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Abstract
Studies of the submarine alteration of basaltic glass may improve the understanding of crust-seawater 

interactions and the oceanic elemental cycle. Natural alteration processes such as the palagonitization 
of basaltic glass are complex, and their elucidation is crucial to the understanding of fluid-rock interac-
tions. This study involves major and trace element and isotope mapping of a submarine-altered basaltic 
glass grain and reveals sequential development of alteration textures toward the grain core through the 
transition between unaltered glass and palagonite. The conversion from basaltic glass to palagonite in 
a low-temperature submarine environment results in enrichment in B, Rb, K, Li, H2O, U, Nb, Th, Ti, 
Cu, Ta, Zr, Hf, Ni, Sc, Fe, Cr, Pb, and Zn; and depletion in Si, Mg, Al, Sr, Na, Co, rare-earth elements, 
Ca, P, and V (in order of decreasing distribution coefficient). The glass-palagonite interface region 
has the highest high field strength element (HFSE) and Fe-Ti contents but the lowest Mg content, 
indicating that the Fe-Ti phases that host HFSE were precipitated first during initial palagonitization. 
At the same time, an inferred exchange of oxygen occurred, based on variation in δ18O, with values 
increasing from basaltic glass to palagonite. However, initial palagonite compositions were affected by 
subsequent precipitation and/or incorporation/adsorption of additional compounds such as Mg(OH)2 
scavenged from pore water.
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Introduction
Basaltic glass is the most abundant unstable, highly reactive 

solid on the seafloor (Staudigel and Hart 1983; Utzmann et al. 
2002; Walton et al. 2005), and its alteration attracts increasing 
attention within geochemistry and materials science. Study of 
basaltic glass alteration is important for improving the under-
standing of oceanic crust-seawater interactions (Utzmann et al. 
2002), for determining the composition of groundwater in basal-
tic terrains such as Iceland (Gislason and Eugster 1987), and in 
calculating the flux of materials in geochemical cycles involving 
seawater and oceanic crust. Basaltic glass is also considered a 
natural analog of glass used for containment of radioactive waste 
because of their similar chemical compositions (Crovisier et al. 
2003; Daux et al. 1994; Gin et al. 2013, 2015a; Grambow et al. 
1985; Lutze et al. 1985; Techer et al. 2001b), and it provides a 
means of assessing theoretical models of the long-term safety 
of nuclear waste disposal in borosilicate glass (Crovisier et al. 
2003; Jantzen and Plodinec 1984; Techer et al. 2000, 2001b). The 
alteration of glass may also provide guidance for archaeologists 
during heritage conservation (Saheb et al. 2015).

Palagonitization is a geochemical alteration process com-
mon to basaltic glass (Jercinovic et al. 1990; Pauly et al. 2011; 
Stroncik and Schmincke 2002; Walton and Schiffman 2003), but 

its controls and mechanism are not fully understood (Drief and 
Schiffman 2004; Pauly et al. 2011). Palagonite is generally con-
sidered the initial metastable alteration product of volcanic glass 
(Jercinovic et al. 1990; Stroncik and Schmincke 2001, 2002) and 
usually occurs on exposed glass surfaces such as grain peripher-
ies, vesicle walls, and along fractures (Jercinovic et al. 1990; 
Stroncik and Schmincke 2001; Techer et al. 2001b; Walton and 
Schiffman 2003). An investigation of compositional variations 
during basaltic glass alteration to palagonite may elucidate the 
alteration process. Traditional bulk analysis techniques have high 
precision and accuracy and are easily applied to the determination 
of major and trace element compositions of altered glass, but 
cannot completely differentiate unaltered and altered materials 
whose thickness are in the range of micrometers (Ailin-Pyzik 
and Sommer 1981; Hart 1969, 1970). Differentiation may be 
achieved by in situ elemental analysis methods with high spatial 
resolution, such as electron microprobe analysis (EPMA), micro-
X-ray fluorescence spectroscopy (XRF), and laser ablation–
inductively coupled plasma–mass spectrometry (LA-ICP-MS). 
The use of LA-ICP-MS allows simultaneous quantitative analy-
ses of major and trace elements (including elements with low 
atomic mass) in glass and palagonite, with low-detection limits 
(in favorable cases to parts per trillion, ppt) (Belza et al. 2015; 
Drief and Schiffman 2004; Knowles et al. 2013; Nikitczuk et 
al. 2016; Pauly et al. 2011; Thorseth et al. 1991; Utzmann et al. 
2002; Walton et al. 2005). Two-dimensional elemental imaging 
allows observation of variations between pristine glass and its 
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