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THESIS ABSTRACT
Stanley Paul Mordensky II
Master of Science
Department of Geological Sciences
September 2012
Title: The Plumbing Systems and Parental Magma Compositions of Shield Volcanoes in
the Central Oregon High Cascades as Inferred from Melt Inclusion Data

Long-lived and short-lived volcanic vents often form in close proximity to one
another. However, the processes that distinguish between these volcano types remain
unknown. Here, I investigate the differences of long-lived (shield volcano) and shortlived (cinder cone) magmatic systems using two approaches. In the first, I use melt
inclusion volatile contents for shield volcanoes and compare them to published data for
cinder cones to investigate how shallow magma storage conditions differ between the two
vent types in the Oregon Cascades. In the second, I model the primitive magmas that fed
shield volcanoes and compare these compositions to those of nearby cinder cones to
determine if the volcanoes are drawing magma from the same sources.
The volatile concentrations suggest that long-lived and short-lived magmatic
plumbing systems are distinct. Modeling of parental magmas and differentiation
processes further suggest that long-lived and short-lived volcanoes have erupted lava
from the same mantle magma source.
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CHAPTER I
INTRODUCTION
1.0. Background
Cinder cones and shield volcanoes often form in the same volcanic fields. Despite
their proximity, cinder cones typically erupt as monogenetic events, whereas shield
volcanoes tend to be polygenetic in that they involve many eruptive events (Connor and
Conway, 2000). Why some vents erupt once for a relatively short period of time (months
to years) but others nearby remain active long enough to build shields (hundreds or
thousands of years) remains ambiguous. This study investigates and contrasts the nature
of polygenetic magmatic plumbing complexes against those of monogenetic systems in
the central Oregon Cascades. Identifying the distinctions of polygenetic and monogenetic
magma systems will help lead to a better understanding of how these plumbing systems
evolve from smaller, immature volcanoes to larger, longer-lived volcanoes as well as lend
insight to the geology shaping the region in which the cinder cones and shield volcanoes
reside (e.g. Schmidt and Grunder, 2009; Schmidt and Grunder 2011). While regional
tectonic stress fields may exact influence on the mode of eruption (Hildreth, 2007), the
present study investigates other factors that may control behavior.
I used two tests to contrast polygenetic magma characteristics to those of
monogenetic systems. 1) To constrain differences in shallow magma storage
characteristics, I compared the H2O and CO2 concentrations in olivine-hosted melt
inclusions from tephra deposits of the late-stage eruptions of three mafic, polygenetic
shield volcanoes – Belknap, Mount Washington, and North Sister – with published data
for nearby monogenetic cinder cones. 2) To determine if monogentic and polygenetic
1

volcanoes share the same mantle source, I compared the primitive melts that were
parental to the basalts erupted from the shield volcanoes to those of nearby cinder cones.
As part of the second goal, I modeled fractional crystallization of primitive low-K
tholeiite and calc-alkaline basalt and basaltic andesite magmas and compared the results
to my melt inclusion compositions and to whole rock data for the three shield volcanoes
(Schmidt and Grunder, 2009; Conrey, unpublished). To model the melt compositions
over a range of temperatures and pressures, I used MELTS and pMELTS, which are
thermodynamic models that compute equilibrium conditions between melts and their
accompanying solid phases over a range of temperatures, pressures, and oxygen
fugacities (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998).
The H2O and CO2 concentrations for the melt inclusions suggest that shield
volcanoes and cinder cones have differences in their magmatic plumbing systems.
Polygenetic volcanoes display evidence of more evolved, more complex magmatic
plumbing systems than monogenetic volcanoes. The modeling of parental magma
fractional crystallization trends shows that cinder cone and shield volcanoes erupt lavas
of similar mantle origin. Therefore, the cause of monogenetic or polygenetic behavior of
volcanoes is determined somewhere between the upper crust and the upper mantle.
Magma supply rate, overall magma volume, and magma buoyancy may all play a role as
deciding factors in a vent’s life-span.
1.1. Regional Geology
Belknap, Mount Washington, and North Sister, three calk-alkaline basaltic
andesite shield-like volcanic vents, are located in the central Oregon Cascades (Fig. 1).
This region is part of the larger Cascade volcanic range that spans over 1250 km from
2
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northern California to southwestern British Columbia. The Cascade Range contains over
2300 Quaternary vents that are a product of Juan de Fuca plate subduction beneath the
North American continent. The young, hot Juan de Fuca plate is ~8-9 Ma at the trench
with a 10-15° dip beneath the forearc and 60-80° dip beneath the arc (Weaver and Baker,
1988; Wilson, 2002). At ~40 Ma, the orthogonal convergence rate of the Juan de Fuca
and North American plates began to decrease; however, the obliquity of convergence
increased, leading to the clockwise rotation of the Siletz Terrane at a rate of 9-12 ± 1
mm/year with an Euler pole located in eastern Washington (Priest, 1990; Taylor, 1990;
Wells et al., 1998) The clockwise rotation of the Siletz Terrane initiated E-W extension
along the central Oregon High Cascade crest at 8 Ma and created the central Oregon High
Cascade graben (Priest, 1990; Taylor, 1990; Wells, 1990; Conrey et al., 2000; Conrey,
2002). The High Cascade graben faults strike just west of north on the western boundary,
just east of north on the eastern boundary, and are intersected by the northwest trending
Brothers Fault Zone, a hypothesized extension of the Basin and Range system, in the
Three Sisters region (Taylor, 1981; Bacon, 1983; Lawrence, 1976; Wood and Kienle,
1990). Belknap, Mount Washington, and North Sister are located in the High Cascade
graben.
Extension in the High Cascade graben region allowed magmas of basaltic to
rhyolitic composition to erupt by exploiting regional tensile weaknesses in the crust,
leading to formation of the mafic platform of the region between 5-8 Ma (Hughes and
Taylor, 1986; Conrey, 2004). Primitive magmas, which originated from varying sources,
were products of fluid-flux melting and/or mantle upwelling (Bacon et al., 1997; Conrey
et al., 1997; Ruscitto et al., 2010). MORB-like low-K tholeiites were common in the
4

Cascades between the Miocene and the Pliocene (Conrey, 2002). Conrey (2002) cites the
extensional environment leading to decompression melting as the origin of the low-K
tholeiites. The extension is interpreted to have initiated near the Three Sisters, where the
High Cascade graben is widest and the density of vents the greatest (Conrey, 2002). The
graben continues to widen at 1 mm/yr (Wells et al., 1998).
Much of the Quaternary volcanism in the Oregon segment of the Cascades, ~1054
vents varying from cinder cones, shields, and fissures to stratovolcanoes over a 9500 km2
area, lies in the High Cascade graben (Hughes and Taylor, 1986; Hildreth, 2007). The
smaller volume (< 1 km3), more mafic volcanism of the cinder cones and shields is often
found in volcanic fields containing up to 100s of vents (Connor and Conway, 2000).
Basalt constitutes ~85% of the volcanic rocks of the High Cascades, with the silicic
centers distributed intermittently along the arc (McBirney and White, 1982). The silicic
centers that define the high topography did not develop until the Quaternary (Priest and
Vogt, 1983; Taylor, 1989).
1.2.0. Terminology
1.2.1. Melt Inclusions
Volatiles exsolve substantially from melt both before and during subaerial
eruptions. Melt inclusions, which form from irregular crystal growth, provide a means to
quantify magmatic volatile concentrations before eruption (Métrich and Wallace, 2008).
Melt inclusions are defined as small volumes of melt trapped in phenocrysts during
crystallization. When these melt inclusions form, the magma compositions at entrapment
are isolated and preserved, though some post-entrapment modification does occur (e.g.
Wallace, 2005; Ruscitto et al., 2010).
5

1.2.2. Calc-alkaline and Low-K Tholeiite Magmas
There are several potential mantle sources identified for magmas erupted in the
Oregon Cascades. The differing geochemical characteristics of magmas from different
mantle sources can be used to identify from which particular mantle source a magma
originates. If there was evidence for different mantle sources between shields and cinder
cones, then this would suggest that shield and cinder cones draw magma from different
mantle sources, which could provide an explanation for the disparate eruptive life-spans.
In this study, I focus on the two more common types of mantle magmas, calcalkaline and low-K tholeiitic magmas. Calc-alkaline basalts and basaltic andesites contain
olivine and spinel phenocrysts. Plagioclase phenocrysts, if present, are present in low
modal abundances because the presence of H2O up to several wt. %, common in calcalkaline magmas, suppresses plagioclase crystallization (Sisson and Grove, 1993) and
reduces the enrichment of FeO in the melt (Fig. 2). Calc-alkaline magmas are often
associated with the fluid-flux environment of a subducting slab (Bacon et al., 1997;
Conrey et al., 1997; Ruscitto et al., 2010).
Low-K tholeiitic basalts and basaltic andesites, also known as high aluminum
olivine tholeiites (HAOT), contain relatively lower H2O (< 1 wt. % [Ruscitto et al.,
2010], < 1.3 wt. % [Rasmussen, 2012], and < 1.7 wt. % [Shaw, 2011]), resulting in
higher temperature plagioclase crystallization, which enriches the melt in FeO (Fig. 2).
Low-K tholeiites are defined by relatively low K2O (< 0.5 wt. %) and SiO2 (~48 wt. %)
and high Al2O3 (~17-18 wt. %). Whereas the origin of low-K tholeiites as products of
decompression melting versus slab fluid-flux melting is debated by Borg et al. (1997),
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Grove et al. (2002), Leeman et al. (2005), Ruscitto et al. (2010), and Rasmussen (2012),
their geochemical distinction from calc-alkaline magmas is well defined.
1.2.3. Vent Classification
The terms used to classify volcanic vents are often misused in the scientific
literature. Conrey (2003) refers to North Sister as a shield volcano, whereas other
sources, like the Cascade Volcano Observatory, label North Sister as a stratovolcano.
North Sister, by strict definition, is a composite shield volcano with characteristics of
both a shield and a composite volcano (Sigurdsson, 2000; Hildreth, 2007).
Sigurdsson (2000) provides the classifications (Fig. 3) for each vent construct as
follows. Cinder cones are hill-sized deposits produced by the buildup of ash or other
7
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pyroclastic fragments around a central volcanic vent. Shield volcanoes are broad, low
relief volcanic constructs made up of fluid lava flows with slopes of ≤ 5°. Hasenaka
(1994) adds that loose tephra is often associated with shield eruptions, but the tephra is
limited to the vent area. The term composite shield is used to describe volcanoes with
vent constructs intermediate between shields and composite volcanoes. Composite
volcanoes are defined as having slopes roughly twice as steep as shields and are relatively
large, long-lived edifices comprised of lava and volcaniclastics erupted from one or more
vents. Composite volcano and stratovolcano are used interchangeably to refer to
volcanoes constructed of alternating layers of lava flows and pyroclastic rocks with
slopes reaching up to 35° (Sigurdsson, 2000).
Although the three volcanoes that are the focus of this study range from a true
shield volcano (Belknap) to a composite shield (North Sister), these classifications are
becoming inadequate as labels and often create confusion due to their misuse. The slope
morphology of Belknap defines the vent as a shield volcano, but this site, the most shieldlike of any vents in the nearby area, is capped by a cinder cone (Sherrod et al., 2004). In
the Cascades, the Sigurdsson (2000) classifications of cinder cones, shields, composite
shields, and stratovolcanoes more accurately define points on a volcanic vent spectrum
rather than provide clear and precise vent descriptions. For purposes of this study, the
three polygenetic vents are referred to as shield volcanoes because each site has behaved
as a shield volcano with multiple effusive lava flows at some point in their respective
eruptive histories. Belknap, Mount Washington, and North Sister are representative of
central Oregon High Cascade polygenetic activity and therefore, they are ideal magmatic
systems to compare to the nearby monogentic volcanoes.
9

1.3.0. Geochemical Characteristics of the Volcanoes in this Study
Hughes and Taylor (1986) classified the calc-alkaline basaltic andesites of the
central Oregon High Cascades into two groups. The North Sister (NS) type basaltic
andesite is characterized by low levels of incompatible elements and high FeOT/MgO
ratios. The Mount Washington (MW) type basaltic andesite contains higher incompatible
element concentrations with relatively lower FeOT/MgO ratios. Although the causes of
the compositional differences between MW-type and NS-type magmas is not exactly
known, Hughes and Taylor (1986) postulate that there are 2-3 potential mantle sources
for basaltic andesites in the central Oregon Cascades responsible for the varying calcalkaline compositions. Schmidt (2005) postulates that vent position along the arc is
correlated to the basaltic andesite type produced at the vent. NS-type compositions are
found along the crest of the arc. Conversely, MW-type basaltic andesites are found to the
west of the crest, suggesting that volatile induced melting from the subducting Juan de
Fuca slab plays a significant role in providing incompatible elements to the MW-type
basaltic andesites. In this interpretation, the NS-type basaltic andesites immediately to the
east do not receive the same fluid input because the rapidly sinking plate has already been
significantly dehydrated before the arc crest. Through melt inclusion H2O and trace
element analysis, Walker et al. (2003) found dehydration-driven, flux-melting to persist
across the Central American arc, with decompression melting significantly affecting melt
compositions in the back-arc region across the Central American subduction zone.
However, Ruscitto et al. (2010) did not find strong evidence favoring magma source
variation across the Cascade arc in Central Oregon, making the interpretation of Walker
et al. (2003) and the postulation of Schmidt (2005) an unlikely explanation for the
10

production of MW-type and NS-type basaltic andesites. Belknap and Mount Washington
are classified as MW-type shields, whereas North Sister is classified as an NS-type
shield.
1.3.1. Belknap
Belknap is a shield volcano that stands ~450 m above the surrounding topography
of the central Oregon High Cascades with a basal diameter of ~6.6 km. Assuming the
volcano to be a perfect cone, Belknap’s volume is ~21 km3. The edifice grew through
repeated lava flow eruptions from ~2.6 to 1.5 14C ka and is capped by a cinder cone
(Sherrod et al., 2004). Earlier 14C dating reported rock as young as 1775 ± 400 B.P.,
though 3He dating by Liccardi (1999) reported a minimum age of 2000 yr B.P.,
suggesting the older 14C age is more accurate (Taylor, 1990).
The top of the cinder cone capping the shield contains two craters. Immediately
east of Belknap is Little Belknap, which is compositionally distinct (54.8-56.9 wt. %
SiO2) from the basaltic andesite lavas of Belknap (49.8-53.6 wt. % SiO2). C14 dating
overlaps early Belknap activity with late-stage Little Belknap eruptive events. However,
field relations suggest Little Belknap flows to be younger than those of Belknap (Sherrod
et al., 2004).
1.3.2. Mount Washington
Mount Washington, located ~5 km to the north of Belknap (Fig. 1), is a relatively
unstudied, glacially-eroded composite shield volcano standing ~850 m above the
surrounding terrain with a basal diameter of ~7.3 km and a volume of ~48 km3 assuming
the volcano was originally a perfect cone. An absolute age is not known for Mount
Washington, but Sherrod et al. (2004) estimate the volcano to be ~300 ka. Unlike
11

Belknap, Mount Washington has experienced at least one glaciation, which has left
glaciated flanks with exposed volcanic layers and glacial till (Scott, 1990; Sherrod et al.,
2004).
1.3.3. North Sister
North Sister, located approximately 15 km to the south-southeast of Belknap, is a
composite shield volcano that stands ~1430 m above the local topography with a base
~11.9 km in diameter and a volume of 214 km3 assuming the volcano was originally a
perfect cone. Schmidt and Grunder (2009) dated North Sister to ~400 ka. North Sister has
withstood the Penultimate (400-390 ka) and Wisconsin (80-18 ka) glaciation events
(Scott, 1977; Scott, 1990). During the last glacial maximum, glaciers covered the central
Oregon High Cascades from Mount Jefferson in the north to Mount McLaughlin in the
south. Like at Mount Washington, this glaciation exposed the flanks of North Sister,
dissecting the volcano and removing the original slope morphology (Schmidt and
Grunder, 2009).
Schmidt and Grunder (2009) found four general eruptive sequences at North
Sister. The first (~400 ka) constructed the lower shield. The second (182-99 ka) erupted
material sub-glacially. The third (~80 ka) constructed the upper shield. The fourth stage
(70-55 ka) produced abundant pyroclastic material with no significant change observed in
SiO2 concentrations.
Although olivine and plagioclase are common phenocrysts at North Sister,
Schmidt and Grunder (2011) used whole rock Ni concentrations to conclude that olivine
fractionation did not play a role in magmatic evolution at North Sister. Mercer and
Johnston (2008) found North Sister magmas to have last equilibrated with an augite-rich
12

gabbro at the base of the crust (~12 kbar). Schmidt and Grunder (2009) describe the 40
km3 of North Sister basaltic andesites as compositionally monotonous in their major
element compositions and argue that North Sister compositions were produced by
sustained recharge of mantle-derived low-K tholeiitic magma that slightly assimilated an
Al-rich crustal source. Over time, the highly incompatible elements of the crust became
depleted by the partial melting of this continual magmatic interaction. Therefore, later
eruptions became less enriched in highly incompatible elements as the crustal source
became increasingly refractory. The magma evolved to its basaltic andesite composition
at ~35-40 km depth through pyroxene and plagioclase fractionation (Schmidt and
Grunder, 2009; Schmidt and Grunder, 2011). Schmidt and Grunder (2011) postulate that
low-K tholeiitic basaltic andesites underplate a 200 km segment of the Cascade arc,
where extension was at its greatest, including beneath Belknap and Mount Washington.
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CHAPTER II
METHODS
2.0. Sample Collection
Tephra was collected from the top several cm of exposed deposits using a steel
bladed trenching tool. I attempted to find the most recent tephra deposits at the three field
sites. At Belknap, sampling from the youngest eruptive unit was possible; however,
glaciation may have removed the youngest tephra units at Mount Washington and North
Sister. The tephra collected at these two sites instead comes from the youngest exposed
tephra units. I avoided sampling from oxidized tephra deposits, which are characterized
by a red color compared to non-oxidized deposits.
Dr. Paul Wallace collected the initial set of the Belknap samples in 2009 from the
flanks of the summit crater. I conducted my own sampling in 2011 from the same
location (10 T 592376 4904173) (Fig. 1). The deposit I collected from was a gray color of
unknown thickness that appeared to be the predominantly exposed unit on the summit
with tephra size varying from ash to blocks and bombs. Both sets of samples displayed
similar physical characteristics and similar compositional values.
I used Sherrod et al. (2004) to find a Mount Washington palagonite tuff deposit
exposed during glaciation on the western flank of the shield (10 T 592229 4909515). The
palagonite tuff deposit was a yellow-tan color of unknown thickness with tephra size
varying from ash to blocks and bombs in a predominantly poorly indurated deposit,
though some sections of the deposit varied to well indurated. Although younger lava
flows followed the eruption of the palagonite tuff, the palagonite tuff is a later-stage
eruptive event in the overall eruptive history of Mount Washington. The melt inclusions
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from this tuff represent magma younger than that of the oldest eruptive event, as the
palagonite tuff is underlain by a considerable but unknown volume of Mount Washington
lavas.
Schmidt and Grunder (2009) group North Sister volcanic units into seven ages,
but provide no further age resolution. Volcanic material from a single unit may vary by
several tens of thousands of years. The youngest unit, the North Sister basaltic andesite
scoria deposit (PC), erupted between 70 to 55 ka and represents the final eruptive period
for North Sister. The PC unit has been mostly removed by glaciation with only limited
exposures remaining. I collected North Sister tephra from the PC exposure found on the
volcano’s southern face where the southeastern and southwestern ridges bifurcate (10 T
598002 4890559) (Fig. 1). There was no visible stratigraphy of the deposit, which was
colored red-gray to gray. The thickness of the PC unit is unconstrained. Tephra grain size
varied from ash to blocks and bombs.
2.1. Sample Preparation
Samples were hand washed, dried, and sieved at the University of Oregon.
Olivine grains were handpicked with a LEICA MZ9s binocular microscope and then
placed in 1.657 refractive index immersion oil to identify melt inclusions. The olivine
crystals were not bathed in HBF4 or HF because matrix glass was minimal and did not
inhibit inclusion inspection. Target olivine crystals hosting fully enclosed melt inclusions
were ground and polished into wafers hosting doubly intersected glass melt inclusions
using 600 and 400 grit paper and 6 µm, 1 µm, and 0.25 µm diamond pastes. Water was
used as lubrication on the 600 and 400 grit paper. Olive oil was used as lubrication with
the diamond pastes. Wafer thicknesses ranged from ~10-100 µm. Before grinding and
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polishing the second side of the wafer, photos of the inclusions were taken using a
LEICA DFC 320 camera interfaced with a LEICA DMLP petrographic microscope.
2.2. FTIR
The olivine-melt inclusion wafers were analyzed for H2O and CO2 concentrations
with a Thermo-Nicolet Nexus 670 Fourier Transform Infrared (FTIR) spectrometer
interfaced with a Continuum IR microscope at the University of Oregon using methods
similar to Johnson et al. (2009) and Ruscitto (2010). I used the Beer-Lambert law to
calculate H2O and CO2 concentrations:
(1)
in which c is the weight percent of the absorbing species, m is the molecular weight of the
absorbing species, a is an absorbance intensity of the band of interest, ρ is the density of
the glass, d is the sample thickness, and ε is the molar absorptivity. A digital micrometer
provided the thickness of the melt inclusion and hosting olivine wafers. I used the
interference fringe method from Wysoczanksi and Tani (2006) to provide another means
of measuring thickness, which allowed me to double check the micrometer thicknesses.
Figure 4 provides examples of absorbance spectra produced during FTIR analysis. I
measured H2O concentrations from the 3550 cm-1 fundamental OH stretching vibration.
Other H2O peaks were too near or below the background noise of the spectra to be
utilized. I used the carbonate doublet at 1515-1430 cm-1 to determine the CO2
concentrations. I calculated glass densities using oxide molar volumes from Luhr (2001)
and determined the densities of the hydrous inclusions by iteration. I used VolatileCalc
(Newman and Lowenstern, 2002) to model entrapment pressures using the H2O and CO2
concentrations. Gaussian error propagation was used to compute analytical uncertainties
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for H2O, CO2, and the major elements. A form of the Gaussian error propagation
equation specific for multiplication and/or division functions is:
(2)
in which and

are the averages of the uncorrelated x and y variables, S and S are the

standard deviations of the averages of the uncorrelated x and y variables, is the
computed average, and S is the standard deviation of the computed average (Bevington,
1969).
Sometimes the melt inclusions were not perfectly intersected and olivine
remained on one of the two sides of the inclusion. To correct for this, the absorbance of
the olivine crystal was measured and the peak of the Si-O bands in the region 1850-1580
cm-1 was measured. The ratio of the peak heights in this region for the olivine-only
spectrum and the melt inclusion plus olivine spectrum provided the ratio of olivine
thickness overlying the melt inclusion. The olivine thickness was subtracted from the
measured wafer thickness to give the true melt inclusion thickness.
After inclusion entrapment, the trapped melt may start to crystallize olivine and
thereby change the trapped melt composition (Wallace, 2005). I used a correction similar
to Ruscitto et al. (2010) to account for post-entrapment crystallization (PEC). Olivine in
equilibrium with the melt composition was added in 0.1 wt. % intervals to the melt
composition until the restored melt composition was in equilibrium with the Fo content
of the host crystal. The KD value for the olivine addition procedure was calculated using
the method of Toplis (2005). K2O and H2O are similarly incompatible in olivine, so the
two components should behave similarly during olivine crystallization. Therefore, the
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K2Ocorrected /K2Ouncorrected ratio serves as a means to calculate the original H2O, CO2, S,
and Cl wt. %, which would have become enriched during PEC. The samples were
checked for Fe loss as described in Danyushevsky (2000), but no additional correction
was necessary.
2.3. EPMA
I mounted the wafers in EPOFIX epoxy for host crystal and glass analysis with
the University of Oregon Cameca SX-100 electron microprobe (EPMA). For operating
conditions, I used 10 nA and a 10 μm diameter beam with 15 kV accelerating voltage for
Si, Mg, Al, Fe, Ca, Na, K, and Mn. For Ti, S, Cl, P, and F, I used 50 nA and a 10 μm
diameter beam with 15 kV accelerating voltage. I analyzed 3-5 spots per inclusion to
measure glass compositions. Time dependent intensity corrections were applied for Si,
Al, Na, and K.
Using MELTS, I modeled the crystallization paths of the more primitive
inclusions to see if predicted compositional trends accurately estimated the range of
inclusion and whole rock compositions. Initial temperatures were set above the liquidus
with ΔT = -10° C. Initial pressure was set to maximum observed pressure in the melt
inclusions (~3 kbar) with ΔP = -15 bar.
2.4. SEM
I mounted 2-4 mm tephra grains with EPOFIX epoxy and then ground and
polished the tephra to intersect phenocrysts and microlites in the sample. I acquired high
magnification imagery of tephra samples with an FEI Quanta 200 Scanning Electron
Microscope (SEM) at the University of Oregon. Images from samples from all three sites
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were taken at 150x, 500x, 1000x, 1500x, and 10000x magnification to observe
phenocrysts and microlite characteristics.
2.5. Modeling Primary Shield Magmas
Volcanoes across and along the Cascade arc draw magmas from varying sources,
which were identified by Ruscitto et al. (2010). Ruscitto et al. (2010) modeled the
primitive cinder cone magmas of the central Oregon Cascades to range from primitive
basalts to primitive basaltic andesites. After using several models to restore the observed
Belknap, Mount Washington, and North Sister lava compositions to primitive
compositions (in equilibrium with mantle olivine Fo90 or mantle clinopyroxene Mg# 92),
I can compare the magma sources of shield volcanoes and cinder cones to ascertain if the
primitive magmas are the same. To restore the shield lavas to primary magma
compositions, I used four methods.
For the first, I employed a method from Ruscitto et al. (2010) in which 0.1 wt. %
equilibrium olivine was added incrementally until the new composition was in
equilibrium with Fo90. In the second, I used the Danyushevsky (2001) approach, which
calculates the equilibrium compositions of olivine, plagioclase, and clinopyroxene and
adds the equilibrium components to the melt by 0.1 wt. % increments until Fo90 or
clinopyroxene Mg# 92 is achieved. The Danyushevsky (2001) model modifies the model
of Danyushevsky (1996), which compared many model estimates (e.g. Ford et al., 1983;
Ariskin et al., 1988; Roeder and Emslie, 1970; Weaver and Langmuir, 1990; Nielsen and
Dungan, 1983) for olivine, plagioclase and/or clinopyroxene fractionation from melts
over a range of pressures, temperatures, and oxygen fugacities. Danyushevsky (1996)
uses the three models (see Appendix A) that best estimate the fractionation of three the
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phases from the 393+ compositions that were used for testing and calibration. Ford et al.
(1983) best described olivine fractionation, Weaver and Langmuir (1990) best modeled
plagioclase fractionation, and Ariskin et al. (1988) best modeled clinopyroxene
fractionation.
For the third and fourth methods, I used MELTS and pMELTS to compute the
liquidus phase(s) at 1 kb and 8 kb, respectively, and added the phase(s) in 1 wt. %
increments to the composition until the compositions were in equilibrium with Fo90 or
clinopyroxene Mg# 92.
2.6. Modeling Primitive Low-K Tholeiites
In addition to modeling the primary magmas of the shield volcanoes to compare
to the primary magmas of the cinder cones, I used the modeled primary calc-alkaline and
low-K tholeiite compositions to run forward fractional crystallization models using
MELTS. The goal of this was to determine if the lavas observed at the surface are
consistent with the calculated parental magmas and to distinguish whether the calcalkaline or low-K tholeiite primitive compositions provide the best match.
Ruscitto et al. (2010) calculated primitive calc-alkaline compositions for several
cinder cones in the central Oregon Cascades by adding 0.1 wt. % increments of
equilibrium olivine to the melt compositions until they were in equilibrium with Fo91, the
composition of refactory mantle-equilibrated olivine. I chose the Ruscitto et al. (2010)
primitive Collier Cone composition (labeled as CABa in all figures and tables) as this
study’s representative calc-alkaline parent magma due to Collier’s proximity to North
Sister and similar K2O content.
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I modeled primitive central Oregon Cascade low-K tholeiite compositions using
two methods. In the first, I used the same methods as Ruscitto et al. (2010) with a low-K
tholeiite (FLR-03-1) from Rowe et al. (2009), found ~20 km west of North Sister. The
whole rock composition is labeled LKT1 and the melt inclusion composition LKT2 in all
figures and tables. In the second, I used the Danyushevsky (2001) model to restore LKT1
and LKT2 to be in equilibrium with Fo90 or clinopyroxene Mg# 92.
I then used the calculated primitive CABa and LKT compositions as starting
points for fractional crystallization models using MELTS. Using a range of temperatures
and pressures (1-8 kbar) for each composition, I used MELTS to crystallize the primitive
compositions until they resembled the melt inclusion compositions. For Collier Cone,
Ruscitto et al. (2010) found an fO2 of NNO + 0.25, which I used for my CABa MELTS
analysis. For the FLR-03-1 low-K tholeiite, Rowe et al. (2009) found an fO2 of QFM +
0.09, which I used for my LKT MELTS analysis. I then compared major element
crystallization trends to find which parent melt, the CABa or LKT, generated the closest
match to the shield compositions.
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CHAPTER III
DATA
3.0. Volatile Data
Melt inclusions from all three volcanoes display a wide range in H2O contents
(Fig. 5, Table 1). Some melt inclusions contained vapor bubbles (Table 2, see Appendix
B). Belknap’s maximum H2O content (2.4 ± 0.2 [1 s.d.] wt. % H2O) was within error of
Mount Washington’s maximum H2O concentration (2.3 ± 0.1 wt. % H2O). North Sister
inclusions contained the highest H2O concentrations (2.8 ± 0.2 wt. % H2O). Low values
of < 1 wt. % at were found at all three volcanoes. These low values are part of a
continuous range of H2O content much like H2O values from long-lived cinder cone melt
inclusions (e.g. Cerro Negro [Roggensack et al., 1997], Jorullo [Johnson et al., 2008],
Paricutin [Pioli et al., 2008], and Sand Mountain [Ruscitto, 2010]). However, the high
frequency of melt inclusions with < 1 wt. % H2O is not typically observed in melt
inclusions from cinder cones in the Oregon and Northern California Cascades (e.g.
Ruscitto, 2010; Walowski et al., 2011).
Melt inclusions from the three shield volcanoes also display a wide range in CO2
concentrations (Fig. 5, Table 1). Belknap inclusions are the least CO2 rich and contain a
CO2 maximum of 765 ± 50 ppm. Mount Washington’s maximum CO2 (865 ± 56 ppm
CO2) is similar to that of North Sister’s. North Sister exhibits the maximum CO2 (977 ±
16 ppm CO2) of the three volcanoes. Several Mount Washington and North Sister melt
inclusions and many of the Belknap inclusions display CO2 below detection limits, but
these inclusions seem to form a continuous range of values with the rest of the data set,
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unlike Ruscitto (2010), in which the few data points with below detection CO2
concentrations are clearly outliers to the majority of volatile data.
Using VolatileCalc (Newman and Lowenstern, 2002), I calculated the
crystallization pressures for the olivine host crystals using the H2O and CO2 data. The
distribution of olivine crystallization pressures varies (Fig. 6). The modal trapping
pressure of Belknap (~20 bar) is the lowest of the three sites. Mount Washington’s modal
trapping pressure (~500 bar) is significantly higher. North Sister trapping pressures do
not display a distinct mode like at Belknap and Mount Washington. While the three sites
display a wide range in trapping pressures, Belknap, Mount Washington, and North Sister
maximum trapping pressures are similar (2461, 2145, and 2040 bars, respectively).
Minimum trapping pressures also display a narrow range between sites (30, 5, and 1
bar(s), respectively). The distribution of trapping pressures appears mostly evenly
distributed, except at Belknap, where melt inclusions trapped at very low pressure
conditions are most common (Fig. 6).
The maximum H2O values are not from the same inclusions as the maximum CO2
values, suggesting slightly different degassing paths for different batches of magma.
Variations between open and closed systems or closed systems with slightly varying
contents of exsolved gas would alter the degassing profile. (e.g. Johnson et al., 2008).
Some volcanoes degas steadily whereas other volcanoes appear to store gas over
prolonged periods of time (Delmelle and Stix, 2000). Systems that degas steadily are
referred to as open systems. In an open system, CO2 exsolves and loses interaction with
the magma. As a result, additional CO2 exsolves and CO2 quickly depletes itself in the
magma with little change in H2O (Fig. 7). Volcanoes that retain gas over a long period of
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time are labeled as closed systems. In a closed system, the exsolved CO2 remains in
contact with the magma and additional CO2 does not degas as readily, causing CO2
contents to remain higher than in open system conditions over the same pressures (Fig.
7).
Additionally, the presence of vapor bubbles in several of these inclusions suggests
that some of the volatiles dissolved in the melt inclusions at the time of trapping were lost
from the melt to the vapor phase post-entrapment (see Section 4.1 for a discussion on the
the origin of the vapor bubbles and an estimate of CO2 lost). CO2 was likely the most
affected by this process, meaning that CO2 values and trapping pressures reported here
are likely lower than the original trapping pressure (Anderson and Brown, 1993). Johnson
et al. (2010) calculate CO2 partitioning into the vapor phase in melt inclusions and show
that it can cause underestimates of up to 1 kbar. Although several inclusions contained
vapor bubbles, vapor bubbles are not present in all inclusions. Belknap, Mount
Washington, and North Sister each contain inclusions with < 1 wt. % H2O that remain
vapor bubble free, indicating shallow late-stage crystallization.
3.1. Major Element Geochemistry
The major element compositions of the melt inclusions (Fig. 8, Fig. 9, Table 3)
are subalkaline and similar to calc-alkaline lavas from the Cascades (Conrey,
unpublished; Mitchener, 1998; Schmidt, 2005; Mercer, 2009; Schmidt and Grunder,
2009; Schmidt and Grunder, 2011). The North Sister whole rock data (Conrey,
unpublished; Schmidt and Grunder, 2009; Schmidt and Grunder, 2011) are limited in
their range of major element compositions. However, Mercer (2009) analyzed melt
inclusions from the second North Sister eruptive unit, NSba2. These melt inclusion
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compositions represent the only previously analyzed melt inclusions at North Sister. The
NSba2 inclusions display a much greater degree of variation in FeOT and TiO2 than the
whole rock compositions, but are similar to my North Sister inclusion compositions. The
FeOT and TiO2 contents of the Mercer (2009) NSba2 and my PC melt inclusions span a
similar range of values several wt. % higher in FeOT and nearly 1 wt. % higher in TiO2
than in the lava compositions.
The largest compositional differences between the shield melt inclusion
compositions are observed with SiO2, K2O, P2O5, TiO2, and FeOT (Fig. 10, Fig. 11).
Belknap, Mount Washington, and North Sister melt inclusion SiO2 range from 50.8-53.4,
52.1-53.3, and 52.4-55.8 wt. %, respectively (Fig. 10). Belknap melt inclusions contain
the highest concentrations of P2O5 (Fig. 10a) and Al2O3 (Fig. 10b) followed by Mount
Washington with North Sister with the lowest concentrations of these oxides. North
Sister TiO2 contents display the highest variability, with the highest and lowest values of
the three sample sites similar to Mercer’s (2009) melt inclusion analyses from the North
Sister second eruptive unit. Belknap’s average TiO2 contents are higher than Mount
Washington’s (Fig. 11a). K2O and SiO2 are positively correlated, with Mount
Washington inclusions containing the highest K2O values, followed by Belknap, and then
North Sister (Fig. 10d).
FeOT and MgO concentrations are negatively correlated at Belknap and Mount
Washington (Fig. 11a). North Sister FeOT displays the greatest variability of the three
sites, with no distinct relationship with MgO. North Sister FeOT appears to decrease with
increasing SiO2 also like Mercer’s (2009) analyses (Fig. 10c, Fig. 11c). Melt inclusion
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H2O contents do not show any systematic variation with MgO in any of the shield suites
(Fig. 11b).
In the Lassen region of the southern Cascades, Borg (1995) found that olivine
crystals from larger, more complex magmatic systems often displayed lower Fo contents
than crystals from smaller systems. The olivine host crystals from the shield volcanoes
(Belknap Fo79.7 to Fo82.6; Mount Washington Fo78.9 to Fo81.6; North Sister Fo74.0 to Fo81.2)
show a similar pattern, with lower forsterite contents than those of nearby cinder cones
(~Fo84) (Ruscitto, 2010), suggesting shield volcano magmas experience greater extents of
differentiation prior to entrapment (Fig. 12). The observed North Sister olivine host
crystal Fo contents were similar to the Fo contents of North Sister olivine crystals
analyzed by Mercer (2009).
3.2.0. Modeled Primary Magmas
To determine from which mantle sources the volcanoes drew their magmas, I
used several models to try to restore observed primitive (high MgO) melt inclusion
compositions to their original, mantle-like primary compositions. Using more than one
restoration method allowed me compare results and observe if one restoration method
was anomalous to the others. However, no single method stood out from the others and
produced modeled-primary compositions drastically different from the other methods
(Fig. 13). I then used these modeled-primary shield compositions and compared them to
those of cinder cones by Ruscitto et al. (2010) to determine if the shields and cinder
cones shared the same mantle source.
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3.2.1. Restoring Primitive Shield Compositions
The mass of solid phases added to the melt to return the composition to that of a
primary magma varied by the method used. Olivine addition typically required less
olivine added than clinopyroxene during clinopyroxene addition. Using the method of
adding 0.1 wt. % equilibrium olivine, Belknap required addition of 28.9 wt. % olivine to
return the melt to equilibrium with Fo90 (Table 4). Mount Washington required 22.5 wt.
% olivine addition and North Sister required 28.5 wt. %. Although the model from
Danyushevsky (2001) was to add both olivine and clinopyroxene when the phases were
in equilibrium with the melt composition, only clinopyroxene was added because the
model never found the melt compositions to be in equilibrium with olivine. Restoring
primitive compositions by adding clinopyroxene only until the compositions were in
equilibrium with clinopyroxene Mg# 92 required a higher wt. % addition than when
adding olivine. Belknap required 34.4 wt. % clinopyroxene addition, Mount Washington
required 34.1 wt. %, and North Sister required 30.1 wt. %.
Though olivine, clinopyroxene, plagioclase and spinel crystallization may
potentially all have been involved, MELTS and pMELTS only found olivine to be an
equilibrium liquidus phase. Thus, the results from the MELTS and pMELTS models are
inconsistent with those of the Danyushevsky (2001) model. When using MELTS at 1 kb
to add 1 wt. % of the liquidus phase, Belknap required 14 wt. % olivine addition, Mount
Washington required 15 wt. % olivine addition, and North Sister required 13 wt. %
olivine addition. When using pMELTS at 8 kb to add 1 wt. % of the liquidus phase,
Belknap required 24 wt. % olivine addition, Mount Washington required 24 wt. % olivine
addition, and North Sister required 7 wt. % olivine addition.
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Primitive compositions calculated by olivine addition contained higher H2O than
by clinopyroxene addition because more clinopyroxene was required, resulting in more
dilution of the H2O. Olivine-added primitive shield compositions displayed greater
variability in MgO, K2O, and FeOT than clinopyroxene-added compositions. SiO2 after
olivine addition ranged from 48.8-51.8 wt. %, whereas SiO2 after clinopyroxene addition
ranged from 51.8-53.1 wt. % (Fig. 13).
3.2.2. Restoring the Primitive Low-K Tholeiite
As another means for determining the origins of the magmas feeding the
volcanoes, I used MELTS to model the liquid line of descent for a primary calc-alkaline
magma from Ruscitto et al. (2010) as well as a primary low-K tholeiite magma described
in Section 2.6. The results for modeling the primary the LKT magma compositions are
described in this section.
The low-K tholeiite (FLR-03-1) from Rowe et al. (2009) required 12.0 (whole
rock) to 23.4 (melt inclusion) wt. % olivine addition to return to mantle conditions (Table
4). Returning FLR-03-1 to a composition in equilibrium with the mantle using
clinopyroxene addition required 27.3 (whole rock) to 38.9 (melt inclusion) wt. %
addition. By means of comparison, Ruscitto et al. (2010) added 14.9 wt. % olivine to
return a Collier Cone melt inclusion from a calc-alkaline basaltic andesite to a
composition in equilibrium with mantle olivine.
In general, the olivine-added primitive compositions have SiO2, MgO, and FeOT
contents that cover a wider range in concentrations than in the clinopyroxene-added
primitive compositions (Fig. 13, Table 4). Both the olivine-added primitive low-K
tholeiite and clinopyroxene-added low-K tholeiite contain lower SiO2 than the restored
44

calc-alkaline basaltic andesite from Ruscitto et al. (2010). The primitive low-K tholeiite
compositions from both restoration methods also displayed considerably higher MgO,
FeOT, and TiO2 than the Ruscitto et al. (2010) calc-alkaline basaltic andesite, though the
low-K tholeiite restored by clinopyroxene addition had values more similar to the
Ruscitto et al. (2010) calc-alkaline basaltic andesite than the olivine addition low-K
tholeiite (Fig. 13, Table 4).
All primary restoration models yielded Al2O3 contents lower than observed in
regional LKTs and CABs (Fig. 13). This is likely because plagioclase plays some role
during fractionation, but none of the models used calculated plagioclase to be a liquidus
phase. The absence of plagioclase addition to the compositions being modeled reduced
the Al2O3 concentrations in the final modeled compositions. Inaccuracies in estimating
fO2, H2O content, or pressure for model inputs could explain the erroneous absence of
plagioclase from the modeled system.
In summary, the Danyushevsky (2001) model required more wt. % clinopyroxene
added than the Ruscitto et al. (2010) olivine addition method required olivine added to
return the compositions to mantle equilibrium conditions. The clinopyroxene-added
composition contains lower MgO contents than those of the olivine-added method. Also,
the clinopyroxene-added compositions display less variation in major elements than the
olivine-added compositions.
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CHAPTER IV
DISCUSSION
4.0. Overview
This discussion section addresses several aspects of the data. Section 4.1 covers
the vapor bubble correction employed to find the original volatile contents of the melt
inclusions at the time of trapping, which are not very different than the measured values.
Section 4.2 addresses the evidence for shallow degassing inferred from the volatile data.
Section 4.3 analyzes the geochemical trends of the major element compositions of the
melt inclusions. Section 4.4 continues the ongoing discussion regarding the origin of
parental shield magmas. Section 4.5 reviews the results of the modeling of primary
magma compositions and finds that shields and cinder cones can share the same mantle
magma source. Section 4.6 discusses upper crustal structure and its relation to long-lived
and short-lived vents. Finally, Section 4.7 addresses the hazards implications of shallow
degassing and the forecasting of future eruptions.
4.1. Vapor Bubble Correction
Although the majority of melt inclusions in this study do not contain vapor
bubbles, several melt inclusions have vapor bubbles and require a correction to accurately
determine the initial pressures of entrapment. Vapor bubble frequency appears to favor
inclusions formed under low pressures at Belknap and North Sister, while Mount
Washington vapor bubbles display no correlation with entrapment pressure (Table 5).
Most vapor bubbles in melt inclusions are interpreted to be a product of melt
shrinkage during cooling (Anderson and Brown, 1993). Riker (2005) used Ryan and
Sammis (1981) to determine the shrinkage volume as a function of change in temperature
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(ΔT) from crystallization to eruption as depicted by Figure 14. Many of the observed
vapor bubbles in the melt inclusions from the polygenetic volcanoes are in excess of the
volume predicted for a given ΔT, suggesting exsolved vapor bubbles are primary bubbles
that were co-entrapped with the melt during crystallization.
Syn-genetic bubbles are bubbles captured with melt during crystallization.
Because bubbles larger than 5% inclusion volume were likely syn-genetic bubbles rather
than shrinkage bubbles, I did not correct for CO2 loss in bubbles > 5% of their inclusion
volume (Riker, 2005). Riker (2005) provides the following equation (3) to correct for
CO2 partitioning in shrinkage bubbles:
(3)
Because trapping pressures relative to other inclusion studies (e.g. Johnson et al., 2010;
Ruscitto, 2010; Walowski et al., 2012) were low (< 2 kbar), only marginal concentrations
of CO2, often < 50 ppm, were lost into the vapor bubble (Table 5). As a result, the
corrected trapping pressures were only marginally higher than the uncorrected values.
After the correction for CO2 partitioning is applied to the melt inclusions from the
polygenetic volcanoes, the pattern of continuous degassing to shallow pressures,
originally shown with uncorrected volatile values in Figure 5, remains and is shown with
corrected volatile values in Figure 15.
4.2. Volatile Degassing
The volatile data suggest shallow degassing was important at each volcano. H2O
degassing induces crystallization because H2O depresses crystallization temperatures
(Sisson and Layne, 1993; Sisson and Grove, 1993; Moore and Carmichael, 1998). The
continuous range of degassing pressures from > 2 kbar to < 10 bar in Figure 15 indicates
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significant degassing from deep to shallow levels. Assuming constant melt inclusion
entrapment probability, Figure 6 suggests magmas beneath Belknap and North Sister
experienced increased crystallization at lower pressures.
Volatiles are incompatible in the solids crystallizing from the magma, except for
S which could potentially enter sulfides. Because K2O is incompatible in most minerals
crystallized from a basaltic or basaltic andesite melt, I have normalized H2O, S, and Cl by
K2O to account for the affects of crystallization (Fig. 16) (e.g. Sadofsky et al., 2008). As
the legends on each plot detail, a decrease in H2O/K2O, S/K2O, or Cl/K2O with no
increase in K2O indicates degassing without crystallization, whereas an increase in K2O
with no change in these ratios indicates crystallization in vapor-undersaturated
conditions. Belknap, Mount Washington, and North Sister melt inclusions all display a
decrease in H2O/K2O, S/K2O, and Cl/K2O during an increase in K2O, which indicates
degassing induced crystallization. As the melt is degassing, the decrease in volatiles
raises the liquidus temperature, inducing crystallization. This crystallization in turn
causes the K2O of the melt to increase as displayed by the data in Figure 16.
Although K2O enrichment is a product of early magma fractionation, K2O can
also be significantly affected by assimilation. Schick (1994), Mitchener (1998) and
Ruscitto (2010) noted the presence of a K2O-rich contaminant common in the central
Oregon High Cascades. Mitchener (1998) found that trace elements at Mt. Bachelor, a
composite shield ~20 km south of North Sister, indicated ~15% crustal assimilation. The
assimilation of low volumes (< 5%) of this K2O-rich contaminant could raise observed
K2O by as much as 20% (Ruscitto, 2010). To avoid the problem of contamination,
Ruscitto (2010) uses TiO2 as the incompatible element to normalize volatiles. A ~5%
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assimilation of the potential contamination source would affect TiO2 concentrations ~3%
(Ruscitto, 2010). However, TiO2 also partitions readily into titanomagnetite, which would
decrease observed TiO2 contents. Figure 17 normalizes H2O, S, and Cl to TiO2. The three
shields display consistency with their volatile ratios. Belknap displays both the lowest
H2O/K2O and H2O/TiO2 ratios, Mount Washington displays intermediate ratios, and
North Sister displays the highest ratios, suggesting titanomagnetite is not significantly
affecting TiO2 contents. H2O/TiO2 and S/TiO2 behave similarly to H2O/K2O and S/K2O,
but Belknap and Mount Washington display ambiguous behavior in Figure 17c. Cl/TiO2
appears to decrease as TiO2 decreases, suggesting no or little degassing of Cl during the
range of crystallization pressures displayed by the melt inclusions.
To check the volatile behavior, I plotted the K2O normalized volatile values
against MgO (Fig. 18), another component affected minimally by contamination. Higher
MgO values indicate a more primitive melt, whereas lower MgO values represent a more
evolved composition. H2O and S still display the same trends characteristic of
decompression crystallization. The Cl/K2O vs. MgO trends of the three shields indicate
that Cl was not lost to the vapor phase, as is to be expected for Cl contents < 0.2 wt. %,
based on Cl solubility of > 1.0 wt. % in magmas of ~50 wt. % SiO2 (Webster et al.,
1999). The SEM images (see Appendix C) also provide strong evidence for degassing
induced crystallization. Figure 19, Figure 20, and Figure 21, (Belknap, Mount
Washington, and North Sister, respectively) display extensive phenocryst crystallization.
Williams (1976) suggested that shield volcanoes contain a complex series of dikes
and sills in the volcanic edifices in which magma can reside prior to eruption. Krauskopf
(1948) found that Paricutin’s magma exploited crustal weakness and, in one instance, led
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to the formation of a satellite vent. The volatile data from Belknap, Mount Washington,
and North Sister support the presence of such a shallow storage system. Conversely,
cinder cones in the central Oregon Cascades show entrapment depths of > 4 km and little
to no evidence for shallow degassing. Because most cinder cones in the central Oregon
Cascades are short-lived, their initial eruptions may have no existing plumbing system for
the magma to exploit. Instead, the magma must force its way to the surface, allowing
little to no time for shallow storage and degassing as depicted by Figure 22. However, not
all cinder cones are short-lived. Some continue eruptive activity from several years to
10+ years (e.g. Cerro Negro, Jorullo, and Sand Mountain) and display evidence of
shallower degassing (Johnson et al., 2010; Ruscitto, 2010). Some have speculated that
shield volcanoes are simply cinder cones that have continued their eruptive lives into
polygenetic activity with voluminous lava flows from the then established plumbing
system (e.g. Williams, 1976).
The hypothesis that shields represent cinder cones that have continued on long
eruptive lives is not dissimilar from interpretations developed by McBirney and White
(1982) regarding the formation of large silicic centers such as composite shields and
stratavolcanoes (e.g. Mt. Bachelor [Mitchener, 1998] and North Sister [Schmidt and
Grunder, 2009; Schmidt and Grunder, 2011]). McBirney and White (1982) observe three
stages of growth for these volcanoes. The first stage involves the development of a broad
basaltic shield volcano before the initiation of the second stage, explosive basaltic
andesite to andesite activity. The final stage is defined by small effusive flows of basalt
from satellite vents along the lower flanks of the volcano with compositions similar to

59

60

those of the stage one lavas. The subject of cinder cones developing into shields would
benefit greatly by a future physical volcanological study of glacially dissected shields.
4.3.0. Major Element Geochemistry
I modeled the crystallization paths of the more MgO-rich melt inclusions using
MELTS to see if predicted compositional trends accurately estimated the range of
inclusion and whole rock compositions. Initial temperatures were set above the liquidus
with ΔT = -10° C. Initial pressure was set to maximum observed pressure in the melt
inclusions (~3 kbar) with ΔP = -15 bar. At Belknap, comparison of the crystallization
curves and the melt inclusion data suggest that more H2O was present in the fractionating
magmas than the most MgO-rich melt inclusions indicate. Mount Washington inclusions
reflect simple magmatic fractionation, whereas North Sister inclusions display a wide
range in compositions compared to the restricted range of whole rock compositions,
indicating a more complex magmatic plumbing system feeding North Sister and/or
recharge by heterogeneous batches of magma.
4.3.1. Belknap Major Element Geochemistry
During equilibrium and fractional crystallization of a high MgO (6.3 wt. %) melt
inclusion from Belknap, MELTS predicts enrichment of FeOT and TiO2 (Fig. 23).
Instead, the whole rock and melt inclusion compositions appear to trend toward a more
evolved composition without the FeOT and TiO2 enrichment. Schick (1994) identified Sirich xenoliths in some of the lavas from Collier Cone. These xenoliths represent a
potential contaminant for the basaltic andesites. Assimilation of the SiO2-rich
composition would reduce MgO while increasing SiO2 values. Figure 24 shows mixing
lines between the shield volcano basaltic andesites and the potential SiO2-rich
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contaminant. Titanomagnetite crystallization depletes melts of TiO2 as the melts evolve
to higher SiO2. Mixing with a SiO2-rich contaminant should produce lower TiO2 and
higher SiO2 concentrations. K2O is more incompatible than TiO2; therefore, early mixing
would be signaled by decreasing TiO2/K2O values. The TiO2 vs. SiO2 and TiO2/K2O vs.
SiO2 trends display little evidence of Belknap compositions mixing with any highly
evolved Si-rich composition.
The most primitive Belknap melt inclusion contained < 0.3 wt. % H2O. The low
H2O concentration effectively produces a tholeiitic trend from MELTS. The tholeiitic
trend is produced by low H2O, which results in early plagioclase crystallization.
Plagioclase does not incorporate FeOT and TiO2 into its crystal structure, causing an
enrichment of these two components in the melt (Sisson and Grove, 1993).
Figure 11c displays no trend between H2O and MgO. The lack of correlation
between H2O and MgO for Belknap, Mount Washington, and North Sister melt
inclusions indicates that degassing did not occur simultaneously with olivine
crystallization and suggests some more complex process(es). Mitchener (1998) finds
stringers, visible elongated bodies of magma that intrude into another visibly contrasting
body of magma, in Belknap thin-sections, providing evidence of relatively late-stage
magma mixing. The mixing could have been a product of convection or thermal inversion
in the shallow magma system (Mitchener, 1998), which would have provided an
environment for the variable degassing and MgO content. It is also important to consider
that the tephra I sampled at each volcano came from multiple eruptions, and thus the
inclusion population of each volcano may be a mixture from several eruptions.
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To try to determine the original H2O content of melts from each volcano, I
extrapolated values using the H2O/K2O ratios. The highest Belknap H2O/K2O was 2.07,
which should represent the original Belknap H2O contents relative to K2O. Using this
ratio, I calculated the minimum value for the initial H2O content of Belknap magmas to
be ~2.1 wt. %. Figure 25 depicts the MELTS run of the most MgO-rich composition for
Belknap with 2 wt. % H2O under the same conditions as the aforementioned MELTS
simulations. Under these conditions, plagioclase crystallization is delayed until lower
temperatures and the crystallization trend matches the measured melt inclusion values.
4.3.2. Mount Washington Major Element Geochemistry
I used MELTS under the same conditions as with Belknap at Mount Washington
to calculate the liquid line of descent for equilibrium and fractional crystallization. Figure
26 plots MgO vs. FeOT and SiO2 vs. TiO2. The equilibrium and fractional crystallization
curves are similar. Both crystallization curves fit the Mt. Washington whole rock and
melt inclusion compositions well. The whole rock compositions appear more evolved
than the melt inclusions, suggesting mixing of the olivine bearing magma with another of
a more evolved composition. The high abundance of large olivine crystals (see Appendix
B for tephra descriptions) and higher melt inclusion MgO content than that of the whole
rock suggest equilibrium crystallization conditions retained crystals until the mixing
event, after which the melt inclusion data suggest little to no crystallization followed.
4.3.3. North Sister Major Element Geochemistry
North Sister displays variable melt inclusion compositions and relatively
consistent whole rock compositions (Fig. 10, Fig. 11, Fig. 27). Though the PC unit melt
inclusions I analyzed initially appear anomalous when compared to the whole rock
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analyses, Mercer (2009) found that the North Sister melt inclusions from the NSba2 unit,
the second oldest eruptive unit, also contain a wide range in TiO2 and FeOT compared to
the Schmidt and Grunder (2011) whole rock analyses.
Other studies have found melt inclusions with greater compositional variation
than the lavas with which they are erupted. Clague et al. (1995) concluded that melt
inclusions from Kilauea’s Puna Ridge, Hawaii, were trapped before the crystallizing
magma body had a chance to homogenize. The pre-homogenization entrapment produced
a range in compositions that was not observed in the whole rock analyses. The significant
variation in FeOT and TiO2 at North Sister, two components not significantly increased
by assimilation, suggests the variation in North Sister melt inclusions compositions
reflect isolated magma bodies fractionated and then later homogenized prior to eruption.
The Matthieu Lakes Fissure unit supports this reasoning. Figure 27 shows North
Sister melt inclusion data with Little Brother and Matthieu Lakes Fissure, and the Mercer
NSba2 inclusion compositions. Little brother is a relatively small MW-type shield < 3 km
west of North Sister. Little Brother erupted 150-90 ka. Although initial North Sister
eruptions pre-date Little Brother, Little Brother was not as long-lived as North Sister and
North Sister’s youngest deposits, including those sampled for this study, are younger than
Little Brother’s final known eruptions (Schmidt and Grunder, 2009; Schmidt and
Grunder, 2011). The Matthieu Lake Fissures are a series of dikes that cut across North
Sister and erupted in the immediate vicinity of North Sister 75-11 ka (Schmidt and
Grunder, 2009). Schmidt and Grunder (2009) interpret the Matthieu Lake Fissures to
represent the same magma that fed North Sister but in a more evolved composition.
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North Sister melt inclusions overlap with the Little Brother and Matthieu Lake Fissure
compositions.
For the melt inclusion compositions found from Puna Ridge, Clague et al. (1995)
argued for distinct magma bodies beneath and in the volcano much like the internal
structure Williams (1976) observed for dissected Cascade shield volcanoes. With such a
geometry, little mixing would have occurred until immediately prior to eruption. As the
magma evacuated the partitioned plumbing system, mixing produced the homogenized
bulk rock composition. The range of North Sister melt inclusion compositions relative to
the monotonous whole rock analyses supports a similar interpretation for processes
beneath North Sister. Additionally, a wide range in host olivine Fo contents supports this
reasoning. Figure 22 includes the distinct magma bodies from Williams (1976) to
produce the variable magma compositions of the melt inclusions.
4.4. Conflicting Evidence for Parental Magmas
The composition of the magmas feeding the volcanoes continues to be debated.
The Danyushevsky (2001) model found clinopyroxene to be the predominant mineral
crystallized during fractionation of the primitive shield compositions; however, the
MELTS and pMELTS methods found olivine to be primary mineral produced during
fractionation. Clark (1983) used phase relations and Rayleigh distribution coefficients
with South Sister compositions to find that olivine fractionation played an important role
in magmatic evolution beneath the Three Sisters. In contrast, Schmidt and Grunder
(2011) concluded that olivine crystallization beneath North Sister was only a late-stage
event and not a major fractionating phase, as shown in Figure 28, based on high Ni
contents found in all North Sister units. Mercer and Johnston (2008) conclude that North
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Sister magmas last equilibrated with an anhydrous augite-rich gabbro at ~12 kbar and
~1175° C before erupting. Figure 29 (see Appendix C for SEM analysis) displays a
plagioclase and pyroxene cumulate found in the palagonite tuff from which the Mount
Washington samples were collected. The crystallinity of the clast is too great for the clast
to be a product of the magma that erupted producing the tuff. Instead, it may be a
xenolith from the plagioclase and pyroxene crystallization at depth.
Schmidt and Grunder (2011) attributed mantle-derived low-K tholeiite mixing
with an Al-rich source near the base of the crust followed by pyroxene and plagioclase
fractionation to explain North Sister compositions, but these exact processes cannot be at
play beneath Belknap and Mount Washington because of their relatively higher
incompatible element concentrations. Additionally, the H2O contents of North Sister
magmas (3.5-4.0 wt. % [Mercer and Johnston, 2008]) exceed the usually observed
maximum H2O content for a low-K tholeiite (~1.0 wt. % [Ruscitto et al., (2010)] to ~1.7
wt. % [Shaw, 2010]), making a low-K tholeiite parent seem unlikely for even North
Sister much less the incompatible element-rich Belknap and Mount Washington magmas.
(Ruscitto et al., 2012). Although low-K tholeiite magmas are inferred to underplate the
central Oregon Cascades from north of Mount Washington to south of North Sister,
neither Belknap nor Mount Washington appear depleted in incompatible elements (e.g.
K2O and P2O5). The K2O-rich nature of lavas from Mount Washington and Belknap may
be due to their positions closer to the trench. While Walker et al. (2003) concluded that
dehydration-driven, flux melting was important across the width of the Central American
arc and decompression melting was increasingly important toward the back-arc region,
Sadofsky et al. (2008) did not find the same regional trend using melt inclusion volatiles
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and trace elements. Instead, Sadofsky et al. (2008) concluded that a heterogeneous mantle
accounts for the volatile and trace element variability observed from the Central
American arc. These conclusions agree with those of Ruscitto et al. (2010) for the central
Oregon Cascades, where no trends in volatiles or trace elements are seen consistently
across the arc, providing evidence in support of the Hughes and Taylor (1986) postulation
that MW-type and NS-type magmas are products of differing mantle sources.
Furthermore, the forward crystallization model discussed in Section 4.5 favors a calcalkaline parent restored by olivine addition rather than a low-K tholeiite parent for not
only Belknap and Mount Washington but also North Sister.
4.5. Modeled Primitive Magma Implications
The primary magma compositions for the shield volcanoes modeled using the
four methods discussed in Section 3.2 suggest that the compositions observed at Belknap
evolved from a calc-alkaline basalt parent, whereas Mount Washington and North Sister
evolved from primitive basaltic andesites. The basaltic andesite parents are distinguished
by higher SiO2, lower MgO, and lower incompatible element abundances, including high
field strength elements and heavy rare earth elements. The calc-alkaline basalt parent
contains similar abundances of large ion lithophile elements (LILEs) as the basaltic
andesite parents, but have lower SiO2 and higher MgO. Sr-rich basalts are similar to
basalts in composition, but contain higher alkali and LILE concentrations (Ruscitto et al.,
2010). Figure 30 plots the modeled primitive compositions against other modeled
primitive source compositions of the central Oregon High Cascades.
Because magma evolution beneath the shield volcanoes likely involved olivine
and clinopyroxene fractionation, each shield’s primary composition likely falls between
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the respective olivine-added and clinopyroxene-added endmember compositions in
Figure 30a,b. The MELTS and pMELTS modeling results produce primary shield
compositions either between or near these endmembers. The relative agreement of
compositions from the four different models indicates the true primary compositions are
reflected somewhere between or near these endmembers. Figure 30a,b suggest that
Belknap is a product of a primary calc-alkaline basalt. Mount Washington plots near both
the Sr-rich basalt and basaltic andesite in Figure 30a, but appears only similar to basaltic
andesite in Figure 30b. Like Mount Washington, North Sister displays characteristics
similar to Sr-rich basalt and basaltic andesite with respect to SiO2, but has TiO2
concentrations of a primitive basaltic andesite rather than a Sr-rich basalt.
H2O was extrapolated using the maximum H2O/K2O values observed. Ruscitto et
al. (2010), Shaw (2011), and Rasmussen (2012) found that original low-K tholeiitic
magmas had H2O contents that were relatively low (< 1 wt. %, < 1.7 wt. %, and < 1.3 wt.
%, respectively). Although the relatively low Belknap and Mount Washington H2O
values (1.4 and 1.8 wt. %, respectively) are similar to low-K tholeiites, the K2O wt. % of
Belknap and Mount Washington melt inclusion and whole rock data preclude the
likelihood of a low-K tholeiite parent. Furthermore, the SiO2 and TiO2 contents for the
modeled Belknap and Mount Washington magmas make a low-K tholeiite parent for
these shields appear improbable.
The MELTS analyses (see Appendix D) agree with Figure 30 that the shield
compositions are derived from basalt to basaltic andesite sources and suggest the primary
compositions feeding the shields were calc-alkaline. Figure 31 plots MgO vs. other
oxides from primitive CABa and LKT equilibrium fractional crystallization paths. The
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primitive CABa source produces FeOT (Fig. 31a) and TiO2 (Fig. 31b) consistent with
observed shield values. While Al2O3 (Fig. 32a) and CaO/Al2O3 (Fig. 32b) are ambiguous
regarding a calc-alkaline basaltic andesite or low-K tholeiite parent, the shield P2O5
contents (Fig. 32c) suggest that the melts are derived from low-K tholeiites. Figure 33
depicts the relationship between TiO2 and K2O. Like in Figure 31a,b, delayed LKT
plagioclase crystallization appears to enrich the FeOT and TiO2 to concentrations the
above shield concentrations in Figure 33.
While the modeled K2O contents appear relatively low for Belknap and Mount
Washington, the source of this parent composition, Collier Cone, is a cinder cone located
at the base of North Sister and shares the NS-type shield characteristics of low K2O
contents for a calc-alkaline basaltic andesite (Schmidt, 2005; Ruscitto, 2010). The fit
between North Sister and the primitive-crystallization paths in Figures 31, 32, and 33
suggest that North Sister and Collier Cone are related. Therefore, the polygenetic nature
of the shield volcanoes and the monogenetic nature the cinder cones does not reflect a
difference in parental magma source composition. Higher K2O (> 0.8 wt. %), MW-typemonogenetic vents (e.g. Sand Mountain and Island Fissure) are found in the central
Oregon High Cascades, and primitive compositions modeled from these would better fit
the Belknap and Mount Washington compositions. Interestingly, Schmidt (2005) does not
find North Sister and Collier Cone to be related by olivine fractionation, but finds
incompatible trace element data to suggest the two volcanoes are related.
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4.6. Postulating Upper Crustal Relations and Eruptive Lifespan
In the Cascades, shield volcano distribution does not cluster or follow a local
pattern. Although Mt. Bachelor erupted in a north-south alignment with several smaller
monogenetic vents, the composite shield has no distinct geospatial relation to other
nearby polygenetic vents (Price, 1990). While many cinder cones display local
alignments in the Cascades and other volcanic fields, several cinder cones display no
such alignment (Hasenaka, 1994; Sherrod et al., 2004; Hildreth, 2007). The polygenetic
and monogenetic vent distribution suggests that some monogenetic cinder cones exploit
crustal weaknesses, but these crustal weaknesses are not required for monogenetic
activity. The lack of geospatial correlation exhibited by monogenetic vents suggests that
upper crustal features do not control monogenetic or polygenetic activity. Instead,
monogenetic cinder cones may represent magma bodies of limited magma flux, volume,
or buoyancy that cannot develop mature plumbing systems, whereas polygenetic
volcanoes are fed by higher flux, larger, and/or more buoyant magma bodies that
establish mature plumbing systems.
Hasenaka (1994) supports this reasoning and argues the discontinuity between
shield volcano and cinder cone height, volume, and basal diameter implies magma
supply, storage and output systems that are different between the two volcanic vent types.
Figure 34 compares Belknap, Mount Washington, and North Sister to shield volcanoes
found in other volcanic fields. Even including both shields and composite shields,
Cascade mafic silicic centers display similar height to width ratios with no notable
variation (Table 6). Cinder cones often stand at or near the angle of repose (~35°).
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4.7. Hazard Implications
Because cinder cone and shield volcanism represent the most common types of
terrestrial volcanism worldwide (Connor and Conway, 2000) and because these
volcanoes are frequently found proximal to population centers, cinder cones and shield
volcanoes could disrupt commerce and be potential health hazards (Hansell and
Oppenheimer, 2004); therefore, understanding the dynamics of magma transport for these
two volcano types could help lead to improved hazard mitigation.
Shallow magma storage is linked to ground deformation. Magma feeding the
Mount St. Helens cryptodome crystallized at very shallow conditions (~0.8 wt. % H2O
wt. %). The duration of degassing to these low H2O concentrations can last days to weeks
to months and may accompany eruption precursors (Blundy and Cashman, 2005). Strong
degassing, like Figure 15 depicts occurred at Belknap, Mount Washington, and North
Sister, often accompanies magma movement adjustment, which has been inferred from
seismic activity at Mt. St Helens, Pinatubo, and Montserrat (Weaver et al., 1981;
Scandone and Malone, 1985; Edmonds et al., 2003; Saunders et al., 2008). Therefore,
seismic evidence of an imminent shield eruption will likely be available in regions where
seismic networks are established. Ground deformation may even become observable.
Though a shield eruption will not likely be as catastrophic as a stratavolcano, forecasting
any eruption near a population center remains paramount to public safety and hazard
mitigation.
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CHAPTER V
CONCLUSION
I used olivine-hosted melt inclusions to measure volatile and major element
concentrations from shield volcanoes to compare to existing data for cinder cones in the
central Oregon Cascades. Trapping pressures of the inclusions from shield volcanoes did
not display the same distribution as those of cinder cones. The contrast between the
higher cinder cone crystallization pressures and the lower shield volcano crystallization
pressures suggests that magma is transported and stored differently beneath the two types
of volcanoes. Differences in local cinder cone and shield volcano distribution suggest this
mechanism to be related to magma flux, volume, or buoyancy and unrelated to upper
crustal structure.
The primitive Collier Cone calc-alkaline basaltic andesite crystallization paths
better fit observed shield compositions, especially those of North Sister, than primitive
Cascade LKT compositions. Primitive shield compositions reconstructed by olivine
addition and clinopyroxene addition have SiO2, TiO2, and H2O concentrations that are
similar to those in the parent magmas for monogenetic basaltic andesites found in the
central Oregon Cascades. The genetic similarity between North Sister and Collier Cone
suggests that the two involve the same parental magma despite the differences in edifice
size and eruptive longevity.
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APPENDIX A
MODEL EXPLANATION
The Danyushevsky (2001) model adjusts the plagioclase liquidus temperature to
account for H2O in the melt and is given by equation 4.
Tplag = TW&L + (-.00356345*Tolivine2 + 8.53503 * Tolivine-51133.09) (4)
In which TW&L is the plagioclase pseudo-liquidus temperature from Weaver and
Langmuir (1990) and Tolivine is pseudo-liquidus temperature from Ford et al. (1983).
Danyushevsky (1996) defines temperature in terms of composition by equation 5:
TW&L-Tolivine = 56.96 * H2O-11.72 * (H2O)2 (5)
and pressure in terms of composition by equation 6:
Tolivine-Tclinopyroxene=5.37*P-.35

(6)

in which Tclinopyroxene is the pseudo-liquidus temperature of clinopyroxene given by
Ariskin et al. (1988), and P is pressure in kilobars. The slope obtained by the equation (6)
is consistent with known values on pressure with olivine and clinopyroxene liquidus
temperatures (e.g. Langmuir et al., 1992).
Although the model defined by Weaver and Langmuir (1990) only defines
clinopyroxene in the Danyushevsky models, Weaver and Langmuir calculate the
equilibrium state of system given bulk composition and temperature. Weaver and
Langmuir (1990) model the olivine, plagioclase, and clinopyroxene liquidi by the
stoichiometric equations with Si implicitly assumed as present.
Olivine

MgO + FeO=.67

Plagioclase

2.5NaO + 1.67CaAl2O4 = 1

Clinopyroxene 2MgO + 2FeO + CaSiO3 + 2NaAlO2 + 1.33CaAl2O4 + TiO2 = 1
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Weaver and Langmuir (1990) use the Arrehnius equation 7:
LogKd=A/(T+B)

(7)

in which T is temperature (K), while A and B are experimentally derived coefficients.
From the Arrenius equation, Log10Kd were found to be:
Olivine

Plagioclase

MgO

2715/T-1.158

FeO

4230/T-2.741

CaAl2O4

2446/T-(1.122+2.562X)

NaAlO2

(3195+3283X)/T-(2.318+1.885X)

Clinopyroxene MgO

3798/T-2.28

FeO

.24KdMgO

CaSiO3

1738/T-.753

CaAl2O4

2418/T-2.3

NaAlO2

5087/T-4.48

TiO2

1034/T-1.27

in which T temperature (K), X is stoichiometric CaAl2O4/(CaAl2O4+NaAlO2) in melt.
Ariskin (1988) forwards a clinopyroxene-melt thermometer based on Ariskin (1986)
derived by means similar to Weaver and Langmuir (1990). Ariskin (1986) calculates
LogKd values, in which:
Ln(KEn) = 8521/T-5.16
Ln(KFs) = 13535/T-9.87
Ln(KWo) = 8521/T-1.24
Ln(KAl) = 0.2
KEn = XCPEn/(XNMMg * XNFSi)
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KFs = XCPFs/(XNMFe * XNFSi)
KEn = XCPWo/(XNMCa * XNFSi)
KEn = XCPAl/XNMAl
XNMMg(Fe, Ca) = Mg(Fe, Ca)/(Mg + Fe + Ca + Ti + Mn + Cr + P + Al +
Na-K)
XNMAl = (Al-Na-K)/(Mg + Fe + Ca + Ti + Mn + Cr + P + Al + NaK)
XNFSi = Si / (Si + NA + K)
Ford et al. (1983) uses 797 basaltic magma compositions and the Gibbs free
energy equation to create an olivine-melt thermometer for olivine. The Gibbs free energy
equation is defined by equation 8:
ΔG = 0 = ΔH°-TΔS° + (P-1)ΔV° + RTlnK (8)
in which, ΔH°,ΔS°, ΔV° are the enthalpy, entropy, and volume changes, respectively, of
pure end-member reactions. T is temperature (K). K is defined as equation 9:
K = aLFo/aOlFo (9)
in which aLFo is the activity of forsterite in the melt and aOlFo is the activity of forsterite in
the solid. To account for bulk comp of magmas, equation 9 becomes equation 10.
ln(XOli/XLi) = Co+C1/T+C2(P-1)/T+
C3ln(1.5(XLMg+XLFe2++XLCa+XLMn+XLCr2++XLNi)+C4*ln(3XLSi)+ΣCj*ln(1-XLj) (10)
in which X are cation fractions, Xj are XAl, XFe3+, XCa, XNa+K, XTi, and XP. The C terms
are coefficients calculated by least squares multiple linear regression.
Ford et al. (1983) uses equation 11 to find the temperature of the composition.
XOli/XLi=A-B/T
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(11)

in which T is temperature (K), and A and B are experimentally derived from Leeman and
Scheidegger (1977).
To find the melt to solid ratio, Ford et al. (1983) uses equation 12:
XOli=(XOi-FXLi)/(1-F) (12)
in which F is fraction of melt remaining, XOli is initial cation fraction of element I, and
XOi and XLi are cation fractions of each element in olivine and melt.
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APPENDIX B
SAMPLE DESCRIPTIONS
During sample collection, I was biased in my sampling preference, avoiding large
bombs and selectively collecting medium and fine-grained tephra as these grain sizes
contain the loose olivine crystals necessary for this study. In tephra grain sizes finer than
medium grained, the tephra olivine phenocryst modal abundance increased with
decreasing grain size at Belknap, Mount Washington, and North Sister (Table 7). Single
phenocrysts larger than 2 mm were not observed. Because larger olivine crystals allow
larger melt inclusions to be trapped during crystallization, the Belknap tephra size and
crystal size distribution was ideal for olivine crystal 0.5-1 mm in size. The palagonite tuff
from Mount Washington contained more abundant olivine crystals in the 1-2 mm size
fraction than Belknap and North Sister, allowing the use of the larger grain sizes for melt
inclusion preparation. North Sister had the poorest abundance of olivine with crystals
only abundant enough in the 0.25-0.5 mm size fraction.
All melt inclusions appeared clear to light brown, though brown inclusions were
more common than clear inclusions. A melt inclusion with a less brown color is shown in
Figure 35a below the larger center brown inclusion, whereas inclusions with stronger
brown color are shown in Figures 35b,c,d,e,f. Many inclusions initially looked as if they
were too dark to be suitable for FTIR analysis, appearing to have devitrified. However,
after intersecting these inclusions and polishing the intersected surfaces, several of these
inclusions were clearly glassy and, after preparation, were indistinguishable from the
other prepared melt inclusion wafers that had a light brown color before sectioning.
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The melt inclusions suggested a range crystal growth rates. Figure 35b displays
the common ellipsoidal melt inclusion distribution inside olivine. Figures 35c and 35d
display a melt inclusion distribution that suggests the olivine crystallized dendritically,
indicative of moderate undercooling and rapid crystal growth. Figure 35e displays an
olivine crystal with a melt inclusion and several opaque oxide inclusions, which were a
common feature in many olivine crystals with and without glassy melt inclusions. Several
melt inclusions contained vapor bubbles (Table 2). Figures 35c,d,f provide clear
examples of melt inclusions shrinkage bubbles, bubbles formed when the inclusion
experiences greater contraction than olivine host during cooling.
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APPENDIX C
SEM ANALYSIS
SEM images of the tephra groundmass of the three volcanoes displayed strong
quench crystallization of subhedral plagioclase and anhedral magnetite (Fig. 21) and
plagioclase and olivine as the two most common phenocrysts in abundances and sizes
that are consistent with late-stage, shallow crystallization. With the exception of one
sample from Mount Washington (Fig. 29), mostly euhedral plagioclase predominated the
phenocrysts mineral assemblage (Fig. 19, Fig. 20, Fig. 36, Table 8). The Mount
Washington clast in question consisted of ~90% groundmass, which were composed of
~95% euhedral to subhedral pyroxene. Subhedral olivine was also present. The
groundmass consisted of < 5% glass with the remainder of matrix composed of 60%
anhedral magnetite and 40% anhedral pyroxene.
Euhedral to subhedral olivine was always found in modal phenocryst abundances
of 5-15%. Olivine grains were seldom observed larger than 100 μm in the tephra clasts.
Pyroxene was present in trace abundances with an exception for the one Mount
Washington clast. All the samples displayed some level of a diktytaxitic texture from
interactions between vesicles and phenocrysts. One large (450 μm), anhedral pryoxene
crystal in a North Sister tephra clast appeared separated from another fragment that
appeared to have once been part of the larger crystal (Fig. 37). Subhedral plagioclase
(200 μm) crystallized in contact with both pieces. In the same tephra clast, one feldspar
displays two distinct periods of crystallization with the later crystallization period
producing a plagioclase composition similar to that of the plagioclase crystal in contact
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with the two pyroxene crystals. The pyroxene crystals appear to have been resorbed,
resulting in a subhedral morphology.
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APPENDIX D
MELTS TABLES
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