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Abstract: The oldest crust in the Ukrainian Shield occurs in the Podolian and Azov domains,
which both include Eoarchaean components. U-Pb age data for Dniestr—Bug enderbites, Podolian
Domain, indicate that these are c. 3.75 Ga old, and Lu—Hf isotope data indicate extraction from
chondritic to mildly isotopically depleted sources with eg¢ up to ¢. +2. Nd model ages support
their Eoarchaean age, while model ages for Dniestr—Bug metasedimentary gneisses indicate
that these also include younger crustal material. Most of the Hf-age data for metasedimentary
zircon from the Soroki greenstone belt, Azov Domain, reflects Eoarchaean primary crustal
sources with chondritic to mildly depleted Hf isotope signatures at 3.75 Ga. A minor portion
is derived from Mesoarchaean crust with a depleted ey signature of c¢. +4 at 3.1 Ga. U-Pb
zircon ages from Fedorivka greenstone belt metasediments are consistent with the Soroki age
data, but also include a 2.7-2.9 Ga component. Nd whole rock model ages provide support for
a younger crustal component in the latter. Both domains have been subject to Neoarchaean,
c. 2.8 Ga, and Palaeoproterozoic, c¢. 2.0 Ga, metamorphism. The spatial distribution indicates
that the Podolian and Azov domains evolved independently of each other before the amalgamation

of the Ukrainian Shield.

8 Gold Open Access: This article is published under the terms of the CC-BY 3.0 license.

The nature of continental crust formation processes,
the rates of crust formation and destruction and the
extent of continental crust in the early Archaean are
matters of much debate. While there is a consider-
able consensus that modern-type Wilson cycle pro-
cesses have been in operation since ¢. 3 Ga, it is not
clear when such processes became dominant and
when a global depleted mantle reservoir was estab-
lished. Modern-type subduction processes have
been suggested to have been in operation already
in the earliest Archaean (e.g. Harrison et al. 2005,
2008; Nutman et al. 2009; Hiess et al. 2009), but a
number of lines of evidence suggest that early
Archaean crust primarily formed by other processes
(e.g. Shirey & Richardson 2011; Dhuime et al. 2012)

and that at least regionally there was a mid-Archaean
transitional period between an ancient crustal evol-
utionary regime and the onset of modern-type
plate tectonics (Naeraa et al. 2012).

Key evidence about both ancient and modern
crustal formation processes is provided by isotopic
age determinations combined with Nd, Hf, Pb
and O isotopic data from whole rock samples, and
the Hf and O isotope compositions of dated zircon
crystals (e.g. Hawkesworth & Kemp 2006). Old
Archaean crust is commonly reworked, and the
characterization of its primary age and composition
is often difficult. In such rocks, where deformation
and metamorphism may have modified the U-Pb
systems in zircon and the original isotope record
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in whole rock samples, zircon crystals commonly
retain a robust memory of their original Hf and
O isotopic compositions, even when the U-Pb
system in the crystals has been disturbed.

The East European Craton, with its three seg-
ments Sarmatia, Volgo—Uralia and Fennoscandia
(Bogdanova 1993), comprises a significant fraction
of the Archaean crust exposed at the Earth, includ-
ing Palaeo- and Eoarchaean components (Fig. 1).
Much of this crust has been strongly reworked
during the Palaeoproterozoic. While the Archaean
in Fennoscandia has been documented in some
detail (e.g. Slabunov et al. 2006; Lauri et al.
2011), the Archaean of Sarmatia and Volgo—
Uralia is less well known. The Ukrainian Shield,
a central part of Sarmatia, includes Eoarchaean
components as well as younger Archaean and
Proterozoic rocks (Claesson et al. 2006; Bibikova
et al. 2010). In this contribution we present U-Pb

25°

and Hf zircon results and Sm—Nd whole rock data
from enderbites and metasedimentary rocks, which
provide new information about the origin and
complex Archaean and Palaeoproterozoic evolution
of this old segment of crust. We demonstrate that
two separate domains in the Ukrainian Shield
include significant components of rocks and meta-
sedimentary detrital minerals which are up to
3.75 Ga in age. There is no evidence in these new
results of more than mildly depleted mantle reser-
voirs 3.75 Ga ago, but 3.1 Ga rocks were derived
from clearly depleted mantle sources.

Geology

The Ukrainian Shield

The Ukrainian Shield is commonly described as
several blocks, or domains, separated by suture
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Fig. 1. Schematic geological map of the Ukrainian shield and its position in the East European Platform, modified from
a map by S. Bogdanova. The major rivers Dniestr, S. Bug and Dniepr are shown for orientation. The names of the

Podolian and Azov domains, which include Eoarchaean components, are written out in full. Other domains: V, Volyn;
RT, Ros-Tikich; K, Kirovograd (Ingul); MD, Middle Dniepr. Suture zones: GSZ, Golovaniv; KSZ, Krivyy Rih; OSZ,
Orekhiv—Pavlograd. The white rectangle marked ‘DB’ in the Podolian Domain denotes the area in the Dniestr—Bug

region displayed in Figure 2a.
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zones (Fig. 1). The Archaean high-grade Azov
Domain in the east and the Podolian Domain in
the SW were strongly reworked in the Palaeoproter-
ozoic. In contrast, the Meso-Neoarchaean granite—
greenstone Middle Dniepr Domain, in the central
part of the Shield, was virtually untouched by
Palaeoproterozoic orogenic processes. Palaeopro-
terozoic rocks compose most of the Kirovograd
(Ingul) Domain in the central part of the Shield,
and also the Ros—Tikich and Volyn domains in
its northwestern part. The Orekhiv—Pavlograd,
Krivyy Rih and Golovanivsk suture zones (Fig. 1)
which separate main domains have complex tec-
tonic fabrics including strong shearing of rocks
from the adjacent domains on both sides of the
suture zones. Tectonically the structure of the
Ukrainian basement can be described as a collage
of Archaean and Palaeoproterozoic terranes (e.g.
Kalyaev 1976; Glevassky & Glevasska 2002)
which have been amalgamated around Palaeoarch-
aean cores at different times, both in the Archaean
and in the Palaeoproterozoic.

The oldest components of the Ukrainian Shield
appear in the Azov and Podolian domains (Figs 1
& 2). The oldest identified rocks in the east belong
to the Novopavlovka complex, which appears
within the Orekhiv—Pavlograd Suture Zone, separ-
ating the Azov and Middle Dniepr domains. These
have been discovered by deep drilling and consist
mainly of ultramafic rocks and tonalites, meta-
morphosed to amphibolite and granulite facies.
The tonalites have been dated at 3.65-3.6 Ga by
Sm—Nd isochron dating (Bibikova & Baadsgaard
1986), and both conventional (Scherbak et al.
1984) and ion-microprobe (Bibikova & Williams
1990) U-Th—Pb dating of zircon. A second phase
of tonalite emplacement has been dated at 3.4 Ga
(Bibikova & Williams 1990). Bibikova et al.
(2010) reported ages of 3.5-3.6 Ga, and zircon
cores older than 3.7 Ga for metasedimentary
zircon from the Soroki greenstone belt, Azov
domain. From the Podolian Domain, U-Pb dating
of zircon from granulite-facies granitoids (ender-
bites) from the Dniestr—Bug Series has yielded
ages up to 3.65 Ga, and indications of material up
to 3.75 Ga old (Claesson et al. 2006).

The Podolian Domain

The Podolian Domain is composed of high-grade
Archaean and Palaeoproterozoic igneous and supra-
crustal rocks. The oldest Palaecoarchaean rocks have
been found in outcrops along the banks of the Piv-
denny (South) Bug River and in nearby open pit
quarries (Fig. 2a). The crust in this region, which
is strongly deformed and generally metamorphosed
in granulite facies, has been divided into the older
Dniestr—Bug Series, and the younger Bug Series

which is inferred to be of late Archaean age
(Yesypchuk ez al. 2003; Stepanyuk et al. 2004). A
major component of the Dniestr—Bug Series is
enderbitic gneisses, commonly referred to as ender-
bites. These are granulite-facies granitoids, mainly
of tonalitic composition, typically composed of
3-5% orthopyroxene, up to 10% clinopyroxene,
1-5% biotite, 35-60% plagioclase and 25-35%
quartz. Minor minerals include apatite and zircon.
The enderbites are typically intercalated with mafic
rocks (two-pyroxene and amphibole-pyroxene
schists). On weathered surfaces the strongly de-
formed gneissic nature of these rocks, with a per-
sistent intense banding and ubiquitous tight folding
on a centimetre- to metre-scale, is clearly visible.
This strong deformation is less clearly visible on
fresh surfaces, where the medium- to coarse-grained
enderbitic gneisses typically are greenish-grey in
colour and have a more massive homogeneous
appearance. Enderbites and mafic schists may be
genetically linked, but the relation between the
two rock types is not interpreted to be migmatitic.
The high-grade metamorphism of this tonalite—
mafite—ultramafite sequence makes the interpret-
ation of the primary nature of the rocks as plutonic
or volcanic rocks difficult, and the enderbite
sequence has also been described as the Gayvoron
intrusive complex (Kryvdik er al. 2011). The
igneous origin of the enderbites is not contested.

The Dniester—Bug Series is traditionally sub-
divided into five strata, which in addition to the
characteristic association of enderbites and mafic
rocks also includes schists and calciphyres inter-
preted to have a supracrustal origin, and garnet—
biotite bearing leucogneisses. The Bug Series
is divided into two suites. The lower Kosharo-
Oleksandrivka Suite includes quartzites, high-Al
gneisses and schists which commonly are graphite-
bearing, while the upper Khashuvato—Zavallya
Suite includes carbonate rocks (marbles and calci-
phyres) which are associated with graphite—biotite,
garnet—biotite, biotite and pyroxene gneisses. Fe-
bearing quartzites are also present in places. Bug
Series metasediments have been interpreted to
have been deposited in depressions developed in
the older Archaean basement.

For the present study samples of enderbite from
the Dniester—Bug Series were collected in two open
pit quarries, the Odesa quarry (sample 06-BG38)
and the Kozachy Yahr quarry (sample C10-U4),
located at opposite banks of the Pivdenny (South)
Bug river (Fig. 2a).

The Azov Domain

The Azov Domain (Fig. 2b) is dominated by
Archaean to Palaeoproterozoic, heavily metamor-
phosed supracrustal rocks and granitoids. Unlike
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Fig. 2. (a) Geological map of the middle Bug area, Dniestr—Bug region, Podolian domain, with sample locations.
Based on a map from the ‘PivnichUkrGeologia’ enterprise, with additions by V.V. Nikolayevsky and simplifications by
V.V. Balagansky. (b) Schematic geological map of the Azov Domain, with sample locations. Simplified after Bibikova

et al. (2010).

the Middle Dniepr Domain to the west, which is
dominated by Meso- and Neoarchaean Tonalite-
Trondhjemite-Granodiorite (TTG) gneisses and
greenstone belts, greenstone belts are not wide-
spread in the Azov block but some structures ident-
ified as such have been described. Among these
is the Soroki greenstone belt, situated in the SW
part of the Azov domain (Bobrov er al. 2000),
which is one of the targets of the present study.
It is about 35km long and up to 1.2km
wide. Volcano-sedimentary rocks, attributed to the

Osipenkovo Series, form a symmetrical syncline
with a metamorphic zonation from greenschist
to epidote—amphibolite facies. The Osipenkovo
Series is subdivided into two suites: the lower
Olgino and the upper Krutobalka Suite. The total
thickness of the Osipenkovo Series is about 500 m.
Volcanic rocks prevail in the Olgino suite while
meta-terrigeneous rocks dominate in the Kruto-
balka suite. The latter is composed of sandstones,
conglomerates and high-Al schists with meta-
morphic biotite, muscovite, staurolite, sillimanite,
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Fig. 2. Continued.

tourmaline and garnet. Rare amphibolite bodies are
also present. An Archaean age of the Osipenkovo
Series was identified when granitoids of the Shev-
chenko complex were dated at 2.8 Ga (Artemenko
1997). These granitoids intrude the Olgino suite of
the Osipenkovo Series. Zircon from garnet—biotite
paragneisses underlying the mafic rocks of the
Olgino suite has yielded an age of 3350 + 120 Ma
(Artemenko 1997).

Three samples of zircon separated from meta-
sedimentary rocks of the Krutobalka suite are
included in the present study. Two of them, 5/88,
and CU-1, were collected in the Sobach’ya gully,
whereas sample 92/218 was collected next to the
Soroki village. The samples from the Sobach’ya
gully were taken from a homogeneous outcrop
(5 x 10 m) of mica schist. This is a grey, generally
schistose rock with lepido- to granoblastic texture
consisting of 15-20% biotite, 40-45% plagioclase
(albite-oligoclase), 40% quartz and minor chlo-
rite, apatite and zircon. Sample 92-218 is a para-
gneiss, consisting of 55-60% plagioclase (albite),
15% biotite, 5% muscovite, 20% quartz and some
carbonate.

The Fedorivka structure is located in the north-
ern part of the Azov domain (Fig. 2b). It occurs
as a 20 km-long and 4 km-wide graben-syncline

elongated in mainly north—south direction with
some branching. It is hosted by metamorphic rocks
of the Zakhidnopryazovska Series, and consists of
a 2.25 km-thick sequence of biotite—muscovite—
garnet—sillimanite bearing schists and gneisses,
some with amphibole and pyroxene. It also includes
metamorphic graphite-bearing and carbonate hor-
izons (Bibikova et al. 2012). The supracrustal
rocks of the Fedorivka syncline are cut by numerous
pegmatite veins, in contrast to the surrounding
basement rocks which have not been affected by
migmatization. The age of the schist—carbonate
sequence in the Fedorivka syncline is poorly con-
strained; a minimum age of deposition for Fedor-
ivka metasediments is provided by the 2085 Ma
age for the Anadol granites (Vasilchenko er al.
1992), while a tighter constraint is given by the
recently reported age 2735 + 30 Ma for the like-
wise intrusive Yanvarsk granite (Isakov et al. 2010).

Sample 89/551 in the present study was taken
from a borehole in the central part of the Fedorivka
graben-syncline, located on the left side of the
Mokrye Yaly River 1.9 km south of the Fedorivka
settlement. It is a paragneiss composed of ¢. 83%
plagioclase, 5% biotite, 5% quartz, 2% microcline,
2% muscovite and 2% carbonate. Minor minerals
include apatite and zircon.
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Analytical methods

Zircons were extracted from all samples using stan-
dard methods. Separated zircon crystals were
mounted into a 25 mm epoxy puck along with the
c. 1065 Ma Geostandard 91500 reference zircon
(Wiedenbeck et al. 1995) and polished approxi-
mately half way through. Before isotope analysis,
all zircon crystals were cathodoluminescence (CL)-
imaged to clarify internal structures and to identify
portions suitable for analysis.

Following CL imaging the mount was coated
with ¢. 30 nm of gold. Secondary ion mass spectro-
meter (SIMS) U-Th—Pb analyses were carried out
using a large geometry Cameca IMS 1270 instru-
ment at the Nordsim facility, Swedish Museum of
Natural History, Stockholm, Sweden. The U-Th—
Pb instrumental set up broadly follows that of
Whitehouse & Kamber (2005). The following pro-
cedures were fully automated: (a) pre-sputtering
with a 25 wm raster for 120 s; (b) centring of the
secondary ion beam in the 4000 pwm field aperture;
(c) mass calibration optimization; and (d) optimiz-
ation of the secondary beam energy distribution.
Age interpretations were performed using the rou-
tines of Isoplot/Ex (Ludwig 2003). The reported
discordance, a measure of the Pb loss, refers to the
position of data points in relation to the concordia
curve in conventional 2°’Pb/*°U-2%°pb/>*¥U
space. Decay constants used follow the recommen-
dations of Steiger & Jager (1977).

Hf isotope analyses were performed at Bristol
University, UK. The data were acquired with a
Thermo-Scientific Neptune multicollector induc-
tively coupled plasma mass spectrometer (ICP-
MS) coupled to a New Wave 193 nm ArF laser abla-
tion sampling system operating at 4 Hz and using a
50 wm spot size over a 60 s ablation period. The Yb
isotope compositions of Segal et al. (2003) were
adopted for interference corrections following the
procedures developed by Kemp et al. (2009).
Details of the analytical procedure are discussed
by Kemp er al. (2009). Hf isotope data were
obtained during two separate one-day analytical ses-
sions. Data for unknowns were collected along with
the following standards: Podolian domain ender-
bite with Plesovice (‘7°Hf/!7"Hf = 0.282476 + 11,
n=29), Temora (‘"°Hf/'""Hf = 0.282679 + 34,
n=6) and 95100 ('"°Hf/'7"Hf = 0.282301 + 13,
n=13); and Azov domain metasediments with
Mud Tank (!7°Hf /17’Hf = 0.282518 + 23,n = 23),
Plesovice ('"°Hf/'7"Hf = 0.282494 + 19, n = 32)
and Temora (‘"°Hf/'7"Hf = 0.282677 + 58, n = 5).
'76Hf /' 77HE initial values were calculated using the
176Lu decay constant of Soderlund et al. (2004).
Depleted mantle (Chauvel & Blichert-Toft 2001),
and chondritic (Bouvier er al. 2008) parameters
were used for model age calculations.

Sm—Nd isotope measurements were conducted
in the Laboratory of Isotope Geochemistry and Geo-
chronology (Institute of Geochemistry and Ana-
lytical Chemistry, Russian Academy of Sciences),
Moscow, and at the Laboratory for Isotope
Geology, Swedish Museum of Natural History,
Stockholm. In Moscow, a mixed 150Nd + %9Sm
tracer was added to 20-30 mg of rock powder,
which was then dissolved in a mixture of hydrofluo-
ric and nitric acids (5:1) using a thermostat at a
temperature of 200 °C. This solution was evapor-
ated and the residue was transformed into chloride
form. Samarium and neodymium were extracted
using two-stage ion exchange chromatography. In
the first stage, all rare earth elements were extracted
using a DOWEX 50W_X8 cation exchanger, and in
the second, samarium and neodymium were separ-
ated using the reagent HDEHP. The blank con-
tamination was 0.03 and 0.1 ng for Sm and Nd,
respectively. Nd and Sm isotope compositions
were measured using a Triton multicollector mass
spectrometer using the isotopic dilution method.
The La Jolla Nd standard yielded a "**Nd/"**Nd
ratio of 0.511857+7 (20, n = 21). The precision
was 0.1% for '*’Sm/'**Nd. The measured "**Nd/
"UNd ratio was normalized to '**Nd/'*Nd =
0.241572, corresponding to "*°Nd/"**Nd = 0.7219.
The model ages (Tpy) were calculated using the
following present day values for the depleted
mantle: 143Nd/144Nd = 0.513151, '¥’Sm/14Nd =
0.212 (DePaolo 1981).

Chemical preparation procedures and Nd analy-
sis in Stockholm followed standard routines in use at
the Laboratory for Isotope Geology (De Ignacio
2006). A Thermo-Finnigan Triton TIMS instrument
was used for the isotope analyses and data were
normalized to '46Nd/!44Nd = 0.7219. The accuracy
of the measurements was monitored by running a
series of BCR-1 and La Jolla standards. Depleted
mantle model ages were calculated using the
values by DePaolo (1981) for the depleted mantle.

Analysed materials and analytical results

The internal structures of zircon in all samples are
highly variable, reflecting extensive metamorphic
reworking of the host rocks. CL images of selected
crystals are shown in Figure 3 (enderbite samples
C10-U4 (KozachyYahr) and 06-BG38 (Odesa))
and Figure 4 (Fedorivka metasediment sample 89/
551). For comparison, CL images from the Soroki
metasediment samples CU-1, 5/88 and 92/218
reproduced from Bibikova et al. (2010) have also
been included in Figure 4. Many crystals have
cores of variable appearance with one or more dis-
tinct overgrowths, the latter demonstrating that
the host rocks have been through more than one
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metamorphic or magmatic episode, including
growth of new zircon. Overgrowths without distinct
CL structure, interpreted to indicate growth under
metamorphic conditions, are common (e.g. Fig. 3g,
h, I; Fig. 4B(g, h, i)). Some crystals display inter-
nal variations interpreted as either magmatic zona-
tion or later textural overprints, but no clear core—
rim structure. Internal zonation patterns indicating
metamorphic recrystallization are shown in, for
example, Figures 3g, k-m & 4A(h, i), B(h, k).
Other crystals display structureless interiors of vari-
able CL brightness. CL-light to -intermediate, oval-
shaped crystals which are optically transparent
without visible internal structure, but which show
zonation in CL, represent a zircon type commonly
associated with granulite facies metamorphic con-
ditions, and they are not uncommon (Fig. 4B(1)).

All analysed spots in enderbite zircon were
characterized with respect to zircon type and pos-
ition in the crystal, as shown by CL images. Ana-
lysed zircon and zircon domains in crystals from
enderbite sample 06-BG38 and C10-U4 were classi-
fied as spots in cores, in crystals without clear core—
rim structure, and in rims. Some spots which may
straddle both core and rim domains were also ident-
ified (Table 1). In C10-U4, the cores have been
further divided into CL-light cores which usually
are zoned, and CL-dark cores without discern-
ible zonation (Table 1). In 06-BG38, roundish crys-
tals which are optically transparent and structureless
have been distinguished as a separate type (Table 2).
These tend to have low U concentrations, in most
cases less than 50 ppm. Crystals which display opti-
cally and CL-visible internal structures but no clear
core-overgrowth relation, another common zircon
type in 06-BG38, do on the other hand show the
same range of U concentrations as the analysed
zircon cores (Table 2). The characterization of ana-
lysed spots into different types is subjective.

Laser ablation inductive coupled plasma (LA-
ICP) isotope analysis of Hf in zircon was per-
formed in 74 spots in 73 zircon crystals from
Soroki metasediment samples CU-1, 5/88 and 92/
218 which have been analysed previously for U,
Pb (Bibikova et al. 2010), and in 60 spots in 59
zircon crystals from enderbite sample 06-BG38.
The Soroki metasediment Hf analyses were
centred around the pits made by Cameca 1270 ion
microprobe during U-Pb dating. 06-BG38 was
analysed for Pb isotopes in conjunction with the
LA-ICP Hf isotope analyses, and thereafter for
U-Pb isotopes by SIMS in Stockholm in order to
clarify the discordancy of analysed zircon. These
SIMS analyses in 06-BG38 zircon were made in
the same zircon domains as the Hf analyses, and
complemented by another 15 U—Pb spot analyses
in crystals which had not been analysed for Hf iso-
topes. Sixty-two spots in 57 zircon crystals from

the Kozachy Yahr enderbite C10-U4 and 78 spots
in 68 zircons from the Fedorivka metasediment
sample 89/551 were analysed for U-Pb by SIMS
in Stockholm.

Uranium-lead results for zircon from enderbite
sample C10-U4, Kozachy Yahr, are presented
in Table 1 and in a Tera—Wasserburg diagram
in Figure 5. Hafnium and U-Pb results for zir-
con from enderbite sample 06-BG38, Odesa
quarry, are presented in Table 2, Figure 6 (U-Pb
Tera—Wasserburg diagram) and Figure 8 (Hf-
age diagram). Uranium-lead results for Fedorivka
metasediment sample 89/551 are presented in
Table 3 and in a Tera—Wasserburg diagram in
Figure 7. Hafnium results for Soroki metasediment
samples CU-1, 5/88 and 92/218 are presented in
Table 4 and Figure 9 (Hf-age diagram). Owing to
the complexity of the presented data, the interpret-
ation not straightforward. Our best estimates of
primary and metamorphic ages, and Hf results, are
presented in conjunction with the discussion of the
analytical results.

Sm—Nd analysis of whole-rock samples from
the Dniestr—Bug region and the Azov Domain
was performed in Stockholm and Moscow. Sam-
pled rocks from Dniestr—Bug include the enderbites
06-BG38 (Odesa) and C10-U4 (Kozachy Yahr) ana-
lysed for Hf and U-Pb in this study, two samples
from a quartzite enclosed within the strongly tecto-
nized Odesa enderbite, one mafic granulite from the
Odesa locality and a garnet-mica schist from the
nearby Zavallya open pit graphite quarry. Samples
from the Azov Domain include metasediment
89/551 from the Fedorivka structure, analysed for
U-Pb in this study, Soroki samples 7/11 and
5/88 which have been analysed for Hf in this
study and for U-Pb by Bibikova et al. (2010), and
one additional Soroki metasediment sample.
Results and Nd model ages are presented together
with some data from the literature in Table 5, and
discussed in the following section.

Discussion and interpretations

Most of the zircons analysed display open U—Pb
systems with more or less discordant U-Pb ages,
which makes it difficult to determine their primary
ages. Furthermore, in rocks with complex thermal
histories and in particular in the Archaean, even
U-Pb ages which are concordant within analytical
error may no longer be that of the primary age.
This is due to the curvature of the concordia curve
in Archaean time, which causes discordia lines con-
necting the times of primary crystallization and
metamorphism to run close to the concordia curve
even when there is a significant time span between
primary crystallization and metamorphism. The
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criteria used in this study for identification of
reliable ages are described below.

Hafnium and O are essential constituents of the
zircon lattice, and zircon is renowned for being
very robust against subsequent disturbance. The
Hf and O isotopic compositions of zircon reflect
the isotope compositions of the magma from
which the zircons crystallized, and they are typically
preserved even in crystals which have been open
to U-Pb exchange. Initial isotopic compositions
of Hf can convey information about both the
crustal residence time of the material from which
the zircons crystallized and the nature of the
mantle source from which the crust originated.
However, calculation of initial Hf isotopic com-
positions and Hf model ages requires that the
crystallization age of the zircon that is its pri-
mary age is known and for zircon with disturbed
U-Pb systems this is difficult to establish. Failure
to determine zircon ages accurately has been ident-
ified as an important reason for uncertainties
about the interpretation of the early Archaean evol-
ution of Earth, and the composition of the early
Archaean mantle based on the Hf isotope record in
zircon (e.g. Hawkesworth et al. 2010; Guitreau
et al. 2012).

For recrystallized zircon, and for new zircon
crystallizing on older cores, another complication
is that the crystals may take up Hf from the sur-
rounding rock, and given that rock must have had
a different, higher Lu/Hf and therefore a different
Hf isotope ratio, the resulting newly crystallized
zircon could have a hybrid signature resulting
from the mix of Hf from the old zircon and the
surrounding rock.

Despite these complications, the Hf isotopic
composition of zircon in combination with U-Pb
isotope data and knowledge about zircon texture,
as visualized by, for example, CL imaging, still pro-
vides a powerful tool to convey information about
the origin and evolution of rocks even in old poly-
metamorphic crust. In this contribution we use
U-Pb isotope data to estimate the primary ages of
different rock units and the ages of metamorphism,

and combined Hf and U-Pb systematics to con-
strain the crustal residence ages for magmatic ender-
bite and for source rocks of metasedimentary zircon,
and the isotope composition of early Archaean
mantle sources.

For identification of reliable primary and meta-
morphic ages based on the presented zircon U-Pb
data we use a combination of criteria. For zircon
populations which on the basis of their internal
structure in CL images can be interpreted to be
of magmatic origin and can be expected to be
co-genetic, and which do not display any traces of
older inherited components and have concordant
or close to concordant U-Pb ages, the oldest
207pp /2%Ph ages are taken to provide minimum
estimates of the true geological crystallization
ages. The same applies for 2*’Pb / 205pp, ages of dis-
tinct overgrowths which fulfill the above criteria. If
several analysed spots in such zircon form a cluster
with similar ages, this indicates that the age of the
cluster is close to the true crystallization age. In
this study, one cluster of Eoarchaean age is ident-
ified in enderbite sample C10-U4. In enderbite
sample 06-BG38, a precise Palaeoproterozoic age
is defined by several concordant and close to
concordant zircon overgrowths which provide the
same “*’Pb/**°Pb age.

More generally, clusters of zircon analyses with
concordant and close to concordant U—Pb ages can
provide estimates of ages of zircon growth or recrys-
tallization. Depending on their CL appearance, U,
Th concentrations and locations of analysed spots
in the zircon structure, such ages can be interpreted
to be either magmatic or metamorphic. The identifi-
cation of such clusters can be equivocal, in parti-
cular for clusters of recrystallized zircon defining
metamorphic ages. This is due to the possible com-
bined effects of inherited Pb and subsequent Pb loss
which can cause calculated ages to be either older
or younger than the age of zircon growth and recrys-
tallization. In this study, one cluster of Meso-
neoarchaean age is identified in enderbite sample
C10-U4 and another, albeit less precisely defined,
in metasediment sample 89/551.

Fig. 3. Cathodoluminescence images of selected zircons from Dniestr—Bug enderbites C10-U4 and 06-BG38, with
SIMS analysed spots shown as ellipses. Discordancy is <5% unless stated otherwise. 2°’Pb / 206pp ages in Ga and
discordancy of >5% discordant spots are shown on the images, precise ages with errors are given in Tables 1 & 2. (a—1i)
Kozachy Yahr quarry, sample C10-U4 (Table 1). (a—f) Spots in cores belonging to the cluster of oldest concordant and
nearly concordant ages of 3.70—3.79 Ga which is interpreted to reflect the primary age of the enderbite, while core ages
in (g—1i) are too young owing to Pb loss. (f—i) Crystals analysed in more than one spot. Overgrowths in (f—h) have
207Pb/ 206ph ages of 2.79—2.94 Ga and reflect a period of metamorphism at c. 2.8 Ga. The age of overgrowth in i is
2.2 Ga and interpreted to be too young owing to Pb loss. (a) Spot 46; (b) spot 19; (c) spot 50; (d) spot 54; (e) spot 12; ()
spots 47 a, b (core); (g) spots 20 a (core), b; (h) spots 43 a (core), b; (i) spots 18 a (core), b. (j—n) Odesa quarry, sample
06-BG38, (Table 2). Cores in (j—1) are interpreted to be the same age as in sample C10-U4, c. 3.75 Ga, and 2°’Pb/206Pb
ages to be too young owing to Pb loss. Rims in (I-n) reflect zircon growth at 2.0 Ga, while the rim in (k) is interpreted to
be too old owing to inherited Pb. (j) Spot 7; (k) spots 48 and 62 (core); (1) spots 31 (core) and 63; (m) spots 66 (core) and

67; (n) spots 39 (core) and 64.
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2.75

100 pm 100 pm

Fig.4. Cathodoluminescence images of selected zircons from greenstone belt metasediment, Azov domain. (A) Sample
89/551, Fedorivka greenstone belt, Table 3. SIMS analysed spots are shown as ellipses. Length of scale bar in all images
is 100 pm. Analyses are <1% discordant unless stated otherwise. 207Pb/206Pb ages in Ga and discordancy of >1%
discordant spots are shown on the images; precise ages with errors are given in Table 3. Zircon and zircon cores with
magmatic zonation patterns (a—f) are interpreted to give minimum ages for source rocks, which however may be much
too young owing to Pb loss. Cores with zonation patterns indicating alteration or recrystallization (g—i) do generally
provide younger ages which not are considered to be geologically relevant. The age of the inner overgrowth in (d) falls
within the age interval 2.7—2.9 Ga identified as a period of major Neoachean metamorphic reworking, while the
geological relevance of the age of the overgrowth in g is unclear. (a) Spot 47; (b) spot 49; (c) spot 2; (d) spots 11a (core),
b; (e) spot 23; (f) spot 89; (g) spot 56a (core), b; (h) spot 19; (i) spot 21.
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Fig. 4. (B) Metasediment samples from the Soroki greenstone belt, regroduced from Bibikova er al. (2010). SIMS analysed spots are shown as ellipses. Length of scale bar in
all images is 100 wm. Many Soroki analyses are strongly discordant. **’Pb/?°°Pb ages in Ga and discordancy of >5% discordant spots are shown on the images, precise ages
with errors for crystals which also have been analysed for Hf are given in Table 4. (a) Sample CU-1 spot 21; (b) sample 5/88 spot 8; (c) sample 5/88 spot 14; (d) sample CU-1 spot 39;
(e) sample CU-1 spot 8; (f) sample CU-1 spot 5; (g) sample CU-1 spots 38 (rim), 39 (core); (h) sample CU-1 spots 19 (core), 20 (rim); (i) sample CU-1 spots 10 (core), 12 (rim);
(j) sample CU-1 spot 35; (k) sample 92/218 spot 11; (1) sample 92/218 spot 23.
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Table 1. U-Th—Pb zircon data, enderbite sample C10-U4

Concentrations (ppm) Ratios Ages Ma

Spot Zircon U Th Pb Th/U fos.  Pb/  +lo PU/  +lo Pb/ +1lo *Pb/ +lo *®Pb/ +lo Discordance

type* measured (%) YU (%) Pb %) *Pb (%) Pb (%) *®U (%)
5 Core 727 219 707 0.30 {0.00} 3029 0.86 1432 078 03146 037 3544 6 3414 21 -5
6 Core 213 121 184 0.57 {001} 2377 106 1659 080 02861 069 3397 11 3040 19 -13
7 Core 100 41 105 0.41 {001} 31,57 1.08 1363 084 03120 069 3531 11 3548 23 1
8a  Core 713 100 495 0.14 0.01 1589 147 1.792 078 02065 125 2878 20 2859 18 -1
8b  Rim 295 155 218 0.53 {001} 1507 081 1813 078 0.1981 023 2811 4 2832 18 1
9 Core 880 267 884 0.30 {0.00} 3195 085 1397 078 03236 035 3587 5 3481 21 -4
10 Nocr 138 44 153 0.32 023 3832 1.09 1295 079 03598 075 3749 11 3689 22 -2
11 Nocr 66 123 46 1.87 {0.02) 854 125 2413 080 0.1495 096 2340 16 2235 15 -5
12 Core 857 337 1007 0.39 0.03 4006 084 1.245 0.83 03618 0.16 3757 2 3800 24 2
13 Core 2375 483 1740 0.20 000 1799 085 1752 0.80 02286 027 3042 4 2911 19 -5
14 Core 381 198 387 0.52 003 3145 083 1442 079 03288 027 3611 4 3397 21 -8
152 Core 244 93 253 0.38 002 3320 083 1381 079 03326 025 3629 4 3511 21 —4
15b  Rim 113 85 81 0.75 {0.02) 1336 1.14 1937 082 0.1877 0.80 2722 13 2683 18 -2
16  Nocr 109 140 83 1.28 {001} 1197 155 2013 078 0.1748 134 2604 22 2600 17 0
17 Nocr 202 92 144 0.46 {0.00} 1470 135 1.857 1.13 0.1980 0.75 2810 12 2777 26 -1
18a  Core 1117 406 1071 0.36 0.00 2955 0.83 1470 080 03151 023 3546 4 3345 21 -7
18b  Rim 103 99 57 0.96 {0.02) 755 1.04 2552 079 0.1397 0.67 2224 12 2131 14 -5
19 Core 372 228 450 0.61 001 3962 085 1259 082 03617 022 3757 3 3770 23 0
20a  Core 310 317 347 1.02 0.01 3108 084 1417 080 03193 027 3567 4 3443 21 —4
20b  Rim 216 116 177 0.54 {0.00) 17.84 086 1658 078 02144 038 2939 6 3043 19 4
21 Core 1021 385 741 0.38 {0.00}) 1544 087 1796 083 02010 026 2835 4 2854 19 1
22 Core 2440 161 1766 0.07 0.00 1859 0.88 1.728 0.78 02329 041 3072 7 2944 18 -5
23 Nocr 320 216 212 0.67 005 11.69 095 2058 085 0.1744 041 2601 7 2553 18 -2
24  Nocr 186 148 152 0.80 {0.00} 1632 085 1737 079 02056 032 2871 5 2932 19 3
25 Core 588 92 543 0.16 {0.00}) 27.03 0.85 1432 079 02807 032 3367 5 3415 21 2
26a  Core 353 220 288 0.62 {0.00} 17.17 087 1691 079 02106 037 2910 6 2995 19 4
26b  Rim 214 172 163 0.80 003 1427 086 1.859 0.81 0.1923 030 2762 5 2775 18 1
27 Nocr 262 232 206 0.88 {0.00) 14.81 087 183 078 0.1972 037 2803 6 2803 18 0
28  Core 550 316 732 0.57 0.01 4304 100 1.128 078 03523 064 3717 10 4090 24 14
29 Nocr 252 76 167 0.30 {001} 1373 124 1920 099 0.1913 074 2753 12 2702 22 -2
30 Core 1189 176 934 0.15 008 2124 087 1.642 0.85 02529 0.19 3203 3 3066 21 -5
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31 Core

32 Core
33 Rim
34 Core
35 Core
36 Core
37a Core
37b  Rim
38a Core
38b  Rim
39 Core
40a  Core
40b  Rim
41 No c-r
42 Core
43a  Core
43b  Rim
44 Core
45 Core
46 core
47a Rim
47b  Core
48 No c-r
49 No c-r
50 Core
51 Core
52 Core
53 Core
54 Core
55 No c-r
56 Core

427
131
152
3643
1172
614
1000
216
333
204
316
1694
263
10
355
303
172
1115
234
115
337
1150
1036
256
1049
266
1411
931
1459
1465
904

186
157

484
148
116
2385
965
600
865
154
334
165
309
1133
193
7
377
278
123
1083
242
136
256
1851
666
189
1271
208
1606
774
1662
993
815

0.60
0.31
0.48
0.02
0.19
0.26
0.06
0.60
0.47
0.39
0.42
0.09
0.47
0.35
0.21
0.46
0.48
0.45
0.34
0.53
0.59
0.51
0.03
0.59
0.66
0.38
0.44
0.19
0.45
0.13
0.17

36.58
39.47
16.07
14.41
23.34
29.28
2442
13.82
30.66
18.18
31.14
15.04
15.22
15.95
36.40
26.76
14.46
28.71
33.28
40.05
15.31
52.84
14.71
14.76
39.31
21.19
37.52
22.88
37.51
15.14
26.62

0.81
0.92
1.08
0.88
3.50
0.97
0.92
0.91
1.01
0.93
0.91
0.86
0.90
1.93
0.98
1.07
0.95
1.06
1.27
0.90
0.85
3.79
1.01
0.96
1.38
0.94
0.79
0.91
0.87
0.98
1.01

1.329
1.275
1.753
1.826
1.606
1.398
1.477
1.904
1.431
1.641
1.468
1.827
1.809
1.814
1.322
1.545
1.862
1.467
1.377
1.272
1.794
0.920
1.879
1.844
1.264
1.743
1.286
1.577
1.288
1.821
1.474

0.78
0.78
1.01
0.78
1.95
0.94
0.78
0.80
0.78
0.82
0.82
0.80
0.81
1.14
0.78
0.89
0.88
0.96
0.82
0.86
0.80
3.55
0.90
0.89
1.37
0.78
0.78
0.78
0.86
0.83
0.92

0.3527
0.3651
0.2043
0.1908
0.2718
0.2968
0.2617
0.1908
0.3183
0.2164
0.3316
0.1994
0.1997
0.2098
0.3489
0.2999
0.1953
0.3054
0.3324
0.3695
0.1992
0.3526
0.2004
0.1974
0.3604
0.2679
0.3498
0.2617
0.3503
0.2000
0.2846

0.23
0.48
0.37
0.42
291
0.20
0.49
0.42
0.65
0.45
0.41
0.32
0.39
1.56
0.59
0.58
0.37
0.46
0.97
0.26
0.30
1.32
0.47
0.34
0.17
0.52
0.16
0.46
0.12
0.53
0.41

3719
3771
2861
2749
3316
3454
3257
2749
3562
2954
3625
2821
2824
2904
3702
3469
2787
3498
3628
3789
2820
3718
2829
2805
3751
3294
3706
3257
3708
2826
3388

—
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3616
3732
2910
2815
3121
3478
3332
2722
3416
3068
3348
2814
2837
2830
3632
3217
2771
3351
3519
3739
2855
4743
2751
2793
3757
2922
3709
3166
3705
2821
3338

Analytical SIMS U-Th-Pb data for zircon from enderbite sample CU-U4, Kozachy Yahr quarry, Podolian domain. Zircon types are also characterized.

* Character of analysed zircon domain as shown in CL image. No c-r, crystal without CL-visible core—rim structure.
fr06 (%) is the percentage of common **°Pb, estimated from the measured **Pb. Figures in brackets indicate when no correction has been applied.
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Table 2. U-Th—Pb and Hf data enderbite sample 06-BG38

Spot Concentrations, (ppm), SIMS ~ Th/U Ratios, SIMS Ages, Ma, SIMS
no. measured
Zircon U Th Pb fos  Pb)  +lo U/ 4l *Pb/  +lo Pb/ +lo *'Pb/ +lo
type* (%)" B5Y () Pb (%) 206pyy %) U 2355
1 No c-r 7 1 3 0.21 {0.00} 7.84 22 2524 09 0.1435 2 2151 16 2213 20
2 No c-r 13 6 8 0.50 {0.00} 12.46 23 2044 08 0.18464 22 2568 17 2640 22
3 Core 576 311 447 0.51 {0.00} 1894 08 1.807 0.7 0.24821 04 2839 15 3039 8
4 Core 21 5 19 0.20 {0.00} 2469 1 1.527 07 027337 0.7 3248 19 3296 10
5 Core 111 55 74 0.46 {0.00} 13.86 09 2005 0.7 020161 0.6 2608 14 2740 9
6 Core 142 95 117 0.63 {0.01} 1945 0.7 1.741 0.7 0.24549 03 2926 16 3064 7
7 Core 34 38 42 1.14 {0.03} 3400 09 1352 0.7 0.33336 0.6 3569 18 3610 9
8 Core 33 77 31 2.30 {0.00} 12.81 1 1978 0.7 0.18375 0.7 2638 16 2666 10
9 No c-r 35 29 22 0.76 {0.06} 1067 24 228 1.3 0.17697 2.1 2339 25 2495 23
10 Rim 25 19 23 0.69 {0.00}  25.07 1.2 1622 07 029499 1 3096 17 3311 12
11 Rim 9 11 5 1.32 {0.00} 6.51 2 2669 0.8 0.12596 1.8 2052 14 2047 18
12 No c-r 56 91 49 1.68 {0.00} 13.87 1 1.902 0.7 0.1913 07 2724 15 2741 9
13 No c-r 13 5 7 0.36 {0.12} 792 1.9 2509 0.7 0.14404 1.8 2163 13 2222 17
14 No c-r 10 2 6 0.23 {0.00} 11.45 19 2139 08 0.17764 1.7 2473 17 2561 18
15 No c-r 14 4 7 0.26 {0.00} 743 23 2587 0.7 013935 22 2107 14 2164 21
16 No c-r 23 7 15 0.30 {0.00} 1235 1.2 1990 0.7 0.17833 1 2624 16 2632 11
17 No c-r 18 6 7 0.33 {0.11} 5.21 1.6 3.001 07 011344 15 1854 12 1855 14
18 Nocr 104 83 108 0.79 {0.00} 28.15 09 1441 0.8 0.29416 0.5 3398 21 3424 9
19 Gran 260 135 198 0.47 0.02 17.82 1.6 1798 09 023242 13 2851 20 2980 15
20 Core 84 91 100 1.07 {0.02} 3287 08 1363 0.7 032501 04 3546 18 3577 8
21 Gran 175 59 121 0.29 {0.01} 1637 09 1.899 0.7 0.22547 05 2727 15 2899 8
22 No c-r 44 29 30 0.57 {0.03} 1432 1 2064 0.7 021432 0.8 2547 14 2771 10
23 No c-r 53 35 37 0.66 {0.03}  12.98 1 1.948 0.7 0.1834 0.7 2671 15 2678 9
24 Core 71 62 74 0.81 {0.00} 28.77 1 1471 0.8 030705 0.7 3343 20 3446 10
25 Core 176 120 145 0.61 006 20.08 0.8 1744 0.7 0.2540 0.5 2921 16 3095 8
26 Core 61 41 51 0.59 {0.02} 2041 1.2 1744 0.7 0.2581 1 2922 16 3111 12
27 Nocr 124 27 84 0.19 {0.01} 16.81 1 1.909 0.7 0.2328 0.7 2715 15 2924 10
28 Core 63 32 67 0.50 {0.00} 32.12 0.8 1353 0.7 03151 04 3568 19 3554 8
29 Gran 511 326 328 0.63 {0.00} 11.22 0.7 2104 07 0.1713 0.3 2506 14 2542 7
30 Core 1347 157 801 0.10 0.04 1374 09 2085 0.7 02078 05 2526 14 2732 8
31 Core 420 284 386 0.64 0.01 2402 0.7 1587 0.7 0.2765 02 3150 17 3269 7
32 Gran 305 176 248 0.58 {0.00} 18.13 0.7 1.698 0.7 0.2233 0.3 2985 16 2997 7
33 Gran 69 87 61 1.11 0.13 1895 09 1813 0.7 0.2492 05 2832 16 3039 8
34 Core 361 330 226 0.84 {0.00} 10.16 08 2278 0.7 0.1678 04 2346 13 2449 7
35 Gran 665 454 608 0.65 0.01 2346 0.7 1.588 0.7 0.2702 03 3149 17 3246 7
36 Core 1885 533 1643 0.26 0.01 2490 0.7 1.556 0.7 0.2809 02 3200 17 3304 7
37 Gran 1380 111 684 0.08 0.01 8.95 08 2376 0.7 0.1543 04 2265 13 2333 7
38 Core 825 21 544 0.02 0.05 14.95 0.8 1.828 0.7 0.1983 0.3 2813 15 2812 7
39 Core 41 94 39 2.25 0.74 1348 12 1943 07 0.1899 09 2677 16 2714 11
40 Gran 72 142 88 2.16 {0.00} 2242 09 1416 0.7 0.2303 0.6 3444 18 3202 9
41 Nocr 2154 399 1232 0.14 0.03 14.18 09 2236 09 02299 0.4 2383 17 2762 9
42 Rim 60 16 31 0.20 0.67 972 1.3 2353 0.7 0.1659 1.1 2283 13 2409 12
43 Gran 773 258 763 0.33 {0.00} 2928 0.7 1405 0.7 0.2983 03 3466 18 3463 7
44 Core 152 51 104 0.31 {0.02} 1497 08 1.904 0.7 0.2067 04 2721 15 2813 7
45 Core 430 229 402 0.48 {0.00} 27.18 0.8 1.543 0.7 0.3042 04 3221 17 3390 8
46 Core 155 79 84 0.47 {0.01} 8.85 0.8 2397 0.7 0.1539 04 2248 13 2323 7
47 Rim 42 38 21 0.87 {0.00} 6.16 1.3 2811 0.7 0.1256 1 1962 12 1999 11
48 Core 559 432 612 0.74 0.01 31.58 0.7 1381 0.7 0.3165 0.1 3511 18 3537 7
49 Core 121 67 117 0.50 {0.01} 2792 09 1497 0.8 0.3031 0.5 3298 20 3416 9
50 Core 193 89 146 0.40 {0.01}  18.69 09 1.805 0.7 0.2447 0.6 2842 16 3026 9
51 Gran 1491 49 833 0.03 {0.00} 11.12 08 2111 07 0.1702 03 2500 15 2533 7
52 Gran 463 170 291 0.32 {0.00} 1360 1.1 2.081 0.7 0.2052 09 2530 14 2722 11
53 Rim 2864 57 1909 0.02 0 1492 07 1.8 0.7 0.1949 02 2848 15 2811 7
54 Gran 95 98 97 0.94 {0.00} 2645 08 1522 07 0.2920 04 3256 18 3363 8
55 Core 1962 471 1806 0.22 0 27.76 0.7 1477 0.7 02974 0.2 3332 18 3411 7
56 Core 977 266 825 0.24 0.01 23.92 0.8 159 0.7 02770 0.3 3135 17 3265 7
57 Gran 579 44 414 0.07 0.01 17.47 07 1733 0.7 0.2196 02 2936 16 2961 7
58 Core 583 448 541 0.71 0.01 23.64 0.7 158 0.7 0.2718 02 3152 17 3254 7
59 Gran 24 3 13 0.11 {0.00}  10.53 1.5 221 0.8 0.1688 1.3 2406 15 2483 14
7

Core 1825 1587 1693 0.78 002 23.07 07 1.6l 0.7 0.2693 02 3114 16 3230
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Discor- Ages, Ma, Lu—Hf data ICP-MS SIMS ICP-MS  SIMS ICP-MS  + 20
dance ICP-MS ages ages ages ages

(%)
27pb)  +lo 2pb)  +lo "Lu/  °Yb/  '°Hf/  +lot  '°Hf/ SHf/  eHff  eHf}
206py, 206py, 177h¢ 177h¢ THt g, 1774 177h

ages

2270 35 —6.1 2603 12 0.00022 0.00605 0.280555 +15 0.280545 0.280544 —279 —202 1.1
2695 36 =57 2660 9 0.00044 0.01306 0.280557 +13 0.280534 0.280535 —184 —19.2 0.9
3173 7 -13 3150 59 0.00074 0.02271 0.280457 +18 0.280412 0.280412 —11.5 —12.0 1.3
3325 10 -3 3462 6 0.00025 0.00657 0.280426 +15 0.280410 0.280409 —7.9 —4.7 1.1
2839 10 —-9.9 2410 19 0.00013 0.00351 0280456 +12 0.280449 0.280450 —18.0 —28.0 0.9
3156 5 -9 2865 45 0.00033 0.00915 0.280473 +14 0.280453 0.280455 —104 —17.2 1
3633 9 -23 2821 57 0.0005 0.0138  0.280443 +9  0.280408 0.280416 —0.7 —19.6 0.6
2687 12 -22 2510 16 0.0003  0.00858 0280542 +11 0.280526 0.280528 —189 —23.0 0.8
2625 34 —13 3500 9 0.00059 0.0161 0280426 +11 0.280396 0.280386 —249 —4.6 0.8
3444 15 —12.7 2814 24 0.00079 0.02246 0.280443  +14 0.280390 0.280400 —5.8 —20.4 1
2042 32 0.5 2840 16 0.0003  0.00799 0280570 +18 0.280558 0.280554 —32.7 —14.3 1.3
2753 11 -13 3220 20 0.00041 0.012 0.280422 +16 0.280400 0.280397 —21.8 —10.9 1.2
2276 30 =59 2702 5 0.00024 0.00703 0.280548 +12 0.280538 0.280536 —28.0 —18.2 0.8
2631 28 -72 2848 4 0.00013 0.00374 0.280621 +12 0.280614 0280614 —17.0 —12.0 0.9
2219 37 =59 2581 23 0.00035 0.01029 0.280562 +11 0.280547 0.280545 —29.0 —20.7 0.8
2637 16 -0.6 2570 39 0.00025 0.00705 0.280522 +9  0.280509 0.280510 —20.6 ~—222 0.6
1855 26 —0.1 2574 54 0.00024 0.00713 0.280530 +9  0.280521 0.280518 —383  —21.8 0.7
3440 8 -1.6 3475 2 0.00032 0.00879 0.280435 +11 0.280414 0.280413 —5.1 —43 0.8
3069 21 —838 3136 16  0.00131 0.03913 0.280497 +14 0.280420 0.280418 —13.7 —12.1 1
3594 6 -17 3604 4 0.00052 0.01548 0.280395 +13 0.280359 0.280359 —3.4 —3.1 1
3020 9 —11.9 2810 4 0.00083 0.0223 0280478 +16 0.280430 0.280433 —145 —19.3 1.1
2939 13 —16.1 3125 30 0.0007  0.02041 0.280433 +12 0280393 0.280391 —17.7 —134 0.9
2684 12 —0.6 2766 13 0.00029 0.00841 0280767 +11 0.280752 0.280752 —109 —9.0 0.8
3506 10 -6 3572 6 0.001 0.02754 0.280446  +17 0.280378 0.280377 —4.8 -32 1.2
3210 7 —11.2 2970 14 0.00137 0.03468 0.280482 +17 0.280397 0.280404 —11.1  —16.6 1.2
3235 16 -12 3419 8 0.00024 0.00657 0.280430 +14 0.280415 0.280414 —9.9 =56 1
3071 12 —14.2 3496 12 0.00003 0.0012  0.280433 +8  0.280431 0.280431 —132 —3.1 0.6
3546 6 0.8 3439 4 0.00017 0.00494 0280470 +13  0.280458 0.280459 —1.0 -35 0.9
2570 5 -3 2570 16 0.00061 0.01693 0280485 +12 0.280455 0.280455 —24.1 —24.1 0.9
2888 9 —15.1 3173 18 0.00126 0.03799 0.280456 +10 0.280386 0.280379 —19.1  —12.7 0.7
3343 3 =13 3224 29 0.00124 0.03732 0.280513 +14 0.280433 0.280436 —6.7 -94 1
3005 5 —038 2795 27 0.00094 0.027 0280800 +16 0.280746 0.280750 —3.6 —8.4 1.2
3179 8 —135 3001 15 0.00061 0.01654 0.280446 +11 0280409 0.280411 —11.5 —156 0.8
2536 6 -89 2537 13 0.00104 0.02924 0.280774 +12 0.280724 0.280723 —154 —154 0.8
3307 5 -6 3318 14 0.00085 0.0218  0.280458 +14 0.280404 0.280404 —8.6 -83 1
3368 3 —6.3 3173 14 0.00116 0.03343 0.280459 +12 0.280384 0.280388 —7.9 -123 0.9
2394 6 —6.4 2474 24 0.00054 0.01266 0.280441 +7 0.280416  0.280415 —29.6  —27.8 0.5
2812 5 0 3177 38 0.00087 0.02397 0.280554 +16 0280507 0.280501 —16.6 —8.2 1.2
2741 15 -29 3163 24 0.00067 0.01924 0.280447 +13 0.280412 0.280406 —21.7 —11.9 1
3054 9 16.5 2834 15 0.00009 0.0029 0280552 +8  0.280547 0.280547 —9.5 —14.7 0.6
3051 6 —26.1 3199 10 0.0005 0.01274  0.280486  +8 0.280457 0.280455 —12.8 —93 0.6
2517 19 =11 3311 15 0.00108 0.02869 0.280472 +12 0.280420 0.280403 —26.6 —85 0.9
3461 5 0.2 3421 5 0.00049 0.01261 0.280469 +9  0.280436 0.280437 —3.8 —4.7 0.6
2880 6 —6.7 2683 9 0.00028 0.00702 0.280673 +11  0.280657 0.280659 —9.7 —143 0.8
3492 6 -9.8 3572 2 0.00039 0.01167 0.280423 +9  0.280397 0.280396 —4.5 -26 0.6
2389 7 -7 2512 32 0.0003 0.00861 0.280402  +8 0.280388 0.280388 —30.7 —27.9 0.6
2038 18 —43 2030 22 0.00017 0.00489 0.280629 +9 0280622 0.280622 —30.5 —30.7 0.7
3553 2 -15 3545 9 0.00187 0.05374 0.280505 +18 0.280377 0.280377 —3.7 -39 1.3
3486 7 -6.9 3423 12 0.00064 0.01909 0.280423 +12 0.280380 0.280381 —5.2 —6.7 0.9
3151 10 —12.1 3182 9 0.00044 0.01192 0.280447 +10 0.280420 0.280420 —11.7 —11.0 0.7
2560 5 -28 2457 17 0.00048 0.01141 0.280694 +9  0.280670 0.280671 —16.7 —19.1 0.7
2868 15 —142 3120 42 0.00066 0.01792 0.280448 +14 0.280412 0.280408 —18.7 —12.9 1
2784 4 2.9 3342 9 0.00043 0.01187 0.280476 +11 0.280453 0.280448 —192 —6.2 0.8
3428 6 —6.4 3264 16 0.00021 0.00572 0.280422 +12 0.280408 0.280409 —5.6 -94 0.8
3457 2 —4.6 3423 10 0.00161  0.0453 0.280522  +15 0.280415 0.280416 —4.6 —54 1.1
3346 5 =719 3100 25 0.0025  0.0651  0.280600 +26 0280439 0.280451 —6.4 —11.8 1.9
2978 4 -1.7 3035 24 0.00127 0.03237 0.280627 +19 0.280554 0.280553 —11.0 —9.7 1.4
3317 3 —6.3 3362 7 0.00152 0.03936 0.280490 +18 0.280393 0.280391 —8.8 =11 1.4
2546 21 —6.6
3302 3 =72

(Continued)
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Table 2. Continued

Spot Concentrations, (ppm), SIMS ~ Th/U Ratios, SIMS Ages, Ma, SIMS
no. measured

Zicon U  Th Pb fos  Pb)  +lo U/ 4l *"Pb/  +lo Pb/ +lo *Pb/ +lo

type* (%) 25y (@) %P (%) Pb (%) BU 2351
61 Gran 887 446 887 0.48 {0.00} 2870 0.7 1426 0.7 0.2969 02 3426 18 3443 7
62 Rim 24 6 12 0.23 {0.00} 792 1.6 2514 0.8 0.1443 14 2159 14 2222 15
63 Rim 21 32 12 1.42 {0.10} 6.76 2 2.62 0.7 0.1284 1.9 2084 12 2080 18
64 Rim 16 6 7 0.32 {0.00} 648 1.8 2685 0.8 0.1262 1.6 2041 14 2044 16
65 Core 505 33 299 0.06 {0.00} 1241 0.7 2.024 0.7 0.1821 03 2589 14 2636 7
66 Core 20 5 12 0.21 {0.00} 1223 1.3 2031 0.8 0.1801 1.1 2581 17 2622 12
67 Rim 130 106 64 0.77 {0.01} 634 09 2728 0.7 0.1253 0.6 2014 12 2023 8
69 Rim 30 3 15 0.10 {0.05} 9.02 14 2344 07 0.1533 1.2 2290 14 2340 13
70 Core 30 97 30 3.06 {0.00} 12.03 1.3 2.049 09 0.1788 09 252 19 2607 12
71 Core 418 150 374 0.35 0.01 26.10 0.7 1.558 0.7 0.2949 02 3196 17 3350 7
72 Nocr 125 58 59 0.43 {0.00} 6.65 1 2.686 0.7 0.1296 0.8 2040 12 2067 9
73 Core 282 23 231 0.08 {0.00} 2399 09 1579 0.7 0.2748 0.6 3162 17 3268 9
74 Core 33 32 39 0.93 {0.00} 3310 1.2 1345 0.8 0.3228 09 3584 21 3584 12
75 No c-r 55 107 62 2.04 {0.01}y 2020 1.1 1515 07 0.2220 09 3268 17 3101 11
76 Nocr 123 74 128 0.57 0.21 3038 0.8 1.394 0.7 03072 03 3485 19 3499 7

SIMS U-Th-Pb data, and ICP-MS Pb and Hf data for enderbite sample 06-BG38, Odesa quarry, Podolian Domain. Zircon types are

also characterized.

*Character of analysed zircon domain as shown in CL image. No c-r = crystal without CL-visible core—rim structure.

Gran = optically structureless crustals with ‘granulitic’ appearance.

The combination of U-Pb age data with Hf
isotope data for the same zircon can contribute to
the identification of geologically meaningful ages
from complex zircon populations. In magmatic
rocks this may help to identify crystals with a
common primary magmatic origin, which have not
taken up Hf from the ambient rock during meta-
morphism. In metasedimentary rocks, combined
U-Pb-Hf data may be used to distinguish zircon
populations derived from rocks with different
crustal provenance ages, which under favourable
circumstances can help to identify geologically
meaningful rock ages. Much of the combined Hf
and U-Pb zircon data presented in this study form
more or less well-defined linear trends in Hf —time
space. The upper age ends of such trends which
extend into the region in the Hf—time diagram with
positive ey values can, even if the trends them-
selves reflect subsequent Pb loss (e.g. Kemp et al.
2009), provide estimates of the ages of periods of
crustal formation. This is further discussed in a
later section.

Initial ey¢ values, which are used for the inter-
pretation of zircon isotope systematics and are dis-
played in Hf-time space have been calculated
using the SIMS 207Pb/20°Pb ages. In some of the
crystals from 06-BG38, which were analysed both
for Pb isotopes in Bristol and subsequently for
U-Pb isotopes in Stockholm, Pb—Pb ages from
the LA-ICP and SIMS analysis differ considerably
even though the analyses were performed as far as

possible in the same zircon domains (Table 2).
This may be due to variable U-Pb discordancy;
the discordancy of the LA-ICP analyses in this
study is not known, but a contributing factor may
also be the larger volumes of zircon sampled by
the LA-ICP analyses than by SIMS. Older LA-ICP
ages from rims can be because the laser also has
sampled older portions of the crystals, while older
LA-ICP ages for cores can be explained if the
laser has sampled and used up old portions of the
crystals which therefore were not available for
subsequent ion microprobe analysis.

In the following paragraphs we discuss first the
ages of enderbites and other Dniestr—Bug rocks
and age patterns in Fedorivka and Soroki meta-
sediments, and then the constraints on the crustal
evolution of the Dniestr—Bug region and the Azov
Domain based on combined U—-Pb and Hf isotope
data on zircon and Sm—Nd whole rock data. Sub-
sequently we discuss the Hf and U—-Pb systematics
of zircon resulting in the Hf—time patterns shown
in Figures 8—10. Finally we briefly compare the
early Archaean evolution in the Podolian and
Azov domains, and the Ukrainian Shield with
other early Archaean crustal segments.

Ages of enderbites and other rocks from the
Dniestr—Bug region

Enderbite is a dominating rock type in the area along
South Bug river where most samples for this study
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Discor- Ages, Ma, Lu-Hf data ICP-MS SIMS ICP-MS SIMS  ICP-MS + 20
dance ICP-MS ages ages ages ages

(%)
27pp/  +lo 2pp/  +le '°Lu/  'Svb/  VSHE/  +1ot '°Hf/ Hf/  eHf}  eHf}
206py, 206py, 177h¢ 177h¢ Hi 1774 177h

ages

3454 3 —1.1
2280 24 —6.2
2077 33 0.4
2046 29 -03
2672 5 —3.8 2563 12 0.00062 0.01645 0.280575 +17 0.280543 0.280545 —18.6 —21.1 1.2
2654 17 -33
2034 10 —1.1
2383 20 —4.6
2641 15 -3.6
3444 3 -9.1
2093 13 12.9
3333 10 —6.5
3583 14 0
2995 14 11.6
3507 5 -0.8 3497 +3  0.00065 0.01722 0280453 +10 0.280409 0.280409 —3.7 -39 0.7

fh06 % is the percentage of common 206pp, estimated from the measured 2**Pb. Figures in brackets indicate when no correction has

been applied.

“Numbers refer to the last significant digit(s) in the 176Hf1177Hf ratios.
SCalculated '7°Hf / '7THf ratios at the SIMS and ICP-MS “’Pb / 206pp ages, respectively. The discussion and figures are based on ratios

calculated for the SIMS 2°7Pb/?°°Pb ages.

were collected (Fig. 2a). Typically it is tectonically
intercalated with mafic bands or enclaves on a
decimetre- to metre-scale. Similar-looking occur-
rences of enderbite along the South Bug river
have been interpreted to form part of either the
Dniestr—Bug Series or the younger Bug Series, indi-
cating that all enderbite in the region may not be of
the same age.

Previous U-Pb dating of multigrain zircon
fractions from Dniestr—Bug high-grade rocks have
given upper intercept ages for discordant zircon
fractions up to 3.1-3.4 Ga (Bibikova 1984;
Lesnaya et al. 1995), but did not provide precise
results owing to the complex internal structure of
analysed zircons. U-Pb SIMS data for enderbite
zircon from the Kozachy Yahr and Odesa open
rock quarries, located in the Dniestr—Bug Series
on opposite banks of the South Bug river, were pre-
sented for the first time by Claesson er al. (20006),
who reported complex age patterns reflecting the
internal zircon structure and ages up to 3.75 Ga
from Odesa (three concordant analyses in the same
crystal), and up to 3.65 Ga from Kozachy Yahr.
Claesson et al. (2006) also identified a period of
metamorphic zircon growth at c¢. 2.8 Ga indicated
by overgrowths on older cores and new, low-U, iso-
metric light-coloured zircon crystals, and a second
period of metamorphic zircon growth at 2.0 Ga.

The enderbite samples 06-BG38 and C10-U4
investigated in the present study were also collected
in the Odesa and Kozachy Yahr open rock quarries,

respectively, but not from the same outcrops as
the samples analysed by Claesson et al. (2006).
The metamorphic reworking of enderbite, and by
inference of the U-Pb systems in zircon, varies on
outcrop-scale, and the purpose of the new sampling
was to obtain a better insight into the primary age
and metamorphic evolution of the enderbite. As
shown below, the new U—Pb results from samples
06-BG38 and C10-U4 confirm and add more detail
to the results from the reconnaissance study by
Claesson et al. (2006), the main difference being a
revised best estimate of the primary age of the
enderbite.

The age data presented here indicate that the zir-
con populations in both enderbite samples, 06-
BG38 and C10-U4 from the Odesa and Kozachy
Yahr quarries, have been strongly modified by meta-
morphic reworking of the host rocks. The data indi-
cate Pb loss, and probable new zircon growth during
or after those Pb loss epochs. In detail, zircon from
the Kozachy Yahr sample C10-U4 have preserved a
better record of the original age of the rock, while
the metamorphic overprint is better registered in
zircon from the Odesa sample 06-BG38. This is in
general accordance with a field observation that
the immediate surroundings of C10-U4 appear to
be more homogeneous and less affected by tectonic
reworking. In general, however, the field appear-
ance indicates that degree of deformation in both
Odesa and Kozachy Yahr quarries varies on
outcrop scale.
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Fig. 5. Tera—Wasserburg diagram showing U—Pb data for zircon from enderbite sample C10-U4 (Fig. 2a, Table 1),
Kozachy Yahr. Symbols show different zircon types. The cluster of concordant and close to concordant analyses at
¢.3.75 Ga, most of them in CL-identified cores, is interpreted to reflect the primary age of the enderbite. Concordant and
close to concordant ages in rims, cores without core—rim structure and some cores which form a cluster at 2.7-2.9 Ga
are interpreted to reflect a period of metamorphic reworking at c. 2.8 Ga.

In enderbite sample C10-U4 from Kozachy
Yabhr, the oldest ages were obtained for CL-light
to -intermediate cores with more or less well devel-
oped zonation patterns (Fig. 3). Nine analyses in
cores yield a cluster of <5% discordant U-Pb
ages with 2°’Pb/?*® ages of 3.70—3.79 Ga, which
we interpret to reflect the primary magmatic age
of the enderbite (Fig. 5). Our best estimate of this
age is c. 3.75 Ga. Younger core ages are typically
more discordant, and not considered to be geolo-
gically meaningful. Most light-coloured cores
have 100—1000 ppm U while dark-coloured cores
are richer in uranium, up to 3600 ppm. These typi-
cally are more discordant, consistent with a high
degree of Pb loss.

Most analysed zircon rims and crystals with
metamorphic CL-appearance in sample C10-U4
form a group around c. 2.7-2.9 Ga (Fig. 5). This
includes eight analyses in rims, six in metamorphic
crystals and four in zircon structures interpreted as
cores, which all are <3% discordant. The U con-
centrations in rims and metamorphic grains in this
group are generally <300 ppm, while the cores
have >700 ppm U. We interpret this cluster of
ages at ¢. 2.8 Ga to reflect a previously documented
period of metamorphic reworking, including granu-
lite facies metamorphism, in the Podolian Domain

at this time. A well-defined cluster of zircon ages
at ¢. 2.8 Ga in an enderbite sample was also reported
by Claesson et al. (2006).

Younger ages in rims and metamorphic zircon
from sample C10-U4 are not interpreted to be geo-
logically meaningful. These ages could be due to
Pb loss and incorporation of some old radiogenic
lead when new zircon crystallized, probably
during a period of Palaeoproterozoic metamorphism
around 2.0 Ga, which is better displayed in ender-
bite sample 06-BG38. Metamorphism reaching
amphibolite facies is known to have affected the
region at this time, and this is corroborated by the
recent identification of ¢. 2.0-2.1 Ga zircon, inter-
preted to be metamorphic, in dykes which postdate
the c. 2.8 Ga regional metamorphism.

The U-Pb age pattern shown for zircon from
enderbite sample 06-BG38, Odesa quarry (Fig. 6),
is similar to that for C10-U4, Kozachy Yahr, but a
larger fraction of analyses in 06-BG38 zircon are
discordant and 06-BG38 also lacks the clusters of
concordant ages around c. 3.75 and 2.8 Ga which
are seen in C10-U4. Further, 06-BG38 displays a
group of more or less concordant rim ages at 2.0 Ga.

A minimum estimate of the primary age of
enderbite sample 06-BG38 is provided by the
oldest cores in 06-BG38, which are c¢. 3.6 Ga and
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Fig. 6. Tera—Wasserburg diagram showing U—Pb data for zircon from enderbite sample 06-BG38, Odesa (Fig. 2a,
Table 1). Symbols show different zircon types. The oldest concordant and close to concordant ages in cores give a
minimum estimate of the age of the enderbite, but are all interpreted to be too young owing to Pb loss. The cluster of
close to concordant ages at 2.6—2.7 Ga is interpreted to give a minimum estimate of an age of major metamorphic
reworking. The detailed interpretation is discussed in the main text . The group of concordant and close to concordant
ages at ¢. 2.0 Ga, which includes analyses in rims and one analysis in a crystal without core—rim structure, reflects strong
metamorphic reworking. The best age estimate of this event is provided by the average 207Pb/ZO(’Pb age 2.0 Ga.

slightly discordant. However local field observa-
tions indicate that Odesa and Kozachy Yahr, which
are located less than 1 km from each other, are
parts of the same enderbite complex and by infer-
ence probably the same age at ¢.3.75 Ga. This is cor-
roborated by data from an unzoned zircon core in
another enderbite sample in the same complex
presented by Claesson et al. (2006), which in three
analysed spots yielded within error concordant
ages of 3.73-3.77 Ga. A common origin is also sup-
ported by the Hf data discussed further below. The
younger core ages in 06-BG38, most of which
are strongly discordant, are not considered to be
geologically meaningful.

In a Tera—Wasserburg diagram in Figure 6, a
diffuse trend defined by most of the structureless
type zircon, and some cores, possible cores and
rims, may be discerned. The least discordant ana-
lyses in this trend have a range of **’Pb / 206pp, ages
of 2.6-2.8 Ga; two structureless zircons (spots 16
and 23) are less than 1% discordant and have
207pp /2%Ph ages of c¢. 2.65 Ga. This is likely to
reflect zircon crystallization and recrystallization
during the c¢. 2.8 Ga metamorphic event which is
better recorded in sample C10-U4. We interpret

the slightly younger ages of the nearly concordant
analyses in 06-BG38 to be due to a second period
of metamorphism which was more intensely
recorded in 06-BG38 than in C10-U4.

The youngest, c. 2.0 Ga ages in 06-BG38 were
with one exception obtained from distinct rim struc-
tures identified by CL. The SIMS analyses of
CL-identified rims include a group of four rims
with an age of c¢. 2040 Ma and one slightly older
at 2077 Ma. Most of these rims were not analysed
in the LA-ICP session. There was obviously a
zircon-forming event at c. 2.0 Ga, which we corre-
late with strong Palaeoproterozoic metamorphic
reworking which also has disturbed the U-Pb
isotope systems and contributed to the strong discor-
dancy in many of the older crystals. One rim in the
2.0 Ga group is almost 5% discordant, but this has
not affected the 207Pb/ZOf’Pb age, indicating that
the discordancy is due to recent Pb loss.

One SIMS analysis in a light structureless crystal
in 06-BG38 (spot 17) is concordant and it has an
even lower 297Pb/20Pb age of 1855 Ma. There is
no obvious reason why this analysis gives a young
age. However, it might be geologically meaningful.
There is evidence of an important zircon-forming
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Fig. 7. Tera—Wasserburg diagrams showing U—Pb data for zircon from metasediments from the Azov Domain.

(a) Metasediment sample 89/551, Fedorivka greenstone belt (Fig. 2b, Table 3), with zircon types indicated. The
oldest, concordant and close to concordant >3.5 Ga ages in cores provide minimum ages for the oldest rocks in the
source region of the metasediment. The concordant 2.7-2.9 Ga ages in crystals without core—rim structure, and in rims,
reflect a period of metamorphic reworking. Many of these have low U concentrations, <100 ppm, and high Th/U ratios
indicating growth under granulite facies conditions. (b) Metasediment samples from the Soroki greenstone belt

(Fig. 2b), with zircon types indicated. Diagram is based on data previously reported in Bibikova et al. (2010).
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Odesa quarry enderbite 06-BG38
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Fig. 8. eye—time diagram for Odesa enderbite sample 06-BG38, Dniestr—Bug region, Podolian Domain. The ages
used are SIMS 207Pb/ 206pp, ages which were obtained after the LA-ICP analysis of Hf. Most of these ages do not
accurately reflect the primary rock age or metamorphic ages, but are disturbed by metamorphic reworking. Symbols
show visual classification of zircon types based on CL images. Filling of symbols shows discordancy of U-Pb ages.
Black symbols, less than 2% discordant; grey symbols, 2—8% discordant; open symbols, more than 8% discordant. Most
analyses plot along an array, indicated in the diagram with a dashed line, with a slope corresponding to a '"*Lu / 7THf
ratio close to zero. This array reflects Pb loss but closed Hf isotope systems in zircon crystals during metamorphic
reworking, while data points on the upper left side are interpreted to indicate uptake of Hf from the ambient rock. The
initial ey ratio of zircon crystals can be approximated from the extension of the upper right end of the array to 3.75 Ga,
which based on U—Pb data for sample C10-U4 is interpreted to be the primary age of the enderbite.

event at ¢. 1.8 Ga in the western Ukrainian Shield,
both to the north in Novohrad—Volynskyy region
and to the east in the vicinity of Krivyy Rih. Mona-
zite separated from Bug Series quartzite near the
location of sample 06-BG38 has yielded an age of
1857.5 + 1.1 Ma (Stepanyuk et al. 2004). Cases
of other outliers are two analyses in 06-BG38
(spots 40 and 75), which are more than 10% rever-
sely discordant. Both appear to be technically
acceptable, and there is no obvious reason for this
reverse discordancy.

In summary, our interpretation of the new U—Pb
zircon data presented here from the Kozachy Yahr
and Odesa quarries, taken together with the results
from Claesson et al. (2006), is that the primary
age of the enderbite in both quarries is the same,
and our best estimate of this age is 3.75 Ga. The
enderbite has been subject to high-grade meta-
morphism, probably to granulite facies, at c.
2.8 Ga, which is reflected in the recrystallization
of older zircon, crystallization of new, low-U
metamorphic zircon and metamorphic zircon rims.
A second period of metamorphic reworking at
2.0 Ga is reflected in a second generation of low-U
zircon rims in enderbite sample 06-BG38.

Additional insight into the ages and age relations
for enderbites and other rocks in the Dniestr—Bug
Series is provided by the Nd model ages presented
in Table 5. The oldest Nd model ages are obtained
for the Kozachy Yahr (Tpy = 3.8 Ga) and Odesa
(Tpm = 3.7 and 3.9 Ga) enderbites. Tpy ages for
Odesa quartzite and granulitic gneiss are 3.4-—
3.5 Ga, while the ages for the garnet-mica schist
and gneiss samples from Zavallya are 3.1-3.2 Ga.
For comparison, two enderbite samples from
another locality, near Litin ¢. 180 km to the NW of
Kozachy Yahr and Odesa, yield Tpy; model ages of
3.6 and 3.65 Ga (Stepanyuk er al. 1998). These
samples are also distinguished by their higher
47Sm/'**Nd ratios of 0.13—0.16, compared with
0.10-0.12 for Odesa and Kozachy Yahr enderbites.

Bearing in mind the possibility that the Nd
whole-rock systems might have been disturbed
during later metamorphism, and the uncertainty
about the existence of a modern-type depleted
mantle reservoir in the early Archaean, the results
for the Kozachy Yahr and Odesa enderbites are in
good agreement with the U-Pb ages and Hf data,
and support the conclusion that these remobilized
rocks are also the oldest rocks so far identified in
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Table 3. U-Th—Pb zircon data Fedorivka metasediment sample 89/551

Spot no.  Zircon Concentrations, ppm Th/U fr06 Ratios Ages (Ma) Discordance

type* measured  (%)" (%)

Th Pb pp/  +lo PPU/ +le PPb)  +lo *Pb) +lo ®Pb/ +lo
85U (@) 2%%pb (%) °Pb (%) 206py, 238§

1 Core 224 82 214 0.368 0.01 2728 123 1454 096 0.2877 0.77 3405 12 3374 25 -1
2 Noc-r 323 125 339 0.386 0.01 3235 1.61 1.349 096 0.3166 1.30 3553 20 3575 26 1
3 Rim 208 76 154 0.365 0.02 16.13 1.03 1.768 0.96 0.2069 0.37 2881 6 2889 22 0
4a Core 110 52 97 0.475 0.03 2589 9.08 1.617 9.03 03036 1.02 3489 16 3104 226 —14
4b Rim 5 2 4 0.335 {0.26} 19.77 2.02 1585 138 0.2272 1.48 3032 24 3154 34 5
Sa Core 398 240 417 0.601 0.01 2936 1.03 1398 0.98 0.2978 0.31 3459 5 3478 26 1
5b Core 209 85 209 0.404 0.02 29.37 1.07 1417 099 03019 041 3480 6 3442 26 -1
6a Core 229 183 206 0.803 0.03 2226 1.07 1.634 097 0.2639 0.46 3270 7 3078 24 -7
6b Rim 25 103 32 4.185 0.19 1493 144 1843 1.16 0.1996 0.85 2823 14 2794 26 -1
Ta Core 263 91 167 0.348 0.09 1541 1.11 2.098 1.06 0.2344 0.32 3082 5 2513 22 —22
7b Rim 35 28 28 0.778 {0.04} 16.18 1.50 1.783 098 0.2093 1.14 2900 18 2870 23 -1
8 Noc-r 100 86 91 0.856 0.02 19.89  1.03 1.619 096 0.2335 0.38 3076 6 3101 24 1
9 No c-r 87 84 68 0.964 0.04 1470 122 1.866 1.13 0.1990 0.47 2818 8 2766 26 =2
10 Rim 36 57 31 1.585 0.16 1442 147 1864 1.05 0.1950 1.03 2785 17 2769 24 -1
11a Core 135 103 140 0.760 {0.01} 2935 145 1441 096 0.3067 1.09 3504 17 3398 26 —4
11b Rim 118 110 91 0.936 {0.02} 1403 1.17 1.879 1.02 0.1912 0.58 2753 9 2751 23 0
12 Rim 150 69 111 0.461 0.07 1560 1.04 1.796 096 0.2032 0.38 2852 6 2853 22 0
13 Core 301 88 263 0.291 {0.00} 2430 2.00 1546 154 02726 1.27 3321 20 3215 39 —4
14 Rim 141 155 113 1.099 0.03 1439 1.08 1.857 0.99 0.1938 0.43 2775 7 2777 22 0
15 No c-r 26 8 20 0.294 {0.04} 17.15 140 1.725 1.08 0.2145 0.89 2940 14 2948 26 0
16 Noc-r 148 101 117 0.685 0.02 21.13 149 1.725 1.00 0.2644 1.10 3273 17 2947 24 —-12
17 Noc-r 121 133 102 1.099 0.04 1577  1.19 1780 1.11 0.2036 0.44 2855 7 2874 26 1
18 No c-r 84 67 65 0.803 0.07 1497 1.18 1.818 097 0.1974 0.67 2804 11 2825 22 1
19 Noc-r 143 51 134 0.355 0.02 2622 1.69 1464 1.01 0.2785 1.36 3354 21 3356 26 0
20 No c-r 75 164 72 2.192 {0.03} 1445 1.14 1.857 097 0.1946 0.60 2782 10 2778 22 0
21 Core 71 36 66 0.505 0.05 25.04 122 1495 097 0.2714 0.73 3314 11 3302 25 0
22 Core 40 15 33 0.373 {0.01} 1994 135 1.615 1.08 0.2336 0.81 3077 13 3107 27 1
23 Core 214 153 227 0.714 0.02 30.09 2.63 1.399 2.15 0.3053 1.51 3497 23 3477 58 -1
24 Rim 13 16 11 1.238 {0.08} 1430 1.77 1.851 1.18 0.1919 1.32 2758 22 2785 27 1
25 Core 156 60 133 0.385 0.03 22.01 1.17 1589 096 0.2537 0.65 3208 10 3147 24 -2
26 No c-r 83 100 63 1.195 {0.01} 1331 1.17 1981 1.04 0.1912 0.54 2753 9 2634 22 -5
27 No c-r 95 122 76 1.291 {0.03} 1329 1.24 1909 1.12 0.1840 0.52 2689 9 2715 25 1
28 Core 367 126 302 0.342 0.04 26.01 1.17 1.686 1.02 0.3180 0.58 3560 9 3002 25 -20
29 Core 233 136 177 0.585 0.04 1823 132 1.794 125 0.2372 042 3101 7 2855 29 —-10
30 Core 234 109 171 0.465 0.02 16.05 1.12 1.830 1.08 0.2131 0.32 2929 5 2810 25 -5
32 Core 322 136 293 0.422 0.07 2728 1.23 1551 1.06 03216 0.94 3577 14 3208 27 —13
35 Core 275 140 204 0.507 0.06 2589 9.08 1.787 097 0.2304 0.84 3055 13 2865 23 -8
36 Core 83 47 79 0.567 {0.03} 19.77 2.02 1496 1.76 0.2837 0.59 3383 9 3299 46 -3
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41a Core
41b Core
44 Core
45 No c-r
47a Core
47b Core
49a Core
49b Core
51 Core
52 Core
53 Rim
54 Core
56a Core
56b Rim
58 Core
59 Rim
60 Rim
62 Rim
63 Core
65 Core
66 Core
67 Core
68 Core
70 Core
71 Core
75 Core
76 Rim
77 Rim
79 No c-r
80 Core
81 Core
83 Rim
86 Rim
87 Core
88 Rim
89 Core
90a Rim
90b Core
91 Core
92 No c-r

138
134
618
358
379
235
462
849
286
394

133

138

0.770
0.656
0.337
0.586
0.485
0.385
0.585
0.445
0.418
1.094
0.359
0.677
1.089
0.118
0.465
0.757
0.638
0.984
0.295
0.379
0.481
0.414
0.757
0.366
0.235
0.618
0.536
2.881
0.608
0.390
0.461
0.330
0.389
0.448
0.290
0.532
0.587
0.212
0.902
0.931

0.05
{0.02}
0.05
0.05
0.01
0.10
0.04
0.03
0.02
0.08
0.16
0.03
0.11
{0.08)
0.13
{0.01}
0.03
0.04
0.02
0.02
0.04
0.12
0.02
0.04
0.17
0.19
0.05
0.05
0.07
0.14
{0.02}
0.08
0.02
{0.03)
0.05
{0.01}
0.11
0.08
0.15
0.25

15.41
16.18
14.42
29.35
15.60
22.01
17.15
13.31
15.77
14.97
26.22
14.45
19.94
30.09
13.29
26.01
18.23
18.95
27.31
25.76
21.56
16.75
37.69
31.10
21.43
24.73
13.14
14.06
16.49
18.91
24.71
15.60
15.28
36.83
15.67
30.18
17.28
21.36
20.65
21.81

1.70
1.05
1.47
1.14
1.88
1.21
2.35
1.25
1.15
1.18
1.43

1.546
1.455
1.601
1.925
1.313
1.778
1.471
1.461
1.619
1.830
1.757
1.420
1.735
1.593
1.677
1.905
1.815
1.640
1.449
1.562
1.728
1.864
1.285
1.393
1.908
1.678
2.017
1.884
1.860
2.129
1.501
1.815
1.822
1.299
1.809
1.385
1.757
1.891
1.818
1.602

1.76

1.03
1.03
1.05
1.10
1.07
1.00

0.2688
0.2710
0.2734
0.2201
0.3362
0.3142
0.3404
0.3285
0.2538
0.2411
0.2107
0.3002
0.2941
0.2448
0.2919
0.1888
0.2014
0.2254
0.2870
0.2918
0.2702
0.2265
0.3511
0.3141
0.2966
0.3010
0.1922
0.1921
0.2224
0.2920
0.2697
0.2053
0.2019
0.3470
0.2056
0.3031
0.2202
0.2930
0.2722
0.2535

0.38
0.38
0.46
0.28
0.28
0.67
0.35
1.49
1.53
0.34
0.84
0.35
0.60
0.81
0.46
0.48
0.29
0.38
0.63
0.60
0.51
0.49
1.02
2.80
0.52
0.30
0.38
0.64
0.31
1.380999
0.348575
0.966616
0.383476
1.572439
0.640225
2.110267
0.671861
0.355372
0.512889
1.016319

3299
3312
3326
2982
3646
3542
3665
3610
3208
3127
2911
3471
3440
3152
3428
2732
2837
3019
3402
3427
3307
3028
3712
3541
3452
3476
2761
2760
2998
3428
3304
2869
2842
3694
2871
3486
2983
3434
3319
3207

—_

Ao

—_

3216
3372
3129
2697
3650
2876
3344
3361
3101
2811
2904
3437
2933
3140
3016
2720
2829
3069
3383
3190
2944
2768
3712
3489
2717
3013
2596
2745
2773
2482
3291
2830
2820
3680
2837
3504
2904
2736
2826
3126

Analytical SIMS U—Th-Pb data for zircon from metasediment sample 89/551, Fedorivka greenstone belt, Azov domain. Zircon types are also characterized.

*Character of analysed zircon domain as shown in CL image. No c-r, Crystal without CL-visible core—rim structure.

fa06 (%) is the percentage of common **°Pb, estimated from the measured **Pb. Figures in brackets indicate when no correction has been applied.
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Table 4. Pb and Hf data metasediment samples CUI, 5/88, and 92 / 218

Sample and ~ Zircon Pb—Pb ages SIMS* Lu—Hf data ICP-MS Initial Hf ratios
spot type'
b P 27pp/2%Ph age,  +lo, Discordance  '"°Lu/'”’Hf  °Yb/''Hf  '"°Hf/'"’Hf, ~ +lo* °Hf/'"Hf}  eHf}  +20
Ma Ma (%)

CUI-1 Core 3512 +38 No data 0.0008 0.03076 0.280459 +14 0.280405 -3.7 1.0
CU1-2 Core 3504 +7 No data 0.00195 0.09176 0.280481 +20 0.280349 -5.9 1.6
CU1-3 Core 3547 +4 -9.9 0.00071 0.02756 0.280487 +11 0.280438 -1.7 0.8
CU1-4 Core 3180 +9 No data 0.0012 0.0506 0.280444 +15 0.280371 —12.8 1.1
CU1-5 Core 3567 +5 -39 0.0006 0.02205 0.280470 +11 0.280429 —15 0.8
CU1-6 Core 3574 +4 —6.1 0.00091 0.03714 0.280459 +13 0.280396 -25 0.9
CU1-7 Core 3649 +6 —20.2 0.00193 0.07814 0.280564 +17 0.280428 0.4 1.2
CU1-8 Core 3685 +6 -33 0.00182 0.07183 0.280572 +13 0.280442 1.8 1.0
CU1-9 Core 3564 16 =51 0.00111 0.04183 0.280445 +12 0.280369 -3.7 0.9
CU1-10 Core 3520 +5 —10.9 0.00217 0.08262 0.280520 +16 0.280373 —4.6 1.2
CUI-12 Rim 3144 +11 —18.2 0.00066 0.02405 0.280452 +13 0.280412 —122 0.9
CU1-13 Core 3053 +17 No data 0.00095 0.03534 0.280465 +11 0.280409 —144 0.8
CUI-14 Core 3607 +4 —28.5 0.00155 0.06338 0.280503 +14 0.280395 -1.8 1.0
CU1-15 Core 3487 +7 —35.1 0.00073 0.02769 0.280457 +12 0.280408 —42 0.9
CU1-16 Core 3496 +7 No data 0.00144 0.0549 0.280474 +15 0.280377 -5.1 1.0
CU1-17 Core 3577 +6 =75 0.00058 0.0224 0.280461 +11 0.280421 -1.6 0.8
CUI-18 Core 3557 +9 No data 0.00045 0.01581 0.280482 +12 0.280451 —1.0 0.9
CU1-20 Rim 3288 +11 —6.6 0.00112 0.04871 0.280451 +11 0.280380 -9.9 0.9
CU1-21 Core 3727 +47 —173 0.00122 0.05695 0.280441 +23 0.280353 —-04 1.7
CU1-22 Core 3584 +3 -94 0.00147 0.06492 0.280480 +13 0.280378 -29 1.0
CU1-23 Core 3515 +11 No data 0.00053 0.01985 0.280453 +10 0.280417 —-32 0.7
CU1-24 Core 3156 +8 No data 0.00091 0.03369 0.280398 +12 0.280343 —144 0.8
CU1-26 Rim 3323 +5 —5.6 0.00209 0.10093 0.280692 +14 0.280558 —2.7 1.1
CU1-27 Core 3586 +6 -39 0.00122 0.04529 0.280474 +14 0.280389 -25 1.0
CU1-28 Core 3567 +5 —42 0.00139 0.05449 0.280562 +13 0.280466 -0.2 1.0
CU1-30 Rim 3523 +10 No data 0.00137 0.06012 0.280553 +14 0.280460 -15 1.0
CU1-31 Rim 3353 +10 —45.9 0.00079 0.02889 0.280460 +10 0.280409 =73 0.7
CU1-32 Core 3585 15 —13.9 0.00047 0.01686 0.280460 +10 0.280427 —1.1 0.7
CU1-33 Core 3460 +9 No data 0.00086 0.03568 0.280507 +12 0.280450 -33 0.9
CU1-34 Core 3559 +2 -7.6 0.00058 0.02247 0.280607 +12 0.280567 32 1.0
CU1-35 Rim 3184 +12 —6.6 0.00032 0.01189 0.280469 +10 0.280449 -9.9 0.7
CU1-36 Core 3082 +13 No data 0.00152 0.07123 0.280521 +14 0.280431 —13.0 1.0
CU1-38 Rim 3303 +7 —11.5 0.00127 0.04485 0.280498 +10 0.280417 —8.2 0.7
CU1-39 Core 3784 +2 -23 0.00247 0.10058 0.280462 +16 0.280281 -1.6 1.2
CU1-40 Core 3301 +44 —36.3 0.00173 0.06998 0.280580 +13 0.280470 —6.4 0.9
CU1-41 Rim 3288 +9 -5.9 0.00023 0.00855 0.280514 +11 0.280499 —5.6 0.8
5/88-2 Core 3447 +7 No data 0.00163 0.06449 0.280550 +11 0.280442 -39 0.8
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5/88-3 Core 3250 +10 No data 0.00075 0.03245 0.280564 +12 0.280517 —-59 0.9
5/88-4 Core 3496 +9 —38.8 0.00241 0.10023 0.280504 +16 0.280341 —63 1.2
5/88-5 Core 2456 +56 No data 0.00097 0.03859 0.280938 +10 0.280892 —11.2 0.7
5/88-6 Core 3570 +5 —6.5 0.00188 0.07671 0.280572 +11 0.280442 -1.0 0.8
5/88-7 Core 3567 +2 —-59 0.00281 0.11613 0.280627 +17 0.280433 —13 1.2
5/88-8 Core 3726 +4 —12.9 0.00157 0.06294 0.280459 +14 0.280346 —0.7 1.0
5/88-9 Core 3188 +14 No data 0.00152 0.05371 0.280597 +10 0.280504 -79 0.7
5/88-10 Core 3742 +7 No data 0.00069 0.02545 0.280423 +12 0.280373 0.7 0.9
5/88-11 Core 3365 +13 No data 0.00065 0.02595 0.280429 +11 0.280387 —-17.8 0.8
5/88-12 Core 2603 +22 No data 0.00099 0.03954 0.280493 +13 0.280444 —23.8 0.9
5/88-13 Core, y 2982 +9 No data 0.00069 0.0273 0.280943 +11 0.280903 1.5 0.8
5/88-14 Core 3785 +4 —4.6 0.00042 0.0161 0.280329 +12 0.280298 —-0.9 0.9
5/88-15 Rim 3254 +4 —36.4 0.00225 0.09873 0.280343 +12 0.280202 —17.0 0.8
5/88-16 Core 3527 +4 —18.2 0.00097 0.04069 0.280436 +12 0.280370 —4.6 0.9
5/88-17 Core 3499 +10 No data 0.00101 0.03652 0.280491 +13 0.280423 —34 0.9
5/88-18 Core 3351 +10 No data 0.0006 0.02583 0.280475 +12 0.280436 —64 0.9
92/218-3 Core 3394 +6 —-95 0.00092 0.0384 0.280537 +16 0.280477 -39 1.2
92-218-4 Core, y 3083 +43 —63 0.00077 0.02788 0.280895 +10 0.280849 2.0 0.7
92/218-5 Core, y 3067 +14 No data 0.00089 0.03414 0.280923 +15 0.280870 2.3 1.1
92/218-6 Core 3069 +5 —14.8 0.00092 0.03543 0.280909 +13 0.280855 1.8 0.9
92/218-7 Core, y 2778 +32 No data 0.00133 0.05412 0.280932 +18 0.280861 —4.8 1.3
92/218-8 Core, y 3077 +10 No data 0.00125 0.0486 0.280946 +15 0.280872 2.6 1.1
92/218-9 Core 3196 +4 —6.5 0.00089 0.03356 0.280670 +13 0.280615 —3.7 0.9
92/218-10 Core,y 3073 +12 No data 0.00059 0.0216 0.280939 +11 0.280904 3.7 0.8
92/218-11 Core, y 3054 +7 —35 0.00071 0.02564 0.280926 +13 0.280884 2.5 0.9
92/218-12 Core,y 3002 +23 No data 0.00057 0.02071 0.280831 +10 0.280798 —1.8 0.7
92/218-13 Core 3320 +16 No data 0.00057 0.02288 0.280456 +10 0.280419 -1.1 0.7
92/218-14 Core, y 3055 +12 No data 0.00068 0.02461 0.280921 +12 0.280881 2.4 0.8
92/218-15 Core, y 3028 +12 No data 0.00075 0.02555 0.280941 +11 0.280897 2.4 0.8
92/218-16 Core, y 2934 +10 No data 0.00072 0.0264 0.280906 +11 0.280865 -1.0 0.8
92/218-17 Core 3357 +24 —69.6 0.00061 0.02315 0.280489 +11 0.280449 —5.8 0.8
92/218-18 Rim 3455 +4 —-7.2 0.00034 0.01232 0.280481 +15 0.280458 —-3.1 1.1
92/218-19 Core, y 3468 +4 —5.8 0.00108 0.04322 0.280527 +10 0.280455 -3.0 0.7
92/218-20 Core, y 2978 +6 No data 0.0004 0.01362 0.280898 +8 0.280875 0.4 0.6
92/218-21 Core, y 3033 +10 No data 0.0006 0.01963 0.280904 +12 0.280869 1.5 0.9
92/218-22 Core, y 3044 +10 No data 0.0009 0.03428 0.280925 +11 0.280872 1.9 0.8
92/218-23 Core, y 3083 +7 —43 0.00047 0.01648 0.280936 +13 0.280908 4.1 0.9

SIMS 2’Pb/?*Pb ages and analytical ICP-MS Hf data for zircon from metasediment samples CU1, 5/88 and 92/218, Soroki greenstone belt, Azov Domain. Zircon types are also characterized.

#207pp, /299pY, ages from Bibikova ef al. (2010).

Character of analysed zircon domain as shown in CL image and by Hf isotopic composition. Core, Spot in core or in crystals without clearly CL-visible core—rim structure; Rim, spot in rim; y, spot in zircon
belonging to the younger population with crustal residence age c¢. 3.1 Ga.

*Numbers refer to the last significant digit(s) in the '7°Hf/'”’Hf ratios.

SCalculated at the 2°’Pb/?°°Pb age.
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Soroki metasediments CU-1, 5/88, 92/218
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Fig. 9. ey,—time diagram for metasediment samples 92/218, 5/88 and CU-1, Soroki greenstone belt, Azov domain.
The ages used are SIMS 2*’Pb/?°°Pb ages; most of these ages do not accurately reflect primary rock ages or
metamorphic ages but have been modified by metamorphic reworking. Filling of symbols shows discordancy of U-Pb
ages. Black symbols, <5% discordant; grey symbols, >5% discordant; open symbols, discordancy unknown. Most
analyses fall into one of two elongate clusters. The dashed line in the older cluster has a slope corresponding to a
7L / '7THf ratio close to zero, demonstrating the direction of movement in the diagram of zircon crystals affected by
Pb loss, which causes a lowering of apparent >*’Pb / 209pp, ages. The bimodal age distribution indicates that the analysed
material is dominantly derived from rocks with two distinct crustal formation ages. The younger array extends into the
region in the diagram with distinctly positive ey values, demonstrating that the source rocks of these zircons were
derived from depleted mantle sources. The zircons in the older array appear to be derived from mildly depleted

mantle sources.

the Podolian Domain. The model ages for enderbites
from Litin are slightly younger, and also younger
than the rock age 3.75 Ga for Odesa and Kozachy
Yahr. This provides some support for the inter-
pretation that the Dniestr—Bug enderbites are not
all of the same age. The Zavallya gneiss and garnet-
mica schist, which are interpreted to form part of
the Bug Series, also have the lowest Nd crustal
provenance ages.

Age patterns in Fedorivka and Soroki
metasediments, Azov Domain

The 78 zircon U-Pb analyses from the Fedorivka
sample 89/551 are mainly from zircon cores.
Twelve of these cores give 207Pb/Z%Pb ages
>3.5 Ga, while the remainder give 2°7Pb/2%°Pb
ages ranging from 3.3 to 3.5 Ga or younger, down
to 3.0 Ga. Many are strongly discordant (Fig. 7a),
and do not provide meaningful estimates of rock
ages in the source region of the metasediments.
Some 20 crystals without any distinct core—rim
structures, and zircon rims, give concordant or

close to concordant U-Pb ages of 2.7-2.9 Ga. In
the following we discuss the Fedorivka age data in
conjunction with the U-Pb zircon data for four
samples of Soroki greenstone belt metasediments
reported by Bibikova et al. (2010). For comparison,
a Tera—Wasserburg diagram showing the Soroki
U-Pb zircon data is included here (Fig. 7b).

The Soroki study was focused on the oldest com-
ponents in the Soroki metasediments. Bibikova et al.
(2010) identified a group of ages in the range 3.5—
3.6 Ga, and several zircon cores older than 3.7 Ga,
and concluded that Azov domain metasediments
include an important, previously unidentified
Palaeoarchaean component of that age and also
Eoarchaean >3.6 Ga material, demonstrating the
existence of crust of such age in the provenance
region for these rocks. Bibikova et al. (2010) also
identified a minor, 3.05-3.08 Ga-old population
of zircon without cores characterized by a rounded
prismatic shape and a characteristic CL zonation
(Fig. 4B, images k and 1). The U concentrations
for this population are typically <100 ppm.

The results presented here for the Fedor-
ivka metasediment sample 89/551 support the
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Table 5. Nd isotope data from the Podolian and Azov domains

Concentration, ppm Ratios Model age

Sample Rock type Sm Nd “TSm/MNd - "*Nd/"*Nd + 20 Tpm, Ga
Kozachy Yahr quarry, Podolian domain
C10-U4 Enderbite 2.15 12.03 0.1080 0.510515 0.000014 3.8
Odesa quarry, Podolian domain
06-BG38 Enderbite 3.29 18.94 0.1050 0.510573 0.000008 3.7
10/24* Enderbite 223 16.75 0.1166 0.510613 0.000009 39
C10-U1 Quartzite 0.71 4.90 0.0868 0.510297 0. 000009 34
UR 86/1 Quartzite 1.99 12.34 0.0978 0.510450 0.000013 35
C10-U2 Granulite 341 18.97 0.1086 0.510716 0.000003 35
Zavallie graphite quarry, Podolian domain
C10-U3 Metasedimentary Al-gneiss 2.26 13.94 0.0980 0.510778 0.000007 3.1
14/5% Bi-2Px plagiogneiss 4.66 30.07 0.0936 0.510548 0.000012 32
Litin quarry, Podolian domain
3/1% Enderbite 5.49 21.03 0.1579 0.511771 0.000009 3.6
195/81* Enderbite 4.52 20.21 0.1359 0.511232 0.000009 3.65
Soroki greenstone belt, Azov domain
7/12 Metasediment 292 18.54 0.0953 0.510626 0.000012 33
7/11 Metasediment 2.11 13.13 0.0972 0.510589 0.000008 34
5/88 Metasediment 222 13.66 0.0985 0.510584 0.000005 34
Fedorivka greenstone belt, Azov domain
89/551 Metasediment 4.53 25.24 0.1076 0.051105 0.000004 3.0

Analytical Nd isotope data and Nd model ages for whole-rock samples from the Dniestr—Bug Series, Podolian Domain, and the Soroki and Fedorivka greenstone belts, Azov Domain.

*Data from Stepanyuk et al. (1998).
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conclusion by Bibikova et al. (2010) that the Azov
Domain includes a regionally important component
of Paleoarchaean or older crust. In contrast to
Soroki, the Fedorivka zircon population analysed
here does not show any evidence of 3.05-3.08 Ga
zircon growth. Furthermore, the 2.7-2.9 Ga age
population in sample 89/551 is not represented in
any of the Soroki samples.

The 2.7-2.9 Ga structureless zircons and rims
commonly have low uranium concentrations of
less than 100 ppm, in many cases as low as
20-30 ppm, and high Th/U ratios of about 1.0.
This indicates growth under granulitic conditions.
Based on the data presented here, it is not clear
if 2.7-2.9 Ga metamorphic zircon represents a
single metamorphic event, or if the metamorphism
was older than or postdated sedimentation. Some
of the 2.7-2.9 Ga zircon may be clastic and in
that case demonstrate the occurrence of Meso-
archaean material in the metasediment. Such an
interpretation is supported by the Nd Tpy, whole
rock model age of 3.0Ga for the Fedorivka
sample 89/551, which is younger than the model
Nd ages for the three samples of Soroki metasedi-
ments of 3.3—3.4 Ga (Table 5).

The earliest crust in the Dniestr—Bug region

In eye—time space (Fig. 8), most of the zircon
crystals from enderbite sample 06-BG38 which
were analysed for both Hf and U-Pb isotopes
form a linear array. In general such arrays can
give insight into the nature of the primary reservoir,
particularly its Lu/Hf, but this is not the case here.
The Pb data for discordant zircons had previously
been interpreted to result from Pb loss and to give
no real age information. The Lu—Hf system sup-
ports this conclusion. Essentially the Hf isotope
composition of these zircons is constant. This
results in a calculated Lu/Hf for the array of close
to zero, an artefact of the *°’Pb/?°°Pb data having
no time significance. Felsic and mafic crustal reser-
voirs (real rocks) typically have '"*Lu /'7THf ratios
of ¢. 0.01 and c. 0.02, respectively. Given our best
estimate of the primary age of the zircon in the
Odesa and Kozachy Yahr enderbite rocks, the corre-
sponding ey value is about c. +2.

The production of magma with the geochemical
composition of the enderbite, with a SiO, content
over 60%, requires differentiation from a more
mafic juvenile crustal precursor. Since the isotopic
composition of the mantle from which the primary
crust was extracted is unknown, the age of this
crustal precursor is poorly constrained. It can have
preceded the enderbite-forming differentiation by
several hundred million years, or have taken place
shortly before the generation of the enderbite. A

minimum age is c¢. 3.75 Ga, the age of the enderbite,
while an upper limit may be estimated assuming
a mafic precursor with a '7®Lu/'7"Hf ratio of 0.02
derived from depleted mantle with the model com-
position of Griffin e al. (2002). The latter results
in a crustal provenance age of 3.9-4.0 Ga. Such
crustal provenance ages are also consistent with
the whole-rock depleted mantle Nd model ages for
the Odesa and Kozachy Yahr enderbites of 3.7—
3.9 Ga (Table 5).

Formation of Archaean crust in the Azov
Domain

The majority of the Hf-age data from the three
samples of Soroki metasediments analysed for
both Hf and U-Pb isotopes form two groups on
the eye—time plot (Fig. 9), with most analyses scat-
tering along two more or less distinct arrays towards
younger ages and more negative ey¢ values (Fig. 9).
Since most of the 297Pb/2%Pb ages for individual
data points shown in Figure 9 do not reflect accurate
primary crystallization ages but have been modified
by metamorphic reworking, these cluster-arrays are
attributed to Pb loss and not to the evolution of
distinct segments of crustal material. As discussed
above, the oldest (and most U-Pb concordant)
ages on any such array are taken to be the most
reliable estimates of the primary crystallization
ages, in this case at ¢. 3.5-3.6 Ga and 3.08 Ga for
the two arrays on Figure 9.

Thus, the cluster of ¢. 3.5-3.6 Ga zircons with
eyr between — 6 and 0 provides a minimum age for
one period of magmatism. Zircon older than 3.6 Ga
with eyr of —2 to +2, which define the high ey
end of the older cluster-array in Figure 9, may rep-
resent slightly older crustal magmatism. The posi-
tive eyr values for some of these oldest zircons
suggests their host magmas were juvenile or,
depending on the composition of the mantle source,
that the source material for these magmas had a
short crustal residence time. The cluster of zircon
with ages up to 3.08 Ga and eyr +1 to +4 defines
the high eyr end of the younger cluster-array in
Figure 9. Three of these are 3—6% discordant, and
the discordancy of the remaining data points in
this array is undetermined.

Taken together, this suggests that the magmatic
rocks in which the bulk of the analysed zircons
have crystallized were derived from continental
crust dominated by two periods of crust generation.
A minimum crustal formation age for the source
rocks of the zircon which define the older cluster-
array is 3.75 Ga. In the same way as for Dniestr—
Bug enderbites, an upper limit of 3.9-4.0 Ga may
be estimated assuming a mafic crustal precursor
with a '"°Lu/'7"Hf ratio of 0.02 which is derived
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from depleted mantle with the model composition of
Griffin et al. (2002).

Similarly, 3.1 Ga is a minimum crustal residence
age for the source rocks of the zircon which define
the younger cluster-array in Figure 9. With a
primary crust of mafic composition derived from a
modern-type depleted mantle, the crustal formation
age may be up to c. 3.25 Ga. This cluster-array
includes all zircons from the 3.05-3.08 Ga old
population of zircon without cores and with a
characteristic CL zonation which was identified by
Bibikova et al. (2010). The CL appearance indicates
these zircons may be metamorphic rather than
magmatic, but if so the Hf data require a short pre-
metamorphic crustal residence period. This zircon
population occurs primarily in Soroki sample
92/18, but also in sample 5/88. It may be derived
from a local source.

We note that the estimated ey values of ¢. +2 at
3.75 Ga for the oldest rocks identified here in both
the Azov and Podolian domains, and up to +4 at
3.1 Ga in the Azov Domain (Fig. 10), show an
excellent fit with the evolution model for new
crust by Dhuime et al. (2011), which is shown in
Figure 10.

In addition to the two periods of crustal gener-
ation described above, the new data include some
indication of material with other crustal ages. Two

core analyses from Soroki metasediment samples,
CU1-39 and 5/88-14, stand out as slightly older
than those within the main cluster-array. These are
both less than 5% discordant and give within error
identical ages of 3.785 Ga and slightly negative
initial ey values of —1 to —2. Optically, these
zircons are not different in appearance from zircon
in the main cluster; both display cores with wide
rims. This combination of 2%7Pb/2%°Pb—gy; data
on the old side of the main cluster-array cannot be
readily explained by a mixture of other identified
age components in these samples. The 3.56 Ga-old
analysis CU1-34, in a distinct core, may also rep-
resent material with a different crustal residence-
time. It has a positive ey¢ value of 3.4 and plots
closer to the depleted mantle curve than any other
analysis in Figure 9. The sparse nature of these
data make interpretation speculative at best.

Hf-age isotope systematics during crustal
reworking

The ey¢—time array formed by the majority of the
zircon analyses from enderbite 06-BG38 (Fig. 8)
has a slope corresponding to evolution in an
environment with a '7°Lu/177Hf ratio close to zero
and a well-defined, straight lower right boundary

10 4 5 crust formation events
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Fig. 10. Summary eye—time diagram for Odesa enderbite 06-BG38 and Soroki metasediment samples 92/218, 5/88
and CU-1, illustrating the evolution of analysed zircons and their host rocks, isotopic compositions of mantle sources
and model crustal residence ages. In addition to CHUR and the evolution of depleted mantle (Griffin et al. 2002), the
evolution curve for new crust by Dhuime et al. (2011) is also shown. Yellow stars show estimated ages for crust
formation events (3.75 Ga for both Podolian Domain enderbite and most metasedimentary zircon in Soroki greenstone
belt metasediments, and 3.10 Ga for the younger portion of Soroki metasediment zircon), and corresponding initial ey
values of c¢. +2 and +4. The stars show an excellent fit to the evolution line for new crust. The grey band shows the effect
of Pb loss on 3.75 Ga zircon, while the green band shows the evolution of 3.75 Ga bulk crust with a 1761 y / YTHf ratio of
0.015, which is intermediate between typical felsic and mafic crust with 176Lu/ 17THF ratios of ¢. 0.010 and 0.020
respectively. More detail information about individual samples is shown in Figures 8 and 9.
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towards older ages and more negative eyy, while
there is a scatter of data points on the young side
of the array. Zircon has Lu/Hf close to zero, and
the observed Hf-age array in Figure 8 can be
explained if all the zircon along the array originally
crystallized during a magmatic event and individual
zircon crystals since then have closed Lu—Hf reser-
voirs, but they have suffered Pb loss during sub-
sequent metamorphic reworking. This requires that
recrystallization of primary magmatic zircon, and
also growth of zircon rims which plot along the
array, has taken place without significant exchange
of Hf between zircon and the ambient rock. Similar
Pb loss trends have been presented by, for example,
Zeh et al. (2008) and Guitreau et al. (2012).

The scattering data points to the left of and above
the array in Figure 8 are interpreted to reflect
in-mixing of Hf from the ambient rock during
metamorphic reworking. This is supported by the
observation that most of these data points are from
crystals without CL-visible internal structures, or
with internal structure indicating recrystallization.
Two core analyses which do not plot along the
array may be metamorphic zircon overgrown by
younger rims.

The slopes of the clusters-arrays for Soroki meta-
sediments, Azov Domain (Fig. 9), are less well con-
strained, but they are similar to the slope for the
Podolian Domain enderbite 06-BG38. This is best
explained by Pb loss from zircons defining these
arrays during later strong metamorphic overprint,
similar to our interpretation of the array for enderbite
06-BG38. Data points scattering between the two
arrays in Figure 9 may reflect inherited zircon
components in the rocks where these zircons
crystallized.

Comparison with other early Archaean
crustal segments

The oldest crust in the Ukrainian Shield has long
since been identified in the Bug region, Podolian
Domain, and in the Azov Domain. Both have been
metamorphically reworked both ¢. 2.7-2.9 and
c. 2.0 Ga ago, and the two domains have also been
correlated with each other. Geochronological and
isotope-geochemical results presented here and in
Bibikova et al. (2010) have identified fragments of
Archaean crust as old as 3.75 Ga in both domains.
However, in spite of the geochronological similari-
ties, we argue that the Podolian and Azov domains
probably have evolved independently of each
other before the amalgamation of the Ukrainian
Shield. In addition to the general observation that
present-day geographical proximity between early
Archaean crustal segments not is a good crite-
rion for a common origin, our argument is that

the intervening, granite—greenstone belt-dominated
Middle Dniepr Domain does not include any crust
older than 3.2 Ga. Furthermore, the Middle Dniepr
Domain has, in contrast to the Podolian and Azov
domains, only been very mildly affected by post-
Archaean metamorphism.

Bleeker (2003) correlated the early development
of different cratons and suggested the existence of
three main Supercratons in the early Archaean —
Sclavia, Superia and Vaalbara — based on similari-
ties in their stratigraphic and structural evolution.
Recent progress in single zircon dating technique
has resulted in rapidly growing age databases.
Zircons as old as 3.8—3.9 Ga have been identified
from most cratons, especially from Archaean sedi-
mentary rocks (Griffin et al. 2004; Zheng et al.
2004; Davis et al. 2005; Lee et al. 2007; Liu et al.
2008; Pietranik et al. 2008; Willner et al. 2008;
Wu et al. 2008; Lauri et al. 2011). Thus, it is
almost impossible to use early Archaean U-Pb
zircon ages to correlate the earliest stages in forma-
tion and evolution of ancient cratons.

Another geochronological reference mark is the
time of emplacement of sanukitoids, high-Mg sub-
alkaline granitoids, which are interpreted to mani-
fest the time of cratonization (Stern & Hanson
1991; Martin et al. 2010). Sanukitoids have been
recognized and dated in nearly all cratons. Their
ages vary from 2.95 to 2.97 in the Pilbara and
Kaapvaal cratons (Smithies & Champion 2000),
around 2.8-2.7 Ga in Superior and Fennoscandia
(Stern & Hanson 1991; Bibikova et al. 2005,
2008; Halla 2005) to about 2.6 Ga in the Slave pro-
vince (Bleeker 2003) and 2.5 Ga in the Darwhar
craton, India (Moyen et al. 2003). Sanukitoids in
the Azov domain have been dated at 2.90-2.93 Ga
(Bibikova et al. 2008), that is, most similar to ages
in the Pilbara and Kaapvaal cratons which form
parts of the Vaalbara Supercraton of Bleeker (2003).

Summary and conclusions

U-Pb and Hf data for zircon and Sm—Nd whole
rock data from the Podolian and Azov Domains,
Ukrainian Shield, provide information about the
origin, ages and metamorphic evolution of old
Archaean crust in these domains. The zircon popu-
lations are complex, overgrowths of new zircon on
older cores are common and the internal structures
of many crystals show these have been recrystal-
lized. The majority of U-Pb dated zircons are
discordant. We demonstrate that both domains
include rocks as old as 3.75 Ga, and identify the
ages of Archaean and Palaeoproterozoic meta-
morphic reworking of this old crust.

In the Podolian Domain, U—Pb zircon data from
the Kozachy Yahr enderbite show that it is 3.75 Ga
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or older. We interpret the nearby Odesa enderbite
to be coeval with Kozachy Yahr at 3.75 Ga, and to
have been derived from a source with a chondritic
to mildly depleted ey isotopic signature of up to
+2. The age of the primary crust from which it
was extracted can be constrained to within 3.75—
3.9 Ga, consistent with Sm—Nd whole rock data
for the same rocks (Fig. 10).

The oldest U-Pb ages from metasediments in
the Fedorivka greenstone belt, Azov Domain, are
consistent with previously published zircon U-Pb
data from the Soroki greenstone belt. This supports
that the Eoarchaean, c¢. 3.7 Ga or older zircons
from Fedorivka and Soroki metasediments in the
Azov Domain reflect ages of rocks which were
regionally distributed at the time when the material
was eroded.

For the Soroki metasediments in the Azov
Domain, combined Hf and U-Pb data indicate that
most of the analysed material was derived from
sources with a minimum crustal formation age of
3.75 Ga and a corresponding initial, mildly depleted
ey isotopic signature of up to +2. A maximum age
for the primary crust can be constrained to ¢. 3.9 Ga.
A younger, Mesoarchaean crustal component in
Soroki metasediments is represented by close to
concordant 3.05-3.08 Ga old zircons with initial
egr up to +4. The crustal residence age of this
material can be constrained to 3.1-3.25 Ga.

The Hf isotopic signatures of the 3.75 Ga crust
identified in the Azov and Podolian domains, and
the 3.1 Ga crust in the Azov Domain (Fig. 10),
show an excellent fit with the evolution model for
new crust by Dhuime et al. (2011). The presented
data also lend some support to the model by Pietra-
nik et al. (2008) with episodic formation of crust in
the Archaean, but the Mesoarchaean episode ident-
ified here is younger than the 3.4 Ga episode pro-
posed by Pietranik er al. (2008).

In the enderbite data from the Dniestr—Bug
region, Podolian Domain, a period with zircon-
recrystallization/new growth, including granulite
facies metamorphism, is identified at c¢. 2.8 Ga.
The 2.04 Ga zircon overgrowths are interpreted to
reflect a second period of metamorphic reworking.
Neoarchaean, 2.7-2.9 Ga metamorphism has been
identified in metasedimentary rocks from the Fedor-
ivka greenstone belt, Azov Domain, and magma-
tism of this age may also have occurred in the
metasediment source region.

The linear arrays in Hf—time space defined by
most analysed zircons (Fig. 10) are interpreted in
terms of Pb loss. Many of these zircon crystals
appear to have been closed systems with respect to
Hf since the primary crystallization. Recrystalliza-
tion and growth of new zircon have in several
cases also taken place with limited exchange of Hf
between zircon and the host rock.

The Podolian and Azov domains may, in spite of
similarities in age and Hf isotopic signature of the
earliest crust, have evolved independently of each
other before the amalgamation of the Ukrainian
Shield. Based on the ages of sanukitoids, we suggest
that the Azov Domain may be correlated with the
Pilbara and Kaapvaal cratons.
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