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The possible causes of and mechanisms forming
rhythmic layering in magmatic complexes remain
largely obscure [1, 2]. It is hardly reasonable to search
for the reasons of rhythmic rock alternations among
variations in external factors relative to the magmatic
chamber, including additional magma injections, which
should have always occurred at the right place at the
right time in the course of systematic melt fractionation
in magmatic chambers: rhythmic layering is too typical
of differentiated complexes, and its tendencies and rela-
tions (such as the compositional variations of the rocks
and minerals) are too strongly correlated with the laws
of crystallization fractionation, to have always and
everywhere external driving forces, which are indepen-
dent of processes in the magmatic chamber itself. The
problem is thus formulated as finding such characteris-
tics of the magmatic system itself and such a character
of processes in the chamber that should inevitably result
in periodical oscillating character of the solidification
process. It is also senseless to call upon self-organiza-
tion or similar structure-forming processes (even with
reference to the fundamentals of the thermodynamics of
irreversible processes developed by I. Prigogine), because
nobody has ever outlined any specific interactions
between the structural elements of the systems that would
have brought about such spatial structuring.

In this publication I would like to attract attention to
certain features of the distributions of chemical ele-
ments in the rock succession of layered magmatic com-
plexes that could result from the assumption of random
variations in the quantitative proportions of solid
phases in the volume of a crystallizing magmatic mass.
In order to explain these features, we conducted the fol-
lowing simple mathematical simulation.

We assumed that the concentration of one of the
components in 286 “samples” (which were numbered
from 1 through 286) varies according to the normal law
around an average value of 40% (Fig. 1), and the sam-
ples are evenly “mixed” in the volume of a model mag-
matic chamber. Using, then, a generator of random
numbers (as follows from our experience, the best
“generating device” is the classical method of succes-
sively taking out 286 slips of paper, with written

numerals from 1 to 286, from a hat), we successively
picked up the samples from the “chamber”. The succes-
sion thus obtained formed the “vertical section” of the
model intrusion and was utilized to examine the ten-
dencies in the distribution of the component in the ver-
tical section. The results are shown in Fig. 2. In this
plot, points corresponding to the concentrations of the
component in the successively extracted sample are
connected with a line, whose overall configuration
illustrates the general tendencies of the model distribu-
tion, which turned out to be closely similar to some fea-
tures observed in the distributions of rock-forming min-
erals in a natural magmatic body. As an example of
such a body, we employed the layered series of the
Kivakka intrusions, which was thoroughly examined
by Bychkova and Koptev-Dvornikov [3, 4] and for
which very detailed quantitative data are available on
the variations in the mineralogy of the rocks composing
the series (Fig. 3). For comparison, we selected an inter-
val of the vertical section (from 630 to 900 m, Fig. 4) for
which plagioclase contents were determined in 286 samp-
les. The comparison of Figs. 2 and 4 allowed us to iden-
tify some features of the natural rock succession that
are unexpectedly well approximated by the modeled
“section.”

First, the model of the two-component system
reproduces a principally important feature of the natu-
ral rock succession: the broad and contrasting varia-
tions in the contents of mineral phases in rocks adjacent
in the vertical section.

Second, both the model and the naturally occurring
rock succession show unsystematic (random) varia-
tions in the concentrations of mineral phases in both the
rocks with the lowest plagioclase contents (“bronzi-
tites”—”melanocratic norites”) and those with its high-
est concentrations (“norites”—”leucocratic norites”),
with none of these rocks showing a tendency toward
unchanging compositions.

Third, both in nature and in our model, the heights
of the maxima and the depths of the minima for the
adjacent samples alternating in the vertical section ran-
domly vary, also exhibiting no tendency toward any
unchanging relations.
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Hence, we had fairly good reasons to conclude that
such an important parameter of the vertical section of
a layered series as quantitative mineral compositions of
the rocks alternating in the vertical section of a rhyth-
mically layered series definitely reflects the “overprint-
ing” of a certain factor (or more than one factor) on the
systematic course of the formation of cumulus rocks.
This factor (or factors) predetermined the random vari-
ations in the quantitative proportions of the solid phases
received by the cumulus from the convecting volume of
the magmatic mass.

In the second variant of our model, we took into
account the fact that the plagioclase distribution in the
rocks of the layered series has an unclearly pronounced
bimodal character, with maxima at approximately 16
and 40% (Fig. 5), which implies an unclear tendency
toward stable compositions, which correspond to
bronzitites and norites. The tendencies in the modal
plagioclase distribution are, in this case (Fig. 6), the
same as in the first model (we utilized the same succes-
sion of random numbers): an increase in the occurrence
frequency of samples with lower plagioclase contents
only insignificantly increased the number of corre-
sponding points in the model succession.
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Fig. 1.

 

 Assumed model distribution of the solid phase (pla-
gioclase) in the cumulus rocks. The upper and lower plots
show the grouping of contents with steps of 4 and 8 wt %,
respectively.
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Fig. 2.

 

 Distribution of plagioclase contents in a succession
of points. The upper and lower plots show the modeled dis-
tribution and the distribution quintuple smoothed by the
sliding window method.
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Fig. 3.

 

 Distribution of plagioclase contents in the vertical
section of the layered series of the Kivakka intrusion (based
on the data of Bychkova and Koptev-Dvornikov [4]).
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However, the comparison of Figs. 2 (or 6) and 4 also
highlights the features of the natural rock succession
that could not be reproduced within the framework of
the model of random events.

One of these features is the finite thickness of the
alternating rocks in the natural rock succession; in

terms of a succession of points, this means that the
points with close concentrations of components are
grouped (clustered). In other words, such parameter of
the layered series as the thicknesses of alternating lay-
ers of compositionally contrasting rocks could not
result from purely random variations in the proportions
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Fig. 4.

 

 Distribution of plagioclase contents in a succession of samples from the Kivakka intrusion in the range between 630 and 900 m
in its vertical section. The left-hand and right-hand plots show the “raw” data and the distribution quintuple smoothed by the sliding
window method, respectively.
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Fig. 5.

 

 Distribution of plagioclase contents in the rocks of the layered series of the Kivakka intrusion (left-hand plots) and in the second
variant of the model (right-hand plots). The upper and lower plots show the grouping of contents with steps of 4 and 8 wt %, respectively.
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of solid phases in the flows forming the cumulus. In his
elegant publication devoted to the analysis of tenden-
cies in the ratios of the thicknesses of layers composing
the rhythmically layered series of the Kivakka intru-
sion, Kotov [5] demonstrated that the observed succes-
sion of the thicknesses displays no indications of auto-
correlation and does not comply with the implications
of the purely stochastic model. The possible mecha-
nism (or mechanisms) that controlled the variations of
the layer thicknesses in the rhythmically layered series
remain obscure.

Another feature of the distribution of the parameters
of the rhythmically layered rock series is the readily
observable periodicity in the distribution of rock com-
positions. This feature can be seen in the plots showing
the distribution of plagioclase contents in Figs. 3 and 4
and is even better pronounced, and is rigorously vali-
dated, by statistically significant variations of the auto-
correlation coefficients, if the vertical section is repre-
sented in the form of a succession of random numbers
with one point corresponding to each layer (in contrast
to “raw” data, in which a unit layer is commonly char-
acterized by a few neighboring samples with close pla-
gioclase contents) (Fig. 7). The autocorrelation coeffi-
cient, with a step of 18–20 points, is higher than 0.2,
and this tendency is graphically clearly pronounced in

the smoothed curve of plagioclase contents in the rock
succession (Fig. 7).

Thus, we distinguished three groups of parameters
characterizing rhythmic layering. First, these were the
broad variations in the quantitative mineral composi-
tion of the rocks, which could well result from random
variations in the proportions of solid phases in the mag-
matic chamber. The sense of our model in application
to the naturally occurring process that can explain these
relations is the assumption that the proportions of pla-
gioclase and bronzite suspended in the convecting melt
(this is an inevitable state of any solidifying intrusion,
according to our models [2]) vary (because of the
locally uneven sinking velocities of the crystals due to
the dispersion of, for example, crystal sizes, the chaotic
structure of the magmatic mass, and other “random”
phenomena and processes) and bring about a normal
distribution of the contents of solid phases suspended in
the melt. This, in turn, predetermines random variations
in the proportions of crystalline phases supplied for the
cumulus in the bottom part of the chamber.

Second, it is clear that such parameters as the ten-
dency to a bimodal distribution of mineral phases in the
alternating rock layers in rhythmically layered series
and, first of all, the pronounced cyclic character of this
distribution, as well as the finite (and varying) thick-
nesses of the rock layers in these series, cannot be
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Fig. 6.

 

 Distribution of plagioclase contents in a succession
of points. The upper and lower plots show the distribution
obtained in the second variant of the model and the distribu-
tion quintuple smoothed by the sliding window method.
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Fig. 7.

 

 Distribution of plagioclase contents in the succes-
sion of rock layers composing the layered series of the
Kivakka intrusion (each point corresponds to one layer).
The upper and lower plots show the observed distribution
and the distribution quintuple smoothed by the sliding win-
dow method.
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reproduced within the framework of the model of ran-
dom events. The identification of a mechanism (or mech-
anisms) that could result in these structural tendencies of
layered series is, in fact, the main problem in deciphering
the genesis of rhythmic layering in intrusive magmatic
complexes. Although the structure of the rock succession
that results from purely random events closely resembles
naturally occurring sequences (Figs. 4, 6), it is not ade-
quate to them and, thus, can be referred to only as
“pseudocyclicity.”
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