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Kinetically induced morphological changes
in laboratory-grown wulfenite crystals
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Beceanuosn, M. 1995, MoposoxkKH H3MEIEHHS HZ MH3KYCTBEHH BYJIPEHHUTOBH
Kpucrajig, TPeNu3BHKaud OT Kuuertuuuu Gaxropu. — [leoxum., muuepar. i nempos., 30.

[y6nukyBanute Aaiui BLPXY JabopaTopHaTa KpHCTaJu3alus Ua ByJA(QEHHTA B yCa0-
BHS, OJH3KY O TPHPOZHUTE, COYAT, € MOP(OIOTHATA Ha KPHCTAJHTE MY €€ BJAMAEC CHAHO OT
KUHeTHYHH (aKTOPH, CBLP3AHH € XHMUYHHSA CBCTAB Ha cpepata. MuHepansT e modyuapan
OT 230THOKHMCeNHM BOLHH pPA3TBOPH INpH CTaliHa TeMmuepaTypa H arMochepHO HAJSTaHE upes3
peakuysd Ha OJOBHE M MOTuCHaTHH foHHM. KpucraauTe my, ChC CPeiHM pa3MeDH OKOJI0 IO-
JIOBHH MHJIMMETBP, ca ¢ xaburycun Qopmu ¢ {001}, e {112}, n {011} wu (x) {211} (mam {121})
B pasawupu KoMOunauuwu. Te ca u3caegBauu ¢ orpaxareiHa TOHHOMETpHH, CKaHHpaiuad
EJEKTPOHHA MHKPOCKOMHS, XHMHYHO pa3sXJaHe M KOMIIOTBPHO ueptane. W3KyCTBeHysT
ByJA(QenuT uMa OCHO oTHoineuuwe c:a=2,23310,013, omnpeneseHo upe3 TOHHOMETpHUA Ha 32
KpHcTaja. He ca HaGniogaBaHyu CHTYPHHU CAyuau Ha [OJAPHO pasBHTHE, XeMHMOp(pHs. Xalbu-
TYCBHT 14 ByJAQeHHTa € MHOTC UYBCTBHTEJIEH KBM OTHOLUICHHETO Ha KOHLEHTpALHHTE Ha pea-
TeHTUTE B pasTBopa okojao pactsumrte kpucranu. Ilpu Pb:MoO,>1 Tolt e Gunmpamupaset,
e WiIH e--n, u crpbemio Gunupavuganed, (x) wid (x)+e. [Ipn o6paTur OTHOUIEHHST KPHCTAMHTE
pacrar KaTo IJIOYKH ¢ pasauuna jebesnua, paspuBaiixy nuuakoupna c. KoubeHrpauusTa Ha
A30THATA KUCEJUHA BJAMAE BBPXY XapaKrepa Ha KPHCTaJHHUTC NOBBPXHOCTH W BBPXY OCTEHS-
panero. 3a opMHTe Ha PACTeK NpU HO-HHCKH Konuenrpauun, pH~2,0=+1,5, ca xapakTepHn
e, 1 ¥ CC IJaAKH U MJIOCKH CTeHH, HapeueHu ,iockocTeHu®. [Ipy NO-BHCOKH KOHUEHTPALMH,
pH~1,5+1,3, B ocrensiBaHeTo mpeobiaaapat (%), ¢ W MO-PAJAKO A C IVIajKH, HO KPHBH, H3-
H'BKHA/MAH CTEHH, HapeueHd ,KpuBocTtenu“. [loxasano e, ue Tesu peayiaratd O6uxa MOTJIH Aa
o6sicuaT no4o0Hu MopQONLOKKH SIBACHHS NMpH ecrecTsenud ByJadenur. Kato peposaren mexa-
HH3DM, 3a0aBfAll pacTexa Ha XaOHTYCHHTe KPHCTaJHH IIOBLPXHOCTH, € Ipeiaoxena uabupa-
Tednata ajacopluus wa omnpejchdedHu Houu. CXopeH MOAea Moxe Aa OBSICHHM MOJASIpHOCTTA Ha
ByJ(JeHHTa KATO XHUIOMOP(H3BM, CBEP3aH C pacrexka MYy, IIpH KOHTO B3aUMOJACHCTBHETO KpPH-
cralt-cpella ce NOJAUYMHABA HA 3aKoua Ha Kiopu.

Kawupsu dymu: syidennT, 1meenuTH, KpUCTaNH3alud OT pas3tBopH, GopMH Ha pacTex,
HOASPHE KPUCTAAH, XHIOMOpdH3®BM, H30HpaTeaHa ancopbuud.
Adpec: Brwnrapcka akajemusi na uaykmre, [eotoruuecku mucratyr, 1113 Codus.

Introduction

The long history of morphological studies on wulifenite has raised a num-
ber of challenging questions about the growth factors which control the habit
modification and face development of thattypical supergene mineral. In the
early sixties three important works of Kostov (KocTtos, 196]; KocrTosB,
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1962; Kostov, 1965) put the available evidence into the general context
of his genetic scheme of habit types which had introduced the concepts of
geno- and phenotypes in mineralogy. In it, the morphology of mineral crystals
in general, and of wulfenite in particular, was systematically treated as con-
trolled by static (structural) and dynamic (environmental) factors (Ko cT 0 B,
1973; 1993). Since then voluminous new evidence on wulfenite and related
natural and artificial phases has accumulated. This study is an attempt to or-
ganize part of it in Kostov’s systematic manner in order to throw light on
morphological phenomena which may help to judge about some environmental
factors in wulfenite growth. They concern the two contrasting habits of the
mineral, tabular and dipyramidal, that occasionally occur together even in a
single hand specimen, and the steep-dipyramidal crystals of convex Tfaces
found in some localities (e.g. Grafenauer, Mirtig 1972,; Zirkl,
1988; Hanneberg, 1889; Mineralogical Record, 1990; Rothwell,
Mason, 1991; KoctoBg, 1993). The arguments here are based on obser-
vations and measurements of crystals grown in the laboratory mostly by the
author. For reasons which will become clear in the discussion, wulfenite is
treated as tetragonal-dipyramidal, 4/m (sp. gr. C8-I4,/a, Leciejewicz,
1965}, rather than pyramidal, 4, as accepted in mineralogy (K o ¢t o B, 1993).

Growth experiinents

In the laboratery, lead molybdate has been grown from fluxes, hydro-
thermally and from the melt (e. g. Gmelin, 1976; Mineralogical Record,
1990) but its formation in nature is best reproduced by the methods of chemi-
cal reactions in aqueous solutions (Kirov, 1972; Vesselinov, 1976a)
which permit to grow crystals at atmospheric pressure and ambient tempera-
ture, i. e. under conditions similar to those in an oxidation zone. Such experi-
ments, carried out in the seventies (Kirowv, 1972; Vesselinov, 1976a,
1977; Pillai, ITttyachen, 1977a,b), produced crystals of the strik-
ingly varied morphology so typical of the mineral although they were ob-
tained in acid solutions, pH 6 to I, whereas natural wulfenite is commonly
formed in alkaline environments (KoapbpkoBcku, BDpecrxoBCK 4,
1965; Kol kovski, Breskovska, 1968). The most pronounced
morphological phenomena observed will be described below in the light of
earlier studies of the author (Vesselinov, 1980; Beceasuuos, 1992).

The crystals, grown by counterdifiusion of sodium or ammonium molyb-
date and ltead nitrate in silicagel (Vesselinov, 1977) and iree of gel
systems (K irov, 1972) acidified by nitric acid to various pH, reached 0,5
mm in size and exhibited ¢ {001}, ¢ {112} and n {011} as habit forms. In both
types of systems, dipyramidal ¢ or e-n combinations were formed near the
lead reservoirs, whereas close to the molybdate reservoirs the crystals deve-
loped more or less pronounced pinacoids. Similar separation of habits in the
growth systems had already been observed in calcite (K irov et al., 1972).
In the case of wulfenite, however, the phenomenon was accompanied by colour
variations because the molybdate solution reacted with the silica from the
gel to produce soluble silicomolybdic acid of lemon-yellow colour which was
taken up by the crystals at the molybdate side of the systems so that the pla-
tetets were yellow whereas the dipyramids on the lead side were colourless
(Vesselinov, 1977), as shown in Fig. 1. Thus, conclusive evidence was
gained demonstrating the morphological effect, of solution chemistry which,
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IFig. 1. Colour pattern in the wullenite gel-growth systems (V e s-
selinov, 1977) and the related habits: tabular ¢ crystals with
minor ¢ on the molybdate side, and dipyramidal e crystals with
minor n on the lead side

®ur. 1, Manenenne Ha 1BeTa B OMUTHTE 3a KPHUCTANM3AIHSA HA BYJ-
(penur B cuaukarea (Vesselinov. 1977) u chorsernure Xabu-
TYCH: XKBJITH TJIOUECTH ¢ KPHCTAJH C MaJKa € OTKBM MOJuGAATHATA
cTpana W 6e3nBeTHH OGHNHPAMHJIANHH € KPHUCTAJH C MajKa /1 OTKDLM
oJoBHATA CTpaHa

like in the case of calcite (Kirowv et al., 1972), was attributed to the excess
of molybdate, resp. lead ions in the solution around the growing crystals (V e s-
selinov, 1980; Beceaunosn, 1992). Pillai, Iityclchen
(1977a, b) obtained similar results in silicagel systems; they did not report
any colouration of solutions, yet in their analysis, based on the work of K i-
rov (1972), they had also reached the conclusion that the habit-modifying
Tactor was the excess of molybdate or lead ions in solution, along with the pH.

The counterdiffusion systems, however, did not permit direct control over
the reaction and growth conditions in the crystallization space. A continuous-
flow system was constructed (Vesselinov, 1976a) with which direct
evidence was gained on the effect of stoichiometry of solutions and nitric acid
concentration on wulfenite mor )hology Table 1 istheextended and rearrang-
ed table of Vesselinov (1977) showing the conditions in 17 ‘syﬂtemahc
experiments designed to study also the effect of supersaturation on growth
morphology. It may be seen that from the left to the right in each row (e. g.
from No 1 to No 6) the overall supersaturation decreased due to the decreasing
concentrations of reactants (the law of mass action); it also decreased [rom
the top to the bottom of each column (e. g. Nos 3, 8, 12, and 15) due to the
increasing nitric acid concentration which raises lead molybdate solubility
(Gmelin, 1976). In exp. No 16, the metastable region of solubility was
reached and no crystals formed. To grow them under those conditions (exp.
No 17) crystal seeds were obtained under the conditions of exp. No 15, then
they were allowed to grow under the conditions of exp. No 16. All e}\ponments
in Table 1 lasted about 20 days on the average and the crystals grew not lar-
ger than 0,3 mm. No effect of the decreasing supersaturation was observed
except that the total mass of crystalline deposit diminished. The {failure to
observe anticipated morphological changes with supersaturation (Koc T o B,
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Tagauma l

yc,fwguﬁ 6 onumume ¢ Kpucmaausayuonsamae anapamypa. Pasmeopu Ha peacenmume POt u
MoOy~ nocmoneam wenpeksenano, HO 623 pa3Bspréane € KPUCTMOAUSOUUOHHAME KOAOKKE, KAMO

OmHoUIeHUe Mo Ha Koxuermpayuume um e 1:1 (Pue. 2). Beuuru pasmeopu cedepacam u 0,06
mol/l NHNOy; xucerunnocmma um e mepena ¢ pH-wemwsp (+0,02). Bompe 8 mabiuyama ca
daderu. HoMepama HQ ONumume

Table 1

Experimental conditions in the continuous-flow growth sysiem. Reageni solution of Pb%*+ and

MOO?'" entered the crystallization column without stirring in a [:1 concentration ratio (Fig. 2).
All solutions contained 0,06 mol/l NHNOg; their acidity was measured by a pH-meter (1-0,02).
Inside the table the experimenis are consecutively numbered :

Reagents, 10—% mol/l

wall |
5 ‘ 3 ’ 2 ‘ 1 | 0,6
0,01 1,82 _ 1,2 3 4 5.6
0.02 162 7 - 8 9 10
0.03 1,47 11 — 12 _ _
0,04 135 13 14 15 16,17 —

1973) was due to the two solution chemistry effects, so overwhelmingly pro-
nounced that no other morphology vs. environment relations could be followed
up in that experimental series. A summary of the ohservations is given in
Fig. 2 which combines and extends the figures in Vesselinov, 1980,
and Beceanunos, 1992

The top part of Fig. 2 shows the site of mixing and crystallization in the
continuous-flow system (Vesselinov, 1976a). Lead nitrate (from the
left), pure solvent (from above) and sodium or ammonium molybdate (Irom
the right) entered the crystallization column at a rate of about I ml/hour and
the reactants mixed together in a 1:1 concentration ratio without stirring
(Table 1). The product of reaction, wulfenite, deposited as fine, clear crystals
on pleces of plastic about 8 mm across, mounted perpendicular to the oncom-
ing flow. Without the use of a stirrer, mixing of reactants across the cry-
stallization column was poor (Vesselinov, 1976a), leading to concen-
tration gradients of the reactants, the lead one diminishing to the right and
the molybdate concentration dropping to the left. Nevertheless, the amount
of deposit across the plastic substrates in any single experiment did not change
appreciably (Pl. 1, 7} indicating that the overall supersaturation was appro-
ximately uniform across the column. Not so with the crystal forms. In every
case without exception the crystals covering the plastic pieces on the lead
side were dipyramids, whereas those on the molybdate side were platelets,
and the two zones were distinctly divided by a narrow stripe of dipyramidal
crystals with smaller or larger pinacoids (Pl. I, 7-4). The growing acidity
(Table 1) did not change in any way this separation of habits. Its powerful
effect consisted in the appearance and increasing prominence of a steep dipy-
ramid in general position {hkl} on the growth form (to be described in de-
tail in the next section) with the increasing nitric acid concentration. Low-
acid forms (0,01 and 0,02 mol/1 HNQ,, Table 1) showed only {112} which
on the higher-acid forms (0,03 and 0,04 mol/l HNO,, Table 1) was gradually
replaced by that steep dipyramid of convex but smooth faces (P1. I, 7, 2).
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Fig. 2. Experimental set-up (above) and observed
morphologies as dependent on the lead-to-molyb-
date ratio and the nitric acid concentration in so-
lutions (see also Table 1 and text)

®ur. 2. Cxema Ha onuTHaTa NOCTAHOBKA (rope) o
rmonyuenuTe (GOpMH B 3aBHCHMOCT OT OJOBHO-MOJH B-
A4THOTO OTHOLIEHHE H OT KOHIEHTpauusta Ha a30T-

HATA KHCEJHHa B pasTBopHuTe (BXK. Ccbo Tabia.
I u Tekcra)

All these relationships are schematically depicted in the lower diagram
in Fig. 2. Its abscissa, x, runs along the diameter of the crystallization column
with the origin in its centre as shown in the top part of the figure; the
scale is in mm. The ordinates show the concentrations of reactants in arbitrary
units. Solid lines represent the concentration variations across the site of cry-
stallization, the lead concentration dropping to the right and that of molyb-
date to the left. These are idealized curves chosen to obey the laws Cpp=a~"*
and Cyoo,=@*, where g is an arbitrary constant. Their product Cpp. Cuoo, =1,
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shown by a dashed line, gives an idea of the uniform supersaturation across
the site of crystallization. The other dashed curve is the ratio Cpb:CMO%:a“”

diminishing from the leit to the right. The observed morphologies are arrang-
ed as dependent on that ratio and on the nitric acid concentration. The
lower row shows the low-acid forms, and the upper row shows the high-acid
ones with the steep convex dipyramid. In the left-handed half of the diagram,
some measured dipyramidal crystals observed only in the gel experiments
(Vesselinov, 1977) are added.

The above relations were tested in two separate experiments with 0,04
mol/l HNO, (cf. Table 1). In one of them 4.10-% mol/l lead nitrate reacted
with 1.10-% mol/l sodium molybdate (lead-to-molybdate ratio 4:1) producing
steep dipyramidal crystals only, with or without minor {112}. In the other,
the ratio was inversed, 1:4, and all crystals developed somewhat curved pi-
nacoids in addition fo the former two forms. The high-acid habits, shown in
Fig. 2, are measured crystals from these two experiments (see also Pl. II, 2).

Morphological characterization

Many of the crystals, obtained by the author in the experiments of the
foregoing section, were large enough (0,2+0,5 mm) to permit measurements
on a two-circle reflection goniometer; in difficult cases of curved and com-
plex surfaces photogoniometry (Vesselinov, 1976b) was also used. Etch-
ing in 0,5% NaOH solution for 20 to 90 s was tried with some results but
the small size of crystals precluded an extensive study. Scanning electron
microscopy (JEOL Superprobe 733 and JSM 35) supplied decisive evidence
supplementing the goniometric data. In one case the computer drawing pro-
cedure of Vesselinov (1994) by the program SHAPE was used to iden-
tify important morphological features on a SEM photograph. Below, the
characteristics of the habit forms observed and their combinations are des-
cribed.

The pinacoid ¢ {001} shows the most variable surface relief ranging from
perfectly flat and smooth (Pl. I, 8, 4), especially on the low-acid forms, to
rounded (Pl. 11, 8) or very rough and irregular (PI. I1, 4). Convex ¢ surlaces,
characterizing the high-acid forms, commonly have a flat central area and
stoping sides producing crosslike reflection patterns rotated with respect to
the crystal axes thus revealing the enantiomorphism of wulfenite. Etching
for 30 s produces tetragonal etch pits on it (Pl. II, 7, 8) leaving e {112} un-
changed. The pits are oriented parallel to the crystal axes as seen on the pho-
tographs. The crystal in Pl. 11, 7 is oriented in such a way that its ¢ and b
axes, defined by the flat skeletal {112}, run parallel to the edges of the pho-
tograph, and the c-axis is perpendicular to it. The enlarged photo in PI. II,
8 shows that the rectangular bases of the pits are also parallel to the edges of
the photograph. Generally, ¢ {001} can be described as the most morphologi-
cally unstable habit form in this study.

In contrast, e {112} is the most stable form showing practically always flat
and smooth faces (Fig. 1; P1. I, 2, 8; P1. 11, 1, 5, 7). Measurements of their
polar angles on 32 crystals gave a weighted mean of p,,=57°39" 9", irom
which followed a mean morphological crystal-axes ratio of ¢:q=2,2334-0,013.
A very common feature of this form was the presence of one or two growth
hillocks on some of its faces producing circular (from conical hillocks) or round-
ed-trigonal (from rounded pyramidal hillocks) reflections with diameters
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ranging from one half to one and a half degrees of arc. These nroperties indi-
cate a stable layer-by-layer mechanism of growth under the regimes in this
study. e is most resistant to etching, too (PL. 11, 5, 7).

The dipyramid n {011} is common on the gel-grown crystals (Fig. 1) and
in some cases it becomes a habit form together with e (Fig. 2). Occasionally
its faces are as flat as those of e but more often they are curved producing
reflection patterns of one to three light rays extending close to [131], [111]
or [1561] (or [311], [111] and [511}) thus revealing the wulfenite hemihedry in
the otherwise holohedral n--e combinations. In Fig. 2 a crystal of that type
is depicted which also shows a kind of polar (hemimorphic, point group 4)

development with {011} larger than {011} and {112} smaller than {112}.
This is the only example of hemimorphism in the laboratory-grown crystals
of this study although special efforts were made to find polar crystals. The
etching behaviour of {011} could not be studied.

The high-acid habit form, the steep dipyramid {hkl} (PL. I, 2. 3; PL. 11,
1, 2) was specially examined. Its faces, although convex, are as smooth as
those of ¢ even at high SEM magnifications showing no visible striations or
sculpture of any sort. Six crystals (3 righthanded and 3 left-handed) were mea-
sured on the goniometer, in one of which the form was combined with ¢ and
e, and in the others with e only. Its faces produced scattered reflections extend-
ing over 50° of arc in meridional, and about 10° of arc in latitudinal direction.
Although the patterns varied in the different crystals they generaily obeyed
the symmetry 4/m. Fig. 3 is a projection on which all reflections observed
from the six crystals are plotted to show that they are grouped around the

poles of 5 {211} and {121} somewhat closer to [110], [110] than to [100, [010].
This habit fTorm reacts very characteristically to etching. After short exposures
of 20+30 s, leaving no traces on e, its faces decay into parallel ribs and grooves
(P1. 11, 5). To identify their directions, the SHAPE computer-drawing pro-
cedure of Vesselinov (1994) was used. The drawing in Pl. II, 6, repro-
ducing the etched crystal in Pl. II, 5, is a combination of {112}, {354} and

{121}. The edges between their faces are parallel to [131], [311], and are also
parallel to the etch ribs. This result supports the goniometric data (Fig. 3)
showing that between {112} and {121} (or {211}) the face curvature follows
the zones [131] (or [311]). To account for the properties of this rather unusual
habit form, a bracketed symbol (y) ({211}) or ({121}) was suggested (B ece-
annos, 1992) indicating its convex nature and its location near the form
of planar fTaces and simple indices 1.

Summarizing the morphological evidence gained from the laboratory-
grown wulfenite it should be noted that the anticipated genetic trend from
tabular to steep dipyramidal habits with the increasing supersaturation (K oc-
ToB, 1973, 1993) could not be tested. However, growth in acid solutions
has revealed two powerful solution-chemistry effects on morphology (Fig. 2).
It is also noteworthy that at pH below about 1,5 the face development of wul-
fenite drastically changes from holohedral e or ¢+e combinations of planar
faces to hemihedral (y) or c+(x) ones of curved faces. To express this pheno-
menon in more definite morphological terms, the low-acid forms wilt be cal-
led “planihedra”, and the high-acid ones “curvihedra®.



Fig. 3. The high-acid steep dipyramid
(7): combined projection of the reflec-
tion patterns from three right-hand-
ed and three left-handed habit curvi-
hedra. Full circles {112}, open circles
{211} and {121}

Fig. 4. Interpreting the wulfenite
hemimorphism as a kinetically ind-
uced phenomenon obeying the law of
Curie on the basis of the diagram in
Fig. 2

®ur. 4, Mspexknane or ¢ur. 2 xHa Xe-

dur. 3. CrpemHaTa Ounupamuaa (),
XapakTepHa 3a I[O-KHCEJIH DPa3TBOpH:
o6la NpoeKInys Ha OTPakKEHHATA B
rOHHOMETHEPA OT TpH JeCHH W TPH Je-
BN xalGuTycHH KpHBocTena. UepHnu
Kpwrueta {112}, 6Genu kpwruera {211}
H {121}

MHUMOp®H3MaA HA BYJ(peHHTa KaTo siBJe-
Hie, TPHYHHEHTO OT KHHETHUHH (PaKTOPH
TPH pacTeka MY H KOUTpOJAUpaHo oT
sakxouna ua Kropi

Discussion

The results of this study have a number of implications some of which
will be discussed below with a view to future verification.

Firstly, the diagram in the lower part of Fig. 2. suggests an explanation
of the morphological polarity, hemimorphism, of wulfenite as a growth phe-
nomenon. Our hypothesis is illustrated in Fig. 4. It is the same crystallization
site as in Fig. 2 with the lead-to-molybdate ratio gradient along the x axis.
This time, however, a single crystal grows in it with its fourfold axis paral-
lel to x. It is large enough to have one end in the excess-lead solution and the
other in the excess-molybdate one. From our results it follows that the crys-
tal will grow hemimorphic in such an environment. It may be seen also that
this picture is derivable from the law of Curie. Indeed, the solution chemistry
(the lead-to-molybdate ratio) of the growth environment in Fig. 4 has no
mirror plane perpendicular to x. Then the law of Curie requires that the cry-
stal will also lack a mirror plane perpendicular to its fourfold axis so that its
symmetry will be reduced, 4 instead of 4/m. Assuming that the same factor
delines the morphology of natural wulfenite, the rarity of hemimorphic crys-
tals can be ascribed tothesmall chances of suitably oriented specimens grow-
ing in high lead-to-molybdate ratio gradients commensurate with their size.
However, if such specimens are found, for instance the type 2 crystals ol D i e t-
rich (1972), their sharp pyramidal ends will point to the source of lead in
the immediate environment as in Fig. 4. The absence of hemimorphism in
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the other scheelite-type minerals is explained in this context with the absence
of suitable cation-to-anion ratic gradients in their /growth environments. The
same reason would preclude hemimorphism in other crystals sensitive to that
ratio (e. g. calcite, Kirov et al., 1972).

Secondly, the observed specific crystal/solution interactions are consi-
stent with the ideas of K1eb er (1955/1956, 1956, 1957) who described the
wulfenite hemimorphism as a typical case of hypomorphism, i.e. morpho-
logical symmetry lower than the true structural symmetry. In order to ex-
plain the feeble piezoelectric effect observed by Hurl b ut (1955) in natu-
ral crystals, that author (K 1eb er, 1956) suggested a structural reconstruc-
tion in the surface {001} layers based on the polarizability of lead ions and
leading to slight distortions that would result in space group Cf-14,, indi-

stinguishable by X-ray diffraction from C9-14,/a. Generally, Kleber

(1955/1956, 1957) ascribed hypomorphism to the effect of selective adsorption
on crystal faces during growth although in the case of wulfenite he emphasized
lead polarizability. The results of this study, interpreted in terms of Kleber’s
views, provide clues that structural distortions may be related to adsorption
(kinetic) effects and show a way of reconciling the mineratogical evidence
for polar wulfenite with the laboratory evidence (e.g. Gmelin, 1976)
for centrosymmetric lead molybdate. A possible mechanism follows from cer-
tain well-known features of the structural and solution chemistry of molyb-
dates and tungstates.

Our main argument is based on the similarities between the woliramite
and scheelite types of ABO, structures discussed in detail by HeMbpamen
et al. (1967). Divalent cations of radii smaller than about 1 A, such as Fe,
Mn, Zn, Cu, etc., form molybdates and tungstates of wolframite structure n
which both the di- and hexavalent metals are coordinated to 6 oxygens, 1. €.
they consist of AQ, and BO,; octahedra. Divalent cations of larger radii,
such as Ca, Sr, Ba and Pb, crystallize in scheelite structures characterized by
AO, ftrigondodecahedra and BO, tetrahedra. As shown by these and other

authors (e. g. Sleight, 1972; Hsu, 1981), the two structural types are
closely related so that restricted solid solutions may be expected. The rele-
vant fact here is that small displacements of the atoms in the AQ4/BO, wol-
framite arrangement are sufficient to reconstruct it into the AQy/BO, scheelite
structural type, as illustrated in Fig. 4 of Jembaueun et al. (1967) (see
also Sleight, 1972). Following their scheme we have drawn Fig. 5 which
shows a (220) structural slice of the wulfenite structure (according to the neu-
tron-diffraction determination of ILeciejewicz, 1965) in which the bottom

[110] structural chain consists of the scheelite-type PbO, and MoO, corner-

sharing units whereas in the upper [110] chain the bonding set is rearranged,
without atomic displacements, into the wolframite-type corner-sharing oc-
tahedra. As for the displacements involved in such transformations, they
can be illustrated with lead tungstate occurring both as stolzite, B-PbWO,,
which is a scheelite, and as raspite, e-PbWOQO,, which is a wolframite (L e M b 1-
nenetal, 1967). Fujit aetal. (1977), who have determined the structure
of raspite, comment that the volume difference between the two phases is
only 0,53%, and the remarkable difference in coordination is the result of
small displacements of the oxygens and relatively larger ones of the cations.

Another well known fact is that hexavalent molybdenum in solution is
also coordinated to either four or six oxygens (Gmelin, 1987, 1989
Y aaac, 1987). Monomer McO, tetrahedra predominate at high pH and in

11



b4

Fig. A section of the wulfenite structure scen
alonﬁ [110] (the unit-cell edges are marked). The

bottom [110] chain consists of the scheelite-type
PhOg/MoO, polyhedra. In the upper chain the

respective atoms are bonded in the woliramite-
type pattern of cornre-sharing octahedra to illus-
trate the proposed mechanism of selective adsorp-
tion on {001} of either MoO, units or AQO/MoO,
ones (A=divalent metals of small radii such as
FFe, Mn, Zn, etc.)

®ur., 5. Yacr or erpykrypara na ByJadednrta, rie-
nana no [110] (orGenssana e eJeMenTapHaTa KACTKa).

Jlonunara Bepura [—]10] e H3TpajeHa OT LUEeJHTO-
pus THn nonmenpu PhOg /MoOy. B roprarta mepn-

ra ChOTBeTHHTE ATOMM C& CBBP3aiH KaKTO BLB BOJ-
(bpaMHTOBHST  THII  CTPYKTYpa (KOOPAHHANHOHHU
okTaeapu ¢ o6y BhPXOBe), 34 XA Cce I[0oKaxar
BLIMOKHOCTHTE 3a H3OupaTeana ajacopbuud BBPXY
{001} wa wactuum xato MoO; uau  AC/MoC,
(A==ABYBaJIeHTHM METAJH C MaJKH PAAUYCH, HATD.
Fe, Mn, Zn u 1. 1.)

dilute solutions. With the growing acidity and concentration of solutions and
in the presence of complexing agents, such as Si, P, etc., they polymerize
into iso- and heteropolymolybdates built up of MoO, octahedra. These gene-
ral features of the very complex structural (¥ s aac¢, 1987) and solution
(Gmelin, 1987, 1989) chemistry of molybdates favour an assumption that
the species responsible for the observed habit change in wulfenite should be
sought among them. Let us consider the adsorption layer around a crystal
growing in a solution of excess molybdate. Adsorption and long resident times
of molybdate species on the available crystal surfaces would promote polyme-
rization, i. e. surface formation of linked MoQ; octahedra, even if the predomi-
nating species in solution are MoQO, units. Structural considerations suggest
that the {001} surfaces are best suited for stabilizing such polymers. Fig. 5
illustrates such a hypothetical situation of a chain of corner-sharing MoO,
octahedra (a fragment of the MoQ, structure, ¥ s a ¢, 1987) adsorbed on
the (001) wulfenite layer The rate of decomposition of such fragments into
MoQO, structural units will then become the rate-determining step in the (001)
growth, retarding it relative to the supposedly less po1soned (112) layers.
Selective adsorption and polymerization of molybdate ions on pinacoid sur-
faces would also favour the entrappment of smaller divalent ions, e. g. Zn,
present in low concentration in the solution, to form wolframite-type ZnQOy/
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MoQy chain fragments (Fig. b) which, at higher growth rates, may be incor-
porated in the scheelite-type matrix, preferably in the {001} growth pyramids.

The inferred effect of selective adsorption is consistent with the observ-
ed characteristic morphological instability of wulienite pinacoid surfaces
as compared to the stable flat character of {112}. It is also consistent with the
transference of yellow colour from silicomolybdate solutions to tabular cry-
stals (Vesselinov,1977) which besides that indicates that the wulfenite
structuire tolerates incorporation even of species as complex as heteropolymo-
lybdates. Supporting evidence is also provided by some data on the morpho-
logy and the impurities in scheelites and woliramites. KocTos (1961)
described steep dipyramidal wulienite growing over galena. In natural wul-
fenites, KoanpvxoBcku, DpecrkoBcka (1965 and Kol ’kowv-
ski, Breskovska (1968) reported increased amounts of Zn and Si in
tabular crystals. Grub b (1967) described zoned ferberitic wolframite with
scheelite exsolutions, and H s u (1981) suggested an interpretation involving
the formation of a metastable scheelite-woliramite solid solution during ra-
pid growth with subsequent exsolution. It is clear that such a model requires
CaQ,/ WO, woliramite-type coordinations prior to the transformation to the
CaOy /WO, scheelite structure. In the same study, Hsu (1981) once again re-
sorted to kinetic effects in an attemptl to explain the formation of woliramite-
type raspite in nature as contrasted to the failures of its laboratory synthesis
which had vielded scheelite-type stolzite only. Finally, )Kuabuosa et
al. (1969), studying synthetic powellites, recorded MoQ, lines in addition to
the MoQO, ones in their infra-red specira and ascribed them fo “deformed Irag-
ments” in the scheelite-type structure using arguments based on the analysis
of Dembpsmen et al. (1967).

The occurrence of the enantiomorphic high-acid “curvihedron” (x) as a
habit form is also an interesting phenomenon. Firstly, structural analysis
had shown (Vesselinov, 1971) that even the form of planar faces y is
of kinked character so that normally it could not be expected to develop as a
habit form (Hartman in Sunagawa, 1987). Such habit forms in ge-
neral position {hkl} are rare in mineral crystals: monohydrocalcite, described
by Miné¢eva-Stefanova Neykov (1990), is the only well do-
cumented example known to the author. Secondly, the form combines smooth-
ness with convexity which is also rare. In natural wulfenites, steep curved
dipyramids are known (e. g. Koc¢tTos, 1993); Rothwell, Mason,
1991; Grafenauer, Mirtid¢, 1972) but correct identifications of their
positions with respect to the crystal axes are lacking (for instance, Gr a -
femauver, Mirtig¢, 1972, ascribed a symbol on the basis of polar an-
gles only). This permits only a broad assumption that at least some of them
correspond to the curvihedron ohserved on our crystals. If that is so, a mecha-
nism of their formation will have to account for a wider range of environments
than the laboratory ones, including for instance solutions of high pH values.
It is also clear that such a mechanism should differ from the one responsible
for the habit change because their morphological effects occur independently
of each other.

Recent work on crystal morphology (Sunagawa, 1987) has shown
that a problem of this kind can be approached by considering the R, @ plots
of crystal surfaces, i. e. diagrams in which the growth rates R along the nor-
mals to the surface are plotted as a function of the orientation angle 0 similar-
ly to Wulf plots of the surface Iree energy vs. orientation used for equilibrium
forms. Fig. 6 represents the observed high-acid growth morphology in terms

of an R, 0 plot in the zone [311] where the habit curvihedron (y) is combined
13



Fig. 6. Growth rate (R) wvs. orientation (0) plot

(dashed line) in the [311] zone derived from the ob-
served high-acid morphology to interpret its growth
mechanism. The poles of e and x are marked on
the zone circle (thin line). The crystal surface (hat-
ched) consists of planar e and curved (%) areas
(thick line) defining on the plot a sharp singular
cusp and a rounded cusp, respectively

dur. 6. Jduarpama Ha ckopocTHTe Ha pactex (R)
B 3aBHCUMOCT OT opueuranusara (0) (wpuxosa JHu-

uus) B gonara [311], ussenena or popmute na pac-
TeK B IIO-KHCceNl2 cpeja 3a TLIKyBane Ha MeXaHus-
Ma Ha o6pas3yBaHeTO MM. BLPXY 30HAAHHS KPBT Ca
or6e/si3adl NMoOJMIOCHTEe Ha e W . Kpucrajanara io-
BBPXHOCT (WPHXOBAHA) C€ CLCTOM OT IJOCKH € H
KpuBH (¥) obnacTu {0ADBTHA JAHHHA), KOHTO BLPXY
AHarpaMata Clpeietnl ChOTBeTHO eIl OCTBp CHIH-
IryfapeH MHHHMYM W einH 3a00JeH MUHHMYM

with the minor planihedron e. In accord with the morphological evidence,
the layer growth of the flat ¢ at a rate R, defines a sharp cusp on the plot.
The area around y (121) is curved, so that it musl be defined by a rounded
cusp corresponding to a range of Ry, values inside some restricted angle 0
(their small local variations explain the variable curvature of the faces of the
otherwise stationary curvihedron). Such surfaces (Hartman and Sun a-
gawa in Sunagaw a, 1987) are of kinked character, i. e. they are rough
on an atomic scale, and grow continuously normal to themselves because gro-
wih sites are available everywhere on the surface. Due to this low resistance
to growth they normally do not appear on the growth form. It has been shown
(Bennema, van der Eerden and Hartman in Sunagaw a,
1987) that interaction of such surfaces with the motherphase may cause them
to develop on the crystal. Kern (in Sunagawa, 1987) has demonstrat-
ed that on equilibrium forms curved areas also develop as a result of prefe-
rential adsorption in the kinks.

Thus, recent studies suggest again an adsorplion mechanism for the enan-
tiomorphic curvihedron. Now we need to answer the question which structural
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Fig. 7. A 004 slice of the wulfenite structure seen along [001] and represented by PbOy /MoO,
coordination polyhedra (the unit cell is marked). Note the geometrical difference between

the two kinds of kinks along the hemihedral planes (210) and (210} shown by dashed lines
Gur. 7. lpoekuua nmo [001] na eams caoft 004 Ha cTpykrypata na ByaQesuTta, npejcTaBena

C KOOpAHHALUMOHHM Toxuenpun PDbOg /MoQ, (oTGessizana e ejfeMeHTAapHATA kja1erka). [sere

CTPYKTYPHHE CcThNakda no Xemuenpuunure papruny (210) u (210) (mpuxoBu JuHHuE) ce pasiau-
YaBaT 10 TeOMETpHATA CH

surfaces provide the adsorption sites. Evidently, they-must be related to the
oxygen iramework of the structure since it is the carrier of énantiomorphism
in wulfenite {Leciejewicz, 1965). The problem we are faced with is
exemplified by Fig. 7 which shows a (004) slice of the wulfenite structure seen

along [001]. The pattern of PbO, and MoQ, structural units cut along (210)

and (210) defines two kinds of kinks which may serve as adsorption sites in
a situation similar to that under discussion. Geomefrically, the difference be-
tween them is rather small which suggests that special efforts will be needed
to identify the chemical species responsible for the formation of the curvi-
hedron. The results of this study are insufficien{ to allow further inquiry into
this problem.

Conclusion

The two powerlul solution-chemistry effects on wulfenite morphology
described here present new opportunities for gaining knowledge about pro-
cesses taking place on the crystal /solution interface during growth. A num-
ber of implications have remained unexplored in our analysis made rather to
outline the need of future work on artificial and natural material. The propos-
ed mechanisms of selective adsorption are general enough to expect similar
effects in other related minerals. In wulfenite in particular it seems probable
that phenomena induced by growth kinetics may be responsible both for its
morphological and structural polarity which suggests that wulfenite piezo-
properties, so far observed in natural crystals only, could be reproduced and
even amplified in the laboratory.
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PLATE

I. A typical example of wulienite habit separation in exp. No 14 of Table 1. The longer
edge ol the SEM photo is parallel to x in Fig. 2 and is about I mm long. The mass of depo-
sited crystals is uniformly distributed over the substrate. Dipyramidal e--(y) crystals
only have grown on the excess-lead side (left) and tabular ¢-(x)+e ones cover the excess-
molybdate side (right). The two areas are divided by a distinct band of intermediate mor-
phologies, the pinacoid showing skeletal development. The crystal indicated by the arrow
has its fouriold axis parallel to x and has developed a small ¢ surface on the molybdate
side only (compare with Fig. 4). Wullenite habits from the same experiment, seen along
the fourfeld axis, are illusirated below

2. The high-acid excess-lead combination of the curvihedron (y) with the minor planihed-
rort e, Scale bar in microns

3. An intermediate isometric combination of (x), ¢ and flat and smooth ¢. Scale bar in
microns

4. The high-acid excess-molybdate tabular combination with flat and smooth ¢, Scale bar
in microns

TABJIOI

I. Tunuyen cayuaii Ha pasjesisiHe Ha Xaburtycute Ha ByJadenurta B onuT Ne 14 or Taéa. 1.
llo-gwarara crpana va CEM cuumxara e ycoopeana wa x or ¢ur. 2 m e oxono 1| mwm. Macara
OT OTJIOM¥KEHH KPHCTaJdH € pasnpejiejJeHa PaBHOMEpPHO BBPXY noxnoxkarta. Camo Gunupamm-
JaMHH KpHCTaIn e+ () ca pacju OTKBM H3JHIIBKA HAa OJM0BO (OTJISIBO), 8 MJOUECTHTE KPHCTAJIH
¢+ (x)1e NMOKpHBAaT MOAJCXKKATA OTKBM H3INHIILKA Ha MoAHO6jaTHH Houu (oTascuo). Jeere
obnacTn ca pasjeeHyu OT SICHAa MBHLA C npexoiHu GopmH, BBPXY KOHTO MHHAKOHALT MOKa3Ba
CKeJIETHO paadBHTHe. KpHCTAABT, MOCOUEH CBC CTPRJAKATA, € PA3NoJOXKEH ¢ YeTBOpHATa CH
OC YCIOPEeJHO HA X M € Pa3BHJ MajKa NOBBPXHOCT € CAMO OTKBbM MoaubgaTHaTa cTpaHa (cpB.
c ur. 4)y. Hoay ca uawocrpupauu ByAdeHuToBH QOpMH OT CBIUMS OQOHT, TAESTAHH O UETBOP-
HATa OC

2. KomGuHaunara or XpHBoOcTeHa (¥) H MaJbK NJIOCKOCTEH €, XapaKTepHa 34 NO-KHCeAHTe
pasTBOPH C H3AKMINBK Ha OJOBHH HoHH. MamalG B MHKpoHH

3. Tlpexoxna uzomerpHuHAa KOoMOHHauuMs Ha (), € H IJOCKA, Iajika ¢. Mawab B MUKDPOHH
4. Tlnouecta KomOWHALMsI, XapaKTepHa 34 NO-KHCEJHTE PASTBOPH ¢ MAJAHIIEK HAa MOAMGIATHH
fiouu. B cayuas ¢ e viocka W raazka. Mama® B MHKDOHH
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PLATE II

1. A detail of photo 7 in Plate I (bottom leit corner) for better illustration of the curved
character of (x) as compared to the planar e and the equal smoothness of their faces. Scale
bar in microns

2. Crystals from the test experiment with a 4:1 lead-to-molybdate concentration ratio.
They are dominated by the curvihedron (yx) characterized by the absence of any surface
relief

3. A thick-tabular excess-molyhdate combination from exp. No 11, Table 1, with rounded
¢ and planar e

4. A detail of photo 7 in Plate I (centre) showing tabular crystals with very irregular ¢
surfaces

5. Etched (y)-e combination from exp. 13, Table 1. The curvihedral surfaces have decayed
into systems of parallel grooves whereas the planihedral ones have remained undamaged
6. A SHAPE computer-drawing reproduction of the form in 5. on which the curvihedron
is represented by the two planar forms {121} and {354}, The angles between the respective
edges of the crystal and of the drawing are equal which permits to identify the directicns

of the etch ribs as [311], i. e. parallel to the edges between {121}, {354} and {112}

7. An etched skeletal platelet from counterdiffusion experiments in free of gel systems.
The ¢ surface is covered with etch pits whereas the ¢ faces have remained undamaged. Note
that the edges hetween the latter are nearly parallel to the edges of the photo

8. Enlarged detail of photo 7. to show the shape of the etch pits and their parallel orien-
tation with respect to the edges of the photograph

TABJIOII

1. Herai#in or cu. I. Ta6mo I (nosuus A8 Broa), 2a Ha ce BHIu no-pofpe xpusata (x) napen
C nJockarta ¢ W TOBa, 4ye CTEHHTEe HM Ca eAHakBo TIaaku. Mamad B MHKpPOHH

2. Kpucraiaun or npoBHHUd ONHT € OJNCBHO-MOJMHOJATHO OTHOIIEHME HA KOoHUeurpauuuTe 4:1.
3a THAX € THNHYCH KPUBOCTEHBT (), uMHTO CTEHH ce XapaKTepH3WpaT ¢ JHOCA HA KAKDLBTO H
Jla e NOoBbpXHOCTEH peded

3. Meb6enonsaouecta KoM6uHALKSA C KPUBA € H IJOCKA ¢ OT ZOHATA ¢ M3JAWIIBK HA MOJUGAATHH
ftonn B omut Ne 11, Tagn. |

4. Heraitn ot cu. I, TaGno | (uentbpa), KBAETO WJICUECTHTE KPHCTAJAH €A C MHOTO HEDaBHH
NOBBPXHOCTH ¢

5. Passxpana xombuunaunsa (x)-+e or omur Ne 13, Tada. |. ITopwspXHCCTTa HA KpHBOCTEHA
ce ¢ pasnajlata Ha CHCTeMa OT ycrmopelIHu Opas3iH, a IJIOCKOCTeHBT € OCTaHaJ HesacerHart
6. dopmara na cH. &, e BR3NPOH3BEACHA ¢ KOMMIOTHpen uyeprexk ¢ nporpamata SHAPE. Kpu-
BOCTEI'LT € Nnpelcrasen ¢ gsere maocku dopmu {121} n {354}, ‘braute Mexay CLOTBETHHTE
pBeOORC 11a KpHCTaJAa 11 BBPXY YepTexa ca eJHaKBH, KOETO NOIBOJABRA A ce WACHTH(GUIUpAaT

NOCOKHTE Ha pagdainute Gpazan xarto [311], T. e. yenopeaun wa pwbomete mexay {121}, {354}
u {112}

7. PazamxjaHa ckeJerna [JOYKa OT ONHMTH ¢ nacpemHa audysus. [loBBpXHOCTTA HA € € IO-
KPHTA C Pa3aAfAHH AMHYKH, AOKATO CTEHHTC Ha e ca ocTanasnu Hezacernatn. Ha cHHMKaTa ph-
foBeTe MENY TOCJACIHHTE Ca OPHEeHTHPAHH YCHNOPELHO HA CTPAHHTe HA CHUMKATa

8. Ypeaugenue Ha cH. 7, 3a Za ce BHAHM opMaTa HA PA3SIAHHUTE AMHYKH M TSXHATA OPUEHTA-
LK, YyCMopelna Ha CTpaHUTe HA CHHMKAara
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