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Cation partitioning in hydrothermally prepared olivine-related (FeoMn)-sarcopsides
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Abshact

Solid solutions of (Fe,-"Mn-)r(POo), (0 < x . 0.20), with the olivine-related sarcopside
structure (P2r/a), have been prepared hydrothermally and analyzed by means of X-ray
powder diffraction and 5tFe M6ssbauer spectroscopy. The cation sites, Ml and M2, are
octahedrally coordinated and are closely related to the corresponding sites in olivine. At
l0 K, the solid solutions show magnetic interaction for iron at M2 but no magnetic order
at Ml. The cations show strong inverse order with Fe,+ preferring the M2 site and Mn2*
the Ml site, with Ko(Fe,Mn) x 0.2. A comparison of other phases with sarcopside or
olivine structure is made, and a method is described to predict cation partitioning in these
structure types.

Introduction

We have recently investigated cation distribution in
solid solutions with the olivine structure (e.g., Annersten
et al., 1982, 1984; Nord et al., 1982). To supplementthese
studies, we have now initiated studies on solid solutions
with the sarcopside structure, which is closely related to
that of olivine (Moore, 1972). Both structures contain two
distinct octahedrally coordinated metal cation sites, Ml
and M2. Sarcopside-type solid solutions are more easily
prepared and equilibrated than the corresponding olivine
phases: (Fe,--M")r(POo), phases prepared hydrothermally
(cf. Kabalov et al., 1973; Ericsson and Nord, 1984) and
(Nir --M,)3eOo), phases at I bar (Nord, 1984). We present
here Md,ssbauer studies of hydrothermally prepared
(Fe,Mn)-sarcopsides down to l0 K, primarily to deter-
mine cation distributions. We also describe a method to
predict cation partitioning in solid solutions with the sar-
copside or the olivine structure.

Experimental

Solid solutions with the empirical formula
(Fe,- .Mn-)r (POo)r ,  (x :0.05,0.10,0.  15, .  .  .  ,0 .90) ,  were
prepared and equilibrated in evacuated and sealed silica
tubes at I 070 K as described by Nord and Ericsson ( I 982).
These products are isomorphous with the mineral graf-
tonite, (Fe,Mn,Ca,Mg)r(POo)r, and with Fer(POo), Graf-
tonite phase) which have been described as having 7,5,5-
or 6,5,5-coordinated metal sites, respectively (Calvo, 1968;
Kostiner and Rea, 1974). Fer(POo)r-sarcopside was pre-
pared by heating pure Fe-graftonite in a hydrothermal

0003404xi86/01024136$02.00 136

Nimonic-I05 autoclave at 800 bar, 570 K for seven days.
The synthetic (Fe,Mn)-graftonites were heated hydro-
thermally at various temperatures and pressures, giving
sarcopside phases with XF" < 0.20 (cf. Table l). The phase
identification was confirmed by means of X-ray powder
diffraction data, obtained with a Guinier-Higg type fo-
cusing camera (CrKa, radiation, ^, : 2.2897 5 A, KCI in-
ternal standard).

The 57Fe Mdssbauer spectroscopy data were obtained
as described by Ericsson and Nord (1984). The centroid
shifts (CS) are given in mm/s relative to metallic iron (a-
Fe) at room temperature.

Results

X-ray dffiaction data

The (Fe,Mn)-sarcopside samples studied crystallize in
the monoclinic space group P2r/a, originally determined
for a natural sarcopside mineral by Moore (1972). The
unit cell parameters are given in Table l. Other sarcopside
phases are also included for comparison. Accurate X-ray
powder diffraction data for pure Fer(POo)r-sarcopside,
evaluated with a computer-controlled film scanner (Jo-
hansson et al., 1980), are given in Table 2.

The unit cell volumes (Z: 2) are around 300 A:. For
pure Fe-sarcopside it is 301.2(2) A,, i.e., V/Z: 150.6(l)
At, which is a curious coincidence with Fe-graftonite, where
V/Z : 150.4(l ) A3 (Kostiner and Rea, 1974). The increase
in unit cell volume with Mn substitution is greater for
(Fe,Mn)-sarcopsides than for (Fe,Mn)-graftonites. Al-
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Table l. Unit cell dimensions for the hydrothermally prepared (Fe,Mn)r(POo)2 sircopsides (P2'/a; Z: 2). For comparison, data
for some other sarcopside phases are included. (Feo.roMno,o), . . , stands for (Feo.roMno,o)r(POo), and so forth
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though high temperature and pressure are needed to trans-
form graftonite into sarcopside, it is doubtful whether
sarcopside can be regarded as a high pressure phase.

The cell volume increases slightly with respect to
Fer(POo)r-sarcopside with the substitution of the Mn2*
ion for Fe2+. The octahedral cation radii are 0.83 and 0.78
A for divalent higlr-spin manganese and iron, respectively
(Shannon, 1976). The smaller cations (Table l) imply a
corresponding decrease of the unit cell volume, which is
experimentally observed for Ni2* (rvr:0.69 A), Mgr*
Q.72 A), andZn2+ (0.74 A) (cation radii after Shannon,
r976).

Miissbauer data: paramagnetic region

At room temperature (-295 K) as well as at liq-
uid nitrogen temperature (77 K) the spectra of
(Fe,-.Mn-)r@O.), (0 < x < 0.20) are rather similar and
consist of two peaks (Fig. l). At 295 K the high velocity
peak is not quite as intense as the low velocity peak but
is broader by -0.02 mm,/s. Since peak areas are similar,
the asymmetries are not due to textural effects introduced
during the absorber preparation (Ericsson and Wdppling,
1976). At 77 K the two peaks are approximately sym-
metric. The peaks are not broadened by the Mn substi-
tution in the structure, and the hyperfine parameters CS
and AEa are not significantly influenced by variations in
Mn/Fe nearest neighbors around the Fe atoms. The Mdss-
bauer paramelers at 77 and 295 K are given in Table 3.

CS increases by -0.13 mm,/s for the Fer(POo)r-sarcop-
side when the temperature is lowered from 295 to 77 K,
which is very likely due to the second order Doppler shift
(SOD). The high temperature limit of SOD is -7.3.10-a

mm.s-r.K-'(Cohen, 19761'p.27). In addition, AEo in-
creases by 0.08 mm,/s. In the (Fe,Mn)-sarcopsides, AEo is
almost constant when the temperature is lowered from

295 to 77 K; apparently the temperature-induced distor-
tions at Ml and M2 sites are more pronounced in Mn-
substituted sarcopsides and almost cancel the expected
increase in AEo at lower temperatures. According to the
theory of Ingalls (1964), an increased distortion is ex-
pected to cause a decrease in AEo for Fe2+. From the
variations of CS with temperature the metal-oxygen oc-

Table 2. X-ray powder diffraction data for Fer(POu)r-sarcopside
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Fig. 1. M6ssbauer spectra of (Feo roMno ,o)r(POo), recorded at
295 K (above) and ofFe,(POo)r-sarcopside at 77 K (below). The
solid lines are the sum of the fitted functions.

tahedra apparently contract more when the temperature
is lowered for Mn-substituted sarcopsides.

Mijssbauer data: magnetically ordered region

The two peaks in the 295 and 77 K spectra (Fie. l)
originate from two overlapping doublets, as in (Ni,Fe)-
sarcopsides studied earlier (Ericsson and Nord, 1984).
Mdssbauer data were collected at - l0 K in order to get
resolved patterns containing the crucial information on
the cation distribution. There is a magnetic transition at
44 K in Fer(POo)r-sarcopside. However, only iron at M2
takes part in the magnetic coupling, and the same is true
for the (Fe,Mn)-sarcopsides (cf. Fig. 2). The magnetic and
electric interactions at M2 are of comparative strengths,
even at low temperatures. Accordingly, we have used the
full Hamiltonian with theoretical intensities without
thickness corrections in the fitting procedure (Jernberg
and Sundqvist, 1983). The Mdssbauer parameters are list-
ed in Table 4.

One paramagnetic doublet for Ml and one magnetically
split set of lines for M2 were used as the fitting model.
The actual situation is more complicated in the Mn-sub-
stituted sarcopsides, since both sites show very broad lines
and the widths increase with increasing Mn content (Table
4; Fig. 2). The reason for this behavior is not obvious,
but could be due to local effects like variations in dipolar
fields and/or spin cantings as a result of varying numbers
of configurations of Fe and Mn neighbors around the
Miissbauer atoms. The data in Table 4 are therefore not
as accurate as the data in Table 3. In any case, the pref-
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Table 3. Mdssbauer parameters at 7'1 K and 295 K for
(Fe,-"Mn")r(POo),

Sampl e T( K)
Low ve ] .  peak  H igh  ve l .  peak  Averageda

Pos.  l {  In t .  Pos .  l , l  In t .  CS AEn

Fer (P04)2  77

295

( F e O . r M n O . . , ) r . .  7 7

295

( F e O . a M n O . t ) , . .  7 7

295

- 0 .1  7  0 .31  0  . 51  2 .8s  0  . 31  0 .49  L34  3 .01
-c .26  0 .28  0 .50  2 .67  0 .29  0 .50  1 .21  2 .93

-0 .16  0 .29  0 .51  2 .74  0 .29  0 .49  1 .29  2 .90
-0 ,25  0 .24  0 .49  2 .68  0 .26  0 .5 t  1 .21  2 .93

-0 .16  0 .28  0 .51  2 .73  0 .30  0 .49  1 .29  2 .89
-o .zr  o .ztb o.s lb z.ao o .27 o .47 r  .zz z .Bg

a) Aoemged ualues for i?on at M7- and M2-site6

b) Theee talues are smeulat inereased due to a em'LL (-1 W Fe3+-

itupur|tg in the spectw

The preeision itu tbe fitting proeedune is !0.01 m/s in positions,

uidths qnd. CS, !0.02 m/s in aEg and !0.01 in intensit ies.

erence of Mn to substitute for Fe and Ml is quite clear
although not as strong as for Ni in the (Ni,Fe)-sarcopsides
studied eadier (Ericsson and Nord, 1984).

Discussion

Structural features

There is a close structural relationship between olivine
and sarcopside (Fig. 3). Olivine (denoted as Mo(SiO)') is
orthorhombic (Pbnm) vdrthtwo four-fold, six-coordinated
sites Ml and M2 (point symmetries: I and m). In sar-
copside (denoted M3l(PO4)r) the symmetry has been low-
ered to monoclinic (P2,/ a; 0 = 9 l'), and the four M I sites
in olivine are split into two two-fold sites, a filled "Ml"
site and a vacant "E" site; the M2 sites in olivine are
preserved as "M2" in sarcopside. Ml and M2 sites in
sarcopside are octahedrally coordinated with point sym-
metries I and l.

All atoms occupy similar positions in the two structures
(Fig. 3), and the respective unit cell dimensions are very
similar. There are some slight structural differences, e.g.,
the P-O distances are about 0.1 A shorter than corre-
sponding Si-O distances. In olivine, the nearly regular
MOu octahedra are connected in serrated chains, but in
sarcopside these chains are broken due to the vacant "["
positions, and instead contain trimers of edge-sharing,
slightly distorted MOu octahedra (Moore, 1972; cf. Fies.
3 , 4 ) .

In both structure types the "(M2)O6" octahedra are
slightly larger and display a somewhat larger scatter in
metal-oxygen distances and O-M-O angles than "(Ml)O5."
For example, the average metal-oxygen distances (Ml-
O) and (M2-O) are 2.095(2) and2.133(2) A in Mg,SiOo
(Smyth and Hazen, 1973),2.119(l) and 2.146(l) A in
Mg,.rrFeo rrSiOo (Wenk and Raymond, 1 9 7 3), 2.08 1 (2) and
2.034(2) A, in Ni3@Oo), (Calvo and Faggiani, 197 5),2.11(l)
and2.15(2) A in FerN(POo), (Ericsson and Nord, 1984),
and 2.16(l) and 2.18(l) A in 1Feo.,rMno,,Mgo,).(POo),
(Moore, I 9 72). Unfortunately, no structural investigation



ERICSSON ET AL.: PARTITIONING IN (Fe,Mn)-SARCOPSIDES r39

1 0 0  0

9 8 . 0

9 6 0

9 4 0

9 8 . 0

;e

C
o

a
a

E
a
c
o

F 9 9 0

F e r ( P 0 r ) ,

F e o  r l ' 4 n 0 , l r ( P O a ) 2

V e l o c i t y  ( m m / s )

Fig. 2. Miissbauer spectra of Fer(POo)r-sarcopside, recorded at 12.4 K (above), (FeoroMn" 'e)3(POo), at 10 K (middle), and
(FeoroMnoro)r(POo), at 10 K (below). The solid lines are the sum of the fitted functions and the dashed lines represent iron at Ml.

Table 4. M<issbauer parameters at low temperatures for (Fet-"Mn,)r(POo), (x:0.1, 0.2)

Ml :  2- fo l  d M2 :4 - f o l d ,  l - s vmmet r y

I  nt .  XF"" cs
^ ) a

oEo"  In t . xFa" KDnSampl e Pre pa rati on T  ( K ) CS t c d^.n
A

t^1"

Fer(  P04) 2
( F e g . n M n g . 1  ) , .  .
( F e O . r M n g . l  ) 3 .  .
( F e O . g M n 6 . 2 ) 3 . .

( F e O . r M n O . r ) 3 . .

800 bar/300oC 12.4
200 bar/3000c l0
800 bar/3000c I 0
200 bar/3000c l0
800 bar/3000c l0

I  . 3 3  3  . 0 2
1 . 2 9  3 . i 3
1 . 2 9  3 . 1 8
1  . 2 6  3 . 4 0
1 . 2 9  3 . 4 1

0 .34  0  .34
0 . 8 0  0 . 2 9
0 . 7 4  0 . 3 0
1  . 2 8  0 . 3 0
0 . 8 0  0 . 2 5

1  . 38  3 . , l  I

I  . 36  3 .09

I  . J f ,  J . U O

I  . J O  J . U f ,

I  .34  3 .04

1 3  . 7  0  . 3 1
13.2  0 .50
I  3 . 0  0 . 4 8
' 1 3 . 0  0 . 6 1
12.8  0 .60

0 . 6 6  I  -

0 . 7 1  0 . 9 5  0 . 1 9
0 . 7 0  0 . 9 4  0 . 2 5
0 . 7 0  0 . 8 4  0 . 5 1
0 . 7 5  0 . 9 0  0 . 1 6

I
0 . 7 9
0.8 ' l
0 . 7 2
0 . 6 0

d LEq is the quadrupole splitting (m/s) and defined as Z . e?Vzzfilizli for both positions.

b) W is the fuLL wtdth at half marirun (m/s) of the fitted Lorentzian functions.

c) Xp" is the fraction of the M-si.tas occupied by iron.

i l B le the hyperfine field and gioen in Tesla.

e) Ihe cation &istribution factor KD is defined in the tent,

Ihe pxecisions in the fttttng procedwe are: CS, W = !0.01, AE6, Int = t0.02, B = t0.1.
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)z

M3tr (POz, )z
t/2

Fig. 3. Projections of the olivine and sarcopside structures,
here represented by Mo(SiOo), and Mrtr(POo)r. Symbols: @ :
Ml, @ : M2, D : vacancy in the sarcopside structure.

of Fer(POo)r-sarcopside has been undertaken so far, but
the above data suggest that in this structure "(M2)O." is
very likely to be the larger octahedron.

C ation distributions and thermodynamic al considerations
In a (Fe,M)r(PO.)r-sarcopside, the Fe2+ /M2+ cation dis-

tribution can be defined by the equilibrium reaction

Fe'z+(M2) * 142+1Ml) + Fe,*(Ml) * 142+1M2) (l)

The equilibrium constant at the temperature ?" is given
by the expression

K* : [X."(M I ) .'"(M I ). XM (M2). fM(M2)l/lXF"(M2)
G(M2).xM(Ml).j,{(Ml)l (2)

XF"(Ml) etc. are site occupancy factors, andf,"(Ml) is the
partial activity coefficient for divalent iron at Ml, etc. If
ideal solid solution conditions are assumed to prevail in
the (Fe,M)-sarcopsides, the activity coefficients are equal
to unity. The cation distribution coefficient K. is then
identical to.fiQ:

K"(Fe,M) : [X."(M I ). X,(M2)]/[XF"(M2). XM(M l)] (3)

Under this assumption, a random distribution of the metal
cations is characterized by Ko : l, while Ko > I shows
that Fe2+ preferentially enters the Ml sites.

For the hydrothermally prepared (Fe,Mn)-sarcopsides,

Fig. 4. ORTEP computer drawing of the sarcopside structure,
showing an (M2)O.{M1)O6<M2)O6 trimer of edge-sharing oc-
tahedra.

K"(Fe,Mn) = 0.2 (average value; cf. Table 4), indicating
a strong inverse ordering of Fe2+ at the M2 and the larger
Mn2+ ions at the (presumably) smaller Ml sites. A similar
distribution pattern with stronger ordering was found in
hydrothermally prepared (Fe,Ni)-sarcopsides, with
K"(Fe,Ni) l, 0.01 (Ericsson and Nord, 1984). From these
Ko values, the relevant cations may be arranged in a se-
quence with respect to their preference for Ml over M2:

Ni2+ > Mn2+ >> Fe2+ (4)

Binary (Ni,M)3(Po4)r-sarcopsides have been prepared at
I bar and 1070 K, with the following order of Ml-site
preference (Nord, I 984):

Ni2+ > CO2+ > Mg2+, Zn2+ > Mn2+ )) I'gz+ (5)

Accordingly, sequence (4) agrees with (5) in spite ofdif-
ferent equilibrium conditions and different "base" metals
[Fe in (4), and Ni in (5)]. It is therefore worthwhile to
estimate a cation distribution coefficient from thermo-
dynamic considerations based on analogous, known Ko
values, and the assumption that a KD value is almost equal
to the K* value in question. For example, Ko(Fe,Mn) in
a sarcopside might be estimated from Ko(Ni,Fe) and
K"(Ni,Mn) (Ericsson and Nord, 1984; Nord, 1984) as
K"(Fe,Mn) = Ko(Ni,Mn)/K"(Ni,Fe) : 6 / | 00 : 0. 06, which
is of the same order as the experimental value here re-
ported (-0.2).

This method also seems to be applicable to olivines.
Forinstance, Ko(Fe,Mn) in a (Fe,Mn)rSiOo olivine around
1000'C can be estimated from

K"(Fe,Mn) t [Ko(Ni,Mn)/K"(Ni,Fe)
= [K"(Ni,Mg)/K"(Mn, Mg)]/ [K"(Ni,Fe)
:19.9/0. re6l l [10]  e 5

(data from Bish, 1981; Ghose and Weidner, 19741, An-
nersten et al., 1982). The experimental KD value for syn-
thetic (Fe,Mn)-olivine annealed at 1000'C has recently
been determined to -4 (Annersten et al., 1984), so again
good agreement is noted.

a
0.51

a
0.01
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Mineralo gic al s i gnifrc anc e

The K"(Fe,Mn) values, -4 for olivine and -0.2 for
sarcopside, show that in olivine the larger cation (Mn2+)
is concentrated at the larger site (M2), while the inverse
situation is found in sarcopside. Size effects are not sig-
nificant and the cation partitioning is mainly controlled
by crystal field stabilization energies (CFSE) for Fe2+ (d6,
a high spin). The divalent manganese ions are in a d5 high
spin configuration having no CFSE. Studies ofsarcopside-
type solid solutions are therefore a valuable complement
to the numerous olivine cation distribution studies re-
ported to date.

Sarcopside as a natural mineral, (Fe,Mn,Mg)r(POo)r, is
also of interest, because it has been found terrestrially as
well as in meteorites. It is probably an exsolution product
since it always seem to be associated with graftonite,
(Fe,Mn,Ca,Mg)r(POo)r, or with triphylite, LiFePOo (Moore,
1972).The amount of manganese is usually less than25o/o
of the total metal content (cf. Peacor and Garske, 1964;
Hurlbut, I 965; Bild, I 974; Fransolet, 1977), which agrees
with the solubility limit of our hydrothermally prepared
(Fe,Mn)-sarcopsides (- 20o/A. When sarcopside and graf-
tonite occur together in nature, manganese is enriched in
the latter phase (Olsen and Fredriksson, 1966), in accor-
dance with the much greater solubility of Mn.(POo), in
Fer(POo)r-graftonite, - 900/o (Nord and Ericsson, 1 9 82).

Considering the almost identical unit cell volumes of
pure Fe-sarcopside and Fe-graftonite, the existence ofsar-
copside is puzzling. Furthermore, there does not seem to
be any need to stabilize either Fe-sarcopside or Fe-graf-
tonite with any other divalent cation. We have, therefore,
started further studies of hydrothermal (Fe,M)-sarcop-
sides in order to shed some light on this problem. M6ss-
bauer studies of natural sarcopside samples might also be
worthwhile.
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