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For the first time the theoretical thermodynamical model of the process of formation of
rhythmic layering observed in natural geological bodies — layered magmatic intrusions was
proposed. The model is based on analogy to the well-known description of the process of frontal
polymerization in a tubular reactor. The system of equations was presented, including the equation
of thermal conductivity, balance and kinetic equations. The solutions of the system were obtained
for various parameters of the process. The obtained oscillating solutions can be used for the
description of the formation of rhythmic layering. The proposed system of the equations represents
the possible physical model describing the process of formation of the rhythmic layering.

Pic. 1, ref. 4.

Introduction

The review article [1] presented the results of experimental and
theoretical studies of various non-linear chemical and biological processes:
frontal polymerization, tumor growth, nerve impulse propogation. For the
first time the possibility of the oscillatory modes for the frontal poly-
merization process and for the nerve impulse propagation was shown. The
wave nature of the propagation of tumors was first established experi-
mentally and theoretically.

In paper [1] the original thermodynamical theory for description of the
various chemical and biological oscillating processes was also proposed.
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However this theory can be used for describing some natural rhythmic
geological processes too.

In the present paper we propose the application of the theory to the
physical description of formation of the rhythmic layering observed in
natural geological bodies-layered magmatic intrusions.

Results and Discussion

Layered magmatic intrusions are well-known solid geological bodies,
mostly precambrian. Such intrusions were formed due to crystallization of
“liquid” magma, which was introduced into hosting rocks and filled the
chamber in these rocks.

Different layers have the different chemical and mineral compositions.

Layered intrusions can be the deposits of various chemical elements. In
part, the large layered intrusion of Bushveld (South Africa) is the largest
Cu-Ni-PGE deposit.

There are some parts of the intrusion body where one can observe the so
called “rhythmic layering” (see [2] for example). Rhythmic layering is
defined as regularly recurring layers of different rocks (or different sequen-
ces of rocks), which have different chemical and mineral compositions. The
thickness of the layers can be equal to tens of meters (“macrorythms”™)
and/or some centimeters (‘“microrhythms”). If macrorhythms and micro-
thythms coexist, the structure looks like a cluster structure.

It is important to note that“the exact nature of the rhythmic layering is
still unsettled” (see [3]).

In this paper we propose the thermodynamical description of the process
of formation of the rhythmic layering.

The rhythmic layering was studied in paper [4], using the layered
intrusion Lukkulaisvaara (North Karelia), as an example.

According to data [4], the main difference between different neigh-
boring layers is the difference between the ratio of the concentration of a
plagioclase molecule to the concentration of a pyroxene molecule. That is
the layers of mainly plagioclase neighbor on the layers of mainly pyroxene.

However the heat and temperature of crystallization of plagioclase differ
from such parameters of pyroxene. So it is obvious that during the
crystallization of rhythmic layering there was the periodical (normal to
layers) spatial distribution of temperature in the chamber (see [4]). The
period of this distribution has to be equal to thickness of two different
neighboring layers.

We suppose that the process of formation of rhythmic layering can be
described as the the process of filling accompanied by crystallization of hot
liquid (magma) into the tubular reactor (chamber) with cold walls (hosting
rocks).
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In paper [1] such description was proposed for the chemical process of
frontal polymerization.

The case was considered when frontal curing of epoxydian oligomers
under the action of aromatic amines was carried out in the tubular reactor.

Frontal modes of exothermic curing reaction that are formed in the
tubular reactor with adiabatic walls were described by equation of thermal
conductivity:

cp(dT/dt) + u(dT/dx) = M(d*T/dx?) + M/2(d/dr(r(d T/dr)) +
+Md°T/dy?)+QVeq, Veq = dS/dt (1)

and the system of kinetic and balance equations:
dAlldt - U(dAlldX) = K;AE - KzAl(EC) (2)
ds/dt + U(dS/dX) = KA E - KQAZ(EC) - K3A2(EC)
C+(EC)=Ey-S; S=E+(EC)
(EC) = KEC (3)
2AL+ A, +(E0 . C) =2A¢

with the following initial boundary conditions of equations (1), (2):
T=To, A1=Ap, E=Eg, Ay=A3=C=0,fort=0,x<L

T=Toforx=L,0<r<r,foranyt

dT/dx(x =0) =0, atany t 4)
dT/dr(r =ry) = (T -Tepn) (5)
u=0atx>L/2,u=Vatx=L/2 (6),

where: A is the thermal conductivity coefficient; u is the flow rate; Q is the
thermal effect of interaction between epoxydiane oligomers and m-PDA; T
is the temperature; t is the time; x is the coordinate in the direction of the
reactor axis; y is the angular coordinate; E, A;, A, are concentrations of
epoxy, primary and secondary amino groups; Eo, Ao are their initial
concentrations; C is the conversion product; (EC) is the E-C complex; L is
the reactor length; T, is the temperature exerted to the end of the reactor (x
= L), which is equal to adiabatic heating of the reaction medium (T, > To); Iy
is the reactor radius; o is the heat transfer coefficient from the reactor walls
to the environment (Te,); V is the front velocity; K; is the constant of
interaction between epoxy resin and the primary amino groups; K, and K3
are the constants of interaction of the primary and secondary amines with
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complexes (EC); Keq is the equilibrium constant of formation of complexes
(EC); Ty is the flow tempereture.

The system of equations (1), (2) was solved numerically (see [1]). The
function u(t) was obtained for various values of the a.

It was shown that for sufficiently large values of the a the function u(t)
is oscillating one.

Moreover, it was observed that in the last case the form of the function
T(t) is equivalent to the form of the function u(t), i.e the function T(t) is
oscillating too (see [1]).

However from the definition of the u one can obtain the well-known
expression dx = u dt, and consequently:

the oscillations of the function T(t) lead to the oscillations of the
function T(x), i.e. to periodical spatial distribution of the temperature in the
reactor.

Exactly this distribution describes the rhythmic layering in layered
intrusions (see above).

Thus rhythmic layering that is formed (crystallized) in the tubular
reactor with adiabatic walls can be described by the equation of thermal
conductivity (Eq.(1)), and the system of kinetic and balance equations,
which in this case is present in the form (see Eq.(2)):

dA/dt — u (dA/dx) = dS/dt + u (dS/dx) = KiAE - KoA(EC) = KiCP —
K2C|Ccr (2 ’)

A=E=C;, A,=0, (CE)=Cqy 3.

The initial boundary conditions of equations (1) and (2") see above
(Egs. (4), (), (6)).

Where: u is the filling rate of magma into the reactor (chamber); Q is
the heat of crystallization of magma; x is the coordinate in the direction
normal to layers and parallel to the L; Cl and Ccr are concentrations of
liquid (magma) and solid (crystals) phases; L is the chamber langth; a is the
heat transfer coefficient of hosting rocks; V is the velocity of front of
crystallization; Ten is the temperature of hosting rocks; TO is the tempe-
rature of magma; K;, K, are the constants; the other designations one can
find above.

Thus the system of equations (1), (27), (3") can be used for physical
(thermodynamical) description of the process of formation of rhythmic
layering observed in layered intrusions.
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Pic. 1. Time dependence of the front speed at different values of the a:
a-28,b-343,c-42,d-51

Conclusion

Thus the possible theoretical thermodynamical model (Egs. (1), (27), (3")) was
proposed for description of the process of formation of rhythmic layering observed in
some natural geological bodies (layered magmatic intrusions, for example).

This description has been proposed for the first time.

It is very important to note that for large values of the a there are some regularly
located extrema between main maxima (see Fig. 7d in [1]). This case can correspond to
the above coexistence of macrorhythms and microrhythms.

CersudnNrq4uo UuveUUShY PLSLNRQPULVELNRU (MPRUPY
CErSudNruvy 2409 NLUUL ZLUrUdNr $p2paUaUL
LU UL NRE3NALL LPUPUYUL SUSULNMUYUL 1LOCLPUSLENR
LUULARPBUL ZPUTL YU

U.l. QPLLEBLTSE3L, LU, YUY P3UL, U. 2 SALN3UL

Unwohtt wbquu wnwownlyt] k nhpdhl skpuniwynpdwib gnpdpupwugh
Alwnpdul, mbkuwlut pipdnghtwdhijulwt dngbjp. gonpépupwugn phungnud £
phwuwt  Gpipwpwibwlwi  dwpdhtubpnd  obpnudnpus dwquiuunply
hunpnighwubpnud:  Unplip hpdidws E dpnunnwy; wnjhdbpugduwi
gnpdpupwgh  npnuljughtt pkwlunph huwynuh Wjupugpnipiui
qnigunpnipjult Jpu: Lhpluyugws b hwwuwpndubph hwdwlwpg, npp
tbpuwnnid  t ohpUwhwnnppujuinipyut, hwjwuwpulpppnipjui b
yhubnhjulut hwjuuwpnuwlubpp: Zudwlwupgh (nisnudubpp unwugyl) Lu
gnpépupwgh wnwppkp wwpwdbnpbph hwdwp: Unwugdws nmunmwinnuljub
nusnudubpp Yupnn Eu oquuwugnpdyl)] nhpuhly 2tpunwynpdwit dAbwynpdwit
tjupugpnipjut hwdwp: Unwowplynn hwjwuwpniudubph  hwdwlupgp
ubpuyugunid  Et nhpdhy  okpunudnpdwi Abwnpdwt  gnpépupwgp
ujwpwgpnn htwpunp $hqhjuljui innhp:
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BO3MOKHOE ®U3NYECKOE OIIUCAHUE ®OPMUPOBAHUSA
PATMHAYECKOUN PACCIIOEHHOCTH B PACCJIOEHHBIX
MAI'MATHYECKUX UHTPY3UAX HA OCHOBE AHAJIOT'UH C
XUMHUYECKHUMU KOJIEBATEJIBHBIMH ITPOIECCAMUA

AX. 3WIBBEPIHITENMH, JI.C. TABTSIH, A.O.TOHOSIH

Hanvonanshsiii [Tomutexandeckuil Y HuBepcuTeT ApMEHUR
Apwmenus, Epesan, yn. Tepsna 105
E-mail:atonoyan@mail.ru

BriepBrie mpeniokeHa TeopeTHUecKas TepMOAMHAMHUYEcKas MOENb Ipolecca
(GhOopMHUpPOBaHUS PUTMUYECKOIN PACCIOCHHOCTH, HAOJIIOMaeMOW B MPUPOIAHBIX T'COJOTHU-
YECKUX TeJlaX - PaCCIOCHHBIX MarMaTHYECKUX UHTPY3USIX. Moieih OCHOBaHa Ha aHaJo-
MU C M3BECTHBIM ONMCAHUEM IIpolecca (POHTAIBHOIM MONMMMEpH3aluu B TpyO4yaTOoM
peaxTope. IIpencrasnena cucrema ypaBHEHHUH, BKIIOYAONas ypaBHEHUE TEIUIONPOBO/I-
HOCTHU, YPABHCHUA 6ancha 1 KMHCTUYCCKHUC YPAaBHCHUS. Pemenus cucreMsl TMOJIYUYCHBI
JUIS pa3UYHbIX MapaMmeTpoB mpoiiecca. [lonydeHHble konebaTeabHbIe PeleHUs MOTYT
OBbITh HCIIOJIB30BAaHBI Uil ONUCAHUS (OPMUPOBAHUS PUTMHUYECKOW PACCIOCHHOCTH.
[Ipemnaraemas cucteMa ypaBHEHHH IMPEACTABISCT COOOW BO3MOXKHYIO (DHU3UYCCKYIO
MO/IeJIb, OMMCHIBAIOIIYIO Mpoliecc (POPMHUPOBAHUS PUTMHYECKOH PACCIOCHHOCTH.
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