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abstract. Textures and compositional variations of minerals in the contact-zone of a pintonic 
magma body show that solidification occurs under continuously changing conditions. Changes in 
crystal morphology refect successive stages of supercooling in the contact-zone, where initial 
thermal supercooling is followed by the sequential increase and decrease of constitutional supercool­
ing. Unidirectional, columnar growth ceases with the eventual elimination of constitutional super­
cooling and is succeeded by the formation of cumulitic - equigranular rocks. Compositional varia­
tions in the solid products reflect competitive growth kinetics in a plane front solidification con- 
tion, and are similar to variations observed in many rhythmic layered rocks. As the thermal 
conditions favour heterogeneous nucleation and growth of crystals that are attached to the solidifica­
tion front, a chain nucleation and growth mechanism is predicted that produces regular solid 
interfaces towards the liquid, capable of creating both rhythmic compositional variations and steady 
state solidification. Layering and other planar features thus become solidification isochrons. Differ­
entiation of the solid product is related to the rate of advance of the solidification front. Rapid 
advance of the interface creates differentiated products because solute accumulation cannot be re­
moved. A slowly advancing interface may allow effective adcumulus solidification, and thus pre­
serve primitive compositions.

The analysis of dynamic solute redistribution during solidification bears analogy with processes of 
macrosegregation in metal castings. Notable features include the formation of negative and positive 
segregation in the lower and the upper portions of a single charge, respectively. The formation of 
regular compositional reversals, without relation to influx of new melt batches, emphasizes the 
potential of macrosegregation theory for the solution of important petrologic problems.

Department of Geology, University of Aarhus, Denmark

1. Introduction

The transformation of liquid magma into a solid product is a compli­
cated process that involves rearrangement of liquid molecules into stable 
nuclei, transport of constituent elements to the nucleation site and re­
moval of latent heat of crystallization from the growing phase. Each of 
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these processes may be a limiting factor for the solidification and affect 
the resulting product (Kirkpatrick, 1975). As the solid product is usually 
an aggregate of different mineral species, its overall composition will 
also depend on the rate of segregation of the individual phases during 
solidification. In order to solve the problems of magma solidification, 
therefore, knowledge of the rate limiting factor at any stage of the so­
lidification is essential. Although information about stable phase assem­
blages allows prediction of possible differentiation paths, important re­
strictions exist because solidification conditions change continuously 
during cooling. The analysis of crystallization kinetics, which permit 
prediction of some effects of changing rate-controlling factors, is essen­
tial to the understanding of dynamic magma solidification processes.

Equilibrium phase relations are generally used to determine the stable 
solid phase assemblage of a given liquid, or the relative amounts of the 
constituent phases for a given temperature and pressure, (e.g. Morse, 
1980). Natural rocks, however, often are not equilibrium assemblages 
because 1) their phase assemblages do not correspond to any reasonable 
source liquid (e.g. monomineralic rocks), 2) they represent disequilib­
rium assemblages (e.g. certain porphyritic rocks) or 3) their composi­
tional variations are too rapid to be accounted for by changing bulk 
liquid compositions (e.g. rhythmic layered rocks; see review by Irvine, 
1979). For all these cases, differential segregation of the constituent 
phases is inferred, and was traditionally considered to result mainly from 
physical processes of sorting such as gravity induced crystal settling (e.g. 
Hess, 1938; Wager & Brown, 1967) or fluid flow differentiation 
(Baragar, 1960; Bhattacharji & Smith, 1964; Komar, 1972). Recently, 
also kinetic factors have been emphasized as a prime source for fractiona­
tion during crystallization (McBirney & Noyes, 1979), the segregation 
being essentially chemical, caused by competitive nucleation and differ­
ent growth rates in a static melt environment.

The kinetics relating to solidification of silicate melts have generated 
considerable interest in the latest decade (Lasaga & Kirkpatrick, 1981). 
Experimental studies on the crystallization of single phases have pro­
duced abundant data on nucleation and growth properties of individual 
minerals (Lofgren, 1974a, 1974b; Lofgren & Gooley, 1977; Donaldson, 
1976; Fenn, 1977) whereas natural or synthetic rock melts have provided 
data on multiphase systems (Lofgren et al., 1974; Donaldson et al., 1975; 
Usselmann et al., 1975; Walker et al., 1976; Lofgren, 1977, 1983; Grove 
& Walker, 1977; Swanson, 1977; Grove, 1978; Grove & Beaty, 1980; 
Schiffmann & Lofgren, 1982). These recent studies were preceeded by 
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Harker (1909) who emphasized many aspects of crystallization kinetics, 
such as nucleation and growth control, influence of supercooling and 
faceted versus non-faceted growth. His contribution though remarkably 
perceptive, was overshadowed by the concept of equilibrium crystalliza­
tion, and never gained the influence on petrological research it deserved.

A major problem in the application of many kinetic data to petrogene- 
tic modeling of natural rocks is the complexity of the solidification geo­
metry and the possible influence of fluid flow. In this respect, the study 
of directionally solidified rocks offers a unique opportunity to quantify 
some aspects of cooling and solute redistribution at a solid-liquid inter­
face. In these rocks the product solidified sequentially along a lateral axis, 
thus, the diffusion problem is well defined.

Recognition of directionally solidified, natural rocks as a key to the 
understanding of magmatic processes was brought to prominence with 
the discovery and characterization of the Willow Lake layering (Polder- 
vaart & Taubeneck, 1959; Taubeneck & Poldervaart, 1960). Later, similar 
features were discovered along the margins of minor intrusions in the 
US-Cordillera (Moore & Lock wood, 1973) and elsewhere. Perpendicu­
lar feldspars in the border zone of the Skaergaard intrusion, E. Greenland 
(Wager & Deer, 1939, Wager & Brown, 1967), are other examples of 
directional solidification, as are the spectacular harrisitic olivines and 
pyroxenes of the Rhum ultramafic complex (Brown, 1956; Wadsworth, 
1960). Some dikes occasionally show elongated growth normal to the 
borders (Platten & Watterson, 1969; Drever & Johnston, 1972) as do 
many pegmatitic occurrences (Jahns & Tuttle, 1963). A link to the peg- 
matitic structures can be found in the remarkable layering and directional 
solidification textures recently described from granitic complexes associ­
ated with the Climax and Henderson Mo-ore bodies in Colorado (Shan­
non et al., 1982). Morphologically similar mineral textures have also been 
observed in rapidly chilled volcanic rocks such as the borders of pillow 
lavas (Bryan, 1972), in the spinifex-textured komatiites (Nesbitt, 1971; 
Donaldson, 1983) and in lunar materials (e.g. Donaldson et al., 1977).

A remarkable sequence of comb-textured rocks has been discovered 
recently along the contact of the lardalite nepheline-syenite complex, the 
Oslo Province, (Petersen, 1978a, 1978b, 1985). These form a 2-10m 
wide, marginal facies, with branching, dendritic minerals oriented nor­
mal to the contact and display compositional variations which include 
complementary phase-layering, within-layer compositional banding, 
columnar, monophase precipitation and gradual transition from colum­
nar, comb-textured rocks to laminar, porphyritic varieties. Beyond 
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these contact zones, the interior pluton consists of extremely coarse 
grained, cumulitic rocks with alkali feldspar - nepheline rich outer parts 
and increasingly olivine - pyroxene rich inner parts with a complete, 
gradational transition between these extremes (Table 2 in Petersen, 
1978b). This compositional variation is reverse to that of the contact 
zones and clearly requires a different explanation than simple prograde 
fractionation in a decreasing temperature regime. The range of textures 
and compositional variations of the lardalite complex will provide the 
background for the present study of directional solidification and impli­
cations for compositional variations and macrosegregation of solidify­
ing, granular or cumulus textured magmas.

2. Columnar solidification

2 A General setting of comb-layered rocks
The contact zones of the Lardalite intrusion exhibit directional dendritic 
growth of olivine (Fo61), Ca-pyroxene (En40Fs12Wo48), ternary feldspars 
(An16Ab75Or8 to An7Ab63Or30), nepheline and Fe-Ti oxides. These min­
erals appear sequentially in the contact zones from the border towards 
the interior. Dendritic olivines and Fe-Ti oxides are enriched in the 
marginal facies with alkali feldspar, Ca-pyroxene and nepheline succes­
sively appearing inward. There is, however, a wide overlap in the ap­
pearance of the feldspars and pyroxene as indicated in Fig. 1.

The crystal shape varies systematically from the margin towards the 
interior; dendritic varieties of the major phases are gradually succeeded 
by faceted ones. The changes in phase assemblage and crystal shape 
clearly indicate that the conditions for formation of dendritic versus 
faceted crystal shapes are distinct for the different phases; some phases 
grow with euhedral shapes when others possess highly irregular dendri­
tic shapes.

In addition to the perpendicular, dendritic crystal shapes, the contact 
zones possess conspicuous compositional layerings normal to growth 
which include changing phase assemblages as well as modal fluctuations 
within single layers. Well defined layers of dendritic feldspar or 
nepheline alternate with layers of curved, dendritic Ca-pyroxene, creat­
ing a type-1 layering (Petersen, 1985). Boundaries between successive 
layers of this type may be sharp or gradational (Fig. 2A). Another type of 
compositional banding is produced by periodic variations in the amount 
of interdendritic material along planes normal to growth direction. This
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Fig. 1. Schematic cross section, showing major features of the lardalite contact zones. A marginal, 
olivine-rich dendrite zone is succeeded by compact and dendritic feldspar zones, which in turn are 
followed by dendritic pyroxene- and nepheline-rich zones. Porphyritic textures dominate the inner­
most portion towards the cumulus-textured pluton interior.

creates a compositional layering which typically fluctuates about con­
stant composition and is termed type-2 layering (Fig. 2B).

Because of the large compositional variations, including some nearly 
monomineralic layers, average compositions of the contact zones can not 
be accurate estimates of the initial magma composition. Compositional 
variations of the individual minerals do, however, provide valuable in­
formation on the nature of the source liquid composition during solidifi­
cation.

2.2 Crystal morphologies: feldspars
Ternary feldspars are the only minerals to have dendritic morphologies 
almost throughout the entire width of the contact zones, and also display 
the most diverse compositional and textural variations. For this reason, 
the ternary feldspars are the most useful for the study of the solidification 
conditions throughout the contact-zone formation.

The feldspars appear in four principal morphologies in the contact 
zones. Three of these are columnar with their longest crystallographic 
axis directed normal to the contact and the assumed solidification front, 
while the fourth consists of elongate, flattened and occasionally rhomb-
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Fig.2. A) Complementary phase layering. Dendritic pyroxene is succeeded by dendritic feldspars 
that gradually widen out to form compact layers. The upper boundaries of the feldspar layers are 
sharp whereas gradual transitions characterize the upper pyroxene boundaries. Growth is towards 
the upper part of the photo.
B) Compositional banding in columnar-dendritic feldspar layer. Compositional fluctuations mark 
small changes in steady-state solidification. Growth direction towards lower right corner.
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shaped phenocrysts with their longest axis parallel to the contact. The 
feldspar occurrences have been subdivided into the following zones: 1) 
picritic rim-zone; 2) monomineralic, columnar feldspar zones, 3) dendri­
tic feldspar zones, and finally 4) porphyritic feldspar zones (Petersen, 
1985).

Picritic rim-zone feldspars are low-angle branching or curving dendri­
tes which expand in the growth direction. Universal-Stage observations 
indicate that the principal elongation is parallel to the optic z-axis and 
therefore normal to the 010 plane. The extinction of these feldspars is 
undulatory, sweeping across the subgrain upon rotation and parallel to 
the length of the crystal. Individual subgrains are separated by slightly 
off set extinction positions. Polysynthetic twinning is abundant, particu­
larly in the transverse direction, and follows the albite-law (Fig. 3). 
Minor domains of pericline twins follow the longitudinal direction. The 
distinctly curved appearance of the transverse polysynthetic twins indi­
cates that the undulous extinction across individual dendrite branches is 
related to curved lattice planes, which are disrupted at neighbouring 
subgrain boundaries. The slightly irregular, fan-shaped dendrites of the 
rim zone typically measure 10-20mm and their compositions cluster 
around An16Ab75Or9.

Monomineralic feldspar zones occur at different levels in the contact 
zones. In one such zone, near the external contact of the pluton, colum­
nar textured feldspar has developed into a more than 2 m wide, compact 
layer. The feldspars within this zone are elongated perpendicular to the 
contact and constitute a cellular substructure. Within this substructure 
numerous, minor subgrains possess almost identical orientations. Optic 
z-directions are parallel to the principal elongation; the maximum 
growth direction is therefore normal to the 010 plane. Thin sections cut 
parallel to the columnar fabric show that the subgrain boundaries form 
arrays of extinction discontinuities, which divide the aggregate into par­
allel lamellae. Extinction sweeps simultaneously from one side of the 
subgrain to the other (Fig. 4A). This shingle-like texture is identical to 
lineage structures which are well known from unilaterally solidified met­
als (Buerger, 1934), and are presumably caused by accumulated disloca­
tions along subgrain boundaries during rapid, unilateral solidification 
(Chalmers, 1964). Within individual subgrains of this class of feldspar, 
the curved nature of the lattice is revealed by a systematic change in the 
orientation of the optic axes across the width of a single grain, typically 
by 5-10° but up to 20-25° (Petersen, 1985). This is equivalent to that 
exposed by the curved, transverse Ab-twins in the picrite-zone feldspars.
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Fig. 3. A) Transverse, poly- 
synthetic albite-twins in mar­
ginal picrite-zone feldspars. 
Twin plane curvature reflects 
curved lattice planes of the 
host feldspar. Growth direc­
tion towards right. Scale bars 
are 0.5 mm.
B) Synthetic reproduction of 
the curved, polysynthetic 
twins in feldspar-analogue 
material (Suberic acid). The 
crystals were grown direc­
tionally in high supercooling
before quenching and forma­
tion of martensitic twins. 
(Both albite and pericline 
law twins).

Thin sections cut normal to the main growth direction reveal a cellular 
substructure with rhomb-shaped subgrain patterns of 0.7 X 1 mm and a 
spectacular, plaited, mesoscopic, mosaic structure (Fig. 5). Nearly iden­
tical orientation of the individual subgrains makes cleavage surfaces ap­
pear continuous like a huge single crystal and only the slightly curved 
appearance of each subgrain makes it distinguisable from its neighbour. 
The plaited mosaic structure represents two symmetrically arranged 
orientations divided by a coherent interface. This interface formed dur­
ing primary growth by the continuous adjustment of neighbouring cell 
colonies into a minimum-energy boundary configuration such as twin 
planes as shown by Universal-Stage studies (Petersen, 1985). The 
rhomb-shaped pattern is a result of the anisotropic lattice properties of 
the monoclinic feldspars compared to the honeycomb-shaped cell 
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boundaries observed in many directionally solidified metallic com­
pounds which possess isotropic, non-faceted surface properties 
(Buerger, 1934; Rutter & Chalmers, 1953).

The inner two-thirds of the border zones are comprised of several 
varieties of dendritic feldspar morphologies. With the exception of a few 
compact, cellular feldspars in the monomineralic zones, the dendrites in 
the inner parts are generally columnar with a finite spacing. The inter- 
dendritic material is usually fine grained, equigranular aggregates of 
complementary phases to the dendritic mineral.

Two principal dendrite types can be distinguised in this part of the 
contact zone. One type consist of columnar, non-branching feldspars, 
with constant or nearly constant spacing and orientation perpendicular 
to the contact or previous phase-layer contact (Fig. 6). The other, gener-

Fig.4. A) Lineage textures 
in the compact feldspar zone. 
The shingle-like texture is 
due to the undulöse extinc­
tion of curved lattice planes 
and arrays of grain bondary 
misfits. Growth direction to­
wards the left. Bar 0.5 mm. 
B) Synthetic shingle texture 
in feldspar analogue mate­
rials, produced at moderate 
cooling rate. The structure is 
formed during growth by the 
advancement and reproduc­
tion of low-angle lattice mis­
fits (lineage structures).
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Fig. 5. Plaited structure in 
compact feldspars viewed 
normal to the main growth 
direction. The structure re­
veals a regular arrangement 
of subgrains or cell colonies 
along two dominant direc­
tions, controlled by the crys­
tallographic properties of the 
growing phase.

Fig. 6. Columnar-dendritic 
feldspars with constant spa­
cing, indicating steady-state, 
diffusion controlled growth.

Fig. 7. Faceted feldspar den­
drites have their maximum 
elongation deflected from the 
perpendicular direction to the 
contact. Second-arm branch­
ing compensates for the wide 
dendrite spacing and show 
maximum elongation paral­
lel to the isotherms.
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Fig. 8. Laminar textures 
from the inner contact zones 
are produced by the parallel 
orientation of euhedral feld­
spar phenocrysts with their 
maximum elongation paral­
lel to the isotherms and to­
wards the viewer.

ally occurring further inwards, is more widely spaced and oriented with 
the maximum elongation at a finite angle to the contact-normal direction 
(Fig. 7). Because of the wide spacing of these non-orthogonal dendrites, 
second arm branching is occasionally developed with a maximum elon­
gation along the cooling front instead of normal to it. This texture marks 
a transition to the innermost zone, where feldspar phenocrysts with 
lamellar textures are oriented parallel to the cooling front.

The innermost portions of the contact zones are distinctly porphyritic 
and consist of euhedral, rhombshaped feldspar phenocrysts of 2-4 cm 
length set in a fine- to medium-grained matrix of olivine, pyroxene, 
nepheline, and biotite. The proportions of the matrix phases may vary 
highly resulting in ultramafic to foyaitic matrix compositions. The feld­
spars show consistent, parallel orientations with their longest axis paral­
lel to the contacts and imprint a pronounced laminar textural fabric to 
the rock (Fig. 8).

Dendritic pyroxene and nepheline often nucleate and grow on the 
larger feldspar facets, indicating that substantial constitutional super­
cooling gradients exist in the matrix liquid. This in turn, suggests that 
deposition of the feldspars was not a result of gravitative settling or fluid 
flow along the solidification front but rather precipitation in a static 
boundary layer where conditions for constitutional supercooling persist­
ed only for pyroxene and nepheline; feldspar crystallization was near 
liquidus conditions. Supercooling is equivalent to supersaturation in this 
respect; therefore the contrasting mineralogy can be caused by super­
saturation rather than supercooling in the boundary layer.
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Olivines
Dendritic olivines occur exclusively in the outermost portion of the 
contact zones, the picritic rim-zone. These olivine dendrites are fairly 
short (2x6 mm) and display irregular bifurcation, mainly as low-angle, 
non-crystallographic branching in the preferred growth direction. Com­
plex intergrowths occur primarily with Fe-Ti oxides. The co-existing 
feldspars tend to form isolated grains, with strongly embayed bounda­
ries towards the olivine-oxide aggregates.

The textural relations show that the olivines transgress and overgrow 
the Fe-Ti oxides, while the feldspars in turn partly transgress the olivines 
(Fig. 9). Because of the unidirectional solidification texture, the clear 
separation of feldspar and olivine-oxide dendrites indicates that the 
former cannot have formed during subsequent, interstitial growth, but 
must have grown simultaneously with plagioclase feldspar. Plagioclase 
dendrites possibly had a higher growth-rate and thus, could engulf 
growing olivine dendrites.

In the remaining parts of the contact zones, olivine occurs exclusively 
as minor, stubby crystals, generally as part of the fine grained, interden- 
dritic matrix and often as clustered or glomerophyric aggregates.

Pyroxenes
Pyroxenes are absent in the marginal olivine-dendritic picrite zone, but 
are abundant in the other portions of the contact zone. Almost exclusive­
ly the pyroxenes form curved, open-dendritic crystals of 2 to 150 mm 
length, invariably trending inwards-downwards towards the center of

Fig. 9. Feldspar — olivine — 
Fe-Ti-oxide dendrites from 
the picrite zone show com­
plex intergrowth textures. 
The textural relations sug­

gest that the oxides preceed 
olivine and feldspar den­
drites, which apparently 
grew simultaneously, side by 
side. Dark gray phase is 
plagioclase; white is olivine. 
Bar measures 1 mm.
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Fig. 10. Curved dendritic 
pyroxenes with low-angle, 
non-crystallographic branch­
ing along growth direction. 
The scale measures 1 mm.

Fig. 11. Secondary nuclea­
tion of pyroxene on dendrites 
whose main elongation is at a 
low angle to the heat flow. 
White minerals are compact- 
dendritic nephelines with 
their growth directed towards 
the maximum heat flow. 
Bar-scale 1 mm.

the pluton (Fig. 14). Two broad types of bifurcation are present. One 
type shows continuous low-angle branching along the growth direction, 
that is partly related to the curved growth as it develops only on the 
concave side of the crystal (Fig. 10). The other type of bifurcation ap­
pears when the curved crystal reaches a maximum deviation from the 
perpendicular direction to the cooling front. In this case, subsequent 
branching occurs on the convex side of the crystal, initially perpendicu­
lar to the cooling front, but eventually curving (Fig. 11). This creates a 
chain of equally curved pyroxenes growing at large towards the cooling 
front (Fig. 13). These chains may actually constitute a single, continuous
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Fig. 12. Minor apatite nee­
dles, included in the pyrox­
ene dendrites, show consis­
tent, parallel orientations. 
The apatite crystals have 
their maximum elongation 
parallel to the isotherms like 
the laminar pyroxenes and 
feldspars in Fig. 16. Bar is 1
mm.

crystal for several meters, although the trace of an individual stem is 
difficult to verify. The curvature may be steep, up to 80° of a circle with 
a radius of 3-4 cm, or be very gentle.

The pyroxenes form exclusively open dendrites with appreciable 
amounts of interdendritic materials, mainly consisting of complimentary 
phases to the pyroxenes such as feldspar, nepheline, olivine, and biotite. 
In sections normal to the maximum growth direction, some degree of 
lateral spreading occurs and the curved-dendritic structure may grow 
into a horizontally elongated, fan-shaped sheet. This sheet has a slightly 
convex upper surface and a ragged multibranched lower boundary.

Euhedral pyroxenes occur only in the innermost portion of the contact 
zones and often together with euhedral feldspar phenocrysts. These py­
roxenes are oriented with their longest axis parallel to the cooling front. 
Nepheline is the only dendritic phase in this part and exhibits curved 
branching and compact, fan-spherulitic morphologies (Fig. 16).

Abundant minute, needle-shaped apatite crystals are included in most 
dendritic pyroxenes. The regular orientation of these apatite crystals 
suggests that they were continuously precipitating along a faceted inter­
face of the growing pyroxene and constitute an important clue to the 
growth mechanism of the pyroxenes. Apatites included in the interior 
pyroxene stems are oriented parallel with their long axis normal to the 
maximum growth direction of the pyroxene (Fig. 12), whereas along the 
margin of the pyroxenes apatite needles are aligned parallel to the sur­
face, suggesting a later formation when facets were formed also during 
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lateral growth. These apatites formed as a result of local supersaturation 
of P2O5 in the liquid boundary-layer ahead of the growing pyroxenes, 
where residual components were accumulated. Surprisingly, similar 
amounts of apatite crystals are never encountered in feldspar dendrites 
formed simultaneously with the pyroxene dendrites. It indicates that 
important differences exist in the diffusive boundary layer adjacent to the 
different minerals.

Nepheline
Nepheline occurs in the innermost two-thirds of the contact zones, and 
gradually increase in abundance towards the center. The primary mor­
phology of this phase is compact spherulitic with multiple low-angle 
branching and widening in growth direction, generally normal to the 
contact and overall cooling front.

Compact spherulitic and columnar dendritic nephelines characteristi­
cally nucleate on the upper surface of earlier dendrites or phenocrysts and 
in particular, on the convex side of curved-dendritic pyroxenes. These 
relationships imply a relatively late formation. In the inner feldspar- 
porphyritic and laminar-textured zones abundant growth of dendritic 
nepheline towards the magma interior, i.e. normal to the contact and the 
lamination fabric, indicate a prominent supercooling/supersaturation 
gradient. No textural evidence of this gradient is recorded by the feld­
spar morphology (Fig. 15).

Nepheline produces compact monomineralic layers, due to the trans-

Fig. 13. Dendritic pyroxenes 
with repeated nucleation 
along the growth direction.
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Fig. 14. Ca-pyroxenes with 
typical, curved dendritic ap­
pearance. White crystals are 
nephelines growing direc­
tionally on the upper part of 
the pyroxenes (see Fig. 11 
for petrographic appearance.

Fig. 15. Dendritic pyroxenes 
and nephelines in a feldspar 
porphyric zone. Nepheline 
is white, feldspar gray and 
pyroxene black. The feld­
sparphenocrysts measure 1-2 
cm.

Fig. 16. Curved nepheline 
dendrites in a zone where 
pyroxenes and feldspars form 
faceted phenocrysts.
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gressive nature of its growth. Transitional zones where cellular nepheline 
increases gradually at the expence of typically open-dendritic pyroxene 
ultimately leading into compact Ne-layers, 2-40 cm wide, are occasion­
ally found. A contact-perpendicular cellular fabric, similar to the com­
pact feldspar zones previously described, is formed in these layers. Un­
like the feldspar zones, very few oxide or other inclusions are recorded in 
the dendritic nepheline.

There is an interesting periodic nature in some of these compact 
nepheline layers. In one example three consecutive layers of compact 
nepheline, interlayered by dendritic pyroxene, systematically increase in 
width along the growth direction. The width of the nepheline layers 
increases from 1.5 cm to 4 and further to 11 cm while the intervening, 
open dendritic pyroxene zones measure 20 cm, 40 cm and 64 cm respec­
tively. The intervening zones are remarkably homogeneous in composi­
tion and contain about 10% vol. pyroxene. This particular three-layer 
zone can be traced for at least 3 km along the contact which shows its 
strongly pervasive nature.

2.3 Mineral compositions
Chemical compositions of the dendritic minerals were determined by 
electron microprobe analysis using energy-dispersive methods 
(Petersen, 1985). Preliminary results are summarized in Figs. 17 and 18, 
which show the analyses of felsic and mafic phases respectively in the 
three major dendrite zones.

Exsolution into Na- and K-rich components forms a very fine, string­
antiperthite, potash feldspar being subordinate to albite. A coarse segre­
gation into a K-rich and a Na-rich feldspar is apparent along the margins 
of mesoscopic subgrain cells (Fig. 19a). This segregation is possibly a 
primary growth feature and the result of cellular solidification in which 
the subordinate, K-rich feldspar co-precipitated as an intercellular ma­
trix, encouraged by the rejection of solute at the cellular front. Lofgren & 
Gooley (1977) experimentally produced similar intergrowth textures by 
growth from the melt (Fig. 19b). The process is somewhat analogous to 
the growth of non-coupled eutectic products (Elliott, 1977). An origin 
by structurally controlled, solid-state segregation is, however, also pos­
sible (Petersen, 1985).

Na and K content of the feldspar increase and the Ca content de­
creases, with increasing distance from the contact of the pluton. Com­
positions of rim-zone feldspars cluster about a common value while 
feldspars from the inner zones show increasingly Ca-poor compositions
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Rim zone feldsp. 
Compact zone feldsp. 
Dendrite zone feldsp.

TERNARY FELDSPAR 
COMPOSITIONS

Fig. 17. Composition of den­
dritic feldspars from the lar­
dalite contact zones; cross­
hatched field is picrite-zone 
feldspars; diagonally ruled 
fields are compact and dendri­
tic feldspar zones, showing 
decreasing Ca-content to­
wards the pluton interior. 
Solid dots mark the inte­
grated composition of each 
type. The spread in Na- and 
K-rich components can be a 
primary growth feature.

Ab 20 40 60 80 Or

and a broader spread in alkali-content. The compositions of the inner 
dendrite feldspars suggest the existence of Na- and K-rich end members 
in agreement with observed antiperthitic textures.

The primary feldspar composition of each group is given by the mean 
value of all analyses within a group (Fig. 17). The compositional varia­
tion towards the center of the pluton is consistent with a gradually 
decreasing temperature. No systematic variation in Ca has been detected 
within individual zones. The liquidus isotherms for 5 Kbar pressure 
(Morse, 1970), suggest that at this pressure, solidification temperatures 
would be in the 900° to 780°C-interval. Actual pressures during crystalli­
zation were probably slightly lower, about 3 kbar, thus these tempera­
tures are conservative estimates.

The compositions of dendritic pyroxenes show limited variation and 
consistently plot around En40Fs12Wo48. The Ca-rich nature of these py­
roxenes is attributable to the initial alkali-rich melt composition and the 
lack of substantial amounts of co-precipitating plagioclase (Morse, 
1979). These compositions (Fig. 18) are significantly more enriched in 
Al, Ti and Mg than typical larvikite and lardalite pyroxenes (Neumann, 
1976). The dendritic pyroxene compositions from the different portions 
of the contact zones, however, are remarkably uniform.

Dendritic olivines are Fo62 whereas the granular varieties of the re­
maining contact zones are increasingly Fe-rich to about Fo45. For com­
parison, the range of composition in typical larvikite and lardalite 
olivines is Fo45_30 and Fo55_3o respectively (Fig. 18). The more Mg-rich 
compositions of the olivines of the contact zones suggest a higher tem­
perature origin than those of the typical lardalite.
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Fo 20

Fig. 18. Composition of den­
dritic pyroxenes and olivines 
in the lardalite contact zones, 
compared with average larvi­
kite (diagonal ruling) and 
lardalite (cross hatched) py­
roxenes and olivines. The 
contact zone minerals are 
more primitive than granular 
and cumulus textured miner­
als of the pluton interior.

Fig. 19. A) Feldspar dendrite showing segregation into Na-rich core (light) and K-rich margin 
(dark). Crossed nicolls; bar measures 2 mm.
B) Composite feldspar dendrite grown from synthetic ternary feldspar melt (Lofgren, pers. comm.). 
Separation into a K-rich (light) and Na-rich part (dark gray) is the result of growth from the melt, 
(backscattered electron image; total length of crystal: 6 mm.) Striking similarity with the structure 
of the feldspar dendrite in A) makes a related origin likely.
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3 Discussion

3.1 Crystal morphologies
The relationship between growth morphology and solidification rate for 
silicate minerals has been intensively studied by experimental methods in 
the recent decade (Lofgren, 1974a; 1980; Kirkpatrick, 1981). These 
studies show that crystal morphology is strongly related to degree of 
supercooling/supersaturation; faceted solidification occurs with small 
deviations from equilibrium, whereas with increasing driving force, 
non-faceted and dendritic growth becomes important (Kirkpatrick, 
1975, 1981). The main condition for dendrite formation is the presence 
of a supercooled liquid ahead of the solidification front, which makes 
planar interfaces unstable (Rutter & Chalmers, 1953; Jackson, 1958; Lof­
gren, 1974a). This condition develops when heat is extracted from the 
liquid faster than the rate of solidification (thermal supercooling), or 
when the liquidus depression of the melt attains a steeper curvature than 
the termal profile towards the solid-liquid interface, because of progres­
sive solute enrichment (constitutional supercooling) (Tiller et al., 1953).

The directional solidification textures of contact zones such as the 
lardalite intrusion, belong to a special class of igneous textures which 
have been termed thermotactic (Rinne, 1926; Drever & Johnston, 1972), 
crescumulate (Wagner et al., 1960), Willow Lake layering (Poldervaart & 
Taubeneck, 1959) and comb-textures (Moore & Lockwood, 1973). 
Comb-texture has been adopted here because of its ungenetic connota­
tion and purely descriptive character.

Comb-textures are the result of crystal growth from the melt (Lofgren 
& Donaldson, 1975). Experimental studies of feldspar and pyroxene 
crystallization show that directional dendritic growth with branching 
and bifurcating morphologies, forms readily at moderate to high degree 
of supercooling (Lofgren, 1980). The curved appearance of some den­
drites has been suggested to result from action of fluid flow near the 
crystallization front (Moore & Lockwood, 1973). However, curved and 
spiral growth occur in environments where fluid flow is nonexistant 
such as the two-dimensional growth of ice-dendrites, and thus most 
likely are the result of purely kinetic factors.

A main characteristic of the comb-texture is nucleation on a planar 
crystal interface, usually along the solid wall-rock of the intrusion, but 
also on freely suspended crystals. Heterogeneous nucleation on a foreign 
substrate requires only a fraction of the constituent atoms that is neces­
sary for a critical size nucleus to form within the melt and therefore 
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occurs much more readily than any other nucleation event (Shewmon, 
1969). During subsequent growth after nucleation, only crystals which 
are oriented with their fastest growing direction along the supercooling 
gradient will survive the initial growth transient. Crystals in other orien­
tations will lag behind the growth front and ultimately become extinct 
(Donaldson, 1977). Repeated formation of low-angle subgrain branch­
ing during progressive solidification allows continuous lattice adjust­
ment of the growing minerals to the optimum orientation. The process 
of reorientation on initial crystals therefore need not involve any subse­
quent nucleation.

The major growth mechanisms are continuous growth and growth by 
layer spreading (Dowty, 1980). During continuous growth all parts of a 
nucleus surface constitute potential sites of atomic attachment; growth is 
independent of crystallographic directions. Growth by layer spreading is 
related to the formation of crystal facets through lateral spreading in a 
crystallographic plane (Kirkpatrick, 1975). This mechanism has a lower 
increment rate in being restricted to a certain plane, and thus it has a 
slower growth rate than that of continuous growth.

The formation of facets is related to the crystallographic properties of 
the solid and the nature of the solid-liquid transformation. Growth mor­
phologies at small degrees of undercoolings have been successfully pre­
dicted by the application of the so-called ot-factor (Jackson, 1958):

a = M X (AHm/kTe) or = M X (ASm/k)

where AHm is heat of fusion change; k the Boltzmann constant; Te the 
melting temperature; ASm entropy of fusion; and M = q/v, the fraction of 
binding in the growth plane to total binding energy, also called the 
anisotropy factor. The ot-factor thus consists of two terms, one being 
related to the entropy of fusion for the particular substance (ASm) and the 
other being related to crystallographic properties of the substance (M). 
This shows an important property of facet formation, since it may vary 
both with respect to substance and with respect to crystallographic direc­
tions.

Most metals possess low values of ASm which make their a-factor less 
than 2, implying growth by non-faceted, rough interfaces, i.e. a con­
tinuous mechanism (Jackson, 1972). Many organic materials have values 
greater than 2 and thus produce faceted interfaces upon freezing (Jackson 
& Hunt, 1966). The a-factors of most silicates are generally well above 2, 
except for quartz, albite, and sanidine which have low ASm-values of 
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0.33, 0.75 & 0.77, respectively (Carmichael et al., 1974), and therefore a- 
factors about 2.

A interesting example of faceted growth is the crystallization of water, 
because ice has an a-factor near the critical value of 2 (~ 1.97) (Jackson, 
1958). Because slightly higher binding energies are associated with the 
basal plane, this plane possesses a-values greater than 2, whereas other 
crystallographic planes have lower values. At small undercoolings, 
where growth anisotropy is maximized, facets form only along the basal 
plane; dendritic growth is experienced in all other directions. Freezing 
under these circumstances creates large flat sheets with maximum exten­
sion along the basal plane, (i.e. dendritic growth constrained by only one 
facet plane). Lateral growth of ice dendrites produces a cellular texture 
consisting of parallel sheets (Rohatgi & Adams, 1967) that completely 
mimics the braided texture of the compact-zone feldspars from the larda­
lite intrusion (see Fig. 5).

Under conditions of extreme supercooling, feldspar and pyroxene 
tend to form spherulitic masses, constituting aggregates of numerous 
crystals which radiate away from a common center (Keith & Padden, 
1963). Technically, spherulites are multicrystalline aggregates, since each 
needle has an independent orientation; physically, however, all needles 
derive from a common nucleation center and thus constitute a single 
unit. The radiating nature is due to the presence of a constitutionally 
supercooled liquid around the freely suspended nucleus and the forma­
tion of abundant low-angle non-crystallographic branching of subgrains 
during subsequent constrained growth (Keith & Padden, 1963).

Two major categories of spherulites are defined (Keith & Padden, 
1963) as compact (massive) and open (spiky) spherulites. In compact 
spherulites, neighbouring subgrains touch and leave no interdendritic 
material whereas the open spherulites contain appreciable amounts of 
interdendritic material. Miller (1977) found that in highly purified, 
monophase systems, the formation of facets was critical for the forma­
tion of open spherulites, as opposed to compact ones. A faceting plane 
will, because of growth competition, ultimately become oriented paral­
lel to the maximum growth direction, and this facet will then allow 
separation from the neighbouring subgrain of the spherulite (i.e. forma­
tion of an open structure).

The morphologies of feldspar and nepheline in the monomineralic 
zones are analogous to that of compact spherulites, except that growth is 
not radiating from a common nucleation center but from a common 
nucleation plane in a parallel fashion. Initial radiating fabrics are occa­



THE DIRECTIONAL SOLIDIFICATION OF SILICATE MELTS 359

sionally seen but are obliterated as adjacent spherulite colonies intercon­
nect to produce a compact, parallel-textured layer (Fig. 2A). Because of 
the cooling geometry with isotherms parallel to the contact and heat of 
crystallization being extracted through the dendrite stem, a zone of con­
stitutional supercooling will constrain the maximum growth normal to 
the interface (Rutter & Chalmers, 1953).

Feldspars
The consistent orientation of feldspars in the contact zones show that 
maximum elongation is invariably normal to the 010 plane (Petersen, 
1985). This suggests that solidification is not a continuous mechanism, as 
usally assumed for cellular growth, but faceted with the orientation 
being controlled by at least one crystallographic direction. The lack of 
inclusions in the central part of the feldspar dendrites indicates that max­
imum growth occurred in the central part of a crystal face and spread 
towards the edges, possibly by a spiral growth mechanism caused by 
screw-dislocations. Other mechanisms involve nucleation of new layers 
along the edges and the formation of skeletal morphologies and inclu­
sions in the central portion of the facets (Kirkpatrick, 1981).

Gilmer (1977) presented experimental evidence which supports com­
puter simulations of crystal growth in showing that closely packed faces 
are more likely to form facets because of the higher binding energy 
associated with such planes. More loosely packed directions on the other 
hand maintain a rough interface at the lowest supercooling (i.e. they 
have high roughening temperature). The roughening temperature indi­
cates the supercooling necessary for a particular crystallographic direc­
tion to transform from a slow growing facet to a rough, continuously 
growing interface (Gilmer, 1977; Hartmann, 1982).

In feldspar, the closest packed facet-plane is the 111 plane following 
Voensdreght’s (1983) analysis of PBC-vectors for plagioclase feldspar, 
using the crystal-bond concept of Hartmann-Perdock (Hartmann, 1973). 
The 010 plane is the most loosely packed f-face. According to Gilmer’s 
(1977) results, but contrary to the common view, facets are likely to 
form initially on the most densely packed faces like 111 and proceed 
sequentially to the least densely packed faces like 010 in a sequence of 
decreasing supercooling and following the increasing roughening temp­
eratures of various facets. This mechanism will allow the 010 plane at 
some stage during solidification to be the only face to maintain a high 
growth rate because of its relatively high atomic roughness. The com- 
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petetive nature of directional solidification will therefore allow only this 
direction to grow normal to the isotherms.

By analogy with the ice discs discussed above, the growth of a single 
facet, once formed, will be retarded, and ultimately become oriented 
normal to the fast growing direction due to the continuous competition 
for maximum growth rate. A single facet will restrict crystal growth in 
only one direction, resulting in parallel sheets with similar orientations in 
compact spherulites (Fig. 20A). Initially, individual sheets may show 
random orientations normal to the faster growth direction, but because 
of competitive growth, they ultimately become aligned to form a super­
ficial sheet structure. Twin planes may allow modification of this sheet 
structure to form a braided texture of two or more directions as observed 
in the compact, columnar feldspar zones (Fig. 5).

When two facets form, growth is restricted to two directions in space. 
This allows formation of columnar structures which are separated by 
varying amounts of interdendritic materials in the growth plane (analo­
gous to rod eutectics) (Fig. 20B). Maximum growth is largely uncon­
strained in the third direction which is still below its roughening temper­
ature and accordingly oriented parallel to heat flow, i.e. perpendicular to 
the contact with the magma. At this stage the compact feldspar structure 
will grade into a columnar texture with interdendritic material becoming 
abundant towards the inner portion of the contact zones. This type of

Fig. 20. Cartoon showing the effects of facets to the growth morphology of directionally solidified 
products. A) one facet leads to a lamellar fabric; epitaxial twin planes allow for subsequent 
directions which can result in a plaited structure. B) Two facets restrict growth in lateral directions
and lead to columnar shapes. 
C) Three facets constrain 
growth in the third dimen­
sion, and deflects the max­
imum growth direction from 
that of maximum heat flow. 
C) lack of constitutional 
supercooling eliminate direc­
tional growth and three or 
more facets lead to porphyri­
tic products with maximum 
elongation parallel to the 
isotherms (laminar textures). 
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growth corresponds to the open spherulitic growth of Miller (1977) and 
implies a second step in the direction of increasing growth anisotropy 
with decreasing supercooling. At least two facets are required to prevent 
dendrites from growing together in a transverse direction.

Growth is constrained in the third dimension when three facets form, 
and the maximum growth becomes directed away from the maximum 
heat flow direction. (Fig. 20C). The maximum growth is now pointed 
towards the nearest favorable crystallographic direction, as found for 
faceted dendritic growth in binary systems by Morris & Winegaard 
(1969).

The morphology is determined by the relative growth rate of the 
slower growing faces only when supercooling is almost totally elimi­
nated. Under these conditions the temperatures are above the roughen­
ing temperature for all major facet planes. Maximum elongation is then 
parallel to the crystallographic c-direction in feldspars and parallel to the 
010 plane, forming rhomb-shaped crystals typical of the lardalite interior 
(Fig.20D). These rhomb-shaped feldspars are dominated by crystal faces 
like 201, 110, & 110 (Oftedahl, 1948), and growth rates for the various 
crystallographic directions can be ranked as c < a < b.

Pyroxenes
The most pronounced growth feature of the dendritic pyroxenes is clear­
ly their curved dendritic shape. From the previous discussion it is clear 
that isolated dendrite stems imply faceted growth. Furthermore, the 
deviation of the faster growth direction from that normal to the cooling 
front implies that at least three facet directions control the growth. Tak­
ing the commoner facets of equilibrium shaped Ca-pyroxene as potential 
f-faces (Hartmann, 1982), it is likely that Ca-pyroxene forms facets in a 
manner slightly analogous to that of monoclinic ternary feldspars. That 
is, maximum density planes like 111 forms facets most readily following 
Gilmer (1977), while the loosely packed faces like 100 and 010 are late, 
and with the 001 and 110 planes as intermediate facets. Due to the 
competitive growth, the more rough interfaces 100 and 010 grow fast 
and tend to become oriented towards the maximum heat flow. Since 
these directions, however, are intercepted by the readily faceting 111 
plane, maximum growth will become deflected at this intercept 
(Fig. 21). The growth thus produces an oblique directed dendrite with a 
planar (faceted) upper surface and a more irregular lower surface; the 
latter may produce secondary facets along 001 and 110 as the interdendri- 
tic growth proceeds.
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Fig. 22. Curved, external facets of pyroxene 
dendrites are the result of the interference be­
tween lattice-plane curvature of the fastest 
growing 100 direction, and the constraining 
facet plane 111, which gradually moves across 
the lattice curvature during growth and thereby 
leads to a curved overall shape. A curved den­
dritic shape thus, is the result of crystallographic 
factors alone.

Fig.21. Crystallization of defected pyroxene 
dendrites. Intersection between the fast growing 
100 and 010 directions and a facet plane (e.g. 
(Ill)) results in a deflection of the maximum 
elongation of the dendrite from the direction of 
maximum heat flow.

The consistent curvature has been suggested to derive from flow of 
nourishing liquids past the crystallization front, imposing a composi­
tional gradient (Lofgren & Donaldson, 1975). As realized by these au­
thors, however, curvature is often developed in systems where flow is 
absent, and therefore a more general explanation is clearly wanted. The 
conspicuously curved lattice revealed by curved albite twins and de­
flected optic axes across single subgrains in the 010 plane of dendritic 
feldspars may contain the clue to an explanation of this phenomena.

Since the curvature along 100 is an overall lattice feature, the facet 
along 111 will gradually transgress upon this plane (Fig. 22). The angle 0 
between 100 and 111 however is a lattice constant and therefore as the 
transgression proceeds across the 100 plane, the 111 facet will become 
increasingly deflected. This leads to a systematic curvature of the result­
ing dendrite. Although curved dendritic growth of the analogous feld­
spars are more uncommon, a few examples (Fig. 23) show that the 
explanation also holds for feldspar. In Fig. 23 the curved nature of the 
010 plane is seen from the weak differential coloring across the dendrite 
stem.

The above mechanism causes the pyroxenes to grow at an increasingly 
lower angle to maximum heat flow. When the angle of growth becomes 
sufficiently low, repeated nucleation occurs on the upper 111 facet, and a 
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new pyroxene starts growing initially perpendicular to the heat flow, in 
order to keep up with the continuous cooling; isotherms moving parallel 
to the contact. This process explains the regular, repeated nucleation 
seen in all the dendritic pyroxene zones (Fig. 24).

In summary, the formation of facets imposes a major control on the 
morphology of growing phases in supercooled conditions. This control 
is apparent in the sequence of crystal morphologies in the contact zones 
of the lardalite intrusion. The sequence of morphological types in these 
zones corresponds closely with that theoretically developed in a decreas­
ing gradient of supercooling, which in turn causes a corresponding, 
stepwise increase in growth anisotropy (Fig. 25).

3.2 Compositional variations
Dendrite spacing
The regular spacing of dendrites in the inner dendrite zones of the larda­
lite intrusion, indicates steady-state growth at constant velocity. This 
view applies to both the open dendrite pyroxene zones and to the colum­
nar feldspar dendrite zones. The spacing can be partly analyzed by as- 
summing a diffusive boundary layer around each dendrite tip (Petersen, 
1985). This layer has a radius of the characteristic diffusion distance; the 
problem of overlapping diffusion spheres is solved quantitatively in a 
fashion analogous to that of lamellar eutectic growth (Jackson & Hunt, 
1966; Scherer & Uhlmann, 1975). When the interdendritic spacing is 
equal to twice the characteristic diffusion distance (Fig. 26A), lateral 
growth is inhibited by the equilibrium melt composition at the crystal 
melt interface. This is because excess solute from the interdendritic space

Fig. 23. Dendritic feldspar 
showing curved growth mor­
phology. Convex, lattice 
planes can be recognized 
from the weakly discolored, 
transverse pattern on the 
feldspar stem. The crystal 
measures 18 cm. Secondary 
nucleation of pyroxene and 
nepheline on the upper sur­
face tends to readjust growth 
towards the maximum heat 
flow.
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Fig. 24. Sketch of curved pyroxenes showing repeated nucleation 
when growth is directed almost parallel to heatflow. Compare with 
Fig. 13 and 23.

Fig. 25. Summary of growth morphologies and growth conditions for the contact zone feldspars in 
terms of thermal and constitutional supercooling from the margin (1) and inwards (2-6) (from 
Petersen, 1985). Initially high thermal supercooling result in semispherulitic crystals (1); increas­
ing constitutional supercooling (2-3) results in directional growth. Formation of successive facets 
controls growth morphologies in (3-5) as thermal and constitutional supercooling decrease. In (6) 
the supercooling is eliminated and the crystals grow essentially parallel to the isotherms. 
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can be removed only in directions normal to the boundary layer. In this 
case, growth of the dendrite is constrained in all but one direction, and 
therefore, conformable to plane-front solidification.

When the interdendritic spacing is larger than twice the diffusion dis­
tance (Fig. 26B), transverse diffusion allows some lateral growth until 
mutually opposed diffusion spheres meet. Subsequent branching of den­
drites may occur so as to adjust the solidification rate to a maximum for a 
given supersaturation (Flemings, 1974). In both cases, however, the pro­
cess ultimately leads to unidirectional growth which is qualitatively 
comparable to plane-front solidification. Finally, if dendrite spacing is 
less than twice the diffusion distance (Fig. 26C), competitive solute en­
richment occurs due to overlapping diffusion spheres. The growth of 
some dendrites is hindered and lags behind that of neighbouring den­
drites. The situation then resembles that of case-B, where lateral growth 
or subsequent branching gradually eliminates transverse diffusion.

The above dendrite-spacing-regulation mechanism tends to adjust the 
dendrite spacing to optimum configuration for a given growth rate. 
Experimental evidence verifies that the spacing in cellular dendritic 
growth correlates with the rate of cooling rather than with the rate of 
motion of the isotherms (Chalmers, 1964, p. 170). This implies that 
growth is controlled primarily by diffusion rather than by heat transfer. 
Dendrite spacing is therefore, governed by the characteristic thickness of 
the diffusion zone around the growing dendrite as argued previously by 
Howarth & Mondolfo (1962).

A systematic overall decrease in the feldspar to matrix ratio is found 

Fig. 26. Dendrite spacing 
regulation. Each dendrite tip 
acts as a source of solute, 
which build up in semi- 
spheric diffusion zones. (A) 
When the dendrite spacing is 
twice the characteristic diffu­
sion zone, transverse growth 
cannot occur. In (B) is trans­
verse growth possible until 
opposite diffusion spheres 
meet. In (C) overlapping 
diffusion spheres prevent 
growth of some dendrite 
stems.
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from the pluton margin inwards. This suggests that the effective diffu­
sion spheres increase in width inwards with decreasing cooling rate. 
Since a steady-state solidification is implied, solidification rate was diffu­
sion controlled and the increasing diffusion spheres therefore not a result 
of decreasing solidification rate but rather the effect of increasing bound­
ary layer width and less efficient removal of solute. This can happen 
because the convective flow velocity decreases with time or because the 
static diffusion zone widens as a result of increasing liquid viscosity.

Steady-state growth
Plane-front solidification has important implications for columnar-den­
dritic solidification if the maximum growth direction is not controlled 
by the interface reaction. As noted above, the solute content can be 
viewed as the amount of interdendritic material, which remains constant 
during steady-state solidification. Any change in the solidification rate, 
however, may result in compositional fluctuations about this constant 
value (Tiller et al., 1953). A change to slower growth rate momentarily 
reduces the solute accumulation rate and causes a temporary reduction in 
the solute diffusion zone. If additional branching is not developed, this 
reduction allows increased transverse growth of the pre-existing den­
drite columns and creates a higher dendrite to matrix ratio in the growth 
front. The solid product will momentarily attain a lower concentration 
of solute (matrix) than the average melt. This imbalance results in a 
subsequent accumulation of solute in the solid phase until Cs again ap­
proaches steady-state composition.

For example, a steady-state dendritic solidification affected by a minor 
change in growth-rate from Yj to a slower growth rate Y2 (Fig. 27) is 
accompanied by a reduction in solute accumulation. A momentary in­
crease in dendrite width occurs, and causes the feldspar to occupy a 
larger volume proportion. Solute concentration in the solid product, 
viewed as the amount of interdendritic material along the solidification 
front is thereby lowered. Compared to the source liquid, this lower 
average solid composition renews enrichment of the solute to the bound­
ary layer and in turn affects the dendrite to matrix ratio, which subse­
quently returns to the steady-state value.

The textural product of the above process may be a transverse, within- 
layer banding observed in some dendrite feldspar zones (Type-2 layer­
ing) (Fig. 2B). In these zones, numerous feldspar-enriched bands occur 
across the regularly spaced dendrite arrays and average compositions 
fluctuate about a constant composition.
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Fig. 27. Steady-state dendri­
tic solidification with periodic 
changes in growth rate results 
in compositional fluctuation 
about constant composition. 
A sudden change from 
growth rate Yj to a slower 
rate Y2 causes momentary re­
duction in solute content and 
thus a commensurate dendrite 
widening. This causes imba­
lance in the solute production 
which gradually forces crys­
tallization to return to 
steady-state.

Complementary phase layering
Layering produced by the successive appearance of complementary 
phases is much more conspicuous than banding produced by slight 
variations in modal proportions resulting from steady-state growth of a 
single phase. Individual layers and intervening zones of open-dendritic 
or laminar-texturcd rocks with complementary phase layering typically 
have constant composition, but they may vary from polyphase dendritic 
to almost monomineralic. Despite their constant composition which 
indicates steady-state conditions these layers are not representative of 
bulk melt composition. Characteristics of damped oscillatory reactions 
are evident in the periodic nature of this layering. The nature of this pe­
riodicity suggests that complementary phase layering originates by com­
petitive, oscillatory chemical processes. These processes may follow a 
nucleation-diffusion model initially proposed by Harker (1909) and re­
cently reemphasized (McBirney & Noyes 1979), which in ideal terms, 
stems from the interaction of two parameters of growth with different 
rate properties such as e.g. heat flow and chemical diffusion.

As solidification moves from an arbitrary position X] to x2, heat flow 
varies linearly with time and elemental diffusion varies with the square 
of time (McBirney & Noyes, 1979). Therefore, at the start, the depletion 
of constituent elements moves faster than the cooling front and prevents 
subsequent nucleation. When the depletion zone is ultimately overtaken 
by the nucleation isotherm, a new burst of nucleation and subsequent 
growth will occur and create a repeated appearance of single phases in a 
rhythmically layered, solid product.
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Fig.28. (A) Complemen­
tary phase layering as a re­
sult of competetive nucleation 
and growth. See text for dis­
cussion.

Although intuitively satisfying there are indications that this process, 
at least for single phase nucleation, may reach steady-state and not oscil­
late (Allègre et al., 1981), unless it is triggered by an external mechanism 
such as the nucleation of a secondary phase. Steady-state solidification 
apparently does occur in the contact zones of the lardalite intrusion, since 
compositional variations are minor throughout most of the individual 
layers except for the occasional fluctuations discussed above and for 
conditions near the phase change, where gradual changes occur. There­
fore a model is needed which allows the formation of even mono- 
mineralic products at a steady-state to become abruptly terminated and 
taken over by subsequent phases.

Solidification involving two complementary phases is discussed by 
using a simplified binary diagram (Fig. 28). The phases are stable below 
their respective liquidus curves, but only nucleate on the nucleation 
curves, which mark the necessary supercooling for stable nuclei of phase 
A and B respectively. In supercooled condition, the phases are stable 
below the extension of their respective liquidus lines.

A liquid of composition Ch is supercooled until phase B nucleates and 
starts growing (Fig.28). Assuming a broadly isothermal solidification, 
where latent heat of crystallization is removed through the solid phases, 
growth of phase-B drives the interface melt towards the left in the dia­
gram. Depending on the size of the effective partition coefficient (*K D), 
and the width of the static boundary layer, the composition of the solid 
may be very different or very similar to that of the source liquid. In the 
first case, the boundary-layer liquid will reach the nucleation curve for 



THE DIRECTIONAL SOLIDIFICATION OF SILICATE MELTS 369

phase A rapidly and cause coprecipitation of A. In the latter case, steady­
state solidification may develop, and remain until the reservoir liquid 
becomes saturated with respect to phase A, due to a decrease in tempera­
ture.

If phase A has a higher growth rate than B, phase A will take over the 
crystallization front, since the faster growing phase will enclose grains 
nuclei of the slower growing phase along the solidification front and 
development of phase B becomes prevented in the solid. Solute redis­
tribution during this transitional stage is complex, but after completion 
it conforms again with the diffusion-sphere model discussed above, and 
thus a planar-front solidification model. From this stage (Fig. 28(2)), B- 
components now accumulate in the boundary layer relative to A-com- 
ponents and drive its composition towards the right.

When the interface liquid passes (1), nucleation of B will occur togeth­
er with the continuous growth of A, but because of the growth rate 
differences discussed above, this rarely affects the bondary layer compo­
sition. In ideal isothermal solidification, the boundary layer proceeds 
directly towards the liquidus composition at (3). When it reaches the 
liquidus composition, equilibrium crystallization proceeds without any 
trend reversals until the source melt ultimately becomes differentiated. 
However, if solidification is not entirely isothermal, because latent heat 
of crystallization is not removed effectively from the faster growing A- 
dendrites or the liquidus is lowered because of volatile build up, then the 
interface temperature may rise above the liquidus temperature at (3) and 
promptly prevents further growth of phase-A. Nucleation and growth 
of the secondary phase-B, which is still in its stability field, then substan­
tially influences the boundary layer and reverses the compositional 
trend. In contrast to the previous case, this phase contact will be sharp 
following the isotherms, and starting a new cycle of compositional 
layering.

An example of this process is sketched in Fig. 29, where A may repre­
sent feldspar or nepheline and B olivine or pyroxene. For a melt compo­
sition corresponding to Ci in Fig. 28, the layered sequence would be (1) 
olivine (or/pyroxene), (2) olivine (/pyroxene) and feldspar (/nepheline), 
and (3) feldspar (/nepheline), assuming a higher growth rate for feldspar 
(/nepheline) than for olivine (/pyroxene). This sequence duplicates the 
order of appearance and layering observed in the marginal picrite zone of 
the lardalite intrusion towards the dendritic feldspar zone as well as the 
nepheline - pyroxene layering of the innermost dendrite zones. A slight­
ly different composition at C2 (in Fig. 28) causes primary precipitation of



370 JON STEEN PETERSEN

Fig. 29. Schematic relations 
between two complementary 
phases like feldspar (A) and 
pyroxene (B); the former is 
assumed to have a higher 
growth rate. The upper 
boundaries for the faster 
growing phase are sharp 
whereas the upper bound­
aries for the slower growing 
phase are gradational. Phase­
relations from Fig. 28.

solid constitution ■ liquid

feldspar, which would persist to produce a monomineralic feldspar zone. 
The feldspar continues to grow until heat-production brings the inter­
face temperature above the liquidus. Numerous minor inclusions of Fe- 
Ti oxide dendrites in parts of the outermost, columnar feldspar zone (see 
Fig. 6 in Petersen, 1985) may represent engulfed nuclei of co-precipitat- 
ing B-phases.

4 Equigranular solidification

4.1 Introduction
In the previous sections, solidification features related to the solid-liquid 
transformation with a fairly simple geometry, a unilaterally propagating 
planar front, were emphasized. T he following sections examine aspects 
of solidification with a non-planar front and repeated nucleation. Similar 
compositional variations in comb-textured and cumulus-textured rocks 
suggest that the mechanisms of layering are related. The gradual transi­
tion from columnar to equigranular texture with decreasing supercool­
ing suggests that both of these textures result from nucleation and 
growth in a similar heat-flow environment, but with different solidifica­
tion rates and mechanisms, rather than being products of completely 
different solidification conditions. The purpose of this section is to 
examine the relationship between lateral solidification and compositional 
variations in equigranular rocks, and to discuss some petrological conse­
quences.

The term, equigranular, implies equal grain size and equidimensional 
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shapes of the constituent minerals. Its usage here is not completely accu­
rate as the types of solidification structure with repeated nucleation dis­
cussed below may equally well produce any type of cumulus texture. 
The term is used, however, because it indicates an isotropic, non-direc- 
tional texture as opposed to the strongly anisotropic, columnar or comb­
layered products of lateral solidification discussed earlier. It is synonym­
ous with the term, equiaxed texture, which is used in the metallurgical 
litterature for analogous texture patterns (Chalmers, 1964).

Equigranular solidification textures may form in a static melt when 
the nucleation rate is sufficiently high to cause repeated nucleation along 
the cooling front rather than growth of preexisting phases. This process 
occurs in chilled margins where the nucleation rate is maximized at high 
supercooling, and the growth rate is small or moderate (see Fig. 25). 
Equigranular textures, however, may also form at low supercooling, 
when the maximum growth direction is constrained by crystallographic 
factors, and directed at some angle to the direction of maximum heat 
flow. Nucleation of new grains on pre-existing crystals subsequently 
occurs so as to adjust solidification rate to keep up with the conductive 
heat loss through the wall rock. Despite their similar texture patterns, 
the conditions for the formation of the above two equigranular products 
are fundamentally different, and these differences become reflected in the 
contrasting compositional properties of the products.

As for directional solidification of dendritic and cellular products, im­
portant contributions to our understanding of unilateral solidification of 
granular textured products is provided by experimental studies of con­
tinuous casting processes in axisymmetrical ingots. These experiments 
show that systematic compositional variations occur in almost any so­
lidification geometry (Flemings, 1974; p245). This type of variation, 
known to metallographers as macrosegregation, is derived mainly from 
the interaction of diffusive boundary layers with fluid flow in the inter- 
dendritic region, also called the mushy zone. Other mechanisms such as 
floating or settling of crystals or convective flow of liquid plus solid may 
contribute to the macrosegregation in special cases (Mehrabian, 1984).

Plutonic intrusions in a simplified sense are vast castings of silicate 
magmas, and are analogous to the much smaller scale metallurgical cast­
ings in which macrosegregation is important. It seems fitting therefore 
to examine the origin of compositional variations in plutons with respect 
to crystallization kinetics and macrosegregation. Compositional varia­
tions which are inconsistent with the variations expected along the liquid 
line of descent of the magma are particularly significant in this respect.
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Fig. 30. Macrosegregation in 
typical cast ingot. Square 
dots mark positive segrega­
tion whereas horizontal stip­
ple is negative segregation. 
Chilled products are finely 
dotted. Right diagrams show 
idealized compositional vari­
ations across two sections A- 
A’ and B-B'. The axisym- 
metrical distribution is pro­
nounced; positive segregation 
fluctuates in the upper por­
tion of the ingot whereas 
negative segregation domi­
nates the lower portion.

Macrosegregation is usually expressed as the relative deviation from 
average composition of the source melt; positive segregation corre­
sponds to a more differentiated state while negative segregation repre­
sents a less evolved composition (Flemings, 1974). Axisymmetrical in­
gots often exhibit substantial segregation in the vertical as well as the 
horizontal direction. A typical example of macrosegregation in cast met­
al ingots illustrates this qualitatively: In the upper part of the ingot (cross 
section A-A’, Fig. 30), several zones of positive segregation are separated 
by neutral zones and form a regular compositional variation which fluc­
tuates through the ingot. This variation resembles the regular trend 
reversals in cryptic layering observed in many igneous bodies, e.g. the 
Stillwater Intrusion (Jackson, 1961). In a lower part of the same ingot 
(cross section B-B’, Fig. 30), compositional variations are expressed by 
an outer margin of positive segregation and a core of substantial negative 
segregation. Geologically, this trend compares with the reverse compo­
sitional variation as found e.g. in the lardalite pluton (Petersen, 1978b). It 
is also comparable to the overall variation found in many anorthosite 
massifs, where differentiated noritic rocks form a marginal facies and 
more primitive anorthosites generally make up a central core (Michot & 
Michot, 1969; Ashwal & Seifert, 1980; Demaiffe & Hertogen, 1981).

4.2 The chain mechanism of heterogeneous nucleation
A fundamental prerequisite for solidification is the nucleation of solid 
phases which occurs by the condensation of sufficiently large clusters of
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constituent molecules or polymers within the melt. Nucleation is clas­
sified as either heterogeneous or homogeneous, depending on whether it 
occurs with or without the aid of foreign substrates (Carmichael at al., 
1974; Kirkpatrick, 1975; 1983). The stability of newly formed nuclei 
depends on their surface free energy, which is often expressed in terms of 
the critical size or critical radius for the nucleus at a given amount of 
supercooling (Shewmon, 1969). Thus, homogeneous nucleation re­
quires a cluster of a certain size to allow subsequent growth. Below this 
size the nucleus will redissolve and become extinct. The tendency for 
heterogeneous nucleation of a particular phase can be expressed by its 
’wetting’ factor, which equals the cosine of the equilibrium contact angle 
0 (Fig. 31). The smaller this contact angle is, the smaller the volume 
fraction of a critical nucleus sphere will be, which produces a stable 
surface curvature that allows subsequent growth (Chalmers, 1964, p. 77; 
Shewmon, 1969, p. 160). Structural compatibility between the nucleus 
and the substrate surface reduces the contact angle and increases the 
chance for heterogeneous nucleation.

For these reasons, it is likely that all nucleation in natural magmas is 
heterogeneous and occurs preferentially on analogous materials (Kirk­
patrick, 1975). Experimental studies of the solidification properties of 
natural silicate melts have strongly supported this view (Lofgren, 1983).

In a lateral cooling configuration as described above, it is probable that 
nucleation and growth preferentially occur on pre-existing crystals along 
the borders of the magma. Growth is facilitated in crystals that are in 
mutual contact and attached to the wall rock, as compared to freely 
suspended crystals, since the latent heat of crystallization can be extracted 
through the solid media. Any internal nucleus will eventually be over­
grown and eliminated as solidification proceeds (Fig. 32). Convection in 
the magma interior may cause transport of early detached crystals along 
the magma chamber borders (Irvine, 1979). However, when transferred

PLANE OF HETEROGENEOUS

Fig. 31 The portion of an idealized, critical 
nucleus with radius r*  above the plane of 
heterogenous nucleation has a stable surface cur­
vature that allows subsequent growth. The crit­
ical contact angle marks the maximum curva­
ture of a stable surface, and thus the fraction of a 
critical nucleus that is necessary for heteroge­
neous nucleation.
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Fig. 32. Growth conditions for freely suspended 
versus contact-attached crystals. Heat of crystal­
lization is build up around the freely growing 
crystal whereas heat can be retracted through the 
stem of the attached crystal. The thermal dis­
tribution thus favours growth of attached crys­
tals over suspended individuals.

towards the hotter interior, newly formed crystals will generally dis­
solve, and the interior may be considered free of nuclei and fairly 
homogeneous within each convective unit. This applies also in the case 
of stratified magmas which are increasingly being accepted in the petro­
logical litterature (e.g. Hildreth, 1979; Irvine, 1980; Huppert & Turner, 
1981).

When growth of a solid phase is directed away from the heat-flow 
gradient, supercooling at the solidification front gradually increases be­
cause the isotherms continue to move towards the magma center at a 
linear rate normal to the gradient. Near the crystal interface, the 
isotherms are slightly deflected locally, but since the growth rate is much 
slower than heat-flow, this will not affect the overall increasing separa­
tion of the isotherms and the solid interface. When this separation 
reaches a critical value, heterogeneous nucleation will occur on the crys­
tal face rather than continued growth, in order to achieve a higher soli­
dification rate. This grain multiplication process is excellently illustrated 
by the curved dendritic pyroxenes, described in section 2; when the 
growth of these pyroxenes, because of the continuous curvature, be­
comes almost parallel to the isotherms repeated nucleation occurs on the 
upper surface of the dendrite (Fig. 24).

The formation of most equigranular products occurs at near-equili­
brium conditions where growth anisotropy is high and solidification is 
interface controlled (Kirkpatrick, 1975; Gilmer, 1977). Under these con­
ditions, the growth direction is determined by crystallographic direc­
tions of the nucleus rather than by heat flow or chemical diffusion. Low- 
angle branching that adjusts the growth direction at high supercooling 
does not occur. The maximum growth direction is therefore determined 
by the crystallographic orientation of the heterogeneous nucleus. The 
competition between maximum growth direction and maximum heat­
flow direction then results in a repeated nucleation and growth process 
that leads to the formation of equigranular and cumulus textured pro­
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ducts with a lateral solidification geometry. As the growth of a phase 
enriches the liquid in solute, subsequent heterogeneous nucleation of a 
secondary phase will likely occur on the surface of the first, where solute 
enrichment is highest. With the subsequent depletion of solute, the 
growth of the first phase is enhanced, and the process therefore leads to 
clustered solid aggregates.

Textural evidence showing such clustered nucleation-growth aggre­
gates (bundle texture), is suggested to be a common, yet poorly recog­
nized solidification structure in cumulate rocks (Campbell, 1982). The 
occurrence of bundle textures offers a reasonable explanation for the 
formation of large blocks of solidified material, e.g. along the interface 
of a hot, primitive magma that flows past a cooler melt, that may even­
tually become big enough to overcome the density-contrast, yield­
strength barrier discussed by McBirney & Noyes (1979, Fig. 3), and 
settle through the liquid. However, it can also be the most important 
solidification mechanism along the cooler contacts of a magma chamber, 
causing crystallization to occur along a well defined interface between 
liquid and solid.

Preliminary experimental studies of solidification and macrosegrega­
tion of silicate melts in crucibles clearly emphasize the importance of the 
cluster or chain nucleation. Fig. 33 shows a two-dimensional expression 
of the solid-liquid interface produced with moderate supercooling. De­
pending on the exact cooling rate, the interface attains a regular planar or 
a highly irregular, indented shape. In three dimensions, the indented 
shape of this type of interface allows liquid to flow through the inter­
granular space in a manner that is analogous to interdendritic melt perco­
lation in metallic castings (Flemings, 1974). These similarities justify the 
application of macrosegregation modeling in metals to silicate magmas.

Fig. 33. Pt-plated, ceramic crucibel with 2:1 
plagioclase:diopside melt cooled from 25° super­
heat at moderate rate. Repeated nucleation on 
preexisting crystals result in crystalline trains 
propagating towards the center. Internal nucle­
ation is extremely rare.
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4.3 Compositional variations
When a solid phase crystallizes, solute is rejected from the crystal-liquid 
interface. The amount of this rejection is governed by the partition 
coefficient at equilibrium conditions (McIntyre, 1963). At supercooled 
conditions, crystallization may occur isothermally, and the solid ap­
proaches the composition given by the solidus at this temperature until 
the continued enrichment of solute causes the melt to reach liquidus 
composition at Co’ (Fig. 34A). Subsequent crystallization then occurs at 
equilibrium conditions. When the crystallization rate is sufficiently 
small, the rejection of solute ultimately affects the residual liquid and 
gradually changes its composition. Progressive crystallization under 
these conditions results in a continuous enrichment of solute in the solid, 
as the source liquid becomes increasingly fractionated (Fig. 34B).

In the solidification of melts where the growth rate exceeds diffusion, 
the concentration of solute will increase near the solid-liquid interface 
(Fig. 34C). When a sufficiently large solute concentration has been estab­
lished, one of two things may happen: diffusion of solute away from the 
boundary layer will keep up with the solidification rate and solidification 
becomes steady-state (Tiller et al., 1953; Henderson & Williams, 1977); 
or, the solute enrichment will reach saturation with respect to a second, 
near-liquidus phase (CB in Fig. 34C).

Because the diffusion rate diminishes with the square of distance from 
the interface (Hoffmann, 1980), and the solidification rate at low super­
cooling varies linearly with time (Kirkpatrick, 1975), it is unlikely that 
growth attains steady-state in multicomponent systems before solute 
saturation occurs. Development of mono- or bimineralic products are 
thus generally prevented in a static melt solidification. However, when 
fluid flow affects a portion of the diffusive boundary layer, solute is 
removed at much faster rate. The conditions for a balance of input 
(solute production during crystallization) and output (diffusion plus re­
moval by fluid flow) are thereby readily established, and particularly at a 
low absolute solute enrichment are conditions for steady-state solidifica­
tion readily attained (Fig. 34D). In a closed system solute enrichment 
ultimately alters the source liquid and a final compositional transient of 
residual liquid forms which is highly fractionated (Fig. 34E). When this 
fraction crystallizes, the solid shows an appropriate increase in solute 
content.

Solute removal can be enhanced by the overlap of thermal convection 
in the magma interior with the diffusive boundary layer. Solute which 
diffuses into the convective unit cannot exceed its concentration at the
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Fig. 34. Solute redistribution 
during plane-front solidifica­
tion conditions. See text for 
details.

flow interface. The width of the remaining, static portion of the bounda­
ry layer Ô’, then determines the maximum amount of solute enrichment 
that develops for a given diffusion coefficient (Fig. 34D). The effect of 
this process can be quantified by using a different effective diffusion 
coefficient in the solute redistribution equations (Flemings, 1974). Ther­
mal and rheologic properties of natural silicate magmas support the 
presence of fluid convection (Bartlett, 1969). Such magmas may solidify 
at steady-state under broadly isothermal conditions and produce nearly 
constant compositions after an initial transient.

A second type of fluid flow, percolating flow between growing bund­
les of solid phases, results in substantial mass transfer through the 
mushy zone of crystallization (Flemings, 1974; Mehrabian, 1984). This 
flow is established by a considerable volume reduction during solidifica­
tion at highly irregular solidification interfaces, and is typically encoun­
tered in the dendritic solidification of metallic melts. As shown in 
Fig. 35, the percolating flow, however, also plays a prominent role in 
comparatively viscous silicate melts upon progressive solidification, and 
should not be overlooked.
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Fig. 35. Experimental 
charge of ternary feldspars 
solidified by heterogeneous 
nucleation and growth from 
the capsule walls. Deformed 
vapor bubbles reveal fluid 
flow in the intercrystalline li­
quid as the result of volume 
reduction during prograde 
crystallization. This indi­
cates that significant percola­
tion flow exists in silicate 
melts upon solidification. 
Scale bar measures 1 mm.

During steady-state solidification the solid composition is defined by 
the relation C’s = *k dCo, where Co is the composition of the source 
liquid, and *k d the effective partition coefficient at steady-state. The 
extent of steady-state crystallization depends on the differentiation of the 
residual liquid, and on the difference between the source liquid (Co), and 
the solid product of the steady-state solidification (C’s) (Fig. 34D). This 
difference is a reflection of the magnitude of the effective partition coeffi­
cient *k D. Values of *k D near unity may produce substantial amounts of 
steady-state growth since the residual liquid is only slightly affected. In 
contrast, large or small *k D-values will tend to reduce the amount of 
steady-state solidification since the source liquid becomes differentiated 
more rapidly.

The distribution of solute during lateral solidification can be modeled 
quantitatively and applied to polyphase systems by considering the sol­
vent as the sum of constituent components in the solid product, and the 
solute as the sum of complementary components in the melt. Chemical­
ly, the characteristics of these components can be defined as a matrix of 
the type B = M - A, where M is the composition of the source melt; A is 
the composition of the solvent (= solid aggregate), and B the solute, 
readily calculated for various solid aggregates by e.g. petrographic mix­
ing programmes (Wright & Doherty, 1970).

The bulk chemical modeling discussed above accounts for the overall 
variation of the solid product during solidification, and explains the 
formation of gradual changes in the initial or final transients, which may
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or may not include an intervening steady-state solidification. Whether 
the size of the effective partition coefficient *k d is greater or less than 
one, the solid product may attain a prograde or a reverse, overall compo­
sitional zonation. Its application, however, is ideally restricted to a plane 
front solidification and simultaneous crystallization of the main con­
stituent phases.

These conditions are readily met in eutectic crystallization where 
simultaneous precipitation occurs with a planar front (Flemings, 1974). 
The plane front is achieved because transverse diffusion and phase-spac­
ing regulations adjust the bulk interface liquid to eutectic composition at 
any given growth rate, and the product solidifies at steady-state (Mollard 
& Flemings, 1967; Elliott, 1977). A plane front is also achieved at dendri­
tic solidification because dendrite spacing adjusts to minimize transverse 
diffusion and the solute redistribution modeling becomes equivalent to 
that of eutectic solidification (Scherer & Uhlmann, 1975). In this case, 
secondary phases precipitate from the trapped interdendritic melt. Their 
crystallization, however, does not change the overall composition of the 
product. Therefore, in terms of solute redistribution, the dendritic soli­
dification can be viewed as a special case of multicomponent solidifica­
tion where one phase, because of a higher growth rate, is leading. In 
order to understand the more general situation, analysis of solidification 
geometries and kinetics of crystallization is therefore required.

4.4 The solidification geometry
Two extreme types of solidification geometries provide a useful basis for 
the discussion of directional chemical segregation. In one case, internal 
nucleation is abundant and approximately simultaneous within the entire 
melt fraction. Such nucleation causes spheroidal diffusion zones, en­
riched in residual solute, to form around each nucleus during subsequent 
growth (Fig. 36A-B). Because this solute enrichment occurs in an iso­
tropic configuration, no compositional gradient exists between different 
portions of the melt, and the expelled inter-mineral solute cannot mi­
grate by long-range diffusion. Solute content in the intercumulus melt 
therefore increases continuously with progressive crystallization and the 
composition of the solid phase assemblage becomes increasingly zoned 
and fractionated.

This type of solidification geometry, termed uniform, due to the uni­
form distribution of nucleation, corresponds to the traditional view on 
the origin of cumulate textures (Wager et al., 1960). Escape of variable
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Fig. 36. Principal solidifica­
tion geometries. A-B are the 
result of uniform nucleation 
and isotropic growth. C-D 
are formed by heterogeneous 
nucleation and subsequent la­
teral growth. The rejected 
solute accumulates ahead of 
the solidification front in D), 
contrary to the uniform crys­
tallization geometry B), 
where solute is evenly trap­
ped within the sample.

UNIFORM SOLIDIFICATION

LATERAL SOLIDIFICATION

solid product

amounts of intercumulus liquid is required for fractionation, but the 
mechanisms of this segregation remain somewhat controversial. This 
type solidification may represent a special case, where thermal super­
cooling is very high, such as just after injection of the magma or when 
the melt is suffering from vigorous turbulent flow due to emplacement 
or volcanic eruption, but probably may not apply to the general solidifi­
cation of resting magma chambers as often thought. Chilled margins are 
obvious natural examples of this type of solidification mechanism, and 
so are volcanic products and some porphyritic-textured, contact rocks.

In the other solidification geometry, designated here as lateral solidifi­
cation, nucleation and growth project laterally from the contact zone 
towards the interior of the magma. This can occur by the chain nuclea­
tion and growth mechanism (Fig. 36C-D). The residual components 
accumulate in the boundary layer ahead of the solidification front and 
form a compositional gradient. This gradient creates conditions for the 
removal of solute by directional diffusion and fluid flow, and its ultimate 
accumulation in residual solidification pockets (Fig. 36D). Certain 
monomineralic, comb-layered rocks are obvious examples of this type 
of solidification (Petersen, 1985).

Either of the above solidification geometries lead to differentiation 
provided removal of intercumulus liquid occurs. This is often expressed 
by the amount of adcumulus growth (Wager et al., 1960; Wager & 
Brown, 1967) or by the proportion of mesostasis - pore liquid (Hender­
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son, 1970). In the uniform model, the removal of interstitial solute re­
quires an effective percolation of fluid through a densely nucleated crys­
tal mush to produce fractionation. Since the presence of nuclei or crystal­
line particles increases the viscosity of the liquid substantially (Komar, 
1972), this process becomes increasingly difficult. Removal of interstitial 
liquid by fluid flow possibly occurs during compaction by a process 
sometimes referred to as filter pressing, although, the capacity of this 
mechanism to explain enhanced adcumulus growth is limited (Bowen, 
1928, p. 157; Emmons, 1940; Carmichael et al., 1974). Diffusion 
through the interstitial liquid is possible, but this requires the presence of 
an overall compositional gradient and it becomes almost prohibitively 
slow beyond distances on the order of the average grain size. Effective 
fractionation and adcumulus growth in the uniform solidification geom­
etry is therefore difficult, and at best occurs at extremely slow solidifica­
tion rates.

In contrast, the chain nucleation-growth model suggested above al­
lows the continuous removal of excess solute during growth by diffu­
sion into the boundary layer and by fluid flow along the solidification 
front. Depending upon the shape of the solidification front, planar or 
highly indented, this type of solidification creates a diffusive boundary 
layer which is more or less parallel to the isotherms, and causes composi­
tional variations to follow a plane-front solute redistribution model. 
This process can therefore lead to the formation of cyclic compositional 
variations (type-2 layering); complementary phase layering (type-1 
layering); steady-state growth of mono- or polycrystalline products, or 
simply gradual differentiation as was seen for the comb-layered prod­
ucts. The textures, however, will be those of repeated nucleation, i.e. 
cumulus textures instead of a columnar directional fabric. Another very 
important implication of the above textural considerations is that many 
of the planar, contact parallel structures found in igneous rocks are likely 
to reflect successive time interfaces during crystallization, i.e. solidifica­
tion isochrons, which are parallel to the isotherms.
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5. Applications of lateral solidification and macrosegregation 
to petrogenetic modeling

Many plutonic complexes show regular compositional variations which 
are readily explicable in terms of lateral solidification. In many zoned 
plutons, the variation, however, shows prograde differentiation from 
the margin towards the center, for example the Rocklin pluton (Swan­
son, 1978) and the Tuolumne Series (Batemann & Chappel, 1979) in 
Sierra Nevada, California, thus, a variation which can well be accounted 
for by traditional fractional crystallization. In some plutons composi­
tional variations occur which are reverse to this trend; differentiation 
seems to project from the core towards the margin, and clearly present 
some problems with respect to traditional petrogenetic modelling.

A few examples of such ’anomalous’ cases will be briefly considered 
here in order to illustrate advances of the macrosegregation concept over 
traditional petrogenetic modelling and to demonstrate the capacity of 
this hypothesis to account for both normal and reverse overall composi­
tional variations as well as the formation of homogeneous or rhythmical­
ly layered solidification products.

The Hidra anorthosite-norite is a zoned intrusive body in the SW part 
of the Egersund anorthosite province, SW Norway (Demaiffe & Heto- 
gen, 1981). It constitutes the youngest anorthosite body in the region 
and has suffered minimum post-emplacement textural modification such 
as granulation of feldspars and pyroxenes, contrary to most other anor­
thosite bodies of the province. The primary nature of this complex 
therefore makes its textural and compositional relations particularly sig­
nificant.

The complex measures about 6 X 20 km and shows a regular concen­
tric distribution of different rock facies. Following a narrow, fine 
grained and porphyritic, jotunitic border facies is a marginal, ophitic- 
textured norite with average grain size about 2 mm which grades into 
coarser norite and finally into coarse grained leuconorite and anorthosite 
with single feldspars measuring 5X15 mm and up to dm size in the core 
of the complex. No internal contacts between these facies have been 
observed.

Plagioclase occurs as cumulus feldspars with moderate, normal zona­
tion from An50 to An45 in the central, anorthositic and leuconoritic part. 
The most Ca-rich feldspars from the ophitic-textured border zone, show 
compositions which are equivalent to the rim compositions of the inter­
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ior plagioclases, about An45, whereas interstitial feldspars in this zone 
rate about An35 and are additionally fairly Or-rich, about Or14. These 
compositions accordingly suggest that the border-zone rocks are more 
evolved than the interior rock facies in this complex.

Ca-poor pyroxenes which constitute the dominant ferromagnesian 
phase in the Hidra complex, show similar relations. The interior, anor­
thosite hosted orthopyroxene of En70 forms interstitial grains, com­
pletely bounded by cumulus plagioclases. Approaching the marginal 
facies, both plagioclase and orthopyroxene form cumulus phases with 
pyroxene compositions about En65Fs33Wo2, — thus more evolved than 
the interior ones. The ophitic-textured border norites show even more 
pronounced Fe-enrichment about En57Fs41Wo2. Ca-rich pyroxenes are 
present in this zone as discrete grains, whereas elsewhere in the complex 
Ca-rich pyroxenes occur only as minor anhedral or interstitial grains. 
Biotite, apatite and interstitial K-feldspar, the latter showing a spectacu­
lar intercumulitic, symplectitic intergrowth with quartz occur exclusive­
ly in the border facies, and emphasize the more differentiated character 
of this part of the pluton.

In addition to the increasing mineral differentiation towards the mar­
gin, the Hidra complex also shows a significant modal increase in fer- 
romagnesian phases from the core towards the margin, i.e. in the direc­
tion of prograde differentiation, a common feature in anorthosite massifs 
which led Ashwall (1982) to suggest that mafic and Fe-enriched rocks 
constitute residual products of anorthosite formation. Both the increas­
ing differentiation towards the margin and the decreasing mafic content 
towards the center, however, are incompatible with the overall compo­
sitional variation in calc-alkaline or tholeiitic rock suites that crystallizes 
from the margin inwards.

The reverse compositional variation in the Hidra complex is conform­
able with inwards solidification assuming a decreasing cooling rate and 
thus increasing negative macrosegregation. Differentiated rocks formed 
in the initially steep thermal gradient at the margins, where removal of 
solute was minimum. Abundant nucleation in a thermally supercooled 
contact may form a chilled border facies. The ophitic textured, marginal 
facies of this pluton, however, are considered subsequent products of re­
peated nucleation and growth at subliquidus conditions, in a fairly steep 
thermal gradient. The rapid solidification resulted in local supersatura­
tion and precipitation of accessory phases such as apatite and K-feldspar. 
Prolonged heating from the hotter interior allows solid diffusion to 
smoothen out the initial mineral zonations in the contact zone rocks.
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Later, as the cooling rate decreases, increasing amounts of rejected solute 
are removed by diffusion and convection, and thus result in increasingly 
negative segregation. The reciprocal, residual liquid of this solidification 
process would become increasingly mafic in accordance with the find­
ings of Ashwal (1982) and also accounts for the occurrence of minor, 
intrusive Fe-Ti ore bodies in the district.

A number of small intrusive, alkali-rich gabbroic stocks, less than 400 
m wide, which additionally occur in the anorthosite province of south 
Norway, reveal interesting analogies in composition and textures with 
the ophitic-textured border facies of the Hidra massif. In contrast to the 
compositionally zoned anorthosite-norite complex, these minor gabbro 
plugs are exceedingly homogeneous and display no variation from the 
border towards the center. Instead, a remarkable zonation is given by the 
constituent minerals which support the textural relations in suggesting 
an enhanced, in situ fractionation.

In one of these stocks, the Lyngdal hyperite, plagioclases are lath 
shaped about 1x4 mm and display normal zonation from about An45 to 
antiperthitic margins about An35. Myrmekitic fringes on the antiperthitic 
margins project into interstitial orthoclase and quartz. This textural se­
quence is comformable with a closed-system fractionation with progres­
sive build up of residual components in the trapped interstitial liquid. 
The formation of myrmekitic fringes may actually represent coordinated 
growth of a cotectic plagioclase-quartz pair which is succeeded by re­
sidual quartz or K-feldspar as indicated by the textural relations. Ca- 
poor pyroxenes are the predominant ferromagnesian minerals in the 
hyperite and span a fairly narrow range from about En63 to En59. Apatite 
is abundantly present and forms stubby euhedral grains.

Despite the immediate differences in texture and compositional varia­
tion between these two plutons, remarkable similarities exist. The range 
of feldspar and pyroxene compositions in the anorthosite complex is 
almost identical to that of the zoned minerals of the hyperite. The latter 
variation, however, projects from the center of single crystals into the 
interstitial space, while the former shows the same overall variation from 
the core of the complex to the margin, although, as mentioned, opposite 
to the expected trend of differentiation.

The contrasting textural evolution of these two plutons is summarized 
in Fig. 37. In a closed system, such as the marginal facies of the Hidra 
complex or the Lyngdal hyperite intrusion, early Ca-rich plagioclase 
becomes progressively more Na-rich when poikilitic pyroxene joins the 
assemblage (Fig. 37,1-2). Subsequently, plagioclases with antiperthitic
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Fig. 37. Ccwfrasting solid products as formed by different solidification conditions. 1-5 show the 
progressive fractionation in a uniform solidification geometry with no liquid diffusion. The solid 
product (5) equals the composition of the initial liquid (1). In 6-10, the initial liquid (6) is similar 
to that above. Removal of excess solute due to liquid diffusion and/or lateral solidification geometry, 
allows continued precipitation of the initial phase assemblage (7-8).

exsolution lamellae develop (3), which later grade into myrmekitic 
fringes (4) and ultimately into interstitial quartz and K-feldspar (5), 
which mark the closing compositions. Apatite may additionally form in 
local, supersaturated boundary liquids. This sequence completely 
mimics the textural variation observed in the Lyngdal hyperite.

The other extreme, illutrated by Fig. 37, 6-10, forms when solute is 
removed from the intercrystalline liquid. Depending on the solidifica­
tion geometry this process can allow perfect adcumulus growth and 
continuous precipitation of the initial, high-temperature phases as long 
as the source liquid composition and the solidification conditions remain 
constant. A complete gradation from case 1-5 at the margin of the intru­
sive body to case 6-10 in the core can be expected in the course of 
crystallization and progressive cooling. In case of the anorthosite body, 
prolonged cooling at subliquidus temperatures may gradually eliminate 
initial mineral zonations in the marginal facies. Identical geochemical 
properties of the Lyngdal hyperite and the marginal facies of the Hidra 
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complex, including trace element data (Petersen, in prep.), show that the 
former may represent an appropriate parent magma for anorthosite.

In a similar case of competitive nucleation and growth, oscillating 
chemical variations in the boundary layer can relate to the formation of 
complementary phase layering. Two principal types of layering found in 
the predominantly homogeneous larvikite intrusions of the southern 
Oslo region emphasize this point. One type is graded, compositional 
phase layering, with sharp lower contacts, that is equivalent to Skaer- 
gaard type layering except for its nearly vertical orientation, which 
makes an origin by gravitative crystal settling difficult. The other type, 
which is slightly more common, is characterized by faint layering caused 
by the cyclic appearance of intercumulus, poikilitic pyroxenes. This 
variety, which is even more difficult to relate to a crystal settling origin, is 
explicable by the periodic nucleation of faster growing pyroxenes along 
isotherms that follow a nearly planar front. These examples show that 
the composition of the solid product depends not entirely on the compo­
sitional gradient in the boundary layer, but also on the kinetics of the 
crystallization, such as the relative nucleation and growth rates.

One of the important features of the repeated nucleation and lateral 
solidification suggested here, is that solidification occurs along iso­
therms, which are broadly parallel to the contacts. This will produce a 
largely concentric solidification pattern. Accordingly, any changes in the 
crystallization conditions, such as the formation of rhythmic or cryptic 
layering, are to be recorded along these concentric interfaces. Differences 
in the thermal gradients (cooling-rate), on the other hand, may cause the 
phase assemblages to change along the solidification front.

A possible example of this is shown in the Farsund charnockite, SW 
Norway which was injected adjacent to major anorthosite massifs of SW 
Rogaland, that produced a substantial thermal gradient in the country 
rocks as indicated by pronounced metamorphic aureoles. The concentric 
pattern of e.g. the FeO content in the charnockite (Fig. 38) is conform­
able with a solidification along isotherms from the margin inwards. The 
phase assemblages and compositional properties of the constituent min­
erals, however, vary laterally across the pluton and exhibit more primi­
tive compositions in the southeastern, more rapidly cooled part, and 
higher temperature assemblages like fayalite instead of orthopyroxene in 
the northwest (Petersen, in prep.).

The interference between isotherms and cooling rate changes may 
particularly affect the composition of the solid products in a flat sheet of 
magma, where cooling rate at the extremities will be much higher than
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Fig. 38. Concentric patterns 
of isotherms and solidifica­
tion fronts can be reflected by 
cryptic compositional layer­
ing such as the FeO-content 
in the Farsund charnockite. 
Cooling rate isopleths which 
influence the phase assemb­
lages, however, can vary 
across the pluton according to 
a regional thermal gradient.

the central portion. Fig. 39 shows a cooling-rate isopleth of such a mag­
ma type following the data of Jaeger (1968). In the flat sheet, the 
isotherms will follow the boundaries, and the solidification interfaces 
therefore become practically horizontal. A pronounced, lateral, compo­
sitional variation along the solidification front can therefore develop due 
to changing cooling-rate and different diffusion efficiency; the rapidly 
cooled extremities will appear more differentiated because of higher 
amounts of trapped residual liquid here, whereas progressively slower 
cooled parts will appear less differentiated because of the increasing effi­
ciency of solute removal. Such a spectacular, discordant relationship 
between rhythmic and cryptic layering was recently discovered in the 
layered Fongen gabbro, central Norway (Wilson & Larsen, 1982).
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Fig. 39. In flat magma sheets, cooling rate at 
the extremities is high and allows little liquid 
diffusion. In the more interior portions of the 
magma, solute removal becomes increasingly 
important and thus implies changing phase as­
semblages which essentially follow the cooling 
rate isopleths. Solidification interfaces, on the 
other hand, are largely parallel to the contacts 
and thus possibly cross-cut the cooling rate iso­
pleths, producing discordant relations between 
growth structures and phase assemblages.

cooling-rate

6. Summary and conclusions

Directional solidification textures reveal important information about 
the conditions of crystallization which is not recognizable in isotropically 
textured products. Because the crystallization occurs sequentially from 
the contacts and inwards, analysis of thermal and compositional varia­
tions during directional solidification can be related to distance and time: 
systematic changes in crystal shapes are the result of different growth 
mechanisms which in turn reflect variable supercooling during crystalli­
zation; different mineral assemblages and their compositions reflect 
changing thermal conditions during the solidification; and finally, over­
all compositional variations permit evaluation of some kinetic properties 
of the constituent phases and the dynamic conditions in the source melt.

In the lardalite contact zones, crystal shapes near the margins are fan 
dendritic, the result of high thermal supercooling presumably following 
the emplacement of a hot magma into a cooler environment. Subsequent 
columnar growth with anisotropic, cellular textures imply growth by 
crystallographic control. At least one facet is required for the consistent 
orientation in the compact solid products and indicates that supercooling 
was above the roughening temperature of one crystallographic plane. 
Two facet planes subsequently promote the formation of columnar rod­
shaped crystals, with growth restricted in two lateral directions. Uncon­
strained growth in the third dimension is directed parallel to heat flow. 
Consistent orientation of the 010 plane normal to the maximum growth 
direction in the columnar feldspars show that this face was the last to 
develop faceted growth, in accordance with its loose atomic packing and 
thus high roughening temperature. When growth is controlled by three 
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facet planes, the main elongation is controlled by crystallographic prop­
erties and deflected away from the direction of maximum heat flow; at 
this stage, the crystals start growing at an angle to the isotherms.

Growth in supercooled conditions results, in addition to low angle 
branching, in the formation of curved lattice planes which are readily 
recognised from curved polysynthetic twin planes and undulous extinc­
tion sweeping across individual subgrains upon rotation of the sample in 
plane polarized light. Apparently, the higher the supercooling during 
solidification is, the higher lattice curvature is achieved. The intersection 
of such curved lattice planes with growth facets, results in curved crystal 
shapes, formed in a completely static environment. Because of this cur­
vature, the maximum growth is gradually directed away from the heat 
flow. When the growth of a curved dendrite becomes almost parallel to 
the isotherms, the isotherms move away from the solidification front, 
and repeated heterogenous nucleation occurs on top of the curved den­
drite in order to readjust growth towards the heat flow. The dendritic 
crystallization thereby continuously adjust the solidification geometry to 
a maximum rate. Similarly, is the spacing of the dendrites continuously 
adjusted to optimum growth conditions. This happens because trans­
verse diffusion between neighbouring dendrites readjusts the spacing to 
the actual growth conditions by eliminating excess dendrites, when the 
diffusion range is increasing, or allows subsequent bifurcation when the 
diffusion range is decreasing.

Directional growth occurs when a zone of constitutional supercooling 
is developed ahead of the solidification front. The changing crystal 
shapes in the lardalite contact zones show that thermal supercooling 
decreases continuously inwards whereas constitutional supercooling ini­
tially rises to a maximum and then decreases gradually until its ultimate 
extinction. When constitutional supercooling is eliminated, the crystalli­
zation produces equigranular textures. The presence of dendrites in some 
porphyritic textured zones, however, shows that the conditions for con­
stitutional supercooling is eliminated sequentially for different phases, 
and thus that the porphyritic textures are formed by directional solidifi­
cation despite the lack of textural evidence. This fact justifies the inter­
pretation of equigranular and cumulus textured products in terms of 
lateral, directional solidification with repeated, sequential nucleation.

Compositional variations in the directionally solidified contact zones 
demonstrate that large compositional gradients are produced in a static 
boundary layer. The build up of solute and subsequent precipitation of 
complementary phases may lead to rhythmic layering comparable to 
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Skaergaard type layering. Also, remarkable examples of steady-state 
crystallization, which include compact, monomineralic layers, show that 
solute removal from the boundary layer occasionally balances the pro­
duction at the solid-liquid interface. This type diffusion-controlled so­
lidification occurs when the solid product approaches the composition of 
the liquid or when excess solute is removed by fluid flow, such as by 
convection near the crystallization front. The solute redistribution in 
these cases can be approximated by plane-front solidification models 
derived from binary systems by considering solvent as the bulk compo­
sition of the solid and solute as the sum of residual components.

In entirely equigranular products the direction of crystallization is not 
directly observable. The similarity of the contact zones with macrostruc­
tures of typical cast metal ingots, which include a chilled border zone, a 
columnar textured, marginal facies and an inner equigranular zone 
(Chalmers, 1964; Bolling, 1969; Flemings, 1974), suggests that the for­
mation of equigranular textured pluton interiors is a product of direction­
al solidification, and that the directional solidification of single phases in 
comb-textured contact zones is succeeded by repeated, heterogeneous 
nucleation of multifaceted crystals when constitutional supercooling is 
eliminated. In these conditions can compositional variations be ascribed 
to macrosegregation and dynamic solidification processes.

The concept of macrosegregation accounts for the overall composi­
tional variation produced during solidification. Macrosegregation occurs 
primarily from fluid flow in the crystallization zone, and includes both 
laminar, convective flow along a planar solidification front and percola­
tion flow in a mushy crystallization zone. This fluid flow serves to 
remove solute from the crystallization front. The flow interface, how­
ever, is invariably separated from the solid interface by a boundary layer 
of static liquid, in which transfer of solute occurs only by diffusion. The 
width of this static boundary layer controls the solute enrichment at the 
solid liquid interface, since the concentration of solute at the flow inter­
face cannot exceed that of the flow unit; a wide boundary layer allows 
high solute concentration gradients whereas a narrow layer promotes 
minimum solute enrichment.

Crystallization with minimum supercooling in a magma at rest occurs 
mainly by heterogeneous nucleation along the cooler margins. Removal 
of heat of crystallization through solid media favours growth of crystals 
which are interconnected and attached to the wall rock relative to crys­
tals in liquid suspension. The main solidification can therefore occur by a 
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chain nucleation and growth mechanism that creates a well defined solid­
liquid interface, presumably subparallel to the isotherms.

In such a lateral solidification geometry, rejected solute accumulates 
ahead of the solidification front and is potentially removed by diffusion 
and fluid flow. Steady-state solidification may occur when solute enrich­
ment in the boundary layer remains constant. This happens when 
a balance between solute build up at the solid interface and solute remov­
al from the boundary layer at the flow interface is established. Quantita­
tive modeling of the solute redistribution is possible when the solidifica­
tion conditions are known. These conditions require knowledge of the 
diffusion coefficients, the solidification rate and width of the static 
boundary layer. Effective partition coefficients about unity readily form 
steady-state because the solute enrichment is minimum. High or low 
partition coefficients on the other hand require enhanced solute removal, 
such as by convective flow near the solid interface, for steady-state.

Extreme adcumulus growth can be treated as steady-state, monophase 
precipitation with repeated nucleation; excess solute which would other­
wise result in precipitation of secondary phases is continuously removed 
from the crystallization front by fluid flow along a narrow static bound­
ary layer. If the removal of solute is limited, e.g. in a wide static bound­
ary layer, periodic precipitation of secondary liquidus phases may lead to 
the formation of rhythmic compositional layering.

Macrosegregation is expressed by the compositional difference be­
tween the solid product and the source liquid and referred to as positive 
or negative. Initially large thermal supercooling near the contacts results 
in abundant nucleation and minimum segregation (chilled products). 
Later, when the cooling rate decreases, progressive removal of solute 
from the crystallization zone results in an increasingly negative segrega­
tion. Positive segregation differentiation) cannot preceed negative 
segregation in a closed system. Magmas which show progressive, nega­
tive segregation towards the center (increasing adcumulus growth or 
reverse compositional zonation), accordingly must include a com­
plementary liquid in order to account for the positive segregation in their 
petrogenesis.

Decreasing cooling rate towards the interior of a solidifying magma 
increases the time available for diffusion. A transition from predomi­
nantly orthocumulus growth (non-segregated) to predominantly ad­
cumulus growth is therefore to be expected with continuous cooling. 
The result is a progressive, negative segregation. Because the solute 
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accumulation ultimately effects the source liquid, a final positive segre­
gation can develop. In continuous castings with a planar solidification 
front, this positive segregation is usually experienced in restricted parts 
of the upper portion of the ingot, whereas the major, generally lower 
part suffers pronounced negative segregation.

Convection along a planar solidification front allows substantial 
amounts of the source magma to pass the crystallization zone and thus 
the precipitation of disproportionate amounts of selected phases, de­
pending on their nucleation and growth characteristics. Because of the 
static boundary layer, the solute accumulation may attain any concentra­
tion level between that of the source liquid and the maximum enrich­
ment at the solid interface; the solid phase assemblage thus ’sees’ a source 
liquid whose composition depends only on the width of the boundary 
layer. Clearly, in such cases, the modelling of fractionation paths with 
the use of equilibrium phase relations has little significance for the evolu­
tion of the true source magma.

Lateral solidification with a planar or pseudoplanar front tends to 
follow the isotherms, which in turn reflect the cooling surface and the 
position of the solid-liquid interface. The formation of planar solidifica­
tion structures such as rhythmic layering and textural lamination may 
therefore follow these planes and so define crystallization isochrons. 
Differentiation in the sense of macrosegregation, however, essentially 
reflects the dynamics of the solidification process, i.e. the cooling and 
fluid flow rates and the time available for solidification. Important differ­
ences in composition may therefore develop laterally if thermal gradients 
change along the solidification front; orthocumulus growth will pre­
dominate in steep thermal gradients whereas adcumulus growth controls 
more gentle crystallization conditions.

The discussion of compositional variations in magmas as a result of 
dynamic crystallization processes and macrosegregation is new to petro­
logical thinking. In the previous decades main emphasis of petrogenetic 
modeling in plutonic rocks was placed on equilibrium phase relations, 
and differentiation based on various derivations of surface or total 
equilibrium crystallization models.

Fluid dynamical processes as a source of magma differentiation have 
been increasingly recognized in the literature, and are likely to contribute 
to the overall differentiation. Such processes include transport of crystals 
through the liquid by gravity induced convection (Irvine, 1979; Rice, 
1981), double-diffusive convection (Turner, 1973, 1980; Turner & Gus­
tavson, 1978; Chen & Turner, 1980; McBirney & Noyes, 1979; Huppert 
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& Turner, 1981), Soret or Dufour separation (Walker et al., 1981) and/or 
liquid imiscibility (Philpotts, 1976; Roedder, 1979). As the above proces­
ses essentially derive from liquid-liquid interactions they represent addi­
tional cases of magma evolution which are beyond the scope of this 
paper.

The solid-liquid interface, however, constitutes the most important 
transformation boundary which relates directly to the composition of 
the solid products. The present discussion is aimed at compositional and 
textural variations in the solid products which derive from processes at 
the solid-liquid interface, rather than on changes in the source liquids. 
This does not exclude important effects of the latter process, but the 
effects of such processes are considered secondary to those developed at 
the solid-liquid interface.

Rigorous quantitative approaches have deliberately been excluded 
from the text because, although quantitative solutions to many problems 
related to macrosegregation and crystallization kinetics are established 
for metallic systems, little experimental information is yet available for 
multicomponent silicate systems. The discussion, however, shows that a 
variety of important petrological phenomena, which include features 
that occasionally violate equilibrium phase relations, can be related to a 
single, dynamic solidification model.
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