Precambrian Ophiolites and Related Rocks

Edited by Timothy M. Kusky

Devel opments in Precambrian Geology, Vol. 13 (K.C. Condie, Series Editor) 405
© 2004 Elsevier B.V. All rights reserved.

Chapter 13

3.0 GA OLONDO GREENSTONE BELT IN THE ALDAN SHIELD,
E. SSBERIA

IGOR S. PUCHTEL

Department of the Geophysical Sciences, The University of Chicago,
5734 South Ellis Avenue, Chicago, IL 60637, USA

1. INTRODUCTION

Greenstone belts are the best preserved areas in Precambrian shields that provide a
window into a distant geological past. One of the most challenging issues in the earth
sciences is the reconstruction of the chemical and tectonic evolution of the early Earth.
Plate tectonicsis the most commonly cited mechanism by which the modern Earth releases
its heat. Plate tectonics is responsible for chemical and mass exchange within the mantle
and basically for the way our planet looks and evolves today. Whether the Earth was so
different in the Archean that plate tectonics did not operate has remained the subject of
a long-standing debate (e.g., dewit and Ashwal, 1986, 1997). This question still cannot
be answered with a sufficient degree of certainty due to the fact that relicts of bone fide
Archean oceanic crust as we understand it have yet to be found. This is mostly because
of the contorted and incomplete nature of the record in the greenstone belts none of which
can be regarded as an unequivocal Archean ophiolite, and also because of the highly varied
ways in which plate tectonic processes can operate. But it appears that we are getting very
close indeed. This manuscript is an attempt to address the above problem by studying a
3.0 billion-year-old ophiolite-like association of the Olondo greenstone belt in the Aldan
shield.

The Olondo greenstone belt is a unique structure for several reasons. Firgt, it is distin-
guished from the other greenstone belts in the Aldan Shield by an abundance and a great
facies diversity of mafic-ultramafic rocks. In this respect, there is no match to this green-
stone belt in the Aldan Shield, one of the largest cratonic segments on Earth. Second, the
rocks arerelatively well preserved both geologically and geochemically compared to other
Archean ophiolite-like sequences worldwide, and thus can be regarded as valuable wit-
nesses of the early history of the Earth. Third, the Olondo greenstone belt contains one of
the oldest ophiolite-like sequences on the planet. Because of the reasons outlined above,
this is arguably the best studied greenstone belt in the Aldan shield. In addition, the age
of the Olondo greenstone belt at 3.0 Ga is intermediate between the two most commonly
cited periods of global crust-forming activity, namely, 2.7 and 3.4 Ga (Condie, 1995, 1998).
Thus, the study of this belt can help fill the gap in our understanding the significance of
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the tectonothermal and chemical evolution of the Earth during the time period between the
early and late Archean.

2. REGIONAL GEOLOGY

The Aldan Shield isthe largest basement salient in the Siberian craton. The shield con-
sists of the Aldan granulite-gneiss terrain, and Batomga and Olekma gneiss-greenstone
terrains (GGT) to the west and east, respectively (Fig. 1). The geology, stratigraphy and
geochronology of the region have been reviewed in numerous publications (Mironiuk
et al., 1971; Drugovaet a., 1985; Petrov, 1985; Dook et al., 1986, 1989; Smelov, 1989;
Puchtel, 1992; Dobretsov et a., 1997; Jahn et al., 1998). The geological framework of
the Olekma GGT is defined by the juxtaposition of the Olekma gneiss-migmatite com-
plex and the Subgan granite-greenstone complex, which occur in the proportion 10:1.
The Olekma gneiss-migmatite complex comprises tonalitic-trondhjemitic gneisses (TTG),
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Fig. 1. Geological sketch map of the central part of the Aldan Shield (modified after Dook et al.,
1986, 1989).
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amphibolites, granitic gneisses and migmatites. Amphibolites and tonalite-trondhjemitic
gneisses occur as remnants within vast areas of granitic gneisses. The U-Pb zircon ages of
tonalite-trondhjemitic gneisses of 3212 + 8, 3172+ 24, and 3335+ 2 Ma (Nutman et a.,
1990, 1992; Jahn et al., 1998) and the Sm-Nd isochron age of 3235 + 174 Ma (Puchtel
et a., 1993) are considered to represent the time of emplacement of tonalite-trondhjemitic
magmas. The granitic gneisses in the vicinity of the Olekma River range in age between
2.8 and 3.0 Ga, with most of the zircon data clustering around 3.0 Ga (Jahn et al., 1998).
Puchtel et al. (1993) obtained a Sm-Nd isochron age of 2835 4+ 94 Ma for these rocks,
which is close to the U-Pb zircon (SHRIMP) age of 2862 + 14 Ma (Baadsgaard et al.,
1990). These ages reflect the time of high-grade metamorphic event and migmatitiza-
tion.

The Subgan granite-greenstone complex includes sedimentary, volcaniclastic and vol-
canic rocks of greenstone belts, which have undergone polyphase greenschist to amphibo-
lite facies deformation and metamorphism. The greenstone belts strike N-S and are con-
fined to narrow linear zones (Fig. 1). Within these zones, the rocks of the Subgan complex
are folded into narrow elongated troughs, and bounded by the highly schistose to blasto-
mylonitic TTG of the Olekmacomplex. Varioustypes of granitesheal the tectonic contacts
between the two complexes. The greenstone beltsrange in age between 3.2 and 2.7 Gaand
can be subdivided into predominantly volcanic and volcano-sedimentary types on the ba-
sis of lithology. The Olondo greenstone belt is a typical example of the former group. It
is arguably the best exposed and best studied among the greenstone belts in the Olekma
GGT.

3. GEOLOGY OF THE OLONDO GREENSTONE BELT

The Olondo greenstone belt is located in the central part of the Olekma GGT. It is
about 100 km long and has a maximum width of 30 km (Fig. 1). The geology and
stratigraphy of the area has been described in a number of publications (e.g., Drugova
et al., 1983, 1988; Popov et a., 1990, 1995; Puchtel, 1992; Dobretsov et a., 1992;
Puchtel and Zhuravlev, 1993b). The belt occurs as narrow, dislocated and intricately de-
formed synforms with an approximately N-S trend. The largest, the Olondo synform, has
amaximum size of about 30 x 10 km. It has steep limbs and splits up into two branchesin
its northern portion (Fig. 2). The Olondo synform is characterized by arather symmetrical
distribution of various volcanic rock types with respect to the axis of the V-shaped struc-
ture. Contacts between the supracrustal rocks and the surrounding tonalitic-trondhjemitic
gneisses are tectonic. Numerous tonalite plutons intruded along the contacts between the
TTG and the greenstone sequences. There are also several tonalite massifs in the central
part of the synform. These plutons contain xenoliths of metamorphosed mafic-ultramafic to
intermediate-felsic vol canic and plutonic rocks. The volcanic sequence of the belt has been
subdivided into the lower and upper units (Puchtel and Zhuravlev, 1993b). The boundary
between the two is not well defined geologically and is thus not shown on the map. The
lower unit is exposed in the eastern and western marginal portions of the belt and has a
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maximum thickness of ~ 500 m. It is composed largely of mafic and ultramafic volcanic
and volcaniclastic rocks. Volumetrically, the mafic metavolcanics are predominant. The
upper unit occursin the central part of the belt and consists of intermediate and felsic lavas
and subvolcanic rocks with a subordinate amount of volcaniclastic lithologies and mi-
nor metasedimentary intercalations. The upper unit is about 600 m thick in total. Several
authors opined that the above-mentioned succession of volcanic-sedimentary sequences
cannot be regarded as having stratigraphic significance due to the intensive metamorphic
reworking and deformationsand the presence of numerousintrusive bodies of variouscom-
positions (Popov et a., 1995). Moreover, these authors suggest that the upper and lower
sequences were spatially and temporary separated and were tectonically juxtaposed during
later stages of evolution of the belt.

Mafic and ultramafic plutonic rocks constitute a substantial part (> 30%) of the Olondo
complex. Ultramafic plutonic rocks are mostly represented by large dunite-peridotite bod-
ies that have clear tectonic relationships with the country rocks. In most places they are
confined to the contact between the lower and the upper unit rocksand locally occur within
the lower unit lavas. Mafic plutonic rocks are most abundant in the belt. They are chiefly
represented by differentiated gabbro sills that are confined to lithological boundaries.

The metamorphic grade ranges from epidote-amphibolite to amphibolite facies (T =
550-600°C, P = 2-5kbar) and increasesdightly towardsthe marginsof the belt (Drugova
et al., 1983; Popov et al., 1990). Zircons from samples of felsic volcanics collected in the
western part of the belt yielded a crystallization age of 2986 + 12 Ma, those from the
central part, 2998 &+ 18 Ma, and zircons from the easternmost samples, 3005 + 10 Ma
(SHRIMP data: Baadsgaard et al., 1990). The greenstone belt is cut by metamorphosed
dikes of picrites with a Sm-Nd whole-rock age of 2202 + 41 Ma (Puchtel and Zhuravlev,
1993a).

The eastern branch of the synform (Fig. 2) is best preserved and contains several groups
of mafic-ultramafic rocks of the lower unit, including Eastern komatiitic (EKB) and East-
ern tholeiitic basalts (ETB), ultramafic plutonic rocks and gabbro sills, and thin horizons
of actinolite-chlorite schists first identified as komatiites (here called Western komatiites)
in the western branch of the synform by Drugova et al. (1988). Field characteristics and
petrology of these rocks are given below. For more detailed information, the reader is
referred to publications by Popov et a. (1990), Puchtel (1992), Puchtel and Zhuravlev
(1993b).

4. FIELD PETROLOGY OF THE MAFIC AND ULTRAMAFIC ROCKS

4.1. Eastern Komatiitic Basalts

Eastern komatiitic basalts (EKB) form a gently dipping volcanic sequence consisting of
massive, pillowed and differentiated lava flows 5.5 to 38 m thick which are underlain and

overlain by tholeiitic basalts. The differentiated flows consist of the upper pillow, the mid-
dle massive, and the lower cumulate zone. The pillow lava zone is composed of closely
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packed almost undeformed fragments a few tens of centimeter to a few meters in size.
The fragments are tongue-like, bulbous, spheroidal or pillow-like in shape. Their tops are
typically convex, and the bottoms either sag down into interpillow space, or are concave,
conforming with the topography of the underlying fragments (Fig. 3). The matrix between
the fragmentsis filled with a fine-grained actinolite-chlorite aggregate. The middle mas-
sive zone of the flows has a uniform structure and shows columnar jointing. The lower
cumulate zone of the flows, where present, consists of a massive rock enriched in cumulate
olivine now completely replaced by chlorite. Some of the thinner flows exhibit easily iden-
tified porous, brecciated tops and are composed of pillowed or massive komatiitic basalt
throughout.

4.2. Eastern Tholdiitic Basalts (ETB) and Associated Gabbro

Tholeiitic basalts, now represented by amphibolite schists, occur as spatialy separated vol-
canic sequences that underlie and overlie the komatiitic basalts. Where primary volcanic
structures are preserved, it is possible to identify individual flows that vary in thickness
from 5 to 50 m and have an amygdaloidal, massive or pillow structure. The amygdaloidal
and massive flows have brecciated flowtops, which are made up of a highly porous, frag-
mented rock, the product of mechanical shattering of the upper chilled crust during the
movement of the lava. In the massive flows, the flowtop breccia is underlain by a fine-
grained amphibolite, that gives way to acoarser-grained variety. In the amygdal oidal flows,
the amygdules decrease in size and abundance towards the bottom, with the lower third
usualy being massive. Pillow lava flows are composed of severely deformed fragments
up to 2 min size. Associated with the tholeiitic basalts are gabbro intrusions. They occur
as concordant bodies, a few meters to several hundred meters thick, and are identified by
symmetric chilled zones at the contacts with the country rocks, by relics of gabbro textures
and a massive structure.

4.3. Western Komatiites

Western komatiites (WK) are now represented by series of concordant actinolite-chlorite
schist bodies 0.5-25 m thick, which alternate with mafic lavas and tuffs. Due to their posi-
tion in the lowermost part of the synform near the contact with TTG, the actinolite-chlorite
schists are severely sheared, which obscures the nature of their precursor rock. Because
of rather poor exposure, the exact dimensions of the bodies are not well known, but are
presumed to be not less than several hundred to several thousand meters along the strike.
At theinferred tops of some of the least altered bodies, rocks resembling flowtop breccias
of komatiite lavas have been found. Those bodies might have been massive lava flows.
Others, which lack evidence of extrusive origin, may represent hypabyssal sills.

4.4. Ultramafic Plutonic Rocks

Ultramafic plutonic rocks are represented by lenticular bodies of various size. The best pre-
served and best studied is the Red Hill massif exposed at the western flank of the eastern
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Fig. 3. Fragments of pillow lavas from the upper part of Eastern komatiitic basalt differentiated
flows.
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branch (Fig. 2). It is about 600 x 4000 min size, and is concordant with the schistosity of
the surrounding tholeiitic basalts. The body is cut into blocks by a series of faults and has
had along metamorphic and tectonic history. The western exposed contact is tectonic. The
border zoneis schistose near the contact and becomes massive afew metersaway. The mas-
sif is composed of dunites-peridotiteswith relict igneous textures, and of products of their
reworking, represented by metamorphic olivinites. The former occur in the least deformed
central portion of the massif. The dunites are made up of 95-97% of equant, closely packed
olivine grains 0.5-2 mm in size with a composition of Fog1 292 4. Theinterstices arefilled
with clinopyroxene and chromite grains. The peridotites consist of 70-90% of elongate to
equant euhedral olivine grains 1-8 mm in size, ranging in composition between Fogg g-go 5.
Intercumulus minerals are represented by clinopyroxene and chromite grains. Typical fea-
tures of the olivines from dunites and peridotites are their red-brown color, the ubiquitous
presence of minute secondary mineral inclusions, lack of internal zoning and low Ca and
Cr contents. Chromites from both dunites and peridotites contain 7-17% Al,03, 4.5-6.5%
MgO, and 44-52% Cr,03, with Cr# = 0.82 4 0.05 (Cr# = Cr/(Cr + Al)). These chromite
compositions plot in the field of boninites and island arc tholeiites, well above the field
of MORBs as compiled by Portnyagin et al. (1997). As was aso concluded by Dick and
Bullen (1984), Cr# of greater than 0.7 are indicative of an arc-related rather than aMORB
Setting.

The olivinites consist of densely packed, bladed, and equant tabular olivine Fogg 6-g9.1
grains, 1-15 mm in size, elongated in the direction of the schistosity and showing a dis-
tinct cleavage coincident with the schistosity of the rocks and the amphibolites hosting the
massif. Chromites from the olivinites are relatively high in CroO3 (39-42%), Al2O3 (5.7—
12%), and MgO (2.7-4.6%), the contents of which, however, are lower than those in the
original cumulate peridotites and dunites.

5. MAJOR AND TRACE ELEMENT GEOCHEMISTRY

The chemical compositions of mafic-ultramafic volcanic and intrusive rocks are shown
in the primitive mantle normalized plots in Fig. 4, and representative analyses are listed
in Table 1. Common features of basalts, komatiites and gabbros include L REE-depl etions
with (La/Sm)n ranging between 0.54 in WK and 0.96 in EKB, and pronounced posi-
tive U and Th anomalies in all rocks but ETB (Nb/U = 12-20 in EKB, WK and gab-
bro and ~ 28 in ETB as compared to the chondritic value of ~ 30). The (Nb/Th)y and
(Nb/La)y ratiosare on average also lower than chondritic (0.94+ 0.2 and 0.8+ 0.1, respec-
tively).

5.1. Eastern Komatiitic Basalts
Eastern komatiitic basalts have a rather uniform MgO content of 15 4+ 1% in the pillow

zones of differentiated flows, which are considered to represent the composition of the
emplaced lavas. They are substantially depleted in Al and Y relativeto Caand Ti and in
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Fig. 4. Primitive mantle normalized abundances (Hofmann, 1988) of selected major and trace el-
ements in the Olondo volcanic and plutonic rocks. Major and minor elements were determined by
X-ray fluorescence spectrometry, REE by ID-TIMS, rest of trace elements by ICPMS.

Gd relative to Yb (Fig. 4), which led Puchtel and Zhuravlev (1993b) to classify them as
belonging to the Al-depleted type of komatiitic rocks of Neshitt et al. (1979). However, the
rocks have pronounced negative Zr and Ti anomalies, which are not observed in pristine
plume-related Al-depleted komatiites.

5.2. Western Komatiites

Western komatiites show nearly chondritic HREE distribution patterns of an Al-undepleted
type komatiite (Fig. 4) and were classified as such by Puchtel and Zhuravliev (1993b). At
the same time, these rocks have several chemical featuresthat distinguish them from most
Archean komatiites. First, they have about two times lower HFSE abundances at a given
MgO content compared to typical plume-related komatiites such as those from the Kosto-
muksha or Abitibi greenstone belts (Arndt, 1986; Puchtel et a., 1998). Second, they are
characterized by elevated Cr abundances (up to 4000 ppm), which correlate positively with
MgO. Thisisin contrast to typical komatiiteswith > 20% MgO, in which Cr behavesasan
incompatible element during lava differentiation (e.g., Arndt, 1986). Third, they have high
Al/Ti ratios, about 27 on average, dueto arelative Ti-depletion rather than Al-enrichment.
Finally, they are enriched in SIO, (up to 51%) compared to typical komatiites with compa-



Table 1. Major and trace element data for mafic and ultramafic rocks from the Olondo greenstone belt

Eastern komatiitic basalt Eastern tholeiitic basalt West komatiite Gabbro Red Hill massif
Sample 07/2 07/6 07/9 07/16  109/1 507/4 104/1 105/1 106/2 8569 8551 15/1  15/2 86226 86245 86371 85358
SOy 48.2 49.5 50.7 49.0 48.8 48.9 49.2 49.0 49.5 46.7 49.6 49.5 49.1 46.2 40.4 41.0 41.6
TiOy 0.78 0.78 0.76 0.75 117 0.93 1.10 1.27 112 0.29 0.32 0.73 0.70 0.67 0.08 0.07 0.04
A1,03 7.83 7.93 7.70 7.72 15.3 15.2 14.6 14.8 15.2 7.12 7.21 14.5 14.2 14.6 1.24 1.24 0.76
FeoO3 14.8 13.6 13.4 14.6 134 14.2 145 14.7 13.8 12.0 11.5 129 125 14.0 10.8 11.2 8.44
MnO 0.21 0.19 0.19 0.20 0.19 0.19 0.19 0.18 0.20 0.18 0.18 0.20 0.21 0.21 0.16 0.18 0.13
MgO 14.9 14.3 14.0 139 7.49 7.20 7.38 7.05 7.09 27.1 215 8.45 8.86 9.70 46.5 45.8 47.4
CaO 12.0 12.4 12.7 129 11.4 11.3 11.0 10.9 111 6.43 9.26 11.7 11.8 12.2 0.74 0.47 1.55
Na,O 0.96 0.93 0.28 0.59 1.75 1.78 1.55 1.70 161 0.10 0.38 1.68 2.27 1.98 0.01 0.01 0.01
K20 0.12 0.14 0.14 0.11 0.26 0.13 0.33 0.20 0.16 0.02 0.04 0.10 0.19 0.22 0.01 0.01 0.01
P>0s5 0.24 0.23 0.23 0.17 0.24 0.19 0.23 0.26 0.23 0.09 0.09 0.16 0.18 0.17 0.09 0.09 0.05
Cr 1692 1249 1320 1207 349 278 263 249 255 3519 2528 408 463 593 2672 5676 2244
Ni 518 370 397 356 137 112 120 108 129 1210 1095 131 155 170 3066 2762 3075
Zr 47 45 43 46 62 55 64 65 60 14 15 40 37 36
Nb 215 2.18 1.99 211 3.07 2.56 2.40 2.94 2.32 0.350 0.450 1.36 1.59 1.10
Ta 0.148 0.143 0.128 0134 019 0.170 0.158 0.187 0.149 0.019 0.025 0089 0.099 0.071
Y 15 14 13 14 27 22 24 28 25 6 6 17 16 16
Th 0.349 0.326 0.281 0325 0332 0290 0268 0312 0.232 0.091 0102 0.198 0.248 0.166
U 0.114 0.107 0.092 0.106 0.108 0.095 0.087 0.102 0.076 0.030 0.033 0.065 0.081 0.054
La 3.29 2.73 2.64 3.14 3.63 3.54 3.78 3.44 2.78 0.347 0.456 1.84 2.01 1.46 0.126 0.184 0.177
Ce 8.89 7.65 7.12 8.31 9.90 9.39 10.2 10.1 8.12 123 141 5.17 5.42 3.86 0.357 0.458 0.447
Nd 6.98 6.38 5.68 6.15 7.70 7.20 8.03 8.47 6.92 121 124 4.40 4.39 3.39 0.274 0.266 0.290
Sm 219 2.01 1.80 1.77 2.56 2.28 2.68 2.83 2.35 0.459 0.480 151 1.49 1.30 0.088 0.071 0.080
Eu 0.805 0.733 0.667 0.706 0913 0.808 0.965 0985 0.789 0.124 0.137 0.561 0524 0.602 0.030 0.017 0.033
Gd 2.68 2.47 221 2.04 334 3.02 3.53 3.86 3.23 0.678 0.716 2.17 2.09 1.92 0.119 0.093 0.101
Dy 281 2.60 2.31 2.04 4.04 3.60 4.27 4.46 3.79 0.907 0.931 2.63 2.61 2.48 0.149 0.121 0.121
Er 1.61 1.46 1.28 1.15 2.53 2.27 2.64 2.78 2.39 0.611 0.626 1.71 1.69 1.58 0.103 0.096 0.080
Yb 1.42 1.30 1.14 1.01 2.39 2.10 2.49 2.68 2.28 0.621 0.634 1.65 1.60 151 0.115 0.120 0.083

Major elements in wt%, minor and trace elements in ppm. Analyses recalculated on an anhydrous basis.
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rable MgO content. Therefore, though we continueto apply theterm ‘komatiite’ to describe
thisrock type, we no longer consider them to be true komatiitic lavas.

5.3. Eastern Tholeiitic Basalts and Gabbros

Eastern tholeiitic basalts and gabbros both have unfractionated HREE patterns similar to
those of Archean tholeiites and are thought to have been related by olivine-plagioclase-
clinopyroxenefractionation (Puchtel and Zhuravlev, 1993b). Compared to typical Archean
tholeiites (Condie, 1985; Arndt, 1991), however, they are higher in Ni, Co and Cr at agiven
MgO content and overall are substantially depleted in HFSE.

5.4. Dunites and Peridotites

Dunites and peridotites from the Red Hill massif have MgO contents ranging between 43
and 50% and were proposed to represent cumulates derived from the Western komatiite
parental magma (Puchtel and Zhuravlev, 1993b). REE patternsvary from dightly depleted
to enriched for both LREE and HREE. The abundances of moderately to highly incom-
patible elements are similar to those in residual ophiolitic peridotites (Jaques et al., 1983;
Prinzhofer and Allegre, 1985) and are lower than those in ultramafic cumulates of thick
differentiated komatiite lava flows (Arndt and Lesher, 1992).

6. PB AND ND ISOTOPE SYSTEMATICS

The Sm-Nd and Pb-Pb data for the Olondo mafic-ultramafic rocks are plotted in Figs. 5
and 6. Inthe Sm-Nd diagram, the datafor thelavas (EKB + ETB) yield anisochronwith an
age of 3006 + 84 Ma. Thisageisin good agreement with the results of ion-probedating of
zircons from different parts of the synform (2986 + 12 to 3005 4 10 Ma) and corresponds
to the time of the eruption of the lavas. All samples have nearly uniform, positive initial
¢Nd values ranging between +2.5 and +2.8.

Cumul ate-textured dunites and peridotites of the Red Hill massif exhibit nearly chon-
dritic Sm/Nd ratios; the data yield an isochron with an age of 3003 + 117 Ma, identi-
cal to the emplacement age of the lavas. The initial ¢éNd, however, is somewhat lower, at
+1.5+ 0.10 (Fig. 5). Puchtel and Zhuravlev (1993b) interpreted these lower values as a
result of hydrothermal alteration of the rocks, which has taken place nearly simultaneously
with their emplacement.

In the 297Pb/2%4Pp vs 2%6Ph/204Ph diagram, the data for the mafic lavas also define
an isochron with a slope corresponding to an age of 3065 + 73 Ma, which is identical,
within analytical uncertainty, to the Sm-Nd and zircon data. The w1, or time-integrated
238/204pp of the source of the magmas, is 8.76 + 0.10, which is close to the mantle value
of 8.75 at 3.0 Ga (Fig. 6). In the 2%Ph/204Pp vs 2%6Ph /204Ph space, the data also define
alinear trend, from which the Th/U ratio of the rocks is calculated to be 3.1 + 0.3. This
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Fig. 5. Sm-Nd isochron diagrams for the Olondo volcanic rocks (top) and Red Hill massif dunites
and peridotites (bottom). Analyses were carried out at the Max-Planck Institut fir Chemie in Mainz
using the technique described by Puchtel and Zhuravlev (1993b).

ratio is lower than that of the contemporary plume-derived mafic-ultramafic lavas from
several greenstone belts of 3.3-3.4 (e.g., Dupré and Arndt, 1990; L ahaye and Arndt, 1996;
Puchtel et al., 1998, 1999, and references therein). It is noteworthy that modern island
arc lavas have Th/U ratios of around 2.5 (e.g., Thirlwall et a., 1996; Peate et al., 1997,
Ewart et al., 1998).

In Fig. 7, compositions of the Olondo lavas are plotted on the diagram ¢eNd vs Nb/Th,
where the Nd isotopic compositions are recal cul ated relative to the hypothetical MOMO
(major orogeny-mantle overturn) evolution line of Stein and Hofmann (1994). As can be
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Fig. 6. Pb-Pb evolution diagrams for the Olondo volcanic rocks. The mantle evolution curve was
drawn assuming a single-stage model, 111 value of 8.75, 4.50 Ga as the age of the Earth, and Canyon
Diablo values of Tatsumoto et a. (1973) for the starting Pb isotopic composition. Analyses were
carried out at the Max-Planck Ingtitut fir Chemie in Mainz using the technique described by Puchtel
and Zhuravlev (1993b).

seen from the diagram, Eastern TB plot in thefield of the Caribbean oceanic plateau basalts
though at the lower end of Nb/Th ratios, while WK are associated with island arc volcanic
rocks, and EKB and gabbros have intermediate compositions between the two.

7. RE-OSISOTOPE SYSTEMATICS AND PGE GEOCHEMISTRY

Re-Os isotopic analyses were carried out on three bulk rock samples (Red Hill dunites
and aperidotite) and two chromite separates, and the data are plotted on the Re-Os diagram
in Fig. 8. All samples analyzed have high Os and very low Re abundances, and, thus, low
Re/Os ratios, generaly less than 0.1. This implies that the age corrections were minimal
and have generaly little effect on the measured Os isotopic compositions. All samples
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Fig. 7. (Nb/Th)y vs eNd(CHUR)-eNd(MOMO) data. The parameters of the PREMA reservoir are
adapted from Worner et al. (1986). ACC—average Archean continental crust of Rudnick and Foun-
tain (1995); modern primitive mantle and N-MORB estimates are from Hofmann (1988). Nd isotopic
compositions of ACC-contaminated rocks calculated at 2.7-2.5 Ga, and those of Olondo and Kosto-
mukshalavas at 3.0 and 2.8 Ga, respectively. The sources of the data used are available upon request.

plot close to the 3.0 Ga chondritic reference isochron and have an average initial 118’0s
(3.0 Ga) value of —0.5 £ 0.5. Since the chromites analyzed are magmatic in origin, and
the bulk rocks mostly retain primary magmatic textures and mineralogy, thisinitial 1 18’Os
valueisconsidered to reflect the Osisotopic composition of the mantle source of the rocks,
even though they do not form an isochron in the Re-Os diagram. Thisinitial valueiswithin
therange of Osisotopic compositions (from —5 to +6) obtained by Tsuru et a. (2000) and
Walker et al. (1996, 2001) for Proterozoic and Phanerozoic ophiolites, mostly from supra-
subduction zone (SSZ) settings.

PGE abundancesin the Red Hill dunites and peridotites are plotted as Cl-chondrite nor-
malized values in Fig. 9. The patterns for the Olondo peridotites are similar to those for
mantle rocks from SSZ-ophiolites (e.g., Rehkamper et a., 1997) and differ substantially
from olivine cumulatesin the lower parts of differentiated komatiite lavaflows (e.g., Puch-
tel and Humayun 2000, 2001) in having higher Os, Ir and Ru contents and lower Pt and Pd
abundances.
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Fig. 8. Re-Os diagram for the Red Hill dunites, peridotites and chromite separates. The analyses
were performed at the Max-Planck-Institut fiir Chemie in Mainz using the technique described in
detail in Puchtel et a. (2001). The line represents the chondritic reference at 3.0 Ga.
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Fig. 9. PGE concentrations in the Red Hill dunites and peridotites normalized to Cl-chondrite abun-
dances of Anders and Grevesse (1989). The data were obtained using the Carius tube digestion
ICPM S technique (Puchtel and Humayun, 2001).

8. TECTONIC SETTING OF THE OLONDO GREENSTONE BELT

Several lines of evidence suggest that the Olondo greenstone belt represents a fragment
of an ancient suprasubduction zone ophiolite sequence.

1. Submarine supracrustal sequences of the Olondo greenstone belt have linear rather
than areal distribution. This favors their origin in a subduction zone environment and not
as part of an Archean oceanic plateau. Unlike Phanerozoic ophiolite complexes, which
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include sheeted dike complex, the Olondo sequence is characterized by the presence of
a large amount of mafic and ultramafic sills. This may be indicative of a greater magma
supply and faster spreading rates in the Archean, as suggested by, e.g., Saunders et al.
(1996).

2. Olondo mafic-ultramafic lavas and gabbros have geochemical signatures typical of
boninite-like rocks in Phanerozoic SSZ-ophiolite sequences. These include depletions in
HFSE and enrichmentsin Si and Cr at a given MgO content, which point to a mantle
source that experienced a previous history of melt depletion, and enrichmentsin Th and
U, typical of subduction-related magmas (e.g., Taylor et a., 1994; Smellie et al., 1995;
Portnyaginet al., 1997, and referencestherein). These features coupled with the LREE- and
Nd-Pb depleted mantle-type characteristics are not observed in oceanic plateau or MORB
lavas and are unique to SSZ ophiolite sequences.

3. The presence of high-Mg lavas such as the Western komatiites and Eastern komatiitic
basalts with boninite-like geochemical and isotopic signatures indicates greater degrees of
mantle melting above a subduction zone induced by fluids from a downgoing slab having
lowered the melting point. This process is argued to produce SSZ ophiolite complexes
with depleted mantle sequences and thicker ultramafic crustal sections (e.g., Pearceet d.,
1984), in contrast to dry and |ess extensive melting beneath oceanic ridges, which produces
undepleted mantle Iherzolite and no ultramafic crustal sections.

4. PGE distribution patterns in the Red Hill massif dunites and peridotites are typical
of mantle rocks from SSZ environments. They were derived from a source previously de-
pleted in incompatible Pt and Pd.

5. The average initial yOs of —0.5 4 0.5 for bulk rock dunite-peridotite samples and
chromite separates is regarded as reflecting the Os isotopic composition of the Archean
convecting upper mantle in the region. These data alow to trace the evolution of the Os
isotopic composition of the convecting upper mantle as far back in the Earth history as the
middle Archean.
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