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THE CRYSTAL STRUCTURE OF ROEMERITE
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U n'ivers'ity oJ Perugia, 06 100 Perugia, I taly.

AsstnA.cr

The mineral roemerite, Fe2+Fer3+(SO{)a.14H2O, crystallizes in the triclinic space
group Pf. The lattice parameters for crystals from Dexter Mine, Utah, are o: 6.463 (8) A,
b :15 .309 (18 )A , c :6 .341 (8 )  A ,a :90o32 ' ( 10 ' ) , 8 : 101o5 ' ( 10 ' ) , y : 85o r t 4 ' ( 10 , )w i t hZ :1 .
A chemical analysis and a thermic study on roemerite from this locality were performed
before collecting X-ray single crystal data for the structural study. The crystal structure
was solved by a three-dimensional Patterson synthesis employing a total ol 3532 reflections
collected by the precession apparatus. The R value on2320 observed reflections is 0.061.

The structure consists of isolated [Fe(HzO)c]r+ and [Fe(HzO)r(OSOr;r1t- groups. These
groups are weakly connected to each other by a system of hydrogen bonds. The Fe ions
are surrounded octahedrally by oxygen atoms. The ferrous iron coordinates with six water
molecules at a.n average distance of 2.112 A. The ferric iron binds four water molecules and
two oxygen atoms belonging to difierent SOa groups in ris-configuration with mean dis-
tances of 2.033 and 1.939 A respectively. The sulfate groups show the normal tetrahedral
form with a mean S-O value of 1.474 L.

INtnooucrroN

The structural investigation of some iron sulfates was undertaken in
our laboratory in order to obtain a better crystallochemical knowledge
of this widespread class of minerals. The present paper, concerning the
structural determination of roemerite, is a first result of our research; the
crystal structures of copiapite and butlerite are at present under inves-
tigation.

Roemerite, a hydrated sulfate of ferrous and ferric iron with chemical
formula p"z+ps23+(SO4)4. 14H2O, was found at Rammelsberg (Ger-
many) by Grailich (1858). The morphology of the crystals was first
studied by Blaas (1884) who assigned the mineral to the triclinic system.
Different axial settings were used by successive investigators, until Wolfe
(1937) proposed a reorientation of roemerite according to a more accept-
able triclinic setting. wolfe's normal setting corresponds to the structural
cell determined from X-ray data by Van Loan and Nuffield (1959). From
morphological considerations, on crystals from Island Mountain, Cali-
fornia, these authors assigned roemerite to the space group p1.

From a genetic point of view, roemerite is generally the result of an
oxidation of iron sulfides. conditions for the formation of roemerite and
associated sulfates have been discussed by Bandy (1938) for the deposits
of Alcaparrosa and Quetena (Northern Chile). In these localities the
mineral seems to be formed in the early phase of pyrite oxidation and
shows alteration to coquimbite and other ferric normal or basic sulfates.

Our specimen, coming from Dexter Mine, Utah, consists of clusters
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and bunches exhibiting scattered tiny crystals showing cuboidal habitus,
brownish honey colour and vitreous to resinous luster. In the sample,
roemerite is associated with alunite. halotrichite and quartz.

CnBrurcar. Dara,

Chemical analyses have been published for roemerite from different
localit ies: the presence of Zn, Na, Mg, Ca, and Al may occur to various
extents in the mineral, as well as variations in the water content. Since
chemical data for roemerite from Dexter Mine are lacking, it was neces-
sary to carry out an analysis on crystals from this source before under-
taking the structural study. The results are reported in Table 1 with
those of other authors.

The analysis on the material selected as pure as it was possible con-
firms the atomic ratio Fe2+/Fe3+:l/2. The H2O content is lower than
the value calculated assuming as correct the chemical formula derived
from the X-ray investigation. This can be explained only by a larger
weathering of roemerite from Dexter Mine in respect of the same ma-
terials from other localities, and suggests the presence of Iess hydrated
sulfates as alteration products. Microanalytical qualitative tests do not
reveal the presence of Zn, Na, Mg, Ca, and Al. The water content of the

Tesr.B 1. Crreurcer, Axer,ysrs ol Ronulnrrr. Wprcnr Prncprr

(1) (2) (3) (4) (s) (6) (7) (8)

l 9

FeO
ZnO
Meo
CaO
NurO
FegOa

Al:Or
SOa
HtO

Total

4r.54
28.00

39.79
30.99

6 .26  5 .80  8 .7  L
|  .97 3 .06

0.  25
0 . 5 8

20.63 19.77

6.94  7  .01

0.  88
20.60 20.84

2 . 5 5
38.30  39 .34
33.40 31.33

8.  78  I  .73  I  .94

0 . 1 4
0 . 6 2

19.55  21 .39  19 .86
1 . 4 5

38.4-0 40.02 39.83
30.98 28.7t 31 .37

98.98 99.76 99.60 99.24 99 .92 99 .85 100 .00

(1) From Rammelsberg, Harz (Tschermak, in Grailich, 1858).
(2) From Rammelsberg, Harz (Scharizer, 1903).
(3) From Tierra Amarilla, Chile (Scharizer, 1903).
(4) From Island Mountain, California (Landon, 1927).
(5) From United Verde Mine, Jerome, Arizona (Buehrer in Lausen, 1928).
(6) From Pfaffenreuth, Bavaria (Gossner and Drexler, 1935).
(7) From Dexter Mine, Utah (present work).
(8) Theoretical analysis assuming the ideal formula Fd+Fer3+(SOdr.14HrO for roemer-

ite
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mineral was determinated from a thermogravimetric analysis made on a

100 mg sample.

Tnnnuer Dlr.q.

Thermogravimetric, differential thermogravimetric and differential
thermal curves are shown in Figure 1. From the thermogravimetric curve

the mineral appears to gradually lose water. At 180'C it has lost 22.16

weight percent; this weight is equivalent to 77.18 percent of the total
water content in roemerite. Further heating is accompanied by a weight
Ioss step by step, unti l, at 315oC, the material has lost 28.71 weight
percent. At this stage the water loss seems to be completed. The behavi-

our of Dexter Mine roemerite on heating is in agreement with that deter-
mined by Scharizer (1903) on material from Rammelsberg and South
America. The differential thermal analysis curve exhibits a first endo-

thermic peak with maximum at 155oC which coalesces with a second en-

dothermic peak at 175"C. Two other well-defined peaks are present at

215oC and 310oC respectively. This curve agrees with that reported by

Cocco (1952) for Rammelsberg roemerite.

Srwcro-Cnvsrar X-Rev Sruov

E*peri.mental. A suitable crystal with a rounded shape was oriented on the precession

camera with the b* axis as the spindle axis. With this crystal mounting five reciprocal-cell

parameters were obtained from film measurements on 0ft1 and ZA0 photographs; the direct-

ceil B angle was measured from two accurate dial settings. For the cell dimensions the fol-

lowing values were obtained:

o: 6.463+0.008 A
6:15.309 0.018
c: 6.341 0.008

a:90"32'* l0'
0 :101o5 '  10 '
t:85"M' 10'

These constants are in agreement with those of Van Loan and Nuffield. The density, cal-

culated for one formula unit per cell, is 2.173 g/cm3, in agreement with the mean mea-

sured value 2.18 g/cm3.

Difiraction effects from reciprocal lattice planes lkl-3kl an.d' hkl-hk3 were recorded on

films by an integrating precession apparatus using Mo Ka radiation. The intensity data

were measured with a microdensitometer. Lorcntz-polarization correction was made using

a program written by Catani and Zanazzi (1965) for the IBM 1620 computer. An approxi-

mate absorption correction was applied to the data assuming the crystal to be exactly

spherical in shape, with pR:0.8.

The values for F2 were placed on a single scale by correlating the common reflections

occurring on the films. 3532 independent difiraction effects were collected, 1212 of which

were not observed. To these reflections an F value just below the observational limit was

assigned and their contribution was excluded from calculations.

Structure determinalion and, ref,nement. According to the chemical formula the ferrous iron

must occupy a special position and therefore it was located on the inversion center at the

origin of the cell. The locations of ferric iron and the two sulfur atoms in the asymmetric

unit were obtained from a three-dimensional Patterson function. The positions of all

oxygen atoms were easily detected by a Fourier synthesis computed with the signs given
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Fro. 1. Thermogravimetric (TG), differential thermogravimetric (DTG) and difieren-
tial thermal (DTA) curves of roemerite. Rate of heating: lOoC/min.; thermocouple
Ptl Pt + 1O/6Rhi reference material AIzOr.
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to the structure factors by the heavier atoms. A first improvement of the, structure was
carried out by successive electron density maps to a reliability indes R:>l lp"l-lf"llt
>lr" l  of0.tO.

The further refinement of the structure was carried out by means of the ieast squares
method. Reflections were given weights according to the following scheme: 1/w:I ior

reflexions with F,(4 F^i; \/w:4 F^i^iFo for F")4 F^i".In the first stages a block diag-

onal program written by Albano, Pompa, Bellon e Scatturin (1963) for the IBM 1620

computer was employed; positional parameters and individual isotropic temperature

coefficients were varied. After four cycles, when the R index was 0.10, the refinement was

continued by the full-matrix program of Busing and Levy, adapted for the IBM 7090

computer by J. M. Stewart of the University of Maryland (1964)1. Individual anisotropic
temperature factors were applied and the R index dropped to 0.069 in three cycles.

b  s inq

Fro. 2. The crystal structure of roemerite viewed along [001].

At this stage a di-fierence Fourier synthesis was computed. On the maps, smali peaks

were found at, or very closely to, the positions expected for hydrogen atoms. With the con-

tribution of these atoms, to which an overall isotropic thermal parameter of 5 A2 was as-

signed, a last cycle of refinement was carried out. Since the number of parameters exceeded

the lSO-variables capacity of the full-matrix least-squares program, it was necessary to re-

fine with the block-diagonal approximation. In this cycle thermal parameters of hydrogen

atoms were left fixed. The final R index is 0.061 for all observed reflections.
Observed and calculated structure factors are listed in TabIe2.2 The atomic scattering

factors given by Cromer and Waber (1965) for Fe2+, Fe3+, S, O and H were used.

I Calculations were performed with the IBM 7090 computer of the Centro Nazionale

Universitario di Calcolo Elettronico of the Pisa University.
2 To obtain a copy of Table 2, listing observed and calculated structure factors of

roemerite, order NAPS Document 100710 from ASIS National Auxiliary Publications Ser-
vice, c/o CCM Information Sciences, Inc., 22 West 34th Street, Nerv York, New York
10001; remitting $1.00 for microfiche or $3,00 for photocopies, in advance payable to

ASIS-NAPS.

" )
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Drscussrorq ol rEE Stnucrune

The structure of roemerite projected along the c axis is shown in
Figure 2. Table 3 gives the atomic coordinates and Table 4 shows the
anisotropic thermal parameters and the isotropic equivalents calculated
according to Hamilton (1959). Interatomic distances and angles are
Iisted in Tables 5 and 6.

The Fe ions are surrounded octahedrally by oxygen atomsl the sulfate
groups have the normal tetrahedral form.

The ferrous iron at the orisin of the cell coordinates six water molecules

T,c,srt 3. FnecrroNll Arourc CoorurNems wrrs Tnnnt
Srauoenn Dnvrerroxs rx P,qnnNlrnsns
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Alom

Fee+

Fe3+

s (1)
s (2)
o (1)
o (2)
o (3)
o (4)
o (s)
o (6)
o (7)
o (8)
o* (1)
o, (2)
o* (3)
o* (4)
o* (.5)
o* (6)
o* (7)
H ( 1 )
H(2 )
rr (3)
H (4)
H (s)
H (6)
H ( 7 )
H (8)
H (e)
H (10)
H ( 1 1 )
H (12)
H (13)
H (14)

0.00000
.32040 (s)
.16794 (8)
.38682 (8)
.208t7 (27)
.21947 (32)
.1699r (27)
.07819 (30)
.33029 (29)
.42242 (27)
.4s66o (27)
.33021 (27)
.04938 (49)
.M923 (3s)

- .1r732 (3s)
.2ss77 (27)
.30719 (26)
.43s6s (26)
.38822 (26)
.018 (7)
.rr7 (7)
.063 (7)
.Oes (8)

- .r41 (7)
- .r47 (8)

.231 (7 )

.277 (7)

.2se (7)

.302 (7)

.477 (7)

.431 (8)

.44o (7)

.38e (8)

0.00000
.33850 (11)
.s928s (20)
.7s980 (18)
.43090 (68)
. s8301 (76)
.80677 (60)
.sses6 (72)
.62142 (6s)
.643s6 (68)
.82s10 (67)
.9M87 (60)
.2s089 (89)
.11209 (77)
.17529 (r02)
.2s760 (62)
.0349s (se)
.21791 (6s)
.37811 (65)
.337 (18)
.276 (1e)
.23s (r9)
.06s (1e)
.170 (19)
.22s (r9)
.343 (le)
.160 (le)

- .040 (1e)
.011 ( le)
.300 (1e)
.Oss (1e)
.337 (18)
.460 (1e)

0.00000
.se4rs (r2)
.364rs (2r)
.90730 (2r)
.48s97 (73)
.16464 Q3)
.49380 (70)
.32383 (91)
.7ss84 (7s)

r.068t4 (72)
.78s07 (78)

1 .00778 (6s)
- .12es7 (102)

.31091 (81)

.0e13s (79)

.84407 (e)

.Msr6 (63)

.6es70 (7s)

.3343r (69)
-  .17s (1e)
-.134(r9)

.3s0 (1e)

.3s8 (20)

.20s (20)

.ot4 (20)

.93s (19)

. e08 (20)

.M0 (20)

.311 (19)

.789 (19)

.70e (20)

.31s (20)

.237 (2o)
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at an average distance ol 2.I12 A, the individual distances lying between
2.076 and 2.14t A. These distances are in good agreement with those
found in melanterite (Baur, 1964), a structure containing isolated
[Fe(Hrg;42+ octahedra. In this mineral, the mean value for the Fe-O
bond length \s 2.124 A, with distances in the range 2.068-2.1S8 A.

The ferric iron links four water molecules and two oxygen atoms be-
longing to different SO+ groups. The resulting [Fe(HzO)+(OSO3)r]r- group
has a ca's-configuration of ligands in the octahedron. The distances be-

t^"* 5. -"* tr-"*t *

2.r4r(7) A (xz) s(1)-o(1)Fer+_o_ (1)
-o* (2)
_o* (3)

Fe8+-O (1)
-o (s)
__-o*(4)
-o" (5)
_o. (6)
_o_ (7)

2.rr8 (6) (xz1
2.076 (7) (xz])

1.e4s (s) A
I . e33 (s)
2.M7 (s)
2.03s (s)
2.02s (s)
2.O23 (s)

-o (2)
--o (3)
-o (4)

s (2)-o (s)
-o (6)
-o (7)
-o (8)

1.s01 (s) A
1 4e6 (s)
1.46e (s)
1 .4s0 (s)

r .4e7 6) A
1 .4s8 (s)
1.466 (s)
1.467 (s)

tween ferric ion and water molecules are in the range 2.023-2.047 ]\
(mean value:2.033 A); the two oxygen atoms are bonded with shorter
distances: 1.945 and 1.933 A. Reliable information on Fe3+-O distances
in isolated octahedra is scarce. The values found here are slightly lower
than those found in metastrengite (Fanfani and Zanazzi, 1966), a phos-
phate mineral where ferric iron octahedrally coordinates two water mole-
cules at an average distance of 2.060 A, and four oxygen atoms of differ-
ent POa groups with bond lengths in the range 1.956-1.988 A (-ean value:
1.973 A). In krausite (Graeber, Morosin and Rosenzweig, 1965) the iron
atom is coordinated to five sulfate-oxygen atoms with an average bond
length of 1.989 A and to one water molecule completing the octahedral
configuration, at a distance of 2.029 A.

The two SOa coordination polyhedra show the usual tetrahedral shape
with a mean S-O value of 1.476 h andl.472 A in good agreement with
the values found in melanterite, 1.474 h (Baur, 1964), in amarantite,
1.476 and 1.478 h (Siisse, 1968), and in krausite, I.46T and, 1.474 A
(Graeber, Morosin and Rosenzweig, 1965).

An interesting feature consists in a significant lengthening of S-O dis-
tances when the oxygen atom is linked to an iron ion. In the present
structure, both SOr tetrahedra share one vertex with the ferric iron
coordination octahedron. The S-O distances involving the oxygen atom
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Tenr_n 6. BoNo Ancr-rs wrTrr TrrErR srlmenn DBVrarrOlS rn Per.nNtsnsrs
-

6* (l)-Fe'+--O* (2)
_o. (2),
_ o* (3)
_o* (3)'

Q* (2)-Fe,+-O* (3)
_o. (3)'

O (1) Fe3+-O (5)
_o* (4)
_o_(s)
_o* (6)
_o* (7)

O (S)-Fea+-O* (4)
_o. (5)
_o" (6)
_o* (7)

a* (4)-Fe3+-O* (5)
_o* (6)
_o" (7)

O" (5)-Fe3+-O* (6)
_o" (7)

9* (6)-Fe3+-O* (7)

e3.2 (3)" O (1)-S (1)-O (2)
86.8 -o (3)
e2.2 -o (4)
87.s O (2)-S (1)--{ (3)
88. 8 -o (4)
er.z O (3)-s (1)-O (4)

8e. s (2)' o (s)-s (2)-o (6)
8e.0 -o (7)
er.2 -o (8)

r7s.3 O (6)-5 (2)-o (7)
e3 .8 -o (8)
el.0 o (7)-s (2)-O (8)

t76 .0
95.2
95 .8
8 5 . 1
90.6

172 .6
84.1
88 .0
86 .0

108.7 (3)'
110 .8
105 .4
108.2
I I J . J

r10.2

109. 2 (3)'
108.  5
106. s
1 1 1  . 5
110 .9
1 1 0 . 1

coordinated to iron are 1.501 a\d,t.497 A, respectively for S(1) and S(2)

tetrahedra and are significantly longer than the mean values of the three

oxygen atoms not bonded to the cation (1.468 and t'46+ A)'-Something 
analogous happens in the crystal structures of krausite and

amarantite. In the first structure each of the two SOr $ro.ups shares an

edge with an iron octahedron. The average bond lengths for oxygen

atoms linked to iron are 1.497 and, 1.494 A, which may be compared with

1.451 and 1.463 A for oxygen atoms not bonded to the iron ion' In

amarantite one SOr tetrahedron shares three corners with three different

Fe-octahedra, while the second one shares only two. In the first.case the

mean value S-Or" is l.4gl ]\ against a bond length S-O 1'439 A, in the

second case the mean value for S-Or" is 1'496 A against an average S-O

bond of 1.456 A.
The lengthening of S-O distance for oxygen atoms linked to the iron

ion can be related to a lower coordinative f-effect caused by a decrease of

effective negative charge on oxygen atoms coordinated by the cations.

The roemerite structure consists of isolated [Fe(HrO)6]'?+ octahedra

located at the eight vertices of the unit cell and of two [Fe(HzO)r
(OSOtrll- groups, each formed by the coordination octahedron around
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Fe3+ and by the two SO+ tetrahedra, placed in the cell around the inver-
s ion center  at  L/2,  l /2 ,  l /2 .

These components of the structure are l inked together by hydrogen
bonds. The H-bond distances and angles are l isted in Table 7. It is
interesting to note that, in roemerite, only the oxygen atoms belonging

Teern 7. Hronocnw-Boro DrsreNcns lxo Amor.rs

(r) -ll't, r, z
(I I)  r ,  y, l tz
( [ I )  -1 f * ,  ! ,  - l *z
(IY) x, y, -Ilz

(V) 1-r,  - ! ,  -Z
(W)  1- r ,  -y ,  I -z
(V I I )  1 - * ,  l - y ,2 -z
(VIII I)  1-*, 1-y, 1-z

Atoms Distances (A)

o (4) (v)

H ( 1 )

o (4)
o (3) (r)
H (3)

o (3) (vD
o (2) (v)
H(s)

o (2) (rr)
o (8) (r)
H(7 )

o (3) (I)
o (8) (rrD
H (e)

o (6) (vr)
o (7) (r)
H (11)

o (7) (vrrr)
o (6) (IV)
H (13)

. . . . H ( 1 ) _ _ O * ( 1 )
H (2)-O* (1)

o* (1)-H (2)

. . . . H ( 3 ) _ O * ( 2 )

. . . .H (4)_O* (2)
o* (2)-H (4)

.  .  .  .H(s)_o*(3)

. . . . H ( 6 ) _ o * ( 3 )
o, (3)-H (6)

. . . .H (7)_O* (4)

. . . .H (8)_o* (4)
o* (4)-H (8)

. . . .H (9)_O* (s)

. . . .H(10)_o*(s)
o* (s)-H (10)

.  .  .  .H(11)_O*(6)

. . . .H(12)_O*(6)
o, (6)-H (12)

. .  .  .H (13 )  _O* (7 )

.  .  .  .H(14)_O*(7)
o* (7)-H (14)

2 . 7 r  0 . 8 0
1 .06

2 .82  0 .82
2 .99  0 .82

2 .74  0 .82
2 .84  0 .76

2 .66  0 .79
2.63 0.86

2 . 6 4
2 . 7 4

2 .73  0 .98
2 .70 1 .08

2 .67  0 .82
2 .7  r  0 .89

0.84
o . 8 2

1610

1 140

1560
1490
910

1650
169"
l14"

1560
L720
1050

1680
167"

890

1580
15go
1180

1630
1630
930

2 .05
2 . 2 6

1 . 9 4
2 . 0 9

The estimated standard deviations are 0.12 A for the distances O-H and O ' ' ' H,
less than0.01 A for ttre distances O*. . . O, 10o for the angles O .'' H--0. and H-O-
-H.
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Tesm 8. BareNce or Elrcrnosrarrc V.qr.uxcBs ror OxvcBN Arous

- H . H _  - H Total

o (1)
o (2)
o (3)
o (4)
o (s)
o (6)
o (7)
o (8)

o* (1)
o* (2)
o* (3)
o* (4)
o" (s)
o_ (6)
o* (7)

? /,,

s/2
3/2
3/2
3/2
3/2
s/2
s/2

zxr /4
2xr/4
2x1 /4

2x1/4
2xr /4
2x1/4

2
2
z

L

z

z

z

2
2+r/12
2+r/12
2-2/12
z

z

2
2

r/s
r/s
r / J

3/4
s/4

2x3/4
2x3/4
2X3/4
2x3/4
zxs/4

t/2
r/2
r/2
r/2

to the sulfate groups and not coordinated to the ferric ion, exhibit the
function of proton acceptors in the system of hydrogen bonds. In Iact
each pair of hydrogen atoms of the water molecules forms hydrogen
bridges with these oxygen atoms with the exception of H(2) which does
not seem to be involved in the hydrogen-bond system. In roemerite the
hydrogen bonds show a close range of distances (2.62-2.84 A), if we
neglect one larger distance O*(2)-O(3) (2.99 A).Ilowever, the location
of hydrogen atoms proves the presence of a weak interaction also in this
case.

Assuming the structure as entirely ionic, a scheme of the electrostatic
valences for oxygen atoms was derived. The cation contribution was con-
sidered as the ratio between the valence and the coordination number.
Each hydrogen contribution was distributed among two oxygen atoms
as 13/4 for the linked one and ll/4 tor the unlinked atom. The results
are listed in Table 8.

The crystal structure accounts for some physical properties of roeme-
rite: the existence of isolated groups of coordination polyhedra can ex-
plain the cuboidal habitus of the crystals. The perfect {010} cleavage
may be explained by considering the weakness of the linkages in this
plane where only relatively weak hydrogen bonds occur through the two

[Fe(HrO)r(OSOr;rl- groups in the cell.
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