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LEONID LVOVICH PERCHUK* 

THEORETICAL CONSIDERATION OF BASALT SERIES: 
TEMPERATURE CONTROL 

(Figs. 12, Tabs. 6) 

A b s t r a c t : Numerous expe r imen ta l da ta for dry systems of var ious 
composit ions wi th ol ivine-forster i te or fayalite on cotectic were t he rmo-
dynamical ly t rea ted using the V a n L a a r law. The l inear re la t ionship 
be tween lnX*,,, and 1/T which was found in the Na^O and K 2 0- f ree 
system m a d e it possible to calculate the mel t ing entha lp ies for these 
minera l s and to establish t e m p e r a t u r e dependence for a mole fraction 
of potent ia l olivine of a given composit ion in a rock 

in * 

t °C = 10i;/675.536 — 23.6382 X — 114.5707641 log X — 
Ms 01 

— 0.018646(100 X )'- —0.2796 log X * (100 X )'- + 
Mg 111 Mg 

+ 0.000045 log X*! (100 01 ):i — 333 — 220 log X* , 
M g (11 

01 * 

w h e r e X is the forsteri te mole fraction in ol ivine; X is the mole 
Mg 111 

fraction of potent ia l olivine in a rock. Still ano ther equat ion gives the 
l iquidus t e m p e r a t u r e 

t °C = 1039.62 + 43.7368 X + 353.86 y + 0.001182(100 X ) - + 
Mg Mg 

+ 0.125186 y(100 X )'- —0.000031 y(100 X* ):!. 
Mg 01 

w h e r e y = (Mg + Fe + Mn)/ l /2 O,. The expression X ' = 3.15 X™0 ' ) 
M g Mg 

lock 

(1 + 2.15 X ) from R o e d e r ' s exper imenta l da ta helped to eva-
Mg 

luate approx imate ly the rock l iquidus t empera tu re s s t ra ight from bulk 
chemical analyses . 

Chemical composit ions of basic and u l t rabas ic rocks w e r e calculated 
in hundreds wi th use of these equat ions, and cotectic min ima were out­
lined in the alkali-si l ica d iagrams for the m a g m a series dis t inguished 
by K u n o (1960, 1968). The shift in the basal t cotectic m i n i m u m under 
the pressure and a lkal ini ty of juveni le fluids can be seen, for example , 
in several cont inenta l volcanic formations. The intersect ion of l iquidus 
project ions at one point on the alkali-si l ica plot suggests a common 
source for the basa l t series — the ul t rabasic man t l e of lherzoli te wi th 
42 — 44 w t .% of SiO-j and NaoO + K 2 0 » 1,2 wt .%. Alpino- type hyper -
basites and many meimechi tes , k imber l i tes and peridot i tes contain less 
alkali , which suggests their res t i te origin. 

* Prof. Dr. L. L. P e r c h u k, Ins t i tu te of Expe r imen ta l Mineralogy of the Acad. 
Sci.. USSR, 142 432 Chernogolovka, Moscow Region. 
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T h e b i-pyroxene equi l ibr ium has been studied on the FeO fractio­
nat ion be tween phases w h i c h d e p e n d s on their overal l Mg/(Mg + Fe) 
rat io An equat ion has been w o r k e d out, re lat ing the constant of t h e 

Cpx 
FeO fract ionat ion b e t w e e n Cpx and Opx, X M ? = 1 / 2 ( X ° P X + X ) and 

Mg 
t e m p e r a t u r e . I t g i v e s u s t h e s u b s o l i d u s e q u i l i b r i u m t e m p e r a t u r e s i n n o ­
d u l e s t r o m b a s a l t s a n d k i m b e r l i t e s a s w e l l a s in c e r t a i n m a g m a l i c 
r o c k s . 

P e 3 to M e : MnoiroHHcneHHbie BKCnepHiueHTajibHbie Aamibie .via cyxn.x CHCTCM 
pa3HbIX COCTaBOB C 0J1HBIIH0M — CpOpCTCpiITOM 11.111 fpaajlHTOM 113 KOTCKTHKe 
ĎHJ1H TcpMOAHHaMHiecKH oOpafíoTaHw npii noMOLun :<ai<ona B a n J l a p a . • •ln-
nciiHoe oTHoiueiine MOK.ay In X ' n , n l/T ofmapy/KCHHoe B CHOÓO;UIOM CHC-
icMť Na^iO — K i O npe;rocTaBHJio BOSMOVKIIOCII, HLBIUCU-IIHIO 3HTa;ibnníi n.iaii-
.H'iiiiíi AJIÍI 3THX" MiíHt-pa.ioB ii ycTanoBJíeiono 3ÍIBHCHMOCTH TcMiicparypbi A.'ISI 
MO.'ibiioii zio.-iii [ioreiímia.iiiiioiro ojniBHiia a a m i o r o c o c r a n a B nopo.'ie 

t °C = 10' ,675,538 — 23,6382 X 0 1 Mg — 114,5707641 l o g X " 0 1 — 
— 0 ,018646(100 X ( I I

M ! ; ) - — 0,2796 l o g X ,„ (100 X 0 l
M g ) 2 + 

+ 0 , 0 0 0 0 4 5 logX*,,, (lOO'^Mg)11 — 333 - 2 2 0 log X*,„, 

r a c X O I M ! ; — (|)opcTepi]TOiia;i Mo.'ibiiasi :IO,M;I B o.'iiiBHiie; X ' ( n - - KOJibnafl AOJIÍI 
i oTcnmia.nbHoro o.nimiiia B nopoAe. Á p y r o e ypaBneuHe a a e T roMiiepaTypy 
.'liiKBinyca 

t X = 1 0 3 9 . 6 2 + 43.7363 X ° ' M . , + 353.86 y + 0 , 0 0 1 1 8 2 ( 1 0 0 X ( " .\ . . ; ) ' ' - r 
+ 0,125186 y (100 X " ' M g ) 2 - 0,000031 y (100 X * o l )

: i , 

rjxe y = ( M g + F e + M n ) 1 2 O-,. Bbipa>Kenne X c l M g = 3,15 Xnop. M g (1 + 2,15 
X n o p . M g ) ii3 3KcnepHMeHTa.TbHH.x aamibix P o a e p a noMorjio npiió.iiBiiTe.ibHo 
o n p e a w n i T b TCMncpaTypbi ÄIIAKOCTCH no,po;i npiiMO n.i Ba.ioHbix XHMUHCCKIIX 
anajin30B. 

XnMH1CCKHe COCTaBbl OCHOBHHX H yjIbTpaOCHOBHblX liOpO.'l Óbl/Ill Bl.HIIIC.lťHbl 
U COT1IS1X lipli IIOMOIIUI VpaBHCHHH 11 KOTCKTIIMĽCKIIť MII Hli M y M U 6bl.HI H3ÓpO-
camibi B nnarpa,MMax Ľie.aoMH-KpeMHeseM a.'isi MarMS'nmecKiix cepmi B H A C -
.'iciiHbix K y ii o ( 1 9 6 0 . 1 9 6 8 ) . Haó/nojuieTOi CABIIT 6a3a.'ibTOBoro KOTEKTII-
'R'CKOrO MIIHIIMVMa llOJl H.inSl 1II1CM AaB.'lĽHHJI II LUCTO'IIIOCTII IOBeHH.HbHblX iKH.'l-
KOCTcň, nanpiiMep B HCCKOAIIKHX KoimiiiciiTa.'ibiibix By/iKanuMcCKiix (popiua-
IUIÍIX. ricinece'icHiie r ipoenmiň ;niKBnaycoB B O.UIOM nyHKTe na rpacpHKe m e -
.'IOMII - KpcMlK'.'SĽM lla.MOKaCT OÓUUIÍi IICTO'IHHK 0333 JlbTOBblX Wpilii - - \YH>-
TpaociioBiiyio M;IHTIIIO . í c p u o / n m i c 12—4-1 BCCOBBIMH n p o u c m a M i i S i Ó 2 n 
N a , O + K-iO =S 1,2 Bec. npoueiiTois. A.ibniinoTiinHbie rnnep6a3iiTbi n Mnoro 
MefíMeMHTOB, KiiMÓep.'iiiTOB n neipHflOTHTOB co;iep>K3T MeHbuie me.ioqcíi, m o 
rOBOpilT OÚ IIX peCTHTOBOM II polICXO/K.'U'IIlílI. 

flBy.xnupoKCCHOBOc paBHOBecne 6bi.no ii3y'icH0 na F e O (|íp;iKUIÍOIKIIUIII M O K -
ny c|ia3aMii, .'lamicsimcii OT IIX o ó m e r o M g ( M g + F e ) OTHOIIK-IIHSI. B H J I O COC-
•raBjR'iio ypaiiiuMiiiť, KOTopoe oiipc/icií ieT OTIIOIIIL-HIIO KOHCTaHTbi F e O cfipan-
mionau.nn M O K Ä } ' Cpx n Opx, X M g = 1/2 ( X o P x + XCpx M g ) n TeMnepaTvpoii. 
O H O ,'iat'T n a M TeMnepaTypbi cyúco.-niAHoro paBHOBcciisi n HOAYYIÍIX H 3 6 a -
:ta,:|[,Tl)!l II KlIMÓCp.'llITOB, 3 TaK/KC B OILpWU'.'K'í'HblX M30I 3 T1IHGCKH X I10pOA3X. 

http://6bl.HI
http://6bi.no
http://mionau.nn
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Introduction 

The crystallization and differentiation of basic magmas have always been 
of crucial importance in petrology. Field and experimental evidence accumu­
lated over the last 25 years enabled petrologists to detect a number of very 
important effects that elucidate the pat terns of the formation of magmatic 
series of basic and ultrabasic rocks (Y o d e r and T i 11 e y, 1962; G r e e n 
and R i n g w o o d, 1967, 1970; E n g e l et al., 1965; Z i m i n, 1973; K u-
t o l i n , 1972: S c h e i n m a n n , 1968; H e s s , ed. 1968; W y 11 i e, ed. 1967). 
K u n o (1960) has also shown that the alkali and tholeiite basalt series 
have relatively constant S i0 2 / (Na 2 0 + K 2 0) . In a diagram bounded by these 
coordinates the boundary between these series is given by the constant ratio 
Si02(Na90 + K 20) ss 12 — 13, to which high-alumina basalts correspond. This va­
lue is somewhat lower, = 5—10, for the alkali rock series. 

An analysis of the differentiation pat terns will benefit greatly if the tem­
perature regime of magmatic rock series formation at one particular depth 
is known (P~const). Its importance is self-evident, because a decreasing tem­
perature is the principal factor in differentiation by crystallization. It is there­
fore the purpose of our study to find the crystallization temperatures for each 
of the magmatic rocks. 

There are several ways for calculating the crystallization temperatures and 
pressures of basic and ultrabasic rocks ( R a m b e r g — D e - V o r e , 1951; 
D a v i s — B o y d , 1966; K r e t z, 1963; B o y d , 1969; R o e d e r, 1974; 
R o e d e r — E m s l e y , 1970 ; P e r c h u k, 1968, 1970, 1973; M a c G r e g o r. 
1974 ; M u n o z — S a g r e d o, 1974, and others). 

We have made an a t tempt to derive certain equations and diagrams for eva­
luating liquidus and subsolidus temperatures of basic and ultrabasic rocks. The 
obtained estimates are used for establishing certain overall pat terns in the 
differentiation and crystallization of basic magmas. 

The relation between the melt and the composition of the equilibrium phase 
crystallizing therefrom is described by the V a n -L a a r equation. 

R \ T0 T / 
(D 

(2) 

Symbols 

Xj* — mole fraction of component i in the real cotectic melt, 
Xj° — mole fraction of component i in the ideal cotectic melt ; 
y* — accepted activity coefficient, equal to Xj/X,0; 
a.Liq — activity of component i in the melt ; 
T — temperature , °K; 
T 0 — the melting tempera ture of the given pure substance; 
AH° — the melting heat of the pure substance; 
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Gje* — excess partial molar free Gibbs energy (provisional value, connected 
with y*); 

t — tempera ture , °C; 

X * N a A l S i 1 + n 0 4 + 2 n — mole fraction of Ab or Ne in the melt = N a 2 0 / S i 0 2 + 
+ T i 0 2 + F e 2 0 3 — A1203 — 4(Na20 + K 2 0) . 

A b 
Am 
An 
Bi 
Cd 
Cor 
Ca-Cpx 
Di 
En 
Fo 
Fs 
Fsp 
Gr 

albite 
amphibole 
anorthi te 
biotite 
corundum 
cordierite 
clinopyroxene 
diopside 
enstatite 
forsterite 
ferrosilite 
alkali feldspar 
garnet 

Hem 
11 
Li q 
Min 
Mt 
Ne 
Ol 
Opx 
Pyr 
Qz 
Ru 
Sp 
Wu 

— hemati te 
— ilmenite 
— liquid 
— mineral 
— magneti te 
— nepheline 
— olivine 
— orthopyroxene 
— pyrope 
— quartz 
— rutile 
— spinel 
— wusti te 

If the mineral separating from the solution is constant in composition, eq. 
(1) reduces t o : 

In a,-Li<1 
A H ; 

R 

1 
(3) 

At AH; = const, the In a^'" — 1/T is l inear; the melt approaches an ideal 
solution, i. e. yi = 1 and 

In X,-Lir' 
AR?l 1 

R 
(4) 

This expression can be used for thermodynamic calculating the experimental 
diagrams for complex systems without isomorphous solid mixtures . If the 
relationship In a; — 1/T is universal, it can be used in estimating the melting 
points of the pure components: 

4Hi° = 
TT 0 R In XiLici 

(3) 

which makes it possible to move ahead to the calculation of the diagrams — 
mineralogical thermometers . Here it becomes necessary to derive a general 
expression for X;LiQ which would no t depend on the molecular composition of 
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the system. This expression could be presented as an atomic fraction 01 com­
pound (component) i relative to the total number of atoms in the system S: 

(2ľAs = Ľ A, + £Aj) : 

XiLi" = ĽA; I (UAj "I" 2JA;), 
i j i 

that is 
XiLk> = SAi/SAs. (6) 

i s 

Even if the melt is not an ideal solution, the thermodynamic t reatment of 
the experimental data will enable us to find both the activity coefficients and 
variations in the AH-, wi th the t e m p e r a t u r e and the composition of the 
melt. 

The system olivine - melt 

Consider iron-free melting systems. Tab. 1 summarizes the compositions of 
various systems and the temperatures of forsterite appearance on the liquidus. 
as well as certain compositional parameters of these systems. Tab. 2 presents 
the values for the forsterite fraction in the composite melt. 

T a b l e 2 

Calculation of the olivine fraction in the melt Ne,VjDioSQZ|:1 

C o m p o u n d 

NaAlSiO,; 
C a M g S i , 0 6 

S i 0 2 

Mg^SiO, 

Wt. 
% 

59 
28 
13 

Mol./wt 

142.02 
216.52 

60.06 

Mol. 
q u a n t . 
X 100 

415 
129 
216 

Mg 

0 
129 

0 

129 

Si 

415 
258 
216 

64.5 

O 

1660 
774 
432 

258 

Na 

415 
0 
0 

Al 

415 
0 
0 

Ca 

0 
129 

0 

Li 

2905 
1290 

648 

4843 

x ' " 1 = 3.5Mg : £ As = 451:4843 = 0.093 
M g „SiO , s 

Liq 

The diagram in Fig. 1 plots the-log X r against the tempera ture (10VT) 
from the data in Tab. 1*. A distinct linear relation only appears between 
these parameters for Na-free systems, which implies that these melts approach 
ideal solutions. Addition of alkalis results in deviations from ideality, which 

* Tab. 2 gives an example of such a calculation. 
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•M -0,6 

logX* 
0,8 -1.0 

Fig. 1. The logarith 
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smns aiv | h ( . . , | , . . ,n?°f hyali te in cotectic melts 

thealkal i-con^inľngsys 'ems 6 6 ^ ^ W a C k S l g n s a r e 

can be assessed quantitatively. Towards this end we calculate AH ° 
alkali-free melts. The Fo melt ina w < u u n e m a t e AH M g . , S i 0 / in 
log l o X ° I/T r 1 S 6 e n ° b t a i n e d b y e ^ í5) from the 
lugioA _ I / T hnear relat onshin CFirr i\ 

o — - — s " « ' u< 
log1 0X F o _ i/T linear relationship (Fig. 1) 

r O 
4 H M g , S i O , = 1 4 232 cal/mole 

The relation between X ° J • 
n XMg :,Sio, and inverse temperature is given by: 

o 
i o g i o X M g S J O = 1.299 —2811/T 

(7) 

(8) 

In the diagram of Fig. i the points tor the Na.O-containing systems lie to 
the right of the line given by this equation. It means that at X O 

const. 
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the temperatures of Fo crystallization from the alkaline melt are higher than 
the respective temperatures in any other alkali-free magma. The higher tem­
peratures of the forsterite separation on the cotectic line of the alkali-bearing 
system are due to acid-base interaction of components in dry silicate melts 
( K o r z h i n s k i i , 1959; K u s h i r o, 1975). Thermodynamically this effect 
could be explained by the fact that these melts are far from being ideal solu­
tions and, consequently, show higher- temperature heterogenezation. The acti­
vity coefficient v; of component i or its excess part ial molar free Gibbs energy 
are known to be a measure of this deviation: 

cr R T l n n 0) 

With this value we shall be able to account for the acidbase interaction of 
the components (K o r z h i n s k i i, 1959; K u s h i r o, 1973) by introducing 
a correction for this effect in the calculated t °C. From the experimental data 
available, the direct estimates of the Mg^SiO/, activity coefficient present certain 
difficulties. So we introduced an equivalent value, the provisional Fo activity 
coefficient, in the melt 

Y Mg,SiO/, 

X O 
MgiSiO/ 

X Mg.,SiO, 

Liq 

exp 

(G 

RT 

Liq 

(10) 

where X M . s i Q / is the mole fraction of forsterite component in the alkali-

bearing melt, X ^ j g > s i 0 / is the same in the alkalifree melt. The tempera ture 

dependence of this mole fraction is described by eq. (8). By turning this equa­

tion around and substi tuting it into (10), we obtain 

7 Mg,SiO,, = [expio(1.299 - 2811)/T]/X *Mg,si0, (ID 

where 

GMg2SiO/, = R T l n YUg.SiO,, 
(12) 
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Column 8 of Tab. 1 gives the provisional activity coefficients of Fo in the 
alkali-bearing melts, which were calculated by eq. (11). They indicate the mag­
nitude by which this system deviates from "ideal" melts at each given tempe­
rature . If these values actually have this physical meaning, they must be strong­
ly dependent on the tempera ture and composition of the system. 

E 
\ 

- t 
o 

E \ 

o 
i/l 

0,1 1300 1500 1700 

-J-
O 

Mg2 Si04 N a A l S i 1 + n 0 4 + 2 n 

Fíg. 2. The dependence of G-. _._ and •/.»_ „._ on temperature and composition of 

cotectic melts. Open circles are for the systems with albite; black circles are for 
the systems with nepheline. 

This relationship has been plotted in the diagrams (Fig. 2) from the data 
in Tab. 1. We were surprised to find greater deviations of cotectic melts from 
the "ideal" in albite-bearing than in nepheline-bearing systems. However, the 

diagram "d" in Fig. 2 shows the universal dependence of y^e. SiO a n c ' 

e 

( G J J „ gjQ )* values on the NaAlSi:iOs or NaAlSiCv, contents in cotectic 

association. This dependence is described by exponential series 
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/Mg,SiO/ = C 1 - 0 0 0 5 1 — ° - 1 8 0 6 x — 0.49561 X1 — 3.06639 X:! + (13) 
+ 6.08234 X4 — 3.3072 X:>), 

where X is the Ab or Ne mole fraction in the system. 

Now consider the data on fayalite melting in the simple Mg-free system. 
Tab. 3 gives the compositions of such systems and also the fayalite melting 
temperatures on the cotectic. 

The diagram in Fig. 1 shows the linear relationship between log X F & ) S i 0 / 

and inverse temperature . This dependence is described by equation 

log X p 6 i S i 0 i — 6.054 — 8943/T. (14) 

Consequently even alkaline melts approach "ideal" melts at the mean fayalite 
melting heat 

^ H F e > S i O , = 2 9 6 7 0 c a l / m o l e ( 1 5) 

At the overal linear relationship log X F e . , s i o , —103 /T, the system Fa—Ab 
begins to show a deviation from the ideal in both directions, as the provisional 
activity coefficients calculated for the system indicate. Tab. 3 and the diagrams 
in Fig. 3 show that the activity coefficients of Fe2SiCy, in the melt depend on 
the composition of this melt : the dependence reveals a slight deviation from 
the ideal solution in both directions. We failed to establish similar distinct 
dependences in the systems Ne-Wu-Qz-and Qz-Wu-Cd. 

In the pure system Fe2SiO/, — Mg^SiO', the melting proceeds according to 
B o w e n and S c h a i r e r' s diagram (1935). With this we can calibrate the 
diagram in Fig. 1, i. e. locate the positions of the lines for a constant composi­
tion of equilibrium phases. To do this we must expect the olivine melting heat 
to vary proportionally with the Mg/Mg + Fe ratio. If this is so, all the lines for 
equal compositions of olivine in equilibrium with the melt of a given composition 
will intersect at the same point at which the tempera ture dependence lines 

for log X M f e S i o < and log X F e 2 g i 0 i do. 

Fig. 4 is a variant of the diagram drawn up on this assumption. The abscissa 
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X FezSL04 

0,1 0,4 H6 Q8 1,0 

A/VaAlSijOf 

Fig. 3. The dependence of provisional activities and activity coefficient for Fe-jSiO/, 
on the melt composition in the system Fa-Al, atm. pressure. 

is a mole fraction of the olivine component in the melt. It means that the 
expression from Tab. 2 can be wr i t ten as : 

L i q 

X = 3.5 (Mg + Fe + Mn) : Ľ A ; 
(16) 

At X > 0.4 this value could be used to evaluate the crystallization tempe-
01 

r a t u r e of the cotectic mixture . For the alkali-bearing systems with high 

Mg/Mg + Fe and at X L , q < 0.4 a correction is needed for the activity coeffi-
01 

cient. Therefore, we calculated normative Ab in the system and found 
* * 

Y Mg.SiO, f r o m eq. (13). Then we found the y ( M g j Fe),SiO,, v a l u e > a n d t n e o l i ~ 
vine mole fraction in the ideal m i x t u r e was obtained with the equation 

O * 
X ( M g , Fe)-,SiO,,= X ( M g , Fe),SiO,, . y* (Mg, Fe)2SiO/, 

(17) 

Such corrections are meaningful for systems with X > 0.7. At decreasing 
M g 

Mg/Mg + Fe of the mixture, the 01 activity coefficient either approaches unity 
or is positive/negative. This eliminates the need in corrections. 
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10 3 lom 

I . . 1 . , . . , , , I Fig. 4. The re la t ionsh ip be tween olivine 
o -o.? -0.4 -0.6 " -0.8 -1.0 mole fraction in cotectic mel t and the 

Log x7M F s.0 Mg/(Mg+Fe) ratio of 01 and reciprocal 
9i 2 ' 4 temperature, 1 atm. pressure. 

Knowing Mg/Mg + Fe for 01 and its mole fraction in the system, we can 
establish the crystallization tempera ture of magma at atmospheric pressure. 
Let us, for example, calculate the tempera ture for the peridotite (sample 
No. 94273) from New Zealand. Its chemical analysis and olivine composition 
are described by C h a l i i s 1965). Tab. 4 gives the detailes of calculation. 

T a b l e 4 

Calculation of olivine-bearing basalt composition at X = 0.825 
Mg 

(Columbia River, USA, R o e d e r , 1974) 

Oxides 

SiO, 
TiO, 
A1,Ó-, 
Feb 
MgO 
MnO 
CaO 
N a , 0 

E 

wt. 
% 

47.34 
0.83 

17.96 
10.30 
9.44 
0.26 

11.24 
1.56 
0.19 

99.12 

Molecular 
quan t i ty 

0.789 
0.013 
0.176 
0.145 
0.234 
0.004 
0.200 
0.025 
0.006 

— 

N u m b e r of 
a toms 

2.367 
0.039 
0.880 
0.290 
0.468 
0.008 
0.400 
0.075 
0.018 

4.545 

N u m b e r of 
oxygen 
a toms 

1.578 
0.026 
0.528 
0.145 
0.234 
0.004 
0.200 
0.025 
0.006 

2.696 

Composi t ions 
and t e m p e r a t u r e 

X r o c k M 8 = 0.610 

X*0 | = 0.291 

log X*(ll = — 0.536 

t = 1249°C 
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(I L 0 1 

t(°C) = 1039.62 + 43.7368 X + 353.86v + 0.001182 . (100 X )- + 
Mg Mg 

í 

01 01 

+ 0.125186y(100X )- — 0.000031v (100 X )3, (18) 
Mg Mg 

where 

y = (Mg + Fe + Mn)/0.5 0 2 (19) 

Using Roeder's data we have established the relation between Mg/Mg + Fe 
of olivine and host basalt, 

01 rock rock 

X = 3.15 X / (1 + 2.15 X ). (20) 
Mg Mg Mg 

However, G r e e n — R i n g w o o d (1967) found equal Mg/Mg + Fe ratios 
for both basalts and olivines from them. Olivines and many ultramafic rocks 
(peridotites and, of course, dunites) have practically the same Mg/Mg + Fe. 

Eq. (18) is only valid for anhydrous liquidus estimates, because they have 
been derived from the data on cotectic ratios in dry melting systems. The 
introduction of water reduces the liquidus tempera ture in the same proportion, 
i. e. with the water content of the rock. The method for calculating liquidus 
temperatures allows for the H 2 0 in the t °C estimates. We can compare the 
calculated and experimental data on the melting of peridotite at 5.73 wt. °/o 
H , 0 ( M i l l h o l l e n — I r v i n g — W y l l i e , 1974): 

SiOii —42.22; T i 0 2 — 0.30; A120,T — 4.42: Fe20 : . — 2.86; FeO — 4.45, MgO — 
— 34.61; MnO — 0.13; CaO — 3.92; N a 2 0 — 0.43; K 2 0 — 0.11; H 2 0 — 5.73; T o ­
t a l —99.18. 

The liquidus tempera ture for the dry peridotite calculated from eq. (18), i. e. 
recalculated anhydrous to 100 %>, is 1640 °C, whereas the experimental value 
is t a; 1650 °C. At 5.73 wt. % water the calculated t empera ture is 1555 °C + 25. 
According to M i l l h o l l e n — I r v i n g — W y l l i e ' s data (1974), individual 
olivine crystals were noted in the melt at 1550 °C, P = 30 kb. It means that 
5.73 wt. °/o H 2 0 introduced into the system, reduced the calculated liquidus 
tempera ture by ~ 100 °C. The pressure of 30 kb was needed to introduce water 
into metal at 1550 °C. 
The estimated and experimental temperatures for the sample of a hornblende 
mylonite ( M i l l h o l l e n — W y l l i e , 1974) agree well : SiOo — 36.64; T i0 2 — 
3.99; AI2O3 — 19.84; Fe20 ; ) — 2.78; FeO — 8.88; MgO — 6.48; MnO — 0.13: 
CaO — 13.30 ; Na 2 0 — 3.85 ; K 2 0 — 0.80 ; H 2 0 — 3.55 ; T o t a 1 100.24 wt. °/o. 
The experiments were done in sealed capsules without the prel iminary dehy­
dration of the sample. The liquidus tempera ture was ~ 1180 °C. The liquidus 
tempera ture of this sample with 3.55 wt. °/o water calculated by eq. (18) was 
1203 °C, which approaches closely the above value. 

The well-known sample of No. M5 olivine-tholeiite from the San Juan, New 
Mexico ( K e n n e d y , 1948: Y o d e r — T i l l e y , 1962: C o h e n — I t o — 
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Fig. 7. Correlation between the liquidus 
temperatures of basalts and their compo-

rock 

sition (after R o e d e r , 1974) X = 
Mg 

= Mg:(MgO+FeO) is the MgO mole frac­
tion in the melt. 
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K e n n e d y , 1967) changes completely to melt at t - 1200 °C and 1 atm. pressu­
re. Fig. 4 and eq. (18) gave 119 and 1192 °C, respectively. The tempera ture 
of 1216 °C was estimated for the intermediate oceanic olivine-tholeiite closely 
approximating this basalt (E n g e 1 et al., 1965). 

Temperature regime of differentiation of mafic magmas 

Very important geochemical laws have been established on the formation 
of magma series in a number of now standard works ( W a l k e r — P o l d e r -
v a a r t , 1 9 4 9 : M o h r , 1960 ; W a g e r — B r o w n, 1 9 7 0 ; Y a g i , 1 9 5 3 ; K u n o , 
1960; K u t o l i n , 1972 and others). K o r z h i n s k i i (1959) formulated the 
principle of acid-base interaction of components in silicate melts, which made 
it possible to explain many of these laws. Thus, the acid-base interaction enables 
us to explain the differentiation t rends in the diagram FeO-MgO—(NaiO + 
+ K2O) for the basalt series as well as the t rends in crystallization in the system 
diopside-hedenbergite-aegirine (P e r c h u k, 1962, 1964). Consider the rela­
tionship between geochemical and tempera ture regimes of differentiation of ba­
salt magmas. Evidently, such a relationship is to be found in the tempera ture 
range equal to the difference of liquidus temperatures in ul trabasi te and 
fayalite-granophyre, i. e. the differentiation is possible in the range of 1600— 
1050 °C. The most intensive separation of olivine and rhombic pyroxene and 
a simultaneous formation of ultra-basic rocks and peridotite nodules must occur 
in the range of 1600—1300 °C. The differentiation of the basalt series proper 
by crystallization and the formation of acid or alkaline residue occurs in the 
tempera ture range of 1300—1050 °C. 
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The diagrams in Fig. 7 summarize R o e d e r ' s data on liquidus tempera ture 
for basalts of varying initial composition. The upper diagram demonstrates 
the positive correlation between the Mg/Mg + Fe ratio of rocks and their SiO^ 
content. This unusual relation is only due to entirely casual selection of samples 
and does not reflect any pat tern in differentiation. However, liquidus tempera­
tures decrease regularly with increasing SiO-2 and FeO in rocks. The lower 

3Í. 38 « US 50 54 58 6? 66 70 

S i 0 ^ . weight % 

Fig. 8. Approximate isotherms for the liquidii of basalts in the diagram alkali-silica. 
calculated with help of eq. (21) using the rock compositions published (S c h e i n-

m a n n , 1968; W a g e r — B r o w n. 1970; C o a t s . 1968 et al.). 

diagrams reflect an at tempt to use a trend-analysis to find similar relations 
for alkalis and SiCK This a t tempt is seen to have lead to a quite unexpected 
result-separate tempera ture troughs, or projections, of cotectic minima. It means 
that the liquidus tempera ture decreases abrupt ly at some value of the deriva-

8m (K. Na>>0 , , , . , 1+ 

five —: , which to some extent relates to other parameters oi basalt 
6m SiO-2 

composition. Even for rocks with ~ 41 % SÍO2 and about 1 °/o alkali, the liqui­
dus tempera ture is only 1260—1250 °C. This is because of the high Fe/Mg ratio 
in certain basalts and the relatively high AI2O3 content. If we admit that such 
' temperature t roughs ' reflect the cotectic character of basalt magma crystalli­
zation, the physico-chemical na ture of the magmatic series outlined by K u n o 
(1960) becomes clear. This could be verified by estimating liquidus temperatures 
(with 01) from a very large number of petrochemical data by eq. (18). In other 
words, a strictly definite position of a cotectic minimum (trough) should corres­
pond to each initial magma composition (relative to AI, Ti. Fe, Mg, Ca and Mn). 
However, if tholeiite, high-alumina and alkali basalt series exist, there must 
be corresponding cotectic lines in the diagram (Na^O + K^O) — SiO-j. The t rend-
-analysis for 159 samples produced tempera ture t roughs with the mean correla-
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tions coefficient of 0.41 (Fig. 8). This is a high enough value to indicate that 
isotherms in Fig. 8 are only approximate. This implies that the position of 
cotectic minima in the diagram is not fixed and that the shape of the isotherms 
might vary considerably. This is not surprising, because, in general, a shifted 
cotectic will not produce the projection of a minimum. But in this part icular 
case (Fig. 8) certain pat terns have come to light in the natural magma evolution 
in different geostructural zones, tha t is, some general conditions of magma 
differentiation in plateaus, volcanic islands, and in the early stages of the rift 
s t ructure development. As a result, a cotectic character of crystallization diffe­
rentiation of basic magmas is very distinct, and enables us to analyse the 
regional rock series with olivine on the liquidus. Here K u n o (1968) distin­
guished three series: tholeiite, high-alumina and alkali. The diagram in Fig. 8 
only covered part of the calc-alkali rock series (gabbro-diori te-granophyre; 
basalt-andesite-dacite-rhyolite). Only the rocks with olivine on the liquidus 
could be shown. 

To reveal the causes of the cotectic minima shift in the diagram alkali-silica, 
we must compare various differentiation series of basalt magma. This can 
conveniently be done with the regional series of common magmatic rocks. 

The Karroo province: W a l k e r — P o l d e r v a a r t (1949) studied this pro­
vince in detail. The Karroo dolerites occur in dikes, layered intrusions and 
sheets produced by crystallization of the tholeiite magma. Though picrite and 
acid rocks are present in small quantities, the authors clearly proved a distinct 
differentiation on the basis of field observations and innumerable rock chemical 
analyses. According to these authors, certain acid varieties were produced by 
the reomorphism of the enclosing sedimentary rock, under the effect of the 
tholeiite magma emanation. 

The diagrams in Fig. 9 show a complete differentiation of the Karroo dole-
rites. The tr iangular diagram is taken from the work of W a l k e r — P o l d e r ­
v a a r t (1949). Later K u n o (1968) took the Karroo dolerites as a basis for 
distinguishing the tholeiite series of basalt magmas, for which he used the 
(Na20 + K20) — SiO-2 diagram. The compositional points for all magmatic rocks 
of the region in question are given in the same coordinates in Fig. 9. The tempe­
ra ture isolines reproduced from Fig. 8 emphasize the peculiarities of the diffe­
rentiation of this tholeiite magma. The compositional points are situated along 
two tempera ture troughs. This means that differentiation proceeded along two 
cotectic lines, the common tholeiite and high-alumima basalt ( K u n o , 1960). 
Picrites and acid rocks are also present in the both series, so the differen­
tiation is more or less complete. But one of these series was formed at somewhat 
higher alkali potentials (K and Na) and slower tempera ture rates of differentia­
tion, i. e. it is more strongly differentiated. However, in the absence of evidence 
for a direct relation between acid rocks and dolerite magma (according to 
W a l k e r — P o l d e r v a a r t , 1949 these rocks are of uncertain nature) . 
this conclusion is only tentative. 

The differentiation of high-alumina magma has been considered by K u n o 
(1960, 1968) on the analytical material for basalts from central Japan, Skaer-
gaard, Beaver-Bay etc. K u n o also studied the differentiation of the tholeiite 
magma on the basalts from Palisades, Dillsburg and Okata. These regional 
series obey fairly well cotectic crystallization, i. e. they meet the respective 
projections of cotectic minima in Fig. 8. 
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The Sidara mugearites in Japan closely approach high-alumina basalts 
( K u n o , 1960, 1968). The differentiation stages from olivine basalts to dolerite 
pegmatites and microsyenites are seen clearly on the boundary between the 
alkali and high-alumina basalts in the alkali-silica diagram in Fig. 9. We shall 
not consider these stages here, because they were discussed in much detail 
by K u n o (1960, 1968). 

36 L0 U 48 52 56 60 6Í. 69 72 

5i02 • wighl % 

Fig. 9. Differentiated volcanic series of high-alumina (1) and tholeiite basalts (2) 
from the Karroo dolerites, South Africa. 

Explanations: The triangular diagram shows the differentiation stages in rocks 
within the coordinates (K^O+Na20)—FeO—MgO (after W a l k e r — P o l d e r -
v a a r t, 1949). The dotted lines show boundaries between tholeiite and high-alu­
mina basalts and between high-alumina and alkaline basalts (K u n o. 1960). 

The series of alkali olivine basalts and the products of their differentiation 
show a great variety of compositions and types of cotectic crystallization. We 
will consider several distinct types of differentiation in greater detail. 

Alkali rocks of Morotu, Sakhalin: Y a g i (1953) gives a detailed description 
of this intrusive complex. Dolerites, monzonites and syenites are common 
constituents for many rock types. Dolerites contain often iron-rich olivine; 
monzonites and syenites are olivine-free rocks, but olivine could be expected 
to appear on the liquidus in these rocks. We then can show the differentiation 
series of the Morotu district in the alkali-silica diagram, by projecting the 
liquidus of alkali olivine rocks. The diagram (Fig. 10) shows the way of crystal­
lization differentiation of alkali-basalt magma for this region. This way defines 
clearly the projection of the cotectic minimum on the plane between the chosen 
coordinates, and shows higher l iquidus temperatures than those in Fig. 8. 

The Morotu river alkali province is not the only example of differentiation of 
alkali olivine basalt ( K u n o , 1968). The shift of the t empera ture t rough into 
the alkaline region is best seen when analysing African traps. 
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The Ethiopian trap formation: Described in detail by M o h r (1960). Two 
of the most distinct differentiation series of basalt magmas of increased alkali­
nity could be distinguished here. 

1. Picritic basalt (tholeiite) — alkali olivine basalt-trachyandesite-Na trachy­
te-alkali t rachyte-anort i te t rachyte SÍO2 (Na-jO + K^O) « 5.5. 

2. Olivine basalt- trachyte-panteleri te-bostonite-rhyoli te-quartz-bostonite-pai-
sanite (alaskite) SiQ2 : (K20 + Na 20) « 8. 

0 1 — . 1 1 — , — , — , — , — , — , — 1 _ 

W 48 5? 56 60 64 
Si0 2 , wt% 

Fig. 10. Cotectic differentiation of alkali basalt magma is Morotu River district, 
Sakhalin. 

We can see that in the first series the differentiation of basalts produced 
nepheline rocks, i. e. with pronounced silica undersaturat ion. We could call 
this differentiation series phonolitic. The differentiation of the second alaskitic 
series, resulted in silica-oversaturated rocks, relatively rich in alkalis. 

Consider the first of these series. The compositional points are plotted in the 
alkali-silica diagram (Fig. 11). The visible basalt magma crystallization t rend 
approaches the projection of the cotectic minimum in the basalt anhydrous 
system closely (Fig. 8). We can derive the liquidus for this system from the 
SiO-j-alkali relationship in the temperature-alkal i diagram. This simplified dia­
gram is given in the insert in Fig. 11. The uetectic seems to show up at 1150 °C 
and Na 2 0 + K 2 0 = 13.5 wt. °/o. 

This differentiation series of alkali basalt magma in the Ethiopian t rap for­
mations is only slightly different from the Atumi, Morotu and Gough island 
and other formations by SiO'j/(Na20 + K^O) ratio. Nevertheless, it produces 
more strongly differentiated rocks, up to phonolites and phonolite trachytes. 



350 PERCHUK 

The series from picrites and basanites to leucite basalts and leucite phonolitc 
trachybasites appear to be the most alkaline. Unfortunately, there are no classi­
fied data on petrochemistry of these differentiation series. Therefore, we shall 
confine ourselves t o Z a v a r i t s k i i ' s (1960) and S c h e i n m a n n ' s data (1968) 
on the composition of the most alkaline plateau basalts. Tab. 6 shows tha t these 
rocks have high alkali-to-silica ratios — 0.169 to 0.251. These values could be com-

• N Q 2 0 + R 2 O . v* igM % 

U. 48 52 K 60 64 68 

Si O2 , weight % 

Fig. 11. Cotectic differentiation of highly alkaline magma in the Ethiopian trap 
formation. 

T a b l e 6 

Compositions and liuqidus temperatures of rocks in the pos­
sible series of the most alkaline differentiation 

Rock 

Missour i te 
Leuci te basal t 
Fergus i te 
Leuci te 
Keny te 
Phonol i t ic 
t r ach ibasa l t 

100XnlMj; 

90.6 
86.0 
85.5 
82 
44 
12 

Mg + Fe + 
+ Mn 
1/2 O, 

0.167 
0.120 
0.077 
0.079 
0.016 
0.040 

t °C 
eq. (18) 

1317 
1239 
1182 
1178 
1060 
1065 

SiO, 
wt. % 

44.27 
46.18 
48.97 
46.90 
53.77 
55.62 

N a , 0 + K , 0 
wt. % 

5.5 
8.54 
9.68 

10.37 
12.27 
13.97 

Na.O + K 2 0 
SiO. 

0.124 
0.198 
0.198 
0.221 
0.228 
0.251 

pared wi th the data for the above differentiation series, which is best done by 
a diagram. Fig. 12 compares five series, or types, of differentiation, which are 
the projections of cotectic minima on the alkali-silica plane in a complex basalt 
system. These projections when extrapolated into the low region of SiO;> and 
K^O values will intersect at SiQ2 = 42.7 wt. °/o and Na-jO + K 2 0 = 1.2 wt. °/o. 
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This intersection suggests the various trends of differentiation of basalts, while 
indicating that they are produced by a part ial melting of the mant le rocks with 
the previously mentioned alkali and silica contents. In the l i tera ture we could 
find a composition closely approximating that of a lherzolite bomb from Ma­
deira (S c h e i n m a n n, 1968). 

Fig. 12. The comparison of differentiation stages of various basalt magmas. Dashed 
lines — boundaries of basalt series (after K u n o , 1968). Crosses are for average 

compositions of predominant ultramafic rocks and nodules in basalts. 
Explanations: Karroo type: 1 — tholeiitic series; 2 — highly alumina series; 3 — 
Sidara type; 4 — Morotu type; 5 — Ethiopia type; 6 — possible highly alkaline 
type. 

Consider possible causes of the displacement of cotectic minimum in the silica-
-alkali diagram. K u n o (1968) suggested that the magmatic rock series are 
produced by fusion and differentiation of basalt magma at various depths. 

K u n o has demonstrated on the petrochemical analyses of basalts of Japan 
that the alkali olivine basalts from the western part of the Japanese island arc 
melt at greater depths as compared with the generation of high alumina and 
tholeiite basalt magmas. The locations of the deep-focus ear thquake epicentra 
in the Beniof zone correlate wi th the melting zones of the respective magmas. 

The present study supports this elegant K u n o' s model to a certain extent. 
The shift of the cotectic minimum might have been due to the pressure increase, 
i. e. the higher the pressure, the more alkaline magmas are fused from the 
mantle of the Earth. The t rue tholeiite series (differentiation series of Karroo, 
Sidara etc.) are formed in rift zones of the continents, ridges etc. These magmas 
are generated at shallow depths. Each of the subsequent types of differentiation 
occurs on a more consolidated crust, until, finally, series associated with t raps 
and plateau volcanoes, develop. For these series maximum depths of magma 
generation are expected (P e r c h u k, 1973; M a r a k u s h e v — P e r c h u k, 
1975). 

Experimental data on the melting and differentiation of basalt of varying 
compositions (Y o d e r — T i 11 e y, 1962; G r e e n — R i n g w o o d , 1967; 
C o h e n — I t o — K e n n e d y , 1967) suggest the possible great depths of the 
alkali basalt melting. This is seen from the direct comparison of dry liquidi of 
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the three main types of basalt at a constant temperature . However, pressure 
is unlikely to be the only factor responsible for the abrubt shift of the cotectic 
minima into the region of differentiation of alkali-rich series with the for­
mation of phonolites, leucite-phonolites, etc. 

In developing the chemical model of the Earth 's interior ( M a r a k u s h e v — 
P e r c h u k , 1971, 1975; P e r c h u k , 1976) we came to a conclusion that the 
generation of alkali magmas and the displacement of the cotectic minimum 
in the diagram alkali-silica are due both to pressure and high alkalinity of 
juvenile fluid. The increase in the pressure has been shown ( P e r c h u k , 1976) 
to lead to the decomposition of solid compounds of alkali metals with gases 
(MeH, MeF, MeCl, Me 2 0, Me2S etc.). As a result, alkaline gaseous fluids are for­
med, and the tempera ture of basalt melting from the mantle substrate decreases. 
These fluids carry magma to the surface of the Ear th in much the same manner 
as the gas drill performs. On their way to the surface of the Ear th the gas 
streams are oxidized, producing HoO, CO2 and releasing excess energy which is 
consumed by partial melting of rocks from the mant le and crust. 

This hypothesis seems to agree well with our data on the shift of the cotectic 
min imum (trough) in the diagram alkali-silica. 

The suggested model of calculation of liquidus temperatures of mafic and 
ultramafic rocks is for the systems which do not contain gaseous phase, 1 atm. 
pressure. However, analyses of numerous data on rock compositions and tempe­
ra tures of the beginning of crystallization of these rocks have led us to conclu­
sions that are beyond the limits imposed by the conditions. There are not any 
contradictions here though. Taking the melting tempera ture of a rock at 1 atm. 
as a s tandard, we have determined the pat terns of the cotectic deviation from 
this s tandard. This explains the intricate shape of the isotherms in Fig. 8. 

Concluding remarks 

The methods of mineralogical thermometry, presented in this paper, make 
it possible to quanti tat ively evaluate the tempera ture regime of differentiation 
of mafic magmas within each continental series distinguished by K u n o (1968). 
Therefore, we were able to show the correlation between SÍO2 and the sum 
of alkalis for each given differentiation series as the projection of the cotectic 
min imum on the plane within the given coordinates and also demonstrate 
the effect of pressure and alkalinity of juvenile fluids on this minimum. 

The comparison of differentiation series within the regional series of magma-
tic rocks suggests the common source of basic and alkaline magmas in the 
mant le of the Ear th ; the composition of the mant le should correspond to lherzo-
lite wi th 43 wt. %> SiOo and 1.2 wt. °/o alkali. Consequently, hyperbasi te and 
kimberli te intrusions wi th Na^O + K2O less than 1 wt. °/o are in relation to 
the pr imary mant le (Fig. 12). K l u s h i n — A b r a m o v i c h (1975) came to 
a similar conclusion. They studied the evolution of the composition of alpino-
-type hyperbasites within the certain regions. These authors have found the 
AI, Ca and alkali contents in these intrusions to decrease and the Mg/(Mg + Fe) 
ratio to increase as the absolute age of these intrusions diminishes. So the 
conclusion has been d rawn that the alpino-type hyperbasites are of the restite 
character and that their composition changes from lherzolite or harzburgite 
to dunite one. 
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Consequently, various methods used to investigate basic rocks, indicated the 
intimately associated evolution of these rocks as well as the primariness of the 
ultramafic magmas, i. e. the products of complete mantle melting. The methods 
of mineralogical thermometry make it possible to estimate the magma tempe­
ra tu re regime from liquidus till subsolidus, when a porous fluid disappears from 
the rocks. 
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