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INTRODUCTION

The purpose of this report is to make available all of the glass analyses obtained
through July 1995 on samples from the Pu'u O'o-Kupaianaha eruption. The samples have
been collected by workers at the Hawaiian Volcano Observatory (HVO) as part of the eruption
monitoring program. This long-lived eruption, which began on January 3, 1983 and continues
at the present time (September 1998) had covered a large area on Kilauea's east rift by the end
of 1994 (Figure 1). Various stages of the eruption have been described by Wolfe and others
(1988), Heliker and Wright (1991), Mattox and others (1993), Mangan and others (1995a),
‘and Heliker and others (1998). It is the first major eruption of Kilauea for which glass
compositions have been monitored regularly throughout the eruption to determine lava eruption
temperatures. The period represented in this data base extends from January 1983 through
December 1994, and the data base includes 479 analyses of glasses from 346 samples.

The principal motive for monitoring glass compositions over the course of this very
long eruption has been to determine how the temperature of the lava erupted has varied with
time, using the geothermometry calibration developed for Kilauean glasses by Helz and
Thornber (1987). The data presented here, especially the results on samples from episodes 1-
20 of the eruption, are part of the data base used in comparing the results from field
measurements of temperature with the results of glass geothermometry (Helz and others, 1987;
Helz and others, 1995). Other reports have drawn on these data to delineate the thermal
history of the entire eruption (Helz and others, 1991), to determine the thermal efficiency of
lava tubes fed from the Kupaianaha pond (Helz and others, 1993) and to define the thermal
characteristics of the close of the Kupaianaha period, including episode 49 (Mangan and
others, 1995a). Because temperature is one of the most important intensive variables of
Kilauea’s magmatic system, it is also important to document carefully how the data base of
glass compositions has been developed.

SAMPLE COLLECTION PROCEDURES

Procedures for collecting well-quenched, glassy samples varied, depending on field
conditions and the nature of the material collected. Fragmental material, blown into the air,
was collected as it fell, where it was safe to do so. Alternatively, observers put out passive
containers (cans, tarps, metal sheets) where tephra and spatter could accumulate on or in them,
and collected the material as soon as possible. Flow samples were retrieved from the edge of
active flows, on a hammer or steel bar, or (rarely) on a thermocouple. Ponds, active channels
and lava tubes were usually sampled with a hammer tied to a steel cable, either flung in or
dropped from a helicopter. At the coast, where the ocean provided good, water-quenched
material, observers had only to scoop up appropriate samples. For samples collected as part of
the comparative-geothermometry data base (see Helz and others, 1995), the temperature was
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Figure 1. Index map of the ongoing eruption on Kilauea’s East Rift, through December 1994.
The lightest shading shows the Pu’u O’0 vents and flow fields. The next darkest shows the
Kupaianaha pond, shield and flows, while the slightly darker area between these two marks the
extent of lavas from episode 49. The darkest area shows the vents and flows of episodes 50-
53, through the end of 1994. The light dashed line indicates one of several lava tube paths

active duringthe Kupaianaha period. The heavy dashed line in the black field shows the
location of the tube system active during episode 53.



measured first, and then an appropriate sample collected, as described in Neal and others
(1988). For sampling of lava in tubes, Cashman and others (1994) provide some description.

MICROPROBE ANALYTICAL METHODS

Most of the glass analyses presented here were obtained using the automated ARL-
SEMQ 9-channel electron microprobe at the U.S. Geological Survey in Reston, VA. This
instrument was used for all analyses made prior to January 1993, and for two sets of analyses
made on 6/9/93 and 6/10/93. Operating conditions were 15 kV, with a beam current of 0.1
microamps. The beam diameter was slightly broadened from optimum focus to about 5
microns, to minimize loss of Na,O under the beam. The raw data were corrected on-line using
the empirical procedures of Bence and Albee (1968) and Albee and Ray (1970). Standards
used included a very uniform basalt glass from the 1965 Makaopuhi lava lake and natural
mineral standards. This glass was initially described by Wright and Okamura (1977), and
subsequently reanalyzed and evaluated as a probe standard by Jarosewich and others (1979),
who referred to it as sample A99.

Most analyses made after January 1993 were obtained on a 5-channel, fully automated
JEOL JXA-8800, also at the US Geological Survey in Reston, VA. Operating conditions
were again 15 kV, with a beam current of 0.1 microamps. The beam diameter was set at 5
pm, to minimize Na,0O loss. The data were corrected on-line using a standard ZAF correction
provided by JEOL. The standardization package used was the same as that used on the
SEMQ), except that sulfur was added to the list of elements analyzed. JEOL analyses can be

identified in the tables by the presence of a reported value for sulfur in the analyses, as well as
by date.

As mentioned above, in June 1993 two sets of samples that had been analysed on the
JEOL were analyzed on the SEMQ as well, to cross-check for compatibility between the two
instruments and analytical packages. Those data, plus some subsequent replicate analyses
performed on the JEOL, show that the results from the two instruments are fully comparable.

The composition of Makaopuhi glass A99 was monitored repeatedly, as a "known
unknown," throughout each analytical session. After all data for the unknown glasses had
been corrected on-line, the resulting values of the various oxides in the unknown glasses were,
if necessary, further adjusted for any observed deviations between the oxide values obtained
for glass A99 and the reported standard analysis. These second-order corrections were made
only if the observed deviations were (1) large enough to affect the last significant figure in the
analysis (2) fairly constant throughout the session, and (3) not large. Maximum corrections
used were in the range 0.95-1.05 for all oxides but MnO and P,O;; larger deviations would
have triggered restandardization. In a typical session, corrections were in the range 0.98-1.02,
and were large enough to be worth making for only 2-3 oxides (of eleven analyzed).



The analysis of Jarosewich and others (1979) of glass A99 was used as the reference
value for all oxides except for MnO and P,O,. For the latter two oxides, the original analysis
of the glass (given in Wright and Okamura, 1977) was used, as those values give results more
compatible with other available data on Hawaiian glasses and basalts.

The purpose of this second-order adjustment was to eliminate session-to-session
variations in oxide concentration, in order to maximize the internal precision of the data set. If
one is to monitor the temperature variations of an eruption that continues over a period of 10
years or more, it is particularly important that analyses be consistent with each other over
time. The procedure outlined has been very successful: replicate analyses on the same
samples, carried out as much as 8 years apart, are virtually identical (see Tables 1-2). This
type of second-order correction procedure was originally described by Byerly and others
(1977), who applied it to the problem of obtaining a large, internally consistent data set for
MORB glasses.

In addition to the analyses obtained as described above, the tables contain a few
additional analyses collected elsewhere. Table 2 includes three analyses (for samples 961,
1003, and 1027) obtained by R. T. Helz using the energy-dispersive analysis (EDS) on the
Cambridge microprobe at the University of Manchester, England. These are included to show
how compositions obtained by this different technique compare with the data base. In
addition, a few electron microprobe analyses by other operators have been included, again for
purposes of comparison. These include two analyses by Lewis Calk (U.S.G.S., Menlo Park)
for two samples from episode 49 (samples 1350F and 1354F in Table 2), and analyses for
samples 1430, 1431, 1432, 1433, and 1436 in Table 3, performed by K. V. Cashman, of the
University of Oregon. Neither of these sets of analyses have been subject to the second-order
correction described above, so although they are very similar to the Reston analyses, they
don’t share the internal precision of the rest of the data set.

DESCRIPTION OF THE ANALYTICAL TABLES

Analytical data for 104 glassy samples from the Pu'u O'o stage of the eruption
(episodes 1-47, from 1/83 to 7/86) are in Table 1. Information given for each sample includes
the date erupted, the episode number and the sample number. Glass analyses for 167 samples
from the Kupaianaha (episode 48) and episode 49 (7/86-11/91) stages of the eruption are in
Table 2. Information given includes the date erupted, the sample number, and the type of
sample. All samples are from episode 48, except for those explicitly identified as being from
episode 49. Glass data for 75 samples from later episodes (50-53, up through 1994) are in
Table 3. This table includes the date erupted, the episode and sample number for each sample.

Sample numbers usually end with a letter. The letters used are:
S = spatter sample. These samples include material thrown out of the Kupaianaha pond, or
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from some other vent, or from a tube entering the ocean. The source of spatter from
anywhere other than the Kupaianaha pond is always specified in the tables. The quench

was usually rapid, providing a good basis for assigning a quenching temperature to the
sample.

T = tephra. These are highly vesicular scoria samples, nearly all of them samples ejected
from the Pu'u O'o vent. Quench was very rapid because of gas expansion during
ejection. The "T" designation was also used for Pele's tears collected at Pu'u O'o
during episode 53 (see Table 3). These are very dense glasses, quite different from the
frothy material designated "T" in earlier stages of the eruption, although they are also
well-quenched.

P = pond sample. This designation almost always implies that the sample was dipped out of
the Kupaianaha pond on a hammer or cable, either thrown from the edge, or dropped
from a helicopter. The quench was artificial and relatively rapid.

F = flow sample. These samples were collected from an active flow on a geologist's hammer.
Some were water-quenched (fast) or air-quenched (slow enough to give problematic
results for glass geothermometry). Samples hauled out through skylights are identified
as such, and the elevation of the skylight given. Air temperatures within the tubes are

very high, so skylight samples do not begin to cool rapidly until they are out of the
tube.

The designations used here are taken from the HVO data base, which includes complete
information on when, where, and how all samples were collected.

Information relating to the analyses includes the date on which the analysis was
performed (where known), and the number of points averaged to produce the analysis given
(where known). In Table 1 all analyses are by R.T. Helz. Table 2 includes two analyses by
B.C. Hearn and two by L. Calk, as indicated, with all others being by R.T. Helz. In Table 3,
the analyst (whether Helz, Hearn or Cashman) is given for all analyses. Replicate analyses
are indicated by "(R)" following the number of points in the analysis. A dash indicates that no
value was obtained for a particular element in the analysis. Parentheses around an individual
oxide value in the analytical tables indicates an outlier value, which would not be expected to
be duplicated in a replicate analysis. Most of these are low SiO, values, the effect of which can
also be seen in the summations. Sulfur values are given in the line below the summation
because sulfur was not determined for the glasses analyzed on the SEMQ. The summation
does not include sulfur, even where it has been determined.

Temperature information given includes Ty, for all samples, with T,q given where
the appropriate assemblage (L+ ol + augite + plagioclase) exists. The calibrations used are
those of Helz and Thornber (1987), as discussed below. Where there is some doubt about the
assemblage (i.e. whether plagioclase is stable or not), the temperature value is enclosed by
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parentheses. Where field measurements of temperature are available for a given sample, those
values are shown and the method specified (either tc for thermocouple or HS for the Hotshot
infrared pyrometer). If two different kinds of field measurement are available for a single
sample, the second is entered under "Comments".

Other entries under "Comments" may provide more detail on the nature of the sample,
or where and when it was collected. If the sample is compound, the nature of the different
parts of the sample is described. The nature of the assemblage is specified if it is contains only
one silicate mineral (L+ol) or two (L+ ol+cpx). The three-mineral assemblage (L +
ol+cpx + plagioclase) has not been given explicitly, to save space in the tables. It is the
commonest assemblage, and samples containing it can also be identified by the presence of a
value for Tc,o, as this is the only assemblage for which T, is defined. Lastly, in Table 1,
the distance of each sample from the Pu'u O'o vent is specified, to support the discussion in
Helz and others (1995) on volatile loss with distance from the vent.

Some of the analytical data presented here is available in a computer database at HVO,
and part of that data base has been issued as an open-file report (Mangan and others, 1995b).
The difference between the analytical results available in these two sources and those given
here are that the others give only a single glass analysis for any given sample. The single glass
presented in those data bases may be an average of all analyses obtained, or be only one of
several analyses; these other sources usually do not specify which. The present report gives all
of the replicates, with the dates on which the analyses were obtained. In addition, where
heterogeneous samples were encountered, this report gives the analytical results for each part
of the sample. On the other hand, the HVO database and open-file report contain much more
detail on sample collection time, location, etcetera than is reported here. Workers wanting the
maximum information on a given sample or set of samples should consult both sources.

DISCUSSION OF ANALYTICAL RESULTS

The resulting glass analyses form a highly coherent data set that extends over the first
eleven years of the ongoing Kilauea east rift eruption. Histograms of the summations for the
data in Tables 1-3 are shown in Figures 2-4. These figures do not include analyses obtained
by other techniques (EDS) or in other microprobe labs. In each case the bulk of the analyses
have summations lying between 99.00 and 100.50% by weight, and the distribution is roughly
Gaussian. There is a tail of low summations in the Pu'u O'0 data, reflecting some problems
with the silica detector on the SEMQ during the early part of this study. In a later report, we
will look at the systematics of glass compositional variation on a series of MgO variation
diagrams, for samples from various time intervals. Meanwhile, the consistency of the
summations over time supports the idea that there is a high degree of internal coherence in this
data set.

Most samfnles contain a homogeneous glass, the composition of which (to judge from
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the many replicate analyses performed) is adequately captured by analyzing 8-10 points per
thin section. There are 90 pairs of replicate analyses in Tables 1-3. We have not analyzed
these replicates fully, to determine the exact reproducibility of the analyses for each oxide, but
the data would permit this and it could be a valuable exercise for the future.

A different type of replication is represented by the small number of analyses included
here that were obtained by different techniques or different analysts. The three EDS analyses
(samples 961P, 1003P and 1027P in Table 2) show that even using this very different
technique, most oxide values are similar to those obtained with the Reston microprobe.
Similarly the two Calk analyses (for samples1350F and 1354F in Table 2) compare closely
with the other microprobe analyses, except for a slight bias in CaO. The Cashman analyses
(samples 1430, 1431, 1433 and 1436, in Table 3) are very similar to the others presented here,
exhibiting only a slight bias in MgO: They consistently run 0.1% lower than the other analyses
reported here, but that is within the expected replication range for MgO (see discussion in the
next section).

In a few rare samples, the glass is heterogeneous. These need to be pointed out
carefully, because one consequence of glass heterogeneity is that we cannot assign a single
quenching temperature to such samples. These fall into the following categories:

(1) visibly zoned samples with obvious quenching problems. Examples of this include
sample 1718 (Table 1) from inside a hornito, and sample 1260F (Table 2), a skylight sample.

(2) mixed samples containing small enclaves of cooler material surrounded by hotter
melt. Examples include sample 122F, which includes cooler pumice fragments that have been
engulfed in a hotter pahoehoe lava. The commonest type of mixed sample contains a matrix
with ol+cpx as the only silicate minerals present, surrounding a small body of material with
the assemblage ol+cpx+plag. In some cases, the more differentiated melt composition, which
is in equilibrium with plagioclase, has been preserved and analyzed (samples 342T, 562T,
6758, 927P, 956P, 983P, 1033P). Sample 1338S is a variant in which more differentiated
glass is present next to the clusters of augite in the slide, while elsewhere the glass is in contact
only with olivine. The other type of variant sample interpreted as mixed does not have the
cooler melt preserved, but the rare plagioclase present is fritted and resorbed. Examples
include 3628, 490T (Table 1), and 706S, 937P, and 939P (Table 2).

(3) Also, there is a class of tephra samples from Pu'u O'o that is very heterogeneous
with respect to vesicularity, in both size and number of vesicles. In most cases, there is no
compositional contrast between the various components, though in some cases there are minor
differences in MgO content or S content. Examples of such texturally heterogeneous samples
include 302T, 320T, A30, S30, 446T, 472T, 473T, and 540T (Table 1). Analyses of the
different components are presented separately, and identified as being taken on either the more
vesicular or the denser parts of the samples, as appropriate.
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(4) There is one sample (948P) with continuously zoned glass, where the range of glass
composition, though substantial, did not affect the crystalline phase assemblage present.

Samples of this last type appear to be rare; however, they are intrinsically the hardest to detect,
so there may be others in the collection.

Finally, there is a Pu'u O'o spatter sample (1364P) that contains enclaves of more
strongly colored glass in a lighter matrix. In spite of the visible contrast, there is no
compositional contrast between the two components of 1364P. The occurrence of this sample
underlines the fact that in order to assess glass heterogeneity, we need actual analyses of the
glasses in Kilauean eruption samples.

GLASS GEOTHERMOMETRY: METHOD AND RESULTS

Helz and Thornber (1987), in melting experiments on two samples from Kilauea Iki
lava lake, demonstrated that MgO variation with temperature is essentially linear, for Kilauean
melts in equilibrium with olivine. CaO in the melt is similarly linear and insensitive to bulk
composition, provided that the melt is in equilibrium with the assemblage olivine + augite +
plagioclase. The uncertainty of glass quenching temperatures for drill core samples is
estimated to be +8-10°C (Helz and Thornber, 1987). This includes the analytical
uncertainties in the determination of MgO and CaO in the unknown glass, as well as the
uncertainties in determining the temperatures of the experiments. For other, comparably
uniform Kilauean glasses, the uncertainty should be the same. If the glass composition in a
given sample is grossly heterogeneous, it is not possible to assign a meaningful quenching
temperature to the sample.

The reproducibility of the MgO (and CaO) determinations is critical, as the precision
of those determinations establishes the limit of resolution of temperature achievable by glass
geothermometry. Helz and others (1995, Figure 3) show the dispersion of aMgO and aCaO,
for 46 replicate analyses of glasses. A number of the replicates used in that analyses are
included in the Pu'u O'o data set presented here (see data for samples from episodes 1-20,
Table 1). The rest are in the Appendix to Helz and others (1995), which is available
electronically from AGU as part of paper number 95JB01309. The difference between initial
MgO and replicate MgO in this set never exceeds 0.15% absolute, which is 2.1% of the
amount present at 7.0% MgO. This corresponds to a difference in temperature of 3°C.

For CaO, the spread in differences is somewhat larger, with a few values as high as
0.20-0.26%. At 11.0% CaO, this is 2.4 % of the amount present, and corresponds to a
temperature difference of 4°C. These results demonstrate that only uniform glasses that differ
by more than 0.2% MgO or more than 0.3% CaO are significantly different analytically.
Therefore the resulting difference in the assigned quenching temperature given in Tables 1-3
would have to exceed 3-4°C to be significant. Thus even though temperatures are given to the
nearest whole degree, they are not precise at that level.
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The geothermometry results presented in Tables 1-3 as T, and T, have been (or
will be) discussed and evaluated elsewhere. Helz and others (1987, 1995) present a
comprehensive review of the comparability of glass geothermometry with other types of
temperature measurements, drawing especially on data from episodes 1-20 (Table 1). Mangan
and others (1995a) discuss some of the implications of the glass geothermometry results for
episode 49 and the period of the eruptive pauses which occurred during 1990. Helz and others
(1993) and Cashman and others (1994) deal with glass geothermometry results for samples
from lava tubes. Helz and others (1991) present a preliminary overview of the thermal history
of the Pu'u O'o--Kupaianaha eruption. Heliker and others (1998) discuss the later stages of the
eruption covered in this data base (episodes 50-53). Additional reports on other aspects of the
data base or the eruption are in preparation.
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