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Crystal structure refinement of akagan6ite
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Ansrucr
Powder X-ray diffraction data and the Rietveld method have been used to refine the
crystal structure of akagan6ite,Fe, uNiooOur5(OH)e65C1,
,r, that formed as a corrosion crust
the hollanditelike structure. The
The
study
confirms
Cielo
meteorite.
on the Camp del
symmetry, however, is not tetragonal as previously reported, but is monoclinic (12/m)
w i t h : a : 1 0 . 6 0 0 ( 2 )A , b : 3 . 0 3 3 9 ( 5 ) A , s : 1 0 . 5 1 3 ( 2 ) A , p : 9 0 . 2 4 ( 2 y . T h e m o n o c l i n i c
symmetry explains previous M6ssbauer results showing two distinct Fe octahedral sites.
The Cl- ions partially fill the tunnels and probably are essential for the formation of the
phase.Structure-energycalculations were used to determine likely H positions.

INrnonucrroN
Akagan6ite from the Akagan6 mine in Japan was first
describedas the naturally occurring form of p-FeOOH by
Nambu in 196l (Mackay, 1962). lt has since been recognized as a major Fe-oxide component in soils and geothermal brines (Holm et al., 1983) and as a corrosion
product of some steels.A recent study by Buchwald and
Clarke (1989) showed that akagan6ite is an important
corrosion product of iron meteorites, and also suggests
that akagan6ite might act as a catalyst promoting the
breakdown of the meteorites. Both natural and synthetic
akagan6itetypically occur as fine-grainedmasses,and to
date no crystals have been found that are suitable for
single-crystal diffraction studies. Consequently, the details of the akagan6ite crystal structure are poorly understood. We have used the Rietveld method and powder
X-ray diftaction (XRD) data collected for akagan6itefrom
the Campo del Cielo meteorite to refine the akagan6ite
crystal structure for the first time.
On the basis of the unit-cell parameters and powder
XRD pattern, Bernal et al. (1959) noted that the structure
of B-FoOOH must be similar to that of hollandite. XRD
and infrared (IR) spectroscopicstudies by Keller (1970)
confirmed that B-FeOOH is isostructural with hollandite.
The hollandite structure consists ofdouble chains ofedgelinked Mna*-O octahedra that share corners to form a
framework containing large tunnels with squarecrosssections that measuretwo octahedra on a side (Fig. l). The
tunnels are partially filled with Ba2*and minor amounts
of other uni- or divalent cations such as K*, Na*, Pb2*,
and chargebalanceis maintained by substitution of lower
valence cations (e.g.,Al3*, Mn3*, and Mg'z*)in the octahedral sites. In akagan6itethe octahedral sites are occupied by Fe3*, and Cl (and perhaps HrO) is presumably
located in the tunnels. Charges are balanced by substituting OH- for O'z-. Phaseswith the hollandite structure
0003-004x/9l / 0 102-0272$02.00

typically have monoclinic or tetragonal symmetry, depending on composition (Post et al., 1982). Bernal et al.
(1959) and Keller (1970) assumedthat 0-FeOOH is tetragonal, spacegroup I4/m,but as will be discussedbelow, the results of our Rietveld refinementsof akagan6ite
indicate monoclinic symmetry.
Dlu

colr-rcrroN

AND REFTNEMENT

The akagan6iteusedin this study formed as a corrosion
crust on the Campo del Cielo (USNM 347) iron-nickel
meteorite. The sampleis very finely crystalline,and powder XRD patterns showed it to be pure akagan6ite.
Transmission electron microscopeimagesshow blade- or
spindle-shapedcrystallites, ranglng from approximately
0.1 to 1.0 rrm in size.
Powder X-ray diffraction data used in the Rietveld refinements were obtained from samplesthat had been hand
ground under acetone in an agate mortar and then (l)
smeared onto a low-background quartz slide, or (2) sieved
onto a glass-fiberfilter. The latter technique minimizes
preferred orientation effects, although the similarity of
the XRD patterns from the two samples suggeststhat any
such effects are minimal. The data were obtained on a
Scintag computer-automated powder X-ray diffractometer using CuKa radiation and an intrinsic-Ge solid-state
detector. A counting time of l5 s per 0.03" step was used
for the 20 range 10-90'.
A small amount of the sample powder used in the XRD
study was embedded in epoxy and prepared for electron
microprobe analysis. The wto/oFerO. for 14 analyses
ranged from 69 to 760/o;NiO ranged from 0.4 to 5.60/o
and Cl from 3.6 to 6.30/o.The summations were between
80 and 850/0,which are low despite allowing for 12-14
wto/oHrO (Keller, 1970).The low totals are not surprising
considering the powdered nature of the samples,and it
follows that the composition rangeslisted above probably
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Tlele 2. Akagan6ite atom positions

Fe1
Fe2

o1
02
o3
o4
cl

0.858
0.339
0.663
0.657
0.293
0.039
0

0
0
0
0
0
0
0

0.341
0.141
0.290
0.030
0.357
0.332
0

1.35(7)

are0.001
determined
byrelinement
NofeiEstimated
standard
deviations
factorswerefixedto B
A for Feand0.003A for O. lsotropictemperature
: 0.5(Fe),0.8(O),and2.0(cl).
' Occupancy;
atomsper unitcell(refinedonlyfor Cl).

a single-crystalX-ray refinement, but with the tunnel cations (i.e., Ba and Pb) omitted and Fe substituted for Mn.
In the initial cycles of refinement, only the scale factor
and unit-cell, background, peak-width, and peak-shape
parameterswere refined. The peak shapeswere modeled
using a pseudo-Voigt profile function, and the backFig. l. Projectionofthe akagan6ite
structure,asdetermined
ground
was fit with a third-order polynomial.
by Rietveldrefinement,down b. The solid circlesrepresent
atWhen the refinement converged, the observed Bragg
oms at / : 0 and the opencirclesrepresentatomsat y : 9.5.
The smallestcirclesindicate H atom positionsfrom structure- intensities determined by the Rietveld program were corenergycalculations.
rected for Lorentz polarization and multiplicity effects
and converted into structure factors. These observed
structure factors and the starting hollandite structure
are also slightly low. The averageof all the analysesyields
model (i.e., the octahedral framework) were used by the
the valuesFer.NiooCl,25,assumingeight cationsper unit
XTAL (Stewart and Hall, 1985) crystallographic comcell. Adding O'z- and OH- in the proportion necessary puting packageto calculate a difference Fourier map. The
for charge balance yields the formula Fel.dNifrioOurronly significant electron density peak on the map was in
(OH)r 6scl,,r. Unfortunately, there was not sufficientpure
the tunnel region centeredat (0,0,0) and it was assigned
sample to perform an HrO analysis.The above formula
to Cl. The Cl was added to the hollandite structure modindicates about 10.0 wt0/oHrO (as OH-), which com- el, and atom positions and occupancy factors were repares well with the values reported by Keller (1970) for
fined. Individual atom temperature factors were fixed at
crystallographic HrO (given off above 110 "C) in
the comparable values determined in the single-crystal
(Cl,OH).rFer(O,OH),u.
study of hollandite (Post et al., 1982), and an overall
The Rietveld refinements were carried out using the thermal parameter was refined. The refinements from the
computerprogram DBW3.2 (Wiles and Young, 1981)as two data sets did not yield significantly different results,
modified by S. Howard (personal communication). The and thereforeonly the resultsfor the sampleon the quartz
low-angledata (<30'2d) were not usedin the refinements plate are reported here. The refinement convergedto an
becausein this range not all of the X-ray beam was interceptedby the sample.The starting structure model was
that of hollandite determined by Post et al. (1982) from
TABLE
3. Selectedakagan6itebondlengths(A)
Fel-O4
-O2 (x2)
-O1(x2)

results
Taau 1. Rietveldrefinement
a (A)
b (A)
c(A)
Bf)
Pseudo-Voigtcoefficient
OverallB
Parameters
Braggreflections
Re
Ro
F"o (expected)
R"*

-o1'

10.600(2)
3.0339(5)
10.513(2)
90.24
1.05(4)
- 1.3(1)
29
147
0.101
0.132
0.106
0.062

/Vote.'lnTable1 andsubsequent
reptables,numbersin parentheses
resentestimatedstandarddeviations.

(Fe-O)
Fe2-O2
-O4(x2)
-O3(x2)
-o3'
(Fe-O)
0 1 - O l( x 2 )
-o2
-O4(x2l
-O1(x2)
-O2(x2)
-Cl(x2)

1.92
2.O4
2.06
2.13
2.04
1.80
2.O1
2.06
2.32
2.04
2.53
2.73
2.92
3.03
3.08
3.19

O2-O3(x2)
-O4(x2)
-O4'( x 2)
-o2(x2l
o3-o4
-O3(x2)
-O3'( x 2)
-cl (x2)
-O4(x2l
O4-O4(x2)
-cl

2.78
2.86
2.96
3.03
3.65
2.70
2.86
3.03
3.06
3.O7
3.03
3.51

CLC|( x 2)

3.03

Nofe.' Estimated errors range from O.O2to 0.05 A for Fe-O and O-O
distances, respectively.
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Fig- 2. Final observed (crosses) and calculated powder XRD pattems for akagan6ite. The background is indicated by the
horizontal line, and the vertical lines mark the positions ofthe Bragg reflections (Ka, and Kar) for akagan6ite and goethite. The
plot near the bottom of the figure shows the difference between the observed and calculated patterns.

R*o of 0.135 (R.." : 0.106) and RBru of 0.072. At this
point in the refinement, the plot of the difference between
the observed and calculated diffraction patterns revealed
the presenceof a small amount of goethite. Addition of
goethite to the refinement, varying only the scale factor
and peak-width parametersfor that phase,causedR* to
decreaspto 0.132 and Ru-* to decreaseto 0.062. Results
of the refinement show that there is approximately 6.0
wto/ogoethite in the sample. The final Rietveld refinement
parameters are listed in Table l, atom positions are in
Table 2, and selectedbond distancesare in Table 3. The
final observed and calculated powder diffraction patterns
are plotted in Figure 2.
The unit-cell parameters determined by the Rietveld
refinements (Table l) confirn that akagan6ite is monoclinic, and not tetragonal as previously reported. In the
refinements,we assumedspacegroup 12/m,whichisthe
sameas that determined by Post et al. (1982) for hollandite. Attempts to refine the akagan6ite structure in spate
group I4/m yielded R* and R","o factors that were more
than 0.03 larger than those calculatedfor the monoclinic
refinement. Refinement of unit-cell parametersusing the

Rietveld method for akagan6ite from the type locality in
Japan (NMNH 142657) also yielded a monoclinic unit
c e l l [ a : 1 0 . 5 6 1 ( 4])t , b : 3 . 0 3 1 ( l ) A , g : 1 0 . 4 8 3 ( 4A) ,
B : e0.63(4f1.
DrsctssroN
The resultsof the refinementsconfirm a hollandite-like
structure for akagan6ite (Fig. l). Akagan6ite is a unique
and particularly interesting hollandite-like phase for two
reasons:(l) the octahedral cations are predominately Fe3*,
whereasin virtually all other known hollandite-type compounds the octahedra primarily contain tetravalent cations (typically Mna* or Ti4*), and (2) Cl- is the major
tunnel species,as opposed to large univalent or divalent
cations such as Ba2* or K+ that are typical in most hollandite-type phases.A consequenceof Fe3* in the octahedral sites,as opposedto the typical tetravalent cations,
is that at least one-half of the O anions must be replaced
by OH- in order to maintain charge balance. Additional
OH- anions are required to offset the Cl- and any Ni2*
substituting for Fe3*.
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Octahedral sites
There are two distinct Fe-O octahedra in the akagan6ite structure.The bond distancesin Table 3 reveal that
both octahedraare distorted, particularly that ofFe2. The
octahedral Fe-O distances for Fel range from 1.92 to
2.8 L (mean : 2.04 A\ and for Fe2 from 1.80 to 2.32
A lmean :2.04 A;. Using IR spectra,Keller (1970) derived Fe-O distancesfor akagan6itethat range from 2.0
to 2.19 A witn a mean of 2.09 A. For comparison,the
Fe3*-(O,OH)distancesin goethite (a-FeOOH) rangefrom
1.95 to 2.09 A (mean: 2.02 A) (Szytutaet al., 1968).
One of the drawbacksof Rietveld refinements,especially
for powder X-ray diffraction data, is that it is difficult to
assessthe reliability of the estimated errors determined
by the refinement. If the data are affectedby systematic
errors, such as preferred orientation, then the estimated
standard deviations might be considerably smaller than
the actual errors [see, for example, review by Post and
Bish (1989)1.Consequently,the errors in the bond distances for akagan6ite might be significantly larger than
indicated in Table 3. With this caveat, some generalobservations about the distortions ofthe Fe octahedra are
appropriate. In both octahedra, the Fe cations are displaced offcenter, probably at least in part due to cationcation repulsions between adjacent octahedra. Similar
displacementsare observedin other phaseswith the hollandite structure (e.g., Post et al., 1982). The octahedral
distortions are undoubtedly enhanced becauseat least
three of the O atoms coordinating each Fe are actually
OH-. In both octahedra, the longest Fe-O bonds are to
Ol and 03, which are located in the middle of the tunnel
edgesand, as is discussedbelow, are the most likely OH
sites. The reduced effective charge for O in OH gives
rise to longer Fe-O bonds. Weak H bonding between Ol
or 03 and Cl also probably affects the Fe-O octahedral
bonds.
It is not obvious why the Fe2 octahedronshowsa larger
range of Fe-O distancesthan that of Fel. One possibility
is that in some unit cells Cl is on the 03 site, giving rise
to the longer Fe-O3 bonds in Table 3. The refined value
ofthe occupancyfactor for 03, however, does not indicate a significant amount of Cl. The possibility also must
be considered,of course,that the long Fe-O3 distance is
somehow an artifact of the refinement. It is interesting,
however, that refinementsof both samplesyielded comparable atom positions.
The electron microprobe analyses indicate an average
of about 3.6 wto/oNiO in the akagan6ite samples studied
here. It seemsmost likely that the Ni (presumably Nir*)
substitutes for Fe3* on the octahedral sites, and this is
supported by the electron microprobe analysesthat show
that the amount of Fe decreasesin linear proportion to
increasing Ni. On the average, approximately one out of
every 20 octahedral sites is occupied by Ni. In order to
maintain chargebalance, for every Ni2* an additional OHmust substitute for an O2-, or one Cl must be removed.
The chemical analysesdo not, however, show any correlation between Cl and Ni contents.
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M0ssbauer studies of akagan6itehave concluded that
two doublets are necessaryto fit the spectrum (Johnston
and Logan, 1979;Murad,1979). This observationposed
a perplexing problem, considering the previous assumption ofa tetragonalunit cell for akagan6iteand, therefore,
only a single, unique Fe site. Johnston and Logan (1979)
proposedthat the two doublets resultedfrom Fe3*in both
the octahedral chains and in the tunnels. Murad (1979),
however, concluded that Fe3*in the tunnels was not consistent with spectrahe had obtained at 135 and 4 K. He
suggestedthe possibility that the role of the Cl- anions is
somehow responsiblefor the complex Mdssbauerspectra
of this phase.The M0ssbauerresults are entirely consistent, of course, with the monoclinic structure, and consequentlywith the two nonequivalent Fe sitesdetermined
for akagan6iteby our Rietveld refinements.
Tunnel sites
The differenceFourier rnap and refinement resultsconfirm that the Cl- anion is in the tunnels at (0,0,0) where
it is at the center of a prism formed by eight H atoms,
four at y : 0.5 and four aI y : -0.5 (Fie. l). These H
atoms form hydroxyl groupswith Ol and 03 anions. The
map does not show any additional significant electron
density in the tunnel region. The Cl electron density peak
appearsspherical,suggestingthat there is little ifany anisotropic thermal motion or positional disorder associated with the site. The refined occupancyof 1.35 Cl per
unit cell is not significantly different from the value of
about 1.25 determined from the electron microprobe
analysis,and is consistentwith the tunnel sites being approximately two-thirds occupied. The separation distance between Cl sites within a given tunnel, 3.03 A, is
less than typical Cl-Cl distances of about 334.4 L.
Therefore,ifadjacent tunnel sitesare occupied,it is likely
that the Cl anions are displaced shghtly from (0,0,0) away
from each other toward vacant tunnel positions. Such
displacements would be similar to those observed for
tunnel cations in other hollandite phases(e.g.,Post et al.,
1982). Some previous investigators have suggestedthat
molecular HrO might occur in the tunnels of akagan6ite,
but our results are consistentwith IR spectroscopystudies of Keller (1970) that show little if any HrO in the
tunnels.
Severalstudieshave shown that a portion ofthe Cl can
be removed from synthetic akagan6ite by repeated washing with HrO (Mackay, 1960; Keller, 1970;Johnston and
Loga.n,1979). Johnston and l-ogan (1979), for example,
report that the Cl content decreasedfrom an initial value
of 6.9 to 3.5 wto/oafter eight daysof washing.Keller (1970)
measured Cl amounts ranging from 2.2 to 6.4 wto/0.As
mentioned above, the Cl contents for the akagan6ite used
here ranged from 3.6 to 6.3 wto/0.Weiser and Milligan
(1935) and Mackay (1960) observed that synthetic akagan6ite always contains Cl. The chemical analysis for akaganlite from the type locality (bV M. Nambu, reported
by Mackay, 1960), however, does not include Cl. Unfortunately, no indication is given as to whether an analysis
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TABLe
4. H atompositionsdetermined
by structure-energy
cal- tunnel. Weak H bonds are likely formed between Ol or
culations
03 and Cl. In the tunnel with the vacant Cl site, the O-H
vector points about 30'away from the line connecting
Ol, 03 and the center of the tunnel. The ninth H atom,
H1
0.586
0.001
0.353
initially placed in the tunnel near 02, shifted during the
-0.001
H2
0.371
0.403
H3
0.407
0.002
minimization to a site l.l5 A from 02, inside one of the
0.642
-0.001
H4
0.623
0.603
small tunnels that are one octahedron x one octahedron
H5
o.144
0.661
0.866
(l x l) and that run parallel to the large 2 x 2
wide
H6
0.870
0.400
0.881
H7
0.858
0.616
o.127
tunnels.
H8
H9

0.134
0.953

0.390
0.500

0.113
0.479

Suprprlnv
We have used the Rietveld refinement method and
powder X-ray diffraction data to refine the crystal structure of akagan6ite for the first time. Our results confirm
the hollandite-type structure but reveal that the unit cell
was actually made for Cl. Furthermore, the analysis inis monoclinic rather than tetragonal as had previously
cludes 3.loloSi and l.2lolo Al, suggestingthat the sample been assumed. The two nonequivalent Fe sites in the
of akagan6itewas impure. Our XRD study of akagan6ite monoclinic structure explain, and are consistentwith, refrom the type locality shows it to be intimately mixed sults of previous Mdssbauerstudies.Structure-energycalwith goethite, which if present in the analyzed sample culations show that Ol and 03 are the OH- sitesand that
also would affect the validity of the result. Energy dis- the O-H vectors are directed toward the centers of the
persive X-ray analysesof akagan6itefrom the type local- tunnels. Chemical analysescombined with the structure
ity do in fact show a significant amount of Cl. It is pos- refinements suggestthat Cl probably is essential to the
sible, ofcourse, that the akagan6itefrom Japan exhibits formation of synthetic and natural akagan6ite.
a range of Cl contents and that the sample originally anAcxNowr-nocMENTs
alyzed did not contain Cl. It seemsmore likely, however,
that the original analysis is incorrect, and that the akaWe thank D. Ross and S. Patino for assistanc.ewith measurement of
gan6itedoescontain Cl. The analytical resultssupport the the X-ray ditrraction data. Helpful and constructive reviews were providconclusion that Cl (or a similar anion such as F-) is es- ed by D. Dyar and J. Hughes. This work was supported in part by a gant
(to J.E.P.) from the Intemational Centre for Dftaction Data.
sential for the formation of synthetic or natural akagan6ite.
Rnrrnrxcrs crrED
Nofe.' Calcufationsperformed on Pl cell with Cl at (Vz,Vz,Vzl.
Only H
positions were allowed to refine.

Structure-energymodeling of OHStructure-energy calculation methods were used to
model the positions of the H* cations in the akagan6ite
structure. The calculations were perfiormed using the
computer program WMIN (Busing, l98l) and modified
electron gas (MEG) short-rangepair potentials (Post and
Burnham, 1986). The O-H short-rangeinteractions were
approximated using potentials determined by Abbott et
al. (1989), which have been used successfullyto model H
positions in a variety of structures. During the energyminimization calculations, the non-H atoms were held
fixed at the positions determined by the Rietveld refinement. Formal chargeswere assignedto all ions. For the
purposeof the calculations,spacegfoup Pl was assumed,
and only one of the two Cl sites was occupied [at
(0.5,0.5,0.5)1.Minimum-energy positions were determined simultaneouslyfor the nine independentH atoms
required for charge balance (one for each Fe3* and one
for Cl). The final H positions are listed in Table 4 and
plotted in Figure l. The calculationsconfirm that Ol and
03 are the hydroxyl sites. The calculated O-H distances
of approximately 0.93-1.03 A compare well with typical
O-H bond lengths observed in other structures. In the
tunnel containing the Cl atom, the O-H vectors point
almost directly toward the Cl site at the center of the
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