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TEPMOAHHAMHKA OPTONHPOKCEHCKHX
HBPCTHX PACTBOPA

ofl

JlaHHJia B a6 HHa*

Y paf(y cy npeflICTaBJbeHH pe3yjiTaTH TepMORHHaMHKe opTonnpoKceHCKHX hbpcthx pacTBopa Ha npHMe-
pHMa HeKnx npHpop;HHX opTonnpoKceHa. ITpHMeHOM KHHeTHKe jejxHOCTaBHHX hjih peryjiapHHX gBpcTHX pacTBO-
pa, Moryhe je ho6hth c})yHKqHje 3a H3MeHy y MJ h M 2nojioikajHMa, Kao H ojiroBapajyhe BpejtHOCTH 3a H3MeHy.

K jbyiae pe<iH: opTonnpoKceHH, TepMOHHHaMHKa, eHeprnje Mj, M 2noJio>Kaja, <IBpcTH pacTBopn.

OpTonnpoKceHH npeflCTaBli>ajy BeoMa 3Hagajne MHHepajiHe BpcTe, kojn ce jaBli>ajy
y MHoriM BpcTaMa CTeHa. Bnine ofj 95% opTonHpoKceiia npe/icraBlL.ajy 'mpcTC pacTBO-
pe H3Mel?y kpajH>Hx HliaHOBa eHCTaTHTa (Mg2Si2 6) h c)epocHliHTa (Fe2Si 6). Fe2+ h
Mg2+cy y cTpykTypH jmexpnf)yHpaHH nsMei jiBa HeeKBHBalieHTHa noJioacaja M2h M2,

Fe2-h Mg2+ Mory ce ofipejmTH y nojioacajHMa Mj h M2 npHMeHOM peHTreHCKHX Me-
TOMg, hjih npHMeHOM M ¢ssbauer-0B0r cneKTpocKoncKor MeTOa (Evans et al., 1967;
Takeda and Ridley, 1972; htji.). Obh nojjaHH Mory 6hth HCKopnuiheHH 3a ofipe-
"HBame TepMO/HHaMHHKHX oco6nHa opTonHpoKceHCKHX mpcTHX pacTBopa (Virgo and
Hafner, 1969; Saxena and Ghose 1971; hta.).

TEOPHJA HHTEPKPHCTAJIHE H3MEHE 3A
OPTONHPOKCEHCKE HBPCTE PACTBOPE

KpHCTajiHH hbpcth pactBop (A, B) M Moxce HVETH /iBa KaTHjoHa A h B pacnope-
ijena y HeeKBHBalieHTHHM CTpyKTypHHM nosimnjaMa a h p y CTpyKTypn. M je HHepTaH
CHIiH"HjcKH aHjoj. Y CHIiHKaTHVR Kojn cy HBpcra pacTBopH, npoiiecH ypefleH>a - Heype-
ljema cy BeoMa 3HanajHH. Cjie~ehn Dienes-a (1955), Muelle-a (1960,1962,1969) npo-
n;ecH Heype”*eH>a ce Mory npHKa33TH ca peaKii;HjoM H3MeHe

PynapcKo-reojiouiKH cj)aKyjiTeT, H hcthttt 3aMKnr , T>ymHHa 7,11000 Beorpan.
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A-oc+B-p A-P+B-a oD.-
BpeMeHCKa 3aBHCHOCT H3MeHe A y oojio>Kajy p npeMa KnneTHMKoj Teopiijh /ui'ra je ca
—dXA_p/dt=Kp_awp_aXA pXB,a—Ka_p(x>apXB pXAa (2).

Y H3pa3y (2) X je mojickh ca/ip>Kaj, Ka_ph KEacy KOHCTaHTe Koje 3aBHce ojr (p,T);
d>a_pH d)p_acy KoetJonmijeH'ni aKTHBHOCTHy xeMHjcKOM CHCTeMy h 3aBHce KaKO 0;j cacTa-
Ba TaKO h ofl (p,T).

y paBHOTeacn dXA p/dt=0, h 3a KOHCTaHTy paBHOTeace peaKHiije (1) hmbmo

K-=Kp_a/Ka_p=(XA pfA,pXB afB a)/(XB afB pXA afA a) (3).
y jeflHaHHHH (3) H3pa3 X A pX Ba/XB pX A p=KD npe/jcTaiuLa Koe({)iinHjeiiaT pac-

caTH y 06jihky
K=KD(fA pfB a)/(fB,pfA a) (4).

KoHCTaHTa paniiOTOKe je reHepajiHO rjiviilKHHja (p, T). Ho, aKO je npoMeHa 3anpe-
MHHe y H3MeHH BeoMa Majia, Moryhe je 3aHeMapHTH 3aBHCHOCT (K) o/( (p) h (K) 3aBHCH
caMoO o/i (T).

3a peaKnnjy (1) npoMeHa I'nGcoBe cjiofio/nie eHeprnje H3MeHe mo>kc ce /iami ca

AG° = -RT InK (5);
R - je yHHBep3anHa racHa KOHtrraHTa, T - TeMnepaTypa.

E[pHMeH.yjyhH na peaKi/njv (1) KHHeTHKy je//HocraBHHX hjih peryjiapHHx hbpcthx

paCTBOpa, HM3MO
In K = InKD-W a(l-2X Aa)/RT+Wp(l-2X A p)/RT (6).

H3pa3 (6) je Heo6nliHo 3HanajaH,H Moace ce kophcthth ko// opToirapoKceira Kao
HBpCTHX paCTBOpa.

Ko~ opToiiHpoKcena, H3pa3 (1) Mo»ce ce HarmcaTH Kao

Fe2tM2 + Mg2#Mj "~  Fe2M! + Mg2#M 2 ().

KoHCTaHTa paBiioTOKc 3a peaKu;Hjy (7) h3hoch

K (7) = (X FeMj*FeMj~ "M gM 2*MgM2) /(X FeM2f FeM, -*MgM , f MgM, ) (8)1

h yrjiaBHOM je 3aBHCHa o/i TeMneparype. npoMeHa rnécoi5c cjio6o/me eneprnje 3a peaK-
“Hjy (7) je

AG° = - RT In K{) 9).
3a opTonHpoKceHCKe HBpcTe pacTBope H3pa3 (6) Mo*ce ce HanncaTH y 06jiHKy
B InK(7)=InKD+WMi(l-2 X FeM)/RT-W M2(1-2 X FeMD)/R T (10);

rlje je Kd = XFM(1-X remi)/ XFEM(1 _ XreMi); 3 XFM H XM - ca”pacajH Fe y hosh-
iriijaMa Mj h M2,
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Y TaSejiH 1 jjaTH cy JiHTepaTypHH noj/ann o cajjpacajHMa F€ n Mg kojj HeKHX opTO-

iilHpoKceiiay nosnnnjaM a

M, n M2,

Tacejia 1 CaHpacajH Fe n Mg koji hckhx opronHpoKceHa.
Table 1. The values of Fe and Mg in Mj and M2 sites.

MHHepali (Mineral)

BpOH3HT
(Bronzite)
BpOH3HT
(Bronzite)
BpOH3HT
(Bronzite)
Al—6pOH3HT
(Al—Bronzite)
XHnepcTeH
(Hyperstene)
XHnepcTeH
(Hyperstene)

FeMx
0,07

0,07

0,064
0,036
0,157

0,069

FeM2 Mg
029 0,86
050 091
039 081
0,359 0,764
09 085
0811 0,931

MgM2 JIHTepaTypa (References)

0,64
0,44
0.52
0,10
0,10

0,159

Takeda (1972)

Takeda & Ridley (1972)
Takeda & Ridley (1972)
Kasoi et al. (1975)
Ghose (1965)

Kasoi (1974)

BpepfHocTH jta're y Ta6ejiH 1 KopHraheHe cy 3a H3panyHaBaH>e K(7), WM,, WM2yno-
Tpe6oM nporpama REGSOLI (Guggenheim, 1967). oBaj nporpaM, kojh npeflcraBJba
HejiHHeapHH MCtoji HajMaH>HX Kisajipaia BHiuecTpyKHM HTepaTHBHHM nocTynn;HMa H3pa-
nyHaBa BpejjnocTH K(7), WMj h WMZ2 y TabejiH 2 jjaTe cy H3paTiynaTe BpejpocTH K(?),
WMj, WM2Kao h AG° y HHTepBajiy TeMneparypa oj* 500-1000°C (773-1273 K).

Tabejia 2. H3pa>iynaTe BpeanocTH K(7), WM,, WM2n AG®
Table 2. The values of equilibrium constant K(7), WM,, WM2and AG°=-RTInK7

T°K
773
873
973
1073
1173
1273

k@ ~ WMj (Jmol) WM2 (I/mol) AG® (J/mol)
0,279  12101,42

0,277
0,273
0,289
0,298
0,311

9999,76
8016,54
6865,94
5598,19
4610,76

8029,09
6601,32
5083,56
4422,48
3489,45
2803,28

8203,60
9342,87
10497,65
11070,86
11790,51
12338,61

Ha cji. 1 jjaTa je rpacfnmKa 33bhchoct BeliHHHHa K(7), WMIt WM2h AG® ojj TeMne-
paType. Mctojjom HajMaitHX KBajipaTa H3paTiynaTa je 3aBHCHOCT BeJiHHHiia ca TeM nepa-

TypoM cjiejjeher o06jiHKa

WM = 14748,60(103T) - 6973,06
WM2 = 10284,27(103T) - 5276,02
AG° = 18749,09 - 8150,43(103T)

(11)
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KJ/mol K

TeMnepaTypa (Temperature) C

WMj (KJ/mol) WM2 (KJ/mol)
AG(KJ/mol) K

Cji. 1. 3aBBHCHOCT K (7), WM], WM2h AG° or T
Fig. 1. WM,, WM2 and AG°® plotted against T

TEPMOftHHAMHHKE nAPHHJAJIHE OYHKHHJE ME1UAH.A
3A Mx M21H). I)>KA.Il KAO nPOCTA MEIUABHHA

llapnnjajine TepMOHHiiaMHiKe cjjyHKB(Hje Memaaa y Mj n M2 nojio»:ajiiMa, Mory
6hth H3paTiyHare Ha OCHOBy pejiannja (Saxena, 1973)

g p(m2 =x FeMk MViw m 1
(12)
Gp(M2) = XFEM XMIMWM?2

KaKo cy BpeflHOCTH 3a WM: h WM2jtare ca (11), jejniaHHiie (12) ce Mory HanncaTH
Kao
GP(M,) = (XFEMX MM) x 14748,60(103/T) -6973,06
(13)
GP(M2) = (XFMX MM ) X10284,27(103/T) - 5276,02

BpejinocTH 3a Xrm,.....XwgM flaTe cy y TaGejin 1, Te ce Ha 0CGHDBy (13) Mory H3pa-
HynaTH BpejjHocTH Gp(Mj) h Gp(M2). H 3paiiyna're BpejjiiocTH jja're cy y TaSejiaMa 3 h 4.

Pe3yjiTaTH j(aTH y Ta6ejiaMa 3 h 4 noKa3yjy jja Cy eHeprnje yjiacka Fe2+mhoto Behe
Y nolioacajHMa M2y CTpyKTypaMa op'roiiHpoKceiia y nopel)eH>y ca Mj nojio>KajHMa. Ha
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TaSeiia 3. H3paqyHaTe BpefIHOCTH napt(HjajiHHX (J)yHKijHja MeniaH>a y KJ/mol Ha OCHOBy nonaTaKa H3 Ta6elie 1
Table 3. The calculated values of partial function of mixing Gp(Mj), GAM2) in KJ/mol, based on the data

in table 1.
Miiiiepaji epoH3HT (Bronzite) EpoH3HT (Bronzite) EpoH3HT (Bronzite)
(Mineral)  Takeda (1972) Takeda & Ridley (1972) Ridley (1972)
T°C Gp(M0  Gp(M2 GRMO Gp(M2 GRMO GRM2)
100 2,28 6,47 2,28 11,15 2,08 8,70
200 1,69 4,78 1,69 8,24 1,55 6,42
300 1,31 3,67 1,31 6,34 1,20 4,94
400 1,04 2,90 1,04 5,00 0,95 3,90
500 0,85 2,33 0,85 4,01 0,77 3,13
600 0,69 1,88 0,69 3,25 0,63 2,59
700 0,57 1,53 0,57 2,64 0,52 2,06
800 0,47 1,25 0,47 2,15 0,43 1,68
900 0,39 1,01 0,39 1,74 0,36 1,36
1000 0,32 0,81 0,32 1,40 0,29 1,09

Ta6eJia 4. H3paqyHaTe BpeflHocrH napijHjajiHHX ({jyHKUHja Meuian.a y KJ/mol Ha ocnoBy no/iaTaKa H3 Ta6ejie 1.
Table 4. The calculated values of partial function of mixing Gp(Mj), GRM2) in KJ/mol, based on the data

in table 1.
MHHepaji AjI-EpOH3HT XHnepcTeH XnnepcTeH
(Mineral) (Al-Bronzite) (Hyperstene) (Hyperstene)
Kasoi et al. (1974) Ghose (1965) Kasoi (1974)
T°C GRAMj) GRM2 GpMj) GRAM2 GRMi) GRM?
100 1,17 8,00 511 20,07 2,25 18,08
200 0,87 591 3,80 14,82 1,67 13,36
300 0,67 4,55 2,95 11,40 1,29 10,28
400 0,54 3,59 2,34 9,00 1,03 8,11
500 0,43 2,88 1,90 7,22 0,83 6,51
600 0,35 2,33 1,56 5,85 0,68 5,27
700 0,29 1,90 1,28 4,76 0,56 4,29
800 0,24 1,55 1,06 3,88 0,47 3,49
900 0,20 1,25 0,88 3,14 0,39 2,83

1000 0,16 1,00 0,71 2,52 0,32 2,27
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G(M,j, G(M,j KJ/mol

TeMnepaTypa (Temperature) °c

— Bro. Take. 1972 (GMX Bro. Take. 1972 (GM2
Bro. Ta. & Rid 1972 (GMt) Bro. Ridl. 1972 (GM2

Cji.2. llapiiH jajiHe eHeprnje ko® HeKHX opToriHpoKcena.
Fig. 2. The partial energies for some orthopyroxenes.

G(M)), G(M2 KJ/mol

reMnepaTypa (Temperature) °C

— Bron. Ridl. 1972 (GM,) —t- Al-Bro. Kas. 1974 (GM,) Al-Bro. Kas. 1974 (GMJ
—s—Hype. Ghose 1965 (GM,) — Br. Ta. € Rid. 1972 (GMJ

Cji. 3. riapunjajiHe eneprnje kojj hckhx opTonHpoKceHa.
Fig. 3. The partial energies for some orthopyroxenes.
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cji. 2, 3 h 4 jjaT je rpa(J)HHKH npHKa3 napi;HjajiHHX eHeprnja yjiacka Fe2+y nojioacaje Mx
h M2y ¢TpyKTypaMa opToirapoKcena. HS rpacjiHHKor npHKa3a npoH3HJia3H, jja cy Hajon-
THMajiHHjH ycjioBH yjiacka Fe2+ y ojjroBapajyhe CTpyKTypHe no3HD;Hje y HHTepBajiy
TeMnepaTypa or 500-1000 °C, hito ojjroBapa ycjioBHMa 06pa30Baiba opTonHpoKceHa y

G(Mj), G(M2 KJI/mol

TeMnepaTypa (Temperature) °C

— Hyper. Ghose 1965 (GM;) Hyper. Kasoi 1974 (GM,)
Hyper. Kasoi 1974 (GM2

Cji. 4. llapnHjaJiHe eHeprnje koji HeKHX opTorrapoKceHa.
Fig. 4. The partial energies for some orthopyroxenes.

Obh pe3yjiTaTH Mory 6hth KopHcno ynoTpe6jbeHH 3a TepMOMeTpnjcKa ojjpei)HBa-
u.a ycjioBa o”pasoBaiba opTonnpoKceiia Y CTeHaMa Jiy6ji>er HHBoa pernoHaliHor MeTa-
MopcJ>H3Ma, Kao h ycjioBa 06pa30BaH.a y hckhm MarMaTCKHM cTeHaMa, npn neMy je pajj
no obhm nHTau>HMa y TOKy, Ha Yy3opijHMa H3 HamHX JioKajiHOCTH HaKOH ojjpeijH Baita

cajjpjKaja Fe2ty ojjroBapajyhiiM cTpykK TypHHM HOSHHHjalVA.
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THE THERMODINAMICS OF ORTHOPYROXENE
CRYSTALLINE SOLUTIONS

by
*
Danilo Babic

In the paper are presented the results of the thermodinamics of orthopyroxene solid-solutions for
some natural orthopyroxene. By applying the kinetics of simple mixture or regular solution, function of
ion exchange in the M, and M2 sites may established. This function may be used later for the thermomet-
ric investigation.

Key words: orthopyroxenes, thermodinamic, energy M,, M2 sites, solid-solutions.
INTRODUCTION

Orthopyroxenes are very important rock-forming minerals, which occur in regional
methamorfic and magmatic rocks. More than 95% of the orthopyroxenes are a solid-
-solution of the end members enstatite (Mg2Si2 6 and ferrosilite (Fe2Si206). Fe2+ and
Mg2+ in the crystall structure are distributed between two nonequivalent sites Mj and M2

By the use of X-ray or Mossbauer method, it is possible determine the Fe2+ and
Mg2+ in the sites M5 M2 (Evans et al., 1967; Takeda and Ridley 1972; etc.). These
data can be used to determine the thermodynamics properties of the orthopyroxene solid
solutins (Virgo and Hafner, 1969; Saxena and Ghose, 1971; etc.).

THEORY OF INTERCRYSTALLINE ION EXCHANGE FOR
ORTHOPYROXENE SOLID-SOLUTION

A solid-solution (A, B) M may have two cations - A and B, distributed between
nonequivalent sites a and p in the crystall structure. M is the inert silicate framework. In
the silicate minerals which appeared as soli-solutions, the order - disorder processes are

University of Belgrade, Faculty of Mining and Geology, Institute of MCPG, Djusina 7, Belgrade.
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very important. Folowing Dienes (1955), Mueller (1960, 1962, 1969) the disordering
process may be represented by the exchange type reaction
A-a+B-P <> A-p+B-a ).
The time-rate of change A in site b in the terms of kinetic Iheorv is given by
—dXA p/dt=Kp_a()p aXA pXB a—Ka_pja_pXB pXAa ).

In the equation (2) X refers to the mole fractions, Kp,,a and Ka_pare constants which
depend of p, T; gpa and t(r p are the activity coefficient in a chemical system, and de-
pend of p, T and composition.

In the equilibrium dXAWdt=0 ; and for equilibrium constant reaction (1) we have

K—Kp_a/Ka_p—XA pfA pXB afB a)/(XB afB pXAafAa) (3).
In the equation (3) X ApX Ba/XBpX Ap=KD; f- is the partial activity coefficient.
Equation (3) may be written as
K—KD(fA pfB a)/(fB pfA a) (4).
The equilibrium constant K is generaly a function of p, T parameters. If the volume
changes involved in the ion exchanges are very small, we can ignore the depedence of K
on p, and K is then a function only of T.
The standard site preference energy, or inter crystalline ion exchange energy AG° for
the reaction (1) is given by
AG° = -RT InK (5);
R - is universal gas constante, and T- is temperature in °K.

By applying for reaction (1) the kinetic of simple mixture or regular solution, be-
comes

In K = INnKDW a(l-2X Aa)/RT+Wp(I-2XA p)/RT ©).

Equation (6) is very important, and may be used for ortho pyroxene crystalline solutions.
For the orthopyroxene ion exchange in the site M, and M2equation (1) may be writ-
ten as

Fe2tM2 + Mg2iM, <> Fe2Mj + Mg2M2 7).
The equilibrium constant for the reaction (7) is
K(® - (XFeMfFeMX MMMV /(X ®8);

K() has a little influence of presure. K() is mainly a function of temperture. The inter-
crystalline ion exchange energy for reaction (7) is

AG° = - RT In K 9).
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This energy is a part of the total Gibbs free energy of pyroxene crystal, and AG® is
therefore a very important thermodynamic quantity. For the orthopyroxene crystalline solu-
tion Eqgs (6) may be written as

INK@ = InKD+ WM (1- 2XFeM)/ RT-WNp(1- 2XFMVE) / RT (20);
where Kd = XFeM (1 —XFMR) / XFeMR(1 —Xfcmi ); Xpe —is the site

occupancy, and W is the energy constant of the simple mixture model.

In Tab. 1 are given the values for content of Fe2+ and Mg2+ in M, andM2 sites in
the orthopyroxene crystalline solution.

This values were attended for calculation values K7, WM, and WM2 (program REG-
SOLI, Guggenheim, 1967). REGSOLI is a nonlinear least-squeres program operating
by simultaneous iterations to calculate K7, WM, and WM2. In Tab. 2 are givencalculated
values of Kv, WM,, WM2 and AG® for T=773-1273 K.

Fig. 1 shows a relation of WML WM2, K7 and AG® in depedence of T. Fig. 1 is
clear, so the values have a good aproximateus linear relation. The equations for WML,
WM2 and AG° are

WMt = 14748,60(103T) - 6973,06
WM2 = 10284,27(103T) - 5276,02 (12)
AG® = 18749,09 - 8150,43(103T)

TERMODINAMIC PARTIAL FUNCTION OF MIXING
FOR Mj, M2 SITES AS SIMPLE MIXTURE

The partial function of mixing in Mj and M2 sites may be calculated from the rela-
tions (Saxena, 1973)

Gp(Mj) = XRMXMMWM,
(12)
GP(M2) = X FeMX MjVAWM2

Because the values for WM, and WM2 are given with (11), equations (12) may be
writwn as

GP(M,) = (XFMX MM )x 14748,60(103/T ) - 6973,06

13
GP(M2) = (XFMX MM2)x 10284,27(103/T ) - 5276,02 +)

Because the values for Xim...... Xugcare given in Tab. 1, we can used (13) for calcu-
lation Gp(Mj) and GRM2) values. The calculated values are given in Tab. 3, 4.

The results which are presented in Tab. 3, 4 show that in the orthopyroxene crystall
structure the M2 sites have hight energy of inter-crystalline ion exchanges for Fe . On
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Fig. 2, 3 and 4 are presented partial energies of Fe2+ in the Mj and M2 sites.based on the
values in Tab. 3, 4.

The optimal values for Fe2+ ion exchange in the Mj and M2 sites in orthopyroxene
structure are in interval 500-1000°C, which correspond to the origin of the orthopyroxene
in the same regional methamorfic or magmatic rock.
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