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The Saxothuringian Terrane defined in the western part of the Bohemian Massif is regarded to have easterly continuations in
the Karkonosze—Izera Massif, the Kamieniec Zgbkowicki Belt and the Orlica—Snieznik Dome. All these units comprise Early
Ordovician (=500 Ma) metagranites associated with mica schists. Even more to the east, ~500 Ma metagranites and
metasedimentary rocks occur also in the Strzelin Massif of the East Sudetes, where they are known as the pale and dark
Stachow gneisses, respectively. Altogether, these rocks form the Stachow Complex which was thrust on the Strzelin Com-
plex of the Brunovistulicum Terrane during the Variscan Orogeny. The contribution presents lines of evidence for a
Saxothuringian affinity of the Stachow Complex rocks: (1) the new SHRIMP U-Pb age data of zircons from both the pale and
dark Stachow gneisses; (2) the indication that the zircon age spectra from the ~500 Ma granitoids and their accompanying
metasedimentary rocks are similar to those found in other parts of the Sudetes; (3) the “Armorican” age pattern of inherited
zircons of the pale Stachow gneisses, as also observed in the Saxothuringian Terrane; (4) the similarity of trace elements
and Sm-Nd isotope data of the Stachow gneisses and correlative rocks from the Karkonosze—lzera Massif and the

Orlica-Snieznik Dome.
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INTRODUCTION

The Bohemian Massif, situated near the eastern termina-
tion of the European Variscan belt, comprises a collage of the
Moldanubian,  Saxothuringian (Kossmat, 1927) and
Tepla—Barrandian (Franke, 1989) tectonostratigraphic zones,
interpreted as terranes (Matte et al., 1990; Franke and
Zelazniewicz, 2000) of the Armorican Terrane Assemblage
(Tait et al.,, 1997; Franke, 2000), and the western part of the
Brunovistulian Terrane (Brunovistulicum, Dudek, 1980), re-
spectively. The Brunovistulicum is separated from the other Bo-
hemian Massif Terranes by the NNE-SSW-striking
Moldanubian Thrust Zone (Suess, 1912).

Several tectonostratigraphic units in the Sudetes record the
same geological events as in the central segment of the
Variscides SW of the Elbe Fault Zone, namely, a late Protero-
zoic (Cadomian) orogenic event, a Cambro-Ordovician rifting
episode accompanied by an important bimodal magmatism, Si-
lurian and Devonian pelagic sedimentation, and, finally, a late
Devonian to Early Carboniferous subduction-collision phase,
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documented by Carboniferous synorogenic sedimentation with
flysch and olistoliths. These Sudetic units have been regarded
as easterly continuations of the Saxothuringian Terrane
(Franke and Zelazniewicz, 2000). Some of them, namely: the
Lausitz—Izera Block, the Kamieniec Zabkowicki Belt and the
Orlica—Snieznik Dome comprise Early Ordovician (~500 Ma)
metagranites and accompanying mica schists, but the western
part of the Lausitz—|zera Block is built of older, ~540 Ma
Lusatian granodiorites (Linnemann and Romer, 2002; Biatek et
al., 2014) which have not been found in the Kamieniec
Zabkowicki Belt and the Orlica—Snieznik Dome.

U-Pb dating of detrital zircons from the metasedimentary
rocks associated with the ~500 Ma orthogneisses in the West
and Central Sudetes showed that their ultimate source region
was to be found in the West African craton (e.g., Jastrzebski et
al., 2010; Zagkova et al., 2012; Mazur et al., 2012, 2015). Such
provenance is typical for clastic sediments of the
Saxothuringian Terrane (Fried| et al., 2000; Linnemann et al.,
2004, 2007).

Age of the youngest detrital zircons put limits on the maxi-
mum possible depositional ages of their host sediments and
thus provide useful constraints on regional interpretations and
larger-scale palaeogeographic reconstructions. These suggest
(e.g., Chopin et al., 2012; Mazur et al., 2015) that the Central
Sudetes include tectonic units recycled from the subducted
Saxothuringian passive margin and may represent an
accretionary prism comprising a collage of units of
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Saxothuringian/Cadomian provenances, which are mixed with
the Central Sudetic ophiolite.

Metagranitoids with ~500 Ma igneous emplacement ages
(Oliver et al., 1993; Klimas, 2008, Mazur et al., 2010) occur also
in the Strzelin Massif, in the East Sudetes. These rocks, known
as the pale Stachow orthogneisses, are associated with
metasedimentary rocks — the dark Stachow paragneisses. Both
types of gneisses form the Stachow Complex which was thrust
on the Strzelin Complex of the Brunovistulicum Terrane during
the Variscan Orogeny (Oberc-Dziedzic and Madej, 2002;
Oberc-Dziedzic et al., 2005a).

The aim of this contribution is to establish the provenance of
the Stachow Complex rocks and assess their affinity to the
Saxothuringian Terrane. We provide new SHRIMP (Sensitive
High-Resolution lon Microprobe) U-Pb data for zircons from
two samples of dark Stachow paragneisses and two samples of
pale Stachow orthogneisses, and compare the results with pub-
lished data for orthogneisses of similar age and their accompa-
nying metasedimentary rocks from the Karkonosze—lzera Mas-
sif and the Orlica—Snieznik Dome, and for the Lusatian
greywackes. In order to support similarity of metasedimentary
rocks associating the ~500 Ma orthogneisses, we briefly char-
acterize their lithology, and discuss their spatial relationships
with the ~500 Ma orthogneisses. Finally, the unpublished
(Madej, 2010) trace element and new Nd isotope signature of
the dark Stachow gneisses is compared with published data for
the mica schists associated with the ~500 Ma orthogneisses in
the Karkonosze—Izera Massif and the Orlica—Snieznik Dome.
Similar comparison for the ~500 Ma gneisses, including the
pale Stachow orthogneisses, was previously published by Pin
et al. (2007).

GEOLOGICAL SETTING

The Sudetes constitute the NE termination of the Bohemian
Massif (Fig. 1A, B). The Sudetic Marginal Fault divides them
into the mountainous Sudetic Block and the largely
peneplained Fore-Sudetic Block (Fig. 1C).

The Strzelin Massif is situated ~40 km south of Wroctaw in
the eastern part of the Fore-Sudetic Block. It crops out in two
N-S-trending belts in the Lipowe Hills on the west and the
Strzelin Hills on the east. On the west, the Strzelin Massif is jux-
taposed along the Mala Sleza Fault with the Kamieniec
Zgbkowicki Belt (Fig. 2). The Kamieniec Zgbkowicki Belt is in-
terpreted to belong either to the Saxothuringian Terrane
(Franke and Zelazniewicz, 2000; Chopin et al., 2012) or to the
Moldanubian Terrane (Matte et al., 1990; Cymerman et al,,
1997; Aleksandrowski and Mazur, 2002; Mazur et al., 2006).

The Strzelin Massif consists of two units separated by the
Strzelin  Thrust (Oberc-Dziedzic and Madej, 2002;
Oberc-Dziedzic et al., 2005a) corresponding to the northern
prolongation of the Moldanubian Thrust Zone (Suess, 1912) in
the Fore-Sudetic Block. The footwall of the Strzelin Thrust is
composed of the Strzelin Complex belonging to the
Brunovistulicum, whereas the hanging wall of the thrust is made
of the Stachow Complex (Fig. 3).

The Strzelin Complex (Fig. 3) comprises the
Neoproterozoic gneisses, older schist series (composed of
mica schists, calk-silicate rocks and amphibolites), and youn-
ger schist series made of the Jegtowa Beds which are corre-
lated with the quartzite formation in the Jeseniki Mts of the East
Sudetes (Bederke, 1931; Oberc, 1966), containing Early Devo-

nian fossils (Chlupac, 1975; Fig. 3). These rocks are exposed
mainly in the Strzelin Hills.

The Stachdw Complex rocks occur as large outcrops in the
western part of the massif (Lipowe Hills), in two klippes situated
north of Gosciecice and Strzelin in the northern part of the
Strzelin Hills, and in a third small klippe south of Boznowice
(Fig. 3). Oberc (1972) regarded these klippes as remnants of
the West Sudetic units thrust over the East Sudetic basement.

The Stachow Complex is composed of two contrasting
types of gneisses: flaser orthogneisses, referred to as the pale
Stachow gneisses, and fine-grained paragneisses, referred to
as the dark Stachow gneisses. The latter are interlayered with
mica schists, amphibole schists and rare amphibolites, and are
interpreted to represent the metamorphic envelope of the
granitoid protolith of the pale Stachow gneisses (Figs. 3 and
4A). Both types of gneisses form the country rocks of the
Variscan biotite granites exposed in the Strzelin quarries in
which they also occur as xenoliths (Figs. 3 and 4B).

The dark Stachow gneisses (Fig. 4C, D) display three
inter-layered varieties: (1) streaky gneiss without evidence of
migmatization; (2) partly migmatized — banded, streaky gneiss-
es, the most widespread variety of gneisses; (3) migmatic
gneisses strongly folded (Madej, 2010). The banded, streaky
gneisses contain intercalations of amphibolites and biotite-am-
phibole schists. The dark Stachow gneisses are fine-grained,
dark grey, foliated rocks composed of quartz, plagioclase,
K-feldspar, biotite, sillimanite, and rare muscovite.

The pale Stachéw orthogneisses are known under different
local names (Stachow gneiss, Gosciecice gneiss, Nieszkowice
gneiss, Henrykow gneiss) which were introduced before it was
shown that all these gneisses belong to the same ~500 Ma gen-
eration and share similar petrographic and geochemical fea-
tures (Oberc-Dziedzic et al., 2016 and references therein). The
orthogneisses form sheets ranging from tens of centimetres up
to 35 m in thickness, inter-layered with dark gneisses (Fig. 4A)
or small bodies not accompanied by dark gneisses (the
Gosciecice and Henrykow gneisses). The pale Stachow
gneisses show a sequence of textural varieties: rare, porphy-
ritic, coarse-grained gneisses with poorly defined planar aniso-
tropy, and more common augen, flaser, layered, and streaky
gneisses. Augen and flaser gneisses often show pencil struc-
tures and stretching lineation (Fig. 4E). Augen 1-3 cm in size,
are composed of variably deformed K-feldspar megacrysts or
quartz-feldspar aggregates (Fig. 4F). In the Gosciecice gneiss-
es, nearly idiomorphic grey-blue microcline augen are rimmed
by plagioclase. These augen are very similar to those occurring
in the lzera granites and gneisses (Oberc-Dziedzic et al.,
2005b). The gneiss matrix is composed of quartz, plagioclase
and biotite, usually forming monomineral domains.

SAMPLING AND METHODS

Four samples representative of typical gneisses of the
Stachow Complex have been selected for SHRIMP zircon in-
vestigations, specifically, two dark Stachow gneisses (SA 1 and
WL 5) and two pale Stachow orthogneisses (310C, 300V1).

The procedures used for zircon separation and isotope
analysis with the Sensitive High-Resolution lon Microprobe
(SHRIMP II) were the same as those described by
Oberc-Dziedzic and Kryza (2012) and are given in Appendix 1*.

The analytical results are listed in Appendices 2-5. Conven-
tionally, the ages given in the text, if not otherwise stated, are

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1405
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27pp*%Pb ages for zircons older than 650 Ma, and ***Pb/***U
ages for zircons younger than 650 Ma. The errors in the text
and tables are given at the 1 ¢ level for individual points, and at
the 2 o level in Concordia diagrams and for average Concordia
ages.

Two samples of dark Stachow gneisses have been ana-
lysed for Sm-Nd isotopes (Appendix 6), following procedures
described in detail by Pin and Santos Zalduegui (1997) and
summarized in Oberc-Dziedzic et al. (2016). The results are
presented in Discussion.

ZIRCON U-PB SHRIMP DATA

DARK STACHOW GNEISS

Sample SA 1 comes from the SA 1 borehole (depth 102.0;
Fig. 4C), located in Sadowice, in the Lipowe Hills (Fig. 3). ltis a
dark to pale grey, fine-grained, well-foliated rock. The lighter
parts of the gneiss contain rare leucocratic veins, 1-3 mm thick,
in places swollen up to 10 mm, and white spots, 1-2 mm
across. The darker parts of gneiss are composed of plagioclase
(Anz4.4g), biotite, sporadic muscovite and small (0.6 x 5 mm)
nodules of sillimanite (Sil, Fig. 5A). The lighter parts are a little
coarser-grained and contain microcline. The white spots (N,
Fig. 5A) are composed of K-feldspar containing rounded,
drop-like inclusions of plagioclase and quartz, and small biotite
flakes aligned parallel or oblique to the foliation. These domains
are interpreted as small leucosome pools, rotated after crystalli-
zation. Leucocratic veins are composed of quartz, plagioclase,
K-feldspar with irregular domains rich in Ba, and muscovite.

In sample SA 1, most of the zircons are subhedral to
subrounded, short- to normal-prismatic (~100-200 pm long and
50—100 pm wide), clean and transparent. Some others are
darker, subrounded or irregular in shape.

In the CL images, the zircons display various internal struc-
tures. Most of the euhedral crystals show oscillatory zoning of
igneous style, but a few grains have distinct and often large
CL-bright internal domains containing vacuoles and inclusions
(Fig. 6A).

In this sample, 17 points have been measured in 12 zircon
grains (Appendix Z%g One of the points (8.1) is strongly discor-
dant, with a *’Pb/***Pb age of 2018 + 17 Ma providing minimum
estimate for the crystallization of this zircon, which might be of
the same age as point 8.2 at ~2090 Ma. The other data in this
sample have a low to moderate degree of discordance, ranging
from —9 to +7%. The **Pb. contents are low, 0.35% at most.
The U and Th concentrations display a fairly large range (U: 55
— 1294 ppm, Th: 35 - 729 ppm).

Four concordant points, mostly in core domains, yielded
Archean and Paleoproterozoic **’Pb/"®Pb ages: 7.1: 2883 +
20,6.1: 2784 £ 18, 10.1: 2468 £ 23, 8.2: 2089 + 18 Ma (Fig. 6A).

Five other “®Pb/**U ages are scattered between 738 and
663 Ma, with a mean Concordia age of 697 + 18 Ma (Fig. 7A).
Seven other points are significantly younger, between 623 and
583 Ma, with a mean Concordia age at 602 + 8 Ma (Fig. 7B).

Sample WL 5 was taken from the outcrop near
Nieszkowice village in the Lipowe Hills (Figs. 3 and 4D). ltis a
grey rock, showing a fine-grained structure (grain of
0.25-0.5 mm in size) and no distinct macroscopic foliation. A
poorly visible folded layering is defined by an increased propor-
tion of biotite. Under the microscope, the rock shows parallel ar-
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(2005a); studied samples [location GPS: 310C (N50°46'39.8", E17°2'44.4"); 300V1 (N50°46'35.2", E17°3'13.8"); SA 1 (N50°44’4.6",
E16°57'44.4"); WL 5.33 (N50°42°'11.9", E16°57°46")]. Published SHRIMP age data of gneisses from outcrops: Gosc (N50°46'30.1",
E17°5'21.2"; Oliver et al., 1993; Mazur et al., 2010); Niesz (N50°42'19.1", E16°58'3.9"; Klimas, 2008)
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Fig. 4. The Stachow gneisses

A - sheets of the pale Stachow gneiss (p) in the dark Stachow gneiss (d), foliation of both types of gneisses is uniformly oriented, the
Mikoszow Quarry, NW wall, presently not existing; B — enclaves of the dark (d) and pale (p) Stachow gneisses in a medium-grained biotite
granite block from the Strzelin | Quarry; C — dark Stachow gneiss, sample SA 1 from the SA 1 borehole (Sadowice, Lipowe Hills), sillimanite
nodules (Sil) are visible; D — dark Stachow gneiss, sample WL 5; E — pale Stachow gneiss showing stretching lineation, sample 310C, taken
from the right gneiss layer visible in photo A, Mikoszow Quarry; F — augen pale Stachow gneiss, sample 300V1 from an enclave in the me-
dium-grained biotite granite, Strzelin | Quarry
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Fig. 5. Photomicrographs of the dark and pale Stachow gneisses selected for SHRIMP zircon investigations

A — dark Stachow gneiss, sample SA 1, nodule of muscovitized sillimanite (Sil) and white spot of neosome (N) are surrounded by quartz, bio-
tite, plagioclase and rare microcling; B — dark Stachow gneiss, sample WL 5, domain of neosome (ND) composed of microcline with drop-like
inclusions of quartz, plagioclase and parallel-aligned biotite flakes; C — pale Stachow gneiss, sample 310C, lenticular pod composed of
quartz (Qz), plagioclase (Pl) and microcline (Kfs) is parallel to brown biotite strips (Bt) and quartz layers (Qz); D — pale Stachow gneiss, sam-
ple 300V1, elongate quartz grains (Qz), feldspars layer composed of plagioclase and microcline (Fsp), brown biotite plate (Bt); mineral ab-

breviations from Whitney and Evans (2010)

rangement of single biotite flakes embedded between quartz,
plagioclase (Anz1s) and microcline grains (Fig. 5B). Rare,
3 mm long microcline grains contain sillimanite inclusions.
Neosome domains form rounded white spots similar to those
observed in sample SA 1, and several millimetre long domains
(ND) composed of parallel-aligned grains of quartz, microcline
with drop-like inclusions of quartz, plagioclase and flakes of bio-
tite (Fig. 5B).

Most of the zircon grains are subrounded, rounded and
subhedral, short- to normal-prismatic, 100-250 pm long and
80—150 pm wide. The subhedral crystals are mostly clear, with
a few inclusions. The rounded and subrounded grains are
darker and have a mat surface.

In the CL images, the zircons reveal considerable variation
of their internal structures. Many grains have CL-bright internal
domains covered with darker oscillatory zoned overgrowths
(e.g., grain 3.2). A number of subrounded crystals have
CL-dark cores overgrown by CL-bright mantles and, locally, by
ClL-dark rims (e.g., grains 4 and 12). Quite many zircons are
CL-dark, with some “ghost” zoning in the centre (e.g., 6.1;
Fig. 6B).

Out of 24 analyses in 16 zircon grains (Appendix 3), one
point (15.2) is highly discordant, while another one (7.1) shows
a strong reverse discordance; these two analyses have been
excluded from interpretation. The 2”*Pb, contents are between
0and 0.47%. The U (50-1414 ppm) and Th (7—1283 ppm) con-
centrations are highly variable but mostly low to moderate. The
Z2Th/”®U ratios are scattered between 0.03 and 3.1, suggest-
ing that some of the zircon domains analysed might have crys-
tallized from metamorphic fluids (with low Th/U) rather than
from silicate melts.

The ages are also very scattered. Three grains yield nearly
concordant spots with Archean 2’Pb/ ?®Pb ages: 13.1: 2651 +
21,10.1: 2630+ 8, and 1.1: 2605 + 12 Ma. Six other points have
2%ph/ 28 ages within the range 1830-2200 Ma, but most of
them are somewhat discordant, implying that their true ages
might be close to the upper bound of that range. Two other
analyses (2.1 and 8.1) give nearly concordant data points indi-
cating an age of ~1000 Ma.

The rest of the zircons (11 spots) yield **Pb/**U ages in
the range of 570-630 Ma. Within this Late Neoproterozoic
group, two subsets of ages might possibly be distinguished with
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Fig. 6. CL images and ages of zircons from the dark Stachow gneisses

A — sample SA 1; B —sample WL 5

average Concordia ages of 617 + 4 Ma (points 2.2, 4.1, 11.1,
12.1, and 12.2; Fig. 7C) and 577 + 6 Ma (points 3.1, 3.2, 4.2,
5.1,6.1, and 14.1; Fig. 7D).

PALE STACHOW GNEISS

Sample 310C was taken from the 50 cm thick packet in the
dark gneisses exposed in the Mikoszéw Quarry near Strzelin
(Figs. 3 and 4A, E). Itis a pale grey, yellowish, crudely layered
gneiss composed of quartz-plagioclase-microcline lenticular
pods with rare K-feldspar augen, up to 0.5 mm in diameter, and
strips of brown biotite (Fig. 5C).

The zircon population in this sample is relatively homoge-
neous: normal-prismatic (up to ~150 pym long and 100 pm
wide), euhedral crystals prevail, with quite abundant “dusty” and
oval inclusions. Darker rounded grains and broken crystals are
also found.

In the CL images, the internal structure of the zircons ap-
pears rather complex. The internal domains are CL-darker or
brighter, locally with irregular cloudy zoning. The external parts
of the crystals are more regular, displaying oscillatory zonation
(Fig. 8A).

In this sample, one point (6.2), out of 18 points analysed in
13 grains (Appendix 4), has been excluded from interpretation
due to strongly reverse discordance. Common Pb is low, be-
tween 0 and 0.44%, except in spot 13.1 (1.6% 2L]E’F'bc), causing
the very large uncertainty of its “”Pb/"”Pb age. The U
(222829 ppm) and Th (16-532 ppm) concentrations are also
uniform and modgratgagexcept for point 10.1, with much higher
contents). The #2Th/*U ratios are moderate to fairly high in
most cases (mostly between 0.15 and 1.0), and suggestive of
igneous crystallization.

With the exception of spot 1.1, which points to a minimum
age of ~620 Ma, the data points yield a spectrum of ages rang-
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Fig. 7. Concordia diagrams for zircons from the dark Stachow gneiss

Sample SA 1: A— mean Concordia age of 697 + 18 Ma for a group of 5 points between 738-663 Ma; B — mean Concordia age
at601.8 £ 7.7 Ma for group of 7 points between ~583-623 Ma; sample WL 5; C —mean Concordia age of 616.5+ 4.4 Mafora
group of 5 points between 605-635 Ma; D — mean Concordia age at 577.3 + 6.2 Ma for group of 6 points between

~559-597 Ma

ing from 450 Ma to 580 Ma, within which three age groups may
be defined with mean Concordia ages of 462 + 9 Ma (n = 3); 514
+6 Ma (n = 8; Fig. 9A); 562 + 9 Ma (n = 4; Fig. 9B). The 514 Ma
group might possibly be further subdivided into two subgroups
with average Concordia ages of 506 + 8 Ma (n = 5) and 526
10 Ma (n = 3). Itis concluded that the 514 + 6 Ma age calculated
from the main group of zircons (8 spots) provides a reasonable
estimate of the igneous emplacement age. The ~560 Ma and
~460 Ma dates measured on fewer grains are interpreted to re-
flect the age of an inherited component and the apparent, geo-
logically meaningless, age of zircon domains which suffered ra-
diogenic lead loss, respectively.

Sample 300V1 was taken from a xenolith, 1.5 m in size,
found in the medium-grained Strzelin granite of the Strzelin |
Quarry (Fig. 3). It is a light-coloured grey rock composed of
guartz, feldspars and bictite (Fig. 4F). Quartz domains com-
prise elongate grains up to 1 mm. Feldspars form layers up to
5 mm thick, composed of plagioclase (Ansg) and microcline
0.15-0.25 mm across. Microcline augen are rare. Biotite shows
yellow-brown pleochroism and includes numerous zircon inclu-
sions surrounded by pleochroic haloes (Fig. 5D).

The zircons are homogeneous in their habits and internal
structure. They are euhedral to subhedral, normal-prismatic,
~80—120 pm long and 30-80 pm wide. Many crystals have ir-
regular outlines and some are broken. Some grains display
ClL-dark interiors and moderately bright external parts (grains 2,
4,8, 9 and 12), while a few show CL-brighter cores (1 and 17).
Many grains exhibit distinct zonation, both in the inner and outer
parts of the grains (Fig. 8B).

Twenty-one analyses have been made in 21 grains (Appen-
dix 5). The “®Pb, contents are low, between 0 and 0.63% (ex-
ceptin point 8.1: 1.23%). The U and Th concentrations are also
low to moderate, between 116-1563 ppm and 57-1287, re-
spectively. The “*Th/**®U ratios fall within the moderate range
of 0.17-0.87.

Several analyses are reversely discordant and should be
treated with caution.

Five concordant dates are older that the main age popula-
tion of zircons and their **Pb/”**U ages are at ~617, 560, 528
(two points) and 510 Ma (Fig. 9C). The two grains with ages of
~617 and 560 Ma document the presence of zircons which
might have been inherited from the magma source, or alterna-
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Fig. 8. CL images and ages of zircons from the pale Stachow gneisses

A — sample 310C; B — sample 300V1

tively incorporated as xenocrysts in the magma at a later stage.
The meaning of two grains with 528 Ma “®*Pb/***U apparent
ages is dubious in view of their significant degree of discor-
dance. The 510 Ma concordant grain 12.1 might have been in-
cluded in the main group.

The main group of ***Pb/***U dates comprising 11 points, is
in the narrow range of 498-504 Ma. Excluding three relatively
discordant points, the remaining 8 points yield a well-defined
mean Concordia age of 499 + 4 Ma (Fig. 9D) interpreted as re-
flecting the emplacement age of the igneous protolith. Two
grains are somewhat younger, at ~483 Ma, probably reflecting
radiogenic lead loss.

DISCUSSION

Based on our new age data for the dark and pale Stachow
gneisses, we compare these gneisses with the ~500 Ma
orthogneisses and associated metasedimentary rocks occur-
ring out of the Strzelin Massif, in the Sudetic part of the
Saxothuringian Terrane.

COMPARISON OF THE ZIRCON AGE SPECTRA OF THE STACHOW
GNEISSES AND SELECTED ROCKS OF THE SAXOTHURINGIAN
TERRANE

Dark Stachow gneisses. The heterogeneous zircon popu-
lation, including many rounded, subrounded and subhedral

grains, and the wide scatter of their U-Pb ages provide strong
evidence for a sedimentary derivation of their protolith. Specifi-
cally, the new SHRIMP zircon age data for samples SA 1 and
WL 5 display similarities, but also some differences (Fig. 10A,
B). In both samples, the main ages broadly cluster in the same
~570-630 Ma range, implying a younger depositional age.
However, sample SA 1 has an additional significant population
at ~660-690 Ma (Fig. 11A, B). There are also some differences
in the distribution of older recycled components, although the
relatively low number of dated zircons puts strong limitations on
the inferences which can be drawn from our data. However, in
both samples, the following individual dates are present:
~2100-2200 Ma, 2400—2500 Ma, 2700-2800 Ma. Interestingly,
two grains in WL 5 point to a ~1000 Ma old component, which
would deserve confirmation by further analyses on a larger zir-
con population (Appendices 2 and 3).

The two newly analysed samples of the Stachow dark
gneisses have been compared with earlier reported SHRIMP
data from six samples of selected metapelites and
metagreywackes of Lusatia along with paragneisses and mica
schists accompanying the ~500 Ma orthogneisses in the
Karkonosze—lzera Massif and Orlica—Snieznik Dome
(Figs. 10C-H and 11C—H). In all the samples the main zircon
populations are represented by broadly “continuous” spectra
within the range of ~550-660 Ma, and scarce, but symptomatic
individual points between ~700 and 800 Ma (Fig. 11C—H).

In spite of this distinct similarity, the samples show some dif-
ferences. In the Rothstein Fm. (meta)greywacke (Rothst)
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Fig. 9. Concordia diagrams for zircons from the pale Stachow gneiss

Sample 310C: A — mean Concordia age of 513.8 + 5.9 Ma for a group of 8 points; B — mean Concordia age of 561.8 +
9.3 Ma for a group of 4 points; sample 300V1; C — Concordia diagram for all points; D — mean Concordia age of 498.5 +
3.8 Ma for a group of 8 points

(Linnemann et al., 2007), the Ziotniki Lubanskie mica schist
(Zlot; Zelazniewicz et al., 2009), and the Wyszki paragneiss
(Wyszki; Mazur et al., 2015), just as in the dark Stachow gneiss
(SA 1, WL 5), zircon grains younger than 550 Ma were not
found.

In the Miynowiec paragneiss (sample Mlyn), five of the total
of 44 analyses, fall between 515 and 547 Ma (Jastrzebski et al.,
2010), thus extending the younger shoulder of the main age
population. On the other hand, in the same formation, Mazur et
al. (2012) reported only one analysis with an age of 548 Ma.
The significance of this observation is unclear because the
younger dates could merely reflect radiogenic lead loss not re-
solved by in situ U-Pb analyses. Indeed, Mazur et al. (2012) in-
terpreted their 548 Ma date as a result of Pb-loss either by con-
tinuous diffusion or episodic response to later metamorphism,
but Jastrzebski et al. (2010) interpreted only one result at
~515 Ma as reflecting lead loss, and considered 10 ages be-
tween 561 and 531 Ma as concordant.

Somewhat younger zircons were found in the Stronie mica
schist (Fig. 11H), i.e. 13 analyses in the 550-466 Ma time span,
with only 4 ages younger than 500 Ma (Jastrzebski et al., 2010).

In contrast to the rest of the samples studied, the VUpa
sample VU371 (a quartzite from the lowermost part of the mica
schist complex from the lower thrust sheet) shows, besides

550-670 Ma old zircons, a large proportion of younger zircons
with ages as young as ~446 Ma (Fig. 11D) and nearly half of the
grains measured falling within the range 446-550 Ma (Zackova
et al., 2012). Zircon grains of similar age were reported from
quartzofeldspathic metavolcanogenic rocks of the mica schist
series in the eastern part of the Karkonosze—lzera Massif
(Oberc-Dziedzic et al., 2010).

Zircons of Ediacaran age predominate in all the rocks com-
pared with the dark Stachow gneisses, except in the VUpa
quartzite and the Stronie mica schist, which also contain youn-
ger, Cambrian to Late Ordovician zircons. In low- to me-
dium-grade metamorphic rocks, they may be used to put con-
straints on the ages of the source materials and to approximate
the oldest possible deposition age of their sedimentary
protoliths.

Besides these Late Neoproterozoic or Early Paleozoic com-
ponents, much older Precambrian zircons are also frequent,
but their age distributions display some differences from sam-
ple to sample. Four of the six samples compared have practi-
cally no dates within the 1000-1800 Ma range, which is consid-
ered as symptomatic of the Armorican crust (Fried! et al., 2000),
whereas in two others (VUpa and Mlyn), such zircons are pres-
ent but scarce (4 and 5 grains, respectively, out of the total 44
and 59 points measured). Characteristically, all the samples
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have ages patterns with peaks at ~1900-2200 Ma, and a few of
them also display older grains in the 2400-2800 Ma range.

Pale Stachow orthogneisses. The homogeneity and mor-
phology of the zircons from 310C and 300V1 samples suggest
that most of them crystallized from a granitic melt. Indeed, age
data (Fig. 9) reveal only a small component of older Precam-
brian zircons, exemplified by grains with minimum ages of
~680 Ma in sample 310C. The **Pb/**U ages are scattered
between ~562 Ma and 462 Ma, with an ~514 Ma dominant age
in sample 310C, and between 617 Ma and 483 Ma, with a dis-
tinct main age group at 499 + 4 Ma in sample 300V1. The large
scatter probably reflects the combination of various degrees of
zircon inheritance (recycled grains, much older than ~500 Ma,
irrespective of their precise origin) and radiogenic Pb-loss
(ages younger than ~500 Ma), producing strings of data points
close to the Concordia curve which SHRIMP cannot resolve
from truly concordant data due to the large counting statistics
uncertainty of the low abundance of *’Pb (e.g., Pin and Rodri-
guez, 2009). Keeping in mind this basic methodological limita-
tion, the alternative hypothesis that these ages reflect several
magmatic/anatectic pulses is believed to be less plausible, or at
least cannot be supported by the available data. In brief, it is
conservatively concluded that a precise assessment of the true
igneous emplacement age(s) within the ~490-520 Ma time
span cannot be reached based on our data. In spite of this, itis
clear that the igneous protoliths of the Stachow orthogneisses
share the same ~500 Ma igneous emplacement age as
orthogneisses widespread in the West and Central Sudetes.

The new SHRIMP zircon age data for the two samples of
the pale Stachow gneisses, 310C and 300V1, have been com-
pared with earlier reported SHRIMP data of the pale Stachow
gneisses from the Strzelin Massif: Gosc (Mazur et al., 2010)
and Niesz (Klimas, 2008); and with additional ~500 Ma gneiss-
es from the other parts of the Sudetes (Fig. 3): Sniez — Snieznik
gneiss from the Snieznik Massif (Turniak et al., 2000) and three
gneiss samples from the Karkonosze—lzera Massif: Izera CH
(Oberc-Dziedzic et al., 2009), Izera IS (Zelazniewicz et al.,
2009) and Kowary (Oberc-Dziedzic et al., 2010). It is worth not-
ing that results obtained by Turniak et al. (2000) for the Snieznik
gneisses have been recently confirmed by Redlinska-Mar-
czynska et al. (2016).

The main zircon age ranges, between 300 and 800 Ma, in
the samples compared are shown in Figure 12. For simplicity,
the *Pb/***U ages of all data points have been plotted. Even
older inherited grains, which are usually scarce, are discussed
below.

In general, the main age peak in all the samples is between
~480 and 520 Ma, with the maximum close to 500 Ma (only in
the Kowary gneiss the maximum is at ~480 Ma). A few dates
are significantly younger, within the range of 420—480 Ma, and
only in the Snieznik gneiss, two much younger ages of ~327
and 336 Ma have been found and interpreted as a record of
Visean metamorphism (Turniak et al., 2000).

Zircon ages older than 800 Ma are also scarce (**’Pb/"®Pb
ages with 1o uncertainty, unless specified otherwise): Gosc:
715+ 190 (D 41), 1640 £ 41 (D 96), 1767 + 8 (D 23), 1828 £ 51
(D 34), 2912 + 11 Ma (D 16); Niesz: 1916 + 25 Ma (***Pb/***U
age); Sniez: 2616 + 59 Ma (**Pb/**®U age); Izera CH: 983 +
226 (D 50), 1953 + 23 (D -11), 3368 + 9 Ma (D -2, *’Pb/"*Pb
age); lzera 1S: 2116 £ 14 Ma (D -6); Kowary: 1955 + 17 Ma
(D 24). The 3368 + 9 Ma zircon date from lzera CH is similar to
the 3417 + 8 Ma date (*”’Pb/*®Pb age) reported by Kryza et al.
(2007) from the Gackowa sandstone (Kaczawa Belt). These
are the oldest zircons documented in the Sudetes so far.

Summing up, all the pale Stachow gneiss samples (310C,
300V1, Gosc and Niesz) have very similar zircon age spectra,

with a prominent peak at ~500 Ma, and subordinate dates be-
tween ~420-480 and 530-620 Ma. The older dates are scarce
(except for sample Gosc where, however, the old ages are
mostly discordant). These age spectra are also very similar to
the zircon dates reported from other orthogneisses of the
Sudetes, i.e. the Izera, Kowary and Snieznik gneisses. Among
the old inherited zircon dates, a distinct group is at
~1950-2200 Ma. However, in general, there is a distinct gap
between 1000-1800 Ma, which is typical of materials ultimately
derived from the West African craton and, in Europe, the crust
of the Armorica Terrane (Friedl et al., 2000).

The zircon age data support the view that orthogneisses of
the Stachow Complex belong to the ~500 Ma group of
orthogneisses, common in the Saxothuringian Zone (Pin et al.,
2007). Moreover, the ages of the inherited zircons suggest that
the sources for their granitic precursors were similar to those
found in Armorica.

The age patterns of detrital zircons of the dark Stachow
paragneisses display features similar to those from the Lusatian
greywacke, Ztotniki Lubanskie mica schists and Wyszki and
Miynowiec paragneisses, all considered as belonging to the
Saxothuringian Terrane (Linnemann et al, 2004, 2007;
Szczepanski and linicki, 2014; Mazur et al., 2015). The age
similarity of the dark Stachow gneisses and other
metasedimentary rocks accompanying the ~500 Ma
orthogneisses, suggests that they also belong to the
Saxothuringian Terrane.

COMPARISON OF THE CHARACTERISTIC FEATURES OF THE ~500 MA
ORTHOGNEISSES AND ACCOMPANYING METASEDIMENTARY ROCKS

The Stachéw, Izera and Snieznik orthogneisses are accom-
panied by metasedimentary rocks, namely: the dark Stachow
gneisses, mica schists of the Ziotniki Lubanskie, Stara
Kamienica and Szklarska Poreba Belts, and rocks of the
Miynowiec and Stronie formations, respectively. These rocks
differ not only as to their mineral composition which reflects the
nature of their protholith and the degree of metamorphism, but
also by their associated rocks. The dark Stachow gneisses (1:
Oberc-Dziedzic, 1995; Madej, 2010), the Ztotniki Lubanskie
mica schists (2: Zelazniewicz et al., 2009) and paragneisses of
the Mtynowiec Formation (3: Jastrzebski et al., 2010) all form
monotonous series with small admixtures of volcanogenic ma-
terial. In contrast, the mica schists of the Stara Kamienica Belt
in the Karkonosze—|zera Massif are accompanied by quartzites,
leptynites, calc-silicate rocks and amphibolites (Koztowski,
1974), whereas the Stronie Formation in the Orlica—Snieznik
Dome is composed of mica schists with interlayers of light-col-
oured or graphitic quartzites, amphibolites, marbles and
leptynites (Jastrzebski et al., 2010 and references therein).

These metasedimentary rocks were usually considered as
representing the country rocks of magmatic precursors of the
gneisses (e.g., Zelazniewicz, 2005), although, not surprisingly
in high-grade contexts, convincing evidence of contact meta-
morphism has not been found. In fact, the contacts between
gneisses and schists have usually a tectonic character
(Koztowski, 1974; Jastrzebski et al., 2010) and might reflect ei-
ther reworked, originally igneous contacts or purely tectonic
structures juxtaposing unrelated units.

Because the primary relationships between schists and
magmatic precursors of the gneisses are unknown, relative
ages of deposition of the sedimentary protoliths of the mica
schists on the one hand, and the igneous emplacement age of
the granite precursors on the other hand, can be used to put
constraints on possible country rocks of ~500 Ma metagranites.
Taking into account zircon ages, only the dark Stachow gneiss-
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Fig. 12. Distribution of detrital zircon ages <800 Ma from the pale Stachow gneisses compared with zircon ages
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and a cumulative probability plot (black curved line)
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A, B — compared with values of the |zera mica schists (Oberc-Dziedzic et al., 2009); C, D — compared with values of the
Mitynowiec Formation paragneisses (Szczepanski and linicki, 2014); A-D — trace elements values of dark Stachow gneisses of
Madej (2010); A, C — normalization values of Rudnick and Gao (2003); B, D — normalization values of Sun and McDonough

(1989)

es, the Ziotniki Lubanskie schists occurring in the northern part
of the Karkonosze—Izera Massif (Oberc-Dziedzic et al., 2009;
Zelazniewicz et al, 2009), and the Wyszki and Miynowiec
paragneisses from the Mtynowiec Formation (Jastrzebski et al.,
2010; Szczepanski and lInicki, 2014; Mazur et al., 2015), which
do not contain zircons younger than 500 Ma, fulfill the age crite-
ria required to interpret them as possible country rocks of the
~500 Ma granitic intrusions. If this interpretation is correct, the
present contacts between these rocks and orthogneisses can
be considered as reworked, originally igneous contacts,
whereas the contacts between the |zera orthogneisses and the
Stara Kamienica schists as well as those between the Snieznik
orthogneisses and the Stronie Formation rocks are purely tec-
tonic. Such interpretation does not preclude the possibility that
rocks of the Ztotniki Lubanskie and the Stara Kamienica Belts
as well as the Mynowiec and Stronie Formations do not form
continuous successions (Jastrzebski et al., 2010), but rather
suggests that intrusions of the granitic magmas did not interrupt
the sedimentation.

Apart from the age relationships, the bulk proportions be-
tween gneisses and metasedimentary rocks and their spatial
relationships may also be taken into account in the discussion
of their primary relationships. The Izera and Snieznik gneisses
form bodies considerably larger and less susceptible to defor-
mation than their associated metasedimentary rocks. The con-
tacts between them are probably tectonically modified. In con-
trast, the pale Stachow gneisses usually form thin (several
centimetres to several metres) sheets (easily interpreted as for-

mer dykes) within the dark Stachow gneisses (Fig. 4A) and only
exceptionally larger stocks. The relative proportions, together
with the age of the dark Stachow paragneisses, clearly favour
the interpretation that the dark gneisses are country rocks to the
pale Stachow orthogneisses. Moreover, the space relationships
between the pale and dark Stachow gneisses suggest that they
might correspond to the peripheral part of a larger plutonic body
possibly similar to the Izera granites, as inferred from the occur-
rence of bluish K-feldspar in both cases.

The Izera, Snieznik, and pale Stachéw orthogneisses in the
Sudetes show not only the same ~500 Ma age, but also the
lithological and geochemical similarity presented earlier by Pin
et al. (2007). The comparison of chemical analyses of the pale
Stachow gneisses (Oberc-Dziedzic et al., 2016) with data pub-
lished for the Izera and Snieznik gneisses confirm their similar-
ity, previously deduced from only three chemical analyses (Pin
et al., 2007).

In order to show the geochemical similarity of meta-
sedimentary rocks accompanying the ~500 Ma orthogneisses,
the trace elements of the dark Stachow gneisses (Madej, 2010)
were normalized to the upper continental crust and chondrite
and compared with the normalized patterns of the Ziotniki
Lubanskie, Stara Kamienica and Szklarska Poreba belts
(Karkonosze—lzera Massif; Oberc-Dziedzic et al., 2009) and
the Miynowiec Formation paragneisses (Orlica—Snieznik
Dome; Szczepanski and linicki, 2014; Fig. 13). The normaliza-
tion values were taken from Rudnick and Gao (2003) for the up-
per crust, and from Sun and McDonough (1989) for chondrite.
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Fig. 14. :Nd versus Sm/Nd data compiled for selected metasedimentary
rocks and ~500 Ma orthogneisses from the eastern part of the
Saxothuringian Terrane

Data sources: dark Stachow gneiss — this study; published data (Appendix 6):
Lusatian greywacke — Linnemann and Romer (2002), Oberc-Dziedzic et al.
(2009); Ztotniki Lubanskie mica schist — Oberc-Dziedzic et al. (2009); Izera mica
schist — Crowley et al. (2002), Oberc-Dziedzic et al. (2009); quartzofeldspatic
rock — Oberc-Dziedzic et al. (2009); Izera gneiss — Oberc-Dziedzic et al. (2005);
Kowary gneiss — Oberc-Dziedzic et al. (2009); Karkonosze gneiss, Rumburk
granite — Hegner and Kroner (2000), Kroner et al. (2001); pale Stachow gneiss —
Oberc-Dziedzic et al. (2016); Snieznik gneiss and Gierattéw gneiss — Pin et al.
(2007). All eNd are recalculated for a 500 Ma age

It can be seen that the normalized patterns are similar. How-
ever, the dark Stachow gneisses show higher contents of trace
elements and a deeper negative Sr anomaly than the Izera mica
schists and the Mlynowiec paragneisses (Fig. 13A, C).

The chondrite-normalized REE plot of the dark Stachow
gneisses is characterized by a strong LREE enrichment and
moderate fractionation of LREE over HREE. Negative Eu
anomalies occur in all samples. The REE plots of the Izera mica
schists and the Miynowiec paragneisses are similar to those of
the dark Stachow gneisses, but the LREE bulk concentration in
the dark Stachow gneisses is lower than in the Izera schists
(Fig. 13B) and higher than in the Miynowiec paragneisses
(Fig. 13D).

Two new Sm-Nd isotope data of the dark Stachow gneisses
were compared with 47 published data (Appendix 6). Most pub-
lished Sm-Nd data (36) were obtained on a subset of samples
whose petrographic and geochemical studies were presented
in our earlier publications cited in Appendix 6. Some of these
samples were also dated by the SHRIMP zircon method. The
remaining 11 analyses, concerning mainly (8 of 11) rocks out-
side the Polish territory, were published by other authors cited in
Appendix 6. The "’Sm/"*Nd ratios (0.1100-0.1269) measured
in the dark Stachow gneisses are similar to the ratios of the
Izera mica schists. As other ~500 Ma orthogneisses of the
Saxothuringian Terrane, the pale Stachow gneisses display
higher "“’Sm/™*Nd ratios (0.1209-0.1388) than the dark
gneisses (Appendix 6). The sNdsoo values of the dark Stachow
gneisses (—7.4 and -7.5) are similar to £Ndszo values of the
Lusatian greywackes (—8.2 to —7.1) and the Ziotniki Lubanskie
schists (-7.4 and —5.6) as well as to &éNdsg values of the |zera
mica schists (-8.7 to —7.5; Appendix 6; Fig. 14).

The initial ¢eNd values of the ~100 Ma younger, pale
Stachow orthogneisses (—4.9 < &Ndsgy < —6.7) are similar to
those of other ~500 Ma orthogneisses of the Saxothuringian
Terrane (i.e. the Izera, Snieznik and Gieraltéw gneisses; Ap-
pendix 6; Fig. 14).

The average depleted mantle model ages (Tom) of the
Lusatian greywackes 1.7 Ga), the |zera mica schists (1.61 Ga)
and the dark Stachow gneisses (1.66—1.68 Ga) are higher than
those of the pale Stachow orthogneisses (1.49-1.67 Ga, up to
1.73 Ga in one sample) and the Snieznik orthogneisses
(1.39-1.77 Ga), but lower than Tpy of the Izera gneisses and
granites (1.73-1.99 Ga; Appendix 6).

During the Variscan Orogeny, sedimentary rocks accompa-
nying the ~500 Ma granitoids experienced metamorphism of
different degrees: low-grade metamorphism in case of the
Ziotniki Lubanskie schists (e.g., Oberc-Dziedzic et al., 2009),
medium-grade metamorphism in case of the Mynowiec
paragneisses (e.g., Jastrzebski et al., 2014) and migmatization
in case of the dark Stachow gneisses (Madej, 2010).

The variable deformation conditions during the Variscan
Orogeny are reflected in the great variety of deformational
structures of orthogneisses. The pale Stachow gneisses usu-
ally show intense deformation (Henrykéw gneisses; Madej,
1999). The most deformed parts of the |zera gneisses repre-
sent zones of intense mylonitic deformation. The character of
deformation in the Karkonosze—lzera Massif changes from
semi-ductile or brittle in the western part of the massif to ductile
in its eastern part. A characteristic feature of the Izera gneisses
is albitization associated with deformation (e.g., Zelazniewicz,
2005). The ~500 Ma granites of the Orlica—Snieznik Dome un-
derwent strong deformation and were transformed into the
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Snieznik rodding augen gneisses (Zelazniewicz et al., 2014 and
references therein).

Summing up, the ~500 Ma granitoids and their accompany-
ing sedimentary rocks were metamorphosed under a range of
metamorphic conditions (e.g., Chopin et al., 2012; Mazur et al.,
2015), increasing from an external zone in the north-west to an
internal zone in the south-east.

CONCLUSIONS

1. The Strzelin Massif comprises two metamorphic com-
plexes: (1) the authochthonous (or parauthochthonous)
Strzelin Complex that is part of the Brunovistulicum, and (2) the
allochthonous Stachow Complex, composed of the Early Ordo-
vician (~500 Ma) orthogneisses (the pale Stachow gneisses)
and the metasedimentary dark Stachow gneisses.

2. The ages of the inherited zircons of the pale Stachow
gneisses suggest that the source materials for their granitic pre-

cursors were of Armorican affinity. Such provenance of granitic
sources is characteristic for the Saxothuringian Terrane.

3. The age similarity of zircons from the dark Stachow
gneisses and those of other metasedimentary rocks associated
with the ~500 Ma orthogneisses suggests that they also belong
to the Saxothuringian Terrane.

4. The pale and dark Stachow gneisses show also geo-
chemical similarity to the ~500 Ma orthogneisses and accom-
panying metasedimentary rocks from other parts of the
Saxothuringian Terrane.

5. The differences in metamorphic grade of the meta-
sedimentary rocks accompanying the ~500 Ma orthogneisses,
and the great variety of deformational structures of the
orthogneisses suggest that they belong to different structural
units of a tectonic stack.
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