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THEORETICAL CONSIDERATION OF BASALT SERIES:

TEMPERATURE CONTROL

(Figs. 12, Tabs. 6)

Abstract: Numerous experimental data for dry systems of various
compositions with olivine-forsterite or fayalite on cotectic were thermo-
dynamically treated using the Van Laar law. The linear relationship
between InX*, and 1/T which was found in the Na,O and K.O-[ree
system made it possible to calculate the melting enthalpies for these
minerals and lo establish temperature dependence for a mole fraction
of potential olivine of a given composition in a rock

i
£°C = 107675.536 — 23.6382 X — 1145707641 log x:l =
=2 ]
1 11}
— 0.018646(100 X )2 — 0.2796 log X _ (100 X )? +
Mg o Mg
*
+ 0.000045 log X, (100 U — 333 —220log X,

"] . 3 - . . . ¥ .
where X“ is the forsterite mole fraction in olivine; X is the mole
Mg (L}

fraction of potential olivine in a rock. Still another equation gives the
liquidus temperature

ot oL
t°C = 1039.62 4 43,7368 X“ -+ 353.86 ¥ -+ 0.001182(100 K“ )=~

{1
+ 0.125186 y(100 X )* — 0.000031 (100 X'y
Mg o1

1] cock
where y = (Mg + Fe - Mn)/1/2 Oy. The expression X = 3.15 x'\‘:‘
Mg g

ock | . )
1 4 215 X [“ ) from Roeder's experimental data helped to eva-
Mg

luate approximately the rock liquidus temperatures straight from bulk
chemical analyses.

Chemical compositions of basic and ultrabasic rocks were calculated
in hundreds with use of these equations, and cotectic minima were out-
lined in the alkali-silica diagrams for the magma series distinguished
by Kuno (1960, 1968). The shift in the basalt cotectic minimum under
the pressure and alkalinity ol juvenile [luids can be seen, for example,
in several continental volcanic formations. The intersection of liguidus
projections at one point on the alkali-silica plot suggests a common
source for the basalt series — the ultrabasic mantle of lherzolite with
42 — 44 wt.", of SiO, and Na.O + K.,O = L.2wt."|. Alpino-type hyper-
basites and many meimechites, kimberlites and peridotites contain less
alkali, which suggests their restite origin.

* Prof, Dr. L. L. Perchuk, Institule of Experimental Mineralogy of the Acad.
Sci., USSR, 142 432 Chernogolovka, Moscow Region.
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The bi-pyroxene equilibrium has been studied on the FeO [ractio-
nation between phases which depends on their overall Mg/(Mg + Fe)
ratio. An equation has been worked oul, relating the constant of the

. Y Cpx
FeO [ractionation between Cpx and Opx, Xug = 1/2(X0p% - X“! ) and
Mg
temperature. It gives us the subsolidus equilibrium temperatures in no-
dules from basalts and kimberlites as well as in certain magmatic
rocks.

Pe3iome: Muorowncacuteie sKCHEPUMCHTAALHBIC JaHHBIC LA CYXHN CHCTEM
PASILX COCTABOB € OJHIBITOM hoperepuTom wan (pasanTom Ha KOTCRTIHRC
DL TepMOoAIAMICeRI ofpadoTans npi noson zakoma Ban Jlapa. -
neitnoe otiomeie meaay In Xy o LT odiapymennoe o csoboion ciie-
reme Na,O - KaO npe/locTaBiniio BOsMOKIOC T BLIHCICHIO SUTa LI -
JCTS JLAas 3THY MEHCpaIoB | YCTaHOBACHIIO SABHCHMOCTID TOMICPaTypLl JL
MOULIOT 100 NOTEHIHAILHOrO  OJHBIIED JLHIIOTo COoCTana B nopoie

£°C = 10°/675,536 — 23.6382 X"y — 114,5707841 log X'y —
— 0.018846 (100 X"'mu)* — 0.2796 log X (100 X"a)* -
4-0,000045 log X%, (100"y4)% — 333 — 220 log X¥.
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Introduction

The crystallization and differentiation of basic magmas have always been
of erucial 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 patterns of the formation of magmatic
series of basic and ulirabasic rocks (Yoder and Tilley, 1962;: Green
and Ringwood, 1967, 1970; Engel et al, 1965; Zimin, 1973: Ku-
tolin, 1972; Scheinmann, 1968; Hess, ed. 1968: Wyllie, ed. 1967).
Kuno (1960) has also shown that the alkali and tholelite basalt series
have relatively constant SiO./(Na,O -+ K,O). In a diagram bounded by these
coordinates the boundary between these series is given by the constant ratio
Si0s(Na,O + K»0) = 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 patterns 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 lem-
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 (Ramberg — De-Vore, 1951;:
Davis — Boyd, 1966; Kretz 1963; Boyd, 1969: Roeder, 1974;
Roeder — Emsley, 1970; Perchuk, 1968, 1970, 1973; MacGregor,
1974: Munoz — Sagredo, 1974, and others).

We have made an attempt 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 patterns 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 Van-Laar equation.

; ; H; 1 1
n a,L"'=ln .c-li.\-hu L A ! _EF =
R \ T, T
1)
a; = Xi‘.’l
(2)
Symbols
X;* — mole fraction of component i in the real cotectic melt,
X, — mole fraction of component i in the ideal cotectic melt;
# — accepted activity coefficient, equal to Xy/X,°;
1, M9 — activity of component i in the melt;
T — temperature, °K;
Ty  — the melting temperature of the given pure substance;

AH,° — the melting heat of the pure substance;
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G;"* — excess partial molar free Gibbs energy (provisional value. connected
with y%);
t — temperature, °C;

X#NaAlSi,, ,0,,., — mole fraction of Ab or Ne in the melt = Na,0/SiO,+
+ TiOs +FesOy — AlLO; — 4(NayO +K»0).

Ab — albite Hem — hematite
Am — amphibole 11 — ilmenite
An — anorthite Liq — liquid

Bi — biotite Min — mineral
Cd — corundum Mt — magnetite
Cor — cordierite Ne — nepheline
Ca-Cpx — clinopyroxene Ol — olivine
Di — diopside Opx — orthopyroxene
En — enstatite Pyr — pyrope
Fo — forsterite Qz — quartz
Fs — ferrosilite Ru — rutile
Fsp — alkali feldspar Sp — spinel

Gr — garnet Wu — wustite

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

. AH; 1 1
] e P R e
In a = ( T T ) (3)
At AH; = const, the In a"" — 1/T is linear; the melt approaches an ideal
solution, i. e. y; = 1 and
. AH[ 1 1
Lig = L IS 4
In X, = ( . - ) 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:

TT:R In X;bia
o e e i
AH; T_T, (5)

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“9 which would not depend on the molecular composition of
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the system. This expression could be presented as an atomic fraction ol com-
pound (component) i relative to the total number of atoms in the system S:

(ZA, = ZA; + ZA):

XiLiq = ‘\_,'AIJ((_):AJ - J?_.U'Xi).
i i !

that is
X4 = YA/ZA, (6)

1 5

Even if the melt is not an ideal solution, the thermodynamic treatment of
the experimental data will enable us to find both the activity coefficients and
variations in the AH, with the temperature 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.

Table 2

Calculation of the olivine fraction in the melt Ne;Di,.Qz,

Wi I\Enl.
Compound =y = Mol/wt quant. | Mg Si O Na Al Ca ¥ |
i =100 |
| NaAISiO, 59 142.02 415 0 415 | 1660 | 415 | 415 | 0 | 2905 |
CaMgSi,O; | 28 | 21652 [ 129 129 | 258 | 74| 0 0 | 120 1290
| Si0, 13 | 6006 | 216 0| 216 | 432| o | 0| o | 648
—ah = :_ - —— |_ = = = X I_. -

Mg.Sio, 129 | 645 258 . 4843

P = 3F 7+ N AL = 451:4843 = 0.09:
Mg _Si0 | 3.5Mg = Ag = 451:4843 0.093

Lit
The diagram in Fig. 1 plots the-log erl- against the temperature (10%T)
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 ol such a calculation.
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log X,; =6,054 - 8943/T

07

a6

lyx;

Fig. 1. The logarithm of mole fractions of forsterite and fayalite in cotectic melts
VS, reciprocal temperature, Open signs are the alkali-free svstems; black signs are
the a]ku!i-conlainimg svstems,.

can be assessed quantitatively. Towards this end we calculate AH gIg\,SiO» in

alkali-free melts, The Fo melting heat has been obtained by eq. (5) from the
o]

logyX re — UT linear relationship (Fig. 1)

AHO g.Si0, = 14232 cal/mole (7

The relation between X%g:.‘iio; and inverse temperature is given by:
8]
log10X \a.sio, = 1.299 — 2811/T (8)

In the diagram of Fig. 1 the points for the NugO—cnnlaining systems lie to

the right of the line given by this equation. It means that at XJ? = 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
(Korzhinskii, 1959; Kushiro, 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 y; of component i or its excess partial molar free Gibbs energy
are known to be a measure of this deviation:

G = RT Iny;, (9)

With this value we shall be able to account for the acidbase interaction of
the components (Korzhinskii, 1959; Kushiro, 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

- Liq -
. X%g:SiO», G [I-‘{J 1
T Mg.Sio, ——J]= exp ar I (10)
X;’[g:SiOr,

where X*Mg..SiO- is the mole fraction of forsterite component in the alkali-
bearing melt, Xl(\)’Ig-.SiO» is the same in the alkalifree melt. The temperature
dependence of this mole fraction is described by eq. (8). By turning this equa-

tion around and substituting it into (10), we obtain

Y Me.sio, = [expi(1.299 — 2811)/TI/X g sio, (11)
where

e - *
Gumgsio, = RT Inyugsio, (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 temperature and composition of the system.

[J]
°
E
~
™ L1
= e
& ~
) Il
%] =
o~ e
o
w5 7]
(la} (]
] on
=
0
&
=
[
on
L
5o
(=
i I i i i i L i i 1 i A L i A
0 i 0.2 0.4 0 0L 08
ig lig
X : .
Mg, Si0, X Na AUSi1 41 04 21
Fig. 2. The dependence c:[Ge* and 7y on temperature and composition of

Mg.Sio;, "Mg,Sio,
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 s gio, and

(G tﬁa’[g.}SiO,)lg values on the NaAlSiyOy or NaAlSiO; contents in cotectic
association. This dependence is described by exponential series
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#

Tlﬁg;SiOa, = (1.00051 — 0.1806 X — 0.49561 X* — 3.06639 X* + (13)
+ 6.08234 X% — 3.3072 X%),

where X is the Ab or Ne mole [raction 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 Xge-,SiO»
and inverse temperature. This dependence is described by equation )

0 .
10g Xpe,gi0, — 6-054 — 8943/T. (14)

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

AHZ, si0, = 29670 cal/mole (15)

At the overal linear relationship log X ge-.SiOr, — 10%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 Fe:SiO; 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 FesSi0O; — Mg»SiO; the melting proceeds according to
Bowen and Schairer 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 temperature dependence lines

for log XE\?’I;.{-S'&O: and log X(I?e.SiO: do.

Fig. 4 is a variant of the diagram drawn up on this assumption. The abscissa
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Fig. 3. The dependence of provisional activities and activity coefficient for Fe,SiO,
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 written as:

X”l = 3.5 (Mg + Fe + Mn) : ¥ A; (16)
i
AtX :I':" = 0.4 this value could be used to evaluate the erystallization tempe-

rature of the cotectic mixture. For the alkali-bearing systems with high
Mg/Mg -+ Fe and atX;:” < 0.4 a correction is needed for the activity coeffi-
cient. Therefore, we calculated normative Ab in the system and found

Y Mg.,Sio, from eq. (13). Then we found the y (g Fe),SiO; value, and the oli-
vine mole fraction in the ideal mixture was obtained with the equation

D o &
X (Mg, Fe), Si0,— X (Mg, Fe).Si0; . y* (Mg, Fe),SiO; 7

0
Such corrections are meaningful for systems with X > 0.7. At decreasing

Mg/Mg + Fe of the mixture, the 01 activity coeff1c1ent either approaches unity
or is positive/negative, This eliminates the need in corrections.
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Tempergmure, 'l

1] o a2 a3 a4 [}
HylFe)/ {0,

Fig. 5. The Mg:1/20, and Fe:1/20, —

temperature dependence in cotectic sys-

tems with forsterite and fayalite, respec-
tively (from tables 1 and 2).

045

; P Fig. 4. The relationship between olivine

0 -02 -0l -06 -08 -0 mole fraclion in cotectic melt and the

log X ng £ o Mg/(Mg+Fe) ratio of 01 and reciprocal
(Mg, Fel, Si0y, temperature, 1 atm. pressure.

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

Table 4
(11}
Calculation of olivine-bearing basalt composition at X““ = (.825

(Columbia River. USA, Roeder, 1974)

Oxides [ Wt | Molecular | Number of NET},‘;E:;“ | Compositions |
b ) : | g 2 r .
.r. 0 quantity atoms | ] a}()_m? ___|_ and I.EII‘HDEI‘EHUI?
Si0, 4734 | 07789 2367 | 1578 | S
TiO, 0.83 0.013 | 0.039 0.026 Aoz =0.610
ALO, | 1796 | 0176 |  0.880 0.528 -
FeO 1030 0.145 0.290 0.145 X*o = 0.291
MgO 9.44 0.234 0.468 0.234 ) - o
MnO | 0.26 0.004 0.008 0.004 log X% =—10.536
CaO 11.24 0.200 0400 | 0.200 .
Na.O | 156 0.025 0.075 | 0.025
K.O L0019 0.006 0.018 | 0.006

| 4

99.12 — : 4.545 2.696
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Tab, 5 shows ti—t, calculated in Comparison with the experimental datg by
Roeder (1974). In the Same cases there gpre great dilferences between thege
Lwo estimates of temperature for one of the same sample,

The melting temperatures of oxygen Compounds and mixtures are known
to increase with the rise in metal/oxygen ratio, i. e, with diminishing Me — 0O
bounds, (Perchuk . — Vaganov. 1978). These i-eIationships are  very
distinet in simple silicate Systems. In Fig. 5 the abscissa is the ratio Me: 1/2 Q,
for systems with Fa and Fo op cotectic. Thig pattern in the metal/oxygen ratio
makes it possible to calculate the diagram for the system with varying Fe:Mg
ratio. For thig We used Bowen and Shaire,y (1935) diagram ang deter-

mined the log X II\JvI]g,SiO, andXﬁféusiD, values which were plotted at 10 mol, v,

intervals in the diagram in Fig. ¢, Mg‘:1/203. depending on the tem-
berature. The isolines for 01 and glass compositions are plotted from the
values of lineap dependence of Y= (Fe + Mg + Mn): 0.5 04 on the temperatuye
(Fig. 5).

t-t0
1500
1600
o |
200 |

1000

42 a3 74 a5
(Mg-&)"yz a,

Fig 6. The lines for identiea] Mg (Mg—i-l"‘e} ratios in equilibriuym olivine ang melis in
the diagram (Mg+Fe~.’—Mn} 205 Oy v, temperatyre,

The tr—t, values are Very small and have OPposite signs (Tab, 5). The mean
error in the temperatyre determination (Fig. 6) is At = 2.077°C ag compared
With Roedery EXperimental daty (1974), and ta—ty does not depend on the
composition of the system. Therefore, the liquidus temperatures of basalts can
be estimated straight from the diagram of Fig. 6. It ig only necessary to know
the tompositions of z rock, olivine o glass. The l'o]lowing polinomial can be
used in analytical determinations of *
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0l (11}

t(°C) = 1039.62 + 43.7368 X -+ 353.86, + 0.001182 . (100 X  )* +
M »

g lz
01 {11}
+ 0.125186, (100 X ” )* — 0.000031, (100 X\1 )4, (18)
g2 Mg
where
y = (Mg + Fe + Mn)/0.5 O (19)

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

0l rock rock

X ~=315X /(1+215X 3 (20)

Mg i Mg

However, Green — Ringwood (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 temperature in the same proportion,
i.e. with the water content of the rock. The method for calculating liquidus
temperatures allows for the HsO in the t°C estimates. We can compare the
calculated and experimental data on the melting of peridotite at 5.73 wt. %o
HO(Millhollen—Irving —Wyllie, 1974):

SiOy — 42.22; TiO; —0.30; AlO3; —4.42; FesOy — 2.86; FeO —4.45, MgO —
— 34.61; MnO — 0.13; CaO — 3.92; Na.O — 0.43; K,O — 0.11; H.O —5.73; T o-
tal —99.18.

The liquidus temperature for the dry peridotite calculated from eq. (18). i.e.

recalculated anhydrous to 100 %, is 1640 °C, whereas the experimental value
is t = 1650 °C. At 5.73 wt. "o water the calculated temperature is 1555 °C + 25.
According to Millhollen — Irving — Wyllie's data (1974), individual
olivine crystals were noted in the melt at 1550 °C, P = 30 kb. It means that
5.73 wt. % H,O introduced into the system, reduced the calculated liquidus
temperature 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 (Millhollen — Wyllie, 1974) agree well: SiO» — 36.64; TiOs —
3.99: ALO; — 19.84; FesOy — 2.78; FeO — 8.88; MgO — 6.48; MnO — 0.13:
CaO — 13.30; NasO — 3.85; KoO — 0.80; HyO — 3.55; Total 100.24 wt. */v.
The experiments were done in sealed capsules without the preliminary dehy-
dration of the sample. The liquidus temperature was ~ 1180 °C. The liquidus
temperature 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 (Kennedy, 1948: Yoder — Tilley. 1962: Cohen — Ito —
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Kennedy, 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 temperature
of 1216 °C was estimated for the intermediate oceanic olivine-tholeiite closely
approximating this basalt (Engel 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 (Walker — Polder-
vaart, 1949; Mohr, 1960; Wager — Brown, 1970; Yagi, 1953; Kuno,
1960; Kutolin, 1972 and others). Korzhinskii (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 trends in the diagram FeO-MgO—(Na,O +
+ K»O) for the basalt series as well as the trends in crystallization in the system
diopside-hedenbergite-aegirine (Perchuk, 1962, 1964). Consider the rela-
tionship between geochemical and temperature regimes of differentiation of ba-
salt magmas. Evidently, such a relationship is to be found in the temperature
range equal to the difference of liquidus temperatures in ultrabasite 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 ol acid or alkaline residue occurs in the
temperature range of 1300—1050 °C.
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The diagrams in Fig. 7 summarize Roeder’ s data on liquidus temperature
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 pattern in differentiation. However, liquidus tempera-
tures decrease regularly with increasing SiOs; and FeO in rocks. The lower

1
12
10
2
2
261
2
=)
~ L
=
7 }%b %\
e S
? AR 'es%((\\ \\
S L 'S
- e e S
3k 38 4z LS 50 54 58 62 &6 70

5107, weight %

Fig. 8. Approximate isotherms for the ligquidii of basalts in the diagram alkali-silica.
calculated with help of eq. (21) using the rock compositions published (Schein-
mann, 1968; Wager —Brown, 1970; Coats. 1968 et al.).

diagrams reflect an attempt to use a trend-analysis to find similar relations
for alkalis and SiO.. This attempt is seen to have lead to a quite unexpected
result-separate temperature troughs, or projections, of cotectic minima. It means
that the liquidus temperature decreases abruptly at some value of the deriva-
i dm (K, Na),O
Ve T m si0,
composition. Even for rocks with ~ 41 %4 SiO. and about 1% alkali., the liqui-
dus temperature is only 1260—1250 °C. This is because of the high Fe/Mg ratio
in certain basalts and the relatively high Al.O; content. If we admit that such
‘temperature troughs’ reflect the cotectic character of basalt magma crystalli-
zalion, the physico-chemical nature of the magmatic series outlined by Kuno
(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 Al 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,. The trend-
-analysis for 159 samples produced temperature troughs with the mean correla-

. which to some extent relates to other parameters of basalt
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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 particular
case (Fig. 8) certain patterns have come to light in the natural magma evolution
in different geostructural zones, that is, some general conditions of magma
differentiation in plateaus, voleanic islands, and in the early stages of the rift
structure 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 Kuno (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-diorite-granophyre:
basalt-andesite-dacite-rhyolite). Only the rocks with olivine on the liguidus
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: Walker — Poldervaart (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 triangular diagram is taken from the work of Walker — Polder-
vaart (1949). Later Kuno (1968) took the Karroo dolerites as a basis for
distinguishing the tholeiite series of basalt magmas, for which he used the
(Na.O + K.0) — Si0, diagram. The compositional points for all magmatic rocks
of the region in question are given in the same coordinates in Fig. 9. The tempe-
rature isolines reproduced from Fig. 8 emphasize the peculiarities of the diffe-
rentiation of this tholeiite magma. The compositional points are situated along
two temperature troughs. This means that differentiation proceeded along two
cotectic lines, the common tholeiite and high-alumima basalt (Kuno, 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 (KK and Na) and slower temperature 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
Walker — Poldervaart, 1949 these rocks are of uncertain nature).
this conclusion is only tentative.

The differentiation of high-alumina magma has been considered by Kuno
(1960, 1968) on the analytical material for basalts from central Japan., Skaer-
gaard, Beaver-Bay ete. Kuno 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
(Kuno, 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 Kuno (1960, 1968).

K20 Na,0, weight %

5i02. weight %

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 dilferentiation stages in rocks

within the coordinates (K.O-+Na.O)—FeO—MgO (after Walker — Polder-

vaart, 1949). The dotted lines show boundaries between tholeiite and high-alu-

mina basalts and between high-alumina and alkaline basalts (K uno. 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: Yagi (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 liquidus temperatures than those in Fig. 8.

The Morotu river alkali province is not the only example of differentiation of
alkali olivine basalt (K uno, 1968). The shift of the temperature trough into
the alkaline region is best seen when analysing African traps.
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The Ethiopian trap formation: Described in detail by Mohr (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 trachyte-anortite trachyte SiO; (Na,O + K.0) = 5.5.

2. Olivine basalt-trachyte-pantelerite-bostonite-rhyolite-quartz-bostonite-pai-
sanite (alaskite) Si0» : (K:O + Na»0) = 8.

il 90 y
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Fig. 10. Cotectic differentiation of alkali basalt magma is Morotu River district,
Salkhalin.

We can see that in the first series the differentiation of basalts produced
nepheline rocks, i. e. with pronounced silica undersaturation. 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 trend
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
SiOs-alkali relationship in the temperature-alkali diagram. This simplified dia-
gram is given in the insert in Fig. 11. The uetectic seems to show up at 1150 °C
and Na,O + K,O = 13.5 wt. Y.

This differentiation series of alkali basalt magma in the Ethiopian trap for-
mations is only slightly different from the Atumi, Morotu and Gough island
and other formations by SiO»/(Na.O + K»0) ratio. Nevertheless, it produces
more strongly differentiated rocks, up to phonolites and phonolite trachytes.
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The series from picrites and basanites o leucite basalts and leucite phonolite
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 to Zavaritskii's (1960) and Scheinmann’s data (1968)
on the composition of the most alkaline plateau basalts. Tab. 6 shows that these
rocks have high alkali-to-silica ratios — 0.169 to 0.251. These values could be com-
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Fig. 11. Cotectic dilferentiation of highly alkaline magma in the Ethiopian trap
formation.

Table 6

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

s} | | |
| Rock ol Mg + Fe+ t°Cc | Si0, Na,O -+ K.,ONa,O -+ I{-.Ol
| ock 100 X"y, -+ Mn o | o/ |_-_ Wl
1/2 O, | eq. (18) wt. Yo wt. Uy | Slo-_,
Missourite | 90.6 0.167 ‘ 1317 44.217 5.5 0124 |
Leucite basalt | 86.0 0.120 1239 46.18 8.54 0.198
Fergusite 85.5 0.077 1182 48.97 9.68 0.198 |
| Leucite 82 0.079 1178 46.90 10.37 0.221
| Kenyte 44 C 0016 | 1060 53.77 1227 |  0.228
Phonolitic 12 0.040 1065 55.62 13.97 0.251

| trachibasalt

pared with the data for the above differentiation series. which is best done by
a diagram. Fig. 12 compares [ive 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 Si0O» = 42.7 wt. % and Na,O + K»O = 1.2 wt. %o.



BASALT SERIES 351

This intersection suggests the various trends of differentiation of basalls, while
indicating that they are produced by a partial melting of the mantle rocks with
the previously mentioned alkali and silica contents. In the literature we could
find a composition closely approximating that of a lherzolite bomb from Ma-
deira (Scheinmann, 1968).
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Fig. 12. The comparison ol differentiation stages of various basalt magmas. Dashed
lines — boundaries of basalt series (after Kuno, 1968). Crosses are for average
compositions of predominant ultramafic rocks and nodules in basalts.
Explanations: Karroo tyvpe: 1 — tholeiitic series: 2 — highlyv 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. Kuno (1968) suggested that the magmatic rock series are
produced by fusion and differentiation of basalt magma at various depths.

Kuno 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 earthquake epicentra
in the Beniof zone correlate with the melting zones of the respective magmas.

The present study supports this elegant Kuno'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 true tholeiite series (differentiation series of Karroo,
Sidara etc.) are formed in rift zones ol 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 traps
and plateau volcanoes, develop. For these series maximum depths of magma
generation are expected (Perchuk, 1973; Marakushev — Perchuk,
1975).

Experimental data on the melting and differentiation of basalt of varying
compositions (Yoder — Tilley, 1962; Green — Ringwood, 1967;
Cohen —Ito — Kennedy, 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, ete.

In developing the chemical model of the Earth’s interior (Marakushev —
Perchuk, 1971, 1975; Perchuk, 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 (Perchuk, 1976)
to lead to the decomposition of solid compounds of alkali metals with gases
(MeH, MeF, MeCl, Me:O, Me,S etc.). As a result, alkaline gaseous fluids are for-
med, and the temperature of basalt melting from the mantle substrate decreases.
These fluids carry magma to the surface of the Earth in much the same manner
as the gas drill performs. On their way to the surface of the Earth the gas
streams are oxidized, producing H»O, CO. and releasing excess energy which is
consumed by partial melting of rocks from the mantle and crust.

This hypothesis seems to agree well with our data on the shift of the cotectic
minimum (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-
ratures 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 temperature of a rock at 1 atm.
as a standard, we have determined the patterns of the cotectic deviation from
this standard. 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 quantitatively evaluate the temperature regime of differentiation
of mafic magmas within each continental series distinguished by Kuno (1968).
Therefore, we were able to show the correlation between SiO» and the sum
of alkalis for each given differentiation series as the projection of the cotectic
minimum 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
mantle of the Earth: the composition of the mantle should correspond to lherzo-
lite with 43 wt. % SiO; and 1.2 wt. % alkali. Consequently, hyperbasite and
kimberlite intrusions with Na,O + K»O less than 1 wt. o are in relation to
the primary mantle (Fig. 12). Klushin — Abramovich (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
Al, 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 drawn 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-
rature regime from liquidus till subsolidus, when a porous fluid disappears from
the rocks.
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