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Abstract 21 

Studies of the submarine alteration of basaltic glass may improve the understanding of 22 

crust–seawater interactions and the oceanic elemental cycle. Natural alteration processes 23 

such as the palagonitization of basaltic glass are complex, and their elucidation is crucial 24 

to the understanding of fluid–rock interactions. This study involves major and trace 25 

element and isotope mapping of a submarine-altered basaltic glass grain, and reveals 26 

sequential development of alteration textures toward the grain core through the transition 27 

between unaltered glass and palagonite. The conversion from basaltic glass to palagonite 28 

in a low-temperature submarine environment results in enrichment in B, Rb, K, Li, H2O, 29 

U, Nb, Th, Ti, Cu, Ta, Zr, Hf, Ni, Sc, Fe, Cr, Pb, and Zn; and depletion in Si, Mg, Al, Sr, 30 

Na, Co, rare-earth elements, Ca, P, and V (in order of decreasing distribution coefficient). 31 

The glass–palagonite interface region has the highest high field strength element (HFSE) 32 

and Fe–Ti contents, but the lowest Mg content, indicating that the Fe–Ti phases that host 33 

HFSE were precipitated first during initial palagonitization. At the same time an inferred 34 

exchange of oxygen occurred, based on variation in δ18O, with values increasing from 35 

basaltic glass to palagonite. However, initial palagonite compositions were affected by 36 

subsequent precipitation and/or incorporation/adsorption of additional compounds such 37 

as Mg(OH)2 scavenged from pore water.  38 

 39 

Keywords: basaltic glass; palagonite; alteration; elemental imaging; oxygen isotope 40 
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1. Introduction 41 

Basaltic glass is the most abundant unstable, highly reactive solid on the seafloor 42 

(Staudigel and Hart 1983; Utzmann et al. 2002; Walton et al. 2005), and its alteration 43 

attracts increasing attention within geochemistry and materials science. Study of basaltic 44 

glass alteration is important for improving the understanding of oceanic crust–seawater 45 

interactions (Utzmann et al. 2002), for determining the composition of groundwater in 46 

basaltic terrains such as Iceland (Gislason and Eugster 1987), and in calculating the flux 47 

of materials in geochemical cycles involving seawater and oceanic crust. Basaltic glass is 48 

also considered a natural analogue of glass used for containment of radioactive waste, 49 

owing to their similar chemical compositions (Crovisier et al. 2003; Daux et al. 1994; Gin 50 

et al. 2015a; Gin et al. 2013; Grambow et al. 1985; Lutze et al. 1985; Techer et al. 2001b), 51 

and it provides a means of assessing theoretical models of the long-term safety of nuclear 52 

waste disposal in borosilicate glass (Crovisier et al. 2003; Jantzen and Plodinec 1984; 53 

Techer et al. 2000; Techer et al. 2001b). The alteration of glass may also provide 54 

guidance for archaeologists during heritage conservation (Saheb et al. 2015). 55 

Palagonitization is a geochemical alteration process common to basaltic glass 56 

(Jercinovic et al. 1990; Pauly et al. 2011; Stroncik and Schmincke 2002; Walton and 57 

Schiffman 2003), but its controls and mechanism are not fully understood (Drief and 58 

Schiffman 2004; Pauly et al. 2011). Palagonite is generally considered the initial 59 

metastable alteration product of volcanic glass (Jercinovic et al. 1990; Stroncik and 60 
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Schmincke 2002; Stroncik and Schmincke 2001), and usually occurs on exposed glass 61 

surfaces such as grain peripheries, vesicle walls, and along fractures (Jercinovic et al. 62 

1990; Stroncik and Schmincke 2001; Techer et al. 2001b; Walton and Schiffman 2003). 63 

An investigation of compositional variations during basaltic glass alteration to palagonite 64 

may elucidate the alteration process. Traditional bulk analysis techniques have high 65 

precision and accuracy, and are easily applied to the determination of major and trace 66 

element compositions of altered glass, but cannot completely differentiate unaltered and 67 

altered material whose thickness are in the range of micrometers (Ailin-Pyzik and 68 

Sommer 1981; Hart 1970; Hart 1969). Differentiation may be achieved by in situ 69 

elemental analysis procedures with high spatial resolution, such as electron microprobe 70 

analysis (EPMA), micro-X-ray fluorescence spectroscopy (XRF), and laser ablation–71 

inductively coupled plasma–mass spectrometry (LA–ICP–MS). The use of LA–ICP–MS 72 

allows simultaneous quantitative analyses of major and trace elements (including 73 

elements with low atomic mass) in glass and palagonite, with low detection limits (in 74 

favorable cases to parts per trillion, ppt) (Belza et al. 2015; Drief and Schiffman 2004; 75 

Knowles et al. 2013; Nikitczuk et al. 2016; Pauly et al. 2011; Thorseth et al. 1991; 76 

Utzmann et al. 2002; Walton et al. 2005). Two-dimensional elemental imaging allows 77 

observation of variations between pristine glass and its alteration phase (palagonite), 78 

while clearly revealing fine spatial compositional changes. Qualitative elemental imaging 79 

of altered glass has been reported in previous studies, which have focused on the 80 
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compositional differences of certain elements between glass and alteration phases 81 

(palagonite, smectite, or zeolite) (Belza et al. 2015; Knowles et al. 2013; Stroncik and 82 

Schmincke 2001; Utzmann et al. 2002). However, there has been little study of the 83 

overall process from initial precipitation to aged palagonite (before crystallization with 84 

smectite), which is of importance for comprehensive understanding of glass alteration.  85 

In this study, major and trace element imaging by LA–ICP–MS and oxygen isotope 86 

analyses by secondary ion mass spectrometry (SIMS) were undertaken for an individual 87 

submarine-altered basaltic glass grain. Chemical mobility and oxygen isotopic features 88 

during alteration from basaltic glass to palagonite were recorded visually and 89 

quantitatively and focused on the glass–palagonite interface, which is critical to 90 

elucidating the process of glass alteration. 91 

 92 

2. Experimental 93 

2.1 Sample descriptions 94 

The studied sample was collected from a >2500-m-deep basin in the South China Sea, 95 

at site U1434 of the 2014 International Ocean Discovery Program Expedition 349, near 96 

Fossil Spreading Ridge in the southwest sub-basin at 278.3–308.7 meters below seafloor 97 

(Fig. 1), and is dated at ca 17.3 Ma (Zhang et al. 2018a). The geological setting has been 98 

described previously by Li et al. (2015a; 2014). The sample includes a black core of 99 

mid-ocean-ridge basalt (MORB) glass, with a brown palagonite rim (Fig. 2) resulting 100 
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from low temperature (<5°C) alteration (Li et al. 2015a). The interface is markedly 101 

optically different from either glass or outer palagonite crust (Fig. 2b). Palagonite 102 

thickness is generally considered time-dependent (as the alteration reaction proceeds), 103 

and is often used as a chronological indicator in both archeology and geology (Crovisier 104 

et al. 1992; Grambow et al. 1985; Morgenstein and Riley 1974; Stroncik and Schmincke 105 

2002; Techer et al. 2001a; Techer et al. 2001b). The thickness of the individual grain here 106 

varies between 134 and 660 µm, which yields a mean alteration rate of about 1.6×10-7 107 

g.m-2.d-1 according to the calculation proposed by Parruzot et al (2015). 108 

 109 

 110 

Fig. 1 Geological setting of the South China Sea, showing the location of the U1434 111 

sampling site and the lithostratigraphic details of the core (modified from Zhang et al. 112 
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(2018) and Li et al.(2015)). 113 

 114 

Fig. 2 (a) Photomicrograph in plane polarized transmitted light of the altered basaltic 115 

glass sample showing brown palagonite alteration rims. Numbered circles indicate 116 

analysis spots for SIMS oxygen isotope, H2O, and EPMA major element analyses. The 117 

sample vesicle is empty. (b) Photomicrograph showing a closer view of the interface 118 

between palagonite and glass. 119 

 120 

2.2 Instrumental and analytical procedures 121 

2.2.1 Elemental imaging by LA–ICP–MS 122 

Elemental analyses involved ICP–sector field-MS (ICP–SFMS; Element XR, Thermo 123 
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Fisher Scientific, Bremen, Germany) with a 193-nm ArF Resonetics Resolution M-50 LA 124 

system, at the State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of 125 

Geochemistry, Chinese Academy of Sciences (SKLaBIG-CAS), Guangzhou, China. The 126 

laser beam diameter was 33 μm, frequency 6 Hz, and energy density ~4 J·cm–2, and each 127 

spot analysis included 20 s background collection and 30 s sample signal detection. All 128 

detected major and trace element signals were normalized to 29Si, using concentration 129 

data acquired by EPMA prior to LA–ICP–MS analysis (as described in supplementary 130 

information). This allowed active correction for drift, matrix effects, and fluctuations in 131 

ablation parameters. US Geological Survey basaltic glass standards GSD-1G, BCR-2G, 132 

and BHVO-2G were used as calibration standards. Molecular oxide interference was 133 

estimated as <0.3% using the 238U16O/238U ratio. Experimental and data reduction 134 

techniques have been described previously by Zhang et al. (2019). Ten analyses of 135 

another basaltic glass standard TB-1G, treated as an unknown, indicated that most 136 

elemental results are within ±8% of reference values, with an analytical precision (2RSD) 137 

of better than ±10%. To visualize elemental distributions in the altered glass grain, 138 

two-dimensional elemental imaging by LA–ICP–MS was undertaken using an array of 14 139 

× 12 spots at 33 µm intervals. The total acquisition time required for imaging was ~4 h. 140 

Data were processed by a self-developed Excel program, and elemental images (in 141 

concentration units) constructed using Surfer software. 142 

2.2.2 Oxygen isotope and H2O analyses by SIMS 143 
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Oxygen isotope ratios and H2O concentrations were determined in situ using a 144 

CAMECA IMS 1280-HR ion microprobe at the SKLaBIG-CAS. Instrumental parameters 145 

and sample preparation techniques have been described previously by Xia et al. (2019), 146 

and are summarized as follows. The primary Cs+ ion-beam current was 3–5 nA, and a 147 

normal-incidence electron-flood gun was used to compensate for sample charge. 148 

Pre-sputtering (30 s) to remove the gold coating covered an area of 30 µm diameter, 149 

larger than the 15 µm diameter analyzed area. A contrast aperture of 400 µm and field 150 

aperture of 5000 × 5000 µm were applied. The 16O, 18O, and 16O1H ions were collected 151 

simultaneously in two off-axis Faraday cups (L`2 and H1) with mass resolutions (full 152 

width at half maximum, FWHM) of 2400 and one electron multiplier (FC2) with a 153 

FWHM of 7000 (to avoid interference of 17O). The sample and standards were mounted 154 

in a Sn-based alloy mount and then stored in a vacuum oven and in SIMS ultra-vacuum 155 

storage several days before performing analyses, which aims at ensuring the vacuum of 156 

the instrument and reducing the interfere deriving from background. 157 

Matrix effects are common in O isotope analysis of glass by SIMS (Eiler et al. 1997; 158 

Hartley et al. 2012; Ickert et al. 2008), so the reference basaltic glasses BCR-2G (δ18O = 159 

+7.01‰), BHVO-2G (δ18O = +5.60‰), BIR-1G (δ18O = +5.00‰) (Hartley et al. 2012), 160 

and GSD-1G were analyzed before natural samples to determine the relationship between 161 

instrumental mass fractionation (IMF) and matrix composition (SiO2 content). The δ18O 162 

values of GSD-1G and bulk palagonite were also determined by traditional laser 163 
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fluorination GSMS. Profile analyses of the altered grain involved scanning from the core 164 

of basaltic glass to the palagonite, with analysis spots as shown in Fig. 2a. H2O contents 165 

were calibrated by a series of glass reference materials reported by Li et al. (2015b) 166 

(supplementary Fig. 1). Oxygen isotopic compositions relative to Vienna Standard Mean 167 

Ocean Water (VSMOW; 18O/16OV-SMOW = 0.0020052) and IMF corrections were 168 

calculated as follows (Baertschi 1976; Yang et al. 2018): 169 

δ18Om = ((18O/16Om)/(18O/16O V-SMOW) – 1) × 1000    (1) 170 

IMF = δ18Om − δ18Oactual         (2) 171 

where 18O/16Om is the raw ratio measured by SIMS, and δ18Om and δ18Oactual are measured 172 

and recommended or corrected values, respectively. 173 

 174 

3. Results  175 

Two-dimensional spatial elemental distributions within a cross-section of the altered 176 

basaltic glass grain were recorded by elemental imaging using LA–ICP–MS (Figs 3, 4 177 

and 5). Individual patterns for each element indicate that alteration did not change the 178 

chemical compositions stoichiometrically. The images indicate that the glass became 179 

depleted in major elements Ca, Al, and Na, trace elements P, Mn, Sr, V, Ba, and Co, and 180 

rare-earth elements (REE) during alteration to palagonite, and the distribution patterns of 181 

K, Rb, Li, Ni, and B mirrored or were negatively correlated with those of the former 182 

elements. The most striking observation is that major elements Fe, Ti, and Mg and trace 183 
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elements U, Th, Pb, Cr, Sc, Ta, Nb, Zr, Hf, and Cu are not characterized by different 184 

monotonic gradients from the remnant glass core to the altered margin, with their most 185 

enriched or depleted areas being limited to the vicinity of the interface between glass and 186 

palagonite. The average elemental contents of glass and palagonite, and their degrees of 187 

enrichment or depletion, are provided in Table 1, with the greatest depletion occurring for 188 

Ca, P, V, Y, and La, with >90% loss during palagonitization, and the greatest enrichment 189 

(>500%) for Li, B, K, and Rb. 190 

Oxygen isotope analyses of basaltic glass standards by SIMS indicate that IMF 191 

depends on SiO2 content (Fig. 6a), so oxygen isotopic profile analyses from grain core to 192 

palagonite rim (Fig. 6b) were corrected for IMF, giving the core section a uniform δ18O 193 

value. The palagonite, however, has a distinctly higher δ18O than the glass, mirroring the 194 

offset in H2O content (Fig. 6b).  195 

 196 

4. Discussion 197 

4.1 Redistribution of elements during palagonitization 198 

Previous analysis of elemental flux resulting from glass palagonitization has focused 199 

mainly on elemental compositions in relation to an assumed glass–palagonite immobile 200 

element such as Fe, Ti, Al, or Zr (Crovisier et al. 1992; Gi Young and Sohn 2011; 201 

Staudigel and Hart 1983; Utzmann et al. 2002). However, actual immobility is 202 

questionable, and mobility may change during the alteration process (Knowles et al. 2013; 203 
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Stroncik and Schmincke 2001; Thorseth et al. 1991). The natural alteration environment 204 

is complex and variable, so magnitudes and directions of chemical changes during 205 

alteration, as estimated by such methods, are likely to have appreciable uncertainties. 206 

Undistorted primary textures and tight contact between glass and palagonite suggest that 207 

replacement of glass by palagonite involves little, if any, change in volume. Glass 208 

alteration is thus an isovolumetric process, as indicated by previous studies (Hay and 209 

Iijima 1968; Staudigel and Hart 1983; Stroncik and Schmincke 2001). Therefore, the 210 

chemical flux during alteration may be evaluated by a density correction of the alteration 211 

product (palagonite) based on that of basaltic glass: 212 

c`i (p)= (ρp/ρg) × ci (p)                                (3) 213 

where ci (p) and ci`(p) are the contents of element i in palagonite, as directly measured by 214 

LA–ICP–MS and calculated by correction of the density difference between palagonite 215 

and basaltic glass, respectively, and ρp and ρg are the density of palagonite and basaltic 216 

glass, respectively. The values of ρp and ρg, determined by a liquid-filled pycnometer 217 

reported by Hay and Iijima (1968), are 2.56 (2σ = 0.1) and 2.19 (2σ = 0.1) g·cm–3, 218 

respectively. All elemental data for palagonite, including elemental imaging, were 219 

corrected using this method (density correction). 220 

The elemental distribution coefficient (D) between basaltic glass and palagonite may 221 

be used to evaluate the extent of gain or loss of element during palagonitization. D>1 222 

means gain of element and D<1 means loss of element from alteration system. 223 
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 Di = ci`(p) / ci (g)                                    (4) 224 

where Di is the distribution coefficient of element i, and ci (g) is the content of element i in 225 

basaltic glass. 226 

 227 

4.1.1 Major element distribution patterns 228 

Average major element contents of palagonite measured by LA–ICP–MS, excluding 229 

the interface, are very similar to those determined by EPMA (Table 1 and supplementary 230 

Table 1), indicating that matrix effects between basaltic glass and palagonite in LA–ICP–231 

MS analyses were negligible. Mapping for Na2O, CaO, and MgO (Fig. 3b, c, d) show that 232 

their contents are lower in palagonite than in parental glass, indicating they were easily 233 

mobilized and released into pore water during alteration. Their patterns are consistent 234 

with those of previous analyses of altered sub-seafloor basaltic glasses, which indicate 235 

pronounced exchange between glass and pore water, causing depletion in Na, Ca, and Mg 236 

(Staudigel and Hart 1983; Stroncik and Schmincke 2002; Walton et al. 2005). The roles 237 

of these elements as glass silicate network modifiers and their small hydration energies 238 

may cause their high mobilities and early ion exchange with H+ or H3O+ in pore water 239 

(Belza et al. 2015; Petit et al. 1990b; Robinet et al. 2006). Magnesium has the lowest 240 

concentration near the glass–palagonite interface, notably different from Na and Ca, 241 

possibly due to the incorporation of Mg(OH)2 and/or scavenging of Mg from pore water 242 

during the subsequent aging and maturing of palagonite (Alt 1995; Seyfried Jr and Mottl 243 
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1982; Utzmann et al. 2002), which leads to slight enrichment in Mg relative to early 244 

palagonite. This process could be regarded as post-palagonitization, representing the 245 

continuing evolution of initial precipitation (early palagonite) towards a 246 

thermodynamically more stable layer (aging palagonite). However, Na and Ca show no 247 

such effect, implying the adsorption site in palagonite is more basic and suitable for Mg, 248 

with its hydroxide being less soluble than Na and Ca (supplementary Fig. 2). 249 

Although K is also an alkali metal, the K2O distribution displays an opposite trend to 250 

that of Na2O, with enrichment in the palagonite (Fig. 3e) at a level of ~900% (Table 1). 251 

Palagonite is thus a major sink for K, with an ability to trap K released during glass 252 

dissolution and to scavenge additional K from pore water. This might be related to K 253 

being preferentially incorporated into interlayer positions of palagonite, for it is regarded 254 

as a possible precursor of smecities featuring the same behavior under submarine 255 

conditions of low temperature and high K content (Ghiara et al. 1993; Staudigel and Hart 256 

1983), which is unlike high-temperature alteration or subaerial weathering where losses 257 

of K occur during palagonitization (Furnes 1978; Hay and Iijima 1968). 258 

Aluminum, as a glass network-forming element, was previously regarded as being 259 

immobile during alteration in natural waters at near-neutral pH (Crovisier et al. 1992; 260 

Furnes 1978; Reesman et al. 1969), but the Al2O3 image (Fig. 3f) indicates otherwise, 261 

with a significant change in content from the glass–palagonite. Its distribution may be 262 

explained by the rupture of aluminate linkages because of a coordination change (from 263 
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tetrahedral to octahedral Al) after exchange of glass modifier cations with aqueous 264 

H+/H3O+, with the resulting six-coordinated Al species being released to solution (Casey 265 

et al. 1988; Hellmann 1995; Hellmann et al. 1990; Tsomaia et al. 2003). The Al released 266 

in highly alkaline alteration conditions (e.g., pH ≥ 10.4) which could be achieved in the 267 

alteration interface solution through ion-exchange between glass network-modifiers and 268 

solution H+, as in this case, could be further transformed to soluble Al(OH)4
 ̶ from 269 

undissolved Al(OH)3 (Hay and Iijima 1968; Jercinovic et al. 1990). The distribution of 270 

the other formative element, Si, is not discussed here, because of its use as the internal 271 

standard element in LA–ICP–MS analyses, but the SiO2 profile analyses by EPMA (Fig. 272 

4) indicates a trend similar to that of Al, with relative depletion in palagonite due to 273 

dissolution of the glass during palagonitization, and with highly basic conditions 274 

promoting its dissolution and mobility (Gi Young and Sohn 2011). 275 

 276 

 277 
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Fig. 3 (a) Photomicrograph of altered basaltic glass and LA–ICP–MS major elemental 278 

imaging of the area (0.46 × 0.40 mm), marked by the red rectangle, for (b) Na2O, (c) CaO, 279 

(d) MgO, (e) K2O, (f) Al2O3, (g) TiO2 and (h) FeOt (total iron oxides). Color keys 280 

indicate the logarithm of concentration.  281 

 282 

Iron and titanium were formerly regarded as the most immobile major elements during 283 

alteration (Ailin-Pyzik and Sommer 1981; Drief and Schiffman 2004; Furnes 1978; 284 

Furnes 1984; Knowles et al. 2013; Thorseth et al. 1991; Walton et al. 2005). However, in 285 

this study, palagonite was enriched in FeOt and TiO2 relative to glass. In particular, the 286 

~30 µm interface between glass and palagonite showed significant enrichment (Fig. 3g, h 287 

and Fig. 2b), distinctly different from that observed by Crovisier et al. (2003) and Pauly 288 

et al. (2011), who detected no concentration gradient from the interior to exterior of the 289 

altered rim. The unique distributions of these elements could be attributable to 290 

progressive passive accumulation, with the most soluble elements being removed from 291 

the reaction interface by dissolution. Although reduced ferrous (Fe2+) iron derived from 292 

the parent glass is soluble, it could be rapidly oxidized to the less soluble Fe3+ (Belza et al. 293 

2015; Knowles et al. 2013). In addition to this endogenous passive accumulation, 294 

significant exogenous Fe and Ti were also introduced into the interface. It could be 295 

deduced from the distinctly different enrichment of Fe and Ti in the interface with about 296 

3 and 8 times compared with glass, respectively, because if it was not the case, the only 297 
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passive accumulation should result in similar enrichment for Ti and Fe, but no such case 298 

happens. The alteration-interface solution would therefore be increasingly enriched in 299 

low solubility components, and then Fe–Ti oxyhydroxides would firstly and quickly 300 

reach the supersaturation and precipitate (Crovisier et al. 1992; Petit et al. 1990b). 301 

However, during subsequent reactions, such as the precipitation of other more soluble 302 

compositions or the adsorption effect of the initial palagonite, the concentration of Fe and 303 

Ti would be diluted and decrease. The Fe and Ti contents in the aging palagonite would 304 

thus be lower than those in the interface vicinity, but still higher than in the former glass, 305 

giving the “jump” distribution in the transition zone between basaltic glass and aging 306 

palagonite. Another possibility involves the remobilization of these relatively insoluble 307 

compositions or their redistribution from inner to outer zone (Furnes 1984; Gin et al. 308 

2015a).  309 

 310 

 311 

Fig. 4 SiO2 profile from core (left, low number spots) to rim of altered glass, as 312 

0 2 4 6 8 10

42.0

45.5

49.0

52.5

Palagonite

Si
O

2 /w
t%

Location

Basaltic glass

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2021-7831.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



18 
 

determined by EPMA. The spot 7 is basically on the interface. Palagonite values are 313 

density-corrected as per Eq. (3). “Location” = spot number (Fig. 2a). Analytical 314 

uncertainties were about ±2.5% (1σ). 315 

 316 

4.1.2 Trace element distribution patterns 317 

There have been many studies of changes in major element compositions, but 318 

relatively few of trace element patterns during glass alteration (Berger et al. 1994; 319 

Crovisier et al. 1987; Crovisier et al. 1983; Furnes 1978; Ghiara et al. 1993). Quantitative 320 

elemental mapping of altered glass allows the direct examination of the mobilization of 321 

trace elements during glass dissolution and precipitation of secondary phases. Only two 322 

mapping studies of altered glass have been reported to date, and they were based on 323 

qualitative methods with limited analysis of trace elements (Belza et al. 2015; Utzmann et 324 

al. 2002). 325 

The alkali metals Li and Rb have distribution characteristics similar to those of K, with 326 

marked enrichment in palagonite (Figs 3e and 5a, b). This is attributed to the different 327 

free energies of hydration of alkali metal ions, with the decrease in absolute values from 328 

Li+ to Rb+ resulting in increasing preferential palagonite uptake of Li–Rb (i.e., with 329 

increasing distribution coefficients) (Berger et al. 1988; Staudigel and Hart 1983) (Table 330 

1). However, alkali metal ions are the predominant silicate network modifiers. When 331 

glass is subjected to hydration (initial alteration), alkali metal ions are largely leached 332 
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(Petit et al. 1990b), particularly Na+ as it is the primary network modifier in basaltic glass, 333 

and is more prevalent than Li, K, or Rb. However, when palagonite (during its 334 

precipitation) scavenges network-modifiers from pore water, where Li, K, and Rb are 335 

more abundant than in the glass, the ratio of Na+ to other alkali metals in palagonite 336 

decreases, effectively resulting in depletion in Na and enrichment in Li, K, and Rb (Figs 337 

3b, e and 5a, b; Table 1). 338 

The trace alkaline earth metals Sr and Ba (Fig. 5c, d; Table 1), which have patterns 339 

similar to those of Ca, are effectively removed from the glass during alteration because of 340 

their mobility. Previous studies of altered samples based on bulk Sr isotope analyses 341 

determined that Sr in the altered phase is derived from both basaltic glass and seawater 342 

(Hart et al. 1974; Menzies and Seyfried 1979). These elements are thus depleted in 343 

palagonite, and their final concentration reflects the total budget of the exchange reaction 344 

between basaltic glass and pore water, with a significant fraction of the basaltic 345 

composition having been leached out.  346 

Vanadium and cobalt might become soluble through formation of VO4
3– and CoO2

– 347 

(rather than insoluble V(OH)4 and Co(OH)3) under highly alkaline alteration conditions 348 

and behave similarly to Al, as both are depleted during alteration to palagonite (Fig. 5e, f). 349 

The mobilities of Mn (Fig. 5g) and Fe are sensitive to redox conditions, and their 350 

different distribution patterns may be attributable to the higher redox potentials of Mn, 351 

resulting in greater mobility of Mn relative to Fe (Haese 2000; Utzmann et al. 2002). 352 
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Another possibility is the incompatible nature of these trace elements in palagonite, 353 

which would lead to a strong preference for them to enter solution.  354 

Boron displays marked enrichment patterns during alteration (Fig. 5h; Table 1), owing 355 

to its ability to substitute for Si in tetrahedral sites and being adsorbed in exchangeable 356 

sites of palagonite (Pauly et al. 2014). Cu, Ni, and Zn are also strongly enriched in 357 

palagonite (Fig. 5i and supplementary Fig. 3a, b), with a net flux of these elements from 358 

seawater to the alteration phase, possibly due to their ability to easily exchange for Mg or 359 

Ca (Petit et al. 1990a), or the adsorption capacity of metal oxides. Manganese oxides, for 360 

example, although they have a net loss during alteration of glass, have a high adsorption 361 

capacity for the cations Ni2+, Cu2+, and Zn2+ (Glasby 2006; Utzmann et al. 2002). As 362 

adsorption is a surface effect, the retained elements should be restricted to the outer rim 363 

of the grain, but our images indicate distributions throughout the entire palagonite layer 364 

(Fig. 5i–k), indicating the effect of the porosity of palagonite (Cailleteau et al. 2008; 365 

Deruelle et al. 2000).  366 

The elements Pb, Cr, Sc, Hf, Zr, Ta, Th, Nb and U (in order of relative enrichment) 367 

(Fig. 5j–m and supplementary Fig. 3 c–g) have behaviors paralleling those of Fe and Ti 368 

(Fig. 3f, g), as they are similarly enriched in the alteration product (Table 1), especially 369 

near the glass–palagonite interface where their highest content occurs. Their distributions 370 

indicate relatively strong enrichment during early-stage palagonitization, with insoluble 371 

“nuggets” of Fe–Ti-rich phases hosting most of these trace elements, although their 372 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2021-7831.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



21 
 

spatial distributions cannot be resolved by spot analyses. Their behaviors may relate to 373 

the field strength of cations. These HFSE were immobile during the aqueous alteration 374 

process due to their high affinities and adsorption potential for the palagonite gel material 375 

(Belza et al. 2015; Petit et al. 1990b; Utzmann et al. 2002). These effects may be 376 

enhanced in the interface zone, the precursor of aged palagonite, where there is greater 377 

porosity (supplementary Fig. 4b) and more negatively charged surface sites than in aged 378 

palagonite. Localized differences in pH may also account for their distribution and 379 

enrichment within a single grain. 380 

The REE imaging (Fig. 5o, p and supplementary Fig. 3h–t) indicates that the alteration 381 

of glass to palagonite is accompanied by a loss of REE to hydrous solution, which is in 382 

contrast to previous findings from a lake environment where they were relatively 383 

enriched in palagonite because of the enhanced adsorption properties of colloids (Daux et 384 

al. 1994; Jercinovic et al. 1990). This is consistent with observations of Belza et al. (2015) 385 

and Staudigel and Hart (1983) that REE become remarkably depleted during glass 386 

alteration. Their depletion may be due to the solubility of lanthanides being controlled 387 

mainly by the availability of complex-forming ligands such as OH ̶, CO3
2 ̶, and PO4

3 ̶ 388 

(Guy et al. 1999; Ridley 2010; Wood 1990). The anomalous depletion of highly charged 389 

P5+ (Fig. 5n) may reflect its incorporation into a soluble complex anion such as PO4
3 ̶  390 

(Walton et al. 2005), becoming a soluble chelate with the lanthanides (Gin et al. 2017; 391 

Walton et al. 2005).  392 
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In summary, four patterns of elemental distribution can be distinguished with (1) 393 

strong depletion (D < 0.1; e.g., Ca, P, V, Y, and La); (2) slight depletion (1 > D > 0.1; 394 

e.g., Na, Mg, Al, Si, Sr, Ba, and REE); (3) slight enrichment (2 > D > 1; e.g., Fe, Ti, Cr, 395 

HFSE, Ni, Cu, and Zn); and (4) strong enrichment (D > 2; e.g., Li, B, K, and Rb) during 396 

alteration. 397 

 398 
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Fig. 5 Trace element imaging for (a) Li, (b) Rb, (c) Sr, (d) Ba, (e) V, (f) Co, (g) Mn, (h) B, 399 

(i) Cu, (j) Pb, (k) Cr, (l) Zr, (m) Th, (n) P, (o) Ce, and (p) Yb. Color keys indicate the 400 

logarithm of concentration. 401 

 402 

 403 

 404 

Table 1. Average element contents and distribution coefficients for basaltic glass and 405 

palagonite, including data from LA–ICP–MS imaging, but excluding data for the glass–406 

palagonite interface and outliers.  407 

Elements 
palagonite  basaltic glass  

Di content σ  content σ  

Na2O wt% 1.25 0.22 2.96 0.04 0.42 
MgO wt% 4.40 0.06 7.35 0.02 0.60 
Al2O3 wt% 8.61 0.08 14.65 0.02 0.59 
SiO2 wt% 44.65 0.01 51.00 0.01 0.88 
K2O wt% 3.05 0.05 0.34 0.03 9.00 
CaO wt% 0.68 0.21 10.09 0.03 0.07 
TiO2 wt% 2.84 0.19 1.60 0.03 1.78 
FeO wt% 15.96 0.08 10.47 0.02 1.52 
Li ppm 36.80 0.09 6.27 0.15 5.63 
B ppm 137.87 0.10 2.79 0.32 46.63 
P ppm 28.30 0.31 830.73 0.02 0.03 
Sc ppm 51.11 0.10 32.44 0.05 1.58 
V ppm 6.92 0.21 265.87 0.03 0.03 
Cr ppm 375.84 0.17 255.56 0.05 1.47 
Mn ppm 267.24 0.09 1403.20 0.02 0.19 
Co ppm 13.44 0.08 42.90 0.04 0.31 
Ni ppm 186.34 0.09 116.56 0.04 1.60 
Cu ppm 126.60 0.08 72.90 0.03 1.74 
Zn ppm 112.17 0.12 85.85 0.05 1.31 
Rb ppm 83.39 0.08 7.85 0.05 10.62 
Sr ppm 75.91 0.13 167.58 0.03 0.45 
Y ppm 2.77 0.29 29.52 0.03 0.09 
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Zr ppm 187.26 0.12 113.07 0.03 1.66 
Nb ppm 14.59 0.25 8.12 0.04 1.80 
Ba ppm 13.28 0.66 76.35 0.05 0.17 
La ppm 0.43 0.38 7.09 0.06 0.06 
Ce ppm 9.16 0.23 17.38 0.05 0.53 
Pr ppm 0.34 0.37 2.40 0.06 0.14 
Nd ppm 1.76 0.45 11.89 0.10 0.15 
Sm ppm 0.88 0.52 3.67 0.13 0.24 
Eu ppm 0.33 0.41 1.34 0.15 0.25 
Gd ppm 1.09 0.37 4.91 0.10 0.22 
Tb ppm 0.25 0.43 0.75 0.14 0.33 
Dy ppm 1.54 0.34 4.95 0.12 0.31 
Ho ppm 0.26 0.37 1.03 0.12 0.25 
Er ppm 0.79 0.47 3.09 0.20 0.26 
Tm ppm 0.12 0.43 0.40 0.20 0.29 
Yb ppm 0.76 0.39 2.82 0.17 0.27 
Lu ppm 0.08 0.56 0.41 0.24 0.19 
Hf ppm 4.32 0.17 2.64 0.19 1.63 
Ta ppm 0.78 0.14 0.45 0.29 1.73 
Pb ppm 1.19 0.45 0.88 0.60 1.35 
Th ppm 1.31 0.27 0.73 0.23 1.79 
U ppm 0.36 0.23  0.19 0.23  1.88 

 408 

4.2 Oxygen isotope and H2O profiles during palagonitization 409 

Analyses of glass oxygen isotopes by SIMS are sensitive to matrix effects, as shown in 410 

Fig. 6a and consistent with previous studies (Eiler et al. 1997; Gurenko and Chaussidon 411 

2002; Hartley et al. 2012; Ickert et al. 2008). Oxygen isotopic profiles from grain core to 412 

palagonite rim indicate a uniform core δ18O value of +6.01‰ ± 0.25‰ (2σ; spots 1–6; 413 

Fig. 6b) within the range of MORB glass (5.3‰–6.2‰) (Eiler 2001; Ito et al. 1987). This 414 

indicates that the grain core is less influenced by alteration, and still represents fresh 415 

basaltic glass, consistent with the minor variation in elemental contents within the core 416 
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(Table 1; Figs 3 and 5). The palagonite (spots 7–10; Fig. 6b), however, is strongly 417 

enriched in 18O (δ18O = +21.3‰ to +22.3‰), with the average SIMS δ18O value being 418 

consistent with that determined by laser fluorination (+21.80‰ ± 0.24‰; 2σ; n = 3). The 419 

matrix effect on SIMS oxygen isotope analyses between basaltic glass and palagonite is 420 

thus negligible under the instrumental conditions used. Oxygen atoms are located mainly 421 

within the glass tetrahedral silicate network (Garlick and Dymond 1970; Geisler et al. 422 

2010), and cannot be displaced by exogenous oxygen in the core because of a lack of 423 

dissolution–reprecipitation. However, the notably different δ18O values of palagonite 424 

indicate that exogenous 18O from interstitial fluid or other sources is incorporated into the 425 

silica network of palagonite, either by glass dissolution–reprecipitation or by palagonite 426 

hydrolysis-recondensation (Gin et al. 2018; Gin et al. 2015a).  427 

The H2O content of glass and palagonite are usually calculated by assuming that its 428 

concentration equals the difference between 100% and the total of oxides determined by 429 

EPMA analyses (Pauly et al. 2011; Utzmann et al. 2002; Walton et al. 2005), with 430 

possible overestimation as the minor and trace element compositions are included in the 431 

total. Here, in situ H2O contents of altered basaltic glass were determined directly by 432 

SIMS, and resulting values were around half those calculated by the indirect EPMA 433 

method in both parental glass and palagonite. The H2O profile from grain core to rim 434 

indicates a trend similar to that of δ18O, with the core having a uniform H2O content of 435 

0.43 wt.% ± 0.01% (2σ; spots 1–6; Fig. 6b), increasing to 3.72 wt.% ± 0.14% (2σ; spots 436 
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7–10; Fig 6b) in the palagonite. Palagonite thus has a much higher water content than 437 

basaltic glass, consistent with the alteration reaction requiring significant amounts of 438 

water (Furnes 1978; Pauly et al. 2011; Staudigel and Hart 1983; Stroncik and Schmincke 439 

2002). However, palagonite water contents measured here are lower than those reported 440 

previously (Furnes 1978; Pauly et al. 2011; Staudigel and Hart 1983). This may be 441 

attributed to the presence of two forms of water in palagonite, namely combined water 442 

(H3O+, resulting from hydration of glass) and adsorbed water (H2O–, related only to the 443 

rock porosity) (Furnes 1978). The latter may be present in larger amounts, but is easier to 444 

remove as it is located mainly on larger-scale palagonite features such as vesicles and 445 

fractures. Our sample was stored in a vacuum oven and in SIMS ultra-vacuum storage 446 

before analyses, and the adsorbed water might have escaped, resulting in a lower 447 

measured water content. Furthermore, compositional and crystallinity variations in 448 

palagonite are factors that cannot be ignored (Pauly et al. 2011). 449 

 450 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2021-7831.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



27 
 

 451 

Fig. 6 (a) Instrumental mass fractionation (IMF) vs. SiO2 content, showing the linear 452 

variation in IMF with respect to chemical compositions of reference materials in the 453 

SIMS oxygen isotope analysis of basaltic glass, where the δ18Oactual of GSD-1G (9.64‰ ± 454 

0.43‰; 2σ) was first determined by laser fluorination. Error bars represent 2σ of 15 455 

SIMS analyses. (b) Oxygen isotopic and H2O content profiles from core to rim of altered 456 

glass, (analysis-spot locations as in Fig. 2a). Error bars represent 1σ. 457 

4.3 Alteration process for submarine basaltic glass 458 

Mechanisms proposed for the alteration of glass include hydration and ion exchange, 459 

hydrolysis of the silicate network, condensation–reprecipitation and dissolution–460 

reprecipitation (Crovisier et al. 2003; Drief and Schiffman 2004; Frugier et al. 2008; 461 

Geisler et al. 2010; Gin et al. 2016; Hellmann et al. 2012; Ojovan et al. 2006; Putnis and 462 

Putnis 2007; Putnis et al. 2007; Stroncik and Schmincke 2002; Techer et al. 2000; Techer 463 

et al. 2001a). Dissolution–reprecipitation has become the generally accepted model for 464 
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alteration of basaltic glass to palagonite (Berger et al. 1987; Crovisier et al. 1987; Daux et 465 

al. 1994; Drief and Schiffman 2004; Hellmann et al. 2012; Jercinovic et al. 1990; Techer 466 

et al. 2001b), but the question remains as to whether the dissolution is congruent or 467 

incongruent. Congruent dissolution could be readily identified in experimental studies by 468 

monitoring elemental releases from glass to aqueous solution (Crovisier et al. 1987). 469 

Incongruent dissolution, however, is more difficult to identify because reactions 470 

occurring on the glass surface are complex and variable (Crovisier et al. 1983; Drief and 471 

Schiffman 2004). The second remaining question is whether palagonite becomes a 472 

diffusion barrier for water and soluble elements. Comparison between mean dissolution 473 

rates and initial dissolution rate could help answer this question (Parruzot, et al. 2015). 474 

Another remaining question concerns the process of palagonitization from initial 475 

precipitation to mature palagonite.  476 

The oxygen isotope analysis and elemental imaging of an individual grain reveal the 477 

sequential alteration from basaltic glass to palagonite. The sharp and distinct chemical 478 

compositional changes at the evidently delimited interface (where the finer processes 479 

revealed would rely on techniques with the higher spatial resolution reported by 480 

Hellmann et al. (2015) and Gin et al (2013, 2017)) between pristine glass and palagonite 481 

may indicate that palagonite was formed through reprecipitation on the surface of 482 

remnant glass after congruent dissolution of the glass network, rather than by simple 483 

hydration and devitrification. This is supported by the difference in physical morphology 484 
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between glass and palagonite. Incongruent dissolution would result in a sponge-like 485 

surface structure of dissolving materials, whereas congruent dissolution would form a 486 

smooth and undistorted surface (Stroncik and Schmincke 2001); the morphological 487 

features of the analyzed palagonite (Fig. 2) suggest the latter.  488 

Based on the variations in elemental and oxygen isotopic compositions, and the 489 

morphological features between basaltic glass and palagonite, three reaction stages are 490 

suggested for the process of submarine basaltic glass alteration (Fig. 7): (1) ion exchange 491 

and formation of a leached layer; (2) congruent dissolution and precipitation; and (3) 492 

post-palagonitization. 493 

In stage (1), elements in the glass might be selectively leached by ion exchange with 494 

pore water H3O+ or H+, with the most leached species being network-modifier cations 495 

such as Na+, Mg2+, and Ca2+, owing to their high solubility and relatively weak –SiO– (or 496 

–AlO–) bonds (Petit et al. 1990b), resulting in the formation of a superficial leached layer. 497 

The thickness of this layer might be in the range of nanometers (Gi Young and Sohn 498 

2011; Gin et al. 2017; Gin et al. 2013; Hellmann et al. 2015; Thorseth et al. 1991), and 499 

could not be resolved by laser sampling. However, its presence cannot be precluded, 500 

because it is difficult to directly disrupt the silicate network of the basaltic glass under 501 

alteration conditions involving the near-neutral pH (pH = ~7.2) of pore water and low 502 

temperatures (Li et al. 2015a).  503 

After stage (1), the interface solution pH would increase with predominant transport of 504 
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H3O+ or H+ into the glass and ion exchange with network-modifier cations. Stage (2) 505 

commences when the pH exceeds 9 and the glass Si–O tetrahedral network is destroyed 506 

(Dran et al. 1988; Gin et al. 2015b; Petit et al. 1990b; Robinet et al. 2006) (Fig. 4). The 507 

pH is then much higher than that of surrounding pore water, with the reaction solution 508 

being separated from pore water (to maintain such a difference while avoiding dilution) 509 

(Crovisier et al. 2003; Gi Young and Sohn 2011; Lee et al. 2006; Ojovan et al. 2006; 510 

Robinet et al. 2006) in a semi-closed environment. If completely closed, it would be 511 

expected that compositional gradients from the outermost palagonite toward the interior 512 

(later-formed) portions would occur (Jercinovic et al. 1990), but no such effects were 513 

observed. Either covering by subsequent formation of palagonite rims (possibly a thin 514 

innermost film within it), or polymerization of dissolved orthosilicic acid would obstruct 515 

fluid pathways and lower fluid flow-rates (Belza et al. 2015; Crovisier et al. 2003; Geisler 516 

et al. 2010; Gin et al. 2018; Parruzot et al. 2015; Techer et al. 2001; Utzmann et al. 2002), 517 

forming a more closed alteration system, whose barrier effects can also be ascertained 518 

from the residual rate (mean value is 1.6×10-7 g.m-2.d-1) which is approximately five 519 

orders of magnitudes lower than the initial alteration rate (about 1.75×10-2 g.m-2.d-1, 520 

T=4oC, extrapolated from Parruzot et al. (2015)). During stage (2), the outer leached 521 

layer would be dissolved congruently, with Ti4+, Fe3+ (from oxidized Fe2+), and most 522 

HFSE (Zr, Nb, Sc, Hf, Th, and Ta) being the first to reach the solubility limits of their 523 

hydroxides and precipitating on the outermost glass surface, almost simultaneously with 524 
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its congruent dissolution. The partial loss of non-modifiers such as Al, P, and REE would 525 

also occur in this stage. Although the reaction interface is gradually separated from pore 526 

water by increasing thickness of palagonite, the nanometer-sized porosity of the 527 

palagonite (supplementary Fig. 4) may provide diffusion pathways for dissolved elements 528 

to escape to solution, with elements such as Fe, Ti, and HFSE being scavenged from 529 

some other source or passively enriched (Cailleteau et al. 2008; Deruelle et al. 2000; Gin 530 

et al. 2011; Hellmann et al. 2012; Kerisit and Liu 2009; Pauly et al. 2011; Tsomaia et al. 531 

2003; Utzmann et al. 2002). 532 

In stage (3) (post-palagonitization), the growing palagonite would incorporate 533 

additional species such as Mg(OH)2 (Jercinovic et al. 1990), and the initial porous 534 

palagonite may continue to evolve to a state of quasi-equilibrium with surrounding 535 

solution (Belza et al. 2015; Pauly et al. 2011; Putnis 2009; Putnis et al. 2005), with the 536 

composition of aging palagonite being slightly modified in the process.  537 

The alteration model proposed here (Fig. 7) describes the alteration of basaltic glass to 538 

palagonite under submarine conditions, focusing on initial precipitation and the evolution 539 

to mature palagonite before the crystallization phase, possibly providing insight into the 540 

alteration of oceanic crust. We have characterized major and trace element and isotopic 541 

patterns during palagonitization, whereas most previous studies have reported 542 

mechanisms that focus more on leaching processes in confined media, and over short 543 

timescales in laboratory-based simulation experiments (Crovisier et al. 2003; Gin et al. 544 
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2017; Gin et al. 2015a; Gin et al. 2015b; Gin et al. 2013; Hellmann et al. 2012; Ojovan et 545 

al. 2006; Parruzot et al. 2015; Putnis et al. 2007; Techer et al. 2000; Techer et al. 2001a). 546 

Such conditions are significantly different to those of natural alteration, especially in 547 

long-term submarine environments where aqueous chemistry is much more complex, and 548 

involves free metal cations, ligand complexing agents, humic substances, and organic and 549 

inorganic acids (Drever 2005). Furthermore, alteration processes and their corresponding 550 

elemental features are strongly influenced by the composition and structure of the 551 

parental glass, temperature, pH, and the composition of the alteration solution (Bunker 552 

1994; Crovisier et al. 2003; Gin et al. 2012; Gin et al. 2015b; Gin et al. 2016; Hellmann 553 

et al. 2012; Ojovan et al. 2006; Parruzot et al. 2015; Stroncik and Schmincke 2002; 554 

Utzmann et al. 2002). 555 

 556 

Fig. 7 Possible alteration processes for submarine basaltic glass, where the inferred 557 

process of ion exchange and formation of the leached layer is based on previous studies 558 

(Belza et al. 2015; Boksay et al. 1968; Crovisier et al. 2003; Ducasse et al. 2018; Gin et al. 559 

2017; Gin et al. 2015b; Gin et al. 2016; Gin et al. 2013; Techer et al. 2000; Techer et al. 560 

2001b). 561 
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 562 

4. Implication 563 

LA–ICP–MS elemental imaging and SIMS oxygen isotopic analysis on a 564 

submarine-altered basaltic glass specimen provide distribution patterns of major and trace 565 

elements and δ18O values from the glass to the palagonite (alteration product). Different 566 

elements exhibit different behaviors during alteration, and are either added from pore 567 

water or removed during alteration. Geochemical distribution patterns from the glass to 568 

the glass–palagonite interface and then to the palagonite rim indicate multiple reaction 569 

stages, involving selective leaching and formation of a leached layer, congruent 570 

dissolution and initial precipitation, and palagonite maturation. Directions and intensities 571 

of chemical fluxes vary within the individual grain, and may provide insight into 572 

geochemical cycles and the mechanisms of palagonite formation during oceanic crust 573 

alteration. 574 
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