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ABSTRACT

Various members of the FeSOn HTO - CuSOa.H2O kieserite-type solid-solution series were synthesized and investigated by
X-ray powder diffraction and Mdssbauer spectroscopy. Comparison of the Fe/Cu molar ratio between the precursor aqueous
solutions and the products of precipitation revealed a preferred incorporation of Fe into the structure. End-member szomol-
nokite, FeSOa.HrO, is monoclinic, and synthetic CuSO4.HrO is triclinic. The cell-parameter refinements of @e,Cu)SOa'H2O
compounds show a reduction in symmetry from monoclinic to triclinic beyond 20 mol.7o Cu. By Mdssbauer sp€ctroscopy'
siguificant ordering involving the cations can be observed only in members of the solid solution with more tlan 20 mol.7o Cu.
Site ordering is characterized by a preference of ferrous hon for the less distorted site. The similar scattering factors of Fe and
Cu do not allow the cation distribution to be refined by X-ray methods. The structure of the investigated compounds with more
than 20 moLTo Cu agrees with the triclinic model for CuSOa.H2O. Poitevinite is a distinct mineral species because of cation
site-ordering and of the triclinic distortion of the structure. Its cell parruneters, obtained by Rietveld refinement ilr space group
pl,ug aS.tZO(t), r 5.160(1), c7.535(2) A, o 107.06(l), p 107.40(l), 192J3(l)", and in space group Cl: a7.094(l),
b 7 .U+o(l), c 7 .824Q) A, o 89.47(l), p 119.56(l), y 90.45(l)'. The structural formula of poitevinite, as derived from ICP
and Mtissbauer data is [Cuo.n@eZn)6.22] [Cu6.1e@e,Zn)o3r]SO4'H2O.

Keywords: pitevinite, (Cu,Fe)SO4H2O, kieserite group, Rietveld refinement, Mdssbauer spectroscopy' triclinic distortion.

SoMvrans

Nous avons synth6tis6 et caract6ris6 divers membres de la solution solide de type kieserite [FeSO4'H2O - CuSOa'H2O]
par diffraction X (m6thode des poudres) et par spectroscopie de Mdssbauer. Une comparaison des rapports molaires Fe/Cu
de la solution aqueuse de d6part et des pr6cipitds r6vble une incorporation pr6fdrentielle du Fe dans la structure. Le p6le

szomolnokite, FeSO4.H2O, est monoclinique, tandis que le CuSO4H2O synth6tique est triclinique. Les parambtres r6Jiculaires
de compos6s @e,Cu)SOa.HrO rdvdlent une r6duction dans la sym6trie, de monoclinique i triclinique, i un seuil de 20Vo de Cu

Oase molaire). lrs spectreJde Mtissbauer d6montrent une mise en ordre importante uqiquement dans les compositions dont la
teneur en Cu d6pasie 20Vo. Cette mise en ordre t6moigne d'une pr6f6rence du Fe2+ pour le site le moins irrdgulier. Le
comportement trbs semblable du Fe et du Cu par rapport i la dispersion des rayons X ne permet pas un affinement de la
distibution des cations dans le site occuF. l,a structure des composds contenant plus qule ?-0Vo du p6le Cu concorde avec un
modble triclinique pour CuSOa.HrO. la poitevioite est consid6rde une espbce distincte I cause de la mise en ordre des cations
dans ce nQme site, et |a distorsion qui en r6sulte, menant i la sym6trie triclinique. Ses parambtres r6ticulaires,, affinds par

mdthode de Rietveld dans le groupe spatial PT, sont c 5.120(l), , 5.160(1), c 7.535(2) A, c 107.06(1), p 107.40(1),
ety92.73(1)", ou, dans le groupe spatial CT, a7.o94(l),b7.44fl(J),c7.824Q) A, cr 89.47(1), B 119.56(1), etT90.45(l)'.
l,a formule structurale de la poitevinite, d'aprbs les donndes obtenues par plasma avec induction couplde QCP) et par spectro-
scopie de Md,ssbauer, serait [Cuo:sGeZn)o.zz][Ch.1e@e"Zn)61]SO4H2O.

(Traduit par la R6daction)

Mots-cl6s: poitevinite, (Cu,Fe)SOa.H2O, groupe de la kieserite, affrnement de Rietveld, spectroscopie de Mtissbauer, distoaion
triclinique.
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IvrnooucttoN

Poitevinite was first described by Jambor (1962)
and Jambor et al. (1964) from Bonaparte River,
Brit ish Columbia; they proposed the formula
(Cuo.roFeo.ouZne.6)SOa. 1.2HrO, which can be ideal-
ized as (Cu,Fe)SO4.H2O. From X-ray-diffraction data,
they assigned it to the kieserite group (monoclinic).
Oswald (1965), Coing-Boyat & Le Fur (1966) and
Giester (1988) showed that the copper end-member of
this group is triclinic. Therefore, one might infer that
poitevinite shows a similar distortion of the stucture.
A reduction in symmetry from space group C?c as in
kieserite, MgSOa.H2O, to space group PT causes the
Mz+ position to be split into two positions (ML2+,
M2t*). The copper atom, with its preference for
distorted octahedral environment (owing to the
Jahn-Teller effect), should oacupy the more irregular
ItP+Ou-plyhedron. The characteristic arrangement of
the IE+O6 octahedra, linked via the O(H'O) atom to
chains parallel [00U Gieserite setting), is illustrated in

Figlre 1. In a triclinic structureo the Mlz+O6 and,
M*+O6 polyhedra alternate. For reviews on kiesirite-
group compounds and relaied stuctureso the reader is
referred to Baur (1959), Hawthorne et al. (L987),
Giester (1988), Groat et al. (1990),Zemann (1990),
Wildner & Giester (1991) and Giester & Wildner
(1992).

Epnruvmrrel

Syntheses

The pure compounds and ten mixtures of
CuSOa.5HrO (Merck Product No. 2790) and
FeSOo.THrO (Merck Product No. 3965) in differenr
molar ratios were dissolved in water and subsequently
treated in tbree ways: (l) Ttie solutions were heated to
380 K on a temperature-controlled stirring apparatus,
and concentrated sulfuric acid (Merck Product
No. 731) was added until rapid precipitation of the
monohydrate compounds occurred. (2) The semicon-

t 
toofi c2/c*

Ftc. 1. Projection of the crystal structure of poitevinite showing the churlrs of Ml and, lA
octahedra parallel to [1ll]. This direction, conesponding to [001] in the kieserite
setting C?ca, is indicated by an arrow. The structure d.awing was prepared with the
program ATOMS @owty 1993).
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TABLB l. PREPARAUON, CHEII{ICAL DATA, AND MEIHODS OF
INVESTIGATIONS EMPLOYED'IO CEARAC1ERJZE TITE VARIOUS SAMPLES

spectroscopy (ICP-AAS) using an ARL-3520-ICP
(Paschen-Runge) instrument. For the thermogravi-
metric investigation, a computer-controlled Mettler
M3 microbalance combined with a TA4000 Thermo-
Analysis System was used in the range 300-900 K
under a nitrogen atmosphere, with a heating rate of
5l?min.

X-ray powder dffiacrton

The X-ray measurements were done oi a Philips'
PW3020 diffractometer equipped with automatic
divergence slit, sample spinner, graphite secondary
monochromator, scintillation counter using CuKct'
radiation (45 kV, 35 mA). A receiving slit of 0.1 mm
was used. Soller slits were used on the primary and
secondary side. According to Bowden & Ryan (1991),
an antiscatter slit of 4' 20 was selected. The fine-
grained powders were back-loaded into stainless-steel
sample holders 15 mm ia diameter. For poitevinite, the
powder was fixed on a low-background silicon single-
crystal using acetone. The measurements were done in
step-scan mode over the range 5-135" 20 in steps of'
0.02" with a counting time of 5.0 s/step.

Riene'ld refinement

The Rietveld refinemerits and the distance and
angle calculations w6re done with the Philips "PC-.
Rietveld plus" package (Fischer et aI. L993). More'
sophisticated refinements were performed with the
program RERIET (Kassner 1993). The recorded data
were treated by a manual background-correction, as'
the contribution of the sample holder could not be
fitted by a polynomial function. An automatic-to-fixed
divergence-slit conversion was applied to tie Lorentz-
polarization factor in the first peak-simulation process
during the refinement process (Fischer 1993). The
pseudo-Voigt profile function was used for the simula-
tion of the peak shape, with two parameters refining
the Lorentzian part of the peaks as a function of 20.
Owing to severe overlap of peaks, caused by the
triclinic symmetry of the cell, intensities within only
six times the tull width at half maximum (FWHM)
were considered to contribute to a reflection. Peaks
below 25" 20 were corrected for asymmetry effects
after Rietveld (1969). The angular dependence of
FWHM was refined with three parameters using the
formula of Caglioti et aI. (1958). Twenty-four struc-
tural and five profile parameters were refined. The
X-ray-scatlering factors for the cations in their respec-
tive valence state were taken from the International
Tables for X-ray Crystallography (1'97$ and the
values for 02- are from Hovestreydt (1983).

In ttre case of scorodite impurities, a multiphase
refinement was applied; we constrained the mixing
parameters in the pseudo-Voigt function and the first
and second term of the FWHM formula.
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centrated solutions were evaporated slowly with minor
amounts of H2SOa at temperatures of 330 K under
vacuum over a period of one week. (3) Solutions were
evaporated at I afrn. in a temperature-controlled sand
bath at temperatures of 380 K. Details are compiled in
Table 1.

In order to minimize the effects of the incongruent
precipitation, 1.e., preferred incorporation of ferrous
iron with respect to the bulk solution, the investigated
samples were extracted at an initial stage of the
crystallization process. Temperature and acidity are
critical to avoid the coprecipitation of chalcocyanile or
bonattite compounds. Depending on the method of
synthesis, the monohydrate compounds form a micro-
crystalline powder (1) or radially intergrown aggre-
gates of crystals with individual sizes up to some
tenths of a millimeter (2, 3). In contrast to the nearly
colorless end-members, the intermediate phases of the
solid solution are reddish orange, with the most
intense color occurring in the equimolar compound.
This finding is consistent with the observation that
poitevinite is salmon-colored.

The phases prepared by method (l) were subse-
quently treated for six hours at 380 K under reducing
conditions (30 vol.7o hydrogen, T0 vol.Vo nitrogen) to
improve crystallinity and cation order.

Chemical analysis

The Cu:Fe ratio of poitevinite and the synthetic
products was determined by X-ray-fluorescence
analysis ()RF) using four external standards: mixtures
of the end members and B(O[I)3 were pressed into a
disk. The measurements were performed on a Philips
PW1030 instrument, with Rh radiation. In addition,
the samples were dissolved in (Hcl)enc. and analyzed
by inductively coupled plasma with atomic absorption
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Mdssbauer spectroscory

Miissbauer spectra were recorded at 77 K and
293 K using a conventional Miissbauer spectrometer
(source 50 mCi, sTCo/Rh, a multichannel analyzer
with 1024 channels, electromechanical drive svstem.
symmetrical triangular movement). Spectra were
recorded at the temperafue of liquid nitrogen with the
source at room temperature and the absorber at 77 K.
The spectrometer velocify was calibrated against an
cr-Fe foil. The two symmetrical spectra obtained were
folded and evaluated ls,srrming Lorentzian line-shape.
The linewidth of the fwo Fe2+ doublets was refined
with one co[lmon parameter. The Mtissbauer dam
were evaluated by the least-squares program MOE-
SAIZ @orcher et al.1992).

Poitevinite

The type material, obtained from the Royal Ontario
Museum (No. M-25440), consists of a fine" salmon-
colored powder with impurities of quartz, gypsum,
pyrite, bonattite (CuSOn.3HrO) and scorodite
(FeAsO42H2O). The impurities of scorodire (approxi-
mately 25 wt.Vo by Mdssbauer specftoscopy) could not
be eliminated entirely by hand picking. A multiphase
Rietveld refinement reveals cell parameters of
scorodite [a 8.932(2), b 10.299(3), c 10.037(2) A], in
good agreement with the data for syrlthetic
FeAsOa.2H2O la 8,9O, b 10.33, c 10.05 A: PDF
26-7781. Thus, incorporation of copper in the struc-
ture of scorodite is considered unlikely. The iron
content in poitevinite was corrected accordingly.

zvu 300 4m 500 6m 700 K
Ftc. 2. Results of a thermopvimetric analysis of a sample of

poitevinite (2.58 mg, 5 lVmin).

A thermogravimenic analysis (Frg. 2) of the mate-
rial as received reveals a loss of water in three steos.
The maxima of the first derivative are at 330. 430 and
540 K, with approximate values of -2, -2 and
-9 wt.Vo, respectively. The synthetic samples exhibit
only the decomposition step at approximately 540 K.
As scorodite contains two H2O molecules in the
formula unit, step L and 2 may be assigned to
the imFurity. The main loss of 9 wt.Vo fits approxi-
mately ttre ideal value of 10.4 wt.Vo HrO in poite-
vinite. Jambor (1962) gave a water content of
L2.W wt.Vo; the high value reflects the scorodile impu-
rity.

Chemical analysis of 8.7 mg of hand-picked
poitevinite by ICP (Table 1) gives rhe formula
(Cuq.a5Fes.aeZns.s6)SOa.H2O. Taking the scorodite
contamination into account, the revised formula,
(Cus.aFee.a5Zns.0z)SO4.H2O, is close to flat proposed
by Jambor et al. (1964). Because of their similar
crystallochemical behavior, ferrous iron and zinc were
teated as Fe2+ in our calculations.

X-Rey Powom. IlvrsncenoN

Indexing

For purposes of indexing, the reduced triclinic
setting given by Giesler (1988) was used to describe
the cell. For the description in the monoclinic system,
the original setting of kieserite according to Leonhardt
& Weiss (1957) in space group C2/c (hereafter de-
noled as C2lc*) was chosen, in which the [001] axis is
oriented parallel to the W+O6 chains. Note that this
setting of kieserite is not in accordance with the
common practice of choosing unit axes. The original
setting ofkieserite can be ilansformed to a "reduced"
monoclinic setting in C2lc by shifting the origin
(owing to an additional z-glide plane in) = /n), further
denoted as CUc*. This gives rise to difficulties when
comparing cell parameters and indexing of kieserite-
type compounds (cfi Isaacs & Peacor 1981), especially
with powder data. In addition, some kieserite-related
structures like lacroixite, NaAIPO4.F (Lahti & Pajunen
1985) are distorted in such a way that the direction of
the lt'/z*Ou chains is shorter than the related diagonal
in the (ffil) plane. The corresponding traniformation-
matrices befween the particular settings are as follows.
The matrix transformations were performed with the
program CRYSCOMP (Bohm 1992):

C2l c K + C2l c p (lM | 0T0 lT0T)
PT -> C2l c * (1T0/T10/00T)
PI -+ C2,l cy(I 10/1T0/Tff)

C ell-pararneter refrnenrcnt

A general view of the variation of the cell para-
meters by Riefveld refinement (Table 2) is clearly rep-

700 K
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TABLE2. OBSRVE) CELLPARAMSIRS FROMRIETVEID REFINEMEIiIT AND LITERAN'RB DIfrA
ON (Fe,Cu)SO;HaO COMPOIJNDS AND FOITET/INL
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rcauoeA Udhic "*r"g 
(PI) heseeire sddng (e/k)

a b c a l t V s b c a g l V n d .
5,0370) 5.170(l) 75ne) rG.o0) l@390) 90.930) 175.95 7,t59 7.n6 7.719 89.O rt8.9{r 9r.49 35r.91 (2)
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F"*
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Q,, 5.034(r) 5.16?0) 7513(2) 10E.64(t) l$.410) m.88(r) l?J.6r
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cuoFse 5.131(t) 5.163(l) 7.546C2) l07.0qt) tq/.420) q2.8t0) t&.2E
CqFe, 5.Fql) 5.16{l) 7.5540) 1(n.(r'0) r(r'370} 92.930) t&}.63
curFea 5.l4ql) s.1670) 7"564(2) lqt.l6(t) t(rl.4q!) 93.@0) t8tr4
cnsF% 5.rqt) 5.t610) 7J67O) 107.26(l) tqr330) 93.0qt) t81.33
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7.106 7.370 1.7U S.Et
7.r0s 7.M 7.m6 $.95
7.V8 7.42E 1.tr9 t9.4
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7.W4 1.ffi 7.831 Sr.6{t
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[9.21 9t.lE 355.45 0)
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Ref.: (l) lhls study, (2) Cl€ser 0988), (3) WlldM & Cie$er 0991), (4) Coltrg-Boyd & Ir Fu 0966), (t lmbor (t962), (6) Plsrius (19O);
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TABLE 3. rr-I \ALlJBt AND LEASr-SQUARHI @,L PARAMETERS OF POnEVIMIts (TRICUMC BDggfiON)

a=s.l%Ql, b=5.16!8), c=7.535(5)A, a-r0l.l9Q), f=M.aSQ), r=92.15(2)"FO,N-n"1 -n0.g&,49t

h k l  I 4  t d  t l e  i l & \ dd de tt&

13.0 2.0t48 2.m62 -.m13
14.0 z.vm 2.av \w2
ll,0 2,0676 2,05'.77 -,mr
5.0 2.0t5r 2.0158 -.flXt
6.0 1.9&il) 1.9856 r(I|16

23.0 t.w l.ytgt .|ml4
10.0 t.9525 t.vEl .w2
5.0 t.93r7 1.9333 -.@16
7.0 1.86(B t.86zt -.(x)15

13.0 1.83!B t.t360 -.mt
5.0 1.7969 1.7964 .qn5
5.0 1.78t1 1.7805 .qr06
4,0 t,Ttx 'TN| .w3
7.A L1&t t.76tt .Wl
6.0 1.7596 1.7603 -.mt7
6.0 t.7tn t,77?a -.ffi
5.0 t.7tn t.714 -.0,J12
t.0 1.70t2 1.7008 .flx)4
7.0 1.69m t.6975 -.qxls

n,0 L6n6 t.6r@ .wl
10.0 l.63G 1.63,16 .qlU
n.a l.oJs t.6!tt -.q84
E.0 t.6l6g 1.61p -.m14

l|.0 1.666 1.@74 -.(x)18
t2.0 1.68r r.6017 .m13
15.0 15949 1J949 .ql00

tld tt' d6

lsEU tjt49 .(m3
r-tr98 1"fi)4 -.(IIr
lSgE 15l'20 -.m12
15394 t5t8E .glr
l5l:14 ljlilS -.0013
1.4?llt l./s7t0 .gn6
1.4665 1.4d6 .0010
t.!1487 1.4483 .qx|4
1.44{D 1.4:l!t5 .qltr
1.4363 1.4:b!' -.fiXtr
LqZn L4m -.ffir
1.945 1,3943 .W2
l34(n l.:14(x) .{xrE
1.3198 1.3204 -,qtr
1.2890 rzsn -.m[
lrjlt 1.2sr0 -.(nB
t.N, t2&4 .Wa
t2?& tr782 -.m3
t.2593 tJ5lv7 -.W
l.5n 1.2520 -.0@9
r.zJgt LNl .qxD
l2ld} 1.2t65 -.(n)2
r.tru t.1?3t .(uB
r.r99 1.198 .mr

0 3 -3 12.0
3 0 -3 r2.O
I -r .4 5.0
3  t - 3  9 .0
r-2 1 5.0
l -3 3 t .0
3 r 0  6 . 0
2-3 |  6.0
2  | - 5  u .0
0 l - 5  9 . 0
3 l - 4  5 . 0
2 3-2 5.0
3-t  2 4.0
3 - l 4  5 . 0
0 4:2 5.0
3 l - 5  9 . 0
r -r -5 9.0
4 0-2 E.0
r -2  5  7 .O
r  1 .6  9 .0
I  z4  4 .0
2 0 4  5 . 0
3  34  4 .0
24  2  7 .0

h ' k  I

2 . 1  |
2 0 1
l - 2 2
2  0 - 3
|  2 - 3
2  t - 3
t t 2
l - l  3
z - z  0
t 0 3
| - 2 - 2
2 - t  2
t 2 l
2 - t - 3
t - 2  3
2 0 2
0  3 - l
0 0 4
0  3 4
0  2 4
2 - 2 - 2
2 - 2  2
t - 3 0
|  3 : 2
2 2 0
3  t - 2

0 r 0
1 0 0

- l  0 l
l  0 - l
t - l  0
I  l - 1
0 t l
r 0 1
|  0 - 2
0 l - 2
t - t - t
t - l  I
|  1 - 2
0  2 - l
2  0 - l
t - L  2
r 0 2
2 0 0
|  0 - 3
0  r - 3
t - z  I
2 - t - l
z  |  - l

1 - 2  1
0 2 1

h k l  I / t

29.0 4.S6 4.tgt4 .(B:n
n.a 4.8% 4.?t5 .(B51
6.0 4,n% 4.1% .W
6,0 4.n94 4.7% .W
8.0 3.nr7 3.?165 .mn
3.0 3.544t 3J4:K .ml2

t6,0 3.cm 3,4# .an
83.0 3.4439 3.43?2 .$68
49.4 3,W3 3.3360 .qB
49.0 3.3431 33ffi .Wn
30.0 3.275 3.2681 .0031
16.0 3.2570 32451 .0113
79.0 3.([t1 3.038 .0n5
9.0 2.57;s 2.5E56 -.qrt

19.0 2J5s9 2J6r4 -.0056
48.0 2587 25)6t -.(x)31
6.0 2.436 2.4tnt -.0ff}2,
t.0 2.4t63 2,4t85 -.W22
9.4 23TX 23m .gJ14
8.0 2.37m 2.ffi .W

t3.0 2.M8 z.NTt .0(B1
t3.0 2.8&, 2.29@ .0013
2t,0 2232, 2.229 .Wr3
3.0 2.m18 2.2M -.WA,
6,0 2.3{F8 2.1039 ,mrg
13.0 2.0936 2,0s.5 -.Wm
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7.a 3
f

7.5

- 7.4
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oo 7.3

7.2

7.1

7.4

7.9

7.2

squares refinement, are given in Table 3. The indexing
and least-squares cell-parameter refinement of the d
values were done with a PC-modified version of the
algorithm of Appleman & Evans (1973).

Stracture refinemznt : proc edure

The initial atomic coordinates for the refinement in
space group PT were taken from Giester (1988). The
cation ratio Fe:Cu was not refined but fixed according
to the results of the chemical analysis, and the iso-
tropic displacement parameters of. Ml and M2 werc
constrained to equal values. Although these restric-
tions were sufficient enough to obtain valid unit-cell
parameters and indexing, the standard Rietveld refine-
ment failed to provide reliable crystallochemical infor-
mation about the t61M4 polyhedra. To improve the
results of the refinement, restraints were applied to
the SOa tetrahedra. The restraints (4 S-O and 6 G{
bond lengths) were allowed to vary within the range
known from single-crystal analyses of the end mem-
bers. To diminish the influence of texture, the region
of the first four peaks was omitted in the refinement.

TABI.E 4. EGERIMENTAL CONDITIONS AND
R-VALIIES OF RIETYELD REFINEMENT

No. ofobsgvadons
No. ofparam€tgls
No. of restrainb

No. of r€rflexiotrs

Qrtm
CusoFqo
Qrz+Fea
CuorFar
Cu:rFer:
CtsFe*
CqrFejr

CtraFezt
CurFer:
CuteFqr
Felo

CucFq:

65@
32
2 S-O r.49(4)
2 S{ r.c6@)
6 G.O 2.41(3)
1276(cu) - 1332(Fe)
8 omiaed

15.0 4.3

FwW) Diw;(ya-1/C.yaPDiq,iy.P)@
P\(%) (Er0a-1/C.ya)D;ya)

&(%) ((N-P)/2;w1y)rz

Rs(%)  t l ld - l lC ' Id l lD i ld
C scale factor
yoyolh obs6ved, calculated ed

backgromd profi lo intonsitles

tL obereed and cal.ulated lntegrated intensitieg
N nmberofstaisticallyindependeutobs€n/atioDs
P mmbd of variabls least{guafB p,meters
w weiglt = liyo

ft
120.O

119.0

118.0

117.O

116.0

1 15.0

114.0

t 13.0

180.0

S rze.o
.17s.0

174.O
o 20 40 60 80 100

Cu [mol%l

Ftc. 3. Unit-cell parameters a, b, c (A), o, F, y (B) for
(Fe,Cu)SO4.H2O compounds in the monoclinic descrip-
tion (kieserite setting C2lcK) and the triclinic cell
volumes (C) for (Fe,Cu)SOo.HrO compounds. The filled
symbols represent the respective values ofpoitevinite.

resented in terms of the kieserite setting (Figs. 3,A, B).
The c and p values show a parabolic trend with a
slight maximum at 50Vo Fe, whereas the a and B
values display a linear relationship over the whole
solid-solution series, with negative and positive slope,
respectively. The divergence from the "monoclinic" o
and y values (ideally 90o) represents the increasing tri-
clinic distortion of the structure, with the monoclinic
-+ triclinic transition occurring at - 80 mol.7o Fe. The
cell volume (Fig. 3C) shows a slight deviation from
linearity that may result from preferential ordering of
Fe and Cu within the structure. The cell parameters
of poitevinite correspond closely to 50 mo1.7o Fe
content as deterrfned by ICP.

The d and I values ofpoitevinite based on triclinic
indexing, together with tle cell parameters and the
figure of merit (Smith & Snyder 1979) of the least-

aa.
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93.0

\ 92.0

91.0

'so.o

89.0

88.0

€

& R q R " R n
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10.9 r3.E 3.9 5.0
t2.7 16.3 4.0 4.2
r2.0. t5.4 4,2 5.3
11.1 ls.o 4.O 6.5
| 1.5 14.t 4.5 6.9
I1.0 14.0' 4.t 6.4
11.0 13.8 4.5 6.0
11.8 15.1 4.6 7.1
t.7 11.8 4.7 4.6
E.0 10.4 4.8 4.5
7.5 9.4 5.8 4.9
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Ftc. 4. Rieweld plots of poitevl-
nite (A) and the end-member
compounds FeSO4H2O (B)
and CuSOa'H2O (C). The
lower tick marks in A repre-
sent the contribution of the
scorodite impurity. The range
17-23' 20 was omitted in the
calculation.
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Finally, the standard deviations ofthe structural para-
meters were corrected according to Bdrar & Lelann
(1991). The restraints and the final R-values are com-
piled in Table 4, and the Rietveld plots of poitevinite
and the end members of the solid solution are siven in
Figure 4.

M0sssA,uEn Sprcrnoscopy

The Miissbauer spectra of synthetic (Fe,Cu)
SO4.H2O (Frg. 5) show two prominent lines centered
at approximately 425 mm/s and 2.55 mm/s, equal in

intensity and width, and grving Miissbauer parameters
characteristic (Table 5) of high-spl1 t6lp"2+. 15"
FWHM of the absorption lines, determined by single-
line fit over the range of the observed data, is between
0.29 and 0.31 mm/s. However, in pure FeSOo.HrO,
the lines show a FWHM of only 0.23 mmls, distinctly
smaller than in the other samples. For this reason, the
spectrum of synthetic szomolnokite was evaluated
with only one doublet, whereas all other spectra were
evaluated with a two-doublet fit. Our fit of two over-
lapping doublets to these spectra is justified because of
the large FWHM and the significant decrease of the

C
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P
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l e

rt<

- 2 .00  0 .00

-2.00 0.00

n
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P
o_
L o

r n  O
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- 2 .00  0 .00
Veloc i t y  Imm/s ]

00

Veloc i t y  Imm/s ]

Ve loc i t y  Imm/s ]
- 2 .00  0 .00

Veloc i t y  Imm/s ]
Flc. 5. Miissbauer spectra of Fe16 (A), Fea5Cur, (B), Fe25Cu7a (C) and Fe.reCur6 @) for (Fe,Cu)SOa.H2O compounds.
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rsMl) rs(M2)

OA0F% 1.24t1) 1.35{D
OrzFoa 1.250) 1.2q1)
CusFsg 1.250) 1.250)
c F% 1.250) 1.2s0)
Fqr l.&l)

C!€Fee 1.250) 1.250)

QS(MI) QS(r\[2) A(Ml) A([r2)

2.6q1) 2.6e0) 24(r'
2.10(t> 2.94(t) 2X(rt
2.n0) 2.n0, 32(r)
2.710) 2.q,{l) 46(r)
2.7r(r, lm

2.630) 3.030) 4lO)

TABLE 5. COMPILED MOSSBAIJER, DATA FeSOa.H2O. Below this l imit, the QS tend-s to
decrease, indicating increasing distortion of the ItP+Ou
polyhedra.

The Mtjssbauer spectrum of poitevinite is similar to
those of tle synthetic phases. Howevero the differ-
ences in QS are more distinct. Besides the two ferrous
doublets of poitevinite, one doublet attributed to Fek
occurs in the spectrum, and this can be assigned to the
octahedrally coordinated iron of the scorodite impuri-
ty. The amount of scorodite in the poitevinite sample
investieated is about25 wt.Vo.

The"area ratio of Fe2+(M22\lzF&+ obtained from
the Mijssbauer spectra shows a strong dependence on
the Cu/Fe ratio of the samples. As the Cu content
increases, Fe increasingly prefers the less distorted
M22+ site, which implies that Cu is enriched at the
M12+ position.

Dlscusstott

Members of the solid-solution series CUSOa'H2O -
FeSOa.H2O with a Cu content above 20 mol.Vo are
triclinic-distorted. This could be a consequence of
geometrical reasons only or could in addition reflect
ordering of cationso as would be expected owing to the
Jahn-Teller distortion of orbitals of divaleut copper in

7ql)
n0')
680)
54(l)

590)

FWHM

0.4$,
0.23O)
0.230)
0.230)
0.23O)

0.28(l)

B: isons &A [Eo/s], QS: Srsdrupole rpliuitrg [mr/sl, A: l$egrd€d m ol
thedmbld [%1, FWHM: firu wld& of balf MilM of bott doubl€{r lnn/sl

statistical parameter )P. Furttrermore, the basal tailing
of the Lorentzian profiles showed major mismatch to
the data-points with a one-doublet fit to the observed
spectra. Two samples were measured at liquid-
nitrogen temperature, but no improvement in resolu-
tion was observed. The area ratios do not change from
room temperature to the temperature of liquid nitrogen.

The doublet with the lower quadrupole splitting
(QS) was assigned to Fe2+ in the more distorted
octahedron. The QS shows no significant variation
with composition in the range from 100 to 50Vo

TABLE 6. ATOMIC COORDINATES, SELEqTED DISTANCES AhID AIIGI |rS FOR
POITEVINTTE AND END-MEMBER COMPOUNDS, FROM RIETVELD REFINEMENT

Form GrcFeg frrm Fsro 6*Fus, c\o

M1 0,0,0
o.e(t 1.(6)

o.seqa 0.5e3(2)
0.899(2) 0.918(2)
o.u$Q, o.2&2'
0.r(6) 0.?(6)

0.724<6' O.7n6t
0.8r5(t 0.83o(o
0.0e7(t 0.0e8(o
l.e(t 1.1(6)

0.668(6) o.w(6)
0.204(6) o.n2$)
0.345(t 0.331(t
2,0(6) 0.9(7)

rf2"tf2,u2
o.e(t 1.1(6) 0.7(t

0.16(6) 0.114(6) 0.12s(6)
o.392{tt O.4s7A 0.43q6)
0.25s(6) 0,265(6) 0.284(t
L.4A 1.0(8) 1.6(e)

0.2e1(6) O.2vr(6t 0.30r(6)
0.8/1(6) o.e28(6) 0.836(6)
0.154(t 0.154(O 0.142(t
1.(8) L3/i') 1.9(8)

0.68e(6) 0.694(6) 0.7C[(6)
0.765(6) O,7r7(6',t 0.808(0
0.394(t 0.404(t 0.399(t
1.4(t 1.6(s) l.l(/)

Bt

x

z
B

I

z
B

x
v
z
B

0.7(o

0.608(3)
0.925(3)
0.243(3)
0.4(7)

o.7s2(6)
0.829(6)
0.@5(4)
L3(J)

0.663(6)
0.232(t
0.?n4,
1.5(7)

o(rlro) r
v
z
B

o 2 r

z
B

0 4 r

z
B

Ml-Ol z.LOQ) 2.M(2) l.e5(2)
Nr2-a4 2.rr(2) 2.19(2) 2.33Q)
Mr-s2 2,O5Q) 2.@(2) r.e4(2'
l/12,o3 z.a'Q) 1.95(3) r.9(Z'
Mlqrr2o) 2'u<4> 2.94{4) 2'4N3'
M2o(rlo) 2.22(3) 2.r4(?) 2.0(3)

ol-Ml-o2 86.2(8) 86.7(9) 86,8(e)
o+M243 84.8(8) 86.3(9) 8r.6(8)
or-Mr-qBzo) E7.2(e) 86.9(10) 85.8(9)
o4-M2-oct O) 85.4(10) 84.4(lo) 84.9(9)
o2-Ml4(rto) 87.9(10) 88.9(10) 8e.o(r0)
@-M2qrLo) 87.4(11) 88.e0l) E8.ql0)
Ml4(rrrolM2 r2r.4(8) r21.q' 119.6(8)

llsotoplc dlsplacement parameters ofthe Ml and M2 position are constrained to equal values,
tomic coordluates and dlsplacemem parameters of all other compounds are d€posited at the

Canadian Institute for Scienific and Tec.hDlcal lnfurmation
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octahedral coordination.
Considering anomalous dispersion (CuKo), the

scaftering factors of Cu and Fe differ only by half an
electron in the low-angle region, preventing the refine-
ment of the cation distribution over the Ml2* arid M*+
sites. The intensity of the (001) reflection, which is
forbidden in C2.lc, cannot be observed QIIo<0.lVo).In
the analogous (Cu,Mg)SOn.H2O series (Lengauer &
Giester 1995), however, the larger differences of the
scattering factors allow the observation of the (001)
reflection and the refinement of the Cunvle ratio on
the respective M12+ (predominantly Cu) 6nd M22*
(predominantly Mg) sites, implying that an analogous
ordering could occur in the (Cu,Fe)SOa.HrO samples.

The Mtissbauer spectra indicate ordering of Fe2+ at
the more regular M22+ site. Besides, the nonlinear
trends in the variation of some cell parameters and of
the cell volume agree with the results of the
Mdssbauer spectroscopy.

Annealing the rapidly precipitated compounds of
the series (method l) not only led to an improvement
of crystallinily, i.e., sharpening of the diffraction
maxima, but also to an increase of the departure from
monoclinic symmetry. As the chemical composition of
the samples is not affected by this procedure, the
change in the cell parameters is presumably due to
increased degree of order.

The Rietveld refinement of end members of the
solid solution with the restraints of the SOo tetra-
hedra-led to mean t6lM-O values for divalent copper
and ferrous iron in octahedral coordination thar
compare well with single-crystal data (Giester 1988,
Wildner & Giester 1991) within the standard deviation
of the Rietveld refinement (Iable 6). The main differ-
ence between Cu and Fe is the pronounced [4+2] elon-
gation of the Jahn-Teller-distorted CuOu polyhedron.
This is also evident in the results of the Rietveld
refinements: with increasing Cu content, the M posi-
tions become more distorted (Frg. 6); the Ml position
is the more elongate one.

Tlte Ml polyhedra show a steadily insreasing dis-
tortion with increasing Cu content of the compounds.
The Ml-Ol and Ml42 disr4nces decreas-e slightly
ftom 2.10(2),2.05(2) to 1.95(2), 1.94(2) A, respec-
tively. The M1-O(H2o)^distance, however, increases
from 2.24(4) to 2,45(3) A. The degree of distorrion of
the M2 polyhedra is less affected by chemistry for Cu
contents less than 50Vo. At higher Cu contents, an
increasing distortion is also evident f.or M2. The
M243 bond length decreases ftom2.05Q) to 1.99(2)
A, whereas the distances of. M2-O4 t2.1,1,(2) to
2.33(2)l and the MI-O(H2O) 12.22(3) to 2.01(3)l
show a different trend with respect to the Ml poly-
hedra. The results for poitevinite, compiled in Table 6,
are in a good agreement to the values of the analogous
synthetic compound. Note that atomic coordinates and
displacement parameters of all other compounds syn-
thesized in this investigation are available from The

o 20 40 60 80 100

Cu [mol%l

Frc. 6. Distances of the t6)M-O polyhedra for
@e,Cu)SO4HrO compounds. The filled symbols repre-
sent the respective values ofpoitevinite.

Depository of Unpublished Data, CISTI, National
Research Council of Canada, Ottawa, Ontario KIA
0s2.

In the Mg{u solid-solution series, the compounds
with an approximately equimolar Mg:Cu ratio were
found to precipitate most easily and to be better
crystallized (Lengauer & Giester 1995). Analogous
properties may be athibuted to the poitevinite series;
the thermal stability, for example, is about 100 K
higher for the intermediate representatives than for the
end members.

A remarkable feature of poitevinite is its intense
reddish orange color, which does not fade down to a
temperature of 90 K. There is no indication that minor
amounts of fenic iron are preferentially incorporated
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in the intermediate compounds, thus making a
Fe2+/Ire3+ charge transfer unlikely to cause the color.
Optical specta would be a promising way to study the
origin of the color, but so far no suitable crystals of
poitevinite are available.

In conclusion, with respect to degree of cation order
and triclinic distortion of the unit cell, we can confinn
that poitevinite (triclinic) is an independent mineral,
considering the guidelines of mineral nomenclature in
solid-solution series (Nickel 1992).
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