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INTRODUCTION

Titanates of mantle origin are of considerable interest be-
cause of their geochemical and petrological significance for
various processes in the upper mantle. They have been sug-
gested to be indicators for mantle metasomatism and offer po-
tential repositories for high field-strength elements (HFSE),
large-ion lithophile elements (LILE), and light rare earth ele-
ments (LREE) in the mantle (e.g., Haggerty 1983, 1991; Wang
et al. 1999). Consequently, they may have great impact on the
liberation or sequestration of these elements during partial
melting of the mantle (e.g., Jones 1989). Titanates in subducted
slabs (Ryerson and Watson 1987; Brenan et al. 1994), that re-
main as residual phases in source regions (Foley and Wheller
1990), or as form of metasomatic precipitates (Wang et al. 1999)
have been inferred to play essential roles in generating one of
the geochemical characteristics of island arc basalts (IAB), the
depletion of HFSE relative to LILE and REE. Moreover, the

structures of titanates have been shown to be excellent indica-
tors of high-pressure silicate isomorphs and hence may predict
silicate phases that occur in the Earth’s deep interior (e.g., Fin-
ger and Hazen 1991).

Through study of mantle-derived pyrope crystals and their
included minerals from Garnet Ridge, Arizona, we found a ti-
tanate that appeared to be chemically unique. We take pleasure
in naming this new mineral in honor of Professor Ian S. E.
Carmichael in recognition of his numerous contributions to
mineralogy and petrology, especially his studies of iron-tita-
nium oxides from volcanic and mantle settings. The mineral
and the name were approved by the Commission on New Min-
erals and Mineral Names, IMA. Because the original type crys-
tal upon which the single-crystal XRD study was conducted
was lost during an attempt to obtain powder XRD data, a co-
type specimen still in its pyrope matrix is preserved in the Na-
tional Museum of Natural History, Smithsonian Institution
(catalogue number NMNH 172011.)

OCCURRENCE AND PETROGENESIS

Garnet Ridge is one of seven localities for ultramafic
diatremes in the Navajo volcanic field on the Colorado Plateau
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ABSTRACT

Carmichaelite [MO2–x(OH)x, where M includes Ti, Cr, Fe, Mg, and Al] is a new hydrous titanate
from Garnet Ridge, an ultramafic diatreme on the Colorado Plateau in Arizona. It is named in honor
of Ian S.E. Carmichael, Professor of Geology at the University of California, Berkeley, in recogni-
tion of his many contributions to petrology, especially his studies of Fe-Ti oxides in volcanic rocks.
The new mineral occurs as platy, cinnamon-brown inclusions in mantle-derived pyrope crystals,
which also contain inclusions of rutile, srilankite, ilmenite, minerals of the crichtonite group, spinel,
and olivine. Carmichaelite is commonly in contact with rutile and occasionally with srilankite. The
average composition is TiO2 = 62.16, Cr2O3 = 18.43, Al2O3 = 1.88, V2O3 = 0.87, Nb2O5 = 0.37, FeO
= 7.61, MgO = 2.80, H2O (calc) = 5.76, total 99.89 wt%, giving an empirical formula close to
Ti0.62Cr0.19Fe0.09Mg0.06Al 0.03V0.01O1.5(OH)0.5. A cation (non-H) to (O+OH) ratio of 1:2 was confirmed
by microprobe analysis of oxygen, and the presence of the hydroxyl component was supported by IR
data. Carmichaelite is monoclinic, space group P21/c, with a = 7.706(1), b = 4.5583(6), c = 20.187(3)
Å, β  = 92.334(2)°, V = 708.5(3) Å3, and Z = 22. The calculated density is 4.13 g/cm3. The strongest
diffraction lines [d(I, h k l)] from a calculated powder pattern are 2.842 (100, 

–
115), 3.773 (94, 013),

2.664 (70, 213), 1.688 (54, –322), 1.679 (44, 226), 1.661 (44, –128), and 1.648 (34, 1.1.11). The crystal
structure, which has been determined from single-crystal X-ray diffraction data, consists of stacked
chains of cation octahedra within layers of hexagonal closest-packed anions. The arrangement of
cation octahedra within a single chain has the same basic structural unit of five edge-sharing octahe-
dra found in olivine, the humite group, and leucophoenicite.

Carmichaelite is inferred to have co-precipitated with its pyrope host and other titanates in the
presence of a fluid or melt phase (i.e., mantle metasomatism) at temperatures of 650–750 °C and
pressures of 20–25 kbar. It contains the highest OH content reported for titanates of mantle origin
and offers a potential storage site for water and high field strength elements in the upper mantle. The
new mineral is probably stabilized by high pressure and the high concentration of Cr. Certain fea-
tures of the carmichaelite structure raise the possibility of a similar high-pressure phase in the Si-Al-
O-H system.
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