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Abstract
We characterized manganese dendrites on three different substrate rocks (rhyolite, clayey siltstone,
and limestone) using high-resolution transmission electron microscopy. Manganese dendrites are
mainly composed of nanometer scale Mn-(hydr)oxides, Fe-(oxy)hydroxide, sulfate, and clay minerals
including hollandite, todorokite, birnessite, goethite, amorphous Fe-hydroxide, smectite, illite, and
gypsum. Each sample has a different main manganese phase. Two dendrite samples have more than
one manganese phase. Todorokite crystals on a limestone sample from Altmühl Valley, Germany,
showed trilling intergrowths. Chain-width disorder and chain termination occur in todorokite. The
sum of the numbers of octahedral wall layers and octahedral chains were equal at both sides beyond
the termination. The chain termination rule was explained by the geometry of octahedral chains and
the octahedral wall layer. The trilling intergrowths of todorokite might be formed by transforming the
structure from birnessite to todorokite, or by multiple, epitaxial todorokite nucleations on octahedral
wall layer of todorokite or birnessite. Based on chain-width disorder in the todorokite, we suggest
that the todorokite might have been transformed from birnessite.
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Introduction
Manganese dendrites are black, hard, and pine branch-like,
and they usually occur on the surfaces and microfractures of
rocks. They are believed to be common products of terrestrial
weathering processes and precipitation of aqueous manganese
ions. Manganese dendrites and some desert vanish samples have
been examined using X-ray powder diffraction, infrared spectroscopy, X-ray absorption spectroscopy, and electron microscopy
(Krinsley 1998; Krinsley et al. 1995; McKeown and Post 2001;
Nagy et al. 1991; Palmer et al. 1986; Perry and Adams 1978; Potter and Rossman 1977, 1979). The texture and growth mechanism
of manganese dendrites were discussed using colloidal growth
and fractal dimension theory (Chopard et al. 1991). Potter and
Rossman (1979) systematically investigated the mineralogy of
manganese dendrites, desert varnish, cave deposits, and stream
deposits using infrared spectroscopy. They discovered Mn-oxide
minerals hollandite, romanechite, and todorokite in manganese
dendrites from different localities, but no pyrolusite contrary to
what is stated in recent textbooks (Klein 2002; Wenk and Bulakh
2004). McKeown and Post (2001) characterized dendrites using
X-ray absorption spectroscopy. Their results indicated that Mnminerals in the dendrites, including birnessite-group minerals,
had structural types of mixed tunnel, mixed layer, or both.
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The detailed textures and the relationship among Mn-oxide
phases and other minerals have not been well characterized. The
main reasons for the difficulty of characterization include the
extremely fine-grained polycrystalline structure of Mn-oxide and
the similarity of X-ray powder diffraction patterns and infrared
spectroscopy results among some manganese minerals (Post
1999; Potter and Rossman 1979). Other challenges include the
presence of other mineral phases, e.g., clays, and the fact that
the Mn-oxides typically occur as thin coatings. In this paper,
we describe high-resolution transmission electron microscopy
(HRTEM) observations of manganese dendrites from three
localities and provide a more detailed look at the complex and
varied Mn-oxide mineralogy in dendrites.

Samples and experimental methods
We examined three dendrite samples on three different substrate rocks. The
first and second samples were taken from the mineral collections of the Department
of Earth and Planetary Sciences, University of New Mexico. The first dendrite
sample was collected from Deadwood, South Dakota. The dendrite identified as
“pyrolusite dendrites” (UNM-M-987) occurred on an unweathered microfracture
surface of a rhyolite. The second dendrite sample identified as “pyrolusite dendrites”
(UNM-M-1054) occurred on a microfracture surface of clayey siltstone from an
unknown locality. The third dendrite sample (AV1) is from the Altmühl Valley in
Germany and was purchased from IKON Mining and Exploration. The dendrites
occurred on the surface of limestone. The dendrites on rhyolite (UNM-M-987) and
limestone (AV1) display a black color, whereas the dendrites on clayey siltstone
(UNM-M-1054) display a brownish-black color (Fig. 1).
A JEOL JEM-2010 microscope equipped with an ISIS X-ray energy disper-

