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abstract

Synchrotron powder X-ray diffraction and scanning electron microscopy examinations of man-
ganese oxide concretions/nodules (~0.3–1.0 mm diameter) from ODP Site 1262 on Walvis Ridge in 
the Southeastern Atlantic Ocean revealed that they consist primarily of the layered Mn oxide phase 
jianshuiite [(Mg,Mn,Ca)Mn3

4+O7·3H2O]. The nodules are from an interval with severe carbonate dis-
solution that represents the Paleocene/Eocene (P/E) thermal maximum (~55.8 Ma). Most nodules from 
the middle of the carbonate dissolution interval contain internal open space, and consist almost entirely 
of euhedral plate-like jianshuiite crystals, 2–4 μm in diameter and ~0.1–0.5 μm thick. Backscattered 
electron images and energy-dispersive X-ray analyses revealed stacks of interleaved Al-rich and Al-
poor jianshuiite crystals in some nodules. The crystals in other nodules contain predominantly Mg 
(with trace K and Al) in addition to Mn and O, making them near “end-member” jianshuiite. Rietveld 
refinements in space group R3 confirmed the isostructural relationship between jianshuiite and chal-
cophanite, with Mg occupying the interlayer position above and below the vacant sites in the Mn/O 
octahedral sheet, and coordinated to 3 octahedral layer O atoms (1.94 Å) and 3 interlayer water O 
atoms (2.13 Å). Final refined occupancy factors suggest that small quantities of Ni and possibly Mn2+ 
are located on the Mg site. The transient appearance of the Mg-rich birnessite-like phase jianshuiite, 
probably abiotically produced, must indicate an exceptional transient change in the chemistry of the 
pore fluids within deep ocean sediments directly following the P/E boundary, possibly as a result of 
decreasing oxygen levels and pH, followed by a return to pre-event conditions.
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IntroductIon

Site 1262 was drilled on Ocean Drilling Program Leg 208 
on the northwestern flank of Walvis Ridge in the Southeastern 
Atlantic Ocean, west of South Africa (Zachos et al. 2004). Lower 
Cenozoic sediments at Site 1262 consist mainly of foraminifera-
bearing, carbonate-rich nannofossil ooze with minor clay and 
volcanic ash. The Paleocene/Eocene (P/E) boundary occurs at an 
abrupt contact between nannofossil ooze and a red clay (Zachos 
et al. 2005; McCarren et al. 2008) (Fig. 1). This clay layer cor-
responds to a period of severe carbonate dissolution at the onset 
of the most extreme global warming event in the Cenozoic, the 
Paleocene/Eocene Thermal Maximum (PETM), dated at ~55.8 
Mya (e.g., McInerney and Wing 2011; Dunkley-Jones et al. 2013). 
The warming was triggered by a massive injection of isotopically 
light carbon into the ocean-atmosphere system (e.g., Dickens et al. 
1995; Thomas and Shackleton 1996). The source of the carbon, 
its nature (CH4 or CO2 or a mixture), and the mechanisms and 
duration of release are still debated (McInerney and Wing 2011; 
Dickens 2011; Dunkley-Jones et al. 2013). The strong increase in 
atmospheric pCO2 caused by the release of thousands of gigatons 
of carbon compounds over <10 000 yr caused global warming by 

5–8 °C (Dunkley-Jones et al. 2013) and severe ocean acidification, 
and these events in turn led to an abrupt shallowing of the carbonate 
compensation depth (Zachos et al. 2005; Ridgwell and Schmidt 
2010; Hoenisch et al. 2012; Winguth et al. 2012).

The >38 μm size fraction of the sediment in the carbonate-free 
section at Site 1262 (paleodepth ~3500 m; Zachos et al. 2005; 
Foster et al. 2013) consists primarily of Mn oxide “nodules,” 
along with fish detritus (Fig. 2a). The nodules measure ~1–5 mm 
or smaller in diameter. They comprise only a minor fraction of 
the bulk sediment, with only <1 wt% of the bulk sediment in the 
>38 μm size fraction. The concentration of Mn in the bulk clay
layer is ~20 μmol/g (Chun et al. 2010).

For this study, we investigated the mineralogy of the Mn 
nodules in the sedimentary record at Site 1262 as well as similar 
nodules at other sites on Walvis Ridge (e.g., Site 1265, Zachos et 
al. 2004). Our analyses of the nodules from the PETM clay interval 
at Site 1262 revealed the predominance of jianshuiite, a Mg-rich 
phyllomanganate, with unusually high crystallinity. For the first 
time, we present a full structure refinement and characterization 
of this rare Mn oxide mineral. Since the PETM represents an ex-
treme climatic anomaly in the Cenozoic, unusual minerals within 
the sediments associated with this event, and their geographic and 
bathymetric occurrence, may provide important clues to explain 
the origin of the warming episode.

American Mineralogist, Volume 101, pages 407–414, 2016

0003-004X/16/0002–407$05.00/DOI: http://dx.doi.org/10.2138/am-2016-5347     407

* E-mail: postj@si.edu




