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abstraCt

To measure the uptake of radioactive Cs in soils that are rich in Mn oxides, we applied time-resolved 
synchrotron X-ray diffraction (TR-XRD), inductively coupled plasma-mass spectrometry (ICP-MS), 
and analytical scanning electron microscopy (SEM) to determine the kinetics and mechanisms of 
aqueous Cs substitution in the phyllomanganate hexagonal H-birnessite at pH values ranging from 
3 to 10. We observed that the rate of Cs cation exchange into hexagonal H-birnessite exhibited only 
a weak dependence on pH, but the total amount of Cs loading in the interlayer region increased dra-
matically above pH 6.5. The increase in Cs content at higher pH may be attributed to the increasingly 
negative charge on the Mn-O octahedral sheets and perhaps to a structural change toward triclinic 
symmetry with high pH. Dissolution at low pH may have inhibited Cs sequestration. Our work sup-
ports delamination-reassembly as a mechanism of cation exchange.
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introduCtion

Cesium-137 is a byproduct of the plutonium production pro-
cess, and it is a significant contaminant during nuclear fallout, 
nuclear plant meltdown, and nuclear waste storage. Following 
the nuclear plant disasters at Chernobyl (Ukraine), and most re-
cently, Fukushima (Japan), 137Cs was distributed widely through 
radioactive plumes that contaminated soils and surface waters. 
Moreover, 137Cs is a major component of the nuclear wastes 
monitored by the Department of Energy (DOE) at such sites 
as Hanford, Washington; Savannah River, South Carolina; and 
Oak Ridge, Tennessee.

At the Hanford site, 137Cs is responsible for roughly 40% of 
the radioactivity of the nuclear waste (McKinley et al. 2001; 
Gee et al. 2007). Hanford was a plutonium production factory 
from 1943 to 1991, and its high-level nuclear waste is stored in 
177 underground single- and double-shell steel tanks. Approxi-
mately 3.8 million L of waste have leaked from the single-shell 
tanks, partly because the high alkalinity of the waste (pH 13–14) 
corroded the steel. The leaking solutions are concentrated in 
radioactive 137Cs (2 × 1010 Bq/L, equivalent to 0.04 mmol/L), 
and they have contaminated approximately 28 300 m3 of soil 
(Gee et al. 2007). Although the contaminant solutions leaking 
from the tanks initially are at pH 14, the pH is neutralized with 
increasing distance of transport as the solutions are buffered 
by soil minerals (Wan et al. 2004). Consequently, to model the 
migration of Cs-rich fluids, it is necessary to study Cs uptake 
by soil minerals over a range of pH.

Underlying the tank farm at Hanford is the Ringold Forma-
tion, which contains predominantly sand- and cobble-sized gravel 
with significant amounts of clay, silt, and sand (Lindsey and 
Gaylord 1990). These sediments are glacial-fluvial in origin and 
are coated in distinct iron and manganese oxides layers (Barnett 

et al. 2002; Fredrickson et al. 2004). These manganese oxides 
make up 0.4–0.93 wt% of the Ringold Formation (Barnett et al. 
2002; Fredrickson et al. 2004). Despite their minor abundances, 
these phases play a major role in controlling heavy metal mobil-
ity. As coatings on glacial clasts at Hanford, they occur at the 
interface between pore solutions and the primary soil minerals. 
Moreover, the high cation exchange, redox, and adsorption 
capacities of Mn oxides are well documented (Fu et al. 1991; 
Violante and Pigna 2002; O’Reilly and Hochella 2003; Weaver 
and Hochella 2003; Negra et al. 2005; Zhao et al. 2009; Lopano 
et al. 2007, 2009, 2011). Hydrous manganese oxides with layer 
and large-tunnel structures are most frequently observed in these 
soils, such as the phyllomanganates birnessite and ranciéite, and 
the tunneled manganite, todorokite (Taylor et al. 1964; Vaniman 
et al. 2002; Fredrickson et al. 2004). All of these phases occur as 
submicrometer grains with large surface areas, but birnessite is 
typically the most reactive (Weaver and Hochella 2003).

In this study, we have investigated the interactions of aqueous Cs 
with a synthetic hexagonal H-birnessite over a range of pH. Birnes-
site structures have been shown to exhibit either triclinic (Lanson et 
al. 2002; Post et al. 2002) or hexagonal (Silvester et al. 1997; Post 
et al. 2008) symmetry. The structure of hexagonal birnessite differs 
from that of triclinic birnessite in the near-absence of Mn3+ and the 
presence of Mn vacancies () in the octahedral sheet, resulting 
in the following chemical formula for H-birnessite proposed by 
Silvester et al. (1997): H0.33Mn3+

0.111Mn2+
0.055(Mn4+

0.722Mn3+
0.1110.167)O2. 

Subsequently, a similar hexagonal structure was refined for the 
natural Ca-rich analog of birnessite called ranciéite (Post et al. 
2008). The charge deficits incurred by the vacancies and Mn3+ 
in place of octahedral Mn4+ result in negatively charged sheets, 
which are electrostatically balanced by Mn2+ and possibly hydro-
nium or various exchanged cations between the sheets.

Dyer et al. (2000) determined distribution coefficients for the 
exchange of 137Cs into a highly crystalline synthetic Na-birnes-
site, and they report that the uptake decreased as the solution 
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