Jersey, ist orthorhombisch
mit a = 8,244 A, b = 18,963 A, c = 5,06 A, Z = 8, mit der Raumgruppe Pna2]

und piezoelektrisch. Die Struktur wurde mittels dreidimensionaler Diffrakto-
meterdaten bestimmt und mit Rilfe der Restquadratmethode auf R = 0,055
fiir aIle Reflexe verfeinert. Sie stellt einen neuen Strukturtyp dar, welcher aus
einem Netzwerk von eckenverbundenen Zink- und Siliziumtetraedern und drei-
seitigen, beziehungsweise verzerrten vierseitigen Bleipyramiden aufgebaut ist.
Die mittleren Kation-Sauerstoff-Abstande sind: Si-O 1,63 A, Zn-O 1,95 A,
Pb(1)-O 2,33 A und Pb(2)-O 2,47 A.

Abstract

Larsenite is a rare mineral reported from Franklin, New Jersey. It is ortho-
rhombic with a = 8.244A,b = 18.963A,c = 5.06A,z = 8,spacegroupPna2],

and is piezoelectric. The structure was determined using three-dimensional dif-
fractometer data and was refined by least squares to an R of 0.055 for all reflec-
tions. It is a new type of structure composed of a network of corner-linked zinc
and silicon tetrahedra and three-sided and distorted four-sided lead pyramids,
respectively. The mean values of the cation-oxygen distances are Si-O, 1.63 A;
Zn-O, 1.95 A; Pb(1)-O, 2.33 A; and Pb(2)-O, 2.47 A.

Introduction

Larsenite was discovered by PALACHE, BAUER and BERMAN (1928)
in material from Franklin, New Jersey, U.S.A. As it is orthorhombic
and chemically similar to olivine, larsenite was originally thought to
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belong to the olivine group. LAYMAN(1957), however, noted that there
were differences in the larsenite and olivine powder patterns and that
when the cell axes were oriented with the ~ 5 A c axes parallel, the
space group orientations were different. The present structure study
was therefore undertaken in order to resolve the problem.

Cell and space group

A slender needle of larsenite (approximately 0.03 mm in diameter)
from Franklin material supplied by Professor CLIFFORD FRONDEL of
Harvard University was chosen for x-ray analysis. Precession, Weissen-
berg, and precision-Weissenberg photographs showed the crystal to be
orthorhombic with the cell parameters*

a = 8.2441::!:: 0.0001 A
b = 18.9626 ::!::0.0002
c = 5.06 ::!::0.01

Z = 8

We confirmed LAYMAN'S(1957) finding that the space group should
be either Pnam or Pna21. Later, after an attempt was made to solve
the structure assuming Pnam, we found that the crystals are piezo-
electric, thus establishing that Pna21 is the correct space group.

At the time the data were collected, the electron microprobe
was not in general use and not enough type material was available
for the usual quantitative analysis. P ALACHE,BAUER and BERMAN
(1928) had reported an admixture of clinohedrite with larsenite and
attributed the 2.42 weight per cent Ca in the larsenite analysis to clino-
hedrite. We find, however, that their measured specific gravity of 5.90 is
low compared to the calculated density (6.12) using the above cell and
the formula PbZnSi04. The refinement results, discussed below, con-
firmed that Pb in the x-rayed crystal is diminished by about 3 atomic
per cent. This would lower the calculated density to 6.04. It is prob-
able, however, that the original specific-gravity measurements are
in error because of impurities and extremely small amounts of available
sample. Crystals of larsenite from a product of slag from the foundry

* To obtain the values and errors given above for a and b, measurements
from Straumanis-mounted, precision-Weissenberg type films were refined by
least-squares using the Burnham (1962) computer program LCLSQ III. Since
the calculated errors seem to be unusually small, it should be emphasized that
this is an indication of the statistical precision of the measurements and not
necessarily of the accuracy of a and b.
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Kaltwasser, Raibl, Yugoslavia, were supplied by Professor F. MA-
CHATSCHKI.The density of these crystals, determined by pycnometry,
is 6.15.

Data collection

Three-dimensional diffraction intensities were collected on a
Weissenberg diffractometer using a Geiger-tube detector and filtered
CUKiX radiation. Although the linear absorption coefficient for lar-
senite and CUKiX radiation is large (911 cm-1), the small crystal radius
resulted in a cylindrical fiR of 1.37, a reasonable value. This cylindrical
absorption correction was applied to 839 non-equivalent reflections
available to the diffractometer. No extinction correction was made.

Structure solution

As was mentioned above, structure solution was attempted at first
assuming space group Pnam. Under this assumption, examination of
the Patterson maps revealed strong peaks on levels z = 0 and z = t, in-
dicating that there were two different lead atoms on the mirror planes

o

a

Fig. 1. Minimum function Pb(l) + Pb(2)M16 for z = 1/4

at z = t, z = 1. Then, using the Pb(l)-Pb(l) and Pb(2)-Pb(2) in-
version peaks and the two glide planes in the space group, Pb(l)+ Pb(2)M 16
minimum-function maps for the mirror planes were formed. Figure 1
shows the map for the mirror plane at z = i. These maps contained
peaks which could be assigned to Pb(l), Pb(2), Zn(1), Zn(2), and,
possibly, Si(l) and Si(2). Coordinates corresponding to these peaks
were selected for input to a least-squares refinement. Various least-
squares trials were then made including some models with possible
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oxygen positions included, but in no case could R be refined below 19°/0'
At this point we checked the crystals for a piezoelectric effect and found
a rather strong response using the Blume (1961)-type apparatus. Since
our space group was proven incorrect, we kept only the Pb posi-
tions and calculated difference syntheses, using as input coefficients
[Fo(hkO)-Fc(hkO)Pb] and [Fo(Okl)-Fc(Oklhb] for which the phases were
determined by Pb. From these syntheses, the Zn(1), Zn(2), Si(1), and
Si(2) positions were definitely located and then the same projections
were again calculated using signs determined by Pb + Zn + Si. This
revealed the eight oxygen positions. Preliminary refinement by differ-
ence synthesis resulted in an R of 0.14.

It is interesting to compare the final structure with the minimum-
function map in Fig. 1. The crosses and labels show the positions of the
cations in the actual structure and confirm that the minimum-function
map was giving the correct information. This is because the z coordi-
nates of the cations are close to i. Another point which should be men-
tioned is that if the space group really had been Pnam, satellite peaks
should have occurred along OOzfor all atoms not on the mirror planes.
Since these atoms were thought to be only oxygen, this apparent con-
tradiction was discounted.

Least-squares refinement

The parameters, as obtained in the last section, were used as input
to a full-matrix least-squares program (PREWITT, 1964) and refined to
a final R of 0.055 (R = L'llFol-lFcll/L'lFoj). Sources of form factors,
anomalous dispersion coefficients, and other pertinent data are given
in the Appendix. During the last stages of refinement, a form factor
corresponding to three atomic per cent calcium substituted for lead in
the Pb(1) position was introduced to account for a deficiency in
scattering power seen in the difference Fourier syntheses.

Isotropic temperature factors were refined during the first cycles of
refinement, and seemed to behave normally except for a rather large
variation in oxygen B's. When anisotropic refinement was attempted,
several of the oxygen fJi/S became non-positive-definite, probably
because the small scattering power of oxygen, with respect to lead,
causes oxygen temperature effects to be poorly determined. In further
cycles, the cation temperature factors were varied anisotropically, and
those of oxygen, isotropically. This resulted in the atom coordinates,
isotropic temperature factors, and standard errors given in Table 2.
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Table 1. Observed and calculated structure factors

The phases may be obtained by nsing information given in the Appendix
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Table 1. (Continued)
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The expressions used for obtaining these values are given in the Appen-
dix. Table 3a is a compilation of the cation anisotropic temperature

factors and Table 3b gives the corresponding root mean square ,vibra-
tion amplitudes.

Explanation of the magnitudes of the individual temperature fac-
tors is rather difficult because of the dominance of lead. However, the
average isotropic B's for each atom type, Pb (.9), Zn (.7), Si (.7), and
0(1.0), are all reasonable except that BSi is probably larger than it
should be. The "abnormal" oxygen, 0(4), has the next-to-largest B,
but 0(1), which has the largest B, has a similar environment to 0(2),



Atom
I

x y
I

z
I

B

Pb(l) 0.0373( 1) 0.2702(1) t* 1.0
Pb(2) .1476(1) .0588(1) .2780(4) .9
Zn(1) .8220(4) .1560(2) .7170(9) .8
Zn(2) .5017(4) .0579(2) .7220(9) .6
Si(l) .2008(8) .1781(4) .726(2) .6
Si(2) .7312(8) .0739(4) .215(2) .8
0(1) .220(3) .257(1) .593(6) 1.4(4)
0(2) .351(2) .130(1) .646(5) .7(3)
0(3) .037(2) .147(1) .584(5) .8(4)
0(4) .173(3) .183(1) .042(5) 1.3(4)
0(5) .748(3) .152(1) .081(5) .9(4)
0(6) .572(2) .034(1) .081(5) .7(4)
0(7) .886(3) .024(1) .144(5) .8(4)
0(8) .703(3) .079(1) .532(5) 1.1(4)

Atom
I

(3u
I

(322 (333
I

(312
I

(313 (323

Pb(l) 38 (2) 10 (0) 61 (5) 2 (0) - 20 (3) -2 (1)

Pb(2) 35 (1) 8 (0) 57 (5\ 0(0) 1 (3) -4 (1)

Zn(l) 28 (5) 9 (1) 45 (21) -2 (2) 2 (9) 2 (4)
Zn(2) 18 (5) 7 (1) 39 (19) -4 (2) 0(9) 2 (4)
Si(l) 39 (10) 4 (2) 38 (38) 3 (3) -14(17) -12 (7)
Si(2) 20 (9) 7 (2) 95 (47) 0(4) 2 (18) -2 (7)
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Table 2. Finallarsenite atom coordinates, equivalent isotropic temperature factors
(cations), isotropic temperature factors (oxygen), and standard errors

Standard errors are in parentheses

* The z parameter of Pb( 1) was fixed at t during the refinements to establish
a reference coordinate in the c direction.

which has one of the smallest B's. Since these variations are nearly all
within one (j of the mean, they may not be significant. The possibility
does exist that there may be some exchange of atoms between the Zn(2)
and Si(2) tetrahedra since the BZn(2)is too small and the BSi(2)is too
large.

The Pb and Zn thermal ellipsoids are rather anisotropic, with
approximately 2: 1 ratios of the major to minor axes. For Si, the ther-
mal vibrations are nearly isotropic. It is interesting that the major
axes of the lead and zinc ellipsoids are approximately parallel with b.
No explanation for this is immediately apparent except that for lead
this direction makes a right angle with the general direction to the

Table 3a. Final cation anisotropic temperature factors for larsenite

Standard errors are in parentheses (all values X 10-4)



I

rms
R displacement +a +b +c

Pb(l) 1 .075 (5) 61 (3) 88 (3) 29 (3)
2 .121 (3) 38 (6) 117 (7) 115 (4)
3 .136 (2) 67 (6) 27 (7) 104 (4)

Pb(2) 1 .083 (4) 94 (6) 75 (4) 16 (4)
2 .110 (2) 173 (6) 85 (8) 95 (6)
3 .123 (2) 84 (8) 16 (4) 105 (7)

Znll) 1 .08 (2) 98 (26) 96 (10) 10 (23)
2 .098 (9) 167 (18) 100 {12) 99 (26)
3 .131 (7) 101 (11) 12 (10) 85 (9)

Zn(2) 1 .07 (2) 60 (*) 74 (32) 145 (*)
2 .07 (1) 143 (*) 103 (38) 124 (*)
3 .122 (7) 110 (8) 21 (8) 84 (10)

Si(l) 1 .0 (1) 86 (16) 53 (17) 37 (16)
2 .10 (2) 49 (22) 129 (23) 65 (19)
3 .13 (2) 41 (22) 60 (16) 115 (15)

Si(2) 1

I

.08 (2) 4 (40) 89 (26) 94 (42)
2 .11 (2) 93 (42) 121 (98) 148 (97)
3 .12 (2) 87 (27) 31 (98) 121 (97)
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Table 3b. Magnitudes and orientations of the cation thermal ellipsoids in larsenite

*
Sigma larger than 99°.

bonded oxygens. The errors of orientation are fairly large and it is felt
that it is not advisable to further interpret these orientations. For
Zn(2) the orientations of r1 and r2 are nearly indeterminate since the
magnitudes of r1 and r2 are similar.

Discussion of the structure

Figures 2a and 2b are different views of polyhedral models of lar-
senite. The principal features of the models are the corner-sharing zinc
and silicon tetrahedra. These tetrahedra are linked at all vertices [except
O(4) of the Si( 1) tetrahedron and 0(7) of the Si(2) tetrahedron which
are coordinated to lead] to form a network structure. This network is
made up of double chains of five-membered Zn(l)-Si(l)-Zn(l)-Si(1)-
Zn(2) rings which lie in the ab plane and extend along a. These chains
are interconnected by three-membered Zn(1)-Zn(2)-Si(2) and Zn(2)-
Zn(2)-Si(2) rings. Pb(1) occupies the intersections of three channels in
the tetrahedral network, one parallel to a, one to c, and the other to
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[210]. Pb(2) also occupies the [210] channel plus another parallel to c.
These lead atoms are covalently bonded and form three-sided and
distorted four-sided pyramids, respectively.

The five-membered rings mentioned above are similar (although
the ring interconnections are different) to those in the melilite struc-
ture (SMITH, 1953). In particular, they should correspond to the rings
in the melilite hardystonite, Ca2ZnSi207 and a synthetic compound,
Pb2ZnSi207, which has also been reported to have the melilite structure
(BRrSI, 1964).

~

Fig. 2 a. Polyhedral model for larsenite viewed approximately along a

0,

o Pb, b

0,

a

\
\
\

Zn2', \--- ' \
~ 0, --- -0.25

- - 0.75
mu._ Pb coordination

Fig.2b. Polyhedral model of larsenite viewed along c

0,
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Figure 3 shows a ball and stick model of larsenite projected along the
z axis, in which all short distances of the cation-oxygen bonds are
indicated by full lines. It is interesting to note that the atoms occur in
fairly distinct layers parallel to the ab plane with the cations being close
to z = 0.25, z = 0.75 and oxygen atoms close to z = 0.10, z = 0.60.
This results in the tetrahedra and pyramids all being aligned in appro-
ximately the same way and is also the reason for the polar space group.

Fig.3. Structure of larsenite projected along c. Full lines: short cation-oxygen
distances

Interatomic distances and interbond angles for larsenite are given
in Table 4 and Fig. 4. The most interesting of these are the Pb-O dis-
tances and angles. Pb(1) is coordinated by three oxygen atoms at
an average distance of 2.33 A to form a three-sided pyramid, and
Pb(2) is coordinated by four oxygen atoms at an average dis-
tance of 2.47 A to form a distorted four-sided pyramid. Other Pb-O
distances are larger than 2.85 A (Fig. 4). The situation is similar to that
found for orthorhombic PbO (LECIEJEWICZ, 1961a; KAY, 1961),
where the lead-oxygen polyhedra are in the form of distorted PbO(4)
pyramids with an average distance of 2.35 A; for tetragonal PbO
(LECIEJEWICZ, 1961 b), wherein the distances of the PbO(4) pyramids
are 2.37 A; forlinarite, PbCuS04(OH)2 (BACHMANNandZEMANN, 1961;
ARAKI, 1962) with an average distance of 2.42 A for a three-sided



Pb(1)-0(1) 2.31 A Pb(2)-0(3) 2.45 A
Pb(1)-0(4) 2.26 Pb(2)-0(4) 2.65
Pb(1)-0(5) 2.43 Pb(2)-O(7) 2.35

Pb(2)-0(7') 2.44
Pb(1)-0.v 2.33

Pb(1)-0(3) 2.88 Pb(2)-0.v 2.47

Pb(1)-0(1') 3.18 Pb(2)-O(2) 2.85
Pb(1)-0(2) 3.15 Pb(2)-O(8) 3.15

Zn(1)-0(1) 1.96 Zn(2)-0(2) 1.89
Zn(1)-O(3) 1.90 Zn(2)-0(6) 1.96
Zn(1)-0(5) 1.94 Zn(2)-0(6') 1.98
Zn(1)-0(8) 1.99 Zn(2)-0(8) 1.96

Zn(1)-0.v 1.95 Zn(2)-0.v 1.95

Si(1)-0(1) 1.65 Si(2)-0(5) 1.63
Si(1)-0(2) 1.59 Si(2)-O(6) 1.66
Si(1)-0(3) 1.64 Si(2)-0(7) 1.63
Si(1)-0(4) 1.62 Si(2)-O(8) 1.62

Si(1 )-O.v 1.63 Si(2)-0.v 1.63

About Si(1): (::J: 0.03 A) About Si(2): (::J: 0.03 A)

0(1)-0(2) 2.65 0(5)-0(6) 2.67
0(1)-0(3) 2.58 0(5)-0(7) 2.70
0(1)-0(4) 2.70 0(5)-0(8) 2.70
0(2)-0(3) 2.63 0(6)-0(7) 2.62
0(2)-0(4) 2.68 0(6)-0(8) 2.67
0(3)-0(4) 2.66 0(7)-0(8) 2.69

(O-O).v 2.65 (O-O).v 2.67

About Zn(1): (::J: 0.03 A) About Zn(2): (::J: 0.03 A)

0(1)-0(3) 3.19 0(2)-0(6) 3.39
0(1)-0(5) 3.12 0(2)-0(6') 3.19
0(1)-0(8) 3.13 0(2)-0(8) 3.11
0(3)-0(5) 3.47 0(6)-0(6') 3.08
0(3)-0(8) 3.05 0(6)-0(8) 3.10
0(5)-0(8) 3.13 0(6)-0(8) 3.13

(O-O).v 3.18 (0-0 )av 3.17
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Table 4. Interatomic distances in larsenite

(::J: 0.01 A)

pyramid; for pyrobelonite, PbMn V04(OH) (DONALDSONand BARNES,
1955) with an average distance of 2.47 A for a distorted four-sided
pyramid. For Pb-O, the sum of the ionic radii is about 2.64 A and of
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the covalent radii, about 2.40 A. It seems that the bond of Pb-O in
larsenite has a covalent character.

Average Si-O and Zn-O distances are 1.63 A and 1.95 A, respec-
tively. The Si-O distances are similar to 1.63 A found for individual
silicate tetrahedra by SMITH and BAILEY (1963). The Zn-O distances
are comparable with that of 1.92 A in willemite, Zn2Si04 (BRAGGand

1.9'

1.52

1.95

1.52

Fig. 4. Interatomic distances in A and interbond angles in degrees
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ZACHARIASEN,1930) and of 1.97 A in hodgkinsonite, Zn2Mn(OH)2Si04
(RENTZEPERIS, 1963).

Each oxygen atom, except 0(2), is nearly planar-coordinated at
short distances by three atoms, Si-Zn-Pb, or Si-Zn-Zn, or Si-Pb-
Pb. The 0(2) is coordinated only by two atoms, one Si and one Zn.
The distances Si-O (1.59 A) and Zn-O (1.89 A) are here shorter than
the average distances and the angle Zn-O-Si is 1510.

It is worthwhile to compare the larsenite structure with that of
esperite (formerly called calcium larsenite). MOORE and RIBBE (1965)
found that esperite, CaaPb(ZnSi04)4 is monoclinic and structurally
very similar to beryllonite, NaBeP04 (GOLOVASTIKOV,1962) and tri-
merite, CaMn2[BeSi04Ja' It is apparent that although the larsenite and
esperite structures both contain networks of tetrahedra, the actual
configurations are different. A detailed comparison, however, will not
be possible until results of an esperite refinement are available.

Appendix

Data for reconstructing the refinement and interatomic distances

Refinement

Final refinement was done on an IBM 7044 computer using a full-
matrix least-squares program SFLS4 written by PREWITT (1964). The
standard errors for the various parameters were calculated from

n

a(p) = bt {[17(WLl2)-17 LlpiviJ/[m-n]}!
m i ~1

(A.1)

1
where b'f"is a diagonal element of the inverted matrix, w is the obser-
vational weight, LI is Fo-Fc, Vi is the vector of the normal equations,
m the number of observations, and n the number of parameters. The
weights were obtained from

w = 1/[10.0 + 0.5 lFol + 0.0026 - iFol2J. (A.2)

After the last cycle of refinement, interatomic distances and angles
were computed using the BUSING, MARTIN and LEVY (1964) program
ORFFE. Errors were computed using the variance-covariance matrix
from the atom parameter refinement, but did not include the errors of
the cell-parameter refinement.

Equivalent B's were derived from an expression given by HAMIL-
TON (1959):

Bequiv = t1717f3ij (ai' aj)
i j

(A.3)



Atom Reference L1f' L1f"

PbH S-66 -4.5 9.5
Zn+2 SX-45 -1.7 .75
Si+2 SX-19, SX-70 .20 .40
0-1 SX-31a .10 .0
Ca+1 SX-40 .30 1.4
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where the a are the cell axes. For anisotropic refinement,

Form factors and anomalous-dispersion coefficients were taken
from International Tables for X-Ray Crystallography, Vol. III (1962).
Reference symbols are those given in International Tables.

The [Fe['s listed in Table 1 were computed from

where

[FeI = {(AT-Bi)2 + (BT + Ai)2}!

AT = l.: (f + iJf') (COSrp,
BT = l.: (f + iJf') (sin rp,

(A.4)

Ai = l.:iJf" (cosrp
Bi = l.:iJf" (sin rp

and (and rpare scale and temperature factors and trigonometric parts
of the structure factors. Reversing the signs of hkl at the end of refine-
ment resulted in a slightly larger R factor (~O.Ollarger), so that the
signs in (A.4) above probably are correct.
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