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Notes, Comments, and New Findings

Semantic Categorization and High-Speed Scanning

William P. Jones and John R. Anderson
Czroegie-Mellon University

Two experiments used versions of Sternberg’s item-recogaition task, in which
the subject could make a decision by semantic categorization or by a search of
short-term memory. When a single category distinguished the words of a memory
set from foils, pronounced deviations from a linear set-size effect were observed.
Decision times were affected little by increases in set size beyond three or fout,
suggesting that a categorization process was circumventing an item-by-item
search of memory. These resuits were observed in the absence of a consistent
mapping between stimuli and responses; in other words, within a session the
relevant category constantly changed and stimulus words were used as both
targets and foils. The results are compatible with a race model in which memory
scanning and semantic categorization occur in parallel; the decision time is de-
termined by the process reaching completion first.

Sternberg (1966) reported that a decision based
on a search of memory produced decision times
that increased linearly with the number of items
to be searched. For smali memory loads, this ser-
size effect has proven remarkably robust across
4 variety of item types, including letters (Nick-
erson, 1966), digits (Sternberg, 1966), words
(Smith, 1967), and random forms (Sternberg,
1969). Sternberg concluded that subjects seri-
ally scan through the items of shori-term mem-
ory (STM).

Experiments demonstrating this linezr set-size
cflect use an item-recognition paradigm. ln this
paradigm, the subject commits a small set of items
(usually six or fewer) to memory and roust thea
make a speeded yes/no response regarding the
presence or absence of a test item in this set. Tar-
gets and foils are commonly all of the same 1tem
type. and no feature reliably distinguishes them.
In the absence of such a feature, subjects are
forced to base their decision on a searck of STM.

In experiments in which one or more features
do distinguish targets and foils. there is often a
substantially reduced and sometimes curvilinear
relationship between decision time and set size.

Preparation of this article was supported by National
Science Fouadation Grant BNS78-1746:. We are
grateful to Ann Beattie. Renee Elio, Lynne Reder, and
Minam Schustack for their adviee and comments on
eariier drafts.

Requests for reprints should be sent to William P.
Jones, Department of Psvchology, Carnegic-Mellon
University, Pittisburgh. Pennsvlvania 15213,

This effect was observed by Ellis and Chase
(1971) at the perceptual level when foil letters
were distinguished from targets by the features
of size ot color. A leiter/digit categorical distinc-
tion has been used to similar advantage in the
item-recognition task (Lively & Sanford, 1972;
Simpson, 1972). In an extension of the item-rec-
ognition task, Schnerder and Shiffrin (1977) ob-
served almost no effect for set size when targets
and foils were separated by the letter/digit dis-
tinction. Semantic categorical membership can
atso appareatly facilitate the rejection of foil
words {Okada & Burrows, 1973; Reynolds &
Goldstein, 1974).

These experiments suggest that decisions are
sometimes made on the basis of a categorization
process that is relatively unaffected by set size.
Such a process would be increasingly likely to be
completed before an item-by-item search as set
size increases, resulting in the often observed cur-
vilinear relationship between decision time and set
size. However, the design in each of the above-
mentioned experiments creates a form of response
consistency. In all of these experiments, for ex-
ample, a proportion of the foils are drawn from
a categorically defined set and are never used as
targets. Schneider and Shiffrin (1977) argued that
response consistency permits the development of
an automatic detection response that is unaf-
fected by set size. The development of automatic
detection is speeded by a target/foil distinction
but does not depend on it.

The present study investigated the eflects of
semantic target/foil distinctions in the absence of
response consistency. A central question con-
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Table |
Stimulus Words for Experiments | and 2

NOTES, COMMENTS. AND NEW FINDINGS

ROGUR HORSE BLUE HEAD SHIRT PiaNGg
SECOND LIGN GREEN FINGER PANTS DRUM
YEAR RABBIT YELLOW NOSE BLOUSE YIOLTN
MINUTE DEER PURPLE TOOTH COAT FLUTE
DECADE SHEEP WHITE KENEE DRESS GUITAR
WEEK BEAR PINK ANKLE JACKET TLUBA

cerned the extent to which a categorization pro-
cess could replace the scanning process as a basis
for decisions. Given the speeds with which scan-
ning can take place (much less than | sec for sets
of fewer than six words), such a replacement
would demonstrate a very rapid encoding and
utilization of semantic information.

Experiment 1
Method

Materials and design. Memory sets, targets,
and foils were all drawn from a stimulus set con-
sisting of six exemplars from each of six catego-
ries: units of time. four-legged animals, cotors,
parts of the human body, articles of clothing, and
musical instruments (see Table 1). The words
were the most common members of their respec-
tive categories, as determined by the Batiig and
Montague (1969} word norms with the foliowing
restrictions: {a) Each word was three to cight let-
ters in length. (b) No more than two words of a
category began with the same letter. {c) No word
belonged to more than one category of the Battig
and Montague norms (e.g., orange). (d) No pairs
of words were graphemically or phonemically con-
fusable {e.g., mouth and mouse).

A usable target /foil distinction was established
through a manipulation of memory-set type. For
sets of multicategory set type, each item repre-
sented 2 different category; in single-category sets
all items came from the same category. The fac.
tors of set size, test period, and response type were
crossed with the factor of set type in a within-
subjects design. The size of a memory set ranged
from one to six words; an experimental session
conststed of six test periods. Within a test period,
each of 12 memory sets was tested in a block of
6 targets and 6 foils. The 12 memory sets rep-
resented each combination of set size by set type.
Each singie-category set was randomly selected
such that no two sets of a test period came from
the same category. Mullicategory sets were sim-
ilarly selected so that no group of words occurred
in more than one set.

Within a test block, each of three foils was pre-

sented twice. The number of presentations for a
memary-set item was in proportion to the set size
{approximately, six divided by the set size). Each
foil in a test block came from a different category;
for single-category sets, none of these categories
matched the category of the memory set. Each
stimulus word had an equat chaace of appearing
in any combination of set type by response type
within a test period. lo an experimental session
a word’s use as a foil always roughly equalled its
use as a target.

Apparatus. The experiment was run on a PDP
[1/34 computer using the RSX-11M system. Al
stimuli were displayed in uppercase letters on a
Bechive 100 terminat using a 5 ¢ 7 (per charac-
ter} dot matrix. The terminal was modified to
display stimuli only at the beginning of a video
frame; all stimulus-dependent timing was initi-
ated at the beginning of a frame. Yes/no re-
sponses were made through a hand-held, two-but-
ton box. The left button was labeled “no” and the
right button was labeled “yes.”

Subjects and procedure. Seven male and six
female subjects between the ages of 18 and 26
participated in a single 2-hr. session and were paid
between $5 and $8 for their participation. A game
format was used in which subjects were awarded
points for fast erroriess performance; these points
were converted into money at the end of the ex-
perimental session. Subjects earried a half point
for each decision time faster than a “time to beat”
(discussed later), and subjects lost two points for
each error.

The subjects became familiar with the words
and categories through three initial tasks. In ae
old/new recognition task, each word of the stim-
ulus array was presented twice in a random order
and subjects made the appropriate speeded re-
sponse. In a spelling task, each word was pre-
sented for 1 sec, after which the subjects were
required to correctly spell the word. A spelling
mistake initiated an immediate re-presentation of
the word. In an STM span task, the six exemplars
of a category were presented, in succession, at i
sec intervals, and the subject attempied 1o recail
the words in any order. Less than perfect recall
brought about an immediate re-presentation of
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:gories through three initial tasks. In an &
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‘ects made the appropriate speeded re- %
in a spelling task. each word was pre- =
ar 1 see, after which the subjects were
to correctly speil the word. A spelling
uat.rated an immediate re-presentation of =
.. In an STM span task, the six exemplars %
-2ory were presenied, in succession, at 1-
vals, and the subject attempted 1o recall _$
is in any order. Less than perfect recaliZii]
about an immediate re-presentation of®

1he cxemplars in a new order. Each category was
(ested 10 2 criterion of one perfect recall. After
{he examplars of the caiegory were correctly re-
called in this manper the subjects were prompted
10 Lype in 2 name for the category.

The instructions preceding the item-recognition
(ask (2) informed subjects that a categorical dis-
iinction between targets and foils would some-
1irnes exist, and (b) encouraged them to make use
of 1his distinction. Two practice test biocks ini-
riated each test period. These blocks gave a sub-
ject the opportunity to win bonus points, and the
subject’s average decision tUme for these blocks
determined the initial time to beat. Before each
of the remaining test blocks in a period, the time
to beat was set equal to the smaller of two num-
pers: (2) the previous time to beat multiplied by
105 msec, or (b) the average of the previous time
1o beat and the actual mean decision time for the
previous block. This number was thea adjusted
{or variations in set size by adding the factor {set
size — 3) X 25 msec.

Each test block began with a screen display of
{a) the memory set presented in a randomiy or-
dered columpn, and (b) the time to beat. Subjects
viewed the display for as long as they wished. A
press of the “return” button on the terminal key-
poard terminated the display and initiated a ran-
domly ordered presentation of the test items. Pre-
ceding the display of cach test item, the word
READY appeared on the screen, followed Sy a 500-
msec delay. The screen then cleared, a test item
appeared. and the timer began. A press of the yes
ot no response burton terminated the display and
stopped the timer. At the end of a test block, sub-
jects were informed of their average decision time,
the number of times they were faster than the
time to beat, their error rate, their points earned,
and their new point total.

Within a test period, memory sets were pre-
sented randomly with respect 1o set size and set
type. After every other test period, subjects per-
formed a span task and were then given a 3-min.
break. The span task’s primary purpose was to
break the tedium of the item-recognition task, and
span-task results are not reported here.

Results

Becision times and error rates were submitted
10 an analysis of variance. Deciston times were
discarded for tnials in which an error was made
or the time itself exceeded | sec. Less than 1%
of the correct responses were longer than | sec.
Figure 1 shows the relationship betweea perfor-
mance and set size for the four combinations of
set type and respoase type.

With respect to decision time, main effects in-
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Figure {. Data from Experiment 1: mean decision times
for correct responses and percentages of error as func-
tioms of memory-set size {collapsing across test periods).

dicating the advantages of single-category sets,
targets, and practice (across test periods) were all
significant {p < .01). In addition, there was a set-
size effect, F(3, 60) = 114.00, p < .001. However,
there was a marked interaction between set size
and set type, F{5, 60) = 22.63, p < .001. The lin-
ear component to the relationship between set size
and decision time accounts for 92.9% of the vari-
ance in the multicategory condition but for only
63.1% of the variance in the single-category con-
dition. In contrast, the quadratic component ac-
counts for 5.6% of the variance in the multica-
tegory condition and for 35.8% of the variance in
the single-category condition.

The departure from linearity for the single-cat-
egory condition can be attributed to an apparent
lack of any effect when set size was increased
beyond three words. The mean time for a correct
yes response in the single-category condition was
473 msec for three-item sets and 475 msec for six-
item sets. The mean times for a correct no re-
sponse were 525 msec and 321 msec for these
same two set sizes, respectively.

In the accuracy data, the main effects of set
size and response type were both significant (p <
{021 In agreement with the decision-time resuits,
there was a marginally significant interaction be-
tween set size and set type, F{3, 60) = 1.95,
p < .10. There is no indication, then, that the de-
cision-time resufts can be explained as a simple
speed/accuracy trade-off. The overall error rate
was 3.3%.
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Tabie 2
Stimulus Words Used 1o Extend the Stimulus Ser for E xperiment 7
MONTH TIGER BROWN FOGT SOCKS HARP
DAY MULE GRAY LEGS BELT TRUMPET
CENTLRY MOLUSE BLACK ARMS HAT BANIO
Discussion Experiment 2
Method

A calegorical distinction. in the absence of re-
sponse consistency, has a clear-cut and dramatic
effect on performance in the Item-recognition
task. The curvilinear relationship between deci-
sion time and set size for single-category sets
strongly implies a categorization process, which
is unaffected by set size.

Ellis and Chase (1971) proposed that catego-
rization at a perceptual level and scanning could
take place in parallel, with decision times reflect-
ing the faster to complete of the two processes.
In tasks requiring a dual judgment for each item
of the memory set, Burrows and Okada (1973,
1976) and Palef (1977) found evidence that se-
mantic information can also be retrieved in par-
allel with a serial scan.

Categorization and scanning, however, need not
take place in parallel to account for the data.
Another possible model uses a probabilistic mix-
ture of categorization and scanning (e.g., Atkin-
son, Herrmann, & Wescourt, 1974). Ip such a
model, the probability that categorization is first
attempted for single-category sets of three or more
items would have to be near 100% to account for
the present results. In fact, subjects in the exper-
tment could have made a strategic commitment
to categorization at the beginning of a single-cat-
egory test block. If they chose to make their de-
cisions on a categorical basis, there would have
been no need to even maintain the individual set
ttems in memory, since categorization alone wouid
always have provided the correct response.

The second experiment made such an a priori
commitment to categorization impossible. The
experiment tested singie-category sets in a test
block containing an equal number of related foils
(same category) and unrelated foils (different cat-
egories). Since presentation order for the two foil
types was random, the subject would always have
to keep the memory set active in order to distin-
guish targets from related foiis. However, it would
be possible to reject unrelated foils by means of
a category judgment. Of particular interest is the
interaction between scanning and categorization
in a task where the majority of test items in a
block require a serial scan.

Materials and design.  All items of a memory
set were drawn from the same sernantic category,
The factor of foil relatedness replaced the set-type
maripilation of Experiment {. Three foils in 2
test biock were categorically related to the jtems
of the memory set, and the remaining three foils
were unrelated. The use of related foils with larger
memory sets required an increase in the number
of exemplars per category; this was accomplished
by adding the words shown in Teble 2.

As in the previous experiment. there were six
test periods with 12 blocks each. Within a test
period, two memory sets of different size were
randomly selected from each of the six categories.
Three related foils were randemly drawn from the
words remaining in a category afier a set's selec-
tion. The three uarelated foils were randomly
drawn from a.random collection of three of the
five remaining caiegories. Within an experimenta
session, each word had an equal chance of 2p-
pearing as a target and a foil. In addition, each
word had an equal chance of appearing as a re-
tated and unrelated foil,

Subjects and procedure. Seven male and eight
female subjects from the same population used in
Experiment ! participated in a single 2-hr. session
and were paid between $5 and $& for their par-
ticipation. The familiarization tasks again pre-
ceded the item-recognition task. In the span-fa-
miliarization task, the word sequence length was
reduced from six to five, and each category in
Table 2 was tested twice to insure that each word
was included in at least one span sequence.

In the instructions preceding the item-recog-
nition task, subjects were encouraged to use cat-
cgory information in the rejection of unrelat
foils. In all other respects, experimental procedure
and design followed that of Experiment 1.

Results

Figure 2 shows the relationship between per-
formance and set size for the three test-item types
(targets, related foils, and unrelated foils). De
cisiop times were screened using the procedurt
described for Experiment 1. Again, fewer than 1%
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25 were screened using the procedure §
for Expertment 1. Again, fewer than 1%

of the correct responses exceeded | sec. The data
for three subjects were excluded from the analysis
because of an error rate exceeding 10%. (A sep-
arate analysis of the data for these three subjects
produced complete agreement with the results
from the remaining subjects, which follow.)

An analysis of the decision times revealed sig-
nificant main effects of practice (across test pe-
riods) and set size (p < .001). Unrelated 7oils were
rejected significantly faster than related foils
were, F(1, 11) = 130.43, p < .001. The differeatial
effect of set size on the three test-item types is
reflected in a significant interaction, F{13, 110) =
22.97, p < 001. In order to understand this in-
teraction, the two foil conditions were szparately
considered in relation to targets. The effect of set
size was significantly less for unrelated “oils than
it was for targets, F{5, 55) = 16.95, p < .001. On
the other hand, the effect of set size was signifi-
caantly greater for related foils than it wes for tar-
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gets, F(5, 55) = 3.57, p < 0l. The linear com-
ponent of the relationship between set size and
decision time accounted for 98.9% of the variance
for related foils and 91.7% of the variance for
unrelated foils. The quadratic compcnent ac-
counted for less than 1% of the variance for re-
lated foils and for 7.9% of the variance for un-
related foils. For targets, the linear component
accounted for 92.3% of the variance and the qua-
dratic componeat accounted for 6.1% of the vari-
ance. These figures for targets are in clcse agree-
ment with the corresponding figures for the
multicategory condition of Experiment |.

In the error data, 2 main effect for set size was
significant, F(5, 35) = 15.13, p < .001. The de-
cision-lime advantage for usnrelated over related
foils was reflected in error rates as well, F(I,
11) = 13.24, p < .004. Set size had a significantly
greater impact on error rates for related foils than
for targets, F15, 55) = 5.48, p < .001. There was
no significant interaction in the relationship be-
tween set size and targets versus unrelated foils
{p > .17). However, error rates for tarzets were
significantly greater than for unrelated foils, F(1,
11} = 46.75, p < .001. The error rates for unre-
lated foils were by far the lowest of :he three
conditions and were obviously unaffectzd by in-
creases in sei size. There is no indication that
decision-time differences are solelv the result of
a speed faccuracy trade-off.

Discussion

Although most of the tnals in a test block re-
quired a memory scan, the categorizaticn process
continued to facilitate the rejection of unrelated
foils, especially at the larger set sizes. The total
increase in decision time as set size ranged from

MEMORY SET SIZE
Figure 2. Data (rom Experiment 2: mean decision times
for correct responses and percentages of error as fac-
tions of memory-set size (collapsing across test periods),

four to six was only 15 msec for unrelated foils,
in comparison to a 74-msec increase for related
foils and a 44-msec increase for targets. The av-
erage time to reject an unrelated foil at these
larger set sizes is virtually identical to the rejec-
tion time For single-category foils in Experiment
1 {528 vs. 329 msec). The greater linearity of the
decision-time slope may indicate that decisions for
unrelated foils were sometimes based on a serial
scan for even the larger set sizes.

Both the decision-time and error-rate slopes are
significantly steeper for related foils than for tar-
gets,! suggesting that the category membership
of a foil may impede as well as facilitate its re-
jection. This is further indicated by a comparison
of Experiments 1 and 2. in which differences in
performance are noticeable for sets of five and six
items. For these set sizes, targets in Experiment
2 are about 12 msec faster than multicategory
targets in Experiment 1. {n contrast, related foils
in Experiment 2 are about 24 msec stower than
multicategory foils in Experiment 1. In additioa,

L1 the decision-time slope for related foils is de-
pressed as a result of a speed/accuracy rrade-off {a pos-
sibility suggested by the high error rates for selated
foils). then the slope may actually be in a 2:} relation-
ship with the decision-time stope for targets. Therefore,
subjects may have used a terminating search to distin-
guisk targets {rom related foils. However, it is not clear
why a terminating search wouid selectively produce such
high error rates for refated foils.

by -
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error rates are considerably higher for related foils
at the larger set sizes. Poor performance for re-
lated foils could occur in a parallel model as the
result of a response competition between the cat-
egorization process and scanning. 1t is likely that
a suppression of the category ves response would
take extra time; a failure to suppress this response
would lead to an error.

General Discussion

The results of these two experiments are per-
haps best described in terms of a parallel race
model involving serial scanning and the catego-
rization process. Categorization dominated for
sets of more than three or four iiems and was
unaffected by changes in set size. These effects
were observed in the absence of a consistent map-
ping between stimuli and responses. In both ex-
periments the relevant caiegory changed after
every 12 trials, and stimulus words were used
equally often as targets and foils,

The results demonstrate z use of semantic in-
formation to circumvent an item-by-item search
of memory. Similar results have been obtained in
the fact-retrieval paradigm of long-term memory
{McCloskey & Bigler, 1980; Reder & Anderson,
1980; Smith, Adams, & Schorr, 1978), In the
experiments of Reder and Anderson, for example,
interference did not occur among a set of the-
matically related facts when foils were themati-
cally unrelated. Interference returned, however,
when thematically related foils were used.
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ABSTRACT

Mysen, B.OL, 1990 Interaction belween wal
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1. Introduction

Dissolved water affects chemnical and physi-
<l properties of silicate meits. For example,
Ensport properties are strongly enhanced in
mdrous melts compared with their anhydrous
auivalents. Melt viscosity can be lowered by
up 1o several orders of magnitude (e.g., Shaw,
1963 Kushiro, 1978: Dingwell and Mysen,
1985). Cation diffusivity 15 increased (Wal-
sn, 1979} as is electrical conductivity {Tak-
staetal, 1981; Satherley and Smedley. 1985).
Liquidus relations are also significantly af-
fected by water, generally resulting in a de-
crease in silica activity (e.p.. Kushiro et al..
68 Kushiro, 1972, 1989; Mysen and
Baetrcher, 1975; Carmichael et al., 1976).
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30,-H,0 has been studied with Raman
Si}=0-0.333. The spectra are consisient
1 to molerular HR00 No direet evidence Tor

mperes. arman

SO G vpe vsoan ALOH complex of ALCH T,
Al** { AL.OH) probably becomes more important
olved H,0 on melt polymerization diminishes
(MNBOYTY fipr g given total H ¥ concentration is
-hanism alone. The excess waler is present as
I'} bridging oxygen bonds in the ny

The relationships between melt propertics
and water activity together with P— V-7 mea-
surements of hydrous NaAlSi,O, composition
melt have have led to inference that the melts
become depolymerized upon solution of H,O
through the replacement of bridging oxygen
with OH groups and an exchange of H* from
H;O with Na* in the melt {Uys and King,
1963: Burnham, 1974, 19753, However, water
solubility data for alkali aluminosilicate sys-
tems (Oxtoby and Hamilton, 1978; Hamilton
and Oxtoby, 1986) arc suggestive of multiple
OH species. From speciroscopic studies in the
Na,O-AlO,-8iC, system, a varicty of metal-
OH bonding types in silicate mells have been
inferred {Mysen and Virgo, 1986a). In addi-
tion, molecular H;O can be important in sili-
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Fig. |. Proportion of divalent metal cations {M* '} rela-
tive 10 monovalent and divalent metal calions in com-
mon natural magmatic liquids as a function of their de.
gree of polymerization { NBO/T ). Chemical analyses from
Chayes ( 1975a. b, and unpublished data, 1985). Caleu-
lation of NBOYT as described by Mysen (1988).

cate mells (e.g., Hodges, 1974; Epel’baum et
al., 1975; Persikov, 1975; Stolper, 1982; Eggler
and Burnham, 1984; Epel'baum, 1985; Na-
vrotsky, 1987; Silver and Stolper, 1989).
However, the relative abundance of molecular
H,O and OH groups remains a matter of dis-
cussion (e.g., Dingwell and Webb, [989a, b,
Silver and Sfnlper, 19893,

A common feature of the majorily of studies
on solubility and solubility mechanisms of H,O
in silicate melts is that the base compositions
were alkali aluminosilicates, commonly on the
join NaAl0Q,-5i0,. Dala in this system arc
fundamentally importiant for characterization
of the role of water in magmatic liquids, but
atkali metals in general {K* and Na*) and
Na' in particular, are not the principal caiions
in magmatic liguids (Fig. 1). With the excep-
tion of rhyolite, = 50% of the metal cations in
common magmatic liquids are divalent (Ca®",
Mg?* and Fe’* ). Over 50% of the divalen
cations are represented by Ca’* (Mysen,
1988). From these simple observations, il is
evident that in order to understand the inter-
action between water and natural magmatic
liquids, experimental data for alkaline-carth
aluminosilicate melis are needed. As a step in
this direction, interactions between H,;O and

melts in the sysiem CaO-Al;(0,-8i0, have
been examined.

2. Experimental methods

Starting materials were plasses formed by

R MYREN

metting CaCO; + Al O3+ 810, oxide mixtures
at 1550-1660°C for 1-4 hr. subsequent to de-
carbonation of CaCO, at ~ 1300°C in vertical
quench furnaccs. Detailed chemical character-
ization of these materials were given in Seifert
et al. {1982). All compositions, CAZSIH4,
CAJS8, CA2S6 and CA2S84, arc on the join
CaAl,0,-8i0, with their Al/(Al+8i)=0.125,
0.200, 0.25 and 0.333 for the composilions
CA2814, CA2S8, CAZ50 and CA 254, respec-
tively. The Si0O, starting material was the same
commercial sifica glass also used by Hemley ¢t
al, (1986) and Mysen and Virgo { 1986a). The
water was double-distifled and deionized be-
fare use, and D,0 was 95.7% DO with the re-
mainder as light water. The water was loaded
into Pt capsules with a microsyringe with a
+0.05 ul precision. The unceriainty of the
waler concentration in the sample from the
combined weighting errors is < £ 5%. The H,0
conienis ranged from 3 o 10wt
less than the water sotubility in these melt
compositions under the pressure and temper-
ature conditions of synthesis (McMillan et al..
1986).

The hydrous glasses were produced in the
solid-media, high-pressure apparatus (Boyd
and England. 1960). About 20-mg samples to-
gether with known amount of HO (or D;0)
in sealed Pt capsules were subjected 1o 13-15
kbar and 1500-1700°C with run duration
ranging from 1.5 to 64 hr. {Table 1) in 0.5-in.
{1.27 cm) diameter Pyrex®™ glass-AlSiMag
furnace assemblies without external control of
the /i, . The quenching rates (by turning off the
power to the furnace} from expcrimental con-
ditions with the (.5-in. (.27 cm) diameter
furnace assemblies in steel pressure plates of 7
in. (17.78 cm) diameter by 2-in. {5.08 cm}
thickness (watcr-cooled above and below) are
distingt nonlingar functions of time since
quench (Fig. 2). In general, thouph, the rateis
near 100°C s ' from the experimental iem-
peratures between 500° and 600°C (the 100°C
s~ rate is shown as dashed lines in Fig. 2}.

PIERACTION BEIWEEN WA TR ANDALEL T e AALAL, Nk 10

TARLE |

Run Starting
N, Mte

Si0); i 15 1.5
J_DM 4 11 %5
Sit), 5 15 fhd
!.A..r 5 s k1]
Siry, 7.5 13 45
S, 11 15 23
UA2S 14
CAXSIE 3 15 s
Ca5id 5 15 N
CAMI 5 15 o
CAISIE 10 15 B
CA2SH 3 15 5
CASN 5 rs c
A58 5 |5 .ﬁ
CAINY 1] 15 ]
CA2S6 3 1
CAING s 1
{A280 5 4
CAZS6 0 4
UAXSY
S (ANE 3 4

E AR 5

All but the most water-rich samples quench
m n_.amn bubble-free (on an optical micro-
wopic scate) glass. Samples with 10 wi.% 11.0
sthibited a tendency 10 form finely dissemi-
uied bubbles that most likely refleet exsolu-
wrof water upon quenching. The bubbles
when observed ) arc likely to be formed upon
wenching because the water solubility in these
wlls exceeds 10 wt.% (the maximum 1.0
.38_,: of the experimental samples ) under the
wpenmtental conditions (MeMillan et al.,
6.

Structural information was obtained with an

[y e]
]
40
300

Tima since quench, s

Cim el -
Fip. 2, C:a.:r INg ralcs {expressed as lemperature since
nchy of solid-media, high-pressure apparatus wsed in
the experiments,

automated Raman spectroscopy system { My-
sen ¢t al.. 1982 ) with the 532-nm line of a fre-
ﬁ_:csc«-ao_&_aa Nd-YAG laser and the 480-nm
Ime of an Ar' laser for sample excitation. In
bhoth cascs, the samples were excited with ~0.5

Woal the ~ lomim ¥ ool
,,,,,, £ TN GATPWS,

N The spectra were recorded in two segments.
Vhe lower-frequency  segment (300-1800
em ') includes the range of (8i,A1)-0 and
(S1.AN-OH vibrations, and the 1600-cm !
region of possible H-O-H bending. The higher-
frequency segment (3000-4000 cm- ') in-
¢ludes the range of OH stretch vibrations. For
deuterated samples, the latter region is 2000-
J000 cm L
In order to maximize the amount of struc-
tural information that could be obtained, the
spectra were curve-fitted statistically (Mysen
et al., 1982). The background was subtracied
_,'33 the uncorrected spectra by least-squares
fitting of a line through the data points at fre-
guencies where Raman scatiering was oh-
served, Prior to statistical analysis. the spectra
were corrected  for temperature- and  fre-
quency-dependent seattering intensity (e.g.,
_‘.o:m. 1977). The Raman intensities in each
::.E,_ specirum were normalized to the data
point of the greatest absolute intensity. The
curve-fitting (Seifert et al., 1981, 1982; Mysen
et b, [982) was carried out statistically with
the method of minimization of least squares
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Fig. 4. Examples of Raman spectra ol {A) anhydrous CA258: (B} low-frequency segment of CAZSH+ 5 wi.% H0, ()

and high-frequency envelope of CAZSE+ S wi .l 1RO,

alkaline-earth aluminate—sifica melt, the pro-
portion of the two structural types changed, but
not the Al/(Al+S1) of the individual units
(Fig. 5). This structural interpretation by an-
hydrous CaAl,0,-Si0; meit structure differs
from that for NaAkD,-Si0; melts where Al/
{Al+Si) of the individual three-dimensional
structural units is positively correlated with the
bulk melt Al/(AI+8i).

The low-frequency region (300-1800 cm '}
of the spectra of hydrous samples can be di-
vided into three distinct segments (Figs. 3 and
4}, In the region from 300 to ~600 cm~' all
spectra show an envelope with a peak maxi-
mum near 500 cm ', This envelope has a small
shoulder on its high-frequency limb (-~ 600
cm ™'}, There is a higher-frequency segment
between ~ 800 and ~ 1300 cm~' consisting of
a distinctive band or two bands near 800 cm -~
and a group of three of five bands in the enve-
lope between 200 and 1300 cm !, Finally, all
the hydrous samples show a distinct band near
1600 cm~'. Those of anhydrous materials do

this envelope (Faag, Paes antd #eq: see Figs. JA
B and 4A, B). The central band ncar 490 cm ™'
is more dominant 1n the spectya of hydrous
materials than in the anhydrous equivalenl.
Furthermore, in spectra of the hydrous sam-
ples, the v, band is less intense retative to the
rest of this frequency region (Fig. 6). This be-
haviour of the 600-cm ' band, first noted b
Stolen and Walrafen (1976) for Si0Q,-H;0
glass, is similar to that for mells in the system
NaAlQ,-Si0; (Mysen and Virgo, 986a).
Solution of H,O in calcium aluminate-—silica
melts results in several changes in the high-fre-
quency portion of the Raman spectra (Figs. }
and 4). The frequencies of alf the bands in the
900—1300-cm ' region show a continuous de-
crease with increasing Al/ {A1+51) (Fig. 7). In
the spectra of $i0,~H,O melts a narrow band
appears near 970 em~' {Fig. 3). With D,0in
replacement for H,O this band shifts to ~930
cm ' (Table 11). The band is slightly asym-
metric, and Mysen and Virgo (1986a) sug
gested that two Gaussian lines with different
line-width should be fitted to this peak in or-

not.

For all compositions, the envelope centered
near 500 cm~ ! sharpens as H,O is dissolved in
the material. Three bands have been fitted o

der 1o satisfy the spectral signal. The frequent
of the band or two bands near 970 ¢m ' 5i0»
H,0 meits is insensitive to water content. s
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Fizquencies of Raman bands in the 300- 1 3em =" range
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tensity may increase in the water concentra-
tion range between 3 and 5 wt.%, and also in-
creases slightly relative to that of the 1600-
em” ! band in this water concentralion range.
Higher water contents { > 7.5 wt.% ) may cause
this intensity ratio, dysa/ { Aora+ A pegn ), 10 de-

crease (see also further discussion on pp. 233~

234).

The appearance of the 1600-crm—! band in
spectra of Al-bgaring mclts on the CaAl O,
810); join band is similar to that of pure 510,
and also resembles that of melts on the join
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TADLE IV

Relative sreas of Raman bands in the 3000 HEAem N ange
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NaAlQ,-8i0, (McMillan and Remmele, 1956,
Mysen and Virgo, 1986a). The band is as-
signed to H-O-H bending and requires the
presence of molecutar H,(Q i the sample
{Scholze, 1960; Stolper, 1982).

The 970-cm ' band in the spectra ol
quenched hydrous silica melt is assigned to Si-
OH stretching {(e.g.. Stolen and Walralen,
1976). The ~ 1 5-cm" ' frequency reduction by
substitution of *H for '11 is consistent with the
anticipated frequency decrease caused by the
mass difference of the oscillstors {Freund.

1982} in Si~OH and 5i-OD {with a theorcti-
cal 12-cm ' decrease, sec also additional dis-
cussion on p, 2323, Mysen and Virgo { 1986a)
suggested that the two bands fitted to the Y7
cm ' region of the Si0,=H 0O spectra could be
interpreted as being due 1o perhaps more than
one Si-OH boad in §i—=OQ(OH ) tetrahedra in
analogy with multiply F for O-substituted 5i0,
tetruhedra in SiQ); (Yamamoto et al, [983)
This suggestion is not supported by "H NMR
of 5i0,~H O glasses ( Farnan et al,, 1987; Lok
crt ¢l ul,, 1988), Whether more than one Si-
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OIT bond may exist in SiOr, 1.0 guenched
melts .A:q glasses } remaing apen to further
nvestigation,

In the spectra of (AL, S0 1L0 sam-
ples there is na visualty well-defined band near
hem in contrast 10 85O, 11,0 mehs (see
Fig. 3, However, there is an increase in inten-
ity in this general frequency repion. This jn-
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tensity results in one or two bands fitted near
Yot-cm ! (also denoted vy, in this ext) and

90 em !

(#s00 ). depending on the Al/

{Al4-5i). In contrast to the behavior of the
970-cm ' band in hydrous silica glasses, the
bandl {ur bands) does not shilt signifi-
canlly in frequency as 1,0 is substituted with

LT

D3 (Vigs, & and 9 see also Table 11).
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In the spectra of the most water-rich sam-
ples, the band can be deconvoluted into 1wo,
one near 970 cm' (Pyry) and one near 900
cm ™' (Pogp) as shown, for example, in Fig. 4B,
There are no systematic relationships between
the frequency of the vy, band and substitution
of deulerium for hydrogen in the water ([ig.
8A). A similar Raman band near 900 cm~' oc-
cuss in hydrous melts on the join NaAl(,—-S8i0,
{McMillan and Remmele, 1986; Mysen and
Virgo, 1986a) and has also been reported in
infrared spectra of quenched melts on this join
{ Silver and Stolper, 1989},

In the NaAl(Q;-8i0,-H,;0 melts, the 900-
cm~' band was assigned to nonbridging oxy-
gen {Mysen and Virgo, 1986a). However,
McMuifltan and Remmele { 1286), as adopted by
Silver and Stolper (1989}, suggested that the
900-cm ! band could be assigned to (Si.Al)-
OH stretching. In the latler reports, its lower
frequency compared with the 970-cm~' 5i-OH

B0 MYSEN

stretch band in Si0Q,-H;O (Stolen and Walra-
fen, 1976) was rationalized as resulting from
the Al=S8i substitution, However, this sug
gested assignment is not likely because both in
the Raman spectra of melts on the join Na-
AlO,-5i0,~H,O (Mysen and Virgo, 1986a)
and those observed for CaAl,0,-5i0,-H,0
here (Table 11}, the frequency of the vy, band
does not vary as predicied when *H substi-
tuted for 'H in the water. An ~ [(-cm ™" fre-
quency teduction of the ¢, band would be ex-
pected from the relationship (Freund, 1982).

Em..GI\Ew..C_u” AEM»OU\EQOIW iz Aw“

where p =frequency, with ™D /pH0 = [ 0(1[;
and m=osciilator mass. For an equivalent Al-
OH bond, the ratio s 1.0113. 1f the rqy, band
is duve to (Si,A1)-OH stretching at 900 cm ',
the same band should be at 890 cm~! with the
same concentration of D, in substituiion for
H,0. However, there is no evidence of sucha
frequency shift. This analysis, which is identi-
cal to that by Mysen and Virgo { [986a}, leads
to the conclusion that the 900-cm ~' band is not
due to {8i,Al)-OH, Therefore, the alternative
interpretation that the band is duwe to non-
bridging oxygen is the assignment in the pres-
ent melt compositions.

The frequencies of the 900-crm~' band gen-
erally decrease with increasing water contenl
(Fig. 8} at constant Al/{Al+8i) with the ex-
ception of the CA 254 composition melt [Al/
{Al+8i)=0.333] where the opposite trend 15
observed { Table 11). This behavior differs from
the 900cm~"' band in NaAlO,-8i0, where
there is a systematic increase in its frequency
with increasing water content. The 1y, band,
which was not observed in the hydrous Na-
Al0,-5i0, melts, exhibits similar functional
relationships to H,O concentration and Alf
{Al+Si1} (Fig. 9). The frequency decrement
of these bands with either H,0 or Al/ ( AT+38i)
can be explained as the result of increased Al/
{Al+8i) in the structural units that give rise
to the vy and #y, bends,

The intensity relations among the 970
1150- and 1200-cm ~' bands together with their
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frequency relationships as a function of Al/
{Al+85i) and H,O concentration are of inter-
est because there are at least three different
possible assignments of the $70-cm ' band:
(1) There is a band near 970 cm ' in anhy-
drous calcium aluminate-silica melts { Me-
Millar et al., 1982; Seifert el al.. 1982) that is
part of the signature of the three-dimen-
stonally interconnecied netwark. The Vo, band

intensity in anhydrous CaAl,Q,-5iQ, melts is
insensitive to Al/{ Al+8i) (Fig. 10A), whereas
i hydrous melts, the arca ratio, Aosy/
{ Azt 150+ 4 00}, lends to increase with
AL/ {AL+Si) (Fig. 10B) in particular with the
lowest water contents {3 wt.% ). From this dif-
ferent hehavior of the pes, band in anhydrous
vs. hydrous CaAl 04510, melts it would ap-
pear that the vyy, band in hydrous calcium al-
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{2) As observed in the spectra of quenched
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mclts in the system SiQ,~-H,0 (Fig. 3}, Si-OlI
streteh vibrations also are near970 cm ' (e,
Stolen and Walralen, 1976}, The behavior of
the 970-cm ! hand in Al-free Si0,-FLO melts
{where it is assigned to Si-OH stretching) dil-
fers from its behavior in Al-bearing materials
in lwo important ways. Both the Ao/
A.Ac.___:+\__ _u:+\__u. u and the __\‘.__ ::__\
{(Apr+ Ay} arca ratios are significantly
higher in the Al-free (Si0,-H,0) melis (Ta-
ble V), Furthermore, whercas in 5i€) -0
melts the dgud (Aggat A pan) Is Insensitive to
H O concentration and may actually decrease
with the highest water contend, this area tatio
increase with water content in the alumineus
samples (Fig. 10C). Finally, in 8iQ,-H,0

IHTPEACTHONHE TWTENWATTR ANTTRIEL D MY
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melts the tfrequency of the $70-om ' band s
senstiive to "H substitution for 'H, whereas in
Al-bearing melts, no lrequency dependence of
the atomic wright of hydrogen was observed,
Therefore, the behavior of the v, ., band in the
Bydrous Caal, (0,510, melts s dilficult 1o
reconcile with an assignment (v (Si,Aly O
siretyhing.

(1) Finally, i1 is possible that this hand re-
fleets (S AL (O denetes nonbridging
saygen ) formed in these originally (ully poly-
merized melts through interaction with 11,0,

In light of the differences with anhydrous
CaAl 0,~8i0; melts on the one side and with
$iI0,-14,0 un the other, it appears reasonable
that the #, . Dand in CaAlLOy- SiO - 1L melts
atleast 10w degree has a contribution rom
nonbridgitg oxypen, The inlensily variations
asa function ol AL/ (A8 and 1.0 conient
d 1o the suggestion that: (13 there s Si--
Ol or (8i. AL --OI honding the contribution
from (SLADL-O  relative (o cither S)-OFLE oy
(SLAD-0", or both, varies with Al/ (Al FSi)
and 1103 concentration; or () alternatively,
in hydrous calcium aluminosilicie melis 1he
band is controlled by stroctural leatures that
are absent in SiO 11,00 and in anhydrous
CaAl =810, melts, Far exantple, the de-
creasing,  [requency  with  increasing AlY
(Al4-8i) tn the hydrous melts could be ex-
plained by increasing AL/ (ALESIY in (e de-
polymerized structured unit that contributes
fin part or in full) to the behaviowr of 1his
hand. Whether alternative (1) or (2) repre-
sents the correct interpretation cannot be as-
eertained from the high-frequency segments of
the the 3J00-1R00-cm ' specteat region alone,

P2 gl frequency region

The high-frequency envelope { 3000-4000
em 'Y s broad and asymmetric with a tiol (o-
ward lower freguencies (Pigs. 30 and 4¢€°), The
hands in this envelope e the tundamental O—
Hstreteh vibrations, the frequenecies of which
are sensitive ta the clectronic properties of the

metal cation to which the OH group is al
tached and 1o hydrogen bunding,

The cquivalent envelope for deuterade
samples oceurs between 2000 and 3000 em
The freguencey differences between the OH an.
O streetching dands result from the relation
ship between oscillater mass and frequency iy
a two-ptom group (Langer and Lattard, 9800

e U 2me ) 0 e A ) [

whete ¥ is the [requency; £is the force constan
i is the speed of light; and m, and m, are the
atomic masses of the oscillators, It has bee
found (Hartwig, 1977, Langer and Lattard
198G), that  the  freguency  ratio,  pyy
o= 1L.Y7, From this retationship, a masxi
mum Raman intensity near 3600 cm ! for O11
corresponds 10 2600 e ! Tor O1),

The spectra Trom the SiO—F1LO melts an
better resolved than those from the Al-bearing
samples and (ypically two peaks ran be s
cerned visually near 3600 cam ' (Fig, 33, In
aluminous samples, visual inspection reveals
only one sharp band with a shoulder on its high-
lrequency side.

The best fit is gencrally obained with fow
nds Nited (o all the spectra, The two highest
fregueney bands (#ygm and Fia) are quile
sharp with full widths ot half height (FEWHE )
lor the Al-free samples of 3326 and 341 3
em ', orespectively (averaged over all the
witter-hearing silica glasses), These two bands
are somewhat broader in Al-bearing samples
(FWHIL is 8221 and 48+ 14 cm ! for the
Paon and Uy bands, respectively, averaged
aver all 11,0 and Al contents), The FWHE.-
vitlues of the two highest frequency bands in
the deuterated samples are comparable 1o those
ol the H,O-bearing materials (BO+ 13 and
32 em ' orespectively ), The FWEHIEL-val-
ues of the two lowest-frequency bands (334,
and #y.,) are considerably greater { 197 + 66
und 116126 em ! for Si), and (28 + 33 andl
109+ 36 Tor Al-bearing samples, respectively )
than those of the g and #4,.q, bands, In the
system S10,-11,0, ihe frequencies of the vy,
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and ri4 bands decrease with water content
{Fig. t LA). In conirasi, there is no clear func-
tional relationship between the v4490 and #rsan
frequencies and water content in the spectra of
hydrous, aiuminous samples (Fig. [ 1B). How-
ever, all the band frequencies are negatively
corretated with Al/(A1+81) (Fig. 11C) witha
slight, but distinctive decrease in #qq00 and Yiesn
frequency as the samples become more alumi-
nous. The v, and vy, frequencies are some-
what more sensitive to Al/ (Al+5i) than those
of #ye00 and #y.50 {Fig. 11C), as also found for
hydrous melts in the system NaAlQ,-SiO,
{Mysen and Virgo. 1986a).
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Fig. 11, Frequencies af (undamental G E stretch bands in
Si0,—H;0 as a function of water content {A), average
values for all Al-bearing samples as a function o H)
conlent (B, and average values of all Al-bearing samples
as a lunction of AL/ (AN Si) (C), Error bars represent
standard error of Lthe averapge values, Error bars are niol
shown when ervor is less than the symbol size.

Visuatl inspection of the the spectra revealsa
rapid growth over a broad frequency region
< 3600 cm ' as the water conlent increases
(Figs. 3C and 4C). For all compositions, this
observation resuits from the general intensity
increase of the two lowest-frequency bands
{ V3300 and diee) and a complementary de-
crease in intensity of the two highest-lre-
quency bands {¥qn and Vi, s } with increasing
water content {Figs, {2 and 13).

From eq. 2, the frequencies of the four bands
in the high-frequency portion of the D,O spec-
tra refate io the four bands from the H,0O-bear-
ing samptles with frequency ratios quite similar
to the theoretically predicted value [the aver-
age v/ in the Al/{AI+Si) range lor
which data have been obtained (0-0.25} for
the bands are 1.39, 1.36, 1.36 and 1.35, for
#2300/ V3300: P2500/ Vasons Pasno/ Ve and ¥ogaf
#4650, respectively ]. Thus, the four bands in the
2000-3000-cm - envelope for ID,O samples
(Z2300- Pasoor Yaeon and #3450} have the same
spectral characteristics and may be equivalen
to the four bands in the 3000-4000-cm~' en-
velope in HyO samples (#3300, Pasone Psaog and
Figsn).

The [our bands in the spectra of hydrous sil-
ica mcits can be assigned 1o {JH stretching in
OH groups from S1-OH bonds (¥ and
Figon} and trom OH groups in molecular H,0
(#3300 and ¥3500) . In the S10,-11,0 system, this
assighment is consistent with the observations
that: {1 ) the frequencies of the ¥y and #um
bands are independent of H,O concentration
and {2) the relative intensity of the v,,,, and
Pison bands increases significantly with in
creasing. H,O concentration (Figs. 11A and
12}, The frequency decrease with H,O contenl
of the two lowest-frequency bands in §i0,-
H,0 is consisient with greater importance of
hydrogen bonding among water molecules as
the total water content is increased. Hydrogen
bonding will tower the O, H bond strenglh.
Systematic frequency reduction ol OH strech
bands as a function of the strength of hydrogen
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bonding is well documented { Nakamoio et al,
19351, as aiso recentiy demonstrated for hy-
droxyl-bearing minerals ( Dobson el al., 19893,
increased hydrogen bonding luwers the OH
bond strength lowering the OH stretch lorce
wnstant and, therefore, the frequency. The
comparatively rapid frequency reduction of the
¥rig0 A #4550 bands in the spectra of quenched
90.-H,0 melts with water concentration
tFig. [TA) may be due to the influcnee of hy-
drogen bonding.

Although the overall frequency and inten-
aty trends in aluminous samples resemble
those in 8i0,—H0, there are some important
differences. fn the spectra of the Al-bearing
malerials: (1) the frequencics of the ¥, and
tvwi bands show a small, but systematic de-
srease with increasing Al/ {Al+Si) of the melt
1Fig. 11C); €2} the #y4 and o bands are
sgnificantly broader than in SiQ,—H.0: and
1}) in contrast to the SiQ,-H.O system { Fig.
1A}, aff the band frequencies arc indepen-
dent of total H,O content regardicss of Al/
tAl+8i1) of the melt {Fig. [IR).

The negative correlation (g, 11} between
Fiaon ¥3so0, ¥ e aNd P band frequencics and
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ueney vy and 250 and the two high-frequeney (i and . bands

Al/{AI+Si) may be rationalized by consider-
ing the clectroric propertics of the metal cat-
ion {M) in possible M—OH bonds in the melts,
The frequency reduction of the igse and ¥y
bands with increasing Al/(Al+Si) might re-
flcet a weakening of the O~H boads resulting
from substitution of A’ for Si** to form
(51,AD-OH or Al-Oh bonds in the samples.
However, this interpretation somewhai diffi-
cult 1o reconcile with the behavior of the vy,
band in CaAl;0,~H,0O melts (see also discus-
siont on pp. 233-235) unless this fatter band
also has a coniribution from (Si,Al}-OH
stretching. For example, the 970-cm ' band
did not, however, show the cxpected fre-
quency-dependence of deuterium substitution
for hydrogen (Fig. 9). A ~ 13-cm~ | frequency
reduction is expected from eq. | (as observed
in Si0,-H,0 vs. 8i0,-D.0 AP M=|5+3
cm ' see Table 11} il the pyq, band was as-
signed to (8i,Al)-OH stretching in the alumi-
nous samples, The observed frequency of the

vy band is reduced by £5 ecm~' (Fig. 9).
which is burely outside the uncertainty in the
fitted line positions (typically 2 1-4 cm '),

One cannot rule out some (S1,AL—0OH in these
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the 13 conventrations indicated, aA = + A

J FPPE U YT

melts, but the contribution {roem such bonds
must be comparatively small. With regards 1o
the spectral wpology in the 30004000 ¢m '
region, it is suggested (hat a small fraction of
the structurally bound OFl could be a mixed
(S1.ADN-O(OH) tetrghedral environment, or
there may be mixtures of 8i-OH and Al-OH,
where the frequencies of the respective O
stretch bands in the 3600-cm ' envelope could
not be resolved with the fitting procedure, The
considerably greater line widih of the vy, and
Pyaon bands in spectra of the aluminous could
be interpreted as consistent with the latier
suggestion.

The two bands lower-tfrequency bands (i,
and ¥y could be due to OH streiching in
molecular water. Their increased intensity with
increasing waler content is consistent with an

WL Mysl-

increased abundance of molecular H,0 in these
samples {as interred from infrared (IR) and
NMR spectroscopy; €.g., Stolper, 19822 Ecken
el ub., [98R), The presence of molecular 1£:0
is also consistent with the distinetive H-0-H
bending mode, with a frequency near 160
em f,in all bhydrous samples from the join
CaAl,0,-58i0; (Fig. 4B; see alse Tables 1) and
[T, The vbservation that the frequency of the
1600-cm | band 18 insensilive Lo waler con
tent (Tuble 1) suggests that water polymen
zation in the melt does not vary with amoun
of water present (Paterson, 1982, This sug
gestion is consistent with 'HE NMR inflorme
tion {Eckert et al., 1988} which indicates thal
the H,0 molecules in ahuminosilicale glasse
are isolated,

However, the behavior of the ¢y, and P,
bands in hydrous silica and hydrous Caa ),
S0y, melts differs in that in SiOQ,-10L0
guenched melts where their reguengies de
crease with increasing water concentration,
whereas those from CaAl, Q-850 -1 1O dona
{Fig. 11A and B). In the latier composition,
the g and g band Trequencies decrease
slightly with Al/ (A1+8i) (Fig, 11C). The fre
quency shift could be interpreted (o resulf from
increased hydrogen bond strength as the melts
become more aluminous. If so, in analogy with
S5i0,~11,0 (Fig. 11A) one would also expeets
water concentration dependence of the band
frequencics, which is not observed for thes
composilions. An alternative is that sn adde
tion to same intensity contribution from ON
groups in H,0, this frequency region also ha
contributions from OH groups honded 1o other
metal cations {Ca®’', or Al'', or both). Thi
interprefation is consistent with abservations
{Mysen and Virgo, 1986 ) that in melts on the
Job Na(OH)-8i0, with NaOII concentration
cquivalent to 135 w.% 11,0 [ a water ¢oncen
tration range whether neither IR nor Raman
spectroscopy indicate a significant amount of
maolecular 11,0 present (Mysen and Virgs

1986 Silver and Stolper, 1989), the intensity
of the ¥y, and »ys band is =~ S0% of the en

R AL IWIEN WY R N

[T | PN

ore OIT streteh envelope. In (he §ystem S, -
MEOM) with ALCOLT), with ATCCHT Y, con-
centration equivalent (0 2,5 wi.% FLO where,
regardless of which model of water specintion
s chosen, no more than 00.5% of the SpRCies s
molecular 1O, the ¢, bind s FUPEESO LS
near S0% ol the intensity in the OF sireteh en-
selope. Thus, there s evidenee hat at least g

portion of the two low-Treagnency intensitics
may have contributions feom O] sie(cd ng
fr

both AI-ON and Ca-O1 bonds in addi-
V1o H-OIL Tt is kely that all three torms
O RO, ALLOT and Ca. O ) exist
the melts and centribute 1o this portion of e
spectrum, but that the individual bands could
nt be resolved with the fitting procedure.

4. Discussion

The interpretation of the Raman spectra of
quenched meelts on the join CaAlO =80 .-
HAVis consistent with water dissolved as mo-
lecular FLOY and in the Torm of
smplexes, Betore discussing possible det
wlubility tmechanisms, it should he noted
mihe preseni paper as well as clsewhere in the
Aerature, the spectra were obtiined from tem-
reralure-guenched melts {hydrous gluss ) with
pienching rates of the present eaperinments
shown in Fig. 2, However, (he proportion of
anows O complexes (including moleculir
H-OY may depend on the conditions ul tem-
rerature quenching where the quenching rides,
lar example, could affeet the interpretation of
heresults (Dingwell and Wehh, |98y, by

Stolper andd cowarkers in severa! reports
e g, Stolper, 1982 Silver and Stolper, 1984}
wegested that the water speciation is only
seakly temperature dependent, On the alher
hand, Dingwell and Webb (19890, ) sup-
feaed that speciation in silicate melts in pen-
taloand OH /1.0 00 particular, was signili-
antly tempernture-dependent, I Hnpwell
Wehb { TYROb ) calculated Trom relasation the-
. for example, that Tor a reaction:

Pl

2010 CHLO+O] (N

al could deseribe the equilibrivm hetween
between oxygen in the melt and the two prin-
cipal Torms ol water, AH=25+5 kJ mol ',
They concluded that OI1 /H.O measured
From quenched materials is that frozen in near
the phass trensition temperadure, sand that at the
temperature ol equilibration, nearly all the Jis-
solved water exisis in the (11 frm. In con-
Lrast, Silver and Stolper ¢ 1989 ) suggested thal
reaclion {3) was only weakly temperature-de-
pendent. Unfortunately. until in situ, high-
temperature, high-pressure  spectroscopy of
bydrous melts is carried out, this controver ¥
will remain unresolved, and measurements of
O JEILO of guenched melts shoutd he
viewed with these possible problems in mind,
[he speetra of Caal O,-8i0,- 1.0 compo-
sition guenched melts are consistent with the
existence of several differont MO com-
pleses, The absence of o clear Y70-cm ' bant
teould be assigned o Si-OFL [or (Si,Al -
| stretehing teads o the suggestion that Q11
groups honded to §i** ure not ol major impor-
K in aluminosilicate melts —- o conclusion
reached by McMillan and  Remmcte
(1986 and Mysen and Virgo (1986a) lor
melts in the system NaAlO.-8i0,~ 11,0, How-
ever, the band near 970 em ! {and that near
B00 em ! for certain compositions) in the
CaAl0,-5i10,-H,0 quenched melts could he
ssigned 1o (8i,A1D-0  stretching. That s,
nonbridging oxygens have been formed by so-
lutien of 1,0 in CaALG,-8i0, melis. Non-
bridging oxvgen could from via two mechi-
nisms. Either OH groups are associated with
Ca”'orwith A . Due to the jonic character
of Ca- O and AI-OH bonds. the relevant Ca-
Ol and AL-OFLsteeteh vibrations are likely (0
ocenr al frequencies 600 em ! (e, Naka-
muto, 1978 ), where the spectral resolution is
poar. i this portion of the Raman spectre
vannol be used with confidence iove such as-
isnments. Pherelore, the existence of such O11
compleses in the melts was inferred from the
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topology of the 3000-4000-cm~' envelope in
this discussion above.

Neither the discussion ef the 370-cm~ ' band
nor that of the bands in the 3000-4000-cm !
envelope vields direct information about the
relative importance of Ca®** and Al** com-
plexing with OH in the melts. In principle, the
proportion of the various complexes governs
the extent to which a fixed amount of dis-
solved water depolymerizes the melt. One can
write, for example, idealized end-member re-
actions that relate the formation of each of
these OH compiexes separately to the forma-
tion of nonbridging oxygen in the melt (NBO).
For the formation of Ca{OH), (Ca..OH com-
plexing), the reaction is:

nm_._}pmzwwui_o.»ﬂ:b oAl + _“..zMOHv.
nCa(OH), + 2nA1* + 368104~
+ (2m— 311810, (4)

and for AL(QH), (AL.OH complexing) for-
mation, it is:

Ca, Aly,8i,, 04y m, +38H, 07
2RAL(OH )y + nCa™ ' +28i105~
+ {2m—n}Si0; (5)

If water dissolved by replacing a bridging oxy-
gen in the aluminosilicate sﬁéwnr
[ (8i,ADO({COH)}, one can write a reaction
anafogous to that proposed by Burnham (1974,
1975) for NaAlSi,Og melt:

Ca, Al Sizm Oarnam +2aH, 07
nCa{OH); + Al SiznOuma1.(OH)  (6)

For reaction (4}, 6 nonbridging oxvpens will
be formed per molecule H,0 dissolved in the
melt as Ca{OH),, whereas for reaction (5}
INBO wilt be formed per molecule H,O dis-
solved as AL(OH }.. No nonbridging oxygens
are formed in reaction (6). This effect of dis-
solved water on the melt structure, also found
for meits in the system NaAlQ,-5i(},-H,0
{Mysen and Virgo, 1986a}, is the resull i,_:.n
need to charge-balance tetrahedrally-coordi-

B.O.MYSES

nated Al** with Ca?*. Thus, if one Ca®* inter-
acts with H,0 to form Ca{QH),, two Al"
originally in 1etrahedral coordination in anhy-
drous melt become network modificrs. Eachof
these Al'* cations expelled from the tetrahed-
ral network can stabilize three nonbridging ox:
ygens. Thus, for each Ca{OH); formed by this
mechanism, 6 nonbridging oxygens are formed
I, on the other hand, A1{OH }; complexes are
formed, one Ca’* will become network-modi-
fying for two A1'* forming Al{OH };. Thus.?
nonbridging oxygens will be stabilized the mek
per two Al(OH ), complexes _,o::n,a by ::.2,
action between AP* and H,O. This reaction
requires three HyO, and, thus {NBO will be
formed per molecule H,0O dissolved as
AL{QHY},.

The number of nonbridging oxygens per
molecule dissolved H,O as an OH complex not
bonded 1o H in reactions (3) and (4) is inde-
pendent of the Al/{Al+5i). However, Ea.%.
gree of polymerization expressed as :oz,c:%.
ing oxygens per tetrahedrally coordinaled
cations (NBO/T), does depend on the E
{Al+5i} because the abundance ratio
8i0,/5i03, is a function of n/ 1 (Table Vit
50 that the more aluminous the melt by more
rapidly will the NBO/T increase with wate
dissolved as either Ca{QOH}), or Al :umr.
Moreover, by dissolving water in the form o
Ca(OH); rather than AI{OH}., :._,m raie of
melt depolymerization with incrcasing water
content is greater. o

In order to evaluate the relative importance

TABLE ¥1

Rale of change of MBO/T with Hy() concentration in (F
complexcs 1A(NBOST }/AH0 ]

ALf(Al+5i1) GHNBO/THE{HO0) (mol =)

(SLAINOIDHYT AHOH),  Cat
0125 0 ,”. W
0.200 0 3 i
0.250 i} H I
! 3

1333 i

SIFRACTION BETWEFN WATER AN MELT 1M CaALA -5, HLO
of the three idealized reaction above [reac-
unns (4-6}] it is necessary to determine the
%80/ T and the abundance ratio, OH /1.0, in
the melts. In principle, the vatue of NBO ST can
he determined Itom area ratios such as oo,/
wat Ay se+ Ay ) and Aazaf (A, vso Ay an)
where the Ay, and oy, are the areas of the Ra-
man bands from nonbridging oxvgens. These
uea ratios have been calibrated against NRO/
Tin the systems Na.O-Si0. and K.Q-5i0),
tMysen, 1990). Such a calibration lactor. &,
roa piven area  [e.g, Ay = Ay
HawtA sot4000) ], could then be used Lo
klermine the abundance of nonbridging OXYy-
#ns in that unit, X, ™"

| NBOST R
_...: ! ".\w\mccc

(7)

However, it 1s not well established how these
alibration factors may be affected by Al'*
whstituted for Si** in the structural units of
aterest. It is known (Sharma and Simons,
R} ihat the tntensity of the #,;., and ¥, .
ands increase with increasing Al/TAIESIY,
Thus. in the spectra reported here. the relevan
nlensily ratios for a given bulk meilt NBOy /Y
xe likely to be smaller than in equivalent Al-
ee melis, and the calibration factor from Lhe
\i-free systems would underestimate the maole/
Tactions {i.e. inferred values of Yoy ™! from
& 7). If it is assumned, nevertheless. that the ¢
fr Si0{~ units from Mysen (1990) is appli-
4hle to buth the vy, and vyq, bands (=1.4),
2e NBO/T-valuces for the melts studied here
wuld be in the range betwcen ~0.25 and
~0.5. By assuming that ¢ is independent of
umposition, the NBO/T from the area data
n Table V is independent of H,Q in the water
ancentration range studied. This cenclusion
only reasonable ift (1) either the H,O in
nelts with > 3 we% H.O is dissolved either
xeording to reaction (6), or {2) ihe addi-
wonal water is dissolved in molecular form.
Futhermore, because, with the exception of
 0-wt% M0 isochore, the  Aggn/
Lot Adysa+ A ) decreases  with  Al/
W+81) and the .\_;.__:\ﬁ..?..u_..f\___w:+..u_..____v
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only increases slowly with Al/(Al+8i} (see
Table V). the NBO/T of a melt for a given
waler confent would decrease as the mells be-
come more aluminous, The latter trend was
also observed in the system NaAlQ,-8i0,-H,0
{(Mysen and Virgo, 1986a), and was ascribed
to a positive correlation between Al/{Al+Sj)
and AICOH ), /NaOH in the OH complexes in
the melts. It would appear from the present
dati thit in the sysiem CaAl;0,-8i10,-H,0an
analogous relation fpositive correlation be-
tween AI(OH,/Ca(QOH), in the OH com-
piexes and bulk melt Al/(A1+Si)] exists.
Thus, the more aluminous aluminositicate
melts with Ca-charge-balanced tetrahedrally-
coordinated AL**, the less efficiently will dis-
solved H,O depolymerize the melt. This trend
is more pronounced the lower the total water
content of the melt.

In summary, water is dissolved in calcium
aluminoslicate melts to form OH complexes
with «/f the cations present {including H™),
but probably with Ca complexing dominating
in the Ca-aluminosificate melts similar to the
predominantly Na, OH complexing in Na-al-
uminosilicate melts. In contrast to the spectro-
scopic observations from melts in the Na-
AlQ,-510, system (Mysen and Virgo, 1986a),
{5i.A1}-OH bonding cannol be ruled out.
However, if such bonds are present, their
abundance reiative to other OH bonding in the
melts is relatively unimportant. In both Na-
and Ca-aluminosilicate melts, the AI-QH
bonds become more important relative to Ca-
OH (or Na~OH } as the melts become more al-
uminous. This trend results in less efficient de-
polymerization of the melts the more alumi-
ncus they are.
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