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ABSTRACT:

An integrated field and analytical study of three areas in Newfoundland and Spain was
carried out to investigate the extent of the linkage between the geological evolution of the
Peri-Gondwanan margin of the lapetus Ocean, recorded in the southwest Hermitage
Flexure of the Newfoundland Appalachians, and that of the Sierra de Guadarrama in the
Central Iberian Zone of the Iberian Massif (European Variscan Belt). This study, while
resolving the timing and character of the respective Appalachian and Variscan overprints,

the major i of the Early Ordovician (ca. 480-470 Ma) magmatic

events.

The Cing-Cerf gneiss is part of the westernmost extent of the Late Precambrian
basement block of the Hermitage Flexure. New data from the Cing-Cerf gneiss
demonstrates that this is a composite unit formed by highly strained metasedimentary rocks
and 675+12/-11 Ma granitic orthogneiss, locally intruded by weakly defomed 584+7/-6 Ma
Hbl-bearing iorite and a iti jc arc tholeiitic 557+14/-5 Ma
metagabbro. Although variably deformed during the intrusion of the synkinematic
431.5%1 Ma Western Head granite and the subquent, 420 Ma, greenschist facies overprint,

this set of rocks preserve evidence of pre-Siluri: ion. This is i with a
basement-cover relationship between the Cing-Cerf-gneiss and the nearby low-grade 583-
570 Ma volcanosedimentary rocks. The 675 Ma intrusive event provides a strong link with
the Avalon Zone further demonstrating that Avalonian rocks (s.s.) were involved in the
Early Paleozoic evolution of the eastern margin of the [apetus Ocean.

Further west the gneissic rocks of the Port-aux-Basques complex, generally adscribed
to the Gander Zone, separate the Avalonian basement of the Hermitage Flexure from the



suture with the peri-Laurentian margin. New data shows that the oldest set of intrusives,
the Margaree orthogneiss, represent a 20 km long, 474-465 Ma mafic-felsic igneous
complex overprinted by Silurian (417-410 Ma) upper amphibolite facies metamorphism and
The ical si of the Margaree orthogneiss suggest that it
formed in a transitional arc/back arc setting at the time of the major Late Arenig-Llanvim
back-arc rifting event in the peri-Gondwanan margin of the Northern Appalachians.

In the Iberian Massif, the orthogneisses of the Sierra de Guadarrama form the southem
portion of an enigmatic belt of pre-Variscan augen-gneisses that extends 600 km along the
northern Central Iberian Zone (CIZ). Dating across the Berzosa-Riaza shear zone (BRSZ)
demonstrates the presence of 468 Ma granites in the shear zone, 480+2 Ma volcanism in
the low-medium grade hangingwall and coeval 488-477 Ma granitic batholiths in the high
grade footwall. The 480 volcanism brackets the Sardic deformation in the CIZ between the
Mid-Late Arenig. The BRSZ has an oblique extensional movement coincident with peak
metamorphism (337-327 Ma), which developed during the Variscan D2 deformation (330-
321 Ma), resulting in decompression and late-D2 growht of low P / high T assemblages
(322 Ma) in the infrastructure. The shallow intrusion of the post-tectonic La Cabrera
granite, dated at 292+2 Ma, seals the BRSZ and marks the end of the Variscan
deformation. This new data demonstrates, for the first time, that the Early-Mid
Carboniferous syn-collisional extension in the CIZ was coeval with extension along the
entire hinterland of the Variscan belt.

These Ordovician orthogneisses of the Sierra de Guadarrama are interpreted as relicts
of a short-lived magmatic arc coeval with the subduction-related break-up of Avalonia from
Gondwana. This new data illustrates the striking parallelism between the Early Paleozoic
events in the Peri-Gondwanan side of the Northern Appalachians and the southern portion
of the European Variscan belt.
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CHAPTER I

INTRODUCTION TO A STUDY OF THE PRECAMBRIAN
AND PALEOZOIC GEOLOGICAL EVOLUTION OF
PERIGONDWANA IN THE NEWFOUNDLAND
APPALACHIANS AND THE IBERIAN MASSIF.

This thesis was originally conceived to assess the extent of the similarities between the

P ian and Paleozoic ical evolution of the peri-Gondwanan elements of the

Newfoundland Appalachians (e.g. OBrien et al., 1996) and the Iberian Massif (Fig.1.1A)
and, in doing so, to attempt to find the pre-Cadomian/Avalonian basement in both areas.
Reported Late Precambrian events from the Iberian Massif and the Avalon Zone of the
i a similar Late Precambrian geological evolution
(Fig.1.1B; Iberian Massif: Quesada, 1990a; Quesada, 1990b; Avalon Zone: O'Brien et al.,

1983; O'Brien et al., 1990; O'Brien et al.. 1996). This Precambrian evolution was

with the P! of the Pan-Afri orogens around the margins of

Gondwana (Strachan and Taylor, 1990; Rogers, 1996). Two main areas, both with
reported vestiges of Cadomian/Avalonian events, were selected for this study (Fig.1.1).
The one in the Newfoundland Appalachians is in the western Hermitage Flexure (Williams
etal., 1970; Brown, 1975; Dunning and O'Brien, 1989; O'Brien et al., 1991; O'Brien et
al., 1993), which contains some of the most outboard relicts of Avalonian rocks of the
Appalachian-Caledonian orogen (Fig.1.1). In the Iberian Massif, the medium- and high-
grade rocks of the eastern Sierra de Guadarrama (Fig. 1.1; Ferndndez Casals, 1979; Macaya
etal., 1991;Vialette et al., 1986; Vialette et al., 1987; Wildberg et al., 1989; Azor et al.,



1992), in the Central Iberian Zone (Lotze, 1945; Julivert et al., 1972; Quesada, 1991) were
selected for study. Additionally, the study involved the unraveling of the intensity and the
character of the Appalachian and Variscan overprints in these different areas and offered an

to further these Paleozoic events, responsible for the

of the Late P ian peri-G relicts of the North Atlantic.

This study also provides a series of different strategies to constrain absolute timing of
deformation in medium- and high-grade terranes. These strategies are based on the
combination of detailed classic field and petrographic work with high-precision U-Pb
geochronology, which allows the integration of precise U-Pb protolith and metamorphic
ages with clear field and i ionships. N i itions were assessed
using stable mineral assemblages. It should be noted that the emphasis was placed more on

assessing the conditions during deformation rather than having a precise estimation of the
PT conditions. Additionally, whole rock major- and trace-element geochemistry of a
selected number of samples was ined to imize the il ion obtained from the

protolith ages from the field areas in the Newfoundland Appalachians.

This thesis has three main parts. The first part deals with the areas in the southwest
Newfoundland Appalachians (Chapters III and IV), and includes a general introduction to
the geology of the Newfoundland Appalachians (Chapter II). The second part covers the
Sierra de Guadarrama in the Ceatral Iberian Zone (Chapter VI); an introduction to the
geology of the Iberian Massif is also provided (Chapter V). The third and final part focuses
on the significance of the contributions of the data from southwest Newfoundland and
Central Spain to the understanding of the evolution of the Paleozoic circum-North Atlantic

orogens (Chapter VII).



The following introductory sections provide justification for the field area selection. as
well as a general geologic overview of the Paleozoic circum-North Atlantic orogens. Also,
to clarify further di i a series of ic concepts are defined. followed

by a synopsis of the evolution of the peri-G i North Atlantic terranes, and

an assessment of the possible connections between the Newfoundland Appalachians and

the Iberian Massif.

1.1.- PURPOSE AND SCOPE.-

The rationale behind selecting gneissic complexes for this study is that these are in
most cases blocks of lower or middle crust with a complex and in places prolonged
tectonothermal evolution, constituting potential relicts of pre-orogenic crystalline basement
in any orogenic belt. By unraveling the timing and character of the different deformational,
metamorphic and intrusive events, it could be possible not only to assess the
contemporaneity of the tectonic processes that operated at different crustal levels within the
same segment of the orogen or along different parts of the orogen but to reconstruct part of
its pr i lution. It is this pn genic evolution which forms the basis of this

comparative study of the extent of the peri-Gondwanan linkage between gneissic
in the hil of the ians and [berian Massif.

Basement in the peri-G margin of the ians and most
of the Iberian Massif is formed by Late Precambrian rocks deformed during the
Avalonian/Cadomian orogeny and variably reworked during the subsequent Paleozoic

(Fig.L.1). Arch i tes outcrop offshore the Iberian Massif in
the Cantabrian sea (northwest Spain; Guerrot et al., 1989) and 2.1 Ga gneisses are known
from the Cadomian block in the Armorican Massif (Clavez and Vidal, 1978). Such pre-



Cadomian /Avalonian crystalline basement, although suspected, has yet to be identified in
both the peri-Gondawanan margin of the Newfoundland Appalachians and the Iberian
Massif. The gneissic complexes selected for this study offered the highest chance of
finding such relicts, so a great deal of effort was put into searching for the oldest members
of these complexes.

In the Newfoundland Appalachians, there is no evidence of gneissic basement to Late
P i i of the peri-G Avalon Zone nor

gneissic country rock (0 its Late Precambrian plutons, except for a small area of low P /
high T metasedimentary rocks in the island of Miquelon (France) (Dunning et al., 1995).
However, further west, gneissic rocks are described as the oldest members of a Late
Precambrian Avalonian basement (Dunning and O'Brien, 1989) within the Hermitage
Flexure (Fig.1.1). Of these gneissic rocks, the best candidate to host pre-Avalonian rocks
was the Cing-Cerf gneiss (Chapter III). This gneissic complex is in contact with a low-
grade Late F i i y sequence and its contact reportedly stitched by
570 Ma granite (Dunning and O'Brien, 1989; B.H. O'Brien et al., 1991: B.H. O'Brien et
al., 1993). Separating the Cing-Cerf gneiss from the suture with the Laurentian margin,
there is a 100 Km wide belt of amphibolite to upper amphibolite facies rocks,
metamorphosed during the Silurian Salinic orogeny (Dunning et al.. 1990), with pre-
Silurian intrusive rocks and local evidence for pre-477 Ma tectonic imbrication (Tucker et

al, 1994). To investigate the evolution of this western extent of the peri-Gondwanan
margin of the it a gneissic package with
lithological resemblance to the Cing-Cerf gneiss, the Margaree orthogneiss (Chapter IV)

was selected for study. The combined new data from these two field areas is expected to
further the understanding of the tectonothermal record of the marginal edge of Late
Precambrian northwest Gondwana (Fig.1.1A) and its Paleozoic evolution.



In the Iberian Massif, Late Precambrian rocks and evidence for Late Precambrian
events is widespread (Quesada, 1991). Cadomian gneissic rocks are known to outcrop as
fault bounded blocks within a large megashear zone in the Ossa-Morena Zone (Fig.1.1:
Badajoz-Cordoba shear zone; Schifer, 1990), where Cadomian tectonothermal events are
well documented (e.g. Quesada, 1991; Ochsner, 1993), and in the metamorphic complexes
of the Central Iberian Zone (Lancelot et al., 1985; Wildberg et al., 1989). Stratigraphic and
faunal evidence (chapter V) indicates that the Central Iberian (CIZ), West Asturian-Leonese
(WALZ) and the Cantabrian Zones (CZ; Fig.1.1) formed a single Paleozoic Iberian terrane
against which other elements like the Ossa-Morena (OMZ), the South Portuguese (SPZ)
and Galicia-Trés-os-Montes (GTMZ) zones were accreted during the Late Paleozoic.
Variscan deformation was transferred from the CIZ towards the more external WALZ and
CZ. Work in the CIZ had a two fold objective, to resolve the timing of the pre-Variscan
events while searching for relicts of a pre-Cadomian basement and to unravel the timing
and character of the Variscan overprint.

The Sierra de Guadarrama in the CIZ was selected for this study (Fig.1.1) because it is
the largest single massif of pre-Variscan orthogneisses in the Iberian Massif and it is part of
an enigmatic 600 Km long belt of orthogneisses which extends from the Sierra de
Guadarrama in central Spain to the NW coast of Spain (e.g., Azor et al., 1992). These

are below an Ordovici: ity (Sardic ity; Diez Balda et
al., 1990). This O ici itiy is istic of the CIZ. In the CIZ, there is
also local evidence for a well-defined Late P ian Cadomian ity, which is

also common to the WALZ and the CZ. The age of these orthogneisses in the Sierra de
Gi has remained ial due to a limited and unreliable age data set (Early

Ordovician, Rb-Sr; Vialete et al., 1986, 1987; vs. Precambrian-Cambrian, U-Pb;
Wildberg et al., 1989). Zircon analyses with large degrees of Proterozoic-Archean



inheritance indicate the presence of 2.0 Ga crustal sources (Wildberg et al., 1989) and the
potential for the presence of a pre-Cadomian basement (Quesada, 1992). Additionally the
Sierra de Guadarrama contains a poorly dated (Wildberg et al., 1989) relict Barrovian
metamorphic sequence, partially overprinted by a Variscan low P / high T metamorphic
event, and Late Variscan post-collisional plutons (Bellido et al., 1981). Therefore, it
provides the ideal area for a detailed i i igation of the pre-Vari: and

Variscan evolution of the CIZ.

Late Cretaceous paleogeographic reconstruction of the North Atlantic shows that the
Avalon Zone of the Newfoundland Appalachians was facing the Iberian Massif prior to the
opening of the North Atlantic ocean (Fig.1.1), indicating that Iberia collided against
Avalonia during the Variscan orogeny. It is possible that exotic Appalachian elements were
amalgamated to the Iberian Massif as a result of the Variscan collision. This thesis,
however, attempts to explore if there was a common Precambrian-Early Paleozoic

connection prior to the separation of Avalonia from Gondwana (see section 1.3).

1.2.-ANATOMY OF THE CIRCUM-NORTH ATLANTIC PALEOZOIC
OROGENS.-

The Paleozoic geology of the ci Atlantic realm is ized by the presence of two
Paleozoic orogenic belts, the Caledonian-Appalachian belt and the Variscan belt. These

belts are separate and well defined to the north, but merge towards the south, as a result of
the final amalgamation of Pangea (Fig.1.1 and 1.2). The following is a brief description of
the most fundamental features of these belts, to familiarize the Appalachian reader with the

Variscan and Iberian geology and vice versa.




1.2.1.- The Appalachian-Caledonian belt.-

The Appalachian-Caledonian belt (Fig.1.2) is a linear orogenic system that extends
from southemn Alabama (USA) through the eastern seaboard of the USA and Atlantic
Canada to Newfoundland, Ireland, the U.K., Norway and eastern Greenland. This belt

records the amalgamation of different elements to Laurentia (i.e. North American craton) as

a result of Paleozoic and closure of a pr Atlantic ocean (Wilson, 1966), the
Tapetus ocean (Harland and Gayer, 1972). Initiation of the Iapetus ocean is marked by Late
Precambrian rifting in the Laurentian margin (e.g., Williams, 1979) and in the opposing
margin in the inavian C ides (e.g., é 1994). The situation is
however more i in the British C: ides and the Northern Appalachians since
the presently opposing margin, Avalon Zone (e.g., Williams, 1979; Nance and Thompson,

1996) was ing arc ism and ion at that time (Aval Cadomian

events; e.g., O'Brien et al., 1996; D'Lemos et al.(eds.), 1990; Strachan and Taylor (eds.),
1990). During most of the Cambrian there was a pause in tectonic activity on all sides of

the Iapetus Ocean and major i i were it between all

margins of the lapetus (Cocks and Fortey, 1982; Fortey and Cocks, 1986; Cocks and
Fortey, 1990; Neuman and Harper, 1992; Williams S.H. et al., 1995; Landing, 1996). In
the Ordovician tectonic activity was renewed. The Northern and Southern Appalachians
record Ordovician accretion of volcanic arc elements to the Laurentian margin, known as
the Taconic orogeny (Williams, 1979; Williams and Hatcher, 1983); the Grampian orogeny
is the equivalent event in the British Caledonides (Rast and Crimes, 1969; Rast et al.,
1988). Early-Mid Ordovician compressional events also took place in the opposing side,
the Finnmarkian orogeny in the Scandinavian Caledonides (Sturt, 1978; Dallmeyer, 1988;
A 1994) and the F ian orogeny in the Northern Appalachians (Neuman,

1967; Neumann and Max, 1989; Colman-Sadd et al., 1992a; Van Staal and de Roo, 1995;



Van Staal et al., 1996a). During the Late Ordovician-Silurian the final closure of the
lapetus involved a continent-continent collision which is responsible for the Salinic - late
Caledonian - Scandian orogenies (Dunning et al., 1990; Bames et al., 1989: Gee, 1975;
Robinson et al., 1988). The collision in the Norwegian Caledonides was between Baltica
and Laurentia whereas in the British Caledonides and the Northern Appalachians it was
between Laurentia and Avalonia (a peri-Gondwanan terrane; Fig.1.1). This collision is
apparently slightly diachronous in the New England Appalachians (USA) (Devonian
Acadian orogeny, Dewey, 1969; Robinson et al., 1988; Eusden and Lyons, 1993) .
However new precise geochronology from Maine (Stewart et al., 1995; Osberg et al.,
1995) and Massachusetts (Hepburn et al., 1995) points to a Silurian peak of orogeny in
parts of New England. The Southern Appalachians also record a Taconic event which is
followed by a continent-continent collision between Laurentia and Gondwana (i.e. African

craton) during the C: i Early Permian ( jian orogeny; Bailey, 1935;

Williams and Hatcher, 1983).

All the geological elements of the Northem Appalachians are best exposed in the island
of Newfoundland (Canada). This island is located in the center of the orogenic belt and
offers the most complete cross-section of the orogen, except for the Meguma Zone
(Fig.1.2). The zones and subzones of the Newfoundland Appalachians can be traced along
the Northern Appalachians and the British Caledonides (Dewey, 1969; Williams, 1978 a.b;
Colman-Sadd et al., 1992b; Winchester and van Staal, 1995; van Staal et al., 1996a). For
this reason tectonic models for both the Northern ians and the British C:

have relied not only on the local geology but also on the constraints provided by the rocks
exposed in the Newfoundland Appalachians (Wilson, 1966; Williams, 1978b; Williams
and Hatcher, 1983; Colman-Sadd et al., 1992b; Williams, S.H. et al., 1995).



1.2.2.- The European Variscan beit (Fig.1.3 and 1.4).-

The Variscan Belt extends from Morroco to the Carpathian Mountains. Compared to

the A i the European Variscides (Fig.1.3) are not a continuous belt but a series

of massifs separated by Mesozoic-Cenozoic basins and areas with alpine deformation,
containing a variably reworked Variscan basement (Betics, Pyrenees, Alps, Carpathians).
The Iberian Massif is the largest of the Variscan blocks unreworked by the alpine orogeny.
It is only in this part of the Variscan Belt that there is continuous outcrop showing the two-
sided structural vergence of the belt ( Parga Pondal et al., 1983; Dallmeyer and Martinez-
Garcia (eds.), 1990; Matte, 1995)

The Variscan belt is characterized by thrust nappe tectonics with opposite vergence
towards opposite forelands, suggesting a continent-continent collision (Fig.1.4).

Compared to the Appalachians the presence of oceanic sutures is quite conspicuous. True

ophiolitic sequences are scarce, although mafi the belt

have been interpreted as ophiolitic remanants (Ziegler, 1986; Matte, 1986; Pin. 1990;

Menot and Paquette, 1993). These are

polydeformed and metamorphosed and they tend to occupy an axial position in the chain

(Matte, 1986). The few reliable and precise ophiolite ages indicate two periods of ophiolite
Early-Mid O ician and Late Silurian-Early Devonian (Fig.1.4; Menot et al.,

1988; Pin and Carme, 1987; Pin, 1990; Oliver, et al., 1993; Dunning, unpublished).
Although the geochemistry of most of these ophiolites is indicative of a back-arc setting,

they are generally interpreted as ocean floor i i with il rifting
(Pin, 1990). Classic volcanic arc sequences are also absent of most places in the chain

(Matte, 1995).



The opposite structural vergence and the metamorphic grade in the northern part of the
belt has lead to the classic subdivision (Fig.1.4; Kosmatt, 1927; Franke, 1989) into:
Rheno-Hercynian Zone (northem foreland); Saxo-Thuringian Zone (axial zone) and
Moldanubian Zone (axial zone + southern margin). This classic subdivision is however
difficult to follow in Central and Southern Europe, eventhough in the case of the Iberian
Massif the two opposite forelands are particularly well developed (Lotze, 1945; Julivert et
al., 1972; Matte, 1986). The Rheno-Hercynian Zone (RHZ) is correlated with the
Ardennes Massif in Belgium and France and southern England; these areas, like parts of
the RHZ, have recorded Caledonian deformation and have faunas with Mid Paleozoic
Baltic affinities (Soper, 1988; Franke, 1989; Paris and Robardet, 1990). The Saxo-
Thuringian and Moldanubian zones, the Central Massif, the Armorican Massif, the Iberian
Massif, Sardinia and the Paleozoic of the Alps had paleontological similarities with those of
Gondwana (Fig.1.4.; Paris and Robardet, 1990; Robardet et al., 1990; Young, 1990).

Cambrian-Early Ordovician faunal similarities along the belt progressively disappear
during the Mid Ordovician - Silurian to be regained in the Late Devonian-Early
Carboniferous (Paris and Robardet, 1990). Mid Paleozoic paleontological,
sedimentological and paleomagnetic data suggest the presence of an ocean (Rheic ocean:
Paris and Robardet, 1990), separating a northern domain (Rhenohercynian Zone) from a
southern domain ingian and ian zones and equi in southern

Europe; Fig.1.4). The rocks of these two domains were amalgamated as a result of the

Variscan orogeny.

Timing of Variscan orogenesis is classically defined as Late Devonian-Late
Carboniferous (360-290 Ma; Stille, 1924). However, some authors (e.g., Perez Estaun et
al., 1991) also consider Variscan the Late Silurian-Mid Devonian (=420 Ma-380 Ma)

and i i with the so called, Ligerian or Eo-Hercynian




event (e.g., Lefort, 1989). Throughout the chain there is evidence of earlier pre-Variscan
events, including Late P ian Cadomian events (Fig.1.3; Strachan

and Taylor (eds.), 1990; D'Lemos et al.(eds.), 1990) as well as Late Cambrian-Early
Ordovician tectonothermal events of obscure significance (Ziegler, 1986; Matte, 1986;
Gebauer, 1993).

1.3.- CONCEPTUAL FRAMEWORK FOR PRECAMBRIAN & PALEOZOIC
NORTH ATLANTIC PALEOGEOGRAPHIC RECONSTRUCTIONS.-

The ing is a definition of the ic terms that will be used in this

thesis. The purpose of this description is to clarify further discussions and avoid confusion
regarding the use of this terminology.

Gondwana (Fig.1.5): This term is used to define the supercontinent resultant of plate

during the Pan-African orogenic events (800-500 Ma; Rogers, 1995). These
events lead to the formation of Late Neoproterozoic interior and exterior orogenic belts in
Gondwana (Murphy and Nance, [991). The core of this continent is formed by South
America, Africa, Madagascar, India and Australia (du Toit, 1937; Scotese and McKerrow,
1990). Paleontological and paleomagnetic data indicate that during the Late Precambrian
and Early Paleozoic, Gondwana was bordered by the peri-Gondwanan elements of the
A ian-C: ides (| i 1962; Cocks and Fortey, 1982; Cocks and Fortey,

1990; Scotese and McKerrow, 1990; Williams S.H. et al., 1995), South and Central
Europe (Southern Variscides; Robardet et al., 1990; Paris and Robardet, 1990; Young,
1990) as well as the Cimmerian terranes of the Middle East and Southeast Asia (Scotese
and McKerrow, 1990).



Peri-Gondwana (Fig.1.1): This refers to the Late Precambrian-Early Ordovician
Gondwanan margin of the lapetus Ocean (Exploits subzone, Gander Zone, Avalon Zone
and i in the i Peri-G also includes all

Precambrian and Early Paleozoic elements with Gondwanan affinities in the Variscan Belt,
since they are not proven to have been permanently attached to the African craton (Paris and
Robardet, 1990).

Avalonian - Monian- Cadomian belts (Fig.1.1B): These are 680-540 Ma orogenic
belts on the periphery of Gondwana (see general references in Strachan and Taylor (eds.),
1990; D'Lemos et al. (eds.), 1990). The Avalonian belt refers to the Late Precambrian -
Cambrian rocks of the Avalon Zone (s.s; O'Brien et al., 1996) and their correlatives in the
Northern Appalachians (Rast and Skehan, 1988) and British Isles (Tucker and Pharaoh,
1991; Strachan et al., 1996). The Monian Belt covers the Precambrian rocks of NW Wales
and SE Ireland (Gibbons, 1990; Gibbons and Hordk. 1990: Winchester et al., 1990). The
Cadomian belt includes the Late Precambrian - Cambrian rocks of the northern Armorican
Massif (D'Lemos et al.(eds.), 1990), the [berian Massif (Ossa-Morena and Central Iberian
Zones; Quesada, 1990), the Bohemian Massif (Chaloupsky, 1990) and the Eastern Alps
(Frisch and Nebauer, 1989). The Avalonian / Cadomian events consist of a 680-620 Ma
tectonothermal event (active margin ?) followed by 620-570 Ma development of an

Andean-type arc with i lc-alkali and ion (Cadomian I /
Avalonian events) and 560-540 Ma crustal anatexis, calc-alkaline magmatism, H-P
metamorphism and deformation (Cadomian II / Monian events). During the Cambrian,
tectonic activity ceased in most of the belt (Quesada, 1990; Went and Andrews, 1990;
Landing, 1995). However, Cambrian events in the Armorican Massif (magmatism; Brown
et al., 1990) and the Ossa-Morena Zone of the Iberian Massif ( Low P / high T

and ism; Ochsner, 1993) have been also ascribed to




the Cadomian cycle. Contemporaneity and similarity of events in these belts has lead to
group them into an Avalonian superterrane (Rast and Skehan, 1988). although a direct
connection between the Avalonian and Cadomian belts has yet to be demonstrated
(Gibbons and Hérak, 1990). The basement of the Cadomian belt is formed by 2.7 Ga to
1.8 Ga gneisses (Clavez and Vidal, 1978; Guerrot et al., 1989; Wendt et al., 1993).
Basement for the Avalonian belt is unknown.

Avalonia (Fig.1.5): The concept of Avalonia is based on a terrane with Lae
Precambrian peri-Gondwanan affinities (i.e. with Avalonian events) accreted to Laurentia
during the final closure of the Iapetus ocean (Williams, 1979). According to Scotese and
McKerrow (1990), Avalonia extends to the Ardennes (Belgium and France), England, SE
Ireland, the Avalon Zone and the peri-Gondwanan margin of the lapetus of the northern

Appalachians (Fig.1.2. and 1.3). These areas are i by a Late P

Avalonian basement, Cambrian to Early Ordovician cold water faunas with Gondwanan
affinities and Baltic and Laurentian faunas during the Mid-Late Ordovician and Silurian
(Cocks and Fortey, 1982; Cocks and Fortey, 1990; Williams S.H.. et al, 1995).
Paleomagnetic data indicates an Early-Mid Paleozoic movement of Avalonia towards
warmer latitudes (Scotese and McKerrow, 1990; Torsvik et al., 1996)

Laurentia (Fig.1.1): This is North American craton formed by an Archean and
zoic basement, with distinctive Grenvillian (<1000 Ma) events, against which

different terranes were accreted during the p of the ian-C: ian belt
(Williams, 1978). As a result of the opening of the [apetus Ocean, Laurentia developed
endemic faunas (Cocks and Fortey, 1982; Nowlan and Neuman, 1991 and ref, within;
Williams et al., 1995). The warm water character of these faunas is consistent with a Late

P ian-Paleozoi ic position near the equator (Scotese and McKerrow,
1990; Torsvik et al., 1996)



Peri-Laurentia (Fig.1.1): This refers to the Laurentian Margin of the lapetus Ocean (
Humber Zone, Notre Dame subzone and equivalents; Fig.1.2).

Baltica (Fig.1.1): Late Precambrian to Mid Paleozoic continent rifted away from
Laurentia during the opening of the lapetus Ocean. This continent is bounded to the west
by the lapetus suture (Scandinavian Caledonides), to the SE by the Tomnquist line (roughly
the suture of the Tomquist sea; Cocks and Fortey, 1982) and to the East by the Urals
(Devono-Carboniferous suture; Matte, 1995). According to Cocks and Fortey (1990),

Baltica has its own distinctive Ordovician faunas. F ic data (Torsvik et al.,
1996), also, suggest a Late Precambrian to Ordovician paleogeographic position distinct

from those of Gondwana, Laurentia and Avalonia.

Northern Variscides (Fig.1.3 and 1.4): This is used in the sense of Paris and Robardet
(1990) and includes the Rheno-Hercynian Zone, the Ardennes, Brabant Massif, Comnwall
and southern Ireland. The term refers to the areas of the Variscan Belt with Avalonian-
Baltic faunal characteristics (Cocks and Fortey, 1990 Paris and Robardet, 1990) in the Mid
to Late Paleozoic time.

Southern Variscides (Fig. 1.3 and 1.4): This is also used in the sense of Paris and
Robardet (1990). It includes the Iberian Massif (with the possible exception of the South
Portuguese Zone), the Armorican Massif, the Massif Central, Sardinia, Corsica, Vosges,
Black Forest, external Alps, Saxothuringian and Moldanubian Zones. These areas are
characterized by close faunal similarities with Morrocan Gondwanan faunas during the
Early Paleozoic, indicating proximity with Gondwana. Middle-Late Paleozoic faunas from
the Central Tberian Zone to the Bohemian Massif, however, have a distinct character.
Asghill diamictites suggest a Mid Paleozoic lower latitude (Brenchiey et al., 1991).
Paleomagnetic data seem to support a lower latitude position, close to Gondwana, during



the Late Precambrian and Middle Paleozoic (Scotese and McKerrow, 1990). During the
Devonian the Southern Variscides moved to higher paleomagnetic latitudes and warmer
paleobiogeographic conditions (McKerrow and Scotese eds., 1990).

1.3.1.- Late Precambrian and Paleozoic Paleogeographic evolution of the

cir North Atlantic G terranes (Fig.1.6).-

Gondwana is generally viewed as a supercontinent amalgamated during the Pan-
African orogeny (800-550 Ma). This continent was assembled with pieces from the
dismembered Rodinia (a single supercontinent formed as a result of the Grenvillian
orogeny (=1000 Ma); e.g., Hoffman, 1991). Most Late Proterozoic paleogeographic
reconstructions show a collage of three major plates: Laurentia, Baltica and Gondwana
(e.g., Torsvik et al., 1996). Laurentia and Baltica were rifted from each other as a result of
the opening of the [apetus Ocean (circa 650-580 Ma). During the same time an active
margin was developed on the margin of Gondawana (680-540 Ma), the Avalonian-

Cadomian Belt. This belt is a unique feature of Gondwana.

This plate configuration resulted in important faunal differences between these three
major continents at the onset of the Cambrian. Landing (1996) points out that faunal

differences between Avalonia (Fig.1.5) and and ican faunas are si;

enough to suggests that Avalonia was already detached from Gondwana. However, both
paleontological and palcomagnetic data suggest that the peri-Gondwanan elements of the
Appalachians and the southern Variscides were at similar latitudes and relatively close to
Gondwana (McKerrow and Scotese eds., 1990; Cocks, 1993; Torsvik et al, 1996).

During the Early Paleozoic (Tremadoc, Arenig) faunal differences between peri-
Laurentia and peri-Gondwana peaked, reflecting the widening of the [apetus Ocean (Cocks
and Fortey, 1982; Williams, S.H. et al., 1995). This coincides with island arc development



on both sides (Notre Dame and Exploits subzones of the Newfoundland Appalachians) and
with Arenig ophiolite obduction and volcanic arc (Exploits Subzone)-passive margin
(Gander Zone) collision in the Gondwanan margin of lapetus (Penobscottian event;
Colman-Sadd et al., 1992a; van Staal, 1996 and ref. within). The Mid Ordovician Taconic

orogeny in the Laurentian side of Iapetus also a passive rgin-volcanic arc
collision (Williams, 1979; Williams ed., 1995). Contemporaneous events also took place in
the Baltic side of lapetus (Finnmarkian, high P events and ophiolite generation; e.g..
Andréasson, 1994; Dunning and Pedersen, 1997). The Avalon Zone (s.s.) and similar
correlatives in the British Isles (Midlands block; Tucker and Pharaoh, 1991) seem to have
escaped these Early Ordovician events. However, the Southern Variscides registered

granitic i ophiolite ion, high P it [c-alkali

(Pin, 1990; Gebauer, 1990, 1993) and almost coeval alkaline magmatism within an
apparent extensional setting (e.g., Ziegler, 1986; Ochsner, 1993). Therefore, the Early
Ordovician seems to coincide with subduction along all margins of the Tapetus Ocean and
with a period of major plate reorganization.

During the Mid and Late Ordovician, faunal differences between all sides of the
lapetus Ocean diminished as a result of ocean closure (McKerrow and Scotese eds., 1990;
Williams S.H. et al., 1995). However, faunal differences between the Northem and
Southern Variscides became apparent, indicating the presence of a faunal barrier (Rheic
Ocean; Paris and Robardet, 1990). It is in this period that Avalonia and the northem
Variscides migrated towards warmer latitutes (McKerrow and Scotese eds., 1990;
Williams, S.H. et al., 1995) whereas the Southern Variscides remained at lower latitutes
(Ashgill diamictites).

In the Silurian the lapetus Ocean closed and a major continent-continent collision took
place (Scandian, Late Caledonian and Salinic orogenies; Dunning et al., 1990 and ref.



within). As result of the collision between Laurentia, Baltica and Avalonia the Old Red
Sandstone continent was formed (McKerrow and Scotese eds., 1990). The Northem
Variscides show a continent-ocean trend which indicates they represent the external areas of
such a continent (Paris and Robardet, 1990). Contemporaneously, (Silurian-Early

Devonian) an event involving high P / high T metamorphism (subduction), ophiolite

and and i took place in the Southemn
Variscides. This event is known in the Armorican Massif as the Ligerian event (e.g.,
Lefort, 1989) and in the Iberian Massif is considered as Eo-Variscan (Arenas et al., 1986;
Santos Zalduegui et al., 1996). Silurian-Early Devonian faunal difference between the
Northern and Southern Variscides disappear in the Mid Devonian (Givetian) suggesting the
closure of the Rheic Ocean (Paris and Robardet, 1990). Variscan (s.s.) deformation,
metamorphism and plutonism took place during the Late Devonian until the Permo-
Carboniferous (Stille, 1924). The Variscan and Alleghenian orogenies resulted in the final

amalgamation of Pangea (Rast, 1988).



CHAPTER IT

THE NEWFOUNDLAND APPALACHIANS:

‘This thesis was partially i asa ive study of the ical evolution

of the peri-Gondwanan elements of the Newfoundland Appalachians and the Iberian
Massif. Therefore, some of the readers might not be familiar with the most current
understanding of the geology of the Newfoundland Appalachians. It is to those readers that
the first introductory section is directed. The classic zonal divisions and subdivisions of the
Newfoundland Appalachians have been grouped in two subsections, according to their
linkage to the peri-Laurentian or the peri-Gondwanan margin of the lapetus ocean. This
concept of peri-Laurentian versus peri-Gondwanan margin is also used as a reference in the
description of the main geological elements of the Southern Newfoundland Appalachians
(Hermitage Flexure). This description is aimed at all readers, since it serves to place within
a regional geological framework the elements of the Avalonian basement block of the
Hermitage Flexure studied in chapter III (Cing-Cerf gneiss), as well as the rationale behind
their potential western extent into the Port-aux-Basque complex (Margaree orthogneiss,
Chapter IV).



2.1.- LITHOTECTONIC ZONES OF THE NEWFOUNDLAND
APPALACHIANS: GENERAL OVERVIEW.

The geology of the Newfoundland Appalachians can be viewed in terms of accretion
of terranes with peri-Laurentian and peri-Gondwanan affinities to Laurentia, the North
American craton (Williams, 1979; Cawood et al., 1988; Williams, 1995a.j). The pre-
Silurian rocks allow the division of the belt into four classic lithotectonic zones, Humber,
Dunnage, Gander and Avalon (Fig.2.1; Williams, 1979). Seismic reflection (Keen et al.,
1986) indicates the presence of three crustal blocks: Grenville, Central and Avalon lower
crustal blocks. The Grenville lower crustal block, which is expressed at the surface by the
Humber Zone, extends from the North American craton under part of the Dunnage Zone to
meet the Central lower crustal block. The Dunnage Zone is allochthonous over these two
blocks. The Gander Zone represents the surface expression of the Central lower crustal
block. A third crustal block, the Avalon crustal block is marked by a sharp boundary which
coincides with the boundary between the Gander and the Avalon zones and extends to the

continental edge of the Grand Banks.

Early Ordovician faunal differences divide the oceanic rocks of the Dunnage Zone into
the peri-Laurentian Notre Dame Subzone and the peri-Gondwanan Exploits Subzone
(Fig.2.1; S.H. Williams et al., 1995), this division is also confirmed by different Pb
isotopic signatures (Williams et al., 1988). These subzones are separated by the Red Indian
Line and its southern continuation along the Cape Ray Fault (Lin et al., 1994). This suture
zone effectively separates the Laurentian margin formed by the Humber Zone and the Notre
Dame Subzone from the peri-Gondwanan margin of the Iapetus ocean (Exploits Subzone
and Gander and Avalon zones). The profound faunal differences in the Arenig mark the

peak of faunal provincialism, suggesting the presence of an ocean tract more than 2000 Km



wide separating both margins (S.H. Williams et al., 1995), which is also supported by
paleomagnetic data (Van der Pluijm et al., 1995). This indicates that the peri-Laurentian and
the peri-Gondwanan margins of the Newfoundland Appalachians had separate geological

until the Late O ician-Early Silurian or early stages of the Silurian Salinic
orogeny, which marks the climax in the Newfoundland Appalachians (Dunning et al.,
1990). In the following description the different lithotectonic zones and subzones of the
Newfoundland Appalachians have been grouped according to their linkage to either margin
of the lapetus Ocean, whereas their common Mid to Late Paleozoic evolution is treated in a

separate subsection.

2.1.1.-The  Laurentian/peri-Laurentian margin of the Newfoundland
Appalachians: The Humber Zone, the Notre Dame Subzone and their

equivalents:

The Humber Zone (Williams, 1995b) represents the edge of the Laurentian continent
against which the peri-Laurentian oceanic elements of the Dunnage Zone (Williams, 1995¢)
were accreted during the Middle Ordovician Taconic event, while the lapetus Ocean was
still open (Fig.2.1). These elements are the Notre Dame Subzone and the Dashwoods
Subzone or Central Gneiss Terrane. The lower Paleozoic faunas (S.H. Williams et al.,
1995) and the paleomagnetic data (Van der Pluijm et al., 1995) from the Notre Dame
Subzone indicate its Laurentian affinities. The Twillingate Subzone (Fig.2.1) is included in

the peri-Laurentian margin because it lies within the Notre Dame Subzone.
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The Humber Zone:

The Humber Zone is the zone of the A
(Fig.2.1). It has a Grenvillian basement (e.g. Erdmer and Williams, 1995) and a Late
Precambrian-Ordovician cover (e.g. Williams et al., 1995d), which can be correlated with

other rocks west of the Appalachian deformational front. These features tie the Humber
Zone with Laurentia (i.e. North American craton). The main characteristics of this zone
reflect a Late Precambrian rifting event, attributed to the opening of the Iapetus Ocean,
which was followed by the development of a passive margin during the Cambrian and
Early-Middle Ordovician (Williams, 1995b). During the Middle Ordovician Taconic event,
the advance of the Taconic nappes transformed the passive margin into a foreland basin

which was partially il into the

There are four main Taconic allochthons: the Humber Arm, Hare Bay, Old Mans Pond
and Southern White Bay allochthons (Fig.2.1; Williams, 1995¢). The allochthons contain
tectonic slivers from the advancing flysch, from the passive margin carbonate platform (St.
George and Table Head groups), as well as Cambro-Ordovician melanges and ophiolite
suites with preserved metamorphic soles. Age of ophiolite formation in the Humber Arm
allochthon ranges from 505+3/-2 Ma for the Little Port Complex (Jenner et al., 1991) to
485.7 +1.9/-1.2 Ma for the Bay of Islands Complex (Dunning and Krogh, 1985). The
Little Port Complex is interpreted as generated in a volcanic arc setting whereas the Bay of

Islands is interpreted as produced in a sup ion setting (back-arc), indicating the
presence of a subduction zone out board of Laurentia. 40A39Ar cooling ages of 4695
Ma to 464+9 Ma from the metamorphic sole of the Bay of Islands Complex (Dallmeyer
and Williams, 1975; Archibald and Farrar, 1976) provide a younger age limit for the
ophiolite obduction. A Llandeilo cover over the Bay of Islands Complex and a Caradoc
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cover over the Humber Arm allochthon indicate that the tectonic imbrication associated with
the Taconic event was over by the Middle-Late Ordovician. Final emplacement of the
Humber Arm and Hare Bay allochthons is related to gravity sliding (Cawood, 1989; 1990)

after peak orogenesis in the Mid Paleozoic (Salinic orogeny).

The Humber Zone also contains p and regi rocks,

which locally overlie Grenville basement. They form the Baie Verte or Fleur de Lys block
and the Corner Brook Lake block (Fig. 2.1; Cawood et al., 1995; Hibbard et al., 1995)
and they are referred to as the internal Humber Zone (Hibbard et al., 1995), since they are
located between the external allochthons and the Dunnage Zone. These rocks are mostly

with minor ic rocks and marble (Fleur de Lys Supergroup)
intercalated with mafic-ultramafic rocks of ophiolitic affinity. Peak metamorphic conditions
in both blocks reached high-pressure amphibolite facies (7-9 Kb and 700-750°C in Baie
Verte; Jamieson, 1990; 7-9 Kb and 650°C in the Corner Brook Lake; Cawood et al.,
1995), with local peak pressure conditions in the eclogite facies (Baie Verte, 10-12 Kb and
450-500°C; Jamieson, 1990). The available absolute time constraints indicate that regional
metamorphism and deformation in these two blocks are Early Silurian , ca. 430-425 Ma

(Cawood et al., 1995) and not Taconian as previously thought (Hibbard et al ., 1995).
The peri-Laurentian Dunnage Zone:
The Notre Dame Subzone:

This subzone contains Early Paleozoic thick of marine vols i y

rocks which contain lower Ordovician Laurentian warm water fauna (S.H.Williams et al.,
1995 and ref within) and associated volcanogenic sulphide deposits with non-radiogenic Pb
isotopic signatures, together with ophiolitic complexes broadly coeval with the Bay of

Islands ophiolite in the Humber Zone (Fig.2.1; Williams, 1995d.e). These rocks are
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interpreted as remnants of a peri-Laurentian Tremadocian to Early Llanvim arc/back arc

system.

The ophiolitic complexes include the Birchy, Advocate and Point Rousse complexes in
the Baie Verte area (Fig.2.1), which are polydeformed, dismembered and locally
metamorphosed (Birchy complex; peak P 9 Kb and 500°C; Jamieson and O'Bieme-Ryan,
1991), as well as other disrupted ophiolites, such as the Pynns Brook and Grand Lake
Complexes and the Hungry Mountain tonalite-gabbro complex. The more complete Betts
Cove ophiolite (Fig.2.1) has been dated at 488.6 +3.1/-1.8 Ma (Dunning and Krogh,
1985) and is conformably covered by volcanics and sediments of the Arenig Snooks Arm
Group (c.f. Williams, 1995¢). The most extensive ophiolite is the Annieopsquotch
Complex, which has been dated at 477.5 +2.6/-2 Ma and 481+4/-2 Ma (Dunning and
Krogh, 1985). This data confines the timing of ophiolite generation to the Late Tremadoc-
Arenig.

The volcanic and sedimentary rocks of the Notre Dame Subzone have been divided in
two belts: a northern mafic volcanic belt and a southern belt of bimodal volcanics
(Williams, 1995e). The northern belt contains thick mafic pillow lavas, associated dykes
and sills, clastic sedimentary rocks (greywackes, slates and cherts) and scarce limestone
lenses with Late Arenig-Llanvim fauna. These rocks, like the Snooks Arm Group, locally
overlie the Tremadoc-Arenig ophiolitic To the south, the belt of bimodal

volcanics contains abundant basalt and rhyolite intercalated with marine and terrestrial
sedimentary rocks. This belt is divided in two major units, the Roberts Arm Group to the
north and the Buchans Group to the south (Fig.2.1), both with calc-alkaline igneous rocks
which are i as derived (Swinden et al., 1990; cf. Williams, 1995e).

Conodonts from the Buchans Group are Late Arenig-Llanvim which agrees with an age of
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47343/-2 Ma of a rhyolite in this group. A coeval rhyolite from the top of the Roberts Arm
Group has also been dated at 47342 Ma (Dunning et ai., 1987).

The Dashwoods Subzone:

This subzone (Fig.2.1), formerly the Central Gneiss Terrane (van Berkel and Currie,
1988), inciudes psammitic and pelitic schists, migmatitic gneiss and minor marble in
tectonic contact with mafic and ultramafic tectonic slivers with ophiolitic affinities; both the
metasediments and the ophiolitic rocks are intruded by abundant foliated to massive diorites
and granodiorites of arc affinity (c.f. Williams, 1995e). The ages of these plutons range
from 488 Ma (Dubé et al., 1996) to 45643 Ma (zircon+titanite, least deformed tonalite;
Dunning et al., 1989) and are interpreted as coeval with the tectonic imbrication of the

and units. An Early Silurian gabbroic intrusion

cross-cutting the tectonic fabric in Ordovician tonalites (43142 Ma; Main Gut Gabbro;
Dunning et al., 1990) and a K/Ar metamorphic homblende cooling age of 455+14 Ma in
rocks from this subzone (Stevens et al., 1982) confirm the Taconian age of deformation
and metamorphism in these rocks. Silurian reactivation within the Dashwoods Subzone is
limited to the area around the Cape Ray fault (Dubé et al., 1996). Williams (1995¢)
correlates this subzone with the Dunnage Zone on the basis of the ophiolite-like mafic and
ultramafic rocks and the Ordovician tonalites, whereas Cawood et al. (1995) correlate the
paragneisses with the Fleur de Lys Supergroup, placing the subzone in the internal Humber
Zone. Because the presence of Grenvillian basement has not been proven, the medium to
high grade rocks of the Dashwoods Subzone are more correctly included in the Dunnage

Zone as a metamorphic equivalent of the Notre Dame Subzone.
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Twillingate Subzone: (Unknown affinity)

This is a small subzone within Notre Dame Subzone at Twillingate and New World
Islands at the northem boundary between the Notre Dame and the Exploits subzones
(Fig.2.1). It is formed by mafic volcanics, including pillow lavas, and non-fossiliferous
ic rocks locally deformed and in ibolite facies. These

silicic

volcanic rocks were intruded by the 507+3/-2 Ma tonalitic Twillingate granite (Elliot et al.,
1991). This tonalite was subsequently deformed and intruded by mafic dykes with
40Ar39Ar amphibole ages around 470 Ma (Williams et al., 1976). Even though this
subzone is surrounded by Notre Dame Subzone rocks with Silurian deformation (Elliot et
al., 1991), the presence of Late Cambrian-Early Ordovician deformation is more typical of

the Exploits Subzone (Penobscottian event) and therefore its affinity remains unknown.

2.1.2.- The peri-Gondwanan margin of the Newfoundland Appalachians:
the Exploits Subzone and the Gander and Avalon zones:

The peri-G margin of the I ians is ized by

the cold water Acado-Baltic faunas of the Avalon Zone, the Early Ordovician cold-water
Celtic faunas of the Exploits Subzone (S.H.Williams et al., 1995) and more significantly
by the Late P i lonian rocks. These Avalonian rocks record the evolution of

an active margin on the periphery of Neo-Proterozoic Gondwana (O'Brien et al., 1996),
which is coeval with the Late Precambrian rifting event in the Laurentian margin. The Late
Precambrian Avalonian rocks are not restricted to the Avalon Zone, they also appear in
tectonic windows under the Exploits Subzone in central Newfoundland and as basement

inliers in southern Newfoundland, where the intense Silurian overprint makes the



distinction between the rocks of the Exploits Subzone and the Gander Zone difficult
(Fig.2.2). These southern basement inliers are the objective of this study since they
represent some of the most outboard relicts of the Late Precambrian margin of Gondwana.

The Exploits Subzone is i as a peril Cambro-Ordovician arc which was
accreted to a Cambrian passive margin represented by the Gander Zone during the Arenig
Penobscottian event (Neuman and Max, 1989). The Avalon Zone escaped these Early
Ordovician events and was j against the Gander Zone during the Silurian Salinic

orogeny. These relicts of Avalonian basement in southern and central Newfoundland,
which might represent basement to the Gander Zone, provide a strong linkage with the
Avalon Zone or a similar Avalonian terrane (O'Brien et al., 1996; van Staal et al., 1996a).
The presence of late Arenig-Llanvim trilobites with Gondwanan-Avalonian affinities in the
Exploits Subzone (S.H. Williams et al, 1995) also indicates a certain proximity with the
Avalon Zone.

The peri-Gondwanan Dunnage Zone: The Exploits Subzone

This subzone contains relicts of ophiolitic suites and volcano-sedimentary rocks which
were part of Cambro-Ordovician arc and back-arc systems (Fig.2.2). Although
lithologically similar to the peri-Laurentian Notre Dame Subzone, the volcano-sedimentary
rocks are i by sedi: members. The ic massive sulphide deposits

of this subzone have a contrasting radiogenic Pb isotopic signature, different from those of
the Notre Dame Subzone (Williams et al., 1988). Mélanges are common and are interpreted
as accretionary prisms (Carmanville Melange, Lee and Williams, 1995) and as slope/trench
deposits (Dunnage Melange; Williams, 1995e). Small Precambrian inliers (56312 Ma
Valentine Lake and 565+4/-2 Ma Cripple Back Lake intrusions; Evans et al., 1990) outcrop
in tectonic windows under Exploits Subzone rocks of the Victoria Lake Group in central
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the peri-G: linkage provided by the distinctive Early
Ordovician Celtic faunas of this subzone (S.H. Williams et al., 1995)

The main ophiolitic suites of the Exploits Subzone are the Pipestone Pond (494+3/-2
Ma; Dunning and Krogh, 1985), Coy Pond (489 Ma: Dunning and Krogh, 1985) and
Great Bend complexes in central Newfoundland (Fig.2.2; Jenner and Swinden, 1993) and
the incomplete ophiolite suite of the South Lake Complex in the Western Arm of the Bay of
Exploits in northern N The mafic and bodies of the Gander River

Complex and their southward continuation along strike into the Baie d'Espoir and Bay du
Nord groups are interpreted as disrupted ophiolites (GRUB line: Fig.2.2). The 494 Ma
Pipestone Pond ophiolite was obducted over the sedimentary rocks of the Mount Cormack
Subzone of the Gander Zone and this tectonic contact was stitched by the 474+6/-3 Ma
Partridgeberry Hills granite (Colman-Sadd et al., 1992a). This indicates an Arenig age for
the P ian ophiolite i which is i with the

of Late Arenig sedi rocks over the 489 Ma Coy Pond ophiolite ar Mount
Cormack and over the GRUB ophiolite at Gander Lake.

The volcanic and sedimentary rocks of the Exploits Subzone have been divided into
several groups: the Wild Bight and the Exploits groups to the northwest and its equivalent
in central Newfoundland the Victoria Lake Group, the Davidsville and Baie d’Espoir
groups to the east and the Bay du Nord Group in the south (Fig.2.2). These groups contain
felsic and mafic volcanic rocks, including pillow lava with associated diabase and gabbro

with silici ic rocks. The 51332 Ma Tally Pond volcanic rocks in

the Victoria Lake group may mark the inception of arc magmatism. The extrusion of the
498+6/-4 Ma Tulks Hill volcanics in the Victoria Lake Group and the 486+3 Ma Tea Arm
twff in the Exploits Group indicate that arc magmatism (O'Brien et al., 1997) was

with T ian ophiolite ion. The Arenig ian event is
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marked by the pre-477 Ma imbrication of ophiolitic-like gabbro and volcano-sedimentary
rocks in the southern Bay du Nord Group (Tucker et al., 1994) but there is no evidence for
it in the Exploits Group (O'Brien et al., 1997). The Arcnig Penobscottian event was
followed by a Late Arenig-Llanvim major back-arc rifting event. This event is marked by
back-arc  bimodal it i ion and siliciclasti fi it

(462+4/-2 Ma, Victoria Lake Group; 468+2 Ma, Baie d'Espoir Group; 46613 Ma, Bay du
Nord Group; cf.Colman-Sadd et al., 1992a; Late Arenig-Llanvim graptolite faunas in the
Davidsville and Exploits groups, c.f. OBrien et al., 1997). This is followed by the
conformable deposition of Upper Llanvim-Llandeilo limestones and Caradoc shales and
greywackes at the top of the Exploits Group (e.g. Williams, 1995e), marking a Middle-
Upper Ordovician period of tectonic inactivity which coincides with the introduction of
warm water Laurentian faunas (S.H. Williams et al., 1995).

Indian Bay Subzone: _

According to Williams (1995e) the volcanic and sedimentary rocks at Indian Pond
form a separate subzone and overlay the low-grade Gander Group of the Gander Zone.
These rocks contain Late Arenig Celtic fauna indicative of the peri-Gondwana realm
(Wonderley and Neuman, 1984; Williams S.H. et al., 1995) and are lithologically
equivalent to the basal strata of the Davidsville Group of the Exploits Subzone. Because the
contact is not exposed, it is uncertain if they represent an overlap sequence on to the
Gander Group or a tectonic slice of the Exploits Subzone, but local stratigraphic
relationships seem to support an overlapping relationship (e.g. Williams, 1995e).

The Gander Zone:

The Gander Zone was i i as the opposing margin to the Humber
Zone (Williams, 1964). This zone is bounded to the west by the Exploits Subzone and to



the east by the Avalon Zone. This zone is ized by low-grade. q ich

siliciclastic rocks and medium- to high-grade micaschists and quartzo-feldspathic gneisses.
It has been divided in three separate subzones: the northeastern Gander Lake, the central
Mount Cormack and the southwestern Meelpaeg subzones (Fig.2.2). These last two zones
are interpreted as tectonic windows of the Gander Zone under the Exploits Subzone
(Williams et al., 1988). The Meelpaeg Subzone is interpreted to continue in southern
Newfoundland along the Port-aux-Basques area (Fig.2.2), however, this is controversial
as demonstrated in chapter [V of this thesis.

Gander Lake Subzone:

This subzone has the type sequences of the Gander Zone (Williams, 1979, 1995f). It
is underlain by the low grade rocks of the Gander Group and the mediumv/high-grade
Square Pond and Hare Bay gneisses (Fig.2.2), which are interpreted as metamorphic

equivalents of the Gander Group. The Gander Group contains non-fossiliferous
facies ites, pelites and ites. A 569 Ma detrital zircon and a reported

overlapping relationship with the Late Arenig Indian Bay Subzone provide the older and
younger age limits for the deposition of the group (O'Neill, 1991), which is interpreted as a
siliciclastic Cambrian passive margin deposit. The Square Pond Gueiss forms a 12 Km
wide and 150 Km long band east of the Gander Group, with increasing Silurian Barrovian
type metamorphism from greenschist facies in the west to upper amphibolite in the east
(King et al., 1995). East of the Square Pond Gneiss, the Hare Bay Gneiss forms a 10 Km
by 140 Km band of i ibolites and i which has been

correlated with the Little Passage Gneiss to the south (Fig.2.2; Colman-Sadd, 1980). The
orthogneisses in the Hare Bay Gneiss have been dated at 487 Ma (megacrystic granite) and
476 Ma (tonalitic orthogneiss; Dunning, unpublished).
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Mount Cormack Subzone:

This subzone outcrops in central Newfoundland and it is interpreted as a tectonic
window rimmed by the volcano-sedimentary rocks of the Exploits Subzone and the
Pipestone, Coy Pond and Great Bend ophiolitic complexes (Fig.2.2). This subzone is
formed by sandstones, shales and siltstones, which are correlated with the Gander Group
(Williams et al., 1988). These rocks show a metamorphic gradation from sub-biotite facies
up to migmatite in the core of the structure. Migmatization (46542 Ma; Colman-Sadd et al.,
1992a) was coeval with granite intrusion (464+4/-3 Ma Through Hill granite; Colman-Sadd
etal., 1992a) and post-dates the intrusion of the Partridgeberry Hills granite (474+6/-3
Ma), which stitches the contact between the low grade rim of this subzone and the Exploits
Subzone, cross-cutting the Coy Pond Complex (Colman-Sadd and Swinden, 1984).

The Meelpaeg Subzone:

This subzone contains ibolite facies itic rocks and equi' high-grade
migmatites (Fig.2.2). This subzone is separated from the Mount Cormack Subzone by the

Pipestone complex, but i quartzite, p ite and ite provide a
lithological correlation between the subzones (Williams et al.,1988) which is also
supported by the coeval granitic plutonism (46432 Ma Great Burnt granite; Colman-Sadd et
al., 1992a). The abundance of amphibolite in the southern part of the complex forms the
basis for the lithological correlation with the Port-Aux-Basques complex (Chapter IV) in
southern Newfoundland.

The Avalon Zone:

The Avalon Zone (sensu stricto; e.g. OBrien et al., 1996) contains low-grade
volcanic, clastic and plutonic rocks of Late Precambrian to Early Paleozoic age (Fig.2.2).
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These rocks were juxtaposed against the high grade Hare Bay and Little Passage gneisses
of the Gander Zone during the Silurian (O'Brien et al., 1996). The term Avalon Zone
(sensu lato; e.g. O'Brien et al., 1996) has been used to include the Late Precambrian
basement rocks that outcrop in the southern Hermitage Flexure in southern Newfoundland
as part of the Avalon Zone (Fig2.2). These rocks in the Hermitage Flexure, which are the
objective of study in chapter [T (Cing-Cerf gneiss), have been overprinted by the Early-
Mid Paleozoic tectonothermal events common to the Exploits Subzone and the Gander
Zone. Such Early-Mid Paleozoic overprint is not present in the Avalon Zone.

The oldest rock sequences of the Avalon Zone (s.s.) are the basal breccia with
limestone blocks and the sequence of pillow basalts, tuffs and mafic breccia of the Burin
Group, in the Burin Peninsula (Fig.2.2), which are intercalated with a 763+3 Ma complex
of gabbro, quartz-diorite and plagiogranite (Krogh et al., 1988). In the nearby Hermitage
Peninsula (Fig.2.2) 682 Ma felsic volcanics intercalated with limestones are intruded by
bimodal plutonic complexes (6733 Ma Furby Cove suite: O'Brien et al.. 1996), which
were unconformable covered by 630-610 Ma volcanic and siliciclatic rocks, following a
deformational event (e.g. O'Brien et al., 1996). These 630-610 volcanic rocks have calc-
alkaline and tholeiitic affinities and a wide distribution over the Avalon Zone (Love Cove
and Connecting Point groups), and are interpreted as volcanic arc. The 630-620 volcano-
sedimentary rocks are intruded by the 621+3 Ma Simmons Brook intrusive suite in the
Hermitage Bay area and by the 620 Ma Holyrood calc-alkaline granite in the Avalon
Peninsula (e.g. O'Brien et al., 1996). These events are coeval with granite intrusion of
616+5/-4 Ma granite (Dunning et al., 1995) in low P / high T biotite-cordierite micaschists
at Miquelon island (France), south of the Burin Peninsula. Following a post-620 Ma
tectonic event, there is development of extensional basins with coeval deposition of deep
water turbidite, glaciogenic debris flows and tillite, as well as subaerial sedimentation and
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bimodal volcanism (570+3/-2 Ma, Musgravetown group; 568+5 and 55146 Ma, Long
Harbour group: 565£3 Ma, St. John's and Signal Hill groups: O'Brien et al..1996) and
intrusion of 572+3/-2 Ma granite into the already deformed 610-620 Ma marine volcanic
and siliciclastic rocks of the Bonavista Bay area (Northern Avalon Peninsula). These Late
Precambrian rocks were weakly deformed and unconformably covered by Cambrian rocks.
The Cambrian sequence has been described in detail by Landing (1996) and consists of
basal red and siliciclasti ing with red li (Lower Cambrian),

that are followed by Middle Cambrian-Early O
alternating with ash-flow tuffs in the Middle Cambrian. The top of the sequence is Arenig
and consists of quartz-rich siliciclastics with oolitic ironstone. This Cambrian-Early
Ordovician sequence records several unconformities which are interpreted as eustatic
changes related to basin development (Landing, 1996). A 44113 Ma deformed mafic sill in
the Avalon peninsula indicates the presence of Middle Paleozoic deformation.
Unconformable Early Devonian basins and plutons dated at 394+6/-4 Ma (Krogh et al.,
1988) to 374+2 Ma (Kerr et al., 1993) constrain the younger limit for this Mid Paleozoic

deformation.

2.1.3.- Middle and Late Paleozoic i of the N dland

Appalachians:
Following the Early -Middle Ordovician tectonothermal events, major tectonic activity

ceased on both sides of the Iapetus Ocean until the Late Ordovician - Silurian. Middle and

Late Ordovician rock sequences in the Exploits Subzone record the introduction of

Laurentian faunas, ing the of the peri-G elements of the

Dunnage and Gander Zones towards warmer latitudes (S.H. Williams et al., 1995). Final
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ocean closure took place in the Late Ordovician -Early Silurian, leading to the Silurian
collision between the opposing margin of the Iapetus. The effects of the Silurian Salinic
orogeny are most intense in the margins of the Dunnage and Gander zones and the internal
parts of the Humber Zone (Fig.2.1). Extensive Silurian volcanic (429420 Ma) and

rocks (L ) locally overlie the Precambrian and Early
Paleozoic elements of the Humber, Dunnage, Gander zones and Late Precambrian
basement of the Hermitage Flexure (Dunning et al., 1990; O'Brien et al., 1991; Williams

1995g-i; Williams et al., 1995a-c,e; Williams and O'Brien, 1995). This sedimentation and
is coeval with ism and ion at all crustal levels and the

generation of extensive [- and S-type plutons in the 431- 415 Ma interval (Dunning et al.,
1990). This plutonism is syn-kinematic in most areas, except in the Dashwoods Subzone
(431 Ma post-kinematic gabbros). During this period syn-magmatic and subsolidus
deformation of the Silurian granites of the northeastern Gander Zone, and their country
rock, record lateral movement associated with the final docking of the Avalon Zone along
the Dover Fault (Fig.2.2.; Holdsworth et al., 1993; Holdsworth, 1994: Scholfield and
D'Lemos, 1995; D'Lemos et al., 1995). Post-kinematic plutons intrude during a final
magmatic pulse between 395 and 375 Ma, although most plutons group around 390 Ma:
the Ackley granite (378-374 Ma, 40Ar/39Ar; Kontak et al., 1988) intrudes both the Gander
and Avalon Zone stitching the Hermitage-Dover Fault system. This Early Devonian

is coeval with fc ion of po: isi basins with terrestrial sediments and

volcanics in the Humber, Dunnage and Avalon Zones (Chorlton et al., 1995; Williams
1995g-i; Williams et al., 1995e; Williams and O'Brien, 1995). Therefore, peak orogenesis
in the Newfoundland Appalachians took place during the Silurian (Salinic orogeny;
Dunning et al., 1990). Devono-Carboniferous transcurrent activity along the Cabot Fault
system (Hyde, 1995) lead to the opening of the Deer Lake and Bay St. Georges basins
(Fig.2.1; Late Devonian-Middle Carboniferous). Paleontological data indicate the presence
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of European forms during this period (European Carboniferous floras; Nowlan and
Neuman, 1991. and ref. within).

2.2.- GEOLOGICAL ELEMENTS OF THE SOUTHERN
NEWFOUNDLAND APPALACHIANS : THE HERMITAGE FLEXURE

The Hermitage Flexure is the characteristic Z shaped structural trend of the southern
Newfoundland Appalachians (Williams et al., 1970; Fig. 2.1 and 2.3). It is in this area that
the classic ivisions of the jans into Humber, Dunnage (Notre
Dame and Exploits subzones), Gander and Avalon zones become obscured by intense

plutonism, metamorphism and late major faulting (Fig.2.3). These major fault zones bring
together blocks with different geological histories, which are from west to east: the
Dashwoods Subzone, the gneissic rocks of the Port-aux-Basques area, the Bay du Nord
Group, the Silurian La Poile basin with its Late Precambrian-Early Ordovician basement
block, the Little Passage gneiss and the Avalon Zone (Fig. 2.3). The Dashwoods Subzone
is part of the Laurentian margin of the fapetus Ocean whereas the other blocks are assigned
to the peri-Gondwanan margin. The following is a brief description of these blocks, the
main fault systems and the time constraints provided by the abundant syn- and post-
collisional plutons. More detailed descriptions of the areas of study are given in chapters [T
and IV.

The Laurentian Margin:

This subzone has already been described in section 2.1.1. It consists of extensive
tonalitic complexes of Early to Middle Ordovician age (Dunning et al., 1990; Dubé et al.,




1996), mafi (Long Range complex) and medium- to high-
grade paragneisses (Keepings gneiss; Chorlton, 1984). Time constraints (see section

2.1.1) indicate Middle Ordovician Taconian ion and

The Cape Ray fault (Fig.2.3) forms the southern extent of the fault lineament defined
by the Red Indian Line, which marks the boundary between the relicts of the opposite
margins of the [apetus Ocean. In the central part of the Hermitage Flexure the Cape Ray
fault splays into a northern track which forms part of the Red Indian Line and an eastern
track, the Gunflap Hills fault splay (Fig.2.4). 40Ar39Ar dating of synkinematic
homblende (407+4 Ma) and biotite (405+4 Ma) indicates that the main movement along the
fault, which marks the suturing between the peri-Laurentian Dashwoods Subzone and the
rocks of the peri-Gondwanan margin, was Late Silurian-Early Devonian (Dubé et al.,
1996). Two groups of deformed low grade rocks are associated with the Cape Ray Fault:
the Windsor Point Group (Brown, 1977) and the Billiards Brook Formation (Choriton,
1980). The Windsor Point Group includes Middle Ordovician volcanics (Dubé et al..
1996), whereas the Billiards Brook formation contains Mid Devonian flora (Cooper, 1954
Chorlton, 1984). Deformation of the Billiards Brook Formation and transcurrent shearing
of 386-384 Ma post-tectonic plutons along the southern extent of the fault indicate that the
Cape Ray fault remained active past the peak of the Silurian Salinic orogenesis. Further

on the timing of ion along the Cape Ray Fault are given in chapter [V.




The Gondwanan Margin:
-aux-] i k D

This gneissic package is bounded to the west by the Cape Ray Fault and to the east
by the Bay le Moine shear zone and the 416 Ma La Poile batholith, which separates it from
Bay du Nord Group of the Exploits Subzone (Fig.2.4). These are medium- to high-grade

rocks and during the Silurian Salinic orogeny
(Dunning et al., 1990; Burgess et al., 1995). Lithological correlations with the Gander
Zone (Meelpaeg Subzone, c.f. Williams, et al., 1995g; Little Passage Gneiss, Brown,
1977) or the Exploits Subzone's Bay du Nord Group (Chorlton, 1984) are hampered by
the absence of pre-Silurian absolute ages, but these correlations suggest an affinity with the

rocks from the peri-Gondwanan margin of the Newfoundland Appalachians. The Port-
aux-Basques Gneiss of Brown (1977) has been recently divided into Grand Bay and Port-
aux-Basques complexes and the redefined Harbour Le Cou Group (Fig. 2.4) by van Staal
etal. (1996 b, c).

Itis the terminology of van Staal et al. (1992; 1996b; 1996c) that is going to be used
in the following chapters.

The Bay du Nord Group (Dunnage Zone):

This is a vol i unit locally o ibolite facies which

has had a polycyclic evolution. Tucker et al. (1994) demonstrated that part of the Bay du

Nord Group was already d ited and imbri with ophiolitic-like gabbro prior to the
intrusion of the 477.6+1.8 Ma Baggs Hill granite (Chorlton, 1980, Fig.2.3 and 2.4). A
Bay du Nord tuff level in the central part of the Hermitage Flexure has been dated at 466+3
Ma (Dunning et al., 1990; Fig.2.3), indicating the composite nature of this group. Clasts of



the Baggs Hill granite were incorporated into conglomerates (Chorlton, 1980) of the
younger Dolman Cove belt, but a U-Pb age of a tuff in this belt indicates that at least certain
parts of the belt are Silurian (Dunning, pers comm.).

The Bay du Nord Group has been to i ibolite facies
conditions (Fig.2.4). Polymictic conglomerates with clasts of the Baggs Hill granite
(Chorlton, 1980) indicate that the i ism is post-477 Ma. According to

Chorlton (1980), the migmatitic rocks in the Bay du Nord Group were produced by
granitic injections associated with the Rose Blanche granite (419 Ma: Dunning
unpublished). The Bay du Nord Group is also intruded by the late-kinematic La Poile
batholith (41624 Ma: Chorlton and Dallmeyer, 1986) which, with the Rose Blanche

granite, provides the youngest ints for the i ic event and the
initiation of the post-466 Ma deformation.

The Bay du Nord Group contains massive sulphide deposits with primitive Pb
isotopic signatures characteristic of the Exploits Subzone (Swinden and Thorpe, 1984).
According to Dunning et al (1990), the Bay du Nord Group can be regionally correlated
with the coeval Bay d'Espoir Group (Exploits Subzone) on the basis of lithology, type of
mineral deposits and Pb isotopic signatures and geological evolution.

The La Poile Basin:

This is a syn-orogenic basin formed by vol i rocks in
facies conditions (Chorlton, 1980). U-Pb dating of tuff levels at the base and the top of the
sequence indicates that it developed between 428 and 420 Ma (O'Brien et al., 1993). Clasts
of the Late Precambrian-Early Ordovician basement block were incorporated into
ic levels indicating a i ip (Chorlton, 1984; O'Brien et

al., 1993). During the subsequent deformation, the basement block was thrust over the
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basin along the Cing-Cerf fault zone, which is sealed by the 39043 Ma Chetwynd granite
(Fig. 2.4; O'Brien et al., 1993). The contact between the La Poile Basin and the Bay du
Nord Group is the Bay d' Est fault zone, which Chorlton (1984) interpreted as an
extensional fault and O'Brien et al (1991) reinterpreted as thrust fauit of the La Poile Basin
and its basement over the Bay du Nord Group. This brittle fault zone cuts the 390 Ma
Chetwynd granite and the Ironbound pluton (3615 Ma, 40Ar/39Ar homblende, 35015
Ma, 40Ar/39Ar biotite; Chorlton and Dallmeyer, 1986), indicating a post-390 Ma and a
possible post-361 Ma fault movement (Fig.2.4).

n:

‘This is a composite block of low grade rocks and gneisses which have recorded Late

P i lonian, Early O ician and Silurian ic and i events.
Late Precambrian rocks have been positively identified in three localities: Cing-Cerf -
Grand Bruit, Grandys Brook and Grey River (Fig.2.3). Undated fragments of this
basement are also preserved as mega-enclaves of mica schist and migmatitic gneiss within
the Silurian Burgeo batholith (429+5/-3 Ma, 4152 Ma: Dunning et al.. 1990). One of
these enclaves, an agmatitic gneiss at Sandbanks, near Burgeo. contains disrupted
amphibolite injected by 453+3 Ma leucosome cutting the fabric (Fox Point agmatite:
Dunning, unpublished in O'Brien and O'Brien, 1992).

The rocks at Cing-Cerf - Grand Bruit and Grandys Brook are basement to the La Poile
basin (O'Brien et al.,, 1991). This basement contains both Late Precambrian low grade
volcano-sedimentary rocks and the undated gneissic rocks of the Cing-Cerf gneiss, which
are the objective of study in chapter Il (Fig. 2.3 and 2.4). The low-grade Late Precambrian
rocks were intruded by a 578-566 Ma plutonic suite (Roti suite) and by Early Ordovician
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plutons and deformed during the Late Precambrian and the Silurian (O'Brien et al., 1991,
1993).

The Late Precambrian rocks at Grey River (Fig.2.3) are metavolcanics,

and mi itic gneisses ( 1985). A dated
migmatitic gneiss with a protolith age of 686+33/-15 Ma and 579£10 Ma metamorphic
titanite and unconformable 54443 Ma wff confirm the presence of Late Precambrian
Avalonian tectonothermal events (Dunning and O'Brien, 1989).
“E unk Emﬂg: Qnﬂi_s ﬁmdg[ Zg]g E

This gneiss is formed by sillimanite-bearing mica schists, metapsammites,

and tonalitic mi ites intruded by ites, including the

Gaultois granite (421+2 Ma; Dunning et al., 1990). This gneiss is considered as the
southern prolongation of the Hare Bay Gneiss of the northeastern Gander Zone (e.g.,
Williams, Colman-Sadd and O'Neill, 1995), and was correlated with the Port-aux-Basques
Gneiss on the basis of lithology and style of deformation by Brown (1975). Most of the
deformation is syn-metamorphic (Piasecki, 1988) and is dated at 423+5/-3 Ma (zircon age
from a tonalitic migmatite; Dunning et al. ,1990). The gneiss is faulted to the north against
the Mid Ordovician Baie D'Espoir Group of the Exploits Subzone along the Day Cove
thrust. To the south the gneiss is juxtaposed against the Avalon Zone along the Hermitage
Bay Fault.

The Hermitage Bay Fault and the Avalon Zone:

The Hermitge Bay Fault separates the Little Passage gneiss and the Gaultois granite
from the rocks of the Avalon Zone (s.s.) in the Hermitage Peninsula (Fig.2.3). This fault
zone is interpreted as the southern extent of the Dover fault. These two faults were intruded
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by the Ackley granite (378-374 Ma, 40Ar3%Ar; Kontak et al., 1988). The rocks of the
Avalon Zone (Section 2.1.2) have escaped Silurian metamorphism but are locally intruded
by Early Devonian granites (e.g.. OBrien et al., 1996). The Avalonian rocks in the
Hermitage Peninsula have recorded 685-670 Ma, 630-620 Ma and 580-550 Ma magmatic.
deformational and depositional events, some of which are coeval with those in the Late
P i of the itage Flexure (O'Brien et al., 1996).

2.3.- AVALONIAN EVENTS AND LITHOLOGICAL CORRELATIONS IN
THE SOUTHERN NEWFOUNDLAND APPALACHIANS.-

The following two chapters deal with the tectonothermal evolution of two different
rock units in the southwest Hermitage Flexure: the Cing-Cerf gneiss (Chapter IIT) and the
Margaree orthogneiss (Chapter [V). These two rock units were selected with the aim of
unravelling the tectonothermal evolution of some of the most outboard elements of the peri-
Gondwanan margin of the Iapetus ocean with proven Avalonian affinities, while searching
for a pre-Avalonian basement.

The Cing-Cerf gneiss (Chapter III) is the westernmost gneissic complex of the Late
Precambrian basement block of the Hermitage Flexure and according to O'Brien et al
(1996) is equivalent to the 686 Ma Grey River gneiss (Fig.2.3). The evidence for Late
P ian, Early Ordovician and Silurian overprints in the nearby rocks suggested that

these could be some of the oldest rocks along the peri-Gondwanan margin of lapetus,
overprinted by Avalonian events and the Paleozoic Penobscottian and Salinic events which

are characteristic of the Exploits Subzone and the Gander Zone.



Rocks of the Port-aux-Basques complex form part of the westernmost segment of the
peri-Gondwanan margin of the lapetus ocean in the Newfoundland Appalachians

(Fig.2.3). The upper ibolite facies M: iss (Chapter IV) of the Port-
aux-Basques complex resembles the Cing-Cerf gneiss, whereas the country rock
resemble the ibolite-rich rocks in the pre-477 Ma Bay du Nord Group

(Fig.2.4; Chorlton, 1984). This would suggest that if there is a Port-aux-Basques complex
/Bay du Nord group connection, some of the rocks and the deformation in the Port-aux-
Basques complex could be pre-477 Ma or even older. A test of these correlations is
provided by the Margaree orthogneiss (Chapter IV), which contains the oldest pre-tectonic
intrusive rocks into the metasedimentary members of the Port-Aux-Basques complex
(Brown, 1977). The age of these rocks and the tectonothermal events recorded in them will

provide the first absolute time ints on the pre-Siluri lution of

the Port-aux-Basques complex.
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CHAPTER III.

THE CINQ-CERF GNEISS (SOUTHWEST Hermitage Flexure):

3.1.- INTRODUCTION:

Some of the strongest evidence for the Gondwanan linkage of the eastern margin of
the lapetus Ocean came from the Late Precambrian rocks of the Hermitage Flexure,
Southern Newfoundland. These rocks are Avalonian relicts variably overprinted by the
Early Ordovician and Silurian tectonothermal events recorded in the Central Mobile belt of
the Newfoundland Appalachians (Fig.3.1; O'Brien et al., 1996). These relicts comprise

Late P an low-grade vol R plutonic suites and gneissic
complexes, the Grey-River and Cing-Cerf gneisses (Dunning and O'Brien, 1989; Chapter
2). These Late Precambrian rocks form two extensive outcrops at Grey River and Grand
Bruit-Cing Cerf, and appear in tectonic windows under Silurian volcanosedimentary rocks
(La Poile Basin, O'Brien et al., 1991) and as megaenclaves in the Silurian Burgeo granite
(O'Brien et al., 1996), forming the so-called Late Precambrian-Early Paleozoic basement
block of the Hermitage Flexure (Fig. 3.1; OBrien et al., 1991). Late Precambrian plutons
also appear in two small basement inliers in the Exploits subzone in central Newfoundland

(Fig. 3.1), ing that this Late P ian basement extends farther north (O'Brien
et al., 1996).
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These Late Precambrian volcanosedimentary and plutonic rocks are coeval with similar
rocks in the Avalon Zone (Fig.3.1: OBrien et al., 1996). However, the Precambrian
gneissic complexes of the Hermitage Flexure, the Grey River and Cing-Cerf gneisses, do
not have lithological equivalents in the Avalon Zone (O'Brien et al., 1996). Prior to this
study, Precambrian absolute ages were only available from the Grey River gneiss (686 Ma
protolith, 575 Ma metamorphism; Dunning and O'Brien, 1989), whereas the Cing-Cerf
gneiss was inferred to be intruded by 570 Ma plutonic rocks (Dunning and O'Brien, 1989:
O'Brien et al., 1993). The Cing-Cerf gneiss, the westernmost of the two gneissic
complexes, was also interpreted to be basement to a nearby, pre-570 Ma, low-grade
volcano-sedimentary sequence (O'Brien et al., 1996). This suggested that the Cing-Cerf
gneiss, as defined by B.H. O'Brien (1988, 1989, 1990), could contain some of the oldest,
undated, Precambrian peri-Gondwanan rocks in the southwestern Hermitage Flexure.
Therefore, making the Cing-Cerf gneiss an important target to unravel the Precambrian
tectonothermal evolution of the westernmost Hermitage Flexure and the subsequent

Paleozoic overprints.

‘The structural li in the itage Flexure define a

of the main zonal divisions of the Newfoundland Appalachians. These zones are difficult to
correlate across the Cabot strait with the terrane divisions in Cape Breton Island and the rest
of the northern Appalachians (Fig.3.1; Barr and White, 1996). Therefore the data presented
in this chapter will be critical to assess these correlations, particularly those between the
Avalonian terranes of Cape Breton and the Newfoundland Appalachians (Barr and White,
1996; Van Staal et al., 1996a). Since the Cing-Cerf gneiss is part of the westernmost
proven extent of Avalonian rocks in the Newfoundland Appalachians, this study will

provide a unique opportunity to forward the ing of the i lution of
the Gondwanan elements along the eastern margin of the [apetus Ocean. These correlations
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and the implications for the Precambrian and Paleozoic evolution of North Atlantic peri-
Gondwana will be discussed in Chapter VII of the thesis.

In this study a combination of detailed mapping, petrography, high precision U-Pb
geochronology and major and trace element geochemistry has been used to demonstrate the

presence of previ p Late ian events in the Cing-Cerf gneiss. These
newly reported P ian events further the linkage with the Avalon Zone of
the A jans. The ing data also highlight the intensity of the

Silurian overprint in the make-up of the gneissic complex, challenging the previous
interpretation of these rocks as high-grade gneisses produced by Precambrian regional
metamorphism (O'Brien et al., 1993).

3.2.- LOCATION, LOGISTICS AND OUTCROP

The Cing Cerf gneiss is located in the coast of (Canada)

3 Km east of Grand Bruit, 80 Km east of Port-Aux-Basques and 40 Km west of Burgeo.
Three sections along the coast were studied: a 2 Km long by 0.5 Km wide section between
Sandbank Point and East Diver Head, the largest island in the Three Island group and a 200
m section at Cing-Cerf Bay (Fig.3.2). Most of the work, however, was concentrated in the
largest and most accessible Sandbank-East Diver Head section, which is the one with the
best field relationships.

The community of Grand Bruit was used as a field base. Year round access to the
community is provided by Marine Atlantic coastal boats. The Sandbank Point - East Diver
Head section is easily accessible by foot from Grand Bruit. A boat was used to reach the
outcrops at Three Islands and Cing-Cerf Bay. Boat services can be obtained by hiring a



local fisherman from Grand Bruit. It is recommended that the area be visited during the
summer or early in the fall when weather is the best. During this time foggy and wet

conditions tend to prevail.

The area is characterized by barren land with extensive rock exposure covered by thin
peat bogs and scarce, small "tuckamore” patches. Overall outcrop quality is excellent and
the shoreline offers a wide exposure of fresh outcrop.

3.3.- PREVIOUS WORK:

This package of gneisses has been previously mapped as part of 1:63,360 (Cooper,
1954) and 1:50,000 scale regional maps (Chorlton, 1978, 1980; B.H. O'Brien, 1988,
1989). Cooper (1954) was the first to describe these rocks and grouped them with other
rock types as part of his "coastal belt". He also mapped several lithological units in the
Sandbank area (Cing-Cerf gneiss of O'Brien, 1988) which have been corroborated in this
study. Chorlton (1978; 1980) studied these rocks within a wider regional study of the
geology of southwest Newfoundland as part of her Ph.D. thesis at Memorial University
(Chorlton, 1984). She made the first detailed description of this set of gneisses which she
interpreted as an Early Ordovician igneous complex, the Cing-Cerf complex (Chorlton,
1980; 1984). Detailed mapping in the La Poile-Grand Bruit area (B.H.O'Brien . 1987;
1988; 1989; 1990) coupled with extensive U-Pb geochronology (Dunning and S.J.
O'Brien, 1989; B.H. O'Brien et al., 1991; B.H. O'Brien et al., 1993) demonstrated that

the Cing-Cerf gneiss is part of a p Late P ian-O ician basement with
Avalonian affinities. B.H. O'Brien (1989; 1990) and B.H. O'Brien et al. (1993) mapped
the areal distribution of the gneissic complex, and defined the nature of its boundaries. But
due to their scale of work they did not map the complex in detail or define any internal
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units. U-Pb geochronology in the complex is limited to the unpublished data of G.R.
Dunning and B.H. O'Brien from Three Islands.

3.4.- GEOLOGICAL SETTING:

The Cing-Cerf gneiss constitutes part of the Late Precambrian-Early Ordovician
basement which outcrops south of the Bay d'Est fault in the La Poile-Burgeo area of the
Hermitage Flexure (Fig.3.2 ; B.H. OBrien et al., 1991). This basement and its Silurian
volcanosedimentary cover (The La Poile Basin; B.H. O'Brien et al., 1991) are part of a
composite block, which is separated by the Bay d'Est fault from the Bay du Nord Group of
the Dunnage Zone to the north (Fig.3.2; B.H. O'Brien et al., 1991). Both basement and
Silurian cover were deformed during the Silurian Salinic orogeny and intruded by Siluro-
Devonian plutonic rocks (Dunning et al, 1990; B.H. O'Brien et al., 1991). This composite
block is going to be described following a N-S trend (Fig.3.2), i.e. from the Silurian cover
to the Late Precambrian - Early Paleozoic basement, with emphasis on the field and

absolute age constraints.

The cover Silurian volcanosedimentary rocks of the La Poile Basin are fault bounded
to the north by the Bay d'Est fault and to the south by the Cing-Cerf fault (Fig.3.2). Late
Precambrian rocks also outcrop in tectonic windows within the Silurian La Poile Basin
between the Bay d'Est and the Cing-Cerf faults. These tectonic windows and the presence,
in conglomerates of the La Poile Basin, of clasts derived from the nearby Late
Precambrian-Early Paleozoic rocks indicate a basement-cover relationship (B.H. O'Brien et

al., 1991).



The area south of the Cing-Cerf fault (Fig. 3.2) is dominated by Late Precambrian,
low-grade volcano-sedimentary and intrusive rocks and medium- to high-grade gneisses,
the Cing-Cerf gneiss of O'Brien et al. (1988). Dubé and Dunning (in press) dated a tuff
level from the volcanosedimentary sequence, formed by the Whittle Hill sandstone and
Third Pond tuff (B.H. O'Brien, 1988; Dunning and O'Brien, 1989), at 585+5 Ma. This
sequence hosts the Late Precambrian gold-mineralization at Hope Brook mine (B.H.
O'Brien, 1987; Dubé and Dunning, in press) and was intruded by 570 to 563 Ma granitic
and gabbroic rocks (Roti suite, Dunning and O'Brien, 1989; B.H.O'Brien et al., 1991;
B.H. O'Brien et al., 1993, Dubé and Dunning, in press). Early Ordovician bimodal
plutons (499+3/-4 Ma Wild Cove granite, 495+2 Ma Emie Pond gabbro; Dunning and
O'Brien, 1989; B.H. O'Brien et al., 1991) intruded and cross-cut folds in the low-grade

Late P i i 'y sequence, ing the presence of pre-495Ma
in the Late Py ian block (B.H. O'Brien, 1988; B.H. O'Brien, pers

comm; B. Dubé, pers comm).

The Cing-Cerf gneiss of B.H. O'Brien (1988) is defined as composite gneissic

complex of mi i iti iss, schist, ibolite gneiss and abundant
hornblendite and metagabbro. According to the map of B.H. O'Brien (1990), it outcrops as
roof pendants in the 390 Ma Chetwynd granite and the 570 Ma Roti granite, and along a
strip south of the Grand Bruit fault (Fig.3.2; Cooper, 1954; Chorlton, 1980; B.H. O'Brien

etal,, 1991). The Grand Bruit fault j the 585 Ma low-grad

rocks and the ca. 570-560 Ma Roti suite with the Cing-Cerf gneiss (Fig.3.2). According to
B.H. O'Brien et al. (1993), this fault is a polycyclic structure which was stitched at. 568
Ma by the Roti granite and variably reworked during the Precambrian and the Silurian.

Silurian deformation resulted in final thrusting of the Late Precambrian basement block
over the La Poile Basin along the Cing-Cerf fault, and tectonic juxtaposition along the
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Grand Bruit fault of the Cing-Cerf gneiss against the Roti granite and the Whittle Hill
sandstone. The 422+2 Ma Gallyboy Harbour tuff in the La Poile Basin and the stitching
Chetwynd granite (39043 Ma) provide the older and younger limits for thrusting along the
Cing-Cerf fault (O'Brien et al., 1991). The 429+2 to 43042 Ma Western Head granite
(B.H. O'Brien et al., 1991) was deformed during thrusting along the Grand Bruit fault,
indicating that the thrusting was syn- to post-429 Ma. The Westem Head granite intruded
into the Cing-Cerf gneiss and was subsequently intruded by the 41942 Ma Otter Point
granite and the 39042 Ma Chetwynd granite (B.H. O'Brien et al., 1991).

Evidence for the Precambrian age of the Cing-Cerf gneiss:

The Precambrian age of the Cing-Cerf gneiss (Dunning and O'Brien, 1989) is based
on an unpublished age of 547 Ma from Three Islands (Dunning and B.H. O'Brien,
unpublished) and indirect evidence which relies on the interpretation of the
gneissic/schistose megaenclaves in 563 Ma Roti granite as roof pendants of the Cing-Cerf
gneiss (Fig.3.2), the presence of gneissic clasts in the low-grade Late Precambrian
volcanosedimentary sequence (B.H. O'Brien, pers comm.) and more importantly the
timing of movement along the Grand Bruit fault. According to B.H. O'Brien et al. (1993),
the Grand Bruit fault (Fig.3.2) is a Late Precambrian s*ructure along which the Cinq-Cerf
gneiss was thrust over the low grade volcanosedimentary sequence and was stitched by the
568 Ma Roti granite and reactivated by mylonitic deformation at 566 Ma and in the Silurian.
This interpretation is based on the intrusion of a 566+2 Ma aplitic dyke (with 543 Ma
monazite and 414+3 Ma titanite ages), which is interpreted to be syn-kinematic, into
mylonitic 568+3 Ma Roti granite and a reported undated intrusive contact between the Roti
granite and the Cing-Cerf gneiss. All these relationships are reported from the Grand Bruit
fault at the contact between the Roti granite and the Cing-Cerf gneiss in Cing-Cerf Bay
(Fig.3.2). On the basis of this contact, they interpreted that the 568 Ma Roti granite was
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stitching the contact between the Cing-Cerf gneiss and the Whittle Hill sandstone. The 543
Ma monazite was interpreted as metamorphic and produced by a significant regional
thermal event associated with the pre-499 Ma deformation of the Whittle Hill sandstone.
O'Brien et al. (1996) also reported a 448+9/-3 Ma metamorphic titanite from the 547+2/-7
Ma Cing-Cerf gneiss dated at Three Islands (Dunning and B.H. O'Brien, unpublished).

3.5.- PROBLEMS AND OBJECTIVES:

The objective of this study is to search for the oldest members of the Cing-Cerf gneiss
of B.H. O'Brien (1990) in the type localities of Sandbank Point, Three Islands and Cing-
Cerf Bay, and in the process to unravel the tectonothermal events recorded in these
sections. Field relationships suggest that this is a polycyclic unit, but it is uncertain how
much of the gneissic character is due to Precambrian or to Paleozoic events. The existance
of the Precambrian high-grade metamorphic character that B.H. O'Brien (1988) attributed
to this gneissic complex remains to be proven, as it is not evident from the work of

Chorlton (1984).

The previous work shows several problems such as the reported intrusive field
relationship between the 570 Ma Roti granite and the Cing-cerf gneiss of B.H. O'Brien et
al. (1993). Such a direct relationship needs to be dated to demonstrate the Precambrian age
of the gneiss, given the strong lithological resemblance between the Late Precambrian,
Early Ordovician and Silurian intrusive rocks in the field area. The interpretation of the 540
Ma monazite in the 566 Ma aplitic vein of the Roti suite as a "significant regional thermal
event” (B.H. O'Brien et al, 1993), when the country rock to the Roti suite is in the
greenschist facies (Whittle Hill sandstone; O'Brien et al., 1993), remains questionable. The
reported 448 Ma titanite age from Cing-Cerf gneiss (Dunning, unpublished in B.H.
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O'Brien et al , 1993 and S.J. O'Brien et al, 1996) suggests a Late Ordovician overprint in
the Cing-Cerf gneiss in addition to the Late Precambrian and Silurian tectonothermal

overprints in nearby rocks.

Therefore, there is a certain degree of uncertainty about the character and timing of the
different overprints in the Cing-Cerf gneiss and surrounding rocks. This shows the
necessity of 1) finding clear field relationships which can be precisely dated to constrain the
different tectonothermal events in the Cing-Cerf gneiss, and 2) making a detailed

of the different li ies in the complex. Limited major and trace element

geochemistry was gathered to test lithological correlations and to help elucidate the

Precambrian evolution of the Late Precambrian basement block.

3.6. LITHOLOGICAL UNITS, FIELD RELATIONSHIPS AND ABSOLUTE
U-Pb AGES.

As a result of the detailed mapping, several units were differentiated in the Cing-Cerf
gneiss unit of B.H. O'Brien (1988, 1989, 1990). The oldest is a composite gneissic unit,

with several gneissic subunits, for which the name Cing-Cerf gneiss is preserved. A

F i iorite (Sandbank iorite) and a unit (! Point

metagabbro) were separated from the Cing-Cerf gneiss unit of B.H. O'Brien. The areal
extent of the ca. 430 Ma Western Head granite was refined, including dykes of mylonitic
granite which were previously correlated with the 570-560 Ma Roti suite by B.H. O'Brien
(1990, Fig. 3.3). The post-Western Head granite, mafic dyke swarms were also mapped
and described as a separate unit. All these units were defined in the Sandbank Point - East
Diver Head section, but most of them can also be found at the Three Islands and Cing-Cerf

bay sections.
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The lithological units were originally separated on field criteria. These criteria and
particularly outcrop relationships are stressed in the following description. This might make
the description a bit cumbersome, however, it is necessary given the geological complexity
of the area, with rocks and structural fabrics with different ages which resemble each other.
Dunning and O'Brien (1989) and O'Brien et al (1993) demonstrated the presence of Late
Precambrian, Early Ordovician and Silurian mafic and felsic intrusive rocks in close

proximity or in contact with each other. Also the similarity of the style of the Late

and i i events (O'Brien et al., 1993) restricts the use of
structural criteria to identify these rocks. It is only on the basis of well defined and dated
intrusive field-relationships that some of these bodies can be separated. Intrusive and
structural overprinting field-relationships were used to define a relative sequence of "older”
and "younger" intrusive rocks and structural fabrics, which was tested with U-Pb absolute
ages. Both the relative and the U-Pb absolute ages of the different rock types have been

included with the unit description. This description goes from older to younger units.

Note: To avoid confusion, the terms "older" and “younger” in the following
description refer to the relative ages provided by the field relationships. Dezails of the U-Pb

analytical procedure, including sample preparation, are provided in appendix A.1.

3.6.1.-The composite Cing-Cerf gneiss: redefinition.

This unit comprises all gneissic rock types that pre-date the 429 Ma Western Head
granite (Fig.3.3). They all show a complex deformation involving boudinage and complex
refolding which is not present in the Western Head granite. The main characteristics of
these rock types will be described in each of the three sections studied, but with particular
emphasis in the Sandbank Point-East Diver Head section.
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Sandbank Point-East Diver Head section:

This section contains different lithologies which will be described from east to west,
from East Diver Head towards Sandbank Point (Fig.3.3). Near East Diver Head, there is
an exceptional outcrop of the Cing-Cerf gneiss with cross-cutting relationships among
different mylonitic fabrics and several generations of intrusive rocks (Fig.3.4). In this
outcrop the older (composite) mylonitic fabric, which is responsible for the gneissic
banding, is cross-cut by several "younger” granitic dykes (U-Pb sample 94-PV-11). These
"young" granite dykes are overprinted by a later mylonitic fabric, whose strain the gneiss
has escaped (Fig.3.5). Although in the old mylonitic fabric the strain is quite intense, it is
possible to recognize slivers of older granitic orthogneisses (U-Pb sample 94-PV-12)
intrusive into metapsammitic paragneiss/schist (Fig.3.4), and an earlier set of amphibolite
dykes intrusive into both (Fig.3.5). As a result of the overprint by the old mylonitic fabric,
these lithologies, including the amphibolite dykes, form a composite banded gneiss. This
composite banded gneiss is cross cut by dykes of "younger" mylonitic granite and a latest
set of mafic dykes (Fig. 3.5). These mafic dykes also intrude the "younger” mylonitic
granite and have been weakly overprinted by the strain associated with the late
mylonitization. Note: The late mafic dyke swarm is quite extensive north of the sampling locality of U-
Pb sample 94-PV-11 (Fig.3.4), the swarm was not represented on MAP 3.1 nor Fig.3.4 to simplify the

geology.

To the west, the composite banded paragneiss grades into an amphibole-rich banded

gneiss, which resembles a metavolcanic rock (Fig.3.6). Layering in this rock is defined by

ic to millimetric irregular ions of fine-grained, il rich green and
grey layers and feldspar-rich felsic layers. In the felsic layers, amphibole (green
clinoamphibole) porphyroblasts reach 0.5 to 1 cm in length, suggesting a metasomatic
origin (i.e. metamorphic differentiation). There are also metric-scale gabbroic pods
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intercalated in the gneiss (Fig.3.6), but there are no granitic orthogneisses or early mafic
dykes. These gabbroic pods are formed by -grained i and

There is no apparent fabric in them and locally they are porphyritic. The compositional
banding in the surrounding banded gneiss wraps around these gabbroic pods, which might
represent apophyses of metagabbro and seem to have been boudinaged and folded
(Fig.3.6). The contacts with the banded gneiss are sharp to diffuse suggesting metasomatic
processes during metamorphism. This is consistent with the chaotic porphyritic texture of
some of the pods and the same texture was observed in metasomatized areas of the nearby

Sandbank metagabbro.

Farther west, in the rocky point west of East Diver Head (Fig.3.7), occurs a veined-
gneiss formed by the intrusion of late massive granitic dykes into the paragneiss.
Disharmonic folding of the granitic dykes at the fold hinges suggests syn-magmatic
deformation (McLellan, 1983, 1984).

The rest of the gneissic outcrops west of this rocky point are relatively similar to one
another. They comprise a strained quartzo-feldspathic gneiss (Fig.3.8) of uncertain
protolith  with deformed boudins of undated granite alternating with metric pods of

This part of the section also contains an

outcrop with exceptionally well preserved cross-cutting relationships. In this outcrop a

bearing i iss  with ist facies mineral assemblages
(Bt+Ms+Chl+Qtz+Kfs+Pl (oligoclase)+Ep+Tur) is intruded by a set of aplitic/pegmatitic
veins (mineral assemblage, Qtz+Kfs+Pl) along the planes of the schistosity (Fig.3.9),

an anatectic mi ite and forming a i ined-gneiss. One of these

aplitic veins, showing ic folding, ts an older
granodiorite; U-Pb sample) and merges with the aplitic veins in the paragneiss (Fig.3.10
and 3.11). The aplitic veins in the paragneiss merge with a granite with gabbroic xenoliths



which is also intrusive into the paragneiss, suggesting that they represent granite injections.
This composite veined-gneiss is intruded by a "younger” granite/granodiorite which is

variably mylonitized and intruded by a set of late mafic dykes.

Cing-Cerf Bay and Three Islands:

The Cing-Cerf gneiss at the type locality of Cing-Cerf Bay consists of a

polydeformed, green-grey banded gneiss with epidote-rich and locally ibole-rich
layers (Fig.3.12). This rock resembles the amphibole-rich banded gneiss and the

-bearing schi iss at Point, but no ine was identified in

this section. Also, there is no evidence of older granitic orthogneiss.

At the Three Islands, the Cing-Cerf gneiss comprises a veined-gneiss with abundant
refolded granitic dykes, responsible for the veining. The country rock to the dykes is a fine
grained mica-bearing grey rock of uncertain protolith (schist / paragneiss ?). The granitic

dykes are also intrusive into metagabbro. Althought the metagabbro constitutes a massive

unit, there are some deformed i le gabbroic pods i into the gneiss.
In this section the scale of the mapping did not allow separation of the country rock from
the refolded granitic/granitoid dykes, and both are merged together as a single gneissic unit
(Map.3.2).

The Cing-Cerf gneiss is therefore redefined as a composite unit of psammitic

ich banded iss and qt ic gneiss with
slivers of highly strained granitic orthogneiss, deformed amphibolite dykes and gabbroic
pods. Locally the metasedimentary lithologies are veined by aplitic and intermediate dykes

and ing a veined-gneiss which anatectic



U-Pb geochronology:

The geochronology in this unit has been focused on the two high quality outcrops of
the Sandbank Point-East Diver Head section (Fig.3.4 and 3.10 ). In these two outcrops,

the intrusive older granitic iss and the iorite (Next section)
provide a younger limit for the itional age of the i y members of the
gneiss.

Details of the U-Pb analytical procedure, including sample preparation, are provided in
appendix A.l.

Older granitic orthogneiss: This sample comes from the contact between the
older granitic orthogneiss and the younger granitic dykes (Fig.3.5 and 3.13). The granitic
orthogneiss has been intruded by a set of mafic dykes which predate the intrusion of the
late granite dykes (Fig.3.5 and 3.13). This rock provides a younger limit for the deposition
of the country rock paragneiss and an older limit for the gneissic banding and the intrusion

of the older mafic dykes.

This rock yielded large amounts of high quality euhedral zircon. All fractions are
formed of stubby (1:3 width/length ratio), multifaceted, sharp, clear, inclusion-free prisms.
Of seven zircon fractions analyzed, five have error ellipses touching the concordia curve
(Fig.3.14; table 3.1). The small euhedral prisms of fraction Z6 were not abraded to
constraint the lower intercept of the discordia line. Fractions Z1 to Z6 define a discordia
line with a 93% probability of fit and an upper intercept at 676 Ma and a lower intercept at
433 Ma. The lower intercept coincides with the age of the cross-cutting younger granite
dykes (Western Head granite), suggesting that these are responsible for the Pb loss. With
the lower intercept pinned at 431+2 Ma, the resulting discordia line (97% probability of fit)
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has an upper intercept of 675+12/-11 Ma. This upper intercept is interpreted as the
intrusion age. Fraction Z7 suggests the presence of 2.0 Ga inheritance, projected from 675
Ma.

3.6.2.- The 584 Ma Sandbank Granodiorite.

This is a weakly deformed ibole-bearing iorite (U-Pb sample 94-PV-6)

with mafic inclusions, resembling some of the nearby granodiorite facies of the 430 Ma
Western Head granite. It forms a small outcrop of about 100 m2 between Sandbank Point
and East Diver Head (Map 3.1; Fig. 3.3). The country rock consists of tourmaline-bearing
paragneisses with abundant aplitic veins (Fig.3.9). The strain gradient in the country rock
paragneiss increases towards the contact with the granodiorite with the foliation wrapping

around the granodiorite. This indicates that the iorite predates the pment of the
main foliation in the paragneiss (Fig.3.10 and 3.11). It is not possible to assess if there
was an older pre-intrusive fabric in the country rock iss due to the milli I
of the compositional banding, the high strain ing of the
and the absence of ing i ips. An aplitic vein the

and merges with the aplitic dykes in the country rock paragneisses (Fig.3.10; 3.11),
indicating that the veining and the deformation of the veined-gneiss took place after the
intrusion of the granodiorite. According to the field relationships (Fig.3.10; 3.11), the
protolith age of this rock will provide a younger absolute age limit for the country rock
paragneiss and an older limit for the aplitic veining and subsequent deformation of the
aplitic veins and the tourmaline-bearing paragneiss.

This rock consists of plagioclase (An20-30), K-feldspar, quartz, biotite, green
amphibole (homblende) and opaques, and secondary actinolite, chlorite, epidote,

56



zoisite/clinozoisite and titanite. Zircon and apatite are accessory minerals. There is wide
preservation of primary igneous features such as concentric zoning in plagioclase, which
suggests that the Cing-Cerf gneiss was not affected by a high grade regional tectonothermal
event after the intrusion of this rock. In hand sample the rock has a weak subsolidus fabric
with no apparent penetrative cleavages except for late, high angle, discrete (>0.5 mm thick)

Jjoints filled with chlorite +epidote+zoisite
U-Pb geochronology:

This rock yielded high quality zircons. Fractions Z1, Z2 and Z3 are formed by stubby
euhedral, inclusion-free prisms; fraction Z4 consists of small euhedral elongated (1:5
length/width ratio) prisms. The four zircon fractions analyzed define a discordia line
(14.8% probability of fit) with an upper intercept of 584 +7/-6 Ma and a lower intercept
of 326 Ma (Fig.3.15; table 3.1). The upper intercept is interpreted as the crystallization age;
whereas the lower intercept apparently does not have a real geological meaning. The large
Pb loss in fraction Z4 can be explained by greater radiation damage due to the higher U
concentration (205 ppm; twice that of the other fractions) and lead diffusion facilitated by
the larger length/width ratio, compared with the other fractions (Table 3.1).

3.6.3.- The 557 Ma Sandbank Point metagabbro.

This rock type is common to all areas, including the Cing-Cerf Bay section,
outcropping as small stocks (Fig.3.3; Map 3.1, 3.2 and 3.3). The largest outcrop is the one
at Sandbank Point, which was already mapped by Cooper (1954). Therefore, it is
proposed to name this rock type the Sandbank Point metagabbro. This is a mafic rock
dominated by amphibole (@=1mm) with about 20-30% felsic phenocrysts (@ = 2-3 mm),
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giving a porphyritic texture. The metagabbro does not show any penetrative fabric, except
in retrogressed areas and discrete high strain zones where the amphiboles have a preferred
orientation defining the gneissosity. Three main facies were observed in the field:

A) Mafic metagabbro/meta-diorite (Fig.3.16): This is the most typical rock type. It
dominates the exposures at Sandbank Point, Cing-Cerf Bay as well as Three Islands. The

main mineralogy is 65-70% green cli i inoli 30%
plagioclase (An30-55)+ = 5% opaques + minor quartz + K-feldspar? + epidote*+

i i )Htitanite (* secondary minerals). Accessory minerals are apatite
and zircon. Texturally the rock still preserves some igneous features like weak concentric

zoning in some plagioclase crystals and large plagioclase (@=2-3mm) with subhedral
tabular shape. The ibole, however, is ic and the dominant texture is

granoblastic. This granoblastic texture has been overprinted by greenschist facies
metamorphic/deformational events. At Three Islands low strain areas also show a
granoblastic texture with complete recrystallization of most plagioclase and a minimal

greenschists facies overprint.
B) Leuco-metadiorite (Fig.3.16): This rock type is restricted to Sandbank Point. It

appears as irregular dykes intrusive into the mafic metadiorite. These dykes show
ional to sharp ks ing that the intrusion took place when the host was in

a subsolidus/solidus state, and that they probably represent a late differentiate of the mafic
intrusion.This rock is formed by =60% plagioclase (oligoclase-andesine) + =35% green
clinoamphibole +=5% opaques, and minor quartz. Most plagioclases still preserve a weak

ic zoning and a tabular shape. The amphibole and the opaques

coexist in interstitial positions between the i laths. The amphil

lite, show ic textures, indicating a ic origin. Late
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retrogression was associated with growth of minor chlorite, epidote and white mica

(sericite?).

C) Coarse hornblendite : This rock type outcrops in Three Islands where the
metagabbro-diorite is generally more amphibole-rich than the equivalent rock types ar
Point, with the i ing the most extreme case. This rock type

contains 65-70% green cli il inoli ite), 5-10% clear

(anthophyllite?), 10-15% biotite and 5-10% opaques with minor relicts of plagioclase (An
50). The clinoamphibole, orthoamphibole and biotite show euhedral-subhedral shapes and
appear in contact, suggesting that they grew in equilibrium. Some clinoamphiboles show
opaque rich cores which might be relict pyroxene. The rock has a decussate texture with

Smm long cli il defining the

Field relationships:

Sandbank Poini-East Diver Head (Fig.3.3: Map 3.1): The metadiorite/metagabbro
forms a relatively large body which is cut by the Grand Bruit fault and intruded by the
Silurian Western Head granite-granodiorite and a swarm of late dykes. This metagabbro
and other gabbroic apophyses are intrusive into the composite Cing-Cerf gneiss (Map 3.3).

Three Islands (Fig.3.3; Map 3.2): The metagabbro at Three [slands resembles that at
Point but it is i by mafic rock types, from mafic metadiorite to

homblendite. The metagabbro is intruded by refolded felsic to intermediate pre-Westemn
Head granitoid dykes (Fig.3.17). These felsic dykes and their highly strained country rock
form a veined gneiss which was mapped as Cing-Cerf gneiss (Map 3.2). Dunning and
B.H. OBrien dated one of these intermediate dykes at 547+2/-7 Ma (unpublished),
suggesting that the metagabbro at Three Islands is older than 547 Ma. Both the gneiss and
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the metagabbro are intruded by the Silurian Western Head granite and a series of late mafic
and aplitic dykes.

Cing-Cerf Bay (Map 3.3) : This section contains two metagabbroic stocks which
resemble the mafic metadiorites at Sandbank Point. These rocks were probably intrusive
into the highly deformed metasediments. The intrusive contacts have been reworked by
brittle deformation, which has wiped out the primary intrusive relationships. These
metagabbros are intruded by granitic dykes with mafic enclaves which resemble both the
Late Precambrian Roti suite and the Silurian Western Head granite. One of the metagabbros
is also cross-cut by a late mafic dyke (post-Western Head granite?).

U-Pb geochronology:

The Point mafic iorite was chosen for U-Pb dating

because it is the most extensive and common facies of the Sandbank metagabbro. It is
intrusive into the composite Cing-Cerf gneiss and is intruded by the Western Head granite.
The sampling locality at Sandbank Point (Map 3.1) shows a clear intrusive relationship
with the Western Head granite and it coincides with an area of important high-temperature
(syn-magmatic?) deformation in the Western Head granite. Texturally, the U-Pb sample
has the characteristics described in the mafic metadiorite but all grain contacts have been
modified by the D2 deformation (syn-late-Western Head granite), with mafic and feisic
elongate patches (0.5 to Imm long and Imm thick) defining a weak gneissic banding. This
rock is quartz-bearing, which suggests that it might represent a more evolved part of the

mafic intrusion and therefore more likely to be zircon-bearing.

Four fractions of gem quality zircon were separated from this rock (Table 3.1).
Fraction Z4 was not abraded to help constraint the discordia line. Fractions Z1, Z2, Z3 are
between 0.37% and 0.73 % discordant (Fig.3.18) and the discordia line defined by all



fractions (46% probability of fit) has an upper intercept of 557 Ma and a lower intercept of
321 Ma. The upper intercept is interpreted as the crystallization age (557+14/-5 Ma). The
large positive error of the upper intercept is due to the shallow angle of intersection between
the discordia line and the concordia curve. The lower intercept at 321 Ma apparently does

not have any it igni but it is indicative of an Late Paleozoic disturbance.

3.6.4.- The Silurian Western Head granite (2 Facies):

The later Western Head granite is a 15 km long intrusive body which defines the
southem boundary of the Cing-Cerf gneiss between Cing-Cerf Bay and Grand Bruit
(Fig.3.2; O'Brien et al., 1991). This rock type was originally included in the Cing-Cerf
gneiss unit of B.H. O'Brien (1990) by Cooper (1954) and later reported by Chorlton
(1980). But it was only Cooper (1954) who mapped the outcrops of the Western Head
granite between Sandbank Point and East Diver Head in detail. During the present study,
the rocks mapped by Cooper (1954) were confirmed and two facies of this granite were
identified in the Sandbank Point-East Diver Head section. The first one is the "young”
mylonitic granite (Fig.2.5) which was previously correlated with the Roti granite by B.H.
O'Brien (1990). U-Pb dating however shows that it is coeval with the Westem Head
granite. The second facies is a granite-granodiorite with mafic and gneissic enclaves
(Fig.3.19 and 3.20), which is the lithological equivalent of the Western Head granite of
B.H. O'Brien (1990) in Grand Bruit and Three Islands.

Mylonitic granite: This rock type outcrops near East Diver Head (Fig.3.4 and 3.5),
very close to outcrops of the Roti granite (B.H. O'Brien, 1990). It consists of several | to
3 m wide granite dykes which are emplaced cross-cutting earlier structures in the country
rock (banded gneiss and 675 Ma granitic orthogneiss). The local incorporation of angular
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blocks of the country rock at the front of some of the dykes is indicative of stoping,
althought the dykes were probably emplaced by dilatation (Park, 1983). At the nearest
rocky point west of East Diver Head the granite can be traced to granitic injections which

are di it folded mimicking a mi ite  (Fig.3.7). Later low-grade
mylonitic ion was in the granite, rather that the
country rock (Fig.3.5), and resulted in intense itization and pervasive

of the primary mineral assemblages. The granite is cross-cut by a swarm of late mafic
dykes which are also variably overprinted by the low-grade shearing.

Texturally the rock is a mylonite with a well developed S-C fabric around partially to
totally sericitized 2 mm (@av) feldspar These porp have chlorite

and white mica inclusions. The porphyroclasts form around 30-40% of the rock. The
mylonitic matrix (Pav= 0.05Smm) consists of 30% phyllosilicates (Chlorite, white mica)

and epidote and 70% quartzo-feldspathic material.

Granite-granodiorite with mafic and gneissic enclaves: In the area of study, this rock
type outcrops between Sandbank Point and East Diver Head and at Three Islands. Detail
mapping at Three Islands expanded the extent of the Westen Head granite unit of B.H.
O'Brien (1990). The lithological similarities of this granite in Three Islands and Sandbank
Point with the Western Head granite at Grand Bruit are such, that they permit a secure
correlation with the 429+2 Ma Western Head granite (O'Brien et al.. 1991). It should be
noted that Cooper (1954) also mapped the same outcrops in map 3.2 as Westem Head
granite. The field aspect is that of a felsic granitoid with abundant mafic and gneissic
enclaves (Fig.3.19). Locally, these enclaves are isoclinally folded, sheared and stretched,

ic or high i ion. At Point there

are abundant felsic injections backveimuing mafic material and mafic dykes showing a
complex deformation, which is not present in the country rock metagabbro (Fig.3.20).
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This suggests the presence of coeval mafic magmatism and deformation during the
intrusion of the Western Head granite. The high temperature deformation is followed by

low-grade heterogeneous mylonitization along discrete shear zones.

This rock is composed of plagioclase (An2S). quartz, K-feldspar. biotite,
#clinoamphibole, opaques and secondary epidote, chlorite, titanite and white mica, with
apatite and zircon as accessory phases. According to the relative modal proportions of
plagioclase, feldspar and quartz, the rock can be classified as a granodiorite/granite.

The presence of 1-2 mm wide plagioclase and feldspar crystals suggests that the rock

had a primary equigranular texture. Although, the
has produced areas with extensive grain reduction (@= 0.2 mm), most of the strain has
been taken by the quartz grains and by the biotite-rich levels. It is in the biotite-rich levels
that epidote group minerals, titanite, chlorite and white mica are concentrated, and these are
also areas of important quartz grain reduction. Plagioclase shows local primary concentric
zoning. Both plagioclase and feldspar have irregular grain boundaries with variable grain
reduction and recrystallization and, in the case of the feldspar, some of the recrystallized

areas show mi ine twins and le-like around larger crystals.
U-Pb geochronology:

The dated sample of the mylonitic granite was collected from the same outcrop as the
sample from the old granitic orthogneiss (Fig.3.4 and 3.5). The granite dyke cross-cuts the
gneissosity in the 675 Ma granitic orthogneiss and the surrounding banded gneiss,
including the old amphibolite dykes. The granite is overprinted by a later mylonitic event
and cross-cut by a swarm of late mafic dykes. Therefore, the protolith age of this rock
provides a younger age limit for the deformational event(s) responsible for the gneissic
banding, and for the intrusion of old amphibolite dykes. It also provides an older limit for
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the late itization, the ist facies ion and the intrusion of the late

mafic dykes, as well as a direct date of the syn-magmatic deformation of the granite
injections in figure 3.7.

The five zircon fractions analyzed define an unpinned discordia line (68% probability
of fit) with an upper intercept of 431+8/-2 Ma and a lower intercept of -17 Ma. If the lower
intercept is pinned at 017 Ma, the resultant discordia line has an upper intercept of 431.5
+1 Ma (Fig.3.21). This upper intercept reflects the crystallization age, the precision of the
age is also consistent with that of the 207pb/206Pb ages. All zircon fractions are U-rich
(792 to 489 ppm; table 3.1) which resulted in slightly discordant analyses, even though

some fractions were strongly abraded (Table 3.1).

Note: The 321 Ma and 326 Ma lower intercepts of samples 94-PV-4 (557 Ma; metadiorite) and 94-
PV-6 ( 584 Ma: granodiorite) reflect Late Paleozoic disturbance of the Pb systematics. These lower

intercepts could be a combined effect of major di during the intrusion of the Western Head granite

(431 Ma) and minor Pb loss like that of the Western Head granite (sample 94-PV-11).

3.6.5.- Late dykes.-

These dykes cross-cut the 431-429 Ma Western Head granite and post-date the syn-
magmatic / high temperature subsolidus deformation observed in it. They form important
swarms at the contact of the Western Head granite, both near East Diver Head and at Three
Islands (Map 3.1 and 3.2). All these dykes cross-cut folds in both the Western Head
granite and the Cing-Cerf gneiss. Although they are variably sheared in places, these dykes
are not folded. There are four major types of late dykes: felsic-granitic, green-mafic, grey-



intermediate and porphyritic dykes. The porphyritic dykes represent the final intrusive
pulse in the area.

Felsic-granitic dykes:

These dykes are intrusive into late mafic dykes as well as the 557 Ma Sandbank
metagabbro, but they do not cut the Westem Head granite. They are aplitic and although
relatively scarce they should not be confused with the pre-Western Head granite folded
aplitic dykes at Three Islands.

Grey-intermediate dykes:

These dykes are relatively common in Three Islands, but only intruding into the pre-
Western Head portion of the island. These dykes are cross-cut by mafic dykes. They show
a well developed fabric (@ av.= 0.2 mm) of oriented green clinoamphibole (Actinolite-

brown-green biotite, quartz, K-feldspar (?) and
opaques. This fabric is not penetrative, however the plagioclases show tapered twins and

undulose extinction, indicating i y ion. Grain ies are straight
to lobate and with triple junctions. Late growth of epidote around opaque-rich areas and
chlorite after biotite suggest that the fabric was produced in the amphibolite facies, probably

during cooling.
Green-mafic dykes:

These are dark green to grey-green and intrusive in all rock types, including the
Western Head granite. They are, however, intruded by the porphyritic dykes and, at Three
Islands, by aplitic dykes. Dated field relationships indicate that they are younger than 431
Ma (Fig.3.4 and 3.5). Some of these dykes contain ultramafic and granodioritic enclaves
(both in the same dyke) and rounded, centimetric quartz enclaves. These mafic dykes with
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quartz enclaves appear both at Sandbank Point and Three Islands. Cross-cutting
relationships indicate the presence of at least two generations of post-431 Ma mafic dykes,
although they might represent different injections during the same intrusive event.
De ion tends to be in the thinner dykes and it is associated with

of ap i i ist facies foliation.
Ampbhibole-plagioclase porphyritic dykes:

These dykes intrude the mafic dykes (Fig.3.4) and are the youngest intrusions in the
area. They consist of plagioclase (And0-50) phenocrysts (2 to 3 mm long) and
glomeroporphyritic accumulations (3 mm long) of green clinoamphibole (Actinolite?) +
chlorite + biotite (minor) and an oriented matrix (@ av = 0.lmm) of plagioclase (oligoclase)
+ green clinoamphibole + opaques + chlorite* + epidote* + titanite* (*secondary minerals).
Titanite commonly grows late after opaques (ilmenite?). The plagioclase laths are oriented
and although variably sericitized they still preserve the primary concentric zoning and the
euhedral tabular shapes. Gi i ion and ion resulted in the

transformation of the primary mafic minerals into clinoamphibole accumulations and

variable development of a penetrative fabric, including discrete C' shear planes.

Titanite from a mafic porphyritic dyke at Three Islands has provided an age of 420+3
Ma (Dunning and B.H. O'Brien, unpublished). Since titanite is growing during the final
greenschist facies overprint, this age provides a younger limit for dyke emplacement and
dates the greenschist facies retrogression.



3.7.- STRUCTURAL EVOLUTION:

Two main phases of deformation can be distinguished in the Cinq-Cerf gneiss. The
first one, D1 includes all deformation predating the intrusion of the Silurian Western Head

granite. D2 covers the syn-Western Head granite soli i ion and the

following low grade Silurian mylonitization. D2 is bracketed by the intrusion of the 430 Ma
Westem Head granite and by the 420 Ma greenschist facies titanite in the late porphyritic
dykes. However, some late-brittle features could be younger than 420 Ma. These phases of
deformation were divided into to dil iate the inting structural

elements that occur in each outcrop.
3.7.1.- D1 deformational events (pre-431):

The earliest event recognized in the Sandbank Point - East Diver Head section is the
DI deformation which affects the composite Cing-Cerf gneiss, including the 675 Ma
orthogneiss. This event resulted in a composite penetrative fabric with a mylonitic aspect.
This fabric also affects the old mafic dykes which intrude the 675 Ma orthogneiss. Later
boudinage (D1) affected both the mafic dykes and the fabric in the surrounding rocks.
These boudins were subsequently openly folded during D2 (Fig.3.4 and 3.5).

A hand sample -scale and mi i ination of the ite S1 fabric in the

675 Ma orthogneiss indicates the presence of three cryptic fabric elements: an early S12
fabric (compositional banding) is cross cut by discrete millimetric polycrystalline quartz
veins (S1P?), both of which are folded by FI€ folds with an axial planar S1€ fabric. F1¢
folds are millimetric to centrimetric in scale and very cryptic (Fig.3.22). The old mafic
dykes, which intrude the 675 Ma orthogneiss, do not show evidence for F1€ folds but have
a fabric parallel to SI€ in the orthogneiss, which is interpreted as S1C. This would suggest
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that the mafic dykes intruded after the S12 fabric was produced in the 675 Ma orthogneiss.
Itis unclear if the D1boudinage observed in the mafic dykes was contemporaneous with the
FIC folding, but these boudins are subparallel with the orientation of the dominant
composite S12-S1€ fabric.

The S12 fabric is a compositional banding defined by the orientation of the biotite

flakes (0.3 mm long), areas with slightly different of oxides,

and epidote and slight differences in the grain size (@=0.1-0.3 mm) of the quartzo-
feldspathic load-bearing framework (Handy, 1990). SIC is a wide cleavage defined by
oriented new grown biotite and chlorite. Both quartz and feldspar have a weak preferred
orientation parallel to the SI¢ micas, undulose extinction, lobate grain boundaries and

extensive evidence for subgrain p and recr

apparently took place by subgrain rotation (Passchier and Trouw, 1994). Pre-SIC
aggregates (@=0.9 - 0.7 mm) of plagioclase (@=0.3 mm) and minor quartz and feldspar
(@=0.1 mm) probably represent core-and-mantle structures (Passchier and Trouw, 1994).
‘This plagioclase has abundant small quartz inclusions which are not observed elsewhere in
the section. This suggests that this plagioclase is the product of a pre-S1¢ deformation and.,
therefore, indicates a tectonic origin for the S12 fabric. Late joints filled with epidote,

2oisite and chlorite are ascribed to the S2 Silurian deformation.

The amphibole-rich banded gneiss also shows a tight complex folding of the
compositional banding (S13?). Millimetric to centimetric F1€ folds can be identified but
they have an intense D2 overprint (Fig.3.7). The character of the D2 overprint is complex
due to the rheological contrast between the competent gabbroic pods and the surrounding
paragneiss. This has resulted in local incoherent D2 folding due to the deflection of the
gneissosity (composite S1fabric) around the competent gabbroic pods (Fig.3.7).



‘The country rock to the 584 Ma weakly deformed granodiorite, the tourmaline bearing
paragneiss, shows one well defined composite schistose/gneissose fabric (S1). There are
some very cryptic intrafolial folds (Flc folds?), but they can not be positively identified as
F1 folds. The D2 reworking of the S| fabric has deflected it around the more competent
584 Ma granodiorite (Fig.3.11). Because the Sl fabric and the intrusive contact were
brought into parallelism, it is not possible to assess a clear cross-cutting relationship
between the 584 Ma granodiorite and the S1 fabric in the country rock paragneiss. The
post-584 Ma aplitic dykes intruded along the planes of the S schistose fabric, locally
cross-cutting S1 and, indicating that the S1 schistose fabric pre-dates the aplitic dykes
(Fig.3.11). The aplitic dykes were tightly folded and sheared, under greenschist facies
conditions. This resulted in the deflection of the resultant composite S1-S2 fabric around
the 584 Ma granodiorite. The reworking of the contact between the 430 Ma Western Head
granite and the paragneiss (Fig.3.11) indicates that the composite S1-S2 fabric is post-430
Ma, i.e. D2. Therefore, the subsequent small scale open folding, crenulation, of the
composite S1-S2 fabric is post-430 Ma (i.e. D2).

The fabric in the tourmaline-bearing paragneisses consists of a compositional banding
(S1) of uncertain origin (S0+S1?). The S1 banding is formed by 5 to | mm thick irregular
phyllosilicate-rich (Biotite+chlorite+white mica) and q ic layers (@ = 0.2 -

0.6mm). Some of the quartzo-feldspathic layers define tight intrafolial folds (F1¢?), with
limbs cut at a shallow angle by the aplitic veins. In the compositional bands (S1) the
phyllosilicates were realigned during D2 defining an S1+S2 fabric with chlorite and white
mica overgrowing biotite (Fig.3.23). Green tourmaline porphyroblasts (3= 0.5-2 mm) are

in the il ich layers and postdate the S1+S2 fabric. The aplitic

veins are 1 to 0.5 cm wide, have granitic modal compositions with minor plagioclase and

average grain size of 2 mm of diameter (@ max =7 mm) and they contain blue tourmaline.



K-feldspar and quartz form a two phase load bearing framework (Fig.3.23: Handy. 1990).
Quarz with serrated i ins and paralle] ion bands is the weak
phase and shows dynamic recrystallization. K-feldspars show new grains (@=0.3 mm)
with microcline twins produced by grain reduction at the borders of the crystal (Fig.3.23).

These new grains are partially ystallized forming d- il A later

event is recorded by the growth of new white mica associated with sericitization of

fracturing of ine and ion of S2 white mica. This is probably
related to the late open folding of the composite S1-S2 fabric. The nearby 584 Ma
granodiorite (Fig.3.10 and 3.11) still preserves a primary equigranular texture with
plagioclase, K-feldspar and quartz (@~ 1-3 mm) forming the main framework and biotite,
clinoamphibole, chlorite, epidote and oxides in interstitial positions (@av = 0.5 mm). Both
plagioclase and feldspar have subhedral tabular shapes with irregular grain boundaries and
small mantles of a q matrix, plagi also show well defined primary

concentric zoning (Fig.3.24). The quartz grains with subgrains and parallel deformation
bands have anhedral shapes with lobate boundaries, indicating that it is the weak phase of
the framework. Biotite, chlorite, epidote, clinoamphibole and opaques are concentrated in

intergranular positions in areas of grain reduction defining a weak fabric (S2?, Fig.3.24 ).

The quartzo-feldspathic gneiss with granite boudins also shows an SI
banding pri by D2 folding. Locally, the quarzo-

feldspathic gneiss shows a cryptic dome and basin fold interference (two generations of F1

folds or a fish-hook fold?) of the iti banding (S1), i by F2 folds
(Fig. 3.8). It is uncertain if the granite boudins are Silurian or not. The boudins pre-date
the Silurian greenschist facies mylonitization, but they could have been associated with the

high temperature Silurian D2 deformation.
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At Three Islands, the Late Precambrian granitoid dykes show two apparent phases

of folding, also present in some of the metagabbros. The 547 Ma granitoid dykes have a
gneissic compositional banding (S12, primary ?) defined by the alternation of plagioclase
and green ibole-rich bands with a ic texture (@av = 0.2 mm).

Biotite flakes define a discontinuous, spaced foliation (s1b) cross-cutting the compositional
banding, and axial planar to the FID folds affecting the S12 banding (Fig.3.26). Titanite
(448+9/-3 Ma; Dunning and B.H. O'Brien, unpublished) appears as inclusions in both
biotite and il as well as in i positions, and is locally aligned with

biotite. This suggests that the fabric defined by the biotite predates recrystallization and is
older than 448 Ma. Discrete shear bands cross cutting the S1b biotites and deformation of
quartz that postdates recrystallization indicate a weak brittle overprint (S2).The Silurian D2
shearing is axial planar to the last phase, therefore indicating that this final folding is
Silurian. However, the relationship of the pre-F2 fabric and earlier folding with the DI
elements described in the Sandbank Point-East Diver Head section is uncertain. Lack of
detailed structural mapping prevents any further interpretation.

The metagabbros at Sandbank Point and Three Islands generally have granoblastic

textures with triple point junctions between plagi and green cli ibole, some
plagioclase laths preserve subhedral tabular shapes and a weak concentric zoning. These
textures are variably overprinted by later D2 deformation: lobate grain boundaries, grain
reduction with growth of epidote and chlorite, small core-and-mantle structures in

brittle di: of i twins and dynamic recrystallization of quartz
(Fig.3.25). Locally there is a gneissic banding defined by 0.5 to 1 cm elongated plagioclase
and amphibole-rich domains with oriented amphiboles (green homblende, Fig.3.25) which
at Sandbank Point is probably related to the intrusion of the Western Head granite (S2
fabric).
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At Cing-Cerf Bay the contact between the Silurian Western Head granite and the
Cing-Cerf gneiss has been reworked by a late brittle fault zone. The Western Head granite
shows some evidence of syn-magmatic deformation but does not show any internal folding
or important D2 solidus/subsolidus deformation, as in the other two previous sections.
Gneissic enclaves of amphibolitic banded gneiss in the nearby 568 Ma Roti granite suggest
the presence of a pre-568 Ma event. It is assumed, however, that the brittle deformation
and possibly the latest folding in the Cing-Cerf gneiss (Fig.3.27) are Silurian. Locally, the
compositional banding (S0+S1?=S12) is folded by 3 phases of folding, FIb, FIC and F2.
Interference patterns are best seen in the hinges of F2 folds (Fig.3.27), although they can
also be identified in areas under D2 shearing. F2 folds have steep plunges (50°-70°) which
are consistent with the steep dip of the main gneissosity ( average 70°). In cross-section,
the S1 gneissosity is boudinaged. In plan view, small boudins are locally sheared by D2,
but any relationship between these two types of boudins is uncertain. It should be noted
that the Cing-Cerf Bay section presents several problems: a) the compositional banding is
cryptic and given the small scale structural complexity, it is very difficult to trace structures
even at outcrop scale (Fig.3.12 and 3.27); b) the effect of the strain partitioning created by
the three (undated) gabbroic bodies in the section is uncertain (Map 3.3); c) there is an
important late brittle overprint.

3.7.2.- Silurian D2 deformation.-

The D2 Silurian deformation is subdivided into D2 and D2b subphases. D22 is the

high i it i i with the of the
430 Ma Western Head granite. High temperature F22 folds have an axial planar mylonitic

fabric, S2b. The D2 mylonitic fabric was iated with ist facies
shearing of the Western Head granite and its country rock. This shearing produced F2b
folds which are transected by late mafic dykes. These late mafic dykes are also variably
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sheared depending on their degree of retrogression, and they usually follow the trace of the
mylonitic foliation. This suggests that the same stress field was present all along during the
intrusion and cooling of the Western Head granite and intrusion of the late dykes.

D22, high. lid:

This ion is i with the of the 430 Ma Westen Head

granite, indicating the syn-tectonic character of this intrusion. This deformation is best
expressed in the Western Head granite at Sandbank Point, Three Islands and Grand Bruit,

the last area is 2 Km west of the field area.

The high D22 ion is ized by tight isoclinal asymmetric

folding and shearing of the enclaves in the Western Head granite. At Sandbank Point, the
Western Head granite and coeval mafic dykes show a complex folding, the mafic dykes are
ductily sheared and folded (Fig. 3.28). Well exposed cross sections of these structures at
Grand Bruit show a compositional fabric defined by aplitic and mafic dykes and gneissic
and mafic enclaves. The trend of the fabric has an anastomosed character typical of ductile
deformation, with strain partitioning around stiff granitic domains and ductile shearing and
folding of iboli it in the less i These fearures indicate

that the granite was already in a solid state and that deformation took place at high
temperature (Fig.3.29). Local disharmonic folding of Westen Head injections into the
Cing-Cef gneiss (Fig. 3.7) indicate that deformation also took place while the granite was
in a magmatic/submagmatic state (McLellan, 1984; Paterson et al., 1989).

The high ic folding is i with the intrusion pattern of the

‘Western Head granite into the Cing-Cerf gneiss, as well as with the local folding of the

gneissosity in the country rock gneiss. Outcrop pattern suggests a rough north-south stress
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field which is compatible with the one deduced from the overprinting lower grade
mylonitization, D2b deformation (Fig.3.29).

D2b, low-grade retrograde deformation:

This subphase of the D2 jon s ized by a

mylonitization of both the Western Head granite and the Cing-Cerf gneiss. The mylonitic
foliation (D2) is axial planar to the F22 high-temperature folds in the Western Head granite.
The mineral and stretching lineations (L2) associated with the S2 mylonitic foliation and the
associated S-C fabrics indicate a shear sense of top to the north-northeast (Fig.3.30).
Also, associated with the mylonitization there is ductile folding of the less competent layers
(F2 folds). The plunge of the F2 folds, oblique to L2, and the fold asymmetry are
consistent with the shear sense (Fig. 3.30 ). F2 axial planes are parallel to the S2 mylonitic
foliation. This F2P folding is concentrated in the gneiss where the contrast of competencies
is more significant. The plunge of the F2b folds is consistent with the folding of the S1

gneissosity (Fig.3.30). [n the this it is with
retrogression and it is restricted to discrete shear zones (Fig. 3.31) and conjugate fracture

systems (Fig.3.32).

The map pattern shows that the late mafic dykes are in many cases subparallel to the
mylonitic foliation (Map 3.1 and 3.2; Fig.3.7). These dykes also have developed non-
coaxial fabrics subparallel to S2, both magmatic and mylonitic. The last ones are associated
with important retrogression. Althought some of these dykes have enclaves, there is no

evidence for stoping but for emplacement by dilatation. However the orientation of the

dykes, to S2b, is i ible with dilatati (Park,
1983). This can be solved if the space for emplacement is created by previous anisotropies
such as fractures and shear planes (S2, C-planes). This would require the S2 planes to act
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as brittle thrust planes creating a space between the hangingwall and the footwall and the
additional hydrostatic pressure from the dyke to favour the propagation of the dyke
(Fig.3.30). Cooling of the dyke would stop its propagation. and the associated
retrogression would favour the development of ductile shearing with mylonitic fabrics
parallel to the mylonitic S2. This process would require that these dykes were emplaced
during the late-D2 stages. This is compatible with the fact that the late dykes cross-cut F2

folds. However, further is Y firm this

The most characteristic microtextural feature of the D20 deformation is its mylonitic
foliation (Fig.3.29 and 3.33). This mylonitic foliation is well developed in the Silurian
intrusions, particularly in the 431 Ma granitic dyke. In this rock the primary granitic
framework has collapsed into a boudin-matrix microstructure (Handy, 1990). The quartzo-

feldspathic matrix (@< 0.05 mm) with white mica and chlorite surrounds winged

retrograde feldspar and quartz defining S-C (Fig.3.33). Chlorite
and white mica are both stable in the S-C and C' planes and are associated with extensive
grain reduction and subgrain rotation dynamic recrystallization of quartz (Passchier and
Trouw, 1996). indicating the greenschist facies character of this fabric. On the late mafic

dykes, the D2D fabrics vary between i ibolite facies,

foliations to lower amphibolite-upper greenschist overprint of the magmatic fabrics
(Fig.3.34) and greenschist facies mylonitization. This textural variation reflects the
heterogeneous character of the D2b mylonitization and the close relationship between

retrogression and mylonitization.
3.7.3.- Discussion and conclusions:

The deformational events within the Cing-Cerf gneiss have been grouped in two main
phases, D1 and D2. DI is pre-Silurian and can be divided in different subphases, all of
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which pre-date the intrusion of the 430 Ma Western Head granite. D2 is Silurian and
resulted in the thrusting of the Cing-Cerf gneiss along the Grand Bruit fault. A D22
subphase of high-temperature deformation, mostly in the Western Head granite, was
separated from a later heterogeneous greenschist facies overprint, the D2b subphase.

DI has a polyphase character. It is unclear how individual fabrics relate between
outcrops. The pre-584 Ma li ies have an Sla it banding which in the case

of the 675 Ma orthogneiss is tectonic. S12 is locally cut by small polycrystalline quartz
veins (S1P) which might represent tension cracks. S12 and S1P are tightly folded by FIS
folds and cross cut by an axial planar SI€ foliation. The resultant composite S12-S1¢
fabric forms the dominant fabric in the Precambrian members of the gneissic complex.
These fabrics have a small grain size and do not show evidence for coarsening during

recrystallization. Chlorite, biotite and green clinoamphibole are stable in the S1€ fabric in

the paragneisses. This suggests lower itions which is i with the
preponderance of grain rotation recrystallization (Passchier and Trouw, 1996). Conditions
of formation of S12 fabric are more difficuit to estimate but the extensive grain reduction,
the small size of the phyllosilicates and the absence of coarsening after recrystallization
suggest that this is not a high-grade fabric.

Timing of the S1 fabrics is unclear (Fig.3.35). S12 is post-675 Ma, it is bracketed by
the undated old mafic dykes and it is not present in the 584 Ma and 557 Ma intrusions. The
gabbroic pods in the banded gneiss also seem to postdate the compositional banding. S1¢
fabrics are synchronous or postdate the old mafic dykes and are older than 430 Ma. They
are not present in the 587 and 557 Ma intrusions. The 547 Ma granitoid dykes at Three
Islands were deformed between 547 and 448 Ma under amphibolite facies conditions.
However, the relationship between the SIC fabrics and the 547-448 Ma deformation at
Three Islands is unclear. The 587 and 557 Ma intrusions escaped most of the Silurian and
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the post-547 Ma DI deformation. Therefore, they do not provide a valid upper constraint
for the D1 deformation but they require reassessment of the 543 Ma major regional
tectonothermal event proposed by B.H. OBrien et al. (1993) to explain their monazite
data. In the case of the Sandbank Point-East Diver Head section the younger age limit for
the D1 deformation is provided by the dated 430 Ma late granite which cross-cuts the old
mafic dykes and the S13-SIC fabrics in the 675 Ma orthogneiss. The (pre-Silurian?)
metamorphism of the 557 Ma is p ic. Partially preserved

concentric zoning in plagioclase suggests that it took place under static conditions. But it is

uncertain if this was due to autometamorphism during cooling, regional amphibolite facies
burial metamorphism or if it was induced by a later intrusion. It is also uncertain if the 448

Matitanite from Three Islands grew in response to a nearby, unidentified 450 Ma intrusion

or if it is the product of cooling and ization after earlier

The Silurian fabrics have been grouped into a single phase D2 divided into two D22
and D2b subphases. The D22 subphase is associated with the intrusion of the ¢.430 Ma

Western Head granite and includes all sy ic and high

fabrics. itization, brittle-ductil ion and lower amphibolite -
greenschist facies retrogression followed the intrusion of the Western Head granite. This
D2b deformation was broadly coeval with the intrusion of various swarms of late dykes.
‘The final stages of the D2b deformation are constrained by 420 Ma titanite associated with
greenschist facies overprint of a late mafic porphyritic dyke. Kinematic indicators and the
orientation of the S2P mylonitic fabric and the L2 lineation indicate that the D20
heterogeneous deformation was related to thrusting along the Grand Bruit fault.
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3.8.- GEOCHEMISTRY OF THE 557 Ma SANDBANK METAGABBRO-
METADIORITE:

This geochemical sampling has been carried out to gather information about the
tectonic environment at the time of intrusion of the 557 Ma Sandbank metagabbro, as well
as to asses the field-based correlations between the dated mafic metagabbros and the felsic
metadiorites at Sandbank Point and similar lithologies at Three Islands.

Major element whole rock analyses were performed by XRF on glass pellets. The trace
elements were analyzed by XRF on press pellets and by ICP-MS. Details of the analytical
techniques, including precision and limits of detections are presented in appendix A.2.

3.8.1.- Geochemistry:

The sample suite (Table 3.2) ranges from basaltic (44.86% SiO2) to basaltic-andesitic
compositions (53.32% SiO2; Fig.3.36). The highest MgO concentration (13.96%)
corresponds to the homblendite at Three Islands and the lowest to the leuco-diorites
(3.99% 10 5.59%), the mafic metagabbros range from 5.52% to 9.34% (Fig. 3.36). Al203
concentration ranges from tholeiitic (15.20%) to high alumina compositions (19.59%). The
highest alumina concentrations are those of the plagioclase-rich metadiorites (Fig.3.36).
TiO2 (0.47-1.65%) is variable although seems to show an increase with decreasing MgO.
P205 shows a well defined trend of enrichment with decreasing MgO, except for the MgO
rich samples. K20 is low (0.18-0.68%), except for the MgO rich samples (1.1%: Fig
3.36). NaO varies between alkalic and sub-alkalic values, with highest values for the

plagioclase-rich metadiorites (Fig.3.36).

Most trace elements in the suite do not show a well defined trend with major element

variation, which could be an effect of a small sample set combined with sampling bias. The
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exception is a positive correlation between Ni (355 to 5 ppm) and Cr (755 to 26 ppm) with
MgO and a negative correlation between Sr and MgO. The REE patterns show a relatively
flat chondrite-normalized pattern with a slight enrichment in LREE (Fig. 3.37). Sample G-
CQ-7A (mafic metadiorite, Sandbank) constitutes an exception, showing a LREE depleted
and small Eu negative anomaly. The Eu anomaly is absent in most samples or is poorly
developed with both negative and a positive characters (Fig. 3.37). The REE rich patterns
in both the Sandbank Point and Three Islands samples correspond to the felsic
metadiorites. Although parallel to those of Sandbank Point, the patterns from Three Islands
are REE depleted regardless of lithology. MORB (Pearce, 1983) - normalized multielement
patterns are characterized by a slight depletion in HFSE with respect to MORB and a weak
Nb anomaly (Fig.3.37). Mobile elements (Pearce, 1983; Jenner, 1996 and ref. within)
were not plotted to avoid any scattering due to partial element mobility during secondary
processes. The patterns show a good degree of consistency among the different lithologies.
The samples from Three Islands are also slightly depleted in Ti and Y, but this seems to be
an effect of the sample bias towards mafic-rich lithologies. The pattem of sample GCQ7A
(mafic metagabbro, Sandbank Point) departs from the rest showing a MORB-like pattern
(Fig.3.37).

3.8.2.- tectonic i and

petrogenetic processes.-

There is no significant difference between the samples from Three Islands and
Sandbank Point, except for a slight depletion in HFSE and REE, suggesting that they are
part of the same suite. This also reinforces the notion that the leuco-diorites are cogenetic
with the mafic metagabbros, even though they intruded the former in a solidus/subsolidus
state. Given the difference in major element concentrations, the similarity of the

geochemical signatures suggests that any effects in the trace element signatures derived
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from possible cumulates are minimal. Thus the sample suite as a whole can be safely used
for tectonic discrimination purposes.

The major elements point towards a tholeiitic character for the suite (Fig.3.36) but they
do not offer a reliable characterization of the suite, due to the metamorphic overprint.
Inmobile elements like Zr, Ti, Nb,Y, La and V (Hellman et al., 1979: Memiman et al..
1986) confirm the subalkaline character of the suite (Fig.3.38).

REE element patterns, except for sample G-CQ-7A, are quite similar to those of arc-
tholeiites (althought lacking a negative Eu anomaly) and back arc basin basalts (6-30 times
chondrite enriched flat patterns with a slight tendency to LREE enrichment and no Eu
anomalies; Wilson, 1989). The LREE-depleted pattern of sample GCQ7A (Fig.3.37) is
typical of MORB-like tholeiitic magmas, and this is also reflected in the MORB (Pearce,
1983)-normalized multielement patterns (Fig.3.37). The other samples show MORB-
normalized multielement patterns which are more characteristic of volcanic arc tholeiites,
with a slight negative Nb anomaly, HFSE depletion and a small Th enrichment with
respect to MORB. These patterns could also resemble those of back arc basalt (Wilson,
1989).

Bivariate tectonic discrimination diagrams (Fig. 3.38) confirm the tholeiitic character
of the suite and indicate a transitional character between volcanic arc and MORB tholeiites.
Ternary discrimination plots also indicate a transitional character. Samples plot in tholeiitic
fields both of volcanic arc and MORB (Fig.3.39), in most tectonic discrimination
diagrams. However, they plot exclusively in the island arc tholeiite field of the TiO2-MnO-
P205 diagram (Mullen, 1983).

The geochemical characteristics of the whole sample set are typical of a tholeiitic suite
with transitional character. Sample G-CQ-7A (44.8% SiO2, 8.6% MgO) has MORB



characteristics and it could represent a primary magma derived from an asthenospheric
MORB source, possibly a spinel Iherzolite. The other samples could be explained in terms

of i ion between il ORB mantle sources (Wilson. 1989), which is

characteristic of transitional basalts. It could be argued that the same effect can be achieved

by lower crust contamination. SiO2 and MgO concentrations do not suggest a large degree

of crustal contamination, althought isotopic data will be needed to test these hypothesis.

The tholeiitic character of the samples requires a tectonic setting which could produce
the shallow asthenospheric melting responsible for the REE patterns of the suite. The most
simple one is an ensialic arc/back arc environment, which could explain the weak volcanic-
arc signatures of most of the sample set and the MORB-like signatures of sample G-CQ-
TA.
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3.9.- GEOLOGICAL EVOLUTION OF THE CINQ-CERF GNEISS AND
THE LATE PRECAMBRIAN BASEMENT OF THE SOUTHWEST
HERMITAGE FLEXURE.-

The metasedimentary members of the Cing-Cerf gneiss and the intrusive 675 Ma
granitic orthogneiss constitute the oldest rocks of this part of the Hermitage Flexure.
Foliated clasts resembling the Cing-Cerf gneiss are present in the basal conglomerates of
the Whittle Hill sandstone (B.H. O'Brien, 1988; pers comm). These basal sequences were
overlain by 585-584 Ma volcanic tuffs which are coeval with the 584 Ma granodiorite in the
Cing-Cerf gneiss (Table 3.3). These field relationships suggest that the pre-584 Ma Cing-
Cerf gneiss was basement to the Whittle Hill sandstone and that the 584 Ma granodiorite
probably represents an intrusive equivalent of the coeval tuffs. This also suggests the
presence of an early event(s) between 675 and 584 Ma. Some of the c.585 Ma tuffs are
cross-cut by the 576-573 Ma felsic porphyries, which preceded the 573-566 Ma Au-
porphyry-Cu mineralization of the Whittle Hill sandstone (Dubé and Dunning, in press).
According to B.H. O'Brien et al (1993). the 563-568 Ma Roti granitic suite intruded both
the Whittle Hill sandstone and the Cing-Cerf gneiss, with a fragment of Cing-Cerf gneiss
forming a roof pendant (B.H. O'Brien, 1988). Such relationships of the Roti granite suite
require subsidence of the sedimentary basin in which the Whittle Hill sandstone was
de ited. This could be i by normal faulting. This would help to bring the

Whittle Hill sandstone to the same crustal level as its basement (Fig.3.40), so that both
could be contemporaneously intruded by the 568-563 Ma Roti suite. According to Dubé
and Dunning (in press), the Whittle Hill sandstone is also intruded by another set of mafic
and intermediate dykes at 565-566 Ma. These are maximum 207Pb/206Pb ages, the error
ellipses of less than 1% discordant fractions intercept the concordia curve at c. 560 Ma.
This makes this set of dykes in the Whittle Hill sandstone coeval within error with the
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intrusion of the 557 Ma This. is intruded at Three

Islands by a 547 Ma granitoid (B.H. O'Brien and Dunning, unpublished). This shows that
the Whittle Hill sandstone and its basement, the Cing-Cerf gneiss, had a protracted history
of intrusive activity, from the inception of the sedimentary basin. at c.585 Ma, to 547 Ma.

The extensive 570-560 Ma intrusive activity is interpreted as arc-related (Dubé and
Dunning, in press), as is the genetically-related Au-porphyry Cu mineralization at Hope
Brook. The ical si; of the are indicative of shallow

asthenospheric melting at ¢.557 Ma and, therefore, an extensional setting. The weak
volcanic arc signatures in the metagabbros suggest a back-arc / arc transitional environment

as the most simple hyp is. If ion was i from 585 Ma to 547 Ma, this

could have led to regional extension which would facilitate basin formation, subsidence and

as well as ism and pluton during different episodes at
585-584 Ma, 576-573 Ma, 568-563 Ma, 557 Ma and 547 Ma. Although at smaller scale,
this tectonic scenario resembles that proposed by Dallmeyer et al (1996) for the Andean

Mesozoic evolution of Northern Chile.

Direct dating of Late Precambrian deformation both in the Cing-Cerf gneiss and the
surrounding Late Precambrian rocks has proved to be difficult. B.H. O'Brien et al (1993)
interpreted a concordant 566 Ma aplite within a shear zone hosted by 568 Ma Roti granite
as syn-ki ic. The same field it ip, however, could be interpreted to result from

acontrast of competencies during the Silurian mylonitization. These authors also reported
two monazite analysis (0.7 and 1.4% discordant) and a concordant 414 Ma titanite age

from the same aplite. The 0.7 % di: monazite was i as dating a

“significant regional metamorphic event". As already discussed there is no geological
evidence for such an event. This monazite age could represent a local thermal disturbance
created by a c.545 Ma intrusion or it could be an artifact produced by a shallow discordia
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line due to the Silurian disturbance. But more analyses from the same mineral separates will

be needed to test either hypothesis. There is, however, strong field evidence to infer pre-

585 Ma and post-585 Ma P i ion, i if the 568-563 Ma Roti
granite intruded the Whittle Hill sandstone with the Cing-Cerf gneiss forming a roof
pendant (Fig. 3.40; B.H. O'Brien, 1988; 1990). Although in an arc environment, this

is i as i which is a common feature in such settings

(Hamilton, 1994), in order to produce the 585 Ma sedimentary basin and to create the room
for the 585-547 Ma intrusions. This is consistent with the extensional environment required
for the geochemical signatures of the 557 Ma Sandbank metagabbro. This extension is
followed by folding of the Whittle Hill sandstone. These folds are cross-cut by 499-495

Ma intrusions (B.H. O'Brien et al., 1991), indicating a pre-Tremadocian age for the

folding event and ing an loni; ion. It should be noted that there is no
well defined lower limit for this deformation. Therefore, the data from the Cing-Cerf gneiss

combined with that of the low grade Late P i ics and i

provide evidence for three Precambrian deformations: an earlier event(s) between 675 and
585 Ma; an extensional deformation associated with the 585-584 deposition of the
volcanosedimentary sequences of the Whittle Hill sandstone and the prolonged intrusive
activity; and a final folding of the Whittle Hill sandstone (Fig.3.41). The terms extension
and compression are used in a wide sense, the same effects could also be achieved by
transtension and transpression. But overall this tectonic activity is viewed to occur along

the overriding plate of an active margin.

The 499 Ma granodiorite and 495 Ma gabbro (Dunning and O'Brien, 1989; B.H.
O'Brien et al., 1991) intruded the deformed low-grade Whitle Hill sandstone
with the ion of T i ioli in

environments along the Gondwanan margin of Iapetus (Colman-Sadd et al., 1992: Jenner
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and Swinden, 1993). Temporally (Fig.3.41), these intrusions could be ascribed to the
Penobscottian event but there is no evidence for Penobscottian deformation, unlike in the
nearby composite Bay du Nord Group (Tucker et al., 1994). This agrees with the
observations from the northern Exploits Group (B.H. O'Brien et al., 1997) which has also
escaped the Penobscottian events, otherwise well preserved in Central Newfoundland

(Colman-Sadd et al., 1992).

The 448+9/-3 Ma titanite from the 547 Ma granitoid dyke at Three Islands (Dunning
and B.H. O'Brien, unpublished) is difficult to interpret. This is a cooling age after a
deformational and metamorphic event of unknown significance. The southwest part of the
Hermitage Flexure contains c.450 Ma intrusions and metamorphic rocks (Dunning
unpublished in B.H. O'Brien and S.J. O'Brien, 1992: Van Staal et al., 1994; Dunning,
unpublished). But no evidence for such a body was found in the Cing-Cerf gneiss.

The Silurian intrusion of the Western Head granodiorite-granite (431-429 Ma) is
contemporaneous with the opening of the La Poile Basin, to which the Late Precambrian
block is basement (Fig.3.41; B.H. O'Brien et al., 1991). This took place in a complex
tectonic setting during the climax of the Silurian, Salinic, continent-continent collision
(Dunning et al., 1989). The opening of the basin continued while the Western Head granite
and the Cing-Cerf gneiss were undergoing deformation associated with thrusting along the
Grand Bruit fault. This basin was finally inverted and deformed between 423Ma and 419
Ma contemporaneously with the intrusion of the 419 Ma Oter Point granite into the
Western Head granite and final thrusting of the Cing-Cerf gneiss along the Grand Bruit
fault. Finally the 39043 Ma Chetwynd granite intruded postcollisionally stitching all
tectonic and intrusive contacts between the Late Precambrian basement, the La Poile basin

and the Silurian intrusions (Fig.3.41).

85



CHAPTER IV
THE MARGAREE ORTHOGNEISS (Port Basq !
b e Tachi

4.1.- INTRODUCTION :

The Port-aux-Basques complex (van Staal et al., 1992) occupies one of the most
critical positions in the Newfoundland Appalachians, east of the suture zone defined by the
Cape Ray Fault zone (Fig.4.1; Brown,1975: Lin et al., 1994; Dubé et al., 1996),
separating the peri-Laurentian Dashwoods Subzone from the peri-Gondwanan Bay du
Nord Group and the Avalonian basement of the Hermitage Flexure. The assessment of the
age and tectonic linkage of the Port-aux-Basques complex has always been problematic.
This gneissic complex and the nearby Grand Bay complex (van Staal et al, 1996b) have

been depicted with a question mark on most L ic maps of the
Appalachians (Williams et al., 1988), and has been interpreted as a Precambrian basement
(Brown, 1975) and as an Ordovician island arc (Choriton, 1984)

The Port-aux-Basques and the Grand Bay complexes comprise a set of lower to upper

amphibolite facies mica schists, i ibolites and i with local

massive sulphide deposits. These rocks have an anomalous tectonic position, they are
situated east of the Cape Ray Fault on the peri-Gondwanan margin of the Iapetus ocean,
but on the edge of the seismically-defined Grenvillian crustal block (Keen et al., 1986). Pb
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isotopic signatures of the associated massive sulphides are also anomalous, in between
those of the Notre Dame and Exploits subzones (Isle-aux-Morts prospect; O'Neill, 1985).
These two complexes and the nearby rocks of the Harbour le Cou Group have been
correlated with the Little Passage Gneiss in the Hermitage Bay arca (Brown, 1975), the
Bay du Nord Group and the La Poile Group (Chorlton, 1984), as well as with the
Meelpacg Subzone of the Gander Zone (Colman-Sadd et al. compilers, 1990) and with
both the Bay du Nord Group (Exploits Subzone) and the Gander Zone (Lin et al., 1994).
The assignment of the Port-aux-Basques complex to any of these zonal divisions is
problematic, simply because its age and pre-Silurian geological evolution is unknown.

The following data set constitutes the first constraints on the age and tectonic linkage

of the Port-aux-Basques complex. This data is based on regional and detailed mapping

coupled with precise U-Pb of a set of isses known as the Margaree
orthogneiss (van Staal et al., 1996b,c). According to Brown (1977), these rocks pre-date
deformation and metamorphism of the Port-aux-Basques complex and, structurally, are the
oldest rocks in the area. Reconnaissance geochemistry was carried out to provide a
geochemical characterization of the main rocks types and (o gather some information about

the type of tectonic environment.
General statement:

The nomenclature in the field area is confusing due to the use of the local name of
Port-aux-Basques to describe different individual rock types and sets of rocks, particularly
gneissic rock types. Van Staal et al. (1992) divided the Port-aux-Basques Gneiss unit of
Brown (1973; 1975; 1977) into the three divisions: Grand Bay complex, Port-aux-Basques
complex and part of the Harbour le Cou Group; reserving the name Port-aux-Basques

gneiss for the metasedimentary paragneisses and schists in the Port-aux-Basques complex.



It is the terminology of van Staal et al. (1992; 1996b; 1996c) that is going to be used in the
following sections. Port-aux-Basques gneiss will refer only to the metasedimentary rocks
(paragneisses and schists) of the Port-aux-Basques complex and the nearby Grand Bay

complex (van Staal et al., 1992).

4.2.- LOCATION, ACCESS AND LOGISTICS:

The area of study is located in southwestern Newfoundland (Canada) in an area

between the localities of P Basques and Isle-Aux-M pying the SE

quadrangle of the 1:50,000 Port-aux-Basques sheet and the NW quadrangle of the
neighbouring Rose Blanche sheet.

Coastal sections have been accessed by foot and are characterized by a 5 to 20 meter
wide fresh outcrop along the shoreline. River sections also display good quality outcrop,
although they are more difficult to access, particularly the one at Grandys Brook. This
section was accessed with helicopter support, and to reach the upper third of the gorge it
was necessary to use rock climbing skills. The Grandys Brook section is only
recommended to be visited when the river is low. In general, the whole area is barren land
covered by thin peat bogs, therefore the overall rock exposure is quite good. Excellent
outcrops of the Margaree orthogneiss can be found in the quarries along the road to Isle-

Aux-Morts, the Dolphin road and near Margaree.

Field work was carried out as part of a Geological Survey of Canada (GSC) project
team under the direction of Cees van Staal, which mapped the Port-aux-Basques and Rose
Blanche areas at 1:25,000 scale (van Staal et al., 1996 b,c). The opportunity of teaming up
with the GSC allowed the author to use their logistics and to integrate his mapping within
the regional GSC mapping. Field work was carried out in two field seasons. During the
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first season (August 1993) the author mapped and defined the main units of the composite
Margaree orthogneiss. During this time, the coastal section around Fox Roost was mapped
at 1:5000 scale and the extension of the Margaree orthogneiss up to Grandy's Brook was
recognized. In July 1994 the section at Grandys Brook was mapped in detail by the author
and the orthogneiss was mapped, in the nearby highlands, during a week and a half fly-
camp. The northeastern extent of the complex beyond Grandys Brook was mapped by the
GSC (C. van Staal and L. Hall). At the end of August and early September 1994 the author
mapped with the GSC outside the field area, both in the Port-aux-Basques and the Rose

Blanche sheets, which helped him to realize the regional complexities of the area.

4.3.- THE MARGAREE ORTHOGNEISS : DEFINITION

The Margaree orthogneiss is a composite gneissic unit within the Port-aux-Basques

complex. It ises biotite + bearing felsic and mafic orthogneisses.
amphibolite dykes and ultramafic rocks. This gneiss extends from Channel Island, in Port-
aux-Basques, westward to the coastline of Margaree and Fox Roost forming a 2 Km wide
band that can be traced at least 15 Km inland beyond Grandys Brook (Fig.4.1). The
outcrop pattern of the Margaree orthogneiss closely follows the trend of a well defined
positive regional magnetic anomaly (Fig.4.2), which is a good indication of the consistency
of the field mapping and the lithological contrast with the surrounding paragneiss. A
contrasting lithological character with the surrounding, sedimentary-derived, Port-aux-
Basques gneiss is the absence of garnet, Al2SiO5 polymorphs or muscovite. Also in the

Margaree orthogneiss there is no clear evidence for anatexis.
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4.4.- PREVIOUS WORK :

Compared with other parts of the A ians the coast, in
this case the Port-Aux Basques area, has not received much attention until recent times.
Gillis (1972) included for the first time the Port-aux-Basques area as part of a 1:250,000
reconnaisance regional map of southwest Newfoundland. Brown (1973) mapped the area
around Port-aux-Basques, including part of the field area, at 1:20,000 scale as part of an
M.Sc. project at Memorial University. He later expanded the mapping at 1:50,000 scale to
cover the area up to Garia Bay as part of his Ph.D. thesis at Memorial University (Brown,
1975). All this mapping is compiled in the work of Brown for the Geological Survey of

(1:50.000 P Basques and Rose Blanche sheets; Brown, 1977).
Chorlton (1984) compiled the geology of southwest Newfoundland as part of a PhD thesis
at Memorial University involving extensive fieldwork in the neighbouring Bay du Nord
Group and the peri-Laurentian Dashwoods Subzone. She correlated the Port-aux-Basques
gneiss of Brown (1977) with her Bunker Hill gneiss in the Bay du Nord Group, and
noticed the similarities with the amphibolite-rich gneisses north of the Gunflaps Hill fault
splay. Therefore, she assumed that the Port-aux-Basques gneiss was part of the Ordovician
arc sequences preserved in the Bay du Nord Group. O'Neill (1985) mapped the area
around the Isle-aux-Morts prospect and studied the mineralization and regional
metamorphism as part of an M.Sc. at Memorial University. Wilton (1984) and Dubé and
Lauziere (1996) mapped the mineral occurrences and structures around the Cape Ray Fault
zone. In 1992 Cees van Staal (GSC) began the 1:25,000 remapping of the Port-aux-
Basques and Rose Blanche sheets (van Staal et al., 1996b,c). Apart from the present thesis
two other theses were done in the Port-aux-Basques area in conjunction with the GSC

mapping, cosupervised by van Staal. D. Scholfield's Ph.D thesis at Keele Univ. (U.K.)



deals with the general geochemistry of the area whereas J. Burgess' M.Sc. thesis (Univ. of

Maryland, U.S.A.) focused on the metamorphism of the area (Burgess et al., [993; 1995).

Age determinations in the area are limited to K-Ar data from Gillis (1972), U-Pb
titanite dating (Dunning et al., 1990) and the data of Burgess et al. (U-Pb titanite,
40Ar/39Ar; 1995). Dubé et al. (1996) reported U-Pb and 40Ar/39Ar data which constrain
the timing of deformation around the Cape Ray Fault zone. Van Staal et al. (1994) reported

preliminary U-Pb data of this thesis and other ical studies in the
areas.
The ite Margaree iss was di i from the Port-aux-Basques

Gneiss of Brown (1977) during the fieldwork carried out by GSC in 1992 (van Staal, pers
comm). Even though Brown (1977) merged these rocks with the nearby paragneisses. he
recognized the presence of relics of an earlier gneissic banding in "a set of migmatites and

granitic slivers” in the Margaree- Fox Roost area.

4.5.-GEOLOGICAL SETTING:
The Margaree orthogneiss forms part of the rocks of the Port-aux-Basques area

adscribed to the peri-Gi margin of the A i ding to
Brown (1977) these rocks (Grand Bay and Port-aux-Basques complexes of van Staal et
al., 1996b,c) were the crystalline basement to eastern continental margin of the Tapetus
Ocean and were separated by a cryptic suture, the Cape Ray Fault zone, from the
Laurentian basement (Cape Ray Igneous Complex). While this interpretation has changed,
it is held that the Cape Ray Fault is a suture separating a block of Early Paleozoic rocks
with Laurentian affinities (Dunning et al., 1989) from one with Gondwanan affinities (Lin
et al., 1994; Burgess et al, 1995; Williams, 1995; Dubé et al., 1996). These two blocks
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were juxtaposed during the Silurian Salinic orogeny (Dunning et al., 1990; Lin et al., 1994;
Dubé et al., 1996).

4.5.1.- The Cape Ray Igneous Complex and the Windsor Point Group

(Laurentian side; Fig. 4.1.):

The Cape Ray Igneous Complex (CRIC) constitutes part of the Dunnage Zone
(Dunning et al., 1989), Dashwoods Subzone (Williams, 1995). The CRIC comprises

tonalitic to granitic i which intrude fic rocks

(Long Range Mafic-Ultramafic complex; Chorlton, 1984) and = sillimanite-bearing
paragneisses with marble layers. The CRIC and its country rock are interpreted as the
metamorphic equivalent of the Notre Dame arc (Lin et al., 1994). Dubé et al. (1996)
reported a 488+3 Ma age for a megacrystic granite and a 469+2 Ma age for a tonalite within

the CRIC near its contact with the Windsor Point Group.

The low grade rocks of the Windsor Point Group (WPG) separate the CRIC from the
metasedimantary Port-aux-Basques gneiss. The WPG consists of bimodal volcanics and
sediments including conglomerate beds which contain CRIC clasts (Dubé et al., 1996). The
WPG rests unconformably on the CRIC (Brown, 1975; Wilton, 1983; Chorlton, 1984). A
black rhyolite, interlayered with the conglomerates at the base of the group, has provided
an age of 453+5/-4 Ma. The intrusion of pre-kinematic gabbro sills (424+4/-3 Ma)
provides a younger age limit for the whole sedimentary package. The pre-kinematic gabbro
is intruded by the coeval pre-kinematic Windowglass Hill granite (424+2 Ma; Dub€ et al.,
1996).



4.5.2.- The Cape Ray Fault Zone (Fig.4.1.):

Deformation along the Cape Ray Fault Zone (CRFZ) affects both the Windsor Point
Group and the metasedimentary Port-aux-Basques gneiss and resulted in oblique thrusting
of the Port-aux-Basques gneiss over the WPG. 40Ar39Ar ages of synkinematic
hornblende (40744 Ma ) and biotite (40314 Ma), from CRFZ mylonites affecting the Port-
aux-Basques gneiss are interpreted to date the thrusting (Dubé et al., 1996). The northem
sector of the CRFZ was later reactivated as part of a system of sinistral transcurrent faults
(40316 - 39946 Ma; K-Ar Ms; Dubé et al., 1996; 385%5 - 384+5 Ma, 40Ar/39Ar Hbl, Bt:
Choriton and Dallmeyer, 1986). The post-collisional Isle-Aux-Morts granite (3863 Ma)
and Strawberry Hill granite (38442 Ma, Dubé et al., 1996) intruded the CRFZ and provide
the youngest limit for deformation along the CRFZ (Dub€ et al., 1996).

4.5.3.- The gneissic ies of the Port: Basq area (Gondwanan

side, Fig.4.1.):

These gneissic rocks, originallly grouped under the Port-aux-Basques Gneiss (Brown,
1977), have been divided in three units (Fig.4.1 Van Staal et al., 1992): Grand Bay
complex (GBC), Port-aux-Basques complex (PaBC) and Harbour le Cou Group (HICG).
These divisions have tectonic boundaries; the CRFZ separates the GBC from the Windsor
Group, the Grand Bay Thrust separates the GBC from the PaBC and the Isle-aux-Morts
Fault separates the PaBC from the HIGC. The regional metamorphic grade shows a west to
east increase from the lower amphibolite Grand Bay Complex to the upper amphibolite
Harbour le Cou Group which sharply ends against the Bay le Moine shear zone (Fig.4.1;
Burgess et al., 1993; 1995).
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The Grand Bay complex (GBC): This unit comprises gedrite-bearing schists,
metapsammites (greywackes and felsic volcanics?), metapelites and coticule beds
(metavolcanic?; van Staal et al., 1996b). Pyritiferous zones are common in the complex,
the largest one is associated with the Zn-Pb-Cu-Ag massive sulphide deposit of the Isle-

Aux-Morts prospect (O'Neill, 1985). ite and bodies are
intercalated with the metasediments. This unit also contains abundant mafic and felsic

(Grand Bay iorite and Kelby Cove orthogneiss, Fig. 4.1 : van Staal et
al., 1996b) as well as intrusions of the Port-aux-Basques granite (Brown, 1973, O'Neill,
1985; van Staal et al., 1996b). Mineral assemblages in Al-rich pelites are Grt+St+Chl+Bt
and Grt+Ky+BtSt (Brown, 1973; 1975; O'Neill, 1985; Burgess et al., 1993), gamnet-
biotite y indicates peak of 580£50°C (Burgess et al., 1995).

40Ar/39Ar cooling ages in amphibole range from 401Ma to 393 Ma (Burgess et al., 1995).
Dunning et al. (1990) reported a 41242 Ma 206Pb/238U titanite age from the vicinity of the
Isle-Aux-Morts prospect. U-Pb monazite dating in this unit suggests that peak
metamorphism was reached at 415 Ma (Dunning, unpublished).

The Port-aux-Basques complex (PaBC): This complex contains a metasedimentary
unit, Port-aux-Basques gneiss (van Staal et al., 1996b.c) which is intruded by abundant

dykes, the P Basques granite, the Kelby Cove orthogneiss, the
Margaree orthogneiss and late granite sheets and pegmatites. According to Brown
(1977) and van Staal et al. (1996b,c), the rocks of the Margaree orthogneiss are the oldest
set of intrusions into the metasedimentary Port-aux-Basques gneiss. In the PaBC, the Port-

aux-Basques gneiss contains i rich layers (para-

amphibolites) and local epidote-rich layers; although present, coticules are very scarce. Van
Staal et al. (1996b,c) interpreted the gradation from quartz-rich psammites to micaceous
and feldspathic psammites as a variation upwards through stratigraphy. There is an increase



in metamorphic grade in the unit from the kyanite zone in the west to the second sillimanite
zone in the east. The second sillimanite zone is characterized by anatectic migmatites,
produced by Ms-out reactions, which are aligned with the S2 foliation and folded by F3
(Brown, 1975; Burgess et al., 1993; Burgess et al., 1995). Peak metamorphic conditions
are of 10-8Kb and approximately 700°C (Owen, 1992; Burgess et al., 1995). 40Ar/39Ar
cooling ages in this unit range from 407 - 399 Ma (Homblende) to 394-391 Ma
(Muscovite; Burgess et al., 1995). Reported U-Pb monazite data range from 420 to 415 Ma
(van Staal et al., 1994).

The Harbour le Cou Group (HICG): The HICG (Lin et al., 1993) is an extension of
the Harbour le Cou unit of Brown (Brown, 1975). This group is separated from the Port-
aux-Basques Complex by the Isle-aux-Morts shear zone (Brown, 1977; van Staal et al.,
1993; Piasecki, 1995). The lack of amphibolite dykes and pre-tectonic granitic
orthogneisses indicates that this group represents a different geological unit from the GBC
and the PaBC and this led Brown (1975) to consider it as a cover sequence to the PaB
gneiss. The HICG has been divided into the Otter Bay formation and the Grandy's
formation (van Staal et al., 1996c). The Otter Bay formation comprises garnet-bearing

rusty pyrite-rich i lc-silicate pods and narrow bodies of
orthoamphibolites. At the contact with the overlying Grandy's formation there are
metamorphosed pillow lavas with tholeiitic basaltic composition (Lin et al., 1993:

Scholfield et al., 1993). The Grandy's ion is of rusty i schists,
metapsammites and coticule layers. The HICG has extensive development of anatectic

Reported peak i tions involved in excess of
700°C and 6.6 to 5.2 Kb pressure (Burgess et al., 1995). 40Ar39Ar cooling ages range
from 419 to 404 Ma in amphibole and 391 Ma for muscovite (Burgess et al., 1995).
Burgess et al. (1995) also reported a titanite U-Pb age of 4189 Ma. The eastern HICG is
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intruded by the late-D2, early-D3, gamet-bearing, two mica granite sheets of the Rose
Blanche granite (Benn et al., 1993; 419 Ma, Dunning unpublished). The HICG is bounded
to the east by the Rose Blanche granite and the Bay Le Moine shear zone (Choriton and
Dallmeyer, 1986; Lin et al., 1993).

The GBC, PaBC and HICG share the same structural history which consists of three
main phases of regional deformation (D1, D2 and D3), all of which affected the Margaree

D1 are scarce folds (F1) with associated axial planar
schistosity (S1). During D2, SO and S| were transposed, leading to the formation of the
dominant gneissosity (SO-S1-S2); F2 folds are recumbent. D3 transpression is
characterized by upright to steeply inclined periclinal folds (F3), local oblique ductile shear
zones and dextral, transcurrent major shear zones; an S3 schistosity is developed locally.
D3 is responsible for the dome and basin interference pattern of the regional
macrostructures. Locally there is development of a D4 phase which consists of a low grade
overprint of D3 structures (Van Staal et al, 1992; Burgess et al., 1995). Peak
metamorphism was reached during D2.

4.6.- MARGAREE ORTHOGNEISS, LITHOLOGICAL UNITS: description,
internal field relationships and age:

Two type sections of the Margaree orthogneiss, one at Margaree-Fox Roost and
another at Grandys Brook, were studied in detail. Part of the Margaree-Fox Roost section
(Fig.4.3.) was mapped at 1:6000 scale (Fig.4.4) whereas part of the Grandys Brook
section was mapped at 1:15000 scale. The Margaree-Fox Roost section is characterized by
variably bearing “tonalitic” i granitic

fic rocks and "migmatitic” gneisses. The Grandys Brook section is




similar but mafic dioritic intrusions are common, whereas no ultramafic rocks were
observed. The surrounding PaB gneiss is a variably migmatized quartzo-feldspathic
paragneiss. Detailed mapping of the Margaree orthogneiss allowed the distinction of a set
of lithological units which will be described next. Some of these units were directly dated
by U-Pb geochronology. These absolute ages provide a limit for the undated units, on the
basis of the relati ined by the field

Details of the U-Pb analytical procedure, including sample preparation, are provided in
appendix A.1.

4.6.1.- bearing tonalitic or

Several amphibole-bearing rock types have been grouped in this unit; these are
granodioritic orthogneisses with mafic enclaves and a mafic unit in the Fox Roost section
with an overall tonalitic character. This mafic unit at Fox Roost is different from the

relatively oriti isses. It consists of mafic sheets of dioritic
i and small pods back veined by partially hybridized

felsic centimetre to metre-wide granitic veins (Fig.4.5). These granitic veins merge with
granitic orthogneisses suggesting that both are coeval (Fig4.5).

The granodioritic orthogneisses are well exposed in Margaree at the nearest quarry at
the side of the road, along the Dolphin road (Fig.4.3) and in the Grandys Brook section.
These gneisses are, in general, fine to medium grained (@= | mm) and they usually contain
amphibole-bearing felsic veins, mafic (amphibole + biotite) banding, amphibolite rich
enclaves and folded and i ibolite dykes. The il in the felsic veins

(Fig.4.6) grew as poikiloblasts, this and the diffuse contacts of these veins suggest that
they were produced by metamorphic differenciation. The gneissic foliation is defined by
mafic layers and thin discontinuous felsic bands of plagioclase, quartz + homblende
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(Fig.4.6). Amphiboles are preferably oriented in the foliation plane defining a mineral
lineation. The modal mi is i 35~30% i (An20-30), 30%
green homnblende, 10~15% pale-dark brown biotite, 20% quartz, >10% K-feldspar.

Epidote, apatite, zircon and opaques are the main accessory minerals. in some cases titanite

occurs as an accessory phase.
Age:

Dioritic sheets of the mafic tonalitic orthogneiss at Fox Roost were unsuccessfully
sampled for zircon. The field relationships at Fox Roost suggest that they are older or
coeval with the granitic orthogneiss (U-Pb sample 93-PV-5: Fig.4.4 and 4.5.). Therefore,
the granitic orthogneiss at Fox Roost provides at least a minimum age for the dioritic

sheets. The ive back-veining of the ibolite-rich sheets suggests that both mafic

and silicic magmas were probably coeval (Fig. 4.5; Feméndez and Barbarin, 1991).

G ioril iss (U-Pb sample 93-PV-3): A bearing felsic
granodioritic orthogneiss was sampled in the quarry on the side of the road outside
Margaree (Fig.4.6). The same rock was also sampled for geochemical analysis (sample G-
MA-B). It has a well developed foliation and contains tightly folded amphibolite exhibiting
straight contacts. The orthogneiss is intruded by an undeformed, late, coarse-grained pink
granite and a pink pegmatite.

Four zircon fractions were analyzed (Table 4.1). The fractions were composed of
elongated (1:7-1:5; width/length ratio) sharp prisms with no cracks, few inclusions and
rounded tips. Fractions ZI, Z2 and Z3 were air abraded (Krogh, 1982); fraction Z4 was
not abraded. These four fractions define a discordia line with an upper intercept of
474+14/-4 Ma with a lower intercept of 141 Ma (Fig.4.7). The age 474+14/-4 Ma is
interpreted as the protolith age of the granodioritic orthogneiss.



4.6.2.- Granitic orthogneiss:

This rock type constitutes about 30 to 40% of the gneissic complex exposed in the
Margaree-Fox Roost section. In both the Margaree-Fox Roost and the Grandys Brook
sections they appear to be injected into both types of tonalitic gneisses earlier described and
contain discrete amphibolite enclaves/dykes, which have been boudinaged and folded
(Fig-4.8 and 4.9). In many instances the ductile deformation and the contrast of
competencies do not allow to assert whether or not some of the amphibolites represent true
dykes or enclaves. The pale grey colour, the absence of garnet, muscovite or sillimanite
and the apparent higher strain (smaller grain size) differentiate this granitic orthogneiss
from the pinkish, 450 Ma, foliated, locally two-mica Port-aux-Basques granite, as well as
the fact that the granite is clearly intrusive into the PaB gneiss and generally does not have
mafic dykes.

This granitic orthogneiss is medium grained (@= Imm) and has a gneissic foliation
defined by biotite rich layers and | to 3 mm thick granoblastic bands of quartz, plagioclase
and K-feldspar. Most outcrops have thin (less than Scm wide) coarse-grained felsic veins
with diffuse contacts (metamorphic differentiation?; Fig.4.5.d, 4.8 and 4.9). The modal

of these isses is i 40% quartz, 25% plagioclase (An 15-

25), 15% K-feldspar and = 20% brown biotite. Epidote, opaques, apatite and zircon are the
most common accessory phases, although titanite is in places present
Age:

This lithology has been sampled both in the Margaree-Fox Roost and Grandys Brook
sections to test field correlations, and because it provides the youngest relative age within

the complex, except for some amphibolite dykes.



Margaree-Fox Roost section (Sample 93-PV-5): This granitic orthogneiss has a felsic
and contains i which have been boudinaged and
folded by F3 (Fig.4.8). The main gneissosil ic fabric) in the iss has

also been folded by F3. The granitic orthogneiss merges with the felsic veins and dykes,
which mingle with the amphibolites in the mafic tonalitic orthogneiss, and with the felsic
veins of the "migmatitic gneiss". These two units show minor F2 folds. However, F2

folds have not been ized in the granitic

Five zircon fractions were analyzed (Table 4.1). Fractions Z1, Z2, Z3 and Z4 were air
abraded: fraction Z5 was unabraded. The zircon morphology of the selected fractions is
very similar to the granodioritic orthogneiss. Fractions Z1. Z4 and Z5 define a discordia
line with an upper intercept of 473+16/-6 Ma; however because of the low probability of fit
the age provided by Z1 is preferred. Fraction Z1 is concordant and provides a best age
estimate of 472+2.5 Ma (Fig.4.10). Fractions Z2 and Z3 fall out of the discordia line due
to a combination of lead loss and a small degree of inheritance. The age 472+2.5 Ma is
interpreted as the protolith age for the granitic orthogneiss.

Grandys Brook section (Sample 94-PV-2): This is a medium grained biotite-bearing
rock with granitic modal composition. It has been clearly intruded by mafic dykes
(amphibolites) which have been boudinaged and folded (Fig.4.11 and 4.13).

Three zircon fractions (Z1,Z2 and Z3) and two titanite fractions (T1 and T2) have been
analyzed (Table 4.1). The two titanite fractions are concordant and provide an age of
41142 Ma which is interpreted as a cooling metamorphic age (Fig.4.12). Zircon fractions
Z1, Z2 and Z3 define a discordia line with an upper intercept of 466.8 Ma for a lower
intercept pinned at 5+5 Ma. The upper intercept is in agreement with the age of fraction Z1



(465+3 Ma) which is concordant and provides a more reliable age estimate (Fig.4.12). This
465+3 Ma age is interpreted as the protolith age of the granitic orthogneiss.

4.6.3.- Amphibolite:

The amphibolites outcrop as tighly folded, stretched and boudinaged dykes or enclaves
(Fig. 4.5., 4.8., 4.9., 4.11, 4.13 and 4.14). Because they are too many and too small to
be mapped alone they have been combined with the tonalitic and granitc orthogneisses
(Fig4.4 and 4.11). Usually they are 30 to 60 cm wide and can be up to several metres
long. They have a homogeneous aspect with an L-S fabric defined by recrystallized
homblende (up to 1.7 mm long) and biotite (0.3 mm long). Their modal composition varies
from 80%-90% green homblende + 10%-20% plagioclase (An33) to 50~60% green
homblende + 5~10% brown biotite + = 30% plagioclase (An 30) + quartz. The accessory
phases are rutile, apatite and opaques in the homblende-rich varieties and titanite. apatite
and opaques in the biotite (quartz)-rich varieties. Epidote, with allanite cores, in accessory
proportion is found after late retrogression of green homblende and minor chlorite and

sericite are also produced during ion of biotite and i X
Age:

The presence of abundant centimetre-scale amphibolite enclaves in the 474 Ma

granodiorite suggests bimodal ism at the time, indicating that some
could be coeval with the granodiorites. Abundant amphibolite enclaves were also observed
in pre-466 Ma tonalites at the Grandys Brook section. This would be consistent with field
relationships observed in the "tonalitic gneisses” at Fox Roost, such as the 472 Ma felsic
granites back-veining amphibolite sheets (Fig4.5) and dispersing them as enclaves and
disrupted amphibolite dykes with diffuse contacts (Fig.4.9; partial assimilation, mingling,
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hybridization?). These features are isplayed in ilicic intrusive
complexes (Sutcliffe et al.. 1990; Sha, 1995) or in coeval intrusion of mafic magmas in
felsic magma chambers (Femndndez and Barbarin, 1991; Wiebe, 1991: Bateman, 1995).
Field i ips of individual ites are in places difficult to interpret due to the
contrast of competencies with the granitic orthogneiss, with most amphibolite bodies in the
Margaree orthogneiss occurring as variably sheared and folded boudins (Fig.4.5; 4.8).
Although some could be identified as intrusive dykes (Fig.4.9), most of them could

represent mafic enclaves. In the Grandys Brook section, amphibolite dykes intrude the 465
Ma granitic orthogneiss and were affected by D3 indicating that this generation of dykes is
post-465 Ma and pre-D3. Some of these dykes cut compositional banding in the 465 Ma
orthogneiss. Therefore there are, at least, two generations of orthoamphibolite in the
Margaree orthogneiss, one probably coeval with the 474-472Ma felsic orthogneisses and
another post-465 Ma and pre-D3.

Margaree-Fox Roost (Sample 93PV6):  This sample is a quartz-bearing amphibolite
dyke intrusive into felsic tonalitic isses (Fig.4.14). The 2 it

of this sample is green homnblende, plagioclase (oligoclase) and brown biotite with quartz,
opaques and titanite in minor proportions; apatite is the main accessory mineral. These
minerals (except apatite) are recrystallized and the amphibole defines a mineral lineation
which is parallel to the plunge of the minor F3 folds. No zircon was extracted from this
sample nor from a previous sample collected by G.R. Dunning from a similar lithology.

One fraction of brown titanite was analyzed from this sample (Table 4.1). This fraction
provided a concordant age of 410+2 Ma (Fig.4.15.). This is a metamorphic age. It is
uncertain whether it is a cooling age (Tc 600°-550°C; Heaman and Parrish, 1990) or a
crystallization age after post-D3 recrystallization (Fig.4.16). But in either case this age
provides the youngest age limit for the amphibolite dykes.



4.6.4.- Other lithologies:
Ultramafic rocks:

These rocks are quite common in the Margaree-Fox Roost section but were not
observed in the Grandys Brook section. They outcrop as pods (&= 5 to 10 metres) of
coarse grained (@ = 0.3 to | cm) mafic minerals, which appears to be primarily amphibole
in hand sample. They are associated with the most mafic-rich areas of the diorite-
amphibolite sheets in the mafic tonalitic orthogneisses, which suggests that they might
represent cumulates. In the field, they do not show an internal fabric and they act as stiff
material in ductile shear zones, with the granitic orthogneisses wrapping around them.
Small pods are usually retrogressed to epidote.

The samples studied have an acicular-decussate texture defined by colourless tremolite
and pale-green Mg-rich actinolite (?) crystals (>70%) and partially oriented aggregates of a
micaceous (@= 0.2 mm) mineral tentatively identified as chlorite (*), possibly Mg-rich
(<30%). Apatite, rutile and opaques are accessory minerals. Burgess et al. (1992)

described another variety of pod with actinolite-spinel-cli which has
not been observed in this study. They also reported clinopyroxene replaced by talk.

(*) Micaceous to fibrous, colourless, non pleocroic, low relief (lower than tremolite),

first order white birefrigence, parallel extinction and length-fast.
Age:

The pods are i with the ibolite rich areas in the Fox Roost

section (Fig.4.4). Such a relationship is also found in ultramafic/mafic-silicic intrusive
complexes (Snoke et al., 1981; Kelemen and Ghiorso, 1986; Sha, 1995). Therefore if the
ultramafic rocks represent an ultrabasic cumulate of the amphibolite, then they are coeval
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with the amphibolites. The amphibolites are back-veined by c.472 Ma granitic
by field ion, that the rocks are c.472 Ma.

Banded gneiss:

This gneiss coincides with areas of high strain ductile shearing in the Fox Roost
section (Fig.4.5d and Fig.4.9). The protolith of the banded gneiss is uncertain, which
prompted its definition as a separate unit during the smali scale mapping of the Fox Roost
section. In the Grandy's Brook section, lkm upstream from the section mapped in detail.
banded gneisses like those of Fox Roost were identified in a high strain ductile shear zone
and mapped as Margaree orthogneiss (Fig4.1).

This gneiss consists of centimetre-wide leucocratic bands of quartz, plagioclase (An
25-30) and minor K-feldspar alternating with mafic bands of green amphibole and brown-
greenish biotite. These bands are metre-long and discontinuous. The mafic bands also
contain felsic minerals as well as minor epidote, titanite and opaques. Zircon and apatite are
accessory minerals. Average grain size is Imm. Locally, there are quartz-rich bands and
leucocratic bands with small gamets which resemble the quartzo-feldspathic country-rock
paragneisses. Small mafic, epidote-rich pods (@= 30-50 cm) show asymmetric wings
produced by ductile flow of the surrounding rock around them. Their stiff rheological
behaviour suggest that they might be retrogressed ultramafic rocks.

Age:

These high strain zones are located in the flanks of F3 folds (Fig4.5b,d and 4.9). In
the case of the Fox Roost section the banded gneisses are related to apparent oblique,
ductile, dextral shear zones (Fig4.9). The presence of stable epidote in the fabric but the
absence of chlorite suggests that some of the transposition took place in the amphibolite



facies, possibly in the epidote-amphibolite subfacies. This indicates that the gneissic
banding was produced by D3 transposition of the main gneissosity (Fig.4.5d).

""Migmatitic" gneiss:

This rock type is exclusive to the Fox-Roost section. It consists of I to 10 cm thick

ic bands with i ic bands and mafic rafts resembling diatexitic

migmatites (Mehnert, 1968). This rock type appears in areas of relatively low D3 strain.
The banding in this rock has been folded and sheared during D2 and D3; it usually shows a

complex fold and i pattern ing di ic folding. The fes of
this unit with the surrounding granitic and tonalitic orthogneisses are diffuse and felsic
veins from the gneiss merge with the granitic orthogneiss. The amount of leucocratic
material (70%-80%) however contrasts with a 20%-40% abundance of true anatectic
patches in tes of the

The felsic domains contain K-feldspar (40%), quartz (50%), plagioclase (10%). Grain

size can be up to 7-4 mm. The melanocratic domains are formed by brown biotite (40%).
plagioclase (25%, Oligoclase), K-feldspar (10%) and quarz (15%). Minor epidote
overgrew biotite during retrogression. Apatite and zircon are accessory minerals. In
amphibole-rich areas titanite is present as an accessory phase. Althought the transition
between the felsic and melanocratic domains is relatively sharp at mesoscopic scale. At the
scale, it is i and indivi quartz and K-feldspar crystals are

embedded in both domains. It should be noted that there is no garnet, sillimanite, cordierite
or orthopyroxene in the mafic bands. These features suggest that this rock type is not an
anatectic migmatite. The textural features coupled with the field evidence of felsic veins
merging with the granitic orthogneisses suggest that this rock type represents a set of
ductily deformed aplitic granitic dykes and back-veined mafic/tonalitic rock types.
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Age:

Structural relationships indicate that this rock is pre-D2. Felsic veins in one locality
(around U-Pb sample 92-GD-3) merge with the 472 Ma granitic orthogneiss, indicating an
age of 472 Ma. This rock type is locally intruded by 417 Ma late-syn-D3 granitic dykes
(chapter 4.5.2.3).

4.7.- THE COUNTRY ROCK PORT-AUX-BASQUES GNEISS AND THE
LATE INTRUSIONS: GENERAL DESCRIPTION, FIELD
RELATIONSHIPS AND AGE.

What follows is a general description of the paragneisses (Port-aux-Basques gneiss of van
Staal et al., 1996b,c) that constitute the country rock to the Margaree orthogneiss and other
granitic intrusive types which are younger than the Margaree orthogneiss (Port-aux-

Basques granite and late syn-D3 and post-D3 minor intrusions).

4.7.1.- Port. B: gneiss (]

In the area of study the Port-aux-Basques gneiss is in the sillimanite isograd (Burgess

etal., 1995). The gneiss is dominated by q
with i ite and ite. Burgess et al. (1995) determined peak
metamorphic conditions of =700°C and 9 Kb  using stable mineral assemblages and
thermobarometry in pelitic rock types and amphibolites.

Around Fox Roost, the Port- Basques gneiss is i by quartzo-
and iboli The presence of gamet-rich and quartz-rich
layers sets apart these gneisses from the Margaree orthogneiss. They are composed of




biotite, plagioclase (An20), K-feldspar, quartz , + gamet, + sillimanite (fibrolite) and
opaques, modal proportions vary among layers. Sillimanite is scarce and partially
retrograded to muscovite and chlorite and epidote grew during retrogression. Chlorite grew
after retrogression of biotite and gamet, whereas epidote is associated with amphibole
retrogression or associated with biotite and in most places has an allanite core. Zircon,
monazite (?) and apatite are present in accessory proportions. Average grain size is 0.9
mm, although varies from 0.lmm to 4 mm. The gneissosity is defined by the alternation of
biotite-rich levels, usually less than | cm thick, with plagioclase-quartz rich layers. Garnet
tends to appear in restricted biotite and plagioclase-bearing layers defining a compositional

banding. The fabric in these rocks will be described in detail in section 4.6.

In the outcrops on the Dolphin road near the road to Isle-aux-Morts (Fig4.3), the Port-
aux-Basques gneiss is more pelitic, has anatectic patches, -2 metre thick garnet-bearing
foliated granites and a rusty appearance. The anatectic leucosome patches can be up to 30-
40% of the outcrop. The leucosomes have a granitic composition and are bordered by
biotite + sillimanite + gamnet These (1-5 cm thick and up to 25 cm

long) are aligned with the gneissosity (S2) with stromatic structure. Migmatite is also
abundant in the Grandys Brook section particularly along the more pelitic NW border of the

Margaree orthogneiss (Fig4.1).

The ibolites in the P Basques gneiss are ich massive mafic
boudins and partially boudi layers and ibole-rich q ic layers. The
massive ibolites are of + i + biotite £

+ garnet + titanite and probably represent mafic dykes. The amphibole-bearing quartzo-

ic levels are of il + biotite + i +quartz + K-feldspar

+ opaques + epidote and probably are para-derived amphibolites. These two types of
are variably ized and have an average grain size of | to 3 mm. Other




‘minor lithologies in the Port-aux-Basques gneiss are epidote-rich bands and scarce coticule
levels.

Age:

The map patter of the Margaree orthogneiss (Fig4.3) indicates that the orthogneisses
are interleaved with the Port-aux-Basques gneiss. The contacts between the Margaree
orthogneiss and the Port-aux-Basques gneiss are tectonically reworked. Locally the
contacts coincide with late-brittle ductile shear zones (eastern contact of the Margaree-Fox
Roost section, Figd.4), but in most cases the contacts are straight due to the intensity of D3
(Fig.4.17). True intrusive relationships have only been observed at Grandys Brook
(Fig.4.18). Such relationships and the map pattern suggest that the Margaree orthogneiss
intruded the Port-aux-Basques gneiss. Therefore the paragneisses and mica schists of the

Port-aux-Basques gneiss are pre- 474 Ma (pre-Mid Arenig).
4.7.2.- Port-aux-Basques granite:

This is a foliated, coarse grained, fresh pink granitic gneiss (Brown. 1973) and
generally has an equigranular to porphyroblastic texture with 2cm porphyroblasts.
According to Brown (1973) the essential mineralogy is quartz + plagioclase + K-feldspar
+ biotite + muscovite + gamet + (amphibole). In the area of study, this granite can be
differentiated from the granitic varieties of the Margaree orthogneiss by its general field
appearance and homogeneous aspect, the presence of minor muscovite and gamnet and the

absence of mafic enclaves.

The Port-aux-Basques granite outcrops as granite sheets usually not exceeding 100 m
of thi The inuity of some kil long granitic sheets provided a reliable

marker level. Outcrop pattern shows that the Port-aux-Basques granite was folded by F2



and F3 folds (Fig. 4.1). In the area of study, minor F3 folds were observed folding and
locally crenulating the foliation in the granite, indicating that this foliation is pre-D3. The
gneissose solid-state S2 fabric in the Port-aux-Basques granite is parallel to the main
gneissosity in the paragneiss (S2), which is also crenulated at the F3 fold hinges. In
outcrop, the granite is generally concordant with the regional gneissosity. However in the
easternmost part of the Fox Roost section a slightly discordant. undated, strongly foliated,
gamnet-bearing granitic gneiss intrudes the Margaree orthogneiss and the nearby
paragneisses (Fig.4.4). In the vicinity of Isle-aux-Morts and according to outcrop pattern,
the eastern border of the Margaree orthogneiss is intruded by a pre-D3 pink foliated granitic
gneiss (Fig 4.3). Field relationships in the area of study indicate that the Port-aux-Basques
granite is pre-D3 and pre-to syn-D2, and apparently postdates the intrusion of mafic dykes
in the Margaree orthogneiss.

According to Brown (1977) and van Staal et al. (1994), west of the area of study, the
Port-aux-Basques granite cross-cuts S| foliations, but the internal foliation in the granite is
folded by F2 folds. These authors consider that the Port-aux-Basques granite is inter-D1-
D2 or late syn-D1. Van Staal et al (1994) reported an age of 453+3 Ma for a trondhjemitic
unit of the Port-aux-Basques granite between Port-aux-Basques and Margaree (Fig.4.1). It
should be noted that this particular rock type is atypical of the Port-aux-Basques granite.

It is possible that different generations of granite might have been lumped as Port-aux-
Basques granite in the field area, including some Rose Blanche-like pre-D3 granites. In
some cases, however, all that can be seen in outcrop is an undated biotite-bearing, pink,
fine-medium grain granite folded by minor F3 folds, that is intrusive into the paragneisses
(Fig.4.3). The foliation in the biotite-rich enclaves in the granite is axial planar to the folds
deforming the granite and in many cases S3 is the dominant foliation. These field
relationships are similar to those of anatectic leucomes in the country rock paragneiss,



which are parallel to S2 defining the gneissosity and are folded by F3. According to these
field relationships, in the area of study the Port-aux-Basques granite is clearly pre-D3 but it
could be syn- to late-D2. This suggests that some granites could have been generated

with the peak ism, during D2.
4.7.3.- Late intrusions: granitic and pegmatitic dykes.

The late intrusions in the area of study are constituted by syn-to late-D3 granitic dykes.
pegmatites and post-tectonic dioritic dykes.

Late syn-D3 granitic dykes:

White, late syn-D3, granites outcrop in the Grandy's Brook section. The largest of
these granites contains abundant rafts of ductily deformed country rocks including quartzo-
and ibolite. Generally, they have a syn-magmatic

to early solid-state foliation which is variably folded by F3. In apperance the syn-D3
granites of the Grandys Brook section resemble the Rose Blanche granite (ca. 419 Ma; van
Staal et al., 1994). Late syn-D3 granitic dykes are also well exposed in the Fox Roost
section and the mouth of the Isle-aux-Morts River. In Fox Roost (Fig.4.4, 4.19), a fine-
grained late syn-D3 granitic dyke was dated (U-Pb sample 92-GD-11). Brown (1973)
reported similar late-D3 aplitic dykes in the vicinity of Port-aux-Basques.

Age (U-Pb):

Late syn-D3 granitic dyke (Sample 92-GD-2): This is a grey fine-medium grained
equigranular, biotite-bearing granitic dyke. The dyke cuts the main gneissosity (Fig.4.19,
4.20), including tight F3 folds, it is folded and contains a weakly developed foliation
(magmatic fabric?) which has been folded. The dyke is, therefore, interpreted to have
intruded during the late stages of D3.
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Six zircon and one titanite fraction have been analyzed (Table 4.1). The titanite fraction
(T1) is U-poor (64.6 ppm) and 8% discordant due to the effects of the common Pb
correction. U-Pb ages of 407 Ma and 412 Ma for this titanite are, however, in good

and are consistent with the 41042 Ma titanite age from the nearby

amphibolites (section 4.6.1). Most zircons extracted from this rock are heavily cracked,
even the best quality prisms and needles (fractions Z1, Z2, Z3, Z4 and Z5) show cracks.
Fraction Z6 consists of prisms and prism fragments. All fractions were strongly air
abraded, except fraction Z5 (unabraded). Z6 has the oldest 207Pb/206Pb age but it is the
most discordant fraction (5%), which suggests the presence of inheritance. Fractions Z1,
22, 73, Z4 and Z5 are closely clustered along a discordia line with an upper intercept of
417.3 Ma and a lower intercept of 18.9 Ma. A discordia line (64% probability of fit) traced
pinning the lower intercept at 17430 Ma provides an upper intercept of 417+7/-4 Ma
(Fig.4.21). This upper intercept is in agreement with the 207Pb/206Pb ages of the
individual fractions (Table 4.1). This age of 417+7/-4 Ma is interpreted as the intrusion age
and, therefore, the age of the final stages of the D3 deformation.

Pegmatites:

Two generations of pegmatites are present in the area of study, pre- and post-D3. The
mineralogy of these rocks was already described by Brown (1973). They consist of K-

feldspar (up to 10 cm @), muscovite, biotite, quartz and tourmaline.

The pre-D3 pegmatites are concordant with or cut the main gneissosity. They were
sheared and boudinaged during D3, but there is no evidence of F2 folding. These

pegmatites are well exposed in the road outcrops close to Isle-aux-Morts (Fig4.17).
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Post-D3 pegmatites are common in Fox Roost section. They usually intrude along
extensional cracks while the Margaree orthogneiss had a brittle behaviour, and many have
an aplitic core (Fig.4.5d).

Aplitic and granitic dykes (post-D3):

The aplitic dykes are grey, fine to medium grained, biotite-bearing and locally gamet-
bearing. They resemble the late syn-D3 dyke dated at Fox Roost, but they do not have a
fabric. They intrude as small bodies, less than 5 metre thick, cutting D3 structures. [n the
west side of the mouth of the Isle-aux-Morts River one of these dykes stitches the contact

between the Mzrgaree iss and the i iss, but it is

within a late brittle-ductile shear zone. This suggests that these dykes are post-D3 and
probably pre- local D4.

A post-D3 granite dyke outcrops in the quarry outside Margaree, sample locality of
sample 93-PV-3 (tonalitic orthogneiss). This is a 2 to 3 metre thick coarse-grained pink
granite. Also in the same locality there are some late pink granitic patches in the Margaree
orthogneiss. This late granite is probably associated with the post-D3 pegmatites.

Post-tectonic mafic dyke:

This is a fine grained green dioritic dyke (Brown, 1973). It outcrops east of Fox
Roost, in the coastal section. It is it cross cuts the in the complex

and has chilled margins.
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4.8.-STRUCTURAL EVOLUTION OF THE MARGAREE ORTHOGNEISS
AND SURROUNDING PORT-AUX-BASQUES GNEISS:

The Margaree orthogneiss has a compositional banding which defines the main
gneissosity. This gneissosity has been stretched, folded and. locally, transposed as a result
of a series of deformational events. The following is a description of the structural
characteristics of the Margaree iss and the i iss. This part of

the study will attempt o bridge the time ints and conditions of ion in the
Margaree orthogneiss with those in the PaB gneiss (Burgess et al., 1995).

4.8.1.- Phases of deformation: definition and characteristics:

Brown (1975) and van Staal et al. (1992) recognized four deformational events in the
Port-aux-Basques area. The main ones are D2 and D3. DI is a conspicuous event only
recognizable in F2 fold closures in the kyanite zone and as an intemal schistosity in syn-
D2 gamets in the first sillimanite zone. D4 is a late ductile-brittle episode.

D1-D2 deformation:

In the Margaree iss, like Y in the second sillimanite zone, neither
D1 fabrics nor structures are preserved. However, since the gneissosity is being folded by
F2 it should be interpreted as a pre-D2 feature, most likely SO-S1 (Fig4.22 ).

The gneissosity is folded by minor folds (F2) which are refolded by F3 folds. This
interference produces an apparent F2 sheath-fold geometry (Fig.4.22). These F2 folds are
the best indicator of a D2 event. Amphibolite boudins are tightly folded by F3 folds
suggesting that the boudinage was part of a previous deformation (Fig.4.8), this is
consistent with the local D3 shearing of felsic D2 boudins in the nearby paragneiss
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(Fig.4.23). The contrast of competencies between the amphibolite and the granitic
orthogneiss is quite variable but overall the amphibolite is less competent and develops

mullions during the i indicating high ion (Talbot and

Sokoutis, 1995). These mullions are probably D2 structures, aithough some could be
primary syn-magmatic features, and were subsequently folded by F3. It should be noted
that in one locality, at the mouth of the Isle-aux-Morts River, Fox Roost like "tonalitic”
gneisses have developed a pre-F3 foliation in the amphibolite boudins suggesting that the
boudins pre-date this foliation. This brings the possibility that some mafic boudin-like
features could also be apophyses of mafic dykes propagated by echelon offset of the
country rock and deformed by D2 and D3 or that they were produced during a previous

event (D17).

In the surrounding paragneiss, S2 fabrics are well preserved particularly in the pelitic
layers, where leucosomes in stromatic migmatites are aligned with the S2 foliation and are
folded by F3 (Fig.4.24). As already pointed out by Burgess et al. (1995), this suggests
that D2 took place during peak metamorphism. The same authors interpreted the gneissic

banding as a product of D2 ition of original i banding (S0) and the S1
fabric. Exceptionally, SO-S2 relationships are preserved in psammitic lithologies. F2 folds

are relatively abundant, but due to the intense D3 overprint it is not possible to follow the

trace of D2 macrostructures in the field. Some like the kil I
refolded ribbon of paragneiss in the easternmost package of Margaree orthogneiss,
however, could be i asaD2 (Fig.4.1). This i ion is

by similar D2-D3 interference patterns defined by the Port-aux-Basques granite west of the

area of study (Fig.4.1).
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D3 ductile deformation :

D3 is the final major event recorded in the Margaree orthogneiss and the surrounding,

Itis ized by high ductile ion (Fig.4.25), followed
by amphibolite facies retrogression. D3 produced minor tight asymmetrical isoclinal folds
plunging 45° to the NE, on average, which steepened the main gneissosity (Fig.4.5b.
4.26).  Mineral lineation (90% amphibole lineations) are parallel to the F3 fold axis
(Fig.4.26). The D3 folding produced the main outcrop pattern of the Margaree orthogneiss
with minor F3 folds defining the fold closures (Fig.4.3). D3 high-temperature ductile shear

zones were developed in areas under shearing during the F3 kilometer-scale folding. This

shearing is by ductile-flow, ing and thinning of the gneiss without

any field evidence for itization, although mi evidence indicates the

development of a composite fabric. In the Fox Roost area, this shearing generated the
banded gneiss, with asymmetrical boudins indicating an overall oblique dextral shear
sense. Evidence for boudinage associated with D3 ductile shear zones is also widespread in
the section along the road to Isle-aux-Morts, both in the Margaree Complex and the PaB
gneiss (Fig.4.27). In these shear zones the boudinage is produced by non-coaxial
deformation during oblique ductile shearing (Fig.4.28). Both pegmatitic and mafic dykes
developed asymmetric boudins. In the Grandys Brook section, pegmatites were generated
in the boudin necks during the D3 boudinage of mafic dykes (Fig.4.13). Associated
overprint of F2 folds indicates that the shearing and boudinage is D3 (Figd.11).

In the paragneiss, F3 folding in pelitic lithologies is usually associated with an axial
planar crenulation cleavage (S3; Burgess et al., 1993) affecting S2 but it is generally absent
in quartzo-feldspathic gneisses. It is only in one locality that an S3 axial planar crenulation

cleavage was observed in the Margaree orthogneiss; this crenulation was produced by cm-
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scale F3 microfolding of the gneissosity. The Port-aux-Basques granite has been folded by
F3 (Fig.4.3) and contains a well developed S3 axial planar fabric in biotite-rich enclaves.
D3 crenulation cleavage of the main solid state fabric in the Port-aux-Basques granite is
also found in F3 fold closures.

As it is shown in Fig.4.26 there is no difference in the trend of the gneissosity. F3
fold plunges and mineral lineation between the Margaree orthogneiss and the surrounding
paragneiss. D3 folding of leucosomes in the paragneiss indicates that D3 is post-peak
metamorphism. The ductile style of D3 deformation is typical of high-grade conditions,

that high were maintained between D2 and D3.
Late brittle-ductile deformation:

D4 or late-D3 structures can be found along the southern border of the Margaree
orthogneiss (Fig.4.3, 4.4). In this area a series of discrete braided brittle-ductile shear
zones separate the Margaree iss from the i P Basq
gneiss. These shear zones could potentially be related to the Isle -aux-Morts fault zone.

Late brittle faults are common in the Margaree-Fox Roost section as well as in the Grandys

brook section (Fig4.11).

In the Margaree-Fox Roost section, two metric-scale ultramylonite bands were
around ites (Fig.4.3). It is however unclear whether these

bands should be assigned to the D3 or D4 phase. The mylonitic bands are characterized by
0.5 to 1 cm K-feldspar and plagioclase porphyroclasts "floating” in a dark micaceous
matrix with quartz-rich bands (Imm thick and > 5 cm long quartz ribbons). The rock has a
composite fabric. Amphibolite layers in these mylonite bands are boudinaged and folded.
The same folding affects the layering defined by the quartz ribbons. The fabric in these
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is slightly di with the issosity in the ing granitic
orthogneisses.

4.8.2.- Microstructure:

This is a description of the microstructural features of the rock fabric in the main rock types
of the iss. These mi features will be compared with those in

the i q ic i ies of the nearby Port-aux-Basques
paragneiss. These lithologies should have had a rheological behaviour comparable to that of
the felsic iss, allowing an of the itions of fabric P in

the Margaree orthogneiss from those of the nearby Port-aux-Basques gneiss (Burgess et
al., 1995). The terminology used is that of Shelley (1993) and Passchier and Trouw
(1996).

472 Ma granitic orthogneiss:

In hand sample this rock has a gneissic planar fabric defined by oriented biotite,
biotite-rich domains separate irregular 1-5 mm thick quartzo-feldspathic layers with a
sugary texture. The gneissosity in the rock is defined by the alternation of the biotite-rich
and quartzo-feldspathic domains. The aligned biotites (1 mm long), although recrystallized,
wrap around i and feldspar p (@ = 1.5 10 2.5 mm), suggesting a

stage of non-coaxial deformation (Fig.4.29). Large quartz grains (@=1.5 mm) have
with parallel ion bands indicating recovery. In areas of quartz grain

reduction (@= 0.2 - 0.4 mm ), such as contacts with feldspar porphyroclasts, quartz-

quartz contacts are ameoboid ing dynamic ization. These areas of grain
reduction usually coincide with biotite-rich domains and are marked by oriented biotite

grains. Plagi crystals have deftc d twins and contain biotite and quartz

Locally some i crystals seem to be "pinning” quartz and biotite
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grains, which might be indicative of grain boundary migration recrystallization (Fig.4.29).
Overall plagioclase - quartz - K-feldspar contacts are lobate. Locally K-feldspar crystals
have y extinction indicating i rystalli ion. Anhedral epidote with

allanite cores grows late, growing biotite. A Y titanite is
with the biotite-rich layers and aligned with the biotite: it is euhedral-subhedral and it is in
most places in contact with opaque minerals (ilmenite?).

This fabric has been partially recrystallized after D3 ion. This recr
took place within the stability field of epidote and titanite. There is no growth of chlorite

which suggests conditions within the amphibolite facies.
474 Ma granodioritic orthogneiss:

In hand sample this rock type (U-Pb Sample 93-PV-3) has a single gneissic banding.
The gneissosity is defined by 1 to 2 cm long and 1-2 mm thick alternations of mafic and
felsic agregates with a sugary texture.

The petrography shows the presence of two fabrics. The main gneissic, granoblastic
fabric is cut by discrete high strain areas (S3?). These high strain areas are developed
around amphibole-rich domains with a granoblastic polygonal texture between green
homblende, piagioclase (An25-30), K-feldspar and quartz (static recrystallization?). The
granoblastic domains can be in excess of 5 mm of diameter, with average grain size
between 0.5 and | mm. Individual amphibole crystals can be up to 3.6 mm long; they are
anhedral and in most cases they have a rounded quartz inclusions and oriented biotite
inclusions. These granoblastic domains grade into areas where most crystals have lobate to

id contacts, ing dynamic ization by grain boundary migration. The

high strain areas are up to 1.7 mm wide. In the high strain areas there is grain reduction of
quartz, feldspar (microcline) and plagioclase (@<0.5 mm) and myrmekite (quartz in
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microcline). The contacts between these phases are amoeboid (serrated), and there is
pment of i ing dynamic ization. Also in the high
strain areas, biotite is recr i oriented and i with growth of

euhedral-subhedral epidote with allanite cores after amphibole. It should be noted that
chlorite is absent. Outside the granoblastic domains, plagioclase twins are bent, sheared
and have tapering edges, indicating i i ion (D3?). Quartz grains with

showing parallel ion bands are relatively common, indicating recovery.

K-feldspar usually has undulatory extinction.

Al this suggests that dynamic recrystallization in the late weak fabric took place in the
epidote - amphibolite subfacies (approx. 500°-600°C). The granoblastic texture preserved in
the amphibole-rich domains could represent a post-peak T (post-D2-early D3) initial stage

of recrystallization.
Amphibolite:

This rock type has an L-dominant L-S fabric defined by elongated amphibole and
oriented biotite (biotite-bearing amphibolite; Fig.4.16) and plagioclasetquartz-bearing
domains (>1mm thick and 3mm long). The mineral lineation is parallel to the plunge of the
F3 minor folds. On average the amphibole crystals (green homblende) are up to 1.7 mm
long whereas biotite crystals are 0.5 mm long. Triple point junctions are common at grain

defining a fabric. Grain ies show straight amphibole-
and i i contacts and slightly lobate to straight amphibole-

plagioclase contacts (Fig. 4.30). Plagioclase crystals (An20-30) in most places have
deformed twins (bent, tapered twins). Subhedral to anhedral titanite in sample 93-PV-6
(410+2 Ma; Fig.4.16) is parallel to il and has straight

contacts with amphibole.
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These i indicate izati ing D3, by grain boundary area
reduction in the amphibolite facies. Epidote, chlorite and sericite only appear as late
products, i with brittle fractures.
Banded gneiss:

The banded gneisses at Fox Roost are the product of D3 ductile shearing. The study
has focused on the "tonalitic” lithologies. Samples collected 200m apart show a variable
degree of recrystallization. The features of the least recrystallized sample provide the best
insight into the iti and i of ion during D3. As in the

granodioritic gneisses, this sample shows a composite fabric which is not recognizable in
hand specimen. Thin (approximately 0.5 mm wide) high strain zones isolate amphibole-
and plagioclase-rich domains, which locally preserve a granoblastic fabric (Fig.4.31). In
these high strain zones there is extensive grain reduction of biotite, quartz and locally
amphibole (average @ = 0.2 mm), with associated dynamic recrystallization of quartz and
growth of epidote. Epidote grew in association with biotite at the expense of amphibole
(Fig.4.31). Outside these high strain areas, quartz (@ av= Imm) has lobate contacts with
other phases, suggesting recrystallization by grain boundary migration. and has subgrains
with parallel deformation bands indicating recovery. Both plagioclase and K-feldspar (@=
0.8 mm) have lobate boundaries with other phases, except in grain reduction areas where
they are ameoboid. Plagioclase shows tapered and bent twins, indicating intracrystalline

(Fig4.31). phil has straight extinction. Euhedral to subhedral titanite is

present as i ions in i and ibole as well as in areas with extensive quartz

recrystallization; it seems to predate the high strain zones (i.e. pre-D3).

In the recrystallized sample the high strain zones have disappeared, grain boundaries
are lobate and quartz is recrystallized into polygonal subgrains with few deformation bands
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left. The fabric is defined by elongated agregates of biotite + green amphibole + epidote +
minor titanite. There are euhedral titanite grains included in biotite suggesting that they
might have recrystallized with biotite.

Port- Basq; gneiss (par

The quartzo-feldspathic lithologies in the Port-aux-Basques gneiss show similar
features to the Margaree orthogneiss. Grain size varies between 0.2 and 1.5 mm.

In lithologies dominated by plagioclase (An 20-30), K-feldspar, quartz and biotite,
the latter is recrystallized and shows a preferred dimension orientation defining the fabric.

These biotite grains wrap around garnet and plagioclase-rich domains. Plagioclase shows

deformed twins and K-feldspar has Y incti indicating i

deformation of these phases. Quartz grains show evidence for both recovery and dynamic
recrystallization by grain boundary migration. The fabric in amphibole bearing lithologies
(Plagioclase (=<An 35) + quartz + homblende + biotite + K-feldspar + titanite + epidote)
resembles that described in the banded gneiss; the fabric is variably recrystallized but
shows evidence for grain reduction along discrete high strain zones (D3). Epidote-rich
lithologies (quartz + epidote+ (plagioclase) +(homblende) + titanite) have a polygonal
granoblastic texture, with quartz grains showing evidence of recovery. Muscovite-bearing
lithologies show muscovite and biotite defining the fabric. Locally, muscovite overgrows
sillimanite (fibrolite) probably as part of the retrograde reaction sillimanite + K-feldspar +
(H20) = ite, this ite is also i In the same illi

bearing rock, anatectic (?) leucosomes (Qtz + plagioclase (An25) + K-feldspar + biotite)
have a larger grain (@=2mm) than the mesosome (@=Imm) with lobate to ameboid grain

dynamic ization. The i in the does
not show deformed twins but these are common in plagioclase in the mesosome. Chlorite

is in most places present in these lithologies as a late retrograde product after biotite and
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garnet, and it can be associated with areas with minor quartz-grain reduction. There is also
partial sericitization of plagioclase as part of this late retrogression.

These features indicate the ibolite-facie ch: of the final stages of
the D3 deformation and the following partial recrystallization. Plagioclase and feldspar
intracrystalline  deformation suggests amphibolite facies deformation prior to

epidote, stable muscovite and
absence of chlorite suggest that the recrystallization took place in the lower amphibolite
facies, below the stability field of sillimanite.

D4 brittle-ductile microstructures: post-D3 ultramylonites:

The fabric is defined by quartz ribbons and a composite fabric (@av = 0.1 mm) of
biotite + quartz + muscovite + epidote/zoisite. This fabric wraps around plagioclase and K-
feldspar porphyroclasts (@ = 1 to 7 mm) which behave as stiff particles (Fig.4.32). Some
of these porphyroclasts are composite and indicate a stage of recrystallization prior to the
mylonitization. Quartz in the ribbons (I to 2 mm thick) has ameboid contacts and subgrains
with parallel deformation bands. Grain boundary migration seems to be the dominant
recrystallization process (Fig.4.32). Chlorite is scarce and usually late as a product of
retrogression of biotite flakes.

The preponderance of grain boundary migration recrystallization in the quartz ribbons
suggests temperature in excess of 400°C during ion, whereas the stiff iour of

plagioclase would indicate low to medium grade conditions (Passchier and Trouw, 1995).
Biotite is stable in the main fabric with minimum retrogression into chlorite, this would be
consistent with temperatures in excess of 400°C. Chlorite, however, is well developed in

other D4 narrow brittle shear zones. Therefore, these ultramylonites were probably
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developed in a stage between D3 and D4. coinciding with the recrystallization in the lower
amphibolite facies.

4.8.3.- Di i Timing and iti of

In the area of study there is no evidence for deformation which predates the intrusion
of the Margaree orthogneiss. Three main phases of deformation can be recognized in the
Margaree orthogneiss which are correlated with the main regional D1. D2 and D3 phases
(Brown, 1977; Burgess et al., 1995), late brittle-ductile features are ascribed to a D4
phase. Therefore, the 474-465 Ma protolith ages of the Margaree orthogneiss provide the
older limit for the deformation in the area (Fig.4.33).

The regional D1 deformation postdates the intrusion of the Margaree orthogneiss and,
therefore, it is younger than 465 Ma. According to van Staal et al. (1994), the 453+3 Ma
Port-aux-Basques granite, which is syn-DI and dates the DI phase, is folded by the D2

and D3 phases. D2 took place during peak ism (Fig.4.33). rding to

Burgess et al (1995), the D2 ion was i with mi; ization and intrusion
of the anatectic granites like the Rose Blanche granite (Been et al., 1993). which has been
dated c. 419 Ma (Dunning, unpublished). In the area of study, monazites from a migmatite
near Margaree have been dated at 417+2 Ma (Dunning, unpublished), providing the closest
metamorphic age constraint to the time of peak metamorphism and D2 deformation. D3

in the Margaree iss and i iss was i with
high temperature ductile deformation. The D3 folding of anatectic leucosomes and granite
dykes indicate that D3 postdates the peak metamorphism. The final stages of the D3
deformation in the Margaree orthogneiss are dated by the 417+7/-4 Ma protolith age of a
late syn-D3 granitic dyke (Fig.4.33). D3 is followed by partial recrystallization; mineral
assemblages (Fig.4.34) indicate that the recrystallization took place in the amphibolite
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facies. ized titanite in both ibolite and granitic iss has a 410+2 Ma
U-Pb age. Therefore, the titanite age could be interpreted as cooling age (Tc = S50°-600°C)
or as age of recrystallization. Recrystallization is taking place at conditions close to titanite
blocking temperature so either of the two interpretations implies that the D4 brittle-ductile
structures are younger than 410 Ma (Fig.4.33; 4.34) and D3 deformation is older than 410
Ma.

The P-T conditions of deformation in the Margaree orthogneiss cannot be estimated.
The mineral assemblages are not suitable for thermobarometry (Fig.4.34), but it is possible
to infer that temperatures were never above the reaction biotite + plagioclase + quartz =
orthopyroxene + K-feldspar + melt (T<750°-800°C; Fig.10-16 of Spear, 1993) during peak
metamorphism. The similarities in the style of the D2 and D3 deformations, between the
Margaree orthogneiss and the country rock paragneiss, suggest that the P-T-d conditions of
Burgess et al. (1995) for the surrounding Port-aux-Basques gneiss could be extrapolated to
the Margaree orthogneiss. The lower viscosity of the amphibolite boudins with respect to

the graniti isses during D2 of mullion is i with
the temperatures of 700°-750°C at <8 Kbar proposed by Burgess et al. (1994) for peak
metamorphism. The conditions for D3 are difficult to estimate, but the preponderance of
grain boundary migration recrystallization of plagioclase, K-feldspar and quarnz and the
bending of plagioclase twins are consistent with upper to middle amphibolite conditions.

The absence of chlorite in the mafic i ies indicates for
above the stability of chlorite (=550°C, chapter L1 of Spear, 1993). Epidote is widespread
during ization in the tonalitic i and banded gneisses but generally

absent in amphibolite; this could indicate temperatures below 650°C (epidote out reaction in
mafic rocks; chapter 11 of Spear, 1993). This upper temperature limit would be consistent
with the sillimanite = muscovite retrogression in the PaB gneiss, i.e recrystallization within
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the muscovite stability field. Therefore, the widespread recrystallization seems to have
taken place in the amphibolite facies. Chlorite appears as a retrograde product. In the case
of D4 structures chlorite forms part of the microfabric indicating lower amphibolite to
greenschist facies conditions.

4.8.4.- Conclusions:

The Margaree orthogneiss records three main phases of deformation which are
correlated with the regional D1, D2 and D3 phases (Brown. 1977; Burgess et al., 1994).
Dl is represented by the compositional banding which is interpreted as an SO-S1 feature
and therefore is younger than 465 Ma. During D2 there is development of sheath-like folds
(F2) and i inciding with peak ism (c.419-417 Ma). D3 followed

peak metamorphism and is responsible for the main outcrop patten of the Margaree

orthogneiss. F3 minor folding and shearing was widespi in the Margaree

and the i iss. D3 was i by high ductile
which was by initial grain reduction and grain boundary

migration recrystallization of plagioclase and K-feldspar: deformed plagioclase twins also

indicate intracrystalline deformation. A late syn-D3 granitic dyke constrains the D3

deformation at 417+7/4 Ma. D3 ion took place in ibolite facies and was

followed by partial recrystallization. 410+2 Ma titanite ages could be interpreted to date the
recrystallization process and they also provide an older age limit for the D4 brittle-ductile
structures. These late mylonitic bands and brittle-ductile shear zones (fault zones) have
been grouped within a D4 phase. The D4 structures were generated within lower

to ist facies
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4.9.- GEOCHEMISTRY OF THE MARGAREE ORTHOGNEISS:

This geochemical study was designed to gather a first insight into the geochemical
of the most ive rock types of the Margaree orthogneiss. For this

purpose rocks, amphiboli ioritic and granitic orthogneisses of the

Margaree orthogneiss were sampled along the Margaree - Fox Roost section. Although the
sample set is quite limited it can provide some constraints to allow an evaluation of the

tectonic setting and to dismiss certain petrogenetic hypotheses.

Major element whole rock analyses were performed by XRF on glass pellets. The irace
elements were analyzed by XRF on press pellets and by ICP-MS. Details of the analytical

techniques, including precision and limits of detections are presented in appendix A.2.

4.9.1.- Geochemical signatures:

Ultramafic rocks (Table 4.2):

These rocks are ized by low SiO2 itions (45.6%: Fig.4.35), low TiO2

(=0.5%), total alkalis (Na20 + K20= 1.62-1.31) and ARO3 (= 15%); high MgO (=
18.5%) and relatively high Fe203* (=10.5%). They are enriched with respect to other
lithologies in Ni (452-382 ppm) and Cr (888-846 ppm). Although they are REE poor (La =
2.39: Lu = 0.11); REE elements patterns (Fig.4.36A) are slightly enriched in LREE and
show a small positive Eu anomaly. MORB (Pearce, 1973) normalized patterns (Fig4.36B)
show a general depletion in high field strength elements (HFSE), a relative enrichment in
large ion lithophile elements (LILE) and the presence of a small Nb negative anomaly but
no Ti anomaly.
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Orthoamphibolites (Table 4.2.)

These rocks have basaltic compositions (47.7 - 50.2% SiO2; Fig.4.35). This set of
amphibolites show low AlpO3 (17.63 - 14.02%) and total alkalis, high MgO (11.24 -
5.37%) and TiO2 between 2.02% - 0.79%. Ni (283 to 24 ppm) and Cr (772 to 62 ppm)
are quite variable in the sample set, showing a positive correlation with the MgO
concentration. This variation in compatible elements is also reflected in the REE element
patterns, the sample set shows REE and LREE enrichment with decreasing MgO
(Fig.4.36A). Samples with high MgO, Ni, Cr and low TiO2 show LREE depleted patterns
(Fig.4.36A). MORB (Pearce, 1973) normalized patterns (Fig.4.36B) show an enrichment
in LILE, a negative Nb anomaly, an overall depletion in HFSE and a poorly defined Ti
negative anomaly. HFSE variations in the sample set are similar to those observed in the

REE, ie. they increase with decreasing MgO.

474 -472 Ma granodioritic and granitic orthogneisses:

The 474 Ma bearing iti ioriti i have i
compositions (62.17 to 64.85% SiO2) whereas the 472 Ma granites have felsic
compositions (71.12 to 74.07% SiO2). This set shows a decrease in TiO2 (0.61-0.32%).
ALO3 (17.01 - 12.92%), Fe203* (5.46 - 1.9%), MgO (2.73 - 0.54%), MnO (0.1 -
0.03%), CaO (5.31 - 1.5%) and P205 (0.2 - 0.05%) with increasing SiO2. Only the
alkalis do not seem to show a systematic variation. REE pattemns (Fig4.37A) are enriched
in LREE and show a minor Eu anomaly. The granodiorites are more enriched in REE than
the granites, have a better defined Eu anomaly and have almost flat HREE. Primitive
mantle-normalized (Sun, 1980) multielement patterns (Fig.4.37B) are characterized by
enriched LILE, Nb, P and Ti negative anomalies with granodiorites patterns showing an

enrichment over granites.

127






4.9.2.- Tectonic signatures:

C rocks, a

The low REE ion, with LREE enril and positive Eu anomaly in the

ultramafic bodies are compatible with the primary mineralogy of a clinopyroxene-
plagioclase cumulate. In outcrop, these rocks are associated with the amphibolite-rich
areas, suggesting that they might represent a cumulate phase separated from the mafic
magma responsible for the amphibolites. Isotopic data would be needed to confirm the
potheti jonship between the rocks and the g iboli

Due to their suspected cumulate nature, the geochemistry of the ultramafic rocks will not be

used to assess possible tectonic environments.

Amphibolites:
Althought potentially modified by metamorphic processes, the major element

characteristics of the amphibolites are indicative of tholeiitic affinities (Fig.4.35;

1975). This is i with the LREE-poor patterns of the least evolved
samples (Figd.36A), indicating derivation from a depleted mantle source (likely

asthenosphere; Wilson, 1989). i MORB i i (Fig4.38B)
show a slight LILE enrichment with a variably defined Nb negative anomaly and a poorly
defined Ti anomaly. This could suggest the presence of minor volcanic arc mantle
component or crustal contamination. The high MgO, Cr and Ni concentrations suggest that
these geochemical characteristics are from a mantle source, rather than crustal
contamination (Pearce, 1983). A battery of tectonic discrimination diagrams (Fig. 4.39)
indicate the tholeiitic nature of the amphibolites and the volcanic arc character of the sample
set. This is particularly well reflected in the diagrams based on immobile trace elements
(Fig 4.39C, Ti-Zr-Y; Pearce and Cann., 1973; Fig4.39D, Zr-Th-Nb; Wood, 1980;



Fig4.39F, Nb-Zr-Y: Mechesde, 1986). These diagrams also show a shift of the samples to
the VAB (volcanic arc basalts) field with decreasing MgO content. This shift to VAB is also
observed in the shape of the MORB-normalized multielement diagrams (Fig4.36B). These
multiclement patterns resemble those of volcanic arc tholeiites (Fig4.38B). Secondary
element mobility is probably responsible for the relative variations of K20, Rb and Ba
among samples (Jenner, 1996). However, the relative enrichment in LILE with respect to
MORSB is likely to be a primary feature, particularly since the variations in Sr and Th

concentrations are consistent with the variation of immobile elements, like the HFSE.

Granodioritic and granitic orthogneisses:

Althought the number of samples is quite small and with a wide range of SiO7 content
(62%-74%), the geochemical signatures are strikingly similar. When classified following
the schemes of Maniar and Piccoli (1989) and Pearce et al. (1984) they correspond to
volcanic arc granitoids (VAG: Fig4.40). Ocean ridge granite (ORG: Pearce et al.. 1984)-
normalized multielement patterns show a Nb negative anomaly with a Ce peak and LILE
enrichment (Fig.4.41). This pattem resembles that of the Chilean volcanic arc granitoids
but the LILE side of the pattem has similarities with that of the granitoids from the
Skaergaard intrusion (tholeiitic layered intrusion; Hyndman, 1985). The pattemns are
however quite different from the syn-collisional Variscan granites of southwest England

which are derived from mature crustal sources.

4.9.3.- Discussion: Petrogenetic processes and tectonic signatures.
The Mg-rich amphibolites have a geochemical signature typical of tholeiitic basaltic
magmas. The high MgO, Ni and Cr and low SiO2 concentrations suggest that there was

little crustal i ion, and the i i are a function of the mantle source

(Pearce, 1983). The LREE depleted patterns (Fig4.36A) are indicative of shallow melting of
an Sp-lherzolite mantle source (Wilson, 1989; Ellam, 1992); probably from mantle



asthenosphere slightly affected by a ion zone p This is i with
the LREE-poor and HFSE-poor patterns with respect to MORB, which are typical of
primary magmas produced by a high degree of partial melting of a depleted mantle source
(Pearce, 1983). The progressive enrichment in LREE with decreasing MgO and the
relatively straight variations of the log-log compatible vs. incompatible element diagrams
resemble the effects of crystal fractionation (Fig. 4.36A, 4.42). However, crystal
fractionation modelling (Fig.4.43) shows that the LREE-enriched and REE-flat
amphibolites cannot be generated by fractionation of the Mg-rich and LREE-poor

Also the i of the MORB- i pattemns of the felsic
orthogneisses with those of the amphibolites indicates the trace element variation was not
produced by simple binary mixing between felsic and mafic magmas (Fig.4.44).
Therefore, the variation could reflect both a change of mantle sources or the effects of
complex ic p such as assimilation-crystal ionation, assuming that all

samples are part of the same magma batch. This assumption is unlikely since the presence
of syn-472 Ma and post-465 Ma mafic suites is demonstrated. Field relationships indicate
that the LREE-poor amphibolites are coeval with the 472 Ma granitic orthogneisses.
However, it is not possible to assess if the LREE-enriched amphibolite is part of a post-465
Ma mafic suite. This sample has a Mg number of 29 which indicates that it is evolved, from
a source enriched with respect to that of the LREE-poor amphibolites. If there was no
crustal interaction, it would indicate melting of a deeper mantle source (gamet-lherzolite?;
Ellam, 1992). The Nb-anomaly of this sample and the HFSE enrichment define an
attenuated volcanic arc signature (Fig4.38B), which might be indicative of a transitional

setting.

The trace element i patterns of the ioriti i (60-62%
Si02) indicate that the intermediate compositions are not a product of simple mixing
between granitic and basaltic magmas (Fig4.44). These geochemical characteristics are like
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those of volcanic arc andesites (Gill, 1981). The trace element depletion of the granites with
respect to the granodiorites suggests that the first could have evolved by crystal
fractionation from an intermediate melt. On the other hand, if the granites were the product
of crustal partial melting, the small enrichment in LILE would suggest that they were
generated from an immature crustal source. These hypotheses are impossible to evaluate
since the size of sample set prevents any modelling. Also, isotopic data are needed to make

the correct since the i of the most reliable trace

elements for granite modelling (Rb, Sr, Ba; Bea, 1996) were probably modified by
secondary processes (metamorphism). Even with these limitations, the contemporaneity of

tonalitic and granitic melts (474-472 Ma), the i of the

the variability of magma types and the relative abundance of tonalitic intrusions over
granitic ones are features consistent with the origin of the suite in a volcanic arc root
(Dallmeyer et al., 1996; Hyndman, 1985; Gill, 1981). The intermediate-felsic magmas
were coeval with tholeiitic mafic magmas, suggesting that such an arc root was located in

an area ing important ion and upwelling of ic material (shallow

melting). A volcanic arc / back-arc it i would be i with such

characteristics (Hamilton, 1994; Clift et al., 1994).

4.10.-INTERPRETATION.

The reported field relationships from the Margaree orthogneiss indicate that intrusion
of mafic and felsic magmas was coeval. U-Pb crystallization ages from both the tonalitic
(474 Ma) and granitic (472-465 Ma) rock types place the intrusion of the Margaree
orthogneiss in the Late Arenig-Early Llanvim (Time scale of Tucker and McKerrow,
1995). The variety of coeval magma types suggests that the Margaree orthogneiss
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represents an ultramafic/mafic-felsic intrusive complex dominated by tonalitic rock types.
The abundance of mafic enclaves in the tonalitic rock types suggests coeval injection of
basic magmas into the same magma chamber. The granitic orthogneisses generally lack
mafic enclaves and back-vein mafi it i ing that they are

apparently intruding into partially solidified mafic magmas. An alternative interpretation is
that the mafic-rich bands in Fox Roost represent injections into a partially crystallized felsic
magma chamber. The presence of meter-scale ultramafic (cumulate) enclaves indicates
crystallization of the mafic magma. This would provide a mechanism to superheat the
surrounding granite, so it back-veins the crystallizing mafic magma (Wiebe, 1991: Barbarin
and Didier, 1991; Fernindez and Barbarin, 1991). Since all textural evidence has been
wiped out by inti ic and ional events, it is not possible to reject

any of these i i The last i ion is i with certain field

relationships which suggests the intrusion of mafic dykes into partially solidified granite.
At Grandys Brook, a generation of mafic dykes is intrusive into 465 Ma granitic
orthogneisses, indicating that mafic magmatism continued after the intrusion of the
Margaree orthogneiss. Therefore, it is possible to speculate that mafic magmatism was
coeval during all stages of intrusion and crystallization of the tonalitic and felsic members
of the Margaree orthogneiss.

‘The geochemistry of the main rock types does not support magma mixing. This can be
explained by the compositional contrast between mafic and felsic magmas. Such contrast
would prevent any important chemical mixing (e.g., Bateman, 1995). Therefore, the
mingling observed in the complex is better explained by vigorous free convection and
mechanical mixing as a result of mafic injections into the magma chamber. The volcanic
arc geochemistry of the tonalites and granites and the volcanic arc tholeiitic character of
‘most mafic magmas can be explained by shallow melting of a spinel-lherzolite mantle
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source in a sup: i i The of basaltic magma could also
explain the generation of the intermediate tonalitic magmas by magmatic underplating and
partial melting of crustal material, that is assuming that these are crustal-derived melts
(Fig.4.45). This hypothesis , however, should be confirmed in the future by gathering a
larger geochemical data base, including Nd isotopic data. However, the dominance of
tonalitic rock-types, at c. 474 Ma, is consistent with a volcanic arc environment on
continental crust. The inferred shallow depths of the coeval tholeiitic basaltic magmas
would suggest the presence of a 474-472 Ma transitional continental arc/back-arc
environment analogous to that of the Taupo volcanic zone in Northem New Zeland
(Gamble et al., 1994). The 465 Ma granitic magmas and the cross-cutting amphibolites
indicate that ic activity and high gradients i at least, into the

Early Llanvimn. How, the LREE-rich amphibolites relate to this ism is L it

is also uncertain at this stage if they are really derived from an enriched mantle source.

4.10.1.- The Margaree orthogneiss: its relationship with the Early
Ordovician Penobscottian events and the Arenig-Early Llanvirn back-arc
extension along the peri-Gondwanan margin of the Newfoundland
Appalachians.

The istry and field ionships of the iss suggest that it is

a Late Arenig-Early Llanvim arc/back-arc mafic-felsic intrusive complex. The timing of
intrusion is contemporaneous with the main back-arc rifting event in the Canadian
Appalachians (Swinden et al, 1990; Van Staal et al., 1991) and coincides with coeval
magmatic activity in both the Dunnage (Exploits) and the Gander Zone (Chapter IL). The
Margaree orthogneiss is coeval within error with the stitching 477 Ma Baggs Hill and 474

Ma Partridgeberry Hill granites that post-date the F ian ophioli
and ophiolite obduction over the peri-Gondwanan margin of the lapetus Ocean in the



Newfoundland Appalachians (Fig.4.45: Colman-Sadd et al., 1992a: Tucker et al., 1994).
The geological evolution of the Port-aux-Basques area, unravelled from the study of the
Margaree iss, postdates the P 2 jon of the Early Ordovician
Exploits Subzone with the Gander Zone. Therefore, it is not possible to assign the country
rock paragneisses to the Dunnage or Gander Zone, or to reject the hypothesis that their
metasedimentary protoliths were deposited during the Penobscottian imbrication.

Ages of volcanism coeval with the intrusion of the 474-465 Ma Margaree orthogneiss
are also present in the Exploits Group (O'Brien et al., 1997) and along strike in the
composite Bay du Nord Group (46613 Ma wff; Dunning et al., 1990) and the Baie
d'Espoirs Group (Fig.4.45; 46812 Ma; Colman-Sadd et al., 1992a). The geochemistry of
the syn-472 Ma tholeiitic amphibolites in the Margaree orthogneiss resembles that of coeval
basalts in the Lawrence Head Formation, northern Exploits Group (O'Brien et al., 1997).
The evolution of this part of the Exploits group is related to back-arc extension after the
formation of the Tremadoc-Early Arenig Tea Arm arc. This arc was followed by Mid-
Arenig extension and formation of a Late Arenig-Early Llanvim back arc. Low P / high T
anatexis at 46532 Ma and 464 Ma intrusion of anatectic granites in the Mount Cormack and
nearby Meelpaeg Subzone of the Gander Zone (Fig.4.45; Colman-Sadd et al., 1992)
indicate the presence of 2 high geothermal gradient as would be expected in a continental

back-arc environment.

If the Bay du Nord Group is the equi in of the
Exploits Group, the arc/back arc transition must be represented by the post-477 Ma
volcano-sedimentary sequences hosting the 466 Ma twff in the Bay du Nord group
(Dunning et al., 1990; Tucker et al., 1994). The western position of the Margaree
orthogneiss, near the Silurian suture zone, and the difference in Pb signatures of the
associated VMS deposits between the Grand Bay / Port-aux-Basques complexes and the
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Bay du Nord Group (O'Neil, 1985) suggest that the Margaree orthogneiss occupied an
extemnal position along the peri-Gondwanan margin of Iapetus. Such position could explain
the Late Arenig transitional arc/back-arc environment, as the Early Ordovician arc retreated
oocean-wards, during the Arenig back-arc extension (Fig.4.46).



CHAPTER V

THE IBERIAN MASSIF: geological setting and general

objectives.

5.1.INTRODUCTION:

The aim of this chapter is to provide a concise overview of the geology of the
commonly accepted lithotectonic zones of the Iberian Massif to those readers who are not
familiar with its geology. The emphasis of this review is on the currently available age
constraints on the timing of the pre-Variscan and Variscan tectonothermal events. This
overview also serves to introduce the area of study in the Central Iberian Zone (Sierra de
Guadarrama, Chapter VI) in the wider regional geological context of the Iberian Massif.
The rationale behind selecting the Central Iberian Zone for this kind of comparative study

between the Iberian Massif and the G side of the jans, is
also explained.
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5.2.- LITHOTECTONIC ZONES OF THE IBERIAN MASSIF: general

overview.

The Iberian Massif constitutes the southern portion of the European Variscides. It has
been divided in several tectono-stratigraphic zones (e.g., Quesada, 1991), which are from
north to south and east to west (Fig. 5.1.): Cantabrian Zone (CZ), West-Asturian Leonese
Zone (WALZ), Central Iberian Zone (CIZ), Galicia-Trds-os-Montes Zone (GTMZ), Ossa-
Morena Zone (OMZ), Pulo do Lobo Zone (PLZ) and South Portuguese Zone (SPZ).
Quesada (1991) considered the Galicia-Tris-os-Montes, Pulo do Lobo and South
Portuguese Zones as exotic terranes accreted to an Iberian Autochthon terrane
(OMZ+CIZ+WALZ+CZ) during the Variscan orogeny. This view is disputed by some
authors, who consider that the border between the OMZ and the CIZ is an "Early Variscan
suture” (Matte, 1986; Azor et al., 1994). This is supported by the Morrocan affinities of the
Ordovician fauna in the OMZ and a different Paleozoic lithostratigraphy from that of the
CIZ. The Paleozoic li i ic and faunal similarities between the CIZ, WALZ and

CZ, are so strong that they effectively indicate that these three zones formed the single most
extensive Paleozoic terrane of the Variscan belt. According to Paris and Robardet (1991),
the Ordovician faunas of the CIZ define the Central Iberian faunal domain of the Southern
Variscides, which extends into the central Armorican Massif: whereas the Ordovician
faunas of the WALZ and the CZ have more affinities with the Ebro-Aquitanian faunal
domain, which occupies most of the southern Variscides (Fig.5.1). This shows that the
Iberian terrane defined by the CIZ, WALZ and CZ has significant and reliable
paleogeographic links with the rest of the Souther Variscides.

The following is a description of these zones with a particular emphasis on the pre-
Variscan evolution and the available constraints on the timing of the Variscan events

(Fig.5.2). It will start with a description of the so-called exotic terranes (SPZ, PLZ and
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GTM2Z) followed by a description of the zones that form the Iberian Autochthon terrane of
Quesada (1991: OMZ, CIZ, WALZ and CZ), but treating the OMZ as a potential
independent terrane.

5.2.1- The South Portuguese Zone (SPZ) and the Pulo do Lobo Zone (PLZ)

These two zones are located in the southwesternmost extent of the Iberian Massif and
represent exotic elements accreted against [beria (OMZ) during the Variscan orogeny (Fig.
5.1 and 5.3). Previously grouped in the classic South Portuguese Zone of Lowze (1945)
and Julivert et al. (1979), the oceanic affinities of the PLZ have prompted this separation
(c.f. Oliveira, 1990). The vergence of the Variscan structures indicates a southwest tectonic
transport, i.e. towards the more external South Portuguese zone (Silva et al., 1990). The
contact between these two zones and the OMZ is a suture zone defined by the trace of the

Beja-Acebuches ophiolite (Fig.5.1).

The South Portuguese Zonme (Fig5.1: e.g., Oliveira. 1990) has an unknown
basement. The oldest rocks that outcrop in this zone are pre-orogenic sedimentary rocks
with Famenian (U.Devonian) fauna. Syn-orogenic sequences in this zone range from the
Late Famenian to the Early Visean (L. Carboniferous; Fig. 5.2). As a resuit of the Variscan
collision a foreland basin was developed from the Late Visean to the Early Westphalian
(Mid Carboniferous: Fig. 5.2).

The Pulo do Lobo Zone (Fig.5.1; e.g., Oliveira, 1990) is formed by sedimentary
rocks intercalated with bimodal volcanic rocks (N-MORB tholeiites) that host the massive
sulphide deposits of the Iberian Pyrite belt. Blocks in melanges of this zone have provided
Upper Devonian fossils. Overstepping sequences, according to Quesada (1991), have
Famenian fauna (Fig.5.2). These rocks were intruded at 330 Ma by the syn-kinematic Gil
Mirquez composite pluton (Rb-Sr; Giese et al., 1993). The back-arc Beja-Acebuches
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ophiolite separates the volcano-sedimentary PLZ from the OMZ along a narrow band in
which the ophiolitic sequence has been condensed (e.g., Oliveira, 1990: Silva et al., 1990).
This ophiolitic sequence has been affected by deformation and a low P / high T
metamorphic event ranging from greenschist to granulite facies, with local relicts of gamnet-
clinopyroxene assemblages (e.g., Munha, 1990). Dallmeyer et al. (1993) reported an
40Ar/39Ar homblende metamorphic cooling age of 340 Ma from the ophiolite. which
provides a minimum age for the ophiolitic protoliths and the metamorphic event (Fig.5.2
and 5.3).

5.2.2.- The Galicia Trds-os-Montes Zone (GTMZ):

The GTMZ is located in the northwest comer of the Iberian Massif (Fig.5.1 and 5.3).
This zone is i as a i unit emplaced over the Central

Iberian Zone (Farias et al., 1986). The zone has been divided in two domains characterized
by different lithologies and tectonothermal events: the Schistose Domain and the Domain of
the Complexes. The Schistose Domain is interpreted as the western extent of the Central
Iberian Zone (Farias, 1992), whereas the Domain of the Complexes is interpreted as a

mixture of Iberian and exotic units (Arenas et al., 1986).
The Schistose Domain

This domain (Fig.5.3) is formed by variably metamorphosed siliciclastic rocks with
abundant volcanic rocks, ranging from tholeiitic and alkaline basalt to peralkaline rhyolite
(e.g. Northeastern Portugal; Riberiro, 1987). According to Farias (1992), the basal
volcano-sedimentary units could be Late Ordovician. Llandovery to Wenlock graptolites
indicate a Silurian age for most of the rock sequence (Matte, 1968: Romariz, 1969:
Ferndndez Tomas, 1981). The top of the sequence is considered to be Early Devonian on
the basis of the 387+16 Ma age of the volcaniclastic Mamoa orthogneiss (Rb-Sr:



Marquinez, 1984). Locally, these Middle Paleozoic rocks rest on orthogneisses, but the
nature of the contact is unknown (Farias et al., 1986, 1992). Orthogneisses in this domain
(Fig.5.3) are poorly dated and ages range from 378 Ma (Noya migmatitic augen gneiss
lower intercept U-Pb Zm: Kuijper et al., 1982) to 57014 Ma (Sisargas orthogneiss upper
intercept U-Pb Zm; Allegret and Iglesias Ponce de Leon, 1987).

Most of the rocks of the Schistose Domain were variably metamorphosed from
greenschist to upper amphibolite facies under low pressure conditions, but there are some
local blueschist facies occurences under the Morais complex (e.g., Farias, 1992). The
minimum age for metamorphism is constrained by 316 to 307 Ma 40Ar/39Ar whole rock
and muscovite metamorphic cooling ages (Martinez Catalan et al., 1993). The two-mica S-
type granites in this domain are also Late Carboniferous (318421 Ma La Guardia granite,
Rb-Sr; Van Calsteren et al., 1979). The blueschist facies (420°C, 11 Kb)
volcanosedimentary correlatives of the Schistose Domain, underlying the Morais Complex
(Fig.5.3; NE Portugal), have provided a controversial 40Ar/39Ar white mica age of 336+2
Ma (Gil Ibarguchi and Dallmeyer, 1991; c.f. Martinez Catalan et al., 1996)

According to Farias (1992), the Mid Paleozoic rocks of the Schistose Domain
correlate with similar Upper Ordovician - Silurian i 'y rocks in the Central

Iberian Zone. These blueschists although ascribed to the Schistose Domain are considered
by Farias (1992) as an allochthonous unit.

The Domain of the Complexes

This domain (Fig.5.3) ises the of NW Iberia: Cabo
Ortegal, Ordenes, Morais, Braganza complexes and the rocks of the Malpica-Tuy band
(Arenas et al., 1986). According to Arenas et al. (1986) these complexes represent klippen
of the same tectonic stack. The stack consists of a basal high P/low T unit, locallly reaching
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eclogite facies, overlain by a low-medium grade ophiolitic unit and a high P/high T upper
allochthonous unit. The Malpica-Tuy band contains only the basal part of this stack. By
contrast, the Ordenes and Morais complexes have an extra unit overlaying the upper high
P/high T unit. This uppermost unit is interpreted as a fragment of the continental land-mass
which collided against the Iberian Autocthon terrane.

Following Arenas et al (1986) the base of the tectonic stack is formed by per-alkaline,
alkaline and calc-alkaline (480 Ma, U-Pb: Santos i et al., 1995)

metasedimentary rocks and partially retrogressed eclogite and high P / low T rocks. White
mica ages from eclogite lenses in the Malpica-Tuy band (Fig.5.3) range from 324 to 358
Ma (K-Ar) and 370 to 378 Ma (Rb-Sr; Van Calsteren et al., 1979). According to Arenas et
al. (1986), these two units were part of the Iberian margin.

Tectonically on top of these "Iberian” units, there is a series of tectonic slices of
greenschist to amphibolite facies rocks with ophiolitic affinities. 40Ar39Ar amphibole
cooling ages from this unit range from 397 to 380 Ma and are interpreted to date ophiolite
obduction (v. Cabo Ortegal, Peucat et al., 1990; Morais, Dallmeyer and Gil Ibarguchi,
1991; Braganza, Dallmeyer et al., 1991). Santos Zalduegui et al. (1996) dated a meta-
plagiogranite from the ophiolite unit of the Cabo Ortegal Complex at 47243 Ma (Fig.5.3:
U-Pb, Zm); this rock was metamorphosed up to 700°C and 11 Kb. This age contrasts with
an Early Devonian protolith age from a greenschist facies ophiolitic gabbro in the ophiolitic
unit of the Ordenes Complex (Fig.5.3; 39532 Ma, U-Pb zircon; Dunning et al., 1997).

The ophiolitic unit is overlain by a composite upper allochthon made of high P/ high T
gneisses, mafic eclogite and peridotite, the granulite unit. This unit contains high P / high
T fabrics pril by ibolite facies during the imbrication of the unit
(Ferndndez, 1994). In Cabo Ortegal (Fig.5.3), the protoliths of the mafic eclogites are
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interpreted as arc or back-arc products (Peucat et al., 1990). Peucat et al. (1990) reported
480-490 Ma U-Pb zircon ages from the mafic eclogites. SHRIMP U-Pb analysis of the
same zircon separates indicated an Early Ordovician protolith age and an Early Devonian
(390 Ma) age for the metamorphic event (Schafer et al., 1993). This high P/ high T event is
constrainted by precise U-Pb dating of zircon (4064 Ma ; 388+3 Ma) and titanite (389+2
to 38313 Ma) from the high P mafic granulites (Santos Zalduegui et al., 1996). A gamet
pyroxenite from the Cabo Ortegal peridotite dated at 39244 Ma (Peucat et al.. 1990)
provides an older limit for the imbrication of this complex; the tectonic fabric in this
peridotite is cross-cut by a 388+2 Ma pegmatite (zircon and monazite; Santos Zalduegui,
1996). Rutile U-Pb ages at 383x1 and 382+3 Ma (Santos Zalduegui et al., 1996; Valverde
Vaquero and Ferndndez, 1996) and 375 Ma 40Ar/39Ar muscovite (Peucat et al., 1990)
provide greenschist facies cooling ages and the youngest age limit for the imbrication of the
Cabo Ortegal Complex.

The uppermost unit in the Ordenes and Morais Complexes (Fig.5.3) is an exotic slice

of i i ry rocks and iss (augen-gneisses), which
is interpreted as the opposing margin of the Iberian Massif (Arenas et al.. 1986). These
orthogneisses have Early Ordovician protolith ages (ca. 490 Ma; Kuijper et al., 1982:
Dallmeyer and Tucker, 1993; Dunning, pers comm.). Muscovite 370-373 Ma 40Ar39Ar
cooling ages from these orthogneisses and the underlying ophiolitic unit in the Morais
complex (Dallmeyer et al., 1991) provide a younger limit for the imbrication of this exotic
unit.
Dallmeyer et al. (1993) interpreted the 365 Ma whole rock 40Ar/39Ar age from a

phyllonite at the base of the Cabo Ortegal Complex, as the age of the final emplacement of
the The inous 310 Ma Espenuca granite (U-Pb monazite:

Kuijper et al., 1982) stitches the contact between the Ordenes Complexes and the CIZ
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(Fig.5.3) and provides the more reliable younger limit for final emplacement of the
complexes over the CIZ.

5.2.3.- The Ossa-Morena Zone (OMZ):

According to Quesada (1991), the OMZ was accreted to Iberia (CIZ+WALZ+CZ)
along the Badajoz-Cérdoba shear zone (BCSZ) during the Late Precambrian Cadomian
orogeny (Fig.5.1). However the complex and distinctive Late Precambrian and Cambrian
tectonothermal events, the Morrocan affinities of the Paleozoic faunas and the different
Paleozoic lithostratigraphy of the OMZ reflects a separate Paleozoic paleogeographic
position from that of Iberia (CIZ, WALZ and CZ).

The OMZ is bounded to the south by the Pulo do Lobo Zone along a transpressional
zone (Fig.5.3; Quesada, 1991). The Badajoz-Cordoba shear zone (Fig.5.3: BCSZ: v.
Quesada, 1991) forms the northern boundary with the CIZ. The BCSZ is tens of kilometres
wide and 400 Km long and is bounded to the north by the Peraleda fault (Fig.5.3: Abalos,
1992). This macrostructure has conjugate thrusts and a core of ductile deformation (BCSZ
in Fig.5.3.), all overprinted by Variscan transcurrent faults, and hosts variably retrogressed
eclogite and granulite (Abalos, 1992). These features have lead some workers to interpret
the BCSZ as a reworked suture zone (Burg et al., 1981; Matte, 1986; Quesada, 1991), but
it is disputed whether it represents a reworked Cadomian (Abalos, 1992) or Variscan suture
(Azor et al., 1994). This shear zone had an estimated, Variscan, minimum sinistral
movement of 400 Km (Abalos, 1992) to 200 Km (Azor et al., 1994), but it should be

noted that there are no markers to make a proper estimation.

The gneisses of the Azuaga group are the oldest rocks in the OMZ and are interpreted
by Quesada (1990a,b) as basement to the OMZ. These gneisses, which outcrop in the
BCSZ (Fig.5.3), have been o i ite facies and o




amphibolite facies (Abalos, 1992). The Azuaga group consists of orthogneiss (Azuaga
gneiss), iboli iss and minor calc-silicate rocks, black chert and marble. An

amphibolite from this unit has provided the oldest protolith age in the OMZ (611+17/-11
Ma , U-Pb Zm; Schifer. 1990; Schifer et al., 1993). The variably metamorphosed
siliciclastic rocks of the Serie Negra (tectonically ?) overlay the Azuaga group. The Serie
Negra is a siliciclastic rock sequence with abundant black chert and amphibolite dykes in its
lower member and siliciclastic with volcaniclastic rocks in its upper member (v. Quesada,
1990a.b). In the BCSZ (Fig.5.3), the amphibolite grade rocks of the Lower Serie Negra
have provided 40Ar/39Ar ibole and ic cooling ages of 560-550

Ma (Dallmeyer and Quesada, 1992). South of the BCSZ, the Upper Serie Negra contains
565 Ma detrital zircon (U-Pb SHRIMP; Schifer et al., 1993), indicating that the Serie
Negra is a composite rock sequence. Reliable protolith ages of Late Precambrian Cadomian
magmatism are scarce (585+5 Ma and 544+6/-5 Ma, U-Pb Zm: Schifer, 1990: Ochsner,
1993). According to Ochsner (1993), this magmatism has a calc-alkaline character.

South of the BCSZ, the presence of clasts of deformed Serie Negra black chert in the
basal lower Cambrian conglomerates indicate the presence of a Late Precambrian/Cambrian
and a defc d P basement ing the OMZ. Lower

Cambrian carbonates overlie the basal iCti and

acid volcanic rocks of the Torredrboles formation (Lifidn and Quesada. 1990). These
carbonates are overlain by the Mid Cambrian volcano-sedimentary Complex (Oliveira et
al., 1992). These Mid Cambrian volcanic rocks range from basalt to rhyolite and have
tholeiitic to alkaline-peralkaline character. Their eruption coincides with the intrusion of
syn-kinematic anatectic granites associated with low P / high T metamorphism and
deformation in the central OMZ, south of the BCSZ (527+10/-7 Ma, U-Pb, Monesterio
anatectic granodiorite; Ochsner, 1993; Eguiluz and Abalos, 1992). The intrusion of 525-
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510 Ma calc-alkaline plutons and the coeval andesitic volcanism of the syn-orogenic
Malcocinado formation (Ochsner, 1993) follows the low P / high T metamorphic event.

South of the BCSZ and within the i jon there are olistoliths of
serpentinite which might represent a dismembered ophiolite (Quesada, 1990a, b). Mid-
Upper Cambrian i ism is locally preserved in the BCSZ (Fig.5.3).

including the migmatization of the basal levels of the Serie Negra in the Mina Afortunada
gneissic dome (650°C, 6-7 Kb; Abalos, 1992; 520 Ma, U-Pb, Zm: Dunning, unpublished:
507+9/-6 Ma, U-Pb, Mnz, Ochsner, 1993). This would indicate the effects of a poorly
understood Mid Cambrian orogenic event, which is interpreted to have occurred in a
continental arc (Ochsner, 1993). The Mid Cambrian calc-alkaline magmatism in the OMZ is
followed by Cambro-Ordovician alkaline plutonism along the southern border of the BCSZ
(Fig.5.3; A-type granitoids, 503+4/-2 Ma to 498+10/-7 Ma; Ochsner, 1993). A final pulse

of pre-Variscan ine (riebekite-clis iss) to
plutonism is restricted to the BCSZ (Fig.5.3; 470-480 Ma, U-Pb Zr: Ochsner, 1993). and
is coeval with Early Ordovician acid volcanism south of the BCSZ (Oliveira et al., 1992).

The Paleozoic sequences in the OMZ have a very distinct character north and south of
the BCSZ (Fig-5.3; Robardet and Gutiérrez Marco, 1990). To the north, between the
BCSZ and the Pedroches batholith, the Paleozoic sequence is similar to that of the

C1z, ining the Arenig A ican quartzite and Llanvim to Caradoc

black shales and siliciclastic rocks with faunal affinities with the CIZ (e.g. Perején and
Moreno-Eiris, 1992). This suggests that these rocks might represent slices of an outboard
part of the CIZ incorporated into the BCSZ. The Ordovician sedimentary sequences south
of the BCSZ (Fig.5.3) contain distinctive Ordovician faunas with Morrocan rather than
Central Iberian affinities, which define the Ordovician South Iberian faunal domain (e.g.
Robardet and Gutiérrez Marco, 1990). This Early Paleozoic sequence rests unconformably



on the Mid Cambrian and contains Arenig grey-green shales instead of the Arenig
Ammorican quartzite characteristic of the CIZ, WALZ and the CZ:; faunal and
sedimentological differences with the CIZ persisted during the Silurian and Devonian
indicating the distinct character of the OMZ (Paris and Robardet, 1990: Robardet and
Gutiérrez Marco, 1990; Perején and Moreno-Eiris, 1992).

The onset of the Variscan orogeny is marked by syn-orogenic deposits with local
volcanic intercalations (Quesada et al., 1990). The basal age of these deposits varies
between Frasnian (Upper Devonian) and Lower Visean (Lower Carboniferous). Local
40Ar/39Ar metamorphic cooling ages at 360-368 Ma in hornblendes and 331-340 Ma in
muscovites of the BCSZ (Dallmeyer and Quesada, 1989) indicate Famenian to Visean
(scale of Odin, 1990) Variscan movement along the BCSZ (Fig.5.3). The BCSZ is stitched
with the CIZ by an Upper T ian (Lower C: i to ian (Middle

Carboniferous) syn-orogenic basin (Fig.5.2 and 5.3). Earliest Variscan magmatism in the
OMZ is Upper Tournasian but most plutonism seems to be Upper Visean-Namurian to

Middle Westphalian (Sdnchez Carretero et al., 1990).

5.2.4.- The Central Iberian (CIZ), West Asturian-Leonese (WALZ) and the
Cantabrian (CZ) Zones:

These three zonmes (Fig.5.1) are i by a F ian/Cambrian
a Cambrian mi ine with Lower Cambrian siliciclastic rocks overlain by
Lower-Middle Cambrian li an Early Ordovici ion with ition of

the Arenig Armorican quartzite and Llanvim black shales (Fig.5.4). As well, these zones
have si Paleozoic faunal similarities which indicate that the CIZ, WALZ and CZ

were part of the same pre-Variscan terrane (Fig.5.1). The Central Iberian Zone (CIZ)

represents the most outboard part of this terrane. The intensity of the Variscan

147



events ( ism and ism) d from the CIZ towards the

Cantabrian Zone. The thickness of the Paleozoic sedimentary sequences indicate that the
WALZ was a Cambro-Ordovician sedimentary trough between the CIZ and CZ. The
tapering of the Paleozoic sedimentary wedge towards the CZ indicates its foreland position
(e.g., Pérez Estaiin et al., 1990). Therefore, these three zones can be interpreted in terms of
a hinterland (CIZ), intermediate zone (WALZ) and foreland (CZ) against which terranes

were accreted during the Variscan orogeny.

Archean 2.7 Ga granulites overprinted by 1.8 Ga and 0.6 Ga events have been
sampled off-shore of these three zones in the Cantabrian sea (Fig.5.5 ; Guerrot et al.,
1989). Such basement has never been directly identified on the mainland, but it could be
present in some of the high grade metamorphic complexes of the CIZ. The oldest mainland
rocks in the CIZ, WALZ and CZ are Late Precambrian low-grade siliciclastic rocks,
penetratively deformed during the Precambrian Cadomian orogeny (e.g., Quesada, 1991),
with minor volcaniclastic and plutonic rocks (Fig.5.5; e.g., ca. 610 Ma diorite in the
WALZ-CZ boundary; J. Ferndndez Sudrez per. comm.) and high-grade Precambrian
orthogneisses in the CIZ (Fig.5.5; 617+10 Ma Miranda do Douro orthogneiss; Lancelot et

al., 1985). In the northern half of the CIZ there are large outcrops of pre-Variscan augen-

gneiss which, although ining dated Early O ician i ions (Fig.5.3; Lancelot et
al., 1985; Gebauer et al., 1993), have been assigned a Proterozoic age (e.g., Azor et al.,
1992). The volcanic rocks intercalated in the Paleozoic sequence indicate local Cambrian,
Cambro-Ordovician, Arenig, Llanvim and Late Ordovician-Early Silurian pre-Variscan
magmatic pulses, which had been generally considered as rift-related minor pulses (e.g.,
Quesada, 1991). However, some of these views will have to be reassessed as a result of
the new data gathered from the pre-Variscan gneisses of the Sierra de Guadarrama (CIZ;
Fig. 5.1) in chapter VI of this thesis.



The Central Iberian Zone (CIZ)

This zone is characterized by the abundant Variscan plutonism (poorly constrained
between 344-287 Ma, Serrano-Pinto et al., 1987), the local preservation of a Barrovian

metamorphic sequence, areas of high-grade metamorphism (low P / high T) alternating

with low-grade areas and a pi Early O ician "Sardic” ity and
deformation, which are exclusive to the CIZ (v. Julivert and Martinez, 1987). The CIZ is
bounded to the south by the Badajoz-Cordoba shear zone against the OMZ, to the NW by
the allochthonous units of the Galicia -Tras-os-Montes Zone and to the east by the WALZ
(Fig.5.5). This zone has been divided according to the style of the Variscan deformation
into a northern Domain of Recumbent Folds, also known as Ollo de Sapo Domain, and a
southern Domain of Vertical Folds (Fig.5.5; Diez Balda et al., 1990), this division also
reflects significant differences in the pre-Ordovician stratigraphy (de San Jose et al., 1992).
Low-grade Precambrian rocks occupy extensive areas in the southern Domain of Vertical

Folds. By constrast in the northern Domain of Recumbent Folds or Ollo de Sapo Domain,

Ordovician rocks rest on low grade -gneisses (Ollo de Sapo gneisses)
or tectonically on top of medium-, high-grade metamorphic complexes with abundant

orthogneisses (Fig.5.4 and 5.5; e.g., Julivert and Martinez, 1987).

The Precambrian rocks in the southern Domain of Vertical Folds consist of basal
slumps and turbidites with abundant greywackes, known as the Schist-Greywacke
complex (Fig.5.4; de San Jose et al., 1992). Their age ranges from Late Precambrian to,
possibly, Early Cambrian in NE Portugal (Oliveira et al., 1992). Lépez Diaz (1995) has
demonstrated the presence of two low-grade Late Precambrian Cadomian (?), penetrative,
compressional deformations, the latest of which is pre-Late Vendian (pre-540 Ma; time
scale of Odin, 1990). An unconformable Lower Cambrian miogeocline sequence of
siliciclastic and carbonate rocks covers the deformed Late Precambrian (Fig.5.4). In the
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Montes de Toledo (Fig.5.5), a ili lc-alkali Lo : y
complex unconformably overlies the Cambrian (Martin Escorza, 1977a; Mufioz et al.,
1985).

In the northern Ollo de Sapo Domain (Fig.5.5), the gneissic rocks of the Ollo de Sapo

were traditi i as P ian (Parga Pondal et al., 1964; e.g..
Azor et al., 1992), althought some authors considered them Cambrian or Ordovician in age
(c.f. Martinez Garcia, 1973). These rocks were originally defined as greenschist facies
mylonitic volcaniclastic rocks (Parga Pondal et al., 1964), but most authors correlate them
with the rest of the medium and high-grade pre-Variscan augen-gneisses in this domain
(Fig.5.5; e.g., Azor et al., 1992; Navidad et al., 1992). These pre-Variscan gneissic
formations are particularly extensive in the selected field area of the Sierra de Guadarrama,
where they are basement to the Paleozoic sequence. The absolute ages for these pre-
Variscan augen-gneisses varies from Late Precambrian to Early Ordovician (Fig.5.5:
Lancelot et al., 1985; Vialette et al, 1986; 1987; Wildberg et al., 1989: Gebauer et al.,
1993), but the relative importance of the Precambrian versus the Early Ordovician

ic pulses remains ial (c.f. Azor et al, 1992; Gebauer et al., 1993).

An Early Ordovician unconformity associated with weak extensional Cambro-
Ordovici ion is wi the CIZ (Fig.5.4: e.g.. Diez Balda et al.,

1990; Gutiérrez Marco et al., 1990; Lépez Diaz, 1995). This event is refered as "Sardic” by
comparison with similar Ordovician events in Sardinia (ltaly; Sardic event of Stille, 1927).
Lower Ordovician siliclastic rocks above the Sardic unconformity overlie the augen-
gneisses of the Ollo de Sapo Domain, as well as, deformed Precambrian, tilted Cambrian
rocks and the Cambro-Ordovician volcano-sedimentary complex of the Montes de Toledo
in the southern domain of Vertical Folds (Fig.5.4). This widespread angular unconformity
is hidden by the Arenig Armorican Quartzite (e.g.. Gutiérrez Marco et al., 1990) which
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blankets the entire CIZ, as well as the WALZ and the CZ (Fig.5.4). The overlying Middle
to Upper Ordovician stratigraphic sequence of the CIZ also resembles those of the WALZ
and CZ (Fig.5.
Armorican Massif (Fig.5.1; France: Young, 1990). A discrete but areally extensive
Lianvim twff level in the southern Domain of Vertical Folds indicates a local pre-variscan
magmatic event (Martin Escorza, 1977). The Upper Ordovician and Silurian rocks of the

e.g., Gutiérmez Marco et al.. 1990) and has equivalents in the Central

Western CIZ also record several i ic di inuiti i with volcanic and

volcaniclastic rocks (e.g., Almadén, Bugao; Gutiérrez Marco et al.. 1990), indicating

important local pre-Variscan events which lead to the

of the Ordovician Central Iberian faunal/paleogeographic domain between the Central
Iberian Zone and the Central Armorican Massif (Paris and Robardet, 1990: Robardet et al.,
1990; Robardet and Gutiérrez Marco, 1990). The top of the pre-Variscan Paleozoic
stratigraphic sequence in the CIZ locally reaches the Mid Devonian (v. Gutiérrez Marco et
al., 1990).

Variscan deformation is marked by syn-orogenic Upper Famenian -Visean deposits
and Visean - Lower Namurian flysch sequences. The Variscan deformation has been
grouped in three main phases (D1, D2 and D3) followed by a late extensional event. There
are also numerous, apparently late, wrench shear zones; but their interplay with the
deformational phases remains obscure (Fig.5.6; e.g., Diez Balda et al., 1990). Early
Variscan ism in the CIZ is of ian type. It is parti well preserved in
the selected field area in the Sierra de Guadarrama (Chapter V1), and was developed after
the initial D1 deformation (Fig.5.5). A second low P / high T metamorphic episode

the initial i ism. This low P/ high T event was associated

with anatexis and intrusion of S-type granites (Martinez and Rolet, 1988), gneissic doming
and extension during the D2 Variscan deformational episode (Fig.5.6; e.g., Mirando do
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Douro/Tormes antiform: Escuder Viruete et al., 1994: Salamanca area, Diez Balda et al..
1995; Toledo anatectic complex, Barbero, 1995).

The earliest Variscan magmatism is marked by local bimodal Frasnian and Toumnasian
andesites and tuffs in the western CIZ (Fig.5.2; Gutiérrez Marco, 1990). This is consistent
with reported Late Devonian plutonism from the western CIZ in Portugal (379+12 Ma to
358420 Ma, Rb-Sr; e.g., Serrano Pinto et al., 1987). However, the main pulses of
Variscan plutonism are restricted to the 344 Ma - 278 Ma interval (e.g., Serrano Pinto et
al., 1987). Syn-kinematic, S-type two mica anatectic granites usually range from 327-320
Ma (Rb-Sr) whereas late post-collisional granites and granodiorites group around 310-270
Ma (Rb-Sr, K-Ar; e.g., Serrano Pinto et al., 1987; Yenes et al., 1996). The post-
collisional volcanism is restricted to high-K andesites locally associated with the Permo-
Carboniferous post-orogenic deposits in the eastern Sierra de Guadarrama (Ancochea et al.,
1981).

The West-Asturian Leonese Zone (WALZ)

The WALZ (Lotze, 1945; Julivert et al., 1972) is located between the Central Iberian
Zone and the external Cantabrian Zone (Fig.5.1). The oldest rocks in this zone are the
F ian schists and ites with minor i ic levels of the Villalba series

(Fig. 5.4). An unconformable Lower Cambrian miogeocline sequence marks the base of
the Paleozoic stratigraphic sequence, and it is overlain by a thick Upper Cambrian to Arenig
siliciclastic sedimentary package (Serie de los Cabos) and Llanvim black shales like those
of the CIZ (Fig.5.4). This Paleozoic pre-orogenic sequence is topped by Upper Devonian

ry rocks (Fig.5.2; Pe Estaun et al., 1990).

The Variscan deformation in the WALZ is characterized by east vergent D1 recumbent
folds, local D2 east vergent ductile shearing (e.g., basal thrust of the Mondofiedo nappe)
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and D3 steep open folding (e.g.. Martinez Catalan et al.. 1990). These three phases of
deformation constitute the classic model for the Variscan deformation in the northem
Iberian Massif (Perez Estaun et al., 1991), which has beeen extrapolated into areas of the
CIZ (e.g.. Sierra de Guadarrama: Gonzalez Lodeiro, 1981). Variscan greenschist to sub-

facies regional i inates the WALZ, but along the western

border with the CIZ it reaches amphibolite facies with relicts of a prograde Barrovian
zonation (Fig. 5.6; Martinez et al., 1990). Discrete Variscan granites appear associated with
local belts of LP/HT contact metamorphism but most granites are concentrated along the
amphibolite facies border with the CIZ (Fig. 5.6). The plutonism is constrained by the
main phases of Variscan deformation, post-DI ~ syn-D2 and post-D3, but there is no
reliable absolute age control for the plutonism (317-274 Ma, Rb-Sr, K-Ar: e.g., Serrano

Pinto et al., 1987). The timing of Variscan ion is ined by the syn-orog
deposits of the San Clodio fm. (Lower Carboniferous) which have been affected by all
main phases of deformation and by the Upper Westphalian B deposits post-dating D3
structures in the Sierra de la Demanda (Fig.5.2; Perez Estaun et al.. 1990). Post-orogenic
basins are ian B-C. These age ints are i with reported 300 to 275
Ma 40Ar39Ar, whole rock and muscovite metamorphic cooling ages (Martinez Catalan et

al., 1993). A whole rock 40Ar/39Ar age of 321 Ma from a phyllonite in a shear zone is
considered to date deformation at the border between the WALZ and the Cantabrian Zone
(Fig.5.6; Narcea antiform; Martinez Catalan et al., 1993).

The Cantabrian Zone (CZ)

The CZ constitutes the foreland of the Variscan orogen in the northern Iberian Massif

(Fig.5.1). It lacks Variscan ism, and Variscan ism is restricted to discrete

p isional plutons iated with Permo-Carboni ism (Valverde-
Vaquero, 1993). The Paleozoic pre-orogenic sequence is the most complete of the Iberian
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Massif and was deposited unconformably over deformed Precambrian strata (Fig.5.4). The
Precambrian rocks outcrop in the Narcea antiform along the border with the WALZ
(Fig.5.6), and contain volcaniclastic intercalations and discrete plutonic stocks (ca.610 Ma:
J. Ferndndez Sudrez, per comm.) indicative of a discrete Cadomian/Avalonian magmatic
event. The volcanic intercalations in the Paleozoic sequence also indicate a series of pre-
Variscan magmatic pulses: very minor Cambrian volcanism (eg., Corretge and Sudrez.
1990), discrete Cambro-Ordovician and Arenig alkaline bimodal magmatism (Gallastegui et
al., 1992), local Upper Ordovician-Lower Silurian alkaline basalts (Valverde Vaquero and
Hepburn, 1995) and very restricted Devonian tholeiitic volcanism (e.g., Corretge and

Sudrez, 1990). The top of the pre-orogenic sequence is Lower Carboniferous (Fig.5.4),

although the Upper Devonian-Lower C: i change in i y
and direction of sediment transport might be associated with the onset of the Variscan

orogeny. The first Late Visean - Early Namurian syn-orogenic sequences (Fig.5.2) mark

the onset of the Variscan i but th lated i y wedges did not
developed until the Westphalian B. Final thrusting took place in the Stephanian B (Perez-
Estaun and Bastida, 1990).

5.3.- THE CENTRAL IBERIAN ZONE, A CRITICAL AREA OF THE
IBERIAN MASSIF: GENERAL OBJECTIVES.

The Central Iberian Zone (CIZ) is part, with the WALZ and the CZ, of the largest
single terrane in the Southern Variscides. This terrane contains evidence of Late

P ian Cadomian ion and an Lower Cambrian miogeocline

(Fig.5.4); which is common to the circum-Atlantic Avalonian/Cadomian belt (v. Chapter D).
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Unlike the peri-Gondwanan elements of the Appalachians, this Iberian terrane has remained
in the peri-Gondwanan realm during the Paleozoic (e.g., Paris and Robardet, 1990).

Recent geochronological research in the Iberian Massif has generally overlooked the
Central Iberian Zone, even though this zone contains large outcrops of pre-Variscan

orthogneisses (Fig.5.5) with Variscan ic and i pri
(Fig.5.6). The study undertaken (chapter V) of the Sierra de Guadarrama was designed to

unravel some of the i ing the pre-Vari and Variscan evolution of

the Central [berian zone, which are outlined below.
Pre-Variscan basement and pre-Variscan tectonothermal events:

Extensive pre-Variscan augen-gneisses outcrop in the cores of the antiforms of the
northern Central Iberian Zone, in the Ollo de Sapo Domain (Fig.5.5), with no trace of the
Cambrian miogeocline sequences of the southern CIZ, WALZ and CZ. These augen-
gneisses are generally interpreted as a Precambrian basement upon which the

O ici: were de ited (Parga et al., 1964: Julivert et al..

1972; Azor et al., 1992). This view is, however, disputed by Ferragne (1968) and
Martinez Garcia (1972), who suggested a Cambro-Ordovician age for these rocks. The

available geochronological data is scarce and ictory, indicating both
and Early Ordovician ages for these rocks (Fig.5.5). Part of this dispute comes from the

fact that megacrystic granites, granitic i and felsic iclastic rocks have
been merged together under the name "Ollo de Sapo” gneisses and given the status of a
stratigraphical formation (Parga et al., 1964; Gutiérrez Marco et al., 1990). To complicate
matters, low and high grade augen-gneisses have been correlated in many instances. Some
of these pre-Variscan orthogneisses are the deepest rocks in the Central Iberian Zone,
outcropping in the core of the metamorphic complexes of the Ollo de Sapo antiform,
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Miranda do Douro antiform, the Spanish Central System and the Toledo anatectic complex
(Capote et al., 1982; Diez Balda et al., 1990; Barbero, 1995). Therefore. it is possible that
some of these rocks might be part of a Proterozoic, 2.0-1.8 Ga crystalline basement like
that sampled in the off-shore Cantabrian Zone (Fig.5.5: Guerrot et al., 1989). However.

the intense Variscan overprint seems to have obliterated the trace of any earlier structures.
Variscan tectonothermal events:

The absolute timing of the deformational and metamorphic events in the Central Iberian
Zone is poorly constrained. It is generally based on relative relationships between
deformation / metamorphism (Fig.5.6) and dated plutons with K-Ar and Rb-Sr ages (e.g..
Martinez et al, 1990). So far there are no reliable direct ages on fabrics or metamorphism.
However, reliable and precise ages are critical to understand when and how the Variscan

was from the his of the orogen towards the foreland. The

Variscan deformation along the northern branch of the Iberian Massif has been generally
viewed as a continum, from the Late Silurian -Early Devonian to the Late Carboniferous
(Perez Estaun etal., 1991: Doblas et al., 1994; Martinez Catalan et al., 1996). According to
this i i it is the i ing produced by the emplacement of the
allochthonous units of the Galicia Tras-os-Montes Zone that led to the Barrovian

metamorphism of the Central [berian Zone. This seems contradictory, since the 385-375
Ma, Mid Devonian cooling ages from the allochthonous complexes are coeval with the final
deposition of the pre-orogenic sequence in the Central Iberian Zone, and the pre-D1 syn-
orogenic deposits were not deposited until the Late Devonian-Early Carboniferous
(Fig.5.2). Despite this, poorly defined ca. 380 Ma U-Pb zircon lower intercepts from the

Sierra de G have been i to date the i ism on the
basis of this model-driven scheme (Wildberg et al., 1989).
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Timing of the low P / high T metamorphism in the CIZ is also uncertain, as it has
never been directly dated. This metamorphism is seen as the cause of the ca. 320 Ma S-
type anatectic granites (Martinez et al., 1990: Escuder Viruete et al., 1994; Barbero, 1995).
However, according to Wildberg et al. (1989) and Doblas et al. (1994) the low P / high T

metamorphism is related to the intrusion of the 300-290 Ma post-

plutons. The first interpretation suggests a single metamorphic cycle of Barrovian peak
pressure conditions and decompression to low-P/ high-T conditions (e.g.. Tormes dome;
Escuder Viruete et al., 1994). The second interpretation however implies that there are two

cycles, a sy isi i it and a separate late-

orogenic low P / high T one closely i with the i P

plutonism and late extension (Doblas et al., 1994a,b).
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CHAPTER VI

GEOLOGICAL EVOLUTION OF THE EASTERN SIERRA DE
GUADARRAMA (Central Iberian Zone).

6.1.- INTRODUCTION:

The Sierra de Guadarrama contains some of the most extensive and best exposed
outcrops of pre-Variscan orthogneisses of the entire Iberian Massif (Chapter V). The age of
these gneisses has remained controversial and unresolved (Wildberg et al., 1989 vs.
Vialette et al., 1986; 1987). Two i prints and a complex

pattern suggest that these gneisses could be a potential crystalline basement to the Central
Iberian Zone (Quesada, 1992). Timing of deformation and metamorphism in the area and
the true extent of the Variscan overprint are also unknown (Bellido et al., 1980; Doblas et
al.,, 1994).

The gneisses of the Sierra de Gi have been with [

similar gneisses in the Ollo de Sapo and the Miranda do Douro Antiforms (Azor et al.,
1992 and ref. within; Gebauer et al., 1993), suggesting that they are part of a 600 Km long
belt of pre-Variscan orthogneisses which extends from central to NW Spain (Fig. 6.1). The
most important structure of the eastern Sierra de Guadarrama is the Berzosa-Riaza shear
zone (Fig.6.2 ; Ferndndez Casals, 1979). This major, ductile shear zone puts in contact a
high grade gneissic infrastructure with abundant pre-Variscan orthogneisses (Guadarrama
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Complex, Capote et al., 1982; Western Guadarrama Domain; Macaya et al., 1991) against

an overlying medium-low grade cover, also with pi
(Somosierra-Ayllon Complex, Capote et al., 1982; Eastem Guadarrama Domain; Macaya et
al.,, 1991). The shear zone preserves a undated i i

sequence (M) partially overprinted by low-P / high-T metamorphism (M2). The shear
zone is sealed by the La Cabrera post-collisional granite. Therefore, the area around the
BRSZ offers an excellent opportunity to tackle both the timing of pre-Variscan and
Variscan events as part of a single study using a variety of U-Pb thermochronometers in
combination with detailed fieldwork and petrography.

The research in the Sierra de Guadarrama had two clear and different objectives: (A) to

obtain the protolith ages of the pre-Variscan orthogneisses and (B) to constrain the time of
and ism in the i sector. The results obtained on the pre-

Variscan and Variscan events form two independent data sets, which for the sake of clarity
will be presented separately. The information in the following sections (6.3, 6.4 and 6.5) is

aimed to provide a clear ing of the main ical elements of the area of study.

Note: The area of study covers the contact between the Western and Eastern
Guadarrama Domains (Macaya et al., 1991), also known as the Guadarrama and
Somosierra-Ayllén Complexes of the Spanish Central System (Capote et al., 1982). In
order to avoid confusion the term Somosierra sector will be used with a geographical
connotation and the terminology of Macaya et al. (1991) will be followed.
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6.2.- LOCATION, LOGISTICS.-

The area of study is located in Central Spain approximately 90 Km north of Madrid at
the border between the provinces of Segovia, Guadalajara and Madrid. This area is the
border between the Sierra de Guadarrama and the Sierra de Ayllon of the Spanish Central
System mountain chain. It is also known as the Somosierra, which is the most significant
mountain pass of the area. The field area covers approximately a north-south rectangle
defined by Riaza to the NE and Buitrago del Lozoya to the southwest (Fig. 6.2), with

altitudes between 1000 and 2000 meters above sea-level.

The area of study covers part of the 1: 50,000 geological map sheets of Riaza,
Tamajon (Hernaiz Huerta et al., in press), Pradena (Azor et al., 1991) and Buitrago
(Bellido et al., 1991). The 1: 50,000 sheets of Riaza and Tamajon (Hernaiz-Huerta et al.,
in press) were mapped as part of an ITGE (Spanish geological survey) mapping project
during 1993-1995. Close collaborative work with the mapping crew allowed the author to
cover a large portion of ground with reliable field control during the rock sampling for the

U-Pb dating. Some of the following ical data was i in the
memoirs of these 1: 50,000 map sheets (Hemaiz Huerta et al., in press ab). This close
collaboration was also reflected in joint publications (Hernaiz Huerta et al., 1996; Escuder
Viruete et al., 1996; Valverde Vaquero et al., 1996).

The author’s field mapping was concentrated in the Buitrago map sheet, outside the
area covered by the ITGE team, and particularly in the vicinity of the Rio Sequillo, Puentes
Viejas, el Tenebroso and El Villar dams, which offer excellent outcrops. Outcrop quality is
generally good, although in the southern part of the area the lack of exposure makes it
difficult to trace certain structures. Fieldwork was carried out in two field seasons during

spring of 1994 and 1995 with Montejo de la Sierra as field base. Most mapping was done



using the 1:10,000 topographic maps and the 1991, 1:18,000 aerial photographs of the
C ity of Madrid (C ity of Madrid ic services).

6.3.- PREVIOUS WORK.-

Early work in the Sierra de Guadarrama started in the last century with the work of del
Prado (1884) and MacPherson (1883; 1901). Work up to the early 1980's has been
reviewed in a compilation by Bellido et al. (1981). It should be noted that this area has been
studied by different groups from the Universidad Complutense of Madrid for several
decades. A great part of this work is, however, in the form of unpublished theses.
Therefore, it is only the most significant and accessible work which is going to be reviewed

below.

The stratigraphy of the Sierra de Guadarrama, including other parts of the Spanish
Central system has been described in the works of Lotze (1929), Schroeder (1930),
Sommer (1965), Schafer (1969), Hamman and Schmidt (1972), Soers (1972), Bischoff et
al. (1973), Capote and Ferndndez Casals (1975), Bellido et al. (1981), Gonzalez Loderiro
(1981) and the compilation of Gutiérrez Marco et al. (1990).

The pre-Variscan gneisses of the Sierra de Guadarrama and the Central System have
been studied by De Waard (1950), Febrel et al. (1958), Bischoff et al (1973, 1978),
Ferndndez Casals (1974), Capote and Ferndndez Casals (1975), Navidad and Peinado
(1976; 1981), Navidad (1975, 1979), Peinado and Alvaro (1981), Fuster et al (1981),
Navidad and Lépez Ramos (1981). The compilation work of Navidad et al (1992) includes
major and trace element geochemistry of the main types of orthogneisses.

Geochronological studies of these rocks are limited to the data of Bischoff et al (K-Ar and
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Rb-Sr, 1973: Rb-Sr, 1978), Vialette et al (Rb-Sr: 1986: 1987) and Wildberg et al (U-Pb:
1989).

The metamorphism of the Somosierra sector of the Sierra de Guadarrama was studied
by Heim (1952), Fuster et al. (1974), Lépez Ruiz et al. (1975), Casquet and Ferndndez
Casals (1981), Arenas et al. (1980; 1982), Gonzalez Casado (1987a.,b), Gonzalez Casado
and Casquet (1987), Azor et al. (1991), Bellido et al. (1991) and Escuder Viruete (in
Hemaiz Huerta et al., in press. a, b). Quantitative P-T estimations are limited to garnet-
biotite thermometry (Casquet and Navidad, 1985) and fluid inclusion data (Casquet, 1986).
It is worth ioning the iption of relicts of i i in the

Sierra de Guadarrama east of the area of study ( Fig. 6.2) by Villaseca (1983, in Casquet
and Navidad, 1985) and the work of Casquet and Tomos (1981) in the Sierra de
Guadarrama near the eastern side of the area of study.

The structure of the Sierra de Guadarrama has been described by Bard et al. (1970).
Ferndndez Casals and Capote (1970), Soers (1972), Capote et al. (1977), Fernindez
Casals (1979), Alvaro et al. (1981), Bellido et al. (1981), Capote et al. (1981), Gonzalez
Lodeiro (1981), Arenas et al. (1982), Capote et al. (1982), Gonzalez Casado (1986).
Gonzalez Casado and Casquet (1987a, 1987b), Gonzalez Lodeiro et al. (1988). Martin
Escorza (1988), Azor et al. (1991a, 1991b), Macaya et al. (1991), Bellido et al. (1991).
Feméndez Rodriguez (1992) and Hernaiz Huerta et al. (1996). It is also worth mentioning
the description of extensional structures by Martin Escorza (1977 and 1981) in the El
Escorial Massif (Fig. 6.2). Tectonic models for the Sierra de Guadarrama and the Spanish
Central System have been proposed by Capote et al (1982), Macaya et al. (1991), Doblas
(1991), Azor et al. (1992) and Doblas et al. (1994 a, b).
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The main characteristics of the La Cabrera granite and the Variscan plutonism in
other parts of the Spanish Central System are summarized in Alvaro et al. (1981), Bellido
etal. (1981, 1991) and Ugidos (1990). The only geoachronological data on La Cabrera
granite is that of Vialette et al. (Rb-Sr; 1981). Serrano Pinto et al. (1987) and Yenes et al.
(1996) have summarized the available ical data on the itoids of the

Spanish Central System (Rb-Sr, K-Ar). Hernando et al. (K-Ar; 1980) dated the post-
collisional volcanism of Atienza, east of the area of study ( Fig. 6.2).

6.4.- GEOLOGICAL SETTING.-

The Sierra de Guadarrama forms the easternmost part of the Spanish Central System
(Fig. 6.2). This is an alpine horst which exposes the basement of the Mesozoic cover
sequences of the Spanish Meseta. This pre-Mesozoic basement is formed by voluminous
Variscan granites and gneissic massifs to the west (Ojos Albos-La Caiiada, El Escorial. EI
Caloco, Sierra de Guadarrama) and Paleozoic strata (Sierra de Guadarrama) to the east
(Bellido et al., 1981). All these rocks are part of the already discussed Central [berian
Zone (Section 5.2.4.).

The geology of the Sierra de Guadarrama is best described in terms of a gneissic
infrastructure (Western Guadarrama Domain) and a low-medium grade suprastructure
(Eastern Guadarrama Domain), separated by a major ductile shear zone (Berzosa-Riaza
shear zone; Ferndndez Casals, 1979, Macaya et al., 1991). Apart from this shear zone, the
most  signil are: the j syncline and the Cardoso and
Hiendelaencina antiforms in the Eastern Domain, and the Cervunal detachment and the
Robregordo fault in the Western Domain (Fig. 6.2). The Cervunal detachment (Berzosa
Fault of Gonzalez Lodeiro et al., 1988) is a late extensional fault along the trace of the
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Berzosa-Riaza shear zone, and it is taken as the boundary line between the two domains
(Bellido et al., 1981: Macaya et al., 1991). The area of study is located between the
Western flank of the Majalrayo syncline and the Robregordo fault. It covers the Berzosa-
Riaza shear zone, the Cardoso antiform and upper levels of the Westem Guadarrama
Domain (Fig. 6.2 and 6.3).

According to most authors the Variscan macrostructures were produced by three main
phases of Variscan deformation and late extensional faulting (Capote et al., 1982: Macaya
etal., 1991; Doblas et al., 1994). DI affects both domains, but it is more evident in the
suprastructure. It is west vergent and has a compressional character. During D2 major
shear zones were produced in the Western Domain and the lower structural levels of the
Eastern Domain, including the Berzosa-Riaza shear zone. D3 is interpreted as a stage of

g of the D2 and o inting the DI

‘macrostructure of the suprastructural Eastern Domain. D3 is followed by late brittle-ductile
and is ible for late like the fault and the Cervunal

A ism was in iation with these phases

of deformation. It consists of an inter-D1/D2 Barrovian stage (M1) and a syn-D2/late-D3

stage of low p i ism (M2). The

zonation is best preserved in a band along the Berzosa-Riaza shear zone and the lower
structural levels of the Eastem Domain, Cardoso and Hiendelaencina antiforms. In the
Western Domain, the low pressure / high temperature M2 stage reached temperatures in
excess of 700°C (Tornos and Casquet, 1981; Casquet and Navidad, 1985), leaving only

relicts of the Barrovian assemblages.

The Eastern Guadarrama Domain lacks Variscan plutonism and has a well defined
Early Ordovician to Lower Devonian, fossil-bearing, stratigraphic sequence underlain by
pre-Vari: i mostly volcanic-derived (Fig. 6.2; Navidad et al., 1992). This




Paleozoic sequence rests on the pre-Vari gneissic of the
Cardoso and Hiendelaencina antiforms (e.g.. Bellido et al., 1981). This unconformity is
defined by the Bornova mi in the Hi ina antiform (Soers, 1972),
which has been with discrete mi levels between the Armorican
quartzite (Arenig) and the underlying Cardoso gneiss in the Cardoso antiform (Gonzalez

Casado, 1981). According to Bellido et al (1981), this unconformity is equivalent to the
Sardic unconformity of the rest of the Central Iberian Zone.

Metamorphism in this domain varies from lower greenschist facies, pyrophyllite-
bearing assemblages in the upper structural levels of the Majalrayo synform, to the
staurolite zone in the core of the Cardoso and Hiendelaencina antiforms (Bellido et al.,
1981). In the core of the Hiendelaencina antiform a D2 shear zone exposes augen-gneisses
of the kyanite zone in its footwall ( Fig.6.2; Hiendelaencina thrust of Gonzalez Lodeiro.
1981; Navidad and Peinado, 1981). Bellido et al (1981) correlated these gneisses with the
pre-Variscan mylonitic granites that outcrop in the Berzosa-Riaza shear zone.

The Berzosa-Riaza shear zone is a Variscan D2 structure with a present day east
vergence and a top down 1o the SE shear sense (Femdndez Casals, 1979; Macaya et al.,
1991). This shear zone contains a condensed Barrovian metamorphic sequence partially
overprinted by low pressure assemblages during D2 deformation. This shear zone includes

the kyanite-sillimanite bearing i rocks and isses of the upper levels

of the Western Guadarrama domain and the staurolite and gamet-chloritoid zone
y rocks and i of the lower part of the Eastern Guadarrama

Domain (Fig. 6.3). The late brittle -ductile Cervunal detachment marks the only significant
metamorphic break, that is between the sillimanite zone with relict kyanite to the west and

staurolite zone to the east. To the south the intrusion of the post-kinematic La Cabrera
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pluton seals the shear zone and stitches the contact between the two domains of the Sierra
de Guadarrama, but with no clear evidence that it cross-cuts the Cervunal detachment.

The Western Guadarrama Domain (Fig.6.2 and 6.3) is formed by extensive massifs
of pre-Variscan orthogneisses (augen-gneisses, foliated megacrystic granites and foliated
and q it i mica schists and minor calc-silicates

and marbles. These rocks are intruded by Variscan granites, particularly along the western
border (Fig.6.2), most of which are post-kinematic (Bellido et al., 1981). Metamorphic
grade increases towards the west with increasing anatexis, from the first sillimanite to the
second sillimanite zone and a western zone with cordierite + sillimanite paragenesis

(Bellido et al., 1981; Tornos and Casquet, 1981; Casquet and Navidad, 1985).

Lithologically the Western domain has been divided into a Lower and Upper Series
(Bellido et al., 1991). This division roughly coincides with the trace of the Robregordo
fault and the trace of the cordierite-in isograd. The Lower Series, to the west, consists of

extensive massifs of augen-gneisses (granitic i with minor i and
corresponds to the deepest structural levels. The Upper Series is dominated by
metasedimentary rocks, although there are abundant orthogneisses. These orthogneisses
are, however, comparable with those in the Lower Series. The Upper Series forms the
eastern border of this domain and is covered in this study.

6.4.1.- ucture of the i sector of the Sierra de

Guadarrama.-

This section provides a frame of reference for the main macrostructures within the area
of study. These elements will be described from east to west, i.e. from the upper structural
levels towards the lower ones (Fig. 6.3).




The upper levels of the area of study are occupied by a crenulation band (Hernaiz
Huerta et al., 1996) which overprints the D1 fabrics of the Majalrayo syncline and can
reach up to 10 Km in width (Gonzalez Casado and Casquet, 1987; Hemaiz Huerta et al.,
1996). This band roughly coincides with the trace of the Armorican Quartzite, which
defines the outline of the Cardoso antiform and the southwest extent of the Majalrayo
syncline (Fig. 6.3). As the intensity of the D2 deformation increases the crenulation band
gradually passes into the Berzosa-Riaza shear zone. This transition into mylonitic fabrics
takes place over 2 to 4 Km in the wider parts of the Cardoso antiform but over a narrow
and sharp band of tens of meters in the northemn part of the antiform and the southwest
flank of the Majalrayo syncline. This shear zone dips approximately 45° (o the east and has
a width between 8 and 3 Km over a continuous, 50 Km long, N-S outcrop. The eastern

part of the shear zone was i by a N-S i the Cervunal
detachment. (Hernaiz Huenta et al., 1996). This detachment cuts the mylonitic fabrics in the
shear zone at a higher angle, apparently along the whole length of the Berzosa-Riaza shear
zone (Gonzalez Casado et al., 1988). The western border of the Berzosa-Riaza shear zone
is marked by a high strain zone with fabrics in the Ist. sillimanite isograd. This western
boundary has been locally reactivated, particularly along its northemn extent, by a

the Montejo detach: (Hemaiz Huerta et al.,

1996).

In the Buitrago-Manjirén area, the B Riaza shear zone,
the gneissic rocks of the Western Guadarrama Domain form a domal structure, the
Manjirén antiform (Fig. 6.3; Feméndez Casals, 1979). A complex shear zone, about |
Km wide, separates these gneisses from the gneisses of the Buitrago area to the west. It
will be referred to as the Madarquillos shear zone (Fig. 6.3), but it is also known as the
Madarquillos synform (Ferndndez Casals, 1979) or the Madarcos antiform (Azor et al.,

167



1991). The Madarquillos shear zone has a complex northern extent, as it apparently merges
with the Berzosa-Riaza shear zone. West of this shear zone, the gneisses of the Buitrago
area exposed along the Puentes Viejas dam show a complex deformational pattemn, with
megaboudins and structures produced in the stability field of the 2nd Sillimanite zone.

6.4.2.- Metamorphic zonation.-

The distribution of the metamorphic isograds shows a normal metamorphic sequence
of increasing metamorphic gradient towards the lower structural levels of the Eastern
Domain and the upper ones of the Western Domain (Fig.6.3). These isograds mark the first
appearance, or disappearance, of the index mineral. The ones in the upper structural levels.
the chloritoid and garnet isograds were produced syn- to late-DI and are folded following
the trace of the Cardoso Antiform. The staurolite-isograd is also partially folded. Staurolite
and chloritoid coexist along a 500 to 700 m wide band (Gonzalez Casado, 1987) which
corresponds to the trace of the isograd. Final growth of staurolite took place after D2.
Sillimanite and andalusite coexist as late-D2 minerals along a narrow band east of the
Cervunal detachment (Gonzalez Casado, 1987; Escuder Viruete in Hernaiz Huerta et al., in
press). Within the Berzosa-Riaza shear zone in the sillimanite zone, there is a 3 to 5 Km
wide band with abundant kyanite produced during the interval between the DI-D2
deformational phases. This kyanite was partially transformed into sillimanite (fibrolite)
during D2 (Gonzalez Casado, 1987). The western border of the Madarquillos shear zone
marks the disappearance of muscovite and the presence of sillimanite + K-feldspar
paragenesis. It should be noted that the Manjirén antiform contains abundant migmatites
and other li i in the sillimanite + ite zone during D2.

Cordierite are limited to the part of the area of study, and they are
late-kinematic to post-kinematic. These late low pressure / high temperature mineral
assemblages are consistent with local evidence for minor post-kinematic anatexis and



migmatization (Bellido et al., 1991). The regional cordierite-in and muscovite-out isograds
and the sillimanite (kyanite) zone are cut by the post-kinematic La Cabrera granite and
prii by its contact ic aureole (650°C, 1-2 Kb Bellido, 1980).

The final metamorphic zonation is the product of the partial overprint by low-pressure

of the initial i is during the D2 i event, and the
q As already i the D2 event was responsible for the
Berzosa-Riaza shear zone and the condensation of the metamorphic isograds. The
between ism and ion, however, will be discussed later in

the section dedicated to the Variscan P

6.5.-LITHOLOGICAL UNITS OF THE SOMOSIERRA SECTOR OF THE
SIERRA DE GUADARRAMA.-

‘The different lithological units of the area of study are going to be presented from east
to west, i.e. structurally downwards (Fig.6.4). This description will be concentrated
mainly on the rocks that were studied in detail as part of this study.

6.5.1.- Eastern Guadarrama Domain (Fig. 6.4 and 6.5).-

All rocks studied are structurally below the Armorican quartzite, and they form the
stratigraphy of the Cardoso antiform. These rocks are in the garnet and staurolite zones. In
the Cardoso antiform, below the Armorican quartzite there is 2 non fossiliferous siliclastic
rock sequence with a characteristic felsic mylonitic volcaniclastic/volcanic level, the
Cardoso gneiss. An Ordovician "Sardic" unconformity has been inferred between the
Cardoso gneiss and the overlying sedimentary rocks (Gonzalez Lodeiro, 1981). These
rocks will be described from top to bottom.



The Armorican quartzite:

It is also known as the Alto Rey Formation (Schifer, 1969). This is a massive unit of
white quartzite with beds of meter scale showing cross-lamination. It has a thickness of
approximately 80 meters, but locally it has been duplicated by tight isoclinal folds
(Ferndndez Casals, 1979). It is inferred to be Arenig in age by lithological correlation with
similar levels on the opposite limb of the Majalrayo syncline which contain Early
Ordovician trace fossils. The Arenig age of these trace fossils is also based on correlation
with other areas of the northern Iberian Massif where the Armorican quartzite contains
Upper Arenig graptolites (Gutiérrez Marco et al., 1990).

The Constante Formation and the problem of the "Sardic" unconformity:

The Constante Formation (Schifer, 1969; Gonzalez Lodeiro, 1981) is the
stratigraphic equivalent of the Bornova Formation (Soers, 1972) in the opposite limb of
the Majalrayo syncline (Fig.6.2 and 6.5). This is a sequence of light and dark grey mica
schists with brown and black slates, altemating with quartzites and minor
microconglomerate beds. Gonzalez Casado (1987) also included in this formation the mica
schists, metapsammites, quartzites and minor para-amphibolites inmediately above the
Cardoso gneiss. The quartzite levels increase in abundance towards the upper part of the
formation, which seems to have a gradual transition to the overlying Armorican quantzite.
These quartzite levels have individual thickness between 1 and 2 meters. The age of the
formation is believed to be Tremadoc, based on cruziana from the Bornova Formation. It

should be noted, however, that clear p ical evidence of Ti ian faunas have
not been found in the Central [berian Zone nor the West Asturian-Leonese and Cantabrian

Zones (G. Garcia Alcalde, pers comm.).
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The base of the Constante Formation is problematic. Gonzalez Lodeiro (1981) puts it
in the microconglomerate beds above the mica schists which overlay the Cardoso gneiss.
Gonzalez Casado (1987), however, prefers the contact with the Cardoso gneiss. These two
interpretations are based on the supposedly Precambrian age of the Cardoso gneiss, and
extrapolations of the relationships between the Bornova Formation and the underlying
gneissic porphyroids in the Hiendelaencina antiform (Fig. 6.5.). This illustrates the
problem of the lack of substantial field evidence to support the presence of an unconformity
in the rock sequence between the Cardoso gneiss and the overlying Armorican Quartzite.
During this study and those of Hernaiz Huerta et al (in press a , b), no field relationships
were found with which to substantiate the presence of the Sardic unconformity. This,
however, might be explained by the intensity of the mylonitic Variscan D2 deformation

which could have obliterated any evidence of an angular or erosive unconformity.
The "pre-Ordovician" rock sequence (EI Cardoso gneiss):

This rock sequence constitutes the core of the Cardoso antiform (Fig. 6.4). It is
composed of mica schists, i i par. p ites and a distinct

porphyroid unit known as the Cardoso gneiss. The sequences above and below the
Cardoso gneiss are relatively similar, although, para-amphibolites are relatively more
abundant as intercalations in the Cardoso gneiss and the strata below. These para -
amphibolites form small lenses with an average thickness of 10 to 20 cm, and are
composed of plagioclase + quartz + green amphibole + (titanite) + epidote.

The Cardoso gneiss (Schifer, 1969) is a variably sheared, leucocratic, porphyritic
rock formed mostly by plagioclase + quartz + biotite + muscovite * (K-feldspar).

Porphyroclasts form 30 - 40% of the rock, ranging in size from 0.1 to 5 cm and are mostly

rounded blue quarz and of 1 i ite and fi; like dark
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micaceous fragments. In the fine-grained facies, the porphyroclasts range from 5 to 7 mm
in diameter and are only 5 to 10% of the rock. The porphyroclasts show an unsorted
granulometric  distribution “floating” in a micaceous leucocratic matrix. All these

and the i ions of lenses of mica schists and para-amphibolites,
indicate that the Cardoso gneiss was originally a felsic pyroclastic rock. as proposed by
Schiifer (1969). The D2 ion has the rocks into a

mylonitic augen-gneiss, but the character previously described is well preserved in low
strain areas. Wildberg et al. (1989) reported a lower intercept age of 540+30 Ma (U-Pb
zircon), which they interpreted as the protolith age of the Cardoso gneiss. This age is
based on a poorly fitted discordia line defined by highly discordant zircon fractions.
However, their best quality zircon (ie. the more concordant fractions) suggested an Early

Ordovician age, which questions the validity of their interpretation.

6.5.2.- The Berzosa-Riaza shear zone, upper levels of the Western
Guadarrama Domain.-

The lithologies described next are part of the N-S trending band defined by the El
Cervunal and Montejo detachments (Fig.6.4 and 6.6). This band is 3 to 5 Km wide and
has an estimated thickness of 1500 m, based on the dip of the main foliation. All these
rocks are in the sillimanite zone and the relict M1 kyanite Subzone. These metasedimentary
and plutonic rocks have been strongly deformed during the development of the Berzosa-
Riaza shear zone. Three intrusive types can be differentiated in the field: foliated
megacrystic granites (augen gneisses), foliated S-type leucogranites and pegmatites.

Metasedimentary rocks:

The main lithologies are mica schists and quartz-rich psammites with minor
amphibolite (Casquet and Ferndndez Casal, 1981). The psammites, in 30 cm thick bands,
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usually altemate with 5 to 10 cm thick layers of mica schists forming a relatively
homogeneous sequence and tend to dominate towards the lower structural levels (Fig.6.7).
The amphibolites outcrop as meter-scale boudins but they were only identified in the
northern extreme of the shear zone (Hernaiz Huerta et al., in press a,b).

Foliated megacrystic granites (augen-gneisses):

These are mylonitic two mica granites dominated by a megacrystic facies with 2 to 4
cm long K-feldspar/plagioclase crystals, and minor foliated leucogranite. They are

of K-feldspar + i + biotite + ite + quartz, with apatite, zircon
and opaques as accessory phases. They outcrop as elongate kilometer-scale bodies along
the footwall of the Cervunal detachment. Three of these bodies have been studied in detail,
the Riaza, Nazaret and Berzosa gneisses (Fig. 6.4). The Nazaret and Berzosa gneisses
outcrop in the southern part of the Berzosa-Riaza shear zone, within the sillimanite zone
(Fig.6.6). They show ion with a p ive S-fabric isolating K-
feldspar and plagioclase augen, some of which are ductily deformed. Locally there are high

strain areas with well developed L-fabrics (leucogranites in the Berzosa gneiss) and low
strain areas showing a crenulation of the main foliation (Nazaret gneiss). The Riaza gneiss
is located in the northern part of the shear zone between the sillimanite and the staurolite
zones. It has been strongly mylonitized, particularly along its eastern side where it is
tranformed into 2 mylonitic gneiss. Otherwise it shows megacrystic facies alternating with
minor leucogranite (Arenas et al., 1982). Due to the high strain in the area it is not possible
10 be certain whether the Riaza gneiss belongs to the sillimanite or the staurolite zone. The
problem of the obliteration of the original intrusive relationships is common to all these
orthogneisses. Overall they are considered pre-Variscan, however there are no published

absolute ages to confirm this view (Bellido et al., 1981; Navidad et al., 1992).
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Foliated leucogranites (S-type granites):
These are medium-grained, gamnet-bearing, two mica leucocratic granites, with quartz
+ K-feldspar + plagioclase + muscovite + biotite and gamet, tourmaline, apatite and
opaques as minor phases. They are weakly to strongly foliated and have clear intrusive
with the it i rocks. They usually outcrop as discrete

bodies, 10 to 20 meters thick on average, with a well defined planar fabric and parallel
contacts with the surrounding country rock. These field characters make them different

from the, ise Ll i similar, ites in the foliated megacrystic granites.
Discrete bodies of garnet-bearing leucogranites have been described, west of the Cervunal

all along the B Riaza shear zone as leucogneisses and interpreted as
pre-Variscan (Arenas et al., 1982; Azor et al., 1991; Bellido et al., 1991; Hemnaiz Huerta et

al., in press a, b).

Two of these discrete bodies of leucogranite are well exposed along the road from
Paredes to Berzosa (Fig.6.6). The first one, the Paredes S-type granite, is close to the
western border of the Berzosa-Riaza shear zone, and it is a representative example of these
bodies. It has been boudinaged and shows a well defined foliation with flattened and
stretched 5 cm thick pegmatitic veins. These pegmatite veins do not show a subsolidus
fabric, but it is uncertain if this is a syn-kinematic leucogranite. This is not the case of the
Serrada S-type granite which has an aplitic to pegmatitic texture with a weak subsolidus
fabric. It cross-cuts fabric in the country rock metasedimentary rocks, suggesting a syn-
kinematic (D2) emplacement. There are no absolute ages for these bodies but it is possible
that they might represent both pre-Variscan and Variscan magmatic pulses.
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Pegmatites:

West of the Cervunal there are wi itic dykes with a syn /
late-kinematic character with respect to the Berzosa-Riaza shear zone. They have modal

granitic compositions with K-feldspar + quartz + plagioclase + muscovite + biotite +
+ sillimanite + ite. These itic dykes cross-cut the main fabric in

the metasedimentary rocks and are variably deformed with and without a penetrative
subsolidus fabric. The late-kinematic character indicates that they are Variscan.

6.5.3.- The Western G Domain (Bui njirén area ):

The complexity of the area and the contradictions found in recent geological maps
(Azor et al., 1991; Bellido et al., 1991) forced the creation of a new set of lithological units
by the author. The criteria, upon which the units were defined, were developed exclusively
on field basis and emphasize the separation between igneous and sedimentary (i.e.
supracrustal) protoliths. After field work it was found that these criteria closely resemble
those of Fernindez Casals (1979). and in addition acknowledges the presence of unusual
biotite-bearing migmatites, which might be non-anatectic in origin and derived from an
igneous protolith (Bellido et al., 1991).

Lithological units (Fig.6.6):
Madarquillos shear zone:.
b Game( mica schists and black quartzites:

Manjiron armfonn and ermgo area (gneissic areas)
Metasedimentary rocl
* Migmatitic pangumsses (Fig.6.7d)
Quamreldspalhxc pamgnexsss
* Calc-silicates:
* Marble:
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Unknown origir
* El Villar biotitic migmatitic gneiss (
Orthogneisses:
* Granitic WM / foliated megacrystic granites
* Gneissic gamet-bearing leucogranites (Two types)
ks:

These lithological units have been divided along lithological and metamorphic criteria
into metasedimentary units with stable muscovite (st sillimanite-zone, i.e. those in the
Madarquillos shear zone) and gneissic units (Manjirén antiform and the rocks in the 2nd
sillimanite-zone west of the Madarquillos shear zone). It should be noted that, in the
Manjirén antiform, muscovite and sillimanite are stable in the deformational fabrics that

METASEDIMENTARY ROCKS:

Garnet mica schists with black quartzites (Madarquillos shear zone;
Fig.6.6):

This unit is well exposed on the eastern side of the Puentes Viejas dam, forming a

narrow, 500 meter wide band ing the ite-sillimani ites from the
gneisses of the Manjirén antiform. This unit is characterized by abundant gamet
porphyroblasts up to 1 cm in diameter and centimetric sillimanite (fibrolite) patches
growing in a biotite-muscovite mica schist (Fig. 6.8). The mica schist is dominated by Bt-
Ms rich domains with refolded fibrolite patches and minor, discontinuous, 2 mm thick.
quartzo-feldspathic layers. These mica schists alternate with minor mica-rich psammitic
levels (>10 cm thick). These lithologies are cross cut by refolded quartz-veins and by
deformed pegmatitic veins. Some of the centrimeter-scale pegmatites might represent

anatectic melts generated in situ. A well P ion cleavage inting the
schistosity is characteristic of this unit. Black quartzite beds are locally intercalated with the
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mica schists. The most distinctive ones are those that outcrop in the northern closure of the
Manjirén antiform (Bischoff et al., 1973). Other good examples are also found near the
Puentes Viejas dam. These are bands of meter-scale thickness with 3 to 10 cm thick layers
of fine-grained quartz, minor white mica and opaque minerals (graphite?).

This whole unit, although very distinctive in field appearance, is difficult to map because of
its apparent discontinuous nature and the lack of continuous outcrop. The outcrops along
the N-NE border of the Manjirén antiform (Fig.6.4.) can be correlated with those along the
eastemn Puentes Viejas dam, confirming that these rocks are along the contact between the
Madarquillos shear zone and the gneisses of the Manjirén antiform.

These rocks form a well defined band about 800 m wide which runs north-south
along the Madarquillos shear zone (Femandez Casals, 1979). This metapsammites are
it by q ic i i of quartz + K-feldspar +

+ ite + biotite + sillimanit ite) + gamet, including quartzitic
layers, and have minor intercalations of mica schists and discrete levels of black quartzite.

At the Puentes Viejas dam, there is a normal contact with the gamet mica schists. To the

west there is a gradual of and

Migmatitic paragneisses (Fig 6.7d):

This unit groups felsic q i i and
alternating with migmatite-rich areas. Also common is the presence of minor intercalations

of calc-silicate, metaquartzite and rare marble.

* Quartzo-feldspathic paragneisses (Fig.6.8; 6.9): These gneisses are formed by
layers of variable thickness consisting of quartz + K-feldspar + plagioclase + biotite +
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sillimanite + gamet  muscovite in different modal ions, but generally biotite-poor,

which altemate with bands of stromatic migmatites. These paragneisses are well exposed
on the western side of the Puentes Viejas dam, in general they have granitic composition

with the most massive layers resembling granite sills. [n the Manjir6n antiform side of the

Puentes Viejas dam (sillimani ite zone), ite-bearing q
gneisses alternate with migmatites. There is also a homogeneous, medium-grained
quartzo-feldspathic gneiss of uncertain protolith, but the rheological behaviour and the
presence of abundant quartz-veins contrast with the nearby gneissic leucogranites,

suggesting that it might be a highly strained paragneiss.

* Anatectic migmatites (Fig.6.10; 6.11) are well exposed along the southern shore of
the head of the Puentes Viejas dam, in the Manjirén antiform (sillimanite + muscovite

zone). These are stromatic types with 20% to >60% leucosome of granitic composition

(quartz + K-feldspar + i + gamet) in a issic neosome. Most

are about 1 cm thick and <10 cm long and they are interconnected in the diatexitic types.

‘The melanosomes are formed by biotite + sillimanite (fibrolite) + ite £
with sillimanite overgrowing muscovite. In the Manjirén antiform, north of the Puentes
Viejas dam, some of these migmatitic areas are associated with large bodies of gneissic

leucogranites.

In the Buitrago area (Sill+Kfs zone), there is also a variable degree of migmatization
with local areas with 40% to >60% melt (i.e. leucosome). Most of these migmatites
correspond to stromatic types but there are nebulitic facies in low strain areas. These

leucosomes are also of granitic composition and in general are garnet-bearing. Most

are medium-grained and have imetri i The are

formed by biotite + sillimanite (fibrolite) + garnet. Even though melting was relatively

extensive, there are very few anatectic granitic dykes associated with the migmatites. The
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leucosomes, although in places contorted, are generally concordant with the compositional
banding in the host neosome, defining the gneissosity. In this area the gneissosity is in

cases cut by late ine-bearing aplitic to itic patches, located along shear bands,
boudin necks and tension cracks (Fig.6.10).

Calc-silicates and amphibolites (Fig. 6.12.):

Most amphibole-bearing lithologies are partially amphibolitizated gamnet-pyroxenites
with i to milli le gamet- and cli ich bands. These rocks

generally outcrop as boudins, some up to 15 meters long, associated with the migmatitic
paragneisses. They are relatively scarce but common to both the sillimanite + muscovite
and the sillimanite + K-feldspar zones. These calc-silicates are best exposed at the base of
the wall of the Puentes Viejas dam and correspond to the "Paredes-type para-amphibolites”
of Casquet and Ferndndez-Casals (1981). Their mineralogy is clinopyroxene + gamet +
plagioclase + titanite + quartz * calcite + zoisite + (rutile) + green amphibole. In the
sillimanite + K-feldspar zone some of the calc-silicates preserve mineral associations of
quartz + cli + garnet. il grew during ion coevally with the
boudinage. Some of the lenses have intemal boudins with the quanz + plagioclase +

amphibole in the necks and tension cracks. Locally some of the calc-silicates are
retrogressed by a skarn type of alteration.

The Braojos dyke (Azor et al., 1991) is located north of the area of study along the
eastern border of the Robregordo fault, this is a 2 Km long, deformed dyke which is
interpreted as an orthoamphibolite (Azor et al., 1991). It is composed of clinopyroxene +
plagioclase + green amphibole + titanite + (chlorite) + (epidote) + apatite + rutile. Green
amphibole was formed after ion of cli during ion. Chlorite
and epidote are also retrograde products.
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Marbles:

They have only been found at the base of the Puentes Viejas dam (white diopside +

zoisite + calcite + ite?) in iation with calc-silic layers, and near Pinilla de
Buitrago at the mouth of the stream Arroyo de Pinilla. In the last case they are associated
with migmatites. Small wollastonite-bearing marble layers have also been reported to the
north, near Pifivecar (Casquet and Ferndndez Casals, 1981) and Somosierra (Azor et al.,
1991).

UNCERTAIN PROTOLITH:

El Villar biotite-bearing ite (1

These gneisses were previously known as leucogneisses / diatexites (Fernindez
Casals, 1979) or banded gneisses (Bellido et al., 1991). In the first case they were grouped
with the foliated leucogranites and in the second they were merged with the paragneisses.
However, as noticed by Bellido et al (1991) they have a distinctive character and could be
derived from an igneous protolith. These rocks are well exposed in the Manjirén Antiform
(Sill+Ms zone), as well as in the Buitrago area (Sill+Kfs zone) between el Cuadrén and
Cincovillas (Fig.6.6; 6.13). In the Manjir6n antiform they outcrop in El Villar dam and at
the tail of the Tenebroso dam. In the latter location these gneisses form a single massive
megaboudin (100's of meters long) surrounded by an envelope of less competent
migmatitic paragneisses, within the same structural level as the boudins of gamet-

clinopyroxene calc-silicate.
These rocks are massive, highly strained, biotite-bearing, quartzo-feldspathic gneisses

of granitic modal composition, with highly strained felsic aplitic to pegmatitic dykes. The
‘mineralogy is relatively simple with plagioclase + quartz + K-feldspar + biotite + muscovite



as major phases and minor sillimanite and gamet. The gneissosity is defined by
discontinuous, medium-grained, felsic layers altemating with fine-grained granitic, biotite-
rich domains with aligned micas defining the fabric. As a result, the rock resembles a
flattened stromatic migmatite. However, the biotite-rich levels around the felsic domains are
no different in terms of mineral assemblages and grain size from the ones defining the
fabric in the more homogeneous granitic domains, except for the abundance of biotite,
calling into question the presence of a restitic melanosome. Also, in contrast with the

nearby anatectic mi ites there is no signi illimanite or gamet in the rock, not even

associated with the biotite-rich layers. In many instances, such as around el Cuadrén, the
felsic domains resemble strained pegmatitic veins or flatened and strained feldspar
megacrysts; or, such as at the El Villar dam, they have a medium-, coarse-grained texture
which does not differ from that of the nearby aplitic dykes (Fig.6.13). Therefore it is
difficult to interpret these gneisses as diatexites or anatectic migmatites. The relatively
homogeneous aspect in all outcrops, with no evidence of metasedimentary layers, and the
local presence of feldspar megacrysts (El Tenebroso), suggest that this gneiss type might
be a highly strained granitic orthogneiss.
GRANITIC ORTHOGNEISSES:

Granitic augen gneisses / foliated megacrystic granites (Fig.6.14):

These rocks show a variation from augen gneisses to foliated megacrystic granites
depending on the amount of strain. They have a simple mineralogy with quartz, K-feldspar
and plagioclase (Anl0-15) in granitic modal proportions and a variable proportion of
biotite. Also common is the presence of metamorphic sillimanite (fibrolite), garnet and
cordierite and ite. The and augen are formed by tabular

primary K-feldspars with Carlsbald twinning. Bellido et al (1991) also reported plagioclase
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megacrysts in some of these rock types. The size of the megacrysts varies between 2 and 8
cm, with exceptional individuals in excess of 10 cm. The density (20% to 5%) of
megacrysts, their size and the variable content of biotite in the matrix have prompted a
complex classification scheme for these rocks (Azor et al., 1991; Bellido et al., 1991). This
classification was not used because it is biased by the local amount of strain. However,
there is a variation from biotite-rich facies to biotite-poor leucogranitic facies, which in the

case of the Buitrago gneiss is observed within the same body.

These gneisses form distinct bodies (massifs) in the Sill+Kfs zone and outcrop over
extensive areas all over the Western Domain of the Sierra de Guadarrama. Outcrops of
similar looking augen-gneiss have also been found in the southwest corner of the Manjirén
antiform. Three of these bodies have been studied in detail in the Buitrago area: the
Buitrago, Cincovillas and Lozoya gneisses (Fig.6.6). The first one is a composite body of
leucogranite and megacrystic granite whereas the other two are megacrystic granites.

Gneissic leucogranites (Fig.6.15):

These are gamet-bearing foliated granites, similar to the foliated leucogranites
described in the Berzosa-Riaza shear zone. They have a widespread distribution both in the
Manjiiron antiform (Sill+Ms zone) and in the Buitrago area (Sill+Kfs zone). They range
from 50 cm thick dykes to kilometric bodies. They in most places appear in two different
simations: as dykes or late intrusions in granitic augen-gneisses; as independent bodies
intruding into the mi, it i The mi in both cases is very similar

with quartz + K-feldspar + plagioclase in granitic modal proportions, minor biotite and
garnet, and scarce muscovite and sillimanite (fibrolite). In the largest bodies, variably
strained feldspar megacrysts, 2 cm long on average, are commonly present. The fabric is
defined by the orientation of the mica flakes and a gneissosity defined by feldspar-rich
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domains. In constrast with the augen gneisses, there is no clear evidence of migmatization
in these rocks.

The gneissic leucogranites associated with the augen gneisses are very common in the
Buitrago gneiss, where they make up to >30% of the exposure (Fig.6.6). In general they
have aplitic to equigranular facies and in most cases contain garnet porphyroblasts. They
range from small metric aplitic dykes, clearly intrusive into country rock augen-gneiss, to

kilometer scale ite. These ites have been i as pre-Variscan late
stage differenciates of the augen gneisses (Bellido et al.. 1981; 1991).

The second type appears as indivi decameter to ki le i i The
largest one is the Horcajuelo orthogneiss (Fig. 6.6), which occupies the northern half of
the Manjirén antiform (Sill+Ms zone), from Paredes to Horcajuelo. This is a 7 Km long

leucogranite with a well defined gneissosity and a mj; itic envelope, locally ing a
diatexite. South of Gandullas, along the Puentes Viejas dam, there is a similar body of
smaller scale but also with a migmatitic envelope (Sill+Ms zone). In this case the

merge with the ite, both of which are deformed by the D2 phase.

Therefore, it is possible that some of the migmatites around these bodies might have been
generated during the intrusion of the leucogranites, either by local anatexis or by granitic
injections. Although generally considered pre-Variscan, it is possible that some of these
leucogranites might be granitic mobilizates produced during Variscan peak metamorphism.

6.5.4.- La Cabrera granite (Late Variscan pluton) and late intrusions:

The La Cabrera granite (Bellido et al., 1981; 1991) outcrops in the southern part of the
area of study over a 20 Km long and 10 Km wide area. It is undeformed and has a post-
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tectonic character, sealing the Berzosa-Riaza shear zone and cross cutting the structures and
metamorphic isograds of the Western Guadarrama domain (Fig. 6.3). Conditions of 1 Kb
and 660°C for its contact metamorphism indicate that it was emplaced when both the
Eastern and Western Guadarrama domains were at the same crustal level.

This felsic pluton has two main facies: a coarse-medium grained granite and a fine-
grained leucogranite. The dominant coarse - medium-grained granitic facies is composed
of quartz, K-feldspar, plagioclase (An20-30) and biotite, and has an equigranular texture
with local heterogranular and megacrystic facies, as well as minor granodioritic end
members. This facies has a Rb-Sr whole rock isochron age of 315+14 Ma (Vialete et al.,
1981). The fine-grained leucogranite outcrops in the core of the intrusion, and has an
equigranular texture composed of quartz, K-feldspar, plagioclase (Anl13-17) and biotite. It
has a Rb-Sr whole rock isochron age of 288+5 Ma (Vialette et al., 1981).

Other late intrusions:

* Porphyritic dykes: These are brown / green porphyritic dykes with K-feldspar and
plagiociase phenocrysts and chilled margins. They contain quartz, K-feldspar, plagioclase
(An 12-33) and biotite in granodioritic modal proportions (Bellido et al.. 1991). Locally
they also have minor amphibole and orthopyroxene. These dykes form a NW-SE swarm
which cross-cuts the La Cabrera granite and its gneissic country rock; there are also minor
antithetic dykes with a NE-SW trend. According to Bellido et al. (1991) they are not
genetically related with the La Cabrera granite.

* Quartz veins: Late large-scale quartz veins have been only found in the Buitrago
gneiss. These are 2 to 3 meters wide and less than 500 meters long veins with a NW-SE
trend. Bellido et al (1991) also reported similar veins with a2 NE-SW trend and considered

these two set of meter-scale veins to be associated with late fracturing.



6.6.-PRE-VARISCAN EVOLUTION: U-Pb evidence for a major Early
Ordovician felsic magmatic event in the Sierra de Guadarrama.-

6.6.1.- Introduction.-

The Sierra de Guadarrama has a wide variety of pre-Variscan orthogneisses, which
have been correlated with similar rock types along the Ollo de Sapo Domain of the Central
Iberian Zone (Azor et al., 1992). The Precambrian (Cadomian) versus the Early Ordovician
protolith age of these rocks is controversial in the Sierra de Guadarrama (Wildberg et al,
1989 vs. Vialette et al., 1986, 1987) and the rest of the Ollo de Sapo domain (Gebauer et
al., 1993 vs. Azor et al., 1992). Given the variety of rock types, it was important not only
to resolve the protolith ages but to clarify the potential problems derived from speculative
correlations between rocks from different crustal levels with different volcanic and plutonic
protoliths (e.g., Azor et al., 1992; Navidad et al., 1992). For this reason the area around
the Berzosa-Riaza shear zone (BRSZ) was selected for this kind of study.

The BRSZ exposes an attenuated mid-crustal section (Sill-Ky zone) separating the
suprastructural Eastern Domain (Chl to St zones) from the high-grade infrastructure of the
‘Western Guadarrama Domain (Sill+Kfs zone). Therefore, this area offers an exceptional
opportunity to sample, in a single cross-section, pre-Variscan gneisses from different
crustal levels. The rocks selected for this study are representative of the main types of pre-
Variscan i of the Sierra de Gt (Bellido et al., 1981; Navidad et al.,

1992): the volcaniclastic Cardoso gneiss is the equivalent of the upper crustal Ollo de Sapo
formation and Hiendelaencina gneiss; the Riaza gneiss is a lithological and structural

correlative of the medium grade N: t-B drezuela i in the BRSZ
and similar gneisses in the Hiendelaencina antiform; the Buitrago gneiss clearly shows the
complex i ips in the so-called isses" of the Sill+Kfs zone; and the Lozoya
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gneiss is also a classic example of the so-called "glandular gneisses “ or "Morcuera
gneisses” of the deeper structural levels of the Sierra de Guadarrama.

Regarding zircon morphology, the previous work of Wildberg et al (1989) in the
Sierra de Guadarrama showed the presence of significant amounts of older zircon
inheritance in these rocks. Therefore, only the best euhedral zircons were hand-picked
under the microscope for analysis. To minimize the problems arising from zircon
inheritance, the zircon selection was restricted to the best quality, four-sided, needle-like,
cuhedral prisms with a length/width ratio of 1:7 to 1:10. This type of zircon morphology is
unlikely to grow over an inherited core (Gneiss type IV zircon of Vavra, 1990). However,
their large surface to volume ratio makes them more susceptible to diffusive Pb-loss. This
was minimized with extensive use of the air abrasion technique of Krogh (1982). by
‘mechanically removing the outer surface of the crystals. Unabraded fractions were analyzed

to assure the definition and trace of the discordia lines.

Details of the U-Pb analytical procedure, including sample preparation, are provided in

appendix A.1.

6.6.2.- U-Pb geochronological results (Table 6.1):
EASTERN GUADARRAMA DOMAIN:

Cardoso Gneiss:

This rock has been heterogeneously sheared and metamorphosed to staurolite grade.
Porphyroclasts consisting of 10 o 2 mm fragments of plagioclase, K-feldspar,
microgranite and subrounded primary blue quartz are distributed in a micaceous matrix

(Fig. 6.16). This, plus the gradual transition into the overlying and underlying
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metasedimentary rocks, coupled with the intercalations of mica schists and para-
amphibolites. indicate a volcanogenic origin, possibly asa felsic tuff.

Of eight zircon fractions analysed, Z1 is concordant anchoring the Z1-Z4 discordia line
at 480+2 Ma, the interpreted age of extrusion (Fig. 6.16). The upper intercept at 2645 Ma
and intercepts of Z1-Z7 and ZI-Z8 (not shown) suggest the presence of 2.0-2.6 Ga
inheritance.

Riaza Gneiss:

This is a it ic granitic iss (Fig. 6.17)
with minor leucogranitic facies (Arenas et al., 1982). This gneiss is in contact with both the
metasedimentary rocks of the staurolite and sillimanite (kyanite) zones along a high strain
zone which has transposed any primary relationships. The U-Pb sample is a mylonitic two-
mica megacrystic granite with 2 cm long K-feldspar megacrysts.

Fractions Z1, Z2, Z3, Z5 and Z6 have been intensively abraded and define two
independent discordia lines, line Z1-Z4 and line Z1-Z6. The line ZI to Z4 provides an
upper intercept of 468+16/-8 Ma which is interpreted as the best estimate for the protolith
age. The line Z1 to Z6 suggests the presence of Archean (2.6 Ga) inheritance (Fig.6.17).
Analyses Z7 and Z8 are interpreted (o contain a minor inherited component and have

undergone Pb loss.
'WESTERN GUADARRAMA DOMAIN:
Buitrago gneiss:

This rock has been interpreted both as a pre-Variscan orthogneiss (Bellido et al., 1991)
and a Variscan anatexite (Fernindez Casals, 1979). Traditionally called a "leucogneiss”
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(Bellido et al., 1981; Azor et al., 1990), the Buitrago gneiss is composed of two rock
types, a biotite-bearing augen-gneiss (Sample BU-1) and a gamet-bearing foliated
leucogranite (Samples BU-2 and PIB-1). The augen gneiss has a composite solid-state
fabric defined by stiff primary K-feldspar porphyroclasts (@ = 2-4 cm) and ductily
deformed quartzo-feldspathic domains. Sample BU-2 is an aplitic vein intrusive in sample
BU-1 which mimics an anatectic vein (Fig.6.18). Sample PIB-1 is a foliated leucogranite

dyke intrusive into the augen-gneiss. Although samples BU-2 and PIB-1 have clear

intrusive i i g i ips with the tectonic fabric in the augen

gneiss are not seen.

The discordia line Z1-Z6 (25% probability of fit: v. Davis, 1982) has an upper
intercept of 488+10/-8 Ma which is the best estimate for the protolith age (Fig.6.19).
Analysis Z3 was not included in the regression of the discordia line as it is interpreted to

show the combined effect of Pb loss and minor inheritance.

With error expansion all five fractions define a discordia line (58% probability of fit)
with an upper intercept of 482+16/-12 Ma. However, a Z1-Z2-Z5 discordia line with a

higher probability of fit (76%) and an upper intercept of 482+8/-7 Ma is preferred for the
protolith age (Fig.6.20).

Pl s pes— o - Fig. 6.2

Five fractions of abraded needle-like zircon (Table 1), define a discordia line with an
upper intercept of 482+9/-8 Ma for igneous crystallization (Fig.6.21). This protolith age
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is coeval with samples BU-1 and BU-2 suggesting that the foliated leucogranites are a late
magmatic phase differentiate. This is also consistent with the high U content of the zircons
compared to those of sample BU-1 (Table 6.1)

Lozoya gneiss (LO-1): Augen gneiss / granitic orthogneiss (Fig. 6.22).

This is a ductily-deformed biotite-bearing augen gneiss containing primary feldspar
augen up to 7cm in diameter. This rock type covers most of the Westem Guadarrama
Domain with an approximate areal extent of 1000 km2. It is also locally known as
“Morcuera gneiss” (Ferndndez Casals, 1974) or "feldspathic glandular gneiss” (Navidad et
al., 1992) and "meso-melanocratic orthogneiss”, where strongly deformed (Navidad et al.,
1992). The dated sample was collected from the type locality proposed for the Morcuera
gneiss by Casquet et al. (stop 3.1. and figure 16 of Alvaro et al., 1981). The sample has

ic cordierite and sillimanite (20 sillimanite / cordierite zone).

Of five zircon fractions analyzed, Z1 is concordant providing a protolith age of 477+4
Ma (Fig. 6.22a). Three monazite and one xenotime fraction define an independent
discordia line with an upper intercept of 48040 Ma confirming the protolith age (Fig.
6.22b). The concordant monazite and xenotime pin the lower intercept at 322+2 Ma,
which represents the age of Variscan LP/HT metamorphism. The large grain size of the
concordant monazite (M1, Table 6.1) suggests that the monazite-xenotime discordia line is
a mixing line between igneous and metamorphic monazite, rather than variable resetting of
igneous monazite. The Z1-Z2-Z3 discordia line has a lower intercept of 221 Ma with no
apparent geological meaning, possibly due to a combination of Variscan partial resetting
and Mesozoic Pb-loss (Fig.6.22b). Analysis Z4 reflects combined Pb loss and inheritance;
a line Z1-Z5 (Fig.6.22c) suggests the presence of 2.6 Ga inheritance.
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6.6.3.- i Gi i of the new U-Pb ages:

The U-Pb zircon ages for the Riaza gneiss (468+16/-8 Ma), the Buitrago gneiss
(488+10/-8 Ma. megacrystic facies; 482+8/-7 Ma and 482+9/-8 Ma, aplitic and
leucogranitic facies) and the Lozoya gneiss (47744 Ma) are representative of the main types
of pre-Variscan orthogneisses of the Siera de Guadamama (Fig.6.23), indicating the
presence of an important granitic intrusive event in the Arenig (485-470 Ma: time scale of
Tucker and McKerrow, 1995). The concordant 480+2 Ma U-Pb zircon age of the
volcaniclastic Cardoso gneiss invalidates the previously accepted age of 540430 Ma
(Wildberg et al., 1989). This new age indicates that volcanism and plutonism were coeval
and constrains the lower limit of the Arenig "Sardic" unconformity in the Sierra de
Guadarrama (Soers, 1972; Gonzalez Lodeiro, 1981), indicating a close relationship
between the Sardic deformation and the Arenig felsic magmatism. It also indicates that the

Constante ion is not Ti ian but Arenig in age. The mixing line

between igneous and metamorphic monazite and xenotime of the Lozoya gneiss not only
confirms the Arenig protolith age, but provides the first reliable age, 322+2 Ma, for the
Variscan low P/ high T metamorphic overprint of the gneisses of the Western Guadarrama
Domain. This last point will be further discussed in the Variscan section.

These U-Pb ages support the Rb-Sr data of Vialette et al (1986; 1987), suggesting that
most of the pre-Variscan orthogneisses of the Sierra de Guadarrama are Early Ordovician.
This, however, does not exclude the presence of unidentified, older orthogneisses.



6.7.- VARISCAN TECTONOTHERMAL EVOLUTION OF THE
SOMOSIERRA SECTOR OF THE SIERRA DE GUADARRAMA: Structural,
metamorphic and U-Pb geochronological constraints.

6.7.1.- Introduction

This section presents the structural, metamorphic and geochronological data used to

constrain the Variscan lution of the i area of the Sierra de

Guadarrama. The data are presented in the order outlined before and will be followed by a
discussion focusing on the timing and character of the Variscan metamorphic and

deformational events.
6.7.2.- Structural evolution:

The | evolution of the ierra sector of the Sierra de Guadarrama can be

described in terms of two major deformational events, D1 and D2. DI had a compressional
character and was responsible for the regional crustal overthickening (Ferndndez Casals.
1979; Macaya et al., 1991). In the area of study, the DI macrostructure has been
completely obliterated by the D2 event. D2 is a major ductile shearing event, during which
the Berzosa-Riaza shear zone was This event is wi in the gneissic

infrastructure, Western Domain, and in the lower structural levels of the Eastern
Guadarrama domain. D2 is coeval with a low pressure /high temperature overprint of the
inter D1-D2 i ic mineral (Ferndn Casals, 1979; Bellido

etal., 1981; Casquet et al., 1983; Macaya et al., 1991; Heraiz Huerta et al., 1996).

Historically, the first detailed structural analysis of this area of the Sierra de

G (Fe Casals, 1979) i d only two main phases of deformation
(D1 and D2), followed by minor late deformation (D3). Gonzalez Lodeiro (1981)
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incorporated the model from the West Asturian Leonese Zone (WALZ) of three main
phases of Variscan deformation, interpreting the D3 phase, as in the WALZ, as
backfolding. It should be noted that in the Sierra de Guadarrama, like in the WALZ, only
F1-F3 fold interference patterns were recognized in the low grade rocks (Gonzalez Casado.
1988). The D2 phase was, as in the WALZ (Basal shear zone of the Mondoiiedo nappe.
Martinez Cataldn et al., 1990), restricted to major shear zones such as the Berzosa-Riaza
shear zone. Subsequent workers extended the D3 ing to the gneissic i

(Capote et al., 1983; Macaya et al., 1991; Azoret al., 1991 a,b: Bellido et al., 1991). This

scheme however, was questioned by Hernaiz Huerta et al. (1996) who interpreted the
Berzosa-Riaza shear zone as a major ductile extensional shear zone. Such a possibility was
timidly advanced by Gonzalez Casado and Casquet (1987). This new interpretation
eliminates the necessity of D3 backfolding to explain the west vergence of the regional

macrostructures.

In the following description, the so-called high temperature D3 structures (Casquet et
al., 1983; Macayaet al., 1991: Azor et al., 1991; Bellido et al., 1991) are interpreted to be
formed by progressive deformation during D2. The term D3 is used to described late, low
grade deformational features. This scheme coincides with the one independently developed
by Hernaiz Huerta et al. (in press,a and b) in the Cardoso antiform (Fig. 6.24), and it is
similar to the one initially proposed by Femdndez Casals (1979). Most of the author’s
structural work was concentrated in the area between the Hiruela mountain pass, upper
levels of the BRSZ, and the Rio Sequillo dam, west of Buitrago (Fig.6.25).

D1 deformation:

The DI event is well defined in the supracrustal Eastern Guadarrama Domain, where it
deforms the Mid Paleozoic sedimentary sequence. In the gneissic Western Guadarrama



domain, this ion preceded the i ism and the low pressure /
high temperature metamorphic overprint. Therefore, all fabrics preceding peak
i are i to be DI. This might include several subphases of

deformation which could not be properly defined due to the intense D2 overprint.

DI in the gneissic infrastructure is considered Variscan in age. Pre-Variscan fabrics
could not be identified during this study or in previous studies (eg. Macaya et al., 1991).
But as a cautionary note, this does not mean that relicts of them might not be present in
certain parts of the Sierra de Guadarrama or in other gneissic complexes of the Spanish
Central System (Macaya et al., 1991).

_Eastern Guadarrama Domain;

This domain contains two well defined D1 macrostructures, the Majalrayo syncline
and the Galbe de Sobre anticline (Fig.6.2; Macaya et al., 1991; Hernaiz Huerta et al.,
1996). Both structures are east of the area of study and have an axial planar, S1, slaty
cleavage and associated minor F1 folds indicating an east vergence during the D1 Variscan
compression.

In the area of study, the DI structures are overprinted by the D2 deformation. In the

upper structural levels of the eastern flank of the El Cardoso antiform, the S1 fabrics are
by D2 (Fig. 6.24; ion band of Hernaiz Huerta et al., 1996). Towards the

lower structural levels of the Eastern domain, in the Cardoso antiform, the S1 fabrics are

by the D2 ion. Relicts of the S fabric are only preserved as
a partially transposed fabric in low strain areas, fold hinges in F1-F2 interference folds and
as internal inclusion trails (Si) in pre-D2 porphyroblasts. Therefore, the resultant main
fabric (Sp) is an S0-S1-S2 composite fabric (Fig. 6.7a).
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_Western Guadarrama Domain:

West of the area of study, Macaya et al (1991) described discrete D1 shear zones.
affecting mostly i rocks, ing kil le wedges of augen-
gneisses. They inferred that these east-vergent wedges of augen-gneisses and the
associated D1 shear zones formed the D1 macrostructure of this domain.

In the area of study, Azor et al. (1991b) suggested the presence of an Fl recumbent
syncline in the Buitrago area. However, such structure was inferred on the assumption of

an oversimplified stratigraphy formed by i overlain by i Yy

rocks, without taking into account the constraints imposed by the metamorphic zonation.
During this study no major Fl macrostructures were recognized in the field due to the

intense D2 overprint, this also coincides with the observations of Ferndndez Casals (1979).

Although D1 could not be there is abundant evidence

for DI structures in all structural levels of the Westem Guadarrama Domain. In the

ing iption the main gneissosity (Gn), or iti banding, is

as a composite SO-S1 fabric (Fig.6.8).

In the sillimanite-kyanite-bearil i y rocks of the Berzosa-Riaza shear

ing

zone, D1 structural features are preserved as intrafolial folds in the main foliation (S2; Fig.
6.7¢). Inclusion trails (Si) in gamet and kyanite porphyroblasts also indicate the presence
of an earlier S1 fabric.

Relicts of DI structures are best preserved in discrete levels of the Sill+Ms
metapsammites of the Madarquillos shear zone. Locally, it is possible to observe a
penetrative S1 fabric cross cutting SO, both being overprinted by F2 asymmetric folds with
an axial planar S2 fabric. However, there is not enough high quality outcrop to



convincingly trace the DI structure. In this lithological band there are also abundant F1-F2
interference figures.

In the sillimanite-mica schists and the sillimanit i i y rocks of
the Manjirén antiform, the presence of variably refolded quartz veins is also common.
Some of these veins cross-cut SO forming part of a composite SO-S1-S2 fabric, and are
variably refolded by three local phases of folding. The structural significance of these veins
is uncertain, i.e: dilatational veins or quartz segregations along a preexisting foliation. It
should be noted that such veins were not observed in the migmatitic lithologies.

In the gneissic and migmatitic lithologies of the Manjirén antiform and the Buitrago
area, the DI structural features are best preserved inside the metric-scale calc-silicate

boudins. They consist of a gneissosity (S0-S1?) defined by compositional alternations of

g ich and clinop; ich layers with ic texture, which has also been
folded (F1) under the same high grade conditions (Fig. 6.12). In the quartzo-feldspathic
there are F1-F2 i patterns with imetric scale, F1, isoclinal folds

(Fig.6.7; 6.8). In many cases, these are intrafolial folds which evidence the composite (SO-
S1) character of the main gneissosity. Also the main gneissic fabric in the El Villar type
biotite-bearing migmatites (subsolidus migmatites?; section 6.5.3) is overprinted and
partially transposed by the D2 event, suggesting that the gneissosity is partially D1.

The of the anatectic migmatites of the Buitrago area (Fig. 6.11, Sill+Kfs

zone) form stromatic migmatites which are aligned with the compositional banding in the
nearby quartzo-feldspathic lithologies, and have been folded and sheared during D2. Most
of them, as already recognized by Fernindez Casals (1979), appear to be late- to post-D1
and some show refolding suggesting that they might have already formed during DI1.
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However, as pointed out by McLellan (1984), such refolding is common during syn-
‘magmatic deformation of migmatites with more than 30% melt.

D2 deformation:

This major ductile shearing event affected the gneissic Western Guadarrama Domain
and the deeper structural levels of the Eastern Guadarrama Domain. All previous authors
agree that the juxtaposition of the Easten and Western Guadarrama Domains took place
along the Berzosa-Riaza shear zone during this event (i.e. Fernandez Casals, 1979; Bellido
etal,, 1981; Macaya et al., 1991; Hemaiz Huerta et al., 1996). Other structures developed
during D2 are the Cardoso antiform in the Eastern Domain (Hemaiz Huera et al., 1996)
and the Manjir6n antiform and the Madarquillos shear zone in the Western Domain

(Ferndndez Casals, 1979).

The Cardoso antiform is the result of the overprint of the D2 deformation on the
suprastructural Eastern Guadarrama Domain, whereas the crenulation band (Hernaiz Huerta
et al., 1996) is the uppermost part of the D2 deformational front. The elements of the
crenulation band have been described in detail by Femandez Casal (1979), Gonzalez
Casado and Casquet (1987) and Hernaiz Huerta et al. (1996), all of which considered to be
a D2 structure. Gonzalez Lodeiro et al. (1988), however, suggested that the crenulation
band was a D3 structure and interpreted the Cardoso antiform as D3, but indicated the D2

character of the shear zone in the core and western limb of the antiform.

Across the crenulation band, the strain of the D2 deformation increases structurally
downwards, where the D2 crenulation cleavage (Fig. 6.26) passes into a D2 ductile



mylonitic fabric (S2; Fig.6.7a.b; 6.26). The S2 mylonitic fabric transposes the SO and the
S1 fabrics, defining the Berzosa-Riaza shear zone. The S2 mylonitic foliation is axial
planar to the Cardoso antiform, indicating its D2 character (Fig.6.24: Hernaiz Huerta et al.,
1996) and it is not folded by a later D3 event as proposed by Gonzalez Lodeiro et al.

(1988). This last point was confirmed during an east-west reconnaissance traverse passing

through the core of the antiform, north of El Cardoso.

The B Riaza shear zone is ized by a well ped ductile

foliation (S2), which the previous into ism. This foliation
trends 17° to 18° N in both the Eastern (St-zone) and the Western Domains (Sill-Ky zone).

In the Cardoso antiform and the Eastern Domain, S2 plunges 54°E on average (Hemaiz
Huerta et al., 1996); whereas in the Sill (Ky) zone it is shallower, plunging 30°E on
average (Fig.6.27 and 6.28).

In the St-zone (Eastern Guadarrama domain) the S2 foliation is defined by the
orientation of biotite and muscovite (Fig.6.26). This fabric is coeval with the growth of
staurolite, indicating amphibolite facies conditions. The mineral lineation and stretching
lineation (L2) are defined by quartz-rich pressure shadows with a mica-rich envelope
around gamet, staurolite and chloritoid porphyroblasts (Fig.6.7b). The staurolite
porphyroblasts are in most cases subparallel to the lineation. This lineation is oblique to the
dip of the S2 foliation and has an average orientation and dip of 150/47. There is extensive
development of asymmetric pressure shadows around porphyroblasts in the
metasedimentary rocks and the porphyroclasts of the Cardoso gneiss. They all indicate a
shear sense of top down to the SE which is also consistent with S-C and micafish
structures. Towards the top of the shear zone there are abundant trails of sheath folds in the



more competent quartzitic lithologies, with the same shear sense (Hernaiz Huerta et al.,
1996). Boudinage is also parallel to the lineation.

In the Sill-Ky zone, the S2 fabric is defined by oriented fibrolite and biotite which are
growing at the expense of the inter D1-D2 kyanite. Muscovite is stable and also defines the
S2 foliation in association with sillimanite + biotite. Therefore, in this zone the S2 is a ISt -
Sill zone fabric (Fig.6.26). The mineral lineation in the metasedimentary rocks is defined
by elongated fibrolite, quartz-rich pressure shadows, reoriented kyanite porphyroblasts and

quartz ribbons and striations in sheared q ins. [n the i i the
augen-gneisses, the lineation is defined by quartzo-feldspathic ribbons around feldspar
porphyroclasts. In this zone boudinage parallel to the mineral lineation (Lmin) is

that this is a ing lineation. This lineation is oblique to the dip

of the S2 foliation and has an average orientation and dip of 151/26 (Fig.6.27 and 6.28).
Kinematic indicators such as asymmetric pressure shadows, winged porphyoclasts,
asymmetric boudinaged, S/C structures and shear bands (C' planes: Hanmer and
Passchier, 1991), indicate a shear sense of top down to the SE.

The Manjirén antiform, W Do

The Manjirén antiform is a dome-like structure whose northern half is formed by the
gneissic ite and its mi; itic envelope. The southern half is formed

by mi; iti i minor calc-silic rocks and i and the El Villar
type biotite-bearing migmatites (subsolidus migmatites?, section 6.5.3). This structure, like
the BRSZ, is cross-cut to the south by the La Cabrera granite (Fig.6.3; 6.25).

In the northern closure of the Manjirén antiform, the structural data from the
metasedimentary rocks in the limbs and the orthogneisses and migmatites in the core
indicate that the main foliation (S1) defines a theoretical fold with a fold axis (144/37)
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parallel to that of the minor F2 folds (Fig.6.27). These minor F2 folds crenulate Sl in the
mica schist lithologies and overprint F1 folds in the psammitic lithologies. The plunge of
the F2 folds is also parallel to the mineral lineations (L min av., 139/33; Fig.6.27). The
same relationships are also found in the cross section along the Cocinillas river (Fig.6.28).
In this case the gneissosity in the migmatites (Gn) is folded with a good agreement between
the F2 fold axis and the theoretical fold. This is also confirmed by the distribution of the
foliation in the Horcajuelo orthogneiss (Fig.6.28). To the south, in the area around the
head of the Puentes Viejas dam, gneissosity and F2 folds display the same relationships.
with parallelism between the F2 fold axis and the mineral lineation defined by sillimanite
and quartz (Fig.6.28). It should be noted that south of Paredes the contact between the
BRSZ and the migmatitic gneisses is a high strain zone with an intense D2 transposition of

the migmatites into a straight gneiss. Planar fabrics are also dominant south of Manjirén in

the EI Villar type biotite-bearing migmatites and the associated li ies (Fig.6.29).

Most of the asymmetric folds in the Manjirdn antiform are Z-shaped (Fig.6.8).
suggesting a shear sense of top to the S-SE. These folds have muscovite and sillimanite
stable and folded anatectic leucosomes (Fig.6.11). This shear sense is also confirmed by
shear bands (C' planes) with sillimanite. This indicates that movement took place in
metamorphic conditions between the 15t and the 204 sillimanite isograds. But the best

for the D2 ion are provided by the asymmetric calc-silicate
boudins at the base of the Puentes Viejas dam. The retrogression of the gamet-
mineral to i il confirms the amphibolite

facies i itions of the D2 ion. Boudin Yy and

mineral lineations indicate a shear sense of top to the south. The D2 mylonitic foliation in
the migmatites surrounds these boudins and is parallel to the large limbs of the asymmetric
F2 folds. Trails of asymmetric folds develop around the largest boudins , which partially



control the plunge of the fold axis. It should be noted that the D2 foliation also surrounds a

large megaboudin of El Villar type biotite-bearing migmati iated with the calc-sili
boudins.

The Madarquillos shear zone is a structure originally defined by Ferndndez Casals
(1979) as a D2 shear zone, even though she called it a synform. This structure is presently
defined by the trace of the silli ite + i ites and mica schists. It

extends from south of Manjirén, where it is poorly exposed, to the northern closure of the
Manjirén antiform (Fig. 6.3 and 6.25). At the Puentes Viejas dam the structure is bordered
to the east by a high-temperature (sillimanite -bearing fabric), subvertical, strike-slip shear
zone (Fig.6.25 ), and to the west it presents a gradual transition to migmatitic lithologies
which are sharply separated from the gneisses of the Buitrago area by a 10 to 30 meter
wide band dominated by L-fabrics and quartz-rods (the L-fabric band. Fig.6.25). In the
Madarquillos river section and farther north, the western border of the Madarguillos shear
zone is a high-strain D2 shear zone overprinting the Sill+Kfs zone gneissic and migmatitic
lithologies of the Buitrago area (Fig. 6.25).

The main foliation in this shear zone is an S2 schistosity / compositional banding
produced by the transposition and crenulation of SO and S1(Fig.6.30). The S2 fabric is
axial planar to the F2 folds in the metapsammites (Fig.6.31). In the sillimanite + muscovite
mica schists there are clear relationships between the D2 boudins and the F2 folds,
suggesting that both were coeval (Fig.6.32 and 6.33). The F2 folds are tight to isoclinal
folds with SO generally parallel to S2 along the fold limbs (Fig. 6.31). The main foliation
(S0-S2) has an average trend and dip of 17/38E to 8/35E (Fig.6.34). The mineral lineation
is defined by centimetric elongated patches of fibrolitic sillimanite and quartz oblique to the
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dip of the main foliation (150/24 to 138/32 on average: Fig.6.34). The axis of the F2 folds
are subparallel to the mineral lineation (154/28 to 135/30 on average: Fig.6.34). Shear
bands with stable sillimanite (C" planes; Fig.6.35) are also commonly developed with an
average trend and dip of 22/S7E (Fig. 6.34). In the "L-fabric band” the linear fabric
plunges 151/26 (Fig.6.34; 6.36), the shear sense is poorly defined but seems to be top up

to the NW. It is, however, unclear if this is a D2 structure or a later reworking.

In the Mardarquillos synform there are abundant kinematic indicators such as S/C
structures with a very small angle between S and C planes, shear bands (C' planes),
and ic folding of variably oriented quartz and pegmatitic

veins (Fig.6.32). This variety of kinematic indicators permitted the independent
confirmation of the shear sense. In the eastern side and center of the Madarquillos shear
zone the shear sense is top down to the SE (Fig.6.32; 6.35). In the Madarquillos river
section, although locally there are a few kinematic indicators suggesting top up to the NW

(Fig.6.37), most of them are consistent with top down to the SE tectonic transport
(Fig.6.35). There is, however, a significant area with D2 shear sense top-up to the NW in
the Puentes Viejas dam between the metapsammites and the L-fabric band (Fig. 6.25:
6.37). Structurally below, in the Rio Madarquillos section, the migmatites and gneisses of
the Buitrago area were transposed into straight gneisses during a top down to the SE
shearing (Fig. 6.33). This shearing, like the one in the Madarquillos shear zone took place
in metamorphic conditions of the Sill+Ms zone.

Buil We Domain:
This area corresponds to the sillimanite + K-feldspar gneisses west of the

Madarquillos shear zone. The D2 deformation in this area has a heterogeneous character.
The ion in the migmatiti isses produced complex shear zones such as the




“high temperature deformation band” exposed along the Puentes Viejas dam, between
Buitrago and the L- fabric band (Fig.6.25). This is a band with a complex ductile
and fabrics ped under i iti of the Sill+Kfs zone.

The granitic orthogneisses in the Buitrago area, although heterogeneously deformed, do not
show the complex folding observed in the surrounding paragneisses.

The migmatites and q i isses in the “high temperature
deformation band" form metric-to decametric-scale, boudin-like, lenses separated by ductile
shear zones (Fig.6.38). Inside these lenses the gneissosity is folded whereas to the outside
it is transposed by D2 shear zones, indicating an i flattening i
with the D2 non-coaxial shearing (Fig. 6.39). Some of these lenses show complex fold

interference patterns and disharmonic folding but most anatectic migmatites are
harmonically folded and sheared. Muscovite is not present in the fabric indicating
conditions for the D2 deformation in the Sill+Kfs zone (Fig.6.30). In the shear zones the
gneissosity (S2 mylonitic fabrics plus transposed SO-S1) has a NE trend and a shallow
plunge to the SE (Fig.6.34). The mineral lineations, defined by fibrolite, are almost parallel
to the dip of the S2 ductile fabrics, plunging 147/22 on average (Fig.6.34). The
distribution of the poles to the gneissosity suggests folding along a 145/23 theoretical fold
axis. This theoretical fold axis is parallel to the orientation of the F2 folds (151/27:
Fig.6.34). These F2 folds were produced inside the more competent lenses, and are also
parallel to the mineral/stretching lineation in the shear zones (Fig.6.39). Shear bands

(C'planes) are common it in the more q

(Fig.6.38; 6.40). They have an average trend and dip of 46/44S, almost normal to the
mineral lineations (Fig.6.34). These shear bands or C' planes have sillimanite stable in the
shear planes, and locally are filled by late pegmatites (Fig.6.40). These late pegmatites are
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relatively common and cross-cut the S2 foliation (Fig. 6.41), confirming the high

temperature conditions.
The granitic i are ized by a ite planar fabric which formed
around the more feldspar and an

lineation defined by fibrolite and quartzo-feldspathic aggregates (Fig. 6.14). Metric
boudins, parallel to the Lmin, were formed during the heterogeneous D2 deformation.
Antithetic shear bands are common near the boudin necks: the dominant shear bands have
an average trend and plunge of 37/50E (Fig.6.34). Folding is restricted to the nearby
migmatitic lithologies (Fig.6.11). In general the stretching lineation in both the Buitrago
and Cincovillas gneisses shows a remarkable similarity plunging 160/26 on average. This
is slightly oblique to the dip of the average gneissosity in the Buitrago gneiss, 20/32E,
which is similar to that in the high strain zone in the Cincovillas gneiss, whereas the low
strain zones of the Cincovillas gneiss have a flat lying foliation (Fig.6.34). The F2 fold
axis in the nearby migmatitic gneisses are subparallel to the Lmin in the orthogneisses
(153/32; Fig.6.34). This is consistent with the D2 character of the deformation in the
orthogneisses, as already stated by Femindez Casals (1979). In the area around El
Cuadrén (Fig.6.33), the scatter of the structural data has been attributed to the intrusion of
the La Cabrera granite (Ferndndez Casals, 1979).

Late deformations (D3):

The later deformational events have been grouped under a D3 deformational phase.
This phase has a greenschist facies retrograde character and a minor importance compared
to the main D1 and D2 phases.

The most common are kink-folds, upright ions and discrete brittle
faults (Fig.6.42). The most signi are the ist facies Montejo
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and El Cervunal detachments. The Montejo detachment is a minor reactivation of the
western border of the Berzosa-Riaza shear zone. Most of this reworking took place along a
phyllonite band in the northem extreme of the BRSZ. in the Amoyo de la Garganta
(Hemnaiz Huerta and Escuder Viruete, pers comm.). In the area of study, only small
discrete reactivations were recognized (Fig.6.42). The Cervunal detachment however, is a
continuous greenschist facies brittle-ductile fault zone which can be traced from Riaza to
Berzosa (Fig.6.3). It has a band of elongated augen-gneisses (Riaza, Nazaret and Berzosa
gneisses) in its footwall, whereas the hangingwall is formed by the staurolite-mica schists
of the Eastern Guadarrama Domain. This fault zone is well exposed west of El Cardoso,
where an east-dipping high angle foliation cross-cuts the S2 fabric. Also near the Hermita
de Nazaret a metric mylonite zone can be recognized separating the Nazaret gneiss from
the staurolite-mica schists. Gonzalez Casado and Casquet (1987; 1988) reported
greenschist facies shear bands along the trace of the detachment, but their relationship with

the detachment is uncertain.

The proposed sequence of deformational events is very similar to the one originally
proposed by Fernandez Casals (1979). The D1, ible for the crustal

has been obliterated by the later D2 event, and it is only well preserved in the
suprastructural Eastern Domain, east of the area of study. The D2 event in the area of study
was associated with large scale ductile shearing. This shearing was concentrated along the
Berzosa-Riaza shear zone but it is also widespread in the gneissic infrastructure, as
recognized by other workers (i.e. Macaya et al., 1991; Azor et al., 1991). The field area
covers staurolite-chloritoid mica schists in the Eastern Domain to sillimanite + K-feldspar
migmatitic gneisses in the Western Domain. The D2 foliation, L2 lineation and F2 fold
axes in all these rocks have a similar trend with a consistent shear sense of top to the SE

204



(Fig.6.25, 6.27, 6.28, 6.34). This suggests that the D2 deformation was associated with

an oblique extensional event.

An interpretative E-W cross section along the area of study (Fig.6.43) shows that the
structural features can be explained considering D2 as a progressive extensional event. This
could account for the metric-scale, east vergent F2 folds in the gneisses of the Western
Domain without requiring the D3 back-folding event proposed by Capote et al. (1982),
Macaya etal. (1991) and Azor et al. (1991a). These authors have indicated the parallelism
between their L2 lineations and F3 folds and the consistent top to the SE tectonic transport
of the D2 shearing. Such observations, however, are inconsistent with the D3 backfolding
along N-S axis proposed by Azor et al. (1991a), since there is only a single set of SE
trending L2 lineations and not two sets as expected (Fig. 6.28, 6.27, 6.34). The cross-

section proposed here also accounts for the observations of important strain partitioning,

with shear zones i lenses of g ic gneisses,
and resolves the thickness and extent of the lenses of augen-gneisses without large

recumbent folds (Azor et al., 1991; Fig.6.43).

The interpretation of the D2 event as a progressive extensional shearing also explains
the parallelism between L2 lineation and the F2 fold axes in the gneissic infrastructure by
flattening combined with rotation and shearing of layers oblique to the shear plane. The
similarity of trends between different structural levels implies that while extension took
place, the deformation migrated to deeper and hotter structural levels under the same
oblique extensional regime. This explains the common refolding of anatectic leucosomes
and migmatites in both the Manjirén antiform and the Buitrago area. Some of these

show di ic folding, ing that ion took place in a

magmatic state (McLellan, 1984). Given the post-D1 character of the anatexis, it is likely

that anatexis took place during early stages of the D2 deformation and as the leucosomes
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crystallized the migmatites began to behave like a Newtonian solid, developing harmonic
folds.

D3 and late il are as minor ivati and i i of

the D2 macrostructure, such as the late extensional reactivations along the Montejo and

Cervunal detachments.

6.7.3. Mi e and phism.-

The relationships between metamorphic mineral growth and deformation are presented
in this section. These relationships in the Buitrago-Riaza area have been described by
Lépez Ruiz et al (1975), Arenas et al. (1980), Casquet and Navidad (1985), Gonzalez
Casado (1987), Bellido et al. (1991), Azor et al. (1991), Escuder Viruete et al. (1996) and
Hernaiz Huerta et al (in press). It should be noted that the emphasis in this section is being
put on the area mapped in detail (Fig. 6.25), i.e. from the chloritoid-staurolite transition to
the Sill+Kfs zone.

Chlorite, biotite and garnet zones:

These three zones are located at the upper structural levels of the Somosierra sector of
the Sierra de Gt outside the B Riaza shear zone. The trace of the mineral

isograds is deformed by the D2 event (Fig.6.44), confirming the syn-DI or inter D1-D2
character of the mineral assemblages (Gonzalez Casado , 1987; Escuder Viruete et al.,
1996). Garcia Cacho (1973; in Lépez Ruiz et al., 1975) described a rare ocurrence of
kyanite within the biotite zone, which suggests pressures above 2.5 Kb (Chapter 10 of
Spear, 1993).
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Staurolite zone:

The staurolite-in isograd follows the trend of the mylonitic front of the Berzosa-Riaza
shear zone. The staurolite zone outcrops between the mylonitic front and the Cervunal
detachment (Fig.6.44). South of the Cardoso antiform the transition in to the staurolite
zone is very sharp but within the antiform there is a wider zone (500 meter, approx.) with
coexisting chloritoid and staurolite (Gonzaiez Casado et al., 1987). This transition is well
exposed in the Hiruela mountain pass, where chloritoid porphyroblasts up to 3 cm long are
partially transformed into Fe-chlorite, gamet and staurolite. There are also biotite
porphyroblasts. Both biotite and chloritoid have an internal schistosity (S1?) defined by
trails of quartz and opaque inclusions. In the case of chloritoid the internal schistosity is
only partially transposed by the external schistosity (S2), indicating an inter D1-D2 and
possibly an early D2 character (Fig.6.45). The gaet porphyroblasts also have an internal
schistosity which is early- to syn-D2, there also are small euhedral gamets overgrowing
chloritoid. These garnets are usually rimmed by chlorite, but they can be in direct contact

with itoi ite is usually i with chlorite and biotite, although locally it
can be in direct contact with chloritoid (Fig.6.46). It should be noted that there is no new
growth of biotite. The coexistance of biotite and chloritoid is perplexing because one of
them should have been removed by reaction:

Chloritoid + biotite = garnet + chlorite

This suggests that this reaction has been overstepped but the effect of any extra
components such as Mn (Droop and Harte, 1995; Mahar et al., 1997) is uncertain on the
stability of biotite in this area. The new growth of staurolite, chlorite and garnet suggests

removal of chloritoid by the discontinuous reaction:

Chloritoid = garnet + chlorite + staurolite + H20



This reaction takes place between 510° and 560°C for pressures in the range between 3
and 8 Kb (Fig.6.47); these are mini estimates ing to the KFASH
system. Casquet and Navidad (1985) reported biotite-gamet Fe/Mg exchange temperatures
between 574°C and 588°C for this transition. The newly formed staurolite overgrowths the

S2 foliation. This D2 foliation transposes the previous DI foliation, which was defined by
quartz and i rystallized following peak iti This indicates

that peak itions in the lite-chloritoid transition were late-D2.

In the structurally higher parts of the staurolite zone, chlorite and staurolite are stable
suggesting temperatures between 510°-550°C (3 Kb) and 560°-590°C (8 Kb: Fig. 6.47)
during D2. In the lower parts of the staurolite zone, the garnets have irregular shapes and a
pre-D2 character, chlorite has been removed and there is new growth of syn- to late-D2
biotite and staurolite. The new-grown biotite defines the S2 foliation, in association with
quartz and muscovite, whereas the new staurolite partially overgrows the S2. There is also
a previous generation of staurolite with an intemal schistosity (early-syn D2?) which
predates the extemal S2 (Fig.6.45). This suggests new growth of staurolite and biotite
during D2 after reaction:

gamet + chlorite = staurolite + biotite + H20

According to Spear (Chapter 10, 1993) this reaction takes place at around S80°C
(Fig.6.47). This minimum temperature estimate in the KFASH system is consistent with
reported Bt-Grt (Fe/Mg) exchange temperatures of 596°C and 616°C for the staurolite zone
(Casquet and Navidad, 1985).

Casquet and Navidad (1985) and Gonzalez Casado (1987) reported the presence of
late-D2 sillimanite growing in the staurolite zone, as well as post-D2 growth of andalusite
(Fig.6.44). The presence of silli ite could not be ite however, was




identified in metasomatic veins cross-cutting the S2 foliation and overprinted by the D3
deformation associated with the Cervunal detachment. This indicates that low pressure
conditions were reached after D2 and before D3, and suggests a qualitative clockwise P-T
path for the St-zone (Path 1, Fig. 6.47). It is uncertain if the sillimanite formed after
staurolite and chlorite, in which case the higher temperatures would have been achieved, as

well as if peak pressures were in the kyanite or the sillimanite stability field.
Sillimanite (kyanite) zone:

‘This zone contains pre-D2 kyanite partially replaced by syn-D2 fibrolitic sillimanite. It
covers the whole extent of the BRSZ west of the Cervunal detachment. forming a 3 Km
wide band (Fig.6.44). The main foliation in this zone is an S2 resulting from the complete
transposition of S1 and SO. S2 is defined by biotite, fibrolitic sillimanite and muscovite

(Fig.6.45). The sillimanite post-d: of kyanite, garet and staurolite,
which are inter D1-D2 (Gonzalez Casado, 1987).

Staurolite is common in the center and eastern part of the band, where it appears in the
matrix in contact with kyanite and quantz as part of a Ky+St+Bt+Grt+Pl paragenesis
(Fig.6.48). Both kyanite and staurolite have inclusions of rutile and quartz defining an
internal schistosity (S1). Garnet mainly contains inclusions of ilmenite and quartz that also
define an intemal schistosity and only rarely contains rutile inclusions. The kyanite and
staurolite relicts are partially corroded and surrounded by syn-D2 muscovite. The kyanite
porphyroblasts are locally bent and boudinaged and in places show undulose extinction.
Intracrystalline deformation is also common in the plagioclase, indicating a pre-D2 growth.
The presence of staurolite, kyanite and quartz in contact, in the pre-D2 matrix, and the

absence of chlorite, suggest formation of kyanite by the reaction:

staurolite + chlorite = biotite + kyanite
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This reaction indicates temperatures in excess of 600°C and pressures above 6.2 Kb
(Fig.6.47: Chapter 10 of Spear, 1993) during the inter DI-D2 interval. It is only in the
deeper parts of the shear zone, with no kyanite, that there are staurolite inclusions in garnet
(Fig.6.49), indicative of the reaction:

staurolite = garnet + biotite + Al-silicate

This reaction was ob.s:rved in a rock with the paragenesis Sill+Grt+Bt:St+Ms+Qtz.
In the lower parts of the shear zone the pre-D2 assemblage Ky+Grt+Bt is common, but it is
uncertain if it is a result of staurolite consumption. Therefore, the only constraint on the
demise of staurolite is that it took place during D2 in the sillimanite stability field at
conditions below 8 Kb and 680°C, as indicated by the previous reaction (Chapter 10 of
Spear, 1993; Fig.6.47). This is consistent with transformation of kyanite into sillimanite
during D2, indicating the decompressional character of this deformation. The exact
trajectory of the P-T path during the decompression is uncertain (Path 2. Fig.6.47), but the
presence of late- to post-D2 metasomatic veins with andalusite and reported Ky=And and
Sill=And replacements (Arenas et al., 1980; Gonzalez Casado, 1987; Escuder Viruete in
Hernaiz Huerta et al., in press) indicate the andalusite stability field was reached after D2.
Even though pegmatite veins are common in this zone, the lack of evidence of melting
further restricts the trajectory of the P-T path.

Sillimanite + muscovite zone:

This zone occupies the Madarquillos shear zone and the Manjirén antiform (Fig.6.44).
In the Madarquillos shear zone both the metapsammites and the mica schists have the same
mineral assemblage with Sill+Bt+Grt+Ms+QuztP], although in different modal
proportions. The sillimanite is fibrolite and defines both gneissosity and the S2 fabric in
association with biotite and muscovite. The fibrolite in the gneissosity is folded (F2),
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biotite and ite have a texture defining the hinges of the F2
folds, quarz is also ystallized and annealed init ite. These textural

relationships indicate that both muscovite and sillimanite, as well as gamnet, were stable
during the recrystallization that followed the D2 event. This suggests conditions in the
stability field of sillimanite and probably above the breakdown of staurolite (620° to 680°C;
Fig. 6.47). Pegmatitic veins are common in the sillimanite + muscovite psammites and
mica schists but it is uncertain if they represent minor anatexis. These veins, however,

differ from the anatectic migmatites in the nearby Manjir6n antiform.

The migmatites of the Manjirén antiform are well exposed at the head of the Puentes
Viejas dam (Fig.6.11). They contain 20% to more than 60% leucosome with the mineral
assemblage Pl (An 15)+Kfs+QtztGrt. These leucosomes still preserve magmatic textures

such as ic zoning of plagif and late i it ization of quartz among

euhedral-subhedral plagioclase laths (Fig.6.50). The melanosome consists of the
assemblage Bt + Ms + Sill. It should be noted that there is abundant tourmaline associated
with the but not in the Garnet is growing in both the leucosome

and the Nearby i consist of the assemblage

Ms+Bt+Sill+Grt+P1+Qtz+(Kfs?). In these paragneisses, muscovite is stable in the matrix
and it is also present as i i in i ikil This suggests that
anhydrous melting of muscovite (Ms+P1+Qtz = Kfs+AlI2SiO5+ melt; Chapter 10 of Spear,

1993) did not take place in these rocks.

The presence of garnet in the anatectic migmatites and the large volumes of anatectic
melt would suggest that anatexis, if anhydrous, took place by melting of biotite
(Bt+Al2Si05+P1+Qtz = Grt+Kfs+melt; Le Breton and Thompson, 1987) at temperatures in
excess of 720°C (Fig.10-16 of Spear, 1993). The presence of tourmaline restricted to the
melanosome questions the effect of any boron solubility in the melt, which could have



lowered the granite solidus (Johannes, 1985). There is a problem explaining the large
relative volumes of anatectic melt in the migmatites when nearby rocks do not have clear
evidence for biotite melting or breakdown and melting of muscovite. This field relationship
could be explained if, during the D2 extensional shearing, there was juxtaposition of lenses

of hotter/deeper rocks undergoing anatexis against rocks in the Sill+Ms stability zone. In

the Sill+Ms zone during D2, the of gamet by intergr of fibrolitic

sillimanite and biotite and the ion of sillimanite clusters ing gamet is

common. This indicates the presence of mass transfer at mineral scale during D2. Therefore

facies ion of the mi; ites in the Manjirén antiform may

have occurred after fluid release from the crystallizing anatectic melts, followed by

recrystallization in the Sill+Ms stability field (Fig.6.45; 6.47). This hypothesis, however,

has to be evaluated with quantitati . It could also be speculated that these

were part of a p; i orogenic event, but such possibility is invalidated by

U-Pb dating (Section 6.7.4).

In the Manjirdn antiform, calc-silicate rocks are particularly well exposed at the base of
the Puentes Viejas dam (Fig.6.12). They consist of the inter D1-D2 assemblage Grt + Cpx
+ Qtz + Cal + Zo+Ttnk Rt, with plagioclase and amphibole growing after D2 retrogression
of clinopyroxene and garnet. According to Casquet and Fernandez Casals (1981) these
inter-D1-D2 Grt-Cpx parageneses might represent a high grade, eclogite or granulite facies,

event followed by syn-D2 iboliti This the presence in the
Manjirén antiform of an earlier (inter D1-D2) high grade event followed by syn-D2 mid
amphibolite facies retrogression in the Sill+Ms zone.
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Sillimanite + K-feldspar zone (Fig.6.44):

West of the Madarquillos shear zone the gneissic infrastructure of the Western
Guadarrama Domain is all in the Sill+Kfs zone. In this area relicts of inter D1-D2 kyanite
and staurolite have been described by other workers (Bellido et al., 1991: Azor et al.,
1991b) but were not observed in this study. The mineral assemblage in the metapelites of
this zone is Sill (fibrolite +Bt+Kfs+Grt£Pl in iation with granitic which

previous workers considered to be syn-D2. This indicates the breakdown of muscovite

following the vapor absent melting reaction:

muscovite + quartz = K-feldspar + Al2SiO5 + melt

This indicates temperatures above 650°-750°C in the pressure range between 3.5 and
10 Kb for the anatexis (Chapter 10 of Spear, 1993). I[n some of the migmatitic rock types
the percentage of melt is 40% to 60% of the rock. If this melting took place under vapor
absent conditions, such volumes of melt would require additional partial melting by biotite
breakdown (Clemens and Vielzeuf, 1987). possibly after the reaction (Le Breton and
Thompson, 1988):

biotite + Al2SiO5 + plagioclase + quartz = gamet + K-feldspar + melt

Such a reaction would require temperatures in excess of 720°C (Fig.10-16 of Spear.
1993). The absence of orthopyroxene in the mineral assemblage places a limit of
approximately 800°C for the peak temperature conditions (Fig.10-16 of chapter 10 of
Spear, 1993).

The i ips between migmatization and ion, as already i are

not simple. The leucosomes are post-D1 and are folded and locally sheared by the D2
event. The sillimanite is stable in the D2 mylonitic fabric and is part of the stable
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paragenesis Sill + Kfs +Bt. Gamet is in places deformed confirming the high-temperature
character of the final D2 deformation. The leucosomes are folded, some with disarmonic
folds, suggesting that they were generated at high temperature during anatexis. This would
imply that migmatization took place during D2, and deformation continued to progress
while the leucosomes crystallized in the Sill+Kfs zone stability field and underwent
subsolidus deformation. The presence of late melts cross-cutting the D2 fabrics is common

in this area. These are ine-bearing iti itic melts, indicating that boron
was dissolved in the melt. Johannes (1985) indicated that boron can significantly lower the
granite solidus, but these melts suggest that temperatures above 600°C were mantained after

D2.

Cordierite-bearing assemblages (Crd-Bt-Sill-Ms-Kfs-PI-Qtz) were identified in the
Lozoya orthogneiss (Fig.6.6 and 6.44), west of the area mapped in detail. Lépez Ruiz et

al. (1975) and Bellido et al. (1991) reported the of cordierite in the ing
paragneisses. According to Bellido et al (1991), cordierite grew during the final stages of
the D2 deformation (as defined in this study). This indicates that low pressure conditions
were achieved in the final stages of D2 while still maintaning high

It is also during these final stages of D2 that there is significant amphibolitization of the,

scarce, Cpx-rich mafic dykes such as the Braojos dyke (NW of the area map in detail).
Reports of wollastonite in marble (Bellido et al., 1991) also confirm the low-P / high-T
conditions achieved during the final stages of the D2 deformation. There is also significant
late/post-D2 growth of muscovite indicating that fluids were available during the final
stages of the D2 deformation.
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6.7.4.- U-Pb geochronology to constrain the timing of Variscan

and
The D2 i ion in the B Riaza shear zone (BRSZ) coincided
with peak phi itions in the ibolite facies. Under these circumstances, it
is possible to constrain the timing of both ism and ion by ining U-

Pb thermochronometers with different closure temperatures (Tc), such as monazite (Tc =
700°C; Heaman and Parrish, 1991) and titanite (Tc =550°-600°C: Heaman and Parrish,
1991), with detailed petrography (Fig.6.51). Smith and Barreiro (1990) and Kingsbury et

al. (1993) have shown that monazite grows as a metamorphic mineral after soft phosphates

during regional ism at the chloritoid-staurolite transition.

Mica schists were sampled from several localities in the Eastern Domain and the
BRSZ, where peak temperatures were below 650°C, to use monazite as a prograde
thermochronometer (Fig.6.51, 6.52). Additionally, amphibolites, showing static
amphibole growth, were sampled for titanite to bracket the D2 deformation. In the Western
Domain, rocks were sampled for monazite in both the Sill+Ms and the Sill+Kfs zone to
obtain the age of peak metamorphism and/or cooling ages, including an anatectic leucosome
in the Sill+Ms zone to date the migmatization in the Manjirén antiform. An amphibolite in
the Sill+Kfs zone was sampled to obtain a titanite cooling age with which to provide a
younger limit for the peak metamorphism and the high temperature deformation. Finally ,
the post-collisional La Cabrera granite was sampled to provide a younger age limit for the

Variscan metamorphism and deformation and to assess any relationship between the Late

Variscan plutonism and the late-D2 low i mineral

growth.



Details of the U-Pb analytical procedure, including sample preparation, are provided in
appendix A. 1.

EASTERN GUADARRAMA DOMAIN (Cardoso antiform):
‘Sample Hi-1 (Stin /Cl ition): St-Grt-(Cld) mi e

This sample was collected above the Cervunal detachment, in the Puerto de La
Hiruela, at the CId-St transition (Fig.6.26; 6.52). The mineral assemblage is
St+Grt+BtH(Cld)+Ms+Qtz which indicates peak temperatures between 530°-550°C
(Fig.6.47). Staurolite in this sample grew during D2 transposition of the S1 fabric and final
growth overprinted the S2 fabric. Monazite has been identified as inclusions within S2

biotite.

The two monazite fractions analyzed are slightly discordant above and below
a preliminary 3343 Ma 207Pb/206pb age for this rock (Valverde-

Vaquero et al., 1995). However, 206Pb/238U and 207Pb/235U ages from both fractions
are in good agreement and provide a growth age for the monazite of 327+3 Ma (Fig.
6.53; Table 6.2)

Sample Pi-1 (St-zone): St

This sample was collected in the St zone, above the Cervunal detachment, along the
road to the ski resort of La Pinilla (Fig.6.52). The mineral assemblage is St + Grt + Bt +
Ms + Qtz (Fig.6.55). The S2 fabric (biotite+ muscovite + quartz) wraps around the garnet.
Gamet contains an internal schistosity (S1) and has corroded rims. Staurolite grew in two
stages, pre-D2 and syn- to post-D2. The last stage was probably associated with the
reaction Grt + Chl = St + Bt (570° - 610° C ; Chapter 10 of Spear, 1993). Monazite
inclusions have been observed in S2 biotite (Fig.6.55) and syn- post-D2 staurolite. Two
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analyzed monazite fractions (Fig.6.55) have provided a growth age of 330+2 Ma (Fig.
6.54: 6.52; Table 6.2).

A-1 (Core o

This rock was collected in the core of the Cardoso antiform, within the St-zone
(Fig.6.52). This a felsic amphibolite, which outcrops as small boudins. The texwre is
formed by a granoblastic matrix of plagioclase (An30) and quartz with, up lcm long,
porphyroblasts of post-D2 green clinoamphibole (hornblende) growing with an acicular
random orientation. Titanite grew in association with the amphibole, both as euhedral

in the amphil and as indivi crystals in the matrix (Fig.6.56). There is
also very minor chlorite (retrogression?). The random orientation of the amphiboles
suggest a post-D2 static growth which is consistent with the final, post-D2, growth of

staurolite in the surrounding mica schists.

Four titanite fractions were separated for analysis. Two fractions of colourless titanite
produced meaningless results due to the low concentrations of U (10 to 17 ppm) and
radiogenic Pb (0.5 to 0.8 ppm). The results of fraction T (colourless) were confirmed
with a fraction of pale brown titanite (T2). Both fractions show a reproducible 206Pb/238U
isotopic age of 322+2 Ma (Fig.6.56). This age can be interpreted as the growth age of
titanite or as a cooling age, althought the Tc for titanite (550°-600°C) is very close to peak
temperature conditions in the St-zone (575°-610°C). Either of these interpretations indicates
that 322+2 Ma is the younger absolute age limit for the D2 mylonitic deformation in the
Cardoso antiform (Fig.6.52), and for the amphibolite facies metamorphism.



THE BERZOSA-RIAZA SHEAR ZONE (SILL+KY ZONE):

This sample was collected from the sillimanite-zone with kyanite relicts in between the
Montejo and Cervunal detachments (Fig.6.52). The mineral assemblage contains Grt + Ky
+ Sill(fibrolite) + St +Bt + Ms + Pl + Qtz (Fig. 6.26). Kyanite and staurolite are pre-D2.
The S2 fabric is defined by fibrolite and biotite. Gt-Bt exchange geothermometry indicates
a peak temperature of 630£10°C (Valverde-Vaquero, unpublished). Monazite has been
recognized as inclusions in S2 biotites (Fig.6.57).

Monazite and rutile were extracted for analysis. Two fractions of brown rutile yielded

meaningless results due to the low U ion and the small of
Pb.

The two monazite fractions consisted of pale yellow euhedral to subhedral
parallelogram-like crystals. The purity of these fractions was checked by EDS analysis with
the electron microprobe at Memorial University prior to analysis. Although the fractions
are slightly discordant, the 206Pb/238U and 207Pb/235U isotopic ages of these two
monazite fractions are in agreement, providing a growth age of 326+3 Ma (Fig. 6.57:
Table 6.2)

THE WESTERN GUADARRAMA DOMAIN (Sill+Ms and Sill+Kfs zones)

Two monazite and six zircon fractions were selected from this sample. The two
fractions of clear, inclusion free, yellow monazite resulted in concordant analyses. These
two monazite fractions plot slightly above concordia, resulting in younger 206pp/207pp
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ages. The U/Pb ages are, however, in agreement and provide a reliable isotopic age of
32512 Ma for the closure of the U-Pb system. The least discordant zircon fractions (Z1,
Z2, ZA and Z5) are formed by small, clear, euhedral, sharp, zircon needles and elongated
prisms. These fractions and the concordant monazites define a discordia line with a 36%
probability of fit. The lower intercept of the discordia line is fixed by the concordant
monazites at 325.6t2 Ma (Fig.6.58). The upper intercept at 627+14/-10 Ma has a
dubious geological meaning but suggests that presence of Late Precambrian, Cadomian,
inheritance. Zircon fractions Z3 and Z6 (not plotted) also indicate older inheritance.

These migmatites are garnet-bearing and contain more than 40% melt, which suggests

that they were produced at above the i melting
reaction probably in part by bioti melting at possibly in
excess of 720°C (section 6.7.3). Most of the ites appear in the as

inclusions in the biotites (Fig. 6.58). The high closure temperature of monazite (Tc=700°C)
and the high quality of the crystals analyzed suggest that the monazite ages date mineral
growth. This interpretation is supported by the discordia line defined by the zircon fractions
Z1, 72, 74 and Z5. Therefore, the lower intercept age at 325.6 + 2 Ma probably reflects
the age of crystallization of the migmatitic melt, although this needs further confirmation
with concordant zircon analyses.

’ - 482 Ma apliic vein, Buil -

Four monazite fractions of different size have been processed from a 482 Ma aplitic vein in
the Buitrago gneiss (Fig.6.18; 6.52). Large (M1; 70-200 mesh size) rounded, air abraded,
monazites have a concordant age of 337+3 Ma. This age however could not be
reproduced by a second fraction of similar monazites (M2) which have a concordant age of
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33242 Ma. The small platy monazites, without air abrasion (M3 and M4: >200 mesh)
have provided ages of 3313 Ma and 329+2 Ma, respectively (Fig.6. 59; Table 6.2).

These ages suggest possible multiple growth of monazite at ca. 337 Ma and ca. 332-
329 Ma, but the first age needs further confirmation. These ages represent a2 minimum age
for metamorphism. With the current age data base, it is difficult to interpret them in terms
of growth or cooling ages. However, the relative good agreement of fractions M2, M3 and
M4 suggests that the age of 332 Ma does not represent cooling. Given the high closure
temperature of monazite (Tc=700°C; Heamann and Parrish, 1991), it is likely that these
monazite ages indicate the timing of peak metamorphism.

iB-1

Fig.6.21;

Two fractions of monazite and one fraction of metamict xenotime define a discordia
line with an upper intercept of 322+3 Ma (Fig.6.60). This age could be conservatively
interpreted as a cooling age reflecting temperatures below 650-700°C. This temperature
range is, however, i with an ive i ion as a ic growth

age associated with the small late anatectic melts which cut the main gneissosity in the
surrounding augen-gneisses.

Both monazite and xenotime have been separated from this granitic orthogneiss.

Monazite can be easily identified in biotite-rich areas associated with biotite + fibrolite +

shows signs of i
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Three monazite and one xenotime fraction define a discordia line (74% probability of
fit) with a lower intercept anchored at 322+2 Ma by a concordant analysis of euhedral
xenotime (X1) and two large monazite crystals (M1), (Fig. 6.61: Table 6.2). The upper
intercept at 480+42/-41 coincides with the protolith age of the rock (47744 Ma; Fig.6.22).
‘This suggests that the discordia line represents a mixing line between primary igneous and
metamorphic monazite, which is consistent with the lower U concentrations in fraction
M3(*). Therefore, 322+2 Ma probably represents the age of monazite and xenotime
growth associated with the cordierite-bearing low P / high T paragenesis. effectively dating

the low P / high T metamorphic overprint.

(%) Igneous monazite typically has lower U concentrations than metamorphic monazite. Please
compare the U concentrations of the igneous monazites from La Cabrera granite with those of the

metamorphic monazites (table 6.2).

Braojos dyke (Deeper levels of the Sill + KFfs zone): ibolite (Fig.6.52)

This dyke is formed mostly by plagioclase and green amphibole growing at the
expense of cli during ion and D2 ion (Fig.6.62). Titanite is
common in iation with the green il and as il i in the

There is scarce rutile preserved as inclusions in titanite, suggesting that titanite grew
partially after rutile possibly during retrogression.

Two titanite fractions, pale brown and colourless, were analyzed. They both had
similar low U concentrations. The resultant analyses are slightly discordant, T2 overlaps
concordia within uncertainties. As already discussed this is an effect of the model common
Pb correction used (Stacey and Kramers, 1975). In rocks of this age, however, this effect
is minimal for the case of the 206Pb/238U isotopic ages. This is confirmed by the
duplication of the 206Pb/238U ages in fractions T1 and T2, which provide an age of
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32143 Ma (Fig.6.62). This age is taken as the age of closure of the U-Pb system in these
titanites. It is interpreted as a cooling age (Tc= 600°-550°C) reflecting the amphibolitization
associated with the D2 deformation in the vicinity of the Robregordo fault.

THE POST-TECTONIC LA CABRERA GRANITE:

This is a composite pluton formed by granitic and granodioritic facies which are
thought to be coeval (Bellido et al., 1981). Published whole rock Rb-Sr isochrons
provided an age of 310+14 Ma for the granodioritic facies and 287+5 Ma for the
leucogranites (Vialette et al., 1981). It is the exteral granodioritic facies that was sampled
for U-Pb dating (Fig.6.52, 6.63).

Four zircon fractions and three monazite fractions were separated for analysis. The
zircon fractions consisted of euhedral multifaceted, clear, prims separated by size (Table
6.2). Although intensively abraded, they all show between 4% and 10% discordance. This
discordance could be attributed to a combined effect of minor Pb loss and inheritance.
Fraction Z4. zircon prisms with inclusions, is not reported since this analysis was

contaminated with common Pb from the fluid inclusions in the zircons.

All three monazite fractions are concordant (Fig.6.63). Fractions M1 and M2 have the
smallest error ellipses and provide a combined age of 29242 Ma, which agrees with the
isotopic ages from all three fractions (Fig.6.63). This age of 292+2 Ma is interpreted as
the age of intrusion of the granodioritic facies of the La Cabrera granite
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6.7.5.- Timing and character of the Variscan tectonothermal events in the
Somosierra area of the Sierra de Guadarrama: conclusions and discussion.

The structural and metamorphic data presented indicate that the earlier Variscan
(DI) was il for the crustal thickening and the Barrovian

metamorphism in the inter DI-D2 interval (Fig.6.64). In the area of study, the DI
have been obli by the D2 ion. However, to the east in the

Majalrayo syncline and the Galbe de Sorbe anticline, the DI deformation produced east
vergent structures (Gonzalez Lodeiro, 1988; Hemnaiz Huerta et al., 1996). East of the area
of study, in the Hiendelaencina area, Lower Devonian sedimentary rocks are deformed by
the DI event, therefore providing an older limit for the DI deformation in the

Eastern G Domain. This ion is also ible for the

greenschist facies metamorphic zonation observed in the upper structural levels of the area
of study (Chl, Bt and Grt zones). The unconfirmed occurrence of kyanite in the Bt-zone
(Garcia Cacho, 1973; in Lopez Ruiz et al., 1975) suggests that a Barrovian metamorphic
gradient was achieved after D1. Therefore the U-Pb monazite growth ages of 3302 Ma
and 32743 Ma from the upper and lower staurolite zone could be taken as a younger age
limit for the D1 ion in the Easten G Domain (Fig.

6.64).

The inter D1-D2 Barrovian kyanite-staurolite-bearing mineral assemblages preserved
in the Berzosa-Riaza shear zone (BRSZ) indicate pressures above 6.2 Kb and temperatures
between 600° and 650°C (Fig.6.47) during the DI-D2 interval, confirming the
compressional character of the D1 deformation (Fig.6.64). In the gneissic infrastructure of
the Western Guadarrama Domain there are only relicts of the D1 structures. The Qtz-Cpx-
Grt-(Zo)-(Rt) 1 p in calc-silicate boudins could suggest high pressure




metamorphic conditions after DI (Casquet and Ferndndez Casals, 1981), but it is uncertain
if they represent peak metamorphic conditions.

The D2 deformational event produced the juxtapositon of the Eastern and Western
Guadarrama Domains along the Berzosa-Riaza shear zone (BRSZ) forming a set of
associated macrostructures in the Easten (Cardoso antiform) and Westem domains
(Manjirén antiform and Madarquillos shear zone). In the upper structural levels of the area
of study, the D2 i the DL (D2 ion band of Hemaiz

Huerta et al., 1996) and folded the Chl, Bt, Cld and Grt isograds. The strain of the D2

increases leading to a complete transposition of the

DI structures and fabrics by the D2 ductile shearing. The D2 ductile shearing was
concentrated along the BRSZ. Peak metamorphism in the lower structural level of the
suprastructural Eastern Domain, uppermost part of the BRSZ, coincides with the final
stages of the D2 deformation. In the central parts of the BRSZ, relict inter D1-D2 kyanite is
transformed into syn-D2 sillimanite, and in the lower parts of the shear zone staurolite is
consumed to produce syn-D2 sillimanite and gamnet. Post-D2 growth of sillimanite in the
lowermost St-zone, Eastern Guadarrama domain, was followed by growth of andalusite.
Post-D2 andalusite also grew after kyanite and sillimanite in the central parts of the BRSZ.
This indicates that all levels of the Berzosa-Riaza shear zone reached the andalusite stability

field after the D2 ion. The ki ic indi in the B Riaza shear zone
show a consistent shear sense of top down to the SE. A single population of L2 mineral
and stretching lineations was produced under different P-T conditions, indicating that the

BRSZ was a west vergent, oblique, extensional shear zone.

The 33042 Ma and 327+3 Ma U-Pb monazite ages from the St -zone provide an older
age limit for the D2 ion and peak of ism in the upper parts of the shear
zone, whereas the 32242 Ma titanite age, associated with the post-D2 static growth of
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amphibole, provides the younger age constraint. The 32643 Ma age from the monazite in
the Sill (Ky) zone probably represents the age of peak metamorphism and the D2
deformation in the central parts of the BRSZ (Fig.6.52, 6.57, 6.64).

In the gneissic i f the Western G Domain, rocks in the Ms+Sill

zone stability field form the footwall of the BRSZ. These rocks were sheared and folded
during the D2 event and are characterized by the parallelism of the L2 mineral lineation and
the F2 fold axis. Migmatites in this area (325.6 Ma) and relicts of high grade assemblages
in calc-silicates boudins indicate that some rocks were at higher grade and subsequently
deformed in the Sill+Ms field during the D2 extensional event (Fig.6.64). In the deeper
level of the Western Domain, within the Sill+Kfs zone, anatexis was probably reached
during the early stages of the D2 ion and as the D2 ion p the

migmatites were folded and sheared in a subsolidus state at high temperature in the
Sill+Kfs stability field. A 337 Ma monazite age from the Buitrago gneiss provides the best
estimate for peak metamorphism, 332 to 329 Ma monazite ages from the same rock also
provide a younger limit for peak metamorphism (Fig.6.64). The late D2 deformation was
associated with growth of low P / high T mineral assemblages (322 Ma monazite,
xenotime) and amphibolitization of the scarce mafic lithologies (321 Ma titanite, Braojos
dyke; Fig. 6.64).

The 322 Ma monazite ages characterize the westernmost part of the area of study,
a transfer of the i ion towards deeper and hotter levels with

time. This implies a progressive extensional deformation during the D2 event, which is
consistent with the parallelism of the structural trends observed between all levels of the
Berzosa-Riaza shear zone and its gneissic footwall. These ages also indicate that high
temperatures were still maintained during the final stages of the D2 extensional
deformation, while there was the new growth of low pressure/high temperature mineral
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assemblages (Bellido et al., 1991). The 321 Ma titanite age from the Braojos dyke also
indicates the retrograde character of these assemblages. Therefore, the D2 extensional
deformation in the gneissic Western Guadarrama Domain is bracketed between 337 Ma and
321 Ma (Fig.6.64).

The late growth of post-D2 /pre-D3 andalusite in the lower levels of the Eastem
Guadarrama domain (Gonzalez Casado, 1987) and the Sill -Ky zone (Arenas, 1980:
Gonzalez Casado, 1987) indicates that low pressure conditions were achieved after the D2

The D3 ion includes all post-D2 greenschist facies

deformations, including the formation of late

(Montejo and Cervunal The Cervunal separates the Sill(Ky) zone

from the lower levels of the Eastern Guadarrama domain (St-zone), the presence of pre-
detachement andalusite on both sides of the fault suggests that this could be a minor
reactivation nucleated around the elongated bodies of pre-Variscan augen-gneisses of the
Sill (Ky) zone.

The 292 Ma post-tectonic La Cabrera granite sealed the Berzosa-Riaza shear zone,
cross cutting the D2 and the regional ic isograds. This indicates
the presence of a 30 Ma gap separating the 322 Ma low P / high T metamorphism from the
Late Variscan post-collisional plutonism (Fig.6.52; 6.64). According to Femdndez Casals
(1979), the La Cabrera granite provides a younger limit for the greenschist facies D3
Variscan deformation (Fig.6.64). It should be noted that there is no reported evidence that

the La Cabrera granite intruded into mica schists of the St-zone, therefore it does not

provide a real time constraint on the timing of the Cervunal detachment.



6.8.- PALEOZOIC TECTONOTHERMAL EVOLUTION OF THE
SOMOSIERRA SECTOR OF THE SIERRA DE GUADARRAMA:

DISCUSSION.
This section discusses the tectonic and regional significance of the different
events in the i sector of the Sierra de Guadarrama

(Fig.6.65). First the tectonic significance of the pre-Variscan events will be discussed.
including contemporaneous events elsewhere in the Iberian Massif and potential
correlatives along the Southern Variscides. This will be followed by a discussion of the

significance of the Variscan events both at regional and orogen scale.

6.8.1.- Arenig felsic magmatism in the Sierra de Guadarrama and the nature
of the "Sardic" events in the Central Iberian Zone: An Arenig continental

magmatic arc.

The "Sardic” deformation in the Central Iberian Zone consists mainly of tilting of
blocks and has an overall extensional character (e.g., Lopez Diaz, 1995: Diez Balda et al.,
1990). This has led most authors to consider that the Sardic unconformity represents a
break-up unconformity associated with a passive margin and the Early Ordovician
magmatism as rift-related (e.g., Quesada, 1991). Gebauer et al. (1993), however,

this ism as a post-collisional episode related o a hypothetical Late

Cambrian collisional event.

The new U-Pb data validates regional correlations between the gneisses of the Sierra
de Guadarrama and those in the Ollo de Sapo antiform (465+10 Ma Viana de Bollo
orthogneiss, U-Pb zircon ; Lancelot et al., 1985; 488 Ma Ollo de Sapo augen-gneiss, U-Pb
SHRIMP; Gebauer et al, 1993), as suggested by previous authors (Parga et al., 1964; Diez
Balda et al., 1990; Azor et al., 1992; Gebauer et al., 1993). According to these correlations
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the Early O ici i of the Sierra de G are part of a 600 Km long
and 5 to 100 Km wide felsic ic arc of ithi i which extends from
Central Spain to its NW coast. Additional possible ives are the undated calc-alkali

Cambro-Ordovician volcanosedimentary complex of the Montes de Toledo in the southern
half of the CIZ (Martin Escorza, 1976; 1977; Mufioz et al., 1985) and the porphyroid levels
of the Portuguese side of the CIZ (Gutiérrez Marco et al., 1990; Oliveira et al., 1992), all

of which outcrop below the Sardic unconformity.

The available geochemistry on these rocks both in the Sierra de Guadarrama and in
Zamora (NW Spain) is relatively limited but includes dioritic to granitic compositions (57-

73% $i02) with volcani /pe isi trace element istics (Navidad et al.,

1992; Gebauer et al., 1993). They are i of daciti ioriti p

The significant 2.0 to 2.6 Ga zircon inheritance in some samples confirms the involvement
of a Proterozoic crustal source in the genesis of these magmas (Lancelot et al., 1985;
Wilberg et al., 1989).

The ithi i of the felsic t the scarcity of associated basic

magmas, and a minimum 60 Ma age difference from any previous orogenic event in the

CIZ (Late Vendian Cadomian compression; Lopez Diaz, 1995) suggest that this Arenig

a short-lived i ic arc. In such a model, the weak
extensional deformation associated with the Sardic phase would be related to extension
during batholith emplacement (Hamilton, 1995; Cordillera: Tobisch et al., 1995: Chilean
Andes: Dallmeyer et al., 1996).
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Coeval events in the Iberian Massif and speculative correlatives along the
Southern Variscides:

Coeval magmatism is also found in the Ossa Morena Zone (OMZ) and the
it C of Galicia Ti M (GTMZ; Fig. 6.66). This includes

alkaline and peraluminous plutonism in the OMZ (U-Pb data: Lancelot and Allegret, 1982;
Ochsner, 1993), and mafic and felsic igneous rocks, some with ophiolitic affinities, in the
allochthonous units of the GTMZ (U-Pb data; Kuijper et al., 1982; Peucat et al., 1990:
Dallmeyer and Tucker, 1993; Santos Zalduegui et al., 1995; 1996). The Early Ordovician
magmatism is not an exclusive characteristic of the CIZ. Arenig volcanism associated with
deposition of the Armorican Quartzite as well as a weak Sardic unconformity are also
present in the CZ (Aramburu and Garcia Ramos, 1993; Gallastegui et al.. 1992), but with
no signs of Sardic deformation. Contemporaneously, the WALZ formed a deep, graben-
like, sedimentary trough separating the CIZ from the CZ. This zone underwent active

resulting in the ition of a thick silicic ic sequence (Series de los Cabos:

Marcos, 1973) with no evidence for Sardic deformation or unconformities

The well defined, Arenig to Ashgill, faunal and lithostratigraphic similarities between
the Central Armorican Massif and the Central Iberian Zone (Young, 1990; Paris and
Robardet. 1990; Robardet and Gutiérrez Marco, 1990) suggest a linkage between the
coeval felsic magmatism in both areas. In that sense the similarity of the Tremadoc / Lower
Arenig syndepositional acid volcanism of the Cap de la Chévre formation in Central
Brittany (Fig.6.66; Bonjour and Chauvel, 1988) with the volcaniclastic Cardoso gneiss,
both of which predate the Armorican quartzite, is noteworthy. However, the U-Pb age data
on the Early Ordovician calc-alkaline and alkaline granitic orthogneisses of Central Brittany
(Jegouzo et al., 1986 and ref. within; Thiéblemont et al., 1989; Le Corre et al., 1989) are
too limited to establish correlations. Pre-Caradocian felsic magmatism is also abundant
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along the southern Variscides (Fig. 6.66; Eastern Pyrenees, Navidad and Carreras, 1995:
Sardinia, Carmigniani et al., 1994; northem Apennines, Conti et al., 1993; Ligurian Alps,
Cortesogno et al., 1993) but there are no reliable age data to establish a contemporaneity of

events.

6.8.2- Timing of Variscan tectonothermal events in the Sierra de
tectonic for the of the Central Iberian
Zone and the Iberian Massif.

According to Martinez et al. (1990) the metamorphism of the Central Iberian Zone is

by an initial ian mineral growth overprinted by low P / high T mineral

and i S-type i These it ips between
and the Barrovian and low P / high T metamorphism in the CIZ are best preserved in the
Sierra de Guadarrama (Julivert and Martinez; 1987; Martinez et al.. 1990; Ugidos, 1990:
Doblas et al., 1994 a,b), which highlights the major significance of the data obtained
during this study (Fig.6.64; 6.65).

Timing of metamorphism and plutonism:

The monazite U-Pb ages indicate that the peak metamorphism associated with the
Barrovian event took place between 337-329 Ma in the Western domain and 330-326 Ma in
the lower parts of the Eastern domain and the Berzosa-Riaza shear zone (Fig.6.60). This
was followed by growth of low P/ high T assemblages in the deepest levels of the Western
domain at 322 Ma. The 322-321 Ma titanite cooling ages from the Eastern and Western
domain indicate that the metamorphism in the Sierra de Guadarrama was part of a single
Lower to Middle Carboniferous metamorphic cycle involving two stages of mineral
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growth. This was advanced as a hypothesis by Martinez et al (1990), who proposed an age
of 330-315 Ma for the low pressure metamorphic growth on the basis of the field
relationships with the S-type granites of the CIZ (Rb-Sr ages; Serrano Pinto et al., 1987).

The pre-Variscan protolith and the Variscan metamorphic ages obtained in this study
demonstrate that the c.a. 380 Ma lower intercepts of Wildberg et al (1989) in the Sierra de
G are icall i These authors il these i as the

age of Barrovian metamorphism, even though this was unlikely given the presence of
Emsian (390-385 Ma, Odin et al., 1990) sedi y rocks in the pre-orogenic sequence of

the Eastern Sierra de Guadarrama Domain (Gutiérrez Marco et al., 1990). Wilberg et al
(1989) also wrongly interpreted their unpublished 300-280 Ma monazite and zircon ages
from the Variscan granites of the Sierra de Guadarrama as the age of the low P / high T
overprint. This also invalidates the tectonic models of Doblas et al (1994, a ,b) which relied
heavily on the data of Wildberg et al (1989).

To the knowledge of the author, the 292+2 Ma age of the post-tectonic La Cabrera
granite is the first precise U-Pb age available for the Late Variscan plutonism in the Central
Iberian Zone. This age is coeval within error with the 287£12 Ma high-K calc-alkaline

andesitic ism in Atienza Sierra de G K-Ar etal.,

1980). This indicates that extensive Late-Variscan post-tectonic plutonism was coeval with
the post ic Permo-C: i ism, however a larger number of reliable and

precise U-Pb ages would be needed to confirm this hypothesis. Such a U-Pb data base
would also allow to test if the current scatter of protolith ages (310-270 Ma, Rb-Sr; K-Ar;
Yenes et al., 1996) for the post-tectonic plutonism in the CIZ is real or a result of a mixture

of imprecise protolith and cooling ages.
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The 30 Ma gap between the post-tectonic ism and the low

temperature overprint in the Sierra de Guadarrama indicates a dissociation between the

of i i ization and post-Kil i i This would
suggest that the post-tectonic plutonism in the Sierra de Guadarrama and Spanish Central
System could have been produced by melting reactions induced by magmatic heat from
mantle-derived magmas. Due to the large volumes of post-tectonic magmas, one can not
dismiss the possibility of a local low P/ high T overprint in certain parts of the CIZ.

Timing of deformation: Early-Mid C. y

Structural and metamorphic evidence for Variscan syn-collisional extension has been
recently reported from several parts of the CIZ (Fig. 6.67; Miranda Douro antiform,
Escuder Viruete et al., 1994; the Salamanca detachment zone, Diaz Balda et al., 1995; the
Toledo anatectic complex, Barbero, 1995). This study also confirms the extensional
character of the D2 deformation, providing for the first time, direct constraints on the
timing of extension in the Central Iberian Zone (Fig.6.64). The 337-321 Ma extension is
Visean to Namurian (Fig.6.65). This coincides with the first thrusting in the forelands of
the Iberian Massif (Cantabrian and South Portuguese zone; Fig.6.67), confirming the syn-

character of the i process. This is also contemporaneous with the final

movement along the Badajoz-Cordoba shear zone (OMZ-CIZ boundary: Fig.6.67).
indicating the presence of coeval wrenching and extension, coupled with early thrusting in
the opposing forelands, at the scale of the orogen. There are major wrench post-D1 shear
zones in the Central Iberian Zone (Central Extremadura and Juzbado-Penalva do Castelo
shear zones, Fig.6.64; e.g., Diez Balda et al., 1990). However, there are no reliable
constraints on the timing of movement to make a correlation with the oblique extension

along the Berzosa-Riaza shear zone.
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The D3 folding is Upper Carboniferous (section 6.7.5). The late brittle-ductile

in the i could be Upper Carboniferous or
even Permian. Similar discrete brittle-ductile detachment in other parts of the Central
Iberian Zone cross-cut post-collisional plutons (Hernandez Henrile, 1991: Doblas, 1991).
On the basis of these observations, and analogies with the metamorphic core-complexes of
the Basin and Range (USA), Doblas et al. (1988), Doblas (1991) and Doblas et al (1994 a,

b) a process of I; geni i collapse with coeval low pressure
metamorphism and plutonism to explain the late i ing the
post-collisional plutons intrusive into the low P / high T metamorphic complexes of the
CIZ. The new time ints from the i il i this hyp is for the Sierra
de Guadarrama.

The time constraints from the Sierra de Guadarrama demonstrate, for the first time,
that peak ism and isi tension in the Central Iberian Zone were

broadly coeval with ca 340 Ma high P / high T (Vosges: Bohemian Massif) and Barrovian
(Massif Central) i Visean to i ion and ion of

metamorphic complexes along the Variscan Belt (Fig. 6.68). It is uncertain if the Visean-
early Namurian syncollisional extension in the Central Iberian zone is a simple case of
collapse of a thickened orogenic wedge (Platt, 1986; Dewey, 1988) or part of a complex

setting involving collision and ion and/or lateral i with
ion ( etal., 1989; and Pavlis, 1994). But this study in the
Iberian Massif confirms the presence of major, orogeni le, Late-Middle C:

all along the hi of the Variscan belt ( Fig. 6.68).
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CHAPTER VII

DISCUSSION AND TECTONIC IMPLICATIONS:
PRECAMBRIAN AND PALEOZOIC EVOLUTION OF PERI-
GONDWANA FROM A COMBINED APPALACHIAN-
VARISCAN PERSPECTIVE.

This chapter outlines the major contributions of this study to the understanding of the

evolution of North Atlantic peri-G The ing di: ion begins with an
assessment of the tectonothermal evolution of the Hermitage Flexure (Fig.7.1 and 7.2)
which integrates the results from the Cing-Cerf gneiss (Chapter [II) and the Margaree
orthogneiss (Chapter [V) within the wider regional context of the Newfoundland

Then the ity and major importance of the Early Ordovician
(Arenig), ca. 480-470 Ma magmatic events in the Appalachian Hermitage Flexure and
the Variscan Central Iberian Zone, is di This new data highli the

and hitherto i ism of the Early Ordovician events along the G

margin of the Iapetus Ocean in the Newfoundland Appalachians with those in the Southern

Variscides.
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7.1.-TECTONOTHERMAL EVENTS IN THE HERMITAGE FLEXURE
(SOUTHERN NEWFOUNDLAND APPALACHIANS): THE EVOLUTION
OF WESTERNMOST PERI-GONDWANA.

The Avalonian basement in the Hermitage Flexure (Chapter II & ) is one of the
westernmost, inboard, proven, Avalonian/Cadomian terranes in the Appalachians. The
Hermitage Flexure (Chapter [I:; Fig. 7.1 and 7.2) is one of the few areas in the
Cadomian/Avalonian belt with well recorded 680 Ma magmatism (Fig. 7.3 and 7.4).
Coeval U-Pb, protolith ages have only been reported from the Connaigre Peninsula of the
Avalon Zone (685-670 Ma, e.g. O'Brien et al., 1996), the Mira terrane (682 Ma, Cape
Breton; Bevier et al., 1993) and the Malvern Complex (677 Ma, southern England: Tucker
and Pharaoh, 1991). The characteristic 635-600 Ma Avalonian magmatism has not been
reported from the Hermitage Flexure, but the 590-540 Ma magmatic and deformational
episodes have equivalents in the post-590 Ma calc-alkaline magmatism and 570-550
bimodal volcanism in Connaigre and Burin Peninsulas (Avalon Zone; O'Brien et al..
1996). the 570-560 Ma late arc magmatism of the British Avalon (Gibbons and Horik,
1996) and the 575-560 Ma calc-alkaline and tholeiitic bimodal magmatism in the Mira
Terrane (Fig. 7.3 and 7.4; Barr and White, 1996). This reinforces the correlation between
the Late Precambrian basement of the Hermitage Flexure and the Avalon Zone and its
equivalents, the British Avalon (Gibbons and Hordk, 1996) and the Mira/Caledonia
terranes of the Maritime Provinces of Canada (Barr and White, 1996). The combined data
from the Hermitage Flexure refutes the hypothetical correlation of Barr and White (1996)
between the Late Precambrian basement block of the Hermitage Flexure and the 550-530
Ma volcanic arc magmatism and early Cambrian deformation and metamorphism of the

Bras d'Or and Brookville terranes of Cape Breton and Nova Scotia (Fig.7.3 and 7.4).
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Small Precambrian inliers of ca. 565 Ma intrusive rocks (Evans et al., 1990) in central
Newfoundland suggest that the Late Precambrian basement of the Hermitage Flexure
extends farther north. The presence of 569 Ma detrital zircon and 545 Ma detrital titanite in
the Gander Group (O'Neill, 1991) indicates an Early Cambrian older limit for the
deposition of this siliciclastic sequence. The Gander Group is classically interpreted as a
passive margin sedimentary prism formed along the eastern margin of the lapetus Ocean
(Williams, 1979). The presence of a basement to the Gander Group remains to be proven.
but the ages of the detrital minerals allow one to suggest that there may be an Avalonian
basement like the one of the Hermitage Flexure.

Magmatic activity in the Hermitage Flexure (Fig.7.1) was renewed in the
Tremadocian, with the intrusion of 499+2 Ma granodiorite and 496+3 Ma gabbro (B.H.

O'Brien et al., 1991) into the previ Late P ian low grade
volcanosedimentary cover to the Cing-Cerf gneiss (Fig.7.2; chapter III). This magmatic
pulse coincided with the ion of Tt i iolites (Dunning and Krogh, 1985)

in an outboard suprasubduction environment along the eastern margin of the lapetus Ocean
in conjunction with the ion of the Late Cambrian-Early Ordovician volcanic arcs of

the Exploits Subzone (see chapter I). The Early Ordovician Penobscottian event (Neuman
and Max, 1989) resulted in ophiolite obduction (Central Newfoundland: Colman-Sadd et
al, 1992) and passive margin (peri-Gondwanan margin) / arc (Exploits Subzone)

In the i Flexure the P ian event is marked by the pre-477

Ma imbrication of "ophiolitic" gabbros and volcanosedimentary rocks in the Bay du Nord
Group (Fig.7.1; Tucker et al., 1994). This event, however, was not recorded in the
nearby Cing-Cerf block.

Ophiolite obduction was followed by Arenig arc plutonism, volcanism and
sedimentation along the peri-Gondwanan margin of the Newfoundland Appalachians and
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by a major Late Arenig-Early Llanvim back arc rifting event which marked the separation
of Avalonia from Gondwana (van Staal, 1994: S.H. Williams et al., 1995; O'Brien et al.,
1997). The back arc rifting event coincided with the 474-465 Ma intrusion of the bimodal
arc / back arc Margaree orthogneiss (Fig.7.1) into the sedimentary protoliths of the Port-
aux-Basques paragneiss (Chapter IV). The 474+14/-5 Ma and 47242.5 Ma members of the
Margaree orthogneiss are broadly coeval with the intrusion of the 47741 Ma Baggs Hill
granite (Tucker et al., 1994) in the nearby Bay du Nord Group (Fig.7.2) and the intrusion
of the 474+6/-4 Ma Partridgeberry Hills granite in central Newfoundland (Colman-Sadd et
al., 1992). which mark the end of the Penobscottian imbrication. The intrusion of the

46513 Ma member of the Margaree iss was coeval with wi bimodal back
arc volcanism in the Exploits Subzone, including the Bay du Nord Group (Fig.7.2), and
local low pressure / high temperature metamorphism and anatexis of the Gander Zone in
central Newfoundland (see Chapter IV).

The intrusion of the 450 Ma Port-aux-Basques granite (van Staal et al.. 1994) indicates
the presence of a major magmatic pulse which seems to be exclusive to the southwestern
Hermitage Flexure (Fig.7.1 and 7.2). This coincides with the enigmatic titanite age of
448+9/-3 Ma in the Cing-Cerf gneiss (Dunning and O'Brien, unpublished: see chapter ITI).
Whether or not the intrusion of the Port-aux-Basques granite marks the inception of
deformation in the Port-aux-Basques Complex (van Staal et al., 1994) is uncertain to this
author (see chapter IV). If that was the case it would indicate a local Caradocian collision
between certain elements of the Laurentian and peri-Gondwanan margins of the [apetus
Ocean. The notion of a local event is reinforced by the tectonic inactivity and the
conformable deposition of Caradocian shales and greywackes in the central and northern
parts of the Exploits Subzone (see chapter II).
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The Early Silurian syn-kinematic intrusion of the Western Head granite into the Cing-
Cerf gneiss at 431.5+1 Ma is the first reliable record of the Salinic orogeny in the
southwest Hermitage Flexure (Fig.7.1 and 7.2). The thrusting of the Cing-Cerf gneiss
over its Late Precambrian cover (chapter IIT) at 430 to 420 Ma coincided with the opening
of the Silurian La Poile Basin, indicating local transtension with abundant mafic and felsic
magmatism in this part of the Hermitage Flexure. The ca. 418 Ma inversion of the Silurian
La Poile Basin is coeval with 420-418 Ma D2 ion and peak ism in the

Port-aux-Basques complex (Fig.7.1; chapter IV). The intrusion of the 417+7/<4 Ma late-
syn-D3 dyke in Margaree orthogneiss and the 410+2 Ma titanite cooling ages from the
Margaree orthogneiss record the cooling and exhumation of the Port-aux-Basques complex
(see chapter IV). The suturing of the peri-Laurentian Dashwoods Subzone and the Grand
Bay/Port-aux-Basques complexes at 415 to 390 Ma along the Cape Ray Fault (Dubé et al..
1996) was followed by widespread Early Devonian ar 390-384 Ma postcollisional
plutonism in the Hermitage Flexure (see chapter II). Early Devonian deformation appears to
be restricted to movement along brittle-ductile wrench faults (Fig.7.1 and 7.2).

‘The Silurian ism and i reflect the climax of the

collision between Laurentia and Avalonia (Salinic orogeny of Dunning et al., 1990).
Timing of metamorphism and deformation in the Port-aux-Basques Complex (chapter IV)
parallels that of the Litle Passage gneiss (Fig.7.2) on the southeasten side of the
Hermitage Flexure (ca. 423 Ma migmatization; see chapter II). This indicates that
Flexure was ing crustal thi i ism and i

while syn-orogenic sedimentary basins (Silurian La Poile basin) were formed in its upper
crustal levels (Fig.7.2; Cing-Cerf block; chapter III). According to the available age data
(see chapter II), the Dashwood Subzone escaped the Silurian tectonothermal events in the
opposing Grand Bay/Port-aux-Basques Complex (Fig.7.2). Upper amphibolite facies
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Silurian i ism however pri the Laurentian rocks of the Corner
Brook lake block at 430-425 Ma (see chapter II), north of the Dashwoods Subzone. These
tectonothermal events in the Hermitage Flexure coincided with the docking of the Avalon
Zone along the Hermitage-Dover fault (see chapter IT) and Silurian metamorphism and
intrusion of syn-kinematic anatectic granites along the eastern side of the Gander Zone.

This revives the question of a possible Late Ordovician inception of the continent-continent
collision. The ca. 430 Ma synkinematic bimodal magmatism observed in the Hermitage
Flexure suggests the presence of an abnormal high geothermal gradient with possible
mantle involvement, which might be consistent with a 30 Ma gap (England and Thompson,
1984) separating peak metamorphism (ca. 420 Ma) and the possible inception of
deformation in the Port-aux-Basques Complex at 450 Ma as proposed by van Staal et al
(1994). Whalen, et al. (1987), Whalen et al. (1994) and Kerr et al. (1995) have argued for
extensive crustal melting at ca. 430-400 Ma due to lithospheric delamination and lower
crustal underplating by mantle-derived mafic magmas. If this was the case the time gap for
the onset of the collision might be shorter than 30 Ma. However, magmatic heat transfer
from the 430 Ma bimodal magmas on the Silurian (ca.420 Ma) Barrovian geothermal
gradient of areas like the Port-aux-Basques complex remains to be proven.

It is worth mentioning that the Avalon Zone (Fig.7.4) does not record any of the
Paleozoic events discussed above and that Siluro-Devonian plutonism is restricted to the
border with the Gander Zone. Although the Precambrian evolution of the Hermitage
Flexure suggests a close link with the Avalon Zone, the subsequent Paleozoic evolution
indicates that the Avalon Zone escaped the events (Fig.7.1) that shaped the evolution of the
peri-Gondwanan margin of the lapetus Ocean. It is uncertain if the relative position of the
Avalon Zone with respect to the Hermitage Flexure and the Gander Zone might be
analogous to that of the Midlands microcraton in the British Avalon (Fig.7.4: Soper,
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1988), which escaped Paleozoic overprint. But the new data on the Late Precambrian and
Paleozoic ic evolution of the i Flexure (Fig. 7.1)

the involvement of Avalonian crust in the Early Ordovician and Silurian evolution of the
Gondwanan margin of the central mobile belt of the Newfoundland Appalachians.

7.2.- THE EARLY-MID ORDOVICIAN BREAK-UP OF PERI-
GONDWANA: IS THERE A CONNECTION BETWEEN THE SARDIC
EVENT IN THE SOUTHERN VARISCIDES AND THE PENOBSCOTTIAN
EVENT IN THE NORTHERN APPALACHIANS ?

The Sardic event in the southern Variscides is generally interpreted as Early Ordovician
continental rifting (Weber, 1984). This hypothesis is difficult to reconcile with the magnitude
of the felsic magmatism in the Sierra de Guadarrama (chapter VI). The striking
contemporaneity between the Sardic event in the Central Iberian Zone (chapter VI) and the
southern Variscides (Stille, 1927) with the Penobscottian event (Neuman and Max, 1989) on
the Iapetus side of the Gondwanan margin of the Northem Appalachians and the similarity of
the Early Ordovician events in both areas suggests an altemative hypothesis.

The Penobscottian event, as already discussed, involved an Arenig arc-passive margin
collision with ion of 497 Ma ophiolites, arc ism and local ism and

deformation followed by a major Late Arenig - Early Llanvim back arc rifting event (Fig. 7.5 ;
Dunning and Krogh, 1985; Colman-Sadd et al., 1992; Tucker et al., 1994; van Staal, 1994;
van Staal and de Roo, 1995; Winchester and van Staal, 1995; O'Brien et al., 1997).These
events in the northern Appalachians are broadly coeval with formation of the Tremadocian
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Belledone ophiolite (Fig.7.5 and 7.6; 496 Ma, Ménot et al.. 1988: Pin. 1990: Ménot and
Paguette, 1993), the weak Arenig Sardic deformation in the Central Tberian Zone (chapter VI)
and local high-P ism and bimodal (lepti ibolitic group). alkaline and calc-

alkaline magmatism in Iberia and the Southern Variscides (Fig.7.6: Weber, 1984; Matte, 1986;
Ziegler, 1986; Gebauer et al., 1981; Pin and Lancelot, 1982; Santallier et al., 1988; Gebauer,
1990, 1993; Neubauer and von Raumer, 1993; Carmignani et al., 1994: Biino et al.. 1994).
These events in the southern Variscides are similar to the Early Paleozoic events described in
the Polish Variscides by Oliver et al. (1993) and suggestive of an active margin. Such an
active margin could be an extension along the southern Variscides of the peri-Gondwanan
margin of the [apetus Ocean.

This hypothesis is consistent with Early Ordovician faunal (Paris and Robardet, 1990;
Neuman and Harper, 1992; Cocks, 1993; S.H. Williams et al., 1995). paleomagnetic
(e.g.,van der Pluijm et al., 1995) and sedimentological (Noblet and Lefort, 1990: Prigmore et
al., 1997) data, which indicate close proximity between the peri-Gondwanan elements of the
Appalachian-Caledonides and the Variscides. These faunal similarities disappear after the major
back-arc rifting event in the Late Arenig-Early Llanvim in the northen Appalachians (Fig.7.5
and 7.7 ; van Staal, 1994; O'Brien et al., 1997). This event marks the drifting of Avalonia
from Gondwana and the opening (or widening) of the Rheic Ocean separating Avalonia.
including part of the northern Variscides (Fig.7.7 and 7.8; Paris and Robardet, 1990; Scotese
and McKerrow, 1990), from Gondwana (Cocks and Fortey, 1982; Paris and Robardet, 1990:
Scotese and McKerrow; 1990; van der Pluijm et al., 1995; Torsvik et al., 1996).
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7.2.1.- The subduction-related Jurassic break-up of Southern Gondwana
during the opening of the South Atlantic: An analog for the Early Ordovician
events in the Southern Variscides and Northern Appalachians ?

The proposed Early Ordovician tectonic scenario for the southern Variscides may be

similar to the i lated Jurassic ion and break up of the Pacific side of
Southern Gondwana in Patagonia and Antarctica during opening of the South Atlantic
(Storey et al.,, 1992). Such a setting (Hamilton, 1994) could account for the Early

Ordovician arc it back-arc ling leading to ophiolite generation, local

felsic it weak i ion (Sardic phase) and the
coexistence of alkaline, bimodal and arc magmatism without invoking far-travelled suspect-
terranes. Although at a smaller scale, the proposed Arenig magmatic arc in the Sierra de
Guadarrama and NW Iberia could be an analog of the Jurassic Marifil felsic volcanism and
the associated batholith of Central Patagonia which was associated with transtension and
graben formation along the overiding plate of an active margin (Rapela and Pankhurst,
1992). According to this "South Atlantic” back arc rifting model, the rifting of New Zeland
from Antartica is a potential analog for the rifting of Avalonia from Gondwana (Fig. 7.8).
This hypothesis implies that Avalonia and the Southem Variscides lay along a single
margin facing the same ocean (lapetus?; Fig. 7.8).



7.3.- FINAL REMARKS

The Variscan collision resulted in the closure of the Rheic ocean and the
reamalgamation of the peri-Gondwanan terranes of the circum-North Atlantic to their
present day relative position (Fig.7.4 and 7.7). These terranes experienced protracted and
complex Paleozoic evolutions, as is demonstrated in this thesis in the case of the Hermitage
Flexure and the Sierra de Guadarrama. While this thesis has answered some questions it
has also posed others. Testing the hypotheses outlined above would require reliable pin-
pointing of the different pre-Variscan magmatic pulses along the Variscan belt. and
comparative faunal studies between the Iberian Massif and the Northern Appalachians. It is
particularly important to differentiate between Early and Late Ordovician magmatism along
the Southern Variscides, the latter being unrelated to the lapetus cycle (Fig.7.7

and 7.8). In this sense, it is the view of this author that the term "Caledonian” should be
avoided when ibing Ordovician events in the Variscides, since most of the Scottish

Caledonides were on the Laurentian side of the Iapetus Ocean. From a Variscan perspective
a term like "Sardic” should be more appropiate to define these Early Ordovician events,
which are different from the earlier Avalonian/Cadomian events.

I would like to finish on a different note, I was wondering about the common 20 to 30
Ma gap between the time of peak metamorphism and the onset of the voluminous post-
tectonic plutonism in both the Hermitage Flexure and the Sierra de Guadarrama. It is not
my intention to speculate about why this is, but to point to the wealth and detail of data to
be gained about the timing of orogenic processes in medium and high grade terranes from
the detailed integration of field observations and petrography with precise and reliable
geochronology, where one is lucky to find good field relationships!!
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7.4.- SUMMARY.-

The following is a summary of the main conclusions from each of the three study
areas. The suggested connection between these areas is not addressed since it has been
discussed in chapter VIL

The Cing-Cerf gneiss (. Flexure,

Appalachians):

The youngest dated unit in the Cing-Cerf complex is the variably deformed 431.5+1
Ma Western Head granite, which contains amphibolite and gneissic enclaves and is cross-
cut by mafic dykes deformed in upper greenschist facies at 420 Ma (titanite). Syn-magmatic
deformation (D22) of the ca. 430 Ma Western Head granite followed by variable
greenschist facies mylonitization (D20) gives the complex its high-grade gneissic
appearance.

The 431 Ma granite intruded into older rocks, including the weakly deformed,

bearing iorite (584+7/-6 Ma) and the Sandbank Point
metagabbro (557+14/-5 Ma). Both the 584 Ma iorite and the 557 are

intrusive into the redefined composite Cing-Cerf gneiss: which includes amphibole-rich and
quartz-rich metasedimentary rocks locally intruded by highly strained 675+12/-11 Ma
granitic orthogneiss.

A dated field relationship demonstrates that the 431 Ma granite cross-cuts the gneissic
fabric (D1) in the strongly deformed 675 Ma granitic orthogneiss. The preservation of
primary magmatic features and the weak deformation of the 584 Ma Sandbank granodiorite
indicate the absence of a high-grade regional | overprint in the i iate area

of this intrusion, and suggest that the D1 composite gneissic fabric, or some of its
elements, could be 584-675 Ma in age. The 584 Ma Sandbank granodiorite is coeval with
the 584+5 basal volcanic tuffs in the nearby low-grade Late Precambrian
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volcanosedimentary rock sequence, which contains gneissic clasts in the basal

conglomerates, thus confirming a pre-584 Ma deformational episode and indicating a

basement-cover relationship between the Cing-Cerf gneiss and the low-grade Late
Precambrian volcanosedimentary rocks.

The unpublished data of Dunning and O'Brien from Three Islands, a 447 Ma titanite

age from a 547 Ma deformed granitoid dyke, remains difficult to explain, but it is

with the ibolite facies ic textures observed in the 557 Ma

Sandbank Point metagabbro and the post-584 and pre-499 Ma deformation of the nearby

low-grade Late P i rocks.

The major and trace element istry of the 557 Ma Point

is istic of tle-derived  volcanic it tholeiitic magmas. This
metagabbro is broadly coeval with the intrusion of 560-565 Ma mafic dykes and 560-570
granites (Roti suite) in the nearby low-grade volcanosedimentary rocks, which are
interpreted as volcanic arc-derived.

Itis suggested that the Cing-Cerf gneiss and the nearby Late Precambrian rocks record
the evolution of a 585-550 Ma Avalonian volcanic arc. These Precambrian rocks can be
correlated with those in the Avalonian and Cadomian belts of North America and Europe,

the i of Avalonian crust in the early Ordovician

Penobscottian events of the Northern Appalachians.

The or (Port. Basq

Flexure, A

Detailed fieldwork, U/Pb geochronology and major and trace element geochemistry

indicate that the M: an Early Ordovici; fic-felsic intrusive
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complex. This composite orthogneiss, which has been traced inland from Margaree for
more than 20 Km, is formed by ibolites, mafic dioritic i 474+14/4 Ma

bearing tonalitic iss with mafic enclaves, 4724£2.5 Ma and 4653 Ma
biotite-bearing granitic orthogneisses and minor ultramafic rocks.

Despite the Silurian upper amphibolite facies overprint, the field relationships suggest
that the 472 Ma granites are coeval with extensive mafic magmas. A second generation of
amphibolite dykes intruded the 465 Ma granites.

Most of the amphibolites have basaltic compositions and the trace element signature of
volcanic arc tholeiites. The 474 Ma tonalites (60-62% SiO2) and the 472 Ma granites (70-
72% $iO2) have identical i i which to volcanic arc

granitoids.
Timing of the Salinic Silurian overprint of the Margaree orthogneiss is constrained by
a 417+4/-7 Ma late syn-D3 granitic dyke and 411+2 and 410+2 Ma titanite. The titanite

ages are i as ibolite facies ization ages ing the D3 event.
These time constraints indicate that the DI, and the syn-peak metamorphism D2
deformational events took place between 465 and 417 Ma. This is consistent with nearby
data which suggest a syn- to post-450 Ma age for D! and ca. 420 Ma for D2.

The Margaree iss intruded the sedi y rocks of the Port-aux-Basques

complex coevally, within error, with the stitching plutons that postdate the Penobscottian
Early Ordovician ophiolite obduction (477+1 Ma Baggs Hill granite; Tucker et al., 1994:
474+6/-4 Ma Partridgeberry Hills granite; Colman-Sadd et al., 1992), Arenig-Early
Llanvim volcanism in the Exploits, Baie d'Espoir (468+2 Ma; Colman-Sadd et al., 1992)
and Bay du Nord (466+3 Ma; Dunning et al., 1990) groups and with anatexis and granite
intrusion in the Mt. Cormack (465+2 and 464+4/-3 Ma; Colman-Sadd et al., 1992) and
Meelpaeg subzones (464+2 Ma; Colman-Sadd et al., 1992). It is suggested that the
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Margaree iss was in an arc/back- iti setting at the time of the major
back-arc rifting event on the peri-Gondwanan margin of the Northern Appalachians,

following the Penobscottian arc-continent collision.

The Sierra de Guadarrama, Central Iberian Zone (Iberian Massif).

Pre-Variscan ion: Early Ordovician "Sardic”

U-Pb protolith ages of the main types of pre-Variscan orthogneisses of the Somosierra
area of the Sierra de Guadarrama demonstrate the presence of an important Early
Ordovician felsic magmatic event recorded in the high-grade Western Domain, the
overlying low - medium-grade Eastern Domain of the Sierra de Guadarrama and the
boundary zone defined by the Variscan, extensional Berzosa-Riaza shear zone (BRSZ).

U-Pb zircon dating of the orthogneisses of the high-grade Western Domain has
provided an age of 477+4 Ma (Lozoya gneiss) for the augen gneisses / foliated megacrystic

granites, which form the i ithic Morcuera (G ) gneiss; it also indicates
that the so-called leucogneisses of this domain consist of 488+10/-8 Ma megacrystic granite

intruded by 482+8/-7 Ma aplitic veins and 482+9/-8 Ma leucogranitic dykes (Buitrago

gneiss). These granitic i are with the 4802 Ma
volcaniclastic Cardoso gneiss, which outcrops below the Ordovician "Sardic"

in the Eastern G Domain. The pre-Variscan granitic orthogneisses

within the BRSZ have a slightly younger age of 468+16/-8 Ma (Riaza gneiss).

In the Sierra de Guadarrama and the rest of the CIZ the Arenig Armorican Quartzite
was deposited on top of the Sardic unconformity; therefore, the 480+2 Ma age of the
Cardoso gneiss limits the age of the ity and the i Sardic ion to

the Mid-Late Arenig, suggesting a strong linkage with the Arenig felsic magmatism.



The new U-Pb ages corroborate the previous 492-470 Ma whole rock Rb-Sr ages for
similar gneisses in other parts of the Sierra de Guadarrama (Vialette et al., 1986:1987),
suggesting that most of the pre-Variscan orthogneisses of the Sierra de Guadarrama were
generated during the Early O ician. These i are i as the relicts of

a short-lived Early Ordovician continental magmatic arc. The new U-Pb ages also validate
regional correlations along strike with the pre-Variscan orthogneisses in the Ollo de Sapo
antiform, suggesting that they are part of a 600 Km long relict Early Ordovician felsic
magmatic belt which extents from the Sierra de Guadarrama to the northwest coast of

Spain.

Variscan _evolution of the Sierra de Gi Early-Middle C: i peak
and_syn-collisional extension and Permo-C: i t

plutonism.

In the area of study the low-medium grade Eastern Guadarrama Domain (St. Cld. Grt
and Bt zones) is juxtaposed against the high grade Western Guadarrama Domain (1%t Sill -
24 Sill zones) along the BRSZ (Ky-1= Sill and St zones). In the field area there is no

evidence of largs le DI i but an inter-DI-D2 Barrovian
metamorphic sequence is well preserved within the BRSZ, with relicts of Ky-St-Qz
mineral indicatit i itions in excess of 6.5 Kb and 600°C.

The DI deformation was followed by a major D2 extensional event with generalized
ductile shearing and formation of the BRSZ. The D2 deformation took place during the
thermal peak of the Barrovian event in the lower level of the Eastern Domain, and during
peak metamorphism, anatexis and growth of low-pressure assemblages in the high-grade

Western Domain.



The close relationship between ion and ic mineral growth allowed
the use of U-Pb monazite, xenotime and titanite dating in combination with textural

relationships to obtain prograde and cooling ages. These ages constrain peak

metamorphism at 33743 to 329+3 Ma (U-Pb ite) and the D2

between 337+3 Ma (U-Pb monazite) and 3213 Ma (U-Pb titanite) in the Sill+Kfs zone of
the Western Domain, at 325.6£2 Ma (U-Pb monazite, zircon) in the Sill+Ms zone, at
32643 Ma (U-Pb monazite) in the relict kyanite Subzone of the BRSZ and between 3302
- 32743Ma (U-Pb monazite) and 32242 Ma (U-Pb titanite) in the St zome and the
chloritoid-staurolite transition of the Eastern Domain. The growth of low P/high T
cordierite-bearing mineral assemblages during the late stages of the D2 deformation in the

Western Domain has been dated at 32242 Ma (U-Pb monazite and xenotime).

Following the main D2 extensional event the area was reworked by greenschist facies

D3 ion and late i The shallow level intrusion of the post-

collisional 292+3 Ma (U-Pb monazite) La Cabrera granite stitches the BRSZ, providing an

upper limit for the D3 deformation and, possibly, for the late extensional detachments.

This new data demonstrates for the first time the syn-collisional character of the Late
Visean - Early Namurian extension in the Central Iberian Zone, which is also common to
other parts of the Variscan belt, and provides the first reliable constraints for the time of
peak metamorphism (337-326 Ma). It also shows the presence of a 30 Ma interval between
the low P / high T mineral growth and the post-collisional plutonism, indicating that there is

no relationship between these two processes in the Sierra de Guadarrama.
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APPENDIX
ANALYTICAL METHODS

A.L.- U-Pb PROCEDURE.-

This is a brief description of the analytical procedure used for the U-Pb analysis of

zircon, monazite, xenotime, titanite and rutile.
A.L.1.- Sample preparation.

The rock sample (5 to 25 kg, average 10-15 kg) was washed and any dirt removed
with running water and a wire brush. The sample was dried and pulverized using a
hydraulic press, a jaw-crusher and a steel plate pulverizer. All crushing equipment was
dismantled and cleaned using alcohol and compressed air; the crushing plates were
scrubbed with a powerbrush and then cleaned between samples. A first separation of light
and heavy minerals was done using a Wilfley panning table. The Wilfley table was
previously cleaned with IN HCI, soap and water and the accessory equipment was cleaned
with soap and water, alcohol and compressed air. The heavy fraction and a portion of the
light mineral fraction were kept; both fractions were washed with alcohol and dried on a hot
plate. Highly magnetic minerals such as magnetite and small iron filings from the pulverizer
plates were removed by dropping the sample past an electromagnet. The remaining heavy
fraction was sieved to a -40 mesh size. The fine fraction was separated twice into light and
heavy fractions using bromoform and methylene iodide. Finally the heavy fraction was
separated according to magnetic character using a Frantz isodynamic magnetic separator.
Separation of the different accessory mineral phases was achieved by changing the tilt and
current intensity of the Frantz. This separation also yielded separate fractions with different
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paramagnetic properties for some of the minerals of interest, like zircon. Mineral fractions
for U-Pb analysis were hand-picked from the magnetic separates under a microscope on the
basis of morphology. colour, size and crystal quality. Crystal selection was very strict to
assure the homogeneity of the fractions. In several cases the purity of the monazite and
xenotime fractions was checked by EDS analysis (CAMECA SX 50 microprobe) of the
whole mineral fraction. In order to minimize discordance, due to the effects of alteration
and Pb loss, most mineral fractions were air abraded (Krogh, 1982). The abraded and
unabraded mineral fractions were washed with 4N HNOj3 (5 minutes on a hot plate at
120°C). H20 and alcohol. A second selection of the best grains was done under the
microscope after which they were placed in a clean Pyrex crystal beaker with alcohol.

A.1.2.- Sample ighil spiking, i and U-Pb

separation.

This part of the procedure took place in a clean air laboratory and within clean boxes
with an outward laminar flow: all reagents were double distilled and clean-lab sample-
handling procedures were observed.

The mineral fractions were washed with 2xH>0, 4N HNOj3 (20 minutes on a hot plate
at 100°-120°C), 2xH20 and twice with acetone and 2xH>0 and dried; during each wash the
sample was ultrasonic for 10 seconds. The mineral fractions were weighed with a five digit
balance with an uncertainty of +2 micrograms, mixed with a 205Pb - 235U spike (Parrish
and Krogh, 1987) inside Teflon® Krogh-type dissolution bombs (Krogh, 1973) or
Teflon® Savillex containers and dissolved (Table A.l). The samples were spiked

according to the sample weight and the expected age and U concentration in the sample.

Table A.l.: Mineral dissolution procedure
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Mineral phase Dissolution vessel Reagents  Temperature /
ume
Zircon, rutile Krogh-type dissolution _ HF. 8N HNO3 _210°Coven/
Teflon® bombs and 5 days

minibombs

Titanite Savillex screw top Teflon® ~ HF. 8N HNO3  120°Chot
containers plate / 5 days

Monazite, Savillex screw top Teflon® 62N HCl 120°C hot

xenotime containers plate / 5 days

Once dissolved, the samples were dried on a hot plate (120°C) and re-dissolved with
3.IN HCI at the same temperature conditions of table A.1 for 24 hours. U and Pb were
separated through ion exchange chemistry following modified procedures for zircon
chemistry after Krogh (1973) and HBr chemistry after Manhes et al. (1978) for rutile,

titanite, monazite and xenotime (Table A.2).

Procedure blanks during the period of analysis ranged from I pg U and 2 to 12 pg
common Pb (depending on the minibomb set) for zircon and | pg U and 12 to 20 pg

common Pb for rutile, titanite, monazite and xenotime.
A.L.3 .- U-Pb isotopic analysis and age determination.

The U and Pb isotopic ratios were measured by thermal ionization mass-spectrometry
(TIMS) using a Finnigan MAT 262 mass spectrometer equipped with an ion-counting
secondary electron multiplier (SEM). U and Pb were loaded together with H3POy4 and silica
gel on a previously outgassed single rhenium filament in a clean box. Both U and Pb were
measured in static mode on the Faraday cups, 204Pb was measured in the previously
calibrated, axial SEM/ion counter. The SEM is calibrated with respect to the Faraday cups
before and after each analysis. Small Pb fractions (Less than 3mv signal of 205Pb or 207Pb
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Fig.A.1.- Variation of the measurements of the 206Pb / 204Pb and 207Pb
/ 204Pb isotopic ratios of the NBS 981 common Pb standard with respect
to the reported ratios (Todt, 1993), and calculated values of the Pb
isotopic fractionation during mass spectrometry. The measured ratios
were taken from 27 randomly selected analyses between May 14th 1997 and
March 26th 1996. The calculated isotopic fractionation in the 206Pb/204Pb
ratio is slightly higher but has a smaller error than the one used in the age
calculations (0.1+0.04). The elimination of some of the outliers would bring
the fractionation value closer to the one used in the age calculations. This
new fractionation value, if applied, would not change the isotopic ages but it
would result in narrower error ellipses.
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in the Faraday cups) were measured in dynamic mode using the SEM (peak jumping on the
SEM), these isotopic ratios were checked and calibrated against Faraday-derived data
during the same run. These measurements were performed in single blocks of 10 scans
each, outliers were identified and eliminated from the final mean of the measurement
(Finnigan MAT 262 software). The best Pb emissions were usually obtained between
1400° and 1550°C, and for U between 1550°-1650°C. The intensity of the emission was
monitored on a chart recorder, which allowed, in the case of static collection, manual
increase or decrease of the temperature of the filament during the measurement to keep a

stable emission.

The isotopic ages have been calculated using the accepted disintegration constants for
235U and 238U (Jaffey et al., 1971). The isotopic ages and the error on the isotopic ratios
have been calculated using unpublished Royal Ontario Museum (ROM) software by Larry
Heaman. The errors on the isotopic ratios are given at 2 sigma level and are the result of
propagating two-sigma errors from the amount of isotopic fractionation (0.130.04 % a.m.u
for Pb and 0.0530.04% a.m.u for U: Fig. A.1), total blanks in the analysis, laboratory
blanks (206pb/204pb = 18.33; 207Pb/206pb = 0.855; 208Pb/206pb = 2.056), amount of
initial common Pb and uncertainties on the measurements. The initial common Pb was
corrected after the model of Stacey and Kramers (1975). The U and Pb concentrations were
estimated from the absolute sample and spike weights. The linear regressions for the
discordia lines were calculated after the method of Davis (1982). The discordia line is
defined by the best fit line, this method also provides the probability of fit of the data points
to the discordia line and the probability of each individual data point fitting the line. If the
'U-Pb data does not fit the discordia line within error, the error ellipses of the data points are
then expanded with an error proportional to the degree of discordance of each data point (v.
Davis, 1982). The error on the intercepts of the discordia line are based on the Bayesian

292



ZIRCON
Small Teflon® minicolumns

Wash columns x2 H20 and 6.2N HCl
Load pre-washed ion exchange resin
(Dowex AG 1 x8. 200-400 mesh)
in the minicolumn

Wash column and resin
62N HCl & x2 H20

Condition column 3.IN HCl
Load sample

Zr wash 3.IN HCI

(Purification of Uand Pb)  Dry 10 a drop ina

MONAZITE, XENOTIME,
TITANITE, RUTILE

Teflon® columns

Wash column 6.2NHCl & x2H20
Load ion exchange resin
(Pre-washed Dowex AG Ix8 resin)

Wash column and resin
6.2N HCl & x2 H20
Condition column 3.1N HCI
Load sample
Zr and REE wash 3.IN HCI
(Purification of U and Ph)
Elute U (1st) HBr
Remove HBr 3.IN HCL
Elute Pb 6.2N HCI

hot plate and
Elue Pb 62N HCl redlissolve_ Clean column x2 H20
o C:l U aad Poin in6.2N HCI ~ Condition column 6.2N HCI
e
the same beaker) Raload U .
2nd U purification
Add Idrop of H3PO4 62N HCl
and dry 1o a single 8N HNO3
drop 6.2N HCl

Add Idrop of H3PO4
and dry to a single
drop

Table A.2.- Schematic U and Pb ion

hemical D
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The Teflon® columas are similar in dimension to those of Krogh (1973). the volume of
Teflon® minicolumns was scaled down to 1/10 of the columns. All acids are double
distilled (X2 H20, double distilled H20).



intervals of the probability function of the age of the best fit line (i.e. intercept of the
discordia line with the concordia curve) at a 95% confidence level. This method is different
from that of the commonly used program of Ludwig (1980), which estimates the age
intercept error from the hyperbolic error band of the discordia line after a least-squares
York fit (York, 1969) of the data points. In should be noted that for lower probabilities of
fit, the Davis method generally gives larger age intercept errors than the program of Ludwig
(1980). This is due to the fact that the method of Davis takes into account the degree of
discordance of the individual data points, so the best fit line relies more on the less

data points (i.c. i the more reliable data) even if other points are

more precise. Age errors are given at a 95% confidence level.

A.2.- MAJOR AND TRACE ELEMENT ANALYSIS.-

This is a description of the analytical techniques used to obtain the major and trace
element whole rock analyses presented in chapters III and IV of this thesis, including the
sample preparation.

The rock samples weighed between 10 to 20 Kg depending on the average grain size
(1.5 10 0.5 mm), resulting in sampling errors of around 5%. The weathering surfaces of
the rock sample were removed prior to rock crushing. The rock crushers were cleaned
between samples, and small portion of the sample was crushed and discarded prior to the
final crushing to avoid cross-contamination. After crushing, the rock chips were quartered
to assure the representativeness of the sample. Randomly selected rock chips were powered

to <200 mesh size using a carbon-tungsten rock mill. The rock mill was cleaned between

samples. Before the final p ing and to avoid ination, rock chips from the
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sample were pulverized and the powder discarded. The final powder was stored in a clean
plastic sample vial.

The loss on ignition were calculated by placing 2 g of fresh rock powder in a ceramic
crucible. The powder and the crucible were weighed and then placed in an oven at 450°C
for 12 hours and the weight loss measured afterwards.

A.2.1.- X-ray fluorescence (XRF) analysis.

The major elements were analyzed on fused glass beads (fused pellets). The glass
beads were made by mixing 1.5000 g of ignited rock powder with a flux of 6.0000 g of
Lithium metaborate and 1.5000 g of Lithium tetraborate. The half of the homogenized
powder was placed in a clean, dry platinum crucible and 0.02 g of Lithium Bromide
solution added to the powder, after which the remaining powder was placed in the crucible.
The glass beads were automatically made with a LECO FX 200 burner in sets of six. The

burner was to progressively reach of 1500°C over 12.5 minutes.

The trace elements were analyzed on press pellets made of 5.00 g of fresh rock
powder and 0.70 g of phenolic resin (BRP-5933 Bakelite phenolic resin). The rock powder
and the resin were homogenized for 10 minutes in a roller mixer and the resulting mixed
powder was pressed in a Herzog pellet press for 5 seconds at a pressure of 20 tons. The
resulting pressed pellets were placed in a oven at 200°C for 15 minutes. Further details on
the sample preparation can be obtained from the internal procedures of the XRF analytical

facilities of the department of earth sciences at Memorial University of Newfoundland.

The XRF major and trace element analyses were performed using the Fisons/ARL
8420+ i gth-di ive X-ray This has one
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goniometer and is capable of holding six analyzing crystals. For trace element analysis five
crystals were used, including a LiF200H crystal specially treated for heavy element
sensitivity. Also either an argon flow-proportional detector (FPC) or a scintillation (SC)
detector was used with the rhodium anode end-window X-ray tube operated at 3 kw. The
analytical including the jion and matrix i and the

precision and accuracy have been described in detail by Longerich (1995). The limits of
detection for the major elements are 0.02% for Si0O2, 0.01% for TiO2, 0.06% for Al203.
0.01% for total Fe as Fe203, 0.00% for MnO, 0.03% for MgO, 0.01% for CaO, 0.04%
for Na0., 0.01% for K20 and 0.01% for P205. The analysis of five standards in each run
has allowed to determine a precision and accuracy of <1% for concentrations above 1% and
<3% for concentrations below 1%, for the major element analysis. The limits of detection
for the trace elements are in brackets in ppm: Sc (6), V(6), Cr(7), Ni(5), Cu(4), Zn(3),
Ga(3), Rb(0.7), Sr(1.2), Y(0.7), Zr(1.2), Nb(0.7), Ba(23), Pb(4). The precision and
accuracy of the trace element analysis is below 1% for most elements, except for Zn (4%).

A.2.2.- Inductively coupled plasma mass spectrometry (ICP-MS) trace

element analysis.

ICP-MS analysis using Na2O2 sinter sample dissolution was used for the
determination of the Lanthanides (REE) and Th because it dissolves resistant accessory
mineral phases, such as zircon, which contain significant concentrations of these elements.
The linear fit between the XRF and the ICP-MS analyses for Y (Fig.A.2) shows the good
agreements between the analytical techniques, and suggests that there were no dissolution
problems with the heavy-REE. The high field strength elements (Zr, Nb, Hf and Ta) were
also determined by ICP-MS analysis. But there is a scatter between the ICP-MS and the
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Fig.A.2.- Comparative chart of the Y XRF versus ICP-MS
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XRF analyses (Fig.A.3) which could be due to solution instability and potential memory
problems with these elements (Jenner et al., 1990). For this reason only the XRF results
for Zr and Nb were reported in the analysis tables.

The samples were prepared by mixing 0.2 g of fresh rock powder in a Ni crucible with
0.8 g of Na202 and sintering the mixture in a muffle furnace at 480°C for 1.5 hours. The
crucibles were cooled and 10 ml of distilled HyO were added until reaction stopped. The
mixture was diluted with distilled H2O, centrifuged and dissolved in 8N HNOj3 and oxalic
acid. The solution was diluted with distilled HO prior to ICP-MS analysis. This solution

was latter mixed with an on-line standard spike.

The analytical data was acquired with an SCIEX ELAN 250 ICP-MS modified at
Memorial University and equipped with an autosampler. Each run consisted of 56
unknown samples distributed in 8 cycles, each cycle containing 7 unknowns, 4 standards
and | calibration blank. A "Y" tube was used to spike the samples with a standard solution
of Rb, Cs, Tl and U at a | part of spike / 2 parts of sample ratio. The calibration blank was
used to make the ion, oxide i were corrected using the

UO/U ratio in the standards and the mass interpolated ratio of the intensity of the spike in
the samples and the standards was used to correct the matrix effects. Further details of the
data isition and ing, including the calibrati i can be found in
Jenner et al (1990). The analytical limits of detection are at the sub-ppm level: 0.02 ppm for

Nd, Zr*, and Hf*; 0.01 ppm for Sm, Eu, Gd, Dy, Er, Yb and Ta*: below 0.00 ppm for
Y*, La, Ce, Pr, Tb, Ho, Tm, Lu and Th (* elements analyzed but not reported in the final
analysis tables). The precision of the technique is generally between 3 and 10% for the
REE and Y, between 10 and 15% for Zr and Hf, more than 20% for Nb and Ta and in
excess of 40% for Th (Longerich pers comm.). The low precision of the HFSE is due to a
dissolution problem plus the added difficulty of keeping them in solution. The low



precision of Th is due mostly to machine memory problems (Longerich, pers comm.).
Duplicates of two rock samples were dissolved and analyzed separately during the same
run to show the reproducibility of the technique (Table A.3). The apparent good
reproducibility of Th led to its use for tectonic discrimination purposes in some
discrimination diagrams of chapters [T and IV. These results were always backed up by

diagrams using more reliable clements.

Sample GMA-B_(N=2) Sample GMA-C (N=2]
Mean [SD_|RSD (%)| Mean [SD__RSD (%)
19.45[0.13 | 0.67 15.66/0.11 7
*Z-':{ 289.29{7.04 | 2.74 | 288.53/9.09 i1
Nb|  9.262.70 | 29.15 11.100.00 0
Ba| 414.29[7.03 | 1.7 824.48[1.24 K
La| 37.25]2. 5.8 =)
Ce| 71.01]3. 4.6 1.15
Prj 7.52]0.. B 1.95
Nd| _ 26.75]1. 4. 1.50
Sm| _ 4.430.25 z 4
Eu 011007 | 7. 4
Gd 85[0.17 | 4. 2.
b .58/0.02 | 4. 2
Dy 70{0.15 | & 1
Ho E 3;
Er| . .6: 8
Tm 7
b B 6
ul .. B 5%
£ 1 81
Ta|  2.7910.36 | 12.98 -60
Th|  13.72/10.66 | 4.84 2.96

Table A.3. Results of the ICP-MS Na202 sinter duplicate analysis of
samples G-MA-B and G-MA-C (Margaree Complex). The percentage RSD,
although not statistically significant, offers an insight into the reproducibility of the
technique but should not be taken as indicative of the technique's precision.
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Fig.3.2.- Geological map of the western extent of the Late Precambrian basement block of
the Hermitage Flexure.

Fig.3.3.- Map of the main geological units in the Sandbank Point - East Diver Head and
Three Islands section
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mafic dykes, the younger mylomuc granite (U-Pb sample 94-PV-11) and the late mafic
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Fig.3.5.- Composite Cing-Cerf gneiss, cross-cutting relationships in the outcrop of ﬁgure
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granodlome (U Pb sample 94 PV-6), the aplitic veins and the Western Head granite
ite with mafic enclaves), location as in Fig. 3.10. Field photogmphs

AB,Cand D..

Fig.3.12.- Amphibole-rich, composite gneiss. Cing-Cerf gneiss unit at Cing-Cerf Bay..18

Fig.3.13.- Field appearance of U-Pb sample 94-PV-12, granitic orthogneiss part of the
banded gneiss in fig. 3.4.

Fig.3.14.- U-Pb concordia diagram for the old granitic orthogneiss (U-Pb sample 94-] PV-
12); Cing-Cerf gneiss, Sandbank Point - East Diver Head section. i

Fig.3.15.- U-Pb concordia diagram for the weakly foliated Sandbank granodiorite (U-Pb
sample 94-PV-6), intrusive into the tourmaline-bearing paragneiss (Cing-Cerf gnmss)




ig.3.16.- Point Mafic intruded hy felsic
metagabbro/diorite with mafic enclaves showing sharp to diffuse contacts.............22

Fig.3.17.- Sandbank Point metagabbro (Three Islands). Left: Late mafic dykes cross-
cutting felsic folded dykes intrusive into mafic metagabbro. Right: Old granitoid /
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Fig.3.18.- U-Pb concordia diagram for the mafic metagabbro-diorite at Sandbank Pomt
(U-Pb sample 94-PV-4)

Fig.3.19.- Western Head granite / granodiorite (undated) with mafic and gneissic enclaves
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Fig. 3.24.- Mi of the 584 diorite (Two mi )....28

Fig.3.25.- Microtexture of the 557 Ma Sandbank Point metagabbro / diorite (Two
microphotographs)

Flg 3; 26 547 Ma granitoid dyke, Three Islands, unpublished U-Pb sample of B.H.
Brien and Dunning. Thin section courtesy of B.H. O'Brien (Two
mlcn aphs)

Fig.3.27.- Cing-Cerf gneiss, paxagnelss Cing-Cerf Bay section (Two field pholographs)

Fig.3.28.- Field sketches of high temp D2a 3 features, Poiat,
Western Head granite 32

Fig.3.29.- Top: High temperature solidus folding (F2%) of the Western Head granite at

Three Islands. Bottom: D2b low grade S-C and C' (shear bands) structures in the
Western Head granite indicating an apparent dextral shear sense........................ 32

Fig.3.30.- Equal area lower hemisphere stereonet projections of the s2b mylonitic fabric,
L2 lineation, S1 gneissosity (compositional banding) and the plunge of the F2 folds
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Fig.3.31.- ist facies
(10 cm thick) w1th top to the left (1 e thrusung) shear sense.

Fig.3.32.- D2 ist facies of the lbank Point mafic
metagabbro and felsic metadiorite around late shear bands and fracture sets overprinted
by a later set of joint 34

Fig.3.33.- S2b mylonitic fabric in the 431.5+1 Ma mylonitic granite dyke, Western Head
granite (Two P aphs)

Fig.3.34.- Late mafic prophynuc dyke (post-431 Ma) showmg greenschist facies overpnnt
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Fig.3.35.- Time and field ints on the lution and timing of
deformation in the Cing-Cerf gnei: 37

Fig.3.36.- Cing-Cerf gneiss, metadiorites-metagabbros major element series discrimination
diagrams: (A) Alkali index vs Al203 (Middlemost, 1975); (B) MgO vs SiO2; (C) K20
vs Si02 (Middlemost, 1975); (D) Na20 vs SiO2 (Middlemost, 1975); (E) AFM ternary
diagram (Miyashiro, 1978)..
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Bottom: MORB (Pearce, 1983) - pattern for the
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Fig.3.38.- Bivariate series discrimination diagrams: (A) Zv/Ti vs Nb/Y diagram
(Winchester and Floyd 1977, modified by Pearce, 1996) ; (B) V vs Ti dlagmm
(Shervais, 1982).
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Fig.3.40.- Model of the Late-Precambrian-Early Cambrian basement-cover relauonskup
between the Cing-Cerf gneiss and the Whittle Hill sandstone.

Fig.3.41.- Late lution of the Aval
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CHAPTER IV: THE MARGAREE ORTHOGNEISS (Port-aux-Basques gneissic
complex, SW Newfoundland Appalachians).
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Fig.4.3.- Geological map of the Margaree/Isle-aux-Morts portion of the Margaree
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U-Pb i I i 48

Fig.4.5.- Macro- and between the ibolite-rich "tonalitic”
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PV-3) 50
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Fig.4.12.- U-Pb concordia diagram for the granitic gneiss at Grandys Brook (U-Pb samp!e
94-PV-2)
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bearing felsic 54
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Fig.4.21.- U-Pb concordia diagram for the late-syn D3 granitic dyke (U-Pb sample 92-
GD-11). 56

Fig.4.22.- Cross view, Margaree orthogneiss, Fox Roost: F2-F3 interference fold.mg
pattern t by late pegmatites.
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aux-B. gnei 57
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57
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Fig.4.32.- Margaree orthogneiss, microtexture of late- / post-D3 mylonites. .............. 62

gne;
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Fig.4.36.- Margaree orthogneiss: mafic and ulLramaﬁc rocks. (A) REE multielement
patterns. (B) MORB (Pearce, 1983) pattern: 64

Fig.4.37.- Margaree orrthogneiss, tonalitic and granitic orthogneiss. (A) REE element
_multielement patterns. (B) Primitive mantle (Sun, 1980) normalized multielement
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Fig.4.38.- MORB (Pearce, 1983) - normalized multielement patterns from modern tectonic
environments (aﬁer Pearce, 1983) superposed to the amphibolites from the Margame
orthogneiss. ..

Fig.4.39.- Tectonic discrimination diagrams for the amphibolites of the Margaree
orthogneiss: (A) Ti-Zr-Sr diagram (Pearce and Cann, 1973); (B) Ti vs. Zr diagram
(Pearce and Cann, 1973); (C) Ti-Zs-Y diagram (Pearce and Cann, 1973); (D) Zr-Th-Nb
diagram (Wood, 1980 with modifications in Jenner, 1996); (E) TiO2-MnO-P205
diagram (Mullen, 1983); (F) Nb-Zr-Y diagram (Mechesde, 1986). .67

Fig.4.40.- Tectonic discrimination diagrams for granitic rocks, Margaree tonalitic and
granitic orthogneisses. (Pearce et al., 1984; Maniar and Piccoli, 1989) ..68
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68
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Fig.4.44.- MORB (Pearce, 1983) - normalized multielement diagram for the Margaree
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Fig.4.45.- Interpretative model for the generation of the mafic-felsic Margaree igneous
complex. Coeval magmatism along the peri-Gondwanan margin of the Newfoundland
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Fig.4.46.- Hypothetical tectonic setting for the Margaree igneous complex.
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Fig.1.1.- (A) Paleogeographic reconstruction of the North Atlantic at M1 ic anomaly (131 Ma; Sri and Tapscott, 1986)
showing the relative position of the Ap) n-Caledonian orogen, the Variscan Belt and the areas of study. The red line marks the
separation between the peri-Laurentian and peri-Gondwanan margins of the lapetus Ocean. Correlation between the Newfoundland A ppalachians and the British
Caledonides based on Colman-Sadd et al. (1992). Lithotectonic zones of the Iberian Massif after Farias et al. (1986): CZ, Cantabrian Zone; WALZ, West

Asturian-Leonese Zone; CIZ, Central Iberian Zone; GTMZ, Galicia Tras-os-Montes Zone; OMZ, Ossa-Morena Zone; SPZ, South Portuguese Zone. Newfoundland
Appalachians: A.Z., Avalon Zone; H.F, Hermitage Flexure.

(B) Distribution of the circum-North Atlantic Avalonian-Monian-Cadomian terranes and relicts of pre-Cadomian/Avalonian

basement: Avalonian belr. Avalon Zone and Hermitage Flexure (O'Brien et al., 1996 and ref. within), Midlands Craton (Soper, 1988; Tucker and Pharaoh, 1991;

Strachan et al., 1996), Rosslare Complex (Winchester et al., 1990); Monian Complex (Gibbons, 1990; Gibbons and Horak, 1990); Cadomian belt: Cadomian block (ref. in,_,
D'Lemos et al. eds. (1990) and Strachan and Taylor eds.(1990));Bohemian Massif (Chaloupsky, 1990; Kroner et al., 1994); Ossa-Morena Zone (Quesada, 1990a; 1990b;
Oschner, 1993); CIZ, WALZ and CZ , references in Dallmeyer and Martinez Garcia eds. (1990). Proterozoic basement (Clavez and Vidal, 1978; Auvray et al., 1980;
Guerrot et al., 1989; Wendt et al., 1993)
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Fig.1.4.- Lower Paleozoic faunal domains of Euro) Variscides and location of dated
ophiolitic units. Faunal domains after Paris and Robardet (1990) and Robardet et al. (1990):
N.V, Northern Variscides; SID, South Iberian Domain (Ossa-Morena); CID, Central Iberian
Domain; LD, Ligerian Domain; EAD, Ebro-Aquitanian Domain. Red circles: matching
Arenig to Asghill biostratigraphic successions (Young, 1990). Areas with Caledonian
deformation after Franke (1989). Dated ophiolitic units after Menét et al. (1988), Peucat et al.
(1990) Pin (1990) Oliver et d (1993), Santos Zalduegui et al. (1996) and Dunning

with Silurian HP metamorphism
(Ligerian Domnn. Alps and NW Spain) omitted for simplicity (e.g., Pin, 1990; von Raumer
and Neubauer, 1993)




Fig. 1.5. Early Cambri ion of G showing the relative
itions of Iberia and Avalonia (Courjault-Radé et al., 1992).

Fig. 1.6.- P hic r of Avalonia (A, C: ian arc),
Baltica (B), Gondwana (G) and Laurentia (L) in the Late Precambri
(Torsvik et al., 1996) and the Ordovician (van der Pluijm et al., 1995).
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Fig. 3.1.- Distribution of Avalonian terranes in the Northern Appalachians (modified

after Barr and White, 1996), showing the position of the Cing-Cerf gneiss and the Late Precambrian
basement of the Hermlln;e Flexure and the Late Precambrian inliers in the Exploits subzone(red).
The thick boundary line marks the separation between the peri-Laurentian and the peri-Gondwanan
margins of the Iapetus Ocean.
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Grand Bruit fault

Fig.3.3.- Map of the main geological units in the Sandbank Point-East
Diver Head and Three Islands sections, including location of maps 3.1
and 3.2, figure captions of the Cing-Cerf gneiss (composite gneiss) and
'U-Pb sample locations.

Legend: 1) Western Head granite/granodiorite with mafic enclaves; 2) Felsic
mylonitic granite (Western Head); 3) Sandbank metagabbro (diorite); 4)
Composite Cing-Cerf gneiss. a) Roti granite (Precambrian?); b) Whittle Hill
sandstone (Precambrian). The map area outside maps 3.1 and 3.2 is after
B.H. O'Brien (1990).
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Fig. 3.4.- Outerop plan view of the Cing-Cerf gneiss, banded gneiss, showing the

field realtionships between the older granitic orthogneisses and mafic dykes, the

younger mylonitic granite and the late mafic dykes. (B) "Older" granitic

. orth intrusive into i y banded gneiss overprinted by D1 and
cross-cut by "young" mylonitic granite with a D2 mylonitic fabric. CCG, Cing-Cerf
gneiss; WHG, Western Head granite.







Fig. 3.5.- Composite Cing-Cerf gneiss, cross-cutting relationships in the

outcrop of figure 3.4. 1o

(A)Top left, late granitic dyke ("younger" mylonitic granite; U/Pb sample 94-PV-11,
431.5+1 Ma) cross cutting the composite Cing-Cerf gneiss with a sliver of old granitic
orthogneiss (U/Pb sample 94-PV-12; 675+12/-11 Ma).

(B)Top right, detail of the cross-cutting relationship between the gneissic mylonitic
fabric in the banded gneiss (composite S12-S1€ foliation), the late granite and the mylonitic
foliation (S2b) in the granite. Note that there is no D2 overprint in the gneiss, except for

brittle offsets of the gneissic banding.

(C) Bottom left, old amphibolite dykes (undated) intrusive into older granitic
orthogneiss (U/Pb sample 94-PV-12). These dykes have a weak fabric (S1) parallel to the
composite Sla-Slc fabric in the orthogneiss and are cross-cut by the 431.5 Ma granite

dyke.

(D) Bottom right, late mafic dyke cross-cutting a stretched enclave in the 431.5 Ma
granite dyke. This mafic dyke is then cross-cut by late amphibole porphyry dyke in fig.
3.4.






Fig.3.6.- Sandbank Point-East Diver Head section, amphibolitic banded
gneiss. Top left: tff-like level with green clinoamphibole porphyroblasts with diffuse
contacts with the fine grain gneiss (upper left). The banding in the gneiss (S1) is offset by a
discrete late, greenschist facies, shear zone (D2). Top right: Late mafic dyke (with a D2b
fabric) cross-cutting gabbroic blob in the banded gneiss (without a penetrative internal
fabric) and Flc isoclinal folds in the banded gneiss. The discontinuous mafic im around
the gabbroic blob suggests a metasomatic origin rather than a chill-margin. Bottom:
Gneissic banding warping around coarse-grained gabbroic pods, boudinaged gabbroic
apophysis?. Photos courtesy of B.H. O'Brien



Fig. 3.7.- Cing-Cerf gneiss, disharmonic folding of granite injections
(Western Head granite) and the country rock paragneiss suggesting a
viscous non-linear rheological behaviour due to thermal softening and
synmagmatic deformation. Hinge of an F22 fold in the rocky point west of East Diver
Head (location in fig.3.3).

Fig. 3.8.- Banded quartzo-feldspathic gneiss, dome and basin interference
pattern (D1?) overprinted by F2P folds. Note the axial planar foliation to the F2
folds in the granite vein (Western Head granite).
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Fig. 3.9.- Veined gneiss ing an ic mi ite. The felsic
veins are variably folded aplitic injections. The country rock to the aplitic
veins is a greenschist facies tourmaline-bearing schist. Cing-Cerf gneiss

near location in fig.3.10

Fig.3.10.- Field relationships between the tourmaline-bearing veined
paragneiss (yellow), weakly deformed Sandbank granodiorite with mafic
enclaves (U-Pb sample 94-PV-6), an intrusive aplitic vein and the

. Syn-veining granite (undated).
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Fig.3.11.- Field relationships between tourmaline-bearing paragneiss, Sandbank granodiorite (U-Pb

sample 94-PV-6), aplitic veins and the Western Head granite

location as in fig.3.10.

(A)Top left: Aplitic vein with ptygmatic folding intruding the Sandbank granodiorite (arrow) and the tourmaline-bearing

paragneiss.

(B)Top right: Same aplitic vein merging with other veins in the schistose paragneiss and cross-cutting older fabric (S1; arrow)

in the paragneiss.

(C)Bottom left: Contact between the Sandbank granodiorite and the country rock paragneiss. The strain gradient in the

paragneiss increases towards the contact (composite $1-S2 fabric) whereas the granodiorite remains almost undeformed.

(D)Bottom right: Reworked contact between the veined gneiss and the Western Head granite/granodiorite showing the

composite D1-D2 character of the gneissosity in the veined-gneiss. The Western Head granite is apparently post-aplitic veins, but

it can not be qui ly by a clear field






Fig.3.12.- Aspect of the Cing-Cerf gnmeiss at Cing-Cerf Bay (Field
photograph courtesy of B.H. O'Brien). Note the lithological similarity between the
gneiss and the country rock gneiss to the gabbroic pods in the Sandbank-East Diver
Head section (Fig. 3.6).



Fig.3.13.- Field appearance of sample 94-PV-12, granitic orthogneiss
part of the banded gneiss in fig.3.4.
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Fig.3.14 .- U/Pb concordia diagram for the old granitic orthogneiss; Cing-Cerf gneiss,
Sandbank Point-East Diver Head section. Upper inset, upper and lower intersections of the
discordia line and reference line between the protolith age and 2.0 Ga (maximum age of
inheretance). Lower half, detail of the upper intercept of the discordia line. Z, zircon



TABLE 3.1.- U-Pb DATA, CINQ-CERF GNEISS.

Description Weight  Concentration Measured Corrected atomic ratios* Age (Ma)
208 206 207 207 207
e e N TR T R, s N S

Fraction @ G oem e kb Mhy PY o+ T+ Mh o+ W B W,
L-Western Head mylonitic gm\!lﬁ%w 1), |]m€|7’0¥
ZIM eu. prisms AB 17 22740 0.1049 006846 26 05235 20 005547 06 427 428 431
Z2M. eu. prisms AB ﬂlm 705 4ﬂ 10 31803 01163 00681822 05213 I8 005546 06 425 426 431
Z3M e prisms AB 005 489 3 13 13194 01029 OOIBW 0215 2 005547 10 425 426 431
ZAM . eu. prisms NAB 0218 72 M » 7466 01047 00679722 05202 18 005551 06 424 425 433
Z5M. eu. prisms AB 0176 622 42 16 29250 01135 00674420 05157 17 005547 06 421 422 431
2.- Sandbank Point mﬂ‘gﬁbro(%?vﬂ). 1020081 150
ZIM eu prisms AB 2€ 9 2856 02718 00896226 07251 23 005868 (08 553 554 555
Z2M. eu. prisms AB Um n 7 2 1305 02917 00899 54 07202 66 005836 46 553 551 543
Z3M. eu gempr. AB 01346 M 9 16 4570 02612 008859 34 07154 25 005857 14 547 551
ZAS. eu. gem pr. NAB 0162 105 10 30 3117 02321 008603 36 06921 29 005835 10 532 534 543
.- Sandbank granodicrite (94-PV-6), 11000-81600.
Z1 M. stb. prisms AB 01383 112 12 17 5282 02580 00929944 07611 34 005936 16 573 575 S80
Z2M. st prisms AB 01295 111 11 B 1130 02518 00901930 07351 29 005911 12 557 S60 S71
235, prisms NAB 0208 1R 13 65 B2 0283 0082 071 2% 00W 12 S5 S 50
ZAS. prisms (1:3-1:5) AB 00366 205 25 9 3721 09143 00710538 05571 27 005687 18 442 450 487
4.- Cing-Cerf gneiss, ddp'\l!lsoﬂhﬂmﬂ(g‘-w 12), Ilml"m
Z1M stb, eu. prisms AB. 001 f 664 nd 01047064 08835134 006120 82 642 643 646
Z2M. sth, eu. prisms AB 9 12 3277 02451 010327 S8 08713 35 006119 28 634 636 646
Z3M. stb. prisms AB 00293 76 9 3 653 02307 01033564 08733 118 006128 72 634 637 649
ZAM.stb. prisms AB 00651 6 8 11 2626 0239 0103275 08729 48 006130 16 634 637 650
Z5M. stb. prisms AB 00726 75 9 ¥ i 4998 02399 01023284 08637 55 006122 34 628 632 647
76 8. stub. eu. pr. NAB 01276 159 15 38 3045 0.13% 008936 34 07322 28 005M3 10§52 SS8 83
ZTM. stb. prisms AB oot 93 13 2 756 02225 01307592 13481 109 007478 42 792 867 1062

1.- 7= zircon, s = small (<80 am ), m= medium (>80 and <150 ).
prisms (1:6 10 1:4), stb = stubby ( 1310 1:1), clr = clear, eu. = euhedral,
2.- Uncertainty in sample weight = 0,001 mg (2 sigma)
s :

= large (>150 um), NI, = Needles (1:10 0 1.7 width/Iength rut
yellow, AB = air abraded (Krogh, 1982), NAB = not abraded.

amap, initial and Kramers, 1975) and | pg U
blank. 2 sigma errors reported for corrected isotopic rati
+ Sample location in UT M. coordinates, zrrvcurMm...awounm

»
=)




94-PV-8: Weakly foliated granodiorite.

Intruded by folded aplitic vein. -
4! Sandbank s
granodiorite %
;Euﬁ s20
0806 0
0752 0
0838 Z4 (no abr)
L0644

521 .12 617

Fig.3.15.- U/Pb concordia diagram for the weakly foliated
Sandbank granodiorite (sample 94PV6), intrusive into the
tourmaline-bearing paragneiss (( ‘erf gneiss). Z, zircon.



Fig. 3.16.- Sandbank Point bbro: M bbro intruded by

iorite with mafic showing sharp to diffuse contacts, both are
cross-cut by a late grey mafic-intermediate dyke (NW side of the cobble bar at Sandbank
Point).

Fig.3.17.- Sandbank Point metagabbro (Three Islands). Left: Late mafic
dykes cross-cutting folded felsic dykes intrusive into mafic metagabbro.
Right: Old granitoid/intermediate dykes intrusive into metagabbro, showing
refolded compositional banding like the 547 Ma U-Pb sample from Three Islands of
Dunning and B.H. O'Brien (unpublished).
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3.18.- U/Pb concordia diagram for the mafic metagabbro-diorite at

Sandbank Point (sample 94PV4). Z, zircon.
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Fig.3.19.- Western Head granite/granodiorite (undated) with mafic and
gneissic enclaves cross-cut by late mafic dykes (Sandbank Point-East Diver

Head section). Note the weak solidus foliation in the granite and the sharp dyke

brittle iour of the granite during dyke emplacement.

Fig.3.20.- Mingling of coeval (?) mafic and felsic magmas and high

temperature deformation, Western Head granite at Sandbank Point.
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Fig. 3.21 .- U/Pb concordia diagram for the mylonitic facies of the Western
Head granite. Granitic dyke intrusive into the Cing-Cerf gneiss, Sandbank
Point-East Diver Head. Z, zircon.
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Fig. 3.22.- Microfabric in the 675 Ma orthogneiss.

Top: F1€ folded polycrystalline quartz ﬁm@wwm‘n earlier S12 fabric. The
S$1¢ axial planar foliation is weakly ped. View i to the i

lineation. Parallel light, field of view is 5.21 mm wide.

Bottom: View parallel to the intersection lineation, cross polars. Composite $18-S1¢
fabric showing orientd biotite and a partially ized quartz ic matrix with
imregular grain boundaries and abundant subgrains. Field of view is 1.32 mm wide.
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Flg 3.23. Tnurmal e-hearmg veined gneiss, cnnntry rock to the 584 Mu

rite. Contact between an aplitic/pegmatitic vein and the tourmaline-bearing
schist. Tourmaline growths late overpnnlmg the composite S1-S2 foliation defined by the
phyllosilicates (chlomc white mica and biotite) in the schist. This fabric is parallel to the
contact with the aplite. The aplite (post-584 Ma) shows a partial collapse of the primary
igneous framework (bottom): grain reduction, dynamic recrystallization of quartz and
mantfe structures with recrystallization of microcline around primary feldspar phenocrysts.
Field of view is 521 mm wide




| t 2 3
i g S ; i‘
Fig. 3.24.- Microtexture of the 584 Ma Sandbank granodiorite. Top: Primary
igneous ic zoning in plagi grain ion in the g spaces with

growth of epidote, white mica, chiorite, green clinoamphibole and biotite. Bottom:
Primary hornblende (?). Field of view is 1.32 mm wide




-, E

~ &
'oint metagabbro/diorite.
Top: D2 greenschist overprint of the earlier metamorphic fabric. Note: grain reduction, growth
of chiorite and brittle offset of amphibole along a discrete shear band (Arrow). Other deformational features
are’ discussed in the lext. Field of view is 5.21 mm wide. Bottom: mantle-core structure in
plagioclase with subgrain rotation recrystallization. Field of view is 1.32 mm.




¢
- 3.26.- 547 Ma granitoid dyke (Three Islands, unpublished U/Pb
sample of B.H. O'Brien and Dunning). Top: SI2 compositional banding and
biofitedefining a second foliation (S19). Field of view is 5.21 mm wide Bottom: Titanite
(448+9/-3 Ma; Dunning, unpublished) in interstitial positions with recrystallized
plagioclase and green hornblende. Field of view is 1.32 mm.




Fig.3.27.- Cing-Cerf gneiss, paragneiss, Cing-Cerf Bay section. Top:
Epidote-rich layer showing F2 refolding of an F1 basin interference pattern (F12-F1b).
Bottom: Syn-D2 granitic dyke (Western Head?) and F2 folding of the S1
compositional banding by rotation of competent layers. The en echelon intrusion of the
granite dyke along tensional cracks and the sense of rotation of the competent layers
indicate a dextral shear sense.



<—————5 meter-

Fig.3.28 .- Field sketches of high temperature D2a deformational features, |
Sandbank Point, Western Head granite. A) Plan view of ductile shearing of
mafic dy in Western Head granite. B) F2a folding of felsic veins in mafic-rich

1

Fig.3.29.- Top: High temperature sub-solidus folding (F2a) of the Western Head
granite at Three Islands. Cuspate and lobate folds and boudins of the granite veins
suggest that the granite was more competent than the amphibolite during the F2a
folding. The 2-D strain ellipsoid indicates an apparent dextral shear sense.

Bottom: D2b low grade S-C and C' (shear bands) structures in the Western
Head granite indicating an apparent dextral shear sense (Sandbank Point-East
Diver Head section)
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L2 mineral and stretchting lineation
(post-431 Ma)
+ 09
90 %
8%,
A

S2 mylonitic
foliation (post-43 | Ma)

EQUAL AREA

F2 fold axis
=17

S1 gneissosity,
pre-430 Ma
fabric

Relationship between Relationship between

Apparent relationship of the late
F2 folds and S2 (L2)

‘mafic dykes with the L2 and S-C fabrics
D2b shearing.
Fig.3.30.- Equal area lower hemisphere stereonet projections of the S2b
itic fabric, L2 lineation, S1 gnei b

fab p
and plunge of the F2 folds (both F2a and F2b). Block diagrams show the
relationships between the D2 folds, lineation, and mylonitic foliation and the
late mafic dykes. Geological map as in fig.3.3.




Fig.3.31.- Point bbre: Discrete gr hi facies
retrograde shear zone (10 cm thick) with top to the left (i.e. thrusting)
shear sense.Sandbank Point -East Diver Head section.

Fig.3.32.- D2 retrograde greenschist facies deformation of the Sandbank
Point metagabbro, small dyke of leuco-diorite and country rock metagabbro
deformed by late-D2 shear bands and fractures overprinted by a final set of
joints. Upper left, intrusive contact with Western Head granite. Sandbank Point-East

Diver Head section.
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Fig. 3.33.- S2b mylonitic fabric in the 431.5+1 Ma mylonitic granite dyke
(Western Head granite, sample location in fig.3.4 & 3.5). :.""
Top: S2P retrograde greenschist facies mylonitic fabric with $-C and C' planes indicating
a dextral shear sense (i.e. thrusting). Field of view is 5.21 mm wide

Bottom: Dynamic recrystallization of the quartzo-feldspathic mylonitic matrix and quartz
(SR recrystallization?) in the tail of an asymmetric porphyroclast. Phyllosilicates (white
mica and biotite) and grain elongation in the matrix define the S-C and C' planes Field of
view is 0.76 mm wide.
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Fig.3.34.- Late mafic porphyritic dyke (post-431 Ma) showing
greenschist facies overprint of the primary magmatic fabric. Chlorite +
epidote+titanite form asymmetric tails around partially retrogressed (sericitized)
plagioclase phenocrysts. The primary mafic phenocrysts are replaced by accumulations
of actinolite (bottom right). Titanite is growing late after opaques (ilmenite?). Titanite
from a similar dyke has been dated at 420+3 Ma (Dunning and B.H. O'Brien,
unpublished).
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Fig. 3.35.- Time and field on the
timing of deformation in the gneiss.
bold italics (Dunning and B.H. O'Brien, unpublished). Other

Titanite: Am-P1 late porphyritic dyke

EVBTBIN HEAD GRANITE, <430 Ma)

GRAND BRUIT
FAULT (THRUST)

Intrusion of late Am-Pt porphyritic dykes
Intrusion of late grey intermediate & mafic dykes

.5 Ma: intrusion of laf

A
Titanite recrystallization age? H
Intrusion of aplitic
Amphibolise facies metamorphism (siatic) gmnite (7)
Deformation H

intrusion of granitoid dykes into metagabbro

557 Ma: intrusion of the ag
584 Ma: on of the S: gr iteV
@D Dl;

A"’lnmmolddmphibdj\edyh

Deposition of the sedimentary protolith of the Cing-Cerf paragneiss

and
Agn in bold (this sndy). ages in
ages: Western Head

granite (4292 Ma; 430+2 Ma; B.H. O'Brien et al., 1991); Onerolnt
(41942 Ma; B.H. O'Brien et al., 1991). Thick lines mark the absolute time

constraints provided bylhumldy Discontinuous lines, relative time constraints
by i
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Fig.3.36.- Cing-Cerf gneiss, metadiorites-metagabbros element series
mmd%m A) alkali index, A.L vs % AI203 (Middlemost, 1975). B)
F%MgO vs %Si02. C) %K20 vs % SiO2 (Middlemost, 1975). D) % Na20 vs % SiO2
(Middlemost, 1975). E) AFM ternary diagram (Miyashiro, 1978). Closed triangles,

Sandbank Point; open triangles, Three Is]

Islands
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TABLE 3.2.- MAJOR AND TRACE ELEMENT ANALYSES OF THE SANDBANK
METAGABBRO/ DIORITE.
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Rock/Chondrite (Nakamura, 1974)
"
raliin

P Dy Ho Er Tm ¥b Lu
SlndbankPom( | Three [slands
5i02 MgO 5i02 Mgo| |

Sio2 MgO
© GOQ7A 44.86 864 X GOQTB49.0! 399 | |0 GCQI3 47.60 934
A GCQI 4931 667 ¥ GCQ4 5332 5.59 | (0 GCQI0 4593 1396
|+GCQ6 4878 407 | 18 GCQI2A 52.13 800 |

3 MODERN BASALTS (Pearce, 1983)

ol

Rock/MORB (Pearce, 1983)
- H
|

T
ul
op:
maltielement pattern. SumplemmsmmMﬂmmmnh
table below. Bottom: MORB 1983) - normalized multielement

for the Sandbank Point and Three Islands samples and modern day

1983). Th, tholeiite; Tr, transitional; ALK, alkaline; CA,

calc-alkaline; SHO, moshomuc. VAB volumcmbunll 'WPB, within plate
basalt; MORB; Mid Ocean Ridge basall
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L
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Volcanic arc
tholeiites

(1
€ Arrows pond to fractionation vectors; mineral symbol: after Kretz
(1%) ﬁlled (mn.lel. Sandbank Point; open triangles, Three (B)

1982). AT, arc tholeiite; BAB back arc basalt;
MORB Mid Ocean Ridge basalt



10*MnO 10*P205 Th Nb/i6

Fig.3.39.- T tectonic discrimination diagrams for the 557 Ma Sandbank
metagabbro/c (A) La/10-Y/15-Nb/8 diagram (Cabanis and Lecolle, 1989). (B)
Zr/4-2Nb-Y diagram (Meschede, 1986). (C) Zr-' Tlllm-Srfz diagram (Pearce and
Cann, 1973). (D) Zr-Ti/100-3Y diagram (Pearce and Cann, 1973). (E) 10MnO - TiO2
- 10P205 diagram (Mullen, 1983). (F) Th-Zr/117-Nb/16 diagram (modification of the
Th-Hf/3-Ta diagram of Wood, 1980). Filled triangles, Sandbank Point; open triangles,
Three Islands, except diagram A (not differentiated).
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@ Cing-Cerf gneiss !_—_' ‘Whittle Hill sandstone
Basal conglomerate with clasts of Cing-Cerf gneiss

Fig.3.40.- Model of the Late Pr ian-Early C:
relationship between the Cing-Cerf gneiss and the Whittle Hill sandstone.
£ 888 38833 828
Tt i R
s Felsic porphyry o= | | |
Whittle Hill sandsto: | | |
‘ ! sa ne mOm

Intermediate dyke Felsic
it | POTPhyTies | Volcanic
Gabbroic dyke — tuffs

Iirusiveinto | g Aplitc dke

Roti intrusive suite (granite)
0

| _CingCerfgneiss | _

| | - | -
Granitoid dykes  Gabbro | | Granodiorite intrusive into

i | | | gneiss with 675 Ma orthogneiss

Table 3.3.- Comparative table of the post-675 Ma, Late Precambrian-Early
Cambrian U-Pb absolute ages from the Cing-cerf gneiss (This study and
Dunning and B.H. O'Brien, unpublished) and the adjacent Roti suite
(Dunning and S.J. O'Brien, 1989; B.H. O'Brien et al, 1991; B.H. O'Brien et
al., 1993) and the Whittle Hill sandstone (Dubé and Dunning, in press) .



| Deformation and inversion " [intrusion of 419 Ma intrusion of Oer Point granite ||
Y of the La Poile Basin

(GRAND BRUIT FAULT (Thrusting)
LA POILE BASIN (423 - 429 Ma 120430 Ma Deformation and swarms of mafic dykes |
upper and lower tuffs) 1.5 Ma Western Head Granite |

449 Ma Titanite (recrystallization ag

Wi 3 "
cross-cutting earlier folds. Local deformation
547 Ma intrusives

Enclaves of Cing-Cerf gneiss in 568 Ma
granite

Volcanism (585-583 Ma tffs) and clastic
sedimentation

Dew'ﬁon of the sedimenﬂ Svolcmic?) Ewlith

Fig.3.41.- Late P to Late P of the A of the La Poile
Bay-Coteau Bay area of the Hermitage Flexure (Central mobile belt, SW Newfoundland Appalachians)
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ocalites, this study
ic isograd (O'Neill, 1985; Burgess, 1995)

<> UIPb Titanite age
© Av/Ar ages (Ma): homblende, mica (Bt Ms)_

E Wmdm Point Group (Late Ordovician) [ ¥ | Kelby and Grand Bay orthogneisses [90] Silurian granites (syn-kinematic, S-type).

[ Port-aux-Basques gneiss 344 Silurian granites (late-kinematic)

224 Harbour le Cou Group [23 PaB granite (c. 450 Ma) [' e § Devonian plutons (post-kinematic)
"/ Bay du Nord Group S

Figd. map of the area between Port aux Basques and Garia Bay ( compiled after van Staal etal., 1996 b, ¢ and Dubé et

al., 1996). Geochronological data after Chorlton and Dallmeyer (1986), Dunning et al. (1990), Van Staal et al. (1994), Burgess et al. (1995)

and Dubé et al. (1996). Metamorphic isograds after O'Neill (1985) and Burgess et al. (1995), in red. GBC, Grand Bay complex; PaB

Port-aux-Basques complex.
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Fig.4.5.- Macro- and mesoscopic relationships between the amphibolite-rich "tonalitic" gneisses and the

granitic orthogneisses of the Margaree orthogneiss, Fox Roost.

A) Contact between amphibolite-rich "tonalitic" i and granitic orthy i (L.Hall for scale). Felsic granitic veins

in the "tonalitic" orthogneiss merge with the granitic orthogneisses.

B) Cross-section view of a strained contact between "tonalitic" iss and granitic orthy iss with some itic patches

(Hammer for scale). Note minor asymmetric folds with vertical limbs and ductile shearing in the fold limbs (D3 deformation).

C) Detail of back-veining of the amphibole-rich " mafic tonalitic" orth iss by the granitic orth iss (472 Ma).

D) Plan view, straight contact between "tonalitic" and granitic

with a late ite, with an aplitic
core, cross-cutting the gneissosity. Felsic veins in the mafic "tonalite” merge with the granitic orthogneiss. Well developed

compositional banding in the granitic orthogneiss (bottom) is isoclinally folded and is partially transposed by an axial planar

fabric. At the top the positional banding is d into ism. The ite intruded late during the ductile

shearing, approximately perpendicular to the extension direction (note small stretched felsic pegmatitic vein, upper left corer).






Fig.4.6.- Margaree orthogneiss, hornblende-bearing granodioritic
orthogneiss (U/Pb sample 93-PV-3). Location: quarry outside Margaree (UTM, 21T
UC 345200 5271400). Typical aspect of the gneiss showing a hornblende-bearing felsic

vein ( hil isoclinally folded and into ism with

the rest of the gneissosity. Pen for scale is 13 cm long.

L0772

MARGAREE COMPLEX (Margaree)
GRANODIORITIC ORTHOGNEISS
L0756 93PV3 0

074
L0724

L0708

474+14/-4 Ma

pal

=y

L0692

L0676
527 .54 .553 566 .579 592 605

Fig.4.7.- U-Pb concordia diagram for the granodioritic orthogneiss
(Sample 93-PV-3). Z; zircon.
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Fig.4.8.- Top: Granitic orthogneiss (Fox Roost, U/Pb sample 93-PV-5)
and folded amphibolite enclave. Plan view, folded amphibolite enclave in granitic

hogneiss with mullion-lik at its terminations. In the bottom half (arrow), an

axial planar fabric is partially developed in the granitic orthogneiss. Weak gneissic
compositional banding in the orthogneiss is also folded and locally transposed by an
apparent dextral shear (D3 deformation).

Fig. 4.9.- Middle: Partially mingled amphibolite dyke intrusive into
granitic orthogneiss (Fox Roost). 472 Ma granitic orthogneiss and partially
disrupted amphibolite dyke back-veined by felsic magma in a low strain area; the front of
the dyke (bottom right) is disrupted as small enclaves in the surrounding felsic material,
some enclaves show a compositional banding suggesting mingling. This field relationship
could be interpreted either as anatectic melting of the amphibolite or as a mafic dyke
intruding into a partially crystallized felsic magma chamber (Fernandez and Barbarin,
1991). The lack of evidence for amphibole-out reactions and anatexis in the 472 Ma granitic
orthogneiss favours the second hypothesis. Note high-strain ductile shear zone (D3) in the
left of the picture.

Fig.4.10.-B U/Pb dia di: for sample 93-PV-5, granitic

orthogneiss (Fox Roost): Z. zircon.
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Margaree orthogneiss , Grandys Brook section:

Fig.4.11.- (Top) Geological map of the lower part of the Grandys Brook
section showing the location of the U/Pb sample and the intrusive contact
between the Margaree orthogneiss (M.O.) and the country rock Port-aux-
Basques gneiss. Small insets: A) Field sketch of the F2-F3 folding of the compositional
banding, including leucosomes, in the Port-aux-Basques gneiss (not to scale). B) Field
relationships between the metasedimentary Port-aux-Basques gneiss, the Port-aux-Basques
granite and a late syn-D3 granite (not to scale). C) Boudinaged and folded amphibolite dyke

intrusive into the granitic bers of the hy iss at the U-Pb

location. (Legend: PaB, Port-aux-Basques).

Fig.4.12.- (Bottom left) U/Pb concordia diagram for the granitic
orthogneiss at Grandys Brook (U/Pb sample 94-PV-2). Z, zircon; T, titanite.

Fig.4.13. (Bottom right)- Amphibolite dykes intrusive into 465 Ma granitic
orthogneiss. The dyke on right of the picture has been boudinaged during ductile
shearing (D3?). The pegmatite patches in the boudin necks are evidence for high-
temperature shearing. Field notebook for scale is 20.5 cm long and 12 cm wide.
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Fig.4.14. (Top left) - Fox Roost-Margaree, amphibolite (U-Pb sample 93-
PV-6) intrusive into hornblende-bearing felsic granodioritic orthogneiss.

Fig.4.15. (Top right) - U-Pb concordia diagram for titanite from sample
93-PV-6.

Fig.4.16. (Bottom) - Titanite (410 Ma U-Pb cooling/recrystallization age)
aligned with green hornblende and biotite defining the fabric in sample 93-

PV-6. Mineral + plagi (=An 30) + biotite+ titanite + quartz.
Most titanites occupy interstitial positions (arrow) and have straight boundaries suggesting
that they have recrystallized with the rest of the mineral assemblage following D3. L.

mineral (amphibole) in this sample is parallel to the plunge of the F3 folds.
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Fig.4.19.(Top) - Late syn-D3 granitic dyke intrusive into "migmatitic"

gneiss (Fox Roost, U/Pb sample 92-GD-11). Pen for scale is 14 cm long. |

Fig.4.20. (Middle) - Detail of the intrusive contact and the syn-magmatic

fabric in the granitic dyke.

Fig.4.21. (Bottom) - U/Pb concordia diagram for the late-syn D3 granitic
dyke (sample 92-GD-11): Z, zircon; T, titanite.



Loss1

92GD11: Fox-Roost 425
Late-syn D3 granitic dyke
418

N7 276

404 N T1

72
= 224 [A17+7/-4 Ma

[

56



E1-CH cmool xofl exisugodite sonegweid weiv-2z01D - { el goT) .&&.b a1

H el ol ¥ aniblo} i

-osreup & ui wibwod L4 & Yo luiwqiove € ,woiv anl¥<(nigh qoT) ELP.ai
bas 2aieng 4. $1049 d Hetmos ezisngsinyg diegablsl
315M 18 vek 4 1M ot

€1 vd batmiwqisvo biol ST ne Yo owweoly woiv wall (1dgit monod) SSb.gi%
nsqs m 0 yino .bsoy nidgloQ zeisay ssupesdl-xus-r10T sitidmeagion ai goiblo}
thmhmm sisens sdt diol .agoroiwo 2zisagodivo sstegeM mont
1 yd b q oW 2dT (€2-02) pizoeziong diiw bangils 916

it ai lsnatam dizls} Yo sonsbauds adi ai feminoo ads ston (RQRI _ Is 19 e29gwwdl) 2n0idosmn
(RLp .git) 1ooA x0T 1s eeiong "oitsmgin”

sues sade slitoub €9 wi stilodidgme ,walv asl9 (1151 monod) .2Lp.gi%
stilodidqms sissmmyzA .(Jze0f  zoT-as1sgieM .eeisngediio s9regiaM)
lisme ad) ¢d banogquz oeis 2i 2iflh ,9ee92 1tz isursh 1eNeqqs a8 221s0ibai svalons\nibisod

-ssilodidgms o) Yo 23eeio alil-

W



Fig. 4.22. (Top left ) - Cross-view, Margaree orthogneiss, Fox Roost: F2-F3
interference folding cross-cut by late pegmatites. .

Fig.4.23. (Top right)-Plan view, F3 overprint of a D2 boudin in a quartzo-
feld: hic p contact the Port: gneiss and
the or iss at g

Fig.4.24. (Bottom right)- Plan view, closure of an F2 fold overprinted by F3
folding in migmatitic Port-aux-Basques gneiss. Dolphin road, only 20 m apart
from Margaree orthogneiss outcrops. Both the anatectic granitic dyke and the leucosomes
are aligned with gneissosity (S0-52?). The were produced by i t
reactions (Burgess et al., 1995), note the contrast in the abundance of felsic material in the

"migmatitic" gneiss at Fox Roost (fig. 4.19).

Fig.4.25. (Bottom left)- Plan view, amphibolite in F3 ductile shear zone
(Margaree orthogneiss, Margaree-Fox Roost). Asymmetric amphibolite
boudin/enclave indicates an apparent dextral shear sense, this is also supported by the small
C'-like offsets of the amphibolite.
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folds in the Margar and the ding Port-aux-Basques gneiss.
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Foliation within
‘migmatitic vein 2B
Brittle-ductile  interference

Migmatitic vein

SE

Fig. 4.27 .- D3 ductile shear zone in the Port-aux-Basques gneiss. Kinematic
indicators suggest an oblique top to the southwest motion. Black, amphibolite;
pattern, pegmatite (pre-D3). Location: road cut before the Isle-aux-Morts welcome
post. Approximate total length of the outcrop is 30 meters.

Fig.4.28.- D3 deformation, detail of back rotated segments of a competent
quartzo-feldspathic layer in the Port aux Basques gneiss. Asymmetrical extensional
shear bands indicating a relative thrusting motion are responsible for the asymmetric
boudinage.



Fig.4.29 (Top).- Margaree orthogneiss, microtexture of the 472 Ma granitic
orthogneiss. Large plagioclase crystal pinning small quartz and biotite (arows), suggesting high
temperature grain boundary migration recrystallization. The quartz grains show parallel deformation bands
(recovery) and small areas with dynamic recrystallization (arrow). Field of view 5.2 mm long

l-‘lg 4. 30 (Ballom). Margaree orthogneiss, granoblastic texture in
Mineral plagioclase (andesine) and rutile. Arrow: rutile

green
I“L\llﬂl!n in homblende. Field of view 1.3 mm long,
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Fig.4.31.- garee orthogneiss, D3 microstructural features in weakly
recrystallized ded gneiss: (Top) Culike high strain bands with grain reduction and
ic recrystallization of quartz. The plagioclase in the center shows slightly bent and tapered twins
indicating intracrystalline deformation. Field of view is 5.2 mm long. (Bottom) Shear band, antithetic
1o the C-like bands, showing associated growth of biotite and epidote Field of view is 5.2 mm long.




(Top) Plagioclase porphyroclast with winged quartz-rich ribbons surrounded by a small grain mylonitic
‘mattix, Arrow, detailed area shown in bottom figure. Field of view is 5.2 mm long. (Bottom) Detail of
quartz subgrains and ameboid-lobate quartz-quartz contacts suggesting dynamic recrystallization in the quartz
ribbons. Lower portion, fine grain matrix formed by aligned biotite, epidote and while mica, and quartz,
plagioclase and feldspar (7). Field of view is 1.32 mm long.
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d the +

d Port- B: gnelss GBC, Grand Bay
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Harbour le Cou Group. Ar/Ar data after Burgess el al. (1995) and Dubé et al. (1996)4
Zr data: MO, this study; PaBC (Van Staal et al., 1994 and Dubé et al., 1996). Mnz
data: Dunning unpublished. Ttn data: GBC (Dunmng etal., 1990); MO this study ;
HICG (Burgess et al., 1995).

Hbl-bearing felsic tonalitic orthogneiss (474 Ma)
Hbi+ Pl (An25)+Bt+Qz+Kfs+opaques+Ep*
Amphibolite

Hbl+P1 (An25)+Bt+Qz+Tin+opaques

Hbl+Pl (AB35)+(RY)

Ultramafic rock
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Granitic orthogneiss

Pl (An 25)+Kf5+Qz+Bt+Ep*sTtn

Metapsammites

Pl (An 25-35)+Qz+K(s+BtGueSillMs* s Ttn+ Ep?|
Melting of ites (Burgess et al,, 1995)
Ms+PHQz = As+KIs+L

Fig.4.34.- P-T-t-d path for the Margaree orthogneiss and stable mineral
assemblages: P- T t pam a.f(er  Burgess et al. ( 1995). Pattern area, slabnluy field for
the mineral and PaB gneiss.
Triple point and macnon curves after figures 10-16 and 11-16 of Spear(lm) *)
Growth during D3.
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Fig.4.35. rth iss: mafic and ulf fic rocks: (A) Alkalic Index
(AL)vs. AI203 basalt classification (Middlemost, 1975), G-MA-3 is the sample
classified in the high-alumina field. Classification of alkalic and subalkalic basalts (B)
K20 vs. SiO2 and (C) Na20 vs. SiO2 (Middlemost, 1975). Triangles, ultramafic
rocks; filled circles, amphibolites.
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Fig. 4.36. mafic and rocks. (A) REE
mulnelement pmam (B) MORB (Pearce, 1983) normhud multielement
Filled circles, other symbols, ampi




TABLE 4.2.- MAJOR AND TRACE ELEMENT ANALYSES, MARGAREE
ORTHOGNEISS.

Sample G-MA-4 G-MA-§ G-MA-L G-MA-9 G-MA-3 G-MA-A G-MA-8 G-MA-B G-MA-C G-MA-2 G-MA6

Rock. S R N W Ll iy
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detection and precision, are given in the appendix.



Sample SiO2/ MgO/ AI203|
© G-MA-B622/27/17

LaCe PrNd _SmEuGd TbDyHoEr TmYbLu | ® G-MA-C648/2.1/162
0 G-MA-271.1/1/145

100 § ® G-MA-674.1/ 0.5/ 12.9

' R

Rock/Primitive Mantle (Sun, 1980) Rock/ Chondrite (Nakamura, 1974)

PbBa K NbCe P
Rb Th Sr Nd
Fig. 4.37.- Margaree orthogneiss, tonalitic and granitic orthogneisses.
(A) REE element multielement patterns. (B) Primitive mantle (Sun,
1980)normalized multielement pattern. Circles, Hbl-| -bearing tonalitic
onhognenss (474+4/-14 Ma); squares, Bt-bearing granitic orthogneiss
(472£2.5 Ma).
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Fig. 4.38. - MORB (Pearce, 1983) - normalized multielement patterns from
modern tectonic environments (black; after Pearce, 1983) mperposed the
hibolites from the 'h., thol o

(
AlK, alkaline; Ca, calc-alkaline; Sho, shoshonitic; MORB mid ocean ridge basalt;
WPB, within plate basalt; VAB, volcanic arc basalt. Symbols for the Margaree
amphibolites as in fig. 4.36.

66



15000
Ti100
(A) = (B)
10000 &
Ti ppm o8
\
ors
e T
©* Ny
s
5 T
Til100. Zatly
© /}/S\m ®)
zr Nb/16

I Eastern Lau spreading centre

TiO2 — Ngatoro Basin INb

10*MnO

Fig. 4.39. Tectonic

10*P205 Zr/4

for the

‘garee or
vs. Zr di

(A) Tl-Zr-S (Pearce and Cann, 1973) ('B) Ti
and Cann, 1973) (C) Ti-Zr-Y diagram (Pearce

Cann, 1973); (D) Zr-Th-Nb diagram (Wood, 1980 with modifications In
Jenner, 1996); (E) TiO2-MnO-P205 diagram (Mullen, 1983); (F) Nb-Zr-Y
diagram (Mechesde, 1986). Amphibolites, filled circles; filled square, LREE
enriched amphibolite (50.2% Si02, 5.4% MgO). Tonalitic and granitic
orthogneisses, open squares in diagram D. Ultramafics also included in D.
Modern back-arc basalts from the SW Pacific Eastern Lau spreading centre (Lau
Basin; Pearce et al., 1995) and the Ngatoro Basin (Gamble et al., 1995) for

comparison.
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Fig.4.40.- Tectonic discrimination diagrams for granitic rocks, Margaree tonalitic and
granitic orthogneisses. Diagrams A, B, C, D, E aﬁer Pearce et al. (1984). VAG, volcanic
arc granitoid; WPG, wnhm plate granitoid; ORG, ocean ridge granitoid; syn-COLG
syn-collisional granitoid. Diagram F (Maniar and Piccoli, 1989). A/NK, A1203 / (Na20 +
K20)(molar) ; A/CNK Al203 / (CaO+ Na20+ K20) (molar).

100 3 (A) 3 ®)

E: e ] ﬁ\&

3

i 7 i

g o SW England \'! "

A g \ St

% o * Skaergaard

E ool ‘5 }: Margaree orthogneiss
0.001

K20RbBaTh TaNbCe Hf ZrSm Y Yb K20RbBaTh TaNbCeHf ZrSm Y Yb
Fig.4.41.- ORG (Ocean Rid éeol ; Pearce et al., 1984) - normalized multielement
diagram: (A) open squares, isional granite from SW England (COLG,
,continent-continent collision); filled squares, volcanic arc granite from Chile (VAG,
acuve connnenm! margin); filled tnlngle Skaergaard gmnne (WPG, attenuated
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fractionation-like trends defined by the samples. (E) MgO vs. SiO2 diagram.
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|
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Fig. 4.43. .- Crystal fractionation REE element modelling: REE element patterns
normalized to chondrite (Nakamura, 1974). Crystal fractionation equations after
Hanson (1989 ); Kd's for olivine and clinopyroxene after Henderson (1984). Source
(sample G-MA-1, 11.2% MgO), filled squares; model fractionates (15% fractionation
intervals), open squares; Sample G-MA-8 (50.2% SiO2, 5.4% MgO), filled circles.
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or rocks Black, ibolil

1 red, tonalitic orth i ‘The tonalitic orth i have
vhe most enriched patterns indicating that they are not a product of simple binary
mixing between mafic and felsic (gnmuc) magmas. The amphibolite G-MA-8 is
enriched in HFSE, mid and HREE with respect to the rest of the samples, indicating
that was not contaminated by the tonalitic and/or granitic sources (or magmas).
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Basic-felsic magma chamber
(Margaree orthogneiss, 474-465 Ma)

474 Ma Partridgeberry Hills granite
stichting 494 Ma ophiolite (Pipestone Complex)

Volcanism?
2 s

NS
468 Ma Baie d'Espoir Gp

Underplating (tholeiitic magmas) "&f’;‘“' a M‘?B'f:;g:“ B::“t(;w
Margaree orthogneiss

Fig.4.45.-( Left) Interpretative model for the generation of the mafic-felsic
igneous complex, Margaree orthogneiss. (Right) Coeval magmatism along the
peri-Gondwanan margin of the Newfoundland Appalachians (Exploits subzone
and Gander Zone). Avalonian basement, striped pattern.

MID ARENIG-EARLY LLANVIRN (474-465 Ma)

Tholeiitic magmatism
High geothermal gradient
Extension and basin formation

Felsic magmatism (underplating and crustal mels ing?)

Crust (Exploits +
Gander Zone)

Mantle lithosphere

Subdnclion\

Fig.4.46.- Hypothetical Mid Arenig - Early Llanvirn tectonic setting for the
Margaree orthogneiss (igneous complex) : Shallow melting of asthenospheric
mantle in an arc/back-arc setting with coeval crustal extension and basin formation.
Subduction polarity based on Van Staal (1994).

: Shallow melting of
Asthenospheric Sp-lherzolite (LREE-poor
— upwelling \ | tholeiitic magmas)

PERI-GONDWANA



m_m‘ g;\u@m complexes CIZ| Ollo de Sapo (recumbent folds) Domain

Schistose Domain Dumllndv:ﬂiﬂlfolds
Fig. 5.1.- Location of the Iberian Massif in the European Variscides and
lithotectonic zones of the Iberian Massif.

Ordovician faunistical domains in the Southern Variscides after Paris and
Robardet (1990) and Robardet et al. (1990): CID, Central Iberian Domain; EAD,
Ebro-Aquitanian Domain; OMZ, Ossa-Morena Domain.

Lithotectonic zones of the Iberian Massif (Julivert et al, 1972; Farias et al, 1986):
SPZ, South Portuguese Zone; PLZ, Pulo do Lobo Zone (former SPZ); OMZ,
Ossa-Morena Zone; CIZ, Central Iberian Zone: Ollo de Sapo (recumbent folds)
domain and domain of vertical folds (Diez Balda et al., 1990); GTMZ; Galicia
Tras-os-Montes zone: domains after Farias et al. (1987); WALZ, West
Asturian-Leonese Zone; CZ, Cantabrian Zone.
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Fig. S.L-Geohgiulconstr:lnu on the timing of the Variscan
Iberian Massif: SPZ, South Portuguese Zone;

ﬂ Pnlo do Lobo Zone; OMZ, Ossa-Morena Zone; BCSZ,
Badajoz-Cordoba shear zone; GTMZ, Galicia Tras-os-Montes
Zone; CIZ, Central Iberian Zone; WALZ, West Asturian-Leonese
Zone; CZ, Cantabrian Zone. References in text. Time scale Odin
etal. (1990)



Ordenes complex Cabo Ortegal complex
472-c.480 Ma protolith ages (HP rocks)

402388 Ma HP/HT eclogite

392 Ma Peridotite

382-375 Ma cooling ages ( Rt, HbI, Ms)

Braganza
390.380 Ar/Ar Hbl
©370 Ar/Ar Ms

330340 Ma® AU/Ar Ms.

<.530-510 Ma plutonism, volcanism, sedimentation)

325 Ma *AUAr Ms Low P/ high T metamorphism and deformation
.500 Ma alkaline plutonism

Badajoz-Cordoba shear zone (OMZ) [l Allochthonous Complexes (GTMZ)
Ossa-Morena zone (OMZ) Schistose domain (GTMZ)
BB Bcja-Acebuches ophiolite [ Variscan granitods
Pulo do Lobo zone [ 1z, wALZ and CZ
South Portguese zone
. Fig. 5.3.- Lithotectonic units of the Iberian Massif with the location of the
“ geological elements

described in sections 5.2.1 to 5.2.3. (* cooling age).
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Sandstones
Black shales and quartzites
F Alkalin magmatism (Almaden)

Fig. 5.4.- Compiled pre- stratigraphic sequences of the CIZ, WALZ and CZ. (1) CZ: Cantabrian Zone (e.g.,
Truyols et al., 1990; Slnchez Posada et al., 1990); (2) WALZ: West Asturian -Leonese Zone (e.g., Perez Estaun et al., 1990);
@): CI1zZ: Cemml Iberian Zone, Ollo de Sapo domain (e.g., Gutierrez Marco et al., 1990); (4) CIZ: Central Iberian Zoue,
northern Domain of Vertical Folds in the Salamanca area (e.g., Gutierrez Marco et aJ., 1990); (5) CIZ: Central Iberian Zone,
southern Domain of Vertical Folds (e.g., Gnnmez Marco et al., 1990). L., Lower; M., Medium; U., Upper; PC., Precambrian; C.,
‘Cambrian. ORD., Ordovician: Tr., Tremadoc; ig; Linv.,, Llanvirn; Llnd Llandeilo; Car., Caradoc; Asg., Asghill; SIL., Silurian; Llandyv.,
Llandovery; Wm. Wenlock; Lutt Ludlow. DEV., Devomln anhk l.ochknvlln Em., Emsian Eif., Elfellan Giv., Givetian; Fras., Frasnian.

iferous: Tour., Tournastan; Vis., Visean; Nam.; Namurian.
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[E23 variscan granitods: [ schistose domain (GTMZ)
[C_ID.V.F., Domainof Vestical folds | Allochthonous Complexes (GTMZ)
Closp.

Z,
Ollo de and equi rocks (includis
-ﬁwﬁwm.w (including

Fig. 5.5.- Domains of the Central Iberian Zone (CIZ) and localition of
the main outcrops of pre-variscan is the

pre-variscan absolute ages (Ma) in the CIZ and the CZ, and the
off-shore granulitic basement. Bold, U-Pb ages; Plain, Rb-Sr ages.
(1)U-Pb Zm, Lancelot et al. (1985); (2) U-Pb Zm, Wildberg et al. (1989);
(3) U-Pb Zm SHRIMP, Gebauer et al., 1993; (4) WR Rb-Sr, Vialette et al.

(1986); (5)WR Rb-Sr, Vialette et al. (1987); (6) U-Pb Zm LAM ICP-MS (J.

Fernandez Suarez, per comm.)
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I‘Yg,. 5.6.- Distribution of Sill- beurlng metamorphic complexes (yellow)
(red) in the CIZ, WALZ and CZ
(blue)lﬂeerrﬂnuntnL(an,b)!nderﬂnuCuhhnetlL(lm)
location of the Archean basement granulites off-shore the Cantabrian
Su(Gurmtct-L,l”),Muhﬂwnhﬂouhipsbawm

and platonism in the CIZ. Major wrench
shear zones in the CIZ after Diez Balda et al. (1990). Note: most plutonism is
315—270Ma(Rb—Sr;KAreg,SemnoPimoetn 1987), except for

pointed exceptions. Timing of deformation in the WALZ after Martinez

Catalan et al. (]m)sndMammCanhnetal (1993) and in the CZ after
Perez Estaun et al. (1990).
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Ollo de Saj . g
sitorm Ollo de Sapo gneiss and equivalent rocks
(augen-gnei i ids)

and felsic porpl

72 Badajoz-Cordoba shear zone (OMZ) E&5 Allochthonous Complexes (GTMZ),
Ossa-Morena zone (OMZ) = schistose domain (GTMZ)

BB Beja-Accbuches ophiolite [E7] Variscan granitods

[ Pulo do Lobo zone [ Ollo de Sapo domain (CIZ)
South Portguese zone

Fig. 6.1.- Map of the lithotectonic zones of the Iberian Massif showing
the distribution of the Ollo de Sapo pre-variscan gneisses and the
location of the area of study.
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SIERRA DE GUADARRAMA

El Cardoso  Galbe de Sorbe Lower

e Ma, m;"o"d‘“‘ Hiendelaencina ~ Devonian

Flg 6.2.- Geological map of the Spanish Central System, including main macrostructures of the Sierra de

also shown in cross section

(I-I1, mainly Eastern Domain;

from Macaya et al., 1991). Legend:

rama, ‘modified
(l) Variscan granites; (2) Pre-Variscan onhognem (3) Paleozoic of the Fasum Guadarrama Domain; (4) Mﬂnsedxm:mary
rocks; (5) Berzosa-Riaza shear zone; (6) Armorican quartzite (Arenig?); red square, area of study. Location of previous
absolute age determinations in Ma: *, U-Pb lower intercept (Wildberg et al., 1989); italics, WR Rb-Sr (Vialette et al, 1986;
1987).
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Fig. 6.3.- Main structural elements (Fernandez Casal, 1979; Azor et al.,
1991b; Hernaiz Huerta et al., 1996 ) and distribution of the metamorphic
isograds (eg Lopez Ruiz et al., 1975; Gonzalez Casado, 1987; Escuder Viruete
et al., 1996) of tlxe Somosierra nrea ol‘ the Sierra de Gnndnrram Legend:

(1) anq y rocks (2) of the Western
Domam 3) D2 crenulation band; 4) Berzosa-| Rxaza shear zone (BRSZ, ductile
mylonitic fabrics); 5) Madarquillos synform (high strain zone, shear zone). B,
Buitrago; C, El Cardoso; M, Montejo; L, Lozoya; P, Pradena; R, Riaza.
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Fig. 6.4.- Li map of the area of the Sierra de
Guadarrama. d: Eastern Domain: 1) Rodada Gp. (Llanvim); 2) Armorican Quartzite,

Alto rey fm.(Arenig?); 3) Micaschist, metapsammite, quartzite and minor para-amphibolite
(Constante formation); 4) Cardoso gneiss, felsic metavolcanoclastic rock. Berzosa-Riaza shear
zone: 5) metasedimentary rocks of the Sill+Ky zone; 6) Ductile mylonitic fabrics; 7) Foliated
megacrystic granite, Riaza-Nazaret- Berzosa-Pedrezuela gneisses. Western Domain: 8)
Paragneiss, schist and anatectic migmatite; 9) Augen-gneisse, foliated megacrystic granite; 10)
5 : S 2 :

11) Post

La Cabrera granite. 12) Late

mainly pre-V:

* extensional detachments; 13), Late faults (Paleozoic and Mesozoic). B, Buitrago; C, El Cardoso;

L, Lozoya; M, Montejo; P, Pradena; R, Riaza.
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S L Eifelian - =
& L Gedinian = El Cercadillo shales and limestones (760 m)

Alcolea Fim. (850 m.): Sandstones with minor shales

Cafiamares Fm. (220 m): Shales, silstones and sandstones.

Santibafiez Fm.: White quartzites.
Liandeilo Rodada Group (1700 m): Black shales
Llanvim

Arenig? | . | Alto Rey Fm. (80-130 m.): Massive white quartzite (Arenig quartzitc)

“Ashgill l

T
Constante / Bornova Fm. (200-600 m): pelitic schists alterating with
quartzites and minor
clasts from the underlying gneiss
i

Phyllites, Qtz-rich psammites &
para-amphibolites with minor
micmwﬂgl\mme

= Bomowa
| microconglomerate

|- Frosive unconformity

Antofita gnciss (56‘(’:25 Ma granitic

para-amphibolites. orthogneiss, WR Rb-Sr; Vialette et al., 1986)
CCARDOSO ANTIFORM HIENDELAENCINA ANTIFORM

(Wester flank of the Majalrayo Syncline) (Eastern flank of the Majalrayo Syncline)

Fig. 6.5.- Paleozoic stratigraphic sequence of the Eastern Guadarrama Domain. Ref. in text, for
geographic locations see fig. 6.2.
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[] Paragneisses and anatectic migmatites
FZA Augen-gneisses and foliates megacrystic granites HORCAJURLO GNKISS
o ;

7257
77
iz

7%

++
Ao
LA CABRERA G]
. 6.6.- L map of the Montejo-B Bui Lozoya area. T hil

p 31 pographic base after Fernandez Casals
(1979). Geological map west of the Rio Sequillo dam and the trace of the Armorican quartzite after Fernandez Casals
(1979). HT.d.b., high temperature deformation band; L.f.b., L-fabric band. Calc-silicates (blue)
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Fig.6.7.- Lithological changes along the Berzosa-Riaza shear zone.

(A) Eastern Guadarrama domain, Chloritoid micaschist between the Cardoso gneiss and the Armorican
Quartzite, top of the Berzosa-Riaza shear zone. Note the penetrative S2 mylonitic fabric with pressure shadows around

the porp St-Cld transition, shear sense of top down to the SE. Location in Fig. 6.6.

(B) Basal Eastern Guadarrama Domain, St-Grt micaschist, structurally below the Cardoso gneiss. S2
foliation plane showing a well defined L2 mineral (St) and stretching lineation.

(C) Base of the Sill+Ky zone, Berzosa-Riaza shear zome. Ky-Grt bearing metapsammite showing F1
intrafolial folds in a D2 boudin. Tail of El Villar dam, at the contact with the migmatitic gneisses of the Manjirén antiform.
Location in Fig. 6.6.

(D) Sill+Ms zone, migmatitic gneiss at the footwall of the Berzosa-Riaza shear zome, with D2 shear bands
indicating a shear sense of top down to the S-SE (Manjirén antiform, location in Fig. 6.6).






Fig.6.8.- Metasediments in the Manjiron antiform, Sill+Ms zome. Top:
Quartzo-feldspathic paragneiss showing D1-D2 refolding of the SO compositional banding,
plan view. Bottom: Asymmetric Z-folds in garnet-micaschist (Grt-Bt-Ms-Pl-Qtz)
indicating a top-down to the SE shear sense. View parallel to Ls.
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Fig.6.9.- Quartzo i of the
Domain, Buitrago area (Sill+Kfs zone, western side of the Puentes Viejas
dam).

Top: Quartzo-feldspathi iss of granitic i with
mmmmumuamduﬂ-ﬂﬂumsmm

Middle: F1-F2 refolding of the compositional banding (S0) in the competent quartz-
feldspathic levels. The main foliation (S2) is axial planar to the tight F2 folds.

B R ol of el gt quai B hoian

banding in the boudin suggests a sedimentary protolith.
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Fig.6.10.- Anatectic melts in the Buitrago area, Sill+Kfs zome. Top: Pre-
early syn-D2 ic mi ite with granitic and Bt+Sill mel

defining the gneissosity. Bottom: Late post-D2 granitic melt intruding along a shear band
in the Buitrago gneiss. Western side of the Rio Sequillo dam.
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Fig.6.11.- Anatectic migmatites of the Western Guadarrama domain.

Top.- Migmatites in the Sill+Ms zone, Manjiron antiform, head of the Puentes Viejas dam.

(A) F2 folding of granitic with the gneissosity in the pal It is uncertain if these are anatectic melts
or ic di iates. The mel are formed by sillimanite + biotite + ite + garnet,

(B) Diatexitic mi ite with i dl showing a complex disharmonic refolding. The leucosomes contain
minor garnet, have granitic compositions and preserve relicts of ic textures. View i toLs.

Bottom.- Migmatites in the Sill+Kfs zone, eastern side of the Rio Sequillo dam.
(C) Garnet-bearing stromatic migmatite folded by F2 with more than 40% leucosome, migmatitic paragneiss. Note the

ic refolding of the
(D) Detail of leucosome in the hinge of a D2 fold suggesting melt migration during F2 folding.
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Fig. 6.12.- Calc-silicate lithologies.-

Top: Complex F1 folding of gamet and clinopyroxene-rich layers (S0-S1) inside a D2
boudin, late tension cracks (D2) are filled with plagioclase. The grey centimetric speckles in
the rock are composed of calcite, plagioclase and epidote. Manjiron antiform (Sill+Ms
zone), base of the Puentes Viejas dam.

Middle: Calc-silicate, quartz-free, garnet-clinopyroxene assemblage with new growth of

(P1) after clinopy . The inclusions in the garnet are zoisite and rutile.
Titanite is restricted to the matrix. Field of view is 1.32 mm long. Manjiron antiform,
Puentes Viejas dam.

Bottom: Isolated calc-silicate lense, deformed boudin, surrounded by migmatitic
paragneisses showing D2 strain partitioning with F2 folding and D2 shearing and
transposition of the compositional banding. View oblique to Ls. Buitrago area (Sill+Kfs
zone), high temperature deformation band, western Puentes Viejas dam.
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Fig.6.13.- El Villar biotite-bearing
Western Guadarrama Domain.

A) Foliated aplitic dyke subparallel to the gneissosity defined by quartz + K-feldspar +
plagioclase rich domains. El Villar dam, SE border of the Manjiron antiform (Sill+Ms
zone).

B) Sub-solidus migmatites near el Cuadrén (Sill+Kfs zone). The absence of well defined
melanosomes and the pegmatoid character of the leucosomes suggest that they are derived

from strained itic veins or di d and recrystallized feldspar porp

©C) El Villar dam, grained I with no mel; in a highly strained
granitic pal with | ic domains ing that this is a sub-solidus mi i
The rock consists of biotite + ite + K-feldspar + plagioclase (An15-20) + quartz,

with very scarce garnet and no sillimanite.
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Fig. 6.14.- Augen gneisses and foliated megacrystic granites of the Western Guadarrama domain.

Al foliated megacrystic granite, Ci illas gneiss.

B) Augen-gneiss, megacrystic facies of the Buitrago gneiss showing primary feldspar porphyroclasts surrounded by a ductily

sillimanite-bearing quart ic matrix. Weakly ped S-C and discrete shear bands (below the
pen) indicate a top down to the SE (dextral) D2 shear sense.

C) Highly strained augen-gneiss, Cincovillas gneiss, showing an intense D2 flattening and deformation of the primary feldspar
megacrysts. The strain partitioning around the feldspar megacrysts and the symmetry of the porphyroclast tails do not allow
reliable determination of the shear sense; view parallel to the stretching lineation.
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Fig.6.15.- Gneissic leucogranites of the Western Guadarrama Domain,
Manjiron antiform (Ms+Sill zone). Top: Foliated leucogranite with a diatexitic
apperance, Horcajuelo gneiss, Rio Cocinillas section. Bottom: Garnet-bearing strongly
foliated leucogranite, Puentes Viejas dam.
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Fig.6.16.-U-Pb concordia diagram for the Cardoso gneiss and a weakly
deformed hand sample showing the volcaniclastic character of this rock.



TABLE 6.1.- U-Pb DATA, PRE-VARISCAN PROTOLITH AGES, SIERRA DE GUADARRAMA
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Fig.6.17.- U-Pb concordia diagram for the Riaza gneiss and field apperance of the

RIAZA GNEISS:

3

Mylonitic megacrystic granite

z7 18

468+16/-8
wpy
=y
12 .535 558 581 604 627 .65

strongly mylonitized facies. Hammer shaft is approximately 60 cm. long.
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6.18.- Buitrago gneiss. Left: Sampling or samples BU-1 (foliated megacrystic granite) and BU-2

ted aplitic vein) showing BU- 1, the view is orthogonal to the stretching lineation. Right:
ordant deformation of the thin end of the aplitic dyke (BU-2) and the country rock (BU-1). This
relationship indicates that the apparent fabric/dyke cross-cutting relationship on the sampling site (left) is an effect of the contrast

of competencies and the composite character of the fabric in the megacrystic sample BU-1. Both pictures are from the same
continuous outcrop, abandoned quarry SW of Buitrago.
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BU-1: Buitrago gneiss

Foliated megacrystic granite
o173 g

o741
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L0677

0845
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Fig. 6.19.- U-Pb concordia diagram for the foliated megacrystic granite facies
of the Buitrago gneiss, sample BU-1. Z., zircon.

% 'BU-2: Buitrago gneiss
Foliated aplitic vein intrusive into BU-1 “®
.15

0852 | p
=y

L0634

L0576

L0518

* Fig. 6. 20.- U-Pb concordia diagram for sample BU-2, foliated aplitic vein
intrusive into BU-1, Buitrago gneiss. Z., zircon; M, monazite.
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PIB-1: BUITRAGO GNEISS
Pinilla de Buitrago, Rio Sequillo dam 480
0761 | Foliated leucogranite
460
0716 | awpy, 440
=y
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0581 zs
-,
my
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426 461 496 531 566 601 636

Fig.6.21.- U-Pb concordia diagram for sample PIB-1, garnet-bearing foliated
leucogranite in the Buitrago gneiss, and field character of the dated sample.
Pen for scale is 13.5 cm long. Location: wester side of the Rio Sequillo dam in the
vicinity of Pinilla de Buitrago.



L0787

LO-1: LOZOYA GNEISS
7 r} SR,
gen-g)

.0768

L0749

o711
0692

0673
.

0502

L0444
357 -401 .445 .489 533 577 .621

Fig.6.. 22.- U Pb concnrdm diagram for the Lozoya gneiss: (A) Detail of the upper intercept of the two independent zircon and

lines and the single crystal nnalym Z1. (B) Zircon and monazite discordia lines. (C) Inset
concordia diagram showing the position of the highly discordant zircon fraction Z5. Right: Field aspect of sample LO-1. Pen
for scale is 14 cm long.
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Fig. 6.23.-Location of the new protolith U-Pb ages for the pre-Variscan
orthogneisses of the Sierra de G (A) Tect i hic zones' of
the northern Iberian Massif showing the distribution of pre-Mid Ordovici gen-gnei

and coarse felsic volcaniclastics (Ollo de Sapo gneisses) and the location of relevant
published geochronological data: bold, U-Pb data (Lancelot et al., 1985; Gebauer et al.,
1993); bold italics, Rb-Sr data (Vialette et al., 1987). (B) Geological map of the field area
(modified after Hernaiz Huerta et al., in press) with the location of the new U-Pb zircon

ages.

Legend:

1, Mesozoic deposits. Eastern Guadarrama Domain: 2, Rodada series, black shales and
siliciclastic rocks (Llanvirn-, Ashglll), 3, Armoncan quartzite (Alto Rey fm., Arenig?); 4,
pre-Mid Ordovici i and ites with minor para-
amphibolite (including the Constante formation); 5, metavolcanic Cardoso gneiss. Berzosa-
Riaza shear zone (BRSZ): 6, mylonitic fabrics in the BRSZ; 7, mylonitic megacrystic

granites within the BRSZ (Rxam Nazaret and Berzosa gneisses). Western Guadarrama
domain: 8, mi i and mi i 9, augen-gnei; and foliated

megacrystic granites; 10, leucogneisses (might include undated Variscan foliated S- type
granites). 11, post-collisi (La Cabrera) granite-granodiorite. 12, Variscan
facies extensional detachments. 13, brittle faults including both Variscan and Mesozoic

faults. B, Buitrago; C, El Cardoso; L, Lozoya; M, Montejo; P, Pradena; R, Riaza
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Galbe de Sobre
anticline

Montejo El Cervunal
detachment  detachment X
Silurian -

D2 crenulation of the S1 (UP'W‘W mL’,“.,’,,.
B it i -
y! formational front) Rodada fm.
Montejo  El Cervunal (omac itions
U. Arenig-LLanvim)

Alto Rey fm.

N (Armorican quartzite)
mm‘-: St-in isograd
ai
Fig. 6.24.- ic geological map and interp tion of the

Berzosa-Riaza shear zone (BRSZ), the Cardoso antiform, the Majalrayo syncline and
the western flank of the Galbe de Sorbe antiform (After Hernaiz Huerta et al., 1996).
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Fig. 6.25.- Geological map of the Buitrago-Montejo-B area. T ic base after Fernandez Casals (1979)

:] Paragneisses and anatectic migmatites P Gubiasonliylioain fobiakion

[ sitt+Ms metapsammites ! Mineral / stretching lineation (L2)

I | Sill+Ms garnet micaschists @ U/Pb sampling site

[] E1 Villar type Bt-migmatites (solidus migmatites?) I High strain zones (discrete shear zones)
- Cale-silicate

Sill+Ky metasedimentary rocks

D St zone and Grt zone metasedimentary rocks (Constante formation)
- Arenig Armorican Quartzite (Alto Rey formation)

Llanvirn black slates (Rodada group)

Augen-gneisses and foliated megacrystic granites - Quaternary

m Augen-gneisses and foliated megacrystic granites (BRSZ)
Granitic orthogneisses (undifferentiated)

m Foliated leucogranites

- Pegmatites

111 : cross section (Fig. 6.43)
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Fig.6.26.- Micr along the phic zones of the lower levels
of the Eastern Guadarrama domain and the upper levels of the Western
domain (BRSZ).

Top: Chloritoid-bearing black slate showing a spaced S2 crenulation
cleavage affecting the S1 fabric and the inter D1-D2 chloritoid (Cld)
porp Eastern G domain, D2 ion of the S1 fabric, Bt-zone
(Llanvirn black slates of the Rodada group 1 km east of Robledillo de la Jara; Fig.6.25).
Field of view is 5.21 mm long.

Middle: Eastern Guadarrama domain, upper levels of the BRSZ, St-zone,
late-D2 growth of staurolite and partial D2 transposition of the S1 fabric.
U-Pb sample Hi-1 (Fig.6.25), La Hiruela mountain pass. Field of view is 9 mm long.

Bottom: Western Guadarrama domain, BRSZ, Sill (Ky) zome. quartz +
zE

g mi ist with relict ite and kyanite. The winged kyanite
porphyroblasts are inter D1-D2, indicate a top down to the SE shear sense (ie. dextral) and
show D2 pressure shadows with new growth of sillimanite (fibrolite) and biotite. The D2
fabric is defined by oriented Bt+Sill (fibrolite)+Ms. U-Pb sample J2-9 (Fig.6.25). Field of
view is 5.2 mm long.
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Berzosa-Riaza shear zone
Sill (Ky) zone, north of Montejo de la Sierra
o

. Pale
.
o -
. a snzgu
®, /\
o, o Norther closure of Si-zone, near El Cardoso
., the Manjirén BRSZ (W. flank of El Cardoso antiform)
gons * antifom o
b =i ‘,
. ]
*® o
.
%% Fx
*%

St-Zone around La Hiruela mountain pass
(BRSZ)

%ed |30

BRSZ, Sill (Ky)-zone BRSZ, St-zone

S2, av., 18/30E (n=131) East of El Cervunal detachment]

L min, av., 151/26 (n=55)| |S2,av., 17/54 E (n=30)

C' planes, 31/51E (n=11) L min, av., 150/47 (n=12)
@ Main foliation (Sp)/gneissosity (gn)

Stereonet | @ F2 folds axis

symbols | oL min (L2)

% Fold axis to best fit circle

O C' planes (extensional shear bands)

Fig. 6.27.- Equal area, lower hemisphere stereonet projections
of the main foliation/gnei mineral and

lineation (L min) and F2 fold axis north of the area shown in
detail in Fig. 6.25 (red area). B, Buitrago; C, El Cardoso.
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Rio Cocinillas section, migmatites
Eastern flank of the Manjiron antiform
Gn, n = 15; best fit fold axis 170/27
F2axis, av., 17133 (n=9)

Cocinillas river section,
Horcajuelo orthogneiss
Gn, n=62

Best fit fold axis 156/29

L minav., 157/32 (n=3)
BRSZ, Sill (Ky) zone,

2 Mt ety ) area between
> Lund) Pradena and Paredes
SRl i Sp(S2).n=64
s L min (L2), =23
C planes, n=3

E. Puentes Viejas dam
migmatites and gneisses
Gn,n=88

Best fit fold axis 179/5
L min av., 170/15 (n=25)

BRSZ, Sill (Ky) zone:
S2av., 1830E (n = 131)
Lminav., 151/26 (n=55)
C' planes, 31/51E (n=11)

\ 4

F2axis, 180/5; 11/2
BRSZ, Sill (Ky) zone,
area south of Paredes

\\\\\\ Sp(82), n=45
. Manjirén N 4 s Lmin(L2),0=17
antiform
Gn av. 334, 28E
N=34

Fig.6.28.- Equal area, lower hemisphere, stereonet projections of the main foliation (Sp) and gneissosity (Gn), mineral
lineation (Lmin), F2 fold axis, C' planes (extensional shear bands) and best fit plane and theoretical fold axis for the
Berzosa-Riaza shear zone (BRSZ; Sill (Ky) zone) and the Manjirén antiform.
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Fig.6.29.- Deformation in the southern part of the Manjiron antiform. Top:
Isoclinal folding (D2?) of the gneissosity in the El Villar biotite-bearing

(solidus mi SE border of the Manjiron antiform. Bottom:
Apparently dextral D2 ductile shear zone in the granitic orthogneisses at the
SW border of the Manjiron antiform. View slightly oblique to the stretching

lineation.
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Fig.6.30.- Microtextures along the metamorphic zomes of Western
Guadarrama domain in the area of study.

Top: Manjiron antiform, sillimanite+muscovite micaschist showing refolded fibrolite (Sill)
patches and recrytallized muscovite defining D2 microfolds. Field of view is 9 mm long.

Middle: N quillos shear zone, sillimani i ites, oriented sample.

D2 fabric with S-C with stable biotite+sillimanil ite indicating a shear
sense of top down to the SE (ie.dextral). Field of view is 11 mm long.

Bottom: Buitrago area, Sill+Kfs zone. D2 fabric in migmatiti iss with
biotite-+sillimanite and K-feldspar+q lagioclase) layers, and and flattened
gamnet porphyroblasts. Field of view is 5.2 mm long.
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Fig.6.31.- F2 folds and DI1-D2 relationships in the Madarquillos shear
zone. Top: Isoclinal F2 fold in Sill+Ms metapsammites. Bottom: Sill+Ms
metapsammites. Asymmetrical F2 fold with axial planar S2 foliation overprinting SO
cdmpositional banding and oblique S| foliation (parallel to quartz veins).
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Fig.6.32.- D2 microstructures in Sill+Ms micaschists. Top: Orthogonal view
to the mineral lineation (centimetric fibrolite patches) showing D2 crenulation of an earlier
foliation (S1?). Bottem: Same outcrop, parallel view to the mineral lineation (Sill)
showing flattened D2 S-C structures, D2 boudinage of quartz veins and associated D2
shear bands (C'planes, arrow showing the shear sense) with stable fibrolite. Top to the S-
SE (dextral) shear sense.
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Fig. 6.33.- i ips between D2 i (X directed) and F2 (X-Y)
folding of a competent layer during top down to the SE shearing. In the field
photograph, the shaft of the hammer is oriented parallel to the stretching
lineation. Manjiron antiform-Madarquillos shear zone border, Sill + Ms
micaschists in the eastern Puentes Viejas dam.
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6.35.- Shear bands (C'plames) in the Madarquillos shear zone
cating a shear sense of top down to the SE. Pen for scale (top) is 15 cm
long.

Fig.6.36.- L-fabric band: L-fabric and associated quartz-rods. Puentes Viejas
dam.



Fig.6.37.- Ki ic indicators with opposite top to the NW D2 shear
sense (ie. simistral) in the western margin of the Madarquillos shear zonme,
view parallel to Ls. Top: Discrete level with opposite shear sense in a top to the SE
dominated area, Madarquillos river road section. Bottom: Sinistral asymmetrical
boudinage in the Puentes Viejas dam, area dominated by top to the NW shear sense. The
head of the hammer is oriented parallel to the stretching lineation.




Fig.6.38.- D2 High temperature deformation band in the Buitrago) area,
Puentes Viejas dam (Sill+Kfs zone). Top: Lenses of quartzo- feldsppa(hnc
ductile high strain zones, showing the strongg strain
with the D2 The banding (
locahon) is folded inside the lenses, with the F2 fold axis parallel to the stretching linmeation.
The book for scale is 18 cm long. Bottnm. D2 shear bands (C'plancs) with top ddown to
the SE (dextral) shear sense, d inside a lense
bounded by a high strain D2 shear zone (top of the picture). Note the complex deforermation
inside the lense with rootless, isoclinal intrafolial folds (D172, early D2?) and a slsheared
pegmatite (arrow). Pen for scale is 13.5 cm long.




Fig.6.39.- Relationship between F2 fold axis and mineral (stretching)
lineation msue lhe lenses ol' qlurtzo—feldspath)c gneiss of the high
and. Field metric lense of

quartz owing ic F2 folding
and D2 unml flattening. (View perpendxcular to the mineral lineation and
F2 fold axis, Western Puentes Viejas dam).



Fig.6.40.- Top to the SE shear bands in the quartzo-feldspathic gneisses of the Western Guadarrama
domain. Left: Discrete shear band offsetting a leucosome in the high strain zone in the Rio Madarquillos, boundary with the
Madarquillos shear zone. The leucosomes are parallel to the main mylonitic fabric (S2). Right: Well developed shear bands
cross-cutting the main foliation (S2), note the presence of a small pegmatitic patch at the bottom of the shear band (arrow).
Western Puentes Viejas dam, high temperature deformation band.
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Fig.6.42.- D3 structural features, Berzosa-Riaza shear zome. Top: D3 upright
crenulation of the D2 extensional fabric (note sheared quartz vein), Sill (Ky) zone.
Bottom: 1.5 m thick brittle/ductile greenschist facies fault zone (near the pack) affecting
the metasediments of the Sill (Ky) zone west of El Villar dam. Late Variscan reactivation
along the Montejo detachment?
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41°10'

Bt-ne: Chl £ Bt = Cld = (Ky*)
Chl-zone: Chi + Py + Cld

)

ws|

10 Km

Fig. 6.44.- Distribution of mineral hngnd.' (Lopez Ruiz, 1975; Gc-ulez
Casado, 1987; Escuder Viruete et al., 1996) and mineral

metapelites. (*) Ky in the Bt-zone after Garcia Cacho (1973, in Lopez Rmz et
al.; 1975), unconﬁrmed in this study. (**) Chl is consumed in the lower part of
the St zone. Legend: 1) Pre-Variscan orthogneisses; 2) Berzosa-Riaza shear
zone; 3) Madarquillos synform (D2 shear zone); 4) Armorican Quartzite
(Arenig?); 5) Late extensional detachments; 6) Late Variscan and Mesozoic
faults. B, Buitrago; C, El Cardoso; M , Montejo; L, Lozoya; R, Riaza.
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Fig. 6.45.- Mineral growth / deformation relationships in the area of study.
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Fig.6.46.- Staurolite growing at the expense of chloritoid while biotite
apparently remains stable, staurolite-chloritoid transition. This staurolite-
chloritoid micaschist contains quartz, muscovite, garnet, chlorite and opaques. Garnet and
chlorite are also in contact with chloritoid. Location: La Hiruela mountain pass. The field of
view is 1.32 mm long.
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T T T T

400 500 600 700

Temperature (C°)

Fig. 6.47.- Simplified KFMASH petrogenetic grid (after figs. 10-15 and 10-16 in
chapter 10 of Spear, 1993) for the metapelites of the Berzosa-Riaza shear zone. (a)
Post-D2 growth of sillimanite in the deeper parts of the St-zone, east of the Cervunal
detachment. (b) Syn-D2 conditions in the Sill (Ky) zone.The arrows indicate the pms of
qualitative P-T path deduced for the lower levels of the Eastern Guadarrama domai;
(Path 1; St zone) and the upper levels of the Western Guadarrama domain (Puth 2 BRSZ
Sill (Ky) zone).
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Fig.6.48.- Kyanite and staurolite relicts in the Sill+Ky micaschists of the
BR!

taurolite and kyanite relicts in contact with quartz. Field of view is 1.32 mm long.
Mutual contact between quartz, staurolite and kyanite. Field of view is 0.76 mm




Fig.6.49.- Staurolite inclusions in a garnet porphyroblast rimmed by
fibrolitic sillimanite. Deeper structural levels of the BRSZ. Field of view is 1.32 mm
long.



2 cxt -
Fig.6.50.- Granitic leucosomes in the Sill+Ms zone (Manjirén antiform)
showing interstitial quartz in contact with subhedral plagioclase (An10-15)
laths and K-feldspar. Top, field of view is 5.21 mm long; bottom, field of view is
1.32 mm long



Fig. 6.51.- Biotite mi with ite i i (pl ic haloes) in
a Cld-St micaschist. The micafish was formed during the D2 transposition of the S1
fabric and indicates a D2 shear sense of top down to the SE (ie. dextral). Therefore, the
monazite inclusions are syn-D2 (ie.syn-biotite) or pre-D2 (ie. pre-biotite). Using the most
conservative interpretation (as in this study), U/Pb dating of this monazite would provide
an older age int for the lower amphibolite facies, D2 ional fabric. Field of
view is 17 mm long.
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Fig. 6.52.- Sample distribution and Variscan U-Pb protolith and

metamorphic ages (Ma) for the Somosierra area of the Sierra de

Gmllhrrnlnm Legend Western Domain, (1) pre-variscan orthogneisses, (2)
2

lation band; 4) Berz:

Riaza shear zone (BRSZ,

3)
ductile mylonitic fabrics); 5) Madarquillos synform (high strain zone, shcar zone}A
B.d., Braojos dyke. B, Buitrago; C, El Cardoso; M, Montejo; L, Lozoya; P

«Pradena; R, Riaza.
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TABLE 6.2.- U-Pb DATA, VARISCAN AGES, SIERRA DE GUADARRAMA.
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Hi-1: St (C1d)-micaschist
wo| St-Cld transition
La Hirvela mountain pass %0

Zn

Fig. 6.53.- U-Pb concordia diagram for monazite from sample Hi-1,
St+Grt+(Cld) micaschist. Lower staurolite zone (Eastern Guadarrama
domain).

Pi-1: St-Gt-Bt micaschist
Road to Ia Pinilla (ski resort),
near the S.Benito chappel
i Monazite
=
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e e ws am e e an

Fig. 6.54.- U-Pb concordia diagram for monazite from sample Pi-1,
St+Grt+Bt micaschist. Upper staurolite zone (Eastern Guadarrama
domain).
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Fig.6.55.- Sample Pi-1, St-Grt micaschist.

Top: The S2 fabric, defined by muscovite and biotite, wraps around
staurolite and garnet with inclusions defining an Si (S1). Field of view is 155
mm long.

m:mm—nmmmwami-asmlnﬁ.

Bottom: Platy, it fraction M1. Field of view
is 3.5 mm long, human hair for scale.
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Fig.6.56.- U-Pb concordia diagram for titanite from sample CA-1,
para-amphibolite from the cnre nl' tlxe C-rdoso nntiform and mmmtexture

showing titanite

(stahc pnst-uctomc porpllyrohlutesu) Field of vmw is 5 2 mm long
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**[32-9: Gt-Ky-St-Sill micaschisi
Sill (Ky) zone o

e

a4

Fig. 6.57.- U-Pb concordia diagram for sample J2-6, Ky+St+Grt+Sill
micaschist ( Fig.6.26¢) from the Sill (Ky) zone. Berzosa-Riaza shear zone
(BRSZ), upper levels of the Western Guadarrama domain. Detail of a
monazite inclusion in a D2 biotite next to a subhedral tourmaline. Field of
view is 1.32 mm long.
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M26-2: Folded migmatite, leucosome
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Fig.6.58.- U-Pb concordia diagram for sample M26-2, leucosome from a folded (F2) migmatite. Outcrop photograph
of the sampled lencosome and detail of 2 monazite inclusion in a biotite from the melanosome (Field of view is 1.32
mm. long). Sill+Ms zone, Manjiron antiform (Puentes Viejas dam).
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BU-2: 482 Ma foliated aplitic vein
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PIB-1, 482 Ma leucogranite
Pmi]ln de Buitrago, Buitrago gnelss
(Sill+Kfs zone)
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Monazite and xenotime
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ER) ) W an T
Fig.6.60.- U-Pb dia diagram of: and fracti
from sample PiB-1 (482 Ma foliated leueognnlu. Buitrago gneiss; fig.
6.21). Sill+Kfs zone, Western Guadarrama domain. M, monazite; X,
xeno
L0813
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Fig.6.61.- U-Pb diay of i

gram of
fractions from the 477 Ma Lozoya gneiss (ugel ﬂnln. ﬂ; 6.22).
Slll+Kb zone, dlllllm-nlbt::m rhe-be-rlng sample, We

lomain.
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Fig.6.63.- U-Pb concordia diagram for the post-tectonic La Cabrera granite
(M, monazite; Z, zircon) and microstructure of the U-Pb sample.
U Bt- ite/s diorite with a heter igneous texture.

Field of view is 17mm long.
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Fig.6.65.- Tectonothermal
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Sierra de Guadarrama, Ollo de Sapo domain, Central Iberian Zone,

Iberian Massif (Central Spain).
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Fig.6.66.- Comparative table of Ordovician U-Pb and Rb-Sr absolute ages
from the Central Iberian Zone (grey area) and U-Pb ages from other
parts of the Iberian Massif (Time scale of Tucker and McKerrow, 1995)
and location of these areas within the European Variscides. Table: open
circles, U-Pb ages this study; open rectangles, U-Pb ages of Lancelot et al
(1985) and Gebauer et al (1993); filled rectangles, Rb-Sr ages (Vialette et al.,
1986; 1986); filled circles, U-Pb ages from the OMZ and the allochthonous
complexes (A.C.) of the GTMZ (References in chapter V).

Map legend: 1) Pre-Variscan orthogneisses of the Ollo de Sapo domain; 2)
Allocthonous complexes of the GTMZ. Early-Mid Paleozoic faunal domains
(Paris and Robardet, 1990): 3) Ossa-Morena domain; 4) Central Iberian
domain; 5) Ebro-Aquitanian domain.



Juzbago-Pena do
Castelo shear zone

EXTENSION (337-321 Ma)
LP/HT overprint (322 Ma)

Laa Post-coll. plutonism (292 Ma)
\ @ 3™ Toledo anatectic

370-365 Ar/Ar Hbl*
< 330 Ar/Ar Ms*
340 Ma AvAr Hbl®

Mid Westphalian I il zone

Barrovian metamorphism

Badajoz-Cordoba shear zone (OMZ) [l Atlochthonous Complexes (GTMZ)|
.

4 Ossa-Morena zone (OMZ) N Schistose domain (GTMZ)
B Bcja-Acebuches ophiolite [£24 Variscan granitoids
=3 Pulo do Lobo zone [ ciz, WALZ and CZ

South Portguese zone

Fig. 6.67.- Map of the Iberian Massif showing the new time constraints
Variscan ts from the i sector of

the Sierra de G on the timing of the
Variscan ion and the di of the C:
Variscan i in chapter V, *

and (
metamorphic cooling ages; time scale after Odin, 1990).

Peak metamorphism (337-3’2; Ma

142

)



Armorican
Massif

N 320 ,
- VosBéack Fores?4*-

< Areas (nappes) with
NN Siturian
=N\ deformation and HP
phism (337-326 Ma) metamorphism

7-321 Ma) ‘i
(322 Ma)
__ Post-coll. phutonism (292 Ma)
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1990; Egal et al., 1996); New England Appalachians (Thompson et al., 1996); Southern
Appalachians: Carolina and Piedmont terranes (Hibbard and Samson, 1995).




Midlands
micrograton
Cadomian
block
ansh
Avalon
cz
Newfoundland WALZ perian
Appalachians Ciz Massif
Es
7
MZ
Avalon L
Zone
Bras d'Or Terrane, \Henni[xge Flexure
“Mira Terrane
2z
Brookville —7 aledonia
Terrane Terrane
500 km
e
England
Avalon
Piedmont
Terrane
\Carolina

Terrane
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Fig.7.5.- C of the Early O events in the Peri-Gondwanan margin of the Northern Appalachians
and the Southern Variscides. Time scale after Tucker and McKerrow (1995).
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Fig. 7.6.- Location of the interpreted relict Arenig felsic magmatic arc of the CIZ in the Southern Variscides. Legend: 1)
Pre-Variscan i of the Sierra de G and correlatives along the Ollo de Sapo Domain (Arenig magmatic arc?);
2)A of NW Iberia; Ordovician faunal domains (Robardet et al., 1990): (3) South Iberian (OMZ), (4)
Central Iberian and (5) Ebro-Aquitanian domains; 6) Northern Variscides (Paris and Robardet, 1990). Open circles, matching
Arenig to Ashgill stratigraphic sequences (Bugao and Crozon; Young, 1990) and location of the Belledone ophiolite (U-Pb age;
Meénot et al., 1988). Cap de la Chévre, Early Ordovici iclasti inuation in the A ican Massif of the Ollo de Sapo
domain?). Lithotectonic zones of the Iberian Massif (Julivert et al., 1977, Farias et al., 1987): (SPZ) South Portuguese, (OMZ)

Ossa-Morena, (CIZ) Central Iberian, (GTMZ) Galicia Tras-os-Montes, (WALZ) West Asturian Leonese and (CZ) Cantabrian zones.
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Fig 7 7.~ Interpreted Paleozoic evolution of North Atlantic peri-Gondwana.
oceans); lapetus Ocean, Laurentia-Perigondwana (eg. Williams, 1978); Rheic
Oeun Avalonia-Southern Variscides (Paris and Robardet, 1991); South Armorican Ocean:
norther Iberia-Armorica (Hanmer, 1977; Paris and Robardet, 1991)
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Middle Ordovician: Late Ordovician:
Rifting of Avalonia Avalonia-Laurentia collision

Fig. 7.8.- Paleogeographic reconstructions of Avalonia (A, Cadomian arc),
Baltica (B), Gondwana (G) and Laurentia (L) in the Late Precambrian
(Torsvik et al., 1996) and the Ordovician (van der Pluijm et al., 1995) and

. rationale for the Mid Paleozoic events discussed in fig. 7.7.
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