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geological time even at the contemporary rate of eruptions volcanoes could 
have brought to the surface the amount of material comparable with the volume 
of the Earth 's crust (M a r k h i n i n. 1968). Magmatism played undoubtedly 
predominant role during the formation of primary crust of our planet, when, 
as it is suggested by the data on petrology of lunar rocks, the melting and 
differentiation of the whole outer shell of the Earth took place ( C l a r k — T u-
r e k i a n — G r o s s m a n . 1976; G a s t. 1976). Far more substantial, as compa­
red with the Moon, energy potential of the Earth resulted in the faster, more 
profound, and prolonged differentiation of Earth 's material. Therefore the 
terrestrial analogues of lunar rocks known among the Precambrian formations, 
for instance "grey gneisses" and others, correspond to the later stage of the 
material evolution of the planets belonging to the terrestrial group. 

Evolution of the magmatism in the Earth 's history was discussed by investi­
gators (A. E n g e l — I t s o n — G. E n g e l — S t i c k n e y — C r a y , 1974: 
R o n o v — Y a r o s h e v s k y , 1976). However, the majority of the proposed 
schemes this evolution are restricted by Phanerozoic in time, by continents in 
space and by earth as the only planet whose geology is throughly known. 
Available at present t ime data on the igneous terrestrial rocks of early Pre­
cambrian, of oceanic bottom and of the Moon permit to approach the problem 
of the evolution of magmatic on a global scale and from the point of view of 
comparative planetology. In this paper a qualitative aspects of the magmatic 
evolution in relation to the largest stages of the Earth 's development are ana­
lyzed. 

Magmatism evolution 

The compositional evolution of magmatism is considered here on the basis 
of formational analysis distinguishing the major petrochemical series: tholeiitic. 
calk-alkaline, and alkaline and also a separate group of ultrabasic rocks (Fig. 1). 
The diagnostic features for the at tr ibution of magmatic rocks to a certain pe­
trochemical series have been published earlier ( A n d r e e v a — B o g a t i k o v 
et. al., 1978; M i y a s h i r o, 1975). The correspondance of magmatic formations 
to petrochemical series was established statistically. 

There are distinguished several stages of tectono-magmatic evolution in the 
history of the Ear th (Fig. 1), whose boundaries correspond to statistically proved 
datings of the global geological events (A. E n g e l — I t s o h — G. E n g e l — 
S t i c k n e y — C r a y , 1974: K h a i n. 1973: P a v l o v s k ý — K o l o t u k -
h i n a . 1978: S h u r k i n — M i t r o f a n o v, 1974). 

Fig. 1. Schematic representation of the Earth's magmatic evolution (abundances of 
magmatic formations on the geological history of the Earth). 

Figures in circles indicate the position ot magmatic formations in the largest tectonic 
structural units of the Earth: 1 — greenstone belts, rimming the nuclei of ancient 
platforms; 2 — eugeosynclinal zones; 3 — midoceanic ridges; 4 — island arcs; 5 — 
shields (nucleii of ancient platforms) 6 — oceanic islands; 7 — platforms; 8 — oro-
genic belts; !) — activization structures: 10 — active continental margins; 11 — con­
tinental rifts. 



THE EVOLUTION OF MAGMATISM ň 

1. "Lunar stage" (or the stage of pr imary crust), is older than 3.5 b.y. 2. Nuc-
learic stage: from 1.5 to 0.25 b.y. 3. Cratonic stage: from 2.5 to 1.5 b.y. 4. Conti­
nental stage: from 1.5 to 0.25 b.y. 5. Continental-oceanic: younger than 0.25 b.y. 
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1. "Lunar stage", or the stage of pr imary crust, is the earliest one and is 
represented by the rocks older than 3.5 b.y. These rocks (some anorthosites. the 
most ancient "grey greisses", the rocks of greenstone belts) substantially differ 
from the lunar rocks similar in age, but one may hypothesize that during the 
earlier epochs of "lunar stage" the magmatic rocks, which were more similar 
to the rocks discovered on the Moon, were forming in the outer shell of the 
Earth (B o g a t i k o v — D m i t r i e v. 1976). The concept of andesit ic-anortho-
sitic pr imary crust of the Earth deserves attention in this respect (S h u r k i n — 
M i t r o f a n o v. 1974). 

The difficulty of the unravell ing the real " lunar" rocks on the Ear th is pro­
bably due not only to the more profound material evolution of the Earth, but 
also because of the globally developed intense metamorphism of the pr imary 
crust at the boundary of 3.5 b.y. The type of magmatism of the " lunar stage" 
may be defined as pr imary basic. 

2. Nuclearic stage according to Pavlovský et al. ( P a v l o v s k ý — K o 1 o-
t u k h i n a, 1978) was terminated approximately at 2.5 b.y. when according to 
Engel (A. E n g e 1 — 11 s o h — G. E n g e 1 — S t i c k n e y — C r a y. 1974) the 
intense formation of protocontinents commenced (Fig. 1). Sometimes the upper 
temporal boundary of this stage is placed at 2 b.y. By this time the formation 
of the major mass of protocontinents had already terminated. The andesitic-
-basaltic general character of magmatism and the maximal development of 
komatiitic formations, whose role gradually declined by the end of this stage, 
are typical for the nuclearic stage in the evolution of the Earth. Plutonic 
ultrabasic rocks, predominantly tholeiitic volcanic rocks metamorphosed in the 
facies of green schists and acid rocks of granitic-gneissic ("grey gneisses"). 
migmatitic and charnokitic groups of formations are also represented among 
the magmatic formations of nuclearic stage. The first granitic formations appear 
but the reliable estimates of the abundance of calc-alkaline series among the 
magmatic formations of nuclearic stage is difficult. 

Plagiogranites predominate among acid rocks and they differ from phane-
rozoic plagiogranites by higher contents of AI. Mg. Na, Sr. Ni. V and Cr 

_amjjnwpr concentrations of M-n—K-. Bn-Ph- Th and u (L o b a c h—Z h u" c h e n-
k o — C h e k u l a e v — B a i k o v a , 1974). 

Tholeiitic metavolcanics of nuclearic stage also differ from the similar with 
respect to composition recent rocks in the enrichment of Sr in acid differen­
tiates. 

Komatiite-basic magmatism characteristic of nuclearic stage is confined to 
the greenstone belts and shields of ancient platforms with the numerous gra­
nitic-gneissic domes. It is not yet clear, whether greenstone belts are the most 
ancient preserved geological formations of the Earth ( P a v l o v s k ý — K o 1 o-
t u k h i n a. 1978), or this role is played by granitic-gneissic domes (S h u r k i n 
— M i t r o f a n o v. 1980). 

The metamorphism of greenstone belts belongs to green schist facies. 
The largest deposits of gold, nickel and copper are associated with koma-

tiitic-basic magmatism of nuclearic stage of the Earth evolution (T u g a r i n o v. 
1977). 

3. Cratonic stage (2.5—1.5 b. y.) is characterized by termination of protoconti-
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nents (nuclei of ancient platforms) formation. The thickness of the continental 
crust was up to 40 km at this stage and area of continents was more than 
doubled (A. E n g e 1 — 11 s o h — G. E n g e 1 — S t i c k n e y — C r a y. 1974: 
T u g a r i n o v. 1977). The main feature of cratonic stage is the mass creation 
of magmatic formations, which constitute the sialic part of the pr imary conti­
nental crust. Consequently, this stage may be called, also, the stage of pr imary 
sialic magmatism. 

The creation of magmatic formations specific for the nuclearic stage was 
still in progress, but the role of komatiites sharply decreased, while abundance 
of such formations as granitogneissic. migmatitic. charnockitic, anorthositic and 
graniterapakivi formations clearly increased. Potassic migmatites are more 
common then sodic ones. Continental rocks became enriched in potassium, ura­
nium, thorium, lead, barium, strontium-87 (A. E n g e 1 — I t s o n — G. E n g e 1 
— S t i c k n e y — C r a y , 1974). The specific feature of this stage is emergence 
of the first formations of traps and alkaline granites, for instance Keiv granites 
of the Kola peninsula. 

The grade of metamorphism of rocks of cratonic stage with primary sialic 
magmatism is up to amphibolic facies. 

About 90 " o of all presently existing rocks were formed by the end of the 
cratonic stage ( Z o n e n s h i n e — K u z m i n — M o r a l e v. 1976). Magmatic 
formations of the cratonic stage are associated not only with green-stone belts 
and crystalline shields but with orogenic belts and zones of tectono-magmatic 
activation as well (L o b a c h — Z h u c h e n k o — C h e k u 1 a e v — B a i k o-
v a . 1974). 

The primary-sialic stage of the Earth magmatic evolution is remarkable as 
the time of mass formation of uranium ore deposits (T u g a r i n o v, 1977). 

4. Continental stage (1.5—0.25 b. y.) is notable for the formation of orogenic 
belts and zones of tectono-magmatic activisation. The most typical feature of 
continental stage is diversity of contemporaneous magmatic formations and. in 
petrological aspect, this stage may be called stage of the differentiated magma­
tism. 

At this stage formations of orogenic belts and zones of teetonomagmatic acti­
visation, such as dunite-harzburgite, spilite-diabasic. quartz-keratophiric. gabbro-
-plagiogranitic and others, are well represented. Magmatic formations of calc-al-
kalic series (gabbro-granitic. basalt-liparitic. andesitic. granodiorite-granitic. 
leucogranitic), which are specific for regions with mature continental crust, have 
a wide spreading. Formations of lithiumt'luorine granites and ongonites (H a a-
p a 1 a. 1977). are typical formations of the continental stage with differentiated 
magmatism as well as formations of different alkaline rocks. 

Metamorphism in the rocks of this stage is less extensive then in the earlier 
stages, but it distinguishes itself by the presence of glaucophanic facies rocks 
among Paleozoic formations (A. E n g e 1 — I t s o n — G. E n g e l — S t i c k ­
n e y — C r a y , 1974). During this stage the areal magmatism of previous stages 
turned into the zonal one. 

5. Continental-oceanic stage, according to V. E. Khain (K h a i n. 1973). inclu­
des period from 250 m. y. and up to present time. During this epoch of the geolo­
gical history the Gondwanaland was disintegrated, and present day continents 
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as well as Atlantic and Indian oceans, have been formed. Magmatic activity 
assumes distinctly differential1 character, that is continental and oceanic. 

Magmatic formations belonging to tholeiitic series (basaltic formation of mid-
oceanic ridges, basaltic formation of oceanic islands, basaltic formation of island 
arcs) definitely predominate in oceanic segments of Earth 's lithosphere. There 
are also represented calc-alkaline island arc formations and alkaline basaltic 
formations of oceanic islands. 

On the continents the following formations are found; formations of ul tra-
basic rocks, spilite-diabasic, quartz-keratophyric. gabbro-granitic, basalt-liparitic. 
andesitic, granodiorite-granitic, formations of li thium-fluorine granites and on-
gonites, ultrabasic-alkalic formations kimberlitic, alkaline basaltic, t rachyande-
sitic, formations of nepheline and pseudoleicite syenites, formations of alkaline 
granites (Fig. 1). 

The actualistic approach to the problem of origin of magmatic formations 
which is extensively used in a number of geological and tectonical works is 
largely as applied to continental-oceanic stage of Earth 's evolution characterized 
by differential magmatism ( Z o n e n s h i n e — K u z m i n — K o v a l e n k o — 
S a l t y k o v s k y . 1974: Z o n e n s h i n e — K u z m i n — M o r a l e v, 1976). 
E. g., the comparison of magmatic formations of Mezozoic of the Mongolian-
-Okhotsk belt with western part of the nor th American continent permitted to 
establish that the tectonomagmatic zoning and chemical composition of magma­
tic formations of these regions is similar. This similarity probably results from 
the development of magmatism in the same geodynamic regime of an active 
continental margin ( K o v a l e n k o — K u z m i n , 1977; Z o n e n s h i n e — 
K u z m i n — M o r a 1 e v, 1976). Analogous comparative geological-petrological 
analysis shows that magmatic formations belonging to certain structural-forma-
tional zones of the Greater Caucasus are similar to magmatic formations of 
present day island arcs and marginal (B o r s u k. 1977). 

Such analogies are certainly not always valid, and their substantiation re­
quires very thorough work on the compositional and chronological correlation 
between concrete magmatic formations. We should also note that there exists 
an opinion about the predominance of sialic crust within the boundaries of 
modern continents at least during the whole Phanerozoic. From this point of 
view the zones of development of basic-ultrabasic formations within continents 
(eugeosynclinal zones) are considered not as the remnants of the crust of the 
real large oceans, but as a material of the deeper parts of l i thosphere squeezed 
out along relatively narrow (as compared with the oceans) spreading zones of 
continental blocks similar to present day rifts. It should be emphasized that 
magmatism is related not only to horizontal movements of lithospheric plates. 
Vertical displacements also undoubtedly exist, especially inside the plates 
(G i 1 1 u 1 i. 1978) and. in particular, the vertical descent of the western part 
of Mediterranean sea is well proved. Voluminous intraplatform t rap magmatism 
also develops parallel to vertical tectonic movements (D m i t r i e v. 1973). 

The most obscure aspect of the evolution of Earth 's magmatism is the problem 

1 On should distinguish differential character of magmatism corresponding to its 
sharp differences in the oceans and on continents from differenciated character 
manifested in the diversity of magmatic formations. 
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of the evolution of composition of the formations arising in succession and 
belonging to the same type. 

ft has been demonstrated by Ronov. Khain and Balukhovsky (R o n o v — 
K h a i n — B a l u k h o v s k y , 1979) that the extensive development of volca-
nism took place during upper Cretaceous time, the activity of volcanic eruptions 
increased during lower Cretaceous on continents and during upper Neogene 
in oceans. They also noted substantially higher abundance (two orders of mag­
nitude) of tholeiitic basalts both in oceans and on continents as compared with 
the abundances of intermediate and acid volcanics of orogenic and island arc 
formations and also of alkaline basalts. 

The predominance of volcanics over intrusive rocks is apparently characteristic 
of the modern etape of continental-oceanic stage, and among intrusive conti­
nental rock diorites, granodiorites and granites are the most abundant (A. E n-
g e l — I t s o n — G. E n g e l — S t i c k n e y — C r a y , 1974). E. g., for the 
early Mezozoic of Mongolian-Okhotsk belt the proportion of outcrops of 
gabbro-diorites, granodiorite-granites, leucocratic granites and the rock of ele­
vated alkalinity is 2.5:30.4:54.1:13.0 ( Y a k i m o v — K o v a l e n k o. 1977). 

Comparative analysis of the data on the character and formation conditions 
of igneous rocks belonging to various formations at diverse stages of the Earth 's 
evolution permit to reach the following conclusions concerning the regularities 
of magmatism evolution in the course of geological history. 

a) Going from early to late stages of magmatic evolution we observe reduction 
up to complete disappearance of the following magmatic formations: komatii tes. 
charnokites, anorthosites (autonomous), granitic gneisses and migmatites. 

b) Plagiogranites of the earlies stages of magmatic evolution give way to 
more and more potassic granites of the later stages alongside with the increase 
in the dispersion of 8 7Sr s , iSr ratios for the younger granites. 

c) Formations of alkaline rocks, l i thium-fluorine granites and ongonites 
appear only beginning from cratonic stage of pr imary sialic magmatism. 

d) The relative role of tholeiitic rocks decreases at the late stages of magma­
tic evolution at the expense of the rise of abundance of formations belonging 
to calc-alkaline series. 

e) The areal character of magmatism of the early stages gives way to l inear 
magmatism. 

f) Relatively continuous in time magmatism of the early stages is followed 
by pulsating, discrete magmatism of the late stages. 

On the whole, the leading tendency of the magmatic evolution in the Ear th ' s 
history is the change from primitive komatiite-basic magmatism to differen­
tiated magmatism with the successive extension of the spectrum of the compo­
sitions of magmatic rocks. 

Let us consider possible reasons of the unravelled regularities. 
The most apparent and important factor controlling the evolution of magma­

tism in time are the variations of the Earth 's thermal regime. 
The maximum thermal resources were available on the Earth 's soon after its 

formation when according to many investigators the complete melting and 
differentiation of the Earth 's outer shell took place resulting from accumulation 
of accretion energy, gravitational compaction and radiactive decay, and which 
also led to the formation of primary crust. This crust, due to the more contrasted 
fractionation of material under action of more intense gravitational field of the 



I 0 BOGATIKOV—BORSUK—DMITRIEV—KOVALENKO—RYABCHIKOV 

Earth, possibly had less basic composition than gabbro-anorthosite-basaltic crust 
of the Moon. 

Intense convective flows in the not material of young Earth led to the fast 
ascent of mantle diapirs to the surface, and the high extent of their melting 
resulted in the formation of the large volumes of komatiitic magmas in early 
Precambrian. 

Fig. 2. The ratio of the radioactive heat 
production in past to present time value, 
calculated for the Earth composition 
corresponding to carbonaceous chondrites 
belonging to Orguell type from the data 
of the work ( D i c k i n s o n — L u t h. 

1 2 3 4 1971). 

Later due to the dissipation of thermal energy into surrounding space and 
decrease in potential radioactivity energy the Ear th starts to cool (Fig. 2). At 
the boundary of " lunar" and nuclearic stages of the Earth 's evolution the pro­
duction of radioactive heat exceed present t ime value by a factor of 3 (Fig. 2). 
later at the boundary of nuclearic and cratonic stages this ratio falls to 2. and 
during the continental stage the production of radioactive heat was greater than 
the modern lever by a factor not higher than 1.6. 

With the decrease in heat flow the role of ultrabasic volcanism markedly 
diminishes. In contrast, the contribution of other formations increases, because 
the generation of respective magmas does not require so high tempera ture as 
komatiitic melts. Parallel to the cooling of the Earth and differentiation of its 
material the role of the magmas produced at great depths at low degrees of 
part ial melting of mantle substance (alkaline magmas) increases. 

The changes in the Earth 's thermodynamic regime in time should have also 
noticeably affected generation of magmas within the crust. This can be seen 
from the comparison of P-T coordinates of steady state geotherms of varying 
age with the phase diagram of the system grani te-water (Fig. 3). It shows that 
the present time geotherms lie in the region of much lower temperatures than 
isoplets of the system grani te-water at the plausible water concentrations in 
natural magmas. On the other hand, steeper geotherm for 2.5 b. y. intersects 
the field of partial melting in the system grani te-water at much lower pressures 
and in the extensive range of water concentrations in the melt. 

These arguments , in addition to the conception on the more extensive part i ­
cipation of water in Archean endogenic processes, are capable of explaining 
the areal character of migmatitization in Precambrian and predominantly linear 
character of granitic magmatism during the later epochs. 

Alongside with the lowering of heat flow from the Earth 's depths an impor-
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tant factor of the evolution of magmatism may be the changes in the chemical 
composition of mantle material with respect to volatile, petrogenetic and trace 
element. 

First of all, we may note that the primitive mant le was probably richer in 
water, whose later separation may be responsible for the formation of the 
oceans. 

Fig. 3. P—T diagram for the liquidus of 
the system granite-water (K o g a r k o — 
R y a b c h i k o v, 1978) in comparison 

with the geotherms. 

I — present day geotherm of Precambrian shields (K 1 a r k — R i n g \v o o d, 1964). 
II — present day geotherm of oceanic regions (K 1 a r k — R i n g w o o d, 1964). III. — 
hypothetic steady state geotherm 2.5 b. y. ago (R y a b c h i k o v — B o g a t i k o v — 
B a b a n s k y, 1978). IV — liquidys osopleths of the system granite-water. V — 
melting curve for granitic minimum in the presence of the excess of aqueous fluid. 

It can be seen from the comparison of steep Archean geotherms with the phase 
diagram of the system lherzolite-water ( R y a b c h i k o v — B o g a t i k o v — 
B a b a n s k y. 1978) that the partial melting of relatively enriched in water 
(0.4 wt per cent H 2 0 or more) mant le material in Archean could have taken 
place at depths less than 30 km. The composition of intersticial liquid should 
have been similar to basaltic andesite. It is possible, that such processes could 
have been one of the principal causes of the formation of pr imary sialic crust. 

During the Earth 's evolution and with the increase in the thickness of litho-
sphere its permeability reduced which together with the lower values of heat 
flow during the later stages of the earth 's evolution and deepening the level 
of magma generation led to the change of areal and continuous magmatism 
for discrete magmatism manifested along the zones where the accumulation of 
thermal energy took place and in particular along the boundaries of l i thosphe-
ric plates. 

During the continental-oceanic stage of differential magmatism the localization 
of igneous rock formations of oceans and their active margins was largely 
controlled by the lithospheric plates interaction. With the closing of marginal 
seas and with the convergence of island arcs and continental plates the primitive 
tholeiitic basalts, calc-alkaline rocks of islands arcs and granites generated by 
partial melting of crustal material submerged into mantle were found sometimes 
to be close in space. 

In the central parts of lithospheric plates magmatism is related to the ascen­
ding flows of not mantle material and is localized at the regions of the melting 
of lithospheric blocks (so called "not spots") or in the zones of disjunctive 
displacements. 

On the whole, we may note certain similarity between the general tendencies 
in the evolution of terrestrial magmatism and the development of magmatic 
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phenomena during the formation of young oceans. Magmatism of the early 
stages of the Earth 's evolution is similar with respect to composition to the 
magmatism of mid-oceanic ridges, pr imary sialic magmatism of cratonic stage 
reminds island arc magmatism, and magmatism of the two latest stages possess 
distinct "cont inenta l " character ("closing" of the ocean). The similarity between 
these tendencies is probably due mainly to the gradual rise of the role of crustal 
mater ia l (at first oceanic and later continental) and respective reduction of the 
role of mant le mater ia l during the generation of magmas both in the process 
of the evolution of the Earth as a whole, and during the evolution of young 
oceans. 

Summing up, we may state that the reduction of the Earth 's energy potential, 
progressing impoverishing of the upper mantle in incompatible, light and radio­
active components, involvement of continental crust in the generation of mag­
mas, increase in the thickness and heterogeneity of continental crust, growing 
complexity of the geodynamic conditions of magma generation — all these 
factors cause the irreversible character of the evolution of magmatism mani­
fested in the increasing diversity of igneous formations, growing role of calc-al-
kaline and alkalic rocks, shrinking of spatial temporal boundaries of the mag-
matic activity. 
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