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6.07.1 Introduction emplacement of higher-temperature basaltic magma

Magmatism 1s directly linked to tectonism. Where
there is no tectonic activity, as in continental shield
regions, there is no magmatism. T'ectonic activity 1s a
clear sign of convection in the mantle and often the
crust, although the associated length scales may be
much different. Relative to conduction of heat, con-
vection moves material at rapid rates. This manifests
itself in the inability of rock to cool easily during
convection, which, coupled with the condition that
much of the lower crust and mantle is already near
melting, brings on melting as rock is adiabatically
convected through a solidus. Convection through a
phase boundary is the major process of producing
magma on Earth. This form of melting is progressive,
and instabilities associated with the field of affected
rock, which depend on the size of the field, the
degree of melting, and the nature of the melt itself,
simultaneously arise to collect and transport the
magma upward to Earth’s surface. Most magmas
thus arise through partial melting of source or parent
rock. The collected magma may contribute to vol-
canism or, perhaps more often, become stalled at
depth in plutonism. This overall process is called
‘magmatism’. This is the process that has given rise
to the diversity of rocks on Earth’s surface and per-
haps also to the very structure of Earth itself. Within
any process of magmatism there are certain physical
and chemical processes that are truly fundamental to
shaping the behavior and outcome of the magma and
it is these that are considered herein.

Volcanoes on a planet reflect the physical pro-
cesses at depth of magma production, collection, and
transport. This is in contrast to magma produced
in situ through an externally applied heat source as
in partial melting of granitic continental crust by

in underplating (Bergantz, 1989) or prolonged hea-
ting of wall rock on the conduit of a volcanic system.
Meteorite impact is also an effective means of magma
production. The Sudbury melt sheet of Ontario,
some 35000 km’ of magma, was produced in 5 min
by a 10-12 km bolide 1.85 Ga. Wholesale melting of
continental crust produced a magma superheated to
~1700°C, which is never found in endogenetic mag-
matism. Only the prolific volcanism of lo, due to
viscous dissipation in tidal pumping by Jupiter, is
similarly superheated. The most voluminous and
steady magmatisms of Earth, like those of the ocean
ridges and Hawaii, erupt magma at or near the liqui-
dus, but never superheated. The low crystallinity of
these magmas reflects this high-temperature eruptive
state, whereas many island arc magmas, especially
the andesitic ones, can be of high crystallinity; the
most dangerous ones flirt with the point of critical
crystallinity at 55 vol.%. As the phenocryst content
approaches maximum packing at critical crystallinity
the magma becomes a dilatant solid, expanding upon
shear. The volcano becomes, in effect, corked or
plugged, and can only erupt explosively. High-
temperature, low-crystallinity basaltic magmas are
not generally explosive, but the exceeding mobility
of the lavas is dangerous. Cinder cone volcanism,
commonly areally sporadic and associated with alkali
basalts, is just the reverse. The early phase of volcan-
1sm is explosive, almost regardless of crystal content,
but the associated lavas are sluggish and immobile.
Explosiveness can thus reflect an enhanced volatile
content, high crystallinity, or high silica content.
The pattern and style of magmatism intimately
reflect the nature of the causative process. Globally
widespread magmatism, as on lo, reflects planetwide
melting as in tidal pumping or a heavy impact flux.
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Linear arrays or strings of magmatism, as along ocean
ridges, island arcs, and some ocean islands, reflect
melting associated with thermoconvective flows
tightly focused within the phase field of the source
rock. That is, either the thermal regime or the source
material (or both) is spatially focused. Areally wide-
spread, small-volume magmatism as, for example, that
of cinder cone fields, reflects a pervasive, marginally
focused convective flow, much like a broad low-pres-
sure system in the atmosphere, where melting
instabilities are mainly due to local irregularities in
the source rock detailed composition. Typical convec-
tuve flows of this nature are the broad, gently
upwelling flows associated with the wedge flows dri-
ven by subduction. Widespread, but voluminous
magmatisms, as in the silicic volcanism of the western
United States over the past 50 My, reflect convective
stretching and destabilization of the continental litho-
sphere. The asthenosphere thermal regime is, in effect,
brought to the Moho where vast regions of continental
crust of irregular thickness are accessible to melting.

Volcanoes themselves, as opposed to impact melt
sheets, reflect deep-seated, endogenetic processes,
and in a simple way the volcanic edifice is a measure
of the hydrostatic (i.e., magmastatic) head of the
system. The size of volcanoes also reflects the actvity
or strength of the system, the mobility of the source
relative to the surface plate, the strength (and thus
age) of the local lithosphere, and the intensity of the
gravitational field. The largest volcanoes in the solar
system are in the Tharsis Bulge region of Mars.
Olympus Mons is 30km tall and 850km in basal
diameter. Martian gravity is weak, the lithosphere is
very old and strong, and the source has evidently
been immobile relative to the surface plate. For a
given areal extent, the volcanoes of Venus are the
shortest, reflecting the high-temperature, weak nat-
ure of the Venuisian lithosphere. This is broadly
similar to the volcanoes within the rift zones of
Iceland, where isostasy is rapid (~1kmMy ") due
to the thin, hot, and weak crust.

The plumbing of magmatic systems begins in the
source region and ends at a volcano or pluton.
Knowledge of the structure of volcanoes and plutons
comes mainly from direct observations of field rela-
tions in deeply eroded terrains. The deeper source
regions can be sensed, in terms of depth, degree of
melting upon extraction, and source material,
through geochemistry. Detailed knowledge of the
physical state of these systems comes mainly from
modeling and rare, well-exposed crustal rocks.
Hypocenter distributions, particularly in active,

voluminous systems, like Hawaii, are valuable in
inferring the deeper geometric form, extent, and
sense of connection between eruptions and deep
transport. Some styles of harmonic tremor, which
sometimes occurs during eruptive stages, seem to
indicate the pre-eruptive state of magma held in
vertically oriented cylindrical conduits. Ground
deformation associated with tumescence prior to
eruption consistently indicates through elastic mod-
eling a local, near-surface staging region, which is
commonly identified with the concept of a magma
chamber. This is reinforced by the very nature and
pervasiveness of plutons. Overall, the most com-
monly held conceptualization of a generic magmatic
plumping system has a deep source region linked to a
near-surface magma chamber through a poorly
discerned transport region. Aside from the gross
inferences from seismic studies, the intervening
plumbing linking source to near surface, the ascent
path, has been difficult to ascertain. Although magma
perhaps spends most of its life in this part of the
system, it has, per force, been largely ignored physi-
cally and chemically due to lack of a clear and
detailed conception of this important feature. This
basic magmatic architecture, source, ascent path,
chamber, and pluton or volcano, is found in different
forms in most magmatic systems (see Figure 1).
Magma chamber is a particularly important con-
cept. Volcanologists use the mechanics of magma
chambers to handle all the major and subtle chemical
and textural transitions necessary to link one lava to
another. Successive lavas may give a time record of the
operation of a magma chamber, although the actual
chamber can never be sensed. Plutons are, in a strong
sense, actual magma chambers, but the sense of how
they operated in real time has been largely lost through
protracted crystallization and annealing, and the nature
of the connection of plutons to either volcanoes or to
the deeper, ascent path of the system is not at all clear.

6.07.2 The Nature of Magma

Magma is a viscous fluid consisting most often of
polymerized silicate melt, crystals, dissolved gasses,
and sometime bubbles and foreign chunks of crystals
and rocks. Of all the fluids provided by Nature,
magma 1s perhaps the most intriguing. In traversing
the melting range, a span of ~200°C, magma viscos-
ity increases by a factor of 10'* (MKS or CGS), which
is the largest change of any physical parameter for
this temperature change. Crystals spontaneously
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Figure 1 Magmatic systems (left) are an integrated collection of sills and connecting conduits linking a source region to
the near surface and volcanic centers. The thermal timescales (right) for solidification vary throughout the system due to the

local thermal regime and the length scale of the system.

nucleate and grow, modifying both the local buoy-
ancy and melt composition, furnishing swarms of
particles of a wide range of sizes that sort by size
and density and stick together, welding tightly to
form strong, truss-like, networks at many degrees of
crystallinity.

6.07.2.1 Transport Characteristics

Heat and mass transport are slow in magma. Thermal
(K) and chemical (D) diftusivities are small (typically
~107 and ~10"%cm’s™", respectively) and kine-
matic viscosity (v) is large, making the Prandtl
(Pr=v/K), Schmidt (Sc=v/D), and Lewis
(Le= K/D) numbers each large as opposed to molten
metals with small Pr. That is, vorticity, heat, and mass
can each be described by an equation of the form

04 A
o~ Baxe 1

where A is vosticity, temperature, or mass concentra-
tion, B is kinematic viscosity, thermal diffusivity,
or mass diffusivity, and X; is a spatial dimension.
A scaling analysis of this equation relates the char-
acteristic distance () of diffusion associated with
each of these processes to the transport property B
and time (7), yielding

5 = c(B)'? 2]

where C is a constant near unity in magnitude. The
dimension 6 is a measure of the diffusive layer thick-
ness during the flow of momentum, heat, or mass.
And the relative thicknesses of these layers is thus
measured by

b0y W

e Pr (Prandtl no.) (3]
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5~ ¢ (Schmidt no.

ép D .

el Le (Lewis no.) (5]

Notice also that Pr =S¢ Le.

As an example of the value of these relatve
measures, for magma with a kinematic viscosity of
10°cm *s~" moving 1 km along a wall at the rate of
0.1cms™ ', the momentum boundary thickness will
be about 400 m. The thermal boundary layer will
have a thickness of about 4 m, and the mass boundary
layer thickness will be about 4 cm.

With Pr being a measure of the relative thicknesses
of viscous or momentum to thermal boundary layers,
momentum boundary layers are much thicker than
thermal boundary layers, making the boundary layer
approach for momentum transfer in fluid mechanics
generally not a useful approach, unlike in metallurgy
where Pr is small. Thermal boundary layer approaches,
on the contrary, are highly valuable. Similarly, from
the Schmidt and Lewis numbers, chemical boundary
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Figure 2 The types of boundary layers and their
characteristic length scales operating in magmatic systems.

layers due to chemical diffusion are much thinner than
both momentum and thermal boundary layers (see
Figure 2). Diffusion halos about growing crystals, for
example, are exceedingly thin and contamination by
xenoliths affect only narrow margins. In many ways,
this makes solving magmatic transport problems
straightforward. Thin thermal and chemical boundary
layers are embedded in wide shear zones where the
variation in velocity is broad and gentle. We shall soon
see, however, that the unusually strong effects of vari-
able viscosity, as mentoned already, partly mitigate
this attractive feature of many magmatic flows. Some
of this viscosity effect comes from the increasing silica
content of the melt as crystallization proceeds, but by
far the most serious effect comes from the increasing
concentration of crystals themselves and the interac-
tions among these solids. These characteristics affect all
aspects of magma generation, transport, differentiation,
and eruption.

6.07.2.2 Phase Equilibria

The melting behavior of a typical basaltic magma, in
terms of phase equilibria, as a function of pressure is
shown by Figure 3. The high-temperature boundary
beyond which (in temperature) no crystals exist is the
‘liquidus’ and the lower boundary below which the
magma is completely solid, is the ‘solidus’. In between
these boundaries are phase fields delineating the sta-
bility of various mineral phases. Two magmas are
indicated, one is free of dissolved water (dry magma)
and the other (wet magma) contains a few percent
dissolved water, where the point of saturation occurs
at about 2kb (0.2 GPa, 200 MPa). The solubility of
water (and CO, and SO,, the other principal volatile
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Figure 3 The general phase equilibria for basaltic magma
as a function of pressure for dry and wet magmas. The
adiabatic ascent path is indicated for the dry magma and
also is the effect of rapid cooling due to superheating and
convection. For the wet magma, the near surface liquidus
may be below the 1-atm solidus temperature.

species) is directly proportional to the confining pres-
sure, or depth in Earth, and there is also a point (~10-
15 kb) at which no more water can be dissolved in the
magma. At this point, the magma contains about
25 wt.% water, which is equivalent to the molar pro-
portion of water in seawater (~96%). Magma in this
condition, should it ever be achieved, is an aqueous
solution with a silicate solute. At pressures above the
indicated point of saturation at 2 kb, the wet magma is
undersaturated with water and the phase diagram is
geometrically similar to that of the dry magma, except
that it is at a significantly lower temperature. This
difference, as will be treated later, has a profound
effect on the characteristics of eruption.

6.07.2.3 Solidification Fronts

Between the liquidus and solidus the magma is a
physical and chemical mixture of liquid (melt) and
crystals (and perhaps bubbles). The properties of this
mixture are complex and exceedingly important at
every stage of a magma’s life in determining the set of
dominant physical and chemical processes involved
in shaping the magma’s behavior. The buildup of
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crystals with decreasing temperature between the
liquidus and solidus for typical basalts is shown by
Figure 4. Nucleation and growth of crystals begins at
the liquidus, by definition, and with decreasing tem-
perature crystallinity (¢, or crystal fraction) at first
builds up slowly and then more rapidly as crystal-
linity reaches 50 vol.% after which it again builds
increasingly slowly with approach to the solidus.
Near the liquidus, where crystallinity is low and
crystals are small, the magma is a ‘suspension’. Here
the crystals can settle relative to one another without
much hindrance from one another, but since they are
small, settling is slow. This state holds to a crystal-
linity of about 25 vol.% where the viscosity of the
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Figure 4 The variation of crystallinity in basaltic magma at
any pressure as a function of temperature.

Crystal-free magma

mass (see below) has increased by a factor of 10 over
that at the liquidus and the crystals now ‘feel’ the
presence of one another as they move. Motion of a
single crystal causes a shear flow extending out ~10
radii which entrains neighboring crystals. There is
also some observational (Marsh, 1998) and experi-
mental (Philpotts and Carroll, 1996) evidence that,
especially in plagioclase-bearing basaltic magmas, a
‘chicken-wire’ network of crystals may develop that
gives a certain structure and strength to the magma.
Beyond the suspension zone where crystals are (ide-
ally) still separated from one another is the ‘mush’
zone, which persists until the crystallinity reaches the
state of maximum packing where the crystals are all
touching. This occurs when crystallinity reaches
about 55 vol.% (¢ ~ 0.55). At this point, the crystals
are tacked together to form a solid framework of
some strength (e.g., Marsh, 2002). In essence, the
magma is now a rock and can no longer flow as a
viscous fluid. The remaining melt, which is interst-
tial to the crystals, can still move, but as a porous or
Darcian flow (e.g., Hersum er al, 2005). Because of
this overall strength, which is found in Hawaiian lava
lakes to be drillable, this region is called the ‘rigid
crust. These three zones, then, suspension, mush,
and rigid crust, make up all magmatic ‘solidification
fronts’. A solidification front (see Figure 5) is the

P8 . 7-solidus
’ T | "y,
A O
& 7 /
Rigid crust

55% crystals

Mush zone

Capture front
25% crystals

Suspension
zone

Tliquidus

Figure 5 Upper solidification front propagating inward (down). The base or outermost edge of the front is defined by the solidus
and the leading, innermost edge is the liquidus. The overall thickness of the front increases with time and the rate of thickening
depends on the local thermal regime. The inset depicts the framework-like structure of the crystal at about 30% crystals.
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active zone of crystallization that forms the perimeter
of all magmas. Solidification fronts are dynamic in
the sense that they continually move in response to
the prevailing thermal regime or state of heat transfer
from (or sometimes to) the magma. All crystalliza-
ton, by definition, takes place within solidification
fronts. And it is within these fronts that physical and
chemical processes take place to modify magma
composition and texture and the behavioral character
of the magma 1s determined. Beyond the solidifica-
tion fronts, in the magma interior, there are no new
crystals and hence no processes operate there to
separate crystals and melt (more below).

As magma approaches the point of maximum
crystal packing, where /'~ 0.55, it undergoes a dra-
matic rheological transition. It becomes a dilatant
solid, which means that the mass of crystals and
melt upon being sheared expands as neighboring
solids try to move outward and around one another
to accommodate the shear. When this condition is
reached for magma in the throat of a volcano, the
volcano becomes plugged and can no longer emit
lava. With continued cooling and crystallization in
the magma below, gases exsolve that can build pres-
sure to the point of catastrophic failure of the entire
edifice. This condition will be discussed again
shortly. The dynamics of solidification fronts mea-
sure the dynamics, especially the rate of cooling, of
every magma from deep chambers to lava flows.

6.07.3 Crystals in Magma

All magmas can be separated into two groups accord-
ing to the sources of the constituent crystals:
(1) crystals grown in the present cycle of active
solidification fronts, and (2) crystals inherited or
entrained from prior crystallization events, including
crystals from disaggregated wall rock. It is fundamen-
tal to the study of every magmatic rock to recognize
the provenance of the constituent crystals. Crystals
have historically been separated texturally into phe-
nocrysts and groundmass. Phenocrysts are unusually
large or otherwise distinctive crystals and ground-
mass is commonly tiny crystals interstitial to any
phenocrysts. The distinction is most apparent in vol-
canic rocks, but is also often clear in many plutonic
rocks and the textures are called porphyritic. It has
long been assumed (e.g., Turner and Verhoogen,
1960; Carmichael ez al., 1974) that phenocrysts repre-
sent crystallization at depth under slow, protracted
cooling, and groundmass crystals the latest rapid

phase of cooling associated, in volcanic rocks, with
eruptive processes or emplacement processes in plu-
tons. The apparent sharp change in crystal size
between phenocrysts and groundmass upon quanti-
tative examination using measured crystal size
distributions (CSDs) shows that most crystal popula-
tion are actually continuous in size from phenocrysts
to groundmass. This feature is characteristic of active
crystallization where a time span of active nucleation
has given rise to large crystals. Yet there are many
magmas that have inherited crystals from earlier
solidification events and these crystals are valuable
indicators of dynamic processes involving crystal
entrainment and transport. Recognizing the distinc-
tion between these two classes of crystals 1s of critical
importance to understanding magmatic processes.
Yet, it has proven elusive in some magmatic bodies
to recognize imported crystals, which has led to
faulty reasoning in deciphering magmatic history.
These two regimes, which for convenience are
hence forth referred to as phenocryst free and phe-
nocryst bearing, are next considered in some detail to
emphasize this importance, beginning first with crys-
tallization controlled by solidification fronts.

6.07.3.1 Solidification Front Crystallization
or Phenocryst-Free Magmas

Solidification fronts are packaged between the liqui-
dus isotherm at the leading edge and the solidus
isotherm at the trailing edge. Nuclei and superclus-
ters already present begin to grow in earnest at the
leading edge of the solidification front and these
crystals continue to grow as the front passes through
the region of melt. In the strictest sense, the melt is
stationary and the solidification front moves through
the melt transforming it into a crystalline mass. In the
leading part of the solidification front, the suspension
zone, crystals can settle easily without hindrance, but
individual crystals are small and settle slowly. This
settling 1s well described by Stokes’ law:

A 2
v, = = [6]

©
where Cs is a constant (~2/9) depending on the
shape of the crystal, Ap is density contrast, g is
gravity, « is crystal radius, and g is viscosity. To
escape the solidification front, the crystal must settle
faster than the rate of advancement of the solidifica-
tion front itself. Early in the cooling history,
especially for magma emplaced in cool upper crustal
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wall rock, solidification fronts move rapidly and it is
impossible for newly formed crystals to escape. Only
in very slow-moving solidification fronts are crystals
sometimes able to escape. And if once a crystal
becomes deeply embedded in a solidification front,
melt viscosity and hindrance from neighboring crys-
tals increase to the point that escape is not possible.
The region where this transition occurs marks the
boundary between the suspension and mush zones
and 1s called the ‘capture front. Crystals outward of
the capture front are trapped in the solidification
front.

As cooling proceeds, the distance between these
1sotherms defining the solidification front increases
with the square root of time, just as in any conductive
process. That is, even though solidification fronts
involve heat production from latent heat of crystal-
lization, from solutions to Stefan-type problems (e.g,
Carslaw and Jaeger, 1959; Mangan and Marsh, 1992;
Turcotte and Schubert, 1982) the position §(7) of the
front is given exactly by:

S(r) = 26(kr)'? [7]

where 4 1s a constant and K'is thermal diffusivity. The
rate of advance is given by the time derivative of this
equation.

ds K2
SO .
t
Equating this with the rate of crystal settling from
Stokes’ law gives a relation for minimum size crystal
that can escape from the solidification front as a
function of time. That is,
1/2
b uk/n"]"

a(t) = ¢ B

[9]

The larger the viscosity the larger the crystal must be
to escape, and for density contrast it is just the
reverse. The constant # measures the effect of latent
heat relative to the enthalpy of the magma, and can
be adequately represented from its original transcen-
dental equation as (e.g, Zieg and Marsh, 2002)

2/

CP(Tm - T\x)

sH(m)'?

[10]

where Cp is specific heat, T}, is magma initial tem-
perature, 7T\, is wall rock initial temperature, and H is
latent heat.

This measure of crystal size must be compared
with the actual size crystal growing in the suspension

zone as the solidification front thickens. This can be
found by estimating how long taken by the capture
front isotherm to traverse the suspension zone as a
function of time. The position of the capture front
isotherm is a large fraction ( fcp ~ 0.95-0.98) of posi-
tion of the leading edge of the solidification front
given by eqn [7],

S(r) = 2bfer(Kr)'? 1]

and the difference of these two equations gives an
estimate of the thickness of the suspension zone

AS(r) = (1—for)26(KD)"? [12]

The time spent traversing this zone is given by the
quotient of [12] and [8],

A = AVFSg))

The time for the solidification front to traverse the
suspension zone is a linear function of time and
independent of the thermal properties of the system.
The size (a(1)) of a typical crystal grown during this
time can be found using a general growth law for
crystal growth. Although this choice is completely
arbitrary, a convenient and realistic formula is the
linear relation (e.g, Marsh, 1998; Zieg and Marsh,
2002),

= 2 for)r [13]

a(t) = GArr) = 2G(1—for)t [14]

Solving this equation simultaneously with that
given by eqn [9] gives the time at which the first
crystals escape from the solidification front,

[ wegmer 1"
(2G(1-fer)) Apg
This time can also be inserted in to the growth law of

eqn [14] to yield the size of the crystal at the time of
escape, which is

[15]

2/5

o) = [WS)QG“J%F))“Z 1

Apg

The time of escape and size of crystal escaping are
shown by Figure 6. The time of escape is sensitive to
the growth rate. For a magma viscosity of 10° P where
crystals are growing at 10~ '“cms™', escape begins
after about 30 years and the crystal size (radius) 1s
about 0.03 cm. As might be expected, the size of the
crystal at first escape is relatively insensitive to growth
rate. The time of escape is much more sensitive to
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Figure 6 (a) The time of escape of a crystal from a
solidification front as a function of magma viscosity and
crystal growth rate. (b) The size of the first escaping crystal
as a function of magma viscosity and crystal growth rate.
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growth rate, which is understandable. The sooner a
crystal can reach the critical size to sink faster than the
rate of advancement of the capture front, the sooner it
can escape. As magma viscosity increases, the time of
first escape and the crystal size at escape each increase.
For granitic magmas where the viscosity might be
10°-10° P, escaping crystals must be about 1cm in
radius, which takes for the growth rates indicated on
the order of 10°~10" years. This indicates why differ-
entiation by crystal escape from solidification fronts is
unlikely in granitic magmas.

Crystal escape from solidification fronts is much
more likely in basaltic magmas once the crystals
reach about 0. mm in size, which can occur after
about 30 years when the solidification front has a
thickness of about 50 m, depending on the cooling
regime. The question then arises what happens to
these crystals once they escape the solidification
front> Since the magma below the advancing front
is the hottest part of the system, crystals entering this
region will begin melting and dissolving back into the
magma (see Figure 7). This process was examined by
Mangan and Marsh (1992), who, through a different
approach, found results similar to those above.
Fractionation begins after about 25 years when cap-
ture front advancement has slowed to 1-2myr .
For intrusions thinner than about 30 m, this condition
1s never achieved and no escape is possible, but for
magmatic sheets thicker than about 100 m this pro-
cess may often occur. They also followed the course
of the sinking crystals into the magma interior and
estimated the time and distance settled for complete
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ST,

Constant
viscosity

Crystals reach
lower crust
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T TFIIIL
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Figure 7 The thickening of upper and lower solidification fronts in a sheet-like body and their relationship to capturing

settling crystals.
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resorption. Survival through the hotter interior
depends also on the proximity of the lower solidifica-
tion front rising from the floor of the magma. Crystal
accumulation on the floor of the magma chamber is
not possible until the lower solidification front
has advanced to intercept the descending crystals
prior to resorption. Interception is unlikely untl
the magmatic sheet is about 75% solidified, where
the depth of interception is about midway through
the original magma (Figure 7). At best, a microcu-
mulate layer may develop near the centerline of the
body.

The net result of crystallization of a magma initi-
ally containing only nuclei and no large phenocrysts
is a body of rock of essentially uniform composition
and with a crystal size that increases inward in accord
with the local growth or transit time of the solidifica-
tion front. Many dolerite (diabase) sills throughout
the world ranging in thickness from 1 to 350 m are
often of uniform composition with a grain size that
increases gradually in response to the slowing of the
solidification front as it moves into the body from
top and bottom. Actual CSDs can be calculated in
detail to characterize this process (see Zieg and
Marsh, 2002).

6.07.3.2 Phenocryst-Bearing Magma

That some magmas carry significant loads of large
crystals that suddenly settle when the magma comes
to rest upon emplacement and strongly chemically

differentiate the magma became apparent with the
controversy over the origin of the sequence of rock at
Shonkin Sag laccolith in north-centeal Montana. It is
also from early studies of this body that came the
basic concepts on magmatic processes assumed to
control magmatic chemical evolution. Although
much more on this crucial history will be covered
later, it is important here to consider this body to set
the stage for understanding this large class of mag-
mas, which often lead to exotically layered bodies.
Shonkin Sag is a relatively small circular laccolith,
70 m thick and 3 km in diameter. Yet, in spite of its
small size, it is strongly differentiated (Figure 8).
The obvious curiosity is that many much thicker
and more areally extensive dolerite sills throughout
the world, also of basaltic composition, show almost
no differentiation. In the initial study of Shonkin Sag,
Pirsson (1905) realized that a large mass of crystals
had settled and formed a thick pile of cumulates on
the floor. Many bodies show similar distributions of a
thick pile of cumulate crystals on the floor. And most
commonly it has been assumed, like Pirsson, that
these crystals grew after emplacement in response
to strong cooling from the roof of the sill and simply
settled to the floor. When the body was restudied in
the 1930s independently by C. S. J. Hurlbut (1939) at
Harvard and J. D. Barksdale (1937) at Yale, a con-
troversy sprung up. Hurlbut recognized that the
initial magma carried a high population (~35
vol.%) of large crystals prior to emplacement. He
realized that these crystals did not grow after
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Figure 8 The stratigraphic field relations between rock types of Shonkin Sag laccolith.
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emplacement and did not fall to the floor to form the
thick pile of cumulates. They fell to the floor because
they came in as essentially an instantaneous injection
of phenocrysts into the system. This may be the
origin of the extremely important idea of the role of
magma in carrying crystals. Barksdale, on the other
hand, was deeply impressed by the presence of what
appeared to be an internal contact where the transi-
tion zone rocks (see Figure 8) directly overlay the
basal cumulates. This feature in the field does,
indeed, look very much like an internal contact that
might be formed by the injection of a separate
magma. This was the point of contention: Hurlbut
said the entire stratigraphic distribution of rocks
could be formed in place from an initally crystal-
laden magma. Barksdale insisted that multiple injec-
tions of magma are necessary. These two points of
view, i situ differentiation versus multiple injections,
are still often points of contention in explaining
igneous sequences. And, as will be seen here, there
is clearly room and good reason for both views. In
short, as the large load of phenocrysts was settling
and accumulating in a thick pile on the laccolith
floor, interstitial melt was forced upward through a
series of pipe-like conduits (Marsh ez 4/, 1991). These
pipes carried the melt up, expelling it on top of the
compacting cumulate pile. Being too dense to rise
higher in the sequence, the expelled essentially crys-
tal-free melt established a series of overlapping
pillows of melt forming the transition zone. The
expelled melt being in the hottest part of the body,
and multiply saturated because of its intimate prior
contact with the cumulates crystallized into unu-
sually coarse crystals. The net result is a layer of
rock in sharp contrast to the texture of the underlying
cumulates of clinopyroxene phenocrysts. For all
intents, this looks like an internal contact from a
separate injection of magma. And it is, but this is an
auto- or internal injection. Barksdale was very
impressed by this, and his arguments centered in
many facets on this observation. It is important to
note that, whereas the basic geologic observation is
correct, it is the interpretation of this feature in terms
of a magmatic process that is faulty. This is a fairly
common pitfall in magmatology, and it appears even
more strongly when the meaning of a thick cumulate
pile of crystals on the floor of a magmatic body is
interpreted (see below).

On more general grounds, when magma carrying
phenocrysts is emplaced, there is a competition
between the rate of crystal settling and the rate of
solidification. Just as in the previous section when

considering crystal capture and escape by the solidi-
fication front, the same process operates here except
with crystals distributed vertically throughout the
body a large population of crystals escape capture
and settle freely into the lower, upcoming solidifica-
tion front. Consider some end-member situations for
magma laden with crystals emplaced as a sheet
shown by Figure 9. If the magma could cool instan-
taneously regardless of its thickness, which physically
1s impossible, all the crystals would be trapped in
place before they could settle any distance at all.
The final distribution of crystals would be uniform
from top to bottom throughout the sheet. At the other
extreme, if the body did not crystallize at all, all the
crystals would settle to the floor and form a thick pile
of constant abundance like a bed of clastic sedimen-
tary rock. Although very thin (~1m) and very thick
(hundreds of meters) sheets of magma may approx-
imate these extremes, actual magmas are somewhere
in between these two extremes. Inward advancing
solidification fronts from the top and bottom compete
with crystal settling. The initial advance of the upper
and lower solidification fronts is infinitely rapid,
which is what leads to the fine-grained chilled mar-
gins around igneous bodies, and any phenocrysts near
the margins are immediately captured. But because
the rate of solidification front advance decreases
inversely with distance into the body (i.e., from eqn
[2] an isotherm advance velocity (/) can be formed
that leads to V'~ K/Z, where K is thermal diffusivity
and Z 1is distance into the body), more and more
crystals escape capture with depth and all crystals
initially in the center of the body settle into the lower
rising solidification front. The net result is an
S-shaped profile of phenocryst abundance vertically
through the body (see Figure 9). This basic form of
phenocryst distribution is seen in many magmatic
sheets and it is a clear indication of solidification of
a phenocryst-charged body of magma. Moreover,
there are many variations on this basic theme, and
one readily accessible system of this nature that was
studied in real tme is Kilauea ITki Lava Lake in
Hawaii.

6.07.3.2.1 Kilauea Iki Lava Lake

Lava lakes form at Hawaii when erupting magma fills
naturally occurring pits or sink holes due to collap-
sing deeper lava tubes. Kilauea Iki Lava Lake formed
from the 1959 eruption of a crystal (olivine)-laden
basalt, filling a ~2-km-wide pit to a depth of about
125 m (e.g, Helz, 1986; Helz er al., 1989). Because the
eruptive flux repeatedly waxed and waned during
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observed in some intrusions.

filling, the load of large olivine crystals delivered to
the lava lake also varied over time. Murata and
Richter (1966) found that the magnitude of the erup-
tive flux at Kilauea is proportional to the size and the
abundance of olivine crystals entrained by the erupt-
ing magma. In other words, the bigger the eruptive

flux and the stronger the eruption, the more and the
larger the olivine carried by the erupting magma.
This is like a river in flood stage. The bigger and
more dramatic the flood, the bigger the bedload of
solids that it can move, and the larger the size of the
individual solids that can be moved. The olivines
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entrained are not necessarily phenocrysts but are all
sorts of crystals that are found in the plumbing sys-
tem; some are phenocrysts from earlier magmatic
events, others are xenocrysts from peridotitic wall
rock, and everything in between. When the crystals
in a single sample are examined they go from Fo;s to
Fog,, and the latter compositions are clearly from
mantle wall rock (e.g, Maaloe ez 4/, 1989, 1992). At
Hawaii, these crystals are called ‘tramp’ crystals to
reflect their perhaps vagrant and varied origins (e.g,
Wright and Fiske, 1971). Tramp crystals are found in
systems all over the world at, for example, Jan Mayen
(Imsland, 1984), Reunion (Upton and Wadsworth,
1967), and the Ferrar dolerites (see below).
Considering that all magmas everywhere must
ascend and erupt through crystalline mantle and
crust wall rock, which are in effect gravel piles,
every magmatic system should contain tramp
crystals.

The surprising aspect of magma carrying this
heterogeneous collection of crystals is that if the
lava chemical composition is plotted on a conven-
tonal diagram of CaO versus MgO (in wt.%), the
variation appears as that due to perfect fractionation
of olivine crystals indigenous to the magma (see
Figure 10). Wright (1971) has shown that when
these relations are considered in more detail for
individual eruptions, the variations due to olivine
control are even cleaner and tighter. Wright calls
these trends olivine control lines. That is, all of the

variation in MgO can be effected purely by the
addition or loss of olivine tramp crystals. These
exotic crystals have a strong effect on magma com-
position also through diffusional exchange.

As soon as a tramp crystal enters the ascending
magma, it begins to chemically exchange Fe and Mg
with the melt. The melt is much poorer in Mg and
richer in Fe than typical tramp crystals. The time for
these crystals to come to equilibrium with the melt
can be estimated from eqn [2]: 7~ 4’ /D, where 4 is
crystal radius (~1 mm) and D is the chemical diffu-
sivity controlling the exchange (~10"®cm?s™"). It
takes about a month or so to erase the original com-
positional identity of the tramp crystal and bring it
into equilibrium with the melt. The melt has lost Fe
to the crystal and gained Mg, which has made the
apparent magma composition ‘more primitive,
exactly opposite to a normal (and commonly
assumed) liquid line of descent. Conversely, these
tramp crystals to have maintained their exotic com-
positional identity, have been entrained in the melt
for a very short time, perhaps only days.

Given the eruptive compositional variability of
the lavas, especially in terms of the entrained crystal
compositions, the magma filling Kilauea Iki Lava
Lake varied daily during the eruption. The initial
conditions in the lava lake sheet of magma, in terms
of the abundance of tramp crystals, is in striking
contrast to Shonkin Sag. At Shonkin Sag, the
magma ascended from depth and the crystals were
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Figure 10 Variation of CaO and MgO in samples from Kilauea lki Lava Lake. Note the olivine control lines, which show the
effects of gains and losses in entrained olivine crystals. All compositions at MgO less than about 7 wt.% are from drilling of the
upper solidification front. Individual symbols represent whole rock analyses of eruption samples (see, e.g., Helz et al., 1989).
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presumably flow sorted and mixed prior to emplace-
ment and the sequence of crystal settling leading to
the final S-shaped profile. But at Kilauea Iki the
S-shaped profile will also reflect detailed variations
due to the eruptive filling process (see Figure 11).
Similar small-scale variations in intrusive complexes,
as is seen in the Basement Sill of the Ferrar dolerites
of the McMurdo Dry Valleys, thus reflect periodic
filling and repose times and may be a critical link
between the similarity of intrusive and volcanic pro-
cesses of magma transport.

Once the tramp olivine crystals have settled to
form a cumulative pile on the floor of the lava lake,
they begin to diffusionally exchange with the inter-
stitial melt left in the bed and in a matter of a few
months they have lost their original compositional
heritage. A later analysis of this series of rocks would
be difficult to unravel the true magmatic history due
to this late, post-emplacement, re-equilibration. The
clearest record of the role of tramp crystals, and their
compositional diversity, is best recorded in the
rapidly chilled rocks at the upper margin.

The sequence of chemical differentiation is con-
trolled by two key processes. First is the loss of the
load of entrained tramp crystals once the magma
came to rest. The magma in the center of the body
after loss of the tramp crystals is a melt containing
only uny crystals that differentiated from
~20% MgO to ~7 wt.% MgO. It is essential to note
that the change in composition took place, in essence,
instantaneously as the tramp crystals settled out. This
is ‘punctuated crystal fractionation and differentia-
tion’. Second is the fact that after loss of the tramp
crystals, the center of the lava lake contains only

Kilauea Iki

Total depth
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Figure 11 The S-shaped profile for Kilauea Iki where the
detailed variations reflecting variations in eruption flux are
clear.

crystal-free melt, and the system now resembles a
phenocryst-free system discussed earlier. The system
continues to cool and solidify without further differ-
entiation. And if by chance this magma were to be
erupted, only the low-viscosity, crystal-free core
melt would be eruptible. The ensuing lava would
thus show extensive chemical signs of differentiation,
but it would mainly be due to the role of the
entrained tramp crystals.

The dramatic contrast in evolution of magma with
and without initial concentrations of large crystals is
central to understanding all magmas. Yet the impor-
tance of this distinction, and even the recognition of
this feature itself, was not appreciated in the forma-
tive stages of magmatology. The essential concepts of
differentiation and, especially, the evolution of
magma in chambers were conceived and put into
scientific play, in many ways, on faulty reasoning.
The field relations were clearly recognized, but the
physical processes giving rise to them were unknown.
Through these considerations is where the concept
came about of magma chambers, undoubtedly the
most universal concept in magmatology.

6.07.3.3 Primitive versus Primary Magmas

When considering a magmatic complex or system,
petrologists are literally obsessed with identifying the
magmatic composition from which all other related
compositions in the suite could have arisen by crystal
fractionation processes. Norman Bowen himself, as
we will see below, incited this obsession by discove-
ring the crystallization reaction series whereby,
starting with basalt, granite could be formed by grow-
ing and progressively settling out crystals with silica
contents less than that of the adjacent magma. The
natural tendency has thus been to automatically take
the rock with the highest MgO content and assume it
is the primary magma of the series. Magma MgO
content has become synonymous with primitiveness.
This reflects the direct connection between all basal-
tic magmas and mantle peridotitic rock. After all,
there is no doubt whatsoever that basalts generally
come from partial melting of the mantle and every
other igneous rock, continents included, comes from
basalt. It also reflects the observation that at Hawaii
there is a clear succession from MgO-rich picrites
right on through to tholeiitic basalts with 5-7 wt.%
MgO. It is naturally assumed and inherently adhered
to, without even having to defend the proposition,
that any basaltic rock with low MgO must be a
differentiate. It cannot be a primary composition.
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The general fallacy of this line of reasoning comes
from not recognizing the fundamental mechanical
role of tramp crystals in deciding magma bulk
composition. We shall see repeatedly below that
virtually any basalt can be a primary magma
regardless of its MgO content. Any such basalt
traversing the lithosphere has the opportunity to
entrain  high concentrations of nonindigenous
crystals of olivine or other mafic phases. The new
bulk composition certainly appears primitive, butitis
not primary, and to assume that it is short-circuits
the reasoning process leading to understanding mag-
matic process. It is much more appropriate to
consider magmatic processes as being characterized
by a ‘carrier magma’ that is subjected to the mechan-
ical gain and loss of crystals throughout its life.
The carrier magma itself can be, within reason, of
almost any composition. It certainly need not be
inherently primitive, and it may be challenging to
recognize the carrier magma, which, depending on
the age and size of the system, may be of several
different types. This concept is particularly impor-
tant when considering the role of magma chambers in
magmatic processes.

6.07.3.4 Historical Note on Solidification
Front Fractionation

The possible role of solidification fronts in capturing
phenocrysts was first noticed by Pirsson (1905)
in studying Shonkin Sag. Two of his students
(Osborne and Roberts, 1931) were the first to analy-
tically model the growth of the solidification front
and compare this with the rate of settling of crystals
due to Stokes’ law. They compared their results to
observations at Shonkin Sag, but due to a misnum-
bered sample the calculated profile did not match
that observed. Jaeger and Joplin (1955) made a sub-
stantial contribution when they realized that newly
grown crystals falling from the advancing solidifica-
tion front will dissolve as they sink into the hotter
interior magma and will not contribute to fractiona-
tion. They were taken to task for this point of view by
Walker (1956) and Hess (1956) who could not under-
stand Jaeger’s straightforward analysis. Walker and
Hess firmly held the assumption that, in essence, “it is
well known by petrologists that crystals grow in
the interiors of magmas and commonly settle to
fractionate the system.” They did not realize that
the effect they were thinking of came from systems
injected with phenocrysts from the start. J. C. Jaeger
was the author with H. S. Carslaw of the fundamental

treatise on heat conduction in solids, and his analy-
tical insight into cooling and solidification of
magma was clear and considerable. The inability of
leading petrologists of the day to recognize the truly
original and valuable contributions by Jaeger set back
the development of magma physics by several dec-
ades. The production of S-shaped profiles was
analyzed again by Gray and Crain (1969) and
Fuijii (1974).

6.07.4 Magma Chambers

Magma chambers are the conceptual cornerstones of
every magmatic process. They are high-level staging
areas that charge volcanoes for eruption. They are
cavernous pools wherein complex patterns and
cycles of crystallization take place to transform initi-
ally homogeneous melt into spatially differentiated
sequences, which may or may not be erupted. They
are enormously versatile in size, shape, and function,
and can produce layered intrusions, a layered oceanic
crust, and homogeneous diabase sills and granitic
plutons. The central feature of this dynamic versati-
lity is the pervasive nucleation and growth of crystals
throughout the chamber that can be separated,
sorted, or re-entrained in a vast array of processes
(see Figure 12). This valuable and useful concept of
magma chambers has been adhered to for over one
hundred years. It is based on an exceedingly funda-
mental and misleading premise of how silicate melts
solidify. Here we examine this concept in detail, to
strengthen it fundamentally, and to show that all
magmatic systems function by a common, basic, and
simple set of processes.

6.07.4.1 The Problem: The Diversity of
Igneous Rocks

The abundant variety of igneous rocks found on
Earth’s surface has long spawned an innate curiosity
into the processes responsible for this variety and
how these processes might have shaped the very
structure of Earth itself. A strong burst of intellectual
activity concerning the origin and evolution of
magma was brought on by the advent of thin sec-
tion-making, western exploration in the United
States, and by the general intense activity in chem-
istry and physics taking place at the beginning of
the twentieth century. The rapid discovery of new
elements, radioactivity, blackbody radiation, and
the development of chemical thermodynamics by
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Figure 12 The historically imagined or classical magma chamber showing crystals settling from the center of the chamber
leading to a pile of cumulates on the floor and a silica-rich sandwich horizon at the interface of the upper and lower

crystallization zones.

J. Willard Gibbs, for example, set the stage for funda-

mental advances in understanding magma.

6.07.4.2 George Becker’'s Magma Chamber

In 1897, George Becker (1847-1919) set forth the basic
concept of magma chamber differentiation that is still
largely adhered to this day. Becker was mainly a
chemist who worked for the US Geological Survey.
He was impressed by how a cooled bottle of wine
grows ice crystals around the edges and as crystal-
lization proceeds the mother liquor or residual melt
toward the center becomes increasingly rich in alco-
hol, the component with the lowest freezing
temperature. If the temperature is progressively low-
ered, the container could become compositionally
zoned to form, in effect, a differentiation sequence,
which he said would be a perfect analog of a laccolith.
Becker said: “A bottle of wine or a barrel of cider
exposed to low temperature deposits nearly pure ice
on the walls, while a stronger liquor may be tapped
from the center. If stll a lower temperature were
applied the central and more fusible portion would
also solidify. Such a mass would be, so far as I can see, a
very perfect analogue to a laccolith.” He had in mind
the rock sequence displayed by Shonkin Sag laccolith,
which had been discovered in north-central Montana
during mapping of the 49th parallel. This style of
fractional crystallization was well known from ancient
times and was practiced by Native Americans in con-
centrating maple sap prior to boiling down to syrup.
Charles Darwin noticed on his visit to the Galapagos
during the Beagle voyage that large olivine crystals had
clearly settled to the base of lobes of basalt. Fouque

realized in 1879, in his chemical study of the eruptives
of Santorini, that the separation of plagioclase
enriched the lava in silica. Crystal fractionation was a
common chemistry laboratory technique in the late
nineteenth century. Madam Curie used it to isolate
radium and Becker, having been trained as a chemist,
certainly knew of the effectiveness of this process.

Becker’s idea undoubtedly describes the most fun-
damental concept in magmatic processes. The fact
that crystals in multicomponent, multiphase systems
always have compositions different than the host
liquids allows a systematic evolution in melt compo-
sition with crystallization. This feature of solutions is
what makes metallurgy, ceramics, and igneous pet-
rology the rich fields that they are. Although this
feature of solutions was long known, Becker made
the important realization that this process might also
gives rise to a ‘spatial’ variation in final rock compo-
sition. Spatial variations in rock composition are
fundamental to magmatic systems.

The downside to Becker’s idea, which has been
overlooked in deference to its conceptual usefulness,
1s that the process really only works with dendritic
crystals, which are the rule in metals and aqueous
solutions but not silicate magmas. The whole essence
of magmatic processes, and rocks themselves in the
broadest possible sense, rests on the fact that magmas
and rocks consist of very small crystals or clusters of
small crystals that grow in essentially parasitic che-
mical relationships (e.g., Marsh, 1998). This simple
subtlety in crystal size and form, known so well by
every petrologist, coupled with a spatially varying
thermal regime is the basis of all magmatic processes.
It simplifies and changes completely Becker’s
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concept of magma chambers, and it exposes a robust
continuum linking all magmatic events.

Louis Pirsson (1860—-1919) picked up on Becker’s
idea and significantly extended it to explain the
lithologic variations seen at Shonkin Sag laccolith.
Pirsson, a petrologist at Yale, R. A. Daly, W. H.
Weed, and others visited Shonkin Sag and found it
to be a remarkably differentiated, small (70 m) sheet-
like body. Although Shonkin Sag will be discussed in
more detail later, Pirsson combined Becker’s idea
with his own insight on thermal convection in fluids
to give a plausible explanation of how Shonkin Sag
evolved. His detailed exposition (Pirsson, 1905; pp.
187-188) of this process is at the very root common
beliefs of magmatic processes:

As time went on, however, there would be a con-
stantly increasing tendency for the crystals to
endure; they would be carried greater and greater
distances. But as they are solid objects and of greater
specific gravity than the liquid, there might be a
tendency for the crystals to drag behind and
accumulate on the floor of the chamber. Moreover,
from the heat set free at the time of their crystal-
lization and from the resulting concentration of the
chemically combined water vapor in the magma, the
residual liquid would tend to have its mobility kept
undiminished, since these would be factors which
would tend to counteract the increase in viscosity
due to cooling. In this manner it may be possible to

understand how there would form a femic marginal

It seems almost impossible to resist the view that in
an enclosed mass of magma sufficiently mobile for
local differentiation to take place convection cur-
rents due to unequal cooling would occur. On the
upper surface and along the outer walls cooling
would take place more rapidly; on the floor of the
chamber, protected by the heated mass above and
with heated rocks below, less rapidly. Thus there
would be a tendency along the top and sides for the
magma to grow heavier and to descend. Material
from the more highly heated central part would
tend to rise and replace this, and thus currents
would be established in the magma, rising in the
center, flowing off to the sides at the top, and
descending along the cooler walls. . .. Such currents,
once established, would continue as long as suffi-
cient mobility remained in the magma to permit
them.

At some period crystallization would take place, and
this most naturally would begin at the outer walls. It
would not begin at the top because the material
would arrive there from below at its highest tem-
perature. Moving off toward the sides the material
begins to cool and descend and becomes coolest as it
nears the floor; here crystallization would com-
mence. The first substance to crystallize is the
solvent, which in this case would be the femic
minerals, chiefly augite. Part of the material solidi-
fied would remain attached to the outer wall and
form a gradually increasing crust, and part would be
in the form of free crystals swimming in the liquid
and carried on in the current. Probably at first, as the
liquid moved inward over the floor of the laccolith
and became reheated, these crystals would remelt,
giving rise to numerous small spots of magma of a
different composition, which would slowly diffuse.

crust and a great thickness of the femic material at
the bottom of the laccolith. As the cooling went on
the edges of the outer crust would rise more and
more toward the top, finally spreading over it, and as
a result the crust should be thinner on the top than
elsewhere, as in the Shonkin Sag laccolith, in which
the upper crust of femic rock is still preserved.

Beginning with a crystal-free melt, Pirsson sug-
gested that crystals nucleate and grow inward from
the edges of the laccolith, convecting melt moves
through the growing marginal band of crystals, che-
mically exchanging with them freely, and unattached
crystals pile up on the floor. He suggested that crys-
tallization will be most intense near the roof where
cooling is strongest and that these crystals will be
carried downward by convection along the walls and
then outward over the floor and deposited as the melt
itself keeps circulating and differentiating. The end
result is a thick pile of crystals on the floor, a thin rind
of crystals welded to the roof, and a layer of highly
differentiated rock just below the roof in what later
came to be called the sandwich horizon. This basic
idea, which was given root by Louis Pirsson to
explain Shonkin Sag, has pervaded all of igneous
petrology, with only minor modification to this
day. This is a powerful, well-reasoned, and clearly
stated idea. It is based on seemingly straightforward,
but faulty, reasoning, which inherently exists, with-
out any clear enunciation or realization, in the
reasoning behind almost every present-day petrolo-
gic scenario. The key features of this reasoning are an
assumption of the knowledge of the ‘inital condi-
tions’ of the system at the time of emplacement, the
‘spatial style of crystallization’ of magma and the ‘size
of crystals’ that can be grown after emplacement.
These concepts remain elusive to this day, and
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need to be examined in detail. Before dong this,
however, in order to understand how this idea flour-
ished, it is essential to appreciate the historical
context and activity of the petrologists alive at this
time.

6.07.5 Historical Setting

The propagation of ideas very often rests on the
random happenstance of how people appear and dis-
appear from science. And it is in the mix of expertise
lost and gained with the loss and gain of these people
that ideas become taken seriously, become modified,
and inadvertently become fundamental principles of
the science itself. A corollary to this is the remark
often attributed to Max Planck that beliefs in science
mainly change through the loss by death of the
holders of the old, out-of-date ideas. But it also some-
times true that with the loss of these people a vast
resource of experience in observation is also lost. And
some of these lost observations may be those that
present serious obstacles to the acceptance of the
newer ideas. This is especially serious in petrology
where a great deal of the fundamental observations
reside in a life’s experience in studying field relations
and gaining impressions of processes that may be
impossible to quantify or record in any permanent
way. So the science may sometimes suddenly pro-
ceed not because of the establishment of a new
fundamental principle, but by the inadvertent
removal of an obstacle through the loss of under-
standing of a fundamental observation or of the loss
of the observer him/herself. It was this nature of
events that largely defined the research field of
igneous petrology for all of the twentieth century.
And the period of 1905-15, in particular, was perhaps
the most critical of all in shaping the concepts of
magmatic  processes and, especially,
chambers.

Prior to about 1905, arguably the greatest advance
in understanding magma was in the development of
thin sections and the establishment of the CIPW
norm. Thin sections allowed a detailed inspection
of the intumate relationships between minerals
quenched in the act of crystallizing. Although
discovered and developed by the Britons W. Nicol
(1768-1851) and H. C. Sorby (1826-1908) (e.g,
Dawson, 1992), it was principally the Germans
K. H. F. Rosenbusch and F. Zirkel who quickly
and systematically developed petrography into a
science and trained a cadre of petrographers. The

magma

exceedingly fundamental realization that a rock com-
position could be expressed in any number of
textures and crystal sizes spawned the need for
some way to normalize texture, or remove its influ-
ence altogether, in order to put all rocks on the same
basis for classification. The CIPW norm was the out-
growth of this need, whereby each composition could
be represented by its equivalent plutonic texture.
This removed the mystery of falsely classifying
rocks due to overall crystallinity rather than simply
due to chemical composition. The CIPW Norm
was a monumental product of the penetrating petro-
logic insight of G. H. Williams (1856—1894) of Johns
Hopkins, W. Cross (1854—1949) of the US Geological
Survey, J. P. Iddings (1857-1920) of the University of
Chicago, and L. V. Pirsson (1860—1919) of Yale, and
the analytical chemistry insight of H. S. Washington
(1867-1934) of the Carnegie Institute’s Geophysical
Laboratory. Williams died in 1894 before full devel-
opment and publication of what became the CIPW
norm in 1903. These men quantitatively combined
rock chemistry with their intuitive understanding of
observational phase equilibria to predict with
uncanny accuracy the crystallization sequence of vir-
tually every igneous rock. In light of the fact that no
systematic experimental phase equilibria were yet
known for igneous rocks, this was a monumental
and sophisticated scientific achievement. Nowadays,
we have the equivalent operation in the form of
comprehensive thermodynamic models of crystalli-
zation, two of which are, among others, the MELTS
program by Ghiorso and associates (Ghiorso er al,
1983) and COMAGMAT by Ariskin and associates
(Ariskin, 1999). This is a direct reflection of the rapid
development of experimental petrology beginning at
about 1910.

In 1900, the level of petrologic insight within
single individuals from the perspectives of field and
thin-section studies was very possibly more sophisti-
cated than it is today. There were, however, three
major undeveloped areas that critically impeded the
understanding of magmatic processes. These were:
(1) mechanics of viscous fluids, (2) experimental
phase equilibria, and (3) kinetics of crystal nucleation
and growth. First, although George Gabriel Stokes
(1819-1903) and Claude-Louis-Marie-Henri Navier
(1785-1836) beginning in about 1850 had developed
the basic equations of motion of viscous fluids, which
set forth a stream of analysis involving both viscous
and inviscid fluids, including Stokes” famous result
for the drag on a sphere, it was not until 1919 that
J. W. Strutt (1842-1919) (Lord Rayleigh) solved the
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problem of simple thermal convection in a layer
heated from below. Second, on phase equilibria,
there were many bits and pieces of experimental
information scattered about on natural systems start-
ing with James Hall in 1798 through to F. A. Fouque
in 1879 and Frederick Guthrie’s (1884) experiments
on melting of metal alloys who stated: “I submit that,
according to analogy, we should regard compound
rocks and minerals [i.e, multicomponent systems],
other than sedimentary rocks, as representing various
kinds of eutectic alloys.” But there was no general
understanding of the structure of phase diagrams for
magmas. Many petrologists believed because of the
apparent preponderance of granites and basalts that
this reflected the presence of pole compositions in
the solution chemistry of silicate magmas. That is, in
a phase diagram of temperature versus solution silica
content, there might exist two eutectic regions, one
for basalt and the other for granitic or silicic residual
compositions. Cooling and crystallizing magma
inevitably ends up at one or the other compositional
end point. Earth as a planet is essentially bimodal in
granitic continents and basaltic ocean basins,
observed R. A. Daly (1871-1957), which reflects this
process. And third, there was no general appreciation
of how the rate of solidification is related to the size
and number of crystals in a rock. The distinction
between crystals nucleated and grown in place over
phenocrysts carried in with the magma was not
appreciated. The role of rapid quenching at the con-
tacts of sills and dikes producing chilled margins,
laced with large numbers of small crystals, and slower
cooling in the interior producing larger crystals, was
clearly long recognized. But there was no realization
that inordinately large crystals in small sills like
Shonkin Sag could not have grown after emplace-
ment. In fact, there was little understanding of the
need to isolate and define the initial conditions of a
newly emplaced magma. Although not explicitly dis-
cussed until much later, it was apparently assumed
that all magmas arrived for emplacement essentially
free of crystals. Today, these three areas are each
becoming mature fields in and of themselves, but
the complex interplay of these areas, considered as
one dynamic continuum, still remains as the foremost
frontier to understanding magmatic processes.

6.07.5.1 Life Time Lines

The life spans of the principal petrologists of this
time are shown by Figure 13. Nearly all of

those mentioned so far were born in the middle
1800s and by about 1915 they were either dying
or retiring from the field. The new wave of petrolo-
gists (e.g, Bowen, Grout, Wager) were emerging
from graduate school with a desire to apply new
methods, mainly phase equilibria, to solve classical
magmatic problems. Although Becker and Pirsson
had clearly defined the dynamics of magma cham-
bers, the usefulness of this concept was yet to be
measured against the phase equilibria of real silicate
systems, which hitherto was completely unknown in
any quantitative sense. This entire area was ripe for
development in the wake of the seminal experimen-
tal work by Arthur L. Day on the plagioclase
binary. N. L. Bowen (1887-1955) rapidly became
the leader in this area and in 1915 he published one
of the most important papers of the century
(Bowen, 1915).

Armed with a relative wealth of basic informa-
tion on silicate phase equilibria, diffusion constants,
and elementary thermodynamic constants (e.g.,
heats of fusion), which he had extracted from
phase diagrams, Bowen systematically evaluated,
one by one, all the various suggested mechanisms
thought perhaps to effect the differentiation of
magma. His logical, detailed, and quantitative
approach of coupling experiment, theory, and field
inferences swept away a host of processes as being
ineffective. He established fractional crystallization
by crystal settling as the primary means of differ-
entiation. That is, prior to knowing silicate phase
equilibria, nearly every mechanism known to chem-
istry had been argued to be important in explaining
the diversity of igneous rocks. Diffusional exchange
with wall rock, Soret effect, wall rock assimilation,
gas fluxing, among many other processes, had been
suggested to be important. They were all equal
competitors. Bowen evaluated each of these in a
fashion that is remarkably similar to the modern
method of scaling analysis in applied mathematics.
He was forceful and thorough in his conclusions and
he left no room for argument. He demolished all
competing theories on differentiation. He even
attacked the Becker—Pirsson model where the resi-
dual convecting melt continually reacts through
diffusion with dendritic crystals growing on the
walls. Instead, he said that only by crystal growth
and settling could significant differentiation pro-
ceed. He overlooked the fact that this is exactly
what Pirsson himself had said in applying Becker’s
wine bottle model to Shonkin Sag.
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Figure 13 The names and dates of existence of prominent geologists and petrologists of the late nineteenth and early

twentieth centuries.

In this 90-page treatise, Bowen showed (see
Figure 14) that it is principally the phase relations of
solid solutions and not eutectics that control igneous
systems, and that there is therefore no practical end to
how far differentiation can proceed as long as crystals
can settle or be otherwise physically separated from
the melt. There were, however, many petrologists who
did not believe that crystals could settle in viscous
magma. Bowen not only showed experimentally in a
large experimental charge that olivine in picritic
magma did clearly settle, but he also deduced the
viscosity of melts and used Stokes’ law to calculate
settling velocities (Bowen, 1947). He performed novel
experiments and produced data crucial to answering
the central question posed by the earlier generation.
The amount of printed material he turned out was
enormous and a great deal of it is sull pertinent.

The bottom line is that Bowen pushed and pro-
moted his model thoroughly and hard. He said

crystals grow in the middle of a charge or a magma
chamber. They settle to the bottom and the residual
liquid compositionally evolves from basalt to granite.
It 1s simply an unavoidable fact of silicate phase
equilibria. In its simplest dynamic sense, petrologists
have stuck with this to the present. No one today
would refute that the separation of crystals from melt
causes chemical differentiation, but what is still
unclear is how this actually takes place in a physical
sense. For if all significant nucleation and growth of
crystals 1s in marginal fronts and there are no crystals
in the interior, how does crystal-liquid separation
take place? To his credit, Bowen did worry about
this and he proposed that melt buried in high-crystal-
linity mushes might be kneaded out by tectonic
processes. But later he realized that this would prob-
ably be the
deformation is generally much longer than that for
solidification.

ineffective  because timescale of
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Bowen'’s reaction series and solidification front
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Figure 14 Bowen'’s reaction series superimposed on an active basalt solidification front at the roof of a sheet of magma.
Variations of composition and viscosity as a result crystallization are also shown.

6.07.6 Initial Conditions of Magmatic
Systems

All natural processes involve time. And the most cri-
tical part of analyzing and understanding magmatic
processes involves a clear and concise knowledge of
the nature of the system at the outset when it all began.
The ensuing process itself, especially including the
eventual final outcome, reflects in every detail the
initial state of the magma. The final product, more
than anything else, simply reflects the inidal condi-
tions. The importance of these conditions has been
routinely overlooked, and the process conjured up to
explain rock sequences, especially complicated ones,
are often unrealistic and overly complicated. They are
complicated mainly because the assumed initial con-
ditions are so far from the final state of the system and
are hence impossibly difficult to sensibly connect in
any logical construct. These initial conditions, as men-
tioned earlier, are:

1. the spatial pattern of cooling and crystallization;

2. the composition and initial state of crystallinity of
the magma;

3. the sequence of emplacement of the magma; and

4. the final distribution of crystal sizes throughout
the body.

These are, in and of themselves, often exceedingly
difficult conditions to ascertain without first knowing
what evidence in the rocks clearly reflects these

conditions. In early studies, the critical importance
of these conditions to the
unknown and the simplest possible conditions were
assumed. In their classic study of the chemical evolu-
tion and layering of the Skaergaard Intrusion, for
example, Wager and Deer (1939) and Wager and
Brown (1968) stated at the outset that crystal-free
magma was instantaneously injected, perhaps in a

final outcome was

violent fashion. For the initial composition of the
magma, they took that composition of the chilled
against the wall rock, gabbro. Skaergaard contains
about 600 km’ of magma in a body with an aspect
ration of about 2:1. This is not a large body of magma
— many large dolerite sills are this large. But why
does it exhibit such well-formed layering? Is it the
form of the container holding the magma? The style
of cooling? Or is it the chemical composition of the
magma? Given the initial conditions assumed for the
formation and condition of the initial magma, a host
of processes involving sorting of crystals existing in
the initial magma are excluded, as are also processes
associated with the emplacement sequence itself.
Given the assumptions, Wager and Deer explained
Skaergaard, with no (or very few) initial crystals, as
crystal growth starting somewhere in the middle of the
body in response to strong cooling from the roof. The
melt mingles with any crystals that are around the
edges and keeps reacting like the bottle of wine so
that the middle of the body chemically evolves with
time. Cumulous crystals, like snowfalls, build up on the
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floor and form sequences of modally layered rocks in
response to periodic loading and unloading of the
system with crystals due to roofward cooling. The
geometric form of the body encourages cascades of
crystal-laden currents down the sloping walls. Within
the piles of cumulate crystals on the floor, compaction,
continued crystal growth, and melt migration physi-
cally modify the textures and chemically evolve the
rock to fit the final product. Additional liquid may leak
out, but eventually we end up with some liquid left at
the roof with some rind on the top. This perspective is
heavily influenced by Pirsson’s treatise on Shonkin
Sag. Wager and Deer got this perspective from Harry
Hess who was working on the massive, heavily layered
Sullwater Intrusion. (Although Hess’s memoir was
published much later in 1960, his incidental reports
on his Sullwater work are cited by Wager and Deer.)
Faced with similar sequences of modally layered rocks,
Hess went back to the early work of Becker, Pirsson,
and Grout, and incorporated the overall process
spelled out by Pirsson. The important point here is
that the Pirsson model is the fundamental idea from
which all explanations for the evolution of layered
intrusions have emanated. It is thus important to
understand this model in more detail in light of dis-
cerning the importance of magmatic initial conditions.

6.07.6.1 Cooling from the Roof

When an opening is made in the crust for emplace-
ment of a magmatic body, the upper and lower
contacts of country rock initally had exactly the
same temperature. The magma is generally much
hotter than the country rock and the difference in
temperature between magma and country rock is
large and virtually identical at upper and lower con-
tacts, regardless of the thickness of the body. The rate
of cooling of the magma by conduction through the
upper and lower wall rock is also virtually identical.
The body thus cools at the same rate from top and
bottom. This is shown by considering the central
temperature in identical hot sheets emplaced far
from, near, and on Earth’s surface. There is no dif-
ference, especially in early tmes, in the rate of
cooling for deeply buried and shallow intrusions,
and only a sight difference for a body (e.g., lava or
lava lake) on the surface. The sheets of magma are so
much hotter than their surroundings that it is essen-
tially immaterial what they are surrounded by. This
also holds for all the other margins of the body, that
15, sidewalls. Other processes of cooling, such as
hydrothermal convection, will influence differently

the upper and lower contacts, but mainly only in the
later stages of cooling when solidification is no
longer important (e.g., Marsh, 1989). The conclusion
15, thus, that magmas in general do not cool more
strongly from the roof and crystallization is no more
intense along the roof than it is elsewhere along the
margins of the body. Cooling is characterized by heat
flow from all outer margins of the magma at ‘approxi-
mately’ similar rates, and this cooling is characterized
everywhere by crystallization. For every unit of ther-
mal energy flowing from the magma, a specific mass
of crystals is produced in a specific spatial pattern.

6.07.6.2 Style of Crystal Nucleation
and Growth

In Becker’s original model of magma chamber
crystallization, for example, liquid moves freely in
and out of the mass of growing crystals, carrying, in
effect, nutrients to the crystals. The residual melt
becomes increasingly depleted in time in crystalline
components, thereby becoming enriched in
unwanted or residual components. The center of a
crystallizing bottle of wine becomes increasingly rich
in alcohol. This is essentially what happens in any
system where dendritic crystal growth prevails as in
metallic alloys and aqueous solutions. These solu-
tions are also commonly of low viscosity melt and
low Prandtl number. Compared to silicates dendritic
crystals are unusually large and can span a significant
distance within a solidification front. If these dendri-
tic systems were scaled up to the size of typical
bodies of magma, dendritic crystals might reach
sizes of tens of meters or hundreds of meters long.
Large compositional boundary layers develop on the
large crystals and are buoyant, highly mobile, and
highly effective in carrying ‘used up’ fluid from the
crystals. This is very much unlike what we see in
silicate magmas.

One of the curious things about magma is that the
size of crystals in most igneous rocks is on the order
of tenths of a millimeter to a centimeter. That reflects
the mulusaturated, multicomponent nature of silicate
magmas where chemical diffusion is slow and the
melts are highly viscous (e.g., large Prandt number).
Within thickening solidification fronts, crystals
nucleate and grow at the leading edge near the liqui-
dus. Nucleation certainly does not start here, for
magmas are essentially dirty systems, laced with
nuclei. Only in some very rare systems are magmas
ever free of nuclei as an initial condition. This
reflects the fact that endogenous magmas are never
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found to be superheated. Nuclei are thus always
present and serve as seeds for crystallization regard-
less of the exact phase involved. Once the cooling
front arrives, existing nuclei increase in size outward
through the solidification front. The tiny growing
crystals are in a parasitic relationship where what
chemical components one crystal does not want,
another one will nucleate and grow to use.
Diffusion is so slow in silicate liquids that if an olivine
crystal is growing on the liquidus of tholeiitic basalt,
for example, unwanted components like CaO, AL, Os,
Na,0, Fe,03, Si0,, and K,O build up in the sur-
rounding melt. This increases the chemical potentials
of clinopyroxene and plagioclase, spawning nuclea-
tion and crystal growth. This reflects the common
state near multiple saturation in many basaltic mag-
mas, a slight enhancement in concentration of
rejected components will saturate the melt in another
solid phase. Continual growth of these crystals will
enhance nucleation and growth of the other phases
and vice versa. This creates local intense clusters of
crystals of several phases and, eventually, from these
clusters appears single large, well-formed crystals
(see Figure 15). The small crystals combine through
aggregation and grain boundary migration into large,

Figure 15 Thin sections (~5 x 2cm?) from Makaopuhi
Lava Lake (courtesy of Dr. T. L. Wright) at crystallinities of
c. 20 and 40 vol.% (upper to lower) showing the tendency
for crystallization to occur in dense clusters.

optically continuous crystals. The process is part of
the phenomenon of Ostwald ripening, where touch-
ing grains combine in response to lowering the net
surface free energy. This s, in effect, a form of high-
temperature annealing, and it happens so rapidly that
it is difficult to observe except in samples quenched
from lava lakes. The long-believed perception of
crystals nucleating and growing at widely separate
locations and only eventually impinging on one
another at the close of solidification is a reflection
of an assumption of homogeneous nucleation, which
rarely occurs in magma. Heterogeneous nucleation is
the rule in magma.

6.07.6.3 The Critical Connection between
Space and Composition

The variations in melt silica content and viscosity
with distance or crystallinity within a typical tholeii-
tic basalt solidification front are shown by Figure 16.
Both silica content and viscosity increase dramati-
cally with the degree of crystallinity or distance
outward in the solidification front. It is especially
notable that silica enrichment increases gradually
for the first 50 vol.% of crystallization, increasing
by only about 5wt.%. It is only outward of this
point, at much higher crystallinities, that strong
enrichment occurs. But once the level of crystallinity
reaches 50 vol.%, the point of critical crystallinity has
been reached where the magma is a rigid network of
crystals laced with melt. The melt and crystals cannot
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Figure 16 A solidification front on the sidewall of a
basaltic magma showing the variations in composition,
viscosity, and crystal mass as a function of position.
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be easily separated, and the crystals surely cannot be
separated by conventional crystal settling. Andesitic,
dacitic, and rhyolitic melts occur at increasingly
higher states of crystallinity, where the separation
of melt and solids in increasingly difficult. The key
to chemical differentiation of the magma is to isolate
the enriched melt at a separate body of magma. How
does this occur?

Out in the center of the body nothing is happen-
ing. As seen earlier, crystals will not begin growing
there until the inward propagating solidification front
arrives. Even small crystals escaping from the suspen-
sion zone of the solidification front will have no effect
on the overall magma composition. Tiny crystals
falling from the suspension zone are resorbed in the
inner hotter magma and do nothing to change melt
composition. Even a big plume of crystals and
slightly cooler melt dropping from the suspension
zone, which might survive transit of the hot inner
magma, simply enters the suspension zone of the
lower solidification front with no net spatial change
in the composition of the system. It just goes from one
part of the system to another. Low-density melt
might escape from the lower solidification front, but
the viscous chemical boundary layers on the tiny
crystals have little buoyancy and are stabilized by
the cluster style of nucleation and growth and the
advancement of the solidification front itself.
Chemically, nothing is going on out in the center of
the body. It is within the solidification fronts that any
differentiation will take place.

The most critical relationship to appreciate in
understanding magmatic processes is the relationship
between moving across a conventional phase diagram
and moving in space in a magmatic system. Because
the temperature field of a magma is closely tied to
space, phase diagrams are also tied to space. Moving
on a phase diagram, thus, always involves moving in
space (i.e, x,7,2) in a magma, and these moves are
almost always within solidification fronts because
that 1s where temperature varies the strongest with
spatial coordinates.

This critical relationship can be readily appreciated
by considering a David Walker-style normative tern-
ary phase diagram with the normative components
olivine, diopside, and silica at the apices and the
systems 1is saturated everywhere with plagioclase (see
Figure 17). These phase relations fit a wide range of
basaltic magmas from tholeiites to high-alumina
basalts (HABs). There is a single major cotectic
boundary separating the two major phase fields of
olivine, or alternatively orthopyroxene at higher silica
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Figure 17 The fundamental relationship between spatial
position (upper) in a solidification front and phase position in
the normative basalt ternary system.

contents, and diopside or clinopyroxene. Because of
the mapping between temperature and space, any
movement on this phase diagram, along the cotectic
or anywhere else, involves a move in magma space.
Beginning in the middle of the magmatic system, the
corresponding point on the phase diagram is the
beginning bulk magma composition on the cotectic
boundary (see the large block dot). Moving in space
from the center outward into the upper solidification
front no move occurs on the phase diagram because
there are no temperature or composition changes.
Once the solidification front is entered there is a
choice whether to follow the bulk composition on
the phase diagram or only the interstitial melt compo-
sition. If the local bulk composition is followed, all
points map onto the same initial starting bulk compo-
sition (i.e., the same starting black dot). This 1s because
there has been no separation of crystals and melt. If, on
the other hand, the local residual melt composition is
monitored, then the compositions migrate, with
increasing crystallization or depth outward in the soli-
dification front, along the cotectic toward the silica
corner of the ternary. The silica corner will, in fact, be
closely approached as the very last bit of melt
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crystallizes near the solidus at the back end of the
advancing solidification front. It is important to realize
that these late-stage, highly fractionated melt compo-
sitions do not exist separately, in and of themselves, as
an actual physical entity that could be erupted as lava
or re-emplaced as a pluton. These melts are locked
within the crystalline framework of the solidification
front and cannot be separated by any simple means;
more on these processes later.

An understanding of this critical relationship
between spatial variations in magma and moves on a
phase diagram makes solving, or at least understand-
ing, many fundamental petrologic occurrences
straightforward. Magmatism at ocean ridges the
world over is predominantly tholeiitic with subtle
variations of many kinds. No silicic differentiates are
ever seen as lava. The volumetrically overwhelming
composition rests on the cotectic and does not move
toward the silica corner as might be expected from a
viewpoint of classical crystal fractionation theory. No
continent-like rocks are produced. As will be seen
later, the ocean ridge magmatic system is essentially
a sill or series of sills, called the axial ridge magma
chamber, perched at the top of a vertically extensive
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magmatic mush column. When the plates move
apart, aliquots of essentially crystal-free magma are
withdrawn or pulled from the subjacent sill by dis-
rupting the roofward solidification front. No magma
comes from within the solidification fronts, so the
lavas are generally always just basalts. Once the
system is activated in this way, more magma arrives
from below, which may contain ‘tramp’ or dynami-
cally entrained crystals from the underlying mush
column. Upon entering the axial sill, these crystals
will settle from the magma, which is an example of
‘punctuated differentiation’ discussed earlier, and the
magma will sit there surrounded by solidification
fronts.

This process also explains why Hawaiian and simi-
lar large-volume basaltic centers in oceanic settings
produce such a paucity of silicic differentiates. The
summit lavas from Kilauea, for example, are never
more fractionated than about 51.5wt% SiO, and
7wt% MgO (see Figure 18). If this composition is
traced from the chemical variation diagram to a soli-
dification front, it is seen that this composition defines
the inner, leading edge of the suspension zone of the
solidification front. The more fractionated, more

Figure 18 The explanation for the absence of lavas erupted from Kilauea summit with silica greater than about 51.5 wt. % is
found in tracing the magma composition to the spatial position at the leading edge of the solidification front.
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siliceous compositions are, again, locked within the
front and are not available by simple means for with-
drawal and eruption. It should also be noticed
that there are many more primitive, high MgO
compositions, which represent, by and large, magmas
carrying an abundance of entrained forsterite-
rich olivine xenocrysts or tramp crystals. Once
the magma comes to rest, these crystals fall from the
magma as in punctuated differentiation and the usual
magma type of ~51.5wt.% Si0; and 7 wt.% MgO 1s
produced. There are sometimes mildly differentiated
lavas erupted from the Kilauea rift system, silicic pods
are also found in the crusts of the Hawaiian lava lakes,
and on Iceland about 18% of the surface lavas are true
rhyolites and process leading to these effects is exam-
ined later. We will see bimodal differentiation comes
from solidification fronts that tear open and form
lenses of silicic liquids or silicic segregations. These
even show up in the lava lakes in Hawaii, but the key
for recognizing the role of this material as eruptable
magma on Earth’s surface is recognizing a means to
collecting individual segregations into large, eruptable
masses of magma.

6.07.6.4 The Sequence of Emplacement or
Delivery of the Magma

The fundamental question always lurking about but
rarely answered in analyzing exhumed magmatic
systems is: How was the system built? What was the
overall nature of the event in time span and volumes
of individual deliveries of batches of magma that
made the system? How did the system operate on a
year-to-year basis? These are difficult questions and
the postmortem evidence in exhumed magmatic sys-
tems is rarely conclusive. Rather, the most direct
evidence of the time scales and volumes of individual
batches of magma comes from volcanic systems.
Volcanic systems, on the other hand, lack all infor-
mation on the details of the internal arrangement and
local physical environments of the system in which
the volcanic products formed. It is no wonder, then,
that volcanologists and plutonists have widely diver-
gent views on the basic structure and workings of
magmatic systems. Yet it is the coupling of this evi-
dence that gives critical insight into the real-time
dynamics of the establishment and sustaining of mag-
matic systems. The quantitative connection between
volcanism and plutonism is the product of observed
erupted flux and the volume of individual plutonic
complexes. This product measures the ‘filling time’
or time to establish a magmatic complex. To estimate

this product, something of the form and volumes of
plutonic systems must be appreciated along with the
temporal pulse of volcanic systems.

6.07.6.4.1 Forms of magmatic bodies
Magmatic systems come in all shapes and sizes, but the
most common shape is sheet-like for plutons, sills, and
certainly lavas. This reflects the common vertical
orientation of the least principal stress in the upper
crust. Magma ascends as fluid-filled cracks (dikes) or
viscous blobs (diapirs) or as a combination of each.
Dike and fissure propagation is common in young or
developing systems, where the country rock is cool
and brittle, or in systems where the crust is in tension
as in continuous rifting as at ocean ridges. Magma
ascends due to its low density relative to the wall
rock and the influence of gravity. Ascension is a grav-
itational instability. Ascension is impeded by loss of
hydrostatic head (e.g,, Ryan, 1994). The leading mass
of magma reaches a level of neutral buoyancy, which
may be due more to the vertically integrated buoyancy
than to merely the local density contrast, and is forced
to spread laterally by the continual rise of magma
deeper in the rising column, thus forming sheet-
like bodies, which in the upper crust are known as
sills. Sheet-like forms are fundamental to all magma,
regardless of level of emplacement in Earth. Magmatic
systems are, to first order, a series of sheets connected
by circular conduits and dike-like fissures.

Diapirism 1s more the rule in stationary, well-
developed magmatic systems, as perhaps beneath
older volcanic centers in island arcs where the system
has had ample time to develop, and the underlying
lithosphere has had ample time to heat up from the
long-term passage of many magmatic bodies. But
here, too, stalling diapirs mushroom out and go to
form sheet-like bodies.

6.07.6.4.2 Internal transport style

Once the system is established and has formed a mag-
matic mush column of some type (Figure 1), the form
of magma transport is probably more a combination of
many processes driven by density variations reflecting
basic differences in chemical composition due to melt
composition and the abundance and type of crystals
carried by the melt. At every level in a magmatic mush
column the process of local transport, although
broadly similar overall, may vary over time from
diapiric on many length scales to slurry flow as in a
pipe to dike flow. The style of the process itself and
time series of repetition is certainly chaotic. But since
the material is a viscous fluid of a relatively narrow
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range of composition and crystallinity, the outcome,
almost regardless of the details of transport, is distinct
to the tectonic setting and to a large extent predictable.

Because of the strong effect of annealing during
solidification, it is almost impossible to gauge the
importance of repetitive reinjection during building
of a plutonic complex. Internal chilled margins as
indicators of the sudden juxtaposition of magma
batches of contrasting temperature do not survive
solidification, and the strong textural changes that
do survive are almost universally interpreted as
reflecting internal solidification dynamics. There
are few if any true indicators in intrusive complexes
of the nature of the time series of deliveries of the
batches of magma that collected to make the final
magma. As noted above, this is where the fluxes and
eruptive timescales are absolutely critical to under-
standing magmatic systems.

6.07.6.4.3 Eruptive timescales and fluxes
The observed durations of volcanic eruptions have
been summarized by Simkin. By far the most com-
mon eruption lasts from about a month to a year,
with the overall spectrum of times spanning about
100 years.

Measures of eruption flux come from mass balances
on both large and small scales. The flux of magma
from global ocean ridge systems can be estimated from
the product of the average rate of spreading (double
sided, ~5 cmyr "), the thickness of the oceanic crust
(~8km), and the length of the ridge system
(~40 000 km), which amounts to about 15km’yr™
This is clearly a minimum estimate, for the actual
amount of magma existing in the system at any time,
because a significant amount of magma probably gets
trapped in the deeper parts of the system and is
recycled back into the mantle source rock. The flux
that established the island of Hawaii must have been,
on average, about 1km® yr~'. The age of the island is
about 1 My and it has a volume of about 10®km’. The
apparent fluxes that established large igneous pro-
vinces fall in this range of ~1-15km’yr'. For
examples, consider the Columbia River flood basalts
(~1km’yr™"), the Deccan traps (~3km’yr '), and
Ontong Java (~15 km® yr~') (see Coffin and Eldholm,
1992). The volumes of these lava sequences are gen-
erally much larger (~1-50 x 10°km’) than any known
magmatic intrusions, the largest of which are Bushveld
(S. Africa), and Dufek (Antarctica), each at about
500000 km’. The Sudbury impact melt sheet may
originally have had a volume of about 35000 km’,
and Skaergaard is on the order of 650 km®. By far the

largest single ‘day’ eruptions are those of silicic pyr-
oclastic ash flows. The Fish Canyon ash flow is about
3000 km?®, the Toba Tuff is about 2000 km®, and the
two Timber Mountain Tuffs are 1200 and 900 km’
(e.g, Smith and Roobol, 1982). The huge flux of these
silicic events undoubtedly reflects the mode of trans-
port of uncapping an overpressured, near-surface
system containing large amount so dissolved volatiles.
It would be difficult imagining an intrusive even of
this magnitude.

6.07.6.4.4 Filling times

Given the final volume of a pluton or sill, the filling
time 1s a multiple of the input flux. For a body of the
size of Skaergaard (~650 km?), for example, the filling
time is ~45 years if all the magma produced at the
ocean ridges (15 km® yr~') were directed to this loca-
tion. For a Hawaiian rate (1km’ yr™"), the filling time
is longer, 650 years. There is no simple way to decide
the actual filling time (U-Th and Po—Pb—Ra isotopic
disequilibrium may offer some information)—the only
physical constraint comes from rate of solidification.
The rate of filling must be significantly greater than
the rate of solidification. For these sheet-like systems,
it is straightforward to show by scaling the heat equa-
tion (see eqn [1]) and including the effect of latent heat
(e.g.,, Jaeger, 1968) that the solidification time (7)is well
approximated by the simple formula

s = 0.604 2 [17]
K

where L is the half-thickness of the sheet and K is the
thermal diffusivity (eg, ~10 2cm’®s™'). The half-
thickness of a sill or pluton can be estimated by noting
that the aspect ratio (#) of sills is 100 or more whereas
that of plutons is about 10; there are of course large
variances in these values, especially for plutons.
Nevertheless, for a given volume (7), of magma the
half-thickness of the equivalent rectangular sheet of
dimensions 72 x 12 x 2L is given by L= (V/84%)"/°.
Under this approximation, for a given volume of
magma, sills will be thinner than plutons and the
solidification time of sills will be significantly smal-
ler than for plutons. The competition in filling time
and solidification time for a range of fluxes operat-
ing over the characteristic eruptive times found by
Simkin is shown by Figure 19. In light of the earlier
discussion of the controls of crystallinity on magma
fluidity, the calculated time for solidification has
been lessened by a factor of 10 to ensure that the
body is sufficiently fluid to ensure reinjection with-
out creating an internal chilled margin, or also to
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Figure 19 The time to fill sheet-like plutons and sills of a
given aspect ratio (lower axis area) found using observed
durations of eruptions and the estimated fluxes from large
igneous outpourings. The time of solidification as a function
of body size (half-thickness) is also shown as a constraint on
the time of filling.

ensure that the sequence of arrivals of magmatic
parcels can mix to make a single body. From this
constraint, the characteristic thickness of a sill is
~100 and ~1000m for a pluton, and the filling
tmes are, respectively, about 10 and 300 years.
These are geologically reasonable results, but the
actual filling times may be much less. This sequence
of events for sills will be revisited below when
discussing the Ferrar dolerites.

6.07.6.4.5 Magmatic deliveries, episodes,
periods, and repose times

At a more detailed level, it is also clear that the full
volume of the body is probably not delivered in a
single event, but, in keeping with the typical style of
volcanic eruptions, individual batches of magma may
arrive serially perhaps every few weeks or months as in
a volcanic episode. The accumulated volume from the
full series of deliveries amounts to a volcanic episode,
which gives rise to the final body of magma. This is an
important distinction as a series of episodes may also be
strung together to make up a much longer magmatic
period giving rise to a sequence of sills or a compound
pluton consisting of multiple lobes each associated
with one another but having separate cooling times.
The episodes themselves reflect volcanic repose times,
which for many active volcanoes may occur for tens to
hundreds or perhaps thousands of years. Moreover, the
longer the series of deliveries, the more chance there is
for variations in phenocryst content in the batch of

arriving magma, which, as been discussed for Hawai,
is highly dependent on the magnitude of the eruptve
flux. Thus, the larger the final body of magma, the
larger is the probable variance in the concentration of
large crystals, both phenocryts and tramp crystals, con-
tained in the ensemble of the individual delivered
batches of magma. The more variance in the deliveries,
the more variance to be expected in the final sequence of
the rock within the pluton or sill. It is very likely exactly
these variances that give rise to exotic sequences of
layering from modal sorting during deposition of crys-
tal-laden deliveries of magma in the building of large
igneous bodies. Nevertheless, in this context, what is
perhaps also surprising is the abundance in volume
flood basalt provinces of extensive lavas containing
low concentrations of phenocrysts.

6.07.6.5 Thermal Ascent Characteristics
and The Role of Thermal Convection

From the earliest models of magma chambers, as in
Pirsson’s discussion of Shonkin Sag, convection has
always played a role in establishing the final product.
The exact nature of this convection, whether it was
driven by thermal, compositional, or sedimentation
effects, has never been clear. Convection has been a
necessary convenience in magmatic histories and it has
taken on a multifaceted physical nature, most often
without explicitly defining its specific form. The pro-
cess of ascent, transport, and emplacement of magma is
certainly a form of convection or advection. Fluid
motions accompanying the deposition of phenocrysts,
however complicated this might be due to the
dynamics of slurries (e.g, Marsh, 2004), are also cer-
tainly a form of convection. But most often, perhaps in
response to the concentrated attention on mantle con-
vection in driving plate tectonics, magmatic convection
has been 