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Abstract--Experimental alteration of obsidian in distilled-deionized water at 150 ~ 175 ~ 200 ~ and 225~ 
was studied. The alteration products were examined by X-ray powder diffraction, scanning electron 
microscopy, transmission electron microscopy (TEM), and energy dispersive X-ray analysis (EDX) to 
evaluate the formation process of clay minerals. The surface composition of obsidian before and after 
alteration was examined by X-ray photoelectron spectroscopy (XPS), and concentrations of released 
elements in solution were measured to elucidate alteration and dissolution processes. TEM clearly showed 
that allophane appeared as the first reaction product in each experiment. With increasing reaction length, 
noncrystalline straight fibrous material was formed in the aggregates ofallophane particles as a metastable 
transitional phase, and tended to form curled or wavy bundles of fibers with longer reaction. The non- 
crystalline fibers were transformed into highly curled smectite exhibiting small circular forms less than 
1.0 ~m in diameter as reaction progressed. EDX confirmed that the smectite consisted mainly of Si, A1, 
and small amounts of Ca, K, and Fe. XPS revealed the formation of a dealkalized leached layer on the 
surface of obsidian during the reaction. The concentration of released elements suggested that nonsto- 
ichiometric dissolution proceeded during the reaction. 
Key Words--Allophane, Dealkalized leached layer, Fibrous material, Nonstoichiometric dissolution, 
Obsidian, Smectite. 

INTRODUCTION 

Hydrous silicates are formed from volcanic glasses 
and rock-forming minerals as alteration products on 
the earth's surface. Smectite is one of the most abun- 
dant hydrous silicates produced by weathering pro- 
cesses and the early stages of diagenetic alteration and 
plays an important  role in environmental  processes as 
an ion-adsorption material. Therefore, the formation 
of smectite is a very important problem in clay min-  
eralogy or environmental  science. Experimental syn- 
theses of smectites under high temperature conditions 
(> 200~ have been extensively carried out to eluci- 
date the formation mechanism of smectite during hy- 
drothermal alteration and burial diagenesis (Mumpton 
and Roy, 1956; Koizumi and Roy, 1959; Levinson and 
Vian, 1966; Grandquist  and Pollack, 1967; Komarneni  
and Breval, 1985; Imasuen et al., 1989). However, 
syntheses under low temperature conditions (< 200~ 
have been performed less frequently because 1) very 
long times are required to produce stable phases, and 
2) amorphous metastable phases appear during the re- 
action that make thermodynamic evaluations difficult. 
Therefore, the formation of smectite under low tem- 
perature conditions is not well understood. 

On the other hand, experimental studies on disso- 
lution of nuclear waste glasses and soda-silica glasses 
under low temperature conditions have been exten- 
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sively carried out (Karkhanis et al., 1981; Malow e! 
al., 1984; Murakami and Banba, 1984; Abrajano and 
Bates, 1986; Murakami et aL, 1989; Abrajano et al., 
1990; Banba et aL, 1990). According to these studies, 
various clay minerals including smectite could be 
formed from glasses by three processes: 1) transfor- 
mation from thermodynamically metastable phase; 2) 
direct precipitation from leachant solution; and 3) de- 
velopment from a leached layer on the glass surface. 
For natural material, Tazaki et al. (1989) observed 
direct formation of clays from ordered domains in vol- 
canic glass matrix using a high-resolution transmission 
electron microscopy (HRTEM). 

The present study examined the experimental alter- 
ation of obsidian in aqueous solution at 150 ~ to 225~ 
to evaluate smectite formation processes. Obsidian is 
one of the most abundant  natural glasses having rhyo- 
litic to dacitic chemical compositions. Most volcanic 
glasses consisting of tuffaceous sediments, pyroclastic 
flow deposits, and volcanic ash beds are also composed 
of similar compositions (Heiken and Wohletz, 1985; 
Wohletz, 1987). The results should be applicable to 
many natural alteration environments.  

MATERIAL AND METHODS 

Experimental alterations were performed using an 
obsidian from Mifune, Kagoshima City, Japan. K-At 
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Table 1. Experimental conditions and reaction products. 

Clays and Clay Minerals 

Run Temp. (~ Duration pH Products 

A-1 225 6 hr 7.7 Allophane, Fiber 
A-2 225 1 day 7.8 Smectite, (As) 
A-3 225 3 days 9.0 Smectite, (As) 
A-4 225 5 days 9.2 Smectite, (As) 
A-5 225 10 days 9.3 Smectite, (As) 
A-6 225 30 days 9.4 Smeetite, (As) 

B- 1 200 6 hr 7.5 Allophane, Fiber 
B-2 200 1 day 7.7 Allophane, Fiber, (Halloysite) 
B-3 200 3 days 8.8 Smectite, (As), (Halloysite) 
B-4 200 5 days 9.2 Smectite, (As) 
B-5 200 l0 days 9.1 Smectite, (As) 
B-6 200 30 days 8.9 Smectite, (As) 

C-1 175 6 hr 7.1 Allophane 
C-2 175 1 day 7.2 Allophane 
C-3 175 3 days 7.9 Allophane, Fiber 
C-4 175 5 days 7.9 Allophane, Fiber 
C-5 175 10 days 8.3 Smectite, (Allophane), (As) 
C-6 175 30 days 9.1 Smectite, (As) 

D-1 150 6 hr 6.8 Allophane 
D-2 150 1 day 6.8 Allophane 
D-3 150 3 days 6.8 Allophane 
D-4 150 5 days 8.2 Allophane, Fiber 
D-5 150 10 days 8.7 Allophane, Fiber 
D-6 150 30 days 8.6 Smectite, Mordenite, (Allophane) 

( ) = trace product; Fiber = noncrystalline fibrous material; As = amorphous silica precipitate. 

age for the material is 0.80 _+ 0.08 Ma (Kaneoka and 
Suzuki, 1970). The chemical composition determined 
by electron probe microanalyzer is: 80.04% SiO2, 
12.27% A1203, 0.16% TiO2, 0.84% FeO, 0.18% MgO, 
1.10% CaO, 3.14% Na20, and 3.04% K20. This com- 
position is slightly richer in SiO2 than many obsidians. 
The Mifune obsidian is preferred because no impuri- 
ties, such as feldspar inclusions, were detected by X-ray 
powder diffraction or optical microscopy. The obsidian 
was crushed in an agate mortar, and 50 to 100 mesh 
grains were separated by dry sieving. The selected grains 
contained small amounts  of ultrafine particles, which 
were removed by ultrasonic cleaning in acetone at 40 
W for 5 rain more than five times. Then, the obsidian 
grains were air-dried at room temperature for 1 day. 

In all experiments, 4.00 g of the starting material 
and 100 ml of distilled-deionized water were sealed in 
a Teflon bottle. Individual bottles were placed in a 
pressure vessel and kept at 150 ~ 175 ~ 200 ~ or 225~ 
for 6 hr or 1, 3, 5, 10, or 30 days. The pressure was 
the equilibrium vapor pressure at the corresponding 
temperatur e. After the hydrothermal treatment, the 
pressure vessels were quenched to room temperature, 
and the solids and solutions were separated by cen- 
trifugation. Small amounts of the solid (about 0.1 g) 
were used for scanning electron microscopy (SEM). 
The remainder was cleaned ultrasonically in acetone 
until no adhering reaction products could be detected 
by SEM and was used for X-ray photoelectron spec- 
troscopy (XPS). The alteration products released by 

cleaning were collected by centrifugation and were 
washed with distilled-deionized water. Portions of the 
suspensions were deposited on glass slides, carbon 
holders, and collodion films coated on copper grids 
and were air-dried at room temperature. These samples 
were used for X-ray powder diffraction (XRD), energy 
dispersive X-ray analysis (EDX), and transmission 
electron microscopy (TEM), respectively. The experi- 
mental conditions and reaction products are given in 
Table 1. The concentrations of soluble elements were 
measured by atomic absorption spectroscopy for A1, 
Mg, Fe, Na, K, and Ca, and by colorimetry for Si. SEM 
was carried out with a JEOL JSM-25SII scanning elec- 
tron microscope operated at an accelerating voltage of 
25 kV. XRD profiles of the products were obtained 
from samples deposited on glass slides with a RI- 
G A K U  RU-200 diffractometer (CuKa radiation, 30 
kV, 100 mA) equipped with a graphite monochro- 
meter. EDX was performed with a JEOL JSM-840 
scanning electron microscope equipped with EDX fa- 
cilities using carbon-coated samples mounted on car- 
bon holders that were free from contamination. TEM 
was carded out with a HITACHI H-700H transmis- 
sion electron microscope operated at an accelerating 
voltage of 200 kV using samples deposited on collodion 
films. XPS was done with a SHIMAZU ESCA-1000 
instrument using samples mounted on a carbon holder. 
The MgKa radiation (8 kV, 20 mA) was used for X-ray 
source. Calibration of the XPS binding energy was ob- 
tained by using the Cls signal of carbon at 284.6 eV. 

https://doi.org/10.1346/CCMN.1993.0410404 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1993.0410404


Vol. 41, No. 4, 1993 Formation of  clay minerals from obsidian 433 

Figure 1. Scanning electron micrographs of reaction products formed by experimental alteration at 200~ for A) 6 hr, 13) 1 
day, C) 3 days, and D) 5 days. Also, energy dispersive X-ray spectra of E) aggregate of fine material in the 6-hr product, F) 
amorphous silica precipitate in the 3-day product, and G) flaky material in the 3-day product. Arrows on A indicate aggregates 
of allophane. As on C represents amorphous silica precipitate. 
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Figure 2. X-ray powder diffraction profiles of reaction products formed by experimental alteration at 200~ for various 
periods of duration. The labels A to E represent 6-hr, 1-, 3-, 5-, and 10-day products, respectively. The labels F to H signify 
products at 200~ for 30 days under natural state, solvated with ethylene glycol, and heated at 400~ for 1 hr, respectively. 

RESULTS 

Formation process of  clay minerals 

For  the 200~ experiment,  small aggregates of  al- 
lophane-like amorphous material  less than 1.0 ~zm in 
diameter  appeared initially on the surface of  obsidian 
after 6 hr  (Figure 1A). X R D  of  the material  exhibited 
small-angle scattering of  allophane particles at 35 
(Figure 2A). EDX indicated that the material  consisted 
mainly of  Si and AI, and small amounts  of  Ca and K 
(Figure 1E). TEM showed aggregates of  allophane par- 
deles and fibrous materials elongated in a straight line 
approximately 0.1 to 0.2 ~tm in length with less than 
0.005 #m in width (Figure 3A). Electron diffraction 
patterns of  the fibers displayed a diffuse halo implying 
noncrystalline structure. 

The aggregates changed morphologically to flaky ma- 
terial after 1 day (Figure 1B). The flaky material  showed 
similar EDX spectrum (not shown) to that of  6 hr 
product.  X R D  exhibited no significant reflection of  
crystalline material  except for small-angle scattering at 

40/~ (Figure 2B). The aggregates of  al lophane particles 
were still preserved in this product; however, the non- 
crystalline fibers tended to be curled or waved bundles 
of  fibers and became greater to approximately 1.0 ~zm 
in max imum length (Figure 3B). The electron diffrac- 
tion pattern with a diffuse halo confirmed that these 
fibers were also noncrystalline. 

After 3 days, a new reaction product  of  amorphous  
silica precipitated on the surface of  obsidian overlaying 
the adhering flaky material. The amorphous silica pre- 
cipitates showed thin platy habi t  less than 2.0 t~m in 
thickness and smooth surface with cracks (Figure 1C). 
EDX confirmed that the precipitates consisted mainly 
of  Si and very small amounts  o rA l  and Na  (Figure 1F). 
The flaky material  gave a weak 15.0 A reflection, in- 
dicating that  the material  may be smectite (Figure 2C). 
TEM showed that the smectite exhibited curled fibrous 
habit  or roughly circular texture as shown in Kawano 
and Tomi ta  (1992). Electron diffraction displayed dif- 
fuse ring patterns, suggesting poorly crystalline struc- 
ture. The d(060) spacing is 1.493 /~, indicating dioc- 
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Figure 3. Transmission electron micrographs of reaction products formed by experimental alteration at 200~ for A) 6 hr 
and B) 1 day. Arrows on A indicate straight fibers. 

tahedral  nature. EDX showed that the material  con- 
sisted mainly of  Si, A1, and small amounts of  Fe, Ca, 
and K (Figure l G). 

The surface of  obsidian was completely covered by 
flaky material  (Figure 1D) and partly by amorphous 
silica precipitates after 5 days. X R D  of  the flaky ma- 
terial showed 15.0 /~ reflection (Figure 2D), which 
shifted to 17,0 and 10.0 ,~ after ethylene glycol sol- 
vat ion and heating at 400~ for 1 hr, respectively. The 
d-value of  (060) reflection is 1.493/~; thus, the flaky 
material can be identified as dioctahedral smectite. TEM 
showed that the smectite exhibited circular texture of  
fibers that curled inward, forming small circles less than 
1.0 #m in diameter  (Figure 4A). Most  of  the fibers gave 
electron diffraction of  ring patterns at 4.50, 2.62, 1.56, 
and 1.28 ,~. H R T E M  of  a randomly oriented fiber 
showed 10.0 A parallel lattice images that coincided 
with the basal spacing of  dehydrated smectite (Figure 
4B). EDX indicated that  the smectite consisted mainly 
of  Si, A1, and very small amounts  of  Fe, Ca, and K 
(Figure 4C). The 10- and 30-day products also gave 
characteristic X R D  profiles of  dioctahedral  smectite 
(Figure 2) and electron diffraction of  ring patterns. The 
circular habit  of  smectite as shown in Figure 4A has 
also been preserved well in these products. 

For  the 150~ products, similar developments  of  

alteration products were observed by TEM. Noncrys- 
talline fibers appeared in the aggregates of  allophane 
particles after 5 days. The fibrous materials increased 
as reaction progressed, and were finally t ransformed 
into circular smectite after 30 days. For  the 175~ ex- 
periment,  allophane appeared as first alteration prod- 
uct within 6 hr. Noncrystalline fibers were produced 
by 3-day reaction and were transformed into circular 
smectite after 10 days. For  the 225 ~ C experiment,  
noncrystalline straight fibrous materials were formed 
within 6 hr and were transformed rapidly into circular 
smectite during 1-day reaction. These circular smec- 
tites exhibited similar X R D  characteristics and EDX 
spectra to those of  200~ product.  

Alteration of  the obsidian surface 

During the reaction process between obsidian and 
disti l led-deionized water, t iny elongated submicro- 
meter- to micrometer-sized etch pits (Figure 5) ap- 
peared on the obsidian surface. The etch pits may be 
developed at mechanically strained parts by grinding 
and increased as reaction progresses. Figure 6 shows 
XPS spectra of  obsidian before and after alteration at 
200~ for various periods of  duration, in which elec- 
tron lines ofCa2p, Cls, Kzs, NaKLL, Sizs, Al2s, Si2p, Alzp, 
and O2s can be clearly observed. No significant changes 
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Figure 5, Scanning electron micrograph of the surface of 
obsidian after alteration at 200~ for 5 days. Arrows indicate 
etch pits. 

in intensities and binding energies of Si2+, A12+, Si2p, 
and A12p were recognized during reaction; however, 
NaKLL Auger and K2+ electron lines were weakened as 
the reaction progressed. The residual obsidian used in 
150 ~ 175 ~ and 225~ experiments also showed alkali 
depletion relative to Si. These results suggest that se- 
lective leaching of alkali ions has proceeded and a deal- 
kalized leached layer has been progressively produced 
on the obsidian surface (Doremus, 1975; Lanford et 
aL, 1979; Houser et al., 1980; Smets and Lommen, 
1982). TEM showed formation of a very thin leached 
layer less than 0.1 gm in thickness on the obsidian 
surface in all the experiments (Figure 7). The leached 
layers faithfully followed the original glass surface with 
shape boundary and were noncrystalline for electron 
diffraction. 

Chemistry of  solutions 

Reaction of the obsidian with distilled-deionized wa- 
ter resulted in changes in composition and pH of the 

ORIGINAL NaKLL 
Cls i_ Si2p 

. Si2s I 

5days 

10 days 

30days 

I I I 

400 300 200 100 

BINDING ENERGY (eV) 
Figure 6. X-ray photoelectron spectra of obsidian before and 
after alteration at 200~ for various periods of duration. 

solution. Figure 8 shows concentrations of elements 
released from dissolution of the obsidian during ex- 
perimental alterations. Fe values were below detection 
limit of the instrument (0.01 ppm). The concentrations 
of released elements increased rapidly during the initial 
stage of reaction within 10 days. After this, the rates 
of changes in Si, A1, Na, and K decreased and the 
concentrations of Ca and Mg decreased slowly. Figure 
9 shows variations of Na/Si and Si/A1 molar ratios in 
solutions as a function of the square root of time. Ar- 
rows on this figure represent Na/Si and Si/A1 molar 
ratios of the original obsidian. The Na/Si ratios changed 
considerably differently from each other at the begin- 
ning of the reaction: The Na/Si ratios of the solutions 
at 225~ experiments increased rapidly but  those of 
the 150~ experiments decreased. This observation is 
probably due to increases in pH values with temper- 
ature, which stimulate the leaching rate of Si in high 

Figure 4. Transmission electron micrograph and electron diffraction pattern of A) reaction product formed by experimental 
alteration at 200~ for 5 days, B) high-resolution transmission electron micrograph, and C) energy dispersive X-ray spectrum 
of the product. 
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Figure 7. Transmission electron mierograph and electron 
diffraction pattern of a leached layer on the obsidian surface 
produced by experimental alteration at 200~ for 1 day. 

temperature experiments (Barkatt et al., 1986). How- 
ever, the rates of  change tended to decrease during the 
reaction and kept apparently higher values than those 
of  the original obsidian. The results suggest that non- 
stoichiometric dissolution takes place in the early dis- 
solution stage, producing a dealkalized protective layer 
on alkali leaching (Berner, 1978). This protective layer 
reduces the rate of  alkali dissolution, which leads to 
stabilized Na/Si  ratios in solutions. On the other hand, 
the Si/A1 ratios in the 225 ~ 200 ~ and 175~ experi- 
ments increased progressively, and ratios at 1500C were 
slightly lower than those of  the others. This is probably 
due to decreases in the consumption of  released AI for 
secondary products of  150~ experiments. 

DISCUSSION 

TEM revealed the formation process ofsmecti te  dur-  
ing experimental  alteration of  obsidian in distilled- 
deionized water in 150 ~ to 225~ experiments as in the 
following three steps: 

1) Allophane appeared as the first alteration product.  
2) N o n c r y s t a l l i n e  s t ra igh t  f ibrous ma te r i a l s  were 

formed in the aggregates of  allophane particles as a 

metastable transit ional phase and tended to form 
cuffed or wavy bundles of  fibers as reaction pro- 
gressed. 

3) The fibrous transit ional materials were t ransformed 
into circular-shaped smectite having a beidellitic 
composit ion.  

It is well known that allophane is a noncrystalline alu- 
minum-si l icate having short-range ordered structure 
(van Olphen, 1971). Such materials are widely distrib- 
uted on the earth's surface as impor tant  constituents 
of  soils developed from volcanic ashes and pumices 
(Allen and Hajek, 1989; Parfitt and Kimble,  1989; 
Wada,  1989), early weathering products of  feldspar and 
rocks (Patterson, 1964; Tazaki, 1978; Eswaran, 1979), 
and precipitates in river stream beds (Wells et al., 1977). 
Wada et al. (1979) synthesized allophane from solu- 
tions containing Si and AI by adding NaOH and main-  
taining at 95~176 They found that allophane was 
produced in the solution with Si/A1 ratios of  0.5 to 4.0 
and a pH range of  3.3 to 7.2. The formation mechanism 
of  allophane has not  been clarified in detail; however, 
its common occurrence in nature and easy formation 
in the laboratory suggest that the material  may be pro- 
duced by reorganization of  aluminum-sil icate leached 
from volcanic glasses and various minerals under wide 
ranges of  Si/A1 ratios and pH conditions. In the present 
study, allophane was formed in the solution having an 
Si/A1 ratio of  3.5 to 6.3 (Figure 9B) and pH range of  
6.8 to 8.6 (Table 1). On the basis of  field observation, 
two series of  transformation sequences of  clay minerals  
from volcanic glasses have been considered: 1) volcanic 
glass -~ allophane -~ halloysite; and 2) volcanic glass 
-~ allophane -~ smectite. However,  there is no report  
concerning direct observation of  transit ional process 
of  these clay minerals in nature. The formation process 
of  clay minerals observed in this study coincided with 
Sequence 2, and noncrystalline transit ional mate-  
rials from allophane to smectite were clearly visualized 
by TEM. The transit ional materials exhibited non- 
crystalline straight fibers initially and tended to form 
curled or wavy bundles of  fibers later (Figure 3). Fi- 
nally, the fibers were transformed into circular smectite 
(Figure 4). 

This experimental  study was performed at temper-  
atures between 150 ~ and 225~ and concentrations of  
cations in solutions were relatively high. For  the nat- 
ural weathering, chemical reactions proceed generally 
at low temperature and low cation concentrations. 
Therefore, the present results can not  be directly ap- 
plied to the weathering processes. However, similar 
fibrous materials have been reported as precursors o f  
clays produced by early weathering process (Tazaki, 
1986; Tazaki and Fyfe, 1985, 1987a, 1987b; Tazaki et 
al., 1989). Consequently, the formation process of  
smectite observed in this study seems to be one of  the 
possible processes occurring in nature. 
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Figure 8. Concentrations of  elements released from obsidian in solutions. The symbols II, [], 0 ,  and �9 signify the 150 ~ 
175 ~ 200 ~ and 225~ experiments, respectively. 
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