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Satterlyite, (Fe, M g),,(PO;OH)(PO,)s(OH,0),: crystal structure and infrared
absor ption spectra
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Abstract: The crystal structure of satterlyite from the Big Fish River area, Yukon Territory, Canada,
(Fey77M gy 23)1,(POs0H)(PO,)<(OH,0) (space group P31m, a = 11.355(1), ¢ = 5.0394(5) A, V = 562.71(9) A3, Z = 1), has been
solved and refined using single-crystal intensity data (Mo Ka X-radiation, CCD area detector, 2320 unique reflections with F, >
4o(F,), R1 = 2.15 %). The structure is based upon pairs of face-sharing, distorted (Fe,Mg)O; octahedra linked by edge-sharing to
form double chains along [001]. Each double chain shares ligands with six other double chains to produce a three-dimensional
network hosting three unique PO, tetrahedra which are corner-linked to the (Fe,Mg)O, octahedra. The two unique (Fe,Mg)Oq
octahedra are characterised by different occupancies; FeMg ratios of the M(1) and M(2) sites are 0.838(2):0.162(2) and
0.706(2):0.294(2), respectively. Two H atoms are each bonded to common ligands of the two (Fe,Mg)Og octahedra. The third,
strongly disordered H(3) atom is bonded to the apical O of the P(1)O, tetrahedron. The H(3) site and possibly both the other two H
sites are only partialy occupied, and only very weak hydrogen bonds exist. Satterlyite is isostructural with holtedahlite,
Mg1,(PO;0H,CO;)(PO,)5(OH,O)s. Unlikein natural holtedahlite, there is no carbonate-for-phosphate substitution in the satterlyite
investigated, which was a so confirmed by IR absorption powder spectra. A structural relationship existswith phosphoel lenbergerite,
Mg,4(PO,)¢(PO;0H),(OH),. Polarised IR spectra of oriented cut single crystalsin the O-H stretching vibrational range revealed an
asymmetric band at 3536 cm? (including a weak shoulder at ~3568 cmt) and an asymmetric band at ~3471 cmL. The number of

hydroxyl vibrational bands and their positions are in accordance with the results of the structure refinement.
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I ntroduction

Satterlyiteisarare hydroxyl-bearing ferrous phosphate with
the originally proposed simplified formula
(Fe**,Mg),(PO,)OH. It has been first described by Mandari-
no et al. (1978) fromthe Big Fish River area, Yukon Territo-
ry, Canada, which represents the only occurrence known
(Robertson, 1982; Robinson et al., 1992). At thetypelocali-
ty, the mineral isarare constituent of epigenetic phosphatic
nodules and forms divergent, columnar aggregates of crude,
glassy crystalsup to several centimetresin length. Crystalli-
sation occurred at temperatures of about 180 — 200°C ac-
cording to fluid inclusion studies (Robinson et al., 1992).
Satterlyite was found to betrigonal, with the possible space
groups P31m, P31m and P312 (Mandarino et al., 1978).
Some grains showed undulatory extinction and anomal ous-
ly biaxial interferencefigures, with 2V , ranging between 10
and 20° (Mandarino et al., 1978). According to electron mi-
croprobe analyses, additional minor elements include Na,
Mn, and traces of Si (Mandarino et al., 1978). The water
content and a Fe?*:Fe* ratio of 6.42:1.00 were determined
by wet chemical analyses and the reported empirical for-
mula was (Fe*1 ;Mo 36F€* 6.16H0.16NG0.10M Mo 04) 2. 06P0.0
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Sip0104(OH) (note the excess H in the cationic part of the
formula). Mandarino et al. (1978) considered satterlyite di-
morphous with (monaclinic) wolfeite which aso occurs at
the mentioned locality in Canadaand forms aserieswith its
Mn?* analogue triploidite, (Mn?*,Fe?*),(PO,)OH.

In adetermination of the crystal structure of natural and
synthetic crystal s of the magnesium phosphate holtedahlite,
Mg,,(PO;0H,CO;)(PO,)s(OH,0)s  and  Mg;,(PO;0H)
(PO,)5(OH,0), respectively, Ramming & Raade (1989)
stated that holtedahlite representsthe Mg anal ogue of satter-
lyite, aconclusion based on an earlier solution of the crystal
structure of satterlyite by Dr. Y. Le Page (R = 2.1 %, space
group P31m). Unfortunately, the respective manuscript was
never published (Y. Le Page, pers. comm., 1999). The aim
of the present work wasto determine the crystal structure of
satterlyite, supplement the resultswith IR spectroscopic da-
ta, and compare the results with available data for holtedah-
lite. A comparison of these two structures was also of inter-
est becausein natural holtedahlite, one of three unique phos-
phate groups is partialy replaced by carbonate groups
(Remming & Raade, 1989), a substitution mechanism
which is aso known from a very small number of other
phosphates such as carbonate-bearing whitlockite,
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Cay(Mg,Fe?*)(PO,)¢(PO,0H,CO;) (Frondel, 1949), car-
bonate-fluorapatite, Cas(PO,,CO;);(F,OH) (Regnier et al.,
1994; Comodi & Liu, 2000), carbonate-bearing phos-
phodllenbergerite, Mg,;,(Mg,Fe,[1),(PO,,PO;0H,ASO,)s
(PO;0H,CO,),(OH); (Raade et al., 1998), and possibly
krasnovite, Ba(Al,Mg)(PO,,CO;)(OH),-H,O (Britvinet al .,
1996; crystal structure is unknown, however). Infrared
spectroscopy of satterlyite powder samples investigated
earlier by Raade & Mladeck (1979) and Remming & Raade
(1989) gave no evidence of any carbonate contents.

Experimental

Crystal fragments were taken from asmall satterlyite speci-
men from the Big Fish River area, Yukon Territory, Canada,
from the collection of the first author. The monomineralic
specimen consists of transparent, yellow-brown divergent
columnar aggregates. Single-crystal studies show that the
morphological elongation isalong the c-axis. Semiquantita-
tive energy-dispersive chemical analyses (JEOL JSM-6400,
20 kV acceleration voltage, LINK eXL10 software) were
performed on carbon-coated fragments from the samelarge
grain which provided the fragments for the subsequent
structure determination. The analyses showed major Fe and
P, minor Mg and very minor Mn (Fe:Mn ca. 15:1 — 10:1).
Previous electron microprobe analyses of satterlyite from
Yukon Territory revealed similar elemental ratios athough
with lower Mn contents (Mandarino et al., 1978). Optically,
the fragments were uniaxial and showed normal interfer-
ence colours.

A thermogravimetric analysis was done with a Mettler
M3 microbalance on powdered handpicked satterlyite
grains (sampleweight 10.099 mg, heating rate 1 K/min, T =
900°C, flowing N, of 6.0 purity) in an attempt to determine
the water content.

I nfrared absorption measurementswere carried out using
aBruker IFS66v/SFTIR spectrometer equipped with aglo-
bar light source, a KBr beam splitter and a DTGS detector
and liquid nitrogen-cooled M CT-detector. Spectrawere av-
eraged over 1024 scans. Phase correction mode of the inter-
ferogram was performed with a procedure after Mertz
(Mertz, 1965; cf. Griffiths & de Haseth, 1986). Norton-
Beer-weak mode was chosen as the apodisation function.
The sample chamber of the Bruker | FS 66v/Swas evacuated
down to 200 Pa, thus minimising the influence of H,O va-
pour and CO,. The powdered sample was prepared by
grinding 0.5 mg of substance and dispersing it into 450 mg
of KBr. The mixture was subsequently pressed under vacu-
um to atransparent pellet 13 mm in diameter. The absorp-
tion measurements were carried out in the spectral range of
2000 to 400 cm! at aresolution of 2.0 cmr?.

Polarised single-crystal spectrawererecorded from 8 pm
thick crystal plate, with the platy face accurately oriented
perpendicular to the a-axis, in the spectral range 7500 to
1500 cmt at aresolution of 1 cmL. The spectrawere record-
ed using amicro-focusing unit equipped with aKRS-5 pola-
riser in the sample chamber of the spectrometer. An image
mask with a diameter of 200 um provided measuring spots
smaller than the field of view. The single-crystal spectra

Table 1. Crystal data, datacollection information and refinement de-

tails for satterlyite.

Crystal data
Formula (Fep.77Mdp 2)12(PO;0H)
(PO,)5(OH,Q)¢
Space group P31m
a c(A) 11.355(1), 5.0394(5)
V (A3),z 562.71(9), 1
F(000), peqc (g-cm®) 613, 3.728
u (mmt) 6.58

Crystal dimensions (mm)
Absorption correction

~0.18x ~0.17 x ~0.11
empirical*

Data collection and refinement

Diffractometer Nonius KappaCCD system
Temperature (K) 293

A (MoKay) (A) 0.71073

Detector distance (mm) 28

Rotation axes @, O

Rotation width (°) 15

Total no. of frames 451

Collect. time per frame () 35

20,0 () 80.42

h, k, | ranges -20—520,-17—-17,-8—9
Total reflections measured 4311

Unique reflections 2357

R1(F), WR2(F?)**
‘Observed’ refls.

2.15%, 4.88 %
2320 [F, > 40(F,)]

Extinct. coefficient 0.0304(11)
No. of refined parameters 95

GooF 1.146
(A/O) e 0.001
APine APrex (€IA3) -0.81,0.75

Note: scattering factors for neutral atoms were employed in there-
finement.
* performed by scaling process of Nonius program suite DENZO-
SMN.
** w = 1[0%(F?) + (0.02P)? + 0.4P]; P = ([max of (0 or F?)] +
2F )13

were corrected for thicknessand aredisplayed in theform of
linear extinction coefficient as a function of wave number.
After background correction, the band centre was deter-
mined with the program PeakFit (Jandel Scientific). Gauss-
ian functions were used to describe the band shape.

Two selected crystal fragments were investigated with a
Nonius KappaCCD diffractometer equipped with a 300 pum
diameter capillary-optics collimator. Preliminary investiga-
tions evidenced a high crystal quality and a primitive trigo-
nal unit cell very similar to that reported by Mandarino et al.
(1978). Intensity data were collected from one fragment,
with aredundancy factor of 3.4 (see Table 1 for details). The
measured intensity data were processed with the Nonius
program suite DENZO-SMN and corrected for the Lorentz
and polarisation effects. Neither superstructure reflections
nor other anomalies were seen on the recorded frames. E-
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Table 2. Fractional atomic coordinates and displacement parameters (x 10%) for satterlyite.
Atom  x y z UgfUs  Up U Uss U Ui Ui
P(1) 0 0 0.27825(19) 74.5(15) 69(2) Uy 85(3) 0 Uyg 0.5U,,
P(2) 13 213 0.52733(14) 67.1(12) 74.4(1.7) Uy 52(3) 0 U,s 0.5U,;
P(3) 0.34138(5) x 0.97775(11) 67.6(1.0) 68.6(1.5) U, 68(2) -74(1.3) -74(13) 36.2(1.5)
M(1)  0.32918(3) 0.85077(3) 1.01101(4) 103.2(0.7) 80.7(1.0) 103.8(1.0) 91.6(1.1) -22.9(0.8) 5.9(0.7) 21.1(0.8)
M(2) 0.17508(3) 0.85376(3) 0.50440(5) 87.0(0.7) 89.8(1.1) 79.0(1.1) 90.9(1.2) 3.8(0.8) -0.1(0.8)  41.3(0.9)
oY 0.87239(16) x 0.3697(5)  192(4) 90(5) U, 377(11) 58(6) Uy 29(5)
0(2) 0.27631(13) 0.75462(13) 0.6355(3)  120.7(1.9) 152(5) 130(4) 126(4) -13(4) -10(4) 105(4)
0o(’3) 0.26833(16) x 0.7203(3)  119(3) 137(5) U, 118(6) -53(4) U,s 96(5)
O(4)  0.12718(12) 0.75025(12) 0.1427(2)  120(2) 85(4) 150(5) 94(4) -16(4) -18(3) 35(4)
O(5)  0.47330(15) x 0.9051(4)  134(3) 95(4) Uy 170(8) 4(4) Uy 15(5)
0o(6) 13 2/3 0.0162(4)  162(4) 213(7) Uy, 60(7) 0 U,s 0.5U,,
O(H1) 0.62619(16) x 0.3250(3)  112(3) 121(4) Uy, 82(5) -2(4) U,s 52(5)
O(H2) 0.72336(15) x 0.8162(3)  116(3) 127(5) Uy 100(6) -28(4) Uy 69(5)
OH3) 0 0 -0.0305(8) 397(12)  549(19) U, 95(15) 0 Uy 0.5U,,
H(1) 05634 x 0.416(10)  240(110) - - - - - -
H(2) 0.805(4) X 0.904(9) 210(110) -

Note: Refined occupanciesfor M sites are: M(1) = (F€y gag2)M Jo.162(2)) @d M(2) = (F€ 7062MGo.204(2))- H(1) and H(2) might not be fully
occupied; athird, strongly disordered H atom, H(3), could not be refined, but its average position appears to be closeto (0, 0, -0.20) (see

text and Fig. 2).

Table 3. Selected interatomic distances (A) in satterlyite.

Table 4. Bond-valence analysis for satterlyite.

M(1)-O(5)  20942(13)  P(1)-O(1)x3 1.5205(19)
—0(4)  2.0943(12) —O(H3)  1.556(4)
-0(2)  21157(14)  <P(1)-O> 1.529
—O(H1) 2.1847(12)  P(2-O(2)x3 1.5364(12)
—O(H2)  2.2808(14) —0(6) 1.555(2)
—0(6)  23593(10)  <P(2)-O> 1.541

<M(1)-O>  2.188 P(3)-0(4) x2  1.5350(12)

M(2-O(3)  2.0740(10) -0(3) 1.5399(17)
—-0(2)  2.0783(12) ~0(5) 1.5421(19)
-O(4)  20880(12)  <P(3)-O> 1538
-O(1)  20985(14)  O(H1-H(1)  0.85(5)
—O(H2) 21543(13)  O(H2)-H(2)  1.02(5)
—O(H1)  2.2180(14)

<M(1)-O0>  2.119

statistics indicated an acentric structure and the evaluation
of systematic absences showed the space group to be P31m.
The structure was solved by Patterson methods (SHELXS-
97, Sheldrick, 1997a) and refined employing SHEL XL-97
(Sheldrick, 1997b). The refinement proceeded swiftly and
two H atoms could be located on Fourier difference maps.
Their positions were refined without any restraints. A third
H atomwasfound whichisstrongly disordered, andits posi-
tional parameters were impossible to refine (see Discus-
sion). An anisotropic treatment of al non-H atoms gave a
preliminary discrepancy factor R1 = 3.2 %. A subsequent re-
finement of the Fe:Mg occupancy ratios of the two non-
equivalent Fe sites yielded the ratios 0.838(2):0.162(2) and
0.706(2):0.294(2) for the M(1) and M(2) sites, respectively
(the very minor Mn content has been neglected during the
calculations). Ultimate refinement cycles gavethefinal dis-

M(1) M(2) P(2) P(2) P(3) Sum*
o1 - 0.36x2 1.25 1.98
Ix3
0(2) 0.35 0.38 1.20 1.94
Ix3

0(3) - 0.39x2 - 1.19 1.96

0@ 037 037 121 195
Ix2

0(B) 037x2 - - 118 193

O(6) 0.18x3 - 114 - 1.69

O(H1) 0.29 0.26 111

O(H2) 0.22x2 0.31x2 - 1.07

O(H3) - - 1.14 - 1.14

Sum*  1.79 2.08 4.89 475 4.78

Note: bond-valence parameters used are from Brese & O’ Keeffe

(1991).

* Sum values are derived from unrounded bond-valence contribu-
tions and their contributions correspond to the refined occupancies
(FeMg ratios) of the M sites.

crepancy factors R1 = 2.15 % and wR2 = 4.88 %, for 2320
unique reflections with F, > 40(F,) and 95 refined parame-
ters (Table 1). The maximum peaks in the final difference-
Fourier mapswere-0.81 and 0.75 /A3, respectively. There-
fined Flack parameter was 0.022(12). The final positiona
and displacement parameters are given in Table 2, selected
bond lengthsin Table 3, and abond-valence analysisis pre-
sentedin Table4. A list of observed and cal culated structure
factors (Table 5) can be obtained from the authors or
through the E.J.M. Editorial Office-Paris.
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Fig. 1. Perspective view of the satterlyite structure along the c-axis
(theunit cell isoutlined). Pairs of face-sharing (Fe,Mg)O; octahedra
share edges with other octahedra to form double chains running
along the c-axis. PO, tetrahedra are shown with crosses. All draw-
ings were done with ATOMS (v. 5.0, Shape Software 1999).

Description and discussion of the structure

Satterlyite  is  isostructural  with  holtedahlite,
Mg;,(PO;0H)(PO,)s(OH,0)s (Remming & Raade, 1989).
Like synthetic holtedahlite, the sample studied shows no
carbonate-for-phosphate substitution. The presently deter-
mined unit-cell parameters of satterlyite, a=11.355(1), c =
5.0394(5) A, V =562.71(9) A3, arealmost identical to those
of the satterlyite type material, a=11.361, c=5.041 A,V =
563.5 A3 (Mandarino et al., 1978). The excesswater content
determined by Mandarino et al. (1978) and resulting in the
empirical formula  (Fe*"; Mo 36F€% 0.10H016N @ 10
MnNg 04)s2 06 Po.geSi0.0104(OH) arein agreement with the pre-
sent results.

The atomic arrangement in satterlyite is based on three
unique PO, tetrahedraand two unique, fairly distorted MOg
octahedra[M = (Fe,Mg)]. Pairs of face-sharing MO, octahe-
draare linked by edge-sharing to form double chains along
[001] (Fig. 1). Each double chain shares ligands with six
other double chains to produce a three-dimensional net-
work, which hosts the three PO, tetrahedra. Corner-linkage
provides the connection between PO, tetrahedra and MOg
octahedra. The structure is related to that of phosphoellen-
bergerite, Mg,,(PO,)s(PO;0H),(OH); (hexagonal, P6;mc),
which contains similar double chains of MgO, octahedra
and PO, tetrahedra, but additionally single chains of face-
sharing MgO; octahedra (Brunet & Schaller, 1996; Raade et
al., 1998).

The refined occupancies of the M sites, M(1) =
Fe.g38M Yo 16202 AN M(2) = Fey 70613 M o 204, COrrespond
to an overal (Fe+Mn]):Mg ratio og about 3.39, which is
closeto that of thetype material, (FetMn):Mg ~3.46 (Man-
darino et al., 1978). The average bond-lengths in the two
MO, octahedraal so reflect the preference of the smaller Mg
for the second site (<M(1)-O> = 2.188 A, < M(2)-O> =
2.119 A). The average M—O distances in satterlyite are lon-
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ger than those in (natural/synthetic) holtedahlite by 0.055/
0.049 A (M(1) site) and 0.043/0.043 A (M(2) site). Thelarg-
er difference for the M(1)-O distances in the two minerals
reflects the higher content of the slightly larger Fe?* cations
on the M(1) site in the satterlyite structure. The M(2)O, oc-
tahedron in satterlyite is somewhat less distorted than the
M(1)Og octahedron (Table 3). Based on reported average
metal—O distances for [6]-coordinated Fe**, Mg and Mn?*
(Baur, 1981), it appears probabl e that the very minor Mn de-
tected by the chemical analysisisincorporated at the M(1)
site. Calculated bond valences of the M sitesamount to 1.79
v.u. (valenceunits) for M(1) and 2.08 v.u. for M(2) (Table4).
The fairly minor Fe** detected by Mandarino et al. (1978;
Fe**:Fe* ratio 6.42:1.00) will of courseinfluence the bond-
valence sumsto some small extent (it would lead to adlight
increase of the sums), but has been neglected because the
Fe** content in the studied sampleis certainly very subordi-
nate — the colour of even relatively large, ~1-mm grains of
our sample is pale yellow; any larger Fe3* contents would
lead to strong charge-transfer colour effects due to the tight
polyhedral linkages. Therelatively high Mg contents of the
studied sample suggest that, theoretically, an intermediate
solid solution member very rich in Mg might exist which
could have dominant Fe on the M(1) site, but dominant Mg
on the M(2) site.

Phosphate tetrahedra and hydrogen atomsin
satterlyite

The P(3)O, tetrahedron shows a fairly regular geometz/,
with P-O bond distances of 1.535 (2x), 1.540 and 1.542 A.
By contrast, the other two phosphate tetrahedra, P(2)O, and
P(1)0,, both have three shorter bonds (1.536 x3 and 1.521
x3 A, respectively) and onelonger bond (P(2)—O(6) = 1.555
A and P(1)-O(H3) = 1.556 A), therefore suggesting the
presence of PO;0H groupswith H atoms bonded to the api-
cal ligands O(6) and O(H3) (cf. Ferraris & Ivaldi, 1984).
The O(6) atom has as cl osest anionic neighboursthree of the
O ligands of the M(1)O4 octahedron at adistance of 2.359 A,
and its calculated bond valence, 1.69 v.u. (vaence units),
suggests that it is not completely saturated (Table 4). The
comparatively large displacement parameters of O(6) in the
(001) plane are explained by the long distances to its next
neighbours and its need for a higher (local) charge satura-
tion (Table 3). It seems possiblethat O(6) isbonded to an un-
detectable disordered H site with avery low occupancy.
The apical O(H3) which is only bonded to P(1), is also
characterised by comparatively high displacement parame-
terswith amarkedly anisotropic behaviour —the éllipsoidis
flattened parallel to the (001) plane, as shownin Fig. 2 (see
also Table 2). The high degree of freedom of movement of
O(H3) is further reflected by the comparatively large stan-
dard uncertainty of the P(1)-O(H3) bond distance (Table 3).
Because the bond-valence sum of O(H3) only amounts to
1.14 v.u., O(H3) must be bonded to an H atom. A closer in-
spection of the Fourier difference map at the fina state of
the refinement had indeed reveal ed four positive peakswith
similar heights at distancesto O(H3) between 1.36 and 0.84
A, indicating that the H(3) atom is present but strongly dis-
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o .

o) o(1)

-A.-‘/’
Fig. 2. View of the P(1)O, tetrahedron showing the strongly vibrat-
ing O(H3) and O(1) atoms and the approximate average position of
the disordered H(3) atom at (0, 0, —0.20). Displacement ellipsoids
are drawn at 50 % probability.

ordered. As already noted above, the (average) position of
H(3) was impossible to refine, athough it appeared to be
near (0, 0,-0.20) (Fig. 2). Thevariability of the O(H3)-H(3)
bond also influences the positional parameters of the three
equivalent O(1) atoms, which form the base of the P(1)O,
tetrahedron (Table 3). In fact, al other dominant residual
peaksinthedifference map werecloseto O(1) and P(1). The
other two detected H atoms, H(1) and H(2), are each bonded
to O ligands shared by the two MO; octahedra. These H at-
oms are characterised by normal displacement parameters
(Table 2). The distances of the O(H1), O(H2) and O(H3) at-
omsto possible acceptors of hydrogen bondsareall >3.2A,
thus allowing only very weak hydrogen bonding. This ne-
glects, however, the disordered character of H(3) (see adso
discussion of IR spectrabelow) and other possible local de-
fectsinvolving H(1) and H(2), and the very minor amounts
of Fe** and Mn.

The three detected H positions would correspond to sev-
en H atoms per formula unit. If these positions were fully
occupied, the resulting stoichiometry would contradict the
proposed chemical formula of satterlyite, (Fe?*,Mg),
(PO,)OH (Mandarino et al., 1978). Thus, the correct struc-
tural formula of the investigated crystal has been written
(Fe,Mg,Mn),,(PO;0OH)(PO,)5(OH,0O),, with Z = 1. The po-
sitions of thethree H atoms (OH groups) in satterlyite corre-
spond to those reported for synthetic holtedahlite,
Mg;,(PO;0H)(PO,)s(OH,0)s (Remming & Raade, 1989).
Partial occupanciesof all three OH groupswereinferred for
holtedahlite. In synthetic holtedahlite only two H atoms,
H(1) and H(2), were detectable, whereas the datafor natural
holtedahlite did not alow the direct location of H sites
(Remming & Raade, 1989). A comparison of the refined
displacement parameters of the atoms in holtedahlite and
satterlyite demonstrates that the H disorder is considerably
less pronounced in the latter. A recent detailed study of the
H atomsin synthetic holtedahlite, using infrared spectrosco-
py and nuclear magnetic resonance (Brunet & Schaller,
1996), confirmed the results of the single-crystal investi-

gations of Ramming & Raade (1989). It is noteworthy that
in the dtructurally related  phosphoellenbergerite,
Mg,4(PO,)s(PO;0H),(OH),, there also exist disordered and
only partially occupied H sites (Brunet & Schaller, 1996).

In natural holtedahlite, a CO, group partially substitutes
for the P(1)O, group (Remming & Raade, 1989). In satterly-
ite, no residual electron density was present at the theoreti-
cal C atom position. Themost positive peaksin thefinal Fo-
urier difference map for satterlyite were close to the atoms
O(H3), O(1) and P(1), explained by the influence of thedis-
ordered H(3) atom on the geometry of the P(1)O, tetrahe-
dron, as discussed above.

A certain Mg content might be necessary to stabilise
the satterlyite structure, although analyses of its’dimorph’
wolfeite, demonstrate that the latter can also contain con-
Siderable Mg — the formula (Fe; Mgy 20MNg 15)2(PO,)
(OHg g5F0,05) isreported by Robinson et al. (1992) for sam-
ples from the satterlyite type locality. The packing efficien-
cy Ve values of the two 'dimorphs’, defined as the unit cell
volume divided by the total number of anionsin the respec-
tive cells (Moore, 1984), are 18.75 (satterlyite) and 19.02
(wolfeite). Wolfeiteis more common at the Canadian locali-
ty than satterlyite (Robertson, 1982). Thus, wolfeite may be
the more stable compound at the given conditions (low pres-
sure, low temperature). For the Mn?* analogue of wolfeite,
triploidite, (Mn?*,Fe?*),(PO,)OH, V¢ amountsto 19.38. No
trigona ’dimorph’ of triploidite is known at present. The
calculated packing efficiencies are similar to those of clos-
est-packed oxides and explain thefairly high hardness (4-5),
missing cleavage and conchoida fracture of these phos-
phates.

Infrared absor ption spectra

The free phosphate ion has T, symmetry giving rise to four
normal modes of vibrations with representation A; (v,), E
(v,), and 2x T, (vgand v,). All fundamental s are Raman-ac-
tive, but only thetriply degenerated statesare | R-active. The
fundamental frequencies of a phosphate ion arev,= 938, v,
=420, v;=1017 and v,= 567 cm! (cf. Ross, 1974; after Na-
kamoto, 1970). The IR powder spectrum of satterlyite is
given in Figure 3. It shows one broad band system in the
spectral range of 1250 to 700 cm* and asecond system from
650 to 500 cmt. As afirst approximation, the high-energy
band system is attributed to the fundamentals v, (anti-sym-
metric stretching mode) and the second band system to the
fundamentals v, (bending mode) of the three structurally
different phosphate groups (according to T4 symmetry). A
detailed assignment of individual bandsis not possible be-
causealoca T4 point symmetry for the phosphate groupsis
no longer valid. Thus, the spectrum will become more com-
plicated, giving rise to further energy-level splittings, and
components of the fundamentalsv, and v, may become IR-
active, too. In addition, combination modes and overtones,
eg., 2v,, 2v,and v, + v, (labelling with respect to T, sym-
metry) derived from all phosphate groupswill superimpose.
The positions of the five discernible maxima in the broad
band ranging from 1250 to 700 cm™* (Fig. 3) are very close
to those mentioned by Raade & Mladeck (1979), 1115,
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Fig. 3. Infrared powder spectrum of satterlyite in the spectral range
of 1500 to 400 cm™. The spectrum shows only bands caused by PO,
groups.
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Fig. 4. Polarised infrared spectra of asatterlyite single crystal paral-
lel and perpendicular to [001] in the O-H stretching vibrational re-
gion.

1045, 1010, 920 and 815 cm. The powder spectrum gives
no evidence for the presence of any carbonate groupsin the
mineral, in agreement with the conclusions of Raade & Mla-
deck (1979) and Remming & Raade (1989).

Polarised single-crystal infrared spectra in the O-H
stretching vibrational region recorded parallel to n,, and n,
are presented in Figure 4. The hydroxyl bands show a pleo-
chroic behaviour with the highest intensity paralel to n..
The spectraare very similar to those of holtedahlite (Brunet
& Schaller, 1996). Each spectrum consists of a strong band
(A2) at 3536 cmrt which exhibits a weak shoulder (A1) at
~3568 cmr'?, and a second medium-strong, asymmetric band
(B) at 3471 cm! (Table 6). By analogy to holtedahlite the
higher-energy bands A1 and A2 are assigned to the O-H
stretching vibrations of OH(1) and OH(2), sincethe protons
are in a very similar atomic environment attached to the
doublechains. Band B isassigned to the stretching vibration
of the OH(3) group of the partly protonated P(1)O, group.

Table 6. Infra-red absorption bands (cm™) in the O-H stretching vi-
brational region of satterlyite comparedto literature dataand datafor
holtedahlite.

Satterlyite Holtedahlite
Thiswork Raade&  Brunet& Raade&
Mladeck  Schaller Mladeck
(2979) (1996) (2979)
O(H1)-H(1) & 3536, 3540 3567 (fs) 3565
O(H2)-H(2) ~3568(sh)
O(H3)-H(3) 3471 - 3472 —*

Note: sh = shoulder, fs = band with fine structure.
* A small bump at roughly 3400 cmt is, however, recognisable in
the published spectrum.

The higher band intensity parallel to n, isconsistent with the
orientation of the OH(3)-H(3) vector approximately parallel
tothe c-axis. Thedifferencein bandintensity for the Al and
A2 bandsis lower because the corresponding O-H vectors
have components along both principal crystallographic axes
(Fig. 1). The corresponding first overtones of the O-H
stretching vibrations are observed at 7075 cm® (2v,,), 7151
cmt (2v,,) and 6938 cmt (2vy), respectively. Using the cor-
relation of O-H stretching frequencies and O-H---O hydro-
gen bond lengths in minerals by Libowitzky (1999), the ob-
served O-H stretching frequencies in satterlyite, ~3568,
3536 and 3471 cm, would correspond to approximate
O---O bond lengths of 3.10, 3.05 and 2.90 A, respectively.
The two longer distances are in reasonable agreement with
the results of the structure solution, considering the strong
scatter of the correlation curve in this region (Libowitzky,
1999). The asymmetric broad band at 3471 cmt indicates
variable O-H and O---O distances, in agreement with adisor-
dered and partially occupied H(3) site. A comparison with
published infrared spectra of holtedahlite (Raade & Mla-
deck, 1979; Brunet & Schaller, 1996) in Table 6 demon-
stratesthat the substitution of Fe?* for Mg leadsto only very
small shifts of the stretching frequencies of OH(1) and
OH(2).

Thermogravimetric data

The thermogravimetric curve, from which a blank run was
subtracted, shows several features: a weight loss starts at
463°C, isfollowed by asmall step at 473°C (possibly an ar-
tefact due to grain size distributions or other effects) and
continues until 550°C. Thereafter, aweight gainisobserved
which levels out at about 770°C and remains more or less
constant until an additional weight loss starts at approxi-
mately 860°C. The first weight lossis attributed to the loss
of water, possibly in two or more steps. The subsequent
weight gain is caused by the oxidation of Fe?* (and the very
subordinate amounts of Mn) which is unavoidable despite
the use of high-purity nitrogen gas, and is also expected by
comparison with the oxidation behaviour of other hydrated
Fe** phosphates. The weight gain overlaps the first weight
loss and unfortunately makes a determination of the total
loss of water impossible — the maximum weight loss at the
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starting point of the oxidation was only 0.66 %. The brown-
red oxidation product was found by X-ray powder diffraction
to be amixture of hematite and at least one unidentified com-
pound. The thermogravimetric data are comparable to those
obtained by Mandarino et al. (1978) using an oxygen atmo-
sphere (heating rate not given but probably higher than 1 K/
min). They observed aweight loss beginning at a higher tem-
perature (about 531 °C) and continuing to about 603 °C, after
which aweight gain ensued and continued to about 943°C.
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