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THE CRYSTAL STRUCTURE OF DBELHAYELITE

Ruasgunro, -~ Ta delhayelite & un silieato per il quale sono siabo proposts
dagli antort dob due ritrovamenti le seguentt due Pornmule: (N, K, UngA LS00
18HL0 . 3(Nny, K (. Iy, 8O, (Bahama o Hythnenys  (Na, K G ALSL, (O, O,
P, Clyy (Dorfmun, Bolovn, Neronovi

La delbayelite appurtiene aul gruppy spazinle Pmumy Jo eostanti roticelari sono
lo soguenti: a == 24.86, b == 7.07, ¢ == (.58 X,

L atrubturn & statn detorminaty aitraverso esimo debla sintesl di Pattorson
tridimensionnle o Pussunzione di una analogin fro o strutturn delln delhayelite o
quella della maedonaldite, recestemonto stiddiata digli autori di questo lavoro, T rap-

¢ quelle delln delhayelite sono evidenti, Tnvees ln formule ehimien delln maedonals
dite, BaCa,HaSiyOu. 104 1,0, non sunbra, n prima vistn, avor molle n e¢he fure
con. quelle seritte sopra per la dethayelite, Hisogng perd ricordaro eho nolls strut.
turp, dolla, macdonaldibe, fultn sulvn 1 npadeaturn costituitn dui tetenodrd del Bt o
dagli ottaoedri dal Ca, ' nmpio spazio per sostituzioni ¢ aggiunte di oltrd eationd,

L' ipotesi assunta & stabn confermuta dall'esgne di sintesi i Pourier tridi.
mensionali o 1 parametri sone wtati wffinati fine a un fattore i discordanza del-
18,894, attribuendo via via uun approprinte natura ehimiea ai diversi massimi di
densitd olettronies, sulln base delle loro intensith o delie distanze formate con quelli
adiacenti.

La formula chimien della dellinyelite viene cosi modifieata dai risultati del-
Vannlsi strabturale: Oy (Na,CioOT, (81, A0, L1, . L composizione percontuale in
ossidi, riealeolata du guesta Formule & molte vicinn o quelln pubblicata da Dorfman
o coll, mentre quelln i Balama o Hytduen, che trovano molto pitt silicio e molti
mono aleali, d probabilmente viziata Anll’ultaeco acido, resosi necessario per puri-
ficaro i1 loro campione.

Come ipotizanto, 1'impalentursn delln maedonaldite si mantiene nella dolhaye
lite. Ta sostituzione del 8i con Al avviene ordinatnmente in unn delle tro posi-
wioni indipendenti oecupate dwi cationi totruedriel, To entene i ottaedri del Ca,
collegate fra lore da legami ’ Llrogeno nella maedonnldite, qui sono collegate
da eatone (i prismi del Na. L impaleatura delln maedonsldite & abtraverssta da
un. doppio sistemn i eanali, in eui trovane posto gl atomi di bario e lo mo-
lecole d’acqua mon legnte ai entioni, Nelln ddelhnyelite in ¢uesti spazi vuobi
trovauo posto atomi (1 K e di O, cho occupano in parts posisioni nuwove o in parte
posizioni gid occupato nella macdonuldite (dal bario o dall’nequn.



G4 E. GANNILLO, t ROSRL andd Lo 1" NOARETTI

Introduction.

Delhayelite is a silicate found by Nahawma and Hyténen {1 in &
complex Kalsilite-bearing melilite-nephelinite lava from M. Sahern.
Nyiragongo Arvea, North Kiva (Congo). These ehemical and erystallo-
graphic data are quoted from the paper [1]: chemicnl Pormuls.:

(N{L, 1{)4 OaﬁAIQSiHQ()Hn . 18112() . 3(Nﬂ~g f [(_g)((‘flg y Fg ' ) )-I);
mit eell parameters:

6= 8.53 + 003 A
b=2465 % 02 A
e = T7.04 £ 0.03 &.

The @ side should be doubled owing to «extremely weak layer-lines »
showed by the a-axis rotation photographs. The unit cell with the
doubled g-axis contains one formula unit. The possible spaee grovaps
are Pmn2; and Pmmn. Sahama and Hytonen write thai the chewical
formula (derived from chemical analyses carried out by Pennti
Ojanperd of the Geological Survey of Hinland) is only a provisional
approximation because of the low purity of the analysed material.

In a paper on the erystal structure of macdonaldite PN 2 P
Si;0ss . 10.4H:0 [2], the possibility of a close structural relationship
of that silicate with delhayelite and the related mineral rhodesite was
discussed on the basis of the similarity of the erystallographic, physieal
and (at least for rhodesite) chemical properties. Also the observed
structural connection between macdonaldite and the fibrous zeolites
as well as the resemblance of these omes with delhayelite and rho-
desite [11, [3] supported the hypothesis that the three mentioned
silicates could belong to the same structural family.

The aim of this work is the determination of the erystal strusture
of delhayelite in order to verify that hypothesis.

Experimental.

Prof. Th. G. Sahama kindly supplied a sample of delhayelite
consisting of very small crystal fragments. One of those having a
roughly prismatic shape (about two tenths of millimeter loug with
a cross section of few hundredths of millimeter) was chosen for the
collection of the X-rays experimental data.
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From rotation and Weissenborg photographs the cell parametors
were remeasured ;

z TO7 = 0,02 A
¢ 658 4 001 8,

The possible space groups are those given by Sahama and Ilytnen:
Prmn2; and Pmmn, The orientation of the eoll axes was changed with
respect to that used by the eited Authors in ovder to get the atandard

Socleta mineraloglca italiana.
Rendiconti.

ERRATA CORRIGE

La formula viportata nel rigo 11 di pag, 71 del vol. XXV Fase, 1 dei
Rendiconti, deve leggorsi nel modo seguente:
. L Vv
T (forza ionica) == -~ 20 %

2

Crystal Structure Analysis.

The starting point of the structure analysis was the hypothesis
of the close relationship of delhayelite and maedonaldite. The three-
dimensional Patterson synthesis of delbayelite did not discard this
supposition at least for what was concerned with the chains of Ca-
octahedra and the double layers of Si-tetrahedra which are the charac-
teristic feature of macdonaldite. So a structure factors caleulation, in
the centric space group Pmmmn, was carvied out by giving to one
caleium (in a fourfold equipoint), to three Si atoms (one in a general
position and two in fourfold eyuipoints) and to the oxygens bonded
to silicon, the same atomic coordinates of macdonaldite, taking into
account that in this one the b and ¢ cell parameters are doubled.
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A three-dimensional ¥o's Pourier synthesis was computed on the hasis
of the caleulated structure Factors. The Fourier maps showed well
resolved peaks corresponding to the atoms employed in computing the
strocture factors and sonie more maxima that weve nninferpretable
on the basis of the chemical analysiy given by Suhuma and Hytomen.
In faet a chemieal formnla computed from the eited analysis, on t‘h“
basis of a SijgQgs tetrahedral group, shows a strong defiviency of (;:“*
Na and K with respect to the number of maxima in the Ifourier
synthesis, No new chemical analysis was possible because of the sear-
city and impurity of the available material. So the attribution of a
‘name’ to the maxima was made, step by step taking into aceount

Tapry I

1 9 3 4
810, 46.34 46,53 4819 52,60
TiO, traces 0.07 0.08
RE,0, 0,11 018
Al O, 6.43 659 5.84 9,08
Fe,0, 0,54 0.73 07
MnO 0.08 0.12 0.07
Bed 0.02 0.17
Ca0 14,39 14.55 18.07 7.00
CrO 0.12 0.17
MgO 0.14 017 1.0%
Na.O 6.42 0.88 5,33 3.20
KO 17.92 18.37 18.90 9.
B 2.80 201 4.36 0.33
a 3.35 3.47 4,08 3.01
8 0,06 0.27 131 80,
H.O+ 1.23 1.48 5.08
H.0- 0.43 0.06 3.85
0= (F,0 —1.75 1,01

Total

100.00 100.01

-

2 - Amalyses of Dorfman et al. [4]. These authors write the ehemieal formula
as follows: (K, Na),Ca,AlS1,,(0, OH, T, Cl),.

3 - Amnalysis computed from the chemical formula resulting from this work.

4 - Analysis of S8ahama and Hytonen [1].
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the elements deteeted in the ehemical analysis, the height of the peaks,
their relative distanees and their distanees rom the oxygens of the
tetrahedra, At the end of this provedure a self-consistent arrangemoent
of atoms was abtained and submitted to the lenstsquares eefinement.
The hypothetical eell content at this stage was: CagNagdSaS3100uClaBy
this stoiehiometrie unit does not get balaneed its eleetrostatio chavges.
During the refinement the multiplier of several doubtful atoms was
allowed to vary in order to obtain some supplementary informations:
the positions of potassium appeared ineompletely oceupied, the posi-
tion of the supposed sodium seemed to be oceupied by a heavier cation.
These informations together with those obtained from the more preeise
values of the bond distances led to this hypothetical cell content:
Cay (NagCa)Ky (Sigg Al)OgeClaley it gives the best R factor: 0.088 for
the observed reflexions,

Tanny I1.

inal atomic parameters and their standard deviations (in parentheses),

W is the Wyekoff notation of the equipoint; N is the number of atoms por unit
cell. The standard devintion of the multipliors N allowed to vary in the least-
squares refinement affeets the sccond decimal figure,

Atom W N w/a 4/ 3/e B

Na, Cn ¢ 4 4] 0 0 1.07(15)
Ca £ 4 0.0067¢1)  0.7500 05084 (7) 081 (9)
8i(1) g 8 0.1125(¢1) 04656 (8) 02818 (4) (.51 (6)
Bi(2) £ 4 0,1828¢2)  0.7500 0.5842 (8)  0.50 (9)
Bi(3) f 4 0.1065¢2)  0.7600 0.0188 (7) 070 (M)
$1¢)) g 8 00550(4)  04818¢20)  03845(18)  8.76(25)
() g 8 01618¢4)  0.5510(21)  04135(17T)  4.01(26)
o@®) g 8 L112404)  0B6TACINY  0.0601(15)  S.28(23)
0(4) f 4 (L0491 (5) 07600 0.8164(20) 1.64(27)
0(5) f 4 0,1580¢6)  0.7500 0.7738(24)  .73(81)
0(s) f 4 01205(6)  0.2500 0.2433(25)  2.06(36)
(") b 9 0.2500 0,7500 0,5392(32)  2.32(42)
F £ 4 0,0207(4)  0.2500 0,8146(17)  2.02(28)
Cl a 18 0.2500 0.2500 1L8708(L7)  3.83(82)
K(1) f 3.7 0.1822(2)  0.2500 0.7804 (8)  1.95(14)
K(2) a 18 0.2500 0.2500 o 0.8721¢14)  2.76(25)

K(3) T 0.2500 0.7500 0,0105(16)  4.45(81)
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Structure faclors of Delhayelite.
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During the last stage of the vefinenpat the authors of this work
had the opportunity to vead the summary of @ paper of Dorfman
el al. [4] about the discovery of delhayelite in the Soviet Union. This
summary reported two chemical analyses which were an unexpected
support to the hypothetieal formula written wbove, In Table 1 the
analyses of the Russian Authors are compared with that of Sahama
and Hytinen and with that computed from the chemical formula
resulting from this strueture analysis. Of course only a microprobe
snalysis of congolese delhayelite could give a detailed pieture of its
chemical formula. In any way the formula resulting from the strue-
tural determination would not be far from the true one,

Final atomie coovdinates and thermal pavameters are given in
Table II. The vather high values of the temperature factors of the
oxygen atoms as well ug the fairly high values of the standard devia-
tions could depend from the doubling of the ¢ axis observed by Sahama
and Hytonen., The atomie coordinates listed in Table I1 should be only
average values of the ‘true ' coordinates in the cell with the ¢ axis
of 13.06 A. As it has been said in a preeeding seetion of this paper,
no extra reflexions, corresponding to the doubling of the eited cell
parameter, bas been observed even with the long exposure times used
in taking the X-rays pictures. This facet, however, does not contradict
the observation of Sahama and Iyténen because, owing to the extreme
smallness of the spocimen, those very long exposure times allowed the
measurement of only one half of the possible veflexions. So, it is pos-
sible that, with suitable exposure times, the cell side doubling could
be seen also with the erystal fragment used for this work.

The final observed and ealeulated structure factors are compared
in Table ITI, Bond distances and angles as well as their standard
deviationy are given in Table IV,

Discusslion.

Calcium. One Ca atom is prosent in the asymmetric unit and is
located on the mirror plane (010). It has a six-fold coordination built
up by five oxygens of the tetrahedra (Ca-0) from 2.30 to 237 A) and
one fluorine (Ca-F 2.26 A). The coordination polyhedron could be
roughly described as an octahedron, These oetahedra, by sharing two
opposite edges, form chaing parallel to b,
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Tanne 1V,
Interalomic distances (A) and angles (") and their stundard deviaiions
(in parentheses),

A sign ¢ is used to distinguish equivalent atoms, The distanees precedol by one
astorisk oceur twice; those preceded hy twu aslerisks oeenr four times,

Atoms Bond lengths Atoms Bond angles
8i(l) —O() 1.58(1) O —Bi(1p—0(2) Ha7 (1
—0(2) 1.62(1) O(1)=8i(1p-0(3) 110.8 (7)
—0(3) Le2(1) O(1p-8i1 08 112.0 (8y
—0(6) 1.60(1) O3 1 - O3 1081 (6
8, Al —0(2) *1,70(1) O (281110 (69 087 (8
—0(T) L87(1) O (3B (1 -0 () 1065 17
—0(f) 1.88(2) O(2)y~Bi(2y—0(7) HORA {7y
8i(3) —0(h) 159(2) O (2y—Hi(2y-0(5) WEG (#)
—0(4) 157(1) O(2)—Bi(2) 0 (2 Y Ra (L
—0(8) *1.60(1) O 7 yB1(2 -0 (5 1104 (8)
Na,Ca —F *9.97(1) O (48130 (1) 1083 (7)
—O(4) *2.46(1) O (481830 () 1184 (8}
—0(1) *2.86(1) O(B)=B81(8 )0 () 08,7 (6
—0(3) *2,86(1) O (381 (8)—0 (8 Y [[ERT SN T
Ca —r 2.26(1) Bi(1ynO (3381 (1 L5 €2y
—0(4) 2.30(1) SL(2Y-O (T8I (2Y 178 (2
—0(1) *2,36(1) S0 (2) 81 (2) 2 (M
—o(1y *2.37(1) Bi(1y—0 (3811 15 (1
K —w 2.56(1) (2O (5 y-81(3) N (1)
—0() 2,03 (1)
—01 3.00(1)
--0(6) 3.02 (1)
—0(2) 3,29 (1)
—0(6) 3.51(1)
—0(5) 3.59(1)
—0(1) *3.61.(1)
K(2) —0(2) #%3,07(2)
—0(6) *3,11(1)
—C1 3.22 (1)
QY 3.81(1)
K(3) —0(H) *2,70(2)
—Q(7Y 3.14(2)
—O(T) 3.39(2)
—0 3.65(1)

—0(2)  **3.66(1)
—0(8)  **3.66(1)
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Nadium, The best seattoring eurve for this atom Lying on n sy
metry center, was thtl based on the gssamption that the site would be
oceupisd by 3.4 Na oand D4 Cao Sodiom is bonded 1o two B oatoms
(NI 2,87 X7 and to six oxygoens of the teteahedra (two Na-—O of 2446
and four Na-—0 of 286 A The eight mentioned atoms oveur at the
vertices of o sort of orthorhembic prism. The prisms shave two oppo-
site edges thus forming chaing parallel to these of oetahedra,

Polassium. The petassinm atoms have not a vegular eoordination
owing to their ocenrrenee i large cavities of the structure, One ean
remark the short distanees between K{1p and B oand K1) and Cl;
they are shorter than the sum of the jonie radii of the involved atoms,
K(2) oeeupios the smme position of Ba in maedonaldite; its eoordi.
nation is more regular being formed by six oxygens at the vertices
of a Folded hexagon with one vhlorine atom above and one below,

Some more words on the role of potassiin itd ehlorine will be
spent in the course of the deseription of the structure,

Silicon. Three silicon atoms are present in the asymmetric unit;
one of them shares all the oxygens with other tetmthedra; the remain.
ing two have one oxygen unshared, These ones have Si-0) bond dis-
tances of about 1.60 A while the Si-~0 bond lenghts of the former range
from 1,67 to 170 K. For this reason it was asswned that the corres-
ponding fourfold equipoint was occupied by 504 Sioand /0% Al
As one ean see in Table TV the lengths of the Si—-0 bends are not much
influenced by the fact that the oxygens are unshared or shaved with
other tetrahedrea: Si(1}-0{1) 1.58 %, SI(3)—-.0(4) 1.57 A ; the average
Bi—0 distance for shared oxygens is about 160 A. As suggested by
Cruickshank [5] this faet is due to the presence of Al in the tetrahe-
dral framework, It seemis worthy to point out that in maedonaldite,
which has the sawme {etrahedral Framework, but i free of Al the
average bond distances of Siowith the nnshared oxygens were about
1.57 A and thoge with the shared ones were about 1.63 A,

Deseription of the struelure {see Fig, 1 As previously pointed
out. the structural features eomunon to maedonaldite and delhayelite
are the double tetrahedral layors of the apophyllite type and the chaing
of Ca-octahedra, The « idealized » apophylite layer s derived from the
econdensation of wollastonite chaing through the xonotlite ribboun, In
maedonaldite the double layers ave fmbedded between layers of Ca-
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Fig. 1. — Bottom: schematic partial projeetion of the erystal strnelure of

delhayelite along the e axis and key to the identifieation of the atoms

(small black cireles are fluorine atoms). The layers of Si-totenholen us woll

as of Ca-octahedra and Na-prisms are shown, Top: sehemutic partial

projection along the b axis, A seetion. of the ehanuol paratlel to b is
shown. The other channel rung puraliel to e
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oetahedra, These layers are Farmed by ehaing of oetahedrea connceted
together by hydrogen bonds, In dethayelite the ehaing of oclahedra
are tied together by sodium atoms; in sueh a way the Ca-oetahedra
and the prisms of sodium form o sort of compact « wall » of polyhe-
dra, The tetrahedral double layers oceur befawveen two of sueh « walls ».
Taking into gecount the common struetural features, delhayelite and
maedonaldite belong without any doubt to the same struetural family
of Zoltal's [6] elassification of silicates,

A number of structural details will be deseribed in orvder to show
some interesting peeuliaritios of delhayelite,

In macdonaldite two adjucent Ca atoms are not equivalent by
symnietry @ one lies on s symmefry ventfor, the other on a mirror plane,
[n delhayelite both of them oeeur on a mivvor plane, Sp, while in mace-
donaldite one oetahedron is built up by six oxygens of the tetrahedra
and the other by four oxygens and two water molecules, in delhayelite
all the octabedia ave formed by five oxygens and one fluorine, These
different situntions of caleinn in the two minerals implies different
situations of the tetrahedral layers with rvespeet to the layery of oe-
tahedra (see Fig, 2).
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Pig, 2. ~- Behemutie drmwing showing the relatiouships boetween the ehiing

of Caroetahedrs and the totrahodral Jayers in muedonaldito (left) and in

delhayolite (vight). Baech «T» ropresents o Si-totrahedrvon and the seg-

ment, raunning from one corner of the octahedron to o «T» is o 80

bond, Small ecireles are wator moloeules in the maedonaldite ehnin and
fluorine atoms in the delbryelite ¢hain,
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The channels that are present in macdonaldite exist also in delhsye.
lite; they run within the tetrahedial Tuyers parallel to b and e their
free diameter is about 3.8 A, In masdomaldite the vhannels are oveupied
by barium and water moleeules which do not fitl vompletely the large
eavities of the structure: it ix a tipical feature of zeolites, [n delhnyelite
there is no water; the chanuels are nearly completely Filled by po-
tassium and ehlorine, In the channel parallel to e there is an infisite
sequence ., , K (2)—Cl—JC(2)-CL. .. running at the intersoetion of fwo
mirror planes, It could be of some interest to peint out that the e eell
parameter of delhayelite (6.53 X) ix only a little longer than the el
edge of KCL (6.26 A). Another infinite sequenee . .. K (301K (33
—C1.., oeeurs in the channel parallel to b,

Another interesting feature of delhayelite is a0 sort of finite ehain
or linear group K (1)—Cl—I (1}, This group is nearly parallel
to ¢ and runs between two adjacent walls of polyhedra in a eilindrieal
cavity which has the same free diameter of the chanvels, The ehlorine
atoms ave located at the intersection of the two infinite sequences and
the linear group; in such a way each chlovine is surrounded by six K
atoms that form a distorted oectahedron,

The a cell parameter of delhnyelite is signifieatively longer than
the corresponding cell edge of macdonaldite: 2486 A against 23.56 A,
This difference of 1.3 A is caused by a rearrangement of the tetrahe
dral framework achieved through the inereasing of some Siee0).-8i
angles,

TasLe V.

Mineral ‘ Jell dimensions Chemionl formuin

Maedonaldite @== 1408 b=1311 ¢ = 2050 A | 4f BaCu 81y 10a11,0 ]
"y i -
Rhodosite v == 14,10 b =T13.08 a=- 238 A | 4] K,Nuyta, 8,0 121,01

e
| X N
Dellayelite ‘ b= 707 e= 653 a=:04864 | Ca(NnCr)Kq(Bi AL KI0CLF,

i

Conclusions, Table V shows a comparison of the erystallographiv
and chemical data of macdonaldite, rhodesite and delhayelite, The elose
structural relationship between macdonaldite and delhayelite has been
fully confirmed by the erystal structure analysis in spite of the diffi-
culties encountered with the chemical formula,
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The absenve of water and the peosener of ¥ oand Cin delhayelite
a8 well ax its oeenrenee ina voleanie rork of vuusnal chemieal and
mineralogical composition 7] give a partienlar charaeter to this mis
neral with vespeet to macdonaldite and rhodesite, These ones are more
strietly comparable with fibrous zeolites for their oceurepce, their
morphologival features (rhodesite is fibrousy und their water eontent,

It would be very interesting to investigate the ereystal strocture
of rhodesite also in order to know whether Nu is in the channels as K
and Ba or it conneets together the ehaing of oetahedra ax in delhayelite,
In such o way one eonld have a complete steuelural picture of this
family of silieates whose members san veeur in sueh  different envi-
ronments.
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