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ABSTRACT  

The Val Piora area lies in central southern Switzerland at the 
junction of the Lower Pennine. and Helvetic zones of the Swiss Alps. 
It is comprised by pre-Mesozoic crystalline rocks of the southern 
Gotthard Massif and western Lucomagno or Lukmanier Massif, together 
with Mesozoic metasediments of the authochthonous, cover of the 
Gotthard Massif and of the allochthonous Pennine series. These two 
distinct metasediment series are separated by the Frontal Pennine 
Thrust. 

Four episodes of Alpine deformation are recognised in the 
Mesozoic rocks. During the first deformation the allochthonous 
Pennine series was thrust over the residual authochthonous cover of 
the Gotthard Massif. These movements led to folding, thrusting, 
and the development of a penetrative foliation in both metasediment 
series. Structures of this age are absent in the basement, where 
the first structures are pre-Alpine (Hercynian). Both basement and 
cover were complexly folded and thrust during the second deformation. 
North-south trending linear mineral (stretching) fabrics show that 
the rocks suffered a uniaxial constrictional strain (k = Po) during,  
the third deformation. Rotated porphyroblasts with S. trails of 
inclusions demonstrate the rotational nature of this strain. The 
fourth deformation resulted in folding and boudinage of the earlier 
formed planar and linear structures. The relationship between the 
third and fourth episode strain axes suggests that the third and 
fourth deformations were intimately related if not continuous. 

The relationship between deformation and metamorphic mineral 
growth indicates lower almandine-amphibolite facies metamorphism 
between the end of the third and the fourth deformations. The Alpine 
metamorphism was progressive, increasing in grade from lower green-
schist conditions after the first Alpine deformation. Pre-Alpine 
relict minerals in the basement suggest a Hercynian greenschist facies 
metamorphism. 

The significance of certain metamorphic microstructures, snowball 
garnets, hornblende garbenschiefer and garnet crystal size distributions 
apparent in the rocks of the Val Piora area has been investigated in 
detail. 
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CHAPTER I  

INTRODUCTION  

1.1) The geographical setting  

The Val Piora area, some 50 square kilometres in extent, lies 

to the east of the St. Gotthard Pass in the Canton of Ticino, 

S. Switzerland. The area is bounded by Val Leventina in the south, 

Airolo and Val Canaria in the west, Val Cadlimo in the north and Val 

Termine, Passo del Uomo„ Passo Sole and Pizzo Pecian in the east. 

Val Leventina, the deepest of the valleys, is an important line 

of communication and contains road and rail links between the industrial 

centres of Switzerland and N. Italy. The small town of Airolo at the 

head of the valley owes its importance to its position at the foot of 

the Gotthard Pass and the entrance to the Gotthard rail tunnel, which 

re-emerges further north at Ggschenen in Reusstal. Some 6 kilometres 
east of Airolo, down Val Leventina, the lowest point within the area 

is marked by the small village of Piotta (1005 m.). Access to Val 

Flora by road, (via Altanca), or by funicular is most easily gained 

from Piotta. As a whole the area is well served by minor roads, 

tracks and footpaths. 

The Val Piora area lies on the watershed between the Rhine and Po 

river systems. The Ticino in Val Leventina flews first east and then 

south via Lego Maggiore to the Po valley. The rivers in Val Canaria 

and Val Piora are tributaries of the Ticino. By contrast the Rhein 

de Model in Val Cadlimo flows first east and then northwards down Val 

Medal to join the Vorderrhein at Disentia. The evolution of the 

drainage pattern in the Val Piora area has been discussed by Garwood 

(1906) and ICrige (1918, pp. 539-541). Both authors conclude that Val 

Piora itself originally belonged to the Rhine river system and drained 

eastwards and north through Val Termine. This situation was reversed 

by the capture of the headwaters of the early Val. Piors drainage by 

the Foss, the present overflow from Lego Ritom. 

The east-west trending Val Flora, with Lego Ritom (1850 m.) at 

its foot, dominates the area. The valley, out along the junction 
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of the Mesozoic metasediments and the pre-Mesozoic basement, as Val 

Leventina, is surrounded by mountains. To the north the line of peaks, 

Pizzo Tom, (2361 m.), Punta Negra (2688 m.), Pizzo Taneda (2667 m.), 

Pizzo Corandoni (2659 m.) and Shenadui (2678 m.), formed by gneisses 

of the Gotthard Massif, separate Val Piora from Val Cadlim•o. To 

the south the ridge Pizzo del Sole, (2773 m.), (Molare of older maps), 

Pizzo Pecian (2764 m.), and Poncione Pro do Roduc (2507 m.), formed 

by gneisses of the Lukmanier Massif, lies between the Piora and 

Leventina valleys. Val Piora is bounded in the west by the Mesozoic 

metasediment peaks of Camoghe (2357 m.) and FOiso (2208 m.), (Fongio 

of older maps), and in the east by the spectacularly jagged Pizzo 

Colombe (2545 m.) formed by vertical beds of white Triassic marble. 

Val Piora is notable for its abundant lakes many of which have been 

described and bathymetrically charted by Garwood (1906). In consider-

ing the origin of the lakes, Garwood (1906), and later Krige (1918, 

pp. 534-539), find no single explanation for their formation, but 
emphasise the importance of solution of the underlying rooks as an 

agent in the development of those which overlie Triassic marbles and 

gypsum, (e.g. Lago Ritom, Lago Tom and Lago Cadagno). Garwood 

suggested the role of ice erosion to be of minor importance in the 

formation of these natural rock basins. 

The action of ice has been suggested to be the primary cause of 

the overdeepening of the Val Leventina with respect to its lateral 

hanging valleys (e.g. Val Fiore), (Davis, 1900). Garwood (1902, 1932) 

has objected to this proposition on the basis that the present geomor-

phological features of the valley to the north of Biasca are inconsistent 

with such an origin (e.g. overlapping spurs, river gorges). The 

presence of benches at different levels on the valley sides, Garwood 

suggests, points to a complex evolution which involved several alter-

nating stages of deepening by water action and widening by glacial 

action, corresponding with different glacial recessions and advances. 

The natural drainage pattern has been somewhat modified in recent 

years to make the best use of water and relief in the production of 
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electricity. Lago Ritom has been dammed at Piora and its level 

raised by some 10 metres. Capture of the headwaters of the Rhein de 

Riedel in Val Cadlimo and of the Garegna in Val Canaria has been 

effected by tunnels, so that these streams, add to the volume of water 

flowing into Lago Ritom. A more recent project will make use of the 

energy gained by the Ticino itself in its fall between Airolo and 

Piotta. 



1.1 
1.2) The geological setti 

The Western Alps form an arcuate mountain chain which is convex 

towards the European Foreland in the northwest. The chain may be sub-

divided into two main longitudinal structural zones, an outer and an 

inner zone separated by a major thrust plane, the Frontal Pennine Thrust. 

These zones are known respectively as the Dauphinois and Pennine zones 

in the. French Alps and the Helvetic and Pennine zones in the Swiss Alps. 

The zones may be further subdivided into the separate thrust slices or 

nappes which comprise them. 

The tectonic subdivisions of the Swiss Alps (Fig. 1.1) are des-

cribed briefly below. For more detailed general descriptions the works 

of Collet (1935), Bailey (1935),  Cadisch (1953), Trampy (1960), and the 
classic of Heim (1920) are recommended. 
1) The Foreland 

a) The Jura - The Folded Jura or southern Jura forms a crescent 

shaped range well in front of the Alps. The Mesozoic and Tertiary 

cover is flexure folded and locally thrust over the underlying Permo-

Carboniferous and crystalline Hercynian basement. To the northwest, 

the locally faulted flat lying cover rocks which extend over the Central 

Plateau of France are known as, the Tabular Jura. 

b) The Swiss Plain or Molasse Trough - This low lying area to 

the south of the Jura is formed by Middle Oligocene - Upper Miocene 
olastic sediments, (Molasse), derived from the rising Alpine mountain 

chain in the south. The sediments are generally undeformed, except 

near the Alpine front, where they are overridden by the Helvetic nappes, 

and near the folded Jura where they are thrust and folded. 

2) The Helvetic Zone 

a) The Helvetic and Ultrahelvetic Nappes - These nappes are 

formed by sediments of Permian to Tertiary age, which slid under the 
influence of gravity or were pushed northwards off the External Massifs 

as recumbent folds and thrust slices. The Ultrahelvetic lie struc-

turally above the Helvetic nappes and have their roots further to the 
south on the Gotthard and southern side of the Gotthard Massif 

(TAmpy,1960). 
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b) The External Massifs - The External Massifs, together with 

the sedimentary cover which was not stripped off during the formation 

of the Helvetic and Ultrahelvetic nappes, form the authochthonous and 

parauthochthonous region of the Helvetic Zone. The External Massifs 

lie in a broken line to the south of the Helvetic and Ultrahelvetic 
nappes. They are brought to the surface in the cores of a series of 

gentle culminations which cross out the axis of the mountain chain at a 

high angle. The Massifs are composed of Permo-Carboniferous sediments 

and older crystalline pre-Hercynian and Hercynian rocks. The basement 

rocks show the effects of both the Alpine and Hercynian and possibly 
earlier orogenies. In the French Alps the Hercynian and Alpine 

effects are clearly distinguished as their respective structural trends 

are markedly oblique, (e.g. in the Aiguilles Rouges Massif (Oulianoff, 

1934; Ramsay,1963)). In the Swiss Alps in the Aar and Gotthard 

Massifs the trends are often sub-parallel and less easily separated. 

Passing from north to south across the Massifs, the Alpine fabrics 

become more intense in company with the increasing grade of the Alpine 

metamorphism. 

3) The Pennine Zone 

The Pennine Zone contains the largest of the Alpine nappes. 

The nappea are formed by sheets of basement rock separated by 

eugeosynolinal Mesozoic sediments and volcanic's. Argand (1916) inter-
preted these as gigantic recumbant anticlines, the Mesozoic sediments 

representing the corresponding irtervening synclines. It seems more 

likely however that they are thrust slices of basement. The lowest 

levels of the Pennine Zone are brought to the surface in the cores of 

the Tome and Ticino culminations. Over much of the zone the nappes 

are flat lying, but in the south they turn downwards and form a region 

of steeply dipping rocks known as the Root Zone. The Root Zone is 

bounded to the south by a large steeply inclined fault, the Insubric 

Fault, which brings strongly deformed and metamorphosed rocks of the 

Pennine Zone in contact with undeformed and unmetamorphosed rocks of 

the Hinterland to the south. 
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In the frontal region of the Helvetic Zone, between the Arve and 

Aare rivers and elsewhere as• Klippes (e.g. Mythen and Sulen), an 

isolated pile of nappes, the Prealps, is. found. The Prealps lie 

structurally above the Ultrahelvetic nappes and have stratigraphic 

affinities with the Upper Pennine and Lower Austro-Alpine nappes. 

They possibly represent the detached frontal parts of these nappes. 

The intensity and structural complexity of the Alpine deformation 

increases from north to south across the fold belt. In the Pennine 

Zone and along the internal part of the Helvetic Zone at least three 

generations of post-nappe tectonic structures are recognised. The 

grade of metamorphism also increases from north to south. In the 

outer Helvetic Zone the rocks are unmetamorphosed whereas in the 

deepest exposed levels of the orogenio belt, the Lower Pennine Zone, 

they have undergone almandine-amphibolite fadies regional metamorphism. 

The highest grade of metamorphism, (upper almandine-amphibolite facies), 

is recorded in the south of the Lower. Pennine region which is also a 

centre of late Alpine igneous activity, (e.g. the Bergeller granite). 

Trampy (1960) has suggested from stratigraphic evidence that the 

compressive phase of the Alpine orogeny was initiated at the end of 

the Cretaceous (65 m.y.), reached a climax in the Eocene - Lower 

Oligocene (+ 38 m.y., the Eocene-Oligocene boundary), and lasted at 

least into the Miocene (26-7 m.y.). He considers the Alpine meta-

morphism to have been approximately synchronous with the period of 

maximum compression. Radiometric age dates of phengites and muscovites 

from a zone surrounding the Lower Pennine region (Hunziker,1970; Jager, 

1970), together with stratigraphic and radiometric dating of the "syn-

metamorphic" Bergeller granite (Jager at al, 1967; Milnes,1969) lends 

support to Trampyls age interpretation of the Alpine metamorphism. 

However, studies of the attitude of the metamorphic isograds, (genk, 

1962), and of the relationships between deformation and metamorphic 

mineral growth, (e.g. Chatterjee, 1961; Higgins,1964b), have shown quite 

clearly that the metamorphic climax occurred not only after the emplace-

ment of the nappes, but at a late stage in the deformation history in 
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the Lower Pennine region. Here the mein phase of crustal oompression 

took place earlier than envisaged by Trumpy (cf. Trdmpy,1960 p. 879). 

Recent Rb/Sr whole rock age determinations in the range 110-125 m.y. 

from the fronts of the Pennine nappes (Hunziker,1970; Jager11970) 

place the earliest Alpine movements in the Lower Cretaceous. 

By the time the Alps became a high mountain chain, and the source 

of the elastic sediments of the marginal Molasse basins and before the 

Helvetic and overlying nappes had taken up their final positions and 

overridden the Molasse along the Alpine front, the deformation in the 

deepest levels of the orogenic belt which are exposed today had 

virtually if not completely ceased. The belt of crustal instability 

had migrated further north. Ramsay's (1963) suggestion that the belt 

of instability migrated back to the Pennine Zone after the thrusting 

of the Helvetic nappes seems unlikely. 
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1.3) Resume of the geology of the Val Aare, area 

The rocks of the Val Piora area form three structural units 

(Fig. 1.1): 

1) The Mesozoic cover. 

2) The Gotthard Massif. 

3) The Lukmanier Massif. 

1) The Mesozoic cover 

The Mesozoic metasediments present in the area belong in part to 

the authochthonous cover of the Gotthard Massif and in part to the 

alloehthonous Pennine series. These two distinct sedimentary facies 

are separated by the Frontal Pennine Thrust. The authochthonous 

cover may be shown by lithological comparisons with adjacent areas in 

which index fossils are found, to range from Lower Tries, to Lower 

Jurassic, (Lower Lies) in age. The poorly fossiliferous Pennine 

metasediments (Biggins11964a; Bianconit1965), are of probable Triassic 

and Jurassic age. The authochthonous metasediments are more closely 

comparable to the miogeo.synclinal Helvetic sediments than to the 

adjacent eugeosynclinal Pennine series. They represent a continua-

tion of the Helvetic series deposited in the southern part of the 

Helvetic miogeosyncline. From a structural viewpoint the authochthon-

ous metasediments can be treated as Ultrahelvetic, as they lie to the 

south of the roots of the Helvetic nappes but to the north of the 

roots of the Pennine nappes. They are the remnants left behind when 

the overlying cover slid or was pushed northwards to form the Ultra,. 

helvetic nappes. 

2) The Gotthard Massif 

The Gotthard:Massif is one of the External. Massifs and together 

with its cover rocks forms part of the authochthon of the Helvetic 

Zone. In the Val. Piora area it is comprised. by pre-Hereynian granite 

gneiss, (Streirengneiss), and metasediments possibly of Precambrian 

age. A number of Heraynian lamprophyre dyke intrusions are also 

recognised. 
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3) The Lukmanier Massif 

The Lukmanier Massif is fonsed by :Jee-Mesozoic granite and 

sedimentary gneisses together with amphibolites of uncertain origin. 

In terms of Bossard's (1936,pp. 51-57) stratigraphic classification 
of the gneissea of the Lukmanier Massif the metasediments are possibly 

Devonian or Silurian and the granitic gneisses. Hercynian in age. 

Observations in the Val Piora area suggest that there are at least two 

generations of acid intrusives the latest of which is thought to be of 

late Heroynian age, (Section 2.3). Bossardis stratigraphic classifica-

tion is based on the very limited evidence available and must be accepted 

in this light. 

The structural position of the Lukmanier Massif is also uncertain. 

The Massif has been interpreted both as a nappe, as part of a nappe and 

as part of the relatively unmoved Hercynian baaement,(i.e. a southern 

extension of the Zone of External Massifs). The various structural 

interpretations of the Lukmanier Massif up to the year 1936, have been 
summarised by Kundig, (in Niggli et al, 1936). Even in recent years 

there has been no agreement as to the origin of the Massif. Dal Vasco 

(196L1.) considers it to be a slice of basement joined at depth to the 

southern side of thee Gotthard Massif whereas. Chadwick (1965) suggests 
that it is more closely related to the Pennine nappe cores, and is a 

basement slice caught up in the base of the Pennine nappe pile but not 

transported very far. In the present work evidence is given in favour 

of Dal Vescots interpretation. 

The area has a complex history of deformation. In the Mesozoic 

cover four discrete episodes, of Alpine deformation are distinguished. 

The latter three of these may be recognised in the basement Massifs 
but the earliest is found to be absent. The earliest generation of 

structures in the Massifs is Heroynian. 

The area underwent lower almandine-amphibolite facies meta-

morphism after the third episode of Alpine deformation. The Alpine 

metamorphism was progressive, the grade increasing from lower 

greenschist conditions during the first episode of Alpine deformation. 
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1.4) The literature and previous research 

Geological studies were Initiatea 	the Val Piora area by 

K. von Fritsch (1873), during mapping of the Gotthard region. He 

distinguished and described a number of rock types within the Mesozoic 

cover and basement and recognised the broadly synclinal nature of the 

Mesozoic rocks in Val Piora. Shortly after this the area became 

known to English geologists through papers given to the Geological 

Society of London by Bonney, in which he set out to disprove Heim's 

allegation, made at the International Geological Congress meeting of 

1888, that fossiliferous Mesozoic rocks, which had suffered metamorphism  

were to be found in the Swiss Alps. Bonney (1890, 1894) described 

sections, in Val Piora and a section in Val Canaria, (earlier described 

by Grubenmann (1888)), in evidence against Heim's allegation. Bailey 

(1935) gives a lucid account of the controversy and its background. 

Garwood (1902, 1906) in two later papers given to the Geological Society, 

discussed aspects of the geomorphology of the Val Piora area and of the 

surrounding region. 

The first work of importance was undertaken by Krige (191.8). 

Although he discussed the structure and structural evolution of the 

area, his study was essentially petrological and included detailed 

descriptions of rocks, minerals and mineral textures and a number of 

chemical analyses. He recognised the Mesozoic rocks of Val Fiore to 

be a complex synclinal gone, formed by a number of folds and in the 

south Schuppen, between two masses of dissimilar basement, the authooh-

thonous Gotthard Massif and the allochthonous Lukmanier Massif, (the 

equivalent of the Adula nappe in the east and the Simplon nappes in 

the west). 

Bossard (1929, and in Niggli et a1,1936) published the results of 

similar work in the area between the Valle di Lucomagno and Val 

Leventina east of Val. Fiore. The work was supported by a number of 

whole rock chemical analyses (Niggli,1929). Bossard's lithological 

and stratigraphic subdivision of the Lukmanier Massif gneisses was 

adopted in Spezialkarte No. 116 (Geologische Karte der Tessiner Alpen 

zwisohen Maggia-und Bleniotal, Preiswerk et a1,1934), and Krige's map 
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of the Massif to the west of Bossard's area is reproduced in this work 

slightly modified to accommodate this subdivision. 

In succeeding years geological investigations of this type con-

tinued in adjacent areas, e.g. Huber (1943) in the Gotthard Massif and 

cover to the north and northeast, Hasler (1949) in the Maggie nappe 

and cover to the south, and Ganthert (1954) in the Maggie. nappe and 

cover to the southeast. 

Kvale (1957, 1966) and Wunderlich (1958) in the course of more 

widespread investigations made observations in the Val Piora area about 

the tectonic structures and the time relationships between structures 

and metamorphic mineral growth. 

Steiger's (1962) aocoulat of the sedimentary gneisses which form 

the southern part of the Gotthard Massif between the St. Gotthard and 

Lulonanier passes, is the next important work in the Val. Piora area. 

As well as making detailed petrological observations, he deduced within 

these rocks a complex history of deformation and metamorphic mineral 

growth which compares: closely with that outlined in this thesis. Radio-

metric age dating of different generations of hornblende crystals 

formed during the Alpine metamorphism was carried out with a view to 

dating different phases of the Alpine orogeny (Steiger 1963a, 1963b, 

1964). 

Dal Vesco (1964.) undertook an investigation of the structure of 

the Val Piora area in connexion with the geological survey for the new 

Gotthard tunnel (Amsteg-Giornico, Basistunnel). As Krige, he recog-

nised that the Mesozoic rocks in Val Piora formed a complex synclinal 

none determined by folds and thrusts, however in contrast to Krige, he 

considered the basement masses on either side of this cone to be similar 

and connected at depth. In a short report on a geological excursion 

in the Fiore., Lukmanier. and Blenio valleys., Gansser and Dal Vesco (1964) 

refer for the first time to the allochthonous Pennine metasediments 

which form the core of the Val Piora structure west of Lego Ritom. 

(These'had previously been interpreted as part of the authochthonous 

cover.) 
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An analysis of the structural and metamorphic history of the 

Lukmanier area, to the east of Val Piora, was completed by Chadwick 

in 1965 and forms the prelude to the present work. 

In the last decade the. Zurich school of geologists have completed 

a detailed stratigraphic study of the authochthonous and parauthoch-

thonous cover rocks of the eastern Gotthard Massif, in an attempt to 

unravel the structure of this region. At an early stage a. new 

stratigraphic classification, based on fossil evidence and litho-

logical comparisons with the Mesozoic rocks of the Helvetic nappes, 

was proposed (Baumer at al, 1961). Detailed studies of individual 

areas followed (e.g. Jung,1963; Baumer, 1964; Fray, 1967). Of these 

Frey's work deserves particular mention, not only on account of the 

excellence of his geological analysis• of the Greina area, but also 

because of his summary and synthesis of the new work in surrounding 

areas. It is encouraging to record that the interpretation of the 

geological history of the region as a whole, which follows from the 

structural observations made in this thesis, accords well with the 

history which has emerged from the detailed stratigraphic work of the 

Zurich school of geologists. 

There is of course a large amount of literature of more general 

relevance to the geology of the Val Piora area. The most important 

of this is mentioned in the following chapters. 
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1.5) Aims and methods 

The present research is aimed at attaining a greater understand-

ing of the structural and metamorphic history of the rocks of the Val 

Piora area. The research forms part of a programme, whose objective 

must be regarded as the elucidation of the structure of the Alps them-

selves, through detailed mapping and the application of modern struc-

tural mapping techniques. This programme owes its conception and 

promotion to Prof. J.G. Ramsay. 

In the region surrounding Val Piora detailed work has been 

completed or is in progress in the following areas:- 

1)  Nufenen peas - Basodino area - Higgins (1964). 
2)  Lukmanier pass area - Chadwick (1965). 
3)  Cristallina area - Ramsay (in progress). 

4)  Pizzo Molare area - Thakur (in progress). 

5)  Bosco - Gurin area - Hall (in progress). 

Smaller scale, B.Sc. mapping projects have also been completed in;- 
1)  Greina pass area - Cobbold (1969). 
2)  Sambuco-Massari area - Rossetti (1970). 

Mountenay (1970). 

- Davies (1971). 

3)  Pizzo Rotondo area - Lewis (1970). 

Geological mapping has been carried out on a scale 1 : 10,000 on 

photographic enlargements,  of the 1 : 50,000 scale topographic map, 

Landeskarte der Schweiz, Sheet 266, Val Levantine (1961). The more 

detailed 1 ; 25,000 scale topographic map, Carta nazionale della 
Svizzera, Sheet 1252, Ambri- Piotta (1965), was used in conjunction 

with the enlargements. 

The area was exposure mapped. In the less well exposed regions 
an attempt was made to visit every visible exposure, whereas in the 

better exposed areas localities were chosen in accord with access-

ibility and complexity of the geology. Approximately 2,500 localities 

are recorded at which structural observations have been made. Exposure 

is generally good and clean above 2000 metres, however below this. level 
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much of the area is thickly wooded. This feature combines with the 

steep valley sides to hinder mapping of lower lying parts. 

Slumping, a common phenomenon in the Alps, is fairly widespread 

throughout the area. It is particularly marked on the flanks. of Val 

Canaria and in parts of the cliffs,  along the southern margin of the 

Gotthard Massif, north of Val Fiera. Steiger (1962, pp-382-383) has 

suggested that slumping of the Gotthard Massif gneisses contributes to 

the fan structure of the Massif, as surface dips are generally less 

than those taken below ground. Slumping of the Lukmanier Massif 

gneisaes on the north side of Val Leventina is also often observed. 

It is noticable that the feature is most marked on south facing slopes, 

on which downward movement is facilitated by the orientation of the late 

Alpine fractures (Section 3.56). 

In conjunction with the field work laboratory studies of the rock 

forming metamorphic mineral assemblages, the mineral fabrics, the 

relationships between mineral growth and deformation and of the meta-

morphic microstructures, snowball garnets, garnet crystal size distribu-

tions, and hornblende garbenschiefer have been undertaken. 

The results of this research are presented in the following 

chapters, and where appropriate, summary and discussion provided at 

the end of each chapter. 
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CHAPTER II  

STRATIGRAPHY 

2.1) Introduction 

The rocks of the Val Piora area can be divided into three 

distinct structural units. These are:- 

1) The Mesozoic cover. 

2) The Gotthard Massif. 

3) The Lukmanier. Massif. 

In this chapter the stratigraphy of the different structural units 

is discussed. 
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2.2) The Mesozoic cover 

The Mesozoic cover in the Val Flora area is formed by meta-

sediments belonging to the authochthonous cover of the Gotthard Massif, 

and to the allochthonous series of the Pennine nappes. The presence 

within Val Piora itself of these two distinct metasediment facies has 

only recently been appreciated (Gansser and Dal Vesco, 1964). Previous 

investigations had concluded that all the Mesozoic rocks in Val Piora 

and their western extension in Val Canaria were a part of the Mesozoic 

cover of the Gotthard Massif (Krige, 4918; Bossard, 1929b; Niggli at 

al, 1936). Krige's stratigraphic classification of the Mesozoic 

metasediments, which is given below, and his geological map show how-

ever that in his lithological subdivision of the Upper Banderschiefer 

he essentially distinguished the two metasediment facies. 

4) Black-grey garnet sohists ) ) Upper Bfinderschiefer Calcareous mica schist& 
Marbles 	 Lias. 

3) Quartensohiefer = L. Bunderschiefer ) 

2) Rauhwacke and gypsum 	 Trias. 

1) Sericite quartzite 

The black-grey garnet schists and marble are now thought to be 

Liassio rocks of the authochthonous cover of the Gotthard Massif and 

the calcareous mica schists to be allochthonous Pennine Bunderschiefer* 

(Ganaser and Dal Vesco, 1964; Frey, 1967; p.71). 
In terms of the new stratigraphic classification of the authoch-

thonous and parauthochthonous cover of the Gotthard Massif proposed 

by Baumer et al (1961), the black-grey garnet schists have been 

correlated with the basal and lower Stgir series and the marbles with 

the upper Stgir series, Gelbsandfacies (yellow sand facies), (Frey, 

1967, p. 71). 
In the present work the former correlation is accepted; however 

the marbles are interpreted as part of the Pennine Bandersohiefer 

* The term BUnderschiefer is used in the presently accepted sense 

suggested. by Bolli and Nabholz (1959), i.e. Pennine post Triassic 

rooks, and not in the wider sense as in Krige's classification above. 



Table 2.1 The stratigraphic classification and correlation of the Mesozoic cover of the S. Gotthard Massif. 

a) The authochthonous/parauthochthonous cover. 

Val Piora area 
(authochthonous) 

Eastern Gotthard region 
authochthonous/parauthochthonous 

Nufenenpass region 
(authochthonous) 

Younger Mesozoic 
sheared out 

Coroi series 
Younger Mesozoic 
sheared out 

Middle Jurassic 
.. 	. 

Lower Jurassic 
(Liss) 

Upper Inferno series 

Middle Inferno series 

Lower Inferno series Knotenschiefer series 

Upper Stgir series Sandstone series 

Black garnet schist 
series 

Lower Stgir series Upper garnet schist series 

Basal Stgir series Middle garnet schist ife=6" 
Lias basal quartzite Lower garnet schist series 

Quartenschiefer Quarten series Quartenschiefer Upper Triassic 

Rauhwacke, Dolomite & Gypsum R*ti series Rauhwacke & Dolomite 
Lower Triassic 

Quartzite Melser series Quartzite 

b) The allochthonous cover 

Calcareous mica schist series Lugnezerschiefer Banderschiefer Jurassic 

Rauhwackes  Dolomite & Gypsum Quartenschiefer 	) Grenztrias 
Rauhwacke & Dolomite) 

(Quartenschiefer) 
Rauhwacke & Dolomite 

Triassic 
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sequence. In defence of this interpretation the analogy between these 

rocks and the Gelbsandfacies of the Upper Stgir series, which has been 

drawn by Frey (1967, p. 71) is questioned. The. Gelbsandfaoies is 

typified by yellow weathering sandy limestones interbanded with green 

quartzites, with a few intercalated black pelitic schists and oocasion-

ally calcareous schists (Frey 1967, p. 61). The marbles on the other 

hand are extremely pure. (Krig., 1918, pp. 647-648) and are hence unlike 

the sandy limestones of the Gelbsandfacies. Furthermore the marbles 

are intercalated with calcareous mica schists typical of the Pennine 

Winderschiefer and not quartzites, etc., as the sandy limestones of 

the Gelbsandfacies. 

The proposed classification of the Mesozoic metased.iments in the 

Val Piora area is summarised in Table (2.1), where it is also 

correlated with the sedimentary sequences in the Eastern Gotthard 

(Baumer et al, 1961; Jung, 1963; Baumer, 1964) and Nufenenpass 

(Liszkay, 1965) regions. 

2.21) The authochthonous cover of the Gotthard Massif  

The Triassic rocks. 

a) The basal quartzite 

The basal Triassio quartzite shows a. considerable variation in 

thickness in the Val_ Piora area. At some basement contacts the 

quartzite is either absent or found as thin slivers included by Triassic 

marble,(e.g. the northern contact of the Lukmanier. Massif and cover 

between Valle and Madrano). Along others it is well foliated., micaceous, 

and forms a horizon 1-5 metres thick between the basement gneisses and 
the Triassic marbles, (e.g. the southern oontact of the Gotthard Massif 

and cover (see also Hefner, 1958, pp. 396-397; Steigsr, 1962, pp. 

544,-345), and at the northern contact of the Lukmanier Massif and cover 
east of Lago Ritom). In the vicinity of Piora the quartzite reaches 

a thickness of 15-20 metres, is more massive though still mioaceous and 

contains occasional large prismatic tourmaline crystals. Here it is 

sometimes pebbly at its lower, stratigraphic, margin. On the south 

side of Lago Ritom the quartzite is even thicks.r, extremely micaceous, 
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contains tourmaline crystals, and is often strongly rodded parallel to 

the hinges of folds formed during the second episode of Alpine deforma- 

tion (Sections 3.22, 3.42). 	In this area a part of the micaceous 

quartzite,which has• been assigned to the basal Trias,may represent a 

strongly sheared facies•of the augen gneiss in which felspar has broken 

down to white mica and quarts (cf. Krige, 1918, p. 574). Krige (1918, 

p. 523) has expressed similar reservations about the Triassic age of all 

the quartzite in this particular area. 

b) The Rauhwaoke, dolomite and gypsum 

The main mass of Triassic marble in the Val Piora area is a pale 

yellow, cavernous weathering, micaceous Rauhwaoke (or marble breccia). 

Layered dolomite is also occasionally observed. A large mass of 

gypsum surrounded by Rauhwacks is found on the east aide of Val Canaria 
and gypsum is interbanded with Rauhwacke on the west side of the valley 

(Bonney, 1890, pp. 204-213; Krige, 1918, p. 520, PP. 590-591, and 

Plate Y; Dal Vesco, 1964, pp. 37-40). In the present study these 

rocks have been mapped as a single lithological unit which varies 

enormously in thickness, and at some localities (e.g. at the northern 

contact of the Lukmanier Massif and cover between Valle and Madrano), 

is, even absent, so that Quartenschiefer lies in direct contact with the• 

basement. The thickness variation is in large• part a tectonically 

induced variation. 

Other than in the immediate vicinity of the basement contact, where 

a good schistosity is often developed, the Triassic marbles and gypsum 

tend to be rather structureless and show at most a poor, generally large 
scale compositional banding and/or a weak schistosity. A number of 

sections through the Val Flora marbles have been described by Dal Vesco 

(1964, pp. 19-29). 

Although Triassic marbles of both the authochthonous and alloch-

thonous cover are certainly present in the Val Piora area no clear 

distinction can be drawn between them. As such they have been treated 

as a single lithological unit and discussed together. 
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c) The Quartenschiefer 

The Quartenschiefer, Quarten-Series of Baumer et al (1961), 

Frodalera -Series of Dal Vesco (1964, pp. 19 and 41), and Gansser and 

Dal Vasco (1964, p. 620), Lower Ninderschiefer or Quartenschiefer of 

Krige (1918, pp. 522-523), is thickly formed in Val Piora. It is 

comprised chiefly of grey-green mica schists containing irreg41isr  

calcareous, (dolomitic), intercalations. The thickness of the inter-

calations may vary from a centimetre to a few metres. The micaceous 

layers generally contain both white mica and biotite, the muscovite 

showing a tendency to occur as small crystals oriented in the schist-

osity and the biotite to form porphyroblasts which are either lineated 

or random in orientation. These layers are often rich in kyanite and 

epidote and occasionally contain quartz kyanite segregations. Within 

this sequence rather pure white quartzite layers and lenses up to a 

few metres thick are found. 

TogAther with these rocks garnet mica schista, garnet hornblende 

mica schists, and garnet staurolite kyanite mica schists, like those 

exposed at Frodalera (Bossard, 1929b, pp. 119-120) form a small part 

of the. Quartenschiefer in Val. Piora. 

The Jurassic rocks. 

The black garnet schist series 

The series is typified by the occurrence of well foliated grey-

black garnet mica schists. The garnets generally form euhedral 

porphyroblasts up to a centimetre in diameter which are set in a fine 

grained matrix of quartz, white mica and rarely calcite. Small 

porphyroblasts of plagioclase, staurolite, biotite and kyanite are 

also found in these rocks but are not often identifiable in hand 

specimen. The dark colour of the schist& is attributed to the pre-

sence of finely divided carbonaceous material (Krige, 1918, p. 522). 

In contrast to the Quartenschiefer, the blank garnet schists are 

regularly banded. Individual layers are more continuous and remain 

relatively constant in thickness, taking into account thickness varia-

tions, due to folding. They range from a few millimetres to a few 

metres thick and are often separated. by thin calcareous and less 

commonly siliceous layers and segregations. The black garnet schist& 
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are interbanded on a much larger scale with red brown weathering, 

dominantly calcareous rocks, marbles, siliceous marbles, calcareous 

mica schists and occasional quartsites. These rocks often contain 

carbonate and quartz-carbonate segregations elongate in the plane of 

the foliation. 

It is these calcareous rocks that have yielded the only fossils 

found in Val Piora. Krige (1918, p. 522) discovered echinoderm remains 

and Dal Vasco (1964, pp. 29-31) crinoid fragments. In the present study 
orinoid fragments were observed at a single locality, some 300 metres 

due south of the summit of 108isc, in a blue-grey, brown weathering.  
marble. 

2.22) The allochthonous cover  

The calcareous mica schist series. 

The Bnnderschiefer is represented in the Val Piora area by the 

calcareous mica schist series. This series is exclusively found 

together with Triassic marbles of uncertain affinity (Section 2.21) 
in Val Levantine and Val Canaria. In Val Piora itself it is present 

only in the region to the west of Alps Ritom. It is formed by a 

monotonous succession of light brown weathering rocks, ranging in com-

position from pure marble, (the "Mamore" of Krige (1918 pp.647-648) and 

Section 2.2), to carbonate free quartz mica schists. The mica schists 

contain a wide range of porphyroblast minerals, of which biotite and 

plagioclase are almost ubiquitous, garnet, staurolite and kyanite are 

common and hornblende is rare. The rocks, show a well developed com-

positional banding, pelitic layers alternating with carbonate layers on 

a scale that varies from a millimetre or less to several tens of metres. 

The compositional banding is particularly well displayed because the 
pelitic layers are picked out in relation to the carbonate layers by 

differential weathering. Carbonate and quartz-carbonate segregations 

are typically present in the plane of the foliation. 

On a small scale the distinction between the BUndersohiefer and 

the rocks of the black garnet schist series of the authochthonous cover 
of the. Gotthard Massif is not always clear cut. Overall the 
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B(nderschiefer are more calcareous, less carbonaceous and correspond-

ingly lighter in colour and they contain no quartzites (of. Bossard, 

1929b,pp. 110-113). 

In the areas to the east and west of Val Fiore the tectonic contact 

between the. Pennine and Gotthard Massif metasediments is marked by a 

generally well developed zone of Triassic rocks, the Grenztrias 

(Oberholzer, 1955, pp. 382-384; Baumer, 1964, p. 51; Liszkay, 1965, 

p. 931; Frey, 1967, p. 88). In the Val Piora area, although it is 

probable that Triassic marbles of Pennine affinity are in contact with 

the authochthonous cover in the region to the west of F8iso,there is no 

regularly developed zone of Triassic rocks comparable to the Grenztrias 

at the base of the Bunderschiefer sequence. For example in the Alpe 

di Lego, Alpe Ritom area only one isolated exposure of Rauchwacke is 

found at the junction of the Bunderschiefer and the Black garnet schist 

series. The metre thick lens of Rauhwacke at 2260 metres on the 

southwest ridge of Camoghe interpreted by Frey (1967, p. 71) as 

Grenztrias is thought to represent the line of a tectonic discon-

tinuity within the Bunderschiefer itself (Section 3.21). 
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2.3) The Gotthard Massif  

The gneisses of the Gotthard Massif can be divided into three 
distinct groups. 

1) The. Hercynian and Alpine? instrusive rocks. 
2) The pre-Heroynian granite gneiss (Streifeweiss). 
3) The pre-Hercynian sedimentary and mixed gneisses. 

2.31) The Hercynian and Alpine? intrusive rocks  

Four major intrusions, ranging from granite to diorite in composi-

tion, are recognised in the Gotthard Massif. These are, the Gamsboden 

granite gneiss, the Fibbia granite gneiss, the Medelser granite/ 

Cristallinia granodiorite/Ufiern diorite, and the Rotondo granite, 

which includes the Lucendro, Tremola and Prose granites. The 
petrology and structure of the individual intrusions has been des-
cribed by various authors (Sonder, 1921; Ambahl, 1929; Winterhalter, 

1930; Huber, 1943; Hefner, 1958; ffemanner, 4964). The Gamsboden, 

Fibbia and Medelser/Oristallina/Ufiern intrusions are clearly deformed, 

as they show both planar and linear tectonic fabrics. By contrast, in. 

the Rotondo granite these fabrics are absent and there is evidence only 

of a weak late Alpine deformation of the granite (Hafner,1958; Kvale, 

4957, 1966). To explain the differences in fabric between the Fibbia 

and Rotondo granites Sonder (1921) suggested the following sequence of 

events:- 

1) Intrusion of the Fibbia granite. 

2) Stress period. 

3) Intrusion of the Rotondo granite. 

Both intrusions were thought to be of Hercynian age and the stress 
period to be a late Hercynian event. Kvale (1957, 1966) however has 
pointed out that the linear and planar fabrics are comparable to those 
in the adjacent gneisses and Mesozoic cover. On this basis, he has 

presented a case for accepting a late, (post-tectonic), Hercynian age 
for the Fibbia, Gamsboden and Medelser/Oristallina/Ufiern intrusions 

and a late Alpine age for the Rotondo granite. A more detailed 
account of the age problem is given by Granenfelder and Hefner (1962). 
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Radioactive age determinations of zircons (Granenfelder, 1962), 

have shown that zircons from the Fibbia, Gamsboden, and Medelser 

granite gneisses give Hercynian ages (approx. 300 m.y.), while those 
from the Rotondo granite give an ambiguous age (approx. 140 m.y.), 

which gives no immediate support to either of the proposed ages, 

Hercynian or Alpine, for this intrusion. To explain this anomalous 

zircon age GriInenfelder and Hefner (1962) have suggested that the 

Rotondo granite is a remobilised Hercynian granite which was intruded 

into its present position, possibly during Alpine times, taking with 

it its older but now altered zircon population. The Rb/Sr. whole rock 

isochron for the Rotondo granite, (approx. 260 m.y.), suggests, a primary 
Hercynian age (Jager and Niggli, 1964). Thus if remobilisation took 
place, then it did so without isotopic homogenisation. 

Minor intrusive bodies, lamprophyres, quartz porphries, aplites 

and pegmstites are recognise& to be related to the granite plutons. 

The same problems that beset the age determination of the major intru-

sions are present in the interpretation of the minor intrusives. Some 

of the bodies are clearly deformed and show the development of planar 

and linear fabrics (Huber, 1943; Hefner, 1958, p. 270; Chadwick, 

1965), as the Fibbia granite gneiss, etc. Others show original 
igneous minerals and textures (Hefner, 1958, p. 271) as the Rotondo 
granite. 

Three lamprophyre dykes are found in the Gotthard Massif in the 

Val Piora area. The intrusions are steep sided and in sharp contact 

with the adjacent gneisses (Fig. 2.1). Petrologically the rocks are 

comparable to the metamorphosed kersantites and kersantite-spessartites 

described by Huber (1943, pp. 119-120). The dykes are clearly deformed 
as they are folded (Section 3.32). Though axial planar biotite fabrics 

are absent or poorly developed, linear biotite fabrics (L. tectonite 

fabrics, Section 3.23) are commonly observed. The linear fabrics 

compare in orientation with the mica lineations in the adjacent gneisses 

and Mesozoic cover (Sections 3.23, 3.33). In view of these observa-

tions about the state of deformation, a probably Hercynian age for the 

dykes may be inferred. 



Fig. 2.10 The contact between a lamprophyre dyke and the 
Streifengneiss. The strongly developed foliation in the 
Streifengneiss contrasts with the lack of visible structure 
in the lamprophyre. The dyke in fact shows a weak linear 
fabric (Section 2.31). 	Punta Negra, M.R. 6961815766. 

Fig. 2.2. Deformed quartzo-felspathic layers (aplites?) in the 
Sore scia gneiss. The foliation is axial planar to these 
folded layers. Lago di Dentro, M.R. 6992515670. 
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2.32) '.e_h_pre-HercirliAn  granite gneiss (Streifengneiss)  

The pre-Hercynian granite gneiss, or Streifengneiss, a term 

suggested by Krige (1918, p. 541) in view of the "conspicuous streaked 
appearance" of the rock, occurs extensively along the middle of the 

Gotthard Massif (Winterhalter, 1930, Tafel. I). The Streifengneiss to 

the north of the Val Piora area has been investigated by Huber (1943). 

He concludes (pp. 186-190 and pp. 206-208), that the rock formed 

through crystallisation of a homogeneous magma, which was of granitic 

composition but for a slight excess of alumina possibly derived by 

assimilation. The rock subsequently underwent tectonic and metamorphic 

modifications to form the Streifengneiss. A similar conclusion is 

reached by Oberholze.r (1955) in considering the origin of the 

Streifengneiss in the Western Gotthard Massif. Zircon age 

560 	

determine- 
Pb 	U238,, = 50 + 90, 

determina- 

tions, ( 207ID /P 2o6 	/r'206 ' 485 20,  
U235/1'1)207 = 520 + 25 m.y. (Granenfelder, 1962)), suggest that the 

Streifengneiss magma was intruded at the latest in the Lower Palaeozoic. 

The Streifengneiss in the Val Piora area, (Krige, 1918, 0.541-545) 

is a generally well foliated quartzo-felspathic augen gneiss. The 

augen are formed by aggregates of quartz and felspar grains in varying 

states of recrystallisation (Section 4.3) and are surrounded by a matrix 

rich in muscovite and biotite. They are generally elongate in the 

plane of the foliation and give rise to the rodding structure which is 

so characteristic of the Streifengneiss. The origin of this structure 

is discussed in Section 3.31. The intensity with which rodding is 

developed varies. Sometimes the structure is so strong that the rock 

fabric is mere nearly linear than planar. At other times rodding is 

absent and the augen form discs several centimetres in diameter lying 

in the plane of the foliation. Both small and large scale variations 

in the intensity of rodding are observed. 

2.33) The preyHercynian sedimentary and mixed uneisses 

A number of east-west extending zones of sedimentary and mixed 

gneisses, described as "Muldenzonen" by Huber (1943, p. 93) can be 

recognised in the. Streifengneiss. On the basis of whether or not 
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the rocks of these sedimentary gneiss zones were metasomatised or 

intruded by aplites and pegmatites related to the Streifengneiss magma, 

Huber was able to distinguish zones of two different ages. The Notts 

Naira, Paradis and Ravetsch Yordgrates zones (Ambuhl, 1929) were thought 

to predate the emplacement of the. Streifengneiss magma, whereas the 

Boreal, Tenelin and Tremola zones were thought to postdate this event 

but to be earlier than the emplacement of the Hercynian granites, etc.. 

Subsequent investigations have shown Huber's. Tremola zone to be more 

complex (e.g. Hafner,1958; Steiger, 1962). In the areas to the west 

(Hafner) and east (Steiger) of the Gotthard Pass the zone has been 
divided into the following gneiss units:- 

West (Hefner, 1958) 	East (Steiger, 1962)  

( ahnerstock gneiss 	Stre•ifengneiss ? 

	

Cavanna 	Soresoia gneiss 	Sorescia gneiss 

	

series 	Prato series 	Prato series and 
Corandoni zone 

Tremola series 	Tremola series 

absent 	Giubine series 

The gneisses of the Cayenne series and their equivalents to the 
east of the Gotthard Pass show indications of ultrametamorphism, in 

contrast to Tremola and Giubine series gneisses which do not. Of the 

relationship between the Cavanna series and the Tremola series, Hefner. 

(1958, p. 358) concludes, that at the time of the ultrametamorphisa of 

the Cavanna series the Tremola series had not been deposited. The 
Sorescia, Prato series and Corandoni zone gneisses may be assigned to 

the group of sedimentary gneisses which predate the intrusion of the 

Streifengneiss, the Tremola and Giubine series gneisses, to the group 

that postdate it (Steiger, 1962, p. 454). 
As. the Streifengneiss zircon ages give a minimum age for the 

intrusion of the Streifengneiss magma, and as Lower Palaeozoic rocks 

are apparently absent in the Swiss Alps, Steiger (1962,m. 484-485) 

has suggested that both the Streifengneiss and Tremola series are of 

Precambrian age. 
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In the Val Piora area all of the gneiss series described by Steiger, 

except the Prato series are observed. The Prato series is confined to 

the area to the west of Val Canaria (Steiger, 1962, p. 475 and Tafel IV). 
The gneiss series proposed by Steiger have been adopted in the mapping 

of the part of the Gotthard Massif exposed in the Val Flora area. The 

lithological map presented here (Encl. 1) is essentially identical to 

that produced by Steiger (1962, Tafel. IV). Where differences in the 

interpretation of the position of lithological boundaries exist, they 

are small and occur in areas in which boundaries are transitional. The 

various gneiss series have been described in great detail by Steiger, 

and accordingly only the briefest outline of their structure and 

petrology is given below. 

a) The Tremola series 

The Tremola series has been divided into three zones, the northerly 

Pontino zone, the middle Sasso Rosso zone, and the southerly Nelva zone. 

The zones wedge out successively towards the east against the teotonic - 

ally determined southern margin of Gotthard Massif (Sections 3.22, 3.32) 

and only the Pontino zone is extensively developed east of Val Canaria 

(Steiger, 1962, p. 448, Fig. 2 and Tafel IV). The Pontino zone is 

comprised of mica gneisses, often garnetiferous, and subordinate 

hornblende gneisses, together with a few amphibolites, calc-silicate 

rocks and quartzites. The rocks of the Sasso Rosso wane are similar 

but often chlorite bearing whereas the Nelva zone is rather richer in 

mica gneisses and poorer in hornblende bearing rocks than the Pontino 

zone. 

b) The Sorescia gneiss 

The Sorescia gneiss forms two distinct zones, one on either side 

of the Corandoni none gneisses. On Pizzo Taneda the northerly zone 

is interleaved with Giubine series gneisses which throughout the rest 

of the, area separate the Sorescia from the Streifengneiss. Typically, 

the Sorescia gneiss is a well foliated quartzo-felspathic two mica 

gneiss which contains quartz-alkali felspar augen with a maximum 

dimension up to a few centimetres. Sub-concordant pegmatites and 

quartm-felspathic layers, (aplites?), are common. The foliation is 
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axial planar to the earliest generation of folds which deform these 

bodies (Fig. 3.22). 

The northern zone is formed by typical Sorescia gneiss, which 

remains remarkably uniform in composition throughout and is in fairly 

sharp contact, (transitional over a metre or two), with the garnet 

mica gneisses of the Giubine series, to the north and the amphibolites 

and garnet mica gneisses of the Corandoni zone to the south. 

The southern zone is less uniform in composition. The typical 

Sorescia gneiss described above is found throughout the scone in the 

west of the. area. In the east, particularly south of Lego di Dentro, 

the gneiss, contains muscovite porphyroblasts; biotite is less 

regularly distributed and is concentrated in biotite rich bands and 

lenses and layers, of garnet mica gneiss and amphibolite are found 

within the sequence. Contacts with the Tremola series and Corandoni 

zone are fairly well defined in the west of the area, but in the east 

are often uncertain in view of the presence of gneisses typical of the 
Tremola series and Corandoni zone within the Sorescia gneiss. 

c) Corandoni zone 

The Corandoni zone is formed by amphibolites, hornblende mica 

gneisses and mica gneisses. The rooks are often garnetiferous and 

oharacteristically show a well developed banding of light and dark 

mineral layers. The thickness of individual layers is variable. 

d) The Giubine series 

Of the subdivisions of the Giubine series recognised by Steiger 

(1962, Tafel IV), only the Granat(quer)glimmerschiefersone is 

represented in the Val Piora area. The other two zones, the 

Schmitzengneis- and Stromatisohe zones are found west of Val. Canaria. 

The gneisses of the Granat(ver)glimmersohieferzone are, as the zone 

name might suggest, dominantly garnet mica gneisses. In these rocks 

biotite typically forma prophyroblasts which often show a well 

developed L. tectonite fabric,  (Section 3.33) and hornblende, forming 
garben (Chapter 6) is a fairly common minor constituent. Amphibolites 
and well banded biotite rich gneisses are also found in this sone. The 

Giubine series gneisses are in centimetre sharp contact with the more 

northerly lying Streifengneiss. 
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2.4) The Lukmanier Massif  

In contrast to the Gotthard Massif the Lukmanier Massif has 

received the attention of few workers. Bossard's work (1929a, and 

in Niggli at al, 1936) represents the most comprehensive study yet 

available. Krige (1918) and Chadwick (1965) have mapped parts of the 

Lukmanier Massif in the course of their investigations in the Val Piora 

and Lukmanier areas respectively. Both Krige (1918, p. 530) and 

Bossard (1929, pp. 52 and 72) have emphasised the problems of mapping 
the Massif. Bossard (1929, p. 72) writes:- 

"The rocks of the Lukmanier Massif are petrographically very 

variable. No rook series shows the same picture over a great distance; 
petrographically similar beds merge quickly into one another." (My 

translation.) 

In much of the Val Piora area the problems are magnified by poor and 

tree covered exposure. 

The lithological subdivision of the gneisses of the Lukmanier 

Massif proposed in the present study, summarised. below, is essentially 

the same as that made by Krige (1918). 
Augen gneisses (Fiore type) - Quartzo-felspathic gneisses which 

contain large felspar augen. 

Orange Group gneisses 	- Orange coloured, micaceous gneisses 

which contain porphyroblasts of garnet, 

staurolite, kyanite, tourmaline and 

hJrnblende. 

Mixed_ Group gneisses 	Interbanded quartzo-felspathic 

gneisses, (the Older Granite gneisses) 

and micaceous gneisses. 

Amphibolites 	- Hornblende rich rocks, typically with 

plagioclase, biotite, quartz, calcite 

and epidote and often garnet. Inter-

banded calcareous horizons. 

The Younger Granite gneisses - Small granitic intrusions of probable 

sheet form which cross cut compositional 

banding in the Mixed and Orange Group 
gneisses. 
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The Orange. Group gneisses are comparable to Krige's paragneiss and 
the Mixed Group gneisses together with the Augen gneisses (Piora type) 

and the Younger Granite gneisses, to his ortho- and mixed sone gneisses. 

Many of the gneisses to the east of Lego Ritom, which Krige has mapped_ 

as ortho- and mixed sone rocks, I have assigned to the Orange Group. 

Otherwise the positioning of lithological boundaries is similar. 

Bossard. (in Preiswerk et al,Spezialkarte No. 1i6, 1934) and 
Chadwick (1965) mapped discrete orthogneiss horizons within the gneisses 

of the Lukmanier Massif. Chadwick distinguished White Group granite 

gneisses from Bronich (conglomeratic), and Orange. (garnetiferous 

micaceoue,aa above), Group paragneisses and amphibolites. In the Val 

Piora area. Spezialkarte No. 116 shows the Lukmanier Massif to be formed 

by pre-Carboniferous pars- and mixed gneisses and amphibolites, which 
have been intruded by "granite gneisses of Lucomagno type". Examina-

tion of areas shown on this map as• granite gneiss of Lucomagno type 

has revealed that these areas are formed by both Younger and Older 

Granite gneisses. There are however many granite gneisses which are 

not depicted on the map,ao that it seems probable that an attempt has 

been made to distinguish the Younger Granite gneisses as "granite 

gneisses of Lucomagno type",but this has resulted in the inclusion of 

some of the Older Granite gneisses in this subdivision. In the 

present study it was considered impractical, because of poor exposure 

and in the case of the Older Granite gneisses because they are so 

complexly interbanded with the ocher gneisses of the Mixed Group, to 

map either the Older or the Younger Granite gneisses as distinct 

lithological units. 
The relative ages of the granite gneisses were determined from 

structural observations; the Older Granite gneisses were deformed 

before the intrusion of the Younger Granite gneisses (Section 3.42). 
The dating of Older and Younger Granite gneisses whioh are differen-

tiated in time by the first recognisable episode of deformation in 

the gneisses of the Lukmanier Massif is important to the interpreta-

tion of the history of the Massif. As the Younger Granite gneisses 
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contain only Alpine tectonic structures they are either of late 

Hereynian or early Alpine age, (they predate the second episode of 

Alpine deformation (Section 3.42)). A late Hereynian age seems most 

likely as there is abundant evidence of the intrusion of granitic 

magma into the basement during this period,whereas,to the best of the 

authors knowledge there is no record of this type of igneous activity 

during early Alpine times. The implications, of this age are, that the 

earliest recognisable generation of tectonic structures in the 

Lukmanier Massif must also be of Hercynian age and that the Older 

Granite gneisses must be of pre-Hercynian or syntectonic Heroynian age. 

The solution of this age problem awaits more radioactive age 

determinations. 

2.41) The Augen gneisses (Piora type)  

These augen gneisses are found on the south side of Lego Ritom 

and in the Madrano region. They are characterised by the occurrence 

of augen composed dominantly of felspar and with a maximum dimension 

ranging up to 10 cm. 	In general the augen are, as the term implies, 

eye shaped when viewed in planes at right angles to the sohistosity. 

In the plane of the schistosity they either form discs or are elongate 

(rodded) parallel to the hinges of folds formed during the second 

episode of Alpine deformation. Quartz rich layers in the matrix are 

similarly rodded in this. direction (Section 3.42 and Fig. 3.43). More 
angular ideomorphic felspar shaped augen are also observed. Krige 
(1918, pp. 570-574) found that tha more ideomorphic augen were formed 
by microperthite and orthoclase porphyroclasts,ahereas the more rounded 

augen were composed of grain aggregates of sodic plagioclase, ortho-

clase, sericite and quartz. He suggested that these aggregates were 

the products of unmixing of original microperthite and breakdown of 

some of the orthoclase to sericite and quartz in response to deforma-

tion and metamorphism. The augen are set in a matrix of quartz, acid 
plagioclase, white mica and biotite in which white mica is present in 

excess of biotite. Tourmaline occurs sporadically throughout the 

rock as large single crystals several centimetres long or as groups 
of crystals. 
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The gneiss is relatively homogeneous in composition except in the 

vicinity of Hotel Piora where biotite rich and quartzo-felspathic, 

(aplitic?), layers and lenses and other indications of compositional 

banding are observed. Gansser and Dal Vesco (1964.) report the presence 

of quartzite pebbles up to 20 cm. long in the gneiss here and suggest 

that the rock is sedimentary in origin. Krige (1918, pp. 570-574) 
on the other hand considers the rock to be an orthogneiss. I have 

been unable to find any conclusive field evidence in favour of one or 

other of these two hypotheses. 

The contact of the Augen gneisses with the Orange Group gneisses 

is generally transitional over several metres from typical augen bear-

ing gneiss to typical augen free micaceous garnet gneiss. 

2.•42.) The. Orange Group gneisses  

The term Orange Group was coined by Chadwick (1965) to apply to 

a group of orange coloured gneisses which occur along the northern 

margin of the Lukmanier Massif south of the Valle di Lucomagno. These 

gneisses clearly extend into the Val Piora area and here are found. in 

the north of the Massif along its exposed length. 

The Orange Group gneisses are quartz rich micaceous gneisses in 

which white mica occurs as small crystals and biotite tends to form 

porphyroblasts. Small garnet prophyroblasts up to 5 mm. diameter 

are almost always present and porphyroblasts of staurolite, plagioclase 

and less commonly kyanite, hornblende and tourmaline have also been 

observed. 

Compositional banding, formed by the interbanding of more 

quartaose and more micaceous layers• is generally poorly developed. 

Where present segregations of quartz run parallel to the plane of the 

banding. These segregations are almost ubiquitous in the Orange Group 

rocks and in areas in which compositional banding is very poor or absent 

their relationships, to the schistosity, (i.e. whether they are parallel 

to it or cross out it), often provide the only clue for the interpreta-

tion of the age of this structure. 
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2.43)  The Mixed Group gneisses 

The. Mixed Group gneisses form the central and southern part of 

the Lukmanier Massif to the south and west of Piora and outcrop again 

south of the Orange Group east of Passo Comasnengo. The group is 

composed largely of grey coloured quartzo-felspathic gneisses inter-
banded with micaceous gneisses often garnetiferous and similar to 

those that typify the Orange Group. 

The quartzo-felspathic gneisses show a wide range of appearance. 

Some, are well banded, quartz felspar layers alternating with more 

micaceous layers on a variety of scales, whereas others are rather 

homogeneous in composition (the Older Granite gneisses). These latter 

gneisses sometimes contain quartz felspar augen. The augen bearing 

varieties are generally irregularly distributed throughout the group. 

In the central part of the Lukmanier Massif along the eastern margin 

of the area augen gneiss is common however and forms the western 

extension of a large mass of this rock. 

2.44) The. Amphibolites  

Amphibolites are found in both the Orange and Mixed Group gneisses 

as layers and lenses which are parallel to compositional banding in the 

adjacent rocks. They occur as isolated single horizons and particu-

larly in the. Orange. Group in zones in which a number of horizons are 

interbanded with the host gneisses. The amphibolite layers themselves 

often display a fine scale interbanding of light and dark constituents 

(Fig. 2.3). Individual layers Nary from a few centimetres to a few 

tena of metres in thickness. 

Major constituents include hornblende, plagioclase, biotite, 

quarts, calcite and epidotes. Garnet is found in some horizons. 

Rocks composed largely of calcite, quartz, biotite and epidote are 

found interbande.d with many of the amphibolites. They are especially 

common in the west of the Massif. 

The greater number of the amphibolites in the Lukmanier Massif 

have been interpreted by both Krige (1918, pp. 584-586) and Bossard 

(1929 a lp. 88;. 1936, p. 54) as Para-amphibolites. Both authors point 
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Fig. 2.4. 

An intrustion of Younger 
Granite gneiss, of sheet form 
and discordant to composi-
tional banding in the 
surrounding Mixed Group 
gneisses. Note the coarse 
fracturing parallel to the 
weak second generation 
cleavage in the Mixed Group 
gneisses. Road section, 
Altanca-Piora, M.R. 6950415335. 

Fig. 2.3. 

Banded amphibolite, showing 
two generations of coaxial 
fold structures. The earli-
est folds are the first 
generation of structures 
recognised in the Lukmanier 
Massif gneisses. The weaker 
later set are second genera-
tion fold structures (Sections 
3.41, 3.42). Road section, 
Altanca-Piora, M.R. 6943615354. 

;11 

y. 
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to the association with carbonate rocks as an important argument in 

favour of a sedimentary origin. This argument is however not always 

valid. A case in point is the striped amphibolites of Connemara, 

Western Ireland, which are often associated with marbles but which 

have been shown from their chemical trend to be ertho-amphibolites 

(Evans• and Leake, 1960). Only the recognition of sedimentary or 

igneous chemical trends within a group of amphibolites confirms beyond 

doubt the origin of these bodies (Leaks, 1961+; Van de Kamp, 1969). 

2.45) The Younger Granite gneisses  

In the central part of the Lukmanier Massif to the south and west 

of Piora a few small intrusions of granitic composition are found cross 

cutting the compositional banding in the surrounding gneisses (Fig.2.4). 

Their discordant relationship is most clearly seen in the exposures 

along the lower part of the road from Altanoa to Fiore. Contacts with 

the host gneisses are sharp and often sub-parallel and planar suggest-

ing that the intrusions in these places have sheet form. Elsewhere 

however the geometry of the contacts,  is less regular and the form of 

the intrusions uncertain. 

Quarts, microoline, sodic plagioclase, muscovite and biotite are 

the major mineralogical constituents of these rocks. But for the 

appearance of a few felspar porphyroolasts the original igneous textures 

have been completely destroyed by reorystallisation and new mineral 

growth. The felspar porphyroclasts are composed of coarsely inter-

grown microoline and sodic plagioclase and probably represent igneous 

perthites further unmixed by deformation and metamorphism. 

Individual granite gneiss sheets have not been mapped, as they 

are, in volumetric terms, of little importance and because of the 

difficulties involved in attempting to trace them in the poor and 

wooded exposure of this region. 
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CHAPTER III  

THE STRUCTURAL GEOLOGY 

3.1) Introduction 

The structural analysis of the Val Piora area is presented in 

the following manner. Firstly, the geometry and time relations of 

major and minor structures within the individual structural units, the 

Mesozoic cover, the Gotthard Massif, and the Lukmanier Massif are 

discussed (Sections 3.2, 3.3, 3.4). Their deformation histories are 

compared, the important aspects of different deformation episodes 

emphasised and the structural relationships between basement and cover 

outlined (Section 3.5). The significance, in terms of fold mechanism, 

of certain features of the geometry of natural folds is discussed 

(Seotion 3.6), and brief note is made (Section 3.7) of the apparent 

simplicity of the structural patterns produced during the third and 

fourth episodes of Alpine deformation. In conclusion, the history 

of deformation deduced in the Val Flora area is compared with that 

found in adjacent areas by other workers and an attempt is made to 

clarify the regional tectonic picture (Sections 3.8, 3.9). 

The general techniques used in this analysis are as those out-

lined in standard texts (e.g. Turner and Weiss, 1963). The rather 

more specialised techniques applied in the study of fold geometry, 

isogon techniques, have been described by Ramsay (1967). The 

nomenclature is that used or recommended in Ramsay (1967), unless 

otherwise stated. 
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3.2) The Mesozoic cover 

Although the fabric in the basement rocks of the Lower Pennine 

nappes is thought to be of Alpine age (Wank, 1955), pre-Alpine struc-

tures have been described in the rooks of the Gotthard Massif (Steiger, 

1962; Kvale, 1966). It is in order to appreciate the effects, of the 
Alpine deformation alone that the deformation history of the cover is 
considered first. 

Four episodes of deformation are recognised in the cover rocks. 

The structures which have arisen during these deformation episodes and 

their significance in elucidating the deformational history are die-

cussed. below. 

3.21) The first episode of Alpine deformation 

The metasediments of the cover show a well developed foliation*. 

As this structure is usually found to be parallel to compositional 
banding, the question of its origin naturally arises. Does it 

represent original bedding or is it tectonic? The tectonic nature 

of the foliation is convincingly demonstrated by the presence of tight 

to isoclinal folds (Fleuty, 1964a) in compositional banding to which 
it is axial planar (Fig. 3.1). Folds whose limbs are strongly 

attenuated or even ruptured indicate that original compositional 

banding or bedding has not only been repeated by folding, thickened 

or thinned, but also disrupted by planes of discontinuity (Fig. 3.2). 

Compositional banding has in fact been transposed. from one dominant 

orientation to another to form a transposition foliation (Turner and 

Weiss, 1963, P. 92). 
The foliation is characterised by:- 

1) A preferred crystallographic orientation in the plane of the 

foliation of both white mica, which forms the dominant element 

of the planar structure, and biotite. The micas are also 

dimensionally oriented within the plane of the foliation, and 

hence lineated. Minerals of prismatic habit (e.g. kyanite 

* Foliation as used in this text means a planar structure. It does 

not imply a. compositional layering, (cf. Ragan, 1967). 



Fig. 3.1. 	Isoclinal first generation fold. Black garnet schist 
series; Val Flora, M.R. 6969815568. 

Fig. 3.2. First generation folds with strongly attenuated or 
ruptured limbs. Bilnderschiefer; Alps di Lago, 
M.R. 6937515575. 



and epidote) often show a preferred orientation of their longest 

axes in the foliation. In some cases these are also observed to 

be lineated. 

2) A dimensional orientation of non-platy minerals in the plane of 

the foliation. Quarts and calcite exhibit this features  but in 

most cases the dimensional fabric of these minerals has been 

determined by later deformation and/or recrystallisation 

(Section 4.2). 

Folds of first deformation age are uncommon and often distinguished 

with difficulty from coaxial structures of second deformation age (Figs. 

3.3, 3.4). The folds are tight to isoclinal and appear on a variety 
of scales, wavelengths varying from a few centimetres to hundreds of 
metres. 

The geometry of the folded layers is often close to that of pure 

similar or Class 2 folds (Ramsay, 1967, p. 369 and Table 7.3), espeoi-

ally in rocks in which compositional differences reflecting ductility 

contrast between layers are slight. Pig. 3.5 shows the isogon plot 
(Ramsay, 1967, pp. 363-372) for three layers of a first generation 
fold, which may be seen (Fig. 3.3) to be folded coaxially by a second 
generation structure. The layers show little if any compositional 

difference and the isogon patterns for the layers exhibit parallel to 

weakly convergent isogons corresponding to Class 2 to 1.C. geometry 

(Ramsay, 1967, p. 36 and Table 7.3). The slight departure from similar 
geometry, (Class 2 geometry, parallel isogons), may be equated with non-

passive (Donath and Parker, 1964) layer behaviour. This is most 

marked in layers which have a. marked compositional and probably also 

a large ductility contrast with the matrix (Fig. 3.6). 

The well defined stratigraphic units of the authochthonous cover 

of the Gotthard Massif (Section 2.21) allow the effects of the first 

deformation episode to be recognised. The present distribution of 

these stratigraphic units cannot be interpreted as the product of 

folding alone. The isolated occurrences of black garnet schist series 

rocks in the Quartensohiefer, and of Rauhwacke in both the black garnet 

schist series and the Quartensohiefer, indicate that extensive slicing 



Fig. 3.3 Coaxial second generation folds folding first generation structures. 

Black garnet schist series, Alpe Ritom MR.6957715556 . 

Fig. 3•L First generation f old axes. Alpe Ritom, Alpe Piora area. 



Isogons: 0,30, 50,70, 80.° 
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Fig, 3.5 First generation fold with Class 2-1C layer geometry. The fold 

is part of the refolded structure shown in Fig. 3-3. 

Fig. 3.6 Isoclinal first generation fold with buckled quartz-carbonate 

layers in the fold core. Note the shape of the buckled layers, 

pinched inner and rounded outer arcs (Class 1C geometry). 

Black garnet schist series; Val Piora,MR.6969215569. 
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of the cover must also have taken place. This view is further justi-

fied by the disrupted fold structures already mentioned. 

The contact between the allochthonous Pennine and authochthonous 

Gotthard, Massif metasediments, which represents the line of a major 

tectonic discontinuity (Jung, 1963; Baumer, 1964; Frey, 1967), is 

found in the Val Piora area to be approximately parallel to the first 

foliation and therefore appears to be related to this structure. The 

interpretation of this relationship is that the overthrusting of the 

Pennine metasediments onto the authochthonous cover of the Gotthard 

Massif was accompanied in both metasediment series by intensive fold-

ing and slicing, a new foliation developing parallel to the plane of 

the major discontinuity. 

In the region east of Lukmanier the junction of the two meta-

sediment facies is marked by a thin zone of Triassic rooks (Grenstrias 

(Frey, 1967, p. 88)). The Grenztrias is absent in the Va.. Piora area 

(Section 2.22) except for one isolated exposure of Rauhwacke on Alpe 

di Lago. Within the Pennine metasediments themselves however 

Rauhwacke horizons are found, some of which may be interpreted to mark 

tectonic discontinuities of first deformation age. Others are clearly 

related to discontinuities of second deformation age (Section 3.22). 

The prominent Rauhwacke horizon crossing Alpe di Lago and Pso. di 

Camoghe and a Rauhwacke sliver which appears on the south: ridge of 

Camoghe at 2260 metres (cf. Frey, 1967, p. 74), probably mark discon-

tinuities of first deformation age. These horizons are traced with 

difficulty in the southeast face of Camoghe, partly because they 

appear here only as lenses, the southern horizon being much reduced in 

thickness, and partly because they are folded by second generation 

structures. Further to the east the contact between allochthonous 

Pennine and authochthonous Gotthard Massif metasediments is also seen 

to be folded by second structures (Enols. i and 2). 

3.22) The second episode of Alpine deformation 

Folds formed during the second episode of deformation (Fig. 3.7) 

are found on a variety of amiss, wavelengths vary from less than a 
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millimetre to hundreds of metres. The folds have interlimb angles 

which are close to tight, axial surfaces which are moderately inclined 
to upright and fold hinges which are moderately plunging to vertical. 

A rodding structure which parallels the fold hinges is often developed 
in the cores of second generation folds. 

A feature of these folds, and probably of folds in general, is 

their changing geometry. When traced along their axial surfaces they 

change their amplitude and eventually die out. Folds showing this 

feature have been noted before (Ramsay, 1962, Fig. 8; 1967, Fig. 7.12). 

The implications of this variable geometry are that fold axes and axial 

surfaces converge and can be curved. This is discussed further in 

Section 3.6. 

A cleavage is often found sub-parallel to the axial surfaces of 

the second folds. In many cases it is formed by a preferred czystallo-

graphic orientation of both white mica and biotite, which are also 

dimensionally oriented within the cleavage plane and hence lineated. 

The axial plane growth of micas is most clearly seen in thin section 

and can appear relatively poor in the field because of overprinting by 

later mineral growth. In other cases, especially in rocks which are 

rich in mica, a strain slip cleavage is developed or the first folia-

tion is merely crenulated with little sign even in thin section of an 

axial plane orientation of mica. Undoubtedly composition exercises 

a strong control on the type of structure that forms, a feature observed 

in the other tectonic units (Sections 3.32, 3.42). There is little 

tendency for non-platy minerals to be flattened in the axial plane. 

In the main the quartz and calcite dimensional fabrics in folded layers 

and segregations are equidimensional polygonal grain aggregates typical 

of annealing recrystallisation (Voll, 1960; Rest, 1965). Rarely 

segregations or veins appear parallel to, or fanning about, the axial 

surfaces of folded calcareous layers and lenses. The segregations 

are either of calcite and of coarser grain size than the matrix or of 

quartz (Fig. 3.8). 

The overall geometry of the second generation folds closely 

approaches that of the similar fold model, however detailed examination. 



Fig. 3.7. 	Second generation folds. Black garnet schist series. 
Alpe Ritom, M.R. 6956515552. 

Fig. 3.8. Carbonate segregations in the axial planes of second 
generation folds. Black garnet schist series; 
Alpe Ritom, M.R. 6956L15552. 
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of the individual folded layers, both visually and using isogon 

techniques, indicates that these often show either distinct Class 3 or 

i.C. geometry (Figs. 3.9, 3.10). Fanning of the axial surfaces of 

both harmonic and disharmonic high order folds about lower order 

structures and less commonly weakly convergent cleavage fans in Class 

1.C. layers give further evidence for buckling or non-passive layer 

behaviour during the folding process (Ramsay, 1967, p. 404). 

The attitude of second fold axes and axial surfaces has been 

recorded where possible in the cover rocks. Despite the variable 

geometry of second folds both these structural elements are relatively 

constant in attitude within a given sub-area. The direction of plunge 

of the fold axes, varies between northwest and northeast, except in Val 

Leventina where plunges become irregular as the axial surfaces become 

vertical. The axial surfaces dip in a north to northwesterly direction. 

The relevant structural data is summarisedin.Enc1.31  in the sub-area 

stereograms and axial surface/cleavage trend map. 

By recording the symmetry of second folds, together with the 

attitude of the first foliation, the geometry of the major structures 

of second deformation age has been established. Over most of the 

area mapped fold symmetry remains. constant. In Val Levantine north-

erly dipping second fold axial surfaces out consistently across a 

northeasterly dipping first foliation. In Val Canaria the same second 

fold symmetry is observed and found to remain constant across the thin 
strip of Banderschiefer, which is sandwiched. between thick Triassic 

marbles. There is therefore no evidence that this structure, which 

has been interpreted. both as a synform (Griinbanmann, 1888; Krige, 1918) 
and as a fault bounded slice (Bonney, 1890) represents a synform of 

second deformation age. 

The broadly synformal nature of the metasediments of Val Piora 
is generally accepted (Krige, 1918; Gansser and Dal. Vesco, 1964). It 

is proposed to examine the form of this synformal structure more closely. 

Only in the region north and west of Lego Ritom do significant changes 

in second fold symmetry occur. The interpretation of structure in 

this region is shown by the first foliation trend. map (Encl. 2). 



Abnormal limb 

/sogons: 0,20, 40, 60,6  
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Normal limb 

Fig. 3.9 Second generation fold with Class 1C -2 layer geometry. 

Qaartenschiefer;  west end of Logo Ritom, MR. 694 7315468. 

lsogons: 0 ,20, 40, 50.0  

Fig. 310 Second generation fold with Class 1C-2-3 layer geometry. 

Black garnet schist series; Alpe Ritom, MR. 6956515552. 



56 

Considering first the area immediately east of Lago Ritom; there 

is no change in second fold symmetry in the metasediments lying between 

the Triassic marbles bounding the southern margin of the Gotthard 

Massif and the northern margin of the Lukmanier Massif. The symmetry 

of the second folds is the same as that observed in Val Leventina and 

Val Canaria. This situation is also though less obviously the case 

in the much thinned continuation of these metasediments in eastern 

Val Piora. Towards the east second folds become tighter and the angle 

between first foliation and second generation cleavage correspondingly 

reduced, so that the symmetry of structures becomes difficult to 

recognise. Chadwick's interpretation of the metasediments as a 

Phase B (Section 3.8) synformal fold core is however not supported 

by field observations. The lithological and first foliation trend 

maps (Encls. I and 2) show the metasediments in the region north of 

Lego Ritom to be complexly folded. Although changes in second fold 

symmetry occur, nowhere here is the southern limb of a major synform 

seen. Apparent from the trend map is the changing geometry of the 

second folds when traced along their axial surfaces, a feature noted 

in the description of the minor structures. 

Only in the region west of Lago Ritom are traces of the southern 

limb of a major structure found. Passing southwards across the 

prominent Rauhwacke horizon which crosses the Btta. di F8isc, the 

symmetry of the second folds changes sharply (Encl. 2). Somewhat 

further to the south in the cliffs above the western end of Lego Ritom 

the fold symmetry changes once more, again on crossing a thin Rauhwacke 

horizon, which dies out to the southwest (Encl. 2). These sharp 

changes in fold symmetry across Rauhwacke horizons are significant. 

Some Rauhwacke horizons have been shown to mark tectonic discontin-

uities formed during the first deformation; it seems probable that 

others represent similar structures related to the second. This inter-

pretation is strengthened by the fact that the latter horizons are not 

folded by second folds and the fact that they are in many instances 

oblique to first foliation. They appear to closely parallel the 

second cleavage, which suggests that they can be interpreted as marking 

tectonic slides (Fleuty, 1964b). 
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Having established the general pattern of the second deformation 

other structural features lend themselves to interpretation in the 

same way. A number of different slides are recognised both between 

cover and cover and basement and cover. The relevant characteristics 

of the individual structures are summarised below, and in Enclosures 2 

and 3. These structures which are best seen in the relatively well 

exposed region west and south of Lago Ritom cannot all be traced with 

certainty in the poorly exposed. ground further west. 

Cover - cover slides. 

Slide AA' - This slide zone is marked by a Rauhwacke marble horizon 

across which fold symmetry changes. Rocks lying to the north belong 

to the northern limb of the Piora structure. 

Slide BB' - Some few metres below the Rauhwacke• horizon marking AA' 

another parallel but thinner horizon is seen (Encl. 1). This presum-

ably represents the line of another discordance. There is no change 

in fold symmetry across this latter structure. 

Slide CC' - As the previously described slides this structure is 

marked by a Rauhwacke horizon, though only locally. Otherwise it 

coincides with a change in fold symmetry. 

Slide DA' - Although there is no change in fold symmetry, this struc-

ture is suggested, by the flat lying Rauhwacke Quartenschiefer contact 

in the cliffs forming the west face of FOisc, and the form of the 

isolated exposures of black garnet schist series rocks south of the 

summit of FOisc. This slide appears to cut across BE' (Encl. 2) and 

itself to be cut off in the east, as the slides AA', BB' and CC', by 

slide FF'. 

Basement w cover slides 

The attitude of the basement—cover slides differs from that of 

the cover —cover slides in that it is determined by the second cleavage 

in the basement. This is seen to be significantly oblique to that in 

the cover in the region southwest of Lago Ritom (Encl. 3). 

Slide EE' - Along the line of slide BE' a thin slice of cover rocks, 

Rauhwacke marble and basal Triassic quartzite, is found. The arrange-

ment of cover rocks within this slice is not symmetric (Encl. 1) as 
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expected in a fold and the lithologies of the basement not only change 

across the slice but also show minor second folds of the same symmetry. 

Slide FP' - South of the slide DD' the cover rocks appear to be 

folded as a synform in the gneisses of the Lukmanier Massif (Krige, 

1918; Gansser and Dal Vesco, 1964). Closer analysis of the second 

fold symmetry in the cover rocks of this structure show that there is 

no change across. it. A change occurs at the cover-basement contact 

and at the continuation of this contact within the basement. This 

relationship can be interpreted by a slide at the cover-basement 

contact. 

Slide GG' - In the area east of Lago Ritom the contact of the 

Lukmanier Massif with the cover has-been interpreted as a slide. The 

slide zone is marked by the Rauhwacke marble horizon (Encls. 1, 2 and 

3). This interpretation is based on the following observations. The 

contact is closely parallel to the second cleavage in the basement 

(Encl. 3) and is not folded along this part of its length by second 

structures (cf. Chadwick, 1965, 1968). The overall symmetry of the 

second folds appears to change on passing from cover to basement. 

This slide is probably continuous with AA'. 

Other slide structures observed. between the Lukmanier Massif and the 

cover at the western termination of the Massif are discussed later 

(Section 3.42). 

Slide HH' - The contact between the Gotthard Massif and the cover 

is interpreted as a slide in the same way as that between Lukmanier 

Massif and cover. The slide zone is in this instance marked by a 

thick Triassic marble horizon, which is noticably discordant to folia-

tion in the Quartenschiefer and black garnet schist series rocks in the 

region to the north of Lago Ritom, and is not folded by second folds 

(Encl. 2). East of Alpe. Piora the marble marking the slide sone is 

probably in contact with marble, hence the increase in thickness to 

the east, and the contact between marble and Quartenschiefer is 

probably stratigraphio (Encl. 3). 

Two wedges of cover rocks are found in the Lukmanier gneisses 

on the south side of Lago Aitom. These are not clearly interpreted 
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as infolds of cover in folded basement, as folds of cover in basement 

determined by block movements in the basement or as slices of cover 

in basement arising from sliding of basement and cover. In view of 

the discussion above, it seems likely that sliding has played an 

important part in their development, and also probably accounts for 

much of the lithological complexity of the basement rocks surrounding 

them (Encls. 1 and 2). 

The effects of the second episode of deformation on the cover rocks 

can be summarised. The metasediments in Val Piora cannot be considered 

to form a simple reclined synform between the Gotthard and Lukmanier 

basement gneisses. The southern limb of such a structure is either 

missing (east of Lago Ritom), or intensely modified by tectonic sliding 

(south and west of Lago Ritom), which involves both basement and cover. 

In the eastern extension of this structure in Val Canaria only elements 

belonging to the northern limb are recognised. The northern contact 

of the Piora structure with the Gotthard Massif has also been shown 

to be determined by a slide. Second folds in the metasediments of 

Val Leventina have consistently the same sense as those on the northern 

limb of the Val Piora structure. 

3.23) The  third episode of .Alpine deformation  

Linear mineral fabrics are well developed in both the cover and 

basement rocks of the Val Piora and adjacent areas (Steiger, 1962; 

Higgins, 1964.b; Chadwick, 1965; Kvale, .1966). 	In sections 3.21 and 

3.22 it has already been noted that micas lying within the first and 

second generation foliation planes are dimensionally oriented and hence 

lineated. These lineations are sub-parallel to one another, but 

generally oblique to second fold axes and cannot be explained by inter-

section of the two foliations. Other micas, which grow across first 

and second planar structures, are also lineatad; they show a complete 

girdle or L. tectonite fabric (Flinn, 1965) and are dimensionally 

oriented parallel to the girdle fabric axis. This axis,  is also 

generally oblique to the second fold axis but is close in orientation 

to the other lineations and therefore to the first and second folia-

tion planes. The complete girdle fabric is often well demonstrated 



6o 

by porphyroblastic biotite crystals and can usually be identified in 

the field. In the case of white mica it can only clearly be recognised 

in oriented thin sections. 

The development of the L. tectonite fabric is variable, even on 

the scale of a thin section, and depends on the degree to which pre-

existing fabrics have been destroyed by recrystallisation and the 

growth of new minerals. The linear fabrics are not confined to micas. 

Ilmenite, which is of platy habit, shows an L. tectonite fabric and 

kyanite a preferred orientation of c axes. 

There is good evidence that these lineations represent extension 

directions. Quartz pressure shadows are elongate and mineral aggregates 

streaked out parallel to them. In areas adjacent to Val Piora they 

have been shown to record the X axis of deformed objects (Higgins, 

1964b, Chadwick, 1965). 

With due regard to the effects of later folding and slumping all 

the linear mineral fabrics have a remarkably constant north-south 

orientation throughout the area (Encl. 6). 

Flinn (1965) has argued that the shape of the deformation ellip- 

soid should be reflected in the mineral fabric. Thus, rocks which 

have suffered pure constrictional deformation (k =a)) can be expected 

to have complete girdle mica fabrics (L. tectonite fabrics), rocks 

which have undergone pure flattening (k 0), planar mica fabrics 

(S. tectonite fabrics) and rocks which have suffered an intermediate 

type of deformation ((..ij :',-sk> 0), partial girdle fabrics (LS. tectonite 

fabrics). These fabrics appear in the field as the structural elements: 

lineation, schistosity, and lineation together with schistosity. 

Flinn's analysis becomes more complicated in naturally deformed rocks 

which have suffered polyphase deformation. In this case the total 

tectonic mica fabric (this excludes elements of the total fabric 

resulting from static growth and/or recrystallisation) is in general 

made up of a number of part fabrics, developed to varying degrees and 

formed during separate episodes or increments of deformation (e.g. in 

the Val Piora area, first foliation, second foliation and the L. tec-

tonite mica fabric). Early part fabrics are of course modified and 
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in some instances destroyed by later episodes of deformation which 

have been accompanied by recrystallisation and/or new mineral growth. 

How then are the mica lineations within the .first and second 

foliations in the Val Piora rocks to be interpreted. Are they 

features of the original first and second part fabrics or have they 

arisen through modification of these original part fabrics by later 

episodes of deformation? There are three possible interpretations 

that can be made:- 

1) The mica lineations within the first and second foliations, formed 

at the same time as their respective planar structures, are of 

different ages. Both first and second foliation lineated micas 

are older than the L. tectonite mica fabric. 

2) The mica lineations within the first and second foliations are 

modifications of these foliations, arising from a later episode 

of pure constrictional deformation which gave rise to the L. 

tectonite mica fabric. Thus they record the (2D) principal 

extension directions, X' directions, within the first and second 

foliation planes. 

3) The mica lineations within the first and second foliations were 

formed at the same time, during the second episode of deformation. 

The L. tectonite mica fabric developed during a later, third, 

episode of deformation. In this case, the second foliation can 

be assumed to represent the XY plane of the second episode strain 

ellipsoid and the mica lineation within this plane therefore 

records X (the 3D principal extension direction of this 

ellipsoid). The lineation within the first foliation represents 

the (2D) principal extension direction XI within this second 

generation folded surface. 

The first of these possibilities requires that folds of second 

deformation age should fold an earlier linear mica fabric. There 

is no evidence for this and therefore the hypothesis is rejected. 

The other two hypotheses will now be examined by considering the 

geometric consequences of imposing a strain on a set of earlier planar 

structures. 
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Flinn (1962) has shown that the (2D) principal direction's of 

strain within a plane of any orientation in relation to the (3D) 

principal axes of the strain ellipsoid may be found simply by the 

Fresnel construction. For a set of planes of differing orientation 

related to a common axis the loci of the (2D) principal directions 

within these planes give rise to (2D) principal direction curves. In 

Fig. 3.11a (2D) principal direction curves have been constructed for 

values of 21ix  = 0 degrees and 2Vx=140 degrees for a set of planes 

related to a. common axis, which lies at 60 degrees to X in the XY 

plane of the strain ellipsoid. The choice of these particular values 

will be justified in the further discussion. It is seen from the loci 

of X' (the polar (2D) principal direction curve, which also contains 

X and the common axis of the planes), that in the case where 

216c  = 140 degrees, X' rotates in planes of increasing angular depar-

ture from X or the XY plane, initially rapidly towards, the common 

axis. In the case where 21Ix  = 0 degrees the angular difference 

between the common axis and X' is initially retained. This observa-

tion forms the basis for the further interpretation of the origin of 

the mica lineations observed in the Vel Piora rocks. 

The magnitude of X' (also Z', X' /Z') depends both 

of the ellipsoid (X/Y, VZ) and the orientation of the 
ing X' (and Z') within the ellipsoid. Thus, as X' 
the fold axis in successive planes (Fig. 3.11a), it 
magnitude. Though at X it is a direction of extension it may become 

a direction of contraction. The behaviour of X' (and Z') is deter-

mined by the lines of no finite and no infinitesimal strain of the 

strain ellipsoid (Flinn, 1962, p. 403-407). In the following dis-

cussion X' is considered always as the direction of greatest extension. 

This is not unreasonable in planes with small angular difference to 

X and the XY plane. 

It has been noted that the mica lineations (X' principal direc-

tions) within the first and second_ foliation planes, which may be 

considered to form a set of planes of restricted orientation about 

the second fold axis, do not differ greatly in orientation from one 

on the shape 

plane contain-

rotates towards 

changes its 
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Fig. 3.11a. 	(2D) principal direction curves (X', polar 
principle direction curve and Z', equatorial 
principle direction curve) for a set of planes, 
related to an axis at 60 degrees to X in the 
XY plane of the ellipsoid, constructed for 
values of 2Vx  = 0 degrees and 2Vx  =- 140 degrees. 
The curves are symmetrical across the XY plane 
and are only illustrated for half the possible 
planar orientations in each case. 

Fig. 3.11b. Partial X' (2D) principle direction curves for 
values of 2Vx  = 0 degrees and 2Vx  = 110 degrees, 
reconstructed to 'fit' the Piora situation. 
The second generation fold axis (F.A-) lies at 
30 degrees to Y in the XY plane of the ellipsoid. 
X' principle directions in planes covering the 
general range of planar orientations observed 
in much of the Val Fiore area are illustrated. 
If these directions determine the orientations 
of the mica lineation observed in the plane 
of the first foliation, then in the case 
2Vx  = 0 degrees the measured orientations of 
the mica lineation should plot as a group 
distinct from the second fold axis, whereas 
in the case 2Vx  = 140 degrees they will plot 
as a group spreading between X and the second 
fold axis. Comparison of this Fig. with 
Encls. 3 and 6 shows that the former case, 
2Vx  = 0 degrees, is realised. 
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another or from the axis of the L. tectonite mica fabric. Angular 

differences between the lineations and the second fold axis are 

retained. This pattern of X' (2D) principal directions conforms with 

that predicted when the axis of the L. tectonite mica fabric is inter-

preted as the X axis of a strain ellipsoid whose 21& = 0 (Fig. 3.11a 

and b) and hence an ellipsoid of pure constrictional (k =c), type 
(cf. Fig. 3.12). The second of the hypotheses outlined above, that 

the mica lineations within the first and second foliations are modifi-

cations of these foliations produced by a later episode of pure con-

strictional deformationlis therefore a geometric possibility. 

The, third hypothesis outlined above, that the mica lineations 

within the first and second foliations were formed at the same time 

during the second episode of deformation, will now be examined. If 

the second foliation represents the XY plane of the second episode 

strain ellipsoid and the mica lineation within this surface defines 

the. X direction of this strain, the orientations of the X' (2D) 

principal directions in folded first foliation surfaces can bedeter-

mined for different values of 2Vx. The formation of a foliation with 

a lineation (LS. tectonite fabric) during the Second epibode of 

deformation suggests that the strain ellipsoid, which gave rise to 

this fabric, had an intermediate k value (Flinn, 1965) and hence for 

a. moderate amount of strain a large 2Vx  , (Fig. 3.12). The case 

2Vx  = 14.0 degrees has been discussed and the rapid rotation towards 

the common axis of the X' (2D) principal directions in planes of 

increasing angular difference to the XY plane of the ellipsoid noted 

(Fig. 3.11a and b). A marked divergence is then to be expected 

between the X (3D) principal direction in the second foliation 

(second fold axial plane) and the X1  (2D) principal directions in 

the first foliation (second fold limbs), where an angular difference 

exists between these surfaces and where their common axis (second 

fold axis) lies oblique to X. No such divergence is observed in 

the Val Piora rocks and on this basis this interpretation of the mica 

lineations is considered to be untenable. 
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Fig. 312 Flinn's deformation plot Note the modified terminology; 

ellipsoid axes, X>Y>Z . 	'angle between X and the pole 

to a circular section. 
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Flinn (1962, p. 404) has pointed out that the principal directions 

within a plane are directions of potential fold hinges or boudinage 

axes. If the hypothesis of pure constrictional deformation (k =045) 

is accepted, then the X' (2D) principal direction will be an axis of 

folding during progressive deformation and the Z' (2D) principal direc-

tion either an axis of folding or boudinage (Flinn, 1962, p. 408). 

For planes containing X or at a low angle to X (as in the rocks of 

the Val Fiore area) the Z' (2D) principal direction will be an axis 

of boudinage. 

Folds whose axes are parallel to the mica lineations are found 

within the area. Their occurrence is rare; they are confined to 

rocks rich in mica with a well developed planar structure. Wave-

lengths and amplitudes are in the centimetre to millimetre range and 

axial surfaces are sub-vertical and sub--perpendicular to first 

foliation. Boudinage structures with axes sub-perpendicular to the 

mineral lineation (i.e. sub-parallel to Z') also exist. However, 

these appear in most cases to be later than the mineral lineation, 

(Section 3.24). There is therefore evidence for the fold if not the 

boudinage structures which might be expected to result from a pure 

constrictional deformation. 

In the analysis of the mica lineations only the total strain 

relating to the third (L. tectonite mica fabric forming) episode of 

deformation has until now been considered. There has been no discus-

sion of the strain history. It is possible to develop a strain 

ellipsoid by a multitude of different strain paths and it is certain 

that rotational strain is an important quantity in natural deformation. 

In general the determination of the rotational component in naturally 

deformed material is impossible as initial orientations are unknown 

(Chapple, 1968). Evidence for a rotational component may however be 

obtained where rotations* shown by rigid particles, for instance snow-

ball garnets, exceed 90 degrees (Section 5.8). 

* Differential rotations of particles and their matrix. 
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Study of the relationships between deformation and mineral growth 

(Section 4.2) has shown that snowball garnets grew and rotated during, 

the third episode deformation, which also gave rise to the mica 

lineations. Rotation axes appear to have remained constant during 

growth and sub—perpendicular to the mica lineations. Rotations of 

up to 160 degrees are observed. In some cases rotation has taken 

place after growth and can be attributed to the effects of the fourth 

episode of deformation (Section 3.24). The sense of rotation is 

constant throughout the area both in the cover and basement rocks. 

Certain observations have been made which place restrictions 

on the third episode rotational strain path. 

In the discussion above reference has been made to the role of 

(2D) principal directions in different planes, in determining the 

directions along which structures are generated. During progressive 

deformation these directions in general change as the plane containing 

them changes, in attitude. The structural movement paths* of the 

principal directions and those of the structures (fold hinges and 

boudinage axes) generated at them in general diverge (Flinn, 1962, 

p. 408; Ramsay, 1967, pp. 174-177). However, poles to planes and 

structural directions contained by symmetry planes of the ellipsoid 

will remain in these symmetry planes during progressive irrotational 

deformation. Under these conditions structural movement paths of 

principal directions and structures will coincide. (For uniaxial 

ellipsoids, k =00 and k = 0, all planes containing the unique 

symmetry axis are planes of symmetry (Flinn, 1962, p. 407)). Where 

the strain is rotational the structural movement paths only coincide 

when the plane containing the principal directions also contains the 

axis relating successive increments of rotational strain. This axis 

must in turn be coincident with one of the principal axes of both the 

finite and all the incremental strain ellipsoids. This point may be 

* The paths taken by planar (foliations) and linear elements (fold 

hinges, boudinage axes and (2D) principal directions) in moving 

from their initial to their final orientations during progressive 

deformation. 
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illustrated by considering (3D) simple shear, in which successive 

increments of rotational strain are related by a rotation about the Y 

principal strain axis. The structural movement paths will be coincident 

only in planes which contain the Y principal strain axis of the finite 

and all the incremental strain ellipsoids. 

The fact that the crystal rotation axes remain constant, that the 

form of the pressure shadows is not sigmoidal, and that fold axes are 

found parallel to the mineral lineation, suggests that the structural 

movement paths were approximately coincident during the third episode 

of deformation (i.e. the principal directions remained constant in 

attitude within the planes throughout deformation). 

The restriction placed on the deformation path therefore is that 

structural movement paths should be approximately coincident and that 

the third episode strain ellipsoid should be of pure constrictional 

(k = CO) type. For the perfect coincidence of structural movement 

paths during rotational deformation the possible orientations of planes 

in relation to finite and incremental strain axes is extremely limited 

(i.e. in the case of 3D simple shear, described above). However, 

where orientations are less specific, it is probable that structural 

movement paths will coincide approximately for certain conditions of 

strain. Thus where successive increments of rotational strain are of 

a pure constrictional type and related by an axis of rotation in the 

ZY plane of the ellipsoid, structural movement paths will be approxi-

mately coincident for planes whose intersection with the ZY plane is 

close to the axis of rotation. The superposition of strain increments 

of this type in the manner outlined above does not lead to a finite 

strain ellipsoid of pure constrictional. type (k =00) (Fig. 3.13a)• 

To achieve a pure constrictional finite strain successive increments 

are necessarily constrictional strains, of the type, CO >k> 1 ,and 

the Y axis, is the axis of rotation relating these increments. It 

should also be noted,that as the angle between the finite and incremen-

tal strain axes diverges successive increments must necessarily have 

progressively decreasing k values (Fig. 3.13b). The postulated 

relationships between the third episode total strain and incremental 
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Fig. 3.13. 	The Flinn plot (Fig. 3.12), is used diagrammatically 
to illustrate how superposition of different strain 
increments during progressive rotational deformation 
can influence the strain path. Successive increments 
are related by a rotation about the Y principal strain 
axis. In 3.13a increments are of pure constrictional 
type (k =00), whereas in 3.13b though the initial 
increment is pure constriction and the finite strain 
is pure, constriction successive increments are dis-
similar and show progressively decreasing k values. 

Fig. 3.14. Postulated relationship between the third deformation 
finite and incremental strain axes ( Xf, Yf, Zf  and 
Xi,Y1,Z1), the principal directions of strain in the 
plane of the first foliation (X' and. Z'), the mineral 
lineation, the crystal rotation axes and the sense of 
crystal rotation, the pressure shadows and the third 
generation folds which parallel the mineral lineation. 
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strain axes and the different structures produced during the third 

deformation are summarised in Fig. 3.14- 

The general absence of structures of third deformation age (folds 

are rare and boudinage structures which are indisputably of this age 

absent) suggests that while the body rotation component of the third 

episode strain may have been large, the distortional component may 

have been small. This apart, the conditions of rising temperature 

under which deformation took place (Section 4.5) may have had the effect 
of reducing ductility contrasts so that significant amounts of strain 

were accommodated homogeneously. 

3.24) The fourth episode of Alpine deformation  

Only minor fourth generation folds, with wavelengths varying from 

less than a millimetre to a. few metres are found in the cover rocks 

(Fig. 3.15). These folds are typified by interlimb angles which are 

close to open, axial surfaces which are moderately to gently inclined 

in a north-northeasterly direction and fold hinges which are sub-

horizontal to gently plunging east or west (Encl. 6). Fourth folds 

show changing geometry, when traced along their axial surfaces; fold 

hinges and axial surfaces often appear gently curved. 

There is seldom an axial plane cleavage associated with these 

folds; however, in those cases where there is, it is always of strain 

slip type. Rest (1965, p. 89, Fig. 4) has suggested that the come-

positional variation of quartz and mica which reflects this type of 

structure arises from the preferred regeneration of mica in the zones 

of maximum flexure of orenulations. Rickard (1961) and Nicholson 

(1966) on the other hand consider that the basis for this compositional 

variation is the solution of quartz and preferred migration of silica 

as opposed to alumina (or more strictly mica forming components) from 

the orenulation limbs to the crenulation hinges. It is possible in 

the rocks of the Val Piora area to observe strain slip cleavage at 

all stages of development and it is apparent that little if any new 

mica has been generated (Fig. 3.16). The structure, in this case at 

least, has arisen in the manner suggested by Rickard and Nicholson. 

A thermodynamic basis for preferred migration has been established 



Fig. 3.15. 

Fourth generation folds. 
Quartenschiefer, Costa Giubin, 
Val Piora; M.R. 6985215543. 

.4"..";%* 
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Fig. 3.16. Photomicrograph of fourth generation crenulations. Note 
the concentration of quartz in the crenulation cores. 
There is no evidence of the formation of new mica. 
Quartenschiefer, La Motta. (x 12). 
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(Gresens,1966a) and Carmichael (1969) has put forward convincing 

arguments for the relative immobility of alumina in relation to silica. 

The zones of alumina concentration which arise on the crenulation limbs 

may subsequently form the loci for recrystallisation of mica and for 

the preferred nucleation of alumina rich minerals (Section 4.2, Fig. 

4.3). Ramsay (1967, p. 388) has suggested that the spacing of the 

crenulations is controlled by the initial wavelength of buckled com-

petent layers in the sequence and the amount to which this wavelength 

has been modified by later compressive strain. The positions of 

crenulations may also be governed by porphyroblast minerals and in 

this case the spacing is dependent on the size and concentration of 

these minerals (Fig. 3.17). 

Although the overall geometry of fourth folds approaches the 

similar fold model the geometry of individual layers departs from 

true similar more obviously than with those making up second folds. 

The fourth folds are made up of Class 1.C. and 3 layer associations. 

The geometry of folded pelitic layers, (kyanite-epidote rich layers) 

in the Quartenschiefer rocks is particularly close to that of pure 

buckle folds (Fig. 3.18). The buckles are often disharmonic and have 

shapes, which are reminiscent of the elasticas, frequently shown by 

ptygmatic veins, indicating a large wavelength/thickness ratio and 

hence a large ductility contrast between the layer and its matrix 

(Ramberg, 1960, 1961). The more obvious buckling behaviour of these 

layers during the fourth episode of deformation, relative to that 

during the second episode of deformation, reflects an increasing duc-

tility contrast between the layers and their matrix arising from meta-

morphia mineral changes within the layers (growth of kyanite and 

epidote) between the episodes of deformation. 

Fourth folds deform the third episode mineral lineations. 

Measurements of the locus of this folded lineation show that it 

approximates to a great circle (Fig. 3.19).. Ramsay (1960; 1967, 

PP. 469-482) has shown the great circle type of locus, to be a charac-

teristic of similar folding. Where a non-similar or buckling 

component is present in the fold. formation departures from a great 



75 

Fig. 3.17. Photomicrograph of pre-tectonic garnet prophyroblasts 
influencing the positions of crenulations. The example 
is taken from bukmanier Massif and the crenulations are 
probably of second deformation age. Orange Group gneiss 
Sotto Nante, M.R. 6906215310. (x 15)0 

Fig. 3.18. Fourth generation structures showing disharmonicaily 
buckled kyanite—epidote layers. Quartenschiefer„ Costa 
Giubin, Val Piora; M.R. 6981315541. 
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Fig. 3.19. Relationship between the deformed lineation locus, 
the fourth generation fold axis and axial plane 
and the 'a' direction. If the fourth fold axial 
plane represents the XY plane of the ellipsoid 
and the fold axis coincides with the. Y principal 
strain axis then X is found to be approximately 
coincident with 'a'. Also apparent is the 
small angular difference, 6C, between the Z axis 
and the lineation locus plane. Typical example 
of lineation deformed by a fourth generation fold. 
Banderschiefer. VA1Leventina, M.R. 6947515172. 
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Fig. 3.19. 
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circle locus are to be expected. The recognition of non-similar layer 

geometry above is indicative of such a component in some layers at 

least. 	'a' shear directions (Ramsay, 1960; 1967, p. 1+72) have been 

calculated. from a small number of folds by finding the great circle 

plane of best fit to the deformed lineation locus. The calculated 'a'  
directions plunge gently north-northeast or south-southwest (Encl. 6). 
There is some difficulty in equating the non-similar layer geometry of 

fourth folds with the great circle lineation pattern which is a 

characteristic of lineations deformed by pure similar folds. This 

observation is not unique to the fourth generation folds in the Val 

Piora area, but seems to be a general one in the sense that in many 

areas, great circle loci appear to be associated with folds which are 

not truely similar. In these circumstances the exact meaning of 'a' 

becomes. uncertain. It is probably also the case that the tendency 

exists to 'fit' lineations to great circle patterns, where in fact 

they show departures from this. pattern, because methods of field. 

analysis are inadequate to demonstrate such departures. 

The aerial distribution of fourth folds is of interest. They 

are well developed in regions in which first and second foliations 

are steeply dipping. In regions where dips are less than 50 degrees 

they are uncommon. The significance of this observation is discussed 

below. 

Both symmetrical and asymmetrical boudinage structures are found 

in the cover rocks. They are however not particularly common. 

Whereas the formation of symmetrical structures can be explained by 

tensional failure on planes at approximately 90 degrees to layering, 

asymmetric structures appear to be caused by shear failure on planes 

inclined to layering (Section 5.44). The age of the boudins clearly 

postdates both the first and second episodes of deformation, as 

structures of these ages are boudinaged (Fig. 3.20). The axes of 

boudinage structures plunge gently east or west and are sub-

perpendicular to the third episode mineral lineation (Encl. 6). 
Although this might suggest that the two structures are related, 

especially as the lineation is interpreted as an extension direction, 

the lineation is found to be deformed by the boudinage structures. 



Fig. 3.20. Boudins of fourth deformation age deforming first 
generation isoclinal folds. Bunderschiefer; western 
and of Lego Ritom, M.R. 6945515468. 



80 

The character of cavity fillings of boudins can be a. useful 

indicator of age. Apart from quartz, carbonate, white mica, chlorite 

fillings indicative, of late metamorphic conditions, quartz-kyanite 

fillings are observed. Although kyanite occurs as a lineated mineral 

most kyanite growth appears to have taken place after the third 

episode of deformation (Section 4.2). Therefore the boudinage struc-

tures probably also formed after the third and during the fourth 

episode of deformation. 

Because of the progressive nature of deformation both planes and 

lines rotate. Directions within planes which are initially shortened 

may suffer later elongation (Flinn, 1962, p. 402-403). Within the 

finite strain ellipsoid three distinct fields of behaviour can be 

recognised: 

1) The field of continuous shortening. 

2) The field of continous elongation. 

3) The field of shortening and later elongation. 

These three fields of behaviour represent different structural 

regimes corresponding to: 

1) The field of folding only. 

2) The field of boudinage only. 

3) The field of initial folding and later boudinage. 

This has been illustrated for the simple irrotational and 

rotational strains, pure shear and simple shear (Ramsay, 1967, 

pp. 114,120). 

Fourth folds are best developed in regions where the first and 

second foliations are steeply dipping (e.g. in Val Leventina and 

eastern Val Fiore). Boudinage structures, though found. in associa-

tion with fourth folds, are found only where the earlier planar 

structures are moderately dipping. These observations suggest that, 

with respect to the fields of behaviour discussed above, the steeply 

dipping planar structures fall in the field of continuous shortening 

and the moderately dipping planar structures in the field of initial 

shortening and later elongation. This interpretation is supported, 

when the attitude of the planar structures is considered in relation 
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to the orientation and nature of the fourth episode strain ellipsoid. 

There is no direct evidence (fabric) which allows determination 

of the orientation and shape of the fourth episode strain ellipsoid. 

Any deductions about these features must be based on the interpretation 

placed on the fold and boudinage structures. 

If the axial surfaces of the fourth folds are considered to define 

the orientation of the XY plane of this ellipsoid (cf. Cloos, 1947) 

then to define the orientation of the ellipsoid fully the X axis 

within this plane must be known. 

The observation that fourth fold axes in the cover rocks are often 

sub parallel to fourth generation boudinage axes (this is much more 

clearly seen in the Lukmanier Massif in eastern Val Fiore) suggests 

that the layering had a specialised orientation to the (3D) principal 

strain axes during the fourth episode of deformation. Flinn (1962, 

p. 407) has shown that an axis of folding may become an axis of 

boudinage during progressive irrotational deformation, where the 

structural movement paths, of the (2D) principal directions within a 

plane and the structures generated at them remain coincident (i.e. 

where the pole to the plane is contained by a symmetry plane of the 

ellipsoid). For a general type of strain (0 < k4c00) this implies 
that the plane contains one of the (3D) principal strain axes Z, Y 

or X. With regard to the development of potential structures, if 

Z or X lie in the plane of the layering and are axes of folding 

which become axes of boudinage, then the (2D) principal direction at 
right angles to Z or X in the layering will be respectively either 
an axis of continuous shortening or an axis of continuous elongation 

during progressive deformation. If however Y lies in the plane of 

the layering the (2D) principal direction at right angles to Y in the 

layering will be an axis of continuous shortening, where k-> 1 0  an 

axis of continuous elongation, where Ic<11  or an axis of no structure, 
where k = 1 . The absence of structures parallel to this potential 

structural axis suggests the last of these possibilities, and hence 

that the strain during the fourth episode of deformation if irrota-

tional, approximated to pure shear (k = 1). 
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'a' directions determined from mineral lineations deformed by 

fourth folds in the Val Leventina area show a mean orientation approxi-

mately at right angles to the fourth fold axes, the postulated Y axis 

of the fourth episode strain ellipsoid. They are hence approximately 

coincident with the X axis of the ellipsoid (Fig. 3.19). 

Where a homogeneous flattening component is involved in the 

folding process the deformed lineation locus will rotate towards the 

YZ plane of the ellipsoid irrespective of the manner in which the 

lineation locus is. generated. (cf. Ramsay, 1967, Chapter 8). In the 

case of fourth folds, over which the plane containing the lineation 

locus has been determined, the angular difference between Z (normal 

to axial surface) and the locus plane is small as is the angle between 

X and the locus plane ('a' and X are approximately coincident (Fig. 

3.19)). Therefore with due regard to the possible effect of a 

homogeneous flattening component, the initial position of the locus 

plane and hence of X during the third episode of deformation (seen 

as the deformed mineral lineation) must have been close to the XZ 

plane of the fourth episode strain ellipsoid. The high angle between 

the fourth episode Y axis and the deformed lineation locus and hence 

between the fourth fold axis and the lineation before deformation, 

goes some way to explaining how an approximate great circle locus can 

be produced by folds which are not truely similar. As the lineation 

before deformation approaches a position at right angles to the fold 

axis, so the deformed lineation pattern produced by a pure buckle 

fold. (small circle pattern) approaches more closely that produced by 

a pure similar. fold (great circle pattern). In the limit, where the 

lineation is at right angles to the fold axis, the deformed lineation 

pattern is an identical great circle for both fold mechanisms (Ramsay, 

1967, Figs. 8.4. and 8.8). 

From the manner in which increments of rotational strain were 

added during the third episode of deformation (Fig. 3.14), it is 

apparent that successive increments of rotational strain will have 

approached more closely both in orientation and relative shape (k value) 

the fourth episode strain ellipsoid.. This suggests that the third and 

fourth episodes of deformation were intimately related, if not continuous. 
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3.3) The Gotthard Massif  

The history of deformation of the Gotthard. Massif has features 

which are similar to that of the cover. Four episodes of deformation 

are recognised of whioh the latter three have equivalents in the cover. 

The first episode of deformation is considered to be of pre-Alpine 

(Hercynian) age. There is no equivalent in the Gotthard gneisses of 

the first episode of Alpine deformation in the Mesozoic cover. 

The basis for this interpretation of the relationship between the 

deformation history of basement and cover rests essentially on two 

points. Firstly in terms of the major tectonic subdivisions of the 

Alps, the Gotthard. Massif belongs to the Zone of Ekternal Massifs, 

which are recognised to be relatively unmoved blocks of basement in 

comparison to the basement and cover rocks in the Lower Pennine Zone 

to the south. The Gotthard Massif has not therefore suffered the 

major translative nappe forming movements characteristic of the first 

episode of Alpine deformation. Secondly, the most important tectonic 

structures which involve Gotthard basement and cover correlate with 

the second deformation of the cover. Indeed, where the authoch-

thonous cover (Baumer et al, 1961) is found unoonformably in contact 

with the Gotthard Massif there is no evidence of movements earlier 

than second episode of Alpine deformation, which affect this 

unconformity. From the observations of Baumer et al (1961), Baumer 

(1964) and Frey (1967) it is apparent that a decollement exists in 

the Mesozoic cover and that below this d‘Collement the effects of the 

first episode of Alpine deformation are not observed. 

3.31) The pre Alpine (Hercynian) episode of deformation  

The most striking structural element in the rocks of the Gotthard 

Massif is a penetrative foliation. This planar structure is presum-

ably of tectonic origin as it is axial planar to folds in compositional 

banding. These folds are tight to isoclinal (Figs. 3.21, 3.22) so 

that in general foliation is observed both on a small and a large 

scale to be sub-parallel to compositional banding (Bnols. 1 and 4). 

The geometry of folded layers in minor folds of this age often 

approaches that expected in similar or Class 2 folds (Figs. 3.21, 3.22). 

Some Layers, whioh in view of their composition are probably markedly 



Fig. 3.21. First generation isoclines in the banded amphibolites of 
the Corandoni zone. Lego dello Stabbio, M.R. 6979815715. 

Fig. 3.22. First generation isocline in a banded amphibolite of the 
Corandoni zone. Note the random orientation and size 
of the hornblende porphyroblasts (scale inches). 
Basso del sago Oacuro, M.R. 6965315723. 



Fig. 323 First generation folding of 

quartz° - felspathic layers in the 

Sorescia gneiss. The Class 1C 

geometry of these folded layers 

is clear (Fig. .3.23b). Lago di 

De n tro, M.R.6992515670. 
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(a ) 

Isogons: 0,40, 60,807 

(b) 
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less ductile than their matrix, show clearly Class I.C. geometry 

(Figs. 3.23a and b). 

The first foliation is characterised by a preferred orientation 

of micas, white mica usually being the dominant element of the planar 

structure and better oriented than biotite. Micas lying within the 

foliation plane are non -equant and lineated. Quartz grains are often 

"flattened" or dimensionally oriented in the plane of the foliation 

(Section 4.3). 

A pronounced rodding in the Streifengneiss has been described by 

many authors (Krige, 1918; Huber, 1943; Steiger, 1962; Chadwick, 

1965; Kvale, 1966). Huber (1943, p. 135) describes it as a 

b-teotonite fabric, Steiger (1962, p. 577) infers that it is an 
intersection lineation as it is parallel to fold mass in the Prato 
series and Corandoni zone and Kvale (1966, p. 68) describes it as the 
B axis of quartz and mica fabrics in rocks unaffected by the Alpine 

movements. The rodding (Fig. 3.24), which is an elongation of 
quartzo -felspathic material, has been found in this area to occur at 
the intersection of the first foliation described above and an earlier 

planar structure. Exposures in which both planar structures are 

developed are few, as the earlier one has been largely transposed. 

This interpretation of the rodding in the Streifengneiss is supported 

by the parallelism of the rodding to fold axes and intersection 

lineations (Fig. 3.25) in the adjacent Guibine series and Corandoni 

zone gneisses. A rodding structure, which is similar but rather 

less clearly developed, is sometimes found in the Sorescia series 
gneisses. 

The attitude of the first foliation, and fold axis, rodding or 

intersection lineation has been recorded (Encl. 4). The foliation 

is found to be extremely constant in attitude throughout the area 

mapped, particularly in the Streifengneiss. In the other gneiss 

series the greater local variation is both a function of their inhomo, 
geneity and the fact that the gneisses forming the cliffs marking the 

southern margin of the Gotthard Massif are to some extent slumped, 

dips being generally less than in underground workings (Steiger 1962, 
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Fig. 3.24. Quartz-felspar rodding in the Streifengneiss. 
Val Cadlimo, M.R. 7019069790. 

Fig. 3.25. First generation intersection lineation shown by com-
positional striping in the plane of the foliation. The 
traces of mineralised fractures, containing biotite and 
garnet are visible cross cutting the intersection lineation 
at approximately 90 degrees. The fractures are of third 
deformation age. Giubine series. Lago dell'Isra, 
M.R. 6982415734. 
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p. 576). The foliation is neticably oblique to the southern margin 

of the Massif (Encls. 1 and 4) and successive lithologieal units are 

seen to wedge out to the east. In the region east of Val Canaria the 

foliation changes sharply from an east-west to a northeast-southwest 

trend (Steiger, 1962, Tafel V). The parameter, which has been used 

to describe the orientation of the linear structures in the plane of 

the foliation, is rake. The advantages of using this parameter have 

been discussed by Elliot (1965, pp. 872-874). In the Streifengneiss 

sufficient data was available and the rodding was found to be suffi-

ciently constant on a small scale to allow a rake isogon map (Elliot, 

1965, p. 871 and pp. 874-879) to be constructed (Encl. 4). In the 
other gneiss series data was too limited and variable to allow this 

and measurements from different localities are recorded separately. 

The point which arises from this analysis, particularly in the 

Streifengneiss, is that, although the foliation is constant in attitude, 

that of the rodding shows a wide variation throughout the area. 

Chadwick (1965, p. 85 and Fig. 17) has suggested that the variation 

in attitude of the rodding, in the Lukmanier area, can be explained 

by inhomogeneous strain in the plane of the foliation (differential 

strain in X, in Y, or in both X and Y). This seems unlikely to 

have occurred in the compositionally homogeneous Streifengneiss in 

which strains might also be expected to be. homogeneous. Also, if 

Chadwick's hypothesis is correct, it is to be expected that strain 

trajectories, as recorded by the foliation (XY plane of the strain 

ellipsoid) will show convergence or divergence in sympathy with the 

change in attitude of the rodding. There is no evidence that this 
occurs, in fact the constant attitude of the foliation throughout the 

area suggests that the strain was relatively homogeneous. 

An alternative hypothesis is that the deformation, which gave 

rise to the first foliation and reading, was superimposed on a planar 

structure already irregular in attitude. The geometry of the early 

planar structure has not been determined, however it is appropriate 

to point out that the existence of an early planar structure and 
irregularities of this structure in the Streifengneiss, which initially 
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crystallised from a granitic magma (Huber, 1943, pp. 186-190) and was 
assumedly structureless is evidence for a complex history of deformation 

prior to the pre-.Alpine (Hercynian) deformation discussed above. 

Because all structures were rotated into near parallelism during 

the latest pre-Alpine episode of deformation and earlier planar struc-

tures largely transposed, the recognition of major and minor structures 

formed during this latest episode of pre-Alpine deformation, as distinct 

from structures which may have been produced during earlier episodes, 

has not been possible. Collectively considered, the structures which 

have resulted from these deformations are the interleaving of Giubine 

and Sorescia series gneisses within the area and on a regional scale, 

the east-west striking zones of paragneiss within the Streifengneiss 

(Muldenzonen of Huber (1943, pp. 92-97 and Fig. 6)). 
3.32) The second episode of Alpine deformation  

Only minor folds of second deformation age (Figs. 3.26, 3.27) 

with wavelengths up to a few metres and interlimb angles which are 

open to close are found in the Gotthard Massif. These folds typically 

show variable geometry when traced along their axial surfaces, like 

folds of the second and fourth generations seen in the cover rocks. 

Axial surfaces are gently to moderately inclined to the north and fold 

hinges are gently to moderately plunging in a northwesterly to north-

easterly direction. The orientation data for these structures is 

summarised in Enclosure 3. 

A poor axial plane cleavage (second foliation) is often associated 

with the folds. The structure arises from a weak preferred orienta-

tion of white mica, biotite and in some instances chlorite. Axial 

plane structure is generally only evident where first foliation is at 

a high angle to the second fold axial plane. On the normal limbs of 

second folds, where first foliation lies at a small angle to the second 

fold axial plane, new micas tend to grow mimetically in the earlier 

planar structure. Quartz grains in the cores of second folds are 

characteristically equant and contrast with the "flattened!' quartz 

grains lying in the plane of the first foliation on. the fold limbs 

(Section 3.21). Axial plane structure in rocks rich in white mica 



Fig. 3.26. Second generation folds, Soresoia gneiss. Besse del 
Lago Oscuro, M.R. 6964715737. 

Fig. 3.27. Second generation folds, Giubine series. Lego dello 
Stabbio, Y.R. 6976715746. 
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is of strain slip type or the mica layers are crenulated on a micro 

scale. 

Because of the rather poorly defined compositional layering in 

the Gotthard gneisses, examples of second folds from which layer 

geometry can be analysed are uncommon and largely confined to the well 

banded gneisses of the Corandoni series. Although their overall 

geometry approaches that of true similar folds, analysis of individual 

layers using isogon techniques shows departure of the geometry of these 

layers from that expected of true similar folds. There is therefore 

evidence that the layers did not behave passively during deformation. 

The intensity of second folding decreases passing northwards from 

the southern margin of the Gotthard Massif. In the Streifengneiss 

itself minor second generation folds and second foliation appear to be 

absent. Some lampropbyre dykes however are folded (Encl. 1). The 

well developed first foliation in the Streifengneiss is found to be 

approximately axial planar to these structures, but in the lamprophyres 

themselves there is little evidence of an axial planar mica fabric 

(Fig. 3.28). In view of this it is unreasonable to accept the obvious 

interpretation, that the folding of the lamprophyres occurred during 

the pie-Alpine (Hercynian) deformation. This is also an unreasonable 

interpretation in view of the probable. late Hercynian age of the dykes 

(Section 2.31). The lack of an axial planar mica fabric, particularly 

in the folded dyke rocks which are compositionally suitable for the 

development of such a fabric, suggests that the deformation which gave 

rise to the folds was rather weak and more in keeping with the second 

episode of Alpine deformation. The approximate orientation of the 

first foliation in the axial plane of the folds reflects the small 

angle between first foliation and the second fold axial plane. 

The tectonic nature of the contact between the Gotthard Massif 

and the cover rocks in Val Piora and the region to the west has been 

recognised by many authors (Oberholser, 1955; Hefner, 1958; Steiger, 

1962; Higgins, 1964b). In the region to the east of Val Piora the 

northern contacts of the Scopi and Valle del Lucomagno zones with the 

Massif are also recognised as tectonic and of Phase B (equivalent to 

the second episode of Alpine deformation) age (Chadwick, 1965;Frey,1967). 



Fig. 3.28. Contact between the Streifengneiss and a lamprophyre dyke. 
Note how the strongly developed pre-Alpine foliation in 
the Streifengneiss contrasts with the lack of visible 
structure in the lamprophyre. Punta Negra, M.R. 6961815766. 
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In the analysis of the cover deformation evidence was given to 

suggest that the Gotthard Massif-cover contact could be interpreted as 

a slide zone of second deformation age (Section 3.22). This inter-

pretation is strengthened by the observed sub-parallelism to the 

contact of second foliation in the Gotthard gneisses (Encl. 3), and 

by the fact that this structure appears more intensely developed closer 

to the contact. The decrease in the intensity of second folding and 

second foliation northwards from the southern margin of the Gotthard 

Massif can be related to a. decrease in the intensity of deformation 

away from this slide zone. 

Two factors appear to have influenced the intensity of development 

of second foliation. Firstly there is an obvioua dependence on the 

intensity of deformation and secondly, there is a tendency for micas 

to grow mimetically in the first foliation rather than form a new 

planar structure, particularly where the angle between these two 

structures is small. Thus, it is probable that in some cases first 

foliation was reworked during the second Alpine deformation, in the 

sense that new mica growth took place in the plane of the first folia-

tion rather than in a new orientation. 

Block movements in the basement on planes sub parallel to second 

foliation appear to have determined the geometry of the southern margin 

of the Gotthard. Massif, at least as far east as Val Camadra (ef. Frey, 

1967, Figs. 23 and 24). The positions of the movement zones or 

slides can be related to the older, pre-Alpine structures. The 

northern boundary of the Seopi zone coincides with the paragneisses 

of the Boreal zone and that of the Valle del Lucomagno and Val Fiore 

zone with the Tremola zone (Chadwick, 1968, p. 1134). 

3.33) The third episode of Alpine deformation  

Linear mineral fabrics, which are closely comparable to those in 

the cover rocks, are Observed in the gneisses of the Gotthard Massif. 

These fabrics have been described by many authors and Kvale (1966) 

provides a summary of their observations together with new fabric 

data. 
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In the Gotthard gneisses of the Val Piora region two distinct 

types of linear mica fabric are recognised. The first of these is 

seen as a dimensional orientation of non -equant micas in the planes of 

the first and second foliations. In practice the second foliation is 

seldom of sufficient intensity for a lineation of micas to be Observed 

within it. The second type of mica fabric is an L. tectonite fabric 

(Section 3.23) and is formed by micas, which grow across the first and 

second foliations. The two distinct linear mica fabric types are 

recognisable,in the field in the case of biotite and in thin section 

in the case of white mica. The degree to which one linear fabric 

type is developed at the expense of the other varies. Hornblende, 

though generally displaying a random growth fabric, sometimes shows 

a preferred orientation of crystallographic c axes parallel to the 

mica lineations described above. The linear fabrics have a constant 

north-south orientation which parallels that observed in the cover 

rocks (Encl. 6). 

Syntectonio snowball garnets are found rarely in the Tremola 

series gneisses. The rotation axes of these crystals are sub-

perpendicular to the mineral lineation and the sense of rotation con-

forms with that observed in the cover rocks (cf. Steiger, 1962, 

PP. 462-463, Tafel I, Fig. 2, and Tafel III, Fig. I). 

In view of the compatability of the linear mineral fabrics in 

both the cover and Gotthard Massif, the same mechanism of deformation 

can be envisaged to have acted in their formation (Section 3.23). 

Folds formed during the third episode of Alpine deformation in 

the Gotthard Massif are not, as in the cover rocks, confined to 

crenulations whose axes parallel the linear mineral fabric, and which 

are only found in well foliated micaceous rocks. Although these 

exist (cf. Steiger, 1962 (Kleinfaltelungen)) structures which have 

many of the features of kink bands (Dewey, 1965) are also recognised. 

Thin plAnar fold zones or kink bands (Figs. 3.29, 3.30) generally from 

a few millimetres to a few centimetres wide are found transacting,  

first foliation. These are often arranged in conjugate pairs, which 

are usually asymmetrically disposed to the foliation plane (Figs. 3.31, 
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Fig. 3.29. Kink band of third deformation age in the Streifengneiss. 
Note the curved trace of the kinked first foliation. 
Lego Oscuro, M.R. 6965515781. 

Fig. 3.30. Kink band of third deformation age in the Streifengneiss. 
Note the angular style of the structure and the irregularly 
developed fractures bounding the kink band. Piatto della 
Miniera, M.R. 6991515706. 
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Fig. 3.31. Asymmetric conjugate kink fold, Streifengneiss. Pizzo 
Corandoni, M.R. 6987015790. 

Fig. 3.32. 

Asymmetric conjugate kink 
fold, Giubine series. 
Lago della Stabbio, 
M.R. 6975515749. 
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3.32). Poles to kink bands are distributed on a great circle whose 

pole approximately coincides in orientation with the mineral lineation. 

The intersection axes of conjugate kink planes are likewise approxi-

mately coincident with the mineral lineation and lie in or near the 

first foliation plane (Figs. 3.33, 3.34). The great circle distribu-

tion of poles to kink planes observed in measurements from the area 

as &whole is also apparent on the scale of a single outcrop. The 

angle between conjugate kink planes varies. Angles measured across 

the foliation plane perpendicular to the intersection axes of con-

jugate pairs vary from 40-140 degrees. 

Both normal and reversed structures (Dewey, 1965, p. 460, Fig. 1) 

are recognised (Fig. 3.35). Style changes from angular (Fig. 3.30), 

the kinked. foliation being bounded by sharp planes, which are sometimes 

planes of fracture, to curved (Fig. 3.29), in which the kinked folia-

tion follows a curved trace. Often within these latter structures a 

multiplication of folds occurs within the kink zone. In general, 

kink bands• lying at a high angle to foliation are geniculate and those 

at a. low angle to foliation, curved. The angle between external. and 

internal foliation is seldom bisected by the kink plane and usually 

changes along the length of the kink band, so that the structure dies 

out. Thickness measurements indicate that though the orthogonal 

thicknesses, t, t', of external and internal foliation differ the 

thicknesses measured parallel to the kink plane, T, T', remain constant 

(Fig. 3.35). Examples of these measurements are recorded below 

(Table 3.1). 

Differences in texture between internal and external foliation 

are observed. Within the kink zones quartz grains are equant rather 

than "flattened" in the plane of the first foliation and micas grow 

across the foliation, often with a weak preferred orientation in the 

axial plane of the kink, rather than in the foliation. 

Conjugate folds and kink bands are usually thought to develop at 

a late stage during the deformational history of an area (Dewey 1965), 

and have been considered by some authors (Johnson, 1956; Ramsay, 19620) 

probably incorrectly (Ramsay 1967, p. 453), to be indicative of brittle 
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Fig. 3.33 Poles to axial planes ( • ) and axes (x) of kink bands. 

x 25 

Fig. 3.34 Intersection axes of conjugate pairs of kink bands. 
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Kink band. 

Reversed kink 

. 

Normal kink 

Fig. 3.35 Kink band geometry. 
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Table 3.1 

t t' T Te 
de cx.1 
degrees degrees 

1.3 2.4 2.3 2.4 30 50 
0.50 0.9 1.0 0.9 30 60 
0.70 1.3 1.5 1.3 15 70 
0.9 1.5 1.7 1.6 30 50 
2.8 4.5 4.7 4.5 40 90 
1.2 3.6 3.4 3.6 25 75 

deformation. The preferred development of these structures in well 

foliated rocks suggests that slip on the foliation is the fundamental 

method of deformation (Ramsay, 1967, pp. 438-440). Indeed conjugate 

kink bands have been produced experimentally in this way (Patterson 

and Weiss, 1966). This mechanism of deformation places restrictions 

on the geometry of the resultant structures. The kink plane bisects 

the angle between the internal and external foliation and the orthogonal 

thickness of foliation remains constant throughout the structures. 

Dewey (1965, pp. 459-464) has questioned the feasibility of explaining 
all kink band formation by foliation slip and has suggested that some 

kink bands may be produced by continuous simple shear. In these the 

kink plane parallels the shear plane and the foliation deforms passively 

(Dewey, 1965, Fig. a). Geometrically these latter structures differ 

from the former, in that kink planes do not generally bisect the angle 

between internal and external foliation and the orthogonal thickness 

of foliation changes throughout the structure. The thickness measured 

parallel to the kink plane remains constant however, as this is a plane 

of no strain (Dewey, 1965, Fig. 12A). The geometry of the structures 

described from the Gotthard Massif is closely related to that of kinks 

produced by this latter deformation mechanism. 

The evidence that the kink bands were formed during the deforma-

tion which gave rise to the linear mineral fabrics has not yet been 

discussed. Interference criteria of the type outlined by Ramsay (1962b; 
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1967, Chapter 10), which might be used to interpret the age of these 
structures in relation to others, are not found. As the style of 

second generation folds is similar to that shown by the kinks, these 

two ages of structures are often differentiated with difficulty. 

However, second generation structures are usually more penetrative. 

There are two lines of evidence which suggest a relationship between 

the kink bands and the linear mineral fabrics; firstly, the analysis 

of the age of the kinks in terms of the growth periods of different 

metamorphic minerals indicates that the structures formed during a 

period of rising temperature, just as the linear mineral fabrics 

(Section L.3); secondly, a geometrical relationship between the kink 

planes- and the mineral lineation is ob served. (the kink planes inter-

sect in the mineral lineation). 

Although most kink structures are reversed, normal structures are 

also found, particularly in the Streifengneiss. The normal kinks are 

often seen to degenerate into shear planes along which apparent exten-

sion in the plane of the first foliation has taken place. Normal 
shears (Fig. 3.36), showing no obvious relation to kink structures as 
above, are common in the well banded Tremola series gnaisses. They 

occur singly, or in conjugate pairs with no fixed angular relationship 

to one another, and have orientations broadly coincident with the kink 

planes. Particularly the axes of intersection of conjugate shears 

are similar to those of conjugate kinks (Fig. 3.37). It seems probable 

that the shears were formed during the deformation which gave rise to 

the linear mineral fabrics. This is suggested by their orientation 

in relation to the linear mineral fabrics, and by their age in 
relation to second generation folds and the growth periods of meta-

morphic minerals. With respect to this latter point, both hornblende 
and biotite are concentrated along the shear planes and show either a 

random or a northerly plunging linear fabric. 

One other structural feature should be mentioned in the context 

of the third episode of Alpine deformation. In the Tremolo_ and 

Giubine series gneisses thin planar zones, which are enriched in the 
mafic minerals, hornblende, biotite and garnet and on which no obvious 



Fig. 3.36. Normal shear plane. The sense of shear is shown by the 
displaced compositional banding. Note the concentration 
of hornblende along the shear plane. In some layers, 
(top of photo.), fractures enriched in hornblende and 
oriented sub—perpendicular to banding are visible. There 
is seldom any obvious displacement on these latter 
structures. Tremola series. Alpe Stabiello, 
M.R. 691+7715660. 
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Fig. 3.37 Poles to normal shear planes ( • ), and intersection axes 

of conjugate pairs of shears (x )• 
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displacement has taken place, are observed (Figs. 3.25 and 3.36). 

Though the orientation of these zones has not been recorded in detail, 

field observations indicate that they show a preferred orientation 

similar to that of the kink bands and normal shears. 

Kink bands of the type produced by Patterson and Weiss (1966) 

represent zones of permanent deformation within an elastically strained 

specimen and are analogous to Luders bands in plastically deformed 

metal specimens. They can be regarded as deformational instabilities. 

The concentration of deformation in particular zones arises from the 

presence of stress concentrations at which yielding begins, and the 

phenomena of strain softening (Orowan, 1960, p. 340 and Fig. 7). 

Instabilities also occur during low speed high temperature deformation 

of viscous materials (viscous creep) and are likewise seen as zones 

in which deformation is concentrated (Orowan, 1960, p. 341). In view 

of the penetrative nature ar the linear fabric and the metamorphic 

conditions that existed during the third episode of Alpine deformation, 

the structural features, kink bands, normal shears and planes of 

mineral concentration are interpreted as instabilities which have 

arisen during viscous creep. It is significant that the symmetry 

of distribution of these instabilities reflects the symmetry of the 

third episode constrictional strain. 

3.310 The fourth episode of Alpine deformation  

Folds of fourth deformation age are absent in the Gotthard gneisses 

of the Val Flora area and are only rarely seen in those of the adjacent 

Lukmanie.r area (Chadwick, 1965). Further east in Val Camadra, folds 

of this age are well developed in the paragneisses bounding the 

southern margin of the Massif (Cobbold, 1969). 

Boundinage structures, usually symmetrical, with gently westerly 

or easterly plunging axes (Encl. 6) are common in the banded pars-
gneisses but rare in the Streifengneiss. The relationships of the 

boudins to other structures, the character of the mineralogical fill-

ings in the boudin necks (combinations of quartz, felspar, white mica, 

chlorite and rarely kyanite) and often the presence of unfilled. necks 

(voids) indicates that boudinage was active during the fourth episode 



405 

of Alpine deformation. From the attitude of the boudinage axes a 

north-south extension in the plane of the compositional layering can 

be inferred.. Further evidence of this extension is provided by the 

limited occurrence, sub-perpendicular to layering, of southward dipping 

quarts veins, some of which contain Xyanite. In the cover, the type 

of structure formed during this episode of deformation has been shown 

to be dependent on the attitude and hence relation of earlier planar 

structures to the fourth episode strain ellipsoid. (Section 5.24). The 

occurrence of boudinage structures alone, suggests that the first 

foliation in the Gotthard Massif lay within the field of continuous 

elongation of this ellipsoid.. 
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3.4) The Lukmanier Massif  

The structural analysis of the Lukmanier Massif has been hindered 

by the poor lithological layering in many of the gneisses, the lack 

of well defined lithological units (Section 2.4), the transposition 

of first foliation during the second episode of Alpine deformation 

and, over a part of the area, the poor and wooded exposure. 

Throughout much of the Massif the geometry of second generation 

structures is not clear, because second. foliation forms the dominant 

planar structure, and neither the absolute attitude of first foliation 

nor its relation to second foliation (sense of second folds) can be 

determined. Thus the interpetation of the Lukmanier Massif as a 

major structure of second deformation age and the nature of this 

structure, must be judged with regard to the limitations of the data 

available for this interpretation. 

The sequence of deformation episodes is however clear. Four 

episodes of deformation are recognised of which the latter three have 

equivalents in the cover rocks. The first episode of deformation is 

considered to be of pre-Alpine age. There is no equivalent in the 

Lukmanier Massif gneisses of the first episode of Alpine deformation 

in the Mesozoic cover. 

3.41) The pre-Alpine (Hercynian) episode of deformation  

The gneisses of the Lukmanier Massif show a foliation which in 

general is parallel to compositional banding and is characterised by 

a preferred crystallographic:: orientation of dominantly white mica but 

also biotite. These micas are oftennon-equant and line ated. Iso-

clinal folds in compositional banding to which this foliation is axial.  

planar (Fig. 5.38) indicate a tectonic origin for the structure. 

These folds are uncommon and the few observed examples plunged steeply 

to the north and were coaxial with second generation folds (Figs. 2.3, 

3.38). 
The attitude of first foliation has been recorded where possible 

throughout the Massif. Only in the gneisses to the south and west 

of Piora is sufficient data (measurements of the absolute attitude of 

first foliation or evidence of the relation of first to second foliation 
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Fig. 3.38. 

First generation folds re-
folded by coaxial second 
generation structures. The 
trace of the second foliation 
lies approximately parallel 
to the length of the ruler. 
Mixed Group gneiss; road 
section, Altanca-Piora, 
M,R. 6940215325. 

Fig. 3.39. 
Second generation folds. 
Orange Group gneiss; 
road section, Altanca-Piora, 
M.R. 6940915347. 
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(second fold sense)) available to enable a first foliation trend map 

to be constructed (Encl. 5). Three significant features emerge from 

this map; firstly, the first foliation is discordant to both the 

upper and lower margins of the lilassif, secondly, the first foliation 

is discordant to the junction between the Orange and Mixed Group 

gneisses in this region, and thirdly, the first foliation has been 

folded to form a westward closing reclined second fold. The 

significance of these features is best discussed in the context of 

the second episode of Alpine deformation. 

3.42) The second episode of Alpine deformation  

Folds of second deformation age (Fig. 3.39) are the most commonly 

observed fold structures in the Lukmanier Massif. Their axial 

surfaces are moderately to steeply inclined to the north, fold hinges 

are moderately to steeply plunging, and both structural elements are 

extremely constant in attitude throughout most of the area (Encl. 3). 

Interlimb angles of second folds are usually close to open and wave-

lengths variable from a few millimetres to a few hundreds of metres. 

Though the style of the folds approaches similar, Class 3 and 1.C. 

layer associations are generally recognisable. Layering is seldom 

sufficiently well developed or sufficiently regular to allow detailed 

geometrical analysis. The geometry of largerfolds of this age is 

seen in Enclosure 5 in near profile section, because of the relation- 

ship of the second fold axes to the topographic surface. As the 

minor folds, they change their geometry when traced along their axial 

surfaces; the fold amplitude varies and the structure eventually dies 

out. As a consequence axial surfaces converge and diverge and in 

places: are obviously oblique to axial plane cleavage (of. Enol. 

An axial plane cleavage (second foliation) of variable style is 

usually associated with the second folds. In most oases it is a 

preferred crystallographic orientation of non-equant lineated white 

mica and biotite. Quarts grains show a tendency to be "flattened" 

in the plane of the cleavage, even in mica free layers (Section 4.4)• 

This type of structure is particularly well developed in rocks con-

taining intermediate amounts of mica, whereas in rooks rich in white 
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mica axial plane structure is of strain slip type or the micaceous 

layering is merely crenulated on a micro scale. In the mica poor 

Mixed Group gneisses a coarse fracturing is often found parallel to 

a weak preferred orientation of micas (Fig. 2.4). The variation 

with composition in the style of axial plane structure is a feature 

of second folds in the other tectonic units (Sections 3.22, 3.32). 

Shear discontinuities, which are generally sub parallel to the axial 

surfaces of the second folds, are common. The displacements appear 

to have no consistent sense within the scale of observation, as 

adjacent shears frequently show displacements which are opposed 

(Fig. 3.40). The spacing of the discontinuities is usually irregular 

except in some well foliated quartzo-felspathic gneisses in which a 

regular spacing of discrete mica rich planes is observed (Fig. 3.44). 

In regions where first foliation is transposedby second folia-

tion evidence of the earlier planar structure is afforded by isolated 

second generation minor folds, in rocks in which compositional. banding 

is well developed, and by the almost ubiquitous development of inter-

section lineation phenomena, such as rodding of quartz lenses, rodding 

of augen and compositional stripping, in the plane of the second 

foliation (Figs. 3.42, 3.43). 

The appearance of second foliation as the dominant planar struc-

ture, particularly in the regions bounding the northern margin of 

the Massif, can be interpreted as a reflection of the greater intensity 

of second deformation in these regions. Thus, the intensity of the 

second deformation appears to increase northwards towards the northern 

margin of the Massif, which has been shown (Section 3.22, Enals. 2 

and 3) to be determined by a series of folds and tectonic slides of 

second deformation age. The variation in intensity of the second 

deformation is somewhat similar to that observed in the Gotthard 

gneisses (Section 3.32). 

In the region to the south and east of Lago Ritom, analysis of 

second generation structures within and at the margin of the. Lukmanier 

Massif is hindered by the lack of available first foliation orienta-

tion data. There is little which can be usefully added to. the 



Fig. 3.40 
Second fold axial planar dis-
continuities along which 
visible displacements have 
occurred. There is no consis-
tent sense of displacement. 
Orange Group gneiss; read 
section, Altanca-Piora, 
M.R. 6940915347 

Fig. 3.41. 

Regularly spaced second fold 
axial planar discontinuities 
represented by discrete mica 
rich planes. Mixed Group 
gneiss; road section, 
Piotta-Altanca, M.R. 6950615283. 



Fig. 3.42. Second generation intersection lineation formed by quartz 
rods in the plane of the second foliation. Orange Group 
gneiss; Valle, Ma. 6951115440. 

Fig. 3.43. Second generation intersection lineation formed_ by a 
rodding of quartz-felspar augen in the plane of the second 
foliation. Augen gneiss (Piora type); Piora, M.R. 
6951615439. 
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comments already made about the structure of this region (Section 3.22, 

Encl. 2). The first foliation trend map in the region to the west of 

Lego Ritom shows the structure of the Massif here to be a westward 

closing reclined second fold (Section 3.41, Encl. 5). The first 

foliation is discordant to both the upper and lower margins of the 

Massif and to the junction between the Orange and Mixed Group gneisses. 

The discordance at the upper margin of the Massif arises from the 

presence of a slide of second deformation age at the basement-cover 

contact. The same interpretation oannot however be applied to the 

lower margin, which is oblique to the second foliation in basement 

and cover, but sub-parallel to first foliation in the cover. In this 

case the discordance appears to reflect an original unconformity 

between basement and cover. This implies that first foliation in 

the Lukmanier Massif is of pre-Alpine age. 

Indirect evidence for this hypothesis is provided by the presence 

within the Lukmanier Massif of a number of sheet intrusions of 

granitic composition (the Younger Granite gneisses (Section 2.4)), 

which are only deformed by structures of the second and later episodes 

of Alpine deformation. If the first foliation in the Lukmanier 

Massif gneisses is considered to be of the same age as the first 

foliation in the cover rocks, then these intrusions must have been 

emplaced between the nappe forming movements and the second episode 

of Alpine deformation. This seems to be unlikely (Section 2.4), 

however a pre-Alpine age for both the first foliation and the intru-

sions in the Lukmanier Massif is in accord with the interpetatien 

placed on the age of similar features in the Gotthard Massif (Section 

2.31). 

The discordance between first foliation and the contact between 

the Orange and Mixed Group gneisses can be considered to be either 

earlier or the same age as the second episode of Alpine deformation. 

If earlier, the discordance may have been present in the original 

layered complex, and somewhat analogous to a facies change, or it 

may have been produced by folding during the pre-Alpine deformation. 

If the same age as, the second episode of Alpine deformation, sliding 
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in the plane of the second cleavage, of which there is ample evidence, 

could give rise to a discordance of this. nature. Because the junction 

between the two gneiss series is poorly defined (Section 2.4), it is 

difficult to decide which of these three interpretations is most 

likely. 

The structural relationship between the Lukmanier Massif and the 

cover at its western termination near Madrano (Encl. 5) is not unlike 

that observed in the region south and west of Piora (Encl. 2). In 

the Piora area it has been shown that the attitude of second foliation 

differs between basement and cover and that this difference is 

reflected in the attitude of the second slides (Section 3.22). Because 

of this the slides interfere with one another (e.g. slide EE' is cut 

off by slide DD' (Encl. 2)). By analogy, the observation that second. 

foliation in the cover rooks of Val. Canaria is oblique to, that in the 

Lukmanier gneisses of the Madrano. region (Encl. 3), suggests the possi-

bility that the east-west trending basement-cover slides here are also 

cut off to the west by a slide structure, whose attitude is related to 

that of the second foliation in the cover. As the overall trend of 

the western margin of the Massif is sub-parallel to the second folia-

tion in the cover it is probable that the basement-cover contact is 

in part determined by this latter slide structure (Encl. 5). A weak 

later cleavages, whose attitude is coincident with that observed in the 

cover rocks of Val Canaria (Encl. 3) is found locally to cut the second 

foliation in the Lukmanier Massif gneisses of this western margin. The 

structure is characterised by a weak preferred orientation of lineated 

non-equant white mica and biotite or is of strain slip type. Associ-

ated minor folds to which the cleavage is axial planar have steeply 

plunging hinges, interlimb angles which are generally open to close 

and wavelengths that are seldom greater than a few centimetres. As 

the cleavage is parallel to the cover oriented slide structure postu-

lated above (Encl. 5) a genetic relationship is inferred. Thus in 

the Lukmanier gneisses of the Madrano area two generations of fold 

structures of second deformation age are observedl thefirst formed during 

the major folding and associated sliding of the Lukmanier basement and 



11 4 

cover and the second during the later sliding of the cover over the 

basement. In the Piora area although a similar situation is realised 

minor structures of the later generation are not found in the basement 

gneisses. The factors which have led to these relationships are 

discussed in Seotion3.5. 

3.1+3) The third episode of Alpine deformation  

The linear mineral fabrics observed in the gneisses of the 

Lukmanier Massif are closely comparable both in orientation (Encl. 6) 

and type to those formed in the cover and Gotthard Massif during the 

third episode of Alpine deformation. Biotite and white mica crystals 

lying within the first and second generation planar structures are 

often found to be lineated (Sections 3.41, 3.1+2) and in some rocks 

biotite has a pronounced L. tectonite fabric (cf. Section 3.23). 

Hornblende occasionally shows a preferred orientation of c axes 

parallel to the mica lineations. The attitude of the linear fabrics 

is constant (Encl. 6) and generally oblique to the intersection linear 

structures of the first and second foliations (second fold axes). 

Rare synkinematic or snowball garnets have rotation axes which 

are approximately perpendicular to the mineral lineation and the sense 

of rotation corresponds to that of rotated garnets observed in the 

other structural units. 

Fold structures of this generation are absent in the Lukmanier 

gnei sse s. 

As the linear mineral fabrics and associated features are so 

similar in the cover, the Gotthard Massif and the Lukmanier Massif, 

it is reasonable to place the same interpretation upon them 

(Section 3.23). 

3.44) The fourth episode of Alpine deformation  

Both folds and boudinage structures of fourth deformation age are 

found in the Lukmanier Massif. Fourth folds are not well developed 

and are largely (=fined to finely banded micaceous rocks in regions 

of steeply dipping planar structures. Fold geometry changes rapidly 

parallel to fold axial surfaces and fold wavelengths are seldom greater 

than a. metre. A poor axial plane structure sometimes observed in the 
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field is seen in thin section to be due to a weak preferred orientation 

of white mica. Fold hinges plunge gently west or east and fold axial 

surfaces dip moderately to gently in a north to northwesterly direction 

(Encl. 6). Fourth generation folds are most common in the Lukmanier 

Massif in the region east of Val Piora. 

Both symmetrical and asymmetrical boudinage structures (Figs. 3.44a 

and b) with gently westerly or easterly plunging axis (Encl. 6) are 

observed throughout the Massif and are particularly common in the 

region east of Piora. As in the other structural units the boundinage 

structures can be shown to postdate the mineral lineation, as they 

deform it and as they contain mineral fillings or voids characteristic 

of the late stages of metamorphism (of. Section 3.24). 

Whereas symmetrical boudins can be ascribed to necking (pinch and 

swell structures) or, where sharp separation has occurred, extension 

fracturing (Griggs and Handin, 1960) of a competent layer contained by 

a more ductile matrix (Ramberg, 1955; East, 1956; Ramsay, 1967, 

pp. 103-109), asymmetric structures appear to be caused by faulting 

of the competent layer on planes inclined to the layer boundaries 

(rig. 3.)414.b). The reasons for this difference in behaviour are not 

immediately apparent from field observations, however if a comparison 

can be drawn with experimental work (Griggs and Handin, 1960) failure 

of the competent layer by faulting is a behaviour which is transitional 

between brittle and ductile. In contrast failure by extension fractur-

ing indicates brittle behaviour of the boudinaged layer and the 

development of pinch and swell structure, ductile behaviour. Thus, 

where a marked ductility contrast exists between the boudinaged layer 

and the matrix, brittle behaviour of the layer is more likely than in 

the case where this contrast is reduced. Field observations suggest 

that symmetrical boudins in which separation has occurred are generally 

associated with a more marked ductility contrast than asymmetric 

structures. Cos (1938) for instance has also described possible 

asymmetric boudins in a layer which is not noticably different from 

the matrix. The inference which must be drawn is that the type of 

structure which is formed depends on the ductility of the boudinaged 
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(a) 
	

(b) 

(c) 
	

(d) 

N. S. 

Fig.3.4 4 Fourth generation boudinage structures. (a)Symmetrical boudin 

with mineralised neck. (b)Asymmetrical boudin with mineralised 

fracture region. (c)Boudinaged fourth fold.(d)Boudinaged fourth 

fold with mineralised fracture region.(e)Relationship between 

fourth episode strain axes and boudinaged foliation. 
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layer. Where the boudinaged layer oontains the principal stress and 

strain axes, as in the experimental work (Griggs and Handin, 1960), 

faulting can occur on conjugate planes of high shear stress. The 
asymmetric boudins, throughout the Val Flora area all show the same 

sense (Fig. 3.44b) and hence only one of the two possible fault planes 

is. developed. This presumably reflects; the fact that the fourth 

deformation strain axes (Section 5.24) (Fig. 3.44e) and probably also 
stress axes were oblique to layering, so that one of the two; possible 

planes of faulting was preferred. 

The time relationship between folding and boudinage is clear as 
fourth folds are found to be boudinaged (Figs. 3.44c and d). In 

these structures the abnormal fold limb is out by a shear discontinuity 

(Fig. 3.44c) often associated with late mineralisation (Fig. 3.44d). 
As in the cover, a relationship between type of fourth generation 

structure (fold or boudin) and dip of the earlier planar structures 

appears to exist. In steeply dipping regions folds only are found, 

whereas in moderately dipping regions folds, boudinaged folds and 

boudina are observed. The reasons for this relationship have been 

discussed (Section 3.24). With respect to the fourth episode 

deformation ellipsoid, the observed association of structures suggests 

that the steeply dipping planar structures in the Lukmanier gneisses 
lie within the field of continuous shortening and the moderately 

dipping planar structures in the field of initial shortening and later 

elongation. 
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3.5) Synthesis  

The purpose of this, section is to summarise the suggested 

correlations between successive deformation episodes in the different 

structural units, to emphasise the important features of each episode 

of deformation and to examine the structural relationships between 

basement and cover. The first part of this proposal is carried out 

simply in Table 3.2. The reasons for the suggested correlations 

(Table 3.2) have been discussed in the preceding sections. 

The important features of each of the episodes of deformation 

are considered below. 

Table 3.2 Correlation of deformation episodes 

3.51) The pre-Alpine deformation  

In the Gotthard Massif the• pre-Alpine deformation has been shown 

to be polyphase (Section 3.31). During the last of the pre-Alpine 

deformation episodes the most striking of the structural elements 

(first foliation and rodding) observed in the Gotthard Massif gneisses 

were produced.. Major structures, the zones of paragneiss in the 

Streifengneiss (Muldensonen of Huber (1945)) are recognised to be the 

product of the general period of pre-Alpine deformation but cannot, 

for the reasons outlined in Section 3.31, be shown to be the product 

of any particular one of the deformation episodes. 
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Minor structures (e.g. first foliation), which are interpreted to 

be of pre-Alpine age (Section 3.41), are found in the Lukmanier Massif, 

however no major structures of this age are apparent. 

Igneous intrusions, the lamprophyres in the Gotthard Massif and 

the granite sheets (the Younger Granite gneisses) in the Lukmanier 

Massif were emplaced after the pre-Alpine deformation (Sections 3.32, 

3.42). The intimate relation of similar lamprophyre intrusions to 

granitic bodies, of known pre-Alpine age in the Gotthard Massif (Huber, 

1943, pp. 113-127 and Section 2.31) strongly suggests that the intru-

sions in the Val Piora area also belong to this period of magmatic 

activity. 

3.52) The first episode of Alpine deformation  

Major translative, nappe forming movements led to the thrusting, 

of Pennine Mesozoic metasedimenta over the authochthonous Mesozoic 

cover of the Gotthard Massif during the first episode of Alpine 

deformation. As a consequence stratigraphic relationships in both 

metasediment series were disrupted by folding and sliding and a 

penetrative foliation was formed parallel to the planes of discontin-

uity. The major tectonic discontinuity which marks the base of the 

Pennine metasediment series is discordant to the deformed stratigraphy 

in the authochthonous cover. In Val_ Piora the discontinuity trans-

gresses from the blank garnet schist to the. Quartenschiefer series 

and In Val_Leventina it probably lies in the Triassic marbles bounding 

the southern margin of the Lukmanier Massif. Major and minor struc-

tures formed by the first Alpine deformation are absent in both the 

Gotthard and Lukmanier. Massifs. In the Gotthard Massif their absence 

is consistent with the recognition that the Massif, in belonging to 

the Zone of External Massifs, probably did not undergo during the 

first episode of Alpine deformation the major translations and internal 

distortions suffered by the basement nappes in the Lower Pennine region 

to the south. The absence of structures of nappe movement age in the 

Lukmanier Massif, which has been interpreted both as a Lower Pennine 

nappe and as a southern extension of the Gotthard Massif (Sections 

1.3, 1.4), suggests, that it may be more closely related to the Gotthard. 

Massif than to the Lower Pennine nappes. 
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3.53) The second episode of Alpine deformation  

The disposition of the different structural units, the Gotthard 

Massif, the Lukmanier Massif and the cover, was determined largely by 

the second episode of Alpine deformation. The cover rocks were folded 

and in Val Piora and Val Canaria also affected by sliding. It has 

been shown (Section 3.22) that the metasediments lying between the 

basement gneisses of the Gotthard and Lukmanier Massifs cannot be con-

sidered to form a simple westward closing reclined second generation 

aynform, as the southern limb of such a structure is either missing 

(east of Lego Ritom), or intensely modified by tectonic sliding (south 

and west of Lego Ritom). The northern limb of the Val Piora structure 

is cut by a tectonic slide or slide zone which bounds the southern 

margin of the Gotthard Massif. 

In the Gotthard Massif itself the intensity of development of 

second structures and of the second deformation decreases northwards 

from the southern margin of the Massif. In the Streifengneiss the 

absence of second generation structures can be ascribed to both the 

weakness of the second deformation and to the reworking of the first 

(pre-•.Alpine) foliation in preference to the formation of a new planar 

structure (Section 3.32). This process of reworking was probably an 

important feature of the second deformation in the Gotthard Massif 

gneisses of the Lukmanier (Chadwick, 1965, p. 106) and Val Camadra 

areas (Cobbold, personal communication). 

The gneisses of the Lukmanier Massif suffered both major folding 

and sliding during the second episode of Alpine deformation. The 

structure of the Lukmanier Massif is a westward closing reolined 

second generation antiform, whose northern limb has been modified by 

sliding with the southern limb of the synformal complement in the 

cover (Sections 3.22, 3.42, Encls. 2, and 5). The northern contact 

of the Lukmanier Massif with the cover is thus determined by a complex 

association of folds and slides of second deformation age. The 

extremely strongly developed second foliation along the northern 

margin of the Massif, suggests that the deformation was most intense 

in this structurally complex:region. 
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The second slide structures, which occur in the Lukmanier Massif, 

at the junction of the Lukmanier Massif and the cover and in the cover 

itself, can be divided into two sets: 

1) Slides that are parallel to second foliation in the Lukmanier 

Massif. 

2) Slides that are parallel to second foliation in the cover. 

The relationship between these two sets of slide structures is discussed 

below. 

Although the attitude of the second foliation (and slides) in both 

basement and cover has been influenced by subsequent episodes of Alpine 

deformation, it is thought probable that differences in attitude 

existed at the end of the second episode of Alpine deformation. These 

resulted from a ductility contrast between basement and cover which 

in turn led to an inhomogeneous resolution of the second episode strain 

by the two units. (The analogy may be drawn with the variation 

observed in the attitude of axial plane cleavage in layers of different 

competence within a fold.) The geometric form of most basement-

cover contacts suggests that the assumption of a ductility contrast 

is usually justified. 	For example, in the Pennine Zone the lob ate 

basement nappe sheets are separated by tightly pinched synclinal zones 

of Mesozoic cover rocks, and in the Zone of External Massifs the 

Mesozoic cover appea:s in tightly pinched synclines separated by broad 

anticlinal zones, of basement (Ramsay, 1967, p. 383 and Fig. 7.43). 
Such features arise from the deformation of a more ductile cover 

sequence overlying a less ductile basement (Ramsay, 1967, pp. 382-386). 

A ductility contrast of this nature might also be inferred from con-

trasting compositions of the basement and cover in the Val Fiore area. 

Thus, during the second episode of Alpine deformation the more ductile 

cover would have accommodated itself to the changing shape of the 

basement units. 

The processes by which the basement changed shape and by which 

the cover accommodated itself to this change were complex, as were the 

resultant second generation structures, as neither the basement nor 

the cover themselves behaved homogeneously during this episode of 
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deformation. An attempt is made below to explain some of the observed 

relationships between basement and cover although it is clear from the 

preceding remarks that a rigorous analysis of the deformation pattern 

which gave rise to the second generation structures is likely to be 

impossible. 

As the east-west trending second slides at the margin of the 

Lukmanier Massif are continuous with northeast-southwest trending 

second slides in the Mesozoic cover (e.g. GG1  and AA'), movement appears 

to have taken place simultaneously on surfaces of varying orientation 

during the second episode of Alpine deformation 	For movement without 

a continuous change in shape of one side of a slide structure in 

relation to the other, the movement direction must be parallel to the 

axis of the curved slide surface or, in the case of two oblique planar 

surfaces, must be parallel to the line of intersection of these 

surfaces. For a displacement of the cover-basement contact to be 

apparent the movement direction must also be oblique to the line of 

intersection of the cover-basement contact and the slide (Fig. 3.4.5a). 
The present line of intersection of the east-west trending secord 

slides at the margin of the Lukmanier Massif and the northeast-

southwest trending second slides in the cover, appears to plunge in 

a more westerly direction on the second slide surface than the line 

of intersection of the cover-basement contact. If the line of inter-

section of the second slide surfaces determines the movement direction 

on these surfaces then a northwest-southeast movement direction is 

indicated. The sense of movement on the slides is shown by the 

relative displacement of basement and cover at the southern margin of 

the Gotthard Massif (i.e. the northern limb of the Val Piora synform 

and the. Gotthard Massif moved upward in relation to the southern limb 

and to the. Lukmanier Massif). Accepting these qualifications the 

observed overthrusting of the Lukmanier Massif by the cover on slides 

parallel to second cleavage in the cover in the Piora and Madrano.  

areas (Figs. 3.45b and 0 and the part or complete absence of the 

southern limb of the Pinra synform (Section 3.22) may be explained. 

The cross cutting relationship or interference of slides (Sections 
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Fig. 3.45. a The relationship, on the second slide surface 
(32) between the movement direction (M.D.) 
the line of intersection of the cover-basement 
contact (C.B.I.) the actual displacement (d) 
and the apparent displacement (d) is illustrated. 

b and c Cut away block diagrams illustrating suggested 
structural relationships between the Lukmanier 
Massif and the cover in the Piora and Madrano 
areas. The overthrusting of the basement 
by the cover and the interference of the slide 
structures arises because of the initial 
difference in attitude, in the two structural 
units, of these structures. The slides are 
lettered as in Encls. 2, 3 and 5. 
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3.22, 3.4-2, Encl. 2, 3 and 5) need not imply different ages for the 
individual structures, merely different amounts of movement on them 

caused by differential movement of the basement blocks of the Lukmanier 

Massif. In the event of a northwest-southeast direction of movement 

on the slides, the amount of movement on individual slides required 

to produce the observed displacements of the cover-basement contact 

(Fig. 3.45a) must amount to several kilometres (cf. Section 3.9). 
3.50 The third episode of Alpine deformation  

The significance of the linear mineral fabrics and associated 

structures produced in the cover rocks by the third episode of Alpine 

deformation has already been discussed (Section 3.23). In both the 

Gotthard and Lukmenier Massifs similar linear mineral fabrics are 

observed and it is therefore probable that these were produced by a 

similar condition of deformation. In the Gotthard Massif kink bands, 

normal shears and planes of mafic mineral concentration (Section 3.33) 
have been interpreted as deformational instabilities arising during the 

high temperature viscous creep of the rocks during this episode of 

deformation. Overall however, features indicative of inhomogeneous 

strain (folds and boudins) are uncommon, suggesting that while the 

body rotation component of the third episode strain may have been large 

the distortional component may have been small. The conditions of 

rising temperature under which the third episode of Alpine deformation 

took place may also have aided, by the reduction of ductility contrasts, 

the homogeneous accommodation of greater amounts of distortional strain 

(Section 3.23). 

On the basis of the interpretation of the fabrics and the associated 

structures, the third episode strain ellipsoid is suggested to approxi-

mate to pure constriction (k =00). The deformation which gave rise 

to this type of strain ellipsoid has been shown to be of a general 

rotational nature. In order to satisfy restrictions placed on the 

third episode deformation path by the structures, successive increments 

of rotational strain necessary to produce an overall pure constriction 

are constrictional strains of the form. 14 k<CO which have progress-

ively decreasing k values as deformation proceeds and which are related 

by a simple rotation about their Y axes (Section 3.23). 
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3.55) The fourth episode of Alpine deformation 

Both fold and boudinage structures were produced during the 

fourth episode of Alpine deformation. The association of fourth 

episode structures, folds alone, boudins alone and folds and boudins 

or boudinaged folds, has been found to be determined by the attitude 

of the deformed planar structures in relation to the different fields 

of behaviour of directions within the fourth episode strain ellipsoid. 

Thus the presence of boudins alone (e.g. in the Gotthard Massif) 

suggests that the deformed planar structure falls within the field of 

continuous elongation, of folds alone (e.g. in the regions of steeply 

dipping planar structures in the cover and Lukmanier Massif), that it 

falls within the field of continuous shortening and the association 

of fold and boudinage structures (e.g. in regions, of moderately dip-

ping planar structures in the cover and Lukmanier Massif), within 

the field of initial shortening and later elongation. The premise 

is made above that structures once formed are unlikely to be des-

troyed, merely modified. In this context it can be argued that if 

this were not the case then the presence of parasitic folds (De Sitter, 

1958) on the flanks of tightly oppressed larger structures would be 
enigmatic. 

As the mean attitude of the fourth episode strain ellipsoid 

remains relatively constant throughout the area the different 

behaviours, of the deformed planar structures, as recorded by the 

associations of structures produced, must arise from the superposition 

of the fourth episode strain on a set of structures of differing 

iaitial orientation. In part this difference stems from the fact 

that the deformed planar structures are not all of the same age (e. g. 

pre-Alpine age in the Gotthard Massif, first Alpine deformation age 

in the cover and pre-Alpine and second Alpine deformation age in the 
Lukmanier Massif), in part from inhomogeneous strain during earlier 

episodes of deformation. 

The fourth episode strain ellipsoid is thought to have an 

intermediate k value (k 	(Section 3.24). The orientation 

and shape of this ellipsoid when considered in relation to the 
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addition of successive increments of rotational strain during the 

third episode of Alpine deformation suggests that these deformations 

were intimately related if not continuous. 

3.56) Late Alpine structures  

a) Kink bands 

Kink bands form structures of very minor importance in the 

Lukmanier Massif and in well banded. Triassic marbles of the cover. 

Unlike the kinks in the Gotthard Massif they show features which allow 

them to be interpreted as structures developed at a late stage during 

the deformational history. The kink planes dip steeply to the south 

and the kink axes plunge gently in an easterly or westerly direction. 

b) Breccia bands 

Thin bands of Rauhwacke rich in angular fragments of Quartenschiefer 

are found particularly in the Quartenschiefer rocks east of Alpe 

Carorescio. These bands, which appear to be sub-parallel to first 

foliation, are clearly of tectonic origin (Krige, 1918, p. 527; 

Dal Vesco, 1964, pp. 56-57)0  though originally mistaken for conglomerate 

horizons, (Kbnigsberger, 1909, p. 854). The age of these phenomena is 

less clear. 

Linear mineral fabrics are observed in many of the schist frag-

ments of the breccia bands. As these linear fabrics have no particu-

lar orientation in space, it can be deduced that the schists were 

brecciated after the linear fabrics were imposed (i.e. after the third 

episode of Alpine deformation). By a similar argument in relation 

to fourth generation structures it can be demonstrated that breeciation 

occurred after the fourth episode of Alpine deformation. 

In the Rauhwacke directly underlying the Gotthard Massif in the 

Riale di Naive, Bonney (1890, p. 209) reported the presence of schist 

fragments, which though similar in many respects to members of the 

Mesozoic succession in fact were probably derived from the Gotthard 

Massif. These fragments likewise show linear mineral fabrics with 

no particular orientation in space. It appears that at a late stage 

in the Alpine deformation some of the old structural lines were 

reactivated.. In view of the lack of fabric within these breccia 
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bands the effects of this deformation are considered to be of minor 

importance. 

c) Joints 

No attempt has been made to make a detailed study of the joints 

in the rocks of the Val Piora area. Two dominant joint orientations 

are recognised however. Joints belonging to the first of these strike 

approximately east-west and dip steeply to moderately south, and those 

belonging to the second strike approximately north-south and dip at 

high angles to east or west. Typically east-west joints contain late 

mineral fillings, quartz, caloite, adularia, white mica and ohlorite 

in various combinations. The north-south joints are usually barren. 



129 

3.6) Fold geometry and fold mechanism  

Though the overall shape of the fold structures produced by the 

different episodes of deformation often closely approaches that of a 

pure similar fold, analysis of the layer geometry shows that the folds 

are in general made up of Class 1.C.and 3 layer associations. The 

presence of layers of Class 1.C. geometry indicates that buckling was 

a factor in fold development and the association of layers of Class i.C. 

and 3 geometry conforms with the structural pattern produced by buckling 

of a multilayer complex with some modification of the fold shape by 

superimposed strain, as in flattened flexural folds (Ramsay, 1967,p.432 
and pp. 411-415). Though for the purposes of analysis the folds can 

be treated as initially buckled multilayers which have suffered a later 

homogeneous compressive strain (Ramsay, 1967, p. 4.33 and Fig. 7.102), 

in the general case shortening of the layer system by buckling occurs 

simultaneously with shortening by homogeneous compressive strain 

(homogeneous layer shortening) (Ramberg,1964; Flinn, 1962, pp.402-40. 

The rate of buckle shortening in relation to homogeneous layer shorten-

ing depends among other factors on the ductility contrast that exists 

between the layers (Ramberg, 1964, equations 7 and 15). Where this 

contrast is large shortening takes place largely by buckling, where 

small, largely by homogeneous layer shortening. The greater the com-

ponent of homogeneoua layer shortening after the initiation of buckling 

the more closely the layer geometry approaches that expected in a pure 

similar fold. This conforms with the observation that Class i.C. and 

3 layer geometry is most pronounced where a marked_ compositional 

difference reflecting a large ductility contrast exists between the 

layers. 

In a multilayer sequence consisting of a large number of layers 

of differing thickness and ductility, in view of the dependence of 

fold wavelength on layer thickness and ductility contrast between 

layers, several orders or wavelengths of folds can be expected to 

develop (Ramberg, 1963a0  1964.). It is extremely probable that the 

variation in wavelength shown by each generation of folds in the Val 
Flora area is a direct result of this dependence. 
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Fig. 3.46. Buckled quartzo-felspathic layer in a quartz-felspar 
mica gneiss. The folding of the surrounding banding 
dies out rapidly away from the buckled layer. Second 
generation fold, Mixed Group gneiss; road section, 
Piotta-Altanca, M.R. 6953815286. 

Fig. 3.47. Second generation fold in the Quartensohiefer showing 
changing geometry and dyin,.; out when traced along the 
axial surface. 	South of FOisc, M.R. 6943615389. 



Fig. 3.48. Second generation fold Showing changing geometry and 
dying out in both directions from a central maximum 
amplitude layer. Two other folds of comparable geometry 
equal distances, on either side of this structure are also 
visible. Black garnet schist series; La Motta, 
M.R. 6959715569. 
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Invariably folds show changing geometry when traced perpendicular 

to their axes along their axial surfaces. They change their amplitude 

and eventually die out (Figs. 3.46, 3.47. 3.48). The variation in 
fold amplitude is often approximated by a simple fold model in which 

the amplitude of the folded layers decreases away from a single maxi-

mum amplitude layer at the centre of the fold. Geometrically the fold 

may be divided into two parts characterised by the style of variation 

in layer thickness, T, measured parallel to the fold axial surface, on 

either side of the maximum amplitude layer. On the convex sides of 

the maximum amplitude layer T decreases towards the fold hinge (Class 

1.0. layer geometry), whereas on the concave sides it increases (Class 3 
layer geometry) (Fig. 3.49). 

This pattern of variation in T is characteristic of that observed 

in the zones of contact strain surrounding buckled layers (Ramsay, 1967, 

P. 416 and Fig. 7.82); it is also) a consequence of any attempt to 

construct an Idealised concentric or parallel fold over a sufficient 

thickness of strata (Hills, 1953, Fig. 48a; Ramberg, 1963b, Fig, 10) 

(Fig. 3.50a). Where the shape of the buckled layer and the sone of 

contact strain or the idealised concentric fold have been modified by 

a component of homogeneous compressive strain (e.g. as in Fig. 3.50b 

where the homogeneous strain component has been superimposed at 
45 degrees) the pattern is retained, but becomes less clear, particu-

larly for large values of superimposed strain. 

Examples of natural folds which have a geometry which is not 

unlike the model are illustrated (Figs. 3.46, 3.47, 3.48). In 

Fig. 3.47 both the geometry (Class 1.C.) and contrasting ductility 
(suggested. by the markedly different composition compared to the matrix) 

of the maximum amplitude layer suggest that in this case the changing 

geometry of the fold can be sensibly equated with the pattern of con-

tact strain surrounding a single layer buckle. This is less obviously 

the case in Fig. 3.48, where the maximum amplitude layer is not clearly 

of contrasting ductility to the matrix nrr does it display such marked 
Class 1.C. geometry. Observations such as this have led Ramsay to the 

conclusion (Ramsay, 1967, pp. 434,435 and Fig. 7.104) that fold patterns 
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Fig. 3.49. Regimes of differing layer geometry in a fold whose 
amplitude decreases, away from a central maximum 
amplitude layer. T is the thickness measured 
parallel to the axial surface and is related in 
layers on either side of the maximum amplitude 
layer:- Ti  > T2>T3. 
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Fig. 3.50. 	a Idealized concentric or parallel fold.. The dotted 
layer shows concentric fold geometry whereas the 
layers on either side depart from this geometry 
(see text). 

b Idealized fold modified by a component of homogeneous 
compressive strain superimposed at 45 degrees to the 
x and y coordinate axes. The amount of shortening 
at right angles to the plane of flattening is 50%. 
The isogon pattern is consistent with the geometry 
outlined in Fig. 3.49. It is also clear from this 
figure that the axial surface trace is curved. 
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of the type represented by the model, above, might be developed around 

regions of inhomogeneous finite strain. In this event there would be 
no immediate reason to expect any wavelength control of the folded 
layers. This is not the case for the three visible fold structures 
illustrated in Fig. 3.48, which appear to be equally spaced and 
apparently determined by a mechanism which involved buckling. Folds 

should die out fairly rapidly from the maximum amplitude layer if a 
buckling mechanism has operated, as the zone of contact strain around 

a single layer buckle is limited to a distance of less than one wave-
length (wavelength of initial buckle) an either side of the buckled 

layer (Ramberg, 1960, 1961). It is appropriate to point out that in 

the instance above where the factors which determined the rheological 

differences between the maximum amplitude layer and the surrounding 

layers, which led to buckling, are unrecognisable, so also are the 

factors which determined the region of inhomogeneous strain where the 
inhomogeneous finite strain approach is considered. 

The modification of a symmetrical buckle and its zone of contact 

strain or of an idealistic concentric fold, by an obliquely super-
imposed homogeneous strain* (Fig. 3.50b) leads to a fold with a curved 

axial trace. This arises because of the differing rates of curvature 

of the, layers in the unmodified. fold. structure. Curvature of the 

axial traces of natural folds has been observed in the Val Flora area. 

The discussion of changing geometry above has been confined to con-

sidering profile sections of folds. It is invariably the case that 

geometry also changes along fold hinges. The hinges die out, con-

verge or diverge, etc. Such variations possibly reflect the changing, 

rheological properties of the layered system along the fold hinge. 

It is apparent that some of the folds in the Val Piora area 

probably owe their changing geometry to the pattern of contact strain 

around a single layer buckle. Mhere two or more harmonically buckled 

* The asymmetric superposition of a homogeneous strain component is 

a likely consequence, where the structures can be considered as 

'drag' folds developing about a larger wavelength structure (Ramberg, 

1963a,1964). 
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layers are involved the pattern is obviously more complex and the 

fold persistent over a greater distance. A common factor however 

is that these folds will also be characterised by changing geometry 

and will also eventually die out. 
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3.7) Complexity of structure  

It has• been aptly pointed out (Flinn, 1962, pp. 426-427; Ramsay, 
1967, pp. 174-175) that where the concepts of homogeneous progressive 
deformation are applied to inhomogeneous layered systems, in the 

instance in which the layering has no particular relationship to the 

strain axes (in fact in the general case) the resultant structures 

can be expected to be complex. However, in many areas the structural 
patterns are such as to suggest a special relationship between layer-

ing and strain axes, The Val Piora area must bezegarded as an area 

of this type in view of the specific relationships, demanded by third_ 

and fourth episode structures, between the layering and strain axes 

during the third and fourth episodes of Alpine deformation (Sections 
3.23, 3.24). 

Flinn has suggested that the inhomogeneity of layering may lead 

to a simplification of structural pattern, through atrengthenirg of 
structural directions by folding and through rotation of stress and 

strain axes into more symmetrical positions in relation to layering. 

One might on this basis question the application of the concepts of 

homogeneous progressive deformation to inhomogeneous, layered systems 

and the resultant conclusions. However, in doing so one also 

questions the validity of the only tool which is generally available 

to the structural field geologist for the analysis of the deforma-

tional history. 
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3.8) Correlations with other workers  

In the following pages the structural history deduced in the 

previous sections is correlated with the interpretations of other 

workers (Table 3.3) both in the Val Piora area and in adjacent areas. 

In his structural analysis of the Val Piora area Krige (1918, 

PP. 525-529) recognised that the Mesozoic rocks in Val Piore formed a 

complex synclinal structure between two blocks of dissimilar basement 

(the authochthonous Gotthard Massif and the allochthonous Lukmanier 

Massif). He interpreted the southern part of this structure (Fongio-

syncline) as a series of small synclines in the basement and possibly 

as schuppen. He discussed (pp. 597-599) the significance of the 
lineated micas which ()rose cut the schistosity and suggested (p. 529) 

that their fabric indicated the action of an east-west directed pressure 

after the north-south directed pressure which gave rise to the 

schistosity. There are obvious parallels which nay be drawn between 

Krige's analysis and that outlined in the preceding sections. 

Wunderlich (1958) discussed some of the structures apparent in 

the Mesozoic rocks of Val Flora as part of a regional tectonic 

appraisal of the Mesozoic cover rocks surrounding the Gotthard Massif. 

He recognised two linear elements in these rocks, Linear I acid Linear II, 

equivalent to structures described in this thesis as the third episode 

linear mineral fabricr and the fourth generation fold axis, respec-

tively (Table 3.3). Wunderlich (1963) has produced maps indicating 

that these linear elements occur throughout a. large part of the Alpine 

mountain chain. Wunderlich (1958, p. 131 and Fig. 11) interpreted 
the second generation folds as BIB' rtructurez, related to the forma-

tion of Linear I. In discussion of the syntectonic or snowball 

garnets he suggested (1958, p. 139) that these grew and rotated during 

the formation of Linear II and not Linear I (i.e. during D4, not D3 

(Sections 3.23, 4.2)). 

Steiger (1962, pp. 461-467 and Tabelle 17) (Table 3.3) described 

six episodes of Alpine deformation in tha gneisses forming the southern 

margin of the Gotthard Massif between the. Lukmanier and Gotthard Passes. 

From his detailed account of the structures formed during these episodes 



it is apparent that the structures discussed in Section 3.3 are closely 

comparable. The essential differences in their interpretation are as 

follows (cf. Table 3.3). 

1) Steiger considers schistosity (first foliation) and the penetra- 

tive mineral lineation to be largely the product of the principal 

Alpine phase of deformation (Phase II). (Though he recognises 

the schistosity to be Alpine Steiger infers (Table V) that "grobe 

Faltenachsen" in the Corandoni zone and Prato series and the 

quartz-felspar rodding in the Streifengneiss, which lie in the 

plane of the schistosity, are of pre-Alpine age 1) 

2) The north-south trending "Kleinfaltelung" which parallel the 

mineral lineations he suggests developed after the imprint of 

the main linear fabric, in response to a weak east-west com-

pression (Phase III). The girdle biotite fabric (Querbiotite 

fabric) formed et a late stage in the operation of the Phase III 

stress system. 

Kvale (1957, 1966), as a result of fabric studies in the Gotthard 

Massif and the adjacent Mesozoic cover, finds evidence in these rocks 

for six tectonic events of which two are pre-Alpine (one of these 

events is the intrusior of the Hercynian granites) (Table 3.3). Mica 

fabrics described by Kvale are similar to those observed in the Val 

Piora area. A difference in their interpretation exists however, as 

Kvale considers the total tectonic mica fabric (excepting the 

Querbiotite fabric) to be the product of a single deformation act. 

In this analysis it has been suggested (Section 3.23) that the total 

tectonic mica fabric is made up of a number of part fabrics formed 

during different episodes of deformation and modified but not always 

destroyed by later episodes of deformation. 

Kvale (1957, 1966) has pointed to the similarity in the pattern 

of structures in the Mesozoic synclines south of the Gotthard Massif. 

In the Nufenenpass region to the southwest of Val Piora (Chatterjee 

(1961) and Higgins 096410 have carried out more detailed investiga-

tions. Chatterjee recognises three ages of linear structures in the 

Nufenen area, Bo, Bi  and B2; where Bo represents the axes of large 
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easterly plunging folds, considered to be the earliest Alpine folds, 

Bi is a prominent mineral lineation representing the extension axis 

of a post Bo flattening deformation and B2 is a gently plunging to 

horizontal crenulation fold axis. These linear structures have their 

obvious equivalents in those produced during D2, D3 and D4 in the Val 

Piora area (Table 3.3). 

Passing southwards into the Pennine region it seems likely that 

Chatterjee (cf. Plate 2) has confused the B2 folds of the Nufenen 

region with earlier generations of fold structures. Thus in the 

Albrunpass area where two generations of post nappe folds exist 

(Sibbald, 1965) his B2 folds conform with the earlier of these. 

Higgins (1960, p. 162), on the basis of his observations in the 

Pennine region, makes a similar criticism. 

Higgins (1960) records Chatterjee's three sets of structures 

but his interpretation of their age relations is slightly different 

(Table 3.3). He suggests (p. 114) that the mineral lineation in 

the Nufenen rocks was formed during the development of the large scale 

B0 folds and is not to be considered as the product of a separate 

deformation. 

Cchuppen are present in the Nufenen as in the Val Piore area. 

Higgins (p. 100) suggests that these are related to the large scale 

Bo folds as• they are oriented approximately in the axial surfaces of 

these structures. They were probably initiated in pre-Bo times in 

response to block movements in the basement. (The Corno-Schuppe 

(Oberholzer, 1955) is thought to be of this age). Further movements 

may have accompanied fold development. In the Gotthard Massif 

Higgins recognises these same structures but interprets the dominant 

early schistosity as a pre-.Alpine structure. The contact of the 

Gotthard Massif with the cover is suggested to be tectonic and of 30 

age (cf. Oberholzer, 1955; Hefner, 1958). 

In the context of the Alpine deformation as a whole the structures 

so far discussed belong to the third (F3 =Bo and B1) and fourth 

(F4 = B2) episodes of deformation in Higgins's deformation sequence 
(Table 3.3). Structures formed during the two earlier episodes of 
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deformation are found in the Pennine region to the south, but are in 

general absent in the Nufenen rooks (only one example of folds pre-

dating F3 structures has been recorded (Higgins, 1964b, pp. 132-133)). 

For this reason it has been suggested that the Gotthard Massif and 

the Nufenen zone did not become involved in the Alpine movements until 

late F2 times. 

Although Higgins interprets the major (Bo) fold structures in the 

Nufenen region as F3 structures, there seems to be no evidence against 

the interpretation of these as F2 folds. In this event the absence 

of folds of F3 age in the Nufenen region is comparable to the absence 

of folds of D3 age (other than orenulations parallel to the mineral 

lineation) in the Val Piora and Lukmanier areas. 

The region to the east of Val Piora has been the subjeot of a 

number of recent investigations. Of these two are of particular 

interest, that of Chadwick (1965, 1968), because it represents a 

detailed structural and metamorphic analysis of the area immediately 

to the east of Val Piora, and that of Frey (1967), because in associa-

tion with his investigation of the Greina area he synthesises the 

recent work in the cover rocks of the eastern Gotthard Massif of the 

Zurich school of geologists. 

In the Lukmanier area, Chadwick recognises two episodes of Alpine 

deformation, Phases B and V, both of which postdate the Pennine nappe 

forming movements. Structures produced during Phase B (major and 

minor folds and associated penetrative axial plane cleavage in the 

cover rocks, tectonic slides at the basement cover contaots and the 

linear mineral fabrics) conform with structures formed during D2 and 

D3. Those produced during Phase V conform with structures formed 

during D4 in the Val Piora area (Table 3.3). Thus. Chadwick, in 

company with Higgins and in contrast to the opinion cited here 

(Section 3.23), considers the linear mineral fabric to be related to 

the formation of the Phase B folds and slides and to indicate the 

direction of movement on these slides. 

Chadwick's suggestion that the schistosity (first foliation) in 

the gneisses of the Gotthard Massif is of Phase B age and hence Alpine 
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and that the rodding in the Streifengneiss may also be Alpine Riffers 

from the interpretation proposed in this thesis (Sections 3.3, 3.31). 
The Phase 3 age of the schistosity in the Hercynian intrusions in the 

Lukmanier area is not disputed, however, a similar age for the 

schistosity in many if not all of the pre -Hercynian gneisses of the 

Gotthard Massif is questioned. Because of the parallelism of Alpine 

and pre-Alpine structures, and the partial reworking of pre-Alpine 

structures during Alpine times (Section 3.32) some confusion over the 

ages of the structures is to be expected. 

Frey (1967) on the basis of his mapping in the Greina area and 

of a synthesis of recent work in surrounding areas (e.g. Jung, 1963; 

Baumer, 1964; Chadwick, 1965), finds evidence for a phase of deforma-

tion which predates Chadwick's Phases B and V (Table 3.3). The 

tectonic events which took place during this early, B0, deformation, 

as shown by Frey (1967, pp. 99-100) are summarised below. 

1) The Mesozoic sediments of the Gotthard Massif above the Lies were 

removed, most probably tectonically, in response to movements in 

the Penninc region. 

2) The Liassic sediments which remained behind on the Gotthard Massif 

(the Scopi Zone and Peidener Schuppenzone rocks) were folded. The 

Scopi Zone (parauthochthonous cover) was inverted on the residual 

Triassic and Lower Liassic sediments of the Gotthard Massif 

(authochthonous cover). (Nabholz and Voll (1963) conclude that 

the Mesozoic sedimentary pile is the right way up. Frey (1967, 

pp. 96-97) gives convincing stratigraphic and other reasons for 

refuting their conclusion.) 

3) Movements took place in the Gotthard basement along the line Pia 

Miez, Lago Retico, Ri. di Prusfa (the northern contact of the 

Scope syncline with the Gotthard basement), and led to shearing 

of the relict authochthonous cover. 

4) The Pennine sediments were thrust over the authochthonous and 

parauthochthonous cover elements. It is not known whether this 

thrusting was earlier or later than event (3). 
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The following comments may be made with respect to the tectonic 
events outlined. above. Firstly, as pointed out by Frey himself (p. 100) 

the early phase of Alpine deformation left no recognisable imprint in 

the form of minor structures in the Gotthard basement (Section 3.3). 

Secondly, in contrast to Chadwick, Frey considers movement to have 
taken place at the northern contact of the Scopi syncline with the 

Gotthard basement, in part at least before Phase B. It is difficult 

to reconcile the first of these observations with the second as 

presumably the Gotthard basement was deformed by the movements des-

cribed in (3). Thirdly, it is suggested, (2), that the parauthoch-

thonous sediments of the Scopi Zone lie with discontinuity on the 

authochthonous sediments of the Gotthard Massif. The Scopi syncline, 

which has been interpreted as a simple syncline with a strongly 
attenuated northern limb (Huber, 1943, p. 87), or as a syncline with 
its northern limb largely removed by tectonic sliding (Chadwick, 1965, 
1968), is therefore a more complex structure. In the section through 

the Scopi Zone exposed along the new Lukmanier Pass road (see also 
Nabholz. and Voll (1963, Fig. 10)) Frey (1967, pp. 38-39 and 82-83) 
illustrates the evidence for this discontinuity. 

A part of Frey's area has recently been remapped. (Cobbold, 1969) 
and the history of deformation deduced substantially agrees with that 

outlined by Frey. Cobbold recognises Frey's Bo, B, V phases of 

deformation and in addition a Phase T, which postdates Phase B, but 

is earlier than Phase V (Table 3.3). The possible significance of 

Cobbold's Phase T structures is considered in the concluding 

discussion. 

The Pizzo Molare area to the south of Lukmanier has been the 

subject of a recent investigation (Thakur, 1971). Both structures 

and structural sequence outlined by Thakur can be equated with those 
found in the Val Fiore area. A. major northward closing synformal 

fold is recognised to occur between the Val Piora and Molare areas. 

Planar structures which are northward dipping in Val Piora become 

turned over into a southward dipping orientation on Pizzo Molare. 

The geometry and age of this major fold is discussed below (Section 3.9). 
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There is little basis for correlation of the structures observed 

in Val Piora with those described in the Sambuco-Massari area by 

Hasler (1949). A detailed study of minor folds in the Alpe Massari, 

Alpe Sheggia region, (Hudleston, 1969) has shown that at least three 

generations of fold structures exist there. These are possibly to 

be correlated with those produced during D1, D2 and D4 in the Val Piora 

area. With respect to the large scale structures, the gneiases of the 

Sambuco lobe of the Maggia nappe, may form the core of a major second 

generatlon synform, which is the southern complement of the Lukmanier 

antiform and is continuous in the east with the Molars synform. 



Table 3.3 Correlations with other workers. 

Wunderlich (195) 
(Cover) 

Correlatimf Chatterjee (1961) 
(Cover, Nufenenpass)  

Correlation 

Linear I 
D3 
D 2  

D4  
D3 

o  Phase  B 

D2  

D3 

D
4 

lin eation. 
BSS. 
. miner 

B' fo
al 

 lds. l_ 
Maj or folds in Nufenenpass 
area 

B1  Phase 
Linear II 
Folding on E.W. axes 
Syntectonic garnet 
rotation. 

N.S. mineral lineation 

B2 Phase 

Folding on E.W. axes 

* Correlations 

D.p.A. - Structure 
Di 	Structure 
D2 - Structure 
D3- - Structure 
DL - Structure 

L. 	- Structure 

formed by the pre Alpine episode(s) of defm. 
formed by the first episodes of Alpine defm. 
formed by the second episodes of Alpine defm. 
formed by the third episodes of Alpine defa. 
formed by the fourth episodes of Alpine defm. 
formed by the Late-Alpine episodes of defa. 



Steiger (1962) 
(Gotthard Massif) orrelation 

Kvale (1966) 
(Gotthard Massif and Cover) Correlation 

Pre-alpine 
D.p.A. 

D.p.A. 

D.p.A. 

D.pA(D2) 
D3 D3 

D3 

D4 

L.A. 

Pre alpine 

D.p.A. 

D.p.A 

D 
(D.p.A, D2) 

D3 

? 

D4 

L.A. 
D3D4 

Rodding in Streifengneiss. 
Folds in Prato series and 
Corandoni Zone (Grobefalten). 

Alpine 

Phase 1. 
Rodding in Streifengneiss 

Phase 2 

Phase I 
Intrusion of Medelser granite 

Alpine Strong cataclaysis 
first outline of schistosity. 
Phase II (Chief Alpine phase) Phase 3 (Main Alpine movements) 
Development of schistosity 
and N.S. mineral lineation. 
Syntectonic garnet rotation. 
Phase III 

N.S. mineral lineation 
(and schistosity) 
Phase 4 
Development of N-N.W. trending 
folds and girdle biotite (Querbiotite), 
fabric 	(Airolo-Nufenen area). 
Intrusion of Rotondo granite 
Phase 5 

Development of N.S. trending 
folds, (Kleinfdltelung) and 
girdle biotite, (Querbiotite), 
fabric. 
Phase IV Folding on E.W. axes (Wellung) 

Phase 6 
Weak cataclaysis. 
Phase V 
Folding on E.W. axes (Wellung, 

Phase VI 

Vertical upward movements 
on shear planes. Development 
of Gotthard Massif fan. 

Weak cataclaysis. 



Higgins (1964b) 
(Gotthard Massif and Cover) 
(Pennine Zone 	) 

Correlation 
Chadwick (1965, 1968) 
(Gotthard Massif and Cover) 
(Lukmanier Massif 	)  

Correlation 

Pre Alpine Pre Alpine ? 
Early schistosity in Rodding in Streifengneiss D.p.A. 
Gotthard Massif D.p.A. 

Alpine Alpine 

F1  Phase B 

Nappe emplacement and 
associated major and 
minor structures. 

Di  
Schistosity in Gotthard Massif, 
Lukmanier Massif, 
and Cover. 

)D.p.A., D2 
) 
D1, D2 

Major folds in Cover. (Scopi synclineetc) D2 
F2 Slides at basement/cover 

Major folds in the 
Pennine Zone. 

contacts. 
Development of N.S. mineral 

D2  

Initiation of block 
movements in Gotthard D2 

lineation. D3  

Massif basement. Phase V. 

EL Minor folding on E.W. axes. D4 

Major folds and Schuppan 
in Nufenenpass area D2 
Development of N.S. mineral 
lineation. D3 
!F-4 
IMI5or folding on E.W. axes. D4 



Frey (1967) 
(Cover) 

Correlation Cohbald (1969) 
(Gotthard Massif and Cover)  Correlation 

Alpine Pre-Alpine 
Bo  Phase Early schistosity in Gotthard D.p.A. 
(See Text) Di  Massif. 

Rodding in Streifengneiss D.p.A. 
Phase B 

AlR10. (as Chadwick) 

Phase V B0  Phase 

(as Chadwick) (as Frey) D1  
Phase B 
Major and Minor folding 
of Gotthard Massif 
and Cover - (Marumo synform, 
Sassina antiform, (Greina-
einmuldung)) 

D2  

Slaty cleavage in Cover. 
Second schistosity in 
Gotthard Massif. 

Phase T 
Major and minor folding on E.W. axes. D3 Granulation cleavage 

Phase V 
Minor folding on E.W. axes. D4 
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3.9) Discussion (a regional synthesis)  

Some controversy exists over the correlation of structures in 

the Lukmanier area with those in the parauthochthonous cover of the 

eastern Gotthard Massif. Whereas the former region appears as an 

area affected by both folding and thrusting (Chadwick, 1965, 1968) 

the, latter is dominated by thrust tectonics (Jung, 1963; Nabholz and 

Voll, 1963; Frey, 1967). Nabholz and Voll (1963, p. 773) and 
Chadwick (1965, p. 153) consider the second deformation folds and 

slides in the Lukmanier area (Phase B, of Chadwick; SI, B1, str.i, 

of Nabholz and Voll) to be the same age as the flatter lying schuppen 

further east. The Zurich school find the schuppen to be of first 

deformation age, related to the inversion of the Soopi zone and 
intimately linked with the deformation which led to the thrusting of 

the Pennine metasediments over the authochthonous and parauthochthonous 

cover elements (B0 Phase of Frey (Section 3.8)). When the individual 

schuppen are traced (Jung, 1963; Baumer, 1964; Frey, 1967) it is 

found, in support of the contention of the Ztirich school, that not only 

do they show a general structural concordance with the Frontal Pennine 

Thrust, but also when followed into the region of major second folds 
and slides they become deformed by these structures (Frey, 1967, 

Figs. 23 and 24), (Figs. 3.51, 3.52). 

Chadwick (1965, p. 153) in arguing for the contemporaneity of 

the schuppen and the Phase B structural zones in the Lukmanier area 

(Scopi Zone, Val di Campo Zone, Valle. di Lucomagno Zone) points to 

how these zones turn over in the east to form gently dipping schuppen. 

For instance, the Tries of the Val di Campo anticline appears in the 

east as a Triassic slice separating the Force and Pianos. Zones of the 

Peidener Sohuppen Zone (Fig. 3.51). As the schuppen are in fact first 

generation structures, by the same argument it can be suggested that 

the so called Phase B structural zones in the Lukmanier area are also 

first generation structures. The structural geometry of the Lukmanier 

area appears to require more than two deformation episodes to explain 

the distribution of rock types; a pre-Phase B deformation must be 

considered as an important part of the history of the cover deformation 

in this area as it is in Val Piora and the region to the east of Lukmanier. 



170+ 

+ 4" 4- + .4. 	+ 	+ 	4- 
+ 	4 4- 4- 	+ 	+ + 

X x 
710 

)(

X 

 x 

)4 690 
160 + 

X X X 4 X X X 
X 	 X )f )C  X X 	It  X  

)t  X 
A x 

700 	)c 
Itx  

3<  

x 

IIIII1Authochthonous cover and 

Val di Campo Trios_ 

Scopi zone 

Forca zone 
Peidener 
Schuppenzone 

Pianca zone 

150 

• • • • 

•"! 

STRUCTURAL ZONES IN THE MESOZOIC COVER OF THE 
Pennine zone 

S.E. GOTTHARD MASSIF 
(after Frey.W.(1967, Figure 23)) 

  

X k Gotthard Massif 

Scale 1:200,000 
ukmanier Massif 

Fig. 3-51 



690 700 710 720 

FrISO 

1- 4° 
f.34 	I 

illil \.41. 	1 1) 	• 
.k.1 	1 	 1 11 6°  
- -A--?II \ ,,I 

I25. 1111 	i l  ).ss 	, .... ,.. ..„, 	, 
. -■ I 	1 	1 	III' 	1 I 	I 	III 	1 

I 	Eas. 	1 1  ii 	t i 144 il 1 1 1 , 1, i 	II 	I 	1 1,1 	III 	I 

GOTTHARD MASSIF 
Hercynian granites 
etc .  

Streifengneiss 

Sedimentary and 
mixed gneiss 

LUKMANIER MASSIF 

F;;ILEVENTINA GNEISS 

MAGGIA NAPPE 

CAMPO TENCIA 
COMPLEX 

SOJA NAPPE 

ADULA NAPPE 

SIMANO NAPPE 

MESOZOIC COVER 

Pre-Alpine 
foliation 

lst.Alpine foliation 

2nd.Alpine foliation 

. • ' 	
* 4- 

Limit of overturned 
layering (90.  dip 
isogon). 

Fig. 3.52 GEOLOGICAL SKETCH MAP OF REGION SURROUNDING VAL PIOR A 

[4 

1;111  

N\I 

• 
ale 

••••-

•-•" 	
• .... .../ 

INN ' ./.....- 	
. • X 	---" 	. 

..." .,.." 

170 

160 

N 

	

, 	. 	. 	• 	. 
• --•-- • . • 

■•••...• 

X 	4 
k 

-17 
AideF,. OW° ../.7/01.210.a/Cag . • 

4, 	4- 	4- 4 
4.s4-7.6 

4 	+ 

6F 

* 4. .4  
•-•L, 	4- 

, • 

SS 

150 
• 

• • . 

• • • 
• • 

• • 
• • 

. • 

4- 

▪ 

+ .•••••• 	•• 
•••••"r.-  

• SS 

3. 

• - 
Scale 1.'200,000 

to 

jtio  
SS 

air 

Te  



154. 

It can be conclaaed, following Frey (1967), that during the first 

episode of Alpine deformation most of the sediments of the Gotthard 

Massif cover were removed tectonically and probably slid northwards 

to form a part of the Helvetic nappe complex. The remaining Liassic 

sediments of the Scopi Zone and Peidener Schuppen Zone were folded 

and thrust to form a series of parauthochthonous slices (echuppen) on 

the residual authochthonous cover at the base of the Pennine nappe 

complex. The Pennine metasediments in Val Piora and on Nufenenpass 

appear to be in contact with the residual authochthonous cover, whereas 

in the east they are in contact with the Pianca Sudachuppe of the 

Peidener Schuppen Zone (Fig. 3.51). From these observations it can 

be inferred that the Scopi and Peidener Schuppen Zones wedge out 

against the authochthonous cover towards Val Fiore. A discordance 

must therefore exist between the authochthonous and parauthochthonous 

cover. In this context it can be suggested (of. Frey, 1967, p. 33; 

Baumer, 1961+, pp. 55-56) that the discordance between the parauthoch-
thonous and sheared authochthonous cover at the northern contact of 

the Scopi Zone with the Gotthard basement has primarily originated in 

this way and is only secondarily the result of Phase B sliding at the 

basement-cover contact (Chadwick, 1968, p. 1130). 	The second cleavage, 

first foliation intersection relationships in the Val Camadra and 

Lukmanier areas are also inconsistent with Chadwick's conclusion that 

the major structural relationships in the cover are due to a single 

episode of deformation (Phase B). They are however consistent with 

the interpretation which has been outlined above (Fig. 3.53). 
The Gotthard and Lukmanier Massifs were uaaffected by the major 

translative movements in the cover rocks (Section 3.5), the residual 

authochthonous cover acting as a surface of deeollement to the first 

episode of Alpine deformation. This observation has an important 

bearing on the origin of the Lukmanier Massif, which must be inter-

preted as a part of the relatively unmoved basement rather than as 

a basement nappe (Section 3.5). 

The basement was altivated during the second episode of Alpine 

deformation, deforming inhomogeneously, the zones of paragneiss 



Maru 0 
Synf orm •• 

34- 
k 	/ x tx )( Ix  

Greinaeinmuldung 
4' Jr A- .v 114 x 

GOTTHARD 
Sc 
 .*r 

MASSIF 
k 	X , 

Sassin a An tifor m 

1st. Foliation 

MESOZOIC 
COVER 

2nd.Cle a vag e 

XI I X/ 4 
x A. 

Scopi syncline , 

( a ) Observed 1st. Foliation 

2nd Cleavage intersection 

relationships. 

155 
N. 	 S. 

lst.Foliation 

kk y 

k 

k X  
X 

x k X )( 

* x A' k 
k 

k 	k 	k / 
/ 

/ 2nd. Cle a vage 

( b ) Intersection relationships 

suggested by Chadwick's 

interpretation of the structure 

of the Mesozoic Cover. 

Fig. 3.53 



156 

forming regions of more intense deformation and determining the posi-

tions of second generation structures in the overlying Mesozoic cover. 

This is perhaps most clearly illustrated in the Gotthard Massif by the 

paragneisses of the Boreal Zone and the paragneisses at the southern 

margin of the Massif in the Val Camadra area (Frey, 1967; Cobbold, 

1969) (Fig. 3.52). Thus, the pinched in nature of the cover rocks in 

Val Rondadura (Chadwick, 1968, Plate I), and the squeezed out aspect 

of paragneisses of the Sassina antiform (Frey, 1967, Tafel I; Cobbold, 

1969) can be equated with a greater compressive strain in these pare-

gneisses than in the adjacent blocks of granitic basement (Streifengneiss 

and Medelser granite). The relative elevation of the granitic basement 

to the north of the Boreal Zone with respect to that lying to the south 

indicates that the paragneiss horizons were also zones in which the 

differential movements between adjacent blocks of slightly deformed 

granitic basement were accommodated. The northern margin of the 

Scopi Zone has been interpreted as a. slide (Chadwick, 1968, p. 1130). 

Just as the Boreal zone determined the northern limit of the 

Scopi structure, the Tremola Zone is suggested to have influenced the 

position of the Valle di Lucomagno-Val Piora structure (Chadwick, 1968, 

p. 1130. The northern margin of the Val Piora structure is likewise 

bounded by a slide. East of Val Camadra the Greinaeinmuldung (Frey, 

1967; Cobbold, 1969), though apparently comparable to the Scopi and 

Val Piora structures, is found in contrast to be a simple synform and 

not a slide determined structure. The basement surrounding this 

feature is however essentially homogeneous, Streifengneiss. Both 

large and small scale structures in the Gotthard Massif gneisses 

(Section 3.32) indicate that the pre-Alpine structures were reworked 

during the second episode of Alpine deformation. 

The antiformal structure of the Lukmanier Massif suggests that 

in this case the basement behaved in a more uniformly ductile fashion 

than the Gotthard Massif basement, during the second episode of Alpine 

deformation. The present work has shows however that this deformation 

was concentrated in the paragneisses bounding the northern margin of 

the Massif and that this margin, like the southern margin of the 



157 

Gotthard Massif, has been affected by tectonic sliding. 

The amount of movement on the individual second slides cannot be 

accurately determined but it seems probable that differential dis-

placements may have reached several kilometres (Section 3.5). Fray 

(1967, p. 79) suggests a vertical displacement of 6000 metres along 

the northern margin of the Scopi structure. Baumer (1964, p. 55) has 

estimated the minimum displacement as 2000 metres. (Frey's figure of 

6000 metres appears to have been derived by comparing the structural 

levels of the Greinaeinmuldung and the Scopi structure by a down plunge 

projection technique. A constantly oriented easterly plunging, second 

fold axis is assumed. In view of the remarks which follow this figure 

should perhaps be treated with caution.) 

The axes of folds formed during the second episode of Alpine 

deformation show a regional variation in attitude. In the Lukmanier 

area these fold axes appear generally to plunge gently east although 

individual fola hinge lines are curved (Chadwick, 1968, pp. 1130-1132). 

In the Nufenenpass (Higgins, 1964b, p. 100; Chatterjee„ 1961, p. 11 

and Fig. 4.) and Molare (Thakur, personal communication) areas second 

fold axes also plunge gently east, whereas in the Val Piora area they 

plunge consistently north to northwest (Encl. 3). Chadwick's (1968, 

p. 1130) suggestion that the curvature of the hinge lines of second 

folds in the Lukmaninr area is due to inhomogeneous strain provides a 

possible explanation for he observed regional variation in the 

attitude of second fold axes. 

The hypothesis (H1ggins, 1964b; Chadwick;  1965) that the linear 

mineral fabrics were produced during the second episode of Alpine 

deformation does not appear to explain the structural relationships 
observed in the Val Piora area. An alternative proposal has been 

made, namely that these linear fabrics were produced by a rotational 

strain superimposed on the second and earlier structures (Section 3.23). 

As the mineral linear fabrics and the second slides are therefore 

unrelated structures, there is no longer' a basis for the conclusion 

(Chadwick, 1968, p. 1131) that the north-south trending mineral linear 

fabrics are parallel to the direction of movement on the second slides. 
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The direction of movement on these slides in the Val Piora area has 

been suggested to be northwest-southeast (Section 3.5). 

Crystal rotation* about sub-horizontal east-west trending axes, 

which is consistent in sense throughout basement and cover, is a common 

phenomenon in Val Piora and probably over a much wider area as well 

(porphyroblasts in the Scopi Zone rooks on Lukmanier Pass show the same 

sense of rotation (Nabholz and Voll, 1963, Fig. 10)). Textural 

evidence suggests that rotation occurred after the second but largely 

before the fourth episode of Alpine deformation and was associated 

with the formation of the linear mineral fabrics (of. Steiger, 1962, 

p. 4.62) (Sections 3.23, 4..2). 	The consistent sense of crystal rota- 

tion across second generation structures, together with the observa-

tion that this sense if due to slip on the second sohistosity surfaces 

is opposed to that expected from the sense of movement on the second 

slides (upward movement of more northerly lying rocks), lends support 

to this viewpoint. 

As the orientation of layering prior to the third episode of 

Alpine deformation and the strain path during this episode of deforma-

tion are unknown, the extent to which the differential crystal rotation 

is due to rotation of layering as opposed to rotation of the crystal 

itself (Section 5.8) is indeterminate. However, if it may be assumed 

that the layering rotated about the crystals, it is coincident with 

the sense of differential crystal rotation that the sub-vertical. to 

southward facing structures along the southern margin of the Gotthard 

Massif initially showed a northward facing attitude which accorded 

with the general asymmetry of the Alpine mountain chain (cf. Steiger, 

1962, p. 4.62; Kvale, 1966, p. 

Throughout the third episode of Alpine deformation in the Val.  

Piora area the axis of rotation of layering appears to have been an 

axis of potential boudinage. The direction at right angles to this 

* Differential rotation of the crystal and the matrix. 

A Where crystal rotation can be related to fold forming movements it 

is commonly found that rotation sense differs on opposite limbs of 

the folds generated (e.g. Peacy, 1961; Zwart, 1960). 
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axis in plane of the layering is shown by the linear mineral fabrics 

(stretching fabrics) to be a direction of continuous elongation. The 

layering rotated towards and in the same sense as the extension axis of 

successive increments of the third episode rotational strain (Section 

3.23) ( Fig. 3.54a) 	In other areas, where the strain path was 

different or where the orientation of layering or of the extension 

axis of the first increment of the third episode strain initially 

differed from that in Val Piora, shortening of layering perpendicular 

to the axis of rotation might be envisaged at some stage during the 

third episode of Alpine deformation (Figs. 3.54b and c). The post-
second, pre-fourth deformation folds in the Val Camadra area (Phase T 

folds (Cobbold, 1969)) may have originated through layer shortening in 
one of the ways outlined in Fig. 3.54. 

The analysis of fourth episode structures in the Val Piora area 

indicates that the strain which gave rise to these structures was 

superimposed on a layering already overturned (back-folded) and of 

variable attitude (Sections 3.24, 3.55). In the Val Camadra area 

Cobbold (1969) arrives at a similar conclusion. For this reason the 

fourth episode of Alpine deformation is thought to have merely 

emphasised features already established during the earlier third 
episode. Although a distinction is made between the third and fourth 

deformation episodee the relationship deduced between the various strain 

parameters (ratio and orientation of the principal strain axes) suggests 

the deformations to be related and perhaps broadly continuous(Section 

3.24). The deformation picture is comparable to that envisaged.by 

Nabholz and Volt (1963) in the cover of the eastern Gotthard Wassif; 
i.e. repeated folding during continuous rotational deformation in 

which the trend of the stretching direction remains constant, signific-

antly in both cases sub-perpendicular to the axis of the mountain 'welt. 

Although a detailed analysis is not yet possible, the limits of 

the region of overturned layering or back-folding south of the Gotthard 

Massif can be broadly established from existing work. In Fig. 3.52 

this region has been delimited by constructing the 90 degree dip isogon 

for layering. A number of points arise from the a.nalysis. 
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N. 	 S. 

(a 

(b 

(c ) 

Fig. 3.54 Possible histories of layering during D3. (a)Continuous 

boudinage.(Rotational strain increments X 7  Y7  27 ,X2  Y2 Z2 ,etc.). 
(b)Initial boudinage and later folding.(Rotational strain 

increments X; Y1 21,X2 Y2 4,etc.,different strain path to (a )). 

(c )Continuous folding.(Rotational strain increments as (a ), 

but initial layering orientation differs). (Initial folding may also 

precede boudinage , where suitable strain path ). 
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1) The back-folding or overturning is most severe in the Val Piora 

and. Lukmanier areas. 

2) The closure of the region of overturned layering towards the east 

indicates that the back-folding dies, out in this direction (closed 

isogon patterns are a feature of folds with changing geometry). 

The rocks of the Simano and Adula nappes to the east of Val Blenio 

appear to be in structural continuity with the gently southeast 

dipping cover of the eastern Gotthard Massif. 

3) The northern limit of the back-folded region is determined by the 

fan structure in the Gotthard Massif. 

4) The southern limit of the back-folded region is determined by the 

major synformal fold closure, recognised by Thakur (Section 3.8), 

between the Pizzo Molare and Val Piora-Lukmanier areas. This 

latter structure has been traced as far west as Alpe di Chiera 

(Thakur, personal communication), but its continuity in the 

Sambuco-Massari area (Hasler, 1949) is less clear (Fig. 3.52). 

From work in the region to the west of Airolo (Schmidt and 

Preiswerk, 1908; Burokhardt, 1942; Ganthert 1954; Higgins, 1964b), 

a comparable region of steepened to overturned layering can be recognised 

almost as far west as the Simplon Pass. 

The structural history of the region of steepened to overturned 

layering ('steep' zone) can be contrasted with that of the surrounding 

region of gently dipping planar structures ('flat' zone). Whereas 

layering in the 'steep' zone, rotated and in some areas (e.g. Val Piora) 

underwent continuous north-south extension during the superimposition 

of the third episode strain increments, that of the 'flat' zone appears 

little changed from its pre-third deformation orientation and probably 

remained relatively static. As a consequence it can be expected to 

have suffered near continuous north-south shortening (Fig. 3.55). In 

the Nufenenpass-Basodino area (Higgins, 1964b) evidence can be found to 

support this hypothesis. In the 'steep' zone, the northern limb of 

Higgins's m:ajor F3 synform where axial trace runs east-west from Lego 
Bianco to the Marohhorn, north-south stretching fabrics (linear mineral 

fabrics) are well developed. However, in the 'flat' limb to the south, 
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Fig. 3.55. 	Evolution of the major back-fold. 	(a) (b) (c) (d) 
and (e) show stages during the development of this 
structure. 	X1Y1Z1, X2 Y2 Z2, etc. represent incre- 
mental strain axes at these different stages. In 
(a) -(d) (the third episode of Alpine deformation) 
the steep limb ('steep' zone) undergoes continuous 
elongation and rotation (indicated by arrows) whereas 
the flat limb ('flat' zone) suffers continuous 
shortening and little finite rotation. Stage (e) 
corresponds to conditions during the fourth episode 
of Alpine deformation in which shortening of the 
steep limb and possibly refolding of the third 
generation structures on the flat limb took place. 
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'flat' zone, these are absent. An east-west stretching fabric of an 

earlier generation is observed. A comparable observation is made by 

Chatterjee (1961, p. 12) in the region further to the went. 	He notes 

that the north-south trending linear mineral fabric (B1) is found 

nowhere in the Pennine region to the south of the Gries valley (i.e. 

the 'flat' zone). The predicted north-south shortening of layering 

in the 'flat' zone is indicated by the presence of a set of fold 

structures with east-west trending axes and, steeply dipping axial 

surfaces, Higgins's F3 folds. (As pointed out in the previous section, 

it seems probable that the folds in the 'steep' zone suggested. by 

Higgins to be F3 folds are in fact F2 structures.) Further to the 
west in the Albrunpass area (Sibbald, 1965) which lies to the south 

of the steep zone, a set of folds of similar orientation is observed 
and the north-south stretching fabrics are also absent. 

In the gently dipping cover rocks cf the eastern Gotthard Massif 

('flat' zone), northeast of the region of back-folding, north-south to 

northwest-southeast trending stretching fabrics have been found. (Jung, 

1963, pp. 732-738). This observation appears to contradict the 

hypothesis outlined above, however the apparent contradiction is 

resolved when it is realised that these fabrics are related to the 

formation of the schuppen in this region (first episode of Alpine 

deformation) and are therefore of a different age to the stretching 

fabrics in the 'steep' zone. The. conclusion (Nabholz and Voll, 1963), 

that stretching directions in these rooks had a similar trend during 

subsequent deformations, which led to folding of the early linear 
fabric, corresponds favourably with the evidence that the extension 

axes of the third and fourth episode strain ellipsoids in the Val Piora 

area were oriented north-south (Sections 3.23, 3.24). 

The origin of the major back-folding presents a problem. If .:.he 

fold structure is thought to have been initiated by buckling then 

layering within both fold limbs should have suffered an initial layer 

parallel compreLsive strain. The follwring suggestions can be made 
to explain the absence in parts of the overturned limb at least (e.g. 

Val Piora area) of fold structures indicative of such a strain 
component. 
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1) The initially formed minor folds were unfolded during subsequent 

development of the major fold limb (cf. Ramberg, 1963). 

2) The initial compressive strain was resolved in such a way that 

folds with short wavelengths were inhibited. 

3) An initial flexure was already present in the layering before the 

third episode of Alpine deformation. This flexure was merely 

developed by the thirdepLaode strain (cf. Fig. 3.55), parts of 
the overturned limb undergoing continuous stretching. 

The possibility also exists, that back folding was initiated by a 
mechanism other than buckling, such as differential rotation of layer-

ing due to regional strain inhomogeneity. 

In conclusion it is appropriate to consider the origin of the 

rotational component and the constrictional nature of the third episode 

strain. As outlined earlier (Section 3.23) rotational strain is 

certainly an important factor in natural deformation, but is also in 

general an indeterminate component and hence often neglected. The 

existence of strain rate differences within an orogenic belt would 

give rise to rotational strain. In view of the dependence of strain 

rate on temperature and the likely orientation of the metamorphic 

isograds during the third episode of Alpine deformation, it is certain 

that such differences existed. The rocks at depth and in the south 

were hotter and deforwing more rapidly than those at higher levels and 

in the north. 

The constrictional nature of the third episode strain implies an 

east-west as well as a north-south shortening of the orogenic belt in 

the. Val Piora region. Evidence of east-west shortening is provided 

by the large scale flexuring of the Gotthard Massif about a steep 

north plunging axis (Kvale 1966, pp. 71-2, Fig. 27). Kvale also notes 

that constrictional type fabrics and associated structures (Querbiotite 

fabrics and Kleinfaltelung) are confined to the inner arc of this 

flexure. This suggests that it was here that the east-west compressive 

strain was most marked and hence that flexuring may have been accom-

plished by tangentialaongitudinal strain (Ramsay, 1967, pp. 397-403). 
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This explanation of the origin of the constrictional fabrics is in 

many respects comparable to that put forward to explain the 

"Schlingen" structure of the Maggie nappe to the south of the Val Piora 

area (Wenk in Wells, 1948; Ganthert, 1954, p• 142). 
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CHAPTER IV  

THE METAMORPHIC GEOLOGY  

4.1) Introduction  

Research work over the past decade has led to considerable 

advances in our understanding of the nature and age of the Alpine 

metamorphism in the Lower Pennine region. Regional studies (Niggli„ 
1960; Wenk, 1962; Niggli and Niggli, 1965; Tromsdorff, 1966; Wenk 

and Keller, 1969) have shown that the mineral zones and the metamorphic 

isograds cross out the major structural units. This observation 

indicates that the main Alpine metamorphism took place after the 

emplacement of the major nappes, a conclusion supported by studies 

of the relationship between mineral growth and deformation. These 

have shown that the porphyroblast minerals which formed at the acme 

of regional metamorphism grew certainly after the nappe movements had 

taken place and in fact at a late stage during the Alpine deformation 

of this region (Wunderlich, 1958; Chatterjse, 1961; Steiger, 1962; 

Higgins, 19641); Chadwick, 1965; Sibbald, 1965). 

Several lines of evidence have been presented which indicate that 
the metamorphic peak occurred in the L. Oligocene (around 38 m.y. ago, 

the Eocene-Oligocene transition (Harland at al, 1961+)), (Jager at al, 

1967; Milnes, 1969; Hunziker, 1970; Jager, 1970). However in 

general radiometric age determinations of micas from the Lower Pennine 

region give much younger ages, biotite for instance, 15-18 m.y. in the 

area surrounding Val Piora and 11-30 m.y. throughout the region as a 

whole (Jager at al, 1967). These young mica ages have been shown 

to be cooling ages, ages at which the mica cooled below the tempera-

ture at which its structure became isotopically closed (approx. 3000C 

for biotite, 500°C for muscovite). Muscovite ages are correspond-

ingly somewhat greater than those of biotite (Jager, 1965; Jager at 

al, 1967). Steiger (1964) has determined the ages, of hornblende& in 

gneisses from the southern Gotthard Massif. The hornblendes show a 

variety of growth fabrics (Section 4.3) representing various genera-

tions of crystal growth which Steiger has dateiradiometrically. 
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Hornble.ndes with random growth fabrics have ages ranging from 

23-30 m.y., those which are lineated, north-south, ages of 46 m.y. 

Steiger has suggested that the 46 m.y. lineated hornblendes date 

the nappe phase and that the 23-30 m.y. randomly oriented hornblendes 

coincide with the metamorphic peak. Jager at al (1967, pp. 38-39) 

consider that the hornblende ages of less than 28 m.y. are cooling ages. 

The structural analysis of the Gotthard Massif presented in the previous 

chapter suggests that the ages, obtained from the lineated hornblendes 

are not those of the nappe phase, but are possibly indicative of the 

third episode of Alpine deformation which occurred just before the 

metamorphic peak. The nappe phase, the first major episode of Alpine 

deformation, must be considerably older. Recently determined Rb/Sr 

whole rook isochrons in the range 110-125 m.y. from the fronts of the 

Pennine nappea possibly date the earliest of the Alpine movements 

(Hanson at al, 1967; Hunziker, 1970; Jager, 1970). 

To explain the concentric arrangement of the metamorphic isograds 

in the Lower Pennine region, Wank (1962) postulated the presence of 

a heat dome associated with rising Alpine migmatites in the southern 

part of this region. Niggli (1960, 1970) and Niggli and Niggli(1965) 

however, question the necessity of assuming a rising migmatite front 

as, the isograds are concentric about the deepest and hence hottest 

levels of the Alpine orogenic belt. 

The almandine -amphibolite facies (Fyfe, Turner and Verhoogen, 

1958) metamorphism which typifies the Lower Pennine region contrasts 

with a lower temperature, greenschist-glaucophane-lawsonite schist 

facies (Winkler, 1965, p. 144) metamorphism throughout the remainder 

of the Pennine Zone. Here, Bearth (1962, 1966) has distinguished 

two longitudinal metamorphic zones which parallel the tectonic trend, 

an outer lawsonite-pumpellyite zone and an inner garnet -ohloritoid 

zone. Both zones contain glauccphame schists, but only those of the 

lawsonite-pumpellyite zone belong to the glaucophane-lawsonite schist 

facies. In both zones the glaucophane sohists are in the process of 

replacement by assemblages of greenschist facies. Bearth (1958,1962) 

has suggested that the almandine -amphibolite fades metamorphism of 



169 

the Lower Pennine region has been superimposed on the greenschist- 

glaucophone-lawsonite schist facies metamorphism. 	Elsewhere, far 

example in the Adula nappe (Van der Plea, 1959), evidence of Alpine 

polymetamorphism supporting Bearth's ideas has been found. 

The Val Piora area lies towards the northern limit of the sone 

of younger almandine-amphibolite facies metamorphism (Weak, 1962, 

Tafel I). Mineral assemblages are typical of those of the lower 

almandine-amphibolite facies, (almandine-staurolite subfacies). 

The following sections are primarily concerned with descriptions 

of the microstructures of the metamorphic minerals, and determinations 

of the time relationships between mineral growth and deformation in 

the different structural units. The techniques used to decipher 

these relationships are as those discussed by various authors, for 

example, Read (1949), Zwart (1960) and Spry (1969). The signific-

ance of certain microstructures, snowball garnets, hornblende 

garbenschiefer and garnet crystal size distributions is described 

more fully in later chapters. Petrographic description of the 

various mineral phases recognised in the different structural units 

has been minimisedl  as such details are available elsewhere (Steiger, 

1962; Krige, 1918). 
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4.2) The metamorphic  minerals of the Mesozoic cover  

The metamorphic minerals in the Mesozoic cover are indisputably 

the products of the Alpine metamorphism. They illustrate most 

clearly the time relationships between mineral growth and deformation 

(Table 4.1). For these reasons it is appropriate to discuss them 

first. The minerals listed below are recognised to have grown or 

recrystallised as a result of the Alpine metamorphism. 

Quartz Bio tite Epidote group Eyanite 
Calcite.  Chlorite Garnet Hornblende 

White Mica Chloritoid Staurolite Plagioclase 

Ilmenite Tourmaline 

Quartz 

The shape fabrics of quartz grains suggest that static recrystal-

lisation took place during the Alpine metamorphism after the third 

episode of Alpine deformation. Dimensional quartz grain orientations, 

developed during the first three episodes of Alpine deformation, are 

rare. Monomineralic quartz layers (Fig. 4.1) and segregations 

deformed by the first second and third episodes of Alpine deformation 

are often formed by grains whose shape fabrics compare with those 
produced by the annealing recrystallisation of experimentally 

deformed single phase metals and rock specimens, (i.e. aggregates 

of equidimensional polygonal grains with planar interfaces subtending 

angles of 120 degrees(Vb22,1960,1961;Griggs et a1,1960)). When this 

occurs the grain boundary frse energy of the aggregates, the driving 

energy for grain growth, is minimised (Burke and Turnbull, 1952). 

In polycrystalline systems the equilibrium grain boundary relation-

ships are more complex. In the quartz mica system it is known that 

quartz-quartz grain boundaries adopt a position at 90 degrees to the basal 
planes of micas (Voll, 1960, 1961; Vernon, 1968). 	This relationship 

is often observed in mica schists in the Val Piora area and provides 

further evidence that the quartz fabric is an annealed fabric. 

In contrast to the equidimensional grains of quartz in mono-

mineralic quartz layers quarts grains in micaceous rocks showing a pre-

ferred orientation of micas are often dimensionally oriented. Where the 
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Fig. 4.1. 	Second generation folding of a quartz layer. On the 
inner arc of the fold chlorite and biotite show an axial 
planar orientation. The shape fabric of the quartz grains 
is comparable to that produced by annealing recrystallisation. 
Spec. 792, Quartenschiefer; M.R. 6962715570, W.S.W. of Motta. 
(x 30) 

Fig. 4.2. Third generation folding of the first foliation (white mica 
and biotite). Biotite prophyroblatits forming the L. 
tectonite fabric (axis perpendicular to section) overgrow 
the folds. Concentrations of epidote are developed on 
some of the fold limbs. Spec. 66G, Quartensehiefer; 
M.R. 6944015571, Alpe di Lego. (x 8) 
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mica fabric is an S. tectonite fabric the quartz grains appear 

"flattened" in the plane of the schistosity, where it is an L. 

tectonite fabric the grains are elongated parallel to the fabric 

axis, (the pole to the plane containing the normals to the miaa basal 

planes), but equidimensional in the plane at right angles to it 

(Section 3.23). These dimensional orientations arise because of the 

strong tendency for mica to always develop and impose an adjacent 

grains its faces of lowest surface energy, (i.e. itsif-  00qfaces, 

(Vernon, 1968, and Section 6.2)), and because quartz-quartz grain 

boundaries tend to adopt an equilibrium position at 90 degrees to these 

faces. The symmetry of the annealed quartz shape fabric thus reflects 

the symmetry of the mica fabric. It may therefore be emphasised that 

the quartz grain dimensional orientations observed in many micaceous 

rocks in the Val Piora area, and probably in other areas as well, have 

arisen through annealing recrystallisation and not through recrystal-

ligation under directed stress during any of the episodes of 

deformation (cf. Spry, 1969; pp. 225-226). 

There is no clear out time relationship between quartz recrystal-

lisation and the fourth episode of Alpine deformation. The solution, 

migration and selective deposition of quartz has been suggested to be 

a process which accompanies the formation of strain slip cleavage, 

sometimes developed parallel to the axial surfaces of fourth genera-

tion folds (Section 3.24). Thus, quartz grains in the core& of some 

crenulations of this age appear to be recrystallised. In the cores 

of others, there is evidence for only partial recrystallisation; 

grains bent across the apices of folds are subdivided into strain free 

seotors or subgrains (i.e. polygonised, (Cahn, 1950)). Quartz grains 

in the hinge zones of yet other folds of this age show features indica-

tive of plastic deformation; undulose extinction, deformation bands 

and Boehm lamellae (Carter at al, 1964). Quartz generally forms a 

major constituent of the: mineral fillings in the necks of fourth 

episode boudins, and it also occurs, often as euhedral clystals grow-

ing on the faces of late Alpine tensile fractures. 
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Calcite 

Calcite appears to have suffered annealing recrystallisation 

during the Alpine metamorphism. Grain shape fabrics are similar to 

those shown by quartz, as are the time relationships between deforma-

tion and recrystallisation. In a few cases however, syntectonic 

fabrics have survived annealing. Calcite grains which are strongly 

"flattened"in the plane of the first foliation have been observed in 

some marbles (Section 3.21). 

Micas, (white mica and biotite)  

Unlike the other metamorphic minerals in the rocks of the Val 

Piora area micas have a history of crystallisation which can be shown 

to span the whole period of Alpine deformation. Early formed micas 

do not always appear to have recrystallised during later episodes of 

deformation and continuing metamorphism. The mica fabrics formed at 

different stages during the deformation history provide a record and 

often an indication of the nature of the deformation episodes 

(Sections 3.21, 3.22, 3.23). 

White Mica  

White mica is a prominent constituent in many of the cover rocks. 

It occurs most commonly as aggregates of fibrous crystals, (syntectonic?), 

or as larger discrete crystals (post-tectonic, mimetic?), oriented in 

the plane of the first foliation (Section 3.21). Less commonly it 

grows parallel to the axial surfaces of second generation folds 

(Section 3.22). The mica crystals are dimensionally oriented and 

hence lineated within their respective planar structures. The white 

micas which grow across the first and second generations of planar 

structures tend to show a complete girdle or L. tectonite fabric, 
(Section 3.23). From these observations it can be inferred that 

white mica grew during or after the first and second episodes of 

Alpine deformation. The girdle mica fabric is not clearly inter-

preted as the result of mechanical rotation of randomly oriented post 

second deformation micas, or of crystallisation, during the third 

episode of Alpine deformation. Local recrystallisation of white mica 

took place in late and post fourth deformation times, in the necks of 

fourth episode boudins and in late Alpine tensile fractures. 
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Biotite - Phiogopite.  

Biotites of varying pleochroic scheme appear in most of the 

cover rocks (Wank at al, 1963, pp. 446-452). Pleochroicachemes 

vary within the limits:- 

X = colourless - pale yellow 

Y = Z = green - brown - red brown. 

The green varieties are probably characterised by higher 
Fe203/Fe0 + Fe203 ratios (Hayama, 1959; Wenk at al, 1963, p. 453). 
Magneslum rich membars of the biotite series, (phlogopites) are only 

found in calcareous schist& and marbles. 

Biotite tends, to form porphyroblasts up to 6 mm. long. It 
occurs as dimensionally oriented crystals in the first and second 

foliation planes (Sections 3.21, 3.22) and also as large porphyro-

blasts which grow across both these generations of planar structures 

and which often show a complete girdle or L. tectonite fabric. These 

porphyroblasts are dimensionally oriented parallel to the girdle 

fabric axis (Section 3.23), (Krige, 1918, p. 597). 	Thus biotite 

appears to have grown after the first episode of Alpine deformation, 

(the crystals oriented in the first foliation plane are probably of 

mimetic origin), during the second episode and in the case of the 

bietites forming the L. tectonite fabric during the third. episode of 

Alpine deformation. These latter crystals overgrow third generation 

folds (Fig. 4.2), and probably formed largely after the third episode 

of Alpine deformation from nuclei orieated during this episode of 

deformation. Nucleation appears to have outlasteddeformation because 

biotite porphyroblasts with random orientations are observed in some 

cover rocks. In a few cases these crystals are seen to overgrow 

fourth generation folds (Figs. 4.3a, 4.3b). In general however they 

are deformed by the fourth folds (Figs. 4.4, 4.9). Evidence that 

the latest biotite growth took place under retrograde conditions is 

provided by the presence of biotite rims around garnet, staurolite 

and hornblende. 



Fig. 4.3a. Asymmetric fourth generation crenulations folding the 
first foliation (biotite and white mica). Kyanite and 
epidote are concentrated on the steep limbs and quartz on 
the flat limbs of the crenulations. A later generation 
of biotite (porphyroblasts) which overgrow the folds is 

(x 9) 

Fig. 4.3b. Detail from (a) showing kyanite and epidote concentrations 
on the steep limbs of the crenulations and the two genera- 
tions of biotite. Spec. 688, Quartenschiefer; 
M.R. 6952715567, N.L. of Camoghe. (x 35) 
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Chlorite 

Chlorite is not a common mineral in the cover rocks. It occurs 

chiefly as a retrograde phase replacing biotite or growing in the necks 

of fourth episode boudins (Section 3.24), and late Alpine tensile 
fractures (Section 3.56). Primary chlorite is rare and is present as 
small crystals oriented in the first and second foliation planes 
(Fig. 4.1), and as' an intergrowth, (parallel{ 001}), with biotite 

porphyroblasts (cf.Chatterjee,1961, p. 25) which overgrow second 

generation folds. 

Chloritoid  

Chloritoid is found in some garnet-staurolite-kyanite-mica schist& 
as small, (0.1 - 0.5 mm.), tabular inclusions in garnet prophyroblasts. 

This mode of occurrence suggests that the inclusions are unstable relicts 

which failed to react to the rising temperature. From textural evidence 

it appears that the mineral grew between the second and third episodes 

of Alpine deformation. 

Epidote group 

Epidote groap minerals within the composition range clinozoisite-

epidote are present in varying amounts in most of the cover rocks. 

The crystals are often zoned with epidote cores and clinozoisite rims. 

They tend to be elongate (up to 5 mm. long parallel to the crystallo-

graphic b axis). The crystals commonly lie with their longest axes in 

or near the plane of the first foliation and appear to have grown 

between the first and second episodes of Alpine deformation. They 

overgrow the first foliation but are deformed by second and later 

generations of structures (Fig. 4..5). In some kyanite-epidote-mica 

schista a later period of epidote porphyroblast growth appears to be 

broadly synchronous with the development of kyanite (Figs. 4.3a, 4.3b). 

Garnet 

The size of garnets (up to 1 cm. diameter) and the complexity 

of their inclusion patterns make these crystals the most spectacular 

of the prophyroblast minerals in the cover rocks of the Val Piora area. 

Unit cell sizes (a = 11.580 - 11.593 A) and VR.I. values 
(6.445 - 6.452) of garnets, (Appendix I), are typical of those of 



Fig. 4.4. 2ourth generation folding of the first foliation (composi-
tional banding, white mica and biotite). The folds postdate 
the formation of the snowball garnet. (The curvature of the 
inclusion trails within the garnet is not due to the over-
growth of embryonic fourth generation folds.) Deformed 
biotite porphyroblasts are visible in the cores of the folds. 
Spec, B.5.V., BUnderschiefer; M.R. 6948015122,Val Leventina. 
(x 10) 

Fig. 4.5. Second schistosity (N.E.-S.W.) formed by white mica and 
biotite. The first foliation has been transposed but 
re-Acts of this structure are seen. as inclusion trails in 
the epidote crystal. Biotite porphyroblasts clearly over-
grow the second schistosity. Spec. 404, Quartenschiefer; 
M.R. 6945515463, W. of ',ago. Ritom. (x 35) 
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almanaine rich pyralspites formed in the lower almandine-amphibolite 

facies (Sturt, 1961; Nandi, 1967). 

Both syntectonic snowball garnets and garnets which grew under 

static conditions have been observed. The statically formed crystals 

in particular are generally euhedral (rhombic dodecahedral). The 

formation of euhedral crystals, (accepting that the mineral_ possesses 

the required anisotropy of surface energy (Spry, 1969, p.147 and 

Section 6.2)), appears to depend on the chemical composition of the 

rock and the scale of the chemical inhomogeneities within it, (i.e. 

size of mineral grains and thickness of compositional banding). Thus 

euhedral crystals are common in finely crystalline rocks rich in 

garnet forming components, whereas skeletal crystals (Fig. i..6) are 

typical of rocks which are poor in garnet forming components and 

coarsely crystalline. Where the rocks show a fine compoaitional 

banding Garnet growth is restricted to those layers of appropriate 

composition and "flattened" crystals may result. Compositioual 

variations often develop around the margins of crystals which are 

growing and rotating simultaneously and these variations may also lead 

to growth of irregular crystal shapes (Section 5.6). 

Inclusions of quartz, epidote group minerals, ilmenite and 

opaque (possibly carbonaceous) material are ubiquitous and chloritoid, 

staurolite, tourmaline, calcite and white mica are also found. The 

inclusion patterns are sometimes related to the internal structure of 

the crystal. Thus some garnets show a tendency to develop sectors 

which are relatively inclusion free separated by other sectors in 

which inclusions are concentrated. The areas of inclusion concentra-

tion appear to conform with the internal dodecahedral planes of the 

crystal (cf. Rast and Sturt, 1957; Powell, 1966). These authors 

also found small rod shaped inclusions of undetermined composition 

lying normal to tha crystal faces in the relatively inclusion free 

sectors. Wunderlich (1958, Fig. i8) figures a garnet from Val Piora 

which shows this feature. The inclusion free sectors are not always 

developed throughout the crystal, but are often separated from the 

crystal margin by a zone rich in inclusions whose spacial distribution 
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Fig. 4.6. Skeletal garnet formed by in situ replacement of micaceous 
areas. Inclusions in the garnet are of quartz. Note the 
equjgranular annealed fabric of the quartz grains forming 
the matrix. 	Spec. 710, Black garnet schist series; 
M.R. 6957015545, Alpe Ritom. (x 35) 

Fig. 4-7. 	Second generation folding of the first foliation (compozi- 
tioral banding, white mica, Motite and clinozoisite). The 
garnet porphyroblas.t and some of the biotite crystals over-
grow the folds. Note the post-crystalline rotation o1 the 
clinozoisite crystal on the fold limb. Spec. B.5.B., 
Banderschiefer; M.R. 6948015122, Val Leventina. (x li) 
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is• unrelated to the internal structure (cf. East and Sturt, 1957). 

The origin of the structurally related inclusion patterns in garnet is 

probably analogous to that of hourglass or maltase cross patterns in 

chloritoid and chiastolite (Spry, 1969, pp. 174,-177). 

The garnets generally contain clear inclusion trails which bear 

no relationship to the internal crystal structure, but represent 

relicts of an overgrown planar or folded foliation. Most commonly 

the trails are those which arise when crystal growth has taken place 

under static conditions, (inclusion trails are straight or depict an 

earlier folded foliation surface). Leas commonly observed, are 

spiral or rotational inclusion trail textures typical of syntectonic 

crystal growth in which differential rotation of crystal and matrix 

has: occurred. 

The axes of rotation of the syntectonic or snowball garnets. are 

subperpendioular to the third episode n.ineral lineation and the sense 

of (differential) crystal rotation is constant throughout the area 

(Section 3.23). The snowball garnets (Figs. 4.4, 5.4, 5.5) are 

found to overgrow first second ane. third but not fourth generation 

folds and fabrics (Fig. 4.4; see also Krige, 1918, P1. XII, Fig. 2). 

From this observation it may be inferred that the snowball garnets 

grew during the third episode of Alpine deformation. Growth appears 

to have outlasted this episode of deformation, as in rocks unaffected 

by fourth generation folds inclusion trails in snowball garnets show 

no angular discontinuity at crystal margins when traced into the 

external foliation. 

Maximum angular rotations (maximum angular differences between 

the internal and external foliation measured at the centre of the 

crystal in the plane at right angles to the rotation axis,(Seetion5.4)) 

of different crystals vary widely in different specimens of garnet 

schist and even within the same hand. specimen (Section 5.7). The 

maximum recorded angular rotation of a garnet crystal. in the cover 

rocks was approximately 160 degrees. The majority of garnet crystals 

show no sign of rotation during growth. These crystals are also 

found to overgrow first, second and third but not fourth generation 

structures (Figs. 4.7, 4.8, 4.9). 
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Fig. 4.8. Second generation folding of the first foliation (white 
mica). Garnet staurolite, kyanite, biotite porphyroblasts 
overgrow the folds. Note also the tabular ilmenite 
crystals included by the porphyroblasts but spearing across 
the folds. Spec. 686, Quartenschiefer; M.R. 6951315556, 
N.E. of Camoghe. (x 11) 

Fig. 4.9. Fourth generation folding of the first foliation (white 
mica). The garnet and staurolite porphyroblasts with 
straight inclusion trails clearly predate the folds. 
Biotite porphyroblasts are deformed by these structures 
and thus predate them. Spec. 588, Black garnet schist 
series, M.R. 6943515400, S. of FBisc. (x 7) 
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In view of the variation in maximum angular rotation displayed 

by different crystals it is considered probable that the garnet 

crystals did not all nucleate simultaneously. The first formed 

crystals nucleated at an unknown stage during the third episode of 

Alpine deformation, whereas the latest formed crystals nucleated 

after this episode of deformation. Growth terminated in all oases 

before the onset of the fourth episode of Alpine deformation. 

Sta urolitp  

Staurolite, like garnet, tends to occur as euhedral porphyro 

blasts. Lengths of crystals generally vary between 0.5 and 5.0 mm., 

though occasionally crystals up to )+ cm. long have been found. The 

porphyroblasts contain numerous inclusions commonly of quartz, epidote 

group minerals and opaque (possibly carbonaceous) material and less 

frequently of micas, tourmaline and kyanite. 

Inclusion trails in staurolite crystals are usually either gently 

curved or straight and are sometimes discordant at crystal margins to 

the external foliation. Curvature of the inclusion trails suggests 

differential rotation of crystal end matrix during growth. Because 

this curvature is never very pronounced staurolite growth may be 

assumed to have been rapid in relation to the differential rotation 

rate. The rotation axes of staurolite crystals, are oriented parallel 

to those of snowball garnets, and the sense of rotation of the crystals 

is constant and the same as that of the garnets. Angular differences 

between the inclusion trails and the external foliation, shown by 

crystals in sections oat at right angles to the rotation axes, vary 

between 0 and Z0 degrees. Staurolite is found as inclusions in snow-

ball garnets (Fig. 5.5) indicating that the mineral formed either 

before or at the same time as the garnets. Staurolite overgrows 

first, second and third generation folds and fabrics (Fig. 4-8), b'it 

is deformed by fourth generation folds (Fig. 4-9). 

From these observations it may be inferred that staurolite grew 

during and after the third episode of Alpine deformation. As some 

staurolite crystals are rotated in relation to the matrix, whereas 

others are not, nucleation of staurolite, as of garnet, probably took 



183 

place over a period of time. It commenced at an unknown stage during, 

and ended after the third episode of Alpine deformation. Individual 

crystals, whose inclusion trails are discordant at crystal margins to 

the external foliation, may have finished growing before the end of the 

third episode of Alpine deformation, or they may have been further 

rotated during the fourth episode of Alpine deformation. Staurolite 

growth appears to have been completed by the onset of the fourth 

episode of Alpine deformation. 

Kyani te.  

Subhedral to anhedral porphyroblasts of kyanite often several 

centimetres long are particularly common in the Quartenschiefer series. 

Random, planar (mimetic) and linear kyanite fabrics are found in rocks 

of differing composition. The crystallographic axes of kyanitecvstals 

forming random fabrics show no preferred orientation, whereas the 

crystallographic c axes of crystals forming planar fabrics show a pre-

ferred orientation in the foliation plane, and the c axes of crystals 

forming linear fabrics show a preferred directional orientation within 

the rock. Random and planar fabrics are equally common, but linear 

fabrics are observed only occasionally. The linear kyanite fabrics 

are coincident in orientation with the third episode linear mica 

fabrics. Sheaf like aggregates of kyanite crystals, whose crystallo-

graphic c axes are arranged radially about a central point, are seen 

in many kyanite bearing rocks. The sheafa are usually randomly 

oriented, although instances are also found in which the c axes of 

crystals forming the sheafs are confined within the foliation plane, 

(as hornblende garben (Section 6.6)). Kyanite porphyroblasts contain 

inclusions of quartz, epidote, ilmenite, tourmaline and biotite. 

The linear kyanite fabrics suggest that kyanita nucleated and 

possibly also grew during the third episode of Alpine deformation, 

and the random and planar,(mimetic), fabrics (fabrics typical of 

nucleation and growth under static conditions) that these processes 

continued after this episode of deformation. Structures and fabrics 

overgrown by kyanite crystals are those expected from this inter-

pretation. Nyanite is generally deformed by fourth generation folds. 
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However in some crystals inclusion trails, which are straight in the 

centres of crystals, become sharply curved at the margins before pass-

ing discordantly into the folded matrix (Fig. 4.10). It may be 

deduced. therefore that in some rocks kyanite growth continued into the 

period of the fourth episode. of Alpine deformation. In a few rocks 

kyanite is found to overgrow fourth generation folds. Perhaps the 

most interesting illustration of this• is provided by the restricted 

development of kyanite on the limbs of fourth generation crenulations 

(Figs. 4.3a, 4.3b), (Section 3.24). 

Kyanite is also found forming segregations with quartz, chlorite 

and white mica. The kyanite crystals occur as large prismatic blades 

generally several centimetres long showing a colour zoning in which 

blue cores are surrounded by colourless margins. The segregations 

occur locally in the. Quartenschiefer in the eastern part of Val Piers 

as mineral fillings in the necks of fourth episode boudins (Section 

3.24). They are comparable to segregations described by Read (1933), 

Miyashiro (1951) and Keller (1968) and have arisen by a process of meta-

morphic differentiation in response to pressure gradients set up in the 

rocks during deformation. Chadwick (1965) has described similar 

segregations, in the Quartensohiefer of the Lukmanier area, which lie 

in the plane of the second foliltion and which have been deformed by 

fourth generation folds (Chadwick's fold phase terminology has been 

converted to that used in this text, cf. Table 3.3). Chadwick's 

segregations are therefore earlier than those found in the. Val Piora 

rocks. 

Plagioclase  

Plagioclase is the most widespread of the porphyroblast minerals 

and is present in the majority of the cover rocks in the Val Piora area. 

The porphyroblasts show no tendency to develop crystal faces and are 

often so rich in inclusions as to be almost indistinguishable from the 

matrix. The crystals are generally "flattened!' in the plane of the 

compositional banding, their shape being determined by preferred growth 

within this plane. In finely banded rocks th5s affect is most marked. 

The maximum dimension of crystals measured in thin section is normally 



185 

Fig. 4.10. Fourth generation folding of the first foliation (biotite 
and elongate quartz grains), Inclusion trails in the 
kyanite porphyroblasts are straight in the centres, but 
become sharply curved at the margins before passing dis-
cordantly into the external folded foliation. Cleavage 
traces show that some crystals have been bent by the fold 
forming movements. Spec. 950, Quartenschiefer; 
M.R. 7010215447, ilpe Carorescio. (x 11) 

Fig. 4.11. Second generation folding of first foliation (compositional 
banding, white mica and clinozoisite). The folded 
surfaces are overgrown by a plagioclase porphyroblast 
(shown by albite twinning). Spec. 534, Bunderschiefer; 
M.R. 6943115500, Passo del Camoghe. (x 35) 
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in the range 2-5 mm. though some crystals are up to a centimetre long. 

Twinning is uncommon, but where observed is after the a].bite and 

pericline laws. The compositions of plagioclases in three specimens 

of calcareous mica schist from Val Levantine have been determined 

(U. stage) and found to fall within the composition limits, An40_60, 

(cf. Wank, 1962; Tafel I). Some crystals show reverse zoning suggest-

ing crystallisation under conditions of rising temperature. 

All the metamorphic minerals recognised in the cover rooks except 

chloritoid have been found as inclusions in plagioclase. It may be 

concluded therefore that plagioclase grew at the same time as or after 

the formation of these minerals. Studies of the relationship between 

deformation and plagioclase growth support this general conclusion as 

plagioclase porphyroblasts are found to grow across third and earlier 

generations of folds and fabrics (Fig. 4..11). Although plagioclase 

is generally deformed by fourth generation folds, like kyanite, there 

is sometimes evidence for growth during and more rarely after the 

fourth episode folding. 

Hornblende  

Hornblende. occurs as large porphyroblasts up to several centi-

metres. in length in the garnet-mica schists of the Quartenschiefer and 

occasionally in the Pennine. Mesozoic metasediments. The porphyro-

blasts are either randomly oriented or form hornblende garben (Section 

6.6, Fig. 6.2 ). The relationship of these crystals to the structures 

and fabrics indicates that growth took place between the third and 

fourth episodes of Alpine deformation. The porphyroblasts are 

generally rimmed or partially pseudomorphe.d by biotite. 

Ilmenite* 

Ilmenite forms crystals of platy habit up to 1 mm. long. These 

overgrow second folds but are deformed by third and fourth generation 

structures (Fig. 4.8). The ilmenite plates show complete girdle or 

L. teotonite fabrics (Section 3.23) comparable to those displayed by 
micas. The ilmenite fabrics appear to have developed during the third 

* Although a positive identification has not been made crystals of 

similar habit in the Nufenenpass rocks have been shown to be ilmenite 

(Higgins, 1964b, p. 190). 
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episode of Alpine deformation by mechanical rotation of randomly 
oriented limonites grown under static conditions after the second 

episode of Alpine deformation. The mineral is often partially or 
completely altered to rutile. 

Tourmaline  

Tourmaline, (schorlite), is found in most cover rocks. The 
crystals are euhedral and usually less than 0.1 mm. in length. Zoning 

is characteristic. Tourmaline is thought to have grown in the 
interval of time between the second and third episodes of Alpine 
deformation. 



Table 4.1. The history of growth of metamorphic minerals in the Mesozoic cover. 

Quartz 

Calcite 

White Mica 

Biotite-Phlogopite 

Chlorite 

Chloritoid 

Epidote group 

Garnet 

Staurolite 

Kyanite 

Plagioclase 

Hornblende 

Ilmenite 

Tourmaline 

I-1  
ao 

Explanation:-
The history of metamorphic mineral growth deduced from the relationships of minerals to structures and fabrics 
formed during the different episodes of Alpine deformation, (D1, D11, D111, Div and late Alpine). The periods 
of time during which mineral growth or recrystallization took place are shown by the solid lines. 
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4.3) The metamorphic minerals of the Gotthard Massif  

The history of mineral growth deduced in the gneisses of the 

Gotthard Massif (Table 4.2) compares closely with that observed in the 

Mesozoic cover (Section 4.2, Table 4.1) and accords well except in one 

respect with that outlined previously by Steiger (4962). Steiger has 

recognised six generations of crystals in the Gotthard Massif gneisses. 

The first two of these are:- 

1) A fine-grained relict quartz-feispar cataclastic mosaic. 

2) A fresh recrystallised texture of oriented mica, elongated quarts 

and finely nematoblastic hornblende. 

These two generations of crystals are clearly illustrated in one of 

Steiger' s. microphotographs (Steiger, 1962; Tafel II, Fig. 2) and also 

in Fig. 4.12. Steiger has interpreted the first crystal generation 

as a pre-Alpine relict and the second as an Alpine fabric formed. during,  
the. "chief phase of Alpine deformation" (Steiger, 1962, Tabelle 17; 
Table 3.3). I have placed a diametrical13,  opposite interpretation 

on these same features (see explanation to Fig. 4.12). The fine 

grained quartz-felspar mosaic, which strongly resembles experimentrilly 
produced recrystallisation textures (Griggs at al, 1960; Hobbs, 1968) 

I have interpreted as a racrystallised fabric of Alpine age; the 

elongate quarts grains and some of the oriented mioas which outline 

the first foliation (a pre-Alpine structure, Section 3.31), as pre-

Alpiae relicts. (Other micas oriented in the first foliation may have 

grown or recrystallised mimetically within this structure during Alpine 
times (Section 3.32).) 

The most important minerals which grew or recrystallised during 

the Alpine metamorphism are:- 

Quartz 	Biotite 	Garnet 

Felspar 	Chlorite 	Kyanite 

White Mica 	Hornblende 	Staurolite 

Quartz  

The shape fabrics, of quarts grains suggest that static recrystal-

lisation took place during the Alpine metamorphism, probably after the 

third episode of Alpine deformation. Fabrics are found which are 
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similar to those described in the cover rocks, but are generally less 

well developed. Quartz grains formed during earlier episodes of re-

crystallisation have survived in the final fabric; for example, large 

strained grains of quartz which are elongate in the plane of the first 

foliation (Fig. 4.12) or in the direction of the quartz-felspar rodding 

in the Streifengneiss, (pre-Alpine fabrics, Section 3.31). At other 

localities these are partially or completely replaced by aggregates 

of smaller grains, (Alpine fabric). The degree of quartz recrystal-

lisation appears to have been variable from one locality to the next 

and often even on the scale of a thin section. Recrystallised quartz 

occurs in the necks of boudins formed during the fourth episode of 

Alpine deformation, in E-W trending quartz veins and in tensile frac-

tures of late-Alpine age (Sections 3.34, 3.56). 
Felspar 

Recrystallisation of felspar took place during the Alpine meta-

morphism; the degree of recrystallisation, like that of quartz, is 

variable and relict felspars have locally survived. 
The composition of recrystallized plagioclase crystals falls 

within the range, olig oclase - andesine. (As twinning is usually 

absent composition was determined mainly by refractive index com-

parisons with quartz and balsam.) In twinned crystals reverse zoning 

is often visible. 

(White mica and biotite) 

Mica fabrics were formed during the pre-Alpine, second and third 

episodes of Alpine deformation in the Gotthard gneisses of this area 

(Sections 3.31, 3.32, 3.33). Biotite porphyroblasts and white mica 

crystals which form the thirdepisode girdle mica fabrics often appear 

to overgrow and hence postdate third generation fold structures (cf. 

Steiger, 1962; Tafel IV, Fig. 2), (Fig. 4.13). 	As these crystals 

are oriented they must have grown at a late stage in or after the third 

episode of Alpine deformation from nuclei formed during this deformation. 

Random growth fabrics shown by biotite porphyroblasts in rocks deformed 

by third generation folds indicate that nucleation and growth of this 

mineral locally outlasted this deformation. The replacement of 



Fig. 4.12. Large strained grains of quartz elongate in the plane of 
the first (pre Alpine)foliation. The equigranular 
quartz-felspar aggregate between successive trains of 
quartz grains is suggested to be a recrystallised Alpine 
fabric in relation to the elongate quartz grains which are 
interpreted as pl-e-Alpine relicts. Some of the large 
strained felspar crystals may also be pre-Alpine relicts. 
In places the relict quartz grains have been replaced by 
an aggregate of equidimensional grains. 	Spec. 1341, 
Sorescia gneiss; M.R. 6993515667, N.N.W. of Lego di Dentro. 
(x 30) 
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hornblende by biotite suggests that biotite growth also took place 

during the retrogressive stage of the Alpine metamorphism. Most of 

the biotite porphyroblasts are strained, some have suffered a post-

crystalline rotation. These effects are possibly the result of move-

ments during the fourth episode of Alpine deformation. White mica 

appears to have continued growing after biotite, as it is found in the 

rucks of fourth episode boudins (Section 3.34) and in late Alpine 
tensile fractures. 

Chlorite  

Various ages of chlorite growth or recrystallisation may be 

distinguished. Chlorite is aligned in the first, second and third 

foliation planes and hence must have grown during or after, (mimetic-

ally), the pre-Alpine and second and third episodes of Alpine deforma-

tion. Chlorite is found intergrown, (parallel {poi} ), with biotite 

porphyroblasts which formed after the third episode of Alpine deforma-

tion. It also occurs as a retrograde mineral forming sheaf like 

crystal aggregates replacing biotite and is present in the necks of 

fourth episode boudins (Section 3.34) and in late Alpine tensile 

fractures. 

Hornblende  

Euhedral hornblende porphyroblasts are spectacular minerals 

produced by the Alpine metamorphism. Individual crystals are fre-

quertly several centimetres in length. Pour types of hornblende 

fabric are recognised. Although individual rocks of homogeneous com-

position generally only show one of these fabrics sometimes (1) and (3) 

are observed together (Fig. 4.14). 

1) A finely crystalline planar hornblende fabric. 

The crystals show a preferred orientation of o axes in the plane 

of the first foliation. The fabric is deformed by second and 

later generations of structures and is probably an inherited pre-

Alpine fabric. 

2) A finely crystalline linear hornblende fabric. 

The crystals show a preferred orientation of a axes parallel to 

the linear mica fabricsfound in adjacent rocks (Section 3.33). 
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ACIC 	. 

Fig. 4.13. Third generation folding of the first foliation (white mica 
and elongate quartz grains). Biotite porphyroblasts and 
smaller white mica crystals forming the L. tectonite mica 
fabric (axis perpendicular to section) appear to overgrow 
the folds. Spec. 1211, Treinola series; M.R. 6917915550, 
Val Canaria. (x 35) 

Fig. 4.14. Second generation folding of the first (pre—Alpine) foliation. 
Two generations of hornblende are visible; those oriented 
in the plane of the first fcliation which are folded and 
the randomly oriented larger crystals which grow across the 
folds. Spec. 1104, Tremola series; M.R. 6962715645, 
N.W. of Lago Tud. (x 110) 
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This hornblende fabric probably developed during the third 

episode of Alpine deformation. 

3) A random growth fabric. 

Randomly oriented hornblende crystals, generally porphyroblasts, 

grow across third and earlier generations of structures and 

fabrics.. This is the most common type of hornblende fabric. It 

formed after the third and probably before the fourth episode of 

Alpine deformation. 

1+) Hornblende garbenschiefer (Section 6.6). 
The garben are large sheaf like aggregates of hornblende crystals 

whose a and c crystallographic axes are oriented in the foliation 

plane. They are often partially or completely pseudomorphed by 

biotite. The preferred orientation of the crystal aggregates is 

suggested to result from epitaxial nucleation (Chapter 6). The 

garben are thought to oe coeval with the random hornblende fabrics 

found in other rocks. 

Garnet 

Garnet occurs as euhedral to subhadral porphyroblasts up to a 

centimetre in diameter. The earliest garnet growth appears to have 

taken place during the third episode of Alpine deformation, as snowball 

garnets with features (sense and axis of rotation) identical to those 

observed in the. cover are found in the Tremola series (Becks, 1921+, 

p. 196; Steiger, 1962, p. 462 and Tafel III, Fig. 1). 	Garnet 

crystals generally show no evidence of syntectonic growth and where 

these occur in rocks deformed. by third. generation folds they overgrow 

and hence postdate these folds (Fig. 1+.15).  The post-crystalline 

differential rotations exhibited by some. crystals may be attributed 

to movements during the fourth episode of Alpine deformation, or where 

snowball garnets show this feature, to termination of crystal growth 

before the end of the third episode of Alpine deformation. 

Inclusion fabrics, which are related to the internal crystal 

structure, and which are similar to those observed in garnet crystals 

in the cover rocks (Section 1+.2) are also found in garnets from the 

Gotthard Massif. 
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Staurolite  

Staurolite is not a common mineral in the Gotthard Massif gneisses 

of the Val Piora area. It is found rarely as euhedral to subhedral 

porphyroblasts up to a few millimetres in length. The porphyroblasts 

grew after the third episode of Alpine deformation (Fig. 4.15). 

IWanite 

Kyanite occurs occasionally as anhedral porphyroblasts up to a 

centimetre in length in mica gneissas of the Tremola series. As 

kyanite crystals overgrow third generation folds (Fig. 4.15) growth 

must have taken place after the third episode of Alpine deformation. 

Crystals are commonly slightly deformed, possibly by movements during 

the fourth episode of Alpine deformation. Growth can be shown to 

have continued locally during this deformation as kyanite is occasion-

ally found in the necks of f'ourth episode boudins and in 3-W trending 

quarts. veins (Section 5.34). 
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Fig. 4.15. Third generatio' crenulations folding the first foliation 
(white mica ar,d biotite). The inclusion trails within and 
the shape of the garnet porphyroblast show that it post-
dates the folding as do smaller porphyroblasts of staurolite, 
kyanite, and biotite. Spec. 1149,  Tremola series; 
M.R. 6967215635, S. of Pte. Garioi. (x 15) 

Fig. 4.16. Pre-Alpine albite porphyroclast. The schistosity in the 
matrix formed by oriented white mica and biotite is of 
second deformation (Alpine) age. The inclusion trails 
in the albite (quartz, epidote and micas) are relicts of 
an earlier (prey-Alpine) first foliation which has been 
obliterated 	-le matrix. 	Spec. 54, Orange Group 
gneiss; M.R. 6969215459, Canariscio di Campo. (x 35) 
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11apmior24-.41 hic minerals of the Lukmanier Massif  

In the gneisses of the Lukmanier Massif the following are the most 

important minerals which grew or recrystallised during the Alpine 

metamorphism. 

Quartz 	Biotite 	Garnet 

Felspar 	Chlorite 	Staurolite 

White mica 	Hornblende 	Tourmaline 

The history of mineral growth (Table 4.3) is similar to that deduced 

in the other two structural units. As in the Gotthard Massif pre-

Alpine relicts (minerals formed before the second episode of Alpine 

deformation) have survived the Alpine metamorphism. 

Quarts  

Quarts grain shape fabrics suggest that static recrystallisation 

of quartz took place after the third and locally after the fourth 

episodes of Alpine deformation as in the rocks of the Mesozoic cover 

and Gotthard Massif. Relict pre-Alpine quartz grains are not 

observed, although occasionally syntectonically formed preferred 

dimensional orientations of vertu grains in the planes of second and 

fourth fold axial surfaces have survived static recrystallisation 

(Section 3.42, 3.44.). Recrystallised quartz also appears associated 

with fourth episode structures (Section 3.44) and in late Alpine 
tensile fractures. 

Felspar 

Plagioclase is the dominant felspar phase present in the 

Lukmanier Massif gneisses in the Val Piora area. Composition varies 

within the range albite- andesine,the more °oleic plagioclases occur-

ring typically in amphibolites. (Wenk and Keller (1969, p. 163) 

reported plagioclases within the composition r ange An20-29  in amphi-

bolites from this area.) Potassium felspar, chiefly in the form 

microcline, is found as discrete crystals or combined with plagioclase 

as perthite or antiperthite. 

As plagioclase crystals are generally undeformed by fourth and 

earlier generations of fold structures, it may be deduced that 

plagioclase growth took place after the formation of these structures. 
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Locally however, albite crystals which are deformed by second generation 

structures (Fig. 4.16) and which represent possible pre-Alpine relicts 

have survived the Alpine metamorphism. Microcline appears also to have 

grown or recrystallised during the Alpine metamorphism probably coevally 

with plagioclase. 

Idea (White mica and biotite)  

Preferred orientations of mica formed during or after, (mimetic), 

the pre Alpine and second, third and fourth episodes of Alpine deforma-

tion are recognised in the Lukmanier gneisses (Sections 3.41, 3.42, 

3.43, 3.44), (Figs. 4.16, 4.17, 4.18). 	In some rocks randomly 

oriented biotite porphyroblasts and white mica crystals overgrow fourth 

generation folds (Fig. 4.17) suggesting that nucleation and growth of 

these minerals continued after the fourth episode of Alpine deforma-

tion. White mica is also found in the necks of fourth episode boudins 

and in late Alpine tensile fractures. 

Chlorite  

Chlorite occurs chiefly as an alteration product of hornblende, 

biotite and garnet. Alteration of these minerals is most marked 

adjacent to fourth episode boudin necks in which concentrations of 

chlorite are found. Chlorite is also present in late Alpine tensile 

fractures. 

Hornblende 

Hornblende forms euhedral porphyroblasts often several centimetres 

long. The different types of hornblende growth fabric which have been 

described in the Gotthard Massif gneisses (Section 4.3) are seen also 

in the Lukmanier Massif gneisses. Random growth fabrics are the most 

common. The crystals forming linear hornblende fabrics show a pre-

ferred orientation of crystallographic c axes parallel to the third 

episode linear mica fabrics found in adjacent rocks; those forming 

planar hornblende fabrics show a preferred orientation of o axes in 

the plane of the seoond schistosity. The second schistosity is over-

grown by and therefore predates the crystals of all the fabric types. 

Hornblende garben are only rarely seen in the Lukmanier Massif gneisses. 
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The linear hornblende fabrics suggest that hornblende nucleated 

and possibly also grew during the third episode of Alpine deformation; 

the random and probably coeval planar (mimetic) fabrics suggest that 

these processes continued after this deformation. Hornblende crystals 

which are deformed by and others which overgrow fourth generation folds 

indicate that hornblende growth took place both before and after the 

formation of these structures. 

Garnet 

Euhedral to anhedral porphyroblasts up to 5 mm. in diameter are 

common in many of the Lukmanier Massif gneisses. Inclusion trails 

are generally poorly developed and age relationships between the struc-

tural sequence and crystal growth are often ambiguous. Various periods 

of garnet growth may be distinguished. 

Garnet crystals are found which are clearly older then second 

generation folds (Fig. 3.17). This implies a period of garnet growth 

which predatea the second episode of Alpine deformation and is probably 

of pre-Alpine age. 

Snowball garnets with the same sense and axes of rotation as those 

in the cover rocks and with differential rotations of up to 200 degrees 

are also observed. From their occurrence syntectonic garnet growth 

during the third episode of Alpine deformation may be inferred. 

Most of the garnet porphyroblasts show no evidence of growth 

during deformation and overgrow third and earlier generations of folds 

and fabrics (Fig. 4.18). These crystals grew after the third, but 

from the manner in which the matrix is deformed around them, apparently 

before the fourth episode of Alpine deformation (Fig. 4.17). 

Staurolite  

Staurolite occurs in some garnetiferous mica gneisses as euhedral 

prophyroblasts up to a centimetre in length (Fig. 4.18). Growth of 

the mineral appears to have been contemporaneous with the main period 

of garnet growth between the third and fourth episodes of Alpine 

deformation. 

Tourmaline  

Tourmaline,(schorlite), is a common accessory mineral in the 
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Fig. 4.17. Fourth generation fold pinched between two earlier garnet 
perphyroblasts. White mica crystals which grow across 
the folded second foliation show a weak preferred orienta-
tion parallel to the fourth fold axial surface. The 
larger biotite crystals are randomly oriented and postdate 
the folding. 	Spec. 493, Orange Group gneiss; 
MR. 6956315421, E.S.E. of Piora. (x 35) 

■•- 	
' 4.1414.4 	

-- 	74 

Fig. 4.18. Second generation folding of the first foliation (white 
mica feltwork and carbonaceous trails). The folds are 
overgrown by garnet, staurolite and biotite. porphyroblasts. 
Note also that there has been Lome recrystallisation of 
white mica after folding. 	Spec. X.16, Orange Group gneiss, 
M.R. 6925415341, Campoi. (x 10) 
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Lukmanier Massif gneisses. Crystals are usually euhedral, zoned and 

less than a millimetre long. Occasionally however crystals several 

centimetres in length are found growing mimetically on the second 

schistosity surfaces. Growth is thought to have taken place between 

the second and third episodes of Alpine deformation. 



	-Alpine Pre-
Alpine DII DIII Div Late 

Alpine 

Quartz 
Felspar 
White Mica 
Biotite 
Chlorite 
Hornblende 
Garnet 
Staurolite 
Kyanite 

Table 4.3 The history of metamorphic mineral growth in the Lukmanier Massif. 

Quartz 
Felspar 
White Mica 
Biotite 
Chlorite 
Hornblende 
Garnet 
Staurolite 
Tourmaline 

Table 4.2 The history of metamorphic mineral growth in the Gotthard Massif. 

Explanation of Tables 4.2 and 4.3 :- 
The history of metamorphic mineral growth deduced from the relationships of minerals 
to structures and fabrics formed during the pre-Alpine and Alpine, (DID Dm, Div 
and late 411pine), episodes of deformation. The periods of time during which mineral 
growth or recrystallization took place are shown by solid lines. 
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4.5) Discussion  

From the tables summarising the history of metamorphic mineral 

growth in the different structural units, it is clear that the meta-

morphic peak was reached in the interval of time bounded by the end 

of the third and end of the fourth episodes of Alpine deformation, 

(i.e. at a late stage in the deformation history). This conclusion 

is generally agreed by workers throughout the Lower Pennine region 

(Section 4.1). Details of interpretation of metamorphic fabric do 

vary, but only in their finer points. 

The evaluation of the paragenetic sequences of mineral growth has 

led to the conclusion that many of the, porphyroblasts show different 

age relationships to the• fourth generation folds. The growth of the 

porphyroblasts across fourth generation folds suggests that a much 

higher grade of regional metamorphism existed at the end cf the fourth 

episode cf Alpine deformation, than that which might be inferred from 

the frequent occurrence of deformed porphyroblasts. It is often 

assumed that during an episode of deformation the total strain is 

recorded in the form of visible deformation, generally fold develop-

ment, and that this fold development is everywhere strictly isochronous. 

Such assumptions are probably unjustified and accordingly the strict 

treatment of a fold phase as an isochron is probably equally 

unjustified. The observation that the porphyroblasts in some cases 

grew after the fourth generation folds does not therefore imply that 

they grew after the fourth episode of Alpine deformation. It is 

probably significant that the rocks in which the porphyroblasts are 

found to postdate the folds• are those in which the layering suffered 

early folding and later boudinage during the fourth episode of Alpine 

deformation (Section 3.24). 
In the general context of the temporal relationship between 

deformation and regional metamorphism, mention should be made of the 

hypothesis of migrating deformation episodes put forward by Higgins 

(1964b)and Chadwick (1965). The hypothesis explains the apparent 

variation in the metamorphic peak with respect to the deformation 

episodes in both the Nufenenpass- Basodino (Higgins) and Lukmanier 

(Chadwick) areas. 
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In the Val Piora area I have found no evidence to support this 

hypothesis, in fact my observations have led me to suggest the 

following criticism. 

In the Lukmanier area the basis for the hypothesis rests on 

the interpretation placed on the age of differential rotation of the 

porphyroblast minerals. Chadwick (1965) has suggested that rotation 

took place during Phase B (the second episode of Alpine deformation 

(Table 3.3)) in the north of the Lukmanier area, whereas in the south 

it occurred during Phase V (the fourth episode of Alpine deformation. 

Chadwick does not recognise a third episode of Alpine deformation 

(Table 3.3)). If porphyroblast growth took place essentially 

synchronously throughout the area then it follows that the equivalent 

deformation episodes must have been progressively later in the north 

than in the south of the area. 

A Pqase B age for the differential porphyroblast rotation in the 

north of the Iukmanier area may be questioned and hence so may the 

basis of the nypothesis. As in the Val Piora area the sense of the 

porphyroblast rotation appears to remain constant irrespective of the 

position of the porphyroblasts in relation to Phase B structures. 

It hes been suggested (Section 3.9) for this and other reasons that 

rotation took place during the third and possibly fourth episodes of 

Alpine deformation. 

An investigation of the age of mineral growth in terms of the 

temporal coordinates provided by the deformation episodes is of little 

value unless it leads to an understanding of the change of physical 

conditions with time. 

In the Gotthard and Lukmanier Massifs the minerals interpreted 

as pre-Alpine relicts, (garnet,hornblendel  micas, albite and quartz) 

suggest upper greenschist facies metamorphism of the basement in 

Hercynian times (cf. Steiger, 1962, p. 383). 

The sequence of Alpine mineral growth in the Mesozoic cover and 

pre-Alpine basement corresponds with a general increase with time in 

the grade of Alpine metamorphism, from lower greenachist facies con-

ditions during the first episode of Alpine deformation to lower 
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almandine-amphibolite facies conditions in late third to early 

fourth deformation times (Fig. 4.19). The increase in grade during 

the third episode of Alpine deformation may be accounted for primarily 

by a rise in temperature associated with a rise of the migmatite front 

into the S. Ticino region (Wenk, 1962). 
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Fig. 4.19 The change in metamorphic conditions with time suggested 

by the growth periods of chlorite, biotite, garnet and 

staurolite. 



207 

CHAPTER V 

SNOWBALL GARNETS  

5.1) Introduction 

Over fifty years ago Flett (1912) figured and described spiral 

rings of inclusions in garnets. These he interpreted as the products 

of rotation* during garnet growth; the garnet "was being rolled along 

and was growing larger like a snowball during the process". Since that 

time there have been numerous reports of snowball garnets, for example, 

from the Scottish Highlands, Rast (1958), Peacy (1961), the Alps, 

Krige (1918), Schmidt (1918), Becks (1924), Steiger (1962), and the 

Pyrenees, Zwart (1960). 

The significance of the internal geometry of the inclusion trails 

as a strain marker was pointed out by Schmidt (1918), and has been 

discussed further by Agge (1930), Ramsay (1962a)and Spry (1963), among 

others. However beyond the limited observations made from thin 

sections no attempt has been made until recently (Powell and Treagus, 

1967, 1970) to study the three dimensional geometry of the inclusion 

trails. Furthermore the systematic measurement of strain from 

rotated garnets has not been considered. It was with this latter 

possibility in mind that investigation of the garnets of Val Piora 

was begun. 

The conclusions arrived at in this chapter agree well with those 

of Powell and Treagus (1967, 1970), whose investigations took place 

concurrently with the following. 

* Differential rotation of the crystal and the matrix surrounding it. 
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5.2) Material  
The material used in this study was taken from three localities 

Nos. 110, 129 and 136 in Val Flora. These localities are exposures 
of the black garnet schist series in which the black garnet schists 
are interbanded with calcareous schists and occasional quartzites 
(Section 2.21). Localities 110 and 136 are situated on the north 
side of the shallow gorge cut by the Murinascia torrent, locality 110 
(kl.R. 6981515576) at a height of 1950 metres in the gorge below 
Capanna Cadagno and locality 136 (M.R. 6970415574) at 1860 metres a 
short distance from the point where the torrent flows into Lego Ritom. 
Locality 129 (M.R. 6967215576) is on the north side of the road from 
Piora to Jape Piora a few metres below the chapel of San Carlo. 

The garnets illustrated by Krige (1918, Plates XII and XIII, 
Figs. i-5) are from the samc, black garnet schist series and from the 
seine general, if not identical, localities. The petrography of these 
rocks has been described by him in some detail (pp. 606-608). 

In hand specimen the garnets appear as porphyroblasts of around 
.5 mm. diameter, set in a dark, fi ne grained, schistose matrix. The 
crystals may sometimes be seen to be rotated because compositional 
banding is deflected where it passes through them and/or is offset 
across them. Generally however the deformation of the matrix 
surrounding the crystals indicates the rotation and its sense. The 
attitude of the rotation .xis of the crystals may be determined by 
reference to the style of deformation in the matrix; whether the 
foliation wraps round the crystal symmetrically (Fig .5.1a) (section 
parallel to the axis) or asymmetrically (sections oblique to the axis) 
(Fig.5.1b). On the foliation surfaces of rocks in which rotated. 
crystals are present a step-like structure reflecting the asymmetry 
of Fig.5.1b is developed across the crystals (Fig.5.1c). This structure 
is again a reflection of the deformation of the matrix surrounding the 
particle and is related to the rotation axis as illustrated.. By 
observations such as these crystal rota4lon axes are found to be 
perpendicular or sub-perpendicular to the mineral lineation in the 
rocks. 



( a ) 

Mineral lineation 

(d)  
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(b)  

(Note asymmetry of pressure shadows) 

Rotation axis 

Fig. 5.1 Styles of deformation of the matrix surrounding snowball garnets. 

(a ) Section perpendicular to external foliation and parallel to 

crystal rotation axis.( b ) Section perpendicular to crystal 

rotation axis.(c ) Block diagram showing the step like structure (C) 

which forms when the crystal is rotated. Regions of elevated (A) 

and depressed ( B ) external foliation are indicated. 
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As well as indicating the sense and axis of rotation of the 

crystals, the deformed matrix may also give some idea of the degree 

of rotation. All these observations oan be carried out in the field 

and are thus valuable, in that they give evidence of the history and 

geometry of deformation. 
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5.3) Methods  of analysis 

Geometrical analysis, by plotting isogons, of the inclusion trails 

of random sections out perpendicular to the crystal rotation axis (G 

and G II Spec. 110, G I Spec. 129) was carried out on enlarged photo-

micrographs of the thin sectioned material (Section 5.51). 

In the analysis of single crystals (Section 5.52), a serial grind-

ing technique was employed to determine the three dimensional geometry of 

the inclusion trails. Within the field of palaeontology, serial grind-

ing has long been recognised as a means of investigating the internal 

structure of organisms and some of the various methods employed have been 

described by Ager (1965). The apparatus used in the present study 

incorporated an electrically driven diamond lapping wheel to remove a 

fixed thickness from the face (2 x 3 sq. cm. approx.) of the specimen. 

Subsequent to this process the face was polished using fine grade 

carborundum po'vder to remove any scour marks and the total thickness 

ground away determined by difference. 

The morphology of the face and in particular of the inclusion 

trails in any garnet section exposed could be recorded, at this instant, 

by first etching the surface by immersion in dilute hydrofluoric acid 

and then by taking a cellulose peel. For a discussion on the use of 

cellulose peels reference is made once again to Ager (1965). In 

practice some degree of experimentation with time of etching, thickness 

of cellulose sheet, etc., was required to produce the best results. The 

cellulose peel obtained was treated as a photographic negative and in 

this way a series of photographic enlargements of sections (perpen-

dicular to the rotation axis) through an individual crystal was built 

up. Analysis of these sections using isogons allowed an interpretation 

of the internal geometry to be made. 

The determination of the distribution of maximum rotation angles 

in specimens 136A and 136B (Section 5.7) involved the same sort of 

technique as above, but applied on a large scale. Surfaces of the 

order of 10 x 5 sq. cm. were serially ground using a large surface 

grinder, a fixed thickness being removed during each grinding operation. 

The surface was polished to remove scour marks, as before, and the 

position of every sectioned garnet crystal recorded by drawing its 
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outline on a sheet of cellophane placed over the surface. Each 

crystal was assigned a number. A binocular microscope incorporat-
ing a micrometer eyepiece and an eyepiece attachment for measuring 

angles was used to determine the size (maximum and minimum diameters) 

and rotation shown by each section. Thus it was possible to obtain 

a measure of the maximum rotation (rotation at the centre of the 

crystal (Section 5.4)) and size of the crystal. 
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5.4.) The nature of the problem 

The characteristic S. trails of inclusions found within some 

garnet crystals are presumed to arise by simultaneous growth and 

rotation of the crystals. This process can be represented by a sphere 

whioh grows and rotates successively by a series of incremental amounts. 

If it is accepted that during every growth increment the sphere includes 

an external foliation which is everywhere parallel, but is formed by dis-

continuous elements, then the locus of points of equal rotation, 8 , of 
the now included foliation will represent a stage in the growth of the 

sphere. This is the basis of the model proposed. by Spry (1963, 

pp. 213-214 and Fig. 2) and that constructed in Fig.5.2a. 	The three 

dimensional implications of this model may be illustrated by reference 

to Fig.5.2b, which shows, part of a section, cut through the centre, 0, 

of the model crystal, parallel to the external foliation and including 

the rotation axis. Successive growth stages are represented by 

successive circles,which in this section are the loci of points of 

equal dip of the included foliation. The diagram serves to illustrate 

a number of important points. 

a) The maximum rotation a crystal has undergone can only be measured 

in the section cut at right angles to the rotation axis and 

through the centre of the crystal. 

b) The included foliation surfaces are not cylindrical but complex. 

c) The history of growth and rotation can generally only be analyse& 

in the section cut at right angles to the rotation axis and 

through the centre of the crystal. 

The first of the above points is self explanatory and has already been 

emphasised by Magge (1930, p. 503). The second is an implication of 

the three dimensional geometry of this model and of the closely related 

models of Powell and Treagus (1967, Fig. 1) and Cox (1969, Fig. 1). 

Spry (1963, p. 212) stated incorrectly that the included foliation 

surfaces were cylindrical. The third point may require some clari-

fication. 

The absolute rates of growth and rotation of a crystal may not 

of course be determined, but it is possible to examine the history of 
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(a ) Section perpendicular to rotation axis through model crystal centre. 

Rotation axis, 

( b) Section parallel to rotation axis and external foliation plane, 
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growth in terms of rotation and vice versa. It has been shown in 

the above model that successive stages in the growth of a crystal may 

be represented by the loci of points of equal rotation of the included 

foliation (isogons). The distance apart of successive 10 degree 

isogons drawn in Fig5.2a shows the amount by which the crystal has 

increased its radius during each 10 degree increment of rotation. An 

analysis of this type has been used by Spry (1963, pp. 216-220) to 

determine the growth laws of crystals. Examples of simple growth 

laws are:- 

a) Linear growth law. 

The crystal increases its radius by an equal amount during each 

equal increment of rotation: 

	

r = a. e' 	(5.1) 

where. r = radius of the crystal, a = constant, €P = (i)max 
= maximum rotation angle - rotation value for isogon. 

b) Cubic growth law. 

The crystal grows by the addition of a constant volume of material 

during each equal increment of rotation. 

	

r3  = a t9' 	 (5.2) 

Thus the geometry of the inclusion trail& is a function of the 

growth law. The equal spacing of the 10 degree isogons in Fig5.2a 

shows it to be constructed according to a linear growth law. 

If an attempt to analyse the growth law is made from any section 

cut perpendicular to the rotation axis of the crystal at an unknown 

distance, d, from its mentre (e.g. Section 2 in Fig52b), the result 

may be shown to be invalid. In fact, this must generally apply to 

any analysis of a growth law from a thin section cut in the above 

orientation. The distance apart of adjacent isogons in Section 2, 

for instance A'B' is not equal to the increase in radius, AB it 

Section 1, but is related to AB in the following manner. 

A' B' 	v/OB 	d- 	 0A2  d2) 

AB 	(OB OA) 

T  A graph of Arl3/ABr/ a. may be. drawn for each growth increment (Fig5.3), 

(5.3) 
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and illustrates the error introduced into the measurement of each 

growth increment by considering a section a. distance, d, from the 

centre of the. crystal. It is emphasised that this graph applies 

only to crystals which have a linear growth law. Where other growth 

laws have operated the relevant graphs may be. constructed. 



••■••• M.N. 
••••• ...., •••■•• 

...M11. 0.1.1, all.M. 
..., •may, 

..... 

5 — - 
Om... 

..•••• .1.1i 

...■ .1. 
....0 .... 

4 _ __ •••=1/1 .0110 ••••••• 

..... NNE. 
...as ••••■ 

— 

...* 
••■•,.. 

...a ...... 
..... .... 

2 — - - .... .... -. -s 

d 
....., 

..•••■ 

.., 
...- 

.... 
••■■ 

2 (Growth increment NU) 

0 
2 

AFB' 
A B 

0 3 

W.1• ••■•• 
%MN 

217 

Fig. 5-3 Graph of —ABld for growth increments 1-5 in Fig. 5.2 
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5.5) Natural examples 
A model has been proposed and some of its three dimensional 

implications examined. The degree to which natural crystals conform 

to the model has been studied by the use of two analytical methods:- 

5.51) Geometrical analysis, using isogons, of the inclusion trails 

in sections perpendicular to the rotation axis and generally 

of unknown distance from the centre of the crystal. 

5.52) Geometrical analysis, using isogons, of the inclusion trails 

in sections cut serially perpendicular to the rotation axis 

through single crystals. 

The analytical techniques have been discussed (Section 5.3). 

5.51) Figs. 5.4a and 5.4-b show the isogon patterns constructed from 
the inclusion trails of two crystal sections GI and Gil Spec. 110. 

In the general case, sections such as these are of unknown distance 

from the centres of their respective crystals and are thus unsuitable 

for determining growth laws (Section 5.4). In this instance however 

there is evidence to suggest that the sections pass through or near the 

centres of the crystals. The evidence is as follows. Prior to this 

analysis rotation angles were measured from garnet sections occurring 

on a number of surfaces out perpendicular to the crystal rotation axes. 

Out of the 79 measured crystal sections none showed an angle of rotation 
greater than 150 degrees and it was concluded that this figure was the 

maximum amount of rotation to be expected in any crystal in the specimen. 

The values of rotation 145-150 degrees shown by GI and GII Spec. 110 are 
therefore maximum values and hence these sections probably contain the 

crystal centres. 

Spry (1963, pp. 216-220) has discussed the method by which the 

growth law of a crystal may be deduced. Use of this method showed 

the growth laws to be: r = a Gil  for GI and r2  = a G' for GII. Ia 
deriving the laws only those isogons which lie almost or wholly within 

the crystal section have been considered. 

The model on which these determinations are based assumes the 

isogons to be circular and to represent successive outlines of the 

crystal during its growth. Although the shape of most garnets in 
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section approximates to a circle the isogons of GI and GII are very 

poor approximations. If the isogons are interpreted in this way 

then growth appears to have been extremely irregular. There is 

evidence of irregular growth of these crystals; the internal and 

external foliations are not everywhere in continuity with angular  

concordance at the crystal margins, so it appears that growth termin-

ated prematurely in the discordant regions (Fig.5.4c). 

Fig. 5.5a illustrates the isogon pattern of a euhedral crystal 

(Fig. 5.5b), (GI Spec. 129) which has been rotated by 80-90 degrees. 

Although the final shape of the crystal is regular the isogons tend 

to be elliptical rather than circular, the long axis of the ellipse 

lying at a high angle to the inclusion trails and rotating in 

successive isogons in an opposite sense to the crystal. The same 

effect can be seen in Figs. 5.4a and 5.4b and has been found. to be 

the general rule in other examples. The outer isogons of Fig. 5.5a 

out across the crystal boundary. This situation can arise in two 

ways:- 

(a) by irregular growth at the margin of the crystal. 

(b) by the inclusion of external foliation which is not everywhere 

parallel. 

If case (a) occurs, then there must be an angular discordance 

of the internal and aAternal foliations at that part of the margin of 

the crystal where growth has been terminated, whereas in case (b) the 

internal and external foliations will be everywhere concordant at the 

margin. Reference to Fig. 5.5b shows the latter interpretation to 

be applicable to GI Spec. 129. In GI and GII Spec. 110 (Fig. 5.4c) 

a mixture of these two effects appears to be involved. 

The proposed model assumed that during growth the included 

foliation was everywhere parallel. This situation is not realise& 

in nature and the schistosity surrounding the crystal is of variable 

attitude because a zone of inhomogeneous or contact strain exists 

around the crystal. It will be shown ',Section 5.6) how the inclusion 

of external foliation affected by contact strain can explain the 

observed isogon geometry. 
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5.52) The serial sections of single crystals from Spec. 13613 (Figs. 5.6a 

and b) scow how the attitude of the inclusion trails varies, in the 

plane perpendicular to the rotation axis, as the crystal Is traversed. 

Figs. 5.6 aand b are the corresponding isogon plots. The isogon 

patterns in individual sections. have the same characteristics as those 

described in Section 5.51 and as such do not require further discussion. 
The model predicted that the maximum rotation shown by the inclu-

sion trails, in sections perpendicular to tha rotation axis, would 

change en passing th=ough the crystal, varying from a minimum, zero, 

at the margins of the crystal to a. maximum at the entre. Figs. 5.6a 

and b and 5.7a and b illustrate a comparable change, it maximum rotation 

angle, however the angle has a minimum finite value at the margin of the 

crystal. This finite rotation at the. crystal margin may be shown to be 

oaused. by the zone of contact strain surrounding the. crystal. Sections 

just beyond the crystal margin show a di.tortion of the external folia-

tion, which has the same.. sense as the rotation of the crystal, indicating 

that the matrix has strained inhomogeneously. Somewhat further from the 

margin the external foliation resumes the attitude of the mean external 

foliation and the. strair is assumed to be once more homogeneous. 

It appears therefore, that the. model proposed in Section 5.4 is 
inadequate to explain the geometry of the inclusion trails, and that a 

model which makes some allowance for a region of inhomogeous or contact 

strain, in the matrix surrouding the growing crystal, would perhaps be 

more applicable. A model of this type. is not unreasonable in the light 

of the obvious ductility contrast which exists between the crystal and 

the matrix. 
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5.6) A revizedmodel  

As in the previous model the garnet crystals are represented by 
rigid spheres, contained in a homogeneously deforming matrix, which 
grow and rotate successively by a series of equal incremental amounts. 
The growth law of the crystals is then linear. The strain mechanism 

causing the rotation is assumed to be simple shear, operating in such 

away that the slip plane is parallel to the external foliation. The 

two planes of no strain will then be the slip plane and the plane at 

right angles to it, so that a number of equally spaced marker horizons 

parallel to the foliation in the homogeneously deforming matrix will 

always remain the same distance apart during deformation. In the 

neighbourhood of the rotating spheres the matrix deformation will no 

longer be homogeneous and it is in this respect that this model differs 

from the previous one. The effect of the inhomogeneously strained 

matrix on the geometry of the inclusion trails may be determined by 

examining a section perpendicular to the rotation axis through the 

centre of the sphere. Within this section the field of inhomogeneous 

or contact strain will be of finite extent. For the purposes of the 

model it may be delimited at each stage during the growth and rotation 

as,  a rectangle, of side 4r parallel and 3r perpendicular to the slip 
plane,centred on the circular section (r = radius of section). The 

choice of these values which is somewhat arbitrary arises from the 

observation of distortion around rotated garnet crystals. The values 

are however of a similar order to those observed (Gay, 1966, p. 144) 

for a rigid disc, contained by a viscous mediumlrotating in a simple 

shear field. It is apparent that at the margin of the rotating 

section a displacement of the marker horizons within the plane of the 

section will take place. By joining the displaced positions of the 

marker horizons at the margin of the section to their undisplaced 

positions in the homogeneously strained matrix an approximate representa-

tion of the field of contact strain, after each increment of rotation, 

is obtained. Each subsequent growth increment will then include a 

portion of the matrix in which this contact strain is recorded by the 

marker horizons and in this way the internal geometry is determined. 
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Fig, 5.8 shows the internal geometry of a section, after a total 

rotation of 60 degrees, which has been built up by this method. The 

field of contact strain is demonstrated by the attitude of the deformed 

marker horizons. The isogon pattern constructed on the section shows 

that the isogons are elliptical, that the long axis of the ellipse 

rotates in successive isogons in an opposite sense to the rotation of 

the section and that the outermost isogons cut across the section margin. 

All these features have been observed in the isogon patterns of garnet 

crystals. It is eso apparent that the isogons do not coincide with 

successive outlines of the section at stages during its growth. Thus 
the determination of the growth law from the isogons using Spry's 

(1963, pp. 216-220) method is invalid. 

Perhaps the most interesting feature of this model is that it 

predicts the positions of the pressure shadows that are often found 

accompanying rctated garnet crystals. It can be seen from Fig.5.8 

that the spacing cf the marker horizons at the margin of the section 

is not equal. The regions of close spacing correspond to that part 

of the margin where the shear strain exerted or the matrix by the 
rotating section is additive to the simple shear deformation of the 

matrix and those of open spacing to where the strains are subtractive. 

Thus there are regions of high and low finite strain. 

Although the matrix may be regarded on a sufficiently large scale 

as homogeneous in composition, it is infb,ct a polymineralic, multi-

component system. The respcnse of individual minerals and chemical 
components to the processes of solution, diffusion al,d crystallisation 

which must take place during deformation will be different. The 

appearance in the regions of low finite strain, of quartz rich pressure 

shadows indicates that the solution of quartz and migration of silica 

to these regions occurs more readily than for the remainder of the 

matrix. This process is analogous to that involved in the formation 

of strain slip cleavage (Nicholson, 1966). In this way an inhomo-
geneous distribution of components may arise at the margin of the 

crystal, the garnet forming components being preferentially concen-

trated in the regions of high finite strain, so that here the growth 
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Fig. 5.8. Inclusion trail geometry resulting from the revised 
theoretical model of snowball garnet formation 
described in Section 5.6. Rotation is caused by a 
simple shear deformation (crystal rotates). In the 
construction of the model the field of contact strain 
at each stage in the growth and rotation waa delimited 
as a rectangle, of side 4r parallel and 3r perpendicular 
to the slip plane, centred on the circular section 
(xxxx denotes the limits of the field of contact strain 
after the last increment of rotation). Increments of 
rotation = 10 degrees, G max  = 60 degrees. 
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of the crystal is enhanced, and in the region of the pressure shadow 

reduced or even terminated. Reference to Fig. 5.4c (GI and GII 

Spec. 110) and the corresponding isogon plots Figs. 5.4e and b 
illustrates this argument. The asymmetric distribution of the 

pressure shadow regions with respect to the external foliation of the 

model corresponds to that observed round rotated crystals. 

The model is based on a number of assumptions previously listed 

in the discussion. It seems reasonable to represent the crystals as 

growing rigid spheres in a homogeneously deforming matrix and sc to 

expect about them a. field of inhomogeneous strain. Any assumptions 

as to the form and limits of this field, the growth law and the 

mechanism of strain causing rotation are subject to, greater 

uncertainty. In view of this, the geometrical effect of changing 

the growth law has been examined and, using the same sort of 

technique as described above, the geometry of the inclusion trails 

of a sphere g/ owing in a pure shear field, in the fashion discussed 

by Ramsay (1962a), investigated (Fig. 5.9). 

Neither of these further inTestigations affect the conclusion 

drawn earlier, namely that in a model that takes into account contact 

strain, the isogons are elliptical and as such cannot be used to 

determine the growth law of the crystal. Nor do they predict a 

different orientaticr for the pressure shadow regions. 

Throughout this analysis emphasis has been placed on the three 

dimensional nature of the rroblem. The model only considers a two 

dimensional section through the centre of the crystal, however, 

appreciation of the contact strain effect leads to the conclusion 

that a. section out perpendicular to the rotation axis at the margin 

of the crystal will show a finite rotation, a fact noted in the 

serial grinding of individual crystals. 

In summary, a model has been suggested, which explains some of 

the features of internal geometry of the analysed garnet crystals. 

The model is not unique in that changes of strain mechanism and 

growth law do not lead. to different results within the limits of the 

analysis. 
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Fig. 5.9. As Fig. 5.8. Rotation is caused. by a pure shear 
deformation (matrix rotates). Initial and final 
orientations of the external foliation marker 
horizons and the orientation of the plane of 
flattening are indicated. The field of contact 
strain waa delimited as a rectangle, of side 4r 
parallel and 3r perpendicular to the external 
foliation, centred on the circular section at 
each stage in the growth and rotation. (xxxx 
denotes the field of contact strain after the 
last increment of flattening). Increments of 
flattening = 20% (total flattening 7_12-.7 75%), 

(:)max = 59 degrees. 
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5.7)  The distribution of rotation angles  

The significance of the maximum rotation angle in recording the 

amount of strain a crystal has undergone has been discussed by many 

authors and is considered further (Section 5.8). Serial grinding 

techniques enable this angle to be measured approximately. A question 

which naturally presents itself is whether crystals from the same 

specimen show the same maximum rotation. In order to answer this 

question two large specimens, 136A and 136B were serially ground and 

the maximum rotations angles and sizes (maximum and minimum diameters 

of central section) of a large number of crystals recorded from each 

of these specimens. The analytical method. has, been discussed in 

Section 5.3. A variation in maximum rotation angle was observed as 
well as a distribution in the sizes cf the crystals. 

Ir attempting to explain this variation the possible processes 

of nucleation and growth of the crystals must be considered. Kretz 

(1966h)has reviewed various nucleation models for metamorphic minerals, 

and has suggested that the most realistic of these is a model which 

considers the crystals to have a time dependent nucleation rate, but 
a growth rate which is identical for each crystal provided the system 

is homogeneous. In (thapters 6 and7 the concepts of nucleation and mineral 
growth will be examined in greater detail. If this model is realised 

in these rocks, provided that all the crystals nucleated during the 

period of deformation, a variation in size and rotation is to be 

expected. However, as both the size and degree of rotation are para-

meters dependent on time there should also be a relationship between 
them. 

Figs.5.10a and b show the data obtained in determining these 

parameters for the crystals of Speoe.136A and 136B respectively. The 

size parameter is the mean diameter of the section containing the Laxi-

mum observed rotation angle and a measure of the degree of ellipticity 

of this section is indicated by plotting the ratio of maximum and 

minimum diameter symbolically. The prrdicted dependence is poorly 

illustrated by the data, however it is suggested that a dependence 



0 

0 

% 
• 

A 	0 
0 

0 0 
0 

A 

10 

0 . 	o 

: 	• 

o . 0 

0 
• o 

0 

233 

Mean 
diameter 
(mm.) 

(a) 

a 	 A 

X 	

• 	

2 
% 

• 

• 

• : 	0 
A 

. Spec.136A. 91 crystals. 

20 	40 	60 	80 	100 	120 	140 
Rotation (degrees). 

Axial ratios, (•)1.00-1.25,(0)1.25-1.50,(A)1.50-1.75,(a)1•75-2-00, 
(x) > 2.00. 

10- 

0 	8 
8 

A 

0 	• 
• .. .8 0.. 

n iS 
•-o o.co• 
o o.  • • 

o. 90 • 	0  • • 

'`is be • o 	0 

0 
0 . 
8 0* 

6 

Mean 
diameter 
(mm.) 	

4. 

0 

a 
000 

2- 0 

0 

a 	
d 	0 
	 Spec 136B. 110 crystals. 

20 	4.0 	60 	80 	160 	10 	140 
Rotation (degrees). 

( b) 	0 

Fig. 5.10 Size / maximum rotation angle ( emax. ) data for garnet crystals 

in Specs. 136A and B. 



234 

does exist as the data does fall in a field and not completely randomly. 

The extent of this field is nearly identical in both specimens, which 

were collected from the same locality and garnet schist horizon, 

supporting the conclusion that the shapes of these fields is significant. 

Possible factors affecting the relationship between size and 

rotation are crystal shape, inhomogeneous growth and inhomogeneous 

strain. The first of these factors has been considered in the measure-

ment of the axial ratio. If the crystals behave in the same way as 

particles rotating in a simple shear field, then the amount of shear 

)cs required to produce a given rotation depends on the shape of 

the particle and is greater for an ellipsoidal particle than for a 

sphere (Gay, 1966) (Section 5.8, Equations 5.6 and 5.7). 	The data 

however fails to show the expected relationship, namely that for 

particles of the same mean size more elliptical sections show smaller 

rotation angles. The extent which the other two factors listed above 

play in affecting the amount of rotation is indeterminate. 

The general conclusion, that there is a dependence of rotation 

on size, implies that the crystals did not all nucleate simultaneously 

and thus the quantitative determination of strain 	any crystal is 

merely a measure of the deformation that has occurred since nuclea-

tion of the crystal took place, an unknown event in time. 

In any given specimen showing rotated crystals it should however 

be possible, if sufficient crystals are measured, to obtain a figure 

for the maximum rotation that any crystal in the specimen has under-

gone. The comparison of this figure with that from another rock 

and the deduction on this basis that one rock has suffered a greater, 

lesser or equal strain is not justified as crystal nucleation is 

unlikely to have commenced simultaneously in both rocks. 

The occurrence in Val Piora of garnet schist horizons in close 

proximity showing strongly rotated and unrotated crystals may not 

then bs interpreted as a strain discontinuity, but is a reflection 

of the different times at which garnet growth commenced in these rocks. 

The value of synkinematic or snowball garnets as a quantitative measure 

of strain must then be strictly limited. 
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5.8) The determination of strain and strain mechanism 

A method of determining strain from rotated garnet crystals was 

first presented by Schmidt (1918, pp. 300-302). He considered 

initially the rotation of pretectonic crystals, and drew the analogy 

of a ball in a ball-bearing. Bchmidt's model, figured by Spry (1963, 

Fig. 3), assumes the crystals to be rigid spheres rotated by a simple 

shear strain mechanism, in which the slip plane is oriented parallel 

to the external foliation. The amount of slip occurring at the 

crystal margin is given by the equation: 

S = 2re 	(5.4) 

and the unit shear Ys  is therefore: 

rs  = 	 (5.5) 

where S = slip, r = radius of crystal and 0= rotation angle 

measured in radians. 

Schmidt (1918, pp. 302-303) points out that if growth and rota-

tion are contemporaneous, which is the more common case in mature and 

is the case considered above, the same formula can be applied. Spry 

(1963, p. 220) however states incorrectly, that the Schmidt formula 

may not be applied to syntectonic or snowball garnets and that the 

amount of slip which occurs at the crystal margin is given by twice 

the length of the 'point of contact spiral'. As the calculation of 

this length is dependent on the growth law, the determination of which 

has bean shown (Section 5.6) to be based on unsound principles, this 

concept can hardly be considered to be viable. Furthermore the 

formula for the length of the point of contact spiral is irrelevant 

in terms of the unit shear, the quantity which is of interest in 

the analysis of simple shear strain. In addition it has been shown 

by Gay (1966, Table V) that Spry (1963, p. 220) in comparing the slip 

calculated by his method with that derived by applying the Schmidt 

formula, has miscalculated in the latter case by a factor of two, 

and his conclusion that his formula give3 a greater value of strain 

is therefore wrong. 
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Various authors who have used.the Schmidt formula to estimate 

amounts of strain have emphasised the minimal nature of this estimate, 

as factors such as slip at the margin of the crystal will toad to retard 

the rotation. A model which largely overcomes this problem is the 

viscous model proposed by Gay (1966, p. 150). This model assumes the 

crystals to be rigid particles contained by a viscous fluid and has 

the additional advantage of taking into account non-spherical particles. 

Equations of motion of ellipsoidal particles immersed in a viscous fluid 

have been derived by Jeffrey (1922) and are discussed in detail by 

Gay (1966). The equations are approximated to fit a system with 

sufficiently slow motions or sufficiently small particles and assume 

that the motion of the fluid varies in space on a scale much larger 

than the particle dimensions. They thus appear to be applicable to 

the geological situation. The equations have been found to be imposs-

ible to solve for the general case of undisturbed motion but for the 

oases of simple shear (Jeffrey, 1922) and pure shear (Gay, 1968) 

solutions have been derived. 	The equations below apply to a two 

dimensional elliptical particle, or an ellipsoidal particle oriented 

with one of the particle axes parallel to the intermediate strain axis. 

The equation describing the particle rotation in a simple shear 
field. is: 

tan Gf 	tan 	-g." tan ab s6"8  
(a2  + b2).] 

(5.6) 

  

where ei and e-i„ are the initial and final angles between the minor 

axis of the particle and the slip plane and a and 1, are the semi-

axial lengths of the major and minor axes of the particle. 

In the case of circle or sphere (a = b = 1) the equation reduces 

to: 
ra  = 2E 	(5.7) 

Thus for a given rotation this formula gives a value of y„ twice 
that determined using Schmidt's formula. 



X2 

237 
In a pure shear field the equation becomes: 

r(a2 
-  b21 

Lc 
In cot Of  = in cot 9i 

a2  b2) (5.8) 

where 9i and 	are the initial and final angles between the major 

axis of the particle and direction of shortening,j1,,jX2 are the 

major and minor semi-axial lengths of the strain ellipse. 

In the case of a circle or sphere (a = b = 1) the equation 
reduces to: 

f - G . 	 (5.9) 
i.e. there is no rotation. It should also be noticed that fin 'Equation 

5.8 rotation cannot exceed 90 degrees. 

An explanation for the apparent rotation of circular spherical 

particles in a pure shear field has been suggested by Ramsay (1962a). 

It has been shown above that because the particles are circular they 

do not rotate, but planar features in the matrix which are initially 

oblique to the principle strain axes will rotate passively during 

deformation giving rise to helicitic inclusion trails in growing 

crystals. The strain may be determined from the angular rotation of 

the matrix using Wettstein's (1886, p. 33) fornula: 

tan elf. = tan,)i 	(5.10) 

where &i  and Gf  are the initial and final angles between the planar 
features and the direction of extension. The application of this 

equation requires that the orientation of the principal strain axes 

be known. It should be noted that once again rotation cannot exceed 

90 degrees. 

Quantitative determination of strain from natural material may be 

carried out by making the relevant measurements and substituting in the 

above formulae, but in order to do this the strain mechanism must also 

be known. It has been shown that in pure shear rotations of greater 

than 90 degrees cannot be obtained and hence simple shear might seem 

to be a more probable natural strain mechanism. It must be emphasised 

that simple shear is a very apecialised norm of rotational strain and 

that any general rotational strain can give rise to rotations of 

greater than 90 degrees. The use of the above formulae therefore has 

severe limitations. 
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CHAPTER VI 

HORNELMIDE GARBENSCHMER 

6.1) Introduction 

The investigation of certain microstructures in metamorphic rooks, 

(i.e. grain size, grain shape, etc.) has until recently (e.g. Val, 

1960, 1961; Krets, 1966a and b; Vernon, 1968) received little attention 

from metamorphic petrologists. Metallurgists on the other hand, have 

gathered a wealth of information about these microstructures and the 

factors influencing them. The role of interfacial energy or inter-

facial tension is recognised to be of particular importance. The 

well known equilibrium microstruoture in annealed single phase metals, 

equidimensional polygonal grains with planar interfaces subtending 

angles of 120 degrees, is due to the balance of interfacial tension at 

the junction of three interfaces and provides an example of how this 

energy determines grain geometry. Verhoogen (1948), De Vore (959) 

and more recently McLean (1965) have all emphasised the dependence on 

interfacial energy of many processes occurring in the metamorphism of 

rooks. McLean discusses how this dependence is enhanced in cases 

where the driving energy for a reaction is low. This point can 

perhaps be clarified. The crystallisation of a phase from solution 

may be induced by cooling. The driving energy for crystallisation is 

dependent on the amourt to which the phase has been cooled below its 

equilibrium crystallisation temperature. 

In geological metamorphism rates of change of temperature, 

pressure and other physical parameters are slow and most phase changes 

takes place near to equilibrium and therefore wider conditions of low 

driving free energy. This apart, the free energy changes involved in 

many metamorphic reactions are small. 

In this chapter the concept of interfacial energy and the depend-

ence of nucleation upon this energy is considered. It is shown how 

under certain circumstances the interfacial energy of a nucleating 

phase may be reduced and how a preferred orientation can arise as a 

consequence of this. Using these concepts a possible explanation of 

the origin of hornblende garbensohiefer or hornblende garben is put 

forward. 
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6.2) Interfacial energy 

The energy of a particle at a surface or interface of a liquid or 

solid differs from that of a particle within the bulk material. For 

instance a particle at a free surface of a liquid or solid has no 
neighbours on one side and its energy is higher than that of an internal 

particle by approximately its• missing  share of bond energy, (bond 
energies are negative). The surface free energy may be defined: 

Fs  = Es  — TS5 	(6.1) 

Fs  = surface free energy/unit area 

Es  = surface energy/unit area 

Ss  = surface entropy/unit area 

T = temperature. 

6.21) Interfacial energy and interfacial tension 

The surface or interfacial tension is defined (e.g. Mullins, 1962) 

as the reversible work required to create a unit area of new surface at 

constant temperature, volume and chemical potentials: 

dW 
(6.2) dk 

The relation to the surface free energy is given by the equation: 

Fs  = '+ „Ai  Fit 	 (6.3) 

where /Ai  = chemical potential of component i. 

p = adsorption of component i/unit area of the surface. 
The difference between surface free energy and surface tension is small 

and in the case of a one component system vanishes. This subject has 

been discussed in detail by Turner and Verhoogen (1960, pp. 460-465), 

Mullins (1962), Deftly at al (1966) and Spry (1969). 

6.22) Interfacial energy and crystal faces  

It is well known that the energy of a plane surface will in general 

depend on the crystallographic orientation of the surface, other factors 

remaining  constant (Turner and Verhoogen, 1960, pp. 595-596). It can 

be simply shown that the density of the atomic packing  of a surface 

will affect the magnitude of the surface energy. As the energy is a 

function of the work required to create a unit of new surface, a close 
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packed surface will have a lower energy than an open packed surface as 

less atomic bonds are broken in the formation of new surface. The 

tendency for crystal faces to develop reflects this variation in 

surface energy. For example the ubiquitous development of the 4  001 C 

faces of mica crystals is an indication of the anisotropy of surface 

energy of this mxneral, whereas the tendency for quartz not to form 

well defined crystal faces reflects a relative isotropy of surface 

energy (Vernon, 1968). 

The condition which minimises, the free energy of a system is a 

condition of equilibrium and thus the shape of a crystal which minimises 

its surface free energy is its equilibrium shape. If the surface free 

energy is identical for all orientations, (isotropic), as is the case 

for a liquid, the equilibrium shape wil] be that which gives a maximum 

volume for a minimunsurface area, i.e. a sphere. 

In practice the equilibrium shape is seldom if ever attained in 

natural crystals, because of the important part played by crystal 

growth kinetics in determining shape (Cabrera and Coleman, 1963). 
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6.3) Nucleation  

6.31) Homogeneous Nucleation 

The dependence of the rate of nucleation on interfacial energy may 

be seen by considering the simplest theory of nucleation, the formation 

of droplets from a. single component vapour. The Volmer-Weber theory 

of homogeneous nucleation (Holloman and Turnbul1,1953) has formed a 

basis for the study of nucleation in more complex systems. 

The theory suggests that in a vapour statistical fluctuations occur 

in the density of small volumes of matter. Clusters form or dissolve 

by the sequential addition or subtraction of single molecules. The 

total free energy of any cluster is given by the equation: 

pGT  = 471r2f+ 3Trr34Gv 	(6.4.)(1))`j  

where Z1GT  = total free energy 

r = radius of cluster 

= Fs  = surface free energy/unit area 

aGv  =_ volume free energy/unit volume. 

In this equation an assumption is made in applying large scale thermo-

dynamic properties to very small spherical clusters of atoms or 

molecules. 

The relationship of MT to r is shown in Fig.6.1a, where it 

is seen that in the formation of a cluster the total free energy rises 

to a maximum 44.GT*  at radius r*  and then decreases. Thus to form 

a stable nucleus a free energy barrier .A.GT*  must be overcome. This 

barrier is given by finding the maximum values of LGT in Equation 6.44 

GT* 	16-n- 
3 aGv2 

where the critical radius, r*, is given by: 

r* 	 (6.6)(6) 6 Gv  

The absolute frequency of nucleation/unit volume, I, may be derived by 

determining the number of critical nulei/unit volume, n*, in equilibrium.  

(1) refers to Holloman and Turnbull. (1953, Equation 1) etc. 

(6.5)(5 ) 
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with vapour at given pressure, P, and temperature, T: 

:"\\ n* = n exp 	SGT* 
 KT / 

(6.7)(8) 

(where n = number of single molecules/unit volume) 

and the collision frequency/unit area, z, of single vapour molecules 

with the surface of the critical nucleus. Then I is given by the 

equation: 

(6.8)(9) 

where e is the surface area of the critical nucleus. 

This equation is the basis of the Yolmer-Weber equation for homogeneous 

nucleation. 

The equations, as McLean (1965, p. 105) has shown, illustrate the 

special importance of interfacial free energy, X, and of the driving 

free energy, LIGv , in determining the rate of nucleation, the rate 

being exponentially dependent on 2i3  and LGIT2. As already mentioned, 

reactions taking place at equilibrium will give rise to minimal values 

for e.iGv and hence emphasis is placed on the need for a small value 

for the interfacial free energy y to aid nucleation. The inter-
facial free energy is lowered when heterogeneous nucleation takes place. 

6.32) Heterogeneous nucleation  

Most phase changes under natural conditions are heterogeneously 

nucleated because of the presence of foreign particles in the reacting 

system. The degree to which the rate of nucleation is increased 

depends on the nature of the interface between the foreign particle 

surface and the nucleating phase. The lower the interfacial energy 

of the interface, the lower will be the energy required for nucleation 

and hence the greater will be the rate of nucleation. 

Heterogeneous nucleation has been discussed in many publications 

(e.g. Holloman and Turnbull, 1953; Hirth and Pound, 1963; Hirth and. 

Moaned, 1967). Volmer's theory of heterogeneous nucleation (Holloman 

and Turnbull, 1953) investigates the conditions of formation from a 

vapour of a spherical liquid cap-nucleus on a solid planar substrate 

(Fig.6.1b). The free energy of formation of a critical size cap-nucleus 
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Pig. 6.1. a The free energy is shown as a function of, r, the 
radius of a droplet. A = surface free energy, 
= volume free energy, C = total free energy. 

t„Grl* = the activation energy for the formation of 
a critical nucleus of radius r*. 

b The figure illustrates the equilibrium between cap-
nucleus, (0), substrate, (a), and vapour, (v). 
= the contact angle or angle of wetting. 

The balance of the interfacial tensions at equili-
brium is given by the equation, 

sV 

	

	 9-. = Yos  + Yov  cos  



244 

( a ) 

(b) 

(V) 
	

.CV 

(C)  

'cs 	 YSV 

(S) 

Fig. 6.1 
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is given by the equation: 

6 GT*  = 16 2 , f(e) 
34G,v4  

where f(s) = 	(2 4. cose)(1 - 00.0)2  

f(E) expresses the relative values of the interfacial energies between 

substrate, cap-nucleus and vapour. S is the contact angle between the 

cap-nucleus and substrate (Fig.6.0) and is sometimes termed the angle 

of wetting. The other symbols have been defined previously. 

FromEquation 6.10 above it is seen that f(e) is less than 1 

for values of 0 less than 180 degrees. Thus the free energy of 

formation of a cap-nucleus of critical size is less than that in the 

case of homogeneous nucleation. It is also evident that where & 

is small this energy is greatly reduced and becomes zero when & = o. 
Low values of e occur when the nucleating phase wets the substrate 
surface (i.e. tends to spread itself along the surface). This situa-

tion can only be realised where the interfacial free energy between 

the nucleating phase and substrate surface is low. It is therefore 

pertinent to consider the nature of such low energy interfaces. 
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6.4) Low energy interfaces  

In general for an interface to have a low energy, good atomic 

matching must occur between the materials on either side of the inter-

face (McLean, 1965). If a boundary between two crystals of the same 

material is considered, then this condition is satisfied when there is 

a low angular difference between the lattice orientations of the two 

crystals. Chalmers (1952) has shown, for a number of metals, that the 

experimentally determined variation of interfacial energy is a function 

of angular difference between the lattices of adjacent crystals. Inter-

facial energy decreases rapidly when the angular difference is less than 

about 10 degrees (low angle boundaries), but shows in general little 

variation with increasing angular difference for values of greater than 

about 10 degrees (high angle boundaries). 

The nature of the low angle boundary is well understood, for it 

is known that it can be considered as an array of dislocation and that 

the increase in interfacial energy with angular difference reflects a 

decrease in the dislocation spacing along the boundary. 

There are however certain specific orientation relationships at 

high angle boundaries which give rise to low interfacial energy. These 

orientations are those in which the two crystals share a high proportion 

of atoms in the boundary plane; the most obvious of these is a twin 

boundary. Less obvious is the boundary which coincides with a high 

density atomic plane in each crystal. 

Good atomic matching across interfaces is not restricted to crystals 

of the same material. For instance it is possible to have an interface 

between two crystals whose lattice parameters differ only slightly. 

Many cases of the oriented growth of one crystal on another, or epitaxy 

(Royer, 1928), are known and in these cases it is usually found that 

the plane of overgrowth is one across which there is good atomic matching. 

The energies of such interfaces have been considered theoretically 

by Van der Merge (1949, 1964). He analysed the condition in which the 

atomic spacing of atoms across an interface differed in one direction 
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only. The atomic mismatch, f, in this direction is given by: 

f 	(a - b)  
a (6.11) 

where a = atomic spacing in lattice A, (substrate) 
b = atomic spacing in lattice B , (overgrowth). 

The energy of the interface is found to be a function of the atomic 

mismatch; it decreases rapidly for misfits of leas than about 15% 

but does not vary significantly for misfits of greater than about 15%. 

The energy/misfit curve is of the same form as the energy/angular 

difference relationship, between two similar lattices, discussed 
earlier. 

An important conclusion which arises from this analysis ia, that 

where a misfit exists, which cannot be accommodated by uniform elastic 

strain of the overgrowth crystal lattice, then the overall non-
alignment of the atoms and hence the energy of the interface is reduced 

by the formation of zones of close atomic matching separated by narrow 

zones of atomic mismatch across the interface. The narrow zones: of 

atomic mismatch may be interpreted as interfacial dislocations. Thus 

the theoretical structure of the interface is analogous to that of a 

low angle boundary between the lattices of two crystals of the same 

material. 
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6.5) Epitaxy 

The subject of epitaxy has been reviewed by Seifert (1953), 

Pashley (1956, 1965) and Matthews (1967). The reviews of Pashley 

and Matthews are concerned with the formation and structure of 

oriented thin films. The techniques of thin film physics enable the 

actual formation, growth and coalescence of nuclei to be observed, and 

the theoretical and experimental conditions which favour epitaxy can 

be relatively well defined. 

Ir general the surface on which deposition takes place should be 

at a high temperature and the rate of deposition of the new phase 

should be low. Under these conditions, as Cabrera (1959,p.527) points out, 

nucleation is a barrier to deposition and the surface energy is important 

in determining the orientation of nuclei, as well as the processes which 

occur after nucleation. 

As the condition of low driving energy, which favours epitaxy in 

experimental systems, also exists when a new phase nucleates in 

geological metamorphism, it is reasonable to consider the possibility 

of epitaxial growth relationships between metamorphic minerals. 

Chinner (1961) has suggested the epitaxial growth of sillimanite 

on biotite, but better documented is the case of garnet on muscovite 

or biotite. Frondel (1940) measured the attitudes of garnet inclusions 

in muscovite and found that the (110) of garnet was parallel to the 

(001) of muscovite in 85% of the crystals measured. It has been shown 
by Powell (1966), that inclusion trails within garnet porphyroblasts 

from regionally metamorphosed rocks lie (in some cases at least) 

parallel to the (110) of garnet. He suggested that this orientation 

relationship resulted from the epitaxial growth of the garnets on the 

now digested mica which lay originally with (001) in the plane of the 

schistosity. He further suggested that the oriented garnet inclusions 

in muscovite described by Frondel (1940) could be explained in a 

similar way. 

The evidence for the epitaxial growth of garnet on mica is good. 
Powell has shown that the spatial arrangements of the potassium atoms 

in the (001) of mica and the aluminium atoms in the (110) of garnet 
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are very similar. Further evidence is given by Gresens (1966b) 

who noted that garnet inclusions in muscovite tended to be "flattened" 

in the (001) of muscovite. He concluded that, as the maximum area of 

surface contact between the garnet inclusions and the muscovite was 

parallel to the (001) of muscovite, the garnet— muscovite (001) inter-

face was the interface of lowest free energy between the two crystals. 

Oriented inclusions of other minerals have been found in muscovite 

(e.g. staurolite and zircon (Frondel, 1940) and tourmaline (Frondel, 

1936)). 
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6.6) Hornblende garben  

3onney (1898) described the sheaf like growth forms or garben of 

hornblende, which are found quite commonly in the gneisses of the 

Tremola series along the southern margin of the Gotthard Massif. Some 

years. later Krige (1918, pp. 557-562) examined the garben in greater 

detail. Observations (listed below) made, on the basis of field and 

thin section studies, in the present investigation agree well with 

Kriges, although the interpretation of them differs. 

1) The rocks in which the garben occur usually contain a rather low 

content of hornblende, certainly less than 50% by volume and for 

the most part very much less. Krige gave the hornblende content 

as between 10% and 40 and Steiger (1962, p. 413) found the 

largest hornblende garben in rocks containing less than 5% 

hornblende. Fig. 6.2b give some idea of the concentration in a 

typical example. 

2) The rocks have a well developed sohistosity and the garben appear 

as fan-like arrangements of hornblende crystals on the schistosity 

surfaces. The angle between the outer most branches of the fan,OC, 

is acute (Figs. 6.2a and b) and the individual branches are not 

always straight but may appear gently curved. 

3) The garben are oriented with respect to the schistosity plane; 

the crystallographic a and c axes of the crystals forming 

the individual branches of the fan lie in or near the schistosity 

plane. As hornblende is monoclinic the a axis faces forward on 

one side but back on the other side of the o axis. It is found 

that the facing direction is the same for all crystals from the 

same garben suggesting that they developed from the same nucleus. 

These relationships are summarised in Fig. 6.3. There is no 

orientation of the long axes of the fans (i.e. the bisectors of 

the angle 0C) on the schistosity plane. This feature is well 

illustrated in Fig. 6.2b. 

4. The axial dimensions measured parallel to the crystallographic 

axes of the branches of the fan always have the same relationship 

namely c>b›a; c may reach values of up to about 15 cm. 
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Fig. 6.20 a The figure summarises the crystallographic and 
dimensional relationships discussed in the text. 
a, b, and c are crystallographic axes. c  is the 
angle between the outermost branches of the crystal 
fan. 

b The appearance of garben on a schistosity surface 
is illustrated. Some idea of the concentration 
of hornblende in these garben bearing rocks can 
be gained. Note the random arrangement of the 
garben within the schistosity surface. Giubine 
series gneiss; Lago di Stabbio, M.R. 6975515749. 

c Photomicrograph of garben forming hornblende crystals, 
illustrating the relationships shown in Fig. 6.2a. 
Section approximately at right angles to the crystal 
c axes. (x 35) 
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Fig. 6.3. The figure illustrates the crystallographic orientation 
of single garben in relation to the schistosity plane. 
The specimens are from two localities Nos. 1109 
(M.R. 6964.315658) and 1524. (A.R. 6948515618). 	The 
crystallographic a, b and c axes determined for 
crystals forming the branches of the same garben are 
plotted stereographically in relation to the 
schistosity plane (oriented. N—S). it is readily 
seen, that for the six garben shown here, the a and 
c axes lie in or near the schistosity plane and that 
the facing direction of the a axis is the same for 
crystals from the same garben. 
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Fig. 6.3 
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but is generally in the range 5-10 cm. The ratio a: b : 0 is 

of the order 1 : 10 	100. 

The garben microstructure may be discussed in terms of the inter-

facial energy concepts outlined earlier in this chapter. The orienta-

tion relationship between hornblende garben and the schistosity plane 

could arise in the same way as that between garnet and schistosity, 

demonstrated. by Powell (1966); namely by epitaxial growth on the micas, 

in this instance muscovite,forming the schistosity. For epitaxial 

growth to occur, the (001) muscovite (010) hornblende interface would 

necessarily be an interface of low energy, which in general implies 

good atomic matching of the two crystal lattices across the interface. 

Figs.6.4a, b and c show atomic arrangements in the (001) of muscovite 

and the (010) of hornblende. It is apparent that certain similarities 

in the arrangements exist. The interatomic spacing is of the same 

order, particularly parallel to the a axis (and other directions 

demanded by symmetry) of muscovite (5.19 A) and the c axis of horn-

blende (5.3 2), (misfit = 2.1%). The spacing of successive rows of 

atoms measured parallel to the b axis in muscovite and perpendicular 

to the (100) of hornblende is also close (misfit 6.i.$). The main 

source of misfit is angular. Cases of epitaxy where there is angular 

misfit are known; the growth of halides on CaCO3 and NaNO3  is a well 

documented example. (e g. Van der Merwe, 1948). In such cases Van der 

Merwe has shown that the mismatch can be represented by the parameters 

shown in Fig.6.4c. The values of these parameters for hornblende on 

muscovite are compared with those for various, halides on CaCO3 and 

NaNO3, (Table 6.1). 

How effective the mismatch relationships are in determining 

epitaxial growth of hornblende on muscovite is a question which cannot 

yet be answered. However certain other features which favour epitaxy 

in these rocks can be examined. 

It has been stated (Section 6.5) that the theoretical and experi-

mental conditions for epitaxial growth are those in which the driving 

energy for reaction is low. This arises when the rates of change of 

physical variables are slow (i.e. in geological metamorphism) and when 
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Fig. 6.4— 	a. The arrangement of potassium atoms in the (001) 
of muscovite. The interatomic distances are 
given in X. 

b The arrangement of potassium and magnesium atoms 
in the (010) of hornblende. The interatomic 
distances are given in R. 

c The superposed hornblende and muscovite lattices. 
The mismatch in this orientation can be represented 
by a. spatial mismatch (Equation 6.11), f - '2% and 
an angular mismatch given by tane % = 
(cf. Table 6.1). 
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Mismatch. % I 
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It 
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11 

It 
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(001)  L0101 
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It 
	

It 

NaNO3  
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11 

tt 

CaCO3  
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Table 6.1 

* The mismatch is defined for a particular orientation. For 

example in the first case listed above, hornblende on muscovite, 

the (010)  hornblende is, parallel to the (001)  muscovite and within 

this plane bhe [WO hornblende is parallel to the [1001 

muscovite t:cf. Fig.64o). 

the concentration of reactants is, low. In this situation nucleation 

becomes a barrier to growth and takes place only at preferred sites. 
The occurrence of hornblende garben in rocks in which the concentration 

of hornblende is low has already been noted. If the individual garben 

represent single nuclei as, suggested above, then their large size and 

small number indicate that nucleation was indeed a barrier to growth. 

It is noticable that in rocks from this area which contain a high 

concentration of hornblende the crystals tend to be much smaller, 

greater in number, and do not form garben. This shows that at these 

higher concentrations nucleation took place more easily. 

The discussion above gives a possible explanation for the crystal-

lographic orientation of the garben with respect to the schistosity 

plane, but does not explain their fan-like structure. Because of this 

structure hornblende garben and crystal garben in general have been 

interpreted as. dendrites• (Voll, 1960, p. 531). These crystal forms 

are recognised to be the product of rapid non-equilibrium crystal 

growth. The formation of dendrites is favoured by a high 
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supersaturation of the crystallising phase, a situation which may arise 

when a concentrated solution is cooled rapidly (Saratovkin, 1959). At 

low concentrations high supersaturations cannot occur. 

Thus the conditions which favour epitaxial growth are exactly 

opposed. to those suitable for dendrite formation. Accordingly an 

alternative explanation must be sought for the sheaf like growth form 

of hornblende garben. 

The growth of crystals from dilute solutions presents a special 

problem. It is known that before growth of a new layer on an atomic-

ally flat or singular surface can occur the layer must first be 

nucleated. The probability of nucleation taking place is not great 

unless the degree of supersaturation is considerable. The fact that 

real crystals grow at low supersaturations appears to be an enigma. 

The nucleation problem is overcome in real crystals because they are 

never perfect; they contain imperfections, such as dislocations, which 

provide sites of good lodgement for the new material added to the 

crystal faces. Particularly important is the screw dislocation which 

provides a. self perpetuating growth step on a crystal face. Traces of 

impurity added to the system can result in a poisoning of the growth 

process so that the crystal is constrained to grow parallel to the axis 

of the screw dislocation, giving rise to a whisker crystal form. 

Generation of new dislocations during growth may lead to branching. 

It is possible that the hornblende garben have arisen by a growth 

process such as this, rather than by the rapid growth of atomically 

rough or non-singular surfaces at high supersaturations. 
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CHAPTER VII  

GARNET CRYSTAL SIZE DISTRIBUTIONS 

7.1) Introduction  

Although it is normal in the study of metamorphic minerals to make 

some assessment of their size, there is available little systematic 

data of crystal size distributions in metamorphic rooks. The work of 

Galway and Jones (1963, 1966), Jones and Galwey (1964, 1966) and Kretz 

(1966 b) appears to be unique in this field. 

The thermodynamical approach to metamorphism is concerned with 

prediction, for a given set of physical conditions, of equilibrium 

mineral assemblages in a multicomponent system. As Galwey and Jones 

(1966) point out, it does not necessarily specify the state of sub-

division and crystal size distribution of a mineral stable in the 

equilibrium assemblage. This is essentially a problem of reaction 

kinetics. 

The kinetics of many isothermal phase transformations can be 

described in terms of the parameters N, the rate of nucleation and 

G, the rate of growth of the nuclei (Holloman and Turnbull, 1953). 
This is true of recrystallisation reactions (Burke and Turnbull, 1952) 

and slow decomposition reactions (Jacobs and Tompkins, 1955; Stone, 

1961). In these reactions it is generally satisfactory to assume that 

the rate of growth is a constant, so that a graph showing the extent 

of reaction against time reflects the nucleation rate. The form of 

the crystal size distribution of a metamorphic mineral therefore also 

gives information about the nucleation rate, provided that the complex 

mineral forming reactions can be described in the same way as the 

simpler transformations considered above. 

In the present study, garnet (almandine rich pyralspite) crystal 

size distributions from three specimens from Val Piora have been deter-

mined, and analysed in terms of the relative rates of nucleation and 

growth. Data for the spatial distribution of crystals is presented. 

This data is important in deciding which of the various hypothetical 

nucleation models best accounts for the formation of garnet in these 

rocks. 
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7.2) Material  

The three specimens for which garnet crystal size distributions 

have been determined are black garnetiferous schists from localities 

Nos. 136, 757 and 781 in Val Piora. These localities are all exposures 

of black garnet schist series rocks in which the black garnetiferous 

schists are interbanded with calcareous schists and occasional. quartz-

ites, (Section 2.21). Locality 136 (M.R. 6970415574) is situated on 

the northern side of the Murinascia torrent a short distance above the 

point where the torrent enters Lago Ritom. Localities 757 (m.R. 
6968815582) and 781 (M.R- 6967415576) are on the north side of the 
road from Piora to Alpe Piora. 

The petrography of these garnets schists has been described in 

some detail previously (Frige, 1918, pp. 605-608) and will not be 

described again here. The specimens chosen for analysis were ones 

which appeared to be homogeneous in bulk composition and in which the 

garnet crystals showed good dodecahedral crystal form. In Specs. 757 
and 781 the growth of garnet took place under static conditions, whereas 

in Spec. 1.36B the garnets are syntectonic. The garnet crystal size-

rotation relationships for Spec. 136B have been analysed and are 

discussed separately (Section 5.7). 



262 

7.3) Methods of analysis  

Garnets are particularly suitable for crystal size distribution 

analysis as their crystal form enables them to be represented approxi-

mately by spheres. In these specimens it was impossible to separate 

the garnets from the rock and consequently a serial grinding technique, 

similar to that used by Kre:tz (1966b) was,  employed to determine their 

size distribution. 

The garnet crystal sections exposed on a flat surface out through 

the specimen were recorded by tracing their outlines on a sheet of 

cellophane placed over the surface. Each garnet section was assigned 

a number and its average section diameter measured on the surface using 

a binocular microscope with a micrometer eyepiece. (The average sec-

tion diameter was taken as the mean of four measurements at 45 degrees 

through the centre of the crystal). The crystals were assumed to be 

spherical and the true crystal diameter was determined geometrically 

from the average section diameter measurements of at least two sections 

of the same garnet crystal. 

This method of analysis allowed the spatial coordinates of each 

crystal to be determined. An orthogonal x, y, z, coordinate system 

was set up, so that x and y lay in the plane of the section and z 

in the direction of sectioning. x. and y were measured from the 

cellophane traces of the crystals and z from the geometric construction 

used to find the true crystal diameter. From the knowledge of the 

positions of the crystal centres, the distribution of the crystals in 

space and the distance apart of any two crystal centres were 

determined. 
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7.4) The crystal size distributions  

Figs.7.fa, b and c show the garnet crystal size distributions for 

Specs. 757, 781, and 136B respectively. The distributions are neither 

log-normal nor arithmetic normal, though they approximate more closely 

to the latter. The various data are summarised in Table 7.1 below. 

Table 7.1 

Spec. No. No. of 
crystals 
measured 

Crystal. 
density /0.0. Range 

mm. 
Mean 
mm. 

Standard 
Deviation 

mm. 

757 

781 

136B 

318 

285 

130 

3.4 

1.8 

- 

0.6 - 8.8 

0.6 - 8.8 

0.6 - 8.2 

4.1 

4.1 

4.5 

1.90 

2.09 

1.56 

The crystal density, (number of crystals/c.o.) was calculated for 

Specs. 757 and 781 from the x, yr, z coordinate data referred to in 

the previous section. 

It is evident that the measurement of crystal size in a solid 

becomes rather difficult when the crystal cannot be removed from the 

solid. This problem is familiar to sedimentary petrologists and 

metallurgists. Krumbein (1935) has shown how the moments of a grain 

size distribution may be calculated from those of a two dimensional 

distribution. The calculation assumes the grains to be spherical. 

Greenman (1951) has extended Krumbeints method to calculate the com-

plete grain size distribution from the two dimensional data, and has 

suggested that this method may also be applied where the particles are 

approximately ellipsoidal in shape. 

A method of calculation which is essentially the same as that 

outlined by Greenman has been applied to the average diameter measure-

ments of garnet sections (two dimensional distribution) collected in 

the determination of the crystal size distribution of Spec. 781. 

Fig. 7.2a shows the size distributions calculated from 277, 521 and 

818 average section diameter measurements. These may be compared with 

the actual crystal size distribution, Fig. 7.2b. It is seen from 

these comparisons, that the calculated distributions differ consistently 
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from the actual distribution in overestimating the number of large 

and underestimating the number of small crystals. As the correlation 

factors involved in the calculation are dependent on the curve which 

shows the probability of cutting a section of radius, r, through a 

sphere rather than a garnet crystal, they are only approximate in this 

instance. Similar curves for various polyhedra have been determined 

by Hull and Houk (1953), and found to differ from that for a sphere. 

However, the rhombic dodecahedron does not figure among the investigated 

polyhedra. 

When crystals cannot be removed from a specimen there are obvious 

advantages, in terms of time, to applying a reliable two dimensional 

method of size distribution analysis. The purpose of the above 

calculations was to test a method which has been used in the grain size 

analysis of indurated sedimentary rocks (Greenman, 1951). The results 

of the calculations suggest that the method may not be applied to garnet 

crystals, with any degree of accuracy. The reason fcr this is not 

because of an insufficiency of two dimensional data, (there is no 

systematic change in the calculated distribution with an increasing 

number of average section diameter measurements) but in the assumption 

of sphericity of garnet crystals. 
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7.5) The spatial distribution of crystals  

The spatial distribution of nuclei in homogeneous nucleation is 

random. The same may be said of heterogeneous nucleation, where 

relative to the nuclei there exists a large number of preferred nuclea-

tion sites, which are randomly distributed in the system. In a rock 

it is possible to envisage the condition in which nucleation does not 

occur randomly. This will arise through a change of composition or 

through the existence of concentrations of preferred nucleation sites 

within the rock. These concentrations might be expected in regions 

of high strain, shear zones, or could be associated with the occurrence 

of a particular mineral with which the new phase has an epitaxial 

relationship. The analysis of the crystal size distribution from a 

system which is not homogeneous with respect to the concentration of 

nuclei, and hence the rate of nucleation, is meaningless. It is 

therefore important to establish that the crystals within the specimens 

examined are randomly distributed. 

A spatial distribution analysis was carried out for some of the 

crystals measured in Spec. 781. The serial section method used in 

determining the crystal size distribution allowed the coordinates of 

the centres to be measured within the specimen. These known, the 

number of crystal centres in each small volume of specimen can easily 

be found. If the resulting distribution of centres between equal 

volumes is random, then the number of volumes, with a particular number 

of centres will follow a Poisson distribution (Hald, 1952, Chapter 22). 

This hypothesis can be tested by the technique outlined. by Hald (1952, 

Chapter 23.2), which is followed below. 

Analysis of the spatial distribution of crystals.  

Volume of size unit (c.c.) = 1.0 x1.7 x 0.5 

No. of volume units = 6o 

No. of crystal centres = 90 

Average no. of centres/unit volume = 1.5 

No. of crystals,/c.c. = 1.8 
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Table 7.2 

No. of 
centres 
x 

No. of 
Volume units 

a.  

Poisson 
Distribution 

n & = Np(x) 

Deviations 

a  - n 6 

(Deviations 2' 
x.) Np(2 

. x..  

0 

1 
2 

3) 
) N )...3 

5) 

13 

19 
17 

8) 
2 x 11 
) 

1) 

13.38 
20.05 

15.02 

7.52) 

2.82 )11.19 

0.8465 

.0.38 

+1.05 

-1.98 

+0.19 

0.0108 
0.0510 

0.2600 

0.0030 

60 59.64 -0.36 0.325 

ne should be greater than 5 for all classes. 
No. of degrees of freedom = 2 

X2  = 0.325 is not significant (Lindley and Miller 1962), the 

observed distribution does not differ significantly from a Poisson 

distribution. 

The distribution of crystal centres can then be inferred to be 

random. In other rocks, analyses of randomness (Kretz, 1966h; Jones 

and Galway, 1964) led to a similar conclusion. 

The relationship between the size of a crystal and the distance 

from its centre to that of its nearest neighbour has also been 

investigated. This investigation was carried out on the crystals 

from Spec. 781 whose spatial distribution has been examined above. 

The nearest neighbour was found, by inspection, from the coordinates 

of a crystal and. those of the surrounding crystals. Crystals lying 

nearer to the margin of the specimen than to their nearest neighbour were 

rejected in the analysis. The data obtained is represented in Fig.7. 3a. 

It can be inferred from the figure, that there is no apparent relation-

ship between the size of a crystal and the distance to its nearest 

neighbour. Likewise it is shown in Fig,;7.3b that there is no relation-

ship between the size of a crystal and that of its nearest neighbour. 

This data is important in helping to decide between various nucleation 

models. 
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neighbour data, Spec. 781. 
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7.6) Nucleation models 

Various models have been suggested to describe the nucleation and 

growth of metamorphic minerals. Kretz (1966 b, p. 162) considers three 

possibilities, outlined below. 

1) All crystals nucleate at the same time. The nuclei are randomly 

distributed and extract growth matter from their surrounding 

volumes, the dimensions and shape of which are determined by the 

half distances to the crystals nearest neighbours. This model 

is essentially the same as the probability model of Galwey and 

Jones, (1963). 

2) All crystals nucleate at the same time but some grow faster and 

to a greater size than others because of varying rates of diffu-

sion in different zones within the rock. 

3) All crystals grow at the same rate, but do not nucleate simulta-

neously. The form of the nucleation equation will control the 

size distribution. 

If model (1) is viable then a. relation might be expected between 

crystal size and distance to nearest neighbour, as well as between 

crystal size and size of nearest neighbour. The nearest neighbour 

data illustrated in the previous section (7.5) shows no such relation-

ship. Similar data determined by Kretz (1966b, p. 160, Table V) 

likewise shows no relationship. 

In discussing their probability model, Galwey and Jones (1963, 

p. 5684.) point out that the crystal size distributions predicted by 

the model will be normal distributions. The distributions determined 

here only approximate to normal and those analysed by Kretz (1966b) 

appear to be closer to log-normal. Jones and Galway (1966, p. 40) 

also find the model to be inadequate, in that the K values. (Section 

7.7) of the predicted distributions should be universally constant. 

Their data indicate that this is not the case. 

The relationship observed between the amount of rotation and the 

size of a crystal, shown by the snowball garnets of Spec. 136B (Section 

5.7) suggests that nucleation does not occur simultaneously for all 

crystals. It is known from experimental observation that for many 
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solid transformations nucleation is a time dependent process which 

may, for the acceleratory period of reaction at least, be expressed 

by an exponential or a power law (Burke and Turnbull, 1952; Jacobs 

and Tompkins, 1955; Stone, 1961). The rate of growth of the nuclei 

can in general be assumed to be constant. Thus the model which appears 

most appropriate to the evidence considered is model (3). 

Accepting the assumption of a constant rate of linear crystal 

growth the form of the nucleation curves for the garnets of Specs. 757, 

781 and 136B can be determined from the size distribution data. The 

diameter, D, of any garnet crystal in the distribution after time, t, 

may be expressed by the equation (c.f. Burke and Turnbull, 1952, 

Equation (1)) 

D = 2G. (t -,K) 	(7.1) 

where G 

t 

= the rata of linear growth 

= the time 

the nucleation period of the garnet crystal. 

Therefore, the diameter of the largest crystal in the distribution, 

which can be approximately represented by the limit of the upper class 

interval of the crystal size distribution, Dm ex,  is: 

Dmax  = 2G- . (t -emax) 	(7.2) 

and the diameter of the smallest crystal in the distribution, represented 

by the lower limit of the smallest Glass interval, Amin, is: 

Dmin  = 2G. (t 
	

(7.3) 

By subtraction: 

Ymin limax 
Dmax Dmin  

2G (7.4) 

where 'min 	 = the time interval between the nucleation of the 

first crystal and the last crys tal. 

Therefore, setting fit' max=  0 and lrmim  = 1, a time. scale for 

nucleation is erected such that the time of nucleation, T , of any 

crystal or group of crystals of diameter, D, is given by the 
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(Dmax  D) 
T 	, 	 

kDmax Dmin) 
(7.5) 

The nucleation curve is obtained by plotting the percentage number of 

crystals, n, nucleated after a time, T against T. Table 7.3 shows 
the relationship between the garnet crystal size distribution, T and 
n for Spec. 757. The nucleation curves for Specs. 757, 781 and 136B 
are given in Fig. 7.4. 

Table 7.3 
Spec. 757 

Diameter (D) 
mm. 

No. of 
crystals T T' 

0.00 - 0.60 0 
1.0 
0.9 
0.8 

0.7 
0.6 
0.5 
0.4 

99.9 
86.7 
75.7 
65.7 
55.3 
42.1 
27.4 
14.2 
4.4 
0.3 
0.0 

1.00  0.98 
0.94 
0.88 
0.81 
0.72 
0.61 
0.49 
0.34. 
0.18 
0.00 

0.60 - 1.42 13.2 
1.42 - 2.24 11.0 

1 	2.24 - 3.06 10.0 

3.06 - 3.88 10.4 
3.88 - 4.70 13.2 
4.70 - 5.52 14.7 
5.52 - 6.34 13.2 
6.34. - 7.16 9.8 0.3 

0.2 
7.16 - 7.98 4.1 
7.98 - 8.80 0.3 

0.1 
0.0 

It is found, by representing the data appropriately (Fig. 7.5), 
that the initial period of nucleation of the garnets of Specs. 757, 
781 and 136E may be described within the limit of experimental error 
by power laws of the form: 

do 	CT
ciC 

dT = 
(7.6) 
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Fig. 74 Nucleation 	curves of garnet in 	Specs. 757, 781 and 1368, assuming 

a linear (Equation 7.1) crystal growth rate. 
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Tec dT 

n = C'T 

log n = 	Xog T + log Cr 
	

(7.7) 
where K, 	, C and Cr are constants. 

It also appears (Fig. 7.5) that the latter half of nucleation may be 

expressed by power laws. A possible interpretation of this descrip-

tion of nucleation is that the first power law describes the aocelera-

tory and the second power law the deceleratory period of the 

transformation. 

The assumption of a constant rate of linear growth can be 

questioned. It is stated (Holloman and Turnbull, 1953), that for 
transformations in which a change of composition takes place, the 

grimth of the new phase is often found to be diffusion limited. The 

size of the growing region of the new phase is given by the equation: 

D 	2C:7. (t 	 (7.8) 

Under these conditions of growth Equation 7.5 becomes: 
(D2max  D2) 

T' 	 (7.9) 
(D2 	- D2min) max

As an example the values of Tr for Spec. 757 are given (Table 7.3). 
The linear relationship shown by log nilog Tr (Fig. 7.5) suggests 

that in this case the major part of the nucleation process can be 

interpreted by a power law. The fit of values of n to this linear 

relationship is within the limit of + 3% over the range n = 0 - 

for all three specimens. In view of the possible error in determin-

ing n this interpretation would appear to be justified.. 

It is apparent that there are considerable difficulties in inter-

preting the size distribution data. The nucleation curves derived from 

the data have been shown to be dependent on the equation describing the 

growth of the crystals. Two simple equations have been considered, the 

second of which gives rise in all the specimens studied to a nucleation 

curve the major part of which may be described by a single power law. 
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7.7) The significance of crystal size distributions  

Jones and Galwey (1966) have shown that, for all their determined 

garnet (andradite) crystal size distributions, a linear relationship 

exists between the function log (n/100-n) and d, where n = the 

percentage of crystals is a size interval of diameter, d, added to 

the percentage of crystals in all size intervals for which the mean 

diameter is less than d. 

The slope, k, of the graph of log (11/100-n) against, d, multi-

plied by the median diameter, din , at which d2n/dd2  = 0, gives a 

dimensionless number, K, which they find to be approximately constant 

for distributions determined from the same area and/or similar environ-

ment. It is apparent that k is a. quantity which bears an inverse 

relationship to the standayd deviation of the distribution and hence 

K for any distribution is a measure of the median diameter divided 

by the standard deviation, Krets (1966b, p. 169). 

It should be noted that a linear relationship of log (11/100-n) 

against d implies that the distribution is symmetrical about the 

median diameter. Skewness of the distribution will lead to greater 

or lesser values of median diameter and hence K 0  and to a poorer 

fit to the relationship described above. In Spec. 136B the crystal 

size distribution is positively skewed whereas those of Spec a. 757 
and 781 are negatively skewed. Accordingly the K value of Spec. 136B 

is increased relative to those for Specs. 757 and 781 (of. Table 7.0. 

The significance of K can be appreciated by considering the rate 

of nucleation, N, in relation to the rate of growth, G, of the 
nuclei. Where VG has a relatively small value the crystals nucleated 
early in the reaction will. grow to a large size before nucleation is 
complete. There will be a large scatter of diameters about the 

median diameter, corresponding to a low value of K. Conversely 

where DT,/G has a relatively large value K will also be large. As 

N and G are dependent on the activation energies for nucleation and 

growth respectively, large values of K will be associated with a low 

4ENMSEG value, where el EN  . activation energy for nucleation, 
4EG = activation energy for growth. The observation that the K values 
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of garnet crystals adjacent to high temperature intrusions are greater 

than those close to low temperature intrusions (Jones and Galwey, 1966 

PP. 39-42 and Fig. 4) suggests, that: 

4E 	/ 7G-N  (high temp.) ‘a. QE -E— (low temp.) 4.1-% 	G 

This impliea that the temperature dependence of the activation energies 

is different and that the nucleation rate increases more rapidly than 

the growth rata with temperature, and hence departure from the equili-

brium reaction temperature. It has been assumed above, not unreason-

ably, that the activation energy for nucleation is greater than that 

for growth. Accordingly crystal growth will be expected to outlast 

nucleation, and the smallest crystals in the distribution can be 

expected to have a finite size. This conclusion is in agreement with 

the crystal size data described (Section 7.4). 

As it leads to an increase in the median diameter, the extent to 

which crystal growth outlasts nucleation affects the value of K. This 

affect is not significant where the growth after nucleation, represented 

by the diameter of the smallest crystal in the distribution, is small 

in relation to that required to form a crystal of diameter equal to the 

median diameter of the distribution (e.g. in the specimens examined 

here). There is good reason to believe that this condition is generally 

obeyed, however this whole problem can be avoided by the choice of a 

suitable scale against which to plot log (n/100-n). For example: 

d drain  

dmax-  dimin 

where d is defined as above. 

dmax  = the diameter of the largest crystal in the distribution. 

drain = the diameter of the smallest crystal in the distribution. 

K is now simply given by k, where k = the slope of the graph. 

Jones, and Galway (1966) have considered the affect of composition of 

the reacting matrix on K. They conclude, (p. 40), "that the value of 

K is not controlled to any great extent if at all by the composition of 

the reacting matrix". They also find that small changes in the composi-

tion of the garnet crystals do not seem to be related to changes in K. 
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The observed crystal density in Spec. 757 is twice that in 781, yet 

the crystal size distributions are shown to be almost identical 

(Table 7.1 and Figs. 7.1a and b). Their calculated K values, 1.4.6 

and 1.56 respectively, reflect this similarity and also demonstrate 

the apparent lack of dependence of K on chemical composition. 

This observation suggests that the value of WG is not signific-
antly altered by changing chemical composition. In the manufacture 

of steels it is known that the addition of alloying elements can change 

N or G by several orders of magnitude, however in general this addi-

tion does not change the value of VG appreciably (Mehl and Dube, 1951). 
On the other hand in the iron-manganese-garnet system it has been noted 

that spessartine nucleates more easily than almandine (Hsu, 1968), and 

the field occurrence of manganese rich iron-garnet as smaller crystals 

than manganese poor iron garnet (Chinner, 1960),bas been interpreted as 

N/G (manganese rich iron-garnet) > VG (manganese poor iron-garnet) 
(Krets, 1966b, p. 172). Thus it would appear to be dangerous to 

generalise about the effect of chemical composition on K beyond the 

limits of actual observations. 

It has been shown, for Specs. 757, 781 and 136B, that if the 

crystal growth is described. by Equation 7.8, the dependence of nuclea-

tion on time can be expressed for 85% of the transformation by the 

equation: 

log n = /4:2  log T' + log C' 
	

(0.f. 7.7) 
where 	slope of graph 

C' = n where T' = 1 . 

It is apparent (Fig. 7.5 and Table 7.4) that the slopes of the graphs 

for the different specimens are closely similar, indicating that 

nucleation can be described by the same power law in all three specimens. 

As the time scale for nucleation is a function of the growth rate, ,9 is 

a function of VG, which in turn has been shown to be related to K . 
g then provides an alternative description of the distributions. Values 
for /?, C' and K are given (Table 7.4.). 
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Table 7.4. 

Spec. No. /8  C' K 

757 2.45 92 1.46 

781 2.27 90 1.56 

136E 2.30 120 2.38 

It can be concluded, that for the examined. specimens VG is 
effectively constant. Jones and Galway have shown a similar constancy 

of VG through their determination of K values. Values of K are 
found to vary with environment, but not to differ significantly with 

change in composition of the reacting matrix, or with small changes 

in composition of the product. It is found in certain systems (Mehl 

and Dube, 1951) that the temperature dependence of the activation 

energies for nucleation and growth differs. Thus the degree of 

departure of the temperature from the equilibrium reaction temperature 

during reaction affects the value of N/G. The observation that 

larger K and hence larger VG values are found adjacent to high 

temperature intrusions suggests that a greater degree of diseqpili-

brium develops during reaction than adjacent to lower temperature 

intrusions. This greater degree of disequilibrium would bq a natural 

consequence of a higher rate of heating. This conclusion is substan-

tially the same as that of Jones and Galway (1966). 
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APPENDIX I  

Unit cell sizes and refractive indices- of garnets 
from the black garnet schist series  

Spec. No. Location 
(U.R.) 

Unit Cell Size 
= a. A(+0.003) 

R.I. 
(+0.005) VR.I. 

121 6969015580 11.593 1.797 6.452 
129 6967215576 11.580 1.797 6.445 
131 6965815571 11.584 1.797 6.447 
134 6967715570 11.582 1.797 6.446 
136 6970415574 11.593 1 	1.797 6.452 
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