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relations in the system MnSiO3r-MgSiO3-FeSiO3'
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Abstract

A Mn-rich orthopyroxene Mgl.alMns.5oCao.orSizOe, occurs in a manganiferous pod in the
marble units near Balmat, N. Y. The pyroxene coexists with triodite, tourmaline, ferrian
braunite, manganoan dolomite , and hedyphane. Refinement of the crystal structure of the
pyroxene (space group Pbca) shows that as expected virtually all of the Mn is located in the
M2 site and the general formula is therefore (Mn,Mg)MgSi2O6. Because Mn is completely
ordered into the M2 site and comprises over 50 percent of that site, the mineral is a new
orthopyroxene. It has been named donpeacorite after Donald R. Peacor in recognition of
his work on pyroxenes and manganese minerals. The unit cell parameters are a =

18.384(ll), b : 8.87E(7), c : 5.226(3),2 = 8,D (meas.) : 3.36(l). Donpeacorite is biaxial
negative with 2V* : 88', Alc, a = 1.677(2), B : 1.684(2), y = 1.692(2). It is yellow-orange
with a vitreous luster and has an approximate hardness of5-6 with perfect (ll0) cleavages.

The occurrence of donpeacorite and published data for metamorphic pyroxenes and
pyroxenoids permit modeling of a phase diagram for the system MnSiOrMgSiO3-FeSiO3.
The diagram is dominated by extensive fields for solid solutions of orthopyroxene and of
pyroxmangite, with a small field inferred for kanoite (MnMgSizOo, C2lc clinopyroxene) and
a three-phase field for ferroan kanoite, manganoan hypersthene, and magnesian pyroxman-
gite.

Introduction

Several Mn-bearing minerals have been described from
the manganoan pods in the Balmat, New York area
including tirodite (Ross et al.,1969), magnesian rhodonite
(Peacor et al., 1978), calcian kanoite, braunite, and hol-
landite (Brown et al., 1979; Gordon et al., l98l). Typical-
ly these minerals at Balmat form pink- to buff-colored
rocks which contrast strikingly with the enclosing rocks.
They may fluoresce a deep red when exposed to ultravio-
let light and thus have received attention well beyond
their abundance. Spectacular yellow-orange rocks con-
taining an unusual Mn-rich pyroxene were collected on
the 2500 level of the Balmat No. 4 Mine and provided for
our study by John T. Johnson and William delorraine of
the St. Joe Zinc Company, Balmat, N. Y. X-ray difrac-
tion studies and a structure refinement of the pyroxene
indicate that it is orthorhombic and completely ordered
with over half of the M2 site occupied by Mn. This
orthopyroxene therefore qualifies as a new mineral and
has been named donpeacorite after Dr. Donald R. Peacor
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of the University of Michigan Department of Geological
Sciences, in recognition of his work with manganese
minerals, as well as with pyroxenes and pyroxenoids. The
name donpeacorite applies to the ordered orthopyroxene
of endmember composition MnMgSi2O6. Thus the miner-
al described herein is DpseEnar. Both the mineral and the
name donpeacorite has been approved by the I.M.A.
Commission on New Minerals and Mineral Names (A.
Kato, written connunication, 1982). Type material is
preserved at the Smithsonian Institution, Washington
D. C.

Mn-rich pyroxenes and pyroxenoids have recently re-
ceived much attention (Peters et aL, 1977; Peacor et al',
1978; Albrecht, 1980; Albrecht and Peters, 19E0; Brown
et al., 1980: Brown and Huebner, l98l; Gordon et al.,
l98l). Brown et al. (1980) assembled the then available
compositional data and inferred phase equilibria at meta-
morphic temperatures corresponding to the amphibolite
facies for three faces of the RSiO3 tetrahedron (R = Ca-
Mg-Fe-Mn). With the recent discovery of the unusually
Mn-rich orthopyroxene donpeacorite at Balmat, N. Y. it
is now possible to infer the general topology of a phase
diagram for the remaining Mn-Mg-Fe face of the RSiO3
tetrahedron. In this paper we describe this mineral and
evaluate the pertinent metamorphic phase equilibria.
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Occurrence and associations

The manganoan orthopyroxene described in this paper
occurs in manganese-rich siliceous marbles. Manganese-
rich pods are scattered within several of the mappable
siliceous marble units at Balmat, N. Y. (Brown et al.,
1980). These marbles, which are common throughout the
Adirondack Lowlands (Engel and Engel, 1953) were
metamorphosed to the upper amphibolite facies (Bud-
dington, 1939) during the 1.0 b.y. old Grenville orogeny.
Recent estimates of peak metamorphic conditions at
Balmat yield 6.5-rl kbar and 650-+30'C (Brown et al.,
1978; Bohlen er al., 1980).

Donpeacorite occurs as l-3 mm interlocking grains
making up over 50 percent (modal abundance) of a
massive coarse-grained yellow-orange rock. The ground-
mass consists mainly of the fibrous Mn-Mg amphibole
tirodite (40 percent modal abundance), with minor tour-
maline, ferrian braunite, manganoan dolomite, hedy-
phaneJike apatite and anhydrite. The tirodite, which is
closely associated with the orthopyroxene, is faint orange
in hand specimen and colorless in thin-section. The
subhedral orthopyroxene is pale buff in hand specimen
and faintly pink in thin section. It shows no evidence of
twinning or exsolution. Refractive indices were deter-
mined in oil on a crystal grain mount (Table l). The 2V
was measured on a universal stage using hemispheres
with refractive index equal to 1.65 and making no tilt
corr6ctions (Table 1).

Chemistry

The pyroxene, amphibole, tourmaline, braunite and
hedyphane were analyzed using the University of Michi-
gan ARL-EMX electron microprobe utilizing wavelength
dispersive techiques. The operating conditions were 15
kV, 150 plA emission current and 0.015 pA sample
current. The standards used were Marjalahti olivine for Si

Table l. Optical and unit cell parameters ofdonpeacorite
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Table 2. Electron microprobe analysis of donpeacorite and
tirodite
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and Mg, Ingamells almandine for Al, synthetic rhodonite
for Mn, ANU wollastonite for Ca, Irving kaersutite for Fe
and plagioclase (Anaj for Na. Corrections for ZAF
effects were made using the program EMrADR vII (Ruck-
lidge and Gasparrini, 1969). Two chemical analyses are
given in Table 2. The orthopyroxene is rich in manganese,
sample I having composition Mg1.a1Mnn.56Cao.orAlo.or
Si1.e6O5.ee and sample 2 Mg1.32Mns.63Caa.s3Alo.e1Si2.s1
O6.s1 (Fig. 1). The tirodite has significant Ca replacing Mn
like those described by Ross et al. (1969). The tourmaline
is intermediate between uvite and dravite (Uva6Dr5a) and
is much like the specimen whose structure was refined by
Buerger et al. (1962). Semiquantitative analyses of braun-
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MgMnSirO6 FeMnSi205

lMg2 Si2 06 Fe2Si205

Fig. l. Orthopyroxene quadrilateral illustrating the donpea-
corite compositional field and plot of donpeacorite analyses.

ite and hedyphane show that the braunite is ferrian and
the hedyphane is phosphorian.

X-ray crystallography

Donpeacorite and tirodite crystals were studied using
single-crystal X-ray techniques. Weissenberg and precis-
sion photographs indicated that donpeacorite is ortho-
rhombic. The pattern of extinctions is consistent with
space group Pbca, the most commonly reported space
group for orthopyroxenes (Cameron and Papike, 1980,
l98l), and thus it is isostructural with enstatite and
hypersthene. Lattice parameters for donpeacorite, re-
fined by least-squares utilizing data from a lolmin. pow-
der diffractometer pattern internally standardized with
quartz, are given in Table 1 and the diffraction data in
Table 3. Some of the tirodite displays a faint, light-blue
schiller of the kind commonly caused by submicroscopic
exsolution lamellae. Exsolution relations have been de-
scribed in the manganoan amphiboles from the Balmat
area by Ross et al. (1969). The presence of submicroscop-
ic exsolution lamellae in our samples was confirmed by
Weissenberg photographs which showed a predominant
phase having space group P2lm intergrown with a much
less abundant amphibole, presumably with space group
Alm.

Since the standard chemical analysis does not permit
an unambiguous structural formula to be calculated, a
complete pyroxene structure refinement was undertaken
to determine if Mn is ordered into the M2 site. Intensity
data were obtained from a cleavage fragment measuring
approximately 0.08 x 0.09 x 0.19 mm mounted for
rotation about the c-axis on a Weissenberg-geometry
difiractometer. A Super-Pace automated diffractometer
system was used with MoKa radiation monochromated
by a flat graphite crystal and measured with a scintillation
counter. A scan was made across each reflection and
background were measured on each side. The intensities
of 1096 reflections were measured, of which 295 had
intensities below the minimum observable values, up to a
sine theta limit of 0.461 , for /r = 0-24, k : 0-12 and / = 0-
5. All intensities were corrected for Lorenz-polarization
and absorption efects (p(Moka) : 28.810 cm-r). A
modified version of the program ABSRr written by C. W.
Burnham was used for the absorption corrections.

The structure refinement was initiated using parame-
ters for the structure of orthoenstatite eiven bv Haw-

Table 3. Principal diffraction lines for donpeacorite
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2,040, 2.041 141, 820
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thorne and lto (1977). The program RFrNE 2 (Finger and
Prince, 1975) was employed using the scattering factors of
Doyle and Turner (1968), and the weighting scheme of
Cruickshank (1965). During the early stages ofthe refine-
ment the scale factor and atom coordinates were refined,
while the occupancies of Ml and M2 were held constant
with 100% Mg. In later cycles, refinement of occupancy
factors for Ml and M2 was alternated with cycles in
which coordinates and/or anisotropic temperature factors
were refined. The final unweighted R-value was 5.6
percent for all reflections, and 5.0 percent for all unreject-
ed reflections. Reflections with intensities below the
minimum observable value, and those with large individ-
ual R-values (R > 0.5) were rejected. Final atom positions
and temperature factors are listed in Table 4; selected
interatomic distances and angles are listed in Table 5; and
magnitudes and orientations of the thermal ellipsoids are
given in Table 6. The calculated and observed structure
factors are listed in Table 7.3

The final refinement showed an Ml site occupancy of
1.02(l) Mg (and -0.02(l) Mn) and an M2 site occupancy
of 0.47(l) Mg and 0.53(l) Mn. Thus the manganese
appears to be completely ordered into the M2 site within
the sensitivity of the method. Comparison of the suggest-
ed composition with that obtained by electron micro-
probe analysis (first analysis in Table 2) shows that this
result is in very good agreement. Analysis 2, which
contains slightly more Mn, was obtained on another
sample from the same locality. Small amounts of Ca and
Fe in the structure are approximately accounted for by
the Mn form factor and Al is accounted for by the Mg
form factor. The differences from the actual analyses are

3 To receive a copy of Table 7 order Document AM-84-241
from the business office, Mineralogical Society of America, 200
Florida Avenue, NW, Washington D. C. 20009. Please remit
$1.00 in advance for the microfiche.
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Table 4. Final atom positions and anisotropic temperature factors (x l0-5)
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0.0407( 7 )
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-11(4)  - rs(7)
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probably somewhat greater than the occupancy factors
suggest, but therefore well within the reasonable range of
compositional variation in this sample.

Comparison of the detailed structure data obtained for
donpeacorite with that for other (Mn,Mg) pyroxenes

Table 5. Selected interatomic distances and anqles

(Hawthorne and Ito, 1977;Gordon et al.,l98l) allows the
effects of this ordering to be observed. The (Ml-O) bond
length of orthoenstatite is 2.076A, while that for donpea-
corite is 2.0844. If Mn is indeed completely ordered into
M2 (and therefore Mg in Ml), the (Ml-O) distances of
donpeacorite and orthoenstatite should be quite similar,
as indeed they are. As several authors (Hawthorn and lto,
1977; Cameron and Papike, 1980) have noted that the
(Ml-O) bond lengXh is strongly a function of the cation
radius, this comparison suggests strongly that Mg is the
dominant cation in the Ml site. The slightly larger (Ml-O)
distance may, however, indicate that some Mn or Fe is
present in this site.

Comparison of the (M2-O) distances shows significant
differences between donpeacorite and other pyroxenes.

Table 6. Magnitude and orientation of the principal axes of the
thermal elipsoids
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In order to limit problems due to variable M2 coordina-
tion, only average values for the six closest oxygens
(OlA, O2A, O3A, OlB, O2B, O3B) will be compared.
The (M2-O) distance for orthoenstatite is 2.1494, thar for
donpeacorite is 2.2lEA, and kanoite and manganoan
diopside yield 2.2994 and 2.495A, respectively. The
value for kanoite has been re-averaged from that in
Gordon et al. (1981) to account for only the six closest
oxygens. As these last two pyroxenes differ structurally
from donpeacorite (space groups P2lc and CZc, respec-
tively), they are not strictly comparable, but should show
a similar trend. Comparison of the (M2-O) bond length of
orthoenstatite with that for clinoenstatite (2.1424, space
group P21lc, Ohashi and Finger, 1976) suggests that
kanoite is a reasonable analog for a more manganoan
donpeacorite in this respect. The occupancy reported for
the M2 site in a sample of clinopyroxene with exsolved
kanoite by Gordon et al. (1981) is 0.86 Mn, 0.14 Mg.
Extrapolating linearly from orthoenstatite and this kan-
oite to a stoichiometric -(1: l) Mn-Mg end-member yields
(M2-O) equal to 2.3234. For the structural effects, we
predict a (M2-O) value for donpeacorite of 2.239A, which
is only slightly larger than that actually observed. If the
kanoite value is corrected downward approximately
0.014 to correct for the structural differences, the pre-
dicted (M2-O) for donpeacorite is 2.n44, which is still
larger than the measured value. Hawthorne and lto (1977)
show that the relationship between (M2-O) and composi-
tion may not be exactly linear, and suggest a conection
based on the degree of bond-length distortion A:

l 6
a: r )  t (n , -R)1R1,

6  , : ,
where R is the mean bond length and R; is the individual
bond length. The value calculated for donpeacorite is 5.86
x l0-3 which would-give an approximate correction
(their Fig. 5) of -0.08A. Using the above approximation
corrected for space group structural effects, we predict a
(M2-O) bond length ot 2.2264 for donpeacorite, within
error of the measured value.

A commonly discussed feature of the pyroxene struc-
ture (Papike etal.,1973; Hawthorn and lto, 1977;Camer-
on and Papike, 1980, t98l; Gordon et al., 19El) is the 03-
O3-O3 angle, which describes the degree of rotation of
the tetrahedral chains from the ideal 180'conformation of
a straight chain. As the two tetrahedral chains in Pbca
pyroxenes are not symmetrically related, there are two
such angles in donpeacorite, 163.8o for the A-chain and
146,0'for the B-chain. Comparison with other pyroxenes
(Cameron and Papike, l9E0) shows that the A-chain
rotation falls near the average rotation reported, but the
B-chain angle is at the extreme upper end of the reported
range. The average cation radius in the Ml and M2 sites
(Shannon and Prewitt, 1969) is approximatelv 0.75A.
Comparing this with the plot of average cation ionic
radius versus chain angle given by Cameron and Papike
(19E0, Fig. 28) the A-chain angle agrees well while the B-
chain is nearly 2o higher than the trend shown by other

orthopyroxenes. The scatter in the data suggests that 03-
O3-O3 angles are not a simple function of cation ionic
radius.

A similar approach cannot be used to study the rela-
tionship between cation ordering and the O3-O3-O3
angles. These angles are quite different in ortho- and
clinoenstatite and thus kanoite cannot be used to predict
the values for donpeacorite. In addition, as the tetrahe-
dral chains coordinate both octahedral sites, their orienta-
tions should reflect an average cation property rather
than properties of the individual octahedra.

The (Mg,Fe) orthopyroxenes may be used to model the
effect of cation ordering on the O3-O3-O3 angle. Burns
(1970) has noted that Fe should order into the M2 site in
orthopyroxene due to Jahn-Teller efects. The O3-O3-
03 angle for the A and B chains may be plotted against
Fe/(Fe + Mg) or average octahedral cation radius for the
series orthoenstatite-orthoferrosilite (Fie. 2). The A-chain
angle increases continuously over this range, but the B-
chain angle reaches a peak at about 50Vo Fe, and then
levels out and may even decrease towards orthoferrosi-
lite. This suggests that the B-chain angle is more sensitive
to the cation in M2 than the cation in Ml, and will
therefore reflect ordering into the M2 site.

The O3-O3-O3 angles of donpeacorite and a mangan-
oan orthoenstatite synthesized by Hawthorne and Ito
(1977) are shown as a function of average octahedral
cation radius in Figure 2. While there are insufficient data
to be sure whether the (Mn,Mg) orthopyroxenes follow a
trend similar to that shown by the (Mg,Fe) orthopyrox-
enes, the trend suggested by the three available points on
this join at least suggests that more than average cation
radius affects the O3-O3-O3 angles.

Discussion

Donpeacorite at Balmat occurs in the amphibolite
facies, well down-grade from the orthopyroxene isograd
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Fig. 3. Two possible configurations of phase equilibria in the system MnSiO3-MgSiO3 consistent with lto's (1972) high-
temperature phase equilibria and with our observations at metamorphic temperatures. Fig. 3a assumes that lto's manganoan
clinopyroxene shows complete solid solution to kanoite. Fig. 3b is drawn assuming that Ito's clinopyroxene disproportionates to
orthopyroxene and kanoite similar to pigeonite equilibria in the system CaSiQ-MgSiO3-FeSi03. The effect of Mn on the
orthopyroxene polymorphs is hypothetical but is chosen to avoid interfering with the data of Ito and ours at metamorphic
temperatures.
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that marks the transition from the amphibolite facies to
the granulite facies (Engel and Engel, 1955). The presence
of donpeacorite in a marble, however, should not be
expected to correspond to the appearance of hypersthene
in a metabasite; the substitution of manganese in enstatite
or dilution of the fluid phase by CO2 in the marble may
well have locally extended the stability of the orthopyrox-
ene * fluid assemblage at Balmat. Even there the occur-
rences of manganoan pyroxenes are extremely rare and
localities for tirodite (and "hexagonite") are widespread,
suggesting that only locally were bulk rock and fluid
compositions compatible with the generation of these
pyroxenes.

The distribution of MnlN4g between pyroxene and
amphibole is of interest for reactions involving these
phases. Ignoring for the present intracrystalline cation
distributions, one may calculate the butk Kp:

(Mn/Mg)opx

Mr). Thus one would predict a Ki of 2.5 for a coexisting
MnMgSi2O6 pyroxene and Mn2Mg5SiEO22(OH)2 tirodite.
At Balmat, Ca is also involved in these minerals' and
while the manganoan orthopyroxene takes little Ca, the
tirodite contains some 37%o Ca in M4 (Table l). Thus Ca
displaces Mn in the M4 site of amphiboles while hardly
afecting the orthopyroxene and this increases the bulk
Ke in Mn:Mg. It therefore appears that the Kp of (Mn/

Mg) for pyroxene compared to amphibole is strongly
dependent on the availability of calcium for the amphi-
bole.

The distribution coefficient of (Mn/I\dg) between the M2
site of pyroxene and the M4 site of amphibole is also
instructive. Assuming all Mn in M4 of amphibole and M2
of pyroxene, as shown by the structural refinement,

(Mr/Me)S3.
K^( lareesi te) :  +=

(Mr/Mg)f;fr6

0.63t0.32= 0 . lE
0.58i0.054

This calculation suggests that the M4 site of amphibole
prefers Mn over Mg compared to M2 of pyroxene but the
significant Ca in the amphibole will probably also affect
this Kp (large site).

No experimental data are yet available on the MgSiO3-
MnSiO3 binary at metamorphic temperatures, but Ito
(1972) has reported on experiments at 13fi)-1500'C. His
experiments show successive fields of orthopyroxene,
clinopyroxene, pyroxmangite and rhodonite from MgSiO3
to MnSiOr, but the positions of gaps between these fields

KoGulk) =
0.630/1.320= 2.015.
1.15514.876(Mn/Mg)amph

The partitioning of Mn vs. Mg between orthopyroxene
and amphibole may be rationalized in terms of their
crystal structures. In the MrrMg system, Mn clearly
prefers the larger M2 site in pyroxene and the M4 site in
amphibole, while Mg is partitioned into Ml in pyroxene
and Ml, M2, and M3 in amphibole. Thus the approximate
upper limit of Mn:Mg expected in pyroxene is 1:l =
M2:Ml and in amphibole it is 2:5 = 2M+:(2Mr + 2M2 +
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present, and a three-phase field orthopyroxeness-pyrox-
mangitess-kanoitess must be located somewhere inside
the diagram. Only two or three kanoite occurrences are
known, and kanoite-donpeacorite pairs have not yet been
reported but the manganese-rich pods of the Balmat area
may yet yield this assemblage.

The discovery of donpeacorite at Balmat requires some
minor revisions of the Brown et al. (1980) phase diagram
for the subsystem MnSiO3-MgSiO3-CaSiO3 (their Figs. 2
and 4) with respect to their inferred MnSiO3 solution of
orthopyroxene. The field for orthopyroxene along the
MgSiOrMnSiO3 join should be extended towards the
clinopyroxene field such that the separation between the
two fields is reduced to less than 20 mole Vo. Untike the
CaMgSi2O6-Mg2Si2O6 system, the MnMgSi2O6-Mg2Si2O6
binary must show extensive solution in the orthopyrox-
ene and Mn must be much more easily accommodated
than Ca in the M2 site of the orthopyroxene structure at
metamorphic temperatures.
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