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LAYERING OF IGNEOUS BODIES
Differentiation of magmas, as argued by Bowen (1928) and tested
and refined by petrologists over the subsequent 50 years (cf. Carmichael,
et al. 1974; Yoder, 1979; Cox, et al., 1979; Hargraves, 1980), contributes
to the chemical, mineralogical, and textural diversity of igneous rocks on
Earth. Differentiation requires chemical (e.g., crystallization) and physical
processes (e.g., crystal settling, convection) to create new magma compositions (i.e., differentiates). Volcanic rocks represent the erupted products
of subsurface magma bodies, and their mineralogy and textures directly
inform us on the styles, conditions, rates, and efficiency of differentiation
processes (Costa and Chakraborty, 2004; Morgan and Blake, 2006; Bachmann et al., 2007; Perugini et al. 2010).
The extent to which compositions, mineralogy, and, especially, structures (e.g., layering) of plutonic rocks record these same differentiation
processes (e.g., Clarke and Clarke, 1998; Glazner et al. 2008; Streck and
Grunder, 2008; Solgadi and Sawyer, 2008) remains a highly controversial
and topical line of research as indicated by the number of sessions on that
topic at national and international meetings (e.g., in Technical Sessions 87
and 119 at the Geological Society of America Annual Meeting, Denver,
Colorado, 27–30 October 2013). Bachmann et al. (2007, and references
therein) provide a superb review of the pros and cons of there being a
strong petrogenetic relationship between volcanic and plutonic rocks.
One impediment to resolving these questions is that few, if any, large
igneous bodies preserve textures that represent interactions between melt
and magmatic crystals only. Because of the protracted cooling histories,
mineral compositions, textures and even the mineralogy of plutonic rocks
can be shaped by compaction, near- to sub-solidus recrystallization, and
solid-state diffusion-controlled processes (e.g., Boudreau and McBirney,
1997; Bachmann et al., 2007). In the past, many of our theories on the
origins of layering within igneous bodies have been derived from mass
balance arguments based on integrated field, mineralogical, petrological,
and geochemical data sets (e.g., McBirney, 1995; Marsh, 2004). However,
the high number of degrees of freedom characteristic of magmatic systems
that may be open to mass fluxes (e.g., magma replenishment or contamination events) means that mass balance modeling cannot yield unique solutions (Allègre and Minster, 1978; Albarède, 1995). Recently, computational
modeling (thermodynamic and physical) and analog fluid dynamical models have become increasingly important tools for testing the thermochemical and physical feasibility of the processes responsible for layering and
other structures in plutons (e.g., Turner and Campbell, 1986; Brandeis and
Jaupart, 1987; Marsh, 1988; Clarke and Clarke, 1998; Hodge et al., 2012).
High-precision, geochronometric studies of layered plutons are also making important advances in our understanding of the assembly of large intrusions and the origins of their mineralogical, structural, and compositional
variations (e.g., Glazner et al. 2004; Miller et al. 2007; Scoates and Friedman 2008; J.S. Scoates and C. Wall, 2014, personal commun.).

processes commonly ascribed to intermediate-felsic magma systems (e.g.,
Clarke and Clarke, 1998; Solgadi and Sawyer, 2008). He presents an elegant and simple set of arguments cautioning against the interpretation of
“layering and other pseudo-sedimentary structures” (e.g., modal layering,
“scouring” of layers) in terms of analogous sedimentological processes
(e.g., erosion, transport, and deposition). His thesis is developed specifically for structures preserved in bodies of intermediate to silicic magmas
with high viscosities (≥104.5 Pa). Conventionally, pseudosedimentary
structures such as layering, grading of minerals, cross-bedding, and scours
preserved in intrusions are ascribed to physical processes involving particle sedimentation, density currents, or flow segregation (e.g., McBirney,
1995; Clarke and Clarke, 1998). In contrast, Glazner (2014) suggests that
layering, grading, cross-lamination, and other features in such intrusions
probably result from nonlinear, dynamical-chemical processes operating
under conditions far from chemical equilibrium (e.g., Brandeis and Jaupart, 1987; Boudreau, 1995; Boudreau and McBirney, 1997).
Viscosity of natural silicate melts can, on Earth, vary by more than
11 orders of magnitude, and is strongly negatively correlated with temperature and dissolved water content: hotter and wetter melts have lower
viscosity. Magmas comprise an amalgam of melt plus entrained solids
(i.e., crystals) and fluid (i.e., exsolved volatiles) and their bulk or effective
viscosity (and rheology) is strongly controlled by melt composition, the
proportions of melt-solid-fluid, and strain rate (e.g., Caricchi et al. 2007).
Intermediate to felsic magmas have emplacement temperatures of usually
less than 1000 °C and, generally, the coexisting melts have higher SiO2 and
higher H2O contents than the bulk magma. Thus, the viscosities of these
melts are likely to be greater than 105 Pa∙s except at exceedingly high H2O
contents (>4 wt%) (e.g., Whittington et al., 2009) and confining pressures.
As used by Glazner (2014), the Reynolds number (Re) is a dimensionless number used to track the relative importance of inertial forces
(numerator) to viscous forces (denominator):

A PARADIGM AT REST
Glazner (2014, p. 935 in this issue of Geology) explores the implications of the viscosity of magmas for the “common-wisdom” magmatic

CLOSING THOUGHTS
Textures and structures in rocks, whether sedimentary, metamorphic
or igneous, are a key source of information on “relative timing” of events.
However, their interpretation in terms of physical and chemical processes
can be ambiguous. The origins of layering and other pseudosedimentary
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It comprises intrinsic and extrinsic variables, where the former
include properties of the melt (density, rl, and viscosity, h) and the latter include velocity (U) and a characteristic length (L). The high viscosities and the other physical (i.e., density) and geological (length scales and
velocities) parameters impose very low (<<1) Re on these systems. The
low Re’s characteristic of these magma systems dictate that inertial forces
relative to viscous forces are negligible. As a consequence, processes
that rely on, or operate through, inertial forces (i.e., gravitational settling
and sorting; tractional currents) are impossible—they are aphysical. For
example, even the most optimistic (i.e., high) estimates of terminal settling
velocities predicted by Stokes Law for crystals in these melts result in Re
< 10-7, at which Re’s inertial forces are negligible to absent.
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structures in intrusive igneous bodies, as elucidated by Glazner (2014), are
an excellent example of such ambiguity.
If these features are indeed produced by processes analogous to sedimentary ones (e.g., fluid transport of particles, deposition, currents, and
erosion), then they reflect the melt-solid interactions attending subsurface
magmatic differentiation. The organization of these rocks, their structures,
mineralogy, and bulk compositions would comprise a “negative” echo of
the mineralogical and chemical diversity of volcanic rocks. The compositions of these plutonic rocks would record the material left behind by the
eruption processes creating the volcanic rocks (Boudreau and McBirney,
1997; Bachmann et al. 2007; Streck and Grunder, 2008). The structures
would speak directly to the nature and timing of the physical and chemical
processes driving magmatic differentiation.
Conversely, if these structures are not the products of physical processes akin to sedimentation or flow segregation, other explanations are
required. Glazner suggests that thermochemical processes are more likely
to explain the layering and other pseudosedimentary structures in these
intrusions (e.g., Brandeis and Jaupart, 1987; Boudreau, 1995; Boudreau
and McBirney, 1997). If near-solidus chemical processes (e.g., crystal
ripening, fluid infiltration reaction fronts, diffusive and advective layer
formation) are responsible, then the mineralogy, geochemistry, and textural information in these intrusive rocks will tell us little about magmatic
differentiation. In this case, the petrological and chemical information in
plutonic rocks begins to be decoupled from the diversity of volcanic rocks.
Glazner does not extend his arguments to query the origins of similar features within mafic intrusions, but the question is implicit and is an
“elephant in the living room.” Further analysis could establish the range
of threshold conditions under which inertial forces in magmatic systems
become significant, thereby allowing a transition to regimes where settling
and tractional processes can operate efficiently. It seems an opportune
time to re-evaluate the origins of layered igneous rocks as we now begin
to interpret igneous rocks on Mars (e.g., Francis, 2011).
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