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Hardystonite from Franklin Furnace: A natural modulated melilite
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ABSTRACT

Natural hardystonite, (Ca, gsNag14Pbg 1) (ZnggsAly;Mgo.0:Mn*§ 04Fes42)S12,0007.00, from the type
locality was reinvestigated with single crystal X-ray diffraction, microprobe analysis, and electron
diffraction. The average structure, space group P42,m, a = 7.800(1) A, ¢ = 5.000(1) A, was refined
to R = 1.91% using 331 independent reflections. Hardystonite exhibits an incommensurate modu-
lated structure. As in synthetic melilite-type compounds, modulation is two-dimensional, with tar-
tan-like appearance; modulation vectors are q; = o(a,;* + a,*) and q,= o(-a,* + a,*). A modulation
wavelength A = 19.0(4) A was estimated by centering satellite reflections using a single-crystal
diffractometer. TEM-EDX investigations proved the chemical composition of the sample to be slightly
inhomogeneous, with stronger and sharper satellites in the regions where the composition approaches
the Ca,ZnSi,0, end-member. Geometrical parameters as well as anisotropic displacement ellipsoids
of hardystonite are consistent with those of the other melilite-type compounds having a modulated

character.

INTRODUCTION

The melilite group of minerals consists mainly of solid-so-
lutions between gehlenite, Ca,Al,SiO;, and dkermanite,
Ca,MgSi,0,. These phases are found in both plutonic and vol-
canic basic alkaline rocks rich in calcium, in thermally meta-
morphosed impure carbonate rocks, in blast-furnace slags, and
in aluminum-rich chondrules of meteorites (Deer et al. 1986).
Many melilite-type compounds with the general formula
X,T1(T2),0;(X = Ca, Sr, Pb, Ba, Na,Y, Er,Yb; T1= Be, Mg,
Mn?**, Fe**, Co, Cu, Zn, Cd, Al, Fe**, Ga, Si; T2= Si, Ge, Al,
Fe**, Ga, Be) have been synthesized either from a melt, by sin-
tering, or under hydrothermal conditions (Rothlisberger et al.
1990). Several crystal structure refinements on synthetic com-
pounds with a wide range of chemical compositions have been
published (Bartram 1969; Louisnathan 1970; Kimata and [i
1981, 1982; Kimata and Ohashi 1982; Kimata 1983a, 1983b,
1984, 1985; Armbruster et al. 1990; Shimizu et al. 1995; Yang
etal. 1997). However, comparatively, few natural melilites have
been studied (Warren 1930; Smith 1953; Louisnathan 1971;
Cruciani and Vaccaro 1996; Giuli et al. 2000).

Hemingway et al. (1986) observed satellite reflections and
thermal behavior anomalies in synthetic Ca,MgSi,0,. Seifert
et al. (1987) reported electron diffraction patterns and TEM
images of synthetic iron-bearing akermanites exhibiting two-
dimensional incommensurately modulated structure. They also
suggested that the formation of the incommensurate phase is
due to a structural misfit between tetrahedral sheet and the X-
polyhedral layer. Rothlisberger et al. (1990) pointed out the
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role of the chemical composition in the stabilization of the in-
commensurate phase. By means of an electron diffraction and
electron microscopy study of synthetic Ca,ZnGe,0,, Van
Heurck et al. (1992) showed the structure to be modulated by
the formation of microdomains involving different orientations
of the T1 and T2 tetrahedra. According to Seifert and
Rothlisberger (1993) the modulation amplitude is temperature-
dependent and the dynamic disorder of the X cations may lead
to the stabilization of the unmodulated melilite structure at high
temperatures only. From the theoretical principles of the in-
commensurability in crystals (Janssen and Janner 1987), the
incommensurate phases are intermediate between a commen-
surate high-temperature phase (unmodulated structure) and a
low-temperature commensurate superstructure (the so called
“lock-in phase”). Riester and Bohm (1997) found the “lock-in
phase” of Co-akermanite to occur at 130 K. The result is a
nearly commensurate phase (3a X 3a X ¢ supercell), with clus-
ters of 6- and 7-fold coordinated calcium arranged in octagons
(Riester et al. 2000). On the basis of a five-dimensional refine-
ment of the modulated phase, Hagiya et al. (1993) and Kusaka
etal. (1998) concluded that modulation in synthetic compounds
[Co-akermanite and Ca,(Mg,ssFeq.45)S1,0,] results from static
displacement of the constituent atoms from their dynamically-
averaged positions, that is, modulation arises from positional
and not substitutional disorder. In contrast, Jiang et al. (1998)
postulated that occupational modulation makes a contribution
to the overall modulation characteristics, as a consequence of
an ordered distribution of Sr in (Ca,_,Sr,),MgSi,0;. Occupancy
modulation of Sr and Ca was observed also by Bagautdinov et
al. (2000) who refined the incommesurately modulated struc-
ture of (Sry3Cay47),C0Si1,0,. A formal solution to the problem
of the modulated structure in melilites was provided by
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McConnell (1999), indicating the coexistence of two structur-
ally distinct components (P4 and P2,2,2) in the incommensu-
rate phase.

According to the systematic relationship between chemical
composition and the IC-normal phase transition temperature,
melilites close to the hardystonite Ca,ZnSi,0, end-member
should exhibit a modulated structure at room temperature. Pre-
vious X-ray studies on such natural melilites (Warren and Trautz
1930, Louisnathan 1969) however, did not detect such a phe-
nomenon. We therefore re-examined natural hardystonite also
from the type locality (Franklin Furnace, New Jersey, USA),
by single-crystal X-ray diffraction, microprobe analysis and
electron diffraction.

EXPERIMENTAL METHODS

A crystal of hardystonite was selected and mounted on an
Enraf-Nonius CAD4 diffractometer. 25 high-0 reflections were
centered and subsequently indexed yielding a = 7.800(1) A, ¢
=5.000(1) A, V =304.20 (2) A%. Taking what was previously
observed in melilite-type modulated structures into account
(Van Heurck et al. 1992), we looked for satellite reflections on
the basis of a 7 X 7 square grid subdividing the reciprocal basic
cell. The presence of satellites at approximately 2/7 and 5/7
along [110]y.c and [1T0],.5c Was confirmed; weaker satellites
along [100].. and [010],.. at approximately 3/7 and 4/7 were
also observed. Other hardystonite crystals tested gave quite
similar results. As in synthetic melilite-type compounds, modu-
lation is two-dimensional, with tartan-like appearance; modu-
lation vectors are ¢, = ou(a,* + a,*) and q,= a(-a,* + a,*); to
estimate o, four pairs of centrosymmetric satellite reflections
were centered and an average value o= 0.291(6) was obtained,
corresponding to a modulation wavelength A = 19.0(4) A. In-
tensity of both main and satellite reflections were measured
using a Enraf-Nonius CAD4 diffractometer. Data were subse-
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TABLE 1. Experimental details of data collection

a b
wavelength MoKe (20 mA x 50 kV) MoK (26 mA x 50 kV)
scan mode ® /20
scan width (°) 3.5 1.8
scan speed (°/min) 412 2.75
6-range (°) 2-30 2-18

Notes: a = basic structure reflections; b = IC modulated structure reflec-
tions

quently corrected for Lorentz-polarization and for absorption
according to the semiempirical method of North et al. (1968).
Experimental details are given in Table 1. In Figure 1 the IC-
satellites in two layers of the reciprocal space (I =0, /= 1) are
schematically represented. The tetragonal symmetry appears
to be violated by some of the satellites, probably due to the low
quality counting statistics for weak peaks.

For the TEM investigations, a small piece of the sample
was ground in an agate mortar, suspended in ethanol and dis-
persed in an ultrasonic bath. The fine fraction was then depos-
ited onto a holey carbon film. The TEM used was a Philips
EM400T microscope (Kiel University) operated at 100 kV and
equipped with a rotation-tilt (360°, £ 60°) sample holder. An
attached energy dispersive spectrometer allowed qualitative
chemical analyses and a check for homogeneity.

STRUCTURE REFINEMENT

The basic structure of hardystonite was refined by means
of the program SHELXL 93 (Sheldrick 1993). Equivalent re-
flections were merged (Ryymm= 6.43%) according to the sym-
metry of the basic structure (P42,m space group). By means of
some anisotropic full-matrix least-squares cycles, the refine-
ment quickly converged to R=1.91 % for 331 observed reflec-
tions [all the reflections resulted “observed” according to the
criterion Fo > 46(Fo)]. The scattering curves for neutral Ca,
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FIGURE 1. Schematic representation of IC-satellites in two layers of the reciprocal space (I = 0, [ =1 ). The size of the dots is roughly
proportional to Fo/c(Fo), [Fo/c(Fo) > 40, 20, 10, and 5, respectively]. Basic reflections are omitted. Grid refers to basic lattice.
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Na, Zn, Mg, Si, O were taken from International Tables for X-
ray Crystallography, volume IV (Ibers and Hamilton 1974).
The site-occupancy refinement for the T1 and X sites led to a
mean electron number of 28.2, and 19.9 respectively. Atomic
coordinates and anisotropic displacement parameters are given
in Table 2.

CHEMICAL COMPOSITION

The same crystal used for the structure refinement was
analysed by means of a Jeol JXA-8600 electron microprobe.
Major and minor elements were determined at 15 kV acceler-
ating voltage and 10 nA beam current, with variable counting
times: 15 s were used for Na, 20 s for other major elements and
30 s for the minor elements Al, Mn, Fe, Mg, and Pb. The stan-
dards were: willemite (Zn), olivine (Mg), diopside (Ca), albite
(Al, Si, Na), bustamite (Mn), ilmenite (Fe), sanidine (K), and
galena (Pb). The average chemical composition (nine analyses
on different spots) is reported in Table 3. On the basis of five
cations, the formula of the hardystonite is (Ca, gsNay14Pbg o)
(Zngg5Aly M go 3Mnyg g, Feg.02)Si5.0007.00- To achieve electric neu-
trality, Mn and Fe were assumed to be trivalent. The mean elec-
tron numbers calculated for the site population obtained on the
basis of the chemical data (19.6 for the X site and 28.0 for the
T1 site) are in close agreement with those from the site occu-
pancy refinement (19.9 and 28.2 respectively).
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TEM INVESTIGATIONS

In electron diffraction, the satellite peaks typical for the
modulated phase could be observed (e.g., Seifert et al. 1987).
The sample proved, however, to be slightly inhomogeneous
and distinctly bimodal on the scale of a few hundred nanom-
eters (i.e., below the spatial resolution of the microprobe), both
with respect to modulation and chemistry: Grains with only
very minor concentrations of elements except Ca, Zn, Si and O
exhibited strong and sharp satellite peaks with locations corre-
sponding to a modulation wavelength on the [110] direction of
19.6(1) A (Fig. 2a). Other grains showed weaker and diffuse

TABLE 3. Electron microprobe analyses (means, ranges and stan-
dard deviations in wt% of oxides) and atomic ratios (on
the basis of five cations) for hardystonite

oxide wit% range G% atom atomic ratios
Sio, 38.93 38.77-39.27 0.11 Si 2.004
Al,Os 1.14 0.97-1.22 0.04 Al 0.069
Mn,O4 1.00 0.76-1.12 0.06 Mn 0.039
Fe 05 0.43 0.18-0.52 0.05 Fe 0.017
MgO 0.36 0.18-0.43 0.04 Mg 0.028
ZnO 22.44 22.09-23.05 0.25 Zn 0.853
CaO 33.47 33.12-34.40 0.01 Ca 1.846
PbO 0.58 0.37-0.70 0.04 Pb 0.008
Na,O 1.36 0.85-1.52 0.05 Na 0.136
total 99.71 Zen 13.997

Note: ¥..,=sum of cation charge, assuming Fe and Mn as trivalent.

TABLE 2. Fractional atomic coordinates and anisotropic displacement parameters U; (A2) for hardystonite

xa vib zlc Uy, Uss Uss Uy, Uss Uss Usq
X 0.3326(1) ', —x 0.5059(1)  0.0240(3) U, 0.0140(2)  0.0104(3) 0.0016(2) —U, 0.0206(2)
T 0 0 0 0.0125(2) Uy 0.0127(3) 0 0 0 0.0126(2)
T2 0.1400(1)  '/,—x 0.9386(1) 0.0124(3) U, 0.0099(4)  0.0006(4)  0.0005(2)  —Uj, 0.0116(2)
o1 0.5000 0 0.1777(7)  0.038 (2) Uy, 0.009 (1) -0.026(2) 0 0 0.0284(9)
02 0.1410(3) ', —x 0.2569(4) 0.027 (1) Uy, 0.011 (1) 0.010 (1) -0.002 (1)  -Uy, 0.0217(6)
03 0.0820(3) 0.1872(3) 0.7867(4) 0.045(1)  0.020 (1)  0.017(1)  -0.010(1)  0.009 (1)  —-0.003 (1) 0.0273(5)

FIGURE 2. SAED patterns of hardystonite from Franklin Furnace. Stronger and sharper satellites are observed in the regions where composition
approaches the Ca,ZnSi,0; end-member (a); Pb-richer regions (b) exhibit weaker and diffuse satellites. Electron beam along [001].
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satellites, indicating a wavelength close to 20.6(2) A, and sig-
nificant (but still fairly low) concentrations of Pb, Mn and Ni
(Fig. 2b).

DiSCUSSION

On the whole, the previously determined structure of
hardystonite was confirmed. It consists of a two-dimensional
linkage of corner sharing T1 and T2 tetrahedra, characterized
by irregular pentagonal rings. In the stacking of successive tet-
rahedral layers along [001], the pentagonal rings form chan-
nels where the X cations are located about halfway between
the sheets. The ¢ parameter corresponds to one layer of inter-
connected tetrahedra. Selected bond distances and angles are
in Table 4. The X site in hardystonite from Franklin Furnace
deposit is dominated by Ca with minor amounts of Na and Pb.
Accordingly, the mean <X-O> distance (2.562 A) is nearly equal
to that observed by Louisnathan (1969) for hardystonite from
Franklin Furnace slags (2.569 A). The T1 site is mainly occu-
pied by Zn, with minor amounts of Al, Mg, Mn, and Fe. The
mean <T1-O> distance (1.918 A) is significantly shorter than
that (1.937 A) found by Louisnathan (1969), probably due to
the greater amount of Al in the present sample. The mean <T2-
0> bond distance (1.617 A) is within the range (1.608 — 1.623
A) observed for <Si-O> distances in the compounds where T2
is completely filled by Si, e.g. in synthetic dkermanite (Kimata
and Ti 1981), Co-akermanite (Kimata 1983b) and gugiaite
(Kimata and Ohashi 1982). This feature, as well as the chemi-
cal data (atomic ratios close to 2.00 a.p.f.u of Si), suggests that
the T2 site is completely filled by Si.

As pointed out by Seifert et al. (1987), geometrical restric-
tions exist in terms of the size of the tetrahedral cations with
respect to the size of the interlayer X cations (Ca, Sr, Ba, Y,
etc.). The greater the hindrance of tetrahedra relative to X-poly-
hedra, the bigger the structural strain and the consequent de-
formation of the tetrahedral sheet. Therefore, the T/X ratio, with
T/X = [(<T1-O> + 2<T2-0>) / 3<X-0>], can be an useful pa-
rameter to predict the possible presence of an incommensurate
modulation in melilite-type structures. In particular, both the
value of the T1-O3-T2 angle and the angular distortion 6>,
plotted against the T/X ratio (Giuli et al. 2000), are helpful to
discriminate the melilite-type structures with incommensurate
modulation from the others. As shown in Figure 3, the crystal

TABLE 4. Selected bond distances (A) and interatomic angles (°)
in hardystonite

X-01 2.470(3) 03-T1-03' [x4]  108.01(4)
X-02 2.453(3) 03-T1-03"[x2]  112.43(5)
X-02' [x2] 2.690(2)
X-03 [x2] 2.412(2) 01-T2-02 111.03(4)
X-03' [x2] 2.685(3) 01-T2-03[x2]  101.63(5)
02-T2-03 [x2]  117.93(4)
T1-03 [x4] 1.918(2) 03-T2-03' 104.32(4)
o2 5.21
T2-01-T2' 138.73(4)
T2-01 1.650(2) T1-03-T2 117.92(5)
T2-02 1.592(3)
T2-03 [x2] 1.612(2)
1 59.13
Ara 1.0133

Note: The mean quadratic elongation (A) and the angle variance (c?)
were computed according to Robinson et al. (1971).
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chemical behavior of the hardystonite studied here is consis-
tent with that of other melilites having modulated character.
The TEM observation of diffuse satellites in Pb-rich grains
versus sharp peaks in Pb-poor grains is consistent with the above
concept that an increase in the average size of the X cation
destabilizes the incommensurately modulated structure
(Rothlisberger et al. 1990).

The incommensurate modulation is also evident in the analy-
sis of the size and the shape of the displacement ellipsoids. As
Armbruster et al. (1990) pointed out, the strong anisotropy for
the displacement ellipsoids of O1 and O3 O atoms in the aver-
age structure of melilites is related to the incommensurate
modulation. This feature indicates wide disorder in the orien-
tation of the tetrahedra on the scale of the tetragonal unit cell.
Therefore, dp.01 and d.03 wWere calculated according to the
formulae proposed by Armbruster et al. (1990). These values,
0.15 for O1 and 0.12 for O3, are close to those observed by
Armbruster et al. (1990) for melilites showing IC satellites
(0.11-0.32 and 0.12-0.39 for d,.01 and dia03, respectively).
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