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Abstract: Kanoite, ideally MnMgSi,Og, donpeacorite (Mg,Mn)MgSi,O¢, and tirodite Mn,MgsSisO,2(OH);,
form augen-shaped grains or clusters in an oxidized quartzite (quartz + hematite + pyrophanite + ferrian-
braunite), which is the granulite-facies equivalent of a chert-hosted sedimentary manganese deposit. Mn-bear-
ing minerals were studied by electron microprobe analysis and single-crystal X-ray methods. Pyroxenes from
these rocks vary in composition between MnggoMgo soFe’*10Ca007Nag0sS1206 and Mng soMg; 30Fe3*0.02
Cag sNag 01Si,0¢, with the Mn-rich compositions comprising clinopyroxenes (kanoite) and the Mg-rich com-
positions comprising orthopyroxenes (donpeacorite). Clino- and orthopyroxenes were distinguished by X-ray
single-crystal methods. Two kanoite single crystals were employed for X-ray crystal-structure refinement (a =
9.725(2), b = 8.876(2), c = 5.263(1) A, B =108.53(2), Z = 4, space group P2,/c) leading to the crystal chemical
formula (Mng 0,Mgo.98)(Mng 7sMgo 15Cag,07)Si206 Which confirms that the studied samples are highly Mn, Mg
ordered clinopyroxenes. Tirodite, with the average composition Nag,7Ca sMn, ;Mg 37Fe3*0.19Alg.10Sis.07
0,2(0OH),, is a retrogressive alteration product replacing kanoite and donpeacorite either along their rims or
even completely in some cases.

Key-words: kanoite, donpeacorite, tirodite, crystal structure, crystal chemistry, granulite-facies metamor-

phism, United Arab Emirates.

Introduction

The aim of this study is mainly two-fold. Firstly,
the assemblage kanoite-donpeacorite is petrogra-
phically described and petrologically discussed.
Secondly, the new occurrence of well crystallized
kanoite offers the possibility of a crystal chemical
study leading to a discussion of the structural dif-
ferences and correspondences of pyroxenes along
the join MgSiO3-MnSiO;.

Stability relations of pyroxenes on the join
MgSiO;-MnSiO; between 0.5 and 1.0GPa and
700-110 °C have been studied by Iwabuchi & Ha-
riya (1985). Above 700 °C, clinopyroxene forms a
solid solution between 40 and 50 mol% MnSiOs.
An orthopyroxene solid solution has been found

at 0.5 GPa between 0 and 25 mol% MnSiO; and at
1.0GPa between 0 and 30mol% MnSiO;. The
narrow field between 25 (30) and 40mol%
MnSiO; is characterized by a two-pyroxene as-
semblage. Hydrothermal experiments at 0.1 and
0.2 GPa have also been performed by Huebner
(1986) who confirmed the compositional range of
orthopyroxene up to 30mol% MnSiO; also at
lower pressures. The natural analogue of clino-
pyroxene with the approximate composition
MnMgSi,0g is called kanoite and the Mn-rich or-
thopyroxene is called donpeacorite.

An experimental study on the stability of
manganoan-cummingtonite (tirodite) at the com-
position Mn, 3sMg, ¢sSigO2,(OH), was undertaken
by Dasgupta et al. (1985). Experiments under
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Mn;0,4-MnO buffer showed that, with increasing
PT conditions, the mineral transforms to Mn-
clinopyroxene + quartz. At lower metamorphic
grade, the mineral is replaced by tephroite and
talc. Because the upper breakdown reaction
showed a negative slope, the presence of the
mineral would indicate temperatures below 650—
700 °C and pressures below 0.5 GPa. However, as
later studies by Maresch & Czank (1988) showed,
the kinetics of reactions in this system pose a pro-
blem, and some of the unreversed runs of Das-
gupta et al. (1985) may only be metastable pro-
ducts. In the detailed study by Maresch & Czank
(1988), HRTEM techniques were used to show
that amphiboles synthesized under similar condi-
tions and with corresponding chemical composi-
tion exhibit heterogeneous stacking of tetrahedral
chains, as well as chain arrangement faults and
chain multiplicity faults. Even with long hydro-
thermal run durations, equilibrium was not reached.
Thus, these synthetic amphiboles only poorly re-
flect the structural arrangement found in nature,
but the T-X reaction loop depicted by Maresch &
Czank (1988) may be a better estimate than earlier
results.

Kanoite, ideally MnMgSi,Og, was introduced as a
new clinopyroxene (@ = 9.739, b = 8939, ¢ =
5.260 A, B= 108.56°, Z = 4, space group P2,/c)
by Kobayashi (1977). The type locality is on the
Oshima Peninsula in Hokkaido, Japan, where the
mineral occurs in association with spessartine,
manganoan cummingtonite (“tirodite”), pyrox-
mangite and quartz. At Balmat in New York state,
U.S.A. (Brown et al., 1980; Petersen et al., 1984),
kanoite occurs with magnesian rhodonite, braun-
ite, hollandite, tirodite and donpeacorite (Petersen
et al., 1984). When Brown et al. (1980) compiled
the Mn-Fe-Mg-Ca pyroxenes and pyroxenoids,
they concluded from crystal-chemical considera-
tions that some Mg-rich pyroxmangites described
by Peters et al. (1977) from Buritirama in Pard
(Brazil) are actually kanoites. In addition, Hueb-
ner (1986) assumed that in assemblage 5 of Klein
(1966) — Mn-cummingtonites (“tirodite”), magne-
sioriebeckite, and Ca-poor rhodonite — the “extra-
ordinarily magnesian rhodonite” might actually be
kanoite, which was not known at that time.

All reported kanoites are from medium- to
high-grade amphibolite-facies metamorphic belts.
The reported chemistry is rather limited and varies
between
Mn; 0sMgq goFeq.00Cag 02(Si1 97Al0.02Fe*0.01)Og

(Kobayashi, 1977), Mnl_ongo_%Cag']zSizO(, (PC-
ters et al., 1977), Mno‘ggMgo.g6Fe()‘06CﬁQ'()(,Si206
(Brown et al., 1980), and Mngg;MggssFeq s
Cagy7515,040¢ (Klein, 1966). The crystal structure
of kanoite was solved by Gordon et al. (1981) for
a lamellar intergrowth of a C2/c phase with the
composition Mng 4 Mg, gsCag 651,06 and a P2,/c
phase with the composition Mn; ;Mg scCag 12
Si,0¢ (close to kanoite). This study showed that
the Mn-rich M2 site in kanoite is seven-fold coor-
dinated, whereas Mg concentrates on M1 with
octahedral coordination.

Donpeacorite, (Mg,Mn)MgSi,Og, is an orthopy-
roxene (a = 18.384(11), b = 8.878(7), c = 5.226(3)
A z=38, space group Pbca) only described once
from manganiferous pods in marbles near Balmat,
New York state (Petersen et al., 1984). A crystal
structure refinement (Petersen et al., 1984) indi-
cated that M1 is occupied only by Mg and M2
shows an Mg/Mn ratio of nearly 1:1.

Tirodite, a manganese-bearing alkali amphibole
of complex composition (a = 9.70, b = 17.99, ¢ =
530 A, B =~ 103.5°, Z = 2, space group C2/m), is
present at all localities where kanoite or donpea-
corite has been described but it is called manga-
nese-rich cummingtonite or magnesium-rich dan-
nemorite. Tirodite was originally defined by Dunn
& Roy (1938) from Tirodi, Maharashtra, India,
where it occurs in assemblage with Mn-rich py-
roxene (kanoite?), Mn-pyroxenoid and quartz
(Dasgupta et al., 1985). Significant Mn may be re-
placed by Ca and the mineral called tirodite is
commonly an intergrowth (exsolution) of different
amphiboles (e.g. Ishida, 1985; Oberti & Ghose,
1993; Shau et al., 1993). A crystal chemical study
of a Mn-bearing alkali amphibole (tirodite) from
Tirodi, India, with no evidence of exsolutions or
inclusions was presented by Oberti & Ghose
(1993). This specimen indicates a composition
half-way between (Ca-Na) and (Mn-Mg-Fe) am-
phiboles. Moessbauer data show all iron to be in
the trivalent state.

Geological setting of the studied
Mn-rich rocks

Manganese-bearing sediments and their metamor-
phic equivalents occur associated with the Semail
Ophiolite in the Sultanate of Oman and the United
Arab Emirates (Allemann & Peters, 1972; Glennie
et al., 1974; Ghent & Stout, 1981; Searle & Mal-
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pas, 1980; Stossel & Ziegler, 1985; Bucher &
Kurz, 1991; Kickmaier & Peters, 1991; Gnos,
1992).

Kickmaier & Peters (1991) have shown that
pyrolusite and cryptomelane are the major phases
of unmetamorphosed manganese-rich deposits in
the Wahrah formation (Hawasina), indicating
highly oxidizing conditions of formation. These
manganese deposits occur in association with red
cherts. Similar manganese deposits, transformed
into metamorphic rocks during the upper Cre-
taceous obduction of the hot Semail ophiolite nap-
pe (e.g. Boudier & Coleman, 1981; Searle & Mal-
pas, 1980; Ghent & Stout, 1981), are found dis-
persed throughout the Oman Mountains. Two
tectonic settings of metamorphic rocks can be dis-
tinguished comprising manganiferous quartzites.

A first group of occurrences is located be-
neath the ophiolite, characterized by a strong in-
verted thermal gradient of more than 1° per metre.
A high-grade amphibolite-dominated zone (granu-
lite- to amphibolite-facies) occurs adjacent to the
basal thrust plane of the overlying peridotites, and
grades into quartzite-dominated lithologies dis-
playing amphibolite- to greenschist-facies meta-
morphism. The subophiolitic units are generally
no more than a few hundred metres thick and
manganiferous quartzites usually belong to the
lower-grade metamorphic zone.

The second setting, occurring in a sheet of
metamorphic rocks, up to 2 km thick, occupies an
exceptional position enclosed in peridotites of the
Bani Hamid area (Gnos & Kurz, 1994) near the
northern end of the Semail Ophiolite (Fig. 1). This
sequence is here referred to as the Bani Hamid
metamorphic unit. In addition to amphibolites and
quartzites the Bani Hamid unit contains meta-
carbonates and calcsilicate rocks. The whole se-
quence underwent granulite-facies metamorph-
ism. At peak metamorphic conditions, quartz-rich
rocks were formed with two-pyroxene-magnetite-
titanohematite, enstatite-(+ sapphirine)-magnetite /
spinel-titanohematite, or cordierite-(+ sillimanite)-
magnetite-titanohematite assemblages. These are
associated with two-pyroxene amphibolites (gran-
ulites), diopside-amphibolites and wollastonite-
grossularite-diopside (+ forsterite * potassium
feldspar * spinel * clinohumite) calcsilicate rocks
and marbles (Allemann & Peters, 1972; Bucher &
Kurz, 1991; Gnos & Kurz, 1994).

The absence of a thermal gradient across the
metamorphic sequence points to an early em-
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Fig. 1. Geological map of the northern end of the Semail
Ophiolite showing granulite-facies metamorphic rocks
(Bani Hamid unit) enclosed in peridotites of the Khawr
Fakkan massif. The big black spot indicates the sample
locality near the village of Bulaydah in the U.A.E.

placement in its present position and heating from
the hot peridotite walls on both sides (Gnos & Ni-
colas, in press). Estimated peak metamorphic con-
ditions for the Bani Hamid unit are 800—850 °C at
0.65-0.9GPa (Gnos & Kurz, 1994). The meta-
morphic rocks of the Bani Hamid area underwent
retrograde hydration during cooling, associated
with decompression (Gnos & Kurz, 1994). Retro-
gressive alteration is clearly evident in the field by
the widespread presence of muscovite in quartz-
rich lithologies.

Manganese-rich samples (6005) were col-
lected from metamorphic rocks in the Bani Hamid
area, north of Bulaydah, in the United Arab Emi-
rates. The samples are from a manganiferous hori-
zon extending a few hundreds of metres and are
located in diopside-bearing quartzites. The sample
location is indicated by a black spot in Fig. 1.
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Sample description

The investigated sample 6005 is a layered pyr-
oxene-quartzite gneiss. Macroscopically buff-col-
oured, pyroxene or pyroxene-amphibole aggre-
gates up to 5 mm in size and ore aggregates up to
15mm occur dispersed in a compact quartz ma-
trix. Albite may be present as isolated grains.

In thin section, augen-shaped grains or clus-
ters of Mn-Mg-pyroxenes (5—25vol%) occur
randomly dispersed in association with ore aggre-
gates (5—15 vol%) surrounded by quartz. All min-
erals of sample 6005 are plastically deformed.
Where Mn-ores are minor constituents, the rocks
cannot be macroscopically distinguished from en-
statite-bearing quartzites. The ore aggregates con-
sist of ferrian braunite, hematite and locally pyro-
phanite. Like the pyroxene grains, the ore forms
boundin-shaped clusters within the quartz matrix.
Traces of apatite are also observed. The pyroxenes
commonly form poikiloblasts enclosing quartz
and ore grains. Kanoite and donpeacorite appear
extremely similar in petrographic thin sections
and cannot be optically distinguished. Both are
untwinned, colourless to light yellowish-brown in
transmitted light. Pyrophanite is transparent and
has a dark brown-reddish colour in thin section in-
dicating traces of Fe?*, since pure pyrophanite is
green (Anne Feenstra, pers. comm.).

Retrogressive deformation associated with re-
hydration leads to a reduction in quartz grain size,
smearing out of ore aggregates and the alteration
or complete replacement of kanoite and donpea-
corite by tirodite (Mn-Mg-amphibole). Tirodite is
colourless transparent, optically similar to cum-
mingtonite/tremolite, and forms bundles or clus-
ters of fibrous crystals.

Whole-rock and mineral chemistry

Similar to the non-metamorphic manganese-bear-
ing sediments described by Kickmaier & Peters
(1991), sample 6005 is poor in Fe?* and Ca (Table
1). Under prevailing oxidizing conditions iron is
in the trivalent state and the minerals are essen-
tially Mn-Mg-Fe3+-silicates and -oxides. The FeZ*/
Fe?* contents of the whole-rock sample were de-
termined by wet chemical methods (di-pyridine
method) (Bucher & Kurz, 1991) and the results
are listed in Table 1.

All minerals of sample 6005 were analysed
using a wavelength-dispersive system on a CA-
MECA-SX 50 microprobe at the University of
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Berne. Natural and synthetic minerals were used
as standards. Working conditions for all elements
were 15kV, with a beam current of 20 pA. Fluo-
rescence of the Mn-Mg-silicates was not observed
under the microprobe beam. The mineral chemis-
try varies slightly within the sample, but none of
the analysed mineral grains shows clear zoning.
Representative mineral analyses for sample 6005
are reported in Table 1. Mg-Mn pyroxenes vary in
composition from

Mn* 3oMgo s7Fe**,10Cag.07Nag 051,06 to

Mn?* Mg 30Fe**0,0Cag 0sNag 018106

Minor contents of Na and Fe3* are attributed to an
aegirine component and Ca indicates a minor
diopside component. In order to distinguish kano-
ite and donpeacorite, analysed areas (electron
microprobe analyses) of a polished petrographic
thin section were cut out with a micromilling de-
vice (Medenbach, 1986) and subsequently studied
with a single-crystal diffractometer. Pyroxene
compositions are plotted in the MnSiO5-MgSiOs-
FeSi03-CaSiO; double-triangle in Fig. 2. The ana-
lysed pyroxenes with Mg/Mn higher than 1.9 are
donpeacorites, while kanoites show variations
from approximately 1 up to 1.23 if coexisting with
donpeacorite. One intermediate analysis (Table 1,
Dnp/Kan29) from the rim of a donpeacorite grain
has an unclear status and could represent a kano-
ite-donpeacorite intergrowth.

Tirodite occurs as an alteration product of ka-
noite and donpeacorite associated with fine-
grained secondary ore minerals. Its average com-
position is Nag;CagsMn?* ;Mg 37Fe* 16l 10
Sig 0702,(OH), (Fig. 2). Ca, Na and Fe are very
variable, which may indicate small impurities.
The Mg/Mn ratios for tirodites replacing donpea-
corite are higher than those of kanoite. Pyrophan-
ite and hematite have approximately endmember
compositions. Pyrophanite contains traces of Fe?*,
hematite (Xge,0.94-0.96) contains minor MnTiO3
(pyrophanite) and probably also a minor Mn,O3
component. Ferrian braunite contains 18.9-21.1
wt.% Fe,O5 and traces of Ti and Al.

Single-crystal structure refinement

The kanoite crystals employed for structure re-
finement were selected from one of the rock chips
used for electron-microprobe analyses. Both crys-
tals were approximately 0.05x0.12x0.12mm in
size. Data collection was performed on an EN-
RAF NONIUS CAD4 single-crystal X-ray dif-
fractometer with graphite monochromated MoKa.



255

Kanoite, donpeacorite and tirodite

"3PIXO JUS[BAIP SE USAIZ SI UJA[ 35N€I3Q MO SI [B10} SisA[eue 9qoIdOIOTA 4 “Yimoidajur sjuoosesduop
-ay1ouey e juasardal pnoo uresd syuooeaduop € Jo wu oY) woyy zuey/du( SISA[euy "SpPOYISL [eOIWAYD J19m AQ PSUTULIAP Sea YOOI J[0YMm 3y} JO +¢2d/ 724 24l "(0€T)
anpoan ‘(3edg ‘Og) aMmueydolAd ‘(3edz ‘Of) AewaY ‘(3808 ‘QT1) AMunelq (Q9) Auooesduop ‘(Q9) SMOULY UOHESI[BULIOU JOf Pasn SUONEd I0 suwoje :omwxo Jo IaqunN

€l oS
Sy el
9 |
6 PN
9 D
6 A
6¢ D £Ce'T el 61’1 o'l 810°1 8860 ¥96°0 8¢S°1 6S1°C TL6'T U/
139 o0
1L N 000°0 0000 0000 $000 0000 0000 0000 000°0 0000 0000 0000 1000 0000 A
S¥9 no 0000 0000 0000 95T°0 120°0 6100 200 1200 2200 2e0'0 $00°0 L00°0 9000 EN
89 uz 0000 0000 0000 8CT0 601°0 0L0°0 890°0 9L0°0 °LO0 L90°0 £V0°0 ¥50°0 0500 €D
8 €D 0000 0000 2000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 IN
0 qd 0000 2000 9900 sy ¥00'1 y10°1 L160 €160 7680 8L8°0 091°L 0¢°1 [4YA! S
143 4L §€0°0 L86'0 8¥6°0 6’1 0780 6v8°0 188°0 L68°0 £06°0 116°0 ySL'0 £09°0 SE9°0 +ZIN
Sl Ce. | LT00 0000 I8¢’y 0000 0000 0000 0000 000°0 0000 0000 0000 0000 0000 + N
LT n £06'1 0000 8¢C°1 101°0 L10°0 1200 8¢0°0 0£0°0 8¢0°0 76500 8000 6100 L100 +¢od
91 1S 0000 0000 L20°0 LvZo 6100 L10°0 6100 100 $10°0 €100 L20°0 $€0°0 Se00 A4
[43 A 0000 1000 2000 9000 0000 100°0 0000 0000 1000 1000 0000 1000 100°0 D
06 1z §e0'0 600'1 500 6100 2000 1000 1000 1000 1000 1000 1000 000 1000 L
14! M_% 0000 0000 00'1 8C8'L 00T 00T 920C §20°C 0£0'C L20C Y661 6L6'1 £66'1 IS
(wdd)
w10l [e10L 86’101 €566 90°S6 S8°L6 69°001 9166 81°66 £9°66 68°66 0¥'66 08°66 16°001 60001 [ei0L,
€L'0 101 000 000 000 €00 000 000 000 000 000 000 100 00 000 oy
L00 s0td 000 000 000 £6'0 8C0 §To (444 870 0£'0 £v'o 900 oro 600 OZeN
000 oy 000 80°0 000 0s'1 0Lc oL'T S9'1 81 L'l w1 801 6¢'1 LTl (610)
000 OZeN 000 000 £0°0 000 000 000 000 000 000 000 000 000 000 OIN
LT0 oed 000 000 1€°0 or'1e 98'L1 6L°L1 L6'ST ¥6'S1 6S°ST (44! 9L°0T 86'¢T 18CC O3
I7re 03N 08'C SO0 LT°€9 1791 LY'ST (4414 00°LT 9S°LT 08°Lt 18°LT 9L’€T So6l Se'0T OUN
YL'6 OUN 000 81°9v 000 $8'0 S¢o 90 ! €60 61l 09'1 sTo w90 Sco 024
200 024 SE'L6 000 50 000 000 000 000 000 000 000 000 000 000 €0
Y6’V £0zed 000 000 €C0 8’1 wo 8¢°0 wo 0 0£0 620 90 80 080 OV
vZ'0 OtV £0°0 00 €00 S0°0 000 €00 100 000 w00 000 100 S00 00 £€0tD
8¢°0 1L 8L'1 or'es 690 81°0 900 00 €00 S0'0 00 €00 Y00 900 Y00 0l
6'C8 oIS 00 w00 80°01 ss ST'eS wes 6S°CS |4y 16'CS (U4dY 1zes 12973 14849 oIS
yoor 6quey]
djoym %" SWRH  gluld  xSwg Ol1L gIuey  euely puey guey] cuey [uey| /dug 8¢ dug Lzdug %

'6009 d1dwes o sasA[eur YOOI J[OYM PUE [eISUI 9ATIEIUSSaIdoY '] J]qBL



256

CaSiO;

E. Gnos, Th. Armbruster, D. Nyfeler

Rhodonitegg MnSiOj

Wollastonite

S

Mn7Si8022

(©OH),

dannemorite
Mn,Fe; Sig Oy, (OH),

tirodite
Mn Mg,Si O,, (OH),
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Fig. 2. Left: triangle for Mn-Fe-Mg amphiboles showing relations between tirodite, dannemorite and cummingtonite.
Triangles indicate microprobe results from sample 6005. Right: pyroxene-pyroxenoid double-triangle for the system
CaSi03-MgSiO03-MnSiO3-FeSiO3 (Brown et al., 1980; Petersen et al., 1984) with minor corrections and showing the
enlarged kanoite stability field. Black triangles indicate pyroxene analyses. The white areas are proposed miscibility
gaps inferred from natural parageneses at 500—800 °C and 0.3—0.9 GPa (Brown e al., 1980; Petersen et al., 1984;
this study). Solid lines indicate observed assemblages, dashed lines are inferred.

radiation. Because both crystals yielded nearly
identical results, only data of one crystal are pre-
sented here. Cell dimension were determined from
the angle settings of 25 reflections with ® <20°.
The single-crystal X-ray reflections were extreme-
ly sharp, so a 1.0°Q-scan was used for intensity
collection. Diffraction data were collected up to
® = 30° yielding 1463 unique reflections of
which 792 had 1> 206(I) used for structure refine-
ment weighted 1/(c%(F) + 0.0001 F?). Data reduc-
tion, including background and Lorentz-polariza-
tion correction, was carried out with the SDP pro-
gram system (Enraf-Nonius, 1983). The structure
was refined with the program SHELXTL (Sie-
mens, 1990) using the start values from Gordon
et al. (1981) and neutral atom scattering factors.
Following the electron microprobe analyses de-
scribed above, 0.07 Ca p.f.u. was assigned to the
M2 position, and the Mg/Mn ratio was allowed to
vary on M1 and M2. Because of the similarity of
Mn, Fe and Mg, Al, Na scattering factors, the
small Fe concentrations in kanoite are represented
by Mn and the low Al, Na concentrations by Mg.
All atoms were refined (R = 2.48%, R,, = 3.03 %)
with anisotropic displacement parameters. Atomic
coordinates, populations and displacement param-
eters are given in Table 2, while selected inter-
atomic distances are summarized in Table 3. The
unconstrained structure refinement yields the
composition M1: 0.976(5) Mg and 0.024(5) Mn,
M2: 0.07Ca, 0.775(6) Mn, and 0.155(6)Mg

Table 2. Atomic coordinates and isotropic displacement
parameters, Ueq (A3) for kanoite from the United Arab
Emirates.

Atom x/a y/b z/c Ueq

M1 0.25052(9) 0.6543(1) 0.2339(2) 0.0047(4)
M2 0.25369(5) 0.02375(6) 0.23236(9) 0.0093(2)
SiA 0.04156(9) 0.34113(9) 0.2711(2) 0.0068(3)
SiB 0.54704(9) 0.83886(9) 0.2389(2) 0.0071(3)
Ol1A 0.8666(2) 0.33715(2) 0.1652(4) 0.0087(7)
O1B 0.3720(2) 0.8377(2) 0.1340(4) 0.0089(5)
02A 0.1179(2)  0.5020(2) 0.3232(4) 0.0104(7)
02B 0.6242(2) 0.9938(2) 0.3591(4) 0.0122(8)
0O3A 0.1039(2) 0.2608(2) 0.5708(4) 0.0111(7)
O3B 0.6048(2) 0.7158(2) 0.4900(4)

0.0110(7)

MI1: 0.976(5) Mg and 0.024(5) Mn
M2: 0.07 Ca, 0.775(6) Mn, and 0.155(6) Mg

which is in satisfactory agreement with the com-
position determined by electron microprobe anal-
ysis (Table 1, Kan 9).

Discussion

Mineral assemblage

The Mn-Mg-pyroxene-quartzite (sample 6005) is
interpreted as a granulite-facies equivalent (800—
850 °C; 0.65-0.9 GPa) of a chert-hosted sedimen-
tary manganese deposit of the Neo-Tethys ocean.
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Table 3. Selected interatomic distances (A) and angles
(°) of kanoite and related clinopyroxenes.

Mn3Si206 Mg2Si206

kanoite  kanoite
eY) 2 3) 4
M1 - OlA 2.048(2) 2.077(4) 2.133 2.030
O1A 2.144(2) 2.166(4) 2.255 2.142
OIB  2.171(2) 2.190(4) 2.274 2.179
O1B  2.048(2) 2.087(4) 2.157 2.066
02A  2.024(2) 2.045(4) 2.114 2.044
0O2B  2.033(3) 2.066(3) 2.131 2.078
ave 2.078 2.105 2.177 2.090
M2- OlA 2.191(2) 2.197(3) 2.180 2.090
O1B  2.167(2) 2.177(4) 2.162 2.053
O2A  2.151(2) 2.161(4) 2.088 2.032
O2B  2.106(2) 2.122(4) 2.054 1.985
O3A  2391(2) 2.421(3) 2472 2.279
O3B 2.682(2) 2.715(3) 2.732 2.414
O3B 2.846(2) 2.865(3)
ave 2.362 2.380 2.281 2.142
SilA- Ol1A 1.614(2) 1.612(4) 1.614 1.610
0O2A  1.593(2) 1.595(4) 1.602 1.589
O3A 1.644(2) 1.648(2) 1.648 1.646
0O3A 1.660(2) 1.682(3) 1.660 1.665
ave 1.628 1.634 1.631 1.628
SilB- O1B 1.614(2) 1.613(4) 1.616 1.615
0O2B 1.598(2) 1.588(4) 1.598 1.586
03B 1.653(3) 1.673(3) 1.665 1.676
03B 1.669(2) 1.675(3) 1.670 1.676
ave 1.634 1.637 1.637 1.638
SilA-O3A-SilA 138.4(1) 139.4 133.3
Si1B-O3B-SilB 134.9(2) 134.7 127.4

(1) this study, (2) Gordon et al., 1981, (3) Tokonami et
al., 1979, (4) Ohashi & Finger, 1976.

The peak metamorphic assemblage kanoite + don-
peacorite + hematite + ferrian braunite + pyropha-
nite indicates oxidizing conditions. The variations
in the Mg/Mn ratio in different layers within the
hand specimen are reflected by the presence of
kanoiteg, or in layers with higher Mg/Mn ratio,
by kanoite + donpeacorite. However, kanoite and
donpeacorite could not be distinguished in thin
section based on their optical properties. In poiki-
loblasts of random orientation, angles of ca. 88°
between cleavage planes (110) and (110) in kano-
ite versus 51° and 129° between {110} cleavage
planes in donpeacorite could not be determined.
Kanoite (Kobayashi, 1977) is optically positive
(2V, = 130-135°) whereas donpeacorite (Petersen

257

et al., 1984) is optically negative (2V, = 88°).
However, donpeacorite forms a solid solution se-
ries with enstatite which is optically positive with
2V, = 125°. Thus, the optic character is also not
decisive for the distinction between Mn, Mg-pyr-
oxenes.

The Kp [(Mg/Mn)Xan/(Mg/Mn)P™] of 0.64
measured here is slightly lower than a correspond-
ing Kp of 0.73 determined by Iwabuchi & Hariya
(1985) for hydrothermal run products at 700°C
and 1.0 GPa. The analysed pyroxene compositions
are in agreement with the compositional ranges of
the kanoite + donpeacorite and kanoite, stability
fields of Iwabuchi & Hariya (1985). These experi-
ments on the MgSiO;-MnSiO;-join show similar
pyroxene compositions and association at 800°C
— 1.0GPa.

Most surprising in this context are the exper-
imental results of Dasgupta et al. (1985). In hy-
drothermal runs of bulk composition
Mn2'35Mg4_6SSi8022(OH)2 these authors found a
clinopyroxene phase Mn gosMg; 135 in equilibrium
with Mn-cummingtonite and a clinopyroxene
phase Mny¢soMn, 355 in equilibrium with quartz.
From our analyses combined with X-ray single-
crystal identification and the experimental data of
Iwabuchi & Hariya (1985) and Huebner (1986), it
can be assumed that the phase with 0.808 Mn

-p.f.u. observed by Dasgupta et al. (1985) is kano-

ite, whereas the pyroxene with 0.659 Mn p.f.u. is
donpeacorite. However, Dasgupta et al. (1985)
measured unusual clinopyroxene cell dimensions
by X-ray powder and single-crystal methods
(Table 4; 9) that are neither in agreement with ka-
noite nor with donpeacorite. Nevertheless, the cell
volume agrees fairly well with their Mng ¢s0Mg; 358
composition and the authors specifically state that
these dimensions are considerably different from
kanoite. However, if we transform the clinopyr-
oxene cell of Dasgupta et al. (1985) to an ortho-
pyroxene cell with a = 18.308, b = 8.825, ¢ =
5.234 A, we obtain a B angle of 89.48° (Table 4;
9a). Thus it is very likely that the pyroxene in
equilibrium with quartz observed by Dasgupta et
al. (1985) is actually an orthopyroxene correspond-
ing to donpeacorite, which would be in agreement
with the experimental data of Iwabuchi & Hariya
(1985), Huebner (1986), as well as observations
on natural assemblages.

In sample 6005, tirodite (also identified by
cell dimensions obtained from X-ray single-crys-
tal data: a = 9.52(1), b = 18.01(1), ¢ = 5.291(5) A,
B = 102.2(2)°) is replacing both Mn-pyroxenes.
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Table 4. Cell dimensions of pyroxenes along the join MgSiO3-MnSiOs.

M1, M2 a(A) b(A) c(A) BC) V(A3

()  Mm 9.864(2) 9.179(2) 5.298(1) 108.22 455.6
(2)  Mgi.04MgosaFeo 10Ca0 03 9.739 8.939 5.260 108.56 434.1
(3 MnjgMgossCaoiz 9.76(2) 8.93(9) 5.27(2) 108.60(7) 4353
(4 MnjoMgio 9.732(2) 8.934(1) 5.245(2) 108.52(2) 432.4
(5 MnogoMgi.10 9.719(2) 8.917(2) 5.248(1) 108.51(2) 431.3
(6)  MnggcMgi.14 9.724(3) 8.911(2) 5.247(2) 108.60(3) 430.9
() MnggoMgi.13Cag07 9.725(2) 8.876(2) 5.263(1) 108.53(1) 430.7
(8) Mg 9.605(1) 8.813(1) 5.166(1) 108.46(1) 414.8
(9 MngeMgis6 9.499(2) 8.825(15) 5.234(3) 105.5 422.8
(92)  Mng Mg 36 , transformed 18.308 8.825 5.234 89.48 845.6
(10)  MngeMg; 27Fe001CaposNagor  18.361(5) 8.861(2) 5.229(1) 90 850.7
(11)  Mngs7Mg1.43 18.352 8.877 5.224 90 851.0
(12)  MngseMgi.41Capos 18.384(11) 8.879(7) 5.226(3) 90 853.1
(13)  MngaoMg1 71 18.291 8.848(1) 5.203(1) 90 842.0
(149 Mg 18.214(4) 8.818(2) 5.177(4) 90 831.5
(15 Mg 18.225(2) 8.818(1) 5.179(1) 90 832.3

(1) synthetic pyroxene (Tokonami ef al., 1979), (2) kanoite (Kobayashi, 1977), (3) kanoite exsolutions, cell dimensions
in original paper are erronous (Gordon et al., 1981), (4) synthetic kanoite (Huebner, 1986), (5) synthetic kanoite (Ghose
et al., 1975), (6) synthetic kanoite (Huebner, 1986), (7) kanoite (this study), (8) synthetic clinoenstatite (Ohashi & Finger,
1976), (9; 9a) synthetic clinopyroxene (Dasgupta et al., 1985), (10) donpeacorite (this study), (11) synthetic Mg-Mn-ortho-
pyroxene, average of four analyses (Huebner, 1986), (12) donpeacorite, Pbca orthopyroxene, chemistry varies between
Mno.56Mg1.41Ca0.03Al0.01Si206 and Mno63Mg1.32Ca0.03Al0.01S1206 (Petersen et al., 1984), (13) synthetic Mn-Mg orthopy-
roxene, average of four analyses (Huebner, 1986), (14) orthoenstatite (Hawthorne & Ito, 1977), (15) orthoenstatite, average

of two analyses (Huebner, 1986).

Tirodite replacing Mg-rich pyroxene has com-
monly higher Mg/Mn values. The Kp[(Mg/
Mn)Xa/(Mg/Mn)™] varies from 0.46 to 0.64
which can only partly be explained by the compo-
sitional variation of kanoite. The corresponding
Kp values from analyses of natural assemblages
published by Klein (1966), Kobayashi (1977) and
Peters et al. (1977) vary between 0.39 and 0.48.
The two available donpeacorite-tirodite pairs in
sample 6005 show a Kp[(Mg/Mn)P/(Mg/
Mn)™] of 0.65, slightly different to the value of
0.59 obtained by Petersen et al. (1984). The varia-
tion probably reflects changes in P,T and fluid
composition during tirodite formation. The retro-
gressive growth of tirodite over a wide P,T range
is underlined by the formation of hydrous miner-
als in all other quartz-rich lithologies of the area.
Anthophyllite and talc replacing enstatite as well
as the formation of andalusite indicate cooling
during decompression of the Bani Hamid unit
(Gnos & Kurz, 1994). The retrograde minerals oc-
cur in shear zones, while the formation of white
micas indicates migrating potassium- and sodium-
bearing fluids which were probably derived from
the underlying subducting plate.

Crystal chemistry of kanoite

Two structure refinements on kanoite are available
from the literature (Ghose et al., 1975; Gordon et
al., 1981). Unfortunately, the results of Ghose et
al. (1975) on a synthetic kanoite with the compo-
sition MngyoMg; ;Si,O¢ are only presented in the
form of an abstract. In this sample, M1 has
0.118(3) Mn and 0.882 Mg; M2 has 0.782 Mn and
0.228 Mg. These populations are very similar to
those for natural kanoite studied here. The natural
kanoite of Gordon et al. (1981) has the composi-
tion Mn; ;Mg s¢Cay 251,06, with Mg strongly en-
riched on M1. Average M1-O and M2-O distances
of the Balmat kanoite (Table 3, column 2) are ca.
0.02A longer than the corresponding distances of
kanoite from the United Arab Emirates. This can
be explained by the higher Ca content of the Bal-
mat sample which can be placed on M2, leading
to a higher Mn concentration on M1 and thus in-
creasing M1-O as well. The characteristics of the
kanoite structure are very similar to related P2,/c
structures. The atomic displacement parameters
for M2 are significantly higher than those for M1.
Bond valence calculations (Table 5) using the pa-
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Table 5. Bond valences and valence sums for cations and anions in kanoite.

Ol1A O1B O2A O2B O3A O3B z
M1 0.386 0.277 0.412 0.402 2.160
0.298 0.386
M2 0.340 0.364 0.380 0.429 0.198 0.091 1.860
0.058
SilA 1.033 1.082 0.937 3.959
0.907
SilB 1.027 1.073 0.925 3.910
0.885
z 2.057 2.053 1.904 2.042 1.959

1.874

rameters of Brown & Altermatt (1985) indicate
underbonding for M2 but overbonding for MI.
O2A and O2B — which are three-fold coordinated
by M1, M2, and Si —, are underbonded and form
the shortest M1-O, M2-O and Si-O distances in
the structure. The longest Si-O distances are ob-
served for O3A and O3B, bridging SilA and
SilB. These long Si-O3 distances become possi-
ble because O3 bonds to additional M sites, thus
increasing the valence sums.

Mg,Si,0¢ (clinoenstatite), MgMnSi,Og4 (ka-
noite), and Mn,Si,04 (clinopyroxene synthesized
at 10 GPa, 1200 °C by Tokonami et al. (1979)) all
crystallize in space group P2;/c. Kanoite from the
United Arab Emirates has the same mean M1-O
distance (Table 3) as clinoenstatite (Ohashi & Fin-
ger, 1976). If the six shortest M2-O distances are
considered, kanoite has the same mean M2-O dis-
tance as synthetic Mn,Si,O¢ (Tokonami et al.,
1979). Because Mg-O distances are the shortest
and Mn-O distances are the longest M1-O and
M2-0O distances found in the P2;/c pyroxenes it is
worth testing some general relationships described
in the literature.

Cameron & Papike (1980) assumed from an
analogy with Pbca orthopyroxenes that P2,/c
pyroxenes have a negative correlation between
the Si-O (bridging) bond length and the mean
M1, M2 octahedral radius. Based on the series of
Mg, Mn P2,/c clinopyroxenes, however, this can-
not be confirmed. SilA-O (bridging) is 1.654 A
for Mn,Si,0 and 1.655A for Mg,Si,04, with
1.652 for MgMnSi,0¢ (kanoite). Thus, there is
no correlation between SilA-O (bridging) and
M-O. Although Si1B-O (bridging) is 1.667 A for

Mn,Si,06 and 1.676 A for Mg,Si,Og, it is 1.661 A
for kanoite, indicating that this correlation is not
simply linear. Nyfeler et al. (1995), comparing
pyroxene-related structures with Mn on M1, con-
cluded that there is no simple correlation between
the size of the M2 site and the length of the tetra-
hedral chain (or the Si-O-Si angle). A striking var-
iation can be seen in Si-O-Si angles in the Mg,
Mn P2,/c series. Both kanoite and synthetic
Mn,Si,0¢ have M2 occupied by Mn, whereas ka-
noite has Mg on M1. Both structures have very
similar Si-O-Si angles (Table 3). The correspond-
ing angles for clinoenstatite (Mg on M1 and M2)
are about 6° shorter. Cameron & Papike (1980)
further suggested that there is a slight negative
correlation between mean ionic radius (M1, M2)
and mean Si-O distance. However, mean SilA-O =
1.631 A for Mn,Si,Og, and mean SilA-O = 1.628
A for both Mg,Si,0¢ and MgMnSi,O¢ (Table 3).
Mean SilB-O = 1.637 A for Mn,Si,Og, 1.638 A
for Mg,Si,0¢ and 1.634 A for kanoite. These data
indicate that correlations in P2,/c pyroxenes are
much more complex than hitherto considered.
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