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the Mechanism of Eruption of Augustine Volcano, Alaska

submitted by

David Alexander Johnston in partial fulfillment of

the requirements of the degree of __Doctor of Philosophy
and recommend irs acceptance. In support of this recommendation we present the following
joint statement of evaluation to be filed with the dissertation.

In this dissertation, David Johnston has discussed the sequence of
events which took place prior tn and during the 1976 eruptions of Augustine
Volcano, Alaska. He has mapped the areal extent of ash falls and ash flows
resulting from the eruptions. The most prominent product of the 1976 erup-—
tion is a banded pumice consisting of a dark dacitic component irregularly
interlayered with a light-colored andesitic component. The dacitic pumices
anpear to be "primary'" whereas the adesitic pumices are hybrids formed by
the mixing of dacitic magma with a mafic basaltic magma. Althouzh the mix-
ing event has been sufficiently thorough to remove direct evidence of the
basaltic component, its prior existence can be inferred from the pervasive
disequilibrium features exhibited by the phenocryst assemblage in the
andesitic pumices and the presence of mafic glass inclusions within magne-
sian olivine phenocrysts. The calculated composition of the mafic compon-
ent i; tha: of a high-alumina basalt.

In an attempt to decipher the evolution of the magmas involved in the
1976 eruptions, Johnston has made a detailed analysis of melt inclusions
trapped within phenocrysts in both the andesite and dacite, paying particu-—
lar attention to those processes that affect the composition of meit inclu-
sions. Prior to eruption the dacitic magma was vapor-saturated with
ca. 6.5 wt % Hp0 and 0.4 to 0.7 wt. % chlorine, indicative of an entrap-
ment pressure between 1 and 2.5 kilobars. The volatile content of the
basaltic component has also been estimated but is less well determined
because of post—entrapment crystallization of melt inclusions in olivine.
The basalt component appears to be HpO-undersaturated {ca. 3-5 wt. 7 H320).
The consequence of mixing and fractional crystallization on the volatile
content are examined in detail. Of particular significance is the conclu-
sion that the 1976 eruption may have been triggered by the injection of
fresh basaltic magma into the water-saturated dacitic magma. This event
resulted in a rapid increase in the volume of the magma chamber due to
(1) addition of basalt magma, (2) boiling of the water-saturated dacitic
magma, and (3) exsolution of volatiles from the mesostasis of hybrid
andesitic magma.
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CHAPTER 1: THE 1976 ERUPTION OF AUGUSTINE VOLCANO



INTRODUCTION

Augustine Volcano is one of approximately 40 histor-
ically active Alaskan volcanoes and one of about 70 active
since the Pleistocene (Coats, 1950). It is one of the most
active of these volcanoes, having erupted four times 1n the
past century (1883, 1935, 1963-64, and 1976). This chapter
deals with the 1976 efuption.

The volcano dominates Augustine Island, a small
(approximately 90 km2) unpopulated 1sland located within
Kamishak Bay on the west slde of Lower Cook Inlet, 285 km
southwest of Anchorage, Alaska. It lies along an active
segment of the Aleutian arc which includes Mt. Wrangell
(iast eruption: 1929), Mt. Spurr (1953), Mt. Redoubt (1966-
68), and Iliamna Peak (1947) to the north, and Mt. Douglas
(no historic eruptions) and the active Katmail group farther
south and west. It lies approximately 105 km above the
median surface of an actlive Benloff zone, inclined approx-
imately 40° to the northwest (S. Estes, University of
Alaska, reported by Kienle & Forbes, 1977).

The Augustine volcanic rocks overlie Mesozolc marine
and non-marine sedimentary rocks and Pleistocene glaclal
deposits, which are exposed on the south side of the 1island
to nearly 1000' above sealevel (Detterman, 1973, Detterman
and Jones, 1974, Buffler, 1976). The glaclal deposits,
which shed non-volcanic boulders onto the south flank of
the island, are poorly exposed. The age of these deposits

is unknown,; but in view of the absence of any other evi-
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dence for glaclation of Augustinec, most likely corresponds to
the last glaclal advance in Cook Inlet, approximately 37,000
years ago (Pewe, 1975). No other evidence is yet available
to establish the age or onset of Augustine volcanism.

The volcano consists of a central core of overlapping
Lava domes and dome mafginal brecclas, which are flanked by
an apron of pyroclastic flow, mudflow, and debris flow de-
posits. A relatlvely recent lava flow on the northwest flank
of the volcanoc 1s the only kncwn lava flow on the island.
The historically active vent at the volcano's summit appears
fo have been active during most, perhaps all of the volcano's
history, although the existence of a strongly magnetic body
beneath Point Kamishak (located at 1700' elevation on the
south flank of the cone) may be due to an unexposed plug
(Barrett and others, 1976), possibly filling a formerly ac-
tive vent. No other evidence, howevecr, suggests that vents
have been active at any part of the mountalin other than the
historic vent at the summit. Dikes or other lateral intru-
sions are unknown.

Deposits currently exposed at Augustine appear to con-
tain andesitic and dacitic ejecta only, closely resembling
in mineralogy, texture; and composition the ejecta of the
1976 eruption (described in chapter 2). Deposits usually
preserve evidence of magma mixing, In the form of banded
pumices and/or disequilibrium mineral assemblages. Fleld

observations, supported by a few chemical analyses (Becker,
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1898, Detterman, 1973, Johnston, unpublished data), appear to
indicate that fhroughout the historic and recent prehistoric
activity of Augustine, there have been no significant changes
in the composition, mineralogy, or mineral chemistry of the
Augustine ejecta. Two Interpretations discussed below, that
the 1976 ejecta were tﬁe products of mixing of a basaltic

and dacitic magma (chapter 2) and that the daclte was water-
rich and vapor-saturated prior to eruption (chapter 3), ap-
pears to apply to the ejecta of the 1963-64 eruption of
Augustine as well.

The historic and recent prehlstoric deposits on the
island reflect a common pattern of eruption. Pumice-rich
pyroclastic flows were erupted in the violent early phase of
each eruption, accompanied by ash-fall over large portions of
south-central Alaska. The summit vent has usually been ex-
plcsively cleared of all or part of former lava domes during
this phase of the eruption. New lava domes were emplaced
later, accompanied by non-pumiceous block-and-ash flows
formed by dome collapse. Reglonal ash-fall has not occurred
during this waning phase of the eruptions.

Deposits exposed on Augustine, and inferred from geo-
physical records obtained off-shore, do not suggest that
prehistoric eruptions have been different, or significantly
greater in magnitude than the historic eruptions. 1In par-
ticular, the 1976 eruption appears similar in style and

sequence to other eruptions, althéugh it was more voluminous
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than some (e.g., 1935, 1963-64) and less voluminous than
others (1883, several pre-historic eruptions). The historic

eruptions of Augustine are summarized in Table 1.

THE VOLCANO IN JULY AND AUGUST, 1975

During July, August, and September, 1975, geologic,
thermal, aeromagnetic,.and selsmlc studles were performed at
Augustine. While these studles were being carried out, no
precursor activity was recognized. Furthermore, although
thermal and aeromagnetic studles were in part repetitions of
earlier studles, nothing indicated that Augustine had under-
gone any changes during the preceeding months to years that
may have foreshadowed the eruption.

Since 1964 the summit of Augustine had been dominated
by the andesitic endogenous dome that was emplaced during
the 1963-64 eruption. All fumarolic activity during 1975
occurred along the margins or on the surface of this 279-
meter high lava dome. The most active fumaroles were located
on the west side of the dome, where vapor escaped through
cavernous breccia at the base of the steep dome face, and
along the northern margin of the dome, where 1t abruptly
ferminated against older rocks of the wall of the crater
which this dome had filled. This contact is visible in
Figure 4.

Fumarole emission temperatures and soill temperatures,
measured with shallow temperature probes (less than 1 meter)

and in a 24-meter hole drilled into the fumarole fileld west
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of the dome, did not exceed 95° C. Fumarole and shallow
soll temperatures measured during 1974 and 1975 were essen-
tially identical (D. Lalla, 1975, personal communication).
Fumarolic emissions during the summer of 1975 appear to
have been predominantly water vapor. Some variations in the
S—-content of the gases'are suggested by the presence of
abundant S-sublimates around fumaroles on the north margin
and itop of the dome. A single vapor condensate collected
July 24, 1975 from a fumarole on the west side of the dome
vyielded oxygen and hydrogen lsotope ratios that fall direct-
1y upon the meteoric water line defined by Craig (1961),
(Figure 1). This implies a meteoric water source and prob-
ably very limited circulation within the volcano, since no
rock-water oxygen exchange appears to have occurred.
Aeromagnetic surveys of Augustine flown in 1972 and in
August, 1975 showed no significant differences (D. Stone,
unpub. data, reported by Kienle and Forbes, 1977). While
stress or heat induced magnetic changes prior to eruptive
activity have been determined by more sensitive methods at
andesitic volcanoes eisewhere (e.g., Johnston and Stacey,
1969), the efficacy of magma ascent in inducing these
changes appears variable, since Davis and others (1973) re-
ported no significant magnetic changes accompanying an in-
flation and eruption of Kilauea Volcano. Interpretation of
the apparent magnetic stabllity of Augustine, then, 1s am-

blguous, but the observation establishes that no major
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Figure 1: Plot of §0 vs. §D for Augustine fumarole con-

densates. Shown also are the fresh water trend of Craig
(1961), the mean isotopic composition of seawater ("O"), and
the approximate composition range of juvenile magma ("M")
(Taylor, 1967). Condensates from fumaroles at Lardarello
("L"), the Geysers geothermal area ("G"), and Hekla Volcano,
Iceland ("H") (open circles), and surface waters at the same
areas (solid boxes; from White and others, 1973) are shown
to 1llustrate the effect ofboxygen exchange between geother-
mal fluids and country rock. No such exchange 1is apparent
in the July, 1976 fumarole condensate. Two samples collect-
ed February 1, 1376 from a fumarole on a pyroclastic flow
and from an open fissure approximately 200 meters north of
the crater margin each show a significant meteoric water
component, but have apparently been modified by mixing with
marine or juvenile gases, by isotopic exchange, and/or by
isotopic fractionation between liquid and gaseous water.
Augustine analyses were performed by N. Nehring, USGS,

Menlo Park, Californria.
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demagnetization due to ascent of magma into cold country
rock had occurred between 1972 and August, 1975.

An explesion seismology experiment was undertaken
August 3 and 4, 1975 by the University of Alaska and Sandia
Labs to search for magma accumulations within the super-
structure and shallow 5asement of Augustine. Ten explosions
were set off on Augustine Island, and the response monitored
by the permanent seismic array (six stations) supplemented
by a l2-station portable array. Magma bodies larger than
the resolution of the method (approximately 400 meters in
diameter) were not detected at depths less than 2 km beneath
the 1sland (Pearson, 1977).

In summary, the measured thermal, magnetic, and seismlc
properties of Augustine Volcano, and the isotoplic composi-
tion of fumarolic emissions from at least one active fuma-
role fileld, gave no indication of any changes within the
volcano which might have preceeded the 1976 eruption. This
may indicate either: (1) that no changes had occurred
before that time; (2) that whatever changes that may have
occurred did not produce any detectable differences in the
measured properties; or (3) that the response to processes
recently active at depth was not yet detectable at the sur-
face.

BACKGROUNMD SEISMICITY OF AUGUSTINE

Selsmic activity has been monitored continuously by a

selsmlc array established by the University of Alaska on
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Augustine Island in 1970. During the time that 1t has been
monltored, Augustine's seismicity has varied from a few
small events per day to intense microearthquake swarming
activity. During swarms, which have occurred most frequent-
ly auring the months of December to February, the number of
events car increase by'2 or 3 orders of magnitude over the
background level. Most of thls microseismic activity occurs
within the cone itself or at very shallow depths below the
island, and 1s limited to events of very small magnitude.
Two swarms, one durlng August-September, 1971, the other
during the four months preceeding the 1976 eruption, appear
to have originated deeper and attained greater magnitudes
than the more common swarms that occurred each winter (Lalla
and Kienle, 1978).

Plots of the hourly frequency of microearthquakes dur-
ing swarms often show a dlurnal peak in activity. Mauk and
Kienle (1973) related this cyclicity to earth and ocean
tides, suggesting that compression and dilation of the
earth's crust and ocean loading can trigger seismic strain
release at Augustine. Lalla (Lalla and Kienle, 1978) has
recently recognized a correlation between increasing sels-
micity and decreasing atmospheric temperature, and has sug-
gested triggering by formatlion of 1ice near the surface,
producing seisms either by water expansion, or by decreasing
surface permeablility and outgassing.

The seismicity of Augustine, particularly during the
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four-five months before the 1976 eruption, 1s being studied
by D. Lalla (PhD dissertation, University of Alaska,
Fairbanks, in preogress) and Reeder, Lahr, and Kienle (cf.,
Reeder and others, 1976, ms).

PRECURSORS TO THE 1976 ERUPTION

Microseismic activity increased abruptly in early
Octeber, 1975, approximately 115 days before the eruption
began (see Figure 2). This swarm contrasted with those of
preceeding years, in that the microseisms reached greater
magnitudes and occurred at slightly greater depths, to a
maximum of 2 + 1 km below sealevel (Lalla and ¥ienle, 1978),
and activity remained at an elevated level for a much longer
time (earlier swarms generally did not continue for more
than a few days).

In further contrast to earllier swarms, the swarming
that occurred after October 27, 1975 was accompanied by many
unusual seismlc signals characterized by long duration (up
to .15 minutes), emergent arrivals, moderate amplitudes, and
irregular high frequency pulses, and which appear to have
been propagated at acoustic velocity from a source near the
volcano's summit (J. Kienle, 1976, personal communication).
Simllar events have beén recorded on seismometers at Ruapehu
Volcano, New Zealand while steam explosions were observed at
the volcano's vent (Dibble, 1974, p. 58, Fig. 10). Signals
of this type were extremely rare in the seilsmic records of

preceeding years (approximately one per year).
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Figure 2: Plot of the number of local microseisms recorded
on one Augustine seismic statlon during the last part of
1975, averaged over 5 or 6 day intervals. Gaps in the plot
represent periods during which the seismic statlons were not
operational. Data have been provided by D. Lalla (personal

communication, 1977).
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Uhfortunately, the 6-station seismic network operating
on Augustine failed during late December, 1975. Xienle and
Forbes (1977) impllied that preliminary mudflow and rockfall
activity caused the fallure, but several observations sug-
gest that electronic malfunctions were responsible.

1. Signals from ﬁeveral stations faded and reappeared
during two weeks of bad weather in late December, before
they finally terminated.

2. While the Augustine network was failing, nearly the
entire lower Cook Inlet network was surfering similar mal-
functions. Each of the three stations located closest to
Augustine on the mainland were also out of operation prior
to the 1976 eruption.

3. Although aerial searches were periodically under-
taken, there was no visible evidence of mudflow or debris
flow activity during the period that the seismometers mal-
functioned.

ERUPTION CHRONICLE

The chronology of the 1976 eruption, which follows, has
been established from: newspaper accounts; Surface Weather
Observations of the U.S. Weather Service stations at Anchor-
age, Homer, Kenal, Iliamna, and King Salmon; infrasonic and
seismic records maintained by the University of Alaska
(Kienle and Forbes, 1977) and the USGS (Reeder and others,
ms, 1976); observations of myself and W. Feetham, G. Gunkel,

J. Kienle, B. Kopplin, D. Lalls, R. Motyka, and J. Stith;
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and radar and other observatlons recorded in Smithsonian
event cards 2367, 2368, and 2397, compiled, in addition to
persons already mentioned, by P. Sventek. The observations
recorded in these sources have been evaluated in light of
deposits found on Augustine island, during investigations
carried out by myself énd H.-U. Schmincke.

Some contradictions exist between these sources of in-
formation, in particular, with regard to the thickness of
ash deposits. Tnere 1s very little reliable information
concerning the distribution and thickness of ash deposits,
hence veclume estimates have large uncertainties.

The approximate time of individual eruptions has been
established by: (1) theilr infrasonic and air pressure
records (Kienle and Forbes, 1977; Reeder and others, 1976,
ms); (2) eyewitness accounts, primarily recorded in news-
papers; (3) radar observations of eruption columns; and (U4)
inference from times of recorded ash fall, obtained from the
Surface Weather Observations and newspaper reports.

Some explanation of infrasonic records are required,
because many more infrasonic "events" were recorded than
were eruptions observed. Furthermore, at least one eruption
apparently occurred which was not detected on the infrasonic
array. Infrasonic slignals were recorded on a quadrilateral
array located in Fairbanks, 688 km north of Augustine. In-
frasonic waves are apparently generated by air displacement

during rapid ejection of volcanic ash and/or gases, and are
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transmitted via sound channels in the upper atmosphere. The
strength of a signal is generally proportional to the helight
or volume of the erupted cloud, but comparisons are extreme-
ly unreliable, and even exact eruption times cannot be de-
termined from the records, because atmospheric conditions
influence the propagation of signals (Wilson and others,
1966). Unfavorable atmospheric conditions or'excessive in-
frasonic noise at the receiving station may obscure some
signals.

Alr pressure waves, also generated by air displacement
during eruptions, were registered at USGS seismometers
located 80 to 318 km from the volcano. The seismometers re-
corded all of the thirteen "events" recorded on the infra-
sonic array in Fairbanks, except one (January 22, 1976, 7:59
AST). Two small events (January 23, 15:59 and 16:07 AST)
and a possibly large, but unverified event (January 22,
22:19) were recorded on USGS seismometers and not on the
Falrbanks 1nfrasonic array. Neither the seismometers or the
infrasonic array appear to have recorded the first ash
producing eruption at approxlmately 17:00 AST January 22,
1976.

JANUARY ACTLIVITY

The earliest indication that an erupticn had begun was
a medium intensity infrasonic event generated at 7:59 AST,
Thursday, January 22. Activity was confirmed at 10:25 when

a commercial pilot observed clouds billowing from the sum-
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mit. Height finding radar at King Salmon and Sparrevohn
reported eruption clouds at 4000-5000 meters that afternoon.

Seismic activity, by that time only recorded on stations
located on the mainland 80 or more kilometers distant, in-
creased sharply immediately after the initial explosion.
Earthquakes detectable'on mainland statlons increased from a
steady background level of one or two events per hour to
nearly 60 per hour by 19:00 January 22, and then deeclined
again before the second infrasonic signal was generated at
3:53 January 23 (Reeder and others, 1976, ms). During this
time seismic activity increased and decreased in harmony
wlth increasing and decreasing ocean tidal loading (Figure
3).

Approximately 2 to 6 mm of ash fell in Iliamna Lodge
around 17:00 Thursday, January 22, apparently following an
eruption whose infrasonic signal was not felt on either USGS
selsmometers or the Falrbanks infrasonic array.

After several small and very small infrasonic events at
22:19, January 22 (reported by USGS only), 3:53, 5:01, and
6:16 January 23, all without reported ash-fall on the main-
land, two large magnitude events occurred in rapid succes-
sion at 6:58 and 7:40. Ash from one or both of these erup-
tions fell heavily on Iliamna, 90 km west of Augustine,
reducing visibility there to less than 30 méters during the
peak of the ash-fall. Minor ash-fall following these ex-

plosions was also reported in Seldovia and Homer, located
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Figure 3: Plot of the relative time of infrasonic events
generated during the January phase of activity (from Kienle
and Forbes, 1977), seismic events recorded on USGS seismom-
eters located 80 km or more from the island (Reeder and
others, 1976), and the magnitude of ocean tidal loading
(from Kienle and Forbes, 1977). Mlcroselsms are shown in
number of events per hour (scale on right side of figure).

MaJor ash-producing eruptions occurred at approximately
16:30 AST January 22, 6:58, 7:40, and 16:20 January 23, 8:38
January 24, and 4:56 January 25. L and M refer to large-
and medium~intensity infrasonic signals, all others are

smaller.
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110 km east of the volcano. Radar at Sparrevohn measured
the top of the-clouds generated in these explosions at 10700
meters, well above the tropopause (base of the stratosphere) ,
which at that time was at approximately 9800 meters. Spec-
tacular lightning displays were visible within the eruption
cloud during this and éubsequent eruptions.

Another moderate explosion produced an infrasonic event
at 10:08, January 23, which was also not accompanied by ash-
fall 1n populated areas.

Wind directions changed rapidly during the course of
the eruptions, as the center of a reglonal high pressure
weather system passed through lower Cook Inlet Friday,
January 23, bringing rain and snow. East and southeasterly
directed winds prevaiied at high altitudes during the late
hours of January 22 angd early.hours of January 23, and car-
ried ash towards Seldovia, Homer, Valdez, and as far away as
Sitka, where very fine ash (less than 0.05 mm diameter) fell
during the evening of January 23. Ash injected into the
stratosphere, apparently during the large eruptions of
Friday, January 23, 6:58 and T:40, continued to drift east-
ward, and on January 28, 1976, a Lidar laser system detected
ash from these eruptions drifting at 14 km altitude over
Hampton, Virginia (Meinel and others, 1976). More north-
easterly directed winds developed later Friday and Saturday,
January 24, and subsequent ash falls were directed towards

Anchorage (see Flgure 5).



20

Figure 4: The summit of Augustine Volecano in late July, 1975
(A) and on January 29, 1976 (B). Both photographs were taken
from roughly the same position. The contact between the
1963-64 lava dome and older rocks that formed the crater rim
before it was filled is visible as a light colored area that
follows downslope from the éaddle between the 1963-64 dome,
which comprises the summit of the volcano, and the 1935 dome,
which is the first bump on the skyline ridge below the sum-
mit on the right side of the photograph. The 1976 crater
margin nearly matches thils contact.

The summit spine of the 1963-64 dome 1is also visible in
(h).

Figure 4 is carried over onto page 21.
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22
Figure 5: Areas recelving ash-fall at various times during
the January phase of the 1976 eruption. Distribution has
been compiled by ref'erence to sources cited in the text, and
is least reliable towards the west.

Abbreviations are: XS, King Salmon; Sp, Sparrevohn Air
Force Base; I, Iliamna; H, ﬁomer; K, Kodiak; A, Anchorage;
T, Talkeetna; and V, Valdez. The distance from Augustine
Island to Anchorage is approximately 285 km.

Flgure 5 is carried over onto pages 23 and 24.
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Photographs taken of the volcano at approximately 13:00
Friday, January 23, show the existence of a summit crater
approximately 650 meters in diameter, in the place that had
been occupied by an andesite dome emplaced in 1964. By that
time 2lse, ash-flow and mudflow deposits were present in
drainages on all sides'of the volcano.

Another large eruption occurred at 16:18 Friday,
January 23, producing a cloud that reached 11 km altitude.
By 17:00 the cloud had drifted over Seldovia and Homer, and
the most intense ash-fall began approximately 45 minutes
later, depositing fine sand-sized ash. 1In one hour, from
18:30 to 19:30, 186 grams of ash fell per square meter in
Seldovia (R. Motyka, University of Alaska, written commun-
ication, 1976).

After several more small infrasonic events during the
night of January 23 and the morning of January 24, a large
explosion, described by witnesses as the largest of the
three major explosions of the January episode, occurred at
8:38 AST. Radar at Sparrevohn and Xing Salmon traced the
development of the eruption cloud as it grew 12,200 meters
in three-four minutes, and spread laterally to cover an area
80 km wide. Heavy ash-fall at Iliamna again reduced visibil-
ity to less than 30 meters for almost 25 minutes, and ash-
fall continued there for nearly four hours.

The final eruption of the January eplsode occurred at

4:56 AST, Sunday, January 25. Ash from this eruption fell
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during'the morning hours in Iliamna, Kenal, and Anchorage,
where approximately 1.5 mm of fine ash was deposited between
9:20 and 10:55, for a while reducing visibility there from
20 to 2% miles. For another day afterwards, noticeable ash-
fall occurred in the Anchorage area, reaching as far north as
Curry, 420 km northeast of Augustine.

For 12 days after January 25, activity was limited to
non-explosive gas emission from the summit crater. Side
scanning radar and temperature measurements obtained February
1 by members of an NCAR team examining atmospheric emissions
of the volcano indicated that the summit crater was approx-
imately 200 meters deep and had a bottom temperature in ex-
cess of 350° C., the limlt of measurement of the probe used.

FEBRUARY ACTIVITY

At H:43 AST, February 6, Augustine burst into eruption
again. This eruption showered fine ash that fell with rain
on Kenal and Soldotna on the Kenai Peninsula, and produced
new pyroclastic flows that spread down each flank of the
volcano. The most extensive of these flows travelled ap-
proximately 100 meters beyond the shoreline on the northeast
flanl of the volcano, in the same area where pyroclastic
flows had extended beyond the shoreline in January. This
eruption produced a small infrasonic signal which was re-
ccrded on the array in Fairbanks.

The second major eruption of the‘February eplsode oc-

curred at approximately 12:30 AST, February 6. The account
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and photographs of an eyewltness to this eruption provide
evidence that one or more large pyroclastic flows travelled
down the northeast side of the volcano, and that small pyro-
clastic flows may have extended a few hundred meters down
the northeast side of the veclcanc, and that small pyroclastic
flows may have extended a few hundred meters down the south-
east and southwest sides. This, or the earliier eruption, was
the last to produce pyroclastic flows anywhere on the volcano
except on the northeast flank.

Minor ash-fall was noted as far away as the Kenal Penin-
sula on February 6 and 7. By February 8, when the cloud
physics group from the Unlversity of Washington began observ-
ing the volcano (Hobbs and others, 1976), vertical eruption
columns reached only 15-20,000 feet (4% to 6 km), and ash no
longer fell on populated areas.

Over 50 alr pressure waves were recorded on USGS seis-
memeters during the following two weeks., gradually declining
in frequency from a maximum of 10 on February 8 (Reeder and
others, 1976, ms). Observations by various witnesses suggest
that the helght of vertical eruption columns and the distance
that pyroclastic flows extended irregularly decreased during
thls period.

Unfortunately, the early history of the lava dome is
not well known, because observation was generally restricted
by gases issulng from 1its surface and margins. During

February 11 and 12, long period (approximately 1 second)
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oscillations were recorded on several selsmometers located
50 to 80 km from the island on the west side of Cook Inlet.
Kienle and Forbes (1977) have interpreted these signals as
harmonic tremof, possibly related to the emplacement of the
lava dome. Eyewltnesses saw the dome no later than February
12. It may have been émplaced before that date, but was al-
most certalnly not present on February 1, when a 200-meter
deep crater was seen on side-scanning radar.

A University of Alaska party returned to the 1sland
February 18-28 to reestablish seismic stations on the island.
Very small bursts of ash-laden vapor wore produced infre-
quently durling the early part of this perilod.

Selsmic statlons reestablished iIn late February recorded
very little microseismic activity until April. 1In early
April microseismic activity began to increase dramatilcally,
accompanied by steam explosions (detected on seismic stations
as alr prescure waves, D. Lalla and J. Kienle, 1977, personal
communication). From April 13 to 18 ash flcws wera seen
to fall directly from a stationary point of origin on the
north face of the dome, approximately every 10-15 mlnutes.
The debris flows were not accompanied by significant super-
jacent or vertical ash clouds, although vapor emission
apparently increased during each flow.

Photographs taken in late February and August, 1976,
1llustrate that the lava dome grew perhaps as much as 100

meters during the April activity.
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STRATIGRAPHY OF THE 1976 DEPOSITS

JANUARY DEPOSITS

The earliest ash layer deposited during the 1976 erup-
tion is a thin‘(less than 3 mm ) discontinuous tan ash, con-
sisting of fine glass shards, crystal fragments, and lithic
fragments. The ash is.well—sorted, extremely fine (maximum
particle size - 0.1 mm), and in thin section appears to be
size-graded with the coarsest particles at the base. The ash
layer is locally reworked and does not anywhere contain
vesicles. The individual glass shards are blocky and angu-
lar, and bubble wall textures are not common on phenocrysts.

The overlying grey ash is present nearly everywhere on
the 1island, where it varies from 0 to 6 cm thick. It appears
to contain a greater portion of lithic fragments than the
earlier tan ash, and 1s somewhat coarser-grained (maximum
particle size - 2 mm). Both in the field and in thin section
a subtle break 1s visible between the lower part of the ash
(lighter colored) and the upper part (marked in thin section
by a separate size graded layer), suggesting that the grey
ash may be the product of two separate explosions. The grey
ash has locally been reworked prior to emplacement of the
overlying olive ash layer, but where i1t 1s not reworked,
vesicles are preserved within the ash layer, indlcating that
the particles were still degassing after emplacement.

In the northeastern quadrant of the 1island, the lower

ash layers are overlain by a distinctive olive ash layer,
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which varies in thickness from 1 to 17 c¢m or more. The de-
posit is thickest uphill (towards the volcano) from small
hills: near Burr Point, 5 km north of the vent, the deposit
1s 17 cm thick on the uphill side of a 10-meter high ridge,
but is only 4 to 6 cm thick in the flat plain 25 meters from
the ridge. The debris is somewhat coarser than the under-
lying ash layers (maximum particle size - 5 mm), is moderate-
ly well sorted, non-graded, and contains vesicles and lapilli
(degassing) pipes that imply vigorous degassing after em-
placement. Emplacement temperatures of the olive ash were
high enough to slightly char wood (in contrast to the cooler
underlying layers).

Laborious excavations have demonstrated that the olive

iimt ro
A el N N

ash is beneath the stratigraphically lowest of threc

T

ou: nuée ardente deposits emplaced during January. However,
it 1s not possible to preclude that one or more unrecognizcd
buried nuée ardente deposits might be present farther up-
slope beneath the olive and also earlier grey and tan ash
layers. TFyroclastic flow denosits emplaced during the
eruptions of January 23-25, 1976 are present on all flanks
of the volcano, but are most extensive and thickest on the
northeast flank. These deposits thin to 30-50 cm at their
distal edges, and are much thicker upslope, but prcbably do
not exceed 5-7 meters maximum. The deposits (see Figure 6)
extend U4-5 km to the shoreline and a few hundred meters

beyond on the northeast flank of the cone. They contain
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Figure 6: Reconnaissance and air photo map of the deposits
of the 1976 eruptioh of Augustine as of August, 1976.
Pyroclastic flow deposits are shown in red, and where buried
in the vicinity of Burr Point, are outlined by a dashed line.
Mudflow, flood, debris fall, and alluvial deposits are shown
in yellow, and the 1976 lavé dome 1is shown in bliue. Air-fall

tephra deposits are not shown.
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abundant pumices and expanded breadcrust bombs, more than 20%
fine ash (less than 0.125 mm), and abundant coarse (to sev-
eral meters maximum dlameter) and fine lithic fragments de-
rived from older Augustine deposits. Sorting is poor.
Vesicles, coarse lapil;i pipes, and small phreatic craters on
the surface of the deposits attest to their vigorous degas-
sing, possibly explosive, soon after emplacement. The de-
posits were emplaced at very high temperatures as evidenced
by extensive melting and charring that occurred up to 1% km
beyond the terminus of the deposits (Johnston and others,

1977), and high temperzture fumaroles (to at least 400° C)

that existed on their surface days and weeks after emplace-
ment. Glass shards in the matrix of the pyroclastic flow
deposits are extremely veslicular, and crystals exhibit bubble
wall envelopes.

The uppermost January ash deposit 1s a coarse pumice,
block, and ash layer, possibly composite, which was emplaced
nearly everywhere on the island. On the north slde of the
i1sland, the deposit increases in thickness from approximately
1 cm 5 km from the vent to 3 em 3% km from the vent. Pum-
ices, over the same distance, increase from approximately 15
to 30 cm maximum diameter; dense andesitlic and dacitic bombs
and lithic fragments increase from 7 to 10 cm (Schmincke and
Johnston, unpublished data). The ash layer 1s poorly sorted,
and not megascoplcally graded. Shards and crystal envelopes,

as in the pyroclastlc flow depcsits, are extremely vesicular.
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FEBRUARY AND APRIL DEPOSITS

Recognizable ash layers, other than pyroclastic flow
basal avalanche deposits, were not emplaced during the Feb-
ruary and Aprii eruptlons. Pyroclastic flow deposits of the
first two eruptions in February, like those erupted in Janu-
ary, were emplaced onté all flanks of the volcano (see Figure
7), and extend to a few hundred meters beyond the former
shoreline on the northeast flank of the volcano. Subsequent
deposits are less extenslve, and are confined to the north-
east flank of the cone, where they were emplaced through a
breach in the crater rim. This breach formed during the
first two days of eruptions in February, apparently by ero-
slon during passage of pyroclastic flows.

The total thickness of February and April deposits is
difficult to estimate. Individual flow deposits terminate
with steep flow fronts, up to 1-2 ecm high, and must increase
in thickness upslope. As many as 70-100 separate flows may
have been emplaced, but do not entirely overlap, and appear
to have partly eroded the surface on which they were em-
placed. The total thickness of February and April deposits
probably does not exceed 20-30 meters maximum.

In contrast to the deposits emplaced in January and the
first few eruptions in February, the deposits of later Feb-
ruary and April eruptions contaln little or no pumice, less
than 5% fine ash (less than 0.125 mm), more large expanded

blocks (up to 10 m diameter), and a much smaller component
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Figure 7: Pyroclastic flow deposits of the 1976 eruption,

divided to show those emplaced during the earliest activity

(January 22-25, February 5-8) in green, durlng later Feb-

ruary in red, and during April in blue.



s)e0dag u:uz.co;&




35

of lithic debris derived from older deposits (Schmincke and
Johnston, 1977). Blocks in the late February and April de-
post*ts are primarily scoriaceous to dense andesite and da-
cite, similar fo the material comprising the new lava dome.
Glass shards and glass envelopes around crystals are less
vesicular than those of the January eruptions.

High temperature emplacement of February deposits is
implied by the temperature of their fumarolic emissions
(greater than 600° C) measured several days after emplace-
ment. The high temperature of emplacement of April deposits
1s indicated by eyewitness descriptions that the blocks in
the flows were incandescent when tumbling down the volcano's
slopes.

THE LAVA DOME

The new lava dome was emplaced within the summit crater
formed at the beginning of the 1976 eruption, and hence,
occupled approximately the same position as the lava domes
emplaced at the conclusion of each historic eruption of
Augustine. The new dome does not quite fill the crater, and
the summit of the volcano (formerly the crest of the 1963-64
lava dome, 4,304 feet high) is now roughly 100-200 feet low-
er, and may be the summit of the new dome or the highest
point on the south rim of the crater.

The morphology of the new dome resembles that of the
1963-64 dome. It 1s an endogenous dome, partially sheathed

by an autoclastic breccia carapace and punctured at its
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summit by a massive spine% approximately 5-10 meters high.
On 1ts north flank, the breccla carapace 1s absent, apparent-
ly having slid off the growing dome in February and April
through the breach which 1s immediately below this flank. A
small crater, approximately 60 m across, is present within
the crater moat on the'northeast flank of the dome, at the
site where small steam explosions in March, 1977 were ob-
served to originate.

Unfortunately, hazardous access has prevented close
observation of most of the surface of the new dome. The
massive interior, exposed on the north face, consists of
uniform-appearing only slightly vesicular andesite or dacite.
The blocks in the breccia carapace on the northeast flank
are moderately to slightly vesicular, and appear also to be
uniform grey or red (oxidized) andesite or dacite.

THE MECHANISM OF EMPLACEMENT OF THE DEPOSITS

The wide distribution, relatively uniform thickness,
and graded bedding of the tan and grey ash layers reflect
their deposition as alr fall ash deposlts, erupted, apparent-
ly, in the first two or three ash—p;oducing explosions Jan-
uary 22 and 23 (ca. 16:30 AST January 22, 6:58 and 7:40
January 23). The limited distribution, variable thickness
(controlled in part by topographic barriers), lack of grad-

ing, and evidence of moderately high temperature emplacement

(&

(slightly charred wood and lapill!l degassing pipes) argue

against an air fall origin for the overlylng olive ash.
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This léyer appears, instead, to have been emplaced by a
ground~-nugging flow, and resembles deposits called elsewhere
"ground surge" or "pyroclastic surge" deposits (Sparks and
Walker, 1973).- In light of the ambiguity of the evidence re-
flecting on the origin of the olive ash, and the general un-
certainty of the origin of surge deposits elsewhere, several
possible mechanisms may be proposed to explain this deposit,
including emplacement as:

(1) an "ash-cloud" (termed "ash hurricane" by Taylor,
1958) that has separated from the basal avalanche portion of
a nuée ardente,

(2) an unusually fine-grained nuée ardente,

(3) a "base-surge" (Moore, 1967).

The contrasting texture and distribution of the pyro-
clastic flow deposits erupted during January and February 5
and 6, and after February 6 reflect a change in the mechanism
of thelr emplacement. Early deposits were emplaced onto all
flanks of the volcano by collapse of vertical eruption col-
umns (e.g., Sparks and Wilson, 1976), and were accompanied by
regional ash-fall. Later deposits formed by collapse of the
lava dome and were not accompanled by major vertical eruntion
columns or significaﬁf ash-fall. These were emplaced only
directly downslope of the dome (Schmincke and Johnston,
1977) .

The coarse pumice, lapilli, and ash layer above the

January pyroclastic flow deposits, because of its wide extent
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and relatively uniform th%ckness, also appears to have been
emplaced as ash-fall out. Damage done by the impact of this
ejecta upon the University of Alaska Research station at
Burr Point supports this interpretation, and provides evi-
dence, dlscussed elsewhere (Johnston and others, 1977) that
this deposit was emplaéed in the eruption of Sunday, January
25, 1976, which eventually deposited approximately 1% mm of

ash on Anchorage, 280 km distant.



CHAPTER 2: MAGMA MIXING AND IMPLICATIONS FOR THE MECHANISM

OF THE ERUPTION



INTRODUCTION

Evidence for magma mixing or coeruption of two or more
magmas 1n volcénic rocks appears to be widespread. It has
been recognized in numerous calc-alkaline volcanoes of con-
tinental margihs (Eichelberger and Gooley, 1976; Anderson,
1976), island arcs (Kuno, 1936; Eichelberger and Gooley,
1376), and continental'interiors (Wilcox, 1944; Lipman,
1976); in basaltic and differentiated lavas of oceanic is-
lands (Wright, 1973; Anderson and Wright, 1972; Schmincke,
1967); and at mid-ocean ridges (Sparks and others, 1977;
Dungan and others, 1977).

The evidence has taken several forms: The most obvious
are "mix-lavas" and banded pumices (Wilcox, 1944; Lipman,
1976; Schmincke, 1967; Fenner, 1926; Macdonald and Katsura,
1965). The former are rare, and the latter are volumetri-
cally minor, but probably quite comﬁon in the early deposits
of explosive eruptions (e.g., Roobol and Smith, 1976). Kuno
(1936), Eichelberger (1975), and Eichelberger and Gooley
(1976) recognized that reverse zoning of phenocrysts and
disequilibrium or incompatible mineral assemblages are in-
dicative of "contamination" by solid or molten contaminants.
They found that such features are extremely common in inter-
mediate calc-alkaline rocks. Anderson (1976) found that
glass inclusions in different phenocrysts of a single rock
commonly preserve evidence of distinctly different parental
melts, which were mixed before eruption.

Geochemical evidence, in the form of linear variation
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diagrams, has also been presented (e.g., Bowman and others,
1973), but must be viewed with caution: Such evidence is
consistent with, but does not prove magma mixing. This evi-
dence 1is also'subject to a number of uncertalnties:

1. Fractional crystallization ordinarily produces dif-
ferentiation trends that do not deviate significantly from
linearity over intervals of as much as 50-70% crystalliza-
tion;

2. Crystallization and crystal movement which occurs
after magma mixing may obscure the linear trends produced by
mixing;

3. Scatter on most variation dlagrams 1is sufficient to
preclude recognition of linear vs. slightly curved differen-
tiation trends.

Magma mixing as the mechanism of producing the observed
chemical trends 1s disproved by a non-linear trend for any
element (e.g., Milholland, 1975). Furthermore, it should be
recognized that averaging groups of analyses (e.g.,
Eichelberger and Gooley, 1976) artificially improves the
linearity of the data, and 1s, therefore, inappropriate for
demonstrating magma mixing.

The petrologic implications of magma mixing are pro-
found. Eichelberger (1975) suggested that magma mixing is
the primary mechanism by which intermedliate magmas of the
calc-alkaline suite are generated. Magma mixing also has

profound effects on the crystallization history of a magma:
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Irvine (1977) described how mixing of more and less primitive
magmas can lead to precipitation of particular phases at
stages of differentiation when they would not ordinarily form
by fractional crystallization. He suggested this as a pos-
sible mechanism for fo;mation of chromitite layers 1in strat-
iform mafic intrustions. Magma mlixing must be an important
process active during the formation of many ophiolite suites
(e.g., Hopson and others, 1977) and layered cumulates (e.g.,
McCallum and others, 1977), whose large size and relatively
uniform composition preclude crystallization from a single,
once entlirely molten, magma body. Many of the cyclic varia-
tions that characterize the mode and mineral composition of
these layered ultramafic intrusions may reflect the periodic
introduction of new magma from deep sources.

Magma mixing must also affect the manner in which we
study magma genesis. Clearly, the composition of the magmas
involved in mixing will be obscured by the mixing process.
Whole rock analyses may not reflect the original varlability
or the manner(s) in which that variability developed. Phen-
ocryst zoning and glass inclusions within phenocrysts may
record a more complete petrogenetic history of each magma.

Methods of modelling the trace element evolution of
magmas must also be reconsidered in light of magma mixing
and perlodic magma resupply. O'Hara (1977) showed that
changes in the relative proportions of magmas mixed within a

periodically refilled differentiating chamber could lead to
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variations in the trace element composition of the magmas
that have been attributed previously to variations in the
mineralogy or composition of mantle source rocks.

In this chapter I will present evidence that the ande-
sitic to dacitic ejecta erupted during the 1976 Augustine
eruption was the produét of mixing of a basalt with a dacite.
I will alsc examine the problem of when the magmas were
mixed, by considering the size and the growth rate of plag-
loclase crystals formed after magma mixing began. I will
examine the manner by which the magmas were mixed, whether
by overturn of a zoned magma chamber or by supply of new
magma from depth. And finally, I will show how water may
have been rapldly exsolved from the magma during and soon
after mixing, possibly triggering the 1976 eruption. 1In
chapter 3, I will discuss some of the petrologic implications
of magma mixing, the high water content of the magmas, and

the implied presence of basalt.

COMPOSITION AND MINERALOGY OF THE 1976 EJECTA

Roughly 0.17 km3 (not corrected for density contrasts)
of rock was erupted during the 1976 eruption of Augustine
Volcano. The pyroclastic flows constitute roughly 53% of
that volure, the lava dome 38%, and the ash-fall and pyro-
clastic surge deposits 8%. Of the total volume, roughly
27%, or 0.047 km3, was emplaced during the January erup-
tions, 59% or 0.102 km3 was emplaced in February, and the

remainder, 14% or 0.025 km3, was emplaced during April.



by

Ejecta produced during the January eruptions are compo-
sitionally divérse, and include approximately 10% black
coarsely veslcular andesite scoria, approximately 50% frothy
white dacite pﬁmices, and 40% tanded and hybridized pumices
and breadcrust bombs texturally and compositionally inter-
medlate between the exfremes. The bulk composition of
several samples 1s reported in Table II.

Blocks and scorla included in February and April pyro-
clastic flow deposits and the new lava dome appear much more
uniform than the January ejecta. Some variability in mode
and phenocryst abundance 1s apparent from rock to rock, but
hand specimen-scale banding 1is not visible. Although the
new dome has not been examined except on 1ts north and north-
east slde, 1t appears that the amount of mafic rock is less
in the February and April ejecta, than it 1s in the January
ejecta.

In this paper, dacites are broadly defined as having
more than 60 wt.% Si0p, andesites 52-60 wt.% and basalts
less than 52 wt.%. This method is convenient because 1t
facilitates discussion of unmixed "dacltes" and hybrid "an-
decites". The distinction 1s arbitrary, however, and many
of the "dacites"” may actually be andesites if the distinc-
tion 1is established on other criteria, such as Si0, less
than 62 wt.%.

DACITES

Dacite pumices contain approximately 20-50% phenocrysts
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and scarce microphenocrysts in a glassy rhyolite groundmass
(Table III). The crystals include: Plagioclase (approxi-
mately 60 volume %), hypersthene {(18%), augite (17%), Fe-Ti
oxldes (5%), and trace amounts of apatite, chalcopyrite, and
pyrrhotite.

Crystal aggregates of anhedral to subhedral pyroxene,
plagioclase, and Fe-Ti oxides are a common, though volu-
metrically minor constituent. Several of these are pseudo-
morphs of hornblende or olivine. With the exception of tiny
anhedral hornblende crystals observed at the core of one
pyroxene crystal, nelther of these minerals were observed in
the daclte. Rare resorbed olivine crystals, For7_76, with
symplectite rims are present in banded and hybrid pumices
and may have been present in the dacite prior to magma mix-
ing. This interpretation is favored by the similarity be-
tween the composition of hypersthene in the symplectite rims
and the phenocrysts of hypersthene in the dacite.
PLAGIOCLASE:

Plagioclase grades from phenocrysts 2-4 mm long to tab-
ular microphenocrysts 100-200 microns long. It exhibits
many radically different patterns of compositional zoning,
even among the phenocrysts of a single thin section. Many
have a broad, relatively homogeneous labradorite to bytown-
ite core (An6o_8o), and a slightly narrower oscillatory and/
or normally zoned rim which reaches An55_u7. Patchy zoning,

produced by resorption followed by renewed crystal growth
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(Vance, 1965) is common at the cores of phenocrysts, and
wilthin bands in the crystal that parallel former crystal
surfaces. 2Zoning reversals, ordinarily not exceeding 4-5
mole % An, aré also common, especially at patchy zoned hori-
zons. Milcrophenocrysts are uniform or normally zoned, and
resemble phenocryst riﬁs in composition. Microphenocrysts
and most phenocrysts are euhedral.

Glass, pyroxene, apatite, and Fe-Ti oxide inclusions are
very common withln plagloclase crystals. Very rare inclu-
sions of pyrrhotite and chalcopyrite, intergrown in spherical
globules, have also been observed. Glass and sulfide inclu-
sions are discussed 1n greater detail in chapter 3.
PYROXENES:

Hypersthene and auglite range in size from small eguant
mlcrophenocrysts to phenocrysts 1 to 3 mm long. Though both
are generally euhedral, some ragged anhedral hypersthene
gralns are jacketecd by auglte. Microprobe analyses disclose
no notable differences between Jacketed anhedral and dis-
crete euhedral hypersthene grains.

In contrast to plagloclase phenccrysts, the composition
of pyroxene phenocrysts appears remarkably uniform (Figure
8). Analyzed hypersthene phenocrysts are in the range
w°102-2.8En63.8—68.2Fs30.5-3M.05 analyzed augite are
Woy3_y7Engy_gg8Fsy3,5-.15,.7- Optlcal zoning 1is only rarely
visible wilthin crystals, but where present 1s in the form of

hourglass-type sector zoning or concentric rims.
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Figure 8: Compositions of pyroxene phenocrysts in andesitic
and dacitic pumices; and the composition of a clinopyroxene
microphenocryst in an andesitic pumice (shown by an "X"),
which was used to dalculate equilibration temperatures based
upon the Wood and Banno (1973) geothermometer. Tie lines
and theilr corresponding teméeratures are shown for a co-
exlsting microphenocryst pair and two intergrown pheno-

crysts.
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Pyroxene phenocrysts commonly contain inclusions of
Fe-T1 oxldes and glass, and less commonly apatite and plagio-
clase. Two tiny anhedral hornblende inclusions were seen in
one augite cryétal.

Representative pyroxene analyses are reported in Table
Iv. |
Fe-T1 OXIDES

Fe-T1 oxldes of the magnetite-ulvospinel solid solution
series occur as phenocrysts and as inclusions within other
phenocrysts. Phenocrysts rarely exceed 1 mm in dlameter, and
are euhedral or anhedral and unzoned. Ti-rich ulvospinels
are rare, probably less than 57 of the Fe-Ti1 oxides examined.
OTHER PHASES

Apatite, pyrrhotite and chalcopyrite are minor acces-
sories in the dacite. Pyrrhotite and chalcopyrite are in-
tergrown in tiny (less than 30-40 microns diameter) spherical
globules, which have been observed only as rare inclusions
in plagioclase. These sulfide globules are indicative of
sulfide-saturation for the magma in which they formed, and
are discussed in greater detail in chapter 3.

Apatite 1s present as microphenocrysts and as incluslons
within each phenocryst phase in the dacite. It is relatively
chlorine- and fluorine-rich (C1=1.75-2.10 wt.%, F=1.29-1.39
wt.%), and 1s also discussed in chapter 3.

ANDESITES

Andesitic pumices contaln approximately 10-25% pheno-
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crysts within a microphenocryst-rich groundmass that is
broadly andesific in composition. The groundmass contains
approximately #0-60% microphenocrysts of plagioclase, clino-
and orthOpyrokene, and Fe-T1 oxides, and 1s microvesicular.

An analysis of the interstitial glass in the ground-
mass of cne andesite pﬁmice is reported in Table III. An
approximate analysis of the groundmass, obtained by broad
beam microprote analysis, 1s also reported.

Both andesite and dacite pumices contain crystals of
plagioclase, hypersthene, augite, and Fe-T1i oxides. Pheno-
crysts of these minerals, present in the andesite pumices,
resemble those in the dacite pumices in size, morphology,
relative abundance, inclusion types, and, except at crystal
rims, in composition. Moreover, glass inclusions within
plagioclase and pyroxene phenocrysts from both rock types
span the same compositional range: All are rhyolitic (see
Table IX). These features imply that the phenocrysts in
both rock types once grew in similar magmas.

Phenocryst rims and microphenocrysts of these mineral
phases do, however, differ in the two rock types: In ande-
sitic pumices, microphenocrysts and phenocryst rims appear
to have grown in liquids distinctly more mafic than those in
which phenocryst rims and microphenocrysts in dacite grew.

In further contrast to dacitic pumices, andesitic
pumices contain phenocrysts of olivine (up to 2-3 volume %),

and hornblende (less than 1 percent), which are absent from
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dacite pumices. The olivine, in addition, contains inclu-
sions of Cr-rich spinel (picotite), aluminous augite, horn-
blende, and glass which 1s distinctly more primitive than
glass 1ncluded within plagioclase or pyroxene crystals (see
Table IX).
PLAGIOCLASE

Plagioclase phenocrysts in the andesite may be rimmed
by a zone distinctly more calcic than the penultimate zone
(Angs_g5 vs. Anyg_s5g). In some grains (e.g., Figure 9) the
calclec rim 1s separated from the inner portions of the
phenocryst by a band dusted by numerous minute glass inclu-
sions. Not all phenocrysts in andesite are rimmed by a
calcic zone: 1in banded pumices, as few as one in three may
be rimmed. In some other andesite pumices almost every
phenocryst appears rimmed. Observed rims range from 0 to
100 microns wide parallel to [001] .

The composition of measured plagioclase microphenocrysts
in the andesite groundmass ranges from approximately

An70~An80. Many of the microphenocrysts are slightly nor-

mally zoned, most are not notably so. The microphenocrysts
are euhedral, tabular, and elongate (length/width = 3-10),
and range in size to a maximum of 46 microns perpendicular
to (010) and 220 microns parallel to [001].

In some banded pumlces, the size and abundance of pla-
gloclase microphenocrysts in the andesite increases gradual-

ly with increasing distance from the andesite-dacite
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Filgure G: iagloclase phenocryst with a calelc rim, con-
tained 1n an andesitic pumice. Electron probe scan 1s along

line shown on phenocryst. Stippled area contains numerous

small glass inclusions.
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interface.
PYROXENE

Microprobe scans disclose that many pyroxene grains in
andesitic pumices are rimmed by slightly more magnesian
zones, In which Mg/Mg + Fe = .67 to .68, vs. .64 to .66.

The Ca-content is distinctly lower in the rim of many augite
phenocrysts, and in microphenocrysts in the groundmass (see
Table IV). Due possibly to their small size, zoning is not
apparent in pyroxene microphenocrysts.

Pyroxene phenocrysts and microphenocrysts are generally
euhedral. The later are equant to slightly elongate (length/
width = 2), and generally less than 100 microns in maximum
width.

Fe-T1 OXIDES

Some Fe-T1 oxldes in andesitic pumices are marginally
reticulate, apparently due to late resorption. Anhedral to
euhedral equant Fe-T1 oxide microphenocrysts are also pres-
ent within the groundmass of andesitic pumices.

OLIVINE

Two texturally and compositionally distinct types of
olivine are present within andesitic pumices. The more
abundant of these is slightly resorbed F°86.7'F°80.5' The
other is very rare, 1s marglnally resorbed and jacketed by
orthopyroxene symplectite, and 1s less magnesian (Fo76_77),
The magnesian olivine constitutes as much as 2-3% of the

volume of andesitic pumices, and is absent from dacite
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pumices. The Fo77_76 is extremely scarce (very much less
than 1%), and although it has been observed only in andesitic
and other mixed pumilces, because orthopyroxene in symplectite
rims surrounding these olivines 1s compositionally similar to
orthopyroxene phenocrysts 1n the dacite, it 1is likely that
similar olivire is preéent in dacite pumices.

Both olivine types occur only as phenocrysts, which
range in size to a maximum of approximately 1% mm. The
phenocrysts are gencrally equant to slightly elongate
(length/width = 2). The faces of the F°86,7—80.5 pheno-
crysts are embayed, but not sufficiently to eradicate the
formerly euhedral outlines of these c¢rystals. Symplectite
rims on the more resorbed olivine are as much as 200-400
microns wide.

Both olivines are normally zoned. The more magnesian

olivine has a broad relatively homogeneous core (F°86.7—
84.5)’ and decreases in Mg-content more rapldly in the outer
third of the crystal. There 1s no optical or compositional
evidence in any of the crystals examined for resorption,
zoning reversals, or other composition breaks, except for
moderate fluctuations (less than 400 ppm) in the Ni-content
in the outer third of some phenocrysts. The less magnesilan
olivine appears also to be continuously zoned from Fogq at
the core to Fogg where 1t intersects the symplectite rim.

Representative olivine compositions are reported in Table V.

Olivine phenocrysts contain inclusions of Cr-rich
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spinel; hornblende, alumigous clinopyroxene, sulfides, and
partially crystalline glass. These are discussed in detail
below, and in chapter 3.
SPINEL

Euhedral Cr-rich spinel (picotite) crystals are present
in every olilvine phenoéryst observed. The tiny (10-40 mi-
crons) cubes vary in abundance within individual crystals,
and may constitute as much as 1-2 volume % of some olivine
crystals. Many of the spilnel crystals occur in clusters,
and appear to be concentrated near the center of the olivine
phenocrysts.

Analyses of two separate spinel grains are reported in
Table VI. Only 6 spinel grains, from a single olivine phen-
ocryst (Fo86), have been analyzed, but these appear extreme-
ly uniform.

Tiny spinel crystals are 2lso present within aluminous

augite crystals that are enclosed within or adjacent to
olivine phenocrysts.
HORNBLENDE

Marginally resorbed hornblende phenocrysts are present
in trace amounts in nearly all andesltic pumices, and com-
positionally similar tiny hornblende crystals are included
inside mest olivine phenocrysts. The hornblende 1s variable
in size and shape. In hand specimen, large phenccrysts up

to 5-6 mm long and 2-3 mm wlde were observed; phenocrysts

observed in thin section are % to 2 mm long and slightly to
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TABLE VI: Composition of Cr-rich spinel crystals included in an
olivine phenocrysts (Analysis 7, Table V), (Wt.Z).

Sample no.: Pl-9 P1-9

Analysis no,: ¢)) (2)
Ti0, 74 .76
A1263 33.47 33.30
Cr203a 24,89 25,05
Fe203 ’ 12.21 12.29
Fe0® 146.92 14.81
MgO 14.80 14.91
MnO .30 .29
Nio .34 .30
Zn0 47 _.43
TOTAL 102.14 102,14

Structural Formulae, O = 32

Ti «128 131

Al 9.072 9.027

Cr 4,526 4.555
3+

Fe 2,114 2.128
2+

Fe 2.870 2.849

Mg 5.073 5,111

Mn +058 .056

Ni .063 .055

Zn .080 .073

+ +
aProportions of Fe2 and Fe3 were calculated from an electron
probe analysis on the basis of the ideal spinel formula.
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very elohgaté (length/width = 2-5). 1In thin section all
phénocrysts appear slightly resorbed, and have a narrow (10-
25 microns) rim of very fine-grained reaction products.

Hornblende included in olivine is anhedral and sube-
quant, and approximately 50-200 microns wide. In contrast
to hornblende phenocrysts, the inclusions are not rimmed by
a fine-grained reaction rim.

Hornblende analyses are reported in Table VII. Zoning
is not apparent in the phenocrysts or the included horn-
blendes examined. Classified according to the scheme of
Leake (1968), the amphibole is a tschermakitic hornblende.

Hornblende phenocrysts contain sulfide inclusions, rare
glass inclusions, and rare titaniferous magnetite.

ALUMINOUS CLINOPYROXENE

Anhedral to euhedral crystals of aluminous augite occur
within and adjacent to olivine phenocrysts. These crystals
range from approximately 20 to 300 microns wide and appear
to be equant.

Electron probe analyses of representative aluminous
augite are reported in Table VIII. These augites differ
from the more common augite phenocrysts of the andesite and
dacite in that they are more magnesian (Mg/Mg + Fe = 0.81-
.82 vs. 0.64-.66), and more aluminous (approximately 3% to
B wt.? vs. 1 to 25 wt.Z). 1In contrast to phenocryst rims
and microphenocrysts in andeslte, they are also more calcic

(47 mole? vs. 36-42 mole% Wo component). These appear not
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TABLE VII: .Composition of hornblende in andesites (Wt.7).

Sample
no.:

Analysis
no.:

SiO2
A1203
TiO2
FeO*

Mg0
MnO

Na20

K20

?2%
c1

S .

F
TOTAL

PHENOCRYST
J-1-3B

(1)
CORE

41.31
14.18
2.04
10,11
15.23
.10
2.50
.21
.02
.02
.01

.00

96.97

J-1-3B

(2)
RIM

41,65
14,29
2,20
9.91
15.43
.07
2.47
.23
.02
.02
.01
.00
97.96

INCLUSION IN OLIVINE
J-1-3B

(3)

41,12
15,37
1.47
10.12
15.15
.13
2.09
.15

96.85

Number of ions on the basis of 24 oxygen

51
Al
Ti
Fe
Mg
Mn
Na
Ca

Cl

6.324
2.558

-l

6.306
2.550
.251
1.255
3.482
.009
.725
1.891
.045
.003
.006
.004

6.278
2.766
.168
1.292
3.448
.017
.618
1.827
.029
.005
.009
.003
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TABLE VIII: Composition of aluminous clinopyroxene micro-
crystals included in olivine and hornblende (Wt.%)

Sample no.: J-1-3B J-1-3B

Analysis no,: (1) (2)
3102 47.89 49.41

* 6. O

A1203 8.11 0
TiO2 ] 1.25 0.71
FeOQ¥* 6.95 6.62
MgO 13.47 14 .45
MnO 0.15 0.13
Cal 22.09 22.28
NaZO 0.27 0.26
TOTAL 100.18 99.86
HOST hornblende F°82.9
Mg/Mg + Fe
(molar) 0.78 0.80
Mg/Mg + Fe
of the host 0.73 0.83

Number of ions based upon 6 oxygen

si 1.773 1.831
Al .354 .262
Ti .035 .020
Fe .215 .205
Mg 743 .798
Mn .605 .004
Ca .876 .885
Na .019 .018

Wo 46.86

En 42.28

Fs 10.86
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to be significantly zoned, but vary appreciably in alumina
content from gfain to grain.
Cr-rich spinel inclusions were observed in several
aluminous augite grains.

EVIDENCE THAT MAGMA MIXING HAS OCCURRED

Several features 6f the 1976 ejecta imply that two com-
positionally distinct magmas were mixed prior to the 1976
eruptlon. Banded andesitlic to dacitic pumices with glassy
andesitic to rhyolitic groundmasses are the most obvious
evlidence of coeruption of two magmas, but the following min-
eralogical features of andesitic pumices indicate that they
are hybrids:

1. Olivine and hypersthene phenocrysts grew in melts
with distinctly different Mg/Mg + Fe (Figure 10).

2. The cores of plagioclase and pyroxene phenocrysts
in both andesitic and dacitic pumices span the same composi-
tion range, and enclose similar rhyolitic glass inclusions.
In andesitic pumices, however, the plagloclase phenocrysts
are rimmed by zones distinctly more calcic (An65_85) than
the penultimate zones (Anu7_55); the latter match the compo-
sition of plagioclase rims in dacite pumices. Similarly,
hypersthene phenocrysts are slightly more magnesian and less
calcic. Plagioclase and pyroxene microphenocrysts in both
pumlice types are similar in compositlon to the rims of co-
exlsting phenocrysts.

3. Olivine phenocrysts contain more primitive glass
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Flgure 10: 'MgO/MgO + FeO of melts parental to euhedral or
slightly resorbed olivine (Fo86-80) and hypersthene, calcu-
lated from distribution coefficients reported by Roeder and
Emslie (1970) and Weill and others (1975). The hypersthene
parent ratios were calculated using the 1000° C distribution
coefficient, but reasonable'changes in this temperature pro-
duce only minor changes in the calculated values. This
dlagram illustrates the non-equivalence of the parent magmas

of the minerals.
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(formerly melt) inclusions than do pyroxene and plagloclase
crystals {see Table IX).

4. 0livine and hornblende phenocrysts are resorbed,
and appear to have been unstable in thelr enclosing magmas.
Microphenccrysts and reversely zoned rims on phenocrysts of
plagioclase and pyroxeﬁe are euhedral, and appear to have
been crystallizing from their enclosing melt.

The paucity of xenollths, and in particular the lack of
mafic xenoliths suited to yleld olivine and hornblende cry-
stals upon disaggregation, argues against contamination by
incorporation of rock material.

THE COMPOSITION OF THE MAGMAS THAT WERE MIXED

Dacitlc pumices with glassy rhyolite groundmasses do
not appear to be hybrids. Phenocryst rims and micropheno-
crysts seem to have been in mutual equilibrium, and the
euhedral shapes of most crystals imply crystal-melt equil-
ibrium as well. Hence, it appears that the dacitic magma
was one end-member involved in magma mixing. The bulk com-
position of this magma must have varied slightly in concert
with variations in total phenocryst content (20 to 50 volume
%£), but the phenocryst rims and rhyolitic groundmass compo-
sitions are fairly uniform. Varilations in phenocryst
content may reflect crystal settling.

The pre-mixing composition of the basic component is
not so readlly established, since no mafic pumices or blocks

have yet been found that do not contaln phenocrysts inher-
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ited from the dacite. From the petrography of andesitic
pumices, we may infer that:
(1) The basic component was more mafic than the andesite
pumices, since the andesites are the result of mixing between
that basic component and the dacite.
(2) Olivine with Cr-sbinel and aluminous clinopyroxene in-
clusions and hornblende with scarce magnetite inclusions were
the only phenocrysts in the mafic magma before mixing, since
these are the only phenocrysts in andesitic pumices that were
not inherited from the dacite.

Since the Fogg 5_8p.5 1s only slightly resorbed, it
appears likely that it has relatively recently come to be
out of equilibrium with 1ts surroundings, most likely since
the magma mixing event began. Hence, it follows that the
melt from which the olivine crystallized is probably the
mafic component involved in the mixing event. We may, then,
be able to evaluate the composition of the mafic component
by estimating the nature of the melt parental to the olivine.

An indirect estimate of the composition range of the

magma parental to the Augustine F°86.7~80.5 can be made by

comparing this composition to that of olivine which grew in
another calc-alkaline rock suite (from Bogoslof and Umnak
Islands, Central Aleutians; Byers, 1959), and whose parent
magma 1s presumably represented by the enclosing rock. Thils
is done in Figure 11, illustrating that ollvine as magnesian

as that erupted from Augustine may form in basaltic magma



68 .

that contains less than 50 wt.j% 8102.

The compoéition of the melt phase mixed with the dacite
may be estimated in several ways:
(1) The composition of olivine can be used to calculate,
from distribution coefficients, the Mg/Mg + Fe of the basic
magma parental to the olivine (shown in Figure 10), and, if
an olivine-liquid equilibrium temperature can be estimated,
1ts absolute Mgl0 and FeD contents. For the approximate tem-
peratures at whilch olivine may have crystallized in the
Augustine magma (1150° C to 1055° C, discussed below), the
melt parental to the olivine ranged from 6.75 (+ 1.2) to 6.2
(+ 1.1) wt.% MgO and 7.07 (+ 1.2) to 9.15 (+ 1.6) wt.% FeO
as the olivine changed from Fogg 7 to Fogy g (calculated
using distribution coefflicients reported by Weilll and others,

1975) .

(2) The composition of the mesostasis of the basic compo-
nent can be estimated by subtracting the contribution of the
rhyolitic groundmass of the dacite (analysis 3, Table III)
from the compositlion of the andeslitic groundmass of andesit-
ic pumices (analysls 1, Table III). This method will not
yield an unique solution without knowledge of elther the
relative proportions of each component in the mixture, or
the composition of one or more elements iIn the basic magma
prior to mixing. The latter can be obtained from the
olivine parent magma MgO- and FeO-contents estimated above.

The results, presented in Table X, are hindered by the low
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Figure 11: The composition of olivine phenocrysts and their

host rocks for a sulte of rocks from Bogoslof Island,
Central Aleutians (Byers, 1955), compared to the composition
of euhedral or slightly resorbed olivine-(F086.7_80'5) con-
talned in the Augustine mixed pumices. One sample reported
by Byers, a clear case of disequilibrium (a quartz-olivine
andesite), was not plotted. This diagram suggests that the
Augustine olivine crystallized in a basaltic parent with

less than approximately 50 wt.% Si0,.



86
Fo 80; II' ]TI ][ I 81
o 1 E
40
I
[
45 50 55 60 65



70

*sIsileuE 33Isspue ay3l

:wmuaﬂwnmwuw>uﬂw£u0uw:vmucUEuHouw:uoamsuwﬂnw«kummemummwumEuumw NO«H vcm.owz .mom
*s¥sd1eur 2qoiad u013I3T2 SUFANP BN JO UOFILZFIFITIOA 31qIssod 03 onp I[qEF[2IUN 1B EIIBWIISD o“eN

8¢°
98°
E1°S
£S°L
oz*
€9°¢
28°6
SE°1
80°L1
£€9°6¢

93F1044ya aed 71
:31eseq sijaed 2z

se’
os*
66y
0%°6
s
1LYy
AMEAL
L9°Y
£9°81
69°8%

33¥104ua 3aed |
t31eseq jxed |

0s°

81°0-
9z°Y
71°ET
Geg”*

L8°9
€9°L1
(4504
$8°1¢
18° %€

337104ya s3aed g
:31eseq jaed |

x034
o1
Colty

(033

‘usoys suoyizxodoad syjy uy pexyw Iy °(ILI 21983 ‘g s¥sdieue) ssewpunolld 33Fsapue wWIOI 03I (IIT
21qe3 ‘g sysdleur) 33F10AYx Y3y paxXjw 9q 3Isnw YoJym Juduoduwod o9II[ESEq JO uoyraysedwoy :yx FIGVL



71
reliabllity of the analyses of the partly crystalline
groundmass of andesitic pumices, but suggest that the mafic
component 1s a high-alunina basalt.
(3) An indirect indication of the composition of the mafic
component 1s also glven by the composition of glass (formerly
imelt) inclusions withiﬁ olivine phenocrysts. The use of
glass incluslons, particularly to estimate the pre-eruvtion
volatile-content of magma, is discussed in chapter 3, and
wlll be discussed only briefly here. Analyses of several
representative glass inclusions are reported in Table IX.
More glass inclusion analyses appear in Table XV, in chapter
3. Extremely variable compositions of the glass inclusions
in olivine reflect varying amounts of post-entrapment crys-
tallization primarily involving silica-poor olivine, horn-
blende, augite, sulfildes, and uncommonly spinel. At least
2/3 of the volume of some inclusions appear to have crystal-
lized after entrapment, and consequently, the composition of
the residual glass bears little resemblance to that of the
initially trapped melt. The major obstacle to reconstruct-
ing the composition of the 1initial trapped melt 1s deter-
minling the mode and composition of phases formed during
crystallization. In Table XI I have shown the results of
adding to the measured glass inclusion compositions amounts
of various crystal phases sufflcient to return MgO to its
calculated eullibrium concentratlon (assuming T=1150° C).

The results agree reasonably well with the analyses shcwn in
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Table X and discussed in (2) above, indicating that the
basic componenf may have been a high-alumina basalt.

VOLATILE CONTENT OF THE MAGMAS

Thls topic 1s dealt with in detail in chapter 3, but
several important results of that discussion will be briefly
summarized here, 1n oraer that their Implications can be
discussed.

The pre-eruption volatile content of the dacite can be
estimated from the volatile content of glass inclusions 1in
plagloclase and pyroxene. Electron probe examination of
these inclusions indicates the following:

(1) he dacite was saturated with respect to a chlorine-
and water-rich fluld phase when glass incluslons were
trappedlduring crystallization.

(2) The rhyolitic mesostasis of the dacite contained ap-
proximately 6% + 1% wt.% H50 (determined by difference), 0.3
to 0.6 wt.%Z Cl, 100-500 ppm S, and less than 100 ppm F prior
to eruption.

The pre-eruptlion volatile content of the basalt is more
difficult to determline, because of the scarcity of glass in-
clusions in olivine and hornblende and their complex post-
entrapment history, including crystallization of volatile-~
bearing hornblende and sulfides. The presence of hornblende
and absence of plaglioclase from the basalt indicates crys-
tallization occurred under moderate to high water fupgacities

(Yoder and Tilley, 1962; Holloway and Burnham, 1972).
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Analyses of glass 1lnclusions further imply that the basalt
was probably nét water-saturated, but contained approximately
3%-4% wt.% Hp0, 0.2-0.6 wt.% Cl, 500-2400 ppm sulfur, and
probably less than 100 ppm F.

TEMPERATURES OF THE MAGMAS

Crystallization témperatures have been estimated from
the composition of coexisting olivine-spinel and hypersthene-
augite, using empirical geothermometers of Evans and Frost
(1974) and Wood and Banno (1973). Equilibration of olivine-
splnel appears to have occurred at roughtly 1100-1150° C.
This temperature, which is relatively low for a basalt, is
consistent with liquidus temperatures of hydrous olivine
tholelites determined in experimental runs by Holloway and
Burnham (1972) and Allen and others (1975). Holloway and
Burnham determined the liquidus of an olivine tholeiite,
with PyapnorPtotal and ag,p=0.6, to be 1100° C. Allen and

others examined the same rock under conditions of Py,0=
Ptotal, and found the liguidus to be at approximately

1075° ¢. The upper temperature stability limit of horn-
blende in the two studles also differed slightly. Holloway
and Burnham found hornblende to be stable below the liquidus
at a maximum temperature of 1060° C. Allen and others found
hornblende to be a liquidus phase at approximately 20 kb and
1075° c.

These observatlions suggest, then, that the basalt crys-

tallized initially in the range 1100-1150° C, and was
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possibly at a somewhat lower temperature (in view of the
presence of hofnblende) when it was mixed with the dacite.

The crystallizatlion temperature of daclte has been de-
duced from the compositions ¢f intergrown hypersthene-augite
phenocryst pairs using the empirical relation and method
defined by Wood and Baﬁno (1973). These results indicate a
temperature of approximately 840° C (+ 30° C, according to
Wood and Banno).

Coexisting but not intergrown pyroxene microphenocrysts
in andesitiec pumices are somewhat varlable in composition.
Application of the Wood and Banno geothermometer to selected

pairs yields temperatures to a maximum of 1055° ¢ (+ 30° C).

The compositions of pyroxene crystals used to determine
these temperatures are 1llustrated in Figure 8.

VISCOSITY OF THE MAGMAS

A magma's viscosity is strongly dependent upon 1ts
water content and temperature (Shaw, 1972). The pre-
eruption viscosities of Augustine magmas were low because of
their high water contents, and due to hipgh temperatures pro-
duced in the dacite by addition of basalt. The viscosities
of the rhyolite groundmass of a dacite pumice, the andesitilc
groundmass of a hybrid pumice, and of a basalt possibly sim-
ilar to that introduced into the dacite (Byers, 1959, anal-
ysis 4, p. 280) have been summarized in Table XII. These
values only represent the viscosity of the melt phase

itself

-2

and not the viscosity of the entlre magma, which 1is
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somewhat greater due to the presence of crystals. The extent
of the increase can be estimated using the relationship de-
termined by Einstein (1906):

s = (1 +2.56)m
where s 1s the viscosity of melt plus crystals, ¢1s the
velume fraction of crystals present, and o 1s the viscosity
of the melt phase.

THE DEPTH OF CRYSTALLIZATION OF THE DACITIC MAGMAS

The water content of a water-saturated melt depends
upon: Temperature, melt composition, vapor composition, and
pressure. Burnham (1975) demonstrated that divergent magma
compositions, when recast into quantities equivalent in
thelr interaction with water to one mole of NaAlSi308, have
ldentical equimolal water solubilities at pressures to 6 kb.
The isothermal (1100° C) pressure dependence of the equimo-
lal solubility of pure water, determined by Burnham and
Jahns, (1962) and Hamilton and others (1964), is shown in
Flgure 12. This dilagram is the basls of a geobarometer,
subject to slight modification due to temperature differen-
ces, and possibly major modification due to the presence of
other components in the vapor phase.

The effect of temperature:

The solubility of water in silicate melts decreases by
approximately 0.1 wt.% for every 100° C temperature increase
(Burnham and Davis, 1974). Geothermometry of intergrown

hypersthene-augite phenocrysts ylelds an average temperature
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of 840° C, but pyroxene microphenocrysts, formed after magma
mixing, yleld temperatures of up to 1055° C. Without know-
ledge of specific temperatures at which individual melt in-
clusions have been quenched, precise corrections are not
possible, but they should not exceed 0.3 kb, based upon
pressure estimated from Figure 12.

The effect of vapor composition:

The presence of volatile species other than water will
generally reduce the solubility of water in a melt. At low
relative concentrations of the other gases, the effect is
minor: 30 mole percent COp in a binary Hy0-COp fluid at
1450° C and 20 kb only produces a 10% reduction in the sol-
ubility of water relative to that of pure water in albite
melt (Mysen, 1976).

Chlorine may, in contrast, profoundly increase the sol-

ubility of water in a magma. The only study that has even
peripherally dealt with this problem, however, 1s that of
Koster van Groos and Wyllie (1969). They observed that "the
presence of 0.3 [weight] percent NaCl causes an increase in
the Hp0 solubility comparable with an increase In pressure
from 1 to 3 kb". 1In light of thils observation, and the rel-
atively high chliorine content of the Augustine magmas, the
true entrapment pressure of the melt Inclusions may be less
than 1 kb. If, however, the observation of Koster van Groos
and Wyllie (19639) does not bear out, the entrapment pressure

may be as high as 2% kb.
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Flgure 12: Molal eulvalent solubllity of water in magmas at
1100° C (after Burnham, 1975). The equimolal water contents
recalculated by the method of Burnham (1975) of all melt
incluslons analyzed fall into the area delineated by the
fine lines; the mean value is near the middle of this area.
Pressures read directly from this diagram may be too high
due to lower quenching temperatures for the inclusions (most
likely requiring a correction of less than 0.3 kb), and due
to the presence of chlorine in the inclusions, which may
increase water solubility by as much as a pressure increase
from 1 to 3 kb (Koster wvan Groos and Wyllie, 1969). 1In
light of thls, the pressure of melt entrapment can only be

limited to the range from approximately 1 to 3 kb.
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Other assumptions:

It is criﬁical for the geobarometric application of melt
inclusions that vapor saturation occurred at the pressure of
melt entrapment, and that this pressure did not decline dur-
ing post-entrapment modifications. The host phenocryst sur-
rounding a melt inclusion acts as a pressure vessel, main-
talning the pressure of entrapment during magma ascent
{Roedder, 1965, p. 1769). However, post-entrapment crystal-
lization, which reduces the volume of the trapped glass,
would reduce the pressure within the inclusion if vapor
exsolution did not increase the volume of the trapped com-
ponents. Slight lncreases or decreases in pressure might
occur inside the inclusions, but increasing or decreasing
limits to the solubility of volatiles in the trapped melt
would moderate the pressure changes in vapor-saturated melt
inclusions. Melt inclusions that enclose initially vapor-
undersaturated melt will not exsolve vapor to counterbalance
the volume decrease during crystallization untll reaching
the solubility 1imit (via vapor enrichment and/or pressure
decline), and hence will yield minimum pressure estimates.

The depth to the chamber:

In summary, the water content of water saturated melt
inclusions in dacite implies an entrapment pressure between
less than 1 kb and approximately 3 kb, depending upon the
effect of chlorine on the solubllitv of water in the melt.

This corresponds to depths of approximately 2 to 10 km,



81

assuming Ppaoma=P1ithostatic:

Shallow seisms that occurred at Augustine during the
period 1-3 months before the 1976 eruption have been located
by a tripartite seismometer array located directly on
Augustine Island (Douglas J. Lalla, University of Alaska,
personal communication, 1977). These events locate from the
surface to a maximum depth of £ km.

DEPTH OF CRYSTALLIZATION OF THE BASALT

Experimental determinations of the stability of F and
Cl-poor amphibole 1n olivine tholeiltes (Holloway and
Burnham, 1972; Allen and others, 1975) place constraints
upon the pressure at which amphlbole crystallized in the
Augustine basalt. Amphibole 1s unstable at pressures great-
er than approximately 21 kb and at pressures less than
roughly 7 kb at temperatures greater than 1050° C. These

pressures correspond to depths of 75 to 25 km, 1f Pmagma=

Plithostatic*

Unfortunately, the physical meaning of these pressures
is difficult to evaluate, 1In as much as the amphibole may
have grown elther within a static magma chamber, or as the
magma ascended.

WHEN DID MAGMA MIXING OCCUR?

Mixing may have: (1) been a continuous process in the
pre-eruption chamber; (2) preceeded the eruption by an un-
determined length of time; (3) occurred during the eruption.

Textural evidence suggests that magmas as diverse as
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those comprising the 1976 ejecta were not continuously mixed
during the groﬁth of the plagloclase phenocrysts. Although
many different compositional zoning and resorption patterns
are apparent within a single thin sectlion, major zoning
breaks (e.g., Figure 9), accompanied by a composition change
of more than 4 to 5 mole % An, are present only at pheno-
cryst rims. Moderate compositlonal fluctuations can be ex-
plained by crystal settling or flotation in a somewhat
compositionally diverse magma, but major reversals appear to
require a more substantial mixing process involving much |
more basic magma.

It 1s also unlikely that mixing occurred only after the
1976 eruption began, since the earliest ash erupted from the
volcano was mixed. The magma mixing event indicated by the
1976 ejecta, then, appears to have been a discrete event
that preceeded the eruption by an unknown length of time.

Calcic-labradorite and bytownite microphenocrysts in
the groundmass of hybrid andesitic pumices have grown since
the magma mixing event began. If we knew the growth rate of
these microphenocrysts, we could estimate the length of
their growth period and, in turn, establish a minimum esti-
mate for the length of the mixing-eruption interval.

Kirkpatrick (1977a) measured growth rates of 1.7 to

10 o sec™d perpendicular to (010) for labradecrite

11.0 X 10
phenocrysts that grew in the basaltic Makaopuhli and Alae

lava lakes of Kilauea Volcanc, Hawali. Crystal growth rate
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comparisons for lavas of different composition and cooling
history are tehuous, since growth rate is a function of
temperature (T), the liquidus temperature of the magma (TX),
the undercooling (8T), and magma viscosity (w). Kirkpatrick
(1977b) showed that the growth rate (Y) of a crystalline
phase growing by interface-controlled growth in a melt of
one composition can be compared to a known growth rate in a
melt of a different composition wlth the expression:

Tyo [ - exp (-L&T/RTT, )] Eqn 1

where the subscript o refers to the composition for which
rates are known, R 1s the gas constant, and L i1s the latent
heat of fusion.

Kirkpatrick (1977a) concluded that the tabular elongate
(length:wila.h = 5-10) plagioclase crystals that grew in the
lava lakes formed by interface-controlled growth. Because
plagioclase microphenocrysts in the Augustine andeslte
pumices are also tabular elongate (l:w = 3-10) crystals, it
appears that these also grew by Interface-controlled growth,

and at relatively small undercooling (less than 50° C,

Lofgren, 1974). Hence, equation 1 car be used to compare
plaglioclase growth rates in Augustine lavas and
Kirkpatrick's samples, assuming that the composition differ-
ence between the calcic to sodic labradorites examlned by
Kirkpatrick and the An7o_77 bytownites of Augustine do not

introduce a significant difference in the growth rate.
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The small differences in (RTTx) between the Augustine
and Hawalian lavas (T and T, differ by less than 200° C) can
be safely ignored in equation 1, permitting the following
approximation:

L - exp (-L&T/RTT, /] ~ LaT

Eqgqn 2
[ - exp (—LOAT/RT Ty )] L_aT
ol N

The compositional and morphological similarity of microphen-
ocrysts in the Augustine and Hawaiian lavas suggests that L
anda AT are similar for the two cases as well, hence the
entire term in the brackets in equation 1 can be ignored.
The most significant differences, then, between crystalliza-
tion rates in the Augustine and Hawaiian lavas will result
from differences in magma temperature and viscosity. Vis-
cosity is, of these, the most important factor.

Viscosity is, unfortunately, difficult to evaluate,
since 1t varies profoundly with temperature and composition,
especially with water content of the melt. In-situ measure-
ments by Shaw and others (1968) yielded viscosity estimates
of 500 to 4000 poises for the melt phase in the Makaopuhi

lava lake, and temperatures from 1200° C to 1130° C. The

viscoslty of the Augustine andesite groundmass (analysis 1,
Table III) has been calculated using the method of Shaw
(1974), assuming a pre-eruption water content of 6.6 wt.%.
The estimated viscosity 1s 225 poises at 1055° C (the tem-
perature of equilibration of pyroxene‘microphenocrysts) and

1585 poises at 900° C. Applying these values to equation 1,
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the growth rate of Augustine plagioclase crystals may have
been as much as twice the rate measured by Kirkpatrick in
the lava lakes. If the viscosity of the Augustine andesite
is higher than the calculated value, then the difference
factor will be less than 2.

For a growth rate twice that reported by Kirkpatrick
(1977a), the time required to grow the largest calcic micro-
phenocrysts observed in Augustine 1976 andesites is 13 to 80
days. This 1is a minimum estimate for the interval between
the beginning of the mixlng event and the eruption, since:
(1) larger microphenccrysts may exist that were not observed;
(2) crystallization need not have started immediately after
mixing.

Mixing may have colncided with the sudden onset of pre-
cursor selsmicity approximately 120 days before the eruption.

HOW DID MAGMA MIXING OCCUR:

Magma mixing prior to the 1976 eruption may have re-
sulted from: (1) turbulence or convection within a composi-
tionally zoned magma chamber, or (2) addition of new basic
magma to a differentiated dacitic chamber.

Overturn of a composiltionally zoned magma chamber

The existence of compositionally zoned magma chambers
has been inferred from three lines of evidence:

(1) The existence of compositionally zoned ash-flow
and ash-fall tuffs (Lipman and others, 1966; Smith and

Bailey, 1966; Lipman, 1967; Smith, 1976; Hildreth, 1976).
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These deposits may be characterized by continuous or discon-
tinuous changeé in major and trace element composition,
mineral composition and abundance, and pre-eruption oxygen
fugacities and temperature (Lipman, 1971; Hildreth, 1976).

(2) Variations in composition of the ejecta of a
single eruption. The historic eruptions of Mt. Hekla, for
example, have begun violently with ejection of rhyolitic
tephra, and withlin hours or days have shifted to gentle
effusion of basaltic andesite lava (Thorarinsson and
Sigvaldason, 1972).

(3) Simultaneous eruptiocn of lavas of different compo-
sition from different vents on a single volcano (e.g.,
Baker, 1968; Vlodavetz, 1959). During the 1937-39 eruption
of Kliuchevsky Volcano, Kamchatka, lavas emitted simultan-
eously from flank vents progressively decreased in 8102
content from 53.93 wt.% to 51.03 wt.¥% with increasing
distance (8 to 15 km) from the active summit vent (Vlodavetz,
1959).

As was apparent from Figure 10, the liquids parental to
olivine and hypersthene phenocrysts 1n the Augustine ejecta
were distinctly different. The uniformity of phenocryst rim
compositions (excluding those that grew after the magma
mixing event began) implies that the two magmas involved
were relatively uniform in composition. Furthermore, there
is no evidence that intermedlate magmas existed before the

mixing event. These features of the Augustine ejecta
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contrast with the varlabllity and intergradation that char-
acterizes the composlticn of deposits interpreted to be from
zoned chambers elsewhere.

A consideration of the mechanism of convection also
suggests that magma mixing at Augustine did not occur by
overturn of a zoned chamber.

Convection 1s driven by density gradients. The down-
ward reduction in density resulting from thermal gradlents
anticipated within a uniform composition magma chamber may
be adequate to permit a convectlon cell to form (Shaw, 1965).
The existence, slze, and form of the convection cell is a
function of the chamber size and shape, thermal gradients,
crystallinity or vesicularity of the magma, and other
factors (Shaw, 1955; Elder, 1977).

Compositional zoning in magma chambers may prevent or
modify convection, since the density of magma increases with
decreasing differentiation index more rapidly than it de-
creases wlth the concomitant temperature rise. The density
of a basalt 1liquid, which may be similar to that involved in
the 1976 eruption (Byers, 1959, analysis 4, p. 280) at 1100°

C, 2 kb, with 2 and 3.85 wt.% water is 2.59 and 2.48 g/cm3

respectively (calculated according to the methods of

Bottinga and Weill, 1970). The calculated density of the
rhyolite mesostasis of a dacite pumice (analysis 3, Table
III), at 850° C and with 6.9 wt.% water, is 1.88 and 1.95

g/cm3 at 1 and 3 kb respectively.
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This estimated liquid density contrast does not pre-
clude convective mixing of a zoned chamber containing these
liquids, since convection may be triggered by processes that
create temporary density inversions within the magma, in-
cluding bubble growth and crystallization. Grout (1918)
described such a process of "two-phase convectilon":

"a mass of lava in which crystals have formed has

a greater ‘'aggregate specific gravity' than it had

Just before, and a local development of crystals

would also almost certainly start convection.”

The effective density of 1liquid + crystals or liquid +
bubbles 1s not equal to the weighted sum of the densitles of
the components, since crystals or 5ubbles willl fall or rise
within their enclosing liquid. However, this weighted sum
represents a limiting approximation, which is most closely
approached for magmas with small bubbles or crystals which
rise or fall slowly.

A significant reduction in the density of the basalt
due to the development of vapor bubbles 1s unlikely, since
it is unlikely that the basalt 1s sufficlently volatile rich
for a significant guantity of bubbles to grow. For the
approximate ratio in which phenocrysts occur in the
Augustine dacites (plag:opx:cpx:mt-11 = 8:3:3:1) the weight-
ed aggregate of crystals and liquid would not exceed 2.5
g/cm3 (the approximate density of the basalt ligquid) until
53-55% of the magma was crystallized. In view of the large

slze of most phenocrysts, the welghted sum undoubtedly ex-

ceeds the real effective aggregate denslity. Furthermore,
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crystals appear to be insufficilent in abundance to have
created a tempérary denslty inversilon.

In summary, then, both the lack of evidence for magmas
intermediate between the dacite and the basalt, and the
probable inadequacy of convection for mixing a zoned chamber
containing these components, imply that pre-eruption magma
mixing was not the result of convective overturn within a
compositionally zoned magma chamber. The most likely alter-
native is that new basalt entered the dacite-filled magma
chamber.

Introduction of New Magma from Depth

Seismic evidence for the ascent of basalt from depth
has not yet been recognized at Augustine (Lalla, 1977, per-
sonal communication). In fact, there 1is very little evi-
dence at any volcano linking deep selsmicity to eruptive
activity (e.g., Carr and Stoiber, 1973). The most outstand-
ing example of deep seismiclty preceeding an eruption, 55 km
deep swarming and harmonic tremor before the 1959 Kilauea
eruption (Eaton and Murata, 1960), 1s itself unique: No
other Hawallan eruptions have been connected with such
seismicity, although numerous eruptions have been monltored,
and there is adequate evidence from ground deformation and
petrologic studies that new magma is entering shallow sub-
surface magma chambers from below (Fiske and Kinoshilta,
1969; Wright, 1959).

In part, the worldwide lack of selsmic evidence un-
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doubtedly reflects the limited data base. It must also re-

flect our inability to distingulsh tectonogenic from volcan-
ogenlc earthquakes, a difficulty often circumvented by only

considering shallow seisms, e.g., less than 20 km (Minakami,
1974) among volcanogenic earthquakes.

In part, also, magma ascent may be unaccompanied by
selsmic activity. For example, although seismometers were
located as close as 600 meters from the vent, no seismic
activity was detected accompanying the ascent and extrusion
of magma during the 1971-72 eruption of Soufriere Volcano,
West Indies (Asplnall and others, 1973).

PHYSICAL EFFECTS OF MAGMA MIXING

Introduction of basalt at 1100°-1150° C into dacite at
approximately 850° C should result in chllling of the basalt

and heating of the dacite, and production of hybrid magmas
of intermediate composition and temperature. Mechanical
mixing, promoted by the low viscosities of the participating
magmas (Table XII), accelerated the rates of these processes
by increasing the area of contact between the two magmas,
but homogenization was ultimately dependent upon the rates
of thermal and molecular diffusion across the interface.
Heat diffuses several orders of magnitude faster than ions
(thermal diffusion coefficient = lO‘Qszsec'l, Jaegger,
1969: ionic diffusion coefficients = 1077 to 10’8cm25ec"1,
Shaw, 1974; Magaritz and Hoffmann, 1976), hence, magma mix-

ing may be treated as a two-stage process: In the first
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stage the basalt was chilled and the dacite was heated, and
in the second the two chemically homogenized tc yield an
intermediate magma.

FIRST STAGE: HEATING AND CHILLING

During the first stage several changes may have oc-
curred:
1. The viscoslity of the dacite decreased and of the baszalt
increased as one was heated and the other chilled (see Table
X11).
2. Local heating may have stimulated convective mixing
within the chamber (e.g., Sparks and others, 1977).
3. Crystallization may have started in the chilled basic
magma. Textural evidence indlcates that extensive crystal-
lizatiqn occurred within the basic magmas following mixing,
but thus far no crystals have been recognized that clearly
began to grow before the magma was chemically homogenized.
4., Crystals in the heated dacite may have started to resorb.
In the dacite samples examined, however, phenocrysts appear
unresorbed, even very near the lnterface in banded pumices.
Thls suggests that crystal dissolutlion was relatively in-
significant.
5. Heating caused the solubillity of volatile components,
particularly water, to decrease in the dacite. The decrease
of water solubility amounted to approximately 0.1 wt.% per
100° C increase (Burnham and Davis, 1974). Because the

dacite was already vapor-saturated (see chapter 3), the
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reduction in the solubility limit led to exsolution of an
agueous fluid from the melt. The rates of nucleation and
growth of bubbles 1n magmas are qulite rapid (Murase and
MeBirney, 1973), hence vesiculation may have occurred within
hours of heating, probably before the magmas could be chem-
ically milxed.

Exsolution of water from the dacite resulted in an in-
crease In the volume of the magma, since water vapor (a
fluld over the appropriate pressure range) occuples a sub-
stantlally greater volume than the same amount of water when
it 1s dissolved in the melt (Burnham and others, 1969;
Burnham and Davis, 1974). The volume change 1s strongly
dependent upon pressure and temperature, and 1i1s illustrated
in Figure 13. The calculated volume increase experienced by
the rhyolitic mesostatis of the dacite due to effervescence
accompanying heating is shown in Figure 14 as a function of
temperature at 3kb and 1 kb, the inferred maximum and ap-
proximate minimum pressures of crystallizatlon of the dacite
(see chapter 3). The maximum volume increase experienced by
the rhyolite mesostasis due to effervescence upon heating is
approximately 2-5%, but the actual volume change must have
been considerably less, since most of the daclite could not
have become so hot.

SECOND STAGE: CHEMICAL HOMOGENIZATION

Several changes also occurred as a consequence of chem-

ical homogenization:
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Figure 13: The relative volumes of water dissolved in a
melt (calculated from Burnham and Davis, 1974) at 840° ¢,
pure water vapor at 840° C, and pure water vapor at 1000° C,
(Burnham and others, 1969), at 1 kb and 3 kb total pressure.
The volume at 3 kb 1ncreases by 200% in going from a dis-
solved condition at 840° to a vapor at 1000° C. At 1 kb the

volume increase 1is 450%.
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Figure 1l4: The relative volume increase produced by heating
The rhyolitic Interstitial liquid of an Augustine daclte
pumice, containing an initial water content of 6.58 wt.%,
determined at 3 kb and 1 kb total pressure. This diagram
was prepared by recalculating the analysis by weilght (Table
III) into an analysis by volume, using partial molar volumes
of molecular species reported by Bottinga and Weill (1970)
and Burnham and Davis (1974). The relative volume increase
of the magma was then determined by assuming 2 0.1 wt.% re-
duction in water solubility per 100° C of temperature in-
crease, and calculating the proportion of the magma volume
that would be changed from a dissolved to a vaporized state
at various temperatures. The volume of dilissclved water is
estimated from the data of Burnham and Davis (1974) and the
volume of pure H,0 vapor from Burnham and others (1969).
The volume increase produced by maximum heating of the
rhyolitic melt 1s approximately 2-5%, but the magma would
increase by a smaller amount, since it contains crystals

whose volume does not appreciably change during heating.
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1. The viscosity of the hybrids was intermediate between
that of the daclte and the basalt (see Table XII).
2. New chemical equilibria resulted in minor marginal re-
sorption of some minerals. (Some of the resorption may have
occurred during heating.)
3. Chemical mixing initially resulted in formation of hy-
brid magmas undersaturated with respect to water, as satur-
ated dacite was mixed with undersaturated basalt.
4. Approximately L40-60% of the molten mesostasis of the
hybrid magmas crystallized after mixing. As this occurred
the concentration of water increased within the residual
melt, until water saturation was achieved. Subsequent
crystallization was accompanied by exsolution of an aqueous
fluld phase, and consequent increase in the magma volume.
This is illustrated in Figure 15, prepared for a melt with
an initial water content of 5 wt.%, which becomes saturated
when the water concentration reaches 6% wt.7%.
VOLUME CHANGES IN THE MAGMA--SUFFICIENT TO TRIGGER EXPLOSIVE
ERUPTIONS?

The volume of the magma confined within the chamber
apparently Ilncreased before eruption due primarily to the
following factors:

1. Addition of a volume of new basalt.

2. Effervescence accompanying heating of the vapor-
saturated dacite.

3. Effervescence during partial crystallization of the
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Flgure 15: The relative volume increase of the mesostatis
of hybrid magmas due to effervescence accompanying post-
mixing crystallizatlion. It is assumed that the hybrid magma
contains 5 wt.% water before crystallization begins, and is
saturated when the concentration of water reaches 6% wt.%.
It is further assumed that the saturation limit remains
constant, that crystallization involves anhydrous phases
only, and that the volume of the aqueous fluld phase is
equal to the volume of pure water vapor, given by Burnham

and others (1969). Temperature is assumed to be 1050° C.

The groundmass of Augustine hybrid pumices contains

50-60 volume % microphenocrysts.
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sostasis of nybrid magmas.

The volume increase resulting from addition of a volume
of basalt is imposslible to ascertain, since the relative
volumes of basalt and dacite in the chamber are unknown. If
the relative abundance of these components within the ejecta
reflect thelr proportions within the chamber before eruption,
then the volume increase may have been as much as 15%. It
is difficult as well to evaluate the rate or time of addi-
tion of all of the basalt, whether it was added within hours
or months, and whether it entered entirely before eruption,
or in part after the eruption began.

As noted before, the effervascence due to the reduction
in water solubility resulted in a relatively small increase
in magma volume, whilch was probably very much less than the
volume 1increase due to addition'of new magma. The volume
may have lncreased relatively quickly, however, since heat
diffuses rapldly, particularly in systems undergoing convec-
tion.

The volume increase due to effervescence accompanying
partial crystallization of the mesostasis of hybrid magmas
may have been more substantial, as much as 6 to 26% in
magmas with initial water contents of 5 wt.%, (equal por-
tions of basalt and dacite). Effervescence (and the volume
increase) did not begin until approximately 23% of the magma
volume had crystallized, but thereafter the volume increased

rapldly. The rate of volume increase would have increased
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with time after the mixing event began, as the degree of
mixing and crystallization increased.

The effect of the following factors upon the volume of
the magmas was probably much less than the three factors
Just mentioned:

1. Thermal expansion or contraction of heated and chilled
melt and crystals.

2. Volume decrease of the melt during its conversion to
crystals.

3. Volume increase during resorption of crystals.

k. Release of volatiles during the breakdown of amphibole.

5. Effervescence of COp-rich volatiles from the basalt dur-

ing chemlical homogenization.

In summary, magma mixing appears to have resulted in a
sudden, rapid increase in the volume of the magma within the
subsurface chamber. This expansion may have triggered the
1976 eruption.

THE MECHANISM OF EXPLOSIVE ERUPTIONS OF THE VOLCANO

Like the explosive eruptions of many andesitic volcan-
oes, the 1976 eruption of Augustine began with an explosion
of only moderate Intensity, intensified over the following
several days, and then waned gradually until it ceased.
Several hypotheses have been put forth to explain the initi-
al explosive and subsequent effuslve pattern of volcanic
eruptions:

(1) MceBirney (1973) suggested that the explosivity is
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due to explosive expansion of groundwater heated by ascend-
ing magma. Gréundwater 1s driven off in the early activity,
hence subsequent eruptlons decline in intensity.

(2) Kennedy (1955) argued, on theoretical grounds, that
the cooler top and walls of a magma chamber should concen-
trate volatiles, producing a stratified magma reservoir,
sequentlal eruption of whilch would lead to a gradual decline
in the volatile-content of the ejecta, and, in turn, explo-
sivity.

(3) Bennett (1971), Anderson (1975), and Heiken and
others (1976) proposed that the magma remaining within a
chamber is rapidly degassed during the early phases of an
eruption by the reduction in confining pressure that accom-
panies partial draining of the chamber. Later eruptions
decline in intensity due to the prior degassing.

THE ROLE OF GROUNDWATER IN THE ERUPTION

Several observations suggest that groundwater may have
participated in the early phases of the 1976 eruption:

(1) The earliest ash deposit (the tan ash), in contrast
to the overlying deposits, 1is non-vesicular, consists of
blocky, angular rather than vesicular glass shards (c.f.,
Heiken, 1972), and was deposited by a relatively small ver-
tical eruption cloud.

(2) A pyroclastic surge deposit (the olive ash) was
emplaced early in the eruption. Similar surgc deposits

elsewhere have been ascribed to phreatic or phreato-magmatic
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erupticns (Moore, 1967).

(3) The number of infrasonic and air pressure signals
recorded January 22-25, 1976 (13 and 16, respectively) is
greater than the number of separate ashfalls that were re-
ported on the mainland {5 to 7) or the number of ash layers
preserved on Augustine Island (4 to 9, but & most probable).
Satellite observations (Kienle and Forbes, 1977) confirm
that eruption clouds were produced at the same time as the
"extra" infrasonic signals, although these clouds were ap-
parently too small to be recorded on King Salmon or
Sparrevohn radar. Because these clouds did not produce sig-~
nificant ash deposits or fall-out, it is possible that they
consisted predominantly of vapors, probably groundwater
explosively flashed within the disrupted crater or magma
condult.

(4) Steam emitted February 1, 1976 from a fissure 200
meters north of the crater margin appears, from its isotopic
character to consist primarily of meteoric groundwater,
although it had been modified by other processes (see Figure
1).

Unfortunately, none of these observations are conclu-
sive, since (1) our ability to recognize phreatic or phrea-
tomagmatic eruption deposits is rudimentary, and other
processes may be responsible for the features described in
(1) and (2) above; (2) there need not be a relationship

between eruption events and the between-eruption fumarole
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emissions, mentioned in point (4) above; and (3) there appear
to have been two different kinds of exploslions: Those as-
soclated with major ash-fall and high vertical eruption
columns (greater than 10 km) and ash-poor explosions with
short vertical eruption columns (less than 5-6 km). The
former were preceeded by short bursts of deep seismicity,
the latter were not (J. Kilenle, personal communication,
1977). Although the latter appear to be phreatic, the for-
mer may be primarily or exclusively magmatic.
ZONING OF VOLATILES IN THE MAGMA CHAMBER

Kennedy's (1955) suggestion that magma chambers should
be more volatile-rich at their cooler tops and sides has
been refuted by Burnham (1967), who argued that osmotic
pressure gradients, proposed by Kennedy to generate the zon-
ing, would be relatively 1nsignificant. As noted above,
zoning with respect to major and minor element composition
and mode has been recognized in many deposits, where 1t is
believed to reflect comparable zoning within pre-eruption
chambers. In such cases, the activity of water 1s likely to
vary with major element composition and mode. Because tem-
perature is not uniform withln chambers, there may be unequal
degrees of crystallization that lead to variable states of
saturation or undersaturation. Furthermore, zoning with re-
spect to volatiles may develop due to influx of water into

the chamber via methods discussed by Llpman and Friedman

(1975) .
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Glass inclusions contalined in Augustine phenocrysts
erupted 1n explosive eruptions durlng January and during the
less explosive block-and-ash flow eruptions of February
(Table IX) show no apparent differences in volatile-element
concentration. Unfortunately, this evidence is not conclu-
sive, since:

(1) The glass inclusions may have been trapped during crys-
tal growth within another portion of the magma chamber (i.e.,
the host phenocrysts may have settled into theilr present en-
closing magmas).

(2) At deeper levels not currently exposed, the volatile
content of the magma may have decreased. It may be in part
the cumulative effect of all deeper magmas that creates the
explosivity of a given eruption, rather than the specific
volatile content of the magma tHat is erupted.

VOLATILE LOSS FROM THE CHAMBER DURING THE ERUPTION

Heiken and others (1976) observed that many major
caldera-forming ash-flow eruntions were preceeded by weeks
or months of smaller ash-producing Plinian eruptions. They
hypothesized that the initial eruptions partially drained
the magma reservolr, causing some of the remaining melt to
vesiculale as Lhe internal hydrostatic pressure dropped. As
a consequence of this pressure drop, large volumes of melt
could become vapor-saturated relatively rapidly, and erupt
explosively in the climactic stage of the eruption. Later

eruptions would be-less explosive, because magma would be
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partly degassed during prior eruptions.

This mechénisms readlly explalins the initial increase
in intensity that the Augustine eruption exhibited during
January. It 1s difficult, however, to demonstrate this
mechanism through direct evidence, such as shart morphology
(Heiken and others, 1976).

SUMMARY

In summary, the evidence concerning the mechanism of
the 1976 eruption is ambiguous. Although there is some in-
dicatlon from the deposits that two ash-producing eruptions
were phreatic or phreatomagmatic, there is a clear differ-
ence between steam explosions (small eruption columns
containing 1little or no ash) and magmatic eruptions (pre-
ceeded by deep seismicity, accompanied by hiegh eruption
columns contailning abundant ash). The evidence from glass
inclusions indicates that there was an abundant supply of
water within the magma at depth. Furthermore, magma mixing
may provide a mechanism (by heating and post-mixing crystal-
lization) for magma to rapidly and suddenly exsolve substan-
tial volumes of water. In light of this information, it
seems unnecessary to postulate a major role for groundwater
in controlling the exvlesivity of the eruption (e.g.,
McBirney, 1973).

There 1s no evlidence that the magma within the pre-
eruption chamber was zoned wlth respect to volatiles,

although the evidence 1s not conclusive. The available
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evidence, furthermore, does not preclude that free vapor
could have been concentrated within portions of the chamber
where it may have accumulated due to migration of vapor bub-
bles. Zoning of this type, if it did exist, would not,
however, be likely to produce eruptions that increase in in-
tensity, as was observed.

The only mechanism that adequately explains the increase
observed in the intensity of the eruption (an extremely com-
mon characteristic of eruptions of andesitic volcanoces) is
one that permits a rapid increase in the vapor or magmatic
pressure within the chamber following the onset of the
eruption. As suggested by Helken and others (1976) this may
result from vesiculation of the melt consequent to partial
draining of the chamber. It may also result if magma mixing
is stimulated by early eruptioné, producing more thorough

heating of cooler, vapor-saturated magmas.



CHAPTER 3: THE ABUNDANCE AND EVOLUTION OF VOLATILES IN THE

MAGMAS



INTRODUCTION

In chapter 2 evidence was presented that the 1976 erup-
tion of Augustine volcano was preceeded by a magma mixing
event in which basalt from a deep source was 1injected into a
dacite which resided within a shallow subvolcanic magma
chamber. The basalt appears to have been a high-alumina
basalt, with phenocrysts of chrome-rich spinel, olivine
(F°86.7—80.5)s hornblende (with inclusions cof titaniferous
magnetite), and aluminous auglite. The daclte contalned
plagioclase, hypersthene, augite, and Fe-T1 oxldes, as well
as minor apatite. Tiny sulfide-globules, consisting primar-
1ly of intergrown chalcopyrite and pyrrhotite are contained
inside olivine, hornblende, and plagioclase crystals.

Banded pumices and disequilibrium mineral assemblages,
indicative of simllar magma mixing events, are present in
the deposits of each of the lasf four historic eruptions of
Augustine, and in numerous prehistoric deposits. This com-
mon association of basalt wilth dacite strongly suggests a
genetic relationship between these magmas.

In this chapter I will examine with electron probe
analyses the abundance and distribution of the volatile com-
ponents water, chlorine, sulfur, and fluorine in the two
magmas, and the manner in which these volatile components
may have evolved if the dacite magma developed by fractional
crystallization of a parent similar to the 1976 basalt. I
will also briefly discuss the impllications of the high ob-

served concentrations of water and chlorine for the manner
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in which basalts may fractionate to form andesitic and more
silicic differentiates.

DETERMTNATION OF THE PRE-ERUPTION VOLATILE CONTENT OF MAGMAS

Rapid degassing during and after subaerial eruption
generally prohibits direct determination of the pre-eruption
volatile content of magma by analysis of eruptive rocks.

Two approaches have been employed, however, to directly ex-
amine the volatile content of pre-eruption magma. Moore and
his coworkers (1965, 1970, 1971, 1973, 1977), Mathez (1976),
and Delaney and Meunow (1976) have examined the volatile
content of glassy lavas erupted onto the seafloor, where de-
gassing 1s limited by higher pressures due to the overlying
water. Even the deepest samples (from 5100 m depth) contain
approximately 0.1 percent vesicles, indicative of some vapor
separation (primarily CO,, Moore and others, 1977), but sul-
fur, water, and chlorine contents of compositionally equiva-
lent lavas appear to be roughly constant below a critical
depth (Moore, 19€5).

Anderson (1973, 1974) determined pre-eruption volatile
contents of subaerial lavas by examining glass inclusions
within phenocrysts. Glass (formerly melt) inclusions,
nearly ubiquitous features of volcanic phenocrysts, are
sealed at depth by incorporation within the host crystal.
Subsequent degassing can only occr by diffusion of the vol-
atiles through the host crystal, an extremely slow process

(Hofmann and Magaritz, 1976) likely to be important over
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éeologic time intervals only for hydrogen.

Two approaches have been used to study glass inclu-
sions: Anderson (1973, 1974) and Sommers (1977) analyzed
trapped glasses with the electron probe. Unfortunately, the
electron probe cannot directly measure water, hydrogen, oxXy-
gen, or ordinarily carbon; these components must be estimat-
ed by stoichiometry (for oxygen) or by difference in an
analysis that sums to less than 100%. Anderson (1973) de-
termined water by difference in hydrous glasses of known
composition and found the technique to be accurate to within
+ 1.4 wt.% absolute. This accuracy is sufficient to provide
meaningful results for relatively hydrcus glasses.

Another approach was used by Delaney and Meunow (1976)
and Sommers (1977), who thermally degassed glass-inclusion-
bearing phenocrysts within a mass spectrometer. This tech-
nique permits direct detection of water, hydrogen, oxygen,
and carbon specles, but 1s not a precise quantitative
technique for determining the absolute concentration of
volatileé in the inclusions, in part because it requires an
estimate of the inclusion-to-host ratio.

Velatile element determinations of sea floor basalts
and melt inclusions in subaerial ejecta (summarized in Table
XIII) have disclosed an important difference between oceanic
basalts and basaltic to rhyolitic rocks of island arcs and
continental marglins: The latter are apparently more water-

and chlorine-rich than the former. Furthermore, intermed-
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late and silicic magmas of the calc-alkaline suite may be
sufficiently volatile-rich that they may be saturated with
an aqueous fluild phase at moderate to shallow depths within
the crust. This study further supports this interpretation.

DISTRIBUTION OF VOLATILES WITHIN MAGMAS

The volatile components in magmas may be contained
within crystals and immiscible sulfide liquids, dissolved
within the melt phase, or disseminated as a free fluid
phase. The volatile content of crystalline phases and sul-
fide globules can generally be measured directly, and that
of the melt phase may be deduced from the composition of
glass inclusions. The composition of the free fluid phase,
however, cannot usually be measured and its behavior is
generally unknown. Does 1t accumulate near the top of a
chamber? Does 1t remain dispersed through the melt? Does
1t escape through the walls of the chamber? I will present
the results of microprobe analyses of the volatile content
of crystalline phases and of glass inclusions in olivine,
plagioclése, and pyroxene phenocrysts. This information can
be used to predict the composition of the fluid phase, more
accurately, perhaps, than we could hope to measure it. The
composition of the fluid phase will not be considered fur-
ther here, but wlll be discussed in a future paper dealing
with the compositlon of Augustine fumarole emissions.

VOLATILE ELEMENTS IN CRYSTALLINE PHASES

Volatile element-rich primary minerals rccognized in
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the 1976 Augustine ejecta include hornblende, apatite, and
Fe- and Cu-rich sulflides which occur in globular inter-
growths. Hornblende and sulfide-globules were present with-
in the basalt prior to magma mixing; apatite and sulfide
globules are present within the dacite.
HORNBLENDE

Hornblende occurs as phenocrysts and as inclusions
within olivine, but probably did not constitute more than
2-3 modal percent of the basalt that mixed with the dacite.
It appears to have crystallized relatively near the liquidus
in the basalt, but is invariably resorbed in the andesitic
pumices. Crystal aggregates of pyroxene, plagioclase, and
Fe-Ti1 oxide pseudomorphing hornblende -are also present with-
in dacite pumices. These may have resulted from hornblende
breakdown during an earlier magma mixing event or from
hornblende that may have broken down during crystallization
of a melt parental to the dacite.

Representative hornblende analyses have been reported
in Table.VII. According to the classification scheme of
Leake (1968), these are tschermakitic hornblendes. They
appear to be very uniform in composition.

The abundance of volatile elements in hornblende is
summarized in Table XIV. No fluorine was detected, and
chlorine varies from 0.01 to 0.12 wt.%, but 1s ordinarily
less than 0.03 wt.%. Water presumably constitutes the re-

maining volatile constituent. There 1s no indication from
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TABLE XIV: %Volatile element concentrations in apatite and
hornblende {(Wt.%).

APATITE
Sample no,: P1-9 J~1=5
Analysis no.: (1) (2)
Ccl 2,10 1.75
S 0.12 0.16
F 1.3° 1.29
Summation
Deficiency ———— —--

HORNBLENDE
Sample no.: J-1-3B J-1-3B J-1-3B
Analysis no.: (1) 2) (3)
Cl 0.02 0.02 0.03
S 0,01 0.01 0.01
F 0.00 0.00 n.d,
Summation

Deficiency 3.03 2.04 3.15
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the optical propertlies of the hornblende that it is a water-
deficient "baséltic hornblende", hence water probably con-
stitutes between 1% and 2 wt.%. This 1s consistent with the
summation deficiencies in the hornblende analyses (3.15 to
1.32 wt.%).
\PATITE

Apatite occurs as tiny euhedral inclusicns in pyrox-
enes, plagioclase, and Fe-T1 oxides, as well as discrete
crystallites within the dacites. It is a trace component,
and constitutes much less than one volume percent of the
daclte. Apatite has not yet been recognized in phenocrysts
inherited from the basalt, and almost certainly had not be-
gun to crystallize 1n that magma prior to magma mixing.

Fluorine, chlorine, and sulfur analyses of apatite are
summarized in Table XIV. Because of the high chlorine- and
fluorine-content, there is probably very 1little hydroxyl in
the apatite. Furthermore, there appears to be no summation
deficiency in the analyses, which might correspond to water.
SULFIDES

Two tiny globules of intergrown Cu- and Fe-sulfide min-
erals were observed wlthin two plagioclase phenocrysts in
dacite (one erupted in January, one in February). Many more
such globules (all less than 30 microns maximum width) were
observed in olivine and particularly hornblende phenocrysts,
but none were observed within the groundmass of the pumices.

Electron probe X-ray intensity images for sulfur, cop-
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per, and nickel, and a reverse-image sample current display
cf one of the globules in plagioclase is shown in Figure 16.

The plagloclase (An57) is contained 1n a dacite block erupt-
ed in February. The block itself has a rhyolitic groundmass

(analysis 5, Table III) and shows no evidence of having been
mixed with more basic magma during the mixing event that
preceeded the 1976 eruption. The globule, then, appears to
have been in equllibrium with the andesitic to dacitic magma
in which 1ts host phenocryst was growing at the time of
enclosure.

The globule consists of two discrete sulfide phases,
one copper-rich (probably chalcopyrite), the other copper-
poor (probably pyrrhotite or its more nickel- and copper-
rich equivalent, monosulfide solid solution). The globule
is roughly circular in cross-section, but appears to be
flattened where plagioclase 1s adjacent to chalcopyrite.

The pyrrhotite, on the other hand, does not appear to have
adjusted shape in response to the enclosing plaglioclase, and
was probébly solid at the time of entrapment.

Globules in olivine and hornblende vary from subspher-
ical to irregular rod-like or ellipsoidal shapes. They may
have been, in apparent contrast to the spherule in Figure
16, entirely molten at the time of entrapment.

The sulfide globules are generally too small to permit
accurate microprobe analyses of their constituent phases.

One globule. however, contains approximately 42 wt.% sulfur.
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Figure 16: Electron probe X-ray intensity 1mages. for sul-
fur, nickel, and copper, and a reverse-image sample current
display of a sulfide globule in plagioclase. Bright areas
in X-ray intensity images are richer in the element sought.
Sample current display 1llustrates the surface configuration
of the sample--dark patches are holes in the globule sur-
face. These photographs 1llustrate that the globule
consists of a copper-poor sulfide mineral (pyrrhotite or
monosulfide solid solution) and a copper-rich sulfide min-
eral (probably chalcopyrite). The pyrrhotite shows no
adjustment to the enclosing plagloclase, and was probably
solid before entrapment. Chalcopyrite is flattened on one
surface adjacent to plagioclase, and may have been molten at

the time of entrapment.
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Comparison of X-ray intensity images, like those shown in
Figure 16, disélose no notable compositlional differences be-
tween sulfide globules inherited from the basalt and those
from the dacite. Both appear to contain approximately 3i0-20

volume % chalcopyrite.

VOLATILE ELEMENTS 1IN THE MELT

THE OCCURRENCE OF GLASS INCLUSIONS IN PHENOCRYSTS IN THE

1976 EJECTA

Glass inclusions are rare in hornblende and olivine
phenocrysts in the 1976 ejecta, but are very common in py-
roxene and plagioclase phenocrysts.

GLASS INCLUSIONS IN PLAGIOCLASE

In plagioclase, glass inclusions may be sparse (a few
inclusions per crystal) or extremely abundant (to several
hundred inclusions per crystal), and occur in two texturally
distinct forms: (1) generally small (less than 20 microns
maximum diameter) spherical or slightly flattened ellipsoi-
dal inclusions that occur along crystal growth zones and
along twin composition planes, or (2) irregular-shaped
inclusions of up tc approximately 300 microns maximum diam-
eter, that occur within areas with patchy zonineg (Vance,
1965). The composition of the plagioclase host within these
patchy zones 1s variable, but is generally more calcic than
the plagioclase immediately surrounding these zones.

One or more vapor butbles are invariably present within

the glass inclusions (except where they have been truncated
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during thin sectioning). The volume of the bubble, or total
volume of all bubbles, 1s usually between 3 and 8% of the
volume of the entire inclusion. Rare inclusions are also
present that contain bubbles which appear tc make up 20-30%
of the total inclusion volume. Unfortunately, due to opti-
cal interference, the fluid and/or solid phases within the
bubbles could not usually be seen. The vapor phase within
the bubbles was examined by crushing numerous crystals in
glycerine with the aid of a crushing stage (Roedder, 1972).
Unfortunately, most inclusions exploded during crushing, and
the disruption obscured the vapor bubbles that were re-
leased. One inclusion, however, ylelded a bubble that im-
mediately expanded to many times the volume it had occupied
within the inclusion. Within less than a second, the volume
of this bubble decreased, leaving a smaller bubble, roughly
one-seventh of the volume of the original large bubble,
which gradually dissolved within two to three minutes.

Some glass inclusions contain small crystals of one or
more different types: (1) Some small crystalliteé of pyrox-
ene and opaque oxides, which are commonly present within
plagioclase phenocrysts, border against or extend into glass
inclusions. These crystals apparently started to grow be-
fore the glass inclusion was formed. (2) Tiny needles of
pyroxene (?) are rarely enclosed entirely within glass
inclusions. These may have grown before or after entrapment'

of the melt. (3) Minute reddish or brown dust, too small to
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identify opticaily, is present near the glass-host interface
in some inclusions. This may be a sulfide phase. (%) The
walls of bubbles within some glass inclusions are 1lined by
equal spaced submicron-size "spherules" which occur and
appear much like sulfide-spherules that 1line vesicles in
submarine basalts (Moore and Calk, 1971; Mathez and Yeats,
1976). (5) Within the relatively few vapor bubbles in glass
inclusions whose interior could be seen (because they were
truncated and filled with epoxy during sectioning) two types
of inclusions were observed: Many contain tiny opaque gran-
ules, which may be contaminants introduced during section-
ing. Two bubbles, of roughly 100 examined that were filled
wilth epoxy, contain colorless cubic daughter crystals,
possibly halite or fluorite, both of which have been report-
ed in simllar occurrences in plutonic or volcanic rocks
(Roedder and Coombs, 1972; Macdonald and Katsura, 1965).

Cracks extend from some glass inclusions into the
adjacent host crystal.
GLASS INCLUSIONS IN PYROXENE

Glass inclusions are less abundant in pyroxene than in
plagioclase. They are usually of moderate size (20-50 mi-
crons) and rarely larger or smaller, and are commonly adja-
cent to Fe-T1 oxide crystals also enclosed by the pyroxene.
Zoning is not as clearly visible in pyroxene as it 1s in
plagioclase, hence, the relationship of the glass inclusions

to zoning or resorption features within the pyroxene hosts
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are not known.

Secondary crystals and vapor bubbles within the glass
inclusions in pyroxene resemble those in plagloclase, except
that crystallites of pyroxene are uncommon.

GLASS INCLUSIONS IN OLIVINE AND HORNBLENDE

Glass inclusions in hornblende and olivine differ from
those in plagioclase and pyroxene primarily in that they are
extensively crystallized. Individual inclusions in olivine
appear to contain some or all of the following minerals:
Hornblende, augite, spinel, pyrrhotite, and possibly other
sulfides. While the mode of individual inclusions is dif-
ficult to evaluate, 1t appears to vary significantly, and
Individual inclusions enclose from approximately 25% to more
than 75% crystals, of which hornblende appears to be the
most abundant.

Vapor bubbles or cavities are usually visible within
glass inclusions in olivine and hornblende. They appear to
be of variable size and shape, and some appear to be con-
fined to interstices between crystals and the inclusion
wall. Because of the dark crystals within inclusions, and
The 1irregular shape of the vapor bubbles or cavities, rela-
tive bubble and inclusion volumes cannot be reliably esti-
mated.

ANALYTICAL METHODS

All analyses were obtained using an ARL-EMX five-

channel electron probe. Analyses were made 1n two or three
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separate runs, and attempts were made to analyze, wherever
possible, spoté adjacent to, but not coincidental with ear-
ller analyzed spots. The operating conditions, and the
sequence 1n which various elements were analyzed, varied
somewhat during the runs. Accelerating potential was 10 or
15 KeV, sample current 0.05 to 0.08 microamps, beam size
5-20 microns, and integration time 10-20 seconds.

Mineral standards were used and corrections for all
elements except F were made for drift, background, deadtime,
and ZAF using EMPADR (Rucklidge and Gasparinil, 1969).

Counts on F were corrected by hand for drift and background
and compared to the counts in an apatite or CaF, standard.
An apatilte with 0.91 wt.% Cl was used to standardize Cl.
Cross—determinations with several other chloropatites and a
natural obsidian gave results that agreed fo within 10%.

Because water or hydrogen cannot be determined directly
with the electron probe, the water content has been estimat-
ed by assuming that it is the "missing component® in an
analysis that sums to less than 100%. Anderson (1973) used
thls method to analyze synthetic hydrous glasses containing
3 to 11 wt.%Z H50, and obtained results accurate to within +
1.4 wt.% absolute. I have not performed similar tests, but
to check for systematic errors, anhydrous or slightly hy-
drous glasses were analyzed frequently during runs. Totals
for these glasses range from 98 to 101%. Results were not

normalized.
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Error in the water content can be introduced by the
presence of any minor or trace element other than those
sought in the analysis. It is unlikely that such elements,
including oxygen (which may be underestimated in the analy-
sis if all Fe 1s reported as FeO), exceed 0.2 to 0.3 wt.%.
A more serious difficulty is presented by Na-loss apparent
in many analyses, particularly those of glass inclusions in
basalt, which were analyzed with a 5 micron beam. Some of
these inclusions appear to be 1% to 2 wt.% (absolute) lower
in Na than other inclusions. It is not clear that this
amount can simply be added to the analytical total to glve
a better estimate of water content, in as much as the rela-
tive abundances of other components must have increased as
Na-decreased. Furthermore, the behavior of water during
electron bombardment is unknown; and 1t 1s possible that
water has also been lost during the analysis.

In view of the high water content apparent in glass in-
clusions in plagioclase and pyroxene (6% wt.%+1% wt.? 2¢),
these results appear to be meaningful, in spite of the anal-
ytical uncertainty in determining water by difference.
Confidence in these analyses 1is also justified by their
consistency. Estimates of the water content of glass in-
clusions in olivine are much less reliable, however, in view
of the significant Na-loss, the small number of samples that
have been analyzed, and the analytical difficulties posed by

the presence of crystalline material within the glasses.
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COMPOSITION OF GLASS INCLUSIONS

The composlitions of glass inclusions are reported in
Table XV. Those in plagioclase and pyroxene are relatively
uniform rhyolite or high-silica daclite. Those in olivine
are much more variable and range from "andesite" to "da-
cilte", but may have originally been basaltic.

Several features of the analyses of glass within pla-
gloclase and pyroxene are noteworthy and some are 1llustra-
ted by variation dilagrams in Figure 17. These features
include: (1) The summation deficiency in all the analyses
only varles from 5.33 to 7.67 wt.%. This is within the
analytical uncertainty of the mean (6.58 wt.%), and implies
that the water content 1is relatively constant. (2) The FeO
contents of the glasses in plagioclase vary from .90 to 2.54
wt.%Z, and the MgO contents vary from .25 to .57 wt.Z. 1In
comparison, the FeO-and MgO-contents of the groundmass of
dacite pumices are 1.86 to 2.00 and 0.36 to 0.39 wt.%2 re-
spectively. (3) The abundances of the following elements

appear to increase as FeO increases: Mg0O, Cl, S; 8102 de-

creases with increasing FeO. Other elements show no clear
pattern, or appear to remain constant as FeO 1ncreases
(e.g., Cal, Nas0, K»0). MgO/FeO and C1/Fe0 decrease as FeO
increases.

The composition of glass included in ollvine is
extremely variable, due primarily to the variable state of

crystallization of the inclusions. This varlability prob-

1
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Figure 17: Variation of MgO/FeO%®, Cl/FeO*, MgO, CaO, Na.O,

2
and KZO with FeO* in glass inclusions in plagioclase.
Vertical and horizontal lines correspond to the concentra-
tion or ratio of concentrations of these elements in the
rhyolite mesostasis cof dacite pumices. (The value of Cl in

the rhyolite 1s not shown because Cl was lost from the magma

during ascent.)
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ably reflects the different quenching history experienced by
different crysfals during the magma mixing event. The pres-
ence of crystallites in the inclusions causes analytical
problems, because it 1s difficult to precisely reoccupy
spots durlng separate runs, and small changes 1in beam loca-
tion may result in significant changes in composition. For
this reason, many more partial analyses of glass inside
Inclusions were also obtained, but are not reported because
in one or two of the runs the same glass was not analyzed
(Al was monitored in all runs to check this.). The analyses
reported appeared to be the most reliable, in that they
ylelded similar Alp03 contents on each run. Several more
partial analyses ylelded SiOjs-contents of 54 + 1 wt.%, in
agreement with analysis 1.

In light of the analytical difficulties involved, the
compositlon of glass in olivine should be interpreted with
caution.

The followlng features of the analyses of glass inclu-
sions in olivine are notable: (1) The extremely low Ti0;-
content of analyses 4 to 7 is surprising. It appears that
Ti was fractionated out of the melt by growth of a Ti-rich
phase, possibly Fe-Ti oxide. Hornblende may also have re-
moved a significant amount of Ti. (2) The Al,03-content is
high in all inclusions, but 1s lower in the more silicic
than in the more mafic glasses. In light of the alumina

contents of hornblende (14-16 wt.%) and clinopyroxene (3%-
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8% wt.%); depletion in the A1203—content of the inclusions
indicates that a more aluminous phase has played a signifi-
cant part in post-entrapment devitrification. This phase
may be splnel, which has been seen in some inclusions, or
plagioclase, which has not yet been recognized in the inclu-
sions. (3) Ca0 is strongly depleted in silicic relative to
basic iInclusions. This may be explained by crystallization

of hornblende and/or augite.

HAZARDS FOR THE INTERPRETATION OF GLASS INCLUSION COMPOSI-

TIONS

For the following reasons, the composition of glass
inclusions in Augustine phenocrysts may not directly repre-
sent the composition of the melt in which the host crystals
were growing:

1. POST-ENTRAPMENT CRYSTALLIZATION OF THE INCLUSION

After entrapment, the melt within inclusions continued
to precipitate the host phase and commonly other minerals as
well. A fluld phase was also exsolved from the melt during
post-entrapment crystallization.

Textural and geochemical methods used by Anderson
(1974b) and Watson (1976) to determine the initial composi-
tion of partly crystallized Inclusions have proved unsuc-
cessful for the Augustine samples. In chapter 2, a uethod
was presented by which the initial composition of 1nclusions
in olivine could be estimated within a narrow range, the

variabllity arising from uncertainty in the mode and com-
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position of the devitrification minerals. This method,

however, depended upon determining the initial MgO-content
of the inclusions through the use of olivine-liquid distri-
bution coefficients. Similar methods are much less reliable
for glass inclusions inside plagioclase or pyroxene, because
crystal-liquid distribution coefficients for these minerals
depend too much upon factors which are not well known, such
as composlition, temperature, and water pressure. Conse-
quently, 1t has not been possible to correct for post-
entrapment crystallization of plagioclase and pyroxene hosts.
The similarity of composition of glass included in these two
minerals suggests, however, that post-entrapment crystalli-
zatlon has been relatively minor, and that the compositions
of incluslons are not very different from those of the
initial trapped melts.

Unfortunately, separation of a fluld phase from the
trapped melt poses a greater problem, because the composi-
tion of the fluid phase cannot be readily determined. It
will become apparent later in thils discussion that the
volatile composition of the trapped melt in plagioclase and
pyroxene crystals changed very little during crystalliza-
tion. Separation of a fluid from the melt trapped in
olivine may have had a greater effect, which cannot be
evaluated without knowledge of the abundance of 002 in the
melt. Because this cannot be evaluated, it merely adds to

the uncertainty in the estimate of the volatlile content of
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the basalt.
2. THE EFFECT.OF CRYSTAL-LIQUID INTERFACE DIFFUSION GRAD-
IENTS

Fenn and Luth (1973) observed fluid inclusions in feld-
spar crystals experimentally grown in a fluid-undersaturated
melt. These non-representative inclusions formed, they
suggested, because water accumulated at the crystal-liquild
interface as it was rejected from the anhydrous feldspar.
Diffusion, this interpretation presumes, was too slow to
permit the melt to homogenize near the interface.

Concentration gradients have been observed 1n glasses
surrounding plagioclase (Bottinga and others, 1966) and oli-
vine (Anderson, 1967; Donaldson, 1975). Elements that enter
the crystal are ordinarily depleted in the melt within 10-25
microns of the crystal margin; rejected elements are usually
enriched. The percentage of increase or decrease of each
element, as well as the width of the affected zone, devends
upon thé composition of the crystal and the melt, the 4if-
fusion rate for each element, and the crystal-face growth or
melting rate, as well as secondary effects such as the rate
at which the crystal moves with respect to 1lts enclosing
melt, and the cooling history of the melt. The apparent ab-
sence of concentration gradients from around phenocrysts in
the Augustine ejecta 1s not sufficient evidence that they
did not exist when melt inclusions were forming, slnce gra-

dients are 1likely to form only when the crystal growth rate
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is diffusion-controlled (Kirkpatrick, 1976). It is under

this condition (relatively rapid crystal growth) that melt
inclusions are most likely to form (Lofgren, 1974).

Precise quantification of the effect of interface dif-
fusion gradients upon the composition of glass inclusions is
not possible, due to uncertainties in most of the above
mentioned factors. Observations of Bottinga and others
(1966) and Donaldson (1975), summarized in Table XVI, demon-
strate that the increase or depeltion of an element near the
interface may be significant, commonly amounting to more
than 20%. Unfortunately, some elements diffuse more rapidly
than others, so that the composition within the interface
cannot be described by crystal addition or subtraction
alone.

Clearly, the size of a glass inclusion is a critical
factor in judging the impecrtance of the interface effect.
For a rectangular inclusion (length:width:width = 3:1:1),
assuming a 10 micron wide diffusion gradient, the volume of
non-representative melt is 100% for widths less than or
equal to 20 microns, but 1s only 12.5% for w = U0 microns.
Because most glass 1in crystals 1s contained in small inclu-
sions less than 20 microns 1n diameter, an analytical tech-
nigue that averages the compositions of all inclusions
(1.e., degassing in a mass spectrometer) will be examining
primarily non-representative chpositions.

Glass 1incluslons examined in this study are primarily
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large (greater than 80 microns diameter), although some of
those examined within olivine were smaller {(tc 2 minimum of
40-50 microns diameter). Anderson (1973) examined some in-
clusions even smaller, and recognized no systematic composi-
tional variation with size of the inclusions. I have
uncovered no apparent correlations between composition and
size 1in several inclusions that occur within a single pla-
gloclase phenocryst, and therefore conclude, as did Anderson
(1973) and Donaldson (1975), that for large inclusions, the
interface diffusion gradlent effect is insignificant.
3. CONTAMINATION CF THE INTERFACE MELT BY RESORPTION PRIOR
TO MELT ENTRAPMENT

In as much as most glass inclusions in plagioclase
occur within patchy zoned portions of the crystal, it ap-
pears that most were trapped following an eipsode of crystal
resorption (Vance, 1965). Resorption may be a sign that the
melt surrounding the crystal was rapidly changing, by magma
mixing or crystal settling, for example. Moreover, it is
possible that the melt immediately surrounding the resorbed
crystal may have been "contaminated" by the partial melting
products of that crystal, at the time the inclusions were
trapped. Thils process may have been responsible for the
formation of melt Inclusions whose MgO- and FeO-contents are
less than that of the rhyolltic groundmass of dacitic pun-
ices, which presumably represents more differentiated melt

than that which contained the phenocrysts when the
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inclusions were trapped.

The rate of rehomogenization of crystal/liquid inter-
jace composition gradient 1s a function of chemical poten-
tial gradients and the diffusion coefficient of the element
in gquestion. Although it is not possible to precisely
quantify either of these factors, a qualitative judgment of
the relative efficacy of homogenization of different elements
can be obtalned by examining the diffusion coefficlents de-
termined for other melts (e.g., Magaritz and Hofmann, 1976).
The relative diffuslon coefficients of several important
lons are shown in Table XIV, and imply that:

1. If Mg and Cl diffuse more rapidly than Fe (as is
suggested by thelr diffusion coefficients), then Mg0/FeO and
Cl/Fe0 may be greater within the contaminated aureole than
within the initial parent melt, as Mg and Cl diffuse more
rapidly into the "diluted" melt.

+ and H+)

2. Some rapidly diffusing cations (e.g., K
may homogenize guickly and thereafter remaln unchanged as
FeO increases.

The behavior of Ca, Na, and Al during the development
of the inclusions is more complex, since, following entrap-
ment, these elements may be removed by crystallization of

the host. During resorption the aureole will become strong-

ly enriched in Ca0 and A12O3, only slightly enriched in Na2O
(since the Na20 content of the plagioclase 1s only slishtly

greater than that in the magma), and depleted in 8102. Ir,
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after melting has ceased, a more calcic plagioclase begins
to grow, crystallization of only part of the volume of pla-
gloclase contributed by melting may reverse this trend. The
final results may be quite complex, depending as well upon
the stage at which the melt inclusion 1s sealed from the
parent magma.

THE ABUNDANCE OF VOLATILE ELEMENTS IN THE MELT PHASE OF THE

BASALT

'Unfortunately, glass incluslons in olivine can provide
only a rough estimate of the volatile element concentration
in basalt. 1In particular, the water content is difficult to
estimate due to: (1) Analytical difficulties, especially
sodium~loss and possible interference with fine devitrifica-
tion minerals. (2) Variable modes of devitrification miner-
als including, in part, hydrous hornblende. Sulfur content
of the initial trapped melt is difficult to evaluate as
well, due to the crystallization of sulfides from the
trapped melt. The variability that characterizes the
sulfur-content of the trapped glasses may be due to sulfide-
supersaturation of some glasses (Mathez, 1977, personal
communication). The chlorine content of the glasses is also
extremely variable, and does not appear to vary strictly in
response to changes in the amount of residual glass 1n part-
ly devitrified incluslons. It may be due in part to
variations in the chlorine content of hornblende wlthin in-

clusions (in some analyses 1t 1s as high as 0.12 wt.%). For
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various reasons, the initlal trapped melt compositions may
have been varilable, as well.

The estimated pre-eruptlon volatile contents of the
basalt and dacite are summarized in Table XIII, and are dis-
cussed below.

WATER CONTENT OF THE BASALT

A moderate to high water content during crystallization
of the basalt can be inferred from: (1) The presence cf
hornblende; Eggler and Burnham (1973) found hornblende to be

stable in andesitic magmas only when aH2O exceeds 0.3.

(2) Early crystallization of clinopyroxene and absence (or
later appearance) of plagioclase, matchins the crystalliza-
tion sequence of hydrous olivine tholeiites (Yoder and
Tilley, 1962; Holloway and Burnham, 1972), but contrasting
with the sequence observed in anhydrous tholelites, in which
plagioclase crystallizes before clinopyroxene (Yoder and
Tilley, 1962; Green and Ringwood, 1967).

Summation defilciencies in analyses of glass inclusions
in olivine range from 9.21 to 2.49 wt.%. Because of the
varlable degree of crystallization within different inclu-
silons, variahle water contents can be expected in the
residual glasses. However, because summation deficiencies

do not increase with the concentration of K»0, or another

element that indicates the degree of post-entrapment crys-
tallization, 1t is difficult to evaluate the original parent

melt compositions, and to judge the analytical error, which
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profoundly effects the estimated water content. For this
reason, I have estimated initial water contents (3.6 to 5.5
wt.?) calculated assuming various modes of devitrification
from analysis 1, Table XV, the composition of the glass in-
clusion which appears to have undergone the least devitrifi-
cation (see Table XI).
CHLORINE CONTENT OF THE BASALT

Chlorine contents range from 0.34 wt.% in the least
différentiated glass (analysis 1, Table XV) to 0.97 wt.% in
the most differentiated glass (analysis 2). The variability
in other analyses does not, however, follow a predictable
trend, and it 1s, therefore, difficult to Interpret the
meaning of each analysis. I have. therefore, estiﬁated the
chlorine content of the initial trapped melt, from the re-
construction of analysis 1, Table XV (Table XI), to be
roughly 0.13-0.28 wt.%.
SULFUR CONTENT OF THE BASALT

The measured sulfur content of the glass inclusions
varies from 100 to 700 ppm (0.01-0.07 wt.%) plus one analy-
sis of 0.24 wt.%, which may be "contaminated" by the pres-
ence of a sulfide phase within the X-ray generating volume.
Because sulflde phases separated from the trapped melt, it
is difficult to evaluate the sulfur content of the initial
trapped melt. On the other hand, the presence of sulfide
globules within phenocrysts and inclusions indicates that

the melt was therefore controlled by the equilibrium hetween
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the sulfide and sillicate melts. Thils might be used to eval-
uate the pre-eruption sulfur content of the melt.

The sulfur and FeO¥*-contents of glass inclusions in
olivine, plagioclase, and pyroxene are illustrated in Figure
19. The data do not define a trend. If the trend observed
by Mathez (1976) in ocean floor basalts is approximately
equivalent tc that in the Augustine magmas during their cry-
stallization at depth, then the pre-eruption sulfur content
of the basalt magma (assuming FeO = 8.31 to 10.76 wt.%Z) was
roughly 1400 to 2200 ppm (0.14 - 0.22 wt.%).

FLUORINE CONTENT OF THE MELT PHASE OF THE BASALT

Fluorine was sought 1n one glass inclusion in olivine
(analysis 6, Table XV). Despite the relatively devitrified
state of this inclusion, which would lead to concentration
of fluorine in the melt phase, fluorine was not detected in
the analysis, and hence probably does not exceed 50-100 ppm.

THE ABUNDANCE OF VOLATILE ELEMENTS IN THE MELT PHASE OF THE

DACITE

Glass inclusions 1in plaglioclase and pyroxene are rela-
tively easy to analyze, due to their larger size and the
absence or scarcity of daughter crystals. The analyses may,
therefore, be viewed with much greater confidence than those
determined of inclusions in olivine. As discussed earlier,
however, many of the glass inclusions within plagioclase
appear to have trapped non-representative melt "diluted" by

partly melted plagioclase. Because the effect of this
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"dilution" on the measured concentration of volatile ele-
ments cannot be quantified, T will consider the composition
of glass inclusions in plagioclase only with more than 1.85
wt.% FeO®* (the concentration of FeO® in the groundmass of
dacite pumices). This selection procedure eliminates the
inclusions with the lowest Cl-content (covering the range
0.23 to 0.40 wt.%), but does not otherwise alter the esti-
mates of the pre-eruptlon volatile content of the dacite.
WATER CONTENT OF THE MELT PHASE OF THE DACITE

The summation deficlencies in analyses of glass inclu-
sions in plagioclase and pyroxene vary from 5.33 to 7.67
wt.%, and average 6.58 wt.%. This variation is relatively
minor, and 1is probably less than the uncertainty in the
analysis.

The followlng features of glass inclusions in plagio-
clase and pyroxene indicate that the dacite melt was satur-
ated wlth respect to an aqueous fluld phase prior to entrap-
ment of the inclusions: (1) Despite the variable K50
content of the inclusions (1.50 to 2.34 wt.%) and the var-
1able composition of the host crystals, the water contents
of the inclusions (by difference) are relatively uniform.

Fractional crystallization producing a 75% increase in K20

would be accompanied by a similar change in water content.
The absence c¢f such an increase implles that the water
concentration was held nearly constant by effervescence when

the abundance exceeded the solubility 1limit. (2) The water
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content of glass inclusiopsin plaglioclase and pyroxene is
approximately one-half to one-third the content that would
be expected had that magma been derived from a basalt parent
with 3% wt.% water. (3) The chlorine concentration in glass
inclusions in plagioclase and pyroxene should also be much
greater than that in the basalt (assuming that the dacite
formed from the basalt by fractional crystallization). The
simlilar coconcentrations in glass inclusions derlved from the
two separate magmas implies that chlorine was removed during
fractionation. Crystalline phases sufficiently Cl-rich to
remove the chlorlne have not been recognized; rather it
appears that chlorine may have been partitioned intc an
agqueous fluid phase (¥ilinc and Burnham, 1972; Anderson,
1974) and migrated out of the system in free vapor bubbles.
(4) Rare, large relative volume bubbles (20-30% of the in-
zlusion volune) inside some glass inclusions probably formed
in part as free vapor bubbles trapped with the melt. 1In
contrast, Anderson (1973) argued that the uniformity of
relative bubble sizes 1in many samples he examined oppose en-
trapment of a fluid-saturated melt. Several factors,
however, make both Anderson's and my cwn interpretation of
our respective observations tenuous: (a.) relative bubble
and inclusion volumes are difficult to measure with accur-
acy; (b.) the relative size of bubbles may vary due to dif-
ferences in the amount and/or mode of post-entrapment

crystallization or resorption; (c.) inclusions may trap



143

different melt compositions with different volatile element
compositions; (d.) in a fluld-saturated melt entrapment of a
bubble may be an infrequent and fortuitous event.

The pre-eruption dissolved-water content of the rhyoli-
tic mesostasis of the dacite, then, was roughly equivalent
to the water content of the inclusions, because during post-
entrapment crystallization, the water content was maintalred
at the pre-entrapment concentration by the pressure-depen-~
dent solubility limit.

CHLORINE CONTENT OF THE MELT PHASE OF THE DACITE

The chlorine content of the glass inclusions in plagio-
clase and pyroxene ranges from 0.23 to 0.63 wt.%Z. If
"diluted" low FeO* inclusions are eliminated, then Cl ranges
from 0.35 to 0.63 wt.%.

Post-entrapment crystallization and separation of a
fluid phase changes the chlorine content of the melt phase
only slightly, because the increase in the residual melt
during crystallization of chlorine-poor phases was nearly
balanced by the loss of chlorine into the fluid phase (11-
lustrated in Figure 18, and discussed in greater detail in
the following section). The concentration of chlorine in
the rhyolitic mesostasls of the dacite, then, was within the
approximate range 0.35 to 0.63 wt.%.

SULFUR CONTENT OF THE MELT PHASE OF THE DACITE
Sulfur varies from less than 50 to approximately 550

ppm 1In glasses 1ncluded in plagioclase and pyroxene. Some
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of these inclusions contain various types of secondary sul-
fide minerals, however, and the content within inclusions is
not necessarily equivalent to the initial trapped melt com-
position.

The presence of distinct sulfide globules within pla-
gloclase phenocrysts indicates that the dacite, like the
basalt, was sulfide-saturated. The sulfur content of the
melt phase, then, was controlled by the sulfide 1liquid-
silicate 1iquid equilibrium. Unfortunately, the scatter in
the data precludes recognition of the form of the S-FeO
relatlionship, and extrapolation of the relationship observed
by Mathez (1976) to the FeO-poor compositions represented by
fhe inclusions is not advisable.

The sulfur-content, then, of the melt phase of the
dacite can only be roughly estimated to be within the range
from approximately 50 to 550 ppm (0.005-0.055 wt.%).
FLUORINE CONTENT OF THE MELT PHASE OF THE DACITE

Fluorine analyses reported in Table XV are extremely
variable. Most melt inclusions contain little F (less than
100-200 ppm), but some contaln substantially high amounts
(200-270C ppm). The erratic values may reflect the presence
of an unknown F-rich crystalline phase in some inclusions.
The absence of a correlation between P and F or C1 and F
argues against apatite as that phase. Fluorite has been
recognized in Mt. Lassen dacites by Macdonald and Katsura

(1965), but has not been identified in the Augustine ejecta.
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Figure 18: The relationship between the H,0, €1, and K0
contents of Augustine magmas. The diagonal line labelled
"Fractional crystallization" 1illustrates the expected change
in H2O« and Cl-content of the residual melt during fraction-
al crystallization of a basalt that initially contains 3%

wt. % H2O, 0.25 wt.%2 Cl, and 0.5 wt.% K2

bulk crystal/liquid distribution coefficients for all three

0, assumlng equal

elements (D¥1/119=0). The dashed portion of this line is
above the solubility 1limit for the Augustine magma at its
pre-eruption depth, but would describe the change in a sim-
1lar magma fractionating at greater depth. The so0lid hori-

zontal line at 6% wt.% HZO (labelled "H20”) 11lustrates the

uniformity of water-content with fractionation, expected
for crystallization of the Augustine water-saturated magma
at constant depth. The stippled area encloses the analyses
of glasses included in plagioclase and pyroxene phenocrysts.
The change 1in Cl-content of the melt during crystallization
of the magma after 1t becomes fluid-saturated i1s shown by
the curved lines (labelled "C1l"), each based on a different
value for K = Clysnop/Clpeitr (values taken from Kilinc and
Burnham, 12972). Curves labelled with the value of a par-
ticular vapor/melt distribution coefficient 1llustrate the
path of composition change of the melt assuming that the
melt experiences perfect fractional vaporization; that is,
the aqueous fluld phase 1s immediately 1solated from the

remaining melt. The data points shown (analyses of "undi-



1.0
.75
Cl

.50

.25

B

40

25

.5 20

KZO

1.0



146

luted" glass inclusions in plagloclase and pyroxene) are
consistent with a constant value for K of approximately 10.
It 1s likely, however, that the distributisn coefficients
did not remain constant, and the actual path may therefore
be very different from those shown. This diagram illus-
trates the profound effect on the abundance of chlorine in
fhe magma resulting from exsolution of an aqueous vapor

phase.
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The distribution of F, then, remains an unsolved problem,
but 1t seems to be extremely low in abundance in the melt
phase (less than 200 ppm).
EVOLUTION OF VOLATILES WITHIN THE MAGMA

Volatiles in the Augustine magmas appear to have
evolved primarily through four processes: (1) Fractional
crystallization, involving primarily volatile-poor phases,
but also hornblende and apatite; (2) Separation of an immis-
sible sulfide liquid; (3) Separation of a fluid phase; (4)
Magma mixing.

Addition of volatile elements through assimilation of
country rock or introduction of groundwater may also occur
(Lipman and Friedman, 1975), and isotople studies are
planned to test for these processes. It will remain to be
seen whether either process had any effect upon the composi-
tion of the dacite, but 1t 3is unlikely that the volatlles
within glass inclusions could have been introduced in this
manner, since, as discussed in chapter 2, (1) the basalt
apparently arrived at the level of the shallow crustal
reservolr only months before the eruption, and (2) the glass
inclusions within olivine were trapped within the stability
field of hornblende, at depths of roughly 25-75 km, probably
below the region of groundwater penetration.

In the following section I wlll discuss how each vola-
tile component may have evolved 1n the melt, if the dacite

originated by fractional crystallization of a basalt similar
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to that which particlpated in the 1976 eruption.
WATER

The evolution of water in the Augustine magmas was con-
trolled primarily by fractional crystallization during the
early stages of differentiation of the parent basalt, and
effervescence of an aqueous fluid after attainment of water
saturation.

Crystallization of hornblende with roughly 2 wt.% water
during the early stages ol crystallization of the basalt
probably had only a moderate effect on the evolution of
water. In view of 1ts absence from the dacite, and the
presence instead of pyroxene-plagioclase-magnetite clusters
pseudomorphing hornblende, it appears that relatively minor
amounts of hornblende may have been removed during crystal-
lization, and that some of the water initially tied up
within the hornblende may have later been released to the
melt as hornblende broke down.

In Figure 18 I have illustrated the calculated evolu-
tion of water during fractional crystallization of a basalt
containing 3.5 wt.%? H,0, assuming that 5ﬁ26=5K2020° Enrich-
ment of water 1In the resitual melt ceases when water satura-
tion 1is achieved with 6.58 wt.9 H,0. This diagram 1llus-
trates two other points: (1) Andesitic magmas with
approximately 1 wt.% XKo0 may also have been water-saturated;
(2) Fractional crystallization of such a basalt at greater

depths could have produced dacites with as much as 10-15
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wt.% H,O0.
CHLORINE

Relatively 1little information is available from which
to Jjudge the solubility of chlorine in magmas. JIwasaki and
Katsura (1967) determined that at 1 atm, temperature = 1030°
to 1290° C, in the absence of water, the solubility of HC1
decreased with decreasing fuyey, with increasing temperature,
and with increasing SiO2 in the melt (from about 1.5 wt.%
for basalt to 0.1 wt.% for rhyolite at 1030° C). Like
water, it is probable that Cl-solubility increases profound-
ly with pressure, hence, on the basis of the 1 atm datea,
littlie can be sald of the solubility at depth. Despite the
relatively high Cl-content of the Augustine magmas, it is
unlikely that they could have achieved saturation with re-
spect to chlorine during crystallization.

Apatite, with 1.75 to 2.10 wt.¥ Cl, is the only Cl-rich
mineral recognized in the 1976 ejecta. However, chlorine
loss by crystallization of apatite cannot have been very
significant, since the P50g-contents of the melt phase of
the basaltic and dacitilc magmas preclude crystallization of
more than 17 apatite, containing 0.02 wt.$ Cl.

Cl may, however, be strongly partitioned into an aque-
ous fluid phase coexisting with a melt (Kilinc and Burnham,

1972). Distribution coefficients (mClv ) deter-

apoémClmelt
mined by XKilinc and Burnham (1972) range from 13 teo 167 at

temperatures of 700-750° C, P=2-8 kb, in melts of quartz
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monzonite, granodiorite, granite, and trondhjemite. Under
the approximate pressures of the Augustine magma chamber
(1-3 kb) the distribution coefficients determined are in the
range of U40-60. Based on two determinations only, the ef-
fect of increasing temperature appears to be to increase the
distribution coefficient.

In Figure 18, I have illustrated the behavior of chlor-
ine during fractional crystallization of the basalt parent
with 3.5 wt.? H>0 and 0.25 wt.Z Ci. The assumtions inherent
in the diagram are stated in its caption. Until water-
saturation was achieved, the chlorine content of the residual
melt increased. Subsegquent to the attainment of water-
saturation, the chlorine content of the melt may have imme-
dlately declined as chlorine entered the aqueous fluld
phase. During subseguent crystallization the concentration
of chlorine in the residual melt may remaln relatively con-
stant over a moderately wide crystallization interval, if
the distribution coefficients illustrated in Figure 18
approximately match those 1n the natural system. The con-
centration may continue to decline in the residual melt for
higher values of K, or it may increase i1f K 1s smaller.
SULFUR

The presence of immlscible sulflide globules in
plagioclase, olivine, and hornblende implies that the Augus-
flne magmas were sulfide-saturated at the time that the

globules were incorporated into their hosts.
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The solubility of sulfides in mafic melts is a function
of HPP foo5, aﬁeo, temperature, pressure, and melt composi-
tion (Haughton and others, 1974; Mathez, 1976). Haughton
and others (1974) and Mathez (1976) recognized covariance
between the FeO and S content of experimental and natural
sulfide-saturated melts (Figure 19). Mathez (1976) attribu-
ted thls covariance to dissolution of sulfur in the melt via
an exchange reaction of the type:

FeO + %S, = FeS + %

(@)

2 Eqn 3
From the equilibrium expression for this reactlon:

K = (apes)(fg5) 3 Eqn 4

1
/(are0) (15,
it can be seen that the sulfur concentration of the silicate
melt at constant K will depend upon sz, fo2, and éFeO' ¥,
in turn, will vary with temperature and pressure.

The covariances determined by Haughton and others
(1974) and Mathez (1976) are shown in Figure 19, along with
the analyses of Augustine melt inclusions. The difference
between the curves may reflect differences in K (from Egn 4)
that result from temperature or, more likely, pressure dif-
ferences; or different oxygen and/or sulfur fugaclties at
constant K.

Although the stability of sulfides 1s controlled by
factors that 1in our present state of knowledge cannot be
fully evaluated, Figure 19 can be used 1in the same manner as
a chemical potential diagram to predict the behavior of sul-

fides in a silicate melt during ffactional crystallization
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Figure 19: FeO*- and S-contents of glass inclusions in
plagioclase (solid dots), compared to experimental data of
Haughton and others (1974) (shown as "X"'s, and curve de-
fined by all their data}, and curve fitting compositions
determined by Mathez (1976) in sulfide-saturated seafloor
basalts. The covariance defined by the curves can be used
in the sense of a chemical potential diagram (sulfides are
stable in the upper left of the diagram). Scatter of the
Augustine data 1is too great to define a reliable curve, but
the data are consistent with.a slope subparallel to that of
Mathez (1976). The direction of change produced by crystal-
lization of plagioclase, olivine (Fogy), and magnetite
(modified from Mathez, 1976) is 1llustrated in the uppef
left, and suggests that crystallization of the phases
observed in the Augustine magmas would have led to and main-

tained sulfide-saturation of the Augustine magmas.
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(see Mathez, 1976, Figure 6). The FeO-S Covariance .curve
separates the field of sulfide-saturation (upper left on
Figure 19) from the field of sulfide-undersaturation. 1In
reality, this covariance transgresses a number of variables
that contribute tc 1ts form, most importantly oxygen and
sulfur fugacitles, but the consistency observed by Mathez
as well as Czamanske and Moore (1977) suggests that the ef-
fects of the variation in these factors in the natural
systems observed combine to yield roughly equivalent Fe0-S
covarlance. However, because the Augustine magmas represent
an appreciably different composition range than those exam-
ined by Mathez (1976) and Czamanske and Moore {(1977), there
is no reason to expect the covariance to persist in the
Augustine magmas in the form exhibited by the seafloor
basalts. The composition of sulfide-saturated melt inclu-
sions could be used to empirically define the form of the
covariance in the Augustine magmas, (see Figure 19), but
scatter in the analyses yields a poorly defined trend.

The effects of fractional crystallization upon the
parental basalt are as follows: During the initial crystal-
lization, when olivine, Cr-rich spinel, augite, hornblende,
and magnetite were crystallizing from the magma, the dis-
solved sulfur content of the residual melt would have
increased as FeO decreased, moving the magma into the
sulfide~-saturation field. Mathez suggested that crystalli-

zatlon orf plagioclase alone would drive a melt away from
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saturation, and crystallization of a combination of feldspar
and ferromagneéian phases could drive a melt along a path
parallel to the saturation boundary (see Figure 19). 1In-
terpretation of the effect of crystallization from Figure 19
depends a great deal upon the slope of the Fe0-S covariance,
and it can be seen that a more gradual slope than that ob-
served by Mathez, such as that reported by Haughton and
cthers (1974) would imply a trend towards sulfide-saturation
even for crystallization of plagioclase alone. Over the
entlre range of crystallization represented by the Augustine
magmas, 1t appears that crystallization would have main-
tained the sulfide-saturation state of the magma.

If the conditlions that led to and maintained sulfide-
saturation of the Augustine magmas are typical cf magmas
elsewhere, then sulfide-saturation may be a relatively
common, possibly uniform feature of andesitic and silicic
melts at depth, as appears to be the case for basaltic rocks
(Mathez, 1976; Anderson 1974b, 1975). Sulfide globules,
evidence of sulfide-saturation, are common in basaltic la-
vas, but have not beern reported previously in silicic rocks,
except for the late stage silicic residue of a Hawalian
tholeiitic lava lake (Skinner and Peck, 1969). R.L. Smith
(reported by Moore and Calk, 1971) has, in addition, ob-
served sulfide-decorated vesicles in a dacite. In the
Aupustine dacltes the globules are extremely rare, and can

only be distinguishcd from the much more common Fe-T1 oxides
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in polished sectlons. Hence, they are likely to be over-
looked in silicic rocks, as they were until recently in
basic rocks.

OTHER PETROLOGIC IMPLICATIONS

1. THE RATE OF MAGMA SUPPLY

Banded pumices and disequilibrium mineral assemblages
simllar to those of the 1976 ejecta are found in the depos-
its of the 1883, 1935, and 1963-64 eruptions of Augustine,
and in the deposits of several prehistoric eruptions. These
observations, and thelr interpretation as set forth in
chapter 2, imply that new basaltic magma is being supplied
on the order of every 10-100 years.
2. ORIGIN OF THE DACITES BY FRACTIONAL CRYSTALLIZATION OF

BASALT

The apparent intimate association of andesite and
dacite wlth basalt at Augustine 1s strong evidence for a
genetlc relationship. The part played by magma mixing in
that genesls 1s important, but appears to have been a sec-
ond order effect. The abundance of crystals in the magmas
and the extensive normal zoning that characterizes these
crystals argues for the significance of fractional crystal-
lization during the genesis of the magmas.

Cawthorn and O'Hara (1976) demonstrated that fraction-
ation of a hydrous basalt employing the phases Olivine +
Calcic cllinopyroxene + Amphibole could produce andesitic and

subsequently more silicic magmas. These minerals appear to
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be near-liquidus phases in the Augustine basalt and thus
provide a meéhanism by which andesitic and more silicic
rocks may have been derived from the basalt.
3. THE CALC-ALKALINE NON-Fe-ENRICHMENT TREND IS DUE TO
MAGNETITE, NOT HORNBLENDE CRYSTALLIZATION

Calc-alkaline rock sultes are characterized by the ab-
sence of Fe-enrlchment on an AFM diagram over most of their
crystallization range. The extremely basic members of the
sulte may show Fe-enrichment, but that trend (typical of
tholeiltic rock sultes and the Skaergaard) is terminated and
Fe/Mg remains nearly constant throughout the intermediate to
silicic members. Osborne (1959) argued that this trend is
the result of magnetite fractionation under conditions of
high oxygen fugacity. He called upon high water contents to
generate the required oxygen fugacity.

Osborne's mechanisin was opposed by those who believed
the oxygen fugacities required were unreasonably high (e.g.,
Eggler, 1972; Boettcher, 1973; Fudali, 1965; Cawthorn and
O‘'Hara, 1976). Holloway and Burnham (1972) suggested, in-
stead, that crystallization of hornblende could keep Fe/lg
from increasing, and based thelr argument upon the observa-
tion that amphibole produced in their experimental runs is
characterized by relatively high Fe/Mg. Allen and others
(1975), in contrast, found that amphibole produced during
thelr experliments was sufficlently magnesian to increase the

Fe/Mg of the residual melt. Thils apparent contradiction
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probably resulted because the amphibole observed in Holloway
and Burnham's éxperiments was 1n equilibrium with a more
fractionated residual melt.

The mineralogy of the Augustine ejecta has some bearing
upon these arguments:
(1) Crystallization of hornblende (Mg/Mg + Fe = 0.72) will
continue to increase Fe/Mg in the residual melt. Hornblende,
it appears, 1s unsultable for producing the non-Fe-enrichment
trend In calc-alkaline suites.
(2) Magnetite began to crystallize relatively near the 1li-
quidus in the Augustine basalt, as indicated by its presence
within hornblende phenocrysts. Holloway and Burnham (1972)
also found magnetite to be a near-liquidus phase in olivine
tholeiite magma at less than 10 kb, with aH20=O.6, and f02
maintained by the Ni-NiO buffer. These results support
Osbeorne's (1959) hypothesis.
4. TRACE ELEMENT EVOLUTION -- OBSCURED BY MAGIMA MIXING

Several studies of basaltic and andesitic calc-alkaline
rocks from other parts of the Aleutian chain have concluded
that basalts were not parental to the andesites and dacites
within the same province (e.g., Delong, 1973; Marsh and
Carmichael, 197L; Arculus and others, 1977). They have come
to this conclusion despite the sometimes close spatlial and
temporal association of basaltic and andesitic magmas (e.g.,
Arculus and others, 1977).

These concluslons are generally based upon two argu-
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ments: (1) Trace element .abundances in the andesitic and
more silicic magmas cannot be explained through simple
fractionation of the basalt employing observed phases; and
(2) radiogenic isotope ratios in the basic and silicic mag-
mas are not the same.

The role of magma resupply and mixing in the trace
element evolution of a magma chamber has been discussed re-
cently by O'Hara (1977). He showel that this process can
produce a very different trace element evolution than simple
fractional crystallization.

The combined effects of magma mixing and fractional
crystallization are illustrated in Figure 20, for a trace
element strongly partitioned into early crystallizing phaces.
Mixing of a new batch of mafic magma with a silicic maema
differentiated from a parent similar to that mafic magma
will yield abundances for the trace element which are great-
er than expected from fractional crystallization alone. 1In
light of the evidence at Augustine that magma resupoly may
be a very frequent process, the conclusions of many trace
element modelling studies of andesitic rock suites should be
reexamined.

Different radloisotope abundance ratios do not neces-
sarily argue against cogenesis of two or more rocks if one
has been contaminated. In view of the hich water contents
determined for the Augustine dacites, 1t is quite likely

that minor melting will occur around the borders of silicic
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ments: (1) Trace element abundances in the andesitic and
more silicilc mégmas cannot be explalned through simple
fractionation of the basalt employing observed phases; and
(2) radiogenic isotope ratios in the basic and siliclc mag-
mas are not the same.

The role of magma resupply and mixing in the trace
element evolution of a magma chamber has been discussed re-
cently by O'Hara (1977). He showed that this process can
produce a very different trace element evolution than simple
fracticnal crystallization.

The combined effects of magma mixing and fractional
crystallization are 1llustrated in Figure 20, for a trace
element strongly partitioned into early crystallizing phases.
Mixing of a new batch of mafic magma with a silicic maecma
differentiated from a parent similar to that mafic maegma
will yield abundances for the trace element which are great-
er than expected from fractional crystallization alone. 1In
light of the evidence at Augustine that magma resupoly may
be a very frequent process, the conclusions of many trace
element modelling studies of andesitic rock suites should be
reexamined.

Different radiolsotope abundance ratios do not neces-
sarily argue against cogenesis of two or more rocks 1if one
has been contaminated. 1In view of the high water contents
determined for the Augustine dacites, it 1s quite likely

that minor melting will occur around the borders of silicic
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chambers, and that contamination will occur. Due to the low
Sr content of sllicic relative to basic melts, the increase
in the Sr-isotopic ratio by addition of a small amount of
radlogenic Sr would be greater than in a basalt that assim-
i1lates the same amount of radiogenic Sr. Furthermore, be-
cause of their apparently longer residence times at shallow
crustal levels, silicic melts are likely to incorporate more
radiogenic Sr. 1In view of these factors, the small Sr-
isotbpe ratio contrast between many basic and intermediate
to siliclc rocks (generally .001-.002) does not preclude

derivation of the latter from the former.
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Figure 20: Contrasting path of fractional crystallization
(curve labelled F.C;) and a non-unique magma mixing line
(involving two magmas at different stages of fractional
crystallization). The distribution coefficient used (10) is
not necessarily rezlistic for the fu1l range of crystalliza-
tion of a magma, but was chosen to 1llustrate the effect of
mixing of primitive and differentiated magmas on the abun-
dance of magmaphile elements, such as V, Cr, Ni, or Co,
which ordinarily enter early formed crystalline phases.
See O'Hara (1977) for a more rigorous discussion of this

effect.
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