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ABSTRACT I 
ttigh resolution transmission electron microscopy studies on the lillianite group minerals from the 
Ivigtul cryolite deposit, Ivigtut, South Greenland revealed the existence of disordered intergrowths of 
lillianite/gustavite-like blocks (N-  4) and beyrovskyite-like (N = 7) structural blocks. One disorder 
sequence is examined in detail, which gave an average homologue number N = 4.92 corresponding to a 
composition of Pb:~.92 2x Bi2, ~Ag,$6.92 with x ~ 1,2. An Axial Next-Nearest Neighour lsing modcl was 
used to follow the fluctuations in the average homologue number N across the crystal. This yielded 
compositional fluctuations of the order of 70-- 170 A over a 1800 A region of the crystal, with a 202 A 
lamella of ordered vikingite. Trends in the randomness of the gustavite-vikingite intergrowth were 
evaluated and the dominant slab sequence was found to be 4,4,4,7 and 4,4,7,7, suggesting that some 
longer period homologues may be stable. A number of defects were noted in which changes in slab 
widths were accommodated. The origin of these partially ordered/disordered lillianite homologues is 
discussed. 

KEYWORDS" lillianite group minerals, disorder, IIRTEM, lvigtut, Greenland. 

Introduction 

TIlE development of structural classification 
systems in which complex structures are reduced 
to a set of simple fundamental blocks and a set of 
building or assembly instructions has done much 
to emphasize and simplify the relationships 
between minerals within a given group. Our 
understanding of the chemistry, structure and 
paragenesis of the sulphosalt minerals has 
benefited by such systematic treatments. This is 
particularly so for the Pb sulphosalls that can be 
related to PbS and SnS parent structures 
(Makovicky, 1981, 1985. 1989). ttigh-resolution 
transmission electron microscopy (HRTEM) 
studies of a number of mineral systems, notably 
the biopyriboles and the humites, have revealed 
the existence of disordered intergrowths of 

* Current address: Anger St'rage 27, 40593 Dfisseldorf, 
Germany. 

structural blocks of varying sizes. The disordered 
intergrowth of different blocks provides a 
mechanism for compositional variation in these 
systelns (Veblen et al., 1977, Veblen and Buseck, 
1979; Wbite and Hyde, 1982a, b). Disordered 
intergrowths of compositionally distinct but 
structurally similar slabs have been shown to 
account  for compos i t iona l  tields in the 
bismuthinite-aikinite series (Pring, 1989, 1995). 

Defect structures and disordered intergrowths 
have been reported from studies on synthetic 
members of the lillianite group Pb-Bi (Ag) -S  
(Skowron and Tilley, 1986, 199(1; Tilley and 
Wright, 1982), but to date such phenomena have 
not been confirmed in natural lillianites. Makovicky 
and Karup-Moller (1977b) documented evidence of 
disorder in 'single crystal" X-ray diffraction 
patterns of lillianites from the gustavite-cosalite- 
galena paragenesis from the Ivigtut cryolite deposit, 
Ivigtut, South Greenland (Kamp-Moller 1977). 
Here we report the preliminary results of a 
HRTEM study on some lillianite group minerals 
from the Ivigtut cryolite deposit. 

~i', 1999 The Mineralogical Society 



A. PRING ETAL. 

The  lil l ianite group 

The lillianite homologous series is a group of 
Pb-Bi(Ag) sulphosalts that have structures based 
on the ordered intergrowth of slabs of 'galena- 
like' structure cut parallel to (31 l)PbS. The blocks 
have a 'chemically twinned' arrangement and the 
overlapping MS6 octahedra of the adjacent, 
mirror-related units are substituted by bi-capped 
trigonal prisms (PbS6+2) (Fig. 1) (Makovicky, 
1977; Makovicky and Karup-Moller, 1977a, b). 

Distinct homologues in the series differ in the 
width of  the galena-like slabs. This can 
conveniently be expressed by N, the number of 
metal sites in the chains of octahedra, which run 
diagonally across individual galena-like slabs and 
parallel to [011]PbS. Homologues are denoted 
NI'N2L, where N1 and N2 are the number of metal 
sites in the two alternating slabs and the chemical 
composition is constrained by the formula 

PbN_ l-2xBi2+xAgxSN+2 

where N = (Nl+N2)/2 and x is the Ag+Bi = 2Pb 
substitution coefficient with Xmax - (N-2)/2. All 
homologues reported to date conform to this 
formula and it is important to note that the 
individual homologue slabs are electrostatically 
neutral. 

Only two Ag-free lillianite homologues are 
known in nature, lillianite, Pb3BizS 6 (4'4L) and 

heyrovskyite, Pb6Bi2S9 (7'7L) (however, they both 
usually contain a small amount of Ag). In the 
P b - B i - A g - S  system, several more ortho- 
rhombic (NI=N2) and monoclinic (N1 r  
members exist, including gustavite, (4'4L) and 
vikingite, (4'7L) (Table 1). Complete solid solu- 
tion between lillianite and gustavite has been 
shown to exist above 500~ in synthetic studies 
(Hoda and Chang, 1975); however, there are 
apparent miscibility gaps in the 'gustavite 
solution' when formed under natural hydro- 
thermal conditions (Makovicky and Karup- 
Moller, 1977b). The end-members are gustavite, 
PbAgBi3S6 and lillianite Pb3Bi2S6 and inter- 
mediate compositions can be expressed in terms 
of % of the end member, PbzAgo.sBi2.sS6 being 
the mid-member (Guss0 still in the lillianite 
composition field). Vikingite compositions can 
also be expressed in terms of a hypothetical series 
between Pb4Ag7Bi15S30 (Vikloo) and PblsBisS30 
(Vik0), with the composition of vikingite from 
Ivigtut being between 67-73% A g - B i  substitu- 
tion (Makovicky and Karup-Moller, 1977b). 
Chemical analyses of many lillianite homologues 
give non-integral values for N, and Makovicky 
(1981) suggested that the differences may either 
be due to analytical problems or to errors in the 
frequency of the 'chemical twinning' (i.e. block- 
width disorder). Streaking on single crystal X-ray 
diffraction photographs of higher homologues 

FIG. 1. Structural diagram of vikingite showing the atomic arrangement in the 4L and 7L units. The larger circles 
represent Pb(Ag) filled, and Bi(Ag) open; the small circles represent S. Arrows indicate directions of [01 ]]PbS chains 

of octahedra. 
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(Makovicky and Karup-Moller, 1977b) has been 
taken as evidence for this stacking disorder. The 
'mineral '  schirmerite PbAgBi3S6-Pb3Agl.sBi3.sS9 
is considered as a disordered intergrowth of  4L 
and 7L homologues (Makovicky and Karup- 
Moller 1977b). Skowron and Tilley (1990), from 
their HRTEM studies on synthetic material, 
reported a number of additional homologues, 
including 4'5L, 7'8L and S'SL, not known in nature. 
In addition, they noted a series of  longer sequence 
homologues such as 7'4'4L, 7'4'4'4L and 7'4'4"4'4L 
and regions of stacking disorder or disordered 
intergrowth. Their studies indicated that lower 
temperatures favour a wider variety of  homo- 
logues, longer ordered sequences and more 
extensive disorder. 

in Fig. 2, which shows a [010] electron diffraction 
pattern for a well ordered vikingite crystal; the 
strong subcell reflection 0.0.15 corresponding to 
311pb s is indicated. The zigzag nature of  the 
chemical twinned structure is clear in this image 

Experimental 

A specimen from the gustavite-cosalite-galena 
paragenesis from the Ivigtut cryolite deposit, 
Ivigtut, South Greenland, was obtained from the 
Geological Museum, University of Copenhagen 
(No. 1973 244). A double-sided polished thin 
section was prepared using a thermal adhesive 
and after examination by reflected light micro- 
scopy, several areas rich in 'lillianites' were 
selected. Copper support rings were glued to the 
surface and the section was heated gently to free 
the 'lillianite' discs. The discs were Ar ion-milled 
from both sides until a small hole appeared in the 
centre of  the disc. The ion milled samples were 
examined in a specially modified JEOL 200CX 
transmission electron microscope with Cs 0.41 
ram, Cc 0.91 mm. The theoretical point-to-point 
resolution for this microscope was 1.8 A. A series 
of  image simulations was performed by the 
conventional multi-slice method, using local 
programs based on the routines by G.R. Anstis 
and T.B. Williams (pers. comm.) in order to 
establish the criteria for image interpretation. 

Results 

Skowron and Tilley (1990) have established the 
basis for interpretation of  images and electron 
diffraction patterns of the lillianite homologous 
series. For well ordered regions, the identification 
of the lillianite homologue is possible using an 
electron diffraction pattern down the 4 A zone. 
The last strong subcell reflection on the 0k0 row 
(00l row for monoclinic) corresponds to the 
311pb s subcell reflection and the homologue 
number NI+ N2 = k - 4  ( l -4) .  This is illustrated 

F~G. 2. Electron diffraction pattern and image of a well- 
ordered vikingite crystal down the [010] zone. (a) Elec- 
tron diffraction pattern. The distribution of intensity 
along the 001 row permits calculation of  the homologue 
number. The last strong subcell reflection along this row 
corresponds to the (311)PUS subcell and the l index of 
this reflection is related to the homologue number 
l 4 = NI+ N2. (b) HRTEM image showing the 

chemically twinned nature of the structure. 
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(Fig. 2). Figure 3 shows a series of vikingite 
[010] image simulations for a range of thickness 
and defocus values. The zigzag nature of  the 
structure becomes less clear as crystal tl~ickncss 
increases or if  there is any slight tilting or 
misalignment of  the electron beam or crystal. 
Skowron and Tilley (1990) noted that the 
alternating galena-like units usually appear as 
light and dark bands due to some degree of 
diffraction contrast from small amounts of  beam 
or crystal tilt. In thick crystals (>100 ,~) it is, 
therefore, generally not possible to distinguish the 
homologue number of the individual slabs from a 
HRTEM image but the width of  pairs of slabs is 
easily seen due to diffraction contrast. Thus, in 
this study it was easy to distinguish from each 
other 4,4 slabs and 7,4 slabs and also these from 
NI +N2 = 14 slabs, but it was not possible to 
establish, unequivocally whether these slabs were 
7,7 (beyrovskyite) or 5,9 (eskimoite) units. 
l lowever, image detail and the structure of  
crystal defects indicate the slabs are 7,7 rather 
than 5,9 units. 

41.2 A 82.4/~ 

Block width disorder 

In addition to the sharp unstreaked diffraction 
patterns and well ordered images of the kind 
shown in Fig. 2, extensive regions of  disordcr 
were also observed. A typical diffraction pattern 
from a comparatively large area of  a crystal is 
shown in Fig. 4a. Note both the streaking along 
c* and the monoclinic distribution of intensity 
amongst the subcell reflections. The corre- 
sponding image (Fig. 4b) shows a disordered 
intcrgrowth of ribbons N = 4 and N - 7 ribbons. 
Note that the sequences 4,4 (corresponding to 
gustavite) and 7,4 (vikingite) are by far the most 
common, a finding in keeping with the inherent 
stability of the N = 4 and N = 7 ribbons (Skowron 
and Tilley, 1990; Makovicky and Karup-Mollcr, 
1977b and Karup-Moller, 1977). Crystal chemical 
data on the L = 4 and I, - 7 slabs by Makovicky 
et aL (1992) indicated that they are electrically 
neutral and their intergrowth does not involve 
equilibration of  their partial charges by means of  
regular alternation. The NI + N 2 -  14 units 
(corresponding to heyrovskyite or eskimoite) 
which are also electrically neutral but reflect a 
more Pb rich composition, are much less commnn 
in the image. It has previously been noted that 
heyrovskyite is absent as a discrete phase at 
Ivigtut, (Makovicky and Karup-Moller, 1977h 
and Karnp-Moller, 1977) and instead cskimoite 

A f = -793 A 

FIG. 3. Series of image simulations for vikingite down 
the [010] zone. 

(the 5'9L dimorph of  heyrovskyite) occurs, 
although there is no direct evidence for L = 9 or 
L - 5 slabs in the sample examined here. 

In Fig. 4h the longest ordered sequence of slabs 
is 8 vikingite units 7,4 (N1 + N 2 -  11). The 
average value for the region of  the crystal shown 
in Fig. 4b is N = 4.92, indicating that it is 
compositionally intermediate between gustavite 
(N : -4 )  and vikingite ( N -  5.5). From the 
average N value it is possible to calculate, in 
general terms, the average formula for a region of  
crystal. However, due to the coupled substitution 
2Pb - Ag - Bi, it is not possible to calculate the 
actnal  compos i t i on .  The c o m p o s i t i o n  is 
Pb3.,~2 2xBi2~xAgvS6.92 and the amount o f  
Ag ~ Bi for 2 Pb substitution in vikingite and 
gustavite at Ivigtut is x ~ 1.2 (Makovicky and 
Karup-Moller, 1977b). 

Detailed examination of the sequence of slabs 
in Fig. 4b reveals some evidence of  partial 
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ordering. There are 163 slabs in the image; 113 
N =  4 ribbons and 50 N = 7 ribbons. The 
sequence 7,4,4,4 or 4,4,4,7 occurs 20 times in 
the image, including a section where the sequence 
is repeated 4 times. The 'heyrovskyite' units 
generally only occur in single strips although 
there is a sequence of three such units on the left- 
hand side of Fig. 4b. The sequence 4,4,7,7 occurs 
eight times in the image while the alternative 
7,4,7,7 occurs only twice. The sequence 4,4,7,7 is 
compositionally equivalent to vikingite, whereas 
the 7,4,7,7 sequence represents a composition 
richer in Pb. 

Crystal defects 

Figure 5 shows HRTEM images of two different 
crystal defects in which the chemical twin plane 
(31 l)PbS is replaced locally by (100) and (111)pbs 
(or 'jogged') to accommodate change in block 
width. In both images the crystals are relatively 
thick and image detail is dominated by diffraction 
contrast. In Fig. 5a a heyrovskyite unit and a 
gustavite unit change to a pair of vikingite units 
via a jog of three MS6 octahedra in the twin plane. 

Skowron and Tilley (1986) reported similar 
defects. A more complex defect is shown in 
Fig. 5b. In this case the unit sequence 4,7,4,7,7,7, 
4,4,4,4,7,4 is transformed by the jogging of three 
t w i n  p l a n e s  to g i v e  t he  s e q u e n c e ,  
4,7,4,4,7,4,7,4,7,4,7,4. In both of these defects 
the number of twin planes is conserved in the 
defect and thus the average value of N (and hence 
the composition) does not change across the 
defect. 

Discussion 

What does this apparently 'pathological disorder' 
in the 'gustavite/vikingite' crystal represent? In 
the biopyribole and humite systems, this type of 
disorder seems to represent trapped compositional 
and structural intermediates in metasomatic 
reactions (Veblen and Buseck 1979, White and 
Hyde, 1982a,b). In the lillianite system, however, 
and in sulphides in general, significant atomic 
diffusion persists at much lower temperatures and 
this explanation competes with that of a primary 
or exsolution-produced long-range chemical 
modulation ('compositional waves') within the 

FIG. 5. HRTEM images of two different crystal defects in which the chemical twin plan is altered (or jogged) to 
accommodate change in block width. (a) The sequence 7,7,4,4 is transformed to 7,4,7,4 via a jog of three MS 6 
octahedra in the twin plane. (b) The sequence 4,7,7,7 4,4,4,4 is transformed by the 'jogging' of three twin planes to 

give the sequence, 4,4,7,4 7,4,7,4. 
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crystal. In order to establish this, one needs to 
follow the value of  N across a region of  disorder. 
We employed the simple Axial Next-Nearest 
Neighbour Ising (ANNNI) model (Price and 
Yeomans, 1986), where the stacking sequence is 
treated as the product o f  competing interactions 
between first and second nearest neighbour. Using 
this model the average block-width (as a proxy for 
the cation variations) was calculated by averaging 
N for each ribbon with the two on either side. The 
fluctuation of N across the crystal region shown in 
Fig. 4 is presented graphically in Fig. 6, where N 
is plotted against distance across the image in 
from the left-hand edge. A somewhat noisy, step- 
like variation of  average block width (and hence 
composition) across the crystal can be seen. The 
compositional fluctuations are of  the order of  
70 170 A over the 1800 A wide region of  the 
crystal, with a 202 A lamella of ordered vikingite 
in the central portions. Although the extent of  the 
coupled substitution, Ag + Bi 2Pb, in the 4 and 
7 ribbons, is not known for this disordered crystal 
fragment, it is fairly constant (67-75%)  in 
individual lillianite homologues from Ivigtut 
(Makovicky and Karup-Moller,  1984). The 
variation in N across the crystal primarily 
represents fluctuations in the Pb:Bi ratio rather 
than Pb:Bi +Ag. Higher N values equate to Pb- 
rich compositions. 

Veblen and Buseck (1979) reported a number 
of long sequence polysomes in their biopyriboles 
from Chester and noted that many of these long 

sequence polysomes were polymorphs of the main 
ordered minerals. They concluded that this 
indicated that the long sequence polysomes 
arose not because their free energies were lower 
than other arrangements of chains, but rather as 
the result of some growth or reaction mechanism. 
Veblen and Buseck (1979) noted a chemically 
logical arrangement of phases on the macroscopic 
scale (a sequence of minerals is reminiscent of  
metasomatic zoning on a fine scale), but on the 
scale observable with HRTEM there was much 
less regularity in the spatial distribution of  
ordered and disordered material. Such disorder 
implies significant and irregular chemical fluctua- 
tions over short distances. This type o f  behaviour 
is commonly observed in systems that are 
undergoing diffusion-controlled reactions. 

Skowron and Tilley (1990) found that vikingite 
and lillianite (gustavite) seem to occur over wide 
areas in the compositional diagram at 773 K. 
They found disordered intergrowths of  7 and 4 
units in the compositional area between lillianite 
and vikingite (only 4 and 7 units; no 5, 8, 9 or 11). 
They also noted that the formation of the 4,4 
polysome was enhanced at higher temperatures. 
In addition to the short sequence polysomes they 
also reported additional 7,4,4, 7,4,4,4, and 
7,4,4,4,4 polysomes. Short ordered sequences of 
the type 7,4,4,4, were also noted in the present 
study. 

In order to evaluate ordering trends in the 
randomness of  the gustavite-vikingite intergrowth 
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FIG. 6. Schematic representation of block size variation across the crystal region shown in Fig. 4. The block width 
has been smoothened by using an Axial Next-Nearest Neighbour [sing model, where the width of each block is 
averaged with its two neighbours on either side. This gave a step-like variation of composition across the large area 

of crystal shown in Fig. 4. 
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TABLE 2. Frequency table for pairs, triples and quadruples of slabs in the 
intergrowth in Fig. 4 

Group Slab combinations and their frequencies 

Pair 4,4 4,7* 7,7 
44.3% 49.3% 6.4% 

4,4,4 4,4,7* 4,7,7* 7,7,7 
Triple 30.7% 46.4% 22.2% 0.7% 

Quadruple 4,4,4,4 4,4,4,7* 4,4,7,7* 4,7,7,7* 7,7,7,7 
20.1% 38.9% 38.1% 2.9% 0.0% 

* Including permutations. Permutations preserve the adjacency conditions (the 
pairing and the antipathy of identical slabs, respectively) specified by the symbols 
used. 
** Here the combinations 4,4,7,7 and permutations are 18.0%, whereas 4,7,4,7 and 
permutations are 20.1%. 

of slabs, the frequencies of occurrence for all 
types of layer pairs, triples and quadruples (e.g. 
4,4; 4,4,7; 4,4,4,7 etc) were calculated, using a 
similar approach to that used for mixed-layer 
silicates (Drits and Sakharov, 1976). All pairs, 
triples or quadruples in the structure were 
counted, i.e. we worked with a sliding origin. 

For the 140 slabs in the randomly ordered 
central portion of Fig. 4b, the frequencies of the 
various sequences are given in Table 2. They 
show that the dominating slab sequences are 
4,4,4,7 and 4,4,7,7, in agreement with the overall 
chemical N = 4.92, the 4,7,7,7 areas being 
insignificant and 7,7,7,7 absent. The 4,4,7,7 
category is about equally divided into the 
vikingite sequences 4,7,4,7 and 'anti-vikingite' 
sequences 4,4,7,7,4,4; these sequences are mostly 
2 - 4  slab pairs thick and separated by 4,4,4,4 
sequences with an occasional 7 slab interspersed. 
Except for a triple sequence of 7,4,4,4 all other 
7,4 n (3 ~< n ~< 9) sequences are non-periodic. The 
local 4:7 ratios yielded the configurations in 
Fig. 6. 

The ordered long sequences are not, in general, 
polymorphs of known minerals but rather 
compositional intermediates in the series. An 
exception being the sequence 4,4,7,7 which is a 
polymorph of vikingite. Vikingite occurs in 
macroscopically well ordered states, so it is 
clear that it is more stable than a random 
intergrowth of 4 and 7 ribbons having the same 
bulk composition. Similarly, one can argue that 
the ordered long sequences 7,4,4,4, are also more 
stable than a random intergrowth of 4 and 7 
ribbons having the same bulk composition, but 

probably less stable than exsolution of vikingite 
and gustavite. The stability of the observed 
4,4,7,7,4,4 sequence and the role of potential 
screw dislocations for such cases remain unre- 
solved. The long period ordered intergrowths 
documented here probably represent an inter- 
mediate stage in a diffusion controlled exsolution 
process from a not quite homogeneous, unknown 
precursor with Nav~r ~ 5. This concept is in full 
agreement with the observed structural faults. 

In this preliminary study it has not been 
possible to observe the spatial relationship 
between ordered and disordered material on the 
HRTEM scale. More extensive TEM imaging 
studies, in which the compositional variation will 
be monitored over much larger distances, are in 
preparation. It is clear, however, from these 
preliminary studies that stacking disorder may 
be rather common in the 'lillianite' minerals at 
Ivigtut and that this stacking disorder provides a 
mechanism for compositional variation on a scale 
of t0s of unit cells. 
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