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Abstract—Evolution of Archean magmatism is one of the key problems concerning the early formation stages
of the Earth crust and biosphere, because that evolution exactly controlled variable concentrations of chemical
elements in the World Ocean, which are important for metabolism. Geochemical evolution of magmatism
between 3.5 and 2.7 Ga is considered based on database characterizing volcanic and intrusive rock complexes
of granite-greenstone terrains (GGT) studied most comprehensively in the Karelian (2.9-2.7 Ga) and Kaapvaal
(3.5-2.9 Ga) cratons and in the Pilbara block (3.5-2.9 Ga). Trends of magmatic geochemical evolution in the
mentioned GGTs were similar in general. At the early stage of their development, tholeiitic magmas were con-
siderably enriched in chalcophile and siderophile elements Fe,O5, MgO, Cr, Ni, Co, V, Cu, and Zn. At the next
stage, calc-alkaline volcanics of greenstone belts and syntectonic TTG granitoids were enriched in lithophile
elements Rb, Cs, Ba, Th, U, Pb, Nb, La, Sr, Be and others. Elevated concentrations of both the “crustal” and
“mantle-derived” elements represented a distinctive feature of predominantly intrusive rocks of granitoid com-
position, which were characteristic of the terminal stage of continental crust formation in the GGTs, because
older silicic rocks and lithospheric mantle were jointly involved into processes of magma generation. On the
other hand, the GGTs different in age reveal specific trends in geochemical evolution of rock associations close
in composition and geological position. First, the geochemical cycle of GGT evolution was of a longer duration
in the Paleoarchean than in the Meso- and Neoarchean. Second, the Paleoarche an tholeiitic associations had
higher concentrations of LREE and HFSE (Zr, Ti, Th, Nb, Ta, Hf) than their Meso- and Neoarchean counter-
parts. Third, the Y and Yb concentrations in Paleoarchean calc-alkaline rock associations are systematically
higher than in Neoarchean rocks of the same type, while their La/Yb ratios are in contrast lower than in the
latter. These distinctions are likely caused by evolution of mantle magmatic reservoirs and by changes in for-
mation mechanisms of silicic volcanics and TTG granitoids. The first of these factors was likely responsible for
appearance of sanukitoid magmatic rocks in the Late Mesoarchean. Representative database considered in the
work includes ca. 500 precision analyses of Archean magmatic rocks.
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Geochemical and petrological evolution of magma-
tism that was of variable intensity in the Archean Eon is
of key significance for understanding the early develop-
ment of the Earth crust and biosphere. Exactly this evo-
lution controlled concentrations of chemical elements
(including those important for metabolic and fermenta-
tive microbial activity) transported by mantle flux and
continental runoff into the World Ocean at different
stages of its pre-Proterozoic history. Significance of the
last factor is doubtless, because magmatic rocks (intru-
sive and volcanic) dominated in Archean provenances.

Among elements, which migrated by magmatism in
outer shells of the Earth, metals were of prime impor-
tance owing to their high catalytic ability for the life
activity of microorganisms. Suffice it to say that nearly
three fourth of natural ferments known at present con-
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tain metal ions as components of active centers, and a
relatively high concentration of many these metals in
seawater of the early Earth was one of the factors,
which controlled the life origin and evolution
(Fedonkin, 2003, 2004). In addition to variable
geochemistry of magmatic rocks, seawater composi-
tion depended on the other factors. Mineral traps,
which appeared on evolving continents, removed a
mass of chemical elements from the recycling system
and thus reduced mobility of many metals, their avail-
ability for biogenic reactions. Tectonic movements in
provenances changed proportions of rocks exposed to
weathering, intensity of which depended on composi-
tional evolution of the atmosphere. All these factors and
oxygenation of biosphere had a decisive impact on the
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early biota evolution (Fedonkin, 2004, and references
therein).

Problems of the Archean magmatism evolution are
therefore of prime importance for understanding the
early biosphere. Granite-greenstone terrains (GGT)
represent the main source of information about
Archean magmatic rocks. Being known in all the Pre-
cambrian cratons, they evolved during the greater
period of the documented geological history beginning

from the Paleoarchean.! Large volumes of magmatic
rocks of ultrabasic to silicic compositions created the
GGT juvenile crust composed of greenstone and gran-
ite-gneiss complexes tightly associated with each other
in space and similar over the Earth in their general
structure and composition. The greenstone complex
includes sedimentary-volcanogenic successions, which
are of a relatively low metamorphic grade and occur in
greenstone belts of synform or monocline forms, while
granite-gneiss complexes are represented by diverse
metamorphic rocks, migmatites, and granitoids con-
fined to large blocks between greenstone belts. Original
geological and structural relations, petrographic and
geochemical characteristics of rock associations are
well preserved in the GGTs, which are more informa-
tive than Archean areas with high-grade metamorphic
rocks, where initial features of rock complexes are
greatly changed by tectonics and metamorphism.

We analyzed geochemical evolution of Archean
magmatic complexes using as examples three large and
best studied GGTs, which evolved from 3.5 to 2.7 Ga,
i.e., almost throughout the Archean Eon. These are the
GGTs of basement in the Kaapvaal (South Africa) and
Pilbara (Australia) cratons, which are 3.5 to 2.7 Ga old,
and the younger Karelian GGT (Baltic Shield), where
the main volume of juvenile crust was formed 2.9—
2.7 Ga ago. The considered database includes most rep-
resentative geochemical data characterizing successive
magmatic complexes. We selected data obtained by the
most precise analytical methods of XRF spectrometry,
ICPA spectrometry, and isotope dilution technique for
those samples, which contain magmatic zircons dated
by the U-Pb age method. When U-Pb zircon dates
were unavailable, we used results of the Sm—Nd isoch-
ron dating for whole-rock samples of basic and ultraba-
sic rocks despite a considerable uncertainty of age
determination by this method. We excluded from con-
sideration the Sm—Nd isotopic systematics of rocks,
because geochemical and isotopic data characterizing
the same samples are reported in different publications
and often it is not possible to combine the whole infor-
mation together.

In the each GGT, we divided rocks into four groups.
The first group comprises volcanics of the earliest
tholeiitic association (metamorphic equivalents of

'In this work, we accept following Gradstein et al. (2004) the
Archean division into the Eoarchean (>3.6 Ga), Paleoarchean
(3.6-3.2 Ga), Mesoarchean (3.2-2.8 Ga), and Neoarchean (2.8—
2.5 Ga).
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tholeiitic basalts and andesites, komatiites, boninites),
which prevail in lower parts of sections of greenstone
belts. Association of calc-alkaline volcanics (metamor-
phosed basalts, andesites, dacites, and rhyolites of sub-
volcanic, lava and tuff facies) dominant in upper parts
of the sections is attributed to the second group. The
third group includes TTG granitoids frequently con-
fined to flanks of greenstone belts and comagmatic with
volcanic rocks of the latter. The fourth group is repre-
sented by late tectonic intrusive rocks, i.e., by prevail-
ing K-Na and K granites and by subordinate Mg gran-
itoids (sanukitoids) and associated syenites, gabbro,
and lamprophyres. Data on oldest gneisses predating
greenstone belts have not been included in the database.
Being represented fragmentarily in each GGT, these
gneisses are close in geochemical parameters to syntec-
tonic TTG granitoids, and data points characterizing
them in the age—element diagrams add nothing to infor-
mation about compositional evolution of magmatic
rocks in Archean GGTs.

As aresult, database characterizes concentrations of
major, trace and rare-earth elements and their indicative
ratios (60 parameters in total) in nearly 500 samples of
magmatic rocks. All major oxides are recalculated to
equal 100% of dry rock. Data are processed by means
of plotting the diagrams of the paired age—element cor-
relation, and significance of correlation links is esti-
mated using statistic programs. This approach is
applied to examine the summary populations of mag-
matic rocks in each GGT under consideration, in each
of four rock groups discriminated in the GGTs different
in age, and in database as a whole to determine general
variation trends from 3.5 to 2.7 Ga ago. The principal
attention is paid to the Karelian GGT, which we studied
personally analyzing the confidently dated samples in
the same laboratories. That is why we consider data
below in the reversed order from this younger GGT to
older ones.

GEOCHEMICAL EVOLUTION
OF MAGMATIC ASSOCIATIONS
DURING FORMATION
OF MESO-NEOARCHEAN GGT
(KARELIAN CRATON)

The Karelian GGT in the southeast of Baltic Shield
(Fig. 1) is bounded at the northeast by the Belomorian
mobile belt that was formed during the Paleoprotero-
zoic reworking of Archean complexes by tectonic and
metamorphic events (Bibikova et al., 1999a, 1999b).
Western and southwestern flanks of the GGT corre-
spond to the boundary of Svecofennides with Paleopro-
terozoic juvenile crust, and at east, the GGT is overlain
by Phanerozoic platform cover. Archean rocks of the
Karelian GGT, the main objects of current consider-
ation, originated in majority 3.02-2.69 Ga ago in the
formation period of greenstone belts and during subse-
quent tectono-magmatic events (Bibikova et al., 2003,
and references therein). Older gneisses and granitoids
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Fig. 1. Schematic geological map of the Karelian granite-greenstone terrain (Volcanism..., 1981, with additions): (1) ancient blocks of
“pre-greenstone” crust observable (a) and presumable (b); (2) syn- and post-greenstone granitoids undivided; (3) Belomorian Complex,
gneisses and amphibolites; (4) TTG-greenstone belts with supracrustal rocks and flanking granitoids 2.94-2.78 Ga old; (5) volcano-
genic-sedimentary rocks 2.74-2.73 Ga old; (6-7) distribution areas of post-greenstone intrusions associated with greenstone belts (6)
and fragments of composite batholith (7); (8) Paleoproterozoic volcanogenic-sedimentary complexes; (9) Paleoproterozoic mafic—
ultramafic massifs; (10) sampling areas or rocks included in geochemical database (see numeration meaning in the text).

(3.5-3.1 Ga) predating in origin this period and occur-
ring in two highly reworked blocks of the East Karelia
and East Finland zones are excluded from consider-
ation.

The time span from 3.02 to 2.78 Ga corresponded to
accumulation period of supracrustal successions in

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 14

greenstone belts and to emplacement of TTG grani-
toids. Metamorphosed volcanogenic-sedimentary
rocks are localized in linear chains of small structures
(Volcanism..., 1981) belonging to the Sumozero—Kenoz-
ero, Parandovo—Tikshozero, North Karelian, Vedlozero—
Segozero and other greenstone belts (Fig. 1). In all the
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belts, there are distinguished two main associations of
metamorphosed supracrustal rocks. The first tholeiitic
association is represented by metavolcanic rocks of
basic to ultrabasic composition and by associated car-
bonaceous slates and jaspilites. The second calc-alka-
line association includes lavas tuffs and tuffites of pre-
dominantly silicic composition with massive sulfide
deposits and associated carbonaceous and flinty slates,
jaspilites, and siliciclastic metasediments. Based on the
U-Pb dating of zircons from silicic rocks of calc-alka-
line association, two separate periods of volcanism in
greenstone belts are established: one lasted from 3.02
to 2.85 Ga in the eastern part of the Karelian GGT; the
other one from 2.80 to 2.78 in the western part.

The post-greenstone evolutionary stage of the Kare-
lian GGT was marked by immense endogenic activity
that resulted 2.75-2.69 Ga ago in emplacement of
intrusive, predominantly granitoid bodied of diverse
composition (Lobach-Zhuchenko et al., 2000; Sam-
sonov et al., 2001; Bibikova et al., 2005). In addition to
geochronological constraints of this stage, it is evident
from geological observations that an episode of defor-
mations with associated metamorphism, perhaps, sepa-
rates everywhere rock associations of the TTG-green-
stone and post-greenstone complexes. Magmatic rocks
of the post-greenstone complex are irregularly distrib-
uted in the Karelian GGT (Fig. 1). Near TTG-green-
stone belts, this complex is represented by spaced small
massifs of subalkaline high-Mg granitoids (analogs of
granitoids of sanukitoid series in Canadian Shield;
Shirey and Hanson, 1984; Chekulaev, 1999) and by
basic lamprophyre dikes (Lobach-Zhuchenko et al.,
2000) and granites. Besides, in granite-gneiss fields of
the Karelian GGT there are several areas dominated by
magmatic rocks of the post-greenstone complex that
includes prevalent granitoids of sanukitoid series, lam-
prophyres, granites, gabbroids, and syenites. Clusters
of these intrusions occupying areas up to several thou-
sands square kilometers in size are traceable for a dis-
tance of 400 km at least from northern to central and,
probably, to southern Karelia; they can be regarded as
intrusive bodies of a complex batholithic belt. In central
and southern segments of the belt, there are narrow gra-
ben-like structures of the Njukozero—Gimoly green-
stone belt. Volcanogenic-sedimentary complexes of the
latter accumulated 2730 = 5 Ma ago (Samsonov et al.,
2001) concurrently with emplacement of sanukitoid
intrusions.

Database for the Karelian GGT includes 134 analy-
ses of volcanic and plutonic rocks of the greenstone
complex formed 2916-2780 Ma ago and 80 analyses of
younger magmatic rocks ranging in age from 2740 to
2690 Ma. Sampling sites of rocks included in the data-
base are shown in the map (Fig. 1).

Volcanics and syntectonic granitoids of the green-
stone complex have been sampled in separate structures
of four TTG-greenstone belts. Volcanic rocks of the
Kamennoe Ozero structure (area 1) in the Sumozero—
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Kenozero belt correspond to basalts and komatiites of
the early tholeiitic association (Sm—Nd isochron age
2916 = 117 Ma; Puchtel et al., 1999) and to basalts,
andesites, dacites, and rhyolites of the late calc-alkaline
association (U-Pb zircon ages 2875 *+ 2 and 2876
5 Ma; Puchtel et al., 1999). Among volcanics of the
Koikary structure (area 2), the Vedlozero—Segozero
belt, we selected andesites, dacites, and rhyolites of the
late calc-alkaline association (U-Pb zircon ages 2859 *
15 and 2876 = 5 Ma of dacites and rhyolites, respec-
tively) and basalts and komatiites of the early tholeiitic
association. The latter rocks have not been dated
directly, but they could be formed ca. 2900 Ma ago by
analogy with rocks of the Kamennoe Ozero structure.
Data on volcanic rocks and TTG granitoids of the
Khizovaara structure (area 3), the North Karelian belt,
characterize tholeiites, Fe-Ti basalts and andesites of
the early association (age of metamorphism 2780 =+
5Ma and age of magmatic events not less than
2820 Ma; Bibikova et al., 2003), calc-alkaline volca-
nics of the late association (2780-2796 Ma), and TTG
granitoids 2800 to 2820 Ma old (Bibikova et al., 2003).
Rocks of the Kostomuksha structure (area 4) in synon-
ymous belt are represented in database by supracrustal
tholeiitic basalts, andesites, and komatiites of the early
association (Sm—Nd isochron age 2843 + 39 Ma; Puch-
tel et al., 1998) and by volcanics (2790-2792 Ma) and
syntectonic TTG granitoids (27862790 Ma) of the late
calc-alkaline association (Samsonov et al., 2001;
Bibikova et al., 2005).

Volcanic rocks, gabbroids, sanukitoids, lampro-
phyres, syenites, and granites of the post-greenstone
complex are well studied in geochemical aspect in sep-
arate areas of structural-tectonic zones of the Karelian
GGT, which are of different structure, age, and compo-
sition. In the West Karelian zone, these are differenti-
ated diorite—granodiorite massifs of sanukitoid type
(U-Pb zircon age 2715 = 10 Ma; Samsonov et al.,
2004), lamprophyre dikes, and granite intrusions of the
Kostomuksha region (area 5). Data on the East Karelian
zone characterize differentiated diorite—granodiorite—
granite (sanukitoid) massifs (U-Pb zircon age ca.
2740 Ma; Levchenkov et al., 1989; Chekulaev et al.,
1994) and lamprophyres of the Bergaul region (area 6).
For the Central Karelian batholithic belt, we selected
data on volcanics, sanukitoids, lamprophyres, syenites,
gabbroids, and granites from its northern area 7 (U-Pb
zircon age of sanukitoids 2724 + 8 Ma; Bibikova and
Slabunov, 1997) and from two areas in central part
(area 8, U-Pb zircon age of a late lamprophyre dike
2696 + 10 Ma, and area 9, U-Pb zircon age of rhyolite
2730 = 15 Ma; Samsonov et al., 2001). Sanukitoids
2706 £ 5 Ma old (Bibikova et al., 2005) are also
included in the data base. Secular geochemical varia-
tions of magmatic rocks in the Karelian GGT are illus-
trated in diagrams of the paired age—element correla-
tion (Fig. 2).

Volcanic rocks of the tholeiitic association, which
are represented by komatiites, boninites, tholeiitic
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Fig. 2. Secular changes of major and trace element concentrations in rocks of tholeiitic (1) and calc-alkaline (2) volcanic associa-
tions and granitoids (3) of the Karelian granite-greenstone terrain.

basalts and andesites, reveal distinct trends of changes
in concentrations of many elements, when the rock ages
decrease from 2916 to 2820 Ma, i.e., the growing trend
of Si0,, Al,O;, Ba, Th, U, Pb, Nb, La, Yb, Y, and Sr
contents in contrast to declining abundance of MgO,
Cr, Ni, Co and decrease of Mg differentiation index.
Trends of changes in abundance of some major and

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 14

trace elements (Fe,O;, MnO, V, Zn, Cu, Sc) or in Th/U
and La/YDb ratios are indistinct. The established trends
of secular geochemical variations characterizing tholei-
itic volcanics can be interrelated with two factors of
petrogenesis at least.

The most simple explanation is a growing contribu-
tion of sialic components to mantle-derived magmas.

No. 3 2006
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This could be first the crustal growth that enlarged con-
tamination of magmas by sialic material at the develop-
ment time of the TTG-greenstone belts. On the other
hand, the lithospheric mantle beneath the Karelian
GGT could be enriched in lithophile elements during
subduction episodes at different stages of evolution of
the TTG-greenstone complexes (Mints, 1998; Bibikova
et al., 2003; Samsonov et al., 2005). According to iso-
topic-geochemical data, the contaminating material
could be derived from two sources: one corresponding
to crustal blocks composed of Mesoarchean (>3.0 Ga)
TTG granitoids, and the other one to the juvenile silicic
material segregated in the Neoarchean time from
depleted mantle. This is evident from great variations of
Nd isotopic composition in volcanics of the tholeiitic
association: eéNd(T) from +2.3 to +3.1 in komatiites
and tholeiitic basalts of the Kamennoe Ozero and Kos-
tomuksha structures (Puchtel et al., 1998, 1999); from
—1.7 to +2.2 in the same rocks of the Koikary structure
(Samsonov et al.,, 1997; Svetov and Huhma, 1999);
from +1.10 to +2.48 in boninites and low-Ti tholeiitic
basalts of the Khizovaara structure (Shchipansky et al.,
2004). However, the idea of contamination by sialic
material does not explain secular variations in concen-
trations of compatible elements (MgO, Cr, Ni, Co),
which noticeably decrease with time. This trend and, to
some extent, growing concentrations of incompatible
elements could be related to a lesser degree of melting
in the mantle source of tholeiitic magmas because of
the secular mantle cooling. The latter could be caused
by the heat dissipation in mid-ocean ridges, by rela-
tively cold oceanic plates sinking into mantle, and by a
higher degree of metasomatic reworking of mantle
material above subduction zones. Thus, time-depen-
dent changes in geochemical characteristics of tholei-
itic volcanics from greenstone belts of the Karelian
GGT were possibly controlled by the lowering degree
of melting in the mantle subjected besides to intensify-
ing metasomatic reworking and by growing contamina-
tion of magmas by crustal components.

Volcanic rocks of calc-alkaline association from
greenstone belts of the Karelian GGT are represented
by basalts, andesites, dacites, and rhyolites. As com-
pared to underlying rocks of the tholeiitic association,
they are sharply depleted in MgO, Cr, Ni and Co, being
simultaneously enriched in LILE and HFSE. When the
rock ages decrease from 2887 to 2780 Ma, distinct
geochemical trends can be established for a few ele-
ments only. In this case, we detected the directional
growth of petrogenic, rare alkalies, Th, U, Pb, Sr con-
centrations as well as La/Yb and Sr/Y ratios, on the one
hand, and decreasing concentrations of Yb and Y, on the
other. At the same time, older rocks of calc-alkaline
association from the Kamennoe Ozero and Koikary
structures, where they range in age from 2887 to
2850 Ma, exhibit very wide geochemical variations and
bimodal distribution of element concentrations in most
cases. By transition to younger (2800-2780 Ma) calc-
alkaline rocks of the Kostomuksha and Khizovaara
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structures, diapason of variations is getting much nar-
rower (Fig. 2).

Wide concentration ranges and irregular distribution
of many major and trace elements in volcanic rocks
under consideration suggest heterogeneity of magmatic
reservoirs, which originated in basites and crustal rocks
according to isotopic criteria (eNd(T) from + 4.5 to
—6.5; Puchtel et al., 1998, 1999; Samsonov et al. 2001,
2005; Bibikova et al., 1999, 2005), and a variable
degree of subsequent magmatic differentiation. On the
other hand, the established trends of Th, U, and Pb con-
centrations growing with time in calc-alkaline volca-
nics may reflect increasing contribution of sedimentary
components related to crustal growth. At the same time,
successive rise of Sr, Yb, Y concentrations and La/Yb
and Sr/Y ratios may be indicative of either a greater
depth of basic rocks melting in subducting slabs, or a
higher extent of lithospheric mantle reworking above
subduction zones by fluids and adakitic melts.

Granitoids of the TTG series ranging in age from
2826 to 2786 Ma are comparable in all geochemical
characteristics with concurrent calc-alkaline volcanics
in adjoining greenstone belts (Fig. 2). This is an impor-
tant indication of comagmatic origin of two igneous
complexes.

The late tectonic granitoids and volcanics, which
originated 2.74-2.69 Ga ago, have wider compositional
variations as compared to rocks of the previous mag-
matic stage (Fig. 2), because melting in magma sources
involved, as we believe, a greater diversity of materials
contrasting in composition. Different horizons of conti-
nental crust formed prior to that time and dominated by
TTG granitoids represented sources of granitic magmas
with diverse geochemical characteristics (Chekulaev
et al., 1997; Samsonov et al., 2001). At the same time,
melting in the lithospheric mantle subjected earlier to
intense subduction-related metasomatism gave rise to
origin of sanukitoid magmatic rocks (Samsonov et al.,
2004; Kovalenko et al., 2005). Exactly these rocks
determine specific geochemistry of magmatism at the
terminal stages of the Karelian GGT evolution. Dis-
playing growth of Mg differentiation index, they are
enriched in elements typical of both the crustal and
mantle reservoirs, i.e., in MgO, Al,O;, Ba, Cr, Ni, Co,
V, Mo, W, Zn, Cu, Th, U, Pb, La, Sc, Sr, and alkalies
(Fig. 2).

GEOCHEMICAL EVOLUTION OF MAGMATIC
ASSOCIATIONS DURING DEVELOPMENT
OF PALEO-MESOARCHEAN GGT
(PILBARA AND KAAPVAAL CRATONS)

The Pilbara and Kaapvaal cratons having similar
geological history were formed in the same period of
geologic time (de Wit, 1998). Their igneous rocks com-
plementing geochemical characteristics of relevant
magmatism originated in the Paleo- and Mesoarchean.
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Fig. 3. Simplified geological map of the Pilbara granite-greenstone terrain (after Kloppenburg et al., 2001; Van Kranendonk et al.,
2002; Smithies and Champion, 2000). Volcanogenic-sedimentary rocks of greenstone belts: (1) Coonterunah Group, 3.52-3.49 Ga,
(2) Warrawoona Group, 3.49-3.31 Ga, (3) Sulfur Spring Group, 3.28-3.24 Ga, (4) Roebourne Group, 3.28-3.25 Ga, (5) Whundo
Group, 3.13-3.12 Ga, (6) Gorge Creek Group, 3.24-3.05 Ga; (7) De Grey Group, 3.02-2.94 Ga, and (8) Mount Bruce Group, 2.77—
2.49 Ga, in sedimentary rift basins; (9—11) granitoids 3.48 to 2.85 Ga old: (9) undivided, predominantly TTG granitoids, (10) gran-
ites and granodiorites, (11) high-Mg granitoids of sanukitoid type; (12) main tectonic zones; (13) Phanerozoic cover; (14) sites of

rocks included in database.

The Pilbara craton is a large Archean block situated
in northwestern Australia. Archean complexes of the
block are overlain by Neoarchean (2.77-2.49 Ga)
deposits of the Hamersley Basin in the south and south-
east (Arndt et al., 1991) and by Phanerozoic sedimen-
tary rocks in the northeast (Barley, 1997). The East
(3.52-3.20 Ga) and West Pilbara (3.28-2.94 Ga) GGTs
distinguished in the craton structure (Fig. 3) are sepa-
rated by the large Mallina rift basin (3016-2940 Ma),
which is filled with siliciclastic turbidite-like sediments
containing rare intercalations of basic and silicic volca-
nics (Van Kranendonk et al., 2002).

In geological structure of the East Pilbara GGT,
large granite-gneiss domes are closely associated with
greenstone belts representing a system of conjugate
synclinal and monoclinal volcanogenic-sedimentary
structures (Fig. 3), which developed almost throughout
the Paleoarchean from 3.52 to 3.20 Ga. The older rocks
(3.72-3.54 Ga) occurring here are represented by gran-
itoids of negligible volume (ca. 1%) known in the War-
rawagine granite-gneiss dome, the northeast of the ter-
rain, and by gabbro-anorthosites of the Shaw batholith
(Van Kranendonk et al., 2002).

In the recent regional stratigraphic scheme, the vol-
canogenic-sedimentary succession of the East Pilbara
greenstone belts is divided, being up to 30 km thick in
total, into five groups (Barley, 1997; Van Kranendonk
etal., 2002). The oldest Coonterunah Group (3515-
3498 Ma) confidently discriminated in central area only
is composed of tholeiitic basalts associated with much

less abundant volcanics of intermediate and silicic
composition. The overlying Warrawoona Group (3490—
3308 Ma) is dominant in the succession, enclosing
thick (up to 18 km) sequences of tholeiitic and komati-
itic lavas associated with calc-alkaline volcanics rang-
ing in composition from andesites to ultra-silicic rhyo-
lites. Subordinate sedimentary rocks of the group are
represented by stromatolitic carbonate and sulfate sed-
iments, jaspilites, sandstones, and shales. The Sulfur
Spring Group (3280-3235 Ma) well exposed in the
west of the East Pilbara GGT includes komatiites and
magnesian basalts underlying the thick upper sequence
of calc-alkaline volcanics (basalt—andesite—dacite-rhy-
olite series) with associated massive sulfide deposits.
The next Gorge Creek and De Grey groups, which accu-
mulated respectively 3235-3050 and 3050-2940 Ma
ago, are terminal in the supracrustal succession of the
East Pilbara greenstone belts. They are composed pre-
dominantly of siliciclastic metasediments and jaspi-
lites; subordinate metavolcanics of basic composition
are represented in the upper part of the Gorge Creek
Group (Van Kranendonk et al., 2002). Spacious gran-
ite-gneiss domes (3.48-2.85 Ga) of the East Pilbara
GGT are composed mostly of the Paleoarchean (3.5-
3.3 Ga) TTG granitoids. Granodiorites and granites
about 2.93 Ga old are main rock types of the Yule
batholith situated in the extreme southwest of the GGT.

Three volcanogenic-sedimentary groups of the
West Pilbara greenstone belts are closely associated in
space with concurrent granitoid complexes (Van Kra-
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nendonk et al., 2002). The oldest Roebourne Group
(3280-3250 Ma) is composed of komatiites, basalts,
and subordinate flinty slates. The middle Whundo
Group (3125-3115 Ma) is represented by tholeiitic
basalts in the lower part and by silicic lavas, tuffs, and
tuffites in the upper one. The upper Gorge Creek Group
includes siliciclastic metasediments, carbonaceous and
ferruginate slates, which are estimated to be from
3018 £ 3 to 3014 £ 6 Ma old based on U-Pb dating of
clastic zircons from metasediments and magmatic zir-
cons from diorite-porphyry bodies crosscutting the lat-
ter. Among three groups of granitoids of the West Pil-
bara GGT, the oldest one (3260-3270 Ma) is repre-
sented by rocks of the TTG series. Subalkaline to
alkaline granites are dominant rocks of two later groups
of plutonic rocks emplaced 3160-3060 and 3015-
2940 Ma ago (Van Kranendonk et al., 2002). Diverse
igneous rocks, the age analogs of youngest granitoids
of the West Pilbara GGT intruded deposits of the
Mallina basin; of prime importance among them are
granitoids of sanukitoid series about 2950 Ma old
(Smithies and Champion, 2000).

The database considered here includes results of
geochemical analyses of 179 samples characterizing
volcanic and plutonic rocks from different areas of the
Pilbara craton. Among these rocks, there are volcanics
of the tholeiitic association from the Coonterunah
(3515 Ma; Green et al., 2000) and Warrawoona groups
(3490-3475 Ma; Kato and Nakamura, 2003; Green
et al., 2000), and calc-alkaline volcanics from the latter
(3490-3320 Ma; Jahn et al., 1981; Bickle et al., 1983;
Barley et al., 1998) and Sulfur Spring groups
(ca. 3250 Ma; Vearncomble and Kerrich, 1999) of the
East Pilbara GGT. Analytical data on tholeiitic volca-
nics from the Roebourne Group (3280 Ma; Ohta et al.,
1996) characterize relevant magmatism of the West Pil-
bara GGT. Intrusive complexes of the craton are repre-
sented by samples of granitoids ranging in age from
3493 to 2930 Ma (Jahn et al., 1981; Bickle et al., 1983;
Barley and Pickard, 1999; Green et al., 2000; Smith
et al., 1998; Smith, 2003) and by sanukitoids intruding
supracrustal formations of the Mallina basin (Smithies
and Champion, 2000).

The Kaapvaal craton, a large block of Archean
crust in South Africa, is bounded by Mesozoic sedi-
ments of the Lebombo monocline in the east and by the
Namakwa—Natal belt of Proterozoic rocks in the south
and west. The block northern boundary corresponds to
axial zone of the Limpopo mobile belt that developed
during the Archean and Paleoproterozoic (Brandl and
de Wit, 1997). In the craton structure, there are discrim-
inated several domains of different age and composi-
tion (Poujol et al., 2003), the oldest East Domain stud-
ied in detail including (Fig. 4A). Crust of the latter was
largely formed 3.5-3.1 Ga ago, when accumulation of
volcanics and sediments in greenstone belts was
accompanied by emplacement of granitoids different in
composition. The older gneiss complex of Swaziland
(3.7-3.6 Ga) predating formation of greenstone belts is
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known in central area of the East Domain (Hunter et al.,
1978; Kroner and Tegtmeyer, 1994; Poujol et al., 2003).

The best studied Barberton greenstone belt in the
domain central zone (Fig. 4B) is composed of volcano-
genic and sedimentary rocks, which are metamor-
phosed under conditions of amphibolite and greenstone
facies being divided into three successive groups
(Brandl and de Wit, 1997). The oldest Onverwacht
Group (3.49-3.40 Ga) is composed predominantly of
basic to ultrabasic volcanic rocks with subordinate
intercalations of metasediments and silicic volcanics.
The Fig Tree Group (3.26-3.22 Ga) that accumulated
after a considerable hiatus includes prevailing sedi-
ments (graywackes, sandstone, slates, and jaspilites)
and less abundant dacitic and rhyolitic volcanics of the
calc-alkaline association (Kohler and Anhaeusser,
2002). The Moodies Group (3.22-3.10 Ga) is domi-
nated by siliciclastic rocks (conglomerates, quartzites,
slates) and jaspilites associated with subordinate volca-
nic rocks of diverse composition. The groups were
intruded 3.44-3.11 Ga ago by large massifs of grani-
toids different in composition. The early syntectonic
plutons (3.44-3.22 Ga) are represented by TTG grani-
toids, while granodiorites and granites ranging in age
from 3.20 to 3.11 Ga prevail in the late and post-tec-
tonic massifs (Poujol et al., 2003; Kleinhanns et al.,
2003). In the Nondweni greenstone belt situated in the
south of East Domain, age and lithologic analogs of the
Onverwacht Group are also divided into three groups
(Riganti and Wilson, 1995). The oldest Magongolozi
Group is dominated by metavolcanics (3406 = 3 Ma) of
ultrabasic, basic and intermediate composition. Silicic
lavas, tuffs and tuffites with associated massive sulfide
deposits are attributed to the overlying Toggekry
Group. The Witkop Group crowning rock succession of
the Nondweni belt is composed of basic to silicic vol-
canics, which contain conglomerate, stromatolitic
dolostone, chert, and evaporite interlayers in the upper
interval (Riganti and Wilson, 1995).

We included in database geochemical data on 95
samples of volcanic rocks from the Nondweni and Bar-
berton greenstone belts and of granitoids flanking the
latter (areas 3.1 and 3.2 in Fig. 4A; dots in Fig. 4B).
Selected samples characterize the following rocks:
(1) basalts and komatiites of tholeiitic association from
the Barberton (Onverwacht Group, Komati Formation,
3490 Ma, Parman et al., 1997, 2003) and Nondweni
belts (Magongolozi Formation, 3406 Ma, Riganti and
Wilson, 1995); (2) silicic calc-alkaline volcanics from
the Barberton belt (Onverwacht Group, Theespruit For-
mation, 3453 Ma; Fig Tree Group, Bien Venue and
Shoongezicht formations, 3256-3259 Ma, Kohler and
Anhaeusser, 2002); (3) diverse granitoids (3437-
3105 Ma) flanking the Barberton belt (Kleinhanns
et al., 2003).

As one can see from Fig. 5, secular variation trends
of geochemical characteristics, which are depicted for
three rock associations of the Kaapvaal and Pilbara cra-
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Fig. 4. (A) Structural elements of the Kaapvaal craton (after Poujol et al., 2003): (1) greenstone belts Barberton (/) and Nondweni
(2); (2) granite-gneiss terrains; (3) sedimentary basins Witwatersrand (W) and Pongola (P); (4) principal domains by numbers:
(1) East Domain, 3.60-3.10 Ga, (2) North Domain, 3.25-3.00 Ga, (3) Central Domain, 3.25-2.70 Ga, (4) West Domain, 3.00-2.70 Ga.
(B) Simplified geological map of the Barberton greenstone belt and flanking granite-gneisses (after Poujol et al., 2003): (1) early
trondhjemite plutons, 3.5-3.4 Ga; (2) late tonalite—trondhjemite plutons, 3.2 Ga; (3) granodiorite—adamellite batholiths and plutons,
3.2-3.1 Ga; (4) granodiorite—granite plutons, 2.7 Ga; (5) Onverwacht Group, 3.50-3.26 Ga, and associated ultramafic intrusions;
(6) Fig Tree Group, 3.26-3.22 Ga; (7) Moodies Group, 3.22-3.10 Ga; (8) platform cover; (9) sites of rocks included in database.

tons, are practically identical, emphasizing similar geo-
logical evolution of two cratons during comparable
periods of geologic time (de Wit, 1998).

Volcanics of tholeiitic association from the Pilbara
craton range in age from 3515 to 3280 Ma. Relatively
older basalts and komatiites of the East Pilbara from the
Coonterunah (3515) and Warrawoona (3475 Ma)
groups, which have similar, though broadly variable
concentrations of major and trace elements, are notice-
ably enriched in LREE (Lay/Yby = 1). Younger (3280)
tholeiitic basalts of the West Pilbara with non-fraction-
ated REE spectra (Lay/Yby close to 1) reveal narrow
compositional variations and decreased Th, Nb, and
REE concentrations, being similar to older rocks in
concentrations of other elements (Fig. 5). Geochemical
distinctions between the above rock complexes of dif-
ferent age likely reflect different degree of contamina-
tion by crustal material. Certainly, contamination by
old (3.58-3.72 Ga) crustal material is admissible for
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tholeiitic volcanics of East Pilbara based on presence of
relict zircons in siliciclastic metasediments of relevant
greenstone belts and in granite-gneiss batholiths, being
consistent in addition with the results of Sm—Nd isoto-
pic systematics (Green et al., 2000, and references
therein). In contrast, primitive depleted tholeiitic volca-
nics of the West Pilbara are lacking such a contribution
(Ohta et al., 1996).

In komatiites and komatiitic basalts of the Komati
Group (3490 Ma) from the Barberton belt, which are
comparable in age with komatiitic basalts of the Warra-
woona Group, East Pilbara, concentrations of MgO, Cr
and Ni are relatively higher, while concentrations of
many lithophile elements (La, Nb, Th, etc.) are low-
ered. This is likely a consequence of a different degree
and/or depth of melting in mantle reservoirs with close
geochemical parameters. In distinction from the East
Pilbara case, the relative enrichment of Barberton
komatiites in LREE (Lay/Yby = 1) was likely caused by
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Fig. 5. Secular changes of major and trace element concentrations in igneous rocks of the Pilbara, Kaapvaal, and Karelian granite-
greenstone terrains (GGT): (1) tholeiitic, (2) calc-alkaline volcanics and (3) granitoids of the Pilbara GGT; (4) tholeiitic, (5) calc-
alkaline volcanics and (6) granitoids of the Kaapvaal GGT; (7) tholeiitic, (8) calc-alkaline volcanics and (9) granitoids of the Kare-
lian GGT;

ites and tholeiitic basalts of the Nondweni belt, we observe
lowering MgO, Cr and Ni concentrations, increasing
abundance of many lithophile elements, and a higher
extent of relative enrichment in LREE (Fig. 5) that is

the subduction-related LREE addition to depleted mantle
source of magmas rather than by the crustal contamination
(Parman et al., 2003). By transition from magnesian vol-
canics of the Barberton belt to younger (3406 Ma) komati-
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explained by crustal contamination of juvenile magmas
(Riganti and Wilson, 1995).

Thus, one of the factors, which controlled secular
variations in geochemical characteristics of Pale-
oarchean tholeiitic volcanic rocks, was crustal contam-
ination of mantle melts that became relatively enriched
in lithophile elements. In the Pilbara craton, influence
of this factor is recorded in older tholeiitic volcanics of
the eastern zone (Coonterunah and Warrawoona
groups), whereas younger tholeiitic basalts of the West
Pilbara (Roebourne Group) are lacking indications of
this influence. In contrast, contamination of tholeiitic
magmas by crustal material increases in the East
Domain of Kaapvaal craton by transition from older
volcanics of the Komati Formation of the Barberton
belt to younger volcanic rocks of the Magongolozi For-
mation of the Nondweni belt. Besides the crustal con-
tamination that influenced geochemistry of tholeiitic
magmas, the decreasing degree of melting in response
to successive cooling of mantle under cratons could be
responsible for the general depletion of tholeiitic asso-
ciations with time in the characteristic “mantle” com-
ponents, such as MgO, Cr, Ni and Co.

Volcanics of calc-alkaline association from the
East Pilbara greenstone belts represent different hori-
zons of the Warrawoona (3490-3320 Ma) and Sulfur
Spring (3250 Ma) groups. They reveal the following
trends of changes in their geochemical characteristics
with time: successively increasing concentrations of Y,
Yb, Th, Nb, U, Ba and SiO,; decreasing contents of
AL, O3, Cr, V, Sr, Ti and lowering La/Yb and St/Y ratios;
relatively constant concentrations of La, Ni, Mg, Fe and
some other elements. Despite the less representative
amount of geochemical data for rocks of the Kaapvaal
craton, it is evident (Fig. 5) that calc-alkaline volcanics
from the Onverwacht (3453 Ma) and Fig Tree (3256—
3259 Ma) groups repeat in general the secular
geochemical trends characterizing this rock association
in the Pilbara craton. Two interrelated factors could be
controlling geochemical trends of calc-alkaline volca-
nics under consideration. First, it could be the decreas-
ing depth of silicic magma generation and associated
lower proportion of garnet but higher proportion of pla-
gioclase in restite (cumulative) mineral associations at
the corresponding levels. Second, abundance of silicic
crustal material could be getting higher in magma
sources. According to tectonic reconstructions (Vearn-
combe and Kerrich, 1999), the observable geochemical
trends could be caused by changes in the thermal state
of mantle and, consequently, by the modified geometry
of Archean subduction zones with interrelated adjust-
ment of petrogenetic processes. If these assumptions
are correct, then the early silicic volcanics of the War-
rawoona Group can be regarded as eruption products of
magmas, which originated by melting of metabasites of
subducting oceanic crust, whereas younger silicic vol-
canics of the Sulfur Spring Group can be interpreted as
differentiates of magmas generated in a mantle wedge
above subduction zone.
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Granitoids of the Kaapvaal and Pilbara cratons
originated from 3.47 to 2.95 Ga demonstrate systematic
changes in concentrations of many elements by transi-
tion from the early syntectonic TTG granitoids to the
late and post-tectonic calc-alkaline intrusive rocks. In
general, “mantle” chalcophile and siderophile elements
(Fe,05, MgO, Cr, Ni, V, Sc, Cu) tend to decline in abun-
dance, when concentrations of crustal lithophile ele-
ments, HFSE and LREE (Ba, Sr, U, Pb, Nb, Th, La,
etc.) increase in granitoids ranging in age from 3.47 to
3.00 Ga. This tendency reflects, as we believe, the suc-
cessive geochemical differentiation of evolving conti-
nental crust. The maximum enrichment in “crustal” ele-
ments and simultaneous step-wise growth of concentra-
tions of “mantle” elements are established in granitoids
of sanukitoid series of the Pilbara craton, which are
ca. 2.95 Ga old (Smithies and Champion, 2000). This is
likely a result of magma generation in the enriched
lithospheric mantle with subsequent crustal contamina-
tion of derived sanukitoid magmas.

CONCLUSIONS

Geochemical trends similar in general are character-
istic of the Paleoarchean to Neoarchean evolution of
magmatism in the considered GGTs. At the early mag-
matic stages in heterochronous GGTs, volcanics of
tholeiitic associations, the products of magma genera-
tion at various levels of asthenospheric and lithospheric
mantle, transported up to the crust simatic material
enriched in chalcophile and siderophile elements
Fe,0;, MgO, Cr, Ni, Co, V, Cu, and Zn. The next stage
of magmatism corresponded to eruption of calc-alka-
line volcanics and to emplacement of syntectonic TTG
granitoids. This stage was interrelated with partial
melting of tholeiitic metavolcanics either in lower hori-
zons of thickened mafic crust of the oceanic plateau
type (Hoffman and Ranalli, 1988; de Wit, 1998; Zegers
and van Keken, 2001), or by subduction of oceanic
crust (Martin, 1999; Kusky and Polat, 1999; Samsonov
et al., 2005). This led to the crust enrichment in litho-
phile elements (Rb, Cs, Ba, Th, U, Pb, Nb, La, Sr, Be,
etc.). Terminal stages of the crust formation in all GGTs
were marked by emplacement of granitoid intrusions
with elevated concentrations of crustal and “mantle”
components (MgO, Al,O;, Ba, Cr, Ni, Co, V, Mo, W,
Zn, Cu, Th, U, Pb, La, Sc, Sr). At this stage, silicic
rocks of earlier stages and lithospheric mantle that
experienced metasomatic alterations during past sub-
duction episodes were jointly involved in processes of
magma generation. The outlined geochemical trends
characterize complete cycle of the GGT evolution with
resultant formation of Archean juvenile crust. The GGT
development with corresponding geochemical cycles
of crust formation was characteristic of the terminal
Paleoarchean, Mesoarchean, and Neoarchean.

Besides these general trends of geochemical evolu-
tion, magmatism of GGTs different in age had some
specific aspects. First, cycle of geochemical evolution
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was much longer in the Paleo- to Mesoarchean GGTs
than in the Meso- to Neoarchean GGTs. Second, being
similar in composition and geological position mag-
matic rocks of the GGTs differing in age show
geochemical distinctions.

Volcanics of tholeiitic association from the Pale-
oarchean Kaapvaal and Pilbara cratons, being com-
pared with Neoarchean analogs from the Karelian
GGT, which have close Mg, Cr and Ni concentrations,
reveal wider variation ranges and higher concentrations
of elements incompatible with mantle restites, such as
Fe, V, Cu, Zn, Ti, La, Yb, Nb, U, Th and other LILE,
HFSE, and REE (Fig. 5). These distinctions in
geochemistry of heterochronous tholeiitic volcanics
could be explained by a more significant contribution of
sialic material to mantle-derived Paleoarchean magmas
as compared to those of the Neoarchean time. However,
this explanation seems paradoxical and improbable,
because continental crust progressively grew through-
out the Archean Eon, and crustal influence on composi-
tion of mantle-derived melts should be greater in the
Neoarchean than in the Paleoarchean. The more plausi-
ble explanation is that secular changes in geochemistry
of Archean tholeiitic magmas reflect general geochem-
ical evolution of mantle reservoirs they were derived
from, since successive events of partial melting led to
depletion of mantle material in incompatible elements,
which accumulated in upper shells of the Earth, i.e., in
the crust and lithospheric mantle.

Calc-alkaline volcanics and granitoids of Pale-
oarchean GGT show higher Y and Yb concentrations
and less fractionated REE spectra (Lay/Yby <10) than
the same rock associations of the Neoarchean time
(Fig. 5). These geochemical parameters are controlled
in magmatic systems primarily by garnet (Rollinson,
1993), and consequently, by pressure at the levels of
generation and/or differentiation of magmatic melts
(Rapp et al., 1991; Rapp and Watson, 1995), and their
decrease with time suggests the increasing depth of
calc-alkaline magma generation during the Archean.
This could be interrelated with changes in geometry of
subduction zones, e.g., with the oceanic plates subduc-
tion under steeper angles, because their thickness and
temperature decreased in response to the Earth cooling
(Martin, 1999; Martin and Moyen, 2003). It should be
noted also that many researchers consider the Late
Mesoarchean and Neoarchean calc-alkaline volcanics
and TTG granitoids younger than 3.0 Ga as related in
origin to convergent plate boundaries (de Wit, 1998;
Kusky and Polat, 1999; Shchipansky et al., 1999, 2001:
Polat and Kerrich, 1999, 2001, 2002). In contrast, ori-
gin of the same Paleoarchean rocks is interpreted either
in terms of partial melting of greatly thickened crust of
oceanic plateaus, which are thought to be formed either
above large mantle plumes (Shchipansky and Podlad-
chikov, 1991; Samsonov and Bogatikov, 1999; Zegers
and van Keken, 2001), or by tectonic imbrication of
gently dipping oceanic plates (Hoffman and Rinalli,
1988). An additional argument in favor of tectonic fac-
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tors, which could control development of calc-alkaline
volcanism and emplacement of TTG granitoids, when
mechanism of plate tectonics was triggered in the Late
Mesoarchean, is appearance at that time (about 2.95 Ga
ago) of sanukitoid magmatic rocks, the derivates of
magmas, which originated in lithospheric mantle
greatly altered by subduction-related metasomatic pro-
cesses.
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