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Abstract

Conduit samples from Unzen Volcano, obtained a decade after the 1991-1995 

eruption, exhibit important physical and mineralogical differences, and subtle differences 

in bulk chemistry from erupted samples. These differences reflect emplacement 

confining pressures, maintenance at hypersolidus temperature, and subsequent subsolidus 

hydrothermal alteration. In contrast, extruded lava underwent decompression to ~1 atm., 

-complete loss of magmatic water and rapid cooling. The resulting hypabyssal conduit 

texture is distinct from both eruptive and plutonic rocks. The low temperature of the 

conduit, <200 °C when sampled by drilling, requires swift post-emplacement textural 

development. Significant changes in bulk composition were Mg, Fe and Na depletion 

and C and S enrichment. Trace-element concentrations of the conduit and the last- 

emplaced lava of the spine indicate a common derivation.

Investigating three aspects of magma transport and post-emplacement evolution at 

Unzen, in conjunction with observations from comparable dome-forming volcanoes, 

quantifies the processes working in concert to produce the resultant textures. First, we 

constrain magmatic ascent rates and crystallization depth of the Unzen dacite via 

decompression crystallization experiments. Our results indicate that slow effusion rates 

( < 2 0  m/hr) are required for both spine and conduit.

Second, we present mineralogical evidence for extremely rapid alteration beneath 

Unzen, related to temperature, permeability within and volatile flux through the volcanic 

edifice. We describe meter-scale variations in alteration conditions, and conclude that 

maintenance of permeability to low porosity allows basalt-derived volatiles to traverse 

the conduit zone promoting extremely rapid alteration, orders of magnitude greater than 

predicted by models for larger/deeper intrusions. This suggests that despite convective 

hydrothermal heat removal, chemical effects were limited to early loss of magmatic water 

and later addition of magmatic volatiles. The extensive alteration within Unzen’s conduit 

contrasts the minimal alteration beneath Obsidian Dome, considered as a “control”.

Finally, we present anisotropy measurements and three-dimensional visualizations 

of degassing structures from four volcanoes: Bezymianny, Unzen, Mount St. Helens and



Obsidian Dome. Our novel approach, employing X-ray computed tomography and 

percolation models, indicates that gas loss at depth is more efficient in sheared regions 

(anisotropic), than in those that contain no evidence for shearing (isotropic).
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Introduction

The syneruptive progression of magma degassing and crystallization as it 

traverses the volcanic conduit plays a critical role in eruption dynamics and duration. 

Magma ascent leads to bubble and crystal nucleation and growth due to decreasing 

volatile solubility and degassing at lower pressure (P; Jaupart and Allegre, 1991).

Crystal growth reduces the melt fraction available to host dissolved volatiles, forcing 

more gas to separate, and in turn changing the composition of crystallizing phases as 

dissolved volatile content decreases in a positive feedback cycle. Volatile loss and 

crystallization from a silicate melt continually modify magma rheology, creating 

resistance to additional degassing, crystallization, and flow. Therefore, a delicate 

balance is required for magma to complete its journey from chamber to surface before 

viscous resistance overwhelms the buoyant driving forces.

Magma emplaced at depth is subjected to further changing conditions as 

temperature (7) decreases. Cooling-induced crystallization and second boiling within the 

freezing remnant melt fraction modify subsolidus igneous textures developed at depth 

(e.g. Swanson et al., 1989). Open-system circulation of hydrothermal fluids, when 

combined with CO2, SO2, and/or H2S inputs from a deep mafic source, changes the pH, 

fO i and/SO2 of the system, which may lead to rapid alteration and deposition of 

secondary and alteration minerals given the appropriate conditions, inputs and time (t) at 

elevated T. Thus, the specific P-T-t path of a parcel of magma dictates its final textural 

character.

Our ability to wholly explain what transpires between magma chamber and vent 

is hindered by our inability to directly sample in situ conduit material during, or 

immediately after, an eruptive event. Therefore, creative approaches to modeling, 

experimentation, and judicious interpretation of samples retrieved via drilling are 

required to do so. This thesis covers a broad range of approaches; linking data points 

from shallowly emplaced conduit material and analogous surface samples, to enhance 

our understanding of the nebulous neither-regions of volcanic plumbing systems.
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Two scientific continental drilling programs procured key samples for 

investigations o f shallow (<1.5 km) conduit systems with the intent to investigate 

relationships between extrusive and intrusive processes within volcanic vents 

(Eichelberger, 1989; Nakada et al., 2005). The Unzen Scientific Drilling Program 

targeted the conduit zone of Unzen’s most recent eruption, based on geophysical models 

(Nakada et al., 2005). Samples of chilled dacite magma from 1.3 km beneath Unzen’s 

summit are altered and retain <1 vol% of their original vesicularity. Drilling results 

indicated that the surrounding edifice through which the dacite dike erupted is 

extensively fractured, highly permeable, and hosts a complex hydrothermal system 

(Fujimitsu et al., 2008; Ikeda et al., 2008; Sakuma et al., 2008; Srigutomo et al., 2008).

An earlier drilling project focused on the chain of monogenic rhyolitic Inyo 

Domes along the northwestern margin of Long Valley Caldera (Eichelberger et al., 1988; 

Westrich et al., 1988; Vogel et al., 1989). Drilling penetrated the thickness of Obsidian 

Dome, its conduit and distal feeder dike down to 600 m, yielding predominantly 

unaltered samples retaining primary vesicle textures (Eichelberger, 1980; Younker et al., 

1987; Vogel et al., 1989). Glass is scarce within the intrusion, found only at the west 

margin of the dike, and shows evidence of post-emplacement alteration (Westrich and 

Eichelberger, 1985; O’Neil and Taylor, 1985; Westrich et al., 1988).

In an effort to link the two deeper conduit data points from Unzen and Obsidian 

Dome to shallower processes, we have included cryptodome samples from Bezymianny, 

Kamchatka, and Mount St. Helens, USA in our study. Both sample suites were intruded 

to very shallow depth (<500 m) for a relatively short period ( < 6  months) prior to near- 

instantaneous quenching when the surrounding edifices collapsed catastrophically.

While there are differences among the four volcanic systems under consideration, 

including bulk composition, total crystallinity, initial volatile content, and tectonic 

setting, they all represent unique snapshots along the P-T-t pathway of magma from 

origin to final resting place that contribute important pieces of information to this 

complex volcanological puzzle.
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Chapter 1 Comparison of eruptive and intrusive samples from Unzen Volcano, 

Japan: Effects of contrasting pressure -  temperature -  time paths1

1.1 Abstract

Core samples from the conduit of Unzen Volcano, obtained only 9 years after 

cessation of the 1991-1995 eruption, exhibit important differences in physical 

characteristics and mineralogy, and subtle differences in bulk chemistry from erupted 

samples. These differences in the conduit samples reflect emplacement under a confining 

pressure where about half of the original magmatic water was retained in the melt phase, 

maintenance at hypersolidus temperature for some unknown but significant time span, 

and subsequent subsolidus hydrothermal alteration. In contrast, magma that extruded as 

lava underwent decompression 1 atm with nearly complete loss of magmatic water and 

cooling at a sufficiently rapid rate to produce glass. The resulting hypabyssal texture of 

the conduit samples, while clearly distinct from eruptive rocks, is also distinct from 

plutonic suites. Given the already low temperature of the conduit (less than 200 °C, 

[Nakada, S., Uto, K., Yoshimoto, M., Eichelberger, J.C., Shimizu, H., 2005. Scientific 

Results of Conduit Drilling in the Unzen Scientific Drilling Project (USDP), Sci. Drill., 1, 

18-22]) when it was sampled by drilling, this texture must have developed within a 

decade, and perhaps within a much shorter time, after emplacement. The fact that all 

trace-element concentrations of the conduit and the last-emplaced lava of the spine, 1300 

m above it, are identical to within analytical uncertainty provides strong evidence that 

both were produced during the same eruption sequence. Changes in conduit magma that 

occurred between emplacement and cooling to the solidus were collapse of vesicles from 

less than or equal to the equilibrium value of about 50 vol.% to about 0.1 vol.%; 

continued resorption of quartz and reaction of biotite phenocrysts due to heating of 

magma prior to ascent by intruding mafic magma; breakdown of hornblende; and micro

crystallization of rhyolitic melt to feldspar and quartz. Subsolidus changes were

1 L.D. Almberg, J.C. Eichelberger, J.F. Larsen, T.A. Vogel, L.C. Patino (2008) Journal of 
Volcanology and Geothermal Research, 175(1-2), 60-70.
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deposition of calcite and pyrite, growth of sericite in anorthite-rich zones of plagioclase, 

and development of montmorillonite as an alteration product. Significant changes in bulk 

composition were depletion of Mg, Fe and Na and enrichment in C and S. These changes 

were due mainly to the breakdown of hornblende and plagioclase, and addition of 

carbonate and pyrite, respectively. The identical concentrations of REEs in the conduit 

and surface lava are consistent with low water to rock ratios during alteration. This 

suggests to us that despite convective hydrothermal removal of heat from the conduit, 

chemical open-system effects were limited to early loss of magmatic water and later 

addition of magmatic C 0 2 and S 0 2 and/or H2S streaming up the conduit from deeper 

levels.

Keywords: Unzen; crystallization texture; phase equilibria; decompression experiments; 

vesicularity

1.2 Introduction
Almost two decades have passed since Unzen Volcano, Kyushu, Japan awoke 

from a two century-long sleep. The ensuing 4-year eruption was monitored at a level of 

geophysical and geochemical detail that was unprecedented at the time. These data, 

together with that from subsequent geophysical surveys, provided indications that the 

feeder system was dike-like, elongate parallel to the trend of the east-west Unzen graben 

within which the volcano had grown. Hoshizumi et al. (1999) documented the coincident 

onset of subsidence within the Unzen graben and commencement of older Unzen activity 

(500-200 ka) in their results from the first phase of the Unzen Scientific Drilling Project 

(USDP). An abrupt change in erupted lava petrology from pyroxene andesite to hybrid 

hornblende dacite corresponds to the change of eruption rate from the higher rate of older 

Unzen (500-200 ka) to younger Unzen (200-0 ka), and is thought to reflect establishment 

of a silicic magma chamber in the mid- to upper crust (Hoshizumi et al., 1999; Nakada 

and Motomura, 1999; Browne et al., 2006a).
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The substantial level of understanding of the subsurface beneath Unzen from 

geophysical surveys, importance of the hazard that the volcano presents to society, and 

the ideal “end-member” status of the volcano as purely effusive despite high pre-eruption 

water content of the magma, led to a successful proposal to target the volcano’s conduit 

as part of the International Continental Drilling Program (Sakuma et al., 2008). 

Syneruptive degassing required to produce effusive eruptions is thought to occur in the 

~ 1  km depth regime, so it was postulated that direct sampling and measurements in this 

environment would reveal how degassing occurs.

Here we describe selected features of conduit petrology and geochemistry, in 

comparison with erupted lava. The goal is to understand these differences in terms of the 

contrasting pressure (P), temperature (7), time (?) paths of magma that produced the two 

sample suites, as a way of elucidating the behavior of magma during shallow ascent and 

emplacement. Because we can only examine the end products of the extrusive and 

intrusive paths, a key to this understanding is replication of ascent conditions in the 

laboratory, with quenching and analysis of experimental charges at multiple stages along 

idealized paths.

1.3 Methods

1.3.1 Bulk chemistry and mineralogy analytical techniques

To determine whole rock composition, samples were cleahed in an ultrasonic 

cleaner with distilled water and ground by hand in an agate mortar. Three grams of this 

rock powder and 9.0 g of lithium tetraborate ( I ^ B ^ ) ,  along with 0.5 g of ammonium 

nitrate (NH4NO3; used as an oxidizer) were fused in platinum crucibles at 1000 °C for 

20-30 minutes on an orbital mixing stage. The melt was then poured into platinum 

molds, making the glass disk that was analyzed using a Bruker S-4 X-ray fluorescent 

(XRF) spectrograph. XRF major-element analyses were reduced by a fundamental 

parameter data reduction method using Bruker Spectra Plus® software, while XRF trace- 

element (Rb, Sr, and Zr) data were calculated using standard linear regression techniques 

in which the Rh Compton peak indicates mass absorption. The rare earth elements, Nb,
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Ta, Hf, Ba, Y, Th, U and Pb were analyzed by laser ablation inductively coupled plasma 

mass spectrometry (LA ICP-MS) on the same glass disks as used for XRF analyses. A 

Cetac LSX200+ laser ablation system was used coupled with a Micromass Platform ICP- 

MS, using strontium determined by XRF as an internal standard. Trace-element data 

reduction was done using MassLynx software. Element concentrations in the samples 

were calculated based on a linear regression method using well-characterized standards. 

Sulfur was analyzed for selected conduit and lava spine samples by XRF using pressed 

powders and regression techniques discussed above. All major- and trace-element whole 

rock analyses reported here were conducted at Michigan State University. Precision and 

accuracy o f both XRF and LA-ICP-MS chemical analyses are reported in Vogel et al., 

2006.

Dissolved inorganic carbon was analyzed using a UIC, Inc. CM5014 CO2 

Coulometer with a CM5130 Acidification Module at the University of Michigan (ASTM 

D513 Method B, 2002). In this method, a known amount of liquid or solid is put into a 

vessel that reacts with 2N H3PO4, allowing the release of CO2 into a monoethanolamine 

solution containing a colorimetric pH indicator. As the CO2 reacts with the 

monoethanolamine, a titratable acid is formed that causes the indicator to fade. 

Transmittance is determined on the solution. As the transmittance increases, a titration 

current is activated to electrochemically generate base at a rate proportional to the 

transmittance, until the original transmittance is obtained. Precision of the coulometer is 

typically less than 1%.

Mineral phases were determined using standard petrographic techniques, energy 

dispersive spectroscopy, and X-ray diffraction (XRD).

1.3.2 Porosity analysis

First-order estimations of porosity in Unzen products were calculated using single 

2D slices of X-ray computed tomographic (CT) images created at the University of Texas 

CT facility. For the given sample size, a ID resolution of approximately 14 pm is
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achievable. Further work quantifying and characterizing the void volumes for the entire 

3D data set is underway.

1.3.3 Decompression crystallization experimental procedures

We used a lightly crushed powder of the latest erupted Unzen dome material for 

this series of decompression crystallization experiments. The powder was loaded into 5 

mm Ag tubing with sufficient distilled water to achieve water saturation. The JO2 within 

the welded capsules was buffered at the NNO equilibrium under water pressure in cold- 

seal vessels.

A five-day equilibration at 160 MPa and 870 °C was determined empirically to be 

sufficient to resorb microlites into the groundmass without growing new rims on 

phenocrysts. Thus the starting material for the decompression experiments is a 

phenocryst-rich dacite with a rhyolite-glass matrix, similar to the inferred post-mixing 

phase assemblage of Unzen magma (Holtz et al., 2005).

We ran two sets of crystallization experiments: multi-step decompression (MSD) 

and single-step decompression (SSD), as defined by Hammer and Rutherford (2002).

The decompression rate is calculated from the pressure loss over the time since dropping 

the initial pressure (AP/t-to), where to is the time at the end of the five-day equilibration 

period. UNZ1-3 are MSD runs decompressed isothermally at variable rates from 160 to

7.5 MPa, to replicate a parcel of magma ascending from the shallow magma chamber to 

the surface. (Decompression to even lower pressures results in fragmentation o f samples, 

therefore 7.5 MPa is used as a proxy for surface conditions.)

UZ28 is an SSD run decompressed from 160 to 40 MPa, then held for one week 

at the final pressure. This was done to ascertain the disequilibrium kinetic response of 

Unzen magma rising and stalling at the level of the USDP-4 drill hole at an averaged rate 

of 642 m/day (0.6 cm/s). This averaged decompression rate is within the range of 

plausible ascent rates of 280-730 m/day (0.3-0.7 cm/s), estimated from effusion rates 

(Nakada and Motomura, 1999). Plagioclase microlite nucleation and microphenocryst 

growth were determined in all runs by delineating regions o f interest and measuring
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relative proportions of microlites and microphenocrysts using backscattered electron 

images and the NIH image-processing program ImageJ.

1.3.4 Plagioclase phenocryst zonation

To determine the extent of chemical zoning in plagioclase phenocrysts within the 

conduit, visibly zoned phenocrysts were selected for electron microprobe and LA-ICP- 

MS analyses from 10 thin sections cut from conduit and core samples. The analytical 

procedures were the same as those used by Browne et al. (2006a,b).

1.3.5 Resorption and reaction experimental procedures

All biotite and quartz resorption and reaction experiments were conducted by 

adding samples of lightly crushed Unzen spine lava to Ag capsules in the presence of 10 

to 17 wt.% added de-ionized water. A small amount of water often vaporized during the 

final welding, leaving 9 to 16 wt. % H2O in the charges prior to experimentation. The 

presence of biotite and quartz phenocrysts in the lightly crushed material provided natural 

“seed” crystals for the experiments. Examination of the powdered material using 

petrographic powders showed the presence of clean, broken biotite and quartz crystals, 

with little to no glass adhering to them prior to experimentation. The experimental 

capsules were then loaded into Waspaloy pressure vessels, with a Ni-filler rod included to 

buffer j 0 2 at NNO + 0.5 to 1 log unit. The experimental capsules were then pressurized 

to 160 MPa and heated to 870 °C, and held for 30 minutes to ensure a stable P  and 

complete re-heating of the sample. The chosen P-T  conditions for the experiments 

replicate the estimated post-mixing, pre-eruptive P-T of the Unzen magma (Venezky and 

Rutherford, 1999). The experiments were held for varying lengths of time from 6.5 to 

139 hours prior to quenching. Photomicrographs and some backscattered electron images 

were collected o f the resulting experimental samples. The relative widths of reaction 

rims surrounding the quartz “seed” crystals were measured by outlining the areas of the 

rim and the “seed” crystal using reflected light images and the NIH ImageJ program.
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1.4 Results

1.4.1 Chemical and mineralogical comparison o f  conduit and spine samples

The major- and trace-element compositions of the conduit and spine samples are 

presented in Tables 1 and 2, respectively. The inorganic carbon content and sulfur of 

selected conduit samples and the spine are presented in Table 3. Fig. 1 shows the 

composition of major elements in the conduit compared to the composition of the average 

spine sample. From Fig. 1 the relative major-element enrichment and depletion of the 

conduit versus the spine can be seen. Fe, Mg, and Na are depleted in the conduit with 

respect to the spine with the conduit to spine ratios ranging from 0.81 to 1 .0  (average 

0.90) for Fe; from 0.61 to 0.89 (average 0.78) for Mg; and from 0.78 to 0.95 (average 

0.90) for Na. All other major elements have conduit to spine ratios near 1.0 (the averages 

are: Si, 1.02; Ti, 0.97; Al, 1.02; Ca, 1.00; K, 1.03; P, 1.04)

Inorganic carbon concentration in the conduit sample ranges from 0.25 to 0.50 

wt.% C, averaging 0.41%, whereas the spine sample is near or below detection limits 

(0.003 wt. % C). Sulfur concentrations in the conduit sample were 4800 to 5900 ppm, 

whereas in the spine they were 280 ppm.

Fig. 2 shows spider plots of rare earth elements and other trace elements in the 

conduit and spine. In these plots, there is no difference between the conduit and the spine 

samples. To further aid in this comparison, a plot of the ratio of the average conduit to 

the average spine is shown in Fig.3. It can be seen from this figure that all differences in 

concentrations are within analytical precision ( 1 0 %).

The textural and mineralogical differences between Unzen conduit and dome 

samples are apparent and striking both in hand specimen and thin section. Phenocryst 

phases abundant in Unzen eruption products, plagioclase, hornblende and biotite, are 

extensively altered, recrystallized, and/or replaced in conduit samples. We also find 

conspicuous variations in mineralization across the spectrum of samples retrieved from 

the USDP-4 drill core. Our discussion is based on analyses of core samples Cl 4-2-11 

and C l6 -2 -2 , which we were able to investigate in detail, and the lava spine, which was 

the last-extruded lava.
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Unzen lava samples contain 20-30% euhedral phenocrysts of plagioclase, 

hornblende, biotite, magnetite, ilmenite and minor embayed quartz set in a microlite-rich 

groundmass (Fig. 4; Nakada and Motomura, 1999). Plagioclase is the most abundant 

phase and is present as microlites ( < 2 0  pm, longest dimension), microphenocrysts (2 0 

100 pm) and complexly zoned phenocrysts (>100 pm; Browne et al., 2006b). Pyroxenes 

and plagioclases occasionally occur together as crystal clots. All are set in clear, 

colorless rhyolitic glass (Nakada and Motomura, 1999), which constitutes 50-70 vol.% of 

the groundmass.

In contrast, conduit samples have altered or decomposed phenocrysts set in 

completely crystalline groundmass. Plagioclase phenocrysts in the conduit are similar in 

appearance to plagioclase phenocrysts in lava, but anorthitic zones are sericitized. 

Plagioclase microphenocrysts are absent in the conduit (Fig. 4). Diffuse sericite masses 

are dispersed throughout. Pseudomorphs of calcite and chlorite after hornblende are 

common, as seen in Fig. 4. Biotite is abundant both as unaltered, broken phenocrysts and 

partially altered phenocrysts. Chloritized biotites, sometimes with reaction rims, are 

typically found adjacent to sericitized plagioclase phenocrysts. Additional crystal phases 

identified in samples retrieved from depth include pyrite, apatite, zeolites, calcite, oxides, 

K-feldspar and minor zircon and sphene. Pyrite occurs both as small grains disseminated 

through the groundmass and concentrated along microfractures.

The groundmass of the conduit is wholly crystalline, comprised of a felted mass 

of clear crystals of quartz and K-feldspar (Fig. 4). We find quartz as a groundmass phase 

only, not as quartz phenocrysts (Fig. 5). This is in contrast to lava, where partially 

resorbed quartz phenocrysts are a minor but ubiquitous component. Despite the visual 

prominence of quartz in lava, it is not detected in XRD data, whereas the dispersed quartz 

of the conduit matrix is displayed in the XRD difffactogram (Fig. 5).

1.4.2 Decompression crystallization results

It has previously been recognized that water pressure has a large effect in 

suppressing the plagioclase liquidus and shifting plagioclase-melt equilibrium towards
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more calcic compositions. Consequently, water loss from melt during decompression 

promotes rapid crystallization of relatively sodic plagioclase (Cashman and Blundy, 

2000). We have examined this behavior for Unzen magma in reconnaissance fashion in 

order to view decompression crystallization at various rates of nearly complete 

decompression and upon emplacement at the sampling depth of the conduit (Fig. 6 ).

Qualitative assessment of the MSD experiments indicates that plagioclase
*

microlite crystallinity is negatively correlated with decompression rate -  faster 

decompression of experiments yields lower crystallinities. The three MSD experiments 

UNZ1 (2.1 MPa/h), UNZ3 (1.1 MPa/h), and UNZ2 (0.7 MPa/h) developed crystallinities 

of 1.89 ± 3.0%, 2.13 ± 1.5%, and 5.86 ±2.1%, respectively, based on the weighted 

average analysis of three BSE images per sample. UNZ1 is more heterogeneous than the 

other MSD experiments, thus the groundmass crystallinity is not significantly different 

than UNZ3 within la . Groundmass plagioclase crystallinity in UNZ2 is, however, 

significantly greater than in UNZ3. The characteristic microlite size increases 

systematically with decreasing average decompression rate for these three MSD 

experiments: 2.18 ±1.2  pm (UNZ1), 2.81 ± 0.9 pm (UNZ3), 3.66 ± 0.9 pm (UNZ2).

The large range of crystal size found in each experiment, however, precludes us from 

finding a significant difference between the characteristic crystal sizes in these three 

experiments. The volume density of microlites (log number per mm3) also increases with 

slower decompression: 5.73 ± 0.4 (UNZ1), 5.96 ± 0.2 (UNZ3), 6.09 ± 0.2 (UNZ2), yet 

UNZ2 is not significantly greater than UNZ3 within error.

1.4.3 Plagioclase zonation

Although they are similar in appearance, a remarkable chemical contrast between 

plagioclase phenocrysts from the conduit to those from the surface samples exists. In 

particular, there is an absence of extreme excursions in anorthite concentration and Sr/Ba 

that is evident in plagioclase from the surface samples. Fig. 7 shows an example of a 

clear, high-An outer rim on the plagioclase, which is similar to those that occur in 

plagioclase phenocrysts in the spine discussed above. Rims with higher An content are
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observed in the conduit, but they are not common and do not have as high an An content 

as observed in the spine plagioclase. More commonly, the clear rim on plagioclase in the 

conduit has a composition similar to the interior of the plagioclase in both An content and 

Sr/Ba ratio.

1.4.4 Resorption and reaction experimental results

It was found that quartz is not stable under the post-mixing, pre-eruption 

conditions of 870 °C and Ph2o=160 MPa, inferred by Venezky and Rutherford (1999). 

Reaction rims surrounding quartz phenocrysts in enclaves in samples from the 1995 lava 

are predominantly augitic pyroxene (clinopyroxene), with smaller amounts of hornblende 

and orthopyroxene (Fig. 8 , sample 26255-eUSDP; Sato, pers. comm., 2006). The 

reaction rims that formed around quartz in the experiments are also predominantly Ca- 

rich clinopyroxene, with minor orthopyroxene present as well. They appear to lack 

hornblende, which could reflect a more sluggish crystallization rate for that phase. 

However, while the reaction rims are always present in the experiments, they are 

sometimes absent in the natural samples, with the phenocrysts showing resorption only 

(Fig. 8 ). Reaction rims are always observed on quartz included within mafic enclaves. 

Quartz showing resorption without reaction rims occurs primarily in the host magma 

(Browne et al., 2006a).

The experiments also show that orthopyroxene reaction rims form around the 

quartz “seed” crystals after as little as 6.5 hours (Fig. 8 ). Fig. 9 shows the proportion of 

the rim area to the area of the partially resorbed quartz seed crystal as a function of time. 

The rim areas reach approximately 70% of the area of the seed crystal after about 25 

hours, and then generally plateau in runs up to the maximum duration o f -140 hours. No 

experiments resulted in complete elimination of quartz by reaction with melt.
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1.5 Discussion

1.5.1 Bulk chemistry and mineralogy

The differences in chemistry between the conduit and the spine are depletion of 

Mg, Fe and Na, and enrichment of C and S (Fig. 1 and Table 3). All of the other major 

elements are similar in the conduit and spine (Fig. 1). The depletion of Mg is very large 

in some samples (nearly 40% depleted, Fig. 1). Fe and Na depletions are not so extreme 

and in some conduit samples they are not depleted or only very slightly depleted (Fig. 1). 

The rare earth elements (REEs) and other trace elements are nearly identical in the 

samples from the spine and those retrieved from depth (Figs. 2 and 3), leading us to 

conclude that they are likely from the same eruptive sequence.

The depletion of Mg and Fe is consistent with the breakdown of hornblende with 

some of the Mg and Fe being mobilized in the conduit. The depletion of Na is consistent 

with the breakdown of plagioclase and mobilization of Na. The large increase in C and S 

in the conduit compared to the spine (Table 3) is consistent with addition of CO2 and SO2 

during hydrothermal alteration, which resulted in the formation of calcite and pyrite in 

the conduit and retention of Ca and some of the Fe in the system. The Ca in calcite most 

likely was produced by breakdown of plagioclase and hornblende, whereas the Fe in 

pyrite was from the breakdown of hornblende. The abundance of carbon and sulfur in the 

conduit samples is most likely due to magmatic CO2 and SO2 streaming upward as 

magmatic gas from deeper in the system. Given their abundance and negligible (C 02) to 

low (SO2) solubility in silicic melt at mid- to upper crustal depths, their ultimate source is 

likely recently intruded mafic magma as indicated by the presence mafic enclaves in the 

lava (e.g., Browne et al., 2006a).

The closely similar REE and other trace-element concentrations of the conduit 

and lava spine samples from Unzen seem surprising given the pervasive hydrothermal 

alteration. With respect to the REEs, we can therefore infer that the hydrothermal 

alteration that affected the conduit happened under conditions where REE-hosting phases 

were stable. Fulignati et al. (1998) evaluated REE mobility in hydrothermally altered 

rocks and concluded that the mobility of REEs was related to pH. In neutral or high pH
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and low water/rock ratios result in low mobility (Ayers and Watson, 1991; Fulignati et al. 

1998). The solubility of REE-hosting phosphates, e.g. monazite, has been extensively 

studied at <300 °C (e.g. Cetiner et al. 2005). It has been concluded that, at near-surface 

conditions, the stability of these phases depends mostly on temperature, pH, ligands 

present, and water/rock ratio (Wood and Williams-Jones, 1994; Gammons et al., 1996; 

Cetiner et al., 2005). Monazite is less stable at low temperatures and low pH (Cetiner et 

al., 2005). In fact, pH seems to be the most important parameter; the solubility of REE- 

hosting phosphates increases with decreasing pH. Our understanding of the stability of 

REE-hosting phases at higher P  and T is more limited. However, Ayers and Watson 

(1991) reach similar conclusions regarding the importance of pH in the stability of apatite 

and monazite at higher T (800-1200 °C) and P  (1.0-3.0 GPa). At these conditions, the 

solubility of apatite is not affected by temperature, but the solubility of monazite 

increases with increasing temperature if the pH is low. Based on this information, the pH 

may have been sufficiently high to prevent breakdown of REE hosts, such as apatite and 

zircon, and transport of the REE out of the system or the solution had low pH but it 

interacted only with a small portion of the rock.

We infer from the presence of matrix quartz but absence of phenocrystic quartz in 

the conduit that resorption of quartz was occurring during the eruption and went to 

completion because conduit magma stayed at high temperature for a significant time after 

emplacement, only to be re-precipitated during eutectic-like crystallization of the 

magma’s matrix rhyolite. In the lava, cooling occurred before resorption of quartz 

phenocrysts was complete, and before the melt could begin to precipitate quartz.

1.5.2 Decompression crystallization

The SSD experiments yield heterogeneous results and do not conform to the 

nucleation and growth curve of the MSD experiments (e.g. Fig. 6 E shows a less 

crystalline area of the experimental charge than Fig. 6 F, although 6 E represents a longer 

experiment). Hammer and Rutherford (2002) demonstrated that this is to be expected 

and indicated that MSD series are more appropriate to approximate the slow, steady
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decompression accompanying a dome-forming eruption. Couch et al. (2003b) found that 

for experiments with similar compositions and initial conditions decompressed to 50 

MPa, crystallization begins after 1 h and stabilizes within 4-8 h. Holding these 

experiments at 40 MPa for 48 hours and one week, with an effective undercooling of 

-150 °C (Couch et al., 2003a) produced low crystallinity (3-9%) for a decompression rate 

close to that inferred by Nakada and Motomura (1999). The quantitative data available at 

this time are too limited to make more detailed comparisons to the analyses of natural and 

experimental samples for Mount St. Helens (Cashman, 1992; Geschwind and Rutherford, 

1995) and Mount Pinatubo (Hammer et al., 1999). The final results of this 

decompression crystallization study will be presented in a subsequent paper.

1.5.3 Porosity

Porosity of eruption products is the first-order evidence that magmas contain 

volatiles that exsolve upon decompression. Ideally, porosity of tephra, lava, and conduit 

samples might be assumed to equal volume fraction of vapor at the time of eruption or 

emplacement if the material has been rapidly quenched. In reality, this ideal case is only 

approached in explosive events (e.g., Klug and Cashman, 1994; Thomas et al., 1994;

Klug et al., 2002; Polacci et al., 2003, etc.). Primary porosity, or vesicularity, is lost 

when lithostatic pressure is constant (decompression stops) and the temperature of 

magma or volcanic deposit remains above the glass transition temperature for an 

extended period. During this time, bubbles formed during the previous decompression 

step can continue to coalesce, providing pathways for degassing and ultimately bubble 

collapse as well as resorption of residual vapor into the melt. This effect is greatly 

enhanced when the material is under mechanical load, as in lava flows and conduits, and 

is well understood in the case of ignimbrite sheets, where it is called “welding” (e.g., 

Riehle, 1973).

Assuming initial water content in the magma of 5-7 wt% H2O (Moore and 

Carmichael, 1998; Holtz et al., 2005; Nishimura et al., 2005), that the gas expands 

ideally, and that the system is closed to gas loss gives 40 vol.% vesicularity at 1.3 km
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depth. Even if  all this gas escapes, secondary porosity will later be generated through 

second boiling as melt crystallizes. Because sampled conduit material was emplaced 

under pressure sufficient for 2 .6  wt.% H2O to be retained in melt, this is a significant 

effect that would yield another 43 vol.% vapor at equilibrium in a closed system conduit. 

If fluids flux through the emplaced magmatic material, porosity can potentially be further 

changed under appropriate P/T  conditions.

A simple 2D analysis of void space ratios in the conduit yields vesicularities of 

0.01-0.3 vol.% in conduit samples and 3.3 vol% in spine samples. It is clear, even from 

the simplistic approach taken here, that the remnant vesicularity is one or two orders of 

magnitude less than that expected from an ideal gas expansion model for the dome and 

conduit samples, respectively. The obvious inference to be drawn is that gas loss has 

been highly efficient and essentially complete. For this to occur, the conduit magma had 

to retain some permeability down to very low porosity. Gas pathways once established 

must persist despite bubble collapse.

1.5.4 Zoning in plagioclase phenocrysts

Browne et al. (2006a,b) showed that strong anorthite-albite zonation in 

plagioclase phenocrysts was accompanied by strong variation in Sr/Ba. There is an 

outward progression from low An, low Sr/Ba through a sieve-texture resorption zone to a 

thin, strongly normally zoned high-An, high-Sr/Ba to low-An, low-Sr/Ba rim. This 

reflects both chemical and thermal perturbations to the crustal magma system caused by 

injection of basalt, followed by reestablishment of equilibrium. Indeed, the plagioclase 

phenocrysts appear to have been actually engulfed in intruding basalt and then recycled 

back into the host silicic magma. We extended this study of plagioclase zonation to 

conduit samples and found that zoned phenocrysts lacked the high-An, high-Sr/Ba peak 

of the outer rim (Fig. 7).

Two explanations may be considered for the lack of the An-spike in plagioclase 

phenocrysts retrieved from 1.3 km depth. This zone may never have developed due to a 

lesser amount of admixed mafic magma or because the conduit samples were emplaced
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early in the eruption sequence, eliminating a post-mixing equilibration period in which 

new rims could grow. Alternatively, the rims could have been eliminated by diffusion. 

For diffusion to have erased the high-An signature, it would require diffusion coefficients 

for Ca-Na on the order of 10'10cm2/s active over the 10-15-year period after 

emplacement, which are higher than the diffusion coefficients measured under wet 

conditions at 900°C by Liu and Yund (1992). Using their diffusion coefficients, a 10-p.m 

characteristic diffusion distance would occur in 10 years. However diffusion experiments 

are very sensitive to temperature, composition of the liquid and crystal and the presence 

of volatiles. Still, it is not probable that the diffusion rates were 1 to 2 orders of 

magnitude faster in the conduit than measured under Liu and Yund’s experimental 

conditions, especially given that the magma cooled by several hundred degrees in the 

years following emplacement. The fact that texturally these rims on zoned phenocrysts in 

the conduit appear similar to the rims in the effused lavas without the accompanying high 

An content may be coincidental, leaving open the question of how they formed.

1.5.5 Resorption and reaction o f  biotite and quartz phenocrysts

Unzen magma was affected by three major perturbations to its equilibrium storage 

condition just prior to and during eruption. One was coupled heating and compositional 

change due to input of basaltic magma (Nakamura, 1995; Venezky and Rutherford, 1999; 

Browne et al., 2006a). Next was decompression due to ascent. Finally, there was slow to 

rapid cooling depending upon whether the magma was emplaced in the conduit or on the 

surface. As a consequence, biotite and quartz phenocrysts in lava and conduit samples 

exhibit resorption and reaction relationships with the host melt as represented in samples 

by glass or matrix. The extent to which these processes proceeded differed between the 

conduit and lava samples.

1.5.5.1 Quartz

The likely cause of reaction and resorption of quartz phenocrysts in Unzen 

magma is heating above the temperature stability limit of quartz, which is about 780 °C at
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160 MPa (Holtz et al., 2005). The experimental timescale of 1 day to produce the rims 

around the quartz seed crystals is shorter than the time inferred to have elapsed between 

magma-mixing and eruptive quenching based on titanomagnetite diffusion profiles, 11-29 

days (Venezky and Rutherford, 1999) and is even shorter than the shortest timescale, 7 

days, inferred for magma ascent (Nakada and Motomura, 1999). Thus, it is likely that the 

rims formed primarily during initial contact between stored silicic magma and injected 

mafic magma, and that little further growth occurred during subsequent ascent of the 

hybrid.

The situation of quartz phenocrysts sometimes exhibiting a reaction relation to 

melt and sometimes only resorption appears to be analogous to the situation for 

plagioclase phenocrysts (Browne et al., 2006a,b). Some relatively sodic plagioclase 

grains have a distinct “sieve” zone indicative of partial melting, surrounded by a strongly 

zoned overgrowth. All sodic plagioclase incorporated in mafic enclaves exhibit this 

texture, as do some in the host lava. Some otherwise similar plagioclase phenocrysts in 

the host lack sieve zones but instead contain a calcic spike at an analogous location. The 

sieve textured plagioclase crystals in the enclaves were apparently engulfed from host 

magma and “saw” a brief but intense thermal and chemical perturbation. Some of these 

were returned to the host when enclaves disintegrated. Non-sieved sodic plagioclase 

never came in contact with mafic magma, but still reflect the heating event in their 

zoning. Thus, pyroxene-rimmed quartz may be analogous to sieve-texture plagioclase, 

whereas resorbed quartz may be analogous to the non-sieve texture sodic plagioclase of 

the host.

But if reaction rims only form in the extreme case of engulfment in mafic magma, 

why do the experiments show growth of augite reaction rims due to heating to pre

emption temperature alone? Perhaps the heating effect inferred by Venezky and 

Rutherford (1999) and hence the temperature of our experiments is too high.

An alternative scenario is that reaction rims form on all quartz in Unzen magma, 

but are eroded off during flow in the host while protected from this erosion if encased 

within enclaves.
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1.5.5.2 Biotite

Reaction rims formed around biotite phenocrysts suggest similar scenarios. Fig. 

10  shows reacted biotite phenocrysts from core from the conduit, core from flank 

boreholes, and from the lava spine. The temperature stability limit of biotite at 160 MPa 

is probably similar to that of quartz (Holtz et al., 2005), yet the slope of its temperature 

stability curve is positive with pressure, opposite that of quartz. Thus, as the water- 

saturated melt is decompressed, biotite should move farther from its stability field, while 

the effect on quartz is opposite. Nevertheless, the experiments qualitatively show the 

development of reaction rims on a timescale similar to quartz.

One difference between conduit samples and experimental results is that the 

reaction rims seen in the conduit appear to have a slightly coarser grain size than for short 

experimental runs (6.5 hours; Fig. 10). Although some of the biotite grains in the conduit 

appear only resorbed and embayed, others are almost completely reacted away, leaving a 

small bit of the original crystal surrounded by a coarse-grained reaction rim. The biotite 

reaction may have proceeded to a greater degree in the conduit because this material sat 

at magmatic temperatures outside the stability limit of biotite for a longer amount of time 

than the lava. According to Holtz et al. (2005), biotite should not be stable in the conduit 

at the initial emplacement temperatures of the magma at a depth of 1.3 km (Venezky and 

Rutherford, 1999). Thus, the differences in texture and relative width of the reaction rims 

between biotite in the natural lava and conduit samples may reflect the longer cooling 

history of the unerupted magma in the conduit.

1.6 Summary

We have demonstrated a chemical match between the core material intersected at

1.3 km depth and the last erupted lavas from the 1991-1995 eruption of Unzen Volcano 

using the REEs and other trace elements to fingerprint each. This indicates that both 

parcels of magma belong to the same eruptive sequence, although the conduit material 

may represent the initial intrusion, as suggested by the low temperature, high microlite 

number density and small size, and plagioclase phenocrysts that do no exhibit high An
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rims, rather than the last-emplaced magma coinciding with the final lava dome extrusion. 

Whether the conduit material was emplaced at the beginning of the eruption or four years 

later at the conclusion changes our interpretations of our finding very little. Based on the 

correlation of the spine and conduit as extrusive and intrusive counterparts of the same 

eruptive event, we are able to investigate the textural and mineralogical differences 

between the two to posit how the two P-T-t paths of this Unzen dacite have impacted the 

final characteristics. We find that within the conduit porosity has been reduced to a 

negligible volume fraction; Mg, Fe, and Na were readily mobilized due to the breakdown 

of hornblende and alteration of plagioclase; and C and S were introduced to the cooling 

magma from vapor streaming through the system. We have verified experimentally that 

the reaction rims seen surrounding quartz and biotite phenocrysts are indicators of the 

initial magma-mixing event at the on-set o f eruption, and shown that biotite remained 

outside of its stability field for an extended period during cooling at 1.3 km.

One important conclusion, if this one drilling data point of Unzen Volcano can be 

taken as exemplary, is that volcanic systems can cool quickly, over the course of a few 

years, even when the eruption itself lasted for years. Because of this and because 

crystallization from both decompression as well as cooling occurred, it is unlikely that 

silicic magma can be stored in a magmatic state for any appreciable length of time at the 

base of a volcanic edifice. Current applications of this conclusion are to the renewed 

activity of Mount St. Helens and Augustine volcanoes where precursory seismic activity 

beginning at very shallow depth led to the suggestion that magma had actually been 

stored at that depth following their 1980s eruptive episodes. Even excepting simple 

crystallization effects, there appear to be rapid interactions between phenocrysts and melt 

following the pressure perturbation of ascent that would make shallowly stored magma 

readily distinguishable from new magma withdrawn from a much deeper reservoir.

What is the shallow depth limit to silicic magma storage? Within a few 

kilometers, perhaps only one kilometer, beneath the current depth of sampling at Unzen, 

there may be a transition to conditions under which magma could be stored for protracted 

periods, and where the textures of resulting intrusions become more plutonic in nature.
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At shallower depth than that of the Unzen conduit samples, one might see the effects of 

more voluminous vapor loss and development of incipient fragmentation textures. 

Probing volcanoes with much shorter repose periods will likely reveal an entirely 

different thermal regime from the thermally waning system viewed in the Unzen conduit. 

And one must now wonder what the conduit of a dominantly explosive andesite/dacite 

volcano looks like. It is to be hoped that Unzen is merely the first step in exploring 

volcano parameter space, in understanding the subvolcanic regime, and in understanding 

the relationship to eruptive behavior. The obvious next steps are to sample conduits at 

both greater and shallower depths than in the Unzen drilling experiment, and to also 

explore conduits of both more explosive and shorter repose time systems.
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Table 1.1 Major element chemistry of conduit samples compared to 1995 spine material from XRF analysis (wt.%).

Sample S i02 TiOz > O Fe203 MnO MgO CaO Na20 k 2o P2O5 Totals
Uspinelava 1 65.34 0.63 15.38 4.81 0 .1 0 2.52 4.76 3.19 2.47 0.16 99.36
Uspine lava 2 64.81 0.65 15.88 4.68 0.09 2.38 4.76 3.27 2.49 0.15 99.16
Uspinelava 3 65.32 0.61 15.74 4.57 0.09 2.32 4.79 3.30 2.43 0.15 99.32
C13-2-5C 64.05 0.63 15.27 4.61 0 .1 0 2.07 4.85 2.79 2.44 0.17 96.98
C13-2-10 64.59 0.56 15.79 3.91 0.08 1.79 4.70 3.02 2.42 0.15 97.01
C13-2-5B 64.32 0.57 15.71 4.07 0.09 1.92 4.96 2.94 2.41 0.15 97.14
C13-4-9 65.25 0.65 15.46 3.89 0.07 1.75 4.07 2.85 2.64 0.16 96.79
C13-2-3-0-20 64.55 0.60 15.27 4.26 0.09 1.99 4.73 2.76 2.45 0.16 96.86
C14-3-10 64.01 0.58 15.78 4.13 0.07 1.43 4.61 2.84 2.49 0.15 96.09
Cl 4-4-5 64.44 0.58 16.17 3.72 0.08 1.81 4.67 2.94 2.41 0.16 96.98
C14-2-11A 64.92 0.56 15.68 3.83 0.08 1.63 4.53 3.00 2.41 0.14 96.78
C16-3-1 63.24 0.62 14.66 4.29 0.11 2.04 4.45 2.42 2.45 0.16 94.44



Table 1.2 Trace element chemistry of conduit samples compared to 1995 spine material (ppm). Chromium, Rb, and Sr from
XRF analysis, all others from ICP-MS analysis.

Sample C r Rb Sr V Y Z r Nb Ba La Ce P r Nd Sm Eu Gd Tb Ho Er Yb Lu Hf Ta Pb Th U
Uspine lava 1 52 77 288 154 17.6 128 16.3 437 20.87 43.04 4.44 15.62 3.36 0.94 3.63 0.55 2.89 0.63 1.86 2.04 0.30 3.15 1.17 14.70 9.30 3.30
Uspine lava 2 26 79 307 160 14.9 129 16.2 466 20.51 40.99 4.15 14.52 3.12 0.94 3.42 0.49 2.62 0.56 1.69 1.92 0.27 3.11 1.17 15.63 9.08 3.37
Uspine lava 3 49 76 306 164 15.3 119 16.0 460 21.16 43.47 4.37 14.76 3.37 0.98 3.50 0.51 2.70 0.59 1.75 2.07 0.29 2.93 1.21 16.59 9.36 3.63
C13-2-5C 58 75 313 160 15.9 140 16.4 487 20.86 43.36 4.42 15.39 3.39 0.95 3.61 0.53 2.77 0.59 1.76 1.99 0.29 3.32 1.19 17.77 8.65 3.38
C13-2-10 48 73 334 137 13.1 116 15.0 492 19.05 39.10 3.91 12.99 2.99 0.88 3.08 0.47 2.40 0.54 1.75 1.77 0.24 2.82 1.19 18.92 8.43 3.25
C13-2-5B 46 74 335 132 13.9 124 15.2 475 19.56 39.31 3.99 13.70 2.88 0.91 3.04 0.48 2.46 0.53 1.61 1.80 0.27 3.00 1.14 17.80 8.62 3.08
C13-4-9 40 82 321 159 14.3 125 17.3 556 20.96 42.55 4.22 14.40 3.19 0.89 3.31 0.47 2.59 0.59 1.73 1.89 0.26 3.03 1.29 20.96 9.53 3.51
C13-2-3-0-20 38 74 309 145 14.5 120 15.9 500 20.83 43.33 4.31 14.54 3.20 0.95 3.42 0.52 2.62 0.56 1.71 1.92 0.26 3.02 1.21 17.70 9.23 3.38
C14-3-10 51 74 354 125 14.9 136 15.3 481 21.12 41.68 4.30 14.93 3.03 0.91 3.38 0.49 2.58 0.56 1.74 1.93 0.27 3.31 1.20 16.82 9.51 3.06
C l 4-4-5 55 70 347 121 15.7 141 15.0 474 21.72 41.88 4.30 15.20 3.10 0.94 3.38 0.49 2.64 0.56 1.75 1.95 0.27 3.29 1.19 16.16 9.70 2.88
C14-2-11A 29 74 346 110 14.2 136 14.6 483 21.08 39.91 4.13 13.97 2.94 0.95 3.20 0.49 2.48 0.53 1.62 1.84 0.26 3.37 1.20 16.63 10.03 2.95

C16-3-1 51 71 288 118 16.3 140 15.1 446 21.45 42.61 4.42 15.42 3.24 0.97 3.63 0.53 2.79 0.61 1.82 2.04 0.28 3.41 1.20 16.94 9.93 2.81
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Table 1.3 Inorganic carbon and sulfur analyses for conduit and spine samples.

wt.% Inorganic 
Sample name Carbon

C13-2-5 0.512

C14-2-11 0.386

C14-2-11 (replicate) 0.412

C14-2-11 0.254

C14-3-10 0.422

C14-4-5 0.450

Average Conduit 0.406

Spine Lava 0.003

S (ppm)
C13-2-3-0~20 4800

C14-4-5 5900

Spine 280



30

Major Elements
Variable 

• — C-13-2-5A 
c-13-2-10 
C-13-2-5B 
c-13-4-9 
c-13-2-3-0~20 
c-14-3-10 
c-14-4-5 
c-14-2-11 
c-16-3-1

Si Ti Al Fe Mg Ca Na K P 

Fig. 1.1 Whole rock conduit/spine ratios for major elements. Note the depletion in Fe, 

Mg and Na.
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Rock/Chondrites Sun+McDon. 1989-REEs Sun+McDon. 1989 Rock/Primitive Mantle

Fig. 1.2 Rare earth element diagram (left) and spider diagram (right) for select trace 

elements for all of the samples. Samples normalized to chondrites using values from Sun 

and McDonough (1989). Note that there is little variation among the samples and that 

the conduit and spine samples are identical.
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Fig. 1.3 Trace elements in the conduit/spine. The gray area is a conservative estimate of 

the analytical precision. Much of the variation is below this precision level. The 

conclusion is that there is no difference in the trace elements from the conduit and spine.
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Fig. 1.4 Backscattered electron images of intrusive and extrusive textures. Conduit 

sample (left; C l4-2-1 1 ) exhibits granophyric texture with felted mass of crystals in 

groundmass and some diffuse areas of sericite that may be relicts from plagioclase 

microphenocrysts. There is no glass. Spine lava (right) has prominent microphenocrysts 

of plagioclase set in microlite-rich clear rhyolite glass. Mineral abbreviations: pi -  

plagioclase, hbl -  hornblende, pyr -  pyrite, ser -  sericite, cal -  calcite, qz -  quartz.
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Fig. 1.5 Quartz in Unzen conduit. (Left) black areas of X-ray map image of conduit 

sample are rich in Si with S, Mg, Al, Ca, and K absent and are therefore presumed to be 

SiC>2. (Right) XRD difffactogram showing quartz lines in conduit.
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Fig. 1.6 Backscattered electron images of experimental runs: A) Unzen dacite held at 

inferred pre-eruption conditions (160 MPa, 870 °C) for 139 hours; B) equilibrated as (A) 

then decompressed at 2.1 MPa/hr to 7.5 MPa; C) decompressed at 1.1 MPa/hr to 7.5 

MPa; D) decompressed at 0.7 MPa/hr to 7.5 MPa; E) decompressed -instantaneously and 

held at 40 MPa for one week; F) decompressed -instantaneously and held at 40 MPa for 

48 hours.
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Fig. 1.7 Superimposed An and Sr/Ba versus radial distance profiles for plagioclase 

phenocrysts in spine lava (top) and conduit sample C l4-3-10 (bottom).
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Fig. 1.8 Photomicrographs of experimental samples. The four photomicrographs at the 

top of this figure show the progression of quartz reaction rim textures as a function of 

experiment duration. The pressure and temperature conditions are listed on each 

photomicrograph, along with the run number. These images show that the rims develop 

rather quickly, over a -24  hour period, when the Unzen natural powder starting material 

is subjected to the estimated post-mixing temperature of 870 °C. The lower four 

photomicrographs show the range of quartz textures observed in the Unzen samples from 

flank drill core samples, as well as the spine lavas. The two images on the left show 

well-developed orthopyroxene reaction rims, while those on the right show resorption 

only without orthopyroxene reaction rims.
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Experimental duration (hours)

Fig. 1.9 Ratio of rim area to remaining area of the associated “seed” crystal. The quartz 

+ melt to orthopyroxene reaction ratio is plotted against experimental duration. Error 

bars represent the standard deviation about the mean areas measured. Development of 

the reaction rims is rapid, occurring primarily within the first 24 hours of each 

experiment.
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Fig. 1.10 Photomicrographs of reaction rim development around biotite “seed” crystals in 

the heating experiments. These runs were not decompressed, but were held at the 

conditions listed on each image for the specified time. The Ul-b95 photomicrograph 

shows the texture of biotite reaction rims typical in the Unzen spine lava. The bottom 

two photomicrographs show examples of biotite reaction rims from a conduit sample as 

well as from a core sample from the flanks. Here, the generally coarse rim texture on the 

conduit sample is apparent, when compared with that from the host lava.
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Chapter 2 Experimental decompression crystallization -  final emplacement 

conditions in the 1995 Unzen conduit and spine

2.1 Abstract

Central to understanding eruption dynamics is the role of decompression and 

degassing during magmatic ascent, which triggers crystal nucleation and growth through 

an increase in melt liquidus temperature as water exsolves. This study uses 

decompression crystallization experiments to help constrain magmatic ascent rates, 

crystallization depth, and pre-eruptive magma temperatures in the 1991-1995 Unzen 

dacite magmas. Our experimental work delineates the role of decompression-induced 

crystallization within the Unzen dacite to create the natural textures of the spine lava and 

USDP-4 core samples from the Unzen conduit zone.

The USDP-4 drill core is thought to have intersected the 1991-1995 magmatic 

conduit at a depth of 1300 m [Almberg et al., 2008]. We conducted two sets of 

isothermal multi-step decompression experiments, run at 870 and 800 ±3 °C, equilibrated 

at 160 ± 3 MPa under water saturated conditions with J 0 2 buffered at Ni-NiO +-0.5 to 1 

log unit, and decompressed stepwise to 40 and 7.5 ± 2 MPa. We ran the experiments at 

varying decompression rates (0.2 -  2.1 MPa/hr, corresponding to ascent rates of 8.5 -

89.3 m/hr) using finely crushed, natural Unzen spine material with an experimentally 

cleaned out groundmass (870 °C series) or microlite-poor groundmass (800 °C). Our 

experimental results show that, slow effusion rates ( < 2 0  m/hr) and shallow microlite 

growth, possibly combined with low (-800 °C) temperatures are required to develop the 

natural Unzen crystal populations found in both spine and conduit samples. We 

determine that microlite crystallization occurred primarily as growth between 1500 m 

and the surface with nucleation occurring deeper in the conduit.

Key words: experimental petrology; decompression crystallization; crystal growth; 

plagioclase microlites; igneous petrology; Unzen dacite
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2.2 Introduction

Changes in pressure and temperature within a rising magma body wield important 

controls over how the magma will erupt at the surface, as they dictate the degree to 

which the magma will degas and crystallize. Numerous investigations of natural and 

experimental systems have demonstrated that increasing the liquidus temperature via the 

decompression of an initially water-rich, vapor-saturated magma is a dominant 

crystallization driving force, especially in slowly ascending shallow magmas (Swanson, 

1977; Kirkpatrick, 1981; Westrich et al., 1988; Geschwind and Rutherford, 1995; 

Cashman and Blundy, 2000; Blundy and Cashman, 2001; Hammer and Rutherford,

2002; Couch et al., 2003b; Hammer, 2004; Blundy and Cashman, 2005). Experimental 

studies on simplified synthetic systems and natural rhyolitic melts (Lofgren, 1974; 

Muncill and Lasaga, 1987, 1988; Swanson et al., 1989; Hammer and Rutherford, 2002; 

Martel and Schmidt, 2003; Couch et al., 2003a,b) provide a framework for understanding 

crystal nucleation and growth kinetics in other similar systems. Experimental studies 

focusing on microlite textures and morphologies elucidated the correlation between these 

parameters and the decompression regime and degree of effective undercooling (ATeff), 

which controls crystallization kinetics in a similar manner as cooling the melt 

(Geschwind and Rutherford, 1995; Hammer and Rutherford, 2002). Such studies 

illustrate ways in which natural microlite textures can be used to decipher magmatic 

degassing and crystallization, and the timescales of magmatic ascent and cooling before, 

during, and after eruptions.

Previous work focusing on natural volcanic products have shown that plagioclase 

microlite crystallinities, number densities, size distributions, and crystal shapes provide a 

way to quantify the kinetic controls on a particular magmatic system (Cashman, 1988, 

1992; Hammer et al., 1999, 2000). Geschwind and Rutherford (1995) determined that 

plagioclase microlite crystallization reached a plateau within 2 0 0  hours in their 

decompression experiments on Mount St Helens dacite. Within this timeframe, two 

regimes of melt transformation were delineated by three independent studies (Hammer 

and Rutherford, 2002; Martel and Schmidt, 2003; Couch et al., 2003a, b): a growth-
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dominated, high-P (160-50 MPa, small ATeff) regime, and a nucleation-dominated, low-P 

(50-5 MPa, large ATeff) regime. The experiments of Hammer and Rutherford (2002) 

demonstrated a complex relationship between the total ATeff and the resultant 

transformation behavior. Large ATeff (125-241 °C) induced nucleation-dominated 

behavior and was found to produce a system that slowly approached chemical 

equilibration (>168 hours). Euhedral crystal morphologies dominated these systems, 

with anhedral microlites forming at low final pressures (Pf). They also discovered that 

slow multi-step decompression (MSD) experiments did not approach equilibrium until 

final pressures decreased to 5 MPa.

The 1991-1995 eruption of Unzen volcano was characterized by a repeated series 

of lava dome building and subsequent collapse events, generating thousands of 

pyroclastic flows. The initial phreatic bursts in November 1990 marked the onset of 

Unzen’s reawakening, followed by a short period of phreatomagmatic explosions in 

February 1991, which transitioned into a four-year eruption, producing dacitic lava dome 

growth beginning May 1991 (Nakada et al., 1999). Petrological investigations have 

revealed two end-member magmas, a phenocryst-rich rhyodacite and an aphyric mafic 

magma, that mixed at depth to produce the hybrid dacite (Venezky and Rutherford, 1999; 

Holtz et al., 2005). Unzen’s effusive activity throughout the 1991-1995 eruption is 

described as two main pulses, based on effusion rate (Nakada and Motomura, 1999),
c •J

highest at the beginning (4.0 x 10 m /day) after the brief initial phreatic to 

phreatomagmatic phase, and peaking again in 1993 after waning to nearly zero effusion 

rate. Groundmass glass composition, microlite crystallinity, and specific gravity varied 

concurrently with effusion rate (Nakada and Motomura, 1999; Noguchi et al., 2006).

The extrusion of a 40-m-high lava spine at the top of the dome in late 1994 to early 1995 

marked the end of the eruption. Together with seismic observations (Umakoshi et al.,

2001), the petrologic data indicates that the 1991-1995 eruption was triggered by an 

injection of hot (>1030 °C) mafic magma into a cool (790 ±20 °C) shallow (6-7 km) 

rhyodacite mush, which had been subjected to multiple reheating events over the 500 ka 

eruption history of Unzen (Browne et al., 2006a, b). Lavas extruded during the 1991-
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1995 event range from 64.5 to 66.0 wt.% whole-rock SiC>2 (Nakada and Motomura,

1999; Table 2.1).

In the present study, we use decompression experiments at pressures and 

temperatures appropriate for magma ascent during the 1991-1995 Unzen eruption to help 

decipher plagioclase microlite crystallization in the natural dacitic magmas (Fig. 2.1). 

Two sets of natural samples were considered as the basis of our comparison: an extruded 

dacite lava erupted in the final pulse of activity in 1995 (Fig. 2.1 A); and a suite of 

intrusive dacite dike samples correlated with the 1991-1995 eruption via geochemical 

fingerprinting (Almberg et al., 2008). We measure plagioclase number densities, total 

crystallinities, and glass compositions of the experimental run products, which simulate 

ascent to intermediate and shallow depths (40 and <7.5 MPa, respectively). Experiments 

decompressed to 40 MPa are compared to the conduit zone samples and referred to as 

‘intrusive’ throughout this study, although the natural samples have undergone additional 

crystal growth and further modification due to cooling and hydrothermal alteration after 

emplacement. The results of this study indicate that plagioclase microlite textures 

comparable to those of the natural samples require cooler experimental temperatures 

(800°C) than the post-mixing temperatures calculated by Venezky and Rutherford 

(1999). However, crystallization due to both nucleation and growth within each set of 

experiments (800 and 870 °C) yields glass chemistries that approximate the natural glass 

compositions. Therefore we acquiesce that our experiments do not provide an 

unambiguous temperature for the Unzen magma.

2.3 Methods

2.3.1 Experimental procedures

The crystal-rich and heterogeneous nature of the Unzen magmas necessitated an 

unconventional experimental approach in order to produce the best starting material for 

the decompression crystallization experiments. A lightly crushed sample of the last- 

emplaced, holocrystalline Unzen spine lava, collected 18 May 1995, containing broken 

fragments of plagioclase, hornblende, biotite, and minor quartz phenocrysts, served as
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the starting material (Table 2.1). We heated this powder at 870/800 °C at 160 MPa, 

water saturated, to melt most of the microlites present in the natural groundmass. The 

resulting material served as a sub-liquidus medium in which to investigate 

decompression-induced crystallization of plagioclase. The powder was loaded into 5 

mm Ag tubes with 5-10 wt.% H2O, with both ends welded closed. Experiments were run 

in Waspaloy pressure vessels, heated externally in Lindberg-Blue furnaces. The 

experiments were equilibrated at 160 MPa for 5 to 7 days at 800 and 870 °C (Table 2.2) 

at water saturated conditions, with JO 2 ~Ni-NiO (NNO) + ~0.5 to 1 log unit, set by a 

nickel metal filler rod. The equilibration timescales (5 days at 870 °C, 7 days at 800 °C) 

were sufficient to produce a homogenized plagioclase microlite- and microphenocryst- 

poor starting groundmass, while retaining a population of phenocryst fragments (Fig.

2.2). These sub-liquidus experimental starting conditions best replicate the kinetic 

conditions inferred for the post-mixing Unzen magma at 160 MPa (Nakamura, 1995; 

Venezky and Rutherford, 1999; Nishimura et al., 2005).

After equilibration, the experimental charges were directly subjected to a series of 

isothermal decompressions. The requisite time to complete each pressure drop was <1 

minute, a negligible fraction of the total time spent at each pressure step (4-48 hrs), given 

that previous experimental studies of rhyolitic melts have determined no nucleation or 

growth occurs in <1 hr (Couch et al., 2003b). Two different pressure intervals were 

investigated: AP 160-40 MPa (shallow chamber to borehole intersection depth), and AP 

160-7.5 MPa (shallow chamber to near-surface conditions; Table 2.2, Figs. 2.3, 2.4). 

Lower final pressures resulted in fragmentation of the experimental charge, due to 

excessive vapor expansion, thus we were restricted to investigations within this limited 

pressure regime. Pairs of experiments decompressed at the same rate to each of the final 

pressures were run to identify crystallization and growth differences attributable to 

degassing in the upper conduit. One experiment, UZ56, was decompressed at the same 

rate as UZ54 to 40 MPa, then held at constant P and T for one week to assess the effects 

of increased hold time. Experiments were quenched by immersion of the pressure vessel 

in water while held at Pf until the vessel stopped glowing red (one minute or less), which
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we assume means the sample has cooled below the glass transition T (<700 °C;

Dingwell, 1998). Each capsule was checked for leaks by comparing pre- and post- 

experimental weights and noting effervescence upon opening the capsule, indicating that 

vapor was not lost during the experiment.

2.3.2 Image analysis

To measure the plagioclase microlite textural parameters in experimental charges, 

the groundmass of each experiment was analyzed using back-scattered electron imaging 

(BSE). High-resolution (xlOOO magnification) BSE images of polished thick sections 

were acquired using a Cameca SX-50 Electron Microprobe, Advanced Instrumentation 

Laboratory (AIL), University of Alaska Fairbanks. For all image acquisitions, we used a 

rastering beam with a 20-nA current and a 30-keV accelerating voltage. Plagioclase 

microlites, vesicles, pre-existing plagioclase, growth rims on pre-existing plagioclase, 

and all other phases (amphiboles, micas and pyroxenes) in each BSE image were 

outlined and measured using ImageJ, an NIH-developed imaging and analysis program 

(freeware from National Institutes of Health http://rsb.info.nih.gov/ij/index.html). The 

total area of vesicles, phenocrysts ( > 1 0 0  pm major axis) and non-plagioclase minerals 

was subtracted from the total image area yielding the area of interest. Area, perimeter, 

and the major and minor axes of a best-fit ellipse were measured or calculated for each 

microlite (<20 pm) and microphenocryst (20-100 pm). Subsequent measurements of 

length and width were made directly on individual crystals to determine aspect ratios. 

Microlite crystal size and growth rim measurements were made on three to seven images 

from each sample to average over textural heterogeneities within individual pieces from 

each experimental charge, with the error bars in Figs. 2.5-2.9 representing the spatial 

variability in each experimental sample. Measurement errors were calculated and are 

presented in Appendix 2.A, Table 2.A-1.

The extent of growth on pre-existing plagioclase phenocrysts was determined by 

measuring both the inner broken phenocryst fragments and new growth rims around 

them, which were differentiated visually by backscatter intensity. The contact between

http://rsb.info.nih.gov/ij/index.html


46

core and rim is not always unambiguous due to low intensity contrast. We therefore 

acknowledge that there are significant measurement errors associated with our growth 

rim data that contribute to the large variations in crystallinity (®) shown in Fig. 2.6.

The crystal sizes and area fractions are reported in Table 2.3 as an average and 

one standard deviation, weighted by the area of interest, for all images measured per 

sample. The two-dimensional crystal number density Na (Fig. 2.7) and area fraction ® 

(Fig. 2.5) measured in the groundmass (normalized to the vesicle and phenocryst-free 

area of each image) were used to calculate a characteristic crystal size Sn = (® /N a)°  5 

(Fig. 2.9) and the three-dimensional number density Nv = Na/Sn (Fig. 2.8) after Hammer 

et al. (2 0 0 0 ).

2.3.3 Glass analyses

We measured major-element compositional variation within the suite of 

experimental glasses on the AIL Cameca SX-50 Electron Microprobe. Hydrous glass 

data were collected using the standard glass analysis procedure with four wavelength 

dispersive spectrometers (WDS). The rhyolitic glasses were analyzed for Si, Al, Na, Ca, 

K, Mg, Fe, Ti, and Cl at multiple points per sample using a 15 keV, 10 nA, defocused 10 

pm beam and glass standard KN-18 as an internal standard. Na migration and the 

resulting Na decay were accounted for by collecting Na data first in each analysis, then 

correcting to the initial values using a self-calibrating volatile-loss correction scheme in 

the Probe for Windows software package described in Devine et al. (1995).

2.4 Results

2.4.1 Crystallization conditions and effective undercooling

Starting conditions for the first series of decompression crystallization 

experiments were based on the magmatic temperatures (850-870 °C) and pressure (160 

MPa) for a phenocryst-rich shallow magma chamber determined from Fe-Ti oxide pairs 

and Al-in hornblende geobarometry, respectively, by Venezky and Rutherford (1999) 

and the initial water content (6  ± 1 wt%) calculated by Holtz et al. (2005). Lower-T (800
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°C) experimental runs were deemed necessary upon review of high-T experimental 

results. Similar to previous studies of groundmass microlite crystallization, our 

decompression experiments started below the dacite liquidus with a starting material 

containing pre-existing crystals.

The total ATeff within our decompression experiments was approximated from 

experimental and natural data from well-studied volcanoes of similar composition in 

conjunction with modeling results using MELTS (Ghiorso and Sack, 1995; Asimow and 

Ghiorso, 1998). The 1 atm experiments of Brugger at al. (2003) and Rutherford et al. 

(1985) on Augustine and Mount St. Helens dacites, respectively, yield plagioclase 

liquidus temperatures of 1210 and 1180 °C, which are consistent with the predicted 

temperatures from the MELTS model (Ghiorso and Sack, 1995; Asimow and Ghiorso, 

1998) of 1213 and 1198°C, respectively. Assuming the Unzen dacite is similar, we 

estimate the 1 atmosphere plagioclase liquidus to be between 1190-1200°C. The 

decompression experiments of Couch et al. (2003b) on a synthetic melt approximating 

the composition of the Souffiere Hills groundmass provide additional experimental 

constraints that are also applied here to estimate the plagioclase liquidus at higher water 

pressures. From this, we established that the maximum total ATeff at 800 and 870 °C 

were 390 and 320 °C, respectively (Fig. 2.10). Those liquidi and the resulting ATeff are 

significantly larger than estimated by Hammer and Rutherford (2002) for high-silica 

rhyolite matrix melts from the Pinatubo dacite. The groundmass glasses from the Unzen 

dacite are generally rhyodacitic to rhyolitic (e.g., Sato et al., 1999). Based on this, our 

estimated total ATeff approaches -225 to 300 °C at 800 °C, and 175 to 250 °C at 870 °C, 

for 40 and 7.5 MPa ending pressures, respectively (Fig. 2.10). It is important to note, 

however, that the decompression pathways employed by this study involved multiple- 

step decompressions followed by holding for significant time periods after each pressure 

drop. Thus, our experiments were subjected to much smaller ATeff than the total ATeff at 

each step.
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2.4.2 Natural plagioclase textures

Samples collected from the Unzen spine (Fig. 2.1), representing the last pulse of 

the 1991-1995 effusive eruption, are nearly holocrystalline and contain populations of 

microlites (<20 pm), microphenocrysts (20-100 pm), and zoned phenocrysts with 

complex histories (>100 pm; Almberg et al., 2005; Browne et al., 2006a). The crystal 

population size definitions are based on maximum length measurements of three 

morphologically distinct groups found within the Unzen samples. These definitions 

differ from the distinctions of Murphy et al. (2000) for Souffiere Hills andesite, but 

largely coincide with Cashman’s (1988) distinctions for the Mount St. Helens dacite.

The crystal-rich dacite lavas contain abundant phenocrysts of plagioclase (An7o-9s), 

hornblende, biotite, quartz, and minor olivine (F060-75) up to 28 vol.% (Nakada and 

Motomura, 1999). The groundmass consists of glass, and microlites of plagioclase, 

pargasite, pyroxene, Fe-Ti oxides, apatite and rare cristobalite with dispersed 

microphenocrysts of magnetite and plagioclase. Microlite populations as measured by 

Nakada and Motomura (1999) increased from 23 to 37 vol.% during the four-year 

eruption, with more complete groundmass crystallization noted during periods of slower 

effusion, especially in the waning stages of the eruption.

Fig. 2.1 shows BSE images of Unzen spine lava, extruded in late 1994 through 

the endogenous dome, just above the former Jigokuato Crater, and from a conduit sample 

retrieved from USDP-4 drill core, extracted from the 1991-1995 transport system 

(Almberg et al., 2008; c.f. Scandone et al., 2007). The BSE images illustrate the marked 

differences in groundmass crystallinities between the Unzen surface samples and those 

intruded 1.3 km beneath the summit. Alteration and secondary mineralization have 

obscured primary groundmass textures of all intrusive samples (Fig. 2.1; Almberg et al., 

2008), yet the tabular morphology of groundmass microlites is still discernible for 

crystals with a minimum length of >2 pm. A complete description of the secondary 

hydrothermal phases is given in Chapter 3. The intrusive and extrusive samples contain 

11 and 17 vol.% tabular and equant plagioclase microlites {c.f. Hammer and Rutherford,

2002) in samples exhibiting 16 and 28 vol.% total crystallinity, respectively. Our
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measured values are systematically lower, by 5-15 vol.% than those measured by 

Noguchi et al., 2008a, resulting from differing arbitrary microlite size definitions (<20 

pm vs. <50 pm) in the two studies. However, this does not negatively impact our study 

as our measurements are used for internal comparison and not to contrast with the earlier 

study.

Microlite size measurements for the natural and experimental samples are listed 

in Table 2.3. Sn for the spine lava and intrusive samples are 2.5 and 3.5 pm, 

respectively. Ny and Na are both significantly smaller in the intrusive samples: 106 4 (per
•5 7  Q  ^  I -J ^  c  ^

mm ) and 1 0  (per mm ) when compared with 10  (per mm ) and 10  (per mm ) in 

the extrusive spine sample. Aspect ratios of microlites in the spine material range from 

2:1 -  6:1, with tabular and equant forms dominating the groundmass (Table 2.4).

Tabular microlites with the same range of aspect ratios compose most of the natural 

intrusive groundmass, although higher aspect ratio microlites ( » 6 :1) are found 

sporadically.

2.4.3 Experimental plagioclase textures: 870 °C

The groundmass textures developed during both the 870 and 800 °C experimental 

series are illustrated in the collection of BSE images in Figs. 2.3 and 2.4, respectively. 

Figures 2.5-2.9 show the textural data as a function of decompression rate for both 

temperature series. Groundmass microlite crystallinities developed via decompression in 

our experiments are given in Table 2.3. The total crystallinity of intrusive experiments 

run at 870 °C and quenched at 40 MPa varies from 2.8-6.9 vol.% (Fig. 2.5). Na and Ny 

for experiments decompressed to 40 MPa show significant heterogeneity within samples: 

103 5 3 9 ± 102-9 /mm2 and 106 0' 6'6 ± 105 6 /mm3 (Figs. 2.7, 2.8). The microlite 

morphologies (Table 2.4) developed from predominantly elongate and skeletal forms in 

fast decompression experiments to more tabular and equant forms in slower 

decompression regimes. Hopper forms appeared occasionally, but were extremely rare 

(<1 hopper/image). Total crystallinities, resulting from growth on pre-existing crystal 

faces plus microlite crystallinities, were visibly more developed in 870 °C-series
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experiments decompressed to near-surface (7.5 MPa) conditions (Fig. 2.3), yet the area 

fraction of microlites is slightly less (2.0-2.1 vol.%) in the Pf = 7.5 MPa sample of the 

quickly decompressed (>1.1 MPa/h) pairs (Fig. 2.5, Table 2.3). The groundmass 

crystallinity of both intrusive and extrusive experiments increased as the average 

decompression rate slowed to 0.5 MPa/hr (Fig. 2.5).

Significant growth rims were found around pre-existing phenocryst fragments in 

most samples. The growth rim edges were difficult to clearly define and measure, due to 

the low backscatter contrast between core and rim. The inclusion of growth into our 

crystallinity calculations does, however, produce significantly different results than 

microlite measurements alone (Table 2.3, Fig. 2.6). Experiments run at 870 °C produced 

total crystallinities of 3.4 to 17.7 vol.%, while the cooler, 800 °C experiments created 

significantly greater total crystallinities (12.7-25.1 vol.%). Although the errors on the 

growth rim measurements are large (0 .6 - 1 0 .6  vol.%), all intrusive data points for the 

870°C experiments fall within the broad range of natural intrusive sample crystallinity. 

The low pressure range of samples, on the other hand, follow a lognormal trend (R2 = 

0.92), increasing to values coincident with the natural extrusive range between 0.5 and 

0.2 MPa/hr.

The Sn exhibited by each decompression experiment (Fig. 2.9) does not vary 

systematically with total decompression time for either the intrusive or extrusive 

experiments. Rather, this parameter, calculated as the square root of the average 

microlite area, increases to a maximum of 3.7 pm for an average decompression rate of 

0.7 MPa/hr, then decreases.

2.4.4 Experimental plagioclase textures: 800 °C

Fig. 2.4 shows BSE images from our 800 °C experiments. UNZ2 was run at the 

same decompression rate and Pf as UZ53, but at 870 °C, and is included to highlight the 

differences in groundmass crystallinity as a function of temperature. Experiments run at 

800 °C have measurably higher crystallinities (®) than those of the decompression 

experiments run at 870 °C (Fig. 2.5). Crystallinities in the 800 °C series range from 7.3
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to 17.7 vol.%, while those from the 870 °C series range from 2 to only 7.4 vol.% (Fig. 

2.5, 2.6). Although there is overlap of Nv as shown in Fig. 2.8, the cooler experiments 

more closely approximate the natural extrusive samples for average decompression rates 

-0.7 MPa/hr. In the 800 °C series, Sn values bracket those of the 870 °C series (Fig.

2.9). For the cooler experiments decompressed to 7 MPa, UZ53 (AP/At = 0.7 MPa/hr) 

most closely approaches the natural extrusive textures, although its volume fraction of 

microlites is significantly lower (-10 vol%). The decompression pair of UZ54/UZ56 

(AP/At = 0.5 MPa/hr) most closely approaches the natural spine and intrusive sample Sn 

values (Fig. 2.9, Table 2.3), although we note that UZ57 was run at similar conditions 

and exhibits different microlite size characteristics.

There are a limited number of data points for the 800°C series of experiments. It 

is clear, however, from Fig. 2.6 that including both microlite crystallization and growth 

on pre-existing surfaces in the crystallinity estimates causes most of the 800°C 

experiments to overshoot the natural target crystallinities. UZ57 is the exception to this 

case, falling just below the range of natural extrusive samples. UZ54 and UZ53 only just 

overlap the natural extrusive range within error. UZ56, which was held at 40 MPa for a 

week after decompression, developed crystallinity due to microlite growth plus 

phenocryst rim growth that is equivalent to the low-pressure experiment UZ53.

2.4.5 Glass composition evolution

The experimental matrix glass compositions show changes relative to 

decompression rate for all oxides (Table 3.5). The changes overall are significant within 

error, despite large errors at some points, with some samples overlapping within error. 

Three major oxides, SiC>2, AI2O3 and CaO are chosen to represent the chemical evolution 

of our experimental glasses with decreasing decompression rate and increasing time (Fig. 

2.11). The 800 and 870 °C experiments are chemically similar within error in most 

cases, with both trends approaching the natural spine groundmass composition at low P 

and decompression rates <0.7MPa/hr. Differences in melt chemical evolution in the 

intermediate storage and transport systems (160-40 MPa) can thus be compared with
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those from the eruptive system (40-7.5 MPa) via experimental pairs decompressed at the 

same rate to two different final pressures.

The chemical trends delineated in Fig. 2.11, approaching the natural glass 

chemistry result largely, but perhaps not exclusively, from crystallizing plagioclase from 

a rhyodacitic melt. While the chemical evolution illustrates what transpires in the melt as 

decompression rate varies and more time is allotted for chemical equilibration between 

decompression steps, it does not indicate the mode of crystallization, i.e. whether 

nucleation or growth dominates. Therefore, we use the glass chemistry in conjunction 

with our microlite crystallinity data to constrain how the melt evolves in our experiments 

and apply these findings to interpret the natural system.

Examining the CaO glass chemistry of intrusive/extrusive experimental pairs in 

Fig. 2.11 reveals that crystallization in experimental melts decompressed at <1 MPa/hr 

reduced CaO from 2.1 to -0.5 wt.% at pressures between 40 and 7.5 MPa. The bulk of 

the AI2O3 evolution (from 13.5 to -11.5 wt.%) occurs between 160 to 40 MPa in all but 

the most slowly decompressed experiments. When the decompression rate is slow 

enough (0.2 MPa/hr), the melt evolves to <11 wt.% AI2O3 composition at higher 

experimental pressures, suggesting disequilibrium melt evolution at faster decompression 

rates.

Not all chemical trends or pairs of experiments are separable within one standard 

deviation. This may be a consequence of incomplete homogenization of some 

experiments during the equilibration period, leading to heterogeneous crystallization of 

the melt, which is also supported by the variable crystal populations found within 

experimental samples. While this yields a large spread in the glass chemistry for a few 

experiments, the general trends approaching the natural glass composition are still well 

defined and consistently show the effects of plagioclase crystalization.
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2.5 Discussion

2.5.1 Experimental replication o f  natural textures

Laboratory experiments cannot exactly replicate natural magmatic processes. The 

complex nature of the Unzen 1991-1995 lavas makes that eruption particularly difficult 

to assess experimentally. The post-emplacement evolution of the intrusive samples is 

especially complicated, showing evidence for cooling-induced crystal growth, 

hydrothermal alteration overprinting, and secondary mineralization (discussed further in 

Chapter 3). Thus, no single experiment from this study perfectly replicates every textural 

parameter of the spine and intrusion. However, several experiments do approach the 

natural groundmass crystallinity and number density measured within the Unzen spine 

lava.

UZ53 (0.7 MPa/h, Pf=7.5 MPa) most closely replicates the natural spine number 

density. However, the total microlite crystallinity is quite low relative to the spine (7.3 ±

2.4 vs. 17.6 ± 2.5 vol.%) and the mean microlite size (2.0 ± 0.2 pm) is smaller than all 

other experiments (2.2-4.4 pm). Conversely, UZ54 (0.5 MPa/h, Pf=7.5 MPa) has a 

greater percentage of microlites (14.5 ± 3.8 vol.%), yet exhibits a much lower number 

density than the spine lava (103 0 vs. 104 5 /mm2). To match the natural sample in terms 

of number density and crystallinity, UZ54 would require additional nucleation and minor 

growth. This could potentially be achieved via further decompression from 7.5 to 0 

MPa, although the rates of nucleation and growth will slow to effectively zero at such 

low pressures due to increasing melt viscosity. Following that the natural spine sample 

experienced additional decompression and continued to cool at the surface, UZ54 is our 

closest experimental approximation of the natural conditions within the Unzen magma 

transport and eruptive systems (Figs. 2.5-2.9, 2.11; c.f. Scandone et al., 2007).

The cooler experiments with slower decompression rates (<0.5 MPa/hr) have 

higher total crystallinity (12.7-17.7 vol.%; Fig. 2.5), however, the other textural 

parameters are not coincident with the natural samples (Figs. 2.7-2.9). The volumetric 

number density (Ny = 1 0 6 2' 6 7 /mm3) of microlites is typically less than that of the spine 

(107 /mm3), although it overlaps with the intrusive sample (1064 /mm3), within error (Fig.
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2.8). UZ54 and UZ57 were decompressed at 0.5 MPa/hr, however they exhibit a range 

of crystallinities and mean microlite sizes that range from fewer to more than those 

exhibited by the natural textures (14.0-21.8 vs. 17.6 vol.%; 2.3-4.4 vs. 2.5 pm; Figs. 2.5,

2.9). It is possible that the stepwise ATeff o f our MSD experiments imposed at this 

decompression rate may have placed the experiments within a transition zone between 

nucleation and growth-dominated crystallization.

Our experiments at 870 °C have consistently lower microlite crystallinities and 

number densities than the spine sample (2.0-7.4 vs. 17.6 vol.%; 103 °-103 9 vs. 104 5 /mm2 

Figs. 2.5-2.7), with typically greater mean microlite sizes (2.4-3.7 vs. 2.5 pm; Fig. 2.9), 

except for the very quickly decompressed experiments (2.2-2.8  pm). The hotter 

experiments are, however, largely coincident with the intrusive textures, especially 

UZ51, which was decompressed to 40 MPa at 0.5 MPa/h (Figs. 2.5-2.8 ). Experiment 

UZ56, while cooler than UZ51, was decompressed under the same conditions, then held 

at 40 MPa and 800°C for one week. In this time, it developed a crystal population on par 

with the natural intrusive samples, and microlite crystallinity 5 vol.% greater than the 

equivalent experiment (UZ58) that was quenched without the additional hold period. By 

extension, we conclude that the microlites within experiment UZ51 (0.5 MPa/h), which 

developed an appropriate population of crystal nuclei, would continue to grow if given 

additional time at elevated T/P conditions. This would yield a volume fraction of <14.9 

vol%, based on the growth within UZ56.

The microlite crystallinity data suggest that the intruded magma was hotter and 

ascended at or just above the rate of the spine lava. The significant growth on pre

existing phenocryst fragments, however, indicate that our experiments did not perfectly 

replicate the conditions experienced by the natural system. Thus, our results are limited 

in what they reveal about the specific temperature and decompression path of the Unzen 

magma. The chemical trends discussed below provide a clearer indication of what 

transpired within the experimental melts.
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2.5.2 Experimental replication o f natural glass compositions

Fig. 2.11 shows that the glass chemistry o f both the 800 and 870°C experiments 

approach the range of natural glass compositions at decompression rates <0.7 MPa/hr. 

Two discernible controls on melt composition are decompression rate and final pressure. 

Depletion of AI2O3 and CaO and enrichment of Si0 2  with increasing crystallization of 

plagioclase within an isothermally decompressed silicic melt is the expected chemical 

trend based on the phase relations from the ‘haplogranite’ system quartz-albite- 

orthoclase-H2 0  (Blundy and Cashman, 2001). They determined that the formation of 

highly silicic melts (>77 wt.% Si0 2 ) was only possible via crystallization at very low P, 

an observation with which our results are consistent. The disparity between the microlite 

crystallization and glass compositional trends, with the former showing a distinction 

between 800 and 870 °C experiments not seen in the latter, is explained by differences in 

crystal growth on pre-existing phenocrysts at the expense of microlite nucleation in the 

hotter experiments (Figs. 2.5, 2.6, 2.11). The higher viscosity of cooler melts imposes 

lower diffusion rates, favoring nucleation over phenocryst growth.

Experiments UZ54 (800 °C) and UZ43 (870 °C) approach the groundmass 

compositions measured via microprobe analysis on a single sample from the Unzen spine 

lava, which overlap compositions reported by Nakada et al. (1999). While our 

experimental glass compositions intersect our measured natural AI2O3 values at relatively 

fast decompression rates (1.1 MPa/hr), both AI2O3 and CaO only approach the 

compositions of Nakada et al. (1999) when decompressed at < 0.7 MPa/hr. The Si0 2  

concentration in our experimental glasses only evolves to the full extent of the natural 

samples when decompressed to low pressure (<7.5 MPa), mirroring the trends of AI2O3 

and CaO. In contrast, the glass compositions of experiments decompressed to 40 MPa 

evolve to ~74 ± 1 wt.% Si0 2  at all decompression rates explored in this study.

2.5.3 Comparison with other experimental studies

Our experiments did not replicate the total crystallinity of the natural samples. 

However, prior experimental studies provide evidence that MSD experiments produce
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groundmass crystallinities of at least several vol.% lower than those found in natural 

samples given the appropriate temperature and ascent rate conditions. Hammer and 

Rutherford (2002) indicated that MSD experiments were most appropriate for replicating 

slow, steady dome extrusion, such as at Unzen, and found that a significant proportion of 

the groundmass crystallization (20-30%) occurred in the final decompression step (from 

10 to 5 MPa). Couch et al. (2003b) compared their single-step and multi-step 

decompression experiments (MDE) results with equilibrium crystallization, and revealed 

crystallinities in the MDE were lower than those estimated for equilibrium by < 8  vol.%.

These two independent studies suggest that the low crystallinities developed in 

our experiments are due to limitations of the experimental method and that we must 

extrapolate to determine how comparable the results are with the natural system. Taking 

a simplified view of crystallization between 10 and 5 MPa, we expect our experiments 

would develop up to 10-15% more microlite crystallinity were they decompressed to 

lower final pressures based on the results of Hammer and Rutherford (2002), as 7.5 MPa 

is the P f of the majority of our extrusive experiments. Following this, we conclude that 

all of our 800 °C experiments might attain a crystallinity comparable to that of the 

natural samples if allowed to decompress to surface pressure. However, we can see from 

the glass chemistry data and addition of growth on pre-existing phenocryst surfaces that 

such a thought exercise is not necessary to yield crystallinities within the natural ranges.

The experimental studies of both Martel and Schmidt (2003) and Hammer and 

Rutherford (2002) ascertained the existence of two crystallization regimes: >150-50 MPa 

dominated by growth of existing crystals; and <50 MPa dominated by microlite 

nucleation. Couch et al. (2003b) ascribed the differences in crystallization behavior to 

the degree of ATeff rather than the Pf, but described essentially the same overlapping bell 

shaped curves mapping out both nucleation and growth rates as a function of 

undercooling. In their study, they determined that growth dominated for ATeff <115 

MPa, or that imposed by small step-wise decompressions, and nucleation dominated at 

higher undercoolings, corresponding to the ATeff of a large single step decompression. 

The Ny values o f our experiments correlate better with the natural intrusive samples,
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however none quite match the nuclei density of the natural spine lava within error, 

although UZ53 comes very close. This can be explained by the ubiquitous growth on 

pre-existing phenocrysts, which is predicted by the small ATeff at each step.

In general, our experimental suites developed little variety in crystal morphology 

(Table 2.5, Figs. 2.3, 2.4). The most rapidly decompressed experiments are populated 

with elongate, skeletal and tabular microlites. In experiments decompressed to 40 MPa, 

this suggests undercoolings of ~ 150 °C, based on the work of Hammer and Rutherford 

(2002). The effective undercooling imposed on samples decompressed to <7.5 MPa is 

closer to ~250 °C. All experiments decompressed at rates <0.7 MPa/hr (~30 m/hr) 

primarily produced equant and tabular crystal forms, similar to those of the natural 

samples, which is to be expected as the crystal population has more time to mature 

between each step (c.f. Hammer and Rutherford, 2002). Couch et al. (2003b) found 

multi-step decompression experiments to routinely produce less crystal morphology 

variation than single-step decompressions.

2.5.4 Implications fo r  Unzen magmatic temperatures

The results of our experiments help to constrain the magmatic T at the conclusion 

of the 1991-1995 Unzen eruption. The most salient feature of our results is that 

relatively low temperatures of -800 °C are required to develop microlite crystallinities 

on par with those of the spine lava, with the cooler experiments producing up to 1 2  vol.% 

greater crystallinities than the greatest crystal fraction developed in the 870 °C 

experiments. However, when growth around pre-existing phenocrysts is considered 

(Table 2.3, Fig. 2.6) experimental crystallinities approximate the natural samples even at 

higher temperatures. Thus, the experiments at 870 °C do approach the natural intrusive 

and extrusive samples, and differences in temperature are not required to explain 

microlite crystallization between the surface and intrusive Unzen natural samples.
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2.5.5 Implications fo r  Unzen magmatic ascent rates

Nakada and Motomura (1999) calculated ascent rates between < 8  and >40 m/h 

for the upper and lower portions of the Unzen conduit, respectively, based on measured 

effusion rates, an assumed conduit geometry, and the anorthite content of plagioclase 

rims grown upon magma decompression. The plagioclase microlites they measured 

ranged from 23-37 vol.%, varying inversely with effusion rate. Their rates fit within our 

experimental results constraints, which indicate an ascent rate of <21 m/hr (0.5 MPa/hr; 

Figs. 2.5-2.8,2.11).

Our experimental results also corroborate the ascent velocities for the upper and 

lower conduit calculated by Noguchi et al. (2008b). Using compositional analyses from 

samples collected throughout the entire eruption sequence, they determined that microlite 

nucleation occurred at a high partial water pressure (160-70 MPa) in the conduit. Ascent 

velocities were extrapolated from their microlite number densities using a water- 

exsolution rate meter (Noguchi et al., 2008b; Toramaru et al., 2008), yielding rates of 1

14 m/hr and 30-270 m/hr for the upper and lower conduit, respectively.

Ascent rates in the upper segment of the conduit (<1300 m) were constrained by 

observations to < 2 0  m/hr throughout the eruption, and were as low as 8 m/h in the 

waning stages of activity. Our results from intrusive (40 MPa) experimental data reveal 

ascent rates deeper in the conduit are faster (-30 m/hr) than those of the upper conduit 

(Figs. 2.5-2.8 ), requiring variable conduit geometry to conserve the mass flux along its 

length. It is possible to estimate the conduit dimensions using this ascent rate together 

with magma densities of 2 0 0 0  and 1500 kg/m3 at the surface and depth, assuming 

vesicularities of 10-30 vol.% (Kueppers et al., 2005) and 40 vol.% (Almberg et al.,

2008), respectively (melt density: 2500 kg/m3). Taking an average surface ascent rate 

and area of 15 m/hr and 1000 m2, respectively, this yields a cross-sectional area of 640 

m2 at 1300 m depth. This fits within the model of Noguchi et al. (2008, their Fig. 13).
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2.6 Conclusions

The results of our decompression experiments to <7.5 MPa constrain the ascent 

rate of magma from 160 MPa to the surface. We find that the ascent rate changes from 

-30  m/hr (0.7 MPa/h) in the lower conduit to <20 m/hr (0.5 MPa/h) in the upper edifice. 

Using these ascent rates and assuming a constant flux through the eruptive system, we 

infer a tapered conduit geometry, with a smaller cross section at depth than at the surface. 

Our experiments also suggest that groundmass crystallinities and chemistries developed 

in the Unzen spine lava require post-mixing magmatic temperatures of 800 °C. Finally, 

we observe that microlite nucleation was largely completed deeper than 1300 m, yet 

microlite growth continued through the Unzen eruptive system to the surface.
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Table 2.1 Average whole-rock compositions of dacite lavas in a sub-set of samples 
extruded from 1991-1995 at Unzen Volcano. From Nakada and Motomura (1999).

Date9 24 May 29 Dec 3 July 4 Feb 18 May 1995
_________ 1991 1992 1993 1994 Spine*
(wt. %)
Si02 65.31 65.14 64.54 65.12 65.95
T i02 0 .6 6 0.65 0 .6 8 0.65 0.64
A120 3 16.01 15.90 15.96 15.98 15.65
FeO 4.40 4.42 4.67 4.44 4.32
MnO 0 .1 0 0 .1 0 0 .1 0 0 .1 0 0 .1 0

MgO 2.37 2.60 2.81 2.54 2.39
CaO 5.00 5.12 5.27 5.06 4.71
Na20 3.58 3.51 3.47 3.52 3.51
K20 2.40 2.39 2.33 2.41 2.58
P20 5 0.16 0.16 0.17 0.16 0.15
9 Date of collection, typically a few days to a week after extrusion. 
* Extrusive sample used in this study.



Table 2.2 Experimental conditions.

Experiment T (°C)/ P/ Decomp. AP/At 8P/8t Ascent Rate Decomp.
Eq. t (days) (MPa) Regime (MPa/h) (MPa/h) (m/h) Time (h)

UNZ4 870/5 160 Eq - - - 0

UZ45 870/5 40 I 8 .4 /4 2 .1 89.27 55.2
UNZ1 870/5 7.4 E 25.8/12 2 .1 89.27 72
UZ47 870/5 40 I 8 .8 / 8 1.1 46.76 108
UNZ3 870/5 7.5 E 25.8/24 1.1 46.76 144
UZ48 870/5 40 I 8.4 /12 0.7 29.76 170.4
UNZ2 870/5 5 E 17.2/24 0.7 29.76 216
UZ51 870/5 40 I 12.2/24 0.5 21.26 240
UZ50 870/5 7.5 E 12.2/24 0.5 21.26 302.4
UZ42 870/5 40 I 9 .6 /48 0 .2 8.50 600
UZ43 870/5 7.5 E 9.6 /48 0 .2 8.50 758.4
UNZ7 800 /7 160 Eq - - - 0

UZ53 800 /7 7.5 E 8.4 /12 0.7 29.76 228
UZ54 800 /7 7.5 E 12.2/24 0.5 21.26 308
UZ56 800 /7 40 I 12.2/24 0.5 21.26 243.5

(411.5)
UZ57 800/7 7.5 E 12.2 / 24 0.5 21.26 312
UZ58 800/7 40 I 12.2/24 0.5 21.26 241.5

For all runs P, = 160 MPa; The ascent rate in m/hr assumes a lithostatic pressure gradient based on an average density
of 2400 kg m'1; Eq. t = equilibration time at 160 MPa; The decompression regime indicates how the experiments are 
referred to in the text: Eq = equilibration, I = intrusive, E = extrusive



Table 2.3 Microlite crystallization experimental results.

Sample #
Images O (%)t O growth 

(%)f
log Na 

(m m 'Y
log Nv 

(m m 'V SN (pm)f Pf
(MPa)

Decompn 
rate (MF

UNZ4 1 5.4 5.4 2.8 5.4 2.9 160 NA
UNZ7 1 8.2 8.2 3.6 6.4 1.5 160 NA
UNZ1 3 2.0 (3.0) 3.4 (6.1) 3.0 (2.2) 5.7 (4.8) 2.2 (1.3) 7.4 2.1

UZ45 5 2 .8  (1.1) 10.8 (0 .6) 3.7 (2.6) 6.3 (5.4) 2.4 (0.5) 40 2.1

UNZ3 3 2.1 (1.6) 7.3 (4.7) 3.4 (2.3) 6.0 (4.6) 2.8 (0.9) 7.5 1.1

UZ47 10 3.5 (2.0) 14.4 (5.7) 3.7 (2.5) 6.3 (5.2) 2.6 (0.5) 40 1.1

UNZ2 3 5.9 (2.1) 8.4 (5.3) 3.6 (2.5) 6.1 (5.1) 3.7 (0.9) 5 0.7
UZ53 5 7.3 (2.4) 25.1 (5.3) 4.2 (3.0) 6.9 (5.8) 2.0 (0.2) 7.5 0.7
UZ48 14 4.4 (2.3) 13.2(4.5) 3.5 (2.3) 6.0 (4.8) 3.3 (0.5) 40 0.7
UZ50 2 6.9 (3.7) 15.5 (7.3) 3.9 (3.0) 6.5 (5.7) 2.8 (0.3) 7.5 0.5
UZ51 3 6.9 (2.4) 14.5 (7.8) 3.8 (2.8) 6.3 (5.5) 3.2 (0.7) 40 0.5
UZ54 5 14.5 (3.8) 21.8 (6.6) 3.0 (3.0) 6.7 (5.6) 2.3 (0.5) 7.5 0.5
UZ56 4 17.7 (1.5) 24.8 (4.9) 4.2 (3.0) 6.6 (5.6) 3.5 (0.4) 40* 0.5
UZ57 5 12.8 (4.7) 14.0 (5.0) 3.9 (2.8) 6.4 (5.4) 4.4 (1.2) 7.5 0.5
UZ58 5 12.7 (4.2) 12.7 (4.2) 3.8 (3.2) 6.2 (5.6) 4.1 (0.8) 40 0.5
UZ43 3 7.4 (2.4) 18.7(1.6) 3.8 (2.9) 6.3 (5.5) 3.3 (0.5) 7.5 0.2

UZ42 3 4.8 (0.5) 9.4 (10.6) 3.9 (2.9) 6 .6  (5.6) 2.4 (0.5) 40 0.2

Natural
Spine 3 17.6 (2.5) 17.6(2.5) 4.5 (3.1) 7.1 (5.9) 2.5 (0.3) NA NA

Natural
Core 3 11.0(4.1) 11.0(4.1) 3.9 (2.7) 6.4 (5.3) 3.5 (0.3) NA NA

Experiments are ordered from fastest to slowest average decompression rate from top to bottom. Experiments in bold print 
were run at 800 °C, whereas all others were run at 870 °C. Pf is the final pressure to which experiments were decompressed. 
* Held at Pf for one week, f  Average (and lo ) of 2-14 fields of view.
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Table 2.4 Microlite habits found in experiments and natural samples.

Experiment Microlite morphologies 2D aspect 
ratio

P f

UNZ1 elongate (sparse) ===— _ ^
1 0 :1 7.4

UZ45 elongate > skeletal > ;— - w 
tabular (small) ■ 1 2 :1  ; 2 :1 40

UNZ3 elongate _^ 7:1 7.5

UZ47 tabular» hopper fTTI 
(rare) ^ 3:1 40

UNZ2 swallowtail > . _________ _______
elongate 10 :1 5

UZ53 equant > tabular j----- j p P 3:2 ; 4:1 7.5

UZ48 tabular p p 3:1 40

UZ50 equant > tabular |----- j p p 2:1 ; 3:1 7.5

UZ51 equant > skeletal j----- 1 ^
2 :1 40

UZ54 tabular > elongate p p  __  ̂ ^ 3:1 7.5

UZ57 tabular > equant p p  j | 1 :1 ; 5:1 7.5

UZ56 tabular > equant p p  | j 3:1 ; 3:2 40*

UZ58 tabular p p 2:1 ; 4:1 40

UZ43 equant j j
2 :1 7.5

UZ42 equant > skeletal > i----- 1 v  i ^
hopper 1----- 1 I— 2:1 ; 5:2 40

Natural Spine tabular »  swallowtail p P  -j------- 1— 2:1, 3:2; 5:2 NA

Natural
Intrusive

tabular > equant j----- 1 p P
2:1; 3:1 NA

Experiments are ordered from fastest to slowest average decompression rate from top to bottom. 
Experiments in bold print were run at 800 °C, whereas all others were run at 870 °C. Pf is the final 
pressure to which experiments were decompressed.
* Held at Pf for one week.



Table 2.5 Experimental groundmass glass average compositions.
Oxide UNZ4 UZ45 UNZ1 UZ47 UNZ3 UZ48 UNZ2 UZ51 UZ50

Na20 3.12 (0.09)d 3.04 (0.20) 3.34(0.10) 3.19(0.09) 3.05(0.17) 3.03(0.12) 3.15(0.22) 3.24(0.10) 2.76(0.10)

K20 3.61 (0.12) 3.97(0.14) 4.58 (0.11) 4.29(0.13) 5.12(0.09) 4.29 (0.05) 4.99 (0.17) 4.71 (0.10) 5.29 (0.09)

S i02 73.89 (0.15) 76.79 (0.42) 76.96 (0.92) 77.22 (0.78) 77.98 (0.42) 77.24 (0.42) 76.95 (0.49) 77.44 (0.37) 78.95 (0.68)

CaO 2.24(0.11) 1.31 (0.10) 0.86 (0.06) 1.17(0.08) 0.81 (0.04) 1.14(0.12) 0.83 (0.06) 0.92 (0.07) 0.51 (0.03)

FeOta 1.85 (0.14) 1.67(0.08) 1.09(0.18) 1.40(0.05) 1.09(0.15) 1.44(0.13) 1.25 (0.17) 1.35(0.12) 0.80(0.10)

T i02 0.28(0.10) 0.41 (0.09) 0.25(0.19) 0.31 (0.17) 0.23(0.10) 0.24 (0.05) 0.36(0.19) 0.26(0.15) 0.14(0.06)

Cl 0.03 (0.02) 0.01 (0.01) 0.01 (0.02) 0.01 (0.02) 0.00 (0.03) 0.03 (0.01) 0.00 (0.01) 0.01 (0.01) 0.00(0.01)

A120 3 14.54 (0.16) 12.60(0.49) 12.85 (0.57) 12.23 (0.54) 11.65(0.21) 12.42(0.31) 12.34(0.39) 11.92(0.16) 11.50 (0.13)
MgO 0.43 (0.02) 0.20 (0.03) 0.07(0.01) 0.18(0.01) 0.08 (0.04) 0.17(0.02) 0.12(0.03) 0.15(0.03) 0.04 (0.02)

Totalb 92.03 95.82 97.57 95.58 97.04 96.05 97.96 96.24 97.09
nc 6 5 2 4 5 4 5 6 4

Oxide UZ42 UZ43 UNZ7 UZ53 UZ54 UZ56 UZ57 UZ58

Na20 3.28(0.11) 2.84(0.14) 2.73(0.10) 2.56 (0.10) 2.62 (0.09) 2.82(0.11) 2.73(0.19) 2.86 (0.09)
k 2o 4.70(0.10) 4.61 (0.13) 3.78 (0.16) 5.11 (0.09) 5.20 (0.30) 4.97(0.17) 5.08 (0.04) 4.94(0.11)

S i02 77.89 (0.34) 79.71 (0.50) 76.56 (0.90) 79.71 (0.18) 79.66 (0.98) 78.63 (0.53) 77.08 (0.20) 78.77 (0.57)
CaO 0.82 (0.08) 0.51 (0.04) 1.60(0.05) 0.47 (0.05) 0.57(0.10) 0.76 (0.24) 0.26 (0.06) 0.67 (0.03)
FeOta 1.25 (0.06) 0.86(0.14) 1.39 (0.31) 0.61 (0.10) 0.73(0.14) 1.02(0.06) 3.48(0.18) 0.90(0.14)
T i02 0.32(0.19) 0.34 (0.11) 0.25 (0.20) 0.21 (0.17) 0.18(0.23) 0.17(0.07) 0.15(0.23) 0.16(0.14)

Cl 0.01 (0.01) 0.00 (0.02) 0.02 (0.02) 0.01 (0.02) 0.01 (0.01) 0.01 (0.02) 0.35 (0.00) 0.02 (0.02)

Al203 11.56 (0.19) 11.06(0.33) 13.42(0.05) 11.25 (0.18) 10.98 (0.26) 11.46(0.50) 10.89(0.12) 11.58(0.34)
MgO 0.16 (0.04) 0.07 (0.03) 0.27 (0.03) 0.07 (0.00) 0.07 (0.04) 0.17(0.06) -0.01 (0.00) 0.09 (0.05)
Totalb 94.44 98.30 91.66 97.61 97.33 94.97 95.63 94.91
nc 6 5 4 3 4 4 5 6
aAll Fe analysed as FeO
bOxide values are normalized to 100% volatile-free. Original totals are reported.
cn denotes the total number of analyses averaged to give the reported glass compositions.
dNumbers in parentheses are the standard deviations from the averaged analyses (n total from each experiment).
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Fig. 2.1 BSE images of the natural 1995 Unzen spine lava (A) and intrusive sample Cl 3

4-9 retrieved from 1.5 km beneath the summit (B). Plagioclase microlites (PI) in the 

lower frame can be differentiated from the hydrothermal carbonate (cc) obscuring the 

original groundmass by their slightly darker backscatter and euhedral shape.
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Fig. 2.2 BSE images illustrating re-equilibrated groundmass of experimental starting 

materials. UNZ4 and UNZ7 were held at 160 MPa and equilibration temperature (870 

and 800 °C, respectively) for five and seven days, respectively, to reduce the groundmass 

crystallinity to < 1% while retaining an abundant population of phenocrysts with no 

apparent growth. Broken plagioclase phenocryst fragments (PI ph), characterized by 

their low contrast relative to the groundmass and irregular shape, fragments of 

hornblende phenocrysts (Hb), and high contrast oxides are separated by a groundmass 

containing only a small population of plagioclase microlites (PI p).





Fig. 2.3 BSE images of groundmass textures in experimental charges (870 °C). Each pair 

(right/left) illustrates the typical crystallinity developed for a time-averaged 

decompression rate to a final pressure (Pf) of 5-7.5 MPa (extrusive conditions, left), or 40 

MPa (intrusive conditions, right). All scale bars are 10 pm.



Fig. 2.4 BSE images of groundmass crystallinities in experimental charges (800 °C). 

UNZ2 (870 °C) is included for the sake of comparing groundmass crystallinities 

developed under the same decompression conditions in a different temperature regime. 

All scale bars are 10 pm long.
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Fig. 2.5 Crystallinity, microlite fraction of groundmass, as a function of decompression 

rate. The range of natural samples number densities are indicated by gray bars across the 

plot.
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Fig. 2.6 Comparison of area fraction attributable to microlites alone (Fig. 2.5) and

crystallinity due to microlites combined with growth measured on pre-existing

phenocryst fragments. Black and light gray symbols are the recalculated equivalents of

the dark gray and white symbols, respectively. Error bars are omitted from microlite-

only symbols for clarity.
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Fig. 2.7 Number density of microlites for a given decompression rate. The range of 

natural samples number densities are indicated by gray bars across the plot. Error bars 

reflect the total calculated measurement error, not the heterogeneity within each sample. 

Symbols and error bars are the same as in Fig. 2.5
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Fig. 2.8 Volumetric number density of microlites as a function of total decompression 

time. The range of natural samples number densities are indicated by gray bars across 

the plot. Symbols and error bars are the same as in Fig. 2.5.
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Fig. 2.9 Characteristic (mean) crystal size developed during each experimental run. The 

range of natural samples number densities are indicated by gray bars across the plot. 

Symbols and error bars have the same meaning as in Fig. 2.5.
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Fig. 2.10 Plagioclase liquidus curves and degree of experimental undercooling. Curves 

were determined from melts of similar composition. The arrows and heavy dashed lines 

indicate the temperatures of our experiments. Volcano names marked with an asterisk 

indicate conditions calculated using MELTS, others are derived from the following phase 

equilibria studies: MSH (Rutherford et al., 1985); Soufriere Hills (Couch et al., 2003b); 

Augustine (Brugger et al., 2003).
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Fig. 2.11 Glass chemistry (SiC>2, AI2O3, CaO) for experimental charges as a function of 

decompression rate. Gray boxes indicate range of glass compositions for natural spine 

samples, with the reported glass composition from Nakada and Motomura (1999) shown 

by heavy dashed lines. The glass chemistries of the experiments held at 160 MPa and 

quenched without decompression are illustrated by the points in the right-hand boxes.
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Appendix 2.A Measurement Error Propagation 

Measurement Error Propagation

The error associated with each crystallinity parameter, G>, Na, Nv, and Sn, 

includes measurement error. The contribution to the total error due to the measurement 

error was determined by measuring the maximum and minimum possible area of each 

particle in a given image. The uncertainty in ascertaining the precise location of a 

particle’s edge is a function of the low contrast between microlites and glass and the 

inherent error due to measuring complex shapes in a pixilated image. The measurement 

error for the area fraction (<D) and number density are calculated using equations 1 and 2. 

These measurement errors were then propagated through to the derivative parameters, Ny 

and Sn using equations 3 and 4. The measurement errors for each set of images are listed 

in Table A.I.

A ( 1 )

A
(2)

(3)

(4)
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Images *<%> S  5 f t  * < * > > . < * » >  ^ 7 = 7

Table 2.A-1 Measurement error calculated for the four crystallinity parameters.

UNZ1 3 0.2 2.2 4.8 0.1 7.4 2.1
UZ45 5 0.1 2.6 5.4 0.0 40 2.1
UNZ3 3 1.5 2.3 4.6 0.3 7.5 1.1
UZ47 10 0.1 2.5 5.2 0.0 40 1.1
UNZ2 3 0.4 2.5 5.1 0.1 5 0.7
UZ53 5 0.3 3.0 5.8 0.0 7.5 0.7
UZ48 14 0.3 2.3 4.8 0.1 40 0.7
UZ50 2 0.6 3.0 5.7 0.1 7.5 0.5
UZ51 3 0.5 2.8 5.5 0.1 40 0.5
UZ54 5 0.7 3.0 5.6 0.1 7.5 0.5
UZ56 4 1.0 3.0 5.6 0.1 40* 0.5
UZ57 5 0.6 2.8 5.4 0.1 7.5 0.5
UZ58 5 2.9 3.2 5.6 0.1 40 0.5
UZ43 3 0.5 2.9 5.5 0.1 7.5 0.2
UZ42 3 0.3 2.9 5.6 0.1 40 0.2

Natural
Spine

Natural
Core

3 0.7 3.1 5.9 0.0 NA NA

3 0.6 2.7 5.3 0.1 NA NA
Experiments are ordered from fastest to slowest average decompression rate from top to bottom. 
Experiments in bold print were run at 800 °C, whereas all others were run at 870 °C. Pf is the final 
pressure to which experiments were decompressed.
* Held at Pf for one week.
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Chapter 3 Influence of emplacement temperature, hydrothermal alteration and 

time on the permeability of shallow silicic conduit systems: Unzen, Japan and Inyo 

Domes, USA 

3.1 Abstract

Alteration of intrusive igneous rocks is commonly held to be a slow process 

requiring tens of thousands to millions of years. Direct observations of the alteration 

process are typically restricted to exhumed batholiths and the rare eroded volcanic vent 

in the geologic record. We present here mineralogical evidence for extremely rapid 

propylitic to argillic alteration in the conduit zone of Unzen volcano sampled 10-15 years 

after magma emplacement, and relate this to temperature, permeability within and 

volatile flux through the volcanic edifice. Our findings illustrate meter-scale variations 

in alteration conditions demonstrated by carbonate, sulfide and clay mineralogy. We 

conclude that maintenance of permeability down to very low porosity allows mafic 

magma-derived volatiles to freely traverse the conduit zone promoting extremely rapid 

alteration, orders of magnitude greater than predicted by models for alteration within 

larger/deeper intrusions. We contrast the extensive alteration found within the Unzen 

conduit zone to the minimal alteration found within the conduit that fed Obsidian Dome. 

The unaltered system is considered as a “control” and we explore the differences 

between the two volcanic centers to reveal what variable(s) result in the extensive 

alteration within Unzen.

3.2 Introduction

Present-day active geothermal systems are frequently studied to enhance the scientific 

understanding of ore deposits of hydrothermal origin (White, 1981). While exploration 

drilling at numerous geothermal fields has provided extensive insight into the long-term, 

large-scale evolution of deep-seated volcanogenic and porphyry systems, efforts to 

correlate this to alteration and secondary mineralization within young, active volcanic 

centers has been limited (Jakobsson and Moore, 1986; Hedenquist et al., 1993).
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Extending our observations of nascent alteration deeper into the volcanic system 

facilitates a more complete picture of the evolution from intrusion to ore body. Of 

particular interest is analysis of drillcore samples recovered from intrusions of known 

young age, thereby providing an important constraint on rates of hydrothermal alteration.

The Unzen Scientific Drilling Program (USDP), Kyushu, Japan, accessed the 

conduit zone of the most recent eruption from 1991 to 1995 (Fig. 3.1; Nakada et al.,

2005; Almberg et al., 2008). Recovered core samples of chilled dacite conduit rocks 

from 1.5 km beneath Unzen’s summit are altered and retain less than 1 volume percent of 

their original vesicularity, which could have been as much as 70 percent at the time of 

eruption assuming: (1) the initial magmatic volatile content (6 ± 1 wt.%: Holtz et al., 

2005) was retained (closed system behavior), (2) chemical equilibrium between melt and 

vapor at the local lithostatic pressure, and (3) that vapor density is that of an ideal gas.

The surrounding edifice through which the dacite dike erupted is extensively fractured, 

highly permeable, indicating that the system did not exhibit closed system behavior, and 

hosts a complex hydrothermal system (Fujimitsu et al., 2008; Ikeda et al., 2008; Sakuma 

et al., 2008; Srigutomo et al., 2008). Unzen has been the site of frequent volcanic 

activity for -300 ka (Hoshizumi et al., 1999).

In contrast, the monogenic rhyolitic Obsidian Dome, part of the Inyo Dome 

volcanic chain in northern California, intruded through metamorphosed Jurassic rocks of 

the Sierra Nevada batholith and an overlying ~800-m-thick package of Tertiary gravels, 

volcanic rocks and glacial till deposits 600 years ago (Eichelberger et al., 1988; Westrich 

et al., 1988; Vogel et al., 1989). Drilling penetrated the full thickness of Obsidian Dome, 

its conduit and, in a separate borehole, an unvented portion of the feeder dike down to 

600 m, yielding predominantly unaltered samples retaining -0.5-20 vol.% of the original 

vesicularity (Eichelberger et al., 1986; Younker et al., 1987; Vogel et al., 1989). Glass is 

scarce within the intrusion, found only at the west margin of the dike, and shows 

evidence of post-emplacement devitrification and minor secondary replacement of 

microphenocrysts (Westrich and Eichelberger, 1985; O’Neil and Taylor, 1985; Westrich 

et al., 1988). Although the region has surficial expressions of an extensive geothermal
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system, the host basement rocks have low permeability (Eichelberger et al., 1986, 1988).

Both drilling projects were undertaken to investigate relationships between 

extrusive and intrusive processes within volcanic vents (Eichelberger, 1989; Nakada et 

al., 2005). Without drilling, access to the complete spectrum of intrusive and extrusive 

samples is limited to shallow surface exposure o f young volcanic systems where 

intrusive feeders are not exposed, or roots of old volcanic complexes that only rarely can 

be traced to their eruption products (e.g., Stasiuk et al., 1996). While drilling into a 

complex young volcanic system only yields a small sampling from a much larger system, 

requiring judicious interpretation of data, it is an important step toward completing the 

picture.

The extensive remineralization of Unzen’s conduit zone may hinder our ability to 

answer some of the volcanological questions the USDP sought to address; yet it provides 

constraints on the incredible rapidity at which alteration can proceed. In this paper, we 

explore the striking post-emplacement alteration contrast between Unzen and Obsidian 

Dome, in distinct geologic settings, which are genetically linked to unaltered effusive 

eruptive products. Within this context we investigate the mechanisms that enable 

efficient degassing, fluid flow, and solute transport at very low porosities. We present 

our findings of compositional variations in alteration mineralogy across the composite 

Unzen feeder dikes and relate this to differences in temperature during post-emplacement 

hydrothermal alteration. A detailed comparison of secondary mineralization and remnant 

bubble textures in the two intrusive feeder systems provides constraints on the post- 

magmatic conditions that favor rapid hydrothermal alteration.

3.3 Geologic settings

3.3.1 Unzen

Unzen is an active andesite-dacite composite volcano situated in a 

volcanotectonic graben on the Shimabara Peninsula of the Japanese island of Kyushu, 

~70 km behind the main volcanic front (Fig. 3.1 inset). Unzen has erupted repeatedly 

throughout its 500 ka history, exhibiting predominantly effusive behavior throughout all
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but its earliest stage of activity (Hoshizumi et al., 1999). Unzen’s most recent eruption, 

from 1991-1995, was its first geophysically monitored event, allowing researchers to 

develop a detailed picture of the shallow magmatic transport system, of great use later for 

the drilling program (Kagiyama et al., 1999; Umakoshi et al., 2001).

Two preliminary boreholes (USDP-1 and 2) were drilled into Unzen’s flanks to 

characterize the edifice and elucidate its eruptive history. The basement rocks that 

predate growth of the Unzen composite volcano are divided into the Pliocene Odomari 

Formation (-4.6 Ma), composed of basaltic-andesite lava, and volcaniclastic and 

sedimentary units, the Early to Middle Pleistocene Kuchinotsu Group (2-1 Ma), a >500- 

m package of non-marine to shallow-marine sediments intercalated with basaltic to 

andesite lavas and volcaniclastic rocks, and the Mid-Pleistocene Tonosaka andesite (0.5 

Ma). Drilling revealed the basement of Unzen volcano to vary from 300-1000 m and 30

100 m below sea level inside and outside the graben, respectively, deepening toward 

Tachibana Bay on the western side of the peninsula (Hoshizumi et al., 1999). The edifice 

is classified into two distinct eruptive periods: Older Unzen (300-200 ka) and Younger 

Unzen (<100 ka), with the oldest eruptive products yielding zircon fission-track age dates 

of 500-400 ka. The underlying Pleistocene basement is composed of basaltic andesite 

lava, volcaniclastic rocks, siltstone, and sandstone (Hoshizumi et al., 1999 and references 

in Japanese therein).

The 1991-1995 event occurred as two major effusive pulses, each lasting 

approximately 18 months, following an initial phreatomagmatic event. The total volume 

of porphyritic dacite lava (65-66 wt.% SiC>2, 23-28 vol.% phenocrysts) produced over the 

course of the eruption was 0.21 km3 dense-rock equivalent (Nakada and Motomura,

1999). Detailed studies of Unzen’s products revealed the magma formed via mixing of 

two distinct magmas to yield a dacite containing abundant mafic enclaves (Browne et al., 

2006a), a disequilibrium mineral assemblage, a total post-mixing H2O content of 6.0 ± 1 

wt.% (Holtz et al., 2005), and matrix-glass SiC>2 ranging from 74 to 79 wt.% (Nakada 

and Motomura, 1999).

USDP-4 (Fig. 3.1) was directionally drilled from Unzen’s northern flank, with a
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turn towards the target beginning at -260 m depth and completed at 790 m borehole 

distance, after which drilling proceeded straight ahead at a dip of 75°, for a total borehole 

length of 1995.75 m (Sakuma et al., 2008). Continuous core was retrieved along 

intervals that garnered interest based on the rock chip characteristics. The final four 

cores (C13, C14, C15, and C16) through coherent dacite facies were determined to be 

within the intrusive feeder dike complex of the 1991-1995 eruption via petrologic, 

geochemical, and geophysical criteria (Nakada et al., 2005; Almberg et al., 2008; Goto et 

al., 2008; Ikeda et al., 2008).

3.3.2 Obsidian Dome

The Inyo volcanic chain is the youngest feature in a region that has experienced 

several distinct periods of activity commencing at 3.6 Ma (Bailey et al., 1976; Bailey, 

1984). The eruption of more than 600 km3 of chemically zoned, high-silica rhyolite, 

which formed the Long Valley Caldera, marked the climax of volcanism in at 0.76 Ma 

(Hildreth, 2004). Rhyolite domes and tephra vents formed north of the caldera from the 

Late Pleistocene and continued to extend southward into the Long Valley Caldera to 

form the 12-km-long Inyo volcanic chain in the Holocene (Miller, 1985).

The Inyo chain is a series of rhyolitic domes, phreatic explosion craters, and 

north-south aligned normal faults and cracks across the northwestern margin of the Long 

Valley Caldera, as a southern extension of the Mono Dome chain (Miller, 1985; Fink, 

1985; Sieh and Bursik, 1986) (Fig. 3.2). Obsidian Dome (0.17 km3) is one of the three 

largest domes in the Inyo volcanic chain, most of which formed contemporaneously 

about 600 years ago (Miller, 1985). It is a cowpie-shaped structure with typical rhyolite 

flow morphology, 1000-2000 m diameter, and is 100 m thick at the vent, thinning to 

about 50 m at its margin (Fink, 1985; Eichelberger et al., 1986; Vogel et al., 1989). The 

lava dome contains 70 to 73 wt.% bulk Si02, and normalized glass compositions fall 

within this range (Gibson and Naney, 1992).

Drilling at Obsidian Dome revealed its internal structure and that of its shallow 

plumbing system. A 33-m-wide conduit beneath the dome center was intersected on an
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angle between 400-500 meters beneath the surface (Fig. 3.2). The conduit occurs within 

a broader vent structure, which is >50 m wide and contains fall-back tephra, slumped 

blocks of wall rock, and small intrusions. A 7-m-wide elongate feeder dike was sampled 

at 600 m depth 1 km south of the dome (Fig. 3.2; Eichelberger et al., 1986).

3.4 Methods

Petrographic thin sections of 12 Unzen conduit zone samples and one spine 

sample were prepared by Spectrum Petrographies, Inc. Standard petrographic thin 

sections from Obsidian Dome were prepared as part of the U.S. Continental Scientific 

Drilling Project for previous studies and provided on short-term loan for use in this 

project from their repository at Michigan State University. Five thin sections, spanning 

the conduit margin and center were used in this study.

Major element mapping and high-resolution back scattered electron (BSE) 

imaging of secondary alteration minerals within the conduit zone samples was completed 

at the Commonwealth Scientific and Industrial Research Organization (CSIRO) 

Australian Resources Research Centre (ARRC) facility on a Philips [FEI] XL40 

controlled pressure scanning electron microscope (SEM). Operating conditions of 30 

kV, -3.5 nA, and 0.1 mbar were used to map the concentration of Si, Al, Na, K, Ca, S, 

Fe, Mg, Mn, P, Zn, Ti, ±Cu, and ±Ni in selected areas of interest on polished, carbon 

coated thin sections of Unzen samples. Acquisition of the highest resolution X-ray maps 

was completed over -11 hours, with a dwell time of 20 ms.

X-ray diffraction (XRD) patterns for identifying mineral phases present in a sub

set of Unzen samples were collected using a Rigaku Miniflex X-ray diffractometer in the 

UAF Geology and Geophysics Department. We prepared samples by extracting and 

powdering cores of altered amphiboles from the hand specimen in an agate mortar, with 

sufficient acetone to create a slurry. The mixture was spread on a glass slide and allowed 

to dry at room temperature. All samples were run through angles of 32-5° with a chart 

speed of 5, time constant of 2, and range of 1000. Beam conditions were 40 kV and 50 

mA.



90

We analyzed carbonate compositions using the Cameca SX-50 electron 

microprobe in the University of Alaska Fairbanks Advanced Instrumentation Laboratory, 

equipped with four multi-crystal wavelength-dispersive spectrometers (WDS) and one 

energy-dispersive spectrometer (EDS). Fully automated analyses were performed on 

carbon coated thin sections using the PC-based software package Probe for Windows 

(Advanced Microbeam Co.). We analyzed carbonate grains for Ca, Mg, Fe, and Mn 

using a 20 nA beam at 25 keV with a 10 pm spot size. Several carbonate standards (607 

Siderite, 603 Dolomite, 601 Calcite (Smithsonian NMNH 136321), 401 Calcite 2, and 

335 Calcite) were used both for peaking the spectrometers and as internal standards 

between unknowns. 308 Hematite, 328 Willimite, and 340 MgO were used as standards 

for Fe, Mn, and Mg, respectively.

3D X-ray computed tomography (CT) data were collected at the High-Resolution 

X-ray Computed Tomography Facility at The University of Texas at Austin (UTCT). 

Operation conditions were 180 kV, 0.133 mA, with no filter, and an air wedge 

surrounding the sample. UTCT analysts performed all data reconstruction and rotation 

corrections. Visualization and quantification of CT data required the use of multiple 

software packages. ImageJ, freeware supported by the National Institutes of Health 

(Rasband, 1997-2008; Abramoff et al., 2004), was used to create QuickTime videos 

scanning through each sample, for qualitative assessment of pore space/ mineral phase 

relationships within a 3D volume. We used the indicator kriging algorithm of 3dma rock 

to quantify pore volumes (Oh & Lindquist, 1999). Finally, 3D visualizations of multiple 

phases within each sample were created using Drishti, an open-source Volume 

Exploration and Presentation Tool developed by Ajay Limaye at the Australian National 

University.

High-resolution imaging of rough sample surfaces was conducted on the 

University of Western Australia’s Zeiss 1555 VP-field emission SEM (FESEM). Carbon 

tape created a conductive surface between the SEM stage and uncoated samples.

Working conditions of 30 kV accelerating voltage, 20-30-pm aperture, and scan speeds 

of 9-12 were optimal to reduce noise and charging.
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3.5 Unzen mineralogy

3.5.1 Introduction

Minerals across the spectrum of Unzen samples show variability that indicates 

differing degrees of alteration and post-magmatic hydrothermal histories. Our sample set 

also contains the unaltered end-member for comparison: a holocrystalline, porphyritic, 

medium grey dacite lava emplaced at the end of the 1995 eruption under ambient 

conditions as a solid vertical spine. We describe the spine lava as a reference point for 

characterizing the alteration that occurred at depth.

The Unzen spine lava contains >30 vol.% euhedral phenocrysts of plagioclase, 

hornblende, biotite, magnetite, ilmenite and minor embayed quartz. Plagioclase is the 

most abundant mineral phase, ubiquitous as compositionally and texturally distinct 

microlites (<20 pm), microphenocrysts (20-100 pm), and complexly zoned phenocrysts 

(>100-300 pm; Almberg et al., 2005; Browne et al., 2006b; Noguchi et al., 2008). 

Oscillatory-zoned plagioclase phenocrysts have anorthite contents from An3o-An7o with 

high anorthite rims (An72-An9o). Pyroxenes occasionally occur as crystal clots coupled 

with plagioclase. The felty groundmass is composed of >26 vol.% plagioclase microlites 

(Noguchi, et al., 2008).

After plagioclase, hornblende and biotite are the next most abundant mineral 

phases, <10 and 3 vol.%, respectively. The lava contains 0.1-3 mm unaltered, euhedral 

hornblende phenocrysts that are variably embayed or broken, and contain inclusions of 

apatite, zircon, and oxides. Larger amphibole crystals are commonly cross cut by 

irregular melt channels and mineral inclusions. Phase equilibrium experiments (Holtz et 

al., 2005) determined that hornblende and biotite are outside of their respective stability 

fields in the post-mixing dacite. Biotite within the spine is commonly embayed, and 

exhibits variable reaction rims and overgrowths. Not all biotite shows evidence of 

alteration, but overgrowths of hydrothermal biotite (described below) and/or magnetite 

rims are common (Fig. 3.3; Almberg et al., 2008).
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3.5.2 Unzen conduit zone alteration

Samples collected from the Unzen conduit zone 1.5 km beneath the summit dome 

are extensively altered. Their primary mineral assemblages, prior to alteration, were 

comparable to those of the spine with 20-30 vol.% phenocrysts of plagioclase (16-27 

vol.%), hornblende (5-11 vol.%), biotite (1-3 vol.%), and trace amounts of Ti-magnetite 

(containing ilmenite lamellae and apatite), ilmenite, orthopyroxene, and clinopyroxene 

(Goto et al., 2008; Noguchi et al., 2008). The groundmass crystallinities range from 20

50 vol.% (Noguchi et al., 2008). Goto et al. (2008) documented the petrological 

variations in primary mineralogy across the entire spectrum of drill core, which they 

categorized into five distinct lithofacies: polymict volcanic breccia, a poorly sorted, 

matrix-supported heterolithic mixture of various andesites and dacites; coherent dacite, 

massive to flow-banded, porphyritic dacite with chilled margins (SiC>2=66-67 wt.%); 

coherent andesite, massive porphyritic with amoeboid vesicles (SiC>2=59 wt.%); partly 

brecciated coherent dacite, massive to brecciated porphyritic dacite with smaller 

amoeboid vesicles (SiC>2=69 wt.%); and volcaniclastic veins, 0.1-250 mm wide, filled 

with lithic and mineral fragments. We present the chemical and mineralogical 

characteristics that are indicative of variable hydrothermal alteration conditions and 

highlight the most striking alteration textures along sections of the same ~3 0-meter core 

(Table 3.1, Fig. 3.4). Each sample is numbered sequentially by continuous core number 

(C l3, C l4, etc.), then box number, and finally segment number. The complete set of X- 

ray elemental maps is archived in Appendix 3.B.

Plagioclase

All samples contain phenocrysts of oscillatory-zoned plagioclase (>100 pm) with 

variable degrees of sericitization, fracturing and reaction rim growth. Chemically, these 

intrusive plagioclases differ from those found in the spine lavas in that they lack high-An 

rims (An72-An9o) (Almberg et al., 2008; Browne et al., 2006b). Sericitization has 

obscured all plagioclase microphenocrysts within the groundmass and can be found 

crosscutting phenocrysts from the deepest samples retrieved via drilling. Within zoned



93

phenocrysts, sericite most commonly obscures a medial ring between the outer rim and 

core.

Fractured plagioclase phenocrysts are most commonly found within samples from 

core sections C15 and Cl 6, within the deepest portion of the transect. Fractures may 

contain sericite, microcrystalline groundmass, or pyrite paired with either chlorite or 

carbonates. Fluid inclusions are ubiquitous in the large (>1 mm), multiply zoned 

plagioclase phenocrysts, found both in the intrusion and the unaltered spine samples, and 

are the target of future hydrothermal system studies.

Biotite

The suite of Unzen conduit zone samples contains three distinct occurrences of 

biotite: primary magmatic; secondary magmatic, from the sub-solidus phase 

transformation of hornblende; and hydrothermal. The presence of primary biotite in 

Unzen magma is borne out experimentally and by its presence in unaltered spine lavas 

(Holtz et al., 2005; Nakada et al., 1995), although it is predicted to be outside its stability 

field at the emplacement pressure and temperature of the conduit samples (40 MPa, 870 

°C). These grains are found individually within conduit sample groundmass and are 

variably resorbed, broken and reacted (Figs. 3.5, 3.6, 3.7). Almberg et al. (2008) 

proposed that fine-grained reaction rims, with widths comparable to natural samples, 

could grow on biotites in less than one week under conduit conditions, although the 

experimental results are preliminary.

The presence of alteration rims (<30-pm thick) on biotites varies dramatically 

across the conduit zone and even within a single sample. The example shown in Fig. 3.7 

is typical of the width and mineral composition of biotite alteration rims when found. 

Note that this is a single, optically homogeneous biotite grain that experienced 

dissolution along its edges, cleavage plains, and inclusions. Biotite is also found in 

conjunction with fragments of primary minerals surrounded by secondary alteration 

phases. This confounds our ability to definitively determine whether the latter is primary
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magmatic biotite. A typical example of this mineral assemblage, neighboring a 

carbonate vein, is found in sample C14-3-10 (Fig. 3.8).

Hydrothermal biotite exhibits a habit distinctly different from secondary biotite 

after hornblende. Biotite overgrowths on hornblende are coherent grains with a single 

optical orientation and Fe-K depletion rims, whereas hydrothermal biotite occurs as 

randomly oriented, granular aggregates intermixed with rutile, magnetite, and anhydrite 

(Fig. 3.9; Seedorff et al., 2005). The types of biotite vary across the suite of Unzen 

conduit samples, with a few samples containing clear examples of all three types, while 

others contain only a few ambiguous grains of biotite associated with former hornblende 

sites (Table 3.1, Fig. 3.4).

Pseudomorphic hornblende replacement

Contained within the suite of Unzen conduit samples are some clear examples of 

alteration that had not yet attained equilibrium at the time of drilling. Fe- and Mg- 

depleted rims of biotite phenocrysts are surrounded by regions of chlorite, which contain 

smaller patches of clays. Pseudomorphic carbonate replacement of hornblende is 

typically chemically zoned and is found in conjunction with varying degrees of chlorite 

and clay development. Both of the aforementioned characteristics can be seen in Fig. 

3.10. The mineral associations included within the range of Unzen samples straddles the 

petrographic definitions of propylitic to argillic alteration.

Complete replacement of hornblende phenocrysts is ubiquitous throughout all 

Unzen intrusive samples. The abundances and specific compositions of the secondary 

minerals vary across the conduit zone, but most commonly contain some form of chlorite 

and carbonate, with clays of variable composition present sporadically. As mentioned 

above, biotite frequently replaces hornblende. Rutile, biotite, sulfides, Fe-Ti oxides, 

zircon, and apatite are also commonly found within the former amphibole sites. 

Phenocryst (1-30 mm) and microphenocryst (<1 mm) sites formerly of hornblende 

contain markedly different secondary mineral assemblages and retain their internal 

structure to differing degrees. Figs. 3.11, 3.12, 3.13, and 3.14 illustrate the contrasting
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textures exhibited by microphenocrysts and phenocrysts, respectively, within the same 

sample. Figs. 3.15 and 3.16 exhibit additional textures and mineral assemblages 

developed within hornblende phenocryst sites. Fig. 3.15 illustrates the complex 

replacement textures found in sample C l3-2-10 with fine-grained clusters of Ti02-phase 

minerals intergrown with apatite (likely as replacement of Ti-magnetite contained within 

the pre-existing hornblende) and surrounded by coarser-grained rutile and amorphous 

sulfides.

Carbonates

Carbonate content and chemistry varies markedly across the sample suite from 

pure calcite to Mg-calcite to Fe-dolomite to ankerite. The carbonate mineralogy for each 

sample is listed in Table 3.1 and illustrated in Fig. 3.4. The mineral species variation is 

not monotonic across the conduit zone, although there is a general trend toward higher 

Fe, Mg, and Mn content from C13 to C16 samples. All samples contain some carbonate 

component as part of the suite of pseudomorphic replacement minerals after hornblende 

(Fig. 3.16). Their abundance within the groundmass, however, is heterogeneous, ranging 

from absent, to veinlet filling, to irregular patches up to several mm across.

Carbonate patches with heterogeneous composition are commonly found in the 

Unzen conduit zone groundmass. The carbonate regions can occur as linear features 

cross cutting entire thin sections, as small round patches, or as large irregular patches. 

Fig. 3.17 illustrates a complexly zoned patch of carbonate in sample C 13-2-5, with three 

distinct areas containing significantly different proportions of Ca, Mg, Fe, and Mn. A 

simpler zoning pattern of two compositionally distinct carbonates is displayed in Fig. 

3.18.

Sulfides and oxides

The Ti-magnetite and ilmenite grains found in the spine lava are completely 

replaced at depth. The presence, composition, and association of sulfides are additional 

variables within the conduit suite that have no equivalent in the surface samples. Pyrite
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is the most common sulfide and is contained within all samples. Pyrite occurs as 

individual euhedral grains within the groundmass, fine-grained aggregates with or 

without pyrrhotite and sphalerite, within veinlets in association with carbonate or 

chlorite, and as irregular blebs within altered minerals or the groundmass. It is 

commonly associated with rutile, apatite, and fine intergrowths of a Ti0 2  phase. 

Pyrrhotite is the second most abundant sulfide. It typically occurs in small clusters near 

larger pyrite grains or as individual laths within the groundmass. Pyrite and pyrrhotite do 

not always coexist, however (Table 3.1, Fig. 3.3). Finally, sphalerite is found 

sporadically in trace amounts. Sphalerite grains are found in association with fine

grained mixtures of chlorite and clays in the presence of pyrite and or pyrrhotite.

Sulfides within C14-3-10 display an incipient ‘ffamboidal’ texture as spherical clusters.

A distinct crosshatch pattern of a TiC>2 phase at regular 60/120° angles is 

frequently found within an iron-rich region of chlorite and pyrite. It is most likely 

formed by the low-temperature polymorph anatase, but rutile and brookite cannot be 

ruled out as possibilities due to its very fine-grained occurrence, which is 

morphologically distinct from the grains identified as rutile. In transmitted and reflected 

light these regions resemble ilmenite exsolution in magnetite, suggesting this was the 

original mineralogy (Fig. 3.19). A typical example of this replacement texture after Ti- 

magnetite from sample C13-2-5 is shown in Fig. 3.20, with a finely intergrown mixture 

of carbonate, pyrite, clays, feldspars, apatite, Ti02-phase minerals, and other trace 

minerals. A variation of this combination of secondary minerals is exhibited in Fig. 3.21.

Fig. 3.22 shows individual and intergrown euhedral pyrite grains with associated 

apatite, which is commonly found in conjunction with sulfides and rutile throughout all 

Unzen conduit samples. Anhedral and crack-filling pyrite, pyrrhotite, and minor 

amounts of sphalerite coexist in sample C14-2-11 (Fig. 3.23). Many examples of unique 

mineral morphologies and crystal textures are found throughout the suite of conduit zone 

samples. Fig. 3.24 exemplifies one of the more unusual mineral relationships. In this 

example, from sample C14-2-11, anhedral pyrite with euhedral pyrrhotite and apatite
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grains fill interstices between a biotite phenocryst and fine-grained patches of low- 

temperature secondary minerals.

Groundmass alteration

The groundmass textures of the deepest dacite dike intersected by USDP-4 are 

described in detail by Goto et al. (2008) and Noguchi et al. (2008). A holocrystalline to 

microcrystalline granophyric texture developed during the 10-15 years between 

emplacement and sampling. The magmatic signature of the groundmass is further 

obscured by carbonates, sulfides, and chlorite, which crystallized within the groundmass. 

The degree of groundmass alteration imparts a distinctive color to the hand specimens, 

ranging from light to dark grey, with C l3-4-9 taking on an unusual dark greenish color 

indicative of its high chlorite content, as chlorite is the only green mineral found in 

significant abundance within this sample. C14-4-5 is unique in encompassing a range of 

colors that varies systematically across the 4-cm sample and corresponds with variable 

degrees of sulfidation (present only in the lighter half; Table 3.1).

C l6-3-1 includes a cataclastite vein, a unique feature within this sample set. 

Sulfidation is visible in hand specimen within both the vein and coherent dacite, 

however, it is more evident in the undisturbed portion. Plagioclase phenocrysts within 

the cataclastite vein are internally fractured and crossed by chlorite veins. This texture is 

distinct from alteration found in plagioclase phenocrysts elsewhere, which is restricted to 

alteration rings or patches corresponding to compositional zonation.

Small, concentrically zoned patches of secondary hydrothermal alteration 

minerals are common throughout the groundmass of most Unzen conduit zone samples 

(e.g. Figs. 3.25, 3.26, 3.27). The diameter of these regions ranges from tens to hundreds 

of microns. They typically consist of low-density, fine-grained mixtures of interwoven 

clay and chlorite heavily populated with small (<5 pm) grains of a TiC>2 phase, pyrite, 

apatite, and trace sphalerite. Small apatite grains (10-20 pm) within the alteration 

patches are commonly aligned sub parallel to the edges, whereas larger apatite grains 

(>20 pm) tend to be randomly oriented around the outer edge of the region. Larger
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grains of rutile, pyrite, and pyrrhotite (20-50 pm) ring the low-density zone along with 

holes up to 50-pm greatest diameter. Holes of this size, whilst common in thin section, 

are not found in X-ray computed tomographic data of the same samples, suggesting that 

soluble halides may have occupied these sites or that plucking during sample preparation 

exaggerated the holes.

3.6 Unzen geochemistry

3.6.1 Whole-rock geochemistry

An earlier comparison of the conduit zone and extrusive spine lava geochemistry 

(Almberg et al., 2008) revealed that the intrusive rocks were enriched in S and C, and 

depleted in Fe and Mg, relative to the extrusive samples (Table 3.2). Enrichment of 

inorganic carbon within the conduit zone relative to the spine lava exceeds two orders of 

magnitude, whereas the sulfur content at depth is more than one order of magnitude 

greater than that at the surface (Table 3.2). The S and C increase is explained by the 

interaction of cooling magma with volatiles, especially SO2 and CO2, fluxing through the 

conduit zone. Rare earth elemental and trace element signatures of the intrusive and 

extrusive sample sets match within error. Based upon this evidence, Almberg et al. 

(2008) argue that the deep intrusive samples represent at least part of the feeder system 

for the 1991-1995 Heisei Shinzan eruption.

Indicators of extensive alteration include loss on ignition (LOI), calculated as the 

difference between whole rock major element totals (Table 3.2) and 100 weight percent, 

and the deviation of mobile alkali elements from the average spine composition 

(especially Na), from XRF data (Table 3.1). LOI values for the drill core samples range 

from 2.86 to 5.56 wt.%, with a mean value of 3.44 wt.%. Sample C16-3-1 is an extreme 

outlier in this group with a LOI value of 5.56 wt.%. Na deviations from the average 

spine composition range from 0.7 to 0.26 wt.%, with a mean of 0.13 wt.%. Again, 

sample C l6-3-1 differs the most from the unaltered spine. Additionally, kaolinite, which 

indicates continued alteration down to the lowest temperatures, is only present in 

significant abundance within samples C16-2-2 and C16-3-1 (Appendix 3.B).
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3.6.2 X-ray diffraction

Preliminary XRD analysis of pseudomorphs of carbonate and chlorite after 

hornblende revealed a systematic variation in coexisting calcite and double carbonate 

composition across the spectrum of samples from pure calcite (CaCCL; C13-2-3-0~20) to 

high Mg-calcite (CaC0 3 -CaMg(C0 3 )2; C14-2-11) to a mixture of dolomite and ankerite 

(CaMg(CC>3)2, CaFe(CC>3)2; C l5-4-5) to predominantly ankerite/siderite (CaFe(C0 3 )2, 

FeC0 3 ; C16-2-2; Table 3.3). These results prompted a more systematic analytical 

investigation of alteration product chemical variation across our suite of samples. XRD 

data from a previous study revealed the presence of montmorillonite in C l4-2-11 

(Almberg et al., 2008).

3.6.3 Microprobe

We further assessed the carbonate compositions across the Unzen intrusive 

samples using electron microprobe analysis. Compositionally distinct carbonates were 

found to coexist in most samples, with the range of characteristic mineral chemistry 

varying significantly across the conduit zone (Table 3.4; Fig. 3.28). The Ca component 

(calculated as an oxide with stoichiometric CO2) ranges from 28.9 to 55.7 wt.%, or from 

ankerite to virtually pure calcite with a small Mn component. Most samples contain 

bimodal carbonate populations, usually existing within the same grain. Two samples,

C l3-2-5 and C l3-2-10, comprise three distinct carbonate components. End member 

carbonates are found within C l3-2-3 (the most exterior sample) and C l6-2-2 (the second 

deepest sample). C 13-2-3 contains an unusually homogeneous calcite with only a few 

weight percent total Fe and Mn, whereas C l6-2-2 falls at the opposite end of the 

spectrum containing only Fe-rich ankerite.

We calculated the carbonate formation temperatures for coexisting pairs of calcite 

and dolomite following the methods of Powell et al. (1984), based on the mole fractions 

of Mg in calcite and Fe in dolomite. This calculation predicts a variation of at least 80°

C in alteration temperatures across the conduit (Fig. 3.29). The total range of alteration 

temperatures cannot be definitively determined, as samples containing pure ankerite or
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calcite do not yield a formation temperature. The compositional data and derived 

temperatures are plotted as a function of distance along the drill core in Fig. 3.30. Based 

on all of the analytical data, we order the Unzen conduit samples by their relative degree 

of alteration (Fig. 3.31).

3.7 Obsidian Dome mineralogy

Here we summarize the Obsidian Dome mineralogy as documented by previous 

authors. Two separate mineral assemblages, corresponding to two magma types, 

comprise the Obsidian Dome rhyolites, one bearing hornblende, and the other without. 

The common phenocryst assemblage in the finely porphyritic samples includes 

plagioclase (1.8 vol.%), sanidine (0.6 vol.%), biotite (0.2 vol.%), and minor amounts of 

augite, hypersthene, Fe-Ti oxides, and quartz, based on vesicle-free modal counts 

(Sampson and Cameron, 1987). Where hornblende is present, it is more abundant than 

biotite, (phenocrysts 2-9 vol.%), whereas the hornblende-free assemblage is only 

sparsely porphyritic (1-2% phenocrysts; Vogel et al., 1987; Swanson et al., 1989; Gibson 

and Naney, 1992). Microlites of calcic plagioclase and ferroaugite are ubiquitous 

throughout the Obsidian Dome groundmass, for a total crystallinity up to 5-10 vol.% 

(Westrich et al., 1988).

Although alteration within the Obsidian Dome conduit and feeder dike is not as 

extensive as within the Unzen conduit zone, the glassy dike margin was modified 

following emplacement (Westrich et al., 1988). Hydration of glass at depth is indicated 

by low temperature volatile release and high volatile concentrations (Westrich and 

Eichelberger, 1985) and the isotopic composition of O and H in bound water (O’Neil and 

Taylor, 1985). Magmatic and or hydrothermal fluids contributed to enrichment in 

chlorine and fluorine, relative to estimated pre-eruption magmatic concentrations, in the 

dike-margin (Westrich et al., 1988). We observe that Obsidian Dome’s conduit contains 

minor clay, carbonate and chlorite minerals, whereas the feeder dike is unaltered.

The Obsidian Dome intrusive bodies (dike and conduit) consist of a very fine

grained, holocrystalline, granophyric groundmass composed of feldspar and quartz.
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Silica phases are distributed with quartz primarily found at the center of the intrusion and 

cristobalite present throughout. Micropoikilitic quartz with enclosed euhedral feldspar 

laths is a common devitrification texture in the intrusion (Swanson et al., 1989).

Both intrusive and extrusive textures from Obsidian Dome are significantly 

different from the Unzen sample suite. Their compositional and petrographic 

characteristics have been described elsewhere (Vogel et al., 1987; Swanson et al., 1989; 

Vogel et al., 1989), however, the development of alteration mineralogy has not 

heretofore been discussed. Unlike the Unzen conduit zone samples, alteration within the 

Obsidian Dome intrusive bodies is easily overlooked, as it does not obscure original 

magmatic textures. Devitrification features are common throughout the intrusive 

samples, but the dominant phenocryst and microphenocryst phases do not show evidence 

of alteration or replacement by secondary minerals. Groundmass crystallization due to 

slow cooling of the intruded magma is not readily distinguishable from microlites formed 

upon magma ascent (Gibson and Naney, 1992), but we estimate that the initial 

crystallinity upon emplacement was <5 vol.% based on the paucity of crystalline phases 

in the erupted lava.

Low-temperature, secondary minerals are, however, found infilling vesicles, 

irregular voids, and along fractures through phenocrysts. Rare calcite pseudomorphs 

after pyroxene are present in conduit samples. Calcite and clays are present in variable, 

minor amounts across the conduit, increasing in prevalence toward the center. The dike 

is largely unaltered with no replacement minerals. It contains only minor dark brown 

clay dotted throughout the groundmass.

3.8 Spatial relationships of pore structures and alteration phases

Petrographic and geochemical analyses are useful for determining what mineral 

phases are present and in what relative abundances, yet they lack a spatial dimension that 

can help elucidate how and where alteration proceeded. CT reconstructions of our 

samples allow us to visualize pore and mineral relationships in three dimensions, 

confirming that pore spaces were rendered 10-50x greater via the thin-sectioning process
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due to preferential plucking or dissolution of minerals within the pseudomorphs after 

hornblende.

Viewing the 10-15 pm thick slices sequentially provides a view into the complex 

spatial associations between primary and secondary mineral phases, voids, and 

groundmass. The CT data may also be rendered as individual or multiple phases 

suspended in space, allowing more detailed qualitative investigations of phase 

relationships and sample isotropy. Combining CT visualization with FESEM imaging 

provides an integrated picture of our multi-phase system, which is far more complete 

than that given by a single thin section. These multimedia files are contained in 

Appendix 3.C.

3.8.1 Unzen

Our chemical and petrographic analyses reveal significant differences between 

the carbonate content, color, and presence of clastic zones within the C16 samples, those 

retrieved from the deepest section of the drill core, and the rest of the core (Figs. 3.28, 

3.30; Table 3.1). The CT scans (Appendix 3.C) illustrate additional distinguishing 

characteristics of the C 16 samples. Samples from Cl 3, Cl 4, and C15 contain abundant 

voids >2.7 xlO'5 mm3 within and connecting the altered hornblende sites, whereas no 

porosity is evident within the former hornblende sites of C16 samples. C l6-2-2 is 

bisected by coherent cracks that make up all of its <0.5 vol.% porosity (Fig. 3.32).

Across the spectrum of intrusive dike samples, the presence, occurrence relative 

to other mineral phases, and habits of sulfides are heterogeneous (Table 3.1; Fig. 3.4). 

The CT scans illustrate the spatial aspect and allow us to visualize the extent and 

interconnected character of the sulfides in 3D (Appendix 3.C). Sulfides are rare in 

samples C13-2-3, C13-2-5, C13-2-10, C15-2-11, C16-2-2, however those present coexist 

with void clusters (Fig. 3.33). Veinlets of sulfides crosscut C l3-4-9 (Fig. 3.33). Within 

the C 14 samples, sulfides are most commonly found clustered within and radiating 

outward from altered hornblende sites as veinlets. Sulfides are also found adjacent to 

elongate void chains within C l4-3-1 and in concentric shells surrounding low-density
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cores in C14-4-5 (Fig. 3.33). Sample C16-3-1 exhibits sub-parallel sulfide veins and 

smaller dispersed euhedral grains within altered hornblende sites (Fig. 3.33).

Within the deepest, least dense sample, C l6-3-1 (~3 vol.% porosity), we observe 

euhedral, cubic pyrite grains that grew into a void (Fig. 3.34). Based on the size of the 

pyrite crystals the original opening width would necessarily have been -10-20 pm or -5  

times greater than at present. If we roughly approximate the initial and final void 

volumes as spheres, this would require -99.2 vol.% loss of the initial assumed void space 

(-70 vol.%).

FESEM investigations also revealed the three-dimensional expression of the fine

grained crosshatch pattern of Ti02-phase minerals within altered titaniferous magnetite 

grains (Figs. 3.15, 3.19, 3.20). Fig. 35 illustrates the <1 pm bladed prisms projecting out 

into space on a broken surface of sample C l6-3-1. This replacement texture is common 

across the entire suite of intrusive dike samples.

Euhedral, blocky TiCVphase grains were found growing into pockets within 

sample C13-4-9 (Fig. 3.36). In thin section, rutile is ubiquitous as clusters adjacent to 

altered hornblende sites and in concentric patches within the groundmass. The three

dimensional view reveals that this hydrothermal phase grew into void space, thereby 

contributing to the overall decrease in small-scale porosity after emplacement.

3.8.2 Obsidian Dome

Whereas conduit and feeder dike samples from Obsidian Dome are more porous 

than Unzen conduit zone samples, they are distinctly less altered. Here we briefly 

describe the relationships between void volumes and crystal phases discemable within
■y

the 1-cm CT scans (Appendix 3.C).

Alternating zones of high and low vesicularity, repeating every -2.5 mm 

characterize the extrusive vitrophyric lava sampled 17.22 m beneath the carapace of 

Obsidian Dome (11-17.22). This sample represents the unaltered, rapidly cooled analog 

of the intrusive samples. Within 11-17.22, the long axes of phenocrysts are oriented



104

roughly parallel to bubble elongation, while microlites show no preferred orientation 

(Fig. 3.37).

Three samples were collected along a 4.5-m section of the conduit drill core 

starting -25 cm from the country rock contact (12-485.18; Fig. 3.37). The second sample 

was extracted from a region book-ended by fine-scale flow banding on one side and 

open, carbonate-coated veins (-0.5 cm wide) on the other (12-487.65; Fig. 3.37). The 

deepest sample taken for this study represents the relatively homogeneous conduit center 

(12-489.66; Fig. 3.37).

No apparent alteration developed within the conduit margin (12-485.18; Fig.

3.37). Within two interior conduit samples we can discern zones of alteration that have 

developed within partially collapsed vesicle clusters. A strong preferential orientation of 

both vesicles and phenocrysts is exhibited in 12-487.65 (Fig. 3.37). This conduit sample 

contains elongate, sub-parallel strung-out clusters of vesicles with nearly equal spacing 

between veins. Void veinlets are perpendicular to main veins with low-density material 

in between. Secondary minerals are identifiable by their shape, and mimic the elongate, 

branching morphology of the neighboring vesicles. The secondary minerals are most 

abundant mid-way and at the end of the scan through the CT data (Appendix 3.C). Near 

the end of the scan there is a mottled rectangular region of alteration. The deepest 

sample, 12-489.66, contains nearly homogeneously dispersed vesicles, with greater 

spacing between larger bubble clusters (Fig. 3.37). As in 12-487.65, alteration minerals 

copy the shape and fabric of surrounding vesicle clusters. While unaltered, the feeder 

dike retains significant vesicularity. Large, coalesced bubble clusters, which appear to be 

partially collapsed, dominate 13-653.58 (Fig. 3.37). Vesicle distribution is more 

heterogeneous than in 12-489.66 and has no preferential orientation (Fig. 3.37).

3.9 Discussion

3.9.1 Two contrasting conduit systems

The Unzen conduit samples provide unprecedented evidence of rapid alteration, 

important for enhancing our understanding of volcanogenic hypogene alteration. Studies
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of hypogene alteration are important as they contribute to our understanding of the nature 

and evolution of ore forming solutions, provide valuable information for mineral 

exploration, and produce minerals (e.g. phyllosilicates) that are useful for obtaining 

radiometric dates on wall rock alteration and subsequent mineralization (Evans, 1993). 

Skinner (1997) argued that it is imperative to examine modem hydrothermal systems, 

whether they are forming mineral deposits or not, and to reason by analogy where similar 

systems may have formed ores in the past. The samples from the Unzen conduit zone 

display many characteristics common to the extensively studied hydrothermal halos 

surrounding porphyry ore deposits and therefore help to constrain the time frame for the 

initial stages of alteration. The sulfide minerals ubiquitous throughout the drill core suite 

(i.e. pyrite, pyrrhotite, and sphalerite) are commonly associated with Cu/Au porphyry 

deposits.

Previous investigations of hydrothermal alteration rates by direct observation via 

drilling are limited to shallow exposures (<200 m beneath the surface) of basaltic tephras 

(Jakobsson and Moore, 1986). Rates of alteration in deep intrusive systems have been 

estimated by extension from the rate of intrusion cooling by convecting hydrothermal 

fluids (Cathles et al., 1997), and based on the longevity of hydrothermal systems 

(Hedenquist, 1986). Yet direct sampling of an un-eroded, extensively altered intrusion of 

known age at its initial emplacement depth, via drilling into a conduit system, has not 

heretofore been completed. The degree of alteration uncovered beneath the volcanic 

edifice was an unexpected result of the drilling program. While the pseudomorphic 

replacement textures and mineral assemblages we describe here are commonplace among 

porphyry deposits having experienced propylitic to argillic alteration, it is assumed that 

forming such textures requires extensive time, as large intrusions and their associated 

hydrothermal systems slowly cool over thousands to 1 million years (Cathles, 1981; 

Hedenquist, 1986; Cathles et al., 1997). Yet we can constrain the time allotted for 

alteration beneath Unzen to less than 15 years. Obsidian Dome’s conduit, on the other 

hand, was emplaced more than 500 years ago, yet we observe relatively little mineral 

replacement and deposition of secondary minerals is restricted to fractures and voids.
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Multiple differences between these two volcanic systems exist and may explain 

the disparity in alteration rates. The first, most readily constrained difference is the depth 

from which the two conduit zone sample sets were retrieved. Unzen samples were 

emplaced nearly 1 km deeper than the Obsidian Dome conduit samples used in this 

study. This means that alteration in the Inyo system occurred within the vapor regime, 

where chemical transport is presumably much more limited than within a hydrothermal 

fluid. In contrast, fluid transport from deep within the Unzen system may have been 

driven by the transition to a hydrostatic regime as the system cooled, solidified, fractured, 

and opened to the shallow epithermal system (c./ Fournier, 1999; Cox et al., 2001).

The bulk magma compositions and crystallinities are also significantly different, 

although the glass chemistries are comparable in extrusive products. The holocrystalline, 

porphyritic Unzen dacite is a product of two magmas mixing with repeated mafic inputs 

throughout its recent history (Browne et al., 2006a), whereas mingling of two similar 

magmas produced the aphanitic Inyo rhyolite (Vogel et al., 1989). Repeated mafic 

injections are a likely source of heat, H2O, CO2 and SO2 at Unzen that is absent in the 

Inyo system. Unzen’s pre-eruptive volatile contents are 6 ± 1 wt.% H2O (Holtz et al., 

2005), 150 ± 80 ppm S (Satoh et al., 2003), and 500 ± 200 ppm Cl (Shinohara et al., 

2008), whereas Obsidian Dome matrix glass yields volatile estimates of 4 ± 2 wt.% H2O, 

80 ± 20 ppm S, 800 ± 400 ppm Cl, and 500 ± 200 ppm F (Westrich et al., 1988). Melt 

inclusions in pyroxene phenocrysts from mafic enclaves within Unzen pyroclasts yielded 

S contents as high as 730 ± 100 ppm (Satoh et al., 2003), indicating that the admixed 

andesite provided a deep source for volatiles streaming through the conduit system. This 

constitutes an important disparity between the two systems.

Almberg et al. (2008) demonstrated that the Unzen conduit zone samples are 

enriched in C and S relative to their extrusive counterparts, more than 100 and 25 times, 

respectively (Table 3.2). They argue that this significant increase is attributable to the 

flux of CO2 and SO2 through the conduit after emplacement, which is consistent with 

late-stage fumarolic gas measurements with high concentrations of CO2 and H2S derived 

from the hydrothermal system that developed around the conduit (Ohba et al., 2008). S
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and C are tracers for volatiles fluxing through the conduit system and provide the 

primary constituents to form sulfide and carbonate secondary minerals. A high flux of 

deep hydrothermal fluids is required to cause the rapid propylitic alteration we find 

beneath Unzen as it necessitates transport S and C into and Mg and Fe away from the 

zone of observation. The flux of fluids through the conduit zone, together with the 

variable carbonate compositions presented here, is supported by the drill mud gas 

logging reported by Tretner et al. (2008), wherein CO2 concentration spikes from 1680 

m-1980 m are coincident with constant or increasing pH. The region of high CO2 and 

pH they identified within this depth range coincides with our observation of a single low- 

temperature carbonate phase (calcite; C l3-2-3), which follows the inverse relationship 

between pH and temperature in groundwater due to the phase change from CC>2(g) to 

bicarbonate.

On a smaller scale, the high crystallinity of the Unzen dacite at depth likely 

played a key role promoting rapid alteration. Pre-alteration crystallinities of 20-30 vol.% 

within the Unzen feeder dikes (Goto et al., 2008; Noguchi et al., 2008) versus an 

estimated <5 vol.% pre-devitrification crystallinities in the Obsidian Dome conduit 

provide appreciably different conditions for hydrothermal fluid transport through the 

cooling magma. CT data visualization reveals that phenocrysts acted as the primary 

hosts for gas/fluid transport after melt collapse, much to their own demise. Sulfides, 

rutile, carbonates and even halides are more prevalent in and around the sites of former 

phenocrysts. The findings of Chapter 4 indicate that the Unzen intrusion retained at least 

7 vol.% porosity prior to secondary mineralization. We demonstrate here that vapor 

phase mineral deposition continued down to the extremely low (<1 vol.%) porosities 

found within the Unzen system, whereas vesicles within the Obsidian Dome conduit 

became isolated at slightly higher porosities (1-3 vol.%). Gottesfeld et al. (2007) show 

the importance of crystal control on permeability at low porosity for magma degassing. 

Our observations are consistent with their hypothesis that high crystallinity allows 

efficient transport of hydrothermal fluids in a syn- to post-magmatic conduit system.
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The existence of open voids, some containing faceted crystals with fresh euhedral 

mineral surfaces growing from the adjacent walls, indicates equilibrium among sulfides, 

carbonates and the deep fluid (White, 1981; Rimstidt, 1997). It also suggests that gases 

or fluids were potentially mobile within the system up to the time of drilling. This is 

further supported by the marked increase noted in drill mud gas concentrations in the 

high-density, low-porosity lava dikes, indicating that they were highly permeable during 

drilling (Tretner et al., 2008).

Surrounding edifice permeability is yet another disparity between the two 

systems. Drilling at Unzen established that the conduit zone consists of volcanic 

breccias, pyroclastic rocks, and mudflow deposits adjacent to coherent altered dacite 

dikes. The brecciated regions have high neutron porosities (40%), low P-wave velocities 

(3-4 km/s), and low resistivity (10 ohm-m), which is indicative of high permeability 

(Kajiwara et al, 2005; Ikeda et al., 2008). A region of high porosity and high NaCl 

concentration at 1700 m (down bore depth) is interpreted as evidence for significant fluid 

and/or gas flow away from the intrusion (Kajiwara et al., 2005). By contrast, the quartz 

monzonite country rock into which the Obsidian Dome rhyolite intruded (260 to 375 m 

below the surface) is impermeable beyond the pyroclast-bearing fractures within 50 

meters o f the conduit and dike (Heiken et al., 1988), requiring that groundwater 

circulation be locally restricted.

Finally, while both systems neighbor conspicuous geothermal manifestations 

(Blackwell, 1985; Fujimitsu et al., 2008), the temperature, proximity, and total output are 

quite different. Four significant geothermal expressions surround Unzen within a 10-km 

radius from the summit. Prior to the most recent eruption, surficial heat discharge rates 

from the hot springs were 20-50 xlO6 J/s, and 0.4 xlO6 J/s from the fumarole field, with 

underground temperatures in excess of 200 °C at 1 km depth in a region with no surface 

expression (Fujimitsu et al., 2008 and references in Japanese therein). In contrast, 

surficial hot springs within the Long Valley caldera are found a minimum of 10 km from 

the Inyo Domes chain, with the primary locus of geothermal flux 15 km from Obsidian 

Dome (Blackwell, 1985). The shallow power output in the caldera center is -60 xlO6 J/s,
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however this value tapers off by more than an order of magnitude toward the medial 

caldera ring, and therefore is highly unlikely to impact the Inyo Domes intrusion. The 

Inyo Domes intrusion is a suspected source for shallow heat in this region, but there is no 

evidence for additional heating events since their emplacement (Blackwell, 1985). These 

large-scale differences are due to the respective tectonic settings and eruptive histories. 

Unzen’s -500 ka of stratocone building in an off-arc, down-dropped graben is distinct 

from the monogenetic event that produced the Inyo Domes, which sits on the edge of a 

continental margin caldera. While the specifics of the tectonic settings may not have any 

direct influence on promoting or suppressing alteration, the longevity of a volcanic 

system influences the heat available to generate a significant deep hydrothermal system 

(Goff and Janik, 2000).

3.9.2 Implications o f  the observed alteration at Unzen

The degree of alteration within the Unzen conduit zone can be generally 

characterized as propylitic, although alteration has proceeded further in samples C l6-2-2, 

C l 5-4-5, and Cl 6-3-1. Characteristic products of propylitic hydrothermal alteration in 

hornblende are chlorites, carbonates, montmorillonite, and epidote, while magnetite is 

incipiently pyritized, and plagioclase (An3o-4s) goes to kaolin, chlorite, carbonate, zoisite, 

epidote, and trace montmorillonite, with no change in quartz or K-feldspars. Veinlets are 

typically filled with quartz, calcite, K-feldspar, chlorite, and rare albite and mtile. 

Additional hydrothermal alteration (argillic) produces entirely chloritized hornblende, 

pyritized magnetite, montmorillonite and kaolin after plagioclase, and partially 

sericitized K-feldspars, with veinlets of quartz, sericite, pyrite, and chlorite (Lowell and 

Guilbert, 1970). A variety of pseudomorphic alteration textures and chemical 

heterogeneity within optically homogeneous minerals were identified via major element 

X-ray mapping. The disequilibrium features observed (e.g. Fig. 3.10) suggest that 

alteration of the conduit was not complete and that the transformation continues at 

progressively lower temperatures.
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Hornblende alteration products are key indicators of alteration conditions 

experienced by each sample. The variation in degree of alteration does not change 

monotonically across the Unzen conduit zone (Figs. 3.4, 3.28, 3.30, 3.31). We have 

provided evidence for this in the form of chemical and mineralogical data (Tables 3.1, 

3.3, 3.4). Carbonate compositional variation provides the most complete picture of 

alteration conditions across the Unzen conduit zone. Although we cannot calculate 

absolute temperatures for samples without coexisting calcite-dolomite pairs, we can 

ascertain that a general trend exists toward hotter conditions in the deepest section of the 

drill core, from pure calcite in C13-2-3 to ankerite in C16-3-1 (Fig. 3.30). Yet there are 

reversals within this trend, arguing against the existence of a homogeneous pathway 

heading from chamber to vent, then cooling and chemically evolving as a function of 

distance from the wall. This is consistent with the observations of Goto et al. (2008), 

wherein they interpret the four deep core sections (C13-C16) as parts of a dike complex 

representing multiple, successive intrusions.

Variations in carbonate and clay compositions, and sulfide content and 

associations indicate that alteration conditions (temperature, gas content, pH, fluid 

composition,/S2) within the conduit zone were heterogeneous on sub-meter scales (Fig. 

3.4). Although we know that at constant pressure mineral stability relations vary as a 

function of temperature and solution composition, it is widely acknowledged that precise 

determination of these parameters is a difficult task as hydrothermal environments are far 

more complicated, mineralogically, than those undergoing ‘isochemical’ metamorphism 

(Beane, 1994). Variations in fluid flux and composition are acknowledged to introduce 

disequilibrium conditions that preclude modeling each of these variables based on the 

mineral assemblages (Lentz, 1994). However, the fine-scale variability observed implies 

that hydrothermal fluid transport was not homogeneous across the conduit region. This 

situation could arise from a crack-dominated system with significant permeability andI or 

differential preservation of matrix glass along dike margins due to chilling. Sakuma et 

al. (2008) reported on well logs from Unzen drilling that vertical fractures were present 

throughout the conduit zone and the drill core and cuttings indicated the existence of
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multiple dike margins and cores by (Goto et al., 2008). Those in situ and core logging 

measurements substantiate our conclusions based on alteration mineralogy.

3.10 Conclusions

From our investigation of the Unzen and Inyo conduit systems, we conclude that 

alteration at Unzen was extremely rapid and unprecedented in the geologic literature or 

geochemical models. This discovery has important implications for epithermal alteration 

models. Our comparison of alteration within the Inyo and Unzen conduit systems 

highlights important differences controlling the extent and rate of alteration that can be 

experienced in shallow volcanic edifices. Permeability, both large and small scale, is of 

key importance in allowing fluid transport to promote alteration, but is superseded by the 

pressure regime into which the magma is emplaced and the availability of abundant 

mafic magmatic fluids. The presence of euhedral crystal faces of low-temperature 

mineral phases growing into micron-scale vugs indicates larger gas pathways were open 

at subsolidus temperatures, with remineralization occurring below the glass transition 

temperature.

Finally, we document the paragenetic sequence developed within the Unzen 

conduit zone. Secondary mineralization of the Unzen dacite progressed from higher 

temperature (>375° C) down to very low temperatures, as indicated by the presence of 

kaolin and possibly halides. The incomplete overprinting of the initial alteration by low- 

temperature alteration phases is common even in deposits millions of years older, yet we 

show here that this process can potentially occur within a decade.
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Table 3.1 Characteristics of altered Unzen conduit zone samples. Color, abundance, and mineral associations are useful for 
determining degree of alteration and grouping similar samples. Compositional and spectral data for carbonates and quartz, 
respectively, are included as alteration temperature indices. Loss on ignition (LOI) represents the volatile component 
calculated as the difference between whole rock XRF totals and 100 percent from Almberg et al., 2008. The deviation of 
mobile alkali metals from the spine composition XRF data (Na20*) is listed as an indicator of degree of alteration (Almberg 
et al., 2008). ______________ ________ ________ _________ ________ _________________________ _______ ______

C13-2-3 C13-2-5 C13-2-10 C13-4-9 C14-2-11 C14-3-10 C14-4-5 C15-2-11 C l 5-4-5 C l 6-2-2 C l 6-3-1
Color med gr med gr; 

blk enclave
med gr dk-med gm- 

gr
med-lt gr It gr med-lt gr med gr meg gr dk gr med-lt gr

Porphyritic
Sulfidization

none < 1% 
0.5-2 mm

< 1% none none yes
<0.5 mm

yes half 
sample

yes yes none yes

Sulfides py, po, sp py, ± po,
±sp

py, po, sp py, po ?? +py, po, sp py, po, sp ?? py, +sp, po py, sp py, sp, po p y ± p o

Carbonate
composition

cc cc > ank > 
doi

cc cc Mg-cc cc > doi Mn-cc > 
cc > doi

Mn-cc > ank Mg-cc Fe-ank ank > doi

Chlorite color yel-gm It yel-bm army gm army gm/ 
yel-gm

lt-gm-yel-bm gm-yel gm-lt-gm gm-yel-bm cl gm-bm/
gm

It bm

Clay color - brown brown brown brown brown N/A N/A N/A N/A brown
Hornblende
pseudomorphs

wt-bm-blk; 
no •>; chi, 
clay, cc

gm-gr-wt; 
no ❖, chi 
cc>ank>dol

gm-gr-wt; 
❖ chi 
sulfides > 
crb, bio

yel-gm-dk- 
gm-blk; no 
❖ , chi, cc, 
ser, clay, 
bio

dk-gr-wt; 
Mg-cc = chi 
0 , clay (bm), 
+ap, +rt

wt; chi (It 
gm- 
yel)/ser, 
+ap, +rt

lt-gm; carb 
> ser, chi 
(cl) (+ in 
contact w/ 
bio)

dk-gm;*> 
Ca>Fe>Mn 
>Mg carb, 
chi, clay 
(gm-yel- 
bm)

bm-gr; no 
❖, Mg-cc 
> ank, chi 
(cl), cz

bm-gr- 
wt; ❖ 
clay
(bm), chi 
(gm/bm), 
ank

wt; no
♦>, large
grains
gone,
carb, chi
(cl-lt
bm)

Biotite types mag mag/hyd rxn mag/rxn mag mag mag/hyd mag/hyd hyd mag hyd
Feldspar
characteristics

milky wt- 
clear

opaque wt; 
F.I.; ±ser

opaque wt; 
fx, ser

- ser, F.I. gr-chalky wt; 
+ ser

wt gr-wt- 
clear; fx, 
ser rings

cl-gr-wt 
rims; ser, fx, 
F.I.

cl-milky- 
wt; fx, ser 
(microph)

gm-cl-wt;
fx

+ fx

Accessory
minerals

rt, zr, ap, 
Ca-px

rt, ap rt, ap, zr ap, rt, Ca- 
px, cd

ap, rt, zr, ol, 
sp

+ ap, rt, sp rt, ap ap, qtz ap, rt, zr, 
cz, ol

rt ap, rt

LOI (wt. %) 3.14 3.02/ 2.86 2.99 3.21 3.22 3.91 3.02 N/A N/A N/A 5.56
Na20 * 0.85 0.86 / 0.90 0.93 0.88 0.92 0.87 0.90 N/A N/A N/A 0.74

Notes: ank = ankerite (Fe-carbonate), ap = apatite, bio = biotite, Ca-px = calcium pyroxene, cc = calcite, cd = corderite, chi = chlorite (color in plane 
polarized light -  yel = yellow, gm = green, bm = brown, cl = clear, It = light, dk = dark), crb = carbonate sans chemical analysis, cz, clinozoisite, doi = 
dolomite, ep = epidote, ol = olivine, om = omphacite, plag = plagioclase, po = pyrrhotite, py = pyrite (morphology), qtz = quartz, rt = rutile, ser = 
sercitit(e)(ized), sp = sphalerite, zr = zircon; ❖ = remnant internal structure, hornblende site color: blk = black, bm = brown, gr = grey, gm = green, 
wt = white, yel = yellow; mag = magmatic, hyd = hydrotherma, rxn = reaction rims; - = minor, + = more abundant than average sample, F.I. = fluid 
inclusions, fx = fractures, microph = microphenocrysts



Table 3.2 Major element, inorganic carbon (IC), and sulfur (S) data for Unzen conduit zone and spine lava samples. Major 
elements (given in weight percent) data was collected via XRF analysis by T. Vogel. All chemical data was previously 
published in Almberg et al., 2008.

Sample SiO2 TiO2 ai2o3 Fe2Oa MnO MgO CaO Na20 k2o p2o5 Totals
A Mean Spine 

(LOI) wt% IC S (ppm
Spine Lava 1 65.34 0.63 15.38 4.81 0.10 2.52 4.76 3.19 2.47 0.16 99.36 0.64 0.003 280
Spine Lava 2 64.81 0.65 15.88 4.68 0.09 2.38 4.76 3.27 2.49 0.15 99.16 0.84 n/a n/a
Spine Lava 3 65.32 0.61 15.74 4.57 0.09 2.32 4.79 3.30 2.43 0.15 99.32 0.68 n/a n/a
Cl 3-2-5 64.05 0.63 15.27 4.61 0.10 2.07 4.85 2.79 2.44 0.17 96.98 3.02 0.512 n/a
C13-2-10 64.59 0.56 15.79 3.91 0.08 1.79 4.70 3.02 2.42 0.15 97.01 2.99 n/a n/a
C13-2-5B 64.32 0.57 15.71 4.07 0.09 1.92 4.96 2.94 2.41 0.15 97.14 2.86 n/a n/a
C13-4-9 65.25 0.65 15.46 3.89 0.07 1.75 4.07 2.85 2.64 0.16 96.79 3.21 n/a n/a
Cl 3-2-3 64.55 0.60 15.27 4.26 0.09 1.99 4.73 2.76 2.45 0.16 96.86 3.14 n/a 4800
C14-3-10 64.01 0.58 15.78 4.13 0.07 1.43 4.61 2.84 2.49 0.15 96.09 3.91 0.422 5900
Cl 4-4-5 64.44 0.58 16.17 3.72 0.08 1.81 4.67 2.94 2.41 0.16 96.98 3.02 0.450 n/a
C14-2-11 64.92 0.56 15.68 3.83 0.08 1.63 4.53 3.00 2.41 0.14 96.78 3.22 0.351 n/a
C16-3-1 63.24 0.62 14.66 4.29 0.11 2.04 4.45 2.42 2.45 0.16 94.44 5.56 n/a n/a
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Table 3.3 Abundance of minerals contained within hornblende sites identified using X- 
ray diffraction. This list represents a subset of samples selected for XRD analysis. 
Hornblende alteration sites were isolated and powdered to determine mineral 
components.____________ ____________________________
Sample Angle Mineral Abundance*
Unaltered 26.6 qtz maj
Unzen Spine 8.5 mica maj

10.0 hbl maj
Cl 3-2-3-0-20 29.5 cc maj

26.6 qtz tr
6.3, 12.5, 25.3 chi tr

C 14-2-11 29.5 cc maj
6.3, 12.5, 25.1 chi tr
28.1 alb tr
8.8 mica tr

Cl 5-4-5 29.6 Mg cc maj
30.7 ank min
26.6 qtz tr
12.5,25.5 chi tr
4.2 clay tr

Cl 6-2-2 30.8 ank maj
28.1 alb min
26.6 qtz min
6.3, 12.5,25.1 chi min
9.0 mica tr

Notes: alb = albite, ank = ankerite (Fe-carbonate), cc = calcite, chi = chlorite, Mg cc = high-Mg calcite, qtz 
= quartz
* Abundance determined relative to largest peak: >75% high peak -  major; 50-75% high peak -  minor; 
<50% high peak -  trace



Table 3.4 Electron microprobe carbonate chemical compositional data and calculated formation temperature estimates. Ten to 
20 analyses were made on each grain, that were then grouped by distinct mineralogy for which an average composition and 
standard deviation was calculated. The temperature calculation is derived from the mole fraction of Fe in dolomite and Mg in 
calcite.

Sample # FeO o MnO ct CaO CT MgO CT c o 2* CT Total CT -^ M g

CC

-Yjredo T °C

Cl 3-2-3 1 1.2 0.3 1.7 0.5 54.6 0.6 0.5 0.1 43.3 0.2 101.3 0.6
Cl 3-2-5 1 1.0 0.2 1.6 0.2 54.6 1.3 0.5 0.1 43.4 0.3 101.1 0.9
C13-2-5 2 10.3 0.5 1.8 0.6 29.7 0.4 12.0 0.8 45.1 0.3 99.0 0.5 0.08 370
C13-2-5 2 3.0 0.8 2.0 0.1 48.8 0.7 1.5 0.1 43.9 0.1 99.2 0.2
C13-2-5 2 9.1 0.3 2.6 0.0 32.8 0.6 9.4 0.3 44.5 0.2 99.4 0.4
Cl 3-2-5 3 1.2 0.4 1.4 0.2 53.9 1.4 0.5 0.2 43.6 0.3 100.5 0.9 0.01
Cl 3-2-5 3 1.7 0.2 0.7 0.0 53.3 1.3 1.0 0.0 43.7 0.3 100.4 1.1
C13-2-5 4 13.6 0.0 1.2 0.1 30.1 0.2 9.1 0.1 44.5 0.0 98.4 0.1 0.02
C13-2-5 4 1.5 0.3 1.3 0.1 53.1 1.7 0.8 0.2 43.6 0.3 100.4 1.0 0 . 1 1 315
C13-2-10 1 9.3 0.8 2.2 0.8 31.7 3.1 10.5 1.5 45.0 0.9 98.8 1.6
C13-2-10 1 13.0 0.1 1.4 0.0 29.3 0.0 10.7 0.0 44.6 0.0 99.1 0.1
C13-2-10 2 17.0 0.2 1.2 0.1 28.9 0.2 8.3 0.1 43.8 0.2 99.2 0.5
C13-2-10 2 9.6 0.9 2.0 0.4 31.9 2.1 11.8 0.6 44.8 0.3 100.0 0.8
C13-2-10 3 1.2 0.4 2.0 0.2 52.9 2.7 0.7 0.2 43.6 0.6 100.5 2.1 0.02
C13-2-10 3 10.3 1.3 2.0 0.6 31.4 0.8 10.8 0.4 44.8 0.2 99.3 0.4 0.08 360
C13-2-10 3 11.6 4.7 2.0 0.8 34.6 4.6 7.9 0.2 43.9 0.2 100.0 1.0 0.09 365
Cl 3-4-9 1 2.1 0.1 1.1 0.1 50.2 0.6 2.3 0.0 44.1 0.2 99.8 0.5
Cl 3-4-9 1 0.9 0.2 1.3 0.2 54.4 0.9 0.5 0.3 43.6 0.2 100.6 0.8
Cl 3-4-9 2 1.7 0.4 1.5 0.4 53.4 0.9 0.6 0.2 43.5 0.2 100.7 0.7
Cl 3-4-9 2 3.3 0.2 1.8 0.1 48.5 0.7 0.9 0.1 44.0 0.2 98.6 0.7
C14-2-11 1 0.7 0.3 1.8 0.5 54.7 1.0 0.3 0.1 43.4 0.3 101.0 0.9
C14-2-11 2 0.6 0.1 2.1 0.2 52.6 2.0 0.4 0.1 43.9 0.5 99.5 1.5
C14-2-11 3 10.4 0.6 1.0 0.0 35.5 0.9 8.1 0.0 44.4 0.4 99.4 1.2 0.01
C14-2-11 3 1.0 0.3 1.5 1.0 54.8 1.0 0.4 0.1 43.4 0.3 101.1 0.9 0.08 275
C14-3-10 1 0.1 0.0 1.9 0.5 54.5 1.1 0.4 0.2 43.6 0.3 100.5 1.0
C14-3-10 2 0.2 0.1 1.5 0.6 54.8 0.9 0.3 0.1 43.6 0.2 100.5 0.7
C14-3-10 3 4.7 0.5 1.6 0.1 35.1 1.2 10.5 1.5 45.8 0.4 97.8 1.8 0.04 <300
C14-3-10 3 0.1 0.0 1.6 0.2 54.9 0.6 0.3 0.1 43.6 0.1 100.5 0.5 0.01
C14-3-10 3 0.6 0.0 1.6 0.1 52.1 0.2 1.2 0.1 44.0 0.0 99.6 0.2



(Table 3.4 continued)
C14-3-10 4 4.7 0.3 1.5 0.1 34.9 1.2 11.0
C14-3-10 4 0.2 0.1 1.9 0.3 54.8 0.9 0.3
Cl 4-4-5 1 0.5 0.1 2.7 0.4 54.4 1.2 0.3
Cl 4-4-5 1 7.1 1.4 1.3 0.1 35.2 0.9 10.4
Cl 4-4-5 2 0.8 0.4 0.8 0.3 55.5 1.0 0.4
Cl 5-2-11 1 1.0 0.2 1.9 0.2 53.7 1.2 0.9
C15-2-11 2 0.7 0.2 1.9 0.4 55.0 1.5 0.5
Cl 5-2-11 2 10.6 0.3 1.2 0.1 35.0 1.0 8.1
Cl 5-2-11 3 10.6 1.4 1.3 0.1 34.2 1.2 8.5
C15-2-11 3 0.6 0.1 2.1 0.2 53.9 1.3 0.3
Cl 5-4-5 1 4.2 0.4 1.4 0.2 36.8 1.6 11.3
Cl 5-4-5 2 4.1 0.4 1.5 0.1 36.6 0.6 10.6
Cl 5-4-5 2 0.5 0.1 1.2 0.2 55.6 1.5 0.5
Cl 5-4-5 2 1.7 0.0 1.3 0.1 49.3 0.7 5.3
Cl 5-4-5 3 4.0 0.4 1.2 0.2 35.7 1.0 11.2
Cl 5-4-5 3 0.2 0.0 2.2 0.1 55.7 1.1 0.5
Cl 6-2-2 1 10.5 2.0 1.5 0.6 32.7 1.6 9.7
Cl 6-2-2 2 7.0 0.4 3.0 0.6 34.1 0.6 9.9
Cl 6-2-2 2 9.1 0.4 1.6 0.1 31.4 1.1 10.6
C16-3-1 1 3.5 0.9 2.3 0.6 30.3 1.5 16.5
Cl 6-3-1 1 8.2 1.5 1.6 0.1 29.7 0.3 13.8
C16-3-1 2 10.0 1.8 1.3 0.2 28.9 0.6 13.1
C16-3-1 2 1.1 0.7 1.8 0.1 31.9 0.9 17.5
Cl 6-3-1 3 12.5 0.5 1.6 0.1 29.6 0.7 10.7

* Derived from the stoichiometric relationship to measured cations. 
4 Calculated after Powell et al., 1984.



1.5 45.9 0.4 97.9 1.8 0.04 <300
0.1 43.5 0.2 100.7 0.8 0.01
0.1 43.3 0.3 101.2 1.1 0.01
0.5 45.2 0.3 99.1 0.5 0.04 300
0.1 43.5 0.2 101.0 0.7
0.3 43.5 0.3 100.9 0.9
0.1 43.3 0.3 101.4 1.1 0.01
0.1 44.3 0.3 99.3 0.9 0.08 300
0.3 33.4 0.2 99.1 0.4 0.08 <300
0.1 43.6 0.3 100.4 1.1 0.01
1.2 45.5 0.4 99.3 1.2
0.2 45.7 0.2 98.4 0.5 0.03 280
0.1 43.4 0.4 101.3 1.2 0.01
0.2 44.0 0.2 101.5 0.8
1.5 46.0 0.4 98.0 1.9 0.03 315
0.1 43.2 0.1 101.8 0.9 0.01
0.7 44.9 0.4 98.4 1.2
0.4 33.7 0.2 99.7 0.6
0.2 45.3 0.2 98.0 0.6
0.9 46.5 0.2 99.1 0.5
0.3 45.7 0.4 99.0 0.7
1.1 45.5 0.4 98.8 0.7
0.7 46.9 0.2 99.2 0.9
0.3 44.7 0.2 99.1 0.4

K>
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Distance (m)
Fig. 3.1 Schematic cross section through the Unzen volcanic edifice. The heavy black 

curved line (USDP-4) indicates the trajectory of the drill core which penetrated a series 

of dikes across the conduit zone -1500 m beneath the summit of Mount Fugen. The 

suite of samples examined in this paper was retrieved from the deepest dike penetrated 

(C13, C14, C15, and C16). Unzen’s location on the Japanese island of Kyushu is 

illustrated in the inset box. Modified from Nakada et al., 2005.
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Fig. 3.2 Schematic drilling diagram and Obsidian Dome location map. Drill cores 1, 2, 

and 3 penetrated the glassy dome, vent region/conduit, and dike, respectively. The inset 

illustrates the spatial relationship of the Inyo Volcanic Chain to other volcanic features in 

the region. Modified from Younker et al. (1987) and Vogel et al. (1989).
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Fig. 3.3 An optically continuous primary biotite in the 1995 Unzen spine is surrounded 

by an overgrowth of hydrothermal biotite (hyd bio). The fine-grained, randomly oriented 

secondary biotite grains differ texturally and compositionally from the altered remnant of 

magmatic biotite they surround within the microcrystalline groundmass (gm).
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Fig. 3.4 Mineralogy variations across the Unzen dike complex. The presence of a 

particular mineral phase is indicated by a symbol in that sample’s column. Symbol 

placement within the column specifies how the mineral was identified (optically = top; 

spectrally (XRD, pFTIR/ASD) = middle; or via microprobe/SEM analysis = bottom). 

Biotite type is specified as magmatic, hydrothermal, or alteration rimmed by closed, 

open, and crossed symbols, respectively. Coexisting biotite types are indicated by two 

neighboring symbols.
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Fig. 3.5 Un-rimmed magmatic biotite in sample C 14-3-10. This optically continuous, ~1 

mm biotite grain, shown in crossed-polarized transmitted light, is rounded and partially 

resorbed, but is not surrounded by a reaction rim.
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Fig. 3.6 Biotite grain with a thick alteration rim found in sample C13-4-9. This ~2mm 

grain is surrounded by a 100-250 pm alteration rim composed of carbonate, chlorite, 

clay, and feldspars with inclusions of rutile and sulfides.



Fig. 3.7 A biotite (bio) grain with a thick alteration rim contained within C l3-4-9. The 

rim is composed of zoned carbonates with small Mn-dolomite (Mn-dol) cores surrounded 

by Mn-calcite (Mn-cc, *) regions, ringed with Fe-rich chlorite/Al-clay mix. Mineral 

phases closest to the biotite are fine-grained clay and an amorphous Si0 2  phase.
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Fig. 3.8 A 0.5 mm biotite (bio) fragment surrounded by alteration mineral phases in C14- 

3-10. Grains of plagioclase (pi), clay, pyrrhotite (po), apatite, rutile (rt) clusters, and 

trace sphalerite and iron oxide are clustered together next to a zoned carbonate vein 

(calcite (cc) core with ankerite (Fe-ank) border). Small TiC^-phase mineral and apatite 

grains also fill holes in the biotite along cleavage planes. Chlorite and clay separate the 

other silicates from one another.



Fig. 3.9 Hydrothermal biotite found within a carbonate/chlorite pseudomorph after 

hornblende. This example of fine-grained, optically discontinuous aggregates of biotite is 

contained in sample C 14-4-5. The white arrows indicate individual grains and the 

direction of cleavage planes.
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Fig. 3.10 Neighboring altered biotite (bio) and hornblende grains in sample C l6-3-1. 

The biotite grain (right) displays depletion of Mg, Fe, K, and Ti in its rim, whereas the 

former hornblende grain (upper left) is completely replaced by ankerite (ank) with an 

Mg-rich calcite (Mg-cc) rim. Fe-chlorite (Fe-chl), a pyrrhotite (po)/magnetite (mt) 

cluster, dispersed rutile grains, illite, plus minor clay and apatite separate the 

phenocrysts.



Fig. 3.11 BSE image of two small hornblende microphenocryst sites (hbl psm). These 

pseudomorphs of calcite and chlorite after hornblende exhibit typical breakdown textures 

within C14-3-10.



Fig. 3.12 BSE image of a large (>2 cm) hornblende site. This image illustrates 

breakdown textures that contrast to the small hornblende sites in sample C14-3-10. 

Dashed line indicates the contact between alteration zone and surrounding groundmass.
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Fig. 3.13 Fe-Mg-calcite (Fe-Mg-cc) rimmed with ankerite (ank) and Fe-rich chlorite (chi) 

replaces a small hornblende phenocryst. The alteration site within sample C l6-2-2 also 

contains a -200 pm biotite (bio) grain in lower right comer, a large apatite (ap) cross 

section, and a 30-pm sphalerite (sp) grain in the lower left comer.



137

■ ,r »'

■ . • at

. \ *

■*

V ,

J? -

V  -
•• *  • •  "  . ■ '  *  ‘ *.

t  '
. d  '  ■

► * ‘
• ,  « ’ .*

V
■ « r *  .

• ’ '  C  v  "
•-’V . -

- .  ^  , < • J

„ . " * . . « C  •
t  v . ' . ’ 
» * * S.' /  '100 Mm

• • - - &
■ .i ' • ' *

Fig. 3.14 Secondary mineralization patterns after hornblende contained within sample 

C l6-2-2. Carbonate regions are comprised of Fe-calcite (Fe-cc) with dendritic 

overgrowths o f ankerite (ank) surrounded by chlorite/smectite intergrowths, riddled with 

rutile (rt) and lesser amounts of pyrite (py), and single large sphalerite (sp) grain (20 pm) 

near center of view, with apatite (ap) sprinkled throughout. The upper left hand comer 

contains sericite between the groundmass and altered phenocryst.
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Fig. 3.15 Typical hornblende phenocryst breakdown textures in C13-2-10. Complete 

replacement o f hornblende by chlorite (chi), minor patches of Mn-Mg-calcite (Mg-cc), 

illite (il), and pyrite (py) is the rule within this sample. The lower left comer illustrates 

the bimodal Ti distribution into euhedral grains of rutile (rt) and a micro-fine, crosshatch 

zone of Ti02-phase minerals interspersed with apatite (ap) in chlorite surrounded by 

pyrite, replacing Ti-magnetite inclusions within the original grain.



139

Fig. 3.16 A patchy region of calcite (cc), with minor Fe-calcite (Fe-cc), in mixed chlorite 

(chi) and clay replaces hornblende in C l5-2-11. Minor and trace minerals are scattered 

throughout this region with a 50-pm zircon near center of image, chromites, small^lO 

pm) pyrite (py) clusters with sphalerite, plus rutile (rt) and apatite (ap).
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Fig. 3.17 Complex zoning of Fe, Mg, Mn, and Ca is seen in a carbonate patch in sample 

C l3-2-5. Red, green, and blue represent Fe, Mg, Ca and Mn, Mg, Ca in the left and right 

images, respectively.
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Fig. 3.18 Typical carbonate alteration obscures the microcrystalline groundmass of C l5- 

4-5. Pyrite (py) grains are contained within the carbonate zone, neighboring a holey 

plagioclase phenocryst (pi). The carbonate compositional zonation is visible in this BSE 

image as pine calcite (cc) is slightly brighter in BSE than Mg-rich calcite (Mg-cc). The 

microcrystalline groundmass is composed of amorphous silica (Si) and illite (il).
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Fig. 3.19 Minute Ti02-phase latticework and chlorite within a former cubic mineral, 

most likely titaniferous magnetite, associated with pyrite grains, are displayed here in 

reflected light. This texture is common across the spectrum of Unzen conduit zone 

samples, however it is typically too fine grained to observe optically.
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Fig. 3.20 Finely intergrown Ti02-phase grains within a region of Fe-rich chlorite (Fe-chl) 

after Ti-magnetite is a common alteration texture. Rutile (rt) and smectite (st) occupy the 

upper left-hand side of this image neighboring a mottled patch of pyrite (py) and 

pyrrhotite (po). The surrounding region is a complex mix of Al-clay, white mica (wm), 

amorphous silica (Si), and chemically zoned carbonates (ankerite (ank) with calcite (cc) 

cores) dotted with apatite grains in sample C 13-2-5.
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Fig. 3.21 Pseudomorphic pyrite (py) with pyrrhotite (po) intergrowths and interstitial 

chlorite, dispersed trace sphalerite (sp), and TiCh-phase intergrowths in high Fe/Mg 

chlorite (Fe-Mg-chl) after Ti-magnetite, are surrounded by apatite. The altered grain is 

surrounded by sericitized albite (ab), chlorite (chi) and microcrystalline groundmass 

containing silica and plagioclase microlites (Si + ppl) in sample C l3-2-5.
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Fig. 3.22 A typical cluster o f30 pm euhedral pyrite (py) grains surrounding a single 

large (140 pm diameter) apatite (ap) grain in C15-4-5. A smattering of rutile (rt) and 

sphalerite are intermixed with the more prominent sulfides. The lower half of the image 

contains the comer of a small hornblende alteration site with a calcite (cc) surrounding an 

Mg-calcite core (Mg-cc), illite (il) overgrowth, and chlorite (Mg-chl) rim.
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Fig. 3.23 A complexly interwoven mixture of a TiC>2 phase, pyrrhotite, and pyrite found 

within sample C l4-2-11. Trace sphalerite (sp), Al-clay, and surrounding apatite (ap), 

within a fine-grained heterogeneous mixture of chlorite (Fe-Mg-chl) are surrounded by 

thin regions of illite, typically in contact with calcite (cc). The rutile defines sharp 

pseudomorphous diamond patterns within the chlorite after Ti-magnetite. The larger 

rutile grains are surrounded by Ti depletion halos. Pyrite (py) displays no distinct crystal 

structure, and occupies regions of up to 200 pm (greatest dimension) with inclusions of 

Fe-Ti oxides, silicates, and carbonate. Calcite grains have ankerite (Fe-ank) cores and 

are being altered to illite along their margins. A large plagioclase (pi) phenocryst is 

riddled with crack-filling pyrrhotite (po) on the left side of the image.
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Fig. 3.24 Region of secondary mineralization contained within a biotite (bio) grain in 

C14-2-11. This patch contains large, anhedral pyrite (py) grain, with inclusions of 

apatite (ap), rutile and silicate grains, and abuts circular regions of illite containing 

abundant apatite, Ti02-phase laths, pyrrhotite (po), and tiny sphalerite (sp) and magnetite 

grains.
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Fig. 3.25 A low-density region of secondary minerals in C 15-2-11. This zone is 

populated with an abundant fine-grained TiC>2 phase, pyrite (py), and apatite (ap) 

(elongate sub-parallel to the surrounding groundmass) and ringed with larger pyrite, 

apatite and rutile (rt) (up to 50 pm). A few fine grains^3 pm) of sphalerite are present 

within the fine-grained center. These denser phases are suspended in a fibrous mat of 

chlorite (chi) and illite.
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Fig. 3.26 BSE image of 200-pm diameter concentric ring of tiny pyrite (py) grains^lO 

pm) in the groundmass of C l6-3-1. The ring surrounds apatite (ap) and a Ti02-phase 

growing in a fine-grained matrix of mixed clay, chlorite and/or carbonate. The comer of 

a sericitized plagioclase (pi) phenocryst is seen in the upper left hand comer.



Fig. 3.27 A 0.5 mm patch of secondary minerals in C16-2-2. The area is split into two 

distinct parts: the left third is predominantly composed of euhedral pyrite (py) grains 

(<20 pm), and mixed with magnetite (mt), Fe-dolomite (Fe-dol), and minor sphalerite 

(sp); whereas the right two thirds is a mass of finely disseminated TiC>2, coarsening 

toward center, with apatite (ap) grains up to 50 pm long with larger grains surrounding 

finer grains in chlorite (chi). A region of amorphous silica and fine ankerite vein divides 

the two zones and a pyrite/sphalerite vein cuts across the Ti-rich half.
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Fig. 3.28 Ternary plots displaying carbonate chemical variation across the conduit zone. 

Samples are grouped by core number, thus each triangle represents a deeper section of 

drill core. Mn is not considered within these plots, which are normalized by oxide 

weight percent (FeO+CaO+MgO = 100). The coordinates and data ranges are the same 

for each plot.
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Fig. 3.29 Alteration temperatures calculated from coexisting pairs of calcite and 

dolomite. Isotherms were calculated following the methods of Powell et al. (1984) and 

each point represents the mole fractions of Mg and Fe in coexisting calcite and dolomite, 

respectively. The asterisk indicates a point calculated from two separate, adjacent 

carbonate grains.
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Fig. 3.30 Carbonate compositional and derived temperature variation along the drill core 

length. Many samples contain more than one carbonate in equilibrium, therefore the 

range in composition for each sample reflects the separate populations (indicated by tie 

lines), not analytical imprecision. Grey symbols in the top frame indicate temperatures 

estimated from solo carbonates to which we cannot apply our geothermometer.
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I Spine Lava - Unaltered I

Fig. 3.31 Schematic representation of alteration extent within the Unzen sample suite. 

The degree of alteration (represented by height of bar) is determined as a function of 

LOI, difference in Na content from fresh spine sample, carbonate composition, and, 

where no other quantitative data are available, mineral assemblages and sample color. 

C l5-4-5 lacks quantitative data, but is included based on its petrographic characteristics.
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Cl 6-2-2

Fig. 3.32 A single CT slice from sample C l6-2-2 contains a fine-grained mafic enclave 

(upper right-hand comer) and one of a series of sub-parallel cracks (lower left-hand 

comer). Scale bar is 1 mm.
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Fig. 3.33 Individual CT data slices from the spectrum of Unzen conduit zone samples 

exhibit a variety of textural characteristics. Scale bars are all equal to 1 mm.
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Fig. 3.34 Several cubic crystals of pyrite growing into a void. The original diameter 

would necessarily have been ~ 10-20 pm, it is now reduced to a 2-4 pm aperture. 

Another mineral (possibly clay or chlorite) creates a mottled appearance where it is 

deposited on the pyrite crystal faces. Operating conditions of 30 kV, 20 pm, and lOx 

magnification were used for image acquisition.
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Fig. 3.35 An example of microcrystalline textures developed by replacement minerals. 

Blade and prism morphologies crystal size increase toward center of region. Operating 

conditions of 30 kV, 20 pm, and lOx magnification were used for image acquisition.
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Fig. 3.36 A FESEM image of Ti02-phase grains growing into an open vug. The squat 

prismatic shape intimates a lower temperature polymorph of rutile, either brookite or 

anatase. The crystal intergrowths range in width from -2-12 pm. Operating conditions 

of 30 kV, 20 pm, and lOx magnification were used for image acquisition.
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Fig. 3.37 The microtextures observed across the conduit margin (top row), lava dome 

(bottom left), and feeder dike (bottom right) vary significantly with depth. The 

individual CT slices give a simplified representation of the 3D data sets from which we 

draw our conclusions (Appendix C). Scale bars equal 1 mm.
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Appendix 3.B Spectral Analysis

Spectral reflectance data can be useful for differentiating mineral species in a 

whole rock sample. We analyzed eight conduit and one spine sample in an effort to 

classify which clay and chlorite groups are present. The extensive chloritization of this 

sample suite, however, yielded somewhat ambiguous spectra that did not greatly enhance 

our mineralogy characterization. The spectra are included here for completeness.

Analytical spectral device and micro-Fourier transform infrared (ASD/pFTIR) 

spectroscopy was performed at the Commonwealth Scientific and Industrial Research 

Organisation Australian Resources Research Center (CSIRO ARRC) facility. We 

utilized a Fieldspec Pro ASD with a spectral range of 350 - 2500 nm, spectral resolution 

of 3 nm at 700 nm and 10 nm at wavelengths of 1400 and 2100 nm, sampling interval of 

1.4 nm at wavelengths of 350 - 1050 nm and 2 nm at wavelengths of 1000 - 2500 nm, 

and a scanning time of 100 milliseconds. The instrument has one 512-element Si 

photodiode array (350 - 1000 nm) and two separate, TE cooled, graded index InGaAs 

photodiodes (1000 - 2500 nm) detectors, and a 1.4 m fiber optic (25° field of view) input. 

We also used the contact probe with its own light source (http://www.asdi.com/products- 

accessories-HICP.asp). After heating to ~60 °C, the samples’ spectral signatures were 

measured under indoor conditions. Calibration was performed via the instrument’s 

Blackbody with removal of background radiation to produce radiance data, in 

W/m /sr/pm units. The emissivity signature was extracted from these radiance 

measurements via the blackbody maximum fitting technique.

Results

The ASD/pFTIR spectra are shown grouped by core section in Figures 3.B-1 and

3.B-2. Spectra from the unaltered spine lava are shown for comparison. Salient features 

include bound OH absorption peaks at 1414 and 1913 pm, variation in the degree of Si02 

order (8.2-8.8 pm), and differences in the types of clays present in each sample.

http://www.asdi.com/products-
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Wavenumber fcrn'l

Fig. 3.B-1 ASD spectra split into groups of neighboring samples. Characteristic peaks at 

specific wavelengths identify mineral groups. The unaltered spine lava is included for 

comparison.
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Fig. 3.B-2 Micro-Fourier transform infrared spectra split into groups of neighboring 

samples. Silica displays unique spectral peaks that are indicative of its degree of order. 

The unaltered spine lava is included for comparison.



164

Only C l6-3-1 contains a distinct kaolinite absorption peak, although C l6-2-2, 

C14-4-5, C14-3-10, C14-2-11, and C13-2-3 show spectral evidence of containing some 

Al-OH phase (2166-2193 gm). The clay signature is complicated by the presence of 

chlorite, with an absorption peak between 2190-2218 gm, which appears in C15-2-11, 

C14-4-5, C14-2-11, C13-4-9, and C13-2-3. Chlorite also interferes with the 

identification of carbonates.

The thermal reflectance ratio (DHR (9000) over DHR (8300)) is a useful tool for 

determining the degree of silica order in a sample (Rob Hewson, pers. comm.). The 

degree of order within a mineral species is inversely related to formation temperature. 

This ratio varies across the Unzen conduit zone as a repeated increasing trend of 

amorphous silica content with sample depth (Table 3.B-1). The variation in this 

parameter across the conduit correlates well with quantitative indicators of alteration. 

Darker hand specimens and more strongly pleochroic varieties of clay and chlorite 

correspond with higher order silica. This observation can be applied to samples for 

which we do not have XRF data to ascertain the extent of alteration.

o
*? ON in (S
n <s m r t <N <s
<*5 T f rf W SO SOw* FN
u U u V u u u U

Q uartz
index

0.98 1.18 1.28 1.03 1.05 1.62 1.68 1.25

Table 3.B-1 Quartz index values calculated as the ratio of thermal reflectance DHR 

(9000) over DHR (8300).
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Chapter 4 Three-dimensional degassing structures in the upper conduit of silicic 

volcanic systems -  Bezymianny, Russia, Unzen, Japan, Inyo Domes and Mount St. 

Helens, USA

4.1 Abstract

We present anisotropy measurements and three-dimensional visualizations of 

degassing structures formed within the upper conduits and domes of four volcanic 

systems: Bezymianny, Russia, Unzen, Japan, Mount St. Helens and Obsidian Dome, 

USA. Our novel approach, employing X-ray computed tomographic (CT) 

reconstructions and percolation modeling of samples retaining -1-15 vol.% porosity* 

(pore volume within our resolution range) from conduit cores, extrusive domes, and 

cryptodome samples, indicates that gas loss at depth is more efficient in sheared regions 

(anisotropic) than those that contain no evidence for shearing (isotropic). Preferential 

vesicle orientation and elongation is interpreted as an indication of applied shear stress. 

The porosity* data is derived from CT scans of 1 cm3 samples, and thus is not directly 

comparable to porosities derived by classical methods for typical bulk volcanic samples.

Within Obsidian Dome intrusive samples, vesicularity progresses from low to 

high (0.5, 2.5, 12.2 vol.% porosity*) while anisotropy decreases with increasing distance 

from the conduit wall toward the center of the dike. The Mount St. Helens high- and 

low-density (2.0 and 4.5 vol.% porosity*, respectively) cryptodome samples exhibit the 

same inverse relationship between vesicularity and vesicle elongation. There is no 

significant porosity* difference among the three Bezymianny cryptodome samples (3.0 

±0.1 vol.%), which were emplaced at near surface conditions, although the lowest density 

rocks contain elongate, parallel-sided vesicles. Within the Unzen conduit zone at 1300 m 

depth, alteration has obscured degassing structures, however remnant bubble chains and 

microscopic pockets of foam were found via SEM (scanning electron microscope) 

investigations.

The lava domes of Unzen and Obsidian Dome reveal degassing structures not 

observed elsewhere within the volcanic systems under investigation. Unzen contains a
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mere 4.5 vol.% porosity* of ragged, concave voids concentrated in and around fractured 

phenocrysts. By contrast, a sample from 17.22 m within the Obsidian Dome contains

15.2 vol.% porosity* of prolate spheroid vesicles within alternating bands of high and 

low vesicularity on the scale of -2.5 mm.

Our observations from these four volcanic systems support the hypothesis that 

degassing down to low vesicularity in high-viscosity crystalline magmas is achieved via 

bubble chains, with their development promoted by magma shearing. This conclusion 

does not, however, undermine the validity of other models, which may more accurately 

describe degassing behavior at times within the eruptive cycle or at locations within the 

conduit system not considered by this study. For example, complete degassing to zero 

vesicularity obsidian was not investigated.

4.2 Introduction

The application of three-dimensional (3D) computed tomography (CT) to 

volcanological studies has garnered increasing interest over the past decade and is 

becoming a more popular tool as computational abilities catch up with requirements. Our 

investigation of vesicle anisotropy in high-density, porphyritic samples is an entirely 

novel use of CT data. Previous authors have utilized tomographic reconstructions of 

volcanic samples to model permeability through tube pumice (Wright et al., 2006), 

crystal size distributions (Gualda, 2006; Gualda and Rivers, 2006), and 

interconnectedness of vesicular basalts (Song et al., 2001; Shin et al., 2005). Polacci et 

al. (2006) demonstrated the utility of X-ray tomography data in determining vesicularity 

and number density for scoria and pumice clasts, while Okumura et al. (2006) employed 

3D data reconstructions to quantify shear-induced coalescence in high-temperature 

shearing experiments.

High-resolution CT has proved useful in investigating a wide range of geological 

problems (Rowe et al., 1997). Recently, its use has become more widespread in the field 

of physical volcanology, especially for the visualization and quantification of bubble 

distributions and textures (Carlson et al., 1999; Lindquist and Venkatarangan, 1999; Song
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et al., 2001; Proussevitch and Sahagian, 2001; Shin et al., 2005; Gualda and Rivers, 2006; 

Wright et al., 2006; Jerram and Higgins 2007). Although the technique is expensive, and 

requires high-performance computing capabilities and large-volume data storage, it 

circumvents errors associated with 2D to 3D stereographic conversions for elongate and 

non-convex bubbles when calculating volume and bubble number density (D. Sahagian, 

pers. comm.). It also enables us to observe spatial relationships between vesicle and 

mineral populations that are otherwise obscure in thin section. Previous authors have 

explored the difficulties and caveats inherent in its application to volcanological 

questions (Coker and Torquato, 1995; Proussevitch and Sahagian, 2001; Shin et al., 2005; 

Wright et al., 2006). Carlson et al. (1999) and Ketcham and Carlson (2001) describe in 

detail the process for acquiring and interpreting 3D CT data.

In this study, we present a spectrum of samples from four conduit systems,

Unzen, Mount St. Helens, Bezymianny, and Obsidian Dome, which allow us to 

investigate spatial relationships of micro-textures. Our models of vesicularity and 

crystallinity, created from 3D CT and micro-CT (pCT) data, in conjunction with SEM 

imaging, allow an unprecedented view of vesicle-crystal interrelationships at multiple 

depths within the conduit system. Previous studies have suggested that permeability 

develops at very low porosities via crack-like structures or bubble chains controlled by 

magma crystallinity (Hoblitt and Harmon, 1993; Rust and Cashman, 2004; Gottesfeld et 

al., 2007; Gottesfeld, 2007) or by shear-induced coalescence (Okumura et al., 2006; 

Polacci et al., 2006). Here we illustrate such features within natural samples using a 

series of 3D renderings of samples emplaced or quenched at known depths.

Volatile transport within and escape from a conduit system strongly influences the 

style and duration of volcanic eruptions (Sparks, 1978, Eichelberger et al., 1986, Jaupart 

and Allegre, 1991). Magmas that were volatile saturated at depth may erupt vigorously, 

or effusively as dense, degassed lavas or domes. How the latter can occur in high 

viscosity magmas is a matter of contention, as it requires either maintaining magma 

permeability down to very low porosity or rapid gas loss and collapse of a degassed melt 

before it cools below the glass transition. Different mechanisms have been proposed for
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efficient degassing down to very low porosity in effusive eruptions, including 

fragmentation along conduit walls (Gonnermann and Manga, 2003), development and 

subsequent collapse of a permeable foam (Westrich and Eichelberger, 1994), or 

coalescence of bubble chains within the magma (Rust and Cashman, 2004). Our 

understanding of how these mechanisms behave in rapidly evolving, complex systems is 

based upon numerical modeling, extrapolation from extruded samples, and experimental 

studies (e.g., Westrich and Eichelberger, 1994; Klug and Cashman, 1996; Smith et al., 

2001; Gonnermann and Manga, 2003; Mangan et al., 2004a,b; Rust and Cashman, 2004; 

Rust et al., 2004; Burgisser and Gardner, 2005; Mueller et al., 2005; Okumura et al., 

2006; Scandone et al., 2007), yet our direct access to empirical data is severely restricted. 

The rare, partially preserved conduit system in the geologic record offers a more 

complete spatial record of conduit degassing (Stasiuk et al., 1996), but lacks the temporal 

component gleaned from observing modem eruptions. Sampling in situ conduit material 

via drilling and shallowly emplaced, rapidly quenched cryptodome material offers further 

insight into the evolution of magmatic volatiles and vesicle textures along different parts 

of the time/depth continuum (Vogel et al., 1987; Westrich et al., 1988; Nakada et al., 

2005).

The interplay of macro-scale (fractured wall rocks and total edifice permeability) 

and micro-scale (interconnected bubbles) structures determines whether a volcano will 

exhibit open- or closed-system behavior (Eichelberger et al., 1986; Jaupart and Allegre, 

1991). Effusive silicic events require efficient removal of volatiles exsolving from a 

vapor-saturated magma, yet if degassing is too efficient the precipitous viscosity increase 

may make the magma uneruptable (Eichelberger et al., 1986). Viscous plugging of the 

vent may induce sufficient overpressure and produce small explosive bursts between 

effusive phases (Sparks, 1997). Therefore, a delicate balance between magma degassing 

and effusion rate is requisite to sustain a long-lived dome-forming eruption such as 

Unzen (1991-1995; Nakada et al., 1999), or the post-climactic dome extrusions of Mount 

St. Helens, which have been episodic from 1980-1986 with a resurgence from 2004 to
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2008 and Bezymianny, which has experienced ongoing episodic activity since 1956 

(Major et al., 2005; Smithsonian Global Volcanism Program http://www.volcano.si.edu).

By examining the preserved voids from conduits at different depths, we may 

expand our understanding of the micro-scale processes controlling degassing from 

shallow intrusion to eruptive vent. We seek to answer, at least in part, two questions 

concerning the effects of syn- and post-emplacement magma degassing processes and 

volatile fluxing. One, how does shear stress impact degassing efficiency at different 

levels within a conduit system? And two, does post-emplacement bubble collapse always 

go to completion?

4.3 Methods

CT data, for a suite of 11 Unzen conduit zone samples, one spine lava sample, 

five Obsidian Dome samples from the conduit, dome and feeder dike, three Bezymianny 

and two Mount St. Helens cryptodome samples, was acquired for this investigation at the 

University of Texas CT Facility (see Carlson et al., 2003 for description of facility and 

capabilities). Operating conditions used in the acquisition process were an accelerating 

voltage of 180 kV and current of 0.133 mA, with no filter and an air wedge. The 

achievable resolution for each set of samples is a function of sample size (-1/1000 of the 

maximum length within the scanning plane; R. Ketcham, pers. comm.). The voxel size 

ranges from 14.7 to 17.6 pm in the horizontal directions and is slightly greater in the z- 

dimension (15.8-18.9 pm) for this 1 cm3 sample set.

Cuboids 4 mm square on each end were cut from a subset of the same 1 cm cubes 

previously described and re-scanned at higher resolution. F. Fusseis and R. Hough 

collected pCT data at the bending magnet beamline (2-BM) at the Advanced Photon 

Source synchrotron at the Argonne National Laboratory, Chicago. A Si (111) 

monochrometer provided 20keV X-rays and images were collected in transmission mode 

by a CCD camera positioned after the sample in the hutch configuration. Samples were 

rotated with a 0.25° angular resolution over 180° and were placed in the beam and 

removed from it by a robot attached to the automatic sample stage. The minimum

http://www.volcano.si.edu
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effective pixel size achieved was 1.3 pm cubic voxels for 3D volume rendering.

Different energies were tested to ensure effective transmission through the samples.

Porosity* of the low-resolution Unzen, Mount St. Helens, Bezymianny, and 

Obsidian Dome samples was calculated using the indicator kriging segmentation 

algorithm of 3DMA-Rock (Oh and Lindquist, 1999; Lindquist et al., 2000). Indicator 

kriging was used to binarize the data upon selecting appropriate material threshold levels 

from the stack intensity histogram. Errors introduced by the subjective definition of 

threshold values are estimated to be less than 1 vol.% of the total sample. The small 

sample size (<1 cm3) and the digital resolution of the data (above) limit the size fraction 

of voids that are analyzed using this technique. Both the large void fraction (>1/4 the 

total sample volume) and the smallest void fraction (less than the resolvable limits of the 

CT data) are exempt from this analysis. This necessarily results in a total calculated pore 

volume (porosity*) that is less than the bulk porosity, but for the purposes of this study 

we are concerned with comparing vesicles of the same scale across a suite of samples and 

not attempting to supplant previously published bulk porosity values.

We note an apparent discrepancy between 3D X-ray tomographic results and 

porosities determined by conventional methods for the low-density Mount St. Helens 

cryptodome sample in particular. Although we present a partial explanation for this 

incongruity it is not currently completely understood. This suggests the need for a 

comparative investigation using other available techniques in conjunction with 3D 

techniques over a range of vesicularities before it can confidently be applied to determine 

total porosities. It also indicates the need to combine multiple 3D CT data sets of 

complementary resolution from the same sample to determine both total porosity and 

investigate complex bubble fabrics simultaneously. Within this paper ‘density’ is always 

used to denote the measured density of the sample whereas ‘porosity*’ indicates a pore 

volume value calculated using the techniques outlined above.

Avizo® and ImageJ, a freeware developed by the National Institutes for Health 

(Rasband, 1997-2008; Abramoff et al., 2004), were used to produce additional qualitative 

analyses of the inter-relationships between void and solid phases. Viewing sequential
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slices of tomographic data within ImageJ allowed us to see the spatial relationships 

between voids and all mineral phases (see Chapter 3 and Appendix 3.C). Avizo was 

subsequently used to divide our data into a binary representation of void and solid, or 

‘segment’ void volumes for percolation model input. Three-dimensional surface 

reconstructions of the void volumes were viewed after segmentation to assess void 

distribution heterogeneity and fabric. Segmentation was performed on 250-slice sub

volumes (the maximum data volume manageable by the program) of high-resolution 

pCT. The pore volumes were subsequently quantified using the cluster analysis code of 

Liu et al. (2009). The particle-tracking algorithm used in the code predicts the 

anisotropic permeability for each contiguous segmented pore volume in three 

dimensions, which is represented by the tensor of anisotropy. Each tensor of anisotropic 

permeability is related to the void morphology and orientation and can be represented 

graphically as the strike and dip of the principal tensor axes relative to the z-axis of the 

sample volume on a stereonet plot. The distribution of maximum axes within each 

sample is assessed visually and statistically to determine the degree of void anisotropy, or 

preferential bubble orientation/alignment.

We created multi-phase sample renderings with Drishti, an open-source Volume 

Exploration and Presentation Tool developed by Ajay Limaye at the Australian National 

University. Three-dimensional visualizations of phenocrysts, voids and groundmass 

within the resolvable size limit of each sample illustrate spatial relationships between the 

various phases. The flexibility o f transfer function settings within Drishti allows us to 

highlight specific intensity gradients, rather than defining a single threshold value, and to 

adjust the transparency/opacity of selected phases for optimal visualization.

High-resolution imaging of rough sample surfaces was conducted on the 

University of Western Australia’s Zeiss field emission scanning electron microscope (FE- 

SEM). Carbon tape created a conductive surface between the SEM stage and uncoated 

samples. Working conditions of 30 kV accelerating voltage, 20-30-pm aperture, and 

scan speeds of 9-12 were optimal to reduce noise and charging. Additional backscattered
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electron (BSE) images of Mount St. Helens and Bezymianny cryptodome samples were 

provided by R. Hoblitt and O. Neill, respectively.

4.4 Results

4.4.1 Samples

The samples for this study are from four distinct, andesitic to rhyolitic dome- 

forming edifices (Fig. 4.1). Each has produced effusive domes for a significant portion 

of its documented eruptive history. The conduit zones of Unzen, Japan and Obsidian 

Dome, USA were sampled directly via drilling (Younker et al., 1987; Vogel et al., 1989; 

Nakada et al., 2005; Almberg et al., 2008). Cryptodome samples emplaced in the upper 

edifice prior to sector collapse and then rapidly quenched as part of the subsequent 

directed blast at both Bezymianny, Russia and Mount St. Helens, USA (Hoblitt et al., 

1981; Belousov, 1996) are considered here as proxies for uppermost conduit material. 

Unzen spine samples are unmodified from their emplacement state, and the cryptodome 

samples contain only minor vapor phase mineral deposits, whereas the intrusive Obsidian 

Dome and Unzen samples are more altered, reflecting greater interaction with 

hydrothermal fluids at depth (Chapter 3).

At the deep end of the spatial spectrum, coherent dacite samples were retrieved 

from four consecutive sections of continuous core (C13, C14, C15, and C16) into the 

center of the conduit zone, -1300 m beneath the Heisei-Shinzan summit of Mount Unzen 

(Fig. 4.2; Almberg et al., 2008; Goto et al., 2008; Sakuma et al., 2008). The Unzen 

Scientific Drilling Program (USDP) commenced after the end of the 1991-1995 dome 

complex-forming eruption, which began with a brief initial phreatic phase at the end of 

1990 (Nakada et al., 2005). Over the course of the four-year eruption, Unzen produced 

more than nine thousand Merapi-type pyroclastic flows from the over-steepened front of 

Heisei-Shinzan dome, inundating the city of Shimabara (Nakada et al., 1999). The 

conduit zone samples are extensively altered and most primary vesicularity is obscured 

via secondary mineralization (described in Chapter 3). S. Nakada provided an Unzen
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spine lava sample from the final phase of the eruption. This constitutes the most nascent 

and shallowest sample in our suite.

The 1980 Plinian eruption of Mount St. Helens followed emplacement of a 

shallow cryptodome beneath the pre-eruption summit. Destabilization of the edifice led 

to a coupled sector collapse and lateral blast, decimating the surrounding forest. 

Cryptodome samples were recognized in the blast deposit beneath the Plinian fallout in 

the directed blast zone (Hoblitt et al., 1981). High and low density (MSHHI and 

MSHLO, respectively), compositionally identical dacite clasts were later recognized by 

US Geological Survey geologists (black and gray dacite, Hoblitt and Harmon, 1993). R. 

Hoblitt provided one clast from each population for this study. We consider these 

samples as very shallowly (<500 m) equilibrated conduit material, rapidly quenched upon 

eruption.

A similar sequence of events to those at Mount St. Helens occurred at 

Bezymianny volcano. Russian volcanologists noted the formation of a cryptodome that 

briefly breached the surface of the pre-eruption summit prior to the cataclysmic directed 

blast in 1956 (Bogoyavlenskaya et al., 1985). Cryptodome clasts were identified in Layer 

B beneath the pyroclastic flow deposits (Belousov, 1996; M. Belousova, pers. comm.). 

The high-, medium- and low-density samples used in this study were collected and 

provided by W. Stovall as part of the National Science Foundation Partners in 

International Research and Education program. The Bezymianny samples are also 

considered here to have equilibrated at near surface conditions prior to their rapid 

quenching during the blast phase.

Approximately 500 years ago, a series of rhyolitic domes was emplaced along the 

northwestern margin of Long Valley Caldera, forming the 12-km-long Inyo volcanic 

chain (Miller, 1985). The Inyo Domes are connected by a subterranean dike, which was 

penetrated via drilling between Obsidian Dome and Glass Creek Flow to the south (13) 

(Eichelberger et al., 1988). Drilling at Obsidian Dome traversed 55 meters of the dome 

margin (II), penetrated the vent funnel and extracted core from a 36-m conduit cross 

section (12), and intersected a 6-m-wide dike south of the dome (13; Fig. 4.3). We
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selected our set of samples from the three lengths of drill core at depths of 17.22 m (II), 

485.18, 487.65, and 489.66 m (12), and 653.58 m (13). This subset of samples permits us 

to investigate the degassing conduit margin against cold country rock in contrast to the 

slowly cooled, undegassed dike and phenocryst-free obsidian dome.

The following quantitative and qualitative results are extracted from digitized 

representations of small subsets of geologic samples. While the three dimensional nature 

of the data allows for visualization of bubble-crystal relationships and quantification of 

small-scale void fractions and bubble/particle shape-fabrics, characteristics that are 

challenging to derive via traditional 2D or bulk methods (Cappaccioni et al., 1997), the 

data are limited by the sample size and resultant resolution. We obtained quantitative 

results on elongation, orientation, connectedness, and small-scale porosity that are useful 

for making qualitative flow rheology assessments, but do not necessarily provide 

porosity* values that are directly equivalent to bulk measurements. The qualitative data, 

visualized in 3D, give us insight into the complex interrelationships between mineral 

phases, bubble populations and their morphology, directing us toward future quantitative 

analyses.

This study is unavoidably hindered by computing limitations, due to large file 

sizes and memory allocations, which parallel processing is rapidly overcoming (Liu et al., 

2009). Therefore, future work will incorporate our entire data sets. Our samples 

themselves are also a limiting factor: they are dense, highly crystalline, poorly vesicular, 

and variably altered. Thus, they do not yield similar results to previous 3D CT studies of 

volcanic materials, which have focused primarily on larger samples of inflated pumices 

(e.g. Polacci et al., 2006; Wright et al., 2006). However, the bubble fabrics, bubble- 

crystal relationships, and small-scale void volumes are still valid and comparable within 

our set of analyses.

4.4.2 Unzen

Three-dimensional (p)CT visualization reveals that late-stage degassing features 

within the Unzen intrusive samples are concentrated in and around sericite and carbonate
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pseudomorphs of hornblende. Carbonates in these samples range from high-Mg to high- 

Fe to Ankerite (Chapter 3). These relationships can be viewed in the videos of Unzen 3D 

renderings (Appendix 4.A), especially C13-2-3hires.mov and C13-2-31owres.mov, C14- 

4-51owres.mov, and C16-3-lhires.mov. Another locus of voids is the dissolution porosity 

that is concentrated along cleavage planes of plagioclase phenocrysts (Fig. 4.4, Appendix

4.A, C14-4-5hires.mov and C13-2-3hires.mov). Voids within the resolvable range of our 

(p)CT data (1.3 pm -  1 cm) are ragged, linear, anastomosing structures, not convex 

bubbles (Table 4.1).

The tortuous connected pathways are significantly more restricted through the 

intrusive samples than measured in thin section. Connected void lengths range from sub

voxel to the sample length, but channels rarely exceed 50 pm in diameter. These same 

features are commonly rendered 10 to 100 times larger in thin section, either due to 

dissolution of halides or plucking during the thin-sectioning process.

The Unzen spine lava contains millimeter-scale bunches of highly irregular voids 

and pockets of ratty vesicles crosscutting and surrounding phenocrysts. Both parallel

sided fractures and ductile deformation features are found within the spine lava. Broken 

phenocrysts are locally reannealed with a thin glass layer. The porosity* within the 

resolution of our data from all Unzen samples ranges from 4.47 vol.% in the Spine lava to 

0.02 vol.% in C l6-2-2, which is partially occupied by a mafic enclave (Table 4.2).

FE-SEM investigations revealed delicate degassing structures not resolvable using 

(p)CT reconstructions or in thin section. Although they are not common within the 

Unzen conduit zone samples, due to the extensive post-emplacement alteration, small (5

10 pm wide) pockets of foam-like bubble clusters and bubble tubes are present in our 

limited sample set. Fig. 4.5 shows the fine, sub-micron bubble walls of a small, 

interconnected group of bubbles surrounded by completely degassed, microcrystalline 

groundmass. Additional spatial relationships between vesicle tubes or chains, 

groundmass and phenocrysts are illustrated in Figs. 4.6 and 4.7.
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4.4.3 Inyo

A broad range of vesicularities and bubble textures are present in the Inyo dome, 

conduit and feeder dike samples (Appendix 4.A, Figs. 4.8, 4.9, 4.10, 4.11, and Tables 4.1, 

4.2). 11-17, a sample from the upper portion of Obsidian Dome, is densely populated 

with prolate spheroid vesicles aligned en echelon to sub-parallel vesicular zones. The 

average radial dimensions are 850 x 440 x 170 pm (Table 4.1). Larger amoeboid 

vesicles, with the appearance of two or more connected prolate spheroid to disc-shaped 

vesicles, occupy one comer of the sample. Smaller, spherical bubbles (radius ~20 pm) 

are distributed throughout the denser regions between highly vesicular zones. The 

spacing between vesicular planes has a regular frequency of 1 per 300 pm, with planes of 

larger vesicles spaced at half this frequency (Fig. 4.9). The porosity* for this sample is 

15 vol.% (Table 4.2).

Samples from the conduit margin (Appendix 4.A, I2-485_181owres.mov, 12- 

485_18hires.mov, 12-487 65.mov, I2-489_661owres.mov, and I2-489_66hires.mov) 

illustrate the progressive textural changes present across a 4-m zone from the wall-rock 

contact to the dense, homogeneous center. Low-density regions from the sample closest 

to the conduit wall are small (<0.5 mm ; Table 4.1), and contain partially flattened, 

skeletal, and multiply branching vesicles (Fig. 4.10). The coarse-resolution data yields a 

porosity* of less than 1 vol. % (Table 4.2). Elongate microlites are weakly aligned with 

strung out chains of small, sparse vesicles (Table 4.3).

Just two and a half meters further in from the wall, the character of the fabric 

changes dramatically (Appendix 4.A, I2-487_65.mov). Vesicles occur as chains and 

branching bubble clusters elongate en echelon to the chains yielding a porosity* of 0.5 

vol. % (Table 4.2). The spacing between vesicle chains is 2-3 times the chains’ widths. 

Small bubble clusters (<0.03 mm ) occur every 3 mm, while larger clusters (>60 mm ) 

are spaced -10 mm apart (Fig. 4.10). Microlites and phenocrysts are aligned with the 

vesicle chains (Table 4.3).

The deepest conduit sample within this suite exhibits significantly more rounded 

and open vesicle structures than the other two samples (Appendix 4.A, 12-
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489_661owres.mov, I2-489_66hires.mov). Globular bunches of mm3-sca1e bubbles are 

connected by flattened, coral-like branching structures <10 gm thick, and stretched out 

parallel bubble chains, which lie within discrete planes with an average spacing of -800 

gm (Table 4.1; Fig. 4.10). Spacing between bunches and chains is directly proportional 

to object size. The porosity* is 2.5 vol. % (Table 4.2). The fabric of 12-489.66 is not as 

strongly developed as that of the other two samples, as microlites are weakly aligned with 

vesicle chains and larger minerals cross cut the fabric delineated by bubbles (Table 4.3).

The vesicle textures of the conduit margin samples differ markedly from that of 

the feeder dike and are significantly more vesicular (12.2 vol.% porosity*; Table 4.2) 

than the other intrusive samples. Feeder dike sample 13-653.58 exhibits coalesced, 

branching, convex yet partially flattened vesicles with no preferential orientation or

elongation (Appendix 4.A I3-653.mov; Fig. 4.11). The maximum volume of an
-1

individual void is -5.5 mm , while the groundmass is occupied by smaller, spherical 

vesicles with radii <40 gm (Table 4.1). The elongate microlites are only weakly oriented, 

whereas microlites in conduit samples are strongly oriented in alignment with bubble 

elongation. The average mineral grain size is significantly smaller than in shallower 

samples (Table 4.3).

4.4.4 Bezymianny & Mount St. Helens

Cryptodome samples from Bezymianny and Mount St. Helens show similar 

relationships between density, vesicularity and crystallinity. In both cases, high-density 

samples contain small, flattened, branching vesicle clusters in a highly crystalline 

groundmass (Tables 4.1, 4.3, Fig. 4.12). The average length of vesicles and feldspars in 

each sample is approximately equal, -7  mm and <6 mm in BZH and MSHHI, 

respectively (Table 4.3). Clusters of bubbles in MSHHI have a slightly higher length to 

width ratio (5:1) than those of BZH (5:2) and are strongly aligned.

Conversely, the low-density samples exhibit heterogeneous bimodal bubble 

distributions (Appendix 4.A BZL.mov, MSHLOhires.mov, MSHLOlowres.mov). Large, 

convex to convex-elongate bubble clusters are sparsely distributed neighboring or
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contouring large phenocrysts (~14 mm and >8 mm, Appendix 4. A, BZL.mov and 

MSHLO.mov, respectively) in a microcrystalline, micro-vesicular groundmass. Vesicle 

size is roughly proportional to that of neighboring minerals. Clusters of small vesicles 

(<4 pm) within the groundmass are commonly attached to feldspar comers (e.g. 

Appendix 4.A, MSHLOhighres.mov), whereas regions proximal to high-density (oxides) 

phases have the lowest bubble density. Within MSHLO.mov (Appendix 4.A) the larger, 

convex bubble clusters are connected via randomly oriented deflated tube-like structures 

or partially collapsed ‘bubble chains’. The same features are evident in SEM images of 

similar samples (Figs. 4.13, 4.14).

BZM displays a mix of characteristics from the higher and lower density samples 

(Fig. 4.15). Its microcrystalline groundmass contains clusters of <4 pm vesicles 

predominantly associated with larger (>1 mm) phenocrysts, especially amphiboles. The 

vesicles are smaller and more distributed than in BZH, yet as in BZL, vesicle cluster size 

is roughly proportional to that of neighboring minerals. Branching, coalesced bubble 

clusters are more flattened than in BZH, approaching crack-like morphology that is 

evident on multiple scales. The total coarse-resolution vesicularity and crystallinity of 

this sample is lower than that of BZH, however, the high-resolution rendering reveals a 

finely microcrystalline groundmass heavily populated with clusters of micron-sized 

bubbles (Appendix 4.A, BZMhires.mov).

While the bubble morphologies and distributions track with the density of the 

samples, the porosity values within the resolution of our data determined via indicator 

kriging are not as consistent. Samples MSHHI and MSHLO have porosities* of 2.0 and

4.5 vol.%, respectively, however, all Bezymianny samples contain 3.0 ±0.1 vol.% 

porosity* (Table 4.2). Thus, density differences within the Bezymianny suite may be due 

to differences in porosity that is beyond the resolution of our CT data, from large vesicles 

not included in the analyzed segment, and/or the smaller void fraction that is below our 

limit of detection. Omissions at both ends of the void size distribution are most likely, 

based on observations of thin sections and hand samples.
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4.4.5 Anisotropy measurement results

The preliminary analysis of connected void space within our samples using the 

percolation code of Liu et al. (2009) provides first order quantification of the above 

observations. By calculating three axes of an ellipsoidal representation of each vesicle 

and associated strikes and dips relative to the volume’s z-axis within a segmented 

volume, we can analyze the spatial distribution and orientations of individual vesicles. 

The mean maximum axis inclination, relative dispersion, and standard deviation for 

vesicles in each sample are summarized in Table 4.4. Statistical analyses of void size 

classes, which were grouped according to the populations present in the analyzed sub

volume, yield information about the spatial heterogeneity of those populations. 

Dispersion is a measure of colinearity, ranging from 0-1, with 0 and 1 defined as no 

common direction and perfect colinearity, respectively, indicating the degree of 

anisotropy within a vesicle size classification.

Our statistical analysis is limited to sub-volumes of the samples for which we 

have high-resolution pCT data. The maximum vesicle size within each sample is 

restricted by the volume size the segmentation routine can handle, which is roughly 3.6 x 

108 voxels, or 1.475 mm3, and does not include the entire sample. Thus, there are only a 

few Targe’ bubbles (>100,000 voxels, 4.1xl05 pm3) within each subset volume. In an 

effort to circumvent this limitation, the output from four subsets of MSHLO was 

analyzed separately and collectively (Table 4.4, MSHLO(All)).

The anisotropy data for the two high-resolution Obsidian Dome samples illustrate 

the variation in vesicle fabric development across the conduit-wall boundary region. The 

bubble populations within the two samples fall within different size classes, yet we see a 

high degree of colinearity (>0.5) for the large void fraction of both samples. The 

variation in ellipsoid maximum axis declination, however, is more pronounced within 12

487.65 where one population is -60° out of phase with the other populations. All 

ellipsoid primary axes for voids >100 voxels in 12-485.18 fall within the same quadrant 

and the mean inclination angles for each of the three axes vary within the standard
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deviation of each inclination angle. This indicates that the vesicles are self-similar along 

all axes and at multiple scales.

By contrast, the void statistics for BZM reveal that there is no preferential 

orientation of vesicle elongation. Mean maximum axis angles vary by more than 100° 

between each sub-class and dispersion values reveal that there is minimal colinearity 

within a population (<0.2). Inclination values are tightly constrained, however this does 

not necessarily indicate the presence of a fabric since the declination angles are not 

collinear. Similarly, Unzen conduit sample C 14-4-5 contains only randomly oriented 

voids, with a dispersion value of 0.07 for all but the two largest voids, which are more 

than 100° out of alignment with the smaller voids. The relatively high colinearity for the 

two large voids may reflect the system of cracks traversing the Unzen sample or the 

preferential alignment of voids along phenocryst cleavage planes.

The Mount St. Helens cryptodome low-density sample (MSHLO) exhibits a 

greater degree of anisotropy than BZM, but is less anisotropic than the Obsidian Dome 

samples. Larger vesicles within individual volume sub-sets are highly collinear (>0.9), 

however, as only a limited number of these large vesicles are contained within a sub-set, 

it is important to consider a larger number of bubbles averaged over a greater volume. 

Thus, we find dispersions of 0.33 and 0.15 for the largest MSHLO void populations.

This small degree of structuring within the cryptodome sample appears to be less scale 

dependant than what we find within the Obsidian Dome conduit samples.

Plotting the maximum ellipsoid axes on equal-angle projection stereonet diagrams 

yields a graphical representation of the anisotropy outlined above. In this scheme, a 

sample containing only spherical or irregular vesicles yields a plot of randomly oriented 

axes, which will have a bull’s-eye probability contour plot. Conversely, a strongly 

anisotropic sample with a single maximum axis orientation will produce tightly bunched 

contours around that orientation, whereas samples with poly-modal void fabrics will have 

two or more strongly delineated regions. Figs. 4.16-4.20 show stereonet probability 

contour plots for sub-sets of samples 12-485.18,12-487.65, BZM, MSHLO, and C13-2-3, 

respectively. For each plot, N indicates the number of voids included in the analysis.
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This preliminary investigation of vesicle anisotropy illustrates the potential to 

quantify the fabrics we have described qualitatively in previous sections. Although we 

only consider small sub volumes of our high-resolution CT data in the above examples, 

bubble alignment is evident in samples expected to have experienced significant shear 

stress, i.e., samples 12-485.18 and 12-487.65 from the Obsidian Dome conduit margin 

display significantly more preferential vesicle alignment than the cryptodome samples 

(Fig 4.21).

4.5 Discussion

4.5.1 Intrusive vesicle structures 

Unzen

We expect that a magma containing 4 wt.% dissolved H2O (Nakada & Motomura, 

1999; Sato et al., 1999) at 6-7 km, in the case of Unzen, (Venezky & Rutherford, 1999) 

should contain nearly 50 vol.% vesicles at 1.5 km (given isothermal decompression under 

ideal gas law conditions). However, the conduit zone samples contain less than 1 vol.% 

voids and contain evidence for maintaining permeability down to very low porosities. 

Observations of rough sample surfaces using FE-SEM reveal vugs that were at least 10 

times larger prior to the deposition of secondary vapor-phase minerals (Chapter 3). 

Accounting for the vesicularity change due to secondary mineralization, we estimate total 

void volume within the conduit zone to be ~5-7 vol.% prior to the deposition of 

hydrothermal minerals, indicating that significant post-emplacement collapse must have 

occurred, although magma expansion due to vesiculation is not a completely reversible 

process under these emplacement conditions. Were it not for the high crystallinity, active 

hydrothermal transport, and continued volatile flux through the magma, ostensibly these 

voids would have been entirely deflated and annealed, as in previous experimental work 

(Westrich and Eichelberger, 1994). Cox et al. (2001) document the rapidity with which 

permeability is destroyed in active hydrothermal regimes unless deformation-induced 

permeability enhancement can outpace permeability reduction due to the closure and 

sealing of pores and fractures. He also notes that transient changes in intergranular
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porosity and permeability can be facilitated by the volume change between the solid 

reactants and reaction products in hydrothermal regimes. At depth in the Earth’s crust, 

and especially at the elevated temperatures expected in a recently active conduit zone, 

porosity-destruction processes such as intergranular cementation, compaction, and 

heating and sealing of fractures can cause permeability to decrease on timescales that are 

brief relative to the lifetime of the system.

Our efforts to quantify permeability within the Unzen conduit samples indicated 

that they are impermeable over the small length scales of our investigation. LBflow, the 

lattice Boltzmann flow simulation of Llewellin (2010a, b) was run with a small sub-set 

(8xl06 voxels) of the most porous sample and yielded a null result, indicating zero 

permeability within the sample investigated. Watanabe et al. (2008) measured small 

permeabilities, 10'17 to 10'20 m2 (inversely related to experimental confining pressure), 

across 15.625 cm3 cubes from continuous cores C13-3-7 and C14-2-8, adjacent to the 

samples measured in this study. Their coupled permeability and velocity measurements 

indicate that permeability is controlled by crack-like pore structures. Our qualitative 

visualizations of the conduit zone samples in 3D are consistent with their findings, while 

our isotropy measurements indicate that pores are concentrated along roughly planar, 

orthogonal surfaces, which may be attributable to dissolution along feldspar phenocryst 

cleavage planes (e.g. Fig. 4.7).

Earlier authors (e.g. Stasiuk et al., 1996; Le Pennec et al. 2001; Rust and 

Cashman, 2004) posited that the development of pore connectedness, vesicle 

coalescence, and, ultimately, magma degassing is promoted by shearing in viscous, 

crystal-rich lavas along the conduit wall during ascent. Their models suggest that magma 

deformation and the degassing history may strongly influence permeability-porosity 

relationships. Rust and Cashman (2004) contend that a deformed magma may remain 

permeable well below the initial permeability threshold. Okumura et al. (2006) 

demonstrated the viability of their model via high-temperature shearing experiments. In 

the case of Unzen’s conduit zone magma, pore space necessarily remained connected to
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very low porosity allowing deposition of secondary minerals from super-saturated 

hydrothermal fluids at temperatures well below the glass transition temperature.

Obsidian Dome

Across the Obsidian Dome conduit margin, vesicle morphology progresses from 

flattened, elongate, skeletal forms with a strong preferential long-axis orientation to 

rounded bubbles strung out along sub-parallel planes (Fig. 4.10, Table 4.1). The three 

conduit margin samples all exhibit evidence, in both the 3D models and stereonet plots of 

vesicle fabric data, for strong preferential orientation of large vesicles parallel to the 

conduit margin (Appendix 4.A I2-485_181owres.mov, 12-487 65.mov, 12- 

489_661owres.mov, Figs. 4.16, 4.17). Similarly, microphenocrysts are aligned along the 

conduit wall (Table 4.3). The dike sample, by contrast, contains no evidence for shearing 

in either the vesicles, which appear to have coalesced isotropically (Fig. 4.11), or the 

crystal phase (Table 4.3).

Porosity* decreases from the visibly vesicular conduit interior with 2.56 vol.% 

approximately 5 m from the glassy wall margin, to 0.56 and 0.37 vol.% progressively 

closer to the conduit wall (Table 4.2, Fig. 4.8). In spite of being emplaced more than 165 

m deeper, 13-653.58 has 10 vol.% more porosity* than the most vesicular conduit wall 

sample (Table 4.2, Fig. 4.8). Measured H2O contents in crystalline conduit samples and 

glassy feeder dike indicate that the conduit lost the bulk of the volatiles it would have 

contained upon emplacement (>1 wt.% deviation from calculated solubility values), 

whereas the dike sample volatile content conformed to the solubility curve (Westrich et 

al. 1988). Equilibrium degassing due to decompression and second boiling due to 

crystallization within the conduit should yield inflated magmatic foam, yet we find a low- 

porosity*, impermeable conduit margin. These independent lines of evidence point to 

shear-induced coalescence promoting efficient degassing down to low porosities along 

the conduit wall.

We compare our observations and measurements of bubble morphologies and 

vesicularities across the Obsidian Dome conduit with those from the Mule Creek vent
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(Stasiuk et al., 1996). Analogously to what we describe above, they find the steepest 

gradients in vesicularity horizontally across the conduit, from nearly zero at the wall, to 

-10%  in the devitrified marginal zone, to tens of percent in the interior. Vesicles near the 

margins have both lensoid forms, elongated in the dip direction of the flow banding and 

flattened normal to the vent margin, and irregular, pinch-and-swell forms. They interpret 

the irregular forms to be due to connection or coalescence of lensoid bubbles. 

Additionally, they find that bubbles are sub-rounded to irregular at the center of the 

rhyolite, and there is only crude flow banding defined by slight vesicle elongation. They 

also describe a discrepancy between observed vesicularity and measured water contents, 

concluding that gas escaped during ascent by flow through vesicular magma. They 

determined that gas escape was most efficient near the vent margin, and postulate that 

this is due both to the slow ascent of magma there and to shear. As we have documented 

for the Obsidian Dome conduit, the Mule Creek conduit vesicles are flattened and 

overlapping near the dense margins and become progressively more isolated and less 

deformed toward the porous center. Locally, zones have textures suggesting coalescence 

of bubbles to form permeable, collapsing foams, implying the former existence of 

channels for gas migration. We argue that the conduit wall dynamics are comparable 

between the two systems based on the extensive similarities documented within each.

4.5.2 Cryptodome Vesicle Structures 

Mount St. Helens

Our two Mount St. Helens cryptodome samples, representing the two different 

density populations first identified by Hoblitt and Harmon (1993), exhibit distinct vesicle 

morphologies. The low-density clast (MSHLO; gray dacite, Hoblitt and Harmon, 1993) 

contains randomly distributed, slightly flattened vesicle groups that are moderately 

preferentially oriented. By contrast, the vesicles within MSHHI, the high-density black 

dacite of Hoblitt and Harmon (1993), are stretched out into strongly aligned tapered tubes 

(Table 4.1, Fig. 4.14). In the original description of these samples, Hoblitt and Harmon
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(1993) note that most black dacite clasts are structureless, however a foliation is defined 

by lamina of diffuse vesicles.

Although we do not have pCT data with which to analyze MSHHI’s anisotropy to 

directly compare with MSHLO or the other samples in this study, we can qualitatively 

contrast the textures via the 3D reconstructions (Appendix 4.A MSHHI.mov, 

MSHLOlowres.mov; Table 4.1). The visualizations of our Mount St. Helens samples 

illustrate strong alignment of vesicles within MSHHI relative to MSHLO. Similarly, we 

find that elongate microphenocrysts within the high-density samples have a weakly 

developed fabric that conforms to the bubble chains (Table 4.3).

Hoblitt and Harmon (1993) argue that, in the case of the 1980 Mount St. Helens 

cryptodome dacite, the low-density mode is due to a secondary vesiculation event that 

occurred only in the more water-rich portion of a heterogeneously hydrated magma.

They briefly mention that shear induced degassing could have produced the higher 

density black dacite, but acquiesce that they have no evidence to support or refute such a 

hypothesis. Our 3D visualizations of the Mount St. Helens dacite provide support for this 

alternative mechanism for developing a bimodal density distribution within a shallowly 

emplaced cryptodome.

First, bubbles nucleating during a secondary vesiculation event at the time of the 

May 18, 1980 blast event would not have time to grow extensively prior to quenching. 

This would, therefore, produce a bimodal bubble distribution within the low-density 

dacite consisting of a large population of small, isolated convex bubbles and a lognormal 

distribution of larger bubbles that nucleated and grew upon magma ascent. Following 

this model of punctuated equilibrium growth, wherein the second stage of bubble 

nucleation simply did not occur in the high-density dacite, we would expect it to contain 

only a single lognormal bubble size distribution of roughly isotropic vesicles. We find, 

rather, that the high-density dacite does not contain larger coalesced bubbles so prevalent 

in the low-density dacite. We cannot, however, rule out the exclusion of small isolated 

vesicles within the high-density dacite, which are clearly contained within the low- 

density sample, as our tomography data resolution for MSHHI is too coarse.
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Second, if vesiculation transpired in equilibrium without shearing-induced 

coalescence as posited by Hoblitt and Harmon (1993), then bubble morphology should be 

isotropic in both samples. This is not, however, what we observe. Our isotropy 

measurement reveals that the low-density dacite is not isotropic and the 3D visualization 

of void volumes within the high-density sample clearly illustrates their preferential 

alignment. Following the relationship between isotropy and shear-induced coalescence 

we established above for the Obsidian Dome conduit wall region, we explain the density 

differences in the Mount St. Helens cryptodome as a result of differing degrees of shear 

within the shallow intrusion. Therefore, we suggest that the two dacites were equally 

vesicular at one point during the pre-blast phase, but the high-density black dacite 

experienced further degassing due to shear within the cryptodome.

Bezymianny

The high-, medium-, and low-density Bezymianny cryptodome clasts contain 

distinct bubble morphologies, although their porosities* are identical within 0.03 vol.% 

(Appendix 4.A BZH.mov, BZL.mov, BZMlowres.mov, Tables 4.1, 4.2). We document 

weak alignment and anisotropy within the high- and medium-density samples which is 

absent in the low-density sample (Appendix 4.A BZH.mov, BZL.mov, BZMlowres.mov, 

BZMhires.mov, Tables 4.1, 4.4). Larger, coalesced vesicles dominate the low-density 

sample while small vesicles are sparsely dispersed. By contrast the medium- and high- 

density samples contain different size ranges of flattened, multiply branching vesicle 

clusters (Tables 4.1, 4.2). All three samples were derived from the same batch of magma 

and emplaced at approximately the same depth within the edifice. Therefore, the degree 

of volatile exsolution should be equivalent within each sample from a given parcel of 

magma. Preliminary dissolved volatile data from Bezymianny supports this assumption 

(P. Izbekov, pers. comm.). The density and bubble morphology differences, then, require 

variable degrees of gas escape from each aliquot of magma between emplacement and 

quenching. As with Mount St. Helens, we can partially explain the distinctions in sample 

density by invoking shear-induced coalescence to promote efficient removal of exsolved
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gases based on the differences in bubble morphology and isotropy. However, the 

consistent porosity* measurements confound this simple explanation and validate further 

investigation of the Bezymianny cryptodome bubble populations.

4.5.3 Extrusive dome void textures 

Unzen

At the shallowest end of the conduit spectrum, the Unzen spine lava contains 

unusual pore characteristics quite unlike vesicles. Our 3D visualizations (Appendix 4.A 

Spine Lava.mov) corroborate the observations of Smith et al. (2001) that pores in dacite 

lavas tend to have irregular, ragged walls punctuated by groundmass crystals and 

phenocrysts. Both studies find many pores to be crack-like, wrapping around 

phenocrysts and having irregular or blunt terminations. Smith et al. (2001) interpret these 

features as resulting from cavitation, or the failure of the magma by flow during the 

ductile-brittle transition. The presence of fractured and reannealed phenocrysts in our 

samples lead us to suggest that the material autobrecciated and reannealed as it cooled on 

its ascent path. Tuffen et al. (2003) describe repeatedly fractured and healed zones within 

effusively erupted Icelandic rhyolites and ascertain that these features form as the magma 

passes through the brittle-ductile transition in the upper conduit. This process of 

autobrecciation followed by reannealing is extremely efficient for degassing magma at 

low porosity. Gonnermann and Manga (2003) postulate that fragmentation, previously 

only associated with explosive volcanic activity, is actually a prerequisite for sustained 

effusive eruptions. Our interpretations of micro-scale textures in shallow natural samples 

derived from a long-lived lava dome effusion are consistent with the previous studies.

Obsidian Dome

The Obsidian Dome extrusive textures bear no textural resemblance to those of 

the Unzen lavas. The smooth, oblate, strongly aligned vesicles are dispersed en echelon 

to subparallel planes in a glassy matrix (Table 1, Fig. 4.9). The spacing of individual 

vesicles and vesicle planes within the obsidian is regular and directly proportional to the
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vesicle size. The single sample considered in this study (11-17.22) does not represent the 

entire Obsidian Dome extrusion, which varies both vertically and with proximity to the 

vent (Eichelberger et al., 1986). It is, however, representative of the average water 

content (-0.15 wt.%) and vesicularity (15 vol. %) of the distal dome (Eichelberger et al., 

1986).

This side-by-side comparison of void textures from two distinct silicic domes, 

each of which has been studied independently previously, highlights differences in the 

two systems. The Unzen spine lava and Obsidian Dome extrusion are composed of 

materials with contrasting bulk Si02 content, 66 and 73 wt. %, respectively (Nakada and 

Motomura, 1999; Gibson and Naney, 1992). The two domes are also dissimilar in their 

total phenocryst abundances, 28 vol. % and <10 vol.% phenocrysts, (Nakada and 

Motomura, 1999; Westrich et al., 1988), groundmass crystallinities (holocrystalline 

versus glassy), and initial volatile contents (post-mixing H2O content of 6.0 ± 1 wt. % 

(Holtz et al., 2005) and 4 ± 2 wt.% H2O, (Westrich et al., 1988)). Similarities include 

their melt compositions and calculated ascent rates (0.56 cm/s Unzen (Chapter 2) and 1 

cm/s (Eichelberger et al., 1986)). Here we explore which of these attributes contributes 

to the discrepancies we observe in remnant vesicle populations.

First, the ascent rate dictates whether degassing will proceed in equilibrium. The 

calculated ascent rates for both systems are well below the equilibrium bubble growth 

threshold of Burgisser and Gardner (2005; <0.1 MPa/s = -375 cm/s), therefore this does 

not constitute a significant difference. While initial volatile content limits the total 

amount of gas that can ultimately be relinquished from a unit volume of magma, both 

magmas were almost completely degassed upon reaching the surface. Again, this 

systematic discrepancy is not the most likely explanation for the observed differences.

The total and groundmass crystallinities, however, provide a significant schism 

between the Unzen spine lava and Obsidian Dome extrusion. While crystallization 

promotes bubble growth by providing ample nucleation surfaces and decreasing the melt 

volume in which volatiles can reside, increasing crystallinity eventually makes it more 

difficult for volatiles to escape due to increasing magma viscosity. However, the
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presence of abundant (and potentially touching) crystals allows permeability to develop 

at lower bulk porosities compared to aphyric magmas. Additionally, permeability can be 

retained down to lower than threshold porosity since the magma cannot collapse in on 

itself. From this, we conclude that crystallinity is the key difference controlling the style 

of gas loss and bubble deformation in the extruded domes.

4.5.4 Vesicle-crystal relationships

Within our suite of cryptodome samples (BZL, BZM, BZH, MSHLO, and 

MSHHI), we observe vesicle structures bunched around phenocrysts and 

microphenocrysts (e.g. Appendix 4.A, BZL.mov, BZMhires.mov, and 

MSHLOhires.mov; Table 4.1). Similarly, vesicles within the highly crystalline Unzen 

spine lava and conduit zone samples are tightly associated with phenocrysts and 

concentrated within altered phenocryst sites, respectively (e.g. Appendix 4.A,

Spine Lava.mov, and C14-4-51owres.mov; Table 4.1). In contrast, the low crystallinity 

magmas of Obsidian Dome do not reveal any direct correlation between vesicles and 

phenocrysts. Crystalline phases within the Obsidian Dome magma are inferred to have 

grown predominantly due to cooling post emplacement, although alignment of the larger 

crystals indicates these formed before the magma stopped flowing (e.g. Appendix 4.A 12- 

485_181owres.mov, I2-487_65.mov, and I2-489_661owres.mov; Tables 4.1,4.3). We 

suggested above that crystallinity controls the style of degassing in effusive domes, 

however, we also present evidence that strong shearing of nearly aphyric magmas along 

the conduit wall can similarly facilitate extensive degassing within a few meters o f the 

contact.

4.6 Conclusions

This paper presents a novel approach for comparing vesicle textures in igneous 

samples of intrusive and extrusive origin via CT visualization and anisotropy 

measurements. We establish that our anisotropy measurements of post-emplacement 

remnant vesicle structures can be related to magma shearing with our analysis of samples
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obtained across the Obsidian Dome conduit wall margin. Our descriptions and 

discussion of 3D CT visualizations help to extend our interpretations from the 

quantitative data to a more extensive sample set. We find a direct correlation between 

sample densification and vesicle flattening/elongation. From this we conclude that most 

density differences within shallowly emplaced conduit material of a single eruption can 

be explained by variable degrees o f shearing within the magma, with greater shear stress 

yielding denser material by promoting bubble coalescence and gas escape well below the 

original threshold porosity required to initiate open-system degassing.

Shear-induced vesicle coalescence yielded differential degassing efficiency within 

the Mount St. Helens cryptodome and can explain the presence of two dacite populations 

within a single deposit. In regions where shearing was greatest, maintenance of 

elongated, preferentially oriented permeable networks is required down to very low total 

porosities to form the high-density black dacite. On the other hand, regions experiencing 

less shear stress yielded isolated vesicles at higher total porosities*, producing the low- 

density gray dacite. This mechanism appears to be, at least to first order, responsible for 

the density differences developed within the Bezymianny cryptodome as well.

Finally, we conclude that magma crystallinity dictates late-stage surficial 

degassing styles. Highly crystalline lavas, such as the Unzen spine, are incapable of 

preserving convex primary vesicle textures as they are tom asunder and reannealed while 

passing through the transitional brittle-ductile failure regime. Conversely, low 

crystallinity magmas require a delicate balance between internal pore pressure and 

lithostatic load to remain open as the magma shears and cools. It is only the rare, crystal 

free case where resorption of bubbles proceeds to completion.
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Table 4.1 Bubble morphologies and diameter length ranges. HR indicates high-resolution (1.6 pm) CT data. Maximal 
dimensions for the large and small population are listed for samples where two distinct populations can be discriminated 
within the sample, otherwise average dimensions are given.______________________________________ ___________

Sample Morphologies Large Population 
(pm)

Small Population 
(pm)

Spatial relationships

Unzen spine connected cracks; convex 1500x1000x500 400x400 heterogeneous
Unzen conduit crack-like; discrete flattened 350x200x50 n/a associated with alt. hbl pheno.
C13-2-3 (HR) sparse discrete <4 n/a in alt. plagioclase pheno.
C l4-4-5 (HR) irregular, concave 45 n/a largest in altered hbl sites; small 

fraction dist. in groundmass
C16-3-1 (HR) linear 5 n/a diffuse
11-17.22 prolate spheroid; disc 2500x1100x400 aligned, en echelon
12-485.18 skeletal, branching, flattened 

clusters
2380x1770 200x50 sparse, chains || to microlites

12-485.18 (HR) flattened branching clusters 200x180x50 10x4x4 sub-|| vesicular zones
12-487.65 elongate 1170x440 320x160 en echelon
12-487.65 (HR) convex; bimodal size dist 320x160 8 || long axes with _L 2nd axis
12-489.66 ~round 440x320 n/a bubble chains
13-653.58 convex branching clusters; round 3000x1700x2500 750x750 -homogeneous dist.
MSHLO flattened clusters 2000x1500x700 220x200 randomly dispersed
MSHLO (HR) linear; branching tubes; irregular 

convex
10x100 25x10 large = chambers, small = connecting 

throats
MSHHI tapered, branching tubes 590x470x880 n/a sub-||
BZL | |-sided, coalesced; tongue-shaped 2500x1180x790 740x450x100 vesicle size proportional to neighboring 

minerals
BZM clustered 1150x470x370 400x250x180 homogeneous
BZM (HR) -round <10 n/a randomly dispersed
BZH multiply branching 2700x2300x2000 470x590x700 weakly aligned large vesicles

Notes: alt. = altered, dist. = distribution/distributed, hbl = hornblende, n/a = not observed, pheno. = phenocrysts, || = parallel, -L = perpendicular, ~ = 
approximately



Table 4.2 CT volume dimensions and porosity* determined via indicator kriging. High and low cutoff values are digital 
numbers for 16-bit data, which range from 0-65,535.

Sample

Voxel
Size

(horiz
pm)

Voxel 
Size (vert 

pm)

X-
Dimension

(pixels)

Y-
Dimension

(pixels)

Number 
of Slices

Volume
Analyzed

(mm3)

Porosity*
(vol.%)

% est. by 
Kriging

Low
Cutoff

Hi
Cutoff

Spine 17.6 18.9 329 353 751 510.16 4.47 2.38 12200 13200
C13-2-3 14.7 15.8 507 495 744 407.06 0.34 4.06 12800 14600
Cl 3-2-5 14.7 15.8 499 560 671 640.18 2.23 31.88 21000 23000

C13-2-10 14.7 15.8 511 425 621 461.49 0.13 0.44 12900 13800
C14-2-11 17.6 18.9 439 293 411 309.27 0.04 0.40 12700 13800
C14-3-10 14.7 15.8 505 555 441 422.98 0.33 2.44 12700 13800
C14-4-5s 14.7 15.8 291 287 840 240.07 1.54 24.33 13800 14900
C l 4-4-5 14.7 15.8 413 389 520 285.88 0.90 6.58 12950 13850

C15-2-11 17.6 18.9 339 331 331 217.25 0.34 1.33 12700 13800
C16-2-2e 14.7 16.8 525 303 451 261.02 0.02 0.21 13200 14000
C l 6-2-2 14.7 15.8 439 429 395 272.04 0.37 6.11 12650 14750
C l 6-3-1 17.6 18.9 295 215 550 202.43 2.90 5.78 13600 14200
11-17.22 14.7 15.8 652 546 551 671.25 15.17 4.32 9800 10800

12-485.18 14.7 15.8 546 439 521 479.00 0.37 0.83 13500 14500
12-487.65 14.7 15.8 580 422 460 385.30 0.56 1.35 12500 14700
12-489.66 14.7 15.8 686 630 531 785.33 2.53 5.82 11000 13500
13-653.58 14.7 15.8 558 588 521 584.99 12.18 3.57 12200 13900
MSHLO 14.7 15.8 665 598 395 537.55 4.45 9.10 8500 11000
MSHHI 14.7 15.8 637 610 456 606.36 2.02 1.25 13700 14200

BZL 14.7 15.8 547 541 377 381.79 3.04 0.80 12500 14700
BZM 14.7 15.8 566 542 381 399.98 3.07 9.62 12000 14600
BZH 14.7 15.8 598 634 540 700.62 3.01 7.82 11100 14300
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Table 4.3 Phenocryst and microphenocryst habits and maximal dimensions.
Sample Habit Average 

dimensions (pm)
Spatial relationship

Unzen
spine

prismatic
equant

2460x945x790
440x440x440

randomly oriented 
porphyritic

Unzen
conduit

obscured due to 
2ndary mineralization

n/a n/a

11-17.22 blocky
platy
rod-shaped

740x590x590
2400x1000x730
1150x100x100

sparse; aligned sub-|| to 
bubble chains

12-485.15 prismatic 1000x900x700 aligned fabric large xls
12-487.65 elongate tabular 

equant pyramidal
1030x589x150
30x30x30

large xls aligned sub-|| 
to bubble chains

12-489.66 elongate tabular 
equant pyramidal

1300x220x100
20x20x20

large xls aligned sub-|| 
to bubble chains

13-653.58 cross 1000x100x100 narrow size distribution
MSHLO sm tabular 

lg blocky
1000x250x350
1300x850x900

randomly oriented 
porphyritic

MSHHI hexagonal prism 
rod-shaped

1030x450x400
800x200x150

weak preferential 
orientation

BZL prismatic
clusters

1900x950x950
3400x2900x1100

intergrown clusters of 
prisms

BZM sm elongate tabular 
lg elongate tabular 
equant clusters

1100x300x200
2200x600x300
1300x1300x450

weak preferential 
orientation aligned w/ 
flattened bubble 
clusters

BZH rod-shaped
blocky
hexagonal prism

1800x300x200
450x800x600
2000x900x800

randomly oriented 
porphyritic

Notes: 2ndary = secondary; lg = large; sm = small; || = para lei; xls = crystals.



Table 4.4 Statistical analysis of vesicle primary axes for high-resolution CT data sets. Dispersion varies between 0-1, no 
common direction to perfect collinearity.

0 . Cluster size range Min cluster . .  1st Axis n . . 1st Axis Mean Standard
Samp,e (voxels) size (pm3) N Mean Angle DlsPers,on Inclination Deviation

C l 4-4-5 >100,000 409600 2 67.25 0.66 28.55 40.38
C14-4-5 1000-100,000 4096 731 133.37 0.07 44.81 24.98

12-487.65 >96000 393216 10 282.82 0.54 45.03 25.87
12-487.65 990-96000 4055 1806 238.57 0.21 49.01 22.82
12-487.65 100-989 410 20964 260.91 0.10 45.70 23.47
12-487.65 112 251.62 0.40 52.01 22.49
12-489.66 1-10 million 4096000 2 185.60 0.99 29.10 19.94
12-489.66 100k-l million 409600 4 119.62 0.60 62.45 11.32
12-489.66 1-100 k 4096 832 181.24 0.19 41.26 23.31
12-489.66 >100 410 10798 182.46 0.18 37.62 22.77

MSHLO(200) >4900 20070 3 43.36 0.97 17.77 15.63
MSHLO(200) 400-4899 1638 86 124.67 0.16 47.67 25.84
MSHLO(200) 100-399 410 1066 165.13 0.09 46.01 24.53
MSHLO(450) 1000-100,000 4096 12 54.51 0.30 50.13 28.58
MSHLO(450) 100-999 410 1573 152.85 0.15 46.05 24.17
MSHLO(700) 1000-100,000 4096 20 186.88 0.41 51.58 26.29
MSHLO(700) 100-999 410 1696 58.77 0.08 35.73 23.69
MSHLO(950) >100,000 409600 2 179.75 0.95 10.45 14.78
MSHLO(950) 1000-100,000 4096 45 228.79 0.21 52.52 24.89
MSHLO(950) 100-999 410 1087 161.72 0.19 42.44 24.61
MSHLO(All) >1,000,000 4096000 4 327.00 0.33 9.13 18.25
MSHLO(AU) 1000-999,999 4096 101 223.05 0.15 50.33 25.50

BZM 9-100k 36864 10 338.66 0.23 42.04 23.99
BZM 850-9000 3482 408 79.88 0.03 46.48 24.01
BZM 100-850 410 6537 108.12 0.14 41.06 23.95

K)O



(Table 4.4 Continued)

Sample 2nd Axis 
Mean Angle Dispersion 2nd Axis Mean 

Inclination
Standard
Deviation

C14-4-5 295.26 0.27 78.20 16.40
C14-4-5 310.99 0.05 61.17 21.01

12-485.18 85.42 0.21 66.20 20.07
12-485.18 5.37 0.06 60.01 21.06
12-485.18 64.86 0.03 60.64 21.09
12-485.18 344.99 0.17 63.39 19.05
12-487.65 34.40 0.84 67.75 10.54
12-487.65 276.76 0.13 36.60 6.57
12-487.65 345.40 0.08 62.96 19.97
12-487.65 353.10 0.06 65.34 - 19.76

MSHLO(200) 213.34 0.56 79.63 11.93
MSHLO(200) 238.46 0.09 59.32 23.01
MSHLO(200) 250.14 0.03 59.99 21.93
MSHLO(450) 154.92 0.12 58.93 21.38
MSHLO(450) 314.00 0.07 60.24 21.51
MSHLO(700) 306.37 0.62 63.15 20.29
MSHLO(700) 204.75 0.05 64.64 20.25
MSHLO(950) 14.75 0.99 81.70 10.47
MSHLO(950) 93.33 0.27 58.85 24.08
MSHLO(950) 312.82 0.07 62.58 21.08
MSHLO(All) 95.42 0.18 89.53 0.31
MSHLO(All) 54.76 0.07 60.27 22.97

BZM 149.29 0.47 65.51 17.83
BZM 311.08 0.03 60.95 21.14
BZM 292.35 0.06 62.36 20.80



3rd Axis . . 3rd Axis Mean Standard
Mean Angle ispersion inclination Deviation

191.10 0.49
320.36 0.03
87.48 0.52
72.79 0.17
89.46 0.08
91.50 0.46

295.35 0.91
327.51 0.44
21.69 0.13
5.91 0.13

253.29 0.86
342.68 0.20

4.05 0.12
216.64 0.29
352.26 0.11
75.10 0.40

275.04 0.05
12.80 0.12

334.81 0.24
0.58 0.17
16.96 0.06

357.50 0.12
67.36 0.46
42.73 0.02
185.28 0.00

66.10 33.66
66.99 19.14
61.35 14.92
63.14 20.04
66.09 18.83
56.26 19.30
75.30 18.95
71.30 12.52
68.57 17.85
70.12 16.76
79.03 15.12
65.39 19.89
66.54 19.25
61.02 20.27
66.39 19.45
58.27 18.71
73.47 16.21
83.15 9.40
61.44 19.87
67.78 19.52
89.70 0.14
61.79 19.47
64.27 21.24
65.34 19.81
69.53 17.92



203

Fig. 4.1 Emplacement depth diagram for the four conduit systems in this investigation. 

Samples from the two conduits on the left (Unzen and Inyo) were drilled out from 

beneath the volcanic domes, whereas Mount St. Helens (MSH) and Bezymianny (Bezy) 

produced rapidly quenched, shallowly emplaced cryptodome material. The cartoon 

sequence between the two conduit diagrams schematically illustrates the processes 

occurring within the magma as it traverses the length of the conduit.
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Fig. 4.2 Unzen location map and schematic diagram of the drilling trajectory. Modified 

from Nakada et al., 2005.
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Fig. 4.3 Obsidian Dome location map (inset) and drilling trajectories. Modified from 

Younker et al. (1987) and Vogel et al. (1989).
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Fig. 4.4 FE-SEM image illustrating dissolution porosity along feldspar phenocryst 

cleavage planes in sample C l3-4-9.
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Fig. 4.5 Pockets of delicate foam structures and preserved bubble tubes and walls (circled 

in white) extend down into sample C l4-4-5. Operation conditions were 30 kV, 30 pm, 

9x.
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Fig. 4.6 Alteration found developing along a tube structure (white dash-dot outline) 

coming into and out of the field of view in sample C 14-4-5. Operating conditions were 

30 kV, 30 pm, 9x.



Fig. 4.7 Spatial relationships between phenocrysts and bubble chains (delineated by 

dotted white lines) are illustrated in sample C l4-4-5. A biotite flake in the upper right- 

hand comer (—50 pm diameter) is surrounded by anastomosing vesicle chains in a 

crumbly, fine-grained groundmass. The dashed box outlines the region shown in Fig. 

4.5. Operating conditions were 30 kV, 30 pm, 9x.
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Fig. 4.8 Porosity* as a function of depth within the five Obsidian Dome samples.
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1 cm

Fig. 4.9 Schematic illustrations of a prolate spheroid and vesicle plane spacing in sample 

11-17.
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12- 485.18

1 cm  

12- 489.66

1 cm
Fig. 4.10 Cartoon depicting typical vesicle spacing (left) and unusual vesicle 

morphologies (right) within Obsidian Dome conduit samples. Three-dimensional model 

on right is extracted from the CT reconstructions of the sample listed on the left.



Fig. 4.11 Illustration representing vesicle size distribution and morphology. Within the 

Obsidian Dome feeder dike sample, vesicles are randomly dispersed, exhibit a bi-modal 

size distribution (left), and coalesced vesicle morphology (right).



Fig. 4.12 Representative bubble populations from BZL (left) and BZH (right). The 

irregular bubble forms (black) in each sample indicate that larger bubbles formed via 

coalescence of smaller bubbles within the microcrystalline groundmass (gray). The 

white scale bar in the lower right comer of each image is 1 mm.
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Fig. 4.13 BSE image illustrating a series of bubble chains (black) preserved in the lower 

density portion of a mixed high/low-density cryptodome sample. This is sample H89-7-1 

from Hoblitt and Harmon, 1993.
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Fig. 4.14 Cross section of a bubble tube filled with dense vapor-phase crystals. This is 

found within a high-density cryptodome sample (H89-5 5-15 cm from Hoblitt and 

Harmon, 1993).
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Fig. 4.15 Bezymianny cryptodome sample 05-5. This crystalline, low-vesicularity region 

is typical of medium-density Bezymianny samples. Examples of 4-pm diameter bubbles 

(Ves) clustered around feldspar phenocrysts (Pig) are found in the middle to lower left- 

hand side of the image. Titanomagnetite (Timt), orthopyroxene (Opx), and a silica phase 

(Si02) are other common phases found with minor amounts of glass (Gl) in the highly 

crystalline groundmass.
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Fig. 4.16 A limited set of primary axis data from 12-485.18 shows significant anisotropy. 

All of the data fall within half of the hemisphere indicating a strong preferential 

orientation of vesicles within the sample volume.
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Fig. 4.17 The primary axes within 12-487.65 are bimodally distributed.
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270°- -90° N =148554
Maximum density =  13390 
Minimum density = 3401 
Mean density -  7074 
Density calculation: Cosine sums 
Cosine exponent = 20 
Contour Intervals = 10 
From minimum to maximum

Equal angle projection, lower hemisphere 
180°Stereo32, Unregistered Version

Fig. 4.18 Stereonet equal angle projection of BZM primary axis data. Voids within 

BZM, equilibrated near ambient pressure, are not completely isotropic. Vesicles within 

this volume are elongate in two preferential directions, with the second, less prominent 

direction -135° away from the first.
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270° -90° N = 77196
Maximum density = 7285 
Minimum density =  1856 
Mean density = 3676 
Density calculation: Cosine sums 
Cosine exponent = 20 
Contour intervals = 10 
From minimum to maximum

I Equal angle projection, lower hemisphere
180°Stereo32, Unregistered Version

Fig. 4.19 MSHLO primary axis data illustrates the weak anisotropy o f MSHLO vesicles.
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Fig. 4.20 Stereonet equal angle projection of C l3-2-3 primary axis data. The distribution 

of void volumes within the highly altered Unzen conduit zone samples is heterogeneous.
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Fig. 4.21 Vesicle co-linearity and relative position within the magmatic intrusion. 

Obsidian Dome samples 12-487.64 and 12-489.66 are known to have been emplaced 

within a few meters of the country rock, whereas the relative positions within the 

intrusion of MSHLO and BZM are inferred from their degree of co-linearity.
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Appendix 4.A 3D Rendering Video Descriptions 

4.A-1 Unzen extrusive and intrusive samples

Spine Lava.mov: the major features rendered in this sample are voids (grey), silicate 

phenocrysts (blue) and oxides (pink). The long axis length is ~2 cm.

C l3-2-3lores.mov: groundmass, voids, silicate phases, and sulfides are rendered in white, 

pink, blue and yellow, respectively. Stripping away the groundmass reveals the complex 

relationships between the remaining phases. Sulfides are preferentially clustered in and 

around a large altered hornblende site, while voids are heterogeneously distributed 

throughout the sample. Some void clusters mimic the shape of altered microphenocrysts. 

The long axis length is ~1 cm.

C13-2-3hires.mov: the relationships between voids and microphenocrysts (pink and 

white, respectively) in and around a large plagioclase phenocryst and surrounding 

groundmass are illustrated in this rendering. Both groundmass and plagioclase are 

rendered in blue, as their X-ray absorptions are inseparable, although the phenocryst can 

be recognized by its characteristic morphology and greater coherency than the 

surrounding groundmass. A pseudomorph after hornblende is also recognizable by its 

characteristic crystal habit, cut by two planes of the volume. The void volumes are 

concentrated within the plagioclase phenocryst and are confined to its cleavage planes.

In this portion of the sample sulfides are concentrated within phenocryst alteration zones. 

The apparent continuous arc of void volume is an artifact of data collection due to beam 

hardening within the sample volume. The long axis length is ~2 mm.

C13-2-10.mov: groundmass, voids, silicate phases, and sulfides are rendered in white, 

pink, blue and yellow, respectively. Within the sample volume finely disseminated voids 

and sulfides cluster in and around altered or altering plagioclase and hornblende (micro) 

phenocrysts, which have no preferential orientation or fabric. Long axis length is ~1 cm. 

C13-4-9.mov: groundmass, voids, silicate phases, and sulfides are rendered in white, 

pink, blue and yellow, respectively. Removing the groundmass reveals a highly 

crystalline interior, dominated by hornblende alteration sites and coherent
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microphenocrysts. Vesicularity is very low and unconnected. Sulfides are also sparse 

and show no clustering or direct relationship to either voids or crystal phases. Long axis 

length is ~1 cm.

C l4-2-1 l.mov: groundmass, voids, silicate phases, and sulfides are rendered in white, 

pink, blue and yellow, respectively. Within this volume void distribution is strongly 

heterogeneous, with finely porous planar regions traversing the sample. Voids are also 

concentrated in and around phenocryst alteration zones. Sulfide distribution roughly 

follows the porous zones. Long axis length is ~1 cm.

Cl4-4-5lowres.mov\ groundmass, voids, silicate phases, and sulfides are rendered in 

white, pink, blue and yellow, respectively. This sample contains a well-developed 

system of interconnected, elongate void chains, predominantly clustered around 

phenocryst alteration sites. Both the total volume and size of sulfide grains is small 

compared with other samples, and does not show any direct correlation with either voids 

or alteration sites. Long axis length is ~1 cm.

C14-4-5hires.mov\ the finely disseminated nature of both voids (pink) and sulfides 

(yellow) in this sample is revealed in the high-resolution rendering. A plagioclase 

microphenocryst (solid grey), occupying about one third of the volume, is crisscrossed 

by microffactures and dotted with sulfides. Small hornblende alteration sites also host 

connected void volumes along former cleavage planes. Long axis length is ~2 mm.

Cl 5-2-1.mov: groundmass, voids, silicate phases, and sulfides are rendered in white, 

pink, blue and yellow, respectively. The total crystallinity of this sample is low 

compared with other samples in this suite. A planar vesicular zone traverses one comer 

of the sample while a dense cluster of sulfides occupies a separate area. Long axis length 

is ~1 cm.

Cl 6-2-2.mov. groundmass, voids, silicate phases, and sulfides are rendered in white, 

pink, blue and yellow, respectively. This sample contains a fine-grained mafic enclave, 

well-defined unaltered microphenocrysts, and a crack system that traverses the sample 

roughly parallel to the edge of the enclave. The microphenocrysts are also oriented sub
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parallel to the enclave. Total sulfidization is very low, with only a few small grains (~1 

mm3) present in both the groundmass and enclave. Long axis length is ~1 cm.

C l6-3-1 hires.mov. hornblende alteration zones (white) host anastamosing crack-like void 

chains (pink) and cubic sulfide grains (yellow) in a finely crystalline groundmass (blue). 

Sulfide size and location is strongly correlated with void location. Long axis is ~2 mm.

4.A-2 Obsidian Dome extrusive and intrusive samples

11-17.22.mov: voids and surrounding low-density regions (dark and light pink, 

respectively, with open black centers) delineate a strongly developed fabric and show 

evidence for flow-induced bubble coalescence. Phenocrysts (blue) and microphenocrysts 

(yellow) of platy and cubic minerals are unoriented. Long axis length is ~1 cm.

12-485_18lowres.mov: voids (pink) and microphenocrysts (blue) delineate a poorly 

developed fabric, although voids are more commonly clustered in rectangular patches 

reminiscent of plagioclase microphenocrysts. Long axis length is ~1 cm.

12-485 18hires.mov: the high-resolution rendering of this sample reveals its finely 

vesicular/crystalline nature. Vesicles (pink) occur in discrete branching clusters 

homogeneously mixed with rod-shaped feldspar microlites (white) in a devitrified 

groundmass (blue). Individual grains of magnetite and rutile (yellow and orange, 

respectively) are identifiable by their high density and distinctive crystal habits. Long 

axis length is ~2 mm.

12-487 65. mov: a series of parallel en echelon vesicle clusters (pink) and sub-parallel 

microphenocrysts (blue) define the strongly developed fabric of this sample. These same 

characteristics are present in larger scale along the conduit wall. Long axis length is ~1 

cm.

12-489_66lowres.mov: The fabric within this sample is discemable within the higher 

density groundmass (turquoise), vesicles and surrounding low-density regions (dark and 

light pink, respectively), and elongate microphenocryst phases (blue). The high-density 

microcrystic phases (yellow) and blocky or clustered microphenocrysts are not oriented. 

Long axis length is ~1 cm.
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12-489_66hires. mov. on a finer scale, the apparently discrete vesicle clusters from 12- 

489.66lowres.mov are revealed to be interconnected via delicate sub-parallel bubble 

chains (pink). The fabric apparent at lower resolution is clearly defined by the smaller 

microlites defined at this scale (blue). The groundmass within this sample is rendered 

violet while dense phases and microphenocryst cores are rendered yellow and white, d

13-653_58.mov: coalesced, partially collapsed vesicles with no preferential orientation 

(pink) dominate this sample from the un-erupted dike. Elongate microlites (blue) set in a 

felty groundmass (white) are weakly oriented. Long axis length is ~1 cm.

4.A-3 Mount St. Helens cryptodome blast samples

MSHHI.mov. this highly crystalline sample contains randomly dispersed microlite and 

microphenocryst phases (blue), collapsed coalesced vesicle clusters (pink), and high- 

density phases (yellow) in a finely vesicular groundmass (white). Long axis length is ~1 

cm.

MSHLOlowres.mov: the vesicle clusters (pink) within this lower density sample are less 

collapsed than those of MSHHI.mov. Two different medium density microphenocryst 

phases are distinguishable -  amphibole (dark turquoise) and feldspar (bright blue) -  

providing a framework structure not present within MSHHI.mov. A weakly developed 

fabric is discernible within the elongate vesicle clusters. Long axis length is —1 cm. 

MSHLOhires.mov: the relationship between the larger vesicle clusters (pink) and 

(micro)phenocrysts (plagioclase -  white, amphibole -  dark turquoise, feldspar 

microphenocrysts -  bright blue) is clear upon removal of the plagioclase phenocrysts and 

groundmass. Vesicles cluster and are preserved around phenocryst comers. The 

octahedral habits of oxides (yellow) are clearly illustrated within this sample and 

commonly contained within larger crystal phases. Long axis length is ~2 mm.

4.A-4 Bezymianny cryptodome blast samples

BZH.mov. groundmass, voids, microlites/microphenocrysts, and oxides are rendered in 

blue, pink, white, and yellow, respectively. The highly crystalline sample exhibits no
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preferred orientation of either vesicles or crystal phases. Vesicles appear coalesced and 

partially collapsed, with branching, flattened morphology. Long axis length is ~1 cm. 

BZMlowres.mov: groundmass, voids, microlites/microphenocrysts, and oxides are 

rendered in blue, pink, white, and yellow, respectively. This sample differs from 

BZHlowres.mov in both crystallinity and vesicularity. Larger phenocrysts and vesicle 

clusters are heterogeneously dispersed in this sample with lower total crystallinity and 

vesicularity. Long axis length is ~1 cm.

BZMhires.mov: the fine-grained holocrystalline nature of BZMlowres.mov is revealed in 

this high-resolution rendering. Micro-scale vesicles (pink) cluster on comers of crystals 

(turquoise, white, solid purple). The X-ray absorption of plagioclase phenocrysts and 

groundmass is too small to readily distinguish the two, but the latter has a more mottled 

appearance due to its heterogeneous makeup. Long axis length is ~2 mm.

BZL.mov: the lowest density sample of the Bezymianny suite contains the largest, most 

convex, and least connected vesicles (pink). The crystal network can be similarly 

characterized with numerous large phenocrysts (white) set in a low total crystallinity 

groundmass (blue). Long axis length is ~1 cm.
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Summary

This work discusses various outcomes of magma migration through volcanic 

conduits. The investigations delineate ascent rates from plagioclase microlite growth, 

degassing mechanisms in the upper conduit and hydrothermal alteration at intermediate 

depth. The disparate outcomes for parcels of magma that begin life under similar 

conditions draw our attention to the complex processes and differences in ascent 

conditions that yield these unique final products. In each of the four volcanic systems 

considered in the previous chapters we assumed the starting point for the magmatic life 

cycle to be at a depth <6 km, post magma mixing, with some small proportion of 

inherited (i.e., disequilibrium) phenocrysts and a nominal population of nucleated 

bubbles (Fig. S.1A).

As this magma rises, the H2O solubility decreases, causing additional bubble 

nucleation and growth and concomitant plagioclase crystallization (Fig. S.IB).

Continued magmatic ascent drives these processes forward, leading to additional 

plagioclase nucleation and growth, further vesiculation and coalescence in an 

increasingly viscous magma (Fig. S. 1C). In the medial conduit depths of 1-2 km, total 

vesicularities may become high enough that the magma becomes permeable and, in some 

cases, crystal lattice supported (Fig. S.ID).

Magma emplaced below the surface may be subjected to different fates 

depending upon the availability of hydrothermal fluids. Where abundant hydrothermal 

fluids are able to take advantage of the permeable network developed by the initially 

vesicular magma, epithermal alteration may proceed rapidly (Fig. S.IE) and quickly 

close off the system entirely with secondary alteration minerals (Fig. S. IF).

Alternatively, permeability may be lost as gas pressure within the magma decreases 

below hydrostatic pressure via open-system degassing (Fig. S.1G). The latter effect 

appears to be enhanced by magma shearing along the conduit margin and could explain 

the bimodality of clast density observed in directed blast deposits (Fig. S.l H, I).

In these studies we provide evidence to support the connection between the core 

material intersected at 1.3 km depth and the last erupted lavas from the 1991-1995
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eruption of Unzen Volcano using the REEs and other trace elements to fingerprint each. 

The suite of decompression experiments presented produced plagioclase microlite 

textures and glass chemistries similar to the natural samples in the range of 0.5 -0.7 

MPa/hr, indicating ascent proceeded at 20-30 m/hr during the waning stages of eruption. 

Our comparative investigation of the Unzen and Inyo conduit systems indicates that 

abundant hydrothermal fluids were able to traverse the conduit zone at 1.3 km and thus 

facilitated the extremely rapid alteration at Unzen. Finally, the novel investigation of 

vesicle textures in igneous samples of intrusive and extrusive origin via CT visualization 

and anisotropy measurements establishes that post-emplacement remnant vesicle 

structures can be related to magma shearing within the conduit wall margin.

The observations and experimental data presented in this work lead us to a 

number of fundamental conclusions about conduit processes for intermediate 

composition magmas. First, volcanic conduit systems can cool quickly, on the order of 

years to decades, even when the eruption itself is long-lived. Second, alteration can 

proceed rapidly, also over the course of years to decades, given abundant hydrothermal 

fluids and persistent pathways. Third, the lower limit of ascent rate for dacitic magmas 

appears to be on the order of ~20 m/hr. Finally, shearing of viscous magmas can 

effectively enhance degassing down to very low porosities. These findings have 

important implications for both monitoring and hazard assessment of actively erupting 

volcanoes, the interpretation of directed blast deposits, and future exploration for ore 

deposits in young volcanic regions.
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Fig. S.l An idealized magmatic life cycle. Magma is bom at depth with a host of 

inherited phenocrysts and nucleated bubbles (A). This magma rises, leading to bubble 

and crystal growth and nucleation (B). As growth continues higher in the conduit, 

incipient bubble coalescence lays the framework for permeable networks (C). Increasing 

viscosity leads to shearing of the magma causing alignment of crystals and additional 

bubble connectivity (D). Abundant hydrothermal fluids may take advantage of the 

permeable medium, altering minerals and closing off voids as they deposit their load (E), 

creating an impermeable and highly altered assemblage (F). In the absence of significant 

volumes of hydrothermal fluids, degassing decreases magma permeability, with shearing 

along the conduit wall enhancing the degassing process (G), yielding a bimodal density 

distribution within a single aliquot of magma in the shallow chamber (H, I).


