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NATURAL ANALOGUE STUDY OF VOLCANIC GLASS
— A Case Study of Basaltic Glasses in Pyroclastic Fall Deposits
of Fuji Volcano, Japan —
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* Power Reactor and Nuclear Fuel Development Corporation,
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ABSTRACT

A considerable range in alteration rates of basaltic glasses in
various environments has been reported in previous studies. However,
these studies paid only cursory attention to the environmental conditions
under which the glass had been altered. 1In this study, the alteration
of basaltic glasses was investigated and the environmental conditions
and the alteration rate were discussed. Two sample ages were represented:
280 years and 2800 years., Basaltic glasses and their alteration layers
were analyzed by electron probe microanalyzer (EMPA) and the thickness
of the alteration layers were measured by scanning electron microscope
(SEM). The ground water collected near the sampling point of Zunazawa
Scoria (2800 vears) and the pore water of both samples were analyzed.

The alteration temperature and flow rate of water are estimated to be
about 13°C and 0.2 1/m?/y respectively on the basis of meteorological
data. The alteration layers of young aged basaltic glasses in freshwater
conditions are similar to those of leached borosilicate glasses. The
alteration rates of these basaltic glasses are estimated to be several
um/ 1000y, The elemental concentrations in the ground water can be rough-

ly explained as the result of leaching of the glasses.

To be published in : MATERIAL RESEARCH SOCIETY SYMPOSIUM PROCEEDINGS,
Scientific Basis for Nuclear Waste Management X II

(Berlin, October 10-13, 1988),
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INTRODUCTION

Many natural analogue studies of the alteration of natural glasses
have been carried out to assess the long-term durability of waste form
glasses [1,2]. Basaltic glasses have been considered as appropriate
natural analogues for low-silica borosilicate glass because of their
similar silica contents. Alteration layers formed on experimentally
leached borosilicate glass are similar to those on basaltic glass formed
in nature [3]. Basaltic glass is similar to waste glass with respect to
alteraticn products, alteration layer morphologies and alteration rates
in laboratory experiments [4]. The alteration rates of basaltic glasses
under the following environments have been studied: (a) ovean floor en-
vironment [5,6,7], (b) subglacial environment [7,8], (c) hydrothermal
environment [9]. The alteration rates at low temperature in these studies
vary from 0.001 ym/1000y to 30 um/1000y. The variation is interpreted
as the result of the differences of the environmental conditions. However,
few detailed studies have been reported on the environmental conditions
(for example, water flow rate and water chemistry).

This paper describes the alteration of basaltic glasses in clear
environmental conditions and of well-known ages. The alteration is a
long-term leach test carried out by nature with rain water as leachant
and ground water as leachate, Few papers have been published on the
alteration of basaltic glass of young age. The young aged samples were
selected in this study to discuss the environmental conditions during

alteration on the basis of present meteorological data.
SAMPLES

Volcanic glasses constituting scoriae generated by pyroclastic falls
were studied. The scoriae are black grains composed of vesicular low
silica glasses, which include some crystals. Two kinds of scoria samples
were collected from the two selected sites at the foot of Fuji Volcano,
where the stratigraphy and chronology of pyroclastic fall deposits have
been studied in detail. One is named Houei Scoria and the other Zunazawa
Scoria. Houei Scoria is black and Zunazawa Scoria is yellowish-brown
when dry. Samples are mainly composed of grains several mm in diameter.
Both samples were collected frqm exposures resulting from recent road

cutting. Fig.l shows the location of sampling sites. Site stratigraphy

-2 -
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is summarized in Fig.2. The samples of Houei Scoria were collected
from four horizons (HS1l, H52, HS3 and HS4). The deposits of these sites
are composed mostly of scoria beds except one thin pumice bed. The ages
of the deposits shown in Fig.2 (compiled after Miyaji [10] and Machida
[11]) are known by historical records of eruptions and by radiocarbon
dating, Historical documents record that Houei Scoria was deposited in
1707 A.D. (280 years ago). The age of Zunazawa Scoria is considered to
be about 2800 years based on the radiocarbon age of.the immediately under-—
lying deposit.

These scoria samples contain pore water, and spring water Waé found
about 2.5 m below Zunazawa Scoria bed (Fig.2). These waters were

sampled for chemical analysis.
METHODS

Density, water content and grain size distribution of samples were
measured., Density was calculated from the unit weight of samples in the
field, Grain size distribution was obtained by sieve analysis (diameter:
75 ym ~ 19 mm)}.

Glass compositions were determined by EPMA (SHIMAZU EMX-SM) using
a broad electron beam (30 um). Alteration layers were studied.by optical
microscope, EPMA (using a smaller electron beam (3 um)) and SEM with
energy dispersive X~ray spectrometer (EDS). A synthetic basaltic glass
whose composition was determined by wet chemical analysis was used for
the standard of the analyses by EPMA, The thickness of alteration layers
was measured from SEM photos of the sections oriented nearly normal to
the layers.  Alteration layers were mechanically scraped off and their
clay-size fractions prepared for X-ray diffraction amalysis.

In the field, pH and Eh of the spring water were measured by portable
meters. The spring water was filtrated through 0.45 pm filter and the
filtrate was analyzed by absorption spectrophotometry, flame spectrometry
and atomie absorption spectrometry. For the analysis of pore water,
scoria samples of 1 kg were shaken in 1 liter of distilled water for 1
hour, then the dilute solutions were analyzed. The elemental concentra-
tions of pore waters were calculated from the data of these analyses and

the water contents of samples.



PNCT N8410 89-010

RESULTS

Physical Properties and Glass Composition

The physical properties of samples are summarized in Table I. The
chemical compositions of glasses are given in Table II. The SiOp-contents
of Houei glass (HS2) and Zunazawa glass (ZS8) are approximately 59 wtZ and
53 wtZ respectively. These values are a little higher than the general

value of basaltic glass (8102 content of 45 ~ 52 wt%).

Alteration Layer

SEM images of Houei Scoria show the presence of thin alteration
layers on grain surfaces and vesicle walls (Fig.3). The layers are not
distinguishable with the optical microscope. Reddish or yellowish-brown
alteration layers on grain surfaces and vesicle walls of glass in Zunazawa
Scoria can be seen with the optical microscope. This alteration layer
is optically isotropic and X~ray amorphous. The surface form of the
alteration layer of Houei Scoria (HS1, HS2, HS83, HS4) is grainy and that
of Zunazawa Scoria (Z8) is flaky (Fig.3). Despite the difference in
morphology, EDS data indicate that the chemical composition of the altera-
tion layer of Houei Scoria is similar to. that of Zunazawa Scoria.  The
morphology of alteration layers of both scoriae is strikingly similar to
that observed on the surface of experimentsally altered borosilicate
glasses [12] (Fig.3). Alteration layer thicknesses are summarized in
Fig.4. Average thicknesses are: HS1, 0.33 um; HSZ, 0.44 um; HS3, 0.49
um; HS4, 0,70 uym; 25, 8.8 pym. EPMA line profiles across the alteration
layer of ZS are illustrated in Fig.5. All the X-ray intensites decrease
from the glass/alteration layer boundary to the surface of scoria. This
implies the increase of HyO-content and the decrease of density. The
elemental concentrations in the alteration layer are characterized by
more depletion of Mg, Ca, Na, and K, as compared to that of $i, Al, Fe,
and Ti (Fig.6). '

Water Chemistry

The chemistry of pore water, spring water and average rain water im
Japan [13] is listed in Table TI. The followings are noteworthy: (1)
the elemental concentrations in ZS pore water are higher than those in
HS2 pore water (lmplying that elemental concentration in ground water

increases with depth), (2) the elemental concentrations in the spring

-4 -
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water are lower than those in ZS pore water except for Ca, Mg, and HCOj,
(3) Si0y-concentrations in HS2 pore water and ZS pore water are much
higher than in the spring water. The caleculated S$i0O;—concentration in-
creases directly with the amount of distilled water for dilution, indi-
cating that Si0O, gel is present in pore water, and it dissolves at the

time of dilution.

DISCUSSION

Environmental Conditions

Records of meteorological conditions for the last 2800 years do not
exist; however, analyses of paleosea-level variations [14] and paleo-
climatological data [15,161, indicate that the climatic conditions in
Japan have not changed significantly for the last 2800 years. Therefore,
the temperature and thé water supply rate are estimated as follows on
the basis of the data at the meteorological station which is 7 km from
the sampling sites: average effective temperature, 13°C (mean annual
temperature); water supply rate, 0.2 l/cm2/y (calculated value from the
annual amounts of rain fall and of evapotranspiration). On the assump-
tion of the water content in Table I, the following water flow rate can
be estimated: HS2, 11 m/y; ZS, 9 m/y. These values are high in comparison
with the estimated water flow rate in the deep underground (for example
17D,

The samplés were situated in the unsaturated zone, therefore, per-
colating meteoric water is the only source of pore water. The pore water
flows downward in the deposits and dissolves the components of scoria.
This natural phenomenon can be regarded as a renewed freshwater leach
test. The composition of the ground water which had been supplied to
Houei Scoria and Zunazawa Scoria is considered to be intermediate between
the compositions of rain water and of spring water. Some elemental con-
centrations of analyzed pore water are higher than those of spring water.
This indicates that the elemental ebncentrations of the pore water in
vesicles are high because of the low flow rate in vesicles. Although
attention should be paid to the seasonal fluctuations of temperature,
water content and water chemistry, it is inferred that these factors at

the sampling points {except HS3 and HS4) do not vary significantly [18],
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Alteration Rate

In natural alteration systems, it is generally difficult to know
the exposure age of a sample, that is, the time that the glass has
actually been in contact with water [8]. The exposure ages of the
samples in this study are equivalent to the sample ages because the
gurface of the samples were always in wet conditions and in contact with
renewed pore water. The alteration layer thickness varies widely within
a scoria grain. In general, the thickness of the alteration layer on
the wall of a vesicle is less than that on the outside surface of the
scoria grain. This may be due to the low flow rate in a vesicle. The
alteration rates calculated from the average thicknesses of alteration
layers on the surface of scoria grains are as follows: HS1, 1.2 um/1000y;
HS2, 1.6 um/1000y; HS3, 1.8 um/1000y; HS4, 2.5 um/1000y; ZS, 3.1 um/1000y.

The alteration rate of Houei Scoria decreases with the increase of
burial depth (Fig.7). The decrease of alteration rate can be explained
by the following: (1) the increase of elemental concentrations of environ-
mental water due to the reaction with scoriae, (2) the decrease of maximum
temperafure (the decrease of daily variations of temperature). The burial
history (the relationship between time and burial depth) must be taken
into consideration in interpreting the alteration rate. Fig.8 shows the
schematic relationship between time and burial depth of the saﬁples. This
burial history is obtained on the basis of Fig.2., The scoria that expe-
riences a leong history of shallow burial is more likely to be altered
during shallow bﬁrialrthan the scoria that experiences relatively rapid
burial soon after deposition.

The relation between alteration layer thickness and age are shown
in Fig.9. The two kinds of alteration rates, the forward rate of alter-
ration (3-20 um/1000y, under silica-unsaturated conditions) and the final
rate (0.1 um/1000y, under silica-saturated conditions) indicated by
Grambow et al.[7], are also shown in Fig.9. The alteration rates esti-
mated in this study are near or below the forward rate. Although very
little data on the alteration rate under freshwater conditions have been
reported, it may be stated that the alteration rate near the surface of

the earth in freshwater conditions is similar to the forward rate.

Mass Balance Between Alteration Layer and Spring Water

As mentioned before, spring water can be regarded as leachate. 1In

order to discuss the leaching behavior of glass, it is necessary to clari-
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fy the relation between the elemental concentration in leachate and the
elemental loss from the alteration layer. The calculations of elemental
concentrations in ground water were based on the following: (1) the physi-
cal and the chemical properties of the scoriae deposited over Zunazawa
Scoria are similar to those of Zunazawa Scoria; (2) the rate of deposition
was nearly constant (Fig.8); (3) the alteration was isovolumetric [8,191];
{(4) density of basaltic glass was 2.8 g/cm3; (5) the specific surface area
was 80 cm?/cm® (estimated from the grain size distribution of Zunazawa
Scoria); (6) the composition of ground water at the depth of 6.8 m was
similar to that of the spring water; (7) the water supply was 560 1/cm?
(0.2(1/cm?/y) x 2800{y)); (8) the compositibn of rain water was similar

to the average composition of the rain water in Japan [13]. The calcu-

lation for Na-concentration, for instance, is as follows.

2.80(g/emd)x0,021%x(1-0,29)x80(cm? /cm3)*x8.8(um) = 0.0029 (g/cm3)
(a) (b) (c) (d) (e} (£)

0.0029(g/cm?)+ (560(1/cm?)+680{cm))+1.1(mg/1) = 4.6 (mg/l)
(£) (g) (h) (1) (3

where {a) density of basaltic glass, (b) Na-content in Zunazawa glass,
(c) ratio of Na-concentration in alteration layer and pristine glass,

(d) specific surface area, (e} thickness of alteration layer, (f)} Na-mass
loss per unit volume of Zunazawa Scoria, (g) Waterrsupply, (h) thickness
of deposits, (i) Na-concentration in rain water, (j) Na-concentration in
calculated ground water.

Fig.l0 shows the results of mass balance calculations. The result
indicates that the calculated composition of ground water is in fair
agreement with the composition of spring water. The discrepancies in
the concentrations of Fe and 5i0g can be explained by the precipitation

of iron hydroxides and silica gel respectively among scoria grains.
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Table T Physical properties of scoria beds

Wet Water s . . , p
Sample demsity content Grain size distribution (wt¥)

(g/cm®) (%) - 0.074 - 0.25 - 0.84 - 2.00 - 4,76 - 9,52 - 19.1 (mm)
HS52 1.14 19.1 1.0 0.8 6.3 31.0 44,2 15.3 1.4
zZ8 0.94 29.7 3.7 6.0 11.9 17.7 26.1 26.0 B.6

Table II Chemical compositions of glasses

Oxide (wt%)

Sample
SiOz Ti0, Al,04 F6203 Mg0 Ca0 Na,0 K,0 Total
HS2 glass 58.9 1.0 15.9 6.9 3.8 6.8 2.6 0.6 96.5
Z5 glass 52.8 1.5 14.7 10.2 4.5 8.0 2.9 0.9 85,5

Table T  Chemistry of pore water, spring water and rain water

Chemical composition (mg/1)

Sample pH Eh
Na K Ca Mg Fe HCO3 SO, Cl1 8i0, (V)
HS2 pore water 6.2 2.6 4.0 1.0 0.7 33 2.9 1.5 62 - -
ZS pore water 8.4 3.3 4.6 1.3 5.0 35 6.4 4.3 218 - -
Spring water 4.8 1.3 8.7 6.6 2.9 67 4.7 2.8 36 7.0 178
Rain water [13] 1.1 0.3 0.4 1.0 0.2 - 1.5 1.1 0.8 - -
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Fig.3 Alteration layers of Houei Scoria (HS2) and Zunazawa Scoria (Z8)
(a) Photomicrograph of HS2. Distinct alteration layer is not observed
on the grain surface (*¥). (b) SEM photo of the cross section of HS2.
(c) SEM photo of the surface of HS2. (d) SEM photo of the surface of
simulated waste glass leached in ground water at 19°C for 1 year [12].
(e) Photomicrograph of ZS. (£} SEM photo of the cross section of ZS.
(g) SEM photo of the surface of ZS. (h) SEM photo of the surface of
simulated waste glass leached in distilled water at 98°C for 90 days
[12].
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