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ANTLERITE, GUgSO'(OH)T A HETEROPOLYHEDRAL WALLPAPER STRUCTURE
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Departrnent of Geological Sciencq, Univedity of Monitobo, Winnipeg, Manitoba R3T 2N2

ABSIRACT INrnonucrroN

The crystal structure of antlerite, CurSOa(OH)a, Antlerite, Cul(SOJ(OH)a, forms mainly by oxi-
orthorhom-bic, a 8.2AQ), b 6.M3(l), c ll.t87(j) A, 7 dation of copper-bearing sulfides. It commonly
597.1Q)4",2 = 4,spacegrotpPnma,hasbeenrefined occurs as crustb on chalcocite, associated with
by a full-matrix least-squares procedure to an R index of brochantite Cua(SO)(OH)6, and as vein infillings,
3.1 % for 754 observed (I > 2.5o1) reflections using where it nas Ueei-aedbiited iiy tow-temperature solu-graphite-monocbromated'MoKa X radiation' ft" ry9 ti"^.ertl"rgn*d.-ooeisewhere,anttetiteistneunique Cu atoms are in octahedral coordination with *-.'*:^:*--':-;'

reasonabry strong Jahn-Teller distorrion, .c$-o; tyxl.:::^ry:t1-*Chuquicamata'Chile@andv
(equaroriat) = 1.98A, <Cu-O> (apicat) = Z.S4A.f;e 1938), where lhe aridity of the environment has
hydrogen atoms were located, and a serisible hydrogen- allowed antlerite to accumulate. It is also found in
bonding scheme was assigned. The structure consists of tri- a somewhat simila mineralogical association but
ple chains of edge-sharing Cu{6 octahedra (d: unspecified very different environrient as one ofthe components
anion) extending along tle faxis, witl further along-chain of the weathering patina developing on the Statue
linkage supplied by staggered flanking (SOf groups. of Liberty.Apparentlythecopperskinof thestatue
Viewed down [010], the sructure consists of triple chains anerea initiattyio *prite, tneri io brochantik MaEiviewed end-on, cross-linked by sulfate tetrahedra; in thil A 

-StU"i*-iSSO.' 
More recent samples'from

lffi#?,ffi:ififfi *S*f,ff#}"fifr" 
*' ;*,h''iiGu'i; ;i'ti!" sratue show thar the brochan-

tite has altered to antlerite, perhaps as a result of
Keywords:antlerite, crystal structure, copper, Jahn-Teller exposrue to acid rain'

effect, sulfate, chains of octahedra.- 
- 

The crystal structure of antlerite is further refined
here to elusidate the details of its hydrogeu-bonding
arrangement, and to analyze the polyhedral connec-

Sor/fluArRE tivity in terms of recent ideas on structural hierar-
clv (Hawthorne 1985a, 1980.

La structure cristalline de l'antlerite, Cu?SO4(OIO ,
orthorhoFbique, a8.?ae), b e.o+r(r), c n.bal6) it,'V Er(PnnnaENmI- METHoDS
597.1(2) 43, Z = 4, groupe spatial Pnmo, a 6t6 affinde par
moindres carrds sur matrice entilre jusqu'l un r€sidu R de The crystals used in this work are from Torre Cap-
3.1 9o pourT54r6flexionsobserv6es (I >2.5o1) (rayonne- dulla, Lerida, Italy; they are now in the collestion
ment Mol(o, monochromatisation au graphite). Les deux of the Department of Mineralogy, Royal Ontario
atomes distincts de Cu possOdent une coordinence octa6d- Museum, catalogue number M43756.
riqueetfontpreuved'unedistortiondeJaln-Tellerrdative- The intensitv-dut" o,ara collected and reduced

ffi'Sffiff;jijilffH":S*;,?5':ft'ffii: 1;c.lq_'_l.ti."tr"a orHawrhorne (1e85b): per-
avons r6ussi d localiser les atomes d'hydrogEne, et i d€terl tinent data at1 elY."1 in Table l. Ten strong reflec-
miner un sch6ma raisonnable de tiais|ns impliquant tions,uniformly.distributedwithregardto20,werc
l'hydrog0ne. La structure contient des chalnes tiiptes Oe measured at l0o intervals of psi (the azimuthal angle
polyldres Cug6 d ar6tes partagees (d: anion non sp€cifi6), corresponding to rotation of the crystal about its
alougde.s selon l'axe I; les groupes (SO/ sont dispos6s en diffraction vector) from 0 to 350o. The crystal shape
marge des chaines, en alternance. Vue le long de [010], la was modeled as an ellipsoid, reducing R (azimuthal)
structure montre l'aboutissement des chalnes triples, et leur from 3.4 to l.gqo. Application of the correction to
articulation par les t&rabdres de sulfale. Dans cette orien- a11 the intensit' data iesulted i1 minirnrrm and max-
tation, la structure id6alis€e serait un agencement de coloris ;: ,,- -,,- -- .'.- ,', ,, - ,- ,
monomdres et de dimeres d6finissant une tesseration triai imum transmissions of 0' 10 and 0' 14' respectively'

cffi;ii6.* Systematic absences are compatible with the space
gtoup Pnma assicned by Finney & Araki (1963).

Cfraduit par la Redaction) Scattering curves for neutral atoms, togetler with
anomalous dispersion coefficients, were taken from

Mots-cl6s: antlerite, structure cristalline, cuiwe, effet de the International Tables for X-ray Crystallogfaphy
Jahn-Teller, sulfate, chalnes d'octaddres. Onq. R indices are of the form given in Table l,
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TABLE I. MISCELLANEOUS INFORMATION FOR ANTLERITE

a 8 .2M(2)  A  Crys ta l  s lze  (m)  O. l4xo . l6xo . l8

b 6.043(l) A Rad/Mono ttto,/Gr

c  11 .987(3)  A  Tota l  lFo l  954

v  597.1  (2 )43  lFo l ,  I>z .5or  754

Space oroup Pnma Fina l  R {obs)  3 .3%

Cell content: 4[CurS0O(0H)nJ Final wR (obs) 3.11"

R  =  r ( / F o l - l F c l ) / r l F o l

wR " [*( lFo l - lFc l l2 / uro2]1, w = t/(o2rro.oo32(2)rZ)

and are expressed as perc€ntages. Using the results
of Finney & Araki (1963) as input, the refinement
converged rapidly to an R index of 3.290 using an
anisotropic thermal model. At this stage, recogniz-
able H positions were taken from difference-Fourier
maps; however, refinement of ttrese positions caused
tle O-H distances to shorten significantly (a feature
typical of X-ray structure refinements), making the
interpretation of the hydrogen-bonding scheme
ratler difficult. Consequently, the hydrogen posi-
tions were taken from the difference-Fourier map
and kept fixed during the final cycle of refinement.
Final convergence occurred at an R index of 3.2V0
and a wR index of 3.190. Final parameters are gtv€n
in Table 2; the observed and calculated structure-
factors are available from the Depository of Unpub-
Iished Data, CISTI, National Research Council of
Canada, Ottawa, Ontario KIA 0S2. Selected inter-
atomic distances and angles are given in Table 3, a
suggested hydrogen-bonding scheme in Table 4, and
a bond-valence analysis in Table 5.

D$cussroN

There is one unique S position in the antlerite
structure, surrounded by four oxygen atoms in a

slightly distorted tetrahedral arrangement; tle minor
bond-length variations are compatible with the local
bond-valence requirements of tle anions in the sfuc-
ture (Iable 5). There are two unique Cu positions,
botl surrounded by six anions in distorted ostahedral
arrangements. In botl cases, there are four short
equatorial distances and two longer apical distances,
indicative of Jahn-Teller distortion, as is usual for
most octahedrally coordinated Cu2+ in minerals.
Inspection of the bondJength disrortion (A :
E[(li-l)/lolz) and bond-angte distortion (d =
E(90-0Y/12) paxameters (A: Cu(l) = 0.064, Cu(2)
= 0.053; d: Cu(1) = 133.9, Cu(2) = 21.6') shows
tlat whereas the two distingt Cu@5 octahedra have
similar bond-length distortions, the Cu(l) octahedron
has far more angular distortion than tle Cu(2) octa-
hedron. This angular distortion is such that the Cu-
Cu distances are significantly inoeased over that for
the same arrangement with regular octahedra. Such
a distortion is not directly related to the Jahn-Teller
effect, as the latter could occur in a triple chain of
edge-sharing osta.hedm without any angular distor-
tion. However, sush Jahn-Teller qDe bond-length
distortion will bring the Cu atoms in each of the
linear chains closer together, and tle angular relax-
ation seen here will offset this effect. This effect is
more extreme for tle Cu(l)do (d = unspecified
ligand) ostahedrou, as it is equatorially suirounded
by six Cudo octahedra, whereas the Cu(2)de octahe-
dron is only linked to four Cug5 octahedra.

Bond-valence analysis (Table 5) shows the
hydroryl ions to have a slight excess of bond valence,
which suggests the presence of significant hydrogen
bonding betweeir tlem and tle oxygen atoms, which
show slight bond-valence deficiencies if the contri-
butions from hydrogen bonding are not considered.
A hydrogen bonding scheme is suggested in Table
4, with the corresponding bond-valence distribution
shown in Table 5. The OH(3)-H(3)...O(1) 4ngle of
118o is smaller than that usually observed, but does

TAELE 2. FIN/IL AIOI'IIC PANAiFTERS FOR AI{ILERITE

z *U equlv. Utt 0ZZ Ugg UtZ U.tg lzz

cu(l) 0.0049(l) 1/4

cu(2) 0.28e42(5) 0.00?78(9)

s 0.1304(2) 1t4

0(r ) 0.2618(5) 1/4

0(2)  0 .1979(5)  1 t4

0(3) 0.03r2(3) 0.048r (5)

oH(l ) 0.2809(5) 1/4

0H(21 0.7010(5) 1/4

0H(3) 0.0469(3) 0.5060(5)

**rfi ) 0.3?3 1/4

*H(2t 0.220 3/4
HH(3) 0.497 0.025

0.00135(7) r2l (2) r45(3)

0.12585(4) 123(r) 126(2',t

0.3642(r ) 106(3) l0e(6)

0.28a(4) r70(12) 145(20)

0,4778(4) 168(12) 216(22)

0.3477(3) 158(8) r37(r2)

0.0250(4) r33(rl) r50(20)

0 .77e2(3)  129( r ' r )  r30( r9 )

0 .1016(?)  127(7J  r41( r2 )

0.971 100

8l (3) 137(3) 0 -33(2) 0

9712'l 146(2) -r(2) -20(2) 12(2)

100(6)  108(6)  0

154(21 ) 209123) 0

144(20J 143(2r ) 0

r20( r4 )  2 r8( r4 )  - r5 (10)

i l r ( r9 )  r37(2r )  o

rr4(20) 142(21) 0

129112) i lo(n) r8(r3)

3(5)  0

22(171 o

-60(18) 0

l5 ( r1 )  -24( r l )

4 (17)  0

-6(16)  o

1o( ro)  J2( r3 )

0.261

0.660

100

t00

ur,  "  u,rxlo4; 
hf l red 

durlng ref ln@nt
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s-0(l )
s-0(2)
s-0(3)
<s-0>

Posibl 
" 

hyd-g"nl . b-d1ontu.t,

o H ( l ) . . . 0 ( 3 )  3 . 1 8 8 ( 5 ) x a  0 H ( 3 ) . . . 0 ( l )
o H ( 3 ) . . . 0 ( 3 )

o t t ( 2 ) . . . 0 ( 3 )  3 . 2 3 0 ( 5 ) x 2  0 H ( 3 ) . . . 0 H ( 2 )

r.4s7(5)
r.47r (s)
1.$2(3) xz
T::rfir-

t .989(3) x2
1.e70(3) 12
2.293(4)
2.s43(5)
2.126

2.396(7)
2.389(5) x2
2.410(5)  x2
2.440(6)
2.m,6-'

0H(1 )-0H(3)
0H( l  ) -0H(3)c
0H(3) -o(2)d
0H(3) -0H(3)b
0H(3)-0H(3)a
0(2)d-ol(3)c
o{(3)b-oH(3)c
<0-6cu(l )

TABLE 5. BOND.VALEIICI* IABLT FOR AITLERITE

not exceed ttre observed range for hydrogen bonds
from neutron-diffraction data @aur 1972).

Each Cu(1)d5 octahedron links by trans edge-
sharing to two other Cu(1)f6 octahedra to form a
rutile-like chain; similarly, each Cu(2)d6 ostahedron
links by /razs edge-sharing to form a rutile-like chein.
Three of these chains then merge by edge-sharing to
form a triple chain, a central Cu(l)da chain flanked
by two Cu(2)dc chains. One of tlese units is shown
in Figure 1. Alternate pairs of CUQ)Qa octahedra
are linked through one set of their axial ligands by
(SO) groups; this forces the Cu(2)do to be modu-
lated such that tle axial vertex separation along the
chain is alternately long and short, tle short sepa-
ration correspondi'g to ttre position of the linking
(SO+) group. These (SOa) groups adopt a staggered
configuration either side of the triple chaiq note that
this is a cooperative distortion such that the short-
ening of alternate vertex separations on one side of
the chain spontaneously produces an offset distor-
tion on the other side of the chain (see Fig. l),
explaining why tle sulfate groups usually assume a
staggered configuration in these edge-sharing chain
sructures Qlawthorne, in prep.). AIso, note that this
cooperative series of displacements produces large
angular distortions of the polyhedra in tle central
chain [the Cu(l)do octahedra], distortions that cor-
respond to the values astually observed in antlerite.
Thus, although one can make the normal argument
(see above) that the Cu(l) octahedron shows strong
angular distortion to decrease cation-cation repul-

F-b-+l
Frc. l. The edge-sharing octahedral triple chain that

extends along the faxis in antlerite; the triple chain
is made of three "rutile-like" edge-sharing chajns that
fuse by edgd-sharing, giving a repeat of o 3 A along
Y. F\rther along-chaiq linkage is provided by the (SOa)
tehahedra (shown in black), which repeat in a staggered
fashion on eitler side of the chSin; this staggering dou-
bles the l-axis repeat to - 6 A. The Cu(l) octahedra
are shown dotted, and the Cu(2) tetrahedra are shown
dashed.

cu(l )-ott(3) ,a
cu( I )-ofl(3)b,c
cu (t )-olt(l )
cu( l  ) -0(2)d
<Cu(l )-0>

0( r  ) -s-0(2)
0(r  ) -s-o(3)
0(2)-s-0(3)
0(3)-s-0(3)a
<0-s-0>

0( I )-cu (2)-0H(l )
0( l  ) -cu(2)-0(3)e
0( t  ) -cu (2)-0H(2)f
0( l  ) -cu(2)-0H(3)a
0H(l  ) -cu(2)-0(2)s
0H(l  ) -cu(2)-0(3)e
0H(l  ) -cu(2)-0H(3)a
0(2)s-cu(z)-0(3)e
0(2)s-cu(2) -0H(2) f
0(2)s-cu(2) -0H(3)a
0(3)e-cu(2) -0H(2)f
0H(2)f-cu(2)-0H(3)a
<o-Cu(2)-0>

0 H ( r ) . . . . 0 ( 3 )
0H( r , -H ( l )
H 0  ) . . . .  . 0 ( 3 )

0H(2 ) . . . . 0 (3 )
0H(2)-H(?)
H ( Z ) . . . .  . 0 ( 3 1

0H(3 ) . . .  . 0 (3 )
0 H ( 3 ) . . .  . 0 ( r  )
0H( 3)  -H(3)
H ( 3 )  . . . .  . 0 ( 3 )
H ( 3 ) . .  . .  . 0 ( r  )

3.  lss(  5 )R
I  .00
2.46 x?

3.230(5) xz
0.81
2.60 x2

2.971(51
3 .136 (5 )
0.80
2.30
2.68

0Hn  )  -H (  1  ) , . . .  . 0 (3 )

0H(2 ) -H (2 ) . . . . 0 (3 )

0 H ( 3 ) - H ( 3 ) . . . . 0 n )
0 H ( 3 ) - H ( 3 ) . . . . 0 ( 3 )

r 680

'136

l l 8
142

c ! ( l  )  cu(2)

0 0 )

0{2)

0(3)

0H0 )

0H(2)

0h(3)

o.rrof
o.ogs o.rss1z

0.364

o.'t lt o.soa'f

o.s:ef
o.ats12 o.,ro
0.4401i

r.584 t.844

1.521 1 .926

t.aarf t.aoz

1.193

1.072

1.229

0.114 1 .958

1,926

o.orz\2 o.o:ol2 o.r5 2.025

0.807 2.O

0.928 2.O

0.771 2 .0

1,982 2.067 5.991 1 . 0

ANTLERITE, A IIETEROPOLYHEDRAL STRUCTURE

TABLE 3. 5ELECTED II{IERATOMIC DTSTANCES (N) AND AI{GLES (O)
IN AI{TLERITE

r.e23(3)
2.033(3)
1 .  e06(3)
2.024(3)
2.344(4)
2.414(4)
2:TC7-

3. r36(5)
2.97r (5)
3.299(5)

r09.8(3)
108.7(2) x2
109.4(21 x2
r 1 0.8(2)
f ilg.5--

75.7( t )  x2
107.0( l )  x2
96.6( l  )  x2
8 0 . s ( 1 )  x 2

"t02.'t(2)
8 l . l ( l )  x 2
96.9(2)-fir.T-

2.637 (s l
3 .432 (6 )
1.191t91
3.094(6)
2 .s67(51
2.949(6)
55m--

Equlvalent posltlons: atx, 7/2-y,za b:i, l-y, * c;i. l12+y-1,V;

d : I /2 rx -1 ,  y ,112-z i  e t1 /2+x ,  y , 'U2-2 ,  f .1 - \ ,  y ,1 -z i  9 .112-x ,
j, llz+z-t

TABLE 4. SUGSESTED HYDROGEN-BONDINO SCHEI{E IN ANTIERITE

eo.3(r )
83.6(r )
91 .90  )
e r .e ( l  )
9r.8(r )
er.8(2)
83.8(2)
ee.4(r )
8s.9( l  )
85.2( l  )
88 .6(2)
96 .0(2)-T0:T'-

*calculated fr@ the curves of Brom (1981),

1 . 0
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t*-a-+l
Ho. 2. Projection oftle antlerite structure onto (010); shading as in Figure l. The

edge-sharing triple chains (shown in Fig. l) are seen "end-on", and are cross-
linked into a heteropolyhedral framework by corner-sharing between octahedra
and tetrahedra.

Ftc. 3. Geometrical idealization of Figure 2. The [010] projection of antlerite
expressed as a mixed monomeric-dimoic coloring of the triangular tesselation 30.

1
c



sion, we suggest that the distortions result from tle
linkage requirements of disparate-sized polyhedra
with this (graphical) arrangement.

In Figure l, it can be seen that the l-axis repeat
is controlled by the repeat distance along the triple
chain (+ linking tetrahedra), that is, b : 6.M A.
A projection of the structure down Y@ig. 2) shows
that the edge-sharing ostahedral chains are tlree
octahedra wide, and are also cross-linked by
octahedral-tetrahedral vertex sharing; the structure
is thus a mixed tetrahedral-ostahedral framework
structue (Hawthorne 1983, 1985a, 1987). This struc-
ture may be geometrically idealized wffis lsfaining
its eraphical (in the mathematical sense) characteris-
tics. This idealized structure (Fig. 3) is a tetrahedral
analogpf what Moore&Araki (194) qJledthe mm-
plex 3 A wallpaper structures. The 3 A comes from
the repeat distance along a rutile-likp chain; the
actual repeat is often a multiple of 3 A, caused by
ordering of cations either within the chain or flank-
ing the chain (a; for antlerite itself, in which b :
6.M * 2 x 3 L). Hawthorne (198Q showed that
there are polyborate representatives of the
triangular-octahedral family, andthere are also poly-
merized tetrahedral representatives (Eby & Haw-
thorne, unfublished). This family of structures is
extremely large, and may be viewed as monomeric
and dimeric colorings of the triangular tesselation
(36); the combinatorial aspects of this family are
currently under investigation.
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