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Abstract

The electron microprobe can be successfully used in the analysis of hydrated glass (perlite),

and its ability to analyze very small volumes makes it an ideal tool for studying processes of

hydration and ion exchange. Water content, although not measured directly, may be esti-

mated quite accurately by dif ference-of-sum of oxide components between associated non-

hydrated glass (obsidian) and its hydrated equivalent (perlite).

Analyses of four obsidian-perlite pairs with a wide electron beam (lOOprm in diameter) are

very similar to wet-chemical analyses of the samples. Analyses of massive perl i te using a

narrow (5prm) beam detected about 3 weight percent HrO, but revealed only a very small

amount of ion exchange, mainly a sl ight loss in NarO. Analyses made along f ine fractures in

the perlite, however, show slightly to significantly higher water contents accompanied by

appreciably higher KrO and appreciably lower NazO contents.

The amount of water of hydration in a glass is probably governed by the avai labi l i ty of

openings in the polymerized glass structure. A higher degree of hydration in a thin layer along

fractures is accompanied by more intense ion exchange. This higher degree of hydration and

ion exchange, associated with further weakening and disruption of the glass structure, is an

early stage in the eventual formation of secondary argillic or zeolitic assemblages. During the

time when the material still retains the optical properties of glass the ion-exchange processes

appear to be largely governed by the composition of the glass.

Introduction

Ross and Smith (1955) investigated the influence of
water content on the physical properties of obsidian-
perlite glass pairs. Subsequently, Aramaki and Lip-
man (1965),  L ipman (1965),  Noble (1967),  and L ip-
man et al. (1969) found by bulk chemical analyses of
such pairs that in the perlite NarO is depleted and
KrO enriched with respect to the nonhydrated obsid-
ian core. Changes also have been reported for such
minor elements as Sr, Ba and the halogens (Zielinski

et al., 1977; Noble et al., 1967).
In addition, many crystall ine rocks can have some-

what different contents of alkali and alkaline earth
elements, halogens, and other elements than their
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moften precursors (Noble, 1965, 1970; Noble et a/.,
1967; Noble and Hedge, 1969; Rosholt et al., l97l;
Haft et al., 197l; Haffty and Noble, 1972; Zielinski et

al., 1977). Only nonhydrated glasses from rocks that
have not undergone partial spherulit ic devitrif ication
have behaved as completely closed systems and thus
are truly representative of melt composition at the
time of eruption (Rosholt et al., l97l;Ewart,l97l).

In the present study obsidian (nonhydrated) -per-

lite (hydrated) glass pairs were analyzed to investi-
gate on a microscopic scale compositional changes
related to the process of secondary hydration,
thereby identifying possible ion-exchange processes

involved. First, however, it was necessary to deter-
mine whether or not the electron microprobe can
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accurately analyze "wet" (either with appreciable pri-
mary water or secondarily hydrated) glass material
(see,  for  example,  Anderson,  1973).

Material studied

The four rocks investigated consist of nonhydrated
obsidian cores surrounded by hydrated perlite. Three
of  the specimens,  SHO-OB, WPN-23A, and OBO-
l2,A,  f rom southern Nevada,  were studied by Noble
(1967),  who g ives locat ion and other  per t inent  data.
The g lasses are a l l  o f  la te Cenozoic ( -  l0  to l4  m.y. )
age.  Specimen PA-HG is  f rom the Delamar per l i te
deposi t  in  southeastern Nevada (Tschanz and pam-
peyan,  1970).  The per l i te  under l ies the Hiko Tuf f ,
which is  radiometr ica l ly  dated at  about  l8  to l9  m.y.
(Noble and McKee, 1972). For three of the samples,
SHO-OB, WPN-23A, and OBO-12,A,  both rhe obsid-
ian core and the perlite were analyzed by wet-chem-
ical  techniques in  the U.S.  Geological  Survey lab-
oratory us ing the methods of  Peck (1964).  Sample
PA-HG was not  prev iously  analyzed.  Color less g lass
in  spec imens  SHO-OB and  OBO- l2 ,A  con ta ins  l aye rs
of  crysta l l i tes and micro l i tes that  are cont inuous
through the per l i te  and the nonhydrated obsid ian
core.  The par t ia l  secondary hydrat ion of  the or ig i -
nal ly  complete ly  nonhydrated mass,  as descr ibed by
Ross  and  Sd i t h  (1955 ) ,  F r i edman  and  Smi th  0959 .
1960),  Fr iedman et  a l .  (1966),  and Noble (1968),  is
supported by the cont inui ty  of  the layer ing.  Numer-
ous crysta l l i tes forming indis t inct  layers are present
in sample PA-HG, composed of  co lor less per l i te  and
one large obsid ian core about  6 mm in d iameter .  This
obsid ian core is  surrounded by a d is t inct  hydrated
layer  of  per l i te  about  100 pm th ick,  d is t inguished
from the obsidian by higher index of refraction and
by strain birefringence. The boundary between the
obsid ian and per l i te  is  sharp but  is  not  marked by
fracture. On the outside of the perlite layer is an
al terat ion wal l  about  100;rm th ick composed of  g lass
and secondary minerals  growing a long herr ingbone
pattern with the long axes perpendicular to the frac-
tures separat ing th is  wal l  f rom the surrounding per-
l ite. The densely-welded tuff of specimen WPN-23A
lacks l inear  features,  but  out l ines of  ind iv idual  shards
are made v is ib le by microcrysta l l ine boundar ies be-
tween the shards. Typical hydration cracks cut across
indiv idual  shards,  ind icat ing complete weld ing of  the
tuf f  pr ior  to  hydrat ion.

Analytical techniques

Polished thin sections prepared from the four spec-
imens were analyzed using the nine-spectrometer
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Table I.  Glass standards used in electron microprobe analysis

s i02

T{Oz

A1203

Fe0 "

uco

Ca0

N a 2 0

K2o

J 5 . 7 1

1 . 8 5

1 2 . 4 2

4 . 8 5

I  . 5 9

2 . 9 9

3 , 7 5

4 . 9 0

TEKT

vc-2

vc-568

TEKT

TEKT

TEKT

vc-568

vG-568

TEKT - Synthet ic tekt l te gla6s prepared by Coming

VG-568 - Natural  lhyol i te glass analysed by J.  Norberg,

(personal comulcatLon)

- Basalt ic glass from Jun de Fuca r idge analysed by

J a r o s e s i c h  ( 1 9 7 5 )

- Total  i ron as FeO

The6e arhydrous glasses are standards used In

electron microprobe analysis ac the Department

of } f ineral  Sciences, Snithsonian Inst l tut lon.

vG-2

Feo*

N o t e :

ARL-SEMQ electron microprobe at  the Department
of  Mineral  Sciences,  Smithsonian Inst i tu t ion.  A l5
kV accelerat ing vol tage and 0.02 pA sample current
were used.  The obsid ian cores and the per l i tes were
first analyzed using an electron beam 5 prm in diame-
ter .  Because the samples conta in micro l i tes of  pyrox-
ene and opaque minerals ,  some di f ferences,  pr imar i ly
in FeO* (FeOx : total iron as FeO) but also in other
oxides, between the wet-chemical analyses and the
probe analyses resulted (see Tables 2-4). A 100 pm
spot was subsequently used on all samples to approx-
imate the bulk analys is  of  the samples.

In order  to min imize heat ing of  the g lass and re-
sul t ing vapor evolut ion the sample was cont inuously
moved (at  a rate of  l0  to l5  pm in l0  sec)  dur ing the
analysis of glass bordering fine fractures in the per-
l ite. If any water vapor emanated from the fractures
the carbon coat ing was d is turbed and sample con-
ductivity lost, thereby significantly altering the count
rates,  and the analys is  was d iscarded.  In order  to
evaluate the influence of sample movement during
analysis, both the perlite and the obsidian away from
fractures were also analyzed by the same technique.
No differences between these and the stationary anal-
yses were found. The ten-second count t imes used
during the analyses effectively eliminated NarO loss.
The accumulated counts were processed by on-line
computer, and the raw data were corrected by the
method of Bence and Albee ( 1968). Tektite (synthetic
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Table 2.  Wet-chemical  and electron microprobe analyses of

obsid ian and per l i te in specimen SHO-OB

Glass type* llc NG NG ltc HG ltc IlG** NGf

Table 3 Wet-chemical  and electron microprobe analyses of  obsi-
d ian and per l i te in specimen WPN-23A

crass rype nG**

Spot Slze

Type or No, A
ol analyaes

5um

L2

5rn

20

5um

A 1,2

5un5un

20

5un

t b

100uu

2 7 B

100un

2 2 8

100w100po 5un

19 16

Spoc Slze

Type or No.
of analyses

S t 0 2

1 1 0 2

A 1 2 0 3

Pe203

le0

Fe0*

C a 0

N a 2 0

K2o

H20+

Hzo-

Tot aI

T o t a I l

7  4 . 2 4

o . 2 2

1 3 . 4 6

0 . 3 8

o , 9 2

r . 2 5

0  . 1 7

o , 6 7

3 . 9 7

o . 2 4

0 . 0 4

72.O4

o . 2 2

1 3 . 1 3

o . 6 4

0 . 6 1

0  . 1 6

0 . 6 1

3 . 3 6

2 . 9 4

0 , 1 8

1 4 , t 9

0  . 2 1

1 3 . 6 4

0 . 5 7

0 . 0 3

0 . 4 8

3 . 9 1

5 .  3 9

S102

T 1 0 2

A1203

FeZO 3

Ie0*

Mgo

ca0

Na20

Kzo
112O+

T o t a l

Total  I

1 4 , 5 2  7 4 . 6 7

0 . 2 0  0 . 2 2

1 3 , 9 3  r 3 . 5 4

0 . 5 0  r , 2 5

0 . 0 4  0 , 1 4

0 . 4 5  0 . 7 3

3 , 9 8  3 . 9 0

5 , 4 0  5 . 3 4

1 2 . 4 4  7 2 . 4 L  7 L . O 2

o . 2 l  0 . 2 L  o . 2 2

1 3 . 3 4  1 3 . 4 9  1 3 , 2 5

0 . 5 8  0 . 9 7  0 . 7 2

0 . 0 3  0 . 0 9  0 . 0 8

o . 4 7  0 . 6 7  0 , 5 2

3 . 6 9  3 . 3 4  2 . 3 4

5 , 4 3  5 . 7 6  6 , 5 2

7 3 . 9 8  7 4 . 0 5  7 4 . 3 8

0 . 2 2  0 . 2 2  0 . 2 3

1 r . 2 8  1 1 . 3 1  1 1 . 6 8

1 . 8 0  1 . 4 8

3 . 3 4  3 . 2 3  3 . r 9  3 . 2 8

0 . 0 1  0 . 0 1  0 , 0 0  0 . L 2

o . 2 4  0 .  1 8  0 , 2 9  0 . 2 6

5 . 3 3  5 . 3 8  5 . 3 1  4 . 6 3

4 . 5 5  4 . 5 9  4 . 5 8  4 . 8 5

0 .  t 5  2 . 9 0

7 L . 7 0  1 7 . 1 4  7 L . 8 7  7 0 . 4 0

0 . 2 2  0 . 2 1  0 . 2 0  0 . 2 0

r 0 . 9 4  1 1 , 0 6  1 1 . 2 9  1 1 . 1 1

3 . 1 2

0 . 5 1

3 . 8 3

5 . 1 8

3 .  r 4

0 . 0 1

0 . 2 2

4 . 4 8

3  . 1 1

0 . 0 4

4 . 9  8

4 . 7 9

H o o -  0 . 0 2  0 . r 0

9 9  . 9 9

9 9 . 3 2

9 9  . 7 7

9 9 . 1 2  9 9 . 8 8  9 6 . 4 1  9 6 . L 9  9 6 . 9 4  9 4 . 1 ) . 9 8 . 4 2

9 9  . 9 5  9 9 . 8 1

9 8 . 9 5  9 8 . 9 8  9 9 . 6 1  9 6 . O 2  9 5 . 9 3  9 6 . 5 7  9 4 . 5 4

I l 2 0  e s t .

H 2 0  d l f f .

3 . 8  3 . 1  5 . 3  r . 6

2 . s  3 . 0  4 . 4  0 . 7

8 2 0  e s t .

H 2 0  d l f f .

4 . L  3 . 4  5 . 4

3 . 0  3 . 0  4 . 3

Average of two wet-cheElcal analyses; V.C. Snith sd C.L.

P a r k e r ,  a n a l y s t s ,  A l s o  l n c l u d e s  t l n o ,  0 . 0 4 i  P 2 0 5 ,  0 . 0 2 ;  C 0 2 '

0 . 0 1 ;  c I , 0 . 0 5 ;  F , 0 . 0 8 ;  o E h e r , 0 . 0 8 ;  a n d  l e s s  0 '  - 0 . 0 4 '

wet-chenlcal  analysls;  C,L. Patker,  analyst.  A15o lncludes

! , t n o ,  0 . 0 4 ;  P 2 0 5 , 0 . 0 2 t  c 0 2 ,  0 . 0 3 ;  C l '  0 . 0 5 ;  F ,  0 . 0 8 ;  o t h e r

0 . 0 8 ;  a n d  l e s s  0 ,  - 0 . 0 4 .

NG = Nonhydrated glass (obsldlan);  HG = Hydrated glass

( p e t l i t e )

** Analyses Mde along f lne fractures ln hydraEed glass

+ Analyses @de along f lne fractures ln nof,hydlaEed glass

FeO* = Total-  i ron as leo

Total l  = Su of oxldes analyzed by elecEron ldcroprobe, al l  Fe

calculated as Peo.

see text and Table 5 fot  discusslon of Parameters

" H . 0  e s r . "  a n d  " H , 0  d l f f . " .

Corning g lass) ,  natura l  rhyol i te  g lass (VG-568 ana-
lyzed by J. Norberg, personal communication), and

natural basaltic glass, (VG-2, Jarosewich, 1975) were

used as standards in the analysis of the samples
(Table I  ) .

Comparison of electron microprobe and wet-chem-
ical analYses

In general, very good agreement is found between
the wet-chemical and microprobe data, (Tables 2-5).
ln detail, however, the electron microprobe analyses
for most elements obtained with a 5 pm beam differ
from the wet-chemical values for both obsidian and
per l i te  in  specimens SHO-OB and OBO-l2A and for
perlite in specimen WPN-23A (Tables 2-4). These

A. wet-cheblcal  analysls;  v.C. Sntth '  analyst '  Alao lncludes

M n O , 0 . 1 7 ;  P 2 0 5 '  0 . 0 1 ;  C 0 2 , 0 ' 0 2 ;  c l , 0 . 1 3 ;  F '  0 ' 1 7 ;  o t h e ! '

0 . 2 5  a n d  l e s 6  0 ,  - 0 . 1 0 .

B. wet-cheoical  analysis;  E.s.  Danlels,  analyst.  A18o includes

l h o , 0 . 1 5 ;  P 2 o 5 , 0 . 0 2 ;  c I , 0 . 1 1 ;  F , 0 . 1 5 ;  o t h e r '  0 ' 2 4 ;

I e s s  O .  - 0 . 0 9 .

* NG = nonhydrated glass (obstdlan);  HG = Hydlated gla66

(perl t te)

** Analyses @de along f ine f tactures ln hydrated glaas

FeO* = Total  i ron as Feo

Total l  = Su of oxldeo analyzed by electron DLcroprobe' al l  Fe

calculated as Feo.

differences reflect the fact that the 5 prm spot was used

to analyze glass only, whereas the wet-chemical anal-

yses represent the bulk sample regardless of its micro-

crystall ine or other heterogeneities. This conclusion

was verif ied by reanalysis using a 100 pm beam to

approximate more closely the conditions of the bulk

analysis. Compared with the 5 pm beam the 100 pm

beam gives values generally closer to the wet-chem-

ical values. It nevertheless must be kept in mind that

electron microprobe analysis of heterogeneous mate-

rial such as glass with microlites presents an analyti-

cal problem, resulting from the complexity of the

radiation path as well as from the uneven distribution

of crystall i tes in the glass' Therefore microprobe

analysis using a defocused beam provides only an

approximate bulk analYsis.
Individual electron microprobe analyses of obsid-

ian (non-hydrated) and massive perlite (hydrated) are
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Table 4.  Wet-chemical  and electron microprobe analyses of  obsi_
dian and per l i te in specimen OBO- l24

Glass Type'

EXCHANGE OF OBSIDIAN

along artif icial fractures in nonhydrated glass showed
no differences from analyses made in the same glass
away from such fractures. Also equal values of Na2O
and KrO were found a long very f ine ( - l  pm) and
quite Iarge (2-5 1tm) fractures in the same specimen,
thus making the presence of  K-r ich fore ign mater ia l
in  the f racture unl ike ly .  These analyses only approxi -
mate the amount  of  chemical  change in th is  th in
layer ,  because unknown amounts of  less ion-ex-
changed hydrated glass were unavoidably analyzed
by the electron beam. The average of the analyses
obta ined wi th the 100 pm beam, which represent
mixture of  massive per l i te  and per l i te  a long f ractures,
plot between the 5 prm perlite average and the 5 pm
average obta ined on g lass a long f ractures (F ig.  3) .

Water  contents of  the per l i te  samples est imated by
two d i f ferent  techniques are shown in Tables 2
through 5.  The parameter  "HrO est . "  is  obta ined by
subtract ing the sum of  ox ides determined by the mi-
croprobe f rom 100 percent .  As is  shown in Table 6,
water  est imates obta ined th is  way are h igher  than the
gravimetr ica l ly-measured water  contents.  The pa-
rameter "HzO corr." (Table 6) represents a corrected
value obta ined by correct ing "H2O est . "  for  the

Table 5 Electron microj robe analyses of  obsid ian and per l i te in
specimen PA-HG

Glass Type* Bc**

SpoE Slze

T y p e  o r  N o ,
of analyses

l 00um

2 7 8

5 ! m

I6

5um

t8

100um

2 7

5 t n

1 0

S102

TlO2

Arzo:
Fe 203

Fe0*

MBo

ca0

Na20

K2o

HZ0+

T o t a I

T o t a l l

7 5 , 4 2

0 . 0 8

13.29

o , 9 7

0 . 0 9

0 . 1 6

5 . 4 8

9 9 . 6 8

0 . 8 8

0 . r0
0 . 5 7
3 , 4 6

7 5 . 5 3  7  5  . 5 9

o , t 2  0 . 1 3

1 2 . 9 8  1 3 .  l 7

o . 3 7

1 , 0 5  0 . 9 8

0 . 1 0  0 . 0 9

0 . 7 0  0 . 6 4

3 . 8 2  3 . 6 3

5 . 1 5  5  , 4 4

0 . 0 3

99 .90

9 9 , 4 6  9 9 . 6 7

7 3 . 1 8  7 3 . 3 3  7 2 . 7 6

0 .  1 4  0 .  t l  0 . 1 2

1 2 . 9 2  1 3 . 7 7  t  2 . 7 5

3 . 2 8

2 , 7 4

0 , 1 6

0 . 9 0  0 . 8 8

0 . 0 8  0 . 1 9

o , 7 2  0 . 6 1

3 . 1 9  2 . 5 3

5 , 6 2  6 . 1 I

H 2 0  e s t .

H 2 0  d l f f .

4 . 0

3 . 7

2 . 9

A. Wet-chefr lcal  analysls;  V.C. Sntrh, anelys!.  AIso includea

l , L r o ,  0 . 0 5 ;  P 2 0 5 , 0 . 0 2 i  C 0 2 , 0 , 0 1 ;  C l ,  O , 0 7 ;  F ,  O , 0 7 ;  o t h e r

0 . 0 5 ;  l e s s  0 ,  - 0 . 0 5 .

B. Part ial  wet-chenlcal-  analysis;  E.S. Daniels,  analydt.

*  NC = Nonhydrated glass (obsidtan);  HG = Eydrated glass

( p e r l l t e )

** Analyaes @de along f lne frectures In hydlated glass

FeO* = Total  l ron a6 FeO

Total l  = Su of oxldes anaLyzed by electron trdcroprobe, al l  Fe

calculated as PeO.

plotted in Figure l. The plots show random scatter of
the obsidian analyses around the average, whereas
the perlite analyses define trends of sodium loss and
potassium enrichment. These trends, indistinctly out-
l ined by the 5 pm beam analyses, are well defined by
the 100 pm beam analyses.

To a l low di rect  compar ison among the indiv idual
data sets all analyses were recalculated to 100 percent
water-free. The 5 pm beam analyses show a smaller
increase in KrO and decrease in NarO from obsidian
to perlite than do the wet-chemical analyses and the
100 pm spot-s ize analyses (F igs.  2 and 3) .  However
analyses ofglass along fine fractures in perlite and the
analyses of glass in the alteration wall in specimen
PA-HG reveal very high KrO and low NarO values
accompanied by changes in the content of certain
other oxides, particularly MgO (Figs. 2 and 3). These
differences are not the result of the geometry of the
fracture surface, because the control analyses made

Notei No wet-chetr lca1 analysl .s is aval lable for thls aanple.
Total  H20 Ln the obsidlanssuoed to be .22.
T o t a l  H 2 0  i n  t h e  p e r l i t e  B s @ e d  t o  b e  3 . 0 2 ,

* Nc = Noohydrated glass (obsidlan);  Hc = Hydlared glass

( p e 1 1 l t e )

** Analyses @de al .ong f ine f lactures ln hydrated glas6

it  Adalyses @de od al terat lon val1

FeO* = Total  i ron as FeO

ucil

S p o t  S l z e

Type or No.
of analyseg

5!u

20

5 l n

I 8

5un

30

l00pa

L 4

100pn

l 3

5un

L 7

S102

Ti02

41203

Fe0*

Mgo

Ca0

Na20

Kzo

TotaI

7 5 , 4 L  7 5 . 4 2

. r I  . 0 9

1 3 . 7 7  1 3 . 6 0

. 6 0  . 7 5

. I 2  . 1 0

. 8 0  . 8 9

3 . 6 8  3 . 1 5

4 , 8 3  4 . 8 9

99.32  99 .49

7 2 . 9 9  7 3 . L 5

. r 2  . l r

13 .33  13 .20

. o o  . t 2

. L 4  . 1 1

, 7 9  . 8 8

3 .  5 1  3 . 3 4

4 . 1 6  5 . 0 4

9 6 . 3 0  9 6 . 5 5

1 2 . 5 4  6 9 , 8 8
r t

L 3 . 5 7  1 3 . 3 4

. 6 8  . 6 6

. 2 7  . 3 2

. 8 1  . 7 9

2 . 6 5  2 . 3 4
q  < 1

96.20  92 .9A

H 2 0  e s t .

H 2 0  d i f f .

3 . 8  7 . 0

3 . 1  6  . 3

3 . 4

2 . 9
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X
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o
@
o

O
*
O
A

o*
oz

X

*

* * *
*

*
i 1 .

*  * f

oBo-12A

* o  x

t *

* *
.  F . l  '

i

t o *
*

"other" oxides and elements not measured by the
microprobe but present in the glass (e.9. MnO,ZrOr,
F, Cl, etc.). The difference between the "HrO corr."
value and the measured HrO content is lower than if
the "HrO est." value is used. Generally the error
introduced by disregarding the "other" oxides and

f ' *

*A

elements is 0.2 to 0.6 weight percent, and contributes

to higher apparent HrO contents.
Values of "HrO diff." given in Tables 2 through 5

were derived by subtracting the sum of oxides as

measured by the microprobe in the perlite from the

sum of oxides measured in the obsidian of the same

o
g(
X

fn. q *
l l

*

' 'DRY''

5 p .
5  p m  a v e r a g e

1OO rrm
1OO p m average
wet  chem.

! 'wET"

5 v t
5 p .  a "e tage

1OO ym
1OO pm average
wct  chcm.PA -HG

Kzo

o O*'

;*

o

o*
oz

I

*
t

WPN-23A * sHo-oB

6.OK^O 5.O 5.O KoO b.u- - Z -  z

F i g  l .  A n a l y s e s o f N a r O a n d K r O o n o b s i d i a n a n d m a s s i v e p e r l i t e i n t h e f o u r s a m p l e s i n v e s t i g a t e d s h o w t y p i c a l  r a n d o m s c a t t e r o f t h e

obsid ian analyses around the average, whereas the analyses on per l i te def ine t rends of  sodium loss and potassium enr ichment These

trends,  indist inct ly  oul l ined by the 5 pm beam analyses,  are wel l  def ined by the 100 pm beam analyses.  The analyses are not  recalculated to

100 oercent water-free.
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"N

-(v

F

I
o
f

o
o

o
E
U

sHo-oBoBo-12A PA-I.IG WPN-23A

a  I  z r 4 5 o 1 2 r o o t r l o t 4 5 6 7  o 1 2 3 4 5

Fig 2 Plot showing variation- in major-element contents of
nonhydrated (obsidian) and hydrated (perlite) glasses as a function
of water content. All analyses are recalculated to 100 percent
water-free. Analyses made with a 100 pm beam size (solid
triangles) are, in general, closer to the wet-chemical values (solid
circles) than are the analyses made on microlite-free nonhydrated
and dense hydrated glass with a 5 pm beam (open stars). The 5 pm-
beam analyses made along fractures in the perlite (solid stars)
generally show a higher degree of hydration and appreciably more
ion exchange The al terat ion wal l  in  specimen PA-HG (doubly-
circled solid star) is unusually rich in water and has undergone
even more intense ion exchange.

pair. Table 6 shows that these values are in a very
close agreement with the gravimetrically-measured
water values. If this technique is used, it is not neces-
sary to know the concentrations of the "other" ox-
ides in the glass. The values are accurate and can be
obtained rapidly, thus adding a value for water of
hydration to the oxides measured by the electron
microprobe for these sample pairs.

Discussion

This study shows that the oxide concentrations
measured by the electron microprobe in nonhydrated
as well as hydrated glasses are in good agreement
with the values determined by wet-chemical analysis.
Water contents determined by the difference of the
sum of oxides from 100 percent may be too great by
as much as 1 weight percent, whereas water contents
determined by the difference of sum of oxides in the
related obsidian and perlite are almost identical with
gravimetrically-measured water values. The very fine
size of the electron microprobe beam permits the
analysis of glass, excluding crystals, inclusions, and
alteration products. The quantitative nature of the
analysis allows the chemical characterization of non-
hydrated and associated hydrated glass that have un-
dergone different degree of hydration and ion ex-
change.

Although the boundary between nonhydrated ob-
sidian and hydrated perlite is very sharp (Ross and
Smith, 1955), the process of hydration and ion ex-

K{)
Fig 3. Plot of NarO versus K.O showing average electron

microprobe analyses of obsidian, massive perlite, and perlite along
fractures and alteration wall (in sample PA-HG), and wet-
chemical analyses of the samples All analyses are recalculated to
100 percent water-free. Averages of the 5 trrm-beam analyses made
along fractures in the perlite are shown by white stars. An average
of the 5 pm-beam analyses of the alteration wall in PA-HG is
shown by the white square. Other symbols are the same as in Fig l.

5
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Table 6. Comparison between gravimetrically-measured water

contents and water contents inferred from electron microprobe

totals

specinen oBo-l2A
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with a more rapid exchange of even larger ions (Do-

remus, 1973, p. 244). The significantly lower NarO

and higher KzO contents and slightly higher MgO

contents of this layer support such a process.

The effectiveness of ion exchange depends on the

concentration of ions in the solution in contact with

the glass, and on the glass composition. Ion exchange

along the fractures will act to approach an equilib-

rium between the glass and the solution. It is difficult

to say exactly how deep the zone of more intense ion

exchange will extend from the fracture surface. How-

ever, as shown by the microprobe analyses of the

specimens studied, this layer is not more than a few

microns thick. Because of the thinness of the layer it

is not possible to determine if concentration gradients

are present.
Friedman and Smith (1958) pointed out that per-

l ites of highly variable age contain approximately 3

weight percent water. Perlites investigated in this

study also contain about 3 weight percent water re-

gardless of their age. The rather constant amount of

water and its inferred presence as water molecules

filling the openings in the glass structure suggest that

an approximately constant amount of space is avail-

able for occupation by water molecules. The avail-

able space is independent of composition, at least in

the highly sil icic glasses studied.
Figure 3 shows average sodium and potassium val-

ues for all four samples recalculated to 100 percent

water-free. The trend defined by nonhydrated glass'

hydrated glass, and glass along fractures in perlite is

almost identical for all four samples. The slope of the

line connecting hydrated glass with glass along frac-

tures in perlite in sample WPN-23A has a steeper

negative slope. This may be the result of the signifi-

cantly higher original sodium content of the material

or, perhaps more l ikely, of the peralkaline character

of the glass, with the result that a portion of the

sodium ions is not closely associated with Al ions in

the three-dimensional polymer structure of the glass'

The lower NarO and higher KrO values of the hy-

drated glass and of the glass along the fractures in

perlite are the result of ion exchange. Samples PA-

HG, OBO-12A, and SHO-OB are very similar in

composition but are of different age and come fr'om

different areas. Their ion-exchange trends are almost

identical, and it is inferred that the glass composition

is an important controll ing factor in the ion-exchange

process. This conclusion was also reached by Fried-

man and Smith (1960), Truesdell (1966) and Fried-

man and Long (1976) from different data. Ion con-

centrations in ground waters in contact with the

H r O  e s t .
5UD

HrO corr,
) !n

H 2 O  e s t .
-  

l 0 0 u n

HrO corr.
- l 0 0 u n

HrO dif f ,
-5un

HrO dif f .
- l00un

+ O , 7

+ 0 . 5

0 . 0

-0 .2

- 0 . 2

- 0 .  I

+ 0 . 4

-0.2

+ 0 . 6

0 . 0

+ u . 5

- 0 , 2

0 . 0

+ 0 . 4

0 . 0+ 0 . 3

H^0 est.  = est inate based o the di f ference between the su of
- 

oxides neuured by the nicrcprobe ad 100 percent.

H-O corr. = estinated water content corrected for the oxides and
" elenents not neasued by the nicroprcbe, but not

including the cor lect ion for Fe2O3.

H,0 di f f .  = est imte bsed on the di f ference between the sui  of
' 

oxides obtained for the obsidiu ed for the asso-
ciated perl i te.

Note: Al l  data are in weight pelcent.  A posit ive value indicates'
that the xater content infered froD the nicDprobe data is
higher tha the gravinetrically neasuled content whereas a
negat ive value i ld icates that the nicloprobe value is lower.
Total uater (H"O + H.O ) was used in these figures but it
is pore l ikely ' that t l le nicroprobe data give est iEtes of
H.0 becaEe H"o wi l l  be lost lapidly due to beu loading.
BEcaEe H^o- i f  tw in these smles i t  is di f f icul t  to
resolve tf,is prcblen.

change is probably gradual. The massive perlite in the
present samples is hydrated, but only a very small
amount of ion exchange has taken place. In all of the
samples NarO decreased slightly and KzO increased
slightly in the massive perlite. Because only very
small amounts of Na+ was removed, and most of this
was replaced by K*, only very small amounts of H+
and/or HsO+ (Truesdell, 1966) may occupy some

sites to preserve electroneutrality. We therefore infer
that most of the water of hydration in the massive
perlite is present as water molecules occupying
"sites" between the polymerized silica chains. As
pointed out by Friedman and Smith (1958), the in-
troduction of water causes the glass to expand, and
formation of perlitic fractures begins.

Glass along the fractures contains slightly to signif-
icantly more water of hydration (0.1 to 1.5 weight
percent) and has undergone appreciably more ion

exchange than the massive perlite. Probably a thin
layer of gel-like glass forms on the surface of these
fractures. This layer may be a result of reaction with
water molecules diffusing through the glass, coupled



samples are low and probably do not  contro l  the ion-
exchange reactions to any large extent.

Glass can undergo hydration and ion exchange of a
cer ta in magni tude wi thout  decomposing to secon-
dary minerals .  These hydrated mater ia ls  can be d is-
tinguished from nonhydrated glass by changes in the
index of refraction and by strain birefringence (Fried-
man and Smith,  1960).  The f i rs t  s tage of  hydrat ion
can proceed unt i l  a  saturat ion point  of  about  3 weight
percent of HrO is reached. During this stage the glass
undergoes only a smal l  amount  of  ion exchange.  Ad-
ditional hydration takes place init ially along fracture
surfaces and is accompanied by significantly more
intense ion exchange. Thereafter, as a result of fur-
ther  weakening and breakage of  the bonds of  the
glass structure, there wil l be a tendency for the forma-
t ion of  c lay and zeol i te  minerals .
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