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Abstract
The factors that control the explosivity of silicic volcanoes are critical for hazard
assessment, but are often poorly constrained for specific volcanic systems. Mount Hood, Oregon,
is a somewhat atypical arc volcano in that it is characterized by a lack of large explosive
eruptions over the entire lifetime of the current edifice (~500,000 years). Erupted Mount Hood
lavas are also compositionally homogeneous, with ~95% having SiO2 contents between 58-66
wt%. The last three eruptive periods in particular have produced compositionally homogeneous
andesite-dacite lava domes and flows.
In this paper we report major element and volatile (H2O, CO2, Cl, S, F) contents of melt
inclusions and selected phenocrysts from these three most recent eruptive phases, and use these
and other data to consider possible origins for the low explosivity of Mount Hood. Measured
volatile concentrations of melt inclusions in plagioclase, pyroxene, and amphibole from pumice
indicate that the volatile contents of Mount Hood magmas are comparable to those in more
explosive silicic arc volcanoes, including Mount St. Helens, Mount Mazama, and others,
suggesting that the lack of explosive activity is unlikely to result solely from low intrinsic
volatile concentrations or from substantial degassing prior to magma ascent and eruption. We
instead argue that an important control over explosivity is the increased temperature and
decreased magma viscosity that results from mafic recharge and magma mixing prior to eruption,
similar to a model recently proposed by Ruprecht and Bachmann (2010). Erupted Mount Hood
magmas show extensive evidence for mixing between magmas of broadly basaltic and daciticrhyolitic compositions, and mineral zoning studies show that mixing occurred immediately prior
to eruption. Amphibole chemistry and thermobarometry also reveal the presence of multiple
amphibole populations and indicate that the mixed andesites and dacites are at least 100°C hotter
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than the high-SiO2 resident magma prior to mixing. Viscosity models suggest that recharge by
hot, mafic magma prior to eruption can lower magmatic viscosity by at least a factor of four.
Lower viscosity during ascent delays fragmentation and allows volatile escape through
degassing, thus lowering the potential for explosive eruptions. These results suggest that low
explosivity should be more common in volcanoes where intermediate magmas are produced
through mixing of mafic and silicic magmas shortly before eruption.

Keywords: Mount Hood, magma mixing, recharge, melt inclusions, explosivity

1. Introduction
Explosive eruptions are relatively common phenomena in volcanoes associated with
subduction zone environments, and explosive events can have dramatic and deleterious effects
on human populations and infrastructure (Baxter, 2000; Blong, 1984). High explosivity in arc
volcanoes typically occurs in high silica magmas (dacites to rhyolites) that are often crystal-rich,
and as a result have elevated viscosity relative to lower silica magmas, although explosive
eruptions of andesite and even basalt are also known (e.g., Ross et al., 2005). Silicic arc magmas
also typically have high volatile concentrations (particularly H2O). Collectively these factors can
combine to lead to catastrophic fragmentation during the rapid decompression that accompanies
magma ascent (Dingwell, 1996).
Although there is general agreement about the driving forces behind magma
fragmentation and explosive volcanic eruptions (e.g., Scandone et al., 2007; Wilson, 1980), it is
often difficult to assess the exact causes and potential for explosive activity associated with
individual volcanoes and for individual eruptions because of the large number of factors that
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affect fragmentation and eruptive style (e.g., Woods, 1995). These factors include magma
composition and flux, magma viscosity, volatile content and degassing style, ascent rate, time of
repose, and conduit and vent geometry (e.g., Scandone et al., 2007; Wilson, 1980; Wilson et al.,
1980). These and other factors complicate our ability to identify the reasons why any particular
eruption proceeded in a particular way. Despite this, such information is critical to assessing the
hazards posed by individual volcanic systems and to understanding why some volcanoes
transition between effusive and explosive behavior (e.g., Huppert and Woods, 2002; Scandone et
al., 2007).
Explosive eruptions require magma fragmentation to occur during magma ascent, and the
conditions of fragmentation are dependent on a number of additional factors. One important
mechanism for fragmentation is the collapse of bubble walls once the gas volume fraction in the
ascending magma exceeds a critical amount, typically regarded as 75% (Sparks, 1978), however
the gas volume at fragmentation can vary from ~62-95% depending on the magma viscosity
(Papale, 1999). A high-viscosity magma will fragment at a lower gas volume fraction, and thus
be more prone to explosive eruptions, than a low-viscosity magma (Gonnermann and Manga,
2007; Papale, 1999). More broadly, fragmentation is a consequence of increasing stress and/or
strain rate during magma ascent (Dingwell, 1996; Gonnermann and Manga, 2007).
To a first order, exsolution of magmatic volatiles drives explosive fragmentation and thus
magmas that have low initial volatile contents are less likely to experience an explosive eruption
(e.g., Eichelberger, 1995; Scandone et al., 2007; Wilson, 1980). Previous studies have examined
multiple eruptions from single volcanoes and found that explosive versus effusive eruption style
correlates with pre-eruptive volatile contents, with more effusive eruptions resulting from
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magma that has degassed extensively prior to eruption and consequently has lower volatile
contents (e.g., Roggensack et al., 1997).
Degassing style also plays a key role in eruption style. With closed-system degassing
(where exsolved volatiles remain entrained in the magma rather than escaping through the
conduit or conduit walls), volatile escape prior to eruption is minimal, leading to an increase in
vesicularity (Villemant and Boudon, 1998) and consequently a greater potential for explosive
eruption. In contrast, open-system behavior (where volatiles are separated from the melt and lost
from the system by permeable flow through the magma or conduit walls) permits the loss of
volatiles prior to eruption, resulting in a relatively gas-poor magma that may then erupt
effusively (Eichelberger et al., 1986; Melnik and Sparks, 1999; Rust and Cashman, 2004;
Scandone et al., 2007). Open-system degassing can result from a number of factors: volatile loss
through porous (permeable) flow of gas (Eichelberger et al., 1986; Jaupart and Allegre, 1991;
Rust and Cashman, 2004), non-explosive fragmentation along conduit walls (Gonnermann and
Manga, 2003), and/or volatile loss to hydrothermal fluids (Villemant and Boudon, 1998). In
many eruption sequences explosivity decreases during the course of a single volcanic eruption,
and this has been attributed to decreasing overpressure and/or decreasing ascent rate and a
subsequent transition from closed- to open-system degassing (Jaupart and Allegre, 1991;
Scandone et al., 2007). The transition from open-system to closed-system degassing behavior has
also been invoked as an explanation for eruptions that have become more explosive with time
(Melnik and Sparks, 1999; Villemant and Boudon, 1998).
Understanding the dynamics of magma ascent also allows characterization of the key
factors that control the tendency for a particular volcano to exhibit non- (or low-) explosive
behavior. In addition to the important role played by volatiles and degassing style, magma
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viscosity will strongly influence the likelihood of fragmentation by affecting magma strength,
ascent rate, and ability to degas (Dingwell, 1996; Gonnermann and Manga, 2003; Jaupart and
Allegre, 1991; Papale, 1999). Lower melt viscosity allows rapid bubble formation and
coalescence, contributing to open-system degassing through permeable flow (Ruprecht and
Bachmann, 2010 and references therein). Additionally, higher viscosity magmas will suffer
strain-induced fragmentation at a lower gas volume fraction than magma with lower viscosity
(Papale, 1999). As viscosity is a function of magma composition, temperature, and crystallinity,
important feedbacks between these factors will also influence eruptive style. One means by
which magma viscosity can decrease is through an increase in temperature, as recently proposed
for Volcán Quizapu by Ruprecht and Bachmann (2010). In the 1846-1847 eruption of Quizapu,
recharge by a hotter mafic magma led to an overall increase in magmatic temperature after
recharge. Ruprecht and Bachmann (2010) argue that the corresponding decrease in viscosity
resulted in a less explosive eruption than that which occurred at Quizapu in 1932, when preeruptive magma temperatures were lower. Ruprecht and Bachmann (2010) suggest that this
viscosity decrease reduced the depth at which fragmentation occurred, enabling more time for
degassing to occur, or possibly preventing fragmentation entirely.
One potential way forward is to study intermediate and silicic arc volcanoes that
consistently exhibit one style of eruptive behavior. In particular, a number of andesitic arc
volcanoes appear to be dominated (perhaps not exclusively) by lava flow or dome eruptions,
with little or no explosive activity, over extended time intervals. This behavior appears to be
more common in volcanoes where andesitic magmas are produced through mixing between
mafic and silicic magmas shortly before eruption, such as at Unzen (Sato et al., 1999), Soufrière
Hills (Murphy et al., 1998), Mount Dutton (Miller et al., 1999), and others. Although magma
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mixing is a well-known trigger for explosive volcanic activity (e.g., Pallister et al., 1996; Sparks
and Sigurdsson, 1977), it has also been recently suggested that in some situations the increase in
magmatic temperature (and concomitant decrease in magmatic viscosity) that results from mafic
recharge can play a dominant role in reducing eruption explosivity (Ruprecht and Bachmann,
2010).
Mount Hood, Oregon, is an endmember example of this type of low-explosivity andesitic
arc volcano. During the growth of the current edifice over the last ~500,000 years, eruptions are
dominated by lava extrusion to form domes and flows, and evidence for an explosive eruption
from Mount Hood is entirely lacking from the available tephra record (Scott et al., 1997b). These
dome-forming eruptions produce andesites and dacites with mafic enclaves, multiple phenocryst
populations, and whole rock and mineral compositions consistent with mafic recharge and
magma mixing shortly before eruption (Darr, 2006; Kent et al., 2010; Woods, 2004). Despite the
lack of explosive eruptions at Mount Hood, neighboring volcanoes to the north (e.g., Mount St.
Helens) and south (e.g., Mount Jefferson, The Three Sisters, Crater Lake) have experienced
significant explosive eruptions of magmas with compositions that broadly overlap the andesites
and dacites erupted from Mount Hood (e.g., Conrey et al., 2001; Hildreth, 2007; McBirney,
1978).
The long-term dearth of explosive activity at Mount Hood thus provides an opportunity
to address the factors that lead to non-explosive eruptions in an andesite-dominated arc volcano.
In this paper we present data for volatile abundances in melt inclusions hosted in a variety of
phenocryst phases from Mount Hood and investigate the causes of long-term low-explosivity
eruptive behavior at this volcano and at other similar arc volcanoes with dome-forming
eruptions, such as Soufriére Hills Volcano (Montserrat) and Augustine Volcano (Alaska). These
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data, when combined with phenocryst compositions and other published studies, suggest that the
temperature-dependent viscosity of ascending magma is a key parameter during magma ascent
and that magma mixing immediately prior to eruption plays a decisive role in the resulting
eruptive style.

2. Regional Setting
Mount Hood rises to 3426 m and is the northernmost Cascade volcano in the state of
Oregon, located approximately 75 km east of Portland, Oregon. Eruptive products at Mount
Hood have remained remarkably consistent both in composition and eruptive style through time.
Andesitic (54-63 wt% SiO2) domes, lava flows, and related debris make up the bulk of the
current edifice, most of which has been constructed over the last ~500,000 years (Scott et al.,
1997a). Eruptions of minor amounts of low-SiO2 dacite (63-66 wt% SiO2) from Mount Hood are
evident in the record of the past 15,000 years, but are rarely preserved in the older record.
Overall, approximately 95% of the lavas erupted at Mount Hood have between 58-66 wt% SiO2.
Tephra and other records also contain no evidence for major explosive eruptions over this
eruptive history (Scott et al., 1997b). In contrast, many other Cascade volcanoes, including
nearby Mount Jefferson and Mount St. Helens (located 80 km and 100 km from Mount Hood,
respectively) have erupted more compositionally diverse lavas. Mount Jefferson has produced
material from 50-71 wt% SiO2, and Mount St. Helens has erupted lavas from 48-70 wt% SiO2
(Blundy and Cashman, 2008; Clynne et al., 2008; Conrey et al., 2001; Hildreth, 2007). Mount
Jefferson and Mount St. Helens, as well as many other major Cascade volcanoes, have also
experienced large explosive eruptions in the past 50,000-100,000 years (Hildreth, 2007).
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In this study we have focused on material from the three most recent eruptive periods at
Mount Hood (Old Maid ~200 years ago, Timberline ~1500 years ago, and Polallie 13,00020,000 years ago). These and some earlier periods were all characterized by growth of lava
dome(s) followed by subsequent dome collapse, producing block and ash flows (Scott et al.,
1997a). Pumiceous deposits are rare and of small volume. Crater Rock, located in the southfacing summit crater, is the remains of an Old Maid- and Timberline-age lava dome, and
deposits from these two eruptive periods are concentrated on the south side of the edifice. In
contrast, deposits from the Polallie-age eruptive sequence are present on nearly all sides of the
volcano, because lava domes of this age form much of summit. Two well-exposed domes are
located above Eliot Glacier and at Steel Cliff near the summit (Scott et al., 1997a).

3. Samples and methods
Pumice samples from the Old Maid eruptive period and prismatically jointed blocks
(PJBs) from the Old Maid and Timberline eruptive periods were collected in the summer of
2008. Additional pumice samples from the Timberline and Polallie eruptive periods were
provided from the USGS Cascades Volcano Observatory collection.
Volatile contents were measured in melt inclusions using a combination of techniques.
Concentrations of H2O and CO2 in one suite of inclusions were measured in doubly exposed melt
inclusions using a Thermo Nicolet 670 Fourier Transform Infrared (FTIR) Spectrometer
interfaced with a Continuum IR microscope at the University of Oregon. Total H2O was
determined using the band at 3570 cm-1; this was compared to the sum obtained by adding the
molecular H2O concentration (1630 cm-1) to the OH concentration (4500 cm-1) for analyses in
which all three peaks were resolvable. Reproducibility assessed from replicate measurements
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was within ~5% relative for H2O. CO2 concentrations were determined using the band at
2350 cm-1 and typical detection limits were ~25-50 µg/g, however CO2 was not detected in any
of the melt inclusions analyzed by FTIR.
Many melt inclusions were too small to be doubly-exposed and polished for FTIR
analysis (inclusion diameter <60-80 µm), so a second suite of melt inclusions was analyzed for
H2O, CO2, S, Cl, and F using the Cameca IMS 1280 ion microprobe at the Northeast National
Ion Microprobe Facility at Woods Hole Oceanographic Institution. General analysis techniques
followed those in Hauri et al. (2002), using a Cs+ beam rastered over 20 µm. Analyzed species
were 12C, 16O1H, 19F, 30Si, 32S, and 35Cl. Melt inclusions were analyzed by SIMS (Secondary Ion
Mass Spectrometry) prior to carbon coating for EMPA to avoid C contamination. Calibration
curves were fit to five rhyolitic glasses (Mangan and Sisson, 2000) for H2O and CO2 and seven
in-house basaltic glasses for S, Cl, and F. The root mean squared error (RMSE) of the calibration
lines was 0.2 wt% for H2O and 30-90 µg/g for CO2, S, Cl, and F. The RMSE for CO2 represents
an error of approximately 20% at the concentrations of the calibration standards. Melt inclusions
were visually inspected in reflected light and backscattered electron (BSE) images to eliminate
any analyses near a crack, where CO2 contamination is most likely to occur (analyses of melt
inclusions with cracks typically returned concentrations of >10,000 µg/g CO2). In addition,
analyses where 12C count rates changed significantly through the analysis were disregarded. Melt
inclusions without visible cracks contained up to ~2400 µg/g CO2, however, higher than
typically observed in rhyolitic melt inclusions (e.g., Mandeville et al., 2009) and potentially a
consequence of invisible microcracks. Additionally, a lack of suitable standards with >540 µg/g
CO2 required us to extrapolate the calibration line to the highest concentrations observed in
visibly uncracked melt inclusions from Mount Hood (~2400 µg/g), therefore CO2 concentrations
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beyond 540 µg/g are presented as information values only in the Supplementary Data and are
omitted from Fig. 3.
Major and minor elements (SiO2, TiO2, Al2O3, CaO, MgO, MnO, FeOT, Na2O, K2O) and
select volatiles (S, Cl, F) in melt inclusions and phenocrysts (plagioclase, orthopyroxene,
clinopyroxene, amphibole, and oxides) were determined by Electron Microprobe Analysis
(EMPA) using a Cameca SX-100 at Oregon State University. Well-characterized standard
reference materials and procedures were used for the different phases analyzed. Analytical
uncertainty (as assessed by replicate analyses) was typically within 2% for SiO2, Al2O3, CaO,
K2O, and Cl and within 5% for TiO2, MgO, FeOT, and Na2O. Concentrations of MnO, S, and F
were below detection limits (0.8 wt%, 100 µg/g, and 700 µg/g, respectively) in most minerals
and glasses.

4. Results
4.1 Melt inclusion compositions
Melt inclusions analyzed for this study contain 69-77 wt% SiO2 and are dacitic to
rhyolitic in composition (Fig. 1), typical for melt inclusions from intermediate composition
volcanic systems (e.g., Reubi and Blundy, 2009). Clinopyroxene-hosted inclusions have SiO2
contents restricted to the lower end of total range (69-71 wt%). As commonly observed in melt
inclusions from other arc volcanoes, there are no systematic differences in the major element
compositions of plagioclase-, orthopyroxene-, and amphibole-hosted inclusions that would
indicate significant compositional modification by post-entrapment crystallization (PEC) in these
different host minerals (Reubi and Blundy, 2009). Additionally, melt inclusions examined in this
study were collected from pumice produced in block-and-ash flows or from small fallout
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deposits and were therefore rapidly quenched to glass during eruption, minimizing any effects of
PEC during eruption (Kress and Ghiorso, 2004; Luhr, 2001). On this basis we have made no
extra corrections for PEC.
Melt inclusion compositions differ only slightly among the three most recent eruptive
periods (Fig. 2). Melt inclusions from the Polallie eruptive period have slightly lower SiO2 and
K2O and higher CaO, Al2O3, and Na2O contents than inclusions of Timberline- and Old Maidage, but major element ranges exhibit extensive overlap (Figs. 1, 2). Melt inclusions also extend
to lower total alkali contents than Mount Hood lavas and the projected composition of silicic
endmember magmas involved in magma mixing (Fig. 1), although the average total alkalis
(6.6 ± 1.6 wt %) is within uncertainty of the estimated endmember composition. The source of
lower total alkali measurements is unclear but may relate to crystallization of plagioclase
daughter crystals within plagioclase- and orthopyroxene-hosted melt inclusions or alkali loss
during analysis.
Volatile analyses by SIMS and FTIR indicate that Mount Hood melt inclusions contain
0.8-5.4 wt% H2O and 0-2400 µg/g CO2 (Fig. 3). Volatile contents have similar ranges across all
three eruptive periods considered in this study (Fig. 3). The highest measured H2O
concentrations in inclusions from Mount Hood are equivalent to PH2O of ~1.8 kbar (Newman and
Lowenstern, 2002). CO2 measurements up to ~ 2400 µg/g suggest that vapor saturation pressures
could be as high as 5 kbar (Newman and Lowenstern, 2002; Papale et al., 2006).
Measurements of H2O by FTIR range from 0.8-3.6 wt%, whereas SIMS measurements
range from 0.9-5.4 wt%. The higher values measured by SIMS likely reflect both that a larger
number of inclusions were measured by SIMS (only 12 inclusions were analyzed by FTIR
compared to 28 analyzed by SIMS), and selection bias related to the fact that only larger
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(>60 µm) plagioclase-hosted inclusions were analyzed by FTIR. Analyses by SIMS do not
require the inclusion to be doubly-polished and can therefore be performed on a wider range of
inclusion sizes (down to ~30 µm). The SIMS-analyzed inclusions were hosted in plagioclase,
amphibole, and pyroxenes. The generally lower H2O contents by FTIR probably reflect the
tendency of larger inclusions to lose H2O via fractures in the host mineral (e.g., Kent, 2008). We
consider it unlikely that the difference between FTIR and SIMS measurements reflected
analytical bias as previous studies have demonstrated good agreement between SIMS and FTIR
measurements of H2O in glasses (e.g., Hauri et al., 2002).
The majority of melt inclusions analyzed in this study contain 0.2-0.3 wt% Cl (Fig. 4),
consistent with many other intermediate to silicic volcanic systems (Webster et al., 1999),
although some inclusions contain up to 0.36 wt% Cl. Concentrations of S are <100 µg/g (the
detection limit for analyses by EMPA) in approximately 75% of the melt inclusions analyzed for
this study. The remaining 25% contain up to nearly 300 µg/g, and in general S concentrations are
slightly higher in melt inclusions from the Polallie eruptive period. Concentrations of F were
below EMPA detection limits (~700 µg/g) in nearly all melt inclusions, and SIMS analyses
indicate typical F contents of ~500 µg/g. As a result of their low concentrations, S and F are
omitted from further discussion in this paper.

4.2 Plagioclase-melt hygrometry
We have also evaluated the H2O contents of melt inclusions from this study using
plagioclase-melt hygrometers. Cribb and Barton (1997) used the plagioclase-melt hygrometer of
Housh and Luhr (1991) to estimate 3.9-6.1 wt% H2O in Mount Hood magmas based on albite
and anorthite exchange. We have applied the hygrometer calibrations of Housh and Luhr (1991),
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Putirka (2005) and Lange et al. (2009) to our melt inclusion data. A summary of results is shown
in Fig. 5. Plagioclase compositions used in the hygrometer calculations were measured in
duplicate or triplicate near the margin of each melt inclusion. Where necessary, an equilibrium
temperature of 900˚C was used in hygrometer calculations.
Hygrometers can provide an estimate of H2O concentrations in silicate melts, with the
limitations that they rely on accurate knowledge of equilibrium plagioclase compositions, preeruptive temperatures, and an appropriate calibration. All of the tested hygrometers yielded H2O
concentrations that overlap broadly with H2O contents measured by SIMS and FTIR (Fig. 5).
The hygrometer of Housh and Luhr (1991) returns two separate H2O concentrations (one for
albite exchange and one for anorthite exchange) that may differ by >2.5 wt%. The plagioclasemelt hygrometer (Model H) of Putirka (2005) gives a more limited range of H2O contents but
also underestimates H2O concentrations for over half of the plagioclase-hosted inclusions that
were measured for volatiles in this study. The plagioclase-melt hygrometer described in Lange et
al. (2009) consistently overestimates H2O contents (by up to 4 wt% for melt inclusions in this
study) but rarely underestimates. One possible explanation for this is that the consistently high
values returned by the hygrometer are indicative of post-entrapment loss of H2O, either by vapor
bubble formation (many of the inclusions contain vapor bubbles), inclusion rupture, or diffusive
loss. In this interpretation, plagioclase-melt compositions were previously in equilibrium with
higher H2O contents (which are recorded by the hygrometer), whereas the measured H2O
concentrations may have been subject to pre- and/or syn-eruptive volatile loss. From this we
propose that the Lange et al. (2009) hygrometer provides the most realistic estimate of preeruptive volatile contents, because it is more likely that the inclusions have lost H2O (through
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rupture, diffusive loss, or rapid decompression prior to trapping) than gained H2O (as required
for a substantial number of inclusions by the Putirka (2005) hygrometer).
Two melt inclusions had higher measured H2O concentrations than predicted by the
Lange et al. (2009) hygrometer and both of these inclusions appear to be compromised: one of
the inclusions is devitrified and the other inclusion is cracked. Both inclusions also have
extremely high CO2 concentrations consistent with carbon contamination during analysis near a
crack. Hygrometer calculations therefore also appear to be a potentially useful way of identifying
compromised inclusions. These two inclusions are omitted from all figures and further
discussion. If these two inclusions are omitted, the highest PH2O recorded by a plagioclase-hosted
melt inclusion is 1.4 kbar using the highest measured H2O concentration and 1.7 kbar using the
highest calculated H2O concentration from the Lange et al. (2009) hygrometer. Interestingly,
none of the calculated H2O values are less than 3 wt%, suggesting entrapment pressures (PH2O)
of at least 0.7 kbar.
A reliable hygrometer also provides an excellent way to estimate H2O concentrations
when direct measurements are unavailable. Applying the Lange et al. (2009) hygrometer to the
62 plagioclase-hosted melt inclusions with unmeasured H2O expands our dataset considerably,
and allows more complete comparisons between H2O contents and other volatile species (e.g.,
Fig. 4).
As noted in section 4.1, melt inclusion compositions were not corrected for postentrapment crystallization (PEC) because we see no evidence for substantial PEC in major
element concentrations. Although PEC can be difficult to account for in plagioclase-hosted melt
inclusions (e.g., Kent, 2008), model corrections for 10% PEC by incremental addition of the host
plagioclase lowers the concentration of H2O returned by the Lange et al. (2009) and Putirka
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(2005) hygrometers by 0.5-0.6 wt%, which is minor relative to the abundances and variations
that we see within the sample suite.

5. Discussion
5.1 Behavior of the magmatic system at Mount Hood
Previous studies provide insight into the behavior of the magmatic system at Mount Hood
and the relation between eruption initiation and magma evolution, and provide context for
interpreting the volatile contents of melt inclusions. Over the ~500,000 year lifetime of the
current edifice (and particularly during the most recent three eruptive periods) Mount Hood has
erupted compositionally similar andesite-dacite lavas (Kent et al., 2010). Kent et al. (2010)
suggest that the restricted compositional range at Mount Hood is the result of a “recharge filter,”
where eruption only occurs following mixing between mafic and silicic magmas, limiting
eruptible products to mixed andesitic-dacitic compositions. This “recharge filter” prevents the
eruption of the parent magmas, likely a dacitic or rhyolitic (70.9 ± 2.1 wt% SiO2) magma stored
within the shallow crust and a more mafic magma (50.7 ± 4.3 wt% SiO2) derived ultimately from
the underlying mantle, which are either too viscous or too dense to ascend (Kent et al., 2010).
The common presence of mafic enclaves at Mount Hood, together with evidence from
whole rock and mineral compositions and mineral textures and zoning patterns, further suggests
that erupted magmas are produced by mixing between separate silicic and mafic magmas shortly
before eruption (Cribb and Barton, 1997; Darr, 2006; Kent et al., 2010; Woods, 2004). On the
basis of this and other evidence, Kent et al. (2010) suggested that mafic recharge is the only
mechanism by which the magmatic system beneath Mount Hood can consistently initiate an
eruption. As recharge is inextricably linked with mixing and formation of mixed andesitic-dacitic
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compositions, this “recharge filtering” mechanism results in continued eruption of
compositionally restricted andesitic-dacitic magmas.

5.2 Origin of melt inclusions in Mount Hood magmas
Although bulk rock compositions at Mount Hood represent a mixed magma, melt
inclusions examined in this study are exclusively dacite-rhyolite in composition (Fig. 1).
Globally, melt inclusion compositions are bimodal but those in arc-related intermediate rocks are
predominately high SiO2 (Reubi and Blundy, 2009), as we observe at Mount Hood. The
composition of these melt inclusions also overlaps with the estimated silicic endmember at
Mount Hood (70.9 ± 2.1 wt% SiO2; Fig. 1) (Kent et al., 2010), although the inclusion
compositions also extend to lower total alkali contents. We suggest that these high-SiO2 melt
inclusions trap melt that originated within the silicic parental melt. To date we have observed no
melt inclusions with lower SiO2 corresponding to the mafic mixing endmember. Again, this is
consistent with the near-absence of low-SiO2 melt inclusions in arc rocks where the whole rock
composition contains >60 wt% SiO2 (Reubi and Blundy, 2009). A plausible explanation for the
lack of low-SiO2 melt inclusions (even in phenocrysts that clearly originated in the mafic
magma, such as pargasitic amphibole and high-An plagioclase) is that melt inclusion formation
requires significant undercooling followed by an isothermal period of crystal growth (e.g., Kent,
2008; Kohut and Nielsen, 2004). Phenocrysts in the mafic magma may not experience sufficient
undercooling until they come into contact with the cooler high-SiO2 magma, at which point
magma mixing has begun and eruption occurs before an isothermal period of crystal growth can
trap mafic or intermediate melt inclusions. Consequently, all of the trapped inclusions will be
high-SiO2, typical of those trapped in intermediate systems. If mixing does not occur (i.e., in
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mafic, rather than intermediate, systems), undercooling occurs once the mafic magma ascends to
shallow depths, followed by isothermal conditions that lead to melt inclusion entrapment. This is
consistent with the relatively low (<3 kbar) vapor saturation pressures typically observed in
mafic melt inclusions erupted from cinder cones (e.g., Johnson et al., 2010; Ruscitto et al., 2010).
In addition, the cooler silicic magma involved in mixing at Mount Hood probably exists as a
crystal-rich mush prior to recharge and therefore contributes substantially more crystals to the
mixed andesite-dacite, further reducing the probability of finding any mafic melt inclusions that
may have formed.
Our interpretations of the volatile budget at Mount Hood therefore rely on the volatile
contents derived from the silicic endmember, and it is not possible to determine the volatile
content of the mafic endmember, or its contribution to the overall volatile budget at Mount
Hood, from the available data. However, comparison with other studies of mafic Cascade
magmas (e.g., Ruscitto et al., 2010) would suggest that mafic magmas could have H2O contents
as high as 3-4 wt%. The presence of pargasitic amphibole derived from mafic magmas (see
5.4.1) also suggests that H2O contents in this magma are likely to be ~4-6 wt% (Pichavant et al.,
2002; Sato et al., 1999). The lack of a mafic signal in melt inclusions is a likely explanation for
the lack of measurable S (>100 µg/g) in melt inclusions from this study, as S is less soluble in
low-temperature silicic melts than in high-temperature mafic melts (Wallace, 2005). As with
Soufrière Hills Volcano (Humphreys et al., 2009b), the S budget of Mount Hood is probably
controlled by the mafic magma that recharges the system shortly before eruption.

5.3 Volatile contents of Mount Hood magmas
5.3.1 H2O and CO2
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Melt inclusions from the Mount Hood magmas considered in this study contain 0.85.4 wt% H2O. In general the inclusions with the highest H2O have among the lowest SiO2,
suggesting concurrent degassing and crystallization during magma ascent (Fig. 6). A subset of
inclusions have anomalously low H2O contents at a given SiO2; Blundy and Cashman (2008)
describe melt inclusions with these characteristics as “ruptured inclusions” that have lost some of
their H2O during syn-eruptive rupture, at a rate faster than the SiO2 content of the melt inclusion
could readjust by recrystallization. All of the melt inclusions that fall on the “ruptured inclusion”
trend (with one exception) contain <500 µg/g CO2, also consistent with volatile loss through latestage rupture of the melt inclusion at shallow pressures, where CO2 solubility is low (Newman
and Lowenstern, 2002; Papale et al., 2006). Volatile loss by diffusion through the host mineral
would have a similar effect on measured concentrations of H2O in these inclusions (see section
4.2). Plagioclase-hosted melt inclusions that fall the furthest off the broad H2O-SiO2 trend have
H2O measured concentrations at least 1 wt% lower than predicted by the hygrometer of Lange et
al. (2009), consistent with H2O loss after entrapment. Concentrations of H2O and CO2 within our
range of analytical calibration (see section 4.1) suggest that saturation pressures for melt
inclusions in this study are up to 3.3 kbar, and higher CO2 values indicate that saturation
pressures could be as high as ~5 kbar (Newman and Lowenstern, 2002; Papale et al., 2006).
Much of the variation in H2O and CO2 contents appear to broadly fall along closed- or opensystem degassing paths, starting from parental melt with 4-6 wt% H2O, although some inclusions
also have high CO2 (relative to their H2O content) inconsistent with either style of degassing
(Fig. 3). The high XCO2 in these inclusions may represent diffusive loss of H2O, mixing between
variably degassed magmas, or fluxing by CO2-rich vapor, as suggested for melt inclusions from
the 1980 eruption of Mount St. Helens (Blundy et al., 2010), eruptions of Mount Etna (Collins et
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al., 2009), and eruptions from mafic cinder cones in central Mexico (Johnson et al., 2010;
Johnson et al., 2008).

5.3.2 Chlorine
Most melt inclusions from Mount Hood have Cl concentrations comparable to other arc
volcanoes (Webster et al., 1999), but individual inclusions contain up to 0.36 wt% Cl (Fig. 4).
These high concentrations are elevated relative to those measured in melt inclusions from other
Cascade volcanoes such as Mount St. Helens (Blundy et al., 2008) and Mount Mazama (Bacon et
al., 1992), and they extend to the higher values observed in other arc volcanoes such as
Augustine (Roman et al., 2006) and Soufrière Hills (Humphreys et al., 2009b).
Humphreys et al. (2009b) suggested that Cl concentrations in the melt will decrease
during closed-system degassing because Cl will partition into a coexisting vapor phase, which
will overwhelm the Cl increase that occurs due to incompatibility during crystallization. To add
further complexity, Cl solubility in the melt decreases as SiO2 increases during crystallization
and as pressure decreases during ascent (Webster, 1997).
At Mount Hood, the relatively limited range of Cl concentrations in most inclusions
(between 0.2-0.3 wt%) over a range of H2O concentrations (Fig. 4) suggests the presence of a Clbuffering liquid ± vapor phase during coupled degassing and crystallization (Webster, 1997). At
temperatures and pressures consistent with crustal magmas, a miscibility gap in the NaCl-H2O
system produces a coexisting vapor and brine (Lowenstern, 2000). This miscibility gap is
enhanced by the presence of CO2, which concentrates in the vapor phase (Lowenstern, 2000).
These coexisting volatile phases will buffer the Cl contents of the melt at a value approximating
the solubility limit for Cl in that melt. In felsic liquids at 2 kbar, this is typically 0.26-0.30 wt%
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(Métrich and Rutherford, 1992; Webster, 1997 and references therein), consistent with the upper
range of Cl concentrations in melt inclusions from Mount Hood, which, with the exception of a
smaller number of high Cl inclusions, cluster along a path broadly similar to the Cl solubility line
(Fig. 4). From this we infer that the melts trapped in inclusions were likely saturated, or nearly
saturated, with a Cl-rich liquid ± vapor. Inclusions with higher Cl (i.e., ≥0.28 wt% Cl) are mostly
from the Timberline eruptive period and are otherwise geochemically indistinguishable from
other melt inclusions of the same eruptive period. These melt inclusions mostly occur on the
lower end of the SiO2 range, consistent with increased Cl solubility at lower SiO2 concentrations
in the melt (Webster, 1997).

5.4 Causes of low explosivity at Mount Hood
Explosive volcanic eruptions are the result of magma fragmentation during magma ascent
(e.g., Dingwell, 1996; Papale, 1999). Highly explosive eruptions occur when magmas reach a
critical fragmentation limit during ascent, whereas magmas erupted non-explosively or with low
explosivity do not reach that limit prior to reaching the surface, either due to low concentrations
of volatile elements (the driving force for expansion) or other physical properties that inhibit
fragmentation (e.g., Dingwell, 1996; Papale, 1999; Scandone et al., 2007). Low volatile contents
may be intrinsic to the magma, or may have developed as a result of degassing prior to, or
during, ascent (Eichelberger et al., 1986). Here we examine the combined effects of intrinsic
volatile concentration, volatile loss by degassing, and changes to the physical properties of the
magma as we consider the potential causes for low explosivity at Mount Hood and other
recharge-driven volcanoes.
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5.4.1 Intrinsic volatile concentration
Comparison of the measured concentrations of H2O and other volatiles in melt inclusions
from Mount Hood indicate that the pre-eruptive volatile concentrations in the silicic endmember
magma were as high as those observed in other, more explosive, volcanoes from the Cascade arc
and from other subduction zones (Figs. 3, 7). Although we cannot directly measure the volatile
abundances in the mafic component, the presence of pargasitic amphibole in the mafic
component prior to mixing (see section 5.4.3) suggests that H2O contents in this magma would
be ~4-6 wt% (Pichavant et al., 2002; Sato et al., 1999). The comparison shown in Fig. 7
illustrates that H2O contents are similar to those observed in both the plinian and dome eruptions
from Mount St Helens (1980), Soufrière Hills (2007), Mount Mazama (~7.7 ka), and Augustine
Volcano (1986) (Bacon et al., 1992; Blundy and Cashman, 2008; Humphreys et al., 2009b;
Roman et al., 2006; Wallace and Gerlach, 1994). Although volatile contents from these
volcanoes are highly variable, it is clear that Mount Hood magmas have similar volatile
abundances, with H2O contents ranging up to >5 wt%, to other systems where magmas have
erupted explosively. From this we infer that the cause of low explosivity at Mount Hood is
unlikely to relate solely to intrinsically low volatile contents.

5.4.2 Volatile loss by degassing prior to eruption
The extent of pre-eruptive degassing is difficult to quantify for ancient eruptions (such as
the three eruptive periods considered in this study), although the fumarole field located in the
crater of Mount Hood confirms the presence of modern day degassing. Near-mantle values for
3

He/4He (7.48-7.59 RC/RA) and high 40Ar/36Ar (341-470) suggest active degassing from

relatively shallow (<5 km) magma (Symonds et al., 2003), presumably related to the Old Maid
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eruptive phase that ended ~220 years ago. Heat flow calculations indicate that in addition to the
continued cooling of the Old Maid dome complex, there is also a deep-seated heat source
beneath the volcano that most likely represents unerupted magma (Friedman and Williams,
1982).
Estimates of volatile loss by degassing are possible from plagioclase-melt hygrometry
results (Fig. 5), which can be a useful way to estimate the H2O concentrations last recorded by
plagioclase-melt equilibrium and thus to assess the extent of degassing prior to eruption.
Inclusions that record H2O concentrations close to the estimate from the hygrometer are likely to
be less degassed than inclusions for which the hygrometer value is significantly higher than the
measured H2O concentration (see section 4.2). As degassing occurs, volatiles can be lost rapidly
from the melt but the plagioclase and melt compositions will not record this change immediately,
so the calculated hygrometer H2O values can be used to predict a minimum H2O concentration
prior to degassing. The highest H2O concentration in Mount Hood melt inclusions calculated by
hygrometer is 6 wt% (Lange et al., 2009), and the differences between the hygrometer and
measured H2O values range from 0 to 3.5 wt% (Fig. 5).
It is also possible to reconstruct where in the system degassing occurs by combining
volatile measurements with estimates from hygrometry. A rhyolitic magma containing 6 wt%
H2O (but no CO2) at 900°C will become vapor saturated at ~2 kbar (Newman and Lowenstern,
2002), or a depth of ~6 km. When measured values of CO2 are included to calculate PTotal, we
determine entrapment pressures >3 kbar (Newman and Lowenstern, 2002; Papale et al., 2006).
Barring the effects of supersaturation, these observations suggest that melt inclusion entrapment
must have started at a depth of at least ~9 km, giving a minimum depth at which crystallization
and volatile exsolution must have begun. Conversely, the lowest H2O in a melt inclusion that

23

does not fall on the “ruptured inclusion” trend described in section 5.3.1 is 1.4 wt%, coupled
with 372 µg/g CO2. This gives a saturation pressure of 0.8 kbar at 900°C (Newman and
Lowenstern, 2002), corresponding to depth slightly greater than 2 km. Presumably, then, all of
the non-compromised melt inclusions examined in this study were trapped at a depth of at least
2 km, and any degassing (either closed system or open system) that can be inferred from these
melt inclusions must occur at depths between ~2 and 9 km. Degassing certainly would have
continued as the magma ascended above 2 km, but melt that records those extremely degassed
compositions was not trapped by any of the melt inclusions examined in this study.
For degassing to prevent fragmentation during ascent, volatiles at depth must be lost
quickly enough to prevent bubble nucleation and expansion in the shallow system, a necessary
criteria for fragmentation whether it occurs through vesicle interconnection (Eichelberger et al.,
1986; Villemant and Boudon, 1998) or strain-induced brittle magma failure (Papale, 1999).
Additionally, gas loss and ascent rate form a feedback loop whereby magmas that have degassed
extensively will ascend more slowly, which leads to further gas loss because the magma spends
more time at shallow depths (Jaupart and Allegre, 1991).
Previous studies suggest that degassing through rapid open-system behavior typically
occurs in silicic magmas at depths less than ~1 km (Eichelberger et al., 1986; Villemant and
Boudon, 1998), and is probably most effective where shear-induced fragmentation can occur
along conduit walls (Gonnermann and Manga, 2003). Experimental studies by Okumura et al.
(2006), however, demonstrate that shear-induced vesicle coalescence can occur at vesicularities
as low as 20-30%, allowing open-system loss of volatiles through interconnected vesicles at
much greater depths. Assuming magmas started with approximately 6 wt% H2O at 900°C the
vesicularity would reach 30% at approximately 3 km depth (Okumura et al., 2009). This may
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represent an approximate depth at which open-system degassing begins to exert a significant
control on the volatile budget of the ascending magma.
The variable H2O and CO2 concentrations of melt inclusions from Mount Hood indicate
that variable extents of degassing have occurred over a range of crustal depths. Again, however,
this observation appears unlikely to explain low explosivity, as similar composition magmas that
have erupted explosively elsewhere also commonly record evidence of extensive pre-eruptive
degassing. Although some studies show that extrusive and explosively erupted materials from
the same volcanic system may have systematic differences in pre-eruptive volatile abundances
(e.g., Roggensack et al., 1997), pre-eruptive volatile abundances at Mount Hood overlap with
those from a number of explosive eruptions in the Cascadia subduction zone and elsewhere (Fig.
3). For example, melt inclusions from Mount Hood have H2O contents that overlap with those
measured in melt inclusions from both the dome and plinian phases (1980-1986, 2004-2006)
from Mount St. Helens (Blundy et al., 2008) and the climactic and pre-climactic eruptions of
Mount Mazama at ~7.7 ka (Mandeville et al., 2009). Melt inclusions from Mount Mazama also
record extensive degassing, confirmed with analyses of δD (Mandeville et al., 2009).
Concentrations of H2O in melt inclusions from the climatic and preclimactic eruptions of Mount
Mazama are variable and range from 3.1-6.9 wt% H2O with concentrations of CO2 that are
below FTIR detection limits (Mandeville et al., 2009). Melt inclusions from Mount Hood have
H2O abundances that broadly overlap with those measured in the Mazama inclusions, although
inclusions from Hood extend to lower H2O concentrations (0.8-5.4 wt%) and higher CO2 (Fig.
3). The maximum recorded saturation pressures at Mount Hood (>3 kbar) are greater than the
maximum saturation pressures recorded at Mount Mazama, suggesting that they are less
degassed. The similarities between the volatile contents of melt inclusions from Mount Hood and
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melt inclusions from the highly explosive Mount Mazama eruption (as well as other explosive
eruptions), together with the extensive evidence for magma degassing preserved by melt
inclusion suites from both explosive and non-explosive eruptions, suggest that the extent of
degassing prior to eruption at Mount Hood is insufficient to be the sole explanation for the lack
of explosive eruptions.

5.4.3 Changes to the physical properties of the magma
Recent work by Ruprecht and Bachmann (2010) has emphasized the control that
temperature has on magma viscosity, and specifically suggests that magmas that have been
heated by mafic recharge immediately prior to eruption may be less likely to erupt explosively.
Ruprecht and Bachmann (2010) studied high- and low-explosivity eruptions at a single volcano
(Volcán Quizapu), and argued that the potential for explosive eruptions can be reduced by mafic
recharge and efficient mixing prior to eruption, which increases the magma temperature of the
more silicic magma into which mafic recharge occurs. This produces a decrease in viscosity that
delays fragmentation and allows more extensive degassing during ascent, and thus decreases the
potential for explosive eruptions. Although Ruprecht and Bachmann (2010) used this line of
reasoning to understand high- and low-explosivity eruptions from a single volcano, this model is
also applicable to understanding the long-term behavior of Mount Hood, as previous studies have
shown that mafic recharge and magma mixing are implicated in almost all eruptions (Kent et al.,
2010). Mixing between the mafic recharging magma and a more silicic resident magma creates a
mixed magma with intermediate composition, density, and viscosity (Kent et al., 2010). In
addition to the impetus provided by volatile exchange and other processes during recharge and
mixing (e.g., Eichelberger, 1980; Murphy et al., 1998), the intermediate density and viscosity of
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the mixed magma is also likely to promote magma mobility and eruption. We suggest that the
decrease in magma viscosity following mixing also provides a viable mechanism to explain the
long-term low explosivity of Mount Hood.
To test this model we use mineral thermometry to estimate temperatures in erupted
magmas at Mount Hood. Previous studies of the plagioclase compositions and textures in lavas
from Mount Hood have found evidence for multiple plagioclase populations related to mixing
(Darr, 2006; Kent et al., 2010; Woods, 2004), and we likewise find similar evidence for multiple
amphibole populations (Fig. 8). Multiple populations of amphibole have been observed in
material erupted from other volcanoes where mafic recharge and magma mixing appear to play
important roles in magma genesis, including Mount Pinatubo (Prouteau et al., 1999), Mount
Unzen (Sato et al., 1999), and Soufrière Hills (Humphreys et al., 2009b), indicating coexistence
of amphiboles derived from a more mafic melt and those derived from a more silicic melt. At
Mount Hood, amphiboles that formed from mafic and silicic magmas also show consistent major
and trace element differences (Koleszar, 2011). In particular, amphiboles that crystallized from
the mafic and silicic melts are readily distinguishable in terms of their SiO2 contents (maficderived amphiboles contain <45 wt% SiO2 whereas silicic-derived amphiboles contain >45 wt%
SiO2), and we have used this to subdivide our amphiboles on Fig. 8. Following the nomenclature
of Kent et al. (2010) for two populations of plagioclase (which are also derived from mafic and
silicic sources) we refer to amphiboles from mafic magma as Group 1 and those from silicic
magma as Group 2.
Equilibration temperatures for amphiboles were calculated using the amphibole
geothermobarometer of Ridolfi et al. (2010) and the hornblende-plagioclase geothermometer of
Holland and Blundy (1994). We have also calculated equilibrium temperatures for magnetite-
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ilmentite pairs in groundmass using the Fe-Ti oxide thermometer of Ghiorso and Evans (2008).
Results are summarized in Fig. 8. Two temperature groups are clearly apparent using the
amphibole thermobarometer of Ridolfi et al. (2010) and, to a lesser extent, with the hornblendeplagioclase thermometer of Holland and Blundy (1994). Using the model of Ridolfi et al. (2010),
we find that Group 1 amphiboles (pargasite, 946 ± 15°C, 1σ) were formed at temperatures
approximately 100°C hotter than Group 2 amphiboles (magnesiohornblende, 843 ± 14°C, 1σ).
As the phase stability of pargasite limits formation temperatures to approximately <1000°C
(Ridolfi et al., 2010), temperatures indicated by Group 1 amphiboles represent a minimum for
the mafic recharge magma. Hornblende-plagioclase thermometry indicates temperatures of
approximately 950 ± 12˚C for Group 1-Population 1 pairs and 902 ± 16˚C for Group 2Population 2 pairs (Holland and Blundy, 1994). Pre-eruptive temperatures were also calculated
using the two-oxide geothermometer of Ghiorso and Evans (2008) using touching oxide pairs
that were tested for Mg-Mn equilibrium according to the criteria of Bacon and Hirschmann
(1988). The total range of oxide temperatures is 888-1028°C, with a median value of ~975˚C that
is slightly higher than that recorded by plagioclase-hornblende pairs and amphibole
thermobarometry. Such a large range of temperatures suggests that the final magma temperatures
were variable (not unexpected during magma mixing) and/or not all of the oxides reached
thermal equilibrium with each other prior to eruption (Blundy and Cashman, 2008). Higher oxide
temperatures relative to temperatures calculated from amphibole compositions is probably the
result of the rapid re-equilibration of oxides to changing magmatic conditions (Putirka, 2008)
and the lack of amphibole stability at higher temperatures. In addition, because of the rapid
equilibration timescales of oxide pairs (days), the slightly higher two-oxide temperatures are
likely to better record the actual temperature following mafic recharge and decompression-
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induced crystallization during ascent. Temperatures recorded by Group 1 amphiboles probably
represent minimum temperatures for the mafic magma prior to mixing (the magmatic
temperature is only recorded once the magma has cooled enough for amphibole to become
stable); those for Group 2 probably represent a maximum temperature for the silicic magma prior
to reheating by mafic recharge (Koleszar, 2011).
Temperature is an important factor in controlling magma viscosity (e.g., Giordano et al.,
2008), and as shown by Ruprecht and Bachmann (2010) temperature increases can have a
significant effect on the ability of a magma to ascend without reaching the fragmentation limit.
To determine if the observed temperature increase, and concomitant viscosity decrease, is
sufficient to prevent an explosive eruption at Mount Hood, we simulated two different eruptions
using the program CONFLOW, which assumes that fragmentation occurs when vesicularity
reaches the critical threshold of 75% (Mastin and Ghiorso, 2002). In reality, fragmentation may
occur within a range of gas fractions depending on other factors such as melt viscosity and strain
rate, although a value of ~60% seems to represent a minimum gas volume fraction for
fragmentation to occur (Papale, 1999).
For simplicity, parameters other than temperature (such as bulk composition, conduit
dimensions, starting pressure, crystallinity, and H2O content) were kept constant for all
CONFLOW simulations reported here. In addition, for some parameters we have no direct
constraints (starting depth for magma ascent, conduit dimensions, etc.) and thus used reasonable
values from the literature for similar volcanoes (Table 1 lists all simulation parameters). Magma
temperature was 843°C for the pre-recharge simulation and 946°C for the post-recharge
simulation. We also performed an additional simulation for the higher temperature of eruption
(975°C) suggested by oxide pairs.
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A temperature increase of 100°C following mixing decreases the melt viscosity by a
factor of ~5-10 (Giordano et al., 2008; Mastin and Ghiorso, 2002) (Fig. 9A), and results in a
considerably higher fragmentation level for the ascending magma (Fig. 9B). Although the
CONFLOW model is schematic, these results suggest that a ~100°C temperature increase is
sufficient to significantly delay fragmentation, which allows more time for degassing to occur
during ascent and increases the potential for effusive eruptions. Additionally, magma viscosity is
inversely correlated with gas volume fraction at fragmentation, so magmas with lower viscosity
will require higher gas volume fractions for fragmentation to occur (Papale, 1999). Reducing
magma viscosity by a factor of ~10 results in an increase of the gas volume fraction at
fragmentation by ~15% (Papale, 1999).
In the third CONFLOW simulation, with the higher temperature of 975˚C (indicated by
Fe-Ti oxide thermometry), as expected we see an even greater decrease in viscosity and
associated delay in fragmentation (Fig. 9B). Ruprecht and Bachmann (2010) report similar
results for the temperature increase of ~130˚C they observed for magmas from Volcán Quizapu.
It should be noted, however, that this is a largely qualitative simulation that requires the user to
speculate on parameters such as magma starting depth and conduit dimensions. The CONFLOW
model also does not address fragmentation that occurs without vesicle coalescence (Dingwell,
1996). Additionally, fragmentation does not necessarily result in explosive eruptions and some
workers have suggested that localized fragmentation can facilitate degassing, thus inhibiting
explosive eruptions (Gonnermann and Manga, 2003). Despite these limitations, the CONFLOW
simulations provide convincing qualitative evidence of significant changes in magma conditions
(including eruptive style) as a result of a 100-150°C temperature increase following recharge and
mixing, and the effect of this temperature increase would be to decrease the overall potential for
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explosive eruptions. The potential effects on eruptive style of decreasing magma viscosity are
apparent even when considered outside the confines of the CONFLOW model.
In section 1 we note that a number of other factors could influence explosivity; here we
consider their applicability to the low explosivity of Mount Hood. Magma ascent rates exert
important controls over eruption dynamics (Jaupart and Allegre, 1991; Scandone et al., 2007),
and higher ascent rates can contribute to brittle failure and fragmentation of the magma
(Dingwell, 1996; Papale, 1999). Ascent rate is influenced by a number of factors including
magma viscosity and magma density (Huppert and Woods, 2002; Jaupart and Allegre, 1991;
Scandone et al., 2007), both of which are effected by mafic recharge. Small changes to magma
overpressure have also been invoked as a possible explanation for transitions from explosive to
effusive activity (Jaupart and Allegre, 1991), suggesting that low overpressures could result in
low explosivity. Although this could be a contributing factor to the low explosivity of Mount
Hood, we stress that the long-term record of low explosivity at Mount Hood (a volcano that
appears to have never experienced a significant explosive eruption) makes it unlikely that such
low overpressures would be consistent and sustained over the lifetime of the edifice
(~500,000 years), particularly given the critical control that small changes in overpressure are
suggested to have by Jaupart and Allegre (1991).
Magma crystallinity is another factor that strongly influences viscosity (Marsh, 1981).
Crystallization driven by decompression during ascent will act to increase viscosity, but could
also potentially produce a temperature increase due to rapid release of latent heat. Blundy et al.
(2006) report that the latent heat of crystallization in ascending hydrous silicic magmas at
shallow pressures accounts for a temperature increase of 2-3˚C per 1% crystallization. The
release of latent heat in magmas from Mount Hood is a potential cause of the relatively high two-
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oxide temperatures described in section 5.4.3. However, despite this, calculations based on the
Giordano et al. (2008) viscosity model combined with the recommended constant of ɸm=0.6
from Marsh (1981) in the Roscoe-Einstein equation suggest that the effect of decompression
crystallization on viscosity will be minor relative to the effect of temperature increase following
recharge. Variation from 20% to 30% crystallinity will increase magma viscosity by a factor of
~2, comparable to the increase in viscosity during degassing (magmatic water reduced from
4 wt% to 2 wt%). Both of these viscosity increases are smaller than the 5 to 10 fold decrease that
we estimate for temperature increase alone. Moreover, the increased temperatures produced by
any latent heat release will act to offset the viscosity effect of crystallization. As noted above, our
estimate of the viscosity decrease based on oxide pair temperatures may already incorporate this
effect as the rapid equilibration times of oxides allow them to record temperatures during magma
ascent (Putirka, 2008). Finally, we also note that the overall growth of new microlites during
ascent of Mount Hood magmas appears to be relatively minor and the high FeO, Sr, and MgO
contents of plagioclase (the dominant modal phase) with sizes 0.2-0.5 mm suggests that they
derive from the mafic magma involved in recharge, rather than growing during ascent from a
mixed magma composition (Kent et al., 2010). This is consistent with studies of other andesitic
volcanoes that suggest that populations of microphenocrysts or microlites largely derive from
mafic magmas involved in recharge (Clynne, 1999; Humphreys et al., 2009a; Martel et al., 2006;
Salisbury et al., 2008).

5.5 Implications for eruptive behavior at andesitic volcanoes
From the above discussion we conclude that reduction in magma viscosity following
recharge and mixing between mafic and silicic magma components is likely to have played a
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decisive role in preventing explosive eruptions at Mount Hood over the lifetime of the current
edifice. This hypothesis also fits well with the observed processes of magma genesis at this
volcano and provides a guide for a general model for the development of mixed andesitic-dacitic
volcanic systems with low explosivity. As discussed in section 5.1, Kent et al. (2010) argued that
eruptions at Mount Hood are repeatedly initiated by mafic recharge, and that separate eruption of
the mafic and silicic magmas that mix to produce erupted magmas is prohibited by viscosity,
density, or other barriers to magma movement within the crust under the volcano.
In addition, if, as we have argued in section 5.4.3 and has been suggested elsewhere (e.g.,
Ruprecht and Bachmann, 2010), temperature increase and concomitant viscosity decrease
following mafic recharge and mixing delays fragmentation during magma ascent and promotes
non-explosive eruptions, then there is a clear link at Mount Hood between magma genesis, the
homogeneity of erupted magma compositions, eruption initiation, and eruptive style. Simply put,
the dependence on mafic recharge to initiate eruptions at Mount Hood not only favors the
eruption of mixed andesites-dacites, but also appears to favor non-explosive effusive eruptions.
This does not necessarily mean that all eruptive events or volcanic systems dominated by magma
mixing will be devoid of explosive eruptions. Magma mixing is well known as a trigger for
explosive volcanic activity (e.g., Pallister et al., 1996; Sparks and Sigurdsson, 1977). There is
also evidence to suggest that individual eruptive sequences involving mixed magmas can include
transitions from extrusive to explosive such as Mount Pinatubo (Hammer et al., 1999), and that
andesitic-dacitic volcanoes that appear mixing-driven can also have plinian or subplinian
eruptions in addition to dome formation (e.g., Browne and Gardner, 2006; Martel et al., 1998;
Sato et al., 1999). Nevertheless we view Mount Hood as a near-endmember in the spectrum of
arc andesitic-dacitic volcanic systems where recharge and mixing have a particularly dominant
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effect on eruption initiation and style. From this we would predict that similar mixing-driven
intermediate volcanoes that appear to require mafic recharge and mixing to initiate eruptions
would also have relatively restricted compositional ranges and would typically erupt through
dome formation, lava flows, and related processes, rather than consistently through larger
explosive eruptions. Note that large pyroclastic flows related to dome collapse are not considered
to represent explosive activity in this context, even though these flows can be highly destructive.
Our model also predicts less variation in the eruptive style of volcanoes where mixing
proportions and timescales remain somewhat constant through time (such as Mount Hood), and a
greater variety of eruptive styles at volcanoes where the relative proportions of mixed
components and the timescales of mixing are more variable, such as Mount Pinatubo (Hammer
et al., 1999) and Volcán Quizapu (Ruprecht and Bachmann, 2010). Variations in the eruptive
styles of these volcanoes are also likely to be influenced by local conditions such as magma flux,
crustal strength and stress fields, edifice size, etc. (e.g., Eichelberger et al., 1986; Jaupart and
Allegre, 1991; Pinel and Jaupart, 2005; Scandone et al., 2007).
There are a number of well-characterized volcanoes that appear to broadly match the
characteristics of Mount Hood and thus may have their low explosivity explained by a model
similar to that we propose. We briefly summarize key information about several of these systems
below.
Mount Unzen has produced material with a relatively narrow compositional range (5767 wt% SiO2) in periods of dominantly effusive activity for the past 0.5 million years (Browne
and Gardner, 2006). These dome-forming eruptions have included porphyritic mafic enclaves
that record temperatures 150˚C hotter than the host magmas (Browne and Gardner, 2006),
indicating extensive recharge-driven reheating shortly before eruption.
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Soufriére Hills Volcano in Montserrat has erupted intermediate lavas with a narrow
compositional range for the past 18 ka (Murphy et al., 2000; Murphy et al., 1998). An influx of
mafic magma shortly before eruption is consistent with geochemical and seismic observations
during the most recent (and on-going) eruptive period that began in 1995 (Murphy et al., 1998;
Watts et al., 2002). Eruptions over the past 18,000 years have produced andesites with a narrow
compositional range (58-63.5 wt% SiO2) but all erupted materials have included mafic enclaves
(Murphy et al., 1998), which record a temperature increase associated with mafic recharge
(Humphreys et al., 2009a; Humphreys et al., 2009b).
The >10,000 year eruptive history of Mount Pelée transitioned from plinian (explosive)
to dome-forming eruptions approximately 650 years B.P. (Martel et al., 2000) and experimental
studies initially suggested identical pre-eruptive conditions for both eruptive styles, invoking
variations in degassing patterns for changing eruptive styles (Martel et al., 1998). Recent work,
however, has also identified extensive evidence for magma mixing, including multiple
populations of plagioclase and amphibole, the presence of mafic enclaves, and compositional
differences that indicate a temperature difference of approximately 150˚C between the mixing
magmas (Martel and Poussineau, 2007).
Multiple volcanoes in Alaska also exhibit periods of low explosivity that may be linked
to reheating by recharge. Mount Dutton effusively erupts lavas that contain mafic enclaves, and
Miller et al. (1999) suggested a link between enclave-bearing eruptions and low explosivity.
Augustine Volcano has erupted mafic enclaves (51.3-57.3 wt% SiO2) hosted in andesitic lavas
(59.1-62.6 wt% SiO2) and eruptions over the past 2200 years have varied in both the extent of
magma mixing and in eruption style (Steiner, 2009). Eruptive activity of the past 50 years at
Redoubt Volcano has ranged from effusive dome emplacement to brief explosive eruptions that
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produced modest tephra fallout (Coombs et al., 2010; Miller and Chouet, 1994). Lavas from
Redoubt also show abundant evidence for magma mixing, including two compositionally distinct
populations of amphibole (Wolf and Eichelberger, 1997) and two populations of plagioclase
identified by crystal size distributions (Morrissey, 1997).
From this we argue that reheating by mafic injection is likely an important factor in
deciding the eruptive style of many recharge-driven volcanoes, although the effects on eruptive
style from variations in recharge reheating are likely clouded by concurrent variations in
degassing, crystallization, and ascent rate, and also in differences between magma plumbing
systems. Studies that integrate investigations of all of these processes are necessary to further
delineate the exact role in reducing explosivity that is played by magma reheating prior to
eruption.

6. Conclusions
In examining the causes of low explosivity at Mount Hood, we conclude the following:
1. Pre-eruptive volatile contents are as high in Mount Hood magmas as in other, more explosive,
arc volcanoes, suggesting that low explosivity is not solely related to intrinsically low volatile
abundances;
2. Pre-eruptive degassing is also unlikely to be the sole cause of the low explosivity, although
significant amounts of pre-eruptive and syn-eruptive degassing did demonstrably occur at Mount
Hood. However, large variations in the extent of degassing are also evident in explosively
erupted magmas, including those associated with plinian eruptions, suggesting pre-eruptive
degassing is not necessarily a deterministic factor for eruptive style;
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3. A critical factor in controlling explosivity at Mount Hood and at other volcanoes that erupt
mixed andesitic-dacitic magmas is the reduction in viscosity following mafic recharge (Ruprecht
and Bachmann, 2010), which delays or prevents fragmentation during magma ascent. This favors
dome forming and other non-explosive eruptive styles. Geothermometry, coupled with a simple
viscosity model and simulations using CONFLOW (Mastin and Ghiorso, 2002), support this
suggestion, showing that mafic recharge may be associated with a 5-10 fold decrease in viscosity
in the silicic resident magma;
4. Our model for Mount Hood may represent a general model for non-explosive rechargedominated andesitic-dacitic volcanoes that links the processes that lead to eruption initiation,
formation of mixed magma compositions, and non-explosive eruptive styles. A number of other
andesitic-dacitic volcanoes show similarly limited compositional ranges, abundant evidence for
mafic recharge and magma mixing, and a predilection for eruption via dome extrusive or other
non-explosive means.
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Figure 1: Total alkali versus SiO2 for whole rock and melt inclusions from Mount Hood. Whole
rock data from Kent et al. (2010) and unpublished data. Dashed circles (M= Mafic, S= Silicic)
indicate approximate compositions from the mixing endmembers (Kent et al. 2010).

44

2

3

1

1

Al2O3 (wt%)

C

Na2O (wt%)

5

D

15

4

13

3

11

2

K2O (wt%)

3

CaO (wt%)

B

A

70
72
74
76
78
72
74
76
SiO2 (wt%)
SiO2 (wt%)
Figure 2: A: SiO2 versus CaO, B: SiO2 versus Na2O, C: SiO2 versus Al2O3, and D: SiO2 versus
K2O for melt inclusions from Mount Hood. Symbols as in Fig. 1.
68

70

45

700

2 kbar

1 kbar

600
Mount St. Helens

3 kbar

open-system
degassing

400
300

CO 2

CO2 (µg/g)

500

closed-system
degassing with
1 wt% exsolved
vapor

ing

flux

200
100
0

Mazama

0

1

2

3

4

5

6

7

H2O (wt%)
Figure 3: H2O versus CO2 for melt inclusions from Mount Hood, Mount St. Helens (Blundy et
al., 2010), and the preclimactic and climactic eruptions of Mount Mazama (Mandeville et al.,
2009). Isobars and degassing paths calculated using Newman and Lowenstern (2002). Symbols
as in Fig. 1. Symbols with dashed outlines have CO2 beyond analytical calibration (~1000 µg/g)
and are included only for informational purposes.

46

0.5

Soufriére Hills

Cl (wt%)

0.4

Augustine

0.3

hypothetical
solubility limit in
rhyolites

2 kbar
0.5 kbar

0.2

Mazama

St. Helens

0.1

0

1

2

3
4
H2O (wt%)

5

6

7

Figure 4: H2O versus Cl for melt inclusions from Mount Hood, Mount St. Helens (Blundy et al.,
2010), Soufriére Hills Volcano (Humphreys et al., 2009), Augustine Volcano (Roman et al.,
2006), and Mount Mazama (Bacon et al., 1992). Symbols as in Fig. 1. Symbols with dashed
outlines represent Mount Hood melt inclusions with H2O contents estimated using the
hygrometer of Lange et al. (2009). Hypothetical Cl solubility limit from Métrich and Rutherford
(1992); bold solubility paths from Webster et al. (1999).
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Figure 5: Comparison between various hygrometers and measured values of H2O in melt
inclusions from Mount Hood. Symbols as in Fig. 1. On Box and Whisker plots, boxes indicate
the middle 50% of values, circles are mean values, and black lines are median values. Whiskers
represent the full range of the data.
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entrapment. Symbols as in Fig. 1.
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Figure 8: Comparison between pre-eruptive temperatures for Mount Hood magmas calculated
using three methods: amphibole compositions (Ridolfi et al., 2010) from the Old Maid,
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Figure 9: A: Magma viscosity in Mount Hood andesite that contains 4 wt% H2O and 30%
crystallinity calculated using CONFLOW (Mastin and Ghiorso, 2002) (solid line) and from
Giordano et al. (2008) (dashed lines, 2 wt% and 4 wt% H2O), using the Roscoe-Einstein equation
and the recommended constant of ɸm=0.6 from Marsh (1981). B: CONFLOW simulation
illustrating delayed fragmentation when magma temperature is increased.
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Melt composition
SiO2
TiO2
Al2O3
FeO* (total Fe as
FeO)
MnO
MgO
CaO
Na2O
K 2O
P 2O 5
Anhydrous total
H 2O

6.90
0.12
3.43
2.92
3.91
2.10
0.24
100.00
4 wt%

Other parameters
Crystallinity
Starting pressure
Starting depth
Conduit width
Initial velocity

30%
200 MPa
6000 m
20 m
1 m/s

67.51
1.08
11.78

Table 1: Parameters used for the CONFLOW (Mastin and Ghiorso, 2002) simulation of delayed
fragmentation following recharge at Mount Hood.
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Supplementary Data
Geochemical data for melt inclusions from Mount Hood, including major elements and volatiles,
mineral host phase, hygrometer calculations, and host plagioclase composition (where
applicable), and average compositional data and geothermometry for Fe-Ti oxides from Mount
Hood.
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