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EVIDENCE FOR HIGH-f (O2) CONDITIONS DURING RETROGRADE METAMORPHISM
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ABSTRACT

Kanonaite has been discovered in a metachert pebble derived from the metamorphic sole of the Oman ophiolite in United
Arab Emirates. The kanonaite rims (50 �m in maximum width) manganian andalusite with a distinct chemical discontinuity, and
is also found intergrown with muscovite. It contains up to 65 mol.% Mn3+AlSiO5, and the Fe analogue, Fe3+AlSiO5, typically
accounts for 3–12 mol.% of the total. Petrographic features suggest that kanonaite formed by reaction between manganian
andalusite and quartz, with the addition of K introduced by an aqueous fluid, according to: 6(Al0.62Mn3+

0.30Fe3+
0.08)AlSiO5 +

3SiO2 + 2K+ + 3H2O → 3(Mn3+
0.60Al0.36Fe3+

0.04)AlSiO5 + K2(Al3.64Fe3+
0.36)(Si6Al2)O20(OH)4 + 2H+. The formation of kanonaite

can be attributed to a retrograde hydration event under high-f(O2) buffering according to the solid–solid reactions: 14Mn2O3 +
4SiO2 = 4Mn7SiO12 + O2 and Mn2O3 + SiO2 + Al2SiO5 = 2MnAlSiO5. The formation of kanonaite suggests that the retrograde
metamorphism in the sole of the Oman ophiolite involved localized conditions of high f(O2).
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SOMMAIRE

Nous avons trouvé la kanonaïte dans un caillou de métachert dérivé de la base métamorphique de l’ophiolite d’Oman, dans les
Émirats arabes unis. La kanonaïte se présente en liseré 50 �m en largeur maximale sur l’andalousite manganifère, avec une
discontinuité distincte en composition; elle est aussi en intercroissance avec la muscovite. Elle contient jusqu’à 65% Mn3+AlSiO5
et 3–12% de l’analogue ferrique, Fe3+AlSiO5 (en termes molaires). D’après les aspects pétrographiques, la kanonaïte se serait
formée par réaction entre l’andalousite manganifère et le quartz, avec addition de potassium par le biais d’une phase aqueuse:
6(Al0.62Mn3+

0.30Fe3+
0.08)AlSiO5 + 3SiO2 + 2K+ + 3H2O → 3(Mn3+

0.60Al0.36Fe3+
0.04)AlSiO5 + K2(Al3.64Fe3+

0.36)(Si6Al2)O20(OH)4
+ 2H+. La formation de la kanonaïte serait due à un événement de rétrogression hydratante sous conditions de fugacité élevée
d’oxygène, avec tamponage selon les réactions solide–solide: 14Mn2O3 + 4SiO2 = 4Mn7SiO12 + O2 et Mn2O3 + SiO2 + Al2SiO5
= 2MnAlSiO5. D’après la formation de la kanonaïte, le métamorphisme rétrograde dans la sole du complexe ophiolitique d’Oman
a impliqué des conditions locales de f(O2) élevée.

(Traduit par la Rédaction)

Mots-clés: kanonaïte, andalousite manganifère, fugacité élevée de l’oxygène, sole métamorphique, ophiolite d’Oman, Emirats
arabes unis.
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INTRODUCTION

Manganic minerals in rocks are rare in nature, pri-
marily because the formation and preservation of such
sedimentary, diagenetic, or metamorphic manganese-
bearing rocks requires high redox potentials. The pres-
ence of Mn-bearing minerals can be utilized as a
potential tool in determining the fugacity of oxygen,

f(O2), at the time of formation. Members of the
manganian andalusite – kanonaite series have been re-
ported from more than twenty localities, but the condi-
tions of formation and the phase relations of kanonaite
are still unclear. Few investigations have been made of
occurrences in nature (Vrana et al. 1978, Kramm 1979)
and its stability in experiments (Abs-Wurmbach et al.
1983, Abs-Wurmbach & Peters 1999).
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Here, we report a new occurrence of kanonaite from
the metamorphic sole beneath the Oman ophiolite in the
Bani Hamid area of the United Arab Emirates. The data
provide new insight into the overall compositional varia-
tion in the andalusite–kanonaite solid solution in man-
ganic metamorphic rocks. We infer the metamorphic
conditions at which kanonaite formed in the Bani Hamid
metamorphic sole, and explore the implications with
regard to f(O2) conditions.

BACKGROUND INFORMATION

Stability relations in the system Mn–Al–Si–O, espe-
cially those involving Mn3+-for-Al substitution in
Al2SiO5 polymorphs, are strongly dependent on P–T–
f(O2) conditions (Abs-Wurmbach et al. 1983).
Kanonaite, Mn3+AlSiO5 (Vrana et al. 1978), is an end
member of the andalusite group, and has been reported
in metamorphic sequences in association with manga-
nese-rich quartz schists and metapelites (Vrana et al.
1978, Kramm 1979). Previous studies have focused on
the formation of manganian andalusite and the misci-
bility in the system andalusite–kanonaite (Abs-
Wurmbach & Langer 1975, Vrana et al. 1978, Kramm
1979, Abs-Wurmbach et al. 1981, 1983). A solid solu-
tion from zero to about 46 mol.% MnAlSiO5 has been
demonstrated in the laboratory, and kanonaite has been
synthesized with a maximum of 86 mol.% MnAlSiO5
in a few runs below 500°C and 0.3 GPa under the
AgMnO4 or PtO2 internal buffer (Abs-Wurmbach et al.
1983). These authors concluded that kanonaite is only
stable at temperatures below 500°C and at low fluid
pressure. Abs-Wurmbach & Peters (1999), however,
synthesized kanonaite at 600°C at 0.4 GPa and along
the MnO2–Mn2O3 buffer. In nature, the solid solution is
continuous up to 79 mol.% MnAlSiO5 and crystallizes
at low temperature and pressure along the MnO2–
Mn2O3 buffer curve (Kramm 1979).

GEOLOGICAL SETTING

The metamorphic sole associated with the Oman
Ophiolite is divided into ordinary and extraordinary
parts (Gnos & Kurz 1994, Gnos & Nicolas 1996). The
ordinary metamorphic sole outcrops sporadically as
small slices of no more than a few hundred meters thick
over the whole extent of the Oman Ophiolite in the
United Arab Emirates (UAE) and the Sultanate of Oman
(Fig. 1). The formation of the ordinary metamorphic
sole has been regarded as the result of sub-ophiolite
metamorphism during intraoceanic thrusting and asso-
ciated heat-flow from the overriding young and “hot”
lithosphere during the late Cretaceous (Searle & Malpas
1980, Boudier & Coleman 1981, Ghent & Stout 1981,
Gnos & Kurz 1994, Gnos & Nicolas 1996, Hacker &
Mosenfelder 1996). The ordinary metamorphic sole is
characterized by a strong inverted thermal gradient of

more than 1°C per meter (Ghent & Stout 1981, Hacker
& Mosenfelder 1996), and consists of metabasites and
metacherts, including manganese-bearing metasedi-
ments (Allemann & Peters 1972, Glennie et al. 1974,
Ghent & Stout 1981, Searle & Malpas 1980, Kickmaier
& Peters 1991, Gnos 1992, Gnos & Peters 1995, Gnos
et al. 1996). The ordinary metamorphic sole also in-
cludes minor amounts of metapelites and marbles,
which were metamorphosed under amphibolite- to
granulite-facies conditions (Searle & Malpas 1980,
Ghent & Stout 1981, Hacker & Mosenfelder 1996).

The metamorphic sole in the Bani Hamid area forms
part of the extraordinary metamorphic sole. It occurs as
a sheet of up to 2 km in thickness, and occupies an ex-
traordinary position enclosed by peridotite (Gnos &
Kurz 1994) near the northern end of the Oman ophiolite
(Fig. 1). This extraordinary metamorphic sole is devoid
of any strong thermal gradient across the metamorphic
sequence, and the whole sequence is considered to have
undergone granulite-facies metamorphism (Gnos &
Kurz 1994). The extraordinary metamorphic sole thus
was emplaced in its present position at an early stage of
the intraoceanic thrusting event, and was heated from
the hot peridotite walls on both sides (Gnos & Nicolas
1996). The estimated conditions of peak metamorphism
for the extraordinary metamorphic sole are 800–850°C
at 0.65–0.9 GPa (Gnos & Kurz 1994). The extraordi-
nary metamorphic sole underwent hydration during
cooling, associated with decompression (Gnos & Kurz
1994). Retrograde alteration is clearly indicated by the
widespread presence of muscovite in quartz-rich litholo-
gies (Gnos & Kurz 1994). Estimated conditions involve
a wide range of temperature (700–200°C) and low pres-
sure (<0.4 GPa), and range from lower-amphibolite fa-
cies to greenschist-facies conditions (Gnos & Kurz
1994).

Manganian andalusite has been reported from a
metachert in the Bani Hamid area (Gnos 1992, Abs-
Wurmbach & Peters 1999). The manganian andalusite
in this area is found as a stable phase at the granulite
facies and partly at the amphibolite-facies conditions of
retrograde metamorphism (Gnos 1992). We found
kanonaite in two pebbles of metachert from the extraor-
dinary metamorphic sole in the Bani Hamid area
(Fig. 1).

PETROGRAPHY AND MINERAL CHEMISTRY

The chemical composition of minerals was estab-
lished by wavelength-dispersion X-ray microanalysis
(JCXA733, JEOL) at Shizuoka University. Elemental
color maps were produced using a similar microanalyzer
(JXA8800M, JEOL) at the Himeji Institute of Technol-
ogy. Correction procedures follow the method of Bence
& Albee (1968). Representative results of spot analyses
are given in Table 1 and 2, and element maps are shown
in Figure 2.
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The kanonaite- and manganian-andalusite-bearing
metachert consists primarily of quartz with subordinate
amounts of manganian andalusite, plagioclase and mus-
covite, and minor amounts of kanonaite, manganian
hematite, braunite, clinochlore, biotite and apatite. The
samples are light gray in color and have a weak wavy
foliation defined by parallel arrangement of muscovite
and biotite flakes. The constituent minerals were divided
into assemblages of primary and secondary minerals
based on petrographic observations of textures in sample
BH7. The primary minerals are quartz, K-feldspar,
manganian andalusite, manganian hematite, muscovite,
biotite and clinochlore, whereas the secondary minerals
are muscovite, kanonaite, braunite, clinochlore and al-
bite. The primary minerals are usually larger (up to 0.9
mm) than the secondary minerals and have accordion
shapes with wavy foliation due to plastic deformation,
whereas the secondary minerals have shapes character-
istic of aggregates and symplectitic static growth. The

sample is slightly altered, and K-feldspar is partly re-
placed by albite + epidote.

Kanonaite exhibits a deep emerald-green to deep
golden yellow pleochroism under the microscope (Figs.
2a, b), with birefringence of first-order yellow to sec-
ond-order green. It occurs as a rim on manganian an-
dalusite grains, with a maximum rim width of 50 �m.
The contact between kanonaite and manganian an-
dalusite is sinuous and discontinuous in terms of Mn
content (Fig. 2c). The elemental maps of Mn and Al
(Figs. 2c, d) reveal that the distribution of these elements
is homogeneous. The rim locally attains a MnAlSiO5
content of about 65 mol.% (Table 1, Fig. 3). A chemical
profile through the manganian andalusite and kanonaite
is shown in Figure 4. The occurrence of anastomosing
muscovite in the manganian andalusite was not observed
in the kanonaite (Figs. 2e, 5). Kanonaite is commonly
intergrown with muscovite (Fig. 5).

FIG. 1. Geological outline of the Oman ophiolite and its metamorphic sole, after Lippard
et al. (1986), showing the occurrence of kanonaite and manganian andalusite.
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FIG. 2. Occurrence of kanonaite and manganian andalusite in metachert in the Bani Hamid area. Photomicrographs (a) and (b)
show pleochroism of kanonaite (deep golden yellow to deep emerald-green) and manganian andalusite (golden yellow to
emerald-green) under plane-polarized light; lower polar of (b) is rotated 90° from (a). (c)–(e) Element-distribution maps
showing Mn, Al and K, respectively. Lighter colors indicate higher concentrations of elements. In (c), the pink area is kanonaite
(up to 65 mol.% kanonaite), the pale green area is manganian andalusite (32 mol.% kanonaite). (d) Element-distribution map
of Al showing Mn3+–Al substitution in kanonaite and manganian andalusite. (e) Element-distribution map of K. Manganian
andalusite is enclosed and cut by muscovite aggregates. Kanonaite is intergrown with muscovite. Minerals abbreviations:
kan, kanonaite; Mn-and, manganian andalusite; mus, muscovite; brn, braunite; qtz, quartz.
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Manganian andalusite also exhibits emerald-green to
golden yellow pleochroism (Figs. 2a, b) and the bire-
fringence is similar to that of kanonaite. It usually oc-
curs as prismatic crystals of 0.3–0.4 mm in width and
0.5–0.9 mm in length. The rim is partially replaced with
aggregates of fine flakes of muscovite. The Mn content
of the rim of the manganian andalusite coexisting with
muscovite aggregates is variable (Fig. 2c). The
MnAlSiO5 content of most grains is 22–30 mol.%
(Table 1, Fig. 3).

Muscovite occurs as aggregates, intergrown with
kanonaite surrounding manganian andalusite (Fig. 2e)
and matrix flakes (Table 2). Muscovite may also occur
as a columnar pseudomorph after manganian andalusite,
yet usually contains less than 1 wt% Mn2O3 (Table 2).
No chemical trends are developed in such muscovite
(Table 2). Biotite flakes contain up to 3.4 wt% Mn2O3,
but are not found in the vicinity of the manganian an-
dalusite. Hematite grains are spherical in shape and con-
tain less than 3 wt% Mn2O3 (Table 2, Fig. 5). Braunite
is associated with the muscovite aggregates and shows
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FIG. 3. AlAlSiO5–MnAlSiO5–FeAlSiO5 diagram. Open diamonds: this study; open cir-
cles: Vrana et al. (1978), Kramm (1979) and Smith et al. (1982) for kanonaite; solid
circle: Abs-Wurmbach et al. (1983) and Abs-Wurmbach & Peters (1999) for synthe-
sized kanonaite; solid diamonds: Gnos (1992), and solid dots: Bäckström (1896),
Klemm (1911), Ödman (1950), Prider & Wheeler, H.W (1960), Suzuki et al. (1965),
Herbosch (1968), Meinhold & Frisch (1970), Kramm (1973), Abraham & Schreyer
(1975), Grapes & Hashimoto (1978), Smith et al. (1982), Basu & Mruma (1985),
Grambling & Williams (1985) for manganian andalusite.

FIG. 4. Chemical profile over manganian andalusite and
kanonaite composite in Figure 5. Plotted data are shown in
Table 1.



148 THE CANADIAN MINERALOGIST

an amoeboid shape (Table 2, Fig. 5). No isolated
braunite occur in the thin section. Clinochlore occurs
locally in muscovite aggregates (Fig. 5). Potassium feld-
spar has the composition of An10Ab49Or41 at the core
and An4Ab96 at the rim. Quartz grains exhibit a weak
undulatory extinction with irregular grain-boundaries
and many healed cracks, indicated by arrays of undif-
ferentiated fine inclusions.

DISCUSSION

Formation of kanonaite and manganian andalusite

The manganian andalusite in the metacherts is con-
sidered to have formed during granulite-facies condi-

tions (Gnos 1992), whereas the kanonaite is considered
to have formed during retrograde metamorphism on the
basis of petrographic observations of texture (Figs. 2
and 5).

The textures seen in back-scattered electron images
indicate that the intergrowth of kanonaite with musco-
vite occurred after the formation of manganian an-
dalusite (Fig. 5). This intergrowth was induced by
hydration during retrograde metamorphism. As
kanonaite grains are closely associated with intergrown
muscovite, the following manganese-release retrograde
reaction seems reasonable:

FIG. 5. Back-scattered electron image of kanonaite and manganian
andalusite showing sinuous boundaries between kanonaite and
manganian andalusite. Kanonaite–muscovite intergrowth is ob-
served around manganian andalusite. The image shows a rapid
change in Mn content at the boundary between manganian
andalusite and kanonaite. Solid points and numbers show ana-
lytical points and numbers in Tables 1 and 2.
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6(Al0.62Mn3+
0.30Fe3+

0.08)AlSiO5
manganian andalusite

+ 3SiO2 + 2K+ + 3H2O
+ quartz + potassium-ion-bearing fluids

= 3(Mn3+
0.60Al0.36Fe3+

0.04) AlSiO5
kanonaite

+ K2(Al0.94Fe3+
0.06)6Si6O20(OH)4 + 2H+.

+ muscovite + hydrogen ion

One likely possibility for the source of potassium ions
in the infiltrating fluids is the substitution of Na+ for
K+, as the rim of the K-feldspar is more sodic (Table 2).
This reaction is supported by the observation of wide-
spread low-temperature hydrothermal alteration in the
metamorphic sole in the Oman ophiolite by several ear-
lier investigators (e.g., Searle & Malpas 1980, Ghent &
Stout 1981, Hacker & Mosenfelder 1996, Gnos &
Nicolas 1996). Infiltration of externally derived fluids,
either meteoric water or fluid from other low-grade
metamorphic assemblages, may have penetrated along
the thrust plane during the late or post-emplacement
movements of the ophiolite. This inference is supported
by the restriction of low-grade deformation and alter-
ation to the shear zone separating the Bani Hamid meta-
morphic rocks and the ophiolite suite (Gnos & Nicolas
1996).

The columnar pseudomorph of muscovite after
manganian andalusite and the undulatory extinction of
quartz in the matrix imply that deformation during
kanonaite formation was not significant, although strong
deformation during the thrusting of the ocean floor is

expected (e.g., Hacker & Mosenfelder 1996, Hacker et
al. 1996). Thus, kanonaite must have formed below the
brittle-to-plastic transition temperature of quartz, that is,
below 250°C (e.g., Passchier & Truow 1996). This esti-
mated temperature for the formation of kanonaite, how-
ever, is too low compared with the conditions of
retrograde metamorphism in the Bani Hamid area (Gnos
& Kurz 1994). The absence of pyrophyllite indicates
that the breakdown temperature of manganian an-
dalusite must have been above 300°C (at 0.4 GPa), at
which temperature the reaction: pyrophyllite + braunite
+ pyrolusite from manganian andalusite + quartz + H2O
would be expected (Abs-Wurmbach et al. 1983). The
presence of albite and the absence of paragonite adja-
cent to the pseudomorphs of manganian andalusite in-
dicate that the limiting reaction on the high-temperature
side is albite + manganian andalusite + H2O = paragonite
+ quartz + bixbyite (500–550°C at 0.4 GPa). The as-
semblage muscovite + clinochlore in muscovite aggre-
gates must have formed below the amphibolite facies
(e.g., Spear 1993). Kanonaite formed at the expense of
manganian andalusite can be bracketed in the tempera-
ture range of 300–550°C. This is in agreement with
natural occurrences of kanonaite reported from am-
phibolite-facies metamorphic rocks (Vrana et al. 1978)
and the experimental results showing kanonaite to be
stable only between 400 and 600°C (Abs-Wurmbach et
al. 1983, Abs-Wurmbach & Peters 1999).

Previous reports on the natural occurrences (Table 3,
Fig. 3) suggest that kanonaite forms at metamorphic
conditions less than 400°C at 0.1–0.2 GPa (Kramm
1979) and at the staurolite–almandine subfacies of the
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amphibolite facies, at about 550–650°C under condi-
tions of high oxygen fugacity (Vrana et al. 1978).
Kramm (1979) explained that kanonaite in low-grade
manganese-bearing sediments at Salm-Château, Bel-
gium, was produced during the introduction of Mn re-
leased from manganian hematite via a solution to rocks
containing manganian andalusite under the MnO2–
Mn2O3 buffer curve. He concluded that kanonaite
formed below 400°C because of the presence of kaolin-
ite and paragonite but absence of feldspar in association
with kanonaite. That occurrence likely formed at a lower
temperature than the kanonaite of this study. Petro-
graphic observation of kanonaite + muscovite inter-
growth in the sample BH7 indicates that the Mn in
kanonaite is derived from manganian andalusite break-
down reaction even if the Mn–Al exchange reaction is
also likely to occur easily between manganian hematite
and manganian andalusite (Fig. 5).

Implications for f(O2) conditions
during retrograde metamorphism

The reason for the scarcity of kanonaite when com-
pared to manganian andalusite remains unclear. One
explanation could be that kanonaite forms only under
higher f(O2) conditions than manganian andalusite, as
shown in Figure 6. Higher levels of the kanonaite com-
ponent could be achieved at very high f(O2) conditions
above the MnO2–Mn2O3 buffer curve (Kramm 1979).
The kanonaite- and manganian-andalusite-bearing
samples could also be derived from manganic sediments
and their metamorphic equivalents, because these rocks
may have remained under conditions of high f(O2) from
the start of sedimentation through to high-temperature
metamorphism (Grapes & Hashimoto 1978). The occur-
rence of piemontite + quartz veins in the Mahlah area,
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Wadi Tayin, in the southern Oman ophiolite area (Ghent
& Stout 1981) also suggests that high-f(O2) fluids have
indeed infiltrated the sole, and conditions of high f(O2)
could have been maintained at high temperatures up
until the latest stage of metamorphism.

In the present study, the presence of manganian he-
matite and braunite indicates buffering on a solid-solid
reaction: Mn2O3 + SiO2 + Al2SiO5 = 2MnAlSiO5 (pers.
commun., E.J. Essene) and a braunite-forming reaction:
14Mn2O3 + 4SiO2 = 4Mn7SiO12 + O2. The absense of
pyrolusite indicates that the MnO2–Mn2O3 buffer is the
upper limit of f(O2) condition, whereas the absence of
spessartine indicates that the Mn2O3–Mn3O4 buffer
curve is the lower limit of f(O2) conditions of kanonaite
(Fig. 6). The braunite-forming reaction indicates that
growth of kanonaite occurred at higher f(O2) conditions
than the stability of manganian andalusite. Thus
kanonaite should form at a higher f(O2) – T condition
than manganian andalusite during retrograde metamor-
phism. On the other hand, kanonaite from the metamor-
phic sole of the Bani Hamid area contains less
MnAlSiO5 than the products of synthesis (Fig. 3), which
are buffered on a reaction of 14Mn2O3 + 4SiO2 =
4Mn7SiO12 + O2. The lower MnAlSiO5 content of our
kanonaite might be the result of slightly lower f(O2) – T
conditions than in experiments (Abs-Wurmbach et al.

1983, Abs-Wurmbach & Peters 1999). Thus, the
MnAlSiO5 content of kanonaite may be a useful moni-
tor of oxygen fugacity during retrograde metamorphism
(Fig. 6).

FIG. 6. Stability field of kanonaite and manganian andalusite in the system Mn–Al–Si–O
at 600°C and 0.4 GPa, modified after Abs-Wurmbach & Peters (1999). Crosses and
shading are possible conditions of f(O2) for kanonaite- and manganian-andalusite-bear-
ing assemblages in metachert, respectively. Dotted line (1) and (2) show the pyrolusite
+ quartz = braunite + O2 reaction and the braunite solid-solution + quartz + manganian
andalusite = spessartine + O2 reaction, respectively.
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