American Mineralogist, Volume 88, pages 2028–2039, 2003

Sorption mechanisms of Sr and Pb on zeolitized tuffs from the Nevada test site as a
function of pH and ionic strength
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ABSTRACT
2+

2+

The sorption of Sr and Pb on zeolitized tuffs from the Nevada Test Site (NTS) was investigated using macroscopic batch sorption experiments and X-ray absorption spectroscopy (XAS) as
a function of geochemical parameters, including pH, ionic strength, and type of background electrolyte. The sorption of Sr2+ is dependent on the ionic strength of the medium and independent of
pH, suggesting that Sr2+ sorption is controlled by ion exchange at permanent charge sites. At higher
ionic strengths, background electrolyte cations compete effectively with Sr2+ for cation-exchange
sites and Sr2+ sorption is suppressed. At the two lower ionic strengths (0.01 and 0.1 M), Pb2+ sorption is also consistent with adsorption by cation exchange. At the highest ionic strength (1.0 M),
however, exclusion of Pb2+ from cation-exchange sites resulted in pH dependent adsorption, consistent with sorption on amphoteric surface hydroxyl sites or formation of surface precipitates.
XAS was used to test these hypotheses. Based on XAS data, Sr2+ formed hydrated surface complexes coordinated with approximately eight O atoms at an average distance of 2.60 (±0.02) Å,
regardless of conditions, consistent with the formation of mononuclear, outer-sphere surface complexes at the Ca2 site in the B channel of clinoptilolite. The coordination environment of sorbed
Pb2+ was more complex and a function of pH and ionic strength. The first shell consisted of two to
three O atoms at an average distance of 2.20 (±0.02) Å. At low pH and ionic strength, XAS data
were consistent with Pb2+ adsorption at the Na1 and Ca2 cation exchange sites in channels A and B
of clinoptilolite, respectively. At the highest ionic strength (1.0 M) and low pH, XAS provides
evidence for formation of Pb2+ monodentate, corner-sharing inner-sphere complexes, whereas at
higher pH, XAS analysis is consistent with formation of edge-sharing bidentate inner-sphere complexes. As surface coverage increased, appearance of a second Pb2+ peak suggests the formation of
polynuclear, inner-sphere surface complexes. These results have significant implications for the
transport of radionuclides and other contaminants at the NTS and other nuclear test sites and for
the modeling of these processes.

INTRODUCTION
Because of several hundred nuclear tests conducted at the
Nevada Test Site (NTS) during the Cold War, radionuclides
and other organic and inorganic contaminants have been introduced to the soil and groundwater at the NTS. Heavy metals,
such as Pb and radionuclides (e.g., Sr, Cs, and transuranic elements) are frequently found at the NTS as by-products of
nuclear testing or materials used to shield a device (Bryant and
Fabryka-Martin 1991). Radioactive 90Sr is one of the more frequently found radionuclides in the soil and groundwater at
nuclear weapon test sites and nuclear waste repositories (Fetter 1997). Because of chemical similarity to Ca, 90Sr can easily
replace Ca in the human body and cause chronic illnesses such
as anemia and leukemia (Chang 1988). Lead can also be found
on the NTS because it was used extensively as shielding for
nuclear devices. The toxicity of Pb has been a great concern to
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human beings since ancient times (Chang 1988).
The fate and transport of contaminants in the aqueous phase
is controlled by the interaction of contaminants with the surrounding matrix. These interactions may include dissolution,
precipitation, sorption, and redox reactions (Davis and Hayes
1986; Sposito 1986). Because strongly sorbing contaminants
are expected to be highly retarded whereas weakly binding contaminants are much more mobile, sorption at mineral-water interfaces is one of the predominant processes controlling the mobility
of contaminants in an aquifer (Stumm 1992; Drever 1997).
Different sorption processes exhibit widely variable retention properties. Inner-sphere adsorption, one of the sorption
processes at the mineral-water interface, is relatively insensitive to the ionic strength of the background electrolyte solution. The formation of inner-sphere complexes is closely related
to the hydrolysis constant and the concentration of adsorbing
ions (Chisholm-Brause et al. 1990). Metal ions forming innersphere complexes are considered to bind directly onto surface
hydroxyl sorption sites by a coordination bond such as a cova-
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