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THE BLUE MINERAL PIGMENT AERINITE STUDIED AT HIGH TEMPERATURE WITH
LABORATORY POWDER DIFFRACTION DATA
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The struc ture of aerinite, a blue fi brous sil i cate min eral as -
so ci ated with the al ter ation of ophitic rocks in the south ern
Pyr e nees has been re cently de ter mined by ap ply ing the di -
rect meth ods modulus sum func tion to syn chro tron pow der 
dif frac tion data [1]. This mineral is the blue pig ment com -
monly used in most Cata lan romanic paint ings be tween the
XIV-XV cen tu ries. The unit cell di men sions of aerinite are
a = b = 16.8820(9) C, c = 5.2251(3) C, the space group is
P3c1 and the ap prox i mate struc tural for mula is Ca5(Fe3+,
Fe2+

2,Al)(Al5 Mg)[Si12O36(OH)12H] with Z=1. The crys tal
struc ture of aerinite can be best un der stood by in tro duc ing
cy lin dri cal ba sic build ing units con sist ing on three
pyroxene chains point ing in wards to accomodate tri- and
di va lent cat ions at the cen tre of the re sult ing face-shar ing
octahedra. The mean cat ion-ox y gen bond length is 2.04 C
and the intercationic dis tance is 2.61C. Out of the three
sym me try-in de pend ent three-fold ro ta tion axes in the unit
cell, two are oc cu pied by such cy lin dri cal units and the
third by CO3 groups. Con se quently, each unit is sur -
rounded by three sim i lar ones which are, how ever, shifted
by 0.93 C along c. Be tween such units, i.e. tan gen tial to
both cy lin dri cal en ve lopes, a four-row wide slab of a
brucite layer is found. The tow in ner octahedra are pre dom -
i nantly filled with Al and Mg at oms, the two outer with Ca
and Na. The in ter nal O at oms of the brucite-like lay ers are
hydroxil groups, the in ter me di ate are un shared basal O at -
oms of the neigh bour ing pyroxene chains, while the ex ter -
nal ones are wa ter mol e cules form ing rel a tively strong
H-bridges with the par tially dis or dered CO3 groups (Fig ure 
1).

One pe cu liar prop erty of aerinite that has been con -
firmed by in fra red spec tros copy and TG mea sure ments, is

the loss of the CO3 groups when heated at 300 °C.  When
cooled down, how ever, aerinite slowly ab sorbs CO2 from
the atmorsphere and, at the end, the re sult ing struc ture is
iden ti cal to the ini tial one. This zeolitic be hav iour nec es -

sar ily in volves a re ar range ment of the co or di na tion poly he -
dra. To study this re vers ible trans for ma tion, the same
sam ple pre vi ously mea sured at the syn chro tron was mea -

sured again at 25 °C and 300 °C on a lab o ra tory X-ray pow -
der diffractometer.  On the ba sis of these two pat terns, the
mech a nism that helps to sta bi lise the high tem per a ture
form of aerinite could be suc cess fully de rived from the cor -
re spond ing Rietveld re fine ments. It has been found that
both low and high tem per a ture forms have the same non
centrosymmetrical space group P3c1.  The crys tal struc ture 
of the high tem per a ture form will be de scribed in de tail.
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Melilites are a group of min er als which form con tinuos
solid so lu tions be tween the end mem bers gehlenite (Ge,
Ca2Al2SiO7) akermanite (Ak, Ca2MgSi2O7), soda-melilite
(NaMel, NaCaAlSi2O7)  and Fe-bear ing end mem bers
(Fe2+-gehlenite – Fe3+-gehlenite / Fe2+-akermanite –
Fe3+-akermanite). The im por tance of these min er als is due
to the fact that al most pure terms of the se ries
gehlenite-akermanite are among the first sil i cates which
con densed from the so lar neb ula and they are found in
chondritic me te or ites. Melilites crys tal lise also in al ka line
mag matic roks, whose or i gin is re stricted to sig nif i cant
geodynamic en vi ron ments. There fore a mod el ling of their
ther mo dy namic pa ram e ters is man da tory in or der to im -
prove the ac cu racy of phase equi lib ria cal cu la tions, which
could have im por tant im pli ca tions in pet ro log i cal  stud ies
(i.e. for ac cu rate de ter mi na tion of the ther mal his tory of
me te or ites, of the tem per a ture of so lid i fi ca tion of al ka line
roks ...). The ther mo dy namic cal cu la tions in volv ing phase
equi lib ria of melilites are usu ally per formed as sum ing the
ideality of the solid so lu tion (s.s.) [1]. Nev er the less melilite 
s.s. has not an ideal be hav iour (fig. 1). Our re sults show
that the unit cell vol ume curve in the ge-ak join has a
sigmoidal shape, with a neg a tive and a pos i tive ex cess mo -
lar vol ume close to ge and ak end-mem bers re spec tively.
This is  the gen eral be hav iour of non equiv a lent site sub sti -
tu tion men tioned by New ton and Wood [2] for bi nary sil i -
cate solid so lu tions. An other im por tant fea ture of melilites
is the pres ence of an in com men su rate mod u lated (IC)
struc ture, es pe cially for ak-rich com po si tions, which trans -
forms into a nor mal (N) one upon heat ing [3, 4, 5]. The
tem per a ture of IC-N phase tran si tion is of 80 °C for pure
akermanite and it is in creased by Fe/Mg sub sti tu tion and
de creased by Al /(Mg+Si) ex change. We per formed high

tem per a ture (HT) X-ray pow der dif frac tion (XRPD) on
terms of Ge-Ak-NaMel on the ital ian CRG beamline BM08 
(GILDA) at ESRF, Grenoble in or der to mea sure re li able
ther mo dy nam ics data (vol ume, ther mal ex pan sion) for sev -
eral com po si tion and to in ves ti gate the IC-N phase tran si -
tion for some terms near Ak end-mem ber. The ex per i ments 
were per formed with mono chro matic ra di a tion; the sam -
ples were con tained in quartz glass cap il lary, heated with a
hot gas blower and data were col lected with a trans lat ing
im age plate (T.I.P.) [6]. IC and N phases are marked by a
strong dif fer ence in ther mal ex pan sion along the main
crys tal lo graphic di rec tions. Ther mal ex pan sion mea sure -
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Fig. 1 - Vol ume (C3) in the join Ge-Ak at 300 K with the char ac -
ter is tic S-shaped form of the vol ume curve in bi nary sil i cate solid
so lu tions.
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Fig. 2 - Vari a tion of c lat tice pa ram e ter value across the phase
tran si tion for akermanite mea sured with T.I.P. de tec tor at GILDA 
beamline (ESRF).
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ments al lowed to in ves ti gate the field sta bil ity of IC phase
near ak com po si tion. The phase tran si tion is char ac ter ised
by a con trac tion along c and also a slight neg a tive vol u met -
ric ex pan sion (fig. 2-3). The re sults ob tained com prise also
ac cu rate ther mal ex pan sion mea sure ments and crys -
tal-struc ture Rietveld re fine ments for melilites in Ak-Ge
and Ak-NaMel joins in the tem per a ture range 270-1300 K.

[1] Yoneda S. & Grossman L., 1995, Geoc. Cosmoch. Acta,
59, (16), 3413-3444.

[2] New ton R.C. & Wood B., 1980, Am. Min eral., 65,
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[5] Yang et al., 1997, Phys. Chem. Min er als, 24, 510-519.

[6] Meneghini et al., 2001, Journ. Syn chro tron. Rad. 8,
1162-1166.
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Ad sorp tion prop er ties of mo lec u lar sieves such as X, Y or
A zeolites are widely used in in dus trial pro cesses (in par tic -
u lar for sep a ra tion and pu ri fi ca tion of hy dro car bon iso -
mers). Ad sorp tion se lec tiv ity of these ma te ri als de pends
highly on the type, the num ber and the lo ca tion of cat ions
in the struc ture where they com pen sate the neg a tive charge
of the frame work. The study of the cat ion dis tri bu tions on
each site, un der ad sorp tion con di tions close to their in dus -
trial use, is of great in ter est in the search of better mo lec u lar 
sieves which could be bicationic zeolites. In this work two
meth od olog i cal as pects will be pre sented: first the in situ
in stru men ta tion and sec ond the ad vances in anom a lous
pow der dif frac tion data anal y sis (re quired for cat ion dis tri -
bu tions de ter mi na tion in bicationic zeolites) il lus trated by
the study of CaSrX and SrRbX zeolitic sam ples. 

A cell has been es pe cially de signed for the X-ray dif -
frac tion (XRD) study of pow ders un der gas or liq uid flow,

at var i ous tem per a tures and pres sures [1, 2]. It mainly con -
sists of:

- a re ac tor whose ge om e try en ables fix bed flow,
- a minia tur ised cy lin dri cal fur nace en sur ing an ex -

tremely low ther mal gra di ent (smaller than 1°C over a 6
mm zone along the cap il lary at 250°C).

The lim ited size of this cell has en abled its in stal la tion
on a syn chro tron ra di a tion beamline (D2AM at the ESRF).
Thanks to this set-up, re pro duc ible and high qual ity dif -
frac tion data can be mea sured (cf. fig ure 1). 

In the faujasite struc ture, cat ions oc cupy known sites.
In bicationic zeolites, two dif fer ent cat ions are lo cated in
very close crys tal lo graphic po si tions. If pres ence of both
Sr++ and Rb+ cat ions on site II in de hy drated SrRbX can be
sug gested from elec tron den sity map (fig ure II-B), this
tech nique ap pears in ef fi cient when try ing to de ter mine Sr++

and Ca++ cat ion lo ca tions in de hy drated SrCaX: since elec -

Fig ure 1: Cal cu lated and mea sured pow der dif frac tion pat tern on wa ter sat u rated CaSrX (E=15.192keV).



tronic den si ties due to Ca++ co in cide with those of Sr++, no
site de gen er acy can be ob served. This kind of prob lem can
be en coun tered in cer tain monocationic hy drated zeolites
since wa ter mol e cules can be ad sorbed near cationic sites. 

Anom a lous ef fect could be used to dis tin guish these
spe cies. This phe nom e non leads to strong vari a tions with
en ergy of the atomic scat ter ing fac tor of an el e ment un der
an X-ray beam of en ergy close to one of its ab sorp tion
edges. How ever multi-wave length mea sure ments re quire
new syn chro tron sources to be per formed in good con di -
tions. Dif frac tion pat terns have been col lected over a wide

an gu lar range (sinq/l=0.57C-1 at least) at 15192 eV (about
900 eV un der stron tium K ab sorp tion edge (EK(Sr) -
900eV)) and at 16096eV (EK(Sr)-10eV) on SrCaX. A
meth od ol ogy for anom a lous pow der dif frac tion data anal y -
sis has been es tab lished in clud ing si mul ta neous re fine ment 
of all dif frac tion pat terns us ing Fullprof soft ware pack age
[3]. Its ef fi ciency has been val i dated by the de ter mi na tion
Sr++ and Rb+ cat ion dis tri bu tions in SrRbX sam ple [4, 5].
This study was a par tic u larly dif fi cult case for X-ray dif -
frac tion since Rb+ and Sr++ have the same scat ter ing power
(ZRb+ = ZSr++ = 35e.u.). Note that, as Rb and Sr have sim i -

lar neu tron scat ter ing lengths (bRb » bSr » 0.7.10-12cm-1),
neu tron dif frac tion will not help us in this case. 

CaSrX sam ple has been char ac ter ised at two hydration
lev els: wa ter sat u rated (mea sure ment ex situ at 20°C) and
highly de hy drated (mea sure ment in situ un der dry ni tro gen
flow at 250°C). Re sults of the re fine ments show the ex -
pected strong cat ion mo tions with wa ter mol e cules loss [2]
(fig ure III).  If the very close dis tri bu tions of Sr++ and Ca++

cat ions in the de hy drated sam ple could have been pre dicted 
from chem i cal con sid er ations (close cationic ra dii and
same elec tric charge), the very dif fer ent be hav iour of these
cat ions in wa ter sat u rated case un der lines the com plex ity of 
bicationic zeolites. Im por tance of ac cu rate mea sure ments
on these sys tems is dem on strated. 

1.  Palancher, H., Pichon, C., Prévot, S., Conan, G., Hodeau,
J.L and Berar, J.F. (2003) Pat ent 03/07 641.  

2.  Palancher, H., Pichon, C., Hodeau, J.L., Lynch, J.,
Rebours, B., Berar, J.F. et al. (2004) sub mit ted to JAC.

3.  Ro dri guez-Carvajal, J. (2002). Fullprof ver sion 2.10 LLB,
CEA/Saclay, France,
http://www-llb.cea.fr/fullweb/poudres.htm.

4.  Hodeau, J.L.,  Nassif, V., Palancher, H., Berar, J.F.,
Dooryhee, J.F., Carbonio, E. et al. (2003) ECM  Durban. 

5.  Palancher, H., Hodeau, J.L., Pichon, C., J. Lynch, Berar,
J.F., Rebours, B. and Ro dri guez-Carvajal, J. (2004) sub mit -
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Fig ure 2: Study of de gen er acy of cat ion site (for ex am ple site II) on elec tronic den sity maps cal cu lated with Fou rier trans forms in 
the P plane (rep re sented in dark grey in the faujasite struc ture) (A-) in two de hy drated sam ples SrRbX (B-) and CaSrX (C-). 
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Fig ure 3: Sr++ and Ca++ cat ion dis tri bu tions in SrCaX sam ple at two hydration lev els: wa ter sat u rated (h-SrCaX) and 
highly de hy drated (d-SrCaX).
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CRYSTAL STRUCTURE DETERMINATION OF ROSASITE AND MCGUINNESSITE

N. Perchiazzi
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The car bon ate group of mal a chite, with gen eral for mula
Me2+

2 (CO3)(OH)2, in cludes mal a chite (Me2+= Cu),
georgeite (Cu), glaukosphaerite (Cu,Zn), kolwezite
(Cu,Co), mcguinnessite (Cu,Mg), nullaginite (Ni),
pokrovskite (Mg), rosasite (Cu,Zn). Be sides the chem i cal
com po si tion, the struc tural re la tion ships be tween these
min er als are dem on strated by the sim i lar ity of their pow der 
pat terns. A con stant fea ture of these min er als is their
microcrystalline fi brous habit. This fea ture pre cluded in
most cases sin gle crys tal stud ies, which could be per -
formed for mal a chite and rosasite only. For the re main ing
phases, space group sym me try and cell pa ram e ters were
mainly de rived from pow der pat tern in dex ing. Apart from
that of mal a chite (Zigan et al., 1977), no other struc tural
de ter mi na tions are avail able for the min er als of the mal a -
chite group.

Sphe roi dal ag gre gates of rosasite in ex tremely thin fi -
brous crys tals from Ojuela mine, Durango, Mex ico, were
care fully hand picked un der the bin oc u lar mi cro scope and
gently hand milled in an ag ate mor tar un der ac e tone, to fill
with the re sult ing pow der a 0.5 mm Lindemann cap il lary.

Pow der dif frac tion data were col lected on a Bruker D8
Vario diffractometer, equipped with a pri mary Ge (111)
mono chro ma tor and a Braun PSD de tec tor, work ing in
cap il lary ge om e try.  This con fig u ra tion al lowed us to use a
carefully se lected amount of ma te rial, as well as to re duce
the strong pre ferred ori en ta tion due to the fi brous habit of
rosasite. Two scans were ac quired in the in ter val 11-60 and 

60-100 2q°, with step 0.016°and count ing times  24 and 48
s re spec tively. 

The crys tal struc ture of rosasite was solved through the
EXPO (Altomare et al., 1999) pro gram. A trial with a mal a -
chite-like start ing model gave no re sults, whereas as sum -
ing the space group and the cell con stants gave in the sin gle 
crys tal study by Rob erts et al. (1986), we ob tained a prom -
is ing start ing struc tural model. This model was com pleted
through the sub se quent Rietveld re fine ment, per formed
through the GSAS/EXPGUI suite of pro grams (Larson and 
von Dreele, 2000; Toby, 2001). The re fined cell pa ram e -
ters were a =12.8976(3), b = 9.3705(1), c = 3.1622(1) C,

b=110.260(3)°, space group P21/a.
In the early stages of the re fine ment, con straints on the

Me-O bonds were in tro duced and fi nally re moved. The
car bon ate group was re fined as a rigid body, im pos ing a
C-O distance of 1.3 C and a com mon iso tro pic dis place -
ment pa ram e ter for the at oms of the group. Iso tro pic dis -
place ment pa ram e ters were as sumed also for the re main ing 
at oms. The Rietveld re fine ment fi nally con verged to Rwp
=10.38% Rp =0.0751 (pow der to tals) and RF2= 6.12, 6.33
% (for the two used datasets). 

The ex per i men tal data for mcguinnessite were ac quired 
in the same con di tions as for rosasite, and its crys tal struc -
ture was suc cess fully solved us ing the rosasite struc ture as

a start ing model. Tri als to solve mcguinnessite through a
mal a chite-struc ture model failed. The re fined cell pa ram e -
ters for mcguinnessite were a = 12.8978(6), b = 9.3737(4),

c = 3.1558(2) C, b = 111.225(4)°, space group P21/a.
The Rietveld re fine ment (GSAS/EXPGUI pack age) fi -

nally con verged to Rwp = 8.06% Rp = 0.0578 (pow der to -
tals) and RF2= 5.46, 5.16 % (for the two used datasets). The 
two min er als are isostructural, and the two in de pend ent
metal sites are oc cu pied in rosasite by Cu (the more dis -
torted poly he dron) and by Zn0.8Cu0.2, in mcguinnessite by
Cu0.82Mg0.18 and Mg0.9Cu0.1. The crys tal struc ture of
rosasite is re ported in Fig. 1, as seen par al lel to (001) plane.

Both the Zn and the Cu octahedra share edges form ing
Cu-based and Zn-based oc ta he dral “col umns”, run ning
along [001] , and re spon si ble for the acicular habit of the
min eral. 

These oc ta he dral “col umns” form by edge-shar ing oc -
ta he dral “rib bons”, two col umns large, are di rectly con -
nected by apex-shar ing and through the car bon ate groups,
each car bon ate be ing linked to three oc ta he dral ribbons.

Altomare, A., Burla, M.C., Cavalli, M., Carrozzini, B.,
Cascarano, G.L., Giacovazzo, C., Gagliardi, A., Molitemi,
G. G., Polidori, G., & Rizzi, R. (1999): J. Appl. Cryst.
(1999). 32, 339-340 

Larson, A.C. and Von Dreele, R.B. (2000):Gen eral struc -
ture anal y sis sys tem (GSAS) Los Alamos Na tional Lab o ra -
tory Re port LAUR 86-748.Rob erts, A. C., Jambor, J. L.,
Grice, J. D. (1986): The X-ray crys tal log ra phy of rosasite
from Tsumeb, Namibia. Pow der Dif frac tion,  1,  56-57.

Toby, B.H. (2001): . J. Appl. Cryst 34, 210-221.

Zigan, F., Joswig, W., Schuster, H.D., Ma son, S.A. (1977)
Zeitschrift für Kristallographie 145 (1977), 412-426.
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Fig ure 1: The crys tal strucure of rosasite, as par al lel to (001). In
Mcguinnessite we find Mg in stead of Zn, and the Cu site is par -
tially filled by Mg.
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In last years, tra di tional tech nique of pow der dif frac tion
known mainly to ma te ri als sci en tists, phys i cists, chem ists,
min er al o gists is also ap plied to bi o log i cal ma te ri als. First
pow der dif frac tion stud ies of pro tein struc tures has ap -
peared [1, 2]. How ever, pow der dif frac tion is known also
as a suit able tools for stud ies of the so-called real struc ture
of ma te ri als. In pres ent work, we have tried to per form
more com plete dif frac tion anal y sis of dif fer ent egg-shells.

The bi o log i cal func tion of the egg-shell is a cham ber
for em bry onic de vel op ment and from which the chick is
able to emerge at the ap pro pri ate time. The re quire ments of
the ta ble egg in dus try are dif fer ent. The in dus try sus tains
eco nomic loss from cracked eggs and some of the crack ing
can be at trib uted to the de fi cien cies in the egg-shell struc -
ture. This is one of the rea sons why the at ten tion to
egg-shell is de voted [3-5]. 

The egg-shell con sists of sev eral mu tu ally
through-grow ing lay ers of CaCO3. The in ner most layer –
mamilary layer ( ~100 µm) grows on the outer egg mem -
brane and cre ates the base on which the pal i sade layer con -

sti tutes the thick est part (~ 200 µm) of the egg-shell. The

top layer is the ver ti cal layer (~ 5-8 µm) cov ered by the or -
ganic cu ti cle. Dif fer ent kinds of hen´s and bird´s egg-shells 
in the pow der form or as a whole from both sides of the
shell were ex am ined by pow der diffractometry and film
back-re flec tion method. The pow der pat terns were eval u -
ated by the fit ting of dif frac tion pro files with the Pearson
VII func tion.

The lat tice pa ram e ters, peak in ten si ties and pro file
broad en ing were ana lysed. At the Bragg-Brentano set ting

(2Q = 40°) the Cu ra di a tion pen e trates ap prox i mately into
the 9 µm of the egg-shell, so the mea sure ments from the in -
ner and outer shell sur face can give ev i dence of the
mamilary and pal i sade layer, re spec tively. The re sults ob -
tained on egg-shells of very dif fer ent or i gins shown no sig -
nif i cant dif fer ences in lat tice pa ram e ters that cor re spond
well to the PDF-2 val ues. The pat terns con tained only ba sic 
phase CaCO3 (space group no. 167: R-3c) with a small ad -
di tion of mag ne sium (0.3 wt. % , de ter mined by atomic ab -
sorp tion). Dif frac tion pat terns of pow ders ob tained from
all the eggs in ves ti gated cor re spond very well to the pat tern 
of stan dard CaCO3. The cor re spon dence is very good in -
clud ing in ten si ties. The pat terns ob tained from egg-shell
pow ders are also very sim i lar to the stan dard pat tern, re -
gard less larger line broad en ing.

How ever, there are dif fer ences be tween pow ders and
both sides of the shells. For in ner shell sur faces, the in ten si -
ties are only slightly dif fer ent than in pow ders (in clud ing
stan dard one) but there is sig nif i cant line broad en ing in di -
cat ing fluc tu a tions of lat tice spac ings (the mean lo cal strain 
of about 0.2 %). On the other hand, for outer shell sur faces,
there is much smaller broad en ing of lines, sim i lar to pow -
ders, but sig nif i cant changes of in ten si ties in di cat ing the
(00l) tex tures of grains. This is also an ev i dence of pres -
ence of two ba sic lay ers, struc tur ally very dif fer ent –
mamilary and pal i sade. The mean ing of crys tal lo graphic
tex ture has been em pha sized [3, 4]. It was stated that the
break ing strength of the egg shell is in versely re lated to the
de gree of cal cite ori en ta tion and con versely, re duced
strength in the egg shell from aged hens co in cides with a
high vari abil ity of tex ture [3].
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Fig ure 1. A typ i cal part of the dif frac tion pat tern of the egg-shell
(CaCO3) - from the in ner (thin line) and outer side (thick line),
re spec tively. Fig ure 2. SEM pic ture of egg-shell. Outer side is on the bot tom.
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As a gen eral con clu sion and amaz ing fact, we can say
that any dif fer ences of XRD pa ram e ters (for in or ganic –
cal cite part) be tween the eggs of very dif fer ent or i gin are
not sig nif i cant. So that their microstructure and com po si -
tion, as they can be seen by XRD, are the same. All the
shells in ves ti gated ex hib ited strong tex ture from out side
and no tex ture from in side (Fig. 1). This agrees with the
SEM pic tures (Fig. 2) and known fact that from smaller
more or less isotropical grains larger co lum nar grains are
de vel oped to the outer side. This work was an at tempt for
non-tra di tional ap pli ca tion of pow der dif frac tion with the
aim to show that the method may be help ful also for bi ol o -
gists. Not only be cause of the phase anal y sis but also for
the study of nanostructure of in or ganic crys tal line phases
in bi o log i cal ob jects. This is closely re lated to the over all
microstructure strongly in flu enced by pro teins tak ing part
in its cre ation. The egg-shell ma trix pro teins in flu ences the
pro cess of crys tal growth by con trol ling size, shape and

ori en ta tion of cal cite crys tals. The for ma tion of avian eggs
be longs to most rapid min er al iza tion pro cesses known.
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