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Mathematics

On One Nonparametric Estimate of a Bernoulli
Regression Function

Elizbar Nadaraya’, Petre Babilua", Mzevinar Patsatsia’

* Academy Member, Department of Exact and Natural Sciences, I. Javakhishvili Thilisi State University
**Department of Exact and Natural Sciences, 1. Javakhishvili Tbilisi State University
t Sokhumi State University, Department of Mathematics and Computer Sciences, Tbilisi

ABSTRACT. We consider the class of nonparametric esti of a Bernoulli regression function.
‘We establish th itions of uniform i v and give the limit theorems for continuous functionals

connected with the functions on Cfa,1-a], 0<a<1/2.©2012 Bull. Georg. Natl. Acad. Sci.

Key words: Bernoulli regression function, kernel type estimate, ic unbi consistency,

Wiener process.

Let a random variable Y take two values 1 and 0 with probabilities p (“success™) and 1 — p (“failure”).
Assume that the probability of “success” p is a function of an independent variable xe [0.1], 1.6.
p=plx)=P{Y =1]x} (1-3]). Let x,, i = Ln be the division points of the interval [0,1] which are chosen
from the relation

“ 2i-1 —
H(x;)= | hlu)du=——, i=1n,
(x) J (i) == "
where h(r] is the known positive distribution density on [[),1], Let further Y, i= I.n, be independent
1

Bernoulli random variables with P{Y, =1|x,} = p(x,), P{¥; =0|x}=1-p(x;). The problem consists in es-
Vi i i Ui I i p!

timating the function p(x), x e [0‘]]. by the sampling Y;.Y,.....,%, . Such problems arise in particular in
biology ([ 1, 3]), in corrosion studies [4] and so on.

As an estimate for /7(x) we consider a statistic ([5, 6]) of the form

Pulx)= pu(@)pa(x)s )

1 &
I’u.{‘)*ﬁ

n i1

where K(x)> 0 is some distribution density (kernel), K(x)=K(-x), xe (~o0,m), 'hn} is a sequence of

positive numbers converging to zero.

© 2012 Bull. Georg. Natl. Acad. Sci.

i}
nrmnass
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Lemma 1. Assume that
1% K(x) is a function of bounded variation.

20, p(x) and h(x) are also functions of bounded variation on [0,1], and h(x)= u>0, xe[0.1].
If nb, — o, then

uniformly with respect to xe[() l] v,eNU}, i=13.

Proof. Let H,(x) bean empirical distribution function of the “sampling” x;,x,

2%, 518
1) =m0 <)
(=]
It can be easily verified that
i\p‘\H,,(.r)fH(x)\=‘§g§|% {"H(»\)%}H(vr) SZL”- ®

We have

S (S22 o ) (52 ) e

n i=1 n n

,,J‘k ["‘"}p ()™ () d[H, ()= H (u)]. @

bugy
Applying the integration by parts formula to the right-hand part of (4) and taking (3) into account, we
obtain (2).
Theorem 1. Let the conditions of Lemma 1 be fulfilled. Then the estimate (1) is asymptotically unbiased
and consistent at all points x €[0,1], where p(x) is conti M ; it has an as)
distribution, i.e.

ically normal

b, (b, (x)=Ep, (x))o™ (x) =N (0.1),
) p(x)(1-p(x
o (x)= i(— K (u)du,

where p(x) is continuous.
The proof of the theorem with the aid of L.emma 1 is analogous to the proof of Theorem 1 in 7].
Theorem 2. Let K () satisfy condition 1" of Lemma 1 and, besides, ¢(t)= j'e'"K(x)dx be absolutely
integrable; then the functions p(x) and h(x) are continuous and satisfy condition 2° of Lemma 1.

(a) Let nb} — ., then

D, = sup |p, (x) = p(x)| L0 ., :[b,, .1-1:"} . O<a<l.
veQ),

w1 Y

n=l

*<w, $>2,then D, >0 as.

Bull. Georg. Natl. Acad. Sci,, vol. 6, no. 2, 2012



On One Nonparametric Estimate of a Bernoulli Regression Function

Proof. Using Whittle’s inequality [8] for moments of quadratic form, it can be shown [7] that

lg‘—‘, §>2, £>0. ©)

(v 6)

P sup [, (v)= By ()] ¢
reQ, ]

Furthermore, by virtue of Lemma 1,

1
1 A
Pzn(‘):r{K[ B “

and since
1} xX=u &
sup l—*J‘K - du | < j K (u)du+ I (u)du——>0,
xeQ, by by
, 0 o b
we can write that sup |p,,, (x) —l|~>0 as n—>w,ie py,(x)21-¢g,, 0<g, <1, for sufficiently large
xeQ),

> ny , uniformly with respect to x € Q. Therefore from the definition of p,(x) it follows that

xeQ,

sup [Ep, (x)=p(x) < (1-20) " { sup [Epra ()= p(x)|+ sup [1=p2 (X)I} ©
seti: e,

where the second summand in the right-hand part of (6) converges to 0, and the first summand is estimated
as follows. It is not difficult to show that

1
SUPlfpm -p(x \<5ﬂ+0(1)*0[”h )

n

1 X—)
5 I(n()-ww)l{ ;

"0

S, = sup |[—
0<x<l

Extend the function p(\') continuously up to the interval I—],Z]. Let p'(r) be the extended function and

assume that p*(x)>0 and sup p(x)=sup p*(x). We casily conclude that
0<x<l [12]

0sxsl Z

L ol o
S, < sup ”[7 x—y)-p (r)r}\[r)d)s

< sup sup‘p (x-»)- p(r“l{'( 2 sup p( [ K. 650 4
0<xsl |y|<s -ls |28,

The first summand in the right-hand part of (7) can be made arbitrarily small by a choice of § > 0 . After
choosing § > 0 and assuming that » — o , we obtain that the second summand tends to 0. From this and the
relations (5) and (6), the proof of the theorem follows.

Theorem 3. Let the kernel K(x)=0 be chosen so that it would be a function of finite variation and

satisfy the conditions K(-u)=K(u), K(u)=0 for

[ Kdu=1. Ler g(x)20, xelal-d],

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012



8 Elizbar Nadaraya, Petre Babilua, Mmm.r“f‘mﬁis'{% g8

0<a<l/2, be ameasurable and bounded function. Let, further;
0 <inf plx)<sup p(x)<1, xefo,1].

(@) If plx) is continuous and nb? — o, then
1-a 4
=V [ &1 () (x)= B, (1) s —L5 N (0.02),
a

a()=gx)y(x). v(x) [p(x)(l_p(x))] .

(©) If nb} — 0, nby —0 and p(x) has bounded derivatives up to second order; then for n—

() [2a(3)-p(x)] dx—on(0.07) s

Proof. We have
2

5 (“)d.,]'.

o, =Var T,

2 (¥) =81 (x) pa (%)-

By virtue of Lemma 1, it is not difficult to establish that

R ACTEY e

and also
' ( 1 ' u—t
2 4
.[u/ (t)dr [b—jl([ J u z/uj Ié )elu| <
s(»zlf,mbllj'ﬂg,(u) [ ]du—gl J' K[ Jdum]_"a l_[“ K[ )dy—l(l/ A+ A,

Since J' —1([ 7 ]du—)] forall 1 € (a,1-a), we sce that Ay, — 0. Further, extend the function g, ()

in the exterior of [a,1 - a] by zero and denote the extended function by g;'(x). Then
1
A, suj'{ﬂg (x+2)-gi( ))|4\J— K( ).i\<

Sc;j‘{j‘g;(yﬂd;")—g;()‘)‘dy]k’(u}du7(:5}1:)(14@,)1((14)(/14—)0 as now, (8

I\ -1

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012



On One Nonparametric Estimate of a Bernoulli Regression Function

where

The inequality (8) holds by virtue of the Lebesgue theorem on majorized convergence and the fact that

wlub, )<

Let us now verify the fulfillment of the conditions of the Central Limit Theorem for the sums

anlt,=ols,). - jhik[ ok

- and w(ub,)—> 0 as n—> o . We have thereby proved that 6> > o> .
L (i

b,

Since a;, ¢, f| _p(x’)r‘ <1, 71 n and cr —> o, the Lyapunov fraction L, =()(n"5 2

Finally, the condition (b) of the theorem follows from (a) if we take into account that

Jn ]‘“g,(x)fﬁﬁ”(x)~p(x)—lzb(:0(\/l—1h”2)+0(\/;]h } ©)

Lemma 2. Under the conditions (a) and (b) of Theorem 3 we respeciively have

- o2
Sc7[ j'g(u)du] , §>2 (10)

a

and

S /2
[ &x[ jg(u)du) . s>2. an

Proof. T, isthe linear formof &, =¥, — plx, ), £&, =0, 1< j <n.Itis obvious that |

Therefore, by virtue of Whittle's inequality [8] and Lemma 1, we obtain

7| <c(s)2 j[hin"f'g[%i]g:”(,,)du] (/I+0[ )[ﬁ[;, H)du] .

E

(12)

o (1)< g (u) (maxh(x)) [Ho[%)] <cg(u)

P lliﬁl) 10n
a<u<l-a, p=infp(x). py=supp(x), xe01],
from (12) we obtain (10). Finally, this and (9) imply (11).

Let us introduce the following random processes:
.

)=n [( j Bule)= B, )y ), T, (6 =l [ (b )= ploa)y ()t

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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Theorem 4. Let the conditions (a) and (b) of Theorem 3 be fulfilled. Then for all functional f(-) continu-
ous on Clal-a). 0<a</2, the distributions f(T,(t)) and f(T, (1)) converge to the distribution
Ji=a)). where w(t—a), a<t<l-a, is a Wiener process with the correlation function
r(s,t)=min(t—a.s~a), Wr-a)=0, 1=a

The proof of the theorem by Theorem 3 and Lemma 2 is analogous to the proof of Theorem 2 in [9].

Dsogdshogs

63&539{:0]& ﬁaatﬁalmnh ‘3'36{](3001’ 960
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ABSTRACT. The paper announces the boundedness criteria of majorants for S-order (B>0) Cesaro
and Abel-Poisson means in weighted grand Lebesgue spaces iy (1<p<o, 8>0). Itis claimed that in
these spaces the mean continuity property fails to hold. The fractional order moduli of smoothness are
introduced in a subspace of I”"? where the set of smooth functions is dense. Using these characteristics,
direct and inverse inequalities of the constructive theory of functions are obtained. The rate of
approximation by S-order (8 >0) Cesiro means is estimated for a function from the above-mentioned
subspace. In weighted grand Lebesgue spaces, an analog of the well-known Bernstein inequality is
established for the derivatives of trigonometric polynomials. © 2072 Bull. Georg. Natl. Acad. Sci.

ey words: Grand Lebesgue space, majorants of linear ity means, tris ic V. ials,
Key words: Grand Lebesgue s s of I bili 7 pol !

direct and inverse inequalities, mean continuity, in type inequality, logarithmic-fractional order

derivative.

The present paper announces the authors recent results on the approximation of functions by Fourier

operators in some new function spaces.
Let ’!F:(—rr,z] and 1 < p <o, 0>0. The weighted grand Lebesgue space of 2 z-periodic functions is
defined by the norm

s
x|
)

Here w is a weight function, i.e. an a. e. positive function which is integrable on T. When w=1 we set

e e

-t

I

(]
£
e = s0p (;J;\f(x)

e<p-1{

In the weighted case, grand Lebesgue spaces on the bounded sets of a Euclidean space were introduced
by T. Iwaniec and C. Sbordone [1] for 6= 1, and by L. Greco, T. Iwaniec and C. Sbordone [2] for 6> 1. Itisa
well-established fact that these spaces are non-reflexive non-separable ones.

© 2012 Bull. Georg. Natl. Acad. Sci,
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For the boundedness problems in £

for various integral operators we refer the reader to [3-6].
Itis well known that the following continuous embeddings hold:
L>DY S1, 0<g<p-l.

Let f el'(T) and

/(x)~%+i(uk(f)wskr+bk(f)sinla) )
- k=1

be its Fourier series.
We denote by o (/.x) (8>0) and u,(/, x) the Cesiro and Abel-Poisson summability means, re-
spectively.

A weight function w is said to be of the Muckenhoupt class 4, (I <p<o)if

ol o o e ]m

where the supremum is taken over all intervals whose length is less than 27z.

Theorem 1. Let 1 < p <o and 6> 1. The following are equivalent:

i) There exists a positive constant ¢ >0 such that

" ;
suplo? (7.9)|] el
n 1z e
for an arbitrary function f e I’}
ii) There exists a positive constant ¢, >0 such that [sup u, (/%) |, <e,|f] :

. i p).o
for an arbitrary function f < 177,

iii) we 4, (T).
Note that an analogous statement is valid for more general means of the linear method of summability.
As has been mentioned above, the space " isa non-separable one. The closure of £’ by the norm of
L7 does not coincide with the latter space.
We denote by L™ the closure of £/ with respect to the norm of L. As is known [7], I 2 jga

subspace of the space L of functions satisfying

iirr‘na”ﬂ/(\-]"“' wlx)dx =0

For functions from Z " we obtain in a standard manner

Corollary. Let 1 < p <o and 9> 1. Let we A, (T). Then for £ L2 we have

=0

g

fmo? ()1
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and

b ()l =0
Theorem 3. Let 1 < p <o and 6> 1. The mean continuity property fails to hold in the space 1"’ i.e.

there exists a function f € I such that
tim | (1)~ £ (- o #0.

Theorem 3 shows that in the space L™ it is impossible to define the moduli of smoothness by the

translation operator but in Z ” the moduli of smoothness can be introduced in the traditional way.

Here we employ the moduli of smoothness of fractional order. Assume that »> 0. Let A” denote
n 5

87 (=50 ([ Jrtoste-0)

=1

which is the r~th order difference of the function /.

Here
r(r=1)--(r—k+1)
—
for k>1,and
A
=0
)
fork=1.

For f e LP(T) weset
@, (,/,O‘)IW 2;5/.‘1};”%/(')“1."“’

and

Ey(f) o =inf |/ =T, o

where the infimum is taken over all trigonometric polynomials of degree not greater than n.

Fora further presentation of our results we need the definition of power-logarithmic order derivative. Let
: . . oo P00
Ay =n“In” (n+1). Assume that @, yand f3 are some positive numbers. We say that a function /'€ e

l<p<w, 0>0 and we 4,(T), hasa (4, ) derivative f\“#) ifthe series

> Br o~ [ ,Bn)
k b, (f)sink| x+25
ké,, Ay [a* (f)cos [x+ T (/)sink| x 5%
is the Fourier series of function /’(;'/".

For the logarithmic-fractional order derivatives of periodic functions we refer to L.D.Kudryavtsev [8]
The following analog of the well-known Bernstein inequality is valid.

Bull. Georg. Natl. Acad. Sci, vol. 6, no. 2, 2012
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Theorem 4. Let 1< p<oo, > 1. Let we A,,(T). There exists a constant ¢ >0 such that

l

for an arbitrary trigonometric polynomial 7, .

], <l

We hasize the results of A.T [9,10], who proved the Bernstein type inequality in unweighted
classical Lebesque spaces for the derivatives in gencral sense.

yax) oP)0
Theorem 5. Let | < p <o and 0> 1. Assume that f €L has aderivative f*P) e L Then for

arbitrary r >0 we have

fu./ﬂ‘LW

n+l)

E,(f)pn Sc [

A

with a positive constant ¢ independent of f and n.

Theorem 6. Let 1 < p <oo and 0> 1. Then for f €L "™ and r >0 the inequality

, [/l) <
n)pe

holds with a positive constant ¢, independent of f and n.

PE ()

Theorem 7. Let 1 < p <o and 6> 1. Let the condition

M

‘kLEM (f)ppe <0

1

" Y
be satisfied for a function f €L’ Then there exists f“P) e L and the inequality

w’_[/(z,/ﬂ‘l) S"[erik"‘" 1E, (i 2 AT s ,(f)l‘,,,]
njpe n

k=1 k=n+l

holds with a constant ¢ independent of | and n.
In the Lebesgue spaces L” (l <p< w), results analogous to Theorems 5, 6 and 7 are presented in [11]
for the moduli of smoothness of k-th order (k € N).

Our next result concerns the rate of approximation by linear summability means in L 2,

Theorem 8. Let 1 < p <o and 0> 1. For f el n? and >0 the inequality

I ()2 (7o) < “(fﬁ) »

holds for a positive constant ¢ independent of [ and n.
A similar estimate holds for the deviation by the Abel-Poisson means.

The proof of Theorem 8 i based on the analog of the Marcinkiewicz multiplier theorem for L7 (T).

Theorem 9. Let 1 < p <oo and 0> 1, andlet we A,. Assume that f L’;”’ and its Fourier series is (1).

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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Let the sequence (4, , satisfy the conditions

|2

21
<M, Y Al <M
2™

forsome M >0 and arbitrary ne N .
Then the trigonometric s

%+Z A,(a, cos nx+ b, sinnx)

is the Fourier series of some F & L’" with a constant ¢ independent of f and the inequality
1F] 0 <
Fll e < Mc|[f]]

holds with a constant ¢ independent of f.

In their further paper the authors intend to throw light on the approximation problems both in weighted
grand Lebesgue spaces and in multidimensional cases.

dsoydshoge

3gtrom@ymo g76Jiogdol dosbenmzgdols Fgbobgd aMsbe
m3dg30L bog@(39980L BoeBemgddo

6. ‘2"5392"3.’ 3 dmdoggo'aanmnn

Yo g b nx bob. 3 b l“b( Jf ? 58 B9 Bbeh @0 bodyb ,,” I3 36093000
sogdool [iggio. o. g bod: Lok, hoedffoger bagbopgBob o Gsbdsdol

Bsomgdaghogob oBbdoigso

6536hesd30 dengsbogmos ferbosbo gt mgdgarh LM (1<p <00, §>0) bogésgdol ggbigogbol
B-ogols (B>0) Bibsbebs s sdgeo-3gsbnbob bsdzgsmmydol dsgemtabiydob Bydmbsbpaérmmdol
$hotgbogdndo. 63BgBgd0s, Ged athsbie gdgaol bogsddo ggbGeses Wdgamer 9fgaBrdel
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ABSTRACT. Motivated by the famous Maxwell conjecture on the number of equilibria of point
charges, we discuss the electrostatic potential of point charges placed at the vertices of polygonal linkage.
In particular, we establish that electrostatic potential is a Morse function on the moduli space of a
generic polygonal linkage, which yields estimates for the number of its equilibria. For quadrilateral
linkage, we present a number of results on the structure of electrostatic equilibria and, as a by-product,
prove that its shape is completely controllable by changing the charge at just one vertex. ©2012 Bull.
Georg. Natl. Acad. Sci.

Key words: point charge, electrostatic potential, equilibrium, polygonal linkage, moduli space, Morse
function, critical point.

1. The famous conjecture of J.C. Maxwell states that the number of equilibria of n equal point charges in R*
does not exceed (n—1)* [1]. This conjecture remains unproven even for n=3 and the best established estimate
for n=3 is 12 [2]. Being classical and intriguing. this conjecture gained a lot of attention of researchers (see,
e.g., [2]). In particular, various modifications and special cases of Maxwell conjecture have been considered,
which led to a number of interesting mathematical results obtained by topological (see, e.g., [3]) and analyti-
cal methods (cf. [4]).

Along these lines, we suggest an analog of Maxwell conjecture in the context of polygonal linkages,
present several related results for linkages with a small number of vertices and discuss a few promising topics
naturally arising in the framework of our setting. Our approach relies on the topological results on moduli

spaces of linkages [ 5] and signature formulae for the topological invariants of functions on moduli spaces [6].

2. Let us first recall some definitions and facts concerned with electrostatic potentials. By definition, the
electrostatic (Coulomb) potential of a system V of unit charges g=1 placed at the points v, € R® is a rational
function on R® defined by the formula ¥ (P) = £ (d(P,v)) ', where P€ R* and d(P.v) denotes the Euclidean
distance between Pand v,. The electrostatic energy of V is defined by the formula E (V)=% (d(vl,v,))” , where
the sum is taken over all pairs of nonequal indices.

© 2012 Bull. Georg, Natl. Acad. Sci.
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We will also consider the planar analog of G called planar electrostatic potential ® which is defined for
asystem V of unit charges placed at the points 7 € R* by the formula ® (z) =< 1Ln (d(z,z)) , where Ln denotes
the natural logarithm and z € R. The planar electrostatic energy of V is defined as F,"(V) =X Ln(d(z, 7))
where the sum is taken over all pairs of nonequal indices.

For a system V of points z € R? we also introduce a polynomial P(2) =TI (z~z) having the points 7, as its
zeroes.

Notice that the natural planar analog of Maxwell conjecture holds true in virtue of a classical observation
of C.Gauss. Indeed, Gauss showed that the critical points of @ coincide with the zeroes of derivative (P,)" of
polynomial P_(cf. [4], Ch.1). This immediately yields the exact estimate for the number of equilibria of planar
electrostatic potential.

Fact 1. The number of critical points of planar electrostatic potential of n unit charges in the plane does
not exceedn — 1.

For n=3, using this observation of Gauss and a well-known theorem on zeroes of derivatives of cubic
polynomial ([4], Ch.1) one obtains an explicit geometric description of equilibria of planar electrostatic
potential.

Fact 2. The critical points of planar electrostatic potential of three unit charges placed at the vertices of
triangle A lie at the focuses of the ellipse tangent to the sides of A at their midpoints.

Such an ellipse always exists and is often called the Steiner ellipse of A [7]. It is known that it has the
maximal area among all ellipses contained in A, which suggests that the equilibria of potentials might be
connected with certain extremal properties of arising configurations of equilibria. Both these facts serve as
paradigms for our considerations.

3. We present now some definitions and facts concerned with polygonal linkages. Recall that a polygo-
nal linkage (or a closed polygonal k-chain) L is defined by a k-tuple of positive numbers 1, called sidelengths
of L. In the case of a closed polygonal chain it is always assumed that each of the sidelengths is not greater
than the sum of all other ones [5]. A polygonal linkage is called regular if all sidelengths are equal. The planar
configuration space C(L) of a polygonal k-chain L is defined as the collection of all k-tuples of points v, in
Euclidean plane such that the distance between v,and v, , is equal to I, where it is assumed that v, =v . Each
such collection of points is called a configuration of 1. A configuration is called convex if the corresponding
polygon is convex. Factoring C(L) over the natural diagonal action of SO(2) one obtains the (planar) moduli
space M(L) = M (L) [5]. The subset of M(L) formed by the convex configurations will be denoted M¢(L).
Analogously, one can define higher configuration spaces M(L) of which we will only consider M (L) and

denote it S(L). Moduli spaces, as well as i ion spaces, dowed with natural 1 induced

by Euclidean metric.

Ttis easy to see that the planar moduli space can be identified with the subset of configurations such that
v, =(0.0), v,=(1,,0). Ttis well known that, for a closed k-chain, the moduli space has a natural structure of
compact orientable real-algebraic set of dimension k- 3. Let us say that a polygonal linkage is degenerate
ifithas an aligned configuration, i.e., a configuration where all vertices lie on the same straight line. It is well
known that this happens if and only if there exists a k-tuple of “signs™ s, =1 such that £ s, = 0. The moduli
spaces M(L) of polygonal linkage L is smooth (does not have singular points) ifand only if L is nondegenerate
(see,e.g., [S]).

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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4. We are now able to describe the settings discussed in the sequel. The main idea is to fix a polygonal
linkage L as above and consider EV and E_as functions on the corresponding moduli spaces M(L) and S(L)
respectively. We present now a rigorous description of this setting in the case of quadrilateral linkage.

Solet Q = Q(a, b, ¢, d) be a nondegenerate quadrilateral linkage with pairwise non-equal lengths of the
sides. For brevity, such a linkage will be called admissible. For each configuration V of Q, let us consider its
energies EV(V) and E (V). Since Q does not have configurations with coinciding vertices, both these energies
are smooth (infinitely differentiable) functions on M(Q) and S(Q) respectively. So one may consider their
critical points in these moduli spaces which in fact correspond to the physical equilibria of linkage Q subject
only to electrostatic forces between its vertices.

We can now formulate the two problems we are interested in: (P1) find the number of equilibria opr and
E, fora given linkage, and (P2) find the maximal possible number of equilibria ofE“ and E_ over the set of all
admissible quadrilateral linkages.

Notice a conceptual analogy of (P2) with Maxwell conjecture. However, an essential difference is that
here we consider the equilibria of the linkage itself and not the equilibria of its clectrostatic potential in the
ambient space. In such a setting the problem acquires several new aspects, which Iead to the following
results in the spirit of [6]. First of all, problem (P1) can be solved using our general approach based on
signature formulac for topological invariants [6].

Theorem 1. For an admissible quadrilateral linkage Q, the number of equilibria of any of energie F.p
and E_can be calculated as the signature of a quadratic form with the coefficients algebraically express-
ible through the sidelengths of Q.

Outline of the proof. The result follows by applying the signature formula for Euler characteristic to the
polynomial system for the equilibria obtained by the method of Lagrange multipliers. We give first an outline
of the proof in the case of planar potential E .

The main idea in this case is to simplify the expression for E_by considering the length of diagonals of
configuration V as coordinates on M(L). More precisely, we put x = d(v,, v,), y = d(v,, v,) and notice that the
pair (x,y) completely determines the shape of configuration V, i.c. its class in M(Q). In these coordinates one
has:

Obviously, C has no influence on the critical points of E .

x+y' + C, where C is the constant equal to the sum of the terms corresponding to the sides of V.

Now, from a classical result known as the Euler four points formula | 7] follows that the moduli space M(Q)

is defined by the following polynomial equation in coordinates (x.y):

Xyt +yxi— (at+ b+ ¢+ dP) Xy + (a2 -

YO - ) P+ (a2 - ) (d - c?) ¥ +C, =0, *)

where C, = (b
Denoting by T the left hand side of this equation we see that point V is critical for IEp if and only if the
gradients of E_ and T with respect to (x,y) coordinates are proportional at this point which gives another

—a’c’)(b* + d* —a* — ¢%) is a constant.

polynomial equation T, = 0. In this way we obtain a (2x2)-system of polynomial equations and it is casy to
verify that its jacobian is not identically equal to zero. This means that one can express the number of real
solutions to this system by the signature formula [6], which yields the desired result.

In case of E_ the proof is in a sense casier since the lengths of diagonals (xy) are independent local
coordinates on S(Q) in the interior of a certain box B= [x , x, ] X [y,, y,,] defined by the regions of values of
xandy on S(Q). This follows from the existence of diagonal bendings [5] which change one of the diagonals

leaving the second one unchanged. So the equilibria are given by counting the zeroes of gradient E_ inside

Bull. Georg. Natl. Acad. Sci,, vol. 6, no. 2, 2012
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the box B and checking the degenerate configurations of Q with extremal values of x or y. Both these
procedures can be done effectively using signature formulae and the result follows.

The above considerations and methods used in [6], [8] enable one to show that the equilibria are in fact
nondegenerate in the sense of Morse theory.

Theorem 2. Fora generic admissible quadrilateral linkage Q, E, and E,_ are Morse functions on M(Q)
and S(Q) respectively.

The proof is obtained by analyzing the constrained extremal problem for the potential in question. To this
end we consider the extended Hessian matrix of Lagrange function in coordinates (x,y) introduced above.
Due to the simple form of F‘» and E_ in these coordinates, the determinant of Hessian T, can be computed
explicitly. We compute next the resultant of polynomials T, T, T, and verify that it does not vanish identically,
which implies that the zeroes of the determinant generically cannot coincide with the solutions to the
Lagrange system for cquilibria.

Results of such kind are useful because they enable one to estimate the number of equilibria using Morse
inequalities and similar topological tools [3], [9]. For quadrilateral linkages, this is not indeed interesting since
both M(L) and S(L) have very simple topology but this ideca may yield a uscful paradigm in the general case
of linkage with arbitrary number of sides n > 4.

After having found the polynomial system real solutions to which give the equilibria of potential in moduli
space one can try to describe the bifurcation diagram of this system in the space of parameters (a, b, ¢, d) and
find the number of equilibria in each component of its complement by the aforementioned signature formulas.
We were only able to do this for the planar potential £, which yielded a solution to problem (P2) in this case.

Theorem 3. For any admissible linkage Q. F,P has no more than 8 critical points on M(Q).

Adetailed proof of this result will be published elsewhere. Analogous results for linkages with the number
of'sides bigger than four would be difficult to prove by the same method since the arising polynomial systems
involve not less than three variables in which cases computers are usually unable to calculate the result using
signature formulae.

5. The above results on electrostatic equilibria of linkages have the following curious application in the
spirit of control theory. Consider an admissible quadrilateral linkage Q as above and place positive charges at
its vertices. Among the critical points of E and E_ the global minima are especially important since they give
the stable equilibria of the linkage subject to only electrostatic forces.

Itis casy to see that the global minimum of E_can only be attained at a planar configuration of quadrilateral
Q. Indeed, for each nonplanar configuration one can increase the length of at least one of the diagonals
without changing another one which clearly decreases the value of E . Thus in this context it is sufficient to
consider both potentials as functions on M(Q).

As is geometrically obvious and can be easily verified, given a non-convex planar configuration, one can
increase both of its diagonals simultaneously by deforming the linkage [7]. Thus the global minima of both
potentials always belong to M¢(Q). In fact, one can prove a stronger result.

Theorem 4. For an admissible quadrilateral linkage Q with arbitrary positive charges at its vertices,
the global minimum of E on M(Q) is unique, and the same is true for E .

This result suggests the idea of controlling the shape of Q by changing the charge at one of the vertices
of Q. More precisely, we fix the positions of the first two vertices of Q, place unit positive charges at all
vertices except the first one placed at the origin, and permit ourselves to change the value g > 0 of charge at
the first vertex. By Theorem 4, for each q > 0 we have a single stable equilibrium of E , i.e. a well-defined point

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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in M¢(Q) which we denote by V(q). A natural question now is whether this mapping is surjective as a mapping
from R, into M¥(Q). A positive answer to this question would mean that we may force the linkage to take any
convex shape from M¢(Q) by choosing a proper value of q.

Theorem 5. The mapping from R, into M(Q) defined by sending q 10 V/(q) is
M{(Q).

Outline of the proof. First ofall, using Lagrange method it is casy to sce that the configuration with the

irjective on the interior of

lengths of diagonals equal to (x ., ) is the global minimum of E, when the charge at the first vertex is equal to
9= ) ) T (T, *9
where the subscripts denote partial derivatives and both y,and T_are non-zero.

Ify, = 0 one has an analogous relation with the roles of x and y exchanged. It only remains to show that
the obtained value of q is indeed positive. This can be proven by analyzing the implicit functions of the form
y(x) and x(y) obtained from equation (*). A simple argument implies that in convex position both partial
derivatives have the same sign, which completes the proof.

Using the ideology and terminology of control theory [10] this result means that convex configurations
of charged quadrilateral Q as above can be completely controlled by the value of charge at just one of its
vertices. The same result holds for E and its proof can be obtained by a slight modification of the relation (**)
in the above argument. In this context the result for E, is more important since in real life one always deals with
the Coulomb potential

Itis now obvious that similar problems make sense for linkages with arbitrary number of sides. Discussion
of arising generalizations and applications will be continued in forthcoming publications of the author.

Jsogdshogs
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ABSTRACT The paper deals with the study of integral representations and boundary properties of

having an lytical and gradient with a derivative in the unit
circle. One theorem of S.M. Nikolski on the existence of a boundary value of a harmonic function is
formulated more precisely. © 2012 Bull. Georg. Natl. Acad. Sci.
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Denote by 1 the open unit circle on the C-complex plane, and by 7'the unit circumference with centre at
the origin, i.c.

Assume that H (1)) is a set of all analytical functions in D. Let p>0 be some fixed number. Denote by Ar'

the space of all those functions /& H (D) which satisfy the condition
17 do(z) <+, )
»

where do(z) = dxdy is ausual plane Lebesgue measurein Dand z =x +iy, X,y € R=(-o0,+w)

1fp =2, then the space 4, is called the Dirichlet space or the space of analytic functions with a finite
integral (see [17).

Denote by HP' ([)) the Bergman space of analytic functions in the circle D, i.e.

={/'el{(1)): Iy da(z)<w}_

© 2012 Bull. Georg. Natl. Acad. Sci.
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Assume that /(=) =u(z)+iv(z),where u=Re / and v=1Im /. then since Vz & D

. Qu ou _ov .0Ov
FlA)=——i—=—tie,
& d d x

= (?_;j 4(%) =|gradv|=|7"(z)|.

fed o f|gv’ud¢z[" do(z)<x
b

we have

|gradu| =

Thisimplies

fed o ﬂgmd.-r do(z)<m.
D
The theorems below are valid.
Theorem 1. f e A' (D) ifand only if the equality

z L ()do(r)

Ty 1-zt

f(z)=1(0)+ @

holds Yze D .
Proof. Since

/(z)|do(z) <o,

I

wehave f"e H/ (D). According to Kabaila’s theorem (sce [2]), Vz € D we obtain

. f'(t)do /'(t)do
=T o e om0 !{iﬁ(ﬁ’f)‘”%

(0)+= jr 1o (1) [ﬁ"} If 1)do (1

1-zr

+ﬂf’(:)da(/).l("—*

The theorem is proved.

Theorem 2.1/ f A4/ (D), then Vz€ D

Proof. Indeed, assume C(z,7) :(l—z;)i‘ and

clr)e)== Jer0dat).
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Itis obvious that C(z.r) = Z "" . This series converges uniformly tos D because || <1. Also, using

w0

the function /' we have
L[ (0do()=1(0)
D
and Vne N
[r(n)yrde(r)=o0.

Therefore

C[ ] I/ (=)C(z0)da(1)= m-—ff(f

=%j’f’(l)do‘(/ +l j (1)'da(1)=17(0)+0=77(0).

e D
The theorem is proved.

Theorem3.1f / & 4'(D) and f(0)=0, then ¥z e D

L4zt

s@-Zf

Zu(do (1),

where u=Re [,
Proof. Itis obvious that
1+z

2
==2C(z,1)-1= ==T
1=zt (=) 1=zt

Since f" e H/ (D), wehave (see 3])

is)= e/ 2 =
1)1 .rml(]_z;)z } 0

|:£u(1)[(l~§;)z —1]415(:)}«1:: s

:;gu(’)dg(t)ﬁ[!:(l— ) }i-ﬁf[

The theorem is proved.

2 oo (0= 2[ = u(ao 1)

zt
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Theorem 4. The followir itions are equival

) fed (D).

2 vzeD, f(z) jf 1)C(z.1)do (1)

3 f(z

) —:;j/’(r)[ZReC(:,I)—I]dU(I)

Proof. Theorem 1 impliesthat 1) <> 2).Letusshow that 2) = 3).Indeed, using Theorem 2 we obtain

i[ f'(N[2ReC(z.0)=1]do (1)

D

=%j[c(:‘r) | E(:.I)Jf'(r)do'(l)—i'{f'(l)do' ‘

.7jc (t)do (1) = 1’(:)7;;

+ilf'(1) z ”j/ )" do(t)=1(z)+0=/(z).

()[2ReC(z.1)-1]do (1)

then we have
:ljf’(z)do(l) as z—0.
Ty

Hence we conclude that f e A" ([)) ,i.e. 3) = 1). The theorem is proved.

Assume f €L (D), where L'(D) is the Lebesgue space, and consider the operator

1()da(t)

Theorem 5.1/ f € L' (D), then the function F: D — C defined \jz e ) by the equality

=) ®

belongs to the Hardy-Riesz class H'" (D) ¥pe(0.1).

Proof. It is clear that /' is an analytic function in D. We can assume without loss of generality that / is a
real-valued non-negative function. Let us separate the real part of function (3). For this, we write the variables

zand 7in the explicit form: z =re”, = pe”,where 0<r<1,0<p<l, 0<0<27, 0<p <27z .Thus

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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LS (o) pdpdo 1z (1-rpe™) £ (e < )pdpdo
F(Z):_I =) :_.[
Ty l-rpe Ty

|1 - rpe""‘”l

P

_il (1= rpcos(6 - (p))f(pe“’ pdpde i tHrpsin(p-0)/ (pe“’)pdpa’e
771-”: 1+r7p* —2rpcos(6-9p) I

1+r°p* =2rpeos(0-g)
whence we obtain
1 ¢ (1=rpeos(0-0)) f(pe” ) pdpdo
u(z):RcF(:):—_”(A
e 1+r°p* ~2rpcos(6-p)
L1 rp)f(pe'“)pdpdo fp 45
=1

(1+rp) (1+r)1”f e s

”(

Therefore since the real part of the function /- is non-negative, by virtue of Smirnov’s theorem (see [4]).

FeH"(D), vpe(0,1).
Theorem 6.1/ / € 4'(D), then

Je () H (D).

Proof. According to Theorem 1, ¥z € D we have
z ¢ f(t)do(2)
( ) f( ) nl 1-z2

thus, by virtue of Theorem 5, feH" (D), vp €(0.1),ie. 4'(D)c H” (D) pe(0.1)

Corollary 1.1/ f e 4 (D). then there exists an angular limit of the function [

S e (T), vpe(o1)
a.e. on the circumference T,

Corollary 2.1/ f < 4, (D), where A, (D) is the Dirichlet space, i.c.

£|f'(;)|1 do (1)<,

then the function f has an angular limit

(0= lim f(z) and /"€ (D), Vp £(0.1)
aeonT.

S. M. Nikolski (sce [5]) showed that if the harmonic function u: D) . R satisfies the conditions

1) flu(z)|do(z) <o

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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2 [(gradu) do(z) <o,
i
then there exists a radial limit of the function «
= o
7(0)= ]’|{;:l111(rc )
a.c. on the circumference Tand [ e I (T).
Letus assume that /(=) =u(z)+iv (=) where v is a continuous conjugate harmonic function of . Then

|7(2)f = (gradu)’ = (gradv)’,

and therefore, by condition 2), the function / has a.c. on T the angular boundary values /‘(1) and
f"el’(T). Vpe(0.1). Hence we conclude that the following statement is true.

Corollary 1. If the harmonic function « : D — R satisfies the condition

(gradv)’.

then the function  has a.c. on the circumference 7 the angular limit Lf(e’")— lim u(z) and
u el (T), Ype(0.).

If the harmonic function «: D — R satisfi

es both conditions of Nikolski’s theorem, then the analytic

function f(z)=u(z)+iv(z),where u(z)=Re f(z), will satisfy the conditions:
1) “_/(:)'t/o'(z)< ©,
D
) (|7 do(z)<+e
[nd;cd‘ by the Riesz inequality (see [1]) we have
W = [1f o () seflu(z)do () =il
where ¢ is a positive constant, whence we obtain

Il <l71, < el

This means that the function v satisfies condition 1) of Nikolski’s theorem.

Therefore, since
au) _(ovY (Y g
—| == — | =(gradu)’,
o(5) 5] (5) -t

the functions / and v satisfy condition 2) of Nikolski’s theorem.

According to Theorem 6, there exist a.e. on the circumference 7 the angular limits:

()= Jim 1(2),

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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W ()= tim a(:),

V(1)< tim v(:),

Moreover, [ el’(T), u'el” (T) and v e12(T), Wpe (0,1). By Nikolski’s theorem (sce [5]),
S el(T). u" e [}(T) and v € I (T) . Hence, by Smimov’s theorem (see [4]) f & H7* (D) and therefore
uyveh’(D).

We have thereby proved the validity of

Theorem 7. If the harmonic function u: D — R satisfies the conditions:

1) !'u(z)ldo‘(z) <o,
2 I(gradu)z do(z) <+,
>
then u e h* (D) or
2 5
[l = sup { |u (re” )| df <.
Theorem 8. If the real part of the analytic function f(z)=u(z)+ iv(z) satisfies the conditions:
1) {Iu(z)lda(:) <®,
2 j‘(gmdu)2 do(z)<w,
>
then f e H* (D), iec.

sup 2Jflf(re“’ )r df <.
e g
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Bobd-

* agg0 Facy bobyerdffoger gbeggcsbogsydo. bgbeh o bodybydobdadysgerer dapbagdiydood gosgeedado.
Jgoobo

(Fodengaghommos sgegdoch fggob 6. Babgm@ol dogh)

Ugo0s30 Bgbfgmogmos ghogmmensh o xsdgbsge Fdmgdmol Amby sBamabrto g
xgbore aomogbel djnby Jx6lnbogi gfjpegiel obbGsmyte fbinmagigle @ bo-
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ABSTRACT. It is sharpened the known result on almost everywhere convergence by rectangles of
Fourier-Haar series of functions from Z(In' L)"~ ([0,1"). Namely, it is proved that the condition

feL(in* L)" ([0,11"), where 0 < k < n—1, implies almost everywhere convergence of each subseries of
Fourier-Haar series of f having dimension not more than k+1. © 2012 Bull. Georg. Natl. Acad. Sci

Key words: Fourier-Haar series, multiple series, convergence, subseries.

Definitions and notation. Below everywhere if something else is not said we will assume that 7 € N and

o= z cphy

ke "

n22. Fora given n-tuple Haar series

by S,,(0)(x), S,(c)(x),and G,,(c)(x), where xel” =[0,1]", m e N" and r >0, denote, respectively, a
rectangular partial sum, a spherical partial sum, and a rectangular general term of o , i.e.,

Sm(d)(X)ZX‘“iCMk(X).
b=l g

5@)0= Y gk,
K thlsr

G (0)(x) = Cyhy (X) 5

where m = (my,...,my ), k= (ky,....k,).1f o is the Fourier-Haar series ofa function /  L(I"), then we will
use finstead of o in the above notation.

Fourier-Haar series of a function /e L(I") at a point x & I” denote by o(f)(x) .

© 2012 Bull. Georg. Natl. Acad. Sci.
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Let | < k < n—1.Any sequence obtained from (a,,) _, b  fixing some n — k among 1 coordinates of
y ) enyn OY

‘mel

the index m = (mj...., my) is called a k-dimensional section of a sequence (a,,,)mFN., . By n-dimensional

¢ W q -
section of (ay,) ., We mean ( 'm) ey

Let 1<k < n.Anyseries by some A-di ional section of the (a,, ) ey 15 called

k-dimensional subseries of the series Z a,, .
meN"
Let us say that a series Z ay, regularly converge by rectangles if its every subseries converges by
meN"
rectangles (here convergence by rectangles of single series is understood as its ordinary convergence). Note
that such type of convergence of multiple series was considered by Moricz [1, 2].

Saying thata sequence (g, » converges (strongly converges) we mean the convergence of a,, to
y q ) ey i gly g g m

mel
the limitas min{my,...,m,} — oo (max{m....,m,} - ).

the following are equi it: 1) (a,,,)md\;u strongly

Note that for a sequence [Cya—
N

converges to a; 2) (a,, ) e converges to a and every (n—1)-dimensional section of (a,,) strongly

meN"
converges to a; 3) every scction of (a,,)

nverges to a.
ey Converges to a

It is clear that if series Z a,, regularly converges by rectangles, then its general term (a,,, ) enn
meN"

strongly converges to 0.

Result. It is known that for every > 2, L(In* L)"™" (I") is the widest integral cla

s in which the almost

ceverywhere convergence of Fourier-Haar series is provided both for rectangular partial sums (sce [3,4]) and
for spherical partial sums (see [5-7]). Here we note that cubic partial sums of Fourier-Haar series of every
summable function / (i.c. S,,(/)(x) with my =my =---=m,) converge almost everywhere to / (see e.g. [4]
for details).

The following theorem is true.

Theorem. If 0 <k <p-1 and f €L(n" L)* (1", then every (k+1)-dimensional subseries of o( f)(x)
regularly converges by rectangles for almost every x e T". )

Corollary 1.1/ f & L(in" L)"™ (I}, then o(/)(x) regularly converges by rectangles for almost every
xel

Corollary 2 ([3,4)). If / € L(ln" Ly ("), then o (/)(x) converges by rectangles for almost every
xel”.

Corollary 3 ([8)). If /& L(n* L)' (I"), then every (n-1)-dimensional section of the sequence
G/ NN,,

Remark. In [8] it was proved that: If an n-tuple Haar serics o converges by rectangles at a diadic-

strongly converges o 0 for almost every x € I".

irrational point x and the rectangular general term (G, [cr)(x))mEN,, strongly converges to 0, then o

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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spherically converges at x to lim S, (o)(x) .
m—x

From this result follows the corollary: If an n-tuple Haar series o regularly converges by rectangles at

a diadic-irrational point x, then & spherically converges at x to lim S, (o)(x) .
sodshogs
GPog-3s36i0l xgM3po 336039301 Ism 3 bypgdols

dobgrzom Fm'amod)gg{m dt‘)sb.)QmBo'ls Jglbobgd

3- @bosbo

24340 fadgonzob bolyerdfoger gbagytibodydos Byl o b dobd, 3Gbogeigdson g BIBos

Jogowolo

(fdogagbomos sgomgoot Gagdob 3 ogomsdgogzob dogh)

9 05 3Bmdomo Bgrgao L(n' L) (0,11") ggbigeol gaeog-3sstol 3Fbogol
05 @bmdosmo Bgrgy g06Jgeot gaey 3
3honggonbygdol Bobyrgor monol gagroass gHgdsrmdob Bgbabyd. Labyrmmdt, s opdasees
60d [ e L(In' L)} ([0,1]") 3oteds, bagag 0<k <n—1, offggl fob gbog-3ss6el 3 sbogol, k+1-

=36 333 950y 5603
by s6s3gtgb0 asEbedorgdol 3Jeby geoggmo Jagdfatogel cemdlol gagmash yhgRsmmdst.
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ABSTRACT. The aim of this paper is to study, in the class of Holder functions, the linear integral
equation arising from the theory of the penetration of gamma rays. Using the theory of singular integral
equations, the solution of this equation is reduced to the Volterra equation. © 2012 Bull. Georg. Natl.
Acad. Sci.

Key words: singular equation, piecewise holomorphic function, limiting values.

We present a method for solving singular integral equations which frequently occur when investigating
many important problems of mathematical physics, namely in the fundamental problems of nuclear transport
theory [1-3]. This equation has the form

x 41 x+l
(Lu)(x,1) :”Mu(, 3 \-)d\-d_\»m(unjj u(y.0)dsdy = F(x.1), m

a-1 a-1

xela,b], t e (-1,+1),

where K(x, ) is the real-valued continuous function, the right part f(x.7) is the real-valued function

isfying 17 * dition (Muskhelisvili class) [4] with respect to zand we look for the solution of a continu-
ous function satisfying H# * condition with respect to 7.

Let Q. be the integral operator defined by
x+1 X E
(Q.g.)(x 1) = g:(x./>+zj_[—}“'/”g: (nndidy, xelab], 1e(-1+1), ®
a-1 N

where the parameter z is any point on the plane. This operator operating on any continuous function g (x,r)

© 2012 Bull. Georg. Natl. Acad. Sci.
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piecewise holomorphic in z with a cut on the real axis [~1,+1] and satisfying the /7 * condition in 1, will
definea piecewise holomorphic function with a cut on [~1,+1] . By using the Plemelj-Sokhotskii formulas, we
can calculate the limiting values of Q. as

+ 4 + K(x,y) . g +
(Q',-g';)(X-flEg';(XJH;”——_(i':)g';(,v.S)dsq'vtmj. Kxp)g! (v, ®
a-1 S a

ce(=L+1), xelab], re(=1+1).
The basic result for £ is the following theorem.
Theorem 1. The equation

(Lu)(x,0) = f(x.0) @

its only a unique continuous solution u(x,1) sati

fving the I1* condition with respect to 1.
Proof. Let u be a solution of (1) and consider the function

x4+l
1K)
R =y

This function possesses the following properties:

u(y,s)dsdy.

(P) In the planc with the cut [~1,+1] it is piecewise holomorphic with respect to =.
(P,) As z — o it vanishes uniformly in x.

(P;) Byusing the Plemelj-Sokhotskii formulas
W)= J'J':K” 2ty t)dtdyi—JK o dy

Combining the above equalities with (3), we get

@ )0 =@ %, ) =1 K+ "’i KW 0)dy sty +

+j. K (X,yJJ' IM( v.s)dsdy'dy .
a a-l

@ ¥ =@, )0 = [ K /(0 dy

nsequently, taking the Plemelj-Sokhotskii formulas into account, we can write

-
(Q:‘P:)(,()=.[J.Mdsdy. ©

a-1

By virtue of Tamarkin’s theorem [5] it follows that there is a unique solution of (5). This solution possesses
the properties:

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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(R;) In the plane with a cut [=1,+1] itis piecewise holomorphic with respect to z.
(R,) As z > it vanishes uniformly in x.

(Ry) Tt may be represented in the form
+1
¥ (x) :#jmds. ze[-L+1), xe[ab],
: 2z 5=z
where k(x,7) isacertain uniquely determined function.
In view of the Plemelj-Sokhotskii formulas, the following equality is valid for the limiting values:
1

W (x) =P
W)+ (1) = J‘de
in st

By using (3). from (6) we are able to write

i i .
Fewef[ "Kjﬁim dsay+ | KD Gorydsdy = [k@nrona.
yad 4

a-1

where
Fi(x) =¥ (-, (x).

Let us consider now the following equation

ds u(x,t)dy ds+ f(x.1),

Wl =
s\Wi(x)
t=s

u(x,t) +j‘:"|1<(x )
alt

il
which has a unique solution. Denote by
P(x,1) = ¥i(x) 7:[ Ko pu(y.ndy
In view of (7) from (8) it follows that "
P+ J' If‘ﬁflp(}»,nwdy =T,

But Q. has no eigenvalues on [-1,+1] and consequently

Vo (0= [KGxurnds

Taking into account this last assertion, from (8) we obtain

x+ x+1
u(n/H_”IK[(X'” s u(.v,l)d_r:J‘J'S[i(x“") (v.s)dsdy+ [(x,1),
k -5
a-1

which means that (4) holds and the proofis complete.

©)

(]

®)

Now;, our aim is a deeper study of the singular operator L. We wish to find the reduction operator of L and
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hence reduction of the considered equation to a regular equation. For this purpose, we need to introduce the
following singular operator

x4+l x+l
(Su)(.1) sjj‘%ﬂu(y,s)dsdy+u(x,1)+”%u(y,/)dsqv !
a-1 a-1

We shall note the following property of the introduced operator. For any two continuous functions u(x,r)

and v(x,7), satisfying the /7 * conditions with respect to 1

”usmzdx _[J'vLudrdx

a1
Consequently, if equation (1) has a solution, then necessarily

bl

“vfdxd.\-:o

a-1
where v is any solution of the homogencous equation
Sv=0. ©
Butthe equation (1) admits only a unique solution, therefore equation (9) also admits a unique zero solution.
In our further consideration we will need also the following identity:

sl((x,\).”S K(y,) )ut\’ ') ds'dy'ds dy =

J"]-'u(y ) '”'tK(V,y)s K(uy) | ,dy,_j‘”tl((x,y):'K(y.y')/, i

s'=5
vl

+7r3rlJ‘J‘K(x,y)K( Yoy Ddy'dy . (10)
pd

This identity can be obtained by using the Bertrand-Poincare formula 4].
We can show the important property of the operator S in the Theorem below.
Denote

R(x,p,1) = -7 ﬁjk(ww{(» Ody'+ J"K” 9. o I’K(y’x)

+1 i
dsI Ky'\x) dsdy".
5 =¥
Theorem 2. The composition SL contains no singular part and the equality
x
(SLX.0) =)+ [ Ry dy an
.,

holds.
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Proof. Performing the operations indicated on the left-hand side of (11) using identity (10) we obtain that
Eq. (11) is true.
Thus, we may say that S reduces operator of L.

*Acknowledgement. The first author is supported by the Shota Rustaveli National Science Foundation
(Projects # GNSF/ST08/3-383 ).
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ABSTRACT. Study of the structure behavior under microtremors to assess its real operating condition
or to ascertain its dynamic characteristics is a widespread method in the world. It is distinguished for its
cheapness, mobility, though it has also certain limitations. It is that transition process from microtremor
to real is not univocal and relies on certain assumptions. Therefore, when we use this approach in
practice, we are offered different algorithms and technologies of material processing obtained as the
result of the experimental observation of the structure under microtremor, wlm‘h creatcs probability of
structure operational condition, particularly, its earthquake resi
Mathematical model and algorithm constructed on its basis, which univocally ascertains how to process
displacements recorded under mi s that to speak about structure behavior when
real seismic wave (sei am) passes its dation are in the present article. © 2072 Bull.
Georg. Natl. Acad. Sci.

Key words: microtremors, seismic resistance of structures, earthquake.

At present the acute problem of the whole world In practice very often it is necessary to examine a

is seismic resistance assessment of structures located  great number of structures in a short term in an op-

inseismically active regions. Complexity of this prob-  erational situation. Such necessity often arises after

lem solution is determined by the fact that enormous  a strong earthquake, or in the cases when the exist-

number of structures are subject to such
assessment,not only those that are built without ob-
serving antiseismic design standards. but also those
that are built considering the requirements of these

standards. This is due to the fact that standards of

earthquake resistance design periodically change and
structures, built “yesterday™,
today’s beliefs.

do not correspond to

ing view concerning real seismic danger assessment
changes and seismic danger assessment of a large

populated region is required.
In such cases it is very difficult, or even impossi-
ble to carry out detailed inspection of the structures

11 1

operational g the r

s

tions of the corr normative and

incomplete examination of buildings in many cases is

© 2012 Bull. Georg. Natl. Acad. Sci.
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Fig. Dynamic states of structures.
unreliable or even dangerous
In practice often an experimental method is used
for structures behavior assessment under earth-
quake, connected with carrying out full-scale dynamic
tests. In such cases structural elements of the struc-
ture reveal their real physical-mechanical properties
and define the structure behavior as a whole.
Carrying out of full-scale dynamic tests of struc-
tures is an expensive and laborious process and can-
not be used as an express-method. It should be men-
tioned also that as aresult of full-scale dynamic tests
basic dynamic parameters of the structure are de-
fined, such as vibrations frequencies and forms, damp-

ing factor and so on. To ascertain structure behavior

under carthquake it i

also required to construct a
mathematical model according to the results obtained
experimentally and to carry out special calculations

that are d with certain y

In the engineering practice anumber of simplified
methods of structures seismic resource definition by

full-scale dynamic tests

re developed and applied.
Some of them are characterized by refusal to apply
complex, expensive means of excitation of strong vi-
brations of the structure and study structure behavior
under microtremors or even ambient noise of the
carth’s surface. On the basis of the obtained data
structure behavior under stronger excitations, par-
ticularly carthquakes, is assessed.

Transition from structure behavior under microtre-
mor to behavior under strong influence is not univo-

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

cal process and relies on certain assumptions that
make possible to develop different algorithms and,
hence, different assessments of the seismic resource
of the structure under test [1-4].

A mathematical model is suggested in the present
article and on its basis an algorithm is constructed,
which defines univocally how to process experimen-
tal information, obtained from structure under
microtremor, to speak substantially about structure
behavior under real, stronger and other kind of influ-
ence, in particular, under seismic waves passage.

Let us consider a structure (Fig.) in the founda-
tion of which (at point 0) and at some level (at point
K) seismographs are placed and displacements of
these points synchronously caused by microtremor
in the foundation of the structure are recorded.

This dynamic state of the structure, acting for-
ces in the foundation and generated displacements
conditionally are shown in the first column of the
Fig. All the parameters of this dynamic state are
marked by (1).

In the second column of the Fig. the second dy-
namic state of the structure is shown. It is imaginary
and actually is not realized. The structure is rigidly
fastened in the foundation and arbitrary force 7; (f)
is applied at the point K. All the parameters of this
dynamic state are marked by (2).

In the third column of the Fig. the structure is
shown, in the foundation of which seismic wave
(seismogram) of the real earthquake spreads. All the

0M035
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parameters of this dynamic state are marked by (3).

To simplify the perception of the further lay-outs
in Fig. and in the obtained expressions, given (known)
functions are represented in red color.

Let us apply to the known principle of the works
reciprocity 4%®(r) = A®O(r) which states that the
work of the forces of i dynamic state on the displace-
ments of the k dynamic state is equal to the work of
the forces of k state on the displacements of the i
state.

Let us apply this principle to the dynamic states
()and (2):

Considering the directions of the Fig. we write:

.
A‘"“’(t):fl’q“’(l—r)xt @ (c)dr =0,
o

Hence, the principle of the work reciprocity
A" (1) = AP0 (1), will take the form A (1) =0
and will be written as an integral equation:

I}},‘”(t—r)x UV (r)dr +

o
.

+[ BV a-0)x U (0)de =0, (@
o
Solving the equation (a) we define the function

29 (1) .
Let us apply the principle of the work reciprocity

Bull. Georg. Natl. Acad. Sci,, vol. 6, no. 2, 2012

to the dynamic systems (2) and (3). Let us remember
that we have already defined function A (¢) and it
is known (it is red). Considering the mentioned and
directions of the Fig. we write:

A () = jP;"(:-r)x U (r)dr =0.
o

Hence, the principle of the work reciprocity
APO )= ADA(r) will take the form

AP(f)= 0 and will be written as an integral equa-
tion:

[P a=rxUP @de +
o

+ RP ((=r)xUP ()dr =0. ®)
d

Solving the integral equation (b) we define
U} (#), displacement of the point K under real seis-
mic wave passage in the foundation of the structure.

Such method allows possible to define displace-
ments of any point and hence, behavior of the entire
structure, all of its structural and non-structural ele-
ments and components under real earthquake. Mod-
ern possibilities of measuring technology, existence
of wireless sensory nets and telecommunication sys-
tems open wide possibilities for the solution of vari-
ous problems, using the suggested method.
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ABSTRACT. Among actual problems of the spin dynamics of superfluid *He the anomalously fast
(catastrophic) decay of coherently spln-precesslng mode is under active investigation. Experimentally
 this low-temperature phenomenon is observed in *He-B. One of the possible mechanisms of the fast
relaxation of the phase-coherent spin precession was attributed to the parametric instability realized in
the background of a non-Leggett spin-orbital configuration of the Conpcr condensate. An analogous
process of the decay of coherent spin precession can be realized in ?He-A. The quantum description of
this event is considered in some detail. © 2012 Bull. Georg. Natl. Acad. Sci.

- Key words: superfluidity of *He, coherently precessing spin modes, catastrophic relaxation.

After the discovery [1, 2] of superfluid phases of liquid */e in the millikelvin temperature range a huge
amount of information about the properties of this exotic ordered state of condensed matter has been col-
lected. Tt was firmly established that superfluid phases of *He are characterized by the formationat 7 < 7, (P)
of the spin-triplet p-wave Cooper pair’s condensate. The main body of experimental information on the
properties of superfluid phases was obtained by means of CW and pulsed NMR techniques. Of fundamental
importance is Leggett’s theoretical approach [3] which proved to be extremely efficient in interpreting many
peculiarities of observed spin-dynamical phenomena of superfluid 4 and B phases.

An important role in Leggett’s theory is played by the coupling between magnetic dipole moments of *Fle
nuclei which in the presence of the Cooper condensate acquires a coherent contribution with far-reaching

One of the i of this coherent part of the dipole-dipole (spin-orbital) coupling in
superfluid *He is observed as a shift of the transverse NMR frequency from the Larmor value g//. Another
exotic behaviour (also due to coherent dipole-dipole coupling) is d as a linear (and linear)

longitudinal ringing of the magnetization.
A very informative experimental tool is the pulsed NMR by which the spin-dynamical regime is generated
by the application of a short RF pulse (of suitable duration) deviating the spin by an angle 8 from its initial

equilibrium orientation and free ind signal is d. The of the depend of

© 2012 Bull. Georg. Natl. Acad. Sci
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dipole-shift of the transverse NMR frequency from the Larmor value was the main goal of pioneering experi-
ments [4, 5]. Unusually long-lived induction decay signal (LLIDS) was registered in ‘He-B in spite of the
presence of (uncontrolled) inhomogeneity of the applied steady magnetic field which induces the dephasing
of the coherent spin-precessing mode.

The mechanism of the formation of LLIDS in */7e-B was established due to joint experimental and theoreti-
cal efforts [6-9]. The experiments were performed by using a long cylindrical cell with the magnetic field

I =1(z) oriented along cylinder axis *. The controlled field inhomogeneity was given as

H(z) = H(z,)+(VH)(z=z,) with constant gradient. The scenario which develops after the application of
magnetization tipping RF pulse is based on the observation that due to the specific character of the dipole-
dipole coupling potential of '/le-B on the angle /3 the spin dynamics follows the route where the dipole forces
are effectively eliminated. This is an important condition of the appearance of the magnetization-carrying
spin current against the background of the Cooper condensate[10,11] which redistributes the magnetization
in a way as to restore the phase coherency lost immediately after the RF tipping pulse. As a result, afier the
longitudinal spin current dies away, in the closed experimental cell the two-domain structure is stabilized
where the static domain (SD) with equilibrium magnetization is separated by a narrow wall from the homoge-
neously precessing domain (HPD). The two-domain structure is subject to relaxation effects taking place in
the volume of HPD due to an intrinsic Leggett-Takagi mechanism [12]active in bulk superfluid ‘He and spin
diffusion across the domain boundary. It is evident that the decay of the two-domain spin structure should
be observed as the growth of SD at the expense of the shrinking of HPD. In this way the parameters of
Leggett-Takagi mechanism and spin-diffusion coefficient have been measured.

In [13]an attempt was made to continue the in ion of effects in the two-d, in structure

at low temperatures. Down to 7 = 0.47, the experimental data changed with temperature rather slowly and
were in accordance with known theoretical predictions. Ata further lowering of the temperature the induction
decay signal abruptly became so short that the induction signal typical of HPD could not be measured.
Subsequently new measurements were carried out [ 14] in order to verify whether the above-mentioned low
temperature instability of coherent spin precession was a specific feature of the presence of HPD in the
experimental cell. The measurements were carried out in the pulsed NMR regime in the absence of HPD
structure and the low-temperature instability was still found. This result clearly showed that the catastrophic
relaxation found in [13] is just a particular example of a more general pl The adequate i

of this puzzling low-temperature catastrophic relaxation could not be found for a long period of time.

An important contribution in elucidating the mechanism of the catastrophic relaxation of coherent spin
precession observed in ‘/7e-B at low temperatures was made in [ 15, 16]. In [15] it was proposed that an abrupt
shortening of the relaxation time is due to the parametric instability of the spin-precessing mode with respect

tothe ion of a pair of the I I'sp quanta. This process is governed by the dipole-dipole

forces acting against the background of a non-Leggett spin-orbital configuration of the Cooper condensate
in the restricted geometry case. Another channel of the sudden decay of coherently precessing spin mode
was attributed to the anisotropy of the spin-wave velocity [16].

An attempt to describe the parametric instability of spin-precessing mode in superfluid */e was under-
taken in [17] where this process is considered for the case of *He-A. Although this ordered state considerably
differs from *He-B, the mechanism of the decay of coherently precessing mode seems to be quite general in
the presence of a non-Leggett spin-orbital background of the Cooper condensate. The essence of the
parametric instability in *fe-A is d with the excitation of the longitudinal spil s due to the non-

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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coupling of the P of magnetic ani Py axis d provided by the dipole-dipole forces
nst the background of non-Leggett spin-orbital configuration. This scenario was considered in the
ework of the Mathieu equation. In what follows we are going to investigate, somewhat retrospectively,
quantum approach to the process of disintegration of coherently precessm;, mode (long-wavelength

1sverse magnon) via the decay onto a pair of the short-

The spin dynamics of superfluid /e in the presence of an external magnetic field s governed by the
Hamiltonian

1 e S 7
H=og (# ')w 8,8, ¢S +U,, ()

e § (measured in the units of /i) stands for the total spin of the system, 7 — for the magnetic
ptibility tensor and g - for the gyromagnetic ratio of ‘/e nucleus. An important contribution to the
iltonian (1) is the spin-orbital coupling (of dipole-dipole origin) which for 'e-A is described by the
itial

U, ()= vl["—:)oi (a-7). @
2\g”
vhere Q, is lincar longitudinal NMR frequency and the unit vectors ¢ and / mark the anisotropy axis of

e spin-triplet Cooper condensate in the spin and orbital spaces, respectively. The axis d appears in the
magnetic susceptibility tensor components

Yo =2.(8, —ad,d,), a:%>0. o)
i

Decomposing the spin vector S onto the transverse and | with respect to d as

o5 :x,[17~(a.17 } @a)
Sy = 2 (JFI)J;S“:}. (4b)
- the Hamiltonian (1) is reduced to
H=H, +H,+U,(d) . )
where
. e s
i =E 55 1, (62)
27,

AET Y 11 2 o

y =5 [S;, E(d-s,,)]—gs,,-ﬂ. (©h)

Now, it is convenient to transform Egs. (6a, b) in passing to new representation for §, and S, = d -8,

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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Since EL L d onecan introduce a new set of 2D variables C: following the formula [18]
S, =dx& . 0]
On the other hand, taking into account that (-5 ) is a conserved quantity, it is concluded that

Sy=50= i:"(r;" . 17), where d, is the equilibrium value of . Asa result it is found that

IIl:Zg); [53—((}~E)1]-g(ﬁx5)1‘1, (3a)
i, == (4,7) (3-7)-3(a,-) | )

In what follows we choose the coordinate frame with /7 = [ 2 and consider the case ofan externally fixed
orientation of the orbital axis / = (0,cosa,sina). At ¢ # the equilibrium orientation of the spin axis (}” is
not confined to (x,y) plane because the equilibrium configuration is established at the balance of the torque
imposed on d from the anisotropic part of the magnetic energy and the torque acting on d from a fixed

orbital field / via the dipole-dipole potential:

a(d 1) (3 7)< 2

&

J (@) (de). (9)

from which it is concluded that (}U =(0.cos B,sin B) with 3 = 8 () given by an equation (here and in what

follows the Larmor frequency @, = g/ is introduced):

(Q‘] sin2a
@,

tan2f3 =
Q

a+| = | cos2a
,

(10)

It can by shown that ;:,, = ‘[1—‘) W, cos X
&

Finally, in choosing & = (£,,0,&.) and remembering that 3* — | the Leggett Hamiltonian can be tran-

scribed in terms of conjugated pairs of variables (£,.d,) and (¢,.d.) as

an
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Starting from Eq. (11) the set of the Hamilton equations follows:

oH o, _a

AT 12

S e (122)
;__OH . oH

=——, d =", 12b)
< T (12b)

From Egs. (12a, b) in detailed form it is obtained:

—X—E‘Qi cos’a d, PRI P ...

) e 20 (@) | 0
%[é,(l—df)—égd.d‘1+wujl-(df+d:’); (13b)

a2

%(éfd, +&d.) o,

) &4,
£, »;5,4,)+wlm—"§

+df)

Q[cos2a d. -

|+ £ o} sing (14a)
o

d

d. =g—1[ e (1-d?)-gdd. | . (14b)

Expanding the right-hand side of Egs. (13a, b) and Eqs (14a, b) in the small deviations 55(: p) and

od (=) from their equilibrium values up to the second order it is found that

/",UW@/J:K.R*[MAﬂ— “(cos2f p,g,+eos f p.g.) -
m Y
- (@} sin2f++Q sin2a) q.q. |- (152)
2cos’ f8

. _ P sin o . 4
=Ttk + - ¥ c0s2f ¢ ——=—||; 5|
U [ - p'q‘+chs/a[”°s B aq; cos‘ﬂﬂ (15b)

b= 0q erp, | B2 O Lot p g, -
cos g " m cos f}
m 3 s 3 2 3‘1;2
————(; sin2 + +Q sin 2, +: .
4cos1ﬁ(wﬁm ¥ * sin a)(q‘ o ﬂ (16a)
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sin§
m

 cos’
q.= L
m

». +K.q\+[~ (2p.9. +p.4,)+ @ cosp qxq,]v (16b)

In Egs. (15a, b)and (16a, b) the following abbreviations are used:

m=%s LK =wsinf cosf, k=, tanf, (17a)
5

ol =] sin’B+Qﬂ(cos’a+%sm2a !anﬂ) (17b)

o =0 +Qf,(cosZa cos® ﬁ+sinZachos.ﬁ

tan [3) . (17¢)
The same set of equations can be reproduced by means of Taylor expansion [19] of the Hamiltonian (11)

to the corresponding order in ég: and 5d. It can be verified that the lincar part of Eqs. (15a, b) and (16a, b)
is governed by

RV Rl SV R A (13)

and the non-linear contribution stems from

sin 1 2 4
Hs J(ﬁ«lnp;q:)pﬁw cosf p.a.g:+ €os2f gy ——5—|Pc |+
m 2cos 8 cos” f3

" 2 3
+: i sin 8 +-1— & ex 20 q: +—1 q.
2cos’ 5 2\ o, ) cosp Yeostp) )

Eq. (19) contains the information on the mechanism of the interaction between various spin-excitation
modes of 'He-A. In order to specify this eigen-modes it is necessary to go back to the linear level and address
Egs. (18) from which it is evident that in the case of the non-Leggett spin-orbital configuration the coeffi-

cients «, and «, are non-zeroand H, is non-diagonal in the initial variables p and g. The diagonalization

of Eq. (18) can be achieved by passing to new pairs (.2, 0, ) and (-, Q.) according to the transformation

p.= 7 cosi- 0, '5171 . g, =0Q,cosh+ 7 fsink; (202)

g, =0.cosA+ 7 [sind. (20b)

The diagonalization is realized by a suitable choice of the rotation angle 4 and an amplitude / as
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’ 1 2cos’

tan 2/1:2\/5% sinf~—5——~, f :—Zz—e @
[OON m .+,
Asaresult of this procedure the second order Hamiltonian (18) acquires the following form:
1 21 cos’f . a, mO

— £ 202 2L piA—

(Zm e +2mQ,Q,)+[ o 1,7 2cos’ )
where

23)
(24)
(25)

0, sy y B,
=v2c”;s;ﬁ{a+a ). QI:IVIIZZ’;A/} (a=a): (263)

S (b4 8). 0 =i (55), @b)

where the commutators [z},&' ] = [I;J;' ] =1.Asaresultitis concluded that

H,=1.0.G"G+1,Q5 b+ const. @n

This is an answer for the spectrum of the eig illations of '/le-A developing against the back
of the non-Leggett equilibrium spin-orbital configuration described by i:(O,cosa,sina) and
1;’,, =(0,cos 8,sin f3) with 3 = () found according to Eq.(10).

Now we are ready to transs

ibe the non-linear part of the Leggett Hamiltonian (Eq.19) in the terms of
normal coordinates. Before considering the non-Leggett equilibrium configuration case (which is our main
concern), it is instructive to analyze first the Leggett configuration with & = 8 = 0 appropriate to bulk *He-

A.Inthis case Q7 =] + Q) =0’, Q' =Q’, = w} and the second order contribution to Leggett Hamilto-
nian (Eq.18) is diagonal in the initial variables p and §. As a result it is concluded that in the normal

coordinates (here @, >> w,)
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(28a)

e : 5
D, :\/ﬂ?(lwh ] q, =i ZITH)”(th ) (28b)

In order to construct the non-linear contribution H, Eqs.( 28a. b) are to be used in Eq.(19). In this way it
can be shown that for the Leggett spin-orbital configuration

L,
,[/} q.4.+3p. (4 -¢

]=—2?ﬁ[(fl—ff’(fl+ﬁ‘] (b-b")+

—E')Z(5+I§']—%%(a—d‘)l(5+5‘)}v )

It is seen that in bulk ‘He-4 (with the Leggett equilibrium configuration) the interaction term
corresponding to the decay of a-type excitation onto the pair of the h-type modes is absent.

On the other hand, in [17] it was shown that in a strong magnetic field (@, >> Q) the high frequency
coherently precessing transverse mode of the magnetization experiences parametric instability signaling the
decay of this mode at sufficiently low temperatures. An important observation is that the decay onto a pair of
longitudinal spin-waves happens against the background of a non-Leggett equilibrium spin-orbital configu-
ration with externally fixed / = (0,cos@.sin ). In order to reproduce this process in terms of the Hamiltonian
(19) we have to address the general case described by the variables (.7, ,) and (.7, Q.) . According to the
transformations (20a, b) it can be shown that in the strong magnetic field case

H, =wd d+o,b'b, 30)
where now

) =]+, cos2a,
w, = cos’a. 31

and the contribution to /, corresponding to the process ab'h’ is

H,=—iV(a)b'h'a (32)
with the amplitude
| fo, 1+afQ,Y
V(a)=—= 224 | sin2a - (33)
@ 122\'m a [(a,)“

In order to describe the decay of the transverse magnon onto the pair of longitudinal magnons it is
necessary to take into account the contribution of the spin currents. This is achieved in supplementing the
Leggett Hamiltonian (19) by the term
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U, = %mc;(vﬂ) V,d), (34
Wwhere
¢ =i, =)+l (35)
- with ¢, and ¢, being the transverse and longitudinal spin-wave velocities. The gradient energy (34) gener-
ates a torque acting on § given as
mdx(EVid+cVid). (36)
The results of this modification are simple. In the Fourier representation
H,(k) =, (K)a" (k)a (k) + o, k)b’ (k)b (k). @7)
where the magnon frequencies (squared) are given as
o} (k)= @] + € cos2a +clkk,
@; (k)= Q) cos’ a+ckk, . (38)
As to the third order term /7 , it takes the form

HL(K) = =iV ()b (~k)b’ (K)a(0) . (39)

and describes the decay of transverse magnon (with & =0 ) into a pair of longitudinal magnons traveling in
the opposite directions, so that the conservation law of the energy and momentum is fulfilled:

©,(0)=w, (k) +w, (k)
k=0=Fk+(-k). (40)

As can be seen from Eq. (33), the amplitude of this process is non-zero in the case of the non-Leggett spin-
orbital configuration in accordance with the conclusion made in [17].
Asa general conclusion it can be stated that, in spite of the fundamental difference in the structure of the

order parameters of superfluid A and B phases, the ca ic low instability of h

ously spin-precessing modes in both cases is ping in the b d of the leggett orbital
textures present in the restricted geometry.
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ABSTRACT. The ground-state magnetic phase diagram of a two-leg spin ladder with trimerized
modulated rung exchange is studied using the continuum-limit bosonization approach. In the limit where
the rung exchange is dominant, the model is mapped onto the effective quantum sine-Gordon model with

1 term. Six phase transitions at different critical magnetic fields are identified. We
have shown that the magnetization curve of the system exhibits two plateaus at magnetization equal to the
1/3 and 2/3 of the saturation value. The width of the plateaus is proportional to the excitation gap at given

‘magnetization and scales as ", where 0 is the

of rung ion and the critical

exponent is obtained as v = 1.13 in the case of a ladder with antiferromagnetic legs and v = 1.50 in the
case of ladder with ferromagnetic legs. © 2012 Bull. Georg. Natl. Acad. Sci.

Key words: quantum spin ladders, magnetization plateaus.

Intre ion. Low-di ional quantum ism has been the subject of intense research for decades.

Perpetual interest in the study of these systems is determined by their rather unconventional low-energy
properties (see for a review [1]). An increased current activity in this field is connected with the large number

of qualitativel I

ly new i by the quantum effects recently discovered in these systems
[2,3] as well as with the opened wide prospects for use of low-dimensional magnetic materials in modern
nanoscale technologies.

The spin S=1/2 two-leg ladders represent one. particular subclass of low-dimensional quantum magnets
which also has attracted much interest for a number of reasons. On the one hand, there was remarkable
progress in recent years in the fabrication of such ladder compounds [4]. On the other hand, spin-ladder
models pose interesting theoretical problems, since the excitation spectrum of a two-leg antiferromagnetic
ladder is gapped and therefore, in the presence of a magnetic field these systems reveal an extremely complex

© 2012 Bull. Georg. Natl. Acad. Sci.
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Fig. 1. Schematic representation of spin ladder with period 3 modulation of the rung exchange. Different width and color
of vertical links correspond to different values of the rung exchange, indicated in the figure by arrows. Yellow blocks
mark unit cells of the ladder in the case of the “saw tooth” (a) and “domain” type (b) modulation of rung exchange.
The horizontal axis marks rung numbers

behavior, dominated by quantum effects. The magnetic field driven quantum phase transitions in ladder
systems were intensively investigated both theoretically [5-11] and experimentally [12-17]. Usually, these
most exciting properties of low-dimensional quantum spin systems exhibit strongly correlated effects driving
them toward regimes with no classical analog. Properties of the low-dimentional systems in these regimes or
“quantum phases” depend in turn on the properties of their ground state and low-lying energy excitations.
Therefore search for the gapped phases emerging from different sources and study of ordered phases and
quantum phase transitions associated with the dynamical generation ofnew gaps is an important direction in
theoretical studies of quantum spin systems. Particular realization of such scenario appears in the case where
the spin-exchange coupling constants are spatially modulated. The spin-Peierls effect in spin chains repre-
sents a prototype example of such behavior [18]. The first studies of spin chains with trimerized exchange
modulation were performed by Hida [19] and Okamoto [20] in an attempt to describe some organic com-
pounds with periodic couplings. Later, Oshikawa and collaborators [21] undertook the first systematic study
of this problem and they provided a necessary condition for the appearance of magnetization plateau in 1D
spin systems. Magnetic properties of the spin S=1/2 ladders with alternating rung exchange has been first
studied in [22,23].

The model. In this paper we study the spin S=1/2 two-leg ladder with modulated rung exchange given by
the Hamiltonian

H= 0,3 8,8~ HYS; 4 2T (05,5, M

where S, , is the spin S=1/2 operator on rung 1 (n=1,....N) and leg o (a =1.2). The interleg coupling is
antiferromagnetic, J, (1) >0 and fulfils the condition J, (n+3) = J, (n) . We restrict our consideration by
the following two types of rung exchange modulation: the “saw tooth” (or the “A”) type:

s . (2z
Jim=Jl|1 [— ) (2a)
1(n) [ +\/§sm 3 n I
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which corresponds to the case J, (3m)= 2,0 (3m#1)= JY(1£6/2) (see Fig. 2.1a) and the “domain”
(or the “B”) type

s =01 814 o2, )
Jl(n)kal:l+2[3 3005(3n)]y @b

which corresponds to the case ./, (3m) =N (1-512), J, (3m£1)= J(1+6/2) (see Fig. 2.1b).
Derivation of the effective model. We restrict our consideration to the limit of strong rung exchange and
magnetic field /,.J7 >>J;.6J = A and follow the route already used to study the standard ladder models
in the same limit [7.8]. We start from the case ./, = 0, where an eigenstate of 17 can be written as a product of
on-rung states. At each rung two spins form either a singlet state | s°) or one of the triplet states: | #,) . | 7;)
and |1,) with energies Eg =-3J]' /4, E/ =J} /4.and E; = J|/4+ H respectively. When the magnetic
field, . is small, the ground state consists of a product of rung singlet states, while at 77~ .J| the |7,)
becomes almost degenerate with | s!) . while other states have much higher energy. Integrating out the high
energy states and introducing the effective pseudo-spin 7 =1/2 operators, 7, which acts on these states as

nlsy==%lsD. mrls) o) o ls) =0,

il =+, s, Tl =0,

we obtain the following effective Hamiltonian of the anisotropic Heisenberg chain with anisotropy parameter
1/2 in the uniform and spatially modulated longitudinal magnetic fields

Hiyg = D (-t 40w+ e )= U + MOl 73y i= 48, [©)
"
where
B =H-J)-J/2-8J016, K =H-J!-J/2, (4a)
and
5
h,"‘(n):iﬂé.lfsin[zn)‘ hf(n):z-EJ?cos[in]. (4b)
3 3 3 3

Thus, the effective Hamiltonian is nothing but the anisotropic XX7 Heisenberg chain in uniform and
spatially yrimerized modulated ic fields. The exch i py parameter of the effective model
A=1/2, (4 =-1/2) for ladder with antiferromagnetic (ferromagnetic) legs Jy>0, (J;<0 ). It is worth
noting that a similar problem has been studied intensively in past years [24-26]. At & =0, the effective
Hamiltonian reduces to the XXZ Heisenberg chain in a uniform longitudinal magnetic field. The magnetiza-
tion curve of this model has only saturation plateau corresponding to the fully polarized chain. At //=0 and
Jf >>.Jy, spins coupled by strong rung exchange form singlet pairs and the nonmagnetic and gapped

ground state of the ladder system is well described by superposition of on-rung singlets. In terms of effective
7 -spin model, the ground state dstothe ic order with ization per site m = —1/2,
In the opposite limit of very strong magnetic field 7 >>J! , fully polarized state of the ladder with magneti-
zation per rung M=1, is represented in terms of effective r -spin chain as the fully polarized state with

Bull. Georg. Natl. Acad. Sci,, vol. 6, no. 2, 2012
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magnetization per site m = 1/2 . This gives the following relation between the magnetization per rung ofthe
ladder system and the magnetization per site of the effective chain m= M -1/2.

The performed mapping allows to estimate the critical field /7, corresponding to the transition from a
gapped rung-singlet phase to a gapless paramagnetic phase, the saturation field H, corresponding to the
transition onto the fully polarized phase as well as the critical fields /7., and /7., which mark borders of the

magnetization plateaus at M =M, /3 and M =2M, /3. The direct way to express H,, and H,, in

terms of ladder parameters is to perform the Jordan-Wigner transformation which maps the problem onto a
system of interacting spinless fermions [27]:

=Y [Ha,a,, +he)+V-a aa,a,, -+ (n)-ala,l, i=AB ®)

where 1 =V =, /2, pg=3J+h, p(n)=h(n).

The onset and saturation critical magnetic fields. The lowest onset ( /7, ) and highest saturation ( /7,,, )
critical field corresponds to that value of the chemical potential 1, for which the band of fermions (or holes,
after the corresponding particle-hole transformation) starts to fill up. In this limit we can neglect the interac-
tion term in (5) and obtain the model of free particles with three band spectrum. Below; in this subsection we
consider only the case of “B” type of exchange modulation. Generalization of these results for the case “A™
is straightforward. In this case three bands of the single particle spectrum are given by

Eh)==H +0 + 147 coslk),
E(k)==H +J° + J\[T+ 7% cos(@(k) + 27 /3), ©)
E) ==+ + J\1+ 7 cosp(h)+47/3),

where 7 =8J /J, and

]
and -7 /3 <k <z /3. This gives
11‘,,,:Ji’+’—(;+./‘_ 1477 cos(¢(x /3)+47 /3)., (8a)
in the case of antiferromagnetic legs ( Jy>0)and
=L eI 177 c0sgl0), 8b)

in the case of ferromagnetic legs ( J,<0).

To estimate the critical magnetic field H,, . which marks the transition into the phase with saturated

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012




9l
Magnetization Plateau in the Spin S=1/2 Two-Leg Ladder with Trimerized Modulation ... LB

magnetization, it is useful to make a site-dependent particle-hole transformation on the Hamiltonian Eq.(5):

a, — d, . Up to constant the new Hamiltonian reads

Hy =Y 1=d}d,, +he)+V-did,d; d,, =) + () d;d, 1. ©

where the hole chemical potential x| = -, +J,/2. In terms of holes, /1, corresponds to the chemical
potential where the band starts to fill up. and one can neglect again the interaction term. However, the effect

ofinteraction is now included in the shifted value of the chemical potential for holes. After simple transforma-
tions, we obtain

Hyy =% 432431+ 77 cosp(0), atl; >0,
Hy, =J] +12=J\1+y cos(p(n/3)+47/3), at J;<0. (10)

The spectrum of the system in the free fermion limit (6) allows also to determine two other important
parameters which characterize the values of magnetization in the magnetization curve of the system in which
the additional plateaus appear and the values of magnetic field which correspond to the center of each
plateau. Below we consider only the case ./, > 0, however extension to the case /, < 0 is straightforward. At
1/3-rd band-filling, all states in the lower band (k) are filled and separated from the empty at £, (k) band
by the energy gap 2A| = E,(0) - £,(0) . Therefore, the first magnetization plateau will appear at magnetiza-
tion equal to 1/3 of the saturation value. The magnetic field at the center of the plateau is given by
H,, =J° +E,(0)+ A} . Analogously at 2/3-rd band-filling, all states in the lower bands E, (k) and E, (k) are
filled and separated from the empty E, (k) band by the energy 2A] = E, (7 /3) - E, (7 /3) . Therefore, the
second magnetization plateau appears at magnetization equal to 2/3 of the saturation value and the magnetic
field at the center of plateau is given by I1, =J7 + E,(0)+Aj . Since at finite band-filling the effect of
interaction between spinless fermions cannot be ignored the width of the plateau differs from its bare value
ZA?/’ =1.2 . In the forthcoming section we use the continuum limit bosonization treatment of the effective
spin-chain model (5) to determine parameters characterizing the appearance and scale of the magnetization
plateaus.

Critical magnetic fields characterizing magnetization plateaus /4, and H_, . To determine the critical
fields which mark borders of the magnetization plateaus we use the continuum-limit bosonization approach.

Following the usual procedure in the low energy limit, we bosonize the spin degrees of freedom at fixed
magnetization per site m as follows [28]

\F
m+
n

T ”K"[Hg-sin(x 4ﬂK¢(x)+(2m+l)nn)
T

)90+ Lsin( VATKY 0+ Qm+ D), (11a)
4

1
I (11b)

where 4 and B are non-universal real constants of the order of unity [29], ¢(x) and 6(x) are dual bosonic
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nrmnass

fields 6,4 = ¢,0 and K(A.m) is the spin stiffness parameter for spin chain with anisotropy A and magneti-
zation m. At zero magnetization K(A,0)=7/2(1-arccosA) and therefore for a ladder with isotropic
antiferromagnetic legs K(1/2.0) = 0.75 , while for a ladder with ferromagnetic legs K(-1/2,0)=1.5 . Atthe
transition line into the ferromagnetic phase, where the magnetization reaches its saturation value m,, = 0.5,
the spin stiffness parameter takes the universal value K(0.5,4) =1 [28]. Respectively for finite magnetiza-

tion, at 0 <m<m,, and J, >0 (J;<0) the function K(m,4) monotonically increases (decreases) with

increasing mand reaches its maximum (minimum) value at i ization K (m,,.2)=1.
Using (11) we obtain the following i limit ized Hamiltonian to describe infrared properties
of the system at magnetization m, H,, = H, + H,. where
5 5 K. |
Hy = [dx| 12,9) +£2.0) -1, , i=AB
=] \[_(md’) L0007 K [~ ,tailJ (12a)
i
Hi== 43 J‘(br[cos(xurr}\'ai +27(m+1)x) - cos(VAT K + 27 (m +§m] . (12b)
27a,
W
H = 5 ztx[sixi(~/47r[\'¢+27!(n1+%)x}+sin(~/4ﬂ[\'¢+2fr(m+%)x)]. (12¢)
wa,

Away from the commensurate values of effective chain magnetization »=-1/6 and m=1/6 corre-
sponding to the ladder magnetizations M = M., /3 and M =2M, /3 . respectively the sine terms in (12)
are strongly oscillating and have to be neglected. In this case the system is described by the gapless

Gaussian bose-field and the spin system is in the gapless paramagnetic phase with finite magnetization,

which conti increases with i ing magnetic field, till it reaches the commensurate values m = £1/6 .

At m=-=1/6 (m=1/6) the first (second) sine term in Eqgs. (12.b-c) is non-oscillating and has to be
retained. Up to an irrelevant shift on constant of the bosonic field, the general bosonic Hamiltonoian which
describes infrared propertics of the ladder for both “A™ and “B™ type of trimerized rung exchange modulation
is given by

Hy = [dv| 1@.) +16, )7/1(,J‘ ¢+——L()\w/47{l\'¢‘} i=A,B 13)

where A =5J° /3 and A% =26J° /3. The Hamiltonian (13) can be easily recognized as the standard
Hamiltonian for the ate [30] sition which has been intensively studied using
bosonization approach [31] and the Bethe ansatz technique [32]. Below we use the results obtained in [31, 32]
to describe the magnetization plateau and the transitions from a gapped (plateau) to gapless paramagnetic
phases.

Let us first consider /) = 0 . In this case the continuum theory of the initial ladder model in the magnetic

field H =.J, +J,/2 isgiven by the quantum sine-Gordon (SG) model with a massive term =~ A 1, sin(V47 K¢).
From the exact solution of the SG model [33] it is known that the excitation spectrum of the model (13) is

gapped and the value of the renormalized spin gap M, scales with its bare value as [34]

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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M, = Jy(A/J)"* Thus for A}, =0 the low-energy behavior ofthe system is determined by the strongly
relevant modulated magnetic field (i.e. modulated part of the rung exchange), represented by the term
K 5{n(m¢). In the ground state the field ¢ is pinned in one of the minima of the potential
< sin(maﬁ) [>=~1. In view of (7a) we conclude that this state corresponds to a long-range-ordered
antiferromagnetic phase of the effective Heisenberg chain (2), i.e. to a phase of the initial ladder system.
where spins on weak rungs which have a dominant triplet character and spins on strong rungs with (7 =3m+1)
predominantly singlets. At h”,, # 0 the very presence of the gradient term in the Hamiltonian (12) makes it
necessary to consider the ground state of the SG model in sectors with nonzero topological charge. The
effective chemical potential ~ 4,@ ¢ tends to change the number of particles in the ground state i.e. to
create finite and uniform density solitons. However, this implies that the vacuum distribution of the field ¢
will be shifted with respect to the corresponding minima. This competition between contributions of the
smooth and staggered components of the magnetic field is resolved as a continuous phase transition from a

gapped state at /i, <M, to a gapless (paramagnetic) phase at 4}, > M, [25]. The condition 4}, = M,

sol

gives two additional critical values of the magnetic field H, =0 ++., +,(6.° /) "™

. Correspond-
ingly the width of each magnetization plateau s given by H, = H, = 2C,J, (JJ? 2N )( 9 To estimate the
numerical value of the spin stiffness parameter A at magnetization m and anisotropy 4 , we use the following

ansatz [35]

K(m,l):K(O,A)+M[I—K(O.A)]- 13)
m

This ansatz gives that K =0.87 at J; >0 and K =1.335 at J, < 0. It is straightforward to get that in the
antiferromagnetic case the width of the magnetization plateau scales as §' ', while in the case of a chain with
ferromagnetic legs it scales as 8.

Conclusions. We have studied the effect of period three modulation of the strong antiferromagnetic rung

exchange on the ground state magnetic phase diagram of a spin-1/2 ladder.

In the limit commensurate with rung exchange uniform magnetic field, we map the model to an effective
XXZ Heisenberg chain in the presence of uniform and spatially modulated longitudinal magnetic fields. The
anisotropy parameter of the effective chain 4 = 0.5 (4 =-0.5) for a ladder with isotropic antiferromagnetic

(ferromagnetic) legs, while the amplitude of the effective magnetic field modulation is proportional to the
Litud

of the rung exch dul §. Using the i limit bosonization treatment of the

effective spin-chain model, we have shown that modulation of rung exchange leads to generation of two gaps
in the excitation spectrum of the system at magnetization equal to the 1/3 and 2/3 of its saturation value. As
a result, the magnetization curve of the system M(H) exhibits two plateaus at M =M /3 and
M =2M_, /3. The width of the plateaus is proportional to the excitation gap and scales as 6", where the
critical exponent v = 1.13 in the case ofa AF legsand v = 1.50 in the case of ladder with ferromagnetic legs.
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ABSTRACT. CeH,, ~type ordering hydrides are considered. Different ingredients of the total heat
capacity C(T) of these ordering interstitial alloys are calculated and the summary result is compared
with the corresponding experimental data.
Metal-| hvdrogen mtersmlal alloys (M -H compounds) are considered usually as consisting of
d ing main the lattice of metal atoms, the
set of interstitial light atoms located in tetrahedral interslmal positions (tetra-positions) and octahedral
interstitial positions (octa-positions), and the system of conduction electrons. It has to be taken into
account that in superstoichiometric rare-earth dihydrides the subsystem of additional light atoms
distributed on the set of octa-positions reveals a tendency to form ordered spatial configurations, which
is associated with corresponding changes of the internal energy ofllght atoms. Generally, in rare-earth
hydrides we have to consider as well the \ of local with metal
ions, but in the hydrogen-rich cerium hydride magnetic interactions in the lattice we assume to be
igibly small. In such itions the heat capacity C(T) of the given M-H compound consists
of the following main components: a) heat capacity caused by acoustic waves in the metal lattice, b) heat
capacity caused by local vibrations of light interstitial atoms in tetra- and octa-interstitial positions
(characterized by different local frequencies), c) heat capacity related to the ordering processes in the
subsystem of octa-hydrogen atoms, and d) heat capacity induced by conduction electrons.

Basing on the standard mathematic expressions for the heat capacity ingredients mentioned above
and using the set of energy constants defined in our previous article, an excellent coincidence between
the calcul. and (T d is obtained in a wide temperature range. © 2072 Bull.
Georg. Natl. Acad. Sci.

ther

Key words: rare-carth hydrides, ordering processes, ingredients of the total heat capacity.

Introduction. The ordering superstoichiometric  dependences of characteristic physical properties and,

rare-earth dihydrides were widely investigated during ~ finally, to understand the nature of hydrogen-metal
the 1960s-1990s. Careful measurements were made and bonding in different metal-hydrogen compounds. In

the most significant results were summarized in a all cases it was assumed that in “heavy metal” — hy-

number of reviews (see e.g. [1]). Some attempts were
made as well to describe the observed temperature

drogen alloys (M-H alloys) H-atoms occupy intersti-
tial positions of the given symmetry and that at low

© 2012 Bull. Georg, Natl. Acad. Sci
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temperatures they form some spatially ordered con-
figurations (if their number is less than the number of
corresponding interstitial positions). Thus, we usu-

ally consider the M-H compounds as consisting of
devend

temperature T, (for local vibrations of H-atoms lo-
cated in tetrahedral sites of fcc metal lattice), and
factor g (characterizing the electronic specific heat).
Some basic mathematical relations were also pre-

some, ther!
subsystems: metal lattice, the set of interstitial light
atoms, and the system of conduction electrons. We

dy lly sufficiently i

assume additionally that even if metal ions possess
some local magnetic moments, magnetic ordering in
the lattice is absent (i.e. magnetic interactions in the
lattice can be neglected). In such conditions the meas-
ured heat capacity C(T) of a given M-H compound
can be considered to contain the following ingredi-
ents: that induced by the acoustic waves in the lattice
of N'metal atoms (denoted as C (7)),that induced by
the local vibrations of N, light interstitial atoms (de-
noted generally as C_ (7)), thatrelated to the ordering
processes (denoted as C_ (7)), and that induced by
conduction electrons (denoted as C (D),

It should be stressed that in the case of cerium
hydrides (as well as in lanthanum hydrides) even a
small number N, of H-atoms embedded in the hcp-
lattice of N metal atoms (V,, << N) form local “is-
lands™ of dihydrides MH, with a fcc metal lattice
where H-atoms occupy preferentially tetrahedral in-
terstitial positions. For compounds MH, _(0<c<1)
it was established that N metal atoms form a fcc lat-
tice, where 2N H-atoms occupy 2N tetrahedral inter-
stitial positions (they are called “H -atoms™), while
additional cN H-atoms (called respectively “H,-at-
oms”) are distributed among N octahedral interstitial
positions and at low temperatures form spatially or-
dered superstructures described by two long-range-
order (LRO) parameters, 17, and 17,. Correspondingly,
we have to distinguish local vibrations of H -atoms
and H -atoms, as their bonds with surrounding metal
atoms are presumably different.

In our previous article [2] we considered quasi-
stoichiometric dihydrides of rare-earth metals and

adjusted the numerical values of characteristic pa-
rameters describing the heat capacities of different
subsystems in metal-hydrogen compounds — the

Debye characteristic temperature T, (for acoustic

vibrations of metal lattice). Einstein characteris

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2, 2012

sented for of specific heat ingredients —
C (D). C(T) and C (7). We shall not repeat these
expressions here, and concentrate our attention on
the additional ingredients of the total heat capacity
in compounds M/, (x > 2) induced by the set of H -
atoms. These are the heat capacity associated with
local vibrations of /7 -atoms in the ordered and dis-
ordered spatial configurations COD(H")‘ and the heat
capacity of the ordering process C, (7).

Formulation of the problem. In [3] the results of
low temperature heat capacity measurements taken
on cerium hydride CeH,  were presented, where the
influence of hydrogen ordering on the temperature
dependence of the total heat capacity was clearly
registered. We intend to calculate temperature de-
pendent heat capacity of this compound, basing on
the symmetry properties of the free energy function
of ordering subsystem established in [4], due to
which the hydrogen vacancies ordering process in
CeH, , can be described as the ordering of H,-at-
oms in the compound CeH, .

Heat capacity of the ordering process in a sys-
t ized by two LRO This prob-
lem was widely considered in a number of our previ-

ous articles and we shall give below only a brief sum-
mary of the main mathematical relations.

Ordering ofa binary A-B alloy implies that differ-
entsites of a given crystalline lattice are characterized
by different occupation probabilities of A and B com-
ponents. In case of the ordering hydrogen subsystem
theroles of 4 and B atoms are played, respectively, by
H-atoms and their vacancies. It was established [5]
that in superstoichiometric cerium dihydrides CeH,
the ordering of H-atoms located in octahedral posi-
tions (H,-atoms) is characterized by two LRO-param-
cters n,(7)and ,(7), which provide existence of three
different probabilities (of octahed
stitial positions) - i, n, and n;:
nm=c+ny+2ny n=ctny+2ny
n=c=ny O}
(y =0.25 isa normalizing factor).

linter-
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Fig. 1a. Trajectory of the ordering process in (1, 1,) space

Equilibrium values of the order parameters n,and

7, are determined from equations [5]
In ([ (=n PY[(1=n)(A=n) 1) =~V T) 1, (2a)
In [, (=) / n,(1=n )] = (V) D) m, (@2b)
which can be solved only numerically (¥, and V,are
Fourier-components of H -H, interaction potential
taken in temperature units; they can be estimated
from experimental data).

The main energy parameter of the ordering sub-
system is the ratio p = [,/ V']. In the case of CeH,
compounds p > 1; particularly, plCeH ] =1.25[5].

The ordering subsystem of H,-atoms is charac-
terized by the ordering energy [5]

E, (1) = Nk, 0.5 [V, (yn, P +2V, (m,] 3
which is zero in the disordered state and reaches its
lowest value at maximum order.

Heat capacity of the ordering subsystem is deter-
mined as temperature derivative of the function
Eoni(mym,):

C, D =dE_(n,n)/dT @

Numerical results for the ordering subsystem
in the model compound CeH, . Itisknown [1] thatin
the given compound 2N tetrahedral interstitial posi-
tions are filled by 2V H,-atoms, while concentration
of H-atoms ¢ equals ¢ = 0.14. It can be estimated 4]
that in cerium dihydrides for concentration ¢ = 0.14
the energy parameters of the ordering subsystem v,
and V, are as follows:

V[Cell,  ]=~1540 K, V[CeH,

214

1=-1925K. (5)

Solution of equations (2) gives us a detailed de-

214

scription of the ordering process presented in Figs

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2. 2012

Fig. 1b. Temperature dependence of occupation numbers

laand 1b, showing, particularly, the trajectory of the
ordering process in the space of order parameters n,
and n, (Fig. 1a), and temperature dependence of oc-
cupation numbers 7,(7), n(T) and n(T) (Fig.1b).
(“Trajectory of the ordering process™ is the sequence
of points in the (17, 7,)-space denoting the set of
equilibrium states at gradually varying temperature).
The ordering energy (3) and its temperature de-
rivative (4) are given in Figs. 2a and 2b, respectively.
Numerical results for the heat capacity of com-
pound CeH, . Using the mathematical scheme al-
ready applied to the heat capacity calculations in
quasi-stoichiometric lanthanum dihydride LaH, [2]
(where all hydrogen atoms were assumed to be lo-
cated exclusively in the tetrahedral interstitial posi-
tions) and adding the heat capacity parts associated
with vibrations of “superstoichiometric™ #, -atoms
and with ordering of these H -atoms, we arrive at the
following summary expression:
C(T)[CeH, ) =C,(MY+C, (H)+

+C,(H)+ C, (H)+ C,,

o 7 ©)
where the first, second and last term (metal lattice
acoustic waves, vibrations of H,-atoms and electronic
specific heat) were already considered in [2], while
the third and fourth terms will be considered below.

As mentioned above, equations (2) can be solved
only numerically and consequently analytical tem-
perature dependences cannot be obtained either of
the energy function (3). or of its derivative (4). Nu-
merical dependence C, (H,) is given in Fig. 2b, on
assuming that concentration of the ordering compo-
nent equals ¢ =0.14.
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Fig. 2a. Temperature dependence of cquilibrium energy of
the ordering subsystem
The heat capacity related to local vibrations of
H,-atoms is proportional to the number of oscillating
particles, and thus, we imply that in this case ¢ = 0.86.
A few words about the electronic term which is
presented usually as C (7) = g T, where g depends
on the number of mobile electrons (or on the density
of states at the Fermi level). It was established that
during the hydrogenation process hydrogen atoms
introduced in the lattice of rare-earth metals capture
itinerant electrons of metal lattice and deplete gradu-
ally the conduction band [6]. In order to take this
effect into account we have used the “reduced value™
of factor g (determined experimentally for pure
dihydride and used in [2]) on applying the relation:
glCeH,, | = (1-¢)g[CeH,]. (U)
Proceeding from physical reasons we have se-
lected the following set of parameters characterizing
the metal-hydrogen system investigated in [3]:

= 140K, T, (tetra) = 1240K, T, (octa)= 744K,

£-=0.00028 (cal /mole K?). )
20 ; —— —

_ T [CeHyy

x i

2 15 clord]=0.14

2 V, =- 1540 K

= 10 Va=-1925K cltef] =2, cloct] = 0.86

8 ; oo™ 140 K

= e Teltet] = 1240 K

E Teloct] = 744 K

T K
Fig. 3. Temperature dependence of the heat capacity of
Cell, .. The sequence of triangles — cxperimental data
ull line — calculated C(7) curve. The numerical
values of the characteristic parameters are indicated in
the figure
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Fig. 2b. Heat capacity of the ordering subsystem

The results of calculations based on parameters
(5) and (8) are presented in Fig.3 together with experi-
mental points [3]. We see that general experimental
C(T) dependence in a wide temperature range is suc-
cessfully represented by the calculated curve.

Brief comments. Agreement between the theo-
retical and experimental data is excellent, but there
arise some doubts. We have not taken into account
the hydrogen “weighting” effect induced by order-
ing processes [7]. Our attempts to modify parameter

T,,q(octa) and to make it temperature dependent (as
in the case of deuteride ¥,D [7]) gave a negative
result —modified C(7)-curve became separated from
experimental points. This apparent “anomaly” has to
be considered in the future. (Perhaps the mobility of
massless vacancies of H -atoms in the ordering
CelHl, ,, is qualitatively different from the mobility of
H,-atoms in the ordering CeH, , ).

Conclusions. In spite of the used crude assump-
tions the selected set of energy parameters (5) and
(8) enable us to give an adequate description of the
heat capacity temperature dependence of the given

tal-hyds d.P s (8) are slightly
different from those used in [2], and this is a strong

stimulus for further investigations aimed to under-
stand the physical reasons of variations of the men-
tioned parameters induced by variations of hydro-
gen concentration.

Acknowledgements. The authors thank Prof.
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ABSTRACT: Development of atomic power engineering with nuclear fuel cycle brings forward the
requirement of the condition control of the spent nuclear fuel (SNF). First of all, these are burnup,
isotope structure of nuclear materials and fission products, data on the condition of shells of fuel elements,
etc. It should be noted that detailed analysis of the specified parameters is important at all stages of the
nuclear fuel life cycle at the nuclear power plant and in general at plant independently of the reactor
type. Various aspects of increasing the safety of nuclear plants working on thermal neutrons are discussed.
A new method based on application of Cherenkov effect and optical fiber for measurement of the nuclear
radiation power, identification of the spent fuel assemblies and determination of the burning factor of the
nuclear fuel is considered. Knowledge of burnup depth and isotope structure is necessary for elaboration
of recycling strategy or burial of radioactive wastes. It is also important to reliably identify the spent fuel
assemblies (SFA) to exclude the possibility of leak of the SNF, which may be used for manufacturing
‘weapons of mass destruction. © 2012 Bull. Georg. Natl. Acad. Sci.

Key words: Cherenkov 1, ier; nuclear fuel, ligh diode.

In this work different aspects of using Cherenkov
radiation to promote the increase of the nuclear
safety of nuclear plants working on thermal neu-
trons and using water as heat carrier are consid-
ered. For this purpose to register nuclear radiation,
first of all yradiation, a highly sensitive detector
based on Cherenkov effect and fibre-optical light
guide has been created.

It is known that Cherenkov radiation is generated
in light-transmitting medium under the following con-
dition: Bn>1, where n is the refractive index, = v/c; v

isthe velocity of charge particle in the medium and ¢
- light velocity in the vacuum. For example, the thresh-
old energy of electrons necessary for production of
Cherenkov radiation in water with the refraction in-
dex of 1.33is0.26 MeV [1,2].

The main advantage of the proposed system is
its selective properties towards the y-radiation
sources and the lack of necessity of voltage supply
to the detector in the working zone and exceptional
speed of operation of the registration device (units
of nanosecond).

© 2012 Bull. Georg. Natl. Acad. Sci



68 Badri Chiladze, Nodar Lomidze, ..
200
i 150 [~ 2
€ E
3 wf 4 i
50 * 4 +
o0 Eu I I | I o +. + AP
o 5 10 15 20 25 30 35 40 45
Distance from source (cm)
3000
$..f 4
Z200F P A
3 E :
S E ¥
® 1000 [ & &
5 =
F A
L ] I | I ! | L 1 |
0 5 10 15 20 25 30 35 40 a5
Distance from source (cm)
60
£
£ wl o
-] F
3 L
LI L L]
3 L
oL ! ol | | | i 1. Ll
30

o
@
o

15 20

35 40 45
Distance from source (cm)

Fig. 1. Number of pulses measured by Cherenkov detector vs distance

The basic parts of the system are: a) a radiator
generating Cherenkov radiation under the impact of
ionizing radiation (mainly y-radiation); b) optical fiber
for signal transmission; ¢) detector of light radiation
- aphotomultiplier. Depending on the task. the radia-
tor can be made of quartz or plexiglas and other opti-
cal transparent materials. Distilled water can be also
used as a radiator.

At determining the burnup factor and identifica-
tion of the SNF one deals with high levels of radia-
tion which cannot be obtained in laboratory environ-
ment. Therefore it was necessary to find an appropri-
ate technical solution which would allow testing the
method in conditions close as possible to the real.

Since the method is based on registration of ul-
traviolet radiation, its check can be carried out in
laboratory environment by means of an imitation of

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

radioactive radiation by a light source operating in
ultraviolet spectrum. It is enough to use a light-emit-
ting diode (LED) as such source. with appropriate
parameters, which is fed from the pulse generator. If
we pre-calibrate the system from the radioactive ra-
diation source it is possible to imitate the radioactive
radiation dose by selection of the pulse parameters
submitted to the LED from generator, thereby, the
laboratory conditions get as close as possible to the
real. Consequently, special equipment has been con-
structed with the help of which the Cherenkov detec-
tor may be fixed at the required distances from the
radioactive source. Radiation dose at different dis-
tances has been measured by means of a dosimeter,
and then similar measurements have been carried out
with Cherenkov detector which is described in [3].
The results of measurements are presented in Fig.1.

i}
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Table 1. Results of measurements for three different emission frequencies of LED,

obtained by one photomultiplier

Frequency | S-cores 10-cores 15- cores 20- cores 24- cores
30 khz 1066£15 5748+27 1153030 14578+32 1599832
100 khz 288821 1703239 3570052 4617758 4985559
200 khz 6536+33 3478 £58 75489£65 9499572 10584790
D d of the pulse number d by Cher-  middle. Moving the Cherenkov radiator along the

enkov detector on the distance from the radioactive
source is shown in Fig. la. Distribution of the radia-
tion dose measured by dosimeter along the same dis-
tance is presented in Fig.Ib, and Fig.lc shows the
dependence of the ratio of the radiation dose meas-
ured by dosimeter to the pulse number measured by
Cherenkov detector at different distances from the
radioactive source.

As seen from Fig.lc the number of pulses meas-
ured by the photomultiplier is proportional to the
radiation dose. Consequently, it may be assumed that
such proportional behavior will be valid in the range
of the high radiation dose. It means that high inten-
sity of radia

ion can be simulated by means of a light-
emitting diode, and this method can be applied to
laboratory measurements.

To identify the spent fuel assemblies, the Inter-
national Atomic Energy Agency us

s optical appara-
tus as well as night vision television cameras [4,5].
Close to SFA surveillance cameras quickly fail under
the influence of radiation. Increasc of the distance
from SFA cause:

of cameras, which becomes insufficient for the full

sharp decrease of the resolution

identification analysis of SFA. Besides, special mono-
chromatic filters are required for the television cam-
eras o observe the ultraviolet part of the spectrum.
Therefore, in this case use of apparatus directly reg-
istering Cherenkov radiation is quite justified, as it
does not suffer from the disadvantages mentioned
above.

As is known the distribution of the radiation
power of the spent fuel assembly along its length

has cosine form. i.c.. achieves a maximal value in the

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2, 2012

full length of SFA, it is possible to determine the form
of distribution of the radiation power and thereby to
determine the presence of nuclear material in the as-
sembly under examination.

Itis practically impossible to create in the labora-
tory conditions close to those in a real reactor. There-
fore to test the method an experimental device was
constructed with the help of which radioactive radia-
tion was simulated by ultra-violet LED. As shown
above, it is possible to replace the radioactive radia-
tion source with radiation of LED and to assume the
number of registered pulses to be proportional to the
radioactive radiation dose.

To carry out experiments a mechanical device was
made representing a metal bedplate of the size of 710
mm x 300 mm. A rectangular platform of the size of
260 mm x 140 mm moves horizontally on this bedplate.
The movement of the platform is carried out with the
help of a micrometer screw. The screw is put in rota-
tion by the handle supplied with a revolution coun-
ter. An optical cable with 74 cores and 300 mm in
length is fixed on the platform. One end of the cable
is untwisted in five plaits. The number of optical veins
inplaitsis 5. 10, 15, 20 and 24 respectively. Plaits are

fixed on a platform by means of two interdigital-clamp-
.

ing laths with i-apertures of the corr
diameter. The distance between the centers of
neighbor plaits equals 20 mm. End faces of the veins
are polished and fixed on one line in horizontal plane.
The opposite side of a given optical plait is also pol-
ished and connected to a light source as the ultravio-
let light-emitting diode is used, which is fed from the
pulse generator. Thus, each ofthe plaits forms a light
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Table 2. Results of measurements for thre

e different emission frequencies of LED,

obtained with the start of two i to the circuit
Frequency S-cores 10-cores 15- cores 20- cores 24- cores
30 khz 4=1 49+3 284£7 3848 415+8
100 khz, 142 1506 932+10 128512 1338+13
200 khz 403 455 £7 2712x14 361118 367118

emitter in which the portion of general light flux is
defined by the number of the used optical veins. The
same optical plait with 74 cores and length of 8 m is
fixed on a bedplate, opposite to the end faces of emit-
ters. It is connected to the photomultiplier and to-
gether with it carries out the function of a light re-
ceiver. The holder design allows a precise matching
of the center of the light receiver with the center of
the chosen emitter radiator in a vertical plane. A trans-
versal motion mechanism of the platform allows
smooth changing of the distance between the light
receiver and emitter in the range from 1 mm to 50 mm.
All optical nodes of the construction are protected
from external light sources by a boot made of
lightproof material

Measurements have been conducted with the help
of program LabVIEW [6], which allowed obtaining
results in the graphic and digital configuration. The
results of measurements for three different frequen-
cies are presented in Table 1. Data in the table are
shown with a deduction of the photomultiplier back-
ground. As shown from the obtained results, the de-
tector accurately registers the change of the radia-
tion intensity.

Since high intensity of radiation is usual in the
storchouse, it is possible to apply the coincidence
scheme for unloading of the photomultiplier. For the
coincidence scheme the presence of two photomulti-
pliers is necessary. Therefore the optical plait should
be divided into two identical parts, each of which is
connected to its photomultiplier. In this case the in-
fluence of internal noise of photomultiplier is thus
excluded, improving accuracy and expanding the
measurement range. Measurements with a source

Bull. Georg. Natl. Acad. Sci,, vol. 6, no. 2, 2012

were performed using the method mentioned above
with the same frequencies and the results are shown
in Table 2.

As seen from the obtained results the account
rate is approximately decreased by two orders. The
number of Cherenkov photons is decreased (the light-
emitting diode radiates more light quantum in one
portion) and in this case the detector registers only
intensity change. The obtained results show that by
means of this method it is possible to control the
condition of the SFA and, thereby, to identify the
presence of nuclear material in it.

As isknown, under the influence of neutrons there
occurs fission of nuclear fuel in the reactor. It causes
an aggregation of the decay products in the spent
fuel assembly. This process is called fuel burnup.
Burnup factor is defined as a ratio of the used fuel to
initially loaded nuclear fuel expressed in percentage,
or as a ratio of the generated energy to the mass of
the initially loaded nuclear fuel:

B=N, /LN,
where U, **U and **U are nuclei of which the

nuclear fuel originally consists, and N, _is number

dec
of the decay nuclei. The burnup factor defines the
congestion of fission products in nuclear fuel, where
~16% is gaseous isotopes of krypton and xenon. At
burnup expansion the pressure of gases under shells
ofthe spent element grows, which can cause a break-
down of its housing. Among fission products there
are also nuclides which have a great absorption
cross-section of neutrons. Accumulation of these
products can lead to interruption of the nuclear chain
reaction. Hence the importance of knowledge of the
burnup factor.
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The larger the burnup factor the greater is the
operating time of the reactor without replacement of
fuel and the less requirement of a new SFA. Besides,
smaller area is needed for storage of the spent fuel
and the volume of transportation from the nuclear
power plant to the manufacturing factory is de-
creased. As a result this gives improvement of the
general economic indicator of the reactor operation.

In [7] the spectral analysis of the y-radiations of
an order of the 200 spent fuel assembly has been
carried out and on the basis of the obtained results

the following conclusions are drawn (Fig. 2):
1. Dependence of the ratio of the measured inten-

vs the inte-

sity of gamma radiation of isotope '*7Cs
grated intensity of gamma radiation of the SFA (in-
creases lincarly with the storage time.

2. There is a lincar dependence between the in-
tensity of gamma radiation of isotope "“’Cs at the
moment of shutdown of reactor and fuel burnup for
all values of fuel enrichment,

These conclusions allow to offer a method of
burnup factor determination, which is based on the
use of Cherenkov detector. The suggested method
gives a possibility to rather simply determine the
burnup factor. It is important that a measurement can
be carried out in parallel with the SFA inspection.
Measurements can be conducted with the help of a
special device, which allows the movement of Cher-
enkov detector along the SFA case with required step.
The radiator of the detector and the part of the opti-

Bull. Georg. Natl. Acad. Sci., vol. 6. no. 2, 2012

cal fiber adjoining it are located in a protective lead
shell. By means of regulation of the gap diameter of
the shell and change of distance from the detector to
the SFA it is possible to allocate a small area of the
SFA and, thereby, change the y-radiation intensity
incident on detector. Information transmission on
photomultiplier is carried out by the optical fiber.

It is known that the neutron beams in an active
zone of reactor are irregularly distributed and conse-
quently the y-radiation intensity along the SFA sur-
face is changed. The ratio of the average intensity of
the categorized fuel assembly (with exact informa-
tion on operation, the date of stay in the storehouse
and the average burnup value) and the spent fuel
assembly with the same fuel cooling time allow to
determine how much more or less burnup occurs in

the spent fuel assembly under inves
BI/B=JlJ,

where B, B and J, J,are the average value of burnup

and intensity of the spent and categorized fuel as-
semblies. As mentioned in the technical quarter re-
ports the radiation intensity has been measured with
high accuracy by the Cherenkov detector. Therefore,
basically the error value in the burning determination
will depend on the miscalculation of the burnup fac-
tor of the categorized fuel assembly.

This work was supported by Shota Rustaveli
National Science Foundation grant GNSF/ST09-1041-
4-200. The authors would like to thank I. Tatishvili for
his help in fulfillment of this experiment.
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ABSTRACT. The distributed anticipatory restratification concept (DARC) points the way to prevent
severe convective storm. DARC provides artificial discharge instability energy of moist unstable lower
atmosphere by convective clouds proactively forced in the area to be protected. The paper discusses some

1 with the imple ion of distributed proactive forcing (DPF) (the previous scheme
ofDARC) It is shown that the so-called meteotron, previously developed as a technical means to increase
rainfall in arid areas, can be much more effective through the realization of DARC in a moist unstable
lower here close to the devel of severe ¢ ive storm. As follows from the simplified
analysis, the required trust of the meteotron and its single run time strongly depend on the distance up
to the bottom of capping inversion, the other conditions being equal. This puts to the fore the
implementation of the schemes with location of meteotrons on mountain tops and in the marine
environment. Cn this basis the new scheme of imported proactive forcing (IPF) is proposed. The potential
applications of IPF for preventing hailstorms in the Alazani Valley (with location of the meteotrons on the
mountain tops) and excessive rains in Ajara (with location of the in the marine i )

are considered. The potential of DARC to prevent the development of severe tornadoes is outlined. The
evaluation is made showing that the main conclusion of simplified analysis of the strong dependence of
the main operating parameters on the distance up to the capping inversion will remain in force after a
thorough analysis of the problem as well. © 2012 Bull. Georg. Natl. Acad. Sci.

Key words: hailstorm, capping inversion,instability energy,convective available potential energy, distributed
anticipatory restratification,imported proactive forcing.

Introduction. R&D activities in the field of modifi- ~ restriction of the development of a severe convec-
cation of convective clouds are mainly focused on tive storm by modification of its energy basis [6].

the technology of cloud seeding to mitigate the hail According to generally accepted ideas, in the
impact [1-5]. There is also another approach aimedat ~ warm season, a severe storm depends largely on the

© 2012 Bull. Georg. Natl. Acad. Sci
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interaction between lower atmosphere warmed by the
sun and the capping inversion [7-9]. Solar heating is
asupplier of the instability energy (convective avail-
able potential energy (CAPE)) for the upcoming con-
vective development. Capping inversion represents
a remainder of a stable boundary layer formed
through cooling the air by the earth surface in the
night time.

After sunrise, the cool boundary layer is not com-
pletely destroyed by solar heating and gradually
climbs into a capping inversion, limiting the convec-
tion height. In the daily cycle, capping inversion not
only retards a lot of instability energy in the lower
atmosphere, but contributes to the collection of a
large amount of CAPE in a single convective cloud,
supporting strongly the development of severe con-
vective storm [6-9].

On this basis. DPF (the previous scheme of DARC
[6]) points the way to prevent development of severe
convective storm through discharging a great amount
of CAPE, held under capping inversion, by several
convective clouds. proactively forced in locations
distributed across the territory to be protected.

The paper discusses the conditions for implemen-
tation of DARC. Strong dependence of the efficiency
of the so-called meteotron on the distance up to the
capping inversion is identified. The new scheme of
imported proactive forcing (IPF) is proposed applied
to the hailstorm problem in the Alazani Valley and
excessive rains in the Autonomous Republic of Ajara.
The potential of applying DARC to prevent strong
tornadoes is outlined.

2. Conceptual basics of the study. The strength
of a convective cloud depends on the instability en-
ergy involved in its development. The more CAPE is
collected by the cloud, the stronger it becomes and
the higher. According to [6]. in pre-hailstorm situa-
tion, CAPE and absolute humidity in the lower at-
mosphere are more than 225 J/kg and 710, respec-
tively. Besides, “medium™ hail-producing convective
cloud collects CAPE at least from 1000-1500 km?.

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

Fig. 1. A scheme of development of strong convective
cloud

A scheme of development severe storm is shown
in Fig. 1. Since the first air stream breaks capping
inversion, ascending air flow turns into the struc-
ture-forming dynamic core of the future convective
cloud. At this point. capping inversion serves as a
kind of “umbrella” collecting warm moist air in a sin-
gle convective cloud from a large area.

As shown in Fig. 1. the cloud moves along the
earth’s surface, permanently gaining strength. In ad-
dition, the cloud gradually discharges CAPE from
adjusted area and prevents other pass-through chan-
nels on a large territory. Finally, such a cloud can lead
to severe storm with possible dangerous conse-
quences. such as a tornado. hail or thunderstorm.

According to modern concepts [7-9], pass-
through channel rarely results in the break of cap-
ping inversion by internal convection and is mainly
caused by external forcing. Interaction of regional
winds or weather fronts with local orography. devel-
opment of upslope flows by solar heating of moun-
tains or combination of these mechanisms are typical
forms of forcing.

Based on these provisions, DPF offers preven-
tion of a severe convective storm by proactive dis-
charge of previously accumulated CAPE by several
convective clouds artificially formed in capping in-
version [6].
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Fig. 2. A scheme of DPF moist unstable lower atmosphere
using the meteotrons (eight-pointed stars)

A protection system based on DPF [6] is shown
in Fig. 2. The meteotrons are uniformly distributed
over the territory to be protected. When the monitor-
ing system detects a pre-hail situation, the meteotrons
are launched and a system of convective clouds is
formed. Afier collecting the CAPE from the vicinity, a
cloud can only move to an area where CAPE is al-
ready mastered by another cloud. Thus, each con-
vective cloud remains underdeveloped with little

100

chance to result in a severe storm. Integral effect
should be sufficient to proactively “soft” discharge
CAPE above all territory.

3. Conditions of realization of DARC and
associated problems. Development of severe
storm requires collecting instability energy from the
area greatly exceeding the cross-section of the cloud.
At low values CAPE required collection route proves
very long, which extremely reduces the likelihood of
a severe storm. The higher is CAPE the shorter the
required collection route and the higher the chance
of a severe storm.

The parameters of numerous severe storms ob-
served in the USA in 1997-1999 are presented in Fig.
3 [10]. The estimate [6] also is shown. Gaining by
CAPE and wind shear the role of main influential en-
vironmental parameters fully fit in the above logic
(collection route depends on regional wind). An over-
whelming majority of severe storms is observed at
high values CAPE (200-3,000 J/kg) in the range of
wind shear 5-15 m/s. Rare severe storms, correspond-
ing to low CAPE (0.2-100 J/kg), are observed at high
wind shears (20-50 m/s). that is, they are linked to

H

Sfe-6 km Wind Difference {m/s)
S

1 10

108 1000

10000

CAPE {ki/kg}

Fig. 3. The best discriminator of environmental parameters of the severe convective storms observed in the USA in 1997-
1999 (sloping solid line) [10] and the estimate [6] (vertical dashed line).
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long collection routes. The estimate [6] is in rough
agreement with the results [10].

The estimate [6] also is roughly consistent with
the analysis of convective storms observed in Fu-
rope during the warm seasons in 2006 and 2007 [11]:
CAPE around 250 J/kg discriminates between thun-
derstorm and no thunderstorm group and predicts
the probability of severe events when 500 J/kg is
exceeded. Thus, proactive reduction of CAPE in the
lower atmosphere may be an effective way to pre-
vent a severe storm.

DPF should be supported by effective meteoro-
logical monitoring. Accurate identification of a pre-
hailstorm situation may limit the number of startups
of the protection system. The number of the
meteotrons involved in a single run of the system
also depends on the accuracy of the identification of
apre-hailstorm situation over the protected territory.

Another problem is prevention of a merger forced
by the system clouds. According to [6] the merger
can be avoided by keeping the distance between
neighboring meteotrons more than 6-8 km. However,
the estimate needs further validation.

4. Artificial forcing: Technical means and opera-
tional parameters. Previously, the so-called meteo-
tron, burning petroleum products, was used to in-
crease rainfall in arid areas [ 12]. Later the meteotron
was improved by the use of a turbojet engine [13].
However, realized experimental systems proved in-

sufficier 1y ob

for pr
in arid arcas. The proposed new options with very
powerful meteotrons [13] raise concerns in terms of
economic feasibility.

The task is considerably simplified when imple-
menting DARC. Ifin the arid zone the CAPE is about
50 J/kg [13], in the atmosphere with the potential to
generate a severe storm CAPE exceeds 500 J/kg [11].
In the arid zone meteotron is to force cloud in a rather
stable atmosphere, in the case of DARC the same
should be done in unstable moist atmosphere close
to natural initiation of cloud.

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2, 2012

CAPPING

INVERSION

Fig. 4. A scheme of the ascending air jet between the
meteotron and the bottom of the capping inversion

In the case of mountain convection, almost every
summer day, solar heating results in air updrafis that
penetrate the capping inversion and contribute to
forcing a convective cloud [14-15]. Acceleration of
this natural cloud-forcing process by the meteotron
also is obviously an easier task. A similar situation
also occurs with the marine atmospheric boundary
layer, where low location(800-1000 m) and relatively
small thickness (200-400 m) of the capping inversions
[16-17] especially eases the cloud-forcing.

Now let us look, at a first approximation, into the

dependence of the development of an artificial air jet
on the main parameters of the meteotron.

A scheme of the ascending air jet is presented in
Fig. 4. We suppose that to overcome the capping
inversion requires upward air jet with a certain speci-
fied maximum (axial) velocity (U,,) at the bottom of
the capping inversion. The total momentum (Q) and
total kinetic energy (E) of the air mass in the jet can

be equated to:
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Here, pis the density of the air; H is the distance
up to the capping inversion; U is vertical velocity of
the air at the height z and the radius r; R_and F_ are
outer radius and transverse section area of the jet at
the height z, respectively.

Since the jet velocity drops below 100 m/s at the
height of 20 m above the meteotron [ 18], we neglect
themomentum accumulated in this small initial section
(the point z=0 is placed on the top of this section) and
reduce the problem to propagation of the free isother-
‘mal isobaric circular jet of an incompressible fluid. Ex-
tralift effect ofheated air and the natural updrafis also
are neglected. Compli with the c of ZR,
>>1 along nearly the entire height allows to use the
following versions of the relations [ 19]:

diti
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Here, U_is vertical velocity at the axis of the jet at
the height z; U, and R, are vertical velocity and outer
radius at z=0, respectively.

Solutions of the inner integrals from (1) and (2),
respectively, are:

)Zirrdr =

&
[ru.. (1—
o

=037R:pU,, =nR2pU,, ©)
& B LN
J(pl/i,/z)[lf ZRL) 27rdr =
=0.1712 R (pU2 12) =R (pUL /2) (D)
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Here averaged by momentum (U, ) and by kinetic
energy (U,) cross-sectional mean velocities are equal
to:

0.3U, ®)

U, =0414U, )

It may be noted that the specific mean values (8)
and (9) complement the other two mean values; they
are listed in the fundamental reference book [20].

Next, we take the outer integrals and represent
the final results relative to U , and /1:

att

0=/ 037R}pU,.de = 0.244pU R, H* =

=0.0228pU,,, H 10)
u
E= jo.nmk} (pU3 12)dz =1.49p U R H =
°
=0.013pU2, H*. an

Since the total momentum is roughly equal to the
product of the thrust of the meteotron and its single
run time, we can state a very strong dependence of
the operating parameters of the meteotron on the
distance Hat the constant U, Below we shall return
to the issue of the validity of this conclusion when
considering the implementation of a particular case
of DARC.

5. Alazani Valley: potential area for applica-
tion of DARC. The Alazani Valley is the heart of
Georgian province Kakheti. The valley stretches about
200 km and a width of about 50 km. From the south-
west it is adjacent to Tsiv-Gombori Range, from the
north and north-east it is bordered by the Greater
Caucasus Range. The region rather frequently is af-
fected by hail (Fig. 5) [21]

According to [21] several mountains of Tsiv-
Gombori Range are the main cloud-forcing centers
providing the valley by imported convective clouds.
Reproduced trajectories represent the most repeti-
tive events. Some hailstorms have more diverse tra-
Jjectories.

Bull. Georg. Natl Acad. Sci., vol. 6, no. 2, 2012

Pre-hailstorm situations in Alazani Valley are
linked to high CAPE in lower atmosphere [21]. The
role of capping inversion is particularly strongly
reflected by vertical distribution of absolute humid-
ity. It remains in the range (7-11)*10” up to 2.5-3.0
km and decreases sharply at higher layers [21]. As
for cloud-forcing, in full accordance with the above
modern views. a significant role is played by the
mountain upslope air flows linked to solar heating.
Regional winds, cold and occluded fronts amplify
the primary effects and import the arisen clouds into
the valley.

In this context, the realization of DARC through
the imported proactive forcing (IPF) can be proposed,
reproducing in a modified form, the same natural im-
port forced clouds.

IPF can be illustrated by the same Fig. 5. Com-
pared to the natural base, the novelty is equipping of
the same “active” mountains by the meteotrons. Com-
pared to the natural process the novelty is artificial
proactive forcing of convective clouds that should
repeat the natural phenomenon with one fundamen-
tal difference: it is always to be ahead and provide
proactive cloud-forcing at CAPE still insufficient for
severe storm.

Now let us compare the parameters of two cases
of operation of the meteotron: in the Alazani Valley
with a height of nearly 500 m above sea level and on
the top of the mountainTsivi with a height of nearly
2,000 m above sea level. The height of the bottom of
the capping inversion can be equated to 3,500 m
above sea level [21]. The required value of U, could
be considered in both cases as identical.

As shown by simple calculations based on rela-
tionship (10), the required value of the product of the
thrust of the meteotron and its single run time is about

15 times less during operation on the top of the moun-
tain Tsivi (H=1,000 m) than in the Alazani Valley
(H=2,500 m). It is also clear that, relative to the arid
zone, such a factor of increasing the meteotron effect

(FIME) will be much higher.

]
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Fig. 6. Scheme of IPF aimed at reducing rainfall in Ajara with potential locations of the meteotrons (cight-pointed stars)

Now let us assess what changes this conclusion
may undergo with further thorough analysis of the
problem.

The first assumption made on the constancy of
the required values of U, in both cases is equiva-
lent to the assumption of the identity of the capping
inversion over the mountain and the valley. Further,
this assumption can be clarified only a bit toward the
comparatively faster thinning the inversion over the
mountain during day hours because of the natural
upslope convection by solar heating. Obviously,
such a clarification would increase the FIME.

The second assumption suggests the possibility
of characterization of the meteotron effect only by
dynamic component of the momentum, implying that
the thermal component of the momentum (extra lift
effect of heated air generated by the meteotron) is
equally proportional to the dynamic component. both
over the mountain and the valley. This assumption is
quite logical and its refinement is unlikely to lead toa
significant change in the FIME.

The third assumption suggests the possibility of
characterization of the product of the thrust of the
meteotron and its single run time only by the momen-
tum gained below the section z=H. Addressing the
role of the part of the total momentum gained above
this section, of course, will lead to an increase of this

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2, 2012

product. However, such an increase would likely be
nearly proportional in both cases, over the mountain
and the valley, with insignificant change in the FIME.

The most significant refinement of the analysis
may be due to taking into account the momentum of
the same natural updrafis because of the mountain
natural upslope convection by solar heating (absent
in the plain). Fortunately, such a clarification can only
lead to a significant increase in the FIME.

Thus,we have every reason to believe that the
‘main conclusion about the strong dependence of the
of the
distance up to capping inversion will remain in force

main on the

after a thorough analysis of the problem as well.

6. The Problem of Excessive Rains in Ajara.
In principle, potential applications of DPF and IPF
can be considered to prevent excessive rains in
coastal and other areas or mitigate tornadoes.

The map of the Autonomous Republic of Ajara is
presented in Fig. 6. The system Black Sea —Meskheti
Range contributes to the concentration of moist air
masses and intensive formation of convective clouds,
turning Ajara into a region with the highest rainfall in
Georgia and in the Caucasus. In this regard, reducing
the intensity of rainfall would improve the benefits of
the region as an important scaside resort and miti-
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gate the negative environmental impact of excessive
rains in mountainous Ajara.

IPF should provide proactive forcing of convec-
tive clouds over the sea at the distance ensuring the
completion of the cloud life cycle (including precipi-
tation) before reaching the shore. According to pre-
liminary estimates, the meteotrons should operate
from the positions located at a distance 0f 30-60 km
offshore. As an alternative to the natural process,
proactive forcing should result in intense rains over
the sea. reducing, respectively, the “rainfall capac-
ity” of the system sea-range.

Because of low location of the capping inversion
in the marine environment (800-1000 m)[16-17]. in
terms of the distance /1. this case turns similar to the
cloud-forcing from the mountain Tsivi. At the same
time, in the marine environment, capping inversion is
much thinner [16-17], the overcoming of which re-
quires much lower U, Therefore, in the end we can
expect that in this particular case the FIME relative to
arid areas can reach two orders magnitude.

Consideration of the potential use of DARC to
prevent the development of severe tornadoes is also
of interest

Interpretation of the final stages of tornado gen-

esi

especially, the downdraft vertical vorticity, still

encounters fundamental difficulties. Neverthels
iated with a moist

unstable lower atmosphere [22]. In this regard, DARC

initial stages are uniquely ass

is equally applicable to any strong convective storm,
including those that lead to hail or tornado.

Bull. Georg. Natl. Acad. Sci., vol. 6. no. 2, 2012

At the same time, unfortunately, when the torna-
does are to be developed on vast plains, the use of
the advantages the mountains and the marine envi-
ronment is limited. Nevertheless the above conclu-
sion remains in force the above conclusion about
much more efficient operation of the meteotron in
moist unstable atmosphere, compared to the arid

zones.

7. Concluding Remarks.

The meteotron previously developed as a technical
means to increase rainfall in arid areas can be much
more effective through the prevention of the devel-
opment of severe convective storm by proactive arti-
ficial discharge of instability energy in a moist unsta-
ble lower atmosphere (through realization of DARC).

Simplified analysis shows that the required trust
of the meteotron and its single run time strongly de-
pend on the distance up to the bottom of the capping
inversion, the other things being same. This puts to
the fore the implementation of the schemes of DARC
by locating the meteotrons on the mountain tops
and in the marine environment.

On this basis, the potential applications of IPF
for preventing hailstorms in the Alazani Valley and
excessive rains in Ajara are considered. The poten-
tial of DARC to prevent the development of severe
tornadogs is also outlined.

The proposed schemes need further detailed theo-
retical studies, numerical modeling and field experi-

ments.
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Numerical Study of the Vertical Hydrological
Structure of the Black Sea under Transitive Climatic
Forcing Conditions
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ABSTRACT. The paper presents the numerical investigation of the vertical structure of hydrological
fields of the Black Sea for transitive (April) climatic conditions. With this purpose a 3-D baroclinic
model of the Black Sea dynamlcs of M. Nudla Institute of Geophysics with consideration of simultaneous
influence of the and thermohaline action by both the Dirichletand
Neumann upper boundary condltmns is used. The performed numerical experiment has promoted the
primary role of thermohaline impact on the formation of the vertical structure of the Black Sea circulation
within the upper 0-306 m layer for transitive climatic conditions. © 2012 Bull. Georg. Natl. Acad. Sci.

Key words: baroclinic circulation, numerical investigation, thermohaline fields.

ofthe pheric

The is considered as specification of the

processes developed above the Black Sea basin  special character of the sea circulation, which is

plays a significant role in the spatial-temporal  formed under the forcing of the external perturbing

changes of the hydro and thermo-dynamical param-  factors: sii influence of the i ity

eters in the upper layer of the sea. On the other heric circulati hali
es in the Black Sea

directly reflect on the interaction processes between

and ther action.

hand, the hydrophysical process:

Description of the model. To achieve the specified

the Black Sea and atmosphere and play a significant goal, we used a 3-D baroclinic basin-scale z-level

role in the formation of the regional weather and
climate.

The main goal of this paper is to investigate nu-
merically the temporal variability of the vertical struc-
ture of circulation and thermohaline fields within the
depth 0-306 m of the Black Sea for transitive seasonal

conditions (April) in the inner-annual time scale. This

model (BSM) of the Black Sea dynamics [1]. It should
be noted that on the basis of the high-resolution
regional version [2] of this BSM, the regional fore-
casting system is developed for the Georgian Black
Sea coastal zone with 1 km spacing, which isa part of
the basin-scale Black Sea Nowcasting/Forecasting
system [2, 3].

© 2012 Bull. Georg. Natl. Acad. Sci
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The BSM takes into account the quasi-realistic sea
bottom relief. nonstationary atmospheric wind and
thermohaline forcing, water exchange with the Medi-
terranean Sea and inflow of the Danube River, the ab-
sorption of short-wave radiation by the sea upper
mixed layer, space-temporal variability of horizontal
and vertical turbulent exchange. Atmospheric forcing
is taken into account by boundary conditions on the
sea surface considered as a rigid surface.

The model makes it possible to take into account
wind-driven forcing with alternation of different cli-
matic wind fields and the atmospheric thermohaline
action by both the Dirichlet conditions through set-
ting the temperature and salinity at the sea surface
and the Neumann conditions through setting the heat
fluxes. evaporation, and atmospheric precipitation.

The solution domain is covered with grid 225 x
111 having horizontal resolution 5 km. On a vertical
the non-uniform grid with 32 calculated levels at
depths: 2,4,6,8,12,16,26,36, 56, 86, 136,206, 306....,
2206 are considered. The time step is equal to 1 hour.

To solve this problem, we used the two-cycle
method of splitting the main problem with respect to
both physical processes and coordinate planes and
lines 4]

Results of the numerical experiment. In the nu-
merical experiment on simulation of transitive hydro-
logical mode of the Black Sea the integration started
on the Ist of January. The annual mean climatic fields
of current, temperature, and salinity obtained by the

same model were

ed as initial conditions [1]. Wind
forcing variability was expressed as the alternation
ofdifferent types of climatic wind field characterized
over the Black Sea basin [5]. Atmospheric wind types
differed from each other by direction, module, recur-
rence and duration. The duration of action of each
atmospheric wind type was between 10-60 hours.
When one wind type changed to another, a state to
close to calm, with a wind speed of 1 m/s and wind
direction corresponding to the arithmetic mean be-
tween the two consecutive wind directions, took place
between these wind types.

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

The researches presented in this section are a
continuation of the previous studies [6, 7], where the
vertical hydrological structure of the Black Sea in-
vestigated for January atmospheric climatological
forcing with 10 and 5 km resolutions, respectively. In
[6] it was shown that the entire depth of the sea basin
may be considered as consisting of some relatively
homogeneous sub-layers. Within each of the sub-
layers general circulation processes practically do
not change qualitatively by depth, but essentially
change from layer to layer. According to one of the
results obtained in 7], atmospheric wind driven forc-
ing plays an important role in the formation of the
vertical structure of Black Sea circulation for winter
season under both Dirichlet and Neumann upper
boundary conditions for temperature and salinity.

In the present paper investigations are carried
out for April climatic conditions with 5 km resolution.
Besides, both the Dirichlet and Neuman boundary
conditions are used to describe atmospheric
thermohaline forcing. 5 km horizontal resolvability of
the model has allowed us to specify the depth and
location of the homogeneous sub-layers and explore
their strong variability in a transitive season accord-

I i e h

ce of ic

ing to the si
circulation and thermohaline impact.

In order to illustrate the vertical changeability and
transformation of the Black Sea circulation during
the transitive period, we chose the time interval 2684-
2836 hours (April. time is accounted from the 1¥ Janu-
ary), when the atmospheric circulation was reorgan-
ized as shown in Table 1

The same table gives the calculated locations of
the homogeneous sub-layers, which are formed within
theupper 0-306 m layer of the Black Sea, using both
Neumann and Dirichlet conditions describing atmos-
pheric thermohaline forcing.

The results of the numerical experiment show
that when the state of the atmosphere is close to
calm conditions, the character of sca circulation prac-
tically does not change by depth within 0-106 m
with the use of both Neumann and Dirichlet bound-
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Fig. 1. Calculated current fields (cm/s) at time: t=2704h and t=2836h (April). Fig. la and 1b correspond to Neumann
conditions, Fig. Ic and 1d correspond to Dirichlet conditions.
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Fig. 2. Calculated salinity fields (%o) at the time t=2704h and 1=2836h (April ). Fig. 2a and 2b correspond to Neumann

conditions, Fig. 2c and 2d correspond to Dirichlet conditions.
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Table 1. Alternation of wind types during time interval t= 2704-2836 hours (April ) and sub-layers’

location between the depth 0 — 306m.

Wind direction Wind speed.

Time interval, h

Sub-layers depth with both case Neuman and

m/s Dirichlet condition

Northwestern - north | 1 2684-2704h 2-136m, 136-306m in any case

North-castern 0-5 2704-2748h Neum. : 2-136m, 136-306m: Dir.: 2-36. 56-
136m, 136-306m.

North-western 1 2748-2772h 2-136m, 136-306m in any case.

Cyclonic 5-10 2772-2796h Neum.: 2-12. 16- transitive layer , 16-136,
136-306m:
Dir.: 2-8, 12 transition layer .16-136m, 136-
306m.

North —western 1 2796-2820h 2-136m, 136-306m in any casc.

North- western 5-10 2820-2836h

Neum. : 2-12, 16-transition layer, 16-136 m,
136-306m.
Dir. 2-8m; 12-16m, 26-136m, 136-306m.

ary conditions. This fact is clearly observed att=
2704 h (Fig 1a and lc) when Northwestern-north
wind with speed 1 m/s was operated. The results
show also that the circulating patterns received with
use of two kinds of boundary conditions qualita-
tively differ from cach other. despite their common
feature - homogeneous character of vertical circula-
tion for atmospheric calm conditions. There is a good
correlation between circulation (Fig. 1a and 1¢) and
salinity fields (Fig. 2a and 2c), under both Neumann
and Dirichlet conditions.

The observed climatic data show that generally

atmospheric winds with 5-10 m/s d over the

cantly depends on the method of consideration of
the atmospheric thermohaline forcing, i.e. on what
kind of boundary conditions are used — the Dirichlet
or Neumann conditions. The uppermost sea layer
with depth about 12 km is more sensitive to wind
driven forcing in any case of thermohaline action
and is determined by the wind type. In deeper layers
below 16 m the influence of atmospheric wind fore-
ing weakens and the structure of circulation (Fig. 1b
and 1d) gradually becomes similar to that which was
observed in the case of calm atmospheric conditions
(see Fig.1a and Ic). This fact shows the primary role

of thermohali

Black Sea during April [S]. In this case two sub-lay-
ersare formed within 0-136 m with the use of Neumann
conditions and three sub-layers with the use of
Dirichlet conditions (see Table 1.). This fact is illus-
trated in Fig. 1b and 1d, where calculated current
fields are shown at t = 2836 h, when the north-west-
ern wind with 5-10 m/s operated. The circulation pat-
terns presented in this Figure characterize well the
peculiarities of the mentioned sub-layers. In addi-
tion, the location of sub-layers practically insignifi-

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

forcing in lower layers (see Fig. 2b
and 2d respectively). Besides, in any case the level z
=136 misatransition level and so it carries features
ofboth sub-layers: 1-136 m and 136-306 m.
Conclusion. The numerical experiment carried out
with consideration ofalternation of atmospheric wind
driven forcing and thermohaline action using both
the Dirichlet and Neumann conditions has demon-
strated the primary role of the thermohaline impact
on the Black Sea vertical circulation within the upper
0-306 m sea layer for April climatic conditions.
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ABSTRACT. Microstructure, electrophysical properties and characteristics of dynamical shear
modulus and microplastic deformation of boron-doped monocrystalline germanium were investigated.
Bulk crystals of germanium were obtained by Czochralski method i m [111] crystallographic direction.
Boron concentration in monocrystals was changed in the 5-10 16510 em m(erval Dlslocatmn density
determined by estimation of the quantity of etching pits was changed from 10° to 5-10°em™. Tt has been
established that an increase of boron concentration in monocrystalline germanium causes a decrease of
current carriers mobility and an increase of the absolute value of shear modulus in comparison with
undoped i After high ling tendency to i of current carrier mobility,
dynamical shear modulus and elastic limit was revealed.

By investigations of internal friction and dynamical shear modulus amplitude dependences of boron-
doped monocrystalline germanium the following results were received. The values of elastic limit,
dynamical shear modulus and critical strain amplitude of Ge:B monocrystals were determined. It has
been established that weakly boron-doped monocrystalline germanium is characterized by high elastic
limit, critical strain amplitude and shear modulus. This is due to structure strengthening, caused by an
increase of dislocation blocking by boron atoms. In the case of high concentration of boron simultaneously
with the strengthening process, “softening” process has taken place. It is determined by fulfillment of
broken electron bonds near to dislocation cores that has caused decrease of activation energy of dislocation
motion. On the basis of changes of interaction nature of dislocations and boron atoms mechanisms of
strengthening and softening processes of structure under the influence of boron were analyzed. © 2012
Bull. Georg. Natl. Acad. Sci.

Key words: germanium, internal friction, dynamical shear modulus.

The working resource and stability of characteris-
tics of devices based on monocrystalline germanium

energetic characteristics of defects, characterizing
monouyslallme Ge alloys, their influence on struc-

alloys have been determined by dislocations existing
in the structure. Despite this, the crystallographic and

tural iconducting and physical h

cal properties have not been complexly studied.

© 2012 Bull. Georg. Natl. Acad. Sci.



S\
7

=%}
1101945

90

George Chubinidze, Ia Kurashvil

Table. Characteristics of structure and properties of Ge:B monocrystals

Specimens | Current carriers | Current carriers | Shear modulus, Relative strain city limit,
concentration. mobility. ke/mm’ amplitude kg/mm’

em”[111] [ em'vsec! i) i | ooy [ [ oproor | iy | fio)

Ge 510" 1850 3800 3600 | 410° | 7107 0.15 2.66

110" 1600 4150 3950 | 110% | 3.510° | 041 14.5

Ge:B 5107 1250 4100 3850 | 810° [ 2107 033 3.2

810" 950 3900 3700 | 7107 1107 0.27 3.9

Investigation results of characteristics of micro-
structure, electrophysical properties, dynamical
shear modulus and microplastic deformation of bo-
ron-doped germanium are presented in the present
paper.

Bulk crystals of germanium were obtained by
Czochralski method in [111] crystallographic direc-
tion. Boron concentration in monocrystals was
changed in the 5:10'-5-10"cm" range. Dislocation
density on the (111) planes was determined by esti-
mation of the quantity of etching pits. Electrophysical
characteristics were determined by Hall effect in con-
stant magnetic field.

Amplitude dependence of dynamical shear modu-
lus was investigated by the method of torsion oscil-
lations frequency registration. The absolute value of
shear modulus was calculated by comparing the
standard and test specimens[1]:

u=u(,’/.

where G, /, are the values of shear modulus and os-
cillation frequency of the standard specimen (vana-
dium) . G, /- the values of shear modulus and oscilla-
tion frequency of test crystals. The values of elastic
5= Ge, , where
Gisavalue of shear modulus, g, - critical strain am-

limit were calculated from the equatior

plitude, at which distinct revealing of inelastic prop-
erties begins.

Ge:B monocrystalline specimens of[111]and [100]
crystallographic orientation were studied. Crystallo-
graphic orientations were established by X-ray diffra-
ctometer DRON-3.

Characteristics of electrophysical and dynamical
mechanical properties and dislocation density of

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2, 2012

boron doped monocrystalline germanium are pre-
sented in Table.

From a comparative analysis it is shown that the
absolute value of the shear modulus increased sig-
nificantly with low concentration of boron. Mono-
crystalline germanium with high concentration of
boron is characterized by a decrease of the shear
modulus, though its value is high in comparison with
undoped specimens

Annealing at 600 °C temperature in vacuum for
Shrs causes decrease of current carriers” concentra-
tion of the specimens, accordingly their mobility in-
creases. Sharp increase of the shear modulus was
revealed in heavily boron-doped monocrystalline ger-
manium. Subsequent annealing at 800 °C tempera-
ture causes a small increase of current carriers’ con-
centration of the specimens. Increase of their shear
modulus is insignificant.

Two regimes of thermal treatment practically do
not affect the dislocation density and its distribution
in the structure. It is known [2] that thermal treatment
can cause significant changes in Cottrell atmos-
pheres, formed by impurity atoms in the proximity of
dislocations. At medium temperatures (~600°C) an
increase of concentration of impurities and their com-
plexes in Cottrell atmosphere is possible. Accord-
ingly, blocking of dislocations will be increased. This
circumstance causes an increase of the absolute val-
ues of structural-sensitive shear modulus. Anneal-
ing at higher temperatures (800°C) causes decompo-
sition of complexes of germanium atoms and techno-
logical impurities (0,, N,, C), distribution of impurity
atoms in crystal volume and decrease of their con-
centration in Cottrell atmospheres. In these condi-
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Fig. 1. Internal friction (1, 2, 3) and shear modulus (1", 2',
) amplitude dependence of boron doped
monocrystalline germanium. (1, 2, 3), T=20 °C

L1 - Ge[I11]: 2.2 - Ge:B (110% em ™), [111]; 3,3 -
Ge:B (810" em™), [111]

tions a sharp increase of shear modulus is not ex-
pectable. It is significant that the nature of thermal

Q410°
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Fig. 2. (Q") (1,2,3) and (G/(i“) (1, 2') of the
monocrystalline Ge:B specimens at 550°C tempera-
ture. 11" - Ge, [111]; 2,22 - Ge:B (1 10%cm™), [111];
3 - Ge:B (8 10%cm™), [111]

ofplastic deformation in germanium is possible.
Internal friction and shear modulus amplitude

treatment effect is similar for the sp of both
[111]and [100] crystallographic orientations.

Internal friction (Q"') and relative shear modulus
(G/G,) amplitude dependences of boron doped
monocrystalline germanium were studied at room tem-
perature, in strain amplitude interval of 1 10°-5 10"
(Fig.1).

Experimental specimens are characterized by criti-
cal strain amplitude, at which internal friction inten-
sity begins to increase (Fig.1: 2, 2') show that weakly
doping with boron significantly increases the critical
values of strain amplitude. In the case of high con-
centration of boron, the critical strain amplitude de-
creases, but it remains much higher in comparison
with undoped monocrystalline germanium.

The values of elastic limit were determined with
the values of critical strain amplitude and shear modu-
Ius. The obtained results are presented in Table. It is
experimentally established that weakly boron doped
monocrystalline germanium is characterized by high
values of elastic limit. In comparison with them, the
values of elastic limit of undoped and heavily boron
doped germanium are much lower.

Internal friction and dynamical shear modulus
amplitude dependences of Ge:B monocrystals are
presented in the Fig.2. Measurements were con-
ducted at 550 °C temperature, at which development

Bull. Georg. Natl. Acad. Sci, vol. 6, no. 2, 2012

d ! at 550°C have a multistage
character. Internal friction spectrum of the specimen
with [111] crystallographic orientation has three sepa-
rate ranges. In the first range (5% 10°-7x10") internal
friction intensity is low and it increases weakly in
proportion to the oscillation amplitude. Significant
linear increase of internal friction intensity begins at
the first critical amplitude up to the second critical
amplitude. Internal friction intensity increases with
the subsequent increase of amplitude (Fig. 2: 1).
The first critical amplitude corresponds to the
critical strain at which breakaway of dislocation seg-
ments from the pinning points (vacancy, impurity
es) begins. It is known [3] that
up to the first critical deformation only bending of

atoms and comple:

dislocation segments takes place. Irreversible in-
crease of internal friction is observed from the sec-
ond critical amplitude. Anomalous high intensity
wide maximum of internal friction is revealed on the
return curve.

According to the theory [3], at the second critical
amplitude dislocation breakaway begins from the
strong pinning centers and their motion. Generation
of new dislocations is also possible. After the end of
vibrations dislocation segments do not return to the
initial state. This means that microplastic deforma-
tion takes place, with generation of new dislocations

LOLRA0S5
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and breakaway of existing dislocation segments from
strong pinning points.

Analogously to undoped specimen, in the inter-
nal friction amplitude spectrum of weakly boron
doped germanium two values of critical amplitude
were revealed (Fig.2: 2). Both of them are increased in
comparison with undoped specimens. Internal fric-
tion wide maximum was revealed on the return curve
registered from the second critical amplitude. which
is connected to hysteretic type oscillation energy
scattering processes. On the curve of Q”(g), open
loop of hysteretic type is revealed, confirming devel-
opment of microplastic deformation.

The Q"(¢) dependence of heavily boron doped
germanium is characterized by two critical strain am-
plitudes. Their values are higher in comparison with
undoped germanium, and much lower in comparison
with characteristics of weakly boron doped speci-
mens. Changes of the complex character of shear
modulus of all specimens take place in a wide range
of oscillation amplitude. Two critical points are re-
vealed on the curve of the shear modulus amplitude

dependence (Fig.2: 1',2"). Microplastic deformation

goboggo Jodos

is sharply revealed in the interval of high strain am-
plitude, in the form of an open loop.

On the basis of the results presented in Fig 2, the
values of elasticity limit have been determined. It has
been established that weakly boron doped mono-
crystalline germanium is characterized by high elastic
limit, critical strain amplitude and shear modulus. This
is due to structure strengthening, being caused by an
increase of dislocation blocking by boron atoms.

In the case of high concentration of boron simul-
taneously with the strengthening process, “soften-
ing” process takes place. It is determined by fulfillment
of broken electron bonds near to dislocations cores
that causes decrease of activation energy of disloca-
tions motion. All this is reflected in the decrease of
mechanical characteristics of boron heavily-doped
germanium.

Thus, control of changes of electrophysical and
mechanical characteristics of the dislocation struc-
ture of monocrystalline germanium by boron-doping
is possible. This circumstance is significant for the
solution of various problems of materials based on
germanium.
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ABSTRACT. Technological parameters of simultaneous production of pure tungsten hexachloride
(WCI6) and a complex salt (NiFeCI4) have been established by the study of the basic kinetic characteristics
of the chlorination process of tungsten-containing waste. The process of chlorination is possible in an

autothermal mode. © 2012 Bull. Georg. Natl. Acad. Sci.

Key words: waste, chlorination, tungsten chloride, complex salt.

The capacities of the well-known methods of

proc

ing of the residue containing tungsten are lim-
ited. Particularly, th

hemes of proce

ing of oxide

raw materials involve significant waste of scarce rea-

gents and repetitive cyq
e

annealing, alkali treatment,

filtering etc.
Residues, containing tungsten and other clements,
can be processed like metals via the following meth-
ods: oxidization of tungsten carbide by sodium hy-
pochlorite solution; dissolving metals by mineral ac-
ids; thermal annealing and processing of the succes-
sive solution in an autoclave chamber [1-4].

The above-mentioned methods turned out to be
inappropriate for application in manufacturing, which
can be explained by: complexity of their control; low
speed of interaction of solid residue reagents: tech-
nology staging; implication of the massive complex
non-standard equipment, etc.

The residues containing tungsten and waste ma-
terials (unfit anti-tank missile cores, metal junk ofhard
alloys and worn screw-cutting metal tools) that have
simple chemical composition should be taken into
special consideration. Besides the basic metal - tung-
sten, they contain cobalt, nickel and iron

High reactivity of chlorine makes it possible to trans-
form efficiently the metals, enclosed in the raw material.
into chlorides. Chlorination products — metal chlorides
appear to be transitional products for manufacturing of
awide range ofpure metals and alloys [ 5-6].

The most essential for obtaining metals in the
form of chlorides from anti-tank missile-cores and
ensuring the optimal technological parameters is the
study of the basic kinetic characteristics of chlorina-
tion processes.

One of the stages of the technological process of
chlorination of piercing anti-tank missile cores is their

© 2012 Bull. Georg. Natl. Acad.
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cr isi ion. This is i via

2
their detonation inside the metal cylindrical ampoule/
cartridges with explosive material. Initiating the ex-
plosive material by the detonator causes propaga-
tion ofthe detonation waves that are later transformed
into the shock wave. In the process of its propaga-
tion through the armor material the latter is broken
into particles of different fractions. Larger one (>5
mm) is subject to further exploding.

Thermographic studies revealed the characteris-
tics of thermal effects of chlorination of various met-
als in missile cores, the differential curves for their
temperatures being provided in Fig.1. In all cases the
chlorination reactions were of exothermal character
hence they might be accomplished in the auto-ther-
‘mal regime.

Nothing is observed below 350°C on the tem-
perature differential curve (curve d) of the thermo-
gram of missile-core chlorination. Though in the case
of chlorination of iron. contained in the alloy, its
chlorination effect should have been observed at
185°C (curve ¢).

Chlorination process of mi

le cores is charac-
terized by much stronger exothermal features than
chlorination of cach metal element contained in it.
The temperature is self-rising up to 680°C in the reac-
tion zone, due to the great heat release. Endo-thermal
effects are also detected at the temperature of about
350-680°C, namely, the evaporation of formed WCI,
and FeCl, (t; way, D48°Cily g =320°C), therefore the
chlorination effect of missile cores is a combined
phenomenon, where the exothermic effect prevails
over endothermic ones and so the exothermic effect
isreflected on the thermogram below 350°C.

Chlorination products include the smelt of nickel
and iron chlorination, condensed tungsten
hexachlorides and non-chlorinated mass of the fur-
nace-charge.

The study of disintegrated missile-core chlorina-
tion processes was performed in horizontal, as well
as in vertical non-standard quartz chlorinators. The
equipment consisted of the following units: horizon-

Bull. Georg. Natl. Acad. Sci.. vol. 6. no. 2, 2012

tal and vertical quartz chlorinator; chlorine distilla-
tion system, furnace, tungsten hexachloride con-
denser and waste gaseous chlorine neutralizer.

The reason for the chlorination of the furnace
burden in different chlorinators, was to identify the
possibility of separation and production of simulta-
neously formed flux and evaporable chlorides. The
results of the experiment lead to the design of a new
universal hermetic chlorinator framework.

Prior to the experiment the chlorinator was
“washed” with argon and a specific fraction of chlo-
rination material was loaded in it. Upon reaching a
fixed temperature, gaseous chlorine (argon), purified
from presumed humidity, was put into the chlorina-
tion unit. Chlorine supply measure was controlled
via a rheometer and was regulated via a special re-
duction regulator.

During the chlorination process the mixture of
volatile chlorides and superfluous chlorine was di-
rected to the condenser, where the temperature was
regulated by either the temperature of vapor-gas mix-
ture or using a heating spiral coiled around it. Tem-
perature in the condenser should not exceed the tung-
sten chloride boiling temperature. The superfluous
gas chloride was sparged/flushed in 30% NaOH so-
lution, where it was fully neutralized.

Shortly afier achieving a fixed temperature and at
acertain interval after the experiment the chlorinated
mass was cooled in chlorine atmosphere. Then, in
order to eliminate soluble chlorides, the chlorinated
material was washed with warm water. filtered, the
sediment was dried up in the vacuum drier stove and
weighed. The chlorination degree of burden/charge
was determined according to the weight loss.

In order to determine the optimal fraction for the

chlorination of disintegrated missile cores, experi-
.0-

3.0mm; 3.5-5.0 mm; 5.5-8.0 mm. Chlorination process

ments were made over the following fractions:

of the furnace-charge loaded into the chlorinator was
performed for 30 minutes at 800°C. The pace of chlo-
ride delivery was constant and it did not exceed 0.20
I per min.
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Fig. 1. Differential curves of material chlorination,
a) W-CL; b) Ni<CI; ¢) Fe-CL: d) W-Ni-Fe-CI,

Under the above-mentioned conditions the chlo-
rination level of missile core fractions below 2-5 mm
were found to change insignificantly, reaching 52-
55%. Further increase of fraction from 5.5 t0 8.0 mm
caused a decrease of the furnace-charge chlorina-
tion level to 42 — 47 %. Two controversial factors
acted in this case — increase of gas propagation de-
gree of furnace-charge and decrease of the surface
area. In the case 0of2-5 mm fraction, the former factor
is dominant, which explains the increase of chlorina-
tion levels. Increasing the fraction to 8 mm, reduction
of the surface area of furnace-charge becomes a lim-
iting factor, which leads to the reduction of the speed
and the quality of the chlorination process.

In the case of reduction of the supply pace of
gaseous chloride, secondary reactions take place,
producing FeCl,, WCL, or WCL,. These hardly
cevaporable chlorides enclose the surface of burden,
impede penetration of chlorine and ultimately ham-
per the chlorination process.

Probing of the optimal rate for chlorine supply
(0.1;0.20;0.25: 0.30 and 0.40 L/min) was accomplished
via chlorination of the furnace-burden at tempera-
ture of 800° C for 30 minutes. Increase of the chlorine
supply rate from 0.15 t0 0.40 L/min significantly raises
the degree of the furnace-burden chlorination. The

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

optimal rate for chlorine supply can be regarded as
0.25 I/min. In this case the existence of less volatile
iron and tungsten chlorides is not detected in the
chlorinated products.

Through the study of the influence of chlorine
concentration changes (100%Cl,: 75%Cl, —25%Ar:
50%C1.-50%Ar) on the chlorination degree of crude
in amixture of chlorine-argon gases, it was detected
that while delivering the chlorine concentration of
75% in the gas mixture, the degree of chlorination
does not differ notably from supplying of chlorine of
100% (Fig. 2). Further reduction of the chlorine con-
centration causes the decrease of chlorination de-
gree of crude.

In order to determine the optimal temperature and
time for the chlorination process, experiments were
held at the temperatures of 700°C, 750°C and 800°C
with duration of30, 60, 90, 120 and 189 minutes (Fig.
3). Atall the aforesaid temperatures the chlorination
process proceeds efficiently and completely, but to
different extents. At the temperature of 700°C the
chlorination level of m
mum efficiency (98-99%) within 180 minutes; at 750°C
-in 120 minutes and at 800°C - in 90 minutes,

e cores reaches its maxi-

Designing major units for a chlorinator construc-
tion, we took into account the peculiarities of the
chlorination process, related to chlorination of mate-
rials containing tungsten. In particular, it was detected
that while chlorinating the disintegrated material at
700-800°C in the horizontal type chlorinator, less vola-
tile chlorides (NiCl,, FeCl,) are created, which sur-
round non-chlorinated surface and prevent further
penetration of chlorides into the material. This phe-
nomenon might be avoided either by implementing
the chlorination process of the furnace-charge via
sparging (flushing) of gaseous chlorine in the fused
salt mix (e.g. in eutectic smelt of NaCl-KCl, the melt-
ing temperature of which does not exceed 425°C), or
via permanently extracting fused salt mix ( NiCl,,
FeCl,) from the reaction zone.

The chlorination process of the furnace-burden
in a vertical chlorinator is implemented quickly and
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Fig. 2. Influence of chlorine concentration changes on chlo-
rination degr 1) 100%C1,; 2) 75%C %Ar;

efficiently. The mix of molten salts detaches from the
surface of the recuperating furnace-burden and the
gaseous chlorine is permanently in contact with the
surface of the burden.

In the former case the contact of chlorine with a
chlorinating material is enhanced, though a mix of
buffer salts (NaCI-KCI) is added to one of the chlo-
rination products (NiFeCl,).

is salt-mix is not an
impediment in the case of metal thermal recuperation
asit can be eliminated via distillation or hydrometal-
lurgical re-processing of by-products; but it is unac-
ceptable in the case of a hydrogen-thermal process,
as it is virtually impossible to separate it from the
ultimate product.

In the latter case it is necessary to design such a
construction of the chlorinator hearth that provides
continuous outflow of molten salts from the reaction
zone, with proper vacuum-tightness.

We consider that the most optimal case is inte-
gration of both above-mentioned options — accom-
plishing the chlorination process in the molten salt
mix - NiCl-FeCl, (T, = 672°C) or NiCI-CoCl, (T, =
680°C), which contains salts (“primary salt solution™)

mh

of metals - ingredients of substance for chlorination.

The produced excessive mix of molten salts should

be permanently removed from the reaction zone.
Tungsten hexachloride, produced in the system of

mixed salts of this kind, does not react with molten

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2. 2012

salts, easily escapes the reaction zone and the evapo-
rated tungsten hexachloride transfers towards the
condensers as a chlorine-gaseous flow.

Tt is acknowledged that even a small amount of
impurities significantly degenerates metal tungsten
properties. For example, 0.01% ofiron alloy in tung-
sten powder causes its fragility. So, spectrally pure
tungsten hexachloride must be used in order to pro-
duce tungsten powder.

Alkaline soil salt chlorides are utilized for purifi-
cation of tungsten hexachlorides from the admixtures.
They produce easily fusible and less volatile chemi-
cal combinations with iron chlorides, as MeFeCl4.
At the same time tungsten hexachloride does not
interact with alkali soil salt chlorides.

A diagram of the unit in which tungsten hexachlo-
ride was purified from iron contaminants is shown in
Fig.3. The mixture of gaseous chloride and argon,
emerging from the chlorinator was directed towards
aunit made ofa quartz tube (length - 650 mm, diam-
cter - 40 mm), containing 10-20 mm picces of sodium
chloride (common salt) or potassium chloride. The
quartz tube was heated to the temperature of 350-
370°C using a spiral wrapped around it. In these con-

ditions gas-chloride mixture interacted with the so-

dium chloride and a less volatile substance (NaFeCl,)

100

@
o

o
o

s
3

a, degree of chlorination. %

9
o
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120 18
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Fig. 3. Influence of temperature and duration on chlorina-
tion degree of core. o - degree of chlorination. %
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was produced. Tungsten hexachloride steam puri-
fied from admixtures flowed towards the second unit,
where it was recuperated to metal tungsten in a coun-
ter-flow of hydrogen at temperatures of 700-950°C.
In this case the amount of iron impurities in the ulti-
mate product was significantly reduced and did not
exceed 0.003%.

Thus, the study of the basic kinetic properties of
the chlorination process of the remains containing

tungsten revealed optimal technol

the degree of furnace-charge chlorination;

3. The optimal supply rate of chlorine in the chlo-
rination process might be considered as 0.25 liters/
min. At this point the existence of less volatile iron
and tungsten chlorides (FeCl,, WCl,, WCL,) is not
detected in chlorination products.

4. In the mixture of gases (100%Cl,; 75%Cl -
25%Ar; 50%Cl,-50%Ar) the degree of chlorination
while supplying chlorine of 75% concentration is not

| parameters
for producing pure tungsten hexachloride and con-
currently fused salts (NiFeCl,). The result served as
a basis for the construction of a universal vacuum-
proof chlorinator and its core units. Its novelty is in
the separation of concurrently produced chlorina-
tion substances — molten and evaporated chlorides
and in their production in pure form.

Conclusions:

1. The chlorination process of armor-piercing missile
cores is characterized by strong exothermal features
and great heat release, which results in the sponta-
neous rise of temperature in the reaction zone. Thus
the chlorination process can be handled in
autothermal mode;

2. The degree of chlorination of disintegrated mis-
sile cores reaches its maximum level in the case of2-
S mm fraction being chlorinated. Further increase of
the fraction up to 6.0-10.0 mm causes reduction of

Bull. Georg. Natl. Acad. Sci, vol. 6, no. 2, 2012

ially different from the case of supply of chlo-
rine of 100%. Further reduction of the chlorine con-
centration causes the decrease of the chlorination
degree of the raw material.

5. The chlorination process is performed efficiently
and completely within temperatures of 700°C-800°C,
though at different degrees. Namely, at a temperature
of 700°C the chlorination degree of missile core
reaches its maximum value (98-99%) in 180 minutes;
at 750°C - within 120 minutes and at 800°C - in 90
minutes.

6. Study of the basic kinetic properties of the chlo-
rination process of tungsten- containing remains re-
vealed optimal technological parameters for simulta-
neous production of pure tungsten hexachloride
along with salt fuse (NiFeCl,).
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ABSTRACT. On the basis of litho-f: analysis of M ic deposits that a during the
development of orogenies (phases of folding), the processes of sedimentation accom, panying these phases
of folding as well as some paleogeographic and structural changes have been considered. Each phase of
folding was accompanied mainly by synorogenic regressive formations. They were a direct consequence
and criterion of manifestation of the tectonic movements. The most important among the manifested
orogenies in the considered territory in the Mesozoic was the Chegem orogeny. It formed the main
morphostructural units and mostly predetermined the character and appearance of present-day structure
of the region. With due regard to the age of regressive deposits and geochronological data the first
attempt to determine the duration of each orogeny was made. As to the Cenozoic orogenies, they will be
discussed in a separate article of the same journal. € 2072 Bull. Georg. Natl. Acad. Sci.

Key words: orogeny. phases of folding, regressive formation, paleogeography.

The deposits accompanying the phases of fold-
ing are represented mainly by regressive synorogenic
formations that were a consequence and criterion of
the duration of intensification of tectonic movements.
On the territory of Georgia, it was illustrated with the
example of Okriba (Western Georgia) and the South-
ern slope of the Greater Caucasus for the Chegem [1]
and then for the Late Pyrenean [2] phases of folding,
respectively (Fig. 1).

In the paper, based on litho-facial analysis of the
Mesozoic sediments in the light of recent actual ma-
terial and “plate tectonics™, those facies and palaeo-
geographic changes that accompanied the orogenies
are considered and to the possible extent the time of
their manifestation is specified. According to geo-
logic time-scale [3] the duration of cach orogeny is
defined (Fig. 2).

Before turning to the problem, it should be noted
that in the study area, in the Mesozoic-Cenozoic time
all the orogenies (except the Savian) distinguished

by H.Schtille [4] as well as three new ones — the

Donetsk, Chegem and Early Pyrencan (Trialctian)

have been established.

Old Cimmerian Orogeny
The judgment on Old Cimmerian (Hindustani)) fold-

ing that manifested itself before the Liassic is con-

nected with considerable difficulties, first of all be-

cause of the fact that the deposits of the Triassic age
are preserved only in two areas.

According to the existing concepts in the Triassic
time in the Caucasus, two separated basins existed —
the Greater Caucasian in the north and the Armenian
in the south [5]. While in Georgia from the first basin

© 2012 Bull. Georg. Natl. Acad. Sci
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Fig. 1. Scheme of tectonic zoning of the territory of Georgia (1. Gamkrelidze, 2000)

«_ location of some geographical names mentioned in the text

only the Dizi series and “lower tuffites” (the Narula
suite) are preserved, in the Lesser Caucasus sedi-
ments of this age are more widely represented.
Triassic deposits of Georgia by nature (petro-
graphically, by the degree of metamorphism) are more
closely related to the Paleozoic than to the Jurassic
formations.
The Dizi
Paleozoic - Triassic developed in Chkhalta-Layli sub-

series, the age range of which is Upper

zones of the Main Range zone. It is exposed in the
upper reaches of the rivers Enguri and Tskhenistskali
(Fig. 1, dot 1) composing the cores of the echelon-
likely arranged Upper Svaneti and Lower Svaneti
anticlines. They are composed of relatively deep for-
mations of the continental slope and its foot, which

underwent regional and contact metamorphism [6].

Triassic age of the upper part of the Dizi series is

defined mainly according to its stratigraphic posi-
tion between the faunally dated Upper Permian and

In the Dx
by different authors. The Tria:

everal suites were distinguished

ic part is allocated
under the name of Gvashkhara [7]. or Gvadarash [8]

suite.

Bull. Georg. Natl. Acad. Sci.. vol. 6. no. 2, 2012

The second, southern outcrop of Triassic forma-
tions, as already mentioned. is preserved in the Dzirula
subzone of the South Caucasus intermountain area
in the south-western periphery of the Dzirula crystal-
line salient (Fig.1, dot 2). These formations, known
as the “lower tuffites™ [9], are exposed in the Narula,
Kvirila, Glinavisgele, Kotorula and Macharula river
gorges. Later on, they were identified as the Narula

suite [10]. The Narula suite is exposed most com-

pletely on the river Narula, where it transgressively

overlies crystalline rocks of the basement with basal

conglomerates (10 m).

The age of Narula suite remained controversial
for many years. Until now, it was defined as the Lower
Liassic due to the transgressive bedding of Pliensba-
chian or Sinemurian rocks on the sediments of the
Narula suite and fossil plant data [11]. Recently, on
the basis of review and synthesis of the whole Trias-
sic-Bajocian paleobotanical material, an opinion in

favor of the Upper Triassic age (Norian and Rhactian
sed [12].

Thus, it can be inferred that the Old Cimmerian

stages) of the Narula suite was expre:

orogeny was manifested rather strongly causing re-
gression and extensive pre-Liassic erosion. That is
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Fig. 2. Time and duration of manifestation of Mesozoic folding phases by regressive deposits

why the Triassic formations are preserved only in two
arcas. The latter does not allow to judge the character

and duration of Old Cimmerian folding (Fig. 2).

Donetsk Orogeny
Before the Liassic, as a result of Old Cimmerian fold-
ing. paleogeographic reconstructions took place. By

the beginning of the Liassic in the considered terri-

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2. 2012

tory from the north to the south the following princi-
pal structural and sedimentary units were formed: 1)
theGreater Caucasus island arc,2)
marginal sea oranintra-arc basin (remainder
of the Tethys basin) and 3) theSouth Cauca-
sian (Transcaucasian) island arc.

The first unit corresponds to the contemporary
zone of the Greater Caucasus Main Range, the sec-
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ond — to the northern part of the Southern Slope
zone of the Greater Caucasus and the third — to the
Gagra-Java zone, the Southern Caucasus intermoun-
tain area, the Achara-Trialeti and Artvin-Bolnisi zones.

In the Early Liassic. a large-scale transgression
involved the greatest part of the territory under con-
sideration. indicating the beginning of a new stage
of geological evolution of the region.

Between the Middle and Late Liassic in the
Donetsk basin, the Donetsk phase of folding was
established. According to M.G. Lomize and D.1. Panov
[13]. based on the analysis of manifestations of
magmatism during the Late Aalenian-Early Bajocian

the Dzirula phase of folding was d in the

rocks. In vertical direction an increase of sandstones
and appearance of conglomerate packets is observed.
Along with this, the content of plant residues also
increased [17]. Together with the above-mentioned,
that points to the regressive nature of these deposits
induced by the Donetsk phase of folding.

In the western part of the marginal sea (North
Abkhazia) in the Liassic clayey-volcanogenic-sandy
formations ofthe Lashipse (Sinemurian). Avadkhara
(Lower Pliensbachian-lower part of Upper Pliensba-
chian), Azsgara (Upper Pliensbachian-Lower Toarcian)
and the Achaean (Toarcian) suites were deposited [18].
In the Achaean suite the increased number of

North Caucasus. It was earlier distinguished in the
South Caucasus intermountain area [14]. Because of
lack of indication of specific sites and sections, where
the angular unconformity between the Aalenian and
Bajocian is recorded, it is impossible to discuss the
nature and extent of manifestations of the Dzirula
phase of folding within the limits of Georgia.

In the territory of Georgia, in contrast to the North
Caucasus, the Donetsk orogeny was not so exten-
sive and it was manifested in different ways. Accord-
ing to I.R. Kakhadze [15]. the stratigraphic range of
manifestation of the Donetsk orogeny corresponds
to the interval from the Early Aalenian to the upper
part of the Early Bajocian.

For the central part of the marginal sea of the
Southern slope of the Greater Caucasus, according
tomagmatism [16], at the end of the Liassic and in the

beginning of the Bajocian the fc ing

d: of the reg
In the same suite the sections with the Upper Liassic

points to the t

clayey-sandy deposits contain stretched (over 2.5 km)
lenses of granular crystalline limestones, pointing to
the shallowing of the sea (the rivers Vostochnaya
Gumista, Kelasuri, pass of Sanchar, etc.). In the upper
reaches of the river Kodori (Fig. 1. dot 2), above these
limestones there follow limestone breccias and con-
glomerates (up to 100 m) containing debris and peb-
bles of underlying limestones [9]

On the Southern slope of the Greater Caucasus

(Gagra-Java zone), afier deposition of Middle Lia;
clay rocks, delivery of sandy material abruptly in-
creased, causing the deposition of flyschoid Sori
suite (Toarcian-Aalenian) with thickness 1,000-1,300
m. It is best represented in the basins of the middle
course of the rivers Kodori (Fig. 1, dot 5) and Rioni
(Fig. 1, dot 4) and is divided into two parts: the lower

ofmedium-and thick-layered sandstone,

of tectonic implications was determined: tension of
the Earth’s crust in the Late Pliensbachian with the
eruption of tholeiitic magma, then the compression
of the Earth’s crust in the Toarcian-Early Aalenian
and a complete cessation of volcanism (correspond-
ing to the manifestation of Donetsk orogeny), then
retension (Late Aalenian-Bajocian) and the resump-
tion of tholeiite-basalt magmatism. In the castern part
ofthe marginal sea (cast of the river Enguri) the Up-
per Liassic is represented by argillo-arenaccous

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2. 2012

argillites and aleurolites, and the upper part —mas-
sive and thick-layered sandstones with intercalations
of argillites. All this undoubtedly points to the re-
gressive nature of the Sori suite. The increase of
psammitic material is observed both in the vertical
direction and from north to south towards the Dzirula
crystalline massif[16].

In the Southern Caucasus intermountain area
tectonic movements of the Donetsk orogeny were
most obvious within the limits of the Dzirula crystal-

o 1 0195
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line massif. In its greater part (except the north-east)
an unconformity between the Bajocian and more an-
cient rocks, including the Toarcian and Aalenian, is
observed. In the north-eastern part of the massifun-
interrupted sections are observed, where the Aalenian
gradually passes into the Bajocian. Here, the
Toarcian-Aalenian deposits are represented mainly
by clayey-sandy facies, in the upper part of which
sandstones and conglomerates occur [15], indicat-
ing regression.

In the Loki-Karabakh zone, the Donetsk orogeny
was expressed as a regression and also in the form of
stratigraphic and angular unconformity. Within the
limits of the Loki crystalline massif (Fig. 1, dot 6)
sedimentation of the flyschoid Jandara suite took
place during the Toarcian-Aalenian. It is built up of
argillites, aleurolites and sandstones. As a result of
regression and shallowing of the sea, the upper part

of the suite is represented by coarse-grained
- 5

g and {

ates (the river
Gorastskali). At the same time there occur sections
(right bank of the river Akhkerpchay), where the red
zoogenic limestones of the Aalenian pass upwards

(in complete conformity and gradually) into the

porphyritic series of the Bajocian [20].

Chegem Orogeny

The considered orogeny in the Caucasus was estab-
lished by A.N. Gerasimov [21] at first as a Chegem
folding and then as an Adyghe one. In Georgia, this
folding was identified as the Bathonian 1], but in the
literature it was more known as the Chegem orogeny.
Its age was defined as the pre-Callovian.

The Chegem folding in the territory under study
was one of intense orogenies. It caused significant
changes in the structural-facial as well as in the
palacogeographic sense. After its manifestation the
main morpho-structural units were formed. Later on,
they largely determined the character of the geologi-
cal development of the region.

One of such phenomena was the formation of the
transverse-uplift of Svaneti, dividing the marginal sea
of the Southern slope of the Greater Caucasus into

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

two parts: the Abkhazian in the west and the Racha-
Tianeti in the east [15]. Along with the facial changes,
the Chegem orogeny caused partial inversion of the
geotectonic regime and overall uplifting of the cen-
tral parts of the Greater Caucasus and of the Geor-
gian block, reflecting the tendency to transverse up-
lifting of the whole Caucasus [17].

On the territory of Abkhazia the formation of
Akhtsu-Katsirkha cordillera took place, located along
the southern periphery of the Western marginal sea
associated with the Chegem orogeny. To the south
ofthe cordillera, after the formation of volcanogenic-
terrigenous sediments of the Upper Bajocian, in the
Bathonian age the marine environment was gradu-
ally replaced by the continental-marine and conti-
nental environment, where the regressive Betagian
suite represented by the alternation of sandy
aleurolites and graywacke sandstones with rare
interbeds of sandy limestones was deposited. The

upper part of the suite comprises layers of micro-

and

posed of frag-
ments of the Bajocian porphyritic series [ 19]. Regres-
sion and palacogeographic reconstructions caused
by the Chegem orogeny, determined the develop-
ment of a coal-bearing formation and coal deposits
(Bzibi, Tkvarcheli).

A distinct manifestation of the Chegem phase of
folding was illustrated by A.LJanclidze [1,22] in Okriba
(Western Georgia). The structural-facies analysis of
Middle Jurassic deposits and their thicknesses has
shown that the deposits accompanying the Chegem
(Bathonian) folding are represented mainly by regres-
sive synorogenic formations.

At the end of the Bajocian abrupt weakening of
volcanic activity took place. By the beginning of the
Bathonian age, in Okriba (Fig. 1. dot 7) low anticlinal
uplifis (Bziauri, Shkmeri, Sori) appeared. They caused
the formation of the Okriba lagoon. As a result of
ongoing tectonic movements the Bziauri anticline
turned into land and divided the Okriba lagoon into
two separate lake-lagoons: the Gelati in the south
and Tkibuli in the north. later turning into areas of
coal accumulation [1].

]
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Further to the east. in the Racha-Tianeti basin
(Eastern marginal sea), where from the Liassic to the
Late Eocene inclusive uninterrupted sedimentation
took place. the Chegem orogeny was manifested in
the formation of separate cordilleras and of corre-
. In Upper Racha, Bathonian for-
mations are represented by the regressive

sponding

“Talakhiani horizon™ (in the north) and volcanic-
terrigenous “diabase horizon” (in the south). Due to
the Chegem folding, in the greatest part of the East-
emn marginal sea, cordilleras appeared along its south-
ernedge, creating a cordillera zone. Later on it played
(Late Jurassic - Late Eocene) an important role in
supplying flysch (in the North) and epicontinental
(in the South) basins with terrigenous and detrital
material. This cordillera zone was first distinguished
by P.D.Gamkrelidze [23] and is known as the Gagra-
Java cordillera [24], or the Racha-Vandam [25]
cordillera zone, which is now completely covered with
flysch formations overthrusting from the north.

The first signs of manifestation of Chegem fold-
ing, as already mentioned, appeared in the Late
Bajocian, when intensive volcanic activity had stopped
and sedimentation of arkose sandstones started. In
the Bathonian age they were replaced also by regres-
sive paper shales and a coal formation, which as
thought carlier [20}, accumulated during the Bathonian
age. Then follow a transgression and uncon formable
bedding of Callovian sediments with conglomerates
in the base. Based on these facts (villages of Tsesi,
Sori, Zhoshkva, the Baklanovka river-gorge, Tskhanari
syncline, etc.), the age of the Chegem folding was
defined as the pre-Callovian. However, new factual
‘material [26] requires a new approach to the question
of the upper boundary of regressive deposits and re-
spectively to the age of Chegem folding.

In uninterrupted sections of the Middle Jurassic
(upper reaches of the rivers Psou and Gega, Okriba,
Racha) the boundary between the Bathonian and the
Callovian was usually drawn according to lithological
features, in particular in the base of rudaceous rocks
(mainly conglomerates) attributed to the lowermost

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

Callovian. However, in the village of Tsesi (Racha) in
the rocks related to the Lower Callovian (40 m) ammo-
nite fauna of the Upper Bathonian was found [20). On
this basis, the age of regressive formations and dura-
tion of the Chegem orogeny according to new con-
cepts covers the stratigraphic range from the Late
Bajocian to Middle Bathonian inclusive. How this in-
ference can be applied to the entire region, depends
on the results of a critical review of the factual material.

Andean Orogeny

The Andean orogeny was manifested before the
Tithonian and was much weaker than the previous
one, although it covered a significant part of the ter-
ritory. Western and Eastern marginal seas, from the
Late Jurassic to Late Eocene inclusive turned into
areas of accumulation of flysch formations.

In the Western flysch basin (upper reaches of the
rivers Psou and Gega) flysch formations of the Up-
per Oxfordian-Tithonian follow above the Callovian-
Lower Oxfordian Aibgin suite. Lithologically they are
divided into two parts: the lower - terrigenous and
the upper - carbonate [19]. The lower, terrigenous
part (argillites, aleurolites with intercalations of
graywacke sandstones and marls) located between
the carbonate rocks (Upper Oxfordian sediments as
well as the Tithonian are represented by limestones),
by stratigraphic position corresponds to the
Kimmeridgian and is represented by regressive for-
mations.

In the Eastern flysch basin (to the east of the
river Enguri), where deposition of flysch began from
the Late Jurassic, any facies changes pointing to the
regression is not observed, except for the presence
of intraformational conglomerates (lower part ofthe
Tsipori suite) confined to intrabasin cordilleras ap-
pearing due to the Andean orogeny [20].

Southwards of the flysch basins (Gagra-Java zone)
due to the Andean orogeny a barrier, mainly coral
reefs, was formed [20]. They developed around the
cordilleras (Akhtsu-Katsirkha, Racha-Vandam
cordillera zone). restricting the flysch basins from
the south.

nrmnass



106

EIAgr Y

=20
Ferando D.Micadsé10100

On the territory of Abkhazia, most of the reefstruc-
tures formed in the Late Oxfordian-Kimmeridgian, with
the exception of separate areas (the western slope of
mountain Akhi-bakh), where reef-formation continued
in the Early Tithonian [27]. To the south and east of
limestone facies of the Upper Jurassic as a result of
Andean orogeny the depressions formed that are most

distinct in Western Georgia (Racha and Bzyb bays) and
in the South Caucasus intermountain area (town of
Tkvarcheli. vil. Okumi, theriver Tshenistskali, Okriba,
Racha, Lechkhumi, etc.), where from the end of the
Oxfordian sedimentation of freshwater formations of
the “variegated suite” began. Lithologically they are
represented by alternation of sandstones, clays, lime-
stones, dolomites and marls, having variegated coloring
and containing plant residues. In the Kimmeridgian part
of the suite. an increase of the terrigenous component
and emergence of gypsum interlayer are observed,
pointing to its regressive nature.

In the Tithonian age. despite the cessation of fold-
ing, in separate parts of lagoons, apparently the pre-
ceding facies conditions were preserved and the
“variegated suite” continued to settle. In the
Neocomian it is replaced with arenaceous and
brecciated limestones. In the territory of the
Kaldakhvara ridge (Abkhazia) (Fig. 1, dot 9),
Oxfordian arenaceous limestones were replaced by
variegated sandstones and clays, alternating with
sandy limestones, dolomites and marls of the
Kimmeridgian [15]. In the western part of the Racha

syncline, the “variegated suite” is overlapped by

the transgre: indy-carbonate stratum of the Late

Tithonian age. In the central part of this structure
(Fig. 1, dot 10) Neocomian carbonate deposits are
transgressed on the Lower-Middle Kimmeridgian and
Upper Oxfordian-Lower Kimmeridgian (village of
Chibrevi) rocks of the “variegated suite” [28).

In some sections (west of the village Tsesi, in
Okriba and further to the west) the “variegated suite”
transgressively and with angular unconformity over-
lies the Middle Jurassic formations, contrary to Late
Oxfordian-Kimmeridgian regression. According to
AL Janelize [1], this inconsistency was a result of

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

o

transgi bedding of re-
gressive formations.

Age of the “variegated suite” remained disput-
able for many years and various authors interpreted
it in different ways: the Kimmeridgian [1. 15], the
Kimmeridgian-Tithonian [20], the Callovian-Tithonian
]29.28). the Middle Oxfordian-Middle Tithonian [28

]. Thus, it is impossible to judge the duration of the
Andean orogeny according to the “variegated suite”.
Considering the palacogeographic situation induced
with the Andean and Chegem phases of folding, the
“variegated suite” in my opinion, has lower and up-
per boundaries moving from the Callovian to the
Tithonian inclusive. Based on this assumption, the
formations under consideration represent a facies of
“variegated deposits™ without strictly defined
stratigraphic boundaries, which does not allow dis-
tinguishing them as a suite.

As to the duration of the Andean folding. ac-
cording to the available data it should cover a
stratigraphic range from the Oxfordian to the
Kimmeridgian inclusive (Fig. 2).

Austrian Orogeny
The exact age of Austrian folding is disputable due
to the lack of angular unconformity between the
Lower and Upper Cretaceous.

In the Western flysch basin (Abkhazia) mainly
identical sediments (sandy marls. carbonate clays)
were deposited in the Aptian and Albian and any

signs of regression are missing.

In the Eastern flysch basin (east of the river

Enguri) sandstone-aleurite flysch was deposited in
the Aptian. It is known as the Dgnali (Tetrakhevi)
suite. The above following Albian deposits are repre-
sented also by sandy-aleuritic flysch (Pavieuri or
Navtiskhevi suite), consisting of alternating sand-
stone-, gravelite- and aleurolite-bearing turbidites and
pelagic argillites and marls. Sandstone turbidites in
the upper part of the suite are more coarse-grained
and multiple [20]. Among them interlayers of sandy
and organogenic-detrital limestones and volcano-
genic-terrigenous rocks also occur [30].
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The age of the Dgnali (Tetrakhevi) suite is de-
fined as the Aptian-Lower Albian, of the Pavieuri
suites (Navtiskhevi) — as the Middle and Upper
Albian [31.32]. Along with regressive character, the
Albian sediments differ from the Aptian ones in
multicoloring. Regression. which began from the Late
Albian, continued in the Early Cenomanian, as shown
by the lithologic character of the Lower Cenomanian

dy-aleurolitic Uk 1i suite posed of al-
ternating sandy-aleurolitic, rarely gravelite-bearing
turbidites and pelagic argillites. The sandstones con-
tain glauconites in places. In the Kakheti region (the
Cheremi syncline) (Fig. 1. dot 11) the Ukughmarti
suite consists of thick-layered gravelites and coarse-
grained sandstones with intercalations of argillites
and conglomerates. The suite is crowned by the layer
of conglomerates containing Upper Jurassic zoog-
enic limestone debris [33]. In the southern facies of
the flysch (Zhinvali-Gombori subzone), the
Ukughmarti suite is built up of breccia-conglomer-
ates and sandstones (sometimes containing glau-
conite), interlayers of volcanic rocks oceur rarely.

Thus, the Austrian orogeny in the Eastern flysch
basin was manifested in the form of regression, which
lasted from the Late Albian to the Early Cenomanian
inclusive

In the epicontinental basin, particularly in its west-
ern part (the rivers Arkva and Psou) Aptian and
Albian rocks are built up of marls with rare intercala-
tions of argillaccous limestones. Further to the south
(village of Khashupse) (Fig. 1, dot 12) the Aptian is
represented by brecciated limestones and the Albian
compris

s marls with interlayers of sandstone (up-
per part of the section).

In the territory of  the Dzirula salient of the crys-
talline basement the Aptian is represented by lime-
stones and marls and the Albian — by clays, marls,

carbonate-bearing and itic The

thickness of the latter in the upper part of the section
reaches 1.5-2 m. They are unconformably overlain by
coniticli ofthe C ian [34].

quartz-
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Atthe same time, here (the northern periphery of the
massif), as well as in the Eastern flysch basin, the
regression continued in the Cenomanian, as indicated
by the pre-Turonian break in sedimentation [20]

In the western and northern parts of Okriba (vil-
lages of Gordi, Kinchkha, etc.), among the Albian
marls, lenses and intercalations of conglomerates with
fragments of underlying marls appear. In the uninter-
rupted sections (southern limb of the Racha-
Lechkhumi syncline, the western part of Okriba) de-
posits of the Cenomanian conformably follow above
the Albian rocks and are represented by glauconitic

rarely by glauconitic

Against the general background of the Albian-
Early Cenomanian regression in some parts of the
territory transgression took place (city of Kutaisi,
the river Kvirila, Southern Okriba, Dzirula massif, etc.),
which spread locally. As a result of transgression, at
places Albian and Aptian deposits are missing (town
of Chiatura, vil. Chkhari) (Fig. 1, dots 13.6). Similar
took place in South

n Georgia
(Khrami and Loki crystalline massifs), where at dif-
ferent stratigraphic levels of the Upper Cretaceous
separate transgressions and regressions are ob-
served.

Among the folded structures formed due to the
Austrian folding, a Satsalike anticline separating the
Racha-Lechkhumi syncline (in the north) from the
Dzirula massif'should be distinguished. Another an-
ticline, formed on the southern periphery of the men-

tioned ma separated the Kharagauli (in the north)

and Molisi (in the south) synclines

Assignificant episode, presumably taking place in
the Albian age, was the appearance of the Black Sea
- Achara-Trialeti rift zone in the central part of the
Southern Caucasus island arc earlier subject to wash-
out. In the eastern part (in the contemporary Achara-
Trialeti zone) thick (up to 2000 m) volcanogenic for-
mations accumulated during the Albian [34]. Due to
the appearance of an intra-arc rift the South Cauca-
sian island arc was divided into the northern and

southern parts.
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Sub-Hercynian Orogeny

The sub-H orogeny was d before

a basal conglomerate overlies the rocks of the

the Maastrichtian and it leted the M

Ci ian age. In some sections, as a result of pre-
Late

cycle of orogenesis. Its first impulses on the South-
ern slope of the Greater Caucasus and in the Achara-
Trialeti zone were observed already before the Late
Santonian [20].

In the Eastern flysch basin, this folding is fixed
mainly in the areas of cordilleras and submarine up-
lifts. In the Shovi-Pasanauri subzone the Campanian
is represented by clastic-limestone Titliani suite of
flysch (limestones, marls, argillites), in the upper part
of which at places (the village of Sakobliano in
Kakheti) material of the eroded Upper Cretaceous
flysch is attested [33]. In Kakheti (the village of
Cheremi), angular unconformity is observed also
under the Maastrichtian Sabue (orbitoid) suite [20].
In the synclinal structures, where the Campanian
(Jorchi suite) gradually passes into the Maastrichtian
(Sabue suite), between them signs of regression are
not observed (Daradavi syncline in the Zhinvali-
Gombori subzone). At the same time, in the section of
the river Mejuda, the Jorchi suite is composed of
clastic and biomorphic-detrital greywacke-sandy
turbidites and shaly marls.

To the south, in the epicontinental basin in the
0 di

e ian age s caused the
contraction of Dzirula land and its gradual overlap
by the younger members of the Campanian. These
descending movements went on concurrently with
Sub-Hercynian folding taking place in adjacent tec-
tonic zones (Southern Slope of the Greater Caucasus
and Achara-T

aleti zone). In the rest of the
epicontinental basin sedimentation of shallow water
limestones and marls took place.

In the Achara-Trialeti zone pre-Maastrichtian
movements are well recorded in the northwestern part
of the Trialeti Range, causing erosion and deposi-
tion of coarse-grained material. Deep washouts took
place in the northern part of the Achara-Trialeti zone
(town of Lanchkhuti, village of Dapnara) (Fig. 1. dots
14, 15), where the Maastrichtian (Kheoba suite) with
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washouts (Gorisjvari-Khvedureti an-
ticline) (Fig. 1, dot 16), Campanian deposits and in
some places the Maastrichtian ones unconformably
overlie the older rocks. Washouts are evidenced on
the river Tedzami as well and they all associate with
the Sub-Hercynian movements [20].

It should be noted that the Sub-Hercynian fold-
ing is connected with the tendency to overall com-
pression taking place at that time in the Mediterra-
nean belt, when splitting of the African-Arabian con-
tinent and the development of rifts of the Red Sea
and Gulf of Aden began [35].

Laramide Orogeny

The Laramide folding involved the greater part of the
territory under consideration. As a result of this fold-
ing, a remarkable reduction of the Eastern flysch ba-
sin (the Enguri and Liakhvi interfluve) took place and
it turned into a part of the Greater Caucasian land.

The considered phase of folding caused an over-
all regression, which began from the end of the
Maastrichtian and lasted during the Early Paleocene
(Danian). Lithologically, the regression was mani-
fested in the replacement of the Cretaceous carbon-
ate sedimentation (limestones) by more terrigenous
(clays, marls) in the Paleocene:

In the Eastern flysch basin the regression most
distinctly manifested itself in the Zhinvali-Gombori
subzone, where the regressive part of the
Maastrichtian, occupying the upper horizons of the
clastic-limestone Sabue (orbitoid) suite is repre-
sented by rudaccous facies - conglomerate-breccias
and olistostromes composed of rubble and boulders
of underlying flysch rocks and rocks of the Gagra-
Java zone, in particular, of the products of erosion of
the Racha-Vandam cordillera zone. Olistostromes of
the Upper Maastrichtian (rivers Sakanapeskhevi,
Mejuda, Ksani, Aleura, etc.) by their structure and
appearance are similar to those of the Upper Eocene
formations of the Southern slope of the Greater Cau-

casus [25].



Duration of Mesozoic Orogenies

In the deepened areas of flysch basin, where un-
interrupted sedimentation took place, facies changes
indicating regression are still observed. In the
Daradavi syncline the Sabue suite is rep!

Maastrichtian limestones a considerable amount of
quartz-arkose material is observed —a product of ero-
sion of the Kelasuri granitoid massif. Terrigenous

inli increased in vertical direc-

dby
the alternation of sandstone- and gravelite-bearing
turbidites and pelagic limestones and clays. In the
upper part of the suite an increased number of
turbidites and. instead of limestones, deposition of
sandstones or microconglomerates took place [33].
In the epicontinental basin (the Gagra-Java zone)

the regression is manifested in rep of car-

tion and they are replaced by carbonate quartz-arkose
sandstones. In the Achara-Trialeti zone the Zguderi

suite ofthe ichtian age ped:
it is built up of limestones with marl intercalations. In
the upper part of the suite intraformational conglom-
erates are present, pointing to the activation of tec-

tonic in the Late Maastrichtian. Here. as

bonate sedimentation by carbonate-terrigenous one.
The Abkhazian part of the basin was an exception,
where in the Maastrichtian (Mokvi suite), as well as
in the Danian age (Tebelda suite), sedimentation of
limestones continued. In this part of the basin signs
of regression are observed in the sections of the Eki
and Nokalakevi anticlines (Samegrelo) (Fig. 1, dots
17,18). where in the Mokvi suite terrigenous material
in the form of quartz and limestone fragments was
attested [33]. In the vicinity of the village of Tsebelda
(river Kodori) (Fig. 1. dot 19) in the upper part of

3gmnz0d

in the Dzirula subzone, due to the regression from
the end of the Maastrichtian and throughout the
Danian, “variegated marls” accumulated instead of
limestones. As a result of Laramide folding. folded
structures in the form of Tsiteltskaro, Satskhenisi,
Gorisjvari, Khvedureti and other cordilleras appeared
for the first time in the Achara-Trialeti rift basin [34].
Thus, according to the regressive deposits the time
of development of Laramide folding was determined
within the interval of Late Maastrichtian-Early
Paleocene (Danian) inclusive.

33‘15(*)"15(')-3(‘)0 mt‘)maasvagmo %\)%olsaaols bosat‘)dg%mbo

(Ls j\)ﬁ)mmeb 303&Q0m‘ba)

- 3s0bady

P

sgogdonl fggo: 0. gapbodoob bob
oblSopgeho, odogmobo

bolb bby

fogger begalogacsor o mobgezodeb ageczogoot

toagbamo (g3bsmggbol) gebolbols bk foebdngdbormo Bozgddol somm-gogogbahe

SBsgabol Waggdgary asbbogrmos od heob lgrodghihsgenhe Sheggbye, 3s2gmagra®IgoRe
@ WOdbnémo Gromadgbo. RIEOFPoL gams oLl mb sbraes bobmbrgggeze
oo Grodmbagdbydo, Gmdmgbon BrJbrBogahe dndhsmbgiab grdhogfintel Jofhggadot

Bull. Georg. Natl. Acad. Sci., vol. 6. no. 2, 2012



S
™~

l\‘

110 Ferando D.Malsidss, ),

2gipl 2> gl B Babthdgmoodols Lbodl Gonarggfh. bagsbmgaemnt dosasiosty
B0 dgbesbergth othmagbyr gbolgl Bntob gam by 3edzbmensbo Bragdabo bsmyds
oge. dob gegasre hdogsmodrs ob dofhoongo el atrme ghmymade, Grdmaddsg
oo Bodzbyrarbrg 3s5a30emdgl Grombols csbsdyetherg) agmmmaoto sagmadols babosmo.
apaliogszo Easaglybob ohs ol s ggeofbringoeono dobogpol BopROLozpor amﬁnﬂﬁm
bhohosBo Sotrzgrmae g3bolisbraghs dgbmboyso 3369520 Bbobgdol Ligshagee babathdmogmd

REFERENCES

1. AL Janelidze (1940). Geologicheskic nabliudeniia v Okribe v smezhnykh chastiakh Rachi i Lechkhumi. 408p.
(in Russian)
2. ED. Maisadze (1984), Izvestiia AN SSSR. Ser. Geol., 7: 148-152 (in R
8 chart (2000), Union of Geolog
4. H. Stille (1924). Grundfragen der vergleichenden Tektonik. Berlin, 4
5. AL Tsagareli, M.S. Eristavi (1960), Mezhdunarodnyi geologicheskii Kongress.
137 (in Russian),
6. Sh.A. Adamia (1968). Trudy GIN AN GSSR. Nov. Scriia, vyp. 16:249 (in Russian).
7. VI Slavin, M.L. Somin, (1962), Trudy VAGT i MGU. 3: 315-335 (in R
8. M.L. Somin, A.A. Belov, (1967), Bull. MOIP. Scc. geol. 1: 4048 (in Russian).
9. PD. Gambrelidze, S.S. Chikhelidze (1932), Bull. GIN AN GSSR. 1, 3: 81-105 (in Russian).
10. EK. Takhania (1976), Trady VNIGNL vyp. 207, 413 s. (in Russian).
11, T5.L Svanidze (1971), Trudy TSU, 21(141): 163169 (in Russian).
12. 7.1 Svanidze, 7. Lebanidze (2000), Geologica Balcanica. 30, 1-2: 19-24.
13 MG Lomize, D1 Panov 2001, Geotekionika, 4: 7892 (in Russian)
i “Tetiskogo™ proiskhozhdeniia, 187-192 (in Russian)
Il (VI). 371 s. (in Russian).
ia. 80: 182s. (in Russian)
. XXI sessiia. Problema 193-203 (in

ian).
ciences. Trondheim.

XI sessiia. Problema 12: 130~

16. MLA. Beridze (1983), Trudy GIN AN GSSR. Nov
17. PD. Gambrelid=e (1960). vi geologicheskii kongres

Russian).

18. M.I: Topchishvili (1996). Trudy GIN AN GSSR. Nov. Seriia, vyp. 108:216 s. (in Russian).

19. Voprosy geologii NW chasti Abkhazii (1972). Thilisi, 238 s. (in Russian)

20. Geologiya SSSR (1964). X. Georgia: 635 s. (in Russian).

21 A.P. Gerasimov (1928). Izvestiia Geol. Komiteta. XLVIL 4: 327-360 (in Russian).

22. A1 Janelidze (1940). Sovetskaiia Geologiia, 5-6: 172-174 (in Russian).

23. PD. Gamkrelidze (1970), Tezisy dokladov. Thilisi, 3-5 (in Russian).

24. PD. Gamkaelidze, 1P Gamkrelidze (1977), Trady GIN AN GSSR. Nov. Seriia. 57: 80 (in Russian).
25. ED. Maisad=e (1994). Stratigrafiia. Geologi 2,1:95-102 (in Russian)

26. 1D. Tsereteli (1978). Soobshch. AN GSSR. 92. 1: 117-120 (in Russian).

/.M. Lebanidze (1998), Proc. Georg. 2936 (in Russian)

1. Todria (2000). Trudy GIN AN . 115:3647(in Russian).

29. N.G Khimshiashvili (1957). Verkhneiurskaiia fauna Gruzii. M.. 313 s. (in Russian).

30. LG Chechelashvi Varsimashvili (1981). Trudy GIN AN GSSR. 72: 84-129 (in Russian).

31. VP Rengarten (1932), Trudy VGRO,148: 78 (in Russian).

32. EV: Kotetishvili (1986). Trudy GIN AN GSSR. Nov. Seriya. 91: 160 (in Ru:
33. RA. Gambashidze (1984). Trudy GIN AN GSSR. Nov. Seriia. 82: 111 (in Russian).

34. PD.Gamkrelidze (1949). Geologicheskoe stroenic Adjaro-Trialetskoi skladchatoi sistemy. 508 s. (in Russian).
35. LP. Gamkrelidze (1976). Trudy GIN AN GSSR. Nov. Seriia, 52:225 (in Russian)

Received March, 2012

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012



1 )
TIN OF THE GEORGIAN NATIONAL

535RIBOOL  BCISBBD,  B. 6, N2, 2012
ACADEMY OF SCIENCES, vol. 6, no. 2, 2012

Plant Growing

Natural Zeolite — One of the Possibilities of Transition
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ABSTRACT. Some aspects of transition from ical to are in the
article. Attention is focused on the questions of use of natural zeolites ofsedlmentary origin in practice
of plant growing. On the basis of the researches carried out at the end of the 20™ and at the beginning
of the 21* centuries, positive influences of the natural zeolites on its physical and chemical properties,

biological activity and efficiency are established. ©
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In the nearest future the danger of losing agricul-
tural soils arises in the world because of global natu-

ral cataclysms and irrational activity of man [1]. One

of the reasons of the development of the negative

processes in the soil is the inc

mineral fertilizers and pesticides. All these cause an
increase in crop yield but at the same time create the
danger of the contamination of the environment by
toxic substances.

Therefore, development of new solutions be-
comes necessary in order to feed the growing world
population and maintain a safe environment at the
same time.

In the middle ofthe past century;, calls for renounc-
ing chemical (industrial) arable farming and moving
to its biological counterpart appeared in scientific
journals. However, in many scientists” opinion, not

ing utilization of

tuff, -Z¢

> fertilizer.

absolute rejection of mineral fertilizers and pesticides
but
agrochemical and biological methods together with

“balanced utilization of agro techniques,

the system of integral plant protection™ is more rea-
sonable [2]. G. Kahnt, a German scientist, holds this
opinion and advances three main factors for transi-
13
1. Transition of nitrogen of the air into plant pro-

tion to biologi

-able farming:

tein by means of bean culture and specific soil bacte-
ria, but not by means of synthetic nitrogen fertilizers.

2. Loosening and aggregation of the soil by means
of plant roots, small soil-inhabiting animals and soil
microorganisms, but not by means of tools and
mechanisms.

3. Struggle against weeds, plant discases. and

pests is to be carried out by means of proper alterna-

tion of crop-rotation of cultures, choice of species

© 2012 Bull. Georg. Natl. Acad. Sci.
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and sorts applicable to specific conditions and meth-
ods of activation of natural enemies of pests; but not
at the expense of application of chemical against (her-
bicides. insecticides, fungicides, etc.).

In this case. biological arable farming does not ex-
clude utilization of mineral fertilizers:- “goal-directed till-
ing of the soil, crop rotation, fertilization by manure
(organic), and harmonic addition of mineral nutritious
substances are the prerequisites for good harvest™ [2].

Atpresent, natural zeolites of sedimentary origin
are widely used in plant-growing [3-7]. Their appli-
cation in the soil (both individually and in combina-
tion with minerals and organic fertilizers) not only
increases the capacity of the crops but also improves
their qualitative indices [8].

Zeolites belong to a special class of crystalline
alumo-silicate minerals and are characterized by their
inherent alkaline reactions [9]. Combination of well-
defined adsorption and ion-exchange capacity with
considerable biological activity is a specific charac-
teristic of zeolites [9]. Furthermore, the cation-ex-
change capacities of zeolites are one order higher
than those for any other types of soils [10, 11].

Itis due to this specificity that addition of zeolites
to the soil improves its physical and chemical prop-
erties.

Al present, more than forty types of zeolites are
known but only the following zeolites of sedimentary
origin have practical utilization: clinoptilolite, heulandite,

lenite, phillij analcime,

faujasite, 1
chabazite and erionite. Industrial deposits of these
zeolites, with the main mineral content above 50-60% in
rocks, are widely represented on all the continents of
our planet. They are inexpensive, easily accessed for
extraction and exploration [9-10].

According to the specificity of these minerals,
their utilization is more reasonable for acidic (infer-
tile) soil, but this does not exclude the possibility of
their use for other types of soils as well. Acidic soil
(podzolic, soddy podzolic. gray forest, boggy, peat,
red, yellow) are widely distributed on all the conti-
nents and are characterized by high acidity (pH of
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‘water extracts of these soils ranges from 3-3.5 up to
4.6-6.0)[12]. Such soils are useless for growing the
majority of the crops successfully grown on neutral
soils (pH=7 for the soil solution). The method of liming
[12]is used in the practice of plant-growing in order
to decrease the acidity and increase the fertility of
such soils. This method is based on the enrichment
of soil exchangeable complex with cations of calcium
characterized by clearly shown alkaline reaction.
However, already at the end of the past century, it
appeared that natural zeolites can fulfill this positive
role [5]. Effects of zeolites on pH of soil solutions are
mainly noticed for acidic soils, depending on the
doses of the applied minerals.

Laboratory experiments showed that application
0f 2% zeolite-bearing rocks (deposits of Bulgaria) to
weakly alkaline soils of that country changes pH of
the surrounding only by 0.44 units; for weakly acidic
soils of Central Greece — by 0.44 units as well [13].
Identical results were obtained in the case ofapplica-
tion of 1% clinoptilolite-bearing tuff’ (Ai-Dag deposit,
Azerbaijan) to weakly cultivated soddy podzolic soils
(Moscow region) where alkalinity also increased only
by 0.3 units [14].

The experiments, carried out in Georgia [ 15], proved
that application of clinoptilolite-bearing tuffs to red
and podzolic soils in the amount 0f0.5% did not change
the pH ofthe medium: only application of 1.0-1.5 % of
zeolites increased alkalinity by 0.2-0.3 units. Appreci-
able results were obtained by enrichment of this soil
with 15% zeolites. On red soils alkalinity increased by
2.5 units but that on podzolic soil by 2.4 units, i.c.
became neutral (pH=6.8-7.4). Similar results are given
in [14] according to which application of zeolites in the
amount of S and 10 % increases alkalinity by 2.3 and
3.0 units respectively for the first year and preserves
that effect for the following two years.

Field experiments carried out in Ukraine and
Yakutia fully confirmed the experiments done in labo-
ratory conditions. So, application of clinoptilolite-
bearing tuff to soddy podzolic soils (Ukraine) in the
amount of 30 t/ha (against the background of NPK)
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increased the pH of the water extraction from 5.3 to
6.7, i.e.by 1.4 units[16].

Introduction of calcium forms of zeolite
(Khonguruu deposit, Yakutia) into podzolic, sandy
loam (against the background of NPK) in the amount
of 50t/ha increased alkalinity by 0.6 units. from 5.2 to
5.8: but enrichment of the boggy-high soil of South
Yakutia with the same type of zeolites in the amount
of 100 t/ha contributed to an increase in pH by 1.6
units, from 5.2t0 6.8 [17]. It has been established by
the field experiments that the change in pH is pre-
served for a long time (2-3 years) after a single appli-
cation of zeolite [16]: according to other data - for 4-
5 years [18]. Thus, a new possibility of reclamation
of acidic soils without liming has become available.

Other important properties of zeolites, such as
ability to adsorb a lot of quantity of moisture and
retain it in their pores at increased temperature at-
tracted the attention of growers.

In [19-20] carried out in Azerbaijan on chestnut
soils of Karabakh steppe it has been found that in-
troduction of clinoptilolite-bearing tuffs of a local
deposit (Ai-Dag) into the soil increased the water-
content in the latter.

In this case, moisture of the soil in an arable layer
(amonth prior to the harvesting) changed in a wide
range depending on the dos

¢ of the applied zeolite.
On non-irrigated plots of these soils, moisture in the
control against the background of NPK totaled 8.26
%, enrichment of the soil by zeolite in the amount of
5.10and 20 t/ha has led to the increase in moisture up
to 11.50; 15.38 and 21.79% respectively. The same
regularity was observed on irrigated plots: 12.99%,
18.56%,22.12%., 20.80%. On the average, over three
years of use of the same doses of zeolites on non-
irrigated plots, the moisture of soil increased from
21.2%up 1024.0;25.4; and 27.8%:; and on irrigated -
from 25.3 up 10 29.6: 30.5; and 32.2%.

Asimilar fact is observed on soddy-podzolic soils

of Ukraine [16]. On the average over five months of

the vegetative period (1980). application of zeolites
in the amount of 10: 20; 30 and 50 t/ha against the
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background of NPK, moisture of soil exceeded that
ofthe control by 6.7;13.3; 9.2 and 10.8 %. Increase in
norms of zeolites up to 30 and 50 t/ha has not led to
an adequate change in moisture compared to 10 and
20 t/ha. It should be noted that the positive influence
on the increase of water-content in soils and their
retention capacity is evidenced with all types of soil.

Application of zeolites to the soil promotes improve-
ment of some of its physical and chemical properties.
So, it is shown [21-22] that as a result of enrichment of
serozemic-meadow soil of Shirvan steppes (Azerbaijan)
with clinoptiloli ining tuff. lated in 0.5-1.0
mm, in a dose of 5 t/ha, contributed to the improvement

of such indices of soil as aggregation, swelling, and
filtration capacity. The quantity of agronomically valu-
able aggregates of 1-10 mm size in an arable layer has
increased up to 75.25 % in comparison with the control
(51.08 %); but aggregates of greater sizes <25 mm —
96.13 % (in the control — 81.62 %), attesting to the
aggregation (structuration) of the soil.

The size of swelling in an arable layer, on the con-
trary, has decreased to 6.9 % (in the control 8.9 %),
filtration capacity has increased within 9 min from 13
ml (in the control) to 23.7 ml. The same effect was
obtained by application of clinoptilolite-containing
tuff'to the chestnut soil of Azerbaijan in the amount
of 5, 10 and 20 t/ha [22]. Thus, positive influence of
zeolites is more clearly shown on non-irrigated soil
than on its irrigated counterpart and depends on the
dose of zeolites used. The amount of water-stable
microaggregates of 1.0-0.25 mm in size has notice-

ably increased, and the difference between the con-
tents of these aggregates in the control and non-
irrigated plots amounted to 5.7 %; but that on irri-
gated one to only 1.9 % (the norm of the used zeolite
—10 t/ha). On non-irrigated plots the swelling de-
%, and that
Filtrational

creased from 8.5 % (in the control) to 5

on irrigated one from 11.6 up to 7.8 ¢
properties of the arable layer have noticeably im-
proved. Thus, whereas on the non-irrigated plots it
amounted to 21.3 ml/10 min, after application of
zeolites it increased up to 39 mI/10 min. A similar pic-
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ture was observed on irrigated plots as well: a maxi-
mal increase of these parameters (from 43.6 m1/10 of
min up to 65.2 ml/10 min) took place.

The researches carried out in Georgia established
that appli tuffs to
acidic soil, characteristic of the humid subtropics of

of clinoptiloli

Western Georgia. contributed to the formation of gi-
ant (up to 50-60 mk) amoebas, being an indirect evi-
dence of the increase in porosity of soil and improve-
ment of its structure [15]. In a later work [23], it has
been shown that enrichment of acidic soil of Kolkheti
lowland (belonging to the category of light-clay) by
natural zeolite - laumontite (20 t/ha) reduces the con-
tent of physical clay from 62 % to 58 %, transferring
it to the category of heavy loam. The factor of struc-
ture formation in this case increases from 76.9 up to
80.6 %: but the total porosity of the test plots from
52.3%upt055.5%.

Bulgarian scientists [24] made an attempt to
recultivate yellow and green clay by means of
clinoptilolite-containing tuffs. By laboratory experi-
ments, it has been established that the total porosity
increased from 43 up t049.6 % and approached the
control variant —51.80 (humus layer of soil without
fertilizers).

Fertility of soils in many respects depends on the
exchange-absorption capacity of the arable layer (ab-
sorbing complex). In the scientific literature the terms

T 0109

plex by calcium, on the contrary, provides favorable
conditions for plants by protecting the absorbing com-
plex from destruction, promotes its aggregation and
fixation of humus in it. Therefore, calcium is called
“guard” of fertility [11]. As the cation composition of
zeolites is identical with the cations of the absorbing
complex of soil in composition, its enrichment with
zeolite-containing rocks seems advisable. Utilization
of zeolites with prevailing Ca*? composition, (for ex-
ample heulandites or laumontite) is desirable. In the
case of utilization of clinoptilolite for this purpose,
samples differing by high content of Ca*' and K" and
absence or negligible content of Na* should be se-
lected. Thus, application of zeolites to the soil: in the
first place, increases many times its cation capacity
and in the second place enriches it with “useful” Ca".
In 1975-1976, the first studies were carried out in Ukraine
on soddy-podzolic sandy and sandy loam, for which
the absorbing capacity varied within the limits of 3-4
mg-eq/100g soil for sandy and 5-7 mg-eq/100g for
sandy loam. Introduction of clinoptilolite-containing
tuffto such soil in the amount of 15-30 t/ha increases
the content of exchangable cations and absorbing ca-
pacity by 15-25 % which is stably observed for five
years [25]. In this case, enrichment of the absorbing
complex occurs at the expense of calcium, potassium
and magnesium. In [ 14], carried out on soddy-podsolic

soils under influence of 10 % zeolite, cation

“absorbing capacity *, “‘cati I pacity” 11,

12] and sometimes “capacity of base exchange™ [25]

are used for its designation. These terms imply the
total amount of all absorbed (exchange) cations which
can probably be ejected from soil. This index is ex-
pressed in milligram-equivalents per 100 gram of soil.
Reaction of soil solution, dispersity of soil, aggrega-
tion ability, and stability of an absorbing complex to
the destructive action of water in the process of soil
formation depends on the composition of the absorbed
cations. The absorbed H', AI'* and especially Na*
contribute to destruction of the absorbing complex,
reduction of the ability of retention and fixation of
humus substances. Saturation of the absorbing com-

Bull. Georg, Natl. Acad. Sci., vol. 6, no. 2. 2012

t bl cased from 15.2 up t0 34.6
mg-eq/100gr of soil (more than twice), and the sum of
the absorbed bases - from 6.5 up to 15.8 mg-eq/100g of
soil. The calcium content in the soil increased 2-3 times,

capacity i

but magnesium content decreased 5-8 times.

The same effect was observed by application of
the calcium form of natural zeolite khongurin in acidic,
podzolic, sandy loam and boggy-upper soils of
Yakutia [17]. In the first case, at application of zeolite
in the amount of 50 t/ha against the background of
NPK, the sum of the exchangeable cations increased
from 15 (in the control) to 24.2 mg-eq/100g of soil, the
amount of calcium has increased 2.5 times. In the
second case, with application of 100 t/ha khongurin
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the sum of exchangeable cations increased from 35.3
069.8 mg-eq/100g of soil, and the amount of calcium
and magnesium — 2.0 and 2.3 times. Such positive
effect is observed independently of the type of soil.
Thus, application of zeolite in the amount of 10 t/ha
to chestnut soils of Azerbaijan led to an increase of
the sum of the absorbing bases in comparison with
the control: but further increase in doses of zeolites
does not exert an influence on this index [22].
Application of zeolite-containing rocks exerts a
certain influence on the content of such nutritious
elements as NH,” + and K'. At application of
clinoptilolite-containing tuffs to soddy-podzolic
soils, an increase in the fixed ammonium (~77 %) and
creation of the best conditions for its assimilation by
plants is observed; the process of nitrification is
slowed down; loss of nitrogen by washing away and
denitrification is reduced [16]. Introduction of zeo-
lite-containing rocks in the amount from 5 upto 15t/
ha in meadow, grey, heavy-loamy soil of the Far East
contributed to the adsorption of ammonium on the
average more than 50 % in comparison with the con-
trol (untreated plots) [26]. By laboratory studies it
has been established that at introduction of 15 %
il
of Georgia, the absorption capacity of potassium

clinoptilolite-containing tuffto red and podzoli s
increases almost three times [ 14]

Microorganisms, living in the soil. considerably
contribute to soil fertility. Accumulation of organic
substances, formation of humus in the arable layer
depend on the number of these microorganisms and
their composition. Activity of microorganisms is de-
termined by a number of factors, such as: humidity.
temperature and acidity of the soil, and so on. Ap-
plication of mineral, and especially organic, fertiliz-
ers exerts a certain influence on the increase of their
number in the soil [27]. In the second half of the last
century, biological activity of zeolites was also re-
vealed. It was shown that their application to the
soil increased the number of microbial coenosis
[15]. A number of studies were carried out in this
direction.

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

In the laboratory investigations carried out in 1984,
the dynamics of the variation of the number and
biomass of microorganisms in acidic soil under the
influence of clinoptilolite-containing tuff and peat
[28] was studied. Duration ofthe experiment: 22 days.
The best results were obtained for the mixture
soil+clinoptilolite in the ratio 8.5/1.5. The weight of
the formed bacteria for this period of time amounted
10 5.32 mg/g. The weight of the bacteria in the control
(on pure soil) was 2.69 mg/g. The increase in number
of microorganisms has pulsating character. Such fluc-
tuations are probably caused by periodic reproduc-
tion and necrosis of microorganisms during the ex-
periment.

Biological activity of zeolites became apparent in
the process of their impact on the decomposition of
organic substances in soil (red) [29, 30]. To deter-
mine the dynamics of decomposition of organic sub-
stances in the soil, such highly informative index as
rate of release of CO, from the surface of the soil in a
unit of time, so-called respiration of soil, has been
used [11]. Laboratory studies [29, 30] established that

lication of clinoptiloi

soil in the amount of 10-20 % sharply increased the

tuffto an acidic

intensity of d b in

of organic
comparison with the control (soil without fertilizer)
3.2-5.0 times and thus worsened the agronomical prop-
erties of the soil. Application of the same amount of
peat practically does not exert any influence on this
process. Al application of a mix of clinoptilolite
(20 %) and peat (20 %), the intensity of the process

s

of d ition of organic ces in the soil

increased only 1.8 times in comparison with the con-
trol. This contributed to more regular decomposition
of organic substances and createed favorable condi-
tions for growth and development of plants.

The positive effect of zeolites on the increase of
the number of microorganisms in the soil depends
on the type of the latter as well. Application of 10 %

linoptiloli tufftoh
soil even causes slight decrease in the number of

bonated

the microflora to 880 thousand/g of soil (in the con-
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trol 890 thousand/g of soil). Application of the same
doses of zeolites to podzolic and red soils doubled
the number of the microorganisms in the soil in com-
parison with the control 1646 and 1642 thousand/g
of soil (in the control 830 and 820 thousand/g of
soil) [30]

In the presence of natural zeolites in the soil. not
only an increase in the number of microorganisms
but also change of their qualitative composition have
been observed. Thus, in acidic soils containing 15 %
clinoptilolite, mycolytic bacteria dominate, inducing
lysis (eating up mold fungi) and reducing their con-
tent 2-3 times [15]. Almost threefold increase in the
number of actinomyces that have bacterial activity
and therefore contribute to the sterilization of soil
from undesirable microflora has also been noted. The
fact of positive influence of zeolites on the increase
in the number of blue-green algae and azotobacter in
soils, which play an important role in atmospheric
nitrogen fixation and their conversion into forms that
are available for plants has been established also.
Only in acidic soils the number of azotobacter in-
creased by 30-40 % [15].

Similar field experiments fully confirmed the labo-
ratory study of change in the qualitative composi-
tion of microflora under the influence of natural
zeolites.

By the experiments carried out in Azerbaijan [31 1
in 1985-1987. it was shown that application of 10 t/ha
i tuffto tai

7 ay-brown
soils increased the number of microorganisms from

5707 thousand/g soil in the control (soil without

fertilizer) up to 6901 thousand/g soil ; and the number

The same effect

of actinomyces increased 1.4 times.
was observed on soddy podzolic soils of Ukraine
[16]. After appli of 10 tha 7 ini
tuff to this soil only once, increase in the number of
s from 3844 th

trol against a background of NPK and manure up to

it

microorganis d/g soil in the con-
6139 thousand/g soil took place even in the third
year of the experiment. It is necessary to note that

the number of actinomyces increased 2.5 times. and

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

the number of ammonium fixators was doubled com-
pared to the control.

By the field experiments carried out on the grey-
brown soils of Eastern Georgia in 1989-1992, [30] it
was established that introduction of organo-zeolitic
fertilizers (a mixture of clinoptilolite-containing tuffand
fresh poultry manure) in the ratio 1: 1 also contributed
to the increase in the number of such microorganisms
asnitrogen fixers. From the obtained results it follows:

1. Introduction of these fertilizers in the amount
of 20-40 t/ha into soils increases the number of
nitrogen fixers to a greater extent than utilization of
mineral fertilizers (N, P, K . kg/ha):

2. Increase in the doses of the applied organo-

zeolitic fertilizers contributed to the increase in the
number of microorganisms in the soil:
3. Vital activity of nitrogen fixers in the autumn-
winter period is noticeably decreased in the control
soil and in soils with mineral fertilizers that takes place
with application of organo-zeolitic fertilizers but toa
lesser extent.

4. Considerable effect of the after-action in the

case of utilization of organo-zeolitic fertilizers has

been noted: in 1991, the number of microorganisms
almost doubled in comparison with that in 1990.

A similar regularity observed in the case of

application of organo-zeolitic fertilizers in acidic soils
characteristic of humid subtropics of Western Georgia
in 1989-91 [32]. The total number ofmicroorganisms
increased 1.5-2.0 times in comparison with the control
K.

At present, there are a few works about the pos-

against a background of mineral fertilizers N, P,

‘60! o0

sibility of utilization of natural zcolites to combat dis-

cas

es, pests and weeds of crops. However, the ne-
cessity of development of this direction is seen to be
prospective in some of them.

In the work of Russian scientists [33] it has been
shown that application of natural zeolites to soil pre-
vents disease of the root system of plants and holds
back the development of diseases. Vegetative labo-
ratory tests have shown that zeolites reduce lesion
of sprouts of ginseng and purple coneflower with

//

/
3 i)
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root rots. Application of zeolites in the amount of 2t/
ha (in field conditions) led to the decrease in the
number of sick plants in comparison with the control
by 30 % for ginseng and 15 % for coneflower. This is
apparently related to the fact that zeolites increase
the physiological and biological activity of soils. their
aeration and normalization of water balance. Also it
has been found that growing of seeding of common
valerian on a substratum-containing zeolite, decrease
lesion of plants by root rots up to 4.9 %: in the con-
trol (sand-peat-soil) it amounted to 14.8 %.

In Italy [10] natural zeolites have been used as
dusting agents to kill aphids affecting fruit trees. The
mechanism of this reaction is not known: the zeolite
could act as a desiccant, although it is almost com-
pletely saturated with water before use, or its highly
alkaline character in water could simply kill individual
insects that come in contact with it.

39656390

Laboratory investigations have been carried out
in Georgia to study the influence of natural zeolites
on germination of seeds of wheat and weeds. charac-
teristic of this culture [34]. In vegetative vessels filled
with podzolic soil (control) and the same soil enriched
with finely ground clinoptilolite-containing tuffs in
the amount of 5, 10, and 15 %, were sown with wheat
and weeds. Germination of weeds in the control was
found to be 100 %, and that of wheat - 91%.
with enrichment of the soil with zeolite, the germina-

Along

tion of weeds decreased to 77.5 %, while the germi-
nation of wheat increased up to 97 %

Thus, from the analysis of numerous studies of the
utilization of natural zeolites in plant-growing it follows
that all the three propositions presented in the mono-
graph of GKahnt [2] in many cases can be carried out
by means of natural zeolites of sedimentary origin -an
inexpensive and available mineral raw material.
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ABSTRACT. From the Georgian endemic

Miscz. rhizomes

hemaggluti
hemagglutin;

1 plant F

(lectin SABA-1) was separated and partially purified. It was revealed that minimal
ng activity of lectin is 0.01 mg/ml. SABA-1 is a thermostable protein and maintains

hemagglutinating activity during 15 min i
1 is inhibited

at60°C. H

activity of lectin SABA-
Lectin SABA-1

thvl-D-

anozide and N

belongs to the mannose-specific lectins class. © 2012 Bull. Georg. Natl. Acad. Sci.

Key words: lectins, Polygonatum obtusifolium Miscz. rhizomes, mannose-specific lectin.

Introduction. It is well known that biologically ac-
tive compounds are widely used in biology, medi-
cine, agriculture and in other fields of science. The
available literature shows that most important class
ofthese compounds is information carrier and infor-
mation decoding — carbohydrate contains biomole-
cules (glycoproteins, glycolipids, glycolipoproteins,
etc.) and carbohydrate binding proteins — lectins [1].

The first plant lectin was discovered in 1888 by
H. Stillmark. To date hundreds of plant lectins have
been isolated and biochemically characterized. Be-
cause of the unique property (specifically binding to
carbohydrates and carbohydrates containing
biomolecules) of lectins they are successfully used
as exploration tools, affinity adsorbents for the isola-
tion of various glycoproteins, cells and organelles.

Lectins as specific biological probes have found much
use in studies of the membrane carbohydrate topog-
raphy, in medicine and criminalistics as a diagnostic
means [1]. Special interest of scientists was stirred
by the ability of lectins for cell proliferation, having
hormonal, toxic, immunomodulatory, antitumor, anti-
viral and other functions [2-4]. Thus, isolation of new
plant lectins and ascertaining their biological role still
remains one of the topical biomedical problems. There-
fore, we carried out experiments to identify lectins
from the Georgian endemic medicinal plant
Polygonatum obtusifolium Miscz. and study some
of their biochemical properties.

Material and Methods.
The underground parts of rhizomes of Polygonatum
obtusifolium Miscz., which is extensively used in folk

© 2012 Bull Georg. Natl. Acad. Sci
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medicine due to their essential medicinal properties,
served as the object of this study. With the aim of
lectin extraction the plants rhizomes were homog-
enized. For extraction PBS solutions of different com-
position were used:

1)0.9% NaCl, 40 mM K'-phosphate buffer, pH 7.4

2) 0.9% NaCl, 40mM K- phosphate buffer 0.1%
b-mercaptoethanol (3-M), pH 7.4

3) 0.9% NaCl, 40mM K- phosphate buffer, 1%
polyvinylpyrolidon (PVP). pH7.4;

4) 0.9% NaCl, 40mM K- phosphate buffer, 0.5
mM phenylmethylsulfanylfluoride (PMSF).H pH 7.4.

To choose the optimal extraction conditions we
took into account the ratio of crude material and ex-
traction solution (w/v=1/5;1/10; 1/20), pH (5.0: 6.0;
7.0:7.4:8.0:9.0) and incubation time (15; 30; 45: 60
min). The homogenate was placed on magnetic stir-

rer in accordance with the extraction time at room
temperature. The mixture was filtered using cheese
cloths and the filtrate was centrifuged at 16 000 g
min for 15 min. For partial purification the supernatant
was fractionated with ammonium sulfate under 0-20,
20-40. 40-60. 60-80, 80-100% saturation. The separate
suspension was centrifuged at 10 000 g for 20 min at
+4°C (“Beckman™ SW-27 rotor). The precipitate was
dissolved in a minimal volume of extraction solution.
was homogenized and centrifuged at 5 000 g (centri-
fuge TY5.375-4172-78, rotor PY 180) for 15 min. The
supernatant was filtered through Whatman CF/C and
sinpor-0.45-0.22 mkm filter and ammonium sulfate was
removed with dialysis on G-10 Sephadex column
(50x2.7 cm). Extracts were stored at +4°C.

Lectin activity was determined visually using 96-
well immunological microtiter U-plates using a
hemagglutination test on rabbits trypsinized eryth-
rocytes with the method of Takatsy [5]. Lectin
hemagglutinating activity (HA) was estimated accord-
ing to that minimal protein concentration (mg/ml)
which shows full agglutination of rabbits trypsinized
erythrocytes. In order to estimate lectin activity we
used also a specific activity (ml/mg) which is its in-
verse value and reflects the minimal concentration

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

which still causes agglutination: SA=T"'xC"', where
T (titer) is the degree of minimal protein concentra-
tion in which agglutination is still noticeable (6), C is
protein concentration expressed in mg/ml. Lectins
content was judged by the ratio of overall protein
content to lectin activity (conventionally agglutina-
tion unit, hemagglutination unit — HU) or by the for-
mula GAA=1/Tm (T- titer of lectin hemagglutinating
activity; m - mass of the used fragment of
Polygonatum obtusifolium.

Lectin activity kinetics was measured in hemag-
glutination medium by the photocolorimetric method.
at 670 nm light. a 200 u12% suspension of trypsinized
erythrocytes was introduced into the control and test-
ing cuvettes. Lectin fraction was added into the test-
ing cuvette and PBS of the same volume to the con-
trol one. In the control cuvette of light transmission
at 670 nm was considered as 100% and variation of
this index was fixed with an automatic recorder con-
nected with a photo colorimeter (K(K-3). The influ-
ence of H' ions concentration on lectins hemag-
glutinating activity was studied in the pH 2.0 10.0
ranges PBS, at 1 unit intervals. The extracted protein
was titered according to a decreasing concentration
on immunological plates, in the relevant pH of PBS.
Agglutination was studied in 2% suspension of rab-
bit’s trypsinized erythrocytes that had been prepared
on pH changed buffer.

To study lectin thermostability the purified pro-
tein fractions were incubated in a water bath at the
temperature 20. 40, 60. 80and 100°C for 10 min. The
thermally treated samples were cooled in the ice bath
(15min) and centrifuged in order to remove the dena-
tured protein sediment (1500 g/15min). Hemagglu-
tinating activity was measured in supernatants at
room temperature.

Lectin specificity in relation to carbohydrates was
studied by means of the hapten-inhibitory method
[7]. For the analysis we used 0.6 M solution of mon-
osaccharide prepared on PBS. In the experiments 18
different carbohydrates were used: D-galactose, me-
thyl-D-gal thyl ide, D-

P!
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Table 1. The influence of extraction time and different extraction solutions on the protein concentration

and inating activity of rhizome extracts

Composition of Time i T Eesti Specific
PBS (min) Titer concentration activity activity
(mg/ml) (mg/ml) (ml/mg)

PBS 15 23 0.720 0.023 111

0.9%NaCl + 40mM 30 2 0.752 0.024 10.6

KH,PO, 45 23 0.816 0.026 98

pH 7.4 60 23 0.832 0026 9.6

PBS 15 2f 0976 0015 16.4

0.9%NaCl + 40mM 30 25 1264 0.010 253

KH,PO, a5 2 T408 0011 227

0.1% p-M pH 7.4 60 2 1648 0013 194

PBS 15 N 0992 0.016 16.1

0.9%NaCl + 40mM 30 2 1336 0.010 240

KH,PO, 45 25 1352 0011 236

1% PVP pH 7.4 60 25 1344 0.010 238

PBS 15 2 0872 0.013 183

0.9%NaCl + 40mM 30 24 1072 0.016 149

KH,PO, 45 27 1160 0018 138

0.5mMPMSF pH7.4 60 29 1208 0.019 132

p<0.01

mannose, D-raffinose, D-glucose, D-ramnose, N-
acetyl-D: N-acetyl-D- i
D-galacturonic acid, D-fructose, L-inosite, D-arab-
D-lactose. D-cellobi

inose, L-ribose, Melibi

specific activity index was highest 25.3 ml/mg. Intro-
duction of PMSF into extraction solution did not al-

ter the extract's hemagglutination and specific activ-

Saccharose.

Sugar solution was titered from 200 mM with de-
creasing concentration, on the immunological plates.
Equal concentration of 1:4 titer lectin solutions was
introduced in all cells of the plate. Hapten specificity
was estimated by that minimal concentration of sugar

(mM) which resulted in inhibition of lectin

hemagglutinating activity. Protein concentration was

measured by the method of Lowry. et al. [8].

Results and Discussion

In the first series of experiments we studied the effect
of different solutions, widely varying the composi-
tion and extraction time on hemagglutination activity
of extracts from Polygonatum obtusifolium rhizome
lectin - SABA-1. As seen from Table 1, hemagglu-
tinating activity of lectin -SABA-1 is completely ex-
tracted by PBS (0.9% NaCl. 40 mM K'- phosphate
buffer 0.1% B-mercaptoethanol (5-M), pH 7.4), ex-
traction time was 30 min, the minimal concentration
of protein causing agglutination was 0.01 mg/ml. its

Bull. Georg. Natl. Acad. Sci.. vol. 6. no. 2, 2012

ity, ing stability of SABA-1. Introduction of
PVP into extraction solution did not change
hemagglutinating activity of SABA-1.

As seen from Table 1, in the case of PBS use of
(0.9%NaCl + 40mM KH,PO, 0.1% -M pH 7.4) as
extraction solution (extraction time 30 min) there oc-

curs maximal separation of the protein with lectin ac-

tivity.

Itis known from the literature that during visual
determination of lectin activity. by the Takatsy
microtitration method, apparent hemagglutination is
frequently recorded. Namely, it is known that this
kind of artefacts may be elicited by polysaccharides,

and also by d 1i

phenol g

logical plates. In order to avoid this, we have used
the photocolorimetric method to determine the kinet-
ics of the hemagglutination process.

Fig. 1 shows that in control (erythrocytes with-
out lectin) and in testing (erythrocytes in the pres-
ence of lectin) erythrocytes sedimentation Kinetics
is of reciprocal character. In particular, in testing
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Time (min) . 4
As seen from Fig.2, at pH7.0-8.0 range the high-
Fig. 1. Kinetics of SABA-1 lectin hemagglutinating X o X .
activity, est hemagglutinating activity of lectin SABA-1 is re-
Control: typsinized erythrocytes without lectin; ordsa

Testing: trypsinized erythrocytes in presence of lectin
transimission rises rapidly and achieves maximum
(100%) after 40 min, in control, the same index is re-
corded only after 90 min, this is induced by a fast
agglutination of erythrocytes by SABA-1, as a result
sedimentation and trasmission are rapidly increased.

In the next series of experimemts we studied the
influence of different extraction solution volumes

(crude material/PBS — 1/5, 1/10, 1/20) on the lectin

SABA-1 content in Polvgonatum obtusifolium rhi-

zome extracts (Table 2).

The results presented in Table 2 show that the
most optimal ratio between the weight of Polvgonatum
obtusifolium thizome and extraction solution volume
is 1/20 (¢/ml). With the use of extraction solution of
this ratio one can fix the highest indices of lectin
content in extracts of plant tissue (0.0156).

Lectin activity is changed depending on a wide

In parallel the effect of temperature on lectin
SABA-1 specific activity was investigated (Fig. 3).
As reported in the literature, as a rule, most lectins
are thermostabile and they are used for their purifica-
tion because lectin stability facilitates their separa-
tion from the relatively thermolabile proteins.

As evident from Fig. 3 SABA-1 maintains activ-
ityat +60°C under 15 min incubation. With a further
rise in temperature there occurs a gradual inactiva-
tion of lectin, while at 100°C its hemagglutinating ac-
tivity becomes completely inhibited (Fig.3). Thus, the
results obtained indicate that SABA-1 belongs to
the thermostable class of proteins.

Next series of experiments was aimed at partial
purification of SABA-1 by ammonium sulfate under
varying saturation (Fig.4).

As scen from Fig. 4, the highest specific activity
of SABA-1 is recorded in the fractions obtained by

Table 2. The effect of Polygonatum obtusifolium rhizome weight and extraction solution volume ratio on

the lectin content in plant tissue extracts

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2, 2012

Crude materialPBS (¢/ml) Titer m — mass fragment of the used Lectin content
Polygonatum obtu; m (GAA=1/Tm)
15 2 ig 0.0039
1:10 P 1 0.0078
1:20 2 Ig 0.0156
p<0.01
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ammonium sulfate saturation from 20-40 to 40-60%.
The results indicate that maximal sedimentation of
lectin SABA-1 from the extracts of Polygonatum
obtusifolium rhizome occurs under 0-60% satura-
tion of ammonium sulfate.

In a special series of experiments we studied
SABA-1 specificity in relation to carbohydrates (Ta-
ble 3). To obtain full-value characteristics of lectin it
is necessary to ascertain lectin specificity to carbo-
hydrates. Lectins are known to bind with carbohy-
drates specifically and inhibit lectin-induced
hemagglutination. As shown in Table 3, 18 different

20-40 % 40-60 % 60-80 % 80-100 %

Fig. 4. Fractionation of the extracts from Polygonatum
obtusifolium rhizome with ammonium sulfate under
different saturation. On ordinate — specific activity of
SABA-1. On abscissa — ammonium sulfate saturation

carbohydrates were tested in an initial concentration
0f200 mM.

The data presented in the table demonstrate that
lectin SABA-1 hemagglutinating activity is inhibited
only in the presence of mannose, o-methylman-
nopyranoside and N 1-D-gli The data

obtained indicate that lectin SABA-1 isolated from

Polygonatum obtusifolium rhizome is attributed to
the mannose-specific lectin class.

Conclusion
Lectin SABA-1 has been isolated from the Georgian
endemic medicinal plant Pols oli

Table 3. Specificity of lectin SABA-1 to carbohydrates

Carbohydrates
(Initial concentration 200 mM)
D -galactose

Inhibition of
hemagglutinating activity (mM) of

Minimal inhibiting concentration
carbohydrate

@ -methyl-D-galactose

(a-methylmannopyranoside

D-mannose

D-raffinose

D-glucose

D-ramnose

N-acetyl-D-glucosamine

75

N .

D-galacturonic acid

D-fructose

L-inosite

D-arabinose

L-ribose

D-lactose

D-cellobiose

[Saccharose

+ Inhibition of hemagglutinating activity.

~ Noninhibition of hemagglutinating activity

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012
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rhizome and has been partially purified. Minimal  tination activity are mannose. o-methylman-
hemagglutinating activity of lectin SABA-1 is  nopyranoside and N-acetyl-D-glucosamine. Lectin
0.01mg/ml. SABA-1 belongs to the thermostable ~ SABA-1 belongs to the mannose specific class of
class of proteins, its specific inhibitors of hemagglu-  lectins.
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ABSTRACT. The results of the taxonomic studies of the freshwater hairworms spread at present in
Georgia are given in the work. Based on the light and electron microscopic studies species Gordionus
violaceus Baird, 1853 from the Gordionus genus is described for Georgia for the first time. © 2012

Bull. Georg. Natl. Acad. Sci.

Key words: nematomorpha, hairworm, Gordiida, Gordionus, cuticle, areole.

Introduction. Several species of hairworms
(Nematomorpha: Gordiida) are described from the
Georgian fauna belonging to the three genera:
Gordius, Chordodes and Spinochordodes. These
species are Gordius villoti Rosa, 1882 1], Gordius
georgiensis Kirjanova, 1955 [2], Chordodes
oscillatus Kirjanova, 1953 [3]. Spinochordodes baeri
Kirjanova, 1950 [4]. Gordius sp. Gorgadze and
Kintsurashvili, 2002 |5], Spinochordodes sp.
Gorgadze, et al., 2008 [6], Chordodes parabipilus
Kintsurashvili, et al., 2011 7]. Representatives of the
genus Gordionus have not been found in Georgia to
date.

Material and methods. Hairworms were col-
Jected in different localities of Georgia. They were
fixed in 70% ethanol. Measurements of the body were
taken afier fixation of material and cuticle prepara-

tions were prepared for light microscopy studies
Studies of the preparation were performed under a
binocular microscope at 100 X 10 magnification: bin-
ocular microscope PH 100. Pieces of the cuticle and
the posterior end (about 1-2 mm from the terminal tip)
were prepared for Scanning Electron Microscopy
(SEM). Picces were dehydrated in an increasing ctha-
nol series, critically point dried and coated with gold
in a sputter coater. Observation took place using a
LEOSEM 1524 under 10kV. Digital images were taken.

Results

Gordionus violaceus Baird, 1853

Type locality. One male specimen of the hairworm
was collected together with its insect host in a field
near a stream, on the territory of Borjomi — Kharagauli
National Park (territory of the Romanov’s Park). The
host insect is Carabus septemcarinatus (Coleoptera,

© 2012 Bull. Georg. Natl. Acad. Sci.
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Fig. 1. A. Gordionus violaceus. The male specimen together with its insect host (Photo by G. Chaladze) B. Female
Specimen. C. Terminal end of the body male. D. Precloacal rows of spines of the male. E. Conical spines posterior of
the cloacal opening. F. Overview of the cuticle with one type of the arcoles

Carabidae). A second male specimen was collected
from the same location. The host is unknown. Female
specimens were collected in a stream, in Borjomi-
Kharagauli National Park, Likani village, the host is
unknown.

Description. Male. (Fig.1.A). The length of the body
is 235 mm. The body is narrow towards the anterior
part. The width is 340 um. The body widens towards

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

tail and its maximum width is 1 mm. The body is dark
brown. The exception is the anterior part, where the
body is whitish. Mouth opening is located in the
centre of the apex. Posterior end of the body is di-
vided into two parts and forms two lobes (Fig.1, C).
Tail lobes are longer (300 um) than their width (213
um). Cloacal opening is oval. The diameter of the
long side of the cloacal opening is 67 um and of the
short side 33 pm. The distance between the cloacal
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opening and the base of the lobes is 87 pum. Above
the cloaca, a pair of precloacal rows of long spines is
arranged on both sides of the middle line of the body
(Fig.1.D). At the beginning, the distance between the
two rows is about 75pum. The rows gradually sepa-
rate from one another and end in a lateral position.
The number of spines in each row is 27-28, the length
of spines is 12.5-42.5 pm. Precloacal rows of spines
are spread below the cloaca, not reaching the base of
the tail lobes (at the level of lobe division). The sur-
face of the hairworm body posterior to the cloacal
opening is covered with numerous spines (Fig. 1,E).
These are short, sharpened, conical spines 2.5-12.5
um in length. Postcloacal spines occur in several clus-
ters. They are located immediately below the cloaca
and spread on the surface of the tail lobes. Immedi-
ately below the cloaca the number of conical spines
is about 55-60, 26-30 on each lobe. Conical spines are
localized on the medial part of the tail lobes but they
are not spread on the terminal part of the tail lobes,
conical spines are absent around the cloaca as well.
The cuticle is composed of one type of arcoles
(Fig.1.F). Areoles are polygonal in shape and are char-
acterized by some variations depending on the dif-
ference in the length and number of facets in them.
Areoles in the cuticle are in the form of quadrangles,
pentagons and hexagons; they fuse to form one
whole layer of the cuticle. The size of areoles varies
significantly. The diameter of the long side of the
areoles is about 9-24 pm. Arcoles are well-defined
from each other by interareolar furrows, though in

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2, 2012

some cases limits between two areoles are almost
indistinguishable. The width of the interareolar fur-
rows is about 2 pm. Sometimes cuticular areoles ar-
range according to some order and form longitudinal
strings. During the examination under the light mi-
croscope small, spherical granules and outgrowths
surrounding areoles are noticeable. The surface of
the areoles is smooth.

Female. (Fig. 1, B). Body colour is brown. Body length
of the first specimen is 315 mm, width at the anterior
end is 600 pm, the maximum width is 1.6 mm, and at the
posterior end of the body it is 600 pm. The length of
the second specimen is 165 mm, the width at the ante-
rior end is 180 pm, the maximum width is 1.1 mm and at
the posterior end it is 320 pm. The cloacal opening is
located at the posterior end. Cuticle structure of the
female is identical with that of the male.

Diagnosis. The presence of bilobed terminal end,
two fences of long bristles on the precloacal area,
fields of numerous, short, conic, spines behind the
cloaca and interior to the lobes of the tail side not
reaching the tail tips, although cuticle with one type
of the irregular, polygonal areoles, the presence of
well defined outgrowths and short spines in
interareolar furrows in male enables to identify the
described specimen of the hairworm as Gordionus

violaceus.
Acknowledgement. We would like to thank Research

Assistant of Ilia State University Giorgi Chaladze for
providing material.
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ABSTRACT The actlvlt\ uf arginase in the organs of water snake (Natrix tessellata) and cestode

(O L

its intestine was determined. pH optimums are established. It was

shown that the grentest actmty of arginase in water snake was noted in kidneys and the least activity was
in the liver. No arginase was detected in the intestine. Considerable activity of the arginase of the

parasite is established.

The role of biochemical adaptation of arginase in the system parasite-host is discussed. © 2012 Bull.

Georg. Natl. Acad. Sci.

Key words: Natrix tessellata, Ophiothaenia europaea, arginase.

Studies of adaptational reactions in parasite
worms to the habitation medium, have always inter-
ested the researchers dealing with biochemistry of
helminths [1-3]. Helminths of warm-blooded and
cold-blooded animals have often been the object of
study. However, these processes have hardly been
investigated in the endogeneous parasites of snakes
and their hosts. Detection of the peculiarities of me-
tabolism in the above animals is very important for
comparative biochemistry, biochemistry of
helminths and system parasite-host formation. We
focused attention on arginase enzyme. A number of
studies are devoted to arginase from different tis-
sues of vertebrate animals. It is also found in the
body of helminths of different classes and some

researches connect the role of this enzyme with ad-
aptation to parasitizing [2-5].

Proceeding from the integral system parasite-host
we considered it to be necessary to determine the
activity of arginase of both components using the
example of water snake (Narrix tessellata, Laurenti,
1768) and cestode (Ophiothaenia europaea,
Odening, 1963) parasitizing in its intestine. We aimed
to find the values of enzyme activity in the organs of
host and parasite. The peculiarities revealed are very
important for a deeper understanding of interrela-
tions in the system parasite-host.

Materials and Methods. The liver, kidneys and
intestines of water snakes and cestodes O.europaea

© 2012 Bull. Georg. Natl. Acad. Sci

/

nrmnass



130

served as material for the investigation. 5 exemplars
of water snakes were brought from the territory close

to Thilisi water reservoir and 3 from the

Table 1. Activity of arginasc in the organs of water
snake and cestode Ophiothaenia europaea
(at pH 9.5)

environs of Rustavi.
The animals caught near the water reservoir were
is3-9

pieces). and animals brought from the environs of

all infected with cestodes (invasion intensi

Rustavi were free of cestodes.

Out of fresh-frozen organs of water snakes and
cestodes 2.5% and 5% water homogenates were pre-
pared. After extraction in cold conditions homo-
genates were centrifuged at 3000 rev/min for 10 min.
Sediment was thrown away and supernatant served
as a source of enzyme.

The activity of arginase was determined accord-
ing to the method of Khramov and Galaev [6]. The
calculation was done by a calibration curve, con-
structed on dissolving the standard solution of urea.
Specific activity was expressed in ug of urea per mg
of protein for 1 hour at 37 °C.

Protein was determined by Lowry [7].

Results and Discussion. In homogenates of tis-
sues of water snake and cestodes O.europaea argin-
ase activity was revealed. Arginase helps to decay
arginine to ornithine and urea. Enzyme activity is
evaluated by the quantity of the latter. The results of
evaluation are presented in Table 1. They show that
maximal activity was detected in Kidneys of the water
snake (197.5413.84 pg of urea/mg of protein/hour).

Arginase was absent in the intestine and its ac-
tivity in the liver was quite low. totaling 7.31+0.89 ug
of urea/mg protein/hour. Comparing the values of
enzyme activity in the liver and kidneys of the snake
one may say that high-active arginase is located in
the kidneys. Abundant blood circulation ensures
both their excretory function and intensive metabo-
lism. Low activity of arginase in liver of the water
snake can be explained by the fact that snakes and
birds have no system of ureogenesis. Adaptation of
these animals to the surface life led to the creation of
uricotelism and formation of uric acid as the final
product of protein metabolism

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

o Activity of arginase in
Object of investigation WY
ug of urea/mg protein/hour

Kidney
Intenstine not reveale
Liver 7.3120.89

O.europaca 35.9546.24

Low activity value of arginase in the liver of wa-
ter snake agrees with the data for arginase of chick-
en’s liver obtained by Sokhina and Koloskova [2]. It
should be assumed that liver arginase N.tessellata
refers to the type of non-ureotelic arginases, which
take part in the process of rendering ammonia harm-
less. Such arginase is an evolutionarily more ancient
enzyme with a function independent of ureotelism.
Some authors consider that while establishing the
“ureotelism™ in the liver of amphibians the specific
ureotelic arginase is induced, which functions to-
gether with the present philogenetically more ancient
non-ureotelic arginase [8,9]. Comparing the values
of the activity of arginase of liver of the water snake
and snake’s cestode with the data for arginase of the
chicken’s liver and her parasite Ascaridia galli [2].
we noted that these values are very close to each
other (Table 2).

From this example we can see that arginine decay
in the liver of birds and snakes occurs almost with
equal intensity and their arginases possibly fulfill
analogous functions. Adaptation of these animals to
the medium with limited water content occurred in
similar conditions and was reflected on nitrous me-
Table 2. Arginase activity in the liver of water

snake and chicken, nematodes Ascaridia galli and
cestodes Ophiothacnia europaea

: _ Activity of arginase in
Object of investigation i
g of urea/mg protein/hour
Liver of water snake 7.3120.89
“Liver of chicken 8.62
Ophiothaenia europaea 57.05£7.97
caridia galli 50.51

* According to Sokhina and Koloskova [2]
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tabolism. Parallelly to this the process of biochemical

i of intestine helmint} ing in these

animals took place. The above mentioned arginase
activity and uric acid as the final product of nitrous
metabolism can serve as confirmation of this. The
latter is produced as a result of purine decay in
cestodes [18].

The study of the influence of the concentration
of hydrogen ions on the activity of arginase of the
water snake organs and O.europaea allowed to es-
tablish pH optimum of enzymes. For liver arginase it
was equal to 7.5 (activity18.39 pg of urea per mg pro-
tein/hour). A similar value of pH optimum was deter-
mined for one of the isoforms of arginase plerocercoid
Ligula intestinalis from fishes [11]. It is known that
pH optimum range of arginase can vary from 9 to
10.5. For kidney arginase of water snake it was 9.5
(activity 197.5 pg urea/mg protein/hour).

This value is close to the values of pH optimum
of arginases of vertebrate animals [12-14] and some
other helminths [11, 15-17]. Arginase activity of
cestodes at pH 9.5 was 5.5 times lower than the activ-
ity of kidney enzyme and at the same time it almost §
times increased the level of arginase activity in the
liver of water snake. Unlike arginase of liver and kid-
neys of water snake pHarginase optimum O.europaea
shifted to more alkalinity and was equal to 10.5, and
activity totaled already 57.05 pg urea/mg protein/hour.
Such difference in activity at different values of pH,
probably points to the change of ionization state of
different ionizing enzyme groups, which then influ-
ence on catalytic center of the latter.

Comparing enzyme activity in the organs of wa-
ter snake at optimum value pH, it is shown that high-
active arginase is localized in kidneys. It exceeds 27
times the liver enzyme activity. Thus, it is evident
that intensity of arginine decay in different organs of
water snake differs, taking into account intestines.
Products of protein hydrolysis and aminoacids are
actively absorbed by mucous membrane of the intes-
tine, then they pass into blood taking part in metabo-
lism of those organs and tissues which have argin-
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ase. Adaptation to the medium with abundant quan-
tity of food substances in cestodes inhabiting intes-
tine found reflection not only on their morphology
(absence of digestive system) but on metabolism as
well. Arginine is easily accessible for O.ewropaea.
Arginase activity in hosts intestine was not revealed.
Parasite’s own arginase activity was significant (Ta-
ble 1) and almost 8 times exceeded the enzyme activ-
ity of water snake’s liver. It should be noted that
earlier we have revealed acid and alkaline phospha-
tases in homogenates of water snake cestode. Their
activity three times exceeded the level of activity of
those enzymes in tapeworm of African hieroglyph
python [10]. We suppose that high activity of phos-
phatase and arginase in O. ewropaea is the reflection
of intensity of metabolic processes characterizing the
given type of cestode and adaptation to habitat.

It is quite difficult to determine the role of the
investigated enzymes, as non-ureotelic arginases
have many other functions. They participate in the
regulation of a definite quantity of urca, arginine and
other guanidine compounds, in proline formation. The
latter is involved in biosynthesis of polyamines nec-
essary for division and differentiation of cells [19].
Similar synthetic processes may take place in hosts
and their parasites. According to the data by Lee [20]
and Brand [21] the function of the arginase of para-
site worms is to provide them with proline which is
used in collagen cuticle formation. Polyamine syn-
thesis in helminths does not occur and requirements
in these substances are completely fulfilled on the
host’s account [22]. Their fast growth, reproduction
system development and great fecundity are prob-
ably provided in this way.

At arginine hydrolysis in water snake kidneys
and cestode body both in host and parasite consid-
erable quantity of urea and ornithine must be accu-
mulated. It is known that in reptiles and birds os-
moregulation occurs via uric acid. Urea as low mo-
lecular substance in helminths inhabiting the intes-
tines of sea fishes performs an important function of
osmoregulation on cellular level [3.4]. We are not quite
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sure about it as to O. europaea and water snake, but
we suppose that the formed urea might be an agent
additional to uric acid. which strengthens osmoregu-
lation process in both host and parasite.

Arginase also takes an active part in adaptation
processes in both vertebrate animals (tailless amphib-
ians) at some stages of ontogenetic development
[23.24] and in helminths with formation ofarginase
isoenzymes [5, 25]. Correlation between kinetic and
thermodynamic parameters of arginases in nematodes
and their hosts [2,3]. temperature optimums and
thermostability of fishes cestode arginase with tem-
perature homeostasis of host [2.26,27] is also an evi-
dence of adaptation.

On the basis of the above-said we can conclude
that non-ureotelic arginases play an important and

3oGsBofhermemzos @s 3gemdoborgmergos

diverse role in metabolism emerging as an adaptive
factor.

The results of our work showed that arginase
activity of water snake is connected with the inten-
sity of arginine decay in the organs in which they
are localized. At the same time the level of activity
of cestode enzyme attests to the high level of bio-
chemical adaptation of O. europaea metabolism to
the conditions in the water snake intestine ensur-
ing metabolic balance in the interrelationship of
parasite and host.
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“Gorda”- a New Short-Stemmed Botanical and Genetic
Variety of Soft Wheat (Triticum aestivum L.) Obtained
y Induced Mutagenesis
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ABSTRACT. Short-stemmed super dwarf wheat “Gorda” is obtained via treating seeds of the French-
bred winter variety “Ducat” (released for distribution in Georgia) by 0.01% solution of chemical mutagene
NMU - nitrosomethylurea. “Gorda” is a mutant form of winter wheat. The plant is bunch forming with
reduced numbers and lengths of internodes and its maximal height is 26-27 cm. The leaves are broad and
erect. The stems are short, firm and they hardly bend. The spikes are awnless, short (4-5 cm), flat and
dense, in which grown underdeveloped florets are densely arranged on the spike rachis. The glumes of the
spikelet are convex. “Gorda” is a late variety for as many as 10-12 days as compared to the regular local
check varieties. It is susceptible to leaf rust and powdery mildew. Grain is shriveled and therefore the mass
of its thousand kernels does not exceed 30 g. Grain raw gluten content is about 27-28%. “Gorda” represents
breeding material of new inheriting property, which can be used as initial material for developing short-
stemmed varieties with 2-3 height reducing genes. € 2012 Bull. Georg. Natl. Acad. Sci.

Key words: induced mutation, mutant, short-stemmed plant.

Cultivated species of wheat (7riticum L.) under-
went significant modifications outside the genetic
centre or their origin as a result of domestication, but
complete reconstruction of plants of each species
(variety) was performed by means of natural and arti-
ficial, close and remote hybridization of different va-
rieties, sorts, forms and landraces, via possible re-
combination, interaction of characters of paternal
forms and also by means of induced mutagenesis.

The idea of reducing the stem length of soft wheat
(T aestivum L.) was first proposed by the famous
Italian breeder Nazareno Strampelli nearly 80 years
ago [1]. His contribution to this objective is enor-
mous and the first commonly accepted short-stemmed

selection variety of soft wheat (“Ardito™ as well as
others) was developed by him.

The problem of obtaining short-stemmed and com-
paratively early sorts of soft wheat was solved by N.

Strampelli by cre g ltalian and West European high
stemmed sorts with Japanese short-stemmed and early
sorts. Further significant scientific and practical re-

sults in this direction were achieved in Japan, Argen-

tina, Canada, Mexico, as well as in Georgia and its
neighbouring countries [2-5].

Versatile scientific investigations and practice
have proven that potential capacity for increasing
the grain yield of wheat is to a great extent depend-
ent on the reduction of stem height and obtaining

© 2012 Bull. Georg, Natl. Acad. Sci
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the corresponding short-stemmed varieties.

Scientific investigations and practice clearly dem-
onstrate that 70-90 cm should be assumed as the
most favourable height for wheat species. Such height
of stem provides not only resistance of a plantation
to lodging but also efficient kernel formation.

In parallel to developing short-stemmed wheat
species by the method of hybridization plant selec-
tion practice successfully applies the method of in-
duced mutagenesis. Hundreds of initial selection
materials of cereals, legumes, melons and gourds,
technical, forage. vegetable, ornamental and other
crops have been obtained by means of affecting seeds
and plants with physical and chemical mutagenes.
On the basis of this material many varieties and hy-
brids checked (approved) for distribution have been
obtained and their number increases annually.

Applying the methods of hybridization and in-
duced mutagenesis. Georgian breeders (1.. Dekapre-
levich, M. Sikharulidze. E. Chernysh, P Naskidashvili,
S. Tedoradze, O. Liparteliani. G. Khutsishvili, Z. Jincha-
radze, G. Chkhutiashvili, A. Mdivani, N. Rusitashvili, V.

ishvili, I. S ili. A. Makl . and oth-
ers) have developed donor varieties which bear valu-

able economic and biological features and obtained
sorts and hybrids which are approved for distribution.
The present work deals with breeding and re-
search of super-dwarf “Gorda” — a completely new
donor cultivar, genetic source for breeding of inten-
sive type wheat. winter, spring and facultative wheat
cultivars, which can be sown in two terms.

Initial material and methods. Intensive type
French-bred variety of winter soft wheat “Ducat” has
been chosen as initial material for obtaining the mu-
tant by means of induced mutagenesis. Initial seed
material was provided by the germplasm depository of
the Department of Genetics and Selection of the I.
Lomouri Institute of Farming. Seeds of the mentioned
variety were treated with the 0.01% solution of NMU -
nitros methyl urea. Seed treatment with the mutagen,
sowing, care for the planted site, monitoring of the
plot, plant scoring and harvesting were performed ac-
cording to the commonly accepted methods.

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

Fig. 1. Super dwarf plant.
Results and discussion. Study of mutants re-
vealed in M, has shown that it is constant and sharply
differs by features from the initial variety “Ducat”; it
retained only the vegetation pattern — it is winter sow-
ing and even by this character is late for as many as
10-12 days as compared to the initial variety.

Super dwarf form “Gorda™, obtained via treating
seeds of approved for distribution in Georgia French-
bred variety of winter soft wheat “Ducat” with 0.01%
solution of NMU represents a completely new vari-
ety of soft wheat and it was named as “var. Dekapre-
levichi” (Naskidashvili) in honor of Leonid
Dekaprelevich - the founder of genetic and selection
studies in the Caucasus.

Plant of the super dwarf“Gorda™ is bunch form-
ing (Fig. 1), half-prostrate. Number of internodes is 3-
4, with sharply reduced lengths of internodes.

Plant stem is very short. its maximum height attains
21-27 cm. Stem cross-cut (between the spike basis and
upper stem node) is filled in with parenchyma, firm and
hard bending (Fig. 2). Leafis wide, erect. Heading (ear
forming) time (emergence of the first ears in 50% of
plants) occurs as many as 10-12 days later as compared
with initial and regular checked varieties. Spike (ear) is
short (4-5 cm), strongly dense and compact. of light
straw colour, without awn and awn-like appendix (Fig.
3). Spike lower glume arm (in the middle third of the
spike) is wide. Lower spikelet glume (in the middle third
ofthe spike) is convex. Tooth ofthe lower spikelet glume
(in the middle third ofthe spike) is moderately bent.

Kemnelis white, shriveled. mass of 1000 kernelsmakes
30 g(Fig. 4.5). Content of gluten in the kernel is27-28%,
being by 10-12% higher than in the initial variety.

nrmnass
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Fig. 2. Plant stem and spike

Fig. 4. Spike rachis and spikelet

Thus “Gorda™ represents a new genetic source,
new initial material for breeding, donor-variety for
obtaining low height varieties with 2-3 stem reducing
genes. Information on the new cultivar of soft wheat
unknown to science — the Dekaprelevichi (Naskida-
shvili) is being published for the first time. Below is
given a brief description of a new variety: var.
Dekaprelevichi (Naskidashvili), var. nova s late win-
ter variety of wheat, bunch-forming, short-stemmed
(10-12 cm). Leaves wide, erect, without villi. Spike
short (4-5 cm), flat, awnless. Spikelets without villi.
Kernel white, corneous in consistence. The cultivar
has been developed at the 1. Lomouri Institute of
Farming by means of treating seeds of French bred
variety of winter soft wheat “Ducat” with 0.01% so-
lution of NMM (authors: G. Chkhutiashvili, G Khutsi-
shvili, P. Naskidashvili, N. Japaridze, N. Sokhashvili).
var. Dekaprelevichi (Naskidashvili), var. nova.
planta est Triticum autumnale serotinum typo frutex,
stipula brevis (10-12 cm). habet folia lata verticalia

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

Fig. 3. Spike

Fig. 5. Spikelet, glume and grains (kernels)

sine villis. spica brevis (4-5 ¢cm) plana sine arista.
spicula sine villis. granum album consistentia
cornouosa. prodicitur in instituto explorationis

agriculturae Georgiae. pro
semente segelis per praeparationem granum speciei

gallici (francesi).

Conclusions

1. Obtaining of a completely new super dwarf wheat
variety “Gorda™ as a result of treatment with 0.01%
solution of NMU of seeds of French bred variety of
winter soft wheat “Ducat”, approved for distribu-
tion in Georgia, proves again the significance for
the process of emergence of new forms of induced
mutations together with spontaneous hybridization,
which provide rich material for artificial and natural
selection.

2. Super dwarf wheat variety “Gorda™ developed
by means of application of the chemical mutagen is
an important achievement in terms of breeding varie-
ties resistant to lodging for irrigated agriculture.
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ABSTRACT. The results of p and

of the Sarmatian deposits

of Eastern Georgia are given. The similarity in dynamics of terrestrial and marine biocenosis is

established. © 2012 Bull. Georg. Natl. Acad. Sci.
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Sarmatian deposits are widely distributed on the
territory of Eastern Georgia. By faunistical data they
are divided into three
Bes

the Lower Sarmatian is conformably bedded on the

substages: Volhinian,

arabian and Khersonian (Fig.1). In most cases

Konkian deposits and is represented by coastal-shal-
low and deep-sea sediments. The thickness of Lower
Sarmatian is 50-90 m in coastal regions and 250-350
m in the central part of the basin. The sections are
dated by micro-macrofauna (Quenqueloculina,
Nonion, Elphidium, Porosononion, Donax, Mactra,
Ervilia) [1-3]

By data of Koiava [3]. the thickness of Lower
Sarmatian deposits, poorness of fauna indicate the
existence of a large, shallow, brackish basin. North-

southward of this basin mountain ranges of latitudi-
nal direction were situated.

At the beginning of the Middle Sarmatian the
paleogeographical situation was unchanged. Only
the retreat of the sea northwards had taken place,
that found reflection in the transgressive bedding of
Middle Sarmatian deposits of the south wing of the
Kakhetian range. The deposits of Middle Sarmatian

mainly are represented by blue-grayish c| with
rich fauna. The thickness of the Middle Sarmatian is
changed from 100 to 1000 m [1,3].

In Kartli to the Upper Sarmatian belongs the thick
series of continental deposits of the so-called
Natskhorian suite, whose thickness changes from

300 to 2500 m. This suite is widely distributed on

© 2012 Bull. Georg. Natl. Acad. Sci.
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Fig. 1. Map of distribution of Sarmatian deposits of Eastern Georgia together with outcrops location (according to

Gudjabidze, 2003).

slopes of Kartli depression, where it takes part in the
building ofmost anticline and syncline folds. In some
sections it is divided into two parts: lower - clayey -
sandstone and the upper built by the sandy clay
deposits [1].
In Kakheti the Upper Sarmatian is somewhat dif-
ferent. Here in north-castern part of the region it is
P 1 by i I sedi of Eldarian
suite with tests of freshwater and terrestrial gastro-

pods. To the south-castwards the character of de-
posits is changed and clays of the lower part of
Eldarian suite are replaced by marine deposits with
fauna of Mactra. The presence of the “marine se-
ries” in the area of the lori river is confirmed by micro-
paleontological investigations of core material from
boreholes of Taribani and Eldari [4].

Until recently the knowledge about the Sarmatian

flora and was based on macr

remains from deposits of Lower and Middle substages

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

[5.6]. Palynologically Sarmatian deposits were not
studied. There was only one work devoted to study
of core material from boreholes of the central part of
Kartli depression [7]. In spite of poorness of paly-
noflora (28 forms) the assemblages of three stages of
Sarmatian were distinguished. Now we possess rich
palynological material [8-10] from outcrops on the
territory of Kartli (Aragvi, Nadarbazevi) and Kakheti
(Davidgareji, Gombori). In the composition of flora
about 200 forms belonging to 130 genera and 88 fami-
lies are determined. Besides, palynomorphs were
seen in deposits of the entire Sarmatian. So, the use
of palynological method broadens the outlook both
about the composition of flora and dynamics of the
vegetation cover. On the basis of this material a
palynological diagram was built, which reflects the
changes of percentage contents of separate groups
of plants, joined according to their ecological - cli-

matic requirements.
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The analysis of the diagram allows to trace the
dynamics of vegetation directed mainly to the reduc-
tion of forests and the expansion of woodless areas.
These changes were connected with the decrease of
humidity. This process acquired the most distinct
character in Late Sarmatian, especially in Kartli. In
Kakheti (area of Gombori) it was not so drastic.

The changes in composition of pollen assem-
blages allow to distinguish 5 phases in dynamics of
vegetation, which are represented completely in
Aragvi section [9].

Phase I corresponds to the upper part of the Early
Sarmatian. It isrepresented in Aragvi and Nadarbazevi
sections and probably in Gombori. In this time on the
territory of Eastern Georgia the polydominant forest
predominated. In its composition were pine, ther-
mophilic conifers and leaf-bearing trees, among which
the subtropical plants and plants of warm-temperate
climate had an equal part. In comparison with the
following stretch oftime the humidity was somewhat
lower, being indicated by high percentage contents
of pollen grains of pine and grasses.

Phase IT corresponds to the lower part of the Mid-
dle Sarmatian and is represented in all outcrops stud-
ied. Most completely it is reflected by pollen assem-
blages of the Nadarbazevi section. In the 11 phase the
area of subtropical ferns and trees expanded notice-

ably. whose systematical composition was very rich.
The role of pine and xerophytes was decreased. The
11 phase can be considered as climatic optimum, with
comparable high humidity.

Phase 111, which in the sections of Aragvi and
Davidgareji corresponds to the middle part of the
Middle Sarmatian significantly differed from the pre-
vious one. The composition of thermophilic coni-
fers, leaf-bearing trees and ferns was impoverished:
the territory of their distribution was also reduced.
The role of pine and the area of xerophytic vegeta-
tion were increased. These changes were probably
connected with the process of xerophytisation, which
had oscillating character. This is confirmed by the
composition of the vegetation of the next phase.

Bull. Georg. Natl. Acad. Sci, vol. 6, no. 2. 2012

Phase IV of development of flora and vegetation
was distinguished in the sections of Aragvi,
Nadarbazevi and Davidgareji, where it corresponds
to the uppermost part of the Middle Sarmatian. Dur-
ing this time the role of thermophilic trees rose again
but on the whole the flora was impoverished.

Phase V corresponds to the lower part of the Late
Sarmatian when, by the data of Buleishvili[1], on the
territory of Eastern Georgia continued to preserve
water basins. The sea divided into separate small
lakes, poorly connected with each other. Such sup-
position is confirmed by data of palynology. The
Upper Sarmatian deposits of the sections studied
contain a great enough number of palynomorphs,
whose accumulation was possible only in water con-
ditions. Phase V is characterized: by a sharp increase
of the role of xerophytes in the composition of veg-
etation; by reduction of leaf-bearing plants and coni-
fers, among which the pine predominated. We sup-
pose that the subtropical plants whose pollen grains

oceur in palynological assemblages of Upper

Sarmatian deposits were represented by shrub forms
Disanthus cercidifolius Maxim. var. minor Shat. et
Mched. [11] can be cited as an example. The pollen
grains of this form are of much smaller sizes than
those of the species Disanthus cercidifolius Maxim.
Probably. it was a shrub that developed under the
influence of dry climate, unfavorable for this plant
The Sarmatian deposits of Eastern Georgia were
studied by the micropaleontological method [2.3, 12,13].
In the lower part of Early Sarmatian the foraminiferal
assemblages are characterized by Quingueloculina,
Sinuloculina, Varidentella, Affinetrina, Nonion,
Elphidium, Porosononion and Ammonia. Bolivina,
Discorbis, Bulimina, Cibicides and Fissurina are rela-
tively rare. Their morphology does not differ notice-
ably from that displayed by their Middle Miocene an-

cestors. These forms are also characterized by small

sizes, and sometimes, transparent walls. The lower part
of Early Sarmatian is distinguished as the layers with
Varidentella reussi. They reflect the first phase of
development of foraminifera.

2
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Assemblages from the upper part of Early Sarma-
tian are characterized by reduced diversity because
of the disappearance of Bolivina, Discorbis,
Cibicides. Nevertheless, a large number of genera
survived and adapted to the new environment. They
are characterized by strong intraspecific variability
and a potential for a speciation. The upper part of
Early Sarmatian is distinguished as the layers with
Elphidium aculeatum. They reflect the second phase
of development of Early Sarmatian foraminifera.

By the data on microfauna the Middle Sarmatian
is divided into three parts. The first is characterized
by foraminiferal assemblages very different from
those observed in the Early Sarmatian. The new gen-
cra, such as Dogielina, Meandroloculina,
Sarmatiella, contributed a considerable number of

species. Foraminife

s of these assemblages are char-
acterized by comparatively large sizes.

The richest assemblages of endemic foraminifera
characterize the second part of the Middle Sarmatian,
with the number of individuals and new species and
their size reaching the maximum.

The third part of the Middle

rmatian is distin-
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. 2. Comparison of flora and microfauna development phases duri
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o the Sarmatian on the territory of Eastern

guished for a decrease in the abundance of

foraminiferal genera,

species and individuals. Be-
cause of the worsening of bionomic conditions only
very few representatives of most euryhaline familics
survived: Elphidium, Porosononion, Ammonia and
very seldom Affinetrina and Varidentella. Among
them Porosononion is characterized by large size and

additional ornamentations on very coarse walls of

tests. The lower part of the Middle Sarmatian is iden-
tified as layers with Affinetrina voloshinovae; the
middle part - as layers with Porosononion aragvi-

ensis and the upper -

s layers with Porosononion
hyalinum

Some species of genera (Elphidium, Nonion,
Porosononion, Ammonia) of Middle Sarmatian as-
semblages also occur in Upper Sarmatian. These
forms show deformation, irregular cameras or imma-
ture shell development and are presented only in some
parts of the Late Sarmatian basin. The above-men-
tioned anomalies of shells point to the existence of
nonoptimal conditions for foraminifera.

The phase of development of flora and vegeta-

tion of Eastern Georgia during the Sarmatian were
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compared with those of foraminifera (Fig.2). In sec-
tions Nadarbazevi and Aragvi the I - floristic phase
corresponds to the deposits directly underlying the
Middle Sarmatian. On the basis of this we correlate it
with the second phase of development of Early
Sarmatian foraminifera. The conditions of this time
were not optimal. either for flora, or for foraminifera.

In the P

of floraand fc adur-

ing the Middle Sarmatian three phases are distin-
guished but in terms of time they do not coincide
completely. The appearance of new taxa and increase
of test sizes served as the common sign of the first
and second phases of development of foraminifera.
In the second phase these phenomena were more
distinct, indicating the existence of optimal condi-
tions. We correlated both microfaunistic phases with
phase 11 of development of flora and vegetation,
which reflects the conditions of climatic optimum.

Phases I11-IV. when the impoverishment of Mid-
dle Sarmatian flora took place, can be correlated with
the third phase of development of Middle Sarmatian
foraminifera. It was characterized by a decrease of
the number of genera, species and individuals.

The V - floristic phase, in our opinion, corresponds
to the lower part of the Upper Sarmatian. It was char-
acterized by sharp changes in the composition of
marine and terrstrial biocenoses and in the condi-
tions of their existence. Similar phenomena happened
also in other regions of Eastern Paratethys. The sec-

tions of Azerbaijan, South Ukraine, the Crimea and

some other regions of the Pre-Caucasus are charac-
terized only by euryhaline forms: Ammonia,
Elphidium, Nonion indicate the brackish conditions
of Late Sarmatian basins [2].

The paleofloristic data also indicate changes of
environmental complex in Upper Sarmatian on the
territory of South-western Ukraine. Here began the
formation of steppes, which periodically gave way to

phase of “borealization~ of Miocene flora but the
main time of disappearance of most of thermophilous
and hygrophilous plants was the Middle Sarmatian.

Thus, the use ofthe palynological method allows
to trace the history of the flora, vegetation and cli-
mate of Eastern Georgia during the Sarmatian and
distinguish the phases of their development. The main
signs, used by us as the basis were: the reduction of
forest areas; the decrease of the part of hygrophilous
subtropical plants in the composition of the flora;
the expansion of woodless areas. The climate was
the main factor influencing the development of flora
and vegetation. Xerophytisation, which began in the
Middle Sarmatian, acquired a more drastic character
in the Late Sarmatian, when the predominance of
xerophytic vegetation began in the larger part of Fast-
ern Georgia.

The comparison of floristic phases with phases
of development of foraminifera revealed a definite
similarity in the dynamics of terrestrial and marine
biocenoses, connected, mainly with the deteriora-
tion of habitation conditions both for thermophilous
and hygrophilous plants and foraminifera. Probably,
the main reason was the changes in the paleogeogra-
phical situation. As a result of tectonical movements
on the boundary of the Middle and Late Sarmatian
the Transcaucasus depression transformed into dry
land with two great regions, divided by the Dzirulian
Block. On the West, in the Colchis refugium, the hu-
mid and warm climate, favorable for development of
subtropical flora was preserved. In the East began
the process of xerophytisation, connected with com-
mon phenomenon that took place beyond the bounda-
ries of the Caucasus. The decrease of sea and the
appearance of freshwater basins was fatal for
foraminifera, the main part of which became extinct
on the boundary of the Middle and Upper Sarmatian
nearly in the whole Eastern Paratethys.

The id

forest landscape [14]. The flora of South-eastern
Ukraine and of the south part of the Russian plain
was also impoverished. In the opinion of Ananova
[15] here in Late Sarmatian and Meotian began the
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d phases of d of floraand
foraminifera can be used for division of the Sarmatian
deposits of Eastern Georgia into small stratigraphic

units.
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Brain Structural-Hemodynamic Changes in Patients
with Potential Cardiac Source of Embolism
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ABSTRACT. The aim of our study was to evaluate the brain structural and haemodinamic changes in
patients with p ial source of cardiogeni li

In the period of 2002-2007 116 patients with carotid system severe and chronic dyscirculation were
investigated. Patients age varied between 42-76 years.

The patients were divided into 2 groups. Group 1- 56 patients (mean age 62£7.3 yr) with potential
source of cardiogenic embolism (PCSE) (atrial fibrillation, endocarditis, aortic or mitral valve calcinosis,
postinfarct aneurism). Source of embolism was defined by corresponding diagnostic tools: ECG,24h,
Holter monitoring, echocardiography. Patients with extra-intracranial artery haemodynamically or
embologenous pathology were excluded from group I. Group Iz 60 patients (mean age 618.4 yr) with
lack of PCSE and with evidence of carotid artery atherosclerotic disease (CAD). All patients underwent
routine neurologic examination, functional status study by Rankin scale, brain computed (CT) or magnetic
resonance tomography (MRI), extra-intracranial artery Color Doppler, MDCT or MR-angiography.

Examination revealed prevalence of symptomatic cerebral ischemia in group L In comparison, in
group I1 cases of chronic cerebral dyscirculation was noted.

By CT and MRT images of infarction were divided into 5 subtypes: total, corti tical, deep,
small cortical, lacunar infarctions. In the PCSE group in 39 (69%) cases the presence of infarctions
was noted. From them in 24 ca total or corti subcortical infarctions were present. In the CAD
group non-focal changes (diffuse, atrophy changes) prevailed 31 (52%).

In the CAD group in 49 (82%) cases atherostenotic stenosis of the internal carotid artery (ICA) was
revealed. Patients had a higher frequency of moderate stenosis of the symptomatic internal carotid
artery (ICA) side 28 (58%) and lower frequency of severe stenosis 5 (8%) and occlusion 3 (5%).
Potential embologenous atherosclerotic plaques were defined in 28 (47%) cases. By TCd-embolodetecting
cerebral emboli was defined in 13 (72%) of 18 PCSE patients and 11 (65%) of 17 CAD patients.

Transcranial Doppler examination revealed flow decrease in middle cerebral (MCA), and anterior
cerebral arteries (ACA) in PCSE patients. In cases of large infarction flow velocity at the MCA was
32.6+ 4.8cm/s. In comparison, in the CAD group flow parameters in the anterior circulation arteries
were at normal levels. Only in the cases of ICA severe stenosis or occlusion flow decrease in the
ipsilateral MCA and ACA was noted.

Our data show that PCSE has a tendency to have a larger infarction, combined superficial and deep
territorial, bilateral involvement, high recurrence rate. Cardioembolic stroke is associated with a worse
outcome than other stroke subtypes. In patients with carotid artery atherosclerotic changes the main
reason of brain i ion may be ather ism from ble carotid atherosclerotic plaque.
The diagnosis of cardiogenic or large artery stroke relies on detection of potential emboligenic sources
in the absence of other etiology of equal or greater plausibility. Early appli ion of modern imagi
techniques raises the diagnostic accuracy in the evaluation of patients at risk for cerebrovascular

© 2012 Bull. Georg. Natl. Acad. Sci
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disease. In patients with a potential source of cardiogenic embolism careful complex examination of the
cardiac status and extra-intracranial blood flow conditions is quite important. © 2012 Bull. Georg. Natl.

Acad. Sci.

Key words: stroke, brain, cardiogenic embolism.

Stroke is a common cause of death and an impor-
tant cause of morbidity in industrialized countries,
imposing an enormous economic burden. The over-
allincidence of stroke is estimated as 127 000/ year in
Germany, 112,000/ year in Italy, 101.000/year in UK
(1) of which 75% are first strokes. These figures are
likely to raise overall stroke incidence, ¥ of which
falls to developing countries. The high case-fatality
rate and morbidity associated with stroke make sub-
stantial demands on healthcare resources [1,2].

Ischemic stroke occurs in 80% of all stroke cases.
While the aetiology of ischemic stroke is often found
in the cervicocranial vasculature, approximately 20-
25% result from high-risk cardiac abnormaliti

cardiogenic embolism. In elderlyrate of cardiogenic
reason of stroke rise to 1/3. Cerebral blood supply
strictly depends on cardiac status. Cardiac pathol-
ogy can cause brain symptomatic ischemia by two
main pathogenetic mechanisms: 1. Brain hypoper-
fusion; 2. Cardiogenic embolism [3-5]

Patients with cardioembolic bral infarction

have a poorer prognosis than those with atherothrom-
botic cerebral infarction. One of the reasons for the
poorer prognosis is the recurrence of embolisation.
For the high incidence, poor outcome and high mor-
tality the problem of CE is of considerable impor-
tance [6].

The aim of our study was to assess brain struc-
tural-hemodynamic changes in patients with poten-
tial cardioemt

source of ic cerebral

ischemia(Transient ischemic attack (TIA) or stroke);

Subjects and Methods.116 patients, 49 women
and 67 men aged 42-76 years (mean age 63.2+11.2
years) with symptomatic cerebral ischemia were in-
vestigated;

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

All patients underwenta careful neurological ex-
amination, brain CT or MRT, 3D TOF-MR-angiogra-
phy or CT-angiography and Color Doppler of extra-
intracranal vessels.

MR imaging was performed by using a 1.5-T unit
(Magnetom Avanto ) and 3 T whole-body system
Magnetom Verio (Siemens Medical Systems, Erlan-
gen, Germany). Flow territory imaging was achieved
by using a regional perfusion imaging sequence.
Contrast enhancement by 5% Magnevist (Schering)
was used. Evaluation of intracranial vessels was
performed by Tof-fl3d-multiple-tra TR 56ms. TE
10.4ms. F.A 40 programs, for the extracranial vessels
tof -f12d-tra-traw-sat. TR 52ms, TE 10ms, F.A. 70 pro-
gram was used.

Brain CT and multidetector CT-angiography
(MDCT) was performed on Siemens unit Somatom
Definition AS 128 sl. and Toshiba unit Aquillion ONE
640sl. Contrast enhancement by 5% Ultravist
(Schering) was used.

Color Doppler ultrasonography (CDUS) of the
extracranial carotid and vertebral arteries was per-
formed on the unit Toshiba Aplio XG and Acuson X
300, with 5-10MHz linear probe. Carotidartery dis-
case was assessed and defined according to stand-
ardized criteria. Transcranial colon Doppler sono-
graphy (TCCD) was performed on the same units
with 2.0-2.5 MHZ probes.

TCD embolodetection (ES) monitoring was per-
formed using the Nicolett Pioneer TC 8080 system.
Insonation, using the temporal acoustic window, was
performed at a depth of 50 to 60 mm using a 2-MHz
pulsed Doppler transducer.

Patients were categorized into two groups; 56
patients (mean age 62+7.3 years) with potential car-
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Table 1. The baseline characteristics of the PCSE and CAD patients

PCSE CAD
n=56/% n=60/%
Women 24(43) 24(40)
Men 32(57) 36(60)
Age 62+73y 60.7+ 8.4y
Clinical sign
Stroke 31(55) 28(47)
TIA 25(45) 32(53)

*  statistical significance, p<0.03

diac source of embolism (PCSE). Presence of a prob-
able or certain source of cardiac emboli was defined,
including a) valvular heart disease n=21, b) cardiac
arrythmias such as atrial fibrillation, n=26, ¢) myocar-
dial infarction and postinfarction aneurism, n=7. In
all cases the source of CE was defined by several
cardiologic investigations, as ECG. 24 hour Holter
monitoring, EchoCG. Patients with high-grade steno-
sis of extracranial arteries or carotid embologenous
atherosclerotic plaque were excluded from this group.

Another 60 patients (mean age 60.7:10.2y) were
identified to have anterior circulation ischemia, lack
of PCSE and with evidence of carotid artery athero-
sclerotic disease (CAD).

Groups were compared by age, gender, clinical

symptoms of ischemia, ischemia outcome, size and
localization of infarction area, cerebral hemodynamic
parameters. In acute stroke the patient was defined
by Glasgow Coma scale.

sof the PCSE
and CAD patients are compared in Table 1. Distribu-

Results. The baseline characteri

tion of patients by gender showed prevalence ofmen.
A significantly higher proportion of the PCSE pa-
tients had stroke, while majority of CAD expired TIA.
Evaluation of the severity of stroke by Glasgow
coma scale (M +0) showed that patients with PCSE
had poorer prestroke status, more severe neurologic
deficits at the time of stroke onset compared with
CAD patients (PCSE-11.8+3.6:CAD 13.9+3.1)
Using brain CT or MR images the vas

ular topo-
graphy. the site and size of infarctions were classi-
fied: 1

otal anterior circulation infarction (TACT), Cor-
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tical/subcortical, Deep, Small cortical, Lacunar inf-
arction.

Ofthe 56 patients of PCSE group more than half
39(69%) had infarction on the symptomatic side;
6(11%) lacunar, 15 (27%) cortical-subcortical, 9(16%)-
territorial. The analysis of CT/ MRT images showed
that large single cortical-subcortical lesion and mul-
tiple lesions were significantly linked with CE. The
proportion of LI and non-focal, atrophic changes was

comparatively low. Combined anterior and posterior

circulation involvement, or bilateral hemispheric
involvemet was more frequent in the PCSE group
than CAD group (Fig.1). The CT/MRT lesions of the
PCSE group

of simultancor

showed more frequent involvemet

uperficial and deep Middle Cerebral
artery (MCA) territories than CAD group (Table 2).

Fig. 1. Multiple infarctions at bilateral temporal and left
occipital lobes; MR-T2 tse image
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Table 2. Topographic patterns in patient with PCSE and CAD

Brain changes PCSE CAD
n=56 n=60
Atrophy 7(13) 11(18)
Leukoaraiosis 8(14) * 13(22)
Total infarction 9(16)** 12)
Cortical/ subcortical Infarction 1527)* 9(15)
Deep infarction 5(9) 4(7)
Small cortical infarction 47 * 7(12)
Lacunar infarciton 6(10.7)* 15(25)
Bilateral anterior circulation 8(14) ** 2(3)

* — significance, p<0.03

On the other hand, in the CAD group the preva-
lence of small single cortical/subcortical infarctions
and LI was marked. Infarctions more frequently in-
volved only superficial territories. In 24(40%) cases
brain diffuse, non-focal changes, as leukoaraiosis and
cortical atrophy was found. We can suggest that
because of the prevalence of large, territorial and
multiple infarctions Cardioembolic stroke is associ-
ated with a worse outcome than other stroke subtypes.

18 patients with PCSE were investigted by TCD-
embolodetecting within 48 hours of the symptomatic
event. Microemboli were found in 13 (72%) of 18 ob-
served patients. Emboli were seen in 3 of 5 patients
with valvular heart disease, 4 of 6 AF, and 2 patients

with past myocardial infarction. Patients with emboli

had a significantly higher prevalence of prior cer-
ebrovascular symptoms.

As was mentioned above, patients with high-
grade CA stenosis and CA occlusion were excluded
from the PCSE group. Of the 60 patients of CAD
group, 49(82%) had more than 40% ICA atheroscle-
rotic stenosis estimated by Color Doppler sono-
graphy; Patient had a higher frequency of moderate
stenosis of the symptomatic internal carotid artery
(ICA) side 28 (58%) and lower frequency of sever
stenosis 5 (8%) and occlusion 3 (5%).

Several studies have demonstrated that about
50% of all cerebral ischemic events, whether perma-
nent or transient, are due to the thrombotic and em-

bolic complica

ons of atheroma, which is a disorder

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

of large and medium-sized arteries. Large-artery
atherothrombosis causes not only brain hypoperfu-
sion, but also artery-to-artery embolism [1.7].

We have analysed the structure and stability of
atherosclerotic plaques by high-resolution ultra-
sound images. Plaque tissue components, such as
non-homogeneity. lipid-rich core, hemorrhage, irregu-
lar or ulcerated surface, loose matrix, were defined as
potentially embologenous and prone to arterio-arte-
rial embolism

In 28 cases atherosclerotic plaques were clas-

sified by ultrasound criteria as unstabile, embolo-
genous. Ofthese 17 patients were studied by TCD

embolodetecting within 48 hours of symptomatic

Fig. 2-a. Left ventricle postinfarction ancurism
racic EchoCG. Apical two-chamber view. At the LV
apex hyperechogenic thrombotic masses are located

Transtho-



occipital lobes diffuse hypointense are:
marked

ischemia. Microemboli were detected in 11 of 17
patients (65%). 4 of the emboli-positive patients

had had a high-grade carotid stenosis, and 3 pa-
tient had a mild (<50%) carotid stenosis. No
microemboli were detected in the 3 patients with
carotid occlusions.

We can suggest that prevalence of large/total
infarctions in the PCSE patients and comparatively

small lacunar, cortical/subcortical infarctions in CAD

patients can be explained by the larger size of cardio-
genic emboli than arterio-arterial emboli. So cardio-
genic emboli cause brain large-sized artery occlu-
sion, and give rise to large to total brain infarction
(Fig2 a-c)

By TCCD examination we studied flow param-
eters of arteries of the circle of Willis. Blood flow
velocities (Vem/s) in the middle, anterior, posterior
cerebral arteries (MCA, ACA, PCA) and pulsatile in-
dices (PI) were measured (Table 3).

In the majority of patients with PCSE tendency of
Iteral ACA and

n patients with

decreased blood flow at the ipsi

predominantly MCA w
large to total brain infarctions significant decrease of

blood flow at the MCA was detected - V mean-

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

Fig. 2-c. Right MCA ocelusion. 3D- tof MRA

32.8+8.3cm/s. In two patients from 3 with hemispheric
total infarctions occlusion of MCA 1 segment was
marked, and in one patient - postocclusive collateral
flow in the MCA - V mean-22cm/s,

In contrast, in CAD group patients blood flow
parameters seemed to stay normal or were slightly
decreased. Only in 5 cases of ICA high-grade steno-
sis or occlusion significant asymmetry on the affected
side was revealed.

In patients both with PCSE and CAD with brain
small cortical infarctions, lacunar infarctions or sub-
crortical leucoencephalopathy hemodynamic chan-
ges were not impaired - V mean MCA-41.549. 2cm/s

Cardiac diseases affect the brain in two different
3 b
lism. Cardiogenic stroke accounts for approximately

ways; by pump and perfusion failure, and by embo-

one in six ischemic strokes. Many different cardiac

sources can give rise to emboli. About 20 different

nosologies are associated with the CE. Cardiac em-

boli may be composed of thrombus, calcific particles,
tumor, air, fat, foreign bodies [6-9].

Different size of brain infarctions in CE patients
Table 3. Mean flow velocity rates in Circle of
Willis arteries

Artery : CAD
n=56 N=60
V, env/s V. env/s
MCA 3765113 47.7:85
ACA 34.3+6.8 45.748.5
BA 26,683 279492
[ pca 30.458.9 337415
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(different size of emboli) can be the result of cardiac
chamber and valvular concominant pathologies.
Endocardial damage and cardiac chamber pathology
provides circulatory stasis and formation of intra-
cavitary thrombosis. The low shear rate that exists in
areas of stasis promotes activation of the coagula-
tion cascade rather than platelets, leading to throm-
bus formation. This process leads to formation of
large-sized red, fibrin thrombus, which can be the
reason of large/to total brain infarction.

Valvular heart disease carries the greatest risk of
embolism of any cardiac condition. Activation of
Thromboxan Al leads to form thrombocyte-mono-
cyte, comparatevely small-sized “white” thrombus
formation. Most emboli from damaged (calcinated or
mixomatous) cardiac valves are small and lead to
ty[6.10-12].
Recent studies by TCD embolotection have re-

lesser mortality but higher morbi

vealed the presence of thrombocyte aggregated small

thrombus in patients with cardiac valvular changes,

that lead to the formation of small multiple brain in-

farctions [13,14].

Clinical presentation is imperfect in differentiat-
okt

lic from noncardi stroke.

Recent studies showed that cerebral infarctions
due to CE occurs most frequently in MCA supply
territory. The location of infarcts in MCA territory
differs between the two groups. Superficial infarcts
were more frequent to CAD group (arterio-arterial
embolism), whereas combined superficial and deep
territory infarct were more frequent in embolism with
PCSE. Although the nature of the embolic substances
for arterio-arterial embolism and PCSE is quite het-
erogeneous, more recently it has been proposed that
embolism from large vessels is primarily caused by
white thrombus (platelet aggregates), and that em-
bolism from the heart is mainly caused by red throm-
bus (platelet and fibrin aggregates) [6,11,12].

In conclusion, our data shows that PCSE has a
tendency to have a larger infarct, combined superficial
and deep territorial, bilateral involvement, high recur-
rence rate. The rate of emboli formation might be dif-
ferent in various cardiac diseases. So cardioembolic
stroke is associated with a worse outcome than other
stroke subtypes. In patients with carotid aretry athero-
sclerotic changes main reason ofbrain iufarction may

be atherothromt t from ble carotid

h |

ing
Cardiogenic brain embolism characteristically
presents with neurologic deficits that are maximal at
onset, reflecting sudden interruption of blood flow.
While insensitive, the most specific features for
cardioembolism are infarcts in multiple territories and

concurrent systemic embolism [15.16].

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2, 2012

ic plaque. The diagnosis of Cardiogenic
or Large artery stroke relies on detection of potential
emboligenic sources in the absence of another etiology
of equal or greater plausibility. Early application of
modern neuroimaging techniques stands to raise di-
agnostic accuracy in the evaluation of patients at risk

for cerebrovascular dise:

se.
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ABSTRACT. At the end of the 5" and in the 4" millennia B.C. large masses of Uruk migrants had
settled in the South, and later in the North Caucasus. Assimilation of cultures of the newcomers and
residents, as a result, caused their “explosive” development paving the way to the formation of the
Maikop culture in the North Caucasus and the Kura-Araxes culture in the South Caucasus. € 2012
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The period between the 4* and 3" millennia B.C.
was the time of great cataclysmic events in the Cau-
casus; its cultural advances were influenced by
changes within its boundaries as well as interactions
with the outside world.

The most significant occurrence of this epoch
was the appearance of a large number of peoples of
Mesopotamian cultural identity who contributed to
speeding up the rhythm of its cultural development,
adding “explosive” character to its progress.

Researchers have been arguing about the prob-
lems of the local culture of this period and many ofits
aspects are still unresolved. However, a more or less
acceptable concept of it has been already formulated.
It assumes the existence of two chronologically con-
tiguous and genetically interrelated cultures in the
central area of the Southern Caucasus. Those are
Sioni Late Neolithic monuments, which are adequate
to the contemporaneous similar materials of Western
Georgia and Tsopi Late Neolithic culture. which is
spread over large territories of Eastern and Southern

Kura-Araxes culture.

Georgia as well as of the Northern Caucasus [1-5]. 1t
is hypothesized that there was still another, not yet
determined developmental stage between the above-
mentioned two cultures. Itis believed also that there
must have been a transitional phase from the culture
of Tsopi and the following early Bronze Age of Kura-
Araxes culture, since in ceramic artefacts of Tsopi
one can see only indications but not well recogniz-
able forms of the latter [6:41:5: 68].

During this period the South Caucasus experi-

enced two powerful waves of’ ‘Middle Eastern expan-
sion: the first at the time of Late Neolithic culture of
Sioni in the 4%-5* millennia B.C., and the second at
the period of Tsopi culture in the Late Neolithic Age,
atthe end of the 5 and the first halfof the 4" millen-
nium B.C.. which is known as the Uruk expansion era.

Later, in the second halfofthe 4" and throughout the

3% millennium B.C., during the Early Bronze Agethe

Kura-Araxes culture of the Caucasus spread through-
out the greater part of the Caucasus. Eastern Anatolia,
northern parts of Iran, Middle East and even Europe.

© 2012 Bull. Georg. Natl. Acad. Sci
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In my opinion this was the outcome of mutual ab-
sorption and integration of the Uruk and local cul-
tures. During this period the central area of the South
Caucasus became a new stage of mostly external in-
fluences and is referred to as the Bedenic culture. On
the basis of its many characteristic features, it is con-
sidered to be of northern origin [7]. however. it is a
special topic of discussion and will not be touched
upon here.

In this paper I would like to discuss only the pen-
etration of large masses of people from the Uruk cul-
ture into the Caucasus. I suggest that the advanced
traditions of the newcomers played an extremely im-
portant role in the formation of the local culture, fun-
damentally changing its character and directing the
economic and social development of the host soci-
ety along a radically new and progressive path.

Signs of a foreign cultural penetration into the
South Caucasus at the end of the 5% and 4" millennia
B.C. were noticed in the archaeological finds of the
Qvirila gorge. and in the caves of Samertskhle and
Samele k’Ide (rock). Specifically, imported clay ves-
sels, made on a potter’s wheel, are of essentially high
qualityand differ from local artefacts [8]. Similar items
were later identified at the Tsopi settlement of the
Aeneolithic Age [9: 28-32, Fig.9]. They were found in
the 1950s [5; 10] but this novelty was not yet fully
understood and no opinion was formulated about its
origin. Later. similar ceramic artefacts were discove-
red at the well-stratified settlement sites of
Berik’Ideebi under the earlier Kura-Araxes cultural
layer and they were dated to the end of the 5" and the
first half of the 4" millennia B.C.

Material of this kind was known only from the
archaeological finds of the Qvirila gorge cave cul-
tural layers which closely resembled the remarkable
pottery of Maikop culture. These finds led to the
conclusion that it was necessary to review and pre-
date the well-known Maikop culture as belonging to
an earlier period [11: 12.] This data became the firm
basis for adjusting the chronology frame of archaeo-
logical finds ofthe 4" and 3 millennia B.C. through-

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

out the Caucasus. By now. we have a specific chro-
nology established by means of more than one ra-
diocarbon analysis, which gave it greater credibility
[13: 14: 74,75; 15]. This does not mean, however. that
the coexistence of these two cultures should be moved
to a later period of their development. There are
enough data to support this view (newcomers from
Uruk apparently did not leave the South Caucasus).

These new ideas concerning the archaeological
finds in the South Caucasus were given greater at-
tention after it had been established that there were
similarities between metal and ceramic items of the
Maikop culture found in the North Caucasus and
those found in Mesopotamia [16]. In fact. this has
become the starting point for redirecting the studies
of archaeological finds in the Caucasus in connec-
tion with Mesopotamian civilization and is frequently
used today [17-25].

In this context, recent archaeological finds in the
Southern and Northeastern Caucasus gave yet an-
other, entirely new nuance to scientific researches into
the ancient past of the Caucasus. They made it clear
that incursion of these peoples into the Caucasus was
not a onetime event, but continued for a significantly
long period. Reasoning by the topography of the ar-
chaeological finds in Mesopotamia, it becomes clear
that large masses of migrant settlers from that area did
not move straight along the route to Transcaucasia in
order to reach the destination faster. Actually, they
settled down in every region of the Caucasus. in the
mountains and flatlands, in areas where they could
maintain a lifestyle familiar to them

It seems obvious that from that period on. two
cultures of the Caucasus that had been at different
stages of development could coexist peacefully on
the basis of their mutual participation in metallurgical
manufacturing: it was this type of communal economy
that gave impetus to a speedy development of the
local culture. This is well illustrated by the metallur-
gical items of the Kura-Araxes culture, which is sig-
nificantly more advanced in comparison with the pre-
Aeneolithic culture.

]
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Uruk Migrants in the Caucasus

Presumably, the main purpose of Uruk migrants™
exodus from Mesopotamia was the search for re-
sources of metal — copper, gold, silver [26:9; 27: 46].
1 personally doubt that this could be the only reason
for large masses of people to abandon their estab-
lished settlement locations and move away across
large distances. Most probably, they must have had
another, more considerable motive, e.g. problem of
overpopulation or something else. However, specific
interest in metallurgical manufacturing certainly was
not of secondary importance for communities whose
lifestyle and cultural development was basically
stimulated precisely by this type of economy [26].
Such interest of Mesopotamian communities in the
Caucasus, the ancient center of metallurgy [28-32].
seems quite natural to me. The archaeological dis-
coveries made in the mountainous region of the west-
ern part of the South Caucasus, the central area of
North Ossetia, along the Caucasus mountain range
and at the high altitude mountainous cave cultural
layers of the river Araks, all may support thi

sumption. The items found there were high quality
ceramic vessels, made on the potter’s wheel [33-39]
and in one case metal artefact as well [8], all bearing
characteristic features of Uruk origin. Thus, it cannot
be excluded that the migrants were, indeed, metal
seckers, or metal workers. Hence, it would be hard to
believe that people of such highly developed culture
originally belonged to the cave communities.

Initially, it was considered that this wave of Meso-
potamian migrants were representatives of the Ubeid
culture [40], and for quite some time this was an ac-
cepted view among scholars. Today, they are deter-
mined, and rightly so, as belonging to a later, Uruk
period [21; 26; 27] when the Mesopotamian culture
spread wider in the western and north-eastern direc-
tion. The data obtained in the Caucasus area confirm
movement of migrants in large masses and rather in-
tensively to the north as well.

One can identify two basic routes of Uruk mig-
rants’ movements. One started from East Anatolia
along the upper reaches of the river Euphrates.

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2, 2012

crossed Arslan Tepe region initially following the left
side of the river Mtkvari (Kura) valley and after
Akhaltsikhe-Abastumani went directly to the north.
Then via Bagdadi-Kutaisi territory it reached the river
Rioni: here it moved along its upper reaches and af-
ter traversing the Mamisoni pass reached the main
area of Maikop culture distribution - the western part
ofthe North Caucasus. This data is supported by the
archaeological material with distinctly Uruk features
that we have discovered along the route: Abastumani
[41], Orchoshani [42-44], Dzudzuana cave [33; 34].
White cave [36; 37]. multilayered cave in Darkveti
[35], the Sameleklde and Samertskhleklde [8]. The
entire material has been already published [45].

In the eastern region of the South Caucasus nu-

merous and imp: ar
are found pointing to characteristic Uruk style mate-
rial. On the basis of these finds, one can identify a
credible outline of the route along which Uruk mi-
grants moved from the northern part of Iran along
the Caspian Sea shore and towards the north-east
Caucasus. These are ancient settlement sites of
Leilatepe, Beiuk-Kesik, Poilo I and 11, Misharchaia,
Alikemektepes, Alkhantepe, Chinar tepe, Abdal Aziz
Tepe, Shomul Tepe, Adsiz Tepe, Agil Tepe, Khodjasan
and others [13; 14; 46-55
Absheron peninsula — Uch-Tepe, Soyug-Bulag [56-

burial mounds in the

60]. Material closely resembling artefacts of the
Maikop culture [64] is found in Se Girdan burial mound
in north-west Iran [27, 61-63; references according to
Akhundov, Mahmudova and Narimanov; Akhundov
and Aliev]. A whole series of settlement sites and
burial mounds have been found throughout
Dagestan’s mountainous and Caspian shore areas,
from Samur all the way to Sulaka: Ginchi, Velikent,
Toprak-kale, New Gaptakhm Serzhen-lurt, Ust
Dzegutinsk, Gorodskoe, Beliaevo, Serker, Tepe, Miatl,
Miskin Bulak, Diubend, Seidlar and others; they all
area part of the same route (the information is based
on the maps attached to the manuscript [55] and arti-
cles [27; 65: 66]). It is believed that the influence of
the Uruk culture covers the entire North Caucasus
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and spreads from the Caspian Sea shore to the west
all the way to the area of the Maikop culture [22:27]

In a discussion concerning the movement of Uruk
migrants from the South to the north, it is hardly
possible to ignore the variety of data that points at
the Jvari Pass as one of the segments of their routes
[39:67-69].

In order to have a clear idea about the settlement
of Uruk migrants throughout the Caucasus territory,
we should list all the known sites in the central part
of the South Caucasus, where material, specific to
their culture has been found. Undoubtedly, there must
have been many more similar sites, but, as we will
demonstrate further down. even the data available
today is sufficient for forming a definite opinion con-
cerning the matter. One of the most important among
them is a burial mound with a large catacomb-like
grave that was discovered on the Iori plateau near
Dedoplistsqaro. Although it had been damaged by
treasure hunters, it was possible to establish that the
site represented a collective grave with ceramic ves-
sels typical for the Kura-Araxes culture [70: 7-24].
The particularly significant item was an oblong stone
insignia with circular cross-section, and with an im-
age of an animal’s head on one of its sides. Similar
items have been found among other typically Uruk
style material in the burial mounds around lower parts
ofthe river Mtkvari (Kura) | 50: Tabs. 28, 30, 35; 60:78;
71: Fig. 4]. This item was found among the material
dug up by grave robbers, but this fact hardly puts
under suspicion that it has been a part of the gravesite
paraphernalia. A similar insignia was accidentally
found also near the village Cheremi, on the Gombori
mountain range in the South central Caucasus (it is
preserved in the depository of the Georgian National
Museum in the city of Gurjaani.)

With regard to Uruk migrants, a particularly note-
worthy location is the Tsopi settlement where high
quality ceramic vessels of apparently Uruk origin were
found in situ in the cultural layer among local pottery
[72:
ered settlement Berikldeebi that allowed us to deter-

5; 5]. One can say the same about the multilay-
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mine the chronological relationship of this culture
with the local Kura-Araxes culture [11; 12]. It is also
important that at this site among the finds of contem-
poraneous nature there was a quadrangular religious
structure, the only one in the Caucasus. that is be-
lieved to have had originated in Southwest Asia [73:
34, 35]. Another exceptionally significant site was
discovered near the village Kavtiskhevi in the area of
the river Mtkvari flatlands;
containing specifically Uruk style ceramic vessels

s a large burial mound

[74]. It is also remarkable that items of this type were
also found at the Tetritsqaro settlement site where
fragments of a potter’s wheel have been discovered
as well [75: 56. 59, 71]. Similar high quality ceramic
vessels were found in the western part of Tbilisi, in
the cultural layer of the Delisi settlement [76: 31; 77].
We should mention as well the presence of similar
material in the Tekhut settlement in the Ararat valley
[78] and in the upper horizon of the cultural layer of
the cave Areni I near the estuary of the river Araks
[38]. These two points represent medial segments
connecting Mesopotamia to the Caucasus and there-
fore they deserve particular attention in studies re-
lated to this problem.

In the past centuries, large masses of migrants
lefi a strong positive or negative trace along the path
of their movement. Their consequences must defi-
nitely be taken into consideration in order to get a
clear picture of the indigenous population’s past.
According to our data the wave of Uruk migrants
moving from the south to the north covered the en-
tire territory of the Caucasus in the 4* millennium
B.C. It seems that at the very outset, they settled all
over the South Caucasus, acclimatized to local con-

ditions, assimilated with the local population and
jointly continued their customary activity. Probably
in search of predominantly metal works, they gradu-
ally got acquainted with the main mountain range of
the Caucasus, traversed it to the north Caucasus ei-

ther through passages across it or along th shore

strip and spread throughout both its highlands and
valleys. It is quite possible that it was they. the bear-

2)
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ers of advanced culture of Mesopotamia, who had a
deep impact on the development of local cultures of
the Caucasus. speeded up its development and gave

it “explosiv
this i ion of indi and i
made possible the emergence of the so-called mag-

character. It is believed that precisely

cultures

nificent Maikop culture in the north-western part of
the Caucasus. It is possible that a similar process
was simultaneously developing in the South Cauca-
sus as well, where it left a noticeable trace. The trans-
formation was so significant that it is reasonable to
presume that Uruk migrants together with the local
population participated in the creation of the power-
ful Kura-Araxes culture in the South Caucasus of the
FEarly Bronze Age.

There are differing views concerning the direc-
tion of the routes along which large masses of mi-
grants moved on the territory of the South Caucasus
in the 4"-3“millennia B.C., and accordingly, we have
different interpretations of the relevant transformative
processes.

Some scholars do not deny the fact of Uruk mi-
gration to the north across the South Caucasus. In
their opinion, these migrants traversed the Greater
Caucasus range to the north and contributed to the
formation of the magnificent Maikop culture. Later,
however, some of them, already naturalized Maikop
inhabitants, returned to the South Caucasus and fi-
nally settled in the area of the lower reaches of the
river Mtkvari [52; 55; 71]. In support of the theory
about the southbound movement of the migrants
back from the north, the authors point at a single
proof, the burial mounds containing Uruk artefact
that have been discovered in the South Caucasus.
They consider that Uruk migrants had learned in the
north how to build this type of burial mounds and
brought the acquired tradition back to the South Cau-
casus.

There are other opinions concerning the routes
of Uruk migrants entry into the Caucasus and their
movements through the territory. For example, some
believe that one group of these migrants entering the

Bull. Georg. Natl. Acad. Sci., vol. 6. no. 2, 2012

Caucasus from Anatolia, moved along the upper
stream of the Mtkvari, then followed the river Rioni
to the north towards the Kuban area. The second
group crossed Shida Kartli from the basin ofthe riv-
ers Rioni and Qvirila and settled in the eastern part of
the Kvemo Kartli valley [79: 182-186]. It is not clear to
me, why those researchers did not choose eastern
track of Uruk migrants which started from Northern
Iran, passed through the eastern side of the South
Caucasus and the west coast of the Caspian Sea, and
crossed the North Caucasus [80: 341]. This route is
more real and better confirmed with finds. However,
it looks like even in this case they do not exclude the
possibility of the reverse movement of the integrated
migrant population after the formation of the Maikop
culture since in their opinion the Maikop artefact
reached the south across the Greater Caucasus passes
[79:190.191]. It is possible that both these views have
accepted a priori the idea concerning the north-south
interaction and the tradition of the specific structure
of the burial mounds was brought from the north;
they particularly stress the superior influence of the
northern steppe traditions in the South Caucasus.
Up to now these views were believed to be an indis-
putable truth. Understandably, the scientists had
enough ground to formulate their conviction. From
the start they supported this assumption by the fact
that the burial mounds were typical of the ancient
pit-grave culture and already present throughout the
northern steppe zone in the 4* millennium B.C.,

whereas there were no mounds of such construction

in Southwest Asia. This was why they assumed that

even the magnificent Maikop culture absorbed the
technique of building this type of burial mounds as a
result of its contacts with the steppe arca cultures
[81:75].

At present the situation has changed drastically.
On the basis of a whole series of radiocarbon analy-
ses, it has been proved [ 15: 82] that burial mounds of
the ancient pit-grave culture are of a significantly later

period in comparison with Maikop archacological sites.
This allows scholars to assume that the tradition of

5
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building this type of burial mounds emerged precisely
in the Maikop culture. Its ties with Levant and Meso-
potamian antiquities point to its earlier origin [15: 97].
At the same time, a whole range of chronological data
obtained with radiocarbon analysis has established
that the settlements and burial mounds of the South
Caucasus containing Uruk artefact are coexistent with
the Maikop culture [13: 149-153] and, accordingly, the
ancient pit-grave culture and its burial mounds belong
to a later period. Therefore, today we cannot possibly
ascribe the emergence of this kind of burial mounds in
the Maikop culture as well as similar contemporane-
ous sites in the South Caucasus to the influence of the
steppe zone cultures. Moreover, there were no ad-
verse conditions that would have prevented emer-
gence of this type of burial mounds in the Caucasus
itself.

The custom of constructing such burial mounds
continued even in a later period. Researchers discern
two groups of burial mounds in the 3 millennium
B.C. [83]. The first group is represented by large.
individual burial mounds containing items belong-
ing to the final phase of the purely Kura-Araxes cul-
ture [84: 29; 311, while artefacts typical of the north
are seldom found [84: 31]. The second group of burial
mounds of the same period is represented by grave
sites of the so-called Bedenic culture containing ma-
terial distinetly different from that of the South Cau-
casus. In the central and eastern part of the South
Caucasus the type of burial mounds remained of tra-
ditional form even in the first half of the 2" millen-
nium B.C. and became quite rare in the later periods.

In connection with the given issue, we should
set apart one particular group of mounds from those
of the 3* millennium B.C. These are especially rich
burial mounds of the Kura-Araxes culture in its final

Bull. Georg. Natl. Acad. Sci.. vol. 6, no. 2, 2012

stage of development known as the Martqopi pe-
riod. Among them large burial mounds on the left
bank of the river Alazani merit particular attention.
Their remarkably strong stone armour mounds are
often 20-25 meter high and 200-300 meter in diameter.
They contain especially rich artefacts, among them
gold and silver jewelry [28: 235 85].

1 believe, this was the final stage of the integra-
tion of the Uruk migrants into the Kura-Araxes cul-
ture when their social and economic development
reached its zenith. It is natural that such thoroughly
settled migrants influenced the languages of the com-
munities living in the Caucasus [86: 38-155: 87:22-26;
88:29-39].

It needs to be clarified why Uruk migrants left
their distinct imprint on the Maikop culture, while we
donot see similar signs in the Kura-Araxes culture. I
suggest that the main reason of it is the fact that so
far the problem of fusion of Uruk migrants in the
culture of the South Caucasus has not been suffi-
ciently studied. It should be also taken into consid-
eration that the inhabitants of the Kura-Araxes area
did not lose their already well defined cultural iden-
tity thanks to their powerful energy of inherent de-
velopment. Nevertheless, the consequences of their
interaction are well discernible in the “explosive”
nature of the development of the Kura-Araxes cul-
ture in its final phase.

Thus, we offered here a model of development of
the Kura-Araxes culture in its final, “explosive” phase
and participation of Uruk migrants in this process.
However, this is only a tentatively posited scientific
problem. In order to arrive ata final conclusion it is
necessary to make a thorough study and every detail
from various aspects, which goes beyond the frame-
work of the present article.

)
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government purchases, an increase in the average tax rate may lead to either a decrease or an increase
in aggregate demand. In this case, since the parameter of marginal propensities to purchase is easily
regulated, by selecting its appropriate value the government can purposefully use a tax increase to
stimulate or to reduce aggregate demand. © 20/2 Bull. Georg. Natl. Acad. Sci.
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Since the 1930s, after John Maynard Keynes pro-
posed the concept of government regulation of the
economy, economists” interest in taxes has grown
considerably. As we know, in this concept, taxes,
along with government purchases and transfer pay-
ments, are supposed to play a significant role in regu-
lating aggregate demand and, through aggregate
demand, in solving problems of employment, infla-
tion, and economic growth.

In contemporary macroeconomics, the interrela-
tion of taxes and aggregate demand is ambiguously
defined: it is thought that increasing taxes has anega-
tive effect on aggregate demand and that lowering

them has a positive effect, since the main element of

aggregate spending — the amount of household con-
sumer spending — decreases in the former case and

increases in the latter [1, ch. 3; 2, ¢h. 9;3, ch. 12; 4, ch.
5]. However, because every phenomenon, including
a change in taxes, has two sides — positive and nega-
tive — by considering the relationship between taxes
and aggregate demand only in this context, we sig-
nificantly simplify the existing reality. It can be shown
that, in a certain situation, a tax increase causes an
increase in aggregate demand and a tax cut causes a
decrease [5]. We will consider this question in greater
detail.

Version I of the Keynesian Model. The explanation
of the mechanism and pattern of the average tax rate’s
influence on aggregate demand is traditionally based
on using a modeling method. We will turn to this

method and first consider the simplest standard
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Keynesian Model of equilibrium in the market for
goods and services, which can be written as follows
[1-4]:

E=C+I+G+NX, ()
C=a+b(Y-T), @
I=1,, G=G,, NX=NX,. ()
T=T(F), @
Y=E, ©)

where £ is aggregate spending; C is household con-
sumption; /is gross domestic private investments; G
is government purchases; NX is net exports; a is
autonomous consumption; b is marginal propensity
of households to consume, 0 < 4 < I; Tis net taxes
(the difference between taxes and transfers); and Y'is
gross domestic product (GDP)

In this system, conditions (1)~(4) determine ag-
gregate spending. According to (2), the element C of
this spending is a linear function of current dispos-
able income (Y- 7). As for the remaining three ele-
ments, /, G, and NX, for the sake of simplicity it is
understood that they are given exogenously in the
model and fixed at the levels I,, G,, and NX,,
respectively, as indicated in (3).

The condition corresponding to net taxes (4) re-
quires special scrutiny. Traditionally, in a simple model
such as (1)~(5) it is cither accepted that taxes are of a

lump-sum nature (or fixed), and 7 > where T} isa
fixed amount, or a linear taxation system is consid-
cred, in which 7is defined as a linear function of ¥, In
the latter case, depending on what form of taxation
T(Y) describes, three possible versions can be con-
sidered: functions corresponding to proportional, lin-
carly progressive, and linearly regressive taxation.
We should point out that in model (1)~(5), the con-
sideration of any of the functions given here in the
role of 7{¥) makes it possible to draw almost the same
conclusions. Therefore, we will dwell on just one of
them, for example,
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T(Y)=1r. ©®)

Henceforth we will call the system (1)~6) Ver-
sion 1 of the Keynesian Model.

Taking into account conditions (2),(3).and (6), in
(1) we get:

E=b(1-0)Y +1,+G,+NX, +a.

With a fixed level of prices (which takes place in
the model under consideration), £, which is deter-
mined by the given equation, can be regarded as the
value of aggregate demand. As we see, £ depends
on the aggregated average tax rate £ and, all else be-
ing equal, decreases in relation to the latter. In turn,
inmodel (1)~6), for a given fixed level of prices, the
output (supply) of GDP amounts to }. This implies
thatit is completely determined by aggregate demand.

In such conditions, the value ofequilibrium GDP
is determined from the equilibrium equation of the
market for products and services (5):

Y=44, a
where 4, is the amount of autonomous spending:
4 =a+1,+G, +NX,, ®
and 7, is autonomous spending multiplier:

1
1=-b(1-1) O

Since the multiplier 4, decreases in relation to 7,
(7)~(9) formally lead to the following conclusions:

1. For given autonomous spending (all else be-
ing equal), equilibrium output is a decreasing func-
tion of . At the same time, if we assume that 7 can
take extreme values from 0 to 1, then the equilibrium
output is maximum when /=0 and minimum when 7=
=4/(1-b)and ¥, =4

1. In particular, ¥

2. For given autonomous spending, the net
budget revenues (net taxes 7) corresponding to equi-
librium output are an increasing function of 7. 7'is
maximum when 7= 1 and minimum when 7= 0. In this
=A,and T =0.

case, T,
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3. For given ¢, the equilibrium output and corre-
sponding budget revenues increase (or decrease)
when there is an increase (or decrease) in autono-
mous spending 4. of which one of the elements is
government purchases G.

We should point out that a change. an increase,
forexample. in 4, causes simultaneous upward move-
ment of the curves corresponding to 7and V.

With aggregate supply that does not depend on
1. which takes place in model (1)-(6). the relationship
between the average tax rate, equilibrium output, and
budget revenues can be considered true only when
government purchases G, and net taxes 7 do not
depend on each other. Naturally, in such conditions,
when the average tax rate rises and G, is fixed. there
is an outflow of some funds from economic circula-
tion, which, all else being equal, has a negative effect
on the amount of aggregate demand and causes a
contraction of equilibrium output.

However, in reality, 7and G are quantities that
depend on each other. In practice, the value of G is
generally planned, for the most part, depending on
what the expected net tax revenues T are. Further-

more, the need for changes in the average tax rate fis

determined precisely by the steady growth of gov-
ernment purchases. According to Wagner’s law, de-

es faster than demand for

mand for public goods rist
private goods, which is gradually saturated [6].
Therefore, consumers are willing to give up more and
more of their income as taxes funding the production
of public goods 7. p. 390]. Hence, in the model of
aggregate demand, G and 7 should be considered
not as isolated from each other —as in (1)~(6)— but as.

related to each other.

Version I1 of the Keynesian Model. We now consider
the connection between government purchases (G)
and net taxes (7) using an equation for the govern-
ment’s budget:

D=G+rB,-T

(G-T)+rB.,. (10)

where B, isthe amount of government debt or gov-

ernment assets at the beginning of the period (in the
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case of debt, B_, > 0: in the case of assets, B_, <0):r
is the averaged rate based on which interest pay-
ments are made at the expense of debt or assets.
Consequently, 7B, represents the amount of debt
service (7B, > 0) or interest income (B, < 0) re-
ceived from payments out of assets: and D is a quan-
tity representing the budget’s deficit or surplus. If D
=0in (10), then the budget is balanced. If D <0, then
the budget has a surplus. And finally. if D > 0. then
the budget has a deficit.

In the case of a deficit budget. tax revenues are
not enough to cover spending. Therefore. the gov-
ernment is forced to borrow an appropriate amount
from the private sector. international financial organi-
Zations, other countries, or the central bank. Borrow-
ing from the private sector is particularly common.
This process is carried out directly by the state treas-
ury, whose securities are sold to individuals, firms,
commercial banks, and other financial institutions.
The money obtained in this way at the expense of the
state treasury is used, just the way tax revenues are,
to cover government spending. Financing a deficit
with credit from the private sector (debr financing) is
the basic form of deficit financing and is widely used
in most countries in the current conditions. How-
ever, there are individual exceptions, especially in
developing countries, when the treasury borrows from
, the
central bank actually purchases an appropriate part

the central bank to finance a deficit. In this cas

of the treasury’s debt and creates “high-efficiency
money” [3, ch. 9]. As we know, such financing is
called monetization of the deficit. Without dwelling
here on the positive and negative points of financing
abudget deficit in these ways, we only point out that
a budget cannot be constantly in deficit. There are
periods when it is in surplus. In such cases, the gov-
ernment uses the surplus to repay or reduce the ac-
cumulated debt, or to create a reserve fund.

For simplicity, in what follows we use D to repre-
senta deficit and B torepresent government debt. At
the same time, if necessary, we will specify the con-
tent of these quantities more precisely.

2
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Equation (10) shows that the total budget deficit
D is divided into two parts. One of them (G — T)is
called a primary deficit when it is positive, and a
positive primary balance when it is negative; and
the other. 7B, is net interest payments [1, ch. 16].
Representing the deficit in this form emphasizes the
special significance of government debt service in
budget spending. If there is debt, the interest pay-
ments necessary to service it may be so high that the
budget as a whole is in deficit, even in the case of a
positive primary balance.

As we see, the amount of government debt at the
beginning of the period determines how much the
current budget is in deficit. For its part, the budget
deficit is also a basis for the origin and growth of
debt. Or rather, a budget deficit in the current period
fosters the growth of government debt at the begin-
ning of the next period. In general, the following rela-
tionship is valid [4, p. 557):

B=B,+D,
where B_ and B are the values of government debt at
the beginning and end of the period, respectively.

In this relationship we take into account the value
of D from (10). Using simple operations, we getan
equation that can be used to determine government
debt based on the primary budget deficit as:

B=(G-T)+(1+r)B,. (11

We will assume that B in (11)is fixed and is a
given quantity. This is a natural assumption, since
the amount of B is completely determined by deci-
sions that the government has made in past periods.
We will also assume that the value of the debt B at
the end of the period is exogenously planned in the
government budget and, ifnecessary, can be changed
by taking on new debt or reducing current spending.
As for government purchases G, they are tied to 7
and are determined from (11) as follows:
G=T+(B-(1+r)B.,). (12)

Consequently, we understand that the amount of
government purchases is determined. on the one
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hand. by net tax revenues 7 and. on the other hand,
by the policy that is conducted in relation to govern-
ment debt. In other words, a change in G cannot be
isolated — in the form in which it is traditionally con-
sidered in simple Keynesian Models, including the
model (1)6) — and it is always associated with a
change in taxes or debt (or both at the same time).

We replace the condition G =G, in model (1)
(6) with (12), and we call the system modified in this
way Version Il of the Keynesian Model. The equa-
tion for calculating equilibrium output will take the
following form for this model:

Y=A4, (13)
where
A, =a+(B-(1+r)B)+1,+NX, (14)
1
(]

bl-0)—1"

Consequently, in (13)(15), in contrast to (7)~(9),
what determines autonomous spending A, , along
with other elements, is not total government pur-
chases G, , but only the part of them made at the
expense of government debt incurred in the current
period (B—(1+7)B.,). Accordingto (11), this quan-
tity is determined by the primary budget deficit
(G = 7). Morcover, in Version 11 of the Keynesian
Model, the autonomous spending multiplier 2, has
acompletely different form. While in conditions (7)—
(9) the multiplier 4, diminishes in relation to 7, the
opposite situation takes place in this case, and the
multiplier Z, increases in relation to 7. This circum-
stance leads to the following conclusions for Ver-
n Model:

1. All else being equal, the creation or growth of

sion II of the Keyn

government debt (creation or growth of a primary
budget deficit (G — 7)) has a positive effect on equi-
librium output. while reduction of government debt
or growth of government assets (creation or growth
of'a primary budget surplus (7— G)) has a negative
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effect. It is obvious that this situation is completely
consistent with traditional Keynesian theory.

2. Allelse being equal. equilibrium output is an
increasing function of the average tax rate 7: d¥/dt >
0. For given positive autonomous spending: b
A,/(1~b), when 1=0; and Y .=, whens=1.This
result, which is not the customary one for Keynesian
theory, is interesting from the point of view that, ac-
cording to Version 1T of the Keynesian Model, in con-
ditions of insufficient autonomous spending, one of
the most important ways of increasing aggregate
demand and boosting economic activity is to increase
the average tax rate.

3. All else being equal, net budget revenues are
an increasing function of 7, and for given 4,>0:
7,,=0,when/=0;and 7,

We dwell further on an interesting result that fol-
lows from the relationship (13)«(15). In characteriz-
ing the effectiveness of fiscal policy tools, research-

=oo, when/=1.

ers often turn to the theorem of the well-known
economist Trygve Haavelmo [8; 9. p. 95]. Based on a
simple Keynesian Model in which taxes are deter-
mined independently of Y, the theorem asserts that
the balanced budget multiplier is equal to zero. In
other words. according to this theorem, if the gov-
ernment increases its purchases and taxes by the
same amount AG = AT, then output will rise by the
same amount, that is, the equality AG = AT =AY will
be fulfilled. It can be shown that this theorem is also
valid in Version II of the Keynesian Model (It is not
possible to prove the validity of this theorem based
on Version I of the Keynesian Model, or model (1)~
(6), since government purchases and taxes are not a
priori interrelated in it).

Consequently, according to Version II of the
Keynesian Model, all else being equal, a tax increase
fosters growth of output, but the overall effect ob-
tained in this way is used only to provide for govern-

unchanged, since. according to the assumption, these
characteristics are given exogenously in the model
and they are fixed).

To clarify why equilibrium output is increasing in
relation to the tax rate in Version II of the Keynesian
Model, we will first explain the principle of operation
ofthe multiplier A,. We will use the standard method
and consider a situation in which the amount of au-
tonomous spending A, increases by one unit. This
change will cause a multistage process in each stage
of which the equilibrium output and the income cor-
responding to it will grow by a certain amount. In
keeping with these stages. we will designate the value
of the corresponding increases as AY", AV
AY" and so on.

It is clear that for the first stage AY™ =1. From
this unit increase of income, (1 —¢) will remain in the
private sector, and the other part (¢) will go to the
government’s budget in the form of taxes.

In the second stage, households use the part
b(1 = 1) of their disposable income (1 — 1) for con-
sumption, which leads to growth of equilibrium out-
put by the same amount. In parallel, the revenue ¢
that the budget receives goes out into the market for
goods and services and increases the equilibrium
output by the amount . So in the second stage the
total increase in equilibrium output will be
AY® = b(1=1)+1. It should be noted that, as fol-
lows from what was said above, [A(1 - #) + 1] ex-
presses spending by households and the govern-
ment to purchase products and services from a unit
ofincome additionally created in the economy. There-
fore, [b(1 —1)+ r | represents the joint marginal pro-
pensity of households and the government to pur-
chase products and servic:

Considering this circumstance, it is easy to see
that for the third stage:
AYO =[b(1-0)+AY?D = [b(1=1) + 1.

ment purchases (the amount of 1 p:
tion remains unchanged, in spite of the growth of
output; and investments and net exports are also

Bull. Georg. Natl. Acad. Sci, vol. 6, no. 2. 2012

Thei

ing to subsequent stages are obtained analogously.

s of equilibrium output correspond-

Therefore, we will finally write:

=3}
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AY =AYV +AYD AT 4o =

=1+[b(1-t)+t]+[b(1-1)+1T +éb(!71)+/]‘ o
Inanormal situation, 0 <h<1and 0 <7< 1.Onthe

strength of this.

0<[b(-n+i]=[b+(1=b)]<[b+(1-b)]=1.
Consequently, the derived series is an infinitely

decreasing geometric progression, and the following

equality is valid:

AY =[1-b(1=0)=1T"
As we see, the main role in the multiplier process

of creating equilibrium output is played by the joint
marginal propensity of households and the govern-
ment to purchase goods and services [A(1 — 1) + 1].
This parameter is the weighted value of two types of
marginal propensity. One of them — b — is the mar-
ginal propensity of households to consume, and the
other is the marginal propensity of the government
to purchase products and services. In the model un-
der consideration, the latter is equal to one, since,
according to (12), each additional unit of net tax rev-
enue is fully spent on government purchases. The
two values of marginal propensity (b and 1) are
weighted according to I —7 and «. Since the marginal
propensity for government purchases of products
and services is greater than b (0 < b < 1), the greater
the value of 7, the higher the joint marginal propen-
sity [b(1 — 1) + ¢] will be. And this means that, in the
case of a high average tax rate, a large part of the
income goes into the market in the form of spending
and, all else being equal, the level of equilibrium out-
put is also high.

From what has been said, it follows that when the
marginal propensity of households to consume is
low in a country, and government purchases are
planned in accordance with (12), then to stimulate
aggregate demand and increase equilibrium output,
it is advisable to raise the average tax rate. At the
same time, it should be taken into account that imple-
menting this measure will not affect the total amount
of household consumption and will only increase
the part of output that will go to providing for gov-
ernment purchases.

Bull. Georg. Natl. Acad. Sci,, vol. 6, no. 2, 2012

Version III of the Keynesian Model. We consider
one more version of the Keynesian Model, which
differs from Version Il given above in how it describes
the correlation between G and 7. In particular, sup-
pose that only a certain part of the net taxes going to
the budget is used for purchases, and the rest is
used to service government debt and create a re-
serve fund. In addition, we will assume that part of
the government purchases is determined exogenously
and does not depend on taxes. In such conditions,
the correlation between G and 7 can be expressed by
the following linear function:

G=gT+G,. (16)
where G, is the autonomous value of government
purchases the amount of which does not depend on
taxes and is determined exogenously. In conditions
of insufficient tax revenues, this part of purchases
can be made through borrowing; and g is the mar-
ginal propensity for government purchases. This
parameter should be seen as exogenously regulated.
Based on the situation existing in the economy, the
government can increase or decrease the value of g,
but in any case the marginal propensity to purchase
must satisfy the condition 0 < g < 1, which is a fairly
natural requirement.

Inmodel (1)~(6), we replace the condition G = G,

ion

with (16) and call the system thus obtained Ver
111 of the Keynesian Model. 1t is easy to establish
that, according to this version, equilibrium output is
determined by the following equation:

Y=14, a7
where:
4 =a+1,+G,+NX,, (18)
1
19)

“U-b-rg-b"

(1-0)-gt

Aswe see, in this model it is not the total amount
of government purchases G that participates in the
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creation of autonomous spending 4, . along with
theelementsa, /,.and NX, . asis traditional in the
Keynesian Model of aggregate demand, but a part of
this amount G‘“ ‘autonomous government purchases,
that is, purchases whose amount does not depend
on net taxes going to the budget. Consequently, the
autonomous spending multiplier A, is also different.
The latter is determined by the joint marginal propen-
sity of households and government to purchase prod-
ucts and services [h(1—1) + gr]. which is the weighted
average of b and g. Comparing (9), (15). and (19), we
notice that the multipliers 4, and A, are particular
cases of A, . Specifically, 4, is derived from 4, in the
case when g — the marginal propensity for govern-
ment purchases — is equal to zero (zero marginal pro-
pensity to purchase does not mean that no purchases
aremade): and ifg = 1in (19), then A, turnsinto 4, .

Previously, when considering Versions I and II of
the Keynesian Model. it was shown that changes in
the average tax rate 1 affect equilibrium output differ-
ently in the cases when g = 0 and g = 1. Generaliza-
tion of this fact gives us (17)~(19), from which it fol-
lows that in the Keynesian Model the role of the
average tax rate is determined by the relationship
between the marginal propensity to consume b and
the marginal propensity for government purchases
g When b> g, arise in the average tax rate lowers the
joint propensity of households and the government
to purchase products and services [6(1 — 1) + gt].

Bull. Georg. Natl. Acad. Sci, vol. 6, no. 2, 2012

Therefore, all else being equal, an increase in 7 causes
areduction in equilibrium output. And in the oppo-
site case (i.e., when b < g). an increase in the average
tax rate causes growth of the joint marginal propen-
sity of households and the government to purchase
products and services, which. all else being equal, is
a condition that fosters the growth of aggregate de-
mand and, consequently. equilibrium output. And fi-
nally. when b = g. then both the j

nt marginal pro-
pensity of households and the government to pur-
chase products and services and aggregate demand
areindifferent to 7.

From the analysis done using the versions of the
Keynesian Model examined above, we can draw the
following conclusion. The effect of an increase (or
decrease) in the average tax rate and taxes as a whole
on aggregate demand is not unequivocally negative
(or positive), as it is customarily presented in canoni-
cal form in contemporary macroeconomics [1, ch. 3;
2,¢ch. 9;3, ch. 12; 4, ch. 5]. Depending on what the
values of the marginal propensity to consume b and
the marginal propensity to purchase g are, in the gen-
eral case a tax increase can cause either a reduction
or growth of aggregate demand. At the same time,
since g is a parameter that the government can easily
regulate, by selecting its appropriate value the gov-
ernment can purposefully use a tax increase to con-

duct a stimulating or inhibiting economic policy.
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ABSTRACT. The recent world economic crisis had a huge impact on Georgia’s social & economic
framework. The sole possi y to avoid the negative influence of global iorating i i

is to base economic and, first of all, industrial development of the country on national natural resources
and commodities. However, extensive use of Georgia’s mineral commodities is slowed down due to lack of
possibility to capitalize them at early stages of exploration. The present article proposes a new econom ic
method, which allows computing the Net Present Value of an eventual mining enterprise at the early

stage of exploration. In turn, such analysis provides indicators not only for assessment of the volume of

possible venture investment in exploration but also for i di

of eventual

on international commodity markets. © 2012 Bull. Georg. Natl. Acad. Sci.

Key words: capitalizazion, mineral resources, Net Present Value (NPV).

The recent world economic crisis had a huge im-
pact on Georgia’s social & economic framework: the
rate of economic development and volume of direct
foreign investments significantly decreased; on the
contrary, the inflation rate, volume of foreign debts,
number of population under the poverty line in-
creased dramatically [ 1]. Within the given realms the
sole possibility to avoid negative influence of global

deteriorating cconomic tendencies is to base eco-

nomicand, fi

st ofall, industrial development of the
country on national natural resources and commodi-
ties [2]. It should be noted that the same problem
arose by the end on the 19" century, and the well-
known national public leader Niko Nikoladze pro-
posed the same remedy [3].

However, extensive use of Georgia’s extremely rich
natural resources [2] and, first ofall, of mineral com-

moditi

s slowed down due to lack of the possibil-
ity to capitalize them at early stages of feasibility
stud!

s and exploration, namely, in case of so-called
“greenfields”, e.g. areas where deposits of mineral
resources are still undiscovered but which accord-
ing to geological criteria are prospective on certain
kinds of mineral commodities. Thus, a mining com-
pany always has to solve a dilemma — cither to per-
form a venture investment in regional exploration or
to abandon a greenfield. Econometrics of venture
investments in exploration was thoroughly investi-
gated by P. de Verte Harris [4] and other researchers.
However problems of capitalization of these poten-

© 2012 Bull. Georg. Natl. Acad. Sci.
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tial commodities are still unexplored.

In this article we will try to solve the mentioned
problem.

Any mining enterprise performs capitalization of
their mineral resources pro rata the Net Present Value
(NPV) of eventual mining activity [5-6]. According to
the classical definition [7]. NPV may be computed by
the following equation:

L apn

NPV = [a,“—, (O]
e ior

where NPV means Net Present Value, a, is discount-
ing factor, P" is annual nominal net profit of the year
n, t -term of mining activity.

Itis clear from the equation (1) that in a classical
case computing of NPV is possible only in terms of
feasibility studies and, according to the existing fi-
nancial theory, is impossible for greenfilds. That is
why early exploration of greenfields is a venture busi-
ness and its financial viability greatly depends on
the experience of the exploration team. Hence, there
is a possibility to discount NPV even at the carly
stage of exploration. In this case calculations could
be based on the so-called Price Index (7)), which was
introduced in 1995 [8]:

Ip= B0y @)

where P_is specific price of 1 unit (e.g. t or m*) of a

resources of neighboring mineral deposits should
be thoroughly registered. But in this case the reli-
ability of estimated resources must be taken into
account [9]:

0 =X Ou kO +hyQy +hgQsp (5

where k,,

inferred and speculative resources, 0, 0,. O, -

ky, kg, are confidence factors of indicated,

amount of indicated, inferred and speculative re-
sources of the ores™ constituent /

Now, for processing these primary data the Kriging
method may be used [10]:

=0 +a@ Y+ b )+
QN ©)

where O = resources in i+1 point, 0" = re-

sources in / point, X,Y - coordinates’ matrix:
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commodity, O, - resources of
Then

Py =3 RCiky =Ky s &)

where P is specific market price of i constituent of
ores, C, is its grade in ores, K, its extraction factor
from ores, and K, operational cost of ore processing
chain ranging from ore mining to production of the

markel

commodity.

In this case

NPV = ja b, @

In course of economic assessment of greenficlds all
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This method may be used for computing NPV per
square kilometer. Let us consider, for example, the case
of Bolnisi Mining District where a number of gold-
bearing polymetallic deposits is known but explora-
tion of greenfileds is not yet scheduled. Computing
resources of gold, silver, copper. lead and zinc in each
deposit according to formula (5). identifying the spe-
cific price of each deposit according to formula (3).
then. extrapolating the resources in two-dimensional
space according to formula (6) and computing NPV in

each x,y, pointaccording to equation (4), one would

ggbedogs

be able to provide a picture of NPV per square kilometer
for the whole mining district. This information is pro-
vided in Figure.

Analysis of these data calls for exploration of
the south-eastern part of the district, which has
never been the subject of specific interest of the
exploration teams. In addition, such analysis pro-
vides indicators not only for assessment of the vol-
ume of possible venture investment in greenfields
but also for their immediate capitalization on inter-
national commodity markets.
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The Byzantine Thema of Soteroupolis-Anakopia in the
11" Century
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ABSTRACT. A Byzantine Thema was established in Georgian Abkhazia ca. 1033, when the second
wife of the Georgian king Giorgi, Elda or Alde, donated her apanage to the emperor Romanos ITI Argyros.
Soteroupolis is surely a mediaeval name for Pityous/Bicvinta/Pic unda. Probably also the palace of Likhni
belonged to this Thema.

About 1044-1045 the Georgian king Bagrat laid siege to Anakopia but could not conquer it. About
this time a certain Nicholas with the Title of Protospatharios was Strategos of the Thema. Only ca. 1074
the Georgians seem to have regained Anakopia and the rest of the Thema. © 2012 Bull. Georg. Natl.

Acad. Sci

Key words: B

Anakopia, Soteroupolis/Bicvinta

In the 11" century the Byzantine expansion in the
East extended all the way to the modern Georgian
province of Abkhazia. No war of aggression was nec-

essary, for it was by good fortune that the emperor

was able to take posst
this region.

The Georgian king Giorgi (1014-1027) was mar-
ried to Mariam, the daughter of the Armenian king
Senek’erim Yovhann@s of Vaspurakan, his ally, when
he planned a war against the Byzantine emperor Basil
11. But Giorgi was defeated before the allies could
bring support in 1022. Senckerim lost his kingdom
[1, 2], Giorgi lost only small territories but presum-
ably was forced to divorce Mariam and to marry a
daughter of the king of Alania as his second wife.

sion of an important part of

zantine history (11" century), Georgian history (11" century), Abkhazia (11" century).

who was probably called Elda (in Greek A%0w; in the
old Alanic Narten-epos we find the form Elda, Osetian
variants are Aldd, Aldi, in Georgian Alda, Aldi, Alde)
[3]; Toannes Skylitzes says only AL ... o yévoug
ovoa t@v Akavav [4], but the Georgian source
Matiane Kartlisa specifies her as “daughter of the
king of the Osetians™ [5: Georg.295,6f. CL; Rus.47;
Germ.368], using in a misleading way one and the
same denomination for Alans and Osetians [6].
Giorgi had a son with this Elda, Demetre, but ap-
parently afier some time (Basil had passed away in
1025), Mariam returned to her husband. When Giorgi
died (1027) Elda was living in her apanage in Ab-
Kkhazia in the region of Anakopia (near the modern
town New Athon) with her small son, far from the

© 2012 Bull. Georg. Natl. Acad. Sci.
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Thema of is-Anakopi

in the 11" Century

court, but Mariam became regent in the Georgian realm
in the name of her son Bagrat, who was only then
nine years old.

Given the weak position of the Georgian monar-
chy in relation to the power of the didebulis. the big
landlords, any alliance of dissenting lords were in a
position to choose Demetre as a rival candidate to
the throne and consequently his presence on Geor-
gian territory was a threat to king Bagrat.

Whether such an enterprise was set in motion or
only prepared, Elda nevertheless left Georgia together
with her son circa 1033 and travelled to Konstantinople,
where she was welcomed by emperor Romanos 111
Argyros (1028-1034). Elda donated her possessions
to the emperor, who bestowed the title Magistros on
Demetre. The Byzantine historian Ioannes Skylitzes
mentions only Anakopia as the new Byzantine strong-
hold [4:48f]. and the Georgian source, Matiane
Kartlisa, corroborates only this [5: Georg. 295,6-12].
So these sources cannot yield more information
about the borders of this new Byzantine realm.

Under these conditions it was a happy circum-
stance that some years ago a Byzantine lead scal was
found in Bulgaria mentioning a certain Nicholas with
the Title “imperial Protospatharios of the Chrys

triklinos™ and the command of a “Strategos of Sote-
roupolis and Anakoupia™. On both sides of the seal
only the inscription: K(bpue B(01)8(e1) Nikoraem
(mpwro)onab(upin) £ni Tod xp(vo)(tpHKA(i)v(ov)
| (kal) oTpamy(@) E(wmp)ovmor(smg) (xod)
Av(a)kovmi(ag) -

The object dates from about the middle of the 11*
century [7]. The seal provides definitive proof that
there was established a real Byzantine Thema in this
region, and that Soteroupolis belonged to it.

Though there is some discussion about the lo-
calization of Soteroupolis (some scholars mixed it up
with the other Soteroupolis/Bourzo on the Coruh,
scil. Borgka, modern Yeniyol [8], others searched for
it near Batumi [9]. there can be no doubt that it is
identical with Bi¢vinta/Picunda, the old town of
Pityous, north of Anakopia. And taking into account

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2, 2012

that the palace of Likhni/Lykhny [10] lies between
these two centres we may assume that also this place
was integrated into the Byzantine hegemony. It would
have been strategic nonsense to combine Anakopia
in Abkhazia with a place upstream on the Coroh so
far away, not even situated on the seashore! And it is
well known that Soteroupolis in Abkhazia was an
archbishopric of the Oecoumenical Patriarchate of
Constantinople from the time of the 10" century, very
often combined with the metropolis Alania since the
early 12* century [11].

About 1044-1045 the Georgian king Bagrat at-
tacked the Byzantine realm in Abkhazia and laid siege
to Anakopia. In these years the Byzantine reputation
in the East was damaged. as its armies had great dif-
ficulties in occupying Greater Armenia after the death
of king Yovhannés Smbat and his brother Asot IV
(1041), who had been forced in 1022 to accept the
Byzantine emperor as their heir. Michael Iasites, the
military commander of the Byzantine Ducate Iberia
(established in 1000 after the death of Davit
Kuropalates of Tao, a vast territory reaching as far as
Mantzikert in the south), was ordered to occupy
Greater Armenia with his forces, but he failed. As a
consequence of the usurpation of Georgios Maniakes
and the civil war that followed there were no new
Byzantine initiatives against Armenia, where a new
Armenian king was established, Gagik 11. Only in 1044
was the war against Armenia resumed under the com-
mand of Michael lasites and Nicholas, the Domestikos
of the East (a kind of Generalissimus); in the spring
of 1045 the Byzantine forces could enter Ani, the
capital of Greater Armenia, but the problems did not
end with this success, as there followed a war against
the former ally Abu’l Aswar, the Kurdish Emir of Dvin
[2: 154-158: 12]. Therole of the Georgian king in these
wars is not quite clear, but it seems that his troops
occupied some northern Armenian places at least for
some time, presumably in cooperation with the Ar-
menian leader Sargis Bestes [2: 158f; 13].

About this time Bagrat laid siege to Anakopia.
But, according to the official version in the Georgian
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Chronicle, he hurried away to Tbilisi when he was
informed about the death of the Emir Jafar. seeing in
this circumstance a chance to gain control of this
Emirate (ca. 1046), leaving behind in front of Anakopia
Otayo, the son of Caga Kuabulel, but it all was in
vain [5: 6-10]. After a lapse of time surely Byzantine
reinforcements had arrived in Abkhazia and the Geor-
gian troops resigned. Perhaps Nicholas was precisely
at this time Strategos of Anakopia and the seal origi-
nates from a letter to the Dux of Paristrion/Para-
dounabon informing him about the arrival of a strong
Georgian army and asking for assistance.

After the retreat of the Georgian army the
Byzantines started to renovate damaged buildings,
and some inscriptions give us information about that;
as they were re-edited recently [14: 209-224: 2681
there is a good foundation for further research. On
an inscription from the church of St. Theodore on the
top of the Anakopia fortress we learn about the res-
toration ofa cistern in February 1046 (not 1047! [14:
269, “in February,1074]); the emperor Konstantine
Monomachos is mentioned. and we read also né
cuvipopng Evyeviov mpotwenabapiov 0 tob
deomoton ki @eoddpov taliapyov Kaoig tob
Bukaven [14: 215;Plates.Fig.3]. Despotes is surely

not the surname or family name of Eugenios

known Byzantine formula 6 tob can mean “nephew
of a despotes™, yet despotes can also be a bishop or
archbishop, e.g. the one of Soteroupolis! 1 would
prefer to see in Eugenios a landlord in the Byzantine
realm in Abkhazia, rather than the Strategos, as
Vinogradov proposed. Theodoros on the other hand
was a military commander, but perhaps only tempo-
rarily detached to strengthen the troops in the Thema,
coming from the Thema Kassenon north-east of
Kaisareia [15]. ATurma Kaog is already mentioned
in De administrando imperio |16, 17]. The family name
is not so clear; is it a special form of Balantes,
Balantios, Abalantes etc.?

And there is another inscription from March 1046,
mentioning again Eugenios, whose title is reduced to
A (for nportocna®apiov ). followed by 6 tob d[...]:

Bull. Georg. Natl. Acad. Sci., vol. 6, no. 2. 2012

after that the editors want to read the name Alda, but
the letter vestiges to my mind do not support this
hypothesis; then we read again k& ©godd[pov]
taf&apyov Kaafig tod BI....]; it is not so clear if
after the last Beta follows Alpha or Iota [14: 217:Plates.
Figs 4.5,16.40]. A third inscription mentions the re-
consecration of the church of St. Theodore by
Michael, archbishop (probably of Soteroupolis) on
April 16. Vinogradov wants to read 2 indiction (dat-
ing the inscription to 1049). but that is not for sure
[14:218f:Plates,Figs 4.6,41]

In the following years there was peace on the
Byzantine-Georgian border in Abkhazia till the early
70s of the 11" century. After the catastrophe of
Mantzikert (1071) the Byzantine position in the East
was again extremely damaged. About 1074 the Geor-
gians seem to have regained Anakopia and the rest
of this Thema, and also Byzantine possessions in
Northeast Anatolia, including the city of Kars [18,
19], but this one only for a limited number of years,
because here the Georgians were again expelled by a
Seljuk army under Emir Ahmad ca. 1080; afierwards
Kars came again under Byzantine control under the
Dux Georgios Alousianos Protonobellisimos [15: 20f;
20]. In the last chapter of Matiane Kartlisa we read
that the Georgian king Giorgi I1(1072-1089) was able
to regain the Georgian cities occupied by the Byzanti-
nes, and as most importantly Anakopia is mentioned
there[5: Georg.317.16; Rus. 61; Germ.394].

On maps of Historical Geography the “new”
Thema should be considered in the future. The im-
portant new Georgian Sakartvelos istoriis atlasi [21:
22f.] does not yet consider it, and so too the map B
VII 16 of the “Tiibinger Atlas des Vorderen Orients”,
titled “Armenien und Georgien im 10. und 11.
Jahrhundert” [22]. In the new atlas “Armenia. A His-
torical Atlas™ R. H. Hewsen notes the “Byzantine
enclave™ on map 105, “The Third Byzantine Expan-
sion into Armenia, 966-1064" [23], but in a wrong
place, situating it in the vicinity of Sebastoupolis/
Suchumi, a region which did not in fact belong to this
Thema.
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