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INTRODUCTION

The study of magmatic processes has developed from the
simple fluid dynamical models of liquids characteristic of the
early 1980s into an integrated investigation of the interaction
between chemical and physical parameters of multicomponent and
multiphase magmatic systems. Emerging from this shift in
emphasis is the recognition of the importance of incorporating
small-scale observations of melt geometry and local
crystallization into large-scale models of magmatic segregation
and storage. The models can merge only through understanding
the time- and length-scales of melting and crystallization, which in
turn control the dynamic feedback between the thermal and
chemical evolution of a magma. In this article we attempt to
incorporate all the available lines of evidence for the behavior of
magmatic systems, including numerical and experimental models
in addition to geophysical and geological observations. In this
regard, an important publication in this quadrennium is Special
Publication No. 1 of the Geochemical Society, a volume in honor
of Hatten S. Yoder, Jr. entitled Magmatic Processes:
Physicochemical Principles, which is a collection of papers on the
behavior of magmas from their melting at the source region
through their ascent, eruption and emplacement on the Earth's
surface. We have attempted to compile a fairly complete
bibliography in this area; we regret that space limitations do not
permit discussion of all papers listed therein.

MELT GENERATION, SEGREGATION AND TRANSPORT

The mechanisms of melt generation and segregation in the
mantle remain a central topic in the study of magmatic processes;
a long-term goal is the integration of physical models of melt
extraction with geochemical models of melt evolution and tectonic
models of melt generation. The rheological limits to extraction
will exert a major control on magma chemistry: a first-order
question (reviewed in Turcotte, 1987) is the relative importance of
(1) magma ascent as diapirs of melt with entrained crystals, (2)
extraction and transport of melt from the source region through
dikes and veins, or (3) large-scale upward transport of melt by
pervasive percolation along grain boundaries. Diapiric transport
of a crystal + liquid mixture would allow equilibrium conditions
between the crystals and liquid up to the P-T regime of melt
segregation; the critical melt percentage at which this can occur
(often assumed to be ~50%, based on estimations of limits to melt
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eruptibility; e.g. Brophy and Marsh, 1986; Bergantz, 1990) is
large relative to melt percentages estimated from trace elements in
the generation of many basaltic magmas. While there is abundant
observational evidence for dikes as the primary mode of magma
transport at shallow crustal (brittle) levels (e.g. Spence and
Turcotte, 1990), the importance of dike transport at depth is
speculative (e.g. Maaloe, 1987; Takada, 1989) and will be
controlled primarily by the viscosity contrast between the melt
and the country rock (e.g. Emerman and Marrett, 1990) as well as
the thermal structure of the conduit (Sleep, 1988). Although
fractures generated in the presence of melt may supply a
mechanism for rapid transport of material from depth (Spence and
Turcotte, 1990), most melt migration in the mantle is believed to
be controlled by permeable flow of melt along grain boundaries.
Deep melt migration is described by the differential equations
governing porous flow of a melt within a viscously deforming
matrix; melt migration is driven either by buoyancy contrast with
the surrounding medium or migration under nonhydrostatic
pressure gradients, and can be divided into categories of
mechanics, thermodynamics and geochemistry (see review by
Ribe, 1987). Experimental results now demonstrate that very
small amounts (<1%) of texturally-equilibrated partial melt will
migrate out of an olivine matrix (e.g. Cooper and Kohlstedt, 1986; .
Kohlstedt, 1990), with extraction facilitated by a gradient in
differential stress (Cooper et el., 1989; Cooper, 1990; Riley and
Kohlstedt, 1990; Riley et al., 1990). Studies of multiphase grain
percolation in peridotites suggest that modal mineralogy of the
solid phases will play an important role in the generation of a
connected melt phase, and hence in the critical melt fraction
needed for extraction, with rhelt connectivity for the same volume
percent melt increasing with increasing olivine content (Toramaru
and Fujii, 1986; Daines and Richter, 1988; Nakano and Fuijii,
1989). Early one-dimensional models for melt extraction by
matrix compaction (e.g. McKenzie, 1984) and porous media flow
(e.g. Scott and Stevenson, 1986; Scott et al., 1986) have been
replaced by two-dimensional models for (1) ridges (e.g. Phipps
Morgan, 1987; Spiegelman and McKenzie, 1987; Buck and Su,
1989; Scott and Stevenson, 1989), where. the driving force for
flow is commonly assumed to be the non-hydrostatic pressure
created by plate divergence, and (2) for mantle plumes (e.g. Ribe
and Smooke, 1987), where thermal buoyancy provides the driving
force. Fluid dynamical models for melt migration at ridge crests
must account for melt generation over a broad area, and melt
focussing into narrow axial magma storage reservoirs at ridge
crests - focussing may occur due to comer flow (Spiegelman and
McKenzie, 1987), mantle strain-induced anisotropic permeability
(Phipps Morgan, 1987), or a laterally stably stratified residuum
beneath newly-formed plates (Scott and Stevenson, 1989).
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Interpretive thermodynamic and geochemical models for mantle
melt generation focus on determining the pressure, temperature
and melt fraction at which the magma is chemically isolated from
the crystalline residuum of the source region, and the interaction
the melt then has with mantle and crustal material prior to shallow
storage and eruption. The amount of chemical interaction will
depend on the time- and length-scales of the transport process,
which will be very different for fracture-dominated transport,
diapiric upwelling and melt percolation (i.e. the physical processes
of the system), thus emphasizing the close relationship between
the chemical and physical processes of the extraction process (e.g.
Nicolas, 1986). Richter (1986) presents a dynamical calculation
for modal melting under conditions of local diffusive equilibrium,
and subsequent melt segregation from a deformable matrix in
order to model trace element fractionation as a function of the
extraction process; he demonstrates that while end-member
models for melting (perfect fractionation or perfect equilibrium)
yield acceptable results, both assumptions may lead to
overprediction of the incompatible element content of source
regions. Holness and Richter (1989) show that observed
variations in MORB chemical signatures with variations in
spreading rate can be generated by incomplete extraction of melt
in areas of more rapid spreading, and may thus reflect solely the
physical process and not changes in the source region. Source
heterogeneities are expected, however, from the chemical
variability found in mid-ocean ridge basalts, as well as from the
heterogeneous structures observed in peridotites (e.g. Reisberg
and Zindler, 1986/1987), and would affect the dynamics of melt
generation and segregation (e.g. Richter and Daly, 1989) and the
trace element and isotopic signature of the source (e.g. Maaloe
and Johnston, 1986). Transport of melt through the mantle may
alter the chemical signature of the original melt. Chemical (trace
element) exchange resulting from melt percolation through an
isothermal matrix of mantle composition can be modeled as a
chromatographic column (e.g. Navon and Stolper, 1987), with
chemical equilibrium achieved as diffusive length scales are small
and chemical exchange is maximized. In contrast, Singer et al.
(1989) address possible effects of repeated diapiric upwelling in a
single conduit system. Both of these models result in (1) large
initial variability in chemical signature of the melt and (2)
increased homogeneity with time due to both chemical and

thermal equilibration of the melt and country rock. Finally, the -

process of infiltration may lead to patterns of geochemical self-
organization (e.g. Ortoleva et al., 1987a,b) - reaction between
basaltic magma and ultramafic rock may be important in
subduction-related environments, and may be responsible for
generating the chemical characteristics of calc-alkaline series
magmas (Keleman, 1990; Keleman et al., 1990).

The existence and location of magma storage reservoirs is the
result of the density distribution of the crust relative to the magma
density (Gudmundsson, 1986a; Ryan, 1987; Glazner and Ussler,
1988). The location of magma storage as dictated by the local
tectonic environment will control the shallow evolution of a
magmatic system (e.g. Singer and Myers, 1990); additionally,
there probably exists a balance between intrusion rate, chamber
shape, tensile strength distribution around the chamber, and
eruption frequency (Gudmundsson, 1986b, 1988). The use of
geophysical observations to constrain magma chamber size and
morphology is difficult, as known volcanic centers are by
definition sites of prolonged thermal perturbations that result in a
reduction of the contrast in physical properties between the
magma and the surrounding country rock with its accompanying
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geothermal system. Potential field data, seismic tomography and
the regional seismicity have been used to infer the presence of
magma chambers (e.g. Iyer, 1988; Iyer et al. 1990; Rundle and
Hill, 1988). Magma bodies under the Cascades volcanoes appear
small, and Iyer et al. (1990) conclude that the subvolcanic Tegime
in subduction-related volcanoes is the site of repeated small
intrusions, such as the model emerging for the Katmai system
from the work of Hildreth (1987). Geophysical data for the
existence of magma beneath the caldera at Long Valley is
equivocal: based on teleseismic tomography, Iyer et al. (1990)
suggest that a magma body of 1000-1500 km” may exist under the
resurgent dome; however, using higher resolution tomography

fromlocal earthquake data, Kissling (1988) prefers a model where

the velocity contrast is the result of a plexus of small batches of
partially molten material, a model consistent with the geochemical
arguments of Sampson and Cameron (1987) for small magma
batches in the Inyo system. A similar picture of small melt
storage regions is emerging from seismic tomography studies of
active spreading centers (e.g. Toomey et al., 1990). Resuits of
tomographic inversion commonly show anomalously high
velocities directly below volcanic centers, interpreted as solidified
magmatic intrusions, underlain by broader low-velocity regions of
partial melt (e.g. Foulger and Toomey, 1989; Toomey and
Foulger, 1989). While a comprehensive picture of rapid melt
removal and short residence times in crustal magma chambers is
consistent with much of the recent observational and experimental
data, such a model challenges traditional representations of
magma chambers as large, long-lived vats of differentiating
magmas,

Transport of magma from these storage reservoirs to the
surface is commonly achieved by dike propagation - in the past
four years there has been extensive work on the effect of this
transport on the resulting eruptive products, and, conversely, on
the information that can be obtained about transport conditions
through a study of these products, as covered in the publication
Mafic Dyke Swarms (Halls and Fahrig, 1987). In this volume, the
mechanics of dike emplacement are reviewed by Turcotte (1987),
while Pollard (1987) illustrates techniques to combine theoretical
treatments of fracture mechanics with careful field measurements
necessary to a comprehensive understanding of the energetics of
dike formation.

New thermal models for dike cooling demonsirate that the
duration of cooling will depend both on the distribution of latent
heat across the crystallization interval (e.g. Delaney, 1987; 1988;
Ghiorso, 1990) and the duration of flow (e.g. Bruce and Huppen,
1989; Fabre et al., 1989), as complex patterns of solidification
and meltback may result from prolonged flow duration and
released latent heat of crystallization (Huppert and Sparks, 1989).
Such relationships could be expected to affect not only resultant
magma chemistry and rock textures, but may also control eruption
dynamics. While these models provide important new guidelines
for understanding field relationships, they remain incomplete due
to our inadequate knowledge of the complex relationship between
heat transfer, crystallization and magma rheology coupled with
possible feedback to the system from metamorphic reactions and
melting of the country rock. For example, Kille et al. (1986) show
that the country rock composition (in particular, the melting
temperature of different country rock strata) controlled
macroscopic and microscopic (grain size) features of dikes in
southwest Mull.

The transport mechanism may exert a substantial control on
the chemistry of the erupted products. Magma mixing in conduits
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has been explored by Koyaguchi (1987) and Koyaguchi and Blake
(1989), who show that the eruption of an initially stably stratified
system can lead to mixing in the conduit. Experiments modeling
flow through a conduit with a viscous outer fluid and low
viscosity inner fluid (e.g. Blake and Campbell, 1986; Freundt and
Tait, 1986) show entrainment across the interface boundary, with
the degree of mixing increasing with increasing Reynolds number,
fluid velocity and distance. Such a mechanism may be operative
under conditions either of lateral stratification within the dike (e.g.
Blake and Fink, 1987) or in small magma batches (e.g. Koyaguchi
and Blake, 1989) and will result in mixed magma products. In
contrast, Carrigan and Eichelberger (1990) propose that two
magmas flowing in the same conduit may unmix to yield low
viscosity (basaltic) layers near the margins and a plug-like flow of
the silicic component in the center; they suggest that viscosity
segregation during viscous flow may be responsible for zonation
in eruptive products irrespective of the pre- eruption configuration.
Evidence for physical interaction during the concurrent eruption
of material drawn from separate magma reservoirs exists in the
compositional range of magmas erupted during the 1912 eruption
in the Valley of Ten Thousand Smokes, where contemporaneous
eruption of rhyolitic, dacitic and andesitic magmas has been
explained by tapping of separate though related magma bodies
under Mts. Trident and Katmai (Wallmann et al., 1990). Conduit
geometry may also place important constraints on flow behavior
in eruption fissures (Ida and Kumazawa, 1986; Giberti and
Wilson, 1990).

Field studies on dike rocks continue to provide important
constraints on dike flow dynamics. Flow directions can be
obtained by macroscopic field observations (e.g. Baer and Reches,
1987; Smith, 1987), petrologic data relating dike rock chemistry
and mineralogy to possible source areas (e.g. Macdonald et ai.,
1988), and through AMS fabric studies (e.g. Knight and Walker,
1988). Such studies indicate that flow in dikes is predominantly
lateral, a conclusion consistent with observations of inferred
shallow dike emplacement and resulting fissure eruptions in active
volcanoes (e.g. Gudmundsson, 1987; Ryan, 1987; Sigurdsson,
1987; Wilson and Head, 1988; McGuire and Pullen, 1989). Both
remote stress and magmatic pressure control this shallow lateral
propagation (Rubin and Pollard, 1987) - the depth of transition
from predominantly vertical to predominantly lateral flow remains
a topic of investigation (e.g. Emerman and Marrett, 1990). Dikes
may also act as "planar storage reservoirs” (Wilson and Head,
1988) in active basaltic systems, .and may thus provide the
location for shallow differentiation and mixing in subsequent
eruptions (e.g. Helz, 1987a; Mangan, 1990).

The drilling program at Inyo Craters, eastern California, has
provided a three-dimensional view of a shallow silicic eruptive
system (Eichelberger et al., 1988; Kerr, 1988), allowing
evaluation of the relationship of dike geometry to intrusion
mechanism (e.g. Mastin and Pollard, 1988; Reches and Fink,
1988) as well as determination of magmatic degassing and
crystallization at different stratigraphic levels and cooling regimes
(e.g. Manley and Fink, 1987; Westrich et al,, 1988; Swanson et
al., 1989). The geometry of different magma types in the feeder
dike, the conduit and on the surface suggests a complex
relationship between the pre-eruption location of high- and low-Si
end member magmas, changing eruption rates and the dynamics
of magma mixing during transport. In particular, observed mafic-
to-silicic (rim-to-center) chemical zoning in the conduit has been
explained by Vogel et al. (1987; 1989) using relationships derived
by Blake and Fink (1987) for eruption from a stratified dike; they

CASHMAN AND BERGANTZ: MAGMATIC PROCESSES

calculate draw-up distances of 70-400 m for plausible variations
in eruption rates. An alternative explanation for the observed
associations between two magma types is viscosity-controlled
segregation of magma due to flow in a conduit regardless of the
pre-eruptive geometry of the source magmas (Carrigan and
Eichelberger, 1990).

MAGMA CHAMBERS

The style and vigor of magma chamber processes have been
the subject of some controversy; this is a measure of both the
difficulty of formulating testable hypotheses for real magma
chambers and of discriminating among competing processes as
represented in the rock record. The last four years have seen a
major shift in the modeling of magmatic processes from a study of
simple convecting fluids to the more realistic treatment of
magmas as multi-component systems, with physical properties
(e.g. viscosity, density) that vary stongly with time and location,
and crystallization occuring at both the chamber margins and in
the interior. It is clear that parameterizations of fluid dynamics
for thermodynamically simple, low viscosity systems must be
applied cautiously, indeed if at all, as crystallization physically
partitions the magma body and generates buoyancy in complex
ways., Many of the generic aspects of magma chambers are
discussed by Marsh (1989a) and Morse (1988). Crystal settling,
magma mixing and convection continue to be the dominant
physical processes thought to yield petrologic diversity, although
physical models of compaction and buoyancy-driven extraction in
partially-solidified zones at chamber walls (e.g. Shiriey, 1986;
1987; Spera et al., 1989) have led to the examination of the
geochemical implications of such a process (e.g. Barnes, 1986;
Morse, 1986a; Langmuir, 1989).

Crucial to all the models presented below are well-constrained
measurements of the physical properties of different magmas
throughout the crystallization interval. New density
measurements and compilations for silicate melts are presented in
Lange and Carmichael (1987); a review of volumetric properties
of silicate liquids (including density, compressibility and thermal
expansion) can be found in Lange and Carmichael (1990).
Magma viscosity varies greatly with changes in volatile content
and included phases (crystals or bubbles), and is a difficult
property to measure experimentally, thus making empirical
correlations prone to error. Inclusion of temperature-dependent
viscosity in fluid dynamical models may greatly alter predictions
for magmatic convection, however, (e.g. Oldenburg and Spera,
1990a,b), and for eruption styles (e.g. Blake and Ivey, 1986a,b;
Bonatti and Harrison, 1988; Wolfe et al., 1990). Basalts show a
decrease in viscosity from 2.5 Pas at 0.8 GPa to 0.2 Pas at 3.5
GPa along the anhydrous solidus of peridotite (Kushiro, 1986).
Non-Newtonian behavior of subliquidus basaits under conditions
of shear is the result of solid-solid interactions; observed
viscosities are in good agreement with those calculated from the
Einstein-Roscoe equation for a serial size distribution of solids
(Ryerson et al., 1988). Measurements on multiphase magmatic
suspensions in rhyolitic magmas also show non-Newtonian
behavior that can be modeled as a power law fluid; the power law
exponent increases with increasing temperature largely due to
expansion and deformation of vapor bubbles, and a normal stress
coefficient is extracted for rhyolitic magma (Spera et al., 1988).
Field measurements on changes in magma rheology due to
crystallization during flow (e.g. Lipman and Banks, 1987;
Rowland and Walker, 1988) also help to constrain magma
viscosities.
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One of the notable features of magma bodies is that
crystallization can occur simultaneously at the margins and in the
interior. This leads to a partitioning of the body into a mushy
zone near the contact where a rigid or plastic region of crystals
exists with an interstitial melt phase, and a slurry in the interior
where crystals reside in an expanse of melt. The key element in
the mush-slurry distinction is that the transition from a rigid or
plastic mush to a convectable, mobile slurry is a rheological one.
The duration of convection in a solidifying magma was explored
in the work of Brandeis and Marsh (1989, 1990) and Marsh
(1989b), where they introduced the concept of the convective
liquidus based on experiments with liquid paraffins. The
convective liquidus is defined as the isotherm associated with the
termination of convection, which may be very nearly that of the
actual liquidus. The convective liquidus is difficult to determine a
priori and will be a function of the ensemble crystal-melt
properties. One implication of their work is that temperature
differences and length scales that are available to drive convection
in multi-component systems do not necessarily follow from the
the initial temperature contrast or chamber geometry, thus
emphasizing the need for integrating realistic thermodynamic and
kinetic parameters across the crystallization interval. Most of the
temperature and concentration differences will exist across this
more rigid mushy zone (Kerr et al., 1989), hence all the fluid
processes will be explicitly coupled to the transient history of
crystallization. Experiments by Kerr et al. (1989) with initially
superheated aqueous solutions demonstrated a very different
convective history from the paraffin experiments described above,
with vigorous compositional convection (i.e. convection driven by
buoyancy of low density melts generated in the process of
crystallization) that kept the interior well stirred; they attribute the
vigorous convection to temperature differences of undercooling.
In contrast, experiments by Tait and Jaupart (1989) on higher
viscosity aqueous solutions indicate that compositional convection
is inhibited for parameter ranges typical of many magmas and
hence the paraffin experiments may provide the more geologic
relevant end member. Both the paraffin and the aqueous
crystallization experiments indicate that the progress of
solidification is largely consistent with predictions of a conductive
cooling model.

The efficacy of crystal settling as a means of driving
fractionation has -been the subject of laboratory and numerical
experiments. Experiments with small volumes of crystals
demonstrate that particles can settle despite the action of
convection (Martin and Nokes 1988; 1989), although the
calculations and experiments of Weinstein et al. (1989) reveal that
retention of crystals in a convecting fluid (under laminar flow
conditions) is sensitive to the site of nucleation. Koyaguchi et al.
(1990) show, however, that when concentrations of crystals
exceed ~3 vol. %, they can initially stabilize a convecting fluid

- that subsequently undergoes a rapid overturn or destabilization as
settling proceeds. Elements that are missing from these studies of
crystal settling which are present in real magmas include: (1) the
convective regime will be strongly influenced by processes at the
margin (in the mushy zone), and (2) the tendency of real crystals
to undergo resorption and/or growth while being swept around in
the chamber. Experiments with aqueous solutions by Martin
(1990) demonstrate that the partitioning of crystallization between
walls and interior is sensitive to the rate of heat loss and liquid
viscosity. The petrological implications for partitioning of the
magma chamber have been explored in Marsh (1988a,b). For
example, the settling of crystals in plumes that originate in the
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mushy zone at the margins may allow sorting during descent,
while growth, resorption and the ability of crystals to "escape” the
moving crystallization front will control both the rate of crystal
accumulation at the chamber floor (and hence the rate of growth
of the lower mush zone) and the rate at which plume formation
occurs at the chamber roof.,

Stratification of magma chambers by generation and flow of
evolved melt during crystallization is undergoing reappraisal
based on experimental and computer models of crystallization
from viscous fluids. Numerical models of double-diffusive
convection provide parametric expressions for convection in the
absence of crystallization (Clark et al. 1987; Spera et al. 1986).
Experiments with crystallizing aqueous solutions show various

- forms of stratification, depending on whether crystallization is

taking place on the floor, roof or sloping walls (Huppert et al.
1986b; 1987; Leitch 1987, 1990; Martin and Campbell, 1988;
Martin, 1990). Viscous fluids, however, yield substantially
different fluid structures and macrosegregation than less viscous
salt solutions, as demonstrated by Tait and Jaupart (1989) and
Martin (1990). These results suggest that a critical re-evaluation
of models based on experimental work on crystallization and
double-diffusive convection in aqueous systems is necessary.
Mixture theory has been used to model solidification and double-
diffusive convection during crystallization in constant property
binary systems (Bennon and Incropera, 1987a,b; Beckerman and
Viskanta, 1988; Thompson and Szekeley, 1989). These
formalisms were extended by Oldenburg and Spera (1990a,b) 0
examine solidification in the nearly ideal eutectic system of
diopside-anorthite. Although there are difficulties in prescribing
constitutive expressions and permeability functions for the flow of
evolved melt in the mushy zone (see Daines and Richter, 1988)
experimental work indicates that a Carman-Kozeny relationship,
which relates porosity to permeability, may be appropriate
(Bergantz, 1990). Computer intensive modeling of the type done
by Oldenburg and Spera (1990a,b) may prove to be the best way
to combine the strongly varying transport properties of magmas
with realistic crystallization and fluid flow scenarios, but they
must be coupled with accurate thermodynamic and kinetic
descriptions of silicate melts.

Finally, although magma mixing remains an often invoked
means of producing petrologic diversity, the specific driving
forces for mixing remain poorly understood. The fundamental
kinetics of mixing of two magmas has been considered by Sparks
and Marshall (1986) and Frost and Mahood (1987); they show
that subliquidus magmas may behave immiscibly if there exists a
large viscosity contrast between the mixing populations. These
results imply that homogeneous mixing of two magmas is
probable only for magmas of similar compositions, or for large
amounts of a mafic (hot) end member (Frost and Mahood, 1987).
Numerical experiments of mixing of a silicic magma overlying
basalt (Oldenburg et al., 1989) include the effects of variable
viscosity and double-diffusion. Complex, time dependent modes
of convection appear, with significant lateral heterogeneity that
may yield a vertically stratified pyroclastic sequence upon
eruption. Spera et al. (1990) demonstrate that many of the
features ascribed to magma chambeér processes, such as
compositional gaps and mixed magma horizons, can be due to the
eruptive processes itself. In this regard, the possible origins of
enclaves in plutons continues to spark debate - a special section on
granites was published in J. Geophys. Res., v. 95, no. B11, 1990.
Interpretation of inclusions as refractory source material (e.g.
Chen et al,, 1990) is not as popular as the interpretation of
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inclusions as fragmental accumulations of minerals crystallized
from previously mixed magmas (e.g. Vernon, 1990; Dodge and
Kistler, 1990; Pin et al., 1990), mixing of magmas (e.g. Stimac et
al., 1990; Larsen and Smith, 1990; Davidson et al., 1990), or a
combination of pre-entrapment hybridization and post-entrapment
modification (Linneman and Myers, 1990). Evidence for the loss
or gain of interstitial liquid makes interpretation of enclaves as
direct representations of original mafic melts suspect (e.g.
Linneman and Myers, 1990; Christiansen and Venchiarutti, 1990).
Ayrton (1988) provides an intriguing synthesis of the many
enclave enigmas. He calls for mixing of mafic magmas at the
margins of a ballooning pluton, in the style of a failed ring-dyke.
Dorais et al. (1990) and Eberz and Nicholls (1988) also conclude
that many enclaves may originate from the injection of a basaltic
magma into a more silicic magma chamber. - '

ACTIVE VOLCANOES

Investigations of volcanoes provide a realtime database for
understanding all aspects of active magmatic systems. Since the
Puu Oo eruption of Kilauea Volcano, Hawaii, has dominated this
quadrenium as the most active volcano in the United States, we
review here, as example, investigations of recent eruptions of
Kilauea and Mauna Loa volcanoes that have a direct bearing on
understanding of processes of magmatic differentiation in basaltic
systems. Summaries of available knowledge on Hawaiian
volcanoes have been published in USGS Professional Paper 1350,
Volcanism in Hawaii (edited by Decker et al., 1987), and USGS
Professional Paper 1463, The Puu Oo eruption of Kilauea
. Volcano, Hawaii: episodes 1 through 20, January 3, 1983,
through June 8, 1984 (1988).

A fundamental question in magmatic differentiation is the
relative importance of fractionation and mixing in creating the
range of lava compositions observed. Recent studies of eruptive
products from the past 40 years of activity at Kilauea suggest that
different processes dominate under different conditions. Olivine-
controlled fractionation is common for most of the less-
differentiated magmas, with examples being the 1967-1968
Halemaumau and Hiiaka eruptions (Nicholis and Stout, 1988) and
the Puu Oo eruption after a single vent was established (Wolfe et
al., 1987; Garcia et al., 1987; Wolfe and Garcia, 1988). In
addition, small amounts of olivine fractionation occurred during
short term (8-65 days) repose periods between vent eruptions at
Puu Oo (e.g. Wolfe et al., 1987). Differentiation involving
plagioclase and clinopyroxene in addition to olivine occurs in
isolated melt pockets along the rift zone, as seen in the initial
material erupted from the Puu Oo eruption (Wolfe et al., 1987;
Garcia et al, 1989), and the 1955 East Rift Zone lavas (Ho and
Garcia, 1988; Russell and Stanley, 1990). Both of these
examples are consistent with magma residence in “planar magma
storage reservoirs” (Wilson and Head, 1988) within rift zones;
dimensions for the dike feeding the Puu Oo vent of 2.5 km in
height, 1.6 km in length and 2.5-3 m in width have been
determined from horizontal ground deformation measurements
(Hoffmann et al., 1990). Mangan (1990) has estimated a
residence time of approximately 10 years for the shallow
differentiate erupted during the 1959 Kilauean eruption by
measuring sizes of olivine phenocrysts in the erupted products.
Injection of more primitive magma into a differentiated pocket of
melt may result in mixing of magmas (Helz, 1987a; Garcia et al.,
1989) or may act as a hydraulic plunger causing eruption of melt
without mixing (Ho and Garcia, 1988) - physical controls on these
two styles of dike intrusion are not well understood.
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The deeper part of Kilauea's conduit system is concentrically
zoned, and inferred to contain a high permeability core (Ryan,
1988); a deep meit body may also persist.in the East Rift Zone
(Delaney et al,, 1990). Studies of Kilauea and Mauna Loa
volcanoes indicate that a balance exists between magma supply
rates, differentiation rates and eruptions. For example, Mauna
Loa volcano commonly produces homogeneous lavas, as typified
by the constant composition and eruption temperature of the 22-
day 1984 eruption (Rhodes, 1988). Bulk compositions are located
at the reaction point involving olivine, clinopyroxene, plagioclase
and pigeonite, suggesting that the composition is buffered by a
fairly continuous magma supply with further differentiation (away
from olivine control) possible only when pockets of magma are
isolated from the primary supply (in this context, Lockwood and
Lipman, 1987, note that the eruption rate and chemistry of Mauna
Loa lavas changed significantly after the 1868 M7.5 earthquake).
In contrast, an increase in average supply rate relative to
crystallization/settling results in increasingly mafic compositions
(Rhodes, 1988). While it has been noted that long term increases
in magma supply rate may lead to quasi-steady-state eruptions
(e.g. Tilling et al., 1987a; Casadevall et al., 1987), the cause of
such variations relative to melt generation and transport from the
source area are unknown.

Hawaiian lava lakes provide a natural laboratory for the study
of the physical and chemical changes in a cooling basalt. The best
studied of these lava lakes is Kilauea Iki, reviewed by Helz
(1987b). The complexity of the processes observed on this small
scale are sobering when compared with the simplicity of available
models of magmatic cooling and differentiation. These processes
include (1) fractionation of basalt liquid to small amounts of
rhyolite, (2) control of the effective modal proportion of olivine
on the succession of liquid compositions due to the rapid re-
equilibration of olivine with the liquid, (3) diapiric low-p melt
upwelling as an efficient mechanism of chemical and heat
transfer, occurring without a textural signature due to low crystal
contents (Helz et al., 1989), (4) gravitative settling of olivine and
rise of vesicles and vuggy olivine-rich bodies, (5) emplacement of
segregation veins of ferrobasalt composition in partially-solidified
crust, 2 mechanism for both heat and mass transfer. Hawaiian
lava lakes have also provided an ideal natural crystallization
experiment. Crystallization rates for plagioclase and ilmenite from
Makaopuhi lava lake have been estimated by the application of
crystal size distribution (Marsh, 1988b) analysis to drill core
samples (Cashman and Marsh, 1988). Growth rates of 5-10x10°!1
cm/s (plagioclase) and 3-5x10-10 cm/s (ilmenite) and nucleation
rates of 1-30x10-3/em3s indicate that even under conditions of
rapid surface cooling, lava at depths greater ~10m crystallized at
slow rates, which in turn suggest very small degrees of
undercooling.

PETROLOGIC CONSTRAINTS

Magmatic differentiation is a complex process involving
varying degrees of crystal fractionation, mixing and assimilation.
While crystal fractionation still explains much of the variation
seen in the products of single eruptive centers (e.g. Cox and
Mitchell, 1988), minor assimilation and compositional convection
(the ascent of the light melt fraction created by partial
solidification) are usually needed to explain details of
differentiation trends (e.g. McBimey et al., 1987; Reagan et al.,
1987; Grove et al., 1988; Bacon and Druitt, 1988; Druitt and
Bacon, 1989; Brophy, 1989), although the direct coupling of
crystallization and assimilation has been questioned (Grove et al.,
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1988). There is abundant evidence for pre-eruption stratification
in all types of magmatic systems, and mixing on all scales (e.g.
Koyaguchi, 1986a,b; Newman et al., 1986; Brophy, 1987; Camp
et al., 1987; Pyle et al., 1988; Bloomfield and Arculus, 1989) as
well as mingling of different magma types on eruption (e.g.
Bacon, 1986; Sparks, 1988; McGarvie et al., 1990; Robin et al.,
1990). As alluded to above in the sections on magma chambers
and dike transport, fundamental questions remain as to the
physical means by which these relationships arise. "Magma
mixing" is used to describe processes from the scale of
macroscopic comingling to complete homogenization of the liquid
phase; suggested mechanisms of mixing include forceful injection
(e.g. Brown and Becker, 1986), convective overturn (e.g. Green,
1988; Nixon, 1988a,b), compositional convection (e.g. Bacon and
Druitt, 1988), volatile concentration/exsolution (Tait et al., 1989)
and mixing at a double-diffusive boundary layer (e.g.Koyaguchi,

- 1986b). Recognition of mixed magmas is commonly on the basis
of disequilibrium phenocrysts (e.g. O'Brien et al,, 1988), which
Vogel et al. (1989) suggest are a priori evidence for mixing.
However, detailed studies of phenocryst stratigraphy show that
zoning is ubiquitous and complex, and generally does not concur
with a single mixing event (e.g. Pearce et al., 1987). Additionally,
rates of phenocryst resorption or rim growth will be strongly
controlled by the phase equilibria of the mixed assemblages
(Ussler and Glazner, 1989), and the degree of both thermal and
chemical supercooling (e.g. Bacon, 1986; Sparks and Marshall,
1986; Geist et al., 1988). Controls on the effect of these variables
are few, and recent experimental evidence suggests that
isothermal decompression (an expected result of eruption) can
create similar effects (e.g. Helz, 1987a).

In an editorial introduction to a debate on the origin of
granitoids, W, Casey (EQS, v. 79, no. 9, Feb. 27, 1990) stated that
“...anatexis is perhaps the most effective process in inducing
chemical reorganization within existing crust,” although the
characteristic timescale for this process may be tens of millions of
years (Zen, 1988). The "ponding" of mafic magma in the deep
crust (including young mafic crust that is isotopically
indistinguishable from mantle) with subsequent partial meliting

~ and mixing appears to be a potentially important means of
generating evolved melts. One geochemical paradigm for this
process is the MASH (melting-assimilation-storage-
homogenization) hypbthesis of Hildreth and Moorbath (1988).
Physical models for coupled solidification-melting yield melt
fractions whose volume and compositions appear to be in
agreement with some silicic systems (Bergantz, 1989a,b; Huppert
and Sparks, 1988; Fountain et al., 1989). Field evidence for the
transport mechanism may lie in the textures of granitic bodies
(e.g. Hutton, 1988; Miller et al., 1988). More work remains to be
done to elucidate the basic time and length scales of the
interaction of basalt with the crust, and to fully understand the role
of water in the generation of granites (e.g. Wickham, 1987;
Whitney, 1988). Laboratory experiments that determine the
volume fraction melt as a function of temperature (e.g. Beard and
Lofgren, 1989; Conrad et al., 1988; Rutter and Wyllie, 1988) are
needed. Measurements on the simple binary nepheline-sodium
disilicate system suggest that the melting process may be
decoupled from heating, probably due to high melt viscosities and
sluggish reaction kinetics (Yoder, 1990).

Magma supply rates must ultimately control both the duration
of crustal magmatic reservoirs and the periodicity of eruptive
events (e.g. Mahood and Baker, 1986; Thy, 1987; Wetzel et al.,
1989; Defant and Nielson, 1990). While rates of magma
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generation may be tectonically controlled (McKenzie and Bickle,
1988), rates of ascent are related to crustal structure (e.g. Newman
et al.,, 1986; Baker, 1987; Grunder and Mahood, 1988), which
may also influence recognized patterns of complex crustal
reservoirs (e.g. Hildreth, 1987; Donnelly-Nolan, 1988; Nixon,
1988). Since large-volume ash-flow tuffs and layered basic
intrusions continue to be popular models for magmatic systems,
we briefly review the field and petrologic work on these systems
that relate directly to elucidation of magmatic processes.

Large-volume ash-flow tuffs provide valuable information on
the stratification and processes occurring in silicic magma
reservoirs. Differentiation in most large ash-flow deposits is
consistent with fractional crystallization (e.g. Grunder and
Mahood, 1988; Halliday et al., 1989) with some degree of both
assimilation and mixing (e.g. Musselwhite et al., 1989), and may
result in the generation of large quantities of new crust (e.g.
Riciputi and Johnson, 1990). The controversy (e.g. Grunder and
Boden, 1987; Stormer et al., 1987) generated by the suggestion of
Whitney and Stormer (1985) that the large-volume Fish Canyon
Tuff equilibrated at 9 kb just prior to eruption has been resolved
by the experimental work of Johnson and Rutherford (1989a,b),
that shows the Fish Canyon Tuff homblendes to have equilibrated
at 2.4 kb, Chemical zonation in these systems may be reflected in
the inverted sequences of deposits, in variations in quenched
fiamme within the deposits, or in volatile gradations measured in
phenocryst melt inclusions. Zonation styles include continuous
zonation restored by fractional crystallization (e.g. Druitt and
Bacon, 1988); continuous volatile zonation (Anderson et al.,
1989); step function changes in bulk composition but continuous
gradations of liquid compositions (Bacon and Druitt, 1988);
abrupt step function zoning (Carey and Sigurdsson, 1987; Fridrich
and Mahood, 1987; Boden, 1989; Schuraytz et al., 1989;
Sigurdsson et al., 1990), sidewall crystallization (e.g. Sawka et al.,
1990), isotopic zonation resulting from assimilation (Johnson,
1989), and chemical homogeneity (e.g. Dunbar et al., 1989; Self et
al., 1988). Estimates of the time persistence of silicic systems also
vary, from long term stable stratification of the precaldera (0.7
my; Halliday et al., 1989) and postcaldera (0.5 my; Johnson and
Rutherford, 1989) lavas of the Long Valley system, to the lack of
zonation observed over 50,000 yrs. in the Taupo system (Dunbar
et al,, 1989). Although Sparks et al. (1990) interpret the isotopic
data of Halliday et al. (1989) to be the result of many small rapid
melting events, rebuttals by Halliday (1990) and Mahood (1990)
are in agreement with time estimates for periodicity seen in the
Bandolier magmatic system of 0.27-0.37my (Styx et al., 1988;
Spell et al., 1990) and with the compilation of Wolfe et al. (1990)
suggesting that the time required for the development of
significant zonation in large-volume silicic magmas is >10° yrs.
Isotope systematics suggest, however, that phenocryst
crystallization in many ash-flow tuffs must postdate assimilation
and predate eruption by < 100 yrs. (Johnson, 1989).

Layered basic intrusions continue to pose intriguing questions
about the development of large basic magmatic systems (see
Origins of Igneous Layering, ed. 1. Parsons, 1987), although
growing evidence for significant postcumulus modification makes
the direct interpretation of magmatic processes from these rocks
more difficult (e.g. Boudreau, 1987; Hunter, 1987; Mathison,
1987; McBirney, 1987; McBimey and Russell, 1987; see review
by Lesher and Baker, this issue). Problems associated with
determining magmatic processes from layered intrusions are
illustrated by the controversy provoked by the interpretation of the
Skaergaard Intrusion presented by Hunter and Sparks (1987) and
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countered in a series of Discussions and Replies (Brooks and
Nielson, 1990; Hunter and Sparks, 1990; McBimey and Naslund,
1990: Morse, 1990). Fundamental questions raised in this
interchange include (1) the relationship between plutonic and
volcanic rocks, and by extension, their processes, especially if the
eruption of magma can affect the evolution of the system as a
whole (Morse, 1990); (2) determination of volume relationships,
especially of the concurrently crystallizing roof, sidewail and floor
regimes that are critical input for models of heat transfer due to
convection (McBimey and Naslund, 1990; Hunter and Sparks,
1990); and (3) when the extent of roof melting is largely a
- function of the heat transfer mechanism envisioned and the
evidence for large-scale assimilation is lacking due to the
erosional level of the intrusion, how to reasonably choose among
the models presented?

Many of the other unanswered questions regarding the
physical evolution of layered basic intrusions revolve around
establishing the balance between rates of crystallization (cooling)
and rates of magma chamber replenishment (growth). Models of
layered intrusion formation by a combination of fractionation and
periodic replenishment are common (e.g. Naldrett et al., 1987;
Robins et al., 1987; Wiebe, 1987a,b; Ballhaus and Glikson, 1989;
Stewart and DePaolo, 1990) - periodic replenishment by mafic
magma must, then, change not only the chemical structure but also
the thermal structure of the magmatic system (Campbell and
Turner, 1986; 1989; Huppert et al., 1986). Large amounts of new
material must also increase the overall chamber size, and the
relative rates of crystallization, replenishment, stoping, or
engulfing of roof rocks will then affect patterns of crystallization
and assimilation (e.g. Pedersen, 1986; Wilson and Engell-Soresen,
1986; Wiebe, 1988; Habekost and Wilson, 1989); the extent to
which processes of crystallization and assimilation are decoupled
remains a question (e.g. Campbell and Tumner, 1987). Irvine
(1987) reviews possible explanations for commonly observed
sedimentary structures, which are in turn tied to the balance
between magmatic cooling, crystallization and convection (e.g.
Conrad and Naslund, 1989). Variations in settling rates and
crystallization regimes may also affect original porosities of
cumulus piles and resultant textures (e.g. Campbell, 1987).
Finally, competing processes of nucleation and growth that
control textures and ease of compositional convection are
themselves controlled by convection (Morse et al., 1987;
Donaldson and Hamilton, 1987), cooling rates (Morse and
Allison, 1986; Bedard, 1987;), sidewall crystallization (Parsons
and Brown, 1988), and changing concentration of volatiles
(Parsons and Becker, 1987). These processes in turn have a
profound influence on the texture and geochemistry of the
resulting rocks (e.g. Langmuir, 1989).

CRYSTALLIZATION AND VESICULATION

As illustrated throughout this review, processes and rates of
crystallization and dissolution control the dynamics of magmatic
processes. A fundamental observation about rock textures is that
with the exception of megacrysts and products of vapor-phase
crystallization (e.g. pegmatites), variations in grain size
throughout a dike, sill, lava flow sequence or intrusion are 'small
(2-3 orders of magnitude), suggestinig that crystallization times in

these systems are similar (e.g. Cashman, 1990a). In this section

we review the many experimental, theoretical and observational
contributions of the past four years that represent progress toward
understanding crystal nucleation, growth and dissolution in
complex silicate systems. Recent reviews of the burgeoning
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engineering literature on the heat and mass transfer attendant with
phase change can be found in Yao and Prusa (1989), and Viskanta
(1988), and are collected in Structure and Dynamics of Partially
Solidified Systems (ed. D.E. Loper). Among the more notable
contributions to the physicochemical theory of multi-component
phase change are the works of Hills, Roberts and Loper (Hills,
Loper and Roberts, 1983; Hills and Roberts, 1988a,b; Loper and
Roberts, 1987; Roberts and Loper, 1987) and those from a group
at Purdue University (Bennon and Incropera, 1987a,b;
Beckermann and Viskanta, 1988; see discussion on magma
chambers above). These works have provided the much needed
formalisms for the quantitative (computer) modeling of
crystallization.

Combined kinetic and thermal models of crystallization in
one-component systems initiated by Brandeis et al. (1984)
suggested that the latent heat evolved through crystallization
serves to buffer crystallizing systems close to equilibrium
temperatures (i.e. small degrees of undercooling) for most cooling
conditions. An extension of this model includes parameterization
of the equations describing the time history of crystallization and
one-dimensional conductive cooling of a dike or sill (Brandeis and
Jaupart, 1987a,b,c,d) - it predicts (1) very short time scales for
crystallization (2 x 10° sec for dike margins, 108 sec for intrusion
interiors) and resuiting small length scales for the crystallization
(mushy) zone, and (2) final textures that are much more sensitive
to the form of the nucleation rate (as a function of temperature)
than to the growth rate. Spohn et al. (1988) include the effect of
crystallizing a binary (eutectic) system (i.e. allowing
crystallization to occur over a temperature interval); they find that
solidification times and crystallization rates differ from those
calculated for the one-component Stefan models due to smaller
undercoolings maintained in a multi-component system and the
extended temperature range of crystallization. This concurs with
the prediction by Brandeis et al. (1984) for one component
systems and is an important result in terms of the applicability of
equilibrium thermodynamic models (e.g. Ghiorso, 1987) to
crystallization of dynamic systems. It is important to note,
however, that the crystallization models described do not include
possible effects of convection or a realistic distribution of latent
heat throughout the crystallization interval. Both of these
complications are addressed in the equilibrium (no kinetics)
model of Ghiorso (1990), who demonsirates their importance in
modifying the cooling history of very large intrusions.

Experimental work on synthetic and natural rock systems
continues to provide valuable information on crystallization
kinetics and is reviewed in Cashman (1990a). Muncill and Lasaga
(1987) show that crystal growth in the synthetic An-Ab system is
interface-controlled for conditions of small undercooling; growth
at larger undercoolings is non-linear with time, and apparently
diffusion-controlled. Measured growth rates in the anhydrous An-
Ab system can be modelled using the formalism of Lasaga (1982);
this model does not work for the hydrous system, however, and
points to the inadequacy of the Stokes-Einstein relation in relating
diffusivity to viscosity (Muncill and Lasaga, 1988). Baker (1990)
finds that the Eyring equation more closely approximates
measured diffusivities and viscosities in rhyolitic and dacitic
melts. Dissolution experimenis by Zhang et al. (1989) point to the
complexities of the dissolution process, including the
documentation of common uphill diffusion. They thus caution
against inferring bulk magma composition from crystal zonation,
and apparently confirm the importance of a crystal's local
environment (e.g. Pearce, 1987). Added confirmation for this
observation lies in the documentation by Bacon (1989) of the
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common occurence of accesory phases at the boundary (i.e. in the
depletion zone) of growing crystals. Finally, classic diffusion-
controlled growth (e.g. dendrites) is shown by Fowler et al. (1989)
to be fractal on certain length scales; while quantitative analysis of
fractal dimensions could ultimately supply cooling rate
constraints, no calibrations are currently available for direct
application to magmas.

An empirical approach to the determination of in situ
crystallization rates was introduced by Marsh (1988) and
Cashman and Marsh (1988) - as demonstrated by chemical
engineers (e.g. Randolph and Larson, 1971), measured crystal size
frequency distributions for crystals grown from a melt show a
negative correlation between frequency and size that may result
from either growth dispersion (different crystals of the same size
having different growth rates) or from the small probability that
any given crystal will advance from one size class to the next
larger (Maaloe et al., 1989). Crystal growth rates determined
from measured size distributions are small (10719 - 10-!! cm/s;
Cashman and Marsh, 1988; Cashman 1988; 1990a,b) and
probably represent growth at very small degrees of undercooling.
Measured crystal growth rates appear to be relatively insensitive
to the specifics of the precipitating phase, the apparent
undercooling (within limits) and to the melt composition (with the
exception of extremely inviscid magmas, e.g. Peterson, 1990).
Conversely, nucleation rates are strongly dependent on
undercooling, as evidenced by the range of nucleation rates
estimated for plagioclase phenocrysts, microphenocrysts and
microlites of Mount St. Helens dacite (Cashman 1988; 1990b).
This observation concurs with the prediction of Brandeis and
Jaupart (1987) concerning the control exerted by the initial
nucleation rate on final rock textures, and has the following
ramifications for modeling magmatic processes: (1) growth rates
appear constant at 10710 - 10!t cmys for a wide range of melt and
crystal compositions and cooling conditions, and can thus be used
as growth rate estimates in magma chamber models, (2)
comparison with experiments shows that these rates are consistent
with crystallization at very small degrees of undercooling (e.g.
Maaloe et al., 1989) - equilibrium thermodynamic models from
melt evolution may thus be appropriate except for conditions of
extreme undercooling (e.g. small dikes), and (3) while nucleation
exerts the primary control on rock textures it is the process that is
least well understood.

The kinetics of bubble nucleation and growth control
processes of vesiculation and mechanisms of magmatic degassing,
which in turn are related to magmatic transport dynamics and
volcanic eruption styles. To apply such models quantitatively, we
need not only theoretical models of vesiculation but also
solubilities of volatile species as a function of pressure,
temperature, melt composition and volatile composition. Most of
the models relating volatile exsolution to eruptive style have been
developed for basaltic systems, where the low viscosity of the
melt allows significant migration of a volatile phase, and
transitions between different two-phase flow regimes may control
eruptive style (Vergniolle and Jaupart, 1986; Jaupart and Tait,
1990). Triggering of volcanic eruptions by fractional
crystallization and resulting oversaturation of volatiles will be
controlled primarily by the solubility relations of the volatile
species involved, with eruptions much more likely for water-
saturated rather than CO9-saturated magmatic systems (T ait et al.,
1989b); this eruption mechansim also appears to hold for the
dome growth episodes at Mount St. Helens (e.g. Cashman, 1988;
Anderson and Fink, 1989; Fink et al, 1990) and may be
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responsible for patterns of crustal uplift and subsidence at
Yellowstone caldera (Dzurisin et al., 1990) and patterns of
microgravity change at Poas volcano (Rymer and Brown, 1987).
Continuous degassing can result in discontinuous eruption
behavior depending on the balance between bubble accumulation
in a foam layer at the roof of a chamber and the flow of bubbles
up a conduit (Jaupart and Vergniolle, 1989; Vergniolle and
Jaupart, 1990). The magmatic gas content and magma volume
flux from the conduit then determines the dynamic structure of
lava fountains, which in turn control the nature of the deposits
produced by them (Head and Wilson, 1987; 1989).

Equations describing bubble nucleation and growth from a
melt are similar to those of crystallization, except that
simplifications can be invoked if vesiculation is assumed to
involve only one or two diffusing species, spherical shapes and
uniform interface properties. An additional growth parameter
must be incorporated, however, to allow for expansion due to
decompression. The analysis of Sparks (1978) continues to
provide the foundation for much of this modeling, despite
admitted simplifications (diffusional and decompressional growth
of a single bubble in an infinite medium). A more elaborate
numerical model has been developed by Toramaru (1989), who
calculates the evolution of bubble size distributions ‘during
vesicualtion in ascending magmas with constant velocities.
Bubble size distributions measured in basaltic scoria and in
thyolitic pumice show some correlations with melt composition
and eruption style, but do not yield well-constrained kinetic
parameters for vesiculation (Toramaru, 1990). While
experimental constraints on degassing of silicate magmas are
extremely limited, quantitative test of vesiculation (e.g. Lubetkin
and Blackwell, 1988) and condensation (e.g. Schmelzer and
Ulbright, 1987; Schmelzer and Schweitzer, 1987) in simpler
systems provide a foundation for much of this work.

Experimental and observational constraints for the vesiculation
models presented above are limited. Experiments in basaltic
systems are facilitated by the calibration of FTIR as a tool to
measure dissolved CO, in volcanic glasses (Fine and Stolper,
1986). Experimentally-determined solubilities of CO, in mid-
ocean ridge basalts (MORBs) is approximately a linear function of
pressure at the low pressures expected in MORB magma
reservoirs (Stolper and Holloway, 1988). Measured CO,
solubilities in MORBs from the Juan de Fuca ridge are higher
than predicted, and may represent incomplete magma degassing
due to rapid ascent (Dixon et al., 1988) and the difficulty of
nucleating CO, bubbles at low pressures (Bottinga and Javoy,
1989; 1990a,b). However, there is also evidence that basalts that
reside in magma storage reservoirs for any length of time undergo
significant degassing (e.g. Gerlach, 1989a,b; Fisher and Perfit,
1990; Dixon et al, 1990), evidence in agreement with the
prediction that MORBs may be saturated with CO, when
generated in the mantle, and thus exist as a separate phase prior to
accumulation in the magma chamber (Bottinga and Javoy, 1989;
1990a,b). Thus ocean basalts containing anomalous amounts of
volatiles (e.g. Gill et al., 1990; Sarda and Graham, 1990) may
represent magmas transported directly from depth; in fact, Sarda
and Graham (1990) measured negative exponential vesicle size
distributions in mid-ocean ridge “popping rocks" that are identical
to the linear crystal size distributions of volcanic rocks described
above, ‘and suggest continuous nucleation and growth of bubbles
during magma ascent.

The past four years have seen great advances in both
measurements and thermodynamic models of water solubilities in
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aluminosilicate melts, building on the work of Silver and Stolper
(1985) and answering the plea of McMillan and Holloway (1987)
in their review of the available solubility data for water in
alummosﬂlcate melts at that time. Evidence for Henrian behavior
of water at total water contents up to several weight percent (i.e.
within the observed range for natural silicate melts) allows
thermodynamic modeling of water solubility (Silver and Stolper,
1989; Silver et al., 1990). In addition, water speciation in silicic
glasses is temperature-dependent and may be used as a glass
geothermometer, although blocking temperature is a function of
quench rate (Stolper, 1989). Wasserburg (1988) demonstrates that
when both molecular water and OH species are considered,
transport behavior (diffusion) is nonlinear at intermediate and
dilute water concentrations. Pre-eruption volatile contents of ash-

flow tuffs have been estimated by measurements of HyO and CO,

contents of phenocryst melt inclusions (e.g. Anderson et al,, 1989;

Dunbear et al., 1989; Hervig et al., 1989). Results from these
studies suggest that volatile saturation occurs at least at the top of
large silicic chambers throughout much of their evolution,
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although details of degassing mechanisms involved with eruptions
of silicic systems remain elusive and have just started to be
addressed for smaller silicic systems (e.g. Eichelberger et al., -
1986; Newman et al., 1988; Anderson and Fink, 1989). For
example, volatile exsolution in the Inyo Craters system may have
occurred in two stages, with extensive degassing due to
decompression (Eichelberger et al., 1986; Eichelberger, 1989)
prior to degassing by second boiling as the result of crystallization
and volatile supersaturation of the melt (Westrich et al., 1988;
Swanson et al., 1989). Continued work in this area should provide
important constraints for interpretation of measured volatile data
plus a better understanding of the relationship between rates of
degassing and timescales of structural relaxation of viscous melts
(e.g. Dingwell and Webb, 1989; Kress et al., 1989).

Acknowledgements. We are grateful for helpful reviews by S. Blake
and A. McBimey that substanually improved this manuscript, although, as
always, any mistakes or omissions are our own. Financial support for this
work was provided by National Science Foundation grants EAR8916930
(o KVC) and OCE9000913 and EAR9019217 (to GWB).

Bmxlm. D.E., R.G. Warren, and FM. Byers, Chamical and minenalogic
trends within the Timber Mountain-Oasis Valley caldera complex,
Nevada: Evidence for multiple cycles of chemical evolution in a
1‘09\'185941\?& silicic magma system, J. Geophys. Res., 94, 59615985,

Bruce,P.M. and H.E. Huppery, Th 1 i of basaltic fi
Naiure, 342, 665667 1989,
Bmee.PM. HMS&MNWM et by

i Magma Transport and ?‘ktomu.
ted by M.P. Ryan, John Wiley & Sm:, New Yotk. 87-102, 1990.
Bu&,WR.md . Su, Focused elling bel ridges
!wdxr.kbaweav:muymdmehn( Gcoplxya Res. Lett,,
B 16 m%v% and J.A. Orcun, Te
urnett, o, anop}ﬁ: e of the
magma chamber st 12°50°N on the East Pacific m-. 339,

206-208, 1989.
Camp, V.E.. PR. Hooper, MJ. Roobol, and D.L. White, The Mahdinsh

ﬂwllm.SndxAnm ‘Magma mixing and sknullancous extrusion of
b.uhcchmmdtypa Bull, Volcanol., 49, 489-508, 1987,
Campbell, LH., Distribotion of orthocumalste ulate texmres in the Jimberlans
tntrusion, J. Geol, 95, 35-54, 1987.
Campbell, LH. and 'mmn' The influence of viscosity on foontains
dmnben. J. Pltrol 27,1-30, 1986,
LH. and J.S. Tumer, A igation of axsimilati

m & besalitic magma dnmber. J.Geol, 95, 155-172, 1987.
Cn-ngbdl. and ] 5. Turner, Fountains in magma chambens, J. Petrol.,
0, 885-923, 1989.

ClnMJlndJ.A.Wd.brInmﬂuptmdnn es in camposition of some
Iafic 10 intermediate ceniral America, J. Volcanol. Geo-
therm. Res., 33, 147-159, 1987

[

Carrigan, CR.. A two-phase moded for
intrusions, J, Volcanol. Geotherm. Res., 28, 175-192, 1986,
Carmrigan, CR., ‘I}nmnpmnchyluy-mmbauﬂ can-
vection in cooling lava lakes, Geophys. Res. Lett, 14 915-918, 1987.
Carrigan, CR.,, Biot number and thermos battle effoct: lmphe-nms{or

shallow

nuunl«:h.nbuemvedwn. Gmlogy 16 T TM 1988
ngm.C.R.de.T Cygan, |
Soret-related fracticnation, J. Geophy;_ﬁu.. 91, 11451-11461,
Carn;m. C.R. and J.C. Es of magmas by viscosity in

volcanic conduits, Nature, 343, 248-7.51 1990
Casad Gne\lnd, L. Malinconico, JR.

Bomnu.Y md! Javoy, Mid-ocean

Ballhans, CG.and G. Glikson, Magma mixing end Geophys. Res., 95, 5125 131 199(!3.
in the Wing Hﬂhmmm.G\IGCouxplzx.CmmlAnmml A..B..Pmnlmdmn(aymmmmmtbefmm
Petrol., 30. lM3-1469. 1989. o(fme-ualmwmg.Orquu /[gneous Layering, edited by L Persons,

Bﬂbth Plagioclase xenocrysts and mafic magmatic in some D. Reidel Co., 453-471, 1987.

of the Siexva Nevada bethotith, Californis, J. Geophys. Res,  Boudrean, A.B.mdls Md:nnnm. 'pnm:oﬁthn’l]wuuCan
55 17747-17756, 1990. plex: Part V. Apstites as of ing floid comp

Barker, D.S., Rhydlises i with metspelite and gebbro, Lipari, Contrib. Mintral, Petrol., 102. 138-153, 1939
Aeolisn Islands, fraly: pcdnmo(hmaumﬁumoro{usm- Brandeis, G., C.!upu\ CJ. Allegre, N crysual growth and
Iation plus fractional crysullizatim? Contrib. Mineral. Petrol., 97, the thermal reg msgmas, J. Geophys. Res., 89,
460-472, 1987. 10161- lOITI 1984

B W‘SJ"W °;=ea” s ’Comb Mineral. P‘_ ol., 93, ki c uxﬂmonmdnmben Forth Plane mw

intrusions, iner "eLr N magma . 1.,
254-531, 1986, 345361 1986,

BmM.de.P.Pl{nmmm Post-caldera dacites from the Bmd:u.G andCprm. Chancteristic dimensions and times for
volcanic complex, Acgean Ses, Groece: menmpkoﬁbe crysallization, i Ori) woflgmomlzyumg,eduedbyl
Iavasof mmpaummnlﬂbympawd xb Parsons, D. Re\dd.hxbl.cu 13639, 19872
Minaral. Petrol., 94, 472495, 1986. Bmdu& G. md C. Jaupart, Crysul tizes in intrusions of duﬁum

Be.lrd.Js mdA.Bomu. i of the cooling regime and the

of
Anaﬂvduno,CocuRn.Coam.b

195 213 1938.
Bedard, JH.J., Tbedcv:bpnmo‘mp«mmumdmnlhyamgm
basals from Cs;

Ct.nxh. m Or ins aflgn;g‘,ur laycru\‘, edited by L

Wh magma series: clues to granite magmagenesis, J. :

Gm@w Ra.u 95 rrm-mw 1990.
D.and > f
mdrpeasmspon' binn‘yoohd-hqmdphudxmgelynmul.
Model formation, /1. J. HcalMa.B Tmru 30 2161-2170, 19872

BcnnonWDmdF.P' odel fo heat
speaesmxpm in bmuy solid- hqund phue ch.nn;e synems [L

) vity, Int. J. Heat Mass
Tmu 30, 21712187, l987b
Bergantz, G.W.. Thermal and dynamical state of the lower crust following
unduphtm Implications from melt generation and petrologic
diversity, EOS, Trans, Amer. Geophys. Union, 70, 1093-1095, 1989
Berganiz, G.W., ting and partial melting: Implications for melt
generation and extraction, Science, 245, 1093-1095, 19896,
Bcrgunz. G.W., Melt fraction diagrams: the link between chemical and

kinetics, in Mupuuc Processes: Physicochemical Princy ,edxxai

by B.O. Mysen, Geochem. Soc. Spec. Publ., 1, 307-318,1

Brandeis, G. and C. Jaupart, Thekmalclo(nnduummd
mdsahnghmformmmncuymhuu on, Coutrib. Mineral. Petrol.
96, 24-34, 1987c.

Brandeis, G. ndC. qua-n Towards wthn; laws for the interpretation
igneous of partially solidifi ‘
:mm,ednedbyD.E.Lope Martmus Nijhoff Publ, Dordrecht,
327-347, 19874

Brandeis, G. mdBD Mlnh The coavective li

1, TJ., 1.B. Stokes, L.P.
udev:ll.-ndBT Furukawa, SO and OO, emission rates s1 Kilaoes
Volcano, 19'19 1984, US.GS. Prof. Paper, 1350 77!-7&0 1987.
Cashman, K.V, ization of Mount. St. Helens dacite:
texraral Bull. Volcanal., 50, 194-209, 1938.
..Texmﬂomnnimontbekimsiuofuynﬂinﬁmol
lgneenlmdu.undaullmw.w/' Unda di
Magmatic Processes, edited by J. Nicholls -nd J.K. Russell, Rev. in
Mineral, 24,259-314, 1990w
K.V GmmduunaymnmnmolMumtSL Helens dacite,
1980-1986 A ool for i shallow

. Mineval, Petrol., in press, 1990b,
K e oeat o
fas
lake, Contrib. Mineral. Petrol., 99, 292 305, 1988.
Cattell, A.C., The Skye Main LavaSeries. l.\qmddmmymdlhenb-awe
of basaltic hawaiites, Geol. Mag., 126 681-684, 1989.
Chadwick, W.W., RJ. Arch ‘Archulets and D.A. Swanson, The mechanics of
munddd on precursory to dome-building extrusicns at Mount
SL Helens 1981- 1987.1 Geopkys. Ru~ 93, 4351-4366. 1988,
B.W. and W.E. Stephens, Osigin mfnmmnl
magmas, Trans. Roy. Soc. Edinb. Earth Sci., ?9,237 243, 1988‘
Q:m.CF and S. Thangh Effects of vix and cooling
crysuitization and subsequent double-diffusive convection, in
7lI|In1 Hcal Transfer Conference, Munchen, 363-368, 1982.
Chen, Y.D.,R.C. Price, AJ.R. White, and B.W. Chappell, Mafic inclusions
from the Glenbog and Blue Gum granite suites, southeastem Australia,
7. Gcoph)u"f:d% 17757 17785 1990
D.A.

ity var

e
agy anun 339 613-616
1989.

Brandeis, G. and B.D. Marsh, Transient Xanged by
solidification, Geophys. Res. Leit,, 17,1125-1128, 1990.

Brooks, C.K. and T.E.D. Nielsen, A discustion of Hunter and Sparks
(Ccnmb Minerul Petrol 95: 451-461) Contrib. Mineral. Petrol., 104,
244-247, 1990.

Brophy, J.G., The Cold Bay Volcanic Cenur, Ahuum volc:mc e L

E ic inchisions in rhyolites
of the Spor anum Fromation, westem Ulah: lumuuom on com-
& ks,J.Geophys.Res.,

Cla . lgm ;{n 1990 olith populsiicns, N[?l
gue, DA, wtun xen
of magma Bull.Voleanal.. 49, 571581, 1987
Clark, S., FJ. Spera and D.A. Yuen, Swadymwdonble-dxﬁunvecm
vection in magma chambers heated from below, in Magmalu: Pro-
cesses: Physicochemical Principles, edited by B Mysen,
G

Imphauom for fractionation
andesite genesis, Contrib. Muu.ml Ptuol 97,378 388 1987,
A model foe the

Brophy, J.G., Basalt and pl.
-aluming arc basalt, J. Geol., 97 3!9 -329, 1989.

hemical Soc. Spec. Publ., 1, 289-305, 1987.
Clemens, 1.D. and D. Vielzeuf, Constraints oa and magna pro-
duction in the crust, Earth Planet. Sci. Lett., 86, 281-306, 1987,
Conrad, MF.de.R Nulund Modally-gmded rh ic layering in the
J. Petrol., 30, 251-269, 1989,

genenation of high.
Bmphy, JG., Anfduuu fmm nonhuan Km Aleuti

dcvakgmmg Conmb Mineral. Petrol., 104 568 -581, 1990
B.D. Marsh, On the origin of high-slumina arc
ofme.llexxrldml Petrol., 27,163-789, 1986.

chamber
BmphyJG

Conrad, W.K., LA. Nicholls, and Vi, Wlll.Wna‘-ummedlnd-unda

of crustal compo-
sitions at 10 kb vndamford:mmo{lﬂmcmmmthehupo
Vol%c Zone, New Zealand, ind other occurrences, J. Petrol., 29,
765 1938,




CASHMAN AND BERGANTZ: MAGMATIC PROCESSES

Cooper, R.F., Differential siress-induced meh migration: An experimental
approsch, J: Geophys. Res., 95, 69796992, 1990.

Cooper, R.F. and D.L. Kohlnea Rhealogy and structure of olivine-bssaht
partiai melts, J, Geophys. Res., 91, 9315-9323, 1986. L.

Cooper, R.F,, D.L. Kohlstede, and K. Ch -precipitation
eohumced creep in solid-liquid s, aies which display & non-zero
dihedral AaaMclall 37, 1759-1771, 1989.

Cox,K_Gnnd Impmxneeoluymllenlmgm(hedxﬁ

of Deccan Trap basaliic magmas, Nature, 333, 447449, 1988

Cmp.J.A.mdFJ Speu,Pytodamcﬂowtmdhvuo(d::M

Fataga formations, Te)edl Voleano, Gran Cm:.ru, Canary lmds*

mineral chemistry, intensive chamber evolu-
ton, Contrib, Mineral. Puro) 518 1&5

Criswell, CW,, Ch by of the May 18,
1980, em;umo(MamlSr.Hdml \Vulmpm J.Geopkys.Res., 92,
10237-10266, 1

Crowe, B.M., DC. Fmegn.WH.hlle.:ndWV Boyrton, Trace ele-
ment geochemisry :(‘vclumc gases and pumdu from 1983-1984

J. Geophys. Res., 92,
1;;4)3-137 4, 1987,

CmdmA.R..How fabric during the diapiric rise of

mxgmlJGlol 9368!-698
Cuﬂa:A,, waxn, and AR. M "‘ braphyric besakts
Archipel. lVolcnnolf‘ A Res,, 37,

375-337 1989.

Dam:,MdeF.M.Mla. Mm{‘:’duealy
na system,
apAr Res. 14!1.,13 169% 1988,
2one h
Exnnpluhmlbel.amuulkund aurormmhm
island arc valcanic rocks, mmm,
3, {“5 2198. 1987,

Davidson, JP. M‘A.Qm;m.KMk;umuﬂM.TACm
Crust and the The San

Davidson, KM M.T. Coliscdi, and M.A. Dungan, The origin
udzvobmmdpgxwmmfm SnPedm—PeﬂAdovdumcm
plex, S.Chile: and open sysiem evolotion,
Contrib. Minaral, Petrol., 100, 429-46 1988,

M
Davnd«n, JP,SL. deSihm, P. oldm, AndA.N Hallidey, Smail-scale
’ ic inclution and s mors silicic bost, J,

libriem in
Gx:eq:” Res., 95, l'l 1- 17675 l990
Decker, RW., T.L. n;hl,;sng P.H. Suaffer {(ed.), Volcanism in Hawaii,
USGS. I’rof Paper, 1350, 1987,
Defart, MJ. and P.C. mmd.

cesses using Sr-

of
unmph from the westem e:nnl
Luzan are, Phillipines, CAan.GwL 67, 107-208, 1988,
Defart, MJ.de.LNi:ha, xapmmclopmxympmogamc
processes: Phase equilibri Geochim.
Casmochim. Acia, 54, !7-102. 1990,
DeGnaff, JM., P.ElpngmdA.Aydm. Use of joint-growth directions and
mx*texmmlonlcnbamllm; imes during solidification of basaltic
‘olcanol. Geotherm. Res., 38, 309-324, 1989.
, P.T., Heat transfer during emplacement and cooling of mafic
es, MaﬁchbSnvmu editedby H.A. Halls end W.F. Fehrig, Geol.
A.uoc Canada Spec. Paper, 34, 31-46, 1987,
Delsney, P.T., me ﬂptogmm!oremdxmwwohn; of dikes with

and heat of crysullization,
Comp. & Geosci., 14, 181-212, 1988,
Delsney, P.T.,R.S. Fisk e‘;‘t,:ﬁkhm , AT, Unnl:n.lndMl(.Sno.Deep

magma summit and rift zones of Kilaues Volcano,
Hawaii, Science, 247, 1311-1316, 1990.
and J. Tullis,

Dell’Angelo, 1.N. deformation of partially
m;:&edgnnn.\cawuu.l Metamorphic Geol., 6, 495 515 1988,
Denlinger, R.P Amodr.lfordane erupuau at Mount St Helens, Wash-
m;wu, subenitical crack growth, in Lava Flows and Dm:.

edited by JH. ka Spnn;u-Vcrlq.Bu'lmJW 1990.

Dingweil, D.B. and S.L. Webb, S tructural relaxation in silicate melts and
non-Newtonian mek in goologic processes, Phys. Chem.
MMmbE 16, 508- 213.1289 Infrared

Dixon, J.E. Stdpet . Delaney, copic meanire-
ments of and HyQ in Jusn de Fuca Ridge basaltic gissses, Earth

Planet. Sci. Lett., 90, §7-104, 1988,

Dixon, LE., D.A. Clg;ue. and KM, Stolper, Degussing hiswory of water,
sulfur, end carbou in submarine lavas from Kilaoes valonao, Hawaii,
J.Geol., in press, 1990,

Dodge, FC.W. and RW. Kistler, Some sdditional observations on inclu-
sions i the granitic rocks of the Sierra Nevada, J. Geophys. Res., 95,
17841-17848, 1990, o )

H. and D.L. Hamik I and

layering mnmckmdx. Nalur: 327, 4!3-4!5 1987.
Dom:l]y Nuhn IM, c model of Medicine Lake volcano,
mpk)q Ru 93 44124420, 1988.

Dame.llyNolm IM,DE. C!umpm:,C.D Miller, T.L. Grove, and D.A.
Trimble, Pon-ll 000~yur volcanism st Medicine Lake valeno,
Cascade range, northem California, J. Geophys. Res., 95, 19693-19704,

, 2nd M.E. Roden, Origin of the mafic enclaves

B meunMSmchndlbdhohlh California,
J. ;cgol., JCl_'Ra.SB;-“l (1‘990

Drui and 2con, p
ui'; Mount Mazama magma chamber, Crater
Roy. Soc. Edinb. Earth Sci., 79, 289 297 1988.

Dmm.q'ﬂ de.R.Baem.Pd.mlugynflhe calcalkaline m:
chamber of Mount Crater Lake, Oregon, Contrib, Mmaal

Petrol., 101, 245-259, 1989,
TH.R. D. 20d RSJ. Spasks, Explosive vol-

'n:eT:y Cmd:Rhyd.uaot‘ New
of lsva dames and flows, Bull.

1 i " 5

Lake, Oregon, Trans.

b,

Emeleus, CH., The Rhum Iayered complex, Inmer Hebrides, Scotland,
%g{uoﬂguaummg edited by L Parsons, D. Reidel Pobl. Ca.,

Ememun S.H. and R. Marreat, Why dikes? G:ology. 18 231 233, 1990

509

Geology, 14, 16‘)4-0‘1‘66. lgf&'
L A, ible effect of aspect rstios of chambers on
eruption frequency, Geology, 14, 991994, 19866, —
Gudmandesoa, A., hlallmlgmlﬂorw calders collspse, and a mechanism
of i m locland, /. Volcamol. Geotherm. Res., 34, 65-T8,

Endo, ET., D. Dzurisin, and D.A.
cmnnmu for aseent rates of dacitic mnym a MoumSm Helens, in
Magma Transpori and Siorage, edited by MP. Ryan, John Wiley &
Sons, New York, 317-334, 1990.

Fabre, P., Y. Kast and M. Girod, Estimation of flow duratian of basaltic
mlgmamﬁ.umu J. Volmnol Geotherm_ Res., 37, 167-186, 1989.

Fine, G. and E. Stwlper, Dissolved carbon dioxide in basahic glasses:
concentration and speciation, Earth Planet. Sci. Lett., 76, 263.278,

1986,
Fink, L.H. (ed.)The Emplacement of Silicic Domes and Lava Flows, US.G.5.-

Spec. Paper, 212, 1987
Fink, JH. (ed.), Lava Flw.r and Domu, TAVCEl Proc. Valcanol. 2,
}rmgc.r-Vuhg. Bedl.n, Lo

Prop-
emu of favas: Puu Oo budlﬂom Kilsues Volam Hawaii, in Lava
Flows and Domes, edited by LH. Fink, Spmucherhg, Bedin,
157-173, 1990.

Fink, L.H., M.C. Malin, end S.W. Anderson, Intrusive and extrusive growth
of the Maunt St. Helens lava dane.Namn. in press, 1990.

Fisher, D.E. and M.R. Perfit, Evidence from rare gases formagma-chamber
d%-mg of highly cvolved mid-ocean-ridge basalt, Narure, 343,

Fifterman, DV Overview of the t
Ncwhu\g ok:no Oregan, J. Gcoeﬁ)« Ru 93, 1(!)59-!0&56. 1986

Flood, T.P. C.deunytz.md mizing doe to dis-
rupumsof 9-8hyemd magma body, .l Volcanol. Geotherm. Res. 36,
241255, 1989,

Flood, T.P., TA.Vogd.mdBCSd:m Chemical evolution of &

¢ rystem: The , southwest Nevada volcanic

ﬁdd,l Geophkys. Ru 94, 5943-5960, 1939.

Foden, J., The petrol Tunbon Voleano, Indonesia: A model for the
1815 eruption, /. olcunol Geotherm. Res., 27, 1-41, 1986,

F u.GJLmdDRTmy Smmmxuﬂcvnluumoﬁheﬂmgxll-

1987
Gudnmm A., m«:dmxﬂemsmmm
o intrasion and J. Volcanol Geo-
Mu.llu 35, 179-194, 1988 ion froquencies.

Habekost, EM. nd JR. de,hh-likgmahuhcmchummme

Hyllingen layered intrusion camplex, N
mmﬁo’m chamber evolotion, /, Pwol 30 1415 144!

}hﬂﬁyA.N.G.A.Mahood,P.Rd‘b.J.M. T.J. Demprter, and
D«g‘;@,ﬁvﬂm oflmgmxhamofmwhmmlym

hvunfGluMmm,MFlanﬂ 58, Lett,, o, 274 290, 1989.
Halliday, A.N.,Reply 1o comment of R.SJ. Sparks, LE. H uppert, and CJN.
;:lm ‘,".Ilil\;lmes for long residence times d‘rhyuhnc magma in
Long mmunctynan the i gru:ld
lavasof Glass Mountain®, Earth. Planet, Sci. Eﬂ 99,390-394, 1990,
Halls, HA. and W.F. Fahirig, Mafic Dyke Swarme, Geol. Assoc. Canada
Spec. Paper, 34, 1987,
HAha,S.P..hrpghnn&uimnhphmdmpbamymmdthw
a# of mixed andesitic lavas st Toliman Volcano,
ola.nol 31, 271-280, 19%9.

o double-diffusi

nn-lcm bers, G ,,_Rauuwld 1099-1102,

Hudeu.l{.C.. qunﬂmuumaolavaﬂmmndmbam
sources of thermal energy, J. Volcanol, Geotherm, Res., 28,

Hnuu:,U:nd

296, 1986,
Head,lw mdLWihoo. Lava foontain heights s Pu’a *0'o, Kilases,
waii: Indicators of clumlvednugmnvol-

of amount and varistions
u.du J. Geophys. Res., 92, 13715-13719, 1987,
Hud.JW and L. Wilson, mlncpymchmcmxpn.icm: Influence of
fu-fduseor-u:m snd volume fluxes on fountain sructure, and the

sdalur voleanic eanplex geophysics, and canes, spatier cones, rootless flows, lava ponds and
ic tomography, J. Geophys. Res., 94 1715 -17522. 1989." Lava flows, J. Volcanol, GeollmmRu 37,261-211, l989pm
Founum 1C., D.S HodgendR.PS v. Md! ation in snatectic Heiken, G., K.Wehhmmdl didberg;tFnamedlmgmdmuu
mﬁ. e model,J. Ve A Res., 39, [I)X”m"dlm , Inyo Dames, Californis, J. Geophys. Res., 93, 43354350
Fowler, A.C., Theories ol musky y sones: Applications o alloy Smmrmm Helz, )zgm Dlmmdmmlyps in lava of the 1959 ion of/ Kilesea
_mxpo«‘ Tost hea igneous intrusion, in Strudure oneruption dynamics, U.S.G S. Prof. Paper,
dymamics of partially Ad;ﬁad.vyuim edited by D.E. Loper, Martinus 1350,691-722, 1987a
Nijhoff Publ, 159-199, 1987 R.T Differentiation behavior of Kilaoes Iki lava lake, Kilauea Vol-
Fowler, A.C., A campaction model for melt trmsport in the Earth's asthe- e-m.}hm An overview of part and current work, Geachem. Soc.
Part I the basic model, in Magma Transport and Storage, pec. Publ., 1, 241-258, 1987Th.
edited by MP. RYM.JN!IWII?&SGI,NWYO\‘KZ! 14, 1990 Hdl.R.T. CR . Geothermometry of Kilmea Iki lava lake,
Fowlu.AC. APm model f ”mxp}mndw%hsllnhe» Hi?n, ull. Voleanal., 49 65[-668 1987,
g ications, in ma torage, Helz, H. Mumko.Duplmmxferolmeh
edited by MP. R: Jd’nW'lky&Sml.NﬂYmk. 15-32, 1990b. K.ilnexlhl:nhke_ﬂnwm. A quick efficient process of ignecas
Fowler, A.C., H.E.aflﬁeymd Dlgcotd. b 7 11';14‘ et H diffe 5 gcol Soc. mA:ur.B .. 101, 5T8-594, 1989,
textnres: pon-fractal featsres, Nofure, g ,C..l.nd] Prie [o M calders lex,
Francis, P.W., R.SJ. Sparks, C.J. Hawkeswonh, R.S, Thorpe, DM, Pyle, Texis, Geology 1 Goverop e aders omlex
SR. Tait, MS. Volcnml 52,97-112, 1985.

Arga:ma,gcmu 6, 515% 1989
ol. Mag., 126,
med.b'A.md R Tait, 'lbea:lnnnun s V
-visoosilty magma in erptian conduits, A
325-339, 1936,
Fridrich, C1. n.ndG.A.MAbootL
chamber of the G\uﬂyMM Geolou.ls 299305 1987
Fﬁpg&:&m orsad lbeLmnm‘;by‘Gr‘:lndme. Si m
ic-felsic inteysction in ierrs
R e G R A
A. Ho, Petrology of Pr
Paper, 1463,1271-143, 1938, il
O s o ¥, Wolle Pt i
-zone from episode the
olKﬂluuvm‘?th Bull. Va?eanol 52, 81-96, 1989:.‘“:‘
Garcia, M.0.,D.W. Mnmaw.K,E.Auny and]R. O'Neil,Mlycrdanan,
of H.

volstile, and stable i
it glasses, /. Geophys. Rer, 04, 10995-10538, 19896,
Geist, DJ., Myens, 1.D. and C.D. qu quyﬂ-b\nk rock isotopic dis-
ibrium a3 “indicator of contammation processes: The Edge-
cumbe volcanic field, SE Alaska, Contrib. Mineral. Petrol., 99,
105- 112 1988,

M Degunng of carbon dioxide from basaltic magma st
spreading centens: L Afar transitional basalts, J. Volcano!. Geotherm.
Res., JP 21!-219 1989,

™., Degunng of carbon dioxide from basaltic magma at
;eprndmgceum 1. Mid-ocean ridge basalts, J. Volcanol, Geotherm.

39,221-232, 1989b.
Ghiorso, M.S., Qlanu:llmlummfammxgmucpmculum Crystal

Hmry (‘.D iG.
alkaline magms sysiem Infiemito calders,
Tcus Contrib, Mineral. Petrol., 98, 194-211, 1988,
HmR.L,dN Dnhr HR. ut.nd:mdP.R.Kyh, Pm«:mpuvemuzr
ndnmunplmowym 4. Yolcanol. Gtodumku 36
293-32, 1989,

Hildreth, W., New perspectives on the ion of 1912 in the V, of Ten
Thousand Smokes, Katmai National F ark, Alaska, Bull. Volé‘l.fynol 49,

1
Hnmwms-' rbeth, Crustal
mamamc«m Hineral. Pum 93'455-489

Hlﬂs.R.N D.E. Loper snd P.H. Roberts, A thermodynamical
moduu-mmyme.g J. Appl MaIL 36, sassaa 1333

Hills, R.N. and P.H. Robents, On ormelstion of diffusive mixture
mec;lu for two-pluse regions, J En'uumng Math, 22, 93-106,

198!
Hills, R.N. and P.H. Roberts, On the use of Fick’s law in regians of mixed
int, CmeMﬂ:tTmu 15, 113-119, 1988b.
Ho, Am:dMO Garwn,Ongmofdnﬂ‘em lavasat Kilsuea volcano,
Hawaii: from the 1955 ervption, Bull, Voleanol,, S0,
3546, 1988

oﬂm.m,I.P G.E. Ulrich, and M.O. mn«m ;mundddur~
mation peltems and magma stors ge during the
Kilmvdnno,}hwm qxlodu22-42,3ull Vo(mnol 32, 53l

1990.
Holness, M.B. and F.M. Richter, Possible effects of spreading nte on
MORBuowpucmdnmunh position arising from melting of &
b source, J, Geol., 97 247-260, 1989.

Price, and R.C. Smyth, Chemical and thermat zonation
Trans-Pecos

growth, chemical diffusion and thermal diffusion
silicste melts, Contrib, Mineral. Petrol., 96, 29l<313 1987.

Ghiorso, M.S., Tanpemmu in and around cool cooling magma bodies, in
Progress in Metamorphic and Magmaiic Petrology, edited by LL.
Perchuk, Advances in Gwdmmmy, in presy, 1990.

Hooper, PR., mdnr;e(R.R.’)mdxeAma\mnBu
Rowsof Bauh,CokunuAvauBankaszPwol 29,
1097-1118, 1938,

Howu 1D., P;;dugy of the m: of the Skaergaard

Giberti, G. and G. Sartoris, E: of ling the
thermal history of & volcanic area J. Voleansol. Gtolht'm. R:.f 36,
233-240, 1989.

land, l Pmol 30, 399-439 19892,
Hoover, 1.D., The chilled ma gtbbm other contact rocks of the
S Intresion, J. Petrol., 30, 441-476, 1989%,
Banon,debmc

Giberti, G.and L. Wilson, The i f frmagma
oge.nﬁsmm,&ull Volcaml 52, 315-521, 1990
G\lL L., P. Tc undcr Lapierre, [ Taylor, K. Kaiho, M. Koyama, M.
1. Aithchison, S, Cisowski, K. Dadey, K. Fujioka, A. Klaus,
Ml.ovd.LK Mttug)n, . Pezard, B. Taylor, K. Tazaki, Explotive
eep water basalt in the Sumisu nfl Science, 248, 1214, 1990,
Ghma A.F. and W. Ussler, Trapping of magma at midcrustal dentity
discontinnities, Geophys. Ru Ldt 15,673-675, 1988,
Go!u G.G.,A.D. Brandon, and R. Lun Mloomebuduonheﬂlue
on; Part 2, Sr isotopic ratios and trace

Duffield, W.A. and EA. duB: , Temperature, size and depth of
::'H;m lMlelorgyethhydxu, New Mexico, Amer. Mineral.,
o IQS“S; IgIR.oléglge.ode!N Wilson, Evidence for limited

Dunbar, N, for zonation
in silicic magmi Z systems, Taupo Voleanic Zone, New Zealand,
G.ology. 17, 3423, 1989,

Dunbar, NW., R.L. Hervig and PR. Kyle.Dammuouo[pm-cwuvc
H,

element {unnuofhuhgnu;vnmme basalts of central and eastem
Oregon, Geol. Soc, Amer. Spec. Paper, 239, 357, 1989.

Gray, C. M. and A.D.T. Goode, The Kalks layered intrusion, Central Aus~
tralia: A strontium isotopic history of cmmnmxuon and magma
dynamics, Contrib. Mineral. Petrol., 103,35-43, 1989,

Green, N.L., Bnilx-budm: andesite mixing st Mount Baker volcano,

, F and Qi contents of silicic magmas oring melt i
exam ples from Taupo volcanic center, New Zealand, Bull. Volecani.,

o ”7184 g evolution of the Taos Platzss val
stem magmatic tion a0t -

Mn q;a:ly narthern New ansco IL The genesis of cryptic hybrids,
% Pm’lxg’ Sevege st AL, Foarier, Reoes cranal subsidence a
D. miet, subsi
m#dlowmm‘ Qh‘lal.w Wyoming, Bull. Voleanol., 52, 241-270, 1990.
Eaton, J P., D.H. Richter, and H.L. Krivoy, Cyd.m;o(mgmabuveeuhe
summit reservoir and Kilauea Iki lava lake duning the 1959 eruption of
K.ilmVoluno. USGSs. Prof. Paper, 1350, 1307-1336, 1987.

Eberz, G.W. and L A. Nicholls, ranitoid enclaves from the Swifis
Creek phuton, SE- Aunnlu textural and physical constraints on the

naure of the magm: in the plutonic
Geol. Rund., 77 7!3 <736, 1988,
Eichelbx i duced from le foam

JC., Are

ervption?: A reply, Bull. Voloanol., 51, 7215, 1989,
Eichelberger, J.C., C.R. Camigan, HR. Westrich and RH. Price, Non-

explosive silicic volcanism Naiwre, 323, 598-602, 1986,
Eld;dbergu I1C,T.A. Vogd. Lw. omket,C.D.Mlllﬂ' GH Heien,

Wohletz, Straaure and stratigraphy beneath
vuu. Scmhln Crater, Loag Vuﬂcy&lda:,(hh{omn,l
Res., 93, 13208—1327.0 1988,

mixing ditit J. Volcanol. Geo-
Ihcnn.l:‘u , 34, 251-265, 1988
sd, L.P., Hawaiian ive gases,
759-770, 1987 enpd
Griffiths, R.W., Effects of Earth’s roution on convedtion in magms
chxmbers, Eanlnl’laul Sci. Lat., 85, 525-536, 1987.
T.L, g histories of Lavas from Serocki V.
Dnllulngg 106/!09 3-8, 1990,
T.L. and J.M. -Nolan, The evolutian of young silicic Lavas
Implications for the origin of
series lavas, Conrrib. Mineral,

USGS Prof. Paper, 1350,

Voleano, Proc. Ocean

at Medicine lee vdano Califomis:
Te-alkali
Petrol., 92, 281 302 1986
Grove, T.L., RJ sz.lu M.B. Blka,J.M.DomdlyNohn and C.E.
l:xha. A of granite by b at Bumt Lava flow,
Medicine Lake volcano, northem Califomi Deoouyhn of beat and
mass transfer, Contrib. Mineral. Petrol., 99 i“ 343, 1988,

D

Grunder, A.L. and DR. =xou gmatic conditions of
the Fish Canyon Tuff, Central olumcFeld.(‘olondo by
Whnﬂ:mswnner(ww),l Pmol 28,737-746, 19871,

Mahood, Physical dumalmoddsohmed

silicic magmas: the Loma Seca toff and Calabozos calders, southem
Andes, J. Petroi., 29, 831-867, 1988.
dmundsson, A., Fovmnmo(cmnumwchnnbu:mlulmd.

Huij JPP. and M. geochemical evolution of two
lbddvdmﬁmSmmn.Aqua. E\ndmee(or
ions, J. Pet-

eyel

rol.. 30, 583625, 1989.
Hunter, R.H. Textural equilibrium in layered igneous rocks, Origins of
Igg;:;olayauu, edited by L Parsons, D, Reidel Pabl. Co., 473-503,

Hunter, R.H. and R.SJ. Sparks, The differentiation of the Skacrgaard
Intrusion, Contrib. Mineral. Petrol., 95, 451461, 1987.
Hunter, R.H and R.SJ. Sparks, The differersiation of the Skaergsard
H Intrus HE_ s(f}nmb‘:{ml Perrol., 10:‘248%4 1990.
uppert, and Sparks, The generution of grnitic magmas
mnmmo(bulhnme‘::unmulqsut,l Petrol.,29,599-624, X9s:z
HMHEMKSJ Sparks, Th’eﬂmddymmndaumlmdsmg
of basaltic sills, Tranr. Roy. Soc. Edinb. Earth Sci., 79
243, 1988b.
Hupper\,H.E.lndR.SJ Sparks, Chilled margins in igneous rocks, Earth
Planet. Sci. Lut., 92, 397405, 1989.
Huﬂl’{m HEm R_i.{! Sparks, JA. Wé\yndlud and M.A. Hallworth,
magma chamnbers by light in; J. Geophys. Res.,
91,6113-6122, 19864 Bt inpues, v

HuPPen.H £. R SJ. Sparks, JR. Wilson and M.A. Hallworth, Cooling and
ol tion stan inclined plane, Earth, Planes.Sei. Leit. 79,319 328
19

Huppen, HE,R.SJ. Sparks, J.R. Wilson, M.A. Hullworth and A M. Leitch,
Lal expenments with aqueous solutions modelling magma
chamberprocesses I1. Cooling and crystllization along in planes,
“C‘o Orslguu of Igntou.r Layering, edited by L Parsons, D. Resdd Publ

39-568, 1987.

Hutton, D.H., Granite emplacement mechanisms and tectonic controls:
inferences from deformation stidies, Trans. Roy. Soc. Edinb. Earth
Sci.. 79, 245 255, 1988.

Ida, Y. and M. Kummw- Ascent of magras in a deformable vent, J.
Geophys. Res., 91, 9297 9301, 1986,

vaine, Ltyenng mhlad suucwres in the Duke Island and

and origins, Origins of
lzycmg, edited by D. Rndd Publ. Co., 135‘245 1987.
!vemx\,R.M. Lav; a3 brittle shells th
magma, with q:phanm 0 Mount St Hdem‘ m Lava Flows and




510

Domes, edited by L.H. Fink, Springer-Verlag, Bedin, 174-207, 1990.

Tyer, HM., Seismological ion and delineation of magma chambx
‘beneath intraplate volcanic centers in the westem U.S.. in Modeling
Volcanic Processes, edited by C. King and'R. Scarps. Braunsch-
weig/Weisbaden, 1-56, 1988.

1yer, H.M., JR. Evans, P.B. Dawson, D.A. Stauber and U. Achaver, Dif-
ferences in magma storage i different volcanic environments as
revealed by seismic tomogrsphy: silicic volcanic centers and
subduction-relased volcanoes, in Magma Transportand Storage, edited
by M.P. Ryan, John Wiley and Sons, 293-316, 1990,

Jaupant,C. and G, Brandzis, The stagn b layerof
chambers, Earth Planet. Sci. Leit., 80, 183-199, 1986.

Jaupan, C. and S. Vergniolle, The generation and collapse of a foam iayer
1t the foof of a basaltic magma chamber, J. Fluid Mech., 203, 347-180,

omena, Modern Methods

magma

1989.
Jaupary, C. and §. Tait, Dynamics of eruptive
{iuau Petrology: Understanding

of lagmatic Processes, edited by
Y. Nicholls and J.K. Russell, Rev. in Mineral. 24, 213-238, 1990,

Jotmson, C.M., Isotopic ions in silici bers, Geology, 17,
1136-1139, 1989,

11 ired conditi

Johnson, M.C. and MJ. Rutherford, Experi
in the Fish Canyon Tuff, Colorado, magms Chamber, J. Petrol., 30,
T11-737, 19890

Johason, M.C. and M.J. Ruthedford, Experimental calibration of l;'l‘\e

b ornblend with application 10 "
Valley caldern (California) volcanic rocks, Geology, 17, 837-841,
19896,
Kmmf.S.M.. G.N. Hanson, snd ZE. Puz:m. Duethb:dmmdung of
he contact withs basicpl ' Is, i
swdy, /. Geol., 96,6178, 1988.

Kelemen, P.B., Reaction baween uitamafic rock and fracticnating basaltic
magma L Phase relations, the origin of cale-alkaline mlgm- eries, and
the formation of discordant dunite, J. Petrol., 31, 51-98, 1990,

Kelemen, P.B., D.B. Joyce, J.D. Webster, and IR, Holloway, Reaction
between ultramafic rock ioxuati i Ex
imental investigation of reaction between olivine tholeiite and harz-
burgite at 1150-1050°C and 5 kb;J. Petrol., 31, 99-134, 1990.

Kerr, R A., Drilling into surprises beneath an Inyo Crater, Scieace, 239,
350-351, 1988,

Keer, R.C. and SR. Tait, Crysullization and compositional convection
4 porous mediom with l%isuu'm to layered igneous intrusions, J.
Geophys. Res., 91, 3591-3608, 1986.

Kerr, R.C., A.W. Woods, M.G. Worster snd HLE. H
and macrosegregation during solidification ofa
340,351-362, 1989.

- Kilbura, C., Surfaces of aa flow fields on Mt Ema, Sicily: morphology,
rheology, crysullization and scaling phenamens, in Lava Flows and
Dormes, cdited by J.H. Fink, Springer-Verag, Bedin, 129-156, 1990.

Kille, LC., R.N. Thomp M.A. Morrison and R.F. Thomp Ficld
evidence for urbulence during flow of basaslt magma through conduits
from southwest Mull, Geol. Mag., 123, 693, 1986.

King, C.-Y., Volume predictability of hirtorical erupious &t Kilsuea and
WMamma Loa volcanoes, J. Volcanol. Geotherm. Res.; 38, 281-285,1989.

sling, E., G with local eathquake data, Rev. Geophys., 26,

659698, 1988.

Knight, M.D. and GP.L. Walker, Magma flow directions in dikes of the
Koolau Complex, Oahu, determined from magnetic fabric stdies, J.
Geophys. Res. 93, 43014319, 1988.

Kohlstedt, D.L., Chemical analysis of grain boundaries in an olivine-bagalt

88! using_high-resoluti Iytical electron mi , in
Britte-Ductile Transition: The Heard Voluma, edited by W.B. Dur-
hamn, AGU Manogrsph, in press, 1990.

Kohn, §.C., C.M.B. Henderson and R.A. Mason, Element zoning trends in

ivil froma d primary high i desil
i dy, Contrib. Mineral. Perrol., 103,

o1, Disequilibrium
inary melt, Naiure,

P Yy PP
242-252, 1989.

Kouchi, A., A. Tsuchiyama and L Sunagawa, Effect of stirring on crys-
ailization kinetics of basait: texture and element partitioning, Contrib.
Mineral. Peirol., 93, 429-438, 1986.

K chi, T., Evidence for tage mixing in ic inclutions and
rhyolitic lava domes on Nijjima Tsland, Sapan, J. Voleanol. Geotherm.
Res., 29,71-98, 19864

Koyaguchi, T., Texturai and

1 evide m mixing and

its mechanism, Abu volcano group, Southwestern japan, Consrib,

Mineral. Petrol., 93,3345, 19864 .

Koyaguchi, T., Magma mixing in a squeczed conduit, Earth Planel. Sci.
Lett., 84,339-344, 1987,

Koyaguchi, T., Chemical gradient at diffusive interfaces in magma cham-
bers, Contrib. Mineral, Petrol., 103, 143-152, 1989.

Koyaguchi, T. and S. Blake, The dynamics of magma mixing in & fising
ma; bazch, Bull, Voleanol., 52, 121-137, 1989,

gna .
Koyaguchi, T., M.A. Hallworth, H.E. Huppert and R.S.J. Sparks, Sedi-

mentation of particles from & conveating fluid, Natwre, 343, 447-450,

1990.

Kress, V.C., Q. Willizms and LS.E. Csrmichsel, When is a silicate melt
not a liquid? Geochim. Cosmochim. Acta.. 53, 1687-1692, 1989.
Kruger, FJ. and R. Sman, Diffusion of trace elemems during bottom

crystallization of double-~diffusive convection sysiems: The magneti-

Long, P.E. and B.J. Wood, Structures, texmres and cooling histories of
Columbia River basalt flows: Reply, Geol. Soc. Amer. Bull., 99,
887-888, 1987.

Loper, D.E. {ed.), Structwre and Dynamics of Partially Solidified Systems,
I;IAS';‘O ASI Series E, No. 125, Dordrecht, Martinus Nijhoff, 506 p.,

987,

Loper, D.E.and P.H. Robests, A Boussinesq model of a slurry, in Structire
and Dynamics of Partially Solidified Systems, edited by D.E. Loper,
Martinus Nijhoff, Dordrecht, 291-323, 1987.

Lowell, R.P. and G. Bergantz, Melt stability and compaction in a pasually
molien silicate layer heated from below, in Structure and Dynamics of
Partially Solidified Systems, edited by D.E. Loper, Matinus Nijhoff
Publ, 383-399, 1987.

Lubetkin, S. and M. Blackwell, Th leati
solutions, J. Colloid Interface Sci., 26, 610-615, 1988.

Maaloe, S., The generation and shape of feeder dykes from mantle sources.
Contrib. Mineral. Petrol. 96, 41-55, 1987,

Masloe, S., O. Tumyr and D. James, Populstion density and zoning of
olivine phenocrysts in tholeiites [rom Kauai, Hawaii, Contrib. Mineral.
Petrol., 101, 176-186, 1989.

Masloe, S., R.B. Pedersen, and D. James, Delayed fractionation of basaltic
tavas, Contrib, Mineral. Perrol., 98, 401407, 1988.

Mazioe, S. and A.D. Jotmston, Geochemical aspects of some accumulation
models for primary magmas, Conirib. Mineral. Petrol., 93, 443458,

1986.

Macdonald, R, L. Wilson, R.S. Thorpe and A. Martin, Emplacement of

the Cleveland Dyke: Evid from g isiry, mineral and
hysical modelling, J. Petrol., 29, 559-583, 1988.

Muteod. N.S. and DR, Sherrod, Geologic evidence for s magma chamber
benesth  Newberry Volcano, Oregon, J. Geophys. Res., 93,
10067-10079, 1988,

Mahood, G.A., Second replé\o comment of R.SJ. Sparks, H.E. Huppert,
and CJN. Wilson on "Evidence for long residence times of rhyolitic
magma in the Long Valley magmatic synem: the isotopic record i

lavas of Glass Mountain®, Earth. Planet. Sci. Lett., 99,

of bubbles in d

95 1990.

Mihood, G.A. and DR. Baker, Exg:imuml constrzints on depths of
fractionation of midly alkalic basalts and associated felsic rocks:
pantelleria, Strait of Sicily, Contrib. Mineral. Petrol., 93, 251-264,

1986.

Mahood, G.A. and AN. Hallidsy, Generation of high-silica thyolite: ANd,
Sr, and O isotopic study of Sierra La Primavera, Mexican Neovolcanic
Belt, Contrib. Mineral. Petrol., 100, 183-191, 1988.

Mangan, M.T., Crysul size distribut ics and the inati
of magma storagetimes: the 1959 eruption of Kilauea volcano, Hawaii,
1. Voleanol. Geotherm. Res., in press, 1990,

Maniey, C.R. and J. Fink, Intemal textures of thyolite flows as reveaied by
research drilling, Geology, 15, 549-552, 1987.

Marsh, B.D., Crynial capture, sosting, #nd retention in convecting magma,
Geol. Soc. Amer, Bull., 100, 1720-1737, 19882

Marzh, B.D., Crystal size distributions (CSD) in rocks and the kinetics snd
d ics of crysullization L Theory, Contrib. Mineral. Petrol., 99,

ynamics
2771-291, 1988b.
Mnnhéé!.D.. Magma chambers, Ann. Rev. Earth Planet. Sci., 17, 439474,
1

9a.
Marzh, B.D., On conveative style and vigor in sheet-like magma chambers,
J. Petrol., 30, 419-530, 1989,
Marsh, B.D., Crysual capture, sorting, and retention in convedting magma:
. Geol. Soc. Amer. Bull., 102, 849-850, 1990.
Marsh, SP. and M.E Glicksman, Evolution of Iengthscales in partially
solidified synems, in Structwre and Dynamics of Partially Solidified
%"3??9 ;gm:d by D.E. Loper, Martinus Nijhoff Publ, Dordrecht,

MmD..(}ynAlwﬂin;mdinshnayunmnﬁminupemu solutions
and chambers, Earth Planet. Sci. Lett., 96, 336-348, 1990.

and magma
Martin, D, and LH. Campbell, Lab

) Y
chambers: ngmlhmwn ion against sloping floors, J. Geophys. Res., 93,
7974-7988, 1988,

Martin, D. and R. Nokes, Crystal seatling in a vigorously convecting magma
chamber, Nature, 332, 534-536, 1988,

Martin, D. and R. Nokes, A fluidd ical study of crystal senling in
eonveating magmay, J. Petrol., 30, 1471-1500, 1989.

Martin, D., RW. Griffiths and LH. Campbell, Compositional and thermal

ion in magma b Contrib. Mineral. Petrol., 96,
465-475, 1987,

Mastin, LG. and D.D. Pollard, Surface deformation and shajlow dike
inuu:ionpmeesxeulInyocnten.lmngﬂcy,Clli[omilJ.Gtophy.r.
Res., 93, 13221-13235, 1988.

Mathison, C.1., Pyroxene oikocrysus in troctolitic cumulates - evidence for
[l crysullization and postcamulus modification, Contrib.
Mineral. Petrol., 97, 228-236, 1987.

Matison, S.R., Vogel, T.A. and J.T. Wiiband, Parochemistry of the
silici fi pl aV Auswrhom, Jceland: Evi-
dence for zoned/statified magma, J. Volcanol. Geotherm. Res., 28,
197-223, 1986.

McBimey, A R., Constitional zone refining of layered intrusions, Origins
(]’g‘g_lntoul.ayerm;,cdiwdbyl_?mml. D.Reidel Publ. Co.,437-452,

ite iayers of the Bushveld complex, J. Volcanol. Geoth Res., 34,
133-142, 1987.

Kushiro, L, Viscosity of partial melis in the upper mantie, J. Geophys. Res.
91, 9343-9350, 1986,

Lange, R.L. and LS.E. Carmichael, Denities of Na20-K20-Ca0-MgO-
FeO-Fe203-Ti02-Si02 liqui and d d pastixl
molar properties, Geochim. Cosmochim. Acia, 51,2931-2946, 1987,

Lange, R.L. and LS.E. Carmichael, Thermodynamic propenties of silicate
liquids with emphasis on dnesity, thermal expansion and compress-

McBimey, AR., The 5k d Layered Series: L Structure and average
campotitions, J. Petrol., 30, 363397, !989,.

" CASHMAN AND BERGANTZ: MAGMATIC PROCESSES

Morse, S.A., A discassion of Hunter end Sparks (Cootrib Mineral Petrok
95:451-461), Contrib. Mineral. Petrol., 104, 240-244, 1990.

Morse, S.A. and JP. Allison, Correlation between roof and floor cumulates
of the Kigiapait intrusion, Labrador, Geophys. Res. Lett., 13,
1466-1469, 1986.

Mm&. S;!:_. B.E. Owens, and AR. Butcher, Origin of finger structures m

e Rhum Complex: phase equilibrivm snd hest effects, Geol. Hag.,
124,205-210, 1987, ek ¢

Muncill, G.E. and A.C. Lasags, Crysul-growth kinetics of plagiociase in
igneous sysiems: On by xper and application of a
sunplified growth model, Amer. Mineral., 72, 299-311, 1987,

Muncill, G.E. and A.C.Lasaga, ‘}C‘x.ycml-gmwm kinetics of plagioclase in

igneous systems: p and
of a growlh model to compizx silicate mells, Amer. Mineral., 73,
982-992, 1988.

Mundwhiu.DS..Dd‘*_wlo,DJ.mdM.M&my,'meevolulimohtﬂ.icic
magma sysiem: isotopic and chemical evidence from the Woods
Mountains votcanic center, easier Califomis, Conirib. Mineral, Pet-

“ roLi lé)li‘}%“lﬁ 1989.

Mutter, J.C., W.R. Buck, and C.M. Zehnder, Convective partiai melting: 1.
A model for the formation of thick basaliic sequences during the mi-
tiation of spreading, J. Geophys. Res., 93, 1031-1048, 1988.

Myers, J.D. and B.D. Marsh, Aleutian lead isotopic dats: Additional evi-
dence for the jon of li i 0 i

i i P sysiems, Geochim.
Casmochim. , 51, 1833-1842, 1987,

Mysen, B.O. (ed), M. ic Pi Physicochemical Principles,

Geochem. Soc. Spec. Publ. I, 1987,

K e e R £

on for a . Ge . Res. M,

15653-15661,1989. ° 4

Nastund, HR., Disequilibrium partial melting and rtheamorphic layer for-
mation in the contact aureole of the Basistoppen sill, Eant Greenland,
Contrib. Mineral. Petrol., 93,359-367, 1986.

Natland, J.H., Pantiad melting of a lithologically heterogeneous mantle:

ng of & Uhologie ! tam

from the Siqueiros Fracre Zone, in Magmatiem i the Ocean Basins,
:n:ll;g l:)éshg.D Saunders and MJ. Nosry, Geol, Soc. Spec. Publ., 42,

Navoo, O. and E. Stalper, Geochemical of melt peroolati
upper: leasa hic column, J. Geol,, 95,285-307,

1987,
Neal, C.A., T.J. Duggan, EW. Wolfe, and E.L. Brands, Lava samples,
temperatures, and campotitions, US.G.S. Prof. Paper, 1463,99-126,

1988,

Newman, 5., J.D. Macdouzall, and R.C. Finkel, Patrogenesis and DOTHPY
disequilibriam at Mt Shasta, California, and in the Cascades, Contrib.
Mineral. Petrol., 93:195-206, 1986.

Newpm\.S‘.S.EpnehmdF_ Stalper, Water, carbon dioxide, and hydrogen
isotopes in glasses from the ca. 1340 AD evuption of the Mono Craters,
California: G ints on i h and initial valatile
content, J. Volcanol. Geotherm. Res., 35,75-96, 1988.

Nichalls, J.. The mathematics of fluid flow and a simple application 10

of magma transport, Modern Methods of [gneows Petrology:

ding M ic Py edited by J. Nicholls and J.K.
Russell, Rev. in Mineral., 24, 107-124, 1990.

Nichalls, J. and MZ. Stout, Picritic melts in Kilsuea: evidence from
1967-1968 Hal and Hiisks i J. Patrol., 29,
1031-1057, 1988,

Nichalls, J. and LK. Russell (eds.), Modern Methods of igneous Petrology:
Und, ding M: ic Pr , Rev. in Mineral., 24, .

Ind

Nicolas, A., Amelt model based on } sudies in mantle
idotite, J. Petrol., 27, 999-1022, 1986,
Nicolas, A., Melt ion from mantie peri drofi ing and

s flow, with consequences for oceanic ridge activity, in Magma
‘ransportand Storage, edited by MP. Ryan, Jolm Wiley & Sons, New
York, 159-174, 1990.
Nielsen, R.L., Simulation of igneous differentistion processes, Modern
Methods of [gneous Pulolog: Understanding Hagmatic Processes,
edited by'J. Nicholls and LK. Russell, Rev. in Mineral., 24, 65-106,

Nixon, G.T., Petrology of the younger andesites and dacites of Izaccihual
Volcano, Mexico: L Disequilibrium phenocryst assemblages as indi-
cators of magma chamber processes. J. Petrol., 29, 213264, 19882,

Nixon, G.T., Parclogy of the younger andesites and dacites of Iztaccibual
volano, Mexico: IL Chemical stratigraphy, magms mixing, and the

_ composition of basaltic magma influx, J. Petrol., 29, 265-303, 1988b.

Nixon, G.T. and T.H. Pearce, Laser-inteferometry sudy of oscillatory
zoning in plagiociase: The record of magna mixing and phenocryst
recycling in calc-aikaline magma chambers, Inaccihuatl volano,
Mexico, Amer. Miner., 72, 1144-1162, 1987.

Novak, S.W., Rise and fall of & basalt-trachyte-thyolile magma sysiem at
the Kane Springs Wash caldera, Nevada, Contrid. Mineral. Petrol., 94,
352-373, 1986,

Nye, CJ. and D.L. Tumer, Petrology, geochemizuy and sge of the Spurr
volaanic complex, eastem Aleutian arc, Bull. Volcanal., 52,205-226,

1990.

O'Brien, HE, .?.;;vh;‘ and LS. McCallum, Complex zoning and
resorption of octysts in mixed potsssic mafic magmas of the
Highwood Mountains, Montana, Amer. Mineral., 73, 1007-1024,1988.

Oldenbarg, C.M. and FJ. Spers, Dynamic mixing i magma bodies:
Theory, simulati dimplications, J. Geophys. Res., 94,9215-9236,

McBimey, A R.and W.R. Russeli, Consti fining of i
intrusions, Structure and Dynamics of Partially Solidified Systems,
edited by D.E. Loper, Martinus Nijhoff Publ., Dordrecht, 349-365,

1987.

McBimey, AR. and HR. Naslund, The differentiation of the Skaergaard
Intrusion; & discussion of Hunter and Sparks (Contrib Mineni Petrol
95:451-461), Contrib. Mineral, Petrol., 104,235-240, 1990.

Bi AR, HP. Taylor,and R.L. A Paricutin

ibility, Modern Methods o] Igneous Purologﬁ: Unde ding May-
matic Processes, edited by J, Nicholls and J K. ussell, Rev.in Mineral.,
24,2564, 1990.

Langmuir, C.H., Geochemical consequences of in rifu crysullization.
Nature, 340, 199-205, 1989.

Larsen, L.L- and E.L Smith, Mafic enclaves in the Wilson Ridge pluton,

Arizons: implications forthe g ion of 8 cale-atkaii

i diate pluion in an jonal eavi J. Geophys. Res.,
95, 17693-17716, 1990.

LeCloarec, M.F., Lambert, G., Roulley, J.C. and B. Ardouin, Long-tived
radon decay products in Mount St. Helens emisxions: an estimation of
the magma reservoir volume, 7. Volcanol. Geotherm. Res., 28, 85-89,

1986,

Leitch, AM., Various aqueous solutions crysuilizing from the side, in
Structwre and Dynamics of Partially Solidified Systems, edited by D.E.
Loper, Martinus Nijhoff Publ, Dordrecht, 37-57,1987.

Lesher, C.E. and D. Walker, Cumulate mamrtion and melt migntion in &
temperature gradient, J. Geaphys. Res., 93, 10295-10311, 1988,

Linneman, SR. and J.D. Myers, M ic inclusions in the Hol
thyolites of Newberry Volcano, central Oregon, J. Geophys. Res., 95,
17677-17691, 1990. .

Lipman, P.W., Evolution of silicic magma in the upper crusi: the mid-
Tentiary Latir volcanic field and its cogenetic granitic batholith,
northem New Mexico, USA, Trans. Roy. Soc. Edinb. Earth Sci., 79,

265-288, 1988,
Lipman,P.W. and N.G. Banks, Aa flow dynamics, Mauna Loa 1984, USGS
Prof. Paper, 1350,1521-1561, 1981.
ood,J.P. and P. i ive history of Mmma Loa

A W, Lipman, Holocene eruptive h

Voleano, US.G.S. Prof. Pelx:f‘cr. 1350, 509-536, 1987.

Lockwood, J.P., Dvorak, JJ., English, T.T., Koyanagi, R.Y., Okamurs,
A.T., Summers, M.L. and W.R. Tanigawe, Mauna Loa 1974-1984: A
decade of intrusive and extrusive activity, US. G.S. Prof. Paper, 1350,
537-570, 1987, i

Long, P.E. and B.J. Wood, Structures, texuures and cool ing histories of
Columbia River basait flows, Geol, Soc. Amer. Bull., 97, 1144-1155,
1986, :

a classic example of crustal assimilation in calc-alkaline magma,
Contrib, Mineral. Petrol., 95, 4-20, 1987.

McCarthy, J., J.C. Mutter, 1.L. Moxton, N.H. Sieep, and G.A. Thompson,
Relicmagma chamber structurcs preserved within the Mesozoic North
Atlantic crust? Geol. Soc. Amer. Bull., 100, 1423-1436, 1990.

McGuire, W.J. and A.D. Pullen, Location and orientation of eruptive fis-
sures and feeder-dykes at Mount Eina; influence of gravitational and
regicnal tectonic regimes, J. Volcanol. Geotherm. Res., 38, 325-344,

1989,

McKenzie, D. and MJ. Bickle, The volume and composition of melt
3 db ion of the lithosphese, /. Peirol., 29,625-679, 1988,

McMillan, K., R.W. Cross and P.E. Long, Two-tage vesiculation in the
Cotiassett flow of the Grande Ronde basalt, south-central Washington,
Geology, 15, 809-812, 1987,

McMillan, NJ. and M.A. Dungan, Magma mixing a3 a petrogenetic process
in the development of the Teos piateau volcanic field, New Mexico,J.
Geophys. Res., 91, 6029-6045, 1986.

McMillan, P.F. and J.R. Holloway, Water solubility in aluminosilicate
melts, Contrib. Mineral. Petrol., 97, 320-332, 1987.

Meen, LK., Elevation of p ium content of basalti by ional
crystallization: the effect of pressure, Contrib, Mineral. Petrol., 104,
309-331, 1990,

Metrich, N. and R. Clocchiatti, Melt inclusion & of the volatile
behavior in historic alkali basaltic magmas of Etna, Bull. Volcanol.,
51,185-198, 1989.

Miller C.F., Watson, E.B. and T.M. Harrison, Perspectives on the source,

ion and of granitoid magmas, Trans. Royal Soc.
Edinbirgh, 79, 135-136, 1988,

Morse, S.A., A magmatic heat pump, Nanre, 324, 658-660, 19862,

Morse, S.A., Thermal suucture of crysuilizing magma with two-phase
convection, Geol. Mag., 123,205-214, 1986b.

Morte, S.A., G jon in aid of ius growth, J. Petrol., 27,
1183-1214, 1986¢.

Morse, S.A., Motions of erystals, solute, sod hest in ayered intrusions,
Can. Mineral., 26, 209-224, 1988.

1989,

Oldenburg, C.M. and FJ. Spera, Numerical modeling of solidification and
‘convection in & viscous pure binary eumectic system, /ar. J, Heat Mass
Trans., in press, 19901

Oldenburg, C.M. and FJ. Spena, Si ion of phase change and '
in magma bodics, Trans. ASME, in press, 1990b.

Olson, P., Hot spats, sweils and mantie plumes, in Magma Transport and
Storage, edited by MP. Ryan, John Wiley & Sans, New York, 33.52,

1990.

Onoleva, P., J. Chadam, E. Merino, and A. Sen, Geochemical self-
organization II: the reaction-infiltntion instability, Amer. J. S¢i., 287,
1008-1040, 1987a.

Onwoleva, P., E. hldcrmo C. Moore, and 1. Chadam, Geochemical self-

Hi i dhacks and modeli pr

Amer.J. Sci., 267,919-1007, 1987b.
Parsons, L (ed.) Origins of [gneous Layering, D. Reidel Publ. Co., 1987.
Parsons, L and S.M. Becker, Layering, compaction and post-magmatic

process in the Klokken intrusion, Origins of Igneous Layering, edited

by L Parvons, D. Reidel Publ. Ca., 2992, 1987,

Parsons, 1. and W.L. Brown, Sidewall crysullization in the Klokken
inuusion: zoned lemary feldspars and coexisting minenls, Contrib.
Mineral, Petrol., 98, 431-443, 1988.

Pearce, T.H., The theory of zoning patems in magmatic minenls using
olivine a3 an example, Contrib_ Mineral. Petrol., 97, 451459, 1987,

Pearce, T.H., MP. Griffin and AM. Kolisnik, Magmatic crystal stratig-
maphy and consirainis onmagma chambes dynermics: Laser interference
mg’;'}u on individual phenocrysis, J. Geophys. Res., 92, 13745-13752,
1987s

Pearce, T.H.,J.K. Russelland L. Wolfson, Laser-interference and Nomarski
interference imaging of zoning profiles in plagiociase phenocrysis from
the May 18, 1980, eruption of Mount St. Helens, Washinglon, Amer.
Mineral., 72, 1131-1143, 1987b.

Pedersen, R.B., The nature and significance of magma chamber marging in
ophiolites: examples for the Norwegisn Caledanides, Earth Planet.
Sei. Lett., 77, 100-112, 1986.

Petersen, 1.S., Crysutlization shrinkage in the region of partial solidifica-
tion: Implications for silicae melis, Structure and Dynamics of Par-
tially Solidified Systems, edited by D.E. Lopez, Martinus Nijhoff Publ,
417435, 1987,

Petersen, 1.S., Solidification contraction: Ancther approsch to cumulus
processes and the origin of ignoous Iayering, Origing of Igneows
Layering, edited by D.E. Loper, D. Reidel Publ. Co., 505-526, 1987.




CASHMAN AND BERGANTZ: MAGMATIC PROCESSES

Peterson, T.D. Pc!mlogymdga'mu of natrocarbonatite, Contrib. Mineral.
Perrol., 105, 143 155,1

Philpotts, AR.and C.L. Lewu, Pxpe vesicies - An altemate model for their
origm, thlogy. 15,971-974, 1987,

Philpos, AR, and D.H. Burkets, Strucrures, t2xnires and cooling histories
of Columbia River basalt flows: Discussion, Geol. Soc, Amer, Bull.,
99, 886-887, 198‘1&I

Phipps Morgan, J,, M ion beneath
Geoj or; Res. Let., 14, 1238-1241, 1987,

Pin, C., Bmcn, I.M. Bdm. B. Bnbnnm and J.D. G;nml. On;;n of

| S
Hercynian rocks in lhe MquCemnl (anee) J.Geophys. Res., 95,
17821 178’).8 1990.
fatten, LM. and 1. Wittersan, Magma flow and crynallization in dyke
ﬁ.uuru. Mafic Dyke Swarms, edited bry H.A. Halls and W.F. Fahrig,
Geol. Assoc. Canada Sp¢c Paper, 34,65-14, 1987.

Pollard, D.D., Elune\ury re mechanics applied to the structural
interpretation of dykes, Mafic Dylu Swarms, edued H.A. Halls and
W.F, Fahrig, Geol, Astoc. Canada Spec. Paper, 34, 5-24, 1987.

Prosser, L.T. and MJ, C:Pn‘.:lw volcano, Costa Rica: Gwlogmy of the
summti region and and temporsl variations e most

recent favas, J. Volcnn:le Geotherm. Res., 33, 131-146, 19817.

Mazama, Crater Lake National Park, Oregon,
J. Molcanol G:ollnz-. Ru..ié.}sg 26': 1988,
Pyle, D. Ivmvwh. and parks, Ml;m.n-c\xn\\hu mixing
identified -Th disequi

iy "

cenkers,

by U~ ilibriumn dating, Narure, 331, 157-159, 1988.
Rabinowice, M., G.CuxleneeruﬂkNwoln Mdlu;rumcnlndﬂo
mmhd?n Evidence from the Oman

Ru 92, 3475 3486. 1987,

Larson, Theory of Particulate Processes, Aca-
dunicPren, New Ymk. 251 pp, 1971,

Reagan, M.K_, J.B. Gill, E. Malavassi, and M.0. Garcis, et in magms
composith Cosia Rica, 1968-1985: Real-ume
monitoring of open-system differentistion, Bull. Volcamol., 49,

415434, 1987,

Z.ndI.H.ka The mechanism of intrusion of the Inyo dike, Loog
nlk{.uwax,(hh!ml Geophys. Res., 9.? 4321-4334 1988,
Reuber; and A. Zindler, Extreme isotopic variaf nprc
vidence from Rhonds, Earth Planet. Sa Lc.u..M 29-45 86/1987

Rhodu IM, Geod)un::ly ofthe 1]953 /z “5‘3 Impl !u:lx;al
form;mn supply, J. Ge . Res., 9. 4466,
Rhodes, J. 57 ?.A. Neal, J, o@” 1P, [pckvloo:.y
mdmce for invasion of Kﬂm plumhn; sysiem
Mmlulmgml Nature, 337, 257-259, 1989.
Ribe, N.M., driven by dy forcing, phys. Res.

Melt
Lett. 13, 1462-1465, 1986
., 1heqyofmdxupqnﬂon~umicw,l. Volcanol. Geotherm.
Res. 33,241-253, 1987,
Ribe, NM. snd M.D. Smooke, A guumpamﬂnwmoddfot
extraction from a mantle plume,J. capll)u Res,, 92,6437-6443,1987.
Richter, M., Simple modeis for trace element fractionation dnrm; melt
segregation, Earth Plonet. Sci. Lett., 77,333-344, 1986,

R:d\m. EM. and SF. Daly, Dynamical and chemical effects of m
heterogeneous source, /. Geophys. Res., 94 12499-12510, 1989.
Riciputi, LR. and CM Johnson, Nd- and wwye variations in the
multicyclic central aldal cluster of the S volaanic field,
Col . and B for crustal hybridization, Geology, 16.

975978, 1990.

Riley, G.N. and D.1. Kohistedt, An experimental study of meh migntion
in an olivine-melt system, in Magma Transport and Storage, edited by
M.P. Ryan, John Wiley & Son, New York, 77-88, 1990.

Riley, G.N., D.L. Kohistedt and F.M. Richier, Melt migration in a silicate
hquld-ohvme system: an experimental test of compaction theory,
Geophys. Res. Ldl.,m press, 1990,

Robens, P.H. and D.E. Loper, Dynamical processes in slurries, mStmdwt

and Dynamics of Partiall; 93 Salndtﬁed Systems, edied by D.E. Loper,
Martinus Nijhoff, 229-2

Robins, B., Hlukvxk. and S. qum‘ The organization and intemal
structure o cychc units in the Homm;mg intrusive suite, north
Notvtay' p for o . dwblam‘dﬂunve
convection and -magma infiltrasion, ins of Igneous ring,
edited by L. Pm‘;\‘!‘ D. Reidel Publ. Co., 236 312, 1987,

Rose, W.L, olumclcuvnyllSmuqulmvolmno, 1976-1984, Geod. Soc.
Amer. Spec. l’aptr.ZlZ 17 28 1987.

Rmm;‘ M. 'Ipelzaher. Bird, Chemnical modification of east

Greenland Tertiary mlgnn by lwo-llqmd interdiffusion, Geology, 17,
626-629, 1989.

Rowland, S.K. and GP.L. Walker, Mafic-crysal distributions, viscosities
and lava structures of some Hawaiian lava flows, J. Volcanol. Geo-
therm. Res., 35, 55-66, 1988.

Rubin, A.M. and D.D. Pollard, Origins of blade-like dikes in voleanic rift
zones, US.G.S. me Paper, 1350, 1449-1470, 1987.

Rundle, J. B.and Hill, The geophysics of a restless calders, Ann. Rev. Earth
Planet. Sci., 16, 251 271 1988.

Russell 1L.X., stallization and vesiculation of the 1984 eruption of Mauna
Loa, J. Geophy.r Res., 92, 13731-13744, 1987.

Russell, JK. Magma mixing processes: insights and constraires from

etmodymmu: calculations, Modern Methods of Igneous Peirology:
Understanding Magmatic Processes, edited by J. Nicholls and J.
Russell, Rev. in Mineral,, 24, 153-190, 1990,

Rasseil, J.K. and C.R. Suanley, On;nu of the 1954-1960 lavas, Kilaues
volcano, Hawaii:' N}Ijg ?x& % %mx%f?;;(’) reservoir
ma; ic ses, J. Geoj es. -

Rm.)\erfgd‘fl}‘dm!.n Devine, 'ﬁe May 18, 1980 eruption of Mount St.
Helens 3. Stability and chemistry ofumphnbolein the magma chamber,
J. Geophys. Res.. 93, 11949-11959 1688, .

Runer, MJ,, Evid for
muﬁc ﬂk:!.me  magmas:

Tav Sardinia, J. Vol

1987.
Ruter, MJ and PJ. Wyllie, Meliing of & vnpom-bml tonalite at 10 kb
1o simulate dehydration-melting in the deep cqust, Matwre, 331,

by
istry of mantle xen: l.nh-burm
{.Geotherm.Res., 32, 343‘354

.ynm-.acm.{x .s‘pec. Pnbl 1,259-287, 1987.
Rym. M.P The mechanics and mrudxmnaml internal structure of
magmatic systems. Kilauea Voleano, Hawnii, J. Geophys. Res.,
93 42!34248 1988

Ryan, M.P. (ed ' Mu;m Trarsportand Storage, John Wiley & Sans, New
York, 1990

Ryan, M.P., 'Ihcphyuulmneoflbelednndxc £IMa transport 1y
quma Transport and Storage, edited by MP. Ryan, Jolm Wd:y &
Sans, New York, 175-224

Rym. MP., N.G. Banks, RP. Hoblxn. and J.Y.K Blevins, The in-tiwe

thermal ies and the thermal structure of Mount St
dﬂu ive units, in Magma Transport and Storage, edited by M.P.
yan, Joha Wuzy &.Sml. New York, 137-158, 1990.
Ryenm FJ., H C. Weed and AJ. Piwinskii, Rheo! of subliquidux
Pu:uic J. Geophys. Ru 93, 3421-3436,
1988,

Rymer, H. and G.C. Brown, Causes of microgravity change st Poas volcano,
Costa Rica: an active but nan-erupting sysiem, Bull. Volcanol., 49,
389-398, 1987,

Sduym,DL A.T. Andenron and B. Ward, Bubble coalescence in basalt
flows: comparison of a numerical mode! with natural examples, Bull.
Voleanol., 32, 49-56, 1989,

Sampson, D.E., Textural heterogeneities and vent area stractures in the
600-year-old Iavas of the lnyovolumc d'um,uuem California, Geol.
Soc. Amer. Spec, Paper, 212, 89-102, 1981,

Sunpton.DE.nndK.LClmmThe ;eod:ammyoﬁbelnyvvdamc
chain: multiple magma sysiems in the Long Valley region, eastem

Californis, J. Geophys. Res., 92, 1040'3 10421, 1987,

Senders, LS., Gas filter-pressing origin for segregation vesicles in dykes,
Geol. Mag 123, 61-72, 1986, i
Sarda, P. and D. ", Mid-ocean ridge popping rocks: implications
(ardegulm;l(ndgeauu Earth Planet, Sci. Leit., 97, 268289, 1990,
Sarnoris, G., J.P. Pozzi, C. Philippe and J.L. Le Mooel, Mu:lum wtability
o{chlllowmngnuchmhen J.Geophys. Res., 95, 5141-5151, 1990
Sawka, W.N., B.W. Chappell, and R.W. Kistler, Granitoid compositional
zoning by side-wail boundary layer differentiation: evidence {rom the
Palisede Crest intrusive suite, ceotral Siema Nevads, Califomia, J.
Petrol., 31, 519-553, 1990.
Schiffries, CMi. and DM. Rye,Suble isotopic systematics of the Bushveld
in layered

Amer.J. Sci., 289, 841 - 873 1989.

Schmelzer, J. and F. Schv weuu:. Ostwald ripening of bubbles in liquid-gas
solutions, J. Non-Equilib. Thermodyn., 12, 255-270, 1987

Schmelzer, J. and H. U'lbnghl, Themodynamics of finite :ynam and the
kinetics of first-order phase transitions, J. Coll. Inter. Sci., 117,
325-338, 1987.

Schumywz, B.C., T.A. Vogel, and L.W. Younker, Evidence for dynamic
withdrawal from a layered magma body: The Te Spring wiff,
southwesiem Nevada, J. Geophys. Res., 94, 5925.5942, 1989,

Schwindinger, KR. and A.T. Anderson Syrmuuu of Kilauea Iki olivines,
Contrib, Mineral. Petrol., 103, 18’7-193 1989,

Sco,DR.,DJ.S and LA, Wh dJA, Observations of solitary
waves in a viscously deformable pipe, Nalum 319,759-761, 1986,

Sco, DR. and DJ. Stevensan DJ, Magma ascent by porous flow, J.
Geophys. Res. 91, 9283-9296, 1986,

Scott, DR. and DJ.Swvmwn, A sdfwumnmdr.lo{mdung magma

511

S D1, § {l-scad h in partial melts
undergoing deformation, Geophys, Res. Lett., 16, 1067-1070, 1989.
S(zvms son, DJ. f:;gyEam Smu..,PMe“l;u m‘xs%rlnuou nsddmmble medis, in
tructure a; e of Partially ndéﬁzd ems, edited by D.E.
Mlnle)hoﬂ'PubL 401415, 198 = Y
Stewart, B.W. and and DJ.
magma ch
Contrib. Mineral. Petrol., 104, 125-141, 1990,
Sunuc.l.A. TH.Pum:J.M Dormclly-Nohn lndBC.Hum, Theorigin
rhyolites, Qlear
leevdama ClhlmmJ Geophys. Res., 95, 1'm9 17746, 1950,
Stalper, B., Te of the of water in rhyolitic
mehts and glasses, Amer. Mineral., 74, 17.47-1157 1989.
Smlpcr E.and J.R. Holl

perenal 4 of the solubility
of casbon dioxide in moken at Earth Planet. Sci.
Lett, 87, 3974“ 1988 pressr,

Swt\?a T C., Whnncy tnd 10 & comment on

Fuh Can
of the Tuff..”, J. Petrol., 28,
it .1987 you elr

Styx, I, F. Goﬂ M.P, Gormn. G. Hex'km, and S.R, Garcia, Restoration of

the Blan lihuc magms chumber

formi y and origin of

meCumTohdovbydxm.Iuna.Mmums.Nw Mexm.l Geophys.
Res., 93, 61296147, 1988,

Sulnn.M..R.Blun mdNC.Slmdno.'lheen‘mofmllltak;ao-

! and & granite intrusion; a crysal-

llx;zstam and mixing model, Conmb. Mineral. Peirol., 93, 513-58,

S n, D.A. and R.T. Holoomb, Regularities in growth of the Mount St.

cmducfpmeuu:mmlﬁc
Eant

ridges,

J. Geophys. Res., 4, 2973-2983 1989.
Seager, W.R.and M. MrMnrry,T‘ 1dron and bathotith
south eaurxl New Me-uco Bvolution o( 3 lu;e-volume uth flow
source magma chamber, J. Geophys. Res., 93,

‘alles caidern,

cauldron and
44214433, l988.
Self, S., D.E. Kircher, and LA Wolff, The El Cajets series, V:
New Mexico, J. Geophys. Res., 93 6"36127 1988
Sheridan, M.F., G, Frazzeas, snd L al%e ptive histories of Lipari
and Vulcano, ltaly, during the past 22,000 years, Geol. Soc. Amer. Spec.
Papa'. 212 2914, 1987
Sh:.rlcym of igneous J. Geol., 94, 795809,
S DN., Differen and compaction in the Palitades Sill, New
hﬂ;yerwy g Petrol., 28 835 865, 1987,

Sij rdm:n. in Icehnd. a review, Mafic Dyke Swarms,
|¢u by HA: Hlﬁam and W.F. Fahrig, Geol. Assoc. Canada Spec.
Pnpa 34 53-64, 1987.

Sigurdsson, H., S. Cu:y M Palsis, and J. Devine, Pre-exuption compo-
ritionsl gradients and mixing of andesite and dacite magma
from Nevado del Ruiz volano, Colombia in 1985, J. Voleanol.
Geotherm. Res., 41, 12'7-151 1990.
Sitver, L. and E. Stolper, del
J.Geal., 93, lGl 178 1985,
L.and E.Swlper. Water in albitic glasses, J. Petrol., 30, 667-709,

hydrous sili

1989,

Hdandu:u:dane. 1980-1986, in Lava Flows and Domes, edited by
IH. Fink, a-Verh , Berlin, 3.24, 1990.
Swanson, DA T. Holcamb, E Y. Iwatsubo, W.W. Chad-
Cnukvnll.lW.Ewen.deC.Hehku Growthof the lava
dame at Mourst St. Helens, Washingion, 19811983, Geod, Soc. Amer.
Spec. Paper, 212, 1-16, 1987.

Swanton, S.E., M.T. Nmey HR. Westrich and J.C. Eichelberger, Crys-
allization h mmz Obiidien Dome, Inyo Domes, California, Bull.
Vo(aanol 31,161-176, 1989,

Sykes, M. md ion of

i M Pre Phy

Pnnuplc.r ed.naibyBO.Myun T\aGeodm:nulSewy Univ.

Park,

Tait, SR., S-nplufmmmeayu:.lhnn baundary layer of a zoned ma,
chamber, Contrib. Mineral, Petrol., 100, 470-48%“1988 e

Tait,§. and C. Jaupan, itional convection in viscous melts, Narwre,
338, 571-573, 1989,

Tait, S. and C. Jnupng Pbym:l processes in the evolution of magmas,
Modern Methods of Igneous Peirology: Understanding Magmatic
Proa.wu,eduedby]%xdmlh and F.K. Rassell, Rev. in Mineral., 24,
125-152, 1990.

Tux.S.R.lndR.Ci(ke:.uu i 7 gofmmnutulmeuemi
vection in cumi r NeOuS ring, edited
Parsons, D. RuddPEbLCa ?&L%‘ Layering i

Taig, S., C. Jaupart and S. Vagmdle. Pmmn. gas content and eruption

g ascent:

Sitver, LA.,P.D. lhmg«lndE.Swlpa.'l‘v fh: f bolk
on the speciation of water in silicate glastes, Contrib, Mineral. Petrol.,

104, 142-162, 1990.
Smge.f. B.S. and AM. Kudo, Assimilation-fractional

e s n e o

Muurn.l Patrol., 94,374-386, 1986,

Sm;u—.B S. undJD. Myers, lnmmananmmd msagmatic evolution in
the central Aleutian arc, AIukA.Gwloxy la 1050-1053, 1990.

Sm;er.B&]D.Myen S.R.Lumemn An;:vme. “The
history of ascending magma dispirs lnd thermal and

evolution of magmatic conduits, J, Volcanol, Geotherm. 37.
9 2!-!” '1'98 of meh by and diki
Sleep, veing e, J. Geo, Res., 93,
”Ffaus 1027 1988 Phy.

Smith, M.K., Thermal convection during the directional solidification

qmdwnbvmnhlcvtmuy,.l FluidMech., 188,541-570, l988

Smuﬁ RP., Dyke emplacement at Spansih Peaks, Colcndo, Maﬁc Dyke

»um edited by H.A. Halls and W.F. Fahrig, Geol. Assoc. Canada
Spec. Paper, 34, 47-54, 1987,

Spadu, R.SJ., Parology and geochammy of the hxh Ba nn;-dlyke, Muil

('NW Seodmd) anexample of th holeiiti
s, Contrib. Mineral. Petrol., 100, 446461, 1988,

Sp‘th. S.J., Crysual capture, sorting, and retention in conveating magma:
Discussion, Geol. Soc. Amer. Bull., 102, 847-848, 1950.

Sparks, R.SJ. and H.E. Huppen, leoruory experiments with aqueous
solutions modelling magma chamber  processes. L Discussion of their
validity and geologicai application, in Origias of igneous Layering,
edited by L Parsons, D. Reidel Publ. Co., 527-538, 1987a

Spnrkl. R.SJ. and H.E. Huppen, The origins of granites, Naiwre, 330,

207-208, 1987b,

Sparks, KSJ and L.A. Marshall, Thermal and mechanical constraints o
mixing between mafic and silicic magmas, J. Volcanol. Geotherm.
Res., 29 99-124, 1986.

Sparks, R.SJ., H.E. Huppen, and CJN. Wilson, Comment on "Evidence
for long residence times of rhyolitic megma in the Long Valley mag-
matic system: the isotopic record in precalden bavas of Glass Moun-
uin” by AN. Halliday, G.A. Mthood P. Holden, IM. Matz, TJ,
Dempster and J.P, Davidson, Earth Planet, Sci. Leit,, 99,387 389 1990.

Spelt, T.. L and PR. Kyle, Pamgeneul of Valie Gﬂnde member rhwl.ue:
Valles calden, New Mexico: Implications forevolution of the Jemez
Mountain ma icsysiem, J. Geophys. Res., 94, 10379-10396, 1989,

Spell, T.R., T.M. Harriton, and J.A. Wolff, ‘°Ar/”Ardleg ofthe Bandelier
Tuff and Sm Dugo Canyon mmbnxu Jcma Mountains, New
Mexico: J. Volcanal.
Geotherm. Res., 43 175-193, 1990

Spmm and D.L. Turcote Buoyancy-driven magma fncmm A

of a shallow, crysullizing magma chamber, Earth Planet.
Sei. Lett., 92, 107-123, 1989,
Tais, S.R. G orner.P.vmdaBogurd and H.-U. demmeke  Cumulate

te magma
dnmber J. Volaanol Geotherm. Res., 37, 21-37 1989b.
F rT‘A; i . vﬂm 5 8126, 5
-m;mm B 2, H 1989.
TAI!@ of

stability limits

forthe clyxul!me tul.e, Nature, 342, 658-660
qumcyer,KJ and G.L. Farmer, Nd uo(opucgndmumnppetcmml
magma chambers: Evidence for in situ magma-wall-rock mieraction,

Geology, 18, 5-9, 1990.

E and J. Szekely, Double diffusive conveation during
lohdnﬂuum at a vertical wall, in Structure and Dymamics of Partially
foldnﬁcdS)rﬂmu.eduadby D.E. Loper, Martinua Nijhoff Publ, 59-77,

8 sysiem of

987

Th MEde“ kelk Density ification due 0 counter-
buoym low along & vertical erysullization front, /nt. J. Heat Mass
Tm:ufer..iz 10211035, 1989.

Thy.P. \ Troodos ophiolite, Cyprus.

Geology, 15,316-319, 1987,

Tilling, R.L, T.L. Wright, end H.T. Millard, Trace-element chemistry of
Kilsues and Mauns Loa lava in space and time: A reconnaissance,
US.G.S. Prof. Paper, 1350, 641690, 1987a.

Txlhn;.R.L R.L. Christiansen, WA, Duffield, E-T. Endo, R.T, Holcamb,

Y. Koymagi, D.W. Pdmou and 1.D. Unger, The 1972-1974 Muuna
Ulu eruption, Kilsoea Volcano: an example of quati-steady-sute
magms lﬂmfer. USGS. Praf Papa 1350, 405-470 1987!:.

Toomey, DR.and GR. Foulger, k
data from the ngill-mesdxlur ral volaano e(mpkx Iudlnd J.
Geophys. Res., 94, l7497-17510 1989.

Toomey, DR., G.M Pnrdy S.C. Salomoa and Ww.S.D. Wdcock. The
three-dimensional seismic velocity structare of the East Pacific Rise
nﬂrhumdgm'N Nature, 347, 639-645, 1990.

Tommm, A, Vesicolation process and bubble size distribution n

7; gmas with constant velocities, J. Geopluy.v Res., 94,
175234 542, l989

e size distributi fated rocks

with i ion of :zupucn 4.
Voltang. Gco(hann. Res., 43 71-90, 1990.
Toramaru, A. and N. Fu;u.Cauw.z of m: phlumupcﬂuﬂymolta\
nlfu'ldoum J Gtopk)w Res., 91, mwmz. 1986,
Trial, A.F. and FJ. Spees, ) or the of
b encitics in magma du.mben Geol. Soc. Amer. Bull., 102,

e1er0g/
353-367, 1990.
Tnph, R, FJ. Spa:nl:d C. Auriticchio, The 1983 Mount Etna eruption:

um!onwmuhmughﬂw‘ h and the of
diamands, J. Geophys. Res. 95, 5133-5139, 1990.
Spera, FJ., A. Borgu and J. Smmplg Rheology of me.lu lnd magmatic

Contrib. Mineral, Petrol.,
104, 594-608, 1990. N
Tum DL. Phyua of magma in

v}

with app! huuan xo thyolitic mnpm
10273- 10'294 198
Spera, FJ., CM.OldmburgmdDA Yuen, Magma zonation: Effects
i!’:;ncal buoyancy and diffusion, Geophys. Res. Leit., 16, 1387‘1390
Spen, | FJ D. A. Yuen, J.C. Gxeerlnd S. Cvn.nvn.l.le Dynamics of magma
1 from d magma bers Geology, 14, 123-726,

J. Geophys. Res., 93,

1986,

Spem, F.J D.A. Yuen, S. Clark and H.-J, Hong, - Double-diffusive con-
vection in magma chambers: single or double layers? Geophys. Res.
Lent., 13, 153-156, 1986,

Sper, FJ A.E. Trial, 1.Greer and D.A. Yuen, Simulstions of magma
withdrawal from compositionally zoned bodies, J. Geophys. Res., in

Simple 2-D models for melt extmaction
2t mid-ocean ridges and island arcs, Earth Planer. Sci. Leit, 83,
137-152, 1987.

Spohn, T., M. Hort, and H. Fischer, Nucleation simulation of the crysal-

poaent melts in thin dikes or sills L The liquidus

. Res., 93, 4880-4894 1988,

'Pmmplu edited by B.O. Mysen, The
Geoch Socwty Univ. Park, 69-74, 1987,

Turcoste, D. L Onthe mlenlhmmumdmrbulm(ﬂowmbuoymcy driven
magma fractures, in Magma Transpori and Storage, edited by M.P.
Ryan, Jobn Wiley & Sons, 103-112, 1990.

Turcots, D.L., S.H.,  Emerman, and DA Spence, Mechanics of dyke
injection, Mnﬁchszmm edited by H.A. Halls and W.F. Fahrig,
Geol. Assoc, Canada Spec, Paper, 34, 7_9 -30, 1987.°

Tumer,].S. and LH. Campbell, Con hamb
Earih Sci, Rev,, 23, 255- 352, 1986.

Tumcr. 1S, HE. Hu-ppen and R.SJ, Sparks, Kemumu II: Experimental

cooling and crys-
izmon - Feot. 35 397437, 1986
Ungan, A. and R, Viskanta, Th d deling of
;:{c;g;ug:nm heatiansferina ghu melting tank Glasteck. Ber., 60,
I3
Ussler, W.and A.F. Ghmu.ﬁ\llcequl]lbmdmgnb&uh -rhyolitemixing
line: implications for the origin of calc-alkaline intermediate magmas,
Contrib. Mineral. Peirol., 101, 232-244, 1989.
Vden;m;. G.A., Magmas transport throagh dykes, Natwre, 342, 614-615,

Srogt, L. and T.M. Lutz, Th hologies of di.
etary m endm from Ascuney anum. Vermont, J.
Geophys. Res., 95, 17829-17840, 1990.

D. VI los, T.H. Pearce and C. Rice,

The record of magma chamber processes in plagioclase phenocrysts st
Them Volcano, Aegean Volesnic Arc, Greece, Conrrib. Mineral.

Stevensan, DJ., Onduzmleofmrfuz sion in the migration of melts
and fnids, Gwpky.f Res. L, 13, 1149-1152, 1986.

Vergniolle, S. and C. Janpan, se flow and basaltic

Sepanated two-phas
eruptions, J. Geophys. Res,, 91, 12842-12860 1986.
Vergnioile, S. and C. Ja

aupar, ics of degassing at Kilsuea Voicano,
, J.Geophys. Res., 95, 2793-2809 1990.
. Crymutmwn hybridism in microgran: enclav
i J.Geophys.Res.,95, 17549 17859,

’ Vuhnu, R_ Heat tranfer during melting and solidification of metals, /.

Heat Trans., 110, 1205-1219, 1988,



512

Vogel, T.A., L.W Younker, and BC.Sd)nnyu. Conmmu oo magma
and

ascent,
mfmdnnmnmplunobc\dmdane.lnynuhun.wm
Geology, 15, 405408, 1987
Vogel, T.A.,FJ. Ryerwn DC. Noble,mdl.w Yo-.nker.ummtompm
mixing based on chemistry and glm
empmdfmm a chemically zoned magma body, J. 95, 659670,

Vogd. TA D.C. Noble, and LW, Younker, Evolution of a chemically
zoned magma body: Blsck Moontain valaanic center, southwestern
Nevads, J. Geophys. Res., 94, 60416058, 1989s,

Vogel, T.A., J.C. Eich LW Younku_BC.Sdmnyu.lP Hoe-
kowitz, H.W Stocionan, and H.W Westrich, Petrology and emplace-
men d rthyotites of Obsidian Dome,

Inyo Craters ve mm&m‘m.’ Geophys. Res., M4,

17937-17956, 198%

von Bargen, N., Mﬂmﬁ Permeabilities, mmmmdw-
vatures of sysierns: results
of equdmnpu-x:ll:\nmmu J.Geophys.Res., 91,9261-9216, 1986.
Wail, HS., Introduction (o special section on ptmnlmdnngghaxnﬂuin
unhmdphnauyevomum, J. Gcopwx: Res., 91, 92119221, 1986,
Walker, D., Iumvna.s and BB, Watson dum.epvmh
hboruaty gradient, Coatrid. Minersl. Petrol., 99, 306-319

1988,
Walker, GP.L., Lmv:;:unﬂxmua“ﬂ;’hm 'lble;;’t;rumnnd
tial s paleoslope indicators, Geology, 15, 84-87, (9
Wnlkupau(‘}.l’ 1., The dike complex of Koolas Volcano, Osha: intemnal
srucmre of a Hawaiian rift zone, US.G.S. Pra/Papa IJSO 961993,

1987b.
Walker, G.P.L., Spongy in Hawaiis lmdzdvmde-&m
patierns in besalt and their significance, Bull, Volcanol., 51, 199-209,

1989,

Walker, J.A. and MJ, Casr, C itlonal punoazu
wrm;nCenqumvdmo,Nun;m.Gnlew
1156-1162, 1986.

Wallmann, P.C., D.D. Pollard, W. Hildreth, and J.C. Eichelberger, New

limits oo magma chamber locations &t the Valley of Ten
Thousand Smokes, Katmai National Park, Alxsks, Geology, 18,
1240-1243, 1990.

Warren, R.G., F.M.Byen DE.Bmxkn.S.}LPmde.C.an,

Phenocrynt sbundances and glass and

i‘ngxxn;mdnnbucmmion. Earth Planet, Sci. Lat., 87, 237-248,
West, HB., M.O. Garcis, F.A. Ftcy,lndA Knmedy Nawre and cause of

camposit variation among the alk: ivas of Mauna
volcano, Hawaii, Contrib. Muuml Pﬂlol 100 3&3 397, 1988
W olitic g s mc’:fx:phml Ge it 4
mxmndmm; 0f Res., 93,
65036511, 1988. P

Weu:LK. M. Rana.de.Hmd:.Mmdﬂnﬂcﬁemofmmmd
%mul and crysullization, Earth Planet. Sci. Lait.,
93 1‘21
Whitchead, J.

uaqu-dnvmmmbdmmo{bw—vdocuy:muu
nwd:ho(mgmﬂ&m. J.Geophys. Res., 91,9303-9314, 1986,

Whitchead, J.A. and KR. dendx, The Kortweg-deVries equation from
laboratory conduit snd ma, ration tions, Ge Res.
Lett, 13, 545-546, 1986. e i n PRS-

Whitchead JA. and KR, Helfirch, Magma waves and dynamics, in Magma
;‘;a’rptlmmd Storage, edited by MP. Ryan, Jobn Wiley & Sons,

Whu.h;‘zk(} , and R.S.J. Sparks, Pumice, Bull, Volcano!., 48, 209223,
1

Whitney, J.A., The origin of granite: The role and source of water in the
evolution of granitic magmas, Geol. Soc. Amer. Bull., 100, 1886-1897,

1988,

Whitney, J.C. and J.C, Stommer, Mineralogy, peuclogy, and i
conditions from the Fish Tuff, Central San Jum Mountsing,
Colorada, J. Petrol.. 26, 726-176, 1985.

Whitney, IA. Doais, MJ..Snomu JC..lCImn.SW and DJ. Mﬂa

Tonation in

tff, central San Jusn vdmx:ﬁdd.cdondo Amer.
J.S¢i., 2&! l 1918
W‘ebe.R.A. Evdmfmmfmdbmc.nmacuhybnd
Inland layered intrusion, Nain, Labrador, Gwloo 15,

Raptore and inflation of & basic magma chamber by silicic
liquid, Natwre, 326 69~7l 19875

Wicbe, KA ofs the
New: yuad intrusion, Nm. hbndov J Pastrol., 29,
38341] 1953.

lhon.DS..D.A Guue.NJ-LSleq: andl.LMam. i of

CASHMAN AND BERGANTZ: MAGMATIC PROCESSES

Wolfe, EW., C.A. Neal, NG, Banks, and T.J. a0, Geologic obser-
lu;{;mmdumdo;y erugtive events, US.(ES Prof Paper, 1463,

Wolfe,F_W M.O. Garcis, D.B, Jackson, R Y. Koyznagi, CA. Neal, and
A.T.Okamura, The Pou Oo enption of Kilaoea Volcano, episodes 1-20,
}1'911?]uy3 1983, 10 June 8, 1984, U.S.G.S. Prof. Paper, 1350,471-508,

Wolff, J.A., G. Womer, and S. Blake, Gradierts i phryzical parsmeters in
zmedldncmmbodu ians for evolntion end eruptive
i J. Volcanol, Geotherm. Res., 43, 37-55, 1990.
Wndn,TLde.T Helz, Reoert Hawaiisn petrology and

sdvances io
, US.G.S. Prof. Paper, 1350, 625640, 1987.
Wﬂ;hLTLmdD.A.Sw-um.'me @Lfm o:avaucn:um
nndies
:ndMou:SLHdns,GwdluLSoc Spee. Publ,, 1,231240, 1967,
Wyers, GP. end M. Barwon, amd evaktion of transitionsl
slkatine-subsikaline

lavas from Patmos, , Greeces evi-

densce for fractional crysullization, mn;mdmnnilum.
Conirib. Mineral. Petrol., 93, 2?7311 1986.

Wyers, G.P. and M. Baruom, G xional chrybessit

chmhnuuﬁm?m(bo&mxmm
evidence for fractionation, mixing mnd assimilation, Contrib, Mineral,
Petrol., 97, 219291, 1987,

Wylhs.PJ., Soh&m:rvu mantie plames, and
J. Geopheys., Raz, 93, 4171-4181, i
Ylo.l;i&?ndl Prusa, Melting and freeving, Adv. Heat Transfer, 19,1-95,

magma generation beneath

Yoder, H.S., Heat transfer during pertial of
:&anphu-ylﬂlmml Ve mm;:d4ﬁ-yu
Y., D. Walker, and CE Lesher, Diffusive aysul dissolution,
. Minsral, Petrol., 102, 4924!3 1989.
anda.EA.ndJ.M.Snm,Dih: of Waisnae Volcano,
Oaha, J. Geophye. Ras.93, 14856-1 1988,

K V. Cuhmm. Depmmem of Geolo’sncd and Geophyucal

G. W B&gmtz, Department _of Geolog:cal Scxences.

indi of hr;:-vofxmmﬂowm
in southwesiem Nevada, J. Geophye, Res., 94, 5987-6020, 1989,
Wum‘bur;,GJ Diffusion of water in rilicste melts, J. Geol., 96, 363367,

1988,
Weinberg, MC. DR.UhhnxmdeD.bnm “Nose method” of cal-
cnolmgnmlwglua[ovmmn. J. Amer, Ceram.
Soc., 720.542058.
Weinstein, S.A., D-A. YnaxndP.LOIsm. Evolution of crystal-setling

foethe size
sndget.l Gtopkp Res., 93, 11914-11834‘ l9!l

Enxell
ity muﬁedmpm.

Nalm.JZJ 6166!8 1986,
Wilson, L and I.W, Head, Nature of Jocal m;ml siorage zanes

zanes snd
Pu'n 0%,
mkﬁu&m&mde.l Geophys. ﬁ; 9';?4785-14792,

1988.

University of e, WA 98195.

(Received August 3, 1990;
revised January 8, 1991;
accepted January 31, 1991.)




