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INTRODUCTION
A previously undescribed 40-m thick mafic ignimbrite exposure at Point Tebenkof on the western side
of Driftwood Bay provides evidence for a significant
pyroclastic eruption from Makushin Volcano on
Unalaska Island in the Aleutians. Previous studies
of the area have focused primarily on the Holocene
satellite vents and Makushin lavas thus the role of
the Point Tebenkof ignimbrite in Makushin’s history
is unexplored.
Makushin erupted Plinian deposits at least twice
during the Holocene (Begét et al., 2000). The most
recent geologic map of Unalaska Island (McConnell et al., 1997) groups Point Tebenkof within Qom
Older Makushin lavas and work of Idleman (this
volume) indicates that the Point Tebenkof ignimbrite is likely Pleistocene in age. The Qom formation contains basalt and andesite lavas and pyroclastic deposits of varying compositions. Although
mafic lava flows are generally far more common
than mafic pyroclastic deposits, mafic ignimbrites
like the one at Point Tebenkof are possible results of
water-fueled, Plinian eruptions, which create hot avalanches of poorly-sorted pumice, lithic fragments,
and ash (Lockwood and Hazlett, 2010). Many
ignimbrites are welded, but non-welded ignimbrites
like the one at Point Tebenkof (Fig. 1) are considered
lower grade and the magma may have been cooled
by water during the eruption (Walker, 1983).
This study focuses on the petrography and mineral
chemistry of rocks from Point Tebenkof. Electron
microprobe analyses provide data for thermobarometric calculations based on Putirka (2008) and
these results elucidate the pre-eruption conditions
in the magma chamber. These are important results

for comparing this deposit to the two Holocene
caldera-forming eruptions of Makushin.

FIELD SITES

Methods

Sample collection took place while camping near
Driftwood Bay in July 2009. Field work included
determining stratigraphic relationships and studying outcrop characteristics such as grain size, sorting, and grading. Adam Curry of Pomona College
(contribution in this volume) and I focused on the
western side of Driftwood Bay and in this report I
will discuss the lava flows and pyroclastic deposits at
Point Tebenkof.
Stratigraphic Relationships
The Point Tebenkof ignimbrite (BCF and BCB
samples) is the oldest known Makushin pyroclastic deposit and it forms the base of the exposure
at the beach cliff on the western side of Driftwood
Bay (Fig. 2 of Nicolaysen and Hazlett, this volume).
With the exception of the basal contact, which is
buried beneath the beach deposits, the entire section is well exposed in two vertical sections along
the coast. Samples discussed in this volume are
from the north exposure. At the southernmost
exposure, blocky basaltic andesite (BCA) overlies
the ignimbrite but laterally to the north above BCF,
BCA appears either to pinch out or to become
baked by an overlying lava flow (BCC). In either
case, the red BCE oxidized layer overlies much of
the BCF exposure of the ignimbrite (Fig. 1 of Curry,
this volume). Although the layers above BCA are
covered by vegetation at the southern beach cliff
exposure, a massive basalt (BCC) and a columnar
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Figure 1. a) Photo of Point Tebenkof ignimbrite with shovel for scale. Circles indicate locations of photos b and c; b) shows mafic
scoria in BCF-3S while c) highlights the finer grained matrix in BCF-1S.

andesite (BCD) overlie the red BCE layer above the
BCF ignimbrite. A pile of scoria, BCF-0S5, slumped
from the BCF ignimbrite (Fig. 1). The ability to see
the entire thickness of the ignimbrite in one outcrop
led me to focus on the north exposure. Importantly,
new 40Ar/39Ar dating by Idleman (this volume) indicates that this ignimbrite is older than 139 ka so the
Makushin volcanic center was a locus for strongly
explosive eruptions even in the Pleistocene.
Within the BCF ignimbrite exposure, there are four
distinct layers (Fig. 1; Fig. 1 of Curry, this volume).
Layer 1 (BCF-1) refers to the lowest 8.5 m of coarse,
dark brown, well-indurated ash, scoria, and lithic
fragments with particle size ranging from sand to 60
cm. Clasts are subangular and poorly sorted without a clear grading trend but they do appear to be
more concentrated towards the middle and upper
sections of the layer. Layer 2 (BCF-2) is only 0.69
m thick, but its dark black color makes it stand out
as a distinct band. Within Layer 2, there are three
thin reddish brown tephra bands separated by clastsupported layers of dark, gravel-sized lithic clasts.
Although the maximum grain size in Layer 2 is

smaller than in Layer 1, the predominance of gravel
and small cobbles makes the darker layer appear
more clast supported. Layer 3 (BCF-3), the main
ignimbrite sheet, is dark brown, poorly-sorted, and
approximately 27 m thick. Discontinuous tan bands
in the upper portion of the layer appear to be due
to weathering. Although it has the highest proportion of clasts (sizes from 2-30 cm), Layer 3 lacks the
induration of the other layers and it is not graded or
sorted. The top 5 m of the exposure, Layer 4, consist
of tannish orange matrix that fines upward to rich
red, well-sorted co-ignimbrite ash. Due to difficulty accessing this layer, we were unable to collect
any samples of it. Here it is also important to note
that Layer 0 (BCF-0S5) refers to a pile of scoria in
front of the ignimbrite outcrop at its base with clasts
approximately 2-40 cm in diameter (most are 5-10
cm).

PETROGRAPHY
This analysis focuses on the compositions of phenocrysts within the BCF scoria of the Point Tebenkof
Ignimbrite. Scoria from all layers contains plagio-
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to the other ignimbrite scoria due to the silicic
pockets that contain aligned plagioclase needles.
Sample BCF-1S from Layer 1 is notable due to a
greater alignment of microlites in the glass. It rarely
contains clinopyroxene crystals. Subhedral and
euhedral orthopyroxene crystals are often bladed
and some contain inclusions. Sample BCF-2S
from Layer 2 is by far the darkest scoria due to the
abundance of oxides and the paucity of plagioclase
microlites. Tabular plagioclase grains show zoning
and occur in intergranular masses with pyroxene.
Orthopyroxene phenocrysts occur as both laths and
small equant grains, whereas clinopyroxenes tend
to be more tabular. In this sample vesicles do show
a squashed alignment (Fig. 2a). Finally, sample
BCF-3S2 from Layer 3 has euhedral plagioclase laths
and blades, tiny square ilmenite crystals, fractured
orthopyroxene plates, and very rare clinopyroxene
blades (Fig. 2b).

THERMOBAROMETRY

Electron Microprobe Data

Figure 2. Photomicrographs of a) aligned vesicles in BCF-2S
with yellow dashed line highlighting vesicle trend; uncrossed
polars and b) crystal clot in a glassy matrix from BCF-3S2;
crossed polars.

clase (An45-55), titanomagnetite, ilmenite, clinopyroxene, and orthopyroxene in a glassy groundmass.
Small, euhedral grains of apatite occur in most
samples. Texturally, the scorias are highly vesicular
(50-60%) with vesicle sizes typically ranging from 15 mm but rare vesicular patches may be up to 1 cm
across. There does not appear to be any dominant
alignment direction and the edges of the vesicles
are often irregular due to the sharp, fibrous nature
of the glass. Phenocrysts tend to be larger than the
vesicles and they often occur in clots with subhedral
to euhedral grains growing around each other for an
intergranular texture.
Sample BCF-0S5 from Layer 0 has the highest
amount of plagioclase (mode: 15-20%) compared

I obtained polished thin sections of BCF-0S5, BCF1S, BCF-2S, BCF-3S2 (all scoria), and BCD-2 (an
overlying Point Tebenkof columnar andesite flow
for comparison purposes) and analyzed them at the
UMass-Amherst electron microprobe lab with help
from Mike Jercinovic. The Cameca SX50 Electron
Microprobe was calibrated using known standards
before sample analysis. Phenocrysts were analyzed
with a 20.4 nA beam and an acceleration voltage of
15.0 kV wheras a 15.0 kV, 10.0 nA targeted the glass.
I performed ten glass analyses for each sample and
targeted up to five euhedral, clean grains of each
mineral. For each phenocryst, I first analyzed the
core and then 1-2 points along the rim. Although
some concentric plagioclase zoning was visible
under the petrographic microscope, transects across
two grains in sample BCF-3S2 did not show any
clear pattern of compositional zoning. All plagioclase compositions are in the An40-60 range and >90%
of the phenocrysts are An45-55.
Because thermobarometry equations from Putirka
(2008) rely on equilibrium pyroxene compositions,
it is important to plot compositions on a Rhodes di-

337

23rd Annual Keck Symposium: 2010 Houston, Texas

Figure 3. Diagram (after Rhodes et al., 1979) showing equilibrium for Fe-Mg mineral-glass pairs in a) orthopyroxene analyses with
a partition coefficient of 0.29±0.06 and b) clinopyroxene analyses with a partition coefficient of 0.28±0.08. Analyses that do not fit
within these bounds are not included in any further calculations.

agram (Rhodes et al., 1979) to determine if analyzed
Fe-Mg mineral-glass pairs fit within equilibrium
bounds for each analyzed pyroxene (Fig. 3). Analyses that are not within one standard deviation of the
equilibrium lines based on the partition coefficient
of 0.29±0.06 for orthopyroxene and 0.28±0.08 for
clinopyroxene (Putirka, 2008) were not included in
the thermobarometry calculations. Similarly, analyses whose summed oxides yield totals outside the
98.5-101.5% range were not included in the calculations.
Geothermometry Calculations
Following the methods of Putirka (2008), I compared pyroxene rim compositions with glass (liquid)
compositions using experimentally derived equations to obtain values for the temperature at the time
of crystal formation. Clinopyroxene-liquid calculations were performed according to Equation 33 (Putirka, 2008) which is calibrated against experiments
at pressures less than 70 kbar to produce temperatures accurate to 10-20°C. For orthopyroxene-liquid geothermometry, Equation 28a (Putirka, 2008)
rectifies past overestimates for the temperature of
hydrous samples and is applicable for samples with
temperatures from 750-1600°C, pressures below 11
GPa, SiO2 weight percents from 33-77%, and H2O
less than 14.2 weight percent. Based on petrogra-

phy, major element compositions, and the calculated
temperatures, these assumptions are valid for the
Point Tebenkof samples. Figure 4 shows the results
of these calculations and Putirka (2008) suggests the
accuracy of the calculated temperatures is ±26°C.
Ignimbrite Layers 1-3 do not have any significant
difference in temperature and these data suggest
that, at the time of eruption, the magma chamber
temperature was 950-1040°C and most likely 9701015°C. The wider range and generally lower temperatures obtained from the sample from the scoria
pile at the base of the outcrop (BCF-0S5) suggests
that this is from an unsampled portion of the ignimbrite or that the sample is not derived from the Point
Tebenkof ignimbrite outcrop.
Fe-Ti oxide geothermometry calculations (Ghiorso
and Evans, 2008) for oxides analyzed in the same
samples as the pyroxene thermometry show similarly consistent temperatures for each of the three
sampled layers of the ignimbrite. The oxide geothermometer gives calculated temperatures lower than
those calculated from the pyroxene geothermometers, from 865-930°C. This is expected because FeMg exchange between oxides and melt is believed
to close at lower temperatures than for pyroxenes
(Ghiorso, 1997). This raises an important point;
although thermobarometry results are often generalized to describe the pre-eruption temperature of
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sure with the most consistency around 1.26-2.12
kbar for Layers 1 and 2 and all but one of the Layer
3 samples (Fig. 5). Note the reported standard error
of the estimate (SEE) is ±1.5 kbar for the clinopyroxene-liquid barometer (Putrika, 2008). The orthopyroxene-liquid barometer in Equation 29a (Putirka,
2008) provides more accurate pressures for hydrous
data but it does tend to underestimate low pressures.
Because Putirka (2008) suggests the possibility a 1
kbar underestimate for these equations and an SEE
of 2.6 kbar, the very low (and negative) pressures for
the ignimbrite scoria based on the orthopyroxeneliquid barometer are consistent within error with the
clinopyroxene-liquid constraints on crystallization
pressures of the pyroxene phenocrysts. Overall, the
pressure data suggest that the magma chamber was
close to the surface when phenocrysts began to form.

Figure 4. Geothermometry calculation results using equations
from Putirka, 2008 for opx-liquid (diamonds) and cpx-liquid
(squares) weight percent oxide data.

INTERPRETATION

Figure 5. Geobarometry calculation results using equations
from Putirka, 2008 for opx-liquid (diamonds) and cpx-liquid
(squares) weight percent oxide data.

magma, they are recording the temperature at which
the individual minerals close to cation exchange as
the lava or ignimbrite solidifies.
Geobarometry Calculations
Putirka (2008) presented experimentally derived
equations for pressure. Clinopyroxene-liquid barometers often struggle with hydrous samples, and
the Point Tebenkof magma likely had significant
volatile content, but Putirka’s (2008) Equation 31
used a global regression of water-saturated clinopyroxene experiments for calibration. The ignimbrite
scoria data show a large range in calculated pres-

Based on the thermobarometric data, it appears
that the entire ignimbrite deposit at Point Tebenkof
came from one magma chamber with a constant
temperature and pressure at the time of phenocryst
formation. Moreover, because there is only one size
population of phenocrysts suspended in glass (i.e.
no microlites), it is likely that eruption occurred
soon after the phenocrysts formed. There is no
evidence for pyroxene-liquid reequilibrium at temperatures between 950°C and surface temperature.
Stratigraphically the differences in the layers are not
significant enough to suggest more than one event,
and the contacts do not show any evidence of unconformities.
The pressure data show that given an average pressure gradient of 0.3 kbar/km, the magma chamber
was 4.2-7.1 km below the surface. Considering
the error on the calibration of the geobarometer;
however, the magma may have stalled as shallowly
as within a km of the surface. The maximum possible crystallization depth recorded by the pyroxene
phenocrysts overlaps with an estimate of the crustal
depth (~7 km) for a magmatic intrusion event in
1995 (Lu et al., 2002).
Along with the one large eruption that formed Lay-
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ers 1-3 of the Point Tebenkof ignimbrite, there may
have been a later eruption that occurred from a
shallower magma chamber with a lower temperature that formed “Layer 0”, the scoria pile in front
of the main ignimbrite. More investigation into the
progenitor of the BCF-0 deposit could prove interesting, especially because of the evidence for magma
mingling which could have served as a possible
eruption trigger. However, in order to reliably study
these scoria, it would be necessary to find them in
an in situ deposit, and such an exposure was not accessible. Still, this study does provide clear conclusions about the eruption that formed Layers 1-4 of
the Point Tebenkof Ignimbrite. Of note, this mafic
ignimbrite formed from a phreatomagmatic Pleistocene eruption of a low temperature (~1000°C),
relatively shallow magma chamber.
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