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Phase layerin in mafic and uvltramafic intrusions cannot be explained in terms of convection
and accumulation in ma ma chamber as convection of melt rich in cumulus crystals is
impossible. Intrusion of hetero eneous ma ma with 40-50 vol.% crystal phase is rather
associated with compaction whereby intercumulus liquid is squeezed out toward the roof
of the chamber.
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INTRODUCTION

Layered mafic-ultramafic intrusions, or differentiated gabbro and norite intrusions according to Kuznetsov
[1]. have always attracted interest of geologists as a clue to magma differentiation and natural diversity of igneous
rocks, and as a source of economic Ni, Cu, Co, Cr, Ti, V, PGE, and Au mineralization.

Phase layering of mafic-ultramafic plutons has been commonly explained petrologically in terms of separation
of crystals from silicate melt in a magma chamber. Within-chamber differentiation of these intrusions was associated
with fractional crystallization of magma whereby cumulus crystals settle on the floor and thus fill the chamber
from bottom to top. This hypothesis is supported by successive upward changes from high-temperature to
lower-temperature phases in many stratified intrusions. Two most often invoked scenarios for the origin of layering
imply that either (i) minerals crystallized near the roof of the intrusion precipitate on the floor by gravity or
convection [2] or (ii) all minerals crystallize and solidify in situ [3]. The latter (Jackson's) scenario was originally
less popular than the former one, suggested by Wager and Brown. The idea of in situ crystallization became more
so doubted after diffusion coefficients of major elements had been obtained experimentally for melts of various
compositions. Compared with the real cooling time of magma (4], the coefficients turned to be inconsistent with
Jackson’s differentiation by “directed crystallization”. Both scenarios basically assumed an idealized magma
chamber containing an originally superliquidus homogeneous silicate melt intruded in a single episode, which never
occurs in real intrusions, as it became clear from later studies.

First, natural silicate melts are never or rarely superheated. Wager and Brown [2] needed superheating to
avoid the formation of chilled selvages before the onset of convection of basaltic melt driven by a temperature
gradient between the roof and the floor of the chamber. However, superheating of intruding basaltic magmas is
disproved by geological evidence which indicates a range of 1050 to 1200 °C, based on direct ternperature estimates
in modern lavas and predicted homogenization temperatures of melt inclusions.

Second. layered plutons most often form by influx of successive batches of magma into the chamber. This
idea was prompted by abrupt compositional trend changes discovered in minerals from stratified intrusions [5, 6].
Von Gruenewaldt et al. [7] reported evidence for the origin of the Bushveld pluton by intrusion of boninitic and
tholeiitic magmas. They detected sills of 2.1 Ga pre-Bushveld amphibolites and sills varying in composition from
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Fig. 1. Stratigraphy of eastern Transvaal showing relations of Transvaal sequence, Bushveld complex, and younger
intrusions, after [7]. Zones of Bushveld complex: / — Upper, 2 — Main, 3 — Critical, 4 — Lower; Marginal rocks
and sills: 5 — gabbroic, 6§ — pyroxenitic; UG-2 and LG-6 — chromitite layers. Abbreviations stand for UM —
ultramafic sills, CD — quench-textured sills, PB — pre-Bushveld sills. Lithologies: A — arkose, C — conglomerate,
D — dolomites, G — graywacke, I — iron formation, Q — quartzite, S — shale, V — volcanics.
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Fig. 2. Traceable textures of buried country rocks in Chinei gabbronorite
pluton. /-3 — Early Proterozoic Butun Formation: terrigenous sediments
(1), carbonates and their xenoliths in gabbronorites (2), black shales (3); 4 —
disseminated sulfide; 5 — sulfide ores at base of pluton; 6 — normal (a) and
reverse () bedding; 7 — predicted boundaries of Butun Formation beneath
gabbronorite pluton.

peridotites through pyroxenites with chilled textures to gabbros coeval to the Bushveld rocks (2.05 Ga). The
peridotite and pyroxenite sills correlate in major- and trace-element compositions with rocks of the Lower zone
and ultramafics of the Critical zone, and the gabbros are comparable with the Main and upper Critical zones of
the complex (Fig. 1). Detailed studies furnish more evidence for magma heterogeneity in layered intrusions. Melt
inclusion data from layered complexes [8, 9] and lavas {10, 11] indicate that parent melts are product of mixing
of compositionally different magmas.

The Wager-Brown hypothesis used so far in models of layered mafic intrusions implies separation of material
in convective flows of magma, especially thermal convection produced by temperature difference between the roof
and the floor of the chamber. However, this convection is impossible [12], as a near-liquidus intruding magma
would rapidly loose heat and crystallize once it contacts the colder country rocks, and chilled selvages would arise
before the onset of thermal gradient and convection. Therefore, the idea of thermal convection as a mechanism of
differentiation in the magma chamber gave way later to a more realistic idea of sedimentation mass transfer in
phase and general convection. Phase convection arises as a response of liquid magma to precipitation of crystals
that originate at the chamber roof and involves an additional upward melt flow. Phase convection periodically
grades into general convection when the cold crystal-rich layer at the top of the intrusion reaches its critical density,
becomes concentrated, then rapidly falls down and spreads out at the chamber floor [13]. The velocity of this
descending plume, according to hydrodynamic estimates (14], is much above the Stokes’ setiling rate, and melt
mixing is also much more efficient than in phase convection,

At the same time, there is increasing evidence that mantle magmas reaching shallow continental crust are
already crystal-rich. Ariskin and Barmina [15] report phase compositions of parent magmas for a number of known
intrusions back-calculated using melt-crystal equilibrium modeling and show that natural melts are as a rule
heterogeneous consisting of crystals suspended in silicate liquid. The percentages of the two phases in the parent
magmas of mafic melts vary broadly in different plutons, e.g., from 15-25 vol.% in the Talnakh and Kiglapeit
plutons to 40-65 vol.% (') in the Partridge and Dovyren plutons and the Kamenisty sill (East Kamchatka). These
striking contrasts find a satisfactory explanation in terms of intrusion dynamics [16}. A basaluc melt filling a
cone-shaped chamber in non-isothermal conditions crystallizes to 10-15% at a rate of 100-200 m s, 10 25-30%
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Fig. 3. Location map of Dovyren dunite-troctolite-gabbro layered pluton on periphery of Siberian
craton (inset) and its geological framework, after [19]. I, 2 — Late Proterozoic terrigenous (/) and
carbonate (2) host rocks; 3 — Early Precambrian conglomerates, sandst and shales; 49 — rocks
of Dovyren pluton: plagioclase lherzolites at base of pluton (4), dunites (5), troctolites (6), olivine
gabbro and gabbronorites (7), granophyre gabbronorites (8) and their sills in country rocks (9); 10 —
xenoliths of apodolomite Mg skarns in dunites; 1/ — faults; 12 — unconformities.

at 10-100 m3/s, and to 40% at 0.2-10 m/s. Thus, a melt, if not superheated, cannot fill the chamber without
crystallizing and cannot remain homogeneous.

Note that even superheated basaltic melts, at far super-liquidus temperatures (1500 °C), retain a minor amount
of microscopic crystals [12]. This heterogeneity is observed in small inclusions in olivine which is the primary
liquidus mineral in basaltic melts. So, olivine grains from dunites and peridotites of the Dovyren pluton contain
20-100 um inclusions of mafic plagioclase and clinopyroxene crystallized after separation of the greatest portion
of olivine. It was apparently a fairly thick suspension of these crystal embryos in the magma as some olivine
grains contained about a dozen plagioclase phenocrysts; clinopyroxene and orthopyroxene embryos are also present
but much less often.

Besides the subliquidus crystal phases parental to the cooling magma, heterogeneity of some mafic-ultramafic
intrusions is increased due 1o persisting xenoliths, such as high-alkali felsic glasses or feldspar and biotite crystals
that exist as microinclusions in early liquidus minerals (olivine, pyroxene, and plagioclase). High-silica glasses
(69-77 wt.% SiO,) were found in Klyuchevsky lavas [17], in trappean intrusions in the Noril’sk region (8], and
in the Dovyren dunite-troctolite-gabbro layered pluton in northern Transbaikalia [9]. The origin of these exotic
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Fig. 4. Depth-dependent variations of mg number in olivine,
and NiO and CaO contents in dunites of Dovyren pluton,
after [20]. Gray fields indicate horizons rich in Mg skarn
xenoliths.

phases in mafic magmas is currently being investigated, and is most likely associated with crust-mantle melt
interaction.

Therefore, crystal-rich magma intruding into sialic crust must be much more viscous than crystal-free basaltic
melts. Estimates using the Einstein-Rosko equation [18] show that the parent magma of the Dovyren pluton which

contained about 50 vol.% olivine crystals [19] had a viscosity about 610% P, ie., about ten times that of a
homogeneous basaltic melt at 7= 1185 °C and P = 0.5 kbar. Such a viscous magma hardly can have been involved
in within-chamber convection.

There is no geological evidence for convective flow of melts during the formation of layered intrusions which
would be recorded in their structure but there are arguments against magma flow inside the magma chamber. For
instance, the buried texture of country rock clearly traceable in sediment-hosted plutons, such as the Chinei (Fig. 2)
and Dovyren (Fig. 3) complexes. Rare carbonate layers of the country rocks are preserved as xenoliths in plutonic
rocks, possibly because of their strong resistance to magma substitution. The Chinei layered pluton is atiributed
to an unconformity between the Kodar and Kemen subgroups of the Early Proterozoic Udokan Group. lts layering
ts generally conformable 10 its outer contours and the layers dip to the north at ~30°. The eastern part of the pluton
truncates the hinge of the Katuga brachysynclinal fold and occurs among the Butun carbonates. This part of the
pluton contains abundant skarn-bearing carbonate xenoliths of various sizes (from few meters to 400 m). The
xenoliths are well exposed and deeply eroded and have no connection with the buried country rocks but hold
almost the same position they had in the country rocks.

In the modern erosional section, the Dovyren dunite-troctolite-gabbro layered intrusion is a projection of a
lens-shaped body conformably embedded into a carbonate-schist sequence and positioned almost vertically as a
result of folding. The slightly warping base of the pluton crosscuts a 150 m thick section of dolomites among
black shales but its pre-intrusion position is clearly traceable from numerous xenoliths of apodolomite Mg skarns.
The stability of carbonate xenoliths in the Dovyren magma is also confirmed by CaO enrichment (up to 1 wt.%
[2], Fig. 4) of olivine grains in the surrounding dunites and the presence of interstitial clinopyroxene crystals rich
in Ca-Tchermak's component (CaAl,SiOg) instead of mafic plagioclase.

The impossibility of convection in crystal-rich intruding magmas prompted us to try a different approach to
layering models, namely for the Dovyren pluton [19]. Figure 5 shows the vertical structure of the pluton and
features of its mineralogy and chemistry. Modeling included computing phase equilibrium based on geother-
mometry, using the COMAGMAT-3.52 software [15]. The initial composition of the Dovyren magma was simulated
for marginal rocks, plagioperidotites of the pluton base, and weighted mean bulk composition of the layered series.
Phase equilibria were computed for P = 0.5 kbar and redox conditions of the WM buffer, according to the real
emplacement history. The intruding magma was estimated to be 1180-1190 °C and contain 40-50% crystals (mostly
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Fig. 5. Depth-dependent petrography of Dovyren pluton and distribution of gases, rock-forming minerals,
P,0s, Zr, and plagioclase. I — marginal rocks, 2 — plagioclase lberzolites, 3 — plagioclase dunites, 4 —
dunites, 5 — wehrlites, 6 — apodolomite Mg skarn xenoliths, 7 — troctolites, § — porphyraxeous poikilitic
wehrlites, 9 — reefs with low-sulfide PGE mineralization, /0 — olivine gabbro, /I — olivine gab-
bronorites, 12 — granophyre gabbronorites.

olivine) and liquid compositionally similar to olivine basalt (54 wt.% SiO,) from the chilled zone. The predicted
temperature was later confirmed by estimates for homogenization of melt inclusions [9]. Since fractionation of the
intruding crystal-rich Dovyren magma is inconsistent with convection and accumulation, it is hypothesized that
phase layering was most likely produced by compaction {21] of the crystal phase by Stokes’ settling accompanied
by upward percolation of interstitial liquid. The compaction mechanism agrees with the very low porosity of
olivine-plagioclase cumulates in this part of the section, as is proved valid by the distribution of incompatible Zr
(Fig. 5) and Ti (Fig. 6). Compaction is the least in dunites and troctolites (2-10% of the overlying section) in
which adcumulus textures reveal additional isothermal overgrowth of olivine and plagioclase crystals according to
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Fig. 7. Depth-dependent cumulus density in Dovyren pluton
and migration of late PGE-rich magmatic fluid, after [24].
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the theory of adcumulus growth [22]. The adcumulus growth is also evidenced by the stability of olivine and
plagioclase compositions in the dunite-troctolite section (Fig. 5). Plagiodunites and plagioperidotites formed at base
of the pluton, where intercumulus liquid was partly buried under cumulus olivine as is indicated by higher Zr
abundances.

The formation of a Pt-rich reef in the Dovyren pluton is likewisc well accounted for in terms of compaction

* of crystal mush. This specific layer with low-sulfide PGE mineralization occurs at the boundary between the

dunite-troctolite and gabbro zones. more so because this is where starts the crystallization of plagioclase, main
cumulus mineral in gabbros. A zone of low-density cumulus arose at the boundary between the dunite-troctolite
and gabbro layers of the pluton (Fig. 7) because plamoclaxe which crystallizes the first from gabbro melts, has a
lower density than olivine (2.8 against 3.3 g/cm) Obviously, the PGE-bearing fluids that separated during
crystallization at base of the intrusion flew to this zone where they deposited PGE metals {23]. The formation of
intrusions from crystal-rich parent melts appears to be a more or less usual case, as sirnilar position of main zones
with low-sulfide PGE mineralization is known in many layered plutons (Great Dyke, Stiliwater, Jimberlana,
Mooney-Mooney, ctc. [24]).

The study was supported by grants 02-05-64219, 02-05-64118, 01-05-64252, and 02-05-39012 from the
Russian Foundation for Basic Research.
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