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T
he diversity of igneous rocks, and possibly also the overall
chemical diversity of the terrestrial planets themselves,

owes its origin to the differentiation of magma through crystal
fractionation, the systematic separation of growing crystals
from their native liquids. Igneous crystals are invariably dis-
tinct in chemical composition from their host liquids such that
separation of crystals and liquid produces a systematic refine-
ment of the liquid. Carried to an extreme, a basaltic magma
containing about 50 percent silica in theory can, through frac-
tionation of 90-95 percent less siliceous crystals, produce a
granitic magma containing some 70 percent or more silica.
Considering that Earth has a bulk composition roughly chon-
dritic in composition, which is a great deal less siicic (approxi-
mately 35 percent) than basalt, it is no surprise that the
roughly granitic (actually andesitic) continental crust repre-
sents less than about 0.5 percent of the mass of Earth (e.g.,
Anderson 1989). It is not unreasonable that this compositional
refinement occurred through a protracted and discontinuous
process of crystal fractionation over billions of years.

The usual means envisioned for this to happen is by grav-
itational settling of dense crystals from viscous magma. Early
in this century, N.L. Bowen proved experimentally to a broad
class of skeptics that olivine easily sinks from picritic magma.
Bowen was himself impressed enough with this result, and
also by the nature of the chemical differences between crys-
tals and liquid (i.e., the actual phase diagrams), to propose a
grand scheme genetically linking most igneous rock types
through crystal fractionation, leading to a protracted liquid
line of compositional descent.

A fundamental difficulty with crystal fractionation, which
plagued Bowen throughout his research, is the fact that many
basaltic plutonic and volcanic systems show little chemical dif-
ferentiation. Even the Hawaiian magmatic system, which has
poured out some 1 million cubic kilometers of basalt over the
past 1 million years, has produced no siicic lavas. Why? The
answer seems to he in the dynamic interaction of solidification
fronts and phenocrysts, which is well displayed by the Pene-
plain and Basement Sills of the McMurdo Dry Valley region.

Crystals are generated in magmas due to cooling from
the outside in. Because magma crystallizes over a 200°C range
of temperature, the margins of magmas consist of a mushy
zone, or solidification front (SF), where crystallinity varies
from 100 percent nearer the margin to 0 percent in the inte-
rior. The actual width of the SF increases continually during
solidification. For an initially crystal-free magma, crystals
nucleate on the leading edge, marked by the liquidus, and
grow to maturity within the SF. Final crystal size, or grain size,

is determined by the crystal growth rate and the length of
time spent in the SF. For successful crystal fractionation, a
crystal must sink fast enough to escape the inward-propagat-
ing SF. Only in the leading margin of the upper SF, where
both crystallinity and magma viscosity are low, is fractiona-
tion likely. But even here, escape is possible only in large,
slow-cooling magma bodies [more than approximately 100
meters (m) thick]; furthermore, these escaping crystals fall
through the hotter magmatic interior and are very likely
resorbed (Mangan and Marsh 1992). Significant fractionation
would seem to be difficult in bodies initially free of crystals.
We call this the null hypothesis. That is, no initial crystals, no
differentiation. But the ultimate test is to examine an actual
large magmatic body emplaced carrying few if any crystals.

The critical question is, thus: If a sheet of magma is
emplaced carrying no crystals, does it undergo chemical dif -

ferentiation by crystal fractionation? Magmatic intrusions sat-
isfying this initial condition are uncommon, but the superbly
exposed Peneplain Sill (330 in of the dry valley region is
one such body (Gunn and Warren 1962; Gunn 1966).
Emplaced some 175 million years ago during continental
breakup (Heimann et al. 1994), this is one of several vast,
sheetlike basaltic sills, constituting the Ferrar Dolerites, that
are exposed in the Transantarctic Mountains (Elliot 1992, pp.
165-184). In striking contrast, the underlying and slightly
younger Basement Sill (270 m) of similar bulk composition
carried upon emplacement a thick tongue of large (1-8-mil-
limeter) orthopyroxene (Opx) crystals. Crystal fractionation is
most efficient when relatively large crystals (i.e., phenocrysts)
can settle unencumbered through relatively low viscosity
(approximately 1,000 poise) magma. Chemical differentiation
would thus be expected to be much more extensive in the
Basement Sifi than in the Peneplain Sill.

Shown by figures 1 and 2 are major element chemical pro-
files through both the Peneplain and Basement Sills. Also
shown are stratigraphic depictions of the nature of the rock
itself. Neither sill shows, at first glance, a particularly simple
variation in composition, but on closer inspection, several
basic features are readily understood. First, near the top of
each sill the composition becomes markedly enriched in
granitic components (i.e., silica, soda, potash, and phospho-
rous and also iron and titania). This enrichment marks the
zone of siicic segregations or lenses formed by internal tearing
of the SF and drawing-in of nearby interstitial residual melt.
The origin of these segregations is a main avenue of our
research and is reported on elsewhere (Wheelock and Marsh
1993, 1994; Marsh and Wheelock 1994); they are not due to
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crystal settling in the usual sense of the word. Second, the cen-
tral portion (100-300 m) of the Peneplain Sill, which crystal-
lized last and is most sensitive to differentiation, is nearly con-
stant in composition. Last, the lowermost 75 m is irregular in
composition, which is highly suggestive of haphazard ingestion
of small amounts of the underlying Irtzar Granite wall rock.

The upper and lower margins of the Basement Sill are
nearly identical in composition; then, neglecting the zone of
silicic segregations, the interior becomes first slightly then
highly enriched in MgO due to the tongue of Opx crystals. But
overall, no sign of any production of granitic material that
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could contribute to the even-
tual accumulation of continen-
tal crust is evident in the central
portion of either sill. Only the
silicic segregations, formed well
within the SF, show any marked
progression of chemical differ-
entiation. In the context of dif-
ferentiation by gravitative crys-
tal fractionation, the null
hypothesis is supported by
these observations.
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Figure 1. A schematic cross-section of the Peneplain Sill shows that the sill is relatively uniform except in
the zone of silicic segregations. Selected chemical profiles show abundance (weight percent) of silica
(Si02), calcium oxide (CaO), and magnesium oxide (MgO) as a function of vertical position in the sill.

Figure 2. A schematic cross-section of the Basement Sill. Selected chemical profiles illustrate variations in
chemical composition (weight percent) as a function of position in the sill.
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